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An Annotated Bibliography 

by 

Robert R. Kepple and Thomas V. Tung 

PREFACE 

A systematic search for the references appearing in this bibliog
raphy was made in the following for the period 1950 to 1962: 

Nuclear Science Abstracts 
Chemical Abstracts 
Science Abstracts , Section A 
Engineering Index 
Applied Mechanics Reviews 

In addition. Chemical and Engineering P r o g r e s s and Disser ta t ion 
Abstracts were consulted for theses , and the references in the many bib
liographies already prepared on this subject were also checked. Many ref
erences appearing pr ior to this period have been included because of their 
importance to the subject. 

Although it is hoped that this bibliography is reasonably inclusive 
for the period mentioned above, undoubtedly some references have been 
omitted. The intent is to keep the surveyupdated by issuing an annual sup
plement. Information concerning omitted references , basic a r rangement 
and theuseof the bibliography will be appreciated and shouldbe forwarded to 
the Argonne National Laboratory, Argonne, Illinois, attention: J. C. Andrews. 

The ar rangement is by broad subject, and an author index is p r o 
vided. The categorizing of the abs t rac ts according to subject was a difficult 
task since the majority of the references could appear under two or more 
headings, and it was decided not to duplicate entr ies . As an example, in 
many of the investigations cited burnout, p r e s s u r e drop, and fluid density 
were studied simultaneously. The user is reminded to t ry several poss i 
bilities when seeking a par t icular reference, especially in the event that 
the first choice fails. 

The authors gratefully acknowledge the ass is tance of M. Pe t r ick and 
H. Fauske, who made the final subject arrangennent. 





BOOKS AND REVIEW ARTICLES 

1. Adam, N K, 

PHYSICS AND CHEMISTRY OF SURFACES, 3rd Ed., 
New York, Oxford Univers i ty P r e s s , 1941. 

2.. Bakhmeteff, B. A. 

HYDRAULICS OF OPEN CHANNELS. New York, 
McGraw-Hi l l , 1932. 

3.. Bakhmeteff, B. A. 

THE MECHANICS OF TURBULENT FLOW, P r i n c e 
ton, N. J . , P r i n c e t o n Univers i ty P r e s s , 1941. 

4. Baulk, R. H. 

HEAT TRANSFER FROM SUBMERGED SURFACES 
TO BOILING LIQUIDS, Monthly Bull . Br i t . Coal Uti
l izat ion R e s e a r c h Assoc . U , 185-92 (1947). 

5. Bennett , J. A. R. 

TWO PHASE FLOW IN GAS LIQUID SYSTEMS, A 
L i t e r a t u r e Survey, A E R E - C E / R - 2 4 9 7 (March 1958), 
58 p. 

A rev iew is p r e sen t ed of the published l i t e r a t u r e to 
Deceinber 1957, concern ing the hydrodynamics of 
two-phase gas- l iquid flow with r ega rd to the meth
ods and a c c u r a c y of predic t ing p r e s s u r e drop, liquid 
hold-up, e tc . P a r t i c u l a r enriphasis has been placed 
on the annular flow pa t te rn . 

6. B ike rman , J. 

SURFACE CHEMISTRY, New York, Academic P r e s s , 
1960. 

7. Binder , R. C. 

ADVANCED FLUID MECHANICS, 2 vols . Englewood 
Cliffs, N. J . , P r e n t i c e - H a l l , 1958. 

8.. Birkhoff, G. and Zaran tone l lo , E. H. 

JETS, WAKES AND CAVITIES, New York, Academic 
P r e s s , 1957. 

9. Bock, E . 

SPRAY-KYLNING, EN SELEKTIV BIBLIOGRAFl, 
(Spray Cooling), A Bibl iography of Selected L i t e r a 
t u r e , VDIT-17 (I960), 24 p. 

A bibl iography containing 96 r e f e r e n c e s is p re sen ted 
on va r ious a spec t s of sp ray cooling. 

10. Bock, E. 

FLOW MEASUREMENT IN REACTOR TECHNOL
OGY. A GUIDE TO SPECIAL LITERATURE ON 
THIS MATTER, VDIT-61 (1962). 

A bibl iography on f l ow-measu remen t p rob lems and 
pa t t e rns in r e a c t o r engineer ing is p resen ted . 
Twenty- two a b s t r a c t s of publicat ions dealing with 
m e a s u r e m e n t of gaseous and liquid flow a r e given. 

n . Bosworth , R. C. 

HEAT TRANSFER PHENOMENA, New York, Wiley, 
1952. 

12.. C l ause r , F . H. 

ADVANCES IN APPLIED MECHANICS, New York, 
Academic P r e s s , 1956. 

U . Col l ie r , J. G, 

A REVIEW OF TWO-PHASE HEAT TRANSFER 
(1935-1957), AERE C E / R 2496 (1958), 122 p. 

A review is p re sen ted of the published l i t e r a t u r e 
dealing with heat t r an s f e r to two phase gas - l iqu id 
m i x t u r e s flowing in ve r t i ca l and hor izonta l tubes 
under na tu ra l or forced c i rcu la t ion . Both single 
component and two component two phase heat t r a n s 
fer is dealt with. F r o m this ana lys i s of the l i t e r a 
tu re a genera l appra i sa l of the m e c h a n i s m s of heat 
t r an s f e r is made . Special sec t ions include those on 
the effects of agitat ion and sur face on nucleate boi l 
ing. Recommendat ions for fur ther work on the sub
ject a r e put forward 

\±. Col l ins , R . E . 

FLOW OF FLUIDS THROUGH POROUS MATERIALS, 
New York, Reinhold, 1961. 

15. Dal laval le , J M. 

MICROMERITIES: THE TECHNOLOGY OF FINE 
PARTICLES, 2nd Ed., Now York, P i tman , 1948. 

16. Dimopoulos, N. 

HEAT TRANSFER TO FLOWING WATER IN CASE 
OF HIGH HEAT FLOW DENSITY AND IN CASE OF 
LOCAL BOILING (EVAPORATION COOLING), HEAT 
TRANSFER IN A TWO-STROKE DIESEL ENGINE: 
INFLUENCE ON THE SURFACE BOILING, Zur ich , 
Leeman , 1955. (In German) 

17. Dodge, B. F . 

CHEMICAL ENGINEERING THERMODYNAMICS, 
New York and London, McGraw-Hi l l , 1944. 

L8. Ecker t , E. R. G., Har tne t t , J. P and 
I rvine , T. F . 

A REVIEW OF HEAT TRANSFER LITERATURE, 
1957, Mech Eng. 80, 64-75 (June 1958). 

19 Ecker t , E R G. 

HEAT TRANSFER, Ind Eng. Chem. , 50, 543-54 
(1958). 

20. Ecke r t , E. R. G 

HEAT TRANSFER: A REVIEW OF CURRENT 
LITERATURE, Intern. J. Heat and Mass T r a n s f e r 3, 
222 (1961). 

A review is given of the l i t e r a t u r e published mos t ly 
in 1960. The review covers the following fields: con
duction, channel flow, bounda ry - l aye r flow, flow with 
s epa ra t ed reg ions , t r an s f e r m e c h a n i s m , na tu ra l con
vect ion, convection from rotat ing su r f aces , combined 
heat and m a s s t r a n s f e r , change of phase , radia t ion, 
liquid m e t a l s , low densi ty heat t r a n s f e r , m e a s u r e 
ment techniques , the rmodynamic and t r a n s p o r t p rop 
e r t i e s , and heat t r an s f e r appl ica t ions . The review 
on heat t r ans fe r contains over 400 r e f e r e n c e s . 
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Z\, Ecke r t , E . R. G. 

RESEARCH DURING THE LAST DECADE ON 
FORCED CONVECTION HEAT TRANSFER, Lec tu re 
presen ted at the 1961 Int ' l Heat T rans fe r Conf,, 
Boulder , Colorado, 1961. 

22. F r ank -Kamene t sk i , D. A. 

DIFFUSION AND HEAT EXCHANGE IN CHEMICAL 
KINETICS, Pr ince ton , N. J., P r ince ton University-
P r e s s , 1955. 

23. F renke l , J. 

KINETIC THEORY OF LIQUIDS, New York, Dover, 
1955, 

24. Gei r inger , P. L, 

HANDBOOK OF HEAT TRANSFER MEDIA, New 
York, Reinhold, 1962. 

25. Gibbs. J. W. 

COLLECTED WORKS, Vol. I, p. 229, Yale Univ. 
P r e s s , New Haven, 1948. 

26. Giedt, W. H. 

PRINCIPLES OF ENGINEERING HEAT TRANSFER, 
Pr ince ton , N. J,, Van Nostrand, 1957, 

27. Goldman, A. J. 

A SURVEY OF COOLANT VAPORIZATION E F F E C T S 
IMPORTANT TO FAST REACTOR SAFETY, UNC-
5021 (June 30, 1962). 

The role of coolant vaporizat ion phenomena of i m 
portance in fast r eac to r safety analys is is evalu
ated for the var ious abnormal operat ing conditions 
which may lead to vaporizat ion. The hydrodynamic, 
the rmal , and nuclear phenomena of pa r t i cu la r im
portance a r e d iscussed , thei r methods of predict ion 
a r e revie'wed and evaluated, and recommendat ions 
pertaining to future analyses and exper iments a r e 
made. In genera l , exper imenta l and analyt ical tech
niques a r e available to give insight to the g ros s be 
havior of vaporizing coolant. However, the 
technology is insufficient at p resen t to make accu ra t e 
predic t ions . 

28̂ . Har r i son , W. B. 

HEAT TRANSFER IN MANHATTAN DISTRICT AND 
ATOMIC ENERGY COMMISSION LABORATORIES: 
A CRITICAL SURVEY, ORNL-I56 (1948), 274 p. 

A survey of project l i t e r a tu re on heat t r an s f e r was 
made. Data not sufficiently complete or accura te to 
justify cor re la t ion were d i scarded , and the r e m a i n 
ing data were assembled into re la ted groups based on 
the hea t - t r ans fe r mechan i sm involved. An effort was 
then made to evaluate on a common bas i s all hea t -
t rans fe r data of comparable na ture . When poss ib le , 
the data were compared with co r re l a t ions r e c o m 
mended in the l i t e r a tu re . For a few cases which 
were unique, it was possible to suggest some c o r r e 
lation based on presen t knowledge. The mechan i sms 
which make up the body of the repor t a r e combined 
conduction and natural convection, and combined 

conduction and forced convection. These m e c h a 
n i sms a r e d i scussed for the c a s e s with phase change 
(specif ical ly, with boiling) and without phase change. 
Lit t le data were located for the ca ses of radia t ion 
and condensation, but a few notes on these subjects 
a r e included, Although the data included in the body 
of the r e p o r t a r e exper imen ta l , a b ibl iography of 
analyt ical solutions to conduction and other p rob l ems 
is included. A table of equivalents , physica l p r o p e r 
t ies data, and graphical ca lcula t ion a ids have a l so 
been included in the r epo r t to faci l i ta te the making of 
h e a t - t r a n s f e r p red ic t ions . 

29. Hawkins, G. A. 

A BRIEF REVIEW OF THE LITERATURE ON BOIL
ING HEAT TRANSFER, COO-23 (1950), 50 p, 

The d i scuss ion cove r s nucleate and film boil ing, lo 
cal boiling, v a r i a b l e s , nucleate boiling heat t r a n s f e r 
in nonflow s y s t e m s , and nucleate boiling heat t r a n s 
fer in flow sys t ems where in the fluids flow through 
tubes and annular spaces . 

30. Hunsaker , J. C. and Righ tmi re , B, G. 

ENGINEERING APPLICATIONS OF FLUID 
MECHANICS, New York, McGraw-Hi l l , 1947. 

3 1. Jacobs , J. 

HEAT TRANSFER AND FLUID FLOW, A BIBLIOG
RAPHY OF SELECTED REPORT LITERATURE, 
TID-3305 (Suppl. I) (June 1958), 435 p. 

A total of 2519 annotated r e f e r e n c e s to the u n c l a s s i 
fied r e p o r t l i t e r a t u r e is p r e sen t ed . Subjects covered 
under heat t r ans fe r and fluid flow include rad io in-
duced heat ing, boiling, b o i l e r s , e v a p o r a t o r s , pumps , 
heat exchanger s , hydrodynannics, coolants and thei r 
p r o p e r t i e s , t h e r m a l and flow ins t rumenta t ion , high-
t e m p e r a t u r e m a t e r i a l s , t h e r m a l p rope r t i e s of m a t e 
r i a l s , and t h e r m a l insulat ion. Subjects covered l e s s 
complete ly include t he rmodynamics , a e rodynamics , 
h i g h - t e m p e r a t u r e c o r r o s i o n , co r ro s ion specific to 
heat t r ans fe r s y s t e m s , e ros ion , m a s s t r a n s f e r , co r 
ros ion film format ion and effects, coolant p rocess ing 
and radioact iv i ty , radia t ion effects of heat t r an s f e r 
m a t e r i a l s , and per t inent data of t he rmonuc lea r p r o c 
e s s e s . Subject, r epo r t number , and author indexes 
a r e given. 

32, Jakob, M. 

HEAT TRANSFER, 2 vo ls . . New York, Wiley, 1949, 
1957. 

31. J ens , W. H. 

BOILING HEAT TRANSFER: WHAT IS KNOWN 
ABOUT IT, Mech. Eng. 76, 981-6 (1954) 

Boiling phenomena a r e rev iewed for different condi
t ions and temp, r anges and a r e r e l a t ed to nnax. heat 
t r a n s f e r . The max . poss ible heat flux (with boiling 
water ) appears to occur around j of the c r i t . p r e s 
su re , or about 1000 Ib . / sq . in . , vrith a heat flux of 
Ij X 10^ B t u / s q . f t . / h r . This is about 3 t imes the 
max. heat flux at a tm. p r e s s u r e . In expts . on max . 
heat t r ans f e r , provis ion mus t be made for pos. liquid 
flow. Expt l . data a r e reviewed for heat flux p r io r to 



burnout . Knowledge of these high r a t e s of heat 
t r an s f e r is n e c e s s a r y for the design of r o c k e t s , jet 
engines , and nuc lear r e a c t o r s . CA-49-1384C. 

34. J e n s , W. H. and Leppe r t , G. 

RECENT DEVELOPMENTS IN BOILING R E 
SEARCH. J. Am. Soc. Naval E n g r s . 67, 137-55 (1965). 

A review cover ing h e a t - t r a n s f e r and p r e s s u r e drop. 
70 r e f e r e n c e s . CA-49-128871. 

35. Kay, J. M. 

INTRODUCTION TO FLUID MECHANICS AND HEAT 
TRANSFER, New York, Cambr idge U . P . , 1957. 

36. Keenan, J. H, and F . G. Keyes 

THERMODYNAMIC PROPERTIES OF STEAM, New 
York, Wiley, 1936. 

37. Knudsen, J. G. and Katz, D. 

FLUID DYNAMICS AND HEAT TRANSFER, New 
York, McGraw, 1958. 

38.. K r a m e r , A. W. 

BOILING WATER REACTORS, Reading, M a s s . , 
Addison-Wesley, 1958. 

The h i s to ry , development , and technology of the boi l 
ing water r e a c t o r a r e d i scussed . The physics under 
lying boiling r e a c t o r design is reviewed. Detailed 
descr ip t ions a r e given of the va r ious BORAX expe r i 
m e n t s . Exper imen ta l Boiling Water Reac to r , 
Valleci tos Boiling Reac to r , and the Dresden Power 
Reac to r . 

39. Krol , L . B. 

CHARACTERISTICS OF HIGH PRESSURE 
BOILERS, Gozenergoizdat , Moscow, 1957. 

40. Kutateladze, S. S. 

PROBLEMS OF HEAT TRANSFER DURING A 
CHANGE OF STATE: A COLLECTION OF 
ARTICLES, AEC TR 3405 (1953), 193 p. 

The f i rs t group of pape r s in the symposium deals 
with p rob lems of heat t r ans fe r in the condensers of 
steajn p r i m e m o v e r s and r e f r ige ra t ion mach ine ry . 
The second group of pape r s r e p o r t s exper imenta l 
data on the output of heat during boiling, espec ia l ly 
in h igh- in tens i ty p r o c e s s e s . The las t two papers a r e 
devoted to the r a t e s of accumula t ion and mel t ing of 
ice as functions of the conditions of heat t r an s f e r b e 
tween the solid and liquid p h a s e s . 

Heat T rans fe r in Surface Condense r s of Steam 
P r i m e Move r s , L. D. B e r m a n , 6-49; Invest igat ion of 
Heat Exchange in Condensat ion of Vapors of Some 
Ref r ige ran t s , I. V. Mazyukevich, 50-74; Heating of 
Jet of Water in Vapor -F i l l ed Space, N. M. Zinger , 
75-85; Influence of P r e s s u r e on Product ion of F i r s t 
C r i s i s in Boiling of Water on Hor izonta l P l a t e , 
E . A. Kazakova, 86-94; Expe r imen ta l Study of In
fluence of T e m p e r a t u r e of Liquid on Change in Rate 
of Boiling, S. S. Kutateladze and L. L. Shneiderman, 
95-100; Influence of P r e s s u r e and P r o p e r t i e s of 
Liquid on Cessa t ion of F i lm Boiling with F r e e 
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Convection in La rge Space, V. M. B o r i s h a n -
sky, 101-8; Heat T rans fe r to Liquid F r e e l y Flowing 
Over Surface Heated to T e m p e r a t u r e Above Boiling 
Point , V. M. Bor i shansky , 109-44; Heat Exchange in 
Quenching of Metal P a r t s in Liquid Media, 
V. M. Bor i shansky , M. M. Zamyatnin , 
S. S. Kutateladze and A. L. Nemchinsky, 145-54; 
Some Data on Number of Cen te r s of Vapor iza t ion in 
Boiling on Industr ia l Heating Surfaces , L. M. Zys ina -
Molozhen, 155-9; Influence of Heat ing-Surface Ma te 
r ia l on Heat Exchange in Nuclear Boiling in L a r g e 
Space with Fo rced Movement of Liquid, N. G. 
Styushin, 160-8; Exper imen ta l Invest igat ion of Heat 
Exchange in Melting, A. G. Tkachev, 169-78; Heat 
Exchange in F r eez i ng of Ice, A. G. Tkachev and 
G. N. Danilova, 179-93. (Trans la t ion f rom Russ ian) . 

41 . Kutate ladze, S. S., et a l . 

LIQUID METAL HEAT TRANSFER MEDIA, T r a n s l a 
tion of Atomnaya Ene rg . Suppl. No. 2 (1958), 152 p. 

The th i r t een chap te r s in this volume cover the fol
lowing subjects : bas ic p r o p e r t i e s of liquid m e t a l s , 
appl icat ion of liquid me ta l heat t r an s f e r med ia , hy
draul ic r e s i s t ance in the flow of liquid m e t a l s , t u rbu 
lent heat t r ans fe r in liquid m e t a l s , heat t r a n s f e r 
during flow in tubes , heat t r ans fe r dur ing the longi
tudinal flow around a pla te , heat t r an s f e r dur ing 
t r a n s v e r s e flow around cy l inde r s , heat exchange du r 
ing free convection, heat t r an s f e r during vapor con
densat ion, heat exchange during boiling, hea t -
exchanging equipment, s tabi l i ty of h e a t - r e s i s t a n t 
m a t e r i a l s in liquid m e t a l s , and ins t rumenta t ion . 

42. L a m b , H. 

HYDRODYNAMICS, 6th Ed. , London, Cambr idge 
Univ. P r e s s (1932). 

43. Lapple , C. E . 

FLUID AND PARTICLE MECHANICS, New York, 
Univers i ty of Delaware , 1954. 

This book p r e sen t s a c r i t i ca l rev iew of r ecen t de 
velopments in the field of fluid and par t i c le m e 
chanics as they pe r t a in to appl icat ions in the 
chemica l indust ry . Of specia l i n t e r e s t a r e chap te r s 
dealing with m a s s , energy, and momentum ba lances 
and two-phase flow in p ipes . 

44. Levi tch , V. G. 

PHYSICOCHEMICAL HYDRODYNAMICS, 2nd Ed. , 
Gos . Izd. F i z . Mat. Li t . , Moscow, 1959. 

45. Luikov, A. V. 

HEAT TRANSFER BIBLIOGRAPHY-RUSSIAN 
WORKS, Intern . J. Heat Mass T rans fe r .5, 571-82 
(1962). 

46. McAdams, W. H., et a l . 

HIGH DENSITIES OF HEAT FLUX FROM METAL 
TO WATER, p 17-40 of HEAT TRANSFER L E C 
TURES, Volume I, AECU-116 (NEPA-804), Dec. 
1948, 278 p. 

Th ree main topics a r e cons idered in this review of 
known exper imenta l work: (1) boiling of sa tu ra t ed or 
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slightly superhea ted wate r , (2) boiling of sub-cooled 
water , and (3) heating of sub-cooled water without 
boil ing. A few misce l l aneous c a s e s of high densi ty 
of heat flux a r e ment ioned. 21 r e f e r e n c e s . 

42- McAdams, W. H. 

HEAT TRANSMISSION, 3rd ed. . New York, McGraw-
Hill , 1954. 

4^. McClain, Clifford 

FLUID FLOW IN PIPES, New York, Indus t r ia l P r e s s . 

49. McLain, Stuart 

REACTOR ENGINEERING LECTURES, ANL-5424 
(March 1955). 336 p. 

Lec tu re s a r e p resen ted on applicat ions of fluid flow, 
heat t r ans fe r , ore refining, me ta l lu rgy , mechan ica l 
des ign , remote handling, and p r o c e s s engineering to 
the p repara t ion of m a t e r i a l s , design, cons t ruct ion , 
operat ion, and uti l izat ion of the products of nuclear 
r e a c t o r s . 

50. Maughan, G. I. 

A BIBLIOGRAPHY ON BOILING WATER REACTORS, 
IGIS 54 ( R D / R ) (1959). 36 p. 

A wide select ion of book, r epo r t , and per iodica l ref
e r e n c e s on heterogeneous boiling water r e a c t o r s 
compiled from Nuclear Science A b s t r a c t s , 1948 to 
F e b r u a r y , 1959, and Engineer ing Index, 1950 to 
1957 is given. 

5J.. Maure r , G. W. 

BIBLIOGRAPHY ON TWO PHASE HEAT TRANSFER, 
WAPD-TM-249 (I960) 19 p. 

A bibliography was p repared to provide a re la t ive ly 
comprehens ive l ist ing of the l i t e r a t u r e on two phase 
heat t r ans fe r and re la ted topics . The bibliography 
should be especial ly useful to those beginning r e 
sea rch on problems re la ted to boiling heat t r a n s f e r . 
Refs. on bubble dynamics a r e included which have 
proved useful in the analys is of boiling phenomena. 
In genera l , the bibl iography does not include r e f e r 
ences on two phase flow per ta ining to type of flow 
p r e s s u r e drop, and vapor f ract ions although it was 
recognized that these phenomena nnay influence the 
p r o c e s s of boiling heat t r ans fe r to a flowing fluid. 

52. Mikheev, M. A. 

PRINCIPLES OF HEAT TRANSMISSION, (Osnovy 
teploperedachi , Izd. 3-e, p e r e r , Moska, Gos, energ . 
izd-vo, 1956, 392 p.) 

53. Morphew, A. T. 

HEAT TRANSFER: A BIBLIOGRAPHY OF UN
CLASSIFIED REPORT LITERATURE, TID 3022 
(1952), 56 p. 

This bibliography contains 320 aimotated r e f e r ences 
to unclassif ied r e s e a r c h on heat t r a n s f e r . Repor ts 
held by the Technical Information Service as of 
March 7, 1952, a re covered. 

54. Moss , J. 

HEAT TRANSFER-CONDUCTION; HEAT TRANS
FER BETWEEN FLUIDS AND SURFACES; FLUID-
IZED BEDS; HEAT EXCHANGERS; BOILING AND 
CONDENSATION; RADIATION; GAS TURBINES; 
ROCKETS; INDUCTION HEATING; ANALOG 
METHODS, Chem. & P r o c e s s Eng. 33, 603-6 (1952). 

A review 'ith 142 r e f e r e n c e s . 

55. Muskat, M o r r i s 

FLOW OF HOMOGENEOUS FLUIDS THROUGH 
POROUS MEDIA, Ann Arbor , Mich. , Edwards B r o s . 

56. N o r r i s , R. H. 

A LITERATURE SURVEY ON THE APPLICABILITY 
OF STEADY-STATE HEAT-TRANSFER C O E F F I 
CIENTS TO TRANSIENTS IN POWER OR IN FLOW 
WITH SINGLE-PHASE FLOW AND WITH TWO-
PHASE FLOW, AECU-3611 (1957), 19 p. 

A survey of all the known l i t e r a t u r e on the subject is 
p r e sen t ed . This survey cons i s t s of four p a r t s and 
two appendices , namely: r e sponse of s ing le -phase 
fluid forced-convect ion heat t r an s f e r to a rapid 
change of velocity, r e sponse of s ing le-phase- f lu id 
forced-convect ion heat t r ans fe r to a rapid change 
of t e m p e r a t u r e of the surface or of the incoming 
fluid, r e sponse of s ing le-phase- f lu id f ree-convect ion 
heat t r ans fe r to a rapid change of the sur face t e m 
p e r a t u r e or of the heat flux through the sur face , r e 
sponse t ime for boiling heat t r ans fe r to sudden 
i nc r ea se in heat flux, or in t e m p e r a t u r e of the wall , 
s u m m a r y of range and na tu re of published tes t r e 
sul ts on the response to a sudden rapid r i se in heat 
input which br ings a surface i m m e r s e d in \vater to 
a t e m p e r a t u r e above the boiling point, and symbo l s -
nomenc la tu re . 

57. Oppenheim, A. K., et a l . 

FLUID DYNAMICS, Industr . Engng. Chem. 5Jl, 437 
(March, 1959). 

Review of recen t l i t e r a t u r e (books, per iodica l a r t i 
c l e s , conference proceedings and r e p o r t s ) on the 
following; Equations of motion and stabi l i ty; Turbu
lence; Vortex flow and rota t ion; J e t s and wakes ; 
Flow near solid su r f aces ; Multiphase and f ree -
boundary flow; Gas dynamics ; Wave dynamics^ 
Dynamics of reac t ive fluids; Dynamics of conducting 
fluids. The bibl iography (a r ranged under the f o r e 
going headings) contains 329 r e f e r e n c e s . 

58. Poppendick, H. F . 

LIQUID-METAL HEAT TRANSFER, p. 77-100 in 
Heat T rans fe r Symposium, Univers i ty of Michigan, 
Univ. of Mich. P r e s s , 1952. 

59. P rand t l , L . 

ESSENTIALS OF FLUID DYNAMICS, New York, 
Hafner, 1952. 

With application to hydrau l i c s , a e ronau t i c s , 
meteorology and other subjec ts . 
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60. Robe r t s , H. A. 

A REVIEW OF NET BOILING HEAT TRANSFER 
AND PRESSURE DROP FROM THE LITERATURE, 
A E R E - E D / M - 2 2 (1955), 44 p. 

A l i t e r a t u r e survey of the p resen t s tate of knowledge 
with r e g a r d to heat t r a n s f e r , c r i t i ca l heat flux and 
t e m p e r a t u r e , p r e s s u r e drop, re la t ive veloci t ies of 
s t eam and water , and the onset of unstable flow, for 
the net boiling of wa te r , at high p r e s s u r e s , was 
nnade, Working formulas and curves a r e suggested 
for use in the absence of exper imenta l evidence. 
51 r e f e r e n c e s , 9 c u r v e s . 

6^. Rohsenow, W. M. 

HEAT TRANSFER, A SYMPOSIUM, Engrg , Res . 
Inst . , Univers i ty of Michigan (1952). 

62. Rouse , Hunter 

ADVANCED MECHANICS OF FLUIDS, New York, 
Wiley, 1959. 

63. Sakiadis , B, C , and Coa tes , J. 

A LITERATURE SURVEY OF THE THERMAL CON
DUCTIVITY OF LIQUIDS, Bull . No. 34, Eng. Exp. 
Station, Louisiama State Univ., Baton Rouge, La . , 
1952. 

Methods of m e a s u r e m e n t were desc r ibed for both 
steady state and uns teady s ta te heat conduction. 
T h e r m a l conductivity va lues a r e tabulated for pure 
organic and inorganic liquids and solutions and m i s 
cel laneous l iquids . The re a r e t h r e e sect ions of 
bibl iography and author indexes . 

64. Sakiadis , B. C , and Coa te s , J. 

STUDIES OF THERMAL CONDUCTIVITY OF 
LIQUIDS, P a r t II, Bull . No. 35, Eng. Expt. Station, 
Louis iana State Univ., Baton Rouge, La . , 1953. 

An invest igat ion of fac tors affecting the design of a 
liquid the rmoconduc t ime t r i c appa ra tu s . The poss i 
bil i ty of having conduction heat t r an s f e r alone in 
thick liquid films heated downward by both steady and 
unsteady methods a r e explored and studied. E x p e r i 
menta l appara tus were built and t es ted . 

65. Sakiadis , B. C , and Coa te s , J. 

A LITERATURE SURVEY OF THE THERMAL CON
DUCTIVITY OF LIQUIDS, Bull . No. 48, Eng. Exp. 
Station, Louis iana State Univ., Baton Rouge, La. , 
1954. 

A supplement to Bullet in No. 34 by the s ame 
au thors . 

66. Sakiadis , B. C , and Coa tes , J , 

STUDIES OF THERMAL CONDUCTIVITY OF 
LIQUIDS, P a r t I I I -A The rmoconduc t ime t r i c Appa
ra tus for Liquids , Bull . No. 45, Eng. Expt. Station, 
Louis iana State Univ., Baton Rouge, La . , 1954. 

A descr ip t ion is given of an appara tus developed for 
highly dependable m e a s u r e m e n t s of t h e r m a l conduc
t iv i t ies of l iquids . The va r ious fac tors affecting the 
re l iab i l i ty of m e a s u r e m e n t s a r e analyzed and 

d i scussed with quanti tat ive data. Both s teady and un
steady methods a r e included. The t e m p e r a t u r e range 
covered is 92 to 171°F. 

67. Sakiadis , B. C , and Coa tes , J . 

STUDIES OF THERMAL CONDUCTIVITY OF 
LIQUIDS, P a r t IV - A L i t e r a t u r e Survey of U l t r a 
sonic Velocit ies in Liquids and Solutions, Bull . 
No. 46, Eng. Expt. Station, Louis iana State Univ., 
Baton Rouge, La . , 1954. 

This su rvey covers pas t work done on the "Ul t r a 
sonic Veloci t ies in Organic and Inorganic Liquids 
and Solutions and Thei r T e m p e r a t u r e s and P r e s 
su re Dependence." The data col lec ted a r e p r e sen t ed 
in tabular fo rm. Data on mol ten me ta l s and liquid 
gases have not been included. 

Accura te predic t ion of the veloci ty of sound in dif
ferent liquids from theore t i ca l equations a r e a l so 
d i scussed . 

68. Scheidegger , A. E . 

THE PHYSICS OF FLOW THROUGH POROUS 
MEDIA, New York, Macmil lan, 1957. 

Author gives an a lmos t complete survey of the p r e s 
ent s ta te of knowledge of fluid flow in porous media , 
obtained by studying a vas t amount of l i t e r a t u r e to 
which the "Bibliography" r e f e r s chapter by chap te r . 
Two in t roductory pa r t s define the ternns "porous 
media" and "fluids," and t r e a t the m e a s u r e m e n t of 
p o r e s and the consequences of the physical p r o p e r 
t ies of fluids, such as v iscos i ty , adsorp t ion and 
misc ib i l i ty . The th i rd chapter on hydros t a t i c s in 
porous media , taking into account the dinnensions of 
the pores is divided into four sec t ions : the case of 
one fluid, two phases of one fluid, two immisc ib l e 
fluids, and, in the fourth sect ion, at tent ion is given 
to wettabil i ty. 

On this physical bas i s author t r e a t s the different 
methods of approach of flow in porous media . At 
f i rs t Da rcy ' s law is t r ea t ed , and gene ra l i zed for 
c o m p r e s s i b l e and for an iso t ropic media , after which 
a chapter deals with solutions of the differential 
equation resul t ing from it, in the c a s e s of s t eady-
state flow, and gravi ty flow with a free su r face . In 
the chapter "Phys ica l Aspects of P e r m e a b i l i t y " 
phenomenological point of view in which the c o r r e l a 
tion between pe rmeab i l i ty and the other p r o p e r t i e s of 
porous media is studied. The cap i l l a r i c models and 
the hydraul ic rad ius theory a r e t r e a t e d . 

Under the heading "Genera l Flow Equat ions" the 
l imi ta t ions of Da rcy ' s law a r e exposed and equat ions 
accounting for high flow veloc i t ies and for molecu la r 
effects a r e given. The las t chapter dea ls with m u l t i 
ple phase flow, in which mos t a t tent ion is given to 
flow of immisc ib l e fluids, extending D a r c y ' s law by 
the analogy with s ing le -phase flow, w h e r e a s in the 
case of misc ib le flow, only ve ry slow d i sp lacement 
with ve ry lit t le mixing is cons idered , s ince for the 
phenomena of misc ib le d i sp lacement no sa t i s fac tory 
theory is yet avai lable . 
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The work will be ve ry useful for the r e s e a r c h worker 
as it gives a s u m m a r i z a t i o n of information s ca t t e r ed 
over a vas t number of publ ica t ions . 

69. Shapiro, A. H. 

THE MECHANICS AND THERMODYNAMICS OF 
STEADY ONE-DIMENSIONAL GAS FLOW, Vol. 1, 
New York, Ronald, 1953. 

70. Stoker, J. J. 

WATER WAVES, New York, In t e r sc i ence , 1957. 

1 1 . Styrikovich, M. A. , ed. 

HYDRODYNAMICS AND HEAT TRANSFER DURING 
BOILING IN HIGH PRESSURE BOILERS, AEC TR 
4490 (1955), 272 p. 

Th i r t een pape r s dealing with a s e r i e s of p rob lems 
re la t ing to the re l iab i l i ty of boi ler water tubes a r e 
p resen ted . The bas ic p rob lems d i scussed a r e those 
of the hydrodynannics of a mix ture of water and 
s t eam and the t rans fe r of heat during boiling in the 
tubes . The f i r s t sect ion of papers deals with the in
vest igat ion of the flow of gas- l iquid mix tu re s through 
tubes . The second sect ion contains a d iscuss ion of 
p rob lems in the c i rcu la t ion of s t e a m - w a t e r mix tu res 
in b o i l e r s . The thi rd section is devoted to heat 
t r an s f e r p rob lems during boiling in tubes . 

72. Styrikovich, M. A., Kholodovskii, G. E. and 
Fomichev, M. S. eds . 

HEAT ENGINEERING AND HYDRODYNAMICS, Vol
ume IV, Trans la t ed from Trudy Vsesoyuz, Nauch, 
Tekh. Konf. P r imenen . Radioaktiv. i Stabil. Izotopov 
i Izluchenii v Narod. Khoz. i Nauke, 1957, 4, AEC-
t r -4206 (Publ. 1958), 99 p. 

Abs t rac t s were p r e p a r e d for the 17 papers contained. 
The pape r s per ta in to studies on s team engineering 
and t r a c e r techniques . 

73. Troy , M. T. 

LITERATURE SEARCH ON BOILING OF WATER, 
Bett is L i b r a r y , March 10, 1959. 

74. Vukalovich, M. P , 

Termodinamichesk ie svoistva vody i vodianogo pa ra . 
(Thermodynamic P r o p e r t i e s of Water and Steam) In 
four languages; Russ ian, English, German and 
F rench , 6th ed. Nationally Owned Publishing House 
"Veb Verlag Technik," Ber l in , 1958. 

The book offers data concerning the thermodynamic 
p rope r t i e s of water as well as sa tu ra ted and supe r 
heated s t eam. They have been obtained by meaJis of 
a new equation of s ta te , using modern and re l iable 
exper imenta l m a t e r i a l . 

The covered range is extended up to a t e m p e r a t u r e 
of 1000°C and a p r e s s u r e of 1000 ata. The book gives 
a short account of the associa t ion theory on which 
the new equation of s tate has been based. The re fol
low some r e m a r k s on the enclosed t ab les . 

It is meant as a book for students of technical 
schools and col leges . Apart from that it may be used 
by m e m b e r s of ins t i tu tes for scientific r e s e a r c h and 

of offices for planning and design work, as well as by 
the technical staff of cen t r a l power s ta t ions and en
ergy p lants . 

15 . Wilkinson, J. K. 

HEAT TRANSFER TO BOILING WATER, Br i t . Coal 

Util . R e s . A s s o c , Monthly Bull . , 26, 109-28 (1962). 

A review with bibl iography. 

76. Stanford Univers i ty 

PROCEEDINGS OF HEAT TRANSFER AND FLUID 
MECHANICS INSTITUTE, Stanford Univers i ty P r e s s , 
Stanford, Calif. (1949 to date) . 

77. Insti tution of Mechanical E n g i n e e r s , London. 

PROCEEDINGS OF THE GENERAL DISCUSSION ON 

HEAT TRANSFER, 1 I th-13th Sept. 1951, London, 

1951, 496 p. 

78. U. S. Atomic Energy C o m m i s s i o n 

POWER REACTOR TECHNOLOGY, Technica l 
P r o g r e s s Review, \, 63 p (June 1958). 
Buckling m e a s u r e m e n t s a r e p r e sen t ed for D^O mod
era ted graphi te l a t t i ce s . The effects of changes in 
t e m p e r a t u r e on the reac t iv i ty of graphi te la t t i ces a r e 
p resen ted . The convers ion ra t io of the PWR blanket 
is d i scussed . The r e su l t s of c ap tu r e - t o - f i s s i on ra t io 
m e a s u r e m e n t s in the EBR-I a r e r epor t ed . Burnout 
m e a s u r e m e n t s and heat t r an s f e r under s u p e r c r i t i c a l 
conditions a r e p resen ted . T r a n s i e n t boiling e x p e r i 
ments and dynamics of boiling water r e a c t o r s a r e 
repor ted . Reac tor fuel e lements consis t ing of U and 
U alloys of high U content, plutonium - a luminum, 
non-meta l l i c e lements of high fuel content, and e l e 
ments of low fuel content a r e d i scussed . Contro l , 
m o d e r a t o r , shielding, and s t r u c t u r a l m a t e r i a l s for 
applications in var ious r e a c t o r s a r e p re sen t ed . 
P r o g r e s s is r epor t ed on liquid m e t a l fuel r e a c t o r s 
and fast r e a c t o r s . 

79. U. S. Atomic Energy Commiss ion 

POWER REACTOR TECHNOLOGY, Technica l 
P r o g r e s s Reviews, Vol. 2,90 p. (Sept. 1959). 

Genera l r e s e a r c h and development a r e surveyed and 
p r o g r e s s on specific r e a c t o r types i s reviewed. 
Economic ana lyses and compar i sons of p r e s s u r i z e d -
water , boiling, o rganic -cooled , and heavy-wate r 
plants a r e made . The subject of fission neutron age 
in HjO is t r ea t ed . Heat t r an s f e r s tudies d i scussed 
include: Heat t r ans fe r and burnout in water at low 
p r e s s u r e , c r i t i ca l Jieat flux and burnout in water at 
high p r e s s u r e , heat t r an s f e r with organic coolants , 
and hot-channel f ac to r s . Brief notes a r e given on 
containment , rad ia t ion at tenuat ion in c o n c r e t e s , and 
radioisotope MPC in a i r and water . Refueling me th 
ods a r e cons idered with r e p o r t s on refueling p r o 
g r a m s , r e a c t o r pe r fo rmance with var ious p r o g r a m s , 
cons idera t ions in design of refueling mach ine ry , 
typical refueling methods (tabulation of 23 r e a c t o r s ) , 
and c u r r e n t designs (NRU, NPD-2 , EBR-I I , F e r m i 
Fas t B r e e d e r , Calder Hall , G2 or G3, Berke ley , and 
Hunters ton) . Bery l l ium is d i scussed as to p r o p e r 
t i e s , rad ia t ion damage , and heal th h a z a r d s , along 
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with a rad ia t ion damage study of b o r o n - s t a i n l e s s 
s t ee l . The p r o g r e s s reviews a r e p re sen ted on; 
Shippingport PWR, dis t i l la t ion of water in DjO r e 
a c t o r s , GCRE-I and -II , T u r r e t exper imen t , and 
m o d e r a t o r control led PWR. 

80. Russ ian Conference 

THESES REPORTS AND PAPERS AT THE CONFER
ENCE ON HEAT AND MASS TRANSFER, Trans l a t ion 
of "Tez i sy Dokladov i Soobshchenii na Soveshchanii 
po Teplo - i Massoobmenu, Minsk, N P - t r - 8 2 7 , 
June 5-9, 1961, 140 p. 

E igh ty-s ix pape r s a r e included which were p re sen ted 
at the Russ ian conference on heat and m a s s t r ans fe r ; 
mos t of the papers appear to be m e r e l y s u m m a r i e s 
of what was actually given at the conference . The 
papers a r e divided into sect ions dealing with solution 
of p rob l ems , phase changes , chennical conver s ions , 
drying p r o c e s s e s and cons t ruc t ion des igns , and t h e r 
ma l p r o p e r t i e s of m a t e r i a l s . Separa te a b s t r a c t s 
were p r e p a r e d for 20 of the p a p e r s . 
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81. Addoms, J. H. 

HEAT TRANSFER AT HIGH RATES TO WATER 
BOILING OUTSIDE OF CYLINDERS, Ph.D. Thes i s , 
Chem. Engrg, MIT (1948). 

82. Aladev, I. T., Dodonov, L. D., and Udalov, V. S. 

HEAT TRANSFER IN TUBES WHEN UNDERHEATED 
WATER IS BOILING, Akad. Nauk SSSR, Doklady, 
No. 3, 593-595 (Nov. 1956). 

83. Averin, E. K. 

THE E F F E C T OF THE MATERIAL AND THE ME
CHANICAL TREATMENT OF THE SURFACE ON 
THE HEAT EXCHANGE IN THE BOILING OF 
WATER, Trans l . from Izvest . Akad. Nauk S.S.S.R. 
OtdeL Tekh. Nauk No. 3, 116-22, A E R E - L i b / 
T r a n s - 5 6 2 (1954), 9 p. 

The c r i t i c a l va lues of the specific t h e r m a l load, t em
p e r a t u r e , e x c e s s , and heat exchange coefficient in the 
boiling of water on s teel , Ce, Ni-plated Cu, and Al 
sur faces a r e approximate ly the same. A noticeable 
effect of the m a t e r i a l and roughness of the heat-
exchanging surface on the heat exchange coefficient 
in boiling is observed only for loads up to ""lO^ k c a l / 
m^h. 

84. Averin, E. K. 

E F F E C T S OF MATERIAL AND OF THE MECHANI
CAL WORKING OF A SURFACE UPON HEAT 
TRANSFER, Izvest. Akad. NaukS.S.S.R. Otdel. Tekh. 
Nauk, No. 3, 116-22 (1954), English Trans la t ion in: 
A E R E - L i b / T r a n s . 562 (1955), 9 p-

The values of the specific heat load, p r e s s u r e , t he r 
ma l head, and the hea t - t r ans fe r coeff. for water , 
boiling on a s tee l , Ni-plated Cu, and Al sur faces , a r e 
a l l approx. equal . Appreciable effects of the m a t e 
r i a l and of the surface roughness of the hea t -
t r ansmi t t ing surface a r e only observed with the heat 
t r ans fe r reaching 100 x 10^ kca l / sq m hr . The heat-
t ransmi t t ing surface becomes dest royed, probably at 
the loci of bubble formation. When the surface is 
hydrophobic, the hea t - t r ans fe r coeff. d e c r e a s e s with 
increas ing load. In such case the limiting heat load 
equals 100 x 10^ kca l / sq m hr . 

85. Averin, E. K., and Kruzhilin, G. N. 

THE INFLUENCE OF SURFACE TENSION AND VIS
COSITY ON THE CONDITIONS OF HEAT EXCHANGE 
IN THE BOILING OF WATER, Trans l . from Izvest. 
Akad, Nauk. S.S.S.R. Otdel. Tekh. NaukNo.lO, 131-7, 
A E R E - T r a n s - 6 8 2 (1955), 10 p. 

According to exper imenta l data on the boiling of 
liquid in large volume, the coefficient of heat t r a n s 
fer v a r i e s proport ional ly to the surface tension to the 
power -0.333, and to the viscosi ty of the liquid to the 
power -0 .45, while the c r i t i ca l heat flux is p ropor 
tional (very approximately) to the surface tension to 
the power 0.25 and to the viscosi ty of the liquid to the 
power -0 .20. During the boiling of water in large 
volume under a tmospher ic conditions and with a ho r i 
zontally or ver t ica l ly placed tubular heating surface 

made of technological m a t e r i a l s (s teel , copper , 
nickel ized copper) , the c r i t i c a l flux l ies within the 
l imi ts 1.2 X 10^-1.3 X 10^ kca l /m^ hour. 6 r e f e r e n c e s . 

86. Bagdanov, V, V. 

INVESTIGATION OF THE E F F E C T O F THE RATE 
OF MOTION OF THE WATER CURRENT ON THE 
HEAT EXCHANGE COEFFICIENT ON BOILING IN 
AN INCLINED TUBE, T r a n s , by J. B. Sykes from 
Izvest . Akad. NaukS.S.S.R. Otdel Tekh. Nauk, 136-40, 
A E R E - L i b / T r a n s - 5 9 6 (1955), 8 p. 

87. Bogdanov, F . F . 

INVESTIGATION OF THE E F F E C T OF PRESSURE 
ON THE COEFFICIENT OF HEAT EMISSION IN 
BOILER TUBES, AEC- t r -2175 (1954), 7 p. 

Data on effects of 2 to 160 atm p r e s s u r e over the 
range 50,000 to 400,000 k c a l / m ^ / h r with c i rcu la t ion 
veloci t ies from 0.5 to 2.5 m / s e c a r e p re sen ted and 
analyzed. The exper imenta l appara tus is i l lus t ra ted . 

88. Bor ishanski i , V. M. 

THE COEFFICIENTS OF THE TRANSFER OF HEAT 
TO BOILING WATER AT EXCESSIVE PRESSURES, 
Energomashinos t royeniye 4, No. 7 (1958). 

89. Boscov, J. L. 

HEAT TRANSFER TO BOILING WATER UNDER 
PRESSURE, Thes is MIT (1947). 

90. Carleton, J. T. 

SMALL DIAMETER MOCK-UP TESTS OF BOILING 
IN PROCESS TUBES, HW-17563 (1950). 

91 . Chernobyl ' ski i , I. I., and Tananaiko, Yu. M, 

HEAT TRANSFER TO BOILING WATER IN AN 
ANNULAR SPACE, Soviet Phys i c s , Technica l P h y s 
ics , 1, 2244-49 (1956). 

Heat t r ans fe r to water boiling in an annular space at 
modera te heat fluxes (q = 20,000-100,000 k c a l / 
sq m hr) was invest igated. The spacing 6 was va r i ed 
from 1.25 to 14 mm; s tee l and Cu su r faces were 
used; and both in te rna l and ex te rna l heating were 
used. Steam at p r e s s u r e s from 1.28 to 2.46 a tm was 
used as the heating medium. The o v e r - a l l temp, dif
ference va r i ed from 3 to 16'̂ . P r e l i m i n a r y v i sua l 
observat ions showed that the d e c r e a s e of & leads to a 
change in the c h a r a c t e r of the boiling, which at the 
same t ime takes place in a m o r e even manner , and to 
a redn. in the size of the s t eam bubbles, during which 
the s t r e a m becomes highly turbulent and its vapor 
content i n c r e a s e s . This e l imina tes local overheat ing 
of the liquid and causes a d e c r e a s e of the temp, of 
the wall and a lso a substant ia l i nc r ea se of the coeff. 
of heat t r ans fe r a . Thus, in compar i son with an o r 
dinary pipe, at 6 = 2.75 m m . a i n c r e a s e s by 20%, and 
at 6 = 1.25 mm, by 50%. It was found, however , that 
at low 6 and high q the H2O content of the emuls ion 
in the a p e r t u r e suddenly is sharply reduced and O. 
d e c r e a s e s . For H^O at 6 = 1.25 m m this takes place 
at q = 45.000 kca l / sq m hr . It was found that the 
position of the ape r tu r e with r e s p e c t to the heat 
source ( internal or ex terna l heating), and a l so the 
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surface m a t e r i a l do not affect the boiling p r o c e s s . 
Fo r the calcn. of a for boiling of HjO in an a p e r t u r e 
with a 6 < 3 m m ei ther the modified equation of 
Tolubinskii (Trudy Kiev. Pol i tekh. Inst. . YubileinyT 
Sbornik 1948) Nu = 26.4 x ]^-('Pr'°-^ x b°'*^ or the 
modified equation of Kichigin and Tobilevich (Sbornik 
Rabot Kiev. F i l i a la Tsen t r a l . Nauch . - I ss ledovate l . 
Inst. Sakhar P r o m . , 1946-1949, 1951) Nu = 1.63 x 
10"* X P e " * X Ga°-^" x KJ,'^ X b"""^ can be applied, 
where b = (D + d ) / ( D - d ) is a d imens ion less ra t io , 
r ep re sen t ing the ra t io of the wetted p e r i m e t e r to the 
equiv. d iam. of the annulus, D is the inner diam. of 
the tube in which boiling occur s , and d is the ex
t e rna l diam. of the inner tube. F r o m Referat . Zhur . , 
Khim. 1956, Abs t r . No. 80309. 

92. Clark, J. A. 

STATEMENT OF PROGRESS FOR THE MONTH OF 
SEPTEMBER, NP 1785 (1950), 4 p. 

Heat t r an s f e r data for water at p r e s s u r e s of 500 and 
1000 psia . taken to obtain information on the effect of 
p r e s s u r e on the boiling p r o c e s s , a r e included. 

93. Clark, J. A. 

STATEMENT OF PROGRESS FOR THE MONTH OF 
NOVEMBER, NP 1828 (l950), 4 p. 

Data from six boiling runs with water at 2000 psia 
and 20 fps a r e tabulated. 

94. Clark, J . A. 

STATEMENT OF PROGRESS FOR THE MONTH OF 
DECEMBER. NP 1919 (1950). 4 p. 

The s tatus of boiling and non-boiling heat t r ans fe r 
s tudies is given. No data a r e included. 

95. Clark, J. A. 

STATEMENT OF PROGRESS FOR THE PERIOD 
1 JANUARY 1951 TO 12 FEBRUARY 1951, NP 1659 
(1951), 11 p. 

Low velocity, heat t r ans fe r data for water in the 
boiling and non-boil ing reg ions at 2000 ps ia and for 
fluid bulk t e m p e r a t u r e s ranging from 300 to 600''F 
a r e included. 

96. Clark, J. A. 

STATEMENT OF PROGRESS FOR THE PERIOD 
12 FEBRUARY 1951 TO MARCH 1951, NP 1981 
(1951), 12 p. 

Hea t - t ransfe r data in both boiling and non-boiling r e 
gions at 2000 psia for wa te r in the veloci ty range 
0.04 to 1.4 fps a r e plotted. 

97. Clark, J. A. 

STATEMENT OF PROGRESS FOR THE PERIOD 
1 MARCH 1951 TO 1 APRIL 1951, NP 3056 ( l 9 5 l ) , 6 p . 

Low-veloci ty boiling and non-boil ing heat t r ans fe r 
data have been obtained at 1500 psia for water ve loc
i t ies of approx imate ly 0.20 and 1.40 fps, and at 
500 ps ia for ve loc i t i es of 0.56 and 1.2 to 1.4 fps. 
Resu l t s a r e shown graphica l ly . 

98. Clark, J. A. et aL 

LOW HEAT FLUX BOILING, TID 14556 (1962), 68 p. 

This r epo r t covers p r o g r e s s made in the des ign of a 
sys tem to study boiling of water from the outer s u r 
face of tubes at low values of heat flux (from 5,000 to 
100,000 B tu /h r ft^) and p r e s s u r e s up to 2,000 ps ia 
for both na tu ra l and forced convection. 

The p r i m a r y and secondary e l e c t r i c a l power s y s t e m s 
a r e d i scussed . The var ious water piping s y s t e m s 
(p r imary flow, purification, and p r e s s u r e cont ro l 
loops) a r e desc r ibed . 

The r e su l t s of a l i t e r a t u r e su rvey a r e p re sen t ed . The 
survey covers effects of heating sur face , p r e s s u r e , 
gravi ty, and vapor quality on nuclea te-boi l ing heat 
t r ans fe r . It a lso d i s c u s s e s heat t r ans fe r in two-
phase flow. 

99- Corty. C. 

SURFACE VARIABLES IN BOILING, Ph.D. Thes i s , 
Univers i ty of Michigan. Dis se r t a t ion Abs. 1_2, 480 
(1952), 246 p. 

100. Costel lo, C. P . , Redeker , E. R. 

BOILING HEAT TRANSFER AND MAXIMUM HEAT 
FLUX FOR A SURFACE WITH COOLANT SUPPLIED 
BY CAPILLARY WICKING. A.I .Ch.E. P r e p r i n t 28, 
New York (1962). 35 p. 

Exper imenta l r e su l t s a r e p resen ted for boiling heat 
t r ans fe r to ethanol from a s t a in l e s s s t ee l hea te r s u r 
rounded by a capi l la ry wicking m a t e r i a l . The abil i ty 
of the wicking to convey coolant to a hea te r when the 
liquid level is such as to expose par t of the hea te r is 
demons t ra ted . The effect of sma l l acce l e ra t ions 
d i rec ted normal ly toward the hea te r sur face is s tud
ied. It is concluded that the full capabi l i t ies of 
capi l la ry wicking to supply coolant to a hea te r can
not be rea l ized without p roper venting of vapor p r o 
duced by boiling. Some recen t ly obtained data a r e 
presen ted for a surface supplied with water by cap i l 
lary action. In obtaining these data, p roper venting 
was employed and ex t r eme ly high heat fluxes were 
obtained, substant iat ing the conclusions of this paper , 

101. Cowley, C. W.. Timson. W. J. , and Sawdye, J .A. 

A METHOD FOR IMPROVING HEAT TRANSFER TO 
A BOILING FLUID, Ind. Eng. Chem. P r o c e s s Design 
Develop., ]_, 81-4 (Apr., 1962). 

Heat t r ans fe r r a t e s from the rmal ly conductive sol ids 
to boiling liquids can be improved by coating the solid 
with an insulator having sufficient insulat ion value to 
adjust the t e m p e r a t u r e difference between the coated 
solid and the liquid ni t rogen to a value where m o r e 
efficient heat t r ans fe r will r e su l t . The method is 
pa r t i cu la r ly applicable to conditions where the solid 
is at a much higher t e m p e r a t u r e than the boiling 
liquid. Under these conditions stable film boiling o c 
c u r s . The solid is then blanketed by a s table , highly 
insulating layer of vapor resu l t ing in a low heat 
t r ans fe r r a t e . By coating the solid with an insu la tor , 
it is poss ible to a l t e r the r e g i m e of boiling fronn 
stable film boiling to unstable film or nucleate boiling 
where higher heat t r ans fe r r a t e s a r e poss ib le . 
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102. Davidson, W. F . et a l . 

STUDIES OF HEAT TRANSMISSION THROUGH 
BOILER TUBING AT PRESSURES FROM 500 TO 
3300 POUNDS, Transac t ions of the Amer i can Society 
of Mechanical Engineers , 65, 553-91 (1943). 

This paper is a r e p o r t on s tudies of heat t r ans fe r and 
p r e s s u r e d rops in s t eam-gene ra t i ng tubes at p r e s 
s u r e s from 500 to 3300 Ib/sq in. and under exposure 
to furnace heat in large s t eam-gene ra t i ng units . 
Most of the tes t sur faces were in the form of flat 
sp i ra l ly coiled tubes , but for compar i son one s t ra ight 
tube 50 feet long was tested. Specific problems in
ves t iga ted include the influence of var ia t ions of the 
s t e a m - w a t e r ra t io and of var ia t ions in tube d imen
sions (scale factor) on tube -me ta l t e m p e r a t u r e s and 
on p r e s s u r e d rops . Some data re la te to tubes oper 
ating under conditions approaching those often a s s o 
ciated with operat ing fa i lures . The tes t conditions 
were extended in s eve ra l ins tances to include water 
below the sa tura t ion t e m p e r a t u r e . 

Some of the poss ib le engineering ana lyses of the data 
have been made. Such an analys is of the relat ion of 
me ta l t e m p e r a t u r e to heat absorpt ion and in ternal 
fluid conditions led to the proposa l of a function 0 
which s e e m s to offer some possibi l i t ies of develop
ment as a function cor re la t ing the factors influencing 
an abnorma l r i s e in meta l t e m p e r a t u r e . Similar ly 
an ana lys i s of the p r e s s u r e drop has led to the p r o 
posal of a modification of the usual p r e s s u r e - d r o p 
co r re l a t ion to include the thermodynamic effect of 
t r a n s v e r s e nnomentum changes during evaporation. 

Supplementary invest igations repor ted upon include 
p r e s s u r e drop of water at sa turat ion t empe ra tu r e for 
the p r e s s u r e range 250 to 2500 Ibs /sq in. through 
flow-distr ibuting equipment designed for forced-
c i rcula t ion bo i le r s and hea t - t r ans fe r coefficients for 
the specific auxi l iary equipment used. 

103. Dunskus, T. B. 

TRACE ADDITIVES IN BOILING LIQUIDS, Ph.D. 
Thes i s , U. of 111., 154 pp. ( l96 l ) . 

104. Dyer, J. C. 

AN INVESTIGATION INTO THE GROWTH OF A 
BOILING BOUNDARY LAYER IN TURBULENT 
FLOW. Chem. Eng. Thes i s . MIT (1956). 

105. Ellion, M. E. 

A STUDY OF THE MECHANISM OF BOILING HEAT 
TRANSFER. J P L - M e m o - 2 0 - 8 8 (1954), 88 p. 

The conventional labora tory equipment for studying 
boiling heat t r ans fe r was modified so that it could be 
operated in a stable manner with subcooled liquids 
in the regions of nucleate, par t i a l film, and complete 
film boiling. The appara tus employed a secondary 
stabil izing fluid which flowed through the inside of an 
e lec t r i ca l ly heated s ta in less s tee l tube while the tes t 
fluid was flowing through an annulus formed by the 
tube and a P y r e x jacket . The stabil izing fluid a b 
sorbed the excess heat which could not be t r a n s f e r r e d 
to the tes t fluid. This a r r angemen t allowed the appa
ra tus to operate safely in all three boiling regions 
since the total heat t r a n s f e r r e d to the stabil izing 

fluid and the tes t fluid was a monotonical ly i n c r e a s 
ing function of wall t e m p e r a t u r e up to the mel t ing 
point of the wall . The equipment re ta ined the s i m 
plicity of e l ec t r i c a l heating and was used to study 
boiling in dist i l led water which was flowing at va r ious 
ve loci t ies , p r e s s u r e s , and t e m p e r a t u r e s in an annu
lus. The re su l t s of this invest igat ion and a d e s c r i p 
tion of the appara tus a r e p resen ted together with an 
approximate method for calculat ing the heat t r an s f e r 
in the complete film boiling region. High-speed 
motion p ic tures that were taken of the degassed 
water boiling on the e l ec t r i ca l ly -hea ted tube showed 
the types of vapor formation in the th ree boiling r e 
gions. The mechan i sm of t r ans i t ion from nucleate 
to par t i a l film and finally to complete film boiling as 
the wall t e m p e r a t u r e was inc reased is d i s cus sed . 
The second phase of the invest igat ion cons is ted of a 
study of pool boiling using dis t i l led wate r and com
merc i a l l y pure carbon t e t r ach lo r ide . The e x p e r i 
menta l progrann was a imed at obtaining fundamental 
information on the behavior of nucleate bubbles 
forming on a s t a i n l e s s - s t e e l heating s t r i p and the 
role they play in boiling heat t r ans fe r , High-speed 
motion p ic tures were taken of the nucleate bubbles 
at a liquid p r e s s u r e of one a t m o s p h e r e , liquid t e m 
pe ra tu r e range from 170''F below sa tu ra t ion to sa tu
ration t e m p e r a t u r e , and heat fluxes from incipient 
boiling to the t rans i t ion from nucleate to pa r t i a l film 
boiling. In addition, the effects of dissolved gas and 
surface tension on bubble dynamics were studied. 
As a r esu l t of this p r o g r a m it has been poss ib le to 
propose a mechan i sm for the growth and col lapse of 
nucleate bubbles. An emp i r i c a l express ion has been 
obtained that r e l a t e s the m e a s u r e d bubble veloci ty 
and s ize to the heat flux at the t r ans i t ion f rom nu
cleate to par t i a l film boiling. This re la t ion is 
Nu = 0.053 Re° '^Pr. The veloci ty and effective d i 
amete r appear ing in this equation s t i l l have to be 
determined exper imenta l ly ; a l l other factors a r e 
liquid p r o p e r t i e s . The values of the peak heat t r a n s 
fer calculated from this re la t ion ag ree within 15% 
with the exper imenta l data. 

106, Elper in , 1. T, 

HEAT TRANSFER OF A TWO PHASE FLOW WITH A 
CLUSTER OF PIPES, Inzhene r . -F i z . Zhur. Akad. 
Nauk Be lorus . S.S.R. 4, 30-5 (1961). 

A method of intensifying convect ive heat t r ans fe r 
from gas to the heating surface by introducing into 
the gaseous medium an in te rmedia te liquid heat 
t ransfer agent is descr ibed . Resu l t s a r e given of 
p re l imina ry invest igat ions of ae rodynamics and heat 
t r ans fe r of a two-phase gas- l iquid heat t r ans fe r agent 
with a c lus te r of pipes . Invest igat ions showed a 
slight i nc rease in the r e s i s t a n c e of the model and an 
es sen t i a l i nc rease in the ra te of heat t r ans fe r when 
an in te rmedia te liquid heat t r ans fe r agent was 
introduced. 
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107. E l ' pe r in , I. T. 

INTENSIFICATION OF HEAT TRANSFER BETWEEN 
GAS AND SOLID SURFACE THROUGH USE OF IN
TERMEDIATE LIQUID HEAT CARRIER. Trans la t ed 
from: Theses Repor t s and P a p e r s at the Conference 
on Heat and Mass T rans f e r . Minsk, June 5-9, 1961. 
N P - t r - 8 2 7 , p. 77-9. 

Heat t r an s f e r between a gas and the sur face of a 
solid body is inefficient, and the poss ib i l i ty of using 
a liquid in t e rmed ia t e heat c a r r i e r to improve heat 
t r ans fe r is d i scussed . The liquid can be used in two 
ways: (l) with s epa ra t e heating and cooling p r o c 
e s s e s (gas never contacts surface) , or (2) with com
bined p r o c e s s e s ( two-phase medium) . 

108. F rank . S.. J icha , J. and Norin, M. 

LOCAL BOILING HEAT TRANSFER TEST - SINGLE 
TUBE HEAT TRANSFER AND PRESSURE DROP 
TESTS, MND-M-1857 ( l96 l ) , 104 p. 

Exptl. h e a t - t r a n s f e r t e s t s on s imula ted P M - 1 tubular 
fuel e lements a r e desc r ibed . Local-boi l ing hea t -
t r ans fe r and p r e s s u r e - d r o p data were obtained by 
using HjO. Methods of data redn. and ana lys i s a r e 
d i scussed . Local-boi l ing p r e s s u r e - d r o p data were 
successful ly c o r r e l a t e d . Analys is of wa l l - t emp , 
data provided r easonab le confirmat ion of the Jens 
(CA 49, 1384c) and Lottes (CA 49, 15515d) local -
boiling h e a t - t r a n s f e r co r r e l a t i on . However, fo rma
tion of sca le on the tube wall during the t e s t s 
probably r e su l t ed in some bias in the wall superheat 
data. 

109. E r a s e r , J. P . 

FLOW REDISTRIBUTION IN A MATRIX DUE TO 
BOILING. KAPL-M-RES-37 (1957), 18 p. 

A method is p re sen ted for es t imat ing s t eady-s t a t e 
flow and t e m p e r a t u r e d is t r ibut ions in a nuc lear r e 
actor fuel m a t r i x with nonuniform heat genera t ion 
and boiling. The m a t r i x cons idered is composed of 
cy l indr ica l fuel elennents offering negligible t r a n s 
v e r s e flow r e s i s t a n c e . The flow red i s t r ibu t ion 
t rea ted is caused by the p r e s s u r e drop i nc r ea se a t 
tending boiling. It is shown that the flow r e d i s t r i b u 
tion due to a t r a n s v e r s e va r i a t ion in ax ia l flow 
r e s i s t a n c e within a m a t r i x may be g r e a t e r than that 
due to a change in flow r e s i s t a n c e between pa ra l l e l 
m a t r i x channels . 

n o . F r i t z , W. 

HEAT TRANSFER TO BOILING LIQUIDS, Z. Ver . 
deut. Ing., Beiheft Ver fahrens tech , 1937, 149-55. 

Relat ion of tennpera ture to heat t r ans fe r coefficient k; 
r e s u l t s of expe r imen t s c a r r i e d out on tubular spray 
cooler ; appl icat ion of r e s u l t s to other cooling 
appa ra tus . 

111. Gamel, C. M., J r . 

E F F E C T OF VELOCITY ON HEAT TRANSFER TO 
BOILING WATER, Cambr idge . M a s s . Institute of 
Technology. M.S. Thes is (1947). 

112. Goldman. K. 

BOILING SONGS. NDA-10-68 (1953), 23 p. 

Longitudinal t u b e - w a l l - t e m p e r a t u r e profi les ob
served exper imenta l ly at P r a t t and Whitney while 
heating HjO at s u p e r c r i t i c a l p r e s s u r e s and high heat 
fluxes looked r e m a r k a b l y s imi l a r to profi les ob
tained at subcr i t i ca l p r e s s u r e s with boiling occu r r ing 
toward the end of the heating tubes . It was hypothe
sized that a boi l ing-l ike phenomenon can occur at 
s u p e r c r i t i c a l p r e s s u r e s . Whenever the boi l ing- l ike 
profi les were observed, a singing sound could a l so be 
heard and it appears that the sounds or ig inate in the 
heated tubes themse lves and a r e not genera ted by 
rubbing su r f aces . Definite and tentat ive conclusions 
a r e p resen ted from the s tudies and from information 
obtained in v i s i t s with boiling exper t s at other 
ins ta l la t ions . 

113. Grohse . E, W., Muel ler . G. O.. and 
Findlay, J. A. 

FUNDAMENTAL INVESTIGATION OF BOILING 
HEAT TRANSFER AND TWO-PHASE FLOW. 
KAPL-M-EWG-1 (October 17, 1958), 128 pp. 

Significantly improved theor i e s of two-phase heat 
t r ans fe r and predict ion of d e p a r t u r e from nucleate 
boiling have recen t ly been developed which for the 
f irs t t ime a r e not based on e m p i r i c a l r e l a t ionsh ips . 
These theor ies should be c r i t i ca l ly analyzed in r e 
lation to naval r eac to r work and tes ted with al l ex i s t 
ing data from both c lass i f ied and unclassif ied 
sou rce s . Conflicting ana lyses of two-phase fluid 
flow r eg imes confuse this a r ea , and essen t ia l ly no 
data or theor ies a r e avai lable for two-phase flow 
v/ith super imposed boiling. Theor ies and under 
standing of two-phase flow with boiling should be de 
veloped, s tar t ing from proven theor ies without 
boiling, and tes ted agains t a l l exist ing data or new 
data as n e c e s s a r y . A subs tant ia l s t a r t has been 
made in ana lys i s of the case of upward annular two-
phase flow in v e r t i c a l channels , based upon m ode rn 
knowledge of boundary layer and vapor condensat ion 
pr inc ip les . 

114. Gusev. V, v . , P r idan t sev , A. I., Soloviyev. A. N. 

DETERMINATION OF THE COEFFICIENT OF HEAT 
TRANSFER TO BOILING LIQUIDS WITH A CON
TINUOUSLY CHANGING HEAT FLUX, Zhurna l 
prikladnoy mekhaniki i tekhnicheskoy fiziki, No. 4, 
1962, 111-114. 

The difficulties in obtaining heat t r an s f e r coefficients 
for boiling l iquids, pa r t i cu la r ly the problem of m e a s 
uring the t e m p e r a t u r e of the heating sur face a r e ex
plained. A method to overcome these difficulties is 
proposed. It is a s sumed that the heat t r an s f e r fol
lows the law a = Cq" and the effective t e m p e r a t u r e 
difference is given by t ^ - tf = q / a = l / c q ' ' " . Since 
the thermocouple is s i tuated a ce r t a in d is tance under 
the surface the re la t ion At^ j = Kjq"^ - K^q = 0(q) is 
obtained, where At.^j is the t e m p e r a t u r e aifference 
between the fluid and the thermocouple junction. The 
constants Kj, Kg, and m a r e deternriined e x p e r i m e n 
tally. The heat t r ans fe r coefficient is obtained for 
the r equ i red range by a continuous change of the heat 
flux q. The method has been successful ly applied 
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where speed was n e c e s s a r y because of high c o r -
ros ivi ty of l iquids. The re la t ion for the heat t r ans fe r 
coefficient as a function of heat flux was obtained as 
a = 3.4 q"'"'. There a r e six f igures . 

115. Harden. H. 

BHT-M: AN IBM DIGITAL COMPUTER PROGRAM 
TO CALCULATE BOILING HEAT TRANSFER OF 
STEAM GENERATORS, KAPL-M-NPA-15 (i960). 
32 p. 

An IBM computer p rog ram, BHT-M, for calculat ing 
the boiling heat t r ans fe r of s t eam g e n e r a t o r s is de
scr ibed. The p rog ram is wri t ten in F o r t r a n II. 
P r o g r a m output cons is t s of heat t r ans fe r length, 
overa l l length of the hor izonta l U-tube s t eam gene r 
a tor , and hot and cold leg t e m p e r a t u r e s . 

116. Har r i son . W. B. et al. 

WETTING E F F E C T S ON BOILING HEAT TRANSFER, 
NP-5713 (Final Repor t for May 1, 1954 thru 
May 31, 1955), 66 p. 

In o rde r to study effects of wetting on heat t r ans fe r 
in the nucleate boiling reg ime, s t ea r i c acid was 
boiled in contact with different c r y s t a l planes of 
single c rys t a l s of copper, one of which was wetted by 
the acid and the other was not. Tentative data r e 
ported a r e to be checked and extended in a supple
ment to the p resen t repor t . The presen t indications 
a r e that, in the region of low heat flux, where heat 
t r ans fe r is p r imar i ly non-boiling na tu ra l convection, 
the non-wetted, c rys t a l requi red higher values of 
t e m p e r a t u r e difference than the wetted c ry s t a l for the 
same flux. This is consis tent with the notion that, 
for heat t r ans fe r without phase changes, non-wetting 
conditions r e p r e s e n t inc reased t h e r m a l r e s i s t ance . 
At high values of heat flux, though not in the vicinity 
of the c r i t i ca l t e m p e r a t u r e difference, the situation 
was r e v e r s e d . The non-wetted surface requ i red 
lower t e m p e r a t u r e difference than the wetted s u r 
face- This is consis tent with the notion that it is 
e a s i e r to form bubbles with non-wetting conditions 
than it is with wetting conditions. (NSA-9-6246) 

117. Har r i son , W. B. 

WETTING E F F E C T S ON HEAT TRANSFER, Final 
Report , September 1, 1957 through September 30. 
1957, NP 6508, 131 p. 

The f irst chapter deals with the genera l cons ide ra 
tions involved in bubble formation and wetting 
effects. Specific problems re la ted to the copper-
s t ea r i c acid sys tem also a r e d i scussed as back
ground m a t e r i a l pertaining to the boiling heat 
t r ans fe r studies descr ibed in the second and third 
chap te r s . Wetting effects on convective heat t r a n s 
fer a r e studied with a c o p p e r - s t e a r i c acid sys tem, 
repor ted in the fourth chapter , and a copper - sod ium 
sys tem, repor ted in the fifth chapter . These convec
tive studies were made in exper imenta l appara tus 
which incorporated a t h e r m a l entry region so as to 
maximize the effect of additional t h e r m a l r e s i s t ance 
c rea ted by nonwetting conditions at the heat t r ans fe r 
surface . In genera l , the work demons t ra ted a s ig
nificant wetting effect on boiling s t ea r i c acid from 
different faces of copper single c r y s t a l s , but wetting 

effects were not observed with s t e a r i c acid in forced 
convection past the same c r y s t a l su r faces without 
boiling. The convective s tudies with sodium were 
inconclusive, but they leave open the poss ib i l i ty that 
low and e r r a t i c data may be due to nonwetting condi
tions at the heat t r ans fe r sur face . 74 r e f e r e n c e s . 

118. Hedgepeth, L. M. 

ZERO GRAVITY BOILING AND CONDENSING, P a p e r 
No. 1322-60, p resen ted at the ARS Space Power Sys
t e m s Conference, Santa Monica, California, 
Sept, 27-30, I960, New York, A m e r i c a n Rocket So
ciety (1960), 15 p. 

A brief h i s to ry is p re sen ted of the z e r o - g r a v i t y boi l 
ing and condensing tes t effort at WADD. This h i s to ry 
is then brought up to date; and, in a l l c a s e s , an a c 
count of the phenomenon occur r ing during the t e s t s is 
given along with a poss ible explanation. Significant 
observa t ions from the la tes t flights a lso a r e included 
along with p re l imina ry plans for future t e s t s . 

119- Isakoff. S. E. 

E F F E C T OF AN ULTRASONIC FIELD ON BOILING 
HEAT TRANSFER - EXPLORATORY INVESTIGA
TION. Heat Trans fe r and Fluid Mech. Inst., P r e p r i n t s 
of P a p e r s (1956), Stanford Univ.. Stanford. Calif. 
(June 1956), 278 p. 

120. J a m e s . D. D., Bardol iwal la , C. J. and 
Mart in . D. G. 

PAPER 11, AN APPARATUS FOR THE STUDY OF 
BOILING HEAT TRANSFER TO A FLUID FLOWING 
IN A RECTANGULAR DUCT (P resen ted to the T h e r 
modynamics & Fluid Mechanics Group of the Inst. 
Mech. Eng. on 7th Feb. 1962), 

Most invest igat ions of boiling heat t r ans fe r to liquids 
flowing in tubes have been conducted in appa ra tus 
in which the surface was heated by causing an e l e c 
t r i c c u r r e n t to flow through the m a t e r i a l of the tube. 
This inevitably r e q u i r e s the use of expensive e lec t r i c 
gene ra to r s and has the disadvantage that the appa
ra tus tends to des t roy itself if the 'burnout ' heat flux 
is exceeded. In this paper a method of studying boi l 
ing heat t r ans fe r from one side of a tube of rec tangu
lar section to an in ternal ly flowing fluid is desc r ibed 
which is based on combust ion heating. The appara tus 
itself is not des t royed if the burnout heat flux is 
reached and can be used for studying burnout heat 
flux for this r eason . Some expe r imen ta l r e s u l t s ob
tained with this appara tus a r e given to pe rmi t the 
per formance of the appara tus to be a s s e s s e d . Despite 
the fact that the ins t rumenta t ion employed in these 
exper iments was not ve ry sa t i s fac tory , these t e s t s 
show that the appara tus can provide a valuable tool 
for the study of boiling heat t r ans fe r . 

121 Kane. D. E. 

HEAT TRANSFER TO BOILING LIQUIDS FROM 
ELECTRICALLY HEATED HOLLOW RODS, 
S.M. Thesis in Chem Eng.. Mass . Inst. Tech . ( l 95 l ) 
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122. Katz. D. L. et a l . 

BOILING - OUTSIDE FINNED TUBES, P e t r o l e u m 
Refiner 34, 113-6 (1955). 

Use of l a rge ex te rna l heat t r an s f e r a r e a provided by 
finned tubes ; effect of tube position; compar i son of 
boiling coefficients for propane and dichlorodif luoro-
methane with plain and finned tubes; example calcula
tion of design of plain and finned tube uni ts . 

123. Kaulakis , A. F. and Sherman, L. M. 

E F F E C T OF PRESSURE ON HEAT TRANSFER TO 
BOILING LIQUIDS, BS Thes i s , MIT (1938). 

124. Kichigin, M. A. and Tobilevich, N. Yu. 

AN EXPERIMENTAL INVESTIGATION OF HEAT 
TRANSFER DURING BOILING, Collection of Ar t i c l e s 
of the Kiev Branch, Cent ra l Scientific R e s e a r c h In
sti tute of the Sugar Industry, 1946-9. 

125. King, W. J . 

HEAT TRANSFER TO BOILING LIQUIDS, Refrig. 
Eng. 15, 83 (1933). 

126. Kirov. N. Y. 

HEAT TRANSMISSION IN SHELL BOILER SMOKE 
TUBES, J. Inst. Fue l 23, 121 (1950). 

Analysis of r e l a t ive impor tance of factors affecting 
t r a n s m i s s i o n of heat in tubes; how r a t e s of heat 
t r ans fe r and pe r fo rmance of Lancash i r e and Eco
nomic bo i l e r s a r e influenced by in te rna l scale of 
varying th ickness ; effect of deposi ts formed on hea t 
ing sur faces in contact with combust ion gases ; heat 
t r ans fe r to boiling wate r ; method for calculat ion of 
heat t r an s f e r coefficient; heat t r ans fe r by convec
tion. Main factors influencing heat t r ans fe r ; 
it is shown that g e n e r a l equations developed for 
single tubes can be applied to bank of smoke tubes; 
expe r imen t s desc r ibed show benefic ia l effect of high 
gas veloci ty on r a t e of heat t r ans fe r in Economic 
boi ler ; use of higher gas ve loc i t ies in tube design is 
suggested for inc reas ing s teaming capaci ty and effi
ciency of shel l b o i l e r s . 

127. Kornbichler , H. and Kre tz inger , N. 

HEAT TRANSFER IN BOILING, AEG-MITT. 48, 30-7 
(Jan. 1958). 

Heat t r an s f e r in boiling can only be calculated by 
means of empi r i ca l ly obtained formulas or d i a g r a m s . 
Although a la rge number of re ,search r e s u l t s have 
been published, no comprehens ive and in te rp re t ive 
work is found in the l i t e r a t u r e . It is shown that 
known n u m e r i c a l m a t e r i a l will suffice for obtaining a 
number of r egu l a r i t i e s if the effect of a single pa
r a m e t e r could be explained by m o r e extensive ex
pe r imen ta l work. 

128. Kovalenko, V. F. 

INFLUENCE OF VIBRATION ON HEAT TRANS
MISSION, Teploenerge t ika ^, No. 2, 76-7 (1958). 

With the use of a specia l ly designed c a l o r i m e t e r it 
was shown in g e n e r a l that the ra te of heat t r a n s 
mis s ion from boiling wate r through a Cu tube at heat 

fluxes from 4000 to 25.000 k c a l / s q m hr was lowered 
r a the r than inc reased by subjecting the tube to v i 
bra t ion of a frequency of 700-3000/hr . An except ion 
appeared in the heat flux range of 4000 to 6000 where 
v ibra t ion brought about a slight i n c r e a s e . 

129. Kulakov, I. G. and Povarn in . P . I. 

ELECTRON BOMBARDMENT HEATING FOR 
CRITICAL BOILING STUDIED. Inzhener . F iz . Zhur . 
Akad. Nauk BSSR 1, 52-5 (March 1958). 

Application of e lec t ron bombardmen t heating in 
studying c r i t i c a l boiling and the ins ta l la t ion for ex
pe r imen t s with c r i t i c a l boiling on la rge volume 
cy l indr ica l surfaces a r e desc r ibed . Fu tu re uses of 
the method in heat exchange s tudies a r e d i s cus sed . 

130. Kur ihara , H. M. 

FUNDAMENTAL FACTORS AFFECTING BOILING 
COEFFICIENTS, Ph.D. Thes i s . Pu rdue Univ. (1956). 

131 Lienhard, J. H. and Schrock, V. E. 

THE E F F E C T OF PRESSURE. GEOMETRY. AND 
THE EQUATION OF STATE UPON THE PEAK AND 
MINIMUM BOILING HEAT FLUX, A m e r i c a n Society 
of Mechanical Eng inee r s . New York. P r e p r i n t P a p e r 
No. 62-HT-3 (1962), 8 p. 

The peak and min imum boiling heat fluxes for a 
va r i e ty of fluids were co r r e l a t ed with p r e s s u r e , with 
geomet ry as a p a r a m e t e r . These c o r r e l a t i o n s were 
achieved with the use of nondimensional iz ing func
tions of invar iant fluid p rope r t i e s that a r e based upon 
Z u b e r ' s proposed m e c h a n i s m for the e x t r e m e heat 
fluxes and upon the Law of Cor responding S ta tes , 
The method of co r re l a t ion was applied with s u c c e s s 
to data from the l i t e r a t u r e a s well as to new m e a s 
u remen t s provided by the au tho r s . A c l ea r con t r ibu
tion of geomet ry was identified. 

132. Love, W. J. 

COMPUTATIONAL AIDS FOR ESTIMATING PER
FORMANCE OF LIQUID TO BOILING WATER HEAT 
EXCHANGERS. HW-61738 (September 1959), 17 p. 

Heat t r ans fe r equations for liquid to boiling water 
heat exchangers a r e p resen ted . Char t s of t e r m i n a l 
q / A - A T a r e included to pe rmi t rapid var ia t ion of 
the liquid and boiling side heat t r ans fe r coefficients 
in the genera l surface a r e a equations for t r ans fe r at 
lO'* to 10^ Btu / sq f t /hr . These may be used to in
ves t iga te the effects of e r r o r s in boiling and liquid 
film coefficients. 

133. Lukomskii , S. M. 

A METHOD FOR APPROXIMATING THE HEAT 
TRANSFER IN BOILING, Khim. P r o m . 6, 9-14 
(1944). 

The many e m p i r i c a l formulas for heat t r an s f e r in 
boiling essen t ia l ly can be reduced to a = CAt^'^. 
where o. is the coeff. of heat t r an s f e r from the wal l 
of the v e s s e l to the boiling liquid in cal . per sq m hr , 
C is a coeff. of propor t ional i ty different for different 
liquids and At is the temp, difference between the 
wall and the boiling liquid. This re la t ion holds only 
up to a ce r t a in (cr i t . ) At. By plotting the avai lab le 
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exptl . data on ra t ios of heat flow (Q/Qmax.) ^^ o r d i 
nate vs . At/Atf-rit. ^^ a b s c i s s a the curve obtained 
r i s e s sharply to a max. and then d rops . Qmax. is 
calcd. empi r i ca l ly from Qmax.A' ' '^ '^ l —const., 
where r is the heat of vapor izat ion in cal per kg 
and 7^ is the sp. gr . of the liquid at the satn, temp. 
in kg per cu m. A table gives Qmax. ^^ '^^l P^^ 
sq m hr, r in ca l per kg, 7^ in kg per cu m and the 
value of the calcd. const , for a number of liquids and 
var ious me ta l s in contact with the l iquids. Atj-^^t , 
read from the curve, makes it poss ible to approx i 
mate the mos t economical conditions for a given 
hea t - t r ans fe r p r o c e s s . 

138. McAdams. W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER, Eleventh 
Monthly Report , August 18-September 18, 1947, 36 p. 
NEPA-493 . 

Included a r e data for boiling water in the nuc lea te 
range at one a tmos p r e s s u r e for na tu ra l c i rcu la t ion 
and for flowing water at 15 ft per sec n o r m a l to a 
0.032 inch plat inum wi re , r e s u l t s for t es t runs with 
low p r e s s u r e flow appara tus at ve loc i t ies of 2 to 32 ft 
per sec and p r e s s u r e s 30 to 120 psia, and c u r r e n t 
s ta tus of re la ted equipment. 

134. McAdams. W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER. Sixth 
Monthly Report , March 18-April 18, 1947, 10 p. 
NEPA-488. 

This r epo r t includes cu r r en t s ta tus of design, con
s t ruct ion, and instal lat ion of exper imenta l equipment 
including final batch boi ler , low p r e s s u r e and high 
p r e s s u r e flow appara tus , equipment for investigation 
of effect of velocity no rma l to a cyl indr ica l boiling 
surface, and data from pre l imina ry batch boiler op
erat ing up to 400 psig. 

135. McAdams, W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER, Seventh 
Monthly Report , Apr i l 18-May 18, 1947, 14 p. 
NEPA-489. 

This r epo r t includes boiling data from p re l imina ry 
batch boiler for range from 400 psig to 1400 psig, 
reca l ibra t ion of all s tandard r e s i s t a n c e s used and 
reca lcula t ion of all previous data, s tatus of other 
projects and equipment including final batch boi ler . 
low p r e s s u r e and high p r e s s u r e flow appara tus , and 
appara tus for study of veloci ty effects and wire di
a m e t e r effects. 

136. McAdams, W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER. Eighth 
Monthly Report , May 18-June 18. 1947, 48 p. 
NEPA-490. 

Included a r e a d iscuss ion and analys is of data for 
boiling water at a tmospher ic p r e s s u r e with ho r i 
zontal plat inum w i r e s of different d i ame te r s and 
lengths, descr ip t ion of procedure and appara tus , 
d iscuss ion of s imi la r work of Nukiyama, cal ibrat ion 
data for s tandard r e s i s t o r s , and tabulated exper i 
menta l data and corresponding c h a r t s . 

137. McAdams, W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER, Tenth 
Monthly Report . July 18-August 18, 1947, 18 p. 
NEPA-492. 

Boiling c h a r a c t e r i s t i c s of water with velocity 10 ft 
per sec n o r m a l to the heating wi re , at a tmos p r e s 
sure in the nucleate range, tes t run data with the 
low p r e s s u r e flow appara tus , and cu r ren t s ta tus of 
other re la ted projects and equipment a r e p resen ted . 

139. McAdams, W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER, Twelfth 
Monthly Report , September 18-October 18. 1947. 14 p. 
NEPA-494. 

Included a r e ca l ibra t ions of e l ec t r i c a l s t andards and 
p r e s s u r e gages for final batch boi le r and 5 tes t runs 
at 400 psig completed but data invalid, and c u r r e n t 
s ta tus of low p r e s s u r e and high p r e s s u r e flow appa
ra tus and of other re la ted equipment . 

140. McAdams. W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER, F o u r 
teenth Monthly Report , Nov. 18-Dec, 18. 1947, 26 p. 
NEPA-496. 

Included a r e opera t ion difficulties and photographs of 
final batch boi ler , changes in p rocedure for effects 
of velocity n o r m a l to the heating e lement , t es t runs 
with low p r e s s u r e flow appara tus at 30 psia, sub-
cooled 50°F, and 1 per sec , study of effect of d e g a s 
sing on water boiling, and in i t ia l p r e s s u r e t e s t s and 
t r i a l run on high p r e s s u r e flow appa ra tu s . 

141. McAdams, W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER, 
Fifteenth Monthly Report , Dec. 18-Jan. 18. 1948, 
13 p. NEPA-497. 

This repor t d i s cus se s effects of dissolved a i r on 
heat t r ans fe r coefficients and effect of bulk temp on 
local boiling, equipment changes in final batch bo i le r , 
r e p a i r s and changes in high p r e s s u r e flow appa ra tus , 
and f irst runs with veloci ty n o r m a l to a s t a in less 
s teel heating e lement with inclosed the rmocoup les . 

142. McAdams. W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER, Third 
Monthly Report , December 18-January 18, 1947, 24 p. 
NEPA-485. 

This r epo r t includes ca l ibra t ion p rocedu re and data 
on a platinunn heating e lement for p r e l i m i n a r y batch 
boi ler , exper imenta l r e su l t s for wa te r boiling at 
a tmospher ic p r e s s u r e , compar i son of these r e s u l t s 
with s imi la r ones from the l i t e r a t u r e , and d i scuss ion 
of p rehea te r design for h i g h - p r e s s u r e flow appa ra tu s . 
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143. McAdams, W. H. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
FLUX DENSITY FROM METAL TO WATER, 
Twentieth Informal Monthly Report , May 18-June 30. 
1948, 6 p. NEPA-679. 

In calculat ing the r e s u l t s of superheat ing s t e a m in 
the h i g h - p r e s s u r e flow appara tus , an improvement 
has been made which e l imina tes the assumpt ion that 
the r e s i s t a n c e of the twisted Cu cables in the expan
sion device is dependent only on t e m p e r a t u r e . All 
previous data a r e being reca lcu la ted by basing heat 
d iss ipat ion in the tes t sect ion on the product of 
r e s i s t a n c e and the square of the cu r ren t , r a the r than 
on the product of c u r r e n t and voltage drop. The r e 
s i s t ance of the s t a in l e s s s tee l heating e lement has 
been m e a s u r e d at t e m p e r a t u r e s up to 1200°F. Addi
t ional runs have been made at 500, 2000, and 
3000 psia . 

144. Marke l s , M. and Durfee. R. L. 

ANNUAL PROGRESS REPORT ON THE E F F E C T OF 
APPLIED VOLTAGE ON BOILING HEAT TRANSFER, 
NYO-IO-345 (1962). 

145. Mar t in , A. V. 

HEAT FLOW FROM A FIN TO A BOILING LIQUID, 
AECD-2968 (May 11, 1945), 10 p. 

A m a t h e m a t i c a l ana lys i s is made of the s ma l l e s t 
length that a fin can have if it is to d i ss ipa te to a 
boiling liquid 9 / l 0 a s much heat as would a fin of in
finite length. The conclusion is made that in o rde r 
to opera te a cooling fin in a boiling liquid, and to be 
cer ta in that the fin will opera te stably with a high 
degree of efficiency, despi te any poss ible mi shap 
which may r a i s e the t e m p e r a t u r e momenta r i ly , the 
length of the fin mus t exceed a ce r t a in minimunn 
value. This m i n i m u m length depends v e r y sharp ly on 
the max imum t e m p e r a t u r e to which the base of the 
fin may r i s e . In p r ac t i ce this max imum t e m p e r a t u r e 
should be decided upon a r b i t r a r i l y , and the fin length 
should then be chosen to exceed the calcula ted m i n i 
mum fin length. 

146, Matz B , 

BASIC EXPERIMENTAL STUDIES OF BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES, Monthly P r o g r e s s Repor t . 
May, 1962, TID-15969 (May 31, 1962). 

Emphas i s on the t e s t p r o g r a m was t e m p o r a r i l y 
shifted to study the effect of hel ium gas dissolved in 
the coolant s t r e a m on the subcooled boiling burnout 
heat flux for a la rge in te rna l ly heated annulus. A 
new tes t sect ion capable of achieving heat fluxes in 
excess of 2.5 x 10* Btu/hr-f t^ was ins ta l led in the 
loop. Sys tems for injecting hel ium gas and m e a s 
uring the gas content of the water going to the tes t 
were a l so designed and fabr ica ted. Expe r imen ta l 
tes t ing will begin ea r ly in June 1962. All the ava i l 
able two phase p r e s s u r e d rop data for high heat 
flux 19-rod tes t sec t ions were analyzed, and it was 
shown that a s imple plot of total p r e s s u r e drop 
v e r s u s ave rage s t eam quality at constant m a s s 
ve loc i t i es might be m o r e useful than the m o r e com
plex Mar t ine l l i -Ne l son type ana lys i s . 

147. Matzner , B. 

BASIC EXPERIMENTAL STUDIES OF BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES, Monthly P r o g r e s s Repor t , 
June 1962. TID-16217 (June 29, 1962). 

Tes t data were obtained with the Dissolved Hel ium 
Annular Test Section which was designed to study the 
effect on subcooled boiling burnout of hel ium gas d i s 
solved in the coolant s t r e a m . The Solid Tubular Tes t 
Section is ready for final a s sembly . 

148. Mead, B. R., Romie, F . E., and Guibert , A. G. 

LIQUID SUPERHEAT AND BOILING HEAT TRANS
FER, Heat Trans fe r and Fluid Mechanics Inst i tute, 
P r e p r i n t s of P a p e r s , Stanford Universi ty P r e s s , 
p. 209 (1951). 

149. Meyer, J. E. and Rose, R. P . 

APPLICATION OF A MOMENTUM INTEGRAL 
MODEL TO THE STUDY OF PARALLEL CHANNEL 
BOILING FLOW OSCILLATIONS, A m e r i c a l Society of 
Mechanical Eng inee r s , P r e p r i n t Pape r No. 62-HT-41, 
New York (1962), 9 p. 

A method is d i scussed for t rea t ing osc i l la t ions in 
flow through a heated boiling channel \vhich connects 
two plenum regions of constant p r e s s u r e difference. 
The approach is based on a n u m e r i c a l solution of 
pointwise difference equations r ep re sen t ing c o n s e r 
vation laws in fluid and me ta l . It is appropr i a t e for 
spat ia l ly varying heat flux, flow with or without slip, 
and large pe r tu rba t ions . Detai ls of the method, c o m 
par i son with exper iment , and fea tures which d is t in
guish it from other analyt ica l models a r e d i scussed . 

150. Meyer, L. 

A THERMAL ANALYTICAL STUDY OF THE EQUI
LIBRIUM BETWEEN A BOILING LIQUID AND ITS 
VAPOR. A. physik. Chem. A175. 275-83 (1936). 

A knowledge of this equil . is n e c e s s a r y for the 
prosecut ion of the p r o c e s s of rect i f ica t ion. In a f lask 
fitted with a Pt r e s i s t a n c e t h e r m o m e t e r the heat ing 
and cooling cu rves were detd. by the onset of conden
sation during the cooling of a gas mixt . and the onset 
of boiling during the heating of a supercooled conden
sa te . Resul t s obtained by both methods checked well . 

151. Morgan. A. I., Bromley , L. A., and Wilke. C. R. 

E F F E C T OF SURFACE TENSION ON HEAT TRANS
FER IN BOILING, Indus. & Eng. Chem. 4J_, 2767-9 
(1949). 

Heat t r ans fe r coefficients observed to i n c r e a s e qual 
i tat ively with d e c r e a s e in sur face tension of liquid 
for t e m p e r a t u r e differences below c r i t i c a l value; 
c r i t i c a l t t e m p e r a t u r e difference occu r s at lower 
va lues of t e m p e r a t u r e difference as surface tension 
is lowered; other r e s u l t s . 

152. Myer s , J. E. 

THE E F F E C T S OF FLUID PROPERTIES ON BOIL
ING COEFFICIENTS, Thes i s . Univers i ty ofMichigan, 
Dis se r t a t ion Abs. 12̂ , 168-9 (l952). 
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153. Nes i s . E. I. and Frenke l , Y. I. 

BOILING OF A GAS-FILLED LIQUID, Zhur . Tekh. 
Fiz . 12 . 1500-5 (1952). 

Solution of gas in the me tas t ab le s ta te , i .e . , when the 
total vapor p r e s s u r e of dissolved gas and solvent 
exceeds the ex te rna l p r e s s u r e , is analyzed. Velocity 
of boiling is found to depend only on total sa tura t ion , 
not on the ra t io of pa r t i a l sa turat ion.(NSA-7-307 l) 

154. Nes i s , E, I. 

BOILING UNDER ACTUAL CONDITIONS, Zhur. 
Tekh. F iz . 22, 1506-12 (1952). 

The factors facilitating liquid boiling a r e analyzed. 
The shape of bubbles on the bottom of the v e s s e l and 
the mechan i sm governing their separa t ion and upward 
flow a r e d iscussed , as well as the effect of pores in 
the walls of the v e s s e l . (NSA-7-3072) 

155. Novikov, I. I. 

APPLYING THE THEORY OF THERMODYNAMIC 
SIMILARITY TO THE PHENOMENON OF CRISIS IN 
A BOILING LIQUID, Kutateladze, S.S. ed. Voprosy 
teplootdachi i gidravl iki dvukhfaznykh s red ; sbornik 
statey. Moscow, Gosenergoizdat , 14-17 ( l96 l ) . 

The author points out that the c r i t i ca l p rope r t i e s and 
the molecular m a s s of a substance desc r ibe the qual 
itative effect of its in te rmolecula r forces . T h e r e 
fore, v iscos i ty , t h e r m a l conductivity, diffusion etc, 
p rope r t i e s a r e functions of pcr> Tcr . R. M/g> 3-"^ "^s-" 
be obtained by dimensional analys is . In deriving the 
conditions of s imi la r i ty only the dimensional factors 
of these p rope r t i e s or their values at corresponding 
points (e.g. c r i t i ca l points) need be used. For full 
s imi la r i ty , substances under compar ison mus t be 
thermodynamical ly s imi la r , especial ly in the case of 
boiling. Considering a large volume of boiling liquid, 
thermodynamic s imi la r i ty r equ i r e s that the heat 
change Q divided by RT should be a genera l function 
of p/pj, j . , C J . Q / R and V(-^/a. (where a is the roughness 
of the heating surface) . The la t ter var iab le is an ad
ditional c r i t e r ion of s imi la r i ty during a change of 
aggregation. To obtain a function for the c r i t i ca l 
heat load q^j, during boiling, the author combines 
these var iab les so as to obtain the dimension of the 
group ( Q / R T c r S r ) = 1/m^ sec (here S - a rea , 
T - t ime) . This gives Eq. 

^ k p 

'y'^'^'p^^-^'^ 
P k p 

Therefore at the same reduced p r e s s u r e , t h e r m o 
dynamically s imi la r substances should have the same 
value of the complex qcr^^^Vg'^^I^^^^Tj/rPcr• The 
values of this complex for C5H5 and C5H12 a r e com
pared and found to be prac t ica l ly equal. The r e l a 
tionship der ived previously by Chichelli and Bonilla 
is a par t i cu la r case of the above genera l formula. 

156. Philipp, L. A. and Tiffany, B. E. 

EBULLITION OF REFRIGERANTS, Refr igerat ing 
Eng. 25, 140-6 (1933). 

It was found that when liquid SO2 was mixed with a 
sma l l quantity of lubricat ing oil, the liquid SO^ could 
be superheated by as much as 50 F. without ebullition 

when the tes t was conducted in g l a s s v e s s e l s and by 
as much as 30 F . when the tes t was conducted in Cu 
or b r a s s v e s s e l s . The addn. of wood or any vegetable 
fibrous ma t t e r to the liquid reduced the superhea t ing 
of the liquid SO^ to only a few d e g r e e s . A g e n e r a l 
theory was given sett ing forth the m e c h a n i s m of 
ebullition and the promotion of ebullition by in i t ia
t o r s such as wood. 

157, Poletavkin, P . G. et al. 

A NEW METHOD FOR THE INVESTIGATION OF 
HEAT TRANSFER IN THE BOILING OF LIQUIDS, 
Trans la t ed from: Dokl. Adad. Nauk. SSSR 90 (5), 
775-6, N P - t r - 1 (1953). 

158- Rachko, V. A. 

INVESTIGATION OF HEAT TRANSFER WHILE 
BOILING WATER ON THE OUTER SURFACE OF A 
TUBE, SKTS (Reports of the Kirovgrad Alloys Plant) . 
9 (1940). 

169- Rehm, T- R-

SUBCOOLED BOILING IN A NEGLIGIBLE GRAVITY 
FIELD, Denver R e s e a r c h Insti tute, Colo., Status 
Report No. 2. NASA Grant NsG-143-61 (1962), 5 p. 

Upon completion of a drop tower with a free fall d i s 
tance of about 119 feet, a dummy capsule was con
s t ruc ted to evaluate the effective drag on the capsule , 
tes t a new r e l e a s e mechan i sm, and evaluate the 
effectiveness of the dece le ra t ion device. Severa l 
drops were made with the dummy capsule and in each 
case the dis tance of the free fall was approximate ly 
119 feet; whereas the penet ra t ion was about 6 feet for 
each drop. Calculat ions indicated than an ave rage 
decelera t ion of approximate ly 20 g 's was being ex
per ienced by the dummy capsule; motion p ic tu res 
showed that the dece le ra t ion was essen t ia l ly constant . 
A drag shield has been cons t ruc ted , and an ini t ia l 
drop tes t with it indicates that the drag c h a r a c t e r 
is t ics a r e within 5 pe rcen t of those of the dummy 
capsule. F r o m information der ived from a prototype 
tes t cel l , the actual t es t cel l for subcooled nucleate 
boiling studies was cons t ruc ted . Fu l ly - in s t rumen ted 
drops with the tes t ce l l will comnnence shor t ly with 
r e su l t s obtained photographical ly of bubble growth 
ra te and col lapse for nucleate subcooled boiling. 
Simultaneously s tudies will be made on the same cell 
in a s ta t ionary situation. Depending on the i n t e r 
preta t ion of the r e s u l t s of the bubble s tudies s u b s e 
quent drops with an a l t e red tes t ce l l will be init iated 
to invest igate heat flux c h a r a c t e r i s t i c s in subcooled 
nucleate boiling-

160. Renaldo, P. M. 

E F F E C T S OF DIAMETER ON BOILING OUTSIDE 
TUBES, Thes i s . MIT (1947). 

161. Rhodes. F. H. and Br idges , C. H. 

HEAT TRANSFER TO BOILING LIQUIDS, Ind. Eng. 
Chem. 30, 1401-6 (1938). 

Resul t s of expe r imen t s indicating that manner of 
boiling of liquid at surface of solid and observed unit 
ra te of heat t r ans fe r a r e de te rmined by ease with 
which liquid wets solid; sma l l amounts of c e r t a i n 
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subs tances in solution or in suspension in liquid may 
have g rea t effect in a l t e r ing manner of boiling and 
in changing unit r a t e of heat t r ans fe r . (CA-33- 1181-1) 

162. Rhodes , J. E. 

HEAT TRANSFER TO A BOILING LIQUID, Am. J, 
Phys . . 2j.. 67-68 (1953). 

boi l ing at the sur face of a w a r m body in a much 
cooler liquid is desc r ibed in t e r m s of two types of 
heat t r a n s f e r . When the gas film is thin (low t e m 
p e r a t u r e difference) "contact" t r an s f e r takes p lace . 
If the th ickness of the film is g r e a t e r than the mean 
free path (high t e m p e r a t u r e differences) the t r ans fe r 
is explained in t e r m s of accommodat ion coefficients. 
F igu re s a r e d i scussed for a conical copper body, 
fitted with a heating coil, when placed in liquid a i r . 
(Sci. A. 56-3232) 

163. Robe r t s , H. A. 

BOILING HEAT TRANSFER, P r o g r e s s in nuc lear 
energy - Se r i e s 4: Technology and engineer ing. 
R. Hurs t and S. McLain, ed i to r s , McGraw-Hil l , New 
York (1956). Volume 1, p. 194-215. 

Boiling heat t r an s f e r may be c lass i f ied into th ree 
ca tegor i e s - (l) sur face boiling, (2) nucleate boiling 
and (3) film boiling. Surface and nucleate boiling 
re fe r to vapour bubble product ion from a heated s u r 
face with, and without, vapour generat ion, r e s p e c 
tively, and film boiling may a r i s e from ei ther of 
these, being caused by an overpopulat ion of bubbles 
at the sur face . Each mode of heat t r ans fe r v a r i e s 
according to the many va r i ab l e s involved and some 
data a r e given whereby surface coefficients m a y b e 
predic ted for given c i r c u m s t a n c e s . 

With l iquids, a l imi ta t ion on the surface heat ra t ing 
is the nriaximumi flux a t ta inable , where bubble boiling 
b r eaks down and film boiling is inst igated. If an 
e lement is se l f -heated , as with a r eac to r e lement , 
this t r ans i t ion is accompanied by a rapid r i s e in s u r 
face t e m p e r a t u r e due to the poor ra te of heat ex
change obtainable with a sur face vapour film. The 
predict ion of the conditions under which vapour 
blankets the heated sur face is impor tan t and data 
a r e given on r ecen t co r r e l a t i ons by which fai lure by 
this means may be e s t ima ted . However, some degree 
of uncer ta in ty ex i s t s because of the many means by 
which vapour blanketing of the sur face can be 
effected and p r e s e n t - d a y knowledge of these events 
is reviewed, 

An impor tan t cons idera t ion in boiling nuc lear r e a c 
to r s is the m e a n densi ty of the mode ra to r requi r ing 
an es t imat ion of the re la t ive veloci ty of s t eam in 
wa te r . Here a lso the re is a shor tage of exper imenta l 
data and rough estinnations may be c a r r i e d out with 
the aid of g raphs and c h a r t s given. 

164. Robe r t s , H. A. and Bowring, R. W. 

BOILING NOMENCLATURE - a plea for consis tency, 
Nuclear Power 4, 122 (Jan. 1959). 

Many t e r m s in common use in other connections need 
p r e c i s e definition when applied to l iquid-cooled 
r e a c t o r s . 

165. Rohsenow, W. M. 

HEAT TRANSFER WITH BOILING. P a p e r in Modern 
Developments in Heat T rans f e r . MIT, Summer Ses 
sion, June 1956. 

166. Roll. J. B. 

THE E F F E C T OF SURFACE TENSION ON BOILING 
HEAT TRANSFER. Ph.D. Thes i s . Purdue Univ.. 
159 pp, (1962). 

167. Rose . A. and Sanders , W. W. 

VERTICAL UMBRELLA-TYPE AGITATOR TO 
PROMOTE SMOOTH BOILING IN VACUUM DISTIL
LATION. Anal. Chem, 27. 331-2 (1955). 

An umbre l l a - type agi ta tor actuated by an ex t e rna l 
magnet is desc r ibed . A new liquid sur face is con
tinuously formed by the movement of the agi ta tor 
through the surface and by en t rapment of vapor which 
escapes in the form of smal l bubbles . (CA-49-7896e) 

168. Rose . W. J. . Gil les, H. L. and Uhl. V. W. 

SUBCOOLED BOILING HEAT TRANSFER TO 
AQUEOUS BINARY MIXTURES. A.I .Ch.E. P r e p r i n t 6, 
New York (1962), 27 p. 

Binary aqueous mix tu re s of methyl alcohol, ethyl 
alcohol, i sopropyl alcohol, n -buty l alcohol, and the 
pure components were subjected to subcooled nu
cleate boiling in an annulus on the sur face of an e l e c 
t r i ca l ly heated type 304 s t a in less s t ee l heating 
element . Data were obtained at a p r e s s u r e of 30 psia 
and a veloci ty of 4 f t / sec with subcooling between 60° 
and 110°F; the heating e lement was a j - i n c h O.D. by 
6-inch long cyl indr ica l tube with a m e a s u r e d wall 
th ickness of 0.015 inch. The data a r e p resen ted a s 
plots of heat flux v e r s u s wall superhea t and indicate 
that g r ea t e r superhea t is r equ i red to produce a given 
heat flux for the mix tu re s than for e i ther of the pure 
components . This phenomenon is emphas ized by 
plots of the ^vall superhea t r equ i red to produce a 
given heat flux v e r s u s mix tu re composi t ion and al l 
show maxima at an in te rmedia te concent ra t ion . These 
maxima occur when the const i tuent with the higher 
boiling t e m p e r a t u r e is dominant. The occu r r ence of 
these maxima is supported by r ecen t t heo re t i ca l and 
exper imenta l s tudies which show that the r a t e of 
growth of vapor bubbles is a function of composi t ion 
and a lso that the min imum ra te of bubble growth oc
cu r s at an in te rmedia te composi t ion predominant in 
the high boi le r . 

169. Ruddick, M. 

AN EXPERIMENTAL INVESTIGATION OF THE HEAT 
TRANSFER AT HIGH RATES BETWEEN A TUBE 
AND WATER WITH CONDITIONS AT OR NEAR 
BOILING, Ph.D. Thes i s , QMC London (1952). 

170. Rychkov, A. I. and Planovski i , A. N. 

AN EQUATION FOR DETERMINING COEFFICIENTS 
OF HEAT TRANSFER FOR BOILING LIQUIDS, 
Trans la t ed from: Khim. P r o m . 5̂ , 31-3 , N P - t r - 4 0 
(1955), 7 p. 

Seven r e f e r ences a r e included. 
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171- Rychkov. A. I. 

THE RELATIONSHIP BETWEEN HEAT EXCHANGE 
DURING BOILING AND INNER (MOLECULAR) 
PRESSURE OF A LIQUID, hizhener . F iz . Zhur . . 
Akad. Nauk Be lorus . S.S.R., No. 11. 63-71 (1959). 

On the bas i s of exper iments a s imple re la t ionsh ip 
is indicated between the heat t r ans fe r of a boiling 
liquid ajid the inherent (cohesive molecu la r ) p r e s 
sure of the liquid. It is foimd that the effect of the 
inherent p r e s s u r e of the liquid is higher , the g r e a t e r 
the inherent p r e s s u r e and the sma l l e r the molecu la r 
weight of the liquid, and vice v e r s a . The gene ra l i za 
tion of the exper imenta l data makes it possible to 
der ive a formula for calculating the coefficient of 
heat t r ans fe r to boiling liquids. 

172. Sauer. E. T. 

HEAT TRANSFER TO BOILING LIQUIDS. Thes is . 
MIT (1937). 

173. Sauer, E. T. et al-

HEAT TRANSFER TO BOILING LIQUIDS. Mech. 
Eng. 60_, 669-75 (1938). 

Report on p r o g r e s s in p rog ram initiated over two 
years ago, showing that widely accepted genera l i t i es 
a r e by no means always t rue . 

174. Schorr . M. M. 

BOILING HEAT TRANSFER CORRELATIONS. 
KAPL-M-MMS-1 (1958). 27 p. 

A study was made lo obtain the best boiling heat 
t r ans fe r cor re la t ion applicable to DIG. It was de t e r 
mined that Rohsenow's cor re la t ion is the most ap
plicable to the work at present . 

wall and 7000 to 27000 
kcal I the r i b . The 

m^ X hr X °C 
t h e r m a l cu r r en t , wall t e m p e r a t u r e and heat t r an s f e r 
coefficient r e a c h their max imum at the r i b base and 
fall off as one goes up the r ib or along the wal l for 

kcal 
q =: 2 X 10" 

m^ X hr 
and t h e r m a l r e s i s t a n c e of 

7.5 X 10"^ tn X hr X C The s ame values d e c r e a s e 
kcal 

with a d e c r e a s e in t h e r m a l r e s i s t a n c e . The e x p e r i 
menta l and theore t i ca l r e su l t s ag r ee sa t i s fac tor i ly . 
Ribs may cause an i nc r ea se in the t h e r m a l c u r r e n t 
density at thei r base . F o r m u l a s a r e given for the 
calculat ion of the exces s t h e r m a l c u r r e n t and t em
pe ra tu r e head. There a r e 7 f igures . 

176. Siegel, R. and Usiskin, C, M. 

A PHOTOGRAPHIC STUDY OF BOILING IN THE 
ABSENCE OF GRAVITY. J. Heat Trans fe r , Ser . C, 
8j_. 230-6 (Aug. 1959). 

Exper imenta l equipment for study using container for 
boiling water and high speed motion p ic tu re c a m e r a ; 
to e l iminate influence of gravi ty , these were mounted 
on platform which was allowed to fall f reely approx i 
mate ly 8 ft; during fall boiling was photographed; r e 
sul ts show gravi ty plays ro le in boiling p r o c e s s . 

177. Smetona, F . 

CHARACTERISTICS OF BOILING SOLUTIONS. 
CE-3510 (March 1945). 

178 Smith. L. A. and Os tesgaard , P . C. 

BOILING STUDIES USING SPECIAL SUBASSEMBLIES; 
LOW PRESSURE LOSS OF FLOW, N R T F - E R - 4 0 
(1955). 

175. Shcherbakov. V, K. 

HEAT TRANSMISSION THROUGH A WALL WITH 
LONGITUDINAL RIBS AT HIGH THERMAL CUR
RENTS AND SURFACE BOILING. Energet ika, No, 8, 
1962, 78-86, 

The t empe ra tu r e and t h e r m a l fields in the wall were 
de termined on an e l ec t r i ca l two-dimensional model. 
The following assumpt ions were made: (l) there is 
no longitudinal heat flow in the wall section; (2) the 
r ibs a r e so placed that the regions of their influence 
on the heat t r ans fe r through the smooth wall do not 
touch; (3) the heat conductance coefficient X is con
stant; (4) the contact heat exchange in the r ib butt-
end is negligible; (5) the heat percept ion on the inner 
side of the wall is constant at each point of the model 
c r o s s - s e c t i o n and is equal to the t h e r m a l cu r r en t 
through the smooth wall. The e l ec t r i ca l model is a 
mesh of manganine 200 ohms r e s i s t o r s wound with 
0.3% prec i s ion and fed by a dc cu r ren t . It has the 
geometr ic form of half the r ib section with the 
neighboring wall region that r eaches out of the r ib 
influence zone. Boundary conditions a r e based on 
the fact that there is a segment of a smooth wall 
where the influence of the adjacent r ibs is not felt. 
The model was set up for t h e r m a l loads of 

q = (0.5-6) X 10* —T and heat t r ans fe r coeffi-
m X hr 

cients of 16000 to 80000 

179- Sterman, L. S, 

APPLICATION OF DIMENSIONAL ANALYSIS TO 
HEAT TRANSFER DURING BOILING, KTS (Kirovgrad 
Alloys Plant) , 2, 1948. 

180. S terman, L. S. 

INVESTIGATION OF HEAT EXCHANGE IN THE 
BOILING OF A LIQUID IN PIPES. T rans l a t ed from: 
Zhur . Tekh. Fiz , 24, 2046, A E R E - L i b / T r a n s - 5 6 5 
(1954), 8 p. 

Exper imenta l ly de te rmined effects of p r e s s u r e , 
s team content, and velocity on the h e a t - t r a n s f e r co
efficient and other p rope r t i e s of boiling water a r e 
plotted. Five f igures. ( N S A - 9 - 1 2 3 8 ) 

181. S terman, L. S. 

ON THE THEORY OF HEAT EXCHANGE ON BOIL
ING IN PIPES, Trans la ted from: Zhur . Tekh. Fiz . 
24, 250-257 (1954). A E R E - L i b / T r a n s - 5 7 9 (1954), 10 p. 

A sys tem of differential equations is given which de 
sc r i be s , in hydraul ic form, heat exchange on boiling 
in pipes . A gene ra l functional re la t ion is es tab l i shed 
between c r i t e r i a of s imi la r i ty . A c r i t i c a l ana lys i s 
is given of ce r ta in re la t ions and c r i t e r i a previous ly 
es tabl ished by other inves t iga to r s . 

kcal 

m*̂  X hr x °C 
on the smooth 
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182. Stiefel, J, T. 

THE E F F E C T OF FINS OR SPACERS ON HEAT 
TRANSFER, LOCAL BOILING AND P L A T E 
STRESSES IN A SYSTEM WITH WATER FLOWING 
TURBULENTLY BETWEEN PARALLEL PLATES, 
WAPD-EM-2 (January 1950), 29 p-

183. Styrikovich, M. A. and Kazakova, E. A. 

MECHANISM OF DEPOSITION OF SALTS ON HEAT
ING SURFACES DURING INTENSE VAPORIZATION, 
Doklady Akad. NaukS.S.S.R. . 68 ,851-4 (1949). 

Solns. of Na2S04 of 1, 5, 20, and 100 g / l and satd. 
(at 100°) gypsum soln. we re boiled at a tm p r e s s u r e , 
heat input in mos t c a s e s being 5-6 x 10^ k c a l / s q m / h r 
and so lns . of Na2S04 of 1 and 5 g / l we re boiled under 
p r e s s u r e of 32 and 59-5 a tm in a s t ee l app. with a 
reflux condenser , heat input being up to 1.5-2 x 
10 k c a l / s q m / h r . In the case of so lns . far from 
satn. . t h e r e were no deposi ts when la rge vols were 
boiled at a t m or higher p r e s s u r e s . F r o m solns . 
c lose to sa tn . , t h e r e were no deposi ts when la rge 
vols , we re boiled at a tm or higher p r e s s u r e s . F r o m 
solns . c lose to satn. , t h e r e was act ive deposit ion of 
sa l t s , the in tensi ty of deposi t ion inc reas ing with heat 
input. For re la t ive ly s m a l l heat flows and r a r e 
c e n t e r s of vapor formation, the deposi t ion of sal ts 
was on the whole heating sur face r e g a r d l e s s of the 
location of vapor bubbles- Deposi ts of eas i ly sol . 
sa l t s , observed in h i g h - p r e s s u r e b o i l e r s , a r e not the 
resu l t of a cons iderab le i n c r e a s e in concn. of boi ler 
water in the boundary layer , caused by intensive 
vapor format ion. Apparent ly , the chief cause for 
these deposi ts a r e the unfavorable hydrodynamic 
conditions of washing over the inner heating sur face 
of the tubes; the or igin of these conditions is re la ted 
to defects in c i rcu la t ion of water in s t eam b o i l e r s . 

184. Styrikovich, M. A. 

SPECIAL CHEMICAL PROCESSES TAKING PLACE 
IN BOILERS AT HIGH STEAM PRESSURES, Izvest . 
Akad. NaukS.S.S.R., OtdeL Tekh. Nauk, 1137-53 (1950), 
Chem. Zen t r . I, 1646 ( l 95 l ) . 

The p rob lems of hydrodynamics and heat exchange in 
h i g h - p r e s s u r e bo i l e r s a r e d i scussed . Con t ra ry to 
the theory of Hall, no sepn. of sa l t s takes place from 
unsatd. so lns . during n o r m a l c i rcula t ion , even at 
v e r y high t h e r m a l s t r e s s . NaCl d i s so lves a p p r e 
ciably in s t e a m at p r e s s u r e s of 150 a t m s ; the NaCl 
concn- in the s t e a m amounts to 0. 1% that in the boi ler 
water at 170 a tm and to 0.6% at 195 a tm. The curve 
showing NaCl content of the s t eam agains t NaCl con
tent in the boi le r water becomes s teeper at high 
p r e s s u r e s . Although NaCl is v e r y sol. in s t eam 
under ve ry high p r e s s u r e , the soly. of Na2S04. 
Na2HP04 and Na s i l ica te is sl ight. No data a r e ava i l 
able on the soly. of Ca and Mg sa l t s in high p r e s s u r e 
s t eam. 

186. Tippets , F . E. 

MODIFICATION OF A 1706-KER LOOP FOR 
BOILING, HW-41174 (1956), 14 p. 

The 1706 KER Reci rcu la t ion Loops were cons t ruc ted 
in o rder to provide a facility for obtaining e x p e r i 
menta l data on the operat ing c h a r a c t e r i s t i c s , heat 
t r ans fe r , and e ros ion effects in a r ec i r cu la t ing in-
pile loop under va r ious conditions of water coolant 
p rope r t i e s and fuel e lement types . The sy s t em was 
designed to be cooled by water in the liquid phase , 
but was to be capable of being la ter conver ted in pa r t 
to allow in-pi le boiling exper iments to proceed . 
(NSA-10-11164) 

187. Tobe, L. A. 

1706-KER BOILING INVESTIGATION, HW-40104 
(1955). 

18 Tobilevich, N. Yu. and Yeremenko, B. A. 

THE STUDY OF THE CHARACTERISTICS OF THE 
HEAT TRANSFER PROCESS DURING BOILING IN 
PIPES, V. sb. Gidrodinamika i Teploobmen P r i 
Kipenii v Kotlakh Vysokogo Davleniya Akad. Nauk 
S.S.S.R., 186-205(1955). T rans la t ed from Refera t Zhur . 
Mekh. No. 6, 1957. Abs t r ac t No. 6840. 

189. Urey, H. C-

BOILING WATER EXPERIMENTS RELATIVE TO 
BOILING REACTORS, C F - 5 1 - 8 - 4 5 ( l95 l ) , 3 p. 

It is pointed out that boiling at higher tennpera tures 
and p r e s s u r e s should be m o r e favorable f rom the 
standpoint of bubble d isengagement per unit of power 
per volume of liquid, 

190. Vanderwater , R- G. and Toyoda. K. G. 

BOILING CONSIDERATION AND INSTRUMENTA
TION STUDY. HW-26549 (1952). 

19.1. Vanderwater , R. G. 

BOILING LIMITS, HW-23251 (1952). 

192. Vanderwater , R. G. 

METHODS TO ALLEVIATE BOILING LIMITS, 
HW-24957 (1952)-

193. Vanderwater , R. G. 

TUBE TEMPERATURE RISE LIMITS - BOILING 
CONSIDERATIONS, HW-23861 (195?). 

194. Verschoor , H. and Stemerding, S. 

HEAT TRANSFER IN TWO-PHASE FLOW, p. 201-204 
in Institution of Mechanical Eng inee r s , London. P r o 
ceedings of the gene ra l d i scuss ion on heat t r ans f e r , 
l l t h - 1 3 t h Sept., 1951. London, 1951. 

185. Styushchin, N. G. and Sterman, L. S. 

THE E F F E C T OF VELOCITY OF MOTION OF A 
FLUID ON HEAT TRANSFER DURING BOILING. 
Zhur . Tekh. Fiz, 21 . 448-52, A E C - t r - 1 7 8 1 ( l 95 l ) . 

195. Vos, A. S. 

SUPERHEATING AND DISTRIBUTION OF THE TEM
PERATURE IN THE LIQUID AND VAPOR OF BOIL
ING LIQUIDS. Ingenieur TJ, No. 7 (1959). 

Survey of l i t e r a tu re presen ted ; 23 r e f e r e n c e s . 
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196. Walker, K. W. 

HEAT TRANSFER TO WATER BOILING UNDER 
VACUUM, Thes is MIT (1940). 

197. Wallis , G. B. and Griffith, P. 

LIQUID AND GAS DISTRIBUTIONS IN A TWO-PHASE 
BOILING ANALOGY. NP-7204 (1958), 74 p. 

A descr ip t ion of the design and opera t ion of an ex
pe r imen ta l appara tus for the analys is of two-phase 
flows s imi la r to those occurr ing in boiler tubes at 
low p r e s s u r e s is presented . Velocity and densi ty 
profiles of a i r - w a t e r mix tu res a r e de te rmined 
a c r o s s a passage in which boiling conditions a r e 
s imulated by pumping a i r through porous walls into 
a water s t r e a m . Photographs of the flow pat te rns 
a r e a lso presented as a quali tat ive check on the 
quantitative data. The re su l t s obtained include: v e 
locity and concentrat ion profi les of the two phases 
for var ious values of the flow r a t e s of each, and a 
classif icat ion of the flow into s eve ra l pa t te rns or 
r eg imes with quantitative data descr ib ing each r e 
gime. The data a r e suitable for use in compar ing 
the physical phenomena with mathemat ica l niodels 
and for developing a more accura te theore t ica l t r e a t 
ment of the flow of boiling fluids in heated channels . 
(NSA, 1959, #7857). 

198. Weil, L. 

RAPID DETERMINATION OF THE COEFFICIENTS 
OF EXCHANGE IN BOILING LIQUIDS, J. Phys . 
Radium IZ, 824-5 ( l95 l ) (in French) . 

In o rder to de te rmine the coefficient of exchange 
a = P / 0 it is sufficient to m e a s u r e 0 as a function of 
t, and then to obtain the value of P = (mcp/s)(d S/dt), 
where P = power given up by a unit of a r e a of the 
heating element , m = m a s s of the element , Cp = its 
specific heat, s = its a rea , 0 = difference between 
the t e m p e r a t u r e of the element and that of the liquid, 
t = t ime. (Sci. A. 55-1711). 

199. Weil, L, 

HEAT TRANSFER IN BOILING FLUIDS. Kll tetechnik. 
5, Heft 12. 349 (1953). 

200. Werner , P. 

QUANTITATIVE EXPERIMENTS ON BOILING 
UNDER REDUCED AND INCREASED PRESSURES, 
A. Physik. Chem. Unter r ich t 34. 161-4 ( l92 l ) . 

The app. cons i s t s of a t es t - tube par t ly filled with HjO 
and closed with a rubber stopper provided with a 
t he rmomete r and bent g lass tube. The H^O is boiled 
at f i rs t v igorously to expel a l l the a i r , and the t e s t -
tube is then connected to a tube 1 m long, which dips 
into m e r c u r y . As the t es t - tube cools (an ex t ra t e s t -
tube is a lso used in s e r i e s to se rve as a condenser) 
a pa r t i a l vacuum forms . The r i s e of m e r c u r y in the 
tube indicates the extent of reduction of the p r e s s u r e 
in the sys tem. One student notes the temp, another 
de ts . the p r e s s u r e by the m e r c u r y gage. The con
tinuation of the boiling is observed under reduced 
p r e s s u r e s . The tes t - tube must be cooled by a f reez
ing mixt. to effect l a rge reduction. For increas ing 
p r e s s u r e s , the a r r angemen t is somewhat m o r e com
plex and the or iginal mus t be consulted for deta i ls . 
(CA 15-3785-7) 

201. Woods, W. K. and Worthington, H. 

BOILING IN A PILE. DUH-10169 (1943). 

202. Yamagata, K. et al, 

BOILING HEAT TRANSFER AT ATMOSPHERIC 
PRESSURE WITH DISTILLED AND TAP WATER, 
Mem. Fac . Eng. Kyusku Uni. 15. ( l ) , 97 (1955). 

203. Young, G, 

STABILITY OF A FIN IN BOILING LIQUID, 
MDDC-745 (CP-1902) (1945), 9 p-

An ideal ized d i scuss ion of heat t r ans fe r in boiling is 
given, and some calculat ions of fin pe r fo rmance a r e 
made . It is found that infinitely long fins impar t s t a 
bili ty to a surface being cooled by a boiling liquid. 

204. Zmola, P, 

INVESTIGATION OF THE MECHANISM OF BOILING 
IN LIQUIDS, Ph.D, Thes i s , Purdue Univ., Lafayette, 
Ind. (1950). 

205. Cambridge Univers i ty . England 

BOILER CIRCULATION RESEARCH, Nuclear Eng., 
2, 324-6 (1957), 

The c i rcula t ion of water in boi ler tubes at high p r e s 
su re s is a complex subject and mos t of the theor ies 
a r e based on the supposit ion that the vapo r -wa te r 
mix ture in a boi ler tube behaves as a homogeneous 
fluid; a convenient theory, but one which has son:ie ob
ject ionable fea tu res . A s e r i e s of expe r imen t s has 
been performed with 2.54 cm d iame te r tubes at p r e s 
su re s approaching 210 kg/cm^, and other exper iments 
on l a rge r , different tubes a r e in p r o g r e s s . The ap
parent density of the vapor water is m e a s u r e d by the 
use of 7 r ays from a Cs sou rce . 

206. H a r r i s W, 

WETTING E F F E C T S ON HEAT TRANSFER, Georgia 
Inst, of Tech. Final Repor t (for September 1, 1955 
through September 30, 1957). 131 p, NP-6508. 

The f irst chapter deals with the g e n e r a l c o n s i d e r a 
tions involved in bubble format ion and wetting 
effects. Specific p rob lems re la ted to the copper -
s t ea r i c acid sys tem a l so a r e d i scussed a s back
ground m a t e r i a l per ta ining to the boiling heat 
t r ans fe r studies descr ibed in the second and thi rd 
chap te r s . Wetting effects on convective heat t r a n s 
fer a r e studied with a c o p p e r - s t e a r i c acid sys tem, 
repor ted in the fourth chapter , and a coppe r - sod ium 
sys tem, r epor t ed in the fifth chapter . These con
vective studies were each made in exper imenta l ap
para tus which incorpora ted a reg ion so a s to 
maximize the effect of addit ional t h e r m a l r e s i s t ance 
c rea ted by nonwetting conditions at the heat t r ans fe r 
surface . In genera l , the work demons t ra t ed a s ig 
nificant wetting effect on boiling s t ea r i c acid from 
different faces of copper single c r y s t a l s , but wetting 
effects were not observed with s t ea r i c acid in forced 
convection past the same c r y s t a l su r faces without 
boiling. The convective s tudies with sodium were in
conclusive, but they leave open the poss ib i l i ty that 
low and e r r a t i c data may be due to nonwetting condi
tions at the heat t r ans fe r sur face . 
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207. Alekseyev. G, V-. Engineer , Zenkevich, B. A., 
Candidate of Technica l Sciences , Subbotin. V. I., 
Doctor of Technica l Sciences , P r o f e s s o r . 

AN INVESTIGATION OF HEAT TRANSFER WHEN 
WATER IN TUBES BOILS WITH BUBBLE FORMA
TION, Teploenerge t ika , No. 4. 74-76 (1962). 

Although a good deal of expe r imen ta l data has been 
accumula ted on heat exchange when water boi ls in 
tubes , t h e r e a r e cons iderab le differences between the 
r e s u l t s of va r ious au thors and lit t le work has been 
done on heat t r ans fe r at high s t e a m contents . The 
p r e sen t work was under taken to fill the gap. The ex
pe r imen ta l sect ion consis ted of a pure nickel tube of 
12 mm o-d. with a wall th ickness of 1,5 m m . e l e c 
t r i ca l ly heated and with an effective length of 700 m m . 
The incoming water could be heated ei ther to some 
definite tennpera ture below the sa tu ra t ion t e m p e r a 
ture or to a given s t e a m content. Tes t s were made 
with the p r e s s u r e , the specific heat flow and the ra te 
of flow of wa te r (by weight) mainta ined constant, and 
the input heat content of the wa te r was de te rmined 
which gave a set value of steann content in the ex
pe r imen ta l sect ion. Tes t s were made with boiling 
with bubble format ion at p r e s s u r e s of 30, 60, 100 and 
150 a tm with flow r a t e s of 250 to 2000 kg/m^ sec , 
with specific heat flow r a t e s up to 0.6 x 10 k c a l / 
m^ hour and s t e a m contents by weight up to 90%. The 
max imum e r r o r of de te rmina t ion of the s t eam con
tent a ranged from ±20% at a p r e s s u r e of 30 a t m to 
±50% at a p r e s s u r e of 150 a tm. The e r r o r r i s e s with 
inc rease in p r e s s u r e , because at higher p r e s s u r e s 
the t e m p e r a t u r e d rops a r e sma l l e r and the poss ib i l i 
t ies of e r r o r a r e g r e a t e r . Fo rced flow was used and 
it was found that ne i ther the r a t e of c i rcu la t ion nor 
the ini t ia l value of the s t eam content had any influ
ence on the p r o c e s s of heat t r an s f e r and, with wel l -
developed sur face boiling, the heat t r ans fe r coefficient 
was en t i re ly de t e rmined by the specific heat flux 
and the p r e s s u r e . The influence of p r e s s u r e on the 
h e a t - t r a n s f e r coefficient can be allowed for by a 
c r i t e r i o n Kp, The following e m p i r i c a l formula was 
der ived for heat t r an s f e r to a s t e a m / w a t e r mix ture 
during boiling with bubble formation; 

a = 0.1 Kl:'''a°-' (4) 

208. Averin, E. K. and Kruzhil in, G. N. 

HEAT TRANSFER IN THE BOILING OF WATER IN 
CONDITIONS OF FORCED CIRCULATION. T r a n s l . 
from p, 239-71 of Teploperedachai Teplovoe 
Model i romnie, a publication of the Academy of 
Sciences P r e s s , USSR. Moscow, 1959, 35 p, 
A E R E - T r a n s - 8 4 7 . 

Studies were c a r r i e d out on the heat t r an s f e r f rom 
a hot s t a in less s t ee l sur face {slit channel) to boiling 
water under conditions of forced flow. The water 
velocity was va r i ed from 0.85 to 5.5 m / s e c , the p r e s 
su re from 1 to 9 kg/cm^ and the specific heat flux 
from 0.2 kca l /m^-h r to the c r i t i c a l value (where 
burnout of the sur face occurs ) . The data a r e p r e 
sented in the form of extensive tables of the above 
va r i ab les for t e m p e r a t u r e differences between the 
surface and the water in the range 10 to 70°C, and 
graphs a r e given for heat flux and c r i t i c a l heat flux 
as functions of the above v a r i a b l e s . Equations for 
the heat t r ans fe r coefficient and the c r i t i c a l heat flux 
a r e given; the c r i t i ca l heat flux is shown to be p r o 
por t ional to the 0-5 power of the wa te r veloci ty . Fo r 
s m a l l heat fluxes, the heat t r an s f e r i n c r e a s e s with 
the water velocity, but for la rge heat fluxes it de 
c r e a s e s . Exper iments were a lso made on the effect 
of s t eam content in water on the c r i t i c a l heat flux, 
which is shown to d e c r e a s e with s t eam content up to 
0.4 to 0.6 wt. % and thereaf te r r ema in constant . This 
behavior is in te rpre ted in t e r m s of a t r ans i t ion to 
emuls ion flow. Data a r e a lso given for heat t r a n s f e r 
to boiling water moving in an annular gap-

209. Berg le s , A, E. and Rohsenow, W. M. 

THE INFLUENCE OF TEMPERATURE DIFFER
ENCE ON THE TURBULENT FORCED-CONVECTION 
HEATING OF WATER, J, Heat Trans fe r , 84, 268-70 
(Aug, 1962), 

Studies were made of the effects of t e m p e r a t u r e dif
ference At on the forced-convect ion heating of wa te r . 
Data indicated that the re is no g rea t e r r o r introduced 
by assuming conventional co r r e l a t i ons valid for lo^w-
t e m p e r a t u r e water at high At. The McAdams c o r r e 
lation equation. (h/cpbG)(cp;u/k)^-^ = 0.023/GD/Mb)' '•^ 
gave the best resu l t s - The subsc r ip t s re fe r to the 
t e m p e r a t u r e at which the pa r t i cu la r fluid p roper ty is 
evaluated. 

210, 3radfield. W. S. 

•S 
•y°i-r - •^"' 

(5) 

a - the heat t r ans fe r coefficient; q - the absolute 
p r e s s u r e , kg/cm^, a - the surface tension, kg /m; 
7 ' , 7 " - the specific gravi ty of water and s t e a m on 
the sa tu ra t ion line at the given p r e s s u r e , k g / m ^ The 
max imum deviat ion of experinnental points from this 
re la t ionsh ip does not exceed ±30%. Resu l t s ca lcu
lated by Eq- (4) a r e in good a g r e e m e n t with those 
found by other au thors for the case of developed bub
ble type boiling in water ini t ial ly below the sa tura t ion 
t e m p e r a t u r e . The re la t ionsh ip between the hea t -
t r ans fe r coefficient and p r e s s u r e and specific heat 
flow is of the same form for boiling with developed 
bubbling in tubes as in bulk boiling. The re a r e 
7 f igures . 

PLANE LAMINAR FORCED CONVECTION FILM 
BOILING WITH SUBCOOLING, Convair Scientific 
R e s e a r c h Labora tory . R e s e a r c h Note 35 {i960). 

211, Butler , P . A. 

MODIFICATION OF A FORCED CONVECTION HEAT 
TRANSFER LOOP FOR USE WITH BINARY MIX
TURES, ( thesis) , AD-238468 (i960), 50 p. 

A project to deternnine the h e a t - t r a n s f e r and 
p r e s s u r e - d r o p c h a r a c t e r i s t i c s during boiling of a 
b inary mix tu re in a forced-convect ion h e a t - t r a n s f e r 
loop is desc r ibed . A previous ly used loop was e m 
ployed, and a descr ip t ion of the modif icat ions of the 
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loop and the r e su l t s of the modif icat ions a r e p r e 
sented. Thermocouple and orifice ca l ibra t ions for 
the loop a r e descr ibed , 

212. Butzbach, M, 

DETERMINATION EXPERIMENTALE DES COEFFI 
CIENTS DE TRANSMISSION DE CHALEUR, Houille 
Blanche 12. 69-80 (1957). 

Exper imenta l de terminat ion of heat t r ans fe r coeffi
cients at high heat flux densi t ies in single and two 
phase media; investigation of forced convection 
t r ansmis s ion of heat in water with or without s u r 
face boiling in nuclear r e a c t o r s . 

213. Casey, D. F, 

GRAPHICAL SOLUTIONS OF THE NON-BOILING 
AND SURFACE BOILING HEAT-TRANSFER EQUA
TIONS, MTA-10 (1953), 14 p. 

The data presen ted a r e graphical solutions of the 
equations recommended by McAdams descr ib ing the 
two phases of forced-convection heat t r ans fe r to 
water , non-boiling and surface boiling. The solu
tions were obtained for ranges of va r iab les to cover 
the majori ty of p rob lems that a r i s e in p rac t ice . 
(CA-48-412b) 

214. Chen, S, Y. 

HEAT TRANSFER TO BOILING WATER INSIDE 
TUBES WITH FORCED CIRCULATION, Ph.D. Thes is , 
Ohio State Univ, (1955). 

215. Dwyer, O. E., Horn, F, L- and Weisman, J. 

HEAT TRANSFER RATES FOR CROSSFLOW OF 
WATER THROUGH A TUBE AT REYNOLDS NUM
BERS UP TO A MILLION, P a r t 3: FORCED CON
VECTION BOILING AND PRESSURE DROP DATA, 
ASME Paper No. 54 -F -21 (1954). 

216. Dwyer, O. E. et a l . 

HEAT TRANSFER RATES - CROSS FLOW ON 
WATER THROUGH A TUBE BANK AT REYNOLDS 
NUMBERS UP TO A MILLION, Ind. Eng. Chem. 48, 
1836-46 (1956)-

Heat t r ans fe r coefficients have been obtained at high 
Reynolds numbers for c r o s s flow of high t e m p e r a 
tu re , high p r e s s u r e water through a bank of 200 tubes, 
0.810 inch o.d. and spaced on an equi la te ra l t r iangu
lar grid 1-^ inches between cen te r s . In the range in
vest igated, the coefficients were considerably g rea t e r 
than those predicted by extrapolat ion of the Colburn 
equation- In the Reynolds number range 10 to 10 . 
the coefficient v a r i e s approximately as the 0-8 power 
of the Reynolds number instead of 0.6. as indicated 
by the Colburn equation. The effects of p r e s s u r e , 
heat flux, and flow ra te on the inception of nucleate 
boiling and on the heat t ransfer ra te in the t rans i t ion 
stage between nonboiling and full surface boiling were 
studied. P r e s s u r e drop re su l t s were consistent with 
data obtained at lower Reynolds number s . 

217. Gouse, S. W. 

DESIGN OF A TEST SECTION FOR LOOP 1, 
BOILING HEAT TRANSFER STUDIES, N.AA-SR-
MEMO-5651 (I960), 31 p. 

Resul t s of a study a r e p resen ted on a spec t s of the 
design, fabricat ion, and ins t rumenta t ion of a t es t 
sect ion for use in the organic modera ted r e a c t o r 
p r o g r a m to study forced convection and sub-cooled 
boiling of Santowax R, 

218, Gunther. F, C. 

PHOTOGRAPHIC STUDY OF SURFACE-BOILING 
HEAT TRANSFER TO WATER WITH FORCED 
CONVECTION, T r a n s . ASME, 73, p. 115-123 (195 l). 

To invest igate effect of forced convection on mecha 
n i sm of heat t r ans fe r with sur face boiling, high 
speed, high resolut ion photographic study was made; 
t es t section was t r a n s p a r e n t channel of r ec tangu la r 
c r o s s section jr x. -j x 6 in. with e l ec t r i c a l l y heated 
me ta l s t r i p y in. wide suspended lengthwise to divide 
channel into two flow p a s s a g e s . App. Mech, Rev-5 -242 . 

219- Hines, W. S, 

FORCED CONVECTION AND PEAK NUCLEATE 
BOILING HEAT TRANSFER CHARACTERISTICS 
FOR HYDRAZINE FLOWING TURBULENTLY IN A 
ROUND TUBE AT PRESSURES TO 1000 psia, R-2059, 
(Rocketdyne Report) (1959). 

220. Hsu. S, T, and Ing, P . W. 

EXPERIMENTS ON FORCED CONVECTION SUB
COOLED NUCLEATE BOILING HEAT TRANSFER, 
Amer ican Society of Mechanical Eng inee r s , P r e 
print Pape r No. 62-HT-38, New York (1962). 12 p. 

Exper iments were per formed on subcooled nucleate 
boiling under forced convection inside an Inconel 
tube of smal l d iamete r and high L / D ra t io . The tube 
itself was used as a r e s i s t o r for e l e c t r i c a l heating. 
Water was used as the cooling fluid. Investigations 
included effects of p r e s s u r e , inlet subcooling. and 
m a s s velocity on heat t r ans fe r ; r e su l t s of sudden 
change in heat flux; observa t ions of t e m p e r a t u r e 
waves, stabil i ty and types of flow; and co r re l a t ions of 
hea t - t r ans f e r data. 

221. Huyghe, J, and Mondin, H-

HEAT TRANSFER ON ADMIXTURE OF LIQUID 
AND GAS BY FORCED TURBULENT CONVECTION 
WITH SLIGHT VAPORIZATION OF THE LIQUID 
PHASE. C. R, Acad, Sci. 253. 395-7 ( l 96 l ) . 

Flow in double phase , p rev ious ly cons idered with r e 
spect to t h e r m a l c h a r a c t e r i s t i c s is now t r e a t e d from 
the hydraulic standpoint. Modifications of appara tus 
a r e d i scussed for expe r imen t s at 100°C. At high 
turbulence, a thin liquid film is observed on the 
boundary wall which flows at a speed much lower 
than that of the gas . and i ts p r o p e r t i e s and re l a t ion
ships to the flow a r e d i scussed . 
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222. Huyghe, J., Mondin. H. and Vil leneuve. J. 

HEAT TRANSFER ON ADMIXTURE OF LIQUID AND 
GAS BY FORCED TURBULENT CONVECTION WITH 
SLIGHT VAPORIZATION OF THE LIQUID PHASE. 
C. R. Acad. Sci. 152 . 3015-17 (1961). 

Vapor iza t ion of a cons iderab le quanti ty of liquid en
t ra ined into a turbulent gaseous flow has previous ly 
been sugges ted as an explanation of the growth of the 
the r ina l capaci ty of the fluid and the improved heat 
t r ans fe r coefficient. This paper shows that the 
t r ans fe r coefficient can be grea t ly i nc reased even 
with v e r y l i t t le vapor iza t ion . 

223. Ing, P . W. 

FORCED CONVECTION SUBCOOLED NUCLEATE 
BOILING HEAT TRANSFER INSIDE AN ELECTRI
CALLY HEATED TUBE OF SMALL DIAMETER AND 
LARGE L/D RATIO, Di s se r t a t i on Abs t r . , 22, 3971 
(1962). 

A l i t e r a t u r e survey was made on boil ing. This in
cludes bulk boiling, na tu ra l and forced convection 
boiling, two-phase flows, p r e s s u r e d rops , and the 
s tabi l i ty phenomena. Expe r imen t s were per formed 
with spec ia l emphas i s on the forced convection 
subcooled nucleate boiling heat t r ans fe r inside an 
e lec t r i ca l ly heated tube of s m a l l d iamete r and la rge 
L / D ra t io . Ins t rumenta t ion was provided to m e a s 
u re t e m p e r a t u r e s , va r i a t i ons of t e m p e r a t u r e s , p r e s 
s u r e s , p r e s s u r e di f ferent ia ls , m a s s flow r a t e s , and 
flow obse rva t ions . Tes t r e s u l t s showed the effect of 
p r e s s u r e , of inlet subcooling. and of m a s s velocity 
on heat t r a n s f e r . Effects of heat flux on tube wall 
and fluid t e m p e r a t u r e s were a lso observed, pa r t i cu 
lar ly in re la t ion to t e m p e r a t u r e waves and flow 
stabil i ty. Heat t r an s f e r c o r r e l a t i o n s were obtained 
for both the non-boil ing and the subcooled nucleate 
boiling inside the t e s t sect ion. 

224. Ivey, H, J. and M o r r i s , D. J. 

ON THE RELEVANCE OF THE VAPOUR-LIQUID 
EXCHANGE MECHANISM FOR SUBCOOLED BOIL
ING HEAT TRANSFER AT HIGH PRESSURE, 
AEEW-R137 (1962). 

225. Kleinhans. A. 

STABILITY OF THE FLOW DISTRIBUTION IN 
HEATING SURFACES WITH FORCED FLOW, T r a n s , 
from Archiv fur Warmewir t schaf t and Dampfkes-
selw_esen20, 135-8, A E C - t r - 1 8 6 3 "(l93"9), 15 p. 

Star t ing with the p r e s s u r e drop in a bundle of pipes, 
a m a t h e m a t i c a l study is made of the c a s e s in which 
the flow d is t r ibu t ion in a heating sur face with forced 
flow can beconrie uns table . The concept of unstable 
flow dis t r ibu t ion is explained by means of examples , 

226. Krei th . F , and Summerf ie ld , M. 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
HEAT-FLUX DENSITIES: EXPERIMENTAL STUDY 
WITH WATER OF FRICTION DROP AND FORCED 
CONVECTION WITH AND WITHOUT SURFACE BOIL
ING IN TUBES; PROGRESS REPORT No. 4-68, 
NP-1213 ( j P L - P R - 4 - 6 8 ) (1948). 44 p. 

H e a t - t r a n s f e r and non i so the rma l p r e s s u r e drop data 
a r e p r e sen t ed for wa te r flowing in s t a i n l e s s - s t e e l 

tubes 0,528 and 0.587 in. ID in a hor izonta l and 
v e r t i c a l position, respec t ive ly . The tubes were 
heated by passing a l te rna t ing c u r r e n t at low voltage 
through them. The surface coefficients of heat 
t r ans fe r between the inner wall and the liquid were 
de te rmined by measu r ing the fluid inlet and outlet 
t e m p e r a t u r e , the energy d iss ipa ted , and the t e m p e r 
a tu re of the outer tube sur face . The inner sur face 
t e m p e r a t u r e was calcula ted by means of a t heo re t i c a l 
equation, which is der ived in detai l in an appendix. 
The friction data indicate that the o v e r - a l l fr ict ion 
drop at equivalent m a s s flow r a t e s of water may de 
c r e a s e up to 16% under forced-convect ive hea t -
t r ans fe r conditions when compared with i s o t h e r m a l 
flow. The h e a t - t r a n s f e r fr ict ion drop can be p r e 
dicted by the use of a v i s c o s i t y - r a t i o c o r r e c t i o n 
factor. Surface coefficients of heat t r ans fe r for non-
boiling forced convection were co r r e l a t ed within ±5% 
for heat-f lux dens i t ies from 0.5 to 2 Btu/( in.^)(sec) 
in the Reynolds no. range from 50.000 to 200,000 by 
the conventional Colburn equation for heat t r ans fe r 
in tubes . In the forced convection region where the 
surface t e m p e r a t u r e exceeded the boiling t e m p e r a 
ture of the liquid, it was found that the conventional 
equations for forced convection were not appl icable , 
because in this region the sur face t e m p e r a t u r e was 
p r ima r i l y a function of the liquid p r e s s u r e . When the 
liquid film adjacent to the wall exceeded the boiling 
t e m p e r a t u r e , the wall t e m p e r a t u r e was re la t ive ly in
sensi t ive to a reduct ion in velocity or an i nc r ea se in 
heat flux and never exceeded the boiling t e m p e r a t u r e 
m o r e than 70°F, Exper imen ta l data were obtained at 
m a s s flow ra te s of about 0.80 and 1,45 l b / s e c [3.0 
and 5.4 lb/(sec)(in.^)] in the heat-f lux range from 0.7 
to 2.8 Btu/(in.^)(sec) and at p r e s s u r e s from 20 to 
200 psia . For a given m a s s flow r a t e and p r e s s u r e 
the r e su l t s were co r r e l a t ed by plotting the heat flux 
vs . the difference in t e m p e r a t u r e between the wall 
and the boiling point of the liquid. The m a x i m u m 
heat that could be removed at a given p r e s s u r e and 
flow ra te was l imited by an unsteady flow phenom
enon caused by the accumulat ion of vapor bubbles in 
the liquid near the outlet end of the tube. When this 
condition was reached, the tes t sect ion began to 
v ib ra te violently and a further d e c r e a s e in m a s s 
flow caused the tube to mel t near the outlet end. 
13 r e f e r ences , 

227. Kutateladze. S.S., Doctor of Technica l Sciences , 
P ro f e s s o r . 

INFLUENCE OF RATE OF CIRCULATION ON THE 
HEAT-TRANSFER COEFFICIENT DURING BOILING 
IN TUBES. Energomash inos t royen iye , No, 1. 
pp. 12-15 (1961), 

This a r t i c l e in tegra tes the r e s u l t s of other au thors 
and p roposes a s imple interpolat ion formula to allow 
for the combined influence on the intensi ty of heat 
t r ans fe r of forced convection and the p r o c e s s of 
s team generat ion. 

In s t eam bo i l e r s , a tomic r e a c t o r s and other s t e a m -
ra i s ing equipment, the p r o c e s s of boiling in tubes 
takes place under conditions of a c e r t a i n speed of 
c i rcula t ion of the liquid. It has been known for a long 
t ime that under ce r t a in conditions the r a t e of c i r c u 
lation and the p r o c e s s of s t eam genera t ion have a 
mutual influence on the h e a t - t r a n s f e r coefficient. 
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However, many w o r k e r s have shown that with a high 
r a t e of heat flux the speed of c i rcula t ion has p r a c 
t ical ly no influence on the intensity of heat t r ans fe r 
during boiling. Under conditions of na tu ra l c i r cu l a 
tion the re is an optimum condition of operat ion of 
an evapora tor for which prac t ica l ly the whole of the 
heating surface is generat ing s t e a m and the heat-
t rans fe r re la t ionships a r e close to those of devel
oped boiling in a large volume- Many authors have 
found that speed of flow ei ther has no influence or 
was automatical ly allowed for by coefficients of 
proport ional i ty . Fo rmulae given by a number of 
authors a r e quoted to bear out this s ta tement . 

Thus, the re is a region of ra te of heat flow in which 
the hea t - t r ans f e r coefficient during boiling is p r a c 
tically independent of the ra te of flow of liquid, at 
any ra te when it does not depend on the s team con
tent of the flow. This region is t e rmed the region of 
developed boiling. In this case heat t r ans fe r during 
boiling in tubes is de termined by a sys tem of c r i 
te r ia , a s per Eq. (8). 

As the p rocess of boiling develops, its influence on 
the boundary layer becomes more and more im
portant . Finally, the movement of liquid in the layer 
adjacent to the walls , due to the formation, growth 
and breakaway of s team bubbles, becomes much 
more important than the effect of the mean flow of 
the s team-l iquid mixture as a whole. 

It has been proposed, to a f irs t approximation, to 
a s s e s s the influence of forced c i rcula t ion and the 
p rocess of s team formation by the ra t io of the heat-
t rans fe r coefficient corresponding to convective heat 
exchange without boiling (ao) to that for convective 
heat exchange with developed boiling (do,)- A simple 
interpolation formula that sat isf ies the neces sa ry 
conditions is of the form: 

(12) 

Exper imenta l r e su l t s a r e quoted for par t i cu la r con
ditions of flow in pipes combined with heat t ransfer 
which, if express ions (7) and (l2) a r e valid, should 
lie on s t ra ight lines in the sys tem of coordinates 
given by express ion (l4). 

The re su l t s a r e plotted in Fig. 3 and it will be seen 
that the l inear i ty is sat isfactory for p rac t ica l pur
poses when n in Eq. (l2) is 2. 

Fu r the r r e su l t s a r e then quoted and it is concluded 
that the combined influence of ra te of c irculat ion and 
the p rocess of boiling on the hea t - t r ans fe r coefficient 
may be r ep resen ted by the interpolation formula ( l2) . 
The existing l imited exper imenta l data on the boiling 
of water in tubes indicates that the value of n in this 
formula equals 2. which is convenient for p rac t ica l 
calcula t ions . The hea t - t r ans fe r coefficient during 
developed boiling in tubes is descr ibed by exp re s 
sion (7), which is of the same type as those appl i 
cable to boiling in a large volume. There is need for 
further careful exper imenta l study of how the com
bined influence of organized flow of liquid in the 
p rocess of s team formation affects the heat t rans fe r . 

Acknowledgments a r e made to T. G. Fi l ippova and 
Ya, A, Mi tse l ' for a s s i s t a n c e in ca lcu la t ions . There 
a r e 6 f igures and 15 r e f e r e n c e s : 14 Soviet and 
1 non-Soviet . 

228. Ladiev, R. Ya. 

COMPARISON OF HEAT TRANSFER TO BOILING 
SOLUTIONS OF NH4-N03 IN A VERTICAL CIRCUIT 
WITH ARTIFICIAL AND NATURAL CIRCULATION, 
Izvest . Kiev, Poli tekh. Inst, ^0, Pt . 1, 120-33 (i960). 

During boiling in a c i rcu i t with a r t i f i c ia l c i rcu la t ion . 
2 modes of changes in heat t r an s f e r of the vapor 
formation p r o c e s s occur : " f ree ." where the hea t -
t rans fe r coeff. a^ = f(q) and "cons t ra ined ." where 
a^ = f(q,(Jj)(q = heat flux, k c a l / s q m sec and O) = c i r 
culation veloci ty) . The veloci ty cor responding to the 
change of one mode of vapor format ion into the other 
is the t r ans i en t velocity. GJo; this is detd. exptl . . and 
for HzO and aq. solns . of sa l t s cUod - 0.0133 = const . 

229- Leninger, H. A. and Ve lds t r a . J, 

HEAT TRANSFER IN A VERTICAL EVAPORATOR 
TUBE IN FORCED CIRCULATION AND WITH SUR
FACE BOILING, Chem.-Ing, Tech. 34, 417-22 (1962). 

Expts . a r e repor ted which a r e an extension of the 
na tu ra l convection s tudies (CA 56, 11391d). In forced 
circulat ion, the effect of t emp drop upon heat t r a n s 
fer is l e ss than with na tu ra l c i rcula t ion . When s u r 
face boiling is used, where no vapor is allowed to 
form in the tube, the heat t r ans fe r i n c r e a s e s with 
the rec i rcu la t ing velocity. 

230. Levy. S. 

STEAM SLIP - THEORETICAL PREDICTION FROM 
MOMENTUM MODEL, T r a n s . ASME. Jour , of Heat 
T r a n s . 82. Ser ies C, 113 (i960). 

Theore t ica l equations governing sl ip effects in forced 
c i rcula t ion of boiling water a r e der ived. The equa
tions indicate that s team slip is dependent upon 
channel geometry, inlet water velocity, and ra te of 
heat addition, A simplified momentum model is 
postulated which leads to equal fr ict ion and head 
losses of two phases . The model gives good a g r e e -
nnent with available expe r imen ta l r e s u l t s in ho r i 
zontal and ve r t i ca l tes t sect ions with and without heat 
addition at p r e s s u r e s from 12 to 2000 psia . D i s 
cussion of the model in t e r m s of nonquasi s teady-
state unbalances of friction and head losses of the two 
phases explains exper imenta l deviat ions from the 
predict ions and the previously noted effects of water 
inlet velocity. It a l so gives t rends for the effects of 
channel geometry and r a t e of heat addition. Appl ica
tion of the simplified model to calculat ing two-phase 
p r e s s u r e drops is included. 

23^. Logan, L, A., F ragen . N,. and Badger , W. L. 
LIQUID FILM HEAT TRANSFER COEFFICIENTS IN 
A VERTICAL TUBE FORCED CIRCULATION EVAP
ORATOR. Ind. Eng. Che. 20, 1044-1047 (1934). 

Coefficients for liquids in forced convection through 
8 ft, 0,75 in. in te rna l diam v e r t i c a l copper tubes have 
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been m e a s u r e d d i r ec t ly in s e m i - c o m m e r c i a l evap
o ra to r and c o r r e l a t e d by equation; eq. applied with 
a c c u r a c y within plus or minus 10%. between stated 
l imi t s . 

232. McLain, Stuar t 

QUARTERLY PROGRESS REPORT ON REACTOR 
DEVELOPMENT. 4000 PROGRAM. ANL-5594 (1956). 
66 p. 

Exper imen ta l Boiling Water Reac to r . EBWR. Speci
fications have been completed for tne forced c i r cu l a 
tion equipment . Excess ive O; and H2 was detected in 
EBWR steam- The poss ib i l i ty of control l ing the O; 
content, and the effects of excess ive 02 on co r ro s ion 
a r e being studied. In-pile and out-of-pi le c o r r o s i o n 
t es t s on Al-Ni al loys a r e being evaluated. A lower 
in-pi le c o r r o s i o n r a t e is indicated. Fas t Power 
B r e e d e r Reac tor , EBR-II- Working-model opera t ions 
a r e reviewed. E lec t romagne t i c pump and auxi l ia ry 
equipment opera t ion continued to be sa t i s fac tory . 
Shutdown cooler ana lys i s and ins ta l la t ion for the EBR 
model was reviewed. The opera t ion of this cooler 
was ex t rapola ted for applicat ion to the EBR-II , 
T h e r m a l cycling t e s t s on U fuel a l loys . 3 and 5% f is -
siunn. indicate des i r ab l e t h e r m a l s tabi l i ty. Heat 
t r ans fe r coefficients were m e a s u r e d in the liquid 
m e t a l loop for local fluxes up to 6 x 10^ Btu/f t^-hr . 

233. M a s s i e r , P . F . 

A FORCED-CONVECTION AND NUCLEATE BOIL
ING HEAT-TRANSFER TEST APPARATUS. Jet 
Propuls ion Labora tory , California Institute of Tech
nology, Pasadena . Calif., J P L - T R - 3 2 - 4 7 ( l96 l ) , 28 p. 

For mos t liquid propel lan ts used in rocke t engines, 
the abil i ty to cool t h r u s t - c h a m b e r walls locally is 
es tabl ished by the upper l imit of nucleate boiling. 
An expe r imen ta l appa ra tus uti l izing e lec t r i ca l ly 
heated tubes to obtain boiling h e a t - t r a n s f e r c h a r 
a c t e r i s t i c s of numerous propel lan ts is desc r ibed . 
The effects of deposi t ion and e lec t r i ca l ly conducting 
fluids on heat- f lux m e a s u r e m e n t s , as well as p r e 
cautions that mus t be cons idered when tes t ing mono-
propel lan ts , a r e d iscussed- Compar i sons a r e made 
of v a r i a b l e - p r o p e r t y and cons t an t -p rope r ty equations 
for computing t e m p e r a t u r e difference a c r o s s an 
e lec t r i ca l ly heated tube wall . (NSA 15: 11127) 

234. Menashi , L. 

INCIPIENT BOILING AND THE BUBBLE BOUNDARY 
LAYER FORMATION OVER A HEATED P L A T E FOR 
FORCED CONVECTION FLOW IN A PRESSURIZED 
RECTANGULAR CHANNEL. Di s se r t a t i on Abstr- , 
23, 585 (Aug. 1962)-

The inception of bubbles for forced convection flow 
over a heated plate in a p r e s s u r i z e d channel and 
their consequent mutua l in te rac t ion in the formation 
of a bubble boundary layer was invest igated. A high 
p r e s s u r e c losed loop was designed to pe rmi t v isual 
observa t ion of boiling over a heated plate and to 
provide t e m p e r a t u r e m e a s u r e m e n t s of the boiling 
fluid. The plate , which is 0.050 in. wide and 9-48 in. 
long, was ve r t i c a l l y or iented in a 0-50 x 0.46 in. r e c 
tangular channel . Photographs and t e m p e r a t u r e p r o 
file nneasurements were obtained for forced 
convection boiling of dis t i l led water at p r e s s u r e s of 

200 to 1000 psia, ve loc i t ies of 1 to 6 f t / s e c , subcool -
ings of 50 to 300"F and heat flux of 0. 14 x 10^ to 
1.5 X 10^ Btu/hr-f t^, A co r r e l a t i on equation for the 
incipient heat flux (the flux n e c e s s a r y to ini t iate 
observable bubbles) was obtained. The equation p r e 
dicts incipient heat flux to within ±15%. The bubble 
boundary layer th ickness was c o r r e l a t e d to within 
±20% by a d imens ion less equation. T e m p e r a t u r e 
profi les at var ious locations from the leading edge 
were m e a s u r e d . The mean t e m p e r a t u r e at the 
s ing le -phase core-bubble boundary layer interface 
was found to approach inlet t e m p e r a t u r e as heat flux 
is inc reased toward its max imum value. Large t e m 
pe ra tu r e fluctuations were detected in both the 
s ing le -phase core and the bubble boundary layer . 
The t e m p e r a t u r e fluctuations indicate the ex is tence 
of subcooled liquid at the inlet t e m p e r a t u r e along the 
s ing le -phase core-bubble boundary layer in te r face . 
It was a lso observed that the ampl i tude of t e m p e r a 
ture fluctuations near the heated sur face d e c r e a s e s 
a s the heat flux is i nc reased . This sugges ts that 
burnout is c h a r a c t e r i z e d by the format ion of a s t ag 
nant layer of superheated vapor near the sur face , 
(NSA-62-33138) 

235. Mumm, J. F-

HEAT TRANSFER TO BOILING WATER FORCED 
THROUGH A UNIFORMLY HEATED TUBE, 
ANL-5276 (1954), 57 p. 

An e lec t r i ca l ly heated, horizontal , Type 347 s t a in less 
s tee l tube (0.465 in. ID by 0-505 in, OD by 7 ft long) 
was used to obtain local coefficients of heat t r ans fe r 
in the region of net s t eam genera t ion . The max imum 
weight fraction evapora ted was O.6O, The inves t iga
tion covered a range of p r e s s u r e s from 45 to 200 psia, 
of heat fluxes from 50,000 to 250,000 Btu/ (hr ) (sq ft), 
and of flow ra te s from 70 to 280 lb / (sec) (sq ft). The 
data were co r re l a t ed by means of the d imens ion le s s 
equation 

hDc 
k 

4.3 +5.Ox 10" ^] 
) \ 

1.64 
q" 

L^i^fg] 

0.464 
GD 

.''f_ 

with a root mean square deviation of 10%. (N3A-9-1804) 

236. P e r k i n s , H. C, and Lepper t , G. 

FORCED CONVECTION HEAT TRANSFER FROM A 
UNIFORMLY HEATED CYLINDER, J, Heat T r a n s 
fer, 84. 257-63 (Aug. 1962). 

Forced convection heat t r ans fe r from a cy l indr ica l 
heating e lement with crossf low occu r s in many s i tua 
tions of p r a c t i c a l in t e res t , but h e a t - t r a n s f e r coeffi
c ients for liquids were prev ious ly r epor t ed in the 
l i t e r a t u r e only for Reynolds numbers below 200. New 
data taken with water and ethylene glycol at Reynolds 
number s from 40 to 100.000 and P r a n d t l number s 
from 1 to 300 were c o r r e l a t e d . The effects of t e m 
pe ra tu r e differences la rge enough to produce s ignif i 
cant changes in v i scos i ty a c r o s s the boundary layer 
were a lso invest igated and a r e co r r e l a t ed in t e r m s of 
a v i scos i ty ra t io . 
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237. Profos , P . 

DYNAMIC BEHAVIOUR OF FORCED-FLOW EVAP
ORATOR SYSTEMS. Sulzer Tech. Rev. . 42, 5-12 
(1960). 

The dynamic control behavior of forced-flow evap
ora to r sys t ems is of cons iderable impor tance in 
the control of once- through fo rced-c i rcu la t ion 
bo i l e r s and d rum- type bo i l e r s with s teaming 
econoin izers . It plays a l a rge par t in deciding the 
cha rac t e r of the feed control sys tem, and to some 
extent it a lso affects the p rope r t i e s of the boiler 
as a whole, A combined graphica l and ma thema t i 
cal method is developed by which the t r ans fe r 
c h a r a c t e r i s t i c s can be de termined from the de
sign data of the s t eam genera tor . This inciden
tal ly pe rmi t s a c lear picture to be gained of the 
complicated p r o c e s s e s taking place in a heating 
sys tem of this kind under t rans ien t condit ions. 

238. Quittenton. R. C. 

THE DIRECT MEASUREMENT OF THE FILM 
COEFFICIENT OF HEAT TRANSFER TO MOL
TEN SODIUM METAL IN FORCED CONVECTION. 
Arvida. Quebec. 1953. 

References : p. 37-9. 

239. Rachko. V. A. 

E F F E C T OF THE VELOCITY CIRCULATION ON 
THE COEFFICIENT OF HEAT TRANSFER IN 
BOILING WATER. Journal of Technical Physics 
(USSR). No. 9. i i . 993-1004 (1946). 

240. Rankin, S. 

HEAT TRANSFER TO BOILING LIQUIDS UNDER 
CONDITIONS OF HIGH TEMPERATURE DIFFER
ENCE AND FORCED CONVECTION. Final Tech
n ica l Repor t . UD-FB-13 (1958), 94 p. 

Heat t r ans fe r coefficients have been determined 
for forced convection film boiling under conditions 
of high t empe ra tu r e difference. The r e su l t s 
should be of value in design of cooling sys tems 
where large and var iab le heat fluxes a r e en
countered. The studies were made with two dif
ferent l iquids. F reon-113 and methanol . The 
liquid flowed ver t i ca l ly upwards inside a 4-ft 
length of s team jacketed Everdur pipe of 1.06 in. 
inside d iamete r . The liquid enter ing the tes t s e c 
tion was slightly above 1 a tm p r e s s u r e and a few 
degrees below its boiling point. Data were ob
tained at enter ing liquid veloci t ies of from I.O to 
8,5 f t / s ec , and with wall- to-fluid t e m p e r a t u r e 
differences which ranged from a max imum of 
320 deg. F. down to values around 80 deg, F. 
where nucleate boiling was encountered. Peak 
heat flux data and p r e s s u r e drop data were a lso 
obtained in mos t c a s e s . The heat t r ans fe r coeffi
cients var ied from around 58 Btu/(hr)(deg.F.)(sq ft) 
at the lowest t empera tu re differences to around 
44 Btu/(hr)(deg.F,) (sq ft) at the highest t e m p e r a 
ture differences. The effect of enter ing liquid 
velocity was quite smal l ; at any given t empe ra tu r e 
difference the velocity differences affected the 
magnitude of the heat t ransfer coefficients by no 
more than plus or minus 10%. An equation has 
been der ived for predict ion of the coefficients of 

heat t r ans fe r for this c a se . The der iva t ion a s s u m e s 
the p re sence of a continuous smooth core of liquid 
sur rounded by an annular film of vapor flowing up
ward in l aminar motion under the influence of buoyant 
fo rces . However, the expe r imen ta l r e s u l t s yield heat 
t r ans fe r coefficients which a r e about twice as la rge 
as those predic ted by the der ived equation. This 
seems to indicate that the flow of vapor in the vapor 
film was turbulent . The degree of s tabi l i ty of the 
vapor film has a l so been examined in this r epo r t . A 
ma thema t i ca l der iva t ion is p resen ted to show that 
vapor repuls ion forces a r e sufficient to provide for a 
s table interface under any veloci ty condition. 

241. Rao, C, V. 

E F F E C T OF LOCAL BOILING ON HEAT TRANSFER 
RATES INSIDE A VERTICAL ANNULUS WITH 
COOLANT MIXTURES OF DIFFERENT COMPOSI
TIONS UNDER LAMINAR AND TURBULENT FLOW 
CONDITIONS, Disse r t a t ion Abs t r . 22. 3567 (Apr. 1962). 

The design and opt imum opera t ion of cooling jackets 
for l iquid-cooled a i r c ra f t engines and rocket mo to r s 
r e q u i r e an unders tanding of the h e a t - t r a n s f e r c h a r a c 
t e r i s t i c s of different types of coolant under va r ious 
operat ing condit ions. Because of the imprac t icab i l i ty 
of obtaining fundamental h e a t - t r a n s f e r data by the use 
of ac tual ful l -scale engines, a b e n c h - r i g appara tus 
designed for the s imulat ion of the range of heat 
fluxes encountered in a i r c ra f t engines was employed 
to study local boiling a s well as non-boiling hea t -
t rans fe r r a t e s under both l aminar and turbulent flow 
conditions. The heat exchanger cons i s t s essent ia l ly 
of a thick-walled 1.635-in. OD by 0.98-in. ID copper 
tube 14.25 in, long sur rounded by a 2.01-in. ID glass 
jacket by means of which v i sua l observa t ions could 
be made. The coolant flowing upward through the 
annulus was heated by s t eam condensing on the in
side of the copper tube. The coolants studied were 
methanol , water and their m i x t u r e s . For nonboiling 
conditions, the turbulent flow data obtained could be 
fairly well co r r e l a t ed by the equation employed by 
Carpenter et a l , , predic ted values being about 10% 
higher. Cor re la t ion of the laminar flow data r e 
quired the use of a specia l ly der ived theore t i ca l 
equation based on the ac tual veloci ty d is t r ibut ion in 
annuli. The laminar flow equation used by Ca r 
penter et a l , . predicted values 25 to 30% higher. In 
the case of local boiling data obtained, when the local 
boiling effects were la rge in compar i son with the 
convective hea t - t r ans f e r effects, the h e a t - t r a n s f e r 
r a t e s were found to be independent of flow r a t e s , 
coolant p r e s s u r e s , and degrees of subcooling and de
pend only on the t e m p e r a t u r e exces s and coolants 
employed. With sma l l local boiling effects, heat 
t r ans fe r r a t e s were found to be affected by a l l of the 
operating va r i ab les mentioned above. The local boi l 
ing laminar flow data could empi r i ca l ly be co r r e l a t ed 
in a simple manne r . A mechanis t i c p ic ture of bubble 
formation, growth and col lapse was proposed for the 
in te rpre ta t ion of local boiling data in gene ra l . 

242. Rohsenow, W, M, and Clark, J, A. 

PROGRESS REPORT NO. 5, DIG Pro jec t 6627. 
NP-3461 (1950), 17 p. 

Included a r e II cu rves which p r e sen t the ini t ia l r e 
sul ts of forced convection boiling heat t r ans fe r 
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s tud ies . Heat t r an s f e r data a r e given for water at 
2000, 1500. and 200 psia flowing at 12 to 20 f t / sec 
through an e l ec t r i c a l l y heated 0.180 in. ID v e r t i c a l Ni 
t es t sect ion. Tes t sect ion p r e s s u r e drop data a r e 
given for the 200 psia run. Also given a r e cu rves 
showing the axia l d is t r ibut ion of t e m p e r a t u r e and heat 
flux in the tes t sect ion at 1500 and 2000 psia at 12 
and 20 f t / s e c . Fo r mos t of the r epo r t ed runs the 
data is given for a heat t r an s f e r sur face contaminated 
with a sca le deposi t . In te rpre ta t ion of heat t r ans fe r 
data from the contaminated sur face is given, and a 
method is proposed for evaluating the effect of the 
scale deposi t . Fluid bulk t e m p e r a t u r e and heat flux 
(q/A) a r e ca lcula ted as functions of t es t sect ion 
length by a method given in the appendix. Two tes t 
section fa i lures or burnouts a r e d i scussed and 
photographed. It appea r s from the boiling data ob
tained that the dynamic or s t i r r i n g effect of the 
bubbles on the r a t e of heat t r an s f e r is significant at 
1500 and 2000 psia . 

243. Rohsenow, W. M. and Clark, J . A. 

THE MECHANISM OF BOILING HEAT TRANSFER, 
T r a n s . Am. Soc. Mech. E n g r s . 73, 609-20 (1951). 

An ana lys i s of the heat r equ i red to form a vapor 
bubble in a liquid is p resen ted . High-speed motion 
p ic tu res of boiling heat t r ans fe r in forced convection 
showing bubbles depar t ing from a heated sur face a r e 
analyzed and the net heat t r a n s f e r r e d to the bubbles 
is compared with the to ta l heat t r a n s f e r r e d f rom the 
heated sur face . It is found that the heat t r a n s f e r r e d 
to the moving liquid by the condensat ion of the 
bubbles is a negligible par t of the total convective 
heat t r ans fe r . The re fo re , it is proposed that the high 
ra te of heat t r an s f e r assocd . with sur face boiling in a 
subcooled liquid is due p r i m a r i l y to the violent ag i ta 
tion of the quiescent l a y e r s of liquid adjacent to the 
heated sur face resu l t ing from the motion of vapor 
bubbles being genera ted t h e r e . 

244- Sabersky . R. H. and Mulligan, H. E, 

ON THE RELATIONSHIP BETWEEN FLUID FRIC
TION AND HEAT TRANSFER IN NUCLEATE 
BOILING. Je t . P r o p . 25. 9-12 (1955). 

Von Karman [T rans . ASME 61. 705-10, 1939] has 
shown that the frict ion and h e a t - t r a n s f e r coefficients 
on the bas i s of Reynolds analogy a r e re la ted by the 
equation Cjr/2 = Cj^ when the P r a n d t l number is 
unity. The s ame re la t ion is a s sumed for turbulent 
flow without a l aminar boundary layer . The au thors 
conducted expe r imen t s to de t e rmine if any re l a t ion
ship ex i s t s between the frict ion and h e a t - t r a n s f e r 
coefficients in the region of nucleate boiling with 
forced convection. 

Tes t s were made with dis t i l led wate r flowing through 
a ^ - i n . d iam s t a i n l e s s - s t e e l tube, the tube i tself 
serving as an e l e c t r i c a l r e s i s t a n c e hea t e r . A u t h o r s ' 
t e s t r e su l t s conf i rm the above equation to a f i r s t a p 
proximat ion . Reviewer be l ieves that further r e 
s e a r c h is needed to show that the above equation is 
independent of other p a r a m e t e r s . The p r e sen t t es t 
data suggest a definite p r e s s u r e effect, and some 
uncer ta in ty ex i s t s in the t e m p e r a t u r e pred ic ted at 
the inside sur face of the tube. Reviewer a g r e e s with 

the au thors that the f i r s t - o r d e r effect of the bubbles 
is a hydrodynamic one, leading to an i nc r ea se in heat 
exchange as well as momentum exchange. 

245. Schaefer, J. W. and Jack, J. R. 

INVESTIGATION OF FORCED-CONVECTION 
NUCLEATE BOILING OF WATER FOR NOZZLE 
COOLING AT VERY HIGH HEAT FLUXES, 
NASA-TN-D-1214 (1962), 47 p. 

The nonuniform axia l heat-f lux d is t r ibu t ion typical of 
a ve ry high t e m p e r a t u r e flow nozzle was s imula ted 
by r e s i s t a n c e heating of v a r i a b l e - w a l l - t h i c k n e s s 
Inconel tubes. The coolant water flowed through the 
cons t an t - i n s ide -d i ame te r t es t sec t ions at flow r a t e s 
ranging from 0.45 x lO" to 1.27 x 10^ lb / (sq ft)(sec) 
(inlet ve loc i t ies of 73 to 204 f t / sec ) . Resul t s a r e 
p resen ted for nonboiling forced convection, nuc l ea t e -
boiling forced convection at local heat fluxes up to 
11,200 Btu / ( sq ft)(sec) [40.3 x 10^ Btu / ( sq ft)(hr)], 
burnout, and p r e s s u r e drop. All r e s u l t s a r e com
pared with exist ing c o r r e l a t i o n s . The solution for 
the t e m p e r a t u r e d is t r ibut ion in a r e s i s t a n c e - h e a t e d 
va r i ab l e -wa l l - t h i cknes s tube and the appropr i a t e 
h e a t - t r a n s f e r re la t ions a r e der ived, 

246. Schrock, V, E. and Grossman . L. M. 

FORCED CONVECTION BOILING STUDIES. FINAL 
REPORT ON FORCED CONVECTION VAPORIZA
TION PROJECT. TID-14632 (1959), 123 p, 

Local heat t r ans fe r coefficients and p r e s s u r e g r a 
dients were m e a s u r e d for bulk boiling of water in 
forced flow in round tubes with in ternal d i ame te r 
ranging from 0, 1162 to 0,43 17 in, and lengths of 
15 to 40 in., heat fluxes of 6 x 10^ to 1.45 x 10^ B t u / 
hr ft^. m a s s fluxes of 49 to 911 l b / s e c ft^, exit 
qual i t ies of 5 to 57% and at p r e s s u r e s ranging from 
42 to 505 psia . The p r e s s u r e grad ien ts a r e c o r r e 
lated within 30% in t e r m s of modified Lockhar t -
Mar t ine l l i p a r a m e t e r , while the Nussel t number is 
co r r e l a t ed within 40% by a combinat ion of the 
Lockhar t -Mar t ine l l i Xj-̂  and a p a r a m e t e r cal led the 
boiling number . Bo = (q/A)/(Ghfg). Apparent ly X^t 
e x p r e s s e s the effect of forced convection while the 
boiling number r e l a t e s to the nucleate boiling con
tr ibut ion. A study of the influences of nucleate boi l 
ing of a subcooled liquid on the p r e s s u r e grad ien t in 
forced flow was a l so conducted. 

247. Schrock, V. E, and G r o s s m a n . L. M. 

LOCAL PRESSURE GRADIENTS IN FORCED CON
VECTION VAPORIZATION, Nuclear Science and 
Engineer ing . 4. 245-250 (1959), 

An expe r imen ta l study of p r e s s u r e drop in forced 
convection vapor iza t ion was made in a heat t r an s f e r 
loop designed for the invest igat ion of local heat 
t r ans fe r coefficients and local p r e s s u r e grad ien ts 
for water flowing ve r t i c a l l y upward in an e l ec t r i c a l l y 
heated tube. Data p resen ted a r e for-^- in . i-d. 347 
s t a in l e s s s t ee l tubes of 15 and 20-in. lengths with 
m a s s fluxes of 200 to 700 l b / s e c ft^, heat fluxes of 
1 to 8 X 10^ B t u / h r - f t ^ qual i t ies at the exit up to 50% 
and with p r e s s u r e s ranging from 50 to 400 psia . A 
co r r e l a t i on of the local p r e s s u r e grad ien ts as a func
tion of the Mar t ine l l i p a r a m e t e r Xtt was obtained to 
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within ±15% and a design p rocedure for calculat ing 
o v e r - a l l p r e s s u r e drop from this co r r e l a t i on is 
suggested, 

248. Schrock. V- E, and Grossman , L. M. 

FORCED CONVECTION BOILING IN TUBES, Nuclear 
Sci. and Eng.. \Z, 474 (1962). 

Local heat t r ans fe r coefficients and p r e s s u r e g r a 
dients were m e a s u r e d for bulk boiling of water in 
forced flow (ver t ical ly upward) in round tubes with 
in ternal d i a m e t e r s ranging from 0,1162 to 0.4317 in., 
lengths of 15 to 40 in., heat fluxes of 6 x 10* to 
1.45 X 10^ Btu /hr ft^ m a s s fluxes of 49 to 911 l b / 
sec ft , exit quali t ies of 5 to 57%. and at p r e s s u r e s 
ranging from 42 to 505 psia. The local heat t r ans fe r 
coefficients exp res sed in the form of the Nusse l t 
number were co r r e l a t ed in t e r m s of Reynolds and 
P rand t l numbers and two d imens ionless groups 
cha rac te r i z ing forced convection vaporizat ion, the 
Lockhar t -Mar t ine l l i pa r ame te r X^t, and the boiling 
number . Bo = (q/A)/Ghfg. For large values of the 
la t ter , nucleate boiling predominates and the de
pendence of the heat t ransfer on Xtt is smal l . Con
ve r se ly , at the smal l values of Bo. convective flow 
effects a r e dominant, and there is a s t rong depend
ence on Xj-j.. 

249- Schweppe, J, L, and Foust . A, S. 

E F F E C T OF FORCED CIRCULATION RATE ON 
BOILING HEAT TRANSFER AND PRESSURE DROP 
IN A SHORT VERTICAL TUBE. Chem. Eng, P r o g r . 
Symposium Ser ies , Heat Transfe r , Atlantic City 42, 
No. 5, 77 (1953). 

Resul ts of boil ing-fi lm coeffs. were m e a s u r e d and 
repor t ed to s t r e a m s of boiling water at incipient 
boiling conditions, in about a 10-in. section of 3 dif
ferent d iams . The tes t section was intentionally 
sma l l in o rde r to m e a s u r e point conditions, and the 
liquid was carefully introduced at the b .p . . so that 
the influence of the turbulence of the s t r e a m on the 
behavior at incipient boiling would be accura te ly 
measu red . The r e su l t s do not confirm e a r l i e r r e 
sul ts of Austin (Z, Ver . deut. Ing. 46. 1890 (1902), 
that at high ra t e s of agitation the coeffs. become 
independent of the temp, drop. An influence of 
agitat ion continued with increas ing velocity up to the 
highest velocity measured , which was approx. 
40 f t / sec . The invers ion in p r e s s u r e gradient , which 
was found at m a s s veloci t ies to be between 200 and 
300 Ib/sq ft sec , was a r a the r surpr i s ing phenom
enon. This co r responds to an entering liquid velocity 
of approx. 3 l inear f t / sec , beyond which there is a 
range in which the p r e s s u r e gradient d e c r e a s e s with 
increas ing velocity. At higher veloci t ies the p r e s 
su re gradient i nc reases as would be expected. This 
phenomenon is explained on the bas i s of sonic chok
ing at the end of the tube, which is cha rac t e r i s t i c of 
high-velocity flow in a s t ra ight section. The velocity 
of sound in the mixt, of water and its equil. vapor is 
presented, and the values a r e s tar t l ingly low at low 
b .ps . The sonic choking r e su l t s in a suppress ion of 
vapor iza t ion so that in this region of inversion, where 
there is actually a d e c r e a s e in p r e s s u r e gradient , 
there is a corresponding dec rea se in l inear velocity 
even though the m a s s velocity is inc reas ing . 
(CA-47-7837d) 

250. Si lves t r i , M. et a l . 

GAS-LIQUID AND VAPOR-LIQUID MIXTURES AS 
COOLING AGENTS, Cent re Informazioni Studi 
Espe r i enze , Milan. A/Conference 1 5 / P / l 3 6 7 (1959), 
22 p. 

Phys ica l p rope r t i e s of gas - l iqu id and vapor - l iqu id 
m i x t u r e s a r e sui table , in many c a s e s , for forced 
convection heat t r ans fe r , a l l the m o r e so because of 
the v e r y high apparent heat capaci ty when the liquid 
component has a high latent heat of vapor iza t ion . 
P r e s s u r e drops were de te rmined for different g a s -
liquid m i x t u r e s , in different expe r imen ta l condit ions, 
keeping the gas in turbulent flow and the liquid both 
in v iscous and in turbulent flow. The following 
p a r a m e t e r s were var ied : tube d i ame te r , total p r e s 
sure , liquid and gas flow r a t e s , and liquid v i scos i ty . 
Exper imenta l data can be c o r r e l a t e d by quite s imple 
re la t ionsh ips . Heat t r an s f e r p r o p e r t i e s were studied 
on s t e a m - w a t e r and g a s - w a t e r m i x t u r e s . In e l e c 
t r ica l ly heated tubings heat t r an s f e r coefficients for 
s t e a m - w a t e r mix tu re s were de te rmined at va r ious 
p r e s s u r e s , at different specific f low-ra tes and for 
different l i qu id - to - s t eam f low-ra te r a t i o s , up to 
burn out condit ions. Maximum values of the heat 
t r ans fe r coefficients a r e of the s ame o r d e r of miag-
nitude as those obtained in p r e s s u r i z e d water s y s 
t ems , whereas the densi ty of the m i x t u r e s , a lso in 
the ve ry high p r e s s u r e range , a r e much lower than 
liquid dens i t ies . These p rope r t i e s s e e m to give to 
gas- l iquid or vapor- l iquid m i x t u r e s some in te res t 
as cooling agents for nuc lear r e a c t o r s . 

251. S l e s se r , C, G, and Cleland, D. 

SURFACE EVAPORATION BY FORCED CONVEC
TION. I. SIMULTANEOUS HEAT AND MASS 
TRANSFER., Internal , J. Heat Mass T rans fe r ( G B ) , 
vol, 5, 735-49 (Aug- 1962), 

The evaporat ion of liquid from a moving belt of 
l iquid- impregnated synthetic fibre was studied 
as a problem in s imul taneous heat and m a s s t r a n s 
fer by forced convection in a sy s t em which c o m 
p r i s e s s eve ra l identical e l emen t s . The novel 
appara tus is desc r ibed which provides means of 
studying a var ie ty of p a r a m e t e r s under s teady-
state condit ions. Exp re s s ions for hea t - and m a s s -
t rans fe r r a t e s a r e given, the equivalence of 
j - f a c t o r s is demons t ra ted , and the index of the 
Schmidt number is shown to be 0.576. All r e 
sults were co r r e l a t ed s ta t i s t i ca l ly . 

252. Stiushin, N, G.. and S te rman. L, S. 

E F F E C T OF THE VELOCITY OF A MOVING AND 
BOILING LIQUID ON HEAT EXCHANGE, Zhur. 
Tekh. Fiz, 21. 448-452 (1951) (In Russian) 

The ro le of the veloci ty of forced c i rcu la t ion on heat 
t r ans fe r in a boiling liquid is exper imenta l ly evalu
ated. The intensity of the heat exchange grows with 
the velocity. This effect of the velocity is a func
tion of the thermal - f low value. The r e su l t s a r e 
worked out in d imens ion less coord ina tes , 
(NSA-5-5641) 
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253. St iushin. N. G. 

INVESTIGATION OF THE INFLUENCE OF RATE 
OF FORCED MOVEMENT OF FLUID ON HEAT 
EXCHANGE IN BOILING UNDER PRESSURE. Zh 
E k s p e r i m - i Teor, F iz 25 1920-30 (1953). 

254. Tor ika i , K., Hor i , M., and Yamasak i , T. 

THE FLUID FLOW RESISTANCE THROUGH THE 
ROUND TUBE IN NET BOILING, J . Atomic Energy 
Soc. J a p a n ^ , 671-681 (I960). 

The fluid flow r e s i s t a n c e through round tubes in boi l 
ing is different from two-phase flow, but it is not 
well identified. It is definitely shown from s e m i -
theore t i ca l ana lys i s and e x p e r i m e n t s in net boiling 
of forced flow in 20 0 tube at 3 to 1 3 m / s e c , 2 to 
150 a tm, and in 1 to 4 x 10^ kca l /m^hr , turbulence of 
flow by turbulent energy based upon the detachment 
from the tube wall and growth of the bubbles is gen
e ra ted , and the fluid flow r e s i s t a n c e is a lso changed. 
But this turbulence is not l a r g e r than the turbulence 
of normal flow in tubes except in c a s e s of low flow 
veloci ty or low p r e s s u r e , and this effect is negl i 
gible in p r a c t i c e . Then the coefficient of fr ict ional 
flow r e s i s t a n c e through the round rough tube in 
normal turbulent flow is avai lable in high veloci ty 
flow at high p r e s s u r e in net boiling too. 

255. Wright R. M. 

DOWNFLOW FORCED CONVECTION BOILING OF 
WATER IN UNIFORMLY HEATED TUBES ( thesis) , 
UCRL-9744 (1961) 216 p. 

Local heat t r a n s f e r coefficients and local , total two-
phase p r e s s u r e d rops were m e a s u r e d in the down-
flow forced-convect ion (net) boiling of water in 
e l ec t r i ca l ly heated tubes . The tubes used were 
0.719 and 0.472 in. ID, with lengths of 5-67 and 
4.69 ft, respect ive ly- The flow va r i ab les cover the 
following r a n g e s : m a s s flux G, 110 to 700 I b m / s e c -
ft^; heat flux q, 13,800 to 88,000 Btu/hr- f t^ ; quality 
(mass fract ion vapor) x, 0 to 197o; boiling number 
(=q/hf G) Bo, 0.24 to 1.9 x lO"*; p r e s s u r e , 15.8 to 
68.2 ps ia . Boiling heat t r a n s f e r r e s u l t s a r e com
pared to the c o r r e l a t i o n s of Dengler . Mumm, and 
Schrock and G r o s s m a n . New boiling heat t r ans fe r 
co r r e l a t i ons a r e der ived , the skeleton of these being 
hgtr C°'\°'^x°*. L a r g e effects due to two-phase 
t h e r m a l en t rance phenomena were obse rved . These 
effects a r e d i s cus sed with r e fe rence to previous ex
p e r i m e n t s in forced-convec t ion boil ing. Local , total 
two-phase p r e s s u r e grad ien ts a r e c o r r e l a t e d by the 
method of Schrock and Grossnnan. Individual p r e s 
su re grad ien ts a r e a lso p red ic ted by s eve ra l me th 
ods . On the bas i s of heat t r an s f e r and p r e s s u r e drop 
obse rva t ions , the flow and vapor iza t ion m e c h a n i s m s 
a r e d i s cus sed . A design p rocedu re is der ived and 
typical r e s u l t s a r e d i scussed . 

256. Zenkevich, B. A. 

THE GENERALIZATION OF EXPERIMENTAL DATA 
ON CRITICAL HEAT FLUXES IN FORCED CONVEC
TION OF SUBCOOLED WATER, J. Nuclear Energy, 
P a r t B: Reac to r Technology. 1 130-133 (1959). 

An equation in d imens ion less groups has been p r o 
posed by the author on the bas i s of exper imenta l 

data on c r i t i ca l heat fluxes in forced convection of 
sub-cooled water at p r e s s u r e s between 100 and 
210 a tm. A simplif icat ion of this equation at low 
p r e s s u r e s is p red ic ted from theory . It is shown 
that the d imens ion less equation prev ious ly given is 
valid over a wider range of p r e s s u r e s , namely from 
35 to 210 a tm. The reduct ion of published e x p e r i 
menta l data concerning q^-j. at low p r e s s u r e s con
f i rms the theore t i ca l conclusion that the functional 
re la t ions between one group to be de te rmined and 
two determining groups become degenera te at 
water p r e s s u r e s near a tmospher i c and the re fore 
that the d imens ion less equation s impli f ies in this 
c a se . F r o m this equation a formula is der ived which 
can be used for calculat ions at p r e s s u r e s between 
1 and 15 a tm, 

257. Zenkevich, B, A- and Subbotin, V, I, 

CRITICAL HEAT FLUXES IN SUBCOOLED WATER 
WITH FORCED CONVECTION BOILING, J, Nuclear 
Energy , P a r t B; Reactor Technology 1, 134-40 
(1959). 

Repor t s the study of c r i t i ca l heat fluxes for water 
flowing in ve r t i ca l tubes , heated to t e m p e r a t u r e s up 
to the sa tura t ion t e m p e r a t u r e , in the range of p r e s 
su re s from 140 to 220 a tm. 

258, Zenkevich, B, A., Subbotin, V, I. and 
Troyanov, M. F . 

CRITICAL HEAT FLUXES FOR A BUNDLE OF 
TUBES COOLED IN PRESSURIZED WATER, J. Nu
c lea r Energy, P a r t B. 1, 197-199 (I960). 

Object was to invest igate the c r i t i ca l phenomena in 
the r eg imes of boiling when a bundle of tubes , r e p 
resent ing a poss ib le type of fuel e lement , we re cooled 
by p r e s s u r i z e d water flowing pa ra l l e l to the ax i s . 

259- Acadenriy of Sc iences , Moscow 

HEAT TRANSFER AND THERMODYNAMIC 
MODELING, N P - t r - 7 0 2 (1959), 554 p. 

Heat t r ans fe r of boiling water in forced convection; 
s t eam-con ten t m e a s u r e m e n t s in boiling with sub
cooling; de te rmina t ion of heat t r an s f e r coefficients 
for vapor condensat ion of v iscous subs t ances ; heat 
t r ans fe r in s t eam condensation on ve r t i ca l tubes ; 
s imi l a r i t y conditions of molecu la r p r o c e s s e s ; gen
e ra l i za t ion of exper imenta l data on v i scos i ty and 
heat conduction of s team, 

NATURAL CONVECTION 

260, Akin, G. A. and McAdams , W. H. 

BOILING HEAT TRANSFER IN A NATUR-AL CON
VECTION EVAPORATOR, Ind Eng Chem 31, 487-
491 (1939) [Also in A.I .Ch.E. T r a n s . 35, 137-55 
(1939)]. 

Resul t s of experinnents with na tu ra l convection 
b o i l e r s ; s e v e r a l s i zes and a r r a n g e m e n t s of heat ing 
surface used; effect of wetting agents ; model 60-
tube evapora tor used to boil dis t i l led water at 
a tmospher i c p r e s s u r e with overa l l t e m p e r a t u r e dif
fe rences ranging from 20 to 100°F; d is t r ibu t ion of 
heat f lux-var ious rows . 
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261. Allen, C. F . 

BOILING OF FREON-114 IN A THREE FOOT 
STRAIGHT TUBE EVAPORATOR, K-1487 (1961), 
21 p. 

Exper imenta l de terminat ions of heat flux were made 
with F reon-114 flowing by na tu ra l c i rcula t ion through 
a s t eam-hea ted ver t i ca l tube with and without swir l 
p r o m o t e r s . The heated length of the |- inch outside 
d iamete r copper tube was 35 inches , the sa tura t ion 
t e m p e r a t u r e of Freon-114 at t e s t - s ec t i on flow exit 
160°F, and the heat flux range from 7,000 to 
70,000 B t u / h r / s q ft. Heat flux m e a s u r e m e n t s at 
specified conditions were compared to de te rmine 
the degree of fouling and the effect of swir l ing flow 
on heat t r ans fe r efficiency. Exper imenta l data 
showed that the c i rcula t ion of w a t e r - s a t u r a t e d 
F reon-114 at 200°F for 2 -j hours did not produce 
sufficient s teel co r ros ion products to foul the s u r 
face of the evapora tor . Swirl p r o m o t e r s were 
effective in reducing dry-wal l vapor binding at the 
higher heat loads. The 50% inc rease in maximum 
heat flux observed was l imited by the low l iqu id- to-
vapor ra t io of the bulk F r e o n leaving the evapora tor . 
An i nc r ea se in input flow to the evapora tor by forced 
c i rcu la t ion or inc reased liquid heat should produce 
an additional inc rease in maximum heat flux. 

262. Anderson, R. P . , et a l . 

AN ANALOG SIMULATION OF THE TRANSIENT 
BEHAVIOR OF TWO-PH-ASE NATURAL CIRCU
LATION SYSTEMS, A-I,Ch-E. P r e p r i n t 27a. New 
York (1962), 22 p. 

The design of h igh-per formance na tura l c i rculat ion 
boiling sy s t ems r e q u i r e s that the behavior of the 
sy s t ems be cha rac t e r i zed under t r ans ien t condi
t ions . In o rde r to accompl ish th is , the t ime and 
space dependent continuity, energy, and momentum 
equations for a natural c i rcula t ion sys tem a r e 
wri t ten . The resul t ing set of equations a r e solved 
s imultaneously, uti l izing an analog computer , A 
set of c r i t e r i a that the analytical model has to 
satisfy i s : (1) the model must provide an accura te 
s t eady-s ta te calculat ion of the rec i rcu la t ion ra te 
and vapor volume fraction for var ious power inputs; 
(2) it must reproduce the exper imenta l t r ans ien t be 
havior during varying power inputs; and (3) the 
model mus t accura te ly predic t the inception of o sc i l 
la t ions in a natural c i rcula t ion sys tem. The r e 
sulting equations a r e compared with exper imenta l 
r e su l t s at var ious p r e s s u r e s with two geomet r ies in 
boiling water sy s t ems . The equations mee t the e s 
tabl ished c r i t e r i a , and the analytical model is useful 
for predict ing the behavior of two-phase na tura l c i r 
culation sys tems during t r ans i en t s . The model 
accura te ly predic ts the point at which such sys tems 
exhibit osc i l la tory behavior . The resu l t s were found 
to be very sensi t ive to the vapor- l iquid velocity ra t io 
(slip ratio) used in the computation. The velocity 
ra t io co r re l a t ion used in the model is p resen ted . 

263. Bogdanov, F . F . 

INVESTIGATION OF NATURAL CIRCULATION OF 
AN ORGANIC HEAT CARRIER WITH HIGH BOILING 
POINT, AEC-TR-2881 (1950), 10 p. 

The r e su l t s a r e given of an invest igat ion of useful 
p r e s s u r e s developed by the vapor - l iqu id nnixture of 
an organic coolant in a 56 to 70 m m tube under 
na tu ra l c i rcu la t ion . 

264. Bondar , A. G. 

EXPERIMENTAL INVESTIGATION OF HEAT EMIS
SION FROM A BOILING SOLUTION OF CAUSTIC 
SODA IN A VERTICAL TUBE WITH NATURAL 
CIRCULATION, Izvest . Kiev. Pol i tekhn. Inst . , IJ-
83-97 (1956). 

Resul t s of invest igat ions in the de te rmina t ion of heat 
emiss ion with boiling solutions of caust ic soda, 
NaOH, in a ver t i ca l tube with na tu ra l c i rcu la t ion a r e 
p resen ted . The object of this r e s e a r c h was to obtain 
data for re l iab le calculat ion of heat ing su r faces in 
equipment for the evaporat ion of NaOH solutions and 
to es tab l i sh opt imum opera t ing condi t ions. A s y s 
tem of special ly designed expe r imen ta l equipment is 
desc r ibed . The methods of m e a s u r e m e n t and of 
p rocess ing the experinrients a r e desc r ibed in detai l . 
In pa r t i cu l a r , the specific heat flow q was de t e r 
mined by the quajitity of condensate formed on the 
surface of the boiling tube at s epa ra t e sec t ions , the 
quantity of heat n e c e s s a r y for dehydrat ion being taken 
into account. It is c la imed that the r e l a t ive e r r o r 
in the de terminat ion of a2 for the min imum and max
imum heat load (q equal to 1700 and 74,200 k c a l / 
m^hr, respect ive ly) fell within the range of five to 
eight %. The de te rmina t ion of opt imum hydro -
dynamic conditions for the boiling of NaOH solutions 
for requ i red concentra t ions was pe r fo rmed through 
a s e r i e s of expe r imen t s , differing in the apparent 
level of the boiling solution in an oxidized steel 
tube (d iameter 32/38 mm, length 1500 mm) . Ex
per imen t s were conducted under these conditions 
with the object of de termining values oi a.^, the coef
ficient of heat t r ans fe r for boiling solutions of 
NaOH of var ious concent ra t ions , and of es tabl i sh ing 
the dependence of tt; upon q and the physical p r o p e r 
t ies of the solutions under secondary vapor p r e s 
su re s equal to a tmospher i c p r e s s u r e for 5, 10, and 
20% solut ions, and varying in the range of 0.62 to 
0.76 kg/cm^ for 15, 30, and 40% solut ions . It is 
c la imed (within the range of the p a r a m e t e r s of these 
exper iments^ that a^ is propor t ional to q by the power 
n = 0.564 to 0.620. The r e su l t s obtained a r e in ac 
cord with the data of other au tho r s . In pa r t i cu l a r , 
it is emphas ized that , with identical heat flow, the 
coefficients of heat emis s ion to water a r e g rea t e r 
than to the solution. The quant i tya^ to the solution 
d e c r e a s e s with i nc reased t e m p e r a t u r e . Using a 
special movable the rmocouple , the author shows that 
in the boiling of solutions in a ve r t i ca l contour with 
na tura l c i rcula t ion , a cons iderab ly g r e a t e r amount of 
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s u p e r - h e a t i n g (~'2°) takes place than in l a r g e - s c a l e 
boil ing. It is pointed out that under optimum condi
t ions the solution is at the g r e a t e s t t e m p e r a t u r e , as 
a ru l e , at the initial region of the evaporat ing tube. 

265. Born, J . H., J r . , and Jones , M. L. 

EFFICIENCY OF A HIGH TEMPERATURE VAPOR
IZER, Chem. Eng, P r o g r . , 5^, No. 7, p. 39-44 (I960). 

To obtain ba s i c informat ion on the pe r fo rmance and 
opera t ion of the vapor genera to r or vapor i ze r a 
s e r i e s of t e s t s were c a r r i e d out in a na tu ra l c i r c u l a 
tion v a p o r i z e r , employing Dowtherm as the heat 
t r ans fe r medium, opera t ing with a vapor t e m p e r a 
t u r e close to 700°F. 

266. Brooks , C. H,, and Badger , W. L, 

HEAT TRANSFER COEFFICIENTS IN THE BOIL
ING SECTION OF A LONG-TUBE, NATURAL-
CIRCULATION EVAPORATOR, T r a n s , Am- Inst. 
Chem. E n g r s . , 33, 392-416 (1937). 

Heat t r an s f e r coefficients r epo r t ed apply only to 
boiling sec t ions ; method used to de te rmine boundary 
between two sec t ions is that suggested by 
R. M. B o a r t s . 

267. Chang, Y. P . 

THE ANALYSIS OF HEAT TRANSFER IN NATURAL 
CONVECTION AND IN BOILING, T r a n s . A.S.M.E. 79, 
1501-1509 (1957). 

The 2 c a s e s of fully developed turbulent flow pass ing 
a flat plate at zero incidence, and through a tube a r e 
cons idered . The l aminar sublayer whose th ickness 
is usual ly cons idered as const , at a given Reynolds 
no. i s pos tula ted to v a r y with the heat flow. The ef
fect of na tu ra l convection is taken into account, de
spite its minor impor tance in predic t ing the heat 
t r ans fe r by forced convection in the turbulent region, 
A genera l formula for Nusse l t no. is obtained as a 
function of P rand t l , Reynolds , and Grashof nos . The 
heat t r a n s f e r by na tu ra l convection alone becomes 
only a pa r t i cu l a r case and the Nusse l t no. is readi ly 
found by dropping out the t e r m contg, the Reynolds 
no. Calcd. r e s u l t s ag r ee with expts . as conducted by 
previous inves t iga to r s for fluids with Prand t l nos . 
within the range of 0.60 to 40. 

268. Chernobylsk i i . I. I. 

CALCULATION OF THE HEAT-TRANSFER EMIS
SION COEFFICIENT DURING BOILING OF BINARY 
MIXTURES. Khim. P r o m , , No. 6, 362-3 (1957). 

Heat t r an s f e r m e a s u r e m e n t s were made with v e r t i 
cal s t a i n l e s s - s t e e l bayonet tubes , 3/8 to 3/4 in. 
outer d iam. with lengths from 2.6 to 6.5 in. The 
heat source was s t eam. The boiling film T ranged 
from 154* to 314°F. for 3 org . l iquids and from 547° 
to 788°F. for N2 all at 1 a tm. No forced convection 
was used . CgHe, CCI4. and N; on the longer tubes 
had h e a t - t r a n s f e r coeffs , , h, 2 or 3 t i m e s g rea t e r 
than that p red ic ted by the Bromley equation 
(CA 44, 56531); however , the Reynolds nos . were 
found to exceed 2000. N2 on the 2.6 in. length 
obeyed the equation; the Reynolds nos . were l e s s 
than 2000. MeOH is an anomaly; although the 

Reynolds nos . were l e s s than 2000, the flow was 
proved by photography to be turbulent and the 
h values were much higher than those p red ic ted 
for v i scous flow. A co r r e l a t i on is given which fits 
all the data except for MeOH. It shows that a v e r t i 
cal or ien ta t ion is supe r io r to the hor izonta l for 
l iquids boiling outside tubes . 

269. Chernobylsk i i , I. I., and Tananaiko, lu, M. 

HEAT EXCHANGE DURING BOILING OF LIQUIDS 
IN NARROW ANNULAR TUBES, Zhur . Tekh. F i z . , 
26, 2316 (1957) (English T r a n s . Soviet Phys i c s 1, 
No. 10, 2244, 1957). 

In this a r t i c l e we consider p rob lems a s soc ia t ed with 
the poss ible intensification of boiling in a n a r r o w 
annular tube ("annular s l i t") given na tu ra l c i r c u l a 
tion and mode ra t e t h e r m a l loads . 

270. Cook, W. H., and M a r c h a t e r r e , J. F . 

SINGLE AND MULTI-CHANNEL NATURAL CIRCU
LATION BOILING AT 600 PSIG, p. 60, Reac to r En
gineer ing Division Quar te r ly Repor t (for) October , 
November , December 1955. Section I. (Apr. 1956), 
169 p . , ANL 5561. 

Supporting and Al te rna te Design R e s e a r c h and Devel
opment . Boiling heat t r ans fe r s tudies were made . 
R i se r s tudies indicate that r i s e r height is not too 
impor tan t a p a r a m e t e r in influencing the ra t io of 
ve loc i t ies of s t eam and liquid. Data a r e given on the 
p r e s s u r e drop resu l t ing from 2-phase flow. The 
t r ans i en t behavior of the mul t i -channe l na tura l c i r 
culat ion loop is d i scussed . Single-channel u n r e 
s t r i c t ed and r e s t r i c t e d na tu ra l c i rcu la t ion boiling 
studies a r e s u m m a r i z e d in detai l . Data showing the 
re la t ionship between power densi ty, voids , quali ty, 
r ec i r cu la t ion ilo'w, p r e s s u r e , and geomet ry for 
boiling sy s t ems a r e given in both tabular and g raph
ical form. P r e s s u r e drop m e a s u r e m e n t s a r e in
cluded, and an analyt ical method of calculat ing 
na tu ra l c i rcu la t ion pe r fo rmance is outlined. The 
sources of e r r o r in s t eam void m e a s u r e m e n t s a r e 
evaluated. 

271. Danilova, G. N., Candidate of Technical 
Sciences and Bel ' sk iy , V, K., Engineer 

EXPERIMENTAL INVESTIGATION OF THE HEAT 
EXCHANGE DURING THE BOILING PROCESS OF 
FREON-22 , JQiolodirnaya tekhnika, no. 1, 7-13 
(1962). 

The exper imenta l r e su l t s obtained when invest igat ing 
the heat exchange during the bubble boiling of F r e o n -
22 under na tu ra l convection condi t ions , a r e d i s 
cussed . The expe r imen t s were conducted at the 
depar tmen t of the theore t ica l p r inc ip les of t h e r m o -
and re f r ige ra t ion technology of the Leningradsk iy 
tekhnologicheskiy inst i tut kholodil 'noy 
p romysh lennos t i (Leningrad Technological Inst i tute 
of the Refr igera t ion Industry) . The tes t unit con
s is ted of a s t eam genera to r and a condenser con
nected by a piping sys tem. B r a s s and nickel t e s t 
tubes with the following p a r a m e t e r s were used: 
nickel tube: d i ame te r - 2 m m ; working length -
156 m m ; wall th ickness - 0.15 m m ; b r a s s tube: 
d iamete r - 2.9 rnm; working length - 155 m m ; 
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wall th ickness - 0.54 m m . After a vacuum was c r e 
ated in the unit, 2 /3 of the s t eam genera to r was 
filled with F r e o n - 2 2 , the r e f r i g e r a t o r switched on, 
the r equ i red t e m p e r a t u r e set in the t h e r m o s t a t of 
the condenser , and c u r r e n t conducted through the 
tube. The cu r ren t intensity in the tube, the voltage 
drop on i ts ends, and the e lec t romot ive force of the 
thermocouples were m e a s u r e d . The c u r r e n t in
tens i ty was m e a s u r e d with an as ta t ic a m m e t e r of the 
e lec t romagnet ic sys tem of c l a s s 0,5, connected 
through the YTT -6 (UTT-6) cu r r en t t r a n s f o r m e r . 
The following resu l t s were obtained: (1) H y s t e r e s i s 
was observed in the case of the b r a s s tube at "q" of 
up to 5,500 (q - - specific heat flow) and in the case 
of the nickel tube at "q" of up to 9,500 kca l /m^ • hour; 
(2) the b r a s s and nickel tubes had different heat-
emiss ion coefficients; at smal l heat flows, the de
viation was especia l ly l a r g e , at "q" > 100,000 k c a l / 
m^ -hou r , the la t te r considerably dec reased ; (3) the 
obtained heat emiss ion coefficients were severa l 
t imes l a r g e r than those calculated according to the 
c r i t e r ion equations of S.S. Kutateladze (Ref. 1: 
Osnovy t eo r i i teploobmena. [The bases of the theory 
of heat exchange], Mashgiz. 1957) and G.N. Kruzhil in 
(Ref, 2: Izvestiya AN SSSR, OTN, 1949. no. 5; 
Izvest iya AN SSSR. OTN, 1955, no. 10, Ye. K. Averin, 
co-au thor ) , developed using var ious liquids e spec ia l 
ly wate r . The heat emiss ion coefficient can a lso be 
calculated using the V.I, Tolubinskiy formula 
(Ref. 3: Izvest iya vysshikh uchebnykh zavedeniy, 
"Energe t ika ," 1959, no. 1); (5) the hea t - emi s s ion 
coefficients of boiling F reon -22 a r e g rea te r than 
of F r e o n - 1 2 ; (6) the validity of the proposed method 
for measu r ing the t e m p e r a t u r e and heat flows was 
proved by using it in the case of water ; the obtained 
r e su l t s co r re l a t ed well with those calculated a c 
cording to S.S, Kuta te ladze 's equation. The re a r e 
4 f igures and 4 Soviet-bloc r e f e r e n c e s . 

272. G u e r r i e r i , S. A., and Talty, R, D, 

A STUDY OF HEAT TRANSFER TO ORGANIC LIQ
UIDS IN SINGLE-TUBE, NATURAL-CIRCULATION, 
VERTICAL TUBE BOILERS, CEP Symp. Ser . No. 18, 
52, 69-77 (1956). 

A study of heat t r ans fe r to boiling cyclohexane, meth
anol, benzene, pentane, and heptane has been c a r r i e d 
out in two s ingle- tube na tu ra l - c i r cu la t ion ve r t i ca l 
bo i l e r s which were o i l -hea ted b r a s s tubes 0.75-in. 
I.D. by 6 ft. long and 1,0-in. I.D. by 6,5 ft, long, 
respect ive ly . Wall and f luid-core t e m p e r a t u r e s were 
m e a s u r e d at 6-in. in tervals along the length of each 
tube. Point heat t r ans fe r coefficients and the amount 
of vapor generated in each 6-in- section were ca lcu
lated- Heat flux ranged from 2,170 to 17,400 B t u / 
(hr.){sq.ft.); vapor at tube outlet, from 2.8 to 11,6%; 
boiling film coefficient, from 224 to 1,172 Btu/(hr-) 
(sq.ft./ F . ) ; boiling film t e m p e r a t u r e drop, from 
6,1° to 24.2°F, 

The re su l t s of the investigation indicate that the 
t r ans fe r of heat in tube bo i le r s occurs s imul taneous
ly by two p r o c e s s e s ; by convection and by nucleate 
boiling. The convection p r o c e s s i n c r e a s e s in im
por tance with increarsing vapor concentrat ion, 
whereas the nucleate boiling p r o c e s s predominates 
at low percentage vapor and dec r ea se s in impor tance 
with increas ing vapor concentrat ion. An analysis is 

p r e s e n t e d which accounts for both p r o c e s s e s , and a 
co r r e l a t i on , based on this ana ly s i s , is p r e sen t ed 
which p e r m i t s the evaluat ion of the heat t r an s f e r c o 
efficient for these two p r o c e s s e s . 

273. Hamnnar, O. G., and Jung, R. 

THE E F F E C T OF DECREASING BOILER P R E S 
SURE ON NATURAL CIRCULATION IN WATER 
TUBE BOILERS,Combust ion, 27, 47-55 (Sep
t ember 1955). 

Tes t s showed that l imit ing value of p r e s s u r e t ime 
gradient which will avoid d is turb ing c i rcu la t ion de
pends p r i m a r i l y upon initial boi ler p r e s s u r e and 
water veloci ty in downtakes; if l a t t e r is high and 
r i s e r tubes a r e heated at the i r lower pa r t , c i r cu l a 
tion will be l ess affected. 

274. Haywood, R. W. 

RESEARCH INTO THE FUNDAMENT-ALS OF BOIL
ER CIRCULATION THEORY, Inst, of Mech. E n g r s . , 
(London), - Amer i can Society of Mechanical En
g inee r s , Gen. Discuss ion on Heat Trans fe r , P r o c e e d 
ings. Sept- 11-13, pp, 20-2 (1951). 

275. Jameson , A, S., and Lo t t e s , P . A. 

NATURAL CIRCULATION BOILING OF WATER 
FLOWING UPWARD THROUGH AN ANNULUS, 
p. 150-157 of Reactor Engineer ing Div. Qua r t e r ly 
Report for Sept. 1, 1953 through Nov. 30, 1953. 
Argonne National Lab . , ANL 5208 (Del.) 

276. Ka i se r , F , 

TUBE FAILURES THROUGH FLUCTUATION 
LOADS, Tech, Uberwachung, 1, 105-106, and 113-115 
(1940). 

Resul ts of invest igat ion of c r a c k s in tubes of v e r t i 
cal tube boi ler ; s t eam forming in downcomer in te r 
fered with boi ler c i rcula t ion; phenomena could be 
followed more closely on glass model ; based on ex
pe r i ences with this boi ler , r e c o m m e n d i t i o n s for 
design and operat ion of bo i l e r s with na tu ra l water 
c i rcula t ion a r e given, 

277. Kruzhil in, G. N. 

HEAT TRANSMISSION FROM A HEATING SURFACE 
TO A BOILING ONE-COMPONENT LIQUID AT FREE 
CONVECTION, T r a n s l . from Izvest . Akad, Nauk 
S.S.S.R. Otdel. Tekh. Nauk, 967-80, A E C - t r - 2 0 6 0 
(1948), 20 p. 

It is indicated that the coefficient of heat t r an s f e r 
and the c r i t i ca l heat load c h a r a c t e r i z i n g the heat 
t r ans fe r at boiling do not depend d i rec t ly on the 
physical c h a r a c t e r i s t i c s of the liquid or the p r e s 
s u r e . Equations to de t e rmine the va lues of the 
c r i t e r i a of s i m i l a r i t y of these coefficients a r e p r e 
sented. 18 r e f e r e n c e s . 
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278. Kruzhi l in , G. N. 

GENERALIZATION OF THE EXPERIMENTAL DATA 
ON THE HEAT TRANSMISSION AT THE BOILING OF 
LIQUIDS UNDER THE CONDITIONS OF FREE CON
VECTION, T r a n s l . from Izvest Akad Nauk S.S.S-R-
Otdel. Takh. Nauk, 701-12, A E C - t r - 2 0 0 0 (1949) 16 p. 

The r e s u l t s of the genera l iza t ion of the known ex
pe r imen ta l data on the heat t r a n s m i s s i o n at the 
boiling of va r ious one-component liquids at free 
convection a r e d i s cus sed . The genera l iza t ion is 
nnade on the b a s i s of d imens ion le s s equations ob
tained by ana lys i s of the p rob lem accord ing to the 
method of s i m i l a r i t i e s . 

279- Labuntsov, D. A. 

GENERALIZED RELATIONSHIPS OF CRITICAL 
THERMAL LOAD DURING BOILING OF LIQUIDS 
UNDER CONDITION OF F R E E MOTION, 
Teploenerge t ika 7, 76-80 (I960). 

Compar i son of equation obtained with those common
ly used, and with expe r imen ta l data . 

280. Labuntsov, D. A. 

CRITICAL HEAT LOADS WITH BOILING OF NON-
HEATED WATER AT NON-STATIONARY HEAT 
DOMAINS, Inzh. F i z . Zh. 4, No. 9, 83-85 (1961). 

Resu l t s a r e given of an expe r imen ta l m e a s u r e m e n t 
of c r i t i ca l heat fluxes in conditions of fast ( l inear 
in tin:ie) i n c r e a s e in heat load, i .e . non- s t a t iona ry 
heat condi t ions. E x p e r i m e n t s were conducted in 
subcooled and boiling wate r with free convection. 

281. Ladiev, R. Ya, 

APPLICATION OF APPROXIMATE THERMODY
NAMIC ANALOGY FOR ESTABLISHING THE RE
LATIONS GOVERNING HEAT RELEASE DURING 
BOILING, Izv. Kiyevsk. politekhn. in- ta , 30, 175-187 
(I960), 

In evaluating expe r imen ta l data on the coefficient of 
heat r e l e a s e during boiling of l a rge volumes of l iq
uid with na tu ra l c i rcu la t ion , numerous au thors use 
the following dependence on the heat flux (q): 

0-2 = A^q^ 

A; - function of the physical p r o p e r t i e s of the liquid 
depending on p r e s s u r e . Calculat ion of A2 is compl i 
cated due to the fact that for each p r e s s u r e the 
values of a number of physical constants a r e r e 
quired which a r e frequently unknown. By analyzing 
the differential equation of the p r o c e s s the author 
der ives a c r i t e r i a l r e la t ion into which the p r e s s u r e 
function f(p/pcr) 1^ int roduced, where p^i- is the 
c r i t i ca l p r e s s u r e for the given subs tance . By wr i t 
ing the c r i t e r i a l equation for two p r e s s u r e s (one of 
which is the a t m o s p h e r i c p r e s s u r e ) and dividing one 
by the o ther , the author obtains the dependence 
^(p/Pcr) ^" ^" explicit form. The calcula t ion formu
lae for the heat r e l e a s e coefficient is given as 

follows (whereby the symbols have the i r usua l 
meanings) ; 

a^ = A; IS-L q°-6 = A; ^ ^ kcal /m^'hour-^C 

1 . 6 9 ^ 

A2 does not depend on p r e s s u r e ; the index I indi
ca tes that the values refer to a tmosphe r i c p r e s s u r e . 
The following is given in the paper : a c o m p a r i s o n of 
the obtained re la t ion with exper imenta l data and 
values of A2'10 for wa te r , ethyl alcohol , heptane , 
pentane, benzol , r e spec t ive ly , for the power index n 
equalling 0.6-66; 17.3, 15.2, 11.2, 10.5 and for n 
equalling 0 .7 -21 : 5.5. 4.6, 3.2. 3 .1 . It is shown that 
re l iab le extension of the obtained c r i t e r i a l r e l a t ion 
to other l iquids , and in the f i r s t ins tance to s t rongly 
assoc ia ted l iquids, depends on whether at the s a t u r a 
tion line these subs tances comply with the law of the 
s t a tes on which the study made in the paper is based . 
14 bibl iographic r e f e r ences , 

[Note; The above text is a full t r ans la t ion of the 
or iginal Soviet a b s t r a c t . ] 

282- La i rd , A. M,, Scott, A- W. and Thomson, 
A, S. T, 

NATURAL CIRCULATION INVESTIGATIONS ON 
EXPERIMENTAL TWO-TUBE BOILER, North 
Eas t Coast Instn Eng r s & S h i p b l d r s - T r a n s 74, 
pt 6, 311-40 (1958); Discuss ion pt 8, D97-108 (1958). 

Plant at Br i t i sh Shipbldg R e s e a r c h Assn; max p r e s 
su re 1500 ps i , max heat input r a t e 120,000 Btu-h r 
per sq ft; influence of tube d i a m e t e r , p r e s s u r e , and 
heat input; effects of r e s t r i c t i n g or i f ices in c i rcu i t , 
nonuniform heating of r i s e r , shor tening hea ted leng th 
and rapid drop in boi ler p r e s s u r e ; gamma ray de 
te rmina t ion of densi ty and flow pa t t e rn in r i s e r tube. 
43 r e f s . 

283. Lang, D, C. 

TWO-PHASE FLOW IN A NATURAL CIRCULATION 
BOILER, S. B, T h e s i s , M,I .T. , M. E. Depar tment 
(1957). 

284. La tyshev , L. A. 

CALCULATING THE TEMPERATURE FIELDS IN 
AN INSUFFICIENTLY HEATED LIQUID UPON 
BOILING UNDER CONDITIONS OF FREE CONVEC
TION, T r a n s l a t e d from Izves t . Vysshikh Ucheb. 
Zavedeni i , Aviats ion. Tekh, No, 3, 74-9 (i960),9 p. 

The convection pa t te rns in a ve r t i ca l conta iner of 
liquid with l a t e ra l weak heating sur faces a r e e x a m 
ined, and it is found that turbulent upward and down
ward flows cause a m i c r o v o r t e x s t r u c t u r e to appear 
on the surface of the liquid. A potent ia l - f ie ld model 
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is developed for calculat ing the t e m p e r a t u r e d i s t r i 
butions in this type of flow, and the r e su l t s obtained 
with the model a r e compared with the observed 
t e m p e r a t u r e d is t r ibut ions and mic rovo r t ex s t r u c t u r e . 

285. Len iger , H. A,, and Velds t ra , J. 

HEAT TR.ANSFER IN A VERTICAL EVAPORATOR 
TUBE WITH NATURAL CONVECTION, Chem. Ingr. 
Tech. 34, 21-6 (1962). 

The effects of apparent liquid level , t emp. drop, and 
boiling temp, on the heat t r ans fe r coeff. were in
vest igated in tubes 1 and 2 m. long and 18 and 
47 m m . in diam. Many data a r e repor t ed in graph
ical form, and the var ious effects a r e analyzed 
cr i t ica l ly . 21 re fe rences-

286. Levy, S.. and Beckjord, E. S. 

HYDRAULIC INSTABILITY IN A NATURAL CIRCU
LATION LOOP WITH NET STEAM GENERATION 
AT 1000 PSIA, GEAP-3215 (1959). 

The per formance of a na tura l c i rcula t ion loop was 
studied at 1000 ps ia . Tes t s were per formed with 
rods heated e lec t r i ca l ly inside a pipe. Test r e 
sults r evea l that flow instabil i ty occurs at lower 
s team quali t ies and higher flows as the inlet sub
cooling is increased . Osci l la tory conditions were 
obtained for calculated exit void fract ions ranging 
from 0.6 to 0.9. Data a r e included on seve ra l in
stabil i ty conditions for fixed sys tems at given p r e s 
s u r e s , and thei r var ia t ions with hea te r and sys tem 
geometry . 47 p. 

287. Lewis , W. Y. and Rober tson, S. A. 

THE CIRCULATION OF WATER .AND STEAM IN 
WATER-TUBE BOILERS -AND THE RATIONAL 
SIMPLIFICATION OF BOILER DESIGN, P r o c e e d 
ings of the Institution of Mechanical Engs . , London 
143, 147-181 (1940). 

The au thors s t r e s s the need for a sound theory of 
c i rcula t ion in wate r - tube bo i l e r s , to enable weight 
and space to be saved and efficiency and rel iabi l i ty 
to be inc reased . They es tabl ish , as a s tandard of 
excel lence with which other bo i le r s may be com
pared, a single boi ler consist ing of a single drum 
and a single U-tube. 

The paper cons is t s of three p a r t s . P a r t I desc r ibes 
the na ture of the changes from water to s t eam. P a r 
t icu la r ly in teres t ing is the labeled d iagram of the 
change from water to s team in a ve r t i ca l tube. In 
P a r t II the flow in the simple U-tube boi ler is ca l 
culated, and in P a r t III the fea tures of var ious de
p a r t u r e s for the s tandard U-tube, met in p rac t i ce , 
a r e d i scussed . An improved type tube is evolved, 
allowing a simplification in boi ler design. 

288. Liu, Han-Chou. 

HEAT TRANSFER COEFFICIENTS FOR BOILING 
LIQUIDS IN EVAPORATORS, Hua Kung Hsuch Pao 1, 
62-3 (1958). 

Fo r liquids boiling inside tubes Nu = fi[(cAt)/r, p i / o . 
Re, An, ( A R T ) / R , A l / r , b / \ , h / l , d / l , ^ ' / ^ . y ' / y ] , 

where Nu = Nussel t no. , c = sp. heat of liquid. 
At = temp, difference, r = latent heat of vapor izat ion. 

p - local stat ic p r e s s u r e during the format ion of a 
bubble, 6 = ^ 0 / ( 7 - 7 ' ) , o = surface tens ion, Re = 
Reynolds no. . An = {gb'^)/v^, V = k inemat ic v i scos i ty 
of liquid, A = r ec ip roca l of mech . equiv. of heat , 
R = gas cons t . , T = abs . t emp , , 1, d = length and 
diam. of an evapora tor tube, r e s p . , h = height of 
liquid sur face ,u and / i = v i scos i ty of liquid and gas , 
r e s p . , 7 and 7 = sp. wt. of liquid and gas , r e s p . 
Fo r na tu ra l convection in e v a p o r a t o r s , the above 
re la t ion was simplified by neglecting the t e r m s 
Re , d / l , and d / l . This simplified exp re s s ion was 
c la imed to be c o r r e c t after checking against 
K i r s c h b a u m ' s exptl . data (cf. C,4.49, 10677a) on 
HjO, NaCl, and sugar so lns . The empi r i ca l formula 
given by Kirschbaum was cons idered to be ve ry 
l imi ted and incomplete . Based on the same data 
and the simplified expres s ion , the resu l t ing formula, 
Nu = 8.6 X 10- '" [ ( cAt / r )An] ' - ^ (P6 /a ) ° - ' ( 10007 ' / 
7)'' '^{^/fj')' '-^, was cons idered to be appl icable as 
a genera l equation, CA-13692 

289. Lot tes , P . A, 

E F F E C T S OF CHANNEL GEOMETRY ON THE 
POWER DENSITY OF A NATURAL CIRCULATION 
BOILING CHANNEL AT 300 psia , p, 5-6 of Argonne 
National Labo ra to ry Quar t e r ly Rept . , J a n - M a r , 1955. 
.ANL-5462. 

290. Lot tes , P . A., and Fl inn , W. S. 

A METHOD OF .ANALYSIS OF NATURAL CIRCULA
TION BOILING SYSTEMS, Nuclear Sci. and Eng. 1, 
461-76 (1956). 

The analys is p re sen ted has been developed for use 
in designing na tura l c i rcu la t ion boiling water nu
c lea r r e a c t o r s . P r e l i m i n a r y exper imenta l informa
tion is given on density of s t e a m wate r m i x t u r e s , 
velocity ra t ios of s t eam to wa te r , and two phase 
frict ion factors for boiling in a ve r t i ca l channel 
with uniform heat input. Expe r imen ta l r e su l t s of a 
na tura l c i rcula t ion 600 psi boiling facility a r e com
pared with analyt ical r e su l t s using this method. 

29I- Lot tes , P . A., et a l . 

EXPERIMENTAL STUDIES OF NATUR-AL CIRCU
LATION BOILING .AND THEIR APPLICATION TO 
BOILING REACTOR PERFORMANCE, p / l 9 8 3 . 
Second Internat ional Conference on Peaceful Uses 
of Atomic Energy, Geneva, 7, 784-800 (1958). 

292. M a r c h a t e r r e , J. F . , et al . 

NATURAL AND FORCED-CIRCULATION BOILING 
STUDIES, ANL-5735 (i960), 47 p. 

The tabulated local s t eam volume fract ion data from 
an invest igat ion of na tu ra l and fo rced-c i r cu la t ion 
boiling sy s t ems a r e p resen ted . The exper imenta l 
equipment is desc r ibed and the c o r r e l a t i o n of the ex
per imen ta l data is briefly d i scussed . The data were 
taken from natura l and forced c i rcu la t ion in l / 4 by 
2 by 60 in., and 1/2 by 2 by 60 in. rec tangula r chan
nels over a veloci ty range of 1 to 6 f t / s e c . and a 
quality range of 0 to 6%. 
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293. Markson , A. A., Ravese , T., and 
H u m p h r e y s , C. G. R. 

A METHOD OF ESTIMATING THE CIRCULATION 
IN STEAM-BOILER-FURNACE CIRCUITS. T r a n s . 
Am. Soc. Mech. E n g r s . , 64, 275 (1942). 

294. O'Donnell . J. F . 

HEAT TRANSFER TO BOILING LIQUIDS IN NATU
RAL CIRCULATION EVAPORATION, Cambr idge . 
M a s s . Insti tute of Technology, Thes i s (1950). 

295. P i r e t , E . L., and Isbin, H. S. 

TWO PHASE HEAT TRANSFER IN NATURAL CIR
CULATION EVAPORATION, Chem. Eng. P r o g r . 50, 
305-11 (1954). 

Boiling heat t r an s f e r coefficients for e l ec t r i ca l ly 
heated 1-in. tube ve r t i c a l , na tu ra l c i rcu la t ion 
evapora tor m e a s u r i n g for wa te r , i sopropyne and 
n-butyl a lcohols , ca rbon t e t r a c h l o r i d e , 
50% po tass ium carbonate solu t ions ; data a r e well 
c o r r e l a t e d by use of e i ther emp i r i c a l Di t tus-
Boel ter form of equation or one based on bubble 
Reynolds and Nusse l t n u m b e r s . 

296. Rathbun, A. S., et . al-

NATURAL CIRCULATION OF WATER AT 
1200 PSIA UNDER HEATED LOCAL BOILING AND 
BULK BOILING CONDITIONS, TEST DATA AND 
ANALYSIS, WAPD-AD-TH-470 (1958), 50 p. 

The na tu ra l c i rcu la t ion t e s t s pe r fo rmed and analyzed 
in this r epo r t we re conducted at 1200 ps ia on the 
Bett is Natura l Ci rcula t ion Loop, No. 29- The t e s t s 
were run with two different single channel tes t s e c 
tions (0.101 in. X 1 in. X 27 in. long and 0.210 in. x 
1 in. X 27 in. long). Heat fluxes ranged from 
50,000 B t u / h r ft^ to d e p a r t u r e f rom nucleate boiling 
and inlet subcooling was fixed at 109°F. The r e su l t s 
show that t h e r e is no difference between na tura l and 
forced c i rcu la t ion p r e s s u r e drop and r i s e r densi ty. 
(Other t e s t s r ecen t ly comple ted but not r epo r t ed 
he re show s imi l a r ly that there is no difference b e 
tween forced c i r cu la t ion and na tu ra l c i rcu la t ion 
DNB providing t h e r e a r e no l a rge deviat ions of flow 
due to ins tabi l i t ies . ) The t e s t s a lso show that loop 
c i rcula t ing flows in Loop No. 29 can be pred ic ted 
quite accura te ly in s ing le -phase flow. Circula t ion 
r a t e s with two-phase flow can be accu ra t e ly p r e 
dicted if two-phase en t rance and exit l o s se s and 
s t eamwate r slip ra t ios a r e known. F u r t h e r , flow 
ins tab i l i t i es were noted under ce r t a in conditions and 
o c c u r r e d before DNB. With the 0.101 in. x I in. x 
27 in. long tes t sec t ion these ins tab i l i t i es were l a r g e 
enough to cause a DNB. However , at the s ame con
ditions no apparen t ins tabi l i ty was noted with the 
0.210 in. X 1 in, x 27 in. long tes t sect ion. Some 
data for s l ip ra t ios in two phase flow at inlet ve loc 
i t ies l e s s than 1 f t / s ec were obtained. Additional 
t e s t s with other channel s i ze s and at other p r e s s u r e s 
have been completed and data reduct ion is in 
p r o g r e s s . 

297. Revea l . W. S. 

HEAT TR.ANSMISSION STUDIES IN A NATURAL 
CIRCULATION EVAPORATOR, Ph.D. T h e s i s , Univ. 
of Minnesota (1946). 

298. Rosenkranz , H. 

INVESTIGATIONS ON THE WATER CIRCUITS IN 
BOILING WATER REACTORS WITH NATURAL 
CIRCULATION, Kernenerg ie , 4, 784-92 {I96I) In 
German . 

In the study of the water c i r cu i t s in boiling water 
r e a c t o r s , a l i t e r a t u r e evaluation was f irs t c a r r i e d 
out on the s t e a m - w a t e r re la t ive ve loc i t ies and on the 
calculat ion of p r e s s u r e l o s ses in two-phase mix
t u r e s . An equation for the densi ty d is t r ibut ion is 
then given. In conclusion, a method for the ca lcu la 
tion of the water c i rcu i t s and the r e su l t s of the ca l 
culation a r e d i scussed . 

299. Rychkov, A. 1. 

CORRELATION OF HEAT TRANSFER C O E F F I 
CIENTS FOR NATURAL CONVECTION BOILING, 
Chem. Age India 10, 185 (1959). 

The proposed equation is based on the r e s u l t s of 
s tudies in heat t r ans fe r to boiling l iquids: 
Ea = 0.19(q/qkp)0-25(P/Pj^ 0.33 and is suggested 
for p r e s s u r e s up to P = 0.35 Pj^j) where Eg = a d i 
mens ion le s s const . , a combinat ion of va lues cal led 
the ebuUioscopic c r i t e r i u m , h E / q , E = ebuUioscopic 
const , of the liquid at p r e s s u r e P, h = heat t r a n s f e r 
coeff., k c a l . / s q . m . h r . °C,, q = heat flux, k c a l . / 
sq. m. h r . , q, = c r i t . flux, k c a l . / s q . m, h r . , Pj^p = 
c r i t . p r e s s u r e of the subs tance , a tm, Expt l . data 
show that the above equation is followed by mix t s , 
of misc ib le l iquids. The case of heat exchange d i s 
cussed was independent of the shape, s ize , and lo 
cation of the heating su r face . This would indicate 
the absence of a dis t inct geomet r ic fac tor . How
ever , the geometr ic factor is taken into account, 
indirect ly , in the ternn qj^p- The conclusions a r e 
based on na tura l convection c a s e s . When na tura l con
vection is influenced by an ar t i f ic ia l ly c r ea t ed forced 
movement , the qĵ . tern:i of the equation should r e 
flect the influence of the forced convection. 

300. Schmidt, E. 

EXPERIMENTS CONCERNING WATER CIRCULA
TION IN BOILERS, V. D. I. Zei t . , 73, 1151-1155 
(1929). 

It is shown by exper iment that se l f -evapora t ion is 
cause of frequently observed r e v e r s e d water c i r c u 
lation; theory of water c i rcu la t ion has to take self-
evaporat ion and re la t ive veloci ty into cons idera t ion . 
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301. Schurig, W. 

WATER CIRCULATION IN STEAM BOILERS AND 
MOVEMENTS OF LIQUID-GAS MIXTURES IN 
TUBES, Forschungshef t 365- Ausgabe B 5, 13-23 
(1934), 

E x p e r i m e n t s made in mechanica l l abo ra to ry of 
Insti tute of Technology in Danzig; r e su l t s in tables 
and cu rves . Bibliography. 

302. Seidel, H, 

CALCULATION OF WATER CIRCULATION IN 
BOILER BANKS AND ITS SIGNIFICANCE FOR THE 
DESIGN OF WATER TUBE BOILERS, Z. Bayer . 
Rev i s -Ver . , 35, 211-16, 225-31, 240-42 (1931). 

Calculat ion of speed of c i rcula t ion; p r e s s u r e in 
boi le r ; c i rcula t ion d iagram; calculat ion of l o s s ; in
fluence of f lue-gas c i rcula t ion on water cycle; 
conclusions . 

303. Shunichi, E . H. and Uchida, S. 

NATURAL CONVECTION BOILING IN VERTICAL 
PIPES, Che. Eng. (Japan). 15, 311 (1951), 

304. Sorokin, A. F . 

HEAT EXCHANGE DURING BOILING OF SOLU
TIONS UNDER CONDITIONS OF FREE CONVEC
TION, Sb. Nauchn. T r . Ivanovsk, Energ . Inst. 
No. 9. 90-8 (1959). 

The heat t r ans fe r coeffs. for H^O, NaCI soln. , sugar 
soln. . KNO3, and NH4NO3 solns . were detd. Fo r pure 
l iquids, a* = a/ao-(p/po)"^ (a* = t rans fe r coeff., 
o. = t r ans fe r coeff. at p, CLQ = t r ans fe r coeff, at po). 
Fo r the solns . studied, the formula a,*(p/po) '* is 
useful. The general formula is CLQ = a 0 ( b ) = 
Aq'*"''p°"*0(b). For the solutions studied 0 (b) = 1.0 - a 
b/lOO, where a is a const , for each soln. 

305. Styrikovich, M. A. and Kholodovskii, G. E, 

AN INVESTIGATION OF CIRCULATION IN STEAM 
GENERATING TUBES AT HIGH STEAM PRESSURES, 
T rans l , from Izvest . Akad. Nauk S.S.S.R., Otdel. 
Tekh. Nauk, 506-28, AEC- t r -1433 (AEC-tr-1440) 
(1951), 33 p. 

306. Tolubinskii , V. I. 

HEAT TRANSFER WHILE BOILING WITH FREE 
CONVECTION, Transac t ions of the Insti tute of 
Heat Engineer ing, Academy of Sciences of the 
Ukranian Soviet Socialist Republic, _2, 1950. 

307., Troy , M. 

NATURAL CONVECTION OF WATER AT 2000 PSIA 
WITH BOILING IN VERTICAL RECTANGULAR 
CHANNELS UNDER CONDITIONS OF ZERO-NET 
THROUGH FLOW, WAPD TH 456 (1958), 25 p. 

T e s t s were run on water at 2000 ps ia under con
ditions of ze ro -ne t flow in ve r t i ca l rec tangular 
channels to de te rmine the max imum heat flux that 
could be d iss ipa ted under such r e s t r i c t e d conditions 
without resul t ing in an excess ive ly high metal s u r 
face t e m p e r a t u r e . 

308. Van Brunt , J. 

A STUDY OF CIRCULATION IN HIGH-PRESSURE 
BOILER AND WATER-COOLED FURNACES, 
-American Soc, of Mech, E n g r s . T r a n s . 63, 
339-48 (1941). 

Discuss ion of e l emen t s of bo i le r and furnace design 
dealing with p rob lem of obtaining adequate c i rcu la t ion 
for higher p r e s s u r e now demanded by c u r r e n t p r a c 
t ice ; act ion within s imple evapora t ing c i rcu i t ex
plained; p rocedu re in analyzing water wall c i r cu i t s 
and calculat ing c i rcu la t ion in boi ler t ubes . 

309- Veneraki , I- E, 

HEAT TRANSFER RATES DURING THE BOILING OF 
WATER AND SUGAR SOLUTIONS IN VERTICAL 
AND HORIZONTAL TUBES UNDER CONDITIONS OF 
FREE CIRCULATION, Izvest , Kiev. Pol i tekh. Inst. 
18, 344-57 (1955). 

The invest igat ion was c a r r i e d out with water and 
with sugar solns , with concns . from 0 to 60° Br . at 
a p r e s s u r e p from 1 to 0.1 a tm . and q from 4 x 10^ 
to 55 X 10'' k ca l . / sq , m . hr , A b r a s s pipe in a v e r t i 
cal and hor izonta l posi t ion was used as the heat 
t r an s f e r sur face . The coeff. of heat t r a n s f e r a was 
c o r r e l a t e d by the equation a = cq"p"^, where the 
value m depends on the boiling liquid and on the 
posit ion of the heat ing sur face . 

310. Wes tmore land . J, C. 

A STEADY STATE DYNAMIC -ANALYSIS OF THE 
S 3 G / S 4 G NATURAL CIRCULATION STEAM GEN
ERATOR SYSTEM, KAPL-M-SMS-13 (1956), 32 p. 

An analys is of the S 3 G / S 4 G na tu ra l c i rcu la t ion s team 
genera tor has been made to faci l i ta te the predic t ion 
of ce r ta in dynamic c h a r a c t e r i s t i c s of the sys tem in 
t e r m s of its per t inent geomet r ic p a r a m e t e r s . A 
s imple two-phase annular flow model is proposed 
to pe rmi t analyt ical solutions for the t h e r m a l d r iv 
ing head and friction p r e s s u r e - l o s s in the r i s e r . 
This model has been reduced to data for which exis t 
ing two-phase theor i e s a r e based and a favorable 
compar i son is p resen ted . The equations from the 
analys is have been p r o g r a m e d for solution by the 
IBM 650 digital computer and two s t eam genera tor 
configurations have been studied with r e g a r d to 
geometr ic p a r a m e t e r s and a l so the rmodynamic 
operat ing s ta te , 

311. Westmore land, J. C. 

NATURAL CIRCULATION STEAM GENERATORS 
FOR NUCLEAR POWER, Nucl. Sci. and Eng, 2, 
533-546 (1957). 

Analysis of genera to r to faci l i tate pred ic t ion of c e r 
tain dynamic c h a r a c t e r i s t i c s of s y s t e m s in t e r m s of 
thei r per t inent geomet r ic p a r a m e t e r s ; s imple two-
phase annular flow model to pe rmi t analyt ica l solu
tions for t h e r m a l dr iving head aind fr ict ion p r e s s u r e 
loss in r i s e r . 
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312. Zinzen, A. 

DER WASSERUMLAUF IN ROHRENKESSELN, 
Brenns to f f -Waerme-Kra f t 3. No. 7 (1951). 

313. Zinzen. A. and Schubert , F . 

NEW APPROACH FOR EVALUATING E X P E R I 
MENTS ON NATUR-AL WATER CIRCULATION IN 
BOILERS, Brenns to f f -Waerme-Kra f t 10 no. 5. 
216-18 (1958). 

Observa t ions show that bubbles r i s ing in water c a r r y 
with them cons iderab le amounts of wa te r ; new equa
tion developed takes this factor into account; qual i 
tat ive a g r e e m e n t of t e s t r e s u l t s obtained, 

314. Zys ina-Molozhen, L. M., and Kutate ladze , S. S. 

THE E F F E C T OF PRESSURE ON THE MECHANISM 
OF STEAM FORMATION IN A BOILING LIQUID, 
Zhur . Tekh, F i z , 10 , 110-16 (1950) (in Russ ian) . 

An exper imenta l study of the m e c h a n i s m of fo rma
tion of vapor bubbles in a boiling liquid, under con
ditions of free c i rcu la t ion , showed the inadequacy 
of formulas frequently used for the calculat ion of 
the intensi ty of heat exchanges emanat ing from the 
Gernnan school of w o r k e r s (F r i t z , Physik . Z,, No. 11 
(1935); Jacob and Linke, ibid. . No. 8 (1936)); these 
formulas do not ref lect the t rue role played by 
p r e s s u r e in the m e c h a n i s m of boil ing. (NSA-5-5643) 

315. Academy of Sc iences , Moscow 

HEAT POWER ENGINEERING, PART I, T r a n s l . from 
Teploenerge t ika Vypusk 1, A E C - t r - 4 4 9 6 (1959), 178 p. 

Discuss ions a r e included on s tudies of the g e n e r a l i 
zation of expe r imen ta l data on the c i rcu la t ion of 
water in s t eam b o i l e r s , reg ions of fo rms of flow of 
a s t e a m - w a t e r mix tu re in an inclined pipe, s t eam 
and gas content during the bubbling p r o c e s s , p r e s 
sure pulsat ions during the flow of gas - l iqu id m i x 
tu re s in pipes , flow of a s t e a m - w a t e r mix ture in 
pipes by the y - i r r a d i a t i o n method, t e m p e r a t u r e 
field in combust ion c h a m b e r s , s t e a m boi ler of a 
solar heat power s ta t ion, radiant heat exchange in 
gray-body s y s t e m s , and use of the methods of in
definite coefficients in the solution of nonl inear 
p rob lems of m a t h e m a t i c a l phys ic s . 
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316. All ingham, W. D., and McEn t i r e , J. A, 
DETERMINATION OF BOILING FILM COEFFICIENT 
FOR A HEATED HORIZONTAL TUBE IN WATER 
SATURATED WICK MATERI.AL, J- Heat T rans fe r 83, 
71-6 (1961). 

The use of an absorben t wick m a t e r i a l satd, with a 
coolant has become a t t r ac t i ve from a design s tand
point for Sonne m i s s i l e - c o o l i n g appl ica t ions , but 
published data for predic t ing film coeffs. a r e ve ry 
l imi ted . Boiling film coeffs. for a 1.0-in. {outside 
diam.) Cu tube embedded in w a t e r - s a t d . c e r a m i c 
f iber -wick m a t e r i a l were c o r r e l a t e d over a heat 
flux range from 1000 to 10,000 B t u . / h r . / s q . ft, by 
a d imens ion le s s equation (given). The p r e s e n c e of 
wick m a t e r i a l next to a h e a t - t r a n s f e r surface de
c r e a s e s tu rbu lence in the region nea r the sur face . 

i n c r e a s e s the effective surface a r e a , and provides 
active s i tes for bubble formation. This p roduces a 
higher film coeff. at low heat flux than occu r s with 
pool boil ing. At higher heat flux, the wick-boil ing 
film coeff. was lower than for pool boil ing. 

317. Banchero , J, T,, and B a r k e r , G. E . 

STABLE FILM BOILING OF LIQUID OXYGEN 
OUTSIDE SINGLE HORIZONTAL TUBES AND 
WIRES, Chem, Eng. P r o g r , Symposium Ser . 51, 
No. 17, 21 (1955). 

Heat t r an s f e r coefficients for liquid oxygen boiling 
outside single hor izonta l tubes and w i r e s were 
m e a s u r e d in the s table film boiling region. The 
difference between the hea t ed - su r f ace and the sa tu 
rat ion t e m p e r a t u r e s of the liquid was va r i ed from 
100° to 700°F., p r e s s u r e was va r i ed from 5 to 
500 I b . / s q . in. a b s . , and the d i a m e t e r s used ranged 
from 0.025 to 0.750 in. The Bromley c o r r e l a t i o n 
was found to predict the effects of t e m p e r a t u r e dif
ference and p r e s s u r e for the en t i re range of v a r i 
ables but does not c o r r e c t l y predic t the effect of 
d iamete r over the en t i re r ange . The exper imenta l 
values of the coefficient were found to va ry as 
( I / D + constant) . 

318. Berenson , P . J. 

FILM-BOILING HEAT TRANSFER FROM A HORI
ZONTAL SURFACE, ASME T r a n s a c t i o n s , Se r i e s C, 
Journal of Heat T rans fe r 83, 351-358 (1961). 

Tay lo r -He lmhol tz Hydrodynamic Instabil i ty and i ts 
significance with r e g a r d to film boiling heat t r a n s 
fer from a horizontal surface is d i scussed . It is 
shown that near the min imum fi lm-boil ing heat flux, 
the bubble spacing and growth r a t e is de te rmined by 
Taylor Instabil i ty neglecting the effect of fluid depth 
and v iscos i ty . Utilizing a simplif ied geomet r i ca l 
model , an analyt ical express ion for the hea t -
t r ans fe r coefficient near the min imum in film pool 
boiling from a hor izonta l surface was der ived. 
Combining this equation with the avai lable c o r r e l a 
tion for the min imum heat flux yields an analyt ica l 
equation for the t e m p e r a t u r e difference at the 
nninimum, which defines the location of the 
min imum point. The above equations ag ree with 
the available exper imenta l m e a s u r e m e n t s made on 
n-pentane and carbon t e t r ach lo r ide within ±10 p e r 
cent . 

319. Bergel in , O. P . , et al. 

HEAT TRANSFER TO BOILING LIQUID UNDER 
CONDITIONS OF HIGH TEMPERATURE D I F F E R 
ENCE AND FORCED CONVECTION, U D - F B - 7 
(1956), 24 p. 

The exper imenta l r e su l t s of this projec t to date may 
be s u m m a r i z e d as follows: 1) Surface roughness is 
shown to have a definite effect upon heat flux in the 
t rans i t iona l region between nucleate and film boil ing. 
This effect apparent ly continues into the film boi l 
ing region. 2) As the sur face roughness i n c r e a s e s , 
the ra te of boiling i n c r e a s e s . 3) Photographs of film 
boiling show i r r e g u l a r wavy roughness of the i n t e r 
face between liquid and vapor . The in ter face appea r s 
to become smoother a s the t e m p e r a t u r e dr iving force 
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i n c r e a s e s . Within the t rans i t iona l zone, as rough
ness i n c r e a s e s , t he re is a g r e a t e r tendency for the 
boiling to fluctuate between nuclea te and pa r t i a l 
film boiling. 

320. Bor i shansk i i , V. M. 

E F F E C T OF PRESSURE AND THE PROPERTIES 
OF THE LIQUID ON THE TERMINATION OF FILM 
BOILING AT FREE CONVECTION IN A LARGE 
VOLUME, Voprosy Teploobmena p r i Izmenenii 
Agregatnogo Sostoyaniya Veshchestva (Moscow-
Leningrad: Gosenergoizdat) , Sbornik 1953, 108-17; 
Referat . Zhur . , Khim. 1955 No. 8811. 

The t rans i t ion from film boiling to bubble boiling 
was invest igated. The app. cons is ted of a s tee l 
d rum filled with the invest igated liquid and having 
along its axis a cyl indr ical C rod of approx. 2.2 
m m . diam. and 50 m m . long heated by an e lec . 
cu r r en t . The liquids invest igated were wa te r , 
benzene, isoOctane, and CCI4. At ce r ta in heat loads 
on the heating surface (qcri) bubble boiling changed 
into film boiling. A r e v e r s e d t r ans i t ion f romf i lm 
to bubble boiling was accompanied by disrupt ion 
of the s team layer at some heat load on the hea t 
ing surface (qcrz^ detd. by the p rope r t i e s of the 
liquid and satn. p r e s s u r e . The end of film boiling 
was detd. visually from the d i sappearance of the 
s t eam layer on the sur face , and the appearance on 
this surface of conditions c h a r a c t e r i s t i c of bubble 
boiling. The relat ion between satn. p r e s s u r e (p) 
and q^j-y was es tabl ished. The curve Qcrz ~ ^(p) 
passed through a max. at p/p^j.< 0.5 and converged 
toward 0 at the c r i t . point (P(-r ^s c r i t . p r e s s u r e ) . 
The values of qcrz depended la rge ly on the phys. 
p rope r t i e s of the liquid. Cf. CA-50-6119d. 

321. Bor ishanskiy , V. 

EXPERIMENTAL INVESTIGATION OF HEAT 
TRANSFER IN FILM BOILING ON HORIZONTAL 
AND VERTICAL TUBES IN A LARGE VOLUME 
OF LIQUID, Kutateladze, S.S. ed., Voprosy 
teplootdachi i gidravliki dvukhfaznyk s red ; 
sbornik s tatey, Moscow, Gosenergoizdat , 128-138 
(1961). 

A p re l imina ry exper iment was n e c e s s a r y to de t e r 
mine the range of heat loads of the heating surface 
in which film boiling takes p lace . This was done 
by taking high speed photographs (4000 exposures 
per second) from which the na ture of boiling could 
be judged. The cen t ra l tube was heated with a low 
voltage cu r ren t and the air t e m p e r a t u r e inside it 
(equal to the t e m p e r a t u r e of the inner surface) was 
m e a s u r e d by a thermocouple fixed in the cen te r . In 
a s imi la r appara tus for t e s t s with ver t i ca l tubes , 
this thermocouple was movable . When the heat load 
was var ied on the tube, the p r e s s u r e in the boiler 
was control led by use of the compensat ing hea te r or 
the cooler . In tes t ing octanes above 7 kg/cm^ the 
tube was rapidly ca rbur ized , and no resu l t s at all 
could be obtained for normal hexane because of soot 
formation. The coefficient of heat t r ans fe r was ca l 
culated in the usual way. Heat t r ans fe r in film boi l 
ing of ethyl alcohol on a hor izonta l tube having an 
ex terna l d iamete r of 5,91 mm is given for 5 different 
p r e s s u r e s . Similar r e su l t s with hor izonta l tubes 

were obtained for oc tane , i so -oc tane and carbon 
t e t r a c h l o r i d e . The plots show that the effect of 
heat load on heat t r an s f e r is s m a l l e r at h igher 
p r e s s u r e s . In film boiling on a v e r t i c a l tube, the 
heat t r ans fe r for ethyl alcohol is given. S imi la r 
t e s t s were c a r r i e d out on ethyl e the r , no rmal 
octane and benzene . Regions of s table and uns table 
film boiling can be dis t inguished. Other conditions 
being equal , coefficients of heat t r an s f e r on h o r i 
zontal and ve r t i ca l tubes a r e c lose in the s table 
region. The re a r e 12 f igures and 5 r e f e r e n c e s ; 
4 Soviet-bloc and 1 non-Sovie t -b loc . The r e fe rence 
to the Engl i sh- language publicat ion r e a d s as 
follows; Bromley , Chemical Engineer ing P r o g r e s s , 
46. 5, 1950. 

322. Bosworth , R. C. 

DEMONSTRATION OF FILM -AND NUCLE-AR 
BOILING, J. P r o c . R o y Soc N.S. Wales 80 20-1 
(1946). 

A Cu block heated to dull r e d n e s s with min, oxide 
format ion and dropping into MeOH or EtOH with 
c a r e is r ende red clean and br ight . Boiling on the 
sur face p roceeds by the film m e c h a n i s m . On cool
ing, boiling d e c r e a s e s to a definite t e m p e r a t u r e at 
which nuc lear boiling se t s in with a g rea t i n c r e a s e 
in ra te of boiling. Simul taneously , the ra te of cool
ing a c c e l e r a t e s and the t e m p e r a t u r e falls rapidly 
below the b,p, CA-42-10 , 

323. Bradfield, W. S., BarkdoU, O., and Byrne , J . T . 

FILM BOILING ON HYDRODYNAMIC BODIES, Con
va i r Scientific Labora to ry , R e s e a r c h Note 37, 
NP-10317 (I960), 35 p. 

F r e e and forced convection quenching s tudies of 
hydro-dynamic shapes a r e p resen ted . Effects of 
subcooling and surface condition on heat flux and 
vapor layer s tabi l i ty a r e included. Motion p ic ture 
s tudies of c h a r a c t e r i s t i c s of vapor- l iqu id interface 
configurations a r e d i scussed . These include vapor 
l aye r s genera ted by subl imat ion and with a c h e m 
ically reac t ing surface in combinat ion with film boi l 
ing. F o r c e d convection heat t r an s f e r and fr ict ion 
drag m e a s u r e m e n t s in water a r e p resen ted and 
compared with theore t i ca l p red ic t ions . L a r g e f r ic 
tion drag reduct ions were observed , 

324. Bradfield, W. S., BarkdoU, R, O., and 
Byrne , J. T. 

SOME E F F E C T S OF BOILING ON HYDRODYNAMIC 
DRAG, Int. J. Heat Mass T r a n s f e r , 5,615-622 
(1962). 

Expe r imen t s at ve loc i t ies up to 20 f t / s on a 
he mi s phe re - c y l i nde r model heated to high t e m p e r a 
ture demons t ra t e a l a rge reduct ion in frict ion drag . 
The drag reduct ion is due to format ion of a s table 
vapor layer at the solid sur face by film boiling of 
the liquid. An ana lys i s of the phenomenon p red ic t s 
the effect of surface t e m p e r a t u r e and water t e m 
pe ra tu r e on the drag reduct ion. Compara t ive 
m e a s u r e m e n t s for nucleate boil ing, subl iming, and 
non-wett ing sur faces a r e p re sen t ed . 
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325. B reen , B. P . , and Westwater , J. W. 

E F F E C T OF DIAMETER OF HORIZONTAL TUBES 
ON F I L M BOILING HEAT TRANSFER, A.I .Ch.E. 
P r e p r i n t 19. New York (1962), 27 p. 

T e s t s were made to d iscover the l imi t ing range of 
dianneters for which the theo re t i ca l equation of 
B romley for film boiling on hor izonta l cy l inders is 
valid. P r i o r t e s t s showed the equation to be ade
quate in the d iamete r range of roughly T to "I- inch, 
but not for e l e c t r i c a l l y -hea t ed w i r e s of ve ry smal l 
d i a m e t e r s . In the p r e s e n t study the range of tube 
dianneters was extended up to 1.895 inch, using 
s t e a m - h e a t e d , s t a in less s tee l tubes in a pool at 
a tmosphe r i c p r e s s u r e . The l iquids were at s a t u r a 
tion condi t ions. F r e o n - 1 1 3 was boiled at AT values 
( tube-to-l iquid) from 190 to 350°F, and isopropanol 
was used at AT from 150 to 280°F, At each AT, the 
heat t r an s f e r coefficient d e c r e a s e d with inc reas ing 
tube d iamete r until a c r i t i c a l d i ame te r v/a.s r eached . 
F u r t h e r i n c r e a s e s in tube d iamete r caused slight 
i n c r e a s e s in the heat t r a n s f e r coefficient. Fo r 
F r e o n - 1 1 3 the m i n i m u m h o c c u r r e d at a c r i t i ca l 
d iameter of about 0.48 in., w h e r e a s for isopropanol 
the value was about 0.66 in. Photography shows that , 
with l a rge tubes , the pa t t e rn of bubble r e l e a s e is 
s imi la r to that for filnn boiling on hor izonta l flat 
p la tes . It is not the n a r r o w - s l i t pa t te rn of vapor r e 
l ease which was B r o m l e y ' s model . The c r i t i ca l tube 
d iamete r was found to be that which p e r m i t s the de 
velopment of hydrodynamic waves of the Taylor in
stabi l i ty type on the top port ion of the tubes . All 
available pool film boiling data for the en t i r e range 
of d i a m e t e r s from 0.004 to 1.895 in. can be c o r r e 
lated well by an equation which includes the c r i t i ca l 
wave length fronn hydrodynannic theory . The B r o m 
ley equation is appl icable for the range, X^/D = 0.8 to 

326. Bromley , L. 

HEAT TRANSFER IN FILM BOILING FROM HORI
ZONTAL TUBE, BC-86 (1947). 

327. Bromley , L, A. 

HEAT TR-ANSFER IN STABLE FILM BOILING, 
UCRL-122 (1948). 

328. Bromley , L. A. 

HEAT TRANSFER AND STABLE FILM BOILING, 
Ohm. Eng. P r o g . 46, 221-227 (1950) (see a lso 
MDDC-1628). 

By the use of equat ions , which a r e der ived from a 
few sinnple p r e m i s e s and well ver i f ied by extensive 
exptl . data, it is poss ib le to ca lc . coeffs. of heat 
t r an s f e r to be expected in na tu ra l convection stable 
film boiling from a hor izonta l tube. The method e m 
ployed for the der iva t ion can be applied to der ive 
equations for h e a t - t r a n s f e r coeffs. to be expected 
in film boiling from any other shape. Equations a r e 
der ived for the c a s e of film boiling f rom a ve r t i ca l 
tube or a ve r t i c a l plane su r face . 

329. Bromley , L. A., LeRoy, N. R., and 
Robber s , J. A. 

HEAT TRANSFER IN FORCED CONVECTION 
FILM BOILING, Ind. Eng. Chem. 45, 2639-46. 
UCRL-1894 (Aug. I, 1952) (1953). 

A theory is developed for predic t ing heat t r an s f e r 
coeffs. in forced convection film boiling from a 
hor izonta l tube. Values calcd. from the equations 
given a r e within ±40% of the exptl . coeffs. obtained 
by continuously c i rcula t ing liquid at its b .p . past 
a tubular graphi te heating e lement . The graphi te 
tube d iams , range from -g-to -g-in., and the liquids 
used include hexane, CCI4, EtOH, and C^H^. 
(CA-48-2423g) 

330, C a r t e r , J, C. 

THE E F F E C T OF FILM BOILING, ANL-4766 
(1952), 25 p. 

Evidence is p resen ted that a boiling film has the 
c h a r a c t e r i s t i c s of a boundary layer phenomenon by 
showing how the pr incipal va r i ab les affect polytropic 
forced flow. A technique employing h igh-speed 
photography is suggested for taking data from which 
genera l ized equations may be evolved to define the 
state and energy t rans format ion at ciny condition. 

331. C e s s , R. D,, and Sparrow, E, M, 

FILM BOILING IN A FORCED CONVECTION 
BOUNDARY LAYER FLOW. J, Heat T rans fe r 83, 
370-6 (1961). 

An analys is has been made to det. the heat t r an s f e r 
and frict ion c h a r a c t e r i s t i c s in forced-convect ion 
filnn boiling on a flat plate . The resu l t ing 2-phase 
flow prob lem can be formulated eas i ly within the 
scope of l aminar boundary- layer theory, Solutions 
covering the p a r a m e t e r range of p rac t i ca l i n t e r e s t 
have been obtained by a combined a n a l . - n u m e r i c a l 
method. H e a t - t r a n s f e r and skin-f r ic t ion r e s u l t s a r e 
p re sen ted both graphical ly and as sinnple. c losed 
form anal , e x p r e s s i o n s . Relat ive to the case of 
pure liquid flow, the skin frict ion is substant ia l ly 
reduced due to film boiling. The heat t r ans fe r in
c r e a s e s as (AT)"^ , a much sma l l e r dependence than 
in other convection phenomena. 

332, C e s s , R. D., and Spar row. E. M. 

SUBCOOLED FORCED CONVECTION FILM BOIL
ING ON A FLAT PLATE, J, Heat T rans fe r 83, 
377-9 (1961), 

The analys is given in the preceding abs t r , is ex
tended to include the effects of a subcooled liquid. 
An exact boundary layer fornnulation is used and 
r e su l t s provided for liquids of all P rand t l nos . 
Subcooling apprec iably affects the f i lm-boi l ing r e 
su l t s , causing an i nc r ea se in both heat t r ans fe r and 
skin fr ict ion. The effect will be mos t s e v e r e for 
low Prand t l no. l iquids (liquid me ta l s ) . 
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333, Chang. Y. P, 

WAVE THEORY OF HEAT TRANSFER IN FILM 
BOILING, ASME Transac t i ons , Ser ies C, J. of Heat 
T r a n s . 8T, 1-12 (Feb. 1959). 

This paper is an extension of a previous one( l ) in 
which heat t ransfer has been analyzed by the wave 
theory (or natural convection and for nucleate boi l 
ing in detail and for film boiling in pr inc ip le . In 
the p resen t paper , heat t r ans fe r in sa tu ra t ed and 
subcooled film boiling from hor izonta l and ve r t i ca l 
surfaces is analyzed from the viewpoint of the 
previously presen ted idea. By nneans of the con
cept of equivalent t he rma l diffusivity a genera l i zed 
Prandt l number is recommended . Thus a genera l 
formula is obtained for both convection and boi l 
ing. The predic ted r e su l t s ag r ee well with the ex
per iments of previous inves t iga to rs . 

3 34. Church, J. W., and Cobb, H, G. 

STUDY OF THE FILM COEFFICIENT OF HEAT 
TRANSFER BETWEEN A METAL AND A BOILING 
LIQUID, Chem. Eng. T h e s i s , M a s s . Inst . Tech. 
(1922). 

335, Cryder , D. S,, and Gilliland, E, R. 

HEAT TRANSMISSION FROM METAL SURFACES 
TO BOILING LIQUIDS, Ind, Eng. Chem,, 24, 
1382-7 (1932), 

Direct measurennents of boiling l iquid-fi lm coeffi
cients of heat t r ansmis s ion , by nneans of expe r i 
mental evaporator consist ing of e lec t r i ca l ly heated 
b r a s s tube suspended in boiling liquid; widely va ry 
ing t empera tu re differences between pipe surface 
and boiling liquid m e a s u r e d for eleven different 
l iquids; equations co r re la t ing heat t r a n s m i s s i o n 
coefficients with physical p rope r t i e s of boiling 
l iquids. 

3 36. Cryder , D. S., and F ina lborgo , A. C. 

HEAT TRANSMISSION FROM METAL SURFACES 
TO BOILING LIQUIDS. E F F E C T OF TEMPERATURE 
OF THE LIQUID ON THE LIQUID FILM COEFFI 
CIENT. T r a n s . Amer , Inst. Chem. Eng. , 13 . 346-
361 (1937). 

F i lm coefficients deternnined for eight different 
liquids at boiling points both above and below 
a tmospher ic p r e s s u r e , using e lec t r i ca l ly heated 
b r a s s tube; apparatus and procedure i l lus t ra ted and 
descr ibed. 

337. Drayer , D. E, 

AN EXPERIMENTAL INVESTIGATION OF THE 
HEAT TRANSFER COEFFICIENTS FOR BOILING 
AND CONDENSING HYDROGEN FILMS, Disse r ta t ion 
Abst r . 22; 3129 (Mar. 1962). 

Relationships between boiling, condensing, and ove r 
all heat t r ans fe r coefficients of hydrogen and the 
var iab les of t empera tu re difference and heat flux 
were investigated. The appara tus ut i l ized a smooth, 
ver t i ca l b r a s s tube. F i lm condensation of hydrogen 
vapors took place within the tube whereas nucleate 
boiling of liquid hydrogen occu r r ed on the outside 
of the tube. The hydrogen boil-off ra te se rved as a 

m e a s u r e of the heat t r a n s f e r r e d . Individual film 
t e m p e r a t u r e differences were obtained fronn t h e r m o 
couple read ings and t h e r m a l r e s i s t a n c e ca lcu la t ions . 
Boiling heat t r an s f e r coefficients were deternnined 
for a At of 0,06 to 1.17°F and a heat flux range of 
23 to 978 Btu/hr-f t^ of boiling sur face a r e a . The 
values of the boiling coefficients obtained v a r i e d 
from 360 to 800 B tu /h r - f t ^ - °F . Of the va r ious 
theore t i ca l and emp i r i c a l equat ions for predic t ing 
boiling coefficients that were exannined, the 
Fo r s t e r - Z u b e r theory ag reed within 12% with the 
data obtained at a t e m p e r a t u r e difference of 1.17 F . 
Other theor i e s examined, however , showed l e s s 
ag reemen t with the expe r imen ta l va lues . Con
densing heat t r ans fe r coefficients were de te rmined 
for the s t eady - s t a t e condensat ion of hydrogen vapor 
under l a m i n a r flow condi t ions. The range in At 
studied was 0.31 to 4.69°F and the co r respond ing 
heat flux range was 31 to 1310 Btu/hr-f t^ based on 
the condensing sur face a r e a . The resu l t ing con
densing filnn coefficients va r i ed fronn 90 to 
300 Btu /h r - f t ^ - °F and were all lower than those 
pred ic ted by Nusse l t ' s theory over this sanne 
At range . This is not su rp r i s ing ,however , since 
compliance with all of the nunnerous, ideal ized 
assumpt ions of N u s s e l t ' s theory may not have been 
complete ly poss ible in this invest igat ion. Over -a l l 
heat t r an s f e r coefficients were de te rmined for a 
t e m p e r a t u r e range of 0.38 to 6,06°F and a heat flux 
range of 23 to 978 Btu/hr- f t^ , based on the boiling 
surface a r e a . These expe r imen ta l values ranged 
from 44 to 146 Btu /hr - f t^ - °F and were approxinnately 
16% l a r g e r than those pred ic ted by a combination of 
the F o r s t e r - Z u b e r and Nussel t t heo r i e s , 

338, F a r b e r , E. A., and Scorah, R. L. 

HEAT TRANSFER TO WATER BOILING UNDER 
PRESSURE, T r a n s , ASME 70, 369-384 (1948). 

The film coeff. of heat t r an s f e r from a hot meta l 
sur face to a boiling liquid was es td . fronn expts , 
with an e l ec t r i ca l ly heated wire submerged in the 
liquid. The heat-flow ra te was given by the con
sumption of e lec . energy. The t emp , drop through 
the film was taken as the difference between the 
surface t emp, of the wi re and the nnean temp, of 
the liquid. The surface temp, of the wire was estd. 
by a snnall thernnocouple. The graph of film coeff, 
as a function of t emp, drop through the film is 
cal led the "boiling" cu rve . As the t emp , drop in
c r e a s e d , the film coeff. f i r s t ro se to a max . , then 
fell to a mininnum, from which it r o se steadily as 
the t emp, drop continued to i n c r e a s e . When water 
was boiled at a tm. p r e s s u r e , different heated me ta l s 
gave different boiling cu rves ; p r e l i m i n a r y data a r e 
given for Ni, W, ch romel A and C, When water was 
boiled at different elevated p r e s s u r e s , the s ame 
heated me ta l gave different boiling c u r v e s ; data a r e 
given for Ni and chromel at 0, 25, 50, 75, and 100 lb 
per sq. in, (CA-42-4006i)-
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339. F r e d e r k i n g , T. , and G r a s s m a n n , P . 

FILM BOILING OF LIQUEFIED GASES ESPECIALLY 
OF LIQUID HELIUM I., Bull . Inst. In ternat . F ro id , 
Annexe, 1958-1 , 317-22. 

Expe r imen ta l r e s u l t s for the heat t r ans fe r coefficient 
as a function of the t e m p e r a t u r e excess of heated Pt 
wi res of va r ious d i a m e t e r s between 5 and 50 fi over 
the boiling tennpera ture of liquid He I and Nj at 
atnnospheric p r e s s u r e a r e p re sen t ed . The r e s u l t s 
can be e x p r e s s e d by Nu = 2.5 (Gr P r ) ' where 
10"''< (Gr P r ) < 10 -^ 

340. F r e d e r k i n g , T . 

FILM BOILING OF HELIUM I AND OTHER LIQUI
FIED GASES ON SINGLE WIRES, A.I .Ch.E. Journal 
5, 403-6.(1959). 

Hea t - t r ans f e r coeffs. we re obtained for na tu r a l -
convection boiling of He I on single w i r e s with a 
diann. of 5-50 ji. The m e a s u r e m e n t s covered temp, 
differences of 30-1000°K. between the heat ing s u r 
faces and the satd. liquid under a tm . p r e s s u r e . The 
r e su l t s a r e c o r r e l a t e d in d imens ion less form (Nus
selt no, v s . the product of the Grashof and Prand t l 
nos.) and compared with data for N and m e a s u r e 
ments of other inves t iga to r s on film boiling of 
liquified ga se s . 

341. Hos ie r , E . R. 

FILM BOILING ON HORIZONTAL PLATES, Ph.D-
Thes i s , U. of 111., 97 pp. (1961). 

342. Hos ie r , E . R., and Westwater , J- W. 

FILM BOILING ON A HORIZONTAL P L A T E , ARS 
(Am. Rocket Soc.) J . , 32, 553-8 (1962). 

Filnn boiling is s tudied for wa te r and F r e o n - 1 1 
(CCI3F) at a tmosphe r i c p r e s s u r e on a flat hor izonta l 
a luminum heat ing sur face 8 in. s q u a r e . High speed 
motion p ic tu res were taken from which interbubble 
d is tances , bubble pe r iods , breakoff d i a m e t e r s , and 
geometr ic a r r a n g e m e n t of bubbles were de te rmined . 
The r e su l t s show that the mininnunn heat flux in film 
boiling fronn a hor izonta l sur face is definitely a type 
of Taylor hydrodynamic ins tabi l i ty . A new e x p e r i 
mental technique was developed for obtaining film 
boiling on a l a rge a r e a without the n e c e s s i t y of using 
huge heat fluxes to go over the peak of the boiling 
cu rve . Once film boiling was es tab l i shed , the filnn 
boiling region could be t r a v e r s e d by changing the 
heat output f rom the gas b u r n e r beneath the s lab . 

343. Hsu, Y. Y,, and Wes twate r , J . W. 

FILM BOILING FROM VERTICAL TUBES, p re sen ted 
at the ASME-AIChE Heat T r a n s f e r Conf., Penn, State 
Univ., Univ. P a r k , Pa . . Pape r No. 57-HT-24 , Aug. 
1957; a lso A.I .Ch.E. Journa l 4, 58-62 (1958). 

H e a t - t r a n s f e r m e a s u r e m e n t s were made with v e r t i 
cal s t a i n l e s s - s t e e l bayonet tubes , T to 4 in, outer 
d iam. , with lengths from 2.6 to 6.5 in. The heat 
source was s t eam. The boiling film AT ranged from 
154° to 314°F. for 3 o rg . l iquids and from 547° to 
788°F. for Nj, all at 1 atnn. No forced convection 
was used . CfcHj, CCI4, and N2 on the longer tubes 
had h e a t - t r a n s f e r coeffs , , h, 2 or 3 t i m e s g r e a t e r 

than that p red ic ted by the Bromley equation (C.A. 44, 
56531); however , the Reynolds nos . we re found to ex
ceed 2000. N; on the 2 .6- in . length obeyed the equa
tion; the Reynolds nos. were l e s s than 2000. MeOH 
is an anonnaly; although the Reynolds nos . we re l e s s 
than 2000, the flow was proved by photography to be 
turbulent and the h values were nnuch higher than 
those p red ic ted for v iscous flow. A c o r r e l a t i o n is 
given which fits all the data except for MeOH. It 
shows that a ve r t i c a l or ienta t ion is supe r io r to the 
hor izonta l for liquids boiling outside tubes . 

344. Hsu, Y. Y. 

FILM BOILING ON VERTICAL SURFACES, Ph.D, 
T h e s i s , Univ. of Ill inois (1958), 

345. Hsu, Y, Y., and Westwater , J, W, 

APPROXIMATE THEORY FOR FILM BOILING ON 
VERTICAL SURFACES, Chem. Eng. P r o g . Symp. 
Se r i e s No. 30, 56, 15-24 (I960), 

A new equation is p re sen ted for film boiling at a 
ve r t i ca l surface for sa tu ra t ed liquids in the absence 
of forced flow. The pr inc ipa l approximat ions a r e 
that vapor flow near the low end of the heating s u r 
face is viscous and B r o m e l y ' s equation is valid 
t h e r e , turbulence develops where the local Reynolds 
number r e a c h e s about 100. and in the turbulent r e 
gion of the heating sur face t h e r m a l r e s i s t a n c e is 
due en t i re ly to the l aminar sublayer . Tes t s with 
five l iquids on tubes having lengths between 2 and 
6.3 in , and a range of AT from 200° to 780°F, show 
that the equation is re l i ab le to within an average 
e r r o r of about ±32%. 

346. Karetnikov, lu. P . 

INVESTIGATION OF THE HEAT TRANSFER TO A 
FILM OF BOILING LIQUID, Zh. tekh. F iz , 24, 
193- (1954). 

347. Koh, J. C. Y. 

ANALYSIS OF FILM BOILING ON VERTICAL 
SURFACES, ASME T r a n s a c t i o n s , Se r i e s C, J. of 
Heat T r a n s . 84, 55-62 (Feb. 1962). 

The two phase flow prob lem in lanninar film boiling 
on a ve r t i ca l flat plate is analyzed. The shea r 
s t r e s s and vapor velocity at the vapor - l iqu id i n t e r 
face a r e taken into account. The prob lem is t r e a t e d 
by solving s imul taneous ly the boundary- l aye r equa
tions for the vapor and liquid p h a s e s . In con t ra s t 
to the f i lm-condensat ion prob lem where the heat 
t r a n s f e r is independent of the pji r a t io , and where 
the interfacial shear can be neglected for a P rand t l 
number of unity or l a r g e r , it is shown that the 
pjj, ra t io is an impor tan t p a r a m e t e r in the filnn-
boiling heat t r a n s f e r , and that the in ter fac ia l shear 
is quite different from z e r o . 

348. Leyse , C. F . 

A PROPOSAL FOR AN IN-PILE FILM BOILING EX
PERIMENT IN THE MTR, I D O - I 6 I I 8 (1953), 26 p. 

Cons idera t ion is given to what informat ion is n e c e s 
s a ry in o r d e r to p e r m i t opera t ion of the MTR in the 
filnn boiling region. Severa l types of experinnents a r e 
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discussed briefly and an in-pi le film boiling e x p e r i 
ment is proposed for the L-42 posit ion of the MTR, 

349. L e y s e . C. F . 

PERMISSIBLE MTR POWER LEVELS WITH AND 
WITHOUT FILM BOILING, IDO-16064 (1953). 23 p. 

Consider ing only the heat t r an s f e r si tuation in the 
active la t t ice , it is p e r m i s s i b l e to inc rease subs tan
tial ly the power level at which the MTR is opera ted . 
It is r ecommended that the power level not exceed 
that shown by the lower curve r ep resen t ing the 
max imum power levels that can be at tained without 
inducing film boiling. If the bulk water t e m p e r a t u r e 
adjacent to the hottest par t of the hot test fuel e l e 
ment can be maintained below 150°F, the power level 
could be i nc reased to about 40 megawat t s . The pos 
sibili ty of maintaining this t e m p e r a t u r e depends on 
the heat removal capabi l i t ies of the p r o c e s s water 
cooling sys tem, which have not yet been invest igated. 
P r e s e n t evidence is not sufficient to pe rmi t r e c o m 
mending the operat ion of the MTR with film boiling, 

350- McDonough, J. B . . Milich. W.. and King, E. C. 

PARTIAL FILM BOILING WITH WATER AT 
2000 PSIG IN A ROUND VERTICAL TUBE, Tech
nical Report No. 62, NP-6976 (1958), 48 p, 

A study of the par t ia l film boiling region of water 
at 2000 psig was made in a -|- in. OD ver t i ca l 
InconeUX tube, 0.152 in, ID x 12-f in. long. The 
%vater p a r a m e t e r s were : m a s s flow ra te s approxi
mate ly 0.4 X lO' to 1.5 X lO*" Ib /h r sq ft, and inlet 
enthalpies of ~ 377 to 614 Btu / lb . NaK, a liquid me t 
a l , was used as the heating medium. The wall t em
p e r a t u r e s m e a s u r e d in the nucleate boiling region 
agreed within approximately ±10°F of Jens & Lottes 
co r re l a t ion . The burnout heat flux re su l t s r epor t ed 
agree within approximately ±25% of WAPD (Bettis 
Plant) cor re la t ion . The film boiling data do not 
appear to yield to co r re l a t ion over the range in
vest igated in this exper iment . The par t ia l film boil
ing coefficients found in this experinnent range from 
approximate ly 100 to 10,000 Btu /hr sq ft-°F. 

351. McDonough. J. B. , Milich, W.. and King, E, C, 

AN EXPERIMENTAL STUDY OF PARTIAL FILM 
BOILING REGION WITH WATER AT ELEVATED 
PRESSURES IN A ROUND VERTICAL TUBE, Chem, 
Eng. P rog , Symp. Se r i e s No. 32, V?, 197-208 (I960). 

A study to de te rmine the surface flux in the pa r t i a l -
f i lm-boil ing region of water at 800, 1200, and 
2000 Ib/sq in. abs . was made in a. -^ in. O.D. v e r t i 
cal Inconel-X tube, 0.152 in. I.D. x 12-j- in. long. 
The water p a r a m e t e r s were ; m a s s flow r a t e s approx
imately 0.2 to 1.5 X lO' lb . /{hr)(sq ft) at inlet en
thalpies of about 200 to approximate ly 670 Btu / lb . 
NaK, a liquid meta l , was used as the heating 
medium. 

The exper imenta l techniques by which the data were 
obtained and a descr ip t ion of the exper imenta l loop, 
t es t sect ion, sample data reduction nnethod, and 
ana lys i s of exper imenta l e r r o r s a r e desc r ibed . 

The range of va r iab les applicable to the cor re la t ion 
made a r e tabulated within the r epor t . 

352. McFadden. P . W,, and Grosh , R. J. 

HIGH-FLUX HEAT TRANSFER STUDIES: AN ANA
LYTICAL INVESTIGATION OF LAMINAR FILM 
BOILING, ANL-6060 (1959). 59 p. 

An analys is was made of s tab le , lanninar, free con
vection, film boiling f rom i s o t h e r m a l ve r t i ca l p la tes 
and horizontal cy l inders sur rounded by a sa tu ra t ed 
liquid, where radia t ion v/a.s only of minor impor 
tance . The ma thema t i ca l techniques of boundary 
layer theory were used and the boundary layer equa
tions were reduced to o rd ina ry differential equa
tions by m e a n s of a t r ans fo rma t ion s imi l a r to those 
used in free convection and condensat ion. The equa
tions were solved for; (1) connpress ible flow with 
var iab le specific heat, (2) va r i ab l e specific heat and 
densi ty var ia t ions cons idered only in the evaluation 
of the buoyant force, and (3) the case of constant 
p rope r t i e s - Numer ica l r e su l t s were obtained for: 

(1) near c r i t i ca l water at 2800 and 3100 ps ia with 
wall to liquid t e m p e r a t u r e differences of 250, 500, 
and 1000°F; (2) for fluids with P rand t l number s of 
2 / 3 , 1, and 2; and (3) for m e r c u r y and methanol 
filnn boiling at one a t m o s p h e r e , cons ider ing con
stant p r o p e r t i e s . The r e s u l t s obtained by assuming 
constant p rope r t i e s were compared to; (1) the r e 
sults obtained by cons ider ing var iab le p r o p e r t i e s , 
(2) exper imenta l r e s u l t s , and (3) the comparab le 
case of l aminar film condensation- It was shown 
that the method of cons ider ing densi ty var ia t ions 
only in the evaluation of the buoyant force is not 
valid in film boiling. It was a lso shown that the 
cons tan t -p roper ty solutions for heat t r a n s f e r did 
not always ag ree with solutions obtained cons ide r 
ing compres s ib l e flow and va r iab le specific heat . 
An approximate analys is of a n o n - i s o t h e r m a l wall, 
including the effects of radia t ion, was p resen ted . 
It was shown that for high emiss iv i ty walls at high 
t e m p e r a t u r e , radiat ion is the control l ing factor in 
film boiling heat t r ans fe r . 

353- McFadden, P . W-, and Grosh , R. J. 

AN ANALYSIS OF LAMINAR FILM BOILING WITH 
VARIABLE PROPERTIES, Inter. I of Heat and Mass 
T r a n . l , 325-335 (1961). 

-Analysis is made of s tab le , l a m i n a r , free convec
tion, film boiling fronn i so the rma l ve r t i ca l p la tes 
and hor izonta l cy l inders sur rounded by sa tu ra ted 
liquid; equations a r e solved for c o m p r e s s i b l e flow 
with var iab le specific heat ; n u m e r i c a l r e su l t s a r e 
p re sen ted for nea r c r i t i ca l water at 2800 and 
3100 ps i with wall to liquid t e m p e r a t u r e differences 
of 250. 500 and 1000 F ; r e su l t s for heat t r a n s f e r , 
velocity dis t r ibut ion and t e m p e r a t u r e dis t r ibut ion 
a r e included. 

354. Marx, J. W., and Davis , B. I. 

FILM-BOILING TERMINATION MECHANISM, 
J. Appl- Phys . 23, 1354-1357 (1952), 

It is suggested that free molecule heat conduction 
provides the c r i t i ca l energy t r ans fe r that just p r e 
cedes the col lapse of the vapour blanket in the film 
boiling p r o c e s s . An expres s ion for the ex t r eme 
poss ible values of the heat t r an s f e r coefficient, as 
a function of p r e s s u r e , is de r ived for sol id-boi l ing 
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l iquid s y s t e m s and nunnerical ly evaluated for wa te r . 
The wetting t e m p e r a t u r e is given in t e r m s of nneas-
u rab le p a r a m e t e r s of the sys t em, and expe r imen t s 
a r e sugges ted . (Sci. Abst. 56-793). 

355. Mendler , O. J. 

ESTIMATED FILM BOILING HEAT TRANSFER CO
EFFICIENTS, WAPD-TH-404 (1958), I6 p. 

A method is p r e sen t ed for estinnating conserva t ive 
va lues of film boiling heat t r a n s f e r coefficients as a 
sum of a convection coefficient and a radia t ion coef
ficient. The convection coefficient is ca lcula ted by 
assuming pure conduction through a nnaxinnunn s u s 
tainable l amina r vapor l a y e r . The radia t ion coeffi
cient is e s t ima ted us ing the exp re s s ion for t h e r m a l 
radia t ion between two pa ra l l e l wa l l s . 6 r e f e r e n c e s . 

356. Motte, E . I. 

FILM BOILING OF FLOWING SUBCOOLED LIQUIDS, 
UCRL-2511 (1954), 139 p. 

Heat t r an s f e r coefficients a c r o s s the vapor film were 
evaluated f rom the r a t e s of heat t r an s f e r in upward-
flow forced convection from outside single hor izon
tal tubes to four liquid s y s t e m s : ethyl alcohol, 
benzene, hexane and carbon t e t r a c h l o r i d e . These 
heat t r an s f e r coefficients were found to be marked ly 
inc reased by subcooling the l iquids . It has previous ly 
been shown that , s ince the vapor film is in l aminar 
flow in forced convection film boiling, heat is 
t r a n s f e r r e d a c r o s s the vapor film by conduction and 
radiat ion. In this study it has been further shown 
that, if the liquid is subcooled, heat is t r a n s f e r r e d 
from the vapor liquid in ter face into the liquid by 
eddy conduction and the effect of t h e r m a l conduction 
is negl igible . 

357. Motte, E . I. , and Bromley , L . A. 

FILM BOILING OF FLOWING SUBCOOLED LIQUIDS, 
Ind.Eng Chem.49 , 1921-1928 (1957). 

Heat t r an s f e r coefficients outside single hor izonta l 
tubes were m e a s u r e d for upward flow forced con
vection film boiling of ethyl alcohol , benzene, hex
ane, and carbon t e t r a c h l o r i d e . These coefficients 
were found to be i n c r e a s e d marked ly by subcooling 
the l iquids below the i r boiling points . It has been 
shown prev ious ly that heat is t r a n s f e r r e d a c r o s s the 
vapor film by conduction and radia t ion in forced con
vection film boil ing. F o r c e d convection film boiling 
occurs when the d imens ion le s s group U gD is g rea t e r 
than 2. In this study it has been further shown that , 
if the liquid is subcooled, heat is t r a n s f e r r e d from 
the vapor - l iqu id in ter face into the liquid mainly by 
eddy conduction. Heat t r an s f e r by the rma l conduc
tion into the liquid a p p e a r s to be impor tan t only at 
low liquid veloci ty. 

358. Nakagawa, Y., and Yoshida, T. 

FILM STATE BOILING AT RAPID COOLING: I. E F 
FECTS DUE TO CONDITIONS OF COOLANTS, Chem. 
Eng. (Japan) 16, 74-82 (1952). 

The phenomena in film boiling due to the quenching of 
a s teel rod (2 cm. in diam. and 12 cnn. long) were ob
se rved , by using 22 kinds of s tagnant l iquids with 

different phys. p r o p e r t i e s . The film h e a t - t r a n s f e r 
coeffs, calcd. from the cooling cu rves (the init ial 
t emp, of the rod was kept const . = 720°) were c o r 
r e l a t ed by an empi r i ca l d imens ion less equation as 
follows; 

CLR/X = 407200(a/7R^)^-"5(pi.)-0-33i[(u^_uo)/ 

(uz-uo)]-^'-'^^ 

where a R / \ is Nussel t no. , R is rad ius of the rod, 
P r , o , 7 , a r e , r e s p . , Prandt l no. , surface tension, and 
sp. wt. of cooling liquids at the bulk t emp. UQ. Up., and 
Uj a r e , r e sp . , surface t emp, of spec imen and b.p, of 
l iquids . (CA-46-3808E). 

359- Nakagawa, Y., and Yoshida, T. 

FILM-STATE BOILING ON RAPID COOLING: II. 
E F F E C T S DUE TO CONDITIONS OF HEAT-
TRANSFER SURFACES, Chem. Eng. (Japan) 16, 
104-10 (1952). 

Hea t - t r ans f e r coeffs. , a in the boiling produced on 
quenching of steel rod were m e a s u r e d under the 
var ious conditions of the tes t specinnen. High values 
of a can be obtained by lowering the initial t emp, of 
tes t b a r s and by increas ing the roughness of the i r 
su r f aces . Effects of the diam. of t e s t b a r s on the 
values of a a r e not c l ea red in thei r p r e sen t expts . 
(CA-46-5900a). 

360. Nishikawa, K, 

PHOTOGRAPHIC STUDIES OF SATURATED F R E E 
CONVECTION STABLE FILM BOILING, Japan Soc 
Mech,Engrs . Bui. 4 no 13, 115-23 (1961). 

Bubble dynannics in stable film boiling was studied; 
it is found that behavior of bubble genera t ion p r e 
sents different aspec t s according to difference of 
emiss iv i ty of heating sur face , even if total heat 
fluxes r ema in sanne; neces s i t y of introduction co r 
re la t ing equation to take into cons idera t ion vapor 
film s t i r r i n g effect of genera t ing bubbles , 

361. Polomik, E. E. , Levy, S., and Sawochka, S, G, 

FILM BOILING OF STEAM-WATER MIXTURES IN 
-ANNULAR FLOW AT 800, 1100, and 1400 PSI, ASME 
P r e p r i n t 62-Wa-136. 

362. Posey , W. J. 

PROGRESS REPORT NO. 40 FOR APRIL AND MAY, 
1957, 26 p . , Mine Safety Appliances Co. , Gal le ry , 
Pa , , NP-6338. 

Hydrodynannic tes t ing of CVR flow channels contin
ued. Other p r e s s u r i z e d - w a t e r r eac to r s tudies r e 
ported a r e : s m a l l - s c a l e radioac t ive leaks in cooling 
systenn, s imulat ion of a major p r e s s u r i z e d water 
sys tem rup tu re , unstable film boiling with water 
inside tubes , fission product r e l e a s e during core 
meltdown simulat ion, radioact iv i ty a s soc ia t ed with 
crud par t i c le s ize r anges , and ch roma te format ion 
in high t e m p e r a t u r e water s y s t e m s . (For p reced ing 
per iod see NP-6260.) 
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363. Posey . W. J. 

PROGRESS REPORT NO. 51, FOR FEBRUARY AND 
MARCH, 1959, 21 p . , MSA R e s e a r c h Corp . , Gal lery , 
Penna. , MSAR-59-52. 

Engineer ing . Studies were continued on filnn boiling 
with water inside tubes with heat t r ans fe r runs at 
2000 and 1200 psia . Subassembly cooling at decay 
heat power levels is being invest igated. E x p e r i 
ments were init iated to invest igate the cooling ef
fect iveness of spraying water upon an inductively 
heated subassembly at decay heat power l eve l s . 
P r e s s u r e buildup in the vapor container during loss 
of coolant accident is being invest igated, A tes t to 
evaluate the actual p r e s s u r e peak and compare it 
with the theore t ica l calculated p r e s s u r e is r e 
ported. Chemis t ry . F i s s ion product r e l ea se during 
core meltdown is being invest igated. The mode of 
meltdown and c h a r a c t e r i s t i c dis t r ibut ion of r e l eased 
fission products was studied to provide safeguard 
infornnation for nuclear power p lants . The reac t ion 
of sodium sulfite and dissolved oxygen in boi ler 
water and feed water is being studied as a function 
of t e m p e r a t u r e , oxygen concentra t ion, pH, and Cu 
concentra t ion. (For preceding per iod see NP-7252.) 

364. Posey, W. J. 

PROGRESS REPORT NO. 54 FOR AUGUST AND 
SEPTEMBER 1959, 50 p . , MSA Resea rch Corp . . 
Gal lery , Penna. , MSAR-59-117. 

Work continued on film boiling with water inside 
tubes . Sodium si l icate was used in combination 
with insulating m a t e r i a l s to investigate its useful
ness as an inhibitor to chlor ide s t r e s s co r ros ion . 
The co r ros ion spec imens were 1-in. Sch 40 
Type 304 s ta in less s teel pipe which were s t r e s s e d , 
insulated and the rmal ly cycled from ~200 to 650°F 
by periodic heating and emer s ion in sea water . 
S t r e s sed , uninsulated 1-in, Sch 40 Type 304 s ta in
less steel pipe spec imens were exposed to a high 
hunnidity sinnulated sea w a t e r - a i r environment (or 
a 1000 hr per iod to invest igate the occu r rence of 
chloride s t r e s s co r ros ion . The purpose of the 
BTF P r e s s u r i z e r Slowdown Tes t was to obtain 
vesse l blowdown data to es tabl ish that the specific 
application of the mathemat ica l model used to de
sc r ibe the reac to r blowdown is conservat ive for the 
s ize of the p r e s s u r e v e s s e l . The p r e s s u r e buildup 
in the vapor container during loss of coolant acc i 
dent in a r eac to r is being studied. The reac t ion 
r a t e s of sodium sulfite and dissolved oxygen in 
boi ler water and feed water a r e being studied as a 
function of tennperature , oxygen concentrat ion, su l 
fite concentrat ion, phosphate concentrat ion, pH, and 
copper concentrat ion. Po tass ium pentaborate is 
being considered as a chemical poison to r eac to r 
shutdown. (For preceding per iod see MSAR-59-89-) 

365. Posey, W. J. 

PROGRESS REPORT NO. 56 FOR DECEMBER 1959 
AND JANUARY I960, 48 p . . MSA Resea rch Corp . , 
Gal lery , Pa . , MSAR-6O-I6. 

Engineer ing . The exper iment on film boiling with 
water inside tubes was t e rmina ted . An investigation 
of the caust ic s t r e s s co r ro s ion of austeni t ic s ta in
l e s s s teel at high heat flux was begun. A project is 

r epor t ed to invest igate the abil i ty of 1-inch Sch 40 
Inconel piping to withstand s t r e s s co r ro s ion at con
ditions found to be harmful to austeni t ic s t a in l e s s 
s t ee l . Chemis t ry . The reac t ion r a t e s of sodium 
sulfite and dissolved oxygen in boi ler water and 
feed water were studied as a function of t e m p e r a t u r e , 
oxygen concentra t ion , phosphate concent ra t ion , pH, 
and copper concent ra t ion . A study of decontamina
tion of radioac t ive components is being made to 
provide infornnation for a decontaminat ion handbook, 
(For preceding per iod see MSAR-59-1 36.) 

366. Posey , W. J. 

PROGRESS REPORT 57 FOR FEBRUARY AND 
MARCH, I960, 34 p . , MSA R e s e a r c h C o r p , , 
Gal lery , Pa . , MSAR-60-49. 

Expe r imen t s a r e r epor t ed in which Inconel pipe 
specinnens were exposed for 1000 hours in a high-
humidity sea w a t e r - w a r m a i r compar tmen t . Con
s t a n t - t e m p e r a t u r e specinnens were held at 400, 
200, 165, and 125°F while cyclic spec imens were 
va r i ed between 550 and 125°F, Resul t s indicate 
that Inconel is a be t te r choice for piping nnaterial 
for use in high salinity and hunnidity than is s ta in
less s tee l . Blowdown t e s t s to deternnine where 
flashing occurs and to study the effects of va r ious 
orif ice lengths where the flashing occu r s a r e 
scheduled. Other invest igat ions for which r e p o r t s 
have been published include invest igat ions on film 
boiling and solution r a t e s of gases in water s y s 
t e m s . Data from an evaluation of decontaminat ing 
solutions used for e lec t ro ly t ic descal ing indicate 
that c i t r ic acid used as an e lec t ro ly te was l ess ef
fective than sulfuric acid or an alkal ine c l eane r . 
Other cleaning and decontanninating p r o c e d u r e s in
volving solut ions, ab ra s ive s l u r r i e s , and u l t r a son ics 
a r e d i scussed and evaluated, (For p reced ing per iod 
see MSAR-60-16,) 

367. Rao, R, D,, Desai , H. S,, and Gogate, D. V. 

A NOTE ON HEAT TRANSFER AND FILM BOIL
ING, Indian J, Phys . 34, 456-460 (I960), 

Heat t r ans fe r between e lec t r i ca l ly heated meta l 
wi res and different boiling liquids was studied and 
c h a r a c t e r i s t i c boiling cu rves were obtained by 
plotting the heat flux q /A against the excess of t e m 
pe ra tu r e At of the wi re over the boiling point. The 
relat ion between the heat t r ans fe r coefficient h and 
At was a lso studied- The values of max imum heat 
flux and c r i t i ca l t e m p e r a t u r e difference a r e ca lcu
lated for the different wi res and liquids used in 
this invest igat ion. 

368. Rumford, R, 

HEAT TRANSFER THROUGH BOILING LIQUID 
FILMS, J. Soc, Chem, Ind. (London) 66, 309-12 
(1947), 

The r a t e of heat flow from a meta l wall to a boiling 
fluid has been m e a s u r e d for wa te r , to luene, ethyl 
alcohol and n i t r ic acid. It has been shown that , 
where m o r e than about 10% of the feed liquid is con
ver ted to vapour, the ra te of heat t r a n s f e r is not 
affected by m a s s veloci ty. It is a lso shown that boi l 
ing is not condned to any one zone in a ve r t i c a l tube 
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evapora to r , but probably extends throughout the 
tube length. (Sci. Abst . 51-1224). 

369. S c h e r r e r , V. E. , e t .a l . 

BOILING STUDIES, p. 30-34 in NRL QUARTERLY 
ON NUCLEAR SCIENCE AND TECHNOLOGY, 
P r o g r e s s Repor t for the P e r i o d O c t o b e r - D e c e m b e r 
1955, Jan. 1, 1956, 44 p . , NP-5876 . 

P r e l i m i n a r y r e s u l t s a r e r e p o r t e d on film boiling 
about a l - m i l W wire i m m e r s e d in w a t e r . P r e 
l iminary design values a r e given for a b a r g e -
mounted nuc lea r power plant. 

370. Schmidt, K. R. 

THERMODYNAMIC INVESTIGATIONS OF HIGHLY 
LOADED BOILER HEATING SURFACES. T r a n s l . 
fronn Mitt. Ver . G r o s s k e s s e l b e s i t z e r , No. 63, 
391 (1959), 24 p . , A E C - t r - 4 0 3 3 . 

The mechan ic s of fi lm boiling for a sy s t em with a 
given heat t r an s f e r and for a sys tem with a given 
t e m p e r a t u r e a r e d i s cus sed . The p a r a m e t e r s 
affecting t h e r m a l flow a r e cons ide red . The de
pendence of a bo i le r on opera t ional p a r a m e t e r s such 
as flow r a t e , d i ame te r of the inner tube, d i rec t ion of 
the flow, p r e s s u r e , inlet enthalpy, and heat loading 
was invest igated. M e a s u r e m e n t s of the exces s t e m 
p e r a t u r e s of the tube wal l s , p r e s s u r e s , and t e m p e r a 
tu res of the tube wa l l s , p r e s s u r e s , and t e m p e r a t u r e s 
at the inlet and outlet of the tube were made on tubes 
of var ious d i a m e t e r s with vary ing flow ve loc i t i es . 
The effect of inc reas ing the flow veloci ty on film 
boiling revea led a level ing of the max ima and shift
ing of the beginning point of the pa r t i a l film boiling 
after higher en tha lp ies . The dependence of the t e m 
pe ra tu r e of the inner wall tube at different t he rma l 
loadings on the enthalpy of wa te r is shown g raph i 
cally. Heat t r a n s m i s s i o n by a tube wall to water 
and to overhea ted s t e a m was analyzed. 

371 • Spar row, E . M., and C e s s , R. D, 

THE E F F E C T OF SUBCOOLED LIQUID ON LAMI
NAR FILM BOILING, ASME, P a p e r Ht. , 61-SA-29. 

Hea t - t r ans f e r r e su l t s for film boiling in the p r e s 
ence of a subcooled liquid have been de te rmined 
analyt ical ly for the c a s e of the i s o t h e r m a l ve r t i ca l 
plate . The two-phase flow and h e a t - t r a n s f e r p rob 
lem which a r i s e s has been formula ted exact ly within 
the f ramework of bounda ry - l aye r theory , and free 
convection within the liquid has been accounted for. 
At a fixed t e m p e r a t u r e difference between surface 
and sa tu ra t ion , the effect of subcooling is to i n c r e a s e 
the heat t r an s f e r from the plate su r face , with the 
magnitude of the i n c r e a s e being contro l led by five 
physical p a r a m e t e r s . Graphica l p resen ta t ion of the 
h e a t - t r a n s f e r r e s u l t s is made for p a r a m e t r i c values 
which c o r r e s p o n d to wa te r , but this information may 
be applied to other fluids having s imi l a r p a r a m e t e r 
r a n g e s . F o r l a r g e subcooling, the heat t r a n s f e r is 
essen t ia l ly equal to that for pure free convection 
(no boil ing), and the l i m i t s for th is condition a r e 
given. 

372, S t roebe , G, W., Baker , E. M,, and 
Badger , W. L. 

BOILING-FILM HEAT TRANSFER COEFFICIENTS 
IN A LONG-TUBE VERTICAL EVAPORATOR, Ind. & 
Eng. Chem. , n , 200-206 (1939). 

F i l m coefficients a r e given for wa te r , sugar , and 
"Duponol" solut ions, boiling in a long-tube ve r t i ca l 
evapora tor , equipped with a single 20-foot tube, 
under a wide range of condit ions. F r o m the data ob
tained, an empi r i ca l co r re l a t ion of the coefficients 
is der ived, express ing the coefficients in t e r m s of 
the Prand t l number , surface tension of the liquid, 
specific volume of the vapor , and ave rage t e m p e r a 
tu re drop a c r o s s the liquid film; all of these a r e 
based on the average t e m p e r a t u r e of the boiling 
liquid. A re la t ion between the average liquid tenn
p e r a t u r e and the vapor t e m p e r a t u r e is der ived , fronn 
which the average liquid t e m p e r a t u r e can be p r e 
dicted from va r i ab les usual ly known to the connmer-
cial des igner . An explanation for the effect of the 
s eve ra l va r i ab les is given in the light of this and 
previous inves t igat ions , and of ce r t a in known fac tors 
affecting the mechan i sm of boiling in the tube. 

373. Tachibana, F . , and Fukui , S, 

HEAT TRANSFER IN FILM BOILING TO SUB
COOLED LIQUIDS, p. 219-23 of "Internat ional De
velopments in Heat T rans fe r . P a r t II" New York, 
ASME, 1961. 

The cooling r a t e of quenching depends upon the heat 
t r ans fe r by both filnn and nucleate boiling to a sub
cooled liquid. The r a t e of heat t r an s f e r in film 
boiling to the subcooled liquid was calcula ted 
theore t i ca l ly consider ing that the boundary layer 
of the liquid exis ts outside the vapor film. As a 
r esu l t of the t e s t s on e lec t r i ca l ly heated n ichrome 
wire in dis t i l led wa te r , alcohol , and carbon t e t r a 
chlor ide , a m a r k e d effect of the degree of subcool
ing on the heat t r ans fe r ra te in film boiling was 
found. The exper imenta l r e su l t s agreed fair ly well 
with the calculated r e s u l t s . 

K, D., D r a y e r , D. E . , and 374. T i m m e r h a u s 
Dean, J- W. 

AN EXPERIMENTAL INVESTIGATION OF OVER 
ALL HEAT TRANSFER COEFFS. FOR CONDENS
ING AND BOILING HYDROGEN FILMS, p. 270-8 of 
"Internat ional Developments in Heat T r a n s f e r , 
P a r t II." New York, ASME, 1961. 

Over -a l l heat t r an s f e r coefficients for condensing 
and boiling hydrogen films were de te rmined for 
tennperature gradients ranging from 0.38 to 6.06°F 
for a single smooth ver t i ca l b r a s s tube. T e m p e r a 
ture difference between the condensing and boiling 
films was regula ted and observed by changes in 
vapor p r e s s u r e . O v e r - a l l heat t r ans fe r coefficients 
under these exper imenta l conditions were plotted 
not only as a function of the t e m p e r a t u r e difference 
but a lso of the heat flux and were compared as far 
as poss ible with known values in the l i t e r a t u r e and 
with connputations based on the conventional design 
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equations available in the s tandard t ex t s . The la t te r 
compar i son indicated that the computat ional values 
may in ce r t a in ca ses be off by as much as a factor 
of two to t h r e e . Consequently further invest igat ions 
a r e being conducted to evaluate the ove r - a l l heat 
t r ans fe r coefficients and to check prev ious ly r e 
ported individual heat t r ans fe r coefficients espec ia l ly 
with r e g a r d s to the effect of surface conditions on 
these coefficients. 

375. Ulr ich , A. J. 

THERMIONIC ENERGY CONVERSION DIODE USING 
A FILM BOILING LIQUID METAL ANODE, P r o g r e s s 
Repor t from F e b r u a r y 1961 to September 1961, 
11 p . , ANL-6465. 

The conventional p l a sma thermocouple or thermionic 
energy convers ion diode has a solid metal anode. 
Cs vapor at a p r e s s u r e of a few mi l l i ba r s or l e s s 
is widely used to provide ions for e lec t ron space 
charge neut ra l iza t ion . Usually, conditions a r e such 
that a nnonolayer of Cs coats the anode, so that e l e c 
t r ica l ly the anode appears to be C s . This suggests 
the use of a diode with a liquid metal anode m a t e r i a l 
such as Cs , Rb, or K, and thei r a l loys . Recent ex
pe r imen t s showed that a diode, consis t ing of a hot 
cathode and a liquid meta l anode separa ted by the 
vapor film c rea ted in film boiling, can be produced. 
Data a r e given. Exper imen t s investigating the e l e c 
t r i ca l c h a r a c t e r i s t i c s of filnn boiling using water a r e 
desc r ibed . 

376. Ziel inski , E. 

FILM-BOILING ON BOILER SURFACES, Combustion 
29, 47 (June 1958). 

Basic exper iment on causes of film boiling; funda
menta l conditions in modern high ra te bo i l e r s ; ex
pe r imen ta l findings; it is concluded that as long as 
a nucleate boiling is maintained independently of flow 
of heat flux but within indicated range , o v e r t e m p e r a -
ture of tube wall on evaporat ing side could never be
come g rea te r than 75°F. 

377. Naval Resea rch Lab. , Washington, D. C. 

NUCLE-AR POWER PROBLEMS, P r o g r e s s Report 
for the Pe r iod Aug, 15, 1956 to Oct. I, 1956, 15 p. 
NRL-4854. 

Resul ts of studies of co r ros ion products formed by 
the action of H2O and oxygenated solutions on low 
carbon steel at room t empe ra tu r e a r e tabulated. 
Some qualitative studies of fouling of the tes t s e c 
tion of the diphenyl loop with the high tar fluid a r e 
d i scussed . Heat t r ans fe r data in the stable film 
boiling region a r e plotted. (For preceding per iod 
see NRL-4813.) 

378. Naval Resea rch Lab, , Washington, D. C. 

NUCLEAR POWER PROBLEMS, P r o g r e s s Repor t 
for the Per iod Oct. I, 1956 to Dec. 1, 1956, 13 p . , 
NRL-4876. 

Specific heat values a r e included for diphenyl. m -
terphenyl , m-m-qua te rpheny l , and one of the high ta r 
samples over the t e m p e r a t u r e range . 200 to 500°F. 
Resul t s of s tudies of co r ro s ion products formed by 

the action of H2O and oxygenated solut ions on low 
carbon s teel during treatnnent at roonn tennpera ture 
and 600°F a r e given. Additional data were obtained 
in the stable film boiling region for a heated s t a in 
less s tee l rod under s ta t ic conditions in a pool of 
H2O at a tmospher i c p r e s s u r e , (For p reced ing per iod 
see NRL-4854.) 

379. Columbia Univers i ty 

BASIC STUDIES IN HEAT TRANSFER AND FLUID 
FLOW, Quar te r ly P r o g r e s s Repor t for Pe r iod 
October 1, 1960-December 31, I960, 36 p. TID 11549. 

Trans ien t vapor iza t ion expe r imen t s were conducted 
to de te rmine the usefulness of conduct ive-f i lm 
h e a t e r s in boiling expe r imen t s and the quali tat ive 
functional re la t ion between surface t e m p e r a t u r e and 
t ime during boiling. Discuss ions a r e given of r e 
sults on the influence of liquid conductivity on the 
pe r fo rmance of conductive f i lms , the v isual c h a r a c 
t e r i s t i c s of heat t r an s f e r from conductive f i lms , and 
t e m p e r a t u r e m e a s u r e m e n t s on conductive f i lms . 
Graphical r ep re sen ta t ions a r e given of the r e su l t s 
for the e l ec t r i c a l hea t -gene ra t i on r a t e , and re la t ive 
change, in e l ec t r i ca l r e s i s t a n c e as functions of 
pulse t ime . A s e r i e s of concent r ic h e a t - t r a n s f e r 
and p r e s s u r e - d r o p expe r imen t s was connpleted 
using a nickel hea te r tube. The p r e s s u r e - d r o p r e 
sul ts a r e shown as friction factors as a function of 
Reynolds number with a s tandard curve for com
pa r i son . The concent r ic h e a t - t r a n s f e r t e s t s covered 
hea t -genera t ion r a t e s to 500,000 Btu/hr-f t^ and 
water veloci t ies of 2 to 25 fps. 

Local(See Nucleate) 
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380. Askaryan, G- A. 

ON THE DENSITY OF BUBBLES ALONG THE 
TRACK OF AN IONIZING PARTICLE IN AN OVER
HEATED LIQUID, Zhur . Eksp . Teor , F i z . 103, 610-
11 (1956). 

The e l emen ta ry theory of induced boiling based on 
the e lec t rodynamic model of s t imula ted d is turbance 
of superhea ted liquids was developed. Quali tat ive 
r e su l t s of the theory were the sepa ra t ion of the 
va r i ab les which c h a r a c t e r i z e the ionizing pa r t i c l e s 
and the va r i ab les which c h a r a c t e r i z e the state of 
the medium and the l inear dependence of the boiling 
density on the ionizing power of the p a r t i c l e s . 

381. Aladev, I. T., et a l . 

NEW METHODS OF STUDYING HEAT LOSS DUR
ING BOILING OF LIQUIDS, Dokl. Akad. Nauk, 
SSSR, 90 No. 5. 775-776 (1953). 

382. Aladev, I. T. ,et a l . 

E F F E C T OF THE WETTABILITY ON THE HEAT 
EXCHANGE DURING EBULLITION (WITH SUM
MARY IN ENGLISH) Inzh - F i z . Zhur . J_, 11-17 
(July 1958). 
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383. Bankoff. S. G., Colahan, W. J. , and Ba r t z , D. R. 

SUMMARY OF CONFERENCE ON BUBBLE DYNAM
ICS AND BOILING HEAT TRANSFER AT THE JET 
PROPULSION LABORATORY. June 14 and 15, 1956. 
December 1956, J P L - M E M O - 2 0 - 1 3 7 (1956), 52 p. 

A meet ing was held to br ing together r ecen t con t r ib 
u to r s in the field of boiling heat t r a n s f e r . The major 
subjects covered were nucleat ion, bubble dynamics 
theory , boiling heat t ransfer , and nucleate peel boiling 
from a hor izonta l su r f ace . The points of ag reemen t 
and difference in the s e v e r a l ana lyses and c o r r e l a 
t ions r epor t ed in the l i t e r a t u r e were d i scussed , and 
the a r e a s which r e q u i r e m o r e extensive expe r imen ta 
tion and theo re t i ca l t r e a t m e n t were indicated. 57 
r e f e r e n c e s , 

384. Bankoff, S. G. 

ON THE MECHANISM OF SUBCOOLED NUCLEATE 
BOILING, J P L - M E M O - 3 0 - 8 (1959), 52 p. 

The m e c h a n i s m of heat t r a n s f e r in forced convection 
subcooled nuclea te boiling is cons idered . A t h r e e -
step model is p roposed . F i r s t , the heat flows from 
the wall into the adjacent liquid by two pa ra l l e l 
paths; (a) the port ion of the wall a r e a which is p e r 
iodically covered by bubbles is pr innari ly cooled 
by quenching, due to co lder liquid rushing in as the 
bubbles co l lapse ; (b) over the r e m a i n d e r of the wall 
a r ea , convect ive heat t r an s f e r is induced p r i m a r i l y 
by the s t i r r i n g effect of the bubbles . Secondly, heat 
flows through the two-phase wall l a y e r , par t ly by 
turbulent convection in the liquid between the bub
b le s , and pa r t ly by latent heat t r a n s p o r t within the 
bubbles t h e m s e l v e s . F inal ly , the heat flows by 
turbulent convection f rom the edge of the two-phase 
wall l ayer into the turbulent c o r e . Simplified ex
p r e s s i o n s a r e deduced for the f i r s t and th i rd s t eps , 
which give reasonab le a g r e e m e n t with Gunther ' s 
data. The re la t ive impor tance of latent heat t r a n s 
port is as yet uncer t a in , but it is shown to be ve ry 
likely significant in c o m p a r i s o n with the heat flow 
through the liquid between the bubbles . E x p r e s s i o n s 
a r e deduced for the quenching heat flux and the mean 
velocity induced by the bubbles . The liquid t e m p e r a 
tu re at the edge of the two-phase wall l ayer is com
puted for Gun the r ' s data and is found to r i s e sharply 
towards the s a tu ra t i on t e m p e r a t u r e as burnout is 
approached. This signifies that the m a x i m u m heat 
flux coincides with the appea rance of a fa i r ly thick 
layer of w a r m wate r next to the wall, poss ibly due to 
the inabil i ty of the turbulent co re liquid to r emove 
the heat a s fast as it is t r a n s m i t t e d through the two-
phase wall l aye r . The heat flow exp re s s ions which 
have been der ived a r e quite approx imate ; cons ide r 
ably m o r e data on the local p a r a m e t e r s in subcooled 
nucleate boiling a r e r equ i r ed before they can be put 
on a f irm footing. On the other hand, the t h r e e - s t e p 
nnodel is not cons ide red to be specula t ive ; it i s , in 
fact, a sinnple s t a t ement of the physical s i tuat ion in 
highly subcooled nucleate boil ing. 

385. Bankoff, S. G, 

THE PREDICTION OF SURFACE TEMPERATURES 
AT INCIPIENT BOILING, Chem Eng P rog Sym Ser 
55_, No. 29 (1959). 

The superhea t conditions r equ i red for bubble nu
cleat ion in ebullition a r e cons idered . It is shown 
that "cavi ty- type" sur faces may r e q u i r e re la t ive ly 
low superhea t s which a r e de t e rmined by the cavi ty 
d imens ions , but that g rooves , which a r e the m o r e 
common type of p r i m a r y roughness e lement , a r e 
ineffective vapor t r aps unless v e r y poorly wetted 
or s teep-wal led . An approxinnate theory is der ived 
for predic t ing superhea t s r equ i r ed for ini t iat ion of 
ebullition at low p r e s s u r e s , based on a l imit ing r e a l 
solution of the equations for the ra te of penet ra t ion 
of the liquid into the capi l la ry roughness e lement . 
Agreement is shown with the l i t e r a t u r e within the 
exper imenta l unce r t a in t i e s involved. These o b s e r v a 
tions should also be per t inent to cavi ta t ion 
phenomena, 

386, Bankoff, S. G. 

ON THE MECHANISM OF SUBCOOLED NUCLEATE 
BOILING, P-ART I: PRELIMINARY CONSIDERATIONS 
Chem- Eng, P rog , Symp. Ser ies No. 32, _52, 156-163 
(1961). 

A sequential ra te p r o c e s s model for heat t r an s f e r in 
forced-convect ion subcooled nucleate boiling is p r o 
posed. The model divides the heat flow into t h r e e 
sequential s teps ; 1) from the heating sur face to the 
inner port ion of the two-phase wall l aye r , 2) f rom 
the inner to the outer port ion of the two-phase l aye r , 
and 3) from the outer portion of the two-phase layer 
to the s ing le -phase turbulent co re liquid. E x p r e s 
sions a r e deduced for the quenching heat flux and 
for the m e a n annplitude of the veloci ty fluctuation 
in the liquid between the bubbles, 

387. Bankoff, S. G. 

ON THE MECHANISM OF SUBCOOLED NUCLEATE 
BOILING, PART II; SEQUENTIAL RATE PROCESS 
MODEL, Chem. Eng, P rog , Symp. Ser ies No, 32, 
57, 164-172 (1961), 

In this par t t e m p e r a t u r e d is t r ibut ions through the 
s ing le -phase turbulent co re a r e calcula ted for 
Gunther ' s data. On the assumpt ion that the Reynolds 
analogy holds all the way to the wall , the liquid t e m 
p e r a t u r e at the edge of the two-phase wall l ayer is 
found to r i s e sharply toward the sa tu ra t ion t e m p e r a 
tu re as burnout is approached. This signifies that 
the th i rd step of the sequential ra te p r o c e s s e s nnay 
be control l ing near the max imum heat flux. Sepa
ra te contr ibut ions to the heat flux a r e deduced for 
the f i rs t and th i rd s t eps , which a r e in good a g r e e 
ment with Gunther ' s data. More information is 
n e c e s s a r y concerning the re la t ive impor tance of 
latent heat t r a n s p o r t before the second s tep can be 
desc r ibed . 
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388. Bankoff, S. G. 

LATENT HEAT TRANSPORT IN NUCLEATE BOIL
ING, A.I .Ch.E. Journal ^ 63-5 (1962). 

A s imple 1-dinnensional t r a n s p o r t ca lcn, is made 
which indicates that latent heat t r a n s p o r t , by s imul 
taneous evapn. and condensation at different po r 
t ions of the bubble su r faces , can account for the 
major portion of the total heat flux in the neighbor
hood of the depar tu re from subcooled nucleate boi l 
ing (burnout). This differs from the previous ly held 
view that the s t i r r i ng action of the bubbles accounted 
for mos t of the heat flow in subcooled nucleate boi l 
ing. Other evidence is d i scussed which favors the 
latent heat t r an spo r t theory. ZZ r e fe rences -

389- Batch, J . M., and Toyoda, K. G. 

EXPERIMENTALLY DETERMINED BOILING 
CURVES, HW-42469 B (1956). 

390. • aumie r . . et a l . 

HEAT TRANSFER WITH HIGH HEAT FLUX DEN
SITY BETWEEN A WALL AND WATER WITH LOCAL 
BOILING AT THE WALL (IN FRENCH), CEA-846 
(1958). 28 p. 

The a im of the p resen t study was to deternnine the 
re la t ionship between the t e m p e r a t u r e of a hot wall 
and that of a cooling fluid under conditions where 
this fluid is subject to local boiling at the wall . 
Attention was directed pa r t i cu la r ly to the aspect of 
the phenomenon in the t r ans i t ion region between 
the c l a s s i ca l turbulent convection and the convec
tion with local boiling- The tes ts were c a r r i e d out 
with water at an average t e m p e r a t u r e of 50°C c i r cu 
lating in an annular space, the heat flux deriving 
from the inside tube- The flux region used c o r r e 
sponds to a t r a n s m i s s i o n by normal turbulent con
vection and by convection with the appearance of 
local boiling. The r e su l t s obtained in the field of 
normal convection follow the c lass ica l laws; the r e 
sults in the zone where local boiling appears a r e in 
c o r r e c t agreement with the formulas proposed by 
other authors for higher heat f luxes. 

391. Beatty. K. O, 

ANALYSIS AND INTERPRETATION OF THE SHAPE 
OF THE BOILING HEAT TRANSFER CURVE, Four th 
National Heat Transfe r Conf, A.I .Ch.E-A.S.M.E, . 
Buffalo, New York, August 14 to 17. I960. 

392. Benjamin, J. E, 

BUBBLE GROWTH IN NUCLEATE BOILING OF A 
BINARY MIXTURE, Ph.D- Thes i s , Univers i ty of 
Illinois (I960). 84 p. 

394. Benson, P, R. 

E F F E C T S OF DISSOLVED NITROGEN ON SUB
COOLED NUCLEATE BOILING IN SANTOWAX R, 
NAA-SR-6891 (1961), 22 p. 

Ten heat t r an s f e r t e s t s were made using Santowax R 
coolant s a m p l e s , eight being continued to the burnout 
point. Tes t s were made at p r e s s u r e s of 90 and 
150 psia and bulk coolant t e m p e r a t u r e s ranging b e 
tween 500 and 650°F, T e s t s were made with both 
ve r t i ca l and hor izonta l h e a t e r s . Resu l t s showed 
that: the onset of nucleate boiling was affected to a 
la rge extent by the concent ra t ion of d issolved n i t r o 
gen, being reduced by as much as I95°F when sa tu 
ra ted with ni t rogen at 90 psia p r e s s u r e , the c r i t i ca l 
heat flux was the same for coolants containing low 
or high dissolved ni t rogen content, with evidence 
that the coolant was par t ia l ly degassed when it con
tacted the hea te r even though t h e r e was no observed 
change in bulk gas concentra t ion , and pool boiling 
may be a useful method for checking sa tura t ion t e m 
p e r a t u r e vs . p r e s s u r e data obtained by other methods 
and for es tabl i sh ing approximate equi l ib r ium r e l a 
t ionships for sy s t ems not examined by P - V - T 
methods , 

395. Bogar t , N. T. , et a l . 

HEAT TRANSFER TO BOILING LIQUIDS UNDER 
PRESSURE, Thes i s MIT (1939). 

396. Bonilla, C, F . , and Cichel l i , M- T. 

HEAT TRANSFER TO LIQUIDS BOILING UNDER 
PRESSURE IN HEAT TRANSFER LECTURES, 
Volume II, pp. 150-186, NEPA-979 (1949). 345 p. 

The following 15 l e c t u r e s were p re sen ted at the 
NEPA Heat T rans fe r Symposiunn Oak Ridge, Tennes 
see , Dec, 8-13, 1947, 

397. Bor i shansk iy , V. M-

GENERALIZATION OF EXPERIMENT-AL DATA 
ON CESSATION OF BUBBLE FORMATION IN THE 
BOILING OF LARGE VOLUMES OF LIQUID, 
T s e n t r a l . Nauch . - I s s ledova te l . Kotloturbin, Inst, 
im. I. I. Polzunova No. 28, 169-81 (1955). 

F r o m fluid mech . cons ide ra t ions , equations a r e de 
veloped for the predic t ion of cessa t ion of bubble 
formation as a function of p r e s s u r e in l a rge vols , 
of liquid nea r the c r i t . point. The resu l t an t equa
tions sa t i s fac tor i ly r e p r e s e n t the data in the 
l i t e r a t u r e . 

393. Benjamin, J, E , . and Westwater , J. W. 

HIGH SPEED MICROSCOPIC STUDY OF PHASE 
CHANGES, Proceedings of the Fifth Internat ional 
Congress on High Speed Photography, (Accepted 
for Publicat ion). 
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398. Bor i shansk iy , V. M. 

AN EQUATION GENERALIZING EXPERIMENT-AL 
DATA ON THE CESSATION OF BUBBLE BOILING 
IN A LARGE VOLUME OF LIQUID, J. of Tech. 
Phys ics of the USSR. 26, 452-6 (1956), Engl ish 
T r a n s l a t i o n in: Soviet P h y s i c s - T e c h n i c a l P h y s i c s , 
1, 438-2 (1956). 

Experinnental data a r e examined as the bas i s of an 
improved equation for ca lcula t ing c r i t i c a l heat loads 
during boiling in l a r g e volumes of liquid. 

399. Bor i shansk iy , V. M., and Kozyrev, A. P . 

GENER-ALIZATION OF EXPERIMENTAL DATA ON 
HEAT TRANSFER IN NUCLEATE BOILING ON THE 
BASIS OF THERMODYNAMIC SIMILARITY, 
Inzhenerno- f iz ichesk iy zhurnal , v. 5, no. 12, 1962, 
3-8. 

In a previous paper (V. M. Bor i shansk iy , Voprosy 
teplootdachi i g idravl iki dvukhfaznykh s red - P r o b 
lems of heat t r an s f e r and hydrau l ics of two-phase 
media , Gosenergoizda t , 1961, p. 18) the formula 
a*n = a* ^ ^i(p/pr:r^ was der ived for the case of 
nucleate boiling where a* = a / q ^ , a is the heat 
t r an s f e r coefficient, q the thernnal load of the hea t 
ing su r face . This formula makes it poss ible to allow 
for the p r e s s u r e effect on the heat t r ans fe r of a m e 
dium over s t rongly vary ing physical p r o p e r t i e s in a 
wide range of p r e s s u r e s . F o r m u l a 

(p. k p , 

l i t 
T ' " 

c r i t i c a l p r e s s u r e , T 

' k p 
(5) 

l^P. 
c r i t i ca l t e m p e r a t u r e ) 

is der ived with the aid of ^ thermodynamic s i m i l a r 
ity (I. I. Novikov, Voprosy teplootdachi i gidravl iki 
dvukhfaznykh s r ed - P r o b l e m s of heat t r an s f e r and 
hydraul ics of two-phase media , Gosenergoizda t . 
1961, p, 7 and 14), allowing for the exper imenta l ly 
proved fact that the heat t r a n s f e r coefficient a. is a 
function of the t h e r m a l load q and of the physical 
paranneters of the nnediunn when a nucleate boiling 
occurs with free convect ion. The function F3(p/p, ) 
is un ive r sa l for the rmodynamica l ly s imi l a r sub
s tances and c h a r a c t e r i z e s the effect of reduced p r e s 
sure on the heat t r a n s f e r . The shape of this curve 
is deternnined graphica l ly by a method due to 
Bor i shansk iy , F o r m u l a s 

-j^ 

k p 

0,37 + 3,15 - i ^ l n p H -^ SO.2; 
Pkp/ Pkp 

•-kp 

T^'^M'" 
1,85 -!— - 0,^ n p H 

" k p 

(6) 

a r e given for p r a c t i c a l appl icat ion. Only p^.^.! T^^. 
and M of the medium need to be known in o r d e r to 
ca lcula te the heat t r an s f e r coefficient at i n c r e a s e d 
p r e s s u r e and with free convection. The r e su l t s ob
tained with these formulas ag r ee with the 

exper imenta l data given in a l a rge number of p a p e r s 
within ±30%. The re a r e 2 f igures and 2 t ab l e s . 

400. Boyd, L, R. 

TEMPERATURE E F F E C T S OF NUCLEATE BOIL
ING, K A P L - M - L R B - 2 (1956), 12 p. 

The t e m p e r a t u r e behavior of a heat ing surface and 
the adjacent coolant water with vary ing degrees of 
nuclea te boiling was invest igated for the purpose of 
devising means of detecting the p r e s e n c e of nucleate 
boiling in the S3G. Fo r the exper iment , a smal l 
water channel , cons t ruc ted of c lea r p l a s t i c , was used . 
A thin nnetal d iaphragm formed one side of the 
channel . A port ion of this d iaphragm was hea ted 
e lec t r i ca l ly , Thernnocouples were used to moni tor 
the t ime average t e m p e r a t u r e s and the t e m p e r a t u r e 
f luctuations, both on the a i r side surface of the 
heated a r e a of the meta l d iaphragm and in the wate r 
above and downst ream from the heated a r e a . The 
c lea r plast ic cons t ruc t ion pe rmi t t ed seeing the 
boiling on the heated surface , 

401. Boyd, L, R. 

NUCLEATE BOILING DETECTION SYSTEM DE
SIGN DESCRIPTION, KAPL-M-SSD-46 (1957),9 p-

The proposed ins t rumenta t ion sy s t em for the de
tect ion of local nucleate boiling in the S3G reac to r 
co re is descr ibed . Boiling will be detected by ion 
c h a m b e r s in se r t ed into th imbles which enter the 
co re . 

402. Braunl ich, R. H, 

POOL BOILING OF LIQUIDS AT REDUCED P R E S 
SURES, M. S. Thes i s , MIT (1941). 

403. C a r l , R,, and P ico rne l l , P . 

LOCAL BOILING OF WATER IN AN ANNULUS, 
M. S. T h e s i s . M.LT, . Cambr idge (1947). 

404. Chang, Y. P . , and Snyder, N. W. 

HEAT TRANSFER IN SATURATED BOILING, Chem. 
Eng. P rog , Symp. Ser , , 56, No. 30, pp 25-38 (I960). 

This paper cons iders the heat t r ans fe r by boiling 
liquid from a hor izonta l su r face . The p r e s e n c e of 
vapor bubbles contr ibutes t h r e e effects to the heat 
t r ans f e r : des t ruc t ion of the wave motion adheren t to 
na tu ra l convection; i nc r ea se of the effective t h e r m a l 
conductivity due to the eddy motion, or agitat ion ef
fect; and change of specific heat capaci ty due to 
change of phase , or latent heat effect. The agi ta t ion 
effect is a s sumed to extend to the whole r eg ime of 
nucleate boiling; whereas the latent heat effect 
s t a r t s to become significant only when the condition 
cor responding to the peak heat flux is approached . 
Six-dinnensional p a r a m e t e r s a r e found from the 
equations of momentunn and energy. An equivalent 
t h e r m a l diffusivity of boiling liquid is defined and 
c o r r e l a t e d from these six p a r a m e t e r s . 

A genera l equation of heat t r a n s f e r coefficient is 
obtained in both convection and nucleate boil ing. 
Peak heat flux and its co r respond ing t e m p e r a t u r e 
difference a r e de te rmined accord ing to the 
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mechan i sm of agi tat ion and latent heat t r a n s p o r t . 
Calculated r e su l t s ag r ee well with tes t data of 
previous inves t iga tors for dependence on both t e m 
p e r a t u r e and p r e s s u r e . 

405. Chang, Y. P . 

AN EXPERIMENTAL MODIFICATION OF NUCLE
ATION THEORY AND ITS APPLICATION TO BOIL
ING HEAT TRANSFER, ANL-6304 (1961), 34 p. 

F r o m the equations of momentum and energy and 
by the aid of es tabl ished exper imenta l phenomena, 
the problenn of heat t r ans fe r in nucleate boiling was 
reduced to one consis t ing of th ree p a r a m e t e r s ; the 
f i rs t r e p r e s e n t s the Stanton number ; the second, bub
ble growth; and the third, nucleation. With an em
pi r ica l modification of the nucleat ion theory as 
developed by Volnner and Eyr ing from the Maxwell-
Boltzmann dis t r ibut ion law, an equation was obtained 
for the heat t r ans fe r in vigorous boiling: 
(qHvVpCp ^sN^lkTs)*^^) = C exp [-n(l67r/3)(a/A p)^ 
(a/kTg) (pc 63/0 yX)" ], where m - 1 and 2 for 
organic and inorganic liquids (including liquid m e t 
a ls ) , respec t ive ly . The symbols C and n r e p r e s e n t 
d imens ionless numbers whose values depend on the 
liquid and surface condition of the hea t e r . Applica
tion of this equation is r e s t r i c t e d to the following 
cases of boiling; sa tura ted pool boiling from either 
smooth or rough sur faces ; sa tu ra ted and subcooled 
forced convection boiling from rough sur faces ; and 
ea r ly s tage of sa tu ra ted and subcooled forced convec
tion boiling fronn smooth su r faces . The validity of 
this equation for vigorous boiling was tes ted for 
m o r e than a dozen different liquids under different 
p r e s s u r e s and different surface condit ions. By in
troducing an eddy thernnal diffusivity, a genera l 
equation was obtained, valid for the whole range of 
nucleate boiling. 

406. Chang. Y. P . 

SOME POSSIBLE CRITICAL CONDITIONS IN NUCLE
ATE BOILING, Amer i can Society of Mechanical En
g ineers , P r e p r i n t Pape r No. 62-HT-37, New York 
(1962), 11 p. 

Cer ta in bas ic ideas from which seve ra l c r i t i ca l con
ditions a r e der ived were introduced into boiling heat 
t r ans fe r . The heat t r ans fe r in nucleate boiling is 
cons idered as being l imited by the maximum ra te of 
bubble generat ion from a unit a r ea of the heating s u r 
face. With cer ta in sinnpUfied assumpt ions , an equa
tion was obtained for the f i rs t c r i t i ca l heat flux of 
nucleate boiling with and without forced convection 
and subcooling. 

407. Clark, H. B. , Strenge, P, S., and 
Westwater , J , W. 

ACTIVE SITES FOR NUCLEATE BOILING, P r e 
pr int 13, Sec. Nat. Heat T r a n s . Conf. AIChE-ASME, 
Chicago, Aug. 18-21, 1958, Chem. Eng- P r o g r . 29. 
95-102 (1959). 

Photography during and after nucleate boiling was 
used to identify active bubble-producing s i t e s . E ther 
and pentane were tes ted on ver t i ca l sur faces of pure 
zinc and an alunninunn alloy at a tmospher ic p r e s s u r e . 
Nunnerous st i l l photographs at magnifications between 

I6OX and 864X and a few e lec t ron m i c r o g r a p h s at a 
magnificat ion of 25,000X were obtained. These plus 
h igh-speed motion p ic tu res having a magnif icat ion 
on the negative of 13X show definitely that pits with 
d i a m e t e r s between 0.0003 and 0,003 in, a r e ve ry 
act ive nucleat ion s i t e s . Some s c r a t c h e s , a p l a s t i c -
meta l in te r face , and a mobi le speck of unidentified 
m a t e r i a l we re act ive s i tes a l so . In no c a s e did 
bubbles form at gra in boundar ies . No difference in 
activity could be found for the va r ious c ry s t a l faces 
of zinc, an aniso t ropic m a t e r i a l . 

408. Cole, Rober t 

INVESTIGATION OF TRANSIENT POOL BOILING 
DUE TO SUDDEN LARGE POWER SURGE. NACA-
TN-3885 (1956), 44 p. 

The t r ans i en t h e a t - t r a n s f e r c h a r a c t e r i s t i c s of a sys 
tem connposed of a nickel ribbon i m m e r s e d hor izon
tal ly in a pool of water were de te rmined at 
a tmospher i c p r e s s u r e for average hea t -gene ra t ion 
r a t e s of 3, 10, and 20 x 10^ Btu / (hr ) ( sq ft), and fluid 
bulk t e m p e r a t u r e s from 76° to 203°F. The power 
surge duration was l imi ted to 30 mi l l i s econds . 
Analyses show that convective heat t r an s f e r in the 
nonboiling region was negligible within the t ime 
l imi ts employed. Compar i son was made between 
de te rmined ribbon t e m p e r a t u r e s and those occur r ing 
had the ribbon been complete ly insulated. Trans ien t 
h e a t - t r a n s f e r coefficients had c r i t i ca l -hea t - f lux 
values a r e tabulated. 

409. Cole, Robert 

A PHOTOGRAPHIC STUDY OF POOL BOILING IN 
THE REGION OF THE CRITICAL HEAT FLUX, 
A.I .Ch.E. Journa l , 6, 533-8 (I960). 

A photographic study was made to invest igate the 
boiling phenomena in the neighborhood of the c r i t i ca l 
heat flux. Resul t s indicate that at high heat fluxes 
the p r i m a r y forces acting on a bubble leaving the 
surface a r e the buoyancy and drag fo rces . 

410. Colver . C. P, 

MEASUREMENTS OF THE TEMPERATURE PRO
FILES ADJACENT TO THE SURFACE DURING THE 
NUCLEATE BOILING OF WATER .AND METHANOL, 
MS Thes is Univ. of Kansas (I960). 

411. Cor ty , C , and Fous t , A, S. 

SURFACE VARIABLES IN NUCLEATE BOILING, 
Chem. Eng. P r o g . Symp. Ser . , 5_1 No. 17 (1955). 

Measu remen t s were made of the nucleate boiling 
coefficients of e ther , n o r m a l pentane, and F r e o n 113 
from a hor izonta l heated sur face . P ro f i lomete r 
m e a s u r e m e n t s of roughness and photo- and e lec t ron-
m i c r o g r a p h s of the sur faces were taken. Boiling 
bubbles were photographed in profi le , and active 
c e n t e r s were counted. 

The exper imen t s indicate a major influence of 
mic ro roughnes s on the AT n e c e s s a r y to sus ta in nu
cleate boiling at any given heat flux. This furnishes 
an answer to the wide var ia t ion in s lopes of boiling 



coefficient cu rves f rom superf ic ia l ly s i m i l a r s y s 
t e m s , which however may have a wide range of 
nucleus ef fec t iveness . 

A pronounced h y s t e r e s i s effect was obse rved . While 
i nc rea s ing heat flux, the AT is higher than that n e c e s 
s a ry to accommoda te the s ame heat t r a n s f e r when the 
flux is being d e c r e a s e d . This h y s t e r e s i s is due to 
uneven act ivat ion of the surface during i n c r e a s e of 
the flux. The obse rvance of s table "pa tch -wise" 
boiling furnishes an addit ional clue to the d ivergent 
r e su l t s which have been r epor t ed . 

Based on these obse rved phenomena, a vapor -
t rapping mechanisnn of nucleate boiling has been 
postula ted. 

412. Cos te l lo , C, P- , and Tuthi l l , W. E. 

E F F E C T S OF ACCELERATION ON NUCLEATE 
POOL BOILING, Chem. Eng. P r o g . Symp. Se r i e s 
No. 32,57, 189-196 (1961). 

This paper p r e s e n t s the r e su l t s of an invest igat ion 
under taken to d e t e r m i n e the effects of acce l e ra t ions 
produced by centr ifugal effects on pool boiling heat 
t r an s f e r to d is t i l led wa te r . The invest igat ion was 
ins t igated to be t te r unders tand the m e c h a n i s m s of 
boiling heat t r a n s f e r , as well as to obtain data for 
acce le ra t ing s y s t e m s . It was found that boiling heat 
t r ans fe r coefficients a r e adve r se ly affected by a c 
ce le ra t ion d i rec ted away from the heat su r face . The 
significance of this is d i scussed in t e r m s of boiling 
m e c h a n i s m s and equat ions . 

413. Diskind, T. , et, a l . 

BASIC STUDIES IN HEAT TRANSFER AND FLUID 
FLOW, TID-6035 (I960), 88 p. 

A s u m m a r y of r e s e a r c h ac t iv i t ies in nucleate boiling 
heat t r a n s f e r , t r ans i en t vapor iza t ion , filnn boil ing. 
forced convection boil ing, convection heat t r a n s f e r 
in nonc i rcu la r duc ts , and t r ans i en t heat t r an s f e r in 
r eac to r coolant channels is p r e sen t ed . R e s e a r c h 
p roposa l s for study of the t r ans i en t vapor iza t ion of 
liquid at a solid sur face and for invest igat ion of flow 
pa t te rns in fo rced -c i r cu la t ion boiling flow a r e in
cluded as appendixes . 

414. Dorsey , N. E, 

QUIET BOILING, P h y s . Rev. 55, 594 (1939)-

The use of m o r e or l e s s rounded points for reducing 
the seve r i ty of such bumping as occu r s when a i r -
free wa te r is boiled in clean g lass v e s s e l s is com
mon p r a c t i c e , but the r e s u l t s so obtained a r e seldom 
sa t i s fac tory . It seenns not to have been recognized 
that if the m a t e r i a l of which the points a r e made is 
such that it is perfec t ly wetted by the liquid at the 
t e m p e r a t u r e cons idered , then the point cannot be 
efficacious, as it will have no effect whatever upon 
the form or s ize of the incipient bubble of vapor . On 
the other hand, the p r e s e n c e in the liquid of a sub
s tance that is connpletely unwetted by the liquid at the 
t e m p e r a t u r e concerned will be efficacious, whatever 
its shape. Since in th is c a s e the contact angle is 180, 
the c u r v a t u r e of the incipient bubble at its ve ry be 
ginning will be slight and will at f i rs t i n c r e a s e as 
the volunne i n c r e a s e s ; the f i r s t fac i l i ta tes the fo rma
tion of the initial bubble, the second s tab i l i zes the 
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ini t ial s tages of its growth. Among such subs tances 
for water a r e the s t e a r a t e s of zinc and of alunninunn. 
Each of these is ve ry effective. A s imple m e c h a n 
ical device for the prevent ion of bumping will be 
desc r ibed . 

415. Drew, T. B. , and Muel ler , A. C. 

BOILING, T r a n s . -Am. Inst, Chem. Eng, 33, 449-71 
(1937), 

State of a r t of boiling reviewed; with submerged 
s team coil , it is found that at overa l l s t e a m - t o - l i q u i d 
t e m p e r a t u r e differences of 30 to 50 C, " sphero ida l 
s t a t e" develops, liquid no longer main ta ins contact 
with heating surface , and r a t e of heat t r an s f e r de
c r e a s e s for further i n c r e a s e in t e m p e r a t u r e dif
ference; data p resen ted to show significance of this 
effect in p rac t i ca l ranges for s eve ra l organic l iquids . 
Bibliography, (CA-31-8259-8) . 

416. Duch, G. 

CONTRIBUTION TO THE STUDY OF THE P H E 
NOMENON OF BOILING UNDER CONST.ANT P R E S 
SURE, J- Chim. Phys . 33, 414-26 (1936). 

F r o m a considera t ion of forces between two neigh
boring mols- when the re is a rup tu re in a "film" 
formed by m o l s . pulling out fronn the surface during 
boiling under const, p r e s s u r e , a r e l a t ion0 = (3/21T) 
(A/r) is obtained in which TT is the cen te red force of 
a t t rac t ion , A is the surface tension under the con
ditions set up and r is the mol . r ad ius , r is given 
approx. by the formula r = [(3/47rN)(M/D)]^^^ in 
which M is the mol . m a s s , D is the abs . d, and N the 
Avogadro-P lanck no. 0 s e e m s to have a nea r ly const . 
value of 2.7 x 10^ and the re fore a subst i tut ion of 
equations gives M = A^D.8 x 10"^. The product of 
0 b y the reduction f ac to ry , which is (log Tc- log T e ) / 
log Tc gives an expres s ion of the force of mol . 
a t t rac t ion 0 7 = f ( l / r ) . The graphic r ep re sen ta t ion 
of this gives a s t ra ight line which appea r s to con
verge for mos t org , compds . toward a nodal point 
of coordina tes (07)0 = 0.0854 and [ l / r ]o = 0 , 2 4 8 x 1 0 " ^ 
c .g . s . The change of 07 and l / r is a l inear function 
e x p r e s s e d by d07 - k | ( l / r ^ ) d r . A study of the "dy
namic" line of the benzene s e r i e s gives a re la t ion 
among surface tension, b.p, and c r i t . t emp, which 
is A / 7 = f = const . In this A a n d 7 have the values 
as before . Also for nnost org , g roups , a graphic 
r ep re sen ta t ion of A^g = f ( l / r ) gives a s e r i e s of 
s t ra ight l ines converging toward a new nodal point, 
P, of coord ina tes Ap = 14.3 and l / r p = 0.248, F o r 
homologs of an org . fannily A and l / r i n c r e a s e 
l inear ly and therefore the differential equation 
dA = -k2( l / r^)dr is obtained in which kj is a const , 
for the pa r t i cu la r substance cons ide red . Combining 
differential equations gives d A / d 0 7 - kj/kj = 
const . = kj . Values of D,.A, Tc, Te , l / r , 0 7 , 0 , 
7, A{ l / r ) ,A07 , ki, k;, kj and AA a r e given for 17 
org . compds . 

417- Dunn, P . S., and Vincent, A. D, 

STUDY OF HEAT TRANSFER FROM A HORIZONTAL 
METAL SURFACE TO BOILING LIQUID, Chem. Eng. 
M.S. T h e s i s , MIT (1931). 
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418- Dutkiewicz, R. K. 

PRELIMINARY STUDIES INTO BOILING HEAT 
TR-ANSFER, S. African Mech. Engr . 7, 231-4 
(Mar. 1958). 

Phenonnena assoc ia ted with heat t r ans fe r p r o c e s s 
from heating surface to l iquid, during boiling of 
liquid; exper iments dealing with effect of p r e - t r e a t -
ment of surface on boiling curve ; r e su l t s of photo
graphic t e s t s on boiling of water on platinum wi re . 

419. Edwards , D. K. 

THE ROLE OF INTERPHASE MASS TR-ANSFER IN 
THE MECHANISM OF NUCLEATE BOILING, M.S. 
Thes i s , U. of Calif. (Berkeley) (1956). 

420. Eggleton, P . and Kermack , W- O. 

BOILING AND BUBBLING. Chem. Produc t s 8, 75-80 
(1945). 

A discuss ion of the p rac t ica l impor tance of bubble 
formation, exptl . invest igat ions , superheat ing , 
theor ies of superheat ing and supe r sa tn . , significance 
of nuclei in bubble formation, and c r i t . vols . 

421. Faneuff, C. C , McLean, E. A., and 
S c h e r r e r , V. E. 

SURFACE BOILING. J . Appl. Phys . 23. 80-4 (1958). 

An exper iment is desc r ibed in which the growth of 
vapor bubbles at a surface is followed in detai l . 
Growth curves a r e obtained and shown to a g r e e , 
within exper imenta l e r r o r , with c u r r e n t theor ies of 
growth under idealized condit ions, provided an 
average superheat p resen t at the initiation of growth 
is used in the calculat ion. A c r i t e r ion is proposed to 
pe rmi t estinnation of a delayed tinne for vapor for
mation. The es t imated delays a r e found to be in 
quali tat ive ag reemen t with those nneasured. 

422. F a r b e r , E . A. 

FREE CONVECTION HEAT TR-ANSFER FROM 
ELECTRICALLY HEATED WIRES, J. App. Phys . ^ , 
1437 (1951). 

In this paper the author d i s cus se s the heat t r ans fe r 
by free convection from e lec t r i ca l ly heated wi res 
(copper and iron) to dist i l led water between freezing 
and boiling, to water boiling at atnnospheric condi
t ions and to air at room t e m p e r a t u r e . The wire s u r 
face t e m p e r a t u r e s needed for the heat t r ans fe r 
determinat ion are calculated fronn the theore t i ca l 
tennperature dis t r ibut ion in the wi re . The expe r i 
mental r e su l t s show maxinnum heat t r ans fe r r a t e s 
of about 2,200,000 B t u / h r , ft^ near freezing and 
450.000 Btu /h r , ft^ near boiling. Fo r boiling water , 
as the t e m p e r a t u r e difference between the wire s u r 
face and water is inc reased , the heat t r ans fe r co
efficient f i rs t i n c r e a s e s reaching a maximum, then 
d e c r e a s e s reaching a nninimum and i n c r e a s e s again 
(because of radiation) until the wire fails by mel t ing. 
Fo r copper the maximum film coefficient of 9100 
B tu /h r , ft^, °F is observed at 49 degrees t e m p e r a t u r e 
difference and the minimum of 136 Btu /h r , ft , "F, 
at a t e m p e r a t u r e difference of 690 degrees F . C o r 
responding values for iron a r e 12,300 Btu /h r , ft^, °F 
at a 33 degree t empe ra tu r e difference and 142 B tu /h r , 

ft , °F at a 620 degree difference. When a i r at room 
t e m p e r a t u r e su r rounds the wi re the heat t r a n s f e r 
coefficient for copper with an oxide film v a r i e s 
from 0 to 30 and for i ron from 0 to 26 B t u / h r , ft^, "F 
as the surface t e m p e r a t u r e of the w i r e s is r a i s e d 
until fa i lure o c c u r s . 

423. F o r s t e r , H, K,, and Zuber , N. 

DYNAMICS OF VAPOR BUBBLES AND BOILING 
HEAT TRANSFER, J. of AIChE, I, 531-5 , 
NSA-10-2698 (1955). 

Analyt ical exp re s s ions for bubble rad i i and growth 
r a t e s a r e applied in an ana lys i s of sur face boiling 
at high heat t r ans fe r r a t e s , It is shown that the 
product of bubble radius and radia l velocity is a 
constant , independent of the bubble r ad iu s . This 
c i r c u m s t a n c e p e r m i t s the formulat ion of a Reynolds 
number for the flow in the thin superhea ted liquid 
layer adjacent to the heating sur face . The resu l t 
of the ana lys i s is then applied to nnaximal heat 
t r ans fe r r a t e s in pool boiling. 

424. F o r s t e r , K. E, 

BOILING, Jet Propuls ion , 27, 1104-06 (1957). 

425. F o r s t e r , K- E, , and Greif, R. 

HEAT TRANSFER TO A BOILING LIQUID; MECH
ANISM AND CORRELATION, ASME Paper No. 58-
H T - U . Journal of Heat T rans fe r 8 i , 43-53 (1958). 

Various heat t r an s f e r m e c h a n i s m s , prev ious ly p r o 
posed, a r e analyzed in light of recen t e x p e r i m e n t s ; 
evidence p resen ted in favor of vapor- l iquid exchange 
mechan i sm and agains t widely accepted " m i c r o -
convection" mechanisnn; "Reynolds Analogy" for 
nucleate boiling p resen ted ; calculat ion of superheat 
at which liquid bulk velocity c e a s e s to contr ibute to 
heat flux; express ion for growth of vapor bubble in 
highly superheated liquid. 20 re f s , 

426. F o r s t e r , K, E, 

GROWTH OF A VAPOR-FILLED CAVITY NEAR A 
HEATING SURFACE AND SOME RELATED QUES
TIONS, Phys . of Fluids (USA), vol. 4_, No. 4, 448-55 
(Apr. 1961)-

The growth of a vapour bubble on a heat ing e lement 
i m m e r s e d in a liquid which is at sa tura t ion t e m p e r a 
tu re or subcooled far f rom the heat ing sur face but 
which is superheated nea r the heat ing sur face , is 
t r ea t ed as a p rob lem of heat conduction with evapora
tion on a boundary- The r e s u l t s show, in ag reemen t 
with exper iment , that in a liquid at sa tu ra t ion t e m 
pe ra tu r e the rad ius grows a s t'^^ at f i r s t (t is t ime) 
and as t ' * for t -* « ; for a subcooled liquid the 
radius as a function of t ime is given as an infinite 
s e r i e s in t e r m s of a quantity H, la ter identified with 
the th ickness of the the rma l boundary l aye r . Sev
e ra l re la t ions between boundary layer th ickness in 
a boiling liquid, max imum radius at tained by the 
cavity before col lapse and superhea t and subcooling 
a r e der ived and compared with exper iment . Fo r 
l a rge subcooling the boundary layer th ickness is 
shown to be about one-half (or l ess ) the s ize of the 
max imum rad ius . Phys ica l cons ide ra t ions conce rn 
ing the mechan i sm of heat t r a n s m i s s i o n to a boiling 
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l iquid lead to the definition of a heat diffusivity, the 
exchange diffusivity a* = M^ a, with M the d imen
s ion less ra t io of enthalpies of superhea ted liquid and 
of s a tu ra t ed vapour . The d imension of the thernnal 
boundary l aye r is shown to be the diffusion length 
for the exchange diffusivity. 

s i t e s . Fronn a c u r s o r y examinat ion of published data 
for five l iquids boiling from th ree different su r f aces 
it was a lso found that the population of ac t ive s i tes 
depends on surface t e m p e r a t u r e accord ing to the 
equation, N = N g e " ^ / ^ w, as expected f rom c l a s s i c a l 
nucleat ion theory . 

427. F r i t z , W., and Homann, F , 

TEMPERATURE DISTRIBUTION IN BOILING 
WATER, P h y s . Z e i t s . }!_> 873-8 (1936). 

Water is contained in a Cu cy l inder , having a highly 
ref lect ing C r - p l a t e d bot tom heated by an e lec t r i c 
h e a t e r . The cyl inder is c losed at the top except for 
a pipe leading to a condenser where the s t eam gen
e ra t ed is condensed and weighted- It is sur rounded 
by a steann jacket , and long tubes of Ge rman s i lve r , 
of different d i a m e t e r s can be fixed cen t ra l ly within 
it, so that they extend from just above the heat ing 
sur face , to well above the water sur face . The 
t e m p e r a t u r e can be m e a s u r e d , by means of ca l i 
b r a t ed t h e r m o c o u p l e s , within and outside this shie ld
ing cyl inder , in the s t e a m jacket , and at a number of 
other points of the appa ra tu s . One of these t h e r m o 
couples can be nnoved up and down the axis of the 
cy l inde r s , so that the t e m p e r a t u r e can be m e a s u r e d 
at all heights in the water column, and in the s t eam 
above it. The r e su l t s a r e e x p r e s s e d in ternns of the 
deviation from 100°C., and a r e said to be m e a s u r e d 
to 0.01°C. The tennpera ture dis t r ibut ion was de t e r 
mined for different loadings of the heat ing sur face , 
with a constant wa te r column; for different heights 
of colunnn, with constant hea te r loading; and for dif
ferent d i a m e t e r s of the inside shielding cyl inder . 
The r e s u l t s a r e given graphical ly , and a r e compared 
with the sa tura t ion cu rves co r respond ing to the 
hydros ta t ic p r e s s u r e at the different l eve l s . The 
m e a s u r e d t e m p e r a t u r e d is t r ibu t ion differs cons ide r 
ably from that ca lcu la ted from the p r e s s u r e in
c r e a s e . The only a g r e e m e n t is between the mean 
tennperature over the whole height of the column 
and the t e m p e r a t u r e co r respond ing to the hyd ro 
stat ic p r e s s u r e for half the height of the water co l 
umn, for different va lues of the column height. 

428. G a e r t n e r , R. F , 

DISTRIBUTION OF ACTIVE SITES IN THE NUCLE
ATE BOILING OF LIQUIDS, A.I .Ch.E, P r e p r i n t 5, 
New York (1962) 30 p. 

A s t a t i s t i ca l t r e a t m e n t is given of the only exist ing 
data for the spatial d i s t r ibu t ions of boiling nuc lea
tion s i tes on a copper su r face . The local densi ty 
of nucleat ion s i tes for boiling water containing d i s 
solved nickel s a l t s , at heat fluxes of 200,000, 294,000, 
and 317,000 Btu per h r . sq. ft., were found to fit a 
Poisson dis t r ibut ion quite well . The fract ion of the 
surface having a local act ive s i te population N in 
local a r e a s a is given by the equation, P^(Na) = 
[e-Na(Na)Na^(j^j^j,^ ^^^ jj^g d is t r ibut ion of n e a r e s t -
neighbor d i s t ances having a value betw_een S and 
S + dS by the equation, P(S) = 27rNS e '^ '^S ^S. This 
resu l t shows that the average d is tance between 
n e a r e s t - n e i g h b o r s i t e s is S - l / 2 N ' ^. It was con
cluded that "patchwise boi l ing," often observed on 
i so t rop ica l ly polished su r faces uniformly heated at 
low At, is not r ea l but is a v isual manifes ta t ion of a 
comple te ly random spat ia l d i s t r ibu t ion of act ive 

429. G a e r t n e r , R, F . , et a l . 

NOVEL METHOD FOR DETERMINING NUCLEATE 
BOILINGSITES,Chem, Eng. P rog . 55, 58-61 (Oct. 1959). 

To m e a s u r e the number of act ive bubble-produc ing 
s i tes in a boiling liquid a method of s imul taneous 
e lec t ropla t ing during boiling was developed which 
successful ly pe rmi t t ed counts of act ive s i t e s as 
dense as 1 1 30/sq. in. at 317,000 B t u / h r . per sq- ft. 
A random geomet r ica l d is t r ibut ion of act ive s i t e s 
was revea led by a photographic study of a n icke l -
plated heated surface , 

430. G a e r t n e r , R, F . , and Westwater , J. W, 

POPULATION OF ACTIVE SITES IN NUCLEATE 
BOILING HEAT TRANSFER, Chem. Eng. P r o g . 
Symp. S e r i e s , No. 30 56, 39 (I960), 

Counts of act ive bubble-producing s i t e s were de t e r 
mined throughout mos t of the nucleate region for a 
boiling liquid. An aqueous solution of nickel sa l t s 
containing 20% solids was boiled at a tmospher i c 
p r e s s u r e on a hor izonta l , flat, copper surface 2 in. 
in d iamete r in a 7 l / 2 in. ve s se l v/ith no forced con
vect ion. The technique for de te rmin ing active s i tes 
cons is ted of plating a thin layer of nickel on the 
copper surface during the boiling runs and s u b s e 
quently counting the number of pin holes in the p la te . 

The heat flux was var ied from 7680 to 5 35,000 B t u / 
(hr) (sq ft) and the At from 17.3° to 218,8°, Counts 
of act ive s i tes were obtained from zero to a max i 
m u m of l , 130 / sq in. at 317,000 Btu/{hr)(sq ft). A 
random geomet r i ca l d is t r ibut ion of act ive s i t e s was 
revea led by a photographic study of the n icke l -
plated heated sur face . Fo r this sys t em a l inear r e 
la t ionship between the nunnber of act ive s i tes and 
the heat flux, as suggested by Jakob, is nonexistent-
The heat flux was propor t iona l approximate ly to the 
square root of the number of s i t e s . Widely known 
theore t i ca l ana lyses for nuclea te-boi l ing heat t r a n s 
fer do not include the functionality in the la t te r 
m a n n e r . 

431. Gibbons. J. H., and G- Houghton, 

E F F E C T S OF SONIC VIBRATIONS ON BOILING, 
Chem. Eng. Sci. j_5, 146-8 (1961), 

Boiling of H2O from an i m m e r s e d , heated Pt wi re 
was m e a s u r e d with the wi re in a field of sonic v i 
b ra t ions at 20-2000 c y c l e s / s e c . The film coeff, is 
i n c r e a s e d substant ia l ly in c e r t a i n frequency ranges 
for nucleate boiling and nonboiling heat t r ans fe r and 
inc reased only mode ra t e ly in film boiling. 

432. Gi lmour , C. H. 

NUCLEATE BOILING - A CORRELATION, Chem. 
Eng. P r o g . , 54, 77-79,No. 10 (1958), 

The purpose of this paper is to p r e sen t an exp re s s ion 
for nucleate boiling which r e s e m b l e s those 
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express ions for sens ib le heat t r ans fe r and condens
ing and which is based on a new and sa t i s fac to ry c o r 
re la t ion of existing data. No new exper imenta l data 
a r e included in this co r r e l a t i on . 

433. Grady, J. 

POOL BOILING, MS T h e s i s , Columbia Univ. (1950). 

434. Griffith, P, 

THE DYNAMICS OF BUBBLES ON NUCLEATE 
BOILING, Sc. D. T h e s i s , Mech. Engrg .MIT (1956), 

435. Griffith. P . , and Wall is , J. D. 

THE ROLE OF SURFACE CONDITIONS IN NUCLE
ATE BOILING, P r e s e n t e d at 3rd Nat. Ht. T r a n s , 
Conf. ASME-AIChE, Aug. 1959, Chem. Eng, P rog , 
Symp. Ser ies 30, 56, 49-63 (I960). 

A study of nucleation from a single cavity indicates 
that cavity geomet ry is impor tant in two ways . The 
nnouth d iameter de t e rmines the superheat needed to 
init iate boiling, and its shape de te rmines its s tabi l i ty 
once boiling has begun. Contact angle is shown to be 
innportant in bubble nucleat ion p r i m a r i l y through its 
effect on cavity stabil i ty. Contact-angle m e a s u r e 
ments nnade on clean and paraff in-coated s t a in less 
s teel surfaces with water show that the contact angle 
v a r i e s between 20 and 110 deg. for tennpera tures 
from 20° to 170°C. On the bas i s of s ingle-cavi ty nu
cleat ion theory, it is proposed to c h a r a c t e r i z e the 
g ross nucleation p rope r t i e s of a given surface for 
all fluids under all conditions with a single group 
having the dimensions of length. Finally this 
cha rac te r i za t ion is shown exper imenta l ly to be 
adequate by boiling water , methanol , and ethanol 
on different copper surfaces finished with 3/0 
e m e r y and showing that the number of active cen
t e r s per unit a r e a is a function of this var iab le alone. 

436. Gunther, F . C . and Krei th, F . 

PHOTOGRAPHIC STUDY OF BUBBLE FORMATION 
IN HEAT TRANSFER TO SUBCOOLED WATER, 
J P L - P r o g . Rept-4-120 (1950), 29 p. 

A c lose -up photographic study of surface boiling in 
a subcooled pool of dist i l led water was under taken. 
The use of a stagnant pool of coolant isolated the 
bubble activity from the influence of forced convec
tion. An account is given of a study of mul t ip le- f lash 
photographic sequences of bubble growth-and-
coUapse cycles taken at heat fluxes ranging from 1 to 
4 Btu/(in.^)(sec). Resul ts of t e m p e r a t u r e m e a s u r e 
ments on and near the heating surface a r e p resen ted . 
Data on the inc rease of burnout hea t - t r ans f e r ra te 
resul t ing from increased subcooling show that a heat 
flux as high as 5 Btu/(in.^)(sec) can be t r a n s f e r r e d to 
a pool of dist i l led water subcooled 145°F below sa t 
ura t ion t e m p e r a t u r e . In a pool of water subcooled 
m o r e than 100°F to pe rmi t high h e a t - t r a n s f e r r a t e s , 
photographs c lear ly indicate a surface boiling a c 
tivity consist ing in a random dis t r ibut ion of ve ry 
smal l vapor bubbles which never detach from the 
heating surface , but grow and collapse h e m i s p h e r -
ically at frequencies higher than 1000 cps . The 
growth-and-co l lapse cycling of bubbles exci tes 

microconvec t ion in the sublayer ; this m i c r o c o n v e c -
tion appea r s to be the dominant t r a n s p o r t m e c h a 
n i sm for high heat fluxes obse rved with sur face 
boiling, 12 r e f e r e n c e s . 

437. Han, Chi-Yeh, and Griffith, P . 

THE MECHANISM OF HEAT TRANSFER IN NU
CLEATE POOL BOILING, Technica l Repor t No. 19, 
NP-11491 (1962), 81 p. 

A c r i t e r i o n is developed for bubble ini t iat ion from a 
gas-f i l led cavity on a sur face in contact with a supe r 
heated layer of liquid. It is found that the t e m p e r a 
tu re of bubble initiation on a given surface is a 
function of the t e m p e r a t u r e conditions in the liquid 
sur rounding the cavity as well as the sur face p r o p e r 
t ies t h e m s e l v e s . It is a lso found that the delay tinne 
between bubbles is a function of the bulk liquid t e m 
p e r a t u r e and the wall superhea t and is not constant 
for a given sur face . By cons idera t ion of the t r a n 
sient conduction into a layer of liquid on the sur face , 
a t h e r m a l layer th ickness is obtained. With this 
th ickness and a c r i t i ca l wall superhea t re la t ion for 
the cavity, a bubble growth ra te is obtained. Bubble 
depa r tu re is cons idered and it is found that the 
Jakob and F r i t z re la t ion works as long as the t rue 
(non-equil ibr ium) bubble contact angle is used . The 
effect on the depa r tu re s ize of the v i r tua l m a s s in 
the surrounding liquid is found to be negligible at 
one gravi ty . That i s , at one gravi ty the p r i m a r y 
effect of bubble growth veloci ty on bubble depa r tu re 
s ize is found to be due to contact angle changes . 
The initiation, growth, and depa r tu re c r i t e r i o n s a r e 
each experinnentally and individually checked. They 
a r e then used to compute the heat t r ans fe r near the 
knee of the boiling curve using only an experinnental 
de terminat ion of the number of bubbles as a function 
of wall superheat and other known quant i t ies . F in 
ally the q vs . T ^ - Tg^̂ t- r e la t ion is computed and 
m e a s u r e d and connpared. The compar i son is 
sa t i s fac tory . 

438. Has lam, F , 

A STUDY OF THE MECH-ANISM OF BOILING. Ph-D. 
Thes i s , London (1956), 

439- Hayashi , S,, et a l . 

EXPERIMENTAL STUDY OF "THE TEMPERATURE 
OVERSHOOT AND THE DELAY TIME OF THE 
TRANSIENT BOILING, J, Atomic Energy Soc. 
Japan, _2, 736-41 (1960)(In Japanese ) . 

In o rde r to study the t r ans i en t nucleate boiling on the 
fuel plate surface of a light water cooled and mode r 
ated reac to r when a sudden l a rge reac t iv i ty is given 
to it, a fundamental experinnent was made by means 
of stepped e l ec t r i ca l heating of me ta l foil located in 
stagnant water under a tmospher i c p r e s s u r e . F r o m 
these s tudies , it is unders tood that the t e m p e r a t u r e 
overshoot of the meta l sur face from the sa tu ra t ion 
t e m p e r a t u r e of water and the delay t ime between 
passage of sa tu ra t ion t e m p e r a t u r e and the beginning 
of boiling, may, r e g a r d l e s s of the degree of sub
cooling, be pred ic ted in t e r m s of the t e m p e r a t u r e 
r is ing velocity of the meta l su r face . With these 
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r e s u l t s , it is poss ib le to m a k e a p r e c i s e ana lys i s of 
the light water cooled and m o d e r a t e d r e a c t o r k inet ics 
in case of the power excurs ion . 

440. Hi rano , F . . and Nishikawa, K. 

THEORETICAL INVESTIGATION OF HEAT TRANS
F E R BY NUCLEATE BOILING, T r a n s . Soc. Mech. 
E n g r s . Japan 18, No. 72, 23-26 (Aug. 1952)(ln 
Japanese ) , 

Authors a s s u m e that the ma in dr iving force of con
vect ion at the s tage of nuclea te boiling is the change 
of apparent densi ty due to r i s ing bubbles , and i n t ro 
duce an equivalent Grashof number due to this ef
fect, in p lace of the usua l Grashof nunnber, into 
the h e a t - t r a n s f e r fornnula for free convection. They 
then show that Nusse l t number is propor t iona l to 
n , where n is the number of nuclei of s t eam bub
bles gene ra ted on the hor izonta l heat ing sur face . 
This fact was prev ious ly found exper imenta l ly by 
the sanne au tho r s as one of the factors which de
t e r m i n e n, the effect of contaminat ion of the surface 
is d i s cus sed . 

441. Hi rano , F . , and Nishikawa, K. 

TIME VARIATION OF NUCLEATE BOILING HEAT 
TRANSFER OF WATER, Bull . JSME _2, 370-75 
(Aug. 1959). 

Experinnents a r e de sc r i bed in which water is boiled 
at a tmospher i c p r e s s u r e from regu la r ly grooved 
su r f aces . A p a r a m e t e r C is defined by 

C = aR/Ae^ 

where a is the coefficient of heat t r a n s f e r . R the 
rad ius of the heat ing sur face and A0 the t e m p e r a t u r e 
difference between heat ing sur face and boiling liquid. 
This is taken to be a m e a s u r e for the "bubble fo rma
tion abil i ty" and the change of its value with t ime is 
found to be of the na tu re of an exponential decay. 
Small amounts of fatty ac ids given by C^H^nOz where 
the integer n v a r i e s between 6 and 18 a r e rubbed into 
the surface and it i s found that the initial value of C, 
v a r i e s in a regu la r fashion with n c losely para l le l ing 
the dependence of the contact potential with n, while 
the exponent of t ime decay r e m a i n s unchanged, and is 
also independent of heat flux, surface quality and 
p r e s e n c e of solute , un less sca le deposi ts a r e p r o 
duced. Authors conclude that the t ime var ia t ion of 
C, is caused by desorp t ion of adsorbed gas f rom the 
freshly polished heat ing surface into the liquid. 

442. Hogan, J . M., and Boyd. L. R, 

JOINT BETTIS-KAPL NUCLEATE BOILING D E T E C 
TION EQUIPMENT, WAPD-168 (1957), 32 p. 

Three methods for detect ion of nucleate boiling were 
proposed and t es ted . These were (1) a hydrophone 
mounted inside the water space downs t r eam of the 
boiling a r e a for pass ive l i s tening to identify any 
sound c h a r a c t e r i s t i c of boiling, (2) an ex te rna l a c -
c e l e r o m e t e r r igidly connected to the hea te r (through 
a low- impedance seal) to study hea te r v ibra t ions 
c h a r a c t e r i s t i c of boil ing, and (3) a r e c e i v e r hydro
phone downs t r eam of the boiling a r e a to m e a s u r e the 
at tenuat ion of sound from an u p s t r e a m input 

hydrophone as the sound p a s s e s through the boiling 
a r e a . The conclusions reached as a r esu l t of these 
t e s t s a r e that (1) pass ive l is tening with a single 
in te rna l hydrophone or a c c e l e r o m e t e r is not feas ib le , 
although some s m a l l - s c a l e a c c e l e r o m e t e r indicat ions 
obtained at 800 ps i , 350°F, and 5 fps velocity might 
be improved, and (2) the at tenuation method does 
show p r o m i s e for a sys tem of boiling detect ion but 
may have major difficulties as far a s use in a r e 
ac tor sy s t em is concerned . However , only one 
valid attenuation tes t was run before a hydrophone 
failed; additional tes t ing would be n e c e s s a r y to 
fully evaluate the t r a n s m i s s i o n nnethod. In addition, 
it is concluded that the p r e sen t expe r imen ta l hyd ro 
phone design is inadequate under these s imula ted 
r eac to r conditions and that boiling detect ion by 
sonic methods in a r e a c t o r would involve an ex
tens ive t r a n s d u c e r development and applicat ion 
p r o g r a m . 

443. Holt, V. E, 

AN EXPERIMENT-AL INVESTIGATION OF HIGH-
FLUX FREE CONVECTION HEAT TRANSFER TO 
WATER UP TO NEAR-CRITICAL CONDITIONS, 
ANL-6400 (1961), 113 p. 

The pr innary purpose of this invest igat ion was to 
i nc r ea se the basic knowledge of nucleate and film 
boiling heat t r ans fe r to fluids up to the i r c r i t i ca l 
p r e s s u r e s . 

An extensive l i t e r a t u r e survey of the subject indi
cated a s ca rc i t y of consis tent data and an absence of 
proven methods for ana lys i s . This si tuation led to 
the design and cons t ruc t ion of exper imenta l appara tus 
suitable for m e a s u r i n g r a t e s of free convection heat 
t r ans fe r and assoc ia ted t e m p e r a t u r e differences for 
fluid conditions up to 4000 psi and 800 F , with p r o 
vision for visual observa t ion . 

The appara tus incorpora ted a s t a in less s teel s y s 
t em for containing the fluid. Ten-nn i l -d iamete r 
cyl indr ical and j in.-high v e r t i c a l - p l a t e platinunn 
tes t sect ions were placed in the fluid inside a p r e s 
sure v e s s e l . 5 in. in inside dianneter and 21 in. high. 
The p r e s s u r e and t e m p e r a t u r e of the fluid env i ron
ment were control led by cons tan t -volume heat ing of 
the fluid in the p r e s s u r e ves se l with aid of seven 
zones of radiant guard h e a t e r s located between the 
ex te rna l wall of the p r e s s u r e v e s s e l and the insu la 
tion- Each of these zones was control led by a 
d i f f e ren t i a l - the rmocoup le - sensed c i rcu i t that au to
mat ica l ly kept the p r e s s u r e ves se l at a p r e s c r i b e d 
uniform t e m p e r a t u r e -
Fluid p r e s s u r e was m e a s u r e d with a dead-weight 
t e s t e r and a 0-4000-ps i Heise gauge. Fluid t e m 
p e r a t u r e was m e a s u r e d with a ca l ib ra ted r e s i s t a n c e 
t h e r m o m e t e r and Mueller b r idge , pu rchased s p e 
cifically for that pu rpose . The heat flux in the tes t 
sect ion was obtained from e l ec t r i c a l m e a s u r e 
men t s of the d i r ec t c u r r e n t power supplied for 
Joule heat ing. The t e m p e r a t u r e of the tes t sect ion 
was m e a s u r e d by means of a r e s i s t ance 
the rmonne te r . 

The systenn was outgassed and filled under a vacuum 
with water that was deionized, degassed , and deion-
ized again. The quality of the water was mainta ined 
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during an exper iment with the aid of a t h e r m a l - s i p h o n 
deionizing loop which was connected to the s y s t e m . 

The r e su l t s were tabulated and plotted in t e r m s of 
heat flux and tennperature difference between the 
heated surface and the bulk fluid (water) . Nucleate 
boiling re su l t s a r e included for p r e s s u r e s of 14.7, 
1300, 2400, 2800, 2900, 3000_̂ , 3100, 3150, and 3180 ps ia . 
Resul ts also included for free convection to water 
at p r e s s u r e s of 3200, 3250. 3300, 3400, 3625, and 
3925 psia . The nucleate and film boiling r e su l t s 
were co r r e l a t ed and connpared with other data. At 
a pa r t i cu la r nucleate boiling heat flux, the heat 
t r ans fe r coefficient was observed to i nc r ea se with 
p r e s s u r e up to about 2800 psia . The c h a r a c t e r i s t i c s 
assoc ia ted with t rans i t ion film boiling vanished above 
the c r i t i ca l p r e s s u r e according to the plotted r e su l t s 
and the exper imenta l behavior . In fact, for p r e s 
su re s above the c r i t i ca l , a t rend toward the c h a r a c 
t e r i s t i c s assoc ia ted with s ingle-phase free convec
tion to a cons tan t -p roper ty fluid was observed . A 
l a rge convective flow of the fluid and la rge densi ty 
gradients accompanied by cons iderable optical d i s 
to r t ion were observed within ±400 psi of the c r i t i ca l 
p r e s s u r e . Near the c r i t i ca l p r e s s u r e , shee ts of 
fluid appeared to be pass ing the field of observat ion. 

444. Howells , E a r l 

CS-2 NUCLEATE BOILING TEST, BW-5433 (1957), 
27 p-

When co r ro s ion products from a carbon s teel sys t em 
deposit on Z i rca loy-2 heat t r ans fe r sur faces sub
jected to nonboiling and nucleate boiling water , no 
significant dec rea se in the o v e r - a l l heat t r ans fe r 
coefficient occurs in 2800 hr under the tes t condi
t ions used in this p rogram- P r e s s u r i z e d water 
heated to about 600°F will r eac t with Z i rca loy-2 to 
form zirconium hydride- More hydride is formed 
when a nucleate boiling condition ex i s t s . These 
t e s t s indicate that carbon s teel can be used in place 
of s ta in less s teels to fabr icate sonne components of 
a p r e s s u r i z e d water r eac to r sys tem without fear of 
blocking flow passages or causing overheat ing of fuel 
e lements due to dec rea se in the ove r -a l l heat t r a n s 
fer coefficient providing the coolant water has a 
pH of 10. Mate r i a l s will preferent ia l ly deposit on 
heat t r ans fe r surfaces where nucleate boiling o c c u r s . 

445. Howells, E. and Ferguson , K. M. 

CS-2 NUCLEATE BOILING TEST, BW-5429 (1957), 
52 p. 

The objective of this work was to de te rmine if c o r r o 
sion products from a carbon steel sys t em would de
posit on Z i rca loy-2 heat t r ans fe r surfaces in 
sufficient quantity to cause measu rab l e changes in 
heat t r ans fe r r e s i s t a n c e . The effect of non-boiling 
and nucleate boiling water was investigated with r e 
spect to both the deposition of co r ros ion products 
and secondar i ly , the co r ros ion of Zi rca loy 2 itself. 

446, Hsu, S, T, , and Schmidt, F . W. 

MEASURED VARIATIONS IN LOCAL SURFACE 
TEMPERATURES IN POOL BOILING OF WATER, 
J. Heat T r a n s f e r 83, Se r i e s C, 254-260 (1961). 

An invest igat ion of the sur face t emp, var ia t ion dur 
ing nucleate pool boi l ingat a tmosphe r i c p r e s s u r e 
was conducted. The effect of sur face t ennpera tu re , 
heat flux, and heating surface nnater ial was inves t i 
gated. The tennp. var ia t ion of the sur face was found 
by a specia l ly fabr icated the rmocoup le placed in con
tact with it. The average m a x i m u m tennp. var ia t ion 
may be found fronn the following equation: 

^avg I :[q(f/a)' 
qAT^ 

The exponent a is a function of sur face roughness . 
The r a t e of heat flow was denoted by q in B t u / 
sq ft h r , a the the rma l diffusivity in sq f t / h r , f the 
frequency of va r i a t ions in cphr , k the t h e r m a l con
ductivity in B tu / f t - h r -deg F , and ATg^^j,_g^^ the 
tennp. difference between the heating sur face and the 
sa tura t ion temp, of the wa te r . The coefficient c and 
exponent a were de te rmined exper imen ta l ly for v a r i 
ous hea t ing-su r face m a t e r i a l s and sur face f in ishes . 

447. Hughmark . G, A. 

A STATISTICAL ANALYSIS OF NUCLEATE-POOL-
BOILING DATA, Int, J, Heat Mass T r a n s f e r , 5, 
p 667-672 (1962), 

Nucleate pool boiling expe r imen ta l data have been 
analyzed with a s t a t i s t i ca l technique to obtain an 
eight va r iab le equation for the heat flux. The 
dimensional der ived equation c o n s i d e r s only the 
thermodynamic p rope r t i e s of the liquid and vapour 
and neglects the effects of the surface condition, 
the geomet ry and or ienta t ion. The equation has no 
theore t ica l just if ication but it does indicate the 
best ag reemen t with the exper imenta l data that can 
be obtained when only the the rmodynamic p rope r t i e s 
a r e cons idered as products of powers , An average 
absolute deviation of 40 per cent is obtained between 
exper imenta l and pred ic ted heat flux for a range of 
m a t e r i a l s fronn boiling hydrogen to boiling m e r c u r y . 

448. Ishigai , S., et al , 

BOILING HEAT TRANSFER FROM A FLAT SUR
FACE FACING DOWNWARD, Internat ional De
velopments in Heat T r a n s f e r , P a r t II. A.S.M,E, , N. Y. 
P 224-9 (1961). 

Pool boiling from a downward facing surface was ex
per imenta l ly studied by heating the top of a copper 
rod whose bottom end was i m m e r s e d in water and 
served as the heating sur face . The curve obtained 
by plotting the heat flux agains t the t e m p e r a t u r e dif
ference was in many ways s imi l a r to the cu rve for 
the boiling from e l ec t r i ca l ly heated w i r e s . The be 
havior of the fluid on the heating surface was 
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o b s e r v e d and photographed, Up to the burnout l imi t , 
the hea t ing surface did not en t i re ly d ry out in spite 
of the p r e s e n c e of s t e a m blanket because at l eas t 
a pa r t of the sur face was in te rmi t t en t ly swept by 
water when the s t e a m blanket left the heat ing sur face 
to escape into the a t m o s p h e r e . After the burnout 
linnit was reached , the heat ing sur face was com
pletely dr ied in spite of the violent motion of the 
bubbles ennerging from the pe r s i s t i ng s t e a m blanket, 

449. Jakob, M., and L m k e , W. 

HEAT TRANSFER FROM A HORIZONTAL PLATE 
TO BOILING WATER. Forsch - Gebiete Ingenieurw, 
4, 75-81 (Mar -Apr 1933). 

Quali tat ive and quanti tat ive invest igat ion of heat 
t r ans fe r from hor izonta l plate to boiling wa te r . 

450. J icha , J . J . , and Lennanski, E . J . 

NUCLEATE BOILING (LITERATURE SEARCH), 
MND-1062-I (Rev.) (1958), 56 p. 

The m e c h a n i s m of boil ing heat t r an s f e r is desc r ibed 
including the effects of va r ious liquid condi t ions. 
F o r c e d convection and nucleate boiling heat t r an s f e r 
a r e cons ide red in addit ion to par t i a l film boil ing. 
Equat ions a r e p re sen ted for va r ious p r e s s u r e 
r a n g e s , flow r a t e s , and heat ing e lement geomet r i e s 
from which boiling locat ions can be p red ic ted . Also 
included is a l is t ing of equations which define condi
tions under which burnout would occur . Some of the 
m o r e impor tan t v a r i a b l e s and the i r effect on nucleate 
boiling and burnout a r e d i scussed , and a g lo s sa ry of 
boiling heat t r an s f e r t e r m s is included. 
210 r e f e r e n c e s . 

451. J icha , J. J,, and F r a n k , S. 

AN EXPERIMENTAL LOCAL BOILING HEAT-
TR.ANSFER AND PRESSURE-DROP STUDY OF A 
ROUND TUBE, Amer i can Society of Mechanical 
Eng inee r s , P r e p r i n t Pape r No, 62-HT-48 (1962), 
20 p. 

Local boiling h e a t - t r a n s f e r and p r e s s u r e - d r o p data 
were obtained for a tubular t es t sect ion. The 
s t a i n l e s s - s t e e l t es t sect ion was 30 in, long and had 
a 0,416-in. ID. Fif teen wall the rmocouples and five 
p r e s s u r e - d r o p incrennents were employed to secure 
the data over the following range of p a r a m e t e r s : 
sy s t em p r e s s u r e at 800, 1100, 1300 and 1500 ps ia ; 
flow r a t e at 1.2 x 9.0 gpm; and heat flux at 0.1 x 10 
to 1.3 X 10* B t u / h r ft^. The p r e s s u r e - d r o p data were 
c o r r e l a t e d using an equation of the form f/f^go = 
a + bj + c (Re). The p r e s s u r e - d e p e n d e n t constants a, 
b , and c were es tab l i shed by a l e a s t - s q u a r e fit of the 
data at each p r e s s u r e . The l inear i ty of the equation 
was verif ied by the computat ion of mul t iple c o r r e l a 
tion coefficients which ranged from 0.82 to 0.93. 
Calcula ted s tandard deviat ions ranged from 0.152 to 
0,201. The equation developed was applied with fair 
s u c c e s s to the data of other invest igat ions obtained at 
P rand t l n u m b e r s , p r e s s u r e s , and heat fluxes different 
from those of th is study. 

452, Johnson, H. A, 

TEMPERATURE VARIATION, HEAT TRANSFER, 
AND VOID VOLUME DEVELOPMENT IN THE 
TRANSIENT ATMOSPHERIC BOILING WATER, 
SAN-1001 (1961), 227 p. 

Exper imen ta l de te rmina t ions of sur face t ennpera tu re , 
and the volume of vapor produced a r e given for the 
a tmosphe r i c pool boiling of wa te r on meta l l i c r i b 
bons in which energy is uniformly genera ted at an 
exponential ly inc reas ing ra te in tinne. The sub
cooling of the pool was va r i ed between 2 and 112 F 
and the per iod of the t r ans ien t pulse ranges between 
5 and 80 mi l l i s econds . These conditions a r e typica l 
of those in a nuc lear r e a c t o r exper iencing a p r o m p t -
c r i t i c a l excurs ion . The effects of t h e r m a l capaci ty 
of the r ibbon and or ienta t ion of the heat ing sur face 
were a lso studied. These r e s u l t s exhibited decided 
t rends although, since the sys tem was ex t r eme ly 
sens i t ive to minor randonn v a r i a t i o n s , they were 
reproducib le only within l imi t s that were n e c e s s a r i l y 
broad . No genera l co r re l a t ions were formed, but a 
method for predic t ing the ra te of vapor volume de
velopment was devised and applied with some s u c c e s s 
in the case of sa tu ra ted t r ans i en t boil ing. The ef
fects of p r e s s u r e and veloci ty a r e p resen t ly being 
studied. 

45 3, Johnson, H. A., et a l . 

TR.ANSIENT POOL BOILING OF WATER AT 
ATMOSPHERIC PRESSURE, p. 244-54 of " In te rna
tional Developnnents in Heat T r a n s f e r , P a r t II." 
New York, The Amer i can Society of Mechanical 
E n g i n e e r s . 1961. 

Expe r imen ta l values of surface t e m p e r a t u r e and the 
volume of vapor produced a r e given for the atnnos
pher ic pool boiling of wa te r on me ta l r ibbons in 
which energy is uniformly genera ted at an exponen
t ia l ly inc reas ing r a t e . The subcooling of the pool 
was va r i ed between 2 and 112°F and the per iod of the 
t r ans i en t pulse ranged between 5 and 80 nnilUseconds. 
These conditions a r e typical of those in a nuc lear 
r e a c t o r exper iencing a p r o m p t - c r i t i c a l excurs ion . 
The r e su l t s exhibited decided t r e n d s . They were 
reproducib le only within broad l i m i t s , however , 
s ince the sys tem is extrennely sens i t ive to minor 
random va r i a t ions . No genera l c o r r e l a t i o n s were 
formed, but a nnethod for predic t ing the r a t e of 
vapor volume development was devised and applied 
with some success in the c a s e of sa tu ra t ed t r ans i en t 
boiling, 

454. Jontz, P- D., and M y e r s , J, E. 

THE E F F E C T OF DYNAMIC SURFACE TENSION ON 
NUCLEATE BOILING COEFFICIENTS, A.I .Ch,E. J o u r 
nal , 6, 34-38 (1960). 

Ai r -bubble and boiling invest igat ions were pe r fo rm ed 
with aqueous solutions of de te rgen ts known as T e r g i -
tol and Aerosol ; boiling coefficients of T e r g i t o l -
Water solution were found to va ry i nve r se ly with 
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dynamic surface tension; for Aerosol -Water solu
t ions , coefficients va r i ed in manner which could not 
be re la ted to sur face- tens ion effects. 

455. Katz, K,, E s p e r , R. T. , and Hopkins, W. E . , J r . 

NUCLEATE BOILING DETECTION TECHNIQUES, 
WAPD-T-588 (1957), 25 p. 

Severa l non-visual nnethods used for the detect ion of 
s t eady-s ta te local boiling a r e d i scussed in detai l . In 
addition, an audio detect ion technique which appears 
technical ly feasible but has not been fully developed, 
is desc r ibed brief ly. 

456. Krei th, F . , and Fous t , A. S. 

REMARKS ON MECHANISM AND STABILITY OF 
SURFACE-BOILING HEAT TRANSFER, Am. Soc. 
Mech. Eng r s - Paper n 54 - A-146 for meet ing 
Nov 28-Dec 3, 1954, 10 p. 

Recent theor i e s of nucleate boiling a r e c r i t i ca l ly 
analyzed with r ega rd to thei r range of applicabil i ty; 
new c r i t e r i a for s tabi l i ty linnits of boiling heat t r a n s 
fer a r e suggested. 

457. Kutateladze, S. S. 

HYDRODYNAMIC THEORY OF THE CHANGE OF 
STATE ON BOILING A LIQUID UNDER CONDITIONS 
OF FREE CONVECTION, Trans la t ed from: Izvest . 
Akad. Nauk SSR, Otdel. Tekh. Nauk 529 (1951) -AEC 
T r a n s . 1441, (1951), 14 p. 

458. Kutateladze, S. S., and Moskvichevia, V. N. 

HYDRODYNAMICS OF A TWO COMPONENT LAYER 
AS RELATED TO THE THEORY OF CRISES IN THE 
PROCESS OF BOILING, Soviet Phys ic s , Technical 
Phys i c s , 4, 1037-40 (1959)-

The paper gives some data on the bubbling of a liquid 
through another liquid. It is found that the change in 
the hydrodynamic s t r uc tu r e of a two-component layer 
is de te rmined by the same d imens ion less p a r a m e t e r s 
as in the t r ans i t ion from bubbling to pel l icular 
boiling. 

The p resence of complex changes in the s t ruc tu re of 
a two-connponent layer is definitely es tabl ished. 

459. Kutateladze, S. S. 

BOILING HEAT TRANSFER, Intern. J, Heat Mass 
T r a n s f e r , 4, 31-45 (1961), 

The problems of heat t r ans fe r with nucleate boiling 
a r e d i scussed to general ize the exptl . r e s u l t s . The 
intensity of heat t r ans fe r with nucleate boiling is 
conditioned by the in terac t ion of convection, connect
ed with the d i rec ted motion of the whole flow of a 
liquid, and local convection, caused by the or igin, 
growth, and r i s e of vapor bubbles . The la t te r p roc 
e s s is of decis ive impor tance at sufficiently high flux 
ds . The probabil i ty of the crea t ion of a vapor phase 
in a superheated liquid is proport ional to exp ( l / -
(At) ). Consequently, the vapor bubbles should r i se 
just near the heating surface where the superheat ing 
of the liquid is g rea tes t in compar i son with the satn. 
t emp, above the sur face . The growth of a vapor 
bubble is connected with the d. of the heat flow on a 
bubble surface . The t rans i t ion from nucleate to film 

boiling is cons idered to be a specific p r o c e s s , the 
b a s i s of which involves the loss of the s tabi l i ty of 
s t r uc tu r e of a 2-phase boundary l aye r . The r i s e of 
t emp, caused by the d e c r e a s e of the hea t t r an s f e r 
coeff. leads to a fur ther development and d is t r ibu t ion 
of film boiling over the heating sur face . The in
fluence of the d i rec ted convection c h a r a c t e r i z e d by 
the "d. d i sp lacement" veloci ty and vapor content of 
the flow on the in tensi ty of heat t r an s f e r with nu
cleate boiling depends both on the d. of the heat 
flux and the phys. p r o p e r t i e s of the boiling liquid. 
With nucleate boiling the flow r a t e has l i t t le influence 
on the heat t r ans fe r coeff. at high p r e s s u r e and high 
heat flux. At low p r e s s u r e s and nnoderate heat flux 
this influence may be impor tan t . A sy s t em of differ
ential equations for a nucleate boiling p r o c e s s was 
formulated and ra t ional sy s t em of c r i t e r i a c h a r a c 
te r iz ing it was developed, proceeding from the 
hypothesis on the hydrodynannic na ture of c r i s e s in 
the boiling nnechanism. (CA-62-163541) 

460. Lance , R, P , , and M y e r s , J. E . 

LOCAL BOILING COEFFICIENTS ON A HORIZON
TAL TUBE. AIChE Journa l , 4, 75-80 (1958), 

Local boiling h e a t - t r a n s f e r coeffs. we re dtd. by expt. 
for nucleate boiling around the outer c i r cumfe rence 
of hor izonta l Cu tubing. The tubes used were of 
16 B.W.G. h a r d - t e m p e r Cu with outside d iams of 1 j 
and 2 in,; the liquids boiled were MeOH and hexane. 
The max , pe r iphe ra l va r i a t ion o c c u r r e d with the 
I-^ in. tube in MeOH where an overa l l T of 30.2"F 
gave local outside coeffs. varying between 249 and 
548 Btu/ (hr ) (sq ft)(°F) The min . var ia t ion occu r r ed 
in the same sys t em, in which an overa l l T of 72.3°F 
gave coeffs. varying between 856 and 910 Btu / (hr ) 
(sq ft)(°F). The r e s u l t s , plotted in polar coord ina tes , 
showed a cardioid configuration for MeOH, with the 
nnax, coeffs. occur r ing at the bottom of the tube. 
The hexane r e su l t s had the genera l shape of hor izon
tal e l l ipses , with nnax. coeffs. occu r r ing at the sides 
of the tube, 

461. La r son , R. F . 

FACTORS AFFECTING BOILING IN A LIQUID, Ind, 
Eng. Chem 37, 1004-09 (1945). 

The phenomena of liquid superhea t and of nucleate 
and film boiling in connection with heat t r an s f e r a r e 
reviewed. On the bas i s of wettabil i ty or interfacial 
free adhesion energy, a theory for the solid ebuUator 
is evolved. An appara tus to t es t the theory is de
scr ibed , and var ious sol ids a r e tes ted for the 
ebullition proper ty , 

462. La r son , R. F , 

FACTORS THAT INFLUENCE HEAT TRANSFER IN 
BOILING, C F - 5 2 - 8 - 1 7 8 (1952), 56 p. 

The at tack upon the p rob lem of how heat is t r a n s 
fe r red from a heated surface upon which a liquid is 
boiling has followed conventional and t rad i t ional 
l ines set up by fluid film and convective flow theory. 
The use of the usual pa ranne te r s has been only p a r 
tially successful in c o r r e l a t i o n and predic t ion of 
boiling coefficients. A be t te r unders tanding and a 
recognit ion of the mechan i sm involved is needed. 
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This a r t i c l e drawn from nunnerous s o u r c e s and ob
se rva t ions is an a t tempt to desc r ibe the m e c h a n i s m 
and to indicate the d i rec t ion in which effort should 
be expended. 

463. Layman , D, C. 

HEAT TRANSFER TEST PROGRAM EVALUATION 
FLOW STABILITY IN NUCLEATE SURFACE BOIL
ING, K A P L - M - S A R - R E S 2 (1955). 7 p. 

The need for data pe rmi t t ing an evaluat ion of cool
ant flow d i s tu rbances in the Submarine advanced r e 
ac tor c o r e due to nucleate sur face boiling is 
d i s cus sed . 

464. Levy. S. 

GENERALIZED CORRELATION OF BOILING OF 
HEAT TRANSFER, ASME T r a n s . J, of Heat 
T rans fe r , 8_I, 37-42 (1959)-

A genera l i zed equation to desc r ibe sur face boiling of 
l iquids i s der ived. The expres s ion which c o r r e l a t e d 
all fluid independently of p r e s s u r e and heating 
surface-f lu id combinat ion is 

kLCLPL 1 (AT) 3 
A O T S ( P L - P V ) B^^ 

The form of the re la t ion was obtained from a sinnpli-
fied model of heat t r a n s f e r to the bubbles c lose to 
the heated sur face . The coefficient B . , de te rmined 
empi r ica l ly was found to be a function only of the 
product ^v^fe ^"^^ ^^ shown in F ig . 4. 
Good ag reemen t be tween t e s t r e s u l t s and the der ived 
equation was obtained for pool boiling and nucleate 
boiling heat t r an s f e r of subcooled and vapor -
containing l iquids . 

465. L i e b e r m a n , E, , and Hopkins, W, E. 

PROGRAM FOR THE INVESTIGATION OF CORRO
SION AND CRUD DEPOSITION UNDER NUCLEATE 
BOILING, WAPD-AlW(PCh)-69-

466- McAdams, W. H., et a l . 

HEAT TRANSFER FROM SINGLE HORIZONTAL 
WIRES TO BOILING WATER, Chem. Eng. P rog . , 44, 
639-646 (1948). 

H e a t - t r a n s f e r data were obtained for water boiling at 
1 a tm. on e l ec t r i ca l ly heated hor izonta l Pt wi res 
ranging in d iam. f rom 0.004 to 0.024 in. The Pt 
se rved both as the h e a t - t r a n s f e r surface and as a 
r e s i s t ance t h e r m o m e t e r . By use of Pt potential taps 
of smal l d iam. the c e n t r a l por t ion of the hea t -
t r ans fe r wi re was i so la ted a s a t es t sect ion; this 
m in imizes end effects . Contaminat ion due to e l e c 
t r o l y s i s was avoided by us ing a spec ia l neg. e lec t rode 
for deposi t ion of me ta l l i c ions . A spec ia l technique 
was developed for obtaining uniform film boiling and 
avoiding burnout of the w i re . Fo r At from 4 to lO'^F, 
the r e s u l t s were roughly equal to those p red ic ted for 
na tu ra l convect ion. F o r At f rom 1 7 to 42°F, the d. of 
heat flux r o s e rapidly with i n c r e a s e in At, reach ing a 
peak value of 380,000 Btu/(hr . ) (sq , f t . ) independent of 
wire d iam. , except for the sma l l e s t wi re which gave 
210 000. F o r At from 1350 to 2550°F, the convect ion 

coeffs. of heat t r ans fe r through the vapor film ranged 
from 110 to 310. The l a r g e s t flux d, was obtained 
with the s ma l l e s t wire (580,000 at At of 2340''F), and 
was 2.8 t i m e s the peak d. for this 0.004-in. w i r e . In 
the range of nucleate boiling, exp lo ra to ry runs with a 
d i r ty 0,01 I7- in . Pt wi re showed that peak flux d. in
c r e a s e d from 400,000 Btu/(hr . ) (sq. f t . ) at 1 a tm. to 
2,100,000 at 83 a t m s . 

467. McEwen, L. H., Batch, J, M-, and Toyoda, K. G. 

TECHNICAL NOTE ON GENERALIZATION OF BOIL
ING CURVES, HW-42469C (1956). 

468. McFadden, P . W., and G r a s s m a n n , P, 

THE RELATION BETWEEN BUBBLE FREQUENCY 
AND DIAMETER DURING NUCLEATE POOL BOIL
ING, Intern, J. Heat and Mass T r a n s f e r , 5_, 169-
73 (1962). 

Data concerning the frequency and d i ame te r with 
which bubbles leave a given bubble si te in nuclea te 
pool boiling a r e p resen ted . The data were obtained 
from a boiling study of liquid n i t rogen. It is shown 
that the existing co r r e l a t i on re la t ing the frequency 
and d i ame te r does not predic t the data. F r o m a 
dimensional analys is coupled with avai lable e x p e r i 
menta l data a new re la t ionship was developed, viz, f. 
D = const . A s imple force balance on the depa r t 
ing bubble is shown to indicate the s ame re su l t . 

A., S c h e r r e r , V. E. , and 469- McLean, E . 
Faneuff. C, E. 

NUCLEATE AND FILM BOILING DUE TO R E P E T I 
TIVE PULSE HEATING OF SMALL WIRES IM
MERSED IN WATER, TID-7529(pt . l ) (p, 227-247), 
1956. In Reac to r Heat Trans fe r Conference (1956), 
J. E . Visca rd i , comp. 

As pa r t of a progrann to study heat t r ans fe r p rob l ems 
re la ted to nuc lear r e a c t o r s , bas ic s tudies of t r ans i en t 
boiling phenomena were made us ing high speed 
photography coupled with model type expe r i m en t s . 
All the data r epor t ed h e r e a r e obtained by pass ing 
repe t i t ive , shor t -dura t ion ( I jn - sec ) e l ec t r i c a l pu l ses 
through snnall w i r e s i m m e r s e d in a pool of wa te r at 
a tmospher i c p r e s s u r e and observ ing the resu l t ing 
t r ans i en t boiling p r o c e s s e s . A specia l "o rde red 
sampl ing" photographic technique enables effective 
c a m e r a f raming r a t e s up to 500,000 fps to be ob
tained, such that previous ly unreso lved init ial s tages 
of boiling a r e observed . Although the t e m p e r a t u r e 
d is t r ibut ion for such fast effects has not been d e t e r 
mined, the energy per pulse has been m e a s u r e d in 
mos t c a s e s . Data a r e r epo r t ed on the effect of pulse 
energy and ambient water t e m p e r a t u r e on bubble f r e 
quency, bubble velocity away from the heat ing s u r 
face, bubble l i fe t ime, vapor volume, bubble growth 
cu rves and the t r ans i t ion to film boil ing. 
9 r e f e r e n c e s . 
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470. McNelly. M. J. 

A CORRELATION OF THE RATES OF HEAT TRANS
FER TO NUCLEATE BOILING LIQUIDS, Journa l of 
the Innperial College Chemica l Engineer ing Society, 
7, 18-34 (1953). 

The mechan i sm of nucleate boiling (I) is examd. and 
a dinnensional analys is of avai lable data with c o r r e c 
tions for condition of the heating surface r e su l t s in 
the following d imens ionless re la t ion for the ent i re 
range of I; Nu = 0.225 (Pr)°-* '(Re)°-* '-(Pd/a)^ '^ ' 
{iplj/pv) - 1)°-" where Nu is the Nussel t no . . Re is 
a Reynolds no. based on the m a s s flow to the heating 
surface for vaporizat ion, P is the abs . p r e s s u r e in 
l b . / s q . f t . . d is a shape factor for the bubbles in ft., 
a is the interfacial tension in lb, force/f t . and pL and 
pv a r e the liquid and vapor ds . , r e sp . , in Ib . /cu . ft. 
(CA(54) 13286b) 

471 . Magladry, R, 

TRANSIENT NONCONDUCTIVE HEAT TRANSFER 
AND STEAM FORMATION, MND-E-2155 (1959), 
45 p. 

The r a t e s of nonconductive heat t r an s f e r and s t eam 
formation assoc ia ted with t r ans ien t local boiling 
in pool r e a c t o r s a r e examined by use of macroscop ic 
t e m p e r a t u r e and p r e s s u r e m e a s u r e m e n t s . The r e 
sul ts can be used to provide conservat ive bases for 
operat ion or design l imita t ions on the t r ans ien t 
behavior of r e a c t o r s having pumped flow. M e a s u r e 
ments were made at the SPERT I facility using 
SM-I type fuel e lements . Resul ts a r e tabulated. 

472. Mer te , H,, J r . , and Clark , J. A-

POOL BOILING IN AN ACCELERATING SYSTEM, 
T r a n s . , ASME, Ser ies C, J. Heat T rans fe r , 83, 
233-42 (1961). 

A study is repor ted of the influence of sys tem 
acce le ra t ion (1 to 21 g) on pool boiling heat t r a n s 
fer using dist i l led water at approximate ly a t m o s 
pher ic p r e s s u r e . The acce le ra t ion of the sys tem 
is such that the resul t ing force field is no rmal to 
the heating surface , thereby increasing the buoyant 
forces acting on the vapor bubbles . Heat-flux ra te 
is var ied from approximately 5000 Btu/hr-f t^ 
(non-boiling) to 100,000 Btu/hr-f t^ . Data a r e p r e 
sented for the influence of subcooling with the 
boiling sys tem under acce le ra t ion at the lower 
values of heat flux. A p re l imina ry analysis is p r e 
sented for a theore t ica l descr ip t ion of the p r o c e s s 
of boiling under the influence of high acce le ra t ion , 
including the s imultaneous effect of na tura l 
convection. 

473. Mes le r , R. B. 

THE E F F E C T S OF SUPERATMOSPHERIC PRES
SURES ON NUCLEATE BOILING, T h e s i s , Univ. of 
Mich. (1955). 

474. Michenko, N. 

ON THE PROBLEM OF HEAT TRANSFER IN NU
CLEATE BOILING, Energomash inos t roen ie , No. 6, 
17 (I960). 

475. Mixon, F , O., J r . , Chon, W. Y,, and 
Beatty, K. O., J r . 

THE E F F E C T OF ELECTROLYTIC GAS EVOLU
TION ON HEAT TRANSFER, Chem. Eng, P r o g , , 
55, 49-53 (1959). 

As pa r t of a long- range study of the mechanisnn of 
heat t r an s f e r in boiling, the effect of e lec t ro ly t ic 
bubble genera t ion on the heat t r ans fe r coefficients 
between a hor izonta l copper surface and a pool of 
stagnant water was m e a s u r e d . The me ta l surface 
was pure copper about 2. in. by 2 in. and faced 
upward 10 in. below the liquid sur face , 

Tennperature of the block was va r i ed by the use of 
e l ec t r i c a l r e s i s t a n c e h e a t e r s . E l e c t r o l y s i s was 
c a r r i e d out by applicat ion of a d i rec t c u r r e n t be 
tween the copper heat ing sur face and a l a rge anode 
located some dis tance from this sur face , Snnall 
amounts of sodium hydroxide were added to the 
water to faci l i tate the e l e c t r o l y s i s . The t e m p e r a 
ture of the heating sur face was va r i ed from room 
t e m p e r a t u r e up to 310°F,, and the bath t e m p e r a t u r e 
was held approximate ly constant at 80° to 100°F, 

E l ec t ro ly s i s c u r r e n t was va r i ed fronn 0 to 545 a m p . / 
sq. ft. Mate r ia l enhancement of heat t r a n s f e r co
efficients was noted with the e lec t ro ly t ica l ly gen
e ra t ed bubbles when the sur face t e m p e r a t u r e was 
both below and above the boiling point of water in 
the bath. 

In te rpre ta t ion of the data is made with specia l 
re fe rence to its contr ibution to heat t r an s f e r in the 
cooling of nuclear r e a c t o r s where l iquids may be 
subjected to sur face t e m p e r a t u r e s in excess of 
thei r boiling points . 

476. Miyauchi, Te ruka t su and Yagi, Sakae 

NUCLEATE BOILING HEAT TRANSFER ON A 
HORIZONTAL FLAT SURFACE, Kagaku Kogaku 
25, 18-30 (1961). 

The film-coeff. was detd. of boiling h e a t - t r a n s f e r 
on a hor izonta l , flat sur face which was specia l ly 
machined to make ar t i f ic ia l ebullition points (A.E,P.) 
for bubble formation. The A . E . P . played the role 
of active s i t e s for bubble- format ion and the no. of 
A . E . P . per unit surface a r e a was obse rved to affect 
the values of the coeff. not iceably. The expts . were 
c a r r i e d out over the range of A . E . P . from ze ro to 
64/sq . cm. The data obtained on the surface with 
A . E . P . of 32 per sq. cm, were c o r r e l a t e d by the 
relat ion; (h/k) = a ( q p i A ^ P v ) ' " iPy/pv/'"' (c^A)" ' " , 
where h is the boiling n e a t - t r a n s f e r coeff,, k is the 
liquid t h e r m a l cond,, q is heat flux, p^ is d. of liquid, 
p ^ i s d. of satd. vapor , P^;^ is value of P-y at a tm. 
p r e s s u r e , 7 is latent heat of vapor iza t ion , M is abs . 
v i scos i ty of liquid, and c is sp. heat of liquid, a has 
a value of 1.33 ±0.09 in m."""^^. In genera l , the value 
of the factor adepends on the p r o p e r t i e s of the liquid 
and the condition of the sur face , and may be con
s idered a m e a s u r e of ebulli t ion abil i ty of heating 
su r f aces . The data on o rd ina ry sur faces at a tm. 
p r e s s u r e were well c o r r e l a t e d by the above re la t ion 
with different values of a . The au thors c lass i f ied the 
boiling l iquids used s ta t i s t i ca l ly into th ree groups . 
I .e. , wa te r , aq. soln. , mainly a l e s . , and others . 
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477. M o i s s i s , R., and Berenson , P . J . 

ON THE HYDRODYNAMIC TRANSITIONS IN NUCLE
ATE BOILING, A m e r i c a n Society of Mechanical 
E n g i n e e r s , New York, P r e p r i n t Pape r No. 62 -HT-8 
(1962), 6 p. 

The two hydrodynannic t r ans i t i ons which take place 
in nuclea te boiling off a hor izon ta l sur face a r e de
sc r ibed . The f i r s t , which is governed by continuity 
cons ide ra t i ons , r e s u l t s in a change in the vapor r e 
moval p r o c e s s from an in te rmi t t en t to a continuous 
one. The second, which is a r e su l t of a T a y l o r -
Helmholtz instabi l i ty , de t e rmines the max imum 
("burnout") heat flux. Equat ions a r e p re sen ted 
which p red ic t with good a c c u r a c y the two t rans i t ion 
heat f luxes. 

478 Moore , F . D., and M e s l e r , R. B, 

THE MEASUREMENT OF RAPID SURFACE TEM
PERATURE FLUCTUATIONS DURING NUCLEATE 
BOILING OF WATER, A.I .Ch.E. Journa l 7, 620-24 
(1961). 

The sur face t e m p e r a t u r e during nucleate boiling was 
nneasured with a spec ia l thernnocouple so designed 
as to m e a s u r e the t e m p e r a t u r e of a sma l l a r e a and 
to have an e x t r e m e l y rapid r e s p o n s e tinne. The s u r 
face t e m p e r a t u r e was found to drop occasional ly 20 to 
30°F in about 2 m s e c during the boiling of wate r . 
This indica tes a rapid ex t rac t ion of heat during a 
short t ime in t e rva l . The significance of this ob
serva t ion is that it p rov ides an impor tan t new clue 
to an unders tand ing of nucleate boil ing. A hypothesis 
is advanced to explain these obse rva t ions . 

479. Nes i s , Ye, I. 

THE E F F E C T OF ULTRASONIC WAVES ON THE 
BOILING UP OF LIQUIDS, Referat ivnyy zhurnal , 
F iz ika , no. 5, 1962, 46, a b s t r a c t 5G422 (V sb. 
"Pr imenen iye u l ' t r a a k u s t . k I ss led . veshches tva , " 
no. 13, Moscow, 1961, 115-122) 

The s t a r t of the p r o c e s s of boiling in a liquid - the 
boiling up, is c h a r a c t e r i z e d by the format ion of a 
great number of nuclei in the liquid, i .e . of s t eam or 
gas bubbles which grow and r i s e to the sur face of 
the liquid. Sound waves propagat ing in this liquid 
acce l e r a t e the boiling up p r o c e s s . An ana lys i s of the 
equi l ibr ium conditions of the bubbles in p r e s e n c e of 
a sound wave d e m o n s t r a t e s that the per iod ica l 
changes of p r e s s u r e in the sound wave lead to the 
d e c r e a s e of the c r i t i ca l rad ius of the nuclei , i .e . , to 
the i n c r e a s e in the number of nuclei , which have a 
tendency to unlinnited growth. The radius of the 
c r i t i ca l .nuc leus e n t e r s in the exponent, which 
c h a r a c t e r i z e s the boiling r a t e . Hence a sha rp in
c r e a s e of the boiling ra te can be caused by a smal l 
d e c r e a s e of the c r i t i ca l nuc leus . 

480. Nevs t rueva , E . I, , and Gonsa les , Kh. 

DETERMINATION OF STEAM CONTENT DISTRI
BUTION DURING SURFACE BOILING OF WATER BY 
MEANS OF ^ RADIATION, Teploenerge t ika 7, 34-9 
(Sept. I960). 

Technique and r e s u l t s of expe r imen ta l study on d i s 
t r ibut ion of s t eam and liquid phases near sur face of 
liquid not heated up to sa tu ra t ion t e m p e r a t u r e . 

481 . Nishikawa, K. 

HEAT TRANSFER IN NUCLEATE BOILING, Mem. 
F a c . Eng. Kyushu Univ. 16, 1-28 (1956). 

The effect of liquid level on the heat t r an s f e r in nu
cleate boiling is examined over r anges of 5-
450 mnn., the coefficient of heat t r a n s f e r , a , and the 
t e m p e r a t u r e dis t r ibut ion of boiling liquid being de 
t e r m i n e d at var ious levels of; dis t i l led wa te r , 30% 
sugar solution, EtOH, and CCI4, It is found that a 
r ema ins essen t ia l ly constant when the liquid level is 
above a ce r ta in l imit . The dis tance from the heat ing 
surface to this l imit ing liquid level is t e r m e d the 
"effective s t i r r i n g length of bubbles" and is p r o p o r 
tional to Rv(7/o) , where R is the r a d i u s of the 
heating su r face , v the kinemat ic v i scos i ty . T the sp. 
wt,, and o the surface tension of the liquid. The 
concept is used to develop equations which c o r r e l a t e 
a values for nucleate boiling under va r ious condit ions 
of heating surface and of p r e s s u r e . (CA 51:6237), 

482. Nishikawa, K, 

NUCLEATE BOILING HEAT TRANSFER OF WATER 
ON THE HORIZONTAL ROUGHENED SURFACE, 
Mem. F a c . Eng. Kyushu Univ. 17, 85-103 (1958). 

The effect of surface roughness on the t r a n s f e r of 
heat from b r a s s p la tes to sur rounding water has been 
studied. Full exptl . detai ls a r e given, 

483. Nishikawa, K., and Urakawa, K. 

NUCLEATE BOILING UNDER REDUCED PRESSURE, 
Mem. F a c . Eng. , Kyushu Univ. 19, 63-71 (i960). 

The mechan i sm of nucleate boiling was detd. fronn 
expts . with distd, H2O at 0.4, 0.423, 0.7, 0.9, and 
1.033 k g . / s q . cm. a b s , , and heat fluxes of 9000-
30,000 k c a l . / s q . m . h r . in an app. s imi l a r to J akob ' s 
(J. and F r i t z , CA 26, 1679), with minor nnodifications 
of the heat ing sur face . Bubble agi ta t ion of the liquid 
is the dominant factor affecting heat t r a n s f e r in nu
cleate boiling, and the coeff. of heat t r an s f e r i n c r e a s 
es in propor t ion to the 0.4th power of the p r e s s u r e 
of boiling H2O. The mechanisnn of bubble format ion 
is quant, explained with data from osc i l loscope 
photographs . 

484. Nishika K . , and Yamagata , K, 

ON THE CORRELATION OF NUCLEATE BOILING 
HEAT TRANSFER, In ternat . J, Heat Mass T rans fe r 
(GB), vol. 1, No. 2 -3 . 219-35 (Aug. I960). 

A genera l ized equation to d e s c r i b e nucleate boiling 
is der ived. The expres s ion which c o r r e l a t e s all 
fluid independently of p r e s s u r e and heating su r f ace -
fluid combination is as follows: 

Y = 8.0(f. ^̂ -̂ f-̂ X)' 
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and c = specific heat of liquid; 7 and 7 = specific 
weight of liquid and vapour; X = t h e r m a l conductivity 
of liquid; 0 = surface tens ion of liquid; R = the 
r ep re sen ta t ive length of heating sur face ; q = heat 
flux; a - coefficient of heat t r a n s f e r ; M = 900 m" , 
P = 1.699 k c a l / h r . f C = foamabili ty, and f = p r e s 
sure factor . F u r t h e r m o r e , it is indicated that this 
co r re la t ing equation is applicable to forced-
convection sa tura ted or surface boiling. The p r o 
posed cor re la t ing equation is theore t ica l ly sought 
by analysing the e lementa ry p r o c e s s e s of phenonnena, 
but it is not based on dimensional ana lys i s . In o r d e r 
to r each the final solution of the problem, it is n e c e s 
sa ry to analyse the e l emen ta ry p r o c e s s e s of boiling 
phenomena and elucidate the re la t ions underlying the 
problem. (SA 61 18676). 

485. Ot te rman, B. 

PHOTOGRAPHIC STUDY OF BUBBLE DIMENSIONS 
AND BOILING ACTION ON Hg AND STANDARD 
ENGINEERING SURFACES, P r o c . Heat Trans fe r 
Fluid Mech, Inst . , 185-96 (1962). 

A s e r i e s of expts , was conducted, in which H2O and 
i so -P rOH were heated on clean and di r ty Hg s u r 
faces . At superhea ts at tained, nucleation c h a r a c 
t e r i zed by the repet i t ive format ion and r e l ea se of 
bubbles from a specific spot on the hea te r surface 
did not occur on clean Hg sur faces . Total heat t r a n s 
fer occu r r ed by na tura l convection. Liquids heated 
on a dir ty Hg surface exhibited nucleate boiling at 
superheat typical of com. su r f aces . Surface i r 
r egu la r i t i e s a r e probably respons ib le for initiating 
and sustaining nucleate boiling. Nucleate boiling of 
H2O and i so -P rOH at low and in te rmedia te heat 
fluxes from com, available meta l surfaces was in
ves t iga ted . Bubble d iams , and contact angles at 
breakoff were m e a s u r e d . The F r i t z equation 
(Physik. Z. 36. 379(1935}) can be used only to co r 
re la te bubble diam. at low values of the heat flux. 
At in te rmedia te values of the heat flux most indi
vidual bubbles coalesced while still a t tached to thei r 
r e s p . nucleating c e n t e r s , or immedia te ly after de
taching from the hea te r sur face . A co r re l a t ion for 
noncoalesced bubble d iam. nnust include the effects 
of bubble drag at depa r tu re . (CA 62 13573b). 

486. Paschk i s , V.. and Stolz, G., J r . 

RESEARCH AND DEVELOPMENT WITH RESPECT 
TO HEAT TRANSFER IN QUENCHING. Final Report , 
Dec. 16, 1955 to Dec. 15, I96I , Columbia U. Heat 
and Mass Flow Analyzer Lab. , New York (1962), 
52 p . , AROD-1540:6. 

This final repor t contains a s u m m a r y of the r e su l t s 
obtained in a progrann a imed at the determinat ion of 
heat t r ans fe r coefficients from exper iments under 
control led conditions and at the co r re l a t ion and gen
era l iza t ion of the exper imenta l r e s u l t s . In t e r m s of 
heat t r ans fe r theory, mos t of the exper iments fall in 
the ca tegory of t r ans i en t subcooled pool boiling. The 
t h r e e major types of boiling (nucleate, unstable and 
stable film) a r e d i scussed . A unique method for in
vest igat ing boiling phenomena (the only nnethod of ob
taining data on unstable film boiling of subcooled 
water in a pool) is desc r ibed . The exper imenta l and 
computational methods used in this study a r e 
p resen ted . 

487. Pende rgas t , M. S., J r . 

REACTOR SHUTDOWN BY NUCLEATE BOILING, 
PART I, SURFACE AREA IN NUCLEATE BOILING, 
K A P L - M - M S P - 1 (1956), 58 p. 

The p rob lem to be solved is that of de te rmin ing the 
conditions under which a r e a c t o r such as S3G/S4G, 
which accidenta l ly has reached a fast per iod , may 
be contro l led by the use of nucleate boil ing, without 
e i ther rod burnout , bulk boiling, or me ta l lu rg ic 
phase change of the fuel. This r epo r t deals p r i m a r i l y 
with de te rmin ing the sur face a r e a of a rod which is 
in nucleate boiling, and is t he r e fo re only a f i r s t s tep 
in the o v e r - a l l p rob lem. 

488, P ike , F , P . , Mi l le r , P . D,, and Beatty, K. O. 

E F F E C T OF GAS EVOLUTION ON SURFACE BOIL
ING AT WIRE COILS, Chem. Eng. P r o g r , Sym
posium Ser , 51, No, 17, 13-19 (1955). 

The effect of gas evolution on surface boiling was 
invest igated experinnentally by use of wa te r and 
glycerol with dissolved a i r and COj- The p r e s e n c e 
of a d issolved gas was found to ini t iate surface 
boiling at lower su r face - to - l iqu id t emp , differences 
than did degassed l iquids. The satn. t emp , of the 
gas- l iquid soln. was found to be control l ing. The 
r e s u l t s support the hypothesis that the nnarked 
effectiveness of sur face boiling is the resu l t of 
mech, act ion r a the r than latent heat effects, 
(CA-50-623g), 

489- P inche ra . G. C. 

CRITICAL HEAT FLUX IN POOL BOILING-EFFECT 
OF GEOMETRY AND HEATER CHARACTERISTICS, 
NAA-SR-Memo-6928 (1961), 37 p. 

A compara t ive study was ini t ia ted to check the con
s is tency and re l iabi l i ty of the suggested mechan i sms 
and co r re l a t ions for pool boiling on the b a s i s of 
available exper imenta l data. As the data p resen t a 
high degree of sca t t e r ing , the contr ibut ion to this 
sca t te r by such paranne te rs as geonnetry and hea te r 
c h a r a c t e r i s t i c s was invest igated. Geomet r i ca l 
p a r a m e t e r s such as or ien ta t ion of the heat ing s u r 
face, heater s i ze , liquid level , boi ler shape and s ize , 
and hea te r c h a r a c t e r i s t i c s such as m a t e r i a l , rough
n e s s , aging and c lean l iness of the su r face , and t he r 
mal c h a r a c t e r i s t i c s were cons ide red . The c r i t i ca l 
heat flux in pool boiling depends essen t ia l ly on the 
coolant p r o p e r t i e s . Another p a r a m e t e r that has 
some influence is the hea te r geomet ry . The s ize 
of the hea te r and, for ve ry thin wa l l s , the th ickness 
have a definite effect on the c r i t i ca l heat flux. Hor i 
zontal and sufficiently long ve r t i ca l tubes seem to 
give essen t ia l ly the same va lues . Some i n c r e a s e in 
the c r i t i ca l heat flux appea r s to occur along with the 
fouling of the heating sur face . The c r i t i c a l heat flux 
is essen t ia l ly independent of the m a t e r i a l for most 
c a s e s , but inexplicably high values were obse rved 
for some m a t e r i a l s . 
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490. P r e c k s h o t , G. W. 

THE E F F E C T OF CHEMICAL NATURE OF HEAT
ING SURFACES ON THE HEAT TRANSFER CO
EFFICIENTS OF POOL BOILING LIQUIDS, AECU-
3183, Final Repor t for F e b r u a r y 1952-June 1955 
(61 p.) . 

An invest igat ion was made of the effect of the c h e m 
ical na tu re of the heat t r an s f e r su r f aces on the boi l 
ing heat t r an s f e r coefficients when the boiling takes 
place from a pool. Appara tus and p r o c e d u r e s were 
developed for an unders tanding of the boiling p r o c e s s . 
Metall ic su r f aces of Au and Ag were uniformly 
placed on Cu w i r e s by vapor me thods . -An appara tus 
for the de te rmina t ion of sur face ene rg i e s using 
g r a v i m e t r i c vapor absorp t ion i s o t h e r m m e a s u r e 
men t s was a s s e m b l e d . F ine ly d iv idedmeta l l i c powders 
of two su r faces (Cu, Ag) to be used for the boiling 
s tudies were p r e p a r e d for the sur face energy 
m e a s u r e m e n t s . 

491- Ra l l i s , C. J., Greenland . R. V., and Kok, A. 

STAGNANT POOL NUCLEATE BOILING FROM 
HORIZONTAL WIRES UNDER SATURATED AND 
SUBCOOLED CONDITIONS, S. African Mech.Engr. iO, 
171-86 (1961). 

E x p e r i m e n t s indicate heat flux va r iab le in nuc lear 
boiling heat t r a n s f e r , is accounted for by na tu ra l 
convection fronn undis turbed sur face plus t r a n s p o r t 
of latent heat from surface by bubbles ; genera l equa
tion for s a tu ra t ed and subcooled boiling was found; 
frequency of bubble emis s ion is p ropor t iona l to cube 
of liquid supe rhea t . 

492. Rockow, R. A. 

SURVEY OF THE LITERATURE PERTAINING TO 
THE PHENOMENA OF NUCLEATE BOILING, 
NAA-SR-MEMO-4160 (1957), 27 p, 

A l i t e r a t u r e su rvey is p r e sen t ed to consol idate and 
sumnnarize the informat ion p r e s e n t l y avai lable in 
the a r e a of nucleate boiling heat t r a n s f e r . Effort 
was ennployed to p r e s e n t as much information about 
organic boiling heat t r an s f e r c h a r a c t e r i s t i c s as 
p resen t ly ava i lab le . 

493. Rohsenow, W. M., Somna, E . H-, and 
Osborn, P , V. 

CONSTRUCTION AND OPERATION OF APPARATUS 
FOR STUDY OF HEAT TRANSFER WITH SURFACE 
BOILING, M a s s . Inst , of Tech . , NP-3543 (1950), 
63 p. 

A detai led desc r ip t ion is given of t e s t appara tus de
signed and cons t ruc ted to study the effects of s u r 
face boiling on heat t r ans fe r to water flowing in a 
tube under the following condi t ions; water p r e s s u r e s 
up to 2000 psia , wa te r ve loc i t i es up to 40 f t / s e c , and 
water bulk t e m p e r a t u r e s up to 550°F. The appara tus 
is a c losed sy s t em consis t ing of a ve r t i c a l t es t s e c 
t ion of pure Ni, a H a y w a r d - T y l e r centr ifugal pump, a 
ca l ib ra ted or i f ice , a heat exchanger , and a p r e s s u r e 
v e s s e l . A d i scuss ion is given of opera t ing t ech
niques , data m e a s u r e m e n t s , and calculat ing p r o c e 
dure , with der iva t ions of fo rmulas , ca l ibra t ion of 
i n s t r u m e n t s , and other expe r imen ta l de t e rmina t ions . 

A s e r i e s of photographs which r e c o r d the d ismant l ing 
of the Hayward -Ty le r centr ifugal pump for c leaning 
is p resen ted . They indicate very c l e a r l y the source 
of the contaminat ion which has led to a continual 
deposit ion of scale on the inside of the t e s t sect ion, 
apparent ly due to an e lec t ropla t ing of f e r r i c ions . 
Cleaning of this scale has proved to be exceedingly 
t ime consuming, and an ion exchange to t r a p the 
objectionable ions is to be added to the c i rcu i t , 
(NSA-1443), 

494. Rohsenow, W. M, 

A METHOD OF CORRELATING HEAT TRANSFER 
DATA FOR SURFACE BOILING OF LIQUIDS, 
TECHNICAL REPORT NO, 5, NP-3443 (1951), 27 p. 

A nnethod is p re sen ted whereby h e a t - t r a n s f e r data 
for pool boiling in the nucleate region of a liquid 
on a c lean surface can be c o r r e l a t e d . A Reynolds 
no, and a Nussel t no. both based on the bubbles 
receding from the heating surface were defined and 
incorpora ted along with the Prand t l no. into a 
ma themat i ca l re la t ion . The proposed re la t ion was 
applied to exper imenta l data from the l i t e r a t u r e . 
1 6 r e f e r ences , 

495. Rohsenow, W, M. 

A METHOD OF CORRELATING HEAT-TRANSFER 
DATA FOR SURFACE BOILING OF LIQUIDS, T r a n s . 
ASME 74, 969-76 (1952). 

A nnethod (and a nnath. equation) based on a logical 
explanation of the m e c h a n i s m of heat t r a n s f e r a s socd . 
with the boiling p r o c e s s is p re sen ted for co r r e l a t i ng 
h e a t - t r a n s f e r data for nucleate boiling of l iquids for 
the case of pool boiling. (CA-46-8426e). 

496. Rohsenow, W. M, 

HEAT TRANSFER ASSOCIATED WITH NUCLEATE 
BOILING, Heat T rans fe r and Fluid Mechanics 
Inst i tute , Stanford Univ. P r e s s , Stanford, Calif., 
p. 123 (1953), 

497. Rohsenow, W. M., and Griffith, P. 

CORRELATION OF MAXIMUM HEAT TR.ANSFER 
DATA FOR BOILING OF SATURATED LIQUIDS, 
Chem. Engrg . P r o g r e s s Symposium Ser i e s 52, 
No, 18. 47 (1956). 

Since it was observed that bubbles "shoot" away 
perpend icu la r ly from v e r t i c a l su r f aces , it appea r s 
that gravi ty should perhaps not have a significant 
effect on the peak heat-f lux va lues . The c o r r e l a t i o n 
method proposed h e r e is based on reasoning s i m i l a r 
to that used in the development of the boiling heat 
t r ans fe r co r r e l a t i on employing the concept of a 
bubble Reynolds number , 

498. Ruckenstein, E, 

HEAT TRANSFER IN THE CASE OF BOILING, 
Acad,Rep Populare Romine In s t .Ene rge t . . 
Studii C e r c e t a r i Ene rge t . ^ , 15-20 (1958). 

The t r a n s m i s s i o n of heat between the liquid and m o v 
ing bubbles in the case of boiling is analyzed under 
conditions of free convection. The heat exchange 
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between the bubbles and the snnall par t of the liquid 
which r ema ins in contact with the bubble during an 
in terval of t ime r is cons idered . An expres s ion for 
the coefficient of heat t r an s f e r is obtained which 
gives values in ag reemen t with experinnental data. 

499. Ruckenstein. E . 

HEAT TRANSFER BETWEEN VAPOR BUBBLES IN 
MOTION AND THE BOILING LIQUID FROM WHICH 
THEY ARE GENERATED, Chem, Eng. Sci. 10, 22-30 
(1959). 

The mechan i sm of heat t r ans fe r between a boiling 
liquid and vapor bubbles in motion is d i scussed . 
Hea t - t r ans f e r coeffs. of approx. 3000 B t u / h r / s q f t / 
degree F . which have been exptl . observed in boiling 
water a r e explained. 

500. Ruckenstein, E . 

MECHANISM OF BOILING HEAT TRANSFER, Acad. 
Rep. Populare Romine, Studii C e r c e t a r i Chim. 7, 
117-23 (1959). 

A new model is proposed which takes into account 
the heat t r an s f e r from a heating surface to liquid 
l a y e r s in its vicinity by means of turbulent cond., 
in addn. to mol. thernnal cond. The fo rmer mode of 
t ransfer is due to the mixing of the liquid l aye r s by 
vapor bubbles which a r e formed and grow on active 
c e n t e r s on the heating sur face . The rep lacement of 
e lements of the liquid nea r the sur face , caused by 
bubbles which sep. from the active c e n t e r s , is a lso 
considered. 

501. Ruckenstein, E . 

A PHYSICAL MODEL FOR NUCLEATE BOILING 
HEAT TRANSFER FROM A HORIZONTAL SUR
FACE. Bui. inst . politeh. Bucures t i 2J, 79-85 
(Jul-Sept, 61)(In English) . 

An equation for the heat t r ans fe r coefficient from a 
hor izonta l surface is es tab l i shed on the bas i s of a 
physical model for the nucleation and hydrodynamical 
p r o c e s s , 

502. Sabersky, R, H,, and Gates , C. W. 

ON THE START OF NUCLEATION IN BOILING HEAT 
TRANSFER, Jet . P rop . 25. 67-70 (1955). 

Exper imen t s designed to show whether p r e s s u r i z a t i o n 
t r ea tmen t would affect boiling of liquid in p re sence of 
meta l l ic heating surface; with proper ly cleaned v e s 
sel and heating surface , nucleation point may be 
significantly delayed by subjecting water and ves se l 
to p r e s su r i za t i on t r ea tmen t . 

503. Scorah, R. L. 

HEAT TRANSFER FROM HOT METAL TO BOILING 
WATER. Heat Trans fe r L e c t u r e s , Vol. I, Fa i r ch i ld 
Engine and Airplane Corp . , NEPA Division, NEPA 
804 (p. 121-133) (1948), 279 p. 

Some exper iments with Ni, W, chromel A, and 
chromel C wires a r e descr ibed . Boiling curves 
were determined over a wide range of metal s u r 
face t e m p e r a t u r e s , and hea t - t r ans f e r coefficients 

were calcula ted for var ious t e m p e r a t u r e d i f fe rences . 
Data were taken at a tmosphe r i c and at e levated 
p r e s s u r e s . 

504, Semer i a , R, 

METHOD FOR DETERMINATION OF POPULATION 
OF CENTERS GENERATING BUBBLES ON HEATED 
SURFACE IN BOILING WATER, Acad des Sciences -
CR 252 no. 5, 675-7 (1961). 

In study of ebulli t ion it is v e r y innportant to know 
evaluation of population of c e n t e r s genera t ing bub
bling as function of t e m p e r a t u r e of superhea t ing , 
p r e s s u r e , na tu re of sur face and liquid; using thin 
e l ec t r i c a l conductors it was poss ible to count m o r e 
than 10 c e n t e r s / s q nnm. 

505, Shcherbakov, V. K, 

SPECIAL PROPERTIES OF HEAT TRANSFER 
THROUGH A WALL WITH LONGITUDINAL RIBS, 
WITH SURFACE BOILING OF THE COOLING 
LIQUID, Soveshchaniye po tep lo- i massoobmenu . 
Minsk, 1961. Tez isy dokladov i soobshcheniy 
(Dopolneniye), 43 (Also avai lable in N P - t r - 8 2 7 (p. 59) 
Engl ish Trans la t ion) . 

Theore t i ca l and exper imenta l invest igat ions of the 
p r o p e r t i e s of heat t r ans fe r through a wall with 
longitudinal r i b s , with surface boiling of the cooling 
liquid, the heat flow exceeding 10 kcal /m^-h, a r e 
impor tant for the c o r r e c t design of heat exchange 
dev ices . The genera l condition of ut i l i ty of r ibs is 
l / a g F g > (1/tj.Fj.) + 0^, $j . being the t h e r m a l r e 
s i s tance of the body of the r ib . An approximate 
equation has been obtained tor t e m p e r a t u r e d i s t r i 
bution on the smooth sur face at the base of a r ib : 
0g - (60 - qg/ag) exp ( - x y ( a g / 6 g X ) ) + q / a [Ab
s t r a c t e r ' s note; Indices g and r a r e t r a n s l i t e r a t e d 
as no quantity except the one above is defined] 
Verification of the equation obtained and exper imenta l 
de terminat ion of the magni tude of ©o was c a r r i e d out 
by the method of e l e c t r o - t h e r m a l analogy. The r e 
sults of the exper iment a r e plotted, a connparison 
of theore t ica l and exper imenta l data is given. In 
the p re sence of s t rengthening r ibs in heat exchange 
devices operat ing under l a rge heat loads , it is 
n e c e s s a r y to take into account the possibi l i ty of 
inc rease of the densi ty of heat flow at the base of 
r ibs which should be l e s s c r i t i ca l for an equally 
smooth surface under given conditions of cooling. 
[Abs t r ac t e r ' s note; Complete t r ans la t ion] , 

506, Styushin, N. G, 

NEW RESULTS IN THE INVESTIGATION OF HEAT 
TRANSFER IN THE CASE OF SURFACE BOILING, 
Trans l a t ed from: Tez i sy Dokladov i Soobshchenii na 
Soveshchanii po Tep lo- i Massoobmenu, Minsk, 
N P - t r - 8 2 7 , June 5-9, 1961 (p. 71-2). 

The heat traj isfer intensi ty in sur face boiling de
pends on the number of exist ing s t e a m - f o r m a t i o n 
cen te r s and hence on the sa tura t ion t e m p e r a t u r e . 
The point at which s team format ion begins to affect 
the heat t r an s f e r (intensive boiling) is es tab l i shed at 
a ce r t a in flow tennperature which bounds the region 
of intensive boiling from below. In the region of 
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in tensive sur face boiling, flow t e m p e r a t u r e has no 
effect on the nunnber of exist ing steann-fornnation 
c e n t e r s . The heat t r a n s f e r coefficient is the s ame 
as that ca lcula ted with the S te rman formula for 
developed boil ing. 

507. Tien, C. L. 

A HYDRODYNAMIC MODEL FOR NUCLEATE POOL 
BOILING, In te rna t . J. Heat Mass T r a n s f e r ( G B ) , 
vol. 5, 533-40 (June 1962). 

A hydrodynannic nnodel of s tagnat ion flow is p r o 
posed for sa tu ra t ed nucleate boiling over a flat 
su r face . Through the es tab l i shed analyt ical r e s u l t s 
in a x i s y m m e t r i c a l s tagnat ion flow, a re la t ion b e 
tween the h e a t - t r a n s f e r coefficient and the t h e r m a l 
boundary- l aye r th ickness induced by r i s ing bubbles 
is obtained, and a good a g r e e m e n t with m e a s u r e d 
r e su l t s in the low heat - f lux region is indicated. 
The p red ic t ed h e a t - t r a n s f e r is given as 

q = c P r kn AT 

where c is a n u m e r i c a l constant equal to 61.3 as de 
t e rmined from the boiling data of wa te r . The p r e 
dicted re la t ion is found to be in ag reemen t with 
boiling data of mos t l iquids , (SA 62 15815). 

508. Tochidlovski i , B, I, 

FREQUENCY OF BUBBLE RELEASE INTO A BOIL
ING LIQUID, Odessa Technological Inst i tute of the 
Food and Ref r igera t ion Indust ry , _5, No, 1 (1952), 

509. Tolubinski i , V. I. 

THE THEORY OF BOILING HEAT TRANSFER, 
Izvest . Vysshikh Ucheb. Zavedenii Energe t - 2^, 
No. 1, 15-22 (1958), 

Heat t r an s f e r by convection through bubbles during 
boiling can be r e p r e s e n t e d by a formula KQ = const . 
Kj"iKf^2, where Ko is the Nusse l t no. (Nu), K2 the 
Prand t l no. ( P r ) , and K, is a specific d imens ion
l e s s group varying with the type of convection. KQ = 
a.6/X, where 6 = .J{QP - 7"), a i s the t h e r m a l dif
fusivity, X is the t h e r m a l cond. of the liquid, o is the 
surface tension in k g . / m . , 7 and 7 " a r e the sp. wts . 
of the liquid and the vapor , r e s p . , in kg . / cu . m . 
Introducing the rmodynamic cons ide ra t i ons , the 
ra t ios of the vapor veloci ty to the r a t e of format ion 
of bubbles and the no, of bubbles fo rmed per h r . 
a r e ca lcd. With this approach , Kj = q/r6"doU, where 
q is the heat flux in k c a l . / s q . m . h r , , r is the la tent 
heat of vapor iza t ion , do is the d iam. of the bubbles , 
and U is the frequency of bubble fornnation. F r o m 
this the following equat ions a r e der ived: 
(a /MVo/C^- 'V ") = const , (q/r 7"doU)"^l(v/a)" ' ' iy is 
the kinemat ic v i scos i ty coeff.) = Nu = 54 K^'^Pr"""^. 
This formula has had exptl . conf i rmat ion on a s e r i e s 
of liquids and so lns . . on va r ious nnetal su r f aces , at 
va r ious p r e s s u r e s and heat f luxes, and at va r ious 
values of the groups K and P r . Resu l t s obtained with 
F r e o n 12 a r e compared to r e su l t s obtained with H2O-

510. Usisk in , C. M., et a l . 

AN EXPERIMENTAL STUDY OF BOILING IN 
REDUCED AND ZERO GRAVITY FIELDS, J, Heat 
T r a n s f e r 83, 243-53 (1961). 

A pool boiling app- was nnounted on a coun te r -
weighted pla t form, which could be dropped a dis tance 
of 9 ft- By varying the s ize of the counterweight , 
the effective gravi ty field on the equipment was 
adjusted between 0 and 1. A study of boiling b u r n 
out in H2O indicated that a va r i a t ion in the c r i t . 
heat flux according to the 0.25 power of gravi ty 
was r ea sonab le . Cons idera t ion bf the t r ans i en t 
burnout p r o c e s s was n e c e s s a r y to p rope r ly in t e rp re t 
the data, A photographic study of nucleate boiling 
showed how the velocity of f reely r i s ing vapor bub
bles d e c r e a s e d as gravi ty was reduced. The bubble 
d i a m s . at the t ime of breakoff from the heated s u r 
face va r i ed inverse ly as gravi ty to the 0.286 power . 

511. Van Camp, W. M., and St, C la i r , C, R. 

BOILING FROM SMALL WIRES WITH EMPHASIS 
ON TRANSITION PHENOMENA, ASME P a p e r 54-
F - 3 3 , June 1954. Fo r meet ing Sept, 8-10, 1954. 

Invest igat ion of typical "boiling c u r v e ; " free convec
t ion heat t r ans fe r coefficients de te rmined for smal l 
hor izonta l w i r e s submerged in ethyl alcohol at 1 a tm; 
r e su l t s es tab l i sh exis tence of prev ious ly obse rved 
discontinuity in boiling curve in t r ans i t ion region b e 
tween free convection and nucleate boiling; cu rves 
differed when heat flux values were i nc reased or 
d e c r e a s e d . 

512. van Wijk, W- R,, and van St ra len , S. J-

GROWTH RATE OF VAPOUR BUBBLES IN WATER 
AND IN A BINARY MIXTURE BOILING AT ATMOS
PHERIC PRESSURE, Phys ica , vol, 28, No. 2, 150-
71 (Feb. 1962). 

The gro\vth ra te of vapour bubbles genera ted on an 
e lec t r i ca l ly heated wire in water and in a m i x t u r e 
of methylethylketone and water (4.1% wt of MEK) 
was studied using a h igh-speed cine c a m e r a , A 
sharp i n c r e a s e in maxinnum nucleate boiling heat 
flux fronn the heating w i r e to the boiling liquid was 
prev ious ly obse rved in this m i x t u r e . A s m a l l e r 
growth ra te in the mix tu re than in pure water was 
expected at the s ame superhea t , as the mos t volat i le 
component (MEK) is rapidly exhausted in the liquid 
nea r the bubble. F u r t h e r growth is then l imi ted by 
the re la t ive ly slow p r o c e s s of diffusion of MEK 
towards the bubble boundary. A s m a l l e r growth 
ra te was actual ly obse rved for free bubbles . F o r s t e r 
and Zuber (Abstr . 5540 of 1954), and independently 
P l e s s e t and Zwick (Abstr , 5541 of 1954), der ived the 
asymptot ic law r = C)6.^/t, in which r (cm) is the 
radius of a f ree , spher ica l ly expanding vapour bubble 
in an infinite volume of a superhea ted pure liquid, 
Ci is a constant , 6(°C) the init ial superhea t of the 
liquid and t (sec) the t ime elapsed s ince f i rs t f o rma
tion of the bubble. The theory pred ic t s Ci = 0.23 for 
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water at a tmospher ic p r e s s u r e . In the p r e sen t in
vest igat ion Ci = 0.29 was found for ascending free 
vapour bubbles in water and Cj = 0.06 in the nnix-
t u r e . However , the initial growth ra te of bubbles , 
a t tached to the heating sur face , was much higher 
and cor responded to the re la t ive ly la rge wire supe r 
heat . Several bubbles were found to v ib ra te . 
(SA 62 5217). 

513. Viscard i , J, E . , ed. 

REACTOR HEAT TRANSFER PROGRESS, (Issue) 
No. 9, NDA-26 (1956), 40 p. 

Trans ien t pool boiling due to sudden l a rge heat gen
era t ion was invest igated to study the effect of sud
den la rge power surges on surface boiling and 
nnetallic ribbon fuel e lement burnout. Heat t r a n s 
fer to water from platinunn surfaces was studied in 
finding the t ime requ i red for initiation of boiling 
when the surface t e m p e r a t u r e exceeded boiling. In 
an invest igat ion of the effect of ve r t i ca l ly downward 
flow on burnout flux, no difference was found in the 
burnout flux due to the direct ion of flow. Molten 
m e t a l - w a t e r reac t ion t e s t s were continued. The 
t e m p e r a t u r e dis t r ibut ion in boiling water was de 
t e rmined with liquid heads up to 1 m e t e r and the 
effect of convection on the t e m p e r a t u r e dis t r ibut ion 
was studied. 

514. Viskanta,R., and Lo t t e s . P . A, 

NUCLEATION AND BOILING FROM A LIQUID-
LIQUID INTERFACE, Proceedings of the 1962 Heat 
Trans fe r and Fluid Mechanics Inst i tute, held at Univ. 
of Washington, Seatt le, June 1962, Stanford Univ. 
P r e s s . , June 1962. 

An exper imenta l invest igat ion of nucleate boiling of 
sa tura ted water and n-hexane from a m e r c u r y su r 
face at a tmospher ic p r e s s u r e was made . High- speed 
motion p ic tu res were also taken. Visual observa t ions 
revealed that there existed favored locations for bub
ble formation on the m e r c u r y surface , and it was a lso 
noted that a nucleation site sometinnes becanne d i s 
placed because of agitat ion and flow c u r r e n t s , even 
without an in te rmiss ion in the activity of a s i te . The 
superhea ts requi red to initiate boiling from a liquid 
surface were higher than those for boiling from a 
solid sur face . However, boiling usual ly s t a r t ed at 
lower superhea t s than those r epor t ed in the l i t e r a 
tu re for s ta t ic- type m e a s u r e m e n t s because the 
p re sence of contaminants and gases absorbed and 
adsorbed on the nnercury surface . The resu l t s also 
showed that the position and slope of the nucleate 
boiling curve var ied with the immedia te h i s to ry of 
boiling from the l iquid-l iquid interface. 

515, Wall is . G. B. 

GAS-LIQUID ANALOGUE OF NUCLEATE BOILING, 
Nuclear Power i , 99-101 (Aug. 1960). 

P r e s e n t s a case for the sepa ra t e cons idera t ions of 
the hydrodynamic and the rma l a spec t s of nucleate 
boiling. 

516. Wall is , G. B. 

THE ANALOGY BETWEEN THE BUBBLING OF 
AIR INTO WATER AND NUCLEATE BOILING AT 
SATURATION TEMPERATURE. A E E W - R - 2 8 
(I960), 21 p. 

A bas i s for sepa ra t e cons idera t ion of the hydrody
namic and t h e r m a l a spec t s of nuclea te boiling is 
d i scussed . It is shown how boiling phenomena may 
be s imula ted in detail by the use of porous med ia to 
introduce air bubbles into wate r . Points of s i m i 
l a r i ty and equivalence a r e de sc r i bed and analyzed. 

517. Wall is , G. B. 

TWO-PHASE FLOW ASPECTS OF POOL BOILING 
FROM A HORIZONTAL SURFACE, P a p e r No, 3, 
Symposium (Prepr in t of P roceed ings ) on T w o - P h a s e 
Fluid Flow, Inst. Mech, E n g r s . , London, England, 
F e b r u a r y 7, 1962. 

The flow r eg imes which occur during one-
dimensional ve r t i ca l two-phase flow a r e desc r ibed 
and analyzed. C r i t e r i a for the t r ans i t ion between 
flow r e g i m e s a r e der ived and a r e used to show that 
the max imum and min imum heat fluxes in pool boi l 
ing from a hor izonta l sur face can be r e g a r d e d as hy
drodynamic phenomena. E x p e r i m e n t s a r e r epor t ed 
in which the dependence of max imum heat flux on 
fluid p rope r t i e s was accura te ly reproduced in a 
two-component sys tem using va r ious gas- l iquid 
combinat ions , 

518. Wall is , J. D. 

NUCLEATION FROM A SINGLE CAVITY IN 
BOILING, MS Thes i s ME Dept, MIT (1957). 

519- Westwater , J. W. 

THE BOILING OF LIQUIDS, Sci. Amer i can 190, 
64-8 (June 1954). 

Recent studies show th ree types of boiling: nu
c lea r , marked by l a rge r a t e s of heat t r an s f e r and 
rapid format ion of bubbles from fixed points ; t r a n s i 
tion, exhibiting poore r heat t r ans fe r and random 
b u r s t s of vapor; and filnn, showing the poores t heat 
t r ans fe r and complete blanketing of the hot solid with 
a film of vapor . The bes t heat t r an s f e r is obtained 
at the dividing line between nuc lear and t rans i t ion 
boiling. (CA-49-675h)-

W.. Lowery, A, J . , and 520. Westwater , J. 
F r a m u k , F , S. 

SOUND OF BOILING, Science 12^, 332-3 (1955). 

The sound of boiling is a function of the hea t - t r ans f e r 
ra te during boiling. It does not i n c r e a s e continuously 
with the heat flux, but is a function of the temp, dif
ference between the hot solid and the boiling liquid. 
In this work a hor izonta l Cu bayonet hea te r was used 
to boil MeOH. During nucleate boiling ( temp, dif
fe rences up to 85°F), any i n c r e a s e in the temp, dif
ference i n c r e a s e s the heat flux and a lso i n c r e a s e s 
the sound intensi ty. (Nucleate boiling is c h a r a c t e r 
ized by repeated , systennatic bubble fornnation at 
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specific locat ions on the hot solid.) During t r a n s i 
tion boiling (temp, differences of 85-130°). bubbles 
fornn violently and explosively at random locat ions 
on the hot tube . The sound i n c r e a s e s s teadi ly as the 
t r ans i t i on region is t r a v e r s e d . Although the sound 
i n c r e a s e s , the heat flux d e c r e a s e s . Above a temp, 
difference of 130°, film boiling occu r s and the sound 
level is r a t h e r unifornn. Because the hot solid is 
blanketed with a film of vapor , no sol id- l iquid con
tact o c c u r s and h e a t - t r a n s f e r is poor . H y s t e r e s i s 
in boiling cu rves (heat t r a n s f e r v s . t emp , difference) 
is supported by sound nneasuremen t s , (CA-49-15324a) 

521. Wes twater , J . W. 

BOILING OF LIQUIDS, Advances in Chem. Eng, , 
Academic P r e s s I n c . New York, 1_, 1-76 (1956). 

522. Wes twate r , J. W., and St renge , P . H. 

ACTIVE SITES AND BUBBLE GROWTH DURING 
NUCLEATE BOILING, Motion P i c t u r e , Univ. of 111., 
Urbana, III. (1958). 

523. Wes twater , J . W. 

BOILING HEAT TR-ANSFER. Amer , Scient is t 47, 
427-46 (1959). 

A review with 17 re fe rences -

524. Wes twater , J. W, nd G a e r t n e r , R, F . 

POPULATION OF ACTIVE SITES IN NUCLEATE 
BOILING HEAT TRANSFER, P a p e r p re sen ted at 
Third National Heat T rans fe r Conf., A.S .M.E. 
A.I .Ch.E. , August 1959, P r e p r i n t No. 105. 

525. Wes twater , J . W. 

NUCLEATE POOL BOILING. II,, P e t r o / C h e m . Engr . 
33, no. 10, 53-60 (1961). 

Four t een equations re la t ing va r i ab l e s for nuc lea te -
boiling heat t r an s f e r a r e reviewed and compared , 

526. Whitehead, A. L. 

-AN EXAMINATION OF BUBBLE SIZE FOUND IN 
LOCAL BOILING HEAT TRANSFER EXPERIMENTS, 
S.M. T h e s i s , MIT (1955). 

527. Yamagata , K., et a l . 

NUCLEATE BOILING OF WATER ON THE HORI
ZONTAL HEATING SURFACE, Repr in t from 
Memoi r s of the Facul ty of Engineer ing , Kyushu Univ. 
I J , No. 1 (1955). a lso in Japan Sci. Rev, Z, 409-20 
(1952). 

Nucleate boiling of a pool of water on a hor izonta l 
heat ing sur face was invest igated by an optical method 
and the rmocoup les to det. the th ickness of the bound
a ry layer and the t emp , difference between the hea t 
ing sur face and the boiling liquid. Photographs of 
bubble format ion on the heat ing sur face revea led that 
4 different types of bubbles can be genera ted in boi l 
ing l iquids . In the f ree -convec t ion region (heat fluxes 
below 9800 k c a l . / s q . m . h r . ) , the bubbles formed were 
uniform in s ize and e i ther spher ica l or be l l - shaped . 
The re was l i t t le tu rbu lence , only a smal l no. of 
vapor co lumns , and very l i t t le s t i r r i n g effect from 
the r i s ing steann bubbles . In the forced-convect ion 
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region (heat fluxes g r e a t e r than 15,000 k c a l . / s q . m , 
h r . ) , the s t i r r i n g effect of the bubbles formed was 
impor tan t , and grea t liquid tu rbu lence was evident 
in the boundary l ayer . The 2 types of bubbles 
formed in the forced-convect ion region were l a r g e 
bubbles with a smal l one t ra i l ing after each l a r g e 
one and mult iple or tandenn bubbles formed by the 
coa lescence of single bubbles . It was concluded 
tjiat the mos t impor tant factor control l ing the coeff. 
of heat t r an s f e r for boiling liquids was the s t i r r i n g 
effect of the vapor bubbles being formed and not the 
heat flux or the temp- difference between the heat ing 
surface and the boiling liquid. The data indicate that 
the Nusse l t no, is propor t iona l to the cube root of the 
no. of vapor columns formed in the boiling liquid. 
(CA-49-5b). 

528, Zavoyskiy, V. K. 

STEADY BOILING OF A VOLUME HEATED LIQUID, 
Atomnaya energiya , 1_0, no. 5, 521-523 ( I96I ) , 

The p r e sen t "Le t te r to the Ed i to r " i s connected with 
an e a r l i e r paper (Zavoyskiy, Atomnaya energ iya , 10, 
n. 3, p, 272 (1961)). Some r egu l a r i t i e s hold for the 
boiling of a liquid in whose volume heat s o u r c e s a r e 
regu la r ly d is t r ibuted. It was shown in the previous 
paper that during steady boiling the rad ius of a mov
ing vapor bubble is given by R = {kau)'''-'(c7 ' A T t / 
r7")^^^, where k is a constant coefficient; 7 ' , c, and 
a denote, r e spec t ive ly , the densi ty , the specific heat , 
and t h e r m a l diffusivity of the liquid; r is the heat of 
bubble formation, 7 " the vapor densi ty, u the re la t ive 
velocity of the bubble in the liquid, A T the t e m p e r a 
tu re difference of the liquid and the vapor , and t is 
the l ifet ime of the bubble, the t ime for which the 
bubble l a s t s in the boiling liquid. F o r the der iva t ion 
of this formula it was assunned that u and AT a r e 
constant . This re la t ion is now used to de te rmine 
the dis t r ibut ion of the vapor bubbles accord ing to 
s i ze . The liquid is a s s u m e d to be s t rongly boiling 
and the re fore in rapid motion so that a mean l ife
t ime of the bubble (independent of the age of the 
bubble) can be int roduced. T is independent a lso 
of the s ize of the bubble. F u r t h e r , the probabi l i ty 
P(t) is introduced which gives the probabi l i ty that 
the bubble does not leave the liquid volume during 
the t ime t: 

P(t)cit = ( I / T ) < -'H P(t)dt = 1. 

If f(R} is the dis t r ibut ion function showing how the 
bubbles a r e d is t r ibuted accord ing to the i r r ad i i , then 
on account of f(R)dR = P(t)dt: 

f(R)dR ^ a R ' " exp( -aR ' " )dR, where ex 
Txkau/ 

i/z 

IrT 
\ c 7 

_1_ 
AT 

Since a is constant one obtains for the mos t probable 
bubble rad ius : Rp^ob ~ V^h^f'^- If the new va r i ab l e 
X = R/Rpi-ob is introduced t h e r e r e s u l t s : 
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t(x)dx = - X e x p ( - - x )dx - )dx = 1. 

That i s , if the mos t probable radius of the bubble is 
known the dis t r ibut ion function of the bubbles in size 
is a lso known. The ra t io of tjie average to the mos t 
probable rad ius is given by: R/Rpj-Qj., = x = 3 
(1 + 2/3)=: 1.87. The ra t io of the total surface of the 
bubbles to thei r total volume is given by 

s / v = •—^ . where n is the number of the bubbles, 
|TTR^n 

Approximately . s / v ~ 0 . 8 6 / R QI,. The validity of this 
formula was checked by an ins t rument desc r ibed in 
the previous paper mentioned above. There a r e 3 
f igures and 1 Soviet-bloc r e f e rence , English T r a n s 
lation in: Soviet Journal of Atomic Energy, 10, 
513-515 (1962). 

529. Zuber , Novak 

REPORT ON BOILING HEAT TRANSFER (Russian 
Review), AECU-3569 (1957), 7 p . . Heat T rans fe r Re 
s e a r c h Labora to ry , Columbia Univ., N. Y. 

A brief compilat ion is made of Russ ian papers on 
boiling heat t r ans fe r and two-phase flow. 

5 30. Zuber , Novak 

ON THE STABILITY OF BOILING HEAT TR-ANSFER, 
T r a n s . ASME 80, 711-20 (1958) (also paper No, 57-
HT-4) , 

Boiling heat t r ans fe r in the nucleate region is r e 
viewed. The t rans i t ion fi lm-boiling region is 
analyzed by consider ing the stabi l i ty of a plane vo r 
tex sheet separat ing two inviscid fluids. Using the 
c l a s s i ca l r e su l t s of Helmholtz, Kelvin, and Rayleigh, 
express ions have been derived that predict the max
imum and min imum hea t - t r ans f e r r a t e s in the nu
cleate and the fi lm-boiling r e g i m e s , respec t ive ly . 
The model exhibits the essent ia l features of the 
phenomenon and shows good agreement with ex
per imenta l data. 

531. Zuber , N,, and Tr ibus , M, 

FURTHER REMARKS ON THE STABILITY OF BOIL
ING HEAT TRANSFER, AECU-3631 (1958), 71 p. 

An analytical express ion is p resen ted which pe rmi t s 
the predict ion of the max imum nucleate heat flux in 
pool boiling of sa tura ted or subcooled l iquids. The 
numer ica l values of the empi r i ca l constants which 
appear in the Kutataladze and Bor ishanski i c r i t e r i a 
for the "burnout" heat flux a r e derived from the 
theory . An analyt ical express ion for the empi r i ca l 
function which appears in the co r re l a t ion of Griffith 
is a lso der ived. The h i ther to unexplored fea tures of 
t rans i t ion boiling, i .e. , the hydrodynamic instabi l i ty , 
the well defined geomet r ica l configuration and the 
frequency dependence a r e descr ibed , supported by 
exper imenta l evidence, and used as the basis for the 
analyt ical work. The peak heat flux in t rans i t ion 
boiling is shown to be l imited by the combined effects 
of Taylor and Helmholtz ins tabi l i t ies ; whereas the 
min imum t rans i t ional heat flux is l imited by the 
effect of Taylor instabil i ty only. 

532. Zuber , Novak 

HYDRODYNAMIC ASPECTS OF BOILING HEAT 
TRANSFER. (Thes is ) . AECU-4439 (1959), 210 p, 

A theore t i ca l ana lys i s is given for 5 a spec t s of boi l 
ing- The analyt ical model of Bosnjakovic for a 
bubble growing in a uniformly superhea ted liquid 
is extended to include a nonuniform field, and the 
growth is shown to be a function of the heat flux as 
well as the superhea t . A theory for the diam, and 
emis s ion frequency for bubbles at a cavity shows 
both fac tors to be functions of the cavity diam. A 
re la t ion is der ived showing the superhea t and heat 
flux at which a cavity of s ta ted diam. will nuclea te . 
The max . heat flux is shown to be caused by the 
sanne hydrodynannic factors that cause flooding in 
pe r fo ra t ed -p la t e a b s o r b e r t o w e r s . The min . flux 
in film boiling is der ived from cons ide ra t ions of 
Taylor instabili ty- Soviet l i t e r a t u r e is reviewed 
extensively, 114 r e f e r e n c e s . 

533. Zuber , Novak 

HYDRODYNAMIC ASPECTS OF NUCLEATE POOL 
BOILING, P-ART I- THE REGION OF ISOLATED 
BUBBLES, Ramo Wooldridge, Div. of Thompson-
Ramo-Wooldr idge , Inc. , RW-RL-164 (I960), 60 'p . 

The theory of Bosnjakovic 'and Jakob (bubble growth 
is l imi ted by the ra te of heat t r ans f e r ) is extended to 
predic t the r a t e of vapor format ion , in s teady or 
t r ans i en t boiling, with the as sumpt ion that the evapo
ra t ion takes place at the base of the bubble. The p r e 
dicted values a r e in sa t i s fac to ry agreennent with 
exper imenta l r e su l t s - An analyt ical exp res s ion , in 
t e r m s of the bubble population, is der ived for the 
velocity of the liquid adjacent to the heat ing s u r 
face. This velocity is used to e s t ima te the heat 
t r ans fe r in nucleate boiling. Expe r imen ta l data 
indicate that when bubbles can be cons idered as 
isolated, the heat t r an s f e r in nucleate boiling is 
in te rmi t ten t and b e a r s a s i m i l a r i t y to the t r ans f e r 
of heat from a flat plate with boundary- l aye r 
formation. Exper imen ta l data indicate a lso that 
as the vapor void fract ion (vapor hold-up) on the 
heating surface i n c r e a s e s , a change occu r s in the 
hydrodynamic conditions of the two-phase sys t em. 
This change occurs at a heat - f lux density well be 
low the c r i t i ca l heat flux. The vapor rennoval is 
a l t e red fronn an in te rmi t t en t to a continuous p r o c 
e s s . The mechan i sm of heat t r an s f e r is affected but 
not the p r o c e s s . An equation is der ived for ana lyz
ing the re la t ion which exis ts between the heat-f lux 
density, the l iqu id-superhea t t e m p e r a t u r e , and the 
bubble population in nucleate pool boil ing. The p r e 
dicted values a r e in qual i ta t ive and quanti tat ive 
ag reemen t with avai lable experinnental r e s u l t s . 

534. Zuber , N., T r i b u s , M., and Westwater , J, W. 

THE HYDRODYNAMIC CRISIS IN POOL BOILING OF 
SATURATED AND SUBCOOLED LIQUIDS, In t e rna 
tional Developments in Heat T r a n s f e r . P a r t II, ASME, 
1961, p. 230-6. 

An analysis of the c r i t i ca l heat flux in pool boiling is 
p resen ted . The s imi l a r i t y between nucleate boiling 
and the p r o c e s s of gas bubbling from a porous s u r 
face is d i scussed . The s imi l a r i t y indicates that the 
c r i t i ca l heat flux c o r r e s p o n d s to the hydrodynamic 
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phenonnenon known as "flooding." The prob lem is 
fornnulated by cons ider ing the combined effects of 
Taylor and Helmhol tz ins tabi l i t ies on the flow of the 
two-phase m i x t u r e . An analyt ica l exp res s ion is de
r ived which p e r m i t s the pred ic t ion of the c r i t i ca l 
heat flux fronn a hor izonta l sur face (facing upward) 
in pool boiling of l iquids at sa tu ra t ion t e m p e r a t u r e 
or subcooled. The theore t i ca l r e s u l t s a r e in good 
ag reemen t with avai lable expe r imen ta l data, 

535. Zys ina-Molozhen , L. M. 

HEAT TRANSFER WHILE BOILING IN A LARGE 
VOLUME OF LIQUID, Collect ion "Za novoe sovetskie 
energooborudovanie (For a New Soviet Power P lan t )" 
The Cent ra l Scientific R e s e a r c h Inst i tute for Bo i l e r s 
and Turb ines . (1939). 

Pool (See Nucleate) 

Surface (See Nucleate) 
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5 36. Bankoff, S. G., and Mehra . V, S. 

A QUENCHING THEORY FOR TRANSITION BOILING, 
Ind. Eng. Chem. , F u n d a m e n t a l s , 1, 38-40 (Feb. 1962). 

A quenching theory of t r ans i t ion boiling is proposed, 
which is cons i s ten t with B e r e n s o n ' s data. An in t e r 
esting resu l t is that the t h e r m a l boundary l aye r in 
the liquid contact ing the sur face is v e r y much l a r g e r 
than the c r i t i c a l bubble r ad ius for nucleat ion. 

537. Berenson , P . J. 

TRANSITION BOILING HEAT TRANSFER FROM A 
HORIZONTAL SURFACE, NP-8415 (I960), 117 p. 

An exper iment , ut i l iz ing a condensing fluid as the 
heat sou rce , was pe r fo rmed to deternnine the heat 
flux v s . t e m p e r a t u r e difference curve for t r ans i t ion 
pool boiling from a hor izonta l su r face . The boiling 
curve was deternnined as a function of sur face rough
n e s s , m a t e r i a l , and c lean l iness for n-pentane at 
atnnospheric p r e s s u r e . The r e s u l t s of the e x p e r i 
ment show that the liquid contacts the solid heating 
surface in t r ans i t ion boil ing. The burnout heat flux 
and the film boiling curve a r e independent of s u r 
face p r o p e r t i e s . F o r connmercial heat ing sur faces 
and probably provided that the combinat ion of s u r 
face energ ies which exis t do not r e su l t in spreading 
of the liquid on the solid heat ing sur face , the loca
tion of the minimunn point is independent of surface 
p r o p e r t i e s . It is concluded that t r ans i t ion boiling is 
a combination of unstable nucleate and unstable film 
boiling a l te rna t ing at a given location on the heating 
sur face . The heat t r a n s f e r data in the t r ans i t ion 
region was found to be c o r r e l a t e d by a s t ra ight line 
on log-log graph paper which connects the burnout 
point and the min imum point. The bubble spacing 
and growth ra t e s in film pool boiling from a h o r i 
zontal surface a r e shown to be de te rmined by 
Taylor Hydrodynamic Instabi l i ty for tennpera ture 
differences nea r the nninimum. An analyt ical ex
p res s ion for the hea t t r an s f e r coefficient in film 
pool boiling from a hor izonta l surface is der ived. 
Combining this equation with the equation for the 
min imum heat flux yields an analyt ica l exp re s s ion 

for the t e m p e r a t u r e difference at the min imum, which 
defines the location of the m i n i m u m point. The above 
equations ag ree with the exper imenta l measurennen ts 
made on n-pentane and carbon t e t r ach lo r ide within 
±10%. 

538, Donald, M, B. , and Has lam, F , 

THE MECHANISM OF THE TRANSITION FROM 
NUCLEATE TO FILM BOILING, Chem. Eng, Sci, 8, 
287-94 (1958). 

The av, a r e a of heat t r a n s f e r sur face covered by boi l 
ing water over a heat flux range f rom ze ro to that 
for onset of film boiling was m e a s u r e d by detg. the 
r e s i s t ance between the surface and an e lec t rode 
i m m e r s e d in the boiling water . Theory sugges ts that 
one-half the heated surface should be covered at the 
onset of film boiling- A su r face -ac t ive nnaterial 
added to the water i n c r e a s e s film s t rength , r e su l t ing 
in coverage of a g r ea t e r a r e a of the sur face with 
bubbles before film boiling s t a r t s , 

539- F r a m u k , F , S., and Westwater , J, W. 

E F F E C T OF AGITATION ON THE CRITICAL T E M 
PERATURE DIFFERENCE FOR A BOILING LIQ
UID, Chem. Eng, Prog, Sym. Ser . 52, No. 18, 79 
(1956), 

Other worke r s have studied the two ends of the boi l 
ing curve and have shown that agi tat ion can i n c r e a s e 
the heat t r ans fe r coefficient for nucleate and filnn 
boiling. This work was concerned with the c r i t i c a l 
t e m p e r a t u r e difference and the t rans i t ion region of 
boil ing. Methanol was boiled at a tmosphe r i c p r e s 
sure while being agitated with a 3-in. t h r ee -b l aded 
prope l le r at speeds up to near ly 1,000 r e v . / m i n . 
Heat was supplied by a 6-in. long by 3 /8- in . O.D. 
s t eam-hea t ed , hor izonta l , copper tube located 
within 1 in. of the agi tator b lades . The c r i t i ca l 
t e m p e r a t u r e difference for copper to methanol was 
about 51°F. and was independent of the degree of 
agitat ion. The heat t r an s f e r coefficient throughout 
the en t i re t r ans i t ion region and a lso at the c r i t i c a l 
t e m p e r a t u r e difference was i nc reased as agi ta t ion 
inc reased . The max imum i n c r e a s e in heat t r ans fe r 
due to agitat ion was over 100%. It is now known 
that agitat ion can innprove the heat t r an s f e r coef
ficient over the en t i re boiling cu rve . 

540. Goldman, K. 

IMPROVED HEAT TRANSFER BY APPLICATION 
OF CENTRIFUGAL FORCES, ASME-AIChE Heat 
Trans fe r Conference , T rans i en t Boiling Sess ion , 
NDA 2-79 (1958), 7 p. 

A s e r i e s of t e s t s of the appl icat ion of centrifugal 
forces to fluids to b reak up boundary l a y e r s , the reby 
inc reas ing heat t r ans fe r coefficients, was conducted. 
The r e su l t s indicate that these forces a r e effective 
in b reak ing up vapor f i lms; however , i n c r e a s e d 
ve loc i t ies appear to be l ess effective in vapor film 
breakup . The t e s t appara tus is desc r ibed , and ob
se rva t ions of the flow s t r e a m s a r e included, as well 
as graphs of burnout fluxes vs . pumping power. 
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541. Hel lman, S. K., et a l . 

COMPILATION OF CURRENT WORK IN TRANSIENT 
BOILING. WAPD-V(FBE)-25 (1958), 12 p, 

A repor t on p r o g r e s s of work re la ted to boiling bub
ble dynannics is p resen ted . The information p r e 
sented was obtained prinnari ly fronn inves t iga to rs 
working in the field of heat trauisfer and hydrau l i c s . 
Tabular s u m m a r i e s of work a r e included along with 
a list of all paper s noted by inves t iga to r s . 

542. Hel lman, S. K., Kaminsky, S., and Kupp, R, W. 

REPORT ON COMPLETED WORK ON TRANSIENT 
BOILING, Vitro Engineer ing Co. , New York, NY, 
WAPD-V(FBE)-115 (1959). 100 p. 

The r e su l t s of an effort toward the ultinnate formu
lation of a function which can be used to predic t 
void volumes during runaway of a p r e s s u r i z e d water 
r eac to r a r e p resen ted . The emphas i s is on bubble 
format ion and dynamic aspec ts of the bubble void 
function rela t ing the bui l t - in p a r a m e t e r s such as 
wall t e m p e r a t u r e s , flow, and bulk t e m p e r a t u r e to 
the void. A l i t e r a t u r e s e a r c h was conducted, and 
the information gained was used to reso lve some of 
the numerous phenomena assoc ia ted with t r ans i en t 
void formations in nucleate boiling. Mathemat ical 
analyses a r e included as well as numerous graphic 
p resen ta t ions . 

There a r e 44 en t r ies in the bibl iography. 

543. Hel lman, S. K., Kaminsky, S., and Kupp, R. W. 

SECOND COMPILATION OF CURRENT WORK ON 
TRANSIENT BOILING, Vitro Engineer ing Co., 
New York, N.Y,, WAPD-V(FBE)-159 (1959), 11 p. 

A brief account of the cu r r en t and projected t rans ien t 
boiling work going on at Atomics Internat ional , 
Ramo-Wooldr idge, National Aeronautical and Space 
Adminis t ra t ion, Genera l E l e c t r i c , Univers i ty of 
I l l inois, and Massachuse t t s Insti tute of Technology 
is p resen ted . Abs t rac t s of some Japanese papers 
a r e p resen ted . 

544. Hel lman, S. K., Kaminsky, S., and Kupp, R. W. 

THIRD COMPILATION OF CURRENT WORK ON 
TRANSIENT BOILING, Vitro Engineering Co. , New 
York, N.Y., WAPD-V(FBE)-226 (1959), 17 p. 

The thi rd and final review on boiling heat t r ans fe r 
and re la ted topics p resen t ly being invest igated is 
p resen ted . At North Caro l ina State College, 
s eve ra l exper iments were conducted and a r e planned 
for a p rog ram aimed at controll ing var iab les that 
affect boiling heat t r ans fe r . Abs t rac t s of papers ob
tained from p rog ram par t ic ipants a r e included, and 
data on uniform rod burnout a re presen ted along with 
data on bubble p rope r t i e s , 

545. L u r i e , H., and Johnson, H. A. 

TRANSIENT POOL BOILING OF WATER ON A 
VERTICAL SURFACE WITH A S T E P IN HEAT 
GENERATION, J , H e a t Transfe r 84,217-24 (1962). 

A study was made of the t r ans i en t heat t r ans fe r 
from a ver t ica l ly submerged metal l ic ribbon under 
going a s tep in Joule heating leading to boiling on its 

su r face . The t e s t s were made in deae ra t ed distd, 
water at atnn. p r e s s u r e with pool t e m p s , at satn. and 
112°F. subcooled, and with heat genera t ion r a t e s per 
unit of r ibbon surface a r e a from nonboiling to 1.6 x 
10^ B tu / sq . ft, h r . Although the heat capac i ty of the 
ribbon is low, the sur face t emp, overshoot c o m p a r e d 
to the s t eady - s t a t e t emp, is minor with values of l e s s 
than 10°F. The t ime r equ i r ed to r each this overshoot , 
or the t ime r equ i r ed to r each s teady s ta te , is ve ry 
shor t and d e c r e a s e s with inc reas ing heat flux. These 
va lues a r e shor t compared to Goldstein and Ecke r t 
(Intern. J. Heat Mass T rans fe r I, 208-18(1960) and 
S i ege l ,T rans . Am. Soc. Mech- Eng, 80, 347-59(1958)) 
e s t ima te s of the t ime r equ i r ed to develop the hydro-
dynamic and thernnal boundary l aye r s in na tu ra l con
vection, and indicate that nucleate boiling heat 
t r an s f e r is probably a weak function of the fluid c i r 
culat ion. Some further support for this is evidenced 
by calcd, t r ans i en t t e m p s , based on s teady nucleate 
boiling heat t r an s f e r which a r e in r easonab le a g r e e 
ment with the nneasured p e r f o r m a n c e . (CA 62 l6355e) 

546. Morozov, V, G. 

EXPERIMENTAL INVESTIGATION OF THE TRAN
SITION FROM FILM BOILING TO NUCLEATE 
BOILING OF A LIQUID ON A SUBMERGED HEAT
ING SURFACE, Inzh--Fiz , Zh,, -Akad, Nauk 
Be lo russk , SSR 5, No. 4, 15-19 (1962). 

When the heat flux is qj, only film boiling o c c u r s . If 
qi is d e c r e a s e d to q2, only nuclea te boiling o c c u r s . 
q2 is detd. for MeOH (1-21.1 a tm. ) , PhOH (1-24.15 
a tm.) , 95% EtOH (1-31.8 a tm, ) , and CCI4 (1 atm,) 
boiling on pla tes made of s t r i p s of N ich rome . The 
heating sur faces were heated by low-voltage d . c ; 
0.190 < qi/q2 < 0.320. The r e s u l t s can be c o r r e 
lated to ±30% by S t e r m a n ' s method (CA62 12279d) 

547. Rosenthal , M. W., and Mi l le r , R. L. 

AN EXPERIMENT-AL STUDY OF TRANSIENT BOIL
ING, ORNL-2294, May 1957, 40 p. Also in; Nuclear 
Sci. and Eng. 2, 640-56 (1957). 

An exper imenta l invest igat ion of heat t r ans fe r to 
subcooled water under t r ans i en t conditions has been 
conducted. Heat was genera ted e l ec t r i ca l ly in plat i 
num and a luminum ribbons in such a m a n n e r as to 
produce exponehtially inc reas ing heat genera t ion 
r a t e s which s imula ted r e a c t o r e x c u r s i o n s . Surface 
t e m p e r a t u r e was nneasured and the events were 
photographed with a h igh-speed c a m e r a . The t em
p e r a t u r e at tained by the surface before boiling com
menced was de te rmined and the t ime delay between 
passage of the boiling point and the beginning of boi l 
ing was m e a s u r e d . Heat flux at the beginning of film 
boiling was obtained. The effects of water t e m p e r a 
tu re , exponential per iod, and gas concent ra t ion were 
studied. Pe r iods ranged from 5 to 75 mi l l i seconds . 
The bulk water t e m p e r a t u r e was va r i ed from 90°F 
to near the boiling point; in all expe r imen t s the 
water was init ial ly stagnant and at a tmosphe r i c 
p r e s s u r e . 



548. S c h e r r e r , V. E. , and McLean, E . A. 

WORKING CONFERENCE NO. V: TRANSIENT BOIL
ING HEAT TRANSFER AND FLUID FLOW CHARAC
TERISTICS, Reac to r Heat T rans fe r Conference , New 
York, TID-7529 (Pa r t 1) (p 612-621), Nov 1 and 2, 
1956. 

549. Steinle, H, F . 

AN EXPERIMENTAL STUDY OF THE TRANSITION 
FROM NUCLEATE TO FILM BOILING UNDER 
ZERO GRAVITY CONDITIONS, p. 208-19 of " P r o 
ceedings of the i960 Heat T rans fe r and Fluid Me
chanics Ins t i tu te , Stanford Univers i ty , Calif. June 
15-17, 1960." Stanford. Calif., Stanford Univ. P r e s s , 
I960. 

Drop t e s t s of an e l ec t r i ca l ly heated plat inum wire 
hor izonta l ly submerged in a pool of F r e o n - 1 1 4 were 
pe r fo rmed to study the t r ans i t i on f rom nucleate to 
film boiling under z e r o - g r a v i t y conditions at atnnos
pher ic p r e s s u r e . The change of the wire t e m p e r a 
ture as a function of t ime was r e c o r d e d by use of 
an osc i l lograph and an o s c i l l o g r a p h - r e c o r d c a m e r a . 
The drop dis tance was nine feet, giving an approx i 
ma te z e r o - g r a v i t y condition for about 0.75 seconds . 
Data re la t ing heat flux to t e m p e r a t u r e difference be 
tween hea te r and liquid were col lected and plotted, 
and were compared with the one-g condition. With 
the heat ing r a t e s used in this study, boiling under 
ze ro -g s t a r t e d sooner and at a lower heating ra te 
than under one-g , with no or only a ve ry smal l p e r i 
od of na tu ra l convection. Nucleate boiling appeared 
to be t ime dependent and was p r e s e n t only for a few 
mi l l i seconds . Filnn boiling o c c u r r e d with r e p e a t 
abili ty in z e r o - g , a t heat fluxes which would pe rmi t 
only nucleate boiling under one-g . 

Tronsition 

that; (l) the liquid does touch the sur face during t r a n 
sit ion boiling; (2) the re is no unique nninimum point; 
(3) the minimunn point does not n e c e s s a r i l y m a r k the 
dividing line between t rans i t ion and filnn boiling; and 
(4) the c r i t e r i o n for s table film boiling should be the 
absence of fluctuations in the sur face t e m p e r a t u r e . 
Heat t r ans fe r data for water and F r e o n 1 1 in all the 
boiling r e g i m e s a r e p resen ted . 

550. Stock, B. J. 

OBSERVATIONS ON TRANSITION BOILING HEAT 
TRANSFER PHENOMENA, .ANL-6175 (1960), 78 p. 

A study was made of boiling heat t r a n s f e r f rom a 
hor izonta l tube to a s a tu ra t ed liquid at atnnospheric 
p r e s s u r e in the nuc lea te , t r ans i t ion , and film boiling 
reg ions . P a r t i c u l a r cons idera t ion was given to the 
beginning and end of the t r ans i t i on boiling region. 
Two liquids were used , F r e o n 11 and demine ra l i zed 
water . An a t tempt was made to de te rmine what 
changes in the boiling curve can be produced by wide 
var ia t ions in the su r face . Both meta l l i c and non-
meta l l i c su r faces were studied. The r e s u l t s indi
cated: (1) that (Q/A)ma.x ^°^ t he se conditions is 
a lmos t a constant and is unaffected by a shift of 
( A T ) ^ a x of as much as 40°; (2} ( A T ) ^ ^ ^ is s t rongly 
dependent on surface condi t ions; (3) that data in the 
t r ans i t ion region a r e highly uns tab le , depending on 
surface conditions and on wetting p r o p e r t i e s of the 
liquid; and (4) that the inception of t r ans i t ion boiling 
is m a r k e d by violent mot ions of a two phase m i x 
tu re which a l t e rna te ly approaches and is dr iven from 
the heated sur face . Thus a vapor film is gradual ly 
produced a s the sur face t e m p e r a t u r e r i s e s , and 
stable film boiling is e s tab l i shed only when the s u r 
face t e m p e r a t u r e b e c o m e s re la t ive ly constant , such 
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551. Aksel rod. L. S., and Dilman, V. V. 

PERFORMANCE OF MESH BUBBLES AT LOW GAS 
VELOCITIES, Kislorod (Oxygen) Nr 5 (1952). 

552, Balandina, O. , and I. P . Levsh. 

INFLUENCE OF SURFACE TENSION ON THE HY
DRAULIC RESISTANCE OF A LIQUID LAYER TO 
BUBBLING, Uzbek, khim. zhur . No. 4, 17-24 (I960). 

By bubbling air at var ious r a t e s through wa te r , 
EtOH, and gasol ine, it is shown that the surface ten
sion of the liquid has no influence on the hydraul ic 
r e s i s t a n c e of the liquid column, which is the s ame 
for all 3 liquids in heights of 50 cm. or m o r e , and 
within 25% for lower he igh ts . A slight foam layer is 
formed. With 0,5M aq. EtOH and BuOH solns , . t he re 
is extensive and continuous foaming, and the hydrau
lic r e s i s t ance v a r i e s ; although these so lns . have the 
sanne sp . g r . and v iscos i ty as pure wa te r , the change 
in the hydraul ic r e s i s t ance does not follow the change 
in the surface tension; the change in the height of the 
stable foam layer does . With 8 and 25% NajSzOz 
so lns . , foaming is slightly g rea t e r than with wa te r , 
but the foam layer does not continuously i nc r ea se in 
height. 

553. B a r u s , C. 

GLUE BUBBLES AND PRESSURE THEREIN. 
Science, 57, 151-54 (Feb 2, 1923). 

The in te r fe romete r U-gauge previously desc r ibed 
has been applied to de te rmine the excess p r e s s u r e in 
the in te r ior of bubbles of sugar solut ions, m o l a s s e s , 
and glue, the bubble in each case pass ing , by evapo
rat ion, fronn the liquid to the solid s ta te . The s u r 
face tension of the film is deduced from the nneasured 
excess p r e s s u r e , and its var ia t ion with t ime plotted. 
In the case of glue bubbles, the surface tension ini 
t ial ly i n c r e a s e s , at f i rs t slowly and then rapidly, 
until a maximum value is at tained. The surface ten
sion r emains constant at this value for an in terval 
of some minutes until the bubble is p rac t ica l ly solid. 
Thereaf te r , gas leaks through the bubble and the 
value of the surface tension apparent ly d e c r e a s e s . 
The surface tension of a solution of glue is low and 
constant (about 25 c .g . s . units) until a dilution of the 
o rde r 0.005 is reached. On further diluting the solu
tion, the surface tension i n c r e a s e s very rapidly, the 
value for a concentrat ion 0.001 being approximate ly 
60 c .g . s . un i t s . (CA-1 7-1 569-2) 

554. Binder , R. C, 

DETERMINING FALL OR RISE VELOCITY OF 
SPHERES IN FLUIDS, Chem. and Met. Eng, ^ 1 . 
No. 8, 104-5 (1944). 

One relat ion for computing the sett l ing ra t e s of fine 
pa r t i c l e s in a liquid or gas is called Stoke 's law, 
which can be wri t ten: V = D^(wi - w ) / l 8 ^ , where V 
is the re la t ive velocity between the sphere and the 
fluid, D is the diann. of the sphe re , Wj is the sp. 
weight of the sphere , w is the sp . weight of the 
fluid, and ji is the dynamic viscosi ty of the fluid. 
This equation is l imited to laminar flow. Expt l . 
data on the r e s i s t ance of spheres for steady flow 
were organized by express ing a r e s i s t ance coeff. 

as a function of the Reynolds no. The following 
form is cu s tomary : R = Cp{'V^/Z)A, where R is the 
r e s i s t a n c e to re la t ive motion (as lb,) , C is a d imen
s ion less r e s i s t a n c e coeff., p is the m a s s d. of the 
fluid ( P = w/g where g is the grav i ta t iona l a c c e l e r a 
tion), and A is the projec ted a r e a of the sphere (as 
square feet) . The r e s i s t a n c e coeff. C is a function of 
the Reynolds no. N = pVO/ii. Since both C and N a re 
d imens ion le s s r a t io , any set of cons is tent units can 
be employed. For a s teady ve r t i ca l motion the r e 
s i s tance to re la t ive motion, R, equals the difference 
between the buoyant force and the weight of the 
sphe re . Consider ing downward motion of the sphere 
through s ta t ionary fluid as an example of this type we 
obtain: B = [2RpDy^^A]*^^ = NC'''^ where the left side 
will be des ignated as a B no. B is a d imens ion less 
ra t io and can be wr i t ten a s ; B = [4D w(w2 - w ) / 
^gjJ-^f • In a pa r t i cu la r p rob lem B is known, but N 
and C a r e not known. N and C. however , a r e coor 
dinates of the es tabl i shed plot of N vs , C. Employing 
logar i thmic s ca l e s , then a const . B line is a s t ra ight 
line and r e q u i r e s only two points for plotting because 
log B = log N + y log C. A plot of data i s given for 
r e s i s t ance coeff. C against the Reynolds no. to which 
const . B lines have been added. In making a velocity 
calcn. , the p rocedure is to ca l c . B , follow along a B 
line to the curve , det . the Reynolds no. and then com
pute the veloci ty. The p rocedure can be used for a 
wide var ie ty of p rob l ems involving different fluids 
and different ve loc i t i e s . B l ines can be eas i ly con
s t ruc ted on other plots of r e s i s t a n c e coeffs. v s . the 
Reynolds no. , for example , on plots giving data for 
bodies of shapes other than sphe r i ca l , or bubbles , 
in a fluid. (CA-38-5704-7) 

555. Blanchard, D. C. 

ELECTRICALLY CHARGED DROPS FROM BUBBLES 
IN SEA WATER AND THEIR METEOROLOGICAL 
SIGNIFICANCE, J. Meteorol . , Vol. 15, 383-96 
(August, 1958). 

A modification of Mil l ikan 's o i l -d rop exper iment was 
used to de te rmine the e lec t r i c charge and radius of 
drops that were ejected from a burs t ing bubble at an 
a i r - s e a water in te r face . Charge m e a s u r e m e n t s were 
made of both the na tu ra l and the induced c h a r g e . 
Drops of 2 to ZO jj, in r ad ius c a r r y na tu ra l cha rges of 
at leas t 2 x 10^ to 5 x 10^ e .s .u . , r e spec t ive ly . The 
induced cha rges a r e cons iderab ly h igher , reaching 
10 e l emen ta ry units on d rops of 50|ii r ad iu s . The 
sign of the na tu ra l charge is posit ive on d rops ~<4/i. 
For l a rge r drops both the sign and magnitude of the 
charge appear to be a function of the depth of water 
through which the bubble r i s e s . The meteoro log ica l 
significance s t ems from the fact that ra in and snow, 
as well as whi tecaps , can produce g rea t numbers of 
smal l bubbles in the surface w a t e r s of the oceans . 
Both l abora to ry and field work suggest that the 
major i ty of these bubbles produce posi t ively charged 
drops that contr ibute to the a tmosphe r i c space -
cha rge . Of specia l significance is the fact that , for 
posit ive induction fields l e s s than about 25 V / c m . a 
posit ive charge is found on the sma l l d r o p s . Fo r 
fields g r e a t e r than 25 v / c m the induced nega t ive-
charge exceeds the na tu ra l pos i t i ve -cha rge and so 
the drops c a r r y a net nega t ive -cha rge . Consequently, 
smal l babbles breaking at the sur face of the sea in 
the p re sence of the e a r t h ' s f a i r -wea the r posit ive 
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field of about 1 v / c m will produce drops that c a r r y a 
posi t ive c h a r g e . Calcula t ions based on m e a s u r e 
men t s of the bubble spectrunn produced by whitecaps 
indicate that the cha rge on the d rops nnay, under 
some condi t ions , provide a c o u n t e r - c u r r e n t of the 
same o r d e r of magnitude as the f a i r -wea the r con
duction c u r r e n t . Thus the sea may be a source as 
well as a sink for the charge that nnaintains the 
e a r t h ' s posi t ive e l ec t r i c - f i e ld . 

556. Bond, W. N. 

BUBBLES AND DROPS AND STOKES' LAW, Phi l , 
Mag.,(7) 4, 889-98 (1927). 

Stokes ' c a l c n s . for the slow r e c t i l i n e a r motion of a 
solid sphere through a viscous fluid a r e extended to 
fluid s p h e r e s , Exp t s . on the r a t e of r i se of a i r bub
bles in w a t e r - g l a s s and in golden s i rup , and on the 
velocity of the fluid in the neighborhood of the bub
bles in the f o r m e r liquid, a r e in subs tant ia l a g r e e 
ment with the pred ic t ion that the bubble should r i s e 
one and a half t i m e s as fast as it would if it were 
solid. A snnaller number of exp ts . on a i r bubbles 
and d rops of syrup in ca s to r oil a lso show r e a s o n 
able ag reemen t with theory . But those on water 
bubbles in ca s to r oil indicate an effect due to surface 
contaminat ion. 

557. Bond, W. N., and Newton, D. A. 

BUBBLES, DROPS AND STOKES' LAW, Phi l . Mag., 
5, 794-800 (1928). 

The p r e sen t paper shows exper imenta l ly and theo
re t ica l ly that sur face tens ion of the drop or bubble 
d e c r e a s e s the t e r m i n a l veloci ty . Fo r rad i i l e ss than 
a c r i t i ca l value the drop behaves as a rigid sphe re . 
-After a fa i r ly rapid t r ans i t ion through the c r i t i ca l 
point the effect of sur face tension becomes sma l l . 
(CA-22-2501-7) , 

558. Boothe, W. A, 

TECHNICAL STUDY OF GAS ENTRAPMENT IN ORI
FICES AND IN VERTICAL PASSAGES, K A P L - M -
WAB-1 (1953), 43 p . 

Mathemat ica l ana lyses a r e made of gas bubble en-
trapnnent in flow s y s t e m s for the c a s e s where the 
bubbles a r e in a downward flowing sect ion of the 
loops, pass through flat plate o r i f i ces , or pass 
through slots in flat p l a t e s . Included in appendices 
a r e convers ion of d rag coefficient c u r v e s , data on 
the check on bubble d rag , force ba lances on bub
bles of var ious shapes , and min imum p r e s s u r e s 
for bubbles . 

of the hydrotechnica l l abora to ry LIIVT and imi ta ted 
the appl iances used for the ra i s ing of water from the 
deep l a y e r s of a water bas in by means of connpressed 
a i r , de l ivered through perforafed tubes laid on the 
bottonn of the water bas in . The expe r imen t s were 
c a r r i e d out with seve ra l combinat ions of water depth, 
a i r expendi ture , and flow velocity in the tank. The 
range of veloci t ies was studied with the help of 
photography and nneasurements of the components of 
the velocity; a study was specia l ly nnade of the s u r 
face velocity, for which, in the absence of flow in the 
tank, an emp i r i c a l formula is al loted; a fornnula by 
I. M. Konovalov (1951), for the assunnption of a i r and 
for the velocity of the ascending flow was checked 
and exper imenta l c o r r e c t i o n s were nnade in the coef
ficients of the formulas named. 

560. 3rown, A. S,, et al. 

CRITICAL MICELLE CONCENTRATIONS BY A 
BUBBLE PRESSURE METHOD, J . Phys . Chem. . 56, 
701-5 (1952), 

In a kinetic adaptat ion of the bubble nnethod of detg . 
surface tension, air p r e s s u r e , v s . concn. of dodec-
ylpyridinium chlor ide , San tomerse No. 3 and 
Terg i to l TMN-650 gave cu rves which showed 4, 
4, and I d iscont inui t ies , r e s p . These d iscont inu
i t i e s , observed at s eve ra l bubble r a t e s , we re con-
firnned as c r i t . concns . by cond. m e a s u r e m e n t s on 
the same s y s t e m s . Use of the b u b b l e - p r e s s u r e 
method of studying surfac tants is suggested where 
other methods a r e inopera t ive . 

561 • Bryan, J . C. 

BUBBLE DYNAMICS, Ph.D. T h e s i s , U. of Tenn. 
105 pp, (June 1954). 

562. Burdie t t , P . H. 

FUNDAMENTAL PROPERTIES OF TEXTILE-
PROCESSING WASTES. VII. ELECTRIC CHARGE 
ON ESCAPING BUBBLES, Texti le Resea rch 8, 
353-6 (1938). 

Con t ra ry to previous genera l conc lus ions , no e l ec t r i c 
charge was found on a gas (air) after being bubbled 
through pure H2O or aq. so lns . of NaCl and g lyce ro l . 
(CA-33-6606-1) . 

563. Calderwood, G. F . , Mard le s , E . W. 

HYDRAULIC FLUIDS. ETC. THE DECREASE IN 
RATE OF FLOW ALONG TUBES OF A COLUMN 
OF LIQUID WHEN BROKEN BY AIR GAPS, AD 52402 
(1954). 

559. Borodkin, V. C. 

LABORATORY INVESTIGATIONS OF THE KINE
MATIC RAISING OF D E E P WATERS BY MEANS OF 
AIR BUBBLES, Trudy Leningradskogo Inst i tuta 
l izhenerov Vodnogo T r a n s p o r t a . no. 22. pp. 152-165 
(1955) (Referat ivnyi Zhurnal Mekhanicka, no. 1, 
1957, Rev. 720). 

A descr ip t ion is given of expe r imen t s c a r r i e d out 
to invest igate the range of ve loc i t ies c r ea t ed in s t i l l 
and running water as a r e su l t of the lifting of a i r 
bubbles from the bot tom of a wa te r bas in to its s u r 
face. The expe r imen t s were c a r r i e d out in the tanks 

564. Chapman, S. 

INTERPRETATION OF CARRIER-MOBILITY 
SPECTRA OF LIQUIDS ELECTRIFIED BY BUB
BLING AND SPRAYING, P h y s . Rev,, 54, 528-33 
(1938). 

The homogeneous group of negat ive c a r r i e r s of 
mobili ty 1.8 c m / s e c per v o l t / c m , produced by bub
bling dis t i l led wa te r , cons i s t s of a n o r m a l negat ive 
ion in mois t a i r . The posi t ive and negative groups at 
mobi l i t ies +1.0 and -0.95 appear to be due to c a r r i e r s 
containing an ex t r a H*" and OH" ion, r e spec t ive ly . It 
is likely that the other dis t i l led wate r groups 
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a re formed par t ly by the breaking of the thin bubble 
film in uniform fashion, and par t ly by the evapora 
tion of l a rge r c a r r i e r s . The p r e s e n c e of e lec t ro ly t ic 
ions in the bubble film s e e m s to cause i r r e g u l a r 
rup ture , and thus a wide d is t r ibut ion of mob i l i t i e s . 
With increas ing concentra t ion in solutions m o r e 
concentra ted than 10"^ mole per l i t e r , the reduced 
vapor p r e s s u r e of the c a r r i e r s containing solute 
causes the nnain maximum to shift gradual ly to lower 
mobi l i t ies ( i .e . , l a rge r drop s i zes ) . P r e s e n c e of 
suc rose in the bubble filnn appears to provide 
"nuclei" so that a g r ea t e r number of d rople t s a r e 
formed than is the case with dis t i l led w a t e r . Thus 
more total charge and m o r e types of c a r r i e r s a r e 
produced. When dis t i l led water is bubbled m o r e 
violently than usual , the bubble f i lms a r e m o r e ex
tensively torn into thick f ragments by the air b las t , 
so that the positive cha rges (which on Lena rd ' s 
theory a r e in the under layer of the e l ec t r i c a l double 
layer) a r e m o r e frequently to rn off. Hence the p r o 
port ion of positive charge produced re la t ive to the 
negative is g r e a t e r . The less turbulent breaking of 
the bubble film in the case of gentle bubbling seldonn 
exposes positive cha rges , so that no posit ive c a r 
r i e r s a r e produced. The use of supe r sa tu r a t ed a i r 
in the bubbling b las t s inhibits evaporat ion so that 
only a wide dis t r ibut ion of c a r r i e r s of all s i zes is 
observed . (CA-32-8911-7) 

565. Cohen, P . . and Vogen, K. 

THE E F F E C T OF DISSOLVED GASES ON THE BUB
BLE POINT OF WATER, WAPD-RM-7 (1950), 8 p. 

Within the l imitat ions of cu r ren t ly available data, the 
effect of dissolved hydrogen on the bubble point of 
water has been exp res sed as a function of concen t ra 
tion and of total sys tem p r e s s u r e in the form of a 
bubble point cha r t . Improved c h a r t s for hydrogen 
and oxygen nnixtures will be requ i red for the control 
of bubble point by the analys is of the r eac to r fluid. 
Because of the complexity of the analyt ical i n s t ru 
mentation requi red and the complicated re la t ionship 
between gas solubility p r e s s u r e and bubble point, 
d i rec t m e a s u r e m e n t of bubbles point may be pref
erable for control pu rposes . The lines along which 
a suitable ins t rument might be developed have been 
indicated. 

566. Deshpande, P . K., Bhat. G. N. 

BUBBLE-PICK-UP STUDIES WITH ALUMINA, 
J . Indian Inst. Sci. , 37A. 141-6 (1955). 

Data a r e presen ted for bubble-pick-up studies on 
AljOj with oleic acid and Na s i l icate (Na2Si03). The 
much more sur face-ac t ive acid is adsorbed from 
slightly acidic or neu t ra l so lns . to a g r e a t e r deg ree , 
whereas the long-chain paraffin ions a r e adsorbed 
from strongly basic so lns . The data indicate the 
possibi l i ty of the formation of a par t i a l or complete 
2nd layer of adsorbed col lector nnols. on AI2O3 
or ien ted the wrong way for a t t rac t ion between the 
col lec tor filnn and an a i r bubble. 

567. Evett , A. A. 

PRESSURE REDUCTIONS IN WATER PRODUCED 
BY BUBBLE LAYERS, AD 62559 (1954), 

568. Evett , A. A. 

PRESSURE REDUCTIONS IN WATER PRODUCED 
BY BUBBLE LAYERS, -AD 62137, Appendix to 
AD 62559 (1954). 

569. G a r n e r , F . H, and Hammer ton , D. 

CIRCULATION INSIDE GAS BUBBLES, Chem. Eng. 
Sci. , 3, 1-11 (Feb . 1954), 

Air , e thylene, or CO2 gas bubbles of d i a m . s m a l l e r 
than 0.03 c m . r i s e in wa te r a s r igid s p h e r e s . Above 
this d i am. a c i rcu la t ion within the bubble se t s in. 
resul t ing in a g r e a t e r velocity of r i s e . The differ
ence between the velocity of r i s e for the bubble as a 
r igid sphere and its actual veloci ty is a m e a s u r e of 
the exis tence of c i rcu la t ion . The t r ans i t ion with 
bubble s ize from rigid to c i rcu la t ing conditions has 
been observed for a i r bubbles in g lycerol , white 
hydrocarbon oil , and w a t e r . The effect of t ime i n t e r 
val between bubbles , sur face contannination, t emp , 
and wall effect upon bubble velocity was s tudied. 
(CA-48-7955g) 

570. Gardescu , I. I. 

BEHAVIOR OF GAS BUBBLES WITHIN CAPILLARY 
SPACES, Oil Gas J . 28. 42, 115-6 (Feb, 20, 1930). 

Discuss ion of e a r l i e r l i t e r a t u r e ; includes study of 
s ta t ic condition of equi l ibr ium of gas and liquid 
bubbles confined to cap i l l a ry s p a c e s ; Jannin action; 
d is tor t ion of gas bubbles when forced to smal l 
opening is d i scussed as s e p a r a t e phenomena; d i s to r 
tion of gas bubbles in motion is not included. 
(CA-24-4925-9) 

571. Hahn, ] and Knudsen, A. W. 

STABILIZATION -AND CONTROL OF BUBBLE 
CHAMBER SENSITIVITY, In ternat ional Conference on 
High-Energy A c c e l e r a t o r s and Ins t rumenta t ion-
CERN 1959. Geneva, European Organizat ion for 
Nuclear Resea rch (1959), p . 506-7 . 

The bubble dens i ty of a bubble t r a c k is known to de 
pend s t rongly on the liquid t e m p e r a t u r e and on the 
p r e s s u r e d rop . P r e s s u r e s tabi l izat ion by providing 
p r e s s u r e communicat ion of the chamber liquid with 
a re fe rence p r e s s u r e through flexible m e m b r a n e s 
is d i s cus sed . 

572. H a r r i s o n , D.,and Leung, L. S. 

RATE OF RISE OF BUBBLES IN FLUIDIZED BEDS. 
T r a n s . Inst. Chem. E n g r s . , 40, 146-51 (1962), 

The ra te of r i se of an air bubble in an a i r - f lu idized 
bed of sand 3 m. high and of 3700 sq cm section was 
detd. for beds mainta ined just above incipient fluidi-
zation. The bubble s ize va r i ed from 25 m l , to 10 1. 
The equation for the ra te of r i s e conf i rms that this 
ra te is the same as that in an inviscid liquid of zero 
surface tension. The r e s u l t s for a la rge a i r slug 
(vol. 60 1-) of d iam. equal to that of the column were 
a lso p re sen ted for va r ious heights of packed columns. 
(CA62-13575b) 
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573. Kushner , L. M., and Hubbard, W. D. 

THE DETERMINATION OF CRITICAL MICELLE 
CONCENTRATION BY A BUBBLE-PRESSURE 
METHOD, J. Phys . Chem. U , 898-9 (1953), 

Bubble p r e s s u r e - c o n c n . cu rves were r epor t ed for 
com. and purified Na dodecyl sulfate over a range 
of 10"^ to 10"^M and at bubbling r a t e s of 10 b u b b l e s / 
10 sec and 10 bubb le s /4 s e c . The cu rves obtained 
with the com. nnater ial had a cons ide rab le s t r uc tu r e 
that depended on the bubbling r a t e . The pure m a 
t e r i a l gave a curve that dropped off with inc reas ing 
concn. up to 10"^M, above which point the p r e s s u r e 
rennained es sen t i a l ly const . The in te rp re ta t ion of 
bubble p r e s s u r e and conductance data for so lns . of 
impure su r face -ac t ive m a t e r i a l s is d i scussed . 
(CA-48-2446d) 

574, La i rd , A. D. K., and Chisholm, D. 

PRESSURE AND FORCES ALONG CYLINDRICAL 
BUBBLES IN A VERTICAL TUBE, Ind. and Eng. 
Chem. 48, 1361-4 (1956), 

The p r e s s u r e d i s t r ibu t ion and fo rces act ing on a 
bubble r i s ing in s t i l l wa te r at room t e m p , in a 
smooth v e r t i c a l tube of 2- in . bo re were nneasured 
as bubbles passed fixed points in the water at the 
tube wa l l s . The r e s u l t s obtained indicate that the 
p r e s s u r e within each bubble is const , and approx. 
equal to the head of water above it . The shear force 
at the wall ac t s upward on the water column. 
Kine t i c -energy head is pa r t i a l ly conver ted into p r e s 
sure head for a shor t d i s tance below the bubble tai l 
in bubbles l e s s than 30 inches long. The assumpt ion 
of free fall of liquid along the bubble wall a g r e e s 
well with obse rva t i ons . 

575, Lange, E., and Nag el , K. 

GRAPHIC REPRESENTATION OF WETTING ANGLES 
FOR THE METHOD OF MAXIMUM BUBBLE PRES
SURE, KoUoid-Z. . 7_3, 268-9 (1935), 

In the p r e sen t publ icat ion, a sinnple g raphica l p roc
ess is desc r ibed for the deternnination of wet t ing-
angle re la t ionsh ips based on the surface ene rg ies 
given by the m a x i m u m bubble p r e s s u r e nnethod. 
(CA-30-I631-8) 

576. McTaggar t . H. A, 

A PROPERTY OF VERY SMALL BUBBLES OF GAS 
IN WATER, Rov- Soc. Can. T r a n s . , 1^, 129-32 
(1924). 

The paper d e s c r i b e s a method for the observa t ion of 
smal l a i r bubbles in ga s - f r ee wa te r and suggests a 
possible mode of a t tack for p rob l ems rega rd ing the 
or igin of the e l ec t r i c charge on the surface of smal l 
bubbles of a i r in wa te r and on liquid su r faces in 
gene ra l . The expe r imen t s now desc r ibed show that 
if snnall oil bubbles a r e introduced on to the surface 
of the a i r bubbles , they exhibit a mutual repuls ion 
for each other and push each other off the a i r bubble 
in a way that cannot be a t t r ibuted to the Brownian 
movennents. The m i c r o s c o p e a r r a n g e m e n t is detai led 
and a r e c o r d of expe r imen ta l p rocedu re given. 
(CA-19-1215-1) 

577. McTaggar t , H. A. 

STUDY OF FILMS OF OIL INSIDE A SMALL 
BUBBLE OF G-AS IN WATER, Roy. Soc. Can. 
T r a n s . , i l , 249-54 (May, 1927). 

Liquids which do not mix with water fall into two 
groups with re fe rence to their tendency to sp read 
on wate r , the spreading coefficient Oj - (QJ + O12), 
being posit ive or negat ive; Oi is the o i l - a i r , 02 the 
w a t e r - a i r , and O^^ the w a t e r - o i l sur face tens ion . 
Oils with positive spreading coefficients , such as 
benzene chloroform and oleic acid, form on the 
inner surface of an a i r -bubble in water smal l globules 
with Brownian movement , even while in the sur face , 
the identity and movement of these globules being 
re ta ined when the bubble is absorbed and the globules 
d i s p e r s e d . Sufficiently frequent repet i t ion of th is 
opera t ion r e su l t s in an emuls ion of oil in wa te r , and 
it s e e m s probable that this phenomenon is the 
pr incipal factor in the format ion of an emuls ion by 
shaking. In water containing a t r a c e of thor ium 
n i t r a t e , f i lms of oil which spread no sma l l globules 
in Brownian movement , and no d i spe r s ion of the oil 
into g lobu l e s -occu r s ; nnoreover, the e lec t ro ly te 
a l t e r s the e lec t r i c charge in the surface layer of 
the bubble, p resumably reducing the concent ra t ion 
of free negative ions in the su r face . Carbon d i su l -
phide, acetylene te t rabronnide and methylene iodide, 
which show negative spreading coefficients, do not 
spread over the surface of the bubble but tend to 
form a pool at the bottom with a la rge number of 
globules , having Brownian movement , round the 
edge. These globules a r e e l ec t r i ca l ly charged and 
with the heavier l iquids, re ta in thei r motion even 
in the thor ium n i t ra te solution. (CA-22-1072) 

578. Mikumo, J. 

STUDIES ON SOAP SOLUTIONS. I. COMPOSITION 
OF BUBBLES OF MIXED SOAP SOLUTIONS, J . Soc, 
Chem. Ind. Japan, 37, 1317-20 (Oct. 1934). 

Composit ion of bubbles of mixed soap so lu t ions . 
(CA-29-1274-6) 

579. Mumford, A. R. 

A THEORY OF CARRYOVER, Combustion 1_8, 39-41 
(1947). 

Based on the idea that chemica l s in wa te r from which 
s team is made a r e coned, in a film surrounding the 
s team bubble, a theory is proposed re la t ing opera t ing 
p r e s s u r e and chem. concn. to s team contaminat ion. 
If each s team bubble is surrounded by such a highly 
coned, film of high surface tension and s t reng th it is 
n e c e s s a r y to agitate these bubbles violently with 
boi le r wa te r to reduce the film concn. and weaken the 
film to a degree that will allow it to b u r s t and r e 
lease the s t eam. As the boi ler water concn. in
c r e a s e s , the bubble film concn. and s t reng th 
i n c r e a s e and the sepg. and purifying equipment may 
become overloaded and unable to de s t roy the s t rong 
bubble f i lms . (CA-41-4257e) 

580. Novick. M. 

E F F E C T S OF RADIOLYTIC GAS BUBBLES ON 
REACTORS, 2nd U.N, Internat ional Conf. on Peaceful 
Uses of Atomic Energy Pape r No. A/Conf. 1 5 / p . / 9 4 6 , 
7, 436 (1958). 
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581. Omae , T. and Furukawa, J . 

SURFACE TENSION OF FLUIDIZED PARTICLES, 
J. Chem. Soc. Japan, Ind. Chem. Sect. 57, 785-7 
(1954). 

Air bubbles were nnoved upwards through a fluidized 
column composed of sand and wate r , and the surface 
tension of fluidized par t i c le sys tem (more accura te ly 
the surface tension of fluidized sys tem to a i r ) , o , was 
obtained by the following re la t ion: 0 = 2.9 Vp, where 
V is the vol. of a i r bubble and p the apparent d. of 
fluidized sys t em. The values obtained for sand-H20 
sys t ems of p 1.34-1.36 g /cc and the mean par t i c le 
d iam. of sand of 0.54, 0.38. and 0.32mm were 180, 
205. and 235 dyne / cm. r e s p . 

582. Orlob, G. T. and Radhakr ishna , G. N. 

THE E F F E C T S OF ENTRAPPED GASES ON THE 
HYDRAULIC CHARACTERISTICS OF POROUS 
MEDIA, Transac t ions of the Amer ican Geophysical 
Union, 32, pp. 648-659 (August 1958). 

Investigation of the hydraul ic c h a r a c t e r i s t i c s of p r e 
pared porous media indicate that a 10% i n c r e a s e in 
a ir content of media voids is capable of producing a 
15% reduction in "effective poros i ty ," a 35% d e c r e a s e 
in permeabi l i ty , and about 50% reduction in hydraul ic 
d i spers ion . The location of bubbles in large or 
snnall pores affects the uniformity of pore s izes and 
de t e rmines the amount of w a t e r - s a t u r a t e d void vol
ume which is isolated by air bubbles . The shape of 
the chloride t r a c e r "breakthrough" curve is grea t ly 
modified by changes in uniformity of pore s i ze . .An 
appreciat ion of the effects of gas accumulat ion is 
essen t ia l to a proper in te rpre ta t ion of the hydraul ic 
behavior of na tura l format ions , 

583. Owens, J, S. 

EXPERIMENTS ON AIR-LIFT PUMPING, Engineer
ing, nZ, 458-61 (September 1921). 

The author r epor t s on exper imenta l invest igations 
for the deternnination of the following; 

1. Relation of dianneter of a i r bubble to velocity of 
r i se through water , 

2. Effect of surface tension. 
3 . Effect of d iamete r of orifice del ivery of a i r . and 

ra te of flow of a i r on the size of the bubbles . 
4. Rate of osci l la t ion of the bubbles . 

The d i a m e t e r s of the bubbles were m e a s u r e d by 
nneans of a perforated plate and a wire loop. The 
observed re su l t s a r e : 

1. The curve of velocity ve r sus d iameter bends 
rapidly downward towards a maximum as the bub
ble i n c r e a s e s in d i ame te r ; it is stated that this is 
due to the flattening of the bubble. 

2. The effect of nozzle d iameter i s very sl ight. The 
factor governing the size of bubble is the ra te of 
a i r flow. 

3. Surface tension, in the form of a film over the 
or i f ice , causes pulsation of a i r flow. 

4. All bubbles osci l la te rapidly as a resu l t of the 
shedding of eddies . 

584, Panne t i e r , P . 

THE IONIZATION PHENOMENA THAT ACCOMPANY 
THE BREAKAGE OF LIQUID SURFACES, Compt, 
rend . . 234. 1881-3 (1952). 

The bottom of a bott le contg. a liquid cons i s t s of a 
c e r a m i c plate of low poros i ty . Air of regula ted 
p r e s s u r e is p r e s s e d through this porous plate and 
produces smal l bubbles in the liquid which s imul tane
ously is the one e lec t rode of an ionizat ion c h a m b e r . 
The other e lec t rode is a plate with a guard ring con
nected to a quadrant e l e c t r o m e t e r . Fo r a given po
tent ia l of this e lec t rode pos. or neg. pa r t i c l e s 
produced by the bubbles can be nneasured. With 
tw ice -d i s t . HjO a l ready at a potent ial ze ro a neg. 
c u r r e n t flows. With 0.001 N HCl, however , the volt
a g e / c u r r e n t curve goes through the z e r o point and 
is perfect ly s y m m e t r i c . (CA-46-7842h) 

585. Piontel l i , R. 

E F F E C T OF GAS BUBBLES ON THE ELECTRO-
DEPOSITION OF METALS, Rend. i s t . lombardo sc i . , 
72, 10-35 (1939). 

The format ion of pits in deposi ted pla tes of Bi , Cu, 
Fe and Ni due to gas bubbles adsorbed on the surface 
of the cathode was studied, A theory is given and 
equil . conditions a r e fornnulated. P a r t i c u l a r a t ten
tion mus t be paid to the phys . s t r uc tu r e of the s u r 
face of the bas i s m e t a l . Also, the p re sence of addn. 
agents , other m e t a l s , e t c . . will affect the r e s u l t s . 
Expts , confirm the theory advanced. Numerous 
photographs a r e given. (CA-34-4996-5) 

i ssenschaf ten 37, 284 

586. Rodewald, H, J . 

MERCURY BUBBLES, Natur 
(1950). 

A technique is desc r ibed for producing a i r - a n d water— 
filled Hg bubbles that float on w a t e r . The bubbles 
have a max, d iam. of 3 ,3cm. , the l a r g e r ones have by 
far the shor te r life, thei r wall th ickness is 10 to 40^, 
they a r e often e l l ipsoidal . P r e s e n c e of s t rong 
e lec t ro ly tes prevents format ion of the bubbles . 

587. Schiff, L, I. 

AIR BUBBLE BREAKWATER, AD 80217 (1953). 

/ i ssenschaf ten, 

588. Seel iger , R. 

GAS BUBBLES IN LIQUIDS, Natur 
36, 187-8 (1949). 

A review on the mechan i sm of format ion of bubbles , 
gas exchange between bubble and liquid, movement 
of bubbles in liquid, e t c . (CA-44-3759f) 

589. Seitz. F . 

ON THE THEORY OF THE BUBBLE CHAMBER 
PHYSICS OF FLUIDS, vol. 1, pp. 2-13 ( Janua ry -
F e b r u a r y 1958). 

The "bubble c h a m b e r " (see , eg. , G la se r , The P h y s 
ical Review, vol, 87, p . 665, 1952, vol . 97, p, 474, 
1955; II Nuovo Cimento, vol, 11, p. 361, 1954) was 
suggested & p r o m i s e s to accompl ish in the study of 
h igh-energy pa r t i c l e s what the cloud chamber did 
in c l a s s i c a l nuc lear phys ic s . In this i n s t rumen t . 
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bubbles a r e fo rmed in a superhea ted liquid along the 
path of incident p a r t i c l e s . However, the mechan i sm 
which accounts for the bubble nucleat ion is s t i l l 
somewhat in doubt. It was f i rs t thought that nuc lea 
t ion is a s soc ia t ed with the forces resu l t ing from 
cha rges induced by ionizing radia t ion . A l a t e r , m o r e 
likely, suggest ion is that nucleat ion r e s u l t s from 
local thernnal f luctuations caused by passage of e n e r 
getic p a r t i c l e s . 

Author examines such a m e c h a n i s m in some detai l ; 
his own s u m m a r y is r ep roduced h e r e : 

"An a t tempt is nnade to analyze the fac to r s which 
de t e rmine the opera t ion of the bubble c h a m b e r . It i s 
concluded that the major i ty of bubbles in conventional 
c h a m b e r s a r e nuclea ted by mode ra t e ly energe t ic free 
e lec t rons produced by the incident p a r t i c l e s in 
Coulonnb encoun te r s . Nuclei a r e d isp laced too infre
quently by Coulomb encounte rs to account for the 
observed dens i t i e s of bubbles . The e l ec t rons deposi t 
thei r kinet ic energy in highly local ized regions which 
then a r e the source of explosions which produce bub
bles of g r e a t e r than c r i t i c a l s ize in a t ime of the 
o rde r of 10 or 10 s e c . The bubbles grow subse 
quently by evaporat ion of the fluid. The t e m p e r a t u r e 
of the fluid should be sufficiently c lose to the c r i t i c a l 
t e m p e r a t u r e that the energy requ i red to produce the 
bubble of c r i t i c a l s ize can be provided by an e lec t ron 
with a range comparab le to or l e s s than the d iamete r 
of the bubble of c r i t i c a l s i z e . Otherwise the e lec t ron 
will be unable to local ize its energy in a sufficiently 
smal l volume in any but highly improbable c a s e s . It 
is also concluded that the v i scos i ty of the liquid plays 
a very impor tan t role in de te rmin ing the threshold 
energy for forming a bubble of c r i t i ca l s ize when it 
has a value nea r 1 cent ipoise or l a r g e r . " 

NOTE: The impor t ance of the bubble chamber i s , in 
r e v i e w e r ' s opinion, twofold: (l) i ts use in the r e 
s e a r c h for which it was or ig ina l ly conceived, of 
c o u r s e , i . e . , as a "bubble c h a m b e r ; " and (2) the 
poss ible use of subatomic rad ia t ion in the study of 
the p r o p e r t i e s of l iquids and ve ry \-iscous m a t e r i a l s , 
once the t r i gge r ing m e c h a n i s m is unders tood, with 
appl icat ions to the p rob l ems of tens i le s t rength and 
cavitat ion, rad ia t ion damage , e t c . 

590. Slonczewski , J. C , and Hel le r , R, 

DETERMINATION OF THE COEFFICIENT OF SUR
FACE TENSION BY THE BUBBLE LENGTH 
METHOD, .Am, J . P h y s . 2T , 313-14 (April 1953). 

The method of E v e r a r d and Hurley (1944) is con
f i rmed with twelve l iquids . The overa l l length 1 
of an air bubble of given volume V is m e a s u r e d 
in a hor izonta l tube of known in te rna l d i ame te r 2 r . 
The equation pg /2y = Al + B holds; A and B a r e 
obtained by ca l ib ra t ing with known liquids (p = 
densi ty; y = sur face tens ion) . (Sci. A-56-3915) 

591. Spel ls , K, E. 

SENSITIVE BUBBLE J E T S , P r o c . P h y s . Soc. 
(London) B, 66, 258-9 (March 1953). 
It has been shown that the bubbling p r o c e s s a s s o c i 
ated with the rapid flow of a i r through ve r t i ca l 
r ec tangu la r s lots submerged in wa te r , is affected 
by sound at f requencies cor responding to 

f i r s t - o r d e r resonance in the air column of the slotted 
tube, and at a higher frequency independent of the 
tube length and probably assoc ia ted with some other 
par t of the appara tus used (See Smith, Phi . Mag., 
j_9, 1147 (1935)). (Sci. A-56-3908) 

592. Spi tzer , L. 

ACOUSTICAL PROPERTIES OF GAS BUBBLES IN A 
LIQUm, OSRD-1705 (July, 1943). 

593. Steber , L. 

HOW TO METER ACCURATELY WHEN LIQUIDS 
CONTAIN BUBBLES, Chem. Ind. 60, 210 (1953). 

594. Weyl, W. A,, and Marboe, E. C. 

SOME MECHANO-CHEMICAL PROPERTIES OF 
WATER. R e s e a r c h (London) 2, 19-28 (1949). 

"Mechano-chemis t ry" t r e a t s those phenomena that 
involve a coopera t ion between mech . forces and 
chem, f o r c e s . It is not possible to d raw water by 
a vacuum higher than 30 ft., but a column of wa te r 
in a tube fitted with a plunger can be brought under 
a hydros ta t ic tension of m o r e than 50 a tm . If 
water has been subjected to high p r e s s u r e to elinni-
nate all gas nuclei and is placed in a thoroughly 
clean ves se l , it can be heated above 200° without 
boiling. Such behavior cannot be explained by the 
p ic tu res usual ly p re sen ted for l iquids , i . e . , individual 
m o l s . packed closely , swa rm s t r u c t u r e , e t c . Sub
division of p r o p e r t i e s into mech . , chem. , e l e c , e t c . . 
so convenient for textbooks, mus t not confuse the 
r e s e a r c h e r . The paper t r e a t s phenonnena involving 
the mech . p rope r t i e s of water in much the same 
manner as that used successful ly for g l a s s e s . If 
the ocean is a single mol . (as Langnnuir once d e 
sc r ibed it) a whir l ing sh ip ' s p rope l lo r b r eaks chem. 
bonds, i .e . , d i s socn . o c c u r s . The propel lor is then 
moving in a soln. of H"*" and OH", and the oxide on 
its surface forms chem. bonds with the w a t e r . 
During cavitat ion the bond between the m e t a l oxide 
and the me ta l , the weakest link concerned, is b roken . 
Thus each rupture exposes f resh nnetal sur face and 
the co r ro s ion cont inues . The analog in g lass i s that 
a clean glass surface is s c r a t ched by m e t a l s ; even 
if the me ta l is soft a vis ible or invis ible m a r k is 
formed. In all c a s e s the broken g lass sur face ex
tends chenn. bonds to the m e t a l . The physics of ex
plosives r e q u i r e s m e c h a n o - c h e m . explanation for 
improved unders tanding. Most nnodern explos ives 
mus t be ini t iated by a shock wave and the r eason for 
the lack of unders tanding of the phenomenon is due to 
a purely mech . approach. The p r o c e s s e s going on in 
front of a detonation wave a r e m e c h a n o - c h e m . in 
n a t u r e . App. and exp ts . to m e a s u r e the r e l e a s e of 
C02 from a supe r sa td . aq. soln. a r e d e s c r i b e d . When 
a captive air bubble is i n se r t ed into a soln. and the 
p r e s s u r e is lowered, the CO2 diffuses f rom the soln. 
into the gas phase , the captive bubble serv ing as a 
seed and sending forth a s teady s t r e a m of C02 bub
b l e s . Glass powder free from contaminat ion and 
thoroughly degassed does not s t a r t gas nucleat ion. 
If the powder is exposed to air for a shor t t ime it 
will cause nucleat ion. Rough su r faces or sha rp 
edges cannot in t hemse lves cause gas evolution 
despi te the popular lab. belief. Substances of the 
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e x t r e m e ionic type, e.g. , NaCl, do not enhance c a v i 
tat ion by t h e m s e l v e s ; however , the i r soly. i n c r e a s e s 
the sp . supe r sa tn . and thus gas r e l e a s e is favored. 
Insol. ionic subs tances were ineffective, Diannond 
and SiC were found to faci l i tate gas nucleat ion 
s t rongly. Glass powder t rea ted with aq. so lns . of 
Pb sa l t s r e l e a s e s gas supe r sa tn . (CA-43-3682c) 

595. Whelan, P . F . 

E F F E C T OF pH OF XANTHATE SOLUTIONS ON 
THE CONTACT ANGLE BETWEEN A BUBBLE OF 
AIR -AND AN IRON DISULFIDE SURFACE NOT OF 
MINIMUM RUGOSITY, J. Phys . Chem. 58, 375-9 
(1954). 

The contact angles between air bubbles and pyr i te , 
m a r c a s i t e , and four specimens of mass ive i ron d i 
sulfide from coal s e a m s have been m e a s u r e d in 
solutions of xanthates at a concentra t ion of 
50 m g / l i t e r . The resu l t s with all six forms of i ron 
disulfide were s im i l a r . The exis tence of a c r i t i ca l 
pH, 10-11.5, above which bubbles do not adhere has 
been confirmed. With surfaces ground to only a 
compara t ive ly poor polish, the contact angles a r e 
lower than those cha rac t e r i s t i c of the xantha tes , and 
a r e re la ted to the pH of the solution, being smal l at 
pH over 10, and r is ing as pH falls , until by pH 3 or 
thereabouts they approach the value of the c h a r a c 
t e r i s t i c angle. It is suggested that m e a s u r e m e n t s of 
contact angles developed on surfaces not of minimum 
rugosity a r e of value, as the curves obtained as pH 
is var ied appear to reflect the pe r fo rmance rea l ized 
in p rac t i ca l m i n e r a l s epa ra t ions . 

596. White, E. T. , and B e a r d m o r e . R. H. 

VELOCITY OF RISE OF SIMPLE CYLINDRICAL AIR 
BUBBLES THROUGH LIQUIDS CONTAINED IN 
VERTICAL TUBES.. Chem, Eng. Sci. 17, 351-61 
(1962). 

The r i se of a i r bubbles, cons t ra ined by the contg. 
tube walls to a cyl indr ica l shape was m e a s u r e d in a 
var ie ty of l iquids. Resul ts a r e presen ted in a genera l 
co r re la t ion involving the Eotvos and Froude nos . In 
a clean tube, bubbles will not r i se unless Eo > 4. 
Velocity is unaffected by viscosi ty of p^gd^/ii^ >3 x 
10^; by surface tension if Eo > 70; by iner t ia l effects 
if (Fr ) ' ' ^ >0 .05 . The bubble velocity is unaffected by 
the length of the bubble or the head of liquid over the 
bubble. Inclination of the tube marked ly changes the 
bubble velocity. (CA-62-14907b) 

597. Yosioka, K., and Kawasima, Y. 

ACOUSTIC RADIATION PRESSURE ON A COMPRES
SIBLE SPHERE, Acustica 5, 167-73 (1955). 

Calculat ions a r e given of the acoustic radiat ion p r e s 
sure on compress ib le spheres suspended freely in a 
plane p rog res s ive or plane s ta t ionary sound wave 
field in a non-viscous fluid. With plane p rog res s ive 
waves the radiat ion p r e s s u r e on bubbles shows a 
prominent peak corresponding to resonance in the 
pulsation mode . With plane s ta t ionary waves, on 
the con t ra ry , the radiat ion p r e s s u r e on the resonant 
bubble vanishes and the d i rec t ions of the p r e s s u r e 
a r e such that the bubbles sma l l e r than the resonant 
a r e forced towards the nodes and the l a rge r ones 
towards the loops. On smal l s p h e r e s , of which the 

dens i t i es a r e of the same o rde r as that of the s u r 
rounding medium, such phenonnena in the rad ia t ion 
p r e s s u r e d i sappear and the fornnulae contain the 
dens i t y - compres s ib i l i t y factors ins tead of King's 
densi ty f ac to r s . (Sci. Abst, 58-9509) 

598. Yosioka, K., et a l . 

ACOUSTIC RADIATION PRESSURE ON BUBBLES 
AND THEIR LOGARITHMIC DECREMENT, 
Acust ica 5_, 173-8 (1955). 

Radiation p r e s s u r e on bubbles in a plane p r o g r e s s i v e 
sound wave field is ca lcula ted taking the effect of 
heat conduction into account . At 70 and 120 k c / s in 
wa te r , m e a s u r e m e n t s were nnade on Hj and O2 bub
b l e s . The resu l t of the exper iment is in good a g r e e 
ment with theory , showing a prominent peak 
cor responding to the pulsat ion r e s o n a n c e . Loga
r i thmic d e c r e m e n t s of the resonant bubbles deduced 
from the data on radia t ion p r e s s u r e a r e also in good 
ag reemen t with the theory of P f r i em and Saneyoshi . 
In the case of plane s ta t ionary waves , bubbles 
sma l l e r than the resonant a r e found to accumula te at 
the nodes and l a rge r ones at the loops, as expected 
from the a u t h o r s ' ca lcu la t ions , while the radia t ion 
p r e s s u r e on the resonant bubble van i shes . 

ADSORPTION PHENOMENA 

599. A s t r e , G. 

DEPOSITS OF NaHCOj ON GAS BUBBLES IN THE 
WATER OF BOULOU, Bull . s c i . pha rmaco l . 49, 
93-7 (1942). 

Dis t r ibut ion of unusual sediment format ion on the 
contact surface between CO2 bubbles and m i n e r a l 
water at Boulou in the P y r e n e e s . (CA-38-5622-9) 

600. danov, O. S., and Fi lanovski i , M. Sh. 

ADHESION OF MINERAL PARTICLES TO AIR 
BUBBLES, J. Phys . Chem. (USSR) 14 244-7, (1940). 

Motion p ic tu res a r e made of a i r bubbles and PbS 
pa r t i c l e s meet ing each other and moving together in 
H2O contg. Bu xanthate and pine oi l . The speed of 
smal l pa r t i c l e s sliding along the in ter face b u b b l e / 
H2O is calcd. (CA-36-3721-3) 

601. Engeles , M. A. 

KINETICS OF MINERALIZATION OF .AIR BUBBLES 
IN FLOTATION SUSPENSIONS. Tsvetnye Metal, 
No. 2, 39-45 (1940). 

The kinet ics of adhesion of pa r t i c l e s of b a r i t e , flu-
or i te and calci te to a i r bubbles was invest igated in 
relat ion to par t i c le size and the action of co l l ec to r s . 
An app, . r ep re sen t ing an improvement of a p rev i 
ously exist ing app. , was designed for measu r ing the 
durat ion of contact of a i r bubbles with m i n e r a l 
p a r t i c l e s , n e c e s s a r y for the adhesion of the l a t t e r . 
It was a sce r t a ined that in pure wa te r , pa r t i c l e s of 
fluorite and b a r i t e , as ground, or ground and cleaned, 
can adhere to the a i r bubbles if sufficient t ime of 
contact is given. P a r t i c l e s t r ea t ed with co l lec tors 
requ i re much s h o r t e r t ime for adhesion. Theore t ica l 
cons idera t ions a r e given of the re la t ion between the 
kinet ics of adhesion and flotability and of the effect 
of co l l ec to rs on the k inet ics of adhes ion. (CA-35-17-4) 



Adsorption Phenomena 

602. Evans . L. F . 

BUBBLE MINERAL ATTACHMENT IN FLOTATION, 
Ind. Eng. Chem. 46, 2420-4 (Nov. 1954). 

A theo re t i c a l approach to the flotation p r o c e s s is 
p re sen ted in a study of the adhesion p r o c e s s by 
p r e s s i n g a capt ive a i r bubble against a hydrophobic 
sur face submerged in wa te r . In the induction 
per iod, the e lapsed t ime between the momen t s of 
apparent and t rue contact , it is shown that the bub
ble i s not s t a t ionary and that the wa te r film which 
s e p a r a t e s the bubble from the solid sur face d r a i n s 
continuously through a r e s t r i c t e d outlet . The p r o b 
lem is dealt with in t h r e e p a r t s : f i r s t , the concept of 
" rupture t h i cknes s " is in t roduced, and a method for 
i ts de te rmina t ion desc r ibed ; the col l is ion between a 
par t i c le and a bubble is then examined, and an ex
p re s s ion for the t ime avai lable for contact is d e 
r ived; finally, the shape of the bubble p r e s s e d against 
a hydrophobic surface is studied, and the possibi l i ty 
of calculat ing the induction per iod is d i s cus sed . 

603, F r u m k i n . A. 

PHENOMENA OF WETTING AND THE ADHESION 
OF BUBBLES. P A R T I . Acta Phys icoch im. 
(USSR). 9, 313-27 (1938). 

In genera l , the cu rve re la t ing surface tension and 
a r e a per mole for a layer of liquid on a solid shows 
both a max imum and a m i n i m u m . A theory of the 
stabi l i ty of thin l a y e r s is developed on this bas i s 
and the significance of the t heo ry in connection with 
the adhesion of bubbles i s explained. 

604. Glembotsk i i , V. A. 

RATE OF ADHESION OF AIR-BUBBLES TO MIN
ERAL PARTICLES DURING FLOTATION, AND 
METHODS OF ITS ME-ASUREMENT, Izvest . 
Akad. Nauk. S.S.S.R, Otdel , Tekh. Nauk. 1524-31 
(1953). 

A h igh-sens i t iv i ty e lec t ron ic app. is desc r ibed for 
measu r ing the r a t e of a i r -bubb le adsorp t ion to 
flotable m i n e r a l p a r t i c l e s , which is used as a 
m e a s u r e of the hydrophi l ic or hydrophobic p r o p e r 
t ies of the s u r f a c e s . (CA-49-6667d) 

605, Philippoff, W. 

SOME DYNAMIC PHENOMENA IN FLOTATION, 
T r a n s . Am. Inst . Mining Met. E n g r s . , Tech. Pub. 
No. 3265-B In Mining Eng. 4, 386-90 (1952). 

A poss ible mechanisnn for the a t tachment of a 
conditioned m i n e r a l pa r t i c l e to a r i s ing bubble has 
been developed. The t ime during which the phenom
enon occu r s i s d e t d . b y t h e t ime of impact , which can 
be calcd. and was proved by exp ts . During this t ime 
the film of liquid between the par t i c le and the bubble 
mus t r e c e d e , c rea t ing the p a r t i c l e - a i r in t e r face . 
This veloci ty of f i l m - r e c e d e n c e has been both calcd. 
and nneasured and found to be dependent on the dy
namic reced ing contact angle , which is much sma l l e r 
than the equil . contact angle , m e a s u r e d in the bubble 
mach ine . This mechanisnn, as d is t inc t from the 
s ta t ic equi l . . accounts for the m o r e difficult flotation 
of fines and s l i m e s , Exp t s . we re nnade by using 
p a r t i c l e s within the range of s izes used in flotation, 
but l a rge enough to give eas i ly m e a s u r a b l e contact 

t i m e s . Regular cy l inders were filed from shor t 
lengths of s teel w i r e , and were allowed to fall on a 
captive bubble blown in a cavity bored in a paraffin 
block. The cyl inders were made hydrophi l ic to 
i n su re that they did not st ick to the bubble but 
bounced off. This was done by t rea t ing them with 
chromic acid right before the expt. They were 
suspended by an e lec t romagne t d i r ec t ly over the 
captive bubble. When the c u r r e n t was switched off, 
the genera l a r e a of the top of the bubble was photo
graphed at about 1000 f r ames per s e c . The film 
velocity was t imed by using a spa rk d i scha rge of 
120 spa rks per sec photographed on the bubble i m a g e . 
Knowing the d iam. of the pa r t i c l e , the magnif icat ion 
could be detd. exact ly. The evaluat ion of the film 
in t e r m s of t ime-d i sp l acemen t cu rves was done 
with a Gae r tne r spec t rum-connpara to r , Pos i t ions 
of the per fora t ions va r i ed by only a few jl and could 
be chosen as r e fe rence points for the d i sp lacement . 
{CA-46-4443d) 

606. P laks in . I. N., and Bessonov, S. V. 

THE ADHERENCE OF SULFIDE MINERALS TO AIR 
BUBBLES IN THE ABSENCE OF REAGENTS, 
Doklady. Akad. Nauk. S.S.S.R., 97, 495-8 (1954). 

In exp ts . with galena, cha lcopyr i te , p y r i t e s , spha le 
r i t e , py r rho t i t e , and a r s e n o p y r i t e , bubble adhesion 
of the pa r t i c l e s was found to depend on the age of the 
exposed s u r f a c e s . F r e s h m i n e r a l sur faces adhere 
rapidly to the bubbles . Within as li t t le as 10 min, 
however , the oxidation of the sur face p roceeds suf
ficiently to pe rmi t pa r t i a l wetting and caused bubble 
adherence to decline rap id ly . This decline is p r e 
vented when the expts . a r e conducted in O-free 
condi t ions. (CA-49-12083c) 

607. Spedden, H. R., and Hannan, W. S.. J r . 

ATTACHMENT OF MINERAL PARTICLES TO AIR 
BUBBLES IN FLOTATION. Eng. Si Min. J . . 149, 
95-7 (July 1948). 

React ions in a glass flotation cell mounted on a 1 6X 
mic roscope were photographed by a h igh-speed 
c a m e r a operat ing at 3000 f rames per sec . Air bub
bles 2 mm in diann. were regula ted so that a r i s ing 
column would mee t a falling s t r e a m of xan tha te -
conditioned galena p a r t i c l e s within the field of view. 
The bubbles ro se under conditions of turbulent flow. 
It was found that co l l ec to r -coa ted m i n e r a l p a r t i c l e s 
at tach to free air bubbles as a r e su l t of s imple con
tact between the two. Fine p a r t i c l e s were influenced 
by flow of fluid around the bubble sur face to a g r e a t e r 
degree than c o a r s e r s i z e s . 

608. Sun. S. C , and Troxe l l , R. C. 

QUANTITATIVE BUBBLE P I C K - U P METHODS, 
Min. Eng., T r a n s . , ^ , 715 (July 1953). 

Adoption of magnifying m i r r o r and mic roscop ic 
method as pre- f lo ta t ion invest igat ion tool; p rocedu re 
and r e su l t s of t e s t s . 
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609, Suterland, K. L. 

PHYSICAL CHEMISTRY OF FLOTATION XI; KI
NETICS OF THE FLOTATION PROCESS, J. Phys . 
and Colloid Chem. 5^, 394-425, 1948. 

A math , analys is is given of the d i r ec t - encoun te r 
hypothesis on the adhesion of m i n e r a l to bubble. 
The "coll ision a r e a " of a bubble of rad ius R is 
propor t ional to Rr , where r is the radius of the min.-
e ra l pa r t i c le ; more fully exp res sed , the a r ea over 
which fruitful collision is possible is given by 
3rR sech^(3VX/4R). The induction per iod X, i .e . . the 
tinne r equ i red for mine ra l - to -bubb le adhesion to 
occur , la rge ly de t s . the sech t e r m , because the rat io 
of bubble velocity V to its radius does not vary ap
prec iab ly . Calcd. induction per iods a r e probably 
about as accura te as the exptl . va lues . ' When there 
is a d is t r ibut ion of m i n e r a l pa r t i c le s i z e s , the ra te 
of flotation is the sum of a no. of exponential func
tions of t ime . 

610. Volkova, Z. V. 

THE ADHERENCE OF MINERAL PARTICLES TO 
THE SURFACE OF AIR BUBBLES DURING FLOTA
TION, J . Phys . Chem. U.S.S.R. 14. 789-800 (1940). 

Such adherence was studied for both acce l e r a t ed and 
uniform motion of the air bubbles . Because of the 
acce le ra t ion at the s t a r t of the r i se of the air bubbles 
conditions a r e not favorable for adherence . Never
t h e l e s s , the formation of bubbles with adhering min
e ra l pa r t i c l e s can take place at low values of the 
c r i t i ca l angle. At the t rans i t ion from acce le ra ted to 
uniform motion there is a d e c r e a s e in the angle 
fornned by the capi l la ry surface and the horizontal 
to 6 = 6-a, where a is the angle of inclination of the 
m i c r o boundary surface of the limiting l ines of a t 
tachment with the hor izonta l . The s ize of the bub
bles ca r ry ing mine ra l par t ic les i n c r e a s e s with 
i nc r ea se in the par t ic le s ize when 9 r ema ins the 
s ame ; i .e. , t he re is a g r ea t e r probabil i ty of smal l 
pa r t i c l e s adhering to smal l bubbles . As the c r i t . 
angle of wetting is inc reased in limiting surface 
adherence , the adherence of smal l pa r t i c l e s takes 
place f irs t of al l . For a given par t ic le s ize , the 
c i rcumference of the bubble i n c r e a s e s sharply with 
i nc r ea se in the c r i t . angle of wetting, i .e . , the proba
bility of adherence to large bubbles becomes g r e a t e r . 
With i nc r ea se of the par t ic le s ize and that of the 
c r i t . angle the conditions become unfavorable for 
the formation of minera l ized pa r t i c l e s . 
(CA-37-2977-6) 

611. Wark, I. W. 

THE PHYSICAL CHEMISTRY OF FLOTATION. T, J. 
Phys . Chem. 37. 623-644 (1933). 

The bas i s of the flotation process is adhesion between 
a bubble of a i r and a solid sur face . An air bubble in 
water will not adhere to the clean surface of any sul
fide or me ta l . When, however, a film of xanthate is 
adsorbed by the mine ra l , the air sp reads over the 
surface , par t ly replacing the aq. phase . Spreading 
ceases when a definite angle between the a i r - w a t e r 
and the w a t e r - m i n e r a l interface is at tained. The 
significance of changing contact angle on flotability 
is mathemat ica l ly developed. The surface c h a r a c 
t e r i s t i c s of s ta t ionary air bubbles a re cons idered . 

Equations a r e der ived which connect Vol. of bubble, 
angle of contact and a r e a of a i r - s o l i d contac t . The 
angle of contact is also used for the der iva t ion of 
tenaci ty of adhesion. F u r t h e r d i scuss ion dea ls with 
the t rue and apparent a r e a of contact , the difficulties 
in the expt. , detn . of angle of contact ( h y s t e r e s i s ) , 
the stabi l i ty of a i r - m i n e r a l a t t achmen t s , froths and 
a i r m i n e r a l aggrega te s and max . s ize of pa r t i c l e 
which will float. 

BREAKUP, COLLAPSE AND STABILITY 

612. Aspden, R. L. 

A NEW HIGH SPEED PHOTOGRAPHIC TECHNIQUE 
APPLIED TO THE INVESTIGATION OF BUBBLES 
BURSTING AT AN AIR-WATER INTERFACE, 
AD 40888 (1954). 

613. Birkhoff, G, 

STABILITY OF SPHERICAL BUBBLES, Quart App 
Math 13, 451-453 (1956). 

The per turba t ion equation for a spher ica l vapor-
filled bubble can be wri t ten in the form (1) X " + 
p(t)X' + q(t)>^ - 0 where x(t) is a pe r tu rba t ion a m 
plitude and p and q a r e known functions. This note 
contains the following genera l c r i t e r i o n for the 
stabil i ty of solutions of (I) ; If q>0 or if q< 0 and 
2pq + q '<0 , then (1) is uns table ; if q>0 and 
2pq + q '<0 , the (l) is s t ab le . More specif ical ly, if 
q<0 it is shown that x(t) grows forever in magnitude 
as t-^co, while if q>0 the solution osc i l l a t es with in
c reas ing or decreas ing ampli tude depending on 
whether 2pq + q' is l e s s or g r e a t e r than z e r o . This 
resu l t is applied to obtain in a different way the 
au thor ' s e a r l i e r conclusion that collapsing vapor-
filled bubbles a re uns table . App, Mech. Rev . -9-1853 

614, Blanchard, D. C. 

A SIMPLE METHOD FOR THE PRODUCTION OF 
HOMOGENEOUS WATER DROPS DOWN TO 
I MICRON RADIUS, J . Colloid Sci . 9, 321-8 (1954). 

The col lapse of a bubble at a c lean a i r - w a t e r i n t e r 
face produces an upward moving jet of water that 
d i s in tegra tes into s eve ra l sma l l d rops of different 
s i z e s . If bubbles of the same size a r e formed r e 
peatedly and a slow drift of a i r exis ts over the s u r 
face of the water , drops of the same size will fall 
over the same path as long as the bubble production 
cont inues. The d rop s ize is a d i r ec t function of 
bubble s i ze . 

615, Blanchard, D. C , and Newitt, D. M. 

BURSTING OF BUBBLES AT AN AIR-WATER 
INTERFACE, Nature rn, 1048-9 (1954). 

The suggest ions of Knelman et a l . [Abst r . 5335 
(1954)] on the m e c h a n i s m s involved in the burs t ing 
of bubbles a r e quest ioned, the author cons ider ing 
that they apply only to la rge bubbles . Newitt con
f i rms that the bubbles were la rge but thinks his 
theory will hold for s m a l l e r bubbles . [See also 
Abs t r . 2954 (1954).] (Sci. Abst. 57-8085) 
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the vail he mean of 100 

616. Chao. B . T. , and Pe t r i ck , M. 

COLLAPSE OF A VAPOR BUBBLE IN A UNIFORM
LY SUB-COOLED, QUIESCENT LIQUID (Internal 
ANL Report) (December 7, I960). 

Two s imple models for the co l lapse of vapor bubbles 
in a quiescent , subcooled liquid a r e analyzed. The 
f i rs t conce rns with a s t a t ionary bubble and the s e c 
ond is for a bubble in motion. Good a g r e e m e n t is 
obtained between theo re t i ca l p red ic t ion and the 
l imited amount of published expe r imen ta l data for 
the col lapse of moving bubbles . 

617, Cons tab le . F . H.. and Baykut, S. 

THE LIFE OF SINGLE BUBBLES ON WATER, Rev. 
fac. sc i . univ. Is tanbul A17, 309-21 (1952). 

The bubble l ives a r e subject to l a rge var ia t ions 
even when the bubble volume is fixed. The s tandard 
deviat ion (a) was l i t t le l e s s than the nnean life. But 

alue of O = j l l L Z I m l ! for the 
^ ( n - l)(n) 

obse rva t ions was only a snnall f ract ion of the mean 
life, so that it was poss ib le to work with mean ob
s e r v a t i o n s . The re la t ion between mean t and vol
ume of bubble was t = ! ' ' ' ' ' / (A + Bv^^^), where 
A = 0.0285, B = 0.4592, and o could be ca lcula ted . 
To avoid the i n c r e a s e in t due to single la rge 
bubbles of long life the work was repea ted using 
the nnost frequent life of a grown bubble. The 
sanne gene ra l formula seemed to be applicable 
with different cons t an t s . (Sci. Abst. 57-5334) 

618. Constable , F . H., and Reizi , S. 

MAXIMUM LIFE OF BUBBLES IN OIL, Rev. fac . 
Sci. Univ, Is tanbul 10A. 43-53 (1946). 

Life of a bubble is detd. by i ts rad ius (r) , v iscos i ty 
{rj), and its final t h i c k n e s s . Th ickness is calcd, 
from the ra te of flow away from the top of a bubble 
on the assumpt ion that this ra te is that which is 
ca lcd. be tween concen t r i c h e m i s p h e r e s . The life 
(t) r educes to 3 r /gpo? , where a is th ickness and 
p dens i ty . Effect of bubble s ize on r a t e of fall of 
oil foams was studied by exp ts . in which m e a s 
ured vols , of a i r we re run through cap i l l a ry tubes 
into a paraffin oil below a g lass column in which 
the bubbles co l lec ted . Size of bubbles was control led 
by s ize of cap i l l a ry and by ra te of flow of a i r . Fo r 
bubbles of O.l to 1 cm d i a m . max . life depends on 
d iam. (d). Above 1cm max . life d e c r e a s e s rapidly 
with i nc rea s ing s i z e . Fa l l of the top layer of foam is 
usual ly s tepwise or per iod ic , but the av. velocity (V) 
equals Kd^-^ at 18°, (CA-40-4933-2) 

619, Constable , F . H., and Annirhanyan, V. 

STABILITY OF AN EMULSION OF FINE AIR 
BUBBLES IN WATER, Rev. F a c . Sci . Univ. 
Istanbul Se r . C 22, 378-82 (1957). 

The life of suspens ions of fine air bubbles was in
vest igated in pure water and in saponin soln. The 
suspens ions were contained in 3 tubes ; 50 cnn 
high, 6 cm d iam. ; 9 cm high, 7,5 cm d iam. ; and 
14.0 cnn high, 5.0 cm d i a m . The bottom level of 
the bubbles was obse rved with a ca the tome te r , and 
he igh t - t ime m e a s u r e m e n t s were made , f i rs t in 
pure wa te r , then after the addn. of 8 x 10 ^ g / cc 

of saponin. Resul t s a r e tabulated. The bubble life 
was shor t , but in long columns it is prolonged by the 
saponin which r e t a r d s the union of the fine bubble 
or iginal ly p re sen t . The max , i n c r e a s e in suspens ion 
life found was 4-fold. Microscopic m e a s u r e m e n t s of 
the finest bubbles in the foam formed on the surface 
with the addn. of saponin gave a d iam. of about 
3 X 10"^ cm. from which the velocity of upward 
ascent of the bubbles was calcd. to be 0.05 c m / s e c . 

620. Culick, F . E. 

COMMENTS ON A RUPTURED SOAP FILM. J. Appl. 
Phys . 3 i , 1128 ( i960) . 

The work done in acce le ra t ing pa r t s of the film is 
taken into account in an a t tempt to reconc i le Ranz ' s 
exper imenta l r e su l t s (Abst r . 931 of I960), on the 
speed of opening of a hole in a hor izonta l soap film, 
with Rayle igh 's t heo ry . 

621. E l l i s , A. T. 

OBSERVATIONS ON CAVITATION BUBBLE 
COLLAPSE, Hydrodynamics Lab. , Calif. Inst , of 
Tech. , Rpt. No. 21-12, Dec. 1952 (25 re fe rences ) 
(See also California Insti tute of Technology, 
Thes is (1953)). 

622. Epstein , P, S., and P l e s s e t , M. S. 

ON THE STABILITY OF GAS BUBBLES IN LIQUID-
GAS SOLUTIONS, J, Chem. P h y s . 18, 1505-9 
(1950). 

With the neglect of the t r ans la t iona l motion of the 
bubble, approximate solutions nnay be found for the 
ra te of solution by diffusion of a gas bubble in an 
under sa tu ra t ed l iquid-gas solution; approx imate 
solutions a r e a lso p re sen ted for the ra te of growth 
of a bubble in an ove r sa tu r a t ed l iquid-gas solution. 
The effect of surface tension on the diffusion p r o c e s s 
is a lso cons ide red . (Sci. Abst . 54-2428) 

623. Epstein , P . S., and P l e s s e t , M. S. 

ERRATUM; THE STABILITY OF GAS BUBBLES 
IN LIQUID-GAS SOLUTIONS, J. Chem. Phys . , 19, 
256 (1951), 

The cuts of F i g s . 3 and 4 a r e in te rchanged . 

624. Facy, L. 

BURSTING OF THIN FILMS AND CONDENSATION 
NUCLEI, J. Sci. Meteoro l . 3, 86-98 (July-Sept . 1951). 

E lec t ron mic roscope ana lys i s of sea spray obtained 
when bubbles bu r s t , r evea l s the composi t ion of con
densat ion nuclei in different s ize r a n g e s , as well a s 
the re la t ive and absolute nuclei s ize d i s t r ibu t ion . 
Mechanics of format ion and burs t ing of bubbles or 
f i lms , of collecting and photographing and, finally, of 
analys is a r e desc r ibed and i l l u s t r a t ed . Theory of 
drop shat te r ing is t r e a t e d in detai l and na tu ra l d e 
scr ip t ion compared with desc r ip t ion of ar t i f ic ia l ly 
produced films in the Labora to ry . Many excel lent 
photonnicrographs a r e r ep roduced . The conclusion 
is that burs t ing produces numerous liquid d rops 
between 10"^ and 10~* cm connposed of MgCl^, 
with re la t ive ly few NaCl nuclei in the lower r ange . 
Between IO"'' and 10"^ the nuclei a r e nea r ly always 
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sur rounded by MgCl2, with some t imes NaCl and more 
r a r e l y with sulphates or carbonates of Na or Mg as nu
c le i . It is e s t ima tes that the r a t e o f s e a sal t nuclei p r o 
duction on the e a r t h i s l o V c m V s e c . (Sci. A-56-7255), 

6.^5. F r i e d m a n , A. 

FREE BOUNDARY PROBLEMS FOR PARABOLIC 
EQUATIONS: P a r t 3, DISSOLUTION OF A GAS 
BUBBLE IN LIQUID, J. Math. Mech. 9, 327-345 
{I960). 

626. Gerjuoy. E. 

THE STABILITY OF GAS BUBBLES IN WATER, 
Phys . Rev. 73, 538 (1948). 

Measurement of tens i le s t rengths of liquids by 
centrifuge method. (CA-43-4066e) 

627. Gleim, V. G. 

STUDY OF THE FORMATION OF DROPS WITH 
THE AID OF MOTION PICTURES. Trudy Novocher
kassk , Pol i tekh. Inst. , 25, 173-7 (1955). 

The mechanism of bubble burs t ing and the pene
t ra t ion of the mo i s tu re from the bubbles into the 
vapor-f i l led space over a boiling liquid a r e studied 
with the aid of motion p i c tu re s . P i c t u r e s of liquid 
drops forming at the moment the bubbles bu r s t in 
the cold (bubbling of a i r through the liquid) and after 
prolonged boiling a r e given. The re su l t s of the 
mot ion-p ic ture study confirnn the idea of drop gen
era t ion at the place the bubbles bu r s t and the poss i 
bility of introducing foam protect ion on the evapg. 
surface to lessen the ca r ry ing away of the d rops . 

628. Hartunian, R. A., and S e a r s , W. R. 

ON INSTABILITY OF SMALL GAS BUBBLES 
MOVING UNIFORMLY IN VARIOUS LIQUIDS, J. 
Fluid Mechanics , 3, 27-47 (Oct. 1957). 

Instabil i ty is invest igated exper imenta l ly and theo
re t ica l ly ; exper iments consis ted of measure inen t 
of size and t e rmina l velocity of bubbles at threshold 
of instabil i ty in var ious l iquids; r e su l t s of expe r i 
ments indicate existence of un iversa l stabili ty curve . 

629. Kientzler , C, F . . et a l . 

PHOTOGRAPHIC INVESTIGATION OF THE PRO
JECTION OF DROPLETS BY BUBBLES BURSTING 
AT A WATER SURFACE, Tellus 6, 1-7 (Feb. 1954) 
(also AD-20215). 

Bubbles of a i r reaching the a i r - w a t e r interface 
bu r s t and eject liquid drople ts into the air to heights 
large compared to thei r d i ame te r . Photographic 
evidence is introduced to pro\-e the exis tence of a 
jet of liquid which upon breaking up produces these 
d rop le t s . The jet is shown to be produced by the 
col lapse of the bubble cavity. The drople ts a r e 
found to be of the o rde r of one-tenth of the bubble 
s ize , for the range investigated (0-2 to 1-8 mm dia.) , 
each bubble producing about 5 d rop le t s . The drop le t -
producing mechan i sm is essent ia l ly the same for 
f resh and sea water or sea water with oleic acid s u r 
face film. The t ime requ i red for the bubble to bu r s t 
and the jet formation to take place is found to be 
proport ioned to the bubble s i ze . The sea -wa te r 

d rople t s produced by this m e c h a n i s m leave , upon 
evaporat ion of the wa te r , sal t nucle i having the s ize 
range observed by Woodcock (1952). It is suggested 
that such burs t ing of bubbles plays an impor tan t role 
in the na tu ra l production of a i r - b o r n e s e a - s a l t nuclei 
at the sea sur face . (Sci. Abst . 57-8954) 

630. Knelman. F . . Dombrowski , N. and Newitt, D. M. 

MECHANISM OF THE BURSTING OF BUBBLES. 
Nature 123, 261 (1954). 

High-speed photographic r e c o r d s show that when a 
gas or vapour bubble b u r s t s at the surface of wa te r 
the thin upper surface d i s in t eg ra t e s into a cloud of 
very fine drople t s which a r e then blown away by the 
e g r e s s of gas through the gap in the envelope. The 
inrush of water into the c r a t e r thus formed produces an 
unstable jet which b reaks up into one or m o r e large 
drops of about I m m d i ame te r . (Abst. Sci. A-57-5 3 35) 

631. Kornfeld, M. 

HOW DOES A SOAP BUBBLE BURST?. Zh. Tekh. 
F iz . ,24 , 1520 (Aug. 1954). 

A sequence of 6 high speed photographs shows the 
skin of the bubble cont rac t ing to a smal l disk, with 
f i laments of d rople t s extending from the edge. 
(Abst, App. Mech. Rev, -8-3448) 

632. Levenspiel , Octave. 

COLLAPSE OF STEAM BUBBLES IN WATER. Ind. 
Eng. Chem. 5J., 787-90 (1959) 

The r a t e of col lapse of s team bubbles in water was 
studied photographical ly and the heat t r ans fe r coeffs. 
detd. Theore t i ca l predic t ions a r e not substant ia ted 
by exptl . findings. The ra te of heat t r an s f e r for 
s team col lapse in water is in the o rde r of 10* B t u / 
(hr)(sq ft) (°F) for bubbles 1 cm in d iam. 

633. Lord, R. 

PRESSURE DEVELOPED IN A LIQUID DURING THE 
COLLAPSE OF A SPHERICAL CAVITY, Phi l . Mag. 
34, 94 (1917). 

634. Mason, : , J . 

BURSTING OF AIR BUBBLES AT THE SURFACE OF 
SEA WATER, Nature LM, 470-1 (1954). 

Bubbles between 0-3 and 4-3 m m d i a m e t e r at the s u r 
face of sea wa te r have been studied. As well as 
large drople ts projected ve r t i ca l ly on burs t ing all 
d i amete r bubbles appear to produce a number of 
very smal l bubbles projected hor izonta l ly . Cloud 
chamber exper iments on fresh water and sea water 
show that bubbles burs t ing at the surface of the 
la t te r produce a cloud of smal l d rop le t s , thought to 
be due to production of ve ry smal l sal t pa r t i c l e s 
which act as condensation nuc le i . (Sci. Abst. 58-105) 

635. Mellen, R. H. 

AN EXPERIMENTAL STUDY OF THE COLLAPSE 
OF A SPHERICAL CAVITY IN WATER, J . Acoust . 
Soc. Amer . 28, 447 (1956). 

The p r e s s u r e wave produced by the col lapse of an 
e lec t r i ca l ly genera ted spher ica l cavity ("-1 cm in 
radius) in water was m e a s u r e d by means of a smal l 
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e l ec t roacous t i c hydrophone (7^ in. in d i ame te r ) at a 
d i s tance of 50 cm. The p r e s s u r e was found to in
c r e a s e as the bubble col lapsed according to the f*̂ ^ 
(time) law in the in te rva l cor responding to subsonic 
flow. The p r e s s u r e then suddenly jumped to a higher 
value and rapidly decayed to z e r o . This rapid in
c r e a s e in p r e s s u r e is assunned to be a shock wave. 
Using G i l m o r e ' s theory for the col lapse of the cavity 
and finite ampl i tude-wave theory for the p r e s s u r e 
wave, we find that the value of the p r e s su re - amp l i t ude 
c h a r a c t e r i s t i c at the shock front c o r r e s p o n d s to a 
cavi ty-wal l veloci ty approximate ly equal to the ve 
locity of sound. Since the shock wave has been at
tenuated, the peak wall velocity mus t be g r e a t e r 
than th is va lue . (Sci. A-59-4860) 

636. Nakagawa. T. , and S a m e s h i m a . J. 

STABILITY OF LIQUID FILMS. II. EXPERIMENTS 
ON THE LIFE OF SINGLE BUBBLES, J . Chem. Soc, 
(Japan) 64, 360-4 (1943). 

It i s known that a bubble formed on the surface of 
pure liquid is v e r y uns tab le . However, it can be 
s tabi l ized by blowing d ry a i r against i t . This is 
due to the cont rac t ion of the filnn forming the bub
ble owing to the i n c r e a s e of surface tension caused 
by the d e p r e s s i o n of tennp. accompanying evapn. 
This phenonnenon is obse rved for the bubble on the 
surface of wa te r , EtOH. PrOH, benzene , e ther , 
acetone, MeOH. BuOH, but not for n i t robenzene , 
which has a smal l vapor p r e s s u r e . 

637. Pennington, R, H. 

SURFACE INSTABILITIES ON PULSATING GAS 
BUBBLES, AD 32031 (1954). 

638. P l e s s e t , M. S.. and Epstein , P . S. 

ON THE STABILITY OF GAS BUBBLES IN LIQUID-
GAS SOLUTIONS. J. Chem. P h y s . 18, 1505 (1950). 

With the neglect of the t r ans l a t i ona l motion of the 
bubble, approx imate solut ions may be found for the 
ra te of solution by diffusion of a gas bubble in an un
d e r s a t u r a t e d l iquid-gas solution; approx imate solu
tions a r e a lso p r e sen t ed for the r a t e of growth of a 
bubble in an o v e r s a t u r a t e d l iquid-gas solution. The 
effect of sur face tens ion on the diffusion p r o c e s s is 
also d e s c r i b e d . 

639. P l e s s e t , M. S., and Mitchell , T. P . 

ON THE STABILITY OF THE SPHERICAL SHAPE 
OF A VAPOR CAVITY IN A LIQUID, Quar t . Appl. 
Math. 12, 419 (Jan. 1956). 

Authors study the p rob lem of the s tabi l i ty of smal l 
annplitude d i s tu rbances of a spher ica l ly shaped vapor 
cavity during i ts growth or co l lapse in a liquid. 
Cr i t i ca l a s sumpt ions involve the neglect of the 
vapor densi ty (connpared with that of the liquid) and 
the assumpt ion of constant in te rna l p r e s s u r e in the 
cavity. This l a t t e r assumpt ion , pa r t i cu l a r ly , is not 
valid dur ing the final s tages of col lapse of a bubble, 
as i s pointed out by the a u t h o r s . 

An analyt ica l solution is found for the cavity ex
panding under the action of a finite p r e s s u r e dif
ference (not s tab le ) . The problem of the cavity co l 
lapsing under the action of sur face tens ion alone is 

also t r e a t e d . The ini t ial ly sphe r i ca l shape is 
shown to be unstable in this c a s e , too. 

Authors point out that the l inear ized pe r tu rba t ion 
theory b r eaks down in the range of radi i which c o r 
responds to that for which the proposed constant 
p r e s s u r e vapor cavity nnodel is a lso invalid, i . e . , 
during the l a t t e r s tages of co l l apse . 

The instabi l i ty behavior a g r e e s with that found 
previous ly by Birkhoff (Quart, appl . Math XII, 3, 
the ampli tude of the surface d is tor t ions being p r o 
port ional to the ( rad ius ) ' ^ * as rad ius — 0. This b e 
havior is e ssen t ia l ly unaffected by sur face tens ion . 
(AMR-9-1852). 

640. Po r i t sky . H. 

THE COLLAPSE OR GROWTH OF A SPHERICAL 
BUBBLE ON CAVITY IN A VISCOUS FLUID, P r o c . 
F i r s t U. S. Nat. Congr. Appl. Mech., June 1951, 
813-821 (1952). 

In the equations of motion in i ncompres s ib l e flow, for 
the growth or col lapse of a sphe r i ca l cavity it appea r s 
that the t e r m s containing the v i scos i ty d i s a p p e a r . But 
the proper evaluation of the p r e s s u r e inside the cavity 
shows up in p r e sc r ib ing boundary condit ion. Through 
this boundary condition, the effect of v i scos i ty on the 
growth or col lapse of a sphe r i ca l bubble is inves t iga ted . 
An example is worked out, giving the de ta i l s of solving 
the differential equation. 

The effect of surface tens ion is also cons ide red . It is 
shown that v/ithout surface tension the complete co l 
lapse of bubble is never r eached . Also the effect of 
surface tension is to slow down the r a t e of expansion 
of the bubble at f i r s t , but not in the l a te r s tages of 
expansion. (Appl. Mech. Rev. 7-3623) 

64 1. Rayleigh, Lord 

PRESSURE DUE TO COLLAPSE OF BUBBLES. Ph i l . 
Mag.. 34, 94-98 (Aug. 1917). 

The problem of the p r e s s u r e developed by the co l 
lapse of spher ica l cavi t ies in a liquid has been i n v e s 
tigated by Besant ; and S, Cook, s ta r t ing from his 
r e su l t , has de te rmined the p r e s s u r e developed when 
the col lapse is suddenly a r r e s t e d by a r igid concen
t r i c obs tac le , a p rob lem of i n t e r e s t in connection with 
the cavitat ion behind s c r e w - p r o p e l l e r s . In the 
p r e sen t note a s imple r der iva t ion of B e s a n t ' s r e s u l t s 
is given, and the calculat ion is extended to find the 
p r e s s u r e in the i n t e r io r of the fluid during co l l apse . 
It appears that before the cavity is c losed these p r e s 
su re s may a r i s e to v e r y high values in the fluid nea r 
the inner boundary . 

642. Shishido, Shunsuke 

STABILITY OF THIN LIQUID FILM. J. Chem. Soc. 
Japan, P u r e Chem. Sect. , 69, 27-33 (1948). 

The stabi l i ty of a liquid film is d i scussed in re la t ion 
to bubble format ion, absorpt ion , and sur face l aye r 
in the liquid. 
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643. Tr i l l ing , L. 

THE COLLAPSE AND REBOUND OF A GAS B U B 
BLE, J. Appl. Phys . 23 14-7 (1952), 

The velocity and p r e s s u r e field in a slightly c o m 
p re s s ib l e liquid resul t ing from the col lapse of a 
spher ica l bubble is computed as a function of the 
p r e s s u r e at the bubble wall , using the acoust ic ap
proximat ion . The r e su l t s a r e accu ra t e as long as 
the liquid veloci t ies a r e smal l compared to the sonic 
velocity in the liquid; they agree with the r e su l t s 
previously obtained by C. Her r ing . The following 
bubble model is then invest igated. The bubble is 
supposed filled with inviscid perfect non-conducting 
gas; specia l emphas i s is given to the gas motion 
which involves a s e r i e s of Shockwaves . A fraction 
of the energy of compress ion is thus degraded so 
that the radius of the bubble after the f irs t rebound 
is sonnewhat less than the or iginal r ad iu s . The 
p r e s s u r e var ia t ion at the bubble wall i s v i r tual ly 
the same as if the gas were connpressed uniformly 
and i sen t ropica l ly , (Sci. A. 55-2466) 

644. Tu rne r , W. R. 

MICROBUBBLE PERSISTENCE IN FRESH WATER, 
J . Acoust. Soc. Amer . , 33, 1223 (1961). 

Pre l inninary r e s e a r c h confirnns that microbubbles 
become stabil ized in a body of water and pe r s i s t for 
long per iods of t ime in contradict ion of c l a s s i ca l 
theory. The evidence was obtained by generat ing 
bubbles at the bottom of a water tank and then m e a s 
uring the decay of u l t rasonic attenuation as bubbles 
of var ious s izes ro se to the sur face . Compar i son of 
exper imenta l and c l a s s i ca l decay curves d isc losed 
pe r s i s t ence that appeared to be a function of the solid 
par t ic le content of the water and indicated that bub
bles nnay stabil ize at s izes as la rge as 30,u radius in 
water of high par t icula te content. In wa te r s of low 
par t icula te content the decay of attenuation lasted 
over 100 h r . Substantial pers i s ten t abnormal a t 
tenuation was detected in all fresh tap water m e a s 
ured , amounting to a minimum 44% over that of 
dist i l led water (at 5.125 Mc/s ) and is believed to be 
caused by stabil ized bubble nuclei somewhat l ess 
than 0 .8^ in s i ze . An in teres t ing d iscovery was that 
attenuation rose in an uncovered tes t basin but fell in 
a covered basin , indicating that microbubbles nnay 
enter water on dust pa r t i c l e s . A hypothesis p r e 
sented to explain the pe r s i s t ence effect suggests that 
solid pa r t i c l e s collect on the bubble surface , forming 
a compres sed wall capable of supporting the excess 
p r e s s u r e n e c e s s a r y to halt gas diffusion. Other hy
potheses explore the mechanism by which dust p a r 
t ic les may c a r r y air globules below the water surface 
and the dynamics of microbubble populat ions. 

645. Volynskiy, M. S. 

INVESTIGATION OF BUBBLE BREAK-UP IN A GAS 
FLOW, Akademiia Nauk SSSR, Comptes Rendus 
Doklady, 68, 237 (1949). 

646. Woodcock, A. H. et al. 

GIANT CONDENSATION NUCLEI FROM BURSTING 
BUBBLES. Nature 172. 1144-5(1953) 

High-speed nnotion p ic tu res of smal l bubbles burs t ing 
at a i r / s a l t - w a t e r in terfaces were taken. It is seen 

that each bubble, on burs t ing , e jec ts about five d r o p 
le t s , evaporat ion of the water from which leaves a 
salt res idue s imi l a r in weight to salt nuclei found in 
the a tmosphe re and bel ieved to be nuclei for ra in 
format ion. (Sci. A-57-2954) 

647. Woodcock, A. H. 

BURSTING BUBBLES AND AIR POLLUTION 
AD-88692b (1955) 

CAVITATION 

648. Ackere t , J. 

EXPERIMENTAL AND THEORETICAL INVESTIGA
TIONS OF CAVITATION INWATER. NACA-TM-1078 
(1930), 61 p . 

The cavitat ion in nozzles on a i r foi ls of va r ious shape 
and on a sphere a r e exper imenta l ly inves t iga ted . 
The l imi ts of cavitation and the extension of the zone 
of the bubbles in different s tages of cavitat ion a r e 
photographically es tab l i shed . The p r e s s u r e in the 
bubble a r ea is constant and ve ry low, jumping to 
high values at the end of the a r e a . The analogy with 
the gas c o m p r e s s i o n shock is adduced and d i scussed . 
The col lapse of the bubbles under compres s ion shock 
produces very high p r e s s u r e s in ternal ly , which, a c 
cording to more recen t concept ions , a r e contr ibutory 
fac tors to c o r r o s i o n . The p r e s s u r e r equ i red for 
purely mechan ica l co r ro s ion is also d i s c u s s e d . 

649. Acosta, A. J. 

CAVITATION IN AXIAL FLOW PUMPS, AD 99273 
(1956). 

650. Binnie. A. M. 

THE STABILITY OF THE SURFACE OF A CAVITA
TION BUBBLE, P r o c . Cambr idge Phi l , Soc. 49, 
151-5 (1953). 

A theore t i ca l examination is made of the stabil i ty of 
a spher ica l interface between two inviscid liquids 
acce le ra t ed radia l ly from r e s t . If sur face tension be 
neglected, it is found that the in ter face is unstable or 
stable according as the acce l e ra t ion is d i rec ted to 
wards or away from the liquid of g r e a t e r densi ty . 
Surface tension has a m a r k e d stabil izing effect, and 
numer ica l r e su l t s a r e given for the minimunn outward 
acce le ra t ion requ i red to de s t roy the equi l ibr ium of 
the surface of a cavity formed in wa te r . These r e 
sults a r e suggested as a poss ible explanation of the 
behavior of cavitat ion bubbles seen to form near a 
freed object under t es t in a v/ater tunnel . 
(Sci. A. 56-3909) 

651. Ches t e rman , W. D. 

THE DYNAMICS OF SMALL TRANSIENT CAVITIES, 
P r o c . Phys , Soc. (London) 65B, 846-57 (1952). 

Exper imenta l nnethods have been developed for 
c rea t ing and observing single sphe r i ca l cavi t ies in 
water and ce r t a in organic l iquids. Rapid photography 
pe rmi t s motion analys is to be made . The cavi t ies 
show seve ra l cycles of expansion and col lapse during 
thei r l ifetime of a few mi l l i s econds . At each volume 
min imum a sharp p r e s s u r e max imum occurs in the 
liquid. It appears that these cavi t ies form init ial ly 
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on minute gas nucle i in the l iquids , and the ex is tence 
of these nuclei is e s sen t i a l for the type of cavi tat ion 
s tudied. The re la t ion of cavity life to max imum di 
a m e t e r is d i scussed , (Abst. App. Mech. Rev, 6-1986) 

652. Crewdson, E. 

CAVITATION, Engineer 1 ^ , 122-3 ,(Jan. 23, 1953). 

Author sugges ts that damage done by cavi tat ion is no 
consequence of co l lapse of bubbles ; such col lapse 
cannot take p lace , but high p r e s s u r e and high t e m 
p e r a t u r e of gas within bubble can account for ob
se rved d a m a g e . 

653. Daily. J . W., and Johnson, V. E., J r . 

TURBULENCE AND BOUNDARY-LAYER E F F E C T S 
ON CAVITATION INCEPTION FROM GAS NUCLEI, 
Am, Soc. Mech. E n g r s . , T r a n s , . 78, 1703-6 
(Nov. 1956). 

Discuss ion of the ro le of gas bubbles as nuclei for 
cavi tat ion and the i n t e r r e l a t i o n of the stabi l i ty of 
snnall gas bubbles , t he i r s ize and space d is t r ibut ion , 
and the veloci ty and p r e s s u r e va r i a t ions in the t u r 
bulent boundary l aye r , as obse rved in an e x p e r i m e n 
tal inves t igat ion. 

654. E i senbe rg , P . 

DISCUSSIONS AND AUTHOR'S CLOSURE FOR A 
BRIEF SURVEY OF PROGRESS ON THE MECHAN
ICS OF CAVITATION. DTMB-842 A (1953), 

655. E i senbe rg , P . 

A CRITICAL REVIEW OF RECENT PROGRESS IN 
CAVITATION RESEARCH, Symposium on Cavitat ion 
in Hydrodynamics , Nat. P h y s . Lab, , London; Her 
Majes ty 's Sta t ionery Office. P a p e r No. I, 16 pp. 
(1956). 

This review is a continuation of f o r m e r publicat ions 
of the author (David W. Taylor Mod. Bas in Reps . 712 
(1950) and 842 (1953) with the a im to formula te the 
bas ic p r o b l e m s in the field of cavi ta t ion, to s u m m a 
r ize the r e s u l t s of r e s e a r c h from a c r i t i c a l point of 
view, and to d i s c l o s e , from this c r i t i c a l review, the 
p resen t ly urgent ques t ions . This a im has been well 
achieved. Discuss ing f i r s t the theory of en t ra ined 
gas nuclei and the i r s tabi l i ty , and s t r e s s i n g the need 
for a method of m e a s u r i n g nucle i content , author p r o 
ceeds to shear flow phenomena and the effect of t u r 
bulence on the cavi ta t ion p r o c e s s . A g rea t par t of the 
paper dea l s with problenns on sca le effects, p a r t i c u 
lar ly with that of scal ing cavi tat ion onse t . A chapter 
on the dynamics of t r ans i en t cavi t ies and col lapse 
p r e s s u r e s , including compres s ib i l i t y effects, follows. 
F u r t h e r , s t e a d y - s t a t e cav i t i es a r e d i scussed d i s 
tinguishing between cavi tat ion in a wake flow and 
t ru ly f r e e - s t r e a m l i n e flow. Cons idera t ions on the 
mechan ics and t h e o r i e s of cavi tat ion damage con
clude the paper , to which a l is t of publicat ions on the 
subject dur ing 1951-54 is a t tached. 

656. E lde r . S. A. 

CAVITATION MICROSTREAMING, Journa l of the 
Acoust ical Society of A m er i ca , M > PP- 54-64, 
January 1959. 

An at tempt was made to d i scover by exper imen t what 
physica l assumpt ions and approximat ions a r e ap
p rop r i a t e in the theory of cavi tat ion m i c r o s t r e a m i n g , 
espec ia l ly for cavitat ion bubbles located nea r solid 
boundar ies . A sys temat ic invest igat ion of the phe
nomenon was made and i ts dependence on ce r t a in 
paranne te rs (e .g. , ampli tude of sound) was d e t e r 
mined. The invest igat ion has d i sc losed that as the 
sound ampli tude is var ied , other conditions r e m a i n 
ing the same , the s t r eaming changes discont inuously 
through s eve ra l s table r e g i m e s . It appea r s that in 
o rde r to account for the genera t ion of vor t i c i ty one 
needs to a s s u m e different conditions at the bound
a r i e s for each r e g i m e . Fo r at leas t one r e g i m e , a 
theore t i ca l model due to Nyborg s e e m s to be appl i 
cable; compar i son is nnade with exper imenta l ly 
de te rmined s t r eaming ve loc i t i e s . 

657. E l l i s , A. T. 

TECHNIQUES FOR PRESSURE PULSE MEASURE
MENT AND HIGH-SPEED PHOTOGRAPHY IN 
ULTRASONIC CAVITATION, AD-75061 (1955). 

658. Eskigian, N. M, 

A MODEL STUDY OF THE FLUID FLOW AT THE 
RUDDER STOCK OF A SURFACE SHIP, AD-111735 
(1956), 

659. Fox, F . E . . and Herzfeld, K. F . 

GAS BUBBLES WITH ORGANIC SKIN AS CAVITA
TION NUCLEI, J. Acoust . Soc, Am. 26, 984-9 
(November 1954). 

Due to surface tens ion, sma l l bubbles would d isso lve 
in a ve ry shor t t i m e . If the bubbles a r e l a r g e r than 
5 x 1 0 cm, or if the liquid is supe r sa tu r a t ed , they 
nnay last longer or even be s table , but then no cav i t a 
tion threshold ex i s t s . The hypothesis is e x p r e s s e d 
that the nuclei a r e very sma l l bubbles , s tabi l ized by 
an organic skin, which nnechanically p reven t s loss 
of gas by diffusion. The cavi tat ion occu r s when the 
skin b r eaks and the th resho ld is de te rmined by the 
breaking s t rength of the film and the s ize of the 
bubble. (Sci. A. 58-1577) 

660. F renke l , Ya. 

ELECTRICAL PHENOMENA ASSOCIATED WITH 
CAVITATION DUE TO ULTRASONIC VIBRATIONS 
IN LIQUIDS, Acta Phys icoch im. (U.S.S.R.) 12, 
317-22 (1940), 

Theore t i ca l . Ul t rasonic v ibra t ions produce rup tu re 
cavitat ion leading to l ens - shaped bubbles in which 
s t rong e l ec . forces conne into play. These e l ec . 
fo rces produce the obse rved chem. r e a c t i o n s . The 
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contribution of the or ienta t ion effect to the e lec . field 
in the cavity is negligible except at very low ion 
concns , (CA-34-7682-6) 

661. F r y a r , R. M. 

SUMMARY OF PRESENT STATUS AND FUTURE 
PROGRAM OF CAVITATION PROBLEM, HW 25837 

662. Galloway, W. J, 

AN EXPERIMENTAL STUDY OF ACOUSTICALLY 
INDUCED CAVITATION. AD 24646 (1953). 

663. Gi lbarg . D., and Anderson. R. A. 

INFLUENCE OF ATMOSPHERIC PRESSURE ON 
PHENOMENA ACCOMPANYING ENTRY OF 
SPHERES INTO WATER. J . Appl, Phys ics 19, 
127-139 (Feb. 1948). 

Resul t s of motion pic ture studies made of dependence 
of a i r water entry cavi t ies on re levant physical pa
r a m e t e r s ; experinnents on ve r t i ca l entry of spher ica l 
project i les -i- in. to 1 in, in d iam. , with en t rance ve
loci t ies between 15 fps and 100 fps, and air p r e s s u r e s 
between JQ a tm and 3 atnn, show that surface sealing 
of cavity is major factor in controll ing cavity 
format ion. 

664. Guth, W. 

FORMATION OF SHOCK WAVES IN CAVITATION, 
Acust ica , V. 6, pp. 526-531. 1956 (in German) . 

Pape r i s an exposition of r e su l t s on approximate 
p r e s s u r e s and shock-wave formation assoc ia ted with 
collapsing cavitation bubbles and the diffusion of air 
into oscil lat ing cavi t ies infer red from the theore t ica l 
r e su l t s of Rayleigh (The Philosophical Magazine, 
v. 34, p. 94, 1917), Noltingk and Neppiras (P roceed
ing of the Phys ica l Society, London, Section B, p . 674, 
1958; Applied Mechanics Reviews, v. 5, Rev. 1760), 
and Blake ' s hypothesis of rectified diffusion (Harvard 
Universi ty Acoustical Resea rch Labora tory T. M. 9, 
1948). It is a supplement to au thor ' s previous de 
scr ip t ion of sch l ie ren photography of the shock waves 
propagated by collapsing cav i t i es . 

665. Har r i son , M. 

AN EXPERIMENTAL STUDY OF SINGLE BUBBLE 
CAVITATION NOISE. J. Acoust. Soc, Am. 2A, 
776-82 {Nov. 1952). 

An exper imenta l study of the noise produced by a 
single cavitation bubble has been made . The noise 
cons i s t s pr incipal ly of a t rans ien t p r e s s u r e pulse 
assoc ia ted with the collapse of the bubble. The 
motion of the bubble has been photographed sinnul-
taneously with the measu remen t of the p r e s s u r e 
pu lse . (Sci. A. 56-715) 

666. Harvey, E. N., McElroy, W, D., and Whiteley. 
A. H. 

CAVITY FORMATION IN WATER, J. Applied Phys . 
18, 162-72 (1947). 

This study was made in connection with an inves t i 
gation of possible causes of decompress ion s ickness 
("bends") . Glass and Al rods were dr iven rapidly 
through water and corn s i rup at speeds up to 

36.7 m / s e c , and h igh-speed motion p ic tu res were 
made of the cavi tat ion in the i r wake at 
3000 f r a m e s / s e c . The rods were 6 m m and the tubes 
contg. the liquids 16 mm in d i a m . Special p r e c a u 
tions were taken to re ta in d isso lved a i r at 1 a tm. , 
but to rennove al l hydrophobic patches and sma l l gas 
m a s s e s (gas nucle i ) . If the rod sur face contained 
gas nuclei or was hydrophobic and free of gas nuclei , 
cavi tat ion o c c u r r e d at the r e a r end at speeds l ess 
than 3 m / s e c , but if complete ly hydrophil l ic and g a s -
f ree . the speed could be 37 m / s e c without cavi ta t ion. 
Addn. of diacetyl sodium succinate as a de te rgen t to 
the wate r did not prevent cavi tat ion at low speed with 
the hydrophobic rod free of gas nuc le i . Movement 
of a rod in pure co rn s i rup (viscosi ty 20.1 po ises ) , 
free of gas nuclei , left a la rge cy l indr ica l cavity 
which col lapsed in a few hundredths of a s e c . The 
speeds at tained without cavitat ion a r e far higher 
than those previous ly obtained, probably owing to 
the absence of a l l gas phases and hydrophobic 
s u r f a c e s . (CA-41-2952b) 

667. Hsu. Y. Y. 

ON THE SIZE RANGE OF ACTIVE NUCLEATION 
CAVITIES ON A HEATING SURFACE, J. Heat 
T rans fe r , 84. 207-16 (Aug. 1962). 

The innportance of sur face condition on nucleate 
boiling is recognized . It is a lso known that only 
cavi t ies of a na r row size range can be active nuclea
tion s i t e s . In o rde r to define the s ize range of active 
cavi t ies as a function of wall t e m p e r a t u r e or heat 
flux, a model is p roposed . The model p i c tu res a 
bubble nucleus at a si te enveloped by a warm liquid. 
The nucleus will begin to grow into a bubble only 
when the sur rounding liquid is sufficiently supe r 
heated. The t ime requ i red for the liquid to attain 
this superhea t is cal led the waiting per iod . The 
t r ans f e r of heat from the superhea ted liquid into 
the bubble is cons idered to be a t r ans i en t conduction 
p r o c e s s . A cavity is cons idered effective only if 
the waiting per iod is f inite. This c r i t e r i o n gives 
the l imiting s izes of effective cav i t i e s . The equations 
show that maximum and minimunn s izes of effective 
cavi t ies a r e functions of subcooling, p r e s s u r e of the 
sys t em, physical p r o p e r t i e s , and the th ickness of 
the superheated liquid l aye r . Compar i son of theo
re t i ca l predict ion with exper imenta l data from 
seve ra l s o u r c e s was m a d e . The fluids cons idered 
were e ther , pentane, and wate r , with water under 
var ious degrees of subcooling. The theory did p r e 
dict the incipience of boiling and s ize range of 
cavi t ies successful ly . 

668. Hsu, E. Y. et, a l . 

WATER TUNNEL EXPERIMENTS ON SPHERES IN 
CAVITY FLOW, Cal . Inst . Tech . Hydrodynamics Lab., 
Rpt. E-24,9 (April 1954) 

669. Kermeen . R. W.. McGraw, J. T. , and 
Pa rk in , B. R. 

MECHANISM OF CAVITATION INCEPTION AND THE 
RELATED S C A L E - E F F E C T S PROBLEM, T r a n s . 
ASME 77, 533 (1955). 

An exper imenta l invest igat ion of incipient cavitat ion 
is desc r ibed and the re la t ionsh ip between these ex
pe r imen t s and c u r r e n t theor i e s is d i s c u s s e d . 
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E x p e r i m e n t s h a v e i n d i c a t e d t h a t t h e c a v i t a t i o n n u m 
b e r f o r i n c e p t i o n v a r i e s w i t h f r e e - s t r e a m v e l o c i t y 
a n d b o d y s i z e f o r b o t h s t r e a n n l i n e d a n d b l u f f b o d i e s . 
P r e l i m i n a r y s t u d i e s of t h e m e c h a n i s m of c a v i t a t i o n 
w e r e c o n d u c t e d i n o r d e r t o u n d e r s t a n d t h e r e a s o n s 
f o r t h e v a r i a t i o n s i n c a v i t a t i o n p e r f o r m a n c e . P h o t o 
g r a p h i c i n v e s t i g a t i o n s h a v e d i s c l o s e d t h e e f f e c t of 
t h e b o u n d a r y l a y e r o n c a v i t a t i o n i n c e p t i o n f o r b o t h 
s t r e a m l i n e d a n d b l u f f b o d i e s . In a d d i t i o n , t h i s s t u d y 
h a s s h o w n t h a t t e n s i o n s e x i s t i n t h e f l o w of o r d i n a r y 
w a t e r a t i n c i p i e n t c a v i t a t i o n . 

6 7 0 . K n a p p , R . T . , a n d H o l l a n d e r , A . 

L A B O R A T O R Y I N V E S T I G A T I O N S O F T H E M E C H 
A N I S M O F C A V I T A T I O N , T r a n s . A m . S o c . M e c h . 
E n g r s . 7 0 , 4 1 9 ( 1 9 4 8 ) . 

I n v e s t i g a t i o n s a t C a l i f o r n i a I n s t . T e c h n o l o g y ; 
s t u d y of f o r m a t i o n of i n d i v i d u a l b u b b l e s c a r r i e d o n 
b y u s e of h i g h s p e e d m o t i o n p i c t u r e s t a k e n a t r a t e s 
u p t o 2 0 . 0 0 0 p e r s e c ; f r o m t h e s e r e c o r d s c a l c u l a t i o n s 
h a v e b e e n m a d e of r a t e of f o r m a t i o n a n d c o l l a p s e ; 
d e d u c t i o n s a s t o p h y s i c a l m e c h a n i s m of c a v i t a t i o n 
p h e n o m e n o n . ( S c i . E n g . I nd . A b s t . 1 9 4 8 - p , 198) 

6 7 1 . K o g a r k o , B . S . 

M O D E L O F A C A V I T A T I N G L I Q U I D , D o k l a d y 
A k a d e m i i n a u k S S S R , ]_37, 1 3 3 1 - 3 3 ( 1 9 6 1 ) . 

A d e s c r i p t i o n i s g i v e n of a m o d e l of a m e d i u m t h a t 
m a y b e d e s i g n a t e d , i n s o m e a p p r o x i m a t i o n , a s a 
c a v i t a t i n g l i q u i d . E x p a n s i o n a n d c o m p r e s s i o n of t h e 
b u b b l e s a r e d e s c r i b e d b y t h e u s u a l e q u a t i o n s of h y 
d r o d y n a m i c s . T h e b e g i n n i n g of c a v i t a t i o n d e p e n d s 
e s s e n t i a l l y o n t h e e x i s t e n c e of s t r a n g e p a r t i c l e s 
( c a v i t a t i o n n u c l e i ) i n t h e l i q u i d , t h e s i z e of w h i c h i s 
1 0 " - 1 0 " c m . In t h e m o d e l u n d e r c o n s i d e r a t i o n , 
t h e c a v i t a t i o n n u c l e i a r e t a k e n t o b e s p h e r e s of 
e q u a l d i a n n e t e r . a n d t o b e d i s t r i b u t e d u n i f o r m l y o v e r 
t h e e n t i r e v o l u m e of t h e i n c o m p r e s s i b l e l i q u i d w i t h 
d e n s i t y PQ. C a v i t a t i o n b u b b l e s w i l l b e f o r m e d in t h e 
l i q u i d o n l y if t h e p r e s s u r e i s b e l o w p ^ r - P r e s s u r e 
P - j . i s a s s u m e d t o r e m a i n c o n s t a n t i n t h e b u b b l e s 
w i t h e x p a n s i o n a n d c o m p r e s s i o n of t h e l a t t e r . T h e 
r a d i a l m o t i o n of a l l b u b b l e s o b e y s t h e s a m e a s d o e s 
t h e m o t i o n of a s i n g l e s p h e r i c a l c a v i t y w i t h c o n s t a n t 
i n t e r n a l p r e s s u r e i n a n i n f i n i t e v o l u m e of t h e i n 
c o m p r e s s i b l e l i q u i d . T h e n , f o r e a c h i n d i v i d u a l 
b u b b l e , 

e q u a t i o n s . T h e f r e e e n e r g y F c a n b e d e f i n e d a s f o l l o w s ; 

d^ 2/ ' i»V P k p • 

A) 
(1) 

w h e r e R d e n o t e s i t s r a d i u s a t t h e t i m e T, a n d p i s t h e 
p r e s s u r e of t h e l i q u i d . It i s f u r t h e r a s s u m e d i n t h i s 
m o d e l t h a t m i x t u r e s of v a p o r a n d l i q u i d a r e a h o m o 
g e n e o u s m e d i u m w i t h a m e a n d e n s i t y . T h e l a t t e r c a n 
t h e n b e d e s c r i b e d b y 

Po 
1 + b ( R 3 - R^) 

b = (2) 

F r o m t h e s e t w o e q u a t i o n s i t i s p o s s i b l e to d e r i v e t h e 
f u n c t i o n p - f ( p , d p / d t , d ^ p / d t ^ ) , w h i c h , t o g e t h e r w i t h 
t h e c o n t i n u i t y e q u a t i o n a n d t h e e q u a t i o n of c o n s e r v a 
t i o n of m o m e n t u m , c o n s t i t u t e s a c l o s e d s y s t e m of 

-'-f-)^f'^'(f)'- • P k p R ' + * ( T ) 

S = ^ 
^ dT 

(4) 

i x 

= Q 

Po 

dp 
dx 

POUOSQ 

It i s e a s y , o n t h e b a s i s of t h i s s y s t e m , t o g e n e r a l i z e 
t h e m o d e l t a k i n g a c c o u n t of t h e s u r f a c e t e n s i o n , v i s 
c o s i t y , a n d c h a n g e of p r e s s u r e in t h e b u b b l e s . T h e 
l i n e a r , s t e a d y m o t i o n of a l i q u i d t h r o u g h a t u b e w i t h 
l o c a l n a r r o w i n g s i s f i n a l l y d e a l t w i t h . If t h e c r o s s 
s e c t i o n i n a z o n e of t h i s t u b e i s l a r g e r t h a n a g i v e n 
m i n i m u m c r o s s s e c t i o n S^nin- t h e p r e s s u r e i n t h a t 
z o n e w i l l d r o p t o b e l o w p ^ r - E q u a t i o n s 

P U 

(6) 

'̂  " I + b ( R ^ - R ^ ) 

L dx^ 2 V d x / J d x d x Pp 

h o l d f o r s u c h a z o n e . H e r e , u d e n o t e s t h e f l o w v e 
l o c i t y , a n d Q i s t h e l i q u i d c o n s u m p t i o n . T h e s e 
e q u a t i o n s h a v e b e e n n u m e r i c a l l y i n t e g r a t e d f o r t h e 
c a s e of t h e c r o s s s e c t i o n b e i n g a f u n c t i o n of x , t h u s 
S(x) = kox^ + k i - It h a s b e e n f o u n d t h a t , b e g i n n i n g 
f r o m t h e i n i t i a l v a l u e R Q , t h e b u b b l e s a t t a i n a d e t e r 
m i n e d n n a x i m u m s i z e , a n d s u b s e q u e n t l y b e c o m e 
s m a l l e r . T h e b u b b l e s , f u r t h e r m o r e , d i s p l a y a t e n 
d e n c y t o w a r d a s t e a d y g r o w t h . T h i s c o r r e s p o n d s t o 
t h e c a s e of a s u p e r s o n i c f l o w t h r o u g h a n o z z l e . It 
h a s t h e r e f o r e n o t b e e n p o s s i b l e t o s e t u p a c o n t i n u o u s 
s o l u t i o n a t t h e t u b e o u t l e t f o r a n a r b i t r a r y p r e s s u r e , 
P2- It h a s b e e n f o u n d n e c e s s a r y t o i n t r o d u c e a c o m 
p r e s s i o n j u m p c o i n c i d i n g w i t h t h e b o u n d a r y of t h e 
r e g i o n of c a v i t a t i o n . T h e c o o r d i n a t e s of t h e c o m 
p r e s s i o n j u m p a r e r e l a t e d t o t h e p r e s s u r e a s f o l l o w s : 

-•=--¥['-(47)1 
= bpougS^ (9) 

T h i s r e l a t i o n i s o b t a i n e d b y i n t e g r a t i o n of t h e f i r s t 
e q u a t i o n of s y s t e m ( 6 ) , t a k i n g a c c o u n t of t h e c o m 
p r e s s i o n s h o c k . T h e e x p r e s s i o n a t t h e r i g h t - h a n d 
s i d e e x p r e s s e s t h e e n e r g y l o s s a r i s i n g w i t h 
c a v i t a t i o n . 

6 7 2 . K u s t o v a , A . V . , a n d K u d r y a v t s e v , B . B . 

B E H A V I O R O F C A V I T A T I O N B U B B L E S , P r i m e n e n i e 
U l ' t r a a k u s t i k i k I s s l e d o v a n i y u V e s h c h e s t v a , M o s c o w , 
S b o r n i k . N o . 9, 1 0 7 - 1 5 ( 1 9 5 9 ) . 

T h e i m p a c t w a v e s a r i s i n g f r o m t h e b u r s t i n g of s t e a m 
b u b b l e s w a s s t u d i e d . T h e e x p t l . a p p . c o n s i s t e d of a 
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the rmos ta t t ed cuvette filled with wa te r , into which 
water vapor was passed , under a p r e s s u r e up to 
0.2 k g / s q cm, through a na r row glass nozzle (diam. 
0.5 - 1.3 nnm) placed at a depth of 1.5 - 2.0 cnn fronn 
the surface of the wate r . The waves thus a r i s ing 
were detected on a hydrophone and recorded on an 
impulse osc i l lograph . In cavitat ion c rea ted by a 
s t r e a m of superheated s t eam, as in u l t rason ic 
cavitat ion, an impact wave a r o s e . The p r e s s u r e on 
i ts front was about 1 k g / s q cm (at a d is tance of 4 cm 
from a nozzle with a d iam. of 1,3 mm and a s team 
p r e s s u r e of 0.1 k g / s q cm) . As the dis tance between 
the hydrophone and the nozzle i nc reased , the p r e s 
sure ( reg i s t e red by the hydrophone) d e c r e a s e d ; the 
d e c r e a s e , however , was cons iderably l ess than would 
be expected for a spher ica l wave. It is suggested 
that the bubble has the form of a lens upon burs t ing . 
This causes a nonuniform dis t r ibut ion of the energy 
of the wave. The p r e s s u r e of the impact wave in-
Creased a lmost l inear ly with inc rease in the diam. of 
the nozzle and the s t eam p r e s s u r e . A max, p r e s s u r e 
was d iscovered in the defined temp, region; this sug
ges t s the des i rab i l i ty of maintaining optimum temp, 
in physicochem, p r o c e s s e s accompanying cavitation, 
F r o m R e f e r a t . Zhur. , Khim. I960, Abst r , No. 73643, 

673. Kuttruff, H,, and P l a s s , K. 

SONOLUMINESCENCE AND BUBBLE OSCILLATION 
IN ULTRASONIC CAVITATION, Acustica (Internat . ) , 
11, 224-29 (1961). 

By taking instantaneous photographs of cavitat ion 
bubbles in relat ion to the observat ion of incipient 
sonoluminescence, a t ime cor re la t ion of the light 
occurence was obtained with the cavitat ion p r o c e s s . 
The cavitation bubbles were produced at a plane 
me ta l surface of 2 mm d iame te r , which forms the 
end surface in ethylene glycol of an i m m e r s e d 
"Mason-horn ." The sound frequency was 30 k c / s . 
It appears that the sonoluminescence takes place 
at the p rec i se moments in which the cavitation 
bubbles fall together under the influence of the sound 
field. 

674. L ieberman, D. 

RADIATION-INDUCED CAVITATION, Phys . F lu ids , 
2, 4, 466, 

Measu remen t s of the th resholds of radia t ion- induced 
acoustic cavitation in pentane and acetone are de 
sc r ibed . A resona tor method was employed. It is 
concluded that the observed cavitation was nucleated 
by recoi l carbon ions in pentane. The re su l t s a r e 
compared with calculat ions based on Sei tz ' s nnodel of 
the nucleat ion p r o c e s s . The agreement is within an 
o rde r of magnitude. 

675. Mundry, E,, and Guth, W. 

MOVIE PICTURES OF VIBRATIONAL CAVITATION, 
Acust ica , 7,AMR, 1958, No. 2170, pp. 241-250 (1957). 

Cavitat ion bubbles a r e produced from a nickel t r a n s 
ducer of frequency 2.5 k c / s and photographed at 
12,500 to 105.000 f r a m e s / s e c . In ae ra ted water 
and modera te sound fields, bubbles a re observed to 
v ibra te in a mode indicating a combination of non
l inear forced vibrat ion and sudden excitation at the 
na tu ra l frequency. In strong fields, both in ae ra ted 

and degassed water a l a rge number of t iny bubbles , 
which a lmos t d i sappear dur ing the t inne-per iod of 
one osci l la t ion, a r e seen . The s t rong shock waves 
accompanying this phenomenon a r e photographed in 
a sch l i e ren sys t em. 

676. Negishi , K. 

PHASE RELATION BETWEEN SONOLUMINESCENCE 
AND CAVITATING BUBBLES. Acust ica ( in ternat . ) , 
10, 124 (1960). 

Sonoluminescence and s ca t t e r ed light from bubbles in 
water were obse rved by means of a photomult ipl ier 
output displayed on an osc i l lograph t r i g g e r e d by the 
input voltage to the excit ing t r a n s d u c e r . The bubble 
s ize and sonoluminescence intensi ty were photo
graphed success ive ly and suggest that the l u m i 
nescence occur s at the instant of cavity co l l apse . When 
a microphone was placed in the cavi tat ion region it 
was seen that min imum size of the cavi t ies c o r r e s 
ponded to a sha rp p r e s s u r e max imum, p re sumab ly 
produced by superposed shock leaves resul t ing from 
cavity co l l apse . 

677. Neppi ras , E. A., and Noltingk, B . E, 

CAVITATION PRODUCED BY ULTRASONICS; THEO
RETICAL CONDITIONS FOR THE ONSET OF CAVI
TATION, P r o c . Phys . Soc. (London) 64B, 1032-38 
(1951). 

A theore t ica l extension of a previous paper (see 
preceding review) in which equations were developed 
descr ib ing the motion of a gas-f i l led cavi tat ion bub
ble subjected to a l te rna t ing p r e s s u r e . The theory 
is now extended to show that cavi tat ion is r e s t r i c t e d 
to a definite range of the p a r a m e t e r s (a) a l te rna t ing 
p r e s s u r e ampl i tude, (b) frequency of the applied p r e s 
sure , (c) radius of bubble nucleus , (d) hydrosta t ic 
p r e s s u r e . It is shown that under ce r ta in conditions 
the re is a sharp ly defined threshold for the onset of 
cavitation. In this t r ea tmen t it was n e c e s s a r y to a s 
sume the pre -ex is tence of bubble nuclei above a c e r 
tain min imum size a s a condition for bubble growth. 
Solutions of some equations were made with the aid of 
a differential ana lyzer . No expe r imen ta l data a r e 
presented , (Abst. App. Mech. R e v . - 5 - 1761) 

678. Noltingk, B. E. , and Nepp i ra s , E. A. 

CAVITATION PRODUCED BY ULTRASONICS, P r o c . 
Phys . Soc. (London) 63B, 674-685 (1950), 

The differential equation for bubble growth is der ived 
using the a s sumpt ions : (1) P r e - e x i s t e n c e of bubble 
nuclei ; (2) constant quantity of gas in the bubble; 
(3) i so the rma l expansion of gas ; (4) incompress ib le 
liquid; (5) surface tension constant ; (6) s inusoidal 
p r e s s u r e var ia t ion; (7) bubble d i ame te r smal l com
pared to a wave length; (8) neglect of vapor p r e s s u r e 
within the bubble. 

The differential equation is solved by means of a dif
ferent ia l ana lyzer for a wide range of p r e s s u r e a m 
pl i tudes , f requencies , and bubble nuclei s i z e s . It is 
predicted that cavitat ion will d i sappear above a ce r ta in 
frequency. The equation for the p r e s s u r e s resul t ing 
from adiabat ical ly collapsing gas-filled sphe r i ca l bub
bles is der ived. No exper imenta l data a r e given. The 
theory is extended in a further paper (see following 
review), (Abst. App. Mech. Rev . -5-1760) 



Cavitation 

679. Olson, R. M. 

CAVITATION TESTING IN WATER TUNNELS, 
AD 64981 (1954). 

680. Pa rk in , B. R. 

SCALE E F F E C T S IN CAVITATING FLOW, Hydrody
nannics Lab. . Calif. Inst , of Tech . . Pasadena , Calif. 
AD-15861 (July 31 , 1952), 

Scale effects in cavi ta t ing flow a re cons idered for the 
so-ca l l ed l imi ted cavi ta t ion flow r e g i m e . The ef
fects on cavi ta t ion scal ing of nuclei and dissolved a i r 
in o rd ina ry wate r a r e cons ide red . P rev ious work by 
the author is sumnnarized and a theo re t i ca l study is 
made to gain insight into the re la t ionsh ips that must 
hold between the p a r a m e t e r s which affect the incep
tion of cavi ta t ion. A sinnplified theory gives only 
rough qual i ta t ive a g r e e m e n t with expe r imen t , 

681. P e a s e , D. C , and Bl inks , L. R. 

CAVITATION FROM SOLID SURFACES IN THE AB
SENCE OF GAS NUCLEI, J . P h y s . and Colloid 
Chem, 51, 556-67 (1947). 

Conflicting data in the l i t e r a t u r e on cavi tat ion and 
bubble format ion mus t be a sc r ibed to the lack of 
dis t inct ion between false cavi tat ion due to p r e 
exist ing gas nuclei and t r u e cavi tat ion in the ab
sence of any gas phase . Th ree p r o c e d u r e s a r e 
desc r ibed to r emove all gas nuc le i . Sys tems of 
water in g lass under these conditions will not 
cavi ta te un less forces of 100-200 a tm a r e used . In 
the absence of gases easy cavi tat ion occu r s on 
stable solid "hydrophobic" su r faces with exposed 
nonpolar g roups , such as capr i c acid, capry l ic 
acid, paraffin, and ethyl c innamate . Ionic m i n e r a l 
sal ts (KNO3, K2Cr207, K2SO4) do not o rd ina r i ly 
cavi ta te , un less heavy s ludges of c r y s t a l s a r e 
p re sen t . Unstable su r faces of mel t ing and d i s 
solving c r y s t a l s do not induce cavi ta t ion. 
(CA-4l-3673g) 

682. P l e s s e t , M. S. 

THE DYNAMICS OF CAVITATION BUBBLES, 
J . Appl. Mechanics 1^, 277-282 (1949). 

Exper iment has shown that flow about a t o rpedo-
shaped body in a water tunnel can be adjusted to 
produce a few s m a l l cavi tat ion bubbles jus t aft of 
nose por t ion. E l sewhere the wate r flow is con
t inuous. This r e g i m e , which is of g rea t i n t e r e s t 
in connection with the damage-produc ing nnech
anism of cavi ta t ion, has been studied both ex
pe r imen ta l ly and theore t i ca l ly . In set t ing up the 
equation of motion it has been a s s u m e d that each 
bubble behaves as if i so la ted in a spher ica l ly 
symnnetr ica l p r e s s u r e field of i ncompres s ib l e 
f r ic t ion less fluid. In o r d e r to in tegra te this 
equation, p r e s s u r e at bubble wall has been a s 
sumed equal to vapor p r e s s u r e at ambient t e m 
p e r a t u r e l e s s p r e s s u r e equivalent of sur face 
tension; p r e s s u r e at a d is tance f rom a bubble 
has been a s s u m e d to be unaffected by bubbles and 
has been computed f rom the value of p r e s s u r e 
coefficient de t e rmined under noncavitat ing condi
t ions ; m a x i m u m bubble radius (where velocity is 
zero) has been obtained from photographic data . 

Theore t i ca l values of bubble rad ius as a function of 
t ime a r e compared graphical ly with ac tual m e a s u r e 
m e n t s . Good agreennent i s found, except nea r begin
ning and end of the bubble life. To d i s cus s the 
in te res t ing phenomena of col lapse and r eb i r t h of a 
bubble, theory must be extended to include c o m p r e s 
sibili ty effects. (AMR-3-2697) 

683. P l e s s e t , M. S., and Hsieh, Din-Yu, 

THEORY OF GAS BUBBLE DYNAMICS IN OSCIL
LATING PRESSURE FIELDS, P h y s . of F lu ids , 
3, 882-92 ( N o v . - D e c , I960). 

By using the ine r t i a forces which a r e set up by the 
sudden dece le ra t ion of a fast-nnoving liquid column 
and produce ve ry low p r e s s u r e s the re in , sphe r i ca l 
cavi tat ion bubbles of over 1 cnn d i ame te r can be 
produced in wa te r . Cinematograph s tudies were 
made of the format ion, co l lapse , and rebound of the 
bubbles , a s well as of the ve ry s t rong shock waves 
set up by the implos ion. S imi la r expe r imen t s give 
r i s e to luminescence in g lyce r ine . 

684. Pode, L. 

THE DIFFUSION OF AIR INTO A PULSATING CAVI
TATION BUBBLE, DTMB-804 (1955), 17 p . 

A calculat ion is made of the growth of a cavi tat ion 
bubble through the diffusion of a i r induced by the 
spher ica l ly s y m m e t r i c a l mechan ica l motion of the 
pulsating bubble. The equation of motion of the 
boundary is der ived from energy cons idera t ion . Kin
etic theory is applied to de t e rmine the boundary con
dit ions for the diffusion equation. The diffusion 
equation is t r ea t ed by means of the approximat ion 
that the diffusion takes place in a ve ry sma l l l ayer 
of water about the boundary . Numer ica l r e s u l t s 
a r e obtained for one case of a s t rongly pulsing 
bubble. It is found that the growth per per iod is 
re la t ive ly smal l un less the bubble is ex t r eme ly t iny. 
(App, Mech. Rev.-9-2959) 

685. Por tnov, I. G. 

THE LEADING BOUNDARY CAVITATION REGION, 
Akademiia Nauk SSSR. Otdelenie Tekhnecheskikh 
Nauk, Izves t i ia , No. 3, 99-107 (1957) (in Russ i an ) . 

Study of the stabi l i ty of the s ta t ionary t e m p e r a t u r e 
field in nnoving media , and applicat ion of r e s u l t s to 
the study of cavitat ion flows (AEI. 1957). 

686. Por tnov, I. G. 

THE TEMPERATURE FIELD IN THE SHEARED 
CAVITATION REGION, Trans l a t ed from Izvest iya 
Akademii Nauk SSSR, Otdelenie Khmicheskikh Nauk, 
No. 1, pp. 63 -71 , 1958) ,AEC-TR-3413 (1958), 20 p . 

Corresponding cylic t e m p e r a t u r e intensif icat ions a r e 
noted, which apparent ly play a substant ia l ro le dur ing 
the appearance of cavitat ion sha t te r ing of the surface 
wal l s , adjacent to cavi tat ion regions that have 
reached the fatigue l imi t . The t e m p e r a t u r e of this 
phase t rans i t ion in the p rob lem is a s sumed to be 
constant and equal to jn| . The prob lem is reduced to 
de te rmin ing the si tuat ions of the i s o t h e r m /i^ as a 
function of t i m e . It is a s sumed that the t e m p e r a t u r e 
changes a r e sufficiently smal l so that the densi ty p, 
the t h e r m a l capaci ty under constant p r e s s u r e c. and 
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the t h e r m a l conductivity k can be taken as constant . 
These changes mus t be such that the influence of the 
energy diss ipat ion on the t e m p e r a t u r e field is 
negligible. 

687. Raven, F . A., Fe i l e r , A, M.. and J e spe r son , Anna 

AN ANNOTATED BIBLIOGRAPHY OF CAVITATION. 
D T M B - R - 8 1 , (Dec 1947), 205 p. 

The scope of the list has been l imi ted nei ther by the 
c lass i f icat ion nor the dates of the a r t i c l e s , as an 
at tempt was made to cover all the work in the field 
dating from the f irs t identifications of cavitat ion as 
an influencing factor in the pe r fo rmance of hydraul ic 
mach ines . The en t r i e s a r e a r r anged f irst a lpha
bet ical ly by au thors , and then chronological ly under 
the name of the individual au tho r s . A list of publ ica
tions referenced is given, but no table of contents or 
indexes a r e included. 

688. Rosenberg , M. D. 

GASEOUS-TYPE CAVITATION IN LIQUIDS, 
AD 34119 (1953). 

689. Schmid, J. 

CINEMATOGRAPHIC INVESTIGATION OF SINGLE 
BUBBLE CAVITATION. Acust ica , 9. 321-6 (1959). 

The behaviour of a permanent gas bubble in a liquid 
with an osci l la t ing p r e s s u r e field is analyzed with a 
l inear ized theory . If the assunnption is made that 
conditions within the bubble a r e uniform, the thernno-
dynamic re la t ions found a r e as expected; i .e . , at low 
frequencies the bubble behaves i so the rmal ly and at 
high frequencies the behaviour beconnes adiabat ic . 
However, a more detailed ana lys i s , which allows the 
bubble in te r ior to vary not only in t ime but also in 
space, leads to an average i so the rma l behaviour for 
the bubble even in the high-frequency l imit . 

690. Self. M. W.. and Ripken, J. F , 

STEADY-STATE CAVITY STUDIES IN A F R E E J E T 
WATER TUNNEL, AD 71800 (1955). 

691. Shalnev, K, K, 

CRITERION FOR THE INCIDENCE OF BREAK-AWAY 
CAVITATION ON A CYLINDRICAL PROFILE, 
( T r a n s , from Doklady Adad. Nauk. S.S.S.R. 61 . 799-
802), AEC-TR-2094 (1948) 7 p. 

In cavitat ion calculat ions for hydraulic mach inery , a 
r equ i r emen t is to de te rmine the danger of cavitat ion 
developing on any component of the machine , given 
the dis t r ibut ion of p r e s s u r e s on the said component. 
Resul ts a r e presented of r e s e a r c h on a c r i t e r ion 
for the incidence of cavitation of the b reak-away type 
in the region of b reak-away flow behind a cyl inder . 
(NSA-9-3127) 

692. Shalnev, K. K. 

PRESSURE AND EROSION IN THE REGION OF 
COLLAPSE CAVITATION OF CIRCULAR CROSS 
SECTION, Izvest . Akad. Nauk, S.S.S.R. Otdel. Tekh. 
Nauk, No. 6, 111-20 (June 1954). 

693. Shalnev, K. K. 

SHAPES OF THE CAVITATION REGION ON A 
TRANSVERSE FOIL IN A NORMALLY INCIDENT 
STREAM, ( T r a n s , from Doklady Akad. Nauk. 
S.S.S.R., 94, 1017-22) AEC-TR-2096 (1954), 7 p . 

The conditions of format ion of cavi ta t ion behind a 
foil placed norma l ly to the flow axis a r e ident ica l 
with the conditions of cavi tat ion back of a c i r c u l a r 
prof i le . In a p l ane -pa ra l l e l s t r e a m with a posi t ive 
gradient or p r e s s u r e , the shape of the cavi tat ion 
hollow a g r e e s only in the ini t ia l s tages with the 
theo re t i ca l notion that the boundary of the cavi tat ion 
region has an unid i rec t ional c u r v a t u r e , and in the 
m o r e developed s t ages , only in that par t of the 
boundary line c loses t to the foil. In the extrennely 
developed cavitat ion s tages , the fact that the par t of 
the sur face which c loses off the cavi ta t ion hollow 
b reaks up into cavitat ing s t r e a m s ru l e s out the 
possibi l i ty of a counterflow of the boundary s t r e a m 
toward the hind side of the foil . In the cavi tat ion 
region the mean p r e s s u r e is not the s ame at all 
points; it depends on the s t r u c t u r e of this region, and 
consequently, on the stage of cavi ta t ion. The p r e s 
sure in the cavitat ion region is equal to the vapor 
p r e s s u r e of water only in the gaseous zone of that 
region. ( N S A - 9 - 3 1 2 8 ) 

694. Shalnev, K. K, 

STRUCTURE OF THE CAVITATION REGION. Izvest , 
Akad. Nauk. S.S.S.R. Otdel . Tekh. Nauk., No. 5, 
119-46 (May 1954). 

This extensive r epo r t of invest igat ions on cavitation 
phenonnena includes reproduct ions of motion p ic tu res 
of the cavitat ion p r o c e s s . The experinnental loop is 
i l lus t ra ted , and the many data a r e graphed, 31 fig
u r e s , 33 r e f e r e n c e s . 

695. Shalnev, K. K. 

THE KINEMATIC STRUCTURE OF BREAK-AWAY 
CAVITATION ON A CIRCULAR PROFILE, ( T r a n s , 
from Doklady Akad. Nauk. S.S.S.R. 97, 785-8) 
AEC-TR-2098 (1954), 9 p . 

A study of b r e a k - a w a y cavi tat ion on a c i r c u l a r p r o 
file was nnade with h igh-speed motion p ic tu res in a 
min ia ture hydrodynamic cavi tat ion tunnel , the cav i 
tation taking place on the walls of diffusors and on 
surface i r r e g u l a r i t i e s . (NSA-9-3217) 

696. Shal'nev, K. K. 

INTENSITY OF CAVITATION EROSION, Izves t . 
Akad. Nauk, S.S.S.R, Otdel, Tekh, Nauk, No. 1, 
pp. 3-20 (January 1956). 

A shortened ve r s ion of a paper p resen ted by author at 
the in te rna l sympos ium on "Cavitation in Hydrodynam
ics," National Phys ica l Labora tory , Teddington, England. 
1955 (see AMRv. 10, Rev, 176)(AMR 1958, No. 1665) 

697. S t r a sbe rg , M. 

THE INFLUENCE OF AIR-FILLED NUCLEI ON 
CAVITATION INCEPTION. DTMB 1078 (May 1957), 
25 p . 

This r epo r t was p r e p a r e d for p resen ta t ion at the 
Amer i can Towing Tank Conference held 

90 



Effects on Physical Properties 

September 1956 in Washington, D. C , and apparent ly 
r e p r e s e n t s a condensat ion of the au tho r ' s Ph.D. d i s 
se r t a t ion submi t t ed to Catholic Univers i ty , Those 
who have a casua l to active i n t e r e s t in the subject of 
cavi ta t ion, but without r e g a r d to too many de ta i l s , 
will find this paper in te res t ing reading as it r e p r e 
sen ts Sonne of the l a tes t thinking on cavi ta t ion incep
t ion. Those working in the field who a r e i n t e r e s t ed 
in the deta i l s would probably find that the au tho r ' s 
Ph .D. d i s s e r t a t i o n would be t t e r s e rve thei r pu rpose . 
More than half of the r epo r t c o m p r i s e s a t heo re t i ca l 
d i scuss ion of the need for and the c h a r a c t e r i s t i c s of 
cavitat ion nuclei in w a t e r . Also included is a theo
re t i ca l rev iew d i scuss ion of the two types of cav i ta 
tion, namely , vaporous and gaseous cavi ta t ion. 

The r ea l contr ibut ion of the paper is a desc r ip t ion 
of the au tho r ' s experinnental invest igat ion of cav i 
tation using u l t r a s o n i c s . The r e s u l t s of the e x p e r i 
menta l inves t iga t ions a r e somewhat l imi ted because 
a quiescent undis turbed sphere of water was used 
as the expe r imen ta l medium and it would be difficult 
to ex t rapola te r e s u l t s to flowing wa te r . Neve r the 
l e s s , the experinnental r e s u l t s lend some support to 
the theo re t i ca l p red ic t ions for behavior of s tabi l ized 
a i r nuc le i . It is of i n t e r e s t to see a re la t ive ly new 
technique applied in studying cavi ta t ion. 

698. Suquet, P . 

DIFFUSION OF GASES IN THE VICINITY OF A CAV
ITATION BUBBLES, J . Phys , Radium, 18, 676 
(December , 1957). 

The diffusion of gases towards the liquid phase is ob
se rved during the per iod of cont rac t ion of an u l t r a 
sonic bubble . To a f i r s t approximat ion , the bas ic 
assumpt ion is that the per iod of the v ib ra to ry motion 
is of sufficiently shor t o r d e r for the geomet r ic cen t re 
of the bubble to be cons ide red as immovable with 
respec t to an axial sys t em re la ted to the conta iner . 

699, Sutton, G. W. 

A PHOTOELASTIC STUDY OF STRAIN WAVES 
CAUSED BY CAVITATION. ASME, Summer Conf,, 
Berkeley , Calif., Pape r 57-APM-15 (AMR-92) 
(June 1957) 9 p-

In spite of the des t ruc t ive effects of cavitat ion on 
m a r i n e p r o p e l l e r s , the m i c r o s c o p i c s ize of the phe
nomenon and i ts rapid t r ans i en t na tu re have hindered 
i ts full unders tand ing . A method of producing acous 
tic waves in wa te r on a sma l l sca le was used to p r o 
duce cavi tat ion at the sur face of a -^ x -j^ x - | - - in. 
CR-39 spec imen in the l abora to ry . Photoe las t ic 
effects were obse rved over an a r e a 0.004 in. square 
just inside the sur face of the p las t ic with a mul t ip l ier 
phototube and osc i l l o scope . The r e c o r d s indicate a 
per iodic s t r a in var ia t ion in the p las t ic due to the 
p r e s s u r e va r i a t ions and a sha rp peak at the par t of 
the cycle where the p r e s s u r e becomes pos i t ive . The 
dura t ion of this peak, which gives r i s e to a s t r a in 
wave, i s about 2 jisec. High-speed photographs were 
taken of the photoelas t ic pa t t e rn , and these a lso show 
the format ion and d i s appea rance of the bubble cloud. 
A d i s tu rbance of the pa t te rn can be seen to be a s 
sociated with the d i s appea rance of the bubbles . 

More than half the paper is devoted to a careful in
ves t iga t ion of the mechan ica l and photoelast ic p rop 
e r t i e s of CR-39 , both s ta t ic and dynamic . Author 

concludes that in this m a t e r i a l the b i re f r ingence is 
p ropor t iona l to s t r a in , not s t r e s s , an in te res t ing 
r e su l t in i tself. The dynamic modulus of e las t i c i ty 
was m e a s u r e d from the f r ee - f r ee v ibra t ions of b a r s 
of var ious lengths and was found to i n c r e a s e rapidly 
and frequently. The dynamic fringe value was de 
t e rmined under impact loading in which the s t r a in 
was applied in about 25 / i sec . Extrapola t ing these 
quanti t ies to the f requencies set up in the t e s t , the 
calcula ted s t r e s s e s due to cavi ta t ion a r e about 
2 X 10^ p s i . 

EFFECTS ON PHYSICAL PROPERTIES 

700. Akselrod, L. S., and Dilman, V. V. 

SPECIFIC GRAVITY OF A GAS-LIQUID EMULSION 
DURING BUBBLING (Udel'nyy ves gazo-zhidkostnoy 
emul ' s i i pre barbotazhe) , Khimicheskaya p romysh len-
nost (Chemical Industry) , Nr 1, 28-33 (1954). 

In the expt l . work a liquid was de l ivered into the 
tubular space above a per fora ted p la te . Air was 
passed through the plate at a given ra te and the 
height of the a i r - l iqu id emuls ion formed was m e a s 
u red . At the same t ime were noted the r e s i s t a n c e to 
the air flow, the t emp , of the enter ing a i r , and the 
t emp , in the emulsif ied l aye r . The sp . g r . of the 
emuls ion was calcd. from 7= [1 - 0.91 {^o/v) 
(do/t) J7i. where Wo is the velocity of a i r in m / s e c , 
V r a te of r i s e of an air bubble, do is the d iam. of the 
a p e r t u r e s in the plate in m m , t is the dis tance be 
tween a p e r t u r e s in m m , and "/i is the sp . g r . of the 
liquid. The liquids studied were d is td . HaO, 
22-41% glycerol , C^He, MeCO^, EtOH. and CaHiClz. 
For an a i r velocity (w^-j.) at which the bubbling 
comnnences to change to s t r eaming the re la t ive 
sp. g r . (7/71) was calcd. to be 7 /7 i = ilcr/'h) 

7(^ r)/(yhi)(ah/7it^) , where h is height of the 
liquid in the column in m m , and o is sur face tens io 
of the liquid. 7 c r = [̂  " 0.606(d/t)^]7i, where d is 
the d iam. of the bubble. Thus 7/71 is independent of 
v i scos i ty of the liquid and the d iam. of the a p e r t u r e s 
in the p la te . (CA-48-I 3'^06f) 

701. Caw, W. A., and Wylie, R. G. 

E F F E C T OF DISSOLVED AIR ON THE VISCOSITY 
OF WATER, Nature , 1_98. 995-6 (1961). 

The v iscos i ty of a i r - s a t u r a t e d wate r was m e a s u r e d 
re la t ive to that of a i r - f r e e wa te r , the t e m p e r a t u r e 
being control led to within ±0,0007°C. Within a se t . 
the f low-t imes agreed within I par t in 50.000. The 
effect of a i r at a tmospher i c p r e s s u r e on the k ine
mat ic v i scos i ty of water does not exceed 13 p a r t s 
in 10^ at the 95% confidence level . This r e l a t e s to 
the combined effects of the dissolved air and the 
p r e s s u r e . The d i r ec t effect of the p r e s s u r e of 1 a tm 
is to change the v iscos i ty by no m o r e than a few 
p a r t s in 10 . These invest igat ions were made at 
20. 25. and 30''C. 

702. Davis , G, E. 

SCATTERING OF LIGHT BY AN AIR BUBBLE IN 
WATER, J . Opt, Soc. A m e r . 45, 572-81 (1955). 

De te rmina t ion of angular desc r ip t ion of in tensi ty of 
light of 5893A wavelength s ca t t e r ed from coUimated 
beann incident upon spher ica l a i r bubble in wa te r ; 
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intensi ty values a r e plotted with both rec tangula r and 
polar coord ina tes , 

703. Mart in, W. L. 

TRANSIENT BEHAVIOR OF BUBBLES, p. 290 in 
PROCEEDINGS OF THE SECOND FLUID FUELS 
DEVELOPMENT CONFERENCE HELD AT OAK 
RIDGE NATL. LAB.. C F - 5 2 - 4 - 1 9 7 (Rev.) 
Apr i l 17-18 (1952) 

An impor tant factor in de termining the t r ans i en t b e 
havior of homogeneous fac tors is the behavior of 
the density of the m a t e r i a l in the c^ore. When the 
core densi ty is d e c r e a s e d by the p re sence of 
growing vapor bubbles due to t e m p o r a r y or p e r 
manent operat ion above the sa tura t ion t e m p e r a t u r e , 
the t r ans i en t densi ty of the liquid sys tem mus t be 
evaluated to aid in de te rmin ing the behavior of the 
reac t iv i ty . Resea rch on bubble formation and 
growth in such liquid sy s t ems is de sc r ibed . The 
systenns a r e subjected to heating s imi l a r to that in 
the r eac to r c o r e . When this heating level is 
changed, as might occur during a cor responding 
change in react iv i ty , the density t r ans i en t i s r e 
corded. The information will aid in evaluating the 
response of homogeneous r e a c t o r s subjected to 
changes in operat ing power level . 

704. Sugden, S. 

THE DETERMINATION OF SURFACE TENSION 
FROM THE MAXIMUM PRESSURE IN BUBBLES, 
J . Chem. Soc. 121, 858-66 (1922). 

The values obtained for the surface tens ions of 
many common liquids by different o b s e r v e r s using 
the maximum bubble p r e s s u r e method not only 
differ among themse lves , but a r e not in agreement 
with the r e su l t s yielded by other methods , such as 
that in which capi l lary r i s e is m e a s u r e d . The causes 
of these d i sc repanc ie s a r e pr incipal ly as follows; 
(1) If the liquid has a finite angle of contact with 
g l a s s , the maximum bubble p r e s s u r e method, which 
is independent of the contact angle, will give the t rue 
surface tension, whilst the method of capi l lary r i s e 
will furnish lower values equal, for smal l tubes , to 
the product of the surface tension with the cosine of 
the angle of contact . (2) Inaccurate knowledge of 
the surface tensions of the liquids used for purposes 
of compar i son . (3) The assumpt ion that the surface 
tension is propor t ional to the p r e s s u r e requi red to 
l ibera te bubbles from a given jet is not s t r ic t ly 
accu ra t e , but with the smal l tubes usually ennployed 
the e r r o r thus introduced is very sma l l . (4) With 
the maximum bubble p r e s s u r e method it is usual ly 
n e c e s s a r y to c o r r e c t for the curva ture of the l a rge r 
surface of the liquid, since with nnost liquids the 
cen t ra l portion of the meniscus has a negligible 
radius of cu rva tu re only when tubes seve ra l cent i 
m e t r e s in d iameter a r e used . 

It is not easy to deal mathemat ica l ly with the form 
of the surface of a liquid in a tube of c i r cu l a r c r o s s -
section with another tube placed at i ts ax i s , but the 
difficulty may be overcome in a manner s imi l a r to 
that ennployed by the author with the method of 
cap i l l a ry r i s e . If two tubes of different radii a r e 
i m m e r s e d to the same depth in a liquid and the 
p r e s s u r e requ i red to l ibera te bubbles fronn each is 

m e a s u r e d , the surface tens ion may be ca lcu la ted 
from the difference between these p r e s s u r e s . The 
re la t ionsh ip between the cap i l l a ry constant of the 
liquid, the rad ius of the tube, and the max imum 
p r e s s u r e in the bubble is worked out for tubes up to 
seve ra l m i l l i m e t r e s in d i a m e t e r , and a sinnple form 
of appara tus devised which g ives , for the sur face 
tens ions of water and benzene , values in sa t i s fac to ry 
ag reemen t with those obtained by the method of 
cap i l l a ry r i s e . (CA-1627-8) 

705. Taylor , G. 

A DISCUSSION ON THE FIRST AND SECOND VIS
COSITIES OF FLUIDS: THE TWO COEFFICIENTS 
OF VISCOSITY FOR AN INCOMPRESSIBLE FLUID 
CONTAINING AIR BUBBLES, P r o c . Roy, Soc. 
(London), A226, 34-37 (1954). 

Incompress ib le fluids p o s s e s s only one coefficient of 
v iscos i ty because , by definition, no changes in volume 
can occur . If such a fluid contains a i r bubbles it 
becomes c o m p r e s s i b l e , and any changes in volume 
involve a cont rac t ion or expansion of the bubbles 
which is r e s i s t ed by the o rd ina ry v i scos i ty of the 
surrounding fluid. The resu l t ing second coefficient 
of v iscosi ty is found to be 4;u/3v where /J i s the v i s 
cosi ty of the incompres s ib l e fluid and v the (small) 
propor t ion of the total volume which is occupied by 
the bubbles . 

The effect of compress ib i l i t y in the fluid is d i scussed 
in Notes by Taylor and Davis ( abs t r ac t s following). 
In the second of these it is shown that a re laxat ion 
t ime must exist and in the f irs t the volume viscosi ty 
of water containing air bubbles i s ca lcu la ted . This 
i s found to reach a max imum value of 6700 t i m e s 
the v i scos i ty of water when v = 5 x 10 ^. 
(Sci. A. 58-83) 

706. Taylor , G. 

NOTE ON THE VOLUME VISCOSITY OF WATER 
CONTAINING BUBBLES. P r o c . Roy. Soc, (London), 
A226, 38-9 (1954). 

The theory given fo rm er l y is extended to a c o m 
p r e s s i b l e liquid like w a t e r . (CA-49-1 394e) 

FORMATION (Other than Boiling) 

707. Asanii , T. 

THE FRACTURE MECHANISM OF LIQUIDS. 
Busse i ron Kenkyu (Resea rches on Chem. Phys . ) , 
No. 57, 54-62 (1952). 

The f rac ture of a liquid, which is phase sepn. in a 
closed ves se l when the p r e s s u r e is d e c r e a s e d to a 
c r i t . value p^ (fracture p r e s s u r e ) , was studied by 
measu r ing the frequency of f r ac tu re at va r ious pc 
values with HzO ini t ial ly sa td . with a i r . The re a r e 
3 regions in pc: (A) in which vapor bubbles appear 
on the surface of the container in the vicinity of the 
vapor p r e s s u r e ; ( B ) the f r ac tu re occu r s a lmos t 
instant ly and p^, being neg. and of the o r d e r of 
seve ra l a tm. , grea t ly depends on the s ta te of surface 
and i ts geome t r i ca l shape; and (C) pc has n u m e r i 
cally much l a r g e r neg. value. Theo re t i ca l ca l cns . 
of Pc by the theory of nucleat ion a r e given for 
var ious mode l s . The following p^ va lues for wa te r 

92 
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at 300°K a r e needed for each p r o c e s s : -1390 atm to 
form a nucleus of vapor phase in a s e c . inside the 
liquid; -1100, -980, -820, and -300 a tm to form a 
nucleus on the plane sur face of the conta iner , the 
contact angle being 60, 90, 105, and 140", r e s p . ; 
-200 (7= 10°, e = 160°), -22 (IO"", 120°), -3 .3 (10°, 90°), 
-1 .4 (10°, 80°) atnn to form a bubble in a conical 
cavi ty whose v e r t i c a l angle i s 7 . 6 being the angle 
between the bubble sur face and the cavity wall , 
when {^l = s i n 7 c o s 0 ) i s p o s . , where [i is Z sin^ 
7 [1 - sin ( 7 + e ) ] / cos^ ( e + 7 ) ; Pc b e c o m e s equal to 
the sa td . vapor p r e s s u r e of the liquid if 
( |Li- sin 7 cos 8) is neg . The co r r e spondence of 
exptl . va lues of pc with t heo re t i c a l ones is examd, 
(CA-47-1448f) 

707 A. Asani i , T. 

NEGATIVE FRACTURE-PRESSURE OF LIQUIDS, 
Busse i ron Kenkyu ( R e s e a r c h e s on Chem. Phys,) 
No. 57. 26-32 (1952). 

The f r ac tu re p r e s s u r e which cause s the des t ruc t ion 
and the phase sepn. of liquid is ca lcd. by the nuc lea 
tion theory . Good ag reemen t r e su l t s with exp ts . if 
an assumpt ion is made that the inhomogeneous 
sol id- l iquid in te r face a c c e l e r a t e s the nucleat ion of 
vapor bubbles . (CA-46-10740i) 

708, Ba teman , J . B . , and Lang, J . 

FORMATION AND GROWTH OF BUBBLES IN 
AQUEOUS SOLUTIONS. Can. J . R e s e a r c h . 23E, 
22-31 (1945). 

Expts . on the evolution of N and CO2 from var ious 
aq. so lns . subjected, in a s imple d i l a tome te r , to 
d e c r e a s e d p r e s s u r e s support the view that all aq. 
so lns . contain a sma l l no. of foci for bubble for
mation, as shown by a rapid t r ans i en t evolution 
of gas immedia t e ly after a l a r g e , rapid reduct ion 
of p r e s s u r e . The nucle i a r e r a the r specific in 
c h a r a c t e r ; mos t of the p a r t i c l e s in suspens ions of 
charcoa l , blood c o r p u s c l e s , and var ious hyd ro 
phobic subs tances cannot function in this nnanner. 
When d e c o m p r e s s i o n occu r s in smal l s t eps , evolu
tion of gas i s main ly a t t r ibu tab le to bubbles formed 
at p r e f e r r e d spots on the v e s s e l wal l . Var ia t ions 
in ra te of growth a r e analyzed in t e r m s of the na tu re 
of the dissolved g a s e s (N or CO;), the p r e s s u r e 
gradient , and the r e l a t ive impor tance of pure dif
fusion and convection under va r ious condi t ions . The 
effect of CO2 in acce le ra t ing the growth of N bubbles 
is a t t r ibuted main ly to i ts high absorpt ion coeff, 
r a the r than to any specific effect upon the no. of gas 
nuc le i . 

710. Berna th , L. 

THEORY OF BUBBLE FORMATION IN LIQUIDS, Ind. 
Eng. Chem. , 44, 1310-13 (1952). 

The nucleat ion theory of Volmer , Becke r , and D5ring, 
as applied to the format ion of vapor bubbles in pure 
l iquids , is rev iewed. An applicat ion of the theory to 
the calculat ion of the f rac ture p r e s s u r e s of pure 
liquids is p r e sen t ed . Recent expe r imen ta l data a r e 
compared with f r ac tu re p r e s s u r e s calcula ted f rom 
the Volmer theory and with values ca lcula ted using 
the Eyring reac t ion ra te p r o c e s s theory as applied 
by F i s h e r . 

711. Bloomfield, M., et a l . 

BUBBLE FORMATION. A BIBLIOGRAPHY, 
NAA-SR-2551 (June 1958). 

Bubble phenomena have been given a new meaning 
v^ith thei r study in re la t ion to the kinetic behavior of 
r e a c t o r s . P r i o r to thei r study in re la t ion to phys i c s , 
the bulk of work on bubble phenomena concerned 
naval engineering p rob lems of behavior in cavi ta t ion 
and water entry behavior . This bibl iography is in 
tended to fill the need of the r e a c t o r phys ic is t as well 
as the naval eng ineer . An a t tempt has been nnade to 
include all available r e f e r ences on bubble phenomena 
and assoc ia ted effects. A subject index has been 
purposely omit ted . It is felt that the breakdown in 
content headings is sufficient to a s c e r t a i n a r e a s of 
i n t e r e s t . There will be over lapping of headings and 
to find all possible e n t r i e s , a s ea rch through the 
headings nnay be d e s i r a b l e . To i n c r e a s e the useful
ness of this bibl iography the location of an a b s t r a c t 
has been cited whereve r poss ib le following the 
r e f e r e n c e . Classif ied r e p o r t s a r e included; however , 
thei r t i t les contain no c lass i f ied informat ion . 
Sources used in compiling this bibl iography a r e : 
Chemical A b s t r a c t s . Indus t r ia l Ar t s Index. Applied 
Mechanics Review, Nuclear Science A b s t r a c t s , the 
AEC Abs t rac t s of Classif ied L i t e r a t u r e , the AEC 
card catalogs available at Atomics In ternat ional , and 
the bibl iographic s e rv i ce s of Armed Se rv ices 
Technica l Information agency. 

712. Bowers , R. H. 

THE MECHANICS OF BUBBLE FORMATION. 
J. Appl. Chem., 5, 542-8 (1955). 

Gas- to - l iqu id t r ans f e r r a t e s were m e a s u r e d with 
paper pulp to s t imula te the myce l i a l growth that 
causes bubbles to coa lesce in indus t r i a l f e r m e n t e r s . 
Effective reduct ion of coa lescence was achieved by 
h igh-speed mech . agi tat ion. 

709. Benzing, R. J . , and M y e r s , J . E . 

LOW FREQUENCY BUBBLE FORMATION AT HOR
IZONTAL CIRCULAR ORIFICES. Ind. Eng. Chem, , 
47, 2087-90 (1955). 

Cumulat ive bubble vo l s , w e r e detd. for va r ious orif ice 
d i a m s . and fluid s y s t e m s . The re la t ion between the 
bubble d i a m . and the p r o p e r t i e s of the s y s t e m s a r e 
c o r r e l a t e d by the equation D/d = 1.82 [(a) / (gdVL) f '" 
where D = diam of bubble, cm; d = diam of or i f ice , 
cm; a= sur face tens ion of liquid, d y n e s / c m ; 
g = acce l e r a t i on due to gravi ty , 980 cm/ ( sec )^ ; and 
pL = liquid d., g / c c . 

713. Bowman, W. H., and P a r i s h , G. T. 

BUBBLE FORMATION IN INTERNALLY-HEATED 
AQUEOUS SOLUTIONS, KT 95 (Nov. 1950), 19 p . 

A study was made of the t r ans i en t and s teady s ta te 
phenomena taking place in an in te rna l ly heated liquid. 
Complete d i scuss ions a r e included on r e su l t s and 
p r o c e d u r e s . Photographs of the bubble format ion 
a r e also included. 
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714. Budge, E. A. 

A NEW FORM OF BUBBLE COUNTER FOR MEAS
UREMENT OF GAS EVOLUTION, J. Am, Chenn. 
Soc. 53, 2451-3 (1931). 

A g lass app. r e l eas ing uniform bubbles and operat ing 
an e lec . counter is de sc r ibed . (CA-25-4446-1) 

715. Datta, R, L, 

THE DESIGN OF GAS LIFT PUMPS. I. THE FOR
MATION AND CHARACTERISTICS OF GAS BUB
BLES, J. Imp. Coll. Chem. Eng. Soc. 4̂ , 157-69 (1948). 
F a c t o r s studied were the effect of nozzle or orif ice 
diam. on the vol. of single gas bubbles r i s ing in an un
disturbed liquid (cf. Maier , C. A. 22. 846), the effect of 
bubble diam, (cf. O 'Brien and Gos line, C. A. 30, 655^) 
and surface tension of the liquid on veloci ty of r i s e , and 
the effect of liquid T] on bubble s ize and veloci ty of 
r i s e . (CA-44-4290i) 

716. Datta, R. L., Napier . D. H., and Newitt, D. M. 

THE PROPERTIES AND BEHAVIOR OF GAS 
BUBBLES FORMED AT A CIRCULAR ORIFICE. 
T r a n s . Inst. Chem. Engrs . , 28, 3-16 (1950). 

Expts . a r e repor ted covering the re la t ion between 
the vol. of a bubble and the size of the orif ice at 
which it is formed; the shape of gas bubbles formed 
at an orifice and r is ing in a column of liquid; the 
vol. of bubbles as a function of the ra te of format ion 
at var ious hydrosta t ic heads ; the effect of surface 
tension of bubbles; and the absorpt ion of gas from 
bubbles . Photographs show bubble fornnation and 
bubble action during ascension in a column. 
(CA-44-4748d) 

717. Davidson, J . F . , and Schuler , B. O. G. 

BUBBLE FORMATION AT AN ORIFICE IN A 
VISCOUS LIQUID, T r a n s . Inst, Chem. Eng,, 18, 
335 (1960). 

Theory of formation of bubbles in liquids of high 
viscosi ty with gas flow r a t e s between 0 and 
50 m l / s e c ; using theory it is possible to calculate 
volume of bubble by assuming that orifice acts as 
point source of gas supply and that motion and 
position of bubble is governed by v iscous , iner t ia 
and buoyancy fo rces ; effects of physical va r i ab l e s , 

718. Davidson, L. 

STUDY OF THE FORMATION OF GAS BUBBLES 
FROM HORIZONTAL CIRCULAR SUBMERGED 
ORIFICES, Ph.D. Thes i s . Columbia Univers i ty 
(1951), 

719. Davidson. L. 

A STUDY OF THE FORMATION OF GAS BUBBLES 
FROM HORIZONTAL CIRCULAR SUBMERGED 
ORIFICES. Univ. Microf i lms. Pub, No. 3678, 
Disser ta t ion Abst r . 12, 460-1 (1952), 221 p . 

720. Davidson, Leon, and Amick, E. H., J r . 

FORMATION OF GAS BUBBLES AT HORIZONTAL 
ORIFICES. A, I. C h . E . 2. 337-42 (1956), 

Air bubbles were fornned in water and in nnineral oil 
by use of single, c i r c u l a r , hor izontal , sq-edged 

or i f ices facing upward. Twenty or i f ices were t e s t ed , 
ranging from 0.017 to 0.79 cm in r a d i u s . Inc reas ing 
the vol . of the gas chamber below the or i f ice (over 
the range of 4 to 4000 cc) was found to i n c r e a s e the 
bubble s i ze . The t es t s were conducted at a tm p r e s 
s u r e . The gas-flow var ied from about 0.01 to about 
250 c c / s e c . At re la t ive ly low flow r a t e s , the or i f ices 
genera l ly formed single " s t a t i c " bubbles , the vo l s , 
of which were propor t iona l to the sur face tens ion and 
orif ice radius and independent of the gas flow r a t e . 
At high flow r a t e s the bubble frequency b e c a m e high 
and the bubble vol. becanne propor t iona l to the gas 
flow ra te and independent of the surface tens ion . The 
bubble frequency reached a max , value for each o r i 
fice, this value being a function of the or i f ice r a d i u s . 
Fo r a i r bubbles in water , the c o r r e l a t i o n of the m a x . 
bubble frequency, nnn b u b b l e s / s e c with the orif ice 
r ad ius , r cnn, and the air flow r a t e , q c c / s e c , was 
found to be nm ^ 9.1q°' 'yr' ' ' '* ' ' . The max. f requencies 
ranged from about 25 for the l a r g e s t o r i f ices to about 
75 bubb le s / s ec for the sm a l l e s t o r i f ices used . Con
secut ive bubbles pa i red or coa lesced in definite ways 
in ce r t a in ranges of the gas flow r a t e . 

721. Dean, R. B. 

THE FORMATION OF BUBBLES, J. Appl. Phys . , 
]_5, 446-451 (1944). 

E x t r e m e values for the neg. p r e s s u r e s and the de 
g r e e s of superhea t which wate r will withstand without 
forming bubbles a r e con t ras ted with the ease of 
forming bubbles by vibrat ion or by turbulent flow. 
The subject of bubble nuclei is reviev/ed; such nuclei 
usual ly function by vir tue of sorbed or t rapped air 
which can be rennoved, render ing the nuclei ineffec
t ive . Methods of avoiding ex t raneous bubble nuclei 
a r e given, with some exper imen t s on the format ion of 
bubbles by mechanica l act ion. F r e e vor t i ces in 
liquids produce sufficient tension to rupture the 
liquid, and mechanica l d i s tu rbance produces bubbles 
only in such v o r t i c e s . (Sci. A. 47-1981) 

722. Demps te r , A. J. 

PHYSICS DIVISION REPORT FOR MONTH ENDING 
APRIL 15, 1945, CF-2926 (1945), 36 p. 

P r o c e d u r e s for p repar ing d iborane and removing 
ethane from diborane a r e given. Ge ige r -Mue l l e r 
tubes operat ing at v e r y low potent ials a r e desc r ibed . 
Lat t ice d imensions and calcula ted dens i t i es a r e 
given for NpjSj, U2S3, Th^Sj, NhzOg, and TajOj. 
Latt ice d imensions a r e a lso given for heavily i r r a d i 
ated and control samples of g raph i te . Some d i s 
cuss ion on b r e e d e r r e a c t o r s is given. A resonance 
formula for nuc lear reac t ions was der ived , assuming 
that the wave function of the compound nucleus inde
pendent of energy. The effect of bubble format ion 
on k loss in r e a c t o r s was s tudied. Cr i t i ca l s ize 
formulas and fert i l i ty and heat t r a n s f e r calculat ions 
re la t ive to r e sonance b r e e d e r s a r e d i s c u s s e d . Neu
t ron diffusion in finite bodies is cons idered by the 
s ta t i s t i ca l d is t r ibut ion of cord lengths . The m a s s 
t r ans fe r coefficient for water through a sphere bed 
of benzoic acid was studied. Fo rma t ion of bubbles in 
supe r sa tu r a t ed water during flow through pipes was 
obse rved . 
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723. D r o s s b a c h , P . 

ANODE E F F E C T , Z. E l ek t rochem. 55. 38-41 (1951). 

This phenomenon is due to s e v e r a l effects . F i r s t , a 
s t rong gas bubble effect mus t be p r e sen t at high c.d., 
after which a t h e r m a l effect may take p lace . The 
t h e r m a l effect s t a r t s with a heat ing and expansion of 
the gas bubble, which goes over into a "Leidenfros t" 
phenomenon because of the continuous r i s e of the c.d. 
An e l e c t r o s t a t i c effect follows owing to the change in 
the g a s e s . In addn. to the ionization of the anode 
g a s e s , the sma l l ionizat ion of the salt vapors also 
plays Sonne sor t of a r o l e . Theo re t i ca l c o n s i d e r a 
t ions a r e cited in addn. to some exptl . evidence . 
(CA-45-5543g) 

724. E v e r s o l e , W. G.. and Wagner, G. H, 

THE FORMATION OF GAS BUBBLES IN LIQUIDS, 
P r o c . Iowa Acad. Sci . 46, 193-4 (1939). 

Gas bubbles which were formed by pass ing N 
through a g lass cap i l l a ry into l iquids were studied by 
means of s t roboscop ic frequency m e a s u r e m e n t s , 
ra te of gas flow, and ins tantaneous (approx. 10" sec 
exposure) pho tographs . The s ize of the bubbles was 
detd. both f rom the frequency and r a t e of gas flow 
and fronn m e a s u r e m e n t s of the photographic images 
of the bubbles . The following pure liquids and so lns . 
were used at room t emp . ; C^HjOH, P r a l e , anil ine, 
acetone, benzene . CHCI3, CCI4. CHaOH, Bu a l e , 
EtjO, and 3 aq, so ln s . of CzHgOH, The p r e s s u r e s 
used w e r e va r i ed f rom the lowest p r e s s u r e that 
would give a s teady s t r e a m of bubbles (approx. 
0.6 cm of Hg) up to about 2.3 cm of Hg. Capi l la ry 
d i a m s . were 0.0137-0.0341 cm. The bubble f r e 
quency was p rac t i ca l ly const . (45-50 bubb les / sec ) 
for the pure l iquids studied at a l l p r e s s u r e s and 
cap i l l a ry dianns. used . It follows, t he r e fo r e , that 
the s ize of each bubble (cc) is d i r ec t ly propor t ional 
to the ra te of gas flow (cc / sec ) and is independent 
of the p r o p e r t i e s of the liquid and the capi l la ry 
d iam. in the r ange of expt l . conditions used . Higher 
p r e s s u r e s , l a r g e r cap i l l a ry d iam. and lower surface 
tension give l a r g e r bubbles as a r e su l t of the in
c r e a s e d ra te of flow. With 20.2, 70,7, and 40,7% aq. 
so lns . of CzHgOH the bubble frequency was g r e a t e r 
than with pure l iquids and showed a much g r e a t e r 
var ia t ion with p r e s s u r e . (CA-34-6866-7) 

725. E v e r s o l e , W, G., Wagner, G, H,, and 
Stackhouse, E . 

RAPID FORMATION OF GAS BUBBLES IN LIQUIDS, 
Ind. Eng. Chem. 33. 1459-62 (1941). 

Gas bubbles w e r e fornned in pure l iquids and solu
tions by pass ing ni t rogen gas through submerged 
or i f ices ( radi i of 0.0069 to 0.017 cm) at r a t e s of 
0.125 to 0.7 c m / s e c . Bubble s ize was de te rmined 
from s t roboscop ic frequency m e a s u r e m e n t s and 
ra te of gas flow and from m i c r o m e t e r m e a s u r e m e n t s 
of the photographic i m a g e s . As the bubble f r e 
quency was re la t ive ly constant in all pure l iquids, 
the bubble volume in pure l iquids was found to de 
pend pr inc ipa l ly on the ra te of gas flow. 
(Sci, A. 45-394) 

726. F a r n c o m b , F . J . 

THE INITIATION OF BUBBLES IN SUPERSATU
RATED SOLUTIONS OF GASES. T r a n s . Roy. Soc, 
Can. Sec. Ill (3) 19, 32 (1925). 

PbCl2 c r y s t a l s , phenol globules, f reshly pptd. Agl, 
colloidal AS2S3 and Fe(OH)3, s t a rch and Pt wi re had 
no apprec iab le effect on the init iat ion of bubbles . 
C rys t a l s of C^HsCOOH, sa l icyl ic acid and phthal ide, 
Fe w i r e and paraffin wax globules had a smal l but 
decided effect. Pptd. Agl, CaS04 and bor ic acid 
c ry s t a l had a ve ry s t rong effect. Many of the sol ids 
used were formed within the soln. , thus e l iminat ing 
preformed gas f i lms . Bubbles a r e ini t iated chiefly 
by subs tances wetted with difficulty by the solvent . 
(CA-20-320-1) 

727. Garabedian, P . R. 

ON STEADY-STATE BUBBLES GENERATED BY 
TAYLOR INSTABILITY, Proceed ings of the Royal 
Society of London, Se r i e s A, 241, pp. 423-431 , 
PA, 1958. No. 534 (August 20, 1957), 

A theory of the s teady motion of a long bubble r i s ing 
through an infinite plane ve r t i ca l tube of liquid is 
p resen ted . It is shown that , c o n t r a r y to c u r r e n t 
belief, the flow is not uniquely de te rmined by the 
width h of the tube and the acce le ra t ion of gravi ty 
g alone, but that the speed U of the bubble can also 
be p r e s c r i b e d . However, a c r i t e r i o n of s tabi l i ty 
singles out the unique physical ly significant flow of 
this type as the one which m a x i m i z e s the veloci ty of 
the bubble. With the aid of a d i f ference-di f ferent ia l 
equation der ived from the f ree -boundary condition, 
the Froude number U/(gh)^'^ for this l a t t e r case is 
e s t ima ted to exceed 0.2363. a value sl ightly h igher 
than that indicated by e a r l i e r work on the p rob lem. 

728. G la se r , D. A. 

SOME E F F E C T S OF IONIZING RADIATION ON THE 
FORMATION OF BUBBLES IN LIQUIDS, Phys . Rev. 
87. 665 (1952). 

The effect of ionizing radia t ion on the stabi l i ty of 
diethyl e ther at 130°C indica tes i n c r e a s e of bubble 
format ion on exposure to the rad ia t ion . 
(Sci, A. 55-8529) 

729. Ha r r i son , D., and Leung, L. S. 

BUBBLE FORMATION AT AN ORIFICE IN A FLUID
IZED BED, T r a n s . Inst . Chem. E n g r s . , 39, 409-14 
(1961). 

A study of the format ion of a i r bubbles at an or i f ice 
located within a fluidized bed, for or i f ice gas flow 
r a t e s (F), of 1-8000 m l / s e c was r epo r t ed . A c a p a c i 
tance nnethod was used to det . the ra te of bubble fo r 
mat ion. F r o m this ra te and F , the bubble vol . (V) 
was calcd. The equipment used, a 6 - i n , -d i am. bed, 
(1) with or i f ices of 4 d i a m s . , 0.125-0.94 cm, and a 
2 - f t - square bed (2) with a 1- in . -d iam. or i f ice , is 
desc r ibed , A Fie lden type PM2 prox imi ty m e t e r , 
coupled to an osc i l loscope , detd. capaci tance changes 
between 2 probes placed nea r the o r i f i ce . The sol ids 
fluidized were sand p a r t i c l e s (d = 2.64; 60-150 mesh) 
and spent a lumina cata lys t pa r t i c l e s (d = 2.04; 
170-350 mesh) . 
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730, Har r i son . D., and Leung, L. S. 

BUBBLE FORMATION AT AN ORIFICE IN A FLUID
IZED BED, Nature 190, 433-4 (1961). 

A capaci tance m e a s u r e m e n t was used to det . the f r e 
quency of a i r bubble format ion at an or i f ice in a 
fluidized bed. Bubble vol . at a i r flow r a t e s below 
10 m l / s e c is given by equation: V = 1.378 G * / g ", 
where G, m l / s e c , is a const , gas flow ra te through 
the orifice and g is the acce le ra t ion of gravi ty . 
The exptl . data devia tes from the equation above 
10 m l / s e c ; this is thought to be part ly due to for
mation of "double bubbles ." Over the exptl . range 
studied, bubble frequency is essen t ia l ly independent 
of bed height, flow ra te of fluidizing a i r , and na ture 
and s ize of the p a r t i c l e s . 

731. Harvey, E. N.. et a l . 

BUBBLE FORMATION IN ANIMALS. I. PHYSICAL 
FACTORS, II. GAS NUCLEI AND THEIR DISTRI
BUTION IN BLOOD TISSUES. J. Cel lular Comp. 
Physiol . 24. 1-34 (1944). 

Bubbles r a r e l y form in smal l res t ing an imals under 
grea t ly dec reased a tm . p r e s s u r e but do occur in 
blood v e s s e l s chiefly veins and occasional ly in lymph 
vesse l s as a resu l t of musc le contract ion or injury 
to musc l e . Bubbles form abundantly in both a r t e r i e s 
and veins and can be seen in many t i s sues after 
c o m p r e s s i o n - d e c o m p r e s s i o n (6-8 a tms) exp ts . with 
res t ing an ima l s . They occur occasional ly in eye 
h u m o r s , ce rebrosp ina l fluid and amniotic fluid but 
have never been observed in bladder u r ine . Bubbles 
in res t ing animals at high al t i tudes or after previous 
p re s su r i za t i on a r e believed to come from such 
minute gas nuclei , probably on the surface of cel ls 
r a the r than free in liquid. (CA-39-334-4) 

732. Harvey, E. N., et a l , 

REMOVAL OF GAS NUCLEI FROM LIQUIDS AND 
SURFACES, J . Am. Chem. Soc. 67, 156-7 (1945). 

Methods that prevent the bubbling of liquids 
supersa td . with gas ( i .e . , r emoval of gas nuclei) 
(l) s trong centrifuging of liquid and container 
(this r emoves all gas nuclei that grow to bubbles 
at a P of 740 mm (gas macronucle i ) ; however, gas 
micronucle i r emain and bubbles form when the tube 
is given a light blow or is placed in a high-frequency 
sound field) and (2) subjecting HjO and glass to high 
hydrosta t ic p r e s s u r e (1000 atm) (this r emoves the 
nnicronuclei and the HjO can be heated above 2000° 
without burs t ing into vapor; only a very severe 
blow will cause bubbles to form). (CA-39-1094-4) 

733. Harvey, E. N., Cooper, K. W., and 
Whiteley, A. H. 

BUBBLE FORMATION FROM CONTACT OF SUR
FACES, J . Am. Chem. Soc. 68, 2119-20 (1946). 

Apparatus is descr ibed for making m e a s u r e m e n t s 
which allow the stabil i ty of filnns in emulsions or 
foanns to be evaluated. The method involves the 
m e a s u r e m e n t of the maxinnum length of the film 
before rup ture , when being drawn out fronn the 
liquid at a constant r a t e . Resul ts a r e repor ted on 
the s t re tching in a water medium of films of vasel ine 
oil added to oleic acid. (Sci. A. 51-546) 

734. Harvey. E. N.. et a l . 

THE E F F E C T OF MECHANICAL DISTURBANCE ON 
BUBBLE FORMATION IN SINGLE CELLS AND 
TISSUES AFTER SATURATION WITH EXTRA-HIGH 
GAS PRESSURES. J . Cel lu lar Comp. Phys io l . , 28, 
325 (1946). 

Bubbles were never observed within undis turbed 
living cel ls of Amoeba, P a r a m e c i u m , Arbac ia , and 
A s t e r i a s eggs , or Nitella on d e c o m p r e s s i o n after 
sa tn . with N2 at 76-152 a tm, but bubbles did form 
within Nitella ce l ls when gently pinched or twis ted . 
Bubbles formed on the outs ide of ce l l s ; this is p r e 
sumably due to contaminat ion with gas nuc le i . 
Nitella cel ls killed with CHCI3 or CHjO did not form 
bubbles within the ce l ls but spontaneously dead or 
previous ly injured cel ls did so occas iona l ly . Rat 
omentunn, abdominal musc le , pos tcava and clotted 
blood, prev ious ly freed of gas nuclei and sa td . with 
80 a tm of Nj, formed bubbles at r e s t on d e c o m p r e s 
sion. Mesen te ry and unclotted blood did not form 
bubbles . The or igin of these bubbles is d i s cus sed . 
(CA-41-5158c) 

735. Hatcher , J. B . , and Sage, B. H. 

NON-EQUILIBRIUM BEHAVIOR IN HETEROGE
NEOUS HYDROCARBON SYSTEMS, Ind. Eng. Chem.. 
33, 443-452 (1941). 

A thermodynamic c r i t e r i o n for the ex is tence of 
bubbles in supe r sa tu ra t ed liquids is d i s cus sed . 
Diffusion constants for n-butane in a hydrocarbon 
liquid were deternnined exper imenta l ly as a function 
of composit ion at 100°F. The influence of na tu ra l 
and forced convection upon the t r ans fe r of n-butane 
to and from hydrocarbon liquids was invest igated. 
The usual concept of an effective film th ickness was 
found to be a useful means of compar ing e x p e r i m e n 
tal r e su l t s of this n a t u r e . Exper imen ta l work indi
cated that turbulence was of nea r ly control l ing 
impor tance in de te rmin ing the degree of supe r sa tu -
rat ion obtainable in hydrocarbon l iquids . The resu l t s 
a r e presen ted in graphica l fo rm. (Sci. A. 44-2477) 

736. Helsby, F . W., and Tuson, K. R. 

BEHAVIOR OF AIR BUBBLES IN AQUEOUS 
SOLUTIONS, R e s e a r c h , 8, 270-5 (1955). 

The format ion of a i r bubbles from cap i l l a ry je t s 0.10 
and 0.17 cm in d iam. submerged in aq. so lns , varying 
in v iscos i ty from 0.5 to 10.0 cent ipoises with a s u r 
face tension of 66 to 70 d y n e s / c m is d e s c r i b e d . As 
the a i r - f low ra te is i n c r e a s e d , s eve ra l s tages of 
bubble format ion a r e obse rved . At low a i r - f low 
r a t e s , the bubbles a r e evenly spaced and uniformly 
sized oblate sphe ro ids . At medium ai r - f low r a t e s , 
the bubbles a r e no longer spheroidal , the bot toms 
of the bubbles become flat, tlie tops r ema in s p h e r i 
cal , and the bubbles a s s u m e a helmet shape . As 
the a i r - f low ra te is fur ther i n c r e a s e d , the bubbles 
begin to form in pa i r s and subsequently qua r t e t s . A 
var ie ty of complex phenomena a r e a s socd . with 
multiple format ion. In some c a s e s , the second bub
ble of a pair r i s e s into the f i rs t one, maintaining its 
own liquid film and becoming par t i a l ly enveloped by 
the f i r s t bubble. In ca ses of mul t iple bubble fo rma
tion, each bubble takes with it an envelope of liquid 
which se ts into motion the adjacent liquid l aye r s and 
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so p roduces a rap id ly r i s ing column of liquid at the 
jet v e r t i c a l ax i s . A downward motion of liquid at the 
v e s s e l wall is a s s o c d . with the center je t , and at the 
hor izon ta l plane of the cap i l l a ry jet the liquid f rom 
the v e s s e l wall is swept into the cen te r j e t . This 
sys tem c o m p r i s e s a combined vor tex cons is t ing of a 
forced vor tex at the jet axis and a free vor tex in the 
body of the l iquid. (CA-49-13714c) 

737. Higuchi, I., and T a k a m u r a , T, 

LIMITING CONCENTRATION OF BUBBLE FOR
MATION IN THE LIQUID PHASE, J. Chem. Soc. 
Japan, 76, 566-9 (1955). 

The so lns . of CO2 having va r ious d e g r e e s of 
supe r sa tn . we re p repd . by changing the re la t ive 
a m t s . of the reac t ing subs t ances , i . e . . KMn04, 
oxalic acid, and H2SO4. The modes of bubble 
format ion out of the so ln s . we re d e s c r i b e d . 
(CA-49-153I8d) 

738. Hopwood, F , L. 

WATER BELLS, P r o c . P h y s . Soc, (London), 65B. 
2-5 (1952). 

The author shows that when water is d i scharged 
through an annular sl i t above a plane water surface , 
the sea led "water b e l l s " thus formed exhibit some 
novel and r e m a r k a b l e p r o p e r t i e s not h i ther to de
sc r ibed . The p r imi t ive wate r bel l is a dome-shaped 
bubble whose d imens ions i n c r e a s e with i n c r e a s e d 
r a t e s of flow. If this i s pe r fo ra ted with a finger the 
maxinnunn d i a m e t e r of the bel l suddenly doubles 
itself. On continuously reducing the flow the ex
panded bubble con t r ac t s and a s s u m e s an a l te rna t ing 
sequence of s table and s e m i - s t a b l e fornns of g rea t 
beauty. All t he se , when per fo ra ted , con t rac t sl ightly. 
The senni-s table fo rms have the genera l appearance 
of a hyperboloid surmounted by a s a u c e r - s h a p e d 
dep re s s ion with the annular sl i t at the bottonn. On 
inflating an expanded bubble by a slow s t r e a m of 
smal l a i r bubbles , s e m i - s t a b l e forms s imi l a r to the 
above a r e produced , but pos se s s ing an addit ional 
inflection in the i r c o n t o u r s . During these changes 
the max imum dif ferences of p r e s s u r e do not exceed 
one-tenth of a m i l l i m e t r e of wa te r above or below 
a tmosphe r i c p r e s s u r e . The author shows how the 
appara tus can eas i ly be modified to produce en
closing wate r b e l l s . It may a lso be adopted to 
produce sonic and u l t r a son ic underwa te r v ib ra t ions . 
(Sci. A. 55-2459) 

739. Hughes, R. R.. et a l . 

THE FORMATION OF BUBBLES AT SIMPLE ORI
FICES, Chem. Eng. P r o g r . M , 557-63 (1955). 

Expe r imen ta l and t heo re t i c a l work which a lso shows 
connplexity of ext rapola t ing s imple scale findings to 
p r o c e s s condi t ions; p r inc ipa l expe r imen ta l data a r e 
on influence of volume of gas t r a in below or i f ice , 
chamber volume, on volume of bubbles formed at 
finite r a t e s of gas flow in region of r egu la r bubble 
format ion, 

740. Jackson , I. R- W. 

THE FORMATION OF GAS BUBBLES FROM ORI

FICES. I., Ind, Chemis t , 28, 341-5 (1952). 

A rev iew. 

B , , Gi lber t , C. S., and 741 . Kenrick, F . 
Wisner , K, L. 

THE SUPERHEATING OF LIQUIDS, J. P h y s . Chem. , 
28, 1297-1307 (1924). 

Exp t s . have been made on the superhea t ing of l iquids 
by heating the liquids in open cap i l l a ry tubes at a tm 
p r e s s u r e and by reducing the p r e s s u r e on the l iquids 
in c losed tube at const , t e m p . The highest t e m p s . 
that could be mainta ined for 5 sees without explosion 
at 1 a tm were : EtaO, 143°; EtOH, 201°; MeOH, 180°; 
CHCI3. 173°; CHjCOCHj, 174°; CS2, 168°; H2O, 270°; 
SO2, 50°; C^Hfi, 203°; C^HsCl, 250°; CfiHgBr, 261°; 
C6H5NH2, 262°; m-xy lene , 235°. In freshly drawn 
cap i l l a r i e s nei ther d issolved gases in the liquid, nor , 
apparent ly , adsorbed gases on the g lass a r e i m p o r 
tant fac tors in init iating bubbles . The rad ius of 
bubbles which could exist in equil . with the l iquids 
at the above t e m p s , v a r i e s from 2.5 x 10 to 
16 X 10 ' cnn. The re la t ion between the ex te rna l 
p r e s s u r e p^^ and the vapor p r e s s u r e of the liquid at 
the m a x . t emp . , p.,̂ , is as follows: pm = (Pv/'^^'^) 
-[27/(1.36 X 980 X r ) ] + 1, in which pj„ and p.^ a r e in 
a t m s . , 7 is the surface tension in dynes per cm. and 
r is the radius of the bubbles that could exis t in 
equil . with the vapor at the max , t e m p . If r be taken 
as 4.57 X 10" ' this re la t ion holds for Et20 from 
-72 a t m s . to 26.8 a t m s . (CA-19758-5) 

742. Kennedy, H. T. , and Olson, C. R. 

BUBBLE FORMATION IN SUPERSATURATED HY
DROCARBON MIXTURES. J. P e t r o l e u m Technol . . 
4, 271-8 (1952). 

In many invest igat ions of the pe r fo rmance of p e t r o 
leum r e s e r v o i r s the a s sumpt ion is nnade that the 
liquid, if below i ts bubble-point p r e s s u r e , i s at all 
t imes in equil . with g a s . On the other hand, o b s e r v a 
tions by numerous inves t iga to rs have indicated that 
gas- l iquid sy s t ems including hydrocarbon s y s t e m s 
may exhibit in the lab, supe r sa tn . to the extent of 
many hundred lb. per sq in. Lab. exp ts . we re made 
in 2nixts. of CH4 and ke rosene in the p re sence of 
s i l ica and ca lc i te c r y s t a l s . Bubbles formed on 
c r y s t a l - h y d r o c a r b o n su r faces in p re fe rence to the 
g l a s s -hyd roca rbon sur faces in p re fe rence 
to the g l a s s - h y d r o c a r b o n interface or to the body of 
the liquid. It was found that the no. of bubbles formed 
per sec per sq cm of c ry s t a l surface was a function 
of the supe r sa tn . only. Supe r sa tn s . were obse rved 
up to 770 lb . per sq in., the bubbles forming quickly 
and violently. With dec reas ing d e g r e e s of supe r sa tn . , 
the frequency of bubble formation became l e s s , until 
at 30 lb per sq in. supe r sa tn . and lower, no bubbles 
formed. Silica and ca lc i te c r y s t a l s had ident ica l 
effects, within exptl . e r r o r , in acce le ra t ing the for
mation of bubbles , and sma l l a m t s . of H2O and c rude 
oil had no effect on the r e s u l t s . (CA-47-1 367g) 

743. King, J. L. 

THE FORMATION AND SUBSEQUENT MOTION OF 
WATER VAPOUR CAVITIES IN WATER, AD 67170 
(1950). 
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744. Kling, G, 

DYNAMICS OF BUBBLE FORMATION IN THE GAS
SING OF LIQUIDS UNDER PRESSURE, In te rna t . 
J . Heat Mass T r a n s f e r , 5, 211-23 (1962). 

The author d e s c r i b e s expe r imen t s for the t r ea tmen t 
of water with hel ium, argon and ni t rogen at p r e s s u r e s 
of I to 80 a tm abs . The g r e a t e r kinetic energy pos 
sessed by gases at elevated p r e s s u r e s causes con
s iderable deformation of the bubbles , and m o r e rapid 
dis in tegra t ion of the gas s t r e a m into bubbles than in 
gassing at no rmal p r e s s u r e . Striking discont inui t ies 
a r e observed; a sudden r i se in bubble frequency 
occurs at i nc reased gas r a t e s . Photographs show 
the bubble shapes and bubble ascent in var ious ranges 
of p r e s s u r e , varying between introduct ion of the gas 
as single bubbles and as a coherent s t r e a m at high 
r a t e s of throughput. 

745. Krause , B. 

THE STABILITY OF SUPERSATURATED CARBONIC 
ACID SOLUTIONS. ESPECIALLY THAT OF BEER. 
Svenska BryggarefSren . Manadsbl . 5J., 221-36 (1936), 
Chem. Zen t r . II, 2249 (1936). 

The phys . - chem. conditions n e c e s s a r y for the fo rma
tion of bubbles in the liquid a re d i s cus sed . To p r e 
vent the development of so-ca l led "following the 
s topper" bee r the addn. of special hydrophil ic co l 
loids is recommended . 

746. Krevelen, D. W., van Hefti jzer, P . J . 

GAS BUBBLE FORMATION. CALCULATION OF 
INTERFACIAL AREA IN BUBBLE CONTACTORS, 
Chem. Eng. P r o g r e s s 46, 29 (1950). 

Two types of formation and r is ing of gas bubbles 
in liquids can be dist inguished, viz. bubbles formed 
separa te ly or in s e r i e s (chain bubbling). In the f i r s t 
case the diam.of the bubbles is independent of the 
flow ra te and proport ional to the cube root of the 
orifice d iam. Chain-bubbling takes place above a 
ce r ta in c r i t . flow r a t e . Here bubble dianns. a r e 
independent of the orif ice diam. and inc rease with 
increas ing flow r a t e . Dimensionless express ions 
a r e der ived, enabling a rapid calcn. of c r i t . gas 
velocity, bubble d iam. , r i s ing velocity, and i n t e r 
facial a r e a . 

heated liquid. T r i a l ca lcula t ions using e s t ima t ed 
the rmodynamic p r o p e r t i e s of superhea ted wate r in 
dicate that the nucleus bubble in the t r a n s f o r m a t i o n 
s ta te cons i s t s of a single molecu le . The theory is 
extended to condensing wate r vapour with s i m i l a r 
r e s u l t s . The l i t e r a t u r e is reviewed for support ing 
evidence. The s imi l a r i t y between the supposed 
action of the ebullator and of a ca ta lys t is pointed 
out. (Sci. A. 49-1067) 

749. Mann, W. B. , and Stephens, R. W. B. 

BUBBLE FORMATION IN GLASS TUBES, Phi l . Mag. 
15, 143-6 (1933). 

A study has been made of the ra te of flow and me
chanics of bubble format ion f rom single submerged 
or i f ices ^ . ^ . ^ , and |- in. in d i a m e t e r ins ta l led in 
an 8-in. I.D. column operat ing in the a i r - w a t e r s y s 
t e m . The coefficients of d i scha rge obtained for 
sha rp -edged or i f ices opera t ing with this sys t em indi
cate that the effective orif ice d i scha rge a r e a for this 
type of opera t ion is g r e a t e r than that for an orif ice 
of the same size and type opera t ing at the s ame p r e s 
su re ra t io in the a i r - a i r s y s t e m . The effective o r i 
fice d i scha rge a r e a s for a round-edged orif ice 
operat ing in e i ther the a i r - w a t e r or a i r - a i r sy s t ems 
appear to be identical at the same p r e s s u r e r a t io . 
The th ick-pla te or i f ice opera t ing in the a i r - w a t e r 
sys tem influences the effective orif ice d i scha rge 
a r ea , liquid physical p r o p e r t i e s may be expected to 
be impor tant in de te rmin ing the r a t e of flow from 
this type of orif ice for other gas - l iqu id s y s t e m s . 
Photographic studies of bubble fornnation r evea l 
that nonuniformity of bubble s ize is ini t iated by the 
onset of turbulence in the air s t r e a m flowing through 
the or i f ice . In the sect ion of the laminar - f low range 
studied in this invest igat ion (200 Nj^^ 2,100) the 
frequency of bubble format ion is nea r ly constant with 
respec t to Reynolds number . The bubble size is 
re la t ive ly uniform at a given Reynolds number and 
depends marked ly upon orif ice d i a m e t e r . S t robo
scopic examination r evea l s that as turbulence is 
fully developed for the air flow through the or i f ice , 
a counterclockwise sp i ra l ing , swir l ing motion of the 
air jet is in i t ia ted. In the turbulent-f low range the 
bubbles ize-d i s t r ibu t ion data a r e fitted reasonably 
well by a logar i thnn ic -normal -probab i l i ty 
d is t r ibut ion . (NSA- 10- 11 787) 

747. Lane, J, A. 

THE BUBBLE PROBLEM IN THE HOMOGENEOUS 
REACTOR, ORNL-728 (Aug. 5, 1949). 9 p. 

Studies repor ted on the solubility of H in r eac to r 
at high p r e s s u r e s and t e m p e r a t u r e s , and the for
mat ion and col lapse of bubbles supplied data to be 
used to de te rmine the amount of liquid purge to 
e l iminate or reduce bubbles by flash vaporizat ion 
of a portion of the homogeneous reac to r solution. 
(NSA-10-6424) 

748. Larson , R. F . 

OCCURRENCE OF METASTABLE STATES OF 
LIQUID AND VAPOR. Ind. Eng. Chem., yj, 1010-16 
(1945). 

A thermodynamic theory is advanced for the r e 
quirement and nnechanism of bubble fornnation in a 

750. Metais , B. 

E F F E C T OF GAS EVOLUTION UPON HEAT TRANS
FER IN THE HEATING OF LIQUIDS, Chem. - Ing r . 
Tech. , 13 , 182-4 (1961). 

The dissolved a i r which evolves from water with in
c reas ing t emp , continually d e s t r o y s the t h e r m a l 
boundary layer due to gas-bubble fo rmat ion . The net 
r e su l t is an i n c r e a s e in heat t r a n s f e r . 

751. Miyake, Y. 

THE POSSIBILITY AND THE ALLOWABLE LIMIT 
OF FORMATION OF AIR BUBBLES IN THE SEA, 
P a p e r s Meteoro l . & Geophysics (Japan), Z, 95-101 
(1951). 

An equation is given for computing the a m t . of d i s 
solved Oz and N2 in sea w a t e r . The sa tn . of H2O 
by air in the sea and the poss ible c ause s ( temp. , 
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ch lor in i ty , mixing, and other factors) of the format ion 
of a i r bubbles a r e d i s cus sed . A graphic method is 
p re sen ted for the ca lcn . of the quantity of a i r bubbles 
and of the depth of t he i r genera t ion , 
(CA-47-11823d) 

752. Naake, H. J , , et a l . , 

OBSERVATION OF THE FORMATION AND GROWTH 
OF BUBBLES IN WATER CONTAINING AIR, BY 
OPTICAL METHODS. Acust ica . 8, 193 (1958), 

With the help of a m o v i e - c a m e r a the format ion of 
bubbles in wa te r after a reduct ion of the s ta t ic 
p r e s s u r e was examined . A suspens ion of solid 
p a r t i c l e s to act a s nuclei was added to the wa te r . 
The number of bubbles formed per unit t i m e , the 
ra te of growth, and the tinne in te rva l between r e 
duction of p r e s s u r e and the moment when the 
bubbles can f i rs t be seen were nneasured. F r o m 
these data the number and s ize of the bubble-
generat ing nucle i can be deduced. 

753. Newman, P . C . and Whelan, P . F . 

RELATION OF VOLUME OF BUBBLE TO DIAM
ETER OF ORIFICE AT WHICH IT IS FORMED, 
Nature 169, 326-7 ( F e b r u a r y 1952). 

The ra t io v /d has been de te rmined for bubbles of a i r 
blown ve ry slowly at an or i f ice of g lass with d 
varying from 0,474 to 0,0131 cm (v = vol, of bubble, 
d = dia . of or i f ice) , v /d s tays constant at 0.19 cm 
(cf. theory = 0.231) except for the s ma l l e s t or i f ices 
where the bubbles can no longer cling, even momen
ta r i ly , to the su r face . 

754. Pa t t l e , R. E . 

THE AERATION OF LIQUIDS. I. SOLUTION OF 
GAS FROM RISING AIR BUBBLES. IL FACTORS 
IN THE PRODUCTION OF SMALL BUBBLES, 
T r a n s . Inst. Chem. E n g r s . (London), Advance Copy, 
17-27 (Feb . 14, 1950). 

I. Expts . w e r e made with va r ious ae ra t ion devices 
such as ^ - i n . ho l e s , Schott g l a s s , and c r i t . or i f ices 
that produced l a rge bubbles and demons t r a t ed low 
aera t ing efficiency. Capi l la ry tubes of g lass or 
s teel bent into the form of a P so that the orif ice 
is obs t ruc ted by the s t em (P- je t s ) and porce la in 
candles produce ve ry fine uniform bubbles that a r e 
r equ i red for high efficiency. Theo re t i ca l equations 
a r e given for the soln. of gas from a s t r e a m of 
bubbles . 

II. The bubbles produced in liquids by porous a e r a t 
ing media a r e often much s m a l l e r than can be a c 
counted for by the no rma l m e c h a n i s m s for the 
de tachment of a bubble . Small quant i t ies of o r g . 
subs tances added to the liquid may reduce the bub
ble s ize v e r y d i sp ropor t iona te ly . The effect of 
i r r e g u l a r i t i e s in the or i f ices of the p o r e s in al low
ing bubbles to be detached without the aid of gravi ty 
is explained and d e m o n s t r a t e d . The effect of added 
o rg . subs tances on bubble s ize is due to thei r p r e 
venting bubbles from recombining once they a r e 
formed. Photographs of bubbles jost l ing one another 
after leaving an orif ice a r e shown. Devices for the 
production of uniform sma l l bubbles a r e desc r ibed . 
(CA-44-4728i) 

755. P ike . F . P . 

GAS EVOLUTION IN A HOMOGENEOUS PILE, 
CF-50-6 -162 (June, 1950). 

756. P l e s s e t , M. S. 

RATE OF FORMATION OF VAPOR IN A UNI
FORMLY HEATED LIQUID, AECU-707 (1949), U p. 

An approximate method for the calcula t ion of the r a t e 
of growth of vapor bubbles within the volume of a 
uniformly heated liquid is developed. The method is 
d i rec t ly applicable to the si tuation in which the ef
fective init ial size of the nucleus f rom which the bub
ble grows is la rge enough so that sur face tension 
effects may be neglec ted . An example is p r e sen t ed 
in which the t e m p e r a t u r e r i s e of the liquid is expo
nent ial , and it is shown that the approximate p r o c e 
dure p resen ted he re is quite a c c u r a t e . 

757. Riepe. G,, and Hahn. B . 

INVESTIGATION OF THE MECHANISM OF BUBBLE 
FORMATION IN FREON-12 AND PROPANE BY 
ALPHA RAY RECOIL. Helv. Phys . Acta, 34, 
865-92 (1961), 

The mechan i sm of bubble format ion in superhea ted 
liquids can be desc r ibed by a s imple t h e r m a l model 
for pa r t i c l e s whose range is s m a l l e r than the 
"c r i t i ca l " bubble d i a m e t e r . The bubble format ion by 
reco i l s from a -d i s in teg ra t ions (Po^^". T h C , T h C ) 
was invest igated for CC12F2 between 30°C and 80°C 
and for CsHg at 18.5°C using a t e m p e r a t u r e and p r e s 
su re s tabi l ized bubble c h a m b e r . The dependence on 
the degree of superheat of the bubble format ion leads 
to the conclusion, that the energy needed to form a 
c r i t i c a l - s i z e bubble (where the evaporat ion ternn 
r e p r e s e n t s the main part) a g r e e s within 5% with the 
recoi l energy . Values obtained for the bubble f o r m a 
tion by Auge r - e l ec t rons from A can be explained 
quali tat ively by the same model . 

758 Siemes , W, 

GAS BUBBLES IN LIQUIDS. I. FORMATION OF 
GAS BUBBLES FROM VERTICAL CIRCULAR JETS, 
Chem, Ing. Tech . 2^, 479-96 (1954). [For P a r t II see 
S iemes , W., Chem. Ing. Tech. , 26, 614-30 (1954)] . 

Bubble s ize of slowly forming bubbles was inves t i 
gated in re la t ion to jet s i ze , gas r a t e , and p r e s s u r e 
var ia t ion . In rapid bubble format ion the bubble f r e 
quency was detd. by s t roboscopic m e a s u r e m e n t and 
record ing of the e l ec . r e s i s t a n c e of the liquid above 
the jet opening. Theore t i ca l a s p e c t s , expt l . p r o c e 
d u r e s , and data covering many va r i ab l e s a r e given. 
45 r e f e r e n c e s . (CA-49-33g) 

759. Sigwart , K. 

THE PRESSURE AT A BUBBLE CAP SLOT OPENING 
AT THE START OF BUBBLE FORMATION, Z. Ver . 
daut. Ing., Ver fahren tech . No. 4, 116 (1943). 

Expts . a r e repor ted for a bubble cap made of Al sheet 
1 mm thick. The slots were rec tangula r with widths 
of 1, 2. 3, 4, 5, and 6 nnm and heights of 10, 15, and 
20 m m . Liquids used w e r e : tap wa te r , d is td . wa te r 
as such and with 1% Nekal wetting agent, and EtOH, 
The p r e s s u r e at bubble format ion was independent of 

99, 
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the liquid height over the s lots but followed a hyper 
bolic course as a function of the slot width and was 
strongly affected by the sur face tens ion . On the bas i s 
of sinnplifying assumpt ion the exptl . data could be 
co r r e l a t ed by the equation for init ial p r e s s u r e drop 
Aps - Apo - [Zo/h) + v 4 o 7 F , where Apg = p r e s s u r e 
inside the cap at the moment of bubble format ion; 
Apo = ho7F = p r e s s u r e due to the liquid level ho above 
the top of the slot; 7 F = liquid d; O = surface tension; 
and b = slot width. (Sci. A. 44-8705a) 

760. Si lberman, E. 

PRODUCTION OF BUBBLES BY THE DISINTEGRA
TION OF GAS JETS IN LIQUID, Universi ty of 
Michigan, Proceedings of the Fifth Midwestern 
Conference on Fluid Mechanics , pp. 263-284 
(April 1957). 

A gas jet issuing from a nozzle into liquid b r eaks up 
into d i s c r e t e bubbles because of the instabi l i ty of the 
je t . The bubbles may be of var ious s izes but the 
l a rges t ones cor respond to the volume of gas 
pinched off from the jet by a wave length of the 
unstable d i s tu rbance . A theory is p resen ted to p r e 
dict the l a rges t bubbles , with exper imenta l conf i rma
tion obtained in liquid moving re la t ive to the or i f ices 
that produced the j e t s . Size dis t r ibut ion of bubbles 
below the la rges t can be obtained only by experinnent. 
The equations developed show that, when the liquid 
moves re la t ive to the or i f ices , the maximum bubble 
d iamete r equals 2.4 t imes the square root of g a s -
flow ra te per jet divided by the liquid velocity. When 
the re is no re la t ive motion, the d iamete r is p ropor 
tional to the 0.4 power of the gas-flow r a t e . The 
bubble d iameter is independent of gas and liquid 
p rope r t i e s and of orifice c h a r a c t e r i s t i c s , as long as 
the gas i s sues as a jet from each or i f ice . By 
applying the re la t ions developed to sys tems of gas 
or i f ices discharging into moving liquid, the gas-flow 
ra te and liquid velocity may be selected so that 
bubbles nnay be produced of any des i r ed maximum 
d iame te r , from seve ra l inches to a few thousandths 
of an inch. 

Test equipment is descr ibed and i l lus t ra ted; flash pho
tographs of bubbles a r e shown; char t s of bubble-s ize 
dis t r ibut ion a r e shown as function of ra te of a i r flow 
divided by water-f low velocity. (AMR. I 958, No. 21 81) 

761. Spel ls . K. E, . and Bakowski, S. 

A STUDY OF BUBBLE FORMATION AT SINGLE 
SLOTS SUBMERGED IN WATER, T r a n s . Inst. Chem. 
E n g r s . (London), 28. 38-51 (1950). 

High speed motion p ic tures were made showing the 
formation of bubbles by a i r flow through single r e c 
tangular slots submerged in wa te r . The conditions 
studied included air r a t e s between 43 c c / s e c and 
730 c c / s e c , depths of immers ion (to the top of the 

slot) between 1 cm and 7 cm. and slot widths between 
2 mm and 10 nnm. By examn. of the f i lms in de ta i l 
it was found that the bubbling could take place by 
ei ther of two m e c h a n i s m s . When the submergence 
of the slot was sufficient, an impor tan t par t of the 
bubble development takes place after it had r i sen 
above the top of the slot, owing to the format ion of a 
channel connecting slot and bubble . Bubble vo l s . , 
the i r tinne per iods of format ion, and channel length 
i nc reased with inc reas ing a i r r a t e , at leas t for the 
lower r a t e s of flow. Inc reas ing the a i r r a t e , or de 
c reas ing the slot submergence , often caused a change 
of m e c h a n i s m . Instead of a bubble followed by a 
channel , a s e r i e s of m o r e or l ess s i m i l a r bubbles 
was obtained, forming a fa i r ly continuous connection 
between the slot and the wate r su r f ace . Over the 
range studied, no impor tan t effects were observed 
which could be a t t r ibuted to changes in slot width. 
The bubbles from closely spaced mult iple s lo ts may 
show some of the c h a r a c t e r i s t i c s which have been 
observed for single s lo t s , but the crowding together 
of the bubbles , and thei r consequent in te r fe rence with 
each o ther , would also be expected to produce some 
marked d i f ferences . (CA-44-4729c) 

762. Spel ls . K. E., and Bakowski , S. 

THE FORMATION OF BUBBLES AT CLOSELY 
SPACEDSLOTS SUBMERGED IN WATER, T r a n s . 
Inst. Chem. Eng r s , , 30, 189-96 (1952). 

Air-bubble format ion at mult iple s lots was 
studied by h igh-speed photography with air r a t e s 
72-372 c c / s e c per slot, i m m e r s i o n to top of slots 
1-5 cm, slot width 3 m m , and slot spacing 0.6, 1.0, 
and 1.5 cm between c e n t e r s . Connparison is made 
with a previous study of bubble format ion at single 
s lo t s . The bubbles formed were somewhat na r rower 
than thei r coun te rpa r t s at single s lo ts , although 
neighboring bubbles showed a tendency of ove r l ap . 
The bubble vols , and t ime per iods were sma l l e r than 
for single slots under s imi l a r condi t ions . Except 
at the lowest a i r r a t e , the bubbling r e s e m b l e d the 
shallow mechan i sm observed with single s lo t s , in 
which there was copious a i r leakage between slots 
and water sur face . Inc rease in bubble vol . was ob
tained by increas ing the slot submergence at the 
const , a i r ra te of 302 c c / s e c per slot and by in
c r e a s i n g the a i r ra te at the const , slot submergence 
of 2 cm. (CA-47-6713c) 

763. Spel ls . K. E. 

BUBBLE FORMATION BY RAPID AIR FLOW 
THROUGH SLOTS SUBMERGED IN WATER, T r a n s . 
Inst. Chem. E n g r s . , 32, 167-73 (1954). 

Bubbling produced by rapid a i r flow through ver t i ca l 
rec tangular slots submerged in water was studied 
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by use of h igh-speed motion p i c t u r e s . Two dis t inct 
m e c h a n i s m s of bubble format ion a r e postula ted, the 
"deep" and "shal low," with the choice of prevai l ing 
nnechanisnn dependent upon the magnitude of the 
slot s u b m e r g e n c e (cf. C.A. 47, 6713a). Bubble for
mat ion by the "shal low" nnechanism occurs at low 
values of slot s u b m e r g e n c e . The a i r leaving the 
slot fo rms a channel je t t ing through the liquid with 
no format ion of d i s c r e t e bubbles . In this c a s e , the 
slot submergence is l e ss than the max , a t ta inable 
or c r i t , channel length. Fo r bubble format ion by 
the "deep" m e c h a n i s m , the slot submergence is 
g r e a t e r than the max . a t ta inable or c r i t . channel 
length, and d i s c r e t e bubble format ion occu r s with 
bubbles b reak ing away from the end of the channel . 

In th is c a s e , the channel cons t i tu tes a tai l through 
which a i r is fed to the bubble until buoyancy and in
duced liquid c i r cu la t ion cause de tachment . An 
equation is developed which indicates that the c r i t . 
slot submergence for change of mechan i sm should 
i n c r e a s e as the liquid sur face tension is d e c r e a s e d . 
Equations a r e a lso der ived to show the effect upon 
bubble format ion of chamber vol. upstreann from 
the s lo t . It i s shown that the ra te of bubble growth 
should be uniform when the chamber vol . u p s t r e a m 
from the slot i s sma l l and that the p r e s s u r e up
s t r e a m from the slot should approach a const , as 
the chamber vol . u p s t r e a m from the slot approaches 
infinity. (CA-49-9989b) 

764. Stewart , C. R., et a l . 

ROLE OF BUBBLE FORMATION IN OIL RECOVERY 
BY SOLUTION GAS DRIVES IN LIMESTONE, 
J . P e t r o l e u m Technol . 6, 21-8 (1954). 

The lab. r e c o v e r y efficiency for soln. gas dr ive oil 
used in l imes tone of nonunifornn poros i ty i n c r e a s e s 
with an i n c r e a s e in the no. of gas bubbles formed. 
The no. of gas bubbles formed is control led by the 
p r e s s u r e decl ine r a t e . No p rac t i ca l l ab . tes t i s 
available to m e a s u r e the soln. gas d r ive oil r e cove ry 
pe r fo rmance at field r a t e s of p r e s s u r e dec l ine . P o s 
sibly i n c r e a s e d field oil r e c o v e r i e s can be obtained by 
rapidly reducing the r e s e r v o i r p r e s s u r e for a shor t 
t i m e . (CA-49-4268h) 

765. Van Kreve len , D, W., and Hefti jzer , P . J . 

GAS BUBBLE FORMATION CALCULATION OF 
INTERFACIAL AREA IN BUBBLE CONTACTORS. 
Chem. Eng. P r o g r . 46, 29-35 (1950). 

Two types of format ion and r i s ing of gas bubbles in 
l iquids can be dis t inguished, v iz . bubbles formed 
sepa ra t e ly or in s e r i e s (chain-bubbling) . In the f i rs t 
case the diam of the bubbles is independent of the 
flow r a t e and propor t iona l to the cube root of the o r i 
fice d iam. Chain-bubbling takes place above a c e r 
tain c r t . flow r a t e . Here bubble d i a m s . a r e 
independent of the orif ice d iam. and i n c r e a s e with 
i nc rea s ing flow r a t e . Dimens ion less exp res s ions 
a r e de r ived , enabling a rapid ca lcn . of c r i t . gas ve 
loci ty, bubble d i am. , r i s ing veloci ty, and in terfacia l 
a r e a . (CA-44-3308f) 

766. Wilkens, J . E. 

THE E F F E C T OF BUBBLING ON THE MULTIPLI 
CATION CONSTANT, CP-2709 ( F e b r u a r y 1945), 16 p . 

The evolution of gas bubbles in a homogeneous con
v e r t e r or b r e e d e r pile makes it n e c e s s a r y to have a 
somewhat higher mul t ipl icat ion constaint than would 
o therwise be r equ i r ed . In this paper , a formula is 
der ived for the change 6k in the mul t ipl icat ion 
constajit, 

767. Wilkens, J . E . 

THE E F F E C T OF BUBBLING ON THE MULTIPLI
CATION CONSTANT II, CP-3067 (June 1945), 9 p . 

768. Will is , W., Fowler , E . C , and Rahm, D. C. 

BUBBLE DENSITY IN A PROPANE-BUBBLE 
CHAMBER, P h y s . Rev. , ^08, 1046-47 (1957). 

The m e a s u r e d no. of bubbles per cm (a bubble-
spacing technique insensi t ive to bubble counting 
inefficiency is used) is cons is tent with the ra te of 
6 - ray fornnation. 

BUBBLE FORMATION, 

769. Wilson. R. H, 

LITERATURE SURVEY RE: 
C F - 5 0 - 4 - 1 4 8 (1950), 5 p. 

Bubble formation in a mock-up of the Homogeneous 
Reactor Exper imen t co re is d i s c u s s e d . A l i t e r a t u r e 
survey of bubble format ion is included. 17 r e f s . 

GENERATION (See FORMATION, NUCLEATION) 

770. Aleksandrov, Y. A., et a l . 

THE GROWTH AND EMERGENCE RATE OF BUB
BLES IN A PROPANE CHAMBER, P r i b o r i I Tekh 
Ekspt, No. 6, 118 (Nov.-Dec. I960). 

Two i l lumination s o u r c e s and two pulsed l amps were 
used in the exper iment . The lamps were pulsed with 
consequent delays of 7, 14. 22, and 30 ^ s e c ; the 
growth and emergence of bubbles was m e a s u r e d b e 
tween two igni t ions . Twenty-seven events were s e 
lected from four se t s of nneasurements with ini t ia l 
bubble radi i of 0 .10>rini t <0.20 m m . The final 
magni tudes were 0,20 <rfijial <0-36 m m with C^ 
( 5.8ti :z) X 10"^; the theore t i ca l constant was -"exp 

Ctheor ~ 1-^ ^ 10 • The emergence ra te was 
3.6 X l O ' Y m s e c <Wexp 11-7 x 10"^ m m / m s e c ; the 
ra te of emergence is f a s t e r than the bubble growth . 

771. Bakanov, S. P . , Rukhadze, A.A., 
Sandomirsk i i , V. B. 

THE THEORY OF EXPANSION OF A GAS BUBBLE 
IN A VISCOUS LIQUID, Inzhen. fiz, Zh. (USSR), 
Vol. 4. 109-12 (July 1961). 

The problenn of the motion of a v iscous fluid a r i s ing 
as a r e su l t of the expansion in it of a gas bubble under 
the act ion of inner p r e s s u r e fo rces is formula ted and 
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solved. The solution is invest igated in two boundary 
c a s e s : v iscous and iner t ia condi t ions . It is shown 
that the f irs t of these per ta ins in the production of 
light building m a t e r i a l s . Assumpt ions a r e made on 
the analogous opera t ion mechan i sm of a bubble 
c h a m b e r . 

772. Bankoff. S, G.. and Mikesel l , R. D. 

GROWTH OF BUBBLES IN A LIQUID OF INITIALLY 
NONUNIFORM TEMPERATURE, Paper 58-A-105, 
ASME Annual Meeting (1958), 20 p, 

P l e s s e t - Z w i c k solution for asympto t ic -growth phase 
of bubble or ig inat ing-uniformly heated liquid of in
finite extent is extended to case of bubble originat ing 
from heating surface in contact with liquid whose 
bulk t e m p e r a t u r e is at or below sa tura t ion 
t e m p e r a t u r e . 

773. Bankoff, S. G., Mikesel l . R. D. 

BUBBLE GROWTH RATES IN HIGHLY SUBCOOLED 
NUCLEATE BOILING, Chem, Eng. P r o g r . 29, 95-102 
(1959). 

By compar i son of the Rayleigh solution for bubble 
growth and collapse with exper imenta l data , it is 
found that the p r e s s u r e of the vapor within bubbles 
a r i s ing in very subcooled nucleate boiling is l e ss 
by a smal l , fairly constant amount than the p r e s s u r e 
at a g rea t d i s tance . The effect is the sanne as if the 
bubble surroundings were impar ted by an initial i m 
pulse while the minute bubble was st i l l ent i re ly with
in the l amina r -wa l l l ayer . The kinetic energy 
impar ted by this ini t ial innpulse and the r e s t r a in ing 
p r e s s u r e difference de te rmine the bubble t r a j ec to ry . 
These p a r a m e t e r s a r e computed for Gunther ' s data. 
It is then postulated that the heat flux from the po r 
tion of the bubble projecting into the turbulent ly-
flowing core depends p r ima r i l y upon turbulent and 
convective heat flow ra the r than laminar heat con
duction and hence is re la t ively constant during the 
bubble l i fet ime. The proposed mechanism gives 
quali tat ive agreement with the observed t r e n d s . It 
i s suggested that latent heat t r anspor t may be an 
impor tant nnode of heat t r ans fe r in subcoolednucleate 
boiling. 

774. Benjamin, J . E., et al. 

BUBBLE GROWTH IN NUCLEATE BOILING OF A 
BINARY MIXTURE, International Developments in 
Heat Trans fe r , P a r t II, ASME, 1961, pp. 212-218. 

Fo r the long-range viewpoint, r e s e a r c h in the m i c r o 
scopic detai ls of boiling may lead to an understanding 
of the macroscop ic behavior of boiling l iquids. A 
m a t t e r of immedia te in te res t is the experinnental 
evaluation of a recent theory by Scriven which p r e 
dicts the ra te at which a bubble will grow in b inary 
liquid m i x t u r e s . Boiling bubble growth ra t e s in mix
t u r e s of water and ethylene glycol were m e a s u r e d 
at I a tmosphe re . Boiling took place at a 0.004 in. 
dia . ar t i f ic ia l nucleation site in a ve r t i ca l copper 
surface at 4, 8, and 18 degree cent igrade superhea t . 
Measu remen t s were made from movies taken with a 
high speed c a m e r a through a meta l lographic m i c r o 
scope. The movies were made with 3 d i a m e t e r s 
magnification at 6,000 f rames per second using a 
D.C. a r c for light. The resul t ing d iameter and tinne 

m e a s u r e m e n t s were fitted by a digi tal connputer to an 
equation of d iamete r propor t iona l to t ime r a i s e d to an 
exponent. The exponent averaged about 0.4 r a t h e r 
than the theore t i ca l value of 0,5, and showed a decided 
s ta t i s t i ca l va r ia t ion . The coefficient in the growth 
equation var ied s ta t i s t i ca l ly , but depended on liquid 
composi t ions as p red ic ted . Most significantly, the 
min imum coefficient o c c u r r e d at about 5 w / o wate r 
as p red ic ted . 

775. B e r r y , V. J . 

E F F E C T OF A LIQUID PHASE VELOCITY ON THE 
GROWTH AND COLLAPSE OF GAS BUBBLES, 
J . Chem. Phys . , 20, 1045 (June 1952). 

A d i scuss ion of the r a t e s of growth and col lapse of 
bubbles when the t r a n s l a t o r y nnotion of the liquid 
phase is such that the t ime r equ i r ed for a pa r t i c le to 
diffuse a d is tance equal to the bubble radius R is 
snnall compared with the t ime for convective t r a j i s -
port through the same d i s t ance . See a lso A bs t r . 2428, 
4158 (1951). (Sci. A. 55-6327) 

776. Birkhoff, G., Margu l ies , R. S., and 
Horning, W. A. 

SPHERICAL BUBBLE GROWTH, Phys . of Fluids 1. 
201-204 (1958). 

P l e s se t and Zwick [J. Appl. Phys._23_, 95-98 . (1952); 
25, 493-500 (1954); J. Math. P h y s . 3^, 308-330 (1955)] 
have calculated the ra te of growth of vapor bubbles in 
slightly superheated s team under constant ex terna l 
p r e s s u r e . Thei r calculat ion a s s u m e s that the t e m 
pe ra tu r e drop is local ized in a thin "boundary l aye r " 
near the bubble wall; the pred ic ted bubble radius 
R(t) is asymptot ica l ly propor t iona l to t ' '^ when R is 
la rge enough for surface tension to be negligible. An 
analysis of this asymptot ic phase is given, which 
avoids the above "boundary l a y e r " assunnption, and 
contains that par t of the ana lys i s of P l e s s e t and Zwick 
dealing with this phase as a l imiting c a s e . The anal
ys i s is shown to be (approximately) applicable also 
to gas bubbles in s u p e r s a t u r a t e d l iquids. 

777. Chambre , P . L. 

ON THE DYNAMICS OF PHASE GROWTH, Q. J . of 
Mech. Appl. Math., 9, 224-33 (1956). 

The growth of a solid, s ta r t ing from negligible initial 
d imensions with e i ther a plane, cy l indr ica l , or 
spher ica l boundary, into a sur rounding supercooled 
fluid is d i scussed . The dens i t i es of the solid and 
fluid a r e a s sumed to be unequal . As a consequence 
a convective motion occu r s in the fluid having the 
c h a r a c t e r i s t i c s of a source or sink flow because of 
the fact that a unit m a s s of fluid occupies , on sol id
ification, a volume differing f rom the volume o r i g i 
nally occupied. The effects of th is motion on the 
ra te of growth of the solid phase have been analyzed. 

779. Chernyak, Ya. N. 

THE EXPANSION OF GAS BUBBLES IN LIQUIDS OF 
HIGH VISCOSITY, Zh. Tekh, F i z . . 29. 1273-76 
(Oct, 1959). 

A cavity in a liquid of v iscos i ty T) will d i sappea r in 
t ime t = 4r | ro/3a under the action of the sur face ten
sion a; TQ is the init ial rad ius of the cavi ty . Were 
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the cavi ty filled with a gas , then the cont rac t ion would 
only p roceed until equi l ibr ium was reached between 
the gas p r e s s u r e and the cap i l l a ry p r e s s u r e . Where 
a c h e m i c a l r eac t ion produces gas in a liquid and 
where a coa l e scence of gas bubbles t akes p lace , a s , 
for example , dur ing the baking of a fusible clay, the 
v i scos i ty of the mel t cont ro l s the r a t e of growth of 
the bubbles in i t . Only in a n a r r o w range of v i s c o s i 
t i e s will the r a t e of expansion of the bubbles be 
re la t ive ly l a r g e . 

780. Derga rabed ian , P , 

THE RATE OF GROWTH OF VAPOR BUBBLES IN 
SUPERHEATED WATER, J . Appl. Mechanics 20, 
537-45 (1953), 

Ca lcns . a r e p r e sen t ed for the dynamic s tabi l i ty of 
vapor and a i r bubbles in superhea ted vapor . These 
ca l cns . indicate that the va lues of the bubble rad i i 
for which the equil . is unstable a r e r e s t r i c t e d to a 
finite range of rad i i whose values a r e governed by 
the tennp. of the wa te r and the ini t ia l a i r content in 
the bubble. Two theo re t i c a l solutions for the ra te 
of growth of these uns table bubbles a r e cons ide red : 
(a) solution of the equation of motion of the bubble 
radius with the assunnption that t h e r e is no heat 
diffusion a c r o s s the bubble wal l ; (b) solution which 
includes the effect of heat diffusion. These solu
tions differ apprec iab ly . These two solutions a r e 
then c o m p a r e d with the expt l . da ta obtained fronn 
h igh-speed photographs of the growth of vapor bub
bles at va r ious d e g r e e s of supe rhea t . This c o m 
par i son shows a g r e e m e n t with solution b . 
(CA-48-1753g) 

781. D e r g a r a b e d i a n , P . 

OBSERVATIONS ON BUBBLE GROWTHS IN VARI
OUS SUPERHEATED LIQUIDS, NAVORD-5009 
(1956), 24 p . 

Exper imenta l data a r e p r e sen t ed for the growth 
of vapor bubbles in va r ious superhea ted l iquids , 
such as ca rbon t e t r a c h l o r i d e , benzene , ethyl a l 
cohol, and me thy la l coho l . These data a r e c o m 
pared with the t heo re t i c a l r e s u l t s obtained by 
P l e s s e t and Zwick who der ived these r e s u l t s by 
taking into account the heat diffusion a c r o s s the 
bubble boundary . The ag reemen t in all c a s e s b e 
tween exper imen t and theory is found to be good. 
The growth of vapor bubbles in sl ightly superhea ted 
wate r i s a l so p r e sen t ed in the form of exper imenta l 
data for bubbles just beginning to grow from a point 
of equi l ibr ium which is p r e sumed to be dynamical ly 
uns table . The rad i i co r responding to the points of 
equi l ibr ium a r e of the s a m e o r d e r of magnitude as 
pred ic ted by t heo re t i c a l cons ide ra t ions . 

782. Derga rabed ian , P , 

OBSERVATION ON BUBBLE GROWTHS IN VARIOUS 
SUPERHEATED LIQUIDS. J . of Fluid Mech. , 9, 
39-48 (Sept. 1960). 

Analys is of high speed photographs of growth of 
vapor bubbles in wa te r , ca rbon t e t r a c h l o r i d e , 
benzene , and ethyl and methyl alcohol , at supe r 
heat , conf i rms P l e s s e t - Z w i c k theory for bubble 
growth; ana lys i s for calculat ing range of radi i 
for which bubbles a r e s table or unstable is 

p re sen ted in de ta i l ; r e levance to p rob lem of cav i ta 
tion in underwa te r o rdnance , 

783. F la t t , H. P . 

TRANSIENT BUBBLE GROWTH IN A HOMOGENE
OUS REACTOR, NAA-SR-3923 (i960), 33 p . 

A mechan i sm for shutting off a power excur s ion in a 
homogeneous r e a c t o r by the rapid format ion of bub
bles was inves t iga ted . Equations a r e der ived which 
give upper and lower bounds for the rad ius of a bub
ble , as a function of t ime , under conditions p r e sen t 
in a r e a c t o r . Deduction of the bubble nuclei growth 
r a t e from observa t ions of void volunne and p r e s s u r e 
can be m a d e . 

784. F o r s t e r , H. K., Zuber , N. 

GROWTH OF A VAPOR ON A SUPERHEATED 
LIQUID, J . Appl. Phys . 25, 474-8 (1954). 

The in tegro-di f ferent ia l equation for the growth of 
a vapor bubble for a superhea ted liquid is fornnulated 
and d i scus sed . It is shown that two dis t inct tinne 
domains exis t : one. of the o r d e r of 10" second, 
during which the effect of the hydrodynamic fo rces 
may be an innportant factor in the growth of the 
bubble, and another , during which t ime effect i s 
un impor tan t . An in tegra l equation is formula ted 
for the la t ter domain. A solution of the problenn, 
in c losed form, valid for the ent i re in te rva l of i n t e r 
est i s p resen ted ; it a g r e e s very well with e x p e r i 
menta l data for var ious s u p e r h e a t s . 

785. F o r s t e r , H. K. 

ON THE CONDUCTION OF HEAT INTO A GROWING 
VAPOR BUBBLE, J . App. Phys . 25, 1067-8 (1954). 

A theore t i ca l paper which gives the der iva t ion of the 
express ion used for the t e m p e r a t u r e of the moving 
wall of a bubble growing in a superhea ted liquid. 

786. F o r s t e r , K. E . 

GROWTH OF A VAPOR-FILLED CAVITY NEAR A 
HEATING SURFACE AND SOME RELATED 
QUESTIONS, Phys ics of F lu ids , 4, 448-455 (1961). 

The growth of a vapor bubble on a heating e lement 
i m m e r s e d in a liquid which is at sa tu ra t ion t e m p e r a 
ture or subcooled far from the heating sur face but 
which is superhea ted nea r the heating sur face , was 
t r ea t ed as a problem of heat conduction with evapo
ra t ion on a boundary. Initially, a one p a r a m e t e r 
negative exponential dependence of liquid t e m p e r a t u r e 
on d is tance from the heat ing surface was a s sumed 
and the d is tor t ion introduced by the growth of the 
cavity was neglec ted . The r e s u l t s showed, in a g r e e 
ment with exper iment , that in a liquid at s a tu ra t ion 
t e m p e r a t u r e the rad ius grows as t '^ at f i r s t (t is 
t ime) and as t^'^ for t -* «=; for a subcooled liquid the 
rad ius as a function of t ime is given as an infinite 
s e r i e s in t e r m s of a quantity H. la ter identified with 
the th ickness of the t h e r m a l boundary l aye r . Fo r 
the s imple r case of uniform ini t ia l t e m p e r a t u r e of 
the liquid, the nnethod is shown to give r e s u l t s iden
t ica l to those known for s e v e r a l y e a r s for low p r e s 
sure while yielding a smal l c o r r e c t i o n for l a r g e 
p r e s s u r e . Severa l re la t ions between boundary layer 
th ickness in a boiling liquid, maxinnum radius 
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attained by the cavity before co l lapse , and superheat 
and subcooling were der ived and compared with ex
pe r imen t . For la rge subcooling the boundary layer 
th ickness is shown to be about one-half (or less) the 
s ize of the nnaximum rad iu s . Phys ica l cons idera t ions 
concerning the mechanisnn of heat t r a n s m i s s i o n to a 
boiling liquid led to the definition of a heat diffusivity. 
the exchange diffusivity a* = M a. with M the d imen
s ionless ra t io of enthalpies of superheated liquid 
and of sa tura ted vapor . The dimension of the t h e r m a l 
boundary layer is shown to be the diffusion length for 
the exchange diffusivity. 

787. F r i c k e , R, 

GROWTH OF GAS BUBBLES SUSPENDED IN 
LIQUIDS WHICH ARE SUPERSATURATED WITH 
THE SAME GAS, Z. physik. Chem. 1_04. 363-402 
(1923). 

Fo rmulas a r e given for the diffusion and hydrody
namic re la t ions of growing gas bubbles r i s ing in 
liquids which a r e supersa td , with the g a s . These 
re la t ions have been investigated for COz by a 
photographic nnethod. The growth of the bubbles 
re la t ive to the path t r a v e r s e d divided by the radius 
is more rapid the l a rge r the bubbles . The ve
locit ies of CO2 bubbles in water supersa td . with 
CO; a re appreciably g rea t e r than in water which is 
only satd. with the gas . (CA-17-2979-7) 

788.. F r i c k e , R,. and Blencke, W. 

THE GROWTH OF FREELY FLOATING GAS 
BUBBLES IN LIQUIDS SATURATED WITH THE 
SAME GAS, Z. physik. Chem. 1 ^ , 136-9 (1923). 

Improvements in the app, have enabled the study of 
bubbles of l a rge r d iam. than was previously poss ib le , 
(CA-18-924-1) 

789. Gamble. D. P . 

A PROPOSED MODEL OF BUBBLE GROWTH 
DURING FAST TRANSIENTS IN THE KEWB 
REACTOR, Nuclear Sci. and Eng, 2, No. I, 
Suppl., 213-14 (1959). 

Exper imenta l evidence indicates that the dominant 
shutdown mechanism operat ing in the KEWB Re
actor during shor t -pe r iod t r ans i en t s is void p r o 
duction from radiolytic gas evolution. Growth of 
bubbles requi red to produce the observed react ivi ty 
changes appears inexplainable on the bas i s of 
t he rmodynamics . Since the dissipat ion of large 
amounts of energy occurs in a smal l volume, a 
mechanism is proposed for the bubble formation 
which involves fission f ragments . Excellent 
qualitative cor re la t ion is observed between p r e 
dictions based on the model and exper imenta l 
obse rva t ions . 

790, Gi lmore . F . R. 

THE GROWTH OR COLLAPSE OF A SPHERICAL 
BUBBLE IN A VISCOUS COMPRESSIBLE LIQUID, 
Heat Trans fe r and Fluid Mech. Inst, Held at Univ, 
of Calif., Los Angeles (June 24-26. 1952), p . 53. 

791. Griffith, P . 

BUBBLE GROWTH RATES IN BOILING, N P - 6 I 8 8 
(June, 1956), 35 p . 

The conditions de te rmin ing the growth r a t e of a bub
ble on a surface in boiling a r e cons ide red and a m e t h -
emat ica l model f ramed in the light of these condi t ions . 
The growth ra te is then calcula ted for bubbles growing 
under a range of conditions of p r e s s u r e , wall superhea t 
and bulk fluid t e m p e r a t u r e . The ave rage growth ra te 
of a bubble is found to d e c r e a s e with inc reas ing max i 
mum size and to d e c r e a s e with inc reas ing p r e s s u r e . 
At high p r e s s u r e the maximunn size of the bubble is 
found to be independent of p r e s s u r e and p r i m a r i l y a 
function of the th ickness of the superhea ted layer near 
the sur face . The calculated bubble growth veloci t ies 
a r e then used to c o r r e l a t e some burnout data for a 
var ie ty of fluids under a range of p r e s s u r e s in pool 
boil ing. Bubble growth p ic tu res a r e p re sen ted for 
water at a tmospher i c p r e s s u r e under a var ie ty of 
condit ions. 

792. Griffith. P . 

BUBBLE GROWTH RATES IN BOILING. T r a n s . Am. 
Soc. Mech. Eng. 80, 721 (1958). 

The conditions detg. the growth r a t e of a bubble on a 
surface in boiling a r e cons idered and a math , model 
f ramed in the light of these condi t ions . The growth 
ra te is then calcd. for bubbles growing under a range 
of conditions of p r e s s u r e , wall superhea t , and bulk 
t e m p . The av. growth r a t e of a bubble is found to 
d e c r e a s e with inc reas ing max . s ize and to d e c r e a s e 
with increas ing p r e s s u r e . At high p r e s s u r e , the max. 
s ize of the bubble is found to be independent of p r e s 
sure and p r i m a r i l y a function of the th ickness of the 
superheated layer nea r the sur face . 

793. Hendricks , R. C. ,and Sharp . R. R. 

ON THE INITIATION OF COOLING DUE TO BUBBLE 
GROWTH ON A HEATING SURFACE. Fo r p r e s e n t a 
tion at A . I . C h . E . Meeting, Los Angeles . Calif., 
Feb . 4 -7 . 1962. 28 p. 

The surface t e m p e r a t u r e profile of a Nichrome 
hea te r s t r ip during nucleate boiling was matched to 
h igh-speed photographic data . The ini t iat ion of s u r 
face cooling due to bubble growth was invest igated 
and d i scussed in re la t ion to exist ing models of 
nucleate boiling. Exper imenta l data indicate that 
both the vapor- l iquid exchange mechan i sm and the 
surface film evaporat ion mechan i sm mus t be con
s idered in const ruct ing a model of ebull i t ion. 

794. Mache, H. 

THE DIFFUSION AND TRANSITION OF GASES INTO 
LIQUIDS. I, SOLUTION AND GROWTH OF AIR 
BUBBLES IN WATER, Sitzb. Akad. Wiss . Wien.. 
Abt. IIA, U 8 , 529-556 (1929). 

A method is desc r ibed for the m e a s u r e m e n t of the 
diffusion coefficients in l iquids which a r e not gas free 
and whose equi l ibr ia a r e a l t e red by adjusted p r e s 
s u r e s ; i ts advantages over other methods a r e d i s 
cussed . The var ia t ions of the gas bubbles with 
a l te ra t ions in p r e s s u r e a r e studied and a theore t i ca l 
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t r e a t m e n t included. The apparent dependence of the 
diffusion coefficient on the gas bubble rad ius is 
shown to indicate that the absorp t ion coefficient of 
wa te r for a i r in the concave sur face layer of the 
bubble is lower than in the i n t e r io r of the liquid. 
The effect of cap i l l a ry p r e s s u r e is inves t iga ted 
and expe r imen ta l conf i rmat ion given to the t h e o r e t i 
cal r e su l t that the bubbles d e c r e a s e by equal volumes 
in equal t i m e s . In moving wate r under constant ex
c e s s p r e s s u r e , the r ad ius of the bubble d imin i shes 
in equal t i m e s by equal announts, and the same holds 
good for the sur face when only the cap i l l a ry p r e s 
su re is exe r t ed . (CA-1555-4) 

795. P l e s s e t , M. S., and Zwick, S. A. 

A NON-STEADY HEAT DIFFUSION PROBLEM 
WITH SPHERICAL SYMMETRY, J . Appl. P h y s . 
23. 95-98 (1952). 

As a bubble of vapor in a liquid changes s ize , heat 
flows a c r o s s the in te r face . If sphe r i ca l s y m m e t r y 
is a s s u m e d and apprec iab le t e m p e r a t u r e changes 
a r e p resen t only in the immed ia t e vicinity of the 
bubble, a solution is found in succes s ive approx i -
nnations for heat diffusion a c r o s s the in ter face in 
t e r m s of the t e m p e r a t u r e of the liquid at infinity 
and the t e m p e r a t u r e gradient at the spher ica l 
boundary. The effects of t r ans l a t i ona l motion of 
the sphe r i ca l boundary have not been cons idered 
and the solution is applicable to t ime in t e rva l s in 
which no significant t r ans la t ion o c c u r s . 

The z e r o - o r d e r solution obtained r e p r e s e n t s the 
"plane approx imat ion" to the p rob lem. Authors 
p r e sen t e x p r e s s i o n s for the bounds of this 
solution by which the rapidi ty of the convergence 
of the approxinnation theory may be e s t ima ted . 
(AMR-5-1874) 

796. P l e s s e t , M. S,, and Zwick, S. A. 

GROWTH OF VAPOR BUBBLES IN SUPERHEATED 
LIQUIDS. J, Appl. P h y s . 25, 493-500 (April 1954). 

The in tegro-d i f fe ren t ia l equation for the growth of 
a vapor bubble in a supe rhea ted liquid is formulated 
and d i s c u s s e d . It i s shown that 2 dis t inct t ime 
donnains exis t ; one . of the o r d e r of IO"* s ec , during 
which the effect of the hydrodynannic forces may be 
an innportant factor in the growth of the bubble, and 
another , dur ing which this effect is un impor tan t . An 
in tegra l equation is formulated for the la t te r domain . 
A solution of the p rob lem, in c losed fo rm, valid for 
the en t i r e in te rva l of i n t e r e s t i s p r e sen t ed ; it a g r e e s 
ve ry well with expt l . data for va r ious s u p e r h e a t s . 
(CA-48-7372a) . 

797. Pode , L, 

THE DEAERATION OF WATER BY A SOUND BEAM, 
DTMB-854 (1953), 30 p. 

The r a t e of growth of a gas bubble in a sonical ly i r 
radia ted liquid containing d i sso lved gas is shown 
theore t i ca l ly to be p ropor t iona l to the sound in tens i ty . 
The ca lcula t ions a r e l imi ted to the c a s e of an i s o 
lated bubble in a weak sound beam of wave length 
nnuch g r e a t e r than the bubble rad ius and of frequency 
below the resonan t frequency of the bubble. The ef
fects of sur face tens ion, v i scos i ty , and energy d i s 
s ipat ion a r e neg lec ted . The gas c o m p r e s s i o n is 

a s s u m e d adiabat ic , although for bubbles below r e s o 
nant s ize it is actually m o r e nea r ly i s o t h e r m a l 
(Daniels , J. acous t . Soc, A m e r . 13, 4, 569-71 , 
July 1947). Diffusion at the moving boundary sur face 
of the bubble is calcula ted approximate ly by a p e r 
turbat ion method. In neglecting sur face tens ion, 
author finds no threshold effect for bubble growth. 
He p r e s e n t s growth cu rves for radi i down to 10" cm, 
although stating r e su l t s should not be used much b e 
low 10" ' cm. Author a t t r ibu tes expe r imen ta l o b s e r 
vation of no definite th reshold in f resh tap wa te r , in 
con t ras t to usual ly observed th resho ld in aged wa te r , 
to format ion of an organic bubble skin in the aged 
water r a the r than to supe r sa tu ra t i on of d isso lved air 
in the f r e sh w a t e r . 

Author ' s r e su l t s differ from those of r ev i ewer , 
(Acoustics R e s . Lab. , Harva rd Univ. Tech . Mem. 
No. 12. Sept. 1949), who included surface tension 
but omit ted r e sonance effects and motion of boundary 
in diffusion equation, and from those of M. D. Rosen
berg (ibid.. Tech. Mem. No. 25, Aug. 1952, and No. 26, 
Aug. 1953), who in a very thorough d i scuss ion added 
the effects of v iscos i ty , heat conduction, sound s c a t 
t e r ing , and t r a n s i e n t s . Author c o m p a r e s his r e s u l t s 
of resonance with r e v i e w e r ' s for ze ro surface ten
sion, finds them s imi l a r in form but differing sl ightly 
in nunnerical cons tan t s . Bes ides removing th resho ld 
effect, neglecting surface tension makes ca lcula ted 
r a t e of growth d e c r e a s e r a the r than i n c r e a s e as 
bubble grows l a r g e r . (AMR-7-3613) 

798. Rosenberg . M. D. 

PULSATIONS AND GROWTH OF GAS-FILLED BUB
BLES IN SOUND FIELDS, AD 4142 (1952). 

799. Saneyoshi , J., and M u r i m u r a , S. 

GROWTH AND EXTINCTION OF BUBBLES IN 
WATER, Oyo Butsur i (Applied Phys.) 12^, 384-391 
(1943). 

A r i s e of bubbles in water produced by i ts e l e c t r o l 
ys i s was t e lescopica l ly sighted to note that even in 
supe r sa tn , smal l bubbles d i sappea r by the in te rna l 
p r e s s u r e overcoming the sur face tens ion . The re 
exis ts a boundary radius inve r se ly propor t iona l to 
the supe r sa tn . Bubbles with a g r e a t e r rad ius than 
that will grow; those with a s m a l l e r rad ius will d i s 
appea r . The velocity of growth or extinction is ca lcd . 
from the d i spe r s ion velocity detd. by the concn. g r a 
dient of a i r sur rounding the bubbles . At the moment 
of extinction the bubbles show a sudden shr inkage in 
size before they d i sappear total ly . The extinction 
veloci ty of bubbles whose rad ius is l a rge r than 
0,02 m m is l a r g e r than that calcd, from the d i s p e r 
sion because they r i s e nnore quickly. Bubbles of 
rad ius l ess than 0.005 mnn r a r e l y exist in wa te r b e 
cause they will d i sappear in l e s s than I min if they 
a r e genera ted at a l l , except in excess ive s u p e r s a t n . 
(CA-41-4993h) 

800. Scr iven, L. E. 

ON THE DYNAMICS OF PHASE GROWTH, Chem. 
Eng. Sci . 1^, 1-13 (1959). 

The equations governing spher ica l ly s y m m e t r i c 
phase growth in an infinite medium and f i rs t fo rmu
lated for the gene ra l case and a r e then simplified to 
d e s c r i b e growth control led by the t r a n s p o r t of heat 
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and m a t t e r . All a ssumpt ions and r e s t r i c t i o n s a r e 
recounted. Exact solutions of the equations a r e 
obtained for conditions typical of bubble growth in 
the nucleate boiling of (a) pure m a t e r i a l s , and 
(b) binary m i x t u r e s . The effect of rad ia l convec
tion resul t ing fronn unequal phase dens i t i es i s e s 
tabl ished and the regions of applicabil i ty of 
previously r epor t ed approximate solut ions a r e 
de te rmined . 

801. Scriven, L . E. 

DYNAMICS OF PHASE GROWTH, Chem. Eng. Sci, 
10. 1 (1959). 

The growth r a t e of a spher ica l vapor bubble in a 
quiescent , superheated liquid of infinite extent is 
detd. by the difference between the p r e s s u r e in the 
bubble and the ambient p r e s s u r e , liquid iner t ia 
and viscos i ty , surface tension, and t r an spo r t of 
heat and volat i le m a t e r i a l through the liquid to the 
bubble sur face . With suitable assumpt ions and 
r e s t r i c t i o n s , exact solutions of equations a r e ob
tained for conditions typical of bubble growth in 
the nucleate boiling from pure m a t e r i a l s and from 
binary m i x t s . New m e a s u r e m e n t s of bubble 
growth at ex t r eme p r e s s u r e s and in mix t s . a r e 
needed to tes t the new theore t ica l r e s u l t s . 

802. Staniszewski . B. 

NUCLEATE BOILING BUBBLE GROWTH AND 
DEPARTURE, Archiwum Budowy Maszyn. 7. 3 
(1960). 

803. Strenge, P . H., Ore l l , A., and Westwater , J . W. 

MICROSCOPIC STUDY OF BUBBLE GROWTH DUR
ING NUCLEATE BOILING, A.I. C h . E . Journa l . 
(Accepted for publication). 

804. Westerf ield, E . C , and Pietenpol , W. B. 

VISCOSITY IN AN EXPANDING BUBBLE, Phys . 
Rev,, 55, 306-7 (1939). 

The ra te of doing work per unit volume in a homo
geneous nnedium is shown to be dcu/dt = V(v;^) where 
V is the velocity vector and ^ the s t r e s s dyadic. For 
an incompress ib le fluid this becomes dcu/dt = 
2jn0:0+(p/2)dvydt where/J is the coefficient of v i s 
cosi ty, 0 the s y m m e t r i c ra te of s t ra in dyadic and 
p the m a s s densi ty . F r o m this re la t ion, it is shown 
that the p r e s s u r e difference between the inside and 
outside of a steadily expanding bubble composed of 
an incompress ib le viscous fluid, is given by 
P1-P2 ^ 27(ri"'+ Tz^) +4MK(ri"^- r^^) where 7 is the 
surface tension, r i and r^ the inner and outer radii 
of the bubble, respect ive ly , and K is the expansion 
constant r^v for any point in the m a t e r i a l of the 
bubble. (CA-33-6672-5) 

805. Westwater , J. W.. and Benjamin, J. E. 

HIGH SPEED MICROSCOPIC STUDY OF PHASE 
CHANGES., Motion P ic tu re . , Universi ty of 
I l l inois , Urbana, I960. 

806. Zavoiski i , V. K. 

GROWTH OF A VAPOR BUBBLE MOVING IN A 
LIQUID HEATED THROUGHOUT ITS VOLUME, 
At. Ene rg . (USSR), 10. 272-4 (1961). 

The growth of a nnoving vapor bubble at not too 
high heat fluxes is detd. genera l ly by convective 
heat t r a n s f e r from the surrounding liquid. Vols, 
of vapor bubbles in boiling wate r were detd. photo
graphica l ly in a spec i a l ly -cons t ruc t ed e l e c t r o l y z e r . 
in which the water was heated by 2 me ta l e l ec t rodes 
(0 .4-3,8 k w / l ) , and the validi ty was proved of the 
theore t i ca l ly deduced fornnula for the vol . of a bub
ble; V = k2(c7 ' / r7" )^(a /u) AT^z^, where k2 = const , , 
c and 7 ' = sp . heat and d. of the liquid, r e s p . , r and 
7 " = heat of format ion and d, of vapor , r e s p . , 
a = t h e r m a l diffusivity, u = e m e r s i o n velocity of the 
bubble as it moves to the sur face , AT = t emp , dif
ference between the sur face of the bubble and bulk 
of the liquid, z = ve r t i ca l d is tance the bubble t r a v e l s 
to the su r f ace . The re la t ion of the evolved vapor (0) 
on dis tance z at different vapor veloci t ies was 
detd. in an e l ec t ro lyze r with a Co source and a 
counter . The la t ter m e a s u r e d changes in 7 - r a y 
absorpt ion by the w a t e r - v a p o r mixt , effected by 
changes in d. of the mixt . The expt l . data were 
co r r e l a t ed as follows: 0= k | (c7 ' / ry")^(a/u)NAT^z^ 
( N = no. of bubbles in a unit of vol . , s = c r o s s 
sect ional a r e a of the v e s s e l ) . 

807, Zuber , N. 

THE RATE OF BUBBLE GROWTH IN A SUPER
HEATED LIQUID, MS T h e s i s , Dept. of Eng. , Univ. 
of Calif. (1954), L. A., Calif. 

808 Zuber , N. 

THE DYNAMICS OF VAPOR BUBBLES IN NONUNI
FORM TEMPERATURE FIELDS, In te rna t . J . Heat 
Mass T rans fe r , 2, 83 (1961). 

The physical pr inc ip les governing bubble growth in 
a superheated liquid were or ig ina l ly formula ted by 
Bosnjakovic (1930) and Jakob (1932). Using these 
p r inc ip les , F r i t z and Ende (1936) der ived an approx
imate formula for the growth of a bubble in a uni 
formly superheated liquid. It is shown below that 
the energy cons idera t ions in the Bosnjakovic -
Jakob analys is enable the approx imate ra te of 
growth of a bubble on a heated sur face in a liquid 
at sa tura t ion to be ca lcula ted . Account need only 
be taken of the heat flux from the heated surface to 
the liquid. Improvements can be made on the a g r e e 
ment with exper imenta l data by making c o r r e c t i o n s 
which have a l ready been applied by other authors to 
bubbles in a uniformly superhea ted liquid. Expe r i 
menta l data for bubbles growing and col lapsing in 
subcooled boiling can be approximated s i m i l a r l y by 
consider ing the growth and col lapse p r o c e s s s e p 
a r a t e ly . The growth r a t e i s given by the extended 
Bosnjakovic-Jakob analys is desc r ibed above. As 
shown by Bankoff and Mikesell (1958), the col lapse 
ra te can be predic ted by the solution of Rayle igh 's 
equation for an i s o t h e r m a l p r o c e s s . The growth 
and col lapse p r o c e s s can be combined by matching 
them at the maximum bubble r ad ius , thus giving a 
complete p ic ture of the life h i s to ry of bubbles formed 
in subcooled boiling. 

1 0 6 
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809. Zwick, S. A. 

THE GROWTH AND COLLAPSE OF VAPOR 
BUBBLES. Ph.D. , D i s s . Calif. Inst , of Tech . (1954); 
Hydr . Lab. Rept . No. 21-19 , Calif. Ins t . Tech . (1954), 
ONR(NRO62-059) . 

810. Zwick, S. A. 

THE GROWTH AND COLLAPSE OF VAPOR 
BUBBLES, AD-54059 (Dec. 1954), 106 p . 

A theory is developed which d e s c r i b e s the behavior of 
a vapor bubble in a l iquid. Its physica l bas i s is the 
assumpt ion that the heat t r a n s f e r effects which a c -
connpany the evapora t ing occur r ing at the bubble wall 
when the bubble g rows , or the condensat ion that oc
cu r s t h e r e when the bubble co l l apses , a r e dynami
cally impor tan t . The bas ic equations of hydrodynann
ics a r e shown to r educe , for the p rob lem under 
cons idera t ion , to a dynannic equation which desc r ibed 
the behavior of the bubble wal l , and a heat convection 
equation for the liquid which is coupled to the dy
namic equation by a boundary condition at the bubble 
su r face . A solution for the heat p rob lem is obtained 
under the assunnption that significant t e m p e r a t u r e 
var ia t ion in the liquid occurs only in a thin t h e r m a l 
boundary layer sur rounding the bubble wal l . An e s 
t imate of the c o r r e c t i o n to the tennpera ture solution 
is a lso der ived . Once the t e m p e r a t u r e at the bubble 
wall is given, the vapor p r e s s u r e within the bubble is 
known and the dynamic p rob lem becomes d e t e r m i 
na te . The theory is applied to the cases of the 
growth of a vapor bubble in a superhea ted liquid, and 
the co l lapse of a vapor bubble in a liquid below i ts 
boiling t e m p , at the ex te rna l p r e s s u r e . The s impl i 
fying phys ica l a s sumpt ions made in the course of 
the invest igat ion a r e just if ied for the specific ex
ample of vapor bubble behavior in w a t e r . A com
par i son of the theo ry with exper imen t i s given for 
the obse rvab le range of bubble growth in superhea ted 
wa te r , and the agreennent is found to be ve ry good. 

811 . Zwick, S. A. 

GROWTH OF VAPOR BUBBLES IN A RAPIDLY 
HEATED LIQUID, P h y s . of F lu ids , 3, 685-92 
(Sep tember -Oc tober . I960). 

The e a r l i e r theory (Abst r . 5541 of 1954) of the 
growth of vapour bubbles in superhea ted l iquids is 
extended to the s i tuat ion in which the ra te of t e m 
p e r a t u r e r i s e of the liquid is l a r g e . Numer ica l 
solutions a r e p r e sen t ed for the ea r ly s tages of 
bubble growth for var ious r a t e s of liquid tennpera
tu re r i s e . The asympto t ic behaviour of a bubble 
is found expl ici t ly for a t e m p e r a t u r e r i s e of the 
liquid which is l inear in t i m e . In th is c a s e the 
bubble rad ius grows ini t ial ly as t^'^, as in 
asymptot ic solut ions found prev ious ly for sma l l 
r a t e s of t e m p e r a t u r e r i s e , but then devia tes toward 
a late t^'^ v a r i a t i on . 
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812. Aksel rod , L. S., et a l . 

BUBBLE CHARACTERISTICS AT LOW GAS VE
LOCITIES. Zhur. P r i k l a d . K h i m . ^ , 485-92 (1954). 

The d iam. d of an a i r bubble r i s ing through a depth, 
h. of H2O over a plate with per fora t ions of do d iam. 

and spaced c h e c k e r - b o a r d fashion at a d i s tance t 
from one another is given by d = 0.183 v 'odVTi ' ^"^' 
where 0 and 7i a r e the sur face tension and the d of 
the continuous phase , r e s p . Values ca lcd . by th is 
equation a r e somewhat higher than those obtained by 
the m o r e involved re la t ions of Smirnov, et a l . , and 
Hayworth, et a l . (C.A. 44, I0415f and 70951), but 
ag ree ve ry c losely at c r i t . gas ve loc i t ies W^j. = 
(2/3)V(d/do)^ m / s e c a c r o s s the per fora t ion ; V is the 
bubble veloci ty, c m / s e c . The height H of the d i s 
pe r sed phase , formed during bubbling and subsiding 
to the or ig ina l height h of the continuous phase , is 
given by H = h / [ l - (0.91 Wo/v)(do/t)^] where 
OSWo^^Wcr- Calcd. and exptl . va lues of H fall on a 
s t ra ight line with a m a x . sca t t e r ing of ±15%. P lo ts 
of Wj-j. v e r s u s dg a r e asymptot ic to both a x e s , with 
W(.j. p rac t i ca l ly negligible at dg ->2 m m ; the curve for 
a le . is below that of H2O and that for liquid O below 
both. A plot of V v s . d r i s e s a lmos t l inear ly ve ry 
sharply up to d<0.4 cm; for l a r g e r values of d, V 
v a r i e s within a na r row range and approaches a cons t , 
value. (CA-48-11148b) 

813. Alty, T. 

CATAPHORESIS OF GAS BUBBLES IN WATER, 
P r o c . Roy. Soc. (London) IO6A, 315-40 (1924). 

The r e su l t s of numerous measurennents show that 
the velocity of a gas bubble in water exposed to an 
e l ec t r i c field is independent of the c h a r a c t e r of the 
gas , but va r i e s widely with the d i ame te r of the bub
ble, the max imum velocity being 4.1 x IO"'* cm per 
sec per volt per cm for the d i ame te r about 0.1 nnm. 
The veloci ty is propor t iona l to the s t rength of the 
field applied throughout the whole range of bubble-
d i a m e t e r s . Some lit t le t ime e lapses after i n t roduc 
tion of the bubble into the water before it a cqu i r e s 
i ts full c h a r g e . The bubble a t ta ins its highest 
velocity only in water of specific conductivity 8.5 x 
l O ' ^ o h m " ^ and when the value is 1.8 -10"^ohm"^ the 
charge on the bubble is ve ry smal l and is occas ion
ally r e v e r s e d during the cou r se of an expe r imen t . 
The r a t e at which a bubble i s absorbed by the water 
exe r t s a m a r k e d influence on the veloci ty, and two 
bubbles appear to repe l one another . 

These r e su l t s a r e not in accord with the nnathemat-
ica l theory of the double layer as worked out by 
Lamb and Helmholtz , which indicated that the ve 
locity of the bubble should be independent of i ts s i z e . 
They a g r e e , however , modera te ly well with 
Mukher jee ' s suggest ion that the double layer i s a 
d i rec t r e su l t of the se lec t ive adsorp t ion by the 
par t i c le of ions of one sign. (CA-19-198-6) 

814. Azizyan, A. G., Melikyan, R. A., and 
Smirnov, N. I. 

HYDRODYNAMICS OF BUBBLING PROCESSES. 
I. RATE OF BUBBLING THROUGH A LIQUID OF A 
LARGE QUANTITY OF GAS BUBBLES IN RELA
TION TO THE NATURE AND HEIGHT OF THE 
LIQUID LAYER AND THE DISPERSION AND V E 
LOCITY OF THE GAS, Izv. Akad. Nauk A r m . SSR, 
Ser . Tekh. Nauk, _14, 31-42 (1961) (In Russ ian) . 

A device for studying the r i s e of a i r bubbles , at 
room t e m p . , through a column of liquid (H2O and aq. 
so ln s . of EtOH and glycerol) i s d e s c r i b e d . K r e v e -
len ' s method was a lso ut i l ized (K. and Hofti j izer, 
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CA 44, 3308f). The r e s u l t s of both s e r i e s of exp ts . 
a r e given by plotting the mean velocity of the gas 
bubbles with r e s p e c t to the liquid medium [(Ws)a.v] 
against the mean velocity W-^ of the gas- l iquid 
mixt . (Ws)av = W M [ h / ( H - h ) ] , and W]_ = W M / 
[1 - WM/(W's)av]i where h and H a re init ial and 
final heights of the liquid column, r e s p . (measured 
visually on the g lass cyl inder) , Wl is the av. velocity 
of the downward flow of the liquid. The effect on 
(Ws)av '^^ ^' of ^^^ ^ ° - ^^'^ d iam, of per fora t ions in 
the plate at the bottom of the column, and of the v i s 
cosi ty of the liquid was also studied. 

815. Azizyan, A. G., Melikyan, R. A., and 
Smirnov, N. I. 

HYDRODYNAMICS IN BUBBLING PROCESSES. 
II. DEVELOPMENT OF EQUATIONS FOR BULK 
MOVEMENT OF GAS BUBBLES TO THE SURFACE 
IN A LIQUID MEDIUM FOR A BUBBLING AND A 
COMPOSITE REGIME. Izv. Akad, Nauk A r m . 
SSR Ser, Tekh. Nauk, M, 59-69 (1961). 

A study was made to develop d imens ion less equations 
for the calcn. of (Ws)av (a-v. velocity of gas bubbles 
r i s ing through a liquid layer) and of H (height of the 
gas- l iquid column) for regions of a bubbling and a 
composi te fluid r e g i m e . For gas veloci t ies up to 
0.35 m / s e c in a layer of different l iquids, 2 fluid 
r eg imes develop. These were called: (1) bubbling 
r eg ime (the free floating of bubbles to the surface 
in a liquid medium), and (2) composi te r eg ime (an 
a l te rna te bubbling and jet s t r e a m flow in the same 
liquid layer ) . The t rans i t ion from one fluid reg ime 
to another depends not only on the magnitude of the 
Reynolds no. , but also on other c r i t e r i a . Log plots 
of Re^-oj^ vs . the ra t io of (Ws)av ^'^ W^-nm (velocity 
of the gas- l iquid s t ream) and v s . [ l - ( h /H) ] (h initial 
height of the liquid layer) show a change in s lope. 
The t rans i t ion region from a bubbling reg ime to a 
composi te r eg ime cor responds to the point at which 
the slope changes on these g raphs . The t rans i t ion 
proceeds gradually and at different t imes along 
the height of the gas- l iquid column. 

816. Bakh, N., and Oilman, A. 

ELECTROKINETIC POTENTIAL AT GAS-LIQUID 
INTERFACES. I. CATAPHORETIC VELOCITY OF 
GAS BUBBLES IN SOLUTIONS OF INORGANIC 
ELECTROLYTES. Acta Phys icochim. U.R.S.S,, 9, 
1-26 (1938). 

The t rue cataphoret ic velocity v of H bubbles in 
H2O (I), and in aq. KCl (II) and aq. ThCl4 (ill) was 
detd. by a method which takes into account the 
e lectro-osmotic flow of the liquid in a ce l l . In I and 
II the charge on the bubbles is neg. and v c o r r e s 
ponds with a /^-potential of about -30 mv. In. Ill 
the charge on the bubble r ema ins neg, at all concns . 
up to 10" N. and the apparent r e v e r s a l of charge 
at 10"^ N is caused by the car ry ing away of bubbles 
by H2O, which moves toward the cathode with a 
velocity g rea t e r than that with which the bubbles 
move toward the anode; vjj j approximates VT and VTT. 
Changes in KCl concn. and ThCl4 concn, have little 
effect on v. 

817. Bakh, N., and Oilman. A, 

ELECTROKINETIC POTENTIAL AT GAS-LIQUID 
INTERFACES. IL CATAPHORESIS OF GAS BUB
BLES IN SOLUTIONS OF CAPILLARY-ACTIVE 
ORGANIC ELECTROLYTES. , Acta Phys icoch im. , 
U.R.S.S,, 9, 27-38 (1938). 

The bubble has a pos . charge in aq. NBU4CI and 
N ( C 5 H I I ) 4 C I at concns . (c) of m o r e than 10" mo l . 
per 1. The ^-potential (and hence v) is approx. p r o 
por t ional to log c . The ra t ios of NBU4CI concn. and 
N(C5Hn)4Cl concn. which co r re spond with the same 
effects a r e cons t , and - 9. Na Pa lmi t a t e gives the 
bubble a neg. charge which i n c r e a s e s with concn.; 
the ^-potential a lso i n c r e a s e s at the l iqu id-g lass 
in te r face . 

818. Behr inge r , P . 

VELOCITY OF STEAM BUBBLES RISING IN TUBES, 
V.D.I., Forschungshef t ^65, Ausgabe B 5, 4-12 
(Mar . /Apr . 1934). 

Relat ive speed with which s team bubbles r i s e in tubes 
of va r ious d i a m e t e r s at p r e s s u r e s up to 40 a tm . was 
m e a s u r e d ; expe r imen ta l a r r a n g e m e n t and measur ing 
appara tus ; analys is of r e s u l t s . Bibl iography. 

819. Benfratello, G. 

MOTION OF AN AIR BUBBLE THROUGH A FLUID 
AT REST, Energ ia elet t , 30, 80-97 (Feb . 1953). 

F i r s t par t of a s e r i e s of s tudies of the bibl iography 
on bubble motion exist ing in ea r ly 1953 is p resen ted . 
Author begins with the r e s e a r c h e s on the format ion 
of a single bubble through a nozzle submerged in a 
liquid. Then, conditions for the s ta r t ing of motion 
a r e d i scussed and the movements a r e classif ied into 
four c l a s s e s : (a) Bubbles with l ess than 6-mm 
rad ius have s t ra ight pa ths ; (b) for rad ius between 
0.6 and 1.5 mm (in wa te r ) , the form of bubbles is 
sti l l m o r e or l e ss sphe r i ca l but the paths a r e e l l ip
soidal ; (c) for radius up to 2.5 m m , the form of 
bubbles is e l l ip t ical , with the minor axis pa ra l l e l 
to the mean motion, which is s t i l l an el l ipsoidal 
one; (d) when rad i i i n c r e a s e , the fo rms a r e f lat ter , 
especia l ly at the lower port ion of the bubbles . 
Author studies the physical behavior of the "shel l" 
which l imi ts the a i r por t ion and the liquid, and the 
volume and weight var ia t ions during the motion. 

Theore t i ca l s tudies on motion of bubbles in an infinite 
fluid a r e p resen ted , s ta r t ing with S tokes ' formula, 
which has been found quite appl icable to the smal les t 
bubbles . The Oseen formula, which was der ived con
s ider ing the ine r t i a t e r m s in the equation of motion, 
is d i scussed and compared to Stokes ' fo rmula . Then, 
author analyzes B a s s e t ' s formula , der ived consider--
ing the sliding between the bubble and the liquid. 
Hadamard ' s formula is d i scussed and compared to 
the previous ones , and the same for Bouss inesq and 
Levic fo rmulas . 

The paper ends with a l i s t of 45 r e f e r e n c e s . Review
er thinks that the main purpose of author , i . e . , to 
furnish a review of exist ing s tudies on the subject , is 
well achieved and that, although not complete ly o r ig i 
nal , mus t be welcome as a help to people connected 
with these r e s e a r c h e s . (AMR-8-1040) 
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820. Birkhoff, G., and C a r t e r , D. 

RISING PLANE BUBBLES, Journa l of Mathemat ics 
and Mechan ics , 6, 769-779 (November 1957). 

Authors t r e a t the plane flow problenn of an i so la ted 
bubble r i s ing s teadi ly under the influence of gravi ty 
in an infinitely long v e r t i c a l tube of i n c o m p r e s s i b l e , 
inviscid fluid. Adapting methods of Levi -Civ i ta and 
Viliat , they use techniques of conformal mapping to 
reduce th is free boundary p rob lem to a nonl inear 
in tegra l equation. The in t eg ra l equation is a t tacked 
n u m e r i c a l l y by a p rocedu re based on equa l - spaced 
in terpola t ion and t runca t ion of c e r t a i n F o u r i e r 
s e r i e s . However , in con t r a s t with the s i tuat ion with
out g rav i ty , the convergence is found to be not r ea l ly 
sa t i s fac to ry . Severa l unexpected difficulties a r e 
brought to light and d i s cus sed in the hope that they 
may be reso lved by fur ther a n a l y s i s . 

821, Bleich, H. H. 

E F F E C T OF VIBRATIONS ON THE MOTION OF 
SMALL GAS BUBBLES IN A LIQUID. APPENDIX I, 
II - E F F E C T OF VISCOSITY, Je t P ropuls ion . 26, 
958-978, AEI-1957 (Nov. 1956). 

Der ivat ion of ba s i c equations for the motion of smal l 
gas bubbles in an inviscid liquid in the p r e s e n c e of 
ha rmon ic v ib ra t ions and explanat ion of the m e c h a 
n i sm which may make bubbles m o r e c o n t r a r y to 
gravi ty f o r c e s . The c a s e of s i m i l a r bubble phenom
ena in m i s s i l e fuel tanks due to heavy v ibra t ions 
caused by the rocket engine is cons ide red . 

822, Bogdanov, O. S., Kizava l te r , B, V., and 
Moslova, S. G. 

E F F E C T OF THE FROTHING AGENT ON THE AIR 
CONTENT IN THE FLOTATION P U L P , Izvest . 
Akad. Nauk SSSR Otdel Tekh. Nauk, 412-16 (1950). 

The r a t e of movement of gas bubbles in a liquid in 
the p r e s e n c e of su r f ace -ac t i ve agents was e x p r e s s e d 
by the equation: U = | (( p - p')gaYM)( M + 7 / 3 / 2 M + 7) 
where 7 = (2 ro6 /Da ) (da /dc ) ; TQ i s the amt . of sub
s tance adsorb ing on a imit of the bubble sur face ; 0 is 
the surface tens ion at the boundary of the bubble; 
6 i s the av. t h i ckness of the diffuse l aye r ; D is the 
coeff. of diffusion of su r face -ac t ive subs tance in 
wa te r ; a is the bubble r a d i u s ; JJ. is the coeff. of v i s 
cosi ty of w a t e r ; c is the concn. of the soln. n e a r the 
bubble sur face ; p - p ' i s the d of the liquid; and g is 
the acce l e r a t i on of g rav i ty . It was concluded that 
the frothing agent reduced the ra te of r i s e of the 
bubbles but p revented them from coa lesc ing . A 
d i ag ram of the app. used for detg . the r a t e of r i s e of 
bubbles in a liquid med ium is provided. 
(CA-45-9431h) 

823. Bryn , T. 

SPEED OF RISE OF AIR BUBBLES IN LIQUIDS, 
DTMB-TRANS-132 (1933), 9 p . 

The r a t e of r i s e of a i r bubbles of different volumes 
in g lyce r in - water and alcohol - wa te r i s de t e rmined 
by the i r s ize and Laplace's cons tant . Smal l or 
s p h e r i c a l bubbles do not behave as solid s p h e r e s . 
Thei r r a t e of r i s e depends on the nnanner in which 
r ep l acemen t of t he i r boundary l aye r o c c u r s . 

824. Buchanan, R. H., et a l . 

CYCLIC MIGRATION OF BUBBLES IN VERTICALLY 
VIBRATING LIQUID COLUMNS, Ind. Eng. Chem. 
Fundamen ta l s , I, 82-6 (1962). 

A p rocedure was developed for br inging g a s , l iquid, 
or solid phases into contact to promote exchange 
phenomena. When liquid columns 5-15 cm in d i a m . 
a r e subjected to ve r t i ca l v ibra t ions of ampl i tudes 
of 0.05 - 1.0 cm and f requencies of 1200-2900 r p m , 
bubbles m i g r a t e cycl ica l ly from the sur face to the 
bot tom, where they aggregate and then move back up 
the column. The resu l t is violent and rapid mixing 
of the gas with the liquid and with suspended so l ids . 
An equation is der ived which p e r m i t s a c c u r a t e p r e 
diction of the min frequency for cycl ic m ig ra t i on for 
the a i r -H20 sys tem at a tm p r e s s u r e . Some deviat ion 
occurs with liquids whose p r o p e r t i e s differ m a r k e d l y 
from H2O and at p r e s s u r e s other than a tm. 

825. Chao, B. T. 

MOTION OF SPHERICAL GAS BUBBLES IN A 
VISCOUS LIQUID AT LARGE REYNOLDS NUMBERS, 
P h y s . F lu ids , _5, 69-79 (1962). 

An ana lys i s is made for the motion of a gas bubble 
r i s ing s teadi ly in a quiescent liquid of infinite extent . 
The d is turbed layer of the fluid, due to v i scos i ty , on 
e i ther side of the interface is thin when the Reynolds 
number is sufficiently la rge and thus makes poss ible 
a cons iderab le s implif icat ion of the governing equa
tions of mot ion. Simultaneous solut ions of the 
boundary- l aye r equations for the flow outside and 
inside of the bubble a r e obtained cons ider ing that 
the tangential velocity components and the shear 
s t r e s s e s on both s ides of the in ter face a r e equal . 
F r o m the calculated ex te rna l s t r e s s field, the d rag 
of a spher ica l bubble with negligible flow separa t ion 
is evaluated. Good ag reemen t is obtained with pub
l ished data for spher ica l a i r bubbles in four different 
organic l iquids . The exper imenta l d rag curve due 
to Haberman and Morton for a i r bubbles r i s ing in 
f i l tered water devia tes from that p red ic ted from the 
p r e sen t theory . The theo re t i ca l r e s u l t s a r e appl ica
ble to any fluid sphere moving s teadi ly in a subs tan
t ia l ly i m m i s c i b l e , v iscous liquid provided that the 
in te rna l c i rcu la t ion is comple te , the flow separa t ion 
is negl igible , and the Reynolds number is sufficiently 
l a r g e , 

826. Chertock, G. 

THE FLEXURAL RESPONSE OF A SUBMERGED 
SOLID TO A PULSATING GAS BUBBLE. J . Appl, 
P h y s . 24. 192-7 (Feb . 1953). 

A bubble in a liquid pulsa tes and g e n e r a t e s a chang
ing p r e s s u r e field. This r eac t s with a submerged 
flexible solid and induces e las t ic mo t ions . Equations 
a r e der ived which show how the v ibra t ion modes and 
frequencies of the solid a r e modified by the p r e s e n c e 
bf the wa te r , and how each mode is excited by the 
bubble pulsa t ion. The genera l i zed force for each 
mode is propor t iona l to the volume acce l e r a t i on of 
the bubble. The ini t ia l analys is p r e s u p p o s e s in -
c o m p r e s s i v e flow, but it is shown that the r e s u l t s 
r e m a i n applicable if the dura t ion of any c o m p r e s s i v e 
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phase is smal l compared with the pulsat ion per iod 
of the bubble and the v ibra t ion per iod of the solid. 
(Abstr . 3029-3035) 

827. Coes te r , E . 

THE VELOCITY OF ASCENT OF GAS BUBBLES IN 
LIQUIDS OF VARYING VISCOSITY AND SURFACE 
TENSION, Z. Angew., Phys . 13, 254-9 (May 1961). 

The velocity of ascent of a i r bubbles was studied in 
glycer ine and in wa te r . The velocity i nc reased at 
f i rs t with the volume and tended then towards a 
constant value. The a i r bubbles were p rac t i ca l ly 
spher ica l in the range for which the velocity in
c r e a s e d with thei r volume. La rge r bubbles were 
of an oblate shape. The spher ica l gas bubbles en
countered a sma l l e r r e s i s t ance than r igid sphe res 
of s imi la r volume. For smal l Reynold's number s the 
res i s t ing force was only two- th i rds of the Stokes 
value. A dimensional analys is was made for the pu r 
pose of deriving an equation which can be applied to 
es t ima te the velocity of ascent gas bubbles in any 
liquid. 

828. Dal, V. I., and Vitkina, M. A. 

THE MECHANISM OF ABSORPTION DURING BUB
BLING. J. Appl, Chem. (USSR) 22, 609-13 (1950). 

The motion of a gas bubble in a viscous medium 
is given by 

^-Vi 3* A 7i ^ ) ( 1 
-1^7i /2D7 

H) 

where V is the ra te at which the gas bubble r i s e s , in 
m / s e c ; D is the bubble d iam. , in m; H is the height 
of the bubbling layer , in nn; ip is the coeff. of r e s i s 
tance of the medium; 7„ and 7i a r e the dens i t ies of 
the gas and the liquid, r e s p . , in kg/cu m; and G is 
the acce le ra t ion of gravi ty in m / s e c ^ . The coeff. 
of absorpt ion ra te K = 6,95 D ' " "^ 'V" -^" H""*^ k g / 
(sq m hr m m Hg), where D = d iam. of the bubble, 
V = ra te of flow of gas in cu m / h r , and H = height 
of the bubbling layer in nn. K i n c r e a s e s as the 
bubbling depth d iminishes and the bubble d iam. 
i n c r e a s e s . Near the surface of a r is ing bubble, the 
gas moves with the surrounding nnedium, and ins ide , 
in the opposite d i rec t ion . The surface of the bubble 
is subjected to tension at the top and compress ion 
at the bottom. The eddying motion inside the bub
ble causes par t ic les of the moving gas to rupture 
and pass through the boundary l ayer . With i n c r e a s 
ing velocity, the boundary becomes thinner and the 
interchange of the substances involved improves . 
(CA-46-10792e) 

829. Davidson, J. R., et a l . 

RISE OF BUBBLES IN FLUIDIZED BED. Instn. Chem. 
E n g r s . - T r a n s , 37. 323-8 (Dec. 1959). 

Rate of r i s e of bubble in ai r - f luidized bed of pa r t i c l e s 
was measu red by observing t ime in terval between r e 
lease of shot of a i r injected at base of bed and its 
a r r i v a l at surface as bubble; injected bubble of a i r 
r i s e s at same ra te as it would in inviscid liquid of 
zero surface tension; U (rate of r ise) is given in 
t e r m s of volume of bubble by s e m i - e m p i r i c a l formu
la der ived for gas bubble in inviscid liquid by 
R. M. Davies and G. Taylor . 

830. Davies , R. M., and Taylor , G. 

THE MECHANICS OF LARGE BUBBLES RISING 
THROUGH EXTENDED LIQUIDS IN TUBES. 
P r o c . Roy. Soc. A 200, 376-90 (1950). 
D e s c r i b e s m e a s u r e m e n t s of the shape and ra te of 
r i s e of bubbles varying in volume fronn 1.5 to 
200 cm^ when they r i s e through n i t robenzene or 
w a t e r . (Sci. A. 53-2952) 

831 . Dement iev , B. A., Lepil in, R. S.. and 
Loginov. A. A, 

AN INVESTIGATION OF THE HYDRODYNAMIC 
PROCESS OF BUBBLING THROUGH A VAPOR-
LIQUID MIXTURE OF CONSIDERABLE HEIGHT, 
Nauch. Dok. Vish. Shkol. - Energe t ika , no. 2, 
p . 251 (1959). 

832. Devin, C , J r . 

SURVEY OF THERMAL, RADIATION, AND VISCOUS 
DAMPING OF PULSATING AIR BUBBLES IN 
WATER, J . Acoust . Soc. Amer . , 3_1. 1654-67 
(December , 1959). 

A theore t i ca l d i scuss ion is p re sen ted on the funda-
nnental p r o c e s s e s by which pulsat ing gas bubbles in 
liquids d i ss ipa te the i r ene rgy . The survey is l imited 
to the case where the ampli tude of the volume pulsa
tions a r e a s sumed to be sufficiently smal l that the 
pulsat ions may be desc r ibed by l inear equat ions . A 
port ion of the energy of the bubble sy s t em is lost by 
the radia t ion of sphe r i ca l sound waves , a par t is lost 
by heat conduction due to the polytropic compress ions 
and expansions of the enclosed gas , and a portion is 
lost by v iscous diss ipat ion a t t r ibuted to viscous 
forces acting at the gas- l iquid in te r face . A survey is 
nnade of the p rocedures for m e a s u r i n g the resonant 
damping constant as desc r ibed in the methods of 
success ive osc i l la t ions , width of the resonance r e 
sponse, s tanding-wave r a t i o s , and resonance abso rp 
t ion. Exper imenta l r e su l t s verify that the damping 
at r esonance is due to t h e r m a l and radia t ion, and 
possibly viscous damping. 

833. Donaldson, M. S. 

INITIAL VELOCITY OF BUBBLES IN A PNEUMATIC 
FLOTATION CELL, Mining Sci . P r e s s 120, 940-2 
(1920). 

In o rde r to det . if the bubbles i ssuing from the porous 
d iaphragm of a pneumatic flotation cel l pos ses sed any 
init ial velocity the path of bubbles issuing from a 
ve r t i ca l d iaphragm was detd. Obviously any init ial 
velocity would give the path a hor izonta l component. 
Photographs of the bubble paths at va r ious p r e s s u r e s 
show no indication of an init ial veloci ty . 
(CA-14-2458-3) 

834. Dyk, K. 

THE CATAPHORESIS OF SMALL GAS BUBBLES IN 
VARIOUS ORGANIC LIQUIDS, Phys . Rev. 31, 913 
(1928). 

By use of a new technic , the s imple behavior ob
served for bubbles in water was not obse rved in o rg . 
liquids up to fields of 15,000 v / c m . (CA-24-4685-2) 



835 . Exne r , M. L. 

MEASUREMENT OF THE DAMPING OF OSCILLAT
ING AIR BUBBLES IN WATER, Akust. Beih. No. 1, 
A B - 2 5 - A B - 3 3 (1951). 

A new technique has been developed by which the 
bubble is allowed to r i s e freely in a wa te r - f i l l ed 
tube under the influence of a plane p r o g r e s s i v e 
wave . Reflection of this wave f rom the free s u r 
face is p revented by an absorpt ion dev ice . The bub
ble ac t s as a c en t r e of ref lect ion and as it p a s s e s 
a mic rophone , the p r e s s u r e d is t r ibu t ion before and 
behind the bubble is r e g i s t e r e d . F r o m the ref lected 
power , m e a s u r e d in this way, the damping factor for 
the bubble may be e s t i m a t e d . F r o m nneasurements 
made for the c a s e of r e sonance , it appea r s that 
within the frequency range of the exper imen t the 
damping of the bubble may be complete ly explained 
through the effects of heat t r an s f e r and rad ia t ion . 
(Sci. A. 55-1583) 

836. Exne r , M. L., and Hampe, W. 

EXPERIMENTAL DETERMINATION OF THE DAMP
ING OF PULSATING AIR BUBBLES IN WATER, 
Acust ica 3, 67-72 (1953). 

The experinnents showed that the damping of pulsa t 
ing a i r bubbles in wa te r for bubbles with resonant 
f requencies up to 100 k c / s can be explained theo
re t i ca l ly by the energy l o s s e s due to sound radia t ion 
and heat conduction. F r o m the r e su l t of the f i rs t 
par t of the nneasu remen t s , the val idi ty of Minnaer t ' s 
re la t ion between rad ius and resonant frequency of 
the bubbles for f requencies higher than 50 k c / s b e 
canne doubtful. F u r t h e r inves t iga t ions including 
d i r ec t m e a s u r e m e n t s of the rad i i showed that the 
resonant f requencies of bubbles a r e cons iderab ly 
influenced by dust p a r t i c l e s at higher f r equenc ies . 
By assoc ia t ion of dust p a r t i c l e s at the surface of 
a bubble in the frequency range of 100 k c / s , the 
resonan t f requency may r i s e up to 1.5 t i m e s the 
value given by Minnae r t ' s fo rmula . The damping 
of a i r bubbles i s not influenced by assoc ia t ion of 
dust p a r t i c l e s . In l iquids with snnall sur face 
tension, where no dust pa r t i c l e s r e m a i n at the s u r 
face, all bubbles showed n o r m a l p r o p e r t i e s . The 
damping due to v i scos i ty s e e m s to be cons iderab ly 
s m a l l e r than would be expected from Lamb ' s theory . 
(Sci. A-57-2173) 

838. F l in t , O. 

ELECTROLYTIC CURRENT FLOW BY BUBBLE 
MIGRATION, A E R E - M / R - 1 4 7 0 (1954), 20 p . 

The anodic oxidation of t an ta lum in va r ious ethylene 
g lycerol e l ec t ro ly t e s containingconnmon acid r a d i c a l s 
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shows a complex re la t ionsh ip between potent ia l and 
t ime at constant c u r r e n t dens i ty . The d e p a r t u r e 
from a r ec t i l i nea r re la t ionsh ip which obtains in 
aqueous nnedia, is shown to be due to the mig ra t i on 
between the e l ec t rodes of e lec t ro ly t ic bubbles 
c a r r i e d with them liquid of high and low pH c r ea t ed 
at the e lec t rode sur face , other cont ro l lable va r i ab l e s 
having lit t le significant effect. 

839. Gorodetskaya , A. 

THE RATE OF RISE OF BUBBLES IN WATER AND 
AQUEOUS SOLUTIONS AT GREAT REYNOLDS 
NUMBERS, Zhur . F i z . Khim. _22, 71-7 (1949). 

The equation v= gR^(P - Po)/9-n [cf. Levich, J . Expt l . 
Theo re t . P h y s . U.S.S.R. L2. (1949)] was tes ted for a i r 
in H20 at Reynolds no, 10-450. In it v is the r a t e of 
r i s e , R rad ius of the bubble, p and Po d of liquid and 
gas , and rj v iscos i ty of the liquid. The movement of 
the bubbles was observed visual ly or c i n e m a t o -
graphed. In H2O boiled with KMn04 and twice d i s td . 
V was only 30% sma l l e r than the theo re t i ca l va lue . 
In tap wate r V was li t t le different at R = 0.03 cm but 
much sma l l e r at R = 0.07 cm. Butanol, pentanol , 
hexanol , and octanol s t a r t to lower v in IO"'*, 
5 X I0~^, 10"^, and 3 x 10"^ M so lns . and r e a c h the 
max . lowering (2.5 t imes) at the tenfold concns . At 
this concn. the mobili ty of the l iqu id-a i r boundary is 
reduced to zero and the region of turbulency behind 
the bubble is as g rea t as for solid s p h e r e s . In 
agreennent with t h i s , g lass m a r b l e s had values of 
v/ip-pa) equal to those of a i r bubbles in contaminated 
HjO. (CA-43-4082b) 

840. Gor r ing , R. L., and Katz, D. L. 

BUBBLE RISE IN A PACKED BED SATURATED 
WITH LIQUIDS, A.I .Ch.E. J . 8. 123-6 (1962). 

Exptl . data were obtained for drag coeffs. on fluid 
bubbles r i s ing in a sa td . packed bed and in c l ea r 
l iquids . Air and benzene were used to form bubbles 
in glycerol soln . , H2O, and n -hep tane . The bed was 
formed from 1- in . -diam. glass s p h e r e s in hexagonal , 
r andom, and cubic packings . The range of Reynolds 
no. was 0.1-1000. The drag coeffs. in the hexagonal 
and random a r r a y s were 2-3 t i m e s those in c l ea r 
l iquors , while the drag on bubbles r i s ing in cubic 
packings was the same as that for c l ea r l iquids . The 
method of co r r e l a t i on involved the use of the minor 
d iam. in the drag coeff. and the nnajor d iam. in the 
Reynolds no. The innovation innproved the c o r r e l a 
tion for bubble r i s e in c lea r l iquids . 25 r e f e r e n c e s . 
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841. Gosline, J. E. 

THE GAS LIFT, Univers i ty of Cal ifornia , Ph .D. 
T h e s i s , December 1933, 77 p . 

Genera l re la t ionship between the motion of the 
bubbles , the physical p rope r t i e s of the l iquids and 
the size of the tubes a r e given. 

842. Gould, R, K., and Nyborg, W. L, 

VISCOUS DAMPING OF BUBBLES, J . Acoust. 
Soc. Amer . , 32, 775-6 (June, I960). 

An express ion is der ived for the spat ia l d is t r ibut ion 
of viscous energy lo s ses in the body of liquid s u r 
rounding a vibrat ing spher ica l bubble. 

843. Guth, W. 

NONLINEAR OSCILLATION OF AIR BUBBLES IN 
WATER, Acust ica , 6, pp. 532-538 (1956). 

The vibrat ion c h a r a c t e r i s t i c s of bubbles excited to 
large ampli tudes in water a r e invest igated. Both in 
free and forced vibrat ion, the changes of frequency, 
mean bubble radius and, especia l ly , the mean in te r 
nal a i r p r e s s u r e a r e calculated in thei r dependence 
on ampl i tude . Approxinnate solutions for the non
linear vibrat ion a r e calculated in both c a s e s . The 
resonance curves under forced vibrat ion a r e ca lcu
lated. Final ly, a plausible explanation of the inc i 
dence of the often observed subharmonies i s given. 

844. Haberman, W. L., and Morton, R, K. 

AN EXPERIMENTAL INVESTIGATION OF THE 
DRAG AND SHAPE OF AIR BUBBLES RISING IN 
VARIOUS LIQUIDS, DTMB-802 (1953) 57 p . 

In connection with other invest igat ions at the David 
Taylor Model Basin , detai led information becanne 
n e c e s s a r y on the motion of a i r bubbles in var iab le 
p r e s s u r e f ields. Since no information on the sub
ject was avai lable , a fundamental study of the motion 
of bubbles was under taken. As an initial s tep , ex
pe r imen t s were conducted to de te rmine the drag and 
shape of single a ir bubbles r i s ing freely in var ious 
l iquids. The re su l t s of the exper iments show that 
a complete descr ip t ion of the motion of a i r bubbles 
is not possible by use of d imensionless p a r a m e t e r s 
containing the usual physical p rope r t i e s of the 
liquid (viscosity, surface tension, densi ty) . Three 
types of bubble shapes were observed in each liquid, 
namely spher ica l , e l l ipsoidal , and spher ica l cap. 
For a specific liquid, the shape of the bubble was a 
function of its volume. For tiny spher ica l bubbles, 
the drag coefficients coincide with those of c o r r e s 
ponding rigid s p h e r e s . With inc rease in bubble s ize , 
a dec rea se in the drag as compared to that of r igid 
spheres occurs in some l iquids. Thus , the drag 
curves of the spher ica l bubbles r is ing in var ious 
liquids fall between two limiting cu rves , namely 
the drag curve of rigid and fluid sphe res , r e s p e c 
t ively. It was not possible to de te rmine a c r i t e r ion 
for the t rans i t ion of the bubbles from "r igid" to 
fluid s p h e r e s . The region of el l ipsoidal bubbles ex
tends over different ranges of Reynolds numbers for 
the var ious l iquids. The drag coefficients of sphe r i 
cal cap bubbles a r e independent of bubble s ize and 
have a constant value of 2,6, For bubbles (equivalent 
rad ius 0.03 to 0.30 cm) r is ing in tap water or in 

water containing ce r t a in su r face -ac t ive subs t ances , 
expe r imen t s show an i n c r e a s e in drag as c o m p a r e d 
to bubbles in pure wa te r . Resul t s of t e s t s to de 
t e r m i n e the effect of the container walls on the v e 
locity of r i s e a r e p re sen t ed . A desc r ip t ion of the 
exper imenta l appa ra tus is given. A s u m m a r y of the 
theore t i ca l and expe r imen ta l work of o ther inves t i 
ga to r s i s a lso included. (NSA-9-6244) 

845. Haberman , W. L., and Morton, R. K. 

AN EXPERIMENTAL STUDY OF BUBBLES MOVING 
IN LIQUIDS, P r o c . Am. Soc. Civil Eng, 80, Separ . 
No. 387 (January 1954), 25 p. 

Drag and shape of single a ir bubbles r i s ing freely in 
var ious l iquids; t h r e e types of bubble shapes were 
observed in each liquid, namely , sphe r i ca l , e l l ip 
soidal , and spher ica l cap; t e s t s to de t e rmine effect 
of container walls on velocity of r i s e ; d i s t r ibu t ion 
of exper imenta l appa ra tu s . 

846. Harmathy , T. Z. 

VELOCITY OF LARGE DROPS AND BUBBLES IN 
MEDIA OF INFINITE OR RESTRICTED EXTENT, 
A.I .Ch.E. Journa l £., 281-8 ( i960) . 

A n e w theory gives a s imple method of ca lcg . the 
t e r m i n a l velocity of fluid pa r t i c l e s moving in media 
of e i ther infinite or r e s t r i c t e d extent . Ennpirical and 
semi -empi r i ca l formulas and a graph over the interval 
0 ^ d /D < 1.3 yield sa t i s fac tory r e su l t s for gas or 
liquid pa r t i c l e s nnoving in liquid nnedia. In the case of 
liquid drops falling through gaseous media they give 
only a rough approxn. Graphs showing the var ia t ions 
in the drag coeff. and the shape of fluid pa r t i c l e s with 
Eoetvoes no. a r e given. A s emi -emp i r i c a l equation for 
the t e r m i n a l velocity of solid s p h e r e s in r e s t r i c t e d 
media was also developed. 50 r e f e r e n c e s . 

847. Kaiss l ing, F . 

THE VELOCITY OF RISING OF BUBBLES OF VA
POUR IN BOILER TUBES, AERE-Lib /TRANS-510 
(1943), 9 p . 

The m e a s u r e m e n t s of Behr inger prove that the flow 
of vapor through s ta t ionary boiling water in a ver t i ca l 
tube obeys the law of analogues and that the c h a r a c 
t e r i s t i c quantity which contains the velocity of the 
vapor is dependent on each of the other th ree c h a r a c 
t e r i s t i c quant i t ies ; they also show that t h e r e is no 
m o r e s imple law. The effect of the vapor content 
of the tube and the effect of the vapor p r e s s u r e 
(charac te r i zed by the d is tance from the c r i t i c a l 
point) a r e the s t ronges t . The effect of the c h a r a c 
t e r i s t i c quantity containing the tube d i a m e t e r be 
comes g r e a t e r as the quantity i tself d e c r e a s e s (thus 
for example , the tube d iamete r ) and as the vapor 
p r e s s u r e d e c r e a s e s and as the vapor content in
c r e a s e s . Limits a r e thus set on the use of tubes of 
smal l d i ame te r at low vapor p r e s s u r e or at high vapor 
content . The t r ans fo rmat ion of opera t iona l e x p e r i 
ences from one region into another is not advisable 
without a knowledge of the re la t ionsh ips p re sen t ed . 
The tube was not heated in the exp. he re and no vapor 
bubbles were formed on the walls of the tube; this is 
in con t ras t to many cases of p rac t i ca l opera t ion . 
(NSA-9-7400) 
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848. K lemm, A. 

KATAPHORESIS OF GAS BUBBLES, Phys . Z e i t s . 
39, 783-93 (1938) (Trans la ted in D T M B - T - 1 3 7 ) . 

The theo ry of the ka t aphore s i s of solid sphe r i ca l p a r 
t i c les i s extended to include s p h e r e s of any v i scos i ty . 
A value is deduced for the veloci ty of ka t aphore s i s 
of gas bubb les , m o r e espec ia l ly in wa te r , and the 
t heo re t i c a l r e s u l t s a r e compared (sa t is factor i ly) 
with Al ty ' s expe r imen ta l r e s u l t s and a r e used to 
d i scuss the syn thes i s of the g a s - w a t e r in t e r face . 

849. Kocho, V. S. 

THE NATURE OF THE CHANGE OF THE STATE OF 
A GAS IN BUBBLES RISING IN A LIQUID, Doklady 
Akad Nauk. SSSR., 66, 605-7 (1949). 

Gas bubbles of cons t , in i t ia l d i a m . r i s ing through a 
column of liquid of the height H, sp . g r . y , at const . 
t e m p . , undergo an expansion that causes a d i sp l ace -
nnent L of the liquid men i scus in a hor izonta l cap i l 
l a ry a t tached to the main body of the liquid. If the 
p r o c e s s is po ly t ropic , t h e r e should be an addnl. d i s 
p lacement AL due to continuing heat exchange b e 
tween the gas and the l iquid. Exp t s . in H2O and in oil 
at 16° showed the coeff. n = l og [ l + (H7/Po)]/log 
{I + [LH7/ (L+ AL)Po]} to i n c r e a s e with the init ial 
d i a m . of the bubbles , and not to exceed 1.001; this 
nneans that the p r o c e s s is ve ry nea r ly isothernnal . 
(CA-43-6480i) 

850. Kozlov, B. K., and Mologin, M. A. 

CONCERNING THE VELOCITY OF RISE AND 
HYDRODYNAMIC RESISTANCE OF GASEOUS 
BUBBLES IN LIQUIDS, T r a n s l a t e d from: Izv. 
akad. Nauk. S.S.S.R.. Otd. Tekh, Nauk, No. 8, 
1188, A E C - t r - 3 2 7 4 (1951). 

Resul t s of an invest igat ion on the de te rmina t ion of 
velocity of r i s e of a i r bubbles in wa te r and the 
de t e rmina t ion of how the i r r e s i s t a n c e coefficients 
depend upon the d i s p e r s i o n of bubbles and the 
d i a m e t e r of the tubes in which the expe r imen t s were 
pe r fo rmed a r e p r e s e n t e d . 

851. Ladyzhenski i , R. M. 

INVESTIGATION OF USE OF AIR BUBBLES IN 
WATER AT HIGH REYNOLDS NUMBERS. J. Appl. 
Chem. (USSR), 27, 17-25 (1964). 

The r a t e of r i s e of s m a l l e r bubbles , up to 3 cc , 
was p rev ious ly invest igated by Gorodetskaya 
(CA 43, 4082a) and by Smirnov, et a l . (CA 46, 
4320a). L. inves t iga tes l a r g e r bubbles up to 
20 cc and l a r g e r . The c o r r e l a t i o n of exptl . and 
calcd. va lues is in c lo se r a g r e e m e n t as the 
bubble vol . and Reynolds no, i n c r e a s e to 20 cc 
and 12800, r e s p . Bubble deformat ion in i ts 
movement is analyzed in de ta i l . (CA-48-6780b) 

852. Lauer , H, 

ON THE THERMAL DAMPING OF BUBBLES OF 
VARIOUS GASES IN WATER, Akust . Beih. No. I. 
AB-12-AB-24 (1951). 

The cause s influencing the damping of spher ica l 
osc i l l a t ions of gas bubbles in wa te r a r e ca lcula ted, 
e spec ia l ly those due to t h e r m a l effects within the 
bubble when it i s placed in an acoust ic field. The 

t h e r m a l conductivity of the gas is an impor tan t 
factor of the damping. M e a s u r e m e n t s on 
resonance-bubb les of the gases a i r , H, A, Ne and 
He in the f requency- range from 1 to 7 k c / s a r e in 
good ag reemen t with theory . (Sci. A. 55-1582) 

853. Leibson, I., et a l . 

RATE OF FLOW AND MECHANICS OF BUBBLE 
FORMATION FROM SINGLE SUBMERGED ORI
FICES, AIChE Journa l 2, 296-306 (1956). 

A study has been made of the r a t e of flow and m e c h 
anics of bubble format ion from single submerged 
or i f ices ^ , ^ , -^, and j in . in d i a m e t e r ins ta l led 
in an 8-in. I.D. column operat ing in the a i r - w a t e r 
s y s t e m . The coefficients of d i scha rge obtained for 
sha rp -edged or i f ices operat ing with this sy s t em 
indicate that the effective or i f ice d i s cha rge a r e a for 
this type of opera t ion is g r e a t e r than that for an 
orif ice of the same size and type opera t ing at the 
s ame p r e s s u r e ra t io in the a i r - a i r s y s t e m . The ef
fective orif ice d i scharge a r e a s for a round-edged 
orif ice operat ing in ei ther the a i r - w a t e r or a i r - a i r 
systenns appear to be ident ical at the s ame p r e s s u r e 
r a t i o . The th ick-pla te orif ice operat ing in the a i r -
water sys tem exhibits a constancy of d i s cha rge 
coefficient at ra t ios of the downs t ream to u p s t r e a m 
p r e s s u r e s l ess than 0.33. Inasmuch as bubble for
mation occur r ing close to the downs t r eam face of 
a sharp-edged orif ice operat ing in the a i r - w a t e r 
sys t em influences the effective orif ice d i scha rge 
a r e a , liquid physical p r o p e r t i e s may be expected to 
be impor tan t in de te rmin ing the ra te of flow from 
this type of orif ice for other gas- l iquid s y s t e m s . 
Photographic s tudies of bubble format ion r evea l that 
nonuniformity of bubble s ize is ini t ia ted by the onset 
of turbulence in the air s t r e a m flowing through the 
or i f ice . In the sect ion of the l aminar - f low range 
studied in this invest igat ion (200 <Np_g <2,100) the 
frequency of bubble formation is nea r ly constant with 
r e spec t to Reynolds number . The bubble s ize is 
re la t ive ly uniform at a given Reynolds number and 
depends marked ly upon orif ice d i a m e t e r . S t robo
scopic examinat ion r evea l s that as turbulence is 
fully developed for the air flow through the or i f ice , 
a counterc lockwise sp i ra l ing , swir l ing nnotion of the 
air jet i s in i t ia ted. In the turbulent-f low range the 
bubbles ize -d i s t r ibu t ion data a r e fitted r easonab ly 
well by a l oga r i t hmic -no rma l -p robab i l i t y 
d is t r ibut ion . (NSA- 10-11 787) 

854. McLaughlin, T. A. 

CATAPHORESIS OF AIR BUBBLES IN VARIOUS 
LIQUIDS, Roy. Dublin Soc. P r o c , 1/7, 13-17 (1922). 

The paper commences with a notice of previous work 
on gas suspens ions in l iquids. Quincke studied the 
motion of a i r -bubb les under an e l ec t r i c field and 
found that in water they moved towards the posi t ive 
pole, but in carbon disulphide and turpent ine towards 
the negative pole . McTaggar t verif ied Quincke for 
wa te r , but found no motion of a i r - bubb l e s under an 
e lec t r i c field in the pure a lcohols , methyl , ethyl, 
propyl , and isobutyl . In the p resen t r e s e a r c h the 
plan has been to make prel inninary inves t iga t ions into 
the charge on a i r -bubb le s in pure l iquids , with 
specia l r e fe rence to badly conducting ones . The a p 
pa ra tus used has been of the McTaggar t type and is 



BUBBLE 

fully desc r ibed in the pape r . Under the conditions 
employed, a i r -bubb les were found to show no 
ca taphores i s in the following l iquids; Methyl, 
ethyl, and butyl a lcohols , xylol, benzene, to luene, 
b romobenzene , benzyl alcohol, benzaldehyde, 
ani l ine, cinnamic aldehyde, ethyl malonate , lactic 
acid, oleic acid, ethyl ace ta te , and tu rpent ine . 
The r e su l t s on turpent ine a r e not in accordance with 
those obtained by Quincke. It was not found poss ible 
to t r ap an a i r -bubble in acetone and such volati le 
liquids as ca rbon-d isu lph ide . In impure acetone . 
foreign m a t t e r moved towards the posit ive pole . In 
dist i l led wa te r , a i r -bubb les moved to\vards the pos i 
tive pole; in impure benzene, towards the negative 
pole. In "pure" ni t robenzene a i r -bubb les moved to 
the negative pole, whilst in the impure substance the 
motion may be to ei ther pole . The solution of an a i r -
bubble in methyl alcohol under an e lec t r i c field p r e 
viously noted by McTaggart was conf i rmed. 
(CA-16-4103-1) 

855. Manley, R. S. J . , and Mason, S. G. 

PARTICLE MOTIONS IN SHEARED SUSPENSIONS. 
III. FURTHER OBSERVATIONS OF COLLISIONS OF 
SPHERES, Can. J . Chem. 33, 763-73 (1955). 

Rigid spheres of varying d iam. rat io and air bubbles 
of approx. equal s ize were studied to det. whether 
the two pa r t i c l e s forming a doublet come into t rue 
physical contact . Glass s p h e r e s with d i a m s . bet\veen 
5 and 180 /i were suspended in corn s i rup of v iscosi ty 
approx. 50 po i se s . Sys tems of na r row and tabulated 
size dis t r ibut ion could be prepd. Dil. suspensions of 
a i r bubbles were made by s t i r r i ng , and allowed to 
stand so as to pe rmi t l a rge r bubbles to r i s e and leave 
behind sphe res of size about 150 ji and fair ly unifornn. 
The in terac t ion of a pair depends on the ra t io d i a m s . , 
a i /a2 . For ai /a2 <2, the behavior is s imi l a r to that 
of a uniform sys t em. For l a rge r r a t i o s , the pa r t i c l e s 
rennain always sepd. The sma l l e r par t ic le moves 
usual ly in a widening sp i ra l upwards around the 
other until it r eaches a latitude approx. equiv. to the 
initial one. Then it seps. with a velocity about equal 
to that of approach. This motion p e r s i s t s upon r e 
v e r s a l of the velocity field. It may be due to differ
ential sedimentat ion. Also, z ig-zag motions in a 
roughly const . X-Z plane were noted. The coll ision 
frequencies were observed over a range of concns . 
and velocity g rad ien t s . The exptl . and calcd. values 
ag ree within 8% for a total of 857 col l i s ions . Air 
bubbles do not deform under the gradients used; they 
spin around the Z-d i rec t ion like rigid s p h e r e s . This 
is analogous to the behavior in sedimentat ion at low 
Reynolds nos . Two approaching bubbles form a 
doublet, which pe r fo rms up to 60 rotat ions before the 
bubbles suddenly coalesce into a single s p h e r e . How
ever , in a no. of ins tances , doublets without contact 
and subsequent complete sepn. were found. The ob
se rved per iods of rotat ion exceed those calcd. for an 
ell ipsoid of twofold axis ra t io by 69%. The detai ls of 
the orbi ts of touching bubbles a r e in quant, accord 
with Jeffery 's theory . The s teady-state concn, of 
doublets is 8c^, with c the vol. fraction of equally 
sized s p h e r e s . Corresponding express ions for 
h e t e r o d i s p e r s e sys t ems a r e p resen ted . The o b s e r 
vations a r e of in te res t in connection with the known 
inc r ea se of coagulation r a t e s with shea r , although 

the question posed about the na tu re of the contacts is 
not definitely answered . (CA-49-1 5364d) 

856. Marches sau l t , R. N., and Mason, S. G. 

FLOW OF ENTRAPPED BUBBLES THROUGH A 
CAPILLARY, Ind. Eng. Chem. 52, 79-84 ( i960) . 

The effective film th ickness sur rounding moving air 
and liquid bubbles in glass cap i l l a ry tubes contg. aq. 
liquids was m e a s u r e d conduc t imet r ica l ly and c o r r e 
lated with the m e a s u r e d hydrodynannic r e s i s t a n c e to 
flow of the bubble. The phenomena de sc r i bed a r e of 
i n t e r e s t in connection with 2-phase flow of fluids 
through porous media . 

857, Margulova. T. H. 

AN EXPERIMENTAL INVESTIGATION OF THE 
RELATIVE VELOCITY OF VAPOR IN BUBBLING 
THROUGH A LAYER OF WATER AT HIGH P R E S 
SURES, T r a n s , of the Power Inst . M. V. Molotov, 
Vol. 11, Moscow, (1953). 

858 Melikyan, R. A. 

HYDRODYNAMICS OF EMERSION ASCENT OF 
SINGLE BUBBLES IN A LIQUID MEDIUM, Journa l 
of Applied Chemis t ry of the USSR, 29, 1792-1802 
(December 1956) [ T r a n s , of Zhurnal Pr ik ladnoi 
Khimmii , 29, no. 12, pp. 1929-1938 (1956)]. 

The hydrodynamics of the ascen t of a single gas 
bubble in a liquid nnedium is d i s cus sed . Thermody
namic conditions a r e se lec ted such that the energy 
of expansion r e l e a s e d by the gas bubble in i ts ascent 
is equal to the energy conver ted by frict ion into 
heat . The in te rac t ion among bubbles in an ascending 
s e r i e s of bubbles is a lso t r ea t ed . The crowding ef
fects tend to acce l e r a t e the ascent but this is s o m e 
what compensated for by additional fr ict ion. The 
coa lescence of smal l bubbles and the fragmentat ion 
of la rge ones introduce fur ther compl ica t ions . It is 
concluded that the ascent of bubbles is accompanied 
by an upward flow of continuous phase in the i m 
media te vicinity of the bubbles and a downward flow 
of the r ema inde r of the continuous phase . The 
theory is quanti tat ively supported by exper imenta l 
da ta . (AMR, 1959) #4562 

859. Meyer, E. and T a m m , K. 

CHARACTERISTIC VIBRATION AND DAMPING OF 
GAS BUBBLES IN LIQUIDS, Akust. Z. , 4. 145-52 
(1935). 

The c h a r a c t e r i s t i c f requencies fp and the damping 
dec remen t s 6 of gas bubbles (H2, O2. a i r ) in wa te r , 
g lycerol and aq. g lycerol so ln s . we re m e a s u r e d for 
the frequency ranges 1.5-7 and 15-35 ki locycles 
per sec . The re la t ion fp/d ^ 0.66 was obtained, in 
which d = the d iam. of the bubble in c m . The detn. of 
ffl was accompl ished in the lower- f requency range 
by photoelec. m e a s u r e m e n t of the ampli tude of the 
bubble in re la t ion to the frequency. Fo r the h igher -
frequency range , the de tachment of e lec t ro ly t ica l ly 
produced gas bubbles from an e lec t rode under the 
influence of sound waves was obse rved . 6 was shown 
to be made up of 2 par t s - a cons t , f ract ion of the 
radia t ion damping and a factor that is p ropor t iona l 
to the frequency. At 25 ki locycles per s e c . 6 amounts 
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to about 0 .9 . F ina l ly , by the use of a h igh- toned 
ana lyze r the sound spec t r a w e r e obtained for the 
ascen t of gas bubbles f rom a nozz le . 
(CA-35-4257-9) 

860. Meyer , E., and T a m m , K. 

NATURAL VIBRATION AND DAMPING OF GAS 
BUBBLES IN LIQUIDS. T r a n s , from Akust . Z, 
4, No. 3 , D T M B - T - 1 0 9 (1939). 

The coefficients of ac tual v ibra t ion , the na tu ra l f r e 
quency, and the damping decrennent were deternnined 
for gas bubbles in l iquids over a range of f requency 
from 1.5 to 35 kc . 

861. Miyagi, Otagoro 

THE MOTION OF AN AIR BUBBLE RISING IN 
WATER, Phi l . Mag., 50, 112-140 (1925). 

Air bubbles of va r ious s izes moving up in s t i l l wa te r 
a r e careful ly t r e a t e d experinnental ly and then theo
re t i ca l ly . The i r t e r m i n a l ve loc i t ies a r e de te rmined 
in re la t ion to the i r s i z e s , and the changes of thei r 
shapes during the i r mot ion a r e inves t iga ted . 

The m a s s of wa te r c a r r i e d up with a moving bubble 
and the r e s i s t a n c e to i ts motion a r e de te rmined , and 
the nnost probable equation of mot ion is p roposed . It 
i s also proved that the re a r e two different kinds of 
motion of a bubble in wa te r exact ly analogous to the 
s t reann- l ine and the turbulent flows of a v iscous 
fluid, which p a s s e s f rom the one to the o ther d i s 
tinctly at the c r i t i c a l r ad ius of the bubble. 
(CA-I9-3844-5) 

862. Moore , D. W. 

THE RISE OF A GAS BUBBLE IN A VISCOUS 
LIQUID. Journa l of Fluid Mechan ics , 6, 113-130, 
(July 1959), 

The r i s e of a gas bubble in a v iscous liquid at high 
Reynolds number is inves t iga ted , it being shown 
that in this c a s e the i r r o t a t i o n a l solution for the 
flow pas t the bubble gives a uniform approximat ion 
to the veloci ty field. The drag force exper ienced by 
the bubble is ca lcula ted on this hypothesis and the 
drag coefficient i s found to be 3 2 / R , where R is the 
Reynolds number of the bubbles r i s ing motion. 
This r e su l t is shown to be in fair ag reemen t with 
the expe r imen t . The theory is extended to nonspher -
ica l bubbles , which enables both bubble shape and 
velocity of r i s e to be p red ic ted . Final ly an inviscid 
nnodel of the sphe r i ca l cap bubble involving separa ted 
flow is cons ide red . 

863. Nodtvedt, H. 

THE E F F E C T OF SOUND WAVES ON THE ASCEND
ING VELOCITY OF AIR BUBBLES IN VISCOUS 
LIQUIDS, B e r e t n . Miche lsens Inst . Vidensk. , 1_2, 
No. 5, 13 (1948). 

Snnal l -scale e x p e r i m e n t s have shown that the 
p r o p e r t i e s of v e r y v i scous l iquids (e.g. mol ten g lass 
or Canada ba l sam) a r e changed if sound energy is 
in t roduced . In the p r e sen t work it is shown that a i r 
bubbles in Canada b a l s a m ascend with a velocity up 
to four t i m e s that of the or ig ina l s ta te when the sound 
energy is about 0.05 w a t t / c m at a frequency of 
9.3 k c / s . C l u s t e r s of sma l l bubbles col lapse into one 

l a r g e r bubble under the influence of sound w a v e s . 
(Sci. A. 55-91) . 

864. O 'Br i en , M. P . , and Gosl ine, J . E. 

VELOCITY OF BUBBLES IN VERTICAL TUBES, Ind. 
Eng. Chem. 27, 1436-40 (1935). 

As pa r t of invest igat ion of o i l -gas lift pumping; ex
p e r i m e n t s were pe r fo rmed on motion of a i r bubbles 
in water and in two co lo r l e s s pe t ro leum oils using 
th ree s izes of g lass tubing; compar i son of r e s u l t s 
with other expe r imen t s shows reasonab le a g r e e m e n t 
at bubble rad ius of 3 m m . Bibl iography. 
(CA-30-655-1) 

865. P e a r c e y , T., and Hil l , G. W. 

THE ACCELERATED MOTION OF DROPLETS AND 
BUBBLES, Aus t r a l . J. Phys . , % 19-30 (March 1956). 

The drag force acting upon sma l l p a r t i c l e s such as 
d rople t s and bubbles , moving through a v i scous 
medium, depends upon the ra te of change of the s ta te 
of motion of the medium and upon the diffusion of 
vor t ic i ty from the surface of the p a r t i c l e . For a c 
ce le ra ted pa r t i c l e s the d rag force changes with t ime 
and depends upon all p revious a c c e l e r a t i o n s . The 
equation of motion of a pa r t i c l e takes the form of an 
in tegro-di f ferent ia l equation, which has been solved 
numer ica l ly in the case of dece le ra t ion to r e s t fronn 
uniform motion with no i m p r e s s e d body f o r c e s . In 
any exper imen t s designed according to the p r inc ip les 
of dynamical s imi la r i ty , the ra t ios of v i s cos i t i e s and 
dens i t ies of the mediunn and the par t i c le mus t be 
mainta ined constant in the scale t r a n s f o r m a t i o n s 
involved. (Sci. A, 14-59-6411), 

866. P e e b l e s , F . N. 

THE MOTION OF GAS BUBBLES IN THE HRE 
REACTOR CORE. ORNL-1171 (Jan. 18, 1952), 46 p. 

A theo re t i ca l study of the motion of gas bubbles in a 
rotat ing liquid is p resen ted to make compar i son with 
exper imenta l data from an invest igat ion concerning 
the i r removal (ORNL-630), The l i t e r a t u r e on the 
motion of gas bubbles in liquids is reviewed and a 
s u m m a r y of extensive exper imenta l s tudies at the 
Univers i ty of Tennessee on this topic is p r e sen t ed . 
These r e su l t s a r e p resen ted in the form of quant i 
tat ive exp re s s ions for the drag coefficients of gas 
bubbles in t e r m s of the bubble s ize and physica l 
p rope r t i e s of the sys t em. An expres s ion for the 
r ad ia l veloci ty of a gas bubble in a rotat ing liquid 
based on pr inc ip les of mechanics is p r e sen t ed . This 
express ion includes the effects of liquid veloci ty, 
d rag coefficient of the gas bubble and the physical 
p rope r t i e s of the s y s t e m . Connputations of the max i 
mum gas bubble r e s idence t ime for the HRE m o c k - u p 
s tudies were nnade based on this r e l a t ion . The r e 
sul ts of these computat ions a r e p re sen ted and a r e 
found to ag ree favorably with expe r imen ta l data de 
sc r ibed in ORNL-630. A method for computing 
the s t eady-s t a t e gas hold-up in the HRE r e a c t o r 
co re under power-producing conditions is p r e s e n t e d . 
The r e su l t s of computat ions based on this method 
a r e p re sen t ed . It is concluded that the re la t ions and 
nnethods p resen ted a r e genera l in scope , and could 
be applied to any s ize of r e a c t o r co re provided bas ic 
data on l iquid-veloci ty d i s t r ibu t ion , gas-bubble s ize 
and physical p r o p e r t i e s a r e known. 
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867, Peeb les , F . N.. and G a r b e r , H. 

STUDIES ON THE MOTION OF GAS BUBBLES IN 
LIQUIDS, Chem. Eng. P rog . , 49, 88-97 (Feb . 1953). 

The motion of gas bubbles is an impor tan t factor in 
m a s s - and h e a t - t r a n s f e r opera t ions involving the 
contact of liquids and gas bubbles . The flow c h a r a c 
t e r i s t i c s of single gas bubbles in liquids a r e de 
sc r ibed , with pa r t i cu la r emphas i s on the s t eady-s t a t e 
velocity and the drag coeff. Exptl . work cons is ted of 
detg . the s t eady-s ta te velocity of a i r bubbles in 
22 l iquids. The liquids were chosen so that the effect 
of var ia t ion of liquid d, v i scos i ty , and surface t en 
sion on the gas motion was evident. The effect of 
gas-bubble s ize was shown by the use of gas bubbles 
of 0.002-0.025 ft equiv. spher ica l r a d i u s . Four d i s 
tinct types of bubble motion in liquids were noted, 
2 corresponding to the viscous and t rans i t ion regions 
and 2 to the turbulent region. Two types of nnotion 
within the turbulent region resu l t from the var ia t ion 
of gas-bubble deformat ion. Quant, re la t ions for 
the s t eady-s ta te velocity and drag coeffs. in t e r m s 
of liquid p rope r t i e s and gas-bubble s ize were de 
veloped for the 4 types of motion. In the viscous 
and t rans i t ion reg ions , the Reynolds no. was found 
to be the impor tan t independent var iab le in analyzing 
exptl . data. For the other 2 regions where the g a s -
bubble deformation was significant, combinat ions 
of the Weber and Froude nos . into new d imens ion less 
p a r a m e t e r s were used to desc r ibe the data . The 
l imi t s of each of the 4 regions of bubble behavior 
were a lso detd. as functions of the d imens ionless 
groups ci ted. (CA-47-3623h) 

868. P e k e r i s , C. L. 

THE RATE OF RISE AND DIFFUSION OF AIR BUB
BLES IN WATER, Office of Scientific Resea rch and 
Development, No. 976, 1942, pp. 29. 

A review of the r e su l t s obtained by s eve ra l inves t i 
ga tors of re levant p rob lems to the genera l study of 
the ra te of r i s e and diffusion of a i r bubbles in water 
is p resen ted in this a r t i c l e . A curve const ructed 
using the data of previous inves t iga tors p r e sen t s the 
r a t e of r i s e of a i r bubbles in water as a function of 
the radius of the bubble. For radi i l e ss than 0.04 cm. 
the bubble movement is like the movement of solid 
s p h e r e s . According to the author, this is due to the 
exis tence of a surface v i scos i ty . 

The ra te of solution of bubbles depends upon whether 
they a r e s ta t ionary or moving. In the case of s tat ion
ary bubbles, the exper iments of Mache show that for 
la rge bubbles the ra te of d e c r e a s e of the square of 
the radius is constant, in accordance with the Mache-
Epstein theory . Snnaller bubbles d issolve at a less 
rapid ra te and it is found that in this case the in te r 
preta t ion of Mache 's data can be improved by a s s u m 
ing that there exis ts a specific r e s i s t ance to diffusion 
at the surface of the bubble. The magnitude of this 
surface r e s i s t ance to diffusion has been approxi
mate ly de termined from Mache 's data , and i ts effect 
on the l ifet ime of s ta t ionary bubbles is shown in a 
f igure . It is seen that the effect is cons iderab le , 
amounting to a doubling of l ifetime in an extensive 
range of bubble rad i i . 

In the case of moving bubbles it has been found ex
pe r imen ta l ly that the radius d e c r e a s e s uniformly 

with t i m e . The avai lable expe r imen ta l evid,ince on 
the r a t e of d e c r e a s e of the r ad ius is col lected in a 
t ab le . It is seen that even minute ve loc i t ies of the 
o r d e r of 0.01 cm per sec marked ly i n c r e a s e the 
ra te of diffusion. The las t ca lcula t ion in the study 
p r e s e n t s the theo re t i ca l max imum ra te of solution 
which r e s u l t s from the ex is tance of a sur face r e s i s 
tance to diffusion. The data a r e too nneager to 
allow a de te rmina t ion of a so lu t ion- t ime r a d i u s -
curve of moving bubbles . 

869. P f r i em, H. 

ON THERMAL DAMPING IN SPHERICALLY SYM
METRIC VIBRATING GAS BUBBLES, T r a n s , from 
Akust. Z. 5, 202-12, D T M B - r - 1 5 8 (July, 1940) 

870. P l e s s e t , M. S.. et a l . 

ON THE DYNAMICS OF VAPOR BUBBLES IN 
LIQUIDS, J . Math and Phys 33, 308 (1955). 

In this paper , the equations of motion for a spher ica l 
vapor bubble wi l lbe der ived and applied to the ca ses 
of a bubble expanding in superhea ted liquid and a 
bubble collapsing in liquid below its boiling points . 
Because of the inclusion of the heat t r a n s f e r effects, 
the equations a r e nonl inear , in tegrodifferent ia l 
equat ions . In the case of the collapsing bubble, large 
tennp. var ia t ions occur ; t he re fo re tabulated vapor 
p r e s s u r e data were used, and the equations of 
motion were in tegra ted numer i ca l ly . Analytic solu
tions a r e obtainable for the case of the expanding 
bubble if the per iod of growth is subdivided into 
s eve ra l r eg imes and the sinnplifications poss ible 
in each reg ime a r e ut i l ized. The growth is con
s idered he re only during the t ime that the bubble is 
sma l l . An asymptot ic solution of the equations of 
motion, valid when the bubble becomes la rge ( i .e . , 
observable ) , has been p resen ted previous ly , together 
with exper imenta l ver i f ica t ion . 

871. Poppendiek, H. F . 

BUBBLE BEHAVIOR WITHIN LIQUIDS FLOWING IN 
TUBES CONTAINING "U" FENDS, C F - 5 2 - 3 - 2 0 (1952), 
3 p, 

872. Publes , F . N., and Gurbe r , H. J. 

THE MOTION OF GAS BUBBLES IN LIQUIDS, Chem. 
Eng. P rog . , 49, 88-97 (1953). 

The motion of gas bubbles is an impor tan t factor in 
m a s s - and h e a t - t r a n s f e r opera t ions involving the 
contacting of liquids and gas bubbles . The p resen t 
paper de sc r ibe s work on the flow c h a r a c t e r i s t i c s of 
single gas bubbles in liquids with pa r t i cu la r 
emphas i s on the steady state veloci ty and the drag 
coefficient. 

Exper imenta l work consis ted of de te rmina t ion of the 
steady s ta te veloci ty of a i r bubbles in twenty two 
l iquids. The choice of the liquids was such that the 
effect of var ia t ion in liquid densi ty , v i scos i ty , and 
surface tension on the gas motion was evident . The 
effect of gas-bubble s ize was shown by the use of 
gas bubbles of 0.002 to 0.025 ft equivalent spher ica l 
r ad ius . 
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873. Ra t t r ay , M., J r . 

PERTURBATION E F F E C T S IN BUBBLE DYNAMICS 
(1951). T h e s i s , Calif. Inst. Tech. 

874. Robinson, J . V. 

THE RISE OF AIR BUBBLES IN LUBRICATING OILS, 
J . P h y s . and Colloid Chem. 5^, 431-7 (1947). 

In o r d e r to expose the m e c h a n i s m by which addit ives 
in a lubr ica t ing oil s tab i l ize the ennulsified a i r en
t r a ined by the oil of a h igh-speed gea r punnp, R, 
c a r r i e d out exp t s . on the r i s e of a i r bubbles (up to 
2 nnnn in d i am. ) . The bubbles in oil without addit ives 
followed Stokes ' law, the r a t e being p ropor t iona l to 
the squa re of the apparen t d i am. and inve r se ly p r o 
por t ional to the v i scos i ty of the oi l . In oi ls contg. 
addit ives the ra te was s lower and d e c r e a s e d as the 
length of path t r a v e r s e d by the bubbles i n c r e a s e d . A 
method was der ived for connputing the th ickness of 
the liquid shel l which would have to move with the 
bubbles to account for the abnormal ly slow veloci ty. 
The m a x . th ickness of this shel l as ca lcd. from the 
observed ve loc i t i es was equal to the bubble r a d i u s . 
(CA-41-3947i) 

875. Sco re r , R. S., et a l . 

BUBBLE THEORY OF PENETRATIVE CONVECTION, 
Quar t . J . Roy. Meteoro l . Soc. 79, 94-103 , January ; 
288-92,Apr i l (1953). 

The p r o c e s s of convect ion is desc r ibed in t e r m s of a 
unit or proton of convect ion- the bubble. A r i s ing bub
ble of w a r m a i r sheds i ts outer skin s teadi ly into a 
d is turbed wake unti l it becomes exhausted comple te ly 
or s p r e a d s out at a s table l aye r . The wake is a 
reg ion where the ascen t of fur ther bubbles i s fa
voured. The wakes of sma l l bubbles close to the 
ground a r e aggrega ted into l a r g e r bubbles , which a r e 
m o r e di lute , up to a level where they begin to pene
t r a t e h i ther to undis turbed a i r , and then they waste 
away as they ascend fu r ther . The air above a bub
ble is lifted (and cooled) a s the bubble approaches 
and then d ra ins down the outs ide , the a i r c lose to 
the bubble being mixed into the wake . The wake of 
a c l ea r bubble is buoyant but that of a cloudy bubble 
may sink if it is sufficiently chil led by dilution with 
sur rounding c l ea r a i r . The drag on a bubble is e s t i 
mated from obse rva t ions on r i s ing cumulus t ower s , 
and a l inear re la t ion between buoyancy and l imiting 
veloci ty is p roposed . F r o m this the hor izonta l ve
locity of the bubble re la t ive to the surrounding air 
is deduced to be about the s ame as the v e r t i c a l 
velocity when it a scends through s t rong s h e a r . A 
bubble is a connpact s table configurat ion for a r i s ing 
e l emen t . Near the ground the heat is t r a n s p o r t e d 
by s m a l l bubbles , which a r e l e s s efficient, and t h e r e 
fore r e q u i r e a g r e a t e r lapse r a t e , than the l a r g e r 
ones which can opera te higher up. The p r o c e s s of 
aggregat ion is again renewed within l a rge clouds so 
that the bubbles found at the top may be m o r e dilute 
than if they had ascended d i r ec t ly from the b a s e . 
Clouds growing in a shea r ing c u r r e n t will grow into 
the shea r . Malkus c o m m e n t s c r i t i ca l ly and the auth
o r s r ep ly . (Sci. A. 57-6171) 

876. S i emes , W. 

GAS BUBBLES IN LIQUIDS. 11: THE RISE OF BUB
BLES IN LIQUIDS, Chem. Ing. Tech . 26, 614-30 
(1954). 

Fo rma t ion of bubbles on c i r c u l a r nozz l e s , d i r ec t ed 
upward; bubble f requencies de te rmined s t roboscop-
ical ly and by e l ec t r i c r e s i s t a n c e of liquid above 
nozzle opening; how to obtain uniform ascent of bub
b l e s . Nov: Ascent of bubbles ; model expe r imen t s 
with var iab le gas d is t r ibut ion and r a t e of flow; 
re la t ive gas content of bubble column, average d u r a 
tion of bubbles in liquid and conditions of flow. 

Fo r P a r t I see S iemes , W., Chem. Ing. Tech. , 26, 
479-96 (1954). 

877. Smirnov, N. I. and Pol ia ta , S. E . 

AIR BUBBLE DISCHARGE INTO A LIQUID MEDIUM, 
Zhurnal Pr ik ladnoi Khimii , 2^, 1208-10 (1949) 
(in Russ ian) . 

878. S te rman , L. S, 

THE GENERALIZATION OF EXPERIMENTAL DATA 
CONCERNING THE BUBBLING OF VAPOR THROUGH 
LIQUID, Zhurnal Tekhnicheskoi Fiziki 26, 1519-1524 
(1956). English t r ans la t ion in: Soviet Phys ics -
Technical Phys ics j . , 1479 - 1485 (1956). 

879. S t r a s be rg , M. 

THE PULSATION FREQUENCY OF NONSPHERICAL 
GAS BUBBLES IN LIQUIDS, J . Acoust . Soc. A m e r , 
25, 536-7 (1953), 

The effect of non - sphe r i ca l shape on the pulsat ion 
frequency of a gas bubble in a liquid is ca lcu la ted . 
The frequency is e x p r e s s e d in t e r m s of a stiffness 
constant independent of shape and an ine r t i a l constant 
ma themat ica l ly equivalent to the r e c i p r o c a l of the 
e l ec t ros ta t i c capaci tance of a conductor having the 
same shape as the bubble. The calculat ion is c a r r i e d 
out for an oblate spheroid , and the var ia t ion of the 
pulsat ion frequency with shape is shown to be snnall. 
The effects of a r igid wall and of a free sur face on the 
the pulsat ion frequency a r e a lso calcula ted by the 
same method. (Sci. A. 56-5325) 

880. S t r a s be rg , M. 

DAMPING OF PULSATING AIR BUBBLES IN WATER, 
Acust ica 4, 450 (1954). 

R e m a r k s on a paper on this subject by Exner and 
Hampe [Abst r . 2173 (1954)]. These au thors re fe r to 
anomalous bubbles in which (1) the m e a s u r e d 
resonant frequency does not ag ree with the ca lcula ted 
value, (2) the damping at the m e a s u r e d resonant 
frequency is abnormal ly low, and (3) the m e a s u r e d 
resonant frequency may suddenly change. It is now 
suggested that this anomalous behavior may be due 
to sur face osc i l la t ions of the bubble. It is shown that 
such surface osc i l la t ions may be of the s ame o r d e r 
of frequency or may even exceed the vo lume-
pulsat ion f requency. (Sci. A. 58-141) 
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881. Stuke, B. 

THE BEHAVIOR OF THE SURFACE OF GAS BUB
BLES MOVING IN LIQUIDS, Naturwissenschaf ten 
39, 325-6 (1952). 

The ra te of r i se of oxygen bubbles in pure wa te r 
conforms with Stokes ' law at bubble d i a m e t e r s 
<0.1 m m , r i s e s t o a max . at 1.7 mm dia . . and then 
d e c r e a s e s to a finite l imit with fur ther i n c r e a s e 
in dia . The p r e s e n c e of a t r a c e of su r face -ac t ive 
m a t e r i a l causes a spec tacular d e c r e a s e in the ra te 
of r i s e ; at a concentra t ion of 4.5 x 10~* g m o l / l 
caproic acid the max . in the r a t e - d i a m e t e r curve 
is no longer observed . The phenomenon is explained 
in t e r m s of the energy needed to produce a con
t inual r e a r r a n g e m e n t in the in terfacia l layer as the 
bubble r i s e s , if the bubble is big enough for the 
viscous forces cal led into play to d isrupt an initial 
surface r igidi ty. Spiral motion of the bubble can 
occur when the re is in ternal c i rcula t ion . 
(Sci. A. 55-7992) 

882. Tadaki, Te i r ik i , and Maeda, Shiro 

SHAPE AND VELOCITY OF SINGLE AIR BUBBLES 
RISING IN VARIOUS LIQUIDS, 1961, Kagaku Kogaku, 
Z5. 254-64 (1961). 

The shape and velocity of bubbles r is ing in var ious 
liquids were nneasured on s t roboscopic photographs . 
The liquids used were a l e s , , toluene, EtOAc, PhNOj, 
aq. soln, of NaCl, g lycerol . AcOH. and EtOH. Up to 
Reynolds ' no. of 2 / M ° * ^ ' , the bubble was a lmost 
spher ica l and t rave led in a r ec t i l i nea r path, where 
M is a d imensionless p a r a m e t e r defined as gfi^/po^, 
where g = acce le ra t ion of gravi ty , ji = liquid 
viscosi ty . p= liquid d, and a - surface tension. In 
the range of 2<ReM°*^^ <16.5, the bubble was e l l ip
soidal and, as the bubble s ize i nc reased , the shape 
became f la t te r . In the range of ReM"*^-* >16.5 the 
bubble was of mushroom shape. These changes in 
shape a r e handled in t e r m s of d / a and ReM'^'^^, 
where d = equiv. spher ica l d iam. , a = major axis 
of bubble, and Re = Reynolds ' no. 

883. Taylor , G. I. 

THE VERTICAL MOTION OF A SPHERICAL BUB
BLE AND THE PRESSURE SURROUNDING IT, 
DTMB-510 (August 1943), 33 p. 

The upward motion of the spher ica l hollow which is 
formed in water by an explosion is d i scussed on the 
assumpt ion that the spher ica l form is p r e s e r v e d . 
During the expanding stage the buoyancy of the hollow 
gives a large amount of ver t i ca l momentum to the 
surrounding water . During the contract ing stage this 
momentum is concentrated around a rapidly dimin
ishing volume. An intense concentra t ion of ver t i ca l 
momentum is thus produced in the neighborhood of 
the ver t i ca l line through the charge . The p r e s s u r e 
at points above the charge and near this line r i s e s to 
cons iderable values owing to two c a u s e s : when the 
hollow is nea r its g rea t e s t contract ion at the end 
of its f i rs t osci l la t ion its center is n e a r e r to points 
ver t ica l ly above the seat of the explosion than it was 
at the t ime of the explosion, but far ther from points 
on the level of the explosion; and, the p r e s s u r e due to 
the combination of ve r t i ca l motion and expansion on 
the second expansion is in ce r ta in c i r cums tances 

l a r g e . For compar i son with observa t ion , the m a x i 
mum d i sp lacement s to be expected in a r e c t a n g u l a r 
plate 6 feet by 4 feet by 0.173 inch at tacked by 
4.65 pounds of TNT placed 14 feet below the plate 
and 14 feet away hor izonta l ly , a r e ca lcu la ted . They 
a r e found to be 4,3 inches and 1.5 inch r e spec t ive ly . 
The observed d i sp lacement s were 4.35 inches and 
1.15 inch. 

884. Tuson, K. R. 

SINGLE EXPOSURE PHOTOGRAPHY OF A HIGH 
SPEED EVENT, Br i t . J . Appl. Phys . 6, 99 
(March 1955). 

A method is desc r ibed whereby conventional s t robo -
flash and photoflash equipment can be used to provide 
a s e r i e s of photographs of a r e c u r r e n t event which 
cannot be mechanica l ly linked to t r i g g e r the f lash. 
Photoe lec t r i c t r igger ing capable of accu ra t e v isual 
control and adjustment is t he re fo re provided and 
the method has been sa t i s fac tor i ly applied to a study 
of the format ion and behaviour of bubbles r i s ing 
from a submerged or i f i ce . (Sci. A. 58-4277) 

885. Uno, S., and Kuiter, R. C. 

E F F E C T OF WALL PROXIMITY ON THE RATE OF 
RISE OF SINGLE AIR BUBBLES IN A QUIESCENT 
LIQUID, AIChE, Journa l 2, 420-6 (1956). 

The t e r m i n a l velocity of a i r bubbles r i s ing through 
dis td , wa te r . 61% glycero l , diethylene glycol, and a 
soln. of a su r face -ac t ive agent was m e a s u r e d in v e r 
t ica l cy l indr ica l tubes of 2.09, 3.64, 4 .91 , 6.90, 9.50, 
and 15.25 cm. av. in te rna l d i am. An equation was 
developed to e x p r e s s a ve loc i ty -co r r ec t ion factor in 
t e r m s of the rat io of bubble d iam. to tube d iam. and 
an empi r i ca l const . The const , was a function of 
tube d iam. and of the sur face tension of the liquid. 
It seemed to be independent of liquid v i scos i ty . 

886. Verschoor , H. 

SOME ASPECTS OF THE MOTION OF A SWARM OF 
GAS BUBBLES RISING THROUGH A VERTICAL 
LIQUID COLUMN, T r a n s . Inst . Chem. E n g r s . 
(London), (Advanced Copy), 42-6 ( F e b r u a r y 14, 1950). 

The gas content of this gas - l iqu id sys tem i n c r e a s e s 
to a min . and then gradual ly i n c r e a s e s again . On in
c reas ing the overa l l gas ra te 3 regions can be d i s 
tinguished; at f i r s t , the gas content r i s e s at m o r e 
or less const , bubble velocity; seconds , the bubble 
velocity i n c r e a s e s at m o r e or l e s s const , gas content; 
and th i rd , the gas content and bubble veloci ty in
c r e a s e s imul taneous ly . P u r e l iquids , water as well 
as org . l iquids, all show coa lescence of the smal l 
bubbles emerging f rom a porous p la te . The p resence 
of some solute in the liquid may under spec ia l c i r 
cums tances prevent coa le scence . (CA-44-4729f) 

887. Vitkina, M. A. 

MOTION OF GAS BUBBLES IN THE BUBBLING 
PROCESS. Zhur . P r ik lad . , Khim. 24, 1041-4 (1951). 

Expts . in a ve r t i ca l tube 1.2 m long, 0.05 m in d iam. , 
gave for gas bubbles enter ing the bot tom of the liquid 
column through openings 3, 5, and 8 m m in d iam. , 
upward veloci t ies v of 0.245, 0.243, 0.239 m / s e c . 
r e s p . . independently of the height of the liquid column. 
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and d iminish ing somewhat with i nc rea s ing s ize of the 
bubble . Soln. of the differential equation for the up
w a r d motion of a bubble in a v iscous liquid under the 
act ion of a dynamic p r e s s u r e , confer r ing to the bub
ble an ini t ia l veloci ty vi, shows that the final const , 
veloci ty vf, e s t ab l i shed very soon after a shor t 
ini t ia l dece l e r a t i on , is independent of vi and is detd, 
only by the d i a m . of the bubble D; with D = 0.001 m, 
and Vĵ  = 10 m / s e c , the final vf = 0.243 is es tab l i shed 
at a height of 0.001 m. Some dependence of vf on v^ 
could, at m o s t , be expected with ve ry high vi ; it did 
not occur in p r a c t i c e . F o r vi within the linnits of 
10-30 m / s e c , the " c r i t , " height at which v becomes 
const , is of the o r d e r of a f ract ion of a m m . 
(CA-47-5212e) 

888. Wigner, E. P . 

THE RATE OF RISE OF BUBBLES, AECD-1983 
(April 7, 1944), 3 p . 

It has been obse rved that the bubbles r i s ing in boiling 
wate r a c q u i r e , in the cou r se of the i r r i s e , a definite 
s ize and ve loc i ty . Sma l l e r bubbles tend to grow, 
l a r g e r bubbles to split up unti l an equi l ibr ium condi
tion is r eached . On the b a s i s of d imens iona l con
s ide ra t i ons , fo rmulas a r e proposed for these 
quant i t i es . 

889. Young, N. O., et a l . 

MOTION OF BUBBLES IN VERTICAL TEMPERA
TURE GRADIENT, J . Fluid Mechanics 6, 350-6 
(October 1959). 

It has been obse rved expe r imen ta l ly that sma l l bub
bles in pure l iquids can be held s ta t ionary or dr iven 
downwards by nneans of sufficiently s t rong negative 
t e m p e r a t u r e gradient in ve r t i ca l d i rec t ion ; effect 
demons t r a t ed to be due to s t r e s s e s resu l t ing from 
t h e r m a l va r i a t ion of sur face tension at bubble s u r 
face; flow field within and around bubble is der ived , 
and exp re s s ion for magnitude of t e m p e r a t u r e g rad i 
ent r e q u i r e d to hold bubble s ta t ionary is obtained. 

890. Zwick, S. A., and P l e s s e t , M. S. 

NOTE ON THE DYNAMICS OF SMALL VAPOR BUB
BLES IN LIQUIDS, AD-40932 (Feb . 1954), 37 p . 

The equations of motion for a s p h e r i c a l vapor bubble 
in a liquid a r e obtained and applied to the c a s e s of a 
bubble growing in superhea ted liquid and a bubble 
col lapsing in a liquid below the boiling point, under 
the a s sumpt ion that heat t r an s f e r effects accompany
ing the bubble growth of col lapse a r e dynamical ly 
impor t an t . The liquid is taken to be i ncompres s ib l e 
and nonviscous ; the vapor is assunned to be in t h e r 
m a l and dynannic equi l ibr ium with the liquid. 

891. Zwick, S. A., and P l e s s e t , M. S. 

ON THE DYNAMICS OF SMALL VAPOR BUBBLES 
IN LIQUIDS, J . Math. P h y s . 33, 308 (1955). 

The equations of mot ion for a sma l l (not observable) 
s p h e r i c a l vapour bubble, a r e der ived and applied to 
c a s e s of a bubble expanding in a superhea ted liquid 
and a bubble col lapsing in a liquid below i ts boiling 
point. The heat t r an s f e r a c r o s s the bubble boundary 
is cons ide red . An asymptot ic solution of the equa
t ion of motion, valid when the bubble becomes la rge 

(observable) has been p resen ted p rev ious ly together 
with expe r imen ta l ver i f ica t ion. (Sci. A. 58-5913) 

NUCLEATION 

892. Bakal , R., and J a m e s , D. L. 

THE DESIGN, CONSTRUCTION, AND TESTING OF A 
SYSTEM FOR THE STUDY OF BUBBLE FORMATION 
AT HIGH POWER DENSITIES, MIT, Oak Ridge, Tenn. 
Engineer ing P r a c t i c e School, KT-97 (1950), 19 p . 

893. Bankoff, S. G. 

EBULLITION FROM SOLID SURFACES IN THE AB
SENCE OF A PRE-EXISTING GASEOUS PHASE, 
T r a n s . ASME 79, 735 (1957). 

The Nucleation theory of Volmer (C.A. 24, 5208; 3^, 
5276^) and F i s h e r (J. Applied Phys ics 19, 1062-7 
(1948)) is extended to the superheat ing of l iquids in 
contact with var ious solid bounda r i e s . Nucleation in 
bulk phase , at flat su r faces , at sha rp pro jec t ions , or 
in wetted cavi t ies can be d i s m i s s e d from c o n s i d e r a 
tion as possible explanations for exper imen ta l ly ob
se rved supe rhea t s . Unwetted cavi t ies a r e p r e f e r r e d 
nucleat ion points , but the difficulty of filling these 
completely with liquid a r e so grea t that it is probable 
that nucleat ion a lmost always occu r s at a p reex i s t ing 
gaseous phase in stat ic s t r e s s i n g of the liquid. 
Nucleation in d y n a m i c - s t r e s s phenomena, such as 
ebulli t ion, cavi tat ion, or e f fe rvescence , always o c 
cu r s at the boundar ies of gas or vapor entrapped in 
surface cav i t i e s . 

894. Benjamin. J. E. 

BUBBLE GROWTH IN NUCLEATE BOILING OF A 
BINARY MIXTURE, Ph.D. T h e s i s , U. of 111.. 84 pp. 
(1961). 

895. Be r t anza . L., and Mar te l l i , G. 

INFLUENCE OF IONS ON THE NUCLEATION PROC
ESS IN LIQUID, LIQUIDS UNDER POSITIVE P R E S 
SURE IN METASTABLE THERMODYNAMICAL 
EQUILIBRIUM (OVERHEATED LIQUIDS), Nuovo 
Cimento i , 324-36 (Feb rua ry 1955). 

The behavior of liquids in me tas t ab le equi l ibr ium 
under posit ive p r e s s u r e has been inves t igated, and 
an express ion for the total flux of c r i t i c a l bubbles 
c a r r y i n g different number of ions has been found. 
A compar i son between r e s u l t s and the data of s o m e 
exper iments shows that in some c a s e s the c o n t r i 
bution of the ions at the nucleat ion p r o c e s s e s in 
overhea ted liquids cannot be neglected. The total 
flux of bubbles is l a r g e r than that obtained when 
the effect of the ions is neglected; the re fore the 
waiting t i m e s a r e sho r t e r and, in some c a s e s , b e 
come ze ro effectively. (NSA-9-2663) 

896. Clark , H. B . 

NUCLEATION DURING BOILING, Ph .D. T h e s i s , 
U. of UL, 85 pp (1957). 
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897. Clark , J. A. 

THE THERMODYNAMICS OF BUBBLES: NP-6186 
(1956), 41 p. 

This paper outl ines those conditions demanded by the 
laws of t he rmodynamics for equilibriunn between the 
vapor in a bubble and the sur rounding liquid and then 
employs these concepts with a nucleat ion theory in an 
at tempt to a r r i v e at an express ion rela t ing the nuc le
ating superheat in a pure liquid to other fluid p r o p e r 
t i e s . The f i rs t pa r t of the paper dea ls with the phase 
equilibriunn a c r o s s a curved interface and some of 
its consequences . In the second par t r e c o u r s e is 
made to the kinetic theory of "Heterophase " t h e r m a l 
fluctuations given by F renke l for nucleus format ion 
which is extended and employed to der ive a re la t ion
ship between a superheat at nucleat ion and other 
fluid p r o p e r t i e s . 

898. Courtney, W. G. 

REMARKS ON HOMOGENEOUS NUCLEATION, 
J. Chem. Phys . (USA), vol. 35, No. 6, 2249-50 
(Dec. 1961). 

P r e s e n t s a co r r ec t i on to the c l a s s i ca l l iquid-drop 
theory of the kinet ics of homogeneous nucleat ion 
from the vapour phase , to allow for the pa r t i a l p r e s 
su re of the c lu s t e r s (considered to be "molecu les" ) . 
It is shown that the values for equi l ibr ium concen
t ra t ion of c l u s t e r s and for the r a t e of nucleat ion 
found by F renke l (1955) a r e both too high by a factor 
equal to the super sa tu ra t ion of the monomer ; the 
cor rec t ion is insignificant in p r a c t i c e . (SA 62-2934) 

899. Courtney, W. G. 

NON-STEADY-STATE NUCLEATION, J. Chem. 
Phys . , 36, 2009-17 (1962). 

The non- s t eady- s t a t e nucleat ion of water vapor is 
examined by an exact nnathematical approach which 
solves on a computer the 100 or so s imul taneous dif
ferent ia l equations which desc r ibe nucleat ion. This 
approach avoids the numerous ma thema t i ca l approx
imat ions of Kantrowitz, P robs te in , and Coll ins, The 
cus tomary kinetic and thermodynamic assumpt ions 
of the c l a s s i ca l l iquid-drop theory of s t eady-s ta te 
nucleation were used. The t imes for the concent ra 
tion of the nucleus of liquid water to reach 95% of 
steady state at -10°, -40°, and -60°C a r e 1.4, 19. and 
27 sec with supersa tu ra t ions of 5, 10, and 20, r e s 
pectively, and a r e only 10% longer than the "tinne 
l ags" es t imated by the approximate methods . Since 
the surface tensions of smal l c lu s t e r s and the 
accommodat ions coefficients a r e unknown, the 
approximate methods , although inco r rec t by g rea t e r 
than 100%, a r e sufficiently accura te for most pur 
p o s e s . The r e su l t s of F r i s c h a r e shown to be incor 
r e c t . The s t eady-s ta te concentra t ions of water 
c lu s t e r s a re equal to thei r equil ibrium concen t ra 
tions for c lu s t e r s which contain up to about 15 and 
5 molecules l ess than the nucleus at -10° and 
-60°, r espec t ive ly . Con t ra ry to genera l opinion, 
the equi l ibr ium concentra t ions of l iquid-drop 
c l u s t e r s do not d e c r e a s e sharply in the vicinity of 
the nuc leus . 

900. Dzhanzhgava, Sh. G. 

FORMATION OF STEAM BUBBLES IN HEATING 
SURFACES, Dokl, Akad, Nauk. SSSR., 70. 417 
(March 1950). 

901. F i s h e r , J. C. 

THE FRACTURE OF LIQUIDS, J. Appl. Phy. 1_9, 
1062-67 (1948), 

A liquid subjected to negative p r e s s u r e is me ta s t ab l e ; 
vapor bubbles form spontaneously and grow until the 
p r e s s u r e of the sys tem r i s e s to the equi l ibr ium vapor 
p r e s s u r e . The ra te of bubble format ion is ca lcu la t 
ed from the theory of nucleat ion, and the negat ive 
p r e s s u r e p^ that gives one bubble ( i .e . , f rac ture) in 
t seconds is de te rmined , pj is ve ry nea r ly independ
ent of t, and is propor t ional too^'^^ where 0 is the 
surface tens ion . Subcooled liquids such as g lass also 
a r e me tas t ab le under negative p r e s s u r e ; c r a c k s form 
spontaneously and grow until the p r e s s u r e r i s e s to 
the equi l ibr ium vapor p r e s s u r e . Nucleation theory 
leads to an express ion for the f r ac tu re s t r e s s of g lass 
that is p ropor t iona l to (E^G"') * where E is the 
e las t ic modulus . The t r ans i t ion f rom high t e m p e r a 
tu re cavi ty-nuclea ted f r ac tu re to low t e m p e r a t u r e 
c rack-nuc lea ted f rac ture is exannined. 

F r a c t u r e s t reng ths calcula ted f rom nucleat ion 
theory agree sa t i s fac tor i ly with the max imum expe r i 
menta l va lues , and a r e an o r d e r of magnitude smal le r 
than the forces r equ i red for s imul taneous separa t ion 
of all a tomic bonds cut by a plane su r face . The f re
quent occu r r ence of p r e m a t u r e fai lure is assoc ia ted 
with the p r e s e n c e of p r e - ex i s t i ng sur face c r a c k s in 
g l a s s , and of posit ive contac t -angle impur i ty in 
contact with l iquids . 

J . Chem. Phys . , 27, 

902. F r i s c h , H. L. 

TIME LAG IN NUCLEATION, 
90-4 (July. 1957). 

A definition for the t ime lag L in the Zeldovich 
modified Becker - Doring theory of nucleat ion is 
introduced which is in acco rd with the commonly 
used definition of L in diffusion theory . This L 
can be obtained exactly without solving for the 
t r ans ien t concentra t ion of embryos of the new phase . 
L is found to be the t ime requ i red to set up the 
s t eady-s t a t e dis t r ibut ion of embryos from a given 
init ial d is t r ibut ion by means of the s t eady - s t a t e flux 
of e m b r y o s . The numer i ca l evaluation of L from 
var ious init ial d i s t r ibu t ions , for at leas t vapour -
liquid t r ans i t ion , exhibits the impor tance of the 
homophase fluctuations in the ini t ia l embryo d i s t r ibu
tion in allowing us to observe the t r ans i t ion within 
the exper imenta l observa t ion t i m e . The innplications 
of this resu l t for the genera l theory of phase t r a n s i 
t ions and for " m e m o r y " effects in nucleat ion a r e 
d i s cus sed . 

903. F r i t z , W. 

MAXIMUM VOLUME OF VAPOUR BUBBLES. Phys . 
Ze i t s . , 36. 379-384 (1935). 

The tables of Bashford and Adams a r e applied to find 
the volume of a bubble of vapour formed on a flat 
su r face . Curves between volume and d i ame te r show 
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tha t (a) t h e r e i s a nnaxinnum value after which the 
bubble b u r s t s and (b) for each dianneter t h e r e can 
be two v o l u m e s . A gene ra l d imens ion l e s s equation 
is obtained for the max imum volunnes of gas and 
vapour bubbles depending upon the angle of contact . 

904. Ghormley , John A. 

NUCLEATION OF BUBBLES IN SUPERHEATED 
AQUEOUS SOLUTIONS BY FAST PARTICLES, J. 
Nucl. Ene rg . , 6, 300-2 (1958). 

Energy loss along the t r a c k of a f iss ion reco i l or 
a - p a r t i c l e in superhea ted u rany l sulphate solution 
or the r eco i l fronn a f a s t -neu t ron col l i s ion in s u p e r 
heated e ther can account for evaporat ion of sufficient 
liquid to form bubble nuclei under conditions where 
nucleat ion is o b s e r v e d . The contr ibut ion of charge 
repuls ion cannot be de t e rmined from experinnental 
r e s u l t s . 

905. Greenwood, G. W., et a l . 

THE ROLE OF VACANCIES AND DISLOCATIONS IN 
THE NUCLEATION AND GROWTH OF GAS BUB
BLES IN IRRADIATED FISSILE MATERIAL, 
AERE R-2863 (Apri l 1959). 49 p . 

It i s shown that f ine - sca le bubbles a r e to be ex
pected in reasonab ly pure u r an ium, the bubbles 
nucleat ing e i ther homogeneously with a spacing 
less than a nnicron or on any sui table nucleat ion 
s i t e s that may exis t on this or a finer s ca l e . The 
p r e c i s e value of the homogeneous nucleat ion spacing 
depends on the diffusion coefficient of the gas a toms , 
which is modified during i r r ad i a t i on by the excess 
concent ra t ion of vacanc ies produced by the f ission 
p r o c e s s . The d is locat ion l ines and nodes should 
provide suitable nucleat ion s i t e s as they have about 
the r ight spacing and the i r s t r e s s fields should 
a t t r ac t the la rge iner t gas a toms to form Cot t re l l 
a t m o s p h e r e s . The bubbles when once nucleated grow 
by a vacancy diffusion m e c h a n i s m , the vacancies 
being c r ea t ed by the f ission p r o c e s s or poss ibly 
diffusing f rom the g ra in boundar ies in very smal l 
g r a i n s . At t e m p e r a t u r e s above some value , which 
in c e r t a i n c a s e s may be as low as ,about 300°C, the 
influx of vacanc ies is sufficient to prevent the gas 
p r e s s u r e in a bubble from exceeding the sur face 
energy r e s t r a i n i n g force by m o r e than an o r d e r of 
magni tude , in which c a s e d is locat ion m e c h a n i s m s of 
plast ic deformat ion should not ope ra t e . The f iss ion 
p r o c e s s enhances the concent ra t ions of both vacan
cies and in t e r s t i t i a l s in the solid with the resu l t that 
bubble growth is governed by the t h e r m a l equi l ibr ium 
of vacanc ie s , but an enhanced growth will occur at the 
lower t e m p e r a t u r e s if the sinks for point defects accept 
i n t e r s t i t i a l s m o r e read i ly than they do vacanc i e s . 

906. Hickman, B . S. 

NUCLEATION AND GROWTH OF GAS BUBBLES IN 
IRRADIATED METALS, J . Aus t ra l i an Inst , Meta ls , 
5, 173-81 (August I960). 

Severa l me ta l s undergo nuc lea r r eac t ions when sub
jec ted to neu t ron i r r a d i a t i o n which r e su l t in the for
ma t ion of g a s e s in the m e t a l . At e levated t e m p e r a 
t u r e s t he se g a s e s tend to nucleate and form gas 

bubbles which resu l t in o v e r - a l l i n c r e a s e s in volume 
in the m a t e r i a l , and which can have impor tan t t e ch 
nological impl ica t ions . The avai lable expe r imen ta l 
data on this phenomenon a r e s u m m a r i z e d , at tent ion 
being concent ra ted on the ca ses of krypton and xenon 
in u ran ium and hel ium in be ry l l i um. Cur ren t theo
r i e s of nucleat ion and growth, developed for the case 
of the r a r e gases in u ran ium, a r e rev iewed. Sonne 
comments a r e made on the appl icat ion of these 
theor i e s to be ry l l i um. 

907. Jacoby, A. L., and Bischmann , L. C, 

STEAM BUBBLE FORMATION. Effects of Heating 
Surface and Use of Antifoams. Ind, Eng. Chem. 40,, 
1360. 1948. 

The au thors p r e sen t a photographic study of the 
format ion of steann bubbles at a tmosphe r i c p r e s s u r e 
from smooth heated surfaces and su r faces coated 
with a calcium carbonate s ca l e . F i lm boiling from 
a nonwettable surface is a lso shown. In studying the 
effect of a polyamide antifoam was shown to begin 
at the heating su r face , causing not only co l lapse of 
the foam but a lso coa lescence of the o the rwise 
smal l bubbles before thei r detachment from the 
heating sur face . Similar exper iments at p r e s s u r e s 
of 70 and 250 pounds per square inch a r e a l so 
r e po r t e d . 

908. Katz, D, L. 

NUCLEATION AND RATE OF BUBBLE GROWTH 
IN HOMOGENEOUS REACTOR EXPERIMENT, 
CF-51-8 -266 (1951), 35 p. 

A s e r i e s of expe r imen t s for de te rmin ing the r a t e 
of bubble growth in HRE solutions is de sc r ibed . 
Genera l cons idera t ions of bubble growth, nucleat ion, 
gas solubili ty, and bubble behavior in the r e a c t o r 
core a r e d i s cus sed . A lab method for m e a s u r e i n e n t 
of bubble growth is given. (NSA-10-1 0927) 

909. LaMer , V. K. 

NUCLEATIONS IN PHASE TRANSITIONS, Ind. 
Eng. Chem. 44, 1270-1277 (1952). 

A detai led review of conceptual and phenomenological 
aspec t s of nucleat ion p r o c e s s e s including the h i s t o r i 
cal development . Ostwald 's clarifying v iews , the 
Volmer extension of Gibbs ' fundamental equat ions 
for the work involved in forming a new phase , the 
s ta t i s t i ca l approach to the c h a r a c t e r i z a t i o n and work 
of format ion of embryos and nucle i , the ra te of 
nucleus format ion, he te rogeneous nucleat ion and the 
applicat ion to the stabi l i ty of po lyd i sperse col loidal 
d i s p e r s i o n s , the prepn . of monod i spe r se ae ro so l s 
and hyd roso l s , and the t ime lag in the s u p e r s a t u r a t i o n 
of BaS04. 

910. Lothe, J . , and Pound, G. M, 

RECONSIDERATIONS OF NUCLEATION THEORY, 
J. Chem. P h y s . 36, 2080-85 (1962). 

The re a r e quantum s ta t i s t i ca l contr ibut ions to the 
free energy of fornnation of embryos and c r i t i c a l 
nuclei in t r ans fo rma t ions to condensed p h a s e s . They 
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a r i s e from cons idera t ion of the absolute ent ropy of 
the embryos or nucle i . In the case of homogeneous 
nucleat ion of water drople ts from vapour the factor 
of i n c r e a s e in equi l ibr ium concent ra t ion of c r i t i ca l 
nuclei is about lO'"', resul t ing in a d i sc repancy of 
cor responding magnitude between the B e c k e r -
D5ering equation (1935) and the c r i t i ca l s u p e r s a t u r a 
tion m e a s u r e m e n t s of Wilson and Powell . It is 
suggested that some of this d i s a g r e e m e n t may be 
removed by t rea t ing the problem as a t r ans i en t 
r a the r than a s t eady-s ta te si tuation and cons ider ing 
non-accommodat ion in the smal le r s ize c l a s s e s . 
Also there is an apprec iable quantum s ta t i s t i ca l 
effect in homogeneous nucleat ion of c r y s t a l s from 
the supercooled liquid and a re la ted effect in nuclea
tion from the vapour of c r y s t a l s on s u b s t r a t e s . 

911. Mar te l l i , G. 

INFLUENCE OF IONS ON THE NUCLEATION 
PROCESSES IN LIQUIDS. I. LIQUIDS IN STABLE 
THERMODYNAMICAL EQUILIBRIUM, Nuovo 
Cimento j ^ , 250-9 (August 1954). 

An at tempt is made to study the nucleat ion of 
vapour bubbles in l iquids, when the contr ibution of 
the ions is also taken into account. Some resu l t s 
show substant ial differences from those obtained on 
the bas i s of the usual t h e o r i e s . The pa r t i cu la r case 
of liquids in s table equi l ibr ium is d i scussed in some 
de ta i l . (Sci. A. 57-10132) 

912. Michels . H. H. 

THE MECHANISM OF MASS TRANSFER DURING 
BUBBLE FORMATION. Ph.D. T h e s i s , Univ. Dela. , 
141 pp. (1961). 

913. Monod, Phil ippe. 

ETUDES FAITES SUR LES BULLES, (BUBBLE 
STUDIES), (CEA-BIB-26)(1962), 67 p. 

The l i t e ra tu re surveyed deals mainly with studies 
of the factors of nucleat ion and the laws of growth 
of bubbles in a homogeneous, superheated liquid. 
With this in sight sonne more genera l a t tempts a r e 
repor ted dealing especia l ly with surface tension and 
d r o p s . The main re su l t s a r e given as figures and 
fo rmulas . This survey was c a r r i e d out pr incipal ly 
to indicate methods of bubble chamber operat ion. 
A subject and author index is provided for the 
86 annotated r e f e r e n c e s . 

914. Moore , G. R. 

VAPORIZATION OF SUPERHEATED DROPS IN 
LIQUIDS, A.I.Ch.E. J o u r n a l ^ , 458-66 (1959). 

Drops suspended in a hot liquid had to be super 
heated to a very ex t reme degree in o rde r to initiate 
vapor iza t ion . The re su l t s a r e closely re la ted to 
p rob lems of bubble formation in boiling, cavitation, 
and in the evolutionof gases from supe r sa td . so lns . 
The exptl . technique developed in this study is be 
lieved to be unique and capable of giving quite a c 
cura te data on homogeneous nucleation in superheated 
d r o p s . The theory of homogeneous nucleation in pure 
liquids is extended to the formation of bubbles in 
superheated d rops . The theore t ica l predic t ions a r e 

in close ag reemen t with the exptl . r e s u l t s . 
I 8 r e f e r e n c e s . 

915. 

Novak, P . E. 

DEVELOPMENT OF AN EXPERIMENTAL TECH
NIQUE TO DISTINGUISH BLANKETING E F F E C T S OF 
BUBBLES GENERATED ON A SMALL SURFACE, 
M a s t e r ' s thes i s North Caro l ina State College, 
Raleigh, 1959. 

916. Reed, J . C. 

MASS TRANSFER FROM SINGLE BUBBLES DURING 
THE FORMATION PERIOD, Ph.D. T h e s i s , U. of 
W i s e , 267 pp. (1961). 

917. R e i s s , H. 

THEORY OF THE LIQUID DROP MODEL, Industr ia l 
Si Engineering Chemis t ry 44, 1284-88 (1952). 

In this paper , a brief review of the c l a s s i ca l theory 
of gas phase nucleat ion in i ts mos t modern form is 
p re sen ted and c r i t i c i zed . Subsequently, a brief r e 
sume of a recen t , m o r e logical theory based on 
s ta t i s t i ca l mechan ics is given. 

918. Rodebush, W. H. 

SPONTANEOUS NUCLEATION OF SUPER
SATURATED WATER VAPOR, Ind. Eng. Chem., 4£, 
P t . 1, 1289-1291 (1952). 

Gibbs showed that no s table equi l ib r ium, such as has 
been a s sumed in the der iva t ion of the Thomson eq
uation, can exist between the liquid drop and the 
vapor phase . When the drop becomes sma l l enough, 
it behaves as a la rge molecule and below a ce r ta in 
c r i t i ca l size the t r ans l a t iona l and rota t ional entropies 
contr ibute a stabil izing factor which nnade equil ib
r ium poss ib le . It is a s sumed that the equi l ibr ium 
concentra t ions of these aggrega tes or c l u s t e r s a r e 
p resen t at all t i m e s . The equi l ibr ium concentra t ion 
d e c r e a s e s with inc reas ing c lus t e r s i z e . When the 
supe r sa tu ra t ion is i nc reased to a point where a con
s iderable concentra t ion of the c r i t i ca l s ize is 
p resen t , condensat ion occu r s immedia te ly . The 
theory appears to agree with the r epor t ed facts for 
water vapor , but m o r e re l iab le data a r e needed. 

919. Semer i a , R, L. 

AN EXPERIMENTAL STUDY OF THE CHARACTER
ISTICS OF VAPOUR BUBBLES, Pape r No. 7, Sym
posium on Two-Phase Fluid Flow, Inst . Mech. 
Eng r s . , London, England, F e b r u a r y 7, 1962. 

The presen t study concerns the main c h a r a c t e r i s t i c s 
of bubbles genera ted on heat ing e l emen t s which a r e 
devised to make ea s i e r observa t ions at high heat flux 
and under p r e s s u r e . The following r e su l t s were 
obtained; by a method using a thin wi re , populations 
of over 10 s i tes per mm^ could be counted; the de
p a r t u r e d i ame te r of the boiling bubbles d e c r e a s e s 
with the p r e s s u r e according to the emp i r i c a l formula 
Dm ^ 1.6p--°-^ where p is in atm abs 2 <p <20 atm abs, 
and Dm is in m i l l i m e t e r s , con t r a ry to a formula 
proposed by F r i t z ; the t ime of contact of the liquid 
upon the si te d e c r e a s e s with the heat flux as 0--2-5 
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At a t m o s p h e r i c p r e s s u r e , the t r ans i t ion from the 
zone of independent bubbles to that of coa le scences 
on the wall , accord ing to the heat flux is s tudied. 
In s a t u r a t e d pool boiling, coa l e scences l imit the 
b i r th f requency of bubbles at 100 bubbles per sec 
per mm^ 

920. Set te , D., and Warder l ingh , F . 

NUCLEATION BY COSMIC RAYS IN ULTRASONIC 
CAVITATION, Phys , Rev. , ^25, 409-17 (1962). 

Nucleat ion in u l t r a son ic cavitat ion, is due to cosmic 
r a y s . The neut ron component s e e m s sufficient to 
explain the exper imen t in wa te r , through the c r e a 
t ion of oxygen reco i l nucle i which would act as 
nucleat ing agen ts ; energy deposi t and radiolyt ic 
effects produce sma l l overhea ted and o v e r s a t u r a t e d 
regions in which cavi t ies of radius l a r g e r than the 
c r i t i ca l one may o r ig ina te . The mic rocav i t i e s would 
be c r ea t ed in the absence of a sound field and grow 
to vis ible s ize when an adequate sound field is 
applied. Enclosing the tank in which the liquid is 
contained with lead or paraffin s c r e e n s r e s u l t s in 
th resho ld var ia t ions due to absorp t ion and slowing 
down of p r i m a r y neut rons and, probably , to nuc lear 
reac t ions induced by the g a m m a and m e s o n c o m 
ponents of c o s m i c rad ia t ion in the s c r e e n m a t e r i a l 
through the product ion of secondary n e u t r o n s . 

921. S tan iszewski , B. E. 

NUCLEATE BOILING BUBBLE GROWTH AND 
DEPARTURE. N P 7984 (August 1959), 31 p . 

The vapor bubble format ion on the heating s u r 
face during pool boiling has been studied e x p e r i 
menta l ly , Experinnents were made at the 
a t m o s p h e r i c p r e s s u r e 28 psi and 40 ps i , using 
degassed d is t i l led wa te r and ethanol . The heat 
fluxes and heat ing sur face t e m p e r a t u r e s have 
been m e a s u r e d s imul taneous ly by taking high speed 
motion p ic tu res of growing bubbles . The d i ame te r 
t ime cu rves of the bubbles and the i r d i ame te r at the 
d e p a r t u r e nnoment were obtained in these inves t i 
ga t ions . Bubble growth r a t e s and bubble depa r tu re 
s izes have been compared to exist ing t h e o r i e s . 
It has been found that exist ing growth theor i e s do 
not ag r ee v e r y well and that the d e p a r t u r e s ize 
of the bubble is a function of the growth velocity. 

922. Sundquist , B . E. , and Oriani , R. A. 

HOMOGENEOUS NUCLEATION IN A MISCIBILITY 
GAP SYSTEM. A CRITICAL TEST OF NUCLEA
TION THEORY. J . Chem. Phys . , (USA), vol . 36, 
No. 10, 2604-15 (May 1962). 

A c r i t i c a l t e s t of the c l a s s i c a l nucleat ion theory 
applied to condensed phases was c a r r i e d out for the 
liquid misc ib i l i ty gap sy s t em, methylcyclohexane -
per f luoromethylcyc lohexane (C7H14-C7F14). The 
dens i t i es of, and the in ter fac ia l free ene rg i e s be 
tween the co -ex i s t ing liquid phases were m e a s u r e d 
as a function of t e m p e r a t u r e . The in ter fac ia l free 
energy was found to v a r y as the y power of the 
c r i t i c a l t e m p e r a t u r e Tc- l e s s the expe r imen ta l 
t e m p e r a t u r e , and these data a r e used to calculate the 
grad ien t energy paranneter tc in the Cahn-Hi l l ia rd 
t heo ry of nuclea t ion . The magni tudes of the re levant 
p a r a m e t e r s a r e such that the Cahn-Hi l l ia rd theory 
r educes to the c l a s s i c a l theory for the p r e s e n t 

s y s t e m . These data , together with l i t e r a t u r e data on 
the the rmodynamic p r o p e r t i e s of the bulk solut ions , 
enable the degree of undercool ing for a sens ib le 
nucleat ion r a t e to be calcula ted from c l a s s i c a l theory . 
The exper imenta l ly deternnined undercool ings n e c 
e s s a r y to nucleate the C7Hi4-rich phase from the 
solution a r e found to be much g r e a t e r than those 
pred ic ted by the c l a s s i ca l theory by fac tors ranging 
from 8.5 at 10 deg below T^. to 340 at 0.3 deg below T ^ 
These ve ry la rge d i s c r epanc i e s a r e a t t r ibu tab le to the 
breakdown of the t rad i t ional approximat ion in the 
c l a s s i c a l nucleat ion theory that the number of m o l e 
cules involved in the embryo population is a negligible 
f ract ion of the nunnber of molecules in the sys t em. 
When this approximat ion is avoided, the ve ry compl i 
cated express ion that r e s u l t s can be evaluated for the 
p resen t ca se , leading to reasonab le ag reemen t b e 
tween the pred ic ted and the observed undercoo l ings . 
This is believed to const i tute a sa t i s fac tory ver i f i ca 
tion of the " co r r ec t ed" c l a s s i ca l theory of nucleat ion 
for condensed s y s t e m s . The "ennbryo population" 
factor can be neglected in homogeneous nucleat ion in 
solidification and condensat ion (except nea r the c r i t i 
cal t empe ra tu r e ) and in mos t of the co r respond ing 
cases of he terogeneous nucleat ion. However, it i s ex
t r eme ly impor tant for nucleat ion in misc ib i l i ty gap 
s y s t e m s , or in any sys tem in which the p r o p e r t i e s of 
the parent and daughter phases become ident ica l at a 
c r i t i ca l t e m p e r a t u r e . (SA 62) 

923, Takagi , S. 

THEORY OF THE FORMATION OF BUBBLES. 
J. Appl. Phy. 24, 1453-62 (1953). 

The perfect theory of the format ion of bubbles in the 
case where the bubbles of vapour a r e nucleated 
spontaneously in pure liquid is p r e sen t ed . This is 
done by the sys temat iza t ion of the c l a s s i c a l theory of 
M. Volmer (Kinetik der Phasenbi ldung, 1939) and the 
theory of D. Turnbul l and J. C. F i s h e r [J . chem. 
P h y s . . j_7. 71 (1949)] and it coincides sa t i s fac to r i ly 
with the exper iment of K. L. Wismer [J. phys . Chem. 
2^, 301 (1922)]. Theory mus t be advanced fur ther 
so as to afford a perfect explanat ion of the p r o c e s s e s 
of boiling, cavi tat ion and the c r i t i c a l phenomena of 
the movement of soil m o i s t u r e . To effect this object , 
the author has calcula ted the r a t e of format ion of bub
bles at a sur face . The theo re t i ca l va lue , however , of 
the negative p r e s s u r e at which the liquid f r a c t u r e s 
does not coincide by any means with the a t m o s p h e r i c 
p r e s s u r e in the p r o c e s s of boil ing. This is t r u e a l so 
in the p r o c e s s of cavitat ion and in the p r o c e s s of 
c r i t i ca l phenomena of the movement of soil m o i s t u r e . 
Some other factors mus t be in t roduced in o r d e r to 
br ing the theory to a s ta te of p rac t i ca l va lue . 
(Sci. A. 57-2364) 

924. Turnbul l , D., and F i s h e r , J . C. 

RATE OF NUCLEATION IN CONDENSED SYSTEMS, 
J. Chem. Phys . ^7 , 71-3 (1949). 

On the b a s i s of the nucleat ion theory developed by 
Volmer , Becke r , and c o w o r k e r s , and the theory of 
absolute reac t ion r a t e s , an exp re s s ion is der ived 
for the absolute r a t e of nucleat ion in condensed 
s y s t e m s . 
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925. Turnbul l , D., Vonnegut, B. 

NUCLEATION CATALYSIS, Ind. Eng. Chem., 44, 
1292-8 (1952). 

A review of the kinet ics of the t r ans fo rma t ion of 
supersa td . vapor to liquid for which the nucleat ion 
ra te is r ep re sen t ed as a function of the supe r sa tn . 
r a t io , and of supercooled liquid to c r y s t a l s with a 
detai led account of the r e su l t s obtained by LaMer 
and P . on Sn and of Turnbull on Hg. 

926. Twomey, S. 

EXPERIMENTAL TEST OF THE VOLMER THEORY 
OF HETEROGENEOUS NUCLEATION, J . Chem. 
Phys . , 30. 941-3 (April , 1959). 

The predict ion of the Volnner theory that the c r i t i ca l 
supersa tu ra t ion for nucleation from the vapour 
phase on a flat surface depends upon (1 - cos0^) 
(2 + cos0) ,where 0 is the contact angle of the con
densate on the surface , has been tes ted e x p e r i 
menta l ly . Cr i t ica l supersa tu ra t ions for visible 
fogging on tes t sur faces coated with var ious 
t r anspa ren t p las t ics were found to agree within 
observat ional e r r o r with the theore t i ca l values 
computed for the observed contact ang les . 

SIZE DISTRIBUTION 

927. Bogdanov, O. S. 

DETERMINATION OF THE SIZE OF AIR BUBBLES 
IN A FLOTATION P U L P , Tsvetnye Met., 20, 23-5 
(1947). 

A flat g lass v e s s e l of rec tangular c r o s s section 
filled with a soln. of C,6H33(CH3)3NI, acting as s tab i 
l izer for a i r bubbles , is lowered into a flotation cell 
to such a depth that the bottom of the v e s s e l is at 
the level where the detn. is des i r ed , and the v e s s e l 
is fastened in a holder . A light source is tu rned 
on, and the bottom of the vesse l is opened by means 
of a l ever . The bubbles enter the vesse l , and as they 
ascend past the light they a r e ref lected in a m i r r o r 
which t r a n s m i t s the reflection through a lens into a 
photographic c a m e r a at tached to the wall of the flo
tation ce l l . The s ize of bubbles is then m e a s u r e d on 
the photographic film with a mic roscope , 

928. Bohr i sch , P . 

ESTIMATION OF BUBBLE SIZE IN OXYGEN BATHS 
CONTAINING SODIUM PERBORATE (MENZEL'S 
METHOD), Ber l in u. Munch, t i e r a r z t l . Wochschr, , 
j_2, 179-80 (1942). 

A com. prepn . contg. 202,3 g NaB03 (active O 10.56%) 
and an unnamed cata lys t of 47.4 g served as a 
s tandard in a model tes t bath measur ing vol. p roduc
tion, dosage and c h a r a c t e r of O. A method p r e 
viously descr ibed was used. (CA-37-4531-4) 

929. Datta, R. L., and Kumar , S. R. 

GAS BUBBLES IN LIQUIDS. II. FACTORS 
INFLUENCING BUBBLE VOLUME, Indian Chem. 
Engr . 1 , 189-92 (1961). 

A review covering or ientat ion, geometry , sub
mergence of or i f ice , chamber vol . , and coalescence 
of bubbles . (CA-44-4290i) 

930. Guyer, A., and P e t e r h a u s , E, 

THE SIZE OF GAS BUBBLES I. FORMATION BY 
SINGLE CAPILLARIES. II. FORMATION BY FILTER 
PLATES, Helv. Chim. Acta 26, 1099-1107 (1943). 

The effects of cap i l l a ry d iam. and sur face tens ion of 
the liquid on the s ize of bubbles formed in Et^O, 
hexane, AcOH. CCI4, CftHfi, AcjO, PhCl , HCOOH, BzH, 
PhNOj, CICH2CH2OH, EtOH, H2O, and a l :9EtOH-H20 
mixt . were detd. The d i a m s . of the g l a s s cap i l l a r i e s 
ranged from 0.04 to 2.6 nnnn. The effect of v iscos i ty 
was studied on bubbles formed in PhCl , m - c r e s o l , 
CS2 ace toace t ic e s t e r , olive oil and cas to r oil . The 
r e su l t s were e x p r e s s e d by D = [KiCi + Kjlog T)+ A] ^^ 
in which D was the d iam. of the bubble, o the surface 
tension i n d y n e s / c m , T) the v i scos i ty in 10"^ g / c m - s e c , 
d the d iam. of the cap i l l a ry in m m . , and K^, K2 and A 
were emp i r i c a l cons t s . having values of 0.012, 0.07 
and 1.90, r e s p . For bubbles formed in CS2 and a c e 
toacet ic e s t e r D was alnnost independent of ra te of 
format ion in the range 0.2 to 10 bubbles per s e c . The 
s ize of bubbles formed in cas to r oil i nc reased very 
rapidly with inc reas ing r a t e . II, Fo rma t ion by filter 
p la t e s . Ibid. 1107-13. Bubble s izes were detd. by a 
photographic method. Schott g lass fi l ter plates nos . 
00, 1, 2, 3 and 4 were used . Measu remen t s were 
made of bubbles formed in H2O at r a t e s of flow of gas 
between 1 and 3000 c c / m i n , in a 1:9 Et0H-H2O mixt . 
at r a t e s between 2 and 3000 c c / m i n , and in CCI4, 
m - c r e s o l , EtaO, AcOH, CtH^, PhCl , BzH, PhN02, 
CICH2CH2OH, CS2 acetoacet ic e s t e r and olive oil at 
a ra te of 250 c c / m i n . No sa t i s fac tory math , re la t ion 
between pore s ize and bubble s ize was found. In 
genera l the bubbles from the c o a r s e r d isks approached 
in behavior those from single c a p i l l a r i e s . For 
the finer p la tes D passed through a min . with in
c reas ing T̂ , i nc reased with inc reas ing r a t e of flow of 
gas , but was d i rec t ly propor t iona l to a as be fore . 
(CA-38-2253-7) 

931. Halbers tad t . S., and P r a u s n i t z , P . H. 

ON THE SIZE OF GAS BUBBLES AND DROPLETS 
IN LIQUIDS, DTMB-TRANS-I08 (1930), 21 p. 

An appara tus is desc r ibed which p e r m i t s the size of 
gas bubbles in liquids to be m e a s u r e d . The s ize of 
gas bubbles which emanate from d iaphragms of 
var iab le pore d i ame te r has been studied in H2O and 
e the r . Variat ion in the s ize of gas bubbles produced 
by extrusion of gas through the same fi l ter plate of 
the var ious liquids has been de t e rmined . The effect 
of p r e s s u r e on the s ize of the gas bubbles i s 
d i scussed . 

932. Jenckel , E., and H a m m e s , H, 

THE SIZE OF HYDROGEN BUBBLES FROM ALUMI
NUM IN HYDROCHLORIC ACID, Z. ano rg . a l lgem. 
Chem. 2 ^ , 415-23 (1937). 

With inc reas ing velocity of H genera t ion from Al in 
HCl, the av s ize and d iam. of the bubbles i n c r e a s e s , 
the s izes become more uniform and the i r no. de 
c r e a s e s . Inhibitors to r e t a r d the veloci ty of soln. 
have no effect on the bubble s i z e . With rapid gene ra 
tion, the smal l bubbles form la rge ones which cling 
to the Al, while with slow generat ion, they leave the 
Al quickly in great no. and uniform s i z e . E l e c t r o 
lytic genera t ion produces s imi l a r phenomena; 
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however the av s ize and d iam. of the bubbles a r e 
s m a l l e r for the s ame amt . of H genera ted . Chang
ing the sur face tens ion between the liquid and 
the gas does not influence the bubble s i z e . Surface 
t ens ion is d e c r e a s e d up to 0.5% by inhib i tors and 
i n c r e a s e d up to 0.5% by diln. to IN ac id . 
(CA-31-8334-7) 

933. Kabanow, B . , F r u m k i n , A. 

MAGNITUDES OF ELECTROLYTICALLY-
PRODUCED GAS BUBBLES, Z e i t s . F , P h y s . Chem., 
165, Abt. A. 6pp . 433-452, Aug., and 1 ^ , Abt. A. 
3-4, pp. 316-17. Sept. (1933). 

The in t e rp re t a t ion by Coehn and his c o - w o r k e r s of 
the changes in s ize of e lec t ro ly t i ca l ly produced gas 
bubbles a s due to the act ion of e l ec t rophore t i c forces 
is unsa t i s fac to ry for the usua l conditions of e l e c 
t r o l y s i s , s ince this effect is inf in i tes imal . Another 
explanat ion is now proposed accord ing to which the 
size of a bubble par t ing from the e lec t rode is de 
t e r m i n e d by the nnarginal angle at the boundary 
e l ec t rode - so lu t ion -bubb le . This explanation is in 
ag reemen t with Coehn 's empi r i ca l ly found depend
ence of bubble s ize on the composi t ion and con
cen t ra t ion of the solution, as a l so on the d i rec t ion 
and s t reng th of the c u r r e n t . Curves a r e drawn for 
bubbles at e l ec t rodes of m e r c u r y , s i lver and 
platinum for solutions of Na2S04, NaOH and H2SO4 
at concen t ra t ions of 1 to O.OOI n o r m a l . F u r t h e r , 
bubb le - s i ze is shown to be dependent on the poten
t ia l of the e lec t rode which is affected by its p o l a r i 
zat ion. The cou r se of the parabol ic curve for 
d i a m e t e r - p o t e n t i a l at the m e r c u r y e lec t rode is 
found to run p a r a l l e l with the e l e c t r o - c a p i l l a r i t y 
curve for m e r c u r y . A calculat ion is given of the 
forces acting upon the bubble which show that up 
to the moment of r u p t u r e , the equi l ibr ium state of 
the bubble is comple te ly de t e rmined by the surface 
fo rces , the hydros ta t i c p r e s s u r e and the in te rna l 
gas p r e s s u r e within the bubble. The p rac t i ca l i m 
por tance of the theory is d i s cus sed with examples 
from the e l e c t r o l y s i s of z inc . 

934. Koelbel , H., B u r c h e r s , E. , and Langemann, H, 

SIZE DISTRIBUTION OF GAS BUBBLES IN BUBBLE 
COLUMNS. I. E F F E C T OF LIQUID VISCOSITY AND 
INTERNAL COLUMN PRESSURE, Chem. Ing. Tech . , 
31, 668-75 (1961). 

The t e r m bubble colunnn signifies the p r o c e s s of gas 
bubbles r i s ing in a column of l iquid. Theore t i ca l 
cons ide ra t ions and exptl . data a r e p resen ted for the 
effects of gas flow, column diann., pore s ize and 
spacing of gas d i s t r i bu to r , and v iscos i ty of the 
liquid. The systenns a i r - H 2 0 and a i r - s u g a r soln. 
we re used . 

935. Luchs inger , W. 

DISPERSE GASES. HI. SIZE OF BUBBLE AND 
TIME OF RISING, KoUoid-Z. . 81 , 180-2 (1937). 

The var ia t ion with the i r s ize of the t ime taken by 
bubbles of a i r to r i s e in water has been de te rmined . 
The curve between volume of bubble and t ime of 
r i s ing shows a rapid d e c r e a s e in the t ime up to 
0.004 c m ' . F o r bubbles l a r g e r than this the re is 
a slight i n c r e a s e in the t ime , but above a l imiting 

s ize the velocity of r i s ing is cons tant . 
(CA-32-3229-6) 

936. Quigley, C. J., Johnson, A. I., and H a r r i s , B . L. 

SIZE AND MASS TRANSFER STUDIES OF GAS 
BUBBLES, Chem. Eng. P r o g . 51 , 422 (1955). 

This paper d e s c r i b e s init ial invest igat ions of the 
efficiency of perfora ted gas absorpt ion and d i s t i l l a 
tion p l a t e s . 

937. Remy, H., and Seemann, W. 

DEPENDENCE OF ABSORPTION OF MISTS BY 
LIQUIDS ON THE BUBBLE SIZE. II. KoUoid-Z, 
72, 279-91 (1935). 

The effect of bubble s ize on the absorp t ion of H2SO4 
m i s t s by wate r in a Drechse l wash bott le was studied 
by changing the width of the gas inlet tube to va ry 
t he bubble s ize and by changing the ra te of flow. 
There was no s imple re la t ion between bubble s ize 
and absorp t ion when the bubble s ize was va r i ed by 
changing the width of the inlet tubes . With a given 
inlet tube, absorpt ion d e c r e a s e d r egu la r ly as the 
bubble s ize was i nc reased by r a i s ing the ra te of flow. 
At const , r a t e s of flow, the bubble s ize f i r s t de 
c r e a s e d and then inc reased with inc reas ing widths 
of the inlet tube. The ra te of r i s e of the gas bubbles 
in the liquid had no significant effect on the a b s o r p 
t ion. The re la t ion of the r a t e of bubble format ion to 
the width of the inlet tube and to the r a t e of gas flow 
was s imple r than that of the bubble s ize to e i ther 
of these f ac to r s . Fo r a given bubble s ize , the ra te 
of bubble format ion was propor t iona l to the r e c i p r o 
cal ra te of flow, (CA-29-7742-4) 

938. Remy, H., and Seemann, W. 

THE E F F E C T OF BUBBLE SIZE ON THE ABSORP
TION OF FOGS BY LIQUIDS, Kol loid-Z. 72, 3-12 
(1935). 

The bubble counter used, very a c c u r a t e even at high 
r a t e s of flow, consis ted of a microphone placed with
in a resonance box on which the absorpt ion flask 
stood, a powerful ampl i f ier and a sound- record ing 
device . The sound produced by each bubble was thus 
amplified and r e c o r d e d . Absorpt ion of SO3 fogs sa td . 
with water vapor d e c r e a s e s nea r ly l inear ly with in
c reas ing bubble s i ze . For mos t of the abso rben t s 
used, absorpt ion d e c r e a s e d a lmost l inear ly with in
c r e a s i n g ra te of flow, but g lycerol and 20% KOH soln. 
showed anomalous behavior at low r a t e s of flow. 
(CA-29-7742-2) 

939. Schnurmann, R. 

THE SIZE OF GAS BUBBLES IN LIQUIDS, T r a n s , 
from Z. physik. Chem. 143, No. 5 and 6, 456-74, 
DTMB-TRANS-110 (September 1929), 19 p . 

The s ize of gas bubbles forced through a f i l ter into 
a liquid depends on the na tu re of the liquid and is in
dependent of the c h a r a c t e r of the f i l te r . The s ize of 
the bubble as a function of v i scos i ty of the liquid is 
shown for d i e l ec t r i c fluids, ac ids , b a s e s , and sal t 
so lu t ions . The mechan i sm of m a c r o s c o p i c bubble 
format ion is observed and cons ide red . In e l e c t r o 
lytic solutions the addit ional factor of the e l e c t r o 
s ta t ic in te rac t ion of the charged gas bubbles is added 
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to the effect of v i scos i ty . This in te rac t ion p e r m i t s 
de te rmina t ion of the o r d e r of magnitude of the con
cent ra t ions of r e v e r s a l o f solutions whose v iscos i ty 
does not percept ib ly exceed that of w a t e r . The 
exper imenta l resul t p e r m i t s in t e rp re ta t ion of the 
sca t te r ings obtained upon de te rmina t ion of the pore 
d i a m e t e r s of c e r a m i c f i l te rs for var ious liquids by 
the air p r e s s u r e method. Applications for gas a b 
sorption by l iquids, and flotation a r e d i s c u s s e d . 
(NSA-10-11786) 

940. Schnurmann, R. 

ON THE SIZE OF GAS BUBBLES IN LIQUIDS ( T r a n s . 
from Kolloid-Z, 80, 148-51, DTMB-TRANS-111 
(1937), 7 p. 

By taking a wate r -a lcohol mix ture as an example , 
it is found that the macroscop ic s izes of the gas 
bubbles p r e s s e d through a filter a r e p r i m a r i l y a 
function of the v i scos i ty of the liquid and not of 
its surface tension. A minimum bubble s ize c o r 
responds to a max imum on the v iscos i ty cu rve . 
A viscosi ty-bubble s ize curve is plotted for the 
range of v iscosi ty from 0.008 cgs to 0.04 cgs . The 
curve shows that the bubble size i n c r e a s e s inverse ly 
with the v i scos i ty . Exper imen t s a r e d i scussed ; the 
par t played by the mechanisnn of coa lescence of the 
sub-vis ib le gas bubbles is shown. The pore d i ame te r 
of the filter does not affect the rough quali tat ive ef
fect, as long as the points of or igin of the sub-vis ib le 
bubbles a r e close enough together to pe rmi t the i r 
col l is ion. 

941. Schnurmann, R. 

THE SIZE OF GAS BUBBLES IN LIQUIDS AND ITS 
E F F E C T S ON THE RATE OF SOLUTION OF 
METALS IN LIQUIDS WITH HYDROGEN EVOLU
TION AND ON PRIMING OF BOILER FEED WATER, 
J, Soc. Chem. Ind. 58, No. 5, 172-8 (1939). 

The s ize of bubbles freely suspended in a liquid is 
a function of v iscosi ty of the liquid (the g r e a t e r the 
viscosi ty the s m a l l e r the bubbles) and a lso of the 
nnagnitude of the e lec t ros ta t i c charge c a r r i e d by the 
bubbles . The gas nuclei a r e affected by the Brownian 
movement . Large pieces of Na have a g r ea t e r sp . 
r a t e of soln. than smal l p i eces . Small quantit ies of 
HjO in EtOH cause Na to dissolve more rapidly than 
it does in abs . EtOH, Boiler pr iming is excess ive 
during per iods of hea\'y loads . Foaming can be p r e 
vented by addn. of bubble-forming nuclei , as ce r ta in 
solid m a t t e r , or blowing a jet of a i r or passing an 
e lec , spark above the surface of the boiling liquid. 
As long as adsorbed gas is evolved from solid m a t t e r 
pr iming will not occur , but after these adsorbed 
molecu les a r e no longer available as nuclei the effect 
is no longer not iceable . Minute a m t s . of cas to r oil 
act as a pr iming depress ing agent. (CA-33-6679-8) 

942. S iemes , W., and B o r c h e r s , E . 

GAS DISPERSION IN LIQUIDS WITH POROUS 
METALLIC PLATES, Chem. Ing. Tech . . 28, 283-6 
(1956). 

Expt l . r e su l t s a r e repor ted in d ispers ing a i r in water 
and aq. so lns . with porous filter plates in 5 different 
degrees of f ineness . Measurements on bubble-s ize 
dis t r ibut ion and p r e s s u r e drop as functions of 
throughput a r e p resen ted . 

943. S i emes , W., and B o r c h e r s , E . 

BUBBLE SIZES IN BUBBLE COLUMNS, Chem. Eng. 
Sci . 12, 77-87 (I960). 

Bubble s izes were inves t iga ted as a function of gas 
flow, d i s t r i bu to r -p l a t e pore s ize , and height above 
d i s t r i bu to r . The size d is t r ibu t ion is approx . s y m . 
and is c h a r a c t e r i z e d by a peak d iam. and a s tandard 
deviat ion. The pore s ize has only slight influence 
on the bubble s i ze . As the gas flow i n c r e a s e s , the 
bubble s ize a lso i n c r e a s e s up to a l imi t . Coalescence 
of bubbles can be l a rge ly avoided by addn, of su r face -
active agen t s . 

944. Teletov, S. G. 

ON MAXIMUM SIZE OF A STEAM BUBBLE, Akad. 
Nauk SSSR.. Energe t i chesk i i ins t i tu t . Izves t i ia . 1_1, 
41-44 (1940), 

945. Weil ls , J, T. 

STEAM BUBBLE SIZE AND RATE OF RISE THROUGH 
WATER AT ITS NORMAL BOILING POINT, CT-910 
(1943), 5 p . 

Evaporat ion of the mode ra to r inside a homogeneous 
s l u r r y pile and condensat ion of the vapor in ex terna l 
heat exchangers has been cons idered for removing 
heat from the sys t em. An appara tus was e rec ted and 
p r e l i m i n a r y data were col lected on the bubble s ize 
and ra te of r i s e of steann bubbles through water at 
its boiling point in an a t tempt to evaluate the effect 
of vapor bubbles on bulk densi ty and on heat removal 
from a boiling liquid. This exper imenta t ion was can
celled since other invest igat ions indicated that the 
effect of densi ty in power piles is too c r i t i ca l to pe r 
mit bubble format ion. 

946. Widtman, Julius 

CONTROL OF THE SIZE AND FREQUENCY OF GAS 
BUBBLES, Ger . 1,024.058, F e b r u a r y 13, 1958 
(Patent) . 

The s ize and no. of bubbles obtained by pass ing gases 
into liquids a r e control led by per iodica l ly varying 
the p r e s s u r e in the nozz le . A varying p r e s s u r e is 
super imposed on a const , one. The sys tem is applied 
to washing, dissolving, or chem. p r o c e s s e s between 
gases and l iquids, and for producing foams . F r o m 
C.Z. 1958, 12500. 

SURFACE PHENOMENA 

947. Alty, T. 

SOME PHENOMENA OCCURRING AT THE SURFACE 
OF BUBBLES IN WATER, P r o c . Roy. Soc. (London) 
llOA, 178-90 (1926), 

By means of the drop-weight method, compar i son is 
made between the values of the su r face - t ens ion of 
water in contact with different g a s e s . If the ra te of 
flow of the gas is slow enough, the weight of a bubble 
is independent of the na tu re of the g a s . If it is r e 
quired to examine a new water su r face , the r a t e of 
flow of the gas i s i n c r e a s e d until s e v e r a l bubbles 
emerge per second. When the n e c e s s a r y co r r ec t i ons 
a r e made , it is found that the volume of the bubble 
depends on the c h a r a c t e r of the gas , being re la t ive ly 
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g r e a t for iner t g a s e s and s m a l l e r for chemica l ly 
ac t ive g a s e s . 

When flowing from the same cap i l l a ry , the gases 
form bubbles with volumes a r r a n g e d in the following 
o r d e r of d e c r e a s i n g magni tude: A, N2, O2. O3. H2, 
NO, CO2. the di f ferences being r e l a t ed to the a d s o r b -
abi l i t ies of the different g a s e s . (CA-2605-5) 

948. Evans , L. F . 

INTERACTION BETWEEN SURFACES ,TN CLOSE 
PROXIMITY, Nature ITZ, 776-7 (Oct 1953). 

When an a i r bubble is p r e s s e d agains t a plane g lass 
sur face under wa te r , the disjoining wate r filnn may 
r each equi l ibr ium th ickness at which double layer 
repuls ion is ba lanced by excess p r e s s u r e of the 
bubble. The th ickness is sens i t ive to the p r e s e n c e 
of su r f ace -ac t i ve i m p u r i t i e s ; for pure water and 
s i l ica or g l a s s su r f aces the th ickness is about 
200 A . Higher r e p o r t e d f igures a r e a lmos t c e r 
tainly due to acc identa l contannination. 
(Sci. A-57-1099) 

949. Hill , T. L. 

CONCERNING THE DEPENDENCE OF THE SUR
FACE ENERGY AND SURFACE TENSION OF 
SPHERICAL DROPS AND BUBBLES ON RADIUS, 
J . Am. Chem. Soc. TZ, 3923 (1950). 

The approx . model used by Fowler to invest igate 
theore t i ca l ly the sur face tension and energy of a 
plane liquid sur face was extended to spher ica l drops 
and bubbles , with the addit ional a s sumpt ion of 
liquid i ncompres s ib i l i t y . It was poss ible to der ive 
a s imple exp re s s ion for the c o r r e c t i o n (to the plane 
surface tension) o\ving to c u r v a t u r e , which p red ic t s 
that the sur face t ens ion deg rees with r a d i u s . How
ever , the magni tude of the effect is in l a rge in this 
ze ro o r d e r approximat ion , 

950. J a r n e r , F . H., and Sawyer, P . E . 

SURFACE-ACTIVE E F F E C T S WITHIN BUBBLES, 
Chemis t ry and Indust ry , 74, 192-3 , (Feb . 19, 1955). 

951 • Konnagata, S-, Niskiawa, M,, and Et izenya, S. 

THE BOUNDARY - SURFACE POTENTIAL OF GAS 
BUBBLES, J . E l e c t r o c h e m . Assoc . Japan 7, 298-9 
(1939). 

The mig ra t ion potent ial was nneasured on a i r bubbles 
of a few nnm d i a m . forced through a porous glass 
p la te . The r e s u l t s obtained differed from the values 
usual ly given. This is a t t r ibuted to the fact that in 
this c a s e the dominant fac tors a r e contact potent ia ls . 
This explanat ion was suppor ted by a cons idera t ion 
of the sign and magnitude of the potential of the ref
e r ence e lec t rode in water and in aq. so lns . of KCl, 
soap and K xan tha te . (CA-36-3083-7) 

952. M o r r i s , T. M. 

MEASUREMENT OF EQUILIBRIUM FORCES B E 
TWEEN AN AIR BUBBLE AND AN ATTACHED 
SOLID IN WATER, Mining Eng,, T r a n s , 187, 91-5 , 
1154-5 (1950). 

F o r c e s act ing between smal l rod, one end of which 
was made wate r repe l len t , adher ing to much l a rge r 
a i r bubble in water , we re m e a s u r e d ; equation is 

deduced which c o r r e l a t e s these fo rces and influence 
of each force is d i scussed ; impor tance of s ize of bub
bles in flotation cell is emphas ized . 

UNDERWATER EXPLOSION 

953. Arons , A. B. , and Yennie, D. R. 

ENERGY PARTITION IN UNDERWATER EXPLOSION 
PHENOMENA, Rev. Modern Phys . , 20, 519-36 (1948). 

P r e s s u r e - t i m e c u r v e s , continuous from init ial 
shock-wave incidence through the second bubble 
pulse , a r e examd. in the light of acoust ic theory . 
Ca lcns . of impulse and r e v e r s i b l e and i r r e v e r s i b l e 
energy flux a r e nnade for the var ious phases of the 
phenomenon. The energy d iss ipa t ion assocd , with 
the propagat ion of the shock front has been obtained 
from exptl . data , and calcd. from theory , and a g r e e 
nnent es tab l i shed . Impulse and energy flux assocd , 
with the shock wave and the bubble pulses a r e d i s 
cus sed . A tabulation of the energy par t i t ions for 
the va r ious phases of the phenomenon is made , and 
it i s shown that , in addn. to that lost by m e c h a n i s m s 
taken into account in the d i scuss ion , subs tant ia l 
quant i t ies of energy a r e d iss ipa ted by turbulence in
duced in the H2O surrounding the bubble, by chem. 
or phys . changes in the gaseous p roduc t s , and by 
actual loss of these as smal l bubbles in the H2O. 
(CA-45-8247i) 

954. F r i e d m a n , B. 

THEORY OF UNDERWATER EXPLOSION BUBBLES, 
Commun. P u r e Appl. Math., 3, 177-99 (1950). 

With the assumpt ions that (a) wa te r i s an ideal in
compres s ib l e fluid, (b) the bubble r e m a i n s sphe r i ca l , 
and (c) the gas inside the bubble expands ad iaba t i 
cal ly. the motion of a bubble genera ted by an explo
sion is der ived, taking account of the influence of the 
free surface and the bot tom. E x p r e s s i o n s for the 
per iod, the d is tance the cen t re moves during the f i r s t 
osci l la t ion, the max. and min . radius of the bubble, 
the peak p r e s s u r e of the wave emit ted by the bubble 
and the energy left in the bubble after one or m o r e 
osc i l la t ions a r e given and connpared with expe r imen t . 
Good ag reemen t was obtained for the per iod . 
(Sci. A. 53-8569) 

955. Gi ls te in , J . B . 

BUBBLES PRODUCED BY SUBMERGED EXPLODING 
WIRES, AD 88688 (1955). 

956. Her r ing , C. 

THEORY OF THE PULSATIONS OF THE GAS BUB
BLE PRODUCED BY AN UNDERWATER EXPLOSION, 
NDRC-Div., 6-Repor t C4-SR20 (1941). 

957. Kel le r , J. B . , and Kolodner, I. I. 

DAMPING OF UNDERWATER EXPLOSION BUBBLE 
OSCILLATIONS, J, Appl. P h y s . 27, 1152-61 (1956). 

When an explosive detonates underwa te r it c r e a t e s a 
bubble of gas which p e r f o r m s damped rad ia l o s c i l l a 
t ions of la rge ampl i tude . The usual t heo ry of these 
osc i l la t ions t r e a t s the water as i ncompres s ib l e and 
yields undamped osc i l la t ions of constant per iod. 
This theory has been modified by taking account of 
the compres s ib i l i t y of the w a t e r . This theory p red ic t s 
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damped osc i l la t ions of diminishing per iod. C o m p a r 
ison of the predic ted and observed rad ius - t ime 
curves for one pa r t i cu la r case shows fa i r ly good 
ag reemen t . Radius - t ime curves for four r e p r e 
sentative ca ses have been computed with a la rge 
number of per iods in each ca se . These can be 
used to desc r ibe a var ie ty of explos ions . 

958. Kolodner, I. I., and Kel le r , J. B . 

UNDERWATER EXPLOSION BUBBLES II. THE 
E F F E C T OF GRAVITY AND THE CHANGE OF 
SHAPE, IMM-NYU-197 (June 1953), 28 p. 

A theory is p resen ted which d e s c r i b e s the change 
of shape and the r i s e of underwate r explosion bub
bles by taking account of gravi ty . It is a s sumed 
that the water is unbounded, and inconnpressible and 
that the p r e s s u r e is always uniform throughout the 
bubble and the bubble is spher ica l ini t ial ly. 

959. Soloukhin, R. I, 

THE BUBBLE MECHANISM OF SHOCK-TRIGGERED 
COMBUSTION IN LIQUIDS, Dokl, Akad, Nauk. SSSR, 
136. 311-12 (Jan. 11, 1961). 

Shock waves pass ing through a combustible liquid 
may s t a r t combustion and thei r action is intensified 
by the p resence of bubbles of a i r . For the purpose 
of investigating this effect the p r e s s u r e in the 
neighbourhood of a bubble in water was nneasured 
during the t ime (approx. 10 ^sec) in which a shock 
front passed by. Also the r a t e of compres s ion of a 
bubble nneasured during the p r o c e s s of shock t r i g 
gering in a acetylene-oxygen nnixture. The o b s e r 
vations do not agree quantitatively with the resu l t 
of a s imple hydrodynamical calculat ion. Fu r the r 
exper iments with a hydrogen-oxygen mixture show 
that combustion s t a r t s at a t e m p e r a t u r e of 891°K. 
[English t rans la t ion in; Soviet Physics - Doklady 
(USA)], 
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960. Aitken, John. 

ON BOILING, CONDENSING, FREEZING, AND 
MELTING, T r a n s . Roy. Scot t ish Soc. of A r t s IX, 
pt. Il l , 240 (1875). 

961. A l g e r m i s s e n , J , 

CONDENSATION OF VAPOR GAS MIXTURES; COM
PUTATIONS AND EXPERIMENTAL RESULTS, 
Chem. Ing, Tech . , 30 ,̂ 502-10 (1958). 

A graphica l method is p r e sen t ed for solving sinnul-
taneous heat and m a s s t r ans f e r p rob l ems by the 
use of an en tha lpy-compn. d i a g r a m . A c o m p a r i s o n 
of exptl . r e s u l t s f rom l i t e r a t u r e s o u r c e s with the 
graphical method evaluat ion shows that deviations 
up to 20% can be expected, which, however , may r e 
sult in an e r r o r of as much as 100% in the final con
dense r des ign. 

962. Alvarez Calvajol , J. and Duhne, C. 

HEAT TRANSFER NOMOGRAPHS. X. VAPOR CON
DENSATION FOR SATURATED GASES, P e t r o l 
Refiner 3^, No. 7, 145-6 (1959). 

2 nonnographs. 

963. Beat ty , K. O., J r . , and Katz, D. L. 

THE CORRELATION OF THE DATA ON THE 
TRANSFER OF HEAT FROM CONDENSING STEAM 
TO WATER IN A DOUBLE PIPE EXCHANGE(R), 
NP- I376 (1944), 23 p. 

Heat t r a n s f e r m e a s u r e m e n t s were made with s t eam 
outside single finned tubes and with water inside, 
and for water flowing in an annulus outside with con
densing s t eam ins ide . F o r water inside the tubes 
and s t eam outs ide , the coefficients of heat t r a n s f e r 
for the s t e a m filnn and for wa te r film were computed. 
The water filnn coefficients i n c r e a s e d with i nc reased 
water veloci ty s i m i l a r to the coefficients for plain 
tubes but the absolute values were g rea t e r due to 
the co r ruga t ions inside the finned tubes . A nnodi-
fied Di t tu s -Boe l t e r equation is recomnnended. Fo r 
water outside the tubes and s t e a m ins ide , it was not 
possible to s epa ra t e the o v e r - a l l coefficient into 
film coeff icients . The o v e r - a l l coefficient of heat 
t r ans fe r may be e s t ima ted for all Trufin tubes by 
estinnating the individual film coefficients and neg
lecting the me ta l r e s i s t a n c e , except in the case of 
high fins at high r a t e s of heat t r a n s f e r . 

964. Beck, C. B . , et a l . 

THE FLUIDIZED CONDENSER, AECU3247 (1952). 
79 p. 

An appara tus using a fluidized bed of cold, recyc led 
ZrCl4 powder to condense a s t r e a m of hot ZrCl4 
vapor was designed and cons t ruc ted . The opera t ion 
of the fluidized condense r was successful ly demon
s t r a t ed . It was shown that caking of ZrCl4 on the 
walls of the column was slight, with the g rea t e s t pa r t 
of the condensat ion o c c u r r i n g in the fluidized phase . 
Because of t ime l imi ta t ion , few runs were made . 
Data f rom future expe r imen ta l runs may be used in 
a p roposed theo re t i ca l ana ly s i s , in which seve ra l 

equations have been developed to allow the des ign of 
a fluidized condenser for given opera t ing condi t ions . 
These equations predic t opt imum column size for 
the de s i r ed degree of condensat ion, axial t e m p e r a 
t u r e gradient in the bed, and o v e r - a l l heat t r an s f e r 
and m a s s t r ans fe r coefficients, 36 r e f e r e n c e s . 

965. Becke r , R,, and Doring, W, 

THE KINETIC TREATMENT OF GRAIN FORMA
TION IN SUPERSATURATED VAPORS, Ann. Physik 
2£, 719-752 (1935). 

A theore t i ca l d iscuss ion of gra in formation, l a rge ly 
based upon thermodynannics , in fluids, su r f aces , and 
c r y s t a l s . The question of ohmic r e s i s t a n c e c o r r e 
sponding to the p,d, between smal l e lements in chains 
is dealt with, and the r e su l t s obtained a r e u sed in 
explaining and es tabl ishing the l imi t s of validi ty of 
Oswald ' s " s t e p - r u l e , " CA-30-1641 , 

966. Be rman , L. D, 

DISTRIBUTION OF LOCAL HEAT LOAD AND HEAT 
TRANSFER COEFFICIENT IN A SURFACE CON
DENSER, Izvest iya Vses . Teplotekhn. Inst . (News 
of All-Union Heat Engineer ing Insti tute) _5_, (1947). 

967. Be rman , L. D. 

HEAT TRANSFER FROM A CONDENSING VAPOR 
TO A SURFACE AT LOW PRESSURES, Izvest iya 
Vses . Teplotekn. Inst. (News of All-Union Heat 
Engineer ing Institute) 7, 1947. 

968. B e r m a n , L. D. 

THEORETICAL ANALYSIS OF EXPERIMENTAL 
DATA ON THE CONDENSATION OF AIR, Byul le ten 
Tekh. Soveta (Bulletin of the Engineer ing Commit tee ) 
I. (1948). 

969. Be rman , L. D. 

HEAT TRANSFER COEFFICIENT FOR A SURFACE 
CONDENSER, Izvest iya Vses , Teplotekn. Inst . (News 
of All-Union Heat Engineer ing Insti tute) _3̂ , 1951. 

970. B e r m a n , L. D., et a l . 

EXPERIMENTAL DATA ON THE E F F E C T OF A 
FLOW OF SUBSTANCE ON THE HEAT AND MASS 
EXCHANGE DURING CONDENSATION, Tep loene r 
getika ^, No. 1, 49-51 (Jan. 1957). 

971. B e r m a n , L. D. and Fuks , S. N. 

DESIGN OF SURFACE HEAT EXCHANGING DE
VICES FOR CONDENSATION OF STEAM-WATER 
MIXTURE. Teploenerget ika 6̂ , 74-83 (July, 1959). 

Design method based on exper imenta l r e la t ions ob
tained for local coefficients of heat and m a s s 
exchange. 

972. Boehm, J. 

DETERMINATION OF HEAT TRANSFER OF CON
DENSING STEAM, Gesundhei ts Ingenieur 2 i . 233-9 
(Aug. 1950), 

T e m p e r a t u r e difference between s t eam and solid 
wall; effect of heat t r ans fe r coefficient of condensed 
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sa tu ra ted s team on heat t r an s f e r coefficient of cooled 
surface; applicat ions of fo rmulas for calculat ion of 
ve r t i ca l and hor izonta l heat ing su r f aces ; c h a r t s . 

973. Bonilla, C. F . 

BOILING AND CONDENSING OF LIQUID METALS, 
NYO-3I50 (1952). 6 p. 

Condensation data for Hg vapor on ve r t i ca l low-C 
steel and 304 s ta in less s teel tubes have been ob
tained at p r e s s u r e s f rom 2.3 to 15 l b s / i n . . Drop-
wise condensation was always obtained. The film 
coefficient of heat t r ans fe r ranged from 700 to 
1800 B tu /h r x ft^ x °F, much lower than expected. 
T r a c e s of iner t gas may cause this effect, which is 
being studied further, A hor izonta l plate appara tus 
for the boiling of Na has been designed and is under 
const ruct ion. 

974. Bonilla, C. F . , and Mis ra , B. 

BOILING AND CONDENSING OF LIQUID METALS, 
NYO-3152 (April 1953), 9 p. 

Additional runs have been made on the condensing of 
Hg vapor at a tmospher ic p r e s s u r e and 330,000 to 
650,000 Btu/hr-f t^ on c a r b o n - s t e e l , s ta in less s tee l , 
and Ni, under wetting, semi-wet t ing and non-wett ing 
condit ions. The highest h e a t - t r a n s f e r coefficient 
observed under any conditions was 2345 B tu /h r - f t -
°F, for completely wetted Ni, which is l e s s than 20% 
of the theore t ica l Nussel t value. Tes t s run in the 
p resence of H and of N showed that t r a c e s of iner t 
gas were not causing the d e c r e a s e in coefficient. It 
is believed that the dec rea se is due to thernnal con
tact r e s i s t ance between the Hg and the condensing 
surface . This hypothesis is supported by e a r l i e r 
work on contact r e s i s t a n c e . 

975. Bosnjakovic, F . 

INTERCHANGE OF STEAM AND LIQUID OF SIMPLE 
SUBSTANCES, Forschung auf dem Gebiete des 
Ingenieurwesens 3_, no. 3, 135-43 (1932). 

Evasion and invasion defined; application of kinetic 
gas theory; heat t r ans fe r with condensing s t eam; 
between s t eam and liquid the re is constant in te r 
change of molecules in both d i rec t ions ; with con
densation, molecules from s t eam to liquid 
predominate ; and with evapora t ion ,molecules from 
liquid to s team predominate . 

976- Brin , A. 

AN EXPERIMENTAL STUDY OF THE CONDENSA
TION OF WATER VAPOUR ON THE SURFACE OF 
CERTAIN ORGANIC SUBSTANCES, J. Rech. Cent. 
Nat. Rech. Sci . , No. 35, 149-68 (June. 1956). 

By means of a s imple condensation chamber the 
par t played by molecular s t ruc tu re on the formation 
of cen t r e s of condensation is de termined. I r r a d i a 
tion by ul t raviolet light favours the formation of 
these cen t r e s . On non-wetting subs tances , such as 
paraffin wax, water vapour is not condensed unless 
it is supe r sa tu ra t ed at the t e m p e r a t u r e of the su r 
face. The exper iments a r e descr ibed in detai l and 
the resu l t s d i scussed . 

977. Bromley , L, A., Brodkey, R. S, and 
F i s h m a n , N. 

HEAT TRANSFER IN CONDENSATION, Ind, Eng. 
Chem. 44 ,̂ 2962-69 (1952), 

Math, analys is of the Nussel t equation for conden
sate h e a t - t r a n s f e r coeff, on a tube, conf i rmed by 
expt. on BuOH. shows that , without significant e r r o r , 
one can a s s u m e , as in the equation, unifornn tennp. 
around the tube. 

978, Car l son , J, A. J r . 

NON-ISOTHERMAL FLUID FLOW-CONDENSING 
STREAM: I, - EQUIPMENT CONSTRUCTION AND 
PERFORMANCE, Univers i ty of Tulsa , M. S. T h e s i s , 
1954, 110 p. 

A l i t e r a t u r e invest igat ion indicated that extensive 
data on non - i so the rma l fluid flow sys t ems a r e r e 
qui red in o rde r to substant ia te exist ing two-phase 
c o r r e l a t i o n s and to p r e sen t an adequate bas i s for 
the design of such s y s t e m s . In o rde r to ini t iate a 
p r o g r a m to study non - i so the rma l flow s y s t e m s , a 
1 X — inch double-pipe heat exchanger was con
s t ruc ted in ten 10-foot sect ions of s t ra ight pipe with 
the r e t u r n bends cons t ruc ted of t e e s , nipples and 
unions. At the bottonn of the r e t u r n bend of each sec 
tion on the condensing side, a g inch pipe was in t ro
duced to se rve as a p r e s s u r e tap. All the p r e s s u r e 
taps were manifolded to a common p r e s s u r e gage. 
At each r e tu rn bend on the shell side were instal led 
24 gage copper -cons tan tan thermocouples which 
t e rmina ted in a junction box. 

In o rde r to t es t the equipnnent and to note its pe r 
formance s t eam was used as a condensing medium 
and \water %vas used to condense the s t eam. The 
s team was introduced in the T- inch pipe, and the 
water was injected into the annular space counte r -
cu r ren t ly to the flow of the steann. As the two 
s t r e a m s flowed through the exchanger , the s t eam 
side p r e s s u r e and the water side t e m p e r a t u r e s 
were r ecorded and the weight ra te of flow, a s well 
as the exit qual i t ies on both s ides of the exchanger , 
we re de te rmined with a b a r r e l ca lor inneter . The in
let s t eam quality was m e a s u r e d with a throt t l ing 
calor inneter . 

F r o m a heat ba lance , the fluid p r o p e r t i e s at each 
p r e s s u r e point on the s t eam side were calcula ted 
and from an energy balance the main frict ion factor 
for each section was computed. Upon analys is of 
the r e su l t s of the six runs , it was concluded that the 
indicated t r end of the frict ion factors ag ree with the 
meage r published data; and that further work with 
s t eam and with the cons t ruc ted exchanger is j u s t i 
fied. Severa l r ecommenda t ions for improving and 
refining the exchange, the exper imenta l p rocedure 
and the calculat ion of the fluid p r o p e r t i e s were sug
gested. It was a lso suggested that a p r o g r a m be 
planned to sys temat ica l ly study the effect of the im
portant va r i ab les such as tube d i a m e t e r , condensing 
media , tube heated length, and the weight ra te of flow 
on the frict ion factor or p r e s s u r e gradient . 

file:///water
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979. C e r n u s c h i , F . and Segre , N. 

THEORY OF CONDENSATION OF LIQUIDS OF ONE 
AND TWO COMPONENTS, J. chem. Phys . (USA), 
vol. 36, No. 2, 112-15 (Jan. 15, 1962). 

C e r n u s c h i and E y r i n g ' s (1939) theory of condensa
tion is r e c o n s i d e r e d , taking account of Kirkwood's 
(1939) c r i t i c i s m s , by the in t roduct ion of v ibra t ions 
in the model . Var ia t ion of E i n s t e i n ' s frequency 
with t e m p e r a t u r e is cons ide red , following some 
works of Raman. With these modif icat ions r e s u l t s 
agree ing with experinnent a r e obtained, thus ove r 
coming Kirkwood 's object ions . The poss ib i l i ty of 
extending the model to the case of two components 
is then exannined. The resu l t ing formulae do now 
allow, because of the i r complexi ty , an analytic de
te rmina t ion of the c r i t i c a l point. The equations can 
be s implif ied supposing that only one of the th ree 
previous in te rac t ions is different from z e r o . Nu
m e r i c a l calculat ion is made for the case of i n t e r 
action between different p a r t i c l e s . The c r i t i ca l 
curve is found by t r i a l and e r r o r . The calculat ions 
made for t h r e e different concen t ra t ions of one of the 
connponents ( p a r a m e t e r in the theory) shows that the 
exp(£ /kTc) -e in te rac t ion energy d e c r e a s e s with such 
concent ra t ion . 

980. Cha r i , K. S., and Kulkarni , B. S. 

CONDENSATION OF SATURATED VAPORS, J. Sci. 
Ind. R e s e a r c h (India) lOA, 244-9 (1951). 

N u s s e l t ' s equation for the h e a t - t r a n s f e r coeff. in 
condensing of satd. vapors is extended to include 
cases where the tennp, difference is not const . 
over the en t i re length of tube. The temp, difference 
will be const , only for shor t tubes or where heat is 
being t r a n s f e r r e d to a boiling liquid. The der ivat ion 
is made by s t a r t ing with N u s s e l t ' s differential equa
tion, but in i ts in tegra t ion , the t emp , difference is 
a s sumed to v a r y with tube length. After showing 
that in p r a c t i c e at x = 0, Aj mus t equal ze ro , the 
following equation is der ived for the mean temp, 
difference: A ^ = (3Q/47rDNk)(3/iQ/7rDe^gX)^^^ where 
Q = heat t r a n s f e r r e d ; D = tube diam.; e = densi ty of 
condensate ; X = latent heat ; /i = v i scos i ty of con
densa te ; k = t h e r m a l cond.; g = acce l e r a t i on due to 
gravi ty; and N = tube length. Genera l i za t ions that 
can be made from this and other der ived expres s ions 
a r e (a) the th i ckness of condensate layer v a r i e s 
l inear ly with tube length, (b) t emp , drop v a r i e s as 
the th i rd power of the length, (c) m e a n temp, drop is 
\ the value of the drop at the bot tom of the condens
e r , (d) mean tennp, drop v a r i e s inve r se ly as tube 
length for const , heat flux and for const , tube length 
va r i e s as 4 / 3 power of heat flux, Calcn. of mean 
temp, difference by these methods for condensat ion 
of O and N indica tes c lose a g r e e m e n t with exptl, 
va lues . 

981. Chen, N. and Kellogg, M. W. 

GRAPHS SPEED EVALUATION OF CONDENSING 
AND COEFFICIENTS OF HEAT TRANSFER, Chem. 
Eng. 66, 141-6 (March 9, 1959). 

Graphs a r e p r e sen t ed for sho r t - cu t ca l cns . of boiling 
coeffs . , and of condensing coeffs. when the conden
sate film is in e i ther s t r e a m l i n e or turbulent flow. 

982. Chernobyl ' sk i i , I. I. and Shchegolev, G. M, 

AN EXPERIMENTAL INVESTIGATION OF HEAT 
TRANSFER FROM CONDENSING VAPOR TO A 
LIQUID WITH ROTATION OF THE HEATED 
SURFACE. Transac t ions of the Inst i tute of Heat 
Engineer ing , Academy of Sciences of the Ukranian 
Soviet Social is t Republic , 1 (1949), 

983. Chu, Ju Chin, et, al , 

HEAT-TRANSFER COEFFICIENT OF CONDENSING 
VAPORS, J. Applied Chem, j _ , 73-80 (1951). 

It has been found theore t i ca l ly that the heat t r an s f e r 
coefficient of a condensing vapor is a function of the 
ra te of heat only. The p r e sen t study va r ied the r a t e 
of flow of cooling water inside the condensing tube 
and the ove r - a l l temp, difference to obtain the hea t -
t r ans fe r coeffs. at a const , r a t e of heat t r a n s f e r . 
The ove r - a l l t emp, drop was va r i ed by changing the 
p r e s s u r e in the vapor space . F o r the 4 connpds, in
ves t iga ted , the value of the h e a t - t r a n s f e r coeff. of 
the condensing vapor (ho) va r i ed with the ra te of 
heat t r ans f e r , q. F o r t r i ch lo roe thy lene with q 2800-
1900, ho was 298-362; b romobenzene , q 2000-1200, 
ho 289-380; n i t romethane , q 2700-2300, ho 244-258; 
hexyl a l e , q 2000-1400, ho 151-175. The hea t -
t r ans fe r coeffs. p red ic ted from N u s s e l t ' s equation 
ag ree with those detd. exper imenta l ly for t r i c h l o r o 
ethylene and bromobenzene , but for n i t romethane 
and hexyl a le . the Nusse l t predic t ions were about 
twice the observed va lues . 

984. Colburn, A. P . 

CALCULATION OF CONDENSATION WITH A POR
TION OF CONDENSATE LAYER IN TURBULENT 
MOTION, Ind. Eng. Chem. Zb^, 432-4 (1934). 

Point condition values of heat t r an s f e r coeff. and 
condensat ion r a t e ; in tegra t ion of total condensat ion 
and de te rmina t ion of average heat t r an s f e r 
coefficient. 

985. Courtney, W, G. 

KINETICS OF CONDENSATION OF WATER VAPOR, 
J. Chem. Phys . 36, 2018-25 (1962). 

The condensat ion of water vapor via s t e a d y - s t a t e 
nucleation is examined by an exact ma thema t i ca l 
approach which solves the kinetic equations of a 
compute r . This approach avoids the usual a s s u m p 
tion that nucleat ion abruptly stops when the pa ren t 
phase becomes sl ightly depleted. The c o r r e c t e d 
c l a s s i ca l theory of s teady s ta te l iqu id-drop homo
geneous nucleat ion and the growth law used in the 
c l a s s i ca l nucleat ion theory were a s s u m e d . Resu l t s 
gave no indication of a " c r i t i c a l " s u p e r s a t u r a t i o n for 
condensation and showed that condensat ion via c l a s s 
ical homogeneous nucleat ion would be much slower 
than exper imenta l ly obse rved in cloud c h a m b e r s . 
Condensation in 50 nnsec via homogeneous nucleat ion 
theore t i ca l ly r e q u i r e s 13 p a r t i c l e s / c c and an init ial 
supe r sa tu ra t i on of 5.2 at -5°C and 3,3 x 10* p a r -
t i c l e / c c and an init ial supe r sa tu ra t ion of 35 at -60°. 
Nucleation r a t e s a r e sensi t ive to supe r sa tu ra t i on but 
at -60° one- th i rd of the pa r t i c l e s a r e formed after a 
4% d e c r e a s e in supe r sa tu ra t ion , con t r a ry to the usual 
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in te rpre ta t ion of condensation kinet ics in a cloud 
chamber . The rapid condensat ion r a t e s e x p e r i 
mental ly observed in a cloud chamber may be due 
ei ther to he terogeneous nucleat ion or to homogeneous 
nucleation with the surface energy of an 80- or 90-
molecule c lus te r being sma l l e r than that m a c r o 
scopic value, e.g., about 3 and 30% s m a l l e r at -5 and 
-60°, respect ively . However , the l iqu id-drop theory 
of homogeneous nucleation as c l ass ica l ly formula ted 
in t e r m s of the macroscop ic surface energy a p p a r 
ently cannot explain the exper imenta l r e s u l t s in a 
cloud chamber and thus r ema ins to be ver i f ied. 

986. Duclaux, J. 

THEORY OF GASES. XXIII, CALCULATION OF THE 
CONDENSATION, J. Phys . Radium, IQ_, 505-11 (Aug-
Sept, 1957). 

For previous work see Abs t r . 5938 (1955). The 
theory of the p rog res s ive condensation of r ea l gases 
previously given has been modified and a g r e e s with 
the law of m a s s action. Its bas ic assumpt ion is that 
the individual molecules a s soc ia t e to form a g g r e 
gates of 2, 3 , 4 . . . single molecu les , no action taking 
place between the aggrega te s . The coefficients K 
of the m a s s action law have been calcula ted for 
nitrogen between -146° and 400° and show complete 
agreement with experinnent. The i so the rms obey 
two laws of isocondensation, by means of which any 
i so therm may be deduced from any other (basic 
i so therm) , knowing two number s ; the factor F and 
the t rans la t ion A . The two laws may be somewhat 
at fault close to the c r i t i ca l point, but e l sewhere 
they are subject to e r r o r s l ess than 0.05%. The 
compar ison with the equations of s tate of Van der 
Waals and Beatt le and Br idgeman shows that a g r e e 
nnent with the exper imenta l numbers is grea t ly inn-
proved. The theory extends to other gases (oxygen, 
argon, neon) and leads to a new conception of the 
corresponding s ta tes , in which the c r i t i ca l data 
play no par t . The method for the calculat ion of the 
coefficients K is outlined. 

987. Ebin, L. and Lincoln, R. L. 

FLOW OF STEAM AND CONDENSATION AS 
AFFECTED BY HIGH PRESSURE, HORIZONTAL 
OFFSETS AND VALVES, Am. Soc. Heating & Vent. 
E n g r s . . J. 30, 475-90 (1924). 

Deals with effect of high p r e s s u r e on max imum ve 
locity, valves on maximum capaci ty, and of hor izon
tal offsets on maximum velocity. 

988. Elton, G. A. H., Mason, B. J., and 
Picknett , R. G. 

THE RELATIVE IMPORTANCE OF CONDENSA
TION AND COALESCENCE PROCESSES ON THE 
STABILITY OF A WATER FOG. T r a n s . F a r a d a y 
S o c , _5^, 1724-30 (1958). 

A theore t ica l analysis of the p r o c e s s e s which in
fluence the stabil i ty of a water fog contained in an 
i so thermal enclosure is p resented . The changes in 
d rop le t - s i ze distr ibution brought about by c o a l e s 
cences between droplets of different s i z e s , and a lso 
by the dist i l lat ion of water vapour from drople ts 
smal le r than average on to those l a r g e r than a v e r 
age, a r e computed. It is shown that, for a drople t 

population having init ial ly a no rma l drople t s ize d i s 
t r ibut ion the evapora t ion-condensa t ion p r o c e s s is 
the m o r e impor tan t if the mean drople t rad ius is l e s s 
than 7jLi , a s suming the col lect ion eff iciencies for 
d rople t s in this s ize range to be at l ea s t 0 ,1 . Al
though the calculat ions have been made for a water 
fog, the theory is genera l ly appl icable to any s i m i 
l a r ly d i spe r sed sys tem. The effect of d isso lved 
e l ec t ro ly te s in the drople t s is to i n c r e a s e the s ta 
bi l i ty of the fog. 

989- F a r k a s , L. 

THE VELOCITY OF NUCLEUS FORMATION IN 
SUPERSATURATED VAPORS, Z, Physik, Chem. 
125, 236-42 (1927). 

This is a ma thema t i ca l paper developed on the 
assumpt ion that as a r e su l t of the col l i s ions of mols , 
in the vapor space , sonne of them will uni te . The 
change of the no. of p a r t i c l e s will depend on whether 
new m o l s . a r e caught or additional ones given off; 
and th is in turn is a p rob lem in probabi l i t i es , F . a r 
r i ve s at an express ion J = (Pr /F)ce" ' -^ ' ' / in which 
J is the no. of drops fornned per s e c , P r is the p r e s 
su re of the supersa td . vapor , F the sur face of the 
nuclei , and o the surface tension. According to th is , 
the r a t e of format ion of nuclei is const , as long as 
the initial conditions rennain substant ia l ly the same 
and is propor t iona l to the no. of the nuclei , which is 
in ag reemen t with the a s sumpt ions of Volmar and 
Weber. CA-21-1575. 

990. F r i e d l a n d e r , S. K, 

ON THE PARTICLE SIZE SPECTRUM OF A CON
DENSING VAPOR, Phys . of F lu ids , 3_, 693-6 (I960). 

The c l a s s i ca l t heo r i e s of condensat ion and coagula
tion a r e cons idered as l imit ing c a s e s of a general 
theory of new phase format ion. By nnaking severa l 
a s sumpt ions concerning the na tu re of the vapour and 
of the cooling p r o c e s s , it is shown that the equation 
of condensat ion can be wr i t ten in a simplified di
mens ion le s s form. The embryo s ize spec t rum func
tion at the end of the condensat ion p r o c e s s is a 
function of a number of d imens ion less groups; hence, 
condensat ion can be modeled in the sense that pa r 
t ic le s ize can be contro l led by varying ce r ta in scale 
f ac to r s . An applicat ion to condensat ion by nnixing 
of a hot vapour with cool a i r is proposed. 

991- Fuks , N. 

THE SURFACE CONDENSATION OF WATER 
VAPOR, J . of Phys ica l C h e m i s t r y (U.S.S.R.) 6̂ , 4 
(1935). 

992. Ge l 'pe r in , N. 1., and Z i l ' be rg , V. I. 

DETERMINATION OF HEAT-TRANSFER COEFFI 
CIENTS BETWEEN CONDENSING VAPORS AND 
LIQUIDS, Trudy Moskov, Inst. Tonkoi Khim. 
Tekhnol. im . M. V. Lomondsova, No. 5, 18-26(1955). 

A method for accu ra t e and sinnple detn. of a hea t -
t r ans fe r coeff. (I) in c a l / s q . m . / h r , / d e g r e e , b e 
tween the condensing vapors and l iquids was 
developed. By grouping a no. of cons t s . from the 
genera l ly accepted equation for the detn. of coeff. 
of heat t r an s f e r from the condensing vapors to the 
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hea t - exchange su r f ace , and subst i tut ing it in the gen
e r a l equation for the heat intensi ty of the hea t -
exchange su r f ace , an expres s ion for 1 was der ived. 
To det. the value of I, the equation was solved g raph
ical ly . Another exp re s s ion was der ived for the heat 
t r an s f e r coeff. (II) between a condensing vapor and 
a boiling liquid. The value of II was a lso computed 
from a graphica l solution of the equation. To sinn-
plify the ca l cns . of I and II by the i r r e spec t ive equa
t ions , nomographs were worked out. 

993. Gibson, L. C. 

RATE OF CONDENSATION OF WATER VAPOR 
UNDER VACUUM, Ph.D. T h e s i s , U. of W i s e , 
(Aug. 1952). 

994. G i lmore , F . R, 

THE KINETICS OF CONDENSATION AND VAPORI
ZATION, Ph.D. T h e s i s , Cal . Inst . Tech. (1951). 

995. Gnatovski i , V, I. 

EXPERIMENTAL STUDY OF HEAT TRANSFER 
DURING THE CONDENSATION OF STEAM IN THE 
CHANNELS OF A SPIRAL HEAT EXCHANGER, 
Izvest . Kiev. Pol i tekh. Inst . 2^, 30-3 (1959). 

Heat t r ans fe r during condensat ion of s t eam moving 
along a sp i r a l slit channel 6 m m . wide, in the d i r e c 
tion from the outer p e r i p h e r y to the cen te r , was 
studied. Cold water was passed through a channel 
4 m m . wide. The d imens ions of the water and s t eam 
channels , r e s p . , we re ; height , 182 and 180 m m . ; 
length, 1217 and 1058 m m . ; equiv. d iam. , 7.83 and 
11.57 m m . ; rad ius of c u r v a t u r e at the or igin, 
45 mnn.; av. rad ius of c u r v a t u r e , 61.0 and 55.5 nnnn. 
The p r e s s u r e of the s t e a m was 1.5-3,0 a tm . ; the 
velocity of the wate r in the channel was 
24-50 m . / s e c The t emp , of the concave wall of the 
channel, on which the condensat ion p r o c e e d s , is 
noticeably lower than that of the convex wall; thus , 
the format ion on the concave wall of a thick layer of 
condensate is explained. This l aye r is not blown 
away by s team, but is held to the wall by centr ifugal 
force . Av. exptl . va lues of the heat t r a n s f e r coeff, 
a r e 14% lower than the values ca lcd. f rom the equa
tion for condensat ion of steann on v e r t i c a l p ipes . 
A graph for detn. of the coeff. dur ing condensat ion 
of s t eam on a cu rv i l inea r sur face in re la t ion to the 
velocity of wa te r and p r e s s u r e of s t e a m is p resen ted . 
F r o m Refera t . Zhur . , Khim. 1961, Abs t r . No. 16148. 

996. Golovinskii , G. P . 

CONDENSATION OF A MIXTURE OF VAPOURS 
UNDER INTENSE COOLING, Zh. Tekh. F i z . , 26. 
1309-1328 (1956) (In Russian) Engl ish Trans l a t ion in 
Soviet Phys i c s - Technica l P h y s i c s !_, 1281-1290 
(1957). 

Discuss ion of r e s u l t s obtained in s tudies on liquid 
a i r . Topics dealt with a r e : (1) m e a s u r e m e n t of low 
tennpera tures and the de te rmina t ion of the s a t u r a 
tion t e m p e r a t u r e of the condensing vapours , (2) de
t e rmina t ion of the magnitude of the heat in flow 
through the lagging and m e t a l p a r t s . Photographs of 
droplet condensat ion (1.5 atnn). an i n t e rmed ia t e r e 
gime (2 atm) and s imple film type condensat ion 

(3-6 a tm) , and a table of the heat t r an s f e r coeffi
c ients for the condensing vapours of N2. O2 and A a r e 
included. 

997. Gregor ig , R. 

OPTIMUM CONDITIONS FOR HEAT EXCHANGE IN 
THE CASE OF VAPORIZATION AND CONDENSA
TION, In tern . J. Heat Mass Trans fe r _5, 175-88 
(1962) (In German) . 

The r a t e of i r r e v e r s i b i l i t y in heat exchange can be 
reduced if the coolant or the heating medium flows 
through the r e s p , app. in s e r i e s ins tead of para l le l 
flow, and no change of state o c c u r s . This effect is 
shown with heat exchange setups with a number of 
uni ts in which the working medium obtains heat by 
evapn. or gives it off by condensat ion. The optinnum 
dis t r ibu t ion of heat exchange sur faces of s i m i l a r 
a s s e m b l i e s is p resen ted . In all ca lcns , the sum of 
heat exchanging a r e a s and n e c e s s a r y power is kept 
const . The advantage of the suggested s e r i e s con
nection can be used with a noteworthy i n c r e a s e in 
efficiency in s t eam t u r b i n e - , heat punnp, and 
re f r i ger at ing-uni t s . 

998. Gudemchuk, V. A, 

HEAT TRANSFER IN A TUBE BUNDLE CONDENS
ER, T h e r m a l Power Management (U.S,S.R.) 4-5 
(1938). 

999. Gudemchuk, V. A. and Konstantinov, V. A. 

HEAT TRANSFER WITH VAPOR CONDENSATION 
ON A SOLID SURFACE, J. of Technica l Phys i c s 
{U.S.S.R.)_6, No. 9, (1936). 

1000. Guth, W. 

A CINEMATOGRAPH USED TO OBSERVE THE DE
TAILS OF THE CONDENSATION OF WATER 
VAPOR, Akust. Beih. _4, 1, 445-455 (1954), 

As an elucidat ion of cavi tat ion bubble col lapse phe
nomena, a i r - f r e e water vapor of 0.5 to 1.5 a tm is 
ejected from nozzles of 0.3, 2.2, and 7 -mm diam in
to cold wa te r , and bubble condensat ion and rebound 
a r e photographed at r a t e s of 42,000-65,000 p ic tu res 
per sec , both d i rec t ly and by s ch l i e r en method, the 
la t te r for v isual iza t ion of shock-wave rad ia t ion at 
the implosion. The development of the c a m e r a , in
cluding i ts rotat ing m i r r o r , lens sy s t em, s t a t iona ry 
film, and regula ted in te rmi t t en t light sou rce , i s 
fully desc r ibed , mentioning the insufficient intensi ty 
of the l a t t e r for poss ib le higher f requenc ies . While 
a u t h o r ' s ana lys i s of p i c tu r e s finds r ea sonab le 
a g r e e m e n t with Rayleigh, r ev iewer quest ions sui t 
abil i ty of exper iment because of lack of bubble 
spher ic i ty and widely different vapor and liquid 
t e m p e r a t u r e s at the s t a r t of co l l apse . Evidently 
author is not fami l ia r with the c a m e r a , built on s i m 
ilar p r inc ip le but with different light source and 
regula t ion , which photographs cavi ta t ion bubbles 
genera ted by sound waves at a p ic ture r a t e of 
10,000 per sec , improved s ince to 400,000 per sec 
(Albert E l l i s , "Observa t ions on cavi ta t ion bubble 
co l l apse , " Cal i fornia Inst, of Technology, Hydro 
dynamics Rep. no. 21-12, Dec. 1952). 
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1002. Ha i re , A. M., Hays , L . G. and Col l ings , J. L. 

RADIATOR CONDENSER FOR SPACE ENVIRON
MENT, WADD TR 61-20 (AD-25379I) (I960), 
325 pp. 

A rad ia to r -condense r (R-C) for a Rankine cycle 
space power sys tem was designed to condense and 
subcool superheated m e r c u r y vapor . The weight of 
the R-C was to be min imized at design condit ions. 
The design incorporated curved s t a in less s tee l tubes 
welded to tapered s ta in less s teel manifolds and 
b razed to a steel radiat ion fin. A tes t model R-C , 
designed to re ject approximate ly 1 kw of heat , was 
tested in a closed loop l abora to ry sys tem over a 
range of vapor inlet t e m p e r a t u r e s from 810 to 
964°F. Both wet and superheated vapor conditions 
were used. Flow ra tes were adjusted over a range 
of values at each inlet t e m p e r a t u r e in o rde r to move 
the vapor- l iquid interface from a posit ion near the 
R-C outlet nnanifold to a posit ion near the inlet 
manifold. The resu l t s demons t ra t ed that a curved 
tube R-C can be used to condense m e r c u r y vapor 
in a space power sys tem over a re la t ive ly wide 
range of operating condit ions. Fo r the range covered 
in the present investigation, vapor - f ree liquid flow 
was obtained at the R-C outlet and re la t ive ly s table 
conditions occur red in the R-C, Pe r fo rmance of the 
R-C demonstra ted the validity of the design method, 
except that measu red p r e s s u r e drops were cons ide r 
ably lower than those pred ic ted by cu r r en t l y ava i l 
able analytical methods . All aspec t s of the p r e sen t 
investigation are summar ized . The design p rocedu re 
is given along with fabrication and experinnental de
t a i l s . In addition, s t a t e -o f - t he - a r t information ob
tained during the ea r ly phases of the invest igat ion 
is included. Exper ience der ived from opera t ion of 
the experimental tes t loop is r epor ted . L imi ta t ions 
of the data, along with problems which r equ i re fur
ther investigation, a r e also noted, 

1003. Hampson, H., and Oezisik, N, 

INVESTIGATION INTO CONDENSATION OF STEAM, 
Instn Mech Engrs - Proc (B) IB, 282-94 (1952). 
See also Heating and Air T rea tmen t Engr 16, 2-7 , 
34-40 (Jan-Feb , 1953), 

F i lmwise and dropwise condensation; appara tus for 
ascer ta ining heat t ransfer r a t e s ; effect of water ve 
locity and mean water t empe ra tu r e on heat t r ans fe r 
with dropwise and filmwise condensation on hor izon
tal and ver t ical sur faces ; t e s t s c a r r i e d out on pure 
and impure copper of different t h i cknesses , 220 Btu 
and 125 Btu, respect ively , and b r a s s 60 Btu. 

1004. Hampson, H, 

CONDENSATION OF STEAM ON A TUBE WITH 
FILMWISE OR DROPWISE CONDENSATION AND 
IN THE PRESENCE OF A NON-CONDENSABLE 
GAS, International Developments in Heat T r a n s f e r , 
P a r t L, ASME (1961), p, 310-318, 

Investigates the heat t r ans fe r during condensation of 
s team at a tmospher ic p r e s s u r e on a single tube with 

no significant velocity of flow a c r o s s the su r face . 
The va r i ab l e s covered included tube d i ame te r and 
incl inat ion, heat load, mode of condensat ion (fi lmwise 
and dropwise) , and the p r e s e n c e of a non-condensab le 
gas in s eve ra l concen t ra t ions . The tube heated 
length was 2 feet, which r e su l t ed in smal l t e m p e r a 
tu re r i s e giving a lmos t uniform heat flux along the 
tube. It was not poss ib le to m e a s u r e the sur face 
t e m p e r a t u r e s of the 0,020 thick copper tubes , and 
the sur face coefficients on the s t e a m side were ob
tained indi rec t ly . Compar i sons a r e shown for the 
different s t e a m - s i d e condit ions of f i lmwise or d rop -
wise condensat ion with s imi l a r w a t e r - s i d e inlet 
conditions and ve loc i t i e s . F o r f i lmwise condensa
tion of gas - f r ee s t eam, c o r r e l a t i o n with the 
Nusse l t theory was good, and with l amina r flow in 
the film gave s teann-s ide coefficients for the I" o.d, 
ve r t i c a l tube 20-35% g r e a t e r than the Nussel t theory 
and 2-10% g r e a t e r for the 1" o.d. hor izonta l tube, 
with the lower (more normal ) heat loads . With a 
non-condensable gas p r e sen t , s t e a m - s i d e heat t r a n s 
fer coefficients depend on the mode and quantity of 
venting. An a r b i t r a r i l y chosen "constant vent" con
dition was used giving 5-15% vented with dropwise 
condensat ion but 20-25% vented with f i lm-wise con
densat ion. T h e r e was a major effect of the loca
tion of the vent. 0-5% (by weight) of n i t rogen was 
introduced into the enter ing steann as the non-
condensable gas , 

1005. Hazelton, R,, and Bake r , E, M. 

CONDENSATION OF VAPORS IN IMMISCIBLE 
LIQUIDS, Am. Inst. Chem. E n g r s . T r a n s . 40, 1-28 
(Feb, 1944). 

Condensing filnn heat t r an s f e r coefficients de t e r 
nnined for mix tu re s of wa te r with benzene, toluene 
and chlorbenzene on single 44-in. long ve r t i ca l cop
per tubes ; ranges of composi t ion and t e m p e r a t u r e 
drop covered were 5 to 96%, water in condensate 
and 15 to 75 F ; t h r e e types of condensate flow were 
observed; equation for v e r t i c a l tubes given. 

1006. H e y s e r , A. 

HEAT AND MASS TRANSFER WITH HIGH PARTIAL 
PRESSURE DIFFERENCES, Chem. Ing, Tech 28, 
161-4 (1956). 

Expt l . r e su l t s on f ract ional condensation a r e r e 
por ted for H20-a i r and C^H^-air m i x t s . The data 
could bes t be c o r r e l a t e d by a s suming a fixed effec
tive film r e s i s t a n c e . Data of other inves t iga tors 
could a lso be c o r r e l a t e d to a be t t e r degree in this 
manner than by the nnore compl ica ted mechan i sms 
employed by the r e spec t ive inves t iga to r s , 
10 r e f e r e n c e s . 
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1007. Hidy, G, M. 

VAPOR CONDENSATION BY MIXING IN A F R E E 
J E T , Ph .D. T h e s i s , Johns Hopkins Univ., 169 pp. 
(1962). 

1008. Ikeda, K. 

ON THE THEORY OF CONDENSING SYSTEMS, 
Le t t e r in P r o g r , theor , Phys . , U , 336-9 (1954). 

The au tho r ' s modification of M a y e r ' s t heo ry is p r e 
sented in the form of a concise s u m m a r y . Its p r i n 
cipal contr ibut ion conce rns the method of finding the 
ternn in the par t i t ion function which nnay a sympto t i 
cally r ep lace the whole sum. Ce r t a in i naccu rac i e s 
of the older theory , the author c l a i m s , a r e now 
avoided. 

1009. Ikeda, K. 

CLUSTER THEORY OF CONDENSING SYSTEMS, 
P r o g r , theor . Phys . , _19, 653-98 (1958). 

A detai led and r i go rous t heo ry of vapour - l iqu id co
exis tence in the condensat ion of a systenn cons is t ing 
of a ve ry l a rge number (N) of in te rac t ing m o l e 
cules (in a volume Nv). S tar t ing f rom the U r s e l l -
Mayer expansion of the par t i t ion function, c e r t a i n 
ord inary assunnptions a r e made about the c lu s t e r 
in tegra ls (bj). F i r s t a function 1 *(N) is taken which 
sat isf ies ce r t a in condi t ions , and " s m a l l " c l u s t e r s 
[for which ]£l*(N)] and " l a r g e " c l u s t e r s [for which 
l > I * ( N ) ] a r e defined; thus all c l u s t e r s in the sys tem 
(for each N) a r e c lass i f ied into "snnall" and " l a rge" 
c l u s t e r s , and the par t i t ion function ( ^ N ) of the s y s 
tem (for each N) is e x p r e s s e d in t e r m s of the fac
to r s (0Ta) which contain "snnall" c l u s t e r s only and 
the fac tors (^M) which contain " l a r g e " c l u s t e r s only. 
It is then proved that an assennbly of nnolecules 
divided into any nunnber of " l a r g e " c l u s t e r s nnay be 
rep laced by only one " l a r g e r " c lu s t e r composed of 
all the nnolecules of the a s s e m b l y with e r r o r s as 
smal l as de s i r ed if N is sufficiently l a rge . F u r 
ther , it is proved that a s soon as the densi ty of the 
sys tem exceeds that of the s a tu ra t ed vapour , the 
i so the rm b e c o m e s hor izonta l and t h e r e appea r s one 
"huge" c l u s t e r , which is defined as a c lu s t e r for 
which 1 /N is as nea r to some posi t ive constant as 
des i r ed if N is sufficiently l a r g e . Thus the "huge" 
c lus te r is of a nnacroscopic s ize and should be 
cons idered to r e p r e s e n t the liquid phase coexis t ing 
with the sa tu ra t ed vapour . It is shown that M a y e r ' s 
theory of condensat ion has sonne defects , and an 
improved approx imate t heo ry is p roposed in which 
these defects a r e avoided. The p r e sen t theory is 
compared with the theory of B o s e - E i n s t e i n conden
sation, and it is noted that the p r e s e n t theory is 
quite free fronn the faults contained in the sadd le -
point method. 

1010. Ikeda, K. 

GENERALIZED THEORY OF CONDENSING 
SYSTEMS, P r o g r . t heo r . Phys . (Japan), 26, 173-220 
(1961). 

The theory of Abs t r . 12094 of I960, which dealt with 
the two-phase s epa ra t ion in condensing sy s t ems on 
the b a s i s of the " c l u s t e r " concept and by means of a 
ma thema t i ca l l y r igo rous method, is genera l ized to 

the case of sy s t ems with volume-dependent c lus te r 
i n t eg ra l s . The c lus t e r in tegra l s a r e a s s u m e d to 
satisfy s eve ra l ma thema t i ca l condit ions, which a r e 
cons idered to r e p r e s e n t the e s sen t i a l fea tures of 
the r ea l s y s t e m s . One of these condit ions is con
ce rned with the effects of the volume dependence of 
the c lu s t e r in tegra l s composed of a connparatively 
smal l number of m o l e c u l e s . Another e s sen t i a l con
dition is that the contr ibut ion, per molecu le , to a 
c lu s t e r in tegra l in which the number I of the cons t i 
tuent molecu les is infinitely l a rge and of the same 
o r d e r a s the volume V of the sy s t em, should be 
definite, finite and independent of the volume per 
molecu le , V / l , in a ce r t a in range . By nneans of a 
function 1*(N) which sa t i s f ies ce r t a in condit ions, 
the s izes of c l u s t e r s a r e c lass i f ied into " l a rge" 
[ l > l * ( N ) ] a n d " s m a l l " [1£1*(N)] . The " s m a l l " 
c lu s t e r pa r t of the systenn in cons idera t ion and that 
of the "(O)-system" (i .e. a sys t em with volunne-
independent c lus te r in tegra ls ) a r e proved to be 
p rac t i ca l ly equivalent. Then, after some d i scuss ions 
of the " l a r g e " c l u s t e r s , it is proved that , in a c e r 
ta in range of the specific volume, the i s o t h e r m is 
hor izonta l and a "huge" c lu s t e r ( i ,e. a c lus te r of 
s ize comparab le to the volume of the sys tem) co
exis ts with the sa tu ra t ed set of " s m a l l " c l u s t e r s . 
This co r r e sponds to the l iquid-vapour coexis tence 
r ange . And it is proved that , in the gas r ange , the 
sys tem is thermodynannical ly equivalent to the 
(O)-system and has p rac t i ca l ly no " l a rge" c l u s t e r s , 
A comment is made on the analyt ical p r o p e r t i e s of 
the s ingular i ty r ep re sen t ing the condensat ion. It 
is noted that the p r e sen t theory applies to both the 
c a s e s of "analyt ica l" s ingular i ty and of "non-
analy t ica l" s ingular i ty . A n o n - r i g o r o u s treatnnent 
which leads to the sanne r e s u l t s is given in an 
appendix. 

Abs t r . 12094, I960, See; K. Ikeda; P r o g r , theor . 
Phys . , 19, 653-98 (June, 1958). 

1011. Izmai lova, G. L, P rokhorov , P. S. and 
Deryagin, B. V. 

THE POSSIBILITY OF SURFACE ACTIVATION AND 
PASSIVATION OF NUCLEI IN THE CONDENSATION 
OF WATER VAPOR, Kolloid Zhur 19, 556-61 (1957). 

A s t r e a m of dry a i r (mj m o l e s / s e c , H2O vapor p r e s 
sure = pi) was mixed with a s t r e a m of mo i s t a i r 
(m2 m o l e s / s e c , H2O vapor p r e s s u r e = pj), and p2 
was va r i ed until v is ib le fog appea red in the mixing 
c h a m b e r ; the supe r sa tn . S co r respond ing to fog 
format ion was calcd. as S = (miPi + m2P2)/ps(mi + 
nn2); ps = satd. vapor p r e s s u r e at the nnixing t emp. 
When NaCl c r y s t a l s (obtained by vapor iza t ion of 
drops of dil. NaCl solns.) were introduced in the 
dry s t r e a m , the S was g r e a t e r (0.84 to 1.33), the 
s m a l l e r was the approx. rad ius of the c r y s t a l s 
(0.2 to 0.036/i ). When CH^O was adsorbed on the 
c r y s t a l s before the expt., S i n c r e a s e d by, e.g. , 40%, 
but (Et3Si)20. COMe2, and iso-AmOH lowered S. A 
SiO; powder contg. about 2% Na2C03 and 8% CaCOj 
was heated to 120-732° before the expt.; heat ing 
r a i s e d S up to 4-fold. The chem. or t h e r m a l t r e a t 
ment of the condensat ion nuclei changes the a c c o m -
nnodation coeff, on them. 



CONDENSATION 

1012. Jakob, M. 

CONDENSATION AND EVAPORATION: NEW CON
CEPTIONS AND EXPERIMENTS, Z. Ver . deut. Ingr . 
76, 1161 (1932). 

Exper imenta l investigation of wa te r - f i lm theory with 
par t icu lar r ega rd to heat t r ans fe r ; evapora t ion theo
ry of Bosnjakovic; effect of p rope r t i e s of heat ing 
surface on formation of s t eam bubbles ; fac tors con
trol l ing heat t r ans fe r . CA-27-789. 

1013. Jones , E, A. and Love le s s , L. W. J. 

OVERALL HEAT FLUXES VALUES FROM CON

DENSING STEAM TO BOILING LIQUIDS, Chem. 

Eng. Sci. 2, 32-34 (1953). 

A mixt. of KOAc, Ac OH, and HjO was subjected to 
evapn. in an exptl . evapora tor consis t ing of a 
s team-hea ted s ta in less s teel tube connected to a 
separa to r . Approx. one thi rd of the evapora tor tube 
was submerged. The s team p r e s s u r e was va r i ed 
from 68 to 123 Ib / sq . in. gage with a cor responding 
driving force temp, change from 39° to 72°F. The 
overal l heat t r ans fe r coeff. var ied nea r ly l i nea r ly 
from 382 at 39°F mean temp, difference to 
220 B t u / h r / s q ft/°F at 72°F mean temp, difference. 
The heat flux inc reased with inc reas ing mean t emp. 
difference to a max. at 62°F and then d e c r e a s e d . 

1014. Jost , W., et. al , 

CONDENSATION OF AIR IN ULTRASONIC FLOW, 
Z. Physik. Chem, Zl, 125-9 (1959)-

The vapor p r e s s u r e s of C^H^, toluene, PhEt , s ty rene , 
cumene, and PhBr were m e a s u r e d ebuUioscopical ly 
(C.A. 53, 1947Se) over the p r e s s u r e ranges 60-750, 
60-750, 10-750, 8-750, 25-750, and 23-730 m m , , 
r e sp . The cons ts . A, B, and C (and D for P h E t ) in 
the equation log p ^ A + ( B / T ) + C log T + ( D / T ^ ) a r e 

given. The p r e s s u r e ra t io for c u m e n e / P h B r is 
approx. const . (1.096) over the range 25-750 m m . ; 
the p r e s s u r e ra t io for t o luene / s ty rene d e c r e a s e s 
with increas ing p r e s s u r e . 

1015. Judd, D, H. 

CONDENSATION IN A REACTOR CONTAINMENT 
VESSEL, Nuclear Eng. ±, 431-434 (1959). 

Tes t s were performed to de te rmine whether the loss 
of heat by a contained mixture of s t eam and a i r is 
sufficient to cause any substant ia l a l leviat ion of 
p r e s s u r e built up in a r eac to r containment v e s s e l . 
Steam was injected into the boi ler at 120 psig and 
assumed to be 3% wet. The re su l t s were analyzed 
in t e r m s of forced convection heat t r ans fe r ( s team 
injection period) and free convection heat t r a n s f e r . 
Two formulas were derived for calculat ing the heat 
loss to a containment vesse l by a s t e a m - a i r m i x t u r e . 

1016. Kirkaldy, J. S. 

THE TIME DEPENDENT DIFFUSION THEORY FOR 
CONDENSATION ON SPHERICAL AND PLANE SUR
FACES. Canad. J. Phys . 36, 446-55 (1958). 

The diffusion field and the t e m p e r a t u r e d is t r ibut ion 
a r e calculated for the surroundings of a pure solid 
or liquid phase at constant t e m p e r a t u r e growing into 

an infinitely extended b inary fluid phase of different 
specific volume. The solutions for s p h e r i c a l con
densa tes a r e applicable to the condensat ion f rom 
a i r of water vapour on ice or wa te r d r o p s . It i s 
demons t r a t ed that the genera l ly accep ted q u a s i -
s ta t ionary diffusion theory for s p h e r i c a l drops leads 
for tui tously to the c o r r e c t growth law. 

1017. Ki r schbaum, E . , et. a l . 

NEW DEVELOPMENTS IN HEAT TRANSFER, 
C h e m , - I n g . - T e c h . ^ , 361-8 (1951). 

The heat ing effect of flowing superhea ted and satd. 
s t e a m was obse rved for film and d ropwise con
densat ion. The app. cons is ted of a ve r t i c a l Cu tube 
(30 and 38 m m . diam.) with a condensing sect ion 
1.445 in. long (s team on outs ide) . In film condensa
tion the superhea ted s t eam gave be t t e r r e su l t s at 
smal l At 's and smal l vapor ve loc i t i e s , Both types 
of s t eam gave equiv, r e s u l t s when At (condensing 
t emp . - tube wall temp.) was 8.5° and the enter ing 
vapor veloci ty 27 m , / s e c . In dropwise condensa
t ion be t te r heating was obtained under all conditions 
with superhea ted s team. In f i lm-type condensa
tion: h e a t - t r a n s f e r coeffs. for satd. s t e a m were 
s m a l l e r at smal l At 's than the va lues p red ic ted by 
the Nusse l t equation, became equal to the p r e 
dicted values at At = 5.4° and enter ing vapor ve 
locity of 55 m . / s e c , and became l a r g e r than 
pred ic ted at higher A t ' s ; all such coeffs, continued 
to i n c r e a s e with dec reas ing At. In dropwise con
densation: the coeff. r eached a max . and then de
c r e a s e d with dec reas ing At; the heat flux was about 
3 t imes that of film condensat ion. M e a s u r e m e n t s 
on the cooling water flowing upward inside the tube 
gave the following r e s u l t s ; at ve loc i t ies below 
0.2 m . / s e c . convection c u r r e n t s were set up; with 
dec reas ing veloci ty at a water t emp, of 67° the heat-
t r ans f e r coeff. between water and tube wall ro se to 
a max. of 1200 kcal . /m~^h°C, Detai ls of the equip
nnent and many data a r e p resen ted , 

1018. Kruzhi l in , G. N, 

IMPROVING NUSSELT'S THEORY OF HEAT EX
CHANGE DURING CONDENSATION, ZhTF J, of 
Technica l Phys ics (U.S.S.R.) 7, Nos . 20-21 (1937), 

1019. Kuta te ladze , S. S. 

AN EXPERIMENTAL APPLICATION OF THE 
THEORY OF SIMILITUDE TO HEAT TRANSFER 
FROM CONDENSING, SATURATED STEAM, J, of 
Technica l Phys ics (U.S.S,R,) 7, No. 3 (1937). 

1020. Kutale ladze, S. S. 

HEAT TRANSFER IN CONDENSATION AND BOIL
ING, 2nd ed. T rans l a t ed fronn a publication of the 
State Scientific and Technical P u b l i s h e r s of L i t e r a 
tu re on Machinery, Moscow-Leningrad , 1952, 
215 p, , AEC- t r -3770 (NSA 13-21434), 

Bas ic pr inc ip les of heat exchange during a change in 
state and data dealing with heat t r an s f e r in condensa
tion and boiling a r e p resen ted . Var ious kinds of 
boiling a r e examined along with c e r t a i n a spec t s of 
vapor- l iquid sys tem hydrodynamics . T h e r m o d y n a m 
ics is emphas ized , and included information may be 
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of use to heat exchanger des igne r s as well as 
engineer ing s tudents , 

1021. Lackey , D. L. 

DIRECT CONTACT CONDENSATION WITH TWO 
IMMISCIBLE FLUIDS, ( thesis) UCRL-10339 
(June 29, 1962). 

The theory, design techniques , and re la t ive eco
nomics a r e p r e sen t ed for th ree bas ica l ly different 
d i r ec t - con tac t condensat ion p r o c e s s e s involving 
fluids whose condensed phases a r e imnniscible . 
In the specific sys tem developed for the study, 
Aroclor 1248 (Monsanto Chemica l Corpora t ion) and 
s team were used . The p r o c e s s e s invest igated in
clude the injection, and the induction of s team into 
a h igh-veloci ty s t r e a m of Aroc lor in the th roa t s e c 
tion of a Venturi . The bubbling of steann into a low-
velocity s t r e a m of Aroc lo r , using a packed tower to 
ar t i f ic ia l ly i n c r e a s e the surface of contact was a lso 
invest igated. The induction, injection, p r e s s u r e 
drop, and h e a t - t r a n s f e r c h a r a c t e r i s t i c s of a Ventur i 
in d i r ec t - con tac t condensat ion s e r v i c e were e x p e r i 
mental ly invest igated, and emp i r i c a l c o r r e l a t i o n s 
for the pe r fo rmance of the unit a r e included. The 
per fo rmance of a d i rec t - in jec t ion device was a lso 
experinnentally de te rmined , and c o r r e l a t i o n s ob
tained. A d iscuss ion is included concerning the 
theore t ica l development of re la t ions which a r e used 
to predic t the perfornnance of packed towers in 
d i rec t -con tac t condensat ion s e r v i c e . 

1022. McAdams , W, H. 

HEAT TRANSFER AND PRESSURE DROP OF AIR 
FLOWING IN SMALL, ROUND, TUBULAR PAS
SAGES AT HIGH WALL TO AIR TEMPERATURE 
DIFFERENCE, Second Informal Repor t , NEPA-678 , 
June 18-July 18-1948, 3 p. 

Tentat ive plans have been made for a tubular a i r 
hea te r unit to be hea ted by condensat ion of s t eam 
or Dowtherm vapor at I a t m o s p h e r e . The unit is 
to be made of Type 347 s t a in less s tee l , and is to 
contain a total of 1111 tubes , each having a length of 
0,625 in., an inside d i ame te r of 0.125 in., and a 
wall th ickness of 0.004 in. Mate r i a l has been 
o rde red . 

1023. Maksimov, I. G. 

GRAPHICAL METHOD FOR CALCULATING HEAT 
TRANSFER THROUGH METAL SHEETS BETWEEN 
CONDENSING VAPOR AND BOILING LIQUID, 
Ene rgomash inos t roen i e , No. 11, 24-6 (1958). 

It is assunned that the total difference between the 
t emps , of condensing vapor and boiling liquid. At, 
is known, and the phys. cons t s . can be detd. The 
method involves graphical r ep re sen t a t i on of sp . 
heat flows, depending on the difference between the 
t emps , of condensing vapor and m e t a l and between 
me ta l and boiling liquid. These a r e ca lcd. by known 
equations for heat t r a n s f e r during vapor condensa
tion and boiling of l iquid. On At o rd ina te , heat flows 
to boiling liquid a r e plotted, and, in r e v e r s e d i r e c 
tion, heat flows a r e plotted from the condensing 
vapor . The in t e r sec t ion c o r r e s p o n d s to a point 
where sp. heat flows on both s ides of the me ta l a r e 
equal, and de t s , the unknown par t i t ion temp, on the 

side of condensing vapor and boiling liquid. A sinni-
la r nnethod of computat ion is valid when addnl. t h e r 
ma l r e s i s t a n c e caused by surface contaminat ion is 
p re sen t . F r o m R e f e r a t . Zhur , , Khim. 1959, 
Abs t r . No. 61094. 

1024. Mathewson, W, F . 

E F F E C T S OF SONIC PULSATION ON FORCED CON
VECTIVE HEAT TRANSFER AND FILM CONDEN
SATION IN A VERTICAL TUBE, Ph.D. T h e s i s , 
Corne l l Univ. 95 pp. (1961). 

1025. Mayer , H. and Gohre , H. 

THE PHENOMENON OF DELAYED CONDENSA
TION, Naturwissenschaf ten , vol, 49, No, 11, 
253-4 (1962). 

The condensation of Hg a toms on a q u a r t z - g l a s s 
surface was quanti tat ively invest igated under con
ditions of ex t r eme pur i ty and c l ean l iness , and 
nnicro-weighed continuously to an accu racy of 
±2.1 mono laye r s . It is found that complete conden
sation is only possible below a definite l imit ing 
thermodynamic t e m p e r a t u r e , above which delayed 
condensation o c c u r s . The condensation coefficient 
( rat io of number of condensing to incident a toms) 
is not constant but is dependent on the s t r uc tu r e of 
the condensate a l ready p re sen t . Genera l a g r e e 
ment i s found with previous quali tat ive work. 

1026. Michaels , R. W, 

CONDENSATION OF SEA BREEZES, Ph.D, T h e s i s . 
U. of W i s e (July 1953). 

1027. Mirkovich, V, V. and Missen . R. W. 

NON-FILMWISE CONDENSATION OF BINARY 
VAPORS OF MISCIBLE LIQUIDS, Canad. J. Chem, 
Engng. 39, 86-7 (1961). 

Photographs of the phenomena a r e p resen ted . 
CA 55:1396lg. 

1028. M i s r a , B . , and Bonil la , C. F . 

HEAT TRANSFER IN THE CONDENSATION OF 
METAL VAPORS; MERCURY AND SODIUM UP TO 
ATMOSPHERIC PRESSURE, Chem. Eng. Prog .Sym. 
Ser , 52, No. 18 (1956). 

E x p e r i m e n t s were c a r r i e d out to study condensing 
heat t r an s f e r coefficients of me ta l v a p o r s . Heat 
t r an s f e r coefficients were de te rmined for m e r c u r y 
vapor condensing on both w a t e r - and a i r - c o o l e d 
ve r t i ca l s tee l , copper -p la t ed s tee l , nickel , and 
s t a in l e s s s teel condense r s 0.5 in. O.D. and from 
0,5 to 3 in, in length. E x p e r i m e n t s were a l so 
c a r r i e d out on a 4 .5 - in . - long , 0.5-in, 0 , D . n icke l -
s t a i n l e s s - s t e e l - c o m p o s i t e tube condense r , in both 
hor izonta l and ve r t i ca l pos i t ions . Visual o b s e r v a 
t ions , s t i l l photographs , and F a s t a x nnoving p ic tu res 
showed f i lmwise condensat ion on coppe r -p l a t ed 
s tee l and nickel su r faces and dropwise condensat ion 
on s t a in less s teel su r f aces . On s tee l , condensat ion 
was usual ly dropwise nea r the top and fi lmwise nea r 
the bot tom. The heat veloci ty va r i ed f rom about 
25.000 Btu / (h r . ) (sq.ft.) at 0.5 Ib . / sq . in . abs , with 
air cooling to about 750,000 at 15 I b . / s q . i n . ab s . 
with water cooling, and the heat t r an s f e r coefficient 
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ranged from about 3,000 to about 10,000 B t u / 
(h r . / sq . ft.)(°F.) for f i lm-type condensat ion and from 
about 4,000 to over 50,000 for dropwise condensat ion. 

Condensing heat t r ans fe r studies for sodium vapor 
were also ca r r i ed out on a b imeta l l ic n icke l -
s t a in l e s s - s t ee l condenser . The heat veloci ty va r i ed 
from about 60,000 Btu/{hr , ) (sq. ft.) at 650°C. to 
about 100,000 Btu/ (hr . ) ( sq . ft.) at 870°C,, giving a 
heat t ransfer coefficient ranging from 11,000 to 
13,000 Btu / (h r . ) / ( sq . ft.)(°F,). 

The condensing heat t r ans fe r coefficients obtained 
for me rcu ry and sodium a re only about 5 to 15% of 
the Nusselt equation values for film-wise 
condensation. 

1029. Nabavian, K. 

CONDENSATION COEFFICIENT OF WATER, Ph.D, 
Thes is , U. of Calif.. 127 pp. (1962). 

1030. Nandapurkar . S. S. 

CONDENSATION ON A ROTATING SURFACE, Ph.D. 
Thes is , North Carol ina State College, 77 pp. (1958). 

1031. Nishiwaki, I., and Klein, L. A. 

CONDENSATION OF STEAM IN STEAM-AIR BUB
BLES IMMERSED IN WATER, TID-6520 (I960), 46 p. 

Numerical evaluations were made on the condensa
tion of s t e am-a i r bubbles in a pool of wate r . The 
ra te of change in bubble s ize , par t i a l p r e s s u r e s of 
s team and a i r , par t ia l dens i t ies , in terfacia l t e m 
pe ra tu re , mean t empe ra tu r e of bubble, and heat gen
erated by condensation at the interface were 
calculated for the following initial condit ions: initial 
t empera ture of bubble, 280°F; bulk water t e m p e r a 
tu re , 100°F; initial bubble r ad ius , 0.25 in,; and p r e s 
sure on bubble, 18 psia . The effects of ini t ial 
s t e a m - m a s s fraction, 0.2, 0.5, and 0.9, and heat-
t ransfer coefficients were included. The conditions 
selected a r e applicable to cur ren t containnnent 
schemes for water -cooled r e a c t o r s . 

1032. Niu, K. 

FLOW OF A CONDENSING VAPOUR WITH HEAT 
EXCHANGE, J. Phys . Soc. Japan, 15, 1108-12 (I960). 

An analysis is given for the flow which p a s s e s 
through a pipe of constant c r o s s - s e c t i o n a l a r e a . 
The solutions obtained he re a r e the extension of 
Ch ia ruUi -Dres s l e r ' s (Abstr, 8610 of 1958) and the 
general features of the phenonnena a r e i l lus t ra ted 
by an application to a flow with definite init ial con
ditions. The two figures given by numer i ca l ca lcu
lations show distinctly the differences of the flow 
pat terns between the supersonic and subsonic c a s e s . 

1033. Niu, K. 

FLOW OF CONDENSING VAPOUR WITH T E M P O 
RARY SUPERSATURATED STATE DUE TO HEAT 
REMOVAL E F F E C T , J, Phys . S o c Japan, 1_6, 
798-805 (1961). 

The vapour flow in a pipe of constant c r o s s - s e c t i o n a l 
a r ea with hea t - r emova l effect through the pipe walls 
has a t empora ry supe r sa tu ra t ed s ta te in the s u p e r 
sonic flow by an effect of surface tension of the 

drople t s which a r e born in the vapour . In c a s e when 
the fluid is mainta ined continually in the s u p e r s a t u 
ra t ed s ta te , the ra t io of the i n c r e a s e in r e l a t ive 
humidity to the i nc r ea se in Mach number or to the 
d e c r e a s e in p r e s s u r e is g r e a t e r in the flow with 
h e a t - r e m o v a l than in the adiabat ic flow. Numer i ca l 
ca lcula t ions a r e c a r r i e d out for an example of the 
flow with definite initial condit ions and the region 
where the condensat ion shock t akes place is p r e 
dicted theore t ica l ly . 

1034. Nussel t , W. 

THE SURFACE CONDENSATION OF STEAM, Z. Ver, 
Deut. Ing., 60, 541-569 (1916). 

1035. Otto, W. 

PARTIAL CONDENSATION OF BINARY MIXTURES 
IN VERTICAL TUBES, Chem. Tech. 14, 228-31 
(1962). 

In ve ry wide tubes of low height at low vapor ve 
loci t ies the condensate and vapor a r e in equil . and 
t h e r e is no further nnass t r ans f e r between the 
reflux and vapor . A nomograph for th is case is 
developed. An O-N mixt . was pa r t i a l ly condensed 
in a 6-nnm. d iam. , 2-m, long tube. The r e s i s t ance 
to m a s s t r ans f e r was g r e a t e r than pred ic ted from 
diffusion. No rect i f icat ion was obse rved . Inc rease 
of vapor veloci ty caused rupture of the liquid film 
and favored the s t a r t of rect i f ica t ion. CA 62 13570C, 

1036. P a t e n t e r . A. R. 

CONDENSATION OF STEAM. Ger . Patent 957.360. 
January 31. 1957. 

Steam evolved in widely varying a m t s . , e.g. in the 
d i scharge of a ce l lu lose d iges t e r , is par t ia l ly con
densed in a jet condenser , and finally in a surface 
condenser . The ra te of supply of cooling agent to 
the jet condenser is i n c r e a s e d if the r a t e of uncon-
densed steann to the surface condenser exceeds a 
ce r ta in l imi t , and d e c r e a s e d if the r a t e of s team to 
the surface condenser falls below this l imit . The 
r a t e of supply of cooling agent to the surface con
denser is approx, const . 

1037. P l e s s e t , M. S. 

NOTE ON THE FLOW OF VAPOR BETWEEN 
LIQUID SURFACES, J. Chem. Phy. ^ 0 , 790-793 
(1952). 

The m a s s flow of vapor from a liquid surface at 
t e m p e r a t u r e TQ to another surface of the same 
liquid at t e m p e r a t u r e Ti(Ti< To) may be ve ry readily 
de te rmined in the case of one-d imens iona l flow 
fronn the conserva t ion re la t ions for nnass and 
momentunn. These re la t ions involve both the coeffi
cient of evaporat ion and the coefficient of condensa
tion. It is the re fore poss ible to deternnine the 
condensat ion coefficient which has here tofore not 
been access ib le to m e a s u r e m e n t . A new method for 
de te rmin ing the evaporat ion coefficient is a l so made 
ava i lab le . The t e m p e r a t u r e of the vapor between 
the liquid sur faces may a lso be found when viscous 
effects in the vapor flow a r e neglected. 
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1038. Por tnov , I. G. 

THE CALCULATION OF CONDENSATION AND 
VAPOUR HEAT CONDUCTION WHEN INVESTI
GATING THE EXTINCTION OF A SPHERICAL 
BUBBLE, Vestnik Moskovsk, Univer . , Matemat ika i 
Mekhanika No, 6. 84-93 (I960). 

1039. P r e s s b u r g , B. S. and Todd, J. B. 

HEAT TRANSFER COEFFICIENT FOR CONDENSA
TION OFORGANIC VAPORS, A.I .Ch.E. Journa l i , 
348-352 (1957). 

The behavior of the filnn coefficient of heat t r an s f e r 
for the condensat ion of organic vapor m i x t u r e s was 
invest igated exper imenta l ly to es tab l i sh a sa t i s fac 
to ry bas i s for applying the Nusse l t equation to b inary 
s y s t e m s . F ive ideal and nonideal p a i r s , all of which 
gave misc ib l e condensa tes , we re s tudied; the work 
was c a r r i e d out under condit ions of a lmos t total 
condensat ion on a hor izonta l condensing surface de
signed to connply a s r igidly as poss ib le with the con
ditions for which N u s s e l t ' s equation is val id. 

The same behavior was obse rved for all s y s t e m s and 
all concentra t ions studied;the experinnental coeffi
cients fell between those for the pure components 
and followed the behavior pa t t e rn for pure compo
nents when the t e m p e r a t u r e difference was taken as 
that between the bubble point of the condensate and 
the surface t e m p e r a t u r e , r a the r than between the 
dew point or the nneasured vapor t e m p e r a t u r e and 
the sur face t e m p e r a t u r e . Co r r e l a t i on of the film 
coeff. showed it to v a r y approx ima te ly l inear ly with 
composi t ion if the coeffs. we re compared at a Con
stant value of the t e m p , difference, defined as above, 

1040. Rei tz , J. G. 

ZERO GRAVITY MERCURY CONDENSING R E 
SEARCH, Aero Space Eng . , 19, No, 9, 18-23 (i960). 

Analyses indicated that Rankine cycle power s y s 
t ems ut i l iz ing liquid m e t a l working fluids provide 
high level power sou rce , (other than propuls ion) , 
for space veh ic les ; m e r c u r y condenser appa ra tus 
tes t p rob lems during ze ro g were explored by 
setting l iquid-vapor in te r face in view nea r r ight end 
of glass condense r ; conclus ions f rom t e s t s a r e appl i 
cable to t h r e e a r e a s of space power systenn tech
nology, feasibi l i ty demons t ra t ion , ground t e s t 
validation, and p rob lem identif icat ion. 

1041. Shirokov, M. F . , Vargaftik, N. V,, and 
Lel 'chuk, V. L. 

EXPERIMENTS ON THE HEAT TRANSFER OF 
SATURATED STEAM AT VELOCITIES COMPAR
ABLE TO THAT OF SOUND, ZhTF (Journal of 
Technical P h y s i c s , U.S.S.R.) 7. 1935. 

1042. Shirokov, M. F . 

RATE OF CONDENSATION AND OF HEAT TRANS
FER OF SATURATED STEAM AT VELOCITIES 
COMPARABLE TO THAT OF SOUND, ZhTF (Journal 
of Technica l P h y s i c s , U.S.S.R.) _6, (1935). 

1043. Shumski i , K. P , 

KINETICS OF THE MOTION OF A WATER VAPOR-
GAS MIXTURE IN SUBLIMATION CONDENSERS, 
Ves t s i . Akad, Navuk Be la rusk . SSR, Ser . F i z . -
Tekh. Nav-uk No. 3, 5-10 (1958). 

The condensat ion of wa te r vapor to ice on the inner 
sur face of cy l indr ica l tubes and on flat su r faces 
was invest igated at < 4.58 mnn. Hg and condensat ion 
t e m p s , of - 196° to -20°, both in the absence of non-
condensing gases and in the p r e s e n c e of such gases 
(H, He, Ar, CO2, CH4, C F ; - CI2), The effect of these 
gases in a stat ic sys t em ( thermal nnotion of the gas 
nnols. only) was compared with that in a dynamic 
sy s t em (motion of m o l s . because of the opera t ion 
of a vacuum pump). The ra te of condensat ion of 
water to ice inc reased with inc reas ing pa r t i a l 
p r e s s u r e s of the noncondensing admixt . Also, the 
temp, dropped fas te r , both along the axis of the 
cy l indr ica l condenser tubes and along the i r con
densing sur face (inner wall) in the p r e s e n c e of 
noncondensing admix t s . than in thei r absence . This 
is a t t r ibuted to the fact that tu rbu lence , which in
c r e a s e d the r a t e of m a s s t r a n s f e r , was produced by 
the motion of the noncondensing gas . T ranspo r t a t i on 
of wa t e r -vapo r m o l s . by the gas towards the outlet 
of the condenser tube is d i scussed on the bas i s of 
x - r a y p ic tu res of the condensed layer in the p r e s 
ence and absence of noncondensing ga se s . Dif
ferences between the in te rac t ion of noncondensing 
m o l s . with an ice surface and a water surface a r e 
given. The operat ion of a sublinnation condenser 
is l ikened to that of a vacuum pump, the chief func
tion of which is r emova l of water vapor: the c r i t , 
factor is not the ra te of t r ans f e r of latent heat out 
of the condenser , but the r a t e of condensat ion to 
ice, which depends on the water v a p o r - p r e s s u r e 
drop. F r o m this standpoint, p rocedu re s for the de
sign of h igh-vacuum subl imat ion condense r s a r e 
outl ined. 

1044. Shumski i , K. P . 

A METHOD FOR INVESTIGATING THE PROCESS 
OF VAPOR CONDENSATION IN THE SOLID 
STATE IN VACUUM, Vsesoyuz. Nauch , - I s s l edova te l . 
i Konstrukt . Inst . Khim. Mash ins t roen , , Sbornik 
Statei No. 24, 61-70 (1958). 

With the use of a specia l ly designed appa ra tus shown 
in detai led d i ag ram the r a t e s of condensat ion of 
water vapor to ice were nneasured in 52 w a t e r - a i r 
m i x t s . in which total p r e s s u r e s ranged from 0.3 to 
3,3 m m . Hg, and pa r t i a l p r e s s u r e s of a i r from 
1.1 X 10"^ to 1.16 m m . Hg. 

1045. Shumski i , K. P, 

THE CONDENSATION OF STEAM INTO SOLID IN 
A RAREFIED MEDIUM, Zh. tekh, F i z . (USSR) ^ l , 
991-1000 (1961). 

The r e su l t s of an expe r imen ta l invest igat ion a r e r e 
por ted and d i scussed on the desubl imat ion of s t eam 
on a plane and on the inner surface of a cyl inder . 
The t e s t s were made in th ree sec t ions : condensat ion 
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of the pure vapour without and with gaseous impur i 
t i e s , in an a tmosphere of s ta t ionary gas , and f rom 
a flow of s t eam-gas mix ture r e spec t ive ly . A m e t h 
od has been devised for the design of vacuum subl i 
mation condensers based on the above data 
[Kholodil'naya Tekhnika .Na 2(1958)], The re a r e 
10 r e f e rences . [English t r ans la t ion in: Soviet 
Phys ics -Technica l Phys ics (USA), Vol. 6, No. 8, 
720-6 (Feb., 1962).] 

1046. Siegert , A, J, 

ON THE THEORY OF CONDENSATION, Phys . Rev. 
96. 243-9 (1954). 

In an attempt to unders tand why approximat ions of 
the van der Waals type can yield semiquant i ta t ive 
r e su l t s in spite of being quali tat ively wrong, it has 
been assumed that the par t i t ion function for sub-
macroscopic volumes, as a function of the number 
of pa r t i c les , is of the van der Waals type. As a 
model of a real fluid, a cubic a r r a y of s u b m a c r o -
scopic cel ls with var iable numbers of pa r t i c l e s has 
been considered, and an in terac t ion energy a s s u m e d 
between adjacent cel ls only. Since the van der Waals 
equation predic ts two sharp peaks in the probabi l i ty 
function for the occupation n u m b e r s , one has then 
essential ly a th ree -d imens iona l Ising nnodel. Using 
some of the known p rope r t i e s of the Ising model (and 
some which can be safely ant icipated) , with plausible 
assumptions about the in teract ion energy between 
cel ls , this model is found to exhibit condensat ion, 
and its condensation p r e s s u r e , its i so the rm in the 
stable s ta tes , and its c r i t i ca l t e m p e r a t u r e , to be 
still essent ia l ly determined by those of the individual 
cell . 

1047. Sokolova, E. 

INVESTIGATION OF HEAT TRANSFER DURING 
CONDENSATION OF FREON-22, Kholodil. Tekh 34, 
No. 3, 71-5 (1957). 

Dropwise and filmwise condensation of F r e o n - 2 2 on 
horizontal smooth and finned Cu and steel tubes a r e 
reported. On smooth tubes data a r e within 10% of 
values calcd. by Nussel t equation. Finned tubes can 
be cor re la ted by same equation by using a surface 
a rea cor rec ted coeff, based on fin geomet ry . 

1048. Sparrow, E. M. 

A THEORY OF ROTATING CONDENSATION, Am. 
Soc. Mech, Engr s . T r a n s . Sec. C. J. of Heat T r a n s 
fer 1 1 , 113-20 (1959). 

An analysis is made for film condensat ion on a r o 
tating disk situated in a l a rge body of pure satd. 
vapor. The centrifugal field assocd . with the r o t a 
tion sweeps the condensate outward along the disk 
surface, and gravity forces need not be involved. 
The problem is formulated as an exact soln. of the 
complete Navier-Stokes and energy equat ions. 
Numerical solns, a r e obtained for Prandt l nos . b e 
tween 0,003 and 100 and a range of values of ove r 
all heat balance. Resul ts a r e given for the heat 
t ransfer , as well as for the condensate layer th ick
ness , torque moment, and temp, and velocity 
profi les . 

1049. Sparrow, E. M., and Har tne t t , J. P-

CONDENSATION ON A ROTATING CONE, J, Heat 

T r a n s f e r , C83, 101, (1961). 

1050, Thomann, H. 

INFLUENCE OF CONDENSATION OF WATER 
VAPOUR IN WIND TUNNELS ON HEAT TRANSFER 
AND RECOVERY TEMPERATURE. P roceed ings of 
the 1962 Heat T r a n s f e r & Fluid Mechanics Inst i tute , 
held at Univ. of Washington, Seat t le . June 1962, 
Stanford Univ. P r e s s , June 1962. 

The influence of condensat ion in wind tunnels on r e 
covery t e m p e r a t u r e and heat t r an s f e r is studied for 
the case of a l aminar boundary layer that contains 
ice c r y s t a l s , water vapour . Si a i r . Two l imit ing 
c a s e s a r e invest igated. In one c a s e it is a s sumed 
that none of the c r y s t a l s , formed during the expan
sion in the nozz le , r e - e v a p o r a t e in the boundary layer . 
In this c a s e , the i nc r ea se of r e c o v e r y t e m p e r a t u r e 
amounts to about 2.9^0 per g r a m water per k i logram 
a i r . In the other case it is a s s u m e d that the ice 
c r y s t a l s evapora te so quickly that the vapour concen
t ra t ion equals the equilibriunn concent ra t ion in every 
point of the boundary layer in which ice c r y s t a l s a re 
p re sen t . The theo re t i ca l r e s u l t s a r e compared with 
expe r imen t s and it is found that the expe r imen t s 
ag r ee well with the case of equi l ibr ium flow. The 
exper imen t s show further that the i nc r ea se in r e 
covery t e m p e r a t u r e is cons iderab ly s m a l l e r in the 
case of a turbulent boundary l ayer . 

Heat t r an s f e r coefficients, based on the c o r r e c t r e 
covery t e m p e r a t u r e s , a r e i nc reased by condensa
tion by about 1 per cent or l e s s per g r a m water per 
kilogrann a i r . 

Phys ica l ly , these p rob l ems a r e a l so re la ted to the 
p rob lems of cooling nuc lear r e a c t o r s with wet 
steann. 

1051, Tobias , M, and Stoppel, A. E . 

CONDENSATION OF VAPORS OF WATER AND 
IMMISCIBLE ORGANIC LIQUIDS. Ind. Eng, Chem. 
46, 1450-5 (1954). 

The ra te of heat t r an s f e r in condensat ion on cooled 
ve r t i ca l tubes from m i x t s . of vapors of water and 
imnniscible org . l iquids was studied. Hea t - t r ans fe r 
coeffs. ca lcd . were based on the u s e of an exptl, 
tube a s a r e s i s t a n c e t h e r m o m e t e r . A schemat ic 
d i ag ram of the app. is shown. 

1052. Ts iborovsk i i , Ya, and Surgevich. Ya, 

INVESTIGATION OF THE E F F E C T OF CERTAIN 
FACTORS ON SUBLIMATION CONDENSATION IN 
THE CASE OF ADIABATIC EXPANSION, T r a n s 
lated from: Theses Repor t s and P a p e r s at the 
Conference on Heat and Mass Trans fe r ,Minsk , 
June 5-9, 1961. N P - t r - 8 2 7 (p. 74-6), 

Observa t ions a r e r epo r t ed on the effects of va r i ab les 
on the subl imat ion-condensa t ion of naphthalene in 
mix tu re s with air by adiabatic expansion. 
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1053. Vanecek, V. and Standar t , G, 

ENRICHMENT IN PARTIAL CONDENSERS, Chem. 
Lis ty ^ . 859-63 (1958). 

The en r i chment of complete ly misc ib l e b ina ry 
mix t s . and the h e a t - t r a n s f e r coeff. for condensat ion 
in a c o u n t e r c u r r e n t pa r t i a l condenser w e r e inves t i 
gated exper imenta l ly . A theo re t i ca l en r i chment 
l imit has been der ived. 

1054. Wakeshima, H. 

SPONTANEOUS CONDENSATION IN A SUPERSONIC 
FLOW OF HUMID AIR, J. Phys . Soc. Japan, iO, 
141-148 (1955). 

The p rob lem of the spontaneous condensat ion of 
water vapour in a superson ic flow of mois t a i r is 
approximate ly solved on the b a s i s of B e c k e r -
Dbring 's equation for the s ta t ionary ra te of self-
nucleation and on the law of droplet growth. 
Compar i son of the t heo re t i c a l p red ic t ion with ex
pe r imen ta l r e s u l t s given by Head shows good 
agreement and thus it is r evea led that the nnajor 
par t of the delay in the appearance of condensat ion, 
from which some doubt has been cas t over the 
validity of B e c k e r ' s formula in such c a s e s , can be 
explained plausibly without the notion of t ime lag 
in sel f -nucleat ion. 

1055. Walther , H. 

CONDENSATION OF MERCURY VAPOUR ON 
COOLED SURFACES, Z. Angew, Phys . iO, No. 6, 
272-7 (1958) (In German) . 

The coefficient of condensat ion of m e r c u r y vapour on 
cooled nickel su r faces depends upon both the i r tenn
pe ra tu r e and the durat ion of t he i r exposure to a jet 
of m e r c u r y vapour . F o r exposure t imes of 10 or 
15 min a plot of the coefficient of condensat ion as a 
function of the t a r g e t t e m p e r a t u r e shows a min imum 
at -95°C, because some of the m e r c u r y a t o m s , which 
s t r ike m e r c u r y c r y s t a l s a l r e a d y fo rmed on the 
cooled t a rge t , evapora te again before they can find 
a growth c e n t r e , 

1056. Wuensch, G. 

PARTIAL CONDENSATION OF BINARY AND 
MULTICOMPONENT MIXTURES, Chem. Tech. 14, 
221-7 (1962). 

Sepn. by pa r t i a l condensat ion in a ve r t i c a l f rac t ion
ating column is improved by inc reased reflux ra t io , 
i nc reased re la t ive volat i l i ty, and d e c r e a s e d total 
p r e s s u r e . A graphica l method is given for solution 
of a 2-component s y s t e m . Fo r mul t icomponent 
mix t s . an approxn, can be obtained by differential or 
in tegra l nnethods, e i ther graphica l ly or anal . Methods 
for calcg. the heat balance and heat t r an s f e r a r e a of 
a ve r t i ca l f ract ionat ing column a re given. 
CA 62 13570d. 

1057. Yellott , J. I. 

SUPERSATURATED STEAM, T r a n s . Am. Soc, Mech. 
E n g r s . 56, 411-430 (1934). 

Invest igation of supe r sa tu ra t i on , or fa i lure of s team 
to condense when sa tu ra t ed condition is r eached in 

expansion; pr inc ipa l object ives were locat ion of 
Wilson l ine , which indicated condition at which con
densat ion actual ly o c c u r s , and m e a s u r e m e n t of 
s ize of d rops which a r e formed when flowing s t eam 
condenses . 

1058. Yellott , J. I, and Holland, C, K. 

THE CONDENSATION IN FLOWING STEAM, 
A.S.M.E. T r a n s . 59, 171-85 (1937). 

Appara tus and method for de te rmin ing point of 
condensat ion in De Laval diverging nozz le s ; d i s 
cuss ion r e s t r i c t e d to nozzles with v e r y shor t t h roa t s 
and with angles of divergence g rea t e r than 2°; con
densat ion points and signs of s team drople ts d i s 
cussed for va r ious p r e s s u r e and tennperature 
conditions before expansion for var ious back 
p r e s s u r e s . 

1059- Zozuyla, M. V. 

E F F E C T OF THE CONDENSATE VISCOSITY ON 
THE HEAT EMISSION DURING THE CONDENSA
TION OF VAPOR, Dopovidi Akad. Nauk Ukr. 
S.S.R. 272-5 (1958). 

A cons idera t ion of the re la t ions 7 = f(t), X = f(t), and 
fj. - f(t) sho'ws that in the development of equations 
for detg. the coeff. of heat emiss ion , it is of g rea t e s t 
innportance to take into account the var ia t ion of 
v i scos i ty along the film th i ckness , esp, during con
densat ion of viscous subs tances . Application of the 
re la t ion /i = f(t) p e r m i t s obtaining a m o r e exact 
equation for the detn. of ct,i, which a g r e e s sa t i s fac to
r i ly with exptl, data on the condensat ion of the vapor 
of a highly viscous subs tance , such as g lycerol . 

1060, Zozulya, M, V, 

STUDY METHODS AND PHYSICS OF HEAT EX
CHANGE DURING VAPOR CONDENSATION, 
Sbornik Trudov Inst. Teploenerg . , Akad. Nauk 
Ukr . S.S.R. No. 14, 32-42 (1958). 

An app. is desc r ibed for the study of heat exchange 
during vapor condensat ion in ve r t i ca l tubes at a tm. 
p r e s s u r e and under a tech. vacuum. At a tm, p r e s 
s u r e , a mixed condensat ion o c c u r s . The intensif i 
cation of heat exchange is detd. not only by the no, 
of drop condensat ion c e n t e r s but a lso by the d i s 
tu rbances of the l amina r flow of the condensate 
film, flowing per iodica l ly to these c e n t e r s . The con
densate film shows 2 types of flow; in the upper par t 
of the tube the flow is l a m i n a r , but after the film had 
reached a ce r t a in th ickness , c i r c u l a r v/aves appear , 
the height of which i n c r e a s e s gradual ly . F o r 
glycerol flow, sep. s t re tched waves were obse rved . 
The t r ans i t ion from l amina r to wave flow occu r s at 
ReH = 4qH/ ( r7v ) = 25 /35 , where q is the sp. heat 
load, H the height of the tube, r , 7 , and v the la tent 
heat of vapor iza t ion , d., and the k inemat ic v i scos i ty 
of the liquid, r e s p . The p r o c e s s of heat exchange 
through the film is intensif ied when wave flow de 
ve lops . The wave length of the flow (which is a 
t r ans i t i on between l amina r and turbulent flow) covers 
the Rej^ range from 30 to 2000-500; the heat ex
change coeff., in this range can be detd from the 
equation: (a/x)(vyg)^^^ - 1.05 Re^"^^^ where g is the 
gravi ty acce le ra t ion , and X the heat cond. of the 
liquid. 
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DROPWISE CONDENSATION 

lObl, Baer , E. and McKelvey, J. M. 
HEAT TRANSFER IN DROPWISE CONDENSATION, 
Amer ican Chemical Society Delaware Science 
Symposium, Universi ty of Delaware , Newark (1958), 
24 p. 

1062. Blackman, L, C. F , , Dewar, M. J. S. and 

Hannpson, H. 

AN INVESTIGATION OF COMPOUNDS PROMOTING 
THE DROPWISE CONDENSATION OF STEAM, 
Journal of Applied Chemis t ry J , 160-71 (1957), 

Dropwise condensation(l) was induced by compds . 
contg. hydrophobic groups for water repe l lency and 
a chem. group which has affinity for the meta l l i c 
condenser surface. Dodecyl and octadecyl hydro
carbon chains compr ised the major i ty of w a t e r -
repellent groups, and S and Se provided the chem. 
bonding groups for Cu-bear ing condenser su r f aces . 
A special test app. for I was designed. Per fec t I 
was produced for at leas t 500 h r s . by the following: 
KSSCO{CH2)ioOCSSK, C2H5SSCO(CH2)ioOCSSC2H5, 

CuH25SCSSCi2H25. C,2H25SCO(CH2)8COSCi2H25. 
CuH2sSCO(CH2)ioSeCN, CieHivSCN. Ci8H37SeCN, 
CH3CONHCSSCi8H37. CIBH37SCONH2, CieH37SH, 
Ci2H25S(CH2),oSCi2Hz5. (Cl2H2sS)2Si, (C,2H25S)3P, 
(CuH25S)4P2S3, (C,aH370)2PSSH, (Ci8H370)4P2S3. 
C^HsCHjSCHiC^Hs, C,8H370CSSC2H5, C16H37OCSS-
(CH2)ioSCSOCi8H37, (CH2CHCH2) [OCO(CH^)io-
SCSOC^HB]^ . and Ci2H25Si(SCiH5)3. 

1063. Bobco, R. P. and Gosman, A. L. 

PROMOTION OF DROPWISE CONDENSATION OF 
SEVERAL PURE ORGANIC VAPORS, A.S.M.E. 
Paper No. 57-S-2 (1957),6 pages . 

Results achieved in inducing dropwise condensat ion 
of i so-octane, ethanol, carbon disulphide, and sev
eral other organic substances through use of va r ious 
fluorochemicals as p r o m o t e r s ; although no heat 
t ransfer data a re avialable, question of prac t icabi l i ty 
of using these p romote r s is d iscussed . 

1064. Costas , L. P . 

HEAT TRANSFER BY DROPWISE CONDENSATION 
OF STEAM ON HORIZONTAL TUBES, Ph.D. T h e s i s , 
U. of Maryland, 112 pp. (1961). 

1065. Drew, T. B, , Nagle, W. M.. and Smith, W, Q. 

THE CONDITIONS FOR DROPWISE CONDENSATION 
OF STEAM. American Institute of Chennical Engi
n e e r s . Transac t ions , M, 605-21 (1935). 

Clean s team, whether or not it contains noncondens-
able gas, always condenses in a film on c lean s u r 
faces, rough or polished. Drop-wise condensation 
of s team does not occur unless the cooling surface 
is in some way contaminated. Although numerous 
substances , while actually on the sur face , make it 
nonwettable, only those that a r e strongly adsorbed 
or otherwise firmly held a r e significant as d rop -
promoters in a condenser . Some contaminants seem 
to depend for their activity as p r o m o t e r s on the amt . 
of noncondensable gas presen t . Some contaminants 

a r e specif ical ly effective on c e r t a i n me ta l s (e ,g. , 
m e r c a p t a n s on Cu al loys) ; o the r s a r e quite genera l ly 
effective (e.g., fatty ac ids) . Boi ler s t eam at the 
M a s s . Inst, of Tech. na tura l ly contains d rop -
p r o m o t e r s which a r e effective on some m e t a l s but 
not on o t h e r s . Drop-wise condensat ion is induced 
and mainta ined more eas i ly on smooth su r f aces 
than on rough. 

1066. E m m o n s , H. 

THE MECHANISM OF DROP CONDENSATION, 
A m e r i c a n Insti tute of Chemical E n g i n e e r s , T r a n s 
ac t ions . 35., 109-25 (1939). 

A mol . m e c h a n i s m of condensat ion is p re sen ted 
which is based upon the published s tudies of the be 
havior of nnols. at su r f aces . The fundamental dif
ference between film and drop condensat ion is 
d i scussed and explained in t e r m s of in te rmol . forces 
and a lso in t e r m s of quant i t ies m e a s u r a b l e in bulk. 
The proposed m e c h a n i s m leads to an explanation of 
the very high h e a t - t r a n s f e r coeffs. obtained with 
drop condensat ion. All s tudies of condensat ion, to 
date , indicate that for no c o m m e r c i a l l y impor tan t 
vapor do the n e c e s s a r y re la t ions to clean tubes 
exist to obtain drop condensat ion. The mechan i sm 
of p r o m o t e r act ion is p re sen ted to explain how the 
surface p rope r t i e s a r e nnodified by the contaminant . 
A table of the effect iveness of some addnl. compds, 
as p r o m o t e r s of the drop condensat ion of steann is 
included. A n e c e s s a r y consequence of the mecha 
n i sm of p romote r act ion is that a unimol . layer is 
respons ib le for the en t i re phenomenon. This is 
ver i f ied exper imenta l ly . 

1067. Fa t i ca , N. and Katz, D. L. 

DROPWISE CONDENSATION, Chem. Eng. P r o g r e s s 
45, 661-74 (1949). 

The nnechanism of dropwise condensat ion was studied 
including the m e a s u r e m e n t of contact angles between 
the water drople ts and the pol ished sur face . A bare 
surface condenses vapor into a l a r g e no. of uniform 
drople ts which cover about 45% of the sur face . 
These drople ts grow until a c r i t l . s ize is reached at 
which t ime one drop near the top of an inclined su r 
face will rol l over the surface sweeping it b a r e . The 
c r i t . drople t s ize depends upon the angle of inclina
tion of the sur face , the difference between the ad
vancing and the receding contact angles , the surface 
tension of the liquid, and the d. of the liquid. A 
formula for predic t ing dropwise condensat ion is 
p re sen ted based on the conduction of heat through 
the drople ts and ze ro r e s i s t a n c e between the vapor 
and the b a r e sur face . 

1068. Gelman, L. I. 

HEAT TRANSFER DURING DROP CONDENSATION 
OF MERCURY VAPOR, Teploenerget ika 5, 47-50 
(March 1958). 

Exper imen ta l study on condensat ion of m e r c u r y 
vapor on s teel wall; fo rmulas for heat exchange 
appl icable in design of indus t r ia l a p p a r a t u s . 



Dropwise 

1069. Morgan, P . G. 

DROPWISE CONDENSATION, Eng. and Boi ler House 
Rev, 72, 72-4 (1957). 

The r a t e s of heat t r an s f e r which can be obtained with 
dropwise condensat ion a r e cons iderab ly higher than 
those for co r respond ing film condensat ion. Fo r 
dropwise condensat ion, the condensing sur face mus t 
have a thin layer of fluid (promoter ) to prevent the 
condensed vapor from wetting the su r face . In the 
p re sence of a suitable p r o m o t e r , the water vapor 
condenses as drops of va r ious s i z e s ; these grow by 
fur ther condensat ion and coa lescence unti l they 
r each a ce r t a in c r i t . s ize then the drop ro l l s down 
the condensing su r face , sweeping a path of b a r e 
meta l , upon which the water vapor again condenses . 

1070. Nagle, W. M. and Drew, T. B. 

THE DROPWISE CONDENSATION OF STEAM, 
T r a n s . Am. Ins t .Chem. Eng. 30, 217-255 (1933). 

Invest igation under taken to explain observa t ions 
made during study of w a t e r - s i d e coefficient of heat 
t r ans fe r in falling-filnn condenser , 

1071. Nagle, W. M., et a l . 

HEAT-TRANSFER COEFFICIENTS DURING DROP-
WISE CONDENSATION OF STEAM, T r a n s . Am. Inst. 
Chem. E n g r s . , 31 . No. 4, 593-604 (1935). 

A detai led d i scuss ion of expts . which gave s t eam 
side coeff. for d rop -wi se condensat ion on C r - p l a t e d 
pipe with t emp , differences from 5.2 to 13.9°F. 
having values between 11,000 and 17,000 B t u / h r . / 
sq. f t . / °F . 

1072. Osment , B, D., et a l . 

PROMOTERS FOR THE DROPWISE CONDENSATION 
OF STEAM, T r a n s . Inst. Chem. E n g r s . , 40, 152-60 
(1962). 

Tes t s of the useful life of va r ious p r o m o t e r s to give 
dropwise condensat ion of s t e a m on Cu alloy sur faces 
were r epor t ed for pu re and indus t r ia l s t eam. The 
p r o m o t e r s used w e r e octadecyl octadecylxanthate (I), 
decamethylene bis(octadecylxanthate) (II), didodecyl 
t r i th iocarbonate (ill), octodecyl se lenocyanate (IV), 
dioctadecyl d ise lenide (V), dioctadecyl disulfide (VI), 
te t rakis{dodecyl thio)s i lane (VII), dodecyl t r i s (e th-
ylthio)si lane (VIII), t r ioc tadecy l phosphorodi thioate 
(IX), Montan wax (X), and filming amines (mainly 
C18H37NH2) (XI). Compds . I-XI were applied as 
1% solns . in CCI4. A pol ished b r a s s sur face i m 
m e r s e d in a soln. of VIII for 15 min . showed 
c rys t a l l i t e s of VIII s ca t t e r ed randomly . It had poor 
dropwise condensat ion p r o p e r t i e s during 15 min. 
Few c r y s t a l l i t e s r ema ined after 15 min. and none 
after a 30-min. exposure to s t eam. The surface on 
reappl icat ion of s t e a m gave good dropwise condensa
tion. T e s t s on l a r g e condense r s with wet s t e a m at 
high veloci ty showed that the pronnoters failed 
rapidly. On a smal l s ca l e , with re la t ive ly pure 
s team, color changes were concur ren t with the 
breakdown. B r a s s changed from br ight yellow to 
r edd i sh -b rown, cupronickel from br ight gray to 
g r e e n - g r e y . With o rd ina ry indus t r ia l steann, ea r ly 
failure was accompanied by deposi t ion of fouling 
m a t t e r . CA 62 13581e, 

1073. Selin, Gunnar 

CONDENSATION OF WATER VAPOR IN DROPLETS, 
Dechema Monograph 40, Nos. 616-641, 149-54(1962). 

Condensat ion of H2O vapor on in te rna l ly-cooled 
Cu tubes was observed for s e v e r a l wall , vapor , and 
condensate t e m p s . Mixed drople t - f i lm condensat ion 
was usual ly noted at about 50° wall and 70-5° con
densate t emps , for a 2§ .0 -mm. outside diam, tube. 
At higher wall and condensate t emps , , drople ts were 
fornned; filnns were formed at lower t e m p s . Heat 
t r an s f e r coeffs. {hy) a r e many t imes l a r g e r for d r o p 
let than for filnn fornnation. Thus , for a wall at 
90,8° and condensate at 94,7", h^, was 36,000 and for a 
wall at 24° and condensate at 49-4°, hy was 
1830 k c a l , / s q . nn. hr , °C. Calcd, hy for film con
densat ion a r e suspect due to low H2O vapor exit 
concns . and condensate cooling, h ^ f o r drople t 
formation on a 42.0 m m . tube a r e much s m a l l e r 
than for the 28.0 m m . tube, ĥ ^ a r e genera l ly much 
lower for the l a r g e r tube. The effect of tube inc l ina
tion angle is not c l ea r . 

1074. Shea, F . L. , and K r a s e , N. W. 

DROPWISE AND FILM CONDENSATION OF STEAM, 
A. L Ch. E . T ransac t ions 36, 463-90 (1940). 

Steam film coeffs. , for dropwise and film condensa
tion, were m e a s u r e d on a ve r t i ca l plate condenser 
23 in. long. The improved method of obtaining plate 
t emps , and heat throughput gave dropwise coeffs, 
with a max. e r r o r of about 20% and an av, deviation 
l e s s than 2%. The Nusse l t equation accu ra t e ly p r e 
dicts the change in coeff. with length for film con
densat ion over the range studied. It gives abs . 
values about 10% low on ve ry shor t p la tes and about 
25% low when the length is 23 in, CA(1940) - 71706. 

1075. Sugawara, S. and Michiyosi , I, 

DROPWISE CONDENSATION, Memoi r s of Facu l ty of 
Engineer ing , Kyoto Univers i ty 1_8, 84-111 (1956), 

F a c t o r s re la ted to the nnechanisnn of dropwise con
densation a r e the c r i t . s ize and shape (contact angle) 
of a drop, the a r e a covered by drople ts on the unit 
a r e a of condensing sur face , and the sweeping cycle , 
where drops of c r i t . s ize sweep down the wall and 
leave a b a r e s t r i p . The ra t io of the a r e a covered by 
drople ts to the unit sur face a r e a is smal l at the b e 
ginning of the adher ing per iod, i n c r e a s e s with the 
l apse of t ime , and then becomes const , (about 0,5) 
at the end of the per iod. The sweeping cycle is 
reduced as the flow rate of cooling H2O is i n c r e a s e d , 
and the lower par t of the condensing sur face is 
swept nnore often than the upper . An equation is 
given for detg. c r i t . d iam. and contact angle , and one 
is proposed for es tg . the h e a t - t r a n s f e r coeff. In 
p rac t i ca l appl ica t ions , an effective method of in
ducing dropwise condensat ion continuously is to pour 
a drop p r o m o t e r , e.g. , oleic acid, into the steann; 
thus the p r o m o t e r s on the condensing surface a r e 
continuously rep len ished . This nnethod is expected 
to prevent e ros ion of the condensing surface caused 
by CO2 or O in the s t eam. CA(57) 6254d. 
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1076. Topper, L, and Baer , E. 

DROPWISE CONDENSATION OF VAPORS AND 
HEAT TRANSFER RATES, J. Colloid Sci. j ^ , 225-6 
(1955). 

B r a s s coated with a layer of te t ra f luoroe thylene 
polymer 20,000 A. thick and exposed to satd. vapors 
exhibited dropwise condensation of H2O, ethylene 
glycol, PhNOj, and PhNH2, but C(,H(, condensed as a 
continuous film. 

1077. Watson, R. G. H., Brunt . J, J . , and 
Bir t . D. C. P. 

DROPWISE CONDENSATION OF STEAM. In t e rna 
tional Developments in Heat T r a n s f e r , P a r t II, 
ASME (1961), p. 296-301. 

P resen t s some of the work c a r r i e d out within the 
Admiral ty to es tabl ish conditions for continuous 
operat ion of s team plant with dropwise condensation. 
Pa r t of this work has involved a study of the m e c h 
anism of dropwise condensation and its re la t ion to 
plant design. 

1078. Welch, J. F, 

MICROSCOPIC STUDY OF DROPWISE CONDENSA
TION. Ph.D. Thes i s . Univers i ty of Ill inois (1961), 
146 p. 

High speed nnotion p ic tures taken through a m i c r o 
scope were used to study the dropwise condensa
tion of s team on three ver t i ca l copper su r f aces . 
The condensing a r e a s var ied from .44 in to 23.6 in , 
Dropwise condensation was induced by adding .005 -
.05 weight per cent cupric oleate to the feed water in 
the steam boi ler . This p romote r produced excel lent 
dropwise condensation in a recyc le systenn for at 
least 10.000 hours . It a lso induced perfect dropwise 
condensation of ethylene glycol and glycerol on cop
per condensing surfaces . Profile photography 
showed the water droplets to have an average con
tact angle of 70° on the cupric oleate promoted 
copper surface. 

The surface AT var ied from 0.4 to 47°F and the co r 
responding heat fluxes ranged from 5000 to 
85,000 Btu/hr ft^. The s team side heat t r ans fe r 
coefficients in dropwise condensation var ied from 
2,400 to 25,000 Btu/hr ft̂  °F and were always g r e a t e r 
than those obtained during filmwise condensat ion. 
Heat balances indicated excellent exper imenta l 
accuracy and the excellent agreennent of the ex
per imental filmwise coefficients with the theore t ica l 
coefficients calculated from the Nussel t equation 
further substantiated the validity of the expe r i 
mental technique. The vapor velocity and iner t gas 
concentration were accura te ly known for each run 
and the heat t ransfer data were readi ly reproduc ib le . 

Motion pic tures were taken through a meta l lographic 
microscope at 4000 f rames per second giving a 
magnification of 11.2 d iamete r s on the negat ive. The 
motion pictures showed for the f i rs t t ime that when 
two or more droplets coa lesce , a par t of the me ta l 
surface previously covered by the drops is exposed. 
F r e s h vapor rapidly condenses in a thin layer on 
these ba re a r ea s at a ra te de te rmined by the s u r 
face AT. 

The following mechan i sm of dropwise condensat ion 
is proposed. Steam init ial ly condenses on the b a r e 
condensing surface in a thin layer which grows to a 
c r i t i ca l th ickness of from 3,9 to 10"^ to 6.5 x 10-*mm. 
where it ins tantaneously f r ac tu r e s and the l iquid ro l l s 
into d rop le t s . The drople t s grow p r i m a r i l y by co l l i 
sions with'one another . Each col l is ion then exposes 
a new b a r e sect ion where this p r o c e s s i s r e p e a t e d . 
An equation was der ived to p red ic t the heat t r ans fe r 
coefficient based on the heat t r a n s f e r r e d through 
these b a r e a r e a s . The equation holds ve ry well for 
data obtained in this and o ther inves t iga t ions where 
the opera t ing conditions were s i m i l a r . 

1079. Welch, J. F , and Wes twate r , J. W. 

MICROSCOPIC STUDY OF DROPWISE CONDENSA
TION, In ternat ional Developments in Heat T rans fe r , 
P a r t II. ASME (1961), p. 302-9-

Dropwise condensat ion of s t eam was studied exclu
sively from the mic roscop ic view point for the f irs t 
tinne. High speed motion p i c tu r e s were taken through 
a nnicroscope. Th ree different condensing sur faces 
were used . The sm a l l e s t was the v e r t i c a l face of a 
copper surface -f in. in dia. The l a r g e s t was a v e r 
t ical rec tangle of copper 8 inches high and 3 inches 
wide. Dropwise condensat ion was induced by adding 
0.005 weight percent cupr ice oleate to the feed water 
in the steann-supply bo i le r . The useful life of this 
p r o m o t e r in a recyc le sy s t em is at leas t 
10,000 h o u r s . The AT var ied from 0.4 to 47 F and 
the heat flux va r i ed from about 5000 to 85,000 Btu 
per hr sq ft. Heat ba lances indicated good expe r i 
menta l a ccu racy . A set of runs in f i lmwise con
densat ion showed excel lent a g r e e m e n t with Nusse l t ' s 
equation, for the l a rge sur face , and thus provided 
additional evidence of re l iab le m e a s u r e m e n t s . The 
motion p ic ture speeds ranged from 250 to 
3000 f r ames per second with magnif icat ions of 
about 1 to 1 IX on the negat ive. It was found that the 
drops grow mainly by numerous coa l e scences . 
Each coa lescence r e s u l t s in a v ibra t ion of the new 
drop, sweeping up the nearby liquid fi lm. Condensa
tion takes place mainly on the swept a r e a s , and only 
sl ightly on the d rops . A film forms on the swept a rea 
until a c r i t i ca l th ickness of about 0.5 m i c r o n is 
r eached at which t ime the film f r ac tu re s to form new 
drops . 

1080. Westwater , J. W. and Welch. J. F . 

MICROSCOPIC STUDY OF DROPWISE CONDENSA
TION, Motion P i c t u r e , Univers i ty of I l l inois , 
Urbana (I960). 

E F F E C T OF NON-CONDENSIBLES 

1081. Amel in , A, G. 

CORRECTIONS AND ADDITIONS TO FRANK-
KAMENETSKY'S ARTICLE "THEORY OF STEAM 
CONDENSATION IN THE PRESENCE OF NON-
CONDENSING GASES," Journa l of Technical 
Phys ics (USSR) 15, No. 4 -5 , 287-96 (1945). 
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1082. B e r m a n , L, D, 

HEAT AND MASS TRANSFER IN THE CONDENSA
TION OF WATER VAPOR IN THE PRESENCE OF 
NONCONDENSABLE GASES, Ber , w a r m e t e c h . 
Inst. 16, No. 8, 11-18 (1947) Chem. Zen t r . 1947, 
II, 779-80. 

Even the p r e s e n c e of a slight amount of gas p r o 
duces e s sen t i a l modification in the conditions of con
densation of s t eam, including a reduct ion in the coeff. 
of t h e r m a l t r a n s m i s s i o n . In mos t m i x t s . the changes 
in the Reynolds , Grasshoff, and P rand t l nos . a r e 
slight. The appl icabi l i ty of the formulas of Langen 
and Hougen is sti l l not c l e a r . The formula of Col
burn is based upon e r r o n e o u s assunnptions. 

1083. B e r m a n , L. D. 

THE THEORY AND DESIGN OF CONDENSERS FOR 
VAPOR-NONCONDENSABLE GAS MIXTURES, 
Izves t iya .Vses . Teplotekn. Inst . (News of Al l -
Union Heat Engineer ing Insti tute) ^ (1948). 

1084. B e r m a n , L, D,, et al, 

E F F E C T OF AN AIR ADMIXTURE ON HEAT 
EMISSION DURING CONDENSATION OF MOVING 
STEAM, Izves t iya . Vses , Teplotekhn. Inst. 2J. No, 11, 
l -18 ,November (1962). 

1085. B e r m a n , L. D. 

EXPERIMENTAL INVESTIGATIONS OF STEAM 
CONDENSATION IN PRESENCE OF UNCON-
DENSABLE GASES, Tep loenerge t ika 4., 43-50 
(June, 1957). 

Relat ionships for coefficients of heat t r ans fe r and 
m a s s of s t e a m t r ans f e r in condensat ion of s t eam 
from steajn gas m i x t u r e . 25 r e f s . 

1086. B e r m a n , L. D. and Fuks , S. N, 

MASS EXCHANGE IN CONDENSERS WITH HORI
ZONTAL TUBES WHEN THE STEAM CONTAINS 
AIR, Tep loenerge t ika 8. 66-74 (1958). 

A s e r i e s of t e s t s was made on the condensat ion of 
s team in the p r e s e n c e of a i r in condense r s with h o r i 
zontal tubes . The equipment and techniques used a r e 
descr ibed. The p r e s s u r e of the s t e a m - a i r mix tu re 
was var ied fronn 0.047 to 0.91 a tm . The r e s u l t s a r e 
given and d i scussed in de ta i l . It was concluded that 
the m a s s t r ans fe r coefficient during condensat ion de
pends on the air content of the mix tu re and on the 
Reynolds and P rand t l n u m b e r s . With inc reas ing gas 
content, the coefficient r i s e s rapidly and approaches 
infinity as the conditions for condensat ion of pure 
s t eam a r e approached . 

1087. B e r m a n , L. D. 

SIMPLIFIED EMPIRICAL RELATIONSHIPS FOR 
MASS EXCHANGE DURING PROCESS OF STEAM 
CONDENSATION FROM STEAM GAS MIXTURES, 
Teploenerge t ika 7, 74-8 (Aug., I960). 

It is shown that , when deternnining coefficient of 
nnass exchange during filnn condensat ion from mix 
tu re containing l e s s than 70-80% iner t gas , it is in
admiss ib le to de te rmine pa r t i a l p r e s s u r e of s t eam at 
surface of liquid by wall t e m p e r a t u r e . 

1 0 8 C a i r n s , R. C, 

THE CONDENSATION OF VAPOR FROM GAS-
VAPOR MIXTURES, Chem. Eng. Sci. 2, 127-38 
(1953). 

P r e s e n t methods a r e reviewed for the calcn, of 
heat t r an s f e r in condensat ion of vapors from g a s -
vapor m i x t s . A s ingle- tube condenser is e x p e r i 
nnentally used to obtain data for the sy s t ems 
CHCI3-a i r and s t e a m - a i r , 

1089. Dailey, C, E, 

CONDENSATION OF VAPORS FROM AIR-VAPOR 
MIXTURES, Ph,D. T h e s i s , Carneg ie , Inst, of 
Technology, 191 pp. (July 1954). 

1090. Dmytryszyn, M. 

CONDENSATION OF A CONDENSABLE VAPOR IN 
THE PRESENCE OF A NON-CONDENSABLE GAS, 
Ph.D, T h e s i s , 94 pp. (1957), 

1091. Fas tovsk i i , V, G. and Rovinski i , A. E. 

EXPERIMENTAL INVESTIGATION OF THE CON
DENSATION OF WATER VAPOR FROM A MIX
TURE OF WATER VAPOR AND AIR, Izvest iya . 
Vses . Teplotekn. Inst. (News of the All-Union Heat 
Engineer ing Institute) 4_ (1950). 

1092. F r a n k - K a m e n e t s k i i , D. A. 

THE THEORY OF THE CONDENSATION OF A 
VAPOR IN THE PRESENCE OF A NONCONDENS
ABLE GAS, Z T F (Journal of Technical Phys ics ) 12, 
No. 7, 327-356 (1942). 

1094. Hulden, B. 

CONDENSATION OF VAPORS FROM GAS VAPOR 
MIXTURES. AN APPROXIMATE METHOD OF DE
SIGN, Chem. Eng, Sci. 7_, 60-5 (1957), 

A hypothetical driving force allows graphica l approx
imat ion of condenser sur face a r e a s by the Colburn-
Hougen method. 

1095. Komarov, I. A, 

HEAT TRANSFER WITH VAPOUR CONDENSATION 
FROM A VAPOUR GAS MIXTURE, Izv, Vyssh, 
Ucheb. Zav. , Khimiya i Khimich, Tekh, 4, No. 2, 
303-309, 1961. 

In the t i t le c a s e , the Newton-Four i e r equation is un
sui table , and the equation Q = k' ,Ai .F , where Q = 
total amt . of heat t r a n s f e r r e d from the v a p o r - g a s 
mixt . to the cooled liquid in k c a l . / h r . , F = the s u r 
face of the d ry packing in the s c rubbe r in sq, m . . 
A i = the mean logar i thmic difference of vol . enthal 
pies in k ca l . / cu . m. , should be used . A new equa
tion for the descr ip t ion of th is complex p r o c e s s is 
given: k^ = R e ^ . S % . where K^ = a new heat c r i t e r i o n , 
Reg = Reynolds no. for the v a p o r - g a s mix t , , and 
S^^ a new heat t e r m r e p r e s e n t i n g the ra t io of the 
mean logar i thmic i nc r ea se of the enthalpy to the 
nnean logarithnnic enthalpy of the v a p o r - g a s mixt . 
For a sufficient i r r iga t ion d. (multijet sp r ink le r ) 
the Reynolds no. of the cooling liquid does not affect 
the coeff. of heat and m a s s t r a n s f e r . An equation 
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was detd. exptl. for the detn, of the sur face n e c e s 
sa ry for heat exchange, compl icated by the conden
sation of the vapor from a v a p o r - g a s mixt . : kj = 
0.0045 Re''^^.S°'^^ • This equation can be used for 
the pract ica l ca lcns . of s imu l t aneous ly -occu r r ing 
industr ial p roce s se s of heat- and m a s s t r a n s f e r 
during the cooling of H^O-vapor satd. a i r by HjO in a 
packing sc rubber . 

1096, Madejski, J. 

HEAT TRANSFER IN THE CONDENSATION OF 
VAPORS IN PRESENCE OF INERT GASES, Chem, -
Ing.-Tech. 29, 801-13 (1957), 

The basic theore t ica l pr inciples of unid i rec t ional 
m a s s t ransfer and the development of a s imi l a r i t y 
theory a r e given. Exptl . data from the l i t e r a t u r e 
a re evaluated and an equation is p resen ted for 
unidirectional diffusion in a tube. A method is 
proposed for connputing condensation of vapor fronn 
vapor-gas mix t s . A numer ica l example is shown, 
29 re fe rences . 

1097, Manakin, B. A., Grechanovski i , V. P, and 
Domentianova, Z. M. 

PRECIPITATION OF WATER VAPOR FROM THE 
AIR WITH SYNTHETIC CONDENSATION NUCLEI, 
Sbornik F iz . -Mat . Fak i Nauch , - I ss ledovate l . Inst. 
F iz . Odessk, Univ. 5., 99-107 (1954) Referat , Zhur . , 
F iz . 1956. Abst r . No. 2758. 

The possibil i ty of pptg. water vapor from unsatd. a i r 
by means of synthetic condensation nuclei was 
studied. The expts. were nnade in a chamber with 
a vol, of 3 cu. m. for a mois tu re content of the 
air 70-79%. It was observed that the introduction of 
HCl vapors into the channber followed by the spraying 
of powd. meta l s (Zn, Mg, Ca), thei r oxides, or c a r 
bonates into the chamber led to the format ion of a 
fog. The droplets of the fog were solns . of the 
hygroscopic sa l t s . The drops grew rapidly and 
fell to the bottom of the chamber within 2-3 min . 
If nonhygroscopic sal ts were formed as a r esu l t of 
the chem. react ion, no fog formation was observed . 
In the case of the sublimation of ZnCl^ or the bu rn 
ing of P, a highly d i spersed fog was formed but the 
droplets did not fall, 

1098, Meisenburg, S. J., Boa r t s , R. M,, and 
Badger. W, L. 

THE INFLUENCE OF SMALL CONCENTRATIONS 
OF AIR IN STEAM ON THE STEAM FILM C O E F F I 
CIENT OF HEAT TRANSFER, T r a n s . Am. Inst. 
Chem. Engr s . . M. 622-38 (1935). 

The effect of a i r in moving s t eam condensing as a 
viscous film on the outside of a ver t i ca l Cu tube of 
1.00 in. outside diam. by 12 ft. long can be de
scribed by a modification of the Nussel t condensa
tion equation, 
hg = 0.670 ( K V g r / L ) n A t ) ' ' - " ( l / c ) < ' ' " , 
where hg is the av. t rue s t eam film coeff., C is the 
fraction of air by wt, and all dimensions a r e con
sistent . The equation can be used for s team contg. 
0.10 to 4.00% by wt. Fo r s team without a i r diln. the 
const, of Nusse l t ' s equation was found to be 1.440, 
which is 53% higher than theore t ica l . Steam t e m p s . 

from 248° to 175°F. and temp, differences of 
18 to 7 2 ' ' F . were used . 

1099. Mikhailovski i . V. N. 

DESIGN OF CONDENSERS FOR A VAPOR-
NONCONDENSABLE GAS MIXTURE. Khim. p r o m . 
(Chemical Industry) 5., 1945. 

1 100. Mizushina, T., Hashimoto , N. and 
Nakaj ima. M, 

DESIGN OF COOLER CONDENSERS FOR GAS 
VAPOR MIXTURES, Chem. Eng, Sci, % 195-204 
(1959). 

The graphica l method for design of cooler con
d e n s e r s by Mizushina and Kotoo (Kagaku Kikai 13, 
75(1949)) is extended to gas -vapor s y s t e m s with 
high vapor concn. The nnethod is appl icable 
whether the mixt . is satd. or superhea ted , Exann-
ples of an a i r - w a t e r and a i r - b e n z e n e sy s t em a r e 
solved and compared with other methods , 

1101. Renker , W, 

HEAT TRANSFER IN THE CONDENSATION OF 
VAPORS WITH NONCONDENSABLE GASES 
PRESENT, Trans l a t ed for Goodyear Atomic Corp, 
from Wiss, Z. tech. Hochschule (Dresden) 4, 
1003-19 , GAT-Z-4060 (1954/55). 

An invest igat ion was made of the influence of gas 
content upon heat t r an s f e r in the condensat ion of 
vapors from vapor gas m i x t u r e s . The vapors enn
ployed were s team and isobutyl alcohol vapor , and 
the gases were hydrogen, a i r , and n i t rogen. The 
m e a s u r e m e n t s indicated that the high coefficients 
of the heat t r an s f e r for pure vapor s drop ve ry 
sharply even when minute quant i t ies of gas a r e 
added, 

1102. Ryba, M. 

DESIGN OF SURFACE CONDENSERS FOR THE 
CONDENSATION OF STEAM IN THE PRESENCE 
OF NONCONDENSABLE GAS, Chem. p rumys l 10_, 
296-300 (I960). 

Ca i rn s (CA 49, 2788f) found that sur faces calcd, by 
the Colburn method a r e 9-95% g r e a t e r than actual 
su r f aces . R. p roposes the following equation of 
KQ = l / ( l /kg .L_^) + (CAo). for the detn. of the over
all t r an s f e r coeff. based on pa r t i a l p r e s s u r e dif
fe rence , Kj^ in which dg is the o v e r - a l l coeff. of 
heat t r a n s f e r , and L^^ is the heat of evapn. of con
densing m a t t e r calcd. by a specia l method for the 
t emp, tg of the ma in flow of gas and s t eam mixt. 
The m a s s t r ans fe r coeff. in the gas phase , kp, could 
be calcd. according to the Chi l ton-Colburn c o r r e l a 
tion (cf, CA 29, 18 ), where the logar i thmic av. pa r 
t ial p r e s s u r e P D * . ^̂  subst i tuted by the approx. 
value P o ^ , for par t i a l p r e s s u r e ext rapola ted on the 
cooling medium temp. (t^^). The quantity C is the 
ra t io of the pa r t i a l p r e s s u r e difference of the con
densing component at t emps , tg and t,^, A p . , to the 
difference of t e m p s . t„ and t w The ra t io of all heat 
t r a n s f e r r e d , as detd. fronn a heat ba lance , to the 
mixed a r i thmet i c av. of product Kjj and Ap* for both 
ends of the condenser then yields the condenser 
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sur face . By introducing these 3 s impl i f ica t ions , e.g. , 
by neglect ing sens ib le heat , by subst i tut ion of kg for 
k^, and by introducing the quantity C,. the method 
gives conse rva t ive r e s u l t s . Fo r the condensat ion of 
s team fronn mixt . with a i r , N, or CO^, and vapors of 
CHCI3 or C(,Ht from nnixt. with a i r , the deviat ions 
a r e 10-30%. 

1103. Thei le , Heinz 

ON THE PREVENTION OF FOGGING IN CONDEN
SATION OF VAPORS FROM GAS STREAMS, 
Trans l a t ed from ErdOl u. Kohle 5_. 407-12, 
AEC- t r -1980 (1952). 

The fundamental p r o c e s s e s involved in m i s t f o rma
tion and demis t ing have been studied experinnentally, 
using n-hexane or furfural in N2. Nuclei product ion 
by chemica l reac t ion , using al lyl bronnide; avoid
ance of supe r sa tu ra t i on by matching heat and m a s s 
t r ans fe r ; and demis t ing by a rota t ing s t r i p and by 
superposed heat flow a r e d i scussed . 

FILM CONDENSATION 

1104. Bae r , E r i c , and McKelvey, J, M. 

HEAT TRANSFER IN FILM CONDENSATION, 
A.I .Ch.E. J o u r n a l ^ , 218-222 (1958), 

A theore t i ca l ana lys i s of heat t r an s f e r in film con
densation is p r e sen t ed in which the total vapor -
side r e s i s t a n c e to heat t r an s f e r is obtained by 
adding the r e s i s t a n c e to conduction through the 
condensate film to the r e s i s t a n c e due to the con
densation p r o c e s s at the vapor - l iqu id in ter face . 
Under o rd ina ry conditions conduction in the 
condensate film is control l ing if the condensat ion 
coefficient is g r ea t e r than O.IO; however , if the total 
p r e s s u r e is low, under conditions of low heat flux 
or low condensat ion coefficient, the r e s i s t a n c e of 
both p r o c e s s e s mus t be cons ide red . 

1105. C e s s , R. D. 

LAMINAR-FILM CONDENSATION ON A FLAT 
PLATE IN THE ABSENCE OF A BODY FORCE, 
Z. Angew, Math. Phys . U. No. 5, 426-33 
(I960). 

Lamina r flow of a s a tu ra t ed vapour pass ing over a 
cooled flat plate was studied for the case of film 
condensation on the su r face . It was a s sumed that 
there a r e no gravi ta t ional forces so that the motion 
of the liquid film resu l t ed solely from the sweeping 
effect of the adjacent vapour . The shear s t r e s s and 
heat t r an s f e r at the plate sur face were ca lcu la ted 
using numer i ca l in tegra t ion methods , and r e s u l t s 
given in two d i a g r a m s . SAA (1961) 18446. 

1106. Chen, M. M. 

AN ANALYTICAL STUDY OF LAMINAR FILM CON
DENSATION, PART I FLAT PLATES, PART II 
SINGLE AND MULTIPLE HORIZONTAL TUBES, 
ASME. T r a n s . Section C , J. Heat T r a n s 83, 55-60 
(Feb. 1961). 

F la t P l a t e s ; boundary layer equations of momentum 
and energy a r e wr i t ten in modified in tegra l form and 
solved for film condensat ion along ve r t i ca l plate ; 

both common liquids and liquid me ta l s a r e con
s idered , Pt . 2: Single and mult iple hor izonta l 
tubes ; boundary layer equations for lanninar film 
condensat ion a r e solved for single hor izonta l tube, 
and ve r t i ca l bank of hor izonta l tubes ; for single 
tube c a s e . 

1107. Chung, P . M, 

FILM CONDENSATION WITH AND WITHOUT BODY 
FORCE IN BOUNDARY LAYER FLOW OF VAPOR 
OVER A FLAT PLATE, NASA-TN-D-790 (1961) 35 p. 

Lanninar film condensat ion on a flat plate under the 
influence of the gas- l iquid interface shear and the 
body force (g_ force) has been analyzed. The nnajor 
governing p a r a m e t e r s in the condensat ion of a pure 
vapor a r e the r a t io of d. x v i scos i ty of the gas to 
that of the liquid, {p^jj^/p\i) , the ra t io of the t emp. 
potential to the heat of condensat ion, ( l / P r l 
[c (To - Tw)/h°], and the Froude no. U v , « / g x . 
When the gas phase is a mixt . of a condensable 
vapor and a noncondensable gas , the g a s - p h a s e 
diffusion potential a lso beconnes an innportant pa
r a m e t e r . The heat t r ans f e r , the condensing r a t e , 
and the l iquid-fi lm th ickness were calcd, for the 
case of a condensing pure vapor . The re su l t s show 
that the condensing ra te i n c r e a s e s slowly with the 
d. v iscos i ty ra t io , pvfiv/pil, and rapidly with the ra t io 
of t emp, potential to heat of condensation ( l / P r ) 
[cp(To - Tw)/h*']. The Nusse l t no, a lso i n c r e a s e s 
with the d. v i scos i ty ra t io , but the ra te of i nc r ea se 
becomes sma l l e r as the ra t io of driving temp, 
potential to heat of condensation i n c r e a s e s . As the 
condensation p r o c e e d s , it c r e a t e s a suction veloci ty 
at the interface for the g a s - p h a s e boundary- l aye r 
which r e s u l t s in an i n c r e a s e d interface shear 
s t r e s s . The inc reased shear i n c r e a s e s the conden
sation r a t e by inc reas ing the liquid velocity. The 
i n c r e a s e d condensing ra te , in tu rn , i n c r e a s e s the 
interface shear s t r e s s imposed by the gas -phase 
boundary l ayer . Because of the complemen ta ry 
in te rac t ion between the gas and liquid, the film con
densat ion in a boundary- l aye r flow occu r s at a high 
r a t e . The ra t io of tennp. potential to heat of con
densat ion had a la rge effect on the magnitude of the 
body force which can be supported by the liquid film 
before the c h a r a c t e r i s t i c s of the film a r e a l t e red 
subs tant ia l ly . 

1108. Hassan , K. 

LAMINAR FILM CONDENSATION OF PURE SAT
URATED VAPORS AT REST ON NONISOTHERMAL 
SURFACES, ASME Paper No, 58-A-232 for mee t ing 
Nov. 3 0 - D e c 5 (1958), 29 p. 

Nusse l t theory of l amina r film condensat ion extended 
to include condensation on non iso thermal su r f aces ; 
c a s e s of condensat ion on inclined flat p la tes and 
cy l inders with any known t e m p e r a t u r e dis t r ibut ion 
t r e a t e d analyt ical ly; r e su l t s compared with those 
calcula ted a s suming surface is i s o t h e r m a l at its 
in tegra ted mean t e m p e r a t u r e ; condensat ions on in
clined flat p la tes and hor izonta l cooled by fluid 
s t reanns a r e sinnilarly t r ea ted . 
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1109. Koh, J. C. Y,, Sparrow, E. M., and 

Hartnet t , J. P-

THE TWO PHASE BOUNDARY LAYER IN LAMINAR 
FILM CONDENSATION, Int. J. Heat Mass T rans fe r 
2, 69-82 (1961). 

Considerat ion is given to the two-phase flow p rob 
lem in laminar film condensation which a r i s e s when 
induced motions of the vapor a r e included. The 
shear forces at the l iquid-vapor in te r face , h e r e t o 
fore neglected, have been fully taken into account . 
It is shown that the problem can be formula ted as 
an exact boundary layer solution. F r o m n u m e r i c a l 
solutions of the governing equat ions, it is found 
that the effects of the interfacial shear on heat 
t ransfer a r e negligible for P rand t l numbers of ten 
or greater and are quite smal l even for a P rand t l 
number of one. For the liquid meta l r ange , the 
interfacial shear was found to cause subs tant ia l 
reductions in heat t r ans fe r . 

1110. Labuntsov, D. A. 

HEAT TRANSFER FOR FILM CONDENSATION OF 
PURE VAPOURS ON VERTICAL SURFACES AND 
HORIZONTAL PIPES, Teploenerget ika 4, No. 7 
72-80 (1957). 

Relationships of improved accu racy a r e p re sen ted 
for calculating heat t r ans fe r on the condensation of 
vapor films in the zone of l aminar and turbulent 
flow of the condensate. These were obtained from 
the analysis and development of exist ing theor i e s 
concerning the mechan i sm of the p r o c e s s , and were 
confirmed by general izing a la rge quantity of e x p e r i 
mental data. 

1114. Rohsenow, W. M, 

HEAT TRANSFER AND TEMPERATURE DISTRI
BUTION IN LAMINAR-FILM CONDENSATION, 
Am. Soc, Mech. E n g r s . T r a n s 78, 1645-8 (1956). 
Most of the ana lyses of l a m i n a r - f i l m condensat ion 
since N u s s e l t ' s pioneer paper have a s s u m e d a 
l i n e a r - t e m p e r a t u r e d is t r ibut ion within the filnn. 
B romley pe r fo rmed an analys is allowing for a non
l inear t e m p e r a t u r e d is t r ibu t ion but omit t ing the 
effect of c r o s s flow within the filnn. His r e su l t is 
in va r i ance with the r e su l t obtained h e r e . 

1115, Rychkov, A. I. 

E F F E C T OF PHYSICOCHEMICAL PROPERTIES 
OF HEAT TRANSFER DURING FILM CONDENSA
TION OF VAPOR, Trudy Moskov. Inst, Khim, 
Mashinos t roen iya 15, 55-64 (1958). 

E m p i r i c a l r e la t ions were sought to improve calcn. 
of h e a t - t r a n s f e r coeffs. in film condensat ion of pure 
satd. vapors on hor izonta l tubes , since the coeffs, , 
aNu. calcd. from the Nussel t equation aNu = 0.72 
{ry\^/fiUAt)'*'^^ a r e not a c c u r a t e enough. By 
select ing a bes t s t ra igh t line on a logarithnnic plot 
of M, the mol . wt. of the vapor , and Ct./aNu, where 
a. is the exptl . h e a t - t r a n s f e r coeff., the equation 
a / aNu = 2.24M"°'^' was obtained. A st i l l be t t e r r e 
la t ionship was sought by re la t ing a / a N u to T / E , 
which should ref lect the influence of in ternal p r e s 
su re of the liquid (T = condensat ion t emp. ; E = ebul-
l ioscopic cons t . ) . A bes t s t ra igh t line resu l ted in 
the equation a / a N u = 0.75 + 0.000725 ( T / E ) . L i t e r a 
tu re data for H^O, NH3, and org . compds . were used 
in the c o r r e l a t i o n s . 

n i l . Mabuchi, Ikuo 

HEAT TRANSFER BY FILM CONDENSATION - AN 
APPROXIMATE THEORY OF LAMINAR FILM 
CONDENSATION ON A VERTICAL WALL, T r a n s . 
Japan Soc. of Mech E n g r s , 26, 1134-38 (I960). 

1112. Prabhudesai, R, K. and Rytchkov, A. I. 

INFLUENCE OF PHYSICOCHEMICAL PROPERTIES 
OF SUBSTANCES ON HEAT TRANSFER DURING 
FILM-WISE CONDENSATION OF SINGLE SATU
RATED VAPORS, Bombay Technologist 8, 46-54 
(1957), 

A cri t . review with 18 r e f e rences . 

1116, Seban, R. A, 

REMARKS ON FILM CONDENSATION WITH TUR
BULENT FLOW, Transac t i ons of the Amer i can 
Society of Mechanical Eng inee r s 7^: 299-303 
(1954). 

Analogy calculat ions of P r a n d t l - K a r m a n type applied 
to film condensat ion of pure substance on ve r t i ca l 
wall under such conditions that flow in condensate 
layer is turbulent ; r e su l t s extended to condensates 
of low Prand t l number , such as mol ten m e t a l s ; 
contr ibution of tu rbu lence is found to be smal l until 
high Reynolds nunnbers a r e a t ta ined; heat t r ans fe r 
effects. 

W. M., Webber, J. H. and 1113. Rohsen 
Ling, A. T. 

EFFECT OF VAPOR VELOCITY ON LAMINAR AND 
TURBULENT-FILM CONDENSATION, Am. Soc. 
Mech. Engrs . - Trans 78, 1637-43 (1956). 

Study relating to heat t r ans fe r ; effect on r a t e s of 
condensation of vapor shear s t r e s s at l iquid-vapor 
interface; both laminar and turbulent films a r e con
sidered and are combined to give analyt ical r e su l t s 
for case of laminar flow on upper port ion of plate 
and turbulent flow on lower port ion. 

1117. Sparrow, E. M. 

BOUNDARY LAYER TREATMENT OF LAMINAR 
FILM CONDENSATION, J. Heat T r a n s f e r 81, 13-23 
(1959). 

The prob lem of l a m i n a r - f i l m condensat ion on a v e r 
t ica l plate is a t tacked by using the math , techniques 
of boundary- l aye r theory . Star t ing with the 
boundary- l aye r (par t ia l differential) equat ions , a 
sinnilari ty t r ans fo rmat ion is found which reduces 
them to ord inary differential equat ions . Ene rgy -
convection and f lu id -acce le ra t ion t e r m s a r e 
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accounted for. Solns. a r e obtained for va lues of the 
paranneter CpAT/ \ , where Cp is the sp . heat at const , 
p r e s s u r e , AT is the t emp, difference between the 
satd. vapor and the wall , and X is the latent heat of 
condensat ion, between 0 and 2 for P rand t l nos . b e 
tween I and 100. The P r a n d t l - n o . effect, which 
a r i s e s fronn re tent ion of the acce l e ra t ion t e r m s , is 
very smal l for P rand t l nos . g r e a t e r than 1.0. Low 
Prand t l no. (0.00 3-0.03) h e a t - t r a n s f e r r e s u l t s a r e 
given, and a g r e a t e r effect of the acce l e r a t i on ternns 
is displayed. 

1118. Sparrow, E. M. and Siegel , R. 

TRANSIENT FILM CONDENSATION, J, of Applied 
Mechanics , 26, 120-21 (1959). 

Analytical solution for t r ans i en t lanninar film con
densation on ve r t i ca l plate obtained using method 
of c h a r a c t e r i s t i c s ; ana lys i s c o n s i d e r s s i tuat ion 
where plate t e m p e r a t u r e , ini t ial ly s ame as that of 
sa tura ted vapor , is suddenly dropped; r e su l t s ob
tained for t r ans i en t heat t r an s f e r coefficients, 

1119- Yang, S. M. 

HEAT TRANSFER THEORY OF FILM CONDENSA
TION OF SATURATED VAPOR AT REST, Chi 
Hsien Kung Ch 'eng Hsueh Pao 5 No. 1, 41-53 (1957) 
(English Sunnnnary). 

The l imi ta t ion of N u s s e l t ' s formula is d i scussed . 
Math, t r e a t m e n t of heat t r a n s f e r of f i lm-type con
densation of satd. vapor at r e s t led to Kruzh i l in ' s 
formula; introduction of a c o r r e c t i o n factor 77 gave 
the same r e su l t as N u s s e l t ' s equation. 7] = \/ 
{ [ l / ( l - (5/8K))] + 2 / 3 { l / P r K ) [1/(1 - (5/8K))] '} ' /«, 
where P r = the P rand t l no. , and K = enthalpy r a t io . 
For Pr > 1 and K > 5, as in the case of condensat ion 
of s team under o r d i n a r y condi t ions , T) is very c lose 
to 1. F o r P r < 1 or K < 5 , as in the case of condensa
tion of m e t a l s , however , the c o r r e c t i o n factor is 
significant. 

1120, Yang, S. M. 

FILM CONDENSATION HEAT TRANSFER FROM 
QUIESCENT SATURATED VAPOR, INCLUDING 
LOW PRANDTL NUMBER VALUES, L, ILjChiao 
Tung Ta Hsueh Hsueh Pao,No, 1, 17-32, No. 2 
13-15 (1958). 

Boundary layer theory was applied to t r e a t the 
heat t r an s f e r p rob lem of film condensat ion from 
quiescent satd. vapor . F i l m condensat ion heat t r a n s 
fer involves 4 f ac to r s , Nu or Re, Ga, P r , and K. K is 
the ra t io of the t h e r m a l cond. of the liquid film to the 
the rma l cond. of the l iquid-vapor in te r face . When 
s team is quiescent and the condensing liquid film is 
in l aminar flow, the velocity d is t r ibut ion of the con
densing liquid film is parabol ic and i ts t emp, d i s t r i 
bution is l i nea r . The bas ic differential equations of 
film condensat ion heat t r an s f e r were t r a n s f o r m e d to 
in tegra l equations of mot ion and heat . When P r > I 
and K>5, e .g. , vapor condenses under normal p r e s 
su re , the t heo re t i c a l r e s u l t is the same as Nusse l t ' s 
equation. But when Pr< I and K<5, e.g. , condensat ion 
of me ta l v a p o r s , the c o r r e c t i o n factor in N u s s e l t ' s 
equation cannot be neglec ted . C o r r e c t i o n fac tors for 

N u s s e l t ' s equation a r e given for va r ious Pr and 
K va lues . II. Ibid. No. 2, 15-13. - The theory was 
extended to the turbulent flow region. Theore t i ca l 
ana lys i s and exptl . r e su l t s ag r ee as for the l amina r 
flow region of Nusse l t ' s equation. The following 
equation may be adopted for calcg. Re, Re = 0.025 
(Ga^'VPrK)'-*'. 

ON THE INSIDE OF HORIZONTAL & VERTICAL 
SURFACES 

1121. Aker; 
G r o s s e r , O, 

.. W. W,, Deans 
K. 

CONDENSING HEAT TRANSFER WITHIN HORI
ZONTAL TUBES, Chemical Engineer ing P r o g r e s s 
54, No. 10, 89 (1958). 

Studied the effect of vapor veloci ty, liquid loading, 
and physical p rope r t i e s of the fluid on the condens
ing coefficient of a vapor inside a hor izonta l tube. 

1122. A k e r s , W. W. and Rosson, H. F . 

CONDENSATION INSIDE A HORIZONTAL TUBE, 
Chem. Engr . P r o g r e s s Symposium Ser i e s 56. 
No. 30, 145-149 (I960), 

Heat t r ans fe r data were taken for methanol and 
F r e o n - 1 2 condensing inside a hor izonta l tube over 
cons iderab le ranges of p r e s s u r e , t e m p e r a t u r e d r iv 
ing force, liquid loading, and vapor veloci ty. F o r 
condensation in a hor izonta l tube th ree p r i m a r y 
regions of flow a r e postulated: s emis t r a t i f i ed flow 
(annular condensation and run down super imposed on 
s t ra t i f ied flow), l aminar annular flow, and turbulent 
annular flow, A semi theore t i ca l equation is de
veloped and shown to be applicable to both s e m i -
s t ra t i f ied and lanninar annular flow. Other equations 
mus t be used for turbulent annular flow. 

1123. Al tman, M., Staub, F . W, and N o r r i s , R. H, 

LOCAL HEAT TRANSFER AND PRESSURE DROP 
FOR REFRIGERANT-22 CONDENSING IN HORI
ZONTAL TUBES, Chemical Engineer ing P r o g r e s s 
Symposium Ser i e s ^ , No. 30, 151-159 (I960). 

Local heat t r ans fe r coefficients and p r e s s u r e drop 
were de te rmined for r e f r ige ran t -22 condensing in 
an 8-ft. long, 0.343-in. I. D. hor izonta l tube. The 
method of Ca rpen te r and Colburn was used to co r 
re la te the data, and an empi r i ca l c o r r e c t i o n factor 
was der ived that enabled the data in the desupe r -
heating region a lso to be c o r r e l a t e d by this s impl i 
fied method. The ana lyses of Seban and Rohsenow 
were modified to include the effect of high vapor 
shear in hor izonta l tubes . This theore t i ca l approach 
is well supported by the experinnental data when the 
method of Mar t ine l l i -Ne lson is employed to compute 
the shear s t r e s s at the tube wall . 
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1124, Ananiev, E . P . , Boyko L. D. and 
Kruzhilin, G. N. 

HEAT TRANSFER IN THE PRESENCE OF STEAM 
CONDENSATION IN A HORIZONTAL TUBE, In te r 
national Developments in Heat T r a n s f e r , P a r t IL 
ASME (1961), p. 290-5. 

Deals with an application of the analogy between heat 
t r ans fe r and hydraulic r e s i s t ance according to 
Reynolds pertinent to the condensation of vapor in a 
tube. F r o m this point of view the local values of the 
heat t ransfer coefficient in the analyzed case a r e 
determined by h" = h\/(p/pm) ^h i l e the mean values 
a r e given by: h = h /2 (I + sjp/p^)- The r e su l t s of 
computations using these formulas ag ree sa t i s fac
tori ly with experiment . 

1125, Carpenter , F . G. 

HEAT TRANSFER & PRESSURE DROP FOR CON
DENSING PURE VAPORS INSIDE VERTICAL TUBES 
AT HIGH VAPOR VELOCITIES, Universi ty of Dela
ware , Ph.D. Thesis (1948), 90 p. 

The effect of high vapor veloci t ies on the heat t r a n s 
fer coefficients for pure vapors condensing on the 
inside of a long ver t ica l tube a r e m e a s u r e d . A gen
eral corre la t ion of the effect of vapor velocity on 
heat t ransfer coefficients is developed. 

1126, Carpenter , F . G. and Colburn, A. 

EFFECT OF VAPOUR VELOCITY ON CONDENSA
TION INSIDE TUBES, General Discussion on Heat 
Transfer - London Conference, Sept. 11 to 13, 1951. 
Instn Mech Engrs . , London and Am Soc Mech E n g r s . , 
New York, 1951, 217 p. 

1127, Cohn, P . D. 

HEAT TRANSFER COEFFICIENTS FOR CONDENSA
TION OF LIQUID METAL VAPORS INSIDE A VER
TICAL TUBE, M. S. Thes i s , Oregon State College 
(I960), 

Includes a study of m e r c u r y , m e r c u r y with 0.3% so
dium, mercu ry with 1.0% sodium, and cadmium. 
Water was used to de te rmine if the appara tus ope r 
ated cor rec t ly . 

1128, Cronauer , D. C. 

CONDENSATION OF MIXED VAPOR IN A VERTICAL 
TUBE, Ph.D. Thes is , Carnegie Inst, of Tech. 141 pp. 
(19ol). 

1129- Grosse r , O. K, 

CONDENSATION HEAT TRANSFER INSIDE HORI
ZONTAL TUBES, Ph.D. Thes i s . Rice Inst. , 93 pp. 
(May 1955). 

1130. Dunn, R. J., and Stuhbarg. H. 

THE PRESSURE DROP OF CONDENSING STEAM IN 
HORIZONTAL PIPES, A. S. M, E. P a p e r . 5 8 - T H - 2 
(1958). 

1131. Gorodinskaya, S. A. 

GENERALIZATION OF EXPERIMENTAL RESULTS 
FOR HEAT TRANSFER DURING THE CONDENSA
TION OF VAPORS INSIDE OF HORIZONTAL PIPES , 
Izves t . Kiev. Poli tekh, Inst. H , 362-72 (1955); R e 
fera t . Zhur . , Khim. 1956, Abs t r . No. 56921. 

The exptl . r e su l t s of va r ious au thors for the con
densat ion of NH3, wa te r , benzene , and toluene vapors 
in hor izonta l pipes a r e genera l i zed with r e s p e c t to 
the dimensional co r r e l a t i on proposed by Kichigin 
(Trudy Kiev. Pol i tekh. Inst. 8.(1939))- The exptl, 
r e s u l t s cover the range of heat fluxes from 2000 to 
125,000 k c a l . / s q , in. h r . , of p r e s s u r e s from 1 to 
14 a tm. , and values of L / D f rom 48 to 225. It was 
found that all r e s u l t s a r e sa t i s fac to r i ly c o r r e l a t e d 
by the equation: Nu - C Re""^ H^'^ R ^ ( L / D ) ° - ^ S 

where IIQ = a/(7D^); IT-y = 7 / 7 " ; a is the surface 
tension of the condensate ; 7 , 7 " a r e the ds . of the 
liquid and of the vapor . The coeff. C has the follow
ing va lues : for the condensat ion of NHj and H2O va
p o r s , 1.26, and for the condensat ion of benzene and 
toluene, 0.89-

1 132. Har tmann , H. 

HEAT TRANSFER IN CONDENSATION OF SATU
RATED VAPORS FLOWING IN VERTICAL TUBES, 
Chem. - I n g r . - T e c h 1 3 . 343-8 (1961). 

A theore t i ca l d i scuss ion of a genera l ized case of 
para l le l flow of vapor and condensate . 

1133. Konsetov. V. V. 

HEAT TRANSFER RATES FOR THE CONDENSA
TION OF STEAM IN HORIZONTAL PIPES , 
I n z h e n e r . - F i z . Zhur , , Akad. Nauk Be lo rus , 
S.S.R. 3_No. 6, 9-16 (I960). 

An approx. soln. is p re sen ted for the detn, of the 
h e a t - t r a n s f e r coeff. for the condensation of a pure 
satd. vapor flowing inside hor izonta l and slightly 
inclined tubes . The calcd. r e su l t s a r e connpared 
with published exptl. data. 

1134. Mizushina, T, a l . 

HEAT AND MASS TRANSFER IN A SINGLE-TUBE 
COOLER CONDENSER, Chem. Eng. (Japan) L?, 
152-4 (1953), 

The coeffs. of heat t r a n s f e r , h, and that of m a s s 
t r a n s f e r , k ' , we re nneasured in a v e r t i c a l s ingle-
tube condense r , where the nnixts. of a i r and water 
vapor and such org . vapors as toluene, EtOH, and 
MeOH were cooled and condensed. In turbulent 
region the data were c o r r e l a t e d by the following 
dinnensionless and s imi l a r equat ions; 
(Sh) = 0.0235(Re)°'^-{Sc)'''^ and (Nu) = 0.0235(Re)°-^ 
( P r ) ' ^ ^ These re la t ions and the value of h /k ' de
r ived f rom them were identical with the r e su l t s of 
the i r previous papers (C.A. 45, 5465c; 46, 
10697e, 10703a). 

New equation presented for computing p r e s s u r e drop 
and experimental data supporting it; table gives ob
served p r e s s u r e drop vs . calculated value; pipe could 
be in form of tank coil of heat exchanger . 
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1135. Van E s , J. P . . and Hee r t j e s , P . M. 

CONDENSATION OF A VAPOR OF A BINARY MIX
TURE IN A VERTICAL TUBE, Chem. Eng. Sci, .5, 
217-25 (1956). 

The condensat ion of a b inary nnixt. on the wall of a 
ve r t i ca l tube is t r e a t e d theore t ica l ly . The con
s idera t ions of this t r e a t m e n t were examd, e x p e r i 
menta l ly . The ve r t i ca l tube was 88 m m . in d iam. 
and 1080 m m . long. I ts wall was cooled with c i r cu 
lating oil . The condensate formed, i ts compn. , and 
m a s s flow through the tube were nneasured. 

ON THE OUTSIDE OF HORIZONTAL AND VERTI
CAL TUBES 

1136. Amelin, A. G. 

FORMATION OF SUPERSATURATED STEAM DUR
ING CONDENSATION ON A SURFACE, J. Tech. Phys . 
(U.S.S.R.) 16, 1409-26 (1946) (In Russ ian) . 

An expres s ion was developed for ca lcn . of the p r e s 
sure of the s t e a m which is condensing in the gaseous 
film and of the p r e s s u r e of the s team in the main 
s t r eam of the gaseous mixt . during condensat ion. 
An equation was proposed for calcn. of the max. de
gree of supe r sa tn , of s t eam during condensat ion on 
a sur face . Methods were worked out for calcn, of 
the p r e s s u r e of steann and its degree of supersa tn . 
on condensation of s t eam in a tower which is being 
sprayed with liquid. The use of a nozzle in a tube 
being cooled f rom the outs ide cons iderab ly reduced 
the degree of supe r sa tn . An equation was developed 
for the condensat ion p r o c e s s of s t eam in a tube with 
a nozzle . Equat ions were developed for the p r o c e s s 
of condensat ion of steann in a tube having at its center 
a supplementary heat ing e lement , 

1137. Baker , E . M., Kazmark , E . W., and 
Stroebe, G. W. 

STEAM FILM HEAT TRANSFER COEFFICIENTS 
FOR VERTICAL TUBES, Ind. Eng. Chem. H , 214-
222 (1939). 

Steam film coefficients for a 2- inch o.d., 20-foot long 
ve r t i ca l tube a r e c o r r e l a t e d by means of the 
coord ina tes , hg(^VkVg)^^^ and kAtg/juX. Other data 
for tubes 8 feet and 12 feet long a r e a lso c o r r e l a t e d 
on the sanne b a s i s and found to deviate from those 
for the 20-foot tube by a factor of L , No apparent 
b reak in the cu rve , indicating v iscous and turbulent 
flow, could be obse rved , though it is bel ieved that 
turbulence nnust occur over at l ea s t pa r t of the tube. 
There fore , turbulence in the s t eam condensate film 
apparent ly does not control the r a t e of heat t r a n s 
fer, within the range of these e x p e r i m e n t s . 

1138. Baker , E. M, and Tsao , U. 

CONDENSATION OF VAPORS ON A HORIZONTAL 
TUBE, Indus t r ia l and Engineer ing C h e m i s t r y 1 2 , 
1115 (1940). 

Coefficients of heat t r a n s f e r f rom vapor to a h o r i 
zontal tube were de te rmined for the condensat ion of 
mixed vapor s of wa te r and nonmisc ib le organic 
l iquids. This work is an extension of the r e s e a r c h 
previous ly published by Baker and Muel le r . In the 

p r e sen t work a nnuch wider range of vapor compos i 
t ions was studied for s y s t e m s of water vapor mixed 
with vapors of benzene, toluene, ch lorobenzene , 
t r i ch loroe thy lene , or t e t r ach lo roe thy lene . The data 
were c o r r e l a t e d into the following re la t ive ly s imple 
equat ions: 

+ 80 
1 

0.0167 
D 

SOO 
1 - 0.0085 v / o H2O 

1 - 0.0085 v / o H2O D 

Where D - outside d iameter of tube, ft. 
h, = coefficient of heat t r ans f e r , based upon 

ATcalculated from sa tu ra t ion temp, of mixed vapor , 
Btu / (hr . )CF. ) ( sq . ft.) 
The value of h^ given by ei ther of these equations is 
independent of AT. 

11 39- F u r m a n , T,, and Hampso , H. 

AN EXPERIMENTAL INVESTIGATION INTO THE 
E F F E C T S OF CROSS-FLOW WITH CONDENSATION 
OF STEAM AND STEAM-GAS MIXTURES ON A 
VERTICAL TUBE, Proceed ings of the Insti tution of 
Mechanical Eng inee r s , Vn, no, 5, 147-69 (1959). 

As pa r t of a progrannme of compar i son of f i lmwise 
and dropwise condensat ion of s t eam, it was r e 
quired to know the effect of a c r o s s flow of s t eam, 
with some non-condensable gas p resen t , over the 
condenser tube. A ' s t eam tuiuiel' was developed in 
o rde r to produce the r equ i r ed s t eam velocity with 
a l imi ted steann supply at atnnospheric p r e s s u r e . 
Details of the appara tus a r e given together with the 
r e su l t s of t e s t s on a ve r t i ca l tube. 

1140. Gudemchuk, V. A, 

HEAT TRANSFER WITH VAPOR CONDENSATION 
ON AN INCLINED TUBE, Izvest iya Vses . Teplotekn 
Inst. (News of All-Union Heat Engineer ing Insti tute) 
11 (1935). 

1141. Gudemchuk, V, A. 

HEAT EXCHANGE WITH VAPOR CONDENSATION 
ON A VERTICAL TUBE, Izvest iya Vses . Teplotekn. 
Inst . (News of All-Union Heat Engineer ing Institute) 
i , (1946). 

1142. Hassan K. E. , and Jakob, M. 

LAMINAR FILM CONDENSATION OF PURE 
SATURATED VAPORS ON INCLINED CIRCULAR 
CYLINDERS, T r a n s . Am. Soc. Mech. E n g r s . ^ , 
887-94 (1958). 

L a m i n a r film condensat ion of pure satd. vapors on 
inclined c i r c u l a r cy l inders is t r e a t e d analyt ical ly 
under the sanne assumpt ions as Nusse l t ' s theory 
of film condensat ion. Expts . were pe r fo rmed to 
check the analyt ical r e s u l t s . The problem is ex
p r e s s e d in t e r m s of d imens ion less groups and the 
solution gives , in these t e r m s , the local film thick
ness at any point on the sur face of a cyl inder . The 
local filnn coeff. can be obtained fronn the r e s u l t s of 
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the analys is , and hence a mean film coeff, for the en
t i re surface of any cylinder at any inclination. Eve ry 
tube has an optimum inclination at which the ra te of 
condensation on the ent i re tube is a max. The 
expts, were made by condensing s team on the in
side surface of a thick Cu tube 1 i in. in diam. and 
about s i in. long. The actual film coeffs. obtained 
during the expts. were 28-100% higher than those 
predicted by the theore t ica l ana lys i s . The deviat ion 
from theory increased with the inclination of the 
tube and the temp, difference between the tube 
surface and the s team. 

1143. Kirkbr ide, C, G. 

HEAT TRANSFER BY CONDENSING VAPOR ON 
VERTICAL TUBES, Industr ia l and Engineer ing 
Chemistry 26, 425-28 (1934). 

Data a re presented on liquid films flowing down v e r 
t ical wal ls . F i lms th icknesses for i so the rmal flow 
a re measured and co r re l a t ed with the d imens ion less 
groups 2m^p^g/C^ and 4 C / M - Data available in the 
l i t e ra tu re on heat t r ans fe r by condensing vapor on 
ver t ica l surfaces were co r r e l a t ed by the coordina tes 
hm(MVl<V^g)'^^ and ( W / M D J ^ which are suggested by 
the Nusselt equation for viscous flow of condensate 
films. While the data of cer ta in inves t iga tors appear 
to check with the Nusselt theore t ica l equation for 
values of 4c/i:i l e ss than 2,500. above this value the 
data in the l i t e ra tu re on condensation indicate that it 
is probably no longer valid but instead gives r e su l t s 
that a re too low. 

1144. Kirschbaum. Emil and Wetjen, K. A. 

HEAT TRANSFER IN FILM TYPE CONDENSATION 
OF AIR CONTAINING STEAM PASSING OVER A 
VERTICAL PIPE, Chem. Ing, Tech 25, 565-8 (1953). 

A summary of expts. in condensing a i r - s t e a m nnixts. 
on a ver t ica l Cu pipe 30/38 m m . diann. and heated 
length of 1455 mm. Equations a r e p resen ted for 
calcg. the hea t - t rans fe r coeffs. for va r ious ranges 
of vapor velocit ies as a function of the mean a i r con
tent of the entering and leaving mix t s . Steam los ses 
occur as the air leaving the condenser is satd. Data 
a re summar ized in graphs . 

1145. Labuntsov, D. A, 

HEAT TRANSFER DURING CONDENSATION OF 
STEAM ON A VERTICAL SURFACE FOR TURBU
LENT FLOW CONDITIONS OF THE CONDENSATE 
FILM, Inzhener , -F iz . Zhur . , Akad. Nauk Be lo rus . 
S.S.R. 3, No. 8, 3-12 (I960). 

The theoret ical solution given previously 
(Teploenergetika 4, 72 (1957))being incomplete , a 
new solution is presented . Two different approaches 
were used, based on the s emiempi r i ca l t r e a t m e n t s 
of turbulence proposed by Schlinger. et a l . and Lin. 
The following relat ions were der ived 
(1) (QA)(vVg)^^^ = 0.023 V R e P r ^ and 
(2) Re = [253 + 0.069 Pr^^^ (Z-2300) ]* / \ where Z is 
a c r i te r ion charac ter iz ing the re la t ive extent of the 
condensation surface. The values calcd. by m e a n s 
of (1) and (2), the re la t ions for the c r i t . values 
Recr = 1600 and Zcr = 2300. and the re la t ion 
Re = 3.8Z*''". for Z<2300 ( laminar region) a r e in 

excel lent ag reemen t with the avai lable exptl . data , 
which conf i rms the validi ty of the proposed solu
tion. F inal ly , a nomogram is given for the detn. 
of the heat t r a n s f e r coeff. for the condensat ion of 
wa te r vapor on a ve r t i ca l sur face , 

1146. Levin, B. I. 

HEAT TRANSFER BY CONDENSATION OF SATU
RATED STEAM ON VERTICAL TUBE BUNDLES. 
Teploenerge t ika 7, No. 5, 73-5 (I960). 

Expt l . r e su l t s indicate that the coeffs, of heat t r a n s 
fer (a) calcd. by Nusse l t ' s formula a r e too low. 
More r ea l i s t i c va lues of a ( in k c a l . / s q , m , h r . " ) a r e 
0.95Zf'''^")'fV^/LAt for l a m i n a r flow and 0.25r7^V£ 
[253 + 0.069(pf/ps^) ' ' ' " X p p ( Z f - Z30Q)f^/l.At for 
turbulent flow of the condensate . The cr i t , values 
of Reynolds no. and Zr differentiat ing between l a m i 
nar and turbulent flow a r e 1600 and 2300. r e s p . 
Zf = (g/vf) L\fAt/-7fVf; L is the effective length 
of the condenser tubes , r the latent heat of evapn., 
7f,Vf, and Xf a r e d., k inemat ic v i scos i ty , and the rmal 
cond. of the condensa te , r e s p . 

1147. Peck, R. E. , and Reddie , W. A. 

HEAT TRANSFER COEFFICIENTS FOR VAPORS 
CONDENSING ON HORIZONTAL TUBES, Ind. 
Eng, Chem. 43, 2926-31 (1951). 

Theore t i ca l modif icat ions of Nusse l t equations show 
li t t le effect of nonuniform t emp , around the tube. 
Cons idera t ion of acce l e ra t ion effects in condensate 
led to a senniempir ica l re la t ion which was obtained 
from new data on 6 org , vapors auid l i t e r a t u r e data 
from 16 inves t iga to r s . 

1148. Popov, V. D. 

HEAT TRANSFER DURING VAPOR CONDENSATION 
ON A HORIZONTAL SURFACE. Trudy KTIPP im 
A. I. Mikoyana, No. 11 (1951). 

1149. Selin, G. 

HEAT TRANSFER BY CONDENSING PURE VAPOURS 
OUTSIDE INCLINED TUBES, Internat ional Develop
ments in Heat T r a n s f e r , P a r t II, ASME (1961) p. 279-
289. 

P r e s e n t s an exper imenta l invest igat ion on the in
fluence of tube angle on heat t r ans fe r by condensing 
pure sa tu ra t ed vapours outside inclined tubes . 
Vapours of th ree alcohols (methanol, 2-propanol and 
1-butanol) have been condensed outside copper tubes, 
2m in length and with th ree different d i a m e t e r s , 
3/4, 1, and i f inches . 

1150. Slepyan, E. E . 

INVESTIGATION OF HEAT TRANSFER IN CON
DENSING STEAM ON HORIZONTAL, SMOOTH, 
FINNED TUBES, Khodol, Tekhn (Refr igerat ion 
Technology) 1 (1952). 

Condensat ion of F r e o n - 1 2 on hor izonta l and on three 
types of finned tubes was studied at 20-50°. Math, r e 
la t ionships a r e der ived for the heat t r a n s f e r . 



On Outside of Surfaces 

1151. White, R. E. 

CONDENSATION OF REFRIGERANT VAPORS -
APPARATUS AND FILM COEFFICIENTS FOR 
FREON-12, American Society of Mechanical En
gineers 70, 689-93 (1948). 

Description of apparatus for direct determination 
of condensing vapor heat transfer film coefficients 
in which precision measuring methods are employed; 
data on condensation of saturated Freon-12 under 
ideal conditions on plain horizontal tube. EI (47) 991, 
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1152. Abbott. M. D., et al 

HEAT TRANSFER COEFFICIENTS FOR A HORI
ZONTAL TUBE EVAPORATOR, MS Thes is , M.LT. 
(1938). 

1153. Aganesova, L. N. 

PRESENT DAY EQUIPMENT FOR EVAPORATION 
OF HEAT SENSITIVE LIQUIDS, Trudy, T s e n t r a l . 
Nauch.-Iss ledovatel . Inst. Spirt , i L ikero-Vodoch. 
P r o m . , No. 11. 285-93 ( l 96 l ) . 

Descriptions a re given of var ious types of evapo -
r a to r s found on present day m a r k e t s , or used in the 
industry of the U.S.S.R. The major i ty a r e of the 
vert ical type with liquid films e i ther c a r r i e d up 
wards by fornnation of s team, or d is t r ibuted by r e 
volving ro to r -p l a t e s , or flowing down c i r cu l a r pipes 
through slots formed by the inser t ion of pipes of 
smal ler diam. which c a r r y away the v a p o r s . H o r i 
zontal types include one with a revolving ro to r . A 
plate-type evaporator is also desc r ibed . All evap
ora tors described can function under p r e s s u r e or 
vacuum. 

1154. Akin. G. A. 

HEAT TRANSFER TO SUBMERGED EVAPORATORS, 
Thesis.M.I.T. (1942), 

1155. Albertson. M. L. 

ON THE APPLICATION OF THE REYNOLDS ANAL
OGY TO EVAPORATION, C. R. Acad. (Pa r i s ) Sci. 
219. (6) 474-6 (1954). 

1156. Armst rong , C.. Bell, N. R.. and Murray , H. D. 

EVAPORATORS FOR THE FINE CHEMICAL INDUS
TRY, Mfg. Chemis t . 18^, 263-8 (1957). 

The authors d iscuss the basic a spec t s of the p rob lem 
of heat t ransfer to boiling l iquids, and the recen t 
developments in the design of evapora to r s for fine 
chemicals , in which low t emps , a r e involved without 
any noticeable loss in quali ty. Suggestions for ca lcg . 
the heat t ransfer ra tes a r e given. 14 r e f s . 
(CA-13481-a) 

1157. Ashley. C. M. 

HEAT TRANSFER OF EVAPORATING FREON-12, 
Refrigeration Engineering 43, 89-95 (Feb. 1942). 

Results of tes t c a r r i e d out by C a r r i e r Corp . in o r d e r 
to determine proper values of heat t r ans fe r coeffi
cient of Freon-12 ; flowing in horizontal copper tube 
of 0.575 in, ID; load, flash gas , suction t e m p e r a t u r e 
and excess liquid were var ied ; values found vary 
widely from accepted va lues ; tables for coefficient 
m relation to load a r e given; tes ted re f r ige ran t was 
substantially oil f ree. 

1158. Badger, W. L. 

HOW LONG-TUBE EVAPORATOR WORKS. Chem. 
andMet, Engrg, , 46 640 (1939). 

Prac t ica l cor re la t ion and in terpre ta t ion from p e r 
formance viewpoint of recent r e s e a r c h e s on unde r 
lying theory of this evaporator shows probable 
mechanism of what happens in its opera t ion. 

U 5 9 . Bauer , E. and Zlotnick, M. 

EVAPORATION INTO A BOUNDARY LAYER, 
Phys . of F lu ids . _!_, No. 4, 355-6 (1958). 

The evaporat ion r a t e of a solid or liquid into a 
s t r e a m of gas flowing a c r o s s i ts sur face is con
s idered as a function of surface t e m p e r a t u r e and 
of m a t e r i a l and gas p r o p e r t i e s , neglect ing chemica l 
r e a c t i o n s . One of the boundary condit ions to be 
used at the in ter face between the gas and the solid 
(or liquid) is der ived . 

1160. Bennewitz, K. 

THE PROCESS OF VAPORIZATION, Ann. Physik . 
59, 193-224 (1919). 

The r a t e s of vapor iza t ion into a vacuum of Cd and Hg 
a re detd. and found to have values va ry ing .wi th exptl. 
condit ions, up to the value of the ra te of absorpt ion of 
vapor , and therefore of evapn. into a satd. space . The 
c o r r e c t value of the ra t io of r a t e s into a vacuum and 
into a satd. space is therefore taken to be 1. that i s , 
there is no reflect ion of the impinging gas mo l s . II. 
A ma themat i ca l theory of evapn. is der ived , where one 
newunder ly ing assumpt ion is that the effective vol, of 
the nnol, is the solid projec t ion of i ts path in space, 
with the mol . t r ea t ed as a point. This r e s u l t s in an 
in teres t ing s e r i e s of specula t ions . (CA-14-878) 

1161. Berman , L. D. 

EVAPORATIVE COOLING OF RECIRCULATED 
WATER, Gosenergoizdat (State Power Engineering 
Publishing House) 1949. 

1162. Be rman , L. D. 

THE RATE OF EVAPORATION OF DROPS OF 
WATER, Zhur . Tekh. Fiz._23. 1886-9 (1953). 

A d iscuss ion ivith r e f e r e n c e s . 

1163. Be rman . L. D. 

E F F E C T OF THERMAL RESISTANCE OF A LIQUID 
IN SOME CASES OF EVAPORATION OF A LIQUID 
AND CONDENSATION OF A VAPOUR FROM 
VAPOUR-GAS MIXTURES IN FILM APPARATUS. 
Zh. tekh. Fiz. ,_24, 1022-34 (1954) In Russ ian . 

It has been c l a imed by McAdanns (Chemical Engi
neer ing P r o g r e s s . 45, No. 4, 241 (1949)) that it is not 
justified to a s s u m e that , when heat and m a s s t r a n s 
fer occu r s between l iquids and sa tu ra ted vapours at 
low r a t e s of heat flux, the effect exer ted by the 
t h e r m a l r e s i s t ance of the liquid on the ra te of evap
orat ion or of condensat ion can be neglec ted . This 
paper contains a cr i t ique of the b a s e s on which 
McAdams d rew this conclusion, which is shown to be 
unfounded, fronn an ana lys i s of the au tho r ' s own, and 
other published work on the subject . The exact 
na tu re of the effect cannot be deduced from McAdams' 
own expe r imen t s , and r e q u i r e s fur ther study. 

1164. Bor i shansk i i , V. M. and Kuta te ladze . S. S. 

DATA ON THE EVAPORATION OF LIQUID FROM A 
SPHEROIDAL STATE. J. of Tech. Phys ics (USSR) 
18 No. 8 (1947). 
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1165. Bosnjakovic, F-

VERDAMPFUNG AND FLUSSIGKEITSUBERHITZUNG, 
Tech. Mech. u. The rmodynam. j _ , 358 ( l930). 

1166. B r e s s l e r , Reinhard 

HEAT TRANSFER IN A THIN-FILM VAPORIZER, 
For schungsbe r . Landes Nordrhe in-West fa len No. 770 
(I960), 50 p. 

The flow of H2O on ve r t i c a l , heated pla tes with and 
without vapor iza t ion is desc r ibed and i l lu s t r a t ed . 
The plates were comple te ly wetted when cold, but 
under even mode ra t e heat ing dry a r e a s were ob 
se rved . When the t e m p , was high enough for bubble 
formation, the film coeff. approached the value for 
nucleate boil ing. Tes t s with H2O a r e r epor t ed for a 
Sambay thin-filnn vapor i ze r (Schneider, CA 49, 
10678b) 50 nnnn in diann. with both r igid and hinged, 
rotat ing wiper b l ades . The ranges of the va r i ab les 
were 0-2600 r . p . m . , 6-30 k g / h r flow r a t e , and 
125-200° surface t e m p . The amt . vapor ized i n 
c reased with inc reas ing feed ra te and reached a 
max. when 50-757o of the feed was vapor ized . 

1167. Cessna , O. C and Badger , W. L. 

MAXIMUM LIQUID TEMPERATURE IN LONG-TUBE 
VERTICAL EVAPORATOR, Am. Inst , Chem. E n g r s - -
T r a n s . y? No. 2 and 5, Apr . 25, 311-31 and Oct. 25, 
725-6 (1941). 

Data der ived f rom study of pe r fo rmance using ,^in. 
tube, 18 ft 6 in. long, p r e sen t ed ; equations resul t ing 
from co r r e l a t i on of data f rom inves t iga t ions in which 
water and 30%. 40% and 50% suc rose solutions were 
fed to -|-in.. 1-i- in . and 2 in. tubes at va r ious r a t e s 
and evapora ted at 150 and 200 F boiling points, given. 
Bibliography. 

1168. C la rk . R, L. and Bromley , L. A. 

SALINE WATER CONVERSION BY M U L T I P L E -
E F F E C T ROTATING EVAPORATOR, Chem. Engng. 
P r o g r . 17, 64-70 (Jan. 1961). 

Predic t s t e a m economy and production r a t e s of 
ro ta ry evapora to r s by l i nea r i zed solution methods-
P r e l i m i n a r y t e s t s prove val idi ty of pe r fo rmance 
pred ic t ions . 

1169. Coulson, J . M, and Mehta, R. R. 

HEAT TRANSFER COEFFICIENTS IN A CLIMBING 
FILM EVAPORATOR, T r a n s . Ins t . Chem. E n g r s . 
(London) M, 208-28 (1953). 

Resul ts a r e p re sen ted for evapg. HjO aq. suc rose 
solns. , and i s o - P r O H by using a 5.^ ft. long and i- in . 
outside diann. s t a in l e s s s teel tube with hot H2O in the 
annulus as the heat ing med ium. The liquid, at i ts 
b .p . , was fed to the bottom of the tube, and the t emps-
within the tube were r ead with a thermocouple p robe . 
The overa l l h e a t - t r a n s f e r coeffs. a r e based on the 
t emp, difference between the av. t e m p , of the heating 
HjO and the av . t e m p , of the boiling l iquid. The film 
coeffs. a r e detd. with an adaptat ion of Wilson 's 
graphical method. The coeffs- a r e influenced by the 
temp, difference and feed r a t e , and by the v iscos i ty 
of the l iquid. A compar i son of the r e s u l t s with those 
obtained in submerged boiling shows that the climbing 
film unit i s efficient when the t e m p , difference a r e 
smal l , 

1170. Da skin, Walter 

EVAPORATION FROM SPRAYS, Purdue Univ. Eng. 
Bull , , R e s e a r c h Bull . No. 128, 329-41 (1955). 

The evapn. h i s to ry of a sp ray is t r ea t ed theore t ica l ly 
in t e r m s of the s ta t i s t i ca l descr ip t ion of the sp ray at 
i ts inception and the fundamental evapn. data of in 
dividual d rop le t s . Methods of ca lcg . the init ial drop 
s ize of the equiv. uniform sp ray a r e given. 

1171. de Haas van D o r s s e r , A. H., Leniger , H. A. 
and van Meel, D. A. 

THE INFLUENCE OF THE DEGREE OF AIR TUR
BULENCE ON THE RATE OF EVAPORATION FROM 
A FREE WATER SURFACE INTO AN AIR STREAM, 
Ingenieur(Utrecht) 61, No. 40, Ch 25-30 (1949). 

In a smal l wind tunnel a piece of blotting paper kept 
wet was subjected to a i r ve loc i t ies of 3-20 m / s e c 
and turbulence degrees of 1.7; 2.0; 3.5; 7.0, and 13%. 
The max. i nc r ea se in evapn. was at a turbulence 
degree of 5% and amounting to 50%. 

1172. Dieter , Karl 

PERFORMANCE AND PARTIAL-TRANSFER DATA 
OF FILM EVAPORATORS, Dechema Monograph 32, 
160-82 (1959). 

Hea t - t r ans fe r m e a s u r e m e n t s were conducted on the 
evapn. of liquids and so lns . and on the sepn. of b inary 
mix t s . through par t ia l evapn. in a Sannbay-type film 
evapora tor having a 100-mm-wide evapg. tube of 
970 mm heated length. The liquid flow was found to 
be l a m i n a r . The thickness of the evapg. layer was a 
function of the wiper adjustments of the app, and the 
compn. of the liquid only. If the heated surface was 
complete ly wetted, the evapn. did not affect the heat 
t r a n s f e r , Fornnation of foam in the cou r se of the 
evapn. (as in the case of azeot ropic EtOH or sugar 
solns . ) improved the heat t r a n s f e r . Owing to the fact 
that m a t e r i a l t r ans fe r in the liquid proceeds p r a c t i 
cally without r e s i s t a n c e , the equations covering the 
d is tn . of a b inary mixt . such as EtOH-H20 a re a lso 
applicable to the par t ia l fi lm evapn. of the mixt . A 
major port ion of the flow energy of the vapors will 
be r e l e a s e d at the liquid p r e c i p i t a t o r s . The p r e s s u r e 
loss in the vapor i s a function of the a m t . of vapor 
and of vapor d, only. The energy r e q u i r e m e n t s of 
the sweeping ro ta tor depended on the r . p . m . of the 
ro ta to r only (180-380 w, for 150-600 r . p . m . in the 
app. used) . 

1173. DIouhy, J . and Gauvin. W, H. 

EVAPORATION RATES IN SPRAY DRYING, Can. J . 
Chem. Eng. 18_, 113-20 ( i960). 

Hea t - and m a s s - t r a n s f e r coeffs. during evapn. of 
water sp rays produced by pneumatic atomizing noz
zles in a ve r t i c a l , concur ren t sp ray d rye r were e s 
sent ia l ly the same as for s ingle , s t a t ionary drople ts 
evapg. in sti l l a i r for drople t d i a m s . from 11.5 to 
38 .5M-

1174. Dol l -Ste inberg, A. 

THE PERFORMANCE OF A CLIMBING FILM EVAP
ORATOR, Br i t . Chem. Eng. 3_. 536-9 (1958). 

An experinnentally based ana lys i s of the h e a t - t r a n s f e r 
behavior of the cl imbing filnn evapora tor shows that 
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at least 3 cor re la t ions a r e r equ i red to desc r ibe 
quantitatively its hea t - t r ans f e r pe r fo rmance over 
a wide range of values of t emp, driving fo rce . 
There a re 4 regions ; 1 and 2 a r e the gradual i n 
c r e a s e of the bubble population in the body of the 
liquid; 3 is the region of l inear fall-off; while 4 is 
the region of const, value. 

1175. Duffield. W. G. 

THE REACTION CONSEQUENT UPON THE EVAP
ORATION OF A LIQUID AND UPON THE EMISSION 
OF VAPORS FROM SMALL ORIFICES, Phi l . Mag. 
45, 641-88 (1923). 

Expts . with the e lec . a r c showed that the poles b e 
have as though a mech . p r e s s u r e were acting to force 
them apar t . The most likely explanation appeared to 
be the evapn. of C a toms from the hot po les . To det. 
whether the evapn. of ord inary liquid is accompanied 
by such a p r e s s u r e , the p resen t exp ts . were unde r 
taken. The resu l t s show that when a liquid is made 
to boil or evap. rapidly on one a r m of a balance into 
a i r , no such counter p r e s s u r e as predic ted is to be 
observed; but when the evapn. takes place into a 
vacuum a large counter p r e s s u r e is observed; of 
about the calcd. magnitude. An explanation of the 
observation in air is sought in an in te r ference p r o c 
ess between the vapor mols , issuing from the liquid 
and the opposing air mo l s . A theory is advanced that 
the vapor mols . upwardly d i rec ted stop an equal no. 
of a i r mols . coming in the opposite d i rect ion and 
prevent their exerting a p r e s s u r e upon the liquid 
which is just equal to that which the vapor mo l s . ex
erted on leaving the surface and hence there is no un
balanced p r e s s u r e produced, as in vacuo. Direct 
evidence of such an in te r ference was found by a 
torsion nnethod of discharging a rapid s t r e a m of 
vapor through va r iab le - s i zed smal l or i f ices into 
water . The phenomena of boiling and evapn. a r e a lso 
dealt with. In boiling far more m o l s . a r e projected 
into the vapor phase through interchange at the bub
ble wall than by actual burst ing of bubbles . 
(CA-17-2070-7) 

1176. Dukhin, S- S. and Deryagin, B. V. 

THEORY OF THE LARGE DISTANCE INTERACTION 
BETWEEN EVAPORATING OR GROWING DROPS, 
Dokl. Akad. Nauk SSSR, rU, 407-11 (1957) (in 
Russian). 

In a previous paper (Deryagin and Dukhin, Dokl. 
Akad. Nauk SSSR, Vol. 106, No. 5, 851, 1956) the 
authors evaluated the forces of a t t rac t ion or r e p u l 
sion, acting between the fog droplets or between a 
drop and a continuous liquid surface and affecting 
considerably the motion of the drops in re la t ion to 
the medium. In the f irs t approximation, however , 
the forces of diffusion were found to be compensated 
by the effect of Stefan's flux. In the p resen t paper 
the authors introduce the factor of heat t r ans fe r 
which, as a ru le , d is turbs this compensat ion; the 
diffusion forces a re shown to be able to influence 
substantially the precipitat ion and coagulation of 
the ae roso l s . 

1177. F e d e r . A. 

CHART PREDICTS EVAPORATION RATES , Chem. 
Eng, 66 ,̂ No. 19, 159-60, 162 (1959). 

F o u r - q u a d r a n t nomograph fac i l i ta tes finding e v a p o r a 
tion r a t e for any fluid in moving a i r s t r e a m s ; app l i 
cable to design of jet engine, sp ray d r y e r , cooling 
t o w e r s ; based on emp i r i c a l data and assunnption of 
average drople t d i ame te r of 45)U, four sec t ions of 
cha r t de te rmine fract ion of liquid evapora ted under 
equi l ib r ium conditions as function of liquid boiling 
point, a i r velocity, p r e s s u r e and t e m p e r a t u r e . 

1178. Fedoseev . V. A. and Pol ishchuk, D. I. 

EVAPORATION OF DROPS OF COMBUSTIBLE 
LIQUIDS, Zh. Tekh, F i z . , _26_, 1509-1518 (1956), In 
Russ ian . English Trans la t ion in: Soviet P h y s i c s -
Technical Phys ic s , l_, 1470-1478, (1957). 

Evaporat ing liquid drops a r e obse rved under the 
mic roscope and the r a t e of change of the i r d iamete r 
is conver ted to the r a t e of vapor iza t ion . E x p e r i 
ments a r e made with drops of benzene, toluene, 
xylene and alcohol sur rounded by an a tmosphe re of 
a i r which is flowing at a s teady r a t e or i s at r e s t ; 
in the l a t t e r case some vapor of the vapor iz ing sub
s tance is admixed to the a t m o s p h e r e . Resul t s c o r 
responding to va r ious t ennpera tu res , r a t e s of flow 
and concent ra t ions of vapor a r e shown in the form 
of graphs and t ab l e s . 

1179. F l edde rman , R. G. and Hurwicz , H. 

ANALYSIS OF TRANSIENT ABLATION AND HEAT 
CONDUCTION PHENOMENA AT A VAPORIZING 
SURFACE. Chem. Eng. P r o g . Symp. Se r i e s No. 32, 
57, 24-34 (1961). 

An exact ana lys i s of heat and nnass t r ans f e r in an 
ablating t h r e e - p h a s e sys tem (reduced to v a p o r -
liquid) i s made . Account is a l so taken of in te rna l 
heat radia t ion and of the r e s u l t s of s t eady-s t a t e 
ablat ion theory . An approx imate method based on 
effective heat of ablation and constant surface t e m 
p e r a t u r e is also developed. 

1180. Foust , A. S-, et a l . 

LIQUID VELOCITY AND COEFFICIENTS OF HEAT 
TRANSFER IN A NATURAL CIRCULATION EVAP
ORATOR, Ind. Eng. Chem. H , 206 (1939). 

Exper imenta l data for baske t type evapora tor of 
s enn i - commerc ia l s ize when evaporat ing wate r ; r e 
sul ts subnnitted in form of equations which r e l a t e 
each of these quant i t ies with th ree impor tan t ope ra t 
ing va r i ab l e s inves t igated, e i ther d i r ec t ly or through 
fundamental v a r i a b l e s dependent on t h e m . 

1181. F r i t z , W. and Ende, W. 

THE VAPORIZATION PROCESS ACCORDING TO 
CINEMATOGRAPHIC PICTURES OF VAPOR 
BUBBLES, Phys ik . Z. 37, 391-401 (1936). 

P rev ious s tudies (Jakob and F r i t z , CA 26, 1679) a re 
extended by means of a c a m e r a taking 600 p ic tures 
per s e c . The vol . of the bubbles leaving the surface 
a g r e e s with the max . vol . calcd, by the theory of cap 
i l l a ry fo rces . The following were a l so detd, ; In
c r e a s e of bubble from the moment of i ts formation, 
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i ts veloci ty of r i s e in wa te r , the no. of bubbles 
formed in a given spot per sec- The heat t r an s f e r by 
the bubbles was ca lcd . 

1182. Haidlen, E . 

SULFUR DIOXIDE EVAPORATION. EBULLITION 
LAG AND BUBBLE FORMATION, Ice and Cold 
Storage 4\_, No. 485. 136 (1938). 

The superhea t of a liquid in ebull i t ion, according to 
the t emp , of the vapor given off, depends on the wt. 
of the vapor passing through the su r f ace . The s u p e r 
heat i n c r e a s e s until it r e a c h e s i ts highest value in 
the c a s e of ebulli t ion lag , this value i tself being d e 
pendent on the evapn. t e m p . In the case of v a p o r i z a 
tion with the format ion of bubbles , the superhea t 
d e c r e a s e s with the i n c r e a s e in the ra te of evapn. 
Measu remen t s of t e m p , at different depths show 
that superhea t r e m a i n s cons t , at d i s t ances below 
5 nnm under the evapn. sur face and p r o g r e s s i v e l y 
d e c r e a s e s fronn h e r e to the sur face until it becomes 
a temp, jump between liquid and vapor . For SO2 
and probably for other r e f r i g e r a n t s evapn. with ebu l 
lition lag and evapn, with format ion of bubbles a r e 
not c lea r ly de l imi ta ted . Between 45 and 60 kg/sq m h r 
both kinds of evapn, a r e pos s ib l e . The g r e a t e r the 
amt . evapd. the e a s i e r it is to d is turb evapn. with a 
lag in ebulli t ion and conver t it into evapn. with the 
formation of bubbles . (CA-33-609 I-1) 

1183. Hardy, J . K. 

EVAPORATION OF DROPS OF LIQUID, PB-110923 
(1947), 9 p. 

Includes heat t r a n s f e r e n c e theory , and effect of 
atnnospheric p r e s s u r e on evaporat ion r a t e . 

1184. Hai i ss ler , W. 

TEMPERATURE PROFILES ON EACH SIDE OF AN 
EVAPORATING WATER SURFACE. Technik (Berlin) 
11, 3-6 (1957). 

In cons ider ing the sinnultaneous heat and m a s s t r a n s 
fer occur r ing in cooling by the adiabatic humidif ica-
tion of a i r , it is concluded that the data of Merkel and 
those of this work ag ree with Lewi s ' rule which 
s ta tes that the quotient of the heat t r an s f e r coeff. 
divided by the m a s s t r a n s f e r coeff. in this p r o c e s s 
is equal to the product of the specific heat and a d i 
mensional cons t . The measurennents upon which 
these conclusions were based were obtained with a 
special ly designed r e s i s t a n c e t h e r m o m e t e r , 

1185. Heckel . V. K. and King, E. C 

TESTS OF A FILLING PROCEDURE FOR THIRD 
FLUID SYSTEM OF COMBUSTION ENGINEERING 
EVAPORATOR, NP 6087 (1956), 13 p. 

During p repa ra t ion for ins ta l l ing the Combust ion 
Engineer ing evapo ra to r , it was d i scovered that the 
thi rd fluid pas sages of many of the tubes were r e 
s t r i c t ed to such an extent that it was quest ionable 
that they could be comple te ly filled with NaK. Tes t s 
were devised to de t e rmine a method of filling the 
third fluid p a s s a g e s and de t e rmine the voids r e m a i n 
ing after fil l ing. The re la t ive deg ree of r e s t r i c t i o n 
and volume of each of the 10 th i rd fluid p a s s a g e s 
were successfu l ly filled and the t e s t s indicate that 

it should be poss ible to fill the evapora to r by this 
method even though some of the th i rd fluid pas sages 
a r e par t ia l ly plugged. (NSA-10-10135) 

1186. Hedlin, C. P . and Hooper . F . C. 

INFLUENCE OF PRESENCE OF VAPOR DIFFUSION 
FROM WETTED NON-ADIABATIC BOUNDARY UPON 
SENSIBLE HEAT TRANSFER BETWEEN BOUNDARY 
WALL AND GAS STREAM, Can. J . Chem. Eng. 37, 
n 6, 208-211 (1959). 

Experinnental equipment was devised to m e a s u r e 
sensible heat t r ans fe r coefficients at inside sur face 
of porous c e r a m i c tube from which water was being 
evapora ted ; r e s u l t s indicate sens ib le heat t r an s f e r 
coefficients did not depar t significantly from those 
pred ic ted by genera l ly accepted re la t ionsh ips for 
dry wall c a s e . 

1187. Hee r t j e s , P . M. and Ringens , W. 

THE JH (HEAT TRANSFER) AND THE J Q (MASS 
TRANSFER) FACTOR FOR AIR DRYING, Chem. 
Eng. Sci._5_, 226-31 (1956). 

For C6H6,CCl4,EtOH, and H2O during evapn. at 
const , r a te in a c u r r e n t of a i r jir was substant ia l ly 
equal to J Q . The mois t body was suspended from a 
balance a r m and fed liquid via a m i c r o b u r e t . Amt. 
of liquid evapd. was weighed as a function of t ime , 

1188. Heitmann, G- and Knacke, O. 

VELOCITY OF EVAPORATION OF LIQUID POTAS
SIUM AMALGAM, Z. Physik . Chem. _7.. 225-35 (1956), 

By aid of the Knudsen dropping nnethod the e v a p o r a 
tion coefficient of Hg in liquid K amalgann at r oom 
t e m p e r a t u r e was de te rmined ; it i s a = I. It i s shown 
theore t ica l ly that this r e su l t can be genera l ized , the 
evaporat ion coefficient being approximate ly 1 for the 
evaporat ion of most mixed p h a s e s . The connection 
between diffusion and phase t r ans i t ion is d i scussed 
theore t ica l ly by aid of the heat conductivity equation. 

1189. Hickman, K. C- D. and Trevoy, D. J . 

STUDIES IN HIGH VACUUM EVAPORATION. THE 
FALLING-STREAM TENSIMETER, Ind. Eng. Chem. 
4£, 1882-8 (1952). 

A f a l l i n g - s t r e a m mol . s t i l l i s desc r ibed for detg. 
evapn. coeffs. f rom pr i s t ine liquid s u r f a c e s . Evapn. 
occurs f rom a falling column of liquid and condensa
tion occu r s on the inner surface of an a i r - c o o l e d 
g lass jacket . Distn. r a t e s were detd. for Et hexyl 
phthalate (l) and Et hexyl sebacate (ll) and a mixt . of 
29.4 mole % of I and II. I and II do evap. with a coeff. 
of unity from clean, new s u r f a c e s . Relat ive vo la t i l i 
t i es of the mixt . i n c r e a s e g rea t ly with reduct ion of 
t emp , and d is tn . r a t e . (CA-47-6707a) 

1190. Hoffman, T. W, and Gauvin, W. H. 

EVAPORATION OF STATIONARY DROPLETS IN 
HIGH-TEMPERATURE SURROUNDINGS. Can. J . 
Chem. Engr . 38, 129-37 ( i960) . 

The evapn, ra te of s ta t ionary drople ts in h igh - t emp 
sur roundings does not appear to be governed by the 
r a t e of heat t r ans fe r by na tu ra l convection. The 
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evapn. ra tes appear to be predicted by the exp re s s ion 
[(dm/d9)(Cp)/(7rDkf)](Pr)-V3 = 3.2 B ^ ' " 

over a range 0.03 < B < 1.0, where m = m a s s , g.; 
9= t ime, sec, ;Cp = heat capaci ty of gas , c a l / g - d e g r e e ; 
D = droplet diam., cm; kf = the rma l cond. of gas at av. 
film t e m p . , c a l / s e c - c m - d e g r e e ; P r = Prandt l no. ; and 

B = t ransfer no. 

1191. Hoffman, T. W. and Gauvin. W. H. 
ANALYSIS OF SPRAY EVAPORATION IN A HIGH-
TEMPERATURE ENVIRONMENT, Can. J, Chem. 
Engr. 19, 179-88 (1961). 

The difficulties inherent in the calcn. of the absorpt ion 
of thermal radiation by clouds of pa r t i c l e s suspended in 
anabsorbing gas medium a re d i scussed . A p p r o x n s . a r e 
made to permit the calcn. of the absorpt ion s t rength of 
sprayf rom operating conditions and the p r o p e r t i e s of 
the atomized liquid. 

1192. Hoffman, T. W, and Gauvin, W, H. 
ANALYSIS OF THE RADIANT HEAT ABSORPTION IN 
THE BOUNDARY LAYER SURROUNDING AN EVAP
ORATING DROP.Can. J . C h e m . E n g . 39. 252-9 ( l 9 6 l ) . 
An analysis based on a spher ical ly sym. boundary 
layer model and neglecting any convection effects i s 
presented for an evapg. drop in high t emp , su r round
ings. At atm, p r e s s u r e , the absorpt ion of radiant 
energy in the boundary layer is very small and hence 
does not affect the temp, gradient or the rate of heat 
t ransfer at the droplet sur face . 

1193. Hoffman, T. W. and Gau , W. H. 

ANALYSIS OF SPRAY EVAPORATION IN A HIGH-
TEMPERATURE ENVIRONMENT. II. CALCULA
TION OF THE EVAPORATIVE LOAD DISTRIBUTION, 
Can. J, Chem. Eng.. 40, 110-18 (1962). 

that bubble format ion is l ikely at smal l depths at a 
uniform t e m p . 

1196. Ingebo, R. D. 

PRESSURE E F F E C T S ON VAPORIZATION RATE OF 
DROPS IN GAS STREAMS, Nat l . Advisory C o m m . 
Aeronaut . Tech. Notes , No. 2850, 1-36 (1953). 

The ra te of evapn. of 4 l iquids into an a i r s t r e a m at 
p r e s s u r e s varying from 450 to 1500 m m Hg was detd. 
by noting the loss of wt. of porous s p h e r e s . Fo r the 
case of i so la ted drops and low-approach streann t u r 
bulence, the following exp re s s ion was de r ived : the 
vapor iza t ion r a t e , dm/dQ = (k^ t /H .^ ) 2Trd [I + 1.29 x 
10^ (ReScgl/c^)''-^(kg/kv)°-^], \ ^ e r e kg and k^ a r e 
t h e r m a l conds . of gas and vapor , r e s p . , d is drop 
diann.. Re and Sc a r e Reynolds ' and Schmidt nos . , 
r e s p . , g i s acce l e ra t ion due to gravi ty , 1 the gas 
mean free path, c" r o o t - m e a n - s q u a r e veloci ty of the 
gas mol . , H.y. latent heat of vapor iza t ion , and At the 
tennp. difference between gas t emp , and surface 
t emp , of d r o p . The invest igat ion indicated that p r e s 
su re does not d i rec t ly affect h e a t - t r a n s f e r coeff.. but 
the vapor iza t ion r a t e , in its effect on droplet surface 
t e m p . It was a lso es tab l i shed that the re la t ive hu
midity of the a i r s t r e a m had l i t t le effect on vapor i za 
tion r a t e ; ra te of vapor iza t ion of octane was not 
changed a s a i r r e la t ive humidi ty va r i ed from 16% to 
48%. Other t e s t s were made with CCI4, C^Ht,. CH3-
COCH3 evapg. into a i r and CH3OH into He, A, and 
CO2. (NACA-TN-2850) 

1197. Ingebo, R. D. 

VAPORIZATION RATES AND DRAG COEFFICIENTS 
FOR ISOOCTANE SPRAYS IN TURBULENT AIR 
STREAMS. (1954) 39 p. 

Includes h e a t - t r a n s f e r theory . (NACA-TN-3265) 55) 
(PB-115513) 

The calcn. of the evaporat ive load dis t r ibut ion in a 
spray of droplets suspended in an absorbing gas 
medium contained in a cyl indrical column after a 
temp, profile for the gas has been a s sumed , takes 
into account the phys. cha r a c t e r i s t i c s of the spray , 
such as initial d rop-s ize and dis t r ibut ion, drop 
velocit ies, and spray angle. (CA-62-14906h) 

1194. Hofmann, E. 

HEAT TRANSFER COEFFICIENTS OF EVAPORAT
ING REFRIGERANTS, Kaeltetechnik, 9^ Heft 1, 7-12 
(1957). 

1195. HoUand, L. 

USE OF CARBON CRUCIBLES IN MEASUREMENTS 
OF THE RATE OF EVAPORATION OF LIQUID 
METALS IN VACUUM, Bri t . J. Appl. Phys . 5. 411-12 
(1954). ~ 

Bubble formation in liquid meta l s i s d i scussed and it 
is concluded that bubbles can form only when heat i s 
supplied at a very rapid r a t e ; this gives r i se to un
even temp. Possible surface disrupt ion from expan
sion of absorbed gases is mentioned, as is the 
possibility of bubble formation at the surface of a 
liquid that is covered by an oxide. Reply. J. Y a r -
wood (Polytech., London). Ibid. - Bubble formation 
in liquid metals is d iscussed , and it i s concluded 

1198. Isachenko, V. P . , Vzorov, V. V.. and 
Ver togradsk i i , V. A. 

HEAT TRANSFER BY EVAPORATION OF WATER 
FROM A POROUS WALL WITH AN AIR CURRENT, 
Teploenerget ika _8_, No. 1, 65-72 ( l 9 6 l ) . 

Heat t r a n s f e r , by evaporat ion of H2O from a porous 
wall with an air c u r r e n t , was studied in a special ly 
cons t ruc ted app. The veloci ty and t e m p , of the a i r 
^vere va r i ed between 9 and 115 m / s e c and 12 and 
140". The Reynolds no. va r i ed between 131 x 10^ and 
165 X 10'. The heat t r an s f e r depended on the heat 
and nnass t r ans fe r and was propor t ional to the 
0.8 power of the Reynolds no. Equations a r e given 
for e s tg . the heat t r an s f e r with turbulent flow. 

1199. Ismai lov, M. I. 

THE THEORY OF CONVECTION HEAT TRANSFER 
IN THE CASE OF EVAPORATION, Theses Repor ts 
and P a p e r s at the Conference on Heat and Mass 
T r a n s f e r . Minsk, N P - t r - 8 2 7 (p. 62-4) June 5-9 (1961) 
(Trans la t ion) . 

Evaporat ing pa r t i c l e s lead to the appea rance of t u r 
bulent motion in the boundary layer of the fluid flow 
at Reynolds ' numbers subs tant ia l ly below the c r i t i ca l . 
The effect of evaporat ion on the mixing length is d i s 
cus sed . P r e c i s e solutions a r e der ived for heat 
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t r an s f e r and fluid flow under these condi t ions . C o m 
par i son of the theore t i ca l r e s u l t s with experinnental 
data shows good a g r e e m e n t . 

1200. Jakob. M. and F r i t z , W. 

EVAPORATION HEAT OF WATER AND SPECIFIC 
VOLUME OF SATURATED STEAM IN RANGE TO 
310 CENTIGRADES (100.7 a t . ) , Wissenschaft l iche 
Abhandlungen der Phys ika l i s ch -Techn i schen 
Reichsans ta l t 14, No. 1, 175-90 (1930). 

Bases for expe r imen t s and the i r ut i l izat ion; auxi l ia ry 
and pr incipal e x p e r i m e n t s , t es t r e s u l t s and thei r 
compar i son with English and A m e r i c a n va lue s . 

1201. Jakob, M. and F r i t z , W. 

INVESTIGATION OF THE PROCESS OF VAPORIZA
TION, Wissenschaf t l iche Abhandlungen der 
Phys ika l i s ch -Techn i schen Reichsans ta l t 15, No. 2, 
269-81 (1932). 

Exper imenta l invest igat ion of evapora t ion p r o c e s s of 
Tvater over hor izonta l heating sur face by d i rec t ob 
servat ion of evapora t ion , measurennent of tennpera
ture difference between l iquid and s t eam and by 
de terminat ion of heat t r an s f e r f rom heating surface 
to boiling w a t e r . 

1202. Jakob. M. 

PROCESS OF EVAPORATION, Chemische Appara tur 
19, No. I l / l 2 , 109-11 (1932). 

Review of r ecen t inves t iga t ions ; r e s u l t s of e v a p o r a 
tion t e s t s of Jacob and W. F r i t z and compar i son with 
r e su l t s of t e s t s obtained by He id r i ch ; r e m a r k a b l e 
agreement in nnechanism of heat t r a n s m i s s i o n was 
found in spite of en t i re ly different method of s t eam 
genera t ion . 

1203. Jakob, M, and Linke . W. 

HEAT TRANSMISSION IN THE EVAPORATION OF 
LIQUIDS AT VERTICAL AND HORIZONTAL SUR
FACES, Phys ik . Z. 36, 267-80 (1935). 

Resul ts of expe r imen t s on heat t r an s f e r of boiling 
liquid, such as water , carbon t e t r a c h l o r i d e , e t c . 

1206. Jakob, M. 

LOCAL TEMPERATURE DIFFERENCES AS OCCUR
RING IN EVAPORATION, CONDENSATION AND 
CATALYTIC REACTION. T e m p e r a t u r e , Its M e a s 
u r e m e n t and Control in Science and Industry , pp. 834, 
Reinhold. New York, Vol. I, 1941. 

1207. J a r m a n , R. T. 

THE EVAPORATION OF SPRAYS, Br i t . J . Appl. 
P h y s . . 9j No. 4. 153-4 (1958). 

The ra te of evaporat ion of an a i r c r a f t sp ray of k e r o 
sene drople t s in the a tmosphe re was m e a s u r e d , and 
found to approximate to the theore t i ca l e s t i m a t e s . 

1208. J a r v i s . N. L. and K a g a r i s e , R- E-

DETERMINATION OF THE SURFACE T E M P E R A 
TURE OF WATER DURING EVAPORATION STUDIES. 
A COMPARISON OF THERMISTOR WITH INFRARED 
RADIOMETER MEASUREMENTS, J. Colloid Sci. 
(USA), vol . 17, No. 6, 501-11 (Aug. 1962). 

In this invest igat ion the t e m p e r a t u r e of a water s u r 
face was m e a s u r e d by two techniques , one uti l izing 
a connmercial inf rared r ad iome te r and the o ther , 
t h e r m i s t o r p r o b e s . Both methods were shown to be 
sa t i s fac tory for following changes in surface t e m 
p e r a t u r e during evaporat ion s tud ies ; however , the 
r ad iome te r used was l e s s sensi t ive to changes in 
t e m p e r a t u r e than the t h e r m i s t o r s , being l imi ted to 
changes in t e m p e r a t u r e of 0.1 deg C or g r e a t e r . The 
r ad iome te r does have the advantage of measu r ing the 
tennperature of a nnuch thinner layer of water than 
the t h e r m i s t o r , 0.1 m m as compared to 2 or 3 m m . 
It a lso responds nnore rapidly to changes in water 
tennperature than the t h e r m i s t o r and can be opera ted 
at some dis tance from the water sur face . It was 
shown that the p re sence of a monomolecu la r filnn 
will not significantly a l t e r the emiss iv i ty of a water 
su r face , within the l imit of sensi t iv i ty of the r a d i o 
m e t e r . Any change in apparent t e m p e r a t u r e detected 
by the r ad iomete r when a monolayer is spread at the 
in te r face mus t , t he re fo re , be due to changes in the 
r ea l t e m p e r a t u r e of the water su r face . Such changes 
could resu l t f rom the m o n o l a y e r ' s influence on the 
ra te of evaporat ion or on movement of sur face wa te r . 

1204. Jakob. M. 

HEAT TRANSFER IN EVAPORATION AND CONDEN
SATION I, Mech. Eng. , _58, 643-660, 729-39, c o r r e c 
tion p . 845 (1936). 

Pape r c o m p r i s e s six l e c t u r e s de l ive red in United 
States in Apr i l 1936, based chiefly on contents of 
severa l pape r s published during las t decade by 
authors and his fo rmer c o - w o r k e r s ; f i rs t t h ree 
l ec tu re s devoted to evaporat ion and las t t h ree to 
condensat ion. 

1209. Johnson, J. C. 

MEASUREMENT OF SURFACE TEMPERATURE OF 
EVAPORATING WATER DROPS, J . Applied Phys i c s 
Zl, n . 1, 22-23 (1950). 

Resul t s of t e m p e r a t u r e de te rmina t ions made that 
have been found to be in a g r e e m e n t with r e q u i r e 
ments of theory enunciated by N. Fuchs which state 
that t e m p e r a t u r e is de te rmined by difference between 
ambient and sa tu ra t ed vapor densi ty of d rop ; p e r t i 
nence to meteoro logy and study of l iqu ids . 

1205. Jakob, M. 

THE INFLUENCE OF PRESSURE ON HEAT TRANS
FER IN EVAPORATION, P roceed ings of the Fifth 
Internat ional Congress Applied Mechanics , 1938, 
p . 561 , Repr in ted in Techn. Bull . A rmour Inst . Tech. 
Vol. 2, No. 1 (1939). 

1210. Kazanski i , V. M. 

THE DETERMINATION OF HEAT OF EVAPORA
TION OF MOISTURE CONTAINED IN A POROUS 
BODY, Inzhen.-f iz . Zh. (USSR), 4^ No. 8, 36-42 
(1961), 

A record ing e lec t roca lor inne te r i s desc r ibed and in 
s t ruc t ions given for i ts appl icat ion in the d e t e r m i n a 
tion of heat of evaporat ion of m o i s t u r e f rom a porous 
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body for various mois ture contents . Expe r imen t s 
on the drying of sil ica gel show that heat of evap
oration of mois ture absorbed by a porous body, for 
all mois ture contents is l a r g e r than the heat of 
phase t ransi t ion of free water into vapour . 

1211. Kichigin, M. A. 

METHODOLOGY OF THE DETERMINATION OF THE 
COEFFICIENTS OF HEAT TRANSFERENCE OF 
EVAPORATORS. Sakhar 17, No. 2, 19-24 (1939); 
Chem. Zentr . 1939. II, 4292. 

Formulas a r e given for ca lcg . the coeffs. of heat 
t ransference from the walls to the boiling liquid, 
from the vapor to the wal ls , e t c . 

1212. Kimura, H. 

IMPROVEMENT OF HEAT TRANSFER IN EVAPOR
ATORS, Japan 2421, 1959, April 14 (Patent) . 

Ultrasonic waves of 200-500 kc a r e applied to p r e 
vent scaling, bumping, and foaming at the heating 
surface of evapora to r s . (CA-985f) 

1213. King, P . J . 

EVAPORATION, Chem. P r o c e s s . Eng. 4^, 69-73 
(1962). 

A review with 30 r e fe rences , 

1214. Kirschbaum, Emil and Dieter , Karl 

HEAT TRANSFER AND PARTIAL DISTILLATION 
IN THIN-FILM EVAPORATORS, Chem. Ing, Tech, 
3^, 715-20 (1958). 

Heat - t ransfer data and dis tn . per formance of b inary 
mixts . a re reported for a Sambay thin-f i lm e v a p o r a 
tor (cf. Schneider, CA 49. 10678b). The evapora tor 
tube had an inside d iam. of 10 cm and a height of 
97 cm. Liquid loading and rotation of in te rna l wipers 
were varied over the capacity range of the unit . The 
data for evapn. of H20,95% EtOH. toluene, and a 10% 
sugar soln., and for par t ia l distn. of EtOH-H20 
mixts . a re presented in graphical fornn. 

1215. Kirschbaum, E. 

EVAPORATION IN A VERTICAL TUBE WITH AUTO
MATIC RECYCLING, Dechema Monograph 4£, 
Nos. 616-641, 121-47 (1962). 

Vert ical , glass and steel evapora tor tubes (2-4 m 
height, 33 or 37 mm diam.) were used to evap. HjO 
and aq. sugar solns. Wall and liquid t e m p s , and 
p re s su re s were detd. at s eve ra l tube he igh ts . The 
origin and subsequent d isappearance of vapor bub
bles in the lower part of the tubes is shown by a 
se r ies of photographs. The wall t emp, is > the b .p . 
and the liquid temp, is < the b .p . in this zone. Up 
to 80% of the total heat t ransfer occurs in the lower 
zone. 

iZib. Knacke, O. and Stranski , I. N. 

THE MECHANISM OF EVAPORATION, P r o g r e s s in 
Metal Physics _6̂  181-235 (1956). 

A review. Discusses exper imenta l methods for d e 
termining the condensation coefficient, using e i ther 
evaporation into a high vacuum, at higher p r e s s u r e s 
or condensation. The theory of evaporat ion is 

d i scussed , including cons idera t ion of s t a t i s t i ca l 
ca lcu la t ions , the m e c h a n i s m of s tep-wdse e v a p o r a 
tion and applicat ion of t r a n s i t i o n - s t a t e t heo ry . 
100 r e f e r e n c e s . 

1217. Knudsen, M. 

THE MAXIMUM SPEED OF VAPORIZATION OF 
MERCURY, Ann. Physik 47, 697-708 (1915). 

The author f i r s t obtains a fornnula for the veloci ty 
of evapora t ion , assunning that the molecu les which 
leave the sur face of the liquid do not r e tu rn again to 
i t . The formula i s G =43.75x 10"^ ^/(Mp/e) where M 
is the molecu la r weight, 6 the t e m p e r a t u r e , and p 
the vapour p r e s s u r e in dynes /cm^ . The calcula ted 
value for m e r c u r y is 7.81 m g m . , the obse rved value 
is 7,48 nngm. 

1218. Knuth, E . L. 

EVAPORATION FROM LIQUID WALL FILMS INTO 
A TURBULENT GAS STREAM. Heat Trans fe r and 
Fluid Mechanics Ins t i tu te . Univ, of Southern Calif. 
Los Angeles , 1953. Stanford Univ. P r e s s , Stanford, 
Calif., 1953. p , 173-192. 

Although thin ( severa l thousandths of an inch thick) 
liquid wall f i lms in the p re sence of high-veloci ty 
( severa l hundred feet per second) turbulent gas 
s t r e a m s occur frequently in engineer ing , e.g. , in 
condensing, evapora t ing , and f i lm-cooIing p r o c e s s e s , 
re la t ive ly l i t t le basic knowledge is avai lable concern
ing this type of flow. Hence an invest igat ion was 
under taken for the purpose of obtaining (a) design 
data for the a t tachment of a thin liquid filnn to a 
solid ^valI in the p re sence of a h igh-veloci ty gas 
s t r e a m (par t i cu la r ly applicable to film cooling), 
(b) a c r i t e r ion for the inception of ins tabi l i ty for a 
liquid wall film, and (c) a means for predic t ing the 
m a s s - t r a n s f e r ra te f rom a film surface for given 
flow p a r a m e t e r s and fluid p r o p e r t i e s . Theore t ica l 
ana lyses were nnade of the film stabil i ty and of the 
m a s s - t r a n s f e r p r o b l e m s . The ana lys i s of the f irs t 
problenn (based on the assumpt ion that turbulence in 
the gas s t r e a m produces smal l d i s tu rbances in the 
filnn surface) indicated that the inception of unstable 
long-wavelength d i s tu rbances depends on the relat ion 
of the equivalent sand roughness of the film surface 
to the th ickness of the l amina r sublayer of the gas 
s t r e a m . In the nnas s - t r anspo r t ana ly s i s , the heat 
t r a n s p o r t into the liquid film was f i r s t calculated 
and then equated to the heat r equ i r ed to evaporate the 
m a t e r i a l which leaves the liquid su r face . E x p e r i 
menta l data were obtained for the optinnum injection 
velocity for a rad ia l -ho le injector (which injector a p 
p e a r s to be sa t i s fac tory for the a t tachment of a liquid 
filnn in many f i lm-cooling appl icat ions) and were co r 
re la ted in a dinnensionless plot. Sufficient conditions 
for the stabi l i ty of a liquid wall filnn were experinnen
tal ly found to be a function of the Reynolds number of 
the liquid film and the ra t io of the v iscos i ty of the 
gas -vapor nnixture to that of the l iquid, where the 
v i scos i t i e s were evaluated at the l iquid-f i lm surface 
tennpera ture . Still further expe r imen t s substant iated 
the theory advanced for the m a s s - t r a n s f e r r a t e s . 
The design p rocedure for a f i lm-cool ing application 
is included. 
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1219. Kons tas , A, S. 

EVAPORATION BY TRICKLING OVER HEATED 
HORIZONTAL TUBES, Genie Chim. 79. 179-85, 
(1958). 

K. shows good a g r e e m e n t between exptl . and ca lcd . 
values of h e a t - t r a n s f e r coeffs . for a liquid flowing 
under v i scous flow condit ions over the hot outside 
surface of hor izonta l tubes when evapn. o c c u r s with
out boiling or fornnation of bubbles- Two types of 
com. e v a p o r a t o r s a r e desc r ibed , 1 for concg. grape 
s i rup and the other for evapg. benzene-ace tone 
solvent in an ins ta l la t ion for paraffin r emova l f rom 
lubr icat ing o i l s . 

1220. K r a m e r s , H., Capel le , A. E. F . van, and 
Schraaf, E . V. van der 

HEAT TRANSFER IN FILM EVAPORATOR. 
Ingenieur 6^, No. 8. Ch. 9-15 (1955). See a lso Eng
lish a b s t r a c t in E n g r s ' Digest 1^, No. 4. 159-62 
(1955)-

Various types , their advantages and disadvantages 
desc r ibed ; expe r imen ta l r e s u l t s p re sen ted on r a t e of 
evaporat ion of va r ious l iquids in Muel ler evapora to r . 

1221. Kucherov, R. Ya. and Rikenglaz, L. E-

ON HYDRODYNAMIC BOUNDARY CONDITIONS FOR 
EVAPORATION AND CONDENSATION, J . Expt l . 
Theore t . P h y s . (USSR) 37, 125-6 (1959), English 
T r a n s l . in: Soviet P h y s . J E T P £7 (lO), 88-9 ( i960). 

The boundary condit ions have been found for h y d r o -
dynamic equations in the p re sence of evaporat ion and 
condensation. For snnall evapora t ion r a t e s the t e m 
pera tu re jump and the deviat ion of the vapor p r e s s u r e 
fronn the equilibriunn value a r e shown to be of the 
o rde r of the r a t io between the speed of the vapor flow 
V and the mean speed of heat t r an s f e r c. It is shown 
that the exp re s s ions commonly used in the l i t e r a t u r e 
for the flow of m a t e r i a l s and heat in the p re sence of 
evaporat ion and condensat ion contain an e r r o r . 

1222. Langs t ro th , G. O., Diehl, C. H. H., and 
Winhold, E . J . 

THE EVAPORATION OF DROPLETS IN STILL AIR, 
Can. J. R e s e a r c h 28A, 580-95 (1950). 

The evapn. of d rop le t s of I to 2 nnnn in d iam. into 
still a i r was studied with the following 9 l iquids 
fornning a s e r i e s of g raded volat i l i ty : toluene, 
PrOH, glacia l AcOH, e thylbenzene, o -ch loro to luene , 
AmOH. ani l ine, wa te r , and BuOH. The expt l . r e 
sults ag reed with c a l c n s . based on diffusion and h e a t -
t rans fe r theory. The surface 
t emp, of the m o r e volat i le d rops was found to be 
significantly lower than the bulk t e m p . 

1223. Len ige r , H, A- and Ve lds t r a , J . 

HEAT TRANSFER IN A THIN-FILM EVAPORATOR. 
Chem. Ing. Tech . 3J_. 493-7 (1959). 

Expts . a r e r epo r t ed for evapn. of water in a Luwa 
film e v a p o r a t o r . The var ia t ion of the heat t r ans fe r 
coeff. was detd. as a function of boiling tennp., t emp , 
difference between vapor and b . t e m p . , liquid flow 
r a t e , and r.p.nn. of the r o t o r . 

1224. Liener th , A. 

DETERMINATION OF HEAT TRANSFER VALUE BY 
BUBBLE EVAPORATION IN ENAMEL APPARATUS, 
Pe r iod ica Polytech 2 . No. 1, 51-64 (1959). 

A 2 5 0 - 1 . r e d u c e d - s c a l e enannel app. was used to 
det . h e a t - t r a n s f e r va lues for H2O and nnolasses 
so ln s . 

1225. Linden, C. M. and Montillon, G. H. 

HEAT TRANSMISSION IN AN EXPERIMENTAL IN
CLINED TUBE EVAPORATOR. T r a n s . Am. Inst . 
Che. Eng._24. 120-141 (1930). 

Work was c a r r i e d out on snnall evapora tor con
s t ruc ted so that velocity of flow of liquid in down-
take pipe could be m e a s u r e d ; runs were made with 
dis t i l led water boiling at 180.195, and 210 deg. fahr . ; 
by means of suitable thermocouples vapor and pipe 
t e m p e r a t u r e s were m e a s u r e d at t e m p e r a t u r e dif
fe rences varying from 8 to 28 deg, for each t e m 
pe ra tu r e of evaporat ion. 

1226. Lukavsky, J. and Novotny, J . 

HEAT TRANSFER IN A FILM EVAPORATOR, Chem. 
p rumys l , 10, 410-14 ( i960). 

The t e s t s were conducted on a lab. film evapora tor 
(Luwa L 020 type). The inner d iam. of the e v a p o r 
ator was 80 m m , the length of the heating surface 
was 480 mm, and the max . d is tance between the 
ro to r and the evapora tor tube 1 nnm. The ro tor \vas 
opera ted at 1000-2000 r . p . m . The es td . evapg. out 
put was 20 kg HjO/hr . Distd. H2O was used as the 
tes t l iquid. The coeff. of heat t r an s f e r k was calcd. 
f rom the equation Q = k F At, where Q is the heat 
t r ans fe r ra te ca lcd. from the energy ba lance , F is 
the heating sur face , and At is the t emp , drop between 
the s t eam temp. , tp and the b .p . of liquid t,^. The d e 
pendence of k on At and t.̂  at a liquid feed ra te of 
60 kg per h r . a nd a ro to r speed of 1000 r . p . m . and 
the dependence of k on the heat flux q at va r ious t.̂  
were detd. In both these c a s e s , k i n c r e a s e s with At, 
and with q only slightly up to t^ - 70° and m o r e 
rapidly for t.̂ , over 80°. At At = 40° t.^ = 80°, and 
1000-2000 r . p . m . , k i n c r e a s e s with the liquid feed 
r a t e , but the opt imum output of the evapora tor i s 
reached between 40 and 50 k g / h r . By inc reas ing 
from 1000 to 2000 r , p , m , , k i s i n c r e a s e d -15%. De
viat ions of k at va r ious feed t emps . and with other 
p a r a m e t e r s const , were =3%. Compar i son of the r e 
sul ts with va lues r epo r t ed by B r e s s l e r [V.D.I. 
Zei tschr i f t 100, 630 (1958)] and Schneider (CA 49, 
10678b) for an evapora tor with movable b lades , 
shows that fixed b lades a r e advantageous at high 
wall t e m p s . 

1227. Lus tenader , E. L. , Rich te r , R. and 
Neugebauer , F- J-

THE USE OF THIN FILMS FOR INCREASING EVAP
ORATION AND CONDENSATION RATES IN PROCESS 
EQUIPMENT, J . Heat Trans fe r 81, 297-307 (1959). 

An invest igat ion was made of an evaporat ing and con
densing tes t app. in which o v e r - a l l heat t r ans fe r 
coeffs. as high as 8000 Btu/ (hr ) (sq ft)(°F) were ob 
tained with water by uti l izing thin f i lms both in 
evaporat ion and condensat ion (much higher than for 
dropwise condensat ion) . The f i lms were obtained by 
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wiping the evaporating surface and uti l izing sur face 
tension effects on the condensing su r face . The 
phenomena on both the evaporat ing and the condens 
ing surfaces a r e amenable to theory . Invest igat ions 
were made as to the best surface and wiper des ign. 
The resu l t s a r e applicable to the design of compact 
and economically operating p r o c e s s equipment . 
Sea-water tes ts have shown that the slowly rotat ing 
wiper r e t a rd s the formation of scale on the evapor 
ating surface. The absence of bubbling in the thin 
film minimizes br ine c a r r y - o v e r and a s a r esu l t a 
high purity condensate is produced. 

1228. Lype, E. F-

KINETIC THEORY OF EVAPORATION RATES OF 
LIQUIDS, Trans . Am. Soc. Mech. E n g r s . rT.. 211-19 
(discussion) 219-23 (1955). 

Study of low ra te s of evaporation of water found in 
numerous exper iments ; evaporat ion of liquid ca l cu 
lated from Polanyi-Wigner theory of escape of m o l 
ecules from surface of solid body; evaporat ion of 
"pseudo-crysta l l ine" fluid is obtained from Volner ' s 
extension of this theory; condensation on surface of 
"pseudo-crystal l ine" fluid is obtained from kinetic 
theory; comparison with r e su l t s of other w o r k e r s . 

1229. Madden, A. J. and Halfen, F . J . 

TEMPERATURE DEPRESSIONS FOR EVAPORATING 
SPHERES AT LOW PRESSURES, A. I. Ch. E- J o u r -
nal.J7_, 160-2 (1961). 

The evapn. of naphthalene spheres into a i r in the 
p r e s s u r e range may be accompanied by an a p p r e 
ciable surface temp, depres s ion . The magnitude of 
the effect depends on the geometry of the exptl . s y s 
tem and the p r e s s u r e level . Such effects a r e of 
in teres t in the studies a imed at detg. evapn. coeffs, 
(CA-56-5785b) 

1230. Maisel, D. S. and Sherwood, T. K. 

EFFECT OF AIR TURBULENCE ON RATE OF 
EVAPORATION OF WATER, Chem. Eng. P r o g . 46, 
172-5 (April, 1950). 

Study of effect of both intensity and scale of tu rbu
lence on rate of vaporization of water into air f rom 
snnall spheres and cy l inders ; these were supported 
in 10.2 cm ID high velocity a i r duct and m e a s u r e 
ments made of turbulence using hot wire a n e m o m 
eter ; resul t s of m e a s u r e m e n t s ; effect of turbulence 
on mass t ransfer . 

1^31. Maisel, D. S. and Sherwood, T. K. 

EVAPORATION OF LIQUIDS INTO TURBULENT 
GAS STREAMS, Chem. Eng. P r o g r e s s 46. 131-138 
(Mar. 1950). 

Data on evaporation of liquids into gas s t r e a m s ; t e s t s 
made using wetted plane sur faces , cy l inders , 
spheres , and disks; water was evaporated into a i r 
from each of several shapes; evaporat ion data for 
water into carbon dioxide and into hel ium from cy l 
inders , benzene and carbon te t rach lor ide into a i r 
from cyl inders , and benzene into air from s p h e r e s . 

1232. Marek, Jan and Rod. Vladimir 

HEAT TRANSFER DURING EVAPORATION IN 
JACKETED VESSELS, Chem. Lis ty 49, 1-9 (1955), 

Dimens ionless re la t ions a r e der ived for connputing 
the evapn. in jacketed v e s s e l s with va r ious types of 
bo t toms . Plots of these re la t ions a r e given to 
faci l i tate c a l c n s . at const , and va r i ab l e tennp. 

1233. Monchick, Louis and Re i s s H . 

STUDIES OF EVAPORATION OF SMALL DROPS, 
J, Chem. Phys . , ^ , 831-6 (1954). 

The r a t e s of evapn. of smal l d rop le t s of diamyl 
sebacate (av. rad ius R- IO"* cm) were m e a s u r e d 
in a Millikan o i l -d rop c h a m b e r , and observed to 
obey a law of the form d R / d T = a / ( l + bR) that was 
pred ic ted by the theory of N. Fuchs [Physik Z. 
Sowjetunion _6. 225 (1934)] and F r i s c h and Collins 
(CA-47-4 167i). By use of a nonequil . d is t r ibut ion 
function of the ve loc i t i e s , the re la t ion was der ived 
in a more r igorous fashion. An ennpirical form of 
the Stokes-Cunningham law for the l imit ing velocity 
of fall in a dil . mediunn v/as obtained for dioctyl 
sebacate in a i r . 

1234. Moore, F . D. and Mes l e r , R. B. 

MICRO-LAYER VAPORIZATION, P re sen t ed at 
AIChE Meeting, Cleveland. 1961; a lso Univ. of 
Kansas , December , I960. 

1235. Murgatroyd, W. 

SOME ASPECTS OF THE HIGH PRESSURE WETTED 
WALL EVAPORATOR, AERE X / M 124 (1954) 27 p. 

P r e s s u r e l o s s e s and evaporat ion r a t e s have been 
evaluated for the evaporat ion of water into s u p e r 
heated s t e a m at p r e s s u r e s up to 1500 ps ia . In order 
to do this some d r a s t i c assumpt ion as to the flow 
conditions were n e c e s s a r y . It is shown that some of 
these a s s u m p t i o n s , though reasonab le in the wet ted-
wall columns used in the Chemical Engineer ing 
Industry , a r e probably invalid when working at high 
p r e s s u r e s and high vapor ve loc i t i e s . A hypothesis 
is put forward which, if confi rmed, would simplify 
the compl ica ted two-phase flow prob lem at high 
p r e s s u r e s and ve loc i t i e s . Exper imenta l work is 
urgent ly needed on this p rob lem, s ince no re levant 
data a r e avai lable for a de s igne r . 

1236. Nes te renko , A. V. 

HEAT- AND MASS-EXCHANGE DURING THE EVAP
ORATION OF A LIQUID. Teplo- i Massoobmen v 
P r o t s e s . I sparen iya , Akad. Nauk S.S.S.R., Energet . 
Inst . 24-9 (1958). 

The surface t emp , of an evaporat ing liquid was detd. 
The exp ts . were set up so that the heat flow occur red 
fronn the liquid into the sur rounding medium either 
under free or forced a i r flow. Dist i l led H2O was 
used . The dependence of the sur face t emp, on the 
hygro the rma l and hydrodynamic conds . of the p r o c 
e s s was detd. The r e l a t ions , f = 0.0135 K~'-^ 
(ArPr)°-°^(free air flow) and f = 0.00615 K"°-'^Re' 0.34 

can be used for detg. the sur face t e m p , of an evapor 
ating liquid under any hydrodynamic or hygro thermic 
condi t ions. 
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1237. Nusse l t , W. 

HEAT TRANSFER, DIFFUSION, AND EVAPORATION, 
Trans l a t ed f rom; Zei t schr i f t fiir angewandte 
Mathemat ik und Mechanik, 1^, 105-21 (NACA-TM-
1367) (Apr. 1930). 

The genera l s i m i l a r i t y of heat and m a s s t r ans f e r 
(diffusion) p r o c e s s e s i s d i scussed , with pa r t i cu la r 
r e fe rence to the lack of comple te identi ty of the r e 
lat ions governing the two phenonnena. It is indicated 
that, for example , the boundary conditions in the two 
cases at the sur face of a body will not be the s a m e . 
The c o r r e c t equation of diffusion is given for va r ious 
s imple c a s e s . Genera l i zed r e l a t ions for combined 
heat and m a s s t r ans fe r a r e then evolved for p a r t i c u 
lar s i tua t ions , c o m p a r i s o n s being made among s e v 
e ra l different app roaches to the p rob lem. Final ly, 
the effect of a buoyancy force field on the g e n e r a l 
ized re la t ions is cons ide red , with specia l r e fe rence 
to the evapora t ion of w a t e r . 

1238. Panchev, S. 

EVAPORATION OF SPHERICAL DROPS OF WATER 
FALLING FREELY THROUGH THE ATMOSPHERE, 
C. R. Acad. Bulg, Sci-. 10, No. 5, 355-8 , (1957) (in 
Russian)-

The equation of motion of drops is formulated and 
solved. It is found that the velocity of the drops is 
proport ional to the square root of their r ad iu s . 

d e c r e a s e s i ts t emp . , thus permi t t ing the use of low-
t emp , heat s o u r c e s , such as low p r e s s u r e s t e a m and 
hot wa te r . The air is introduced at a shallow depth. 
50-100 m m . by means of a venti lat ing fan. Ca lcns . 
a r e given. 

1242. Penner , S. S-

KINETICS OF EVAPORATION, J. Phys . Chem. 5^, 
475-479 (1952). 

The kinet ics of evapn. of liquids is r e cons ide red fronn 
the point of view of c l a s s i ca l reac t ion kinet ics and 
a lso by application of the theory of a b s . reac t ion 
r a t e s . Evapn. t r e a t e d a s a un imol . r a t e p r o c e s s , with 
a r a t e propor t ional to the surface concn. of ene rge t i c 
m o l s . , l eads to the Knudsen equation for spher ica l 
mols . , provided 6 square t e r m s contr ibute to the en 
ergy of act ivat ion. The theory of a b s . reac t ion r a t e s , 
after co r r ec t i on for lack of equi l . between n o r m a l 
m o l s . . and the act ivated complex, leads to the 
Knudsen equation for spher ica l ly syrnmetr ic m o l s . 
if r easonab le assumpt ions a r e nnade concerning the 
na tu re of the act ivated complex . Evidence is p r e 
sented in support of the idea that the equil . theory 
of a b s . reac t ion r a t e s is not consis tent with the 
model of the liquid used to de t . evapn. r a t e s . The 
theore t ica l t r ea tmen t is next extended to polar l iq 
uids with r e s t r i c t e d rota t ion, and it is shown that 
the evapn. coeff- should be identified with the f r e e -
angle r a t io . (CA-46-8479a) 

1239. P a r k e r , R. O. and Treyba l , R. E. 

THE HEAT, MASS TRANSFER CHARACTERISTICS 
OF EVAPORATIVE COOLERS, Chem. Eng. P r o g . 
Symp. Ser ies No. 32, ^ , 138-149 ( I96 l ) . 

A new nnathematical model for evaporat ive coo le r s 
has been devised in which the pe r fo rmance is d e 
scr ibed in t e r m s of two t r a n s f e r coeff icients , U and 
K, U is a heat t r an s f e r coefficient accounting for the 
t ransfer of heat fronn the tube fluid to the sp ray 
water ; K is a m a s s - t r a n s f e r coefficient accounting 
for enthalpy t r ans f e r f rom s p r a y water to the a i r 
s t r e a m . The differential equat ions have been in t e 
grated to yield r e s u l t s useful in the design and t e s t 
ing of these exchanges . 

F r o m the experinnents pe r fo rmed , film coefficients 
for heat and m a s s t r ans f e r were deduced for the fol
lowing: ( l ) a i r flow over d ry tubes , (2) tubes to sp ray 
water for sens ib le heat t r an s f e r to the water only, 
(3) adiabatic evaporat ion of water into a i r , and (4) 
bulk spray water to the a i r - w a t e r in t e r face . It i s 
from these that U and K may be syn thes ized . 

1240. Pa t ten , T. D. 

A REVIEW OF HEAT TRANSFER DATA ON THE 
EVAPORATION OF LIQUIDS AT SUB ATMOSPHERIC 
PRESSURES, Gt. Br i t . Royal Ai rc ra f t Es tab l i shment , 
Farnborough, H a r t s . England. Tech Note Mech. Eng. 
No. 216 (1956). 

1241. Pe isakhov, I. L. 

EVAPORATION OF SOLUTIONS BY UTILIZATION 
OF A LOW TEMPERATURE HEAT CARRIER. 
Tsvetnye Metally 2£ . No. 12, 41-4 (1957). 
When vacuum is not used, bubbling of a i r through a 
salt soln. speeds up i ts evapn. and cons iderab ly 

1243. Pepper , D. 

DESIGN OF CLIMBING FILM EVAPORATORS, Ind. 
Chemis t 3±, 191-4 (1958). 

Important fac tors in the design of climbing film 
evapora to r s a r e d i scussed , including heat t r a n s f e r , 
tube d imens ions , max , evapn. factor , en t ra inment , 
and c o r r o s i o n . 

1244. Pe t r azh i t sk i i , G. B. 

EVAPORATION OF DROPS AT HIGH TEMPERA
TURES AND PRESSURES, Trudy Odessk . Gosudars t , 
Univ. im I. I. Mechnikova 1_5̂  Ser . F iz , Nauk No. 7, 
125-36 (1960). 

A study of the h e a t - and nnass - t r ans fe r between 
liquid d rops and a flowing gas was pe r fo rmed in a 
specia l ly cons t ruc ted app. The evapn. of drops of 
HjO. 96% EtOH, and ke rosene was invest igated in 
in va r ious a i r flows at 10-60 a tm . and 90-500°. In 
another app. , the evapn. of H^O from the sur face of 
a porous sphere at 1 a t m . and 2800° was studied, 

1245. P e t r a z h i t s k i i , G. B. 

TREATMENT AND GENERALIZATION OF THE R E 
SULTS OF AN EXPERIMENTAL INVESTIGATION OF 
THE EVAPORATION OF DROPS, Trudy Odessk . 
Gosuda r s t . Univ. im I. I. Mechnikova 150, Ser , F iz . 
Nauk No. 7, 161-86 ( i960). 

The p r o c e s s e s taking place during evapn. of a liquid 
drop a r e d i s cus sed . Equations for detn. of the t e m p . , 
evapn. t ime , e t c . , a r e given, and the r e s u l t s of the 
theore t i ca l c a l c n s . a r e compared with the exptl . data 
obtained by va r ious a u t h o r s . An attennpt is made to 
genera l ize the individual r e s u l t s . 
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1246. Pigott, R. J- S. 

VAPOR LOCK OR DUMB ENGINEERING, J . of the 
Society of Automotive Eng inee r s , 5£, 310-317 (1944). 

P roper t i e s of automobile and aviation gasoline a r e 
given that bear on the problem of vapor lock. F a c 
to rs which can be control led, other than gasoline 
type, to help prevent vapor lock a r e given. Air 
solubility is d i scussed . Curves and formulas for 
the effect of pipings of different kinds a r e given and 
explained. Types of flow, pump l o s s e s , vapor t r a p s , 
effect of ca rbure to r , calculat ions for s y s t e m s , a r e 
explained. Conclusions: (1) The vapor izat ion 
charac te r i s t i c s of any gasoline can be de te rmined . 
The hydraulic sys tem must be designed specifical ly 
to meet these c h a r a c t e r i s t i c s . (2) The pipe and 
fitting res i s t ances a r e quite fully known, including 
that for flow of mix tures of gas and l iquid. (3) The 
ratio of pump volume ra te of del ivery to r equ i red 
maximum volume ra te of liquid gasoline de t e rmines 
the limiting V / L for successful operat ion without 
vapor lock from the fuel sys t em. (4) F r o m the f o r e 
going, the cr i t ica l vapor lock tank t e m p e r a t u r e and 
maximum altitude can be deternnined, (5) Vapor -
lock beyond the fuel pump is chiefly a ma t t e r of 
elimination of vapor or gas at measur ing point, and 
no heat addition before the meter ing opera t ion. 

1247. Pleteneva, N. A. and Rebinder, P . A. 

EFFECT OF SURFACE-ACTIVE SUBSTANCES ON 
THE EVAPORATION OF A DROP OF WATER IN THE 
SPHEROIDAL STATE, J. of Physical Chemis t ry 
(USSR) 20, No. 9 (1946). 

1248 Pleteneva, N. A. and Rebinder, P . A. 

MECHANISM OF THE EVAPORATION OF A DROP 
OF LIQUID IN THE SPHEROIDAL STATE, J- of 
Physical Chemistry (USSR) ^ , No. 9 (1946). 

1249. Radusch, R. 

THE VELOCITY OF EVAPORATION OF DROPS OF 
WATER, Chem. Ing. Tech. 28 ,̂ 275-7 (1956). 

A discussion of the effect of drop s ize on speed of 
evapn. and hea t - t rans fe r coeff. A drop d iam. of 
0.35 mm represen t s an optimum value for heat 
t ransfer when water spray is used for f i re-f ight ing. 
Some data and 8 references a r e given. 

1250. Ranz, W. E. and Marsha l l . W. R., J r . 

EVAPORATION FROM DROPS, I. Chem. Eng. P r o g 
re s s 48. 141-46 (1952). 

The factors affecting the ra te of evapn. of pure 
liquid drops and the ra te of evapn. of water drops 
contg. dissolved and suspended solids were studied. 
The study was res t r i c t ed to a Reynolds-no. range of 
0 to 200, the range usually encountered in s p r a y -
drying operat ions. Independent co r re l a t ions of h e a t -
and mass - t r ans fe r ra tes were obtained from drop 
temps, measured with 0-5-mi l - thermocouples . Drop 
d iams . ranged from 6.06 to O.ll cm, and a i r t e m p s . 
up to 200°. Results of studies on pure liquid d rops 
confirmed the analogy between heat and m a s s t r a n s 
fer at low Reynolds nos. , and verified the s imple e x 
pression for the Nusselt no. at zero Reynolds no. A 
general correla t ion of existing data on spher ica l 

pa r t i c l e s showed the r e s u l t s of this study could be 
ext rapola ted with r e m a r k a b l e a c c u r a c y 5 t i m e s b e 
yond the expt l . range of Reynolds n o s . 

1251. Ranz, W. E. and Marsha l l , W. R., J r . 

EVAPORATION FROM DROPS. II., Chem, Eng. 
P r o g r e s s 48 ,̂ 173-80 (1952). 

Exptl . r e su l t s for pure liquid d rops , d i scuss ion of r e 
sul ts on evapn. from pure liquid d rops , evapn. from 
drops contg. solids in soln. and suspens ion, drying 
d rops in s t i l l d ry a i r with heat of c r y s t n . and 
supe r sa tn . effects, and es tn . of drying t i m e . 

1252. Ranz, W. E. 

EVAPORATION OF A DROP OF VOLATILE LIQUID 
IN HIGH-TEMPERATURE SURROUNDINGS, T r a n s . 
Am. Soc. Mech. Engrs - 78, 909-13 (1956), 

The evapn. of a drop of volat i le liquid in h igh - t emp . 
sur roundings is analyzed in t e r m s of the ra te of 
heat t r a n s f e r . T rans fe r of heat by m a s s t r ans fe r 
and by radia t ion as well a s by conduction is taken 
into account for a pseudos ta t ionary and steady state 
without convect ion. The flow of cold vapor to the 
sur roundings during evapn. r e q u i r e s that a cons id
erab le amt . of heat conducted inward be used to 
warm vapor nnoving outward. This waylaying of heat 
energy r e su l t s in a significant d e c r e a s e in the a p 
parent ra te of heat t r an s f e r as m e a s u r e d by the ra te 
of evapn. Applications of the theore t i ca l r e su l t s to 
evapn. and combust ion a r e d i scussed , and an e m p i r 
ical t r e a t m e n t for c a s e s of free and forced convec
tion is indicated. 

1253. Rodebush, W. H. 

NUCLEI IN EVAPORATION AND CONDENSATION. 
Chem. R e v s . 44, 269-76 ( l949). 

The condition of d issolved non-polar gases in water 
soln. i s en t i re ly a m a t t e r of specula t ion . There is 
evidence that bubbles smal l enough to escape o b s e r 
vation a r e ve ry pe r s i s t en t and noticeably affect the 
p rope r t i e s of water . The supe r sa tn . of vapors in the 
absence of nuclei is subject to the rmodynamic t r e a t 
ment . The Thomson equation is no longer valid when 
the single drop c e a s e s to det. a liquid phase , as o c 
c u r s when the no. of m o l s . beconnes smal l enough so 
that the s h a r e of each in the coll igative entropy of the 
drop becomes cons ide rab le . The drop then becomes 
a nnol. aggregate in a homogeneous equi l . and a defi
nite linnit to supe r sa tn . is e s tab l i shed . Exptl. data a r e 
in genera l ag reemen t with the conclusions of this 
theory . (CA-43-60461) 

1254. Rodenacker , Wolf 

FILM EVAPORATOR, March 21, 1957, German P a t 
ent, 1,004,590 (CI. 12a). 

The evapg. surface is a cyl inder inside the evapora 
tor which f o r m s , with at leas t 1 protruding body, a 
smal l slot into which the fluid is in t roduced under 
p r e s s u r e . 

1255. Rohsenow, W. M. 

HEAT TRANSFER WITH EVAPORATION, p. 101 in: 
Heat t r ans fe r . . . a sympos ium held at the Universi ty 
of Michigan during the s u m m e r of 1952. Ann Arbor . 
Engineering R e s e a r c h Inst i tute , 1953. 
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1256. Ronco, J . J . 

CALCULATION METHODS IN DIFFUSIONAL O P 
ERATIONS. I, FUNDAMENTAL THEORY. II. DIF
FUSIONAL EVAPORATION. Lab. ensayo m a t e r i a l e s 
e invest , technol . , P r o v . Buenos Ai res (La P la ta , 
Arg . ) Sec . II, No. 49, 5-48 (1952). 

A genera l d i scuss ion of continuous and discontinuous 
diffusion in t e r m s of m a t e r i a l , energy , and enthalpy 
ba lance , equi l . condi t ions , and k ine t i c s . A complete 
l is t of symbols i s given, and equat ions a r e der ived 
for homogeneous and he te rogeneous c a s e s of fluids 
in motion and heat and m a t e r i a l t r a n s f e r . II. Dif-
fusional evapora t ion . Ibid. 29-48 - Specific equa
tions a r e der ived for discont inuous evapn. of w a t e r . 
The app. is desc r ibed , and tab les of the apparent 
coeff. for heat and m a t e r i a l t r an s f e r a r e given for 
22 tes t condi t ions. Another app. used to study con
tinuous opera t ions is d e s c r i b e d . Hea t - and 
m a t e r i a l - t r a n s f e r coeffs . a r e given for 12 t r i a l s . 

1257. Rounthwaite, C- and Clouston, M. 

HEAT TRANSFER DURING EVAPORATION OF HIGH 
QUALITY WATER-STEAM MIXTURES FLOWING IN 
HORIZONTAL TUBES, p. 200-11 of Internat ional 
Developnnents in Heat T r a n s f e r . P a r t L, New York, 
ASME, 1961. 

A h i g h - p r e s s u r e s t e a m r ig \vas built to study the 
evaporat ion of wet s t e a m in a hor izonta l ha i r -p in 
type of tube, 1.6 in. b o r e , for a wide va r i e ty of flow 
r a t e s , s t e a m p r e s s u r e , and quality condit ions, but at 
re la t ive ly low hea t - f l uxes . The in te rna l heat t r a n s 
fer coefficients were m e a s u r e d during the t r a n 
sition f rom high "boil ing" values to low superhea ted 
values , which occu r s at high s t e a m qua l i t i es . Under 
all t e s t -condi t ions the fall in coefficient was fa i r ly 
rapid, and genera l ly o c c u r r e d at steann qual i t ies b e 
tween 94 and 98%. The value of the coefficient b e 
fore " t rans i t ion" showed a d i rec t dependence on 
f low-ra te , though under some conditions the onset 
of t rans i t ion was v e r y much affected by heat flux. 
Local coefficient m e a s u r e m e n t s made around the 
c i r cumfe rence of the tube showed that at low s t eam 
veloci t ies a s t ra t i f ied flow condition ex is ted at inlet 
to the t e s t - s e c t i o n . Fu r the rnnore , under all t e s t con
ditions the actual t r ans i t i on did not occur in a un i 
fornn manner around the t u b e - s e c t i o n . The fall in 
coefficient f i rs t o c c u r r e d at the top of the t u b e -
section and then gradual ly sp read around the s ides 
to the bot tom. This phenonnenon was quali tat ively 
explained with r e fe rence to poss ib le w a t e r - s t e a m 
flow pa t te rns in the tube during t r ans i t i on . 

1258. Ruckenste in , E. 

VAPORIZATION OF A THIN FILM OF LIQUID IN 
HIGH VACUUM, Stud. C e r c e t a r i F i z . , (Roumania), 
_8, No. 1, 25-39 ( J a n . - M a r . 1957). 

A theore t i ca l study of the evapora t ion f rom a thin 
film of liquid containing s e v e r a l cons t i tuen ts , flow
ing over a ve r t i c a l su r f ace . Equations for the d e 
pendence of the r a t e of flow of each const i tuent on 
the d is tance f rom the point of en t ry a r e set up and 
solved. The case of undulating flow is a lso 
d i s cus sed . (SA-61-5377) 

1259. Sarukhanian, G. 

HEAT TRANSFER IN EVAPORATION, C h e m . - I n g . -
Tech . 25_, 477-80 (1953). 

Review of heat t r a n s m i s s i o n of boiling l iquids and 
es tab l i shment of genera l equation accord ing to 
r ecen t Russ ian l i t e r a t u r e . 14 r e f e r e n c e s . 

1260. Scala, S. M. 

VAPORIZATION OF A REFRACTORY OXIDE DUR
ING HYPERSONIC FLIGHT, p. 181-92 of 1959 Heat 
Transfe r and Fluid Mechanics Inst i tute , Stanford, 
Calif., Stanford Univ. P r e s s , 1959. 250 p. 

During flight through a hypersonic envi ronment , the 
heat t r ans fe r to a vaporizing surface depends c r i t 
ical ly upon the a e r o t h e r m o c h e m i c a l p r o c e s s e s 
which occur in the boundary l aye r . The per t inent 
conservat ion equations on heat and m a s s t r ans fe r 
effects a r e p resen ted and a r e ennployed in an a n a l 
ysis of the p r o c e s s e s of diffusion, convection, and 
t h e r m a l exchange during the vapor iza t ion of a r e 
f rac tory m a t e r i a l which r e a c h e s ex t r eme ly high 
surface t e m p e r a t u r e s , such that r e - r a d i a t i o n mus t 
be cons idered at the su r face . It is shown that the 
quantity Q*, called the "effective heat of v a p o r i z a 
t ion," which includes all heat absorbing or heat 
blocking effects, is an inc reas ing function of s t a g 
nation enthalpy and a dec reas ing function of s t ag 
nation p r e s s u r e . independent of body size , except where 
a V R g and G ^ ' ^ R B effects appea r . The effects of 
vapor izat ion r a t e - con t ro l l ed m a s s loss applicable 
to high alt i tude flight a r e invest igated and the r e 
la t ionship between the in te rphase m a s s t r ans fe r and 
the vapor izat ion coefficient is es tab l i shed . The ef
fects of non-equi l ib r ium vapor izat ion into a h y p e r 
sonic laminar boundary layer a r e t r e a t e d . 

1261. Schlegel, Richard 

EVAPORATION OF DISSOLVED GAS FROM WATER 
IN A HEAT EXCHANGER, CP-3062 (1945), 15 p-

The equations given in r e p o r t CP-2701 ( T I D - 3 3 0 5 , 
Ref. 81) for hea t -exchanger pe r fo rmance a r e adapted 
for the calculat ion of d issolved gas rennoval in 
fa l l ing-water film exchange r s . The t r ans fe r of O2. 
H2. and Xe to a gas s t r e a m (He) which sweeps up 
through the exchanger is cons ide red . It i s a s s u m e d 
that t r ans fe r occu r s with no bubble format ion. Con
cen t ra t ions to be expected for a given remova l r a t e 
a r e estinnated on the bas i s of a s s u m e d t r ans f e r 
coeff icients . 

1 262 . Sergeev. G. T. 

AN INVESTIGATION OF EXTERNAL HEAT AND 
MASS TRANSFER WITH LIQUID EVAPORATION BY 
A CAPILLARY POROUS BODY. Inzh. F i z . Zh. (USSR) 
£ , No. 5. 33-S37 ( l 9 6 l ) . 

1263. Sergeev, G. T. 

HEAT AND MASS TRANSFER DURING EVAPORA
TION OF A LIQUID INTO A GAS IN FORCED FLOW, 
Inzhener . - F i z . Zhur . . Akad. Nauk. Be lo rus . S.S.R-
4_, No. 2, 7 7-81 (1961). 

H2O, ace tone , C^H^, and BuOH were evapd. into a i r 
in the app. The heat t r an s f e r of a dry body was 
m e a s u r e d . The a i r had Reynolds Nos. 2-15 x 10*, 
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t emps , (t) 20-200°, re lat ive humidity (0) 15-80%. The 
coeff. of heat t ransfer (h) i n c r e a s e s with the evapn. 
r a t e . With increasing t the h during evapn. in
c r e a s e s more rapidly than the h of a d ry body. N u s 
selt nos . for heat and m a s s t rans fe r (Nuq and Num, 
resp . ) increase with a dec rea se in 0 for evapn. of 
HjO. For all liquids Num > Nuq. 

1264. Severson, E., Madden, A. J . and P i r e t , E. L. 

EVAPORATION RATES OF LIQUIDS TO FLOWING 
GAS STREAMS, A.I .Che.E. Journal _5_, 413 - 18 (1959). 

The effect of high concn. gradients and high 
evaporative velocit ies on ra t e s of m a s s t r ans fe r was 
studied by evapg. liquids into low-speed i n e r t - g a s 
s t r eams at p r e s s u r e s approaching the vapor p r e s 
sure of the l iquids. Inert gas concn, in sonne expts . 
changed nearly 5-fold a c r o s s the boundary l aye r . 
The velocity normal to the surface (owing to evapn.) , 
usually neglected in compar ison with m a i n - s t r e a m 
velocity, was 0.038-19 t imes the m a i n - s t r e a m ve loc 
ity. The data for a i r -HjO, a i r -CCl4, air-C6H5Cl. and 
He-CfiHsCl systems were represen ted within exptl . 
e r r o r over the Graetz no. range 0.1-1800 by the flat-
duct equations of Butler and Plewes (CA-48, 91l8h) 
and also by the usual d imensionless p lo ts . 

1265. Sherwood, T. K. and Phi l l ips , O. 

THE EVAPORATION OF WATER AT HIGH HUMIDI
TIES, Pa r t III of Final Report , NP-6333 (1957), 233 p. 

The factors by which changes in concentra t ion of the 
diffusing compound affect the r a t e s of m a s s t r a n s 
fer between a gas and a wet surface a r e d i scussed . 
The study included evaporation from a wetted-wall 
tower, and the evaporation of water from a porous 
wet cylinder. In all runs turbulent conditions were 
maintained in the gas phase . A theore t ica l d iscuss ion 
is included of diffusion in the evaporat ion p r o c e s s . 

1266. Shpil 'rayn, E. E., Asinovskiy, E . I. 

CALCULATION OF THE LATENT EVAPORATION 
HEAT OF ALKALI METALS, Inzhenero-f iz icheskiy 
zhurnal, _5_, No, 4, 1962, 35-40. 

Evaporation of liquid alkali meta l s proceeds in two 
s tages . F i r s t , atomic vapor is formed, subsequently, 
dimerization takes place to a cer ta in pe rcen tage . 
Thus, the vapor p r e s s u r e dec r ea se s and the liquid 
metal evaporates until equi l ibr ium sets in. The 
vapor phase can be regarded as a s ingle-component 
system i r respect ive of its rea l s t r u c t u r e . For i s o -
baric react ions the authors prove that the C l a u s i u s -
Clapeyron equation from which the molar evapora 
tion heat can be calculated holds also for this 
complex evaporation p r o c e s s . To de te rmine the 
specific evaporation heat the molecular weight must 
be measured separate ly , e.g., by measur ing the 
volume elastici ty of vapor . The specific evapora 
tion heat of alkali meta ls cannot be de te rmined by 
p re s su re measurements only, but the degree of 
vapor dimerization has to be taken into account . The 
authors demonstrate that in a number of papers the 
numerical data on the specific evaporat ion heat of 
alkalies a r e incor rec t because d imer iza t ion has not 
been taken into account. For l i thium, sodium, and 
potassium, the following co r r ec t values a re given-

Atomic 
weight 

Molar 
evaporation heat. 

kcal/mole 

Specific 
evaporation heat, 

kcalfkg 

6.940 
22.991 
39,100 19.5 473 

These values hold for the boiling point of the i n d i 
vidual m e t a l s . There a r e 1 table and I6 r e f e r e n c e s : 
5 Soviet and 11 non-Soviet . The four mos t recen t 
r e f e r ences to Engl ish- language publicat ions r ead as 
follows: K, K. Kelley. Bur . of Mines . , Bull . 383, 
Washington, 1935; L. Quill, The c h e m i s t r y and m e t a l 
lurgy of nniscellaneous m a t e r i a l s , 1950; R. Lyon, 
Handbook on Liquid Metals Suppl., Washington, 1950; 
W. H. Evans et a l . , J. R e s . Nat. Bur . Stand., 55, 83, 
1955. 

1267. Shuleikin, V. V. 

KINETIC THEORY OF EVAPORATION, J. of the 
Russian Phys icochemica l Society, Phys ica l Sec 
tion 3 (1926). 

1268. Shumskaya, L. S. 

THE E F F E C T OF CIRCULATION OF LIQUID AND 
VAPOR ON THE CHANGE IN PRESSURE, AND IN 
LEVEL IN A DRUM EVAPORATOR AT UNSTEADY 
STATE, Transac t ions of the Cent ra l Scientific Re 
sea rch Insti tute for Bo i l e r s and Turb ines . 19 ( l95 l ) . 

1269. Simpson, T. B. and Winding, C. C. 

PROPERTIES OF EVAPORATED METAL FILMS 
RELATED TO THEIR USE FOR SURFACE-
TEMPERATURE MEASUREMENTS, A.I.Ch.E-
Journal._2_, 113-117 (1956), 

Extension of the unders tanding of p rope r t i e s of 
f i lms of me ta l s produced on g lass su r faces by vacu
um evaporat ion has pe rmi t t ed the fabricat ion of 
f i l m - r e s i s t a n c e t h e r m o m e t e r s that with s imple in 
s t rumenta t ion accu ra t e ly m e a s u r e surface or a v e r 
age surface tennpera tures without a l ter ing the 
geography of that su r face . F o r m e r l y unknown and 
unstable re la ted p r o p e r t i e s of such fi lms have been 
c lass i f ied and may be ant icipated or e l iminated by 
recommended exper imenta l p r o c e d u r e s . F i lms of 
seve ra l of the most chemica l ly iner t and re f rac tory 
me ta l s 300 to 3,000 A. thick have been shown to atr 
tain a c c u r a c i e s as high as 0.01 C. for p rac t ica l 
per iods of t i m e . Their use , which is desc r ibed , is 
developing sa t i s fac tor i ly , and the technique and 
equipment for thei r p repa ra t ion a r e re la t ive ly 
s imple . 

1270. Spangenberg, W. G. and Rowland, W. R. 

CONVECTIVE CIRCULATION IN WATER INDUCED 
BY EVAPORATIVE COOLING, Phys . of Fluids (USA), 
4_, 743-50 (1961). 

Schl ieren photographs taken s imul taneously from the 
top and side of a tank of water were used to study 
convection c u r r e n t s induced by evaporat ive cooling. 
It i s found that water from the cooled surface layer 
col lec ts along l ines producing thickened reg ions 
which become unstable and plunge in ve r t i ca l shee t s . 
Surface water then continues to flow downward 
through the shee t s , reducing the cooled sur face layer 
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to a thin f i lm. In top sch l i e ren views the plunging 
reg ions s o m e t i m e s appear s t r a igh t , s o m e t i m e s 
curved , and branched or t e rmina t ed with no fixed 
pa t t e rn . The nunnber of l ines per unit a r e a is a 
function of the cooling r a t e r a the r than the depth 
of the con ta ine r . Ret icula ted sur face pa t t e rns 
were obse rved only at pa r t i cu la r cooling r a t e s and 
colunnnar plunging o c c u r r e d only on r a r e o c c a s i o n s . 
No dis t inct ly different connbination of conditions to 
differentiate between the cause s of these different 
nnodes was evident . Numer ica l in tegra t ion of the 
nonl inear t e m p e r a t u r e d is t r ibu t ion in the cooled 
layer showed a c r i t i c a l Rayleigh number of 1193 
when convective c i rcu la t ion s t a r t e d , and a Rayleigh 
number of 102 for mainta in ing an es tab l i shed un i 
form c i rcu la t ion , 

1271. Stenzel , W. and Schultze, G. R-

EVAPORATIVE COOLING. I. METHOD FOR NON-
STATIONARY MEASUREMENT OF HEAT TRANS
FER, Chem. Ing. Tech. ^ , 643-7 (1958). 

The cooling behavior of a heated m e a s u r i n g e lement , 
which is located in the liquid to be cooled, is followed 
with a t h e r m o e l e m e n t and r e c o r d e d on a cathode ray 
osci l lograph as a different ial equation. The d i s t o r 
tions of the c u r v e , r e su l t ing f rom re laxa t ion phenom
ena in the liquid and f rom t e m p , g rad ien ts in the t emp , 
probe, a r e d i s c u s s e d . The t emp , gradient effect can 
be analyzed ma themat i ca l ly by a sy s t em of solutions 
of polynomials of the h e a t - t r a n s f e r equation. De
tai ls a r e p re sen ted for the cons t ruc t ion of the t emp. 
probe and the r eco rd ing equipnnent. 

1272. Stenzel , W. and Schultze, G- R. 

EVAPORATIVE COOLING- IL THEORY OF EVAP
ORATIVE COOLING AND MEASUREMENT OF HEAT 
TRANSFER IN QUENCHING OILS AND SALT SOLU
TIONS, Chem. Ing. Tech . ^ 0 , 720-8 (1958). 

A genera l ized theory is p re sen ted on the bas i s of 
2 existing h e a t - t r a n s f e r m e c h a n i s m s , the boiling 
phase and the filnn phase . Some expt l . data and thei r 
theore t ica l in t e rp re ta t ion a r e given. 

1273. Stewart , F , C. and Hechler , F- G-

FILM HEAT TRANSFER COEFFICIENTS FOR SO2 
IN VERTICAL EVAPORATOR. Refr ig . Eng. 3j,, No. 2, 
107-11 (1936). 

P r e l i m i n a r y values for filnn heat t r ans fe r coefficients 
for s imple v e r t i c a l evapora to r opera ted flooded. 

1274. Styrikovich, M. A. 

DETAILS OF INTERNAL EVAPORATOR PROCESSES 
AT HIGH STEAM PRESSURE, Izvest iya AN SSSR, 
OTN. (News of the Acadenny of Sciences of the USSR, 
Division of Technical Sc iences) 8 (1950). 

12 75. Tanasawa, Yasushi .and Kobayashi , K. 

THE EVAPORATION VELOCITY OF A LIQUID 
DROPLET IN A HIGH TEMPERATURE GAS. 
Technol, R e p t s . Tohoku Univ, 1±, 55-67 (1950). 

The prob lem is of impor t ance in combust ion in Diesel 
engines , gas t u r b i n e s , and gasol ine eng ines . The 
evapn. veloci ty of a drople t with rad ius a i s r e p r e 
sented by d a / d t = - (k /2Ez) ( l / a ) under the assumpt ions 

that the t emp , of the gas is not a l t e r e d by evapn. of 
the drople t and that convection in the liquid is neg l i 
gible . The tinne T requ i red f rom the injection to the 
d i sappea rance of the drople t is given by T = ag/k 
( E I + E2), where a^ is the ini t ia l rad ius of the drople t , 
k is the the rma l diffusivity of the liquid, and Ej and 
E2 a r e d imens ionless coeffs. Data a r e given for the 
r a t e of evapn. of water , CH3OH, C^Hf,, oc tane , and 
hexane injected at 20° with an init ial d iam. of 50^ into 
air at 500° and 1 a tm. Similar data a r e given for a i r at 
1000°. The r a t e s of evapn. of water d rople t s 200. 
150, 100, and 50/ i injected into a i r at 500° and 1 a t m . 
a r e compared . 

1276. Thomson. Sir W. 

ON THE EQUILIBRIUM OF VAPOR AT A^.URVED 
SURFACE OF LIQUID. P r o c . Roy Soc. ^Edinburgh) 
A7, 63 (1870). 

1277. Timofeev, M. P . 

EVAPORATION FROM A WATER SURFACE IN A 
TURBULENT ATMOSPHERE, Uchenye Zapiski 
Leningrad Gosudars t Univ. in A.A. Zhdanova No. 120, 
Ser . F i z . Nauk No. 7, 202-40 (1949). 

Equations a r e given for evapn. from a water surface 
over which the re is a turbulent flow of a i r . The local 
r a t e of evapn. E at a fixed height of the o r d e r of 1 nn 
above the surface is given by E = Bqov^k^' " P y X P , 
where q^ is the l imit ing value of the vol . concn. of 
s t e a m at the su r face , v = av. a i r flow r a t e , k = coeff. 
of turbulence at the fixed height, p - H2O vapor p r e s 
s u r e , B = connplex function of p, and X = function of 
the fixed height, the scale of the turbulence , v, and k. 
F r o m this math , t r e a t m e n t , it is poss ible to ca lc . q^., 
the vol . concn. of s t eam at the fixed height Z, as a 
function of qo and Z for va r ious assunned condit ions, 
such as different turbulent conditions or t e m p s , of 
s t ra t i f ied a i r . Connparisons a r e made for l a r g e s u r 
faces of evapn. with dinnensions of the o r d e r of 
1000 km. For low coeffs. of turbulent diffusion, the 
satd. concns . c h a r a c t e r i s t i c of l amina r s u b s t r a t e s 
a r e obtained to a f i r s t approx . The theore t i ca l d i s 
t r ibut ion of the concn. of vapor on the sur face is ob 
tained for the case of wel l -developed turbulence of 
the a i r . The t r ea tmen t is extended to sur faces other 
than wate r , in pa r t i cu la r ice , Hg, and MeOH. for 
which l i t e r a t u r e data on evapn. a r e ava i lab le . 

1278. Toei , R, 

DRYING RATE IN THE SURFACE EVAPORATION 
PERIOD - CONSIDERATION ON THE ACKERMANN 
E F F E C T . Chem. Engng. Japan, 25, 65 (1961), 

1279. Tovbin, M. V. and Savinova, E, V. 

KINETICS OF THE NONSTEADY STATE OF A 
PROCESS AT A LIQUID-GAS INTERFACE. I. 
KINETICS OF THE NONSTEADY STATE OF THE 
EVAPORATION WATER. II. THE E F F E C T S OF 
ADSORPTION LAYERS ON THE NONSTEADY-
STATE EVAPORATION OF WATER, Zhur . F i z . 
Khim. 3J., 2445-52 (l) 2117-19 (ll) (1957). 

A method was developed to nneasure the ra te of 
evapn. of water from a s t r e a m moving at a regula ted 
r a t e through the rmos t a t i ca l l y cont ro l led d ry a i r with 
a very shor t contact with the a i r . The evapn. ra te 
i n c r e a s e d at f i rs t with longer contact , passed 
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through a max. . and then dropped to a steady value 
that was cha rac te r i s t i c of the steady s t a t e . At lower 
contact t ime of the phases the t emp, coeff. of the 
evapn. rate increased , and the apparent act ivat ion 
energy increased to a value close to the latent heat 
of evapn. An in termedia te se l f -absorbing l aye r was 
assumed to form on the f resh ly- formed liquid s u r 
face, and the evapn. p rocess proceeded by the d e 
sorption of the substance from this l aye r . The 
formation of this layer requi red 3.3 x IO"^g. m o l s . / 
sq cm H2O at 25°. IL The effects of adsorpt ion 
layers on the nons teady-s ta te evaporat ion of wa te r . 
Ibid. 2717-19 - The evapn. of HzO from the surface 
of a s t r eam of an aq . - so ln . of su r face-ac t ive sub 
stances (iso-AmOH. octanol. butyric acid, and i s o -
butyric acid) at 25° with an a i r velocity past the 
s t r eam of 200 m l / m i n . was invest igated. The effects 
of the adsorption layer on kinet ics of the nons teady-
state evapn. of water was a function of the t ime of 
contact of the air with the water , and when the t ime 
of contact (T) was < 0.002 sec , the adsorpt ion r a t e 
was great ly increased; at higher r v a l u e s the evapn-
rate was reduced, and the inhibiting effect d e c r e a s e d 
further as the process approached the s t eady-s t a t e 
conditions. The nonsteady na ture of the evapn. H2O 
at very low surfactant concn. was a t t r ibuted to the 
surfactant being present in such low concns . in the 
soln.-air interface that it had no effect on the H2O 
concn. in it, or on the evapn. r a t e . 

1280. Tschudin, K. 

RATE OF EVAPORATION OF ICE. Helv. Phys . 
Acta 19, 91-102 (1946). 

The evapn. coeff. is independent of t emp , between 
-60° and -85°, i ts value being 0-94. This i s connpared 
with the nnax. theoret ical value of unity and the value 
of 0.04 obtained by evapn. from the liquid phase . 
(Sci. A. 40-3671-7) 

1281. Tverskaya, N. P . 

EVAPORATION OF A FALLING DROP. Uchenye 
Zapiski, Leningrad. Gosudars t . Univ. in A. A. 
Zhdanova No. 120. Ser. F i z . Nauk No. 7, 241-66 
(1949). 

The change in size of drops of water or ice in 
streanns of a i r flowing at var ious r a t e s was m e a s 
ured over the temp, range from -20° to +25°. The 
drop size was of the o rder of 50011, and the re la t ive 
humidity of the air varied from 40 to 80%. In stat ic 
a i r , the function X - dDydt , where D = drop d iam. 
and t = t ime, was independent of drop s ize at const , 
relative humidity and t emp. The function F (equal 
to the ratio of X in moving a i r to X in stat ic a i r ) is 
related to R, the Reynolds no. , by the equation 
F - a(l + kRii). Above R - 350, the equation can be 
satisfied by a = 1, k = 0.23, but the equation is more 
complex below R = 350. The evapn. ra te of s u p e r 
cooled water drops is a lmost comparab le to the ra te 
for ice drops, but the ra te for the liquid is always 
somewhat g rea te r , showing its max . difference at 
-12°. 

1282. Tverskaya , N. P . 

TEMPERATURE OF EVAPORATION OF DROPLETS, 
Izves t . Akad. Nauk USSR. Se r . Geog. Geophys. 15^ 
74-81 (1951). 

The t emp , of evapn. of d rople t s of water cons t i tu tes 
an impor tan t pa r t of the p rob lem of the study of the 
the rmodynamics of the a t m . The following equation 
was used for ca lcg . the r a t e of evapn. of a d rople t : 
dm/d t = ( 4 7 T A M / R T ) ( E I ^ - e)rf where m is the m a s s 
of the evapg. drople t . A is the coeff. of diffusion, M 
is the mol , wt., R is the gas cons t . , T is the abs . 
t e m p . , r is the r ad ius of the d rop le t , f i s the wind 
factor , F,\^ is the vapor p r e s s u r e above the surface of 
the drople t , e is the vapor p r e s s u r e in the s u r r o u n d 
ing a i r at a l a r g e d is tance f rom the d rop le t . This 
equation combined with the well-known psychomet r ic 
formula was used a s the b a s i s for c a l c n s . nnade. The 
r e su l t s a r e sunnmarized in the form of a monogram 
whose ord ina tes r e p r e s e n t vapor p r e s s u r e of water 
in the a i r some d is tance fronn the evapg, drople t . 
The a b s c i s s a is in deg rees a b s . 

1283. Uchida, S., Nishikawa. S. and Shinkawa, T. 

HEAT TRANSFER COEFFICIENT IN THE 
CLIMBING-FILM TYPE EVAPORATOR. Chem. Eng. 
( J a p a n ) l ^ , 305-11 ( l 9 5 l ) . 

Exptl . invest igat ions were made on a ve r t i ca l 
c l imbing-f i lm type evapora to r (diam. 11.9, 18.6 and 
25,5 m m , length 2.5 m) with wa te r and MeOH-water 
m i x t s . Vapor and liquid were sepd. in a cyclone, and 
thei r r a t e s of format ion were nneasured. The ove r 
all coeff. was 1000-3000 kca l / sq m hr°C. Vapor and 
liquid were in equi l . at the exit end of the evaporator 
tube. The co r r e l a t i on of the overa l l coeff,, U, with 
other va r i ab les is e x p r e s s e d by the equation \j/X -
30.4 ( 4 r / ^ ) ° - ^ ^ ( v / F ) ' ' - " ( P r ) ^ \ where F . V . T , X. and 
/i r e fe r to feed r a t e , vapor r a t e , nnass ra te of liquid 
per unit length of pe r iphe ry of the tube, liquid v i s 
cos i ty , and t h e r m a l cond. of the liquid, r e s p . The 
accu racy of the re la t ion is about ±15%, 

1284. Ueda, M. 

RATE OF EVAPORATION OF WATER BY FORCED 
CONVECTION, J . Appl. Phys . , Japan . 29. 443 (i960). 

1285. Vedr i l la , Stephen 

EVAPORATION OF A LIQUID INTO A GAS PASSED 
THROUGH IT, Mitt. Chem. F o r s c h . Inst . Ind. 
6s terr .5_, 85-8 (1951), 

When a gas is passed through a liquid the gas ei ther 
(1) will be charged with the vapor of the liquid or (2) 
will d issolve in the l iquid. The theory and equations 
a r e developed for the evapn. of the liquid into the gas . 

1286. Ve lds t ra , J. 

HEAT TRANSFER IN EVAPORATORS, In tern . 
Fruchtsaf t Ber . Wiss . Tech . Komm, No. 3. 117-25 
(1961). 

Heat t r ans fe r studies in evapora to r s a r e reviewed. 



1287. Veron. Marce l 

ON THE SEMI-GRAPHICAL CALCULATION OF 
EVAPORATION-EXCHANGERS, C. R, Acad, Sci . 
244 No. 7, 862-5 (l957)(ln F r e n c h ) . 

Curves of the humidi ty of the a i r a s a function of 
the wate r and a i r t e m p e r a t u r e s , and of the enthalpy 
of the a i r as a function of the humidi ty a r e used to 
a s s i s t in the solution. 

1288. Veron, M. 

REPEATED CALCULATIONS FOR EXCHANGERS 
INVOLVING EVAPORATION, C. R. Acad. Sci . . 
244, No. 6, 728-9 (I957)(ln F r e n c h ) . 

A flexible method of ca lcn . for heat exchangers is 
proposed for those c a s e s where the re is a flow of 
water exchanging with a coolant or a condensing 
fluid, such as NH3. At the same t ime the water is 
evapg. in an a i r s t r e a m , thus being warmed and 
humidifying the a i r . 

1289. Volmer , M. and E s t e r m a n , L . 

THE VAPORIZATION COEFFICIENTS O F SOLID 
AND LIQUID MERCURY, Z. Physik 7_, 1-12 (1921). 

When a vapour at constant p r e s s u r e is deposi ted on 
a cold sur face , the t e m p e r a t u r e of which i s so low 
that e r - e v a p o r a t i o n can be neglected, the max . ve loc 
ity of deposi t ion G (in gm per sec per cm^) is equal 
to the number of molecu les falling on the su r face . 
Hence G = j n c m = vfMp/T)/'/(27TR), where m d e 
notes the m a s s of a nnolecule, p = p r e s s u r e of vapour 
(dynes/cm^) nn = mola r weight, T and R respec t ive ly 
the absolute t e m p e r a t u r e and gas constant . If a 
fraction cc of the impinging molecu les only i s con
densed a n d t h e r e m a i n d e r a r e ref lected, we have 
G = a '^{Mp/T)MzilR). If the condensate is at a t e m 
pera tu re co r respond ing to the vapour p r e s s u r e p, 
we have equi l ib r ium, i . e . , the veloci ty of e v a p o r a 
tion i s equal to the veloci ty of condensat ion. Hence 
for vapor i sa t ion in a vacuum we have G = a v ( M p / T / 
V(2TTR). These a r e L a n g m u i r ' s e x p r e s s i o n s . E x p e r i 
ments made by Marce l in , Knudsen, and Bennewitz to 
deternnine a have not led to connpletely sa t i s fac tory 
r e s u l t s . Knudsen and Bennewitz concluded that a = 1 
in all c a s e s , but r e s e a r c h e s of G r o s s e and Volmer 
on the format ion of c r y s t a l s show that for sol ids d 
must be l e s s than unity. The a u t h o r ' s expe r imen t s 
were designed to obtain fur ther r e s u l t s covering a 
wide range of t e m p e r a t u r e , with the hope of set t l ing 
the value of a. The r e m a i n d e r of the paper contains 
a full descr ip t ion with tab les of r e su l t s of two 
methods used to find the va lues of a. In one method 
the velocity of evapora t ion was deduced from the 
rate of diminution of rad ius of the d rop , and in an 
other set of r e su l t s (applicable to t e m p e r a t u r e s b e 
low 0°) the amount of deposi ted m e r c u r y is obtained 
from i ts e l e c t r i c a l r e s i s t a n c e . In the other method 
the condensat ion and ref lect ion at a solid m e r c u r y 
surface were deternnined by the help of an improved 
form of Knudsen ' s appa ra tus for the sanne pu rpose . 
The au thors conclude that for liquid m e r c u r y a is 
unity and independent of the t e m p e r a t u r e , while for 
solid m e r c u r y a is l e s s than unity, but the depend
ence on t e m p e r a t u r e i s unce r t a in . Another paper on 
sulphur , phosphorus , e t c . , is p romised , these having 
smal l va lues of a, bes ides being suited for deternnin
ing the t e m p e r a t u r e effect. The expe r imen t s showed 
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a c lose connection between the values of ct and the 
degree of under -coo l ing . 

1290. Wa l t e r s , R. J. 

SODIUM TRANSFER-HELIUM FLOW CIRCUIT 
NAA-SR-Memo-7393 (May 15, 1962). 

Vaporizat ion r a t e s of sodiunn into the hel ium 
s t r e a m were e s t ima ted using the analogy between 
heat and m a s s t r a n s f e r . Because of the high h e l i 
um veloc i t ies exist ing in the fuel handling cask , 
e ssen t ia l ly all of the sodium vapor ized from the 
fuel e lement sur faces will be c a r r i e d into the e x 
te rna l c i rcu i t unless an en t ra inment s e p a r a t o r i s 
provided. Approximately one pound of sodium will 
be c a r r i e d as mis t and vapor f rom the cask during 
the init ial 15 to 30 minutes of the fuel handling o p e r a 
tion. The gas has a sa tura t ion capaci ty of 0.11 Ib /h r 
of sodium. In the ex terna l heat exchanger , 0.11 Ib /h r 
of m i s t will be formed. This sodium should not d e 
posit on the tubes because of the high flow veloci ty. 
To pro tec t the heat exchanger and the b lower , cy 
clone s e p a r a t o r s or wire mesh d e m i s t e r s a r e 
r ecommended . ( N S A - 6 2 - 3 3 122) 

1291. Witz W. F . , et al . 

HEAT-TRANSFER RATES TO EVAPORATING 
FREON 12 IN A HORIZONTAL-TUBE EVAPORA
TOR, Refrig. Eng. 5^, 153-7 (l948). 

Effects of F reon -12 m a s s flow r a t e , p r o g r e s s i v e 
evaporat ion, evaporat ion t e m p e r a t u r e , and oil con
tannination in hor izonta l 0,305 in.ID copper tube, 
studied; data t r ea t ed s ta t i s t ica l ly and cor re la t ion 
coefficient obtained; data show la rge var ia t ion in 
heat t r ans fe r ra te with t e m p e r a t u r e difference, 
evaporat ion t e m p e r a t u r e , and p r o g r e s s i v e e v a p o r a 
tion, l i t t le var ia t ion found with m a s s flow r a t e and 
oil contaminat ion. 

1292. Wyllie, G. 

EVAPORATION AND SURFACE STRUCTURE OF 
LIQUIDS, P r o c . Roy. Soc. (London), Ser ies A, 197, 
383-395 (1949). 

The condensation coefficient ( c c . ) of a liquid i s d e 
fined as the ra t io of the observed ra te of evaporat ion 
under given conditions to the "expected" ra te ca l cu 
lated fronn the known sa tura t ion vapour p r e s s u r e , for 
the same condi t ions . Values of the c . c . < 1 have been 
repor t ed in the past , but the accu racy of the e x p e r i 
ments has been c r i t i c i zed on var ious g rounds . E x 
per imen ta l work is desc r ibed which e s t ab l i shes that 
the c c . of glycerol at 18°C is 0.052 ± 0,005. P r e 
vious exper imenta l de te rmina t ions a r e reviewed in 
the light of this r e su l t , and it is found that for va r ious 
l iquids the c .c . ~ the free -angle ra t io defined by Kin -
caid and Eyr ing . , on the bas i s of a s imple model of 
liquid s t r u c t u r e . This equality is not found for 
ch lo ro fo rm. The theory of evaporat ion is d i s cus sed 
on a nnodel of the liquid surface consis t ing of a c o m 
pact o r d e r e d layer v/ith a mobile adsorbed layer of 
molecu les above i t . On the assumpt ion that e v a p o r 
ating and condensing molecu les pass through the 
adsorbed condition, it i s showm that the c c . is d e 
t e r m i n e d by the r a t e s of exchange between subs t r a t e 
and adsorbed l aye r , and adsorbed layer and vapour , 
r e spec t ive ly . In pa r t i cu l a r , a c c nea r unity r e s u l t s 
if the r a t e of exchange between subs t r a t e and mobile 
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layer is » than that between mobile layer and v a 
pour. The above assumption does not give a s a t i s 
factory explanation of the equality of c c . and f r e e -
angle ratio for alcohol molecu les . It is shown that 
for polar molecules which form an or iented surface 
layer in the liquid state it is to be expected that 
evaporation will take place mainly by d i r ec t exchange 
of molecules between the o rde red layer and the v a 
pour, although an adsorbed layer will be p re sen t . In 
this case an argument given by Herzfeld shows the 
condition for equality of c c . and f ree-angle ra t io to 
be that there should be no exchange of energy between 
rotational and translat ional coordinates in the p r o c e s s 
of evaporation. It is further concluded from a r a the r 
qualitative discussion that a major contribution to c c 
and free-angle ratio for the simple alcohols a r i s e s 
from res t r ic t ion of rotation of the OH group about the 
C-O bond. 

those obtained by Coulson and Mehta (CA-48, 675 l i ) . 
The boiling t emp , also has a l a r g e effect. Beside 
s t rep tomycin , protein so lns . , such as egg a lbumin, 
were studied to demons t r a t e th is effect. The re was 
a g r e a t e r effect of v i scos i ty on the coeff. of heat 
t r an s f e r than that observed by Coulson and McNelly 
(CA-51,77751). 

1293. Young, Gale 

EVAPORATION OF DISSOLVED GAS FROM A 
LIQUID, MUC-GY-28 (1945). 

The analogy between heat and momentum t rans fe r i s 
employed. 

1294. Zivojinov, J. M, 

RELATION BETWEEN TEMPERATURE AND EVAP
ORATION PRESSURE, J. Phys . Radium (France) 23, 
Suppl. No. 3, 7A-12A (l962)(ln F rench) . 

An equation which de te rmines the re la t ionship b e 
tween the evaporation t empera tu re and the c o r r e 
sponding p r e s s u r e is es tabl ished. T e m p e r a t u r e s 
fronn this equation a r e de termined. The t e m p e r a 
ture prediction from the equations in the thes i s c o r 
responds more closely to the experinnental r e su l t s 
than Van der Waal's equation. 

1295. Zwick, S. A. 

NOTE ON EVAPORATION, J . of Appl. Phys ic s , 3J_, 
1735-1741 (I960). 

A simple kinetic model is employed to invest igate 
nonequilibrium evaporation from a liquid. Molecules 
a re assumed to evaporate into a (one-sided) Maxwel-
lian velocity distribution at the liquid sur face . Mol
ecules reaching the surface from the vapor a r e 
assumed to form par t of an ell ipsoidal velocity d i s 
tribution. Of the molecules approaching the liquid at 
the interface only the fraction a condenses t he r e ; the 
remainder is taken to undergo specular reflection 
back into the vapor. By equating physical conditions 
at the surface with conditions in the vapor , one can 
relate the vapor p r e s s u r e to that which would p r e 
vail at equilibrium, as a function of the surface a c 
commodation coefficient a and the mean velocity u 
of the vapor relat ive to the in ter face . 

1^96. Hua Hsueh Shih Chieh 

CONTINUOUS-FLOW THIN-FILM EVAPORATOR, 
Shanghai Pharmaceut ica l Industr ial Resea rch Ins t i 
tute. 231-7 (1959). 

Expts. were conducted in concg. s t rep tomycin soln. 
The effects of temp, difference, flow ra te , boiling 
temp. , and viscosity on the coeff. of heat t r ans fe r 
of the sample layer were studied. Temp, difference 
gave the grea tes t effect. The exptl . data agree with 



EQUATIONS OF STATE 

1297. Bird, R. B. , et a l . 

THEORETICAL CALCULATION OF THE EQUATION 
OF STATE AND TRANSPORT PROPERTIES OF 
GASES AND LIQUIDS, T r a n s . A.S .T.M. 76, 1011-1033, 
1954. 

Fu r the r data on v i scos i ty and other p r o p e r t i e s of 
gases and gas m i x t u r e s ; de te rmina t ion of equation 
of s tate of modera te ly dense g a s e s , ve ry dense gases 
and l iquids , and coefficients of diffusion, v i scos i ty 
and t h e r m a l conductivity of dilute g a s e s , dense g a s e s , 
and l iquids , value for engineer ing design and c h e m i 
cal p r o c e s s s tud ies , 

1298. Widom, B. and Rice , O. K. 

CRITICAL ISOTHERM AND THE EQUATION OF 
STATE OF LIQUID VAPOR SYSTEMS, J. Chem. 
Phys . 23_, 1250-55 (1955). 

P r e s s u r e - v o l u m e - t e n n p e r a t u r e data on xenon, carbon 
dioxide, and hydrogen a r e ana lysed . Special a t t en
tion is paid to the reg ions fair ly c lose to, but not in 
the immedia te neighbourhood of, the c r i t i ca l point. 
It is shown that in each case the c r i t i ca l i s o t h e r m 
is of the fourth deg ree , one degree higher than that 
of the coexis tence curve , as is r equ i red by the 
theorem of R ice . However , the re la t ion between 
the c r i t i ca l isothernn and the co -ex i s t ence curve is 
de te rmined by the a lmos t constant value of ^^P/dTBp 
in the PVT region cons ide red , and this is different 
from i ts value at the c r i t i ca l point. The c r i t i ca l 
isobar is a lso cons idered and it is shov/n that it is 
of the fourth degree nea r the c r i t i ca l point, but of 
lower degree fur ther away. A gene ra l equation of 
state is deduced for the PVT region under d i s c u s 
sion, and the impl ica t ions of this equation of s tate 
with r e s p e c t to the coexis tence curve and the c r i t i ca l 
i so therm a re cons ide red . 
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1299- Allred, J. C-, Blount, G. H. and Mil ler , J . H. 

EXPERIMENTAL STUDIES OF TAYLOR INSTABIL

ITY, LA-1600 (1953) 72 p-

Experimental observat ions of Taylor instabil i ty have 
been made on interfaces of fluids under uniform and 
under impulsive acce le ra t ions . The theore t ica l r e 
sults of Pennington and Bellman and of Birkhoff and 
Ingraham concerning the effects of surface tension 
and viscosity on the growth by surface tension is 
found to be in essent ia l agreement with the theory . 
The growth coefficients, a(T) = T)O cosh a t ) , were 
measured to be l ess than those predicted by the 
linear theory in cases where growth of a wave was 
observed. The discrepancy is perhaps due to ef
fects connected with the neces sa r i l y finite amp l i 
tude of the wave when m e a s u r e m e n t s can be made . 
A new mechanism leading to the r e s t r a in t of growth 
is proposed, that of the existence of a density g r a d i 
ent of finite width at an in terface , as opposed to a 
true discontinuity of density. The impor tance of 
Helmholtz instability in the development of the shape 
of the interface is demonst ra ted . Turbulent mixing 
of the fluids at sufficiently grea t Reynolds number is 
observed. The mixing, producing a region of densi ty 
gradient, provides a final inhibitory effect on the 
growth. The wavelength of most rapid growth at an 
interface has been observed in exper iments with i m 
pulsive accelerat ion, again in agreement with theory . 
Some experimental ref inements for future o b s e r v a 
tions of impulsive acce lera t ions a r e suggested. 

1300. Bellman, R. and Pennington, R. H. 

EFFECTS OF SURFACE TENSION AND VISCOSITY 
ON TAYLOR INSTABILITY, Quar te r ly of App. Math. 
U , 151-153 (1954). 

The model used is that of two fluids of infinite depth, 
with the interface initially in the fornn of a sine wave 
with amplitude snnall compared to wave length. The 
fluids a re considered incompress ib le , and only the 
linear t e rms in the equations of hydrodynamics a r e 
used. The f irst four sections d iscuss the effects of 
surface tension and viscosi ty . The fifth gives a few 
numerical resul t s to i l lus t ra te the nnain points of the 
preceding sections-

1301. Birkhoff, G. 

NOTE ON TAYLOR INSTABILITY. Quar t . Appl. Math, 
U_, 3, 306-309 (October 1954). 

G. I. Taylor has discussed the stabil i ty under normal 
acceleration of a plane interface separat ing two fluids 
of different density. His main conclusion is the i n t e r 
face is unstable when the light fluid is acce l e r a t ed 
towards the dense fluid and (presumably) stable when 
the r eve r se holds. This conclusion has applications 
to gas-filled underwater explosion bubbles. Its appl i 
cability to small vapor-fi l led (i .e. constant p r e s s u r e ) 
cavities i s , however, l e ss c l e a r . The purpose of this 
note is to show that, in spite of the fact that the 
denser liquid is being acce le ra ted towards the l ighter 
vapor, collapsing bubbles a r e unstable , and that this 
resul t is unaffected by surface tension (though it may 
be affected by viscosity or thermodynamic c o n s i d e r a 
tions). The proof of this fact depends on a study of 
the stability near t = 0 of differential equations of the 

t" x(n) + a i t " - ' x^"-'^ + . 0; 

x(k) Since t = 0 is a r egu la r s ingular point 

of this equation, the type of ins tabi l i ty a r i s i ng is 
a lgebra ic and not of the exponential kind usual ly 
cons ide red . (AMR-8-1409) 

1302. Birkhoff, G. 

TAYLOR INSTABILITY AND LAMINAR MIXING, 
LA-1862 (1954) 76 p. 

Taylor instabi l i ty involves 5 succe s s ive s tages of 
mixing: inf ini tes imal ampl i tude , finite ampl i tude , 
T a y lo r ' s "asympto t i c" in te rpene t ra t ion by spikes 
and round-ended co lumns , breakup of these sp ikes , 
and turbulent mixing. The exist ing theory of Taylor 
instabi l i ty is c r i t i ca l ly reviewed and extended. This 
theory covers the f i r s t 3 s tages in the growth of p e r i 
odic d i s tu rbances of the in ter face separa t ing 2 non-
viscous i ncompres s ib l e f luids. (Using F o u r i e r 
ana lys i s , the f i rs t stage can be t r ea t ed without a s -
sunning per iodic i ty . ) The ana lys i s is based on c l a s s 
ical hydrodynamics , suppl imented by modern n u m e r i 
cal me thods . It is indicated how the fourth stage can 
be t r e a t e d s i m i l a r l y . The fifth s tage mus t be t rea ted 
by s ta t i s t i ca l me thods . (NSA-9-6245) 

1303. ChiaruUi , P . and D r e s s i e r , R. F . 

CONDENSATION INTERFACES IN TWO-PHASE 
FLOWS, Journal of Applied Phys i c s , ^ , 990-997 
(September 1957). 

The condensat ion zone of a condensing vapor flowing 
in a channel i s ideal ized a s an in te r face separa t ing 
vapor and liquid phases of the fluid with a concen
t ra ted friction, heat r emova l , and cold-l iquid in jec
tor m e c h a n i s m at the in te r face . Rankine-Hugoniot 
re la t ions a r e obtained including effects of the m a s s , 
nnomentum, and energy s o u r c e s at the in terface-
For a s t a t ionary in te r face , an explici t approximate 
solution is obtained giving the final liquid s ta te in 
t e r m s of the other p a r a m e t e r s . In addition, a 
rapidly converging i te ra t ive p rocedure is p resen ted 
with this solution a s a f i rs t approximat ion and ut i l 
izing d i rec t ly thermodynannic tab les of the vapor and 
liquid. Examples cor responding to s t eam flow in a 
pipe and to an underwater s t r e a m jet a r e considered 
and thei r Hugoniot cu rves a r e connputed and c o m 
pared to s imi l a r cu rves obtained in detonation 
theory . The thermodynamic r e q u i r e m e n t s of the ex
i s tence of a s teann-water in te r face l imit these curves 
in extent and r e su l t in upper and lower bounds on the 
values of the cooling p a r a m e t e r s . 

1304. Davies , R. O. 

A DISCUSSION ON THE FIRST AND SECOND VISCOS
ITIES OF FLUIDS: A NOTE ON SIR GEOFFREY 
TAYLOR'S PAPER, P r o c . Roy Soc. (London) A226. 
39 (1954). 

Incompress ib le fluids p o s s e s s only one coefficient of 
v i scos i ty because , by definition, no changes in volume 
can occur . If such a fluid contains a i r bubbles it b e 
connes c o m p r e s s i b l e , and any changes in volume in
volve a contract ion or expansion of the bubbles which 
is r e s i s t e d by the ord inary v i scos i ty of the su r round
ing fluid. The resul t ing second coefficient of v i s c o s 
ity is found to be 4)j/3v, where ^ is the v i scos i ty of 



the i n c o m p r e s s i b l e fluid and v the (small) p ropor t ion 
of the total volunne which is occupied by the bubbles . 

The effect of c o m p r e s s i b i l i t y in the fluid is d i scussed 
in Notes by Taylor and Davies . In the second of these 
it i s shown that a re laxa t ion tinne mus t exis t and in 
the f i rs t the volunne v i scos i ty of wa te r containing a i r 
bubbles i s ca lcu la ted . This is found to r e a c h a m a x i 
mum value of 6700 t i m e s the v i scos i ty of water when 
v= 5 x 10-5. ( sc i .A. -58-85) 

1305. Davies , R. O. 

THE TWO COEFFICIENTS OF VISCOSITY FOR AN 
INCOMPRESSIBLE FLUID CONTAINING AIR BUB
BLES, P r o c . Roy Soc. London, A226, 40-2 (1954). 

By al lowance for the c o m p r e s s i b i l i t y of the liquid 
Tay lo r ' s model can be modified so a s to exhibit 
re laxat ion . 

1306. Gi lber t , H. W. and Shaw, P . E-

ELECTRICAL CHARGES ARISING AT A LIQUID-
GAS INTERFACE, P r o c P h y s . Soc. (London) 37, 
195-214 (1925). 

The va r ious methods of studying the potential dif
fe rences and e lec t r i c cha rges which a r i s e at the 
l iquid-gas in te r face a r e reviewed and d i scussed 
under the following head ings : 

I. The deternnination of P .D. at the in ter face of 
l iquid-gas when one or both of these is at r e s t . 

II. Ca t aphores i s of gas bubbles . 

III. P a s s a g e of gas over a liquid, without rup tu re 
of the l a t t e r , or of a gas over a wet solid with 
the s ame p rov i so . 

IV. The fall of a liquid in an unbroken column 
through a g a s , 

V. Liquid j e t s . 

VI. Waterfal l e l ec t r i c i t y . 

VII. E lec t r i f ica t ion produced by bubbling gases 
through l iquids . 

VIII, E lec t r i f ica t ion produced by shat te r ing drops in 
an a i r s t r e a m . 

IX. Elec t r i f ica t ion produced by spraying a l iquid. 

An a t tempt i s made to co -o rd ina te the m a t e r i a l ob 
tained f rom this vas t a r e a of r e s e a r c h . Many of the 
r e su l t s may be explained in t e r m s of the modern 
theory of o r ien ta t ion and polar i sa t ion at the l iquid-
gas in te r face , but t h e r e a r e other facts which do not 
appear to conne within the scope of any es tab l i shed 
p r inc ip l e s . Suggest ions a r e made as to poss ible 
developnnents in future r e s e a r c h . (CA-19-2772-9) 

1307. Gle im, V. G, and Shelomov, I. K. 

ON THE PHENOMENA AT THE INTERFACE B E 
TWEEN TWO PHASES IN BOILING MIXTURES, 
Shur. P r i k l a d . Khim.,_30.. 32-8 (1957). 

Pecu l i a r i t i e s of the phase in te r face of solut ions d u r 
ing boil ing, V. G. Gleim and I. K. Shelomov (inst. 
Rai l road T ranspo r t a t i on E n g r s . , Ros tov-on-Don) . 
Zhur . P r i k l a d . Khim. 30. 32-8(1957); cf, C.A. 49, 
10014b. The sur face tension O of 1 and of Z mole % 
solns . of NaCl, NaOH, Na2S04, NazCOj, and MgSOi 
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was detd. in the range of 20-90 +0,05°. The d i f fer 
ence in aof these so lns . was s l ight . Hence, the 
desorpt ion of these sa l t s f rom the surface of the i r 
so lns . could not be se lec t ive , i . e . the re la t ive p r o 
por t ions of these sa l t s at the sur face and in the bulk 
of the soln. was the s ame and independent of the 
t e m p . The difference Og ĵ̂ ^^ - 0H2O = cons t , and 
Csoln. = Osoln. (c)Osoln./^T)(T - T j ^ Osoln. + 
(SoH2o/^T)(T - Tl), where (aaH20/dT)(T - Tj) i s i n d e 
pendent of the concn. C and on differentiation beconnes 
^ ° s o l n . / ^ ±f(T)(o' is a at some specific t e m p . T) . 
The t emp , coeff. of a i s independent of the e l e c t r o 
lyte and the compn. of the soln. and is equal to that 
of H2O. The surface act ivi ty, however , i s a function 
of the concn. , the na ture of the solute, and the t e m p . 
(CA-51-10971b) 

1308. Gleim, V. G., Shelomov, I. K. and 
Shidlovskii , B . R. 

PROCESSES LEADING TO GENERATION OF DROP
LET BY THE RUPTURE OF BUBBLES AT THE 
LIQUID-GAS INTERFACE. Zhur . Pr ik lad , Khim 32, 
218-22 (1959), English Trans la t ion : Journal Appl. 
Chem. (USSR), 32, 222 (1959). 

The shape of bubbles formed at the l iqu id -a i r i n t e r 
face was observed photographical ly . The m a s s , m, 
of the d rop le t s formed as the bubble ro se to a height , 
h, was detd. The bubble at the in ter face cons is ted of 
2 h e m i s p h e r e s ; in liquid forming thin films the upper 
par t approached the shape of a h e m i s p h e r e . Drople ts 
formed only when the rad ius of the bubble, r , e x 
ceeded a c r i t . va lue , 7 c r - The exptl . data were c o r 
re la ted with the theore t ica l equation mgh = 
K(277r / r ( - r ) (7cr -7)*^' where o is the sur face tension 
of the liquid. In O.IN NaS04, NaCl, NaOH, and Na2C03 
and in HjO the values of K were 0,0124, 0.0123, 0.96, 
0.95, 0.0122. h = Mycr -7) ^"<i "^ = BJ*Z. where A and 
B a r e cons t s . (CA-53-9779c) 

1309. Goltz, G. E . 

INTERFACE PHENOMENA IN LIQUID LIQUID EX
TRACTION, J . Imp. Coll . Chem. Eng. S o c 12_, 40-50 
(1958-59). 

Phenomena assocd , with m a s s t r ans fe r a c r o s s an i n 
terface between 2 liquid phases were studied qual . by 
the Schl ieren technique. Erupt ions and osc i l la t ions 
were caused by local changes in in ter fac ia l tension 
owing to concn. d i f ferences . Convective s t r e a m s 
within the drople t were chiefly respons ib le for the 
concn. inhomogenei t ies-

1310. Haze lhurs t , T. H. 

DEMONSTRATION OF PHENOMENA AT 
INTERFACES-HANGING BUBBLES AND ROLLING 
DROPS. J . Chem. Educ. 25. 252-3 (1948). 

1311. McTaggar t . H. A, 

THE ELECTRIFICATION AT THE BOUNDARY B E 
TWEEN A LIQUID AND GAS, Phi l . Mag. 4£, 386-95 
(1922), 

In continuation of previous work the author has i n 
ves t iga ted the e l ec t r i c cha rges on sma l l s p h e r e s of 
a i r i m m e r s e d in an aqueous solution of t ho r ium n i 
t r a t e . The s p h e r e s become posi t ively charged in 
solutions of the sa l t as dilute as 8 • 10^ n o r m a l . For 
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concentrat ions in the neighbourhood of 6 • 10 n o r m a l , 
a sphere initially negatively charged becomes g r a d 
ually positively charged as the sphere d e c r e a s e s in 
s ize . It is suggested that the r e v e r s a l of sign affords 
evidence of a relat ion between the cu rva tu re of the 
surface and i ts adsorpt ive power. (CA-16-4102-3) 

1312, P lesse t , M. S. 

THE STABILITY OF FLUID FLOW WITH SPHERI
CAL SYMMETRY, J. Appl. Phys . 25_, 96-8 (1954). 

The conditions for the stabil i ty of ins tabi l i ty of the 
interface between two immisc ib le incompress ib le 
fluids in radial motion a r e deduced. The stabi l i ty 
conditions derived by Taylor (P roc . Roy. Soc. 
London) A201, 192(1950) for the interface of 2 fluids 
in plane motion do not apply to spher ica l flows with
out significant modifications. 

1313. Rehbinder, P . and Wenstrom, E. 

THE STABILIZING ACTION OF ADSORPTION 
LAYERS OF SURFACE-ACTIVE SUBSTANCES ON 
DISPERSE SYSTEMS. II. THE STABILITY OF BUB
BLES AND DROPS AT INTERFACES, Kolloid-Z, 
53, 145-58 (1930). 

Several definitions for stabili ty of d i spe r se systenns 
are discussed. It is shown that the max imum degree 
of stability of aqueous suspensions (of graphite and 
carbon) and emulsions (e.g., aqueous m e r c u r y e m u l 
sions) by the addition of surface active subs tances 
of sufficient boundary-surface active stabil i ty is 
attained by completely satisfying the adsorpt ive s u r 
face. Foam possesses in cer ta in ca ses "liquid" ad 
sorption surfaces (i-annyl alcohol in wa te r ) . The 
resul ts of Bartsch are confirmed. In ce r ta in c a s e s 
"senni-solid" adsorption surfaces a re shown. Ways 
of measuring and considering the emulsif icat ion and 
foam building capacity a r e given with re fe rence to 
the life of an air bubble on the free surface of a so lu
tion of boundary-surface active substances as well as 
for droplets of one of the two of the contrac t ing 
liquids on their smooth surfaces of separa t ion . 
(CA-25-630-2) 

13 14, Sklyarenko. S. I- and Baranaev. M. K. 

THE RELATION OF THE VAPORIZATION VELOC
ITY TO THE NATURE OF THE INTERFACE B E 
TWEEN BOILING LIQUID AND FLOWING GAS, 
Z. physik, Chem. A175. 214-18 (1935). 

The equation W I / W Q = N/DJ/DQ holds for those c a s e s in 
which the vapor of a substance is heavier than the gas 
passing over it. Accordingly the ra t io of the v a p o r i 
zation velocities of a substance in a s t r e a m of gas 
(Wi) and in air (WQ) depends on the rat io of the diffu
sion coeffs. of the vapors of the substance in the gas 
(DJ) and in air (DQ). The presence of convection 
s t r eams must be considered in those cases in which 
the vapor of the liquid is lighter than the gas passing 

1315. Spalding, D. B. 

HEAT AND MASS TRANSFER BETWEEN THE GAS
EOUS AND LIQUID PHASES OF A BINARY MIXTURE, 
Internat. J. Heat Transfer , 4^ 47-62 ( D e c 1961). 

A rigorous theoret ical analysis i s p resen ted of the 
heat and mass t ransfer occurr ing at an e lement of 

the in ter face separa t ing the liquid and gaseous 
phases of a b inary m i x t u r e . Solutions of the equa 
tions a r e p resen ted for e thano l -wate r m i x t u r e s , 
t h ree s epa ra t e c a s e s being cons ide red , name ly : 
(i) the bulk liquid and gas s t a tes a r e not s a tu r a t ed . 
and both Lewis number s equal to unity; (ii) the bulk 
s ta tes a r e sa tu ra t ed and both Lewis n u m b e r s equal 
unity; and (iii) the liquid Lewis nunnber i s c lose to 
z e r o , while the gaseous one equals unity, the bulk 
s ta tes being e i ther sa tu ra t ed or not. Resul t s a r e 
compared with the predic t ions of the approximate 
(equi-nnolal t r ans f e r ) t r e a t m e n t conventionally used . 
It i s shown that the conventional theory only gives 
to le rab le a c c u r a c y for case (ii); in the other c a s e s 
i ts predic t ion b e a r s a lmos t no re la t ion to those of 
the r igorous theory . The r igorous theory shows 
that , in the examples cons ide red , e i ther net conden
sation or net vapour iza t ion may occur , depending on 
the conductance values and the bulk s t a t e s . In some 
c a s e s the m o r e volat i le component i s caused to con
dense despi te having a h igher g a s - p h a s e c o n c e n t r a 
tion at the interface than in the bulk of the g a s . 

1316. S te rman . L. S. and Lepilin, R. S. 

ON THE PROBLEM OF DETERMINING OF THE 
TRUE INTERFACE DURING BUBBLING OF STEAM 
THROUGH LIQUIDS, Teploenerge t ika . V. 7, No. 1, 45 
(1960). 

1317. Strawson, D. G. 

A STUDY OF THE CONDITIONS REQUIRED FOR A 
STABLE INTERFACE BETWEEN PHASES IN TWO 
PHASE FLOW, B. S. T h e s i s , Massachuse t t s Inst, 
of Tech. (1957). 

1318. Taylor , Sir G. 

THE STABILITY OF LIQUID SURFACES WHEN 
ACCELERATED IN A DIRECTION PERPENDICULAR 
TO THEIR PLANES: I, P r o c Roy. Soc. (London) 
A201, 192 (1950). 

It is shown that , when two superposed fluids of differ
ent dens i t ies a r e a c c e l e r a t e d in a d i rec t ion pe rpen 
dicular to the i r in te r face , th is sur face is stable or 
unstable according to whether the acce le ra t ion is 
d i rec ted from the heavier to the l ighter fluid or vice 
v e r s a . The re la t ionship between the ra te of develop-
nnent of the instabi l i ty and the length of wave- l ike 
d i s t u r b a n c e s , the acce le ra t ion and the dens i t i es is 
found, and s imi l a r ca lcula t ions a r e made for the case 
when a sheet of liquid of uniform depth is 
a c c e l e r a t e d . 

1319. Taylor , G. 

A DISCUSSION ON THE FIRST AND SECOND VIS
COSITIES OF FLUIDS: NOTE ON THE VOLUME 
VISCOSITY OF WATER CONTAINING BUBBLES, 
P r o c . Roy S o c (London) A226, 38-39 (1954). 

Incompress ib le fluids p o s s e s s only one coefficient of 
v i scos i ty because , by definition, no changes in volunne 
can occur . If such a fluid contains a i r bubbles it b e 
comes connpress ible , and any changes in volume in
volve a contract ion or expansion of the bubbles which 
is r e s i s t e d by the o rd ina ry v i scos i ty of the su r round
ing fluid. The resul t ing second coefficient of v i s c o s 
ity is found to be 4/y 3v, where /i is the v i scos i ty of 
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the i n c o m p r e s s i b l e fluid and v the (small) p ropor t ion 
of the total volume which is occupied by the bubbles . 

The effect of c o m p r e s s i b i l i t y in the fluid is d i scussed 
in Notes by Taylor and Davies ( abs t r ac t s following). 
In the second of these it i s shown that a re laxa t ion 
t ime mus t ex is t and in the f i r s t the volume v iscos i ty 
of water containing a i r bubbles is ca lcu la ted . This 
is found to r e a c h a m a x i m u m value of 6700 t i m e s 
the v i scos i ty of water when v = 5 x 10"^. 
(Sci. A. -58-84) 

1320. Tchen, C M. 

APPROXIMATE THEORY ON THE STABILITY OF 
INTERFACIAL WAVES BETWEEN TWO STREAMS, 
Jour . Appl. P h y s . _27, 1533-36 (1956). 

The stabi l i ty of the in te r face of two superposed 
s t r e a m s is studied by extending the theory of H e l m 
holtz s tabi l i ty to include the v i scos i ty and.surface 
tension in the waves . The two uniform l a y e r s of 
incompress ib le fluids a r e of different dens i t i e s , 
v i scos i t i es and s t r e a m v e l o c i t i e s . Gravi ty, Taylor 
acce le ra t ion , and sur face tension a r e taken into 
cons idera t ion . An approx imate theory is developed 
and is val id in t h r e e r anges of wave n u m b e r s . 
Neutral s tabi l i ty , ra te of growth, and ra te of decay 
a r e i l l u s t r a t ed graphica l ly . 

1321, Wada, Masayoshi 

INTERFACIAL TENSIONS IN FLOTATION, 
V. FLOW OF LIQUIDS UNDER INTERFACIAL TEN
SION, Science Repts . R e s e a r c h Inst . Tohoku Univ. 
Ser, A, Z_, 645-62 (1950). 

The life per iod of a bubble formed at the liquid s u r 
face was cons ide red to depend on the d e c r e a s e in 
thickness of the liquid film caused by draining and 
evapn. During the 1st s tage of the life of the bubble, 
draining is the mos t impor tan t factor in diminishing 
its t h i ckness . The following equation was der ived to 
account for the flow of l iquids in v e r t i c a l cap i l l a ry 
tubes : t = 8v/R^Dg(h - z + ZQ In [(ZQ - h)/(zo - z)], 
where t i s the tinne, v i s the v i scos i ty , D is the d., 
R is the r ad ius of the cap i l l a ry tube, g i s the a c c e l 
erat ion due to gravi ty , h is the ini t ia l height of the 
liquid column from the free su r face , z i s the height 
of the column in t ime t, and ZQ is the height of the 
liquid column at equil . The following theore t ica l 
formula was developed and was applied sa t i s fac tor i ly 
to aq. so lns . of EtOH and P rOH; y = 1 + ac + 
b(log c ) " , where y is the re la t ive v i scos i ty , c i s the 
concn., and a, b , and n, a r e c o n s t s . The following 
empi r i ca l formula was developed for re la t ing the d, 
of aq, so lns . of EtOH and PrOH to the concn. : 
log (D{, - D) ^ A + B log c + C (log c)^, where D is the 
d. of the soln . , DQ is that of the solvent , and A, B, 
and C a r e c o n s t s . The t ime of flow of aq so lns . of 
EtOH in a ve r t i c a l c ap i l l a ry tube of 0.01 c m inner 
radius at 25° exhibited max . at low and high concns . 
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1322. Baird, M. H. I. and Davidson, J . F-

GAS ABSORPTION BY LARGE RISING BUBBLES, 
Chem. Eng. Sci. l ^ , 87-93 (1962). 

The absorption ra te of CO; f rom single r is ing bubbles 
of equiv. d iam. 0.8-4.2 cm was nneasured. Bubble 
veloci t ies , which were in the range 20-40 c m / s e c , 
correspond to values repor ted by o t h e r s . For smal l 
bubbles, the m a s s t ransfer ra te r emains const , after 
1-2 sec- For l a rge r bubbles, the ra te is unsteady 
and decreas ing. This is at t r ibuted to the gradual 
satn. of the liquid being c a r r i e d along behind the 
bubble. Rate sca t ter occurs with tap water , p r o b 
ably due to t r a ce s of sur face-ac t ive i m p u r i t i e s . 
Added detergent reduces the absorpt ion r a t e . It is 
believed this is caused by a stagnant layer on the 
front surface of the bubble and a redn. in r ipples 
in the r ea r surface-

1323. Belkin, H. M. 

MASS TRANSFER IN TURBULENT LIQUID FILMS, 
Ph.D. Thesis Carnegie Inst, of Tech. (1953). 

1324. Benjamin, C , Lu, Y- and Graydon, W. F . 

PREDICTION OF VAPOR LIQUID EQUILIBRIUM 
DATA, Ind, Eng. Che. 43_. 1058-1060 (1957). 

Empir ical equations a r e used for predicting the 
vapor-liquid equilibrium data at 1 atnn. for binary 
systems composed of hydrocarbons , one of which is 
an aromatic compound. The data requ i red as p r i 
mary infornnation a r e the vapor p r e s s u r e s and in 
ternal p r e s s u r e s of the pure components . All of 
these systems show considerable deviation from 
ideality and some of the sys t ems show a min imum 
boiling azeotrope. 

1325. Berman. L. D. 

THE TREATMENT OF EXPERIMENTAL DATA ON 
THE OVER-ALL COEFFICIENTS OF HEAT AND 
MASS TRANSFER BETWEEN LIQUID AND GAS 
(STEAM) PHASES, Zhur. Pr ik lad . Khim 29, 138-41 
(1956). English T rans , in: J . Appl. Chem. USSR 29, 
151-3 (1956). — 

The use of Korpichev's c r i t e r i a Ki as a shor t cut to 
the difficult exptl. detn. of the n e c e s s a r y coeffs. of 
film res is tances is not justified theore t ica l ly and 
leads to e r r o r s . Ki is only another form of Nusse l t ' s 
c r i te r ia , and expressing it as a function of Reynold 's 
and Prandt l ' s nos . does not remove the fact that it 
is only an empir ical relat ion not based on the theory 
of similitude. 

1326. Brandstaet ter , F . 

REMARKS ON H. MACHE'S METHOD FOR THE DE
TERMINATION OF THE DIFFUSION COEFFICIENT 
OF AIR IN WATER. S. B. O s t e r r . Akad. Wiss . IIA. 
161, No. 4-6, 107-30 (1952). 

H. Mache's gas bubble method for the quick d e t e r 
mination of the d . c of gases in liquids gave an a p 
parent dependence of the d.c. on the bubble r ad iu s . 
In the present paper it is shown by sys temat ic e x 
periments that this dependence is probably due to a 
surface effect as the t ransfer of the gases through 

the bubble surface is influenced by the unavoidable 
p re sence of so lu tes . (Sci. A-56-4649) 

1327. Calderbank, P . H. and Moo-Young, M. B. 

CONTINUOUS PHASE HEAT AND MASS TRANSFER 
PROPERTIES OF DISPERSIONS, Chem. Eng. Sci . 
16_, 39-54 (1961). 

P rev ious m a s s t r ans fe r data for bubble swarnns have 
been extended to include so ln s . with high v i scos i t i e s 
and the high diffusion coeffs. obtained when using H 
as a so lu te . These new data a r e combined with pub
l ished work in p resen ta t ion of c o r r e l a t i o n s of l iquid-
phase m a s s - t r a n s f e r coeffs. for bubble s w a r m s 
passing through liquids in sieve and s in t e red plate 
columns and in a e r a t e d mixing v e s s e l s . When a d i s 
pe r sed phase is suspended, or in free r i s e or fall 
under the effect of gravi ty , the h e a t - and m a s s -
t r ans fe r coeffs. a r e alnnost comple te ly unaffected by 
mech . power d iss ipa ted in the s y s t e m . For g a s -
liquid d i spe r s ion , i nc reas ing the power i n c r e a s e s the 
in terfacia l a r e a and the ra te of t r a n s f e r , but does not 
i n c r e a s e the nnas s - t r ans f e r coeff. Where difference 
in d. between phases is sma l l , the t r ans f e r r a t e s a re 
e x t r e m e l y low. 

1328. Chilton, T. H. and Colburn, A. P . 

MASS TRANSFER (ABSORPTION) COEFFICIENTS. 
Ind. Eng. Chem. Z6_, 1183-87 (1934). 

Pred ic t ion f rom data on heat t r a n s f e r and fluid 
fr ict ion; it is shown that cu rves given in sepa ra t e 
paper , by A. P . Colburn and O. Houzen, predic t 
fo rms of m a s s t r ans f e r coefficients in c lose a g r e e 
ment with data for flow inside of tubes taken fronn 
work of Greenwal t , that of Sherwood and Gilliland, 
and some unpublished data of a u t h o r s . 

1329. Coa tes , J . and P r e s s b u r g , B. S. 

SIMULTANEOUS TRANSFER OF HEAT AND MASS, 
Chem. Eng. 68 ,̂ 95-8 (1961). 

Gas- l iquid s y s t e m s in which s imul taneous heat and 
m a s s t r ans f e r p r o c e s s e s occur a r e s tudied. This 
type of sys tem includes humid i f i e r s , dehumidif iers , 
and water c o o l e r s . Heat and m a s s t r ans fe r equations 
a r e der ived for humidi f ie rs and dehumid i f i e r s . It is 
noted that liquid en t ra inment , l a rge p r e s s u r e drops 
and other mechanica l p rob l ems mus t be considered, 
in addition to the physical a spec t s of the sys t em. 

1330. Col l ins , D. E. 

COCURRENT GAS ABSORPTION, PhD Thes i s , 
Purdue Univ. (1958). 

1331. Coppock, P . D. and Meiklejohn, G. T. 

BEHAVIOR OF GAS BUBBLES IN RELATION TO 
MASS TRANSFER, T r a n s . Inst . Chem. E n g r s . 
(London) 29_, 75-86 (1951). 

The equation Vg = CDy/p d e s c r i b e s sa t i s fac tor i ly the 
re la t ion between the s ize of bubble formed at a c i r cu 
la r or i f ice , the d iam. of the or i f ice , the surface ten
sion and the liquid d. so long as the value of the 
numer ica l factor C is re la ted to the ra te of bubble 
format ion. An empi r i ca l re la t ion between C and the 
ra te of bubble format ion is given. The upward ve loc
ity of a bubble in water v a r i e s with the d i ams- of both 



the bubble and the column of liquid in which it m o v e s , 
and a lso with the r a t e of production of bubbles . The 
nnas s - t r ans f e r coeff. K L f rom O2 to water was m e a s 
ured and found to va ry f rom 0.028 to 0.055g O^/sqcmx 
sec X g O ^ / c c The apparen t effect of veloci ty on the 
coeff. was cons ide rab le within the range m e a s u r e d . 
Although a s t r i c t compar i son with coeffs. m e a s u r e d 
in packed towers i s not poss ib le , the va lues of K ^ for 
bubbles a r e s l ightly higher than those m e a s u r e d in 
packed towers for the desorp t ion of O2. 
(CA-46-7375h) 

1332. Deindoerfer , F . H. and Humphrey, A. E. 

MASS TRANSFER FROM INDIVIDUAL GAS BUB
BLES, Ind, Eng. Chem. 53_, 755 ( l 9 6 l ) . 

Motion p i c tu r e s were taken of the r i s e of CO2 bub
bles through H2O. Bubble d i a m s . were 0.1-0.6 cm. 
M a s s - t r a n s f e r r a t e s were detd. by m e a s u r i n g the 
dec rea se of bubble vol . At 0.5 sec after r e l e a s e , 
m a s s - t r a n s f e r coeffs, were about 10 t i m e s g rea t e r 
than at 6 s e c . The d e c r e a s e with t ime is a s c r i b e d 
to the decay of in te rna l c i rcu la t ion . 

1333. Dmi t r evsk i i . G. E. and Bol ' shakov, A. G. 

ABSORPTION OF GASES BY LIQUIDS ON BUBBLE-
CAP PLATES. I. HUMIDIFICATION OF AIR, 
Nauch. Ezhegodnik, Odessk, Gosuda r s t . Univ., 
Khim. Fak . No. 2, 23-8 ( I 9 6 l ) . 

The evapn. of water i s a p r o c e s s in which the ra te 
of vapor iza t ion is l imi ted by the m a s s t r ans f e r r e 
s i s tance of the gas phase- The m a s s t r ans f e r coeff. 
is detd. by the dynamic method . Two kinds of bubble 
caps with t r i angu la r s lo ts a r e used, (l) c losed caps 
with a single slot, and (2) open-bot tomed caps with 
slots d i s t r ibu ted about the c i r c u m f e r e n c e . Exptl . 
data a r e given in tab les and g r a p h s . The following 
equation is used: Nu - A(Re) ' ' (Pr)y (a/hgff)^ w h e r e : 

Nu = [(P-Kg heff/D-^.A)]-(0l/7l) i/z a modificatic I of 
the Nusse l t no . ; Re "eqy /T) , Reynold 's 1 
Pr = 7 ] / Y ' D , a P rand t l - t ype no . ; Kg = the conventional 
vol. coeff. of absorp t ion , in k g / c u nn hr atnn; P = total 
p r e s s u r e , in a tm; hgff = effective height of the foam 
layer , in m; Oj = sur face tension of the l iquid, in 
k g / m ; 7 i = d. of liquid, in k g / c u m; D = g a s - p h a s e 
diffusion coeff. of the m a t e r i a l vapor ized , in sq m / h r ; 
7A = g a s - p h a s e d. of the subs tance vapor ized in 
kg/cu m; w = slot ve loci ty , in kg /cu m / h r ; d^q = 
equiv. diann. of the slot , in m; 7) = gas v i scos i ty , 
in k g / m h r ; and a - width of the s lot . 

1334. Englehard , H, and Schil lke, W. 

ABSORPTION OF AEROSOLS IN LIQUIDS. 
Kolloid-Z, ^ . 213-19 (1939). 

The absorp t ion of COj and NH4CI fumes in HjO and 
KOH soln. was m e a s u r e d by bubbling the vapor or 
smoke into the liquid through ca l ib ra ted capi l la ry 
tubes . The following phenomena were observed 
during the passage of the fume bubbles through l iq 
uids: Brownian movement , motion of the bubbles , 
growth of the fume p a r t i c l e s through the absorpt ion 
of water and aggregat ion of the fume pa r t i c l e s - The 
absorpt ion of a e r o s o l s (fumes, smokes ) i s detd. by 
the mobi l i ty of the individual p a r t i c l e s and the size 
of the gas bubbles , whereas the absorp t ion of gases 
such as COj depends a lmos t en t i re ly on the s ta te of 
the l iquid phase . (CA-33-3654-9) 
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1335. Eucken, A. 

ENERGY AND MATERIAL EXCHANGE ON BOUND
ARY SURFACES, Naturwissenschaf ten 25. 209-218 
(1937). 

F r o m a cons idera t ion of a number of example s , i n 
cluding the condensation of water vapour in the form 
of both drops and thin f i lms , the c r i t i ca l condensa 
tion tennpera tures of meta l vapours , and the a c c o m 
modation coefficients of g a s e s , it is shown that an 
energy t r ans fe r usual ly accompanies a m a t e r i a l 
t r ans fe r at the bounding sur face between gas and 
solid. This is pa r t i cu la r ly t rue for p r o c e s s e s i n 
volving absorpt ion , and, on the other hand, the m a 
t e r i a l t r a n s f e r s concerned a r e conditioned by the 
energy flow. A sa t i s fac tory explanation of the m o l e c 
ular p r o c e s s e s cal led into play at the boundary can 
only be forthcoming if the two effects a r e cons ide red 
jointly. 

1336. Fa l lah , R., Hunger, T, G, and Nash, A. W. 

UNDERLYING DESIGN OF LIQUID-GAS CONTACT 
EQUIPMENT, J. S o c Chem. Ind. ^ 369 (1934). 

Coefficients of m a s s t r ans f e r through gas fi lm; 
genera l equation der ived for gas absorp t ion . 

1337. Finzi , S., et a l . 

MASS AND HEAT TRANSFER IN CONCURRENT 
LIQUID GAS FLOW. POSSIBLE APPLICATION TO 
SOME SEPARATING PROCESSES AND TO SOME 
SEPARATING UNITS, Energ ia nuc lea re (Milan) 
4_, 211-21 ( l957)June. 

I so the rmal m a s s t r ans fe r is studied in the case when 
liquid %vater i s forced to r a i s e by water vapor and 
exper imenta l r e su l t s a r e p re sen ted for the HDO-H2O 
s y s t e m . In the case of n o n - i s o t h e r m a l heat and m a s s 
t r a n s f e r , r e s u l t s a r e applied to the poss ible r e c o v e r y 
of heat in separa t ing uni ts , based on the chemica l e x 
change between hydrogen and w a t e r . 

1338 G a r n e r , F . H. 

MECHANICS OF DROPS AND BUBBLES IN D I F 
FUSION PROCESSES, Chemis t ry and Industry , 8, 
141-5 (Feb. 25. 1956). 

Evidence that m a s s t r ans f e r between gas and liquid 
or between liquid and liquid involves diffusional r e 
s i s t ance in both phases ; in two-f i lm theory a s s u m p 
tion is made that there is equi l ib r ium at in ter face 
and diffusive r e s i s t a n c e t akes place in films adjacent 
to in t e r face ; drops and bubbles invest igated were 
usual ly in range of 0.2 to 0.6 cm, but a r e applicable 
within ce r t a in l imi ta t ions to s m a l l e r d r o p l e t s . 

1339. G r a s s m a n . P . 

MASS AND HEAT TRANSFER BETWEEN TWO 
FLUID PHASES. Chem, Ing. Tech. 3J_, 148-53 (1959). 

A comprehens ive t r e a t i s e of t r an s f e r phenomena i n 
volving gas bubbles and l iqu ids . If 3 assumpt ions 
can be made , which hold reasonab ly well in many 
c a s e s , the problem can be sinnplified to p resen ta t ion 
in a 2-d imensional d i a g r a m . Basic p r inc ip l e s , l i t e r a 
tu re data , and genera l i zed nnath. formulat ions a r e 
t r e a t e d . 25 r e f s , 
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1340. Grossman, U. 

MASS AND HEAT TRANSFER BETWEEN LIQUID 
AND VAPOR BUBBLES IN ALCOHOL-WATER 
MIXTURES, Chem.- Ing . -Tech . 28, 107-112 (1956). 

Heat and m a s s exchange between liquid and vapor of 
sys tem alcohol /water , investigated in s imple a p p a r a 
tus ; it was possible to m e a s u r e enr ichment ra t ios 
and change in d iamete rs of bubbles, formed from 
vapor mixtures at jet , as functions of var ious p a r a m 
e t e r s ; from change of bubble d i ame te r s heat t r ans fe r 
numbers could be calculated. 

1341. Guyer, A. and Pf is ter , X. 

THE ABSORPTION OF GAS BUBBLES. Helv. Chim. 
Acta, 29̂ , 1173-83 (1946). 

The rate of absorption of COj in water was detd. as 
a function of the depth of the liquid and the s ize of the 
bubbles. The percent absorbed of bubbles of differ
ent sizes in rising through a layer of const , th ickness 
was also detd. Similar expts . were c a r r i e d out in 
NaOH solns. of varying concn., in so lns . of m i x t s . 
of K2C03 and KHCO3 with a const , total concn. of 
2 N, in tr iethanolamine soln.. and in Na glycoholate 
solns. The speed of ascent in water of bubbles of 
various s izes was found. All r e su l t s a r e presen ted 
in the form of cu rves . The most rapid absorpt ion in 
water occurs with bubbles of approx. 0.02 cc vol. 
(CA-40-6922-4) 

1342. Guyer, A. and Pf is te r , X. 

THE ABSORPTION OF GAS BUBBLES II, Helv. Chim. 
Acta._29, 1400-12 (1946). 

The rate and completeness of absorpt ion of CO; 
from bubbles contg. a i r and CO2 •was detd. as a func
tion of the height of the column, the bubble s ize , and 
the initial concn. of CO;- In compar ison to bubble 
size, gas soly., and the velocity of the chenn. r e a c 
tion, the diffusion ra te within bubbles contg. an iner t 
gas is decisive in detg. absorption speed. For la rge 
bubbles this factor causes a large d e c r e a s e in the 
absorption r a t e ; the effect is l e ss pronounced for 
small bubbles. For short columns and for low bub
ble frequencies the absorption occurr ing at the s u r 
face of the liquid column is impor tan t . 
(CA-41-4026g) 

1343. Guyer, A., Richarz . W. and Guyer, A., J r . 

THE ABSORPTION PROCESS FOR GAS BUBBLES, 
Helv. Chim. Acta 38, 1192-1202 (1955). In German . 

The absorption of SO2 from a i r in H20 was inves t i 
gated in a bubble tower. By use of the expe r imen
tally detd. t ransi t ion unit, the influence of l iquid- and 
gas-flow on the efficiency of absorpt ion can be shown. 
By excluding the influence of the exchange surface 
which var ies with varying gas flow, the specific ex
change surface was detd. with the help of photographs . 
The empir ical equation for the dependence of par t i a l 
transit ion no. is set up for gas - and liquid-flow: 
kl = 0 . 0 9 G M - " - " L M ' ' - ' * S where G M is i n e r t - g a s flow 
and L M is flow of the pure solvent. (CA-49-14390c), 

1344. Hobler . T. and Machej , Karol 

SATURATION OF AIR WITH WATER VAPOR IN A 
SCRUBBER OPERATED WITH CONTINUOUS AND 
PULSATING WATER SUPPLY, Chem. Stosowana _6_, 
3-43 (1962). 

The m a s s - t r a n s f e r coeff. {^jij was studied for the 
sa tn , of a i r with water vapor in a packed column, 
filled with Raschig r ings (25 x 25 x 2.5 m m ) . The 
r e su l t s were c o r r e l a t e d by the equation Sh = 
0.0304 Re'*'"Sc°-^' 0 ( 0 = effec t iveness of packing 
surface) , where 0 = 1 for 6 3 7 0 ^ g ^ ^25 ,500 and 
0 - 0.1423 gw"^f°^ Q̂OO - Sw - 6370. Tes t s were 
conducted at 290 ^ Re ^ 1200 and 1.8 = WQ S 25.5. 
P ^ depends on WQ in the range 1.8 ~WQ— 6.37 
(Wf, = liquid ra te in cu m / s q m h r ) . At tempts were 
a lso made to intensify the heat t r ans fe r dur ing a i r 
humidification by nneans of pulsating spraying of the 
packing. Since the highest intensif icat ion of heat 
t r ans fe r was ~10%and design difficulties were in 
volved, the method was unsuitable for indus t r ia l 
pu rposes . 

1345. Hsieh, Din-Yu and P l e s s e t , M. S. 

THEORY OF RECTIFIED DIFFUSION OF MASS INTO 
GAS BUBBLES, J. Acoust . Soc. Amer . , 2 1 . 206-15, 
(Feb. 1961). 

The prob lem cons idered is the behaviour of a gas bub
ble in a liquid sa tu ra t ed with d isso lved gas when o s c i l 
lating p r e s s u r e s a r e imposed on the s y s t e m . This 
si tuation is encountered in expe r imen t s on cavitation 
and in the propagat ion of sonic and u l t rasonic waves 
in l iquids . Since gas diffuses into the bubble during 
the expansion hal f -cycle in which the p r e s s u r e drops 
below i ts mean value , and diffuses out of the bubble 
during the c o m p r e s s i o n hal f -cycle in which the p r e s 
sure r i s e s above i ts mean value , the re i s no net 
t r ans fe r of m a s s into or out of the bubble in f i rs t 
o r d e r . There i s , however , in second o r d e r a net in 
flow of gas into the bubble which is cal led rect i f ied 
diffusion. The equations which de t e rmine the sys tem 
include the equation of s ta te of the gas in the bubble, 
the equation of motion for the bubble boundary in the 
liquid, and the equation for the diffusion of dissolved 
gas in the l iquid. In the solution p resen ted h e r e , the 
acoust ic approximat ion is nnade; that i s , the amp l i 
tude of the p r e s s u r e osci l la t ion is taken to be smal l . 
It i s also a s sumed that the gas in the bubble r emains 
i so the rma l throughout the osc i l l a t ions ; this assunnp
tion is valid provided the osci l la t ion frequency is not 
too high. Under these conditions one finds for the 
mean ra te of gas flow into the bubble the express ion 

< dm/d t >= (8Tr/3)DC^Ro(AP/Po)^ 

where D is the diffusivity of the dissolved gas in the 
liquid. Coo is the equi l ib r ium dissolved gas concen t ra 
tion for the mean annbient p r e s s u r e PQ, RQ is the mean 
rad ius of the bubble, and AP is the ampli tude of the 
acoust ic p r e s s u r e osc i l l a t ions . It may be rennarked 
that the mos t impor tan t contribution to the rec t i f i ca 
tion effect comes from the convection contr ibution to 
the diffusion p r o c e s s . 
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1346. Kafarov, V. V. 

CALCULATION OF MASS TRANSFER PROCESSES, 
Zhurnal Pr ik ladnoi Khimii , _31_. 706-711 (1958). 

Genera l ized equat ions of nnass t r ans fe r in two-phase 
flow systenns were obtained, taking into account the 
hydrodynamic in te rac t ion of p h a s e s . The concept of 
the dynamic sur face fluctuation coefficient d e s c r i b 
ing s imil i tude of two-phase s y s t e m s is in t roduced, 
which is based on fully developed free turbulence 
(emulsif icat ion) condi t ions . Analys is of available 
exper imenta l data ind ica tes that the calculat ion 
method proposed may be used in the design of dif
fusion equipment . 

1347, Kamei , S., et a l . 

DESORPTION OF CARBON DIOXIDE BY BUBBLING 
AND SPRAYING, Chem. Eng. (japan) L?, 309-15 
(1953). 

Two methods for r ecover ing and removing CO2 d i s 
solved in h i g h - p r e s s u r e water a r e compared . In 
one method, a p r e s s u r e v e s s e l contg. water with 
dissolved CO2 is connected to the a tm . through a 
reducing nozz le ; the d isso lved gas , bubbling, is 
slowly desorbed to the a tm . In the 2nd method, the 
water is sp rayed at the top of a tower at a tm . p r e s 
s u r e . If the COj is r e c o v e r e d , the l a t t e r method is 
supe r io r . F a c t o r s affecting the ra te of desorpt ion 
and liquid concn. a r e detd. and d i scus sed . 
(CA-47-9064h) 

1348 Kamei , Saburo and Oishi , Jun 

MASS AND HEAT TRANSFER IN A FALLING LIQUID 
FILM OF WETTED WALL TOWER, Kyoto Univ. 
Mem. F a c . Eng. , 17_. 277-89 (1955). 

The flow s ta te of a liquid film is said to have in i m 
portant effect on the m a s s t r ans f e r as shown by the 
CO2 absorpt ion r a t e in water fed into the tower . All 
observed values of absorp t ion r a t e were 1.5-3.5 t i m e s 
as l a rge as the theo re t i ca l va lues computed on the 
basis of t rue mo l . diffusion in a perfect l aminar 
liquid f i lm. However , the film at low values of ReL ' 
the Reynolds no. of liquid flow, is not in a perfect 
lanninar s ta te except at ve ry smal l va lues , but has a 
pseudo- laminar flow in which r ipp les appear on the 
sur face . An emp i r i c a l formula was developed to 
account for d i s c r epanc i e s in the case of a stagnant 
gas and c o u n t e r c u r r e n t flow of g a s . In o rde r to 
ca lc . h e a t - t r a n s f e r ra te in a falling liquid f i lm, the 
enthalpy of gas as a driving force of t r ans fe r was 
used. Heated a i r at 88-100° en te red the bottom of 
the tower and HjO at 20-30° en te red the top. The 
feed ra te of HjO was l imi ted to within 260-940 RgL-
The t emp , of a i r d e c r e a s e d 43-59° and the t emp , of 
HjO i n c r e a s e d 1-7°. 

1350. Liang, S. Y. and Smith, W. 

E F F E C T OF HEAT TRANSFER BETWEEN THE 
PHASES ON THE PERFORMANCE OF COUNTER-
CURRENT DISTILLATION COLUMNS, Chem. Eng. 
Sci. V7_, 11-21 (1962). 

If t he re is a m i sma tch between the r a t e s of heat 
and m a s s t r ans fe r during a dis tn . p r o c e s s , evapn. or 
condensat ion will o c c u r . This is ternned t h e r m a l 
dis tn . Considering t h e r m a l d is tn . , i t is shown that 
the pe r fo rmance of d is tn . columns should depend 
on compn. and should show a max . 

1351. L iebe rmann , Leonard 

AIR BUBBLES IN WATER, J . Appl- Phys . 28. 
205-11 (1957). 

The soly. of a i r bubbles was observed in a va r i e ty 
of exp ts . F ree ly r is ing bubbles exhibit a soln, ra te 
more than twice that of bubbles that a r e s ta t ionary ; 
i .e . , t rapped on the walls of the con ta iner . The 
theory of son. of s ta t ionary bubbles is given, but the 
theory of a free bubble is difficult and has not been 
solved. Stationary bubble observa t ions lead to a 
detn. of the coeff. of diffusivity; 2.9 x 10~^ sq c m / s e c 
at 27°; the t emp , dependence is cons ide rab le , obeying 
E ins t e in ' s equation rela t ing diffusion and v i scos i ty . 
The effect of surface contaminat ion on diffusion is 
analyzed; bubble soln. in the p re sence of con t ami 
nants is not grea t ly a l t e red . 

1352. Long, J . T. 

RECENT ADVANCES IN GAS ABSORPTION A P 
PARATUS IN RUSSIA, C F 58-11-77 (1959) 34 pp. 

A survey was made of a r t i c l e s dealing with g a s -
liquid contacting appear ing in Russ ian chemica l 
engineering publications of the las t decade . The 
mechan i sm of absorpt ion under the nonideal condi 
t ions encountered indus t r ia l ly was studied and the 
theory advanced that absorpt ion kinet ics was a 
function of the t ime requ i red for renewal of surface 
l a y e r s . The hydrodynamics of gas passage through 
a liquid was examined with r e spec t to number , s i ze , 
and shape of bubbles and r a t e s of bubble a scen t . The 
depth of the dynamical ly stable gas- l iquid foam layer 
was de te rmined for var ious conditions of init ial 
liquid depth, physical p rope r t i e s of the liquid, and 
size and spacing of plate pe r fo ra t ions . Equipment 
was developed which opera te s in the foam reg ime 
ra the r than in the bubble r eg ime and has a lower 
p r e s s u r e drop for a given effect iveness . A dynam
ical ly s table foam is produced which has a high gas 
content and a high degree of tu rbu lence . Data r e 
ported on m a s s t r ans f e r , heat t r ans f e r , and r emova l 
of dus ts or m i s t s f rom gases in foam a p p a r a t u s . 
{NSA-10143) 

1349. Li, P . S. 

UNSTEADY-STATE MASS TRANSFER FROM GAS 
BUBBLES: LIQUID PHASE RESISTANCE, Thes i s , 
U. of Wash. , Seat t le , D i s se r t ion Abs t r . 13, 741-2 
(1953). 

1353. Lykov. A. V. 

HEAT AND MASS TRANSFER IN DISPERSE MEDIA 
WITH PHASE CHANGES, Inzhen.-f iz . zh, _1_, No. 6, 
12-19 (1958). 

1354. McLeod, A. A. 

LIQUID TURBULENCE IN A GAS-LIQUID ABSORP
TION SYSTEM, Ph.D. Thes i s Carnegie Inst , of Tech . 
(1951)-
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1355. Mochalova, L. A. and Kishinevskii , M. PCh. 

KINETICS OF BUBBLE ABSORPTION, J. Appl. 

Chem. (USSR) 28, 25-33 (1955). 

The rate of absorption of COj in 0.43-2.70N NaOH 
(1) 0.85-1.70N.monoethanolamine (2), and 0.414-
LS^NNajCO, (3), and SOj in 0.35-0.68N NajCO,(4) 
v/as detd. The temp, and the concn. were adjusted 
to maintain a const, v iscosi ty . To el iminate the 
e r r o r caused by different size bubbles formed at 
different gas ra tes the opening of the bubbling tube, 
2.5 mm diam., was submerged only 4 mm below 
the surface of the soln. The r e su l t s in sy s t ems (1) 
and (2) a re expressed by a somewhat modified 
basic equation: dm/dr = {(C„/m)(l - 6 " " " ^ " ^ + H P ] } 
/ [ p+ (H/^)] where Pi is the par t ia l p r e s s u r e of the 
gas in the phase interface and (3 and p a r e the gas 
and liquid film r e s i s t ances , r e s p . A simplified e x 
pression doj/dr = HP(KC + \)/c> applies to sys tem (3) 
and doi/dr = (Co + Ct) / [p + ( H / / 3 ) ] to sys tem (4). The 
evaluation of the severa l var iab les and the p rocedure 
of simplification of the last 2 equations a r e ana ly t 
ically discussed in detail . Absorption of SOj is d i s 
tinguished from that of CO; as not a phys. p r o c e s s 
but one controlled by the react ion W^O + SOj — 
HjSO; ^ H + + HSOj": the total SOa dissolved in H2O, 
Cj.is the sum of the unionized and ionized SOE- /3 is 
obtained from da)/dr = ^P which holds at high concns . 
where Pi = 0 and the ra te is independent of C. 
(CA-49-10024e) 

1356. Oyama, Y. and Iwase, K. 

STUDIES ON ABSORPTION OF GAS IN THE FORM 
OF BUBBLES, Sci. P a p e r s . Inst. Phys . Chem. R e 
search, Japan, 35, 131-57 (Jan. 1939). 

Results of experiment on absorption of carbon dioxide 
and air mixture by caustic soda solution with compara 
tively la rger bubbles, 8.5 to 15 mm in equivalent 
diameter . (CA-33-3239-7) 

1357. Oyama, Y. and Iwase, K. 

SUPPLEMENT TO THE STUDIES ON ABSORPTION 
OF GAS IN THE FORM OF BUBBLES, Sci. P a p e r s , 
Inst. Phys. Chem. Research , Japan, 36, 371-4 
(Oct. 1939). ~ 

Reporting on studies of absorption of mixture of 
carbon dioxide and air in form of bubbles by solu
tion of caustic soda, absorption of mixture of CO; 
and air in form of bubbles by caustic soda solution, 
using bubbles ranging up to 6.65 cc were studied. 
(CA-1534-3) 

1358. Pichelkin, Y. N. 

HEAT AND MASS TRANSFER OF MOIST AIR, 
Teploenergetika No. 6, 72-75 (1961). 

1359. Ravdel, A. A. 

THE PROBLEM OF SOLUTION OF GAS BUBBLES 
IN LIQUID, Zhur. Priklad Khim. 26, 752 (1953) 
English Translation in: J. Appl. Chem. (USSR) 26, 
703-7 (1953). ~ 

Math, discussion of the detn. of the rate of soln. of 
gas bubbles in a liquid. The p rocess of dissolving 
of the bubbles in water was considered for the fol
lowing ca se s : (1) water that does not contain d i s 
solved gases and (2) water that does contain 

dissolved gas e.g. , O. Math, r e la t ions a r e in t roduced 
for the purpose of detg. the r a t e of soln. of floating 
bubbles of gas at different r a t e s of bubble flow, and 
for ca lcg . the length of path passed over by the bubble 
until it is complete ly d isso lved . 

1360. Reid, K. J . 

DIFFUSION AND EQUILIBRIUM IN TWO PHASE BI
NARY LIQUID SYSTEMS, J . Chem. Phys . 3£, 559-60 
(1962). 

It is contended that any ana lys i s of this p rob lem must 
allow for independent t r an s f e r of the components and 
that to obtain a r egu la r - so lu t ion c r i t e r i o n for t rue 
equi l ibr ium one must consider also poss ible inove-
ment of the in te r face , which in a t ru ly non-diffusing 
state mus t be s ta t ionary . 

1361. Roes le r , F . C. 

COMMENT ON'GAS BUBBLES IN SOLUTIONS', J. 
Chem. P h y s . 19, 512-3 (1951). 

Epstein and P l e s s e t [J . Chem. Phys . 1_8, 1505 (1950)] 
have der ived formulas for growth and dissolving of 
gas bubbles in a liquid phase when t r a n s p o r t of the 
dissolved gas takes place by diffusion only. A theo
re t i ca l d i scuss ion is p re sen ted of the opposite l imi t 
ing c a s e , in which the mechanica l motions in the 
sys tem more than match the diffusion. {NSA-5-5645) 

1362. Saunders , A. R. 

THE E F F E C T OF GAS FILM RESISTANCE IN DIF
FUSION FROM A POROUS SEPTUM INTO A FLUID 
STREAM, C F - 6 0 - 1 0 - 4 0 (Oct. 1960) 10 p . 

The theory of m a s s t r ans fe r into a flowing fluid is 
uti l ized to e s t ima te the effect of gas film re s i s t ance 
on o v e r - a l l r a t e s of t r ans fe r through a porous s e p 
tum. The expres s ions developed for the m a s s t r a n s 
fer r a t io , Nuf/Nj^ a r e given. In l aminar rodlike flow 

- at Gz > 50 

Nuf/Nu^j = 1 . 2 7 - ^ Gz°- = 

and for turbulent flow at Re > 2100 

Nuf/Nu M 0.023 '°Sc°-< 

For the systenn under cons idera t ion the m a s s t r a n s 
fer ra t io i s 100 to 1000, indicating that t r ans fe r 
through a gas film is o rd ina r i ly a fast p r o c e s s c o m 
pared to diffusion a c r o s s a porous m e m b r a n e . 

1363. Scala, S. M. and Sutton, G. W. 

THE TWO-PHASE HYPERSONIC LAMINAR BOUND
ARY LAYER - A STUDY OF SURFACE MELTING, 
1958 Heat Trans fe r and Fluid Mechanics Inst. 231, 
(1958). 

The ra te of energy t r ans fe r to the sur face of a hyper 
sonic vehicle may be sufficiently g rea t that in the 
absence of a heat absorpt ion sys tem, the surface may 
mel t . For shor t flight t imes , th i s may be possible 
without the in te rac t ion bet\veen the gaseous boundary 
layer and a melt ing surface has been analyzed at a 
stagnation point of a blunt body. 

The energy and momentum equations were solved for 
the liquid phase for P y r e x g l a s s , whose v iscos i ty 
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v a r i e s g rea t ly with t e m p e r a t u r e . The energy , m o -
nnentunn, and diffusion equat ions were solved s e p 
a r a t e l y for the gaseous boundary l a y e r , which was 
t r ea t ed a s a d i s soc ia t ed mix tu re of a toms and m o l 
ecu les , whose thernnodynamic and t r a n s p o r t p r o p e r 
t ies were evaluated local ly using the local c o m p o s i 
tion and tennpera ture at each point in the boundary 
l aye r . 

The solution to the p rob l em was then obtained by 
c o r r e c t l y matching the six per t inent gas - l iqu id i n 
terface condi t ions . The effect of in t e rphase m a s s 
t rans fe r is included; that i s , some of the liquid g lass 
evapora tes at the l iqu id-gas in ter face in accordance 
with the local condi t ions . The r e s u l t s then yielded 
the ra te at which the sur face r e c e d e s . 

1364. Schlegel . R. 

SOLUBILITY AND DIFFUSION CONSTANTS FOR 
GASES, CP-2883 (1945), 16 p . 

The solubility cons tan ts a r e p re sen ted for He, Kr, 
Xe, O2, N2, and air in H^O. Inter-diffusion constants 
for gases and the diffusion of gases in H2O a re 
d i scussed . 

1365. Scoul ler , W. D. and Nixon, J . 

SOLUTION OF OXYGEN FROM AIR BUBBLES, J. 
Inst. Sewage Pur i f ica t ion , 258-75 (1934). 

Compilation of exis t ing data and r e s u l t s ; surface 
aera t ion ; oxygen r e q u i r e m e n t s of ac t iva ted-s ludge 
p lants . (CA-30-3304-5) 

1366. Shrange, R. W. 

A THEORETICAL STUDY OF INTERPHASE MASS 
TRANSFER, New York, Columbia Univ. P r e s s (1953). 

1367. Solomakha, G. P . and Planovski i , A. N. 

THE RELATION BETWEEN MASS TRANSFER IN 
THE GAS PHASE AND THE HYDRAULIC PARAM
ETERS DURING BUBBLING THROUGH P E R F O R 
ATED PLATES. Khim. I. Tekhnol. Topliv. I. Mase l . 
7, 1-7 (1962). 

On the bas i s of the r e su l t s of 13 runs on the sy s t em, 
NH3-air-H20 in a column with per fora ted p la tes , the 
cor re la t ion of nnass t r ans f e r K^a = 1575Wf̂ "̂ ^ x h'^'^ 
is proposed, where Wĵ  i s the gas veloci ty in m / s e c 
and hgt the s ta t ic head of the liquid on the p la te . 
This may be eas i ly conver ted to det . the no. of t r a n s 
fer units Ng = 0,437Wj;°-2^ x h°t^ x F t /p j^ , where the 
la t ter factor i s the ra t io of the a r e a of the per fora ted 
par t of the plate to the c r o s s sect ion of the column, 
1 7 r e f e r ences . 

1368. Spalding, D- B, 

GRAPHICAL METHOD OF CALCULATING HEAT 
TRANSFER. CONDENSATION, AND VAPORIZATION 
RATES IN PROCESSES INVOLVING HjO-STEAM-
AIR WATER MIXTURES, P r o c . Inst . Mech. E n g r s . 
172, 839-63 (1958). 

The p r o p e r t i e s of a plot of the i s o t h e r m s and phase 
boundar ies of w a t e r - s t e a m - a i r m i x t s . on an enthalpy-
compn. d i a g r a m for cons t , total p r e s s u r e a r e shown 
to pe rmi t graphica l cons t ruc t ions enabling surface 
condit ions, h e a t - and m a s s - t r a n s f e r r a t e s , and 
equipment s ize to be deduced for convect ion. 

s t e a m - d r u m , and radiant drying, cooling t o w e r s , 
c o n d e n s e r s , gas c o o l e r s , and t r i ck le c o o l e r s . 

1369. Spalding, D. B. and Ty le r , R. D. 

GRAPHICAL REPRESENTATION OF THERMO
DYNAMIC PROPERTIES OF REACTING TWO 
PHASE MIXTURES, WITH SPECIAL REFERENCE 
TO HEAT AND MASS TRANSFER CALCULATIONS, 
P r o c . Conf. The rmodynamic , and T r a n s p o r t P r o p 
e r t i e s F lu ids , London 1957, 150-8 (Pub. 1958). 

A graphica l formulat ion of the thermodynamic p r o p 
e r t i e s of chemica l ly reac t ing 2-phase m i x t s . i s p r e 
sented which enabled the heat and m a s s - t r a n s f e r 
c a l c n s . to be pe r fo rmed s imply . The p rope r t i e s of 
m i x t s . of the 2 react ing subs tances were plotted on 
a char t with enthalpy as ordinate and the m a s s con
tent or unit m a s s of mixt . as a b s c i s s a . The cha r t s 
were valid for a single total p r e s s u r e and consis ted 
of l ines of const , t emp , (isothernns) and l ines ind i 
cating where phase changes o c c u r r e d . The i s o 
t h e r m s genera l ly were s t ra ight l ines except in 
regions where changes of t emp , or fuel content i n 
volved changes in phase or chem. reac t ion , and they 
showed marked kinks at these phase boundar ies and 
at s to ich iomet r ic fuel contents . Gradual cu rva tu re 
usually indicated d i ssocn . Char t s a r e p resen ted for 
(1) m i x t s . of a typical oil in the ke rosene range with 
d ry air at 1-atm. total p r e s s u r e , and (2) m i x t s . of C 
with dry air at 1-atm. total p r e s s u r e . Use of the 
cha r t s in simple de tns , of t r ans fe r r a t e s is d i s 
cussed , and the main fea tures of the cha r t s a r e d e 
sc r ibed . Liquid hydrocarbons and solid C showed 
cons iderab le s imi l a r i t i e s when reac t ing with a i r . 

1370. Tang, Y. S., Duncan. J . M. and Schweyer. H. E . 

HEAT AND MOMENTUM TRANSFER BETWEEN A 
SPHERICAL PARTICLE AND AIR STREAMS, 
NACA-TN-2867 (PB-109100) (1953), 48 p. 

These t r a n s f e r s a r e becoming of i n c r e a s e d i m p o r 
tance in catalyt ic opera t ions , flow in packed beds , 
calcining, gas absorpt ion , combust ion c h a m b e r s , and 
other solid gas and liquid gas r e a c t i o n s . 

1371. Thomas , W. J . and Houston, P . 

SIMULTANEOUS HEAT AND MASS TRANSFER IN 
COOLING TOWERS, Br i t . Chem. Eng. 4, 160-3, 
217-22 (1959). 

An ana lys i s was made of nnass - and h e a t - t r a n s f e r 
p r o c e s s e s in a cooling tower by the Mickley nnethod, 
with 3 v a r i a b l e s ; water r a t e , a i r r a t e , and packed 
height . Tables a r e included of t i e - l ine slopes at dif
ferent leve ls of water ra te and packed height , gas 
film m a s s - t r a n s f e r coeffs. , gas film h e a t - t r a n s f e r 
coeff., liquid film heat t r ans fe r coeff., and no. of 
t r an s f e r units at different water r a t e and packed 
height l e v e l s . The r e s u l t s show that the l iquid-f i lm 
r e s i s t a n c e to heat t r a n s f e r i s not negl igible , and that 
sa tn . of the a i r in a cooling tower no rma l ly occu r s in 
the packing before the top of the tower is r eached . 
Equations a r e proposed for the effect of a i r r a t e , 
water r a t e , and packed height on the t r ans f e r coeffs . 
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1372. "Toor, H. L. and Marchel lo, J . M. 

FILM PENETRATION MODEL FOR MASS AND 
HEAT TRANSFER, A.I.Ch.E. Journal 4_. 97-101, 
(1958). 

The two nnajor models of the mechan i sm of m a s s and 
heat t ransfer between two phases a r e the film theory 
and penetration theory; these a r e not unrela ted con
cepts , but a re limiting cases of a more genera l 
model. Quantitative t ransfer to old, in t e rmedia te , 
and young elements is d iscussed , along with m a t h 
ematical development and c u r v e s . 

1373, Tsoy, P . V. 

THE PROBLEM OF HEAT AND MOISTURE TRANS
FER IN EVAPORATION AND THE BOUNDARY 
CONDITIONS OF SECOND KIND, Inzhenerno-
fizicheskiy zhurnal, 3, No. 12, 53-57 ( i960). 

The heat and mass t ransfer in cap i l l a ry -porous 
bodies is descr ibed by differential equations sug
gested by A. V. Lykov, which have the form: 

du/at ^ aib^\j/bx^ + a^a^T/^xM 
Hx^o. t >o) (1) 

ST/at = a^a^T/Sx^ + a4au/at J 
for a unilaterally bounded, one-dimensional body. T 
is the t empera ture ; U is a potential function; and t is 
the t ime. This set of equations is investigated under 
the boundary conditions of second kind: 

U(x,0) = f,(x), T(x,0) = fj(x) (2) 

Su/ax I ^ , „ = *,(t) , 3T/ax I , ^ = <t,zM (3) 

General solutions of the set and par t icu la r solutions 
to it a re obtained for af = 0. There a r e 3 Soviet 
references . 

1374. Warner, C 

GAS DIFFUSION INTO A BUBBLE OF FIXED 
RADIUS, NAA-SR-Memo-5479 (i960), 5 p. 

The problem of radiolytic gas diffusion into a bubble 
of fixed radius is solved. A constant source of 
radiolytic gas is assumed. The concentrat ion of gas 
at the bubble surface is re la ted to the p r e s s u r e with
in the bubble by Henry 's constant. 
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1375. A b a s - Z a d e , A. K. 

A NEW INSTRUMENT FOR MEASURING THE 
HEAT CONDUCTIVITY OF LIQUIDS AND VAPORS 
AT HIGH TEMPERATURES AND PRESSURES, 
T r a n s l . f rom Doklady Akad. Nauk Azerba idzhan . 
S.S.R. _3. 3-7 , AEC-TR-3796 (1947), 7 p. 

An appa ra tus designed for use at p r e s s u r e s of 
200 a t m . and 400°C is d e s c r i b e d . The hea t con
ductivity of sonne l iquids can be m e a s u r e d both 
at and above the i r c r i t i c a l s ta te using this device . 
Operat ion and m e a s u r e m e n t r e s u l t s of se lec ted ex
amples a r e a lso included. 

1376. A g e r - H a n s s e n , H. and D^der le in , J . M. 

A METHOD OF MEASURING STEAM VOIDS IN 
BOILING WATER REACTORS: A paper (582) p r e 
sented at the 2nd Geneva Conf. on the Peaceful Uses 
of Atomic Energy , held at Geneva, 1-13, September , 
1958 (Volume 11, p . 463-465) . 

It was found that the t h e r m a l neut ron flux at the s u r 
face of an absorb ing rod in a water modera ted r e 
actor is highly dependent on the densi ty of the 
modera to r c lose to the rod . Some exper imen t s to 
invest igate the effect were c a r r i e d out in a D2O-
modera ted r e a c t o r . The r e s u l t s indicate the f eas i 
bility of uti l izing the effect for the cons t ruc t ion of 
a void nneter. 

1377. Anderson , W, K. and Eno, B. E. 

CALCULATION OF ATTENUATION FACTORS AND 
PERCENT SIGNAL CHANGE FOR X-RAY VOID DE
TECTION METHOD IN THE LIMITING CASE OF 
LOW QUALITY MIXED PHASE WATER SYSTEMS, 
KAPL-M-WKA-15 {i960), 18 p. 

The effects of conta iner m a t e r i a l and wall th ickness , 
x - r a y quantum energy , and water channel th ickness 
on at tenuation fac tors and pe rcen t change in a t t enua
tion were exannined in the region between zero and 
ten volume percen t voids for water in the ne ighbor 
hood of 500°F. Resul t s indicate that , if nucleate bo i l 
ing effects a r e to be detected an opt imum exper imen t 
will r equ i re th in-wal led tubes of a nnetal of low 
atomic number probably no higher than that for a lu 
minum. Ene rg i e s at 0.015 to 0.02 Mev mus t be 
selected to produce adequate m e t e r r a n g e s . 

1378. Bar to lomei , Ya G., et a l . 

UTILIZATION OF GAMMA RADIATION IN THE 
STUDY OF THE BUBBLING PROCESS- T r a n s 
lated f rom: Trudy Vsesoyuz . Nauch. Tekh. Konf. 
P r imenen . Radioakt iv. i Stabil . Izotopov i 
Izluchenii v Narod , Khoz. i Nauke, A E C - t r - 4 2 0 6 
( p 8 - l l ) , 1957, 4_ (Publ. 1958). 

A ^ - r a d i a t i o n technique for studying bubble f o r m a 
tion in the boiling p r o c e s s is de sc r ibed . The d i s 
t r ibut ion of s t e a m and liquid phases in a volume 
under different conditions of bubbling was de te rmined . 

1379. Bodnar. L, H. and Himmelblau, D. M. 

CONTINUOUS MEASUREMENT OF DIFFUSION 
COEFFICIENTS OF GASES IN LIQUIDS USING 
GLASS SCINTILLATORS. Intern . J . Appl. Rad ia 
tion and Isotopes 13, 1-6 (1962). 

Glass sc in t i l l a tors were used to m e a s u r e the diffu
sion of C '̂̂ Oj in water in a sealed diffusion cap i l l a ry . 
These sc in t i l l a to r s , while only 10% as efficient as 
plast ic sc in t i l l a tors for C " p a r t i c l e s , a r e re la t ive ly 
iner t and non-absorb ing . By employing radioact ive 
t r a c e r s and s tandard counting equipment , it was p o s 
sible to monitor the slow p r o c e s s of diffusion for as 
long as seve ra l hundred hours without d is turbing the 
sys tem by sampl ing. The diffusion coefficient o b 
tained at 30°C for carbon dioxide ag reed with p r e 
vious coefficients. 

1380. Boudan, J. 

APPARATUS FOR MEASURING SPATIAL CONCEN
TRATIONS IN CURRENT OF AIR AND WATER 
MIXED, Houille Blanche _6̂ , No. 3, 406-10 (1951). 

E lec t r i c pr inc ip les of gages used to m e a s u r e spat ia l 
concentra t ions both in case of a i r bubbles and of 
solid p a r t i c l e s . 

1381. Boyd, L. R. 

DETECTION OF NUCLEATE BOILING BY FLUX 
VARIATION MEASUREMENT. KAPL-M-LRB-3 , 
(1956), 13 p. 

Nucleate boiling in a r eac to r neutron flux can be d e 
tected by means of an ion chamber located in the 
vicinity of the boil ing. The var ia t ion of the m o d e r 
ator density by the formation of vapor bubbles s u p e r 
imposes a c h a r a c t e r i s t i c fluctuation on the local 
neutron flux, which is ref lected in the signal from 
the ion c h a m b e r . 

1382. Boyd. L. R. 

ION CHAMBER CAN DETECT NUCLEATE BOILING. 
Nucleonics n_. No. 3. 96-102 (1959). 

In-pile and other expe r imen t s prove the feasibi l i ty 
of using neu t ron - sens i t i ve ion c h a m b e r s to detect 
nucleate boiling in a r e a c t o r c o r e - The ion chamber 
is placed in the region of the r eac to r co re most 
l ikely to boil . Voids in the water mode ra to r caused 
by boiling d e c r e a s e the modera t ion and thus cause 
fluctuations in the t h e r m a l - n e u t r o n flux. The a-c 
component of the ion-channber signal then co r re spond 
to the magnitude of bubble formation and thus ind i 
ca t e s the intensi ty of boil ing. 

1383. Burgholz , R. 

A METHOD OF MEASURING FLOW OF FLUIDS IN 
PIPES WITH ROENTGEN OR GAMMA-RAYS, Arch iv . 
fuer Technisches Messen n 167, p.T 107 (2 pages) 
(Dec. 1949). 

Includes d i a g r a m m a t i c d rawings . 
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1384. Clayton, C. G-, Ball, A. M. and Clark, W, E. 
THE ACCURATE MEASUREMENT OF TURBULENT 
FLOW IN PIPES USING RADIOACTIVE ISOTOPES. 
THE ISOTOPE VELOCITY TECHNIQUE, A E R E - R -
3090 (1959). 17 p. 

The ultimate accuracy of the isotope velocity method 
for measuring the flow of fluids in turbulent motion 
contained in pipes and open channels of constant and 
known c ross section was invest igated. The m e a s u r e 
ments were made using water flowing at 7 and 17 cfs . 
in a pipe of 20 in. d iamete r . The r e s u l t s , which were 
obtained by comparison with an absolute sys tem of 
direct weighing, indicate that the isotope velocity 
method can be operated with an e r r o r of ± 1%. 

1385. Clayton, C. G., Ball, A. M. and Spencer . E . A. 
THE MEASUREMENT OF TURBULENT FLOW IN 
PIPES USING RADIOACTIVE ISOTOPES. THE 
ISOTOPE DILUTION TECHNIQUE. AERE-R-3028 
(1959) 28 p. 

Experimental investigation which was c a r r i e d out to 
determine the ultimate accuracy of the dilution t ech 
nique using radioactive sodium-24 is desc r ibed . The 
measurements were made on a s tandard 20 in. d i a m 
eter pipe operating with flow ra te s of approxinnately 
4 and 20 cu sees , (cu ft per s e c ) . Initial compar i -
sons with absolute measuremen t s based on d i rec t 
weighing resulted in a deviation of the mean from 
the absolute value of -2,63 per cent with a s tandard 
mean deviation of ±1.5 per cent . 

1386. Coulter, E. and Campbell , T. 

STEAM PURITY DETERMINATION BY TRACERS 
TECHNIQUES,Combustion, 2^, 63 (July 1956). 

Technique consists of adding radioact ive m a t e r i a l 
to boiler water and determining amount of m e c h a n 
ical car ryover in s team by measur ing level of 
radioactivity; for s team purity applications beta 
emit ters a re most suitable; flame photometer with 
photomultiplier tube for Beckman model DU s p e c 
trophotometer should be adequate for boi ler tes t 
work. From paper before Am. Soc. Testing Mat ls . , 
June 17-23, 1956, 

1387. Cravarolo, L., Hassid. A. and Villani, S. 

A BETA-RAY ATTENUATION METHOD FOR DEN
SITY MEASUREMENTS OF LIQUID-GAS MIXTURES 
IN ADIABATIC FLOW, Energia Nucleare . 8, 751-7 
(1961). 

Beta-ray attenuation was used for measur ing the 
density of liquid-gas mix tures flowing in ve r t i ca l 
circular ducts in d ispersed r eg ime . For this p u r 
pose a small size source was const ructed , which can 
be placed in different positions along the duct d i a m 
eter thus allowing density m e a s u r e m e n t s in a non
uniform absorbing medium. The exper imenta l 
resul t s a re in a reasonable agreement with those 
obtained through other methods . These e x p e r i 
ments were performed on behalf of EURATOM under 
contract 002-59-11-RDI. 

1388. Dennis . J . A. 

INVESTIGATION OF THE POSSIBILITY OF USING A 
NEUTRON SOURCE TO MEASURE THE SPECIFIC 
GRAVITIES OF STEAM WATER MIXTURES IN A 
THICK PIPE , A E R E - E L / M - 9 7 (1957), 24 p . 

Moderation neutron nnethods by a Ra-Be sou rce and a 
BFs counter for m e a s u r i n g the sp. g r . of s t e a m - H 2 0 
m i x t s . in a I - in . bore s teel pipe give about the s ame 
re la t ive change in counting ra te for a given change 
in sp . g r . as would a nnethod with 7 r ays - The 7 - r a y 
method is p re fe rab le for p ipe-wal l t h i cknesses up to 
I in. because of low cost of equipment and the higher 
counting ra te that can be obtained with the y - r a y 
nnethod for a given sou rce ac t iv i ty . 

1389. Dixon, A, D. 

GAMMA ABSORPTION TECHNIQUES APPLIED TO 
STEAM DRYNESS DETERMINATIONS, 
I G R - T N / W - 4 8 9 (1957), 8 p. 

An ins t rument employing gamnna-ray absorpt ion 
techniques has been developed for m e a s u r i n g the 
s t e a m - w a t e r ra t io in a thick walled s teel tube. The 
ins t rument was developed to enable this m e a s u r e 
ment to be made during heat t r ans fe r t e s t s on an 
evapora to r in which heat was t r a n s f e r r e d from sodi 
um to high p r e s s u r e wa te r . The method depends on 
the change with steann content in the annount of a b 
sorption of gamma radia t ion pass ing through the tube. 
The l imi ta t ions a r e examined and an ins t rument is 
desc r ibed applying the method to e s t ima te the s team 
content in the water flow in a |- in . nonninal bore 
mild steel tube. The ins t rument is ca l ib ra ted up to 
2.5% s t e a m by weight, the useful range in i ts p resen t 
use . but methods of improving the pe r fo rmance a r e 
desc r ibed and recommenda t ions m a d e . 

1390. Garvi tch , Z. S. 

A FIELD INSTRUMENT FOR MEASURING T E M 
PERATURES OF NATURAL BOILING POOLS, J. Sci, 
In s t rum. _32, 261-2 (1955). 

A prototype instrunnent i s desc r ibed by which the 
t e m p e r a t u r e of na tu ra l boiling pools may be c o m 
pared with the local boiling point of pure wate r . The 
difference in t e m p e r a t u r e is indicated by a m e t e r on 
which changes of 0.02 deg- C a r e eas i ly detec table . 
The power requ i red is provided by a moto r -cyc le 
ba t te ry , and the whole instrunnent is mounted on a 
pack franne. A proposal for an improved l ighter 
model of the in s t rumen t is included. The equip
ment may a lso have a use as an alpine he igh t - f inder . 

1391. G la se r , D. A., et a l . 

BUBBLE COUNTING FOR THE DETERMINATION 
OF THE VELOCITIES OF CHARGED PARTICLES IN 
BUBBLE CHAMBERS, Phys . Rev. 102, 1653-8 (1956). 

1392. Gouse, S. W. 

METHODS OF MEASURING VOID FRACTIONS, 
NAA-SR-MEMO-5597 (i960), 41 p. 

A l i t e r a t u r e survey of methods of void-f rac t ion 
m e a s u r e m e n t was accompl i shed , and the r e su l t s a r e 
sunnmarized in tabular f o rm. A detai led uncer ta in ty 
ana lys i s of the proposed 7 or x - r a y at tenuation 
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technique was pe r fo rmed . A method for choosing 
a s y s t e m sens i t iv i ty for min imum ove r - a l l un
cer ta in ty is p r e s e n t e d . 

1393. Hewitt, G. F . and Lovegrove , P . C. 

THE APPLICATION OF THE LIGHT ABSORPTION 
TECHNIQUE TO CONTINUOUS FILM THICKNESS 
RECORDING IN ANNULAR TWO-PHASE FLOW, 
AERE-R-3953 (1962), 19 p . 

An a t tempt was made to m e a s u r e continuously the 
ins tantaneous th ickness of the clinnbing film in 
ve r t i ca l c o - c u r r e n t a i r / w a t e r flow by means of 
the absorp t ion of a light beam in a dye added to the 
wate r . A single pas sage of the light through the 
film was a r r a n g e d by bringing it up close to the 
inner sur face of the film through an a i r - p u r g e d 
capi l la ry tube which pene t ra ted one wall and t r a v 
e r s e d mos t of the d rop le t - l aden air c o r e ; after 
passage through the film and the t r a n s p a r e n t wall 
the light fell on a photo-vol ta ic cell whose signal 
was amplified and d isp layed on an osc i l loscope . 
Although this genera l nnethod has been r epo r t ed as 
sa t i s fac tory with falling f i lms , the sha rp wave p r o 
files and p r e s e n c e of s p r a y in the cl imbing filnn 
reg ime of i n t e r e s t were found to in t roduce g r o s s 
ref rac t ion and sca t t e r ing effects which swamped 
other s igna l s . The technique had, t he r e fo r e , to be 
abandoned. 

1394. Hooker, H, H. and Popper , G, F . 

A GAMMA-RAY ATTENUATION METHOD FOR 
VOID FRACTION DETERMINATIONS IN E X P E R I 
MENTAL BOILING HEAT TRANSFER TEST 
FACILITIES. ANL-5766 (1958), 40 p. 

Gamma rays emanat ing f rom a radioac t ive source 
a r e beamed through and a r e a t tenuated by steann-
water m i x t u r e s contained in a s imula ted r eac to r flow 
channel . The e m e r g e n t radia t ion is detected by a 
scint i l lat ion c ry s t a l -pho tomul t i p l i e r tube a s s e m b l y . 
An expres s ion is developed which yields the void 
fraction when the de tec tor output with the channel 
ennpty, filled with wa te r , and containing the mix ture 
in question is known. The pr inc ipa l s o u r c e s of e r 
r o r s inherent in the nnethod a r e analyzed and thei r 
magnitudes computed for a specific t es t faci l i ty. 
With a uniform bubble d is t r ibu t ion in this facili ty, 
the maxinnum poss ib le e r r o r in void fract ion is a p 
proximate ly ±0.03. The method is a lso applied to 
three ideal ized p re fe ren t i a l phase d i s t r ibu t ions 
s imulated in Luc i te . However , the l a r g e d i s c r e p 
ancy between ca lcula ted and m e a s u r e d void f ract ions 
i l l u s t r a t e s the need for m o r e refined expe r imen ta l 
techniques where non-uni form dis t r ibut ion of voids 
a r e encounte red . Such techniques a r e being 
developed. 

1395. Jackson, M. L. 

LIQUID FILMS IN VISCOUS FLOW, AIChE Jour , L 
231-40 (1955). 

T race of r ad ioac t ive m a t e r i a l d isso lved in liquid en
ables th ickness of moving film to be de t e rmined by 
m e a s u r e m e n t of radia t ion emi t ted ; method is rapid 
and a c c u r a t e and ave rage th ickness i s obtained d i 
rec t ly even though sur face of film may be i r r e g u l a r ; 

s ix l iquids , for v i scos i t i e s range from 0,5 to 
20 cen t ipo ises were observed in flow down inner 
wall of ve r t i ca l tube. 

1396. Karp lus , H. B. 

SUGGESTION FOR AN INVESTIGATION LEADING 
TO THE DEVELOPMENT OF A "STEAM-QUALITY" 
GAGE, AECU-4123 (1959?), 14 p. 

An ins t rumen t was developed for measu r ing the 
water drople t content of s t eam through its r e l a t i on 
ship to the acoust ic p rope r t i e s of the s t eam. The 
exper imenta l work assoc ia ted with this pa r t i cu la r 
phase was d i rec ted toward the more immedia te ly 
p re s s ing p rob lems of r eac to r safety, and m e a s u r e 
ments were made on the propagat ion of l a r g e -
ampli tude waves through boiling wa te r . The velocity 
of sound v a r i e s with the water content of s t eam; 
hence , a m e a s u r e m e n t of this veloci ty provides a 
good technique for deternnining the water content of 
any given sample of s t eam. 

1397. Ka ta rzh i s , A. K., Kos te r in , S. I. and 
Sheinin, B. I. 

AN ELECTRIC METHOD OF RECORDING THE 
STRATIFICATION OF THE STEAM-WATER MIX
TURE, Trans la t ed f rom: Izves t . Akad. Nauk S.S.S.R., 
Otdel Tekh. Nauk. No. 2, 132-6. A E R E - L i b / T r a n s -
590 (1955). 

The t e m p e r a t u r e and the ohmic r e s i s t ance of an 
e lec t r i ca l ly heated fi lament, which we shall cal l the 
indicator , placed in a s t e a m - w a t e r mix ture at a def
inite p r e s s u r e , will va ry according to the phase 
(s team or water) which su r rounds this f i lament, in 
consequence of the marked ly different amount of heat 
t r ans fe r from the fi lament to a cu r r en t of s t e a m or 
water at a given t e m p e r a t u r e . This makes it p o s s i 
ble to find, from a nneasurement of the ohmic r e s i s t 
ance of the indica tor , whether the s team or water 
medium is p re sen t . 

1398. Korsunski i , M. I., et a l . 

THE USE OF RADIOACTIVE ISOTOPES FOR THE 
MEASUREMENT OF MOISTURE IN STEAM, 
I zmer i t e l ' naya Tekh. No, 5, 50-2 (i960)-

A method for the detn. of the mo i s tu re content in 
steann tubes , without sepg. s amples and independent 
of the s ize of the suspended d rop l e t s , is desc r ibed . 
The absorpt ion of ^ - p a r t i c l e s f rom a radioac t ive 
source was m e a s u r e d and the d. of the s t eam ca lcd . 
F r o m the relat ion of the d, to the d. of dry steann the 
m o i s t u r e content was ca lcd. Ŝ ^ was se lec ted as the 
^ -pa r t i c l e source for mos t e x p t s . , a s mos t p repns . of 
Ca^^ t r i ed provided too smal l a sp . act ivi ty . The 
main difficulty was in providing a h e r m e t i c radia t ion 
s o u r c e ; a fluorine layer was used . A r ad iome te r 
10-14 cm from the source r e c o r d e d the data. Speci 
fications a r e given for the lab . s e t -up and an actual 
ins ta l la t ion at the Kharbarovsk turbine plant . The 
m a s s absorpt ion coeff. of e l ec t rons in s t eam, exptl . 
detd. f rom a lab . mock-up and in plant condi t ions , 
was found to be 197-200 sq c m / g . Values for m o i s 
tu re content to 6% at a r a t e of flow of 150 m / s e c 
c losely agreed with va lues by an es tab l i shed method . 
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1399. Lamb. O. P . and Killen, J. M. 
ELECTRICAL METHOD FOR MEASURING AIR 
CONCENTRATION IN FLOWING AIR-WATER 
MIXTURES, Minn. Univ. St. Anthony Fal ls Hydraulic 
Lab.. Tech. paper n. 2, s e r i e s B (1950), 36 p. 
Illustrated descr ipt ions of appa ra tus ; method which 
consists of measurement of difference between con
ductivity of mixture of air and water and conductivity 
of water alone is adaptation of. methods used in b io
logical investigations of d i sperse s y s t e m s ; analys is 
of measurements . Bibliography. 

1400. Margulova, T. H. 

APPLICATION OF RADIOACTIVE ISOTOPES IN AN 
INVESTIGATION OF STEAM PURITY IN INDUS
TRIAL BOILERS AT HIGH PRESSURES, Izv. Akad. 
Nauk, SSSR, O-T.N., No. 8, 29-36 (1954). 
Radioactive isotopes give very accura te information 
on the steam purity. Isotopes of S and P a r e mos t 
convenient for the detn. of mois ture in s team, while 
Na can best be used for the general salt content. 
(CA-49-5732c) 

1401. Martin, G. E. and Grohse, E. W. 

X-RAY ABSORPTION MEASUREMENT OF STEAM 
VOIDS IN WATER AT HIGH PRESSURES, TID-14156 
(1961), 16 p. 

X-ray absorption, was applied to the m e a s u r e m e n t of 
steam voids in water flowing through e l ec t r i ca l l y -
heated rectangular s tainless steel channels under 
conditions of p r e s su re , t empera tu re , flow r a t e , and 
heat flux corresponding to "local boiling" (subcooled 
water) as well as "bulk boiling" (saturated water) in 
the coolant channels of water-cooled nuclear r e 
ac to rs . A balanced dual-beam photometer systenn 
was employed. A dual-beam x - r a y tube and two 
scintillation crysta l -photomult ip l ier tube detector 
probes are mounted in a nnanner permit t ing r e m o t e -
operated t ravers ing of the tes t channel in the h o r i 
zontal as well as vert ical d i rec t ions . The photo
multiplier tubes were used in a difference c i rcu i t 
with one of the tubes monitoring the tes t channel and 
the other a remote-opera ted reference wedge. The 
difference measuring connection offered common 
mode rejection so that any differential output was 
due to a change in attenuation of the tes t channel 
beam. This out-put was fed through a differential 
amplifier to a s t r ip -char t r e c o r d e r . With a tes t 
channel consisting of 0.020 in. thick s ta in less s teel 
walls, backed by 0.062 in. berylliunn windows for 
strength, void concentrations within a 0.250 in. 
thickness of water current ly could be m e a s u r e d with 
an absolute accuracy of 2% or bet ter and further i m 
provements in accuracy appeared l ikely. The tes t 
channel was enclosed in a heavy steel housing with 
windows, permitting void m e a s u r e m e n t s to be made 
at p re s su res up to 2000 psia . 

1402. Minter, C. C. 

AN INSTRUMENT FOR THE RAPID AND CONTINU
OUS DETERMINATION OF LOW CONCENTRATIONS 
OF WATER VAPOR IN GASES, NRL-4437 (1954), 17 p. 
A new thermal conductivity appara tus has been d e 
veloped for the rapid and accura te determinat ion of 

water vapor in a ir or other gases over a wide range 
of concen t ra t ions , even down as low as that c o r r e 
sponding to a dew point of -SO^C. In this equipment , 
s eve ra l sou rces of e r r o r which in the pas t have r e 
s t r i c t ed the use of t h e r m a l conductivity in h y g r o m e -
t ry have been elinninated. The absolute p r e s s u r e of 
water vapor in a ir or other gases can be obtained by 
connparing the t h e r m a l conductivi ty of mois t gas with 
that of d ry gas in a Wheatstone b r idge , and then a p 
plying to the br idge output a c o r r e c t i o n for b a r o m e t 
r ic p r e s s u r e which is no rma l ly propor t iona l to 
percent by volume of water vapor . The mois t a i r 
m i x t u r e s used in ca l ib ra t ing the i n s t r u m e n t were 
obtained e i ther by sa tura t ing a i r at a given t e m p e r a 
ture between 1 and 40°C or by pass ing into the appa
ra tus mois t room a i r containing known concent ra t ions 
of water vapor as de te rmined by p s y c h r o m e l r i c 
me thods . 

1403. Miropolsky, Z. L. and Styrikovich. M. A. 

THE USE O F 7 - R A Y S IN THE STUDY O F THE HY
DRODYNAMICS OF TWO-PHASE SYSTEMS, Izv. 
Akad. Nauk S.S.R-, Otdel, Tekh. Nauk, No, 9 (1955). 

1404. Miropolsky, Z. L. and Shneerova, R. I. 

MEASURING THE VOLUMETRIC CONTENT OF 
STEAM-GENERATING ELEMENTS BY MEANS OF 
GAMMA RADIATION, Trans l a t ed f rom: Trudy 
Vsesoyuz . Nauch. Tekh. Konf. Prinnenen. Radioaktiv. 
i Stabil . Izotopov i Izluchenii v Narod. Khoz. i Nauke, 
1957, _4, AEC- t r -4206(P l -7 ) (Pub l . 1958). 

In this r epor t a method of studying two-phase s y s 
t e m s based on the use of 7-emit t ing radioac t ive 
isotopes is p roposed . 

Two methods of de te rmin ing the t rue vapor -phase 
volunne a r e cons ide red : 1) passage of a na r row 
7 - ray beam through the-medium (this makes it pos 
sible to der ive a d i a g r a m of the phase dis t r ibut ion 
in the object, as well a s giving the average vapor 
volume in the a r e a i r r a d i a t e d ) ; 2) passage of a wide 
7 - r a y beam, this cover ing the whole a r e a of the ob
jec t . The influence of the s t r uc tu r e in the two-phase 
flow and the geomet ry of the object on the absorpt ion 
of a wide 7- ray beann is deal t with. 

Es t ima te s of the poss ible e r r o r s that may occur when 
the flow s t ruc tu re is unknown a r e given, and the opt i 
mum conditions for using this method a r e elucidated 
as functions of the absorpt ion p rope r t i e s and geonnet-
r ica l d imens ions of the object . 

Experinnents a r e desc r ibed which confirm that this 
is a possible method for studying the flow of a liquid 
vapor mix tu re in the s t e a m - g e n e r a t i n g pa r t s of a 
bo i l e r . 

1405. Newman, A. O. and L e r n e r , B. J. 

ELECTRONIC METHOD FOR BUBBLE FREQUENCY 
MEASUREMENT, Anal . Chem. 26, 417-18 (1954). 

A p r e c i s e mechan ico -e l ec t ron ic method is descr ibed 
for bubble frequency m e a s u r e m e n t in s tudies involv
ing two-phase gas - l iqu id contact in bubbling flow. 
Bubbles a r e formed and r e l e a s e d fronn a submerged 
or i f ice , and the liquid impact on the gas column below 
the orif ice cause s a pe rcuss ive shock which is t r a n s 
mit ted to the orif ice m a t e r i a l and the sur rounding 
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l iquid. A rnicrophone is used to pick up the bubble 
p e r c u s s i o n s , and signal is amplified and the per iod 
of pe r cus s ion is c o m p a r e d on an osc i l loscope s c r e e n 
with a sine wave of known frequency. Bubble f r e 
quencies of 3.5-50 bubbles per s e c . can be m e a s u r e d 
with a p rec i s ion of 1%. (CA-48-42631) 

1406. P e r k i n s , A. S. and Westwater , J . W. 

MEASUREMENTS OF BUBBLES FORMED IN BOIL
ING METHANOL, A-I .Ch.E. Jou rna l , _2, 471-6 (1956). 

The photographic method was used to m e a s u r e bubble 
s izes and f requencies for methanol boiling at a t m o s 
pher ic p r e s s u r e outs ide a "I- in. O.D., s teann-heated, 
hor izonta l copper tube . The a v e r a g e t e m p e r a t u r e of 
the tube was m e a s u r e d by use of the tube as a r e s i s t 
ance t h e r m o m e t e r . For nucleate boiling at heat 
fluxes up to 80% of the maxinnum, the product of bub
ble d i ame te r and frequency was constant at 4 i n . / s e c . 
In this region both the Rohsenow equation and the 
F o r s t e r - Z u b e r equation gave good pred ic t ions of the 
heat t r a n s f e r . At higher fluxes the product f x D 
inc reased and the equat ions were much l e s s sui table . 
The c r i t i ca l tennperature difference for copper to 
methanol was not a single value but was a region e x 
tending from 52° to 62°F. The heat flux was nea r ly 
constant throughout this range at a maxinnum of 
115,000 Btu/ (hr ) (sq ft). Fo r film boiling, f x D was 
near ly constant at 11 sec "'. B r o m l e y ' s equation was 
unsuitable for AT values l e s s than 180°F, but it b e 
came appl icable at this AT. The use of Nusse l t ' s 
equation for s t e a m condensing inside the tube -was 
found to be sa t i s fac to ry , proof that the slight slope 
of the tube was sufficient to pe rmi t adequate con
densate d r a i n a g e . 

1407. P e r k i n s , H. C , J r . . Yusuf, M. and 
Lepper t , G. 

A VOID MEASUREMENT TECHNIQUE FOR LOCAL 
BOILING, Nuclear Sci . and Eng. j j _ , 304-11 
(Nov. 1961). 

A beta at tenuat ion method is developed for m e a s 
uring void f ract ions which is sensi t ive enough for 
use during local boi l ing. Compar i sons a r e made 
with gamma at tenuat ion methods , the effects of pref
e ren t ia l void locat ion a r e demons t r a t ed , and typical 
void f ract ions m e a s u r e d during forced-convect ion , 
subcooled boiling of water a r e p re sen t ed . The t ech 
nique is found to be read i ly applicable to the accu ra t e 
de terminat ion of void f ract ions during e i ther sa tu 
ra ted or subcooled boiling of water and organic 
l iquids . 

1408. P e t r i c k . M. and Swanson, B. S. 

RADIATION ATTENUATION METHOD OF MEAS
URING DENSITY OF A TWO PHASE FLUID, Rev. 
of Sci. I n s t r u m e n t s , 29. 1079-1085 (1958). 

A g a m m a - r a y at tenuat ion technique is p re sen ted for 
m e a s u r i n g densi ty and phase d is t r ibu t ion in a 2-phase 
fluid. A compar i son is made between a "one-shot" 
and t r a v e r s e method. The technique was evaluated 
on Luci te mock-ups of s imula ted flow pa t t e rns en
countered in 2-phase flow and by a s e r i e s of t e s t s on 
an a i r - w a t e r systenn at atnnospheric p r e s s u r e . 

1409. Poletavkin, P . G. and Shapkin, N. A. 

TAGGED ATOM METHOD OF INVESTIGATION OF 
WATER AND STEAM CONTENT DURING SURFACE 
BOILING OF A LIQUID, Trans la ted f rom Trudy 
Vsesoyuz . Nauch. Tekh. Konf. P r i m e n e n . Radioaktiv-
i Stabil . Izotopov i Izluchenii v Narod. Khoz, i Nauke, 
1957,_4, AEC- t r -4206 (p. 16-20)(I958). 

A t r a c e r technique is desc r ibed using NaF containing 
N a ^ for invest igat ing the water and s t e a m content of 
a liquid during surface boiling. 

1410. S te rman , L. S., Antonov, A. Ya. and 
Surnov, A. V. 

STEAM QUALITY AT A PRESSURE OF 185 ATMOS
PHERES, Teploenerget ika £_, No. 3, 17-22, Trans la t ed 
in: A E C - t r - 4 2 0 6 (p. 49-54)( l957) . 

The c r i t . concns . of Na2S04, NaCl, and NaOH were 
detd. , and the blowdown ina p r e c r i t . s tage at a p r e s 
sure of 185 a tm . was studied. The r e s u l t s rece ived 
were compared to those es tabl i shed in s i m i l a r condi 
tions at different p r e s s u r e s (36 atnn.). 

1411. S te rman. L. S.. Antonov, A. Ya., and 
Surnov, A. V, 

STUDY OF STEAM QUALITY AT 185 ATMOS
PHERES PRESSURE WITH AID OF RADIOACTIVE 
ISOTOPES, Trudy Vsesoyuz . Nauch. Tekh. Konf. 
P r i m e n e n . Radioaktiv. i Stabil. Izotopov i 
Izluchenii v Narod. Khoz. i Nauke, Teplotekh. i 
Gidrodinam. 1957, 4_, 46-51 (Pub. 1958). 

By use of an app, of a type desc r ibed previous ly 
(Teploenerget ika 4_, No. 3. 17-22 (l957). s t eam 
quality was evaluated through use of Na2S04 contg. 
S^^. Activity coeffs, a r e plotted agains t p r e s s u r e , 

1412. Straub, L. G., Killen, J . M. and Lamb, O. P . 

VELOCITY MEASUREMENT OF AIR WATER MIX
TURES, Am. Soc. Civ. E n g r s . Proc.;79, Separate 
No. 193 (May 1953), 14 p. 

Development and use of velocity measur ing i n s t r u 
ment at St. Anthony Fal ls Hydraulic Lab. at Univ. of 
Minn; i n s t rumen t , r e f e r r e d to as St. Anthony Fa l l s 
( S A F ) velocity nneter, pa r t i cu l a r ly useful in unde r 
taking of velocity t r a v e r s e s in a i r water m i x t u r e s . 

1413. Styrikovich, M. A. and Vinokur. Ya. G-

EXPERIMENT USING RADIOACTIVE ISOTOPES FOR 
STUDYING THE LOSS OF SALT WITH A VAPOR, 
Doklady Akad. Nauk S.S.S-R- 90_, 179-82 (1953). 

By using radioact ive i so topes , e .g. P'^, S'^, Ca*^, Na^ , 
a method is desc r ibed for detg. the amt . of a sa l t c a r 
r ied off by escaping v a p o r s . The vapors were con
densed and the act ivi ty detd. Expts .showed that the re 
is a significant adsorpt ion of the active nnaterial on 
the walls of the v e s s e l . 

14 14. Styrikovich, M. A., S te rman , L. S. and 
Surnov, A. V. 

AN INVESTIGATION OF THE CARRY OVER OF SALT 
BY STEAM USING RADIOACTIVE ISOTOPES. 
Teploenerge t ika . 2_, No. 2, pg. 43 (1955). 



MEASUREMENT TECHNIQUES 

1415. Styrikovich, M. A. 

INVESTIGATION OF STEAM CONTAMINATION AND 
THE STRUCTURE OF THE STEAM-WATER MIX
TURE BY MEANS OF RADIOACTIVE ISOTOPES, 
Sessiya Akad. Nauk S.S-S.R. po Mirnomu 
Ispol'zovaniyu Atomnoi Energi i 1955, Zasedaniya 
Otdel. Tekh. Nauk 210-26 (English s u m m a r y 226-7), 
t ranslated in: Conf. Acad. Sci- U.S-S-R- on Peaceful 
Uses of Atomic Energy. Session Div. Tech, Sci. 
1955, 119-27 (1956). 

An app. is described for the detn. of the d. of the 
medium composed of s team and water drople ts by 
having a radiator and a counter of the 7 - rad ia t ion 
enclosed in thick Pb envelopes with n a r r o w coaxial 
channel for the formation of a 7 - r a y bundle. The 
radiator and the counter of 7 radiat ions a re located 
on the 2 sides of a column and can be re loca ted along 
the column height and c ro s s section. Measurements 
were made on the s team contamination with water 
droplets and of the soln. of substances in the s t eam. 
The layering steam in boiler tubes was also studied. 
S^ ,̂ P^', Ca*^, etc . were used in the investigation of 
the soly. of various substances in h i g h - p r e s s u r e 
s team. 

1416. Styrikovich, M. A. 

INVESTIGATION OF THE SOLUBILITY OF LOW 
VOLATILITY SUBSTANCES IN HIGH PRESSURE 
STEAM IN RADIOISOTOPES, presented at the In te r 
national Conference on Radioisotopes in Scientific 
Research, Sept. 9-20, 1957 at P a r i s . No. UNESCO/ 
NS/RIc /73 . London, Pergamon P r e s s , Ltd., 1957. 
11 p-

Radioisotopes were used to deternnine accura te ly the 
very small concentrations of substances dissolved in 

1417. Styrikovich, M. A., Khaibullin, I. Kh. and 
Khokhlov, L. K. 

USE OF RADIOACTIVE ISOTOPES FOR INVESTI
GATING SOLUBILITY OF SALTS IN WATER VAPOR 
OF LARGE PARAMETERS, AEC-t r -4206 (p.44-8), In 
Heat Engineering and Hydrodynamics, Vol IV)(l958). 

The solubilities of Na2,S04, CaS04, NaCl, CaCl2, and 
CaC03 in water vapor at 350 to 650°C were inves t i 
gated using t racer techniques. 

1418. Styrikovich, M. A. and Nevstrueva, E . I. 

INVESTIGATION OF VAPOR-CONTENT DISTRIBU
TION IN BOILING BOUNDARY LAYER BY THE 
BETA-RADIOSCOPY METHOD, Dokl. Akad. Nauk 
SSSR, 130. No. 5, 1019-22 (I960). 

Water, circulating in a closed c i rcui t and preheated 
to a suitable tempera ture , was brought to boil in a 
special cell (width 4 mm, height "-20 mm) with a 
built-in p source (window width 10 mm height 0.3 mm) 
the heating element being provided in the adjustable 
bottom of the cell , so that a 10 x 0.3 mm layer of the 
boiling liquid could be examined with /3 rays at a d i s 
tance 0-6 mm from the bottom. The vapour content 
was found to change little with t empera tu re at higher 
t empera tures , when the examination was c a r r i e d out 
at a distance from the bottom (heat source) smal le r 
than the thickness of the layer in which bubbles form 
and increase; the effect of the velocity of c i rculat ing 
water was part icularly great in the zone where the 

sepa ra ted vapour bubbles condense . The final con
clusion is that , when the t e m p e r a t u r e of the s t r e a m 
and the heat load approach c r i t i ca l va lues , the th ick
ness of the boiling layer is re la t ive ly sma l l , while 
local vapour contents a t ta in s o m e t i m e s 0.98. The 
higher the c r i t i ca l heat load the th icker the boiling 
layer and the sma l l e r the local vapour contents . 

1419. Vinokur. Ya. G- and Di l 'man. V. V. 

INVESTIGATION OF THE BUBBLE LAYER BY THE 
METHOD O F TRANSLUCENCE OF GAMMA RAYS, 
Khim, P r o m . . No- 7, 619-21 (1959). 

The method of t r ans lucence of 7 - r a y s , with Co , is 
shovm to be suitable for detg. the actual vol- of the 
gaseous content of bubble l a y e r s without dis turbing 
the l aye r . This nnethod is applicable to any sect ion 
of the bubble layer and can give a c c u r a t e de tns . of 
the height of the l a y e r . Changes in the wall th ick
ness of the bubble colunnn have e s sen t i a l ly no effect 
upon the accu racy of the method (approx. 5%). The 
design of the Co^° source and the radiat ion counter 
used is shown and desc r ibed in de ta i l . 

1420. Wadleigh, K. R- and Oman, R. A. 

INSTRUMENTATION TO MEASURE GAS-PHASE 
COMPOSITION OF HIGH VELOCITY, TWO-PHASE 
TWO-COMPONENT FLOWS, Jet Propuls ion 27_, 
769-75, 783 (1957). 

Invest igation c a r r i e d out at M a s s . Insti tute of Tech
nology s t imula ted by A e r o t h e r m o p r e s s o r projec t , 
device which produces r i s e in stagnation p r e s s u r e 
of high veloci ty, high t e m p e r a t u r e gas s t r e a m ; state 
of development of probe to m e a s u r e local water 
v a p o r - a i r m a s s flow ra t io (specific humidi ty) . 

1421. Z iegler , E. E . and Chiangkasr i , I. 

GAMMA-RAY TECHNIQUES FOR THE DETERMINA
TION OF THE STATIC VOLUME QUALITY OF TWO-
PHASE FLOW IN A VERTICAL P I P E , S. B. Thes i s , 
M.I .T. , M.E. Dept. (1958). 

1422. Technische Hogeschool, Eindhoven, 
Ne the r lands . 

HEAT TRANSFER AND STABILITY STUDIES IN 
BOILING WATER REACTOR. Special Technical 
Report No. 2. STUDY OF POSSIBLE APPLICATION 
OF ACOUSTICAL METHODS FOR DETERMINING 
VOID FRACTION IN BOILING WATER REACTORS, 
EURAEC 278 (Feb. 1962). Work pe r fo rmed under 
United States - Euratonn Joint R e s e a r c h and Develop
ment P r o g r a m . Contract 032-60-11-RDH. 52 p. 

A survey was made of the acous t ica l p rope r t i e s of 
l iquid-gas bubble m i x t u r e s . The avai lable theor ies 
were extended to the case of l iquid-vapor bubble 
m i x t u r e s . Exp re s s ions for speed of sound and 
damping were der ived and numer i ca l va lues were 
calcula ted and plotted. It is shown that it is p o s s i 
ble in pr inciple to de te rmine volume fract ion of 
vapor and bubble size dis t r ibut ion from m e a s u r e 
ments of speed of sound and damping in a mix ture 
as a function of frequency. The method is a s ens i 
tive one for smal l void ra t ios whereas it is r a the r 
insensi t ive for volume r a t i o s around 50%. The pos 
s ib i l i t ies for application a s a m e a s u r i n g technique 
for de termining void f ract ions in r e a c t o r s and a s 
sociated exper imenta l se t -ups a r e d i s cus sed . 
(NSA 62-31201) 



NUCLEAR REACTOR HEAT REMOVAL 

1423. Alekseenko, Y. N. 

THE USE OF A DIRECT FLOW CYCLE IN A 
BOILING-WATER REACTOR.Atomnaia Ene rg i i a , 
4, p. 366-7 (April 1958). English Trans la t ion in; 
Soviet J . of Atomic Energy_4^, 479-80 (1958). 

A boiling r e a c t o r with d i rec t flow cycle was studied 
to de te rmine the r eac t ion of neu t ron densi ty drop in 
the upper sect ion of the r e a c t o r and to find the c o 
efficient of i r r e g u l a r hea t exchange along the act ive 
zone. 

1424. Altman, M. 

HEAT TRANSFER IN REACTORS COOLED BY 
WATER, Nucleonics . U , 66 (Feb. 1956). 

Three s epa ra t e des igns a r e i nco rpo ra t ed in eve ry 
nuclear power r e a c t o r . These cover the t h e r m a l , 
nuc lea r , and mechan ica l a s p e c t s . The p rob lems of 
t he rma l design a r e l a rge ly unapprec ia ted . But in -
connplete unders tanding of such basic phenomena 
as boiling has c r e a t e d a s e r ious bot t leneck in 
nuclear-po^ver development . 

Here bas ic p rob lems of h e a t - t r a n s f e r in r e a c t o r s 
cooled and m o d e r a t e d by water a r e desc r ibed to 
acquaint d e s i g n e r s with these key fac tors in r eac to r 
design. For c lar i f ica t ion , emphas i s is placed on 
f ront ie rs of h e a t - t r a n s f e r r e a c t o r technology ra the r 
than on deta i led informat ion . Suggestions a r e made 
concerning fac tors needing c l e a r e r definition. 

1425. A r s e n ' e v . Y. D, 

THE SECONDARY LOOP IN A BOILING WATER R E 
ACTOR, Atomnaia Energ i i a . 4_, p, 367 (April 1958). 
English Trans la t ion in: Soviet J . of Atonnic Energy 
4, 481-4 (1958). 

The design and pe r fo rmance of secondary loops with 
heat exchangers and se l f - evapora to r s were analyzed. 
It was found that the scheme with a se l f - evapora to r 
simplif ies cons t ruc t ion and is nnore efficient in spite 
of the r e q u i r e d exces s power for i ts opera t ion and 
the differential on c i rcu la t ion pumps . Lower t e m 
p e r a t u r e s for water prehea t ing , which p e r m i t s r e 
ducing the number of r e g e n e r a t o r s and r educes the 
differential on c i rcu la t ion pumps , a r e r ecommended . 

1426. Asi jee , J . 

STUDY OF HEAT REMOVAL FROM A FUEL E L E 
MENT OF A NUCLEAR REACTOR OF THE BOILING 
WATER TYPE, A E C - T R - 4 0 1 1 (1959), 88 p. 

This paper was prev ious ly a b s t r a c t e d f rom the o r i g 
inal language and appea r s in NSA, 14. as a b s t r a c t 
No. 12343. (which follows) 

The re la t ionsh ip between r e a c t o r power and the 
vapor content in a boiling r e a c t o r may yield a high 
degree of se l f - r egu la t ion . It i s not poss ible to p r e 
dict with sufficient a c c u r a c y the vapor content in a 
given coolant channel without the aid of exper imenta l 
data. For the Halden Boiling Water Reactor (Norway) 
such informat ion has been obtained from exper imen t s 
with a full sca le model of a coolant channel . For 
3 different g e o m e t r i c a l s i tua t ions , the re la t ionsh ips 
between s t e am-p roduc t i on , water c i rcu la t ion r a t e . 

s t e a m void f rac t ions , and t e m p e r a t u r e or p r e s s u r e 
were invest igated for the na tura l c i rcu la t ion e v a p o r a 
tion of water in annular space around an e l ec t r i ca l ly 
heated, ve r t i ca l , cyl indr ical heating e lement . Special 
m e a s u r e s were taken in o r d e r to obtain r e su l t s under 
s t eady-s t a t e condi t ions. 

1427. Asyee . J . , et a l . 

ADVANCED COURSE ON HEAT EXTRACTION FROM 
BOILING WATER POWER REACTORS AND ASSO
CIATED DYNAMIC PROBLEMS (Pt. 1), NP-9285 . 
(1959), 256 p. 

A s e r i e s of l e c t u r e s was p resen ted including topics 
on h i s t o ry and c u r r e n t s ta tus of boiling water r eac to r 
development , physics of boiling water r e a c t o r s . 
BORAX and SPERT expe r imen t s , r eac to r t r ans fe r 
functions, smal l osci l la t ions in boiling water r e 
a c t o r s , hydraul ic model of boiling r eac to r dynamics , 
boiling experinnents in connection with the Halden 
co re , genera l types of power cyc les and plant conn
ponents . power plant control , p r inc ip les of analogue 
and digital compu te r s , control ana lys i s with a digi tal 
compute r , and economics of nuc lear ship propuls ion, 
( N S A - 1 5 - 1 0 5 3 2 ) 

1428. Asyee , J. 

SUMMARY OF AN EXPERIMENTAL INVESTIGATION 
ON THE HEAT-REMOVAL OF THE FIRST F U E L -
CHARGE OF THE HBWR, Halden Internal Report 
H I R - U , May 1959. 

1429. Aven, R. E. and Haubenreich, P. H. 

RADIOLYTIC GAS GENERATION RATES IN THE 
HRT, C F - 5 5 - 8 - 7 7 (1955), 28 p. 

Es t ima te s were made of the gas production r a t e s in 
the co re c i rcula t ing sys t em, ref lec tor c i rcula t ing 
sy s t em, core p r e s s u r i z e r , fuel dump tanks , and 
t h e r m a l shield, when the HRT was operat ing at 
10 MW with a DjO re f l ec to r . ( N S A - 1 1 - 6 4 6 ) 

1430. Bailey, R. V. and Zmola, P . C. 

A PRELIMINARY INVESTIGATION OF POWER R E 
MOVAL FROM A BOILING REACTOR, Oak Ridge 
National Labora to ry , 1 November 1953, 
CF-53-11 -145 (1957), 73 p, 

A p r e l i m i n a r y invest igat ion of th ree power r emova l 
m e c h a n i s m s for boiling r e a c t o r s i s p resen ted . The 
problem of re la t ing core power densi ty to mean 
weight densi ty as a function of p r e s s u r e is consid
e red for p r o c e s s e s involving surface evapora t ion , 
bubble growth and r i s e in a fluid with negligible in
t e rna l c i rcula t ion , and bubble growth and r i s e in a 
fluid with la rge in ternal c i rcu la t ion ve loc i t ies com
pared with re la t ive bubble velocity. Resul t s of this 
ana lys i s indicate that surface evaporat ion is a neg
ligible factor in power r emova l except for smal l 
r e a c t o r s . For l a r g e r r e a c t o r s . 3 or 4 ft high the 
predominant r emova l m e c h a n i s m is na tu ra l bubble 
r i s e . It is fur ther concluded that vapor e n t r a i n 
ment in the c i rcula t ing fluid l imi t s r emova l for 
r e a c t o r s with a free su r face , in which c i rcu la t ion 
ex i s t s . 



REACTOR HEAT REMOVAL 

1431. Bankoff. S- G-

REACTOR HEAT TRANSFER CONFERENCE OF 
1956. COLLECTED PAPERS AND REPORTS OF 
A CONFERENCE HELD AT NEW YORK NOV. 1-2. 
1956. J. E. Viscardi , comp. . Book 1 - 323 p. , 
Book 2 - 318 p. . TID-7529 (Pt. 1)(1957). 
Papers included in Book I cover : a genera l method 

of determining the total time interval of t r ans ien t s 
in linear sys tems, the basic equations descr ib ing 
energy flow and p re s su re drop re la t ionships for 
t ransient coolant flow conditions in a nonhomoge-
neous plate-type reac tor , rapid flow t r ans i en t s in 
closed loops, fast t rans ient heat t r ans fe r in a clad 
element-stagnant HjO system, t rans ient heat con
duction in solid cylindrical nuclear fuel e l ements , 
the response of a nuclear r eac to r coolant to power 
t rans ients , a t ransient the rmal analysis by means 
of analog computers , an analysis of fuel-plate t e m 
perature r i se during a burnout t rans ien t , in-pi le 
molten metal -water reaction exper iments , p r e s 
sure drop in rectangular channels at 2000 psia, 
flow redistr ibution due to boiling in a ma t r ix , an 
investigation of burnout heat flux, nucleate and 
film boiling due to repetit ive pulse heating of snnall 
wires immersed in HjO, tubular v s . plate fuel e l e 
ments : heat t ransfer and flow analys is , heat t r a n s 
fer within the cores of circulat ing-fuel r e a c t o r s , 
heat t ransfer and hydraulic c ha r a c t e r i s t i c s of the 
SRE fuel element, and heat t ransfer r a t e s to c r o s s -
flowing Hg in a staggered tube bank. P a p e r s included 
in Book 2 a re on: heat t ransfer to Pb-Bi in tu rbu
lent flow in an annulus, pool-boiling heat t r ans fe r 
with Hg, heat t ransfer investigations of polyphenyl 
coolants, heat t ransfer in a radia l spray chamber , 
the dependence of the heat t ransfer coefficient on 
the ratio of the heat fluxes from the walls of p a r a l 
lel plane flow channels, heat t ransfer and p r e s s u r e 
drop charac te r i s t i cs of wire-coi l - type turbulence 
promoters , an analysis of axial turbulent flow and 
heat transfer through banks of rods or tubes , heat 
transfer from parallel rods in axial flow, h igh-
temperature heat t ransfer to a gas flowing in h e a t -
generating tubes with high heat flux, the use of the 
Mach-Zehnder in ter ferometer in heat t ransfer 
studies, compact tubular heat exchangers , and t e m 
perature and flow distribution in a i r -coo led r e a c t o r s . 
Discussions a re included from the working confer 
ences on the following subjects : two-phase flow 
pressure drop, burnout in natural and forced con
vection, heat t ransfer performance of r eac to r s y s 
tems utilizing solutions, suspensions and s l u r r i e s as 
fuel-bearing fluids, fused-salt heat t r ans fe r s y s t e m s , 
transient boiling heat t ransfer and fluid flow c h a r a c 
te r i s t i cs , and analog and digital computer techniques 
useful in core heat t ransfer s tudies . 

1432. Bankoff. S. G. 

NATURAL CIRCULATION BOILING REACTOR WITH 
TAPERED COOLANT CHANNELS. Chemical Engi
neering P rogress _55. Sym. Ser . No. 27, 113-16 (1959). 
It is suggested that some of the heat t r ans fe r c h a r a c 
ter i s t ics of natural-circulat ion boiling r eac to r s might 
be improved by employing tapered coolant channels . 
A previously developed flow model for s t ra ight chan
nels is used to predict frictional losses in tapered 
channels with uniform and with cosine heat-f lux 

d i s t r ibu t ions . The ra t io of the pred ic ted fr ict ional 
p r e s s u r e drop in a s t ra ight channel to that of an 
equivalent tapered channel exhib i t s , a s the angle of 
taper i s va r i ed , a r a the r sha rp max imum at a value 
substant ia l ly g r e a t e r than unity. 

1433. Beckjord, E . S., et a l . 

OPERATION OF A HIGH PERFORMANCE LIGHT 
WATER BOILING REACTOR, p / l 9 2 3 , Second In t e r 
national Conference on Peaceful Uses of Atomic 
Energy, Geneva, 9, 455-67 (1958). 

The Valleci tos Boiling Water Reactor is brief ly d e 
sc r ibed . The operat ing exper ience is s u m m a r i z e d 
under the following subjec t s ; Nuclear ca lcu la t ions , 
ini t ial power loading, s ta r tup and opera t ing c h a r a c 
t e r i s t i c s , water decomposi t ion , separa t ion factor and 
res idua l water ac t iv i t i es , neutron flux d is t r ibut ion , 
and coolant flow and steann voids- The stabi l i ty of 
this r eac to r is d i s cus sed . Sketches and photographs 
of the plant and graphs on the r eac to r pe r fo rmance 
and c h a r a c t e r i s t i c s a r e p re sen t ed . 

1434. Bergua , H. and Pa l ac io s , L . 

COMPARISON OF BOILING WATER REACTORS 
WITH OTHER TYPES OF POWER REACTORS (in 
Spanish), En. Nucl. (Madrid), _2_, No. 7, 60-7 (1958). 

A compar i son is made of the boiling water r e a c t o r s 
with the p r e s s u r i z e d water r e a c t o r and the g a s -
cooled, g r aph i t e -mode ra t ed r e a c t o r s of the Calder 
Hall type. The init ial cos t , opera t ing c h a r a c t e r i s t i c s , 
maintenance cost , and future development a r e 
cons ide red . 

1435. Bick. J . H. 

A NEW METHOD FOR DETERMINING THE STABIL
ITY OF TWO PHASE FLOW IN PARALLEL HEATED 
CHANNELS WITH APPLICATIONS TO NUCLEAR 
REACTORS, NAA-SR-4927 (i960), 15 p . 

A method is de r ived for de te rmin ing whether a p a r 
t icular set of flows through a systenn of para l le l 
channels i s s table and the changes in them when in
stabil i ty o c c u r s . A c r i t e r ion is der ived to de te rmine 
if a pa r t i cu la r r eac to r is subject to "boiling d i sease . " 

1436. Boadle, C . D . 

LIQUID METALS - II. NUCLEAR POWER, Atomics 
and Nuclear Energy, _8̂  p . 83-5 (March 1957). 

Advantages and disadvantages of liquid me ta l s for 
h igh- tennpera ture heat ex t rac t ion fronn nuclear r e 
ac to r s a r e d i s cus sed . (CA-11099f) 

1437. B r e a z e a l e , W. M., Cole, T. E . and Cox, J. A, 

PRELIMINARY BOILING EXPERIMENT IN THE 
LITR, TID-5065 (1953), 7 p. 

An exper iment which involved boiling the water in the 
act ive la t t ice of the LITR with the c i rcu la t ion pump 
shut off was pe r fo rmed to deternnine the power level 
at which boiling would f i rs t take place and to observe 
the flux var ia t ion with t ime while boil ing. 
(NSA-11-2726) 



REACTOR HEAT REMOVAL 

1438. B r e a z e a l e , W. M., Cole, T. E . and Cox, J . A. 

FURTHER BOILING EXPERIMENTS IN THE LITR, 
AECD-3670 (March 1955), 6 p. 

The water in the act ive la t t ice of the Low Intensity 
Test Reac tor was boiled, and the re la t ion between 
the ra te of boiling and the change in reac t iv i ty was 
m e a s u r e d . Pe r t inen t data a r e s u m m a r i z e d , and 
osc i l lograph t r a c i n g s of neut ron-f lux t r ans i en t s 
a r e shown. (NSA-10-1545) 

1439. Br ight , G. O. and Toole, C. R. 

NOTE ON THE E F F E C T ON REACTIVITY OF 
WATER ANNULI IN LARGE VOID SPACES IN THE 
SPERT I REACTOR CORE, IDO-16382 (July 1957). 
9 P-

An exper imen t was pe r fo rmed in SPERT I to d e t e r 
nnine the effect of va r ious water annuli in l a rge co re 
void s p a c e s . Resul t s show that the maximunn r e 
activity effect with a 3 x 3 x 24 in. void occurs with 
a 0.25 in. thick water annulus . The effect of these 
r e su l t s on the evaluat ion of potential r eac to r h a z a r d s 
is d i scussed . (NSA-11 - 10732) 

1440. Brooks , R. D. and Rosenblat t , A. L. 

NUCLEAR POWER PLANTS, DESIGN AND P E R 
FORMANCE OF LIQUID METAL HEAT EX
CHANGERS AND STEAM GENERATORS, Mech. Eng. 
75, 363-8 (May 1953). See a l s o : K A P L - P - 8 8 8 . 

Use of sodiunn and NaK for hea t t r an s f e r fluids has 
r equ i red development of spec ia l ized heat exchange 
equipment; cons t ruc t ion of these units desc r ibed ; 
r equ i r emen t s which dictated cons t ruc t ion ; liquid 
meta l heat t r an s f e r data obtained from pilot plant 
scale heat exchanger and steann g e n e r a t o r s for 
nuclear p lan t s ; perfornnance data . ( N S A - 7 - 4 1 1 2 ) 

1443. Clough, R, 

POWER INPUT FROM A BOILING REACTOR WITH 
NATURAL CIRCULATION, UKAEA. Resea rch Group 
AERE Harwel l . BWR-4 (1955), 24 p. 

The heat output from the cen t ra l channel of a L E O -
size boiling r eac to r with na tu ra l c i rcu la t ion of the 
coolant has been found for a number of p r e s s u r e , 
feedwater t e m p e r a t u r e s and c i rcula t ion r a t i o s . 

1444. Cochran, D. L. and Buck, K. E. 

BOILING VS NON-BOILING LIQUID METAL COOLED 
REACTORS, I960. Paper No. 1340-60. P r e s e n t e d 
at the ARS Space Power Systems Conference. Santa 
Monica, Calif., September 27-30, 1960 (1960), 16 p. 

The re la t ive m e r i t s of boiling and non-boiling r e 
ac to r s for use in Rankine Cycle space power plants 
over the power level range of fronn 1 to 20 Mw(e) a r e 
evaluated. A l i th ium-cooled fast r e a c t o r is mos t a t 
t rac t ive for the non-boiling sys t em, and a p o t a s s i u m -
cooled boiling fast r eac to r is mos t a t t r ac t ive for the 
boiling systenn. Po tass ium is the cycle working fluid 
in each s y s t e m . A turbine inlet tennperature of 
2000°F and shielding weights c o m m e n s u r a t e with 
manned appl icat ions a r e a s sumed . It was found that 
unless r i s k s in r eac to r safety a r e accepted in the 
boiling r eac to r sy s t em, the non-boiling r eac to r s y s 
tenn is nnore a t t r ac t ive in ternns of s ize and weight. 
The weight savings resul t ing from such r i s k s in the 
boiling sys tem a r e only nnarginal and may actual ly 
be nonexis tent . The non-boil ing r e a c t o r does not 
have the uncer ta in t ies caused by boiling in the c o r e , 
and i ts development would be cheaper and l e s s in 
volved. Exper imenta l data on boiling flow, heat 
t r a n s f e r , and p r e s s u r e drop a r e r equ i red to d e t e r 
nnine the re la t ive des i rab i l i ty of the boiling r e a c t o r 
s y s t e m . (NSA-15-3638) 

1441. Byrnes , J . J. and Diehl. K. 

FLASH COOLING OF PRIMARY COOLING WATER, 
AECD-3902 (Jan. 1952), 11 p . 

An evaluation is made of the p rac t i ca l i ty of r e m o v 
ing heat f rom r e a c t o r cooling water by means of a 
flash coo le r . The economics of such a sy s t em a re 
compared with those of conventional heat exchange 
s y s t e m s . Designs for the sy s t em, based on the 
design of the MTR uni t s , a r e given. It is concluded 
that the flash cooler is compet i t ive with conventional 
heat exchange from the standpoint of economics , and 
that continuous r emova l of gases formed by d i s s o c i a 
tion is obtained a s an inheren t feature of the s y s t e m . 

1442. Chr i s t ensen , P . S. 

ON SOME BOILING PHENOMENA ON THE HOMO
GENEOUS REACTOR DR I, RISE-21 (1961), 32 p. 

A d i scuss ion is given of boiling phenomena in a h o m o 
geneous r e a c t o r studied with r e g a r d to reac t iv i ty loss 
and heat output as a function of nuc lear power, and 
with ce r t a in t e m p e r a t u r e s as p a r a m e t e r s . It was 
proven that the boiling ac ts on the reac t iv i ty in the 
same way as the usual power-coeff ic ient . As the 
boiling is undes i r ab l e , counter m e a s u r e s were taken 
to prevent t h i s . E x p e r i m e n t s were c a r r i e d out to 
conf i rm the r e s u l t s of the c o u n t e r - m e a s u r e s . 
( N S A - 1 5 - 3 1 8 8 9 ) 

1445, Col l ie r , J. G. 

SUGGESTED DESIGN METHODS FOR THE A P P L I 
CATION OF SPRAY EVAPORATION TO A STEAM 
COOLED HEAVY WATER MODERATED REACTOR, 
AERE-M707 (i960), 19 p. 

Spray evaporat ion is a method of r eac to r cooling in 
which a s teann-water mix ture is injected into the fuel 
channe ls . C h a r a c t e r s of heat t r ans f e r , fluid dynam
i c s , t he rmodynamics and s t e a m cyc l e s , and r eac to r 
physics a r e d i scussed for the .systenn. Const ruct ion 
m a t e r i a l s for a sp ray cool r eac to r a r e cons idered 
for fuel nnaterial as well as canning and s t ruc tu r a l 
m a t e r i a l s . The design under cons idera t ion is for 
2.5 Mw at a maxinnum t e m p e r a t u r e of 2100°C and 
r e a c t o r operat ing p r e s s u r e at 700 psi-

1446. Col l ie r , J . G. and Lacey. P . M. C. 

THE SPRAY COOLED REACTOR, Nuclear Power 5_ 
No. 52, 68-74 ( i960) . 

P r e l i m i n a r y design s tudies conf i rm that this s y s t e m 
combines many of the advantages of boiling and s t e a m 
cooling. 
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1447. Coll ier , J. G. 

SPRAY EVAPORATION FOR A STEAM-COOLED 
HEAVY WATER MODERATED REACTOR, Chem. 
and Process Eng., 43, 162, 1962. 

Spray evaporation, defined as cooling by means of 
a two-phase mixture of s team and wate r , was sug
gested as an efficient method of heat removal from 
a reactor core- In order to make some a s s e s s m e n t 
of the feasibility of using such a coolant in a s t e a m -
cooled heavy water moderated sys tem, provis ional 
design methods a re outlined for the heat t r ans fe r 
and hydrodynamical aspects of the co re . Although 
the degree of uncertainty using these methods is 
large, considerable improvements should become 
possible as soon as further data a r e available from 
exper iments . 

1448. Cunningham, J. P. , Gallagher, J . M. and 
Gogniat, T. 

TRANSIENT BOILING BEHAVIOR OF THE YANKEE 
REACTOR FOLLOWING LOSS OF COOLANT FLOW, 
YAEC-132 (1961), 62 p. 

A study was performed to de te rmine the consequences 
of a complete and simultaneous loss of power to all 
the main coolant pumps of the Yankee reac to r during 
full power operation. The neutron kinet ics equations, 
including feed-back effects and s c r a m , and the heat 
t ransfer equations in a th ree -sec t ion hot channel and 
in the average channel were solved on an analogue 
computer. Coolant conditions in the hot and average 
channels were calculated as functions of t ime and 
position by use of the CAT digital computer code for 
open lattice cores- The solutions were i te ra ted to 
convergence, to determine the t ime and location of 
departure from nucleate boiling. Analogue ca lcu la
tion of the hot spot clad t empera tu re before and d u r 
ing film boiling indicated that the clad t empe ra tu r e 
would not exceed 1430°F. Since this i s well below the 
annealing tempera ture of 1875°F, at •which clad r u p 
ture would occur, there is no danger of clad rup tu re . 
A later review of the analysis led to changes in s e v 
eral major assumpt ions , A re-evaluat ion of the a c c i 
dent with these modifications did not change the 
conclusion. (NSA-16-14323) 

1449. DeShong, J. A., J r . 

STYROFOAM SIMULATION OF BOILING AND T E M 
PERATURE EFFECTS IN THE EBWR COLD CRITI
CAL EXPERIMENTS, ANL-5697 (1957), 18 p. 

Styrofoam was used successfully a s a void ma te r i a l 
in the representat ion of hot r eac to r conditions during 
the EBWR zero power exper iments . 

The void requirements were determined from ava i l 
able heat t ransfer data and then Styrofoam s t r ips 
were designed and manufactured by special equip
ment. These s tr ips were inser ted in the fuel e l e 
ment water channels and the reactivi ty changes noted. 
The data were then converted to boiling and t e m p e r a 
ture coefficients. 

The nuclear proper t ies of the mate r ia l were exce l 
lent, and its use proved economical . The e x p e r i 
mental accuracy was good, but probably could be i m 
proved by sealing the surface of the ma te r i a l agains t 
>A'ater absorption. (NSA-l 1-6522) 

1450. DeShong, J. A., J r . and Lipinski , W. C. 

ANALYSIS OF EXPERIMENTAL POWER-
REACTIVITY FEEDBACK TRANSFER FUNCTIONS 
FOR A NATURAL CIRCULATION BOILING R E 
ACTOR. ANL-5850 (1958), 53 p. 

Exper imen ta l power reac t iv i ty feedback t r ans f e r 
functions were ca lcula ted from the EBWR power 
t r ans fe r function m e a s u r e m e n t s . A simplif ied 
model of the EBWR kinet ics was developed, using 
an analog compute r , and an analytic exp res s ion was 
obtained for the feedback function. The analytic solu
tion was fitted to the expe r imen ta l functions to obtain 
power coefficients and t ime constants for var ious 
modes of opera t ion . These data were ex t rapola ted , 
and a power t r ans fe r function was pred ic ted for 
40 Mw. The r e a c t o r function was m e a s u r e d and 
compared with the pred ic t ion . A s tabi l i ty study was 
c a r r i e d out, using open loop t r ans f e r functions con
taining the experinnental feedback functions. Ex t r apo 
lation of the gain and phase nnargins indicated s tab i l 
ity at l eas t 66 Mw. The r e a c t o r was successful ly 
opera ted at 61.7 Mw following th i s , with power l imited 
by the capaci ty of the feedwater pumps . The use of 
the simplified model for p a r a m e t e r s tudies i s denn-
ons t ra ted by a s e r i e s of ca lcula t ions to evaluate the 
effect of heat t r ans fe r t ime constant on s tabi l i ty . 
(NSA-12-13450) 

1451. DeShong, J. A., J r . 

FLUX, REACTIVITY, STEAM VOID, AND STEAM-
WATER INTER-LAYER NOISE SPECTRUMS IN 
THE EBWR, Reactor Sci. _1£, 147 (1959). 

The r eac to r flux noise was r e c o r d e d and Four i e r 
analyzed. It showed a r e sonance peak in the ene rgy-
frequency spec t rum and was not a 'whi te ' no ise . 
Such was a lso the case for the reac t iv i ty spec t rum, 
obtained by operat ing on the flux spectrunn with a 
m e a s u r e d power t r ans fe r function. A t r ans fe r func
tion rela t ing the po\ver ( N ) to a s t eam-v /a te r i n t e r -
layer input was calcula ted by using the r eac to r 
dynannic model . The i n t e r - l a y e r spectrunn obtained 
by operat ing on the flux spectrunn with this function 
was 'whi te ' over a frequency range of 30 to 1, and 
probably is the resu l t of random var ia t ion of the 
s t eam genera t ion r a t e due to d i s c r e t e s t e a m bubbles 
enter ing the steann space . Such noise spec t rums can 
be ennployed for g r o s s s tabi l i ty invest igat ions if a 
fair knowledge of the dynamic model i s in hand. 

1452. Die t r ich . J. R., Laynnan, D. and Schulze, O. 

THE PROPOSED BOILING REACTOR EXPERIMENT, 
ANL-492I (Nov. 12, 1952), 47 p. 

The stabi l i ty and safety of boiling r e a c t o r s w.dll be in
ves t iga ted in a smal l r e a c t o r of va r iab le s t ruc tu re 
and geomet ry . Design of the t e s t facili ty, the expe r i 
mental p r o g r a m , a cost e s t ima te , and an evaluation 
of h a z a r d s of the exper iment a r e desc r ibed . Appen
dices include va r i ab les in se l f - l imi ta t ion of reac tor 
power, boiling exper imen t s with e l ec t r i c a l heating, 
effect of s t e a m content on reac t iv i ty , and a method 
of estinnating power level dur ing equilibriunn boiling. 
(NSA-l l -9781) 



1453. D ie t r i ch , J . R. and Layman, D. C. 

TRANSIENT AND STEADY STATE CHARACTER
ISTICS OF A BOILING REACTOR, ANL-5211 (1954), 
136 p . 

The c h a r a c t e r i s t i c s of t r ans i en t and steady s ta te 
boiling in a wa te r - coo led , w a t e r - m o d e r a t e d r eac to r 
have been invest igated in a r e a c t o r which was set up 
and opera ted at the Reactor Test ing Station during the 
Summer and Fal l of 1953. 

In a s e r i e s of about 70 intentional "runaway" type 
t e s t s it was demons t r a t ed that the format ion of s t eam 
and consequent e ject ion of water f rom the r eac to r 
core can provide inheren t pro tec t ion agains t the 
runaway h a z a r d in sui tably designed r e a c t o r s of the 
wa te r -coo led , w a t e r - m o d e r a t e d ( H J O or D2O) type. 
Power excur s ions of per iods as shor t as 0.005 second 
(2.1 excess reac t iv i ty in the experinnental r e a c t o r ) 
were t e rmina t ed by this p r o c e s s . Although the m a x i 
mum power in the excu r s ions went as high as 
2600 megawa t t s , fuel plate t e m p e r a t u r e never e x 
ceeded 640F. Maximum power , total energy l i b e r a 
tion, and fuel plate t e m p e r a t u r e s were invest igated 
at a tmosphe r i c p r e s s u r e a s functions of excess r e 
activity in the excur s ion and ini t ia l r e a c t o r 
t e m p e r a t u r e . 

Operation of the r e a c t o r in steady boiling at p r e s 
su re s up to 130 psig and powers up to 1200 kv/ d e m 
ons t ra ted that quite smooth opera t ion is at tainable 
up to the point where the s t eam content of the r eac to r 
r e p r e s e n t s about - 2% kgff in reac t iv i ty . At higher 
steann contents c h a r a c t e r i s t i c po\ver fluctuations 
were obse rved . The r e a c t o r s t e a m power was shown 
to be se l f - r egu la t ing . The effects of var ious o p e r a t 
ing conditions and sy s t em va r i ab l e s on r eac to r 
power and opera t ing c h a r a c t e r i s t i c s were 
invest igated. 

Resul ts of the inves t igat ion a r e bel ieved to point the 
way toward m o r e economica l power r e a c t o r s through 
minimizat ion of the h a z a r d p rob lem, simplif icat ion of 
r eac to r design, and reduct ion of the t e m p e r a t u r e d e 
mands on r e a c t o r m a t e r i a l s . (NSA-10-894 I) 

1454. Die t r ich , J. R-. L i ch t enbe rge r , H. V. and 
Zinn, W. H. 

DESIGN AND OPERATING EXPERIENCE OF A 
PROTOTYPE BOILING WATER POWER REACTOR, 
UN-851 (1955), 27 p . 

Heat t r ans fe r data a r e included in a genera l study of 
th ree boiling water r e a c t o r s . 

1455. Die t r ich , J . R. 

EXPERIMENTAL DETERMINATIONS OF THE S E L F -
REGULATION AND SAFETY OF OPERATING 
WATER-MODERATED REACTOR, p / 4 8 1 , F i r s t In
ternat ional Conference on Peaceful Uses of Atomic 
Energy, Geneva, 13_, 88-101 (1955). 
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now under const ruct ion , with two groups of working 
channels . In the f i rs t group of channels , the heat 
genera ted is t r ansmi t t ed by the boiling water in the 
s t eam genera tor to the water of the second c i r cu i t . 
The secondary s t e a m genera ted in the steann g e n e r a 
tor en t e r s the second group of channels , where it i s 
superheated at a p r e s s u r e of 100 a tm . to the r equ i r ed 
t e m p e r a t u r e and is supplied d i rec t ly to the tu rb ine . 
The r eac to r with the 100,000 Mw tu rbogenera to r and 
other equipment forms a complete unit. The design 
of the r eac to r and the technological schenne of the 
r e a c t o r - t u r b i n e unit a r e desc r ibed . Some c o n s i d e r a 
tions a r e given concerning the further poss ible d e -
velopnnent and improvement of power r e a c t o r s of this 
type. The possibi l i ty of inc reas ing the capaci ty of a 
single r eac to r and improving the economies of the 
d i scussed station is given. 

1457. Durham, F . P . 

RADIOLYTIC-GAS BUBBLES IMPROVE CONVEC
TIVE HEAT TRANSFER IN SUPO, Los Alamos 
Scientific Lab . . Nucleonics _13, 42-6 (May 1955). 

Agitation from radiolyt ic bubbles is the main cause 
of 150% higher heat t r ans fe r coefficient than p r e 
dicted by theory, in the water boi ler r e a c t o r . Effects 
of t h e r m a l - b o u n d a r y - l a y e r heat genera t ion and t u b e -
wall gamma heating a r e a lso analyzed. 

1458. Fleck, J. A. 

THE DYNAMIC BEHAVIOR OF BOILING WATER 
REACTORS, J. Nucl. Energy . P a r t A: Reactor 
Science, n_, 114-130 ( i960). 

Using the laws of conservat ion of m a s s , energy, and 
monnentum stated in in tegra l fornn, it is possible to 
der ive a set of o rd ina ry differential equations gov
erning the hydrodynamics of na tu ra l c i rcula t ion bo i l 
ing s y s t e m s . The va r i ab l e s which can be de te rmined 
a s functions of t ime by solving these equations a r e 
the water veloci t ies at the inlet and outlet of the 
heated sect ion, the outlet void fract ion, and the total 
fluid momentum. The effect of a l ayer of water 
above the convection c i rcu i t a lso can be taken into 
account . When these equations a r e added to the r e 
actor k inet ics equat ions , the equations governing the 
t r ans fe r of heat from reac to r fuel e l emen t s to wa te r , 
and the re la t ion between reac t iv i ty and the average 
void fract ion, one obtains a model for the dynamic 
behaviour of a boiling water r e a c t o r . Calculat ions 
made using this nnodel indicate that under ce r t a in 
conditions boiling water r e a c t o r s can opera te s tably 
even for very substant ia l reac t iv i ty addi t ions . F u r 
ther ana lys i s r evea l s that under proper conditions 
pure ly hydrodynamic ins tabi l i ty can occur independ
ently of any coupling between void and power . The 
onset of this unstable behaviour would be independent 
of nuc lear and t h e r m a l p a r a m e t e r s although the en 
suing dynannic behaviour of the r eac to r would depend 
on them. 

1456. Dolezhal , N. A., et a l . 

URANIUM-GRAPHITE REACTOR WITH SUPER
HEATED HIGH PRESSURE STEAM, 2nd U.N. In t e r 
national Conf. on the Peaceful Uses of Atomic Energy, 
A/conf I 5 / P / 2 1 3 9 , 8_, 398 (1958). 

The bas ic physical and engineer ing c h a r a c t e r i s t i c s 
a r e given of the t h e r m a l g r a p h i t e - u r a n i u m r e a c t o r 

1459. Fleck, J . A. 

THE INFLUENCE OF PRESSURE ON BOILING 
WATER REACTOR DYNAMIC BEHAVIOR AT A T 
MOSPHERIC PRESSURE, Nuclear Sci. and Eng.._9^. 
271-80 (Feb. 1961). See a l so : ( U C R L 5 9 3 8 T ) . ~ 

Boiling water r eac to r dynamic behavior i s mos t 
sens i t ive to p r e s s u r e var ia t ions at atnnospheric due 
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to the Strong dependence of sa turat ion t e m p e r a t u r e on 
p r e s s u r e . The two important p r e s s u r e var ia t ion ef
fects at a tmospheric p r e s s u r e a r e the var ia t ion of 
hydrostatic p r e s su re within the co re , which leads to 
a change in saturation t empera tu re with posit ion, and 
the p re s su re variat ions resul t ing from the a c c e l e r a 
tion of water by changing s team volume. A sys tem of 
equations that takes into account these p r e s s u r e ef
fects in a natural circulat ion boiling water r eac to r 
was derived by means of conservat ion pr inciples 
stated in integral form. The resul t ing equations 
were solved numerical ly . Sample calculat ions r e 
vealed no special tendency toward instabil i ty other 
than a form of hydraulic instabil i ty that does not 
depend on the inclusion of p r e s s u r e effects in the 
model. 

1460. Flinn, W. S. and Pet r ick , M. 

PERFORMANCE AND POTENTIAL OF NATURAL 
CIRCULATION BOILING REACTORS, ANL-5720 
(1957), 46 p. 

A parametr ic study of the potential and per formance 
of natural circulation boiling nuclear r eac to r s is 
presented. Analyses a r e based on engineering data 
and correlat ion extrapolations obtained from boiling 
studies at Argonne. Graphs a r e used extensively 
to show interrela t ionships of power densi ty, sys tem 
p re s su re , average core coolant density, core height, 
r i se r height, channel hydraulic d iamete r , r e c i r c u l a 
tion flow ra te , and exit s team volume fraction. In
terest ing aspects of reac tor design and their effects 
on performance are d iscussed briefly. 

1461. For tescue , P. 

BOILING REACTORS, AERE E D / M 14 (1954). 14 p. 

1462. Foure, C. 

IMPROVEMENT OF HEAT TRANSFER IN BOILING 
WATER REACTORS. Quar ter ly Report No. 2, Ju ly -
September, 1960, EURAEC-34 (i960). 17 p. 

Discussions a re given of work done on two-phase 
discharges with single vortex, w a t e r - s t e a m s e p a r a 
tion, and thermal tes ts with single vor tex F reon and 
water. ( N S A - 1 6 - 1 7 7 9 3 ) 

1463. Fromm, L. W., et a l . 

PRELIMINARY DESIGN REQUIREMENTS: Argonne 
Boiling Reactor ( A R B O R ) facility, ANL-5761 (1957), 
159 p. 

Descriptions of the functional r equ i rement s of the 
facility, together with pre l iminary concepts of m e t h 
ods for meeting them, a r e presented . The facility 
will provide the physical plant for exper iments d e 
signed to yield data on performance and operat ion 
for various light and hea\'y water natural and forced 
circulation boiling reactor concepts over a wide 
range of t empera ture , p r e s su re , and flow condit ions. 
The design requirements and drawings a r e included. 

1464. , R. M. F rya r 

A PRELIMINARY ANALYSIS OF THE PROBLEMS 
OF IN-PILE BOILING, HW-30058 (1953). 

1465. Goodlet, B. L. 
FIRST REPORT OF THE (BOILING REACTOR 
WORKING) PARTY, UKAEA, R e s e a r c h Group AERE 
Harwel l , BWR-1 (1954). 

Amer ican t e s t s have proved that boiling inside r e 
actor need not be d i s a s t r o u s , and that a condition 
of s teady boiling can be achieved. D i s c u s s e s 
question r a i s e d by these t e s t s (l) what is to be gained 
by designing LEO-l ike water r e a c t o r s much c lose r 
to boiling conditions (2) what a r e advantages and d i s 
advantages of a continuously boiling r e a c t o r . 

1466. Graham, C. B., et a l . 

A CONTROLLED RECIRCULATION BOILING 
WATER REACTOR WITH NUCLEAR SUPERHEATER. 
A p a p e r (1852) p resen ted at the 2nd Geneva Confer
ence on the Peaceful Uses of Atonnic Energy , held in 
Geneva. 1-13 September 1958, _9, 74-78 . 

1467. H a r r e r , J . M. 

EXPERIMENTAL BOILING WATER REACTOR: A 
paper p resen ted at 4th Annual Conference of Atomic 
Industr ia l Fo rum, held in New York, 28-31 
(October 1957). 

The pe r fo rmance of the Exper imen ta l Boiling Water 
Reactor during opera t ion is de sc r ibed . During cold 
hydros ta t ic t e s t s on the p r e s s u r e v e s s e l c l o su re , a 
leakage of 184 c c / h r at 1,040 psig was m e a s u r e d . 
After 14 t h e r m a l cyc les f rom room t e m p e r a t u r e to 
478°F, a leakage of 1700 c c / h r at 1200 psig was 
m e a s u r e d . No leakage was ever detected during op
era t ion at power. The s t e a m deconnposition ra te at 
20 Mw was nneasured at 9,000 c c / m i n at 600 psig 
and 13,000 c c / m i n at 300 psig. A t ime of 24 h r was 
found sufficient to complete removal of fuel from the 
r eac to r if cooling is mainta ined at a ra te of about 
50°F/hr and t e m p e r a t u r e different ials a c r o s s the 
ves se l a r e kept below 100°F. The complete operat ion 
cycle fronn shutdown to s t a r tup r equ i red 40 to 
48 hours plus the t ime to change fuel. In BORAX 
tes t s the absolute kw l i t e r value at which the reac to r 
became unstable (chugging) was above 30 k w / l i t e r . 
During chugging, the flux was found to change cycles 
from the operat ing value to 0 about once every s e c 
ond. Computer r e su l t s indicated that ins tabi l i ty 
would occur between 65 and 80 Mw of heat , or at 
65 to 80 kw/ l i t e r of co re power dens i ty . The d e t e c 
tion of a fuel e lement fai lure i s d i s cus sed . The 
economics of the p r o g r a m a r e d i scussed re la t ive 
to amor t iza t ion , fuel c o s t s , main tenance , and 
operat ion. 

1468. H a r r e r , J . M. 

PROTOTYPE BOILING WATER REACTOR, 
ANL-6019 (1959), 79 p . 

Design of a nuc lear power plant of 50-Mw(e) capacity 
which can be used to demons t r a t e advanced p e r f o r m 
ance concepts for boiling water r e a c t o r s is desc r ibed . 
Included a r e d i ag rams and data on core design, m e 
chanical design, and heat t r ans fe r and fluid flow. 
Also included a r e sec t ions containing information on 
phys ics , fuel cycle evaluation, and r ecommenda t i ons . 
26 r e f e r e n c e s . 
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1469. H a r r e r , J . M., et a l . 

PERFORMANCE EVALUATION OF DIRECT CYCLE 
BOILING WATER NUCLEAR POWER PLANTS 
BASED ON RECENT EBWR AND BORAX DATA, 
p / 2 3 7 9 . Second Internat ional Conference on Peaceful 
Uses of Atomic Energy , Geneva, _9, 264 ( l958). 

1470. Haubenre ich , P . N. 

A POWER CYCLE STUDY, C F - 5 1 - 1 1 - 2 8 (1951), 11 p. 

A flash c h a n n b e r - r e c o m b i n e r - h e a t exchanger sy s t em 
is p roposed to prevent the format ion of gas bubbles 
in the core of a homogeneous r e a c t o r . The case of 
the HjO-moderated r eac to r is cons ide red in g r e a t e r 
de ta i l . Perfornnance c h a r a c t e r i s t i c s of such a s y s 
t em a re given in g raphica l f o rm . (NSA-11-7760) 

1471. Het r ick , D. L. and Remley , M. E. 

TRANSIENT PRESSURE IN THE WATER BOILER 
KINETIC EXPERIMENT, NAA-SR-MEMO-1306 
(1955), 23 p. 

The r e s u l t s of theore t i ca l s tudies on the effect of 
iner t ia l p r e s s u r e s in water boi ler t r ans i en t s a r e 
s u m m a r i z e d as follows: (l) der ivat ion of the equa
tion for t r ans i en t p r e s s u r e s in a pa r t i a l ly enclosed 
container of wa te r , (2) developnnent of the equation 
of state for a mix tu re of water and radiolyt ic d e 
composit ion gas , (3) calculat ion of peak power as a 
function of r e a c t o r per iod, and (4) d iscuss ion of the 
effect of l imi ted void space above the solution. It is 
intended that these r e s u l t s should se rve as an ind ica
tion of the magni tude of the iner t i a l effects as a guide 
for planning the exper imenta l p r o g r a m for KEWB. 
It is concluded that the at ta inable p r e s s u r e s r e p r e s e n t 
no haza rd to equipment , personne l or env i rons . 
{ N S A - 1 2 - 1 0 9 2 ) 

1472. Het r ick , D. I. 

THE E F F E C T OF RADIOLYTIC DECOMPOSITION 
GAS ON THE KINETIC BEHAVIOR OF A WATER 
BOILER REACTOR, ANS Paper 15-4 (1957). 

The r e sponse of KEWB to s tep inputs of reac t iv i ty 
was explored in 62 se l f - l imi t ing excu r s ions , c o v e r 
ing the range up to 0.94% reac t iv i ty . P a r a m e t e r s 
affecting shutdown behavior were de t e rmined . It 
was concluded that radiolyt ic decomposi t ion gas is 
approximate ly seven t i m e s a s effective a s thernnal 
expansion in l imit ing a neut ron b u r s t in a water 
boi ler r e a c t o r at a t m o s p h e r i c p r e s s u r e , provided 
the bu r s t is rapid enough that mos t gas bubbles r e 
main in the solution until af ter peak power is a t ta ined, 
and provided the dynamic p r e s s u r e s achieved a r e not 
la rge enough to i n t e r f e r e with the effect of gas bub 
bles on the r eac t iv i ty . 

1473. Holl , R. J . , Klecker , R. W. and Graham, C. B. 

NUCLEAR SUPERHEATER FOR BOILING WATER 
REACTOR, May 15, 1962, U. S. Patent 3,034,977, 

A descr ip t ion is given of a boiling water r e a c t o r hav
ing a superhea t ing region in tegra l with the c o r e . The 
core cons i s t s e s sen t i a l ly of an annular boiling region 
sur rounding an inner superhea t ing reg ion . Both r e 
gions contain fuel e l emen t s and a r e sepa ra ted by a 
cy l indr ica l wall , pe r fo ra t ions being provided in the 

lower port ion of the cyl indr ical wall to pe rmi t c i r c u 
lat ion of a common water nnoderator between the two 
r e g i o n s . The superhea te r region c o m p r i s e s a p l u r a l 
ity of tubular fuel a s s e m b l i e s through which the 
s t eam emanating from the boiling region p a s s e s to 
the steann outlet . Each superhea te r fuel a s s e m b l y 
has an outer double-walled cyl inder , the double walls 
being concent r ica l ly spaced and connected together 
at thei r upper ends but open at the bottom to provide 
for differential t he rma l expansion of the inner and 
outer wal l s . Gas is ent rapped in the annulus between 
the walls which ac ts as an insulat ing space between 
the f issionable nnaterial inside and the modera to r 
outs ide . (NSA-16-17304) 

1474. Hubers , G. 

DEPENDENCE OF THE EFFECTIVE MULTIPLICA
TION FACTOR ON THE COMPRESSIBLE STEAM 
VOLUME IN A BOILING REACTOR, Naples Conf. 
on Power Reac to r s , Harwel l , HAR-1151 ( l l ) . 
May, 1956, p. 10. 

1475. Hurs t , R. and McLain, S-

PROGRESS IN NUCLEAR ENERGY, SERIES IV. 
TECHNOLOGY AND ENGINEERING. New York, 
McGraw-Hil l Book Co., Inc. , 1956, 432 p . 

Methods of producing and purifying such r eac to r 
m a t e r i a l s as DjO, graphi te , BeO, Na, and NaK alloys 
a r e reviewed, and the efficiencies of the va r ious 
nnethods a r e d i scussed . Many of the p rob lems a s 
sociated with r eac to r cooling and heat t r ans fe r a r e 
cons idered ; specific t r ea tmen t being given to the 
c a s e s of boiling and liquid meta l heat t r a n s f e r . 
Coolant pump r equ i r emen t s and development a r e 
noted. P a p e r s a r e included which t r ea t specific 
chemical and co r ro s ion p rob lems in both h e t e r o g e 
neous and homogeneous , and water and meta l cooled 
r e a c t o r s -

1476. J ens , W. H. and Lot tes , P . A. 

BOILING HEAT TRANSFER. THE REACTOR 
HANDBOOK, VOL. 2, ENGINEERING, AECD-3646 
(1955), 1083 p. 

Various phases of r e a c t o r engineer ing a r e d i scussed , 
specif ical ly l ight - and heavy- wa te r -coo led s y s t e m s , 
l iquid-nnetal-cooled s y s t e m s , gas -coo led s y s t e m s , 
aqueous fuel s y s t e m s , l iqu id-meta l fuel s y s t e m s , 
fused-sa l t s y s t e m s , handling and cont ro l , and r e a c t o r 
de s igns . 

1477. Kalafati , D. D. 

THERMODYNAMIC ANALYSIS OF THE CONDITIONS 
OF HEAT EXCHANGE IN THE VAPORIZER OF A 
NUCLEAR POWER PLANT , AEC-TR-4943 (1961) 
18 p , [T rans l a t ed f rom: Teploenerge t ika , No. 6, 
16-20 (1961)]. 

The optinnum t e m p e r a t u r e drop in the vapor i ze r of a 
nuc lea r power plant under va r ious operat ing condi
tions was de te rmined on the b a s i s of a thernnody
namic and technical-econonnic ana lys i s of the condi 
tions of heat exchange . 
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14 7 K a s t e n , P . R . 

B O I L I N G R E A C T O R S : V A R I A T I O N O F R E A C T O R 

S T A B I L I T Y W I T H O P E R A T I N G P O W E R L E V E L 

A N D A V E R A G E B U B B L E S I Z E , C F - 5 1 - U - 1 3 0 . 

( 1 9 5 1 ) , 9 p . 

T h e e f f e c t of a v e r a g e b u b b l e s i z e a n d o p e r a t i n g 

p o w e r l e v e l u p o n r e a c t o r s t a b i l i t y w a s s t u d i e d . 

B o i l i n g r e a c t o r s t a b i l i t y i n c r e a s e s w i t h t h e p o w e r 

l e v e l a n d w i t h a d e c r e a s e in b u b b l e s i z e . T h e o p 

e r a t i n g p r e s s u r e s h o u l d b e h i g h t o i m p r o v e t h e 

p o w e r d e n s i t y a t t a i n a b l e a n d y e t h a v e s u f f i c i e n t b u b 

b l e n u c l e i f o r good s t a b i l i t y . B u b b l e d e l a y t i m e s of 

t h e o r d e r of 0 .1 s e c o n d a p p e a r f e a s i b l e if m a n y 

s m a l l g a s b u b b l e s a r e f o r m e d t h r o u g h o u t t h e r e a c t o r 

due to l i q u i d d e c o m p o s i t i o n . 

1479. Katz, K. and Hopkins, W. E., J r . 
EFFECT OF IN-PILE LOCAL BOILING ON SUR
FACE DEPOSITION AND CORROSION, Nuclear Sci. 
and Eng., 4, 673-89 (1958) 

Many advantages can be real ized by operating p r e s 
surized water reactor at steady state local boiling 
conditions; however, before this mode of operat ion 
can be factored into thermal and hydraul ics of r e 
actor design, its effect on cladding cor ros ion and 
surface crud deposition must be es tabl ished; author 
described evaluation of local boiling tes t at pH7, for 
crud deposition and cor ros ion . 

1480. Kolflat, A. 

SPECIAL ENGINEERING FEATURES IN DESIGN OF 
THE EXPERIMENTAL BOILING WATER REACTOR 
PLANT, Proceedings of the Amer ican Power Conf: 
18_, p. 79 (1956). 

1481. Kroeger. H. R. and Stephenson. P- H. 

THE EFFECT OF SODIUM VAPOR FORMATION 
ON THE OPERATION OF THE ENRICO FERMI 
REACTOR.AN ESTIMATE, AECU-3697 (July 1957) 
53 pages. 

The results of calculations concerning two-phase 
sodium flow in the F e r m i Fas t Breeder Reactor a r e 
presented. The large specific volume of sodiunn 
vapor coupled with the res i s t ance of the top axial 
blanket section resul ted in large p r e s s u r e drops for 
small values of net vapor. Once the coolant reached 
the saturation t empera tu re , the p r e s s u r e drop r e 
sulting from vapor formation exceeded the added 
p ressu re drop from flow reduction. Although there 
appears to be a region of stable operat ion with vapor 
formation, the lowest value of p r e s s u r e drop in this 
region is much grea te r than that at the initiating flow 
ra te . It is concluded that any vapor formation in the 
reactor produces an unstable condition which would 
lead to burnout. (NSA-12-10968) 

1482. Labuntsov, D. A. 

CRITICAL THERMAL LOADS ON FORCED MOTION 
OF WATER WHICH WAS NOT HEATED TO THE 
SATURATION TEMPERATURE, Atomnaya energiya 
V. 10, 1961, 523-525 [Transl . in Soviet J. of Atomic 
Energy 10, 516-18 (1962)], 

One of the possibil i t ies for the inc rease of the 
thermal reactor power consis ts in increasing the 

intensi ty of heat exchange in the c o r e . E x p e r i m e n t s 
of this kind a r e , however , l imi ted on account of a 
c r i t i ca l t h e r m a l load (which for underhea ted wate r 
can amount to lO'' kca l /m^-h r ) . When this load is 
reached there is a sudden de t e r io ra t ion of heat 
t r ans fe r (instead of bubble format ion sur face film is 
formed) . Numerous expe r imen ta l s tudies of this 
c r i t i ca l t h e r m a l load showed that it depends on p r e s 
s u r e , c u r r e n t veloci ty, and underheat ing of the liquid; 
and is p rac t i ca l ly independent of the length, shape , 
and d i ame te r of the pipe l ine . An effect of the d i 
a m e t e r is f i r s t not iceable when the d i a m e t e r i s 
sma l l e r than 2 m m . In the nunnerous publicat ions 
per ta in ing to this p rob lem the dependence of the 
c r i t i ca l thernnal load on the p a r a m e t e r s in the whole 
region of i n t e r e s t has not yet been inves t iga ted . The 
object of the author of the p resen t "Let te r to the 
Ed i to r " was to obtain an e m p i r i c a l formula for the 
c r i t i ca l t he rma l loads during pumping through of 
underheated water and w a t e r - s t e a m mix tu re with 
zero s t eam content which should be valid in the en 
t i r e range of the p a r a m e t e r s . For this purpose e x 
per imenta l data of other au thors a r e ennployed. The 
following formula is given: 

qcr = l . 25 -10V(p) - \ / l + T p j w^0(At^.j^)kcal/m2-h 

0(p) ^ p^^d - p / p „ ) ^ \ - e(At^.h} = 1 + ^ ^^^u-h-

Here w is the velocity of water c u r r e n t (in m / s e c ) , 
p the p r e s s u r e (in a tm) , At^.h = ^saf '^liqu (^" "̂ --̂  ^^^ 
underheat ing of water under the sa tura t ion t e m p e r a 
t u r e , Cp the specific heat of wa te r , and r the heat of 
vapor izat ion on the sa tura t ion c u r v e . The formula 
holds in the region of p a r a m e t e r values that occur 
exper imenta l ly . There a r e 4 f igures and 13 Soviet-
bloc r e fe rences . 

1483. L o m e r , W. M. 

E F F E C T OF REACTOR FLUX ON BOILING WATER, 
A E R E - T / M - 1 3 6 (1956), 13 p. 

The detai led behavior of any boiling sy s t em depends 
quite s t rongly on the supply of sui table nucleation 
s i tes where smal l vapor bubbles may fo rm. The 
highly local ized deposi t ion of the kinet ic energy of 
protons and oxygen ions which have been knocked on 
by the neut ron flux in a r eac to r could s e r v e as a 
nucleating agent under some c i r c u m s t a n c e s . It is 
shown h e r e that this could not be expected in water 
boiling at a tmospher i c p r e s s u r e , but that at 600 psi 
it is innpossible at p resen t to s tate whether there will 
be any such effect, or its significance as far as heat 
t r an spo r t i s concerned . It i s a lso a rgued that there 
is l i t t le significance for r e a c t o r k inet ics in the fact 
that 5% of the f ission energy is c a r r i e d in long range 
neutron and 7 radia t ion, thus bypass ing sonne 
t h e r m a l conduction de lays . (NSA-10-7621) 
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1484. Lo t t e s , P . A., M a r c h a t e r r e , J . F . and 
Pe t r i ck , M. 

ADVANCED COURSE ON HEAT EXTRACTION FROM 
BOILING WATER POWER REACTORS AND ASSO
CIATED DYNAMIC PROBLEMS. P t . II, NP-9286 
(1959). 231 p. 

A s e r i e s of l e c t u r e s was p r e sen t ed on heat e x 
t rac t ion from boiling water power r e a c t o r s includ
ing topics on Heat T r a n s f e r , Two-Phase P r e s s u r e 
Drop, The Pred ic t ion of Steam Volume F r a c t i o n s , 
Cr i t i ca l Heat Flux or Burnout, Calculat ion P r o 
cedu re s for Boiling Sys t ems , The rma l and Hydrau
lic Design P r o c e d u r e s for Boiling Water R e a c t o r s , 
and P r o p e r t i e s of Light and Heavy Water . 
{NSA-15-10533) 

1485. Lo t t e s , P . A., P e t r i c k . M. and 
M a r c h a t e r r e , J. F . 

LECTURE NOTES ON HEAT EXTRACTION FROM 
BOILING WATER POWER REACTORS, ANL-6063 
(1959), 172 p. 

Calculat ion p rocedu re s for the t h e r m a l and h y d r a u 
lic pe r fo rmance of boiling r e a c t o r s a r e outlined 
re la t ive to boiling heat t r ans f e r , e v a p o r a t o r -
condenser heat t r a n s f e r , fuel e lement heat t r ans f e r , 
and steann heat t r a n s f e r equa t ions . Various eng i 
neer ing s y s t e m s for evaluating the two-phase p r e s 
sure drop a r e given; the c o r r e c t e d Mar t ine l l i -Nelson 
method was found mos t adequate . Working curves 
for calculat ing veloci ty r a t i o s and s t e a m volume 
fract ions a r e given which a r e accu ra t e to within 
±15%. E x p r e s s i o n s a r e given for calculat ing pool 
and film boiling and net and local boiling burnout 
for va r ious geome t r i ca l a r r angennen t s . Calculat ion 
p rocedu re s a r e given for na tu ra l and forced c i r c u l a 
tion sy s t em ana lys i s and compared to exper imenta l 
data . Design c r i t e r i a a r e d i s cus sed with calculat ion 
p rocedure given for the design p a r a m e t e r s : m o d e r a 
tor to fuel r a t i o , c r i t i c a l maximunn heat flux, v a p o r -
liquid sepa ra t ion , and r e a c t o r geomet ry , na tura l vs 
forced c i rcu la t ion . The calcula t ion p rocedure is 
i l lus t ra ted by a sample co re a n a l y s i s . The physical 
and the rmodynamic p r o p e r t i e s of light and heavy 
water a r e given. 

H 8 6 . Lot tes , Paul A. 

NUCLEAR REACTOR HEAT TRANSFER, ANL-6469 
(1961), 201 p. 

A rev iew, with emphas i s on two-phase s y s t e m s , used 
as notes for a graduate c o u r s e . 

1487. Lyon, R. N. 

PRELIMINARY REPORT ON THE 1953 LOS ALAMOS 
BOILING REACTOR EXPERIMENTS, CF-53 -11 -210 
(1953), 21 p. 

Boiling r e a c t o r e x p e r i m e n t s were designed to indi 
cate the r e s p o n s e to l a r g e reac t iv i ty changes . P r e p 
a ra t ions for these e x p e r i m e n t s a r e reviewed, and a 
chronological s t a t ement of exper imenta l events i s 
given. The r e su l t s indicate that boiling r e a c t o r s a re 
capable of se l f -ad jus tment to rapid reac t iv i ty 
changes , but fur ther ana lys i s of the data is planned. 

1488. Marbury , F . , et a l . 

SUPER HEATING WATER BOILER, C F - 5 7 - 8 - 1 0 
(1957), 236 p. 

A p re l imina ry design is p resen ted for a boi l ing-
water r eac to r with in tegra l nuclear supe rhea t e r , 
which produces s team at 1200 psia , 950°F- The 
design uses s ta in less s tee l , UOj, and water for m a 
t e r i a l s and s tays genera l ly within the l imi t s of e x i s t 
ing r e a c t o r technology. The design output is 
129,445 lbs of s team per hour at the s tated condi
t ions , which co r re sponds to 17,500 shaft ho r sepower 
in a naval s t eam plant and to 47.25 Mw of hea t . This 
is thought of as a ship propuls ion r e a c t o r , and i ts 
capaci ty , a r r a n g e m e n t , shielding, and control sy s t em 
a r e appropr ia te to that appl icat ion. The feasibi l i ty, 
s i ze , and weight were studied; also the biological 
shielding and nnechanical design were studied in r e 
lation to plant size and weight. Water t r e a t m e n t , 
mechanica l design of control rod d r i v e s , and the 
s team plant a r e not cons ide red . The r eac to r co re 
is cy l indr ica l and divided rad ia l ly into t h r e e r eg ions ; 
a cen t ra l superhea te r , an annular bo i le r , and a s u r 
rounding re f lec tor . 

1489, Margulova, T. H. 

SOME PROBLEMS OF THE DEVELOPMENT OF 
NUCLEAR POWER PLANTS WITH REACTORS 
USING WATER, WATER-VAPOR MIXTURE, OR 
SUPERHEATED STEAM AS HEAT REMOVAL 
MEDIA, Jade rna ene rg ie . No. 7, pp. 222-227 ( i960). 

The a r t i c l e ana lyzes some des ign problenns of 
nuc lear power plants with r e a c t o r s using ei ther 
water , w a t e r - s t e a m mix tu re , or superhea ted s t eam 
as heat removal media . The author p r e sen t s s eve ra l 
possible designs of such plants with specia l at tent ion 
paid to the possibi l i ty of replacing expensive a u s t e n 
it ic s ta in less s tee ls by l e s s expensive s teel types for 
r eac to r building. Extensive co r ro s ion t es t s with 
austeni t ic s ta in less s t ee l s were conducted at the De
par tment of Nuclear Power P lan ts of the Moscow 
Power Inst i tu te . The t es t s were made in water Nvith-
in a p r e s s u r e range of 2.5 - 100 a tm at boiling tenn
p e r a t u r e s for va r ious concent ra t ions of chlor ine and 
oxygen in the wa te r . They revea led that the c o r r o 
sion depended on the oxygen content (no c o r r o s i o n 
was observed in the absence of oxygen) and st i l l 
m o r e on the p r e s s u r e ( tennperature) of the med ium. 
At a p r e s s u r e of 2.5 atnn and a CI concent ra t ion of 
200 nng/l there was no c o r r o s i o n at a l l , while con
s iderab le co r ro s ion was observed at a p r e s s u r e of 
200 atm and a CI concentra t ion of only 1 m g / l . These 
r e s u l t s demons t r a t e the n e c e s s i t y of as complete a 
degass ing of the feed water as poss ible and such a s e 
lect ion of a t h e r m a l design of the po\ver plant that the 
hea t - exchange r su r faces made of austeni t ic s t a in l e s s 
s teel be in the range of poss ibly lowest p r e s s u r e s 
( t empera tu re s ) for both the heat -exchanging and 
working med ia . The problem of the r ep l acemen t of 
aus teni t ic s t a in less s t ee l s by other s teel types can be 
solved by the following th ree a p p r o a c h e s : l) I n t ro 
duction of such water t r ea tmen t methods as would 
g rea t ly reduce co r ro s ion p r o c e s s e s , espec ia l ly by 
nnaintaining a sufficient a lkal ini ty of the w a t e r . 2) 
Use of such s tee l types that would be free of s h o r t -
connings of aus teni t ic s t ee l s and yet have a c o r r o s i o n 
r e s i s t a n c e in h igh-pur i ty water only sl ightly l e s s than 
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austenitic s tee ls . Most promising in this r espec t 
appear to be ferr i t ic s teels without nickel and with 
a minimum chromium content of 12%. 3) Develop
ment of such thermal designs of nuclear power 
plants at which the cor ros ion p r o c e s s e s would r a p 
idly dec rease . In the following the l a t t e r approach 
is dealt with more in detail descr ib ing nuclear power 
plant designs with turbines using sa tura ted s t eam, 
h igh-parameter s team, or s u p e r c r i t i c a l - p a r a m e t e r 
s team. In the first group, 4 designs a r e proposed 
with their f low-charts shown in F igures 1 through 
4. Of these, the design shown in F igure 4 combines 
the advantages of the previous th ree , doing away 
with a number of their disadvantages at the same 
t ime. It is a boil ing-water, two-loop design with the 
s team-genera tor operating p r e s s u r e only slightly 
above the atmospheric p r e s s u r e . This feature e l i m 
inates the need for austenit ic s ta in less s teel in the 
heat exchanger and has the additional advantage that 
the steam generator r equ i res only light shielding or 
none at all since only slightly radioact ive s t eam is 
used as heat-exchanging medium. The disadvantage 
of this design is that the main stage of the turbine 
uses radioactive s team. In designing turbines for 
this a r rangement , the following r equ i r emen t s have to 
be observed: the s team mois ture at the outlet of the 
first turbine stage must not exceed 11- 13%; the 
steann p re s su re at the inlet to the second turbine 
stage has to be higher than I a tm; the t e m p e r a t u r e 
gradient between the heat-exchanging and working 
media has to be IS^C. The design provides for 
forced circulation inside the reac tor and mois tu re 
separation outside. However, severa l proposals for 
reac tors with natural c i rculat ion have been worked 
out, too. - The second group with turbines using 
h igh-parameter s team also compr i se s 4 design p r o 
posals whose flow-charts a re shown in F igures 5 
through 8. Of these, the design shown in F igure 7 
was prepared for a nuclear power plant now being 
built in the USSR. It is a modified (incomplete) two-
loop design with a separate h igh -p re s s u re s team 
generator . The steann of the secondary loop is r e 
heated in the reactor co re , which pe rmi t s to reduce 
tempera ture and p r e s s u r e in the calandr ia tubes . 
The disadvantages of this design a r e the following: 
I) The entire power plant equipment opera tes with 
radioactive s team. 2) Due to the high p r e s s u r e s and 
t empera tu res , the heat-exchanger surfaces have to 
be made of austenitic s ta inless s tee l , 3) The s t eam 
generator must be shielded as radioact ive water of 
the pr imary loop is used as heat-exchanging medium. 
4) The calandria tubes of the reac tor operate at a 
p ressu re substantially higher than the working p r e s 
sure at the turbine inlet. 5) The residue of the s t eam 
generator is radioactive and r equ i r e s special p r o c 
essing equipment. - Also feasible is a design fea tur
ing an arrangement comparable to that shown in 
Figure 4, but operating at high s team p a r a m e t e r s . It 
is a complete two-loop ar rangement with a sepa ra t e 
low-pressure steam generator whose f low-chart is 
shown in Figure 8. P r e s s u r e and t empe ra tu r e in the 
calandria and superheater tubes cor respond with 
those of the steam at the inlet of the turb ine . The 
steam generator does not requi re shielding since 
only slightly active steam is used as heat-exchanging 
medium. The secondary-loop water r equ i r e s but i n 
expensive t reatment with ion exchangers operating at 
tempera tures at which the cor ros ion of austeni t ic 

s t a in less steel p a r t s in CI envi ronment i s negl igible 
and the water need not be d e m i n e r a l i z e d . The use of 
aus teni t ic steel is a lso g rea t ly reduced . For this 
design, the s t e a m at the outlet of the h i g h - p r e s s u r e 
turbine has to have a p r e s s u r e above 1 a tm and a 
mo i s tu re content not exceeding 11%. A s tandard 
VK-100 turbine can be used in this a r r a n g e m e n t r e 
quir ing only slight modif ica t ions . - Based on the 
a r r a n g e m e n t s shown in F igures 4 and 8, a design of a 
nuc lear power plant with tu rb ines using s u p e r c r i t i c a l 
s t eam p a r a m e t e r s is p roposed . Its f low-char t i s 
shown in F igure 9. It has a two-loop a r r a n g e m e n t 
with a sepa ra t e l o w - p r e s s u r e s t e a m g e n e r a t o r . The 
pr incipal advantage of this design is that it does not 
r e q u i r e a s t eam r e h e a t e r . The turb ines for this a r 
rangement have to be such that the s t e a m m o i s t u r e at 
the l o w - p r e s s u r e turbine sect ion mus t not exceed 
11 - 13%, the t e m p e r a t u r e grad ien t between the hea t -
exchanging and working media has to be 15°C and the 
init ial steann p r e s s u r e of the secondary loop has to 
be higher than 1 a tm . It can be seen that for nuc lear 
power plants with r e a c t o r s using e i ther wa te r , 
w a t e r - s t e a m - n n i x t u r e . or superhea ted s t e a m as h e a t -
removing nnedia a two-loop a r r a n g e m e n t is the most 
advantageous and safest des ign. ( T r a n s l a t o r : J. 
Korycanek) . There a r e 9 f igures , 

1490. Nodere r , L. C. 

ANALYSIS OF BOILING WATER REACTORS, in P r o 
ceedings of the A N P P Reactor Analysis Seminar , 
Oct. 11-12, 1960, MND-C-2487 (p. 123-30), (1961). 

A brief rev iew of p r e s s u r i z e d water physics is p r e 
sented s ince the problenns in the ana lys i s of a boiling 
•water r e a c t o r include whatever p rob lems a r e en 
countered in p r e s s u r i z e d water r e a c t o r s plus the 
p re sence of s t eam voids . Methods of analyzing the 
void dis t r ibut ion a r e d i s c u s s e d . A boiling water r e 
ac tor t he rma l and hydraul ic code cal led STREAC is 
de sc r ibed . A method of predict ing stabi l i ty for boi l 
ing water r e a c t o r s by exp re s s ing the conditions in 
t e r m s of the t r ans fe r functions of power to reac t iv i ty 
input i s outl ined. A t r ans fe r function code. T P F I . is 
desc r ibed . 

1491. Nylund, O. 

SIMULATED BOILING EXPERIMENT IN AB 
ATOMENERGI'S RESEARCH REACTOR R l , R F X - U 
(1958), 32 p. 

In the calculat ion of boiling r e a c t o r s and the d imen
sions of the control and safety s y s t e m s for o rd inary 
D2O r e a c t o r s , it i s of value to know the reac t iv i ty 
changes induced by boiling in the r e a c t o r . Simulated 
boiling expe r imen t s were made in the Swedish Rl 
r e a c t o r with 7 u ran ium fuel rods and with 19 u r a n i 
um oxide fuel r o d s . In the expe r imen t s with meta l 
fuels , boiling was s imula ted by air bubbles , and in 
expe r imen t s with oxide fuels the mode ra to r was c o m 
pletely rep laced with a i r . The changes in the r eac to r 
p a r a m e t e r s a r e calcula ted for both c a s e s . 
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1492. Owen, E . R. 

COMBINED REACTOR AND POWER SYSTEM 
ANALYSIS FOR A BOILING WATER REACTOR. 
Proceed ings of the Conference on T rans fe r Function 
M e a s u r e m e n t s and Reactor Stability Analys is held at 
Argonne National L a b o r a t o r y . Argonne, I l l inois , 
ANL-6205 (p. 74-89) May 2 - 3 , 1960, 

A few of the obvious cons ide ra t ions and object ives 
involved in a combined r e a c t o r and power sys tem 
analys is a r e br ief ly rev iewed . Sonne of the methods 
used to study or analyze the m o r e bas ic a r e a s pecu l 
iar to a boiling wate r r e a c t o r plant a r e reviewed. 
The ana lys i s nnethod or mode l s of other non-nuclear 
connponents. such as heat exchange r s , e tc . , a r e not 
cons idered . Methods of ana lys i s of the r e a c t o r -
s team void loop used in sys tem studies of a boi l ing-
water r eac to r sy s t em a re d i s c u s s e d . 

1493. P a r r i s h , W. C. 

TRANSIENT HEAT TRANSFER IN HETEROGENEOUS 
REACTORS, NAA-SR-47 (1949), 31 p. 

A study has been made of t r ans ien t heat generat ion 
and t rans fe r in a thernnal he te rogeneous reac to r 
cooled and modera t ed by D2O, after s u p e r - c r i t i c a l i t y 
produced by a sudden r e l e a s e of 2% exces s k. Two 
cases a r e cons ide red ; (1) the DjO is at a mean t e m 
pera tu re of 170°F during s teady s ta te of opera t ion; 
(2) the s t eady - s t a t e D2O tennpera ture is that of 
sa turat ion (212°F), 

1494. Pe t r i ck , M. and M a r c h a t e r r e , J . F . 

A PRELIMINARY DESIGN STUDY OF A BOILING 
SLURRY REACTOR EXPERIMENT, ANL-6148 (i960), 
39 p. 

An experinnent is desc r ibed which would tes t the 
feasibil i ty of the boiling s l u r r y r eac to r concept and 
invest igate i ts potential as a p rac t i ca l nuclear power 
r eac to r . The exper imen t would yield data and infor
mation on r e a c t o r s tabi l i ty and safety c h a r a c t e r i s 
t ics , pe r fo rmance p a r a m e t e r s , feasible s l u r r y 
concentrat ion l i m i t s , behavior of s l u r r i e s under 
actual r eac to r ope ra t ions , r a t e s of radiolyt ic gas 
evolution, r a t e s of f ission gas r e l e a s e , e t c . 

1495. P r a t t , H. R. C. 

THE APPLICATION OF THE CLIMBING FILM 
PRINCIPLE TO BOILING WATER REACTORS, 
UKAEA, Resea rch Group, AERE Harwel l , 
AERE C E / M 157, 11 January , 1956! 

1496. P ru schek , R. 

HEAT TRANSFER FROM A BOILING WATER R E 
ACTOR, Energ ie , 1_2, 41-7 (Feb I960). 

A study was made for a dua l -cyc le boi l ing-water 
r eac to r ( s imi la r to the Dresden BWR) of the p o s 
sibility of heat d iss ipa t ion in a na tu ra l convection 
sys tem as well a s of the t e m p e r a t u r e re la t ion in the 
fuel e l ement . In addition, the p e r m i s s i b l e h e a t -
flux densi ty in a p r e s s u r e loop sy s t em was 
es tab l i shed . 

1497. Pu rce l l , R. H. 

IN-PILE BOILING CAPABILITIES-1706-KER 
FACILITY, HW-36136 (1955). 

149 Recht, R. F . 

PILE COOLANT BOILING - CAUSES AND E F F E C T S . 
TOLERABLE FLOW REDUCTIONS. POWER EX
CURSIONS BEFORE UNSTABLE FLOW DUE TO 
BOILING, HW-31649 (1954). 

1499. Ricc i , A. 

INTRODUCTORY BIBLIOGRAPHY FOR BOILING 
WATER REACTORS, CISE-56 (April , 1957), 8 p , 

1500, Robe r t s , H. A. and Bowring, R. W. 

BOILING E F F E C T S IN LIQUID-COOLED R E 
ACTORS. Nuclear Power 4^ 69-73 (Feb. 1959). 

Full unders tanding of boiling effects is impor tan t 
for both BWRs and non-boil ing, l iquid-cooled r e 
a c t o r s . This begins a two par t (for par t II see 
Nuclear Power _£, 96-101 (Mar. 1959)) a r t i c l e r e 
viewing the presen t position of boiling theory , 
pa r t i cu la r ly where it touches on the re la ted fields 
of heat t r ans fe r and burnout . 

1501 • Rober t s , H. A. and Bowring, R. W. 

BOILING E F F E C T S IN LIQUID COOLED R E 
ACTORS. Nuclear Power 4^ 96-10 1 (March 1959). 

In the second of a two-par t a r t i c l e , boiling heat 
t r ans fe r is dealt with. The effects of var ious types 
of boiling, recen t co r re l a t ions for calculat ing fuel 
e lement t e m p e r a t u r e s , and r eac to r safety l imi t s 
set by burnout a r e cons idered . 

1502. Rohrmann, C. A. 

REACTOR HEAT TRANSFER BY BOILING 
MERCURY-204, HW-60564 (June 1959), 29 p. 

This r e p o r t i s a rev i sed ve r s ion of HW-56161. In 
o rde r to ennphasize the advantage of boiling Hg^ * 
as a r eac to r coolant, a liquid meta l s l u r r y fueled 
t h e r m a l r eac to r concept is studied in de ta i l . 

1503. Sanders , J. P . 

GAS PRODUCTION IN THE ISHR, C F - 5 3 - 1 - 1 1 0 
(Jan. 6, 1953). 10 p. 

The ra te of format ion of D2 and O2 in the ISHR is 
calcula ted and the composi t ion of the evolved gas is 
d i scussed along with par t ia l p r e s s u r e s in the gas 
s e p a r a t o r . Steady state concent ra t ions of gases d i s 
solved in the liquid enter ing and leaving the co re a r e 
calcula ted using the assumpt ion that the gas in the 
bubbles is in equi l ib r ium with the liquid and that all 
the undissolved gas is r emoved in the s e p a r a t o r . 

1504. Schroeder , F . 

STABILITY TESTS WITH THE S P E R T - I REACTOR. 
IDO-16383 (July 1957), 13 p. 

The ex is tence of unstable behavior in the S P E R T - I 
r eac to r has been previous ly r epor t ed . Recent t e s t s , 
in which the conditions for the onset of this ins tabi l i ty 
were invest igated, a r e d i s c u s s e d . Tes t s were con
ducted with the initicil bulk water t e m p e r a t u r e at 20 
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and 97°C (boiling), and with the initial height of the 
water head over the core at 2 and 9 feet. The r e 
producibility of aU such stabil i ty t e s t s i s d i scussed . 

1505. Shaw, J. W. W. 

SUPPLY AND REGULATION OF BOILER FEED 
WATER Par t I, Control, 4^ 96-8 (May 1961). 
The method for replacing the s team genera ted by an 
equal quantity of water is d i scussed . It cons is t s of 
h igh-pressure feed pumps forcing the water into the 
boilers and feed regula tors adjusting the feed ra te 
to match the steaming r a t e . P rob lems of supply and 
regulation in nuclear power stat ions a r e d i scussed , 
and principles of s ingle- , double- , and t r i p l e - e l emen t 
regulators a re briefly desc r ibed . Feed regulat ion is 
discussed in relation to reac tor control , and r e f e r 
ence to the situation at Calder Hall is made . 

1506. Shaw, J. W. W. 

SUPPLY AND REGULATION OF BOILER FEED 
WATER, PART II, Control , 4^ 94-7 (June 1961). 

Methods of controlling reac tor inlet t e m p e r a t u r e s 
and the effects of regulation on these t e m p e r a t u r e s 
a re discussed. The Robot and Steadiflow feed r egu 
la tors and their per formances in the Calder Hall 
reactor a re descr ibed. Data a r e presen ted g raph
ically, and d iagrams a r e given. 

1507. Skinner, R. E. and Hetrick, D. L. 

THE TRANSFER FUNCTION OF A WATER BOILER 
REACTOR, NAA-SR-1948 (August 1957), 42 p. 

The power and tempera ture t ransfer functions for a 
water boiler reactor a r e obtained for the case of m 
groups of delayed neutrons including the effects of 
temperature and radiolytic gas generat ion. The 
nature of the water boiler reac tor t ransfer function 
is investigated, and important r e su l t s d i scussed . A 
number of asymptotic and approxinnate exp res s ions 
a re given. Representat ions other than Bode plots 
a re investigated. These include the inverse polar 
plot, complex power coefficient of react ivi ty , and 
modified Nyquist plots . The derivat ion and l imi t a 
tions of the space-independent r eac to r kinet ics equa
tions used are discussed briefly. 

given of na tu ra l c i rcu la t ion expe r imen t s in the p r e s 
su re range of 0-30 kg/cm^ and 0-200 kw power d i s 
sipation of a fuel - rod dummy ident ical in d imens ions 
with the fuel rod used in the Halden heavy -wa te r 
boiling r e a c t o r (Norway). 

Slip ra t ios and two-phase p r e s s u r e drop va lues a r e 
r epor t ed and compared with data obtained by other 
i n v e s t i g a t o r s . 

In a nunnber of na tu ra l c i rcu la t ion ca lcula t ions the 
effect of va r i a t ions in sub-cool ing and sl ip ra t io i s 
shown. The impor tance of accounting for the axial 
power d is t r ibut ion is a lso indicated. 

Final ly, at tention has been given to the onset of i n 
s tabi l i t ies in the na tu ra l c i rcu la t ion loop. 

An outline is given of the subsequent expe r imen ta l 
p r o g r a m m e . 

1510. Stein, R. P-, et a l . 

INVESTIGATION OF WET STEAM AS A REACTOR 
COOLANT (CAN-2) UNC-5008-I (1962). 

1511. Thie, J . A. 

BOILING WATER REACTOR INSTABILITY, Nucle
onics , 16̂ . 3 (March 1958). 

The observed osc i l l a to ry behavior of five ANL boi l 
ing r e a c t o r s - the BORAX I, II, III, IV, and the E x 
per imenta l Boiling Water Reactor - a r e desc r ibed . 
The ampl i tude, frequency, t e m p e r a t u r e , and t h r e s h 
old of the osci l la t ion a r e r e c o r d e d . The kinetic 
theory of osci l la t ions is i l l u s t r a t ed by a simplified 
model using a single s e r i e s feedback loop and l in 
ea r i zed one group kinetic equat ions . Exper imenta l 
approaches to m o r e complete unders tanding of r e 
actor instabi l i ty a r e d e s c r i b e d . Semiempi r i ca l 
techniques which can be used to obtain information 
about the unstable point from a rod osc i l l a tor ex
per iment a r e given. 

1512. Thie, J . A. 

THEORETICAL REACTOR STATICS AND KINETICS 
OF BOILING REACTORS, P / 6 3 8 , Second In t e rna 
tional Conference on Peaceful Uses of Atomic 
Energy, Geneva, IJ^, 440 (1958). 

1508. Soldaini, G. 

SURVEY OF HEAT TRANSFER STUDIES BY MEANS 
OF BOILING WATER IN THE UNITED STATES. 
ENERGIA NUCLEARE ( M I L A N ) 2 . . 159 (March I960). 
A report is given of a t r ip , organized by Eura tom, to 
many universi t ies and nuclear l abora to r i es in the 
United States. Information gathered from spec ia l i s t s 
on problems of reactor cooling with s t eam-wa te r 
mixtures is presented. 

P , and 1509. Spigt. C. L.. S imon-Thomas, J. 
Bogaardt, M. 

INTRODUCTORY LABORATORY STUDIES OF 
BOILING-WATER REACTOR STABILITY. Paper 
NO. 8, Symposium (Prepr int of Proceedings) on Two 
Phase Fluid Flow, Inst. Mech. Engrs . , London, 
England. February 7, 1962. 

After a short description of the a im of the inves t iga
tions and of the experimental se t -up , r e su l t s a r e 

1513. Thie, J . A. 

DYNAMIC BEHAVIOR OF BOILING REACTORS. 
ANL-5849 (1959), 51 p. 

Eight boiling r e a c t o r s , BORAX I, II, III, IV, EBWR, 
LITR, VBWR, and SPERT I have been opera ted to 
date , and a cons iderab le amount of information exis ts 
in r e g a r d to thei r tendencies toward self- induced 
power osc i l l a t ions . Data a r e p resen ted on the follow
ing c h a r a c t e r i s t i c s of the osc i l l a t ions : power, p r e s 
s u r e , t ennpera ture , reac t iv i ty ampl i tudes and thei r 
ra te of change; t h r e s h o l d s , and harmonic content . 
Resul ts from th ree techniques of m e a s u r i n g the r e 
actor t r an s f e r function a r e p r e sen t ed : the rod o s c i l 
lation, the reac t iv i ty s tep , and the au tocor re la t ion 
methods . Quantitative definitions of instabi l i ty a r e 
introduced. 

Theore t i ca l analys is of these r e a c t o r s ' kinetic b e 
havior , based on a sinnple model where s t e a m void 
feedbacks donninate, shows an adequate unders tanding 



REACTOR HEAT REMOVAL 

of nnany of the phenonnena, some even quant i ta t ively . 
It i s concluded that it i s poss ible within the f r a m e 
work of exis t ing exper imenta l and theore t ica l boiling 
r eac to r dynamic technology, to design these r e a c t o r s 
with reduced ins tabi l i ty linnitations on the power, and 
obtain power dens i t i es in exces s of the c u r r e n t 
50 k i l owa t t s / l i t e r of c o r e . 

1514. Thomas , D. G. 

PRELIMINARY BOILING EXPERIMENTS IN THE 
SUPO MODEL OF THE WATER BOILER, C F - 5 3 -
7-221 (1953), 19 p-

It has been demons t r a t ed that it is possible to op
e ra t e a honnogeneous r e a c t o r under boiling conditions 
and that under the pa r t i cu la r conditions encountered, 
a boiling honnogeneous r eac to r is not inherent ly un
s tab le . The solution densi ty change on going from 
non-boiling to boiling conditions has been calcula ted 
using the two-group two-region method. The m a x i 
mum density change found was 0.8% corresponding 
to a total nuc lear po'wer of 5.4 kv/. For smal l r e 
activity addit ions the re la t ionsh ip Ak/k = 0.3 Ad/d 
is good to ± 10%. Average bubble r i s e r a t e s of 
10 f t / sec were ca lcu la ted assuming that 1 kw of heat 
was d iss ipa ted in uniform volunne boil ing. This s u g 
gests that the onset of vapor evolution in the solution 
inc reased the ra te of c i rcu la t ion and the reby the ra te 
of surface evapora t ion . Disengagement veloci t ies 
f rom the free surface of the water boi ler were found 
to be 30 to 50 l b s . of vapo r / (h r ) ( sq ft). 

1515. Thompson, W. E. 

HOMOGENEOUS REACTOR PROJECT QUARTERLY 
PROGRESS REPORT FOR PERIOD ENDING 
JANUARY 1, 1953, ORNL-1478 ( D E L . ) ( 1 9 5 3 ) , 133 p. 

Homogeneous Reactor Expe r imen t . The s ta tus of 
HRE opera t ion is d i s c u s s e d . Cor ros ion of the HRE 
fuel sys t em is br ief ly d i s cus sed . Power and t e m 
pera tu re r e sponse cu rves for the HRE s imula tor a r e 
shown. Boiling Reactor R e s e a r c h . Diagrams of the 
BRE shield proposal a r e given, and 7 radia t ion 
through the shielding is plot ted. The piping drawing 
for the proposed Teapot design is a lso given. Data 
a r e also given on the r e sponse of a boiling honnoge
neous r eac to r to changes in s t e a m demand. Genera l 
Homogeneous Reactor Studies . Tentat ive design data 
and the p r e l i m i n a r y flow sheet of the In te rmedia te 
Scale Homogeneous Reactor a r e given. Proposed 
ISHR core ves se l and heat exchanger designs a r e 
also shown. An ana lys i s is made of the gas s e p a r a 
tor opera t ion . The flow d i a g r a m for the ISHR 
s team sys tem is a l so given. Sonne c r i t i ca l i ty data 
a r e s u m m a r i z e d . Flow shee ts a r e given for a tes t 
loop to t es t va r ious sample va lves with flowing 
uranyl siilfate solution. Reac tor co re development 
is d i s cus sed . P roposed s l u r r y pumps a r e desc r ibed . 
A complete s u m m a r y of data col lec ted on pin-type 
cor ros ion spec imens a r e given. Data on the effect 
of velocity on the c o r r o s i o n of type 347 s t a in less 
steel a r e a l so given. Co r ro s ion data of type 347 
s t a in less s tee l in oxygenated uranyl fluoride a r e 
s u m m a r i z e d . Impact t es t r e s u l t s on c o m m e r c i a l 
puri ty Ti specinnens a r e compiled. The c o r r o s i o n 
of s t a in l e s s s tee l by UOjF; and UO2SO4 under neutron 
i r r ad ia t ion is s tudied. P r o g r e s s in s l u r r y c h e m i s t r y 
is sumnnar ized. 

1516. Treshow, M. 

DESIGN STUDY OF SMALL BOILING REACTOR 
FOR POWER AND HEAT PRODUCTION, ANL-5327 
(DEL.) (1954), 63 p. 

A design study has been made of a smal l "Package" 
nuc lear power plant for the production of e l ec t r i c 
power and heat in r emote ly located, inaccess ib le 
a r e a s devoid of na tura l fuels . The design u t i l izes 
a hor izonta l boiling reac to r as a s t eam genera tor 
consis tent with safe and s imple equipment and a 
min imum building height. A r e a c t o r design of 
5-j. Mw capaci ty, with a combined net e l ec t r i c power 
output of 750 kw and a heat plant output of 4500 kw. 
was studied in de ta i l . Tentat ive cost e s t i m a t e s a r e 
p resen ted on the bas i s of this combinat ion. Genera l 
compar i sons have been made between different s y s 
t ems designed for e i ther independent or combined 
production of 425 kw net e l ec t r i c power and 2500 kw 
avai lable heat . 

1517. Treshow, M., et a l . 

A STUDY OF HEAVY WATER CENTRAL STATION 
BOILING REACTORS, ANL-5881, September , 1958, 
81 p. 

Reac to r s designed for economic operat ion in s t a t ion
a ry cen t ra l power plants were studied. Cer ta in o b 
jec t ives presen ted themse lves as being of pa r t i cu la r 
impor tance if an a t t rac t ive economy were to be ob 
tained. These objectives a r e : use of c e r a m i c (UO2) 
r a the r than meta l l i c fuel; use of na tu ra l uraniunn; 
high convers ion ra t io ; long fuel l ife; na tu ra l convec 
tion for heat t r a n s f e r ; production of superheated 
s t eam; a high power output; a l imi ted s ize of p r e s 
sure tank; fuel handling without use of la rge p r e s 
su re l id; and modera to r cont ro l . Three different 
types of power r e a c t o r s a r e p resen ted ; a na tu ra l u r a 
nium, boiling heavy water r eac to r with forced c i r c u 
lation; a boiling r eac to r with na tura l convection and 
slightly enr iched fuel; and two heavy water boiling 
and superheat ing r e a c t o r s using sl ightly enr iched 
fuel and na tura l convection, A chapter on s u m m a 
r ized operat ing data indicates the degree of success 
achieved in meeting the objec t ives . 

1518 Ulr ich, A. J. 

RESULTS OF RECENT ANALYSES OF BORAX II 
TRANSIENT EXPERIMENTS, ANL-5532 (1956), 30 p . 

Heat t r an s f e r information re la t ing to the shutdown 
mechan i sm of the BORAX II r eac to r is d i s c u s s e d . 
Per t inen t quant i t ies a r e presen ted as a function of 
t ime for a typical power t r ans i en t . A propor t ional i ty 
is es tab l i shed between the t r ans i en t steann p r e s s u r e 
pulse and -kg^- The heat t r an s f e r f rom fuel plate to 
water is divided into conduction and boiling p h a s e s . 
Conduction and boiling a r e shown to exhibit equ i l ib 
r i u m behavior except during the t r ans i en t s t e a m 
p r e s s u r e pu lse . Because of the incomple teness of 
the data a definitive descr ip t ion of the phenomena 
during this pulse is not poss ib le . 
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15 19. Untermyer, S. 

BOILING REACTORS. DIRECT STEAM GENERA
TION FOR POWER, Nucleonics. 12. 43 (July 1954). 
Results of experiments which prove that boiling, 
originally thought to make r e a c t o r s uns table , can 
provide self regulation of reac tor and at same t ime 
directly t ransfer reac tor heat to s team capable of 
driving power generating turbine, economic and 
technical advantages gained by el imination of s e c 
ondary coolant sys tem; p r o g r e s s in boiling r eac to r 
development. 

1520. Untermyer, S. A. 

DUAL CYCLE IMPROVES BOILING-WATER R E 
ACTORS, Nucleonics J_3, 34-5 (July 1955). 
Power output of a simple direct-boi l ing reac to r is 
limited due to density fluctuations in the modera tor 
caused by boiling. The relat ively low power den
s i t ies . 10 kw/l i ter , available in large r e a c t o r s under 
these conditions a re not a t t rac t ive for cen t ra l station 
operation. To improve maximum power and load-
demand performance, the use of a flask tank for 
feedwater subcooling is suggested. ( N S A - 9 - 7 5 3 2 ) 

1521. Viscardi , J. E. 

REACTOR HEAT TRANSFER CONFERENCE OF 
1956, Collected Papers and Reports of a Conf. Held 
at New York, November I and 2, 1956 (issued in two 
books (Bk, 1). 323 p. and (Bk. 2), 318 p. , TID-7529. 
November 1957, 

Papers included in Book 1 cover : a general method 
of determining the total t ime interval of t r ans ien t s 
in linear sys tems , the basic equations descr ib ing 
energy flow and p r e s s u r e drop re la t ionships for 
transient coolant flow conditions in a nonhomoge-
neous plate-type reac tor , rapid flow t rans ien t s in 
closed loops, fast t ransient heat t ransfer in a clad 
element-stagnant H2O system, t rans ient heat con
duction in solid cylindrical nuclear fuel e l ements , 
the response of a nuclear reac tor coolant to power 
t ransients , a t ransient thermal analysis by means 
of analog computers , an analysis of fuel-plate t e m 
perature r i se during a burnout t rans ien t , in-pi le 
nnolten metal-water reaction exper iments , p r e s s u r e 
drop in rectangular channels at 2000 psia, flow r e 
distribution due to boiling in a mat r ix , an inves t iga
tion of burnout heat flux, nucleate and film boiling 
due to repetitive pulse heating of smal l wi res i m 
mersed in H2O, tubular vs plate fuel e l emen t s : heat 
t ransfer and flow analys is , heat t ransfer within the 
cores of circulating fuel r e a c t o r s , heat t r ans fe r and 
hydraulic charac ter i s t ics of the SRE fuel e lement and 
heat transfer ra tes to cross-flowing Hg in a s t ag 
gered tube bank. Papers included in Book 2 a r e on: 
heat transfer to Pb-Bi in turbulent flow in an annulus, 
pool-boiling heat t ransfer with Hg. heat t r ans fe r in 
vestigations of polyphenyl coolants, heat t r ans fe r in 
a radial spray chamber, the dependence of the heat 
t ransfer coefficient on the ratio of the heat fluxes 
from the walls of parallel plane flow channels , heat 
t ransfer and p ressu re drop c ha ra c t e r i s t i c s of w i r e -
coil-type turbulence p romote r s , an analysis of axial 
turbulent flow and heat t ransfer through banks of 
rods or tubes, heat t ransfer from paral le l rods in 
axial flow, h igh- tempera ture heat t ransfer to a gas 

flowing in hea t -genera t ing tubes with high heat 
flux, the use of the Mach-Zehnder i n t e r f e r o m e t e r 
in heat t r an s f e r s tudies , compact tubular heat e x 
c h a n g e r s , and t e m p e r a t u r e and flow dis t r ibu t ion in 
a i r - coo led r e a c t o r s . Discuss ions a r e included f rom 
the working conferences on the following sub jec t s : 
two-phase flow p r e s s u r e d rop , burnout in na tu ra l 
and forced convection, heat t r ans fe r pe r fo rmance of 
r e a c t o r sy s t ems uti l izing solut ions , suspens ions 
and s l u r r i e s as fue l -bear ing f luids, fused-sa l t heat 
t r an s f e r s y s t e m s , t r ans i en t boiling heat t r ans fe r and 
fluid flow c h a r a c t e r i s t i c s , and analog and digital 
computer techniques useful in co re hea t t r an s f e r 
s tudies- {NSA-12-6195) 

1522. Viscard i , J . E. 

REACTOR HEAT TRANSFER PROGRESS (issue 
No. 10)(1956), Includes T r a n s : C h a r a c t e r i s t i c s of 
Mercu ry Boiling in the Tubes of a M e r c u r y Vapor 
Genera to r , by A. N. Loshkin and P . I. Drol . T r a n s l . 
f rom: Zhur . Tekh. Fiz._8_, 1872-81, NDA-28 (1938), 
26 p. 

Some p r e l i m i n a r y r e s u l t s of s tudies on heat t r ans fe r 
in polyphenyls a r e given. A t r ans i t ion s ta te theory 
of the l inear oxidation r a t e s of nnetals i s offered. 
A t rans la t ion of an a r t i c l e on " C h a r a c t e r i s t i c s of 
Mercu ry Boiling in the Tubes of a M e r c u r y - V a p o r 
Ge ne ra to r " is included in pa r t . 

1523. Weatherhead, R. J . 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT, SECTION II, APRIL 1-JUNE 30, 1955. 
ANL-5471 (Sept. 1955). p, 89-93 . 

Development of the thernnal power r eac to r p r o g r a m 
is sunnmarized. A complete conceptual design study 
is given for a nuc lear pov/er plant for 100-k\w e lec t r ic 
and 400-kw heat capaci ty . Calcula t ions were made to 
evaluate the inherent safety of 20-Mw D20-cooled and 
modera ted EBWR-type boiling r e a c t o r s . The effects 
of rapid and slow, but l a r g e , i n c r e a s e s in reac t iv i ty 
a r e sumnnarized. Methods of calculat ing reac t iv i ty 
var ia t ion as a function of total energy production for 
enr iched fuel, t h e r m a l r e a c t o r s a r e d i scussed , and 
the methods were applied to two r e a c t o r s . Resul ts of 
the analys is a r e given in graphica l f o rm . Resul t s of 
measu r ing fission c r o s s sect ion r a t i o s in the EBR 
a re a lso s u m m a r i z e d . A brief account i s given of 
neutronflux m e a s u r e m e n t s using N p " ' foils and of 
the foil p repa ra t ion technique. Heat t r ans fe r t e s t s 
include s tudies of the mult ichannel na tu ra l c i r c u l a 
tion boiling densi ty at 600 ps ig , a d i scuss ion of the 
r ep resen ta t ion of ave rage voids in boiling length with 
m e a s u r a b l e p a r a m e t e r s , nornnalized plots of void 
dis t r ibut ion along the boiling length, local boiling 
p r e s s u r e drop in round and rec tangula r ve r t i ca l 
channels , and burnout heat flux for wi res in c r o s s -
flow at atnnospheric p r e s s u r e . Fabr ica t ion and c o r 
ros ion tes t h i s to ry of EBWR fuel p la tes a r e tabulated. 
Z i rca loy-2 spec imens which had been he l i a r c spot 
welded a r e shown. The EBR-II co re subassembly is 
shown. Designs a r e given for a Na-bond filling d e 
vice for EBR-II pin-type fuel elennents . F u r t h e r a t 
tempts were made to produce a pro tec t ive coating for 
u ran ium. The co r ros ion of h igh-U al loys in 500 and 
550°F H2O and the c o r r o s i o n - i r r a d i a t i o n of unclad 
high-U alloy pins a r e s u m m a r i z e d . Water solubility 
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tes t s on u r a n i a - t h o r i a bodies were m a d e . C o r ro s ion 
data for n icke l -p la ted 2S Al in bOO^F HjO a re given, 
as a r e data on the dynamic H^O c o r r o s i o n of Al-Ni a l 
loys . Static c o r r o s i o n of anodized 2S Al in H2O is 
also r epo r t ed . Resu l t s of expe r imen t s of the f ission 
product contaminat ion of NaK bond in contact with U 
during i r r ad i a t i on a r e r epo r t ed . The r e s u l t s of ex-
annination of the i n - r e a c t o r tube tip f rom the Argonne 
Water Loop at the MTR a r e given. Water p r e s s u r e 
drop t e s t s of EBR-II c o r e s u b a s s e m b l i e s were made . 
Heat capaci ty c h a r a c t e r i s t i c s for the EBR-II working 
nnodel e l ec t romagne t i c pump a re given. The p r i m a r y 
EBR-II Na systenn is shown. Sunnmaries of packing 
gland t es t s for liquid nnetal s e r v i c e a r e given. A 
study was made to e s t i m a t e the r a t e of water d e 
composit ion in the EBWR. Cor ros ion inhibition 
studies have been continued. A dynamic cold t r a p 
liquid meta l purif ication facili ty was ins ta l led in the 
EBR-II working model , and the init ial r e s u l t s a r e 
repor ted . Schennatics a r e given for the Na t r ans f e r 
sys tem for the EBR-II working model . A manual ly 
operated e lec t ronic Na level probe is a l so shown. 
(For preceding per iod see ANL-5345). 

1524. West. J . M. and Roy, G. M. 

THE FUTURE OF BOILING WATER REACTORS, 
Nucleonics, 1/7, 42 (January 1959). 

The recent opera t ion of the Exper imen ta l Boiling 
Water Reactor (EBWR) at m o r e than th ree t imes its 
design-power level and the p rospec t s of reaching 
still higher power outputs have a roused i n t e r e s t and 
speculation about the p r e s e n t compet i t ive s ta tus of 
boiling r e a c t o r s for c o m m e r c i a l power p lan t s . 

In this a r t i c l e , two au thors with cons iderab le boiling 
reac tor exper ience p resen t thei r estinnates for the 
perfornnance and cos t s of boiling r eac to r plants that 
could be built today, based on the la tes t EBWR ex
per ience . J . M. West was projec t manager of EBWR 
at Argonne National Labora to ry throughout the 
design, cons t ruc t ion and ea r ly operat ional p h a s e s . 
More recent ly he has been in charge of boiling r e 
actor design work at the General Nuclear Eng inee r 
ing Corp . G. M. Roy played a pronninent role in 
design of the Dresden and Pacific Gas and E lec t r i c 
bo i l ing- reac tor plants with the General E lec t r i c Co. 
before joining GNEG. 

1525. Westinghouse E lec t r i c Corp . 

REVIEW OF THERMAL DESIGN CRITERIA FOR 
PRESSURIZED WATER REACTORS AT 2000 PSIA. 
WAPD-SFR-RS-444 (1956), 18 p. 

1526. Woods, W. K. 

ALLOWABLE TEMPERATURE RISE IN TUBES OF 
THE PILES: PRECAUTIONS AGAINST BOILING. 
HW-7-2562 (1945). 

1527. Zmola , P . C. 

SUMMARY OF BOILING SYSTEMS SESSION AT THE 
REACTOR HEAT TRANSFER INFORMATION MEET
ING AT BROOKHAVEN NATIONAL LABORATORY, 
BNL-2446, October 18-19, 1954. 

Both favorable and unfavorable fea tures of boiling in 
r e a c t o r s a r e briefly d i s c u s s e d . 

1528. Zmola, P . C. and Bailey, R. V. 

POWER REMOVAL FROM BOILING NUCLEAR 
REACTORS. T r a n s . A.S.M.E. 28.. 881-892 
(May 1956). 

A prel inninary invest igat ion of th ree power r emova l 
m e c h a n i s m s for boiling r e a c t o r s is p r e sen t ed . The 
prob lem of re la t ing core power densi ty to mean 
weight densi ty as a function of p r e s s u r e is cons idered 
for p r o c e s s e s involving surface evaporat ion, bubble 
growth and r i s e in a fluid with negligible in ternal c i r 
culation, and bubble growth and r i s e in a fluid with 
l a rge in ternal c i rcula t ion veloci t ies compared with 
re la t ive bubble veloci ty . Resul t s of this ana lys i s i n 
dicate that surface evaporat ion is a negligible factor 
in power removal except for smal l r e a c t o r s . For 
l a r g e r r e a c t o r s , 3 or 4 ft high, the predominant r e 
moval mechan i sm is na tu ra l bubble r i s e . It is fur 
ther concluded that vapor en t ra inment in the c i r c u l a t 
ing fluid l imi t s removal for r e a c t o r s with a free 
sur face , in which c i rcula t ion e x i s t s . 

1529. Nuclear Developnnent Corp . of A m e r i c a 

A STUDY OF WET STEAM AS A REACTOR COOL
ANT, Quar te r ly Technical P r o g r e s s Repor t No. 1, 
October 1, 1959 through December 31 . 1959, 
NDA-2132-2 (i960), 55 p. 

Reac tor conceptual designs of fog-cooled, w a t e r -
modera ted r e a c t o r s a r e p resen ted . The effects of 
va r i ab les such as burnout , p r e s s u r e , m a s s veloci ty, 
and steann quality a r e d i scussed ; they se rve as a 
bas i s for guiding a s e r i e s of heat t r ans fe r and fluid 
dynamics t e s t s . The r e su l t s of a brief study of the 
phenomenon of burnout as it applies to wet s t eam as 
a r eac to r coolant a r e p resen ted . A reac t iv i ty f o r m u 
lation for use in this project is also p re sen t ed . 

1530. Nuclear Development Corp . of A m e r i c a 

A STUDY OF WET STEAM AS A REACTOR COOL
ANT, Quar te r ly Technical P r o g r e s s Report for the 
Per iod Jan, 1, 1960 through March 31, I960. 
NDA-2132-3 (i960), 27 p . 

Tes t specifications for studying heat t r ans f e r , c o r r o 
sion and e ros ion , and water injection in the app l i ca 
tion of wet s team cooling to l i g h t - w a t e r - m o d e r a t e d 
r e a c t o r s a r e suggested. To evaluate the feasibil i ty 
of opera t ing a fog-cooled r eac to r beyond the burnout 
point, the cladding beyond burnout was ca lcula ted for 
t e m p e r a t u r e drop of 250 to 550°F between surface 
and bulk of coolant . The effect of the d i ame te r of the 
cen t ra l ref lec tor on the maximunn- to-average radia l 
thernnal flux and on reac t iv i ty was ca lcula ted . D e r i 
vation of the burnout co r re l a t ion based on the nnodel 
which a s s u m e s drople t diffusion to a wall i s given. 
F o r m u l a s for calculat ing thernnal c r o s s sect ion, 
t h e r m a l r egenera t ion factor , resonance escape p r o b 
abil i ty, fast f ission factor , and L^ and T w e r e der ived . 
(NSA-14-14571) 

153 1. Nuclear Development Corp . of A m e r i c a 

A STUDY OF WET STEAM AS A REACTOR COOL
ANT, P r o g r e s s Report for the Month of September , 
1960, TID-6893 (i960), 26 p. 

P r o g r e s s is r epor t ed on a r e s e a r c h and developnnent 
p r o g r a m to study w a t e r - s t e a m mix tu re s and thei r use 
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as coolants in l igh t -wa te r -modera ted power r e a c t o r s . 
All hea t - t ransfer and burn-out t e s t s on round tubes 
were completed. Corros ion and e ros ion t e s t s ind i 
cated that no detectable damage to Zircaloy and 
s ta in less-s tee l samples r e su l t s after exposure to 
fog-flow for 120 to 150 hr with veloci t ies of 
200 ft /sec at a coolant t empe ra tu r e of 510°F and a 
p ressu re of 750 psi . (NSA-15-4771) 

1532. United Nuclear Corp. 

AN ADVANCED RESEARCH PROGRAM OF THE A P 
PLICATION OF STEAM-WATER SPRAY TO THE 
COOLING OF LIGHT WATER REACTORS, CAN-2 
Quarterly Prog. Report No. 1. May I to Sept. 30, 1961, 
EURAEC 173 (1961), 11 p. 

The heat t ransfer loop and the modifications made 
in its design are descr ibed. F i lm measurennents on 
an annular test section and a hydrodynamics loop 
are described. P rog re s s is repor ted on the c o r r o 
sion and erosion part of the p r o g r a m . 

1535. F rench Patent Office 

BOILING WATER REACTOR (to U. S. Atomic 
Energy Commiss ion) . F r ench Pa ten t 1,237,542, 
June 20, I960. 

At boiling water r e a c t o r s with na tu ra l c i rcu la t ion 
of the boiling water through the c o r e , it h a s been 
found that the steann tends to accumula te n e a r the 
exits of the r eac to r channels , leading to d e s t r u c 
tion of the fuel elennents through overhea t ing . In 
o rde r to avoid this effect, the r e a c t o r connpr ises 
a s e r i e s of elongated fuel e l emen t s i m m e r s e d in 
the m a s s of the c o o l a n t - m o d e r a t o r const i tu ted by 
wate r , each mounted in a genera l ve r t i c a l d i rec t ion , 
so that they form a r eac to r co re having the shape of 
a r e v e r s e d cone. The channels de l imi ted by the fuel 
e lements a r e designed so that the i r c r o s s sect ion in 
c r e a s e s as the densi ty of the coolant flow d e c r e a s e s , 
i .e . as the coolant is evapora ted . This systenn 
avoids l o s s e s of frict ion at the exi ts of the channels 
and i n c r e a s e s the said na tu ra l c i r cu la t ion . 

1533. United Nuclear Corp. 

AN ADVANCED RESEARCH PROGRAM ON THE A P 
PLICATION OF STEAM WATER SPRAY TO THE 
COOLING OF LIGHT WATER REACTORS, CAN-2 
Report No. 2, October 1 to December 31, 1961, 
EURAEC-222 (1962). 12 p. 

The reassembling of the heat t ransfer exper imenta l 
facility at the FHacenza Power Station was connpleted. 
as well as the pre l iminary t e s t s . A complete set of 
experinnents was ca r r i ed out at constant p r e s s u r e 
(1,000 psi) with a test element 0.52 cm ID. Heat 
transfer coefficient was measured both at the inlet 
and at the outlet of the heated sect ion. New codes 
for data elaboration were p repared . Hydrodynamics 
experiments were performed with the a rgon-wate r 
mixture with four different test sections (perspex, 
round, 1,5 cm ID; perspex, annular , 1.5 cm ID and 
2.5 cm OD; PVC. round.1.5 cm ID; and s ta in less 
steel, round, 2.5 cm ID). Several exper iments were 
also performed with ethyl alcohol in the PVC round 
section. The loop was d i sassembled . Corros ion 
tests are in progress for investigating the behavior 
of Zircaloy-2 specimens during long e x p o s u r e s : 
some specimens reached about 2,500 hours of e x 
posure. The assembling of the second co r ros ion 
loop was s tar ted. 

1534. French Patent Office 

BOILING WATER REACTOR (to General E lec t r i c 
Co.) French Patent 1,241,339, August 8. 1960. 

In a boiling water reactor the creat ion of s t eam bub
bles during the operation induces a different dep le 
tion of fuel in the different core zones as a r e su l t 
of the different average modera tor density caused by 
the steam bubbles. In order to avoid excess ive dif
ferences in depletion of the fuel, the fuel e lements 
have an elongated form, so that the average total 
amount of fuel (flssile and ferti le) d e c r e a s e s along 
the element axis in the direction of flow of the boiling 
water through the core . The fuel e lement is provided 
with a uniform amount of flssile ma te r i a l per unit 
length. The local multiplication factor Kgfl is held 
constant in this way along the path of the bofling 
water flow. 

1536. Anonymous 

BOILING WATER REACTORS (SURVEY OF PAPERS 
AT 2nd GENEVA CONFERENCE), Engineer , 206, 
p. 497 (Sept. 26, 1958). 

1537. French Patent Office 

DEVICE FOR COMPENSATING THE E F F E C T S OF 
VERTICAL ACCELERATION TO A BOILING WATER 
REACTOR MOUNTED ON A SHIP. F r ench Patent 
1,209.632, March 2, I960. 

In o rde r to compensa te the influences of densi ty 
var ia t ions in the w a t e r - s t e a m nnixture in the core of 
a boiling water r eac to r mounted on a ship, these 
var ia t ions being caused by ve r t i ca l a cce l e r a t i ons , 
the flow of the liquid through the r e a c t o r is regulated. 
The connpensating device cont ro l s the opening of a 
by -pas s of the pump provided to make the liquid c i r 
culate through the c o r e , so that this opening is in 
c r e a s e d in the case of an acce l e ra t ion in an upward 
di rect ion and vice v e r s a , with the product ion of an 
a l te ra t ion (a reduct ion or an i n c r e a s e , respec t ive ly) 
in the c i rcu la t ion . P re fe rab ly a regulat ing m a s s is 
supported by e las t i c m e a n s so as to be movable in a 
ve r t i ca l d i rec t ion , this m a s s being connected with an 
organ control l ing the opening of the b y - p a s s . Suitably 
a second m a s s with an e las t i c support e n s u r e s a lead 
of phase of the c i rcu la t ion re la t ive to the phase of 
acce l e ra t ion by control l ing the opening of the by-pass 
by m e a n s of a second cont ro l device connected with 
this second m a s s . Fo r this purpose the movement of 
the second m a s s is damped by an adjustable device . 

1538. Belgian Patent Office 

DEVICE FOR THE PRODUCTION OF SUPERHEATED 
STEAM IN A REACTOR (to Brown, Bovari et Cie, 
A. G.). Belgium Patent 583.878. June 6. 1959 (in 
F r e n c h ) . 

A boiling water r eac to r is desc r ibed that has tubular 
fuel e l e m e n t s . The outside walls t r a n s m i t enough 
heat to vapor ize the c i rcula t ing wa te r ; the sa tu ra ted 
s t eam then flows inside the tubes where it is s u p e r 
heated. In each fuel channel , e l emen t s a r e a r r a n g e d 
in the following o r d e r : an outer modera t ing m a t e r i a l 
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section with protec t ive lining inside i ts cy l indr ica l 
bore , an annular channel , a l ayer of nnoderating nna
te r ia l l ined or canned on both s ides , an annular 
channel, and a hollow cyl indr ica l fuel e l ement . 

1539. Anonymous 

EXPERIMENTAL BOILING WATER REACTOR 
STEAM IS DIFFERENT, Power Engng. 6\_. June 1957, 
86-88 (June. 1957), 

1540. Argonne National Labo ra to ry 

EXPERIMENTAL BOILING WATER REACTOR 
STUDY PROGRAM, Summer 1961, ANL-AMU, 
connpiled by Glenn E. Schwei tzer . 

1541. Societe Nationale d 'Etude et de Construct ion 
de Moteurs d 'Aviation 

IMPROVEMENT OF HEAT TRANSFER IN BOILING 
WATER REACTORS, Quar te r ly Repor t No. 1, 
Apr i l - June I960, EURAEC-33 (i960), 15 p. 

Studies a r e being made on two-phase d i s c h a r g e s 
with single vor tex . A sys t em using co lored , con
ducting puffs was developed for de te rmin ing the 
speed of the liquid at the inlet and outlet tubes . 
Thermal t e s t s were made with and without sp i r a l 
s t r ips in the c i rcu la t ion loop, A study of a w a t e r -
steann sepa ra t ion loop w/as connpleted and its manu
facture begun. (NSA-16-20596) 

1542. Societe Nationale d 'Etude et de Construct ion 
de Moteurs d 'Aviation 

IMPROVEMENT OF HEAT TRANSFER IN BOILING 
WATER REACTORS, Q u a r t e r l y Report No. 4, 
J anua ry -March , 1961, EURAEC-96 ( l 9 6 l ) , 30 p. 

Measurements of p r e s s u r e and vacuum fraction 
losses in two-s tage flows ^vere continued. The 
assembly and exper imenta l methods for use in 
w a t e r - s t e a m separa t ion were t e s t ed . The rma l 
tes ts were developed to a s s e s s the c r i t i ca l burnout 
fluxes in water and F r e o n . (NSA-16-18614) 

1543. Atomic Power Development Assoc ia tes 

INFORMATION REPORT BY ATOMIC POWER DE
VELOPMENT ASSOCIATES COVERING WORK FOR 
THE PERIOD AUGUST 1, 1954 TO JANUARY 31, 
1955. APDA-102 (1955), 82 p. 

F ive-group diffusion theory equations were used in 
calculat ions pe r fo rmed to a s s i s t in se lect ion of a 
fast b r e e d e r r eac to r engineer ing des ign , and r e s u l t s 
a re tabulated. The prolonged opera t ion of a p is ton-
type Johnson valve in Na was s tudied. P r o g r e s s is 
repor ted on fuel e lement design and development . 
Analyses of the thernnal pe r fo rmance of the e lements 
were m a d e . A c r o s s sect ional view of the r eac to r 
vesse l design is given. The coolant flow c h a r a c t e r 
is t ics through the r e a c t o r co re during s c r a m condi
tions a r e studied and typical scrann h i s t o r i e s a r e 
shown. A d i a g r a m of the liquid and s t eam-power 
sys t ems is given. The in t e rmed ia t e heat exchanger 
is also shoviTi, D iag rams of the once- th rough- type 
s team genera to r and the r eac to r and s t eam plant 
elevation a r e a lso shown. A facili ty for NaK-water 
react ion t e s t s has been des igned . Diagrams of the 
boiler t es t facil i ty, the once- th rough- type tes t boi ler 

and thermocouple locat ions for the proposed s t e a m 
genera to r unit a r e shown. The design of the full-
sca le r e a c t o r and Na loop tes t facility i s a lso 
d i s cus sed . 

1544. United Nuclear Corp . 

INVESTIGATION OF WET STEAM AS A REACTOR 
COOLANT (CAN-2), Technical P r o g r e s s Repor t 
for the Per iod September 1 to November 30, 1961, 
NDA-2169-3 (1961), 64 p. 

Theore t ica l heat t r ans fe r work was continued in an 
effort to predic t phase dis t r ibut ion and c r i t i ca l heat 
flux data under fog flow condi t ions. Predic t ion of 
r epor t ed data on the bas i s of a s imple c l a s s i ca l 
droplet diffusion model met with only l imi ted s u c 
c e s s . Assembly of a tes t appara tus intended to p e r 
mit invest igat ion of the behavior of a s t r e a m of 
water drople ts in sa tura ted or superhea ted s t eam 
under a tmospher ic p r e s s u r e was completed and p r e 
l imina ry observa t ions of w a t e r - s t e a m in te rac t ions 
were made . Reevaluation of c r i t i ca l a r e a s of the 
r eac to r conceptual design was ini t ia ted. The r e 
vised power peaking factors i n c r e a s e the marg in 
available between the maximum operat ing and c r i t i 
cal heat flux, but the influence of the so-ca l l ed L / D 
effect tends to reduce previously calcula ted c r i t i ca l 
heat flux va lues . 

1545. United Nuclear Corp . 

INVESTIGATION OF WET STEAM AS A REACTOR 
COOLANT (CAN-2), Technical P rog . Report June 1 
to Aug. 31, 1961, NDA-2169-2 ( l96 l ) , 36 p. 

Theore t ica l heat t r ans fe r effort was ini t iated with 
careful definitions of the quanti t ies assoc ia ted with 
t-wo-phase flow and a revie\v of the one-d imens iona l 
flow approximat ion used to predic t p r e s s u r e drop 
and vapor volume fract ion. An init ial mathemat ica l 
application of a droplet diffusion model for p r e d i c t 
ing behavior of w a t e r - s t e a m mix tu res under fog 
flow conditions was under taken. A tes t appara tus 
intended to permi t an invest igat ion of the behavior 
of a s t r e a m of v/ater d rople t s in sa tu ra t ed or s u p e r 
heated s t e a m under atnnospheric p r e s s u r e was d e 
signed. Fabr ica t ion and a s s e m b l y a r e in p r o g r e s s . 

1546. Argonne National Labora to ry 

PAPERS PRESENTED AT THE TECHNICAL B R I E F 
ING SESSION HELD AT ARGONNE NATIONAL LAB
ORATORY, TID-7535, May 27-28, 1957. 164 p. 

P a p e r s a r e p resen ted on the EBWR as follows: a 
gene ra l desc r ip t ion ; the economic a s p e c t s ; p r e s s u r e -
v e s s e l design ru l e s , ins ta l la t ion h i s to ry and p r e l i m 
inary pe r fo rmance ; design and fabr icat ion of the c o r e 
s t ruc tu re and fuel-handling sys t em; physics e x p e r i 
m e n t s ; con t ro l - rod dr ive mechan i sm; power c o n t r o l s ; 
ins t rumenta t ion of the power plant; plant equipment , 
leakage and radioact iv i ty ; water t r e a t m e n t , deconnpo
si t ion, and decontaminat ion fac tor ; and safety p r o v i 
s ions . Other papers on boiling water r e a c t o r s 
include progrann planning for civi l ian power r e 
a c t o r s , expe r imen t s with oxide fuels for BORAX IV, 
and p r e l i m i n a r y design of the Argonne Boiling R e 
ac tor Fac i l i ty . 
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1547. Argonne National Labora tory 

REACTOR INFORMATION MEETING AT ARGONNE 
NATIONAL LABORATORY, TID-10087, Oct, 7. 8, and 
9, 1953. Pape r s , P a r t V. Heat T rans fe r . 94 p. 
The following papers a r e presented: "Heat T rans fe r 
in Liquid Metal-Fuel Reac to r s" by O. E. Dwyer. 
"Conditions for Maximum Elec t r i c Output from 
Liquid Metal Cooled Reac to r s" by T. T. Shimazaki 
and C. H. Robbins. "An E lec t r i ca l Geomet r i ca l 
Analogue for Two-Direct ional Steady State Heat 
Conduction with Uniform Internal Heat Generat ion" 
by W. R. Simmons. "Two-Phase P r e s s u r e Drop" by 
George Leppert, "Transient Density Response of 
Volume-Heated Liquid System" by M. L, Greenfield, 
and "Relationship Between Void Volume and Power 
Density Under Atmospher ic Boiling" by A. S. J a m e 
son. S. Untermyer. and E. A. Wimunc. 

1548. Argonne National Labora tory 
REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT March 1, 1953 through May 31, 1953, 
ANL-5060 (DEL.)(1953),157 p. 

Boiling Reactor Heat Transfer Expe r imen t s . Fu r the r 
resul ts have been obtained from natural c i rcula t ion 
boiling density tes ts and invest igations of natural 
circulation flow r a t e s . A special thermocouple d e 
sign, meeting the rap id - response r equ i r emen t s of 
high power plate t r ans ien t s , is desc r ibed . F e a s i b i l 
ity studies on heavy water boiling r e a c t o r s a r e p r e 
sented for spherical boiler , p re s su r i zed tube, and 
horizontal p ressu re tank configurations. Attention 
has been directed to the study of U alloys with lower 
corrosion ra tes in water . Corros ion c h a r a c t e r i s t i c s 
are given for UO2, Zr -c lad U plates , U. and Mg in 
diphenyl, and free energies for chennical react ions 
commonly occurring in reac tor studies a r e tabulated. 
A study is reported on the p r e s s u r e drop c h a r a c t e r 
ist ics of fuel elements with var ia t ions in flow r a t e , 
metal- to-water rat io, pitch, and water densi ty. The 
increased res is tance of such fuel wi res was found 
to be less than anticipated, 

1549. Argonne National Labora tory 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT FOR June 1, 1953 through August 31, 1953. 
ANL-5134 (1953), 134 p. 

P rogress is reported on the following s tudies : design 
and cri t icali ty calculations of the Argonne Power 
Breeder Reactor and the Central Station Water Re 
actor, water corrosion of Nb-U al loys, cor ros ion of 
welded Zr alloys, boiling heat t r ans fe r t e s t s , speed 
of thermocouple response , control rod dr ive m e c h 
anisms, corrosion of Savannah River fuel s lugs , rod 
drop experiments on ZPR-I , organic coolant s tudies , 
and temperatures produced by Na-Hg r eac t ions . 
(For preceding period see ANL-5060). 

1550. Argonne National Laboratory 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT December I. 1953 through March 30, 1954 
ANL-5260 (1954), 185 p. 

Reactor Coolant. Heat Transfer , and Power G e n e r a -
tion. A new ser ies of tes ts have been init iated on 

diphenyl a s an organic mode ra to r m a t e r i a l , in o r d e r 
to de te rmine the amount of ca rboniza t ion on heat 
generat ing sur faces and the deg ree of d e c o m p o s i 
tion as a function of neutron dosage . Tar depos i t s 
and an 11.1% decomposi t ion was found in a c losed 
loop tes t opera ted in the EBR for 73.5 h r at a power 
level of 1200 kw. Severa l t h e r m a l t es t loops for 
organic coolants a r e d e s c r i b e d , A l i qu id -me ta l 
level indicator has been developed which m e a s u r e s 
a change in the e l ec t r i c a l inductance of a 60-cycle 
c i rcu i t , accord ing to the annount of meta l s u r r o u n d 
ing the tes t e l ement . With a view of reducing high 
DjO inventor ies for boiling DjO r e a c t o r s , an a i r -
water a tmosphe r i c t es t facili ty was cons t ruc ted in 
o rde r to study s e p a r a t o r conf igura t ions . A connplete 
descr ip t ion of the appa ra tus is given, toge ther with 
some r ep re sen t a t i ve tes t r e s u l t s and s e p a r a t o r d e 
s igns . A technique has been developed for the 
the rma l ana lys i s of complex fuel e lement designs 
under s t eady - s t a t e and t r ans i en t condi t ions . An 
e l e c t r i c a l , g e o m e t r i c a l , analogue device is used, con
sis t ing of a r e s i s t i ve plotting sur face of conducting 
paper , a d-c sou rce , a r e s i s t i v e network coupling 
the plotting surface to the source , and a nul l - type 
voltage measu r ing device . Compar i son of the ana 
logue data with analyt ical r e s u l t s shows c lose a g r e e 
ment . A group of 16 fuel e lement configurat ions have 
been analyzed from the standpoint of max imum p e r 
miss ib le t e m p e r a t u r e s and heat t r an s f e r c h a r a c t e r 
i s t i c s , to de t e rmine the mos t feasible design for the 
PBR. The conclusions include other fac to r s bes ides 
heat t r an s f e r cons ide ra t i ons . A study was a lso made 
of the the rma l conductivity c h a r a c t e r i s t i c s of l a m i 
nated fuel e l e m e n t s , where U pa r t i c l e s and stagnant 
Na a r e a r r anged in l a y e r s within a containing s t r u c 
t u r e . The condition of para l le l heat flow is obtained 
when the laminat ions a r e made thin. P r e l i m i n a r y in
vest igat ion of power plant cycle and r e a c t o r core de 
signs using flashed water to produce s t e a m indicates 
that a m o r e detai led study is just i f ied. Local heat 
t r ans fe r film coefficients of Na and NaK under condi
tions of high heat flux and n o n - c i r c u l a r channels will 
be m e a s u r e d in a heat t r an s f e r loop which is d e 
sc r ibed . The cons t ruc t ion of a 600-ps i multiple 
channel boiling densi ty t es t facili ty has been c o m 
pleted. A detai led descr ip t ion of the sy s t em and test 
section is p r e sen t ed . The facili ty will be used for 
the study of boiling HjO phenomena at p r e s s u r e s 
nea r r eac to r operat ing condi t ions . The flow ra te of 
na tura l ly c i rcula t ing boiling water was studied as a 
function of addit ives such as HC2H302, Dow-Corning 
an t i - foam, and caus t ic soda. Slow and rapid heat 
t r ans i en t s in boiling D2O r e a c t o r s were s imula ted in 
a water expulsion tes t a p p a r a t u s , which was used to 
obtain cons iderab le data on the c h a r a c t e r i s t i c s of a 
7-tube fuel -e lement c l u s t e r . The r emova l of co re 
decay heat in the event of a sudden r e a c t o r shutdown 
acconnpanied by a loss of coolant water will be a s 
sumed by the naturail c i rcu la t ion of cooling a i r 
through the c o r e . In connection with such an event 
s eve ra l t e s t s were made to de t e rmine the r e l a t i on 
ship between maxinnum metal t e m p e r a t u r e and the 
heat that can be d iss ipa ted to ambient a i r . F o u r -
and five-ft channels , -7- x 4—in. were t e s t ed . 
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1551. Argonne National Labora to ry 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT Apri l 1, 1954 through June 30, 1954, 
ANL-5297 (1954). 206 p. 

Heat T r a n s f e r . A modified e lec t r i ca l -geonne t r i ca l 
analogue has been designed to solve t e m p e r a t u r e 
dis t r ibut ion p rob lems within fuel e lements of c o m 
plex geomet ry . Good a c c u r a c y for the device is 
r epor ted . F a c t o r s affecting the p rec i s ion of a given 
the rmal ana lys i s of EBR-II fuel e l emen t s a r e d i s 
cussed, including uncer ta in ty fac tors which a r e 
helpful in de te rmin ing the wors t poss ible effects 
of a nunnber of t h e r m a l p a r a m e t e r s . A heat t r a n s 
fer analys is was made for 5 different EBR-II fuel 
e lement des igns . Th ree r ad i a to r - t ype and 2 pin-
type e lements were tes ted , and their compara t ive 
per formance is s u m m a r i z e d . Natural c i rcu la t ion 
t e s t s were made to deternnine the s t eady-s t a t e 
re la t ionship between nnaximunn plate t e m p e r a t u r e 
and power densi ty of shutdown heat ing . It is con
cluded that the r eac to r co re will not be adequately 
cooled during shutdown when the re is a loss of 
water from the co re a r e a . A pulse-hea t ing tes t 
facility was designed to inves t iga te the fundamen
tals of water expulsion fronn a Cu tube to which 
short pulses of a-c c u r r e n t a r e applied. 

1552. Argonne National Labora to ry 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT FOR October 1, 1954 through Dec. 31, 1954, 
ANL-5371 (1955), 284 p. 

Calculat ions were made of the expected s t eady-s ta te 
nuclear heating of the EBR p r e s s u r e vesse l to e s t a b 
lish the re la t ionship between p r e s s u r e v e s s e l th ick
n e s s , heat generat ion, tennpera ture d is t r ibut ion , 
t he rma l s t r e s s and p r e s s u r e s t r e s s . Studies of 
natural c i rcu la t ion boiling densi ty at 600 psia a r e 
being conducted to provide bas ic information for 
the EBR P r o g r a m . The p r e s e n t object ives a r e to 
deternnine the effects of power input, inlet water 
tennperature, flow r a t e , and channel geomet ry upon 
the density in the channe l s . 

1553. Argonne National Labo ra to ry 

REACTOR DEVELOPMENT QUARTERLY PROGRESS 
REPORT, ANL-5398 (DEL.)(jan 31, 1955), 63 p. 

The design and cons t ruc t ion p r o g r a m of the Boiling 
Exper imental Reac tor i s rev iewed. A number of p r e 
linninary expe r imen t s were pe r fo rmed with BORAX-II 
at p r e s s u r e s between 75 and 300 ps i . Unclad and un
i r rad ia ted samples of U-Nb and U-Nb-Zr al loys were 
cor ros ion t e s t ed in H20. Cor ros ion r a t e s were a lso 
m e a s u r e d under i r r a d i a t i o n conditions in C P - 5 . 
Natural c i rcu la t ion boiling densi ty t e s t s at 600 psia 
were nnade in o r d e r to de t e rmine the effects of chan
nel c r o s s sect ion and subcooling on the steann void 
fract ion. Resu l t s of autoclave and dynamic co r ro s ion 
studies of 2-S Al in HjO a r e r e p o r t e d . These r e s u l t s 
include the tes t ing of Ni-c lad s a m p l e s . 

1554. Argonne National Labora to ry 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT ON THE POWER REACTOR PROGRAM, 
Jan. I through Mar . 31, 1955, ANL-5461 (1955), 
124 p. 

Construct ion drawings and specif icat ions have been 
completed for the building and power plant of the 
Exper imen ta l Boiling Water Reactor ( E B W R ) . The 
design of the p r e s s u r e ves se l has been evaluated 
for safety in case of in ternal explosion. The r e su l t s 
of s t eam pipe rupture s tudies and t e s t s of impur i ty 
c a r r y - o v e r in the boiling p r o c e s s a r e r epor t ed . 

1555. Argonne National Labora to ry 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT, April 1, 1955 through June 30, 1955, 
ANL-5471 (1955), 173 p. 

Development of the thernnal power r eac to r p r o g r a m 
is s u m m a r i z e d . A connplete conceptual design study 
is given for a nuclear power plant for lOO-kw e l e c 
t r i c and 400-kw heat capaci ty . Calculat ions were 
made to evaluate the inherent safety of 20-Mw 
DjO-cooIed and modera ted EBWR-type boiling r e 
a c t o r s . The effects of rapid and slow, but l a r g e , in 
c r e a s e s in reac t iv i ty a r e sumnnarized. Heat t r ans fe r 
t e s t s include studies of the mult ichannel na tu ra l c i r 
culation boiling densi ty at 600 psig, a d i scuss ion of 
the r ep resen ta t ion of average voids in boiling length 
with m e a s u r a b l e p a r a m e t e r s , no rmal i zed plots of 
void dis t r ibut ion along the boiling length, local boi l 
ing p r e s s u r e drop in round and rec tangular ve r t i c a l 
channels , and burnout heat flux for wi res in c r o s s -
flow at a tmospher i c p r e s s u r e . 

1556. Argonne National Labora tory 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT July, Aug,, Sept., 1955, Section II,AN1^5511 
(1956), 186 p. 

Exper imenta l Boiling Water Reac to r . The boiling 
water co r ros ion of Zi rcaIoy-2 clad s t a in less s teel 
th imbles is shown. Calculated heat generat ion and 
t h e r m a l s t r e s s e s in the p r e s s u r e ves se l wall for 
each type of t h e r m a l shielding a r e tabula ted. The 
mechanica l a r r a n g e m e n t of the t h e r m a l shielding is 
given. The r eac to r water purification systenn is d i s 
cussed . A schemat ic flow d iag ram of the air drying 
and fluid r ecove ry sys tem is given. Es t ima ted flows 
in this sys t em a r e also given, and the opera t ion of 
the sys tem is brief ly d i scussed . Supporting and 
Al te rna te Design R e s e a r c h and Development. The 
design of a boiling DjO r eac to r is briefly d i s c u s s e d . 
Data given on boiling heat t r ans fe r s tudies include 
the ra t io of s t eam- to - l iqu id velocity as a function of 
the var iab le inlet t e m p e r a t u r e , power, flow, and 
p r e s s u r e . The analyt ical and exper imenta l s tudies 
made of the 600 ps i , u n r e s t r i c t e d , s ingle-channel 
c i rcu la t ion loop (Armadil la) a r e desc r ibed , and p r e 
l i m i n a r y data a r e plotted. These plots show modified 
Mar t ine l l i -Ne lson fac tors as a function of slip ra t io 
and exit and local void fract ion. Data f rom single 
channel forced and na tu ra l c i rcu la t ion boiling densi ty 
t e s t s at 150 psig a r e sumnnarized. Slip ra t ios a r e 
a lso plotted as a function of inlet water veloci ty at 
150 and 250 psig, indicating that the re is no s ignif i 
cant p r e s s u r e effect on the s l ip r a t io pa t t e rn in going 
f rom 150 to 250 psig. 
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1557. Argonne National Labora tory 

REACTOR ENGINEERING DIVISION QUARTERLY 

REPORT, Oct., Nov., D e c , 1955, Section I, ANL-5561 

(1956), 169 p. 

Experimental Boiling Water Reactor . An analyt ical 
prediction was made of the natural c i rcula t ion p e r 
formance of EBWR at 600 psig. Calculat ions were 
also made to determine whether simple changes in 
the r i se r length and/or geometry would favorably 
affect EBWR performance. Complete r e su l t s a r e 
given in graphical form. The boiling water c o r r o 
sion of ZircaIoy-2 is shown. The thermocouples to 
be used for measurement of vesse l t e m p e r a t u r e s a r e 
shown. The final designs for the p r e s s u r e vesse l 
shock springs a re shown and a load-deflection d ia 
gram is given. The g a m m a - r a y flux and c o r r e s p o n d 
ing heat generation in the D20-moderated EBWR are 
listed. Boiling heat t ransfer studies were made . 
Riser studies indicate that r i s e r height is not too 
important a parameter in influencing the ra t io of 
velocities of s team and liquid. Data a r e given on 
the p ressu re drop result ing from 2-phase flow. The 
transient behavior of the mult i -channel natural c i r 
culation loop is d iscussed. Single-channel u n r e 
str icted and res t r ic ted natural c i rculat ion boiling 
studies are summarized in detai l . Data showing the 
relationship between power density, voids, quality, 
recirculat ion flow, p r e s s u r e , and geometry for boi l 
ing systems are given in both tabular and graphical 
form. P r e s s u r e drop measuremen t s a r e included, 
and an analytical method of calculating natural c i r 
culation performance is outlined. The sources of 
e r ro r in steam void measuremen t s a r e evaluated. 
A heating power source, which is to be used to d e 
termine experimentally the physical response of 
reactor components during a power excurs ion , is 
described. 

1558. Argonne National Laboratory 

REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT: Jan.. Feb. , Mar. . 1956. Section I. ANL-5571 
(1956), 174 p. 

Advanced Water Reactor P r o g r a m . Fuel plate d i 
mensional changes necessi ta ted the calculation of r e 
vised thermal data. These new data a r e given along 
with the assumptions made in the ca lcula t ions . Boi l 
ing heat t ransfer studies associa ted with the EBWR 
were continued. Natural c i rculat ion boiling in single 
and multiple channels at 600 psig was invest igated. 
Phase velocities, void effects, and friction factors 
a re plotted. An analysis of the e lec t r ica l c h a r a c t e r 
is t ics of the power supplies used in those s tudies i s 
also presented. Fission product activity buildup and 
decay in HjO and steam, HjO decomposition, and r e 
activity changes due to fission products and burnup 
were analyzed. Additional h igh- tempera tu re HjO 
corrosion data on U and Al alloys a r e repor ted for 
various pH values, Hj concentrat ions, and flow 
velocities. 

1559. Argonne National Labora to ry 
REACTOR ENGINEERING DIVISION QUARTERLY 
REPORT-SECTION II, July, August . Sep tember , 
1956, ANL-5657 (1956), 69 p . 

Exper imenta l Breede r Reactor IL A study was made 
of the coolant flow c h a r a c t e r i s t i c s of the p r i m a r y 
s y s t e m . A schemat ic d i ag ram of the s y s t e m is 
shown, and flow r a t e s and p r e s s u r e d rops in the s y s 
t em a re shown graphica l ly . Data a r e a lso included 
on pump rec t i f ie r vo l tages . I l lus t ra t ions a r e given 
of the pumps for the heat t r an s f e r systenns. A p r e 
l iminary tes t was made of the 5 000-gpm Na pump 
using H2O as the c i rcula t ing fluid. A pump efficiency 
of 79% was obtained at the design flow r a t e . A tes t 
facility was cons t ruc ted to de t e rmine the p e r f o r m 
ance of a low-mel t ing al loy, gas tight sea l for the 
rotat ing plugs . 

1560. Technische Hogeschool , Eindhoven, 
Nether lands 

RESEARCH PROGRAMME ON HEAT TRANSFER IN 
A BOILING WATER REACTOR, Q u a r t e r l y Report 
No. 1. December I960. EURAEC 105 (Jan. . Feb . . 
Mar . . 1961), 43 p. 

Act ivi t ies in a p r o g r a m m e to invest igate heat t r ans fe r 
and stabi l i ty in a boiling water c i r cu i t a r e desc r ibed . 
Included a r e desc r ip t ions of the p r e s s u r i z e d boiling 
loop and the a tmosphe r i c p r e s s u r e g lass loops in 
opera t ion . Resul t s of p r e l i m i n a r y expe r imen t s on 
Halden r e a c t o r fuel e l em en t s concerning heat l o s se s 
and en t rance l o s s e s a r e included. 

1561. Technische Hogeschool , Eindhoven, 
Nether lands 

RESEARCH PROGRAMME ON HEAT TRANSFER 
IN A BOILING WATER REACTOR, Q u a r t e r l y 
P r o g r e s s Report No. 2, EURAEC-158, Apr i l . May. 
June 1961, 10 p. 

The development of m e a s u r i n g methods for d e t e r 
mining va r i ab l e s such as void fract ion, power, p r e s 
s u r e , c i rcula t ion r a t e , and t e m p e r a t u r e under non-
steady conditions in a boiling water c i rcu i t is sti l l 
under way. The capaci tance gage for measu r ing the 
void fract ion was fur ther improved by using an outer 
e lec t rode consis t ing of four smal l p la tes ins tead of 
one of cyl indr ica l form. A p r e s s u r e gage for m e a s 
uring differential p r e s s u r e s up to 25 cm water head 
with line p r e s s u r e s of 30 a t m o s p h e r e s was con
s t ruc ted using a lso the capaci tance method. E x p e r i 
ments were c a r r i e d out with a model of the f i rs t core 
loading of the Halden r e a c t o r nneasuring the void 
fraction and c i rcu la t ion ra te as a function of power 
and p r e s s u r e up to 30 a t m o s p h e r e s and a heat flux 
of 1200 kw/m^. In s eve ra l conditions l a r g e var ia t ions 
in the p r e s s u r e signal were p resen t with a frequency 
of about 0.8 Hz and an ampli tude of ±50 c m water 
head. Under normal conditions the boiling noise 
f requencies as m e a s u r e d with a fast p r e s s u r e gage 
had an upper l imit for this model of about 10 Hz with 
ampl i tudes of about 8 cm water head. During the e x 
p e r i m e n t s a burnout of the heating elennent o c c u r r e d 
at a heat flux of 1200 kw/m^ at 110°C. The r e s u l t s 
will be further analyzed in the next q u a r t e r l y r e p o r t . 



REACTOR HEAT REMOVAL 

1562. Argonne National Labora to ry 

THE EXPERIMENTAL BOILING WATER REACTOR 
(EBWR), ANL-5607 (1957), 236 p. 

The final des ign of the EBWR is desc r ibed in de ta i l . 
The opera t ional c h a r a c t e r i s t i c s of the r eac to r and 
s team plant a r e given. Component desc r ip t ions a r e 
included for the r e a c t o r , the s t e a m plant, the aux i l 
i a ry s y s t e m s , ins t rumenta t ion , cont ro l systenns. 
control a r r a n g e m e n t , e l ec t r i c a l genera t ion and d i s 
tribution sys t em, and building and building s e r v i c e s . 



TWO-PHASE FLOW 

1563. Armand, A. A., and Nevstruyeva, Ye, I. 

STUDY OF THE MECHANISM OF MOTION OF A 
TWO-PHASE MIXTURE IN A VERTICAL TUBE, 
Izv. VTI, Nr 2, 1950. 

1564. Bankoff, S. G. 

ENTRAPMENT OF GAS IN THE SPREADING OF A 
LIQUID OVER A ROUGH SURFACE, A. I. Ch. E. 
Journal 4, 24-6 (1958). 

Conditions for the incomplete displacement of gas 
from the valley between two para l le l r idges by a 
liquid-drop front advancing over the r idges a r e 
calcd. The significant pa r ame te r s a r e found to be 
the liquid d., surface tension, contact angle, and 
geometry of the r idges . The soln. can be obtained 
analytically or, more conveniently, graphical ly . 
Surface roughnesses a r e divided into 4 c l a s s e s , one 
of which can stably switch from l iquid- to-gas fill, 
and another vice ve r sa . Surfaces consist ing p r e 
dominantly of cavities a re more likely to follow 
these considerations than grooved sur faces , owing 
to displacement of gas by advance of liquid along 
the grooves. An example in boiling and cavitation 
theory is worked out, and qual. agreement with the 
l i terature is shown. 

1565. Bankoff, S. G. 

A VARIABLE DENSITY SINGLE FLUID MODEL 
FOR TWO-PHASE FLOW WITH PARTICULAR 
REFERENCE TO STEAM WATER FLOW, J . Heat 
Transfer 82, 265 (I960). 

A phys. model has been proposed for the bubble 
flow regime of liquid-gas flow which is in good 
agreement with the important features of the 
process . Some interest ing questions a r e r a i s ed 
by this model: The flow pa ramete r a s s u m e s 
different forms for flow in c i r cu la r pipes and 
ftir flow between 2 flat p la tes . The equiv. d iam. 
concept has been justified exptl. for s ingle-
phase turbulent flow, although some deviation has 
beenobservedfornar row wedge-shaped passages 
in which the laminar sublayer is re lat ively thick. 
It has not been demonstrated, however, that the 
equiv. diam. concept is equally valid for 2-phase 
turbulent flow. The wall has been assumed to be 
wetted by a liquid, so that the void fraction at the 
wall itself is zero. However, if the vapor is being 
generated at the waUs, as in boiling channels , 
some fraction of the wall will be in continuous 
contact with the bubbles. These bubbles may act 
as addnl. roughness, so that the p r e s s u r e drop 
character is t ics could be different than for nonboiling 
channels under the same flow conditions, but this 
has not been resolved. 

^566. Behringer, Hans 

THE FLOW OF LIQUID GAS MIXTURES IN VER
TICAL TUBES, Zeitschrift fur die gesamte kSlte 
Industrie, 43, 55-8 (1936). 

The charac ter is t ics of flow of l iquid-gas mix tu res 
m large pumps and ver t ical - tube boi lers is explained 
by resolving the velocity with which bubbles move 

through the tube into i ts two componen ts . The or ig in 
and behavior of these components a r e d e s c r i b e d . 

1567. B e r e t s k y , I, 

TWO-PHASE FLOW IN THRUST BEARINGS. P a r t 1 -
Der ivat ionof Equat ions . Technica l Repor t . Mechan
ical Technology Inc. , La tham, N. Y., MTI-62TR9 
(1962), 40 p. 

The governing equations a r e der ived for an externa l ly 
p r e s s u r i z e d vapor th rus t bea r ing in which condensa
tion of the lubr icant occu r s on one of the su r faces due 
to an imposed t e m p e r a t u r e d i f ference . The analysis 
involves two different problenns, depending on 
whether the cooled sur face is e i ther the bea r ing or 
the runner . Fo r the case of the cooled runne r , the 
problem involves condensat ion on the rota t ing s u r 
face; the vapor enter ing through the nozzle begins 
condensing on the rotat ing su r face ; subsequent ly , 
the condensate is continuously pumped out rad ia l ly 
due to the shear s t r e s s of the vapor resu l t ing from 
the rad ia l p r e s s u r e gradient and the centr i fugal force. 
The second problem is the case in which the bear ing 
is cooled. Here the gas phase is adjacent to the r o 
tating sur face . The subs tant ia l difference between 
this case and the cooled runner case is that t h e 
iner t i a l t e r m s of the liquid phase a r e significantly 
sma l l e r since the liquid film is not condensing on 
the rotat ing su r face . 

The equations of motion for the liquid phase in the 
case of condensat ion on the ro ta t ing sur face cannot 
exclude the effect of the ine r t i a l t e r m s . Fo r the 
liquid phase equat ions , it is shown that for a th rus t 
bear ing the force due to the rad ia l p r e s s u r e gradient 
must be cons idered and not neglected compared to 
the centr ifugal fo rce . The ana lys i s p resen ted in 
this r epor t r educes the governing equations to a set 
of four s imul taneous f i rs t o r d e r nonl inear differential 
equations which can be solved by n u m e r i c a l in tegra
tion. The ana lys i s has definite appl icat ions in heat 
t r a n s f e r , e.g. , space c o n d e n s e r s . Also, the analysis 
includes s imul taneous effects of m a s s , energy , and 
momentum coupling for a two phase fluid in a thrus t 
bea r ing . 

1568. Bergel in , O. P. 

FLOW OF GAS-LIQUID MIXTURES, Chemical 
Engineer ing ^ , 104-6 (1949). 

P r o g r e s s in the field is s u m m a r i z e d by outlining the 
scope of gas - l iqu id flow, reviewing the p resen t co r 
re la t ion , and indicating what may be expected in 
future deve lopments , 

I_5^ . Be r tuzz i , A. F . . Tek, M. R., and 
Poet tmann, F . H. 

SIMULTANEOUS FLOW OF LIQUID AND GAS 
THROUGH HORIZONTAL P I P E , Jou r . Pe t . Tech. , 
_8, 17-24 (Jan. 1956). 

P rob lem of t r anspor t ing oil and gas toge ther in 
common pipe from oil field to p r o c e s s i n g plant; 
method for predict ing p r e s s u r e drop for two-phase 
fluid flow in hor izonta l p ipes ; method reduced to 
simplified graphical p rocedu re , sui table for field 



TWO-PHASE FLOW 

1570. Borg , S. F . 

SIMILARITY SOLUTIONS IN FLUID-GAS DYNAMICS, 
Amer . J . Phys.,_28_, 336-339 (April I960). 

Following a br ief d i scuss ion of the genera l appl ica
bility of s i m i l a r i t y t r ans fo rma t ions in solving fluid -
gas dynamic problenns, ce r t a in specific p rob l ems 
solved in this m a n n e r a r e d e s c r i b e d . 

1571. B r a u e r , H. 

CHARACTERISTICS OF TWO PHASE FLOW IN REC
TIFICATION IN PACKED COLUMNS, Chem. Ing. 
Tech. , 32, 585-90 (1960). 

Respect ive vapor and liquid c o u n t e r c u r r e n t flow b e 
havior i s analyzed by nneans of d imens ion less no. 
r e l a t ions . Exptl . data a r e p resen ted , and 4 f low-rate 
zones a r e dis t inguished, c h a r a c t e r i z e d by intensi ty 
of liquid loading. 

1572. B r iggs , L. J. 

MAXIMUM SUPERHEATING OF WATER AS A MEAS
URE OF NEGATIVE PRESSURE, J . Appl. Phy. Z6_, 
1001-03 (1955). 

Water superhea ted to the l imit in an open tube de 
velops an in te rna l negat ive p r e s s u r e Pn (tending to 
t ea r the molecules apar t ) equal to the sa tu ra t ion 
vapour at that t ennpera tu re , l e ss one a t m o s p h e r e . 
Kendrick, Gilbert and Wisner heated water in an 
open thin-walled cap i l l a ry U-tube to 270°C for 5 sec 
before it exploded (Pn = 53 atnnos). Using thei r 
method, the w r i t e r heated t h r e e tubes to 264. 266 
and 267°C for 5 sec or nnore before explosion oc
cu r red (Pn = 48 to 51 a t m o s ) . The cohesive s t rength 
of water is thus sufficient to withstand an in te rna l 
negative p r e s s u r e of over 51 a tmos at 267''C. At 
this t e m p e r a t u r e an addit ional negative p r e s s u r e 
(applied external ly through centr ifugal force) would 
rupture the water colunnn. It has been pred ic ted 
from van der Waa ls ' s equation that the ex te rna l 
negative p r e s s u r e which the sys tem could withstand 
would vanish at 273''C, in fair a g r e e m e n t with 
exper iment . (Sci. Abst . 68-8693) 

1573. Brown, R. A. S., and Govier , G. W. 

HIGH-SPEED PHOTOGRAPHY IN THE STUDY OF 
TWO PHASE FLOW, Can. Jou r . Chem. Eng. , ^ 9 , 
159-64 (1961). 

Some of the poss ib le appl icat ions of h igh-speed 
photography in the study of 2 -phase , 2-fluid flow 
are outlined. 

1574. Brown, W. S. 

UNSTEADY STATE FLOW OF STEAM FROM A HIGH 
PRESSURE SYSTEM, ORNL-1604 (1953). 

1575. Campbel l , I. J . , and P i t c h e r , A. S. 

SHOCK WAVES IN A LIQUID CONTAINING GAS BUB
BLES, P r o c . of the Royal Society of London, Se r i e s A, 
243, 534-545 (1958). 

Considera t ions of continuity, momentum and energy 
together with an equation of s ta te a r e applied to the 
propagat ion of plane shock waves in a gas + liquid 
mix tu re . The shock-wave re la t ions a s s u m e a 

pa r t i cu l a r ly s imple form when the t e m p e r a t u r e r i s e 
a c r o s s a shock, which is shown to be smal l for a v e r y 
wide range of conditions, is neglected. In p a r t i c u l a r , 
a s imple re la t ion e m e r g e s between the shock-
propagat ion speed and the p r e s s u r e on the high-
p r e s s u r e side of the shock, the densi ty of the liquid 
and the re la t ive p ropor t ions , by m a s s and volume, 
of gas and liquid in the mix tu re . It is shown.from 
entropy cons idera t ions that a ra re fac t ion wave can
not propagate itself without change of form, and it i s 
argued that a compress ion wave can be expected to 
s teepen into a shock wave. Considera t ion of the 
col l is ion between two no rma l shock v/aves, moving 
in opposite d i r ec t ions , sugges ts that the s t reng ths of 
the two shocks a r e una l te red by the in te rac t ion b e 
tween t h e m . This imp l i e s , in p a r t i c u l a r , that , when 
a shock impinges normal ly on a plane wal l , the 
p r e s s u r e ra t io a c r o s s the ref lec ted shock is equal to 
that a c r o s s the incident shock. When the m a s s ra t io 
of gas to liquid in the mix tu re is allowed to tend to 
infinity, the var ious shock-wave re la t ions for a m i x 
t u r e , der ived with the t e m p e r a t u r e r i s e a c r o s s the 
shock neglected, a s sume the same l imiting form as 
the cor responding re la t ions for a perfect gas when 
the ra t io of specific heats tends to unity. The theo
r e t i c a l d i scuss ion has been i l lus t ra ted by e x p e r i 
ments with a smal l gas + liquid mix ture shock tube . 
Sannples of the r e c o r d s , obtained when the passage 
of a shock changes the amount of light t r a n s m i t t e d 
through the mix ture to a photoelectr ic ce l l , i l l u s t r a t e 
the steepening of a compress ion wave and the f la t ten
ing of a ra re fac t ion wave. Measurennents confirm the 
theore t i ca l re la t ion for the propagat ion speed of 
shock waves . Reasonably good exper imenta l confir
mation is a lso repor ted of the theore t i ca l predic t ions 
for the p r e s s u r e which a r i s e s following the n o r m a l 
impact of a shock wave on a plane wall . 

1576. C a r t e r , C. O., and Huntington, R. L. 

CONCURRENT TWO-PHASE UPWARD FLOW OF 
AIR AND WATER THROUGH AN OPEN VERTICAL 
P I P E AND THROUGH AN ANNULUS, Can. 
J . Chem. Eng., 39, 248-51 (1961). 

The concur ren t ve r t i c a l upward flow of a i r and HjO 
was studied at var ious r a t e s and a i r / H 2 0 r a t i o s in a 
2^ in. X 20 ft tube and in a l-j|- in. x 2-g- in annulus. 
P r e s s u r e drops and in-p lace ra t ios of gas to liquid 
c o r r e l a t e d data with cor responding flow types and 
p a t t e r n s . 

1577. Cast i l lo , J. R. 

STUDY OF TWO-PHASE FLOW IN PIPE BENDS, 
M. S. T h e s i s , M.I .T. , 1957, M.E. Dept. 

1578. Chamber la in , H. V. 

AIR LIFT PERFORMANCE AT LOW LIQUID RATES 
USING OVERSIZED PIPING AND LATERAL RUNS, 
ID014561 (1961), 19 p. 

The use of ove r s i zed piping in an a i r lift for t r a n s f e r 
ring solutions at r a t e s l e s s than 5 l i t e r s per hour was 
proven feasible with ce r t a in l innitations. Reliable 
opera t ion was a lso obtained with a i r lifts containing a 
l a t e r a l run inse r t ed between the point of a i r injection 
and the final d i scha rge point. D i scharge of the a i r 
l ifts, espec ia l ly at low liquid flows, was very e r r a t i c 
under the conditions studied. 
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1579. Choi , H., and Mikol, E. P . 

AN EXPERIMENTAL STUDY OF TWO-PHASE FLOW 
IN CAPILLARY TUBES, C a r r i e r Eng. Rep. , CDIOOI-

526 (1956). 

1580. Christ , C , Raeth, C , and Maure r , R. 

THE RELEASE OF GAS FROM SUPERSATURATED 
SOLUTIONS, CP-3063 (1945), 14 p. 

The rate of re lease of oxygen from supersa tu ra ted 
solutions has been determined as a function of the 
velocity of flow through smooth walled p ipes . The 
rate of re lease is approximately proport ional to the 
velocity of flow and the a rea of the inner surface of 
the pipe when the inner surface is not thoroughly 
wetted by the solution. The ra te of r e l ea se is 
negligible if the wall of the pipe is clean and wetted. 

1581 Clare, N. D. 

SUPERSATURATION OF GASES IN LIQUIDS, T r a n s . 
Roy Soc. Can. HI (3) 19, 32-33 (1925). 
Supersatd. solns. of 02 up to about 250 a tm. p r e s 
sure on re lease of p r e s s u r e somet imes formed 
clouds of bubbles in the liquid away from the wal l s . 
A metal hydraulic gage and a glass capi l lary of 
0.3 mm. bore provided with a magnetic s t i r r e r were 
used. (CA-20-319-9) 

158Z. Darby, R. 

MOMENTUM TRANSFER IN A TWO-PHASE LIQUID-
LIQUID SYSTEM IN CO-CURRENT STRATIFIED 
FLOW, Ph.D. Thesis , Rice Univ. (1962), 154 pp. 

1583. Edenholm, H. 

A MODEL EXPERIMENT AT THE STEAMHEAT 
INSTITUTE TOUCHING THE BEHAVIOR OF CUR
RENTS IN BOILERS; WATER CIRCULATION IN 
HORIZONTAL STEAM BOILER TUBES AND THE 
CURRENT OF GASES IN ELECTRO FILTERS, 
Tidskrift for Teknisk-Vetenskaplig Forskning, 72-85 
(1938). 

Model experiments on a small scale in the labora tory 
for the obtaining of data on water and gas c i rcula t ion 
through pipes are suggested, descr ibed and i l lus 
trated by specific examples, with special emphas is 
on the economic advantages to be derived t he re f rom. 
For the investigation of gas cu r r en t s in e lec t ro 
fi l ters, a special apparatus is descr ibed and i l l u s 
trated by a d iagram. The through-flow veloci t ies 
a re shown in graphs . 

1384. Einstein, H. A., and Sibul, O. 

OPEN CHANNEL FLOW OF WATER-AIR MIXTURES, 
Am. Geophysical Union. T rans , 35, 235-242 
(Apr. 1954). 

Problem is analyzed in analogy with that of sediment 
t ransport ; vertical distribution of a i r in turbulent 
water mass was found to follow laws of suspension; 
change of flow velocity and flow depth predicted theo
retically as function of air concentration; predicted 
relationship checked by measurements in model 
channels. 

1585. Engen, J . N. 

INTERACTION BETWEEN A TURBULENT AIR 
STREAM AND A MOVING WATER SURFACE, 
MS T h e s i s , Univ. of I l l inois , (1956). 

1586. Faddeev, I. P . 

THE DETERMINATION OF THE VELOCITY OF A 
DROP OF CONDENSATE OF AVERAGE SIZE IN A 
FLOW OF SATURATED STEAM, Inzhen-f iz . Zh. 
(USSR), ±, 56-60 (1961). 

To ca lcula te the loss of energy of mois t s t eam in 
t r anspor t ing wate r drops of ave rage s ize it is n e c 
e s s a r y to ca lcula te the veloci ty of these d rops ca r r i ed 
by a s team flow. The velocity of the water d rops is 
de te rmined by solving a different ia l equation making 
var ious a s sumpt ions . A c o m p a r i s o n of ca lcula t ions 
according to the given formulae for P = 1033 at , 
t = 100°C shows a grea t difference in the r e s u l t s ob
tained. Special expe r imen t s a r e needed to de te rmine 
the actual velocity in the turbine s t a g e . 

1587. F o r s t e r , H. K. 

DIFFUSION IN A MOVING MEDIUM WITH TIME-
DEPENDENT BOUNDARIES, J . of AIChE, _3.. 535-38 
(1957). 

A method is developed for the analyt ica l solution of 
diffusion in a moving medium, and is applied to the 
analysis of par t i a l and approx imate solutions p r e 
viously p resen ted for the one-d imens iona l case of a 
spher ica l cavity in a liquid with rad ia l boundary 
motion induced by evapn. 

1588. Fu r th , R. 

THEORY OF THE LIQUID STATE. 1. THE STATIS
TICAL TREATMENT OF THERMODYNAMICS OF 
LIQUIDS BY THE THEORY OF HOLES. II. A P P L I 
CATION OF THE HOLE THEORY TO SUPER
SATURATED LIQUIDS AND SUPERSATURATED SO
LUTIONS OF GASES IN LIQUIDS. P r o c . C a m b r . P h i l . 
Soc. 37, 252-80 (1941). 

Study covers s t a t i s t i ca l t r e a t m e n t of the rmodynamics 
of liquids by theory of ho les ; appl icat ion of hole-
theory to superhea ted liquids and superhea ted solu
tions of gases in l iquids; hole theory of viscous flow 
of l iquids . (CA-35-7255-3) 

1589. Gava las , G. 

STUDY OF A TWO-PHASE COMPRESSIBLE FLOW 
BY A "GROWING BUBBLE" MODEL, Bimonthly Re
port No. 11, TID-15429 (March 1962), 22 p . 

An examinat ion was made of vapor iza t ion in a s t e am-
water nnixture during flow through an a p e r t u r e . A 
physical desc r ip t ion of the vapor iza t ion p r o c e s s is 
p resen ted . The model used for the detai led ca lcu la
tion is also d e s c r i b e d . Equations of change for a 
growing bubble a r e given. Var ia t ion of p r e s s u r e with 
t ime is d i s cus sed . Calculat ions w e r e made of m a s s 
and momentum flow r a t e s . 
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1590. Gazley, C , J r . 

A PRELIMINARY INVESTIGATION OF TWO-PHASE 
FLOW, Univers i ty of De laware , Report No. T P F - 1 
(1947), 31 p. 

Due to the frequent o c c u r r e n c e of two-phase flow in 
indus t r ia l opera t ions a need exis ts for both e x p e r i 
mental and t heo re t i c a l invest igat ions of the phenom
ena accompanying two-phase flow. The l imiting 
conditions for the var ious types of flow and the i r 
dependence upon flow r a t e s and fluid p r o p e r t i e s a r e 
not known, and no sa t i s fac to ry p r e s s u r e - d r o p co r 
re la t ion is ava i lab le . 

The p resen t r e p o r t p r e s e n t s p r e l i m i n a r y data for 
two-phase flow in a hor izon ta l , ten-foot length of 
one-inch P y r e x pipe with sui table end boxes . 
Visual, photographic , and p r e s s u r e - d r o p o b s e r v a 
tions a r e r epo r t ed for the c o c u r r e n t flow of a i r and 
water . The a i r flow was var ied from 1.5 to 26 Ib /h r 
while the water ra te ranged from 0 to 416 I b / h r . Of 
severa l en t rance sec t ions which were t e s t ed in an 
attempt to obtain min imum init ial d i s tu rbance , the 
most sa t i s fac tory des ign consis ted of a l a r g e -
d iameter calming sect ion wi tha cone-shaped t r a n s i 
tion piece leading to the tes t sect ion. P r e s s u r e -
drop data for the "s t ra t i f ied" flow of water and a i r , 
and the l imi ts for the ini t iat ion of flugging flow a re 
repor ted . 

Semi- theore t i ca l equations a r e p re sen ted for the 
p r e s s u r e drop in t e r m s of the flow r a t e s , fluid 
p rope r t i e s , and pipe d i a m e t e r . These equations 
r ep re sen t the data of the p r e sen t invest igat ion 
more closely than do the emp i r i c a l method of 
Mart inel l i , Boe l t e r , et a l . The emp i r i c a l X-function 
of the la t ter inves t iga to r s can be pred ic ted by means 
of the new equat ions, and the compar i son between 
the empi r i ca l and t heo re t i c a l functions is reasonably 
good. The fact that the p r e s s u r e - d r o p data of the 
California inves t iga to rs a r e consis tent ly higher 
than those of the p r e sen t invest igat ion is bel ieved 
to be due to d i f ferences in en t rance sec t ions . 

Future work will include p r e s s u r e - d r o p m e a s u r e 
ments at higher a i r - w a t e r flow r a t e s and for a i r - o i l 
mix tu res , fur ther development of t heo re t i ca l 
formulat ions, h igh-speed photographic study of 
flow i r r e g u l a r i t i e s , and velocity surveys in both 
phases . Mass and heat t r a n s f e r will be studied 
when reproducib le s teady flow conditions a r e 
obtained. 

1591. Gazyan, G. S. 

CHARACTERISTIC THEORY OF THE MOTION OF 
TWO-PHASE MIXTURES IN VERTICAL TUBES, 
Neftyanoe khozyais tvo, (Petroleunn Economy), 
Nr '8-9 (1950). 

1592. Gebhardt , G. P . 

FORMULAS FOR THE FLOW OF STEAM IN PIPES, 
Power , 22, 377-381 (1907). 

A compar i son of accepted f o r m u l a s , with cu rves 
showing the drop in p r e s s u r e for different pipe s izes 
and ve loc i t i e s . 

1593. Ge l l e r , W. 

ON THE THEORY OF DEGASSING OF LIQUID 
METAL BY SCAVENGING GAS, T rans l a t ed from 
Z. Metallk. , JJ_, 213-17, N P - t r - 1 1 0 (1943). 

A genera l theore t i ca l t r ea tmen t of the r emova l of 
d issolved gases from liquid me ta l s by a scavenging 
gas is given. It is a s sumed that the gas phase and 
me ta l phase a r e in equi l ibr ium so that the l imi t s 
which can be at tained in p rac t i ce a r e es tab l i shed . 
The laws a r e der ived for gas r emova l by scavenging 
with bubbles of finite s ize , for diffusion in one 
gaseous volume only, and for scavenging with infi
nitely sma l l bubbles . Application of the theory to 
r emova l of CO2 from H2O by air and r emova l of N2 
from steel by CO is de sc r ibed . (NSA 12-13149) 

1594. Golde , G. E. 

FLUID FLOW PHENOMENA IN NATURAL CIRCU
LATION, Ph.D. Thes i s , U. of Dela. , 68 pp. 
(June 1953). 

1595. Golden, G. E . 

FLUID FLOW PHENOMENA IN NATURAL CIRCU
LATION VERTICAL TUBE BOILERS, D i s se r t a t i on 
A b s t r a c t s , _22, 3564 (Apr. 1962). 

R e s e a r c h was ini t iated in o rde r to gain a knowledge 
of the phenomena assoc ia ted with the flow of boiling 
fluids in tubes . Two 6-ft heat t r an s f e r tubes , 0.75 in. 
ID and 1.00 in. ID, respec t ive ly , were fabr ica ted from 
b r a s s . The fluids in the tubes , methanol , cyclohexane, 
benzene, n-pentane , and n-hep tane , were vapor ized by 
heat t r an s f e r oil which passed through an annular 
space formed by the tube and a 2.5 in. ID b r a s s pipe. 
F r ic t ion fac tors were calcula ted assuming homoge
neous flow and plotted vs the ave rage gas phase Rey
nolds n u m b e r . With the aid of a d imens ion less group, 
it was poss ible to c o r r e l a t e all the frict ion factor data 
obtained. A flow pat tern is proposed for ve r t i c a l tube 
bo i l e r s operat ing between 0 to 100% quali ty. At the 
low range of qua l i t i es , the flow type is homogeneous 
while at high ranges it is annular . Between these 
e x t r e m e s is a t r ans i t iona l r eg ionwh ich is difficult 
to c h a r a c t e r i z e . 

1596. Goodenough, G. A. 

SUPERSATURATION AND THE FLOW OF STEAM, 
Power 66, 466-469, 511-514 (1927). 

D i scusses amount of supe r sa tu ra t ion , if any, effect 
of supe r sa tu ra t ion on s tage efficiency, and p roper 
design of nozzles and buckets to take account of 
supe r sa tu ra t i on . 

1597. Gosl ine, J. E . 

EXPERIMENTS ON VERTICAL FLOW OF GAS-
LIQUID MIXTURES IN GLASS PIPES, T r a n s a c t i o n s 
of the A m e r i c a n Insti tute of Mining and Meta l lu rg ica l 
Eng inee r s , U S , 56-70 (1936). 

P a p e r const i tu tes par t of m a t e r i a l on study of appl i 
cabil i ty of data on single bubble motion to sl ippage 
fac to r s , conducted at Univers i ty of California and 
forming bas i s of Ph .D. t h e s i s ; motion of single bub
b l e s ; non-flow m i x t u r e s of a i r and l iquids; pumping 
e x p e r i m e n t s ; re levancy to oil well gas- l i f t pumping 
is indicated. 
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1598. Govier, G. W., and Omer , M. M. 
THE HORIZONTAL PIPELINE FLOW OF AIR-
WATER MIXTURES, Paper P re sen t ed at the Joint 
AIChE-C.I.C. Meeting. Cleveland, Ohio, May 7 to 
10. 1961. 

1599. Grassmann, P . , and Lema i r e , L. J. 
GRAPHICAL PRESENTATION OF TWO-PHASE 
FLOW PROCESSES, Chem. Ing. Tech.,_3£, 
450-4 (1958). 
A t rea t i se covering a graphical method to det . 
if a set of charac te r i s t ic numbers r e p r e s e n t s 
a complete set according to Langhaar [Dimen
sional Analysis and Theory of Models, 1951, 
166 pp. (C.A. 45, 6478d)], quant, presenta t ion 
in the triangle and the te t rahedron, units for the 
movement of a gas bubble in a liquid and of a 
liquid drop in a gas , and presenta t ion in spat ial 
rectangular coordinates . 30 r e f e rences . 

1600. Green, D. W. 

CONCURRENT TWO-PHASE FLOW OF LIQUIDS 
AND AIR THROUGH INCLINED PIPE, M.S . Thes i s , 
Univ. of Oklahoma (1959). 

1601. Gremilov, D. I. 

INVESTIGATION OF THE MOVEMENT OF A 
VAPOR-MERCURY MIXTURE IN TUBES, Trudy 
TsKTI (Transactions of the Centra l Scientific Re
search Institute forBoiler s and Turbines) , Book 23, 
1952. 

1602. Gresham, W. A., J r . , Fos t e r , P . A., J r . , and 
Kyle, R. J. 

REV. OF THE LITERATURE ON TWO-PHASE (GAS-
LIQUID) FLUID FLOW IN PIPES (Par t 1), Eng. Expt. 
Station, Georgia Inst, of Tech., WADC-TR-55-422 
(June 1955), 157 p. 

All available l i te ra ture on the subject of two-phase 
(gas-liquid) fluid flow was studied and the significant 
l i terature is summarized in this r epor t . 

Gas-liquid flow cam be classified into at l eas t seven 
different types of flow in horizontal ducts and five 
types in vert ical ducts. For a given combination of 
fluids, it is possible to roughly co r r e l a t e the flow 
types with the flow r a t e s . 

Most of the early workers uti l ized friction fac tor-
type relations in their abs t rac t s to co r r e l a t e the 
pressure drops and flow r a t e s . The f i rs t genera l ized 
relation was presented by Martinell i and coworkers 
who correlated the two-phase p r e s s u r e drop with that 
of the liquid or gas assumed to flow alone in the duct. 
Most subsequent invest igators have used modifications 
of this correlat ion. A few invest igators have at
tempted to solve relat ions based on the continuity, 
energy, and momentum equations. 

Abstracts of one hundred and eighty (180) r e fe rences 
are included. 

1603. Griffith, P . 

TWO-PHASE FLOW IN PIPES, M.LT. Summer 
School. 1958 Special P rogram in Heat T rans f e r . 

1604. G r o s s , F . 

INVESTIGATION OF THE DIFFUSION OF WATER 
VAPOUR IN HIGH BOILING POINT LIQUIDS, 
Z. Angew. Phys . , 9, 606-12. ( D e c . 1957), In G e r m a n . 

Desc r ibes expe r imen t s on Shell oil K8 and paraffin 
oil, both in the p r e s e n c e of the vapour alone and a lso 
when an iner t gas is p resen t at 20°C. The diffusion 
coefficients found a r e r a the r l e s s than for F r e n k e l ' s 
hole model , but in much be t t e r a g r e e m e n t than with 
calculat ions based on E y r i n g ' s fo rmula . 

1605. Gunn, D. J . , and Aitken, A. R. 

HYDRAULIC CHARACTERISTICS OF TWO PHASE 
COCURRENT FLOW THROUGH GLASS FIBERS, 
Can. J. Chem. Engr . , 29, 208-14 (1961). 

The mechan i sm of flow of a i r and wate r through 
packed g lass f ibers was s tudied. The p r e s s u r e dif
ference depends on the h i s t o ry of p rev ious gas and 
liquid flow r a t e s through the bed. The liquid holdup 
is defined en t i re ly by the gas and liquid flow r a t e s . 
A nneasure of the i r r e v e r s i b i l i t y of the flow operat ion 
is suggested. 

1606. Hafford, J. A. 

TWO-PHASE FLOW, C F - 6 3 - 5 - 1 1 2 (May, 1953), 11 p . 

Design c r i t e r i a for the ISHR gas s e p a r a t o r and for 
future two-phase flow p rob lems a r e sumnnarized. 

1607. Haney, P . D. 

THEORETICAL PRINCIPLES OF AERATION, J . Am. 
Water Works A s s o c , 46_, 353-76 (1954). 

A complete d i scuss ion of ae r a t i on and ae ra t ion p r in 
c ip l e s . Severa l f igures endeavor to explain gas 
absorpt ion and r e l e a s e , many ae ra t i on equations a re 
included, and the impor tan t influencing fac tors of gas 
exchange, such as t emp . , extent of agitat ion, film 
th ickness , depth of basin , e tc . , a r e d i s c u s s e d . The 
HjS-removal theory is given. The s ize of the air bub
ble is mos t impor tan t , and i ts format ion is studied. 
47 r e f e r e n c e s . (CA-48-6624a) 

1608 Hanrat ty . T. J . , and Engen, J. M, 

INTERACTION BETWEEN A TURBULENT AIR 
STREAM AND A MOVING WATER SURFACE. AIChE 
Jour , 3, 299-304 (1957). 
Var iab les explored in study were liquid flow r a t e , 
gas flow r a t e , and film height; data were co r re l a t ed 
in t e r m s of liquid and gas Reynolds no. ; th inner films 
or f i lms having lower Reynolds number were m o r e 
s tab le . 

1609. Hansen, R. S. 

FILM AND SUBSTRATE FLOW IN SURFACE 
CHANNELS, J . P h y s . Chem. 63, 637-8 , (Apr. 1959). 

The ma thema t i ca l solution of t r an s f e r r a t e in the 
t r ans f e r of monolayers in sur face channels is pe r 
formed by conventional hyd rodynamics . 

1610. Harvey, B. F . 

NATURAL CIRCULATION VELOCITIES IN A LONG-
TUBE VERTICAL EVAPORATOR, Ph .D. T h e s i s , 
Universi ty of Michigan (1951), 139 p. 
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1611. Harvey , B . F . , and Fous t , A. S. 

TWO-PHASE ONE-DIMENSIONAL FLOW EQUATIONS 
AND THEIR APPLICATION TO FLOW IN EVAPORA
TOR TUBES, Chemical Engineer ing P r o g r e s s , Sym
posium Ser i e s 49, No. 5. 91-106 (1953). 

A nnathennatical ana lys i s is p re sen ted in which equa
tions of s ta te , the energy ba lance , nnomentum ba lance , 
and an equation of continuity a r e connbined into a 
r a t h e r unwieldy equation which is solved by a method 
of i soc l ines . This gives a re la t ion between the peak 
t e m p e r a t u r e at ta ined in a long-tube ve r t i ca l evapora 
tor and the vapor -head t e m p e r a t u r e . This difference, 
elevation of boiling point due to the var ious heads that 
i nc r ea se the p r e s s u r e in the tube, is c o r r e l a t e d ve ry 
sa t i s fac tor i ly except in those conditions where the 
data indicate that sonic choking at the end of the tube 
would exis t . The ma thema t i ca l analys is is t es ted 
and found accura te ly applicable to exper imenta l 
data on a 20-f t - long, l l - r i n . - d i a m e t e r evapora tor 
tube covering a range of p r e s s u r e s below a t m o s 
pheric for p u r e - w a t e r boil ing. 

1612. Hershey , R. L. 

THE FLOW OF GAS-LIQUID MIXTURE IN PIPES, 
Massachuse t t s Inst i tute of Technology, Ph.D. Thes i s 
(1935). 

The purpose of this invest igat ion is to develop and 
tes t a method of calculat ing the mechan ica l energy 
ve loc i t i e soccur r ing in the flow of gas - l iqu id mix
tu res in p ipes . The type of flow pa r t i cu l a r ly 
cons idered is the ve r t i ca l upward flow of mix tu re s 
having a continuous liquid phase . The total loss 
in the flow of gas- l iquid mix tu re is a compound of 
two l o s s e s , one of which i n c r e a s e s with the ve 
locity, one of which d e c r e a s e s . The second is 
peculiar to this type of flow and is caused by a 
relat ive motion of the f luids. This re la t ive motion 
also in t roduces a compl ica t ion in the formulat ion 
of a continuity and loss equation which is of a s t a 
t i s t ica l na tu re and is not suscept ib le to d i r ec t 
m e a s u r e m e n t . Most m e a s u r e m e n t s have involved 
genera l re la t ions of this velocity and flow v a r i a 
b les . In the p r e sen t invest igat ion, continuity and 
energy equations have been der ived and a r e ex
p res sed in t e r m s of an exper imenta l ly de te rmined 
quantity, namely the gas- l iquid vo lumet r ic ra t io 
in the pipe. Dependence of this ra t io upon the flow 
var iable has been analyzed by the method of d i 
mensional ana lys i s . 

1613. Hibben, J . H. 

REMOVAL OF DISSOLVED GASES FROM LIQUIDS 
BY VACUUM SUBLIMATION, J. R e s . U.S. National 
Bur. of S tandards , J_, 97-104 (1929). 

A method of removing and collecting dissolved gases 
from liquids is d e s c r i b e d . It is poss ib le , through the 
application of the pr inc ip le of vacuum subl imat ion, 
to p r epa re ga s - f r ee liquids for use in the d e t e r m i n a 
tion of physical constants without apprec iab le loss 
of e i ther liquid or d isso lved g a s . Experinnental r e 
sul ts a r e p re sen ted which dennonstrate the p r a c t i c a 
bility of the method as well as its t heo re t i ca l 
l imi ta t ions . 

1614. Hoefer, K. 

UNTERSUCHUNG UBER DIE STROMUNGAVOR-
GANGE IN STEIGROHR FINES DRUGKLUFTWAS-
SERHEBERS, Zei tschr i f t des Vere ines deu t scher 
Ingenieure 57, 1174-82 (1913). 

This a r t i c l e is a r epo r t of an exper imenta l i nves t i 
gation of the pe r fo rmance of the a i r - l i f t pump. The 
per fo rmance of the a i r - l i f t pump is found to differ 
g rea t ly from theore t ica l p red ic t ions . The purpose 
of this invest igat ion is to provide an exper imenta l 
bas i s for calculat ion. 

It is found that the velocity of a i r in the stand pipe 
is grea t ly different from the velocity of wa te r , which 
accounts for the Low efficiency of this type of pump. 
Exper imenta l r e su l t s a r e presen ted in graphica l 
and tabular form. 

1615. Holden, J. B. , and Rowzee, E . R. 
ADIABATIC FLOW OF SATURATED WATER 
THROUGH HORIZONTAL PIPE , S. M. T h e s i s , Che. 
Eng. Dept. M.LT. 

1616. Hoogendoorn, C. J. 

GAS-LIQUID FLOW IN HORIZONTAL PIPES, Chem. 
Eng. Sci . 9. 205-217 (1959). 

Investigation of flow through hor izonta l pipes of 24 to 
140 mm diam and pipes of 50 mm having var ious d e 
g r e e s of roughness , for gas -o i l and g a s - w a t e r flow 
s y s t e m s ; flow pat te rn , p r e s s u r e drop and liquid 
holdup studied; experinnental nnethods and equipment; 
r e su l t s indicate flow pa t t e rns occur r ing with gas -o i l 
flow can be predic ted from one d i ag ram and that for 
g a s - w a t e r flow same d iagram with enlarged wave 
flow region to be used . 

1617. Houghten, L. E., Lincoln, R. L., and Ebin. L. 

CRITICAL VELOCITY OF STEAM AND CONDEN
SATE MIXTURE IN HORIZONTAL. VERTICAL AND 
INCLINED PIPES, T r a n s . A.S.H.A.V.E. 2 £ . 153-168 
(1924). 

Detai ls of exper iments made to obtain a thorough 
unders tanding and complete knowledge of fac tors 
enter ing into, and effects taking place when s team is 
sent through a pipe in which the re is a counterflow of 
condensa te . Effect of length and s ize of pipe and type 
of en t rance , upon c r i t i ca l veloci ty. 

. Evans , H. D., and 1618. Hughes, R. 
Sternl ing, S. V. 

FLASH VAPORIZATION - ANALYSIS OF FLUID 
MECHANICAL AND MASS-TRANSFER PROBLEMS, 
Chemical Engineer ing P r o g r e s s 49. No. 2, 78-87 
(1953). 

This paper d i s c u s s e s the genera l concepts of liquid 
a tomizat ion, d rop separa t ion , and flashing efficiency 
and the i r re la t ion to the design of the v a p o r i z e r , the 
t r ans f e r l ines , and the s e p a r a t o r . The concepts a r e 
developed semi-quant i ta t ive ly as a guide to fur ther 
development and design work on these flashing 
p r o c e s s e s . 
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1619. Hughmark, G. A. 

^ D U P AND PRESSURE DROP WITH GAS-LIQUID 
FLOW IN A VERTICAL PIPE, Ph.D. Thes i s . 
Louisiana State Univ., (I960), 96 pp. 

1620. Huntington. R- L. 

TWO-PHASE FLOW IN PIPELINES. Seminar 
delivered by the author at Universi ty of Oklahoma, 
May 10, 1954. 

1621. J ames . F . E.. J r . 

EXPERIMENTAL STUDY OF TWO-PHASE ONE-
COMPONENT FLUID FLOW IN CIRCULAR PIPES, 
Kansas State College of Agricul ture and Applied 
Science, M. S. Thesis (1950), pp. 58. 

The purpose of the study was to find a method to ca l 
culate the pipe size of equipment for car ry ing flashing 
fluids, using a knowledge of two-phase fluid frictional 
losses . 

The proposed method for calculation is based upon 
a relatively narrow range of water veloci t ies and 
liquid-to-vapor ra t ios . The straight l ines would 
be expected to curve upward (p re s su re drop ver t i ca l 
vs . per cent vapor horizontal) at higher vapor f r a c 
tions until they become asymptotic to all vapor phase 
flow lines. A semilogari thmic plot would probably 
be necessary since the velocity inc rease would p rob 
ably be multiples of the liquid velocity ra ther than 
fractions thereof. A calculation method of the type 
proposed has cer ta in advantages over any previously 
suggested; (1) No t r i a l and e r r o r calculat ions a r e 
involved for determining p r e s s u r e drop over speci 
fied length of line, (2) The same friction factor char t 
is used as for a single phase fluid. (3) The ca lcu la
tions a re algebraically s imple . The main disadvan
tages of this method is that a char t est imating the 
increase in velocity must be experimental ly found 
for each fluid. 

1622. James , W., and Silberman, E. 

TWO PHASE FLOW STUDIES IN HORIZONTAL 
PIPES WITH SPECIAL REFERENCE TO BUBBLY 
MIXTURES. Univ. of Minnesota Technical Paper 
No. 26. Series B (1958). 

1623. Johnson, A. I. 

CIRCULATION RATES AND OVER-ALL TEMPERA
TURE DRIVING FORCES IN A VERTICAL THERMO-
SYPHON REBOILER, Chem. Eng. P rog . Sym. Ser . , 
52_. No. 18, 37 (1956). 

Circulation ra tes and over-a l l t empe ra tu r e driving 
forces were measured by use of a s t eam-hea ted 
vertical thermosyphon reboi ler of s tandard design. 
The tube bundle contained ninety-six 1-in. 12-BWG 
carbon steel tubes 8 ft long. The inlet and outlet 
nozzles measured 6 and 10 in. I.D. The reboi ler 
was operated at heat fluxes up to 16,000 P .c .u . / (h r ) 
(sqf t ) . 

Temperature profiles through the cen t ra l tube of 
the bundle were observed by means of a t h e r m o 
couple probe. The profiles indicated that vapor iza 
tion did not occur until the liquid had passed through 
approximately one quar ter of the tube length. 

Circula t ion r a t e s could be pred ic ted fa i r ly successfu l ly 
by a modification of K e r n ' s method including the' ex 
is tence of a liquid zone and use of the two-phase 
p r e s s u r e - d r o p c o r r e l a t i o n of Mar t ine l l i and Lockhar t 
for the vapor iza t ion zone. 

A method is proposed for es t imat ing the o v e r - a l l 
t e m p e r a t u r e dr iving force (and hence o v e r - a l l heat 
t r an s f e r coefficients) co r respond ing to any heat flux 
value. The method p red ic t s the ex is tence of the 
liquid zone and u t i l izes exist ing c o r r e l a t i o n s for 
convection heat t r an s f e r to e s t i m a t e the coefficients 
for the vapor izat ion zone. The obse rved behavior 
of water and hydrocarbon support the proposed 
theory . 

The proposed methods for calculat ing c i rcu la t ion 
ra t e s and t e m p e r a t u r e dr iv ing fo rces c o r r e l a t e d 
much of the recent l abo ra to ry data of P i r e t and Isbin 
sa t i s fac tor i ly . 

1624. K a e m m e r l e n , C. J. 

VISUAL DETERMINATION OF THE CRITICAL RE
GION FOR TWO-PHASE TWO-COMPONENT FLOW, 
Univers i ty of Delaware , B. S. Thes i s (1947). 

This thes i s p r e s e n t s a study of two-phase co -cu r r en t 
flow in the c r i t i ca l region where the change from 
laminar to turbulent flow o c c u r s . Visual , photo
graphic , and p r e s s u r e - d r o p data a r e p re sen ted for 
a i r and water in the c r i t i c a l region in a hor izonta l 
ten-foot length of one- inch P y r e x pipe having a con
verging en t rance sect ion and an en la rged exit section. 

Methylene blue dye was injected into the wa te r 
through a nozzle pointing d i r ec t l y downs t r eam. The 
velocity of the dye streann was made as c lose as pos
sible to that of the main s t r e a m . When the dye s t r eam 
remained as a single th read , the flow was cons idered 
l amina r ; when the dye streann was broken up com
pletely, the flow was turbulent . The change from one 
type to the other was taken a s the v isual ly de te rmined 
c r i t i c a l point. Using this method, the study covered 
the range of a i r r a t e s fronn 1.5-26.0 Ib /h r and of 
water r a t e s f rom 0.321 I b / h r , 

It was found that the p r e s s u r e d rop in the gas phase 
i nc reased as the f i r s t power of the gas flow ra te at 
low gas ve loc i t i e s , but as approximate ly the second 
power of the gas flow ra te at high ve loc i t i e s . In 
this r e spec t the flow is analogous to the flow of a 
single phase . The change in slope which is taken to 
be caused by the t r ans i t ion from viscous to turbulent 
flow o c c u r r e d at the v isual ly de te rmined c r i t i ca l 
point. Also, the visual ly de te rmined c r i t i ca l point 
co r responded with the dip region of the superf ic ia l 
friction factor Reynolds number c u r v e . 

1625. Kaufman, H. 

THERMODYNAMICAL RELATIONS IN TWO COM
PONENT TWO PHASE SYSTEMS, Nature , 1_86, 299 
(Apr 23, I960). 

Jacobians a r e used to obtain in a s imple manner 
some thermodynannic p r o p e r t i e s of two-component 
two-phase s y s t e m s . 
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1626. Kaye, J . , and Rivas , M. A. 

EXPERIMENTAL AND ANALYTICAL STUDY OF 
TWO-COMPONENT, TWO-PHASE FLOW IN 
EJECTOR WITH CONDENSATION, A. S. M. E. , 
Paper 57 -HT-35 , for meet ing Aug 11-15, 1957. 
17 p. 

Studies of s imple jet pump with 2 C - 2 P flow of a i r , 
s team and wate r , with s imul taneous heat t r an s f e r and 
m a s s t r ans f e r p r o c e s s e s ; it is shown that 2 C - 2 P flow 
of a i r , s t eam, and water is analogous to s imple r 
compres s ib l e flows and that n o r m a l shocks should 
occur in this type of flow; simplified flow model for 
2C-2P flow used in predic t ing p r e s s u r e r i s e in 
normal shock in such flow. 

1627. Kennard, E. H. 

RADIAL MOTION OF WATER SURROUNDING A 
SPHERE OF GAS IN RELATION TO PRESSURE 
WAVES, The David W. Taylor Model Bas in , USN., 
DTMB-5I7 (September 1943), 38 pp. 

In the study of explosive p r e s s u r e waves , the 
theory of a sphere of gas expanding or contract ing 
under water is needed in two connections - in d i s 
cussing the motion of the gas globe produced by the 
explosive itself, and in cons ider ing the effect of 
bubbles in the wate r upon the propagat ion of p r e s 
sure waves . The re levant analyt ica l fornnulas a r e 
collected h e r e and d i s c u s s e d . The i r deduction is 
given in an appendix. 

The following topics a r e t r e a t e d : 

1. the per iod and form of the r ad i a l osc i l la t ions of 
a gas globe, and the p r e s s u r e and impulse thereby 
generated in the wa te r ; 

2. the effect of a p r e s s u r e v/ave upon a single gas 
bubble; 

3. the inve r se effect of a layer of bubbles in wa te r 
upon an incident wave of p r e s s u r e , which is par t ia l ly 
to reflect or s ca t t e r the incident wave, and to make 
the t ransnnit ted wave weaker but of longer durat ion; 

4. an exact t r e a t m e n t for the analyt ica l ly s imple 
case of weak waves of p r e s s u r e incident upon water 
containing bubbles of re la t ive ly smal l s ize; 

5. sca t te r ing by a single bubble. 

1628. Kholodovskii, G. E . 

NEW METHOD FOR CORRELATING EXPERIMEN
TAL DATA FOR THE FLOW OF STEAM-WATER 
MIXTURES IN VERTICAL PIPE , Teploenerge t ika 
£ , 68-72 (July 1957). 

New nnethod of genera l i za t ion of exper imenta l data 
regard ing flow of s t e a m - w a t e r mix tu re in ve r t i ca l 
tubes; use of d imens iona l ana lys i s for der iva t ion 
of new c r i t e r i o n equation, 

1629. Kleiman, I. Z. 

ON THE PROPAGATION OF STRONG DISCONTINU
ITIES IN A MULTI-COMPONENT MEDIUM, Applied 
Mathemat ics and Mechanics , ZZ, 268-278 (1958). 

Author c o n s i d e r s the kinds of d iscont inui t ies ad
mit ted by ideal (inviscid) c o m p r e s s i b l e flow equa
tions for a m u l t i - p h a s e medium with noninteract ing 

components . This p rob lem is of i n t e r e s t in connec
tion with the mechan ics of sy s t ems ranging from 
w a t e r - s a n d mix tu re s to liquid fuel -a i r m i x t u r e s . At
tention is r e s t r i c t e d to n-connponent s y s t e m s in 
which in tercomponent diffusion is negl igible; e .g. 
mul t i -component gas mix tu re s a r e excluded. A s s u m 
ing that the p r e s s u r e is the same within each phase , 
the equations for the conservat ion of m a s s and m o 
mentum of each component at a discontinui ty a r e ef
fectively wr i t ten in t e r m s of the dens i t i e s , ve loc i t i e s , 
and m a s s fract ions of each component and the p r e s 
su re on each side of the discont inui ty . Author ' s 
analys is of these re la t ions is la rge ly quali tat ive for 
s t rong discont inui t ies and quantitative for weak shock 
waves . 

In addition to the analogues of shock waves , contact 
d iscont inui t ies , and slip d iscont inui t ies of one-
component s y s t e m s , a nunnber of other kinds of d i s 
continuit ies can exist in n-component m i x t u r e s . 
Author demons t r a t e s the exis tence and p r o p e r t i e s 
of shock waves containing slip d iscont inui t ies with 
r e s p e c t to some components and of cons tant -
p r e s s u r e discont inui t ies with a n o r m a l flow of some 
components . It is shown that as many as 2n differ
ent sound veloci t ies may exist for an n-component 
nnixture. For a two-component sys tem explicit ex
p r e s s i o n s for these veloci t ies a r e obtained in t e r m s 
of the p rope r t i e s of the mix ture u p s t r e a m from the 
discontinui ty. As the nnass fraction of one component 
i s changed from zero to unity, the sound speed v a r i e s 
monotonical ly . For a mix ture of a dense substance 
with a high sound speed (solid or liquid) and a light 
substance with a low sound speed (gas), a ve ry smal l 
volume concentra t ion of gas will nea r l y reduce the 
sound speed of the nnixture to that of the g a s . 

1630. Konstantinov, N. N. 

HYDRAULICS OF TWO-PHASE FLOW AND ITS 
APPLICATION TO DESIGN OF AIRLIFTS, HYDRAU
LIC GATES, AND CIRCULATION IN VERTICAL 
WATER-TUBE STEAM BOILERS, Issledovaniye i 
p r imeneniye nefteproduktov (Resea rch and Applica
tion of Pe t ro l eum Produc t s ) , Nr 2, Gostopekhizdat 
(Pub. Hse . of P e t r o l , and M i n e r a l - F u e l Industry) 
(1950). 

1631. Koster i i S. I. 

HYDRAULIC RESISTANCES TO MOVEMENT OF 
GAS-LIQUID MIXTURES IN HORIZONTAL TUBES, 
Bullet in de I ' academie des Sciences de I'Union des 
Republiques Sovietiques Soc ia l i s t es , C lasse des 
sc iences techniques 1943, No. 11-12, 37-49 (1943). 

Flow of water and a i r - w a t e r mix tu re s in s teel pipes 
at Reynolds number s between 1000 and 250,000 was 
m e a s u r e d at var ious r a t i o s (r) of "a i r volume" to 
"HgO vo lume." The ra t io (A) of " r e s i s t a n c e to flow 
of m i x t u r e s " to " r e s i s t a n c e to flow of H2O i n c r e a s e s 
with r to 1.3-1.6 at r_ g r e a t e r than 1.5; at ve ry high 
Reynolds n u m b e r s , A was s m a l l e r . Pulsa t ions of 
a i r - w a t e r m i x t u r e s had a max imum intensi ty at 
r - 3, and a max imum frequency at r = 1, The pu lsa 
tions d e c r e a s e d at h igher r a t e s of flow. 
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1632. Kosterin, S. L. and Rubanovich. M. N. 
EFFECT OF SURFACE TENSION ON THE HYDRAU
LIC RESISTANCE AND THE STRUCTURE OF THE 
FLOW OF GAS-LIQUID MDCTURES IN PIPES, 
Izvestiya Akademii Nauk Soyuza Sovestkikh Sots i -
alisticheskikh Respublik, Otdelenie Teklnicheskikh 
Nauk 1949, 1085-93. 

Water-air mixtures of various concentrat ions were 
pumped through glass pipes at speeds varying from 
0.05 to 3 m / s e c . The surface tension of water was 
lowered in some cases by the addition of i soamyl -
alcohol. As long as no stable foam was formed, 
changing the surface tension by as much as a factor 
of 3 had no effect either on the hydraulic r e s i s t ance 
of a i r -water mixtures or on the nature of the 
laminar flow through the pipe. Lowering the s u r 
face tension increased the degree of d i spers ion of 
air in water and caused more foaming. When soap 
was added, stable forms were formed; and in 
these cases there was an appreciable inc rease in 
the hydraulic res is tance of the sys tem, viz . . by a 
factor of 1.5-3, depending on the soap concentrat ion 
and the ratio of air to water . The effect of such 
increases in hydraulic r e s i s t ance were d i scussed 
as they applied to the circulat ion of water in bo i le r s 
and heating sys tems . 

1633. Kraybill, R. R. 

AN INVESTIGATION OF BRIDGING VELOCITIES 
AND PRESSURE DROP FOR ISOTHERMAL 
COUNTERCURRENT FLOW OF GAS AND LIQUID 
IN VERTICAL WETTED WALL TUBES, Universi ty 
of Michigan, Ph.D. Thes is , 217 (1953). 

This investigation covered the determinat ion of the 
bridging point for various counte rcur ren t g a s -
liquid flow ra tes in ver t ica l wetted wall g lass tubes 
under approximately i so thermal conditions. Bridging 
is defined as the point at which, due to increas ing 
gas rate and interfacial shear , the liquid film be 
comes unstable enough to bridge a c r o s s the tube, 
creating a discontinuous gas phase with resu l t s 
s imilar to the familiar flooding of packed t o w e r s . 
Tests were made for effects of tube lengths, tube 
diameter , fluid sys tems . Also found were p r e s 
sure drop correlat ions effect of gas p rope r t i e s . 
effect of liquid proper t ies , a new bridging c o r r e l a 
tion, and the surface film stabil i ty. 

163i- Kraybill, R. R., and William, B. 

TWO-PHASE FLUID FLOW, Sym. Paper , A. I. Ch. E. 
Meeting, September 14, 1953. 

1635. Kutateladze, S. S. 

FLOW OF STEAM-LIQUID MIXTURE THROUGH 
PIPES AND GENERALIZED COORDINATES FOR 
ITS ANALYSIS, Sovetskoe Kotloturbostroenie. No 2 
19-26 (1946). 

This study offers concepts relat ive to the mechan i sm 
of liquid and vapor motion in boiler tubes resul t ing 
in a system of generalized coordinates completely 
describing the phenomenon in question. The effect 
of vapor and liquid velocit ies, p r e s s u r e s , tube d i a m 
eter, and a number of physical constants a r e analyzed 
for the magnitudes of the major cha rac t e r i s t i c s of 
circulation relative to flow in ver t ica l tubes . A high 

degree of ag reemen t was obtained between t heo re t i c a l 
conclusions and expe r imen ta l r e s u l t s adequate to 
e m b r a c e the p r e s s u r e in t e rva l up to 180 a t m o s 
phe re . The exper imen t s with a h i g h - p r e s s u r e t e s t 
stand a r e e labora ted upon and analyzed. Cer ta in 
conclus ions , drawn from the m e c h a n i s m of the p r o c 
e s s subjected to study, a r e offered re la t ive to the 
effect of bo i le r tube s lope . 

1636. Kutate ladze, S. S. 

MOVEMENT OF TWO-PHASE STEAM IN P IPES , 
Sovetskoe Kot lo turbos t roenie , No. 6 (1947). 

This a r t i c l e out l ines s e v e r a l techniques used by the 
USSR to analyze data on two-phase fluid flow collected 
over a ten to fifteen year pe r iod , 

1637. Lang, M. 

AIR AND GAS IN STEAM, Kautschuk u. Gummi 8, 
WT 186-8_, 209-10 (1955). 

CO2 may occur in s t eam by decompn. of NajCOs 
formed in t r ea tmen t of feed H2O; a i r may come from 
autoc laves , e t c . Gas in s t e a m gives r i s e to e r r o r s 
in t e m p . (TS ) de tns . based on m a n o m e t e r read ings 
and s a t d . - s t e a m t a b l e s . Superheat ing a lso cause s 
e r r o r s . Di rec t t emp, de tns . (Tm) a r e n e c e s s a r y to 
l imit e r r o r s to ±1°. Usually s t eam is superhea ted 
10-20" at the source to insu re d ry s t e a m at the 
p r o c e s s . This s m a l l amt . of superhea t ing is not 
objectionable, and has l i t t le s ignificance for the heat 
content. P r e s s u r e reduct ion of satd. s t e a m may 
give apprec iab le superhea t ing . If Tm = T s . there is 
no superheat ing of gas ; if T^^ < T s . a i r or gas is 
p r e sen t and T j^ is to be used; if T̂ ^̂  > Tg there is 
superheat ing and Ts is nnore significant because the 
added heat content due to superheat ing is sma l l . 
Sample ca lcns . show the effect of the pa r t i a l p r e s 
sure of the a i r in a vu lcanizer on the equil, tennp. In 
the course of a cu re , this a i r can be removed by the 
condensate through a s t e a m t r a p by an imperfec t ly 
unders tood p r o c e s s of mixing, adsorpt ion , and 
absorpt ion. 

1638. Lawes , C. P . 

A STUDY OF CIRCULATION AND TWO-PHASE FLOW 
IN NATURAL CIRCULATION, S. B . T h e s i s , M.LT. , 
(1959), M. E, Depa r tmen t . 

1639, L e r n e r , B. J . , and Grove , C. S., J r . 

CRITICAL CONDITIONS OF TWO-PHASE FLOW IN 
PACKED COLUMNS, Indus, and Eng. Chem. 4^. 
216-225 (Jan 1951). 

New theory of loading and flooding in packed columns 
operat ing with c o u n t e r - c u r r e n t l iquid-gas flow; ex
p re s s ion for l inear pore velocity of gas in wetted 
packing, der ived in t e r m s of superf ic ia l liquid and 
gas r a t e s ; in 2-phase flow s y s t e m s , for given liquid-
gas pa i r , t h e r e ex i s t s single c r i t i ca l l inear gas 
pore veloci ty at which gas flow beconnes discont in
uous; other r e s u l t s . 
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1640. Levere t t , M. C , and Lewis , W. B. 

STEADY FLOW OF GAS-OIL-WATER MIXTURES 
THROUGH UNCONSOLIDATED SANDS, P e t r o l e u m 
Technology _3_, (May 1940) ., Am. Inst . Mining Met, 
E n g r s . , Tech . Pub . No. 1206, 9 p . (1940). 

The re la t ive pe rmeab i l i t y to water is de t e rmined 
by water sa tu ra t ion alone and is not affected by 
the introduct ion of an addit ional nonaqueous phase . 
The re la t ive pe rmeab i l i t y to gas in t h r e e - p h a s e 
flow is slightly l e s s than would co r re spond to the 
same gas sa tu ra t ion in t%vo-phase flow. The r e l a 
tive pe rmeab i l i ty to oil v a r i e s in a nnore complex 
manne r . The i s o p e r m s for a l l connponents a r e 
independent of the v i scos i ty of the oil phase . The 
p r e s s u r e of apprec iab le amounts of all t h r e e phases 
in a flowing s t eam in equi l ibr ium with the fluid 
in the pore space is l imi ted to a re la t ive ly snnall 
region of pore composi t ion . 

1641, Lewis . D. J . 

THE INSTABILITY OF LIQUID SURFACES WHEN 
ACCELERATED IN A DIRECTION PERPENDICU
LAR TO THEIR PLANES U.. P r o c . Royal Soc, of 
London, Se r i e s A, 202, 81-86 (1950). 

An app. for acce le ra t ing sma l l quant i t ies of v a r i 
ous liquids ve r t i ca l ly downwards at acce le ra t ions 
of the o r d e r of 50 g, is d e s c r i b e d . The behavior of 
smal l wave-like cor ruga t ions init ial ly imposed on 
the upper liquid sur face was obse rved by high speed 
shadow photography. The ins tabi l i ty observed under 
a wide va r i e ty of expt l . conditions was analyzed; 
the init ial phases ag ree well with the f irs t o r d e r 
theory . When the d i s tu rbance has at tained a c o n s i d e r 
able ampli tude, the f i r s t o r d e r equations cease to 
apply. Exp t s . a r e de sc r i bed with the following s u r 
faces: a i r -H20 , a i r - b e n z e n e , H2O-GCI4, benzene-
H2O, a i r -g lyce ro l . 

1642, Li, J . C. M. 

THERMODYNAMIC FORMULAS FOR TWO PHASE 
SYSTEMS, J . Chem. P h y s . _26̂ , 909-913 (1957). 

Br idgman ' s table of the rmodynamic formulae or 
Shaw's table of Jacob ians is extended to a two-phase 
sys tem of one, two, and th ree components . The 
present method will include these tables as spec ia l 
cases and can be genera l i zed to any sys tem in a 
s t ra ightforward m a n n e r , 

1643. Lot tes , P . A. 

EXPANSION LOSSES IN TWO-PHASE FLOW, 
Nuclear Sci . and Eng. , 9_. 26-31 (Jan. 1961). 

Four methods a r e d i s cus sed for predic t ing the change 
of stat ic p r e s s u r e a c r o s s an abrupt expansion for the 
flow of liquid vapor m i x t u r e s . Design equations a r e 
given and r ecommenda t ions a r e made for boiling 
reac to r ca lcu la t ions . 

1644. McAdams , W. H., and Sherwood, T. K. 

THE FLOW OF AIR AND STEAM IN P IPES , Mech. 
Eng., 48, 1025-1029 (1926). 

Equations and cu rves in uni ts convenient for engi 
neer ing ca lcu la t ions ; check of fr ict ion fac tors ap
pear ing in equat ions of Unwin and Babcock. 

1645. McElwee, F . D. 

BEHAVIOR OF TWO-PHASE TWO-COMPONENT 
FLOW IN TUBES, Universi ty of Cal ifornia , M. S. 
Thes i s (1949), 62 p . 

The ideal ized case of annular flow of the liquid phase 
in two-phase , tv/o-component v i scous -v i scous flow in 
a ve r t i c a l tube is analyzed. All forces acting on any 
fluid e lement a r e neglected, have p r e s s u r e and v i s 
cous f o r c e s . The re la t ion between flow p a r a m e t e r s 
p re sen ted in previous ana lyses is substant ia ted, 
though not proved by th is invest igat ion. 

The case of a i r - k e r o s e n e mix tu re s in viscous flow in 
a ve r t i c a l tube was invest igated exper imenta l ly over 
a wide range of condit ions. Only one tube s i ze , a 
5 mnn. inside d i ame te r , pyrex tube, was used in the 
study. 

Compar i son of the r e su l t s of this invest igat ion and 
those obtained by Lockhart for the s ame flow con
dit ions in capi l la ry tubes shows a lack of c o r r e l a t i o n . 
This d i sc repancy r e n d e r s quest ionable the neglect of 
surface and body forces in sma l l tubes in this and 
previous inves t iga t ions . Since Lockhar t ' s e x p e r i 
ments were performed in cap i l l a ry tubes (0.0048 ft 
and 0.0068 ft inside d iamete r ) the possibi l i ty i s ind i 
cated that the justif ication for neglecting cap i l l a ry 
fo rces may depend upon tube s i ze . 

1646. McRae, J . A. 

EXPERIMENTS ON THE FLOW OF STEAM 
THROUGH SMALL PIPES, Univers i ty of I l l inois , 
B . S. Thes is (1896). 

The exper imen t s r epor t ed in this t hes i s were con
ducted in o rde r to de te rmine the weight per minute 
and velocity of s team flowing through s eve ra l s i zes 
and lengths of smal l p ipes , with a given loss of 
p r e s s u r e . 

1647. Masnovi, R. 

LITERATURE SURVEY ON TWO-PHASE FLUID 
FLOW, Univ. of P i t t sburgh , WAPD-TH-360 (1957). 

1648. Maung-Myint, M. 

A LITERATURE SURVEY ON TWO-PHASE FLOW OF 
GAS AND LIQUID, B. S. T h e s i s , MIT (1959). 

1649. Mayr , Otto. 

RADIOACTIVE METHOD TO DETERMINE THE 
STATIC QUALITY OF TWO-PHASE FLOW IN A 
VERTICAL PIPE , A Pro jec t at M.LT. (Filed with 
other m a t e r i a l s about T w o - P h a s e Flow at M.LT.) 

1650. Mermin , N. D. 

RPA INSTABILITY AND THE GAS-LIQUID TRAN
SITION. I., Ann. P h y s . . 18_, 421-453 (1962). 

The possibi l i ty of a many par t i c le sy s t em undergoing 
a c l a s s i c a l gas - l iqu id phase t r ans i t ion , i s shown to 
be ref lected in the s t r u c t u r e of the two-pa r t i c l e 
G r e e n ' s function in the random phase approximat ion . 
When the in te rac t ion is sufficiently a t t r ac t ive this 
G r e e n ' s function p o s s e s s e s forbidden poles on the 
imaginary axis of the complex frequency p lane . An 
invest igat ion of the tennpera ture dependent co r r e l a t i on 
function r e v e a l s that the poles appear even in the 
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class ical limit, and that as they appear ( 3p /BV) j 
vanishes and long range density cor re la t ions of the 
form usually associated with c r i t i ca l fluctuations 
a r i s e . It is therefore concluded that the poles a r e 
symptomatic of the instabil i t ies associa ted with 
condensation of the system from a gaseous to a 
liquid phase. 

1651. Mermin, N, D. 

RPA INSTABILITY AND THE GAS LIQUID TRAN
SITION, n . EFFECT OFSHORT RANGE REPULSION. 
Ann. Phys. 1^. 454-479 (1962). 

The complex poles of the two-par t ic le cor re la t ion 
function occurring in the random phase approxima
tion for an at tract ive interact ion were in te rpre ted in 
the c lass ical limit as indications that the approxi
mation had failed due to the huge cor re la t ions a s 
sociated with condensation. The argument , however, 
is not complete, since the poles occur at a r b i t r a r i l y 
high tempera tures if the density is great enough. 
Physically one suspects that strong shor t - r ange in te r 
molecular repulsion is responsible for the existence 
of a cr i t ical t empera ture above which condensation 
does not occur . Correspondingly, it will be shown 
that when the RPA is suitably improved to take shor t 
range repulsion into account, there will be a c r i t i ca l 
temperature above which complex poles never occur . 
In the improved solution below the c r i t i ca l t e m p e r a 
ture the poles appear as the density i n c r e a s e s , but, 
in contrast to the RPA, disappear again at sti l l 
higher densi t ies . Thus the poles a re confined to 
a region of the T-V plane having the s t ruc tu re of a 
classical two-phase region. 

1652. Moore, T. V., and Wilde, H. D. 

EXPERIMENTAL MEASUREMENT OF SLIPPAGE IN 
FLOW THROUGH VERTICAL PIPES, T r a n s , of the 
American Institute of Mechanical Engineers , 92, 296 
(1931). ~ 

The purely empir ical correlat ion of the data p r e s e n t 
ed in this paper is valuable because it shows the 
qualitative relationship between the var iab les in
volved. For a given rate of flow of liquid and gas , 
slip losses a re less in smal le r pipes, frictional 
losses , of course , a re g r ea t e r . The most efficient 
flow string is one that so balances the slip losses 
and friction losses that a given quantity of oil and 
gas can be carr ied with a minimum p r e s s u r e d rop . 
Slippage is not affected by the viscosi ty of the liquid 
flowing. It i s , however, dependent on the density and 
to the lesser extent on the surface tension of the 
liquid. 

1653. Morrow, J. E.. J r . 

CHARACTERISTICS OF VERTICAL FLOW OF A 
GAS-LIQUID MIXTURE, University of Ill inois, 
M. S. Thesis (1941), 

The flow character is t ic of 3 air- l iquid mix tu re s , 
namely a i r -motor oil, a i r - furnace oil and a i r - w a t e r , 
were studied as the individual mixtures were pumped 
through a vert ical tube which had an in ternal d iameter 
of 0.088 ft and was 5.17 ft long. A log-log plot of the 
volumetric ratio of air to water , 0 , vs . N>V^/d^. For 
each hquid velocity, a straight line relat ionfhip was 
obtained. In case of water the velocit ies were 43 60 

100, 130, 150. and 190 Ib s /min , for S.A.E. #10 motor 
oil 42, 60, and 70 Ib s /min , and for furnace oil 60, 
100 and 130 I b s / m i n . It was found that the data for 
a single a i r - l iqu id mix tu re fell on a single line 
when plotted as 0 v s . (N'Vg/d5g)W^ A s e p a r a t e line 
obtained for each mix ture using the different va lues 
of the 0. In all c a s e s the a i r r a t e was va r i ed from 
0,03 to 0 ,316/min . By the method of Hershey , 
friction factors were calcula ted and plotted agains t 
the velocity of the m i x t u r e s . 

1654. Nemet , A. G. 

MAXIMUM LIQUID TRANSPORT. FLOW OF GAS 
LIQUID MIXTURES IN VERTICAL TUBES. Ind. Eng, 
Chem. 12 , 151-4 (1961). 

Equations a r e p resen ted for ca lcn . of max . liquid 
flow when gas- l iquid m i x t s . r i s e in ve r t i ca l p ipes . 
The max. liquid t r a n s p o r t depends on the 4th power 
of the available p r e s s u r e drop in long p ipes , and the 
- | power in shor t p ipes . Pipe d i am. , m a t e r i a l 
c h a r a c t e r i s t i c s , f r ic t ional l o s s e s , and the method of 
gas introduction a lso a r e impor tan t f a c t o r s . 

1655. Nowak, E. S., Grosh , R. J . 

AN INVESTIGATION OF ENTHALPY DATA FOR 
WATER AND WATER VAPOR IN THE CRITICAL 
REGION, ANL-6505 (1961), 64 p. 

The available snnoothed and expe r imen ta l data for 
the enthalpy of water and water vapor in the region of 
p r e s s u r e s ranging fronn about 2850 to 4300 ps ia (200 
to 300 kg/cm^) and for t e m p e r a t u r e s f rom 680 to 
752°F (360 to 400°C) has been compiled and analyzed. 
In genera l , good ag reemen t was found between the 
smoothed values of enthalpy of va r ious s t eam tab les . 
Hov^ever, t he re a r e significant deviat ions nea r the 
c r i t i ca l point and in the region of the inflection t e m 
p e r a t u r e on i s o b a r s of enthalpy v e r s u s t e m p e r a t u r e . 

There have been only two independent invest igat ions 
on the enthalpy of subcooled water and superheated 
water vapor . To rectify the paucity of data which r e 
sults from this s i tuat ion, the au thors of this r epo r t 
der ived enthalpy values from the avai lable expe r i 
mental r e su l t s on the specific heat at constant 
p r e s s u r e . The values so der ived a r e in excellent 
accord with d i r ec t m e a s u r e m e n t s of enthalpy. It was 
also possible to cons t ruc t an isenthalpic d iagram 
for wa te r and water vapor in the c r i t i ca l region. 

1656. Nowak, E. S., and Grosh , R. J . 

THE COEFFICIENT OF VOLUME EXPANSION FOR 
WATER AND WATER VAPOR IN THE CRITICAL 
REGION. ANL-6404 (1961), 17 p. 

This r epo r t gives for the f i rs t t ime a tabulat ion for 
the coefficient of volume expansion for water and 
water vapor along eleven i s o b a r s in the c r i t i ca l 
region encompassed by p r e s s u r e s fronn 3000 to 
4000 psia and t e m p e r a t u r e s from 690 to 750°F. 
Graphica l techniques %vere employed to der ive these 
values from p r e c i s e P - V - T data . The o v e r - a l l 
e r r o r in the der ived values of the volume expansion 
coefficient was es t imated to be within five per cent . 
However, in the region of max imum values for the 
coefficient of volume expansion along the va r ious 
i s o b a r s , the uncer ta in ty in the der ived values is 
es t imated to be between five to th i r ty per cent . 
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No attennpt has been made in th is r epo r t to de r ive 
other t he rmodynamic functions for w a t e r . 

1657. O'Bannon, L. S. 

SIMULTANEOUS FLOW OF WATER AND AIR IN 
PIPES, T r a n s a c t i o n s of the A m e r i c a n Society of 
Heating and Ventilat ing Eng inee r s , 30. 157-66 (1924) 

Char ts a r e p resen ted showing the s imul taneous flow 
of water and a i r (both pa ra l l e l and coun te rcur ren t ) in 
a one-inch pipe. A desc r ip t ion of the exper imenta l 
setup is also given. 

1658. Ol iver , E. 

TWO-PHASE VERTICAL FLOW OF STEAM-WATER 
MIXTURES. S. M. T h e s i s , Che. Eng., M.LT. (1959). 

1659. Omar , M. H., and Dokoupil, Z. 

SOME SUPPLEMENTARY MEASUREMENTS ON THE 
VAPOUR-LIQUID EQUILIBRIUM OF THE SYSTEM 
HYDROGEN-NITROGEN AT TEMPERATURES 
HIGHER THAN THE TRIPLE POINT OF NITROGEN, 
Physica (Nether lands) , _28, 33-43 (1962). 

The equilibriunn between the liquid and gas phases of 
mix tu res of hydrogen and ni t rogen was studied using 
the flow method. The working p r e s s u r e s were 5, 10, 
15, 25, 35 and 45 atm at the t e m p e r a t u r e s 63 .1 , 68 .1 , 
72.3 and 74.6°K. A graphica l method is desc r ibed to 
extrapolate the dew cu rves to ve ry low p r e s s u r e s . A 
thermodynamica l treatnnent co r r e l a t ing the dew and 
boiling points is d i s c u s s e d . 

1660. Orga, Teme l Halil 

SIMULTANEOUS FLOW OF AIR AND WATER IN 
CLOSED FLUME, State Univers i ty of Iowa, Ph.D. 
Thes is (1953). 

The inves t iga tor fo rmula tes the following conclusions 
from his e x p e r i m e n t s : 

1. Air flowing with the water : 
(a) Up to a re la t ive a i r velocity of about 22 fps 

dist inct capi l la ry waves a r e formed on the sur face 
of water flowing norma l ly at depths above c r i t i ca l , 
provided the ini t ia l water surface was quite smooth. 

(b) When the re la t ive a i r velocity ranged between 
24 and 29 fps discont inuous cap i l l a ry waves of i r 
regular form were observed on the surface of water 
flowing at depths n e a r c r i t i c a l , provided the init ial 
surface d i s tu rbances or ig inated at the flume bound
a r i e s were re la t ive ly sma l l . 

(c) On the sur face of wa te r flowing nornnally at 
depths below c r i t i ca l , no cap i l l a ry wave of any form 
could be observed before the genera t ion of gravi ty 
waves . 

(d) The amount of drag moving a i r e x e r t s on the 
surface of flowing water is p ropor t iona l to the square 
of the re la t ive veloci ty of the a i r , and d i rec t ly p r o 
port ional to the coefficient of roughness of the wa te r 
surface and v a r i e s a lso to some degree with the 
na ture of tu rbu lence in surface l aye r s of the flowing 
r a t e s . 

(e) Minimum drag n e c e s s a r y to genera te and 
mainta in cap i l l a ry waves on the surface of wa te r 
flowing at depths above c r i t i c a l seemed constant and 
equal to about 320 x 10"^ Ib/ft^, provided the initial 
water surface was not prev ious ly d i s tu rbed . The 

d rag coefficient seemed also constant and equal to 
about 0.006. 

(f) Fo r init ial wa te r depths nea r and below the 
c r i t i ca l , the sur face drag and drag coefficient just b e 
fore the s ta r t of gravi ty waves as computed from 
equations was not constant , but i n c r e a s e d p ropor t ion
ately with initial surface d i s tu rbances and with ini t ia l 
water depth. 

(g) On the surface of wa te r flowing at any depth, 
r e g a r d l e s s of its ini t ia l s t ages , gravi ty waves w e r e 
observed at some point in the flume after the l imit ing 
veloci t ies mentioned in (a) and (b) were exceeded. 
These downstreann-moving gravi ty waves grew in 
s ize in the d i rec t ion of a i r flow attaining thei r g r e a t 
est height at the downs t ream end of the f lume. The 
length to the point where gravi ty waves commenced 
var ied depending upon the ini t ia l wa te r depth and a i r 
d i s c h a r g e . 
2. Air flowing against the wa te r : 

(a) At a re la t ive a i r velocity of about 22 fps c a p 
i l l a ry w a v e s w e r e observed on the surface of water 
flowing normal ly at depths above c r i t i c a l . Wave 
velocity was always l e s s than water veloci ty, so that 
the waves moved against the air flow that was causing 
them. 

(b) Capi l lary waves were not observed on the s u r 
face of the water flowing normal ly at depths around 
or below c r i t i c a l . It i s bel ieved that initial surface 
d i s tu rbances and turbulence in surface l a y e r s of 
water nnade it imposs ib le to recognize thenn by v i sua l 
observa t ions , if indeed they existed at a l l . 

(c) The amount of drag n e c e s s a r y to c r e a t e cap
i l l a ry waves on the surface of water flowing at depths 
above c r i t i ca l was about 320 x 10 Ib/ft^, so long 
as the surface of the water was ini t ial ly quite smooth 
and free fronn fluctuation. The drag coefficient c o r 
responding to this surface drag was about 0,006. 
These va lues , it nnay be noted, a r e the s ame as for 
a i r flowing with wate r . 

(d) On the surface of water flowing at depths 
above or near c r i t i ca l , gravi ty waves of quite i r r e g u l a r 
form and discontinuous na tu re were observed after 
a re la t ive air velocity of about 22 fps was exceeded. 
They moved in the opposite d i rec t ion to the a i r flow 
until the re la t ive a i r velocity reached approximate ly 
35 fps. After the velocity was exceeded, they were 
t r a n s f o r m e d into a very long wave of so l i t a ry type 
which moved in the d i rec t ion of a i r flow. 

(e) On the surface of water flowing at depths below 
c r i t i ca l , gravi ty waves were formed and moved 
downs t ream at re la t ive a i r veloci t ies between 22 and 
40 fps into a long standing swell in the downs t ream 
end of the flume. At re la t ive air veloci t ies g r e a t e r 
than th i s , the swell moved u p s t r e a m and became a 
hydraul ic jump. At even g rea t e r a i r ve loc i t i e s , the 
jump m e r e l y nnoved fur ther u p s t r e a m without any 
change in the depth of water below the junnp. 
3. Also an invest igat ion, with accompanying conclu
s ions , was made upon the effect of a i r flowing over 
s t i l l wa te r in a f lume. 

1661. Ostwald, W. 

THE QUESTION OF THE NATURE OF THE CRITICAL 
STATES IN THE TRANSITION LIQUID-GAS, Kolloid-

_Z_. _64, 50-62 (1933), 

Considera t ion of the anomal ies noted in the expt l , 
s tudies of the t r ans i t ion l iquid-gas at the c r i t . s ta te 
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and of the mechanism of boiling and condensation 
leads to the formulation of the t ransi t ion as 
liquid ^ (liquido-sol iT foam) :;= (fog == aerosol) 
- gas. (CA-27-4454-9) 

1662. Petr ick. M. 

TWO-PHASE AIR-WATER FLOW PHENOMENA. 
ANL-5787 (1958). 88 p . 

An experimental two-phase flow study was conducted 
on a ser ies of Lucite rectangular channels with a s 
pect ratios of 2 to 16 using an a i r -wa te r sys tem at 
atmospheric p r e s s u r e . The objectives of the study 
were: (1) to determine the effect of sudden changes 
of flow area on the density of two-phase fluids; (2) to 
investigate the effect of mass flow ra te on the two-
phase friction factor mult iplier and (3) to develop a 
sound method of measuring the density of a two-phase 
fluid in large conduits. The density of the a i r - w a t e r 
mixture changed during either an expansion or con
traction of flow area; however, the magnitude of the 
change was not great and was readi ly predicted by a 
semi- theoret ical equation. A sizeable effect of m a s s 
flow rate on the two-phase friction factor mult ipl ier 
was found which was not accounted for in the widely 
used Martinelli correlat ion. A t r ave r s ing technique 
was developed for measuring the density of a two-
phase fluid which also gave a continuous t r ace of the 
phase distribution. The method was t r ied on Lucite 
mockups of simulated two-phase flow pa t t e rns , and 
excellent agreement was obtained between the 
measured and calculated voids. 

1663. Petr ick. M., and Swanson, B. S. 

EXPANSION AND CONTRACTION OF AN AIR-
WATER MIXTURE IN VERTICAL FLOW, AIChE 
Jour. 5_, 440-445 (1959), 

An exptl. 2-phase flow study was made on an a i r -
HjO system at atm. p re s su re to obtain information 
on the effect of expansion and contract ion of flow 
area on the relative velocity of the 2 phases . The 
relative velocity and, hence, the mean void fraction 
of the air-HjO mixt. changed following either an ex
pansion or contraction; however, the magnitude of 
the change was not great and could be predicted by a 
semitheoretical equation. The a i r -HjO data a r e a lso 
compared with data taken from a s team-HjO system 
at 150-600 Ib/sq, in. In addn., a photographic study 
was made of the transi t ion zone, and phase d i s t r ibu
tions were obtained by the use of a radiat ion at tenua
tion traversing technique. 

1664. Phillips, O. M. 

ON THE GENERATION OF WAVES BY TURBULENT 
WIND, J. Fluid Mech. 2 417-45 (1957). 

A theory is initiated for the generation of waves upon 
a water surface, originally at res t , by a random d i s 
tribution of normal p ressu re associated with the on
set of a turbulent wind. Correla t ions between air and 
water motions are neglected and the water is assumed 
to be inviscid. so that the motion of the water , s t a r t -
mg from res t , is irrotat ional . It is found that waves 
develop most rapidly by means of a resonance m e c h 
anism which occurs when a component of the surface 
pressure distribution moves at the same speed as 
the free surface wave with the same wave-number 

The development of the waves is conveniently con
s idered in two s t ages , in which the t ime e lapsed is 
respec t ive ly l e s s or g r e a t e r than the t ime of develop
ment of the p r e s s u r e f luctuat ions . An exp re s s ion is 
given for the wave spec t rum in the init ial s tage of 
development (1)3,2), and it is shown that the nnost 
prominent waves a r e r ipp les of wavelength X^r ~ 
1.7 cm. cor responding to the m i n i m u m phase velocity 
c - (4gT/p)' ' '^ and moving in d i rec t ions cos"^(c/Uc) 
to that of the mean wind, where U^ is the "convection 
veloci ty" of the sur face p r e s s u r e f luctuations of 
length sca le Xcr or approx imate ly the mean wind 
speed at a height XQJ- above the su r face . O b s e r v a 
tions by Roll (1951) have shown the ex is tence under 
appropr ia te condit ions, of waves qual i ta t ively s imi la r 
to those pred ic ted by the theory . 

Most of the growth of gravi ty waves o c c u r s in the 
second, or pr inc ipa l s tage of development , which con
t inues until the waves grow so high that non- l inea r 
effects become impor tan t . An e x p r e s s i o n for the 
wave spec t rum is der ived ( i 4 . I ) , from which follows 
the resu l t 

^z 
_ p ^ t _ 

where ^^ is the mean square surface d i sp lacement , 
p the mean square turbulent p r e s s u r e on the water 
sur face , t the elapsed t ime , Uc the convection speed 
of the surface p r e s s u r e f luctuat ions, and p the 
water densi ty . This predic t ion is cons is tent with 
published oceanographic nneasurements (54.3). 

It is suggested that this r e sonance nnechanism is 
more effective than those suggested by Jeffreys 
(1924, 1925) and Ecka r t (1953), and may provide the 
pr incipal means whereby energy is t r a n s f e r r e d from 
the wind to the waves . 

1665. Phi l l ips , O. M. 

THE EQUILIBRIUM RANGE IN THE SPECTRUM OF 
WIND-GENERATED WAVES. J. Fluid Mech. 4_. 
426-34 (1958). 

Considera t ion of the s t r u c t u r e of wind-genera ted 
waves when the dura t ion and fetch of the wind a r e 
la rge sugges ts that the s m a l l e r - s c a l e components of 
the wave field may be in a condition of s t a t i s t i ca l 
equi l ibr ium de te rmined by the r e q u i r e m e n t s for a t 
tachment of the c r e s t s of the waves . A dimensional 
ana lys i s , based upon the idea of an equi l ibr ium range 
in the wave s p e c t r u m , shows that for l a rge values of 
the frequency O). the spec t rum *(a)) is of the form 

0(aj) ~ ag^oj"^ 

where a is an absolute cons tant . The instantaneous 
spat ial spec t rum (k) i s p ropor t iona l to k"'* for large 
wave number s k, which is cons is tent with the ob
served o c c u r r e n c e of sha rp c r e s t s in a we l l -
developed sea, and the loss of energy from the wave 
sys tem to turbulence and heat is p ropor t iona l to 
Pwu^, where p ^ is the water densi ty and u,̂ : the 
friction velocity of the wind at the sur face . This p r e 
diction of the form of *(aj) for l a rge Oi with 
0̂  = 7.4 X 10" ' , a g r e e s well with m e a s u r e m e n t s made 
by Burl ing (1955). 
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1666. P i c k e r t , F . 

THE THEORY OF THE AIR-LIFT PUMP, Eng inee r 
ing 134, 17-20 (1932). 

This a r t i c l e out l ines methods for calculat ing veloci 
t ies of a i r and wa te r , the head l o s s e s , and the effi
c iencies of a i r - l i f t punnp. P e r f o r m a n c e of pump is 
de te rmined by specific a i r consumption (weight of 
a i r /weight of w a t e r ) . This value is g rea t ly affected 
by submergence r a t io (depth of i m m e r s i o n / d e l i v e r y 
height) . Most favorable opera t ion for a given sub
mergence ra t io i s at min imum specific a i r 
consumption. 

Overal l efficiency T) ^ • Tj-\ff. The efficiency TJ^ i s 
de te rmined by l o s s e s due to acce l e ra t ion of wa te r and 
wall fr ict ion. The efficiency T)^ is deternnined by the 
difference between ve loc i t ies of a i r and wate r , or the 
slip velocity. 

1667. P i ck re l l , W. S. 

BEHAVIOR OF TWO-PHASE TWO-COMPONENT 
FLUID FLOW IN TUBES, Univers i ty of California, 
M.S. Thes i s (1949) 64 p. 

The case of a i r - k e r o s e n e mix tu re s in viscous flow in 
a f i ve -mi l l ime te r , inside d i a m e t e r , ve r t i c a l tube 
was invest igated experinnental ly. 

The data for the annular flow pa t te rn were co r r e l a t ed 
successfully the reby substant iat ing the use of the 
v i scous -v i scous d imens ion le s s p r e s s u r e drop, 0„ , 
and flow p a r a m e t e r Xvv> for the annular pa t t e rn . 
The data for the "s lug" type of v i scous -v i scous flow 
could not be c o r r e l a t e d with these moduli . It was 
found that the d imens ion less p r e s s u r e drop was a 
function of the absolute liquid r a t e , as well as the 
flow p a r a m e t e r , 

1668. P i e r c e , R. D. 

HEAT TRANSFER AND FLUID DYNAMICS IN 
MERCURY-WATER SPRAY COLUMNS, Ph._D. 
Thes i s , U. of Mich. 186 pp. (1955). 

1669. Poe t tmann , F . H, 

THE MULTIPHASE FLOW OF GAS, OIL, AND 
WATER THROUGH VERTICAL FLOW STRINGS 
WITH APPLICATION TO THE DESIGN OF GAS-
LIFT INSTALLATIONS, Dri l l ing and Product ion 
P rac t i ce , p. 257 ff (1952). 

1670. Poet tmann, F . H.. and C a r p e n t e r . P . G. 

THE MULTIPHASE FLOW OE GAS. OIL AND WATER 
THROUGH VERTICAL FLOW STRINGS, A m e r i c a n 
Pe t ro leum Inst i tute , P a p e r No. 851-26-1 (Mar 1952). 

A method for predic t ing the p r e s s u r e t r a v e r s e of 
flowing oil wells and gas lift wells is de sc r ibed . The 
method is based on field data from 49 flowing and 
gas lift wells opera t ing over a wide range of 
condit ions. 

The p rocedure developed p e r m i t s the calculat ion of 
the bot tom-hole p r e s s u r e of flowing oil wells know
ing only surface data; and, in the case of gas- l i f t 
wel ls , it is poss ib le to calculate the depth, p r e s s u r e , 
and r a t e at which to inject the gas , the ideal h o r s e 
power r e q u i r e m e n t s n e c e s s a r y to lift the oil, and 

the effect of production ra te and tubing s ize on these 
quant i t i es . 

Data available in the l i t e r a tu re on lifting of wa te r , 
through short lengths of g lass tubing a r e shown to be 
co r r e l a t i ve by use of an equation s imi l a r to that 
for the mul t iphase flow of oil . wa te r , and gas through 
ve r t i ca l tubing. 

1671. Poletavkin, P . G., and Shapkin, N. A. 

WATER AND STEAM CONTENTS IN SURFACE 
BOILING OF WATER. Trans l a t ed from: Tep loener 
getika _5, No. 4, 54-8 , A E R E - L i b / T r a n s - 8 0 4 (1958)8 p . 

The dependence of water and s team contents on heat 
flux, flow r a t e , difference between the tennpera ture of 
the liquid and i ts sa tura t ion t e m p e r a t u r e , and p r e s 
sure in water surface boiling was studied. Equations 
a r e p re sen ted for calculat ions of wa te r and s team 
contents in surface boiling, as well as for tubes 
heated over the i r whole p e r i p h e r i e s . Water and 
s team contents and heat exchange in exchangers with 
high heat flux a r e calculated for a s e r i e s of c r o s s 
sect ions along the length of the channel . 

1672, Po r t a l sk i , S. 

THE MECHANISM OF FLOW IN WETTED WALL 
COLUMNS. Ph.D. Thes i s , B a t t e r s e a College of 
Tech. , Univ. of London ( i960) . 

1673. Po t t e r . J. H. 

THE THROTTLING OF WET STEAM, Combustion, 
55-59 (Aug, 1957). 

Theory of throt t l ing c a l o r i m e t e r is reviewed and a t 
tempt made to r e p r e s e n t poss ible combination of 
paths by which wet s t eam may t r ave l through 
throt t l ing c a l o r i m e t e r ; on bas i s of exper imenta l work 
of other inves t iga to r s , (G. Upton and J. Yellott) and 
two-phase analysis of physical fac tors , it is shown 
quali tat ively that expansion is completed p r io r to 
phase change, 

1674, P r a l l , H. G., J r . 

TWO-PHASE FLOW OF FLUIDS IN COILED P I P E . 
Universi ty of Delaware , M. S. T h e s i s , June 1949, 
pp, 65. 

The investigation he r e in r epor t ed is concerned with 
the c o - c u r r e n t flow of two fluid phases through 
a coiled pipe. Although s tudies have been made at 
such flow in s t ra ight pipe, both hor izonta l and v e r t i 
cal , l i t t le is known of the c h a r a c t e r i s t i c s of two-
phase flow in coiled or curved p a s s a g e s . 

The tes t sect ion of the equipment consis ted of 13 
tu rns of type L, ^ inch I.D., soft copper tubing 
wound in a c lose -packed hel ix . P r e s s u r e drop data 
over the length of the tes t sect ion were obtained in 
the gas phase by means of manonneters . 

The r a t e s of flow of the wate r and a i r we re va r i ed 
over the widest poss ib le range obtainable with the 
existing equipment . The air flow was var ied from 
2.5 I b s / h r to 45 Ib s /h r while the wate r ra te va r i ed 
from 12 I b s / h r to 192 I b s / h r . A p r e l i m i n a r y study 
was made of the a i r flowing alone in the tube so that 
compar i sons could be made with single phase flow 
in s t ra ight pipes and, a l so , with two-phase flow in the 
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curved pipe. The air r a t e s used for this t es t were 
s imilar to those used in the two-phase r u n s . 
The data were corre la ted on the bas i s of gas phase 
friction factors and gas phase Reynolds n u m b e r s . 
At a given Reynolds number, it was found that the 
friction factor increased with an i nc r ea se in the 
amount of water flowing in the tube. This indicated 
the need for a shape factor in the frict ion factor r e 
lationships to account for a symmet r i ca l flow effects. 
A comparison of the data with those obtained by 
Jenkins and Gazley indicates that the var ious types 
of two-phase flow and the t ransi t ion points for 
these types of flow occur at substantially the same 
values of relative interfacial velocity. 

1675. Reichart, H. L., J r . 

THE FLOW OF FLUIDS IN TWO PHASE THROUGH 
A HORIZONTAL PIPE, Massachuset ts Institute of 
Technology. B. S. Thesis (1934). 
This paper descr ibes the various types of flow 
tending the passes of a l iquid-gas mixture through 
a horizontal pipe, and secondly it de te rmines the 
cri t ical condition of the change of type, and thirdly, 
it determines the p re s su re drop through the pipes 
for those various types of flow. 

1676. Richardson, B. L. 

SOME PROBLEMS IN HORIZONTAL TWO-PHASE 
TWO-COMPONENT FLOW. ANL-5949 (Dec. 1958), 
147 p. 

An experimental investigation was conducted on the 
flow of a i r -water mixtures in a number of hor izonta l 
rectangular Lucite test sect ions, whose aspect ra t ios 
varied from two to sixteen. These tes t sect ions were 
assembled in various combinations to permi t the 
study of the effect of a sudden change in flow a r ea 
on the significant flow paranneters . 

A technique was developed for measur ing the volume 
fraction of each phase, making use of the difference 
of the attenuation charac te r i s t i c s of the liquid and the 
vapor for gamma radiation. This technique was 
evaluated making use of a number of Lucite mock-
ups with known void dis t r ibut ions. 

Infornnation is presented on the factors influencing the 
volume fractions, flow pat terns and slip ra t ios in the 
channels studied. The two-phase p r e s s u r e drop is 
compared with existing cor re la t ions , and a re la t ion
ship predicting this p r e s su re drop, in t e r m s of the 
liquid volunne fraction, is derived. 

The energy losses associated with an abrupt expan
sion or contraction were studied. A cor re la t ion 
based on the experimental resul t s is presented to 
permit the prediction of these l o s s e s . 

1677. Rogers, J. D. 

TWO PHASE FLOW OF HYDROGEN IN HORIZONTAL 
TUBES, AIChE Jour. _2, 536-538 (1956). 

Semirigorous equations a re developed for flow of 
flashing liquids in pipe l ines. These re la t ions a r e 
applied to the flow of hydrogen, and computed co r 
relations a re presented for the p r e s s u r e drop and 
vapor fraction. The calculations have been c a r r i e d 
out as functions of the p a r a m e t e r s : d iameter , 

"I to 4 in. ; m a s s ra te per unit a r e a , 0.0528 to 
682 lb / ( sq ft)(sec); p r e s s u r e , 14 to 30 I b / s q i n . ab s . ; 
vapor fract ion 0.005 to 0.65; and heat leak, equiva
lent to 0 to 0.0224 Btu / ( sq ft)(sec) for a | - i n . l ine . 

1678. Ros, N. C. J. 

SIMULTANEOUS FLOW OF GAS AND LIQUID AS 
ENCOUNTERED IN OIL WELLS, P a p e r p r e sen t ed at 
the National AIChE Meeting, Tu l sa . Oklahoma, 
(September . I960). 

1679. Santalo. M. A. 

TWO-PHASE FLOW, Applied Mechanics Reviews, j T , 
523-525 (1958). 

A genera l picture of the p r e sen t knowledge of c o -
cu r ren t flow of a liquid and a gas or vapor is given 
in this a r t i c l e . A bibl iography of 26 r e f e r e n c e s is 
included, 

1680. Scheir ig , W, 

WATER CIRCULATION IN STEAM BOILERS AND 
MOTION OF LIQUID-GAS MIXTURE IN TUBES, 
VDI, Forschungshef t , 365, 13-23 (1934). 

1681. Schmidt. E r n e s t 

THEORY OF SIMILARITY AS APPLIED TO THE 
MOTION OF LIQUID-GAS MIXTURES, Forschung auf 
dem Gebiete des Ingenieurwesens 4, 1-3 (March-
April 1934). 

The c r i t e r i a of dynamic s imi l a r i t y , Reynolds number , 
and Weber number a r e applied to l iquid-gas flow, 
by proper definitions of sui table t e r m s . 

1682. Schneider , F . N., White, P . D., and 
Huntington, R. L. 

SOME ASPECTS OF SIMULTANEOUS HORIZONTAL, 
TWO PHASE FLUID FLOW THROUGH PIPELINES, 
AIME Paper No. 322-G (1953). 

1683. Semenov, N. I., and Tochigin, A. A. 

ANALYTICAL INVESTIGATION OF A LAMINAR 
FLOW OF A BIPHASE MIXTURE IN INCLINED 
TUBES, Inzhenerno-f iz icheskiy zhurnal , v. 4, no. 11, 
1961, 29-36. 

The au thors de r ive exact solutions of the hydrody
namic equations of a l aminar flow of a biphase mix
ture in inclined and hor izonta l t u b e s . The equation 
of continuity and the kinetic equation a r e given with
out cons idera t ion of the vector components perpen
dicular to the flow d i rec t ion . The au thors der ive 
expres s ions for the veloci t ies of gaseous and liquid 
phases . 

1684. Shaw, S. F . 

SOME OBSERVATIONS ON PRINCIPLE OF FLOW
ING OIL WELLS, T r a n s . A.I .M.E. , 80, 220-26(1950). 

1685. Shimose, I. 

STATISTICAL THEORY OF PHASE TRANSITION. 
I. GENERAL THEORY FOR LATTICE GAS, J . Phys . 
Soc. Japan % 451-6 (July-Aug. 1954). 

The s t a t i s t i ca l p rope r t i e s of phase t r ans i t ions from 
the point of view of molecu la r c l u s t e r s a r e 
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i n t e rp re t ed . Resu l t s for a la t t ice gas a r e expected 
to be qual i ta t ively c o r r e c t , though these a r e approx i 
mate from the quanti tat ive point of view. The p a r 
ti t ion function, the p r e s s u r e and the dens i ty of a 
lat t ice gas a r e ca lcula ted in the i r genera l f o r m s . 
P a r t i c u l a r l y , the discontinui ty of the der iva t ive of 
the isothernn in P - v d i a g r a m is de r ived f rom the 
calculat ion of the par t i t ion function. 

1686. Shimose , I. 

STATISTICAL THEORY OF PHASE TRANSITION. 
II, NUMERICAL CALCULATION FOR LATTICE 
GAS, J . P h y s . S o c , Japan 9_, 457-9 (July-Aug, 1954). 

The p r e s s u r e and the dens i t i e s (vapour and liquid) 
at the t r ans i t ion point of a la t t ice gas ( square 
latt ice type) a r e calcula ted for some ranges of 
tennperature (or some values of x), using the theory 
derived in P t I. Values ag ree well with the exact 
values obtained by the m a t r i x method. Fo r sma l l 
values of x (for example , x = 0.3 or T/Tc - 0.7321), 
the values of par t i t ion function a r e given as a 
function of q. The i s o t h e r m obtained from these 
values has a por t ion pa ra l l e l to v -ax i s (cor responding 
to P = constant) and at both ends of this port ion the 
der iva t ives of the i s o t h e r m a re discont inuous. 
F u r t h e r m o r e , the systenn in quest ion is shown qual i 
tat ively to have the above p r o p e r t i e s a lso for l a r g e r 
values of x(xCxc), 

1687. Shul'i . D. F . 

UNSTEADY MOTION OF A THIN PERMEABLE 
PROFILE IN A LIQUID, Trudy Sredneazia tskoga In-
dus t ra i l ' Ins t i tu te , No. 66, 61-67 (1956) (in Russ ian) . 

Pape r examines the unsteady motion of a slightly 
warped pe rmeab le prof i le . The p r e s s u r e var ia t ion 
on passage through the porous sur face is chosen in 
the form Ap = av + \ where a and X a r e the e x p e r i 
mentally obtained cons tan ts cha rac t e r i z ing the 
permeabi l i ty of the prof i le , and v is the penet ra t ion 
velocity. In solving the p rob lem, author uses 
L. I. Sedov's method ("2-dimensional P r o b l e m s of 
Hydrodynamics and A e r o d y n a m i c s , " Moscow-
Leningrad, Gostekhizdat , 1950, pp. 46-80) . Author 
reduces the solution of the p rob lem to two in tegra l 
equations of the f i r s t type. An accu ra t e solution of 
this sys tem was found for ha rmonic osc i l la t ions of 
the profile about the steady forward motion with 
constant veloci ty . 

1688. S i lberman , E . . and Ross , J. A. 

GENERATION OF AIR-WATER MIXTURES IN 
CLOSED CONDUITS BY ASPIRATION, AD-54982. 

1689. Simpson, H. C , and Si lver , R. S. 

THEORY OF ONE-DIMENSIONAL, TWO-PHASE 
HOMOGENEOUS NON-EQUILIBRIUM FLOW, ( P r e 
sented to the The rmodynamics and Fluid Mechanics 
Group of the Inst . Mech. Eng. on the 7th Feb . 1962, 
Session 2, Pape r 6). 

This paper dea ls with the flow of a superhea ted liquid 
down a s t ra ight duct in which fr ict ional forces a r e 
neglected. It is f i rs t pointed out that t h e r e is a fun
damenta l difference between the flow of the fluid 
flashing f rom liquid to vapour and that of a 

s ing le -phase fluid because in the fo rmer c a s e , the 
mean specific volume can change spontaneously with 
t i m e . As a consequence, a p r e s s u r e drop will occur 
when the two-phase fluid flows down the duct even in 
the absence of fr ict ional fo rces . The flow of a 
superhea ted fluid is then invest igated on the bas i s of 
the following model . F i r s t , nucleat ion is a s sumed to 
occur within the body of a liquid at a ra te depending 
on the p rope r t i e s of the liquid. These nucle i a r e then 
a s sumed to grow and the bubble radius is evaluated as 
a function of t i m e . These two re la t ions a r e then c o m 
bined to provide an express ion for the nnean specific 
volume of the vapour- l iquid sys tem at any t i m e . 
Final ly , this value is subst i tuted in a momentum equa
tion for flow down a s t ra ight duct of constant c r o s s -
section to produce a re la t ionship showing the var ia t ion 
of liquid p r e s s u r e along the duct passing fluid at 
var ious m a s s flow r a t e s . On the bas i s of this theory, 
genera l cu rves a re p resen ted sho^ving the d e c r e a s e 
in m a s s flow r a t e with duct length for va r ious overa l l 
p r e s s u r e d rops , th is reduct ion inc reas ing as nuc lea
tion becomes e a s i e r . It i s a lso shown that the m a s s 
flow r a t e in a given duct r e a c h e s a l imiting value as 
the overa l l p r e s s u r e drop i n c r e a s e s . 

These theore t i ca l cu rves a r e then compared with 
some exper imenta l data on the flow of superheated 
water through nozz les . Agreement is sa t i s fac tory 
at the higher range of p r e s s u r e drop, but at low 
p r e s s u r e drop the exper imenta l data imply that noz
zle d i a m e t e r influences the f lashing. This influence 
is in a d i rec t ion con t ra ry to that which would be ex
pected f rom effects at the nozzle surface and is ex
plained by noting that turbulent fluctuations of 
p r e s s u r e ce r ta in ly occur and these a r e l ikely to 
a s s i s t nucleat ion. Under high p r e s s u r e d rops , t u r 
bulent fluctuations become less importEuit. Evaluation 
of the nucleat ion p a r a m e t e r s shows that the expe r i 
menta l energy of act ivat ion for nucleat ion is ve ry 
much lower than would be expected for pure water 
and that the frequency t e r m would indicate that the 
number of s i tes for nucleat ion is low. These r e su l t s 
imply that nucleat ion in impure water occurs at a 
re la t ive ly smal l number of s i tes in the liquid which 
pe rmi t the energy of act ivation to be low. Final ly , 
the theo re t i ca l curve of m a s s flow rate against o v e r 
all p r e s s u r e drop for a given nozzle is shown to be 
in ag reemen t with some expe r imen ta l data and to 
produce a l imiting value of m a s s flow ra te as the 
p r e s s u r e drop i n c r e a s e s . However, this linnitation 
is not the same as the sonic veloci ty, choking effect 
encountered in the flow of s ing le -phase c o m p r e s s i b l e 
f luids. 

1690. Sobocinski , D. P . 

HORIZONTAL CO-CURRENT FLOW OF WATER, 
GAS-OIL AND AIR, M. S. T h e s i s . Univ. of Oklahoma 
(1955). 

1691. Sobocinski, D. P . , and Huntington, R. L. 

CONCURRENT FLOW OF AIR, GAS-OIL AND 
WATER IN A HORIZONTAL PIPE , A. S. M. E. P a p e r 
No. 56-A-60, Also in A. S. M. E. T ransac t i on 80^ 
252-256 (1958). 

P rob lem of t h r e e - p h a s e flow in production of p e t r o 
leum; des ign of piping for ve r t i ca l , hor izonta l , and 
inclined mul t iphase flow has been done la rge ly by 
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t r ia l ; resul ts of study of concurrent flow of oil and 
gas - field gathering pipelines along with injection of 
third water phase such as glycol. 

1692. Stabnikov, V. N. 

THE MOTION OF A CURRENT OF GAS IN A VISCOUS 
LIQUID, Kim. Mashinostroenie !_, No. 1 6-15 (1938). 
The dimensions of the gas bubbles were detd. in r e 
lation to the flow in both water and cas to r oil . The 
gas entered the liquid in a horizontal and in a ver t i ca l 
direction through c i rcular orifices of varying d i a m s . 
The size of the bubbles was not proport ional to the 
size of the orifice. The expanding of the bubbles i m 
mediately after their escape from the orifice was 
character is t ic , especially with small orif ices and 
high velocities of flow, (CA-34-3967-1) 

1693. Stovall, W, B. 

TWO PHASE VERTICAL FLOW OF KEROSENE AND 
AIR, M.S. Thesis . Univ. of Oklahoma (1953), 

1694. Struiver, W. 

TWO PHASE FLUID FLOW - FLOW THROUGH 
BENDS AND PRELIMINARY STUDY OF PRESSURE 
DROP ALONG PIPES, Report No. R. 257. Dominion 
Physical Laboratory, New Zealand (1955). 

The flow charac ter i s t ics of a i r -wa te r mix tures 
passing through 90 deg. and 180 deg. bends a re 
described from photographs. Formulae for the 
pressure drop along pipes, in two-phase fluid flow, 
are proposed and some experinnental values a r e 
given. 

1695. Struiv , W. 

TWO-PHASE FLUID FLOW LITERATURE REVIEW 
AND PROGRAMME, Technical Note No. 89, Dominion 
Laboratory, Dept. of Scientific and Industr ial Re 
search. New Zealand (1955). 

1696. Styrikovich, M. A. 

HYDRAULICS OF GAS-LIQUID SYSTEMS, F - T S -
9814/v (1960). 305 p. P repared by Liaison Office 
Technical Information Center MCLTD, Wright-
Patterson Air Force Base , Ohio. 

The most essential laws governing the combined 
nnotion of a gas-liquid system are sys temat ical ly 
described. The problems considered a r e : the flow 
of gas-liquid systems in tubes; motion of d i sc re t e 
bubbles and drops in entraining media; downflow of 
liquid films; discharge of a gas into a liquid; dy
namic two-phase layers ; two-phase flow in c i r cu la r 
tubes; atomization of liquids by mechanical and 
pneumatic spray nozzles; drop entrainment by a gas 
s tream and drop separation from the s team; hydro-
dynamic theory of cr i t ical changes in heat t r ans fe r 
during boiling on heating surfaces; and some p rob 
lems in experimental techniques. The book is de
signed for workers in the fields of physical-heat 
engineering, power engineering, hydromechanics , 
chemical p rocesses , and equipment. 81 r e f e rences . 

1697. Tatuhiro, U. 

STUDIES ON THE FLOW OF AIR-WATER MIXTURES. 
Bull. Jap. Soc. Mech. Eng. J_. 139 (1958). 

1698. Tek, M. R. 

TOPICS IN MULTIPHASE FLOW. Univ. of Mich. 
ColLof Eng. (1961). 

1699- Teletov, S. G. 

HYDRODYNAMIC EQUATIONS FOR TWO-PHASE 
LIQUIDS, Dokl, Akad. Nauk S.S.S.R. _£(1945). 

1700. Tele tov. S. G, 

SUR LE MOUVEMENT LENT SEPARE DES 
M E J L A N G E S G A Z - L I Q U I D E , Dokl. Akad. Nauk. 
S.S.S.R. _51_. No. 3, 179-82 (January 30, 1946). 

Separate slow movement of gas- l iquid m i x t u r e s ; 
flow of gas mix tu re s or vapor s with liquid in tube 
has ve ry different c h a r a c t e r according to d i scha rge , 
physical p rope r t i e s of compos i t ions , and angle of 
incline of tube; at low flow veloci ty, s e p a r a t e 
movement of gas and liquid is observed in hor izonta l 
and inclined tubes ; t heo re t i ca l m a t h e m a t i c a l study. 
E. I. 1946, 426. 

1701. Ter Linden, A. J . 

PHENOMENA ACCOMPANYING THE SIMULTA
NEOUS FLOW OF GASES AND LIQUIDS THROUGH 
A P IPE-LINE, Ingenieur (Utrecht) 54. 25-9 (1939). 

Under ce r t a in c i r c u m s t a n c e s , the cu r r en t in a pipe 
with a rough surface s e e m s to flow nnore eas i ly 
and rapidly than in a smooth pipe. In the t rans i t ion 
from a cu r r en t condition with negat ive frict ion to 
one with a positive fr ict ion, a c u r r e n t is observed in 
which the frict ion will equal z e r o , i . e . , the average 
velocity of the liquid along the wall of the tube has 
no component in the d i rec t ion of the c u r r e n t . In 
tubes placed at an angle, r e la t ive velocity of gas 
in re la t ion to liquid appea r s to be g r e a t e r than in 
ve r t i ca l t ubes . NSA 8_, 2407 (May 5, 1954). 

Trans la t ion available in A E C - t r - 1 7 8 3 . 

1702. Thompson, W. 

ON THE WAVES PRODUCED BY SINGLE IMPULSES 
IN WATER OF ANY DEPTH OR IN A DISPERSED 
MEDIUM, P r o c . Roy. S o c , vol. 42, p. 80. 1887. 

1703. Tolman, R. C. 

CONSIDERATION OF THE GIBBS THEORY OF SUR
FACE TENSION, J . Chem. P h y s . 1^,758 (1948). 

The Gibbs theory of sur face tens ion is d i s cus sed . 
Detailed cons idera t ion is given to the s t r uc tu r e of 
t rans i t ion l aye r s between p h a s e s . This provides 
theore t i ca l information, as to the magnitude of s u r 
face tension and as to the location of the surface of 
tension, which can be used in making applications 
of the Gibbs theory . 

1704. Tolman, R. C. 

THE E F F E C T OF DROPLET SIZE ON SURFACE 
TENSION, J. Chem. Phys . L?. 333-337 (1949), 

The effect of drople t s ize on sur face tension is 
given theo re t i ca l cons idera t ion with the help of r e 
sults of the Gibbs thermodynannic theory of capi l 
l a ry and of previous r e s u l t s of the author as to the 
sign and magnitude of superf ic ia l dens i t i e s . It is 
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concluded that surface tens ion can be expected to de 
c r e a s e with d e c r e a s e in drople t s ize over a v/ide 
range of c i r c u m s t a n c e s . In addition, approximate 
figures a r e obtained for the ra te at which such de 
c r e a s e s may be expected. The d e c r e a s e s become 
significant for ve ry sma l l d r o p s . The r e s u l t s a r e 
of in te res t in view of the innportant role of surface 
tension in de te rmin ing the behavior of sma l l d r o p l e t s . 

1705. Tung, Lu-Ho 

DIFFUSION IN TWO-PHASE SYSTEMS, Ph.D. T h e s i s , 
Universi ty of Ill inois (1951) 100 p. 

1706. Ueda. T. 

STUDIES ON THE FLOW OF AIR-WATER MIX
TURES - THE UPWARD FLOW IN A VERTICAL 
TUBE, JSME Bullet in (Japan Society of Mechanical 
Engineers ) , J_, 139-144 (June 1958). 

Resul ts a r e p re sen ted for the following th ree e x p e r i 
ments on the upward flow of a i r - w a t e r m i x t u r e s in a 
ver t i ca l tube having an inside d i a m e t e r of 51 m m : 
(a) Visual observa t ion of the flow p a t t e r n s , (b) M e a s 
u remen t of the s ta t ic p r e s s u r e s along the tube . 
F r o m these r e s u l t s , the volume fract ion of a i r in 
the tube and the re la t ive velocity of a i r we re ca lcu
lated. A tentat ive c o r r e l a t i o n is p resen ted about 
the drag coefficient of the force acting between a i r 
and water owing to the re la t ive velocity, (c) M e a s 
urement of the tube wall t e m p e r a t u r e under a con
stant heat r a t e . The flow r a t e s include the range 
of 200 to 5000 kg/h for wa te r and 0 to 45 kg/h for 

1710. V e r b e r , K, 

BREAK-UP OF LIQUID J E T , SYMPOSIUM: INTER
NAL COMBUSTION ENGINES, Vol I, ONTI (United 
Sci . and Tech. Pub. Houses) , 1936. 

1711. Ve r s luys , J. 

MATHEMATICAL DEVELOPMENT ON THE THEORY 
OF FLOWING OIL WELLS, T r a n s , of the A m e r i c a n 
Insti tute of Mining and Meta l lurg ica l Eng inee r s , 86, 
192-208 (1930), 

Mathemat ical analys is of two-phase flow as applied 
to the theory of flowing oil we l l s . 

Equations a r e der ived for the effect of p r e s s u r e , the 
efficiency of a gas- l i f t , and the effect of gas being 
soluble on equi l ibr ium of work in the gas- l i f t . This 
paper gives the pr inc ip les of a theory . The constants 
in the formulas mus t be a sce r t a ined from e x p e r i 
m e n t s , which should be per formed on the bas i s of 
this theory . 

1712. Volmer , M, 

KINETIK DER PHASENBILDUNG, Vol. IV of Die 
Chemische Reaktion, edited by K. F . Bonhoeffer, 
Leipzig, T. Steinkopff. (1939). (CA-33-5276-6) 

(CA-32-7336-5) 

1713. Wade, D. E. 

A STUDY OF BUBBLE DYNAMICS AND MASS 
TRANSFER IN STAGNANT LIQUID SYSTEMS, Ph.D. 
Thes i s , Rice Inst . , 145 pp. (1958), 

It s eems that obs tac les in tubes have pa r t i cu la r ef
fects on the flow of a i r - w a t e r m i x t u r e s . Some ex
per imen t s were a lso pe r fo rmed to make quali tat ively 
clear the effects of obs tac les i n se r t ed into the v e r 
t ical tube, 

1707. Urse l l , F . 

WAVE GENERATION BY WIND, in SURVEYS IN 
MECHANICS, Ba tche lor , G. K., ed. , Cambr idge 
Univ. P r e s s (1956). 

1708. Van Deemte r , J. J . , and VanDer Laan, E, T. 

MOMENTUM AND ENERGY BALANCES FOR DIS
PERSED TWO-PHASE FLOW, Appl. Sci . R e s . , 
Section A, 1^, 102-108(1961) . 

The equations of motion and the mechan ica l energy 
balances for two-phase flow systenns a r e der ived 
by integrat ion over a volume containing a la rge 
number of e lements of the d i s p e r s e d phase . 

1709. Van Dongen, J . R. J., and Te r Linden, A. J . 

APPLICATION OF GAS-LIQUID CYCLONES IN OIL 
REFINING, T r a n s . Am. S o c Mech. E n g r s . 80 245-9 
(1958). 

Reference made to two-phase flow of liquids and 
vapors in ref inery p r o c e s s e s ; as most final products 
must be in liquid or vapor form, separa t ion of phases 
is n e c e s s a r y ; p rob lem of separa t ing liquids from 
vapors efficiently and choice of sepa ra t ion equipment; 
r e su l t s of study of cyclone s e p a r a t o r s on pilot plant 
sca le ; appl icabi l i ty in heating, f lashing, or c racking 
p r o c e s s e s , e t c . 

1714. Wahl, M. H. 

WETTING WITH SODIUM, NP-5811 (1955). 

Cer ta in p r e t r e a t m e n t s (aqua regia , NaOH, e l e c t r o -
polish, and Na3P04) have been shown to enhance 
wetting of s ta in less s tee l by mol ten Na at low t e m 
p e r a t u r e s . Wetting was ne i ther speeded nor r e t a r d e d 
by contact with cover gas (98% N2 - 2%02). 

1715. Wall is , G. B. 

FLOODING VELOCITIES FOR AIR AND WATER IN 
VERTICAL TUBES. AEEW-R 123 (1961), 17 p . 

An invest igat ion of the l imit ing, or flooding, ve loc i t ies 
for coun te r cu r r en t annular flow of a i r and water in 
ve r t i ca l tubes is r epo r t ed . The data a r e c o r r e l a t e d 
in t e r m s of d imens ion less groups which a r e s imi l a r 
to those a l ready in use for descr ib ing flooding in 
packed t o w e r s . The re levance of the r e su l t s to the 
p rob lem of burnout in boiling equipment is d i s c u s s e d . 

1716. Warne r , C. F . , and Reese , B. A. 

INVESTIGATION OF THE FACTORS AFFECTING 
THE ATTACHMENT OF A LIQUID FILM TO A 
SOLID SURFACE, Je t . P r o p . 22. 877 (1957). 

One method of es tabl i sh ing pro tec t ive liquid film 
between flowing gas and walls of flow passage is 
by injection of liquid through slot in pas sage wal l s ; 
poss ible applicat ion in cooling of in te rna l sur faces 
of rocket m o t o r s and ex terna l sur faces of high ve 
locity m i s s i l e s . 



TWO-PHASE FLOW 

1717. Wehausen. J. V. 

WATER WAVES II, University of California, Institute 
of Engineering Research , Berkeley, California, 
Series No. 82, September 1958. 

1718. White, P . D. 

HORIZONTAL CO-CURRENT TWO-PHASE TWO-
COMPONENT FLOW, University of Oklahoma. Ph.D. 
Thesis (1954). 127 p. 

Data are presented for the simultaneous horizontal 
flow of a vapor and a liquid phase in pipes varying 
in diameter from 1 in. to 2 in. The data include 
observations on air and natural gas , each flowing 
with liquids including water and kerosene , and 
lubricating oils . 

A tentative flow pattern chart is presented which 
shows the type of flow which would exist under a 
given set of mass flow r a t e s . This flow pat tern 
chart was prepared for flow in a sys tem near a t 
mospheric p r e s s u r e s . Use of the chart at high 
p ressures is not intended or recommended. 

An ennpirical correlat ion is presented which allows 
the two-phase static p r e s s u r e drop to be predicted 
if the flow ra tes , physical p roper t i es , and pipe d i 
ameter a re known. This cor re la t ion is l imited to 
those flow patterns which a r e stable in na ture ; this 
specifically excludes slug and stratified flow types . 
The correlat ion has not been checked with high 
pressure data, but it is believed to be valid at high 
p re s su re s . The correla t ion is l imited to liquids 
with viscosit ies of less than 120 centipoise. 

Systems that have p re s su re drops g rea te r than 
10% of the downstream static p r e s s u r e requ i re 
stepwise solutions. Stepwise solutions a r e also r e 
quired if vaporization occurs in the flow sys tem to 
any great extent, or if considerable t empe ra tu r e 
change occurs . Kinetic energy changes, where they 
are innportant, may be considered separa te ly , 

A tentative correlat ion is presented to predict p r e s 
sure drops resulting from ripple type flow. Insuf
ficient experimental data a re available to validate 
this correlat ion but it will serve as a guide in e s t i 
mating the p ressu re drop in ripple flow until a be t ter 
correlation is available, or until sufficient data a re 
available for validation, 

A 600-foot reel of 16 mm color motion picture of 
two-phase flow in a 2-inch plastic pipe has been p r e 
pared. All flow types a re included in the film and 
flow rates and appropriate t i t les a re given. A 700-
foot reel of 16 mm color motion picture of two-phase 
flow in a l y inch plastic pipe was also p repared and 
titled. These two ree ls a r e on file at the Universi ty 
of Oklahoma, College of Engineering, School of 
Chemical Engineering, Norman, Oklahoma, and may 
be obtained upon request . 

1719. White. P. D. 

HORIZONTAL CO-CURRENT TWO-PHASE FLOW OF 
FLUIDS IN PIPELINES, The Pet .Eng. , D-40 D-46 
(August 1955). 

Research at the University of Oklahoma provides 
calculation methods for solving two-phase p r e s s u r e 
drops , aids in making economic studies of single 

lines to handle s imul taneous ly gas - l iqu id flow; e x p e r 
imenta l appa ra tu s ; cha r t p r e sen t ed that shows types 
of flow that would exist under given set of m a s s flow 
r a t e s . 

1720. Wright, C. Q., Ill 

A STUDY OF TWO-PHASE CONCURRENT FLOW IN 
A HELIX, Univers i ty of De laware , M . S . Thes i s (1949), 
pp. 75, 

This thes i s p r e sen t s a study of two-phase concur ren t 
flow in a he l ica l coil . Visual p r e s s u r e drop and 
photographic data a r e p re sen ted for a i r and wate r 
flowing through -j in. copper tubing coiled in the form 
of a 5-|- in. d i ame te r helix containing 13 tu rns of the 
tes t sect ion. The a i r and water en te red at the top of 
the helix through a spec ia l en t r ance sect ion and left 
at the bottom through a centr ifugal s e p a r a t o r . The 
flow was observed in a g lass hel ix of two tu rns placed 
between the tes t sec t ion and the s e p a r a t o r . 

Flow was cons idered s t ra t i f ied when a continuous 
interface exis ted . When the a i r s t r e a m picked up 
la rge slugs of wa te r , causing a sha rp i n c r e a s e in the 
p r e s s u r e drop the flow was t e r m e d in the c r i t i ca l 
slugging region. The region where the en t i r e per iph
ery was covered 'vith a film of water but the g rea te r 
m a s s of liquid remain ing in the lower port ion of the 
tube was t e r m e d pseudo annular flow because slugs 
of water s t i l l o c c u r r e d . The region of flow where the 
tube wall was a lmos t equally covered v/ith the liquid, 
and no slugs could be obse rved with the naked eye, 
was t e r m e d t r u e - a n n u l a r flow. The study covered 
the ranges of a i r r a t e s from 2.3 to 46 I b s / h r , and of 
water r a t e s f rom 12 to 192 I b s / h r . 

It was found that the p r e s s u r e drop va r i ed as the 
1.33 power of the gas ra te for s t ra t i f ied flow and as 
the 1.6 power for annular flow. These values agree 
fairly well with the data of Gazley and Jenkins for 
s imi la r flow in a s t ra ight pipe. The types of flow 
can be predic ted for any ra t io of gas and liquid ra tes 
from a plot of a ficti t ious fr ict ion factor v e r s u s a 
Reynolds number , 

1721. Yamagata , K,, et a l . 

E F F E C T OF AIR INJECTION INTO WATER ON THE 
HEAT TRANSFER, T r a n s , of the Society of Mechan
ical Eng inee r s , Japan. J_9, No. 84, 4-9 (1953) 
(In Japanese - English Abs t r ac t ) . 

1722. Yih, C. S. 

STABILITY OF PARALLEL LAMINAR FLOW WITH 
A FREE SURFACE, P r o c . Second U. S. Congr. 
Appl. Mech., New York, ASME, 1955. 

1723. Yocum, B. T. 

TWO-PHASE FLOW IN WELL-FLOW LINES, Pe t ro l . 
Engr . 3J., B40-2 , B44, B46-7 (1959). 

The development of equations and coeffs. used in the 
study of s imul taneous flow of oil and gas in well tub
ing andflowlines . 



Adiabatic 

1724. Zannoni , P . J . 

A STUDY OF ENTRANCE SECTIONS FOR TWO-
PHASE CONCURRENT FLOW, Univers i ty of Dela
ware , B . S . T h e s i s (1948), 51 p. 

The objective of th is project was to study by visual 
observat ion the conditions at the ini t iat ion of two-
phase concur ren t fluid flow and to se lec t an en t rance 
nozzle which would give the mos t s table flow con
ditions and the mininnum p r e s s u r e d rop a c r o s s the 
ent rance sect ion. 

In p r e l i m i n a r y invest igat ion, 14 nnm pyrex g la s s 
tube en t rance sec t ions were used . By means of 
visual obse rva t ions and p r e s s u r e d rop m e a s u r e 
ments , the two bes t nozz les were found to be those 
whose a i r en t r ances were at an angle of 6° and 90° 
with the hor izon ta l . The 6° en t rance sect ion was 
best suited for s t ra t i f ied flow because with this 
nozzle the g r e a t e s t range of a i r - w a t e r r a t e s could 
be obtained. The 90° en t rance sect ion gave the 
grea tes t range of a i r - w a t e r r a t e s and the min imum 
p r e s s u r e drop for annular flow, and is the re fore 
the bes t nozzle for this type of flow. 

In the final invest igat ion, these two nozz les were 
const ructed f rom one-half inch copper tubing. 
During the runs with the copper en t rance sec t ions , 
p r e s s u r e drop m e a s u r e m e n t s were nnade a c r o s s 
the nozzle and at each 12-inch in te rva l along the 
tes t sect ion. It was found that the en t rance effects 
vanished at a d is tance of 36 d i a m e t e r s downs t r eam 
for the 90° section and 12 d i a m e t e r s downs t ream for 
the 6° sect ion. 

1725. Zerby, C. D. 

DESIGN OF SMOOTHLY FLOWING GAS AND LIQUID 
MIXTURES, C F - 5 1 - 1 0 - 1 3 0 (1951). 

The seve ra l types of flow m e c h a n i s m s poss ible in 
two-phase flow a r e defined and the i r o r d e r of o c c u r 
rence given at a constant liquid flow ra te and in
creas ing gas flow r a t e s . The c h a r a c t e r i s t i c s of 
two-phase flow, which cause var iab le conditions in 
the flow s t r e a m , a r e d e s c r i b e d . Expe r imen ta l data 
a r e p resen ted which provide a b a s i s for design of a 
smoothly opera t ing two-phase s y s t e m . The favorable 
c h a r a c t e r i s t i c s of or i f ice in a two-phase flow s t r e a m 
are desc r ibed , and the p r e s s u r e drop equation a c r o s s 
an orif ice for two-phase flow is d e s c r i b e d . An ex
ample of the p roper use of the included data is given. 

1726. Zmola, P . C , et a l . 

TRANSPORT OF GASES THROUGH LIQUID-GAS 
MIXTURE, Tulane Univers i ty and Oak Ridge National 
Labora tory , unpublished. 

ADIABATIC FLOW 

1727. Adorni , N., et a l . 

EXPERIMENTAL DATA ON TWO-PHASE ADIABATIC 
FLOW: LIQUID FILM THICKNESS, PHASE AND VE
LOCITY DISTRIBUTION, PRESSURE DROPS IN VER
TICAL GAS-LIQUID FLOW, Centro Informazioni 
Studi Espe r i enze Repor t R 35, March 1961, Milan. 
Italy. Special Report No. 7. Work pe r fo rmed under 

United S t a t e s - E u r a t o m Joint R e s e a r c h and Develop
ment P r o g r a m . CISE-R-35 . 141 p . EURAEC-150 

Exper imenta l data on upward two-phase Ar-H20 
adiabatic flow in a ve r t i ca l cyl inder a r e r epor t ed . 
The t e m p e r a t u r e is maintained at room t e m p e r a t u r e , 
and the p r e s s u r e s studied range up to 22 kg /cm^. 
Data on film th i cknesses , phase and velocity d i s t r i 
but ions , and p r e s s u r e d rops a r e given. 

1728. Adorni , N., et a l . 

FURTHER EXPERIMENTAL DATA ON TWO-PHASE 
ADIABATIC FLOW: E F F E C T S OF THE PHYSICAL 
PROPERTIES OF THE LIQUID PHASE - PRESSURE 
OSCILLATIONS - DENSITY MEASUREMENTS, 
Cent ro Informazioni Studi Espe r i enze Report R 4 1 , 
June 1961, Milan, Italy. CISE-R-41 (Pt . A Si B) 

1729. Anonymous. 

FLOW OF FLASHING MIXTURE OF WATER AND 
STEAM THROUGH PIPES, Engineer ing and Boi ler 
House Review 66 ,̂ 268-269 (September 1951). 

The analyt ical approach to the predic t ion of the 
flow c h a r a c t e r i s t i c s of a two-phase mix tu re , such 
as water and s team, is explained, and a compar i son 
of theory with tes t data is made . Tes t data and 
calcula ted r e su l t s for a flow through cascade d ra in 
lines of 4-inch nominal d i ame te r a r e tabulated, 

1730. Br idge , T. E. 

HOW TO DESIGN THE PIPING FOR CONVEYING 
FLASHING HOT WATER, Heating, Piping and Air 
Conditioning, 69-73 (March 1949) 92-6 (April 1949), 
93-100 (May 1949). 

Review of theory and p rac t i ca l applicat ion to design 
of l ines for mix tu res of s team and wa te r ; cu rves 
p resen ted from which preca lcu la ted data may be ob
tained; sample p rob lems of p r e s s u r e drop; theory 
developed for calculat ing surge p r e s s u r e s resul t ing 
from high veloci t ies in condensate l ines ; suggest ions 
for designing flash tanks . 

1731. Casag rande , I., C rava ro lo , L., and Hass id , A. 

RESEARCHES ON ADIABATIC TWO-PHASE FLOW, 
Energ ia Nucleare (Milan) % 148-59 (Mar . 1962). 

The poss ible ut i l izat ion of s teann-water m i x t u r e s as 
r e a c t o r coolants r e q u i r e s extensive information on 
the involved phenomena and pa r t i cu la r ly on the fluid-
dynamics of two-phase flow. The r e s e a r c h e s p e r 
formed at CISE on adiabatic ve r t i c a l two-phase flow 
a re br ief ly r epor t ed and the main r e su l t s d i s cus sed . 
The exper iments v/ere c a r r i e d out mainly at room 
t e m p e r a t u r e and at a p r e s s u r e of -22 k g / c m with 
a rgon-wa te r nnixtures flowing in d i s p e r s e d reg ime 
in a c i r cu l a r ve r t i c a l conduit, 25 m m ID. The flow 
ra te r anges w e r e : 18 - 205 g / (cm s) (liquid) and 
16 - 95 g/(cm^s) (gas). However expe r imen t s were 
c a r r i e d out a lso with other fluids and lower p r e s 
s u r e s , as well as different g e o m e t r i e s . The main 
quant i t ies m e a s u r e d a r e : th ickness of the liquid film 
adher ing to the conduit wall, phase and veloci ty d i s 
t r ibut ion, p r e s s u r e d r o p s , and p r e s s u r e osc i l l a t ions . 



TWO-PHASE FLOW 

1732. Santalo, M. A. 

STUDY OF ADIABATIC TWO PHASE FLOW IN 
VERTICAL TUBE (Sc.D. Thes i s , M.I.T., Jan. 1958, 
M. E. Dept.) 

1733. Stephenson, D. W. 

CHARACTERISTICS OF ADIABATIC FLOW OF 
FREON-12 THROUGH A RESTRICTOR TUBE EX
PANSION DEVICE WITH THE REFRIGERANT 
ENTERING AT SATURATION CONDITIONS, 
University of Missouri , M.S. Thesis (1951). 

The purpose of this investigation is to study exper i 
mentally and analytically the cha rac t e r i s t i c s of 
substantially adiabatic flow of Freon-12 through a 
0.02 inch inside diameter r e s t r i c t o r tube 6 ft long 
with the refrigerant entering the tube at sa tura ted 
liquid and at saturated gas conditions. 

ANNULUS 

1734. Bowes, H. 

A BOILING WATER RIG FOR DEMONSTRATION 
PURPOSES, AERE-M-538 (September 1959), 33 p. 

A training rig is described for investigating boiling 
and non-boiling heat t ransfer to water flowing ve r 
tically upwards in an internally heated annulus. 
Theory and experimental pract ice is outlined, t o 
gether with a practical descript ion of design and 
construction which incorporates a test length for 
visual examination of various boiling phenomena. 

1735. Collier, J. G., and Lacey, P . M. C. 

HEAT TRANSFER TO HIGH PRESSURE SUPER
HEATED STEAM IN AN ANNULUS, 1961 In ter 
national Heat Transfer Conf., Pa r t II, pp. 354-362. 
New York, ASME, 1961. (Also published in 
AERE-R-3653). 

Equipment is described for measur ing the heat 
transfer charac ter i s t ics of s team or s t eam-wate r 
mixtures flowing in annuli, at p r e s s u r e s up to 
1500 psi . Point heat t ransfer coefficients a r e 
presented for single phase superheated s team at 
p ressures from 20 to 1075 psi . The curve of log 
N u / P r ' " vs log Re was s teeper than 0.8, pa r t i cu 
larly in the low Reynolds number (low p re s su re ) 
runs but tended to approach the t radi t ional Colburn 
relationship at high Reynolds number (1,3 to 3.2 x 
10^). With a calming section 18.2 d i ame te r s long 
the entrance effect could be cor re la ted equally well 
by a factor ( L / D J ) - " - ' or a factor of the form 
(1 + mDe/L), with appropriate coefficients. 

I22t_. Collier, J. G., and Pulling, D. J. 
HEAT TRANSFER TO TWO-PHASE GAS-LIQUID 
SYSTEMS PART II. FURTHER DATA ON STEAM-
WATER MIXTURES IN THE LIQUID DISPERSED 
REGION IN AN ANNULUS, AERE-R-3809 (1962). 
In a continuation of experiments repor ted e a r l i e r 
measurements have been made of the heat t r ans fe r 
rates from an electrically heated s ta inless steel 
tube to a two-phase s team-water mixture flowing 
upwards m vertical annular shaped channels of 

var ious d imens ions . Point heat t r an s f e r coefficients 
have been evaluated for a range of va lues of t h r e e 
independent va r i ab les namely , total m a s s veloci ty , 
heat flux, and s team quality (% by wt) at p r e s s u r e s 
up to 80 ps ia . 

The r e su l t s have been compared with a number of 
previous ly published emp i r i c a l c o r r e l a t i o n s and in 
genera l these c o r r e l a t i o n s (with slight changes in 
some cases ) r e p r e s e n t the data sufficiently well 
for engineering design p u r p o s e s . 

The r e su l t s have a lso been compared with c u r r e n t 
theore t i ca l ana lyses based on the annular flow model . 
In this case ag reemen t was not good, the theore t i ca l 
models predict ing coefficients sonne 50% g r e a t e r 
than those exper imenta l ly obse rved . Reasons a r e 
suggested for this d i sc repancy and the need for new 
exper imenta l approaches emphas ized . 

1737. Knowles, J . W. 

HEAT TRANSFER WITH SURFACE BOILING, MTec-
187 (1946), 61 p. 

The effect of surface boiling on the heat t r an s f e r 
from a s t a i n l e s s - s t e e l tube to wa te r flowing in an 
annulus was inves t iga ted . The t e m p e r a t u r e of the 
cooling water was throughout below the boiling 
point, and surface t e m p e r a t u r e s went to about 100°C 
above the boiling point. Water veloci t ies ranged up 
to 10 fps and heat fluxes up to 750 w/cm^. Nondimen-
sional h e a t - t r a n s f e r cons tan ts about four t i m e s 
l a rge r than for forced convection were obtained. The 
l imitat ions of s tabi l i ty were studied extens ively . 
Hea t - t r ans fe r co r re l a t ion formulas were der ived for 
two ranges of Reynolds no. and two ranges of l eng th / 
d iam. r a t i o s . 

1738. Knowles, J . W. 

HEAT TRANSFER WITH SURFACE BOILING, Can. 
J. R e s e a r c h 26A, 268-278 (1948). 

Exptl. study of heat t r an s f e r f rom e lec t r i ca l ly heated 
s ta in less s tee l tubes of from 0.47 to 1.32 cm diam. to 
downward flowing water in an annular space , with heat 
flux values up to 720 w per sq cm. The bulk t emp, of 
the water was below its b .p . , but the meta l surface 
t emp, was up to 100" above. At low water veloci t ies 
the h e a t - t r a n s f e r ra te was i n c r e a s e d to 4 t imes the 
normal value because of sur face boil ing. As the 
water t emp , was i nc reased at cons t , heat flux, a 
breakdown point was reached where high heat fluxes 
could no longer be mainta ined. (CA-42-8540g) 

1739. McNutt, C. R, 

DATA ON BOILING FLOW IN A "C" ANNULUS 
WITH UNIFORM TUBE POWER , . . , HW-32009 
(1954). 

L740. Rychkov, A. I., and Khokhlov. V. K. 

BOILING HEAT TRANSFER IN AN ANNULUS, Trudy 
Moskov. Inst . Khim. Mashinos t roeniya , 19, 65-78 
(1959). 

Hea t - t r ans fe r m e a s u r e m e n t s were c a r r i e d out in a 
515-mm long and 1 7 .5 -mm- ins ide d iam. s teel tube. 



Binary Mixture 

The annulus was formed by inser t ing s tee l rods of 
8. 12, and l 4 - m m . d iam. , r e s p . , into the tube . The 
tube was heated from the outs ide with s t eam, and 
dis td. wa te r was used as the t e s t l iquid. The hea t -
t r ans fe r tube was connected to a condense r , which 
re tu rned the condensate to the bot tom of the hea t -
t r ans fe r sect ion. The enter ing water was e lec . 
p rehea ted to i ts b .p . The heat flux was detd. by the 
width of the annulus ; d e c r e a s i n g the opening inc reased 
the flux. Optimunn heat t r a n s f e r was obtained when 
the annulus d i a m . was of the s ame o r d e r as the d iam. 
of the bubbles fo rmed . When the annulus d iam. and 
the heat load both i n c r e a s e d , the heat t r an s f e r in the 
annulus and tube were equal . 

BINARY MIXTURE AND MULTI-COMPONENT 

1741. Ba l i t sk i i , S. A. 

HEAT TRANSFER TO BOILING AQUEOUS SOLU
TIONS OF LiBr AND LiCl UNDER VACUUM, 
Sbornik Trudov. Inst . Teploenerg , ,Akad. Nauk. 
Ukrain, SSR No. 14, 97-107 (1958). 

Heat t r an s f e r was studied by boiling la rge vols , of 
aq. so lns . of LiBr and LiCl, heated in te rna l ly with 
a horizontal b r a s s pipe. At a heat flux q = 3750-
24,760 k c a l / s q m h r . , the h e a t - t r a n s f e r coeff. can 
be calcd. from ci = Cq", where n ~ 0 . 6 3 ; a d e c r e a s e s 
with inc reas ing concn. of so lns . At a p r e s s u r e of 
0.05-1.0 a tm . the value of a is not affected. The r e 
sults obtained ag ree only qual. with the exist ing 
equations involving d imens ion less r a t i o s . F r o m 
Referat . Zhur . , Khim., 1959, Abs t r . No. 46034. 

1742. Bonil la . C. F . , and P e r r y , C. W. 

HEAT TRANSMISSION TO BOILING BINARY 
LIQUID MIXTURES, T r a n s . Am. Inst . Chem, Eng. , 
37, pp. 685-705 (1941). 

Frequent ly equipment mus t be designed in which 
mul t i -component l iquids a r e to be boi led; p r e sen t 
work under taken to obtain method of in terpola t ion 
between pure liquids to give boiling heat t r an s f e r 
coefficient for b ina ry m i x t u r e s ; hor izonta l surface 
was used as it const i tu tes s imples t physica l and 
exper imenta l a r r a n g e m e n t ; pure liquids studied 
were wa te r , ethanol, n-butanol , and ace tone . 

1743. Bonil la, C. F . , and E i senberg , A. A. 

HEAT TRANSFER TO BOILING STYRENE AND 
BUTADIENE AND THEIR MIXTURES WITH 
WATER, Ind. Eng. Chem. 40_, 1113-1122 (1948). 

Because of the impor tance of heat t r an s f e r to and 
from w a t e r - s t y r e n e and ivater-1 ,3-butadiene m i x 
tu res in GR-S synthet ic rubber p lants , t e s t s on the 
boiling of these m i x t u r e s were c a r r i e d out. It was 
found that in the boiling of m i x t u r e s of components 
that a r e not mutual ly soluble the n e c e s s a r y At, 
based on the equi l ibr ium t e m p e r a t u r e , will be 
appreciably l a rge r than for e i ther component alone 
at the s ame q /A. In the boiling of re la t ive ly shallow 
depths of m i x t u r e s of insoluble l iquids , cons iderab le 
superheat ing of the mix tu re nnay be expected, in 

con t ra s t to the boiling of two-phase mix tu re s of 
par t ia l ly soluble l iquids. If the liquid phase of lower 
densi ty has a lower boiling point, boiling of the 
dense r phase may not occur until high heat t r an s f e r 
r a t e s a r e reached , as the heat t r a n s f e r takes place 
at lower r a t e s by na tura l convection. At a low ra te 
of boiling the l ighter layer will not mix sufficiently 
with the denser layer to be c a r r i e d down to the 
heating surface , and at the boiling ra te at which 
this s t a r t s a discontinuity in the At value will be 
obse rved . 

1744. Bruijn, P . J. 

ON THE ASYMPTOTIC GROWTH RATE OF VAPOUR 
BUBBLES IN SUPERHEATED BINARY LIQUID 
MIXTURES, Phys ica , 26_, No. 5, 326-34 
(May 1960). 

Growth of vapour bubbles in boiling liquid m i x t u r e s 
is slowed by the difference between the vapour com
posit ion and the liquid composit ion if the const i tuents 
of the mix ture have different vo la t i l i t i e s . As the 
m o r e volat i le component i s m o r e rapidly exhausted 
in the liquid near a vapour bubble than the l e s s vola
ti le component, the growth ra te of the bubble depends 
on the supply of the more volat i le component by dif
fusion. Assuming that the rad ius R of a vapour 
bubble i n c r e a s e s with the t ime t as R = C VT, the 
growth ra te constant C is calcula ted as a function of 
the composit ion for the binary m i x t u r e s water -
1-butanol, wa te r -e thanol and wa te r - ace tone boiling 
under a tmospher i c p r e s s u r e . The problem is of 
specia l impor tance as it has empi r ica l ly been found 
that a low growth ra te often co r re sponds to a high 
value of the coefficient of heat t r a n s f e r . 

1745. Cichel l i , M. T., and Bonil la, C. F . 

HEAT TRANSFER OF LIQUID BOILING UNDER 
PRESSURE, T r a n s . AIChE, _4]. 755-84 (1945). 

The t emp , difference requ i red to cause boiling from 
a hor izonta l Cr -p la t ed surface at medium and high 
hea t - t r ans f e r r a t e s , and at p r e s s u r e s ranging in 
mos t ca ses from a tm. to nea r the c r i t . , was m e a s 
ured for H2O, ethanol, benzene, propane , n-pentane , 
n -hep tane , 50 mol . % wa te r - e thano l , and 33 and 
67 mol . % p ropane-pen tane . It was found that the 
coeff. of heat t r an s f e r continues to r i s e as the p r e s 
sure i s i nc reased , until nucleate boiling c e a s e s to be 
stable nea r the c r i t . p r e s s u r e , the boiling surface 
becoming vapor-bound in mos t c a s e s . An approx. 
graphical co r r e l a t i on was found for predic t ing the 
max . boiling ra te poss ible at any p r e s s u r e , and 
another for the t emp , difference requ i red to produce 
the max . r a t e . The max . ra te is found to occur at 
about -J of the c r i t . p r e s s u r e . B inary m i x t s . we re 
found to r e q u i r e s eve ra l t i m e s as la rge a t e m p , dif
ference to boil at the same ra te as the pure compo
nen t s . The pr inc ipa l equations that have been 
published for predict ing film coeffs. of heat t r an s f e r 
in boiling were compared at a tm . p r e s s u r e and over 
the p r e s s u r e range covered with the data obtained. 
The cu rves and formulas now available apparent ly 
enable nucleate boiling filnn coeffs. to be roughly 
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estd, for any liquid under any condit ions, from a 
horizontal surface or tube. (CA-40-10692) 

1746. Darling, C. B. , 

HEAT TRANSFER TO LIQUIDS IN INTERMITTENT 
FLOW, Petroleum 22_, 177-8, 180 (1959). 

Water and 50% glycerol solution in in termi t ten t flow 
in 0.379 in. diam. heated tube gave poorer heat 
t ransfer than m steady flow when flow was controlled 
from downstream of hea te r ; when flow was control led 
from upstream of hea te r , bubbles appeared in liquid 
and heat t ransfer was improved by up to 70% over 
steady flow values . 

1747. Davis, D. S. 

HEAT TRANSFER FOR AQUEOUS GLYCEROL BOIL
ING IN POOLS. Bri t . Chem. Eng. 2- "^^^ (1962). 

A nomogram. (CA-62-14906a) 

1748. Filatkin. V. 

HEAT EXCHANGE DURING THE BOILING OF AN 
AMMONIA-WATER SOLUTION, Kohl. Tekh., 3±^ 
23-29 (Oct.-Dec. 1957). 

The expts. show that for heat fluxes q £ 5000 c a l / s q 
m hr , the heat t ransfer during the boiling of an aq. 
NH3 soln. (I) is detd. principally by free convection. 
For q g 2500 ca l / sq m hr , nucleate boiling exis ts in 
the range for which the heat t r ans fe r coeff. (W) for 
I is lower than for 1-component l iquids. The lower
ing of W during nucleate boiling of I is caused by 
the change in phys. proper t ies and the nnodification 
in the s t ructure of the boundary layer at the heating 
surface. This change in s t ruc ture is produced by the 
difference in concn. of the vapor and the liquid phase 
in the boiling soln. Equations a re given for the 
detn. of W during the boiling of I in the range 
1000 S q = 25,000 ca l / sq m hr . A nomogram is p r e 
sented for the calcn. of W in the range of nucleate 
boiling. From C.Z. 1958. 7045. 

1749. Gleim. V. G., et a l . 

PHENOMENA OCCURRING AT THE PHASE BOUND
ARIES OF BOILING SOLUTIONS, Zhur. P r ik l . 
Khim. 3]_. No. 1 32-37 (January 1957), 

The surface tension o of 1 and of 2 mole % solns . 
of NaCl, NaOH, Na^SOi, NazCOj, and MgSO* was 
detd. in the range of 20-90 ± 0.05°. The difference 
in a of these solns. was slight. Hence, the d e s o r p 
tion of these salts from the surface of their so lns . 
could not be selective, i .e . , the relat ive propor t ions 
of these salts at the surface and in the bulk of the 
soln, was the same and independent of the t emp. 
The difference Osoln. " ^^HjO = const, and Osoln. = 
o'soln. (SOsoln./ST) (T - T j = a 'soln. + 
( ^ O H J O / S T (T - Tl), where ( S O H ^ O / ^ T ) ( T - Ti) is 
independent of the concn. C and on differentiation 
becomes 5ilgoln-/9C + f{T) (a' is a at some specific 
temp. T). The temp, coeff, of a is independent of 
the electrolyte and the compn. of the soln. and is 
equal to that of H^O. The surface activity, however, 
is a function of the concn.. the nature of the solute, 
and the temp. 

1750. Gordon, K. F . , et a l . 

BOILING HEAT TRANSFER BETWEEN IMMISCIBLE 
LIQUIDS, Intern . J. Heat Mass T r a n s f e r 2i 90-93 
(Sept. 1961). 

An invest igat ion was made of boiling h e a t - t r a n s f e r 
coeffs. between immisc ib l e l iquids . Hg and H2O, 
MeOH, or EtOH were used . The app. was a 2.5 in. 
d i am. g lass tube with Hg heated by an ex te rna l heating 
wire and the pool boiling liquid above. The data 
covered the range AT = 7 - l 0 3 ° F . . q ^ 1500-
110,000 B t u / s q ft hr with h = 200-1800 B t u / s q ft hr "F. 
Neither a peak flux nor a decl ine in h was reached . 

1751. Gr igo r ' ev , L. N., and Usmanov, A. G. 

HEAT EMISSION AT BOILING OF BINARY MIX
TURES, Zhur . Tekh. F i z . , Z8_, 325-32 (1958). 

The mechan i sm of boiling p r o c e s s of b ina ry mix t s . , 
EtOH-HaO, MeOH-HjO, EtOH-BuOH, acetone-BuOH, 
differed significantly from that of s ingle-component 
l iquids . The compn. of the boiling mixt . was found 
to influence the heat t r a n s f e r . This effect was shown 
by the dependence of the rad ius of cu rva tu re of 
vapor - fo rming c e n t e r s on concn. of the boiling mixt. 
An equation was der ived for detg . the r ad ius of cu r 
vature of vapor - fo rming c e n t e r s in boiling b inary 
mix t s . : Po= 2a/[(Ti2-Ti , ) / (72-7i) - ([(Xz - X,) / (72-7,}] 
(S^C/SX^)(dx/dT)}J At. Where o is coeff, of surface 
tension of the boiling mixt . (kg /m) , yj andy^ a r e 
mola r vo l s . , T), and "̂ z rnolar en t rop ies , Xj and X; 
mola r concn. based on low-boiling component , ^ 
Gibb's mola r the rmodynamic potent ia l , subsc r ip t s 
1 and 2 designated liquid and vapor , r e s p . , t t emp, in 
°C, T a bs . tennp, of boiling in °K. The coeffs. of heat 
t r ans fe r at boiling of b ina ry m i x t s . we re significantly 
lower than those of the pure components . At cer ta in 
concn. of the nnixt. a definite min . of the function 
ex. = i{xi) was observed , where a is the coeff, of heat 
t r a n s f e r . A photographic study of the same systenns 
confirmed the re la t ionsh ip given by the equation. 

1752. G r i g o r ' e v , L. N., and Usmanov, A. G. 

CONDITIONS OF HEAT TRANSFER SIMILARITY 
IN BOILING OF BINARY MIXTURES, Trudy . Kazan. 
Khim-Tekhnol . Inst . IM. S.M. Kirova, No. 26, 32-41 
(1959) . 

Bonilla and P e r r y (CA 35, 72401) t r i ed to general ize 
the boiling conditions of b inary m i x t s . and HjO solns . 
by using the theory of s i m i l a r i t y . Thei r equations 
fail to differ from those valid for pure l iquids. Di
nnensionless equations a r e der ived by assuming both 
a single center and a g r e a t e r no. of such cen te r s of 
vapor format ion and thei r dynamical in te rac t ion . 
Equations and d i a g r a m s for the binary sy s t ems 
EtOH-H^O, MeOH-HaO, EtOH-BuOH, and MezCO-
BuOH a r e given. 

1753. Gr igor ' i L. N., and Usmanov, A. G. 

HEAT TRANSFER DURING THE BOILING OF 
BINARY AZEOTROPIC MIXTURES, Inzhener . -
F i z . Zhur . , Akad. Nauk. Be lo rus . S.S.R., _2, No. 11, 
114-18 (1959). 

In a previous study an equation was der ived which 
gave the re la t ion between the concn. of a boiling 
b inary mixt . and the radius of c u r v a t u r e of 
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vapor - fo rming c e n t e r s . The validity of this re la t ion 
was conf i rmed when the mechan i sm of the boiling 
p r o c e s s of b ina ry mix t s . , such as PhOH-HzO, H^O-
pyr id ine . and EtOH-C^ H^ was inves t iga ted . At a 
p rede td . concn. these mix t s , a r e azeo t rope - fo rming , 
and under this condition X2 - xj - 0, where x^ and x^ 
a r e mo la r concns , based on the low-boiling c o m 
ponent, subsc r ip t s I and 2 being liquid and vapor , 
r e s p . It was found that at this concn. the azeo t rope 
did not differ significantly from the single-connponent 
liquids with r e spec t to the coeff. of heat t r a n s f e r . 
Graphical ly , the function a = f (xj), where a is the 
coeff. of heat t r a n s f e r , showed not only a definite 
nnin.but also a max. 

1754. Huber, D. A., and Hoehne, J . C. 

POOL BOILING EXPERIMENT WITH BENZENE-
DIPHENYL MIXTURES, Atomics In ternat ional , 
TDR No. 5596, September I960. 

1755. Huber , D. A., and Hoehne, J . G. 

POOL BOILING INVESTIGATION OF BENZENE, 
DIPHENYL, AND BENZENE-DIPHENYL MIXTURES 
UNDER PRESSURE, NAA-SR-668I (1961), 66 p . 

Exper imenta l m e a s u r e m e n t s a r e r epo r t ed for the 
nucleate boiling of benzene, diphenyl, and benzene -
diphenyl m i x t u r e s . Heat flux is p re sen ted as a func
tion of the t e m p e r a t u r e difference between the heat 
t r ans fe r surface and the coolant sa tu ra t ion t e m p e r 
a tu r e . Cor re la t ions express ing nucleate boiling a r e 
d iscussed in view of the da ta . Cr i t i ca l heat fluxes 
a r e repor ted for all the fluids tes ted and a r e c o m 
pared with co r r e l a t i ons in the l i t e r a t u r e . The data 
were obtained in a pool boiling appara tus at p r e s 
sures ranging from suba tmospher ic to 475 psig. 
System p r e s s u r e was mainta ined with n i t rogen g a s . 
The tes t sect ion was a hor izonta l , 6-inch long, 
-|--inch OD, type 304 s t a in less s tee l tube which was 
heated by d i rec t cu r r en t ; the tube itself was used 
as a r e s i s t ance e lement . For the pure fluids, the 
nucleate boiling heat t r a n s f e r data were c o r r e l a t e d 
reasonably well by use of the Rohsenow, Gi lmour , 
and Levy equat ions . The values of the c r i t i c a l heat 
fluxes for the pure fluids were bes t c o r r e l a t e d by 
the Bernath re la t ionsh ip . However, none of the 
l i t e ra tu re exp res s ions adequately predicted the la rge 
i n c r e a s e s in c r i t i c a l heat fluxes obtained when 
small pe rcen tages of benzene were added to diphenyl. 

1756. Jos t , W. 

BOILING BEHAVIOR OF MULTICOMPONENT SYS
TEMS, Z. Na tu r fo r sch . , J__, 576-80 (1946). 

The possibi l i ty of innproving or render ing poss ible 
o therwise difficult or imposs ib le s epns . by addn. of 
another component to the sys tem is d i s cus sed . Ex
p re s s ions a r e der ived thermodynannical ly for the 
ratio of vapor p r e s s u r e s of 2 components in a mul t i -
component s y s t e m . Numer ica l exannples showing the 
validity of the exp re s s ions a r e given for the s y s t e m s 
heptane- to luene-an i l ine and benzene-cyc lohexane-
ani l ine. Because en t rop ies of mixing a r e g r e a t e r 
than the ideal values a s s u m e d in the de r iva t ions , 
it was n e c e s s a r y to use va lues for heat of mixing 
that were snnaller than those nneasured c a l o r i -
me t r i c a l l y . The p rac t i ca l appl icat ions of the addn. 

of a th i rd component to two-component s y s t e m s a r e 
d i s cus sed . (CA-41-5353e). 

1757. Katt i . P . K., and Rustgi , O. P . 

A NOTE ON THE BOILING POINTS OF REGULAR 
SOLUTIONS, C u r r . Sci. , (India). 24, 406-7 (1955). 

A formula for the boi l ing-poin t -concent ra t ion curve 
of b inary mix tu re s is used which depends on effec
t ively four numer i ca l p a r a m e t e r s . It i s applied to 
m i x t u r e s of benzene and carbon t e t r a c h l o r i d e . 
Values for the p a r a m e t e r s a r e taken from m e a s u r e 
nnents of par t i a l vapour p r e s s u r e s . The ca lcula ted 
curve is in agreement with six values of boiling 
points obtained by d i r ec t m e a s u r e m e n t . 

1758. Lebedev, P . D., and Sorokin, A. F . 

RULES FOR HEAT AND MASS TRANSFER IN THE 
BOILING OF SOLUTIONS, Izv. Vys. Ucheb. Zav. 
Ene rg . No. 1, 80-85 (January 1958). 

The p r o c e s s of heat t r ans f e r , during boiling, of 2-
component liquids (solns .) , which is compl ica ted by 
m a s s t r ans f e r due to diffusion p r o c e s s e s , was 
studied. Genera l ized re la t ions were r ecommended 
for heat t r ans fe r during the boiling of so lns . under 
conditions of free convection within tubes . F r o m 
Refe ra t .Zhur . , F iz . , 1958, A bs t r . No. 20176. 

1759. Lepper t , C H o g l u n d . B . M., and 
Coste l lo , C. P , 

BOILING HEAT TRANSFER TO WATER CONTAIN
ING A VOLATILE ADDITIVE, ASME P a p e r , T r a n s . 
Am. Soc. Mech. E n g r s . 8^, 1395-1404 (1958). 

Aspects of local boiling in forced c i rcu la t ion when 
the boiling fluid contains smal l pe rcen tages of a lco
hol a r e d i s cus sed . P a r t i c u l a r emphas i s is placed 
on the improvement in smoothness of boiling and in 
the d e c r e a s e of average bubble s ize when the additive 
is p resen t , as con t ras ted with boiling dis t i l led w a t e r . 
Exper imenta l r e s u l t s , including photographs, a r e 
p resen ted for surface boiling from the outside of a 
cyl indr ica l s ta in less s teel tube placed normal to the 
flow. Data a r e also p resen ted for the subcooled 
boiling of dis t i l led wa te r , and compar i sons a r e made 
with co r re l a t ions from the l i t e r a t u r e . 

1760. Lowery, A. J . , J r . , and Westwater , J . W. 

HEAT TRANSFER TO BOILING METHANOL -
E F F E C T OF ADDED AGENTS, Ind. Eng. Chem. 4% 
1445-48 (1957). 

Effects at 1 a tm. were detd. for 3 added agents 
(Hymine 1622, Span 20, Aerosol OT) on the boiling 
curve for MeOH. The heat source , a hor izonta l 
s t e am-hea t ed Cu tube (0.25-in. outside diam.) was 
used as a r e s i s t a n c e the rnnomete r . Concns . of the 
agents were 0 -1%; MeOH AT was 5 0 - l 7 5 ° F . Adding 
0.01% or m o r e of agent changed the boiling curve 
cons iderab ly . (If p resen t , snnall bi ts of wood or 
rubber had s i m i l a r effects.) 



TWO-PHASE FLOW 

1761. Minchenko, F . P . 

BOILING HEAT TRANSFER, Energomash inos t roen ie , 

No. 6, 6. 17-22 (I960), 

Results are given of a test on heat t r ans fe r to boiling 
water and solns. of Li salts in a large ves se l or m a 
circulation loop; the analysis provides a genera l 
conclusion regarding c r i t e r ion functions, which is 
compared with well-known dimensionless equat ions. 
From Fuel Abstr . Current Tit les 1, Abs t r . No. 4875 

(I960). 

1762. Minchenko, F , P . . and F i r sova , E. V, 
HEAT TRANSFER TO WATER AND WATER SOLU
TIONS OF LITHIUM SALTS DURING BUBBLE 
BOILING IN A LARGE VOLUME., Kutateladze, S.S. 
ed. Voprosy teplootdachi i gidravliki dvukhfaznykh 
sred; sbornik statey, Moscow. Gosenergoizdat , 
117-128 (1961). 

Results were obtained for water and solutions of 
LiBr and LiCl. Heat load q. p r e s s u r e p and con
centration k, were varied. Three different s teel 
tubes were used. Their surfaces were carefully 
prepared and stabilized in the working conditions 
before resuming t e s t s . The tube was heated with a 
low voltage, high intensity cu r ren t . An additional 
heater helped to speed up the heating. Three 
chromel-alumel thermocouples and two m e r c u r y 
thermometers were fitted. The following m e a s 
urements were taken: Vapor p r e s s u r e , cu r ren t and 
voltage drop AU on the working length of the tube; 
temperature of boiling liquid; t empe ra tu r e of a i r 
inside the sealed tube (equal to that of the inner 
surface). The tempera ture of the external surface 
of the tube was obtained as a difference between 
the temperature of the inner surface and the drop 
across the tube wall. F rom the m e a s u r e data the 
coefficient of heat t ransfer was calculated. The 
values of the coefficient a for water agree with those 
given by other investigators and obey the law Eq. (3) 
a = Af(p)q". A graph of the function f(p) is given 
separately. The two salt solutions also obeyed the 
law (3) and Eq. (5) where Aj = 0.75 and 0.8 for solu
tions of LiCl and LiBr respect ively. There a r e 
8 figures. 2 tables and 18 re fe rences : 13 Soviet-
bloc and 5 non-Soviet-bloc. (Abs t rac te r ' s note: 
References illegible on photostat). 

1763. Perroud, P. , and de la Harpe, A. 

HEAT TRANSFER BY LIQUIDS ENTRAINED IN A 
TURBULENT GAS STREAM, CEA-1422 (1960). 62 p. 
Also in Compt. rend.. 249, 2728-30 (1959). 

The introduction of a small volume of liquid into a 
turbulent gas s t ream used as cooling agent cons ide r 
ably improves the heat - t ransfer coefficient of the 
gas . When the turbulent regime is establ ished in a 
cylindrical tube, two types of flow are observed, de
pending on whether the liquid wets or does not wet 
the wall. In the first case , an annular liquid film on 
the wall and droplets in suspension in the gas s t r eam 
are formed. In the second case , a fog of droplets is 
formed without any liquid film on the wall . Exper i 
ments were performed with the following mix tu re s : 
water-hydrogen, water-ni t rogen, ethanol-ni trogen 
(wetting hquids) introduced into a s t a in l e s s - s t ee l 
tube of 4-mm ID, e lectr ical ly heated on 320 mm of 

the length. The gas flow ra te (Reynolds number to 
50,000) the ra t io of liquid flow r a t e to gas flow r a t e 
(to 15), and the p r e s s u r e (to 10 kg/cm^) , the t e m 
p e r a t u r e (to the boiling point) and the heat flux (to 
250 w/cm^) were va r i ed . 

1764. Popov, B. G., et a l , 

HEAT EXCHANGE IN BOILING AQUEOUS SOLU
TIONS OF MINERAL SALTS. Izvest . Vyssikh. 
Ucheb. Zav. Khim. i Khim. Tekh. No. 1., 173-182 
(1958). 

The r e su l t s obtained for so ln s . of Na2S04, LizS04 
NajCO;, MgClj, and sugar at different concns . a r e 
co r r e l a t ed by the re la t ion a = AqP in which a= the 
heat t r an s f e r coeff. in k i l o c a l / s q m h r °C, 
q = the heat flux in k i l o c a l / s q m h r , A ^ an empi r i ca l 
const . , and p = an exponent, which for mos t so lns . 
d e c r e a s e s with inc reas ing concns . The heat t r ans fe r 
coeff. in boiling aq. so lns . of sa l t s depend on the 
na ture of the subs tance d issolved, on i ts concn. , and 
also on the boiling point e levat ion. An appropr ia te 
app. for conducting these exp ts . is d e s c r i b e d . 

1765. Popov, B. G. 

APPROXIMATE DETERMINATION OF THE HEAT 
TRANSFER COEFFICIENT DURING BOILING OF 
AQUEOUS SALT SOLUTIONS, Izves t . Vysshikh. 
Ucheb. Zavedenii , Khim. I. Khim. Tekhnol. , X 
375-8 (1960). 

Data of P and o thers on the boiling of aq. so lns . of 
var ious sal ts over a wide range of concns . a r e s a t i s 
factori ly genera l ized by the equation Eg = 0.28 
K ^ K V " - where n = -0 .5 or -0.3 for so lns . < 20 or 
>20% satd. , r e s p . . Eg = aAT/q , Kq is the Jakob coeff. 
[J . . Heat T r a n s f e r , 1949 (CA 43,6873c)], and K r = 
T/T* (T* = A T * / T * ; T * is the b .p . of the sa td . soln.; 
T is the b .p . of the ac tual soln . ) . This equation dif
fers from those proposed e a r l i e r by the fact that it 
does not contain a la rge no. of phys . cons t s . , the 
values of which a r e not always found in the l i t e r a tu r e . 

1766. Robin. V. A. 

INVESTIGATION OF THE MECHANISM OF BOILING 
A MIXTURE OF ALUMINUM BROMIDE AND 
CHLORIDE, AND A MIXTURE OF ANTIMONY 
BROMIDE AND CHLORIDE, Soviet P h y s i c s - T e c h . 
Phy. 4, 1051-4 (March I960). 

Boiling halide m i x t u r e s wet a g l a s s su r face , yet 
thei r boiling mechan i sm differs not only from that 
of non-wetting l iquids, but a lso from that of wate r . 
The r easons for this a r e the lower surface tension 
of the hal ide m i x t u r e s , and a lso the continuous 
change in composi t ion of vapour and liquid during 
boil ing. In a ve r t i ca l tube the vapour bubbles r i se 
through the boiling halide m i x t u r e , r a the r than 
sliding along the g lass wall , so that the wall is well 
washed by the t r a n s f e r r i n g liquid. 

1767. Roll, J. B . 

THE E F F E C T OF SURFACE TENSION ON BOILING 
HEAT TRANSFER, PhD. Thes i s , Pu rdue Univ. (1962). 

The s ta t ic and dynamic surface tension were m e a s 
ured for aqueous solutions of e leven sur face active 
agents for the purpose of studying the effect of surface 
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tension upon boiling heat t r a n s f e r . The sur fac tants 
were chosen from the Tween, Aeroso l , and Hyonic 
s e r i e s . The phenomenon of dynamic or nonequi l ib
r ium surface tens ion a r i s e s because of the.finite 
t ime r equ i r ed for a surfactant molecule to become 
oriented at an in te r face . It is demons t r a t ed by the 
exis tence of an apparent sur face tension somewhere 
between the value for pure solvent and the s ta t ic or 
equi l ibr ium value . Dynamic surface tens ion was in
vest igated by observ ing the volunne and frequency 
for a i r bubbles forming from a submerged or i f i ce . 
In all c a s e s , the dynamic surface tens ion for solu
tions of these surface active agents was l ess than 
the value for pure wa te r , g r e a t e r than the s ta t ic 
value for the same concent ra t ion , and was a 
smoothly d e c r e a s i n g function of concent ra t ion . The 
stat ic values were m e a s u r e d using a duNouy tensionn-
e te r . Values w e r e r ecorded at t e m p e r a t u r e s ap
proaching T = 100°G; the value at this t e m p e r a t u r e 
was obtained by ex t rapola t ion . Resul t s show that 
the s ta t ic sur face tens ion at 100°C may have a 
positive or negat ive value for d a / d T depending 
upon the so lu te -concen t ra t ion combinat ion chosen. 
F u r t h e r , it was shown that although in genera l the 
stat ic surface tension d e c r e a s e s with i n c r e a s e s in 
concentrat ion, t h e r e a r e ins tances where s ta t ic 
surface tension i n c r e a s e s with i n c r e a s e s in con
cent ra t ion . The heat t r a n s f e r data were taken in 
th ree g roups . The f i r s t group of data was used 
to cons t ruc t plots of the s t e a d y - s t a t e heat t r an s f e r 
coefficient v e r s u s the supe rhea t . The Tween s e r i e s 
showed r e su l t s which could be in t e rp re t ed quite 
successfully on the b a s i s of a d e c r e a s e in the c r i t i ca l 
radius for nucleat ion. The Hyonic s e r i e s r e su l t ed in 
a fouling of the su r face , pe rhaps due to some decom
position of po lymer iza t ion product . The Aeroso l 
s e r i e s showed a c leansing action which kept the 
surface free of fouling and may even have i n c r e a s e d 
the m i c r o - r o u g h n e s s such that the heat t r a n s f e r 
coefficient i n c r e a s e d . The second group of data 
was obtained by observ ing the immedia te t e m p e r a 
ture r esponse upon addition of a surface active 
agent. In this way the t i m e - r e l a t e d surface effects 
descr ibed above were e l imina ted . Analysis of these 
data indicated that the value of the surface tension 
which gave the bes t c o r r e l a t i o n with the liquid 
superheat was an a r i t hme t i c average of the stat ic 
and dynamic va lues . Calcula t ions based upon m a s s 
t ransfer to the growing bubble demons t r a t ed why 
this ^vas so . 

The final group of data was obtained using high 
speed photography. In this m a n n e r , quant i t ies such 
as bubble volume, delay t ime , and growth t ime 
could be m e a s u r e d for the va r ious solut ions . A 
model is p re sen ted to desc r ibe the nnanner in which 
surface tension changes these v a r i a b l e s . Resul ts 
from this model show that surface tension is effective 
because it changes the nucleat ing p r o p e r t i e s of the 
liquid and not because it a l t e r s its hydrodynamic 
c h a r a c t e r . Resu l t s obtained using th is model , as 
well as data from the f i lms , show that the p r e 
viously accepted concept of the significance of the 
balance between buoyancy and sur face tension 
forces at bubble "break-off" is in e r r o r . The t h r e e 
se ts of data a l l tend to confirnn the hypothesis that 
surface tens ion is a factor in boiling heat t r a n s f e r 
only because it affects the nucleat ing p r o p e r t i e s 
of the liquid. Hydrodynamic effects, such as bubble 

volume and frequency, a r e the d i r ec t r e s u l t s of the 
nucleat ion effects and a r e not t hemse lves changed 
significantly by the surface tens ion . 

1768 Rychkov, A. I., and S te rman , L. S. 

INVESTIGATION OF HEAT TRANSFER IN BOILING 
CAUSTIC SOLUTIONS, Khim. p r o m . ^Chemical 
Industry) , 4 (1948). 

1769. Rychkov, A. I., and Pospelov, V. K. 

HEAT TRANSFER TO BOILING CAUSTIC SODA 
SOLUTIONS IN THIN FILMS, Khim. P r o m . , 426-9 
(1959). 

The heat flux from the hot surface (a ve r t i c a l , e l e c -
heated, Ni-plated Cu tube) to HjO and NaOH solns . 
was detd. from the amt . of condensate obtained when 
the resul t ing vapors were condensed. The app. i s 
i l l u s t r a t ed . With HaO below the b .p . , the HjO layer 
on the tube is c lea r and shows smal l waves at the 
sur face ; at the b .p . , c e n t e r s of vapor iza t ion a r e 
vis ible on the tube, causing chains of bubbles to 
form, which float on the surface for a shor t t ime , 
then i n c r e a s e in s ize and b u r s t . With fur ther in 
c r e a s e in the heat flow, a mat of bubbles i s formed 
on the HjO sur face . S imi la r effects a r e found with 
5 and 25% NaOH solns . . but. because of the g r e a t e r 
v iscos i ty , the frequency of format ion and b reak -away 
of bubbles is l e s s , and d e c r e a s e s with i nc reased 
concn. Fo r H2O, the coeff. of heat t r an s f e r to the 
boiling film a i n c r e a s e s l inear ly with the heat flux 
q and i n c r e a s e s with i n c r e a s e in the ra te of flow of 
the H2O. G. Fo r NaOH so lns . , a d e c r e a s e s with in
c r e a s e in q and NaOH concn. The exptl . r e s u l t s , 
within 10%, a r e e x p r e s s e d by a = Aq^^G"^ for H2O, 
and a= AG"^/qi^ for NaOH so lns . , where a is the 
av. coeff. of heat t r ans fe r (allowing for change of 
concn. of NaOH solns . during the evapn.) , in 
k c a l / s q m hr°^ q is the heat flux in k c a l / s q m hr , 
G is the ra te of flow of liquid in k g / s q m h r , and A, 
nn, and n a r e empi r i ca l cons t s . A table gives A. 
m. and n for H^O and 5. 10, 15. and 25% NaOH so lns . 

1770. Rychkov, A. I., and T ' so i , W. 

CRITICAL BOILING OF SOLUTIONS AND SALT 
DEPOSITION ON A HEATING SURFACE, Khim. 
Mashinos t roen ie , No. 5, 18-22 (1961). 

Max. heat fluxes (Qcr) a r e expt l . detd. for boiling 
aq. so lns . of nonvolatile compds . Qcr depends on the 
physicochenn. p rope r t i e s and pa r t i cu la r ly on the 
concn. . X (wt. %). Qcr d e c r e a s e s when x i n c r e a s e s . 
Fo r very sol . compds . , Qcr r eaches a min . Qcr -
( A T / T ) is plotted against x for e lec t ro ly tes and non-
e l ec t ro ly t e s , where T - b .p . of the soln. °K, AT = b .p . 
e levat ion. Salt deposit ion on the heating sur face is 
studied. For low-soly. compds . , a sal t layer appea r s 
on the heating surface at a heat flux Qo. QQ is plotted 
agains t Ax - x* - x(x* - satn. concn.); QQ d e c r e a s e s 
when X i n c r e a s e s . When Ax =10% t h e r e is no salt 
deposi t ion. 
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1771. Sorokin, A, F . 

HEAT TRANSFER TO BOILING WATER AND 
SODIUM HYDROXIDE SOLUTIONS, 1961. Izvest . , 
Vysshikh. Ucheb. Zavedenii, Energe t . . 4_, No. 3, 
53-8 (1961). 

The coeff. of heat t r ans fe r was detd. for the boiling of 
H2O and NaOH on a horizontal , s ta in less s tee l , 
heating surface, consisting of a tube of 25 mm inside 
diam. and 504 mm long. The tube was heated in
ternally with a 1.4-kw elec. hea ter , controlled by an 
automatic t r ans fo rmer . The coeff. of heat t r ans f e r , 
a, in kcal / (sq m hr deg) for H2O was 3.0 q " , where 
q = the heat flux in kcal / (sq m h r ) . For a weakly 
basic soln. contg. NaOH 116.16, NaCl 186.73, Na2S04 
21.4 g / l . , d = 1.232, a= 2.2q°-''; for a medium-
strength alkali contg. NaOH 377.4, NaCl 73.41, 
Na2S04 10.50 g/ l . . d = 1.352, a= 1.32 q"'''; and for a 
strong alkali contg. NaOH 712.0. NaCl 18.50, Na2S04 
0.65 g/l . , d = 1.465. a = 2.86q°-". The d e c r e a s e of 
the exponent of q to 0.55 in the last case is caused 
undoubtably by the formation of a ppt, on the boiling 
surface, causing a dec rease of the heat flux. The 
results are in good agreement with expts , with 
industrial evapora tors . The coeff. of heat t r ans fe r 
is independent of p r e s s u r e . 

1772. Sternling, C. V., and Tichacek, L. J. 

HEAT TRANSFER COEFFICIENTS FOR BOILING 
MIXTURES. EXPERIMENTAL DATA FOR BINARY 
MIXTURES OF LARGE RELATIVE VOLATILITY, 
Chem. Eng. Sci. Ij6̂ . 297-337 (1961). 

Pool boiling heat t ransfer coeffs. were measu red for 
the binary mixts . benzene-Ondina No. 17 Oil (I); 
methyl chloroform-Ondina No. 133 Oil (II); CCI4 
(III)-II; Ill-dibutylphthalate (IV); i so -P rOH (V)-I; 
V-IV; V-ethylene glycol (VI); V-glycerol (VII); 
MeOH (VIIl)-VI; VIII-VII; HjO (IX)-VI; IX-VII; 
Vlll-amyl a l e ; and V-X-38 res in . In all sys t ems 
tested, boiling coeffs. dec rease markedly as the 
low volatility mater ia l is added to the light com
ponent. This decrease continues with the sys tem 
IX-VI until there is -10% IX in the mixt . Addn. of 
more VI ra i ses the boiling coeff.. with the boiling 
curve for pure VI closely approaching that for 
pure IX. In sys tems with wide-boiling range, boiling 
heat t ransfer coeffs. a r e smal le r by up to 30-fold 
than the av. of the coeffs. for the 2 pure components . 

1773. Tananaiko, Yu. M , Prkhal , I., and 
Shteingrob, E. Kh. 

HEAT TRANSFER DURING THE BOILING OF LARGE 
VOLUMES OF SODIUM CHLORIDE SOLUTIONS, 
Izv. Kievsk. Politekhn. Inst., ^ 9 - 1 3 (1959). 

A study was made of heat t ransfer during the boiling 
of aq. solns. of NaCl in a large vol. over a pipe 
(20.5 mm. diam.. 25 mm. long) heated with supe r 
heated steam, with a heat flux q of 11,500-25,000 k c a l / 
sq m/h r and a concn. of 10-20%. With i nc r ea se 
in the temp, of the soln., the hea t - t rans fe r coeff. 
decreased by 9-25% in comparison to that for H2O. 
Exptl. results a re correlated by the d imensionless 
equation: Nu = 54 K^'^.Pr"'* which genera l izes 
exptl. data with a max. deviation of +15%. where 
K - q/(r7d(,v), r is the latent heat of vaporization, 
7 is d. of the vapor, do is the breaking diam. of a 

bubble (diam. of bubble when it b u r s t s ) , and v is the 
no. of bubbles breaking in a unit of t i m e . F r o m Ref. 
Zh,, Khim. 1961, Abs t r . No. 18136. 

1774, T h o m a s . D. G. 

NUCLEATE-BOILING STUDIES WITH AQUEOUS 
THORIUM OXIDE SLURRIES. Chem. Eng. P r o g . 
Symp. Se r i e s No. 32, 57 ,̂ 182-188 (1961). 

Nucleate-boi l ing h e a t - t r a n s f e r m e a s u r e m e n t s were 
made with aqueous thor ium oxide s l u r r i e s containing 
up to 1000 g. of Th /kg , of H20 (0,105 volume fraction 
of so l ids , 1-3- ^avg . d i am) . Boiling took place from 
the surface of - ^ - a n d -i--in.-diam. plat inum tubes 
submerged in s l u r r y . Fo r the s l u r r i e s studied, the 
heat flux at a AT of 10°F was about 10* Btu / (hr ) 
(sq ft) r e g a r d l e s s of s l u r r y concen t ra t ion . However, 
the value of the exponent of the (AT) t e r m , n, de 
c r e a s e d as the volume fract ion of sol ids was in
c r e a s e d . The value of n was 3,3 with no thor ium 
oxide presen t and approached unity at a volunne 
fraction of sol ids of 0.10. 

The maximum heat flux a t ta inable under nuc lea te -
boiling conditions (often cal led the c r i t i c a l heat flux 
or burnout heat flux) at s l u r r y concent ra t ions of 
200 g of Th/kg of H2O was about the same as for 
wa te r . However, at a concent ra t ion of 1000 g of 
Th/kg of H2O, the average burnout heat flux was 
210,000 Btu / (hr ) ( sq ft) compared with a value of 
490,000 Btu / (hr ) ( sq ft) for water under corresponding 
condi t ions. 

At a constant heat flux, the t e m p e r a t u r e difference 
between the heated tube sur face and the fluid sa tu ra 
tion t e m p e r a t u r e i nc reased 5 to 6 ° F / h r . This resul t 
might be explained by a "soft" film that su r rounds 
the hea t ed -me ta l su r face . This film w/as apparent ly 
l ess than TT in. thick and was never dis t inguishable 
as an adher ing filnn after the tube was removed 
from the s l u r r y s y s t e m . No ha rd cakes were ob
served on the surface from which boiling took place 
during any of the t e s t s . 

The nucleate-boi l ing t e s t s were made with aqueous 
thor ium oxide s l u r r i e s which had non-Newtonian 
laminar- f low c h a r a c t e r i s t i c s and which were almost 
Newtonian under turbulent-f low condi t ions . No phe
nomena were observed which could be a t t r ibuted to 
the effect of the solid pa r t i c l e s on the g r o s s physical 
p rope r t i e s of the s l u r r y ; for example , the non-
Newtonian laminar - f low c h a r a c t e r i s t i c s of the s lu r ry 
had no d i sce rn ib le effect on the nucleate-boi l ing heat 
t r a n s f e r . 

1775. Van St ra len , S. J. D. 

HEAT TRANSFER TO BOILING BINARY LIQUID 
MIXTURES AT ATMOSPHERIC AND SUBATMOS
PHERIC PRESSURES, Chemical Engineer ing Science 
5_. 290-6 (1956). 
The heat flux from an e l ec t r i ca l ly heated horizontal 
platinum wire to wa te r , to methylethylketone and to an 
aqueous mix ture containing 4 .1% wt of methylethylker 
tone was de te rmined throughout the r anges of con
vection and nucleate boiling, both at a tmospher i c 
p r e s s u r e and at a p r e s s u r e of 42 cm Hg. A genera l 
shift of the cu rves to lower heat t r a n s f e r o c c u r r e d 
with dec reas ing p r e s s u r e , as a consequence of the 



i nc reas ing ave rage s ize of vapour bubbles , genera ted 
on the heat ing su r face . The maximum in nucleate 
boiling heat flux to the 4 .1% nnixture exceeded con
s iderab ly the cor responding value in water at both 
p r e s s u r e s inves t iga ted . Maximum heat flux in 
nucleate boiling has been de te rmined sys t ema t i ca l ly 
as a function of concent ra t ion in a range of concen
t ra t ions with water in e x c e s s , for m i x t u r e s of wa te r 
and methyle thylketone. acetone and the lower a l ipha
tic alcohols r e spec t ive ly at s eve ra l suba tmospher ic 
p r e s s u r e s . In all m i x t u r e s a maxinnum value of the 
maxinnum heat flux o c c u r r e d at a c e r t a i n low concen
t ra t ion of organic component , which was approx i 
mately independent on p r e s s u r e . The ra t io of these 
maxima to the max imum value in wa te r at the same 
p r e s s u r e d e c r e a s e d with dec reas ing p r e s s u r e . 

1776. Van St ra len , S. J . D. 

HEAT TRANSFER TO BOILING BINARY LIQUID 
MIXTURES, Br i t . Chem. Eng. _4_, No. 1, 8-17; 
No. 2, 78-82 (1959). 

Influence of concent ra t ion upon max imum nucleate 
boiling heat flux invest igated at sub -a tmosphe r i c and 
a tmospher ic and higher p r e s s u r e s for aqueous b inary 
mix tu res of M E K. acetone and lower al iphatic 
alcohols; outline of expe r imen ta l p r o c e d u r e s and 
equipment; r e s u l t s show in all s y s t e m s invest igated 
maxinnum value in majt imum nucleate boiling heat 
flux occu r r ed at c e r t a i n low concent ra t ion of mos t 
volati le component . 

1777. Van St ra len , S. J . D. 

HEAT TRANSFER TO BOILING BINARY LIQUID 
MIXTURES. IV., B r i t . Chem, Eng. ]_, 90-7 (1962). 

In a survey of conditions affecting convection and 
nucleate boiling regions of the boiling curve , the 
effects of subcooling and p r e s s u r e a r e d i scussed , 
together with the behavior of the peak flux in 
nucleate boil ing. The peak flux is detd. for H2O 
and, at p r e s s u r e s above 50 atnn,, for the b inary 
sys tems H20-EtOH, H20-PrOH, H2O-BUOH, H20-
1-pentanol, and H 2 0 -MeC0 E t . The a bs . values and 
the ra t io of the max . peak flux in m i x t s . to the peak 
flux in H2O at the sanne p r e s s u r e and equal sub
cooling d e c r e a s e gradual ly with inc reas ing p r e s 
s u r e s . A d i scuss ion is included of the poss ible 
p rac t ica l ul i l izat ion of liquid m i x t s . as cooling 
media in nuc lear pov/er r e a c t o r s . 32 r e f e r e n c e s . 
Cf. ibid. 6, 834 (1961); (CA 54, 984b) 

1778. Van Wijk, W. R., Vos, A. S., and 
Van Stra len, S. J . D. 

HEAT TRANSFER TO BOILING BINARY LIQUID 
MIXTURES, Chem. Eng. Sci . _5^ 68-80 (1956). 

Heat t r ans fe r in boiling liquid m i x t s . of water and 
MeEt ketone has been m e a s u r e d over the range of 
convection and nucleate boil ing. Higher heat fluxes 
a re found for the mixt . than for e i ther pure com
ponent. The same effect was found for nnixts. of 
d ioxane-methanol and 2 -ch lo roe thano l -d i i sopropy l 
e ther . In a l l c a s e s observed the s ize of the bubbles 
was a min . at the max . heat flux. Quali tat ively the 
max. heat flux is explained by the dew point of the 
vapor formed by flash vapor izat ion being somewhat 
higher than the b .p . of the liquid m a s s . Thus , the 

Binary Mixture 

vapor bubble does not grow by volat i l izat ion from 
the surrounding liquid since that liquid, even though 
superhea ted with r e spec t to the compn. as a whole, 
is not superhea ted with r e spec t to the bubble of 
vapor formed by flashing. 

1779. Van Wijk, W. R., and VanSt ra len , S. J. D. 

HEAT TRANSFER TO BINARY LIQUID MIXTURES 
BOILING UNDER PRESSURES FROM 0.1 TO 
50 ATMOSPHERES, Dechema Monograph. ^ 1 . 
94-106 (1959). 

The max . flux for nucleate boiling is highest at min i 
mum bubble s i ze . This occurs at AT = 6 - AT = 0; 
6 is superhea t of liquid above the b .p . ( T ) of the 
liquid. AT is the difference between the dew point 
of the vapor bubbles and T, and AT is the superhea t 
at the liquid with re fe rence to the dew point. A 
graphica l method on the equil . d i ag ram, based on 
assuming that 6 is const , for each sys tem and p r e s 
su re , and that AT va r i e s only with concn. at snnall 
f ract ions vapor ized at the heating sur face , c o r r e c t l y 
p red ic t s the concn. of the more volat i le liquid in the 
mixt . for highest max . flux. Data a r e plotted for 
sys t ems of H2O with: ethanol, 1-pentanol, 1-butanol, 
1-propanol, acetone, methylethylketone, and NH3 
at s eve ra l p r e s s u r e s . 

1780. Vos, A. S. 

HEAT TRANSFER TO BOILING BINARY LIQUID 
MIXTURES, Ingenieur (Utrecht) ^ , No. 17, 
G9-13 (1956). 

The b inary sy s t ems studied c o m p r i s e H2O and MeOH, 
EtOH, BuOH, ter t -BuOH, GgHnOH, CgHiyOH, MezCO and 
MeEtCO, and dioxane-MeOH and 2-ch loroe thanol -
di isopropyl e the r . Heat flux as a function of the 
t emp , difference between heat ing surface and boiling 
liquid nnixts. was detd. throughout the whole range of 
convection until the nnax. of nucleate boiling. In 
some mixts . at ce r t a in concn. a cons iderab ly higher 
max . heat flux was obtained than with wa te r , at about 
the same t emp , of the heating surface as for wa te r . 
Al ternat ively , in mix t s . the s a m e max. heat flux as 
for water was obtained at a lower surface t e m p . A 
max . of 3.5 tinnes the value for wa te r was obse rved . 
At the max , of max, heat flux the s ize of the bubbles 
leaving the heating surface "ivas cons iderab ly s m a l l e r . 
An a t tempt was made for a p r e l i m i n a r y explanation 
of the phenonnenon. 

1781. Vos, A. S., and VanStra len, S. J . D. 

HEAT TRANSFER TO BOILING WATER-METHYL 
ETHYL KETONE MIXTURES, Chem. Eng. Sci . , _5, 
50-6 (1956). 

Heat t r an s f e r in m i x t u r e s of water and methyle thyl 
ketone has been nneasured throughout r anges of con
vection and nucleate boiling at a tmosphe r i c p r e s s u r e 
(43); for mix tu re s of wa te r with acetone, methy l 
ethylketone, lower al iphatic alcohols and e thy lene-
glycol r espec t ive ly , max imum heat flux in nucleate 
boiling has been studied as function of concent ra t ion . 
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CRITICAL FLOW 

1782. Agostinelli, A., and Salemann, V. 

PREDICTION OF FLASHING WATER FLOW 
THROUGH FINE ANNULAR CLEARANCES, T r a n s . 
Am. Soc. Mech. Engrs . , 80_, 1138-1142 (1958), 

Study of flow of flashing mixture of water and s team 
through smooth annuli; tes t data obtained with inlet 
conditions to 600°F and 3000 psi; c r i t i ca l conditions 
observed experimentally up to these l imi t s ; method 
for prediction of flow and 2-phase p r e s s u r e drop; 
applicability to solution of problems relat ing to p r e s 
sure breakdown devices encountered in tu rbo-
machinery design. 

1783. Allen, W. F . 

FLOW OF FLASHING MIXTURE OF WATER AND 
STEAM THROUGH PIPES AND VALVES, T r a n s . 
Am. Soc. Mech. Engrs . , T^, 257 (1951). 

A simple method is presented of designing piping 
and valves, par t icular ly heater drain piping, to 
ca r ry a flashing mixture of water and s t eam. Ra
tional design formulas a re derived from the energy, 
continuity, and dynamic equations on the bas i s of 
an assumed uniform mixture at any point in the 
path of flow. A scheme is suggested for el iminating 
flashing completely in heater drain sys tems employ
ing drain coolers . 

1 7 8 Fauske , Hans K. 

Benjamin, M. W., and Miller , J . G. 178 

FLOW OF FLASHING MIXTURE OF WATER AND 
STEAM THROUGH PIPES, Transac t ions of the 
American Society of Mechanical Engineers 64, 
657-669 (1942). 

A flow formula based on a thermodynamical analysis 
of the problem and tes t data is developed, and a 
method for designing piping to c a r r y a flashing mix
ture outlined. 

1785. DaCruz . A. J. R. 

CRITICAL DISCHARGES OF STEAM-WATER MIX
TURES, M.S. Thesis , University of Minnesota, 
Minneapolis (1953). 

1786. Falett i , D. W. 

TWO-PHASE CRITICAL FLOW OF STEAM-WATER 
MIXTURES, Ph.D. Thes is , Univ. of Washington (1959). 

1787. Fauske, H. 

CRITICAL TWO PHASE. STEAM-WATER FLOWS, 
P r o c . 1961 Heat Trans , and Fluid Mech. Inst. p. 79 ff 
(1961). 

Crit ical two-phase, s team-water flows have been 
measured over a range of quality from 0.01 to 1.0, 
total flows from 500 to 4200 Ib/sec-ft^ p r e s s u r e s ' 
from 40 to 360 psia, and with pipe d i ame te r s of 
0.125, 0.269 and 0.5 inches (ID). A theory has been 
developed for the two-phase cr i t ica l flow phenome
non, and extensive comparisons of predicted with 
experimental values show substantial ag reement . 

CONTRIBUTION TO THE THEORY OF TWO-PHASE, 
ONE-COMPONENT CRITICAL FLOW. N63-11025, 
ANL-6633 (Oct. 1962). 

A study is made of two-phase , one-component c r i t i ca l 
flow. Theore t i ca l exp re s s ions for the specific vol
ume , void fract ion, and sl ip ra t io for c r i t i c a l s t e a m -
water m i x t u r e s a r e de r ived . The p r e s s u r e profi les 
for runs at c r i t i ca l flow w e r e all c h a r a c t e r i z e d by 
extrennely s teep p r e s s u r e grad ien ts nea r the th roa t . 
The p r e s s u r e grad ien ts a r e definitely finite and 
approach absolute maximum va lues . These values 
depend only upon c r i t i c a l flow r a t e and quali ty. Sonic 
veloci t ies a r e not achieved in c r i t i c a l two-phase flow 
of s t e a m - w a t e r m i x t u r e s . The "Honnogeneous Flow 
Model" was found to be unsa t i s fac to ry for all c r i t i ca l 
throat p r e s s u r e s and qual i t ies examined. The a s 
sumption of no s l ip between the phase s , t he r e fo r e , 
can be said to be definitely i n c o r r e c t . The theory 
p re sen ted is highly valuable in de te rmin ing the 
maximum d i scharge of s t e a m - w a t e r mix tu re s from 
conduits and b r e a k s in v e s s e l s and p ipes . 

1789. F i r ey , J. C , and Moulton, R. W. 

PRESSURE DROP AND CRITICAL FLOW FOR 
STEAM-WATER MIXTURES, HW-47681 (Jan. 1957), 
25 p. 

When a s t e a m - w a t e r nnixture flows through a pipe, 
the liquid flows s lower than the vapor s ince the 
dense r liquid is l e s s a c c e l e r a t e d by the p r e s s u r e 
gradient . This type of flow is t e r m e d slip flow. A 
genera l solution of the ma themat i ca l re la t ions 
for slip flow appears difficult to accompl ish and an 
improvement or extension of the e m p i r i c a l p r e s s u r e 
drop ana lys i s , developed by Mar t ine l l i , is proposed. 
When the flow in a passage no longer i n c r e a s e s with 
a d e c r e a s e of back p r e s s u r e , c r i t i c a l flow ex i s t s . 
This effect can be a t t r ibuted to the inabil i ty of any 
wave of p r e s s u r e d e c r e a s e to propagate u p s t r e a m 
when flow velocity equals acoust ic veloci ty . At 
the very high r a t e s of expansion of c r i t i ca l flow, 
thermodynannic equi l ibr ium is not mainta ined in 
s t e a m - w a t e r m i x t u r e s . The resul t ing metas tab le 
expansion grea t ly i n c r e a s e s the r a t e of flow over the 
equi l ibr ium flow. Var ious deg rees of metas tabi l i ty 
may occur and it does not appear always possible 
to re l iab ly pred ic t the extent of me tas tab i l i ty . 

1790. Haubenreich, P . N. 

FLOW OF A FLASHING MIXTURE OF WATER AND 
STEAM AT HIGH PRESSURES, CF-55 -5 -200 (1955). 
94 p. 

Unsteady flow of a flashing mix tu re of water and 
s team under sa tura t ion p r e s s u r e s as high as 1250psia 
was studied for valve and pipe des igning. P r e s s u r e 
drop and m a s s flow ra te data were analyzed to de
t e rmine frict ion fac tors for p ipes . P r o p e r t i e s for 
constant enthalpy expansion a r e sufficiently accura te 
for calculat ing flow r a t e s and p r e s s u r e d r o p s . 
Tables of p r o p e r t i e s of wa te r expanded isenthalpical ly 
from sa tu ra t ed liquid at s e v e r a l p r e s s u r e s a r e 
included. 
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1791. Isbin, H. S., Moy, J . E., and Cruz , A. J. R. 

TWO-PHASE, STEAM-WATER CRITICAL FLOW, 
AIChE Journa l , _3^ 361-365 (1957). 

Two-phase c r i t i c a l flow of s t e a m - w a t e r m i x t u r e s has 
been invest igated over a p r e s s u r e range f rom 4 to 
43 Ib / sq , in . a b s . and a quality range from sa tu ra ted 
vapor to 1% (weight) vapor . D i scha rges were m e a s 
ured from •^~, y - , T - , and 1-in. pipes and from 
annuli of i n t e rmed ia t e c r o s s sect ional a r e a s . The 
exper imenta l nnass flow r a t e s a r e always g r e a t e r 
than the values ca lcula ted on the b a s i s of a homo
geneous flow mode l . Severa l e m p i r i c a l methods for 
co r re la t ing the data were de t e rmined , and c o m 
par i sons a r e p re sen ted of the predic t ions of s eve ra l 
analyt ical flow m o d e l s . 

1792. Isbin, H. S., and Fauske , H. 

CRITICAL TWO-PHASE, STEAM-WATER FLOWS, 
TID-11061, (1961), 34 p. 

Cr i t ica l two-phase , s t e a m - w a t e r flows were m e a s 
ured over a range of quality from O.OI to 1.0, total 
flows from 500 to 4200 I b / s e c - s q ft. p r e s s u r e s from 
40 to 360 psia , and pipe d i a m e t e r s of 0.269, 0.125, 
and 0.5 in. inside d i a m e t e r . A theory was developed 
for the two-phase c r i t i c a l flow phenomenon, and ex
tensive c o m p a r i s o n s of pred ic ted with expe r imen ta l 
values show subs tant ia l a g r e e m e n t . 

1793. Isbin, H. S., et a l . 

TWO-PHASE, STEAM-WATER PRESSURE DROPS 
FOR CRITICAL FLOWS, Pape r No. 10, Symposium 
(Prepr in t or P roceed ings ) on T w o - P h a s e Fluid Flow, 
Inst. Mech. E n g r s . , London, England, F e b r u a r y 7, 
1962. 

This paper is concerned with the p resen ta t ion and 
analysis of two-phase , s t e a m - w a t e r p r e s s u r e drop 
data for ve ry high m a s s flow r a t e s . The re la t ive 
proport ions of the total s ta t ic p r e s s u r e drop that 
a r e ass igned to the jnomentum and fr ict ional l o s se s 
change as the flow nnixture a c c e l e r a t e s to c r i t i ca l 
flow at the end of the tes t sec t ions . Models used 
to in te rp re t the momen tum and fr ic t ional l o s se s 
were found to be inadequate , 

1794. Ishigai , S., and Sekoguchi. K, 

ON THE FLASHING FLOW OF SATURATED WATER, 
T r a n s . Japan. Soc. Mech. E n g r s . , 2̂ , 563-568 (1959). 

1795. J a m e s , R. 

STEAM-WATER CRITICAL FLOW THROUGH PIPES, 
P rep r in t of T h e r m o d y n a m i c s and Fluid Mechanics 
Group, The Inst , of Mech. Eng. , June (1962). 

1796. Linning, D. L. 

-ADIABATIC FLOW OF EVAPORATING FLUIDS IN 
PIPES OF UNIFORM BORE, P roceed ings of the 
Institution of Mechanical Eng inee r s , London, ( B ) 1_8̂  
No. 2, 64-75 (1952). 

A theore t i ca l invest igat ion of the adiabatic flow of 
evaporat ing fluids in pipes is supported by e x p e r i 
ments with w a t e r . It is postula ted, on the bas i s of 
published da ta , that an evaporat ing fluid flow will 
conform to one of t h r e e m o d e s : annular , s epa ra t ed . 

and frothing. Start ing from assumpt ions usual ly 
made on the subject of fluid flow, theory is developed 
which enables the mean liquid and vapor veloci t ies 
and also the assoc ia ted c r i t i ca l outlet conditions to 
be calcula ted, A char t is provided re la t ing init ial 
p r e s s u r e , c r i t i ca l outlet p r e s s u r e , and m a s s flow 
per unit a r e a , over a range of init ial p r e s s u r e s from 
8 to 100 I b s / s q in. absolute for w a t e r . 
F .A. _n_, No. 3, 120 (1953) 

1797. Massena , W. A. 

STEAM-WATER CRITICAL FLOW USING THE 
SEPARATED FLOW MODEL. HW 65739 (June 30, 
1960). 

A compar i son of the c r i t i ca l m a s s velocity for 
s t e a m - w a t e r mix tu re s as calculated by the homo
geneous flow model and by the sepa ra ted flow model 
is p resen ted . Exper imenta l data a r e included to 
demons t r a t e the ag reemen t of r e su l t s with those 
predic ted by the separa ted flow model . 
(NSA-62-31792) 

1798. Moy, J . E . 

CRITICAL DISCHARGES OF STEAM-WATER 
MIXTURES, M.S. Thes i s , Univ. of Minnesota (1955). 

1799. Muraoka, J, 

STEAM-WATER CRITICAL FLOW TEST-DESIGN 
TEST 1040. HW-69488 (1961). 

1800. Nahavandi, A. N., Rashevsky, M. P . 

A DIGITAL COMPUTER PROGRAM FOR CRITICAL 
FLOW DISCHARGE OF TWO-PHASE STEAM-WATER 
MIXTURES, CVNA-128 (Feb. 1962). 

The available theor i e s for the predic t ion of c r i t i ca l 
flow d i scharge of two-phase mix tu re s a r e reviewed. 
The theor i e s d i scussed a r e , honnogeneous model 
theory , annular flow theory and F a u s k e ' s theory . A 
FORTRAN p r o g r a m for an IBM-7090 digi tal computer , 
for the application of these t heo r i e s to the flashing 
flow of s t e a m - w a t e r m i x t u r e s , is developed. Cr i t i ca l 
m a s s flow veloci t ies for a wide range of p r e s s u r e s 
and s t eam qual i t ies a r e calcula ted and compared . A 
c r i t i ca l flow d i scharge char t , based on F a u s k e ' s 
theory for s t e a m - w a t e r m i x t u r e s , is p resen ted . A 
s imple e m p i r i c a l formula for the predic t ion of 
c r i t i c a l flow d i scharge is proposed. This formula is 
useful in p repa r ing computer p r o g r a m s involving 
two-phase c r i t i ca l flow. 

18 Pat t i e , B. D. 

TWO-PHASE FLOW, CRITICAL DISCHARGES AND 
VOID FRACTIONS, M.S. T h e s i s , Univ. of Minnesota, 
(1957). 

1802. Ros , N. C. J . 

ANALYSIS OF CRITICAL SIMULTANEOUS GAS/ 
LIQUID FLOW THROUGH RESTRICTION AND ITS 
APPLICATION TO FLOWMETERING, Applied Sci . 
R e s e a r c h , A _9_, 374-88 (I960). 

Theore t i ca l ana lys i s of mechanisnn of s imul taneous 
flow of gas and liquid through r e s t r i c t i o n at c r i t i ca l 
speed; study shows that re la t ionship ex i s t s between 
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mass flows of gas and liquid, r e s t r i c t ion s ize , and 
ups t ream p r e s s u r e ; compar ison of re la t ionship with 
measurements showed reasonable agreement ; it has 
been concluded that r e s t r i c t ion can be used as g a s / 
liquid flow meter with reasonably high accuracy , p r o 
vided flow is cr i t ica l one. 

1803. Waters, E. D. 

METHODS FOR INVESTIGATING CRITICAL DIS
CHARGE PHENOMENA WITH SATURATED WATER, 
HW-56946 (1958). 23 p. 

Experimental procedures and techniques a r e de 
scribed which allow the convenient de terminat ion of 
the point at which cr i t ica l flow occurs with sa tura ted 
water in a piping assembly . Values of u p s t r e a m 
p re s su re , t empera tu re , and the maximum discharge 
flow rate were investigated using these p rocedu re s . 
Some data a re presented in examples which i l lus t ra te 
the techniques. The significance of the c r i t i ca l flow 
phenomenon is d iscussed when it occurs in the piping 
of a nuclear reac to r . Also d iscussed is the effective
ness of tempera ture monitoring e lements located in 
or near the region of c r i t i ca l flow. 

1804. Zaloudek, F . R. 

THE LOW PRESSURE CRITICAL DISCHARGE OF 
STEAM-WATER MIXTURES FROM PIPES, 
HW-68934 Rev (1961), 46 p. 

An apparatus was constructed to investigate the 
cr i t ica l flow behavior of s t eam-wate r mix tures 
flowing in passages of constant a r e a . Exper iments 
were limited to c i rcu la r full-bore c ro s s sect ions 
of 0.520- and 0.625-inch d iameter , and lengths up 
to 4 feet. Test section exit qualit ies from 0.4 to 
99% and cr i t ical mass velocities between 10^ and 
10^ lb /sec ft̂  were investigated. Corresponding 
cri t ical p r e s su re s ranged fronn 40 to 110 psia . To 
facilitate the direct application of the exper imenta l 
data to the solution of pract ica l p roblems , the r e 
sults were corre la ted by employing the conventional 
technique of connparing resu l t s with theore t ica l 
predictions of the homogeneous-flow model . It 
was found that the corre la t ion could be divided 
into three distinct p a r t s . At qualities above 20% 
where an annular or d ispersed flow apparently 
existed, the c r i t i c a l -mass velocity rat io (Gob/Cc) 
was found to be dependent only on bulk quality of 
the mixture and relatively independent of the 
cr i t ical p ressu re and d iameter of the tes t sect ion. 
In this quality region, the cor re la t ion could be ex
pressed by the relation 1 - (Gc/Cob) = 0.556-0,420x. 
At qualities below 20%, a strong dependency of the 
c r i t i ca l -mass velocity rat ioon the c r i t i ca l p r e s s u r e 
was detected. A high cr i t ica l p r e s s u r e was general ly 
accompanied by a lower Gob/Oc rat io than that a c 
companying a lower cr i t ica l p r e s s u r e . The c r i t i c a l -
mass velocity rat io was apparently independent of the 
tes t -sect ion d iameter . For qualities below 2% the 
c r i t i ca l -mass velocity ratio increased t remendously 
with decreasing quality with values as high as 5.8 
occurred at approximately 0.5% quality. In comparing 
the resul ts with those obtained in s imi la r invest iga
tions, it was found that c r i t i c a l - m a s s velocity ra t ios 
were considerably grea te r than the widely used 
experimental values obtained by Isbin, Moy. and 
DaCruz, whose resul t s have come into wide use in 

design and analys is ca lcu la t ions . However , they do 
compare favorably over a l a rge range of qual i t ies 
with a recent work by F a l e t t i . The deviat ion between 
the presen t work and that of Isbin, Moy, and DaCruz 
was a t t r ibuted , in pa r t , to the l a t t e r ' s method of 
exper imenta t ion . 

CRITICAL HEAT FLUX (BURNOUT) 

1805. Alad 'ev, I. T,, Dodonov, L. D., and Udalov. V.S, 

CRITICAL HEAT FLUXES FOR WATER FLOWING IN 
TUBES, J. Nucl. Energy, P a r t B .Reac tor Tech._l_, 
181-5 (March I960). 

1806. Alad 'ev, I. T. , et a l . 

BOILING CRISIS IN TUBES, Internat ional Develop
ments in Heat T r a n s f e r . P a r t II.. New York, The 
Amer ican Society of Mechanical E n g i n e e r s , p . 237-
43 (1961). 

Exper imenta l data were obtained for c r i t i c a l heat 
fluxes in s t a i n l e s s - s t e e l tubes heated by low-voltage 
c u r r e n t . The effects of heat flux d i s t r ibu t ion around 
the channel p e r i m e t e r and along i ts length, the 
geome t r i ca l d imensions of the channel heated, and the 
compress ib i l i t y of the medium in the sect ion p r e 
ceding the exper imenta l one were de t e rmined . The 
flow was of subcooled water and s t e a m - w a t e r mix 
t u r e s . The c r i t i c a l heat flux i n c r e a s e d with i n c r e a s 
ing velocity and subcooling at all p r e s s u r e s . 

1807. Alad'yev, I. T., et a l . 

CRITICAL BOILING IN TUBES, Teploperedacha , 
E n e r g . ins t . AN SSSR. Ed. by M. A. Mikheyev., 
Moscow, Izd-vo AN SSSR, 1962, 124-143. 

A good many c r i t i c a l boiling t e s t s have been made 
in recent y e a r s , usual ly whilst water is being pumped 
through an e lec t r i ca l ly heated s t a in l e s s s teel pipe. It 
is usual ly cons idered that the c r i t i ca l heat t r ans fe r 
ra te is uniquely de te rmined by the p r e s s u r e , ra te of 
flow and the enthalpy of the medium at the place of 
other f ac to r s , such as the d is t r ibut ion of heat flow 
over the p e r i m e t e r and length of the pipe, the 
dimensions of the t e s t length and of neighbouring 
pa r t s of the sy s t em and the c o m p r e s s i b i l i t y of the 
fluid in neighbouring spaces a r e filled with c o m p r e s 
sible subs tances , whereas if neighbouring spaces 
a r e filled with incompres s ib l e subs tances pulsations 
do not develop. Pulsat ing conditions a r e the l eas t 
favourable and they mus t often by s u p p r e s s e d . It 
sometinnes does not suffice to fit a r e s i s t a n c e between 
the expansion ves se l and the heated pipe. If the in
t e rna l d i ame te r of the tes t pipe Is reduced from 8 to 
3 mm the re is some i n c r e a s e in the c r i t i c a l heat 
t r ans fe r r a t e . The length of the tes t piece can have 
var ious effects depending upon the flow condit ions, 
pa r t i cu la r ly when pulsat ion is p r e s e n t . The thick
n e s s of the duct walls (0.4 and 2 m m respect ively) 
and the roughness of the inner surface (even 0.12 to 
0.15 mm deep t r a n s v e r s e grooves) had lit t le influ
ence on the c r i t i ca l heat flow. The effects of in
c reas ing the p r e s s u r e , the r a t e of flow and the 
enthalpy of the fluid in inc reas ing the c r i t i c a l heat 
t r ans fe r ra te a r e d i s cus sed . Exper imenta l work on 
de te rmina t ion of c r i t i ca l heat t r an s f e r r a t e s during 
the flow of water and s t e a m / w a t e r m i x t u r e s in pipes 
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is brief ly rev iewed. Although s eve ra l methods of 
genera l iz ing experinnental r e su l t s have been p r o 
posed in the USSR the emp i r i c a l fornnulae a r e 
compl icated and often contain numerous emp i r i c a l 
cons tan ts . Reliable genera l iza t ions will only be 
possible when the actual m e c h a n i s m and physica l 
laws of c r i t i c a l bubble-wise boiling a r e unders tood, 
which is not yet the c a s e . The re a r e 7 f igu res . 

1808. Anderson . J. K.. Wa te r s , E . D., 
and Batch, J . M. 

EXPERIMENTAL OBSERVATIONS OF UPSTREAM 
BOILING BURNOUT, HW 73902 (June 1, 1962). 

Boiling burnout conditions a r e usual ly postula ted 
and observed to occur at the outlet end of uniformly 
heated tes t s ec t ions . However, during experinnents 
with flow through a 12-ft cy l indr ica l t e s t sect ion, 
boiling burnout conditions were some t imes observed 
to begin at var ious u p s t r e a m loca t ions . These con
ditions were observed at m a s s veloci t ies of 
5.0 X 10 Ib /h r - f t and h igher , but not at lower nnass 
ve loc i t ies . Local qual i t ies for upstreann burnout 
were 10 to 30 wt % at a p r e s s u r e of 1500 ps ig . 
Similar r e su l t s were obtained with both ve r t i ca l 
and hor izonta l t es t sect ion posi t ioning. In some 
exper iments the heat flux was i nc reased beyond the 
initial detect ion of boiling burnout (film boiling), 
allowing the film boiling condition to sp read along 
the tes t sect ion. It was found that the t e m p e r a t u r e 
excurs ion which was exper ienced in going from 
nucleate to film boiling conditions was g r e a t e r as 
the film boiling condition moved upstreann to lower 
quality r eg ions . Heat fluxes with u p s t r e a m b u r n 
out were genera l ly higher than those for downs t ream 
burnout with comparab le en tha lp ies . Also, the up
s t r eam burnout c a s e s r e su l t ed in conditions at the 
tes t section outlet which were at much higher heat 
fluxes than those which might have been expected 
to produce burnout . ( N S A - 6 2 - 3 1 793) 

18 Audette, R. F . 

BURNOUT PROTECTION REQUIREMENTS AND 
PRELIMINARY BURNOUT PROTECTION SYSTEM 
DESIGN, NAA-SR-MEMO-4469 (1959), 13 p. 

Tes t s were conducted to de t e rmine the t ime requ i red 
to develop a rup tu re (burnout) in an AOMR tubular 
test section once burnout conditions a r e es tab l i shed . 
P r e l i m i n a r y des igns of a pro tec t ion sys tem based on 
these data a r e included. (NSA-14-11720) 

1810. Babcock and Wilcox Co., Atomic Energy 
Division. 

REACTOR STUDIES-FINAL REPORT, P a r t I, 
TID-10117 (1955), 169 p. 

• . . Burnout Heat Flux Studies . Available data on 
light H^O burnout data in the region of net s t eam gen
erat ion a r e evaluated. Resul ts show that burnout 
heat flux i n c r e a s e s with i n c r e a s e d en t rance sub
cooling, burnout heat flux i n c r e a s e s with i nc reased 
m a s s flow r a t e , and burnout heat flux d e c r e a s e s 
with i nc reased p r e s s u r e at the higher m a s s flow 
ra te s but r e a c h e s a max imum at about 1200 ps ia 
for lower flow r a t e s . . . 

1811. B a u m e i s t e r , E. 

CALCULATED BURNOUT HEAT FLUXES FOR 
SANTOWAX-R, NAA-SR-MEMO-3860 (1959), 8 p . 

Studies were made to de t e rmine burnout heat fluxes 
for Santowax-R at var ious p r e s s u r e s , bulk t e m p e r 
a t u r e , Reynolds n u m b e r s , and high boi le r compound. 
Plots of the burnout heat flux for Santowax-R a r e 
given. These values were obtained using the lower 
l imit of the Griffith co r r e l a t i on . 

1812. Becke r , K. M, 

BURNOUT CONDITIONS FOR FLOW OF BOILING 
WATER IN VERTICAL ROD CLUSTERS, Aktiebolaget 
Atomenerg i , AE-74 (1962). 

1813. Bell , D. W. 

CORRELATION OF BURNOUT HEAT FLUX DATA 
AT 2000 PSIA, Nuclear Sci and Eng. ]_, 245-51 (1960). 

A cor re la t ion for burnout heat flux was developed 
for upflow of water in ve r t i ca l r ec tangula r channels 
at 2000 ps ia . While most of the exist ing burnout 
co r re l a t ions pred ic t that for a constant fluid enthalpy 
at the burnout point, the burnout heat flux i n c r e a s e s 
with an i nc r ea se in m a s s velocity, the proposed c o r 
re la t ion exhibits at maximum in this function. The 
m a s s velocity at which this maxinnunn occu r s de 
c r e a s e s with increas ing fluid enthalpy. The c o r r e l a 
tion model was developed from graphica l inspect ion 
of the available data . 

1814. Bendler, A. J . 

REVIEW OF UNDERWATER BURNOUTS OF 2S 
ALUMINUM ELECTRICALLY OVERHEATED, 
C U - l l - 5 3 - A t - d P - C h . E . (Rev.) (1953). 14p. 

Underwater a rc ing and mel t ing fa i lures of e l e c 
t r i ca l l y overheated 2S a luminum, which have o c c u r r e d 
during t e s t s at Columbia Univers i ty , a r e d i scussed 
with re fe rence to phenomena accompanying the 
fa i lu res , in s e a r c h of evidence indicating the chemi 
cal reac t iv i ty between high t e m p e r a t u r e aluminum 
and w a t e r . Discuss ion of the evidence, which includes 
m a c r o - and m i c r o - g r a p h s , leads to the conclusion 
that even at t e m p e r a t u r e s as high as the melt ing 
and a rc ing points and in the p resence of liquid water 
or s t eam, alunninum does not r eac t readi ly with 
vi'ater. 

1815. Bennett, A. W. 

HEAT TRANSFER TO MIXTURES OF HIGH P R E S 
SURE STEAM AND WATER IN AN ANNULUS. 
PART II. THE E F F E C T OF STEAM QUALITY AND 
MASS VELOCITY ON THE BURNOUT HEAT FLUX 
FOR AN INTERNALLY HEATED UNIT AT 1000 PSIA, 
AERE R-3804 (1961). 

1816. B e r g l e s , A. E . . and Rohsenow, W. M. 

FORCED CONVECTION SURFACE BOILING HEAT 
TRANSFER AND BURNOUT IN TUBES OF SMALL 
DIAMETER, Technica l Repor t No. 8767-21 , 
NP-11831 (1962), 149p. 

A bas ic h e a t - t r a n s f e r appara tus was designed and 
cons t ruc ted for the study of forced-convect ion boiling 
in smal l channe ls . The var ious regions of 
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forced-convection surface boiling were studied ex
per imental ly and analytically. In the region of low 
wall superheat , the heat flux can be predicted by 
available cor re la t ions for forced convection. Data 
indicate, however, that these cor re la t ions do not 
properly account for the radial var iat ion of p rop 
er t ies for water at high t empera tu re difference. 
The conventional Dittus and Boel te r -McAdams r e 
lationship is recommended for design purposes on 
the basis of its simplici ty and conservat ive 
predict ions . 

1817. Berkowitz, L., et a l . 

RESULTS OF WET STEAM COOLING EXPERI
MENTS: PRESSURE DROP. HEAT TRANSFER 
AND BURNOUT MEASUREMENTS WITH ROUND 
TUBES. EURAEC-42 (1960), Special Report No. 2 
(CAN-l) Work performed under U. S. Euratom 
Joint Research and Development P rogram, 248 p . 
(R-27). 

Data obtained with the Piacenza heat t ransfer fa
cility a re presented. The facility and exper imenta l 
procedure a re descr ibed. The computer Olivetti 
Elea 9002 was used for calculation of quantit ies of 
in teres t start ing from experimental data. The range 
of the experiments included geometry, absolute 
p r e s s u r e , specific mass flow ra te , and quality. 
Burnout, p r e s s u r e osci l la t ions, and uncer ta in t ies 
due to singular sources of e r r o r s a re d i scussed . 
Data a re presented in tables and graphs . 

1818. Bernath, L. 

PREDICTION OF HEAT TRANSFER BURNOUT, 
Chem. Eng. Prog, Sym. Ser, _52 No. 18 (1956). 

The output of a nuclear reac tor or other equipment 
in which heat t ransfer plays a major role frequently 
is limited by the heat-flux density at which the equip
ment is operated. Raising the heat-flux density in
c reases the output but also may produce burnout 
or melting of the element ac ros s which heat is 
flowing. Although the cause of burnout has been 
understood for some y e a r s , to date no genera l 
method has been advanced to descr ibe quantitatively 
the conditions under which burnout o c c u r s . This 
paper presents a generalized cor re la t ion that p r e 
dicts the burnout condition over a wide range of 
p r e s s u r e s , velocit ies, geometr ica l configurations, 
and heat-flux densi t ies but is l imited to the local 
boiling regime for range of exper imenta l r e p r o 
ducibility. In addition, the relat ion between the 
local burnout heat flux and the ove r - a l l operating 
conditions of the equipment is developed. This 
permits the direct calculation of the burnout heat 
load (power) from the inlet flow and t e m p e r a t u r e 
conditions and the geometry of the equipment. 

1819. Bernath. L. 

EXTENSION OF THE METHOD OF BURNOUT 
PREDICTION. AECU-3901 (1958), lOp. 

The method of prediction of burnout heat flux with 
local boiling was extended to include geomet r ies 
from the confined, forced-flow sys tems of the 
original method to pool boiling, natural c i rcula t ion 
conditions. A new formula for the limiting (ultimate) 
heat t ransfer coefficient is presented and is shown 

to co r r e spond c losely to the f o r m e r exp re s s ion for 
comparab le geomet r ic conf igurat ions . Heat fluxes 
at burnout predic ted by the new formula a r e c o m 
pared with exper imenta l values used in the or ig ina l 
method and with m o r e recen t data . The ag reemen t 
between predic ted and expe r imen ta l heat fluxes is 
i l lus t ra ted , 50% of the data a r e pred ic ted within 
11.5% by the method. 

1820. Berna th , L., and Begel l , W. 

FORGED CONVECTION, LOCAL BOILING HEAT 
TRANSFER IN NARROW ANNULI, Chemica l Engi
neer ing P r o g r e s s Symposium Ser . 55, No. 29, 59-65 
(1959). 

Heat t r ans fe r data in the region of fully developed 
local boiling have been col lected, analyzed, and 
c o r r e l a t e d . The r e s u l t s of this ana lys i s pe rmi t the 
predic t ion of the wall superheat for the range of the 
va r i ab les s tudied. A proposed local boiling film 
concept is shown to ag ree with experinnental 
obse rva t ions . 

1821. Be rna th , L. 

A THEORY OF LOCAL BOILING BURNOUT AND 
ITS APPLICATION TO EXISTING DATA. Chem. 
Eng. P r o g . Sym. Ser . , 5^, No. 30, 95-116 (I960). 

A theory of local-boi l ing burnout i s p resen ted based 
on an analogy between the microconvec t ive p rocesses 
in local boiling and the conventional approach to 
turbulent diffusion p r o c e s s e s . This theory de sc r i be s , 
in a plausible nnanner, the physica l significance of 
the mathemat ica l re la t ionsh ips evolved in an em
p i r i ca l method of predic t ion of the burnout heat flux 
for water with local boiling over a wide range of 
exper imenta l condi t ions. The predic t ion method is 
genera l ized to l iquids other than w a t e r . Available 
data a r e a s sembled and d i scussed , and the r e su l t s of 
the predic t ion method a r e compared with e x p e r i 
menta l va lues . 

1822. Ber to lo t t i , G., et a l . 

A FACILITY USED FOR WET STEAM COOLING 
EXPERIMENTS: PRESSURE DROP, HEAT TRANS
FER AND BURNOUT, CISE-64 (1959), 45 p. 

A facility has been designed and built to study the be
havior of wet s t eam. In the facili ty it is possible to 
m e a s u r e p r e s s u r e d rop , max imum (burnout) heat 
fluxes, and heat t r an s f e r coefficients in cyl indr ical 
ducts of different geomet ry for s t e a m - w a t e r mixture 
upward flow at var ious s team concen t ra t ions , 

1823. Bobrovich, G. I,, et al , 

CRITICAL HEAT FLUX IN THE BOILING OF 
BINARY MIXTURES, Zhurnal pr ikladoy mekhaniki i 
tekhnicheskoy fiziki, no. 4, 1962, 108-111. 

The work of W. R. Wijk et a l . (Ref. 2: Chem. Eng. 
Sci. 1956, vol . 5) is d i s c u s s e d . A detai led d e s c r i p 
tion of the experinnental appara tus and methods of 
measur ing the c r i t i ca l heat flux in boiling binary 
mix tu re s is given. The c r i t i c a l heat flux for a mix
tu re of water and butyl-alcohol r eached its maximum 
at a concentra t ion of 15-20% alcohol, and the abso 
lute value of the flux is of the s ame o r d e r of magni 
tude as for pure wa te r . The min imum is reached at 
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a concent ra t ion of 2-3% alcohol . A mix tu re of water 
and ethyl alcohol gave s imi l a r r e s u l t s . An i n c r e a s e 
of p r e s s u r e r educes the effect of the alcohol concen
t ra t ion on boil ing. The r e s u l t s a r e plotted as heat 
flux v e r s u s t e m p e r a t u r e d i a g r a m s , with p r e s s u r e as 
a p a r a m e t e r . The re a r e 4 f i gu re s . 

1824. Booth, M. 

BEHAVIOR OF WATER MODERATED REACTORS 
DURING RAPID TRANSIENTS, In Boiling Burnout 
P r o g r e s s . (Issue) No. 8.. V i sca rd i , John E . , 
NDA-24 (p. 29) (1956), 51 p. 

The la tes t exper imenta l r e s u l t s on boiling and r e 
lated phenomena a r e r epor t ed and d i s c u s s e d . Burn 
out, max imum heat t r an s f e r r a t e s , frequency and 
formation c h a r a c t e r i s t i c s of bubbles and vapor f i lms, 
influence of e lement shape and surface p r o p e r t i e s , 
role of i m p u r i t i e s , d i sso lved gases and pH va lues , 
t empe ra tu r e and densi ty d i s t r ibu t ions , p r e s s u r e 
drops , ins tabi l i ty co r ro s ion , cavi tat ion, and m e t a l -
water reac t ions a r e among the topics t r e a t e d . 

1825. Bor shansk i i , V. M., et a l . 

E F F E C T OF THE RATE OF FLOW ON THE 
CRITICAL DENSITY OF HEAT FLOW DURING 
THE BOILING OF WATER, Energomash inos t roen ie 
3_No. 2, 10 ( F e b r u a r y 1957). 

1826. BSswirth, L. 

TRANSITION FROM BUBBLE TO FILM EVAPORA
TION (BURNOUT), Atomkernenerg ie , vol . _6̂  
No. 3, 93-8 (Mar. 1961). 

With the aid of the impulse p r e s s u r e which the 
quickly emerging s team exe r t s on the s t e a m -
water in ter face , a g raphica l nnodel for the p a s 
sage from bubble to film evaporat ion is given. 
Formulae for the c r i t i ca l heat flux a r e der ived , 
and the influence of var ious p a r a m e t e r s i s d i s 
cussed . The formulae a r e valid for all fluids 
and a r e , as far as this can be expected, in good 
accordance with t e s t r e s u l t s . It is shown in 
par t icu lar that the Cichel l i -Boni l la law for the 
p r e s s u r e dependence of the c r i t i c a l heat flux of 
organic fluids can be proven fronn the formulae 
derived. With simplifying a s sumpt ions , a r e l a 
tionship is der ived from which the p r e s s u r e de
pendence of the c r i t i c a l heat flux can be calcula ted, 
to about one th i rd of the c r i t i c a l p r e s s u r e . 
(SA 62-7464) 

R. W., Robe r t s , H. A., and 1827. Bowring, 
Scott, R. W. 

BURNOUT IN HIGH PRESSURE WATER, AN 
APPRECIATION OF RECENT AMERICAN 
CORRELATIONS, A E R E - R / R - 2 4 9 3 (1958), 29p , 

The presen t posi t ion of burnout heat flux in 
water at 2000 psia is c r i t i ca l ly examined with r e 
gard to the r e q u i r e m e n t s of a p r e s s u r i z e d water 
r e a c t o r . The equation of Jens and Lottes for 
subcooled water , Westinghouse equations for the 
equality region, and r ecommenda t ions of a c o m 
mit tee at the Westinghouse Bet t is plant a r e 
d i s cus sed . 

1828. Bragg . S. L., and Smith, I. E . 

DIMENSIONAL ANALYSIS OF BURNOUT HEAT 
TRANSFER, Intern . J . Heat and Mass T rans fe r , 3_: 
252-3 (1961). 

The burnout heat t r an s f e r ra te equation is der ived 
and explained. The explanation is given in t e r m s of 
the frequency of bubble shedding and the ins tabi l i ty 
of two-phase flow. A physical explanation of the 
form of the equation is that bubbles b r e a k away from 
the sur face as soon as the buoyancy forces a r e 
g rea t e r than the surface tension forces holding 
thenn on; and that burn-out occurs when the buoyant 
acce le ra t ion of the bubbles away from the sur face 
is no longer g rea t enough to keep the bubbles c lea r 
of thei r s u c c e s s o r s . 

1829. Buchberg, H., et a l . 

HEAT TRANSFER, PRESSURE DROP, AND BURN
OUT STUDIES WITH AND WITHOUT SURFACE 
BOILING FOR DEAERATED AND GASSED WATER 
AT ELEVATED PRESSURES IN A FORCED FLOW 
SYSTEM, p . 177-191 in HEAT TRANSFER and 
FLUID MECHANICS INSTITUTE, P r e p r i n t s of 
P a p e r s , Stanford Universi ty P r e s s , Stanford, Calif. 
(1951). 

1830. Chang, Y. P . 

HEAT TRANSFER AND CRITICAL CONDITIONS IN 
NUCLEATE BOILING OF SUBCOOLED AND FLOW
ING LIQUIDS, TID-6045 (i960), 45 p . 

The heat t r an s f e r and the c r i t i ca l conditions in boi l 
ing of subcooled liquids with forced convection a r e 
cons idered . Both o rd ina ry liquids ( l 0 0 > P r > 0 . 5 ) and 
liquid me ta l s {Pr<0.1) a r e cons idered as the heat 
t r an s f e r med ia . By introducing an equivalent t h e r m a l 
diffusivity, a genera l equation is obtained, valid from 
simple forced convection to the c r i t i ca l heat flux of 
nucleate boiling. When the condition approaches that 
of c r i t i ca l heat flux, the latent heat t r a n s p o r t be 
comes significant. Through the applicat ion again of 
an equivalent t h e r m a l diffusivity and of a wave con
cept, the c r i t i ca l heat flux is de t e rmined . Compar ing 
the resu l t with that obtained froin the mechan i sm of 
bubble agitat ion yields the c r i t i ca l superhea t . Since 
the c r i t i ca l heat flux is cons idered as a p rob lem of 
hydrodynamic stabi l i ty and is invest igated with r e 
spect to the local conditions, it does not depend on the 
or ienta t ion, the form and the d imension of the hea te r , 
but depends only on the subcooling, the velocity of 
flow, and the p rope r t i e s of the liquid. P r e s s u r e 
affects the values of the physica l p r o p e r t i e s , and 
the re fo re , does not appear as a p a r a m e t e r . 

1831. Chang, Y. P . 

FINAL REPORT-SECTION I . AN ANALYSIS OF THE 
CRITICAL CONDITIONS AND BURNOUT IN BOILING 
HEAT TRANSFER. PART I. CRITICAL CONDITIONS. 
PART IL CRITICAL HEAT FLUXES. July 1961. 
SECTION 2. A CORRELATION OF BOILING HEAT 
TRANSFER FROM THE NUCLEATION THEORY-
INCLUDING E F F E C T S OF SYSTEM ACCELERATION 
AND FORCED CONVECTION, TID-14004 (1961), 
I 2 0 p . 

Cer ta in bas ic ideas were applied to boiling heat 
t r an s f e r from which s eve ra l c r i t i ca l conditions were 
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derived and an equation of the maximum heat flux in 
nuclear boiling was obtained. The heat t r an s f e r was 
considered as being l imited by the maximum ra te of 
bubble generation from a unit a rea of the heating 
surface. Heat t ransfer in nucleate boiling with and 
without forced convection and subcooling was also 
studied. With an empir ica l modification of the 
nucleation theory as developed by Volmer and 
Eyring from the Maxwell-Boltzmann dis t r ibut ion 
law, an equation was obtained for heat t r ans fe r in 
vigorous boiling. Validity of this equation was tes ted 
for 18 different sys tems under different p r e s s u r e s . 

1832. Chirkin, V. S., and Yukin, V. P . 

CRITICAL CONDITIONS OF HEAT REMOVAL IN A 
FLOW OF NON BOILING WATER FOR AN ANNULAR 
SPACE, (Krizis teplos"yema v potoke nekipyashchey 
vody dlya kol'tsevogo zazora) , ZhTF, Nr 7, 1956. 

1833. Chirkin, V. S., and lukin, F . P . 

CRITICAL POINT IN HEAT REMOVAL FROM BOIL
ING WATER FLOWING THROUGH AN ANNULAR 
GAP, Soviet Physics (Technical Physics) j _ , 1503-15 
(1956). 

The resul ts of the experimental de terminat ion of the 
magnitude of the cr i t ica l heat flow q in cooling by 
non-boiling water a re presented; q co r responds to 
the formation of a vapor filnn between the cooled 
solid surface and the flow of fluid. In the expe r i 
ments , the magnitude of the c r i t i ca l heat flow was 
determined by the conditions at the point of c r i t i ca l 
heat rennoval. corresponding to the t rans i t ion for 
active boiling in the boundary layer of film boiling. 
Two experimental setups were used, and these a re 
schennatically i l lus t ra ted. Special emphas is is 
placed on the a r rangement of the working a r ea , the 
design of equipment used to distinguish p r e s s u r e s , 
and the construction of the heat -emit t ing e lement . 
The methods of nneasurement and calculation of 
experimental quantities a r e descr ibed , and pos 
sible e r r o r s in their determinat ion a r e evaluated. 
In the experiments a regulated t r a n s f o r m e r was 
used to increase uniformly the voltage and cu r ren t 
in the heat-emit t ing element . At the c r i t i ca l 
point of heat removal , the heat emi t t e r usually 
burned out and an open circui t occur red ; the des i r ed 
quantities were measured at that t i m e . The expe r i 
mental data are presented in the form of graphs and 
tables, the analysis of which yields empi r i ca l r e l a 
tionships determining the dependence of q on the 
velocity of the non-boiling water at the inlet to the 
working area (in the range of 1.5 to 15.1 m / s e c ) , on 
the average value of the t empera tu re of the water at 
the exit (from 14 to 137°), on the size of the c lea rance 
6 between the external tube and the cyl indrical hea t -
emitting element (varying from 0.5 to 5.6 mm), and 
on the p re s su re p (ranging from 1 to 22 a tm. abs . ) . 
The effect of surface roughness on q is studied in 
detail. The relat ionship between the c r i t i ca l heat 
flow qi for a rough surface and qo for a technically 
smooth surface takes the form of q, = 0q(„ where 
0 is an experimental coefficient, de te rmined by the 
type of surface and the nature of the fluid. The values 
of 0 presented refer to a pipe of 10 mm diameter for 
width 6= 1.45 + 1.50 mm. with a velocity of water (or 
mixture) equal to 2.77 . 2.83 m / s e c , and at a t e m p e r -
ature of 40 to 45°. 

1834. Cicchi t t i , A., et. a l . 

CRITICAL SURVEY OF THE LITERATURE ON 
BURNOUT STUDIES WITH WET STEAM, Ene rg i a 
Nucleare (Milan) _6. 637-60, CISE-69 (1959). 

Exper imenta l data on burnout in s t e a m - w a t e r mix
tu re s a r e p resen ted . Fronn burnout s tudies a new 
co r r e l a t i on of heat flux data is p roposed and a c o m 
par i son between the exist ing and proposed c o r r e l a 
tions is made . The f i rs t burnout data obtained with 
the CISE exper imenta l facility a r e r epo r t ed . 

1835. Cicchi t t i , A., et al. 

TWO-PHASE COOLING EXPERIMENTS PRESSURE 
DROP, HEAT TRANSFER AND BURNOUT MEAS
UREMENTS, Energ ia Nucleare 7_> 407-25 ( i960) . 

Resul ts of p r e s s u r e d rop , heat t r a n s f e r , and burnout 
t e s t s with wet steann at high p r e s s u r e a r e r epor ted . 
These t e s t s were conducted with the exper imenta l 
facility built in the t h e r m a l power stat ion at Piacenza, 
Italy, - Data on stabi l i ty in var ious flow pa t te rns a re 
included. 

1836. Clark , J . A., and Rohsenow, W. M. 

LOCAL BOILING HEAT TRANSFER TO WATER AT 
LOW REYNOLDS NUMBERS AND HIGH PRESSURE, 
MIT Tech. Rpt. No. 4, NP-4112; DIC-6627 (1952), 
59 p. 

Local surface coefficients of heat t r an s f e r and maxi
mum heat-f lux densi ty a r e p resen ted for degassed, 
dist i l led water flowing upwards in a ve r t i c a l Ni tube 
at m a s s veloci t ies in the range 2.6 to 73 Ibs /sec/ f t^ 
(or inlet veloci t ies in the range 0.05 to 1.4 f t / sec ) , 
absolute p r e s s u r e s to 2000 ps ia , and liquid sub
cooling from 0 to 300' 'F. Natura l convection signifi
cantly affected the nonboiling h e a t - t r a n s f e r p rocess ; 
the t r ans i t ion fronn laminar to turbulent flow at the 
surface o c c u r r e d at a length Reynolds number (vis
cosi ty based on wall t empe ra tu r e ) between 60,000 and 
100,000. Data in the region of surface boiling are 
emphas ized . The t r ans i t ion was excited by the ef
fects of super imposed free convection which increased 
the h e a t - t r a n s f e r coefficient as much as 600%. The 
wall t e m p e r a t u r e was essen t ia l ly constant for local-
boiling heat t r an s f e r at lower ve loc i t ies as a resul t 
of vigorous bubble agi tat ion at the heat su r face . 
Maximum (burnout) heat flux under conditions of local 
boiling with net vapor genera t ion o c c u r r e d at a bulk 
quality of approximate ly 0.80, for a boiling L / D of 
52, and was independent of p r e s s u r e , velocity, and 
init ial subcooling. 

1837. Clark, J. A. 

HEAT TRANSFER TO WATER WITH SURFACE 
BOILING, D.Sc i . T h e s i s . Depar t , of Mech. Eng., 
MIT (1953). 

1838. Clark , J . A., and Rohsenow. W. M. 

LOCAL BOILING HEAT TRANSFER TO WATER AT 
LOW REYNOLDS NUMBERS AND HIGH PRESSURES. 
T r a n s . Am. Soc. Mech. E n g r s . , 7^, 553 (1954). 

Local surface coefficients of heat t r an s f e r and max
imum heat-f lux densi ty a r e p resen ted for degassed , 
dis t i l led water flowing upward in a ve r t i ca l L-nickel 
tube under the following condit ions: Mass veloci t ies 
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in the range 2,6 to 73 Ib^i/ft^ sec (or inlet veloci t ies 
in the range 0.05 to 1.4 fps), absolute p r e s s u r e s up to 
2000 ps ia , and liquid subcooling between 0 to 300°F. 
The effects of na tu ra l convection on the nonboiling 
h e a t - t r a n s f e r p r o c e s s were found to be significant, 
causing the t r ans i t ion fronn lanninar to turbulent flow 
at the surface to occur at length Reynolds number 
in the range 60.000-100,000. Emphas i s is placed on 
data in the region of sur face boil ing. The tes t sect ion 
dimensions were 0.180 in. ID and 9.4 in. long. 

1839- Col l ie r , J . G. 

BURNOUT IN LIQUID COOLED REACTORS, 1., 
Nuclear Power _6_, 61-6 (June 1961). 

The theore t i ca l hydrodynamic and heat t r an s f e r 
c h a r a c t e r i s t i c s of a tube in which liquid is being 
totally evapd. a r e d i scussed in de ta i l . The sub
cooled boiling region, nucleate boiling, t r ans i t ion 
from nucleate boiling, and the 2-phase forced con
vective region a r e d i s c u s s e d . A suggested m e c h 
anism for burnout in the 2-phase forced convective 
region is p r e sen t ed . 

1840. Col l ier , J. G. 

BURNOUT IN LIQUID COOLED REACTORS - 2. 
Nuclear Power , _6_, 64-7 (July, 1961). 

The theore t i ca l ana lys i s d i scussed in par t one is 
compared with the r e su l t s of e x p e r i m e n t s . 

1841. Core , T. C , and Sato, K. 

DETERMINATION OF BURNOUT LIMITS OF 
POLYPHENOL COOLANTS, IDO-28007 (1958). 

An exper imenta l invest igat ion was conducted to 
establ ish the burnout l imi t s of a polyphenyl 
mixture (15% diphenyl, 58% or tho- t e rpheny l , 
247o meta te rpheny l , and 3% para te rpheny l ) , d i 
phenyl, Santowax R, and monoisopropylbiphenyl 
for var ious p r e s s u r e s , fluid ve loc i t i e s , and fluid 
t e m p e r a t u r e s . The p rehea ted liquid was pas sed 
through an e lec t r i ca l ly heated, ^ - i n . - O D tube 
(0.020-in. wall) with an unheated rod (0.188-in. 
diam) i n se r t ed concent r ica l ly to form an annular 
passage , with an equivalent hydraul ic d i ame te r 
of 0.272 in. The e l ec t r i c a l power input to the 
tube was i n c r e a s e d by i nc r emen t s until the tube 
was damaged a n d / o r the outs ide-wal l t e m p e r a t u r e s 
rose rapidly to a high value (indicating f i lm-
boiling). A bes t - f i t co r r e l a t i on was obtained for 
the c r i t i ca l heat flux of the polyphenyl m i x t u r e . 
An empi r i ca l equation was obtained for the c r i t i ca l 
heat flux, ( Q / A ) C , of the 48 diphenyl t e s t s ; ( Q / A ) C = 
454 ATsub V ° - " + 116,000 (Btu/ft^ h r ) . The c r i t i ca l 
heat flux for the ten Santowax R t e s t s vyas c o r r e 
lated by the following equation: ( Q / A ) C = 
552 ATsub V^^^ + 152,000 Btu/ft^ h r . A burnout 
cor re la t ion was not obtained with monoisopropylb i 
phenyl for the t e s t conditions covered in this 
p r o g r a m . (NSA 12-5322). 

1842. Costel lo , C. P . , and Adams, J. M. 

BURNOUT HEAT FLUXES IN POOL BOILING AT 
HIGH ACCELERATIONS, p . 255-61 of "Internat ional 
Developments in Heat T r a n s f e r . P a r t II." New York, 
ASME, (1961). 

For a 0.134 inch outer d i ame te r cyl indr ica l h e a t e r 
with acce le ra t ion d i rec ted nornnal to i ts axis , the peak 
heat flux at tainable in nucleate pool boiling i n c r e a s e d 
slightly with acce le ra t ion up to a / g = 10. Fo r h igher 
values of a / g the data behave according to the follow
ing equation: q^ Ct-{cc/g)'''̂ ^. This is the r e su l t p red ic ted 
senni-analyt ical ly for h e a t e r s with acce le ra t ions d i 
rec ted nornnally away from the su r f aces . It is postu
lated that a s ize effect exis ts and that for cy l indr ica l 
h e a t e r s of l a r g e r d i a m e t e r s higher values of a /g a r e 
r equ i red to at tain the resu l t indicated by this equation. 
Some exper imenta l ver i f icat ion of this postulate was 
obtained. The shape and slope of the boiling curve of 
q" v e r s u s ATgat ^o^ '^1 % ~ ^ p e r s i s t ed up to burnout at 
leas t for a /g l ess than or equal to 44. The effect of 
acce le ra t ion on ATgat was ex t remely smal l r ight up to 
the burnout heat flux. Wide var ia t ions in ATg^t did not 
appear to effect appreciably the heat flux at which 
vapor could s tabi l ize on a hea te r sur face . 

1843. Costel lo, C. P . , and Adams , J. M. 

THE INTERRELATION OF GEOMETRY, ORIENTA
TION, AND ACCELERATION IN THE PEAK HEAT 
FLUX PROBLEM, Univers i ty of Washington, Dept. 
of Mech. Engr . Report (1962). 

1844. DeBortol i , R. A., Roar ty , J . D., and Weiss . A. 

ADDITIONAL BURNOUT DATA FOR A RECTANGU
LAR CHANNEL HAVING A COSINE AXIAL HEAT 
FLUX DISTRIBUTION, WAPD-TH-227 (1956), U p . 

Single channel and pa ra l l e l channel burnout data 
were obtained at 2000 psia for 0.057 in. x 2.116 in. x 
27 in. long and 0.055 in. x 2.116 in. x 27 in. long 
machined s t a in less steel r ec tangula r channels in 
the ve r t i ca l posit ion. These channels had a cosine 
axial heat flux d is t r ibut ion . Prev ious data for a 
cosine heated channel a r e a lso included. The r e 
sults indicate that the burnout heat flux in a r ec t ang
u lar channel having a cosine axial flux d is t r ibut ion 
may be predic ted by the method p resen ted in 
WAPD-SFR-Rs -444 . The re is no significant effect 
on burnout heat flux due to an unheated pa ra l l e l 
channel . 

1845. DeBortol i , R. A., Dobel, H., and Roar ty , J . D. 

ATMOSPHERIC PRESSURE FREE CONVECTION 
BURNOUT TESTS, WAPD-TH-229 (1956), I 7 p . 

Atmospher ic p r e s s u r e , free convection burnout heat 
flux is significantly affected by the cold leg water 
level . The burnout flux va r i ed fronn about 6,000 B t u / 
hr-ft^ to 30,000 Btu/hr- f t^ as the cold leg wate r level 
(U-Loop) was r a i s ed from about 8 in. below the top 
of a subassembly to 28 in. above the top of a sub
a s sembly . The inlet t e m p e r a t u r e (80 to 200°F) has a 
slight effect (15%) on the burnout heat flux; the h igher 
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the inlet t empera tu re , the lower the burnout heat 
flux. The burnout heat flux for a nonuniformly 
heated subassembly (maximum channel f lux/ 
minimum channel flux = 2 or 4) was a li t t le 
higher (-15%) than a uniformly heated subassembly . 
No significant effect of the m a x i m u m - t o - m i n i m u m 
flux ratio on the burnout flux could be es tab l i shed . 

1846. DeBortoli, R. A., et a l . 

INVESTIGATION OF BURNOUT HEAT FLUX. 
Nov. 1956, Reactor Heat Trans fe r Conference, 
New York. TID-7529 (p-1-1) Nov, 1 and 2. 1956, 
p. 205-226. 

A program is under way at Bet t is Plant to m e a s 
ure burnout heat flux at conditions of i n t e r e s t in 
connection with the design of p r e s su r i zed water 
r eac to r s . A facility is in operat ion to invest igate 
burnout heat flux at p r e s s u r e s up to 2000 ps ia . 
The effects on burnout due to r eac to r fuel e lement 
geometry (round tubes, para l le l flow rods , r e c 
tangular channels), size (slot th ickness , length to 
diameter ra t ios) , position (vert ical or inclined), 
and mater ia l s have been invest igated. The effects 
due to a paral lel channel, non-uniform axial flux 
distribution, direct ion of flow (upflow v e r s u s down-
flow), and nuclear versus e lec t r i ca l heating of t es t 
specimens have also been studied. Burnout has 
been investigated at 830, 1215, and 2000 ps ia . 

A brief discussion of the Bett is burnout t es t facility 
and typical resul t s obtained in the course of the 
above investigations a re presented . 

1847. DeBortoli . R. A., Roarty, J . D., and Troy, M. 

UPFLOW BURNOUT DATA IN VERTICAL REC
TANGULAR CHANNELS AT 2000 ps ia . WAPD-TH-225 
(1956), 23 p. 

Data are presented with cor re la t ions between ca lcu
lated and observed values shown tabular ly and 
graphically. Bettis burnout design equations a r e 
shown to be sat isfactory within the range of v a r i a 
bles investigated. No significant difference was 
found in the burnout fluxes for s ta inless s teel and 
Zircaloy-2. 6 re fe rences . 

1848. DeBortoli, R. A,, and Masnovi, R. 

BURNOUT DATA FOR 0.186 IN. I.D, BY 12 INCHES 
LONG NICKEL TUBE, WAPD-TH-308 (1957), 14p, 

Burnout data for 0.186 in. inside d iameter x 0.227 in. 
outside diameter x 12 in. long Ni tube ( L / D = 64.5) 
installed in a ver t ical position were obtained with 
water at 2000 psia . The m a s s veloci t ies were var ied 
from 0.20 x 10^ to 4.20 x 10^ Ib /h r - f t ^ at inlet t e m 
pera tures of 400, 500, 550, and 600°F. For the range 
of variables investigated, most of the m e a s u r e d 
values of burnout fluxes a r e from 0 to 50% higher 
than the values predicted by the equations of 
WAPD-SFR-Rs-444. Similar t e s t s run on r ec tang
ular channels with the same L / D indicate that bu rn 
out in rectangular channels is about 5 to 20% higher 
than burnout in round tubes . 

1849. DeBortol i , R. A., and Masnovi , R. 

E F F E C T OF DISSOLVED HYDROGEN ON BURNOUT 
FOR WATER FLOWING VERTICALLY UPWARD IN 
ROUND TUBES AT 2000 ps ia , WAPD-TH-318 (1957), 
9 p. 

Tes t s to de te rmine the effect of d isso lved Hj on 
burnout for water at 2000 ps ia flowing ve r t i ca l ly 
upward at an inlet t e m p e r a t u r e of 500°F were con
ducted on a nickel tube 0.186 in. inside d i a m e t e r x 
0.0227 in. outside d i ame te r x 12 in. long ( L / D = 
64.5). The H2 concent ra t ion was va r i ed from 0 to 
135 c c / k g . The major i ty of the tes t ing was done at 
a m a s s velocity of 2.0 x 10^ Ib/hr-f t^ . Th ree addi 
t ional runs were made at m a s s ve loc i t ies of 1.0 x 
10^, 0.80 X 10^, and 0.55 x 10^ Ib /hr- f t^ . Hydrogen 
concentra t ion had no apparen t effect on burnout . 

1850. DeBortol i . R. A., et a l . 

FORCED CONVECTION HEAT TRANSFER BURN
OUT STUDIES FOR WATER IN RECTANGULAR 
CHANNELS AND ROUND TUBES AT PRESSURES 
ABOVE 600 psia , WAPD-188 (1958), 182 p. 

A sunnmary of the l a tes t r e s u l t s of the Bet t is ex
pe r imen ta l p r o g r a m and a review suid s u m m a r y of the 
studies per formed by o ther l abo ra to r i e s a r e r e 
por ted . These la tes t r e su l t s a r e the b a s i s for new 
or revised p rocedu re s to be applied to r e a c t o r 
design. A tabulat ion of a l l avai lable burnout heat 
flux data for wa te r under forced c i rcu la t ion condi
t ions and at p r e s s u r e s above 500 ps ia is p resen ted . 
This tabulation not only includes all data obtained 
at Bett is through September 1957, but also all 
data genera l ly available from other l a b o r a t o r i e s . 
These data have been compiled for the convenience 
of worke r s in this field. The burnout heat flux, 
m a s s velocity, inlet t e m p e r a t u r e , exit enthalpy, 
channel geomet ry , p r e s s u r e , and other per t inent in
formation a r e p resen ted for each burnout point. 
The exper imenta l techniques by which the Bett is 
burnout data were obtained a r e desc r ibed in detai l . 
Descr ip t ions of the Bet t is h i g h - p r e s s u r e loop 
faci l i t ies , t es t spec imens , and method of tes t ing; a 
detai led sample data reduct ion calculat ion; and 
an ana lys i s of exper imenta l e r r o r s a r e included. 
The exper imenta l techniques employed by other 
l abo ra to r i e s have been out - l ined . The quali tat ive 
effects of m a s s veloci ty, inlet t e m p e r a t u r e , enthalpy 
at the burnout point, channel geomet ry , and p r e s s u r e 
on burnout heat flux a r e d e s c r i b e d . Existing burnout 
heat flux co r r e l a t i ons a r e d i scussed , and it is con
cluded that none pro\ ' ides a complete ly sa t i s fac tory 
fit of the available data over the en t i re range of 
va r i ab les covered by the exper imenta l work . The re 
fore, a new co r re l a t ion , applicable to p r e s s u r e s near 
2000 ps ia , has been developed and is p r e sen t ed . 

1851. de La Harpe, A. 

LITERATURE SURVEY OF BURNOUT HEAT FLUXES 
FOR TWO-PHASE WATER STEAM IN FORCED 
CONVECTION, CEA-Bib-28 (1961), 42 p. 

The known cause s of burnout heat flux a r e reviewed. 
The ma in formulas of co r r e l a t i on found in the most 
recent l i t e r a tu re a r e p re sen ted together with thei r 
l imi t s of val idi ty. The impor tan t d i s c r epancy exis t 
ing between those different formulas a r e explained 
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and the influence on burnout heat fluxes of the dif
ferent p a r a m e t e r s a r e shown. 

1852. Dingee. D. A., et a l . 

BURNOUT HEAT FLUX IN A RECTANGULAR 
CHANNEL, BMI-1065 (1956). 14 p. 

An expe r imen ta l study was nnade of burnout heat 
flux to wa te r in a r ec t angu la r channel 0.087 by 1 in. 
in c r o s s sect ion and 12-j^ in. long. T e s t s were p e r 
formed at an ambient p r e s s u r e of 2000 ps ia and in
clude a range of flow r a t e s from about 0.2 to 0.5 x 
10^ lb per (hr)(ft^). Quality burnout data were ob
tained for two inlet subcool ings , 10 and 60°F; in 
addition, t e s t s with conditions at the outlet from 
the tes t sec t ion nea r sa tu ra t ion t e m p e r a t u r e with 
no net vapor genera ted were p e r f o r m e d . These 
t e s t s v/ere in the na tu re of an exper imenta l check 
of previous data obtained by WAPD using the 
same rec tangular channels but with an ent i re ly 
different t es t t echnique . It was found that the 
quality burnout data for 10°F inlet subcooling 
agree ve ry well with WAPD r e s u l t s . The 60°F 
inlet subcooling data fall about 10% above the 
corresponding WAPD da ta . Bat te l le t e s t s at zero 
exit quality and nea r ze ro exit subcooling gen
era l ly t e rmina t ed in an ins tabi l i ty of flow and 
p r e s s u r e . The heat fluxes producing this in
stability ag r ee favorably with WAPD burnout 
data under s imi l a r condi t ions . It i s concluded 
that differences in the exper imenta l setup do not 
lead to significantly different r e s u l t s . 

1853. Diskind, T., et a l . 

BASIC STUDIES IN HEAT TRANSFER AND FLUID 
FLOW, Quar t e r ly P r o g r e s s Repor t IX Q P R - 3 - 6 0 
for per iod July 1, I960 to September 30, I960, 
TID-6765, 15 p. 

The r e s i s t a n c e and tennpera ture coefficients of 
"E.G." f i lms (copper filnn covered with MgFz film) 
were m e a s u r e d . The th i rd t e s t sect ion hea te r 
(heated port ion of each tes t sect ion cons is ted of a 
s t a i n l e s s - s t e e l tube 0.295 in. OD x 0.025 in. wall x 
10.5 in. long) was used to de t e rmine the c r i t i ca l 
heat flux densi ty of the h e a t e r using the pulse 
heating technique at conditions of 0.4 f t / sec water 
velocity, 170°F inlet t e m p e r a t u r e , and 17 ps ia . 
Burn-out o c c u r r e d at a heat flux of 750.000 B t u / h r / 
sq ft. Sustained, but not s table , filnn boiling was 
achieved in a fourth tes t sect ion hea te r using the 
pulse heating technique . A smooth vapor film was 
obtained momen ta r i l y at r e la t ive ly low s t eady-s t a t e 
heat fluxes over a significant port ion of the tube 
sur face . In s tudies on boiling water flow pa t t e rn s , 
difficulties a r e encountered in finding a sa t i s fac tory 
method of t h e r m a l l y insulat ing the back side of the 
heating s t r ip to prevent boiling from occur r ing be 
neath the s t r i p . (For preceding per iod see TID-6035.) 

1854. Dobel, H. F . . Green, S. J . , and Ze rbe , J . E . 

IN-PILE BURNOUT HEAT TRANSFER TESTS AT 
THE MTR, WAPD-LSR(lM)-2 (1955), 61 p. 

In-pile heat t r a n s f e r burnout t e s t s conducted in a ho r i 
zontal channel in the MTR a r e d e s c r i b e d . The r e su l t s 
indicate no difference between e l ec t r i ca l and in-pi le 
burnouts . However, the continuance of in-pi le tes t ing 

is r ecommended for the study of prototype fuel 
e l e m e n t s . 

1855. Dowling, R. C. 

DNB REGRESSION LINE FOR A MATRIX OF OVAL 
TWISTED RIBBONS WITH VERTICAL UPFLOW OF 
WATER AT 2000 ps ia . KAPL-RDTR-308 (1958), 27 p . 

DNB data for a m a t r i x of oval twisted r ibbons were 
obtained by SAR Reactor Engineering during t e s t s at 
ANL, Columbia Univers i ty , and Be t t i s . The flow of 
water was upwards at 2000 ps ia . Resul t s of the 
Columbia and Bet t is t e s t s a r e p resen ted and a leas t 
squa res r e g r e s s i o n line is fitted to the data . 

1856. Drew, T. B. 

STUDIES OF PEAK BOILING, T r a n s . N. Y. Acad, 
Sci. ^ , 733-8 (1958). 

The mechan i sm of boiling HjO, e sp . nucleate boil ing, 
is d i scussed . The genera l re la t ion between heating 
wall t emp , and local heat flux d is i l lus t ra ted , and 
the var ia t ion of the peak heat flux with p r e s s u r e and 
subcooling shown. The peak flux is in the magnitude 
of 1 to 3 mil l ion B tu / sq ft h r . Approaching the peak 
heat flux from the normal nucleate boiling region, 
the mixed reg ime of nucleate and film boiling takes 
p lace , 

1857. Dugone, J . 

CALCULATION OF DEPARTURE FROM NUCLEATE 
BOILING CONDITIONS FOR THE SPERT III R E 
ACTOR IN THE HIGH PRESSURE REGION, IDO-
16774 (1962), 65 p . 

Calculat ions a r e made to de te rmine the safe s teady-
state power operat ing l imits of the Spert III r eac to r 
from the viewpoint of fuel plate burnout . A com
puter p rog ram is developed for the IBM 704 to aid in 
these ca lcula t ions . The Bett is design d e p a r t u r e from 
nucleate boiling (DNB) equation is used in conjunc
tion with the LeTourneau and Grimble method of 
"hot channel" analysis in the development of the ca l 
cula t ions . Fo r ca ses where DNB occu r s in the bulk 
boiling region, a nnodified Mar t ine l l i -Nelson two-
phase flow cor re l a t ion and some exper imenta l 
s ing le -phase p r e s s u r e drop data a r e employed. 
DNB for a typical operat ing condition of 550°F inlet 
t e m p e r a t u r e and 2500 psig is computed to check 
the code. The r e su l t s of the sample calculat ion 
show that at a s t eady-s t a t e power level of 60 Mw 
(maximum design power) the minimunn flow r a t e 
r equ i red to prevent DNB is approximate ly 8000 gpm. 

1858. Durant , W. S., and Mirshak, S. 

ROUGHENING OF HEAT TRANSFER SURFACES AS 
A METHOD OF INCREASING THE HEAT FLUX AT 
BURNOUT, DPST-60-284 (1959), 15 p. 

The burnout heat flux and friction factors for rough 
sur faces were m e a s u r e d for ve r t i c a l tubes cooled by 
downward flow of wa te r . An i nc r ea se in the burnout 
heat flux of as much as 100% over a smooth surface 
was obtained at the same coolant veloci ty, t e m p e r a 
t u r e , and p r e s s u r e . A net gain of as much as 80% 
in heat flux at burnout is poss ible if the coolant 
channel is widened to pernnit the s ame flow at the 
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same pumping requ i rements as a smooth sur face . 
The resul ts of 50 exper iments were co r r e l a t ed 
empir ical ly , and may be expressed by an equation, 

1859. Eicheldinger, C. 

ANPP NUCLEATE BOILING PROGRAM, Quar te r ly 
P rog re s s Report No. 1 for June through August 
1960, MND-E-2414, September I960, 37 p. 

P r o g r e s s during the f irs t quar te r of the rev i sed 
ANPP Nucleate Boiling P r o g r a m is r epor t ed . A 
l i tera ture survey was conducted to de te rmine the 
present state of the a r t in the t rans ient -boi l ing 
field. Results of the survey indicate that l i t t le 
work of direct value to this p rogram has been or 
is being performed. Specifications for the heat-
t ransfer tes t section were completed. Two 
tubes with flow only on the inside will be used to 
simulate the inside and outside flow paths for a 
PM- l "hot" tube. A pre l iminary layout of the 
test section is included. Some effort was spent 
on prel iminary specifications for the t r ans i en t 
instrumentat ion. Measurements of bulk coolant 
t empera tures (inlet and outlet), t e s t - s ec t ion wall 
t empera tures (three locations) total and differen
tial p r e s s u r e s , t e s t - sec t ion power, and coolant 
flow rate are planned. An analog simulation of the 
PM- l core and p r imary loop was p r o g r a m m e d . 
Flow coast-down and core voids due to boiling will 
be included in the simulat ion. 

1860. Eicheldinger, C. 

ANPP NUCLEATE BOILING PROGRAM, A Quar te r ly 
P rog re s s Report , No. 2, for September through 
November 1960, MND-E-2415, 29 p. 

Design of the tes t section, suppor ts , and instal lat ion 
was completed. A study of the effect of manufac
turing tolerances indicated that the nnaximum devia
tion between specified and actual heat flux in the 
cri t ical notched a rea was 1.5%. The analog s imula 
tion study was completed. Curves showing power 
and flow variat ions a re included. A m o t o r - g e n e r a t o r 
set is to be installed in the Mart in Heat Transfe r 
Loop prior to performance of the tes t p r o g r a m . 
This unit is to provide improved t rans ien t response 
and is to enable programming of any credible ope r 
ational power t rans ien t . All ins t rumentat ion for the 
program has been o rdered . One major component 
the recording oscil lograph, has been rece ived . (For 
preceding period see MND-E-2414.) 

1861. Eicheldinger. C. 

ANPP NUCLEATE BOILING PROGRAM, Quar te r ly 
P rogress Report No. 3, December 1960-February 
1961, MND-E-2416. 33 p. 

A plan was developed concerning the method of data 
reduction to be employed when the exper imenta l 
PM- l reactor simulation p rogram is ini t iated. 
Fabrication of one complete tes t section assembly 
was completed. Tes ts a re descr ibed for flow ca l i 
bration, bulk coolant thermocouple r e sponse , and 
wall thermocouple t e s t s . Instrumentat ion is also 
discussed. 

1862. E m m e r s o n , G. S. 

HEAT TRANSMISSION WITH BOILING, Nuclear 
Eng. 5_, 493-99 (Nov. I960). 

A review and d i scuss ion a r e p re sen ted of the rapidly 
growing s to re of knowledge of boiling heat t r a n s f e r , 
with specia l r e fe rence to r e a c t o r app l ica t ions . The 
r eg imes of boiling heat t r a n s f e r a r e i l l u s t r a t ed by 
the "Boiling Curve , " which was obtained from ex
p e r i m e n t s on e l ec t r i ca l l y -hea t ed w i r e i m m e r s e d 
hor izonta l ly in a water bath . No co r r e l a t i on has 
been es tabl i shed to govern the boiling curve over all 
r eg imes although sepa ra t e co r r e l a t i ons were de
veloped, theore t i ca l ly and empi r i ca l ly , for convection, 
nucleate boiling, and film boiling with varying l imi ta 
t ions . For nucleate boiling it s e e m s s imple enough 
to state that the r e m a r k a b l e i n c r e a s e in heat flux is 
caused by the agitation of the vapor bubbles , and 
although this is a sa t i s fac to ry explanation, it has not 
proved sufficient in itself for the development of a 
theory . The t rans i t ion from nucleate boiling to film 
boiling and burnout takes place by way of the Depar
ture from Nucleate Boiling (DNB) point, and occurs 
very rapidly . For this r eason , the DNB flux is r e 
garded as the burn-out flux for r eac to r design pur 
p o s e s . The influences of p r e s s u r e , local bulk 
subcooling or quality, channel geomet ry , and nnass 
velocity on burn-ou t a r e d i s cus sed . Equations a r e 
tabulated for burn-out c o r r e l a t i o n s ; the i r range of 
appl icat ions , geonnetry, and per t inent r e m a r k s a r e 
given. When the boiling and burn-ou t m e c h a n i s m s 
a r e m o r e fully understood and e x p r e s s e d m a t h e 
mat ica l ly , the proper in te rp re ta t ion of loop tes t 
data will be faci l i tated, and re l i ab le co r re l a t ion 
will be made poss ib le . 

M., Chastain , J. W., and 1863. Epste in , H. 
Fawcet t , S. L. 

HEAT TRANSFER AND BURNOUT TO WATER AT 
HIGH SUBCRITICAL PRESSURES, BMI-1116 (1956), 
28 p. 

Local surface coefficients of heat t r an s f e r and burn
out heat fluxes a r e p re sen ted for deionized water 
flowing upward in a ve r t i c a l Hastel loy C tube 
under the follo\ving condit ions: m a s s velocity in the 
range 1.5 x 10^ to 3 x lO'̂  lb/(hr)(ft^) p r e s s u r e from 
1500 to 2750 ps ia , and Reynolds n u m b e r s in the 
neighborhood of 10^, The h e a t - t r a n s f e r data a r e 
co r r e l a t ed with the Colburn equation. The burnout 
heat-f lux data could not be sa t i s fac tor i ly co r re l a t ed 
with the Jens and Lottes re la t ion . Burnout r e su l t s 
at the L / D = 80 showed a s t rong dependence upon 
the annount of inlet subcooling. All burnout heat 
fluxes appeared to be l inear ly dependent upon m a s s 
flow r a t e . 

1864. Fas tovsk i i , V. G., and Ar tym, R. I. 

EXPERIMENTAL INVESTIGATION OF CRITICAL 
HEAT FLUX FOR BOILING OF BINARY MIXTURES, 
Teploenerget ika 5, No. 8, 74-8 (1958). 

The app. cons i s t s of a g lass v e s s e l sur rounded by an 
e lec . h e a t e r . The v e s s e l is covered with a lid which 
has e lec . l eads , thermocouple l eads , a m a n o m e t e r 
connection, and a condenser at tached to it . The hea t 
ing e lement is a 0 . 4 - m m - d i a m . w i r e , 50 mm in 
length, i m m e r s e d hor izonta l ly in the glass v e s s e l . 
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Means a r e provided for m e a s u r e m e n t of t e m p . , 
voltage, and c u r r e n t . Mixts . invest igated were 
H2O solns . of MeOH, PrOH, i s o - P r O H , BuOH, 
Et Me ketone, and isopentanol . In making a run 
the soln. is subjected to p r e l i m i n a r y boiling and 
then the heat load is i nc reased up to the c r i t . load, 
q^^j.. The max , heat input is detd, v isual ly and 
by the i n s t r u m e n t s . In the major i ty of so lns . contg. 
water and a snnall amt . of o rg . component , the 
wire burns out at q^r-

1865. Fauske , H. K. 

ANALYSIS OF BURNOUT IN TWO-PHASE FLOW, 
M. S. T h e s i s , Univ. of Minnesota (1959). 

1866. F i r s t e n b e r g , H., et a l . 

COMPILATION OF EXPERIMENTAL FORCED 
CONVECTION QUALITY BURNOUT DATA WITH 
REYNOLDS NUMBER, NDA-2131-16 (i960), 60 p. 

The bas ic data and calcula t ions a r e p re sen ted in 
two t ab l e s . Table I contains the experinnental quality 
burnout data , and Table 2 contains the ca lcula t ions of 
Reynolds n u m b e r s and enthalpy at the points of bu rn 
out. Table 3 provides an index and gives the sources 
of data. 

1867. Foley, D. J., Batch, J. M.. and McEwen, L. H. 

BOILING BURNOUT AT HIGH PRESSURE IN HORI
ZONTAL ANNULI, P r e s e n t e d at : Reac tor Heat 
Transfer Conf. New York, Nov, 1 and 2, 1956. 
TID-7529 P t . 2 (p. 7) (Nov. 1956). 

Boiling burnout t es t r e s u l t s a r e desc r ibed for forced 
circulat ion, bulk boiling heat t r a n s f e r to high pur i ty 
water in a 0.192 inch hor izonta l annulus of 1.43 in
ches inside d i a m e t e r and 21 foot heated length. A 
descr ip t ion is provided of the e l ec t r i ca l ly heated 
exper imenta l facil i ty, used, and of detai ls of tes t 
procedure which cover conditions of p r e s s u r e from 
590 to 2010 psia , heat fluxes f rom 133,000 to 
378,000 B t u / h r / s q / f t m a s s flow ra te s from 610,000 
to 1,700.000 I b / h r / s q / f t , and outlet s team qual i t ies 
up to 44.4 per cent by weight . 

1868. Fou re , C , Rosuel , A., and Sourioux, G. 

INFLUENCE ON BURNOUT FLUX OF VORTICES IN
DUCED IN BOILING WATER AT ATMOSPHERIC 
PRESSURE, Special Repor t No. 5, EURAEC-146 
(1961), 146 p . 

Innprovement of the heat t r a n s f e r coefficient by 
creat ing vo r t i c e s in a flow was studied for the 
case of wa te r at a tmosphe r i c p r e s s u r e and at 
low flow ve loc i t i e s . The zone explored was b e 
tween 1000 and 2800 kw/m^. For the tubular 
tes t sect ion, intake ve loc i t ies were l ess than 
1 m / s e c . It was found that t h e r e ex i s t s a reduced 
half-pitch l imit above which the addition of 
twisted tape is not favorable . Below this pitch, 
the same pumping power led to a gain in flux. 
In the annular t es t sect ion the gain in flux was 
cons iderab le . Con t r a ry to the c a s e of the 
tubular sect ion, the twisted tape y = 9 innproved 
the heat t r an s f e r a l so . At equal pumping power, 
for y = 3, the i n c r e a s e in burnout flux was 53% . 

1869. Galson, A. E . 

STEAM SLIP AND BURNOUT IN BULK BOILING 
SYSTEMS, Atomic Energy Comm. , GEAP-1076 
(1957), 21 p . 

In concur ren t flow of two phase mix tu re s the re 
exis ts a velocity difference between the vapor and 
liquid p h a s e s . This difference in velocity is known 
as the slip veloci ty. The predic t ion of s l ip is the 
subject of P a r t I. In boiling sy s t ems the re is some 
heat t r an s f e r ra te at which nucleate boiling becomes 
uns tab le . At this point the sepa ra t e bubbles coa lesce 
forming an insulat ing vapor film on the heat t r an s f e r 
surface resul t ing in the des t ruc t ion , or burnout , of 
the hea t e r . The predic t ion of the conditions causing 
burnout is the subject of P a r t II. 

1870. Gambil l , W. R., and Greene , N. D. 

A STUDY OF BURNOUT HEAT FLUXES ASSOCI
ATED WITH FORCED CONVECTION, SUBCOOLED, 
AND BULK NUCLEATE BOILING OF WATER IN 
SOURCE-VORTEX FLOW, CF-57 -10 -118 (1957), 15 p. 
[See a l so : Chem. Eng. P r o g r . 54, No, 10, 68-76 
(1958)]. 

A study of nucleate boiling of subcooled water in 
forced-convect ion s o u r c e - v o r t e x flow in snnall d i 
a m e t e r horizontal tubes is desc r ibed . A m e a s u r e d 
heat flux of 11,000,000 B tu /h r ft^ was at tained, a 
value five t i m e s g r e a t e r than any previous ly r epor t ed 
for comparab le condit ions. 

1871. Gambil l , W. R., and Greene , N. D. 

BOILING BURNOUT WITH WATER IN VORTEX 
FLOW, Chem. Eng. P rog . , 54_, 68-76 (Oct. 1958). 

P r e l i m i n a r y study of boiling burnout heat fluxes 
assoc ia ted with forced-convect ion flow of water 
through smal l d i ame te r tubes indicates that l a rge 
heat fluxes a r e eas i ly obtainable . 

1872. Gambil l , W. R., and Bundy, R. D. 

BURNOUT HEAT FLUXES FOR LOW-PRESSURE 
WATER IN NATURAL CIRCULATION, ORNL-3026 
(1960), 54 p. 

Twenty-nine exper imenta l de te rmina t ions of b u r n 
out heat flux were made with water flowing by na tu r a l ' 
c i rcula t ion through e lec t r i ca l ly heated ve r t i ca l tubes 
with and without in ternal twisted tapes and through 
rec tangu la r c r o s s sect ions of t h r e e aspect r a t i o s . 
Heated lengths var ied from 10 to 33 in. , sys t em 
p r e s s u r e at the t e s t - s e c t i o n flow exit from 14.7 to 
26.3 ps ia , inlet subcooling from 36 to 170'^F, and 
burnout heat flux from 13,000 to 218,500 B t u / h r / 
sq ft. T e s t s were made with both u n r e s t r i c t e d and 
r e s t r i c t e d r e tu rn flow paths . Th ree co r r e l a t i ons 
were developed for predic t ing n a t u r a l - c i r c u l a t i o n 
burnout heat fluxes for such condi t ions. Two a r e 
useful for rapid es t imat ion but the th i rd involves a 
m o r e fundamental a s s e s s m e n t of the coolant m a s s 
velocity at burnout by a g raphica l matching of the 
heat flux that a given flow ra te can sus ta in to the 
heat flux that will produce that flow r a t e . Fo r a l l 
the data, this approach gave average and maximunn 
deviat ions of 1 5 and 38%, respec t ive ly . It was found 
that use of a ra t io of unity is adequate for burnout 
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prediction, and the reasons for this a r e d i scussed in 
detail . The smal l burnout penalty incur red by a 
substantial res t r ic t ion of re turn flow path, expe r i 
mentally observed, is in complete accord with the 
theoret ical model . 

1873. Gambill, W, R. 

RE: THE APPLICATION OF STATISTICAL METH
ODS OF ANALYSIS FOR PREDICTING BURNOUT 
HEAT FLUX, Nuclear Science and Engineering j_0, 
92 (May, 1961). 

Letter to the Editor concerning the a r t ic le by Jacobs 
and Merr i l l , (Nuclear Sci. and Eng. _8, 480 ( i960). 

1874. Gambill, W. R., Bundy, R. D., and 
Wansbrough, R. W. 

HEAT TRANSFER BURNOUT AND PRESSURE DROP 
FOR WATER IN SWIRL FLOW THROUGH TUBES 
WITH INTERNAL TWISTED TAPES, AIChE Paper 
No. 22, ASME-AIChE Ht. T r a n s . Conf., Buffalo, 
August 14-17, I960, Chem. Eng. P r o g r e s s Symp. 
Series No, 32, _57, 127-137, ORNL-2911 (1961). 

Ear l i e r studies at Oak Ridge National Lab. of 
vortex-flow burnout of tubes with inlet swir l gen
e ra to rs have been extended by relat ively c o m p r e 
hensive experimental determinat ions of swirl-f low 
heat t ransfer coefficients, burnout heat fluxes, and 
friction factors for water flowing through e lec t r i ca l ly 
heated aluminum, nickel, and copper tubes containing 
full-length Inconel twisted t apes . Non-boiling heat 
t ransfer coefficients co r re la te well with both Froude 
number and the modulus ra t io . In some ranges of 
Reynolds number and tape twist ra t io , swir l flow 
produces rat ios of heat t ransfer coefficient to f r ic 
tional pumping power as nnuch as twofold l a rge r 
than straight flow of the same fluid at the same t e m 
perature through the same tube. Fo r ty swirl-f low 
burnout tes ts have demonstra ted the independence of 
burnout heat flux (as large as 37 x 10^ Btu/ (hr) (sq ft) 
on either p r e s su re level or degree of subcooling. At 
low p re s su re , burnout heat fluxes with swir l flow a r e 
twice as large as with straight flow through an iden
tical tube without a twisted tape at the same ove r - a l l 
pumping power. Advantages of swirl-flow tubular fuel 
elements for nuclear reactor applications a r e 
discussed. 

1875. Gambill, W. R. 

GENERALIZED PREDICTION OF BURNOUT HEAT 
FLUX FOR FLOWING, SUBCOOLED, WETTING 
LIQUIDS. A.I.Ch.E. Prepr in t 17, New York (1962), 
47 p. 

A generalized two- term additive predict ion method 
has been developed in which one t e r m r e p r e s e n t s the 
boiling contribution to the burnout heat flux in the ab
sence of forced convection and the other the equiva
lent forced-convection contribution in the absence of 
boiling. The predictions of this superposi t ion method 
have been compared with all available exper imenta l 
data (1263 points) for burnout with flowing, wetting 
liquids in the absence of significant net vapor gener 
ation. The data compared are for seven fluids in 
axial, swirl , and c ross flow in tubular , annular , 
rectangular , and rod geometr ies over very broad 
ranges of flow conditions -0.05<V<174 fps. 

4 .2<P<3000 psia , 0<Atsub<506 'F . l<a<57 ,000 g, and 
O.l X l O k 0 b o < 3 7 . 4 X 10^ B t u / h r • f t^ When the data 
a r e excluded which can be shown to be u n r e p r e s e n t a 
tive of burnout under the expe r imen ta l condi t ions , a 
se lec ted data field of 815 t e s t s r e m a i n s . Fo r these 
data , 95% of the predic t ions ag ree with the e x p e r i 
menta l values within a max imum deviat ion of 40%. 
The method is applicable to e i ther c o r r e l a t i o n or p r e 
diction of burnout . Its p red ic t ions of burnout for 
l iqu id-meta l sy s t ems a r e in much be t te r accord with 
the ea r ly exper imenta l r e s u l t s p resen t ly being r e 
ported than a r e those of other burnout co r r e l a t i on 
equat ions . The additive na tu re of the co r r e l a t i on 
allows it to escape the var iab le "cons tan t s " and ex
ponents which tend to c h a r a c t e r i z e mos t e m p i r i c a l 
b r o a d - r a n g e burnout c o r r e l a t i o n s . The re la t ive i m 
por tance of any one va r iab le is shown by the additive 
approach to depend upon the re la t ive contr ibut ions 
of the boiling and convective t e r m s to the to ta l heat 
flux at burnout . 

1876. Gambil l , W. R., and Bundy, R. D. 

AN EVALUATION OF THE PRESENT STATUS OF 
SWIRL-FLOW HEAT TRANSFER, 5th National 
Heat Trans fe r Conference (1962). 

1877. Glahn, Uwe H. von. 

AN EMPIRICAL CORRELATION OF CRITICAL 
BOILING HEAT FLUX IN FORCED FLOW UPWARD 
THROUGH UNIFORMLY HEATED TUBES, NASA 
TN D 1285 (1962), 28 p . 

Boiling h e a t - t r a n s f e r data a s soc ia ted with the maxi 
mum c r i t i ca l heat flux (burnout condition) for water , 
hydrogen, and ni t rogen a r e c o r r e l a t e d for forced 
flow upward through uniformly heated tubes for 
conditions of net vapor genera t ion . Cor re la t ion is 
achieved through the development of an emp i r i c a l 
re la t ion involving an enthalpy ra t io and a function 
consist ing of s eve ra l d imens ion less groups con
taining var iab les that include m a s s veloci ty, tube 
geometry , and fluid p rope r ty t e r m s . All fluid 
p roper ty t e r m s a r e evaluated at the fluid sa tura t ion 
tennperature assoc ia ted with burnout . 

1878. Goldman, K., F i r s t e n b e r g , H.. and Lombard! , C. 

BURNOUT IN TURBULENT FLOW - A DROPLET 
DIFFUSION MODEL, J. Heat T rans fe r 83_. 158-62 
(1961). 

Burnout p r e sen t s one of the pr inc ipa l l imi ta t ions in 
the design of liquid or wet s t eam-coo led nuclear 
r e a c t o r s , rocket nozzles or other high sp . -power 
equipnnent. The control l ing mechanisnn for burnout 
in flowing sys tems may not be found in bubble be
havior , but r a the r in the eddy diffusion-l imited 
t r an spo r t of liquid drople ts through a s team bound
ary layer to the heated wall . Two-phase flow 
reg imes a r e reviewed br ief ly . A phys . model , based 
on the concept that drople t diffusion through a steam 
boundary layer is the l imiting mechan i sm for burn
out in turbulent flow, is de sc r ibed . An equation is 
der ived rela t ing burnout to other pa ranne te r s in fog 
flow. With sinnplifying a s sumpt ions , an order-of -
magnitude ag reemen t between analys is and exptl . 
burnout data in fog flow is d e m o n s t r a t e d . 



Critical Heat Flux (Burnout) 

1879. Green , S. J . 

ESTIMATED FILM BOILING HEAT TRANSFER 
COEFFICIENTS AT BURNOUT, WAPD-TH-132 
(1955). 11 p . 

The r e su l t s of heat flux calculat ions indicate the 
fuel e lement tennpera ture excurs ion during film 
boiling is not as g rea t as pred ic ted by adiabat ic 
heat t r an s f e r ca lcu la t ions . The equations used in 
the calculat ions a r e given and the i r use is 
d i scussed . 

18 Green , S. J. 

TRANSIENT BURNOUT AND PRESSURE DROP 
STUDIES, WAPD-TH-391 (1958), 12 p . 

A s u m m a r y of the s ta tus of va r ious phases of the 
p rog ram (tennperature m e a s u r e m e n t , p r e s s u r e 
m e a s u r e m e n t , flow m e a s u r e m e n t , c u r r e n t , voltage) 
is p resen ted and d i scus sed . 

1881. Green, S. J., Mauer , G. W., and Weiss , A. 

BURNOUT AND PRESSURE-DROP STUDIES FOR 
FORCED-CONVECTION FLOW OF WATER PAR
ALLEL TO ROD BUNDLES, Amer i can Society of 
Mechanical Eng inee r s , P r e p r i n t P a p e r No. 62-HT-
43, New York (1962), 12 p . 

1882. Griffith, P . 

THE CORRELATION OF NUCLEATE BOILING 
BURNOUT DATA, ASME Paper No. 57-HT-21 
(1957), 17 p . 

A d imens ionless c o r r e l a t i o n is developed for 
nucleate-boil ing burnout data including the follow
ing ranges of v a r i a b l e s : 

Fluids - Water 
Benzene 
n - Heptane 
n - Pentane 
Ethanol 

P r e s s u r e - 0,0045 to 0.96 of c r i t i c a l p r e s s u r e 
Velocity - 0 to 110 fps 
Subcooling - 0 to 280 deg F 
Quality - 0 to 70 per cent 

The data a r e drawn from a va r i e ty of sou rces 
and have been col lec ted on widely varying types 
of s y s t e m s . Over 300 points a r e c o r r e l a t e d with 
94 per cent of the points included between the 
±33 per cent envelope drawn around the bes t line 
through the po in t s . The co r r e l a t i on includes only 
fluid p rope r t i e s and quant i t ies which can be c a l 
culated on the assumpt ion of equi l ibr ium conditions 
at the burnout point. 

18 Griffith, P . 

applying selected boundary condi t ions. F r o m this 
t reatnnent , a number of d imens ionless groups were 
formulated, and the DNB heat flux was e x p r e s s e d 
in ternns of 

»^DNB 
h£g Pg Vi 

A DIMENSIONAL ANALYSIS OF THE DEPARTURE 
FROM NUCLEATE BOILING HEAT FLUX IN FORCED 
CONVECTION, WAPD-TM-2I0 (1959), 26 p . 

As pa r t of the c u r r e n t effort to produce new and i m 
proved forced convection d e p a r t u r e fronn nucleate 
boiling (DNB) heat flux co r r e l a t i ons that would be 
applicable over a wide range of water condit ions, a 
d imensional ana lys i s of DNB was pe r fo rmed . This 
analys is was pe r fo rmed by non-dimens ional iz ing the 
momentum, energy and continuity equations and 

L^ VjSPf VjSPg Cfif 

k ( T s 

hfgPj 

Mf 

S V i ' p-

P f V j S ' 

This re la t ionship is applicable to va r ious fluids 
over a wide range of condit ions. By means of a 
heat ba lance , the continuity equation and the equation 
of s t a t e . 0D]N[B '~^^ then be expressed in t e r m s of 
local conditions plus the L / S t e r m . 

1884. Griffith, P . , Schumann, W. A., and 
Neustal , A. D. 

FLOODING AND BURN-OUT IN CLOSED-END 
VERTICAL TUBES, P a p e r No. 5, Symposium ( P r e 
pr int of Proceedings) on Two-Phase Fluid Flow, 
Inst . Mech. E n g r s . . London, England, F e b r u a r y 7, 
1962. 

1885. Hesson, G. M., et a l . 

PRELIMINARY BOILING BURNOUT EXPERIMENTS 
WITH A 19-ROD BUNDLE GEOMETRY IN AXIAL 
FLOW, HW-73395 (Apr. 17, 1962). 

Boiling burnout heat flux data were obtained with an 
e lec t r i ca l ly heated model of a 19-rod bundle nuc lear 
r eac to r fuel a s sembly in a cyl indr ica l tube for v e r 
t ica l upward flov/ of water at 1200 ps ig . Heat v/as 
genera ted in the tes t sect ion by d-c e l ec t r i ca l r e s i s 
tance heat ing. Mass flov/ r a t e s were 0.5, 1.0, 2.0, 
and 3.0 x 10^ Ib/hr-f t^ and exit coolant qual i t ies 
ranged from 0 to 29 wt % s team. The resu l tan t data 
a r e compared with independent data for a 19-rod 
bundle. 

Hoe, R. H., and Senghaus, L. A. 18 

CORRELATION OF SUBCOOLED AND QUALITY 
BURNOUT DATA FOR CYLINDRICAL TUBES AND 
RECTANGULAR DUCTS, NDA-31 (1956). 

Abs t r ac t s of c lassif ied papers to be p resen ted at the 
Reactor Heat T rans fe r Conference a r e given, and a 
co r r e l a t i on study of subcooled and quality burnout 
data for water in forced c i rcu la t ion through tubes 
and ducts is included. (NSA 11-13720). 

18 Howell, J. R., and Bell , K. J. 

AN EXPERIMENTAL INVESTIGATION OF THE 
E F F E C T OF PRESSURE TRANSIENTS ON POOL 
BOILING BURNOUT, P r e p a r e d for A.I .Ch.E. , 
5th National Heat Trans fe r Conference. Aug. 5-8 
(1962), 24 p . 

The effect of 5 to 10 p s i g / s e c p r e s s u r e decay r a t e s 
on burnout in the pool boiling of water was studied. 
Initial sa tura t ion conditions at p r e s s u r e s of up to 
62.5 psig were allowed to decay to one atnnosphere, 
and the t ime to burnout of a s ta in less s teel r ibbon 
undergoing constant in te rna l heat genera t ion at 
nea r burnout conditions was studied. Heat fluxes 
ranged up to 5.75 x 10^ Btu/hr- f t^ . The r e su l t s a r e 
co r r e l a t ed on the b a s i s of the s teady state p r e s s u r e 
v s , burnout heat flux curve which had prev ious ly 
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been determined for the sys tem. It is found that the 
t ime to burnout is a lmost invariably longer than 
would be predicted from the steady state curve and 
known p r e s s u r e decay r a t e s . 

18 Huber. D. A. 

EXPERIMENTAL SYSTEMS AND PROCEDURES 
UTILIZED IN STUDYING THE PHENOMENA OF 
NUCLEATE BOILING AND BURNOUT, NAA-SR-
MEMO-4553 (1959), U p. 

A survey of boiling heat t r ans fe r which was con
ducted at ten labora tor ies is given. The c h a r a c t e r 
is t ics of exper imental sys t ems , burnout detect ion 
procedures , range of exper imental conditions, and 
resul ts obtained are l isted for each l abora to ry . 

1889. Hunt. T. W., et a l . 

AN INVESTIGATION OF SUBCOOLED AND 
QUALITY BURNOUT IN CIRCULAR CHANNELS, 
WAPD-LSR(IM)-1 (1955), 46 p. 

Burnout heat flux data under conditions of local 
boiling and bulk boiling at the c i r cu la r channel 
exit were obtained with the Bett is Burnout Loop. 
Subcooled burnout t e s t s were run at 2000 ps ia . 
Quality burnout data were obtained for 1000 and 
2000 psia. The effect of inclining a channel at 
an angle of 45" was also invest igated. Quality 
burnout data a re repor ted in graphical and 
tabular form. No corre la t ion is suggested from 
the limited tes ts run that will predict burnout 
from local conditions when bulk boiling o c c u r s . 
A description of the Bettis Burnout Loop and 
method of operation are d i scussed . The appl ica
tion of quality burnout data to reac tor core 
design is discussed briefly. 

1890. Isbin, H. S. 

TWO-PHASE HEAT TRANSFER, TWO-PHASE 
BURNOUT, Final Report , AECU-4305 (1959), 41 p. 

A burnout model has been successfully applied to 
burnout heat flux data repor ted for the flow of 
steam-water mixtures in round tubes and channels 
with uniform and hot patch heat ing. The model 
requi res the fitting of cha rac te r i s t i c constants 
which can be evaluated from a set of burnout 
heat flux versus flow rate at a given subcooling and 
channel geometry. Two phase local heat t r ans fe r 
coefficients were measured for s t eam-wa te r flows 
up to p r e s su re s of 90 psia . maximum total flow 
rates of 182,000 Ib/hr sq ft, and heat fluxes up to 
50,200 Btu/hr sq ft in a horizontal -^--in. b r a s s pipe. 
The coefficients increased with increas ing quali t ies 
up to qualities as high as 0.98. In the region of 
0.98 to 1.00 the coefficients dec reased to values 
approaching single phase runs . Brief notes a r e 
included on the-extensive compar isons which have 
been made of the data with the l i t e ra tu re and of 
other models proposed. 

1891. Isbin, H. S., et a l . 

MODEL FOR CORRELATING TWO-PHASE, STEAM-
WATER, BURNOUT HEAT-TRANSFER FLUXES, J . 
Heat T rans fe r ^ , 149-57 (1961). 

A simplified model is suggested for s p r a y - a n n u l a r 
flow in round tubes and r ec t angu la r channe ls ; this is 
used for the predic t ion of max . heat fluxes for s t e am-
water flows. Resul t s r epor t ed a r e c o m p a r i s o n s of 
the predic t ions with the exptl . m e a s u r e m e n t s at 
Bet t i s Atomic Power Lab. , for upward flow at 
2000 I b s / s q in. abs . , for uniform and "hot patch" 
heat f luxes. The nnodel was successful ly applied to 
both uniform and nonuniform or hot -patch heat-flux 
t e s t s . Burnout flux v s . flow rate data obtained for 
uniform heat flux for a given inlet subcooling a r e 
sufficient for the evaluation of the c h a r a c t e r i s t i c 
p a r a m e t e r s needed in the burnout model . Compar i 
sons of predicted and exptl . values of the burnout 
heat flux a r e encouraging. The effect of nonuniform
ity of heating was c o r r e c t l y predic ted by the model, 
both quant, and qual . 

1892. Ivashkevich, A. A. 

BURN-OUT HEAT FLOW DURING FORCED CON
VECTION OF FLUIDS IN CHANNELS, Atomnaya 
Energ. _8_, 51-3 (I960), English Trans l a t ion in: Soviet 
Journal of Atomic Energy £, 44-7 (1961). 

Cr i t i ca l burn-out heat flow q̂ , i s studied at the point 
where nucleate boiling is rep laced by film boil ing. 
Various exper imenta l data a r e genera l ized and an 
equation for de te rmin ing the q^ was de r ived . 

1893. Ivey, H, J. 

PRELIMINARY RESULTS ON THE E F F E C T OF 
ACCELERATION ON CRITICAL HEAT FLUX IN 
POOL BOILING, AEEW-R99 (1961). 

1894. Ivey, H. J., and M o r r i s , D. J. 

THE E F F E C T OF TEST SECTION PARAMETERS ON 
SATURATION POOL BOILING BURNOUT AT AT
MOSPHERIC PRESSURE, AEEW-R-176 (1962). 

1895. Jacket , H. S., Roar ty , J . D., and Sonnemann, G. 

INVESTIGATION OF THE E F F E C T OF A PARALLEL 
CHANNEL ON FLOW AND BURNOUT FLUX, WAPD-
TH-162 (1955). 11 p . 

P r e l i m i n a r y pa ra l l e l channels t e s t s at 2000 psia 
were run with a ver t ica l ly mounted heated tes t s ec 
tion and an unheated by -pas s line that had a flow 
a r ea 30.5 t i m e s that of the hot channel . The flow 
channel d imensions of the machined and co r ros ion 
tes ted Z i rca loy-2 tes t spec imen were 0.097 in. x 
1 in. X 27 in. long. T e s t s were run with inlet t e m 
p e r a t u r e s of 400,575 and 625''F and ini t ia l i so the rmal 
hot channel ve loc i t ies of 6, 8, and 10 f t / s e c . 
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1896. Jacket, H. S., Lackey, J., and Roarty, J. D. 

PRELIMINARY INVESTIGATION OF THE E F F E C T 
OF VERTICALLY DOWNWARD FLOW ON BURNOUT 
AND PRESSURE DROP AT 830 AND 1215 psia WITH 
A PARALLEL CHANNEL E F F E C T , WAPD-TH-223 
(1956). 21 p, 

Prel inninary burnout and p r e s s u r e drop t e s t s were 
conducted with wa te r at 830 and 1215 psia with up
flow through a ve r t i ca l ly mounted, e l ec t r i ca l ly 
heated, r ec tangu la r flow channel in pa ra l l e l with 
an unheated by -pas s l ine. Single channel burnout 
data were a l so obtained. Fo r the pa ra l l e l channel 
t e s t s , the b y - p a s s had a flow a r e a m o r e than 
30 t imes that of the flow channel . The heated 
channel was machined of Z i rca loy-2 and m e a s u r e d 
0.097 in. X 1 in. x 27 in. long. Tes t s were con
ducted at 830 ps ia with inlet subcoolings of approx
imately 10 and 60°F, and init ial inlet ve loc i t ies of 
approximately 6, 8, and 10 f t / s e c . T e s t s were 
conducted at 1215 ps ia with approximate ly 60°F 
inlet subcooling and ini t ia l inlet ve loc i t ies of 8 and 
10 f t / s e c . 

1897. Jacket , H. S., Roar ty , J. D., and Weiss , A. 

PRELIMINARY INVESTIGATION OF THE E F F E C T 
OF VERTICALLY DOWNWARD FLOW ON BURNOUT 
FLUX, WAPD-TH-183 (1956), 5 p. 

Tes t s were run at nnass ve loc i t ies of 0.15 to 1.5 x 
10^ Ibs/hr-f t^ , inlet subcooling of 10 to 6 l ° F , and a 
p r e s s u r e of 2000 ps ia . The r e su l t s a r e plotted and 
compared with sinnilar up-flow data . No difference 
in burnout flux due to flow d i rec t ion is indicated. 

1898. Jacket , H. S.. Roar ty . J. D., and Zerbe , J. E . 

INVESTIGATION OF BURNOUT HEAT FLUX IN 
RECTANGULAR CHANNELS AT 2000 psia, WAPD-
T-319 (1956), 28 p . (See also A.S.M.E. T r a n s . 80, 
391-401 (1958). 

Burnout heat flux data were obtained under condi
t ions of zero exit quality and bulk boiling at the exit 
of e lec t r ica l ly heated tes t s p e c i m e n s . These spec i 
mens were long, na r row channels with var ious slot 
th icknesses , su r f aces , m a t e r i a l s , and length- to-
d iamete r r a t i o s . T e s t s were run at 2000 psia and 
m a s s veloci t ies f rom approximate ly 0.2 x 10 to 
3 X 10^ Ib/hr- f t^ . The effect of inclining the channel 
at 45° was a lso inves t iga ted . The rec tangula r chan
nel burnout r e su l t s a r e in reasonable ag reemen t with 
data previous ly obtained for round tubes . A design 
equation is suggested which yields a conserva t ive 
es t imate of the burnout heat flux in the low subcooling 
and quality regions for the range of va r i ab l e s in
vest igated. A burnout loop and method of opera t ion 
are desc r ibed . 

1899. Jacobs , R. T . , and M e r r i l l , J . A. 

THE APPLICATION OF STATISTICAL METHODS OF 
ANALYSIS FOR PREDICTING BURNOUT HEAT 
FLUX, Nuclear Sci. and Eng._8, 480-96 (I960). 

A d iscuss ion is given concerning a s t a t i s t i ca l method 
for predic t ing burnout heat flux. P r e s s u r e , s t a t i s t i 
cal , and fuel e l emen t -channe l gap effects that a r e 
implici t in the ana lys i s a r e reviewed. It is noted 
that the method is valid only for cyl indr ica l channels , 

and that the analys is is applicable to the bulk boiling 
region . The s ta t i s t i ca l , r a the r than physical , 
na tu re of the method is noted. 

1900. Jacobs , R. T. , and Mer r i l l , J . A. 

RE: THE APPLICATION OF STATISTICAL METH
ODS OF ANALYSIS FOR PREDICTING BURNOUT 
HEAT FLUX - REBUTTAL, Nuclear Science and 
Engineer ing _10, 92-3 (1961). 

Rebuttal to le t te r by W. R. Gambil l . Nuclear Science 
and Engineering 1_0_, 92 (1961). 

1901. J anssen , E., and Levy, S. 

BURNOUT LIMIT CURVES FOR BOILING WATER 
REACTORS, APED-3892 (1962), 51 p . 

Burnout l imit cu rves a r e r ecommended for the de 
sign of boiling water r e a c t o r s . The recommended 
curves cover the following range of condit ions: 
p r e s s u r e at 600 to 1450 psia , a flow ra te of 0.4 to 
6.0 X 10^ l b / h r - f t ^ s team subcooled to 45% by 
weight, hydraul ic d iameter from 0.245 to 1.25 in., 
and a heated length of 29 to 108 in. The b a s i s for 
the burnout l imit cu rves is d i scussed and thei r 
application to available data is p r e sen t ed . 

1902. Janssen , E . 

MULTIROD BURNOUT AT LOW PRESSURE, 
Amer ican Society of Mechanical Eng inee r s , P r e p r i n t 
P a p e r 62-HT-26, New York (1962), 9 p. 

The effect of nonuniform heating, nonuniform spacing, 
and the p r e s e n c e of r e s t r i c t i o n s on burnout and the 
behavior of two-phase flow in a rod- type r e a c t o r fuel 
geomet ry were invest igated. T e s t s were conducted 
using e lec t r i ca l ly heated rods and water at 30 ps ia . 
The r e su l t s show that nei ther local power peaking of 
17%, nor d isp lacement of a rod from its no rma l 
position by 0.132 in., nor r e s t r i c t i o n of the flow by 
a p la te- type spacer had any adve r se effect on burn
out. On the con t ra ry , the p r e s e n c e of the space r i m 
proved the burnout c h a r a c t e r i s t i c s . 

1903. J ans sen . E. , and Kervinen, J. A. 

SUBCOOLED BURNOUT AT HIGH FLOWS, 
GEAP-3843 . 

1904. J ens , W. H., and Lot tes , P . A. 

ANALYSIS OF HEAT TRANSFER, BURNOUT, PRES
SURE DROP AND DENSITY DATA FOR HIGH-
PRESSURE WATER, ANL-4627 (1951), 69 p . 

Heat t r a n s f e r , p r e s s u r e d rop , and wate r densi ty data 
during forced convection and local boiling heat 
t r an s f e r have been c o r r e l a t e d . These data were ob
tained by the Univers i ty of California at Los Angeles , 
Massachuse t t s Insti tute of Technology, and Purdue 
Univers i ty . All data were obtained on e lec t r i ca l ly 
heated tubes through which water passed in forced 
flow. F r o m m e a s u r e m e n t s of the at tenuat ion of 
X - r a y s as they passed through the tube and the wa te r , 
the densi ty of the wa te r was obtained under heat 
t r ans fe r conditions at UCLA. 

In forced convection, the data c o r r e l a t e d reasonably 
well with the Colburn equation. Dissolved gas had 
ve ry lit t le effect on the heat t r an s f e r coefficient. 
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The local boiling data were co r re l a t ed by means of 
the following equation: 

60 I 

A t . 
10'/ 

P 
.900 

The tempera ture of the heat t r ans fe r surface during 
boiling was independent of the water t e m p e r a t u r e and 
velocity was dependent only on the heat flux and the 
water p r e s s u r e . Dissolved gas had very lit t le effect 
on the t empera ture of the heat t r ans fe r sur face . 
The heat flux that caused burnout was co r re l a t ed as 
a function of water t e m p e r a t u r e , m a s s ra te of flow, 
and p re s su re by means of the following type of 
equation: 

l ^ ' j l 
• tb)°' 

The coefficient "C" and the exponent "m" were de 
termined to be functions of water p r e s s u r e . 

The p ressu re drop during heat t r ans fe r with forced 
convection was reduced to existing c o r r e l a t i o n s . 
The p ressu re drop during local and net boiling could 
not be corre la ted. The effect of dissolved gas and 
scale on p ressu re drop was unpredictable in most 
cases . 

The density data obtained at high p r e s s u r e s using 
the X-ray measurements indicated that p r e s s u r e 
has a very large effect on the density of water 
during local boiling. 

1905. Kalinowski, J. E. 

METHOD FOR DETERMINING FUEL ELEMENT 
SURFACE TEMPERATURE IN THE HOT CHAN
NEL CONTAINING BULK STEAM: WALLS FILM 
BLANKETED WITH SUPERHEATED VAPOR, KAPL-
M-S3G-RES-72 (I960), 17 p . 

An analysis of burnout cor re la t ions is presented in 
which the limiting condition is assumed to be the 
fuel element t empera ture in the hot channel as r e 
lated to the coolant flow through the r e a c t o r . 

1906. Kazakova, E. A. 

THE EFFECT OF PRESSURE ON THE MAXIMUM 
HEAT FLOW WHILE BOILING WATER IN A LARGE 
VOLUME, Izvestiia Akad. Nauk S.S.S.R. OTN (Dept. 
of Technical Sciences of the Academy of Sciences of 
the U.S.S.R.) j _ (1949). 

1907. Kazakova, E. A. 

ON THE MAXIMUM HEAT FLUX ON BOILING 
WATER UNDER HIGH AND SUPERHIGH PRES
SURES, Translated from: Doklady Akad. Nauk 
SSSR 7J_. 53. (1950), I G R L - T / R 5 (1950), 4 p. 

Values of the heat t ransfer coefficient for boiling 
H2O under p r e s s u r e from I to 200 a tm. were de 
te rmined . Experimental techniques a r e descr ibed , 
our resul t s a re plotted. 

1908. Kazakova. E. A. 

MAXIMUM HEAT TRANSFER TO BOILING WATER 
AT HIGH PRESSURES, Engr s-Digest, 12, 81-5 
(Mar 1951). 

Heat t r a n s f e r from plat inum wire heated by a l t e r n a 
ting c u r r e n t to boiling wa te r ; p r e s s u r e s used range 
from 1-200 a tm; i l lus t ra ted desc r ip t ion of high p r e s 
sure boi le r used in e x p e r i m e n t s ; about 43 t e s t s at 
var ious p r e s s u r e s were made ; r e su l t s and 
conclus ions . 

1909. Kazakova, E . A. 

THE INFLUENCE OF PRESSURE ON THE FIRST 
CRISIS IN BOILING WATER FROM A HORIZONTAL 
SURFACE, Published in " P r o b l e m s of Heat T r a n s 
fer with a Change of Phase , GEI, Moscow, AEC-
TR-3405 (p. 86-94) (1953). 

1910. Kezios , S. P . . and Lo, R. K. 

HEAT TRANSFER FROM RODS NORMAL TO SUB
COOLED WATER FLOW FOR NON-BOILING AND 
SURFACE-BOILING CONDITIONS UP TO AND IN
CLUDING BURNOUT, ANL-5822 (January 1958). 
156 p. 

Fo rced convection heat t r an s f e r f rom an e lec t r i ca l ly 
heated Chromax wi re or ien ted n o r m a l to a subcooled 
water flow was exper imenta l ly invest igated with and 
without change of phase . Expe r imen t s w e r e c a r r i e d 
out up to the l imit of burnout , and photographic ob
se rva t ions were also made . The va r i ab les employed 
in this study range were the velocity from 1 to 6.8 f t / 
sec , subcooling in the range 140 to 80°F, and heat 
flux densi ty up to 3.5 x 10^ B t u / h r ft^. P r e s s u r e s at 
the tes t sect ion ranged from 15 to 30 ps ia . The r e 
sul ts and conclusions a r e d i s cus sed . 

K i n , T. S., and 1911. Kezios , S. P . , 
Rafchiek, F . M. 

BURNOUT IN CROSSED ROD MATRICES UNDER 
FORCED CONVECTION FLOW OF WATER, In te r 
national Developments in Heat T r a n s f e r , P a r t II, 
New York, A.S-M.E. (1961), p. 262-9 . 

The burnout of c r o s s e d - r o d m a t r i c e s was e x p e r i 
mental ly de te rmined under conditions of varying 
water flow and degree of subcooling. The m a t r i c e s 
placed under t es t we re cons t ruc ted by employing rows 
of equally spaced pa ra l l e l rods (uniform t r a n s v e r s e 
pitch) with the axes of the rods forming every thi rd 
row offset by one-half the t r a n s v e r s e pitch. T r a n s 
v e r s e pi tches of 1.5, 2.0, and 3.0 were employed 
while the longitudinal pitch was held at unity for all 
m a t r i c e s . Each m a t r i x was twelve rows deep and an 
e lec t r i ca l ly heated e lement (solid rod) was located in 
the ninth row. The bas ic e lements forming the mat 
r i c e s were j in. d i ame te r r o d s . Water-f low through 
the rod bundles was va r i ed in the range of 175 to 
575 lbi-)-iSec~'ft"^, co r responding to a face velocity in 
the range of about 2.8 to 9-3 f t / s e c , while the degree 
of subcooling was va r i ed between 70 and 180°F. The 
re su l t s showed the burnout heat flux qoQ to i nc r ea se 
with dec reas ing t r a n s v e r s e pitch. A gene ra l c o r r e 
lation was obtained for q-of-j 3-s a function of m a s s ve 
locity, degree of subcooling and t r a n s v e r s e pitch. 
Compar i sons of the r e su l t s with those from the s ingle-
wire burnout study of Kezios and Lo showed the tes t 
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rods in the m a t r i x a r r a y s withstand a higher burnout 
heat flux at any given m a s s velocity and degree of sub
cooling, in the range where such compar i son is valid. 

1912. Konkov. A. S., and Modnikova, V. V. 

AN EXPERIMENTAL STUDY OF THE CONDITIONS 
OF IMPAIRMENT OF HEAT TRANSFER DURING 
BOILING IN TUBES, Tep loenerge t ika , 8_, 1962. 
77-81 . 

The p resen t work, over a wide range of experinnental 
conditions, showed how heat t r an s f e r i s impa i r ed 
when a s t e a m / w a t e r mix tu re flows in ve r t i ca l tubes . 
Tes ts were made at p r e s s u r e s of 20, 50, 100, 150 
and 200 a tm . The ra te of flow (by weight) ranged 
from 100 to 13200 kg/m^ sec and the t h e r m a l loading 
from 85 x 10^ to 3.34 x 10^ kca l /m^ hour . The t es t s 
were made on tubes of 3 d i a m e t e r s , 4. 8 and 
32.2 m m . Steam from a s u p e r - c r i t i c a l p r e s s u r e 
boi ler was passed through the expe r imen ta l tube 
made of s t a in less s t ee l grade 1X18H9T ( lKhl8N9T) 
which was e lec t r i ca l ly hea ted . T e s t s w e r e made 
in two ways: by supplying to the exper imenta l 
length water not heated to sa tura t ion and causing 
boiling d i rec t ly in the exper imenta l sect ion; or 
by del ivering to the exper imenta l sect ion a s t e a m -
water mix ture of known composi t ion . These different 
p rocedures made no difference to the final r e s u l t s . 
Tempera tu r e s of the outs ide walls of the tube were 
measu red along its length and w e r e init ial ly equal . 
Beyond a ce r t a in s team content the wall t e m p e r a 
ture r i s e s sharply , r e a c h e s a nnaximum and then 
d iminishes , the max imum t e m p e r a t u r e jump de 
pending upon the speed, the specific t h e r m a l load 
and p r e s s u r e . The actual va lues of the t e m p e r a t u r e 
jumps were s m a l l e r than in t e s t s with f i lmwise 
boiling and ranged from 25 to 300° C. Graphs a r e 
plotted of the impa i rmen t of heat t r a n s f e r as a func
tion of ra te of flow by weight, for a given p r e s s u r e . 
As the ra te i n c r e a s e s , the i m p a i r m e n t d iminishes 
at f i rs t fair ly s teeply and then when the ra te is 
g rea te r than 2000 kg/m^ per sec it becomes a lmost 
constant . At constant ra te the impa i rmen t i n c r e a s e s 
with diminishing p r e s s u r e , this i n c r e a s e p rac t i ca l ly 
ceasing from about 100 a tm . The following explana
tion of this phenomenon is offered. When a gas- l iquid 
mixture of high gas -con ten t flows in a pipe, the re is a 
thin film of liquid on the in te rna l sur face of the pipe. 
When the kinetic energy of the flow r e a c h e s a ce r t a in 
value, the tangent ia l fo rces on the sur face of phase 
separat ion become g r e a t e r than those which hold the 
film to the tube surface and it b r eaks away, causing 
the impa i rmen t of the heat t r a n s f e r . This explanation 
is used in an a t tempt to genera l i ze the expe r imen ta l 
resu l t s and the following c r i t e r i a l exp res s ion is given 
for the impa i rmen t of heat t r a n s f e r . 

where X£j„p - the s t eam content at which impa i rmen t 
of heat t r a n s f e r t akes p lace; q - the specific t h e r m a l 

loading; r - latent heat of boiling; 7 - the specific 
gravi ty ; p.- v iscos i ty : V- k inematic v i scos i ty of 
fluid; Prj^ - P r a n d t l ' s number for liquid; 
Rej^ - Reynolds number for liquid. The notation ' r e 
fe r s to liquid and the notation " to g a s . The equation 
is r ecommended for calculat ion of the s team content 
at which impa i rmen t of heat t r ans fe r takes place only 
for r i s ing flow of s t e a m - w a t e r mix ture in ve r t i ca l 
p ipes . There a r e 7 f igures and 1 t ab le . 

1913, Kre i th . F rank , and Summerf ie ld , Mart in 

HEAT TRANSFER TO WATER AT HIGH FLUX 
DENSITIES WITH AND WITHOUT SURFACE 
BOILING, Transac t ions of the Amer ican Society of 
Mechanical Eng inee r s , 7J_, 805-815 (1949). 

Surface coefficients of heat t r an s f e r have been ob
tained at r a t e s of heat flux up to 3 B t u / ( s q in.)(sec) for 
water flo\ving in s t a i n l e s s - s t e e l tubes at mass - f low 
r a t e s up to 5.4 lb per s e c - s q in. The nonboiling 
forced-convect ion data were co r r e l a t ed by the 
Colburn equation Nuf = 0,023 Re£°-^ Prf^^^ within 
±5 per cent, but, with surface boiling, cons iderably 
l a rge r Nu moduli were observed . When surface 
boiling occu r r ed , the t e m p e r a t u r e was de te rmined 
p r i m a r i l y by the p r e s s u r e , being re la t ive ly in sens i 
tive to var ia t ions in veloci ty, heat flux, and bulk 
t e m p e r a t u r e . The nnaximum heat flux that could be 
removed under given conditions was l imited by an 
unsteady-flow phenomenon. Data for p r e s s u r e drop 
with and without nonboiling heat t r ans fe r a r e p r e 
sented and co r r e l a t ed by an empi r i ca l v i scos i ty 
co r r ec t i on factor , 

1914, Kutateladze, S. S, 

HYDROMECHANICAL MODEL OF THE CRITICAL 
CONDITION OF HEAT TRANSFER IN BOILING 
LIQUIDS FOR THE CASE OF FREE CONVECTION, 
Trans l a t ed f rom: J, Tekh. Phys . 20, 1389, A E C - T R -
1858 (1950), 5 p. 

The annount of heat t r a n s m i t t e d to a boiling liquid 
through the container wall is affected by the format ion 
of a vapor film along the wall, when a c e r t a i n c r i t i 
cal value of the ex terna l heat supply is r eached . 
A hydronnechanical model of this phenomenon, 
for the case of free convection, is proposed which 
gives the c r i t i c a l heat value except for a p ropor t ion
ality fac tor . 

1915, Kutate ladze, S, S., and Bobrovich, G. I. 

APPLICATION OF THE SIMILARITY METHOD IN 
GENERALIZING EXPERIMENTAL DATA OBTAINED 
FOR THE CRITICAL HEAT FLUXES IN A BOILING 
LIQUID, Atomnaya energiya , % 493-494 (I960) . 

Cooling of su r faces by liquids which form a boiling 
filnn or bubbles (which complicate the heat t r an s f e r 
considerably) on the sur face has been invest igated 
var ious t i m e s . The p resen t "Le t te r to the Edi to r" 
cont r ibutes to this p rob lem. The re a r e two hypothe
ses which deal with the o c c u r r e n c e of a c r i s i s dur ing 
bubble-fornning boil ing. One of them has been for
nnulated by G. N. Kruzhi l in . According to this hy
pothes i s , the f i rs t c r i t i c a l densi ty of the heat flux is 
de te rmined by the same c r i t e r i a as the heat t r an s f e r 
during bubble boiling, i .e . , the c r i t i c a l densi ty of the 
heat flux is desc r ibed by the function 
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I c r i t AT" ( 7 - y")X ' 
v_ c7AT"- / a (7 - 7") 
a • ( , ^ . ) 2 

K° 
v'-lh - 7") VT J (1) 

Kruzhilin has suggested the following emp i r i c a l for
mula for calculating qcri t 

,,33„..2.(y-y)°'«(r7")°'"'^° 
Her it 7' 0,31 0,08„0,14 

• ( 2 ) 

The other hypothesis, which has been suggested by 
Kutateladze. a s sumes that the c r i s i s at boiling is 
qualitatively a separa te event. This event i s re la ted 
to the disturbance of the hydrodynamic stabi l i ty of 
the two-phase boundary layer , which occurs when a 
cr i t ica l ra te of s team generat ion has been reached . 
This hypothesis makes it possible to obtain a number 
of formulas by employing the s imi la r i ty theory . Ac
cording to the hydrodynamic theory, 

qcrit 

rVg-i Va(7 - 7") 
(3) 

descr ibes the boiling of a non-viscous sa tura ted 
liquid having a large volume. (2) and (3) satisfy the 
test resu l t s , although one has been obtained e m p i r i 
cally and the other theore t ica l ly . (2) may be changed 

0.415 T"°-^^ 
^^^° ^ -yO.31.^,10.14^0.64^0.08^0.04^0.14(1 ^ y'/l)°'^° 

k has been calculated that way. The numer ica l r e 
sults are compiled in a table . 

1916. Latzko, D. G. H. 

BURNOUT IN LIQUID COOLED POWER REACTORS, 
Atoomenergie 2_, 143-9 (i960) (in Dutch). 

After describing the "burnout" phenomenon on liquid-
cooled hea t - t ransfer surfaces at high heat fluxes, 
a survey is given of some published quantitative 
correlat ions for the burnout heat flux in ve r t i ca l 
channels. It is shown how the knowledge of such 
correlat ions is essent ia l in a s se s s ing the potential 
of liquid cooled power reac to r des igns . 

1917. Leppert, G.. and Jens , W. 

RECENT DEVELOPMENTS IN BOILING RESEARCH, 
J. Am. Soc, of Naval Eng. 67_, 137-55 (Feb, 1955), 
437-56 (May 1955). 

Emphasis on work re la ted to nuclear r e a c t o r s , jet 
engines, and rockets ; mechanism of nucleate and 
stable film boiling; es t imat ion of heat t r ans fe r co
efficients and surface t e m p e r a t u r e s for constant 
heat input sys tems; case of constant t e m p e r a t u r e 
heating; burnout heat flux. P r e s s u r e drop; 
change of static p r e s su re of flowing two-phase fluid 
(especially water s team system) in one or m o r e 
closed channels with relat ively high heat input; 
interdependence of p r e s s u r e drop; flow ra te and 
flow fraction evaporated in high heat flux, constant 
heat input sys tems, which can lead to flow ins ta 
bility and burnout in paral le l heated channels . 

1918. LeTourneau , B . W., and Gr imb le , R- E. 

AN ANALYSIS OF F U E L - P L A T E TEMPERATURE 
RISE DURING A BURNOUT TRANSIENT, p . 133-48 
of Reactor Heat T r a n s f e r Conference of 1956 held 
at New York, November 1-2, 1956. John E. Viscard i , 
comp. , TID-7529, Pt . 1, November 1957. 

Analytical solutions of the t r ans i en t heat conduc
tion equation, subject to boundary condit ions r e p r e 
senting approximate ly a burnout condition on 1 or 
both s ides of a clad fuel plate , have been obtained 
in s e r i e s fo rm. The plate is a s sumed to have con
stant t h e r m a l p r o p e r t i e s , and burnout is r ep re sen t ed 
by an instantaneous jump from a known surface 
t e m p e r a t u r e to e i ther an adiabat ic boundary or a 
finite film boiling heat t r an s f e r coefficient. The so 
lutions have been evaluated n u m e r i c a l l y and dinnen
s ionless plots of fuel-plate t e m p e r a t u r e v e r s u s 
t ime after burnout have been cons t ruc ted for seve ra l 
c a s e s of i n t e r e s t . It is shown that , for typical 
z i rcon ium-a l loy fuel p l a t e s , t i m e s of the o rde r of 
1 sec after burnout may e lapse before damaging 
t e m p e r a t u r e s a r e at ta ined in the fuel p l a t e . 

1919- Levy, S., et a l . 

ECCENTRIC ROD BURNOUT AT 1000 Ibf/in^ WITH 
NET STEAM GENERATION, Int. J . Heat Mass 
T rans fe r , _5_. 595-614 (1962). 

Burnout and p r e s s u r e - d r o p t e s t s were per formed 
with an eccen t r i c rod geomet ry to s imulate possible 
mald i s t r ibu t ion of flow in mul t i rod fuel a s sembl i e s 
of boi l ing-water r e a c t o r s . Data a r e p resen ted for 
a uniformly heated rod, 0.540 in. in dia . and 
8-j ft. long, located within a c i r c u l a r pipe of 0.875 in 
i.d. Tes t va r i ab les include one concent r ic and three 
displaced rod geonnetr ies , exit steann quali t ies from 
9 to 66 per cent by weight, flow r a t e s from 0.25 to 
1,34 X 10 Ib /h ft^ and sys tem p r e s s u r e s of 
1000 Ibf/in^. Tes t r e s u l t s a r e as follows: 

(1) Burnout heat fluxes with net s t eam generat ion 
a r e the same for the concent r ic annulus of 0.1675 in. 
and the eccen t r i c flow spacing of 0,096 and 0.061 in. 
Burnout values d e c r e a s e by 15-36 per cent when the 
min imum flow annulus is reduced from 0.1675 to 
0.033 in. 
(2) Single-phase p r e s s u r e - d r o p t e s t s exhibit a de
c r e a s e in fr ict ion factor as the eccent r ic i ty i nc r ea se s . 
On the other hand, two-phase p r e s s u r e l o s ses remain 
re la t ive ly the same at va r ious e c c e n t r i c i t i e s . 
(3) An analyt ical model is postulated to de te rmine the 
deg ree of t r a n s v e r s e mixing in an eccen t r ic geom
e t r y . The model based upon subdividing the flow area 
into two pa ra l l e l channels indicates that mixing ex
tends well over half of the flow zone. 

1920. Longo, J. 

A STATISTICAL INVESTIGATION OF SUBCOOLED 
BURNOUT WITH UNIFORM AND LOCALLY PEAKED 
HEAT FLUXES, KAPL-1744 (1957), 45 p. 

Subcooled burnout was invest igated for both locally 
peaked and uniform heat flux d i s t r ibu t ions . The 
burnout heat flux at the peak of a locally peaked 
dis t r ibut ion was found to be up to four t i m e s g rea te r 
than the burnout heat flux of a uniform dis t r ibut ion 
for the same coolant condi t ions. 
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1921. Longo, J . . J r . 

CONTINUATION OF KAPL (DIG) INVESTIGATION 
OF BURNOUT, K A P L - M - D l G - T D - 2 (1958), 31 p . 

A continuation of the KAPL (DIG) invest igat ion of 
burnout is p r e s e n t e d . Graphs a r e p re sen ted of the 
exper imenta l burnout heat flux v e r s u s nnass v e 
locity for va r ious ranges of enthalpy and L / S . The 
exper imenta l burnout heat flux divided by the con
tr ibution of two of the independent va r i ab l e s a r e 
plotted v e r s u s the th i rd independent v a r i a b l e . 

1922. Lowdermilk , W. H., and Weiland, W. F 

SOME MEASUREMENTS OF BOILING BURNOUT, 
NACA-RM-E54K10 (1954), 19 p. 

Measurements of boiling burn-ou t heat flux for 
water flowing upward through an e l ec t r i ca l ly heated 
tube were obtained for ranges of velocity from 0.1 to 
19 fps; p r e s s u r e from a tmosphe r i c to 2000 pounds 
psi ; l eng th-d iamete r r a t i o s of 25, 37.5, and 50; and 
inlet subcooling from ze ro to 400°F. Unsteady flow 
was obtained for burn-ou t conditions with a r e s t r i c 
tion located downs t r eam of the point of burn -ou t . A 
compress ib le fluid plenum chamber located between 
the r e s t r i c t ion and the exit of the tes t sect ion r e 
sulted in s teady-flow burn -ou t with a tenfold in
c rease in the burn-out heat flux. 

1923. Lowdermilk , W. H., Lanzo, C. D., and 
Siegel. B. L. 

INVESTIGATION OF BOILING BURNOUT AND FLOW 
STABILITY FOR WATER FLOWING IN TUBES, 
NACA-TN-4382 (1958), 51 p . 

High heat t r a n s f e r r a t e s obtainable with forced con
vection nucleate boiling p r o c e s s a r e a t t r ac t ive for 
use in cooling components of rocke t m o t o r s and 
nuclear r e a c t o r s ; effects of flow r e s t r i c t i o n and 
compress ib le volume on flow stabi l i ty; flow region, 
burnout is de t e rmined for wide range of tube geom
etry and flow r a t e va lues ; r e s u l t s p re sen ted in 
graphical and t abu la r f o rm. 

1924. Lukomski i , S. M. 

INVESTIGATION OF MAXIMUM HEAT FLOW WHEN 
WATER IS BOILED IN VERTICAL TUBES, I G - T r a n s -
(R)-3 (1951), 6 p . 

Previous work on the boiling of liquids in tubes has 
been confined to volat i le subs tances at high p r e s s u r e s 
and water at a tmosphe r i c and ex t r a high p r e s s u r e s . 
This exper iment covered the whole range of p r e s 
sures from a tmosphe r i c to 223 a t m o s p h e r i c . A 
descr ip t ion and d i a g r a m of the appara tus a r e given. 
Heating was c a r r i e d out in a shor t tube of insulating 
ma te r i a l with e l ec t r i ca l ly heated s t r ips let in to its 
inner sur face . The highest value for max imum heat 
flow o c c u r r e d at p r e s s u r e s between 30 and 90 a t m o s 
phe re s . The r e su l t s a r e shown in a graph alongside 
those of Kazakova for the boiling of water in bulk, 
and a r e s i m i l a r . F .A. 1^, No. 2, 153 (1951). 

1925. McAdams. W. H.. Addoms, J . N., and 
Kennel, W, E. 

HEAT TRANSFER AT HIGH RATES TO WATER 
WITH SURFACE BOILING, ANL-4268 (1948), 78 p . 

Study of t r ans fe r at high densi ty of heat flux from 
e l ec t r i ca l ly heated surface to water flowing in 
annuli; object was to de te rmine quanti tat ive r e l a 
t ions between densi ty of heat flux, t e m p e r a t u r e dif
fe rence , p r e s s u r e , degree of subcooling, and water 
velocity; applicabil i ty to cooling of rocke t s , a i r 
craft engines , e tc . 

1926. McCollon, K. A. 

MTR ETR TECHNICAL BRANCHES QUARTERLY 
REPORT FOR PERIOD ENDING SEPTEMBER 31. 
1958, IDO-16505 (1958), 76 p . 

. . . P r e l i m i n a r y out-of-pi le heat t r an s f e r t e s t s have 
been s t a r t ed in the nucleate boiling region to provide 
basic heat t r ans fe r data in the convective and sub
cooled boiling regions and in the burnout regions of 
fuel e l emen t s . . . 

1927. Macbeth, R, V 

BURN-OUT ANALYSIS. PART I, A BURN-OUT COR
RELATION FOR WATER IN ROUND AND RECTAN
GULAR CHANNELS UNIFORMLY HEATED AT 
VARIOUS PRESSURES WITH FORCED CONVECTION, 
AEEW-R-117 (1961), 38 p . 

The p rac t i ca l objective of r e s e a r c h on burn-out is 
a re l iab le method giving the maximunn safe rating for 
any water cooled r e a c t o r . Exper imenta l work, which 
began at numerous c e n t e r s about 10 y e a r s ago, was 
concerned pr incipal ly with endeavoring to unders tand 
the phenomenon as it applies to s imple geome t r i e s 
such as round and rec tangula r channe ls . This con
s iderable effort has achieved lit t le r ea l s u c c e s s in 
providing an explanation of burn-out however . While 
some uncer ta in ty may be due to exper imenta l v a r i a 
t ions , inadequate analyt ical effort is cons idered to 
be the p r i m a r y cause of the p resen t confused s i tua
tion. The resu l t of sonne work a l ready c a r r i e d out 
is desc r ibed . An init ial examinat ion made on a la rge 
group of burn-ou t data is desc r ibed and the develop
ment is r epor t ed of a co r r e l a t i on which p red ic t s 
burn-ou t heat fluxes to within an R.M.S. e r r o r of l e ss 
than 10% over a wide range of operat ing conditions 
including p r e s s u r e . 

1928. McEwen, L. H. 

TECHNICAL NOTE ON PROTECTION AGAINST 
BOILING DAMAGE, HW-28563 (1953). 

1929. McEwen, L. H., et a l . 

HEAT TRANSFER " BEYOND BURNOUT" FOR 
FORCED-CONVECTION BULK BOILING, HW-47892 
(1957), 20 p. 

The r e su l t s of expe r imen t s with forced c i rcu la t ion 
annular flow heat t r an s f e r to boiling water at 
1500 psia p r e s s u r e in a hor izonta l e l ec t r i ca l ly 
heated tes t a s s e m b l y a r e p resen ted . The e x p e r i 
ments c o m p r i s e d m e a s u r e m e n t s of hea te r rod 
sur face t e m p e r a t u r e s nea r and in the region of 
t r ans i t ion between nucleate and film boiling at heat 
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fluxes of from 100,000 to 396,000 B tu /h r sq ft and 
with steam qualities up to 56% by weight. Apparent 
phase stratification led to hea te r rod t e m p e r a t u r e s 
which produced a smooth t rans i t ion from the 
nucleate to the film boiling port ions of the boiling 
curve, 

1930. McGill, H. L., and Sibbitt, W. L. 

HEAT TRANSFER AND PRESSURE DROP OF WATER 
FLOWING IN A SMALL TUBE, ANL-4603 (1951), 
58 p. (in: Final Technical Report , . . Feb . 16, 1950 to 
Feb. 15, 1951, Purdue Universi ty) . 

The purpose of this investigation was to study the ef
fects of high-density heat flux on p r e s s u r e drop and 
limiting burnout for upward flow of water in an e l ec 
tr ical ly heated tes t section. The t es t s were made 
under the following conditions: inlet water t e m p e r a 
ture, 85 to 650''F; environment when the sample was 
diluted with 90% LaFj . The susceptibi l i ty of C m F j is 
in agreement within exper imenta l e r r o r of that ex
pected theoretically for a 5f configuration. 

1931. Markels . M.. et a l . 

ANNUAL PROGRESS REPORT OF METHODS TO 
INCREASE BURNOUT HEAT TRANSFER. NYO-9500 
(1960). 

Acoustic energy generated by mechanica l or e l e c t r i 
cal signals and its effect on pool boiling of i sop ro 
panol were studied. During the course of the 
investigation, a method was devised to de te rmine the 
amount of hea t - t ransfer surface wetted by the boiling 
isopropanol. Plots of heat flux v e r s u s t e m p e r a t u r e 
difference for each frequency showed that the acous 
tic energy did not significantly affect the heat flux at 
burnout, but slightly increased the c r i t i ca l tennpera
ture difference. No general effect of frequency v a r i 
ation was found even at the frequencies of the 
"boiling songs" of isopropanol . The ove r - a l l effect 
of the acoustic energy was to d is turb the vapor 
tending to coat the hea t - t r ans fe r surface . This was 
most evident from the absence of film boiling even 
at tempera ture differences far above the c r i t i ca l 
temperature difference. The application of a l t e rna t 
ing current to the boiling system gives p romise of 
a self-regulating method to inc rease boiling heat 
t ransfer when required, and is the most significant 
new finding of this investigation. Two per t inent 
Russian papers were t rans la ted and a r e appended. 
(NSA 15-23622) 

1932. Masnovi, R. 

ADDITIONAL 2000 psia VERTICAL UPFLOW BURN
OUT DATA FOR 0.O53 in. x 1 in. x 12.06 in. LONG 
RECTANGULAR CHANNELS WITH AN INLET 
WATER TEMPERATURE OF 500°F, WAPD-TH-306 
(1957), 5 p. 

Burnout experiments were performed for a 0.05 in. x 
1 in. X 12.06 in. long rectangular channel ( L / D = 120) 
with an inlet water t empera tu re of 500°F. The m a s s 
flow rate was varied from 0.18 x I 0^ to 2.10 x 10^ l b / 
hr-ft . The resul ts indicate that the inconsis tent data 
for an inlet water t empera tu re of 500°F repor ted in 
WAPD-TH-225 can be considered invalid. The data 
agree in general , with the other burnout data repor ted 
m WAPD-TH-225. 

1933. Masnovi. R., and Troy , M. 

UPFLOW BURNOUT DATA FOR 0.101 inch x 
I inch X 6 inch VERTICAL RECTANGULAR 
CHANNELS AT 2000 ps ia . WAPD-TH-289 (1957), 
10 p. 

1934. Masnovi, R., and Wil l iams, J. S., J r . 

DEPARTURE FROM NUCLEATE BOILING DATA 
FOR 0.097 in. by 1 in. by 12.36 in. FINNED REC
TANGULAR CHANNEL TEST SECTION, WAPD-
TH-458 (1958). 23 p. 

T e s t s were conducted on a s tandard 12,06 in. long 
rec tangula r channel tes t sect ion that had 0.005 in. 
equ i la te ra l fins pa ra l l e l to the d i rec t ion of coolant 
flow on both sides of the wa te r channel . The t e s t s 
were pe r fo rmed with ve r t i ca l upflow of wa te r at 
2000 psia at nnass ve loc i t ies from 0.37 to 1.13 x 
10 Ib /hr - f t and inlet coolant t e m p e r a t u r e s of 
300, 400, and 500°F. The r e s u l t s showed that these 
fins had no effect on the total heat t r a n s f e r r e d by 
the spec imen at DNB when compared with a con
ventional 0.097 in. X I in. x 12.06 in. unfinned 
DNB spec imen. Thus , the finned spec imen DNB 
flux, when based on a projected heat t r an s f e r a r ea , 
is equal to the DNB flux of a conventional t e s t 
spec imen. Appendix I contains a d i scuss ion of fin 
theory as applied to the reduct ion of film t e m p e r a 
tu re drop in the forced convection (heating) region 
of heat t r a n s f e r . This d i scuss ion shows that r e 
actor design improvement by the use of fins de 
pends upon the des ign c r i t e r i a (constant flow, 
constant p r e s s u r e d rop , or constant pumping power) 
and the re la t ive magni tudes of the local coolant film 
drop and coolant enthalpy r i s e from channel inlet 
to the channel posit ion cons ide red . The Appendix 
a lso contains a d i scuss ion of fin theory as applied 
to opera t ion in the nucleate boiling region near 
DNB. This analys is shows that because of the 
smal l dif ferences in wall t e m p e r a t u r e between an 
unfinned spec imen and a theo re t i ca l finned speci 
nnen the tes t r e su l t s do not confi rm, nor deny, 
the validity of fin theory at flux conditions a p 
proaching DNB. 

1935. Matzner , Bruce 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT ELEVATED 
PRESSURES, Monthly P r o g r e s s Repor t for 
October , I960. TID 11036, (TID 13088) (I960), 8 p . 

The loop was p r e p a r e d for opera t ion with the f i rs t 
7-rod tes t sect ion. Final fabricat ion and assembly 
work on this t e s t sect ion was continued. P a r t s of 
the second 7-rod tes t section were redes igned for 
max imum re l iab i l i ty . 

1936. Matzner . Bruce 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT ELEVATED 
PRESSURES, Monthly P r o g r e s s Report for November 
I960, TID 13089, 4 p . 

Severa l unsuccessful a t tempts were made to obtain 
exper imenta l data with the f i rs t 7-rod tes t sect ion. 
Subsequent to this the tes t section was removed 
from the loop and examined to de t e rmine the causes 
of operat ing difficult ies. The examinat ion revealed 
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the impor t ance of s epa ra t e invest igat ion of problenn 
a r ea s in the des ign of this and future m u l t i - r o d 
tes t sec t ions . With the successful complet ion of 
this p r o g r a m ; nnult i-rod tes t sect ions would be 
cons t ruc ted of individually proven components and 
would have a max imum cer ta in ty of sa t i s fac to ry 
operat ion. Because of the neces s i t y of fur ther 
evaluation of the tes t progrann, the rev i sed p r o j 
ect schedule is not included. The fabricat ion of a 
new single rod tes t sect ion was comple ted . The 
nnachining of a new shroud tube with c e r a m i c seg 
ments for 7-rod tes t sec t ions is p r o g r e s s i n g well . 

1937. Matzner , Bruce 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES FOR MONTH OF FEBRUARY 
1961, TID 12146, 34 p . 

An outline is given of the t e s t progrann for the 
development of tube tes t sec t ions . Analytical work 
on burnout de tec tor fluctuations a r e s u m m a r i z e d 
as a s ta t i s t ica l approach to in t e rp re t ing the r epe t 
itive occu r rence of fluctuations and a method of 
using the durat ion of a fluctuation for es t imat ing 
a nnaximum poss ib le sur face t e m p e r a t u r e t r a n s i e n t . 

1938. Matzner , B r u c e 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT ELEVATED 
PRESSURES, Monthly P r o g r e s s Repor t for March , 
1061, TID 12598, 11 p . 

Several runs to de t e rmine "burnout" conditions were 
made with the sp i ra l ly wrapped 7-rod tes t sect ion. 
P r e l im ina ry indicat ions were that at low m a s s 
velocit ies (~5 x 10^ Ib /h r ft^) and assoc ia ted high exit 
s team qual i t ies , the outer 6 rods run cons iderab ly 
hotter that the cen t r a l rod. At higher m a s s veloci t ies 
(>9 X 10^ Ib /h r ft^) and the a s soc ia t ed lower exit 
s team qual i t ies , this was not the c a s e . In these 
latter operat ing a r e a s , t e m p e r a t u r e excurs ions 
were observed on the c e n t r a l rod while li t t le ev i 
dence of overheat ing was found on the outer r o d s . 
In o rder to accommodate the NDA 19-rod tes t 
section, nnodification of the exis t ing piping at the 
exit of the tes t sect ion housing was s t a r t ed . Also 
included in these piping changes were provis ions 
for running longer t es t sec t ions with no a l t e ra t ions 
to existing piping. 

1939. Matzner , Bruce 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT ELEVATED 
PRESSURES FOR MONTH OF MAY. 1961. 
TID 12574, 10 p. 

Test opera t ion with the unwrapped 7-rod t e s t sec t ion 
were completed . The final run of the s e r i e s was an 
intentional physical burnout . The r e su l t s of ope ra 
tions for the sp i ra l ly wrapped and the unwrapped 7-
rod tes t sect ions a r e s u m m a r i z e d . A single rod tes t 
section, supplied to t e s t the key fea tures of a 19-rod 
tes t sect ion was rece ived and is p r e sen t ly in o p e r a 
tion. Fabr ica t ion work for the Columbia 19-rod tes t 
section is p roceed ing . The a l t e ra t ions to the p r e 
viously unre l i ab le jo ints around the top flange proved 
to be successful at c u r r e n t s as high as 12.700 amps 

during the opera t ion of the unwrapped 7-rod tes t 
sect ion. 

1940. Matzner , B r u c e 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT ELEVATED 
PRESSURES FOR MONTH OF JULY 1961, 
TID 13711, 17 p. 

Final t e s t s including one physical burnout made 
with the spi ra l ly wrapped 7-rod tes t section a r e 
desc r ibed . Calculat ions , based on exper imenta l 
data, to compare the validity of the homogeneous 
model v s . an innproved Mart ine l l i model for ca lcu
lating two-phase fr ict ional p r e s s u r e drop in 
sp i ra l ly wrapped and unwrapped 7-rod bundles a r e 
given. 

1941. Matzner , B r u c e 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT ELEVATED 
PRESSURES, Monthly P r o g r e s s Report for August 
1961, TID 13781, 5 p. 

An unsuccessful at tempt was made to run the NDA 
19-rod tes t sect ion. The tes t sect ion fai lure was 
caused by a breakdown of the sp i r a l wrapping nnate
r i a l . Final a ssembly on the CU 19-rod tes t sect ion 
is near ing complet ion. The second s ingle- rod tes t 
section was run successful ly . T h i r t y - t h r e e hea t -
flux linnit points were r ecorded including one actual 
physical burnout . 

1942. Matzner , Bruce 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT ELEVATED 
PRESSURES, Monthly P r o g r e s s Report for Novem
ber 1961, TID 14664, 12 p. 

A brief accoun t i s given of 3 future 19-rod tes t s e c 
t ions which a r e planned to extend the range of v a r i 
ables studied with the CU 19-rod tes t sect ion. 
P r e l i m i n a r y exper imenta l r e su l t s a r e p re sen ted for 
forced convection boiling of water at 1000 psia in a 
bundle of 19 heated r o d s . Safe operat ing a r e a s a r e 
mapped out, s eve ra l ins t rumented burnout points 
a r e given, s teady state heat t r ans fe r coefficients and 
wall t e m p e r a t u r e s a r e p resen ted , and the intention
al physical failure is de sc r ibed . 

1943. Matzner , Bruce 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT ELEVAT
ED PRESSURES, Monthly P r o g . Report for Month 
of December 1961, TID 14664, 12 p. 

Completion of the "hot rod" tes t sect ion and rece ip t 
of nnater ia ls for the next two 19-rod tes t sect ions 
a r e r epor t ed . An analys is of the two-phase p r e s 
su re d rop data obtained from running the 19-rod 
tes t section revealed that the data a r e s imi l a r to 
that obtained from the sp i ra l ly wrapped 7-rod tes t 
sect ion. It i s thought possible to use these r e su l t s 
in terchangeably . 
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1944. Matzner, Bruce 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES, Monthly P r o g . Report for 
January 1962, TID 14993, 6 p. 

Assembly of the hot rod tes t section is comple te . 
Bench scale t e s t s to predict the pe r fo rmance of 
the burnout detector while using Inconel X hea te r 
tubes indicated the desi rabi l i ty of conducting a 
short test program including one burnout . As
semblies for this tes t a r e being readied . Analytical 
studies were initiated aimed at relat ing t rans ien t 
tempera ture data during burnout or other t h e r m a l 
t ransients in an e lect r ica l ly heated simulation to 
similar t rans ients in fuel e l emen t s . The approaches 
include use of exact solutions, use of heat and m a s s 
flow analyzer, and use of the Liebman r e s i s t o r ne t 
work. In other work, fabrication of the high flux 
19-rod test section was initiated, and design of a 
test section was begun. 

1945. Matzner, B r u c e , 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES, Monthly P r o g r e s s Report 
for February 1962, TID-15259, 17 p. 

Details of a test in which the hot rod tes t section 
was run to physical burnout a re given. Data on 
burnout detector performance using an Inconel 
heater tube are also given and a proposed s imula 
tor investigation of heat t r ans fe r in fuel e lements 
is described. Results of flow work on 7-elennent 
test sections indicate that the flow was stable 
during these tes ts which included heat fluxes of 
burnout magnitude. 

1946. Matzner. Bruce . 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES, Monthly P r o g r e s s Report , 
March 1962. TID 15619, 29 p. 

The High Heat Flux 19-Rod Tes t Section was 
prepared for burnout test ing. A schedule of future 
lest section development is given. Ex t r eme tes t 
section flow stability is demonst ra ted for burnout 
testing with 19-Rod Test Sections. A compar i son 
of the transient the rmal response of a typical r e 
actor fuel rod and its e lect r ica l ly heated s imula 
tions operated is made which shows that the hea te r 
tube backup mater ia l has an important effect on the 
minimum time required to reach burnout t e m p e r a 
tures during a thermal t rans ien t . 

1947. Matzner. Bruce 

BASIC EXPERIMENTAL STUDIES ON BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES. Monthly P r o g r e s s Report . 
April 1962, TID 15637. 14 p. 

Successful operation of the High Heat Flux 19-Rod 
Test Section was achieved. The a r ea s of safe ope r 
ation for this geometry were grea t ly extended over 
those demonstrated with the first 19-Rod Tes t 
Section. Thirty data points were recorded for 5 m a s s 
velocities between 0.5 and 2.0 x 10^ Ib/hr-ft^ at outer 
rod heat fluxes as high as 996,000 Btu/hr-f t^ with 

exit qual i t ies as high as 35%. About one - th i rd of 
these points a r e r ega rded as re l i ab le i n s t rumen ted 
burnout data . Test opera t ions were concluded by an 
intentional physical burnout which o c c u r r e d quite 
c lose to the ins t rumented burnout point. A p r o g r a m 
for future 19-rod tes t sec t ions is proposed which 
will a s s u r e reasonably complete coverage of a l l 
r equ i red burnout data . Fab r i ca t ion of the Solid 
Tubular Tes t Section is near ing complet ion . F a b r i 
cation was s t a r t ed on the spool p ieces needed to pe r 
mit the tes t sect ion housing to handle hea te r tubes 
with a heated length of 6 ft. 

1948. Matzner , B ruce . 

BASIC EXPERIMENTAL STUDIES OF BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES, TID 16451 (July 31, 1962). 

Work was c a r r i e d out on the Dissolved Helium 
Annular Tes t Section. The subcooled burnout t e s t s 
a r e desc r ibed . Data were col lected at 1000 psia for 
nominal inlet water veloci t ies of 10. 15, and 
20 f t / sec subcoolings of 5 to 125% and no hel ium 
addition to the coolant . Some p r e l i m i n a r y r e su l t s 
were obtained at 1000 psia with helium dissolved in 
the coolant s t r e a m and at 500 ps ia with no heliunn 
addition. (NSA 62-33124) 

1949. Matzner , B r u c e . 

BASIC EXPERIMENTAL STUDIES OF BOILING 
FLUID FLOW AND HEAT TRANSFER AT E L E 
VATED PRESSURES, Monthly P r o g r e s s Report , 
Aug. 1962. TID 16813, 15 p . 

Burnout tes t ing of the in te rna l ly heated annulus test 
section was continued and 63 additional burnout 
points were obtained. The data include runs with 
outlet subcoolings between 4 and 6 l ° F , p r e s s u r e s of 
500, 750, and 1000 psia , and ve loc i t ies between 5 and 
24 f t / s ec with no hel ium addit ion. Data a r e p r e 
sented in tables and g r a p h s . 

1950. Maure r , G., and Weiss , A. 

HIGH HEAT FLUX TESTS AND BURNOUT TEST 
ON PARALLEL FLOW RODS, WAPD-TH-357 
(1957), 12 p . 

High heat flux t e s t s with no burnout and a single 
physical burnout were conducted with ve r t i ca l 
upflow of water , at 200°G ps ia using a t es t section 
having nine heated rods of PWR core one blanket 
size and pitch. These r e su l t s indicate that the 
Bet t is T h e r m a l Design P r o c e d u r e s of WAPD-SRF-
RS-44 a r e conserva t ive in predict ing burnout heat 
flux for flow outside of pa ra l l e l rod bundles . 

1951. Menegus, R. L. 

BURNOUT OF HEATING SURFACES IN WATER, 
DP-363 (1959), 52 p . 

Resul t s a r e p re sen ted of a study of the burnout heat 
flux as it affects the design and opera t ion of r e a c t o r s . 
The available data a r e analyzed by hand to d e t e r 
mine the impor tan t va r i ab l e s , and an emp i r i c a l 
formula is fitted with the help of a digi tal computing 
machine . A nnethod is suggested for continual im
provement of the formula as more data a r e 
accumula ted . 
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1952. M e r t e , H., J r . 

REVIEW OF RUSSIAN LITERATURE PERTAINING 
TO FORCED CONVECTION DNB, WAPD-AD-TH-
539 (Del.) (1959), 36 p. 

Russian p a p e r s deal ing with forced-convect ion d i r ec t 
nucleate boiling a r e examined in de ta i l . The s tudies 
were l imi ted to round tubes . Compar i sons a r e made 
between Russ ian and Bet t i s ca lcu la t ions . A bibl iog
raphy of Russ ian pape r s and books on heat t r an s f e r 
is included. 

1953. Metz le r , C V. 

E F F E C T OF ADDITIVES ON BOILING HEAT TRANS
FER AND CRITICAL HEAT FLUX, NAA-SR-MEMO-
6946 (1961), 10 p . 

A l i t e r a tu re review was made of the effect of addi 
t ives on boiling heat t r an s f e r and c r i t i c a l heat flux. 
Published data show that ce r t a in addi t ives can 
great ly change the ra te of boiling heat t r an s f e r and 
the c r i t i ca l heat flux. Additives which were found to 
inc rease the c r i t i ca l heat flux of some organic fluids 
include both high and low volati l i ty m a t e r i a l s . Fo r 
polyphenyl coolants , suggested addit ives for init ial in
vest igat ion a r e benzene and other r ing type com
pounds, and sur face act ive agents and other high 
molecular weight connpounds. 

1954. Michiyoshi , I taru , and Matsumoto . Ryuichi . 

PREDICTION OF BURNOUT HEAT FLUX OF FORCED 
CONVECTION, Nippon Genshiryoku, Gakkaishi 
4. 224-31 (1962) (In Engl ish) . 

A method for predic t ing burnout heat flux of forced 
convective flow of wa te r in a channel is de sc r ibed . 
The p r e s s u r e range covered is between a tmospher i c 
p r e s s u r e and 2000 ps ia , Reynolds number of flow 
between 7 x 10^ and 5 x 10^, length to d i ame te r ra t io 
of flow channel between 7 and 160. and va r ious chan
nel g e o m e t r i e s . The nnethod ca lcu la tes the heat flux 
1A =̂ t point A where the non-boil ing forced convec
tion h e a t - t r a n s f e r c h a r a c t e r i s t i c curve might i n t e r - -
sect with the n a t u r a l convect ion-bulk c h a r a c t e r i s t i c 
curve if the boiling did not o c c u r . A co r r e l a t i on 
between the ra t io of burnout heat flux q g Q ^° beat 
flux q* and Reynolds number is p re sen ted for 
p rac t ica l p u r p o s e s . 

1955. Milich, W., and King, E . C. 

TEST LOOP FOR DETERMINING BURNOUT HEAT 
FLUX, Nucleonics ]±. No. 4, 108-9 (1958). 

A descr ip t ion is given of an expe r imen ta l two-fluid 
loop in which NaK is the heating medium and which 
is used to study the max imum nucleate boiling point, 
or burnout heat flux, of any fluid as a function of 
p r e s s u r e , t e m p e r a t u r e , and velocity and to study film 
boiling beyond the burnout point. Resu l t s of t e s t s 
made with isopropyl biphenyl a r e shown. 

1956. Miropol ' sk iy , Z. L., Shi t sman, M. Ye. 

CRITICAL HEAT FLOWS FOR WATER BOILING IN 
CHANNELS. Atomnaya energ iya , H , No. 6, 515-521 
(1961). English Trans la t ion in: Soviet Journa l of 
Atomic Energy U , 1166-1173 (1962), 
Exper imen ta l data obtained by s e v e r a l au thors a r e 
evaluated and analyzed by introducing d imens ion le s s 

c r i t i c a l p a r a m e t e r s 
re la ted by 

qcrlp 
a ' r y " 

Such p a r a m e t e r s may be i n t e r -

f 
c ' T s Wi ^) (1) 

7 - specific weight, (kg/m"'), v - k inemat ic v i scos i ty 
(nn / s e c ) , p. - dynamic viscosi ty (kg • sec /m^) , a -
surface s t r e s s , r - evaporat ion heat , X- heat con
duction coefficient, a - t h e r m a l diffusivity, Tg - sa t 
ura t ion t e m p e r a t u r e , Wg, W '̂ - reduced veloci t ies 
( m / s e c ) . q - specific t h e r m a l flux, qcr - specific 
c r i t i ca l heat flux, IQ - c h a r a c t e r i s t i c length (nn). 
Analysis of available data shows that channel c r o s s -
sect ional d imensions have no essen t i a l influence on 
q^ ĵ, if the in ternal dianneter is nnore than 4 m m , the 
width of annular gaps m o r e than 1 - 2 m m , and that of 
plane gaps more than 1.3 m m . If x>0 , q^-r is a hype r 
bolic function of the re la t ive length l / dgq^ . Since this 
i s not a c h a r a c t e r i s t i c p a r a m e t e r , the quantity 
vo/{y' - 7") is chosen as c h a r a c t e r i s t i c length IQ. 
(The singly p r imed quant i t ies r e fe r to the liquid, the 
the doubly p r imed ones to the vapor ) . The effect of 
X' on q^^ is negl igible . If the p a r a m e t e r Wolo/v' 
ex i s t s , Wolo/a' can be omit ted . The r a t e of m a s s 
flow, W ( k g / m ^ ' h r ) i s chosen as the c h a r a c t e r i s t i c 
of flow ra te and phase composi t ion of the boiling 
medium so that , instead of (I) 

~) (2) 

can be taken as new "c r i t e r i a sy s t em. " The f i rs t 
p a r a m e t e r may be defined 

07' \^A* 

where 

W 'J^ 
a n d 

!.(. ^r('-?y (A) 
T̂  \ 7 

r / c ' T g may be r ega rded as a m e a s u r e of t h e r m o 
dynamical s imi la r i ty , Ai / r = x, is the re la t ive en-
of the flow. The actual re la t ions holding within 
sys tem (2), as de te rmined exper imenta l ly and given 
in the table . These re la t ions a r e evaluated and d i s 
cussed for the following spec ia l c a s e s : (1) A non-
pulsating systenn with x>0 , (2) a pulsat ing systenn 
with xsO, and (3) a non-pulsa t ing sys tem with x < 0 . 
The r e su l t of the las t c a s e , for ins tance , is given by 

qcr i t ̂ ^ 
oy'r 

0 . 1 7 4 ( ^ = ) " K » ^ 

x [ l .0.45xCi;ij°-' 
(6) 

It is valid if qcr -^^s ' ^"^ ^^^ t h e r m a l flow is given 
by 

/ W „ d \ 
qs = 0.023 - P r ° 

Mg 
(ts - " « (7) 

The re la t ions a r e i l lus t ra ted by g r a p h s . The re a r e 
4 f igures , 1 tab le , and 14 r e f e r e n c e s : 10 Soviet and 
4 non-Soviet . The th ree r e f e r e n c e s to Engl ish-
language publicat ions read as follows: H. Jacke t , 
J. Rourty, J . Ze rbe , T r a n s . ASME, 80, 2, 391, 1958; 
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D. Bell. Nuclear Science and Eng., v. 7, No. 3, 245 
(1960); H. Buchberg. Studies in boiling heat t r an s f e r 
Final Report 1951. U. S. Atomic Energy Commiss ion . 

1957. Mirshak, S. 

HEAT FLUX AT BURNOUT m STAGNANT WATER, 
DP-262 (1957), 11 p. 

The heat flux required to melt ver t i ca l tubes of 
stainless steel , submerged in stagnant water at 
atmospheric p r e s s u r e , was measu red as the t e m 
perature of the ambient water was var ied from 10 to 
100°C. The heat flux in Pcu/hr-f t^ was co r re l a t ed 
by 

(Q/A)Burnout = ^O" ' " "" * " ° ° ^ ' 
where At is the difference between the nornnal boi l 
ing point and the t empera tu re of the ambient wa te r . 

1958. Mirshak, S., Durant, W. S., and Towell, R. H. 

HEAT FLUX AT BURNOUT, DP-355 (1959), 16 p. 

The heat flux that causes burnout of e lec t r ica l ly 
heated surfaces that a re water -cooled by forced con
vection was determined for both annular and r e c 
tangular coolant passages . The data a r e co r re l a t ed 
by(Q/A)Burnout ^ 266,000 (1 + 0.0365V)(1 + 0.00914Ts) 
(1 + 0.0131P). where Q / A is the heat flux in p c u / h r 
(ft^), V is the water velocity in f t / s ec , Tg is the sub
cooling in degrees C, and P is the p r e s s u r e in ps ia . 
Surface curvature , equivalent d iamete r , and m a t e 
rial of heated surface a re shown to have a negligible 
effect on the heat flux at burnout for the range 
studied. 

1959. Mirshak, S., and Towell, R. H. 

HEAT TRANSFER BURNOUT OF A SURFACE CON
TACTED BY A SPACER RIB, DP-562 (1961), 22 p. 

Measurements showed that the burnout heat flux of 
surfaces locally insulated by ver t ical r ibs and cooled 
by downward flowing water was as much as 32% lower 
than the burnout heat flux of surfaces without r i b s . 
The results of the tes ts were cor re la ted by an equa
tion that includes the effects of the thernnal conduc
tivity and thickness of the heated surface, the width 
of the rib tip, and the c learance between the r ib tip 
and the heated surface. 

1960. Morgan, P . G. 

THE EFFECT OF NONUNIFORM HEAT DISTRIBU
TION ON STEAM GENERATION IN TUBES, Eng. 
and Boiler House Rev. 74. 336-8 (1959). 

Steam generation from heated surfaces i s general ly 
by bubbles of vapor from d i sc re te points on the 
heated surface, but higher r a t e s of heat flow through 
the surface of the tube cause a t rans i t ion to film 
boiling, in which a thin layer of vapor occupies the 
space adjacent to the heated surface; this prevents 
the transfer of heat to the bulk of the liquid and 
causes failure of the tube if prolonged. In w a t e r -
tube boi lers , the heat supply to the wate r -vapor 
mixt. is i r regular ly distributed around the pe r 
imeter . The tubes used in this investigation were 
of 2 groups, the 1st of 5.65 to 6.03 mm internal 
diam. and the 2nd of 18.65 cm internal d iam. . with 
a const, ratio of length to tube diam. of 25 in all 

exp ts . These tubes were of o rd ina ry boi ler s tee l and 
were made in such a way that the inner and outer 
p e r i m e t e r s were eccen t r i c ; this gave a var ia t ion in 
tube-wal l t h i cknes se s . Nonuniform heat flow was 
provided by pass ing an e l ec . c u r r e n t through the 
tube itself, w i t h g r e a t e s t h e a t i n g o c c u r r i n g at the 
point of m a x . th i ckness . Thermocoup les a t tached 
the wall of the tube were used to m e a s u r e the t emp. 
changes in the tube a s socd . with different r e g i m e s of 
boil ing. At low p r e s s u r e s and low flow r a t e s , the 
t r ans i t ion from bubble fo film boiling could be ob
se rved visual ly by the reddening of the outside wall 
of the tube, but, in gene ra l , the the rmocouple r ead 
ings provided the mos t definite indicat ion of the 
t r ans i t ion . Tes t s were c a r r i e d out at 26, 100, and 
180 a tm. and with flow r a t e s in the range 200 to 
2000 k g / s q m - s e c and s t eam contents from 0 to 
100%. Resul t s a r e shown in g r a p h s . Heating was 
found to be m o r e uniform in the l a r g e r tubes . An 
emp i r i c a l equation was developed to det . the influence 
of nonuniformity of heating around the per inneter . 
Values calcd. from this equation differ 25-30% from 
exptl . r e s u l t s . 

1961. Morozov, V. G. 

AN INVESTIGATION OF THE E F F E C T OF THE 
PHYSICAL PROPERTIES OF A LIQUID ON THE 
CRITICAL THERMAL FLOWS DURING THE BOILING 
PROCESS, Energet ika , No. 1,73-81 (1961). 

The author outl ines an invest igat ion c a r r i e d out for 
the purpose of studying the heat t r a n s m i s s i o n in 
boiling and the de te rmina t ion of n u m e r i c a l values 
of the c r i t i ca l t h e r m a l flows. Methanol, n-propanol , 
95%-ethanol, water and carbon t e t r ach lo r ide were 
invest igated. Numerous experinnents on these v a r i 
ous liquids showed that the max imum c r i t i ca l thermal 
flows in boiling, on hor izonta l p l a t e s , at a height of 
from 3 to 10 m m , e rec ted on the i r edge, and on 
p la tes , with thei r sur faces facing upward, were ac 
tually equal . The exper imenta l data obtained a re 
found to coincide well with the s u m m a r i z e d c r i t e r i a l 
equation, suggested in Ref. 3 (Sterman, L. S., ZhTF, 
tom XXIII, vyp. 2, 1953). The v i scos i ty de te rmina 
tions of methanol , nornnal propanol and carbon t e t ra 
chlor ide were conducted at the Depar tment of 
Phys ics of the Moscow Aeronaut ics Institute (MAI). 
It was found that the max imum c r i t i ca l t h e r m a l 
flows were 35 + 40% g r e a t e r when boiling on a wire 
with a 1 mm d i a m e t e r , than when boiling on the 
p la tes . The t rans i t ion to film boiling on the plates , 
e rec ted hor izonta l ly on the i r wide plane and washed 
with liquid on all s ides , takes place at t h e r m a l 
flows, which a r e 20 - 25% l e s s than the values 
obtained on the plates e rec ted with the i r surfaces 
upward. The re a r e 5 f igures , and 16 r e f e r e n c e s ; 
12 Soviet-bloc and 4 non-Sovie t -b loc . The references 
to the mos t recent Engl ish- language publications 
read as follows: Weswater J. W. and Santagelo J . G., 
Ind. and Eng. Chemis t ry , No. 8, 1955. 

1962. Most inski i , I. L. 

E F F E C T OF INITIAL CONDITIONS ON BOILING 
CRISIS WHEN PERIMETER OF P I P E IS NONUNI
FORMLY HEATED, Inzhenerno-F iz ichesk i i Zhurnal 
No. 10, 5-10 (1960). 

Exper imenta l study to show that in ce r t a in c a s e s , 
s ta te of working medium at en t rance to exper imenta l 
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sect ion has cons ide rab le effect on init ial s tages of 
boiling c r i s i s ; in tubes which a r e not uniformly 
heated, g r e a t e r heat flows a r e r equ i red to produce 
boiling c r i s i s than in uniformly heated t u b e s . 
(English Sunnmary). 

1963. Muel le r . G. O. 

A REVIEW OF ASSESSMENT OF BOILING HEAT 
TRANSFER AND THE DEPARTURE FROM NU
CLEATE BOILING, KAPL-M-GOM-2 (1958), 98p . 

A review and a s s e s s m e n t of c u r r e n t s ta tus of 
boiling heat t r an s f e r and DNB (depar ture from nucleate 
boiling, f o r m e r l y burnout) cover ing t h e o r i e s , p r o c e 
dures , and exist ing co r r e l a t i ons were m a d e . D i s c u s 
sion of the bas ic t heo r i e s of nucleat ion and DNB, the 
factors which influence boiling, an evaluation of the 
exper imenta l p r o c e d u r e s and a compar i son of the 
cor re la t ions p resen t ly being used in the field of 
nuclear r eac to r and power plant design a r e included. 
A table of previous boiling heat t r an s f e r and DNB 
data is included in the appendix. 

1964. Nukiyama, S. 

EXPERIMENTS ON THE DETERMINATION OF THE 
MAXIMUM AND MINIMUM VALUES OF THE HEAT 
TRANSFERRED BETWEEN A METAL SURFACE 
AND BOILING WATER, Trans l a t ed f rom: Japan Soc. 
Mech. E n g r s . , J 2 ' ^67, A .E .R .E . -TRANS. 854 (1934), 
21 p. 

Q, the quantity of heat t r a n s f e r r e d to boiling water 
from the surface of a nnetal, i n c r e a s e s gradual ly a c 
cording to the i n c r e a s e in the value of AT, the dif
ference between the t e m p e r a t u r e s of wa te r and nnet-al, 
but when a c e r t a i n point is r eached , if AT i n c r e a s e s 
above th i s , then Q, on the con t r a ry , d e c r e a s e s . This 
point is the m a x i m u m value of what is r e f e r r e d to in 
the ti t le hereof as "heat t r a n s f e r r e d " and, in this 
paper , the author ve r i f i e s the ex is tence of a point 
such as th i s , expe r imen ta l ly . At a tmospher i c p r e s 
sure , the AT cor responding to this point does not 
exceed 20°C to 40°C at a wa te r t e m p e r a t u r e of 100°C, 
and in this case Q r e a c h e s 30 to 50 c a l / c m ^ s e c , that 
i s , 1,080,000 to 1,800,000 k c a l / m ^ h r . If this is ex
p res sed as an equivalent evaporat ion ra te at 100°C, 
it is 2,000 to 3,000 kg /m^hr , which shows a ve ry 
much g rea t e r value for Q than the max imum value 
hi ther to cons idered to ex i s t . In addition, the m i n i 
mum value (not the lowest value) for Q, c o r r e s p o n d 
ing to this maximunn value , and which mus t exis t , 
has been de t e rmined and r epo r t is made of the fact 
that the curve of the re la t ion between these AT and 
Q at regions of high t e m p e r a t u r e has a r e la t ionsh ip 
with the effect iveness of quenching. 

1965. Oppenhe imer , E . 

THE E F F E C T OF SPINNING FLOW ON BOILING 
BURNOUT IN TUBES, NDA-80-1 (1957), 33 p . 

Exper imen t r e s u l t s a r e p r e sen t ed f rom an inves t i 
gation of the effects of spinning flow on burnout 
heat flux for wa te r flowing through -y-in. tubes at 
low p r e s s u r e s and t ennpe ra tu re s . Resul t s indicate 
benefits on the o r d e r of 20% improvemen t of heat 
flux for shor t tubes (for equal pumping power) 
but not as nnuch as had been ant ic ipated. Heat 
fluxes as high as 8.5 x 10 B tu /h r - f t were achieved. 

1966. Orna tsk iy , A. P . 

E F F E C T OF LIQUID VELOCITY ON THE MAXIMUM 
THERMAL LOAD IN FORCED FLOW OF A BOILING 
LIQUID, Trudy Inst , teploenerget ik i AN UkSSR 
( T r a n s , of the T h e r m a l Power Engineering Insti tute 
of the UkSSR Academy of Sciences) 12 (1950). 

1967. Ornatskiy , A. P . , and Kichigin, A. M. 

CRITICAL THERMAL LOADING AND BOILING OF 
UNDERHEATED WATER IN SMALL DIAMETER 
TUBES AT HIGH PRESSURES, Teploenerge t ika , 
No. 6, 1962, 44-47. 

The t e s t s were nnade in a c losed forced c i rcu la t ion 
sys tem made of s tee l 1 x 18H9T {lKhl8N9T); this 
sys tem was desc r ibed by the au thors in e a r l i e r 
work (ibid. No. 2, 1961). The tes t piece was a turned 
copper alloy tube with an in te rna l dianneter of 2 m m 
and wall th ickness 0.4 m m with an effective length 
of 40 mm, heated by d i rec t cu r r en t and cooled by 
the c i rcula t ing w a t e r . The genera l p rocedure was 
s imi l a r to that desc r ibed e a r l i e r (ibid. No. 2, 1961). 
The water used was power stat ion condensate , p a r 
t icu lar c a r e being taken to remove oxygen. The 
t es t s were c a r r i e d out at p r e s s u r e s ranging from 
75 to 150 atm with r a t e s of m a s s flow rangiijg from 
5000 to 30000 kg/m^ sec and with underheat (differ
ence between the actual s team t e m p e r a t u r e and 
i ts t e m p e r a t u r e cor responding to sa tura t ion at its 
actual p r e s s u r e ) ranging from 10 to 250°C. Cr i t i ca l 
boiling was recognized by the fact that the tes t 
piece burned out. About 170 t es t s were made and 
the r e su l t s a r e tabula ted. Graphs of c r i t i ca l 
loading as a function of the amount of underheat 
a r e ve ry sinnilar to those obtained prev ious ly in 
the range of 10 to 75 a tm . Curves a r e plotted of 
c r i t i ca l loading as a function of the annount of under 
heat and the ra te of m a s s flovî  at var ious p r e s s u r e s 
and of c r i t i ca l loading as a function of p r e s s u r e and 
the ra te of m a s s flow for var ious amounts of unde:--
hea t . On the bas i s of the tes t r e su l t s p re sen ted 
he re and those previous ly given (ibid. No. 2, 1961) 
the following empi r i ca l formula is r ecommended 
for the c r i t i ca l t h e r m a l loading q^-r ^s a function of 
the r a t e of m a s s flow w„, the degree of underheat 
'- '̂-und *̂- p r e s s u r e p for underheat g r e a t e r than 
50°C. 

^ c r . 6.60 X 10= At^-:?dl 7' 
7' 

kca l /m^ hour 

where wg - r a t e of flow by weight kg/m^ sec ; At^j^fj -
the difference between the wate r t e m p e r a t u r e and the 
sa tu ra t ion point, °C; y' - specific gravi ty of water at 
the sa tu ra t ion t e m p e r a t u r e , kg/m^; 7" - specific 
gravi ty of d ry sa tu ra ted steann, kg /m^. The factor 
(-yi _ 'y")/y ' allows for the influence of p r e s s u r e . 
Graphs show that 90% of points obtained in the ex
pe r imen ta l work repor t ed in the two a r t i c l e s lie 
within ±20% of the line r e p r e s e n t e d by this formula . 
Similar formulae suggested by other au thors a r e 
d i scussed and cons idered to be l e s s accu ra t e than 
that p re sen ted h e r e , There a r e 5 f igures and 
1 t ab le . 
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1968. Per roud . P . , De la Harpe, A., and Reb ie re , J. 
EXPERIMENTAL STUDY OF HEAT TRANSFER CO
EFFICIENTS, CRITICAL HEAT FLUXES AND P R E S 
SURE DROPS FOR MIXTURES OF STEAM AND 
WATER FLOWING IN A VERTICAL TUBE, CEA-
1853 (I960), 76 p. 

Two stainless steel tubes were used ( 5 and 10 mm, 
lengths 400 and 800 mm respect ively) , heated 
electr ical ly (50 Hz). The mixture flows from top 
to bottom. The work was ca r r i ed out mainly on 
mixtures of high concentration (x>0.1), at p r e s s u r e s 
between 50 and 60 k g / c m ^ flowing as a liquid film 
on the walls of the tube with droplets suspended in 
the central current of s team. By analysis of the heat 
t ransfer laws the exchange mechan i sms were e s t ab 
lished, and the conditions under which the c r i t i ca l 
heat flux may be exceeded without danger of actual 
burnout were determined. High output concen t ra 
tions (xs>0.9) may be obtained. An at tempt was 
made to find to what extent existing co r re l a t ion 
formulas can be used to account for the phenomena 
observed. It is shown that these dealing with ex
change coeffs. can only be applied in a f i rs t approxi 
mation in cases where exchange by convection is 
preponderant, and only below the c r i t i ca l flux. The 
formulas proposed by WAPD and CISE do not give a 
satisfactory estimation of the c r i t i ca l heat fluxes, 
and the essential reasons for this inadequacy a r e 
explained. Lastly, the Martinell i and Nelson method 
may be used to an approximation of 30% for the ca l 
culation of charge l o s s e s . 

1969. Petukhov, B. S., Doctor of Technical Sciences , 
Professor Kovalev, Engineer. 

A PROCEDURE AND CERTAIN RESULTS OF MEAS
UREMENT OF CRITICAL LOADS ON TRANSITION 
FROM FILMWISE TO BUBBLE BOILING, Teplo
energetika, No. 5, 65-70 (1962). 

This art icle analyses available methods of making 
tests on the cri t ical condition of change from film 
boiling with evolution of bubbles and suggests a new 
one. Accurate knowledge is required to ensure 
stable operation of modern boi lers and atomic 
reactors in which film boiling is possible . E xpe r i 
mental results obtained by the usual e l ec t r i ca l 
heating methods a re unrel iable . Accordingly, 
special tests were made using dist i l led water at 
atmospheric p ressu re under conditions of free 
convection. The heating surfaces were hor izonta l 
electrically heated tubes and w i r e s . Fi lm boiling 
was ensured by pre l iminary heating of the spec imens 
in the vapour phase. Special ca re was taken to 
ensure uniformity of heating over the length of the 
specimen: equations are derived for this t e m p e r a 
ture distribution. The experimental equipment with 
electrically heated specimens is descr ibed . Speci
mens heated to a t empera ture of 350 to 400°C were 
immersed in boiling water and the cur ren t through 
them was gradually reduced until the second c r i t i ca l 
point was reached, when the film broke away from 
the specimen. The resul ts show that increas ing the 
specimen diameter reduces the second c r i t i ca l heat 
loading and that the mater ia l of which the spec imen 
IS made has little effect on the r e s u l t s . It is shown 
how to use the test resul t s to calculate the load-
mg at which there is equilibrium between bubble-
and film-boiling. There a r e 4 figures and I t ab le . 

1970. Pexton, A. F . 

A REVIEW OF DATA ON BURNOUT HEAT FLUX 
FOR STEAM-WATER MIXTURES IN UNIFORMLY 
HEATED CHANNELS, DEG-Repor t -203 (1961), 
32 p. 

A d i scuss ion is given of the avai lable methods of 
predict ing burnout heat flux in systenns containing 
flowing mix tu re s of s team and w a t e r . The r e l i a 
bil i ty of the methods when applied to exper imenta l 
information obtained from uni formly heated round 
tubes , r ec tangu la r channels , and annular p a s s a g e s 
is reviewed, and the va r i ab les which influence two-
phase burnout a r e cons idered with a view to ex
plaining observed t r e n d s . It i s concluded that a 
d i rec t expe r imen ta l study is r equ i r ed before con
fident predic t ion of burnout heat flux in divided 
fuel e lements of the rod c lus t e r type will beconne 
poss ib le , and that sufficient informat ion does not 
exist for genera l ext rapola t ion of r e s u l t s obtained 
from simple geome t r i e s to such a c a s e . Until fur
ther data become available it i s suggested that a 
s imple cor re la t ion , based only on the nnajor v a r i 
able , exit quality, should be used to ca lcula te burnout 
heat flux in r o d - c l u s t e r fuel e lements cooled by 
s t e a m - w a t e r mix tu re s at p r e s s u r e s of 1000 ps ia . 

1971. Polozhi i . S. V. 

LIQUID BOILING WITH HEAT SUPPLY THROUGH 
THE WALL, Trans la t ed f rom: Izves t . Tomsk. 
Pol i tekh. Inst . im. S. M. Kirova 80, 24-40, AERE 
L I B / T R A N S 814 (1955), 22 p . 

The bas ic contradict ion in the p r o c e s s of vapor 
format ion with supply of heat through a wall is the 
linnited possibi l i ty of inc reas ing the in tensi ty of 
the p r o c e s s . Inc rease of heat flux is poss ible so 
long as purely "nucleate" boiling cont inues . Quan
ti tat ive changes in this p r o c e s s lead to a sharp r e 
duction of the coefficient of h e a t - t r a n s f e r which 
r a i s e s the t e m p e r a t u r e of the wall and reduces the 
admiss ib le heat flux. The p r e sen t t r end of the 
s t eam-powered cycle , to use ve ry high p r e s s u r e s , 
may mee t with the obstacle r e l a t ed to low heat 
fluxes that a r e p e r m i s s i b l e \vith ve ry high p r e s s u r e s , 
l imitat ion being caused by change to film boiling at 
a low degree of superhea t ing . 

1972. Povarnin , P . I. 

GENERALIZATION OF DATA ON CRITICAL HEAT 
FLUX IN FORCED FLOW OF UNDERHEATED 
WATER IN TUBES (USSR) Teploperedacha (Heat 
Trans fe r ) Moxkva, Izd-vo AN SSSR, 1962, 111-115. 

A previous ly obtained emp i r i c a l co r re l a t ion for the 
c r i t i ca l heat flux (burnout) in the nucleate boiling of 
water flowing through tubes at a l a rge difference 
between boiling point and tube wall t e m p e r a t u r e 
(At>20°C) has been analyzed by the method of 
G, N. Kruzhil in to der ive analyt ical exp res s ions for 
the heat flux In t e r m s of flow p a r a m e t e r s and fluid 
p r o p e r t i e s . Curves calculated from t h r e e dimension
less groups a r e compared with values for the c o r r e s 
ponding emp i r i c a l coefficients . The expres s ion 
der ived for the c r i t i ca l heat flux was plotted v e r s u s 
the flow velocity and the curve compared with ex
pe r imen ta l points obtained in six Soviet s tudies with 
water at 100 to 200 atm and 583°K. 
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1973. Pova rn in , P . I. 

CRITICAL HEAT FLUX IN THE FLOW OF 96% 
ETHANOL AT TEMPERATURES BELOW THE 
BOILING POINT (USSR), Teploenerge t ika , v. 9, 
No. 12, Dec. 1962, 57 -63 . 

Heat t r an s f e r dur ing forced flow with change of 
phase has been studied in a prev ious ly de s c r i be d 
closed loop t e s t a s s e m b l y cons is t ing of a c i r c u l a 
tion pump, a manos ta t , preheat ing and cooling 
faci l i t ies , and a tes t sec t ion with s t a in less s tee l 
or bronze tubes with an inner d i ame te r of 2 to 
3.5 mm, a wall th ickness of 0.2 to 0.3 m m and a 
length of 40 to 220 m m . The heat flux, flow ve 
locity, inlet and outlet liquid t e m p e r a t u r e s , and 
outer and inner wall t e m p e r a t u r e s were de te rmined 
in 163 tes t runs conducted at 2 to 60 a tm, liquid 
t e m p e r a t u r e s of 0 to 220''C, and flow veloc i t ies of 
0.5 to 50 m / s e c . The r e su l t s show that at 20 a tm, 
in 23% of the tes t runs c r i t i c a l heat fluxes were 
attained without decomposi t ion of ethanol and at 
40 atm, in only 12%; at 60 a tm all t e s t s were a c 
companied by decomposi t ion of ethanol and carbon 
deposition on the tube wall . Ethanol decomposi t ion 
and carbon format ion p r io r to the a t ta inment of 
c r i t i ca l heat-f lux dens i t i es w e r e manifes ted by a 
plateau on the heat-f lux - t e m p e r a t u r e cu rve . The 
length and d i ame te r of the tubes were found not to 
affect the c r i t i c a l heat flux over the range l / d 28 to 
90. Exp re s s ions deri\-ed by the G. N. Kruzhil in 
method for de te rmin ing the c r i t i c a l heat flux c o r 
re la ted 60% of the expe r imen ta l data within ±20% and 
40% within ±40%. 

1974. P u r s e l , C. A. 

TUBE BURN-OUT AS A LIMIT TO IN-PILE 
BOILING, HW-32820 (1954). 

1975. Raymond, M. W., and Reynolds , J . M. 

DESCRIPTION OF BOILING PROJECT BURNOUT 
DETECTOR, Technica l Report 11, NP-6477 (1957), 
16 p . 

The boiling heat t r a n s f e r projec t u t i l izes water at 
a maxinnum p r e s s u r e of 2000 ps ia flov/ing through 
a 0.18 in. ID Ni tube with a 0.015 in. wal l . Power 
is supplied by a 70 kw, 2000 amp genera to r sys tem 
and is absorbed by a 9 in. length of the Ni tube . In 
this systenn, ca lcula t ions indicate that approximate ly 
6 mi l l i s ec s a r e avai lable between the tinne at which 
the burnout AT is exceeded and the t ime at which 
" s e r i o u s " ove r t e inpe ra tu r e v/ill o c c u r . Po^ver mus t 
essent ia l ly be reduced to 0 in this t i m e . "Se r ious" 
over tennpera ture in this case is somewhat lower than 
that which would rup tu re the tes t section because of 
the impor tance of an una l te red tube sur face condition 
to ensure the cons is tency of subsequent data to be 
taken with the s ame tube . It is e s t ima ted that , in 
this pa r t i cu la r configurat ion, a 50° o v e r t e m p e r a t u r e 
is to le rab le at peak tes t condi t ions . It is on this 
t e m p e r a t u r e r i s e that the 6 mi l l i s ec r equ i r emen t is 
p red ica ted . 

1976. Rengholt, Ulf. 

BOILING HEAT TRANSFER, Tek. T i d s k r . 89_, 
285-90 (1959). 

A review of the l i t e r a t u r e on types of boiling, hea t -
t r ans fe r mechanisnns , bubble formation, fo rmulas 
for h e a t - t r a n s f e r coeffs. for surface boiling, boiling 
burn-ou t , and the autocatalyt ic effect. 

1977. Reynolds, J. M. 

BURNOUT IN FORCED CONVECTION NUCLEATED 
BOILING OF WATER, NP-6476 (1957), 18 p . 

Data a r e p re sen ted for burnout in forced convection 
nucleate boiling of water at p r e s s u r e s above 500 ps i a . 
A d imens ion less co r re l a t ion is devised for the M.LT. 
data which is found to be valid for ce r ta in recen t 
data r epor t ed by Argonne National Labora to ry . 

1978. Rickard , C. L. 

BOILING BURNOUT NEWSLETTER No. 1, BNL-2097 
(1954), 8 p. 

P r e l i m i n a r y subcooled local boiling burnout and 
quality burnout data for round Ni tubes in ve r t i ca l 
inclined (45°) position and subcooled local boiling 
burnout data in ve r t i ca l Ni rec tangula r channels 
(1 in, X 0.060 and 0.050 in. spacings) a r e tabula ted. 
The subcooled burnout data obtained a r e in close 
ag reemen t with the ANL cor re l a t ion for both ve r t i ca l 
and inclined channe ls . Inclining the channel at 45° 
s e e m s to have ve ry lit t le effect on the burnout point 
in the subcooled and the quality range tes ted , 

1979. Rickard, C. L. 

BOILING BURNOUT NEWSLETTER No. 3, BNL-2221 
(1955), 3 p. 

Brief data a r e presen ted on subcooled boiling burnout 
in a ve r t i ca l Z i rca loy-2 channel at exit water p r e s 
su re of 2000 ps ia . 

1980. Roar ty , J . D., and Sher, N. C. 

PRELIMINARY DETERMINATION OF FORCED CON
VECTION HEAT TRANSFER COEFFICIENTS FOR 
RECTANGULAR CHANNELS AT 2000 psia , WAPD-
TH-217 (1956), 10 p . 

During each of the p r e s s u r e drop t e s t s desc r ibed in 
WAPD-TH-204, "Boiling P r e s s u r e Drop in Rectangu
la r Channe ls , " a s e r i e s of thermocouple readings 
were r ecorded which r e p r e s e n t e d t e m p e r a t u r e con
dit ions near the outside wall of the rec tangula r t es t 
sec t ions . These data, which can be in t e rp re t ed in 
t e r m s of heat t r an s f e r coefficients, we re obtained 
under the tes t conditions r epor t ed in WAPD-TH-204. 
While it is planned to improve the technique he re in 
desc r ibed , the p r e l i m i n a r y data r epor t ed may be 
qual i ta t ively in te rp re ted as min imum confirmat ion 
of the Di t tus -Boe l t e r and Jens and Lottes equations 
for predic t ing non-boiling and boiling heat t r an s f e r 
coeff icients , r e spec t ive ly , in r ec tangu la r channels 
at 2000 ps ia . 
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1981. Rohsenow. W. M., and Clark, J . A. 
TECHNICAL REPORT NO. 4 ON LOCAL BOILING 
HEAT TRANSFER TO WATER AT LOW REYNOLDS 
NUMBERS AND HIGH PRESSURE, NP-4112 (July 
1952), 59 p. 

Local surface coefficients of heat t r an s f e r and m a x 
imum heat-flux density a r e presented for degassed , 
distilled water flowing upwards in a ve r t i ca l Ni tube 
at mass velocities in the range 2.6 to 73 Ibs /sec / f t^ 
(or inlet velocities in the range 0.05 to 1.4 f t / s ec ) , 
absolute p res su res to 2000 psia . and liquid sub
cooling from 0 to 300°F. Natural convection signifi
cantly affected the nonboiling hea t - t r ans fe r p r o c e s s ; 
the transit ion from laminar to turbulent flow at the 
surface occurred at a length Reynolds number 
(viscosity based on wall t empera tu re ) between 60,000 
and 100.000. Data in the region of surface boiling 
are emphasized. The t rans i t ion was excited by the 
effects of superimposed free convection which in
creased the heat - t ransfer coefficient as much as 
600%. The wall t empera ture was essent ia l ly con
stant for local-boiling heat t ransfer at lower ve
locities as a result of vigorous bubble agitation at 
the heat surface. Maximum (burnout) heat flux 
under conditions of local boiling with net vapor 
generation occurred at a bulk quality of approx
imately 0.80, for a boiling L / D of 52, and was 
independent of p r e s su re , velocity, and initial 
subcooling. 

1982. Rohsenow, W. M., and Griffith, P e t e r . 

CORRELATIONS OF MAXIMUM HEAT FLUX DATA 
FOR BOILING OF SATURATED LIQUIDS, NP 5738 
(March 1, 1955), 8 p. 

Data for the boiling of single component liquids show 
in the region of t ransi t ion from nucleate boiling to 
vapor film boiling the existence of a maxinnum heat 
flux as the wall t empera ture is r a i s ed . An at tempt 
is made to eliminate some and predict a quantitative 
effect for other of the var iables which appear in a 
correlation by J. N. Addams. 

1983. Romie, F . E. 

EXPERIMENTAL INVESTIGATION OF THE E F 
FECTS OF ULTRASONIC VIBRATIONS ON BURN
OUT HEAT FLUX WITH BOILING WATER, Quar te r ly 
Technical P rogress Report , ATL-A-113 (EURAEC-
104 (October-December I960), 4 p. 

The effects of an ul trasonic field on the maximum 
nucleate heat flux that can be sustained by boiling 
water in a flow system are being invest igated. De
sign and procurement of apparatus is underway. 

1984. Romie, F . E. 

EXPERIMENTAL INVESTIGATION OF THE E F 
FECTS OF ULTRASONIC VIBRATIONS ON BURN
OUT HEAT FLUX WITH BOILING WATER. Quar te r ly 
Technical P rogress Report. ATL-A-118 (Jan-
Mar 1961), 7 p. 

In this investigation, the effect of an u l t rasonic field 
on the maximum nucleate heat flux (burnout) that 
can be sustained by boiling water in a flow sys tem 
will be determined. The water will flow in the d i 
rection of sound propagation within an annular flow 

channel bounded on the outs ide by a g lass tube and 
on the inside by a 0.25-in. OD heating e l emen t . The 
design of the tes t sec t ion and flow sys t em is given. 

1985. Romie , F . E . 

EXPERIMENTAL INVESTIGATION OF THE EF-^ 
FECTS OF ULTRASONIC VIBRATIONS ON BURN
OUT HEAT FLUX WITH BOILING WATER, Quar te r ly 
Technical P r o g r e s s Repor t No. 3, ATL-A-122 
(EURAEC-157) (April-June 1961), 7 p. 

The h e a t - t r a n s f e r loop was completed and is in opera
t ion. Difficulty was exper ienced in obtaining a suf
ficiently s t rong connection between the burnout -
detec tor voltage tap and the heating e lement . This 
p rob lem and i ts potential solution a r e d e s c r i b e d . 
The lack of means of obtaining control led burnout 
prevented col lect ion of data on the burnout effects 
of the u l t rason ic field. 

19 Romie , F . E. , and Aronson, C. A. 

EXPERIMENTAL INVESTIGATION OF THE E F 
FECTS OF ULTRASONIC VIBRATION ON BURNOUT 
HEAT FLUX WITH BOILING WATER, F ina l 
Summary Report , ATL-A-123 (EURAEC-217) 
(Oct 3, 1960-July 31 , 1961), 23 p . 

Exper imenta l r e su l t s were obtained on the effect of 
an u l t rason ic field on the burnout heat flux for water 
flowing, at atnnospheric p r e s s u r e , through an annular 
flow channel formed by a - r - i n . -d i ame te r e lec t r ica l ly 
heated tube and a concent r ic g lass tube of j - i n . ID. 
The active length of the cen t ra l heating elennent was 
5— in. The u l t rason ic t r a n s d u c e r , which was operated 
at 25,000 cps and a max imum e l e c t r i c a l input of 
300 wa t t s , was located at the inlet end of the flow 
channel . The u l t rason ic waves were propagated in 
the water in the d i rec t ion of flow and thus para l le l 
to the surface of the heating e lement . Burnout con
dit ions covered channel inlet flows from 1.61 to 
6.25 f t / sec and subcooling from 1 6 to 28°F. No 
effect of the u l t rason ic field on the burnout heat 
flux or on the vis ible boiling phenomena at burnout 
conditions was de tec tab le . During boiling at heat 
fluxes well below burnout , the effect of the ul t rasonic 
field was a reduct ion in the d iamete r of the envelope 
of bubble activity sur rounding the heating e lement . 
Visual inspect ion appeared to show that this r educ 
tion was assoc ia ted with a s m a l l e r average bubble 
s ize and a g r e a t e r frequency of bubble formation. 
However, all evidence of the p r e s e n c e of the u l t r a 
sonic field vanished as the flow velocity inc reased 
or as the heat flux i nc reased to the burnout level. 

1987. Ryan, S. A., Wagner, C. A., and Longo, J., J r . 

COMPILATION OF EXPERIMENTAL BURNOUT 
DATA AS OF MARCH 1958, KAPL-M-D1G-TD-4(PT-1) 
89 p. 

The r e su l t s of invest igat ions of depa r tu re from 
nucleate boiling (burnout) as of March 1958 a r e given. 
Only those r e su l t s thought per t inent to the design of 
nuclear r e a c t o r s a r e included. It is intended that 
this compilat ion can be of aid to r eac to r des igner s 
in predic t ing burnout conditions for a pa r t i cu la r de
sign. This is espec ia l ly impor tan t s ince exist ing 
co r r e l a t i ons a r e emp i r i c a l and should be used only 
in the range of va r i ab les from which they were 
der ived . 
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1988. Rybin, R. A. 

CRITICAL THERMAL LOADS IN A SATURATED 
LIQUID BOILING IN TUBES, Atomnaya energ iya , 
v. 13. No. 4, 1962, 377-380. 

A compar i son between exper imenta l and theore t i ca l 
data on the na tu re of the boiling c r i s i s indica tes that 
the fo rmer can be sufficiently genera l i zed , within 
the l imi ts of e r r o r , by taking only hydrodynannic 
factors into account . Such a method of g e n e r a l i z a 
tion is d i scussed h e r e . The c r i t e r i o n for a genera l i 
zation of the c r i t i c a l t h e r m a l loads which 
cor respond to the boiling of non-viscous l iquids is 

K - q c r A v ^ -y°(7 ' - 7") = const , 

where q^-r Is the c r i t i ca l flow of hea t . As the r e 
lation 

Ar = T 'O '^VSMM^' - 7") 

i s a s sumed to be valid in second approximat ion , 
the following sys tem of fundamental c r i t e r i a is 
obtained: 

K = f(w„_̂  
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(cf. S. S. Kutate ladze, M, A. Styrikovich. Gidravl ika 
gazozhidkostnykh s i s t em - Hydraul ics of gas- l iquid 
systenns - M., Gosenergoizda t , 1959.) If x = Ai / r is 
the vapor content by weight, K can be put equal to 

f{W„ y ( y - 7")/g'a ; p) (2) 

after having in t roduced ^ = [1 + 7"( l - x ) / y ' x ] " ^ . 
These re la t ions hold for p r e s s u r e s of 100-200 a tm in 
w a t e r - s t e a m mix tu re s and for tube d i a m e t e r s of 
d = 6-10 m m , in which case qcr is independent of 
d. Differences between exper imenta l data obtained 
under equal conditions a r e a t t r ibuted to the occur 
rence of pulsat ions in s t e a m - g e n e r a t i n g c i r c u i t s . 
How the length of tube within which the re is surface 
boiling influences the flow in the length of tube in 
which the c r i s i s se t s in is d i scussed in de ta i l . The 
effect of an inaccura te de te rmina t ion of the vapor 
content, and the effect of the t r ans i t ion from bubble 
boiling to film boiling, a r e also d i s c u s s e d . 
(Abs t r ac t e r ' s note : Most of the quant i t ies used 
here a r e not defined, and obviously a r e taken from 
Soviet books. The 18 r e f e r e n c e s a r e a l l Soviet.) 

1989. Sato, K. 

DETERMINATION OF BURNOUT LIMITS OF POLY
PHENYL COOLANTS, AGC-AE-32 (1957), 67 p . 

An exper imenta l invest igat ion was conducted to e s 
tablish the burnout l imit of liquid diphenyl for 
var ious flow condi t ions . Burnout l imi t s were de 
te rmined by fa i lure of an e l ec t r i ca l ly heated tube 
within which the diphenyl flow was cont ro l led . The 
tube was an annular flow passage with a hydraul ic 
d i ame te r of 0.272 in. A total of 23 t e s t s were con- . 
ducted over the following range of p a r a m e t e r s : 

sys t em p r e s s u r e , 197 to 406 psia; Liquid bulk t e m 
p e r a t u r e , 572 to 737°F; Liquid bulk velocity, 4.8 to 
17.3 f t / s e c ; Subcooling, 77 to 328°F; and Heat flux, 
227,000 to 890,000 B tu /h r sq ft. 

1990. Sato. K. 

POLYPHENYL-COOLANT BURNOUT STUDIES, 
Monthly P r o g r e s s Repor t No. 8 for June 16 through 
July 15. 1957. IDO-28002 (1957), 22 p . 

Studies were conducted to de te rmine whether poly
phenyl compounds, such as Santowax-R. or o ther 
te rphenyl compounds, a r e suitable as h e a t - t r a n s f e r 
fluids in o rgan ic -mode ra t ed r e a c t o r s . The max i 
mum allowable heat flux to the fluid will be e s t a b 
l ished exper imenta l ly by deternnining the heat-f lux 
ra te at the beginning of f i lm-boi l ing for var ious 
p r e s s u r e s , fluid ve loci t ies , and fluid t e m p e r a t u r e s . 

1991. Sato, K. 

POLYPHENY L-COOLANT BURNOUT STUDIES, 
Monthly P r o g r e s s Report No. 9 for July 16 through 
August 15, 1957. IDO-28003 (1957), 30 p . 

Polyphenyl compounds were tes ted to de te rmine 
whether they a r e suitable for use as h e a t - t r a n s f e r 
fluids in o rgan ic -mode ra t ed r e a c t o r s . The m a x i 
mum allowable heat flux to the fluid will be e s t ab 
l ished exper imenta l ly by de termining the heat-f lux 
ra te at the beginning of filnn boiling for va r ious 
p r e s s u r e s , fluid ve loc i t ies , and fluid t e m p e r a t u r e s . 

1992. Sato, K. 

POLYPHENYL-COOLANT BURNOUT STUDIES, 
Monthly P r o g r e s s Report No. 10 for August 16 
through September 15, 1957. IDO-28004 (1957), 26 p. 

The objective of this progrann is to de te rmine 
whether polyphenyl compounds, such as Santowax-R 
or other te rphenyl compounds, a re suitable as hea t -
t r ans f e r fluids in o r g a n i c - m o d e r a t e d r e a c t o r s . The 
max imum allowable heat flux to the fluid will be e s 
tabl ished exper imenta l ly by de termining the hea t -
flux r a t e , at the beginning of film boiling, for var ious 
p r e s s u r e s , fluid ve loc i t i e s , and fluid t e m p e r a t u r e s . 

1993. Sato, K. 

POLYPHENYL-COOLANT BURNOUT STUDIES, 
Monthly P r o g r e s s Report No. I I for Septennber 16 
through October 15, 1957. IDO-28005 (1957), 17 p . 

The objective of this p r o g r a m is to de t e rmine 
whether polyphenyl compounds, such as Santowax-R 
or other te rphenyl compounds, a r e suitable for use 
as h e a t - t r a n s f e r fluids in o rgan i c -mode ra t ed r e a c 
t o r s . The maximum-a l lowable heat flux to the fluid 
will be es tab l i shed exper imenta l ly by de te rmin ing 
the heat-f lux ra te at the beginning of f i lm-boil ing for 
var ious p r e s s u r e s , fluid ve loc i t i e s , and fluid 
t e m p e r a t u r e s . 

1994. Sato, K. 

POLYPHENYL-COOLANT BURNOUT STUDIES. 
Monthly P r o g r e s s Repor t No. 12 for October 16 to 
November 15, 1957. IDO-28006 (1957), 68 p . 

The objective of this p r o g r a m is to de te rmine 
whether polyphenyl compounds such a s Santowax-R, 
or other te rphenyl compounds, a r e suitable for use 
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as heat - t ransfer fluids in o rgan ic -mode ra t ed r e 
ac tors . The maximum allowable heat flux to the 
fluid will be established exper imenta l ly by d e t e r 
mining the heat-flux rate at the beginning of 
film-boiling for various p r e s s u r e s , fluid ve loc i t ies , 
and fluid t empe ra tu r e s . 

1995. Sato, T., et a l . 

EXPERIMENTAL STUDIES OF THE BURNOUT 
UNDER THE BOILING (1st Report , Trans ien t 
phenomena to meltdown) T r a n s . Japan Soc. Mech. 
Engrs . Z]_. No. 177. 722 (1961). 

1996. Scher re r , V. E., McLean, E. A., and 
Faneuff, C. E. 

STUDY OF BOILING PROCESS, pp 4-28 of Boiling 
Burnout P rog re s s (1956), 51 p. 

The latest experimental resul t s on boiling and r e 
lated phenomena are reported and d i scussed . Burn
out, maximum heat t ransfer r a t e s , frequency and 
formation charac te r i s t i c s of bubbles and vapor 
films, influence of element shape and surface p rop 
er t ies , role of impur i t ies , dissolved gases and pH 
values, tennperature and density d is t r ibut ions , 
p ressure drops, instability, co r ros ion , cavitat ion, 
and metal-water react ions a re among the topics 
t reated. 

1997. Shimazaki. T. T., Huber, D. A., and 
Adler, K. L. 

HEAT TRANSFER IN ORGANIC-COOLED 
REACTORS, NAA-SR-Memo-7157 (June 29, 1962). 

The heat t ransfer aspects of organic-cooled power 
reactors are discussed. Typical organic r eac to r 
coolants are descr ibed. Data on convective heat 
t ransfer , boiling heat t ransfer , and c r i t i ca l heat 
flux of some organic coolants a re p resen ted . Con
vective heat t ransfer coefficients and, if the vola
tilities of the various compounds in the coolant a r e 
not too different, boiling heat t ransfer r a t e s a r e 
found to be predictable from general ized c o r r e l a 
tions. The cr i t ical heat flux of a polyphenyl mixture 
is found to increase with addition of high b o i l e r s . 
Heat t ransfer limitations due to pyrolytic and 
radiolytic decomposition effects a r e d i scussed . 
Thermal, heat t ransfer , and hydraulic data for a 
300 Mwe organic moderated and cooled power reac to r 
are given. The possibili ty of impro\-ing organic 
coolant heat t ransfer by use of additives and by 
other means is indicated. (NSA 62-33121) 

1998. Silvestri , M., et a l . 

A CRITICAL SURVEY OF THE LITERATURE ON 
BURNOUT STUDIES WITH WET STEAM, Energia 
Nucleare, 6, 637-660 (1959). 

Experimental data; new corre la t ion of burnout heat 
flux data proposed and comparison between existing 
correlations and proposed corre la t ion is made; 
first burnout heat flux data obtained with expe r i 
mental facility CISE-Edisonvolta a r e repor ted . 
Over 40 refs . 

1999. S i lves t r i , M. 

TWO-PHASE (STEAM AND WATER) FLOW AND 
HEAT TRANSFER, p . 341-53 of " In ternat ional De
velopments in Heat T r a n s f e r , P a r t II." New York, 
ASME, 1961. 

Flow dynamics and heat t r a n s f e r in s t e a m - w a t e r s y s 
t e m s were studied. Cr i t i c a l (or burnout) heat fluxes 
were de te rmined for different conditions of heat input. 
The burnout heat flux showed a m a x i m u m , whose value 
depended on flow ra te and quali ty, in addition to geom
e t ry and p r e s s u r e . The max imum was reached when 
the inlet mix tu re l inear velocity had a definite value, 
which was s t rongly dependent only on p r e s s u r e . 

2000. Singh, S. P . 

BURNOUT IN STEAM-WATER FLOW AT 2000 psia . 

M.Sc . T h e s i s . Univers i ty of Minnesota (1958). 

2001. Smolin, V. N., Polyakov, V. K.. 
and Yesikov, V. I. 

HEAT TRANSFER CRISIS OF A STEAM-
GENERATING TUBE, Atomnaya energ iya , v. 13, 
No. 4 (1962), 360-364. 

The heat t r an s f e r c r i s i s was inves t iga ted using a 
ve r t i ca l tube made of IX18H9T ( lKhl8N9T) s ta inless 
s tee l , 1 mnn thick and of 10 mnn d i a m e t e r . The tube 
was filled with chemica l ly desal ted wate r and was 
connected into a c i rcu la t ion . The ra te of flow Wg, 
amounting to 850-7000 kg /m^-sec , was regulated by 
a valve 20 m away from the exper imenta l por t ion. 
The water was heated e l ec t r i ca l l y . At a p r e s s u r e 
of 150 at , the thernnal load q amounted to 
(0.46 - 1.65) • 10^ k c a l / m ^ - h r . The t e m p e r a t u r e 
d is t r ibut ion along the expe r imen ta l tube was m e a s 
ured with c h r o m e l - c o p e l t h e r m o c o u p l e s . The 
t e m p e r a t u r e of the water at the inlet to the heater , 
and the t e m p e r a t u r e of the w a t e r - s t e a m mixture at 
the outlet of the tube, were m e a s u r e d with res i s t ance 
t h e r m o m e t e r s . These were connected to appropria te 
secondary instrunnents for de te rmin ing the nnoment 
at which the c r i s i s set in and for cutting off the 
supply of heat if the t e m p e r a t u r e of the tube wall 
then exceeded 600°C. Under a fixed t h e r m a l load 
the flow ra te was var ied and the exper iment broken 
off at whatever flow ra te caused the t e m p e r a t u r e 
jump on the tube wall to r each 10-15°C at the m o 
ment of c r i s i s . The dependence of the s team content 
on the c r i t i ca l ra te of flow was m e a s u r e d for dif
ferent values of q. The resul t ing family of curves 
showed a mininnum between 2000 and 3000 kg/m^ • sec. 
As q i n c r e a s e d , the cu rves flattened and lay deeper , 
the minimunn being shifted towards higher values of 
Wg. The abrupt f luctuations in the wall t e m p e r a t u r e , 
indicating the approach of the c r i s i s , were plotted 
under var ious boiling condi t ions . The t r end of these 
graphs r evea l s the course of heat t r an s f e r in each 
individual case and nnakes it poss ible to draw general 
conclusions as to the development of the c r i s i s ; for 
example , the exis tence of a l imit of Wg is thereby 
conf i rmed. When Wg "^ is reached , the effect of the 
flow r a t e on the c r i t i ca l t h e r m a l load is r e v e r s e d . 
When Wg<W^^'^, the effects of t r ans la t iona l motion 
outweigh those of the rotat ional motion, and when 
Wg>W^^"^ the opposite is t r u e . The c r i t i c a l t he rma l 
load is found from two equations of the form 
y = ax"^zn, the range of applicat ion being given by 
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qcr = 9 . 1 - 108 i i—^iL^ k c a l / m ^ . h r 

and if 

1 -X ^ , 

then 

q „ = 1.10^(1 -^ )^->^ . W°-' k c a l / n • h r , 

where ^ i s the s t e a m content per unit volunne. The 
two formulas hold for p r e s s u r e s of 150 a t in tubes of 
8 mnn bore within the range of flow r a t e s under con
s iderat ion and with a s t eam content of not m o r e than 
50% by weight . The e r r o r of the formulas i s ±30%. 
There a r e 4 f igu res . 

2002. Sofer, G. A. 

FOG COOLANT TECHNOLOGY AND ITS APPLICA
TION TO NUCLEAR REACTORS, P r e p r i n t paper 
No. 93, New York, Eng inee r s Joint Council (1962). 

Fog flow is a t e r m applied to two-phase flow under 
conditions which cause a la rge par t of the liquid 
phase to be in a d i s p e r s e d state within the vapor . 
The p resen t s ta tus of fog cooling technology is 
summar ized with emphas i s on the following a r e a s : 
regions of fog flow stabi l i ty , p r e s s u r e drop in 
fog flow, mean coolant densi ty , c r i t i ca l heat flux 
data, heat t r an s f e r coeff icients , mixing and sepa
rat ion dev ices , and c o r r o s i o n and e ros ion . A 
table shows poss ib le applicat ion of fog cooling to 
various types of r e a c t o r s . A mos t a t t r ac t ive ap
plication of the coolant i s fo reseen for D2O-
modera ted r e a c t o r s . (NSA 62-31801) 

2003. Sonnemann, G. 

CORRELATION O F BURNOUT DATA, WAPD-TH-
160 (1956), 15 p. 

A burn-out co r r e l a t i on , which takes into account the 
additional p a r a m e t e r s of inlet subcooling and chan
nel length and d i a m e t e r is d e s c r i b e d . It does not 
consider d i rec t ly the bulk fluid p r o p e r t i e s at the 
burnout point. This co r re l a t ion p red ic t s that the 
burnout flux i n c r e a s e s with i n c r e a s e d inlet subcool
ing and d e c r e a s e s with i n c r e a s e d channel length. 
This is in gene ra l ag reemen t with the t r e n d s shown 
by the expe r imen ta l da ta . 10 r e f e r e n c e s , 

2004. Sonnemann, G. 

A METHOD OF CORRELATING BURNOUT HEAT 
FLUX DATA, Nuclear Sci . and Eng. _5_, 242-7 (1959). 

A burnout co r r e l a t i on , which takes into account 
p a r a m e t e r s of inlet subcooling and channel length and 
d i ame te r is d e s c r i b e d . It does not cons ider d i rec t ly 
the bulk fluid p r o p e r t i e s at the burnout point. This 
co r r e l a t i on p red ic t s that the burnout flux i n c r e a s e s 
with i n c r e a s e d inlet subcooling and d e c r e a s e s with 
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i nc reased channel length. This i s in genera l a g r e e 
ment with the t r ends shown by the expe r imen ta l da ta . 

2005. Stein, R. P . 

FLOW INSTABILITY BURNOUT IN A SIMULATED 
REACTOR FUEL CHANNEL, P r e s e n t e d during 
Hydrodynamic Instabil i ty and Two-phase P r e s s u r e 
Drop Session of Natura l Heat Trans fe r Conference, 
S t o r r s , Connecticut (August 1959). 

2006. S te rman , L. S. 

THE THEORY OF HEAT TRANSFER IN THE BOIL
ING OF A LIQUID, Zhur. Tekh. F iz . , ZX 341-51 
(1953), 

The differential equations descr ib ing the heat 
t r an s f e r by convection during the boiling p r o c e s s , 
and the equations defining the conditions for the t r a n s 
fer of heat during boiling fronn the l aminar t r ans i t ion 
layer to the turbulent co re , a r e deduced. A functional 
re la t ion between the s imi la r i ty c r i t e r i a for the case 
of heat in terchange during the boiling p r o c e s s is e s 
tab l i shed . The exper imenta l data for the d e t e r m i n a 
t ion of the c r i t i ca l heat flow values during boiling in 
a l a rge volume, and some data regard ing the i n t e r 
change of heat during the boiling p r o c e s s in p ipes , 
a r e r ep re sen t ed in the form of defined c h a r a c t e r i s t i c 
r e l a t i ons . 

2007. S te rman , L. S., and Styrushin, N. G. 

AN INVESTIGATION INTO THE INFLUENCE OF 
SPEED CIRCULATION ON THE VALUES OF CRITI
CAL HEAT FLOWS FOR LIQUID BOILING IN TUBES, 
Trans la t ed from: Zhur . Tekh. Eng. 22, 446-54 
I G R L - T / W - 4 0 (1952), I I p. 

The r e su l t s of invest igat ions into the de te rmina t ion of 
the dependence of c r i t i c a l heat flux Q^r aJid heat flow 
Qmin ' ^^ which the change from film to nucleate 
boiling takes place, on speed of c i rcu la t ion a r e pre
sented. The invest igat ion v/as c a r r i e d out with 
isopropyl sp i r i t . This liquid was chosen because 
the values of c r i t i ca l heat flow for isopropyl sp i r i t 
a r e compara t ive ly smal l , and the re fore it could be 
expected that the range of speeds which could be 
obtained on the exist ing exper imenta l instal la t ion 
(up to 6-7 m / s e c ) would prove sufficient for the 
de te rmina t ion of the rule governing the var ia t ion 
of Qcr sntl Qrriin according to WQ. All the e x p e r i 
ments were c a r r i e d out on a tube with an in te rna l 
d i ame te r of 16 mm made from E YA-1 T s t a in less 
s t ee l . The length of the experinnental par t of the tube 
was 100 nnm, and the length of the s tabi l iz ing sect ion 
of the tube before the expe r imen ta l pa r t was about 
500 m m . The heat ing of the experinnental pa r t was 
about 500 m m . 

L. S., Stiushin, N. G., and 2008. S te rman , 
Morozov, V. G. 

AN INVESTIGATION OF THE DEPENDENCE OF 
CRITICAL HEAT FLOW ON THE RATE OF CIRCU
LATION. Zhur . Tekh. F i z . , _26̂ , 2323 (1957), English 
Trans l a t ion in: Soviet P h y s i c s - T e c h n i c a l Phys ics 
I, 2250-54 (1957). 

The thernnal flux at which the r e v e r s e t r ans i t i on 
from film to bubble boiling is observed was detd. as 
a function of the c i rcu la t ion veloci ty for EtOH at 
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2 atm input p r e s s u r e and circulat ing veloci t ies from 
0 3 to 7.5 m / s e c , and for water at 2.5 a tm . input p r e s 
sure and circulating velocities from 0.4 to 3.0 m / s e c . 
Some expts. with water were conducted at 7 a tm . In 
the work with water the change in heat flow had to be 
rapid because prolonged film boiling could not be 
maintained. This increased the spread of exptl . 
points, par t icular ly at 7 a tm. The c r i t . t h e r m a l flux 
was detd. for EtOH at 2 -a tm. input p r e s s u r e and 
circulating velocities from 0.27 to 6.95 m / s e c . 

c i rcu la t ion p a r a m e t e r s inves t igated, dur ing which, 
the intensi ty of the heat t r an s f e r gradual ly de 
c r e a s e s from the va lues cor responding to a n o r m a l 
nucleate boiling to the values which co r r e spond with 
heat t r an s f e r to d ry sa tu ra t ed s t e a m . It is pointed 
out that with specific heat fluxes of 400 to 
450,000 k c a l / m Y h r a d e c r e a s e in the c i rcu la t ion 
velocity to 0.4 to 0.5 m / s e c and of the c i rcu la t ion 
mult ipl ic i ty to 2.0 to 2.5 may lead to damage to the 
s t eam pipes of bo i l e r s operat ing at high p r e s s u r e s . 

• I. A* A =r,H twfirnnnl'skii Z L 2012. Styrikovich, M. A., and Faktorovich , L. E. 2009. Styrikovich, M. A., and Miropoi SKII . ^. ^. / 

TEMPERATURE REGIME OF HORIZONTAL HIGH-
PRESSURE STEAM BOILER TUBES. Izvest . Akad. 
Nauk. S.S.S.R. Otdel. Tekh. Nauk, 1495-1512 (1951) 
(In Russian). 

2010. Styrikovich, M. A., and Shitsman, M. E. 
NEW RESULTS ON THE TEMPERATURE DISTRI
BUTION IN A BOILER WATER PIPE AT VERY HIGH 
PRESSURES, Translated from Doklady Akad. Nauk 
S.S.S.R., % , 69-72, AERE-L ib /T rans 561 (1954). 
As a result of the investigation made on the l imi ts 
of safe operating t empera ture conditions in a ve r t i ca l 
boiler water pipe of diameter 30 mm at very high 
p ressures (182 to 209 kg/cm^) it has been found that : 
the region of unstable surface t e m p e r a t u r e , in the 
range of specific the rmal fluxes and c i rcula t ion 
parameters investigated, is found for weight s team 
contents considerably less than unity. For applied 
weight steam contents of over 300 kg /m^sec , the re 
is a considerable range of in termedia te t e m p e r a t u r e 
distributions, charac te r i s t ic of an inc reased s team 
content and a gradual decrease of the heat exchange 
from the values found in bubble boiling to those co r 
responding to dry saturated s team. The t r ea tmen t of 
the "destruction of normal c i rcula t ion" mere ly as a 
phenomenon of standstill or r e v e r s a l of the c i r cu la 
tion is not in accordance with the p rope r t i e s of p r o 
cesses in boilers at very high p r e s s u r e s . For spec i 
fic thermal fluxes of (400 to 450) x lO^kcal/m^h, 
a decrease in the circulation ra te to 0.4 or 0.5 m / s e c , 
the weight steam velocity being about 100 or 150 k g / 
m^sec, i .e . a decrease of the multiplici ty of the c i r cu 
lation to 2 or 2.5, brings about a ser ious des t ruc t ion 
of the nornnal circulation, which may lead to undes i r 
able consequences. 

2011. Styrikovich, M. A., and Shitsman, M. Ye. 

AN INVESTIGATION OF THE TEMPERATURE CON
DITIONS IN THE OPERATION OF A VERTICAL 
BOILING TUBE UNDER SUPERHIGH PRESSURES. 
Vsesoyuz. Sbornik Gidrodinam. i Teploobmen Kipenii 
V Kotlakh Vysokogo Davliniya, 206-28 (1955) Moscow, 
Acad. Nauk S.S.S.R. (Translated from Refera t . Zhur . 
Mek, No. 3, p. 80 (1957). 

The results of an investigation of the t empe ra tu r e 
regime in a 30 mm diameter ver t ica l boiling tube 
were investigated. The experiments were conducted 
on a stand with p res su res at 182 to 209 atm abs , 
specific heat flux at 230 to 720,000 k c a l / m Y h r , 
circulation velocities at 0.2 to 2.2 m / s e c , and 
gravimetric steam content at 8 to 100%. It is e s t ab 
lished that a considerable range of in te rmedia te 
regimes exists within the zone of p r e s s u r e s and 

E F F E C T OF LENGTH OF P I P E ON CRITICAL 
HEAT FLUX IN FORCED MOTION OF A STEAM-
AND-WATER MIXTURE, Doklady Akademii Nauk 
SSSR, 120. 1019-1020, N P - t r - 1 8 0 (1958), 7 pp. 

The effect of the length of the expe r imen ta l section 
upon c r i t i ca l heat flux in forced motion of a s team 
and wate r mix ture through a pipe was invest igated. 
P r e s s u r e s were var ied from 76 to 180 a t m o s p h e r e s , 
veloci t ies from 850 to 3000 kg /m- ' - s ec , and r e l a 
tive enthalpy from - 0.3 to 1. The r e su l t s a r e d i s 
cussed , including substant ia t ion of conc lus ions . 
(NSA. 1959, #2409) 

2013. Styrikovich, M. A., and Faktorovich , L. E. 

E F F E C T OF LENGTH OF HEATED SECTION OF 
PIPE ON VALUE OF CRITICAL THERMAL CUR
RENTS DURING FORCED FLOW OF STEAM-
WATER MIXTURE, Teploenerge t ika _6_, No. 2, 
83-8 (1959). 

Exper imenta l study of such effect in ve r t i ca l ly 
d i rec ted p ipes . 

2014. Styrikovich, M. A., and Most inski i , I. L. 

E F F E C T OF NON-UNIFORM HEATING OF A TUBE'S 
PERIMETER ON THE MAGNITUDE OF THE 
CRITICAL HEAT FLOW, Dokl. Akad. Nauk SSSR 127, 
No. 2, 316-19 (1959) (In Russ ian) . 

Resul ts a r e desc r ibed and graphed of exper iments 
c a r r i e d out with models of bo i le r tubes of i r r e g u l a r 
sect ion, the conditions of the experinnents being as 
follows: p r e s s u r e , 26, 100 and 180 a tm (absolute); 
flow r a t e s from 200 to 2000 kg m " ^ s e c " ' ; s team 
content (x), fronn 0 to 1. The heating was effected 
by pass ing 50 c / s a .c . through the tube body (current 
densi ty = 50A mm~^). The following empi r i ca l formu
la is proposed for the c r i t i c a l heat flow (heat flow at 
which nuc lear boiling p a s s e s into film boiling): 

q J l ^ V l c r = 1 + 1 2 ( l - t l - 4 x ) [ ( q ^ 3 V q ) - l l / P e S ' " P'-o 

where q^^'^ and q° j , a r e the local va lues of the 
c r i t i ca l heat flow in the place where the boiling c r i s i s 
a r i s e s (the g rea t e s t wall th ickness ) , for the i r r egu la r 
and r egu la r sect ion tube, r e spec t ive ly , and Peo and 
Pro a r e the Pec le t and P rand t l n u m b e r s . 

2015. Styrikovich, M. A. et a l . 

E F F E C T OF PRECONNECTED ELEMENTS ON ON
SET OF BOILING IN STEAM GENERATING PIPES: 
Teploenerget ika _7̂ , No. 5, 81-8 (I960). 

Compar i son of expe r imen ta l data concerning c r i t i ca l 
thernnal flow, most ly by Soviet a u t h o r s . 
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2016. Styr ikovi tch. M. A., et a l . 

E F F E C T OF UPSTREAM ELEMENTS ON 
CRITICAL BOILING IN A VAPOR GENERATING 
P I P E , T r a n s l a t e d from Teploenerge t ika _7_, No. 5, 
81-7 . AEG- t r -4740 (I960). 

The expe r imen ta l data compiled by va r ious au thors 
on c r i t i ca l t h e r m a l flow during the boiling of wa te r 
in pipes a r e examined . The expe r imen ta l r e s u l t s 
es tabl ishing the effect of the e las t ic p r o p e r t i e s of a 
medium in u p s t r e a m volumes and of the magnitude 
of these volumes on the beginning of c r i t i ca l boiling 
in vapor generat ing pipes a re c la r i f ied . 

2017. Styrikovich, M. A., Corresponding Member 
AS USSR, Miropol ' sk iy , Z. L., and Shen Chao-Yuan. 

E F F E C T OF NONUNIFORM HEATING ALONG A 
TUBE ON THE AMOUNT OF CRITICAL THERMAL 
CONVECTION, Akademiya nauk SSSR. Doklady, 139, 
No. 4, 1961, 859-862. 

In connection with the design of high-power heat ex
changers , the au thors studied the effect of a nonuniform 
heating along a tube on the o c c u r r e n c e of a boiling 
c r i s i s . Expe r imen t s were made with s t e a m - w a t e r 
nnixture and /o r with water moving upward in a tube 
not heated up to sa tu ra t ion t e m p e r a t u r e ; p r e s s u r e s 
ranged from 100-180 a t . The flow r a t e s were 400, 
850, and 2,000 kg/m^ . s e c . The exper imenta l s e tuphas 
been desc r ibed in an e a r l i e r paper by Miropol 'skiy 
et a l . [Teploenerge t ika , No. 1,80(1959)] . The a r r a n g e 
ment cons i s t s of an open c i rcu i t with s u p e r h e a t e r . 
P r e s s u r e and flow ra te can be adjusted by va lves . 
Two types of nonuniform heat ing of the tubes were 
employed. Data a r e given obtained with tubes with a 
ra t io of the max imum t h e r m a l flow to the mean flow 
of 2 .3 . The min imum to max imum t h e r m a l flow ra t io 
was 4.9. O c c u r r e n c e of the boiling c r i s i s was d e t e r 
nnined v isua l ly . The local value of specific t h e r m a l 
convection at the point of the a r i s ing c r i s i s i s r e 
garded as the c r i t i c a l t h e r m a l convect ion. Cr i t i ca l 
t he rma l convection in the case of nonuniform heating 
of the tubes (qc?i\") is found to surmount the c r i t i ca l 
values in the case of uniform heating of the tubes 
(•^crit) ^y ^tiout twice the i r amount . A r a the r complex 
dependence was obtained only when pulsat ions (100 at, 
400-850 kg/m^ • sec) developed. In this c a s e , when in
compress ib l e wa te r in the space at the en t rance of the 
tes t tube is rep laced by e las t i c water -vapor mix tu re , 
the q^'^f^ values drop jumpl ike . The ra t io between 

qnonu and q" -... is then nea r ly r e c i p r o c a l to that given 
^cr i t ^c r i t ' ."̂  , , f, • 
above. Expe r imen t s with dec reas ing t h e r m a l flow in 
the d i rec t ion of the moving medium showed that q"?!!^ 
was only half of qc r i t when the c r i s i s was located near 
the exit of the tube. On the o ther hand, q^^j^" lay con
siderably above the q^j.^,- value when the c r i s i s was 
near the en t rance of the tube. The au thors show in the 
d i scuss ion of the r e s u l t s that the la t te r a r e de te rmined 
by the percen tage of vapor in the boundary l aye r . 
There a r e 2 f igures and 3 Soviet-bloc r e f e r e n c e s . 

d i a m e t e r of 8 m m . Most expe r imen t s were made 
with c rea t ion of a "hot spot" on the upper exit end 
of the tube . The ra t io of heat flux at the "hot spot" 
to heat flux over the r e s t of the tube was va r i ed 
from 1.35 to 2 . The exper imen t s were c a r r i e d out 
at a p r e s s u r e of 100 a tms with m a s s flows of 
2000, 850, and 400 k g / m ^ - s e c . The re la t ive en
thalpy of the heat t r ans fe r medium at the exit var ied 
from 0.2 to 1.0. The tube wall was heated by a l t e r 
nating cu r ren t , and the burn-out flux was de te rmined 
from the sha rp junnp in wall t e m p e r a t u r e as m e a s 
ured by a the rmocoup le . The c r i t i ca l heat flux qcr 
depended significantly on the length of the hot spot . 
The value of the c r i t i ca l heat flux q^j. was g rea t e r for 
high vapor content in the liquid for a hot spot length of 
160 m m than it was for lengths of 500 and 945 nnnn. 
With a low content of s t eam in the fluid, the c r i t i ca l 
heat flux did not va ry ve ry much i r r e s p e c t i v e of 
tube length or m a s s veloci ty. (NSA 62-30562) 

2019. Susskind, H. 

A SURVEY OF BULK BOILING STUDIES IN P R E S 
SURIZED WATER REACTOR SYSTEMS, BNL-636 
(1960), 16 p. 

A genera l survey was made of the published l i t e r a 
ture to de te rmine the cu r r en t s ta tus of the bulk 
boiling studies of p r e s s u r i z e d - w a t e r systenns in the 
1500- to 2000 psia p r e s s u r e range . This survey 
includes depa r tu re - f rom-nuc lea t e -bo i l i ng ("burnout") 
heat flux co r re l a t ions and other t h e r m a l cons ide ra 
t ions , two-phase p r e s s u r e drop c o r r e l a t i o n s , flov/ 
red is t r ibu t ion , and other hydrodynamic cons ide ra 
t ions , under s t eady-s ta te and t r ans i en t conditions 
and uniform and nonuniform heat flux d i s t r ibu t ions . 
The information is evaluated, and a r e a s requi r ing 
further development a r e indicated, 17 r e f s . 

M. A,, Miropo l ' sk i i , Z. L., and 2018. Styrikovich, 
Eva, V. K. 

THE EFFECT OF A LOCAL INCREASE IN HEAT 
FLUX ALONG A CHANNEL ON THE BURNOUT HEAT 
FLUX, Dodlady Akad. Nauk SSSR, J ^ , 93-6 (July 1, 1962) 

Heat t r a n s f e r expe r imen t s w e r e run on a ve r t i ca l 
sect ion of 18Cr9Ni s t a in less s t ee l with an in te rna l 

2020. T ippe ts , F . E. 

CRITICAL HEAT FLUX AND FLOW PATTERN 
CHARACTERISTICS OF HIGH PRESSURE BOILING 
WATER IN FORCED CONVECTION. GEAP-3766 
(1962). 

2021. Topper . L. 

A DIFFUSION THEORY ANALYSIS OF BOILING 
BURNOUT IN THE FOG FLOW REGIME, NYO-
10448 (Sept. 1962). 

A boundary-va lue p rob lem, descr ib ing an ideal ized 
model for the flow of a fog of liquid d rop le t s in t he i r 
own vapor through a heated tube, is solved. The 
theore t i ca l solution for a burnout c r i t e r i o n is in 
good ag reemen t with some exper imenta l burnout 
r e s u l t s for a fog of water d rople t s in high p r e s s u r e 
s t e a m . (NSA 62-31797) 

2022. Tor ika i , K., Hori . M., and Ouchi, Y. 

THE SURFACE BOILING BURNOUT IN A CHANNEL, 
J. Atomic Energy Soc. Japan, J_, 333-337 (1961). 

The phenomena of surface boiling burnout were ob 
se rved photographical ly . It is found that the burnout 
in a channel cons i s t s of e i ther a stable flow or an 
unstable flow. The la t te r type occu r s in the piston 
flow pa t t e rn in which the flow ra te and wall t e m p e r a 
tu re a r e unstable and osc i l l a to ry . There fo re , it is 
cons idered that the burnout heat flux in unstable flow 
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is affected not only by the local condition of the 
channel but also by the sys tem c h a r a c t e r i s t i c s such 
as pumping power and flow re s i s t ance of the c i r 
culating system. The burnout heat flux in a c i r cu l a r 
channel is also measured at a tmospher ic p r e s s u r e , 
and is corre la ted with the coolant velocity and 
subcooling. 

2023. Torikai , K. 

HYDRODYNAMIC STUDY OF BURNOUT IN BOILING, 
Rept. No. 17, JAERI-1017 (1961), 48 p. 
The burnout mechanism, by which a heating surface 
is melted down in the high-heat flux as the heat t r a n s 
fer coefficient is suddenly decreased , is investigated 
on the basis of hydrodynamic a spec t s . A completely 
vaporized area is created, when bubbles in boiling 
grow from the nucleates of bubbles on the heating 
surface, the bubbles a re detached from the surface , 
and the growth of the bubbles ends. A fluid-flow 
resis tance between the fluids occurs when the vapor 
r ises in the area and the liquid of the same flou ra te 
with that of the vapor comes down. When the force, 
necessary to overcome the fluid-flow re s i s t ance , is 
not given to the fluids, there will be a l imit to the flow 
ra te . A semi- theoret ica l analysis was made in pool-
boiling. An experiment was made on the counter 
flow between air and water . In consequence. It was 
recognized that there a re l imits in the flow rate and 
that the calculated limit values would be the same 
with the heat flux in burnout. In forced-c i rcula t ion 
boiling, a semi- theore t ica l analysis was made and 
the equation of the maximum heat flux, 

^B.O. = Um7p(x/8)(1-Av) , 

was obtained, under the assumption that burnout 
mostly occurs when the flowrate of the liquid coming 
to the heating surfaces is less than that of the 
vapor going out of the surface when forced c i r cu la 
tion in boiling makes a kind of turbulent diffusion. 
Maximum heat flux equations for var ious conditions 
of the flow and heating surface were introduced, 
and were found in good agreement with the data of 
many experiments on the forced-c i rcula t ion boiling 
of water. 

2024. Tramontini, V. N. et a l . 

FINAL REPORT ON STUDIES IN BOILING HEAT 
TRANSFER, COO-24 (1951), 516 p. 

In the investigation of which this is the final r epor t , 
the desire to use water as a hea t - t rans fe r medium 
in the process of converting energy re leased in a 
nuclear reactor to useful work led to obtaining data 
at fluid p res su res up to 2500 psia, t e m p e r a t u r e s up 
to 650°F, local velocities up to 55 fps and heat flux 
densities up to 3.8 x 10^ Btu/hr/f t^. P resen ted in 
this lengthy and detailed report a re the forced-
convection heat t ransfer and p r e s s u r e - d r o p studies 
at elevated p ressures with and without surface 
boiling; the analysis,design and development of an 
x-ray densitometer; fundamental studies including 
boiling heat t ransfer from various metals to water 
in an annular flow system, an investigation of liquid 
superheat, shadowgraphic studies of boiling on a sub
merged horizontal cylinder, and r e m a r k s on the 
mechanism of heat t ransfer to boiling liquids; and the 
design and development of a burnout control sys t em. 

171 f igures . (Chapter III, sect ion A o n Boiling Heat 
T rans fe r f rom var ious Metals to Water in an 
Annular Flow System was a b s t r a c t e d in NSA as 
NSA 5-1548.) 

2025. Troy , M.. and Roar ty , J. D. 

UPFLOW BURNOUT DATA FOR 0.059 INCH x 
1 INCH X 27 INCH LONG RECTANGULAR CHANNELS 
AT 2000 psia, WAPD-TH-276 (1956), 13 p. 

2026. Troy , M. 

ZERO NET FLOW BURNOUT TESTS AT 2000 psia, 
WAPD-TH-251 (1956), 6 p . 

This repor t supe r sedes WAPD-TH-240 . 

A free convection (ze ro-ne t flow) burnout t e s t was 
conducted at 2000 psia in a ve r t i c a l r ec tangula r 
channel measu r ing 0.050 x 1 x 27 in. long. Heat flux 
was applied in i nc r emen t s of about 1000 B t u / h r - f t 
and steady state wall t ennpera tures were r ecorded 
at each inc remen t . Th ree zones of heating were 
noted: (1) Below heat fluxes of 2500 Btu/hr- f t^ a 
free convection zone was evident, where the wall 
t e m p e r a t u r e s were below the sa tu ra t ion t e m p e r a t u r e . 
(2) Between heat fluxes of 2500 to 7500 Btu/hr-f t^ , 
a nucleate boiling zone was detected; h e r e the wall 
t e m p e r a t u r e s remained constant at e ssen t ia l ly the 
sa tura t ion t e m p e r a t u r e . (3) At heat fluxes about 
7500 Btu/hr-f t^ , a semi - f i lm boiling region existed. 
The wall t e m p e r a t u r e s i nc reased steadily with in
c reas ing heat fluxes, reaching a value of 900°F at 
heat fluxes of about 9400 Btu/hr-f t^ , at which point 
the tes t was t e r m i n a t e d . The highest wall t e m p e r a 
tu re s were noted about 3-j- in. from the bottom and 
d e c r e a s e d steadily up the channel . 

2027. Troy , M. 

ZERO-NET FLOW BURNOUT TESTS FOR WATER 
AT 2000 psia IN A VERTICAL O.IOl x 1 IN. x 6 IN. 
LONG RECTANGULAR CHANNEL, WAPD-TH-304 
(1957), 9 p . 

2028. Troy , M. 

UPFLOW BURNOUT DATA FOR WATER AT 
2000 psia IN 0.097 IN. x 1 IN. x 27 IN. LONG 
RECTANGULAR CHANNELS. WAPD-TH-340 (1957), 
13 p. 

To extend the range of v a r i a b l e s , burnout t e s t s 
were made on water at 2000 psia , flowing ver t ical ly 
upward in 0.097 in. x 1 in. x 27 in. long rec tangular 
s t a in less s t ee l channels (nominal L / D = 153). A 
total of 53 burnout points were obtained covering 
conditions from 100% exit quality to 80°F exit 
subcooling, m a s s veloci t ies from 0.1 to 4.7 x 10 l b / 
hr-ft^ and inlet water subcoolings fronn 36° to 536°F. 
Most of the points for h igher heat fluxes and flow 
ra tes were obtained with the new 2500 KW power 
supply. This region could not previous ly be studied 
\vith the old pov/er supply. 
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2029. T roy , M. 

UPFLOW BURNOUT DATA FOR WATER IN REC
TANGULAR CHANNELS AT PRESSURES FROM 
600 to 1870 ps ia , WAPD-TH-321 (1957), 29 p . 

Because of i n t e r e s t in operat ing r e a c t o r s at p r e s 
s u r e s below 2000 psia , upflow burnout t e s t s were 
pe r fo rmed on water at p r e s s u r e s f rom 600 to 
1870 psia in v e r t i c a l r ec tangu la r channels having 
length- to-equivalent d i a m e t e r r a t ios ( L / D ) of 
33, 153, and 242. (A total of about 90 burnout 
heat flux points were obtained, ranging from 
0.134 to 2.26 X 10^ Btu /hr - f t^ ) . The ranges of 
exper imenta l va r i ab l e s (other than p r e s s u r e ) 
were m a s s veloci t ies fronn 0.178 to 4.0 x 
10^ Ib/hr-f t^, inlet subcooling f rom 13 to 475°F, 
and exit qual i t ies from 3 to 100% (See Table 1). 
In genera l , for all channels and p r e s s u r e s the 
burnout heat flux at given enthalpy i n c r e a s e d as 
the p r e s s u r e d e c r e a s e d . Fo r the channel of L / D = 
153 (at p r e s s u r e s below 2000 psia) the burnout 
heat flux at a given burnout point enthalpy appeared 
to i nc r ea se fronn 40 to 110% with an i n c r e a s e in 
inlet subcooling of about 200°F. No such effect 
was observed with the other channels at any other 
condit ions. The ranges of the ra t io of m e a s u r e d 
to calcula ted burnout heat flux (calculated by the 
existing 2000 ps ia T h e r m a l Design C r i t e r i a , Ref. 8), 
were 3.2 to 10.0 for the 0.101 in. x 1 in. x 6 in. 
channels , 1.3 to 7.3 for the 0.097 in. x 1 in. x 27 in. 
channels and 1.2 to 5.5 for the 0.059 in. x 1 in. x 
27 in. channe ls . Efforts a r e underway to formula te 
new burnout des ign equat ions for these p r e s s u r e s 
below 2000 ps ia . 

2030. Troy , M. 

UPFLOW BURNOUT DATA FOR WATER AT 
2000, 1200. 800, and 600 ps ia IN VERTICAL 
0.070 IN. BY 2.25 IN. BY 72 IN. LONG STAINLESS 
STEEL RECTANGULAR CHANNELS, WAPD-TH-
408 (1958), 18 p . 

Upflow burnout data for water at 2000, 1200, 800 
and 600 ps ia in ve r t i ca l 0.070 in. by 2.25 in. by 
72 in. long s t a in l e s s s t ee l r ec tangu la r channels 
a r e p resen ted . The burnout heat fluxes for these 
channels a r e p re sen t ed . The burnout heat fluxes 
for these channels depend upon the same p a r a m e t e r s 
as did previous ly t e s t ed channels with much sma l l e r 
L / D r a t i o s . Bet t i s burnout design equations were 
used in ca lcu la t ions . 

2031. Troy , M, 

ANALYSIS OF MSAR TRANSITION BOILING AND 
FILM BOILING DATA FOR WATER AT 2000 psia , 
WAPD-AD-TH-492 (1959), 21 p . 

Data recen t ly obtained for t r ans i t ion boiling of water 
at 2000 psig and sur face t e m p e r a t u r e l e s s than 
1050°F in a 0,152 in ID by 12.5 in. long round tube 
were c o r r e l a t e d to ±35% by an equation. The approx
imate r anges of expe r imen ta l conditions for t r ans i t ion 
boiling covered by the data a r e given. The form of 
the c o r r e l a t i o n equation was incorpora ted into an 
IBM-704 computer code to be used for r eac to r design 
ca lcu la t ions . 

^032. Van Antwerpen, F . J., J r . . Ed. 

HEAT TRANSFER - LOUISVILLE, Chemical En
gineering Symposium S e r i e s , 5^, No. 18, 1956, 
Amer i can Institute of Chemical Eng inee r s , 116 p. 

A genera l ized co r re l a t ion is p resen ted that p red ic t s 
the burnout conditions over a wide range of p r e s 
s u r e s , ve loc i t ies , geomet r ica l configurat ions, and 
heat-f lux dens i t ies but is l imited to the local boiling 
region for wa te r . Heat t r a n s f e r coefficients were 
de te rmined for Hg vapor condensing on both w a t e r -
and a i r - coo led ve r t i ca l s tee l , copperplated s tee l , 
nickel , and s ta in less s t ee l . The data and c o r r e l a 
t ions for the ra te of convective heat t r an s f e r for 
gases flowing a c r o s s a cylinder was r e - examined . 
Exper imen ta l r e su l t s a r e repor ted for p r e s s u r e 
drop during fo rced-c i rcu la t ion boiling of dis t i l led 
water in an e lec t r i ca l ly heated hor izonta l tube. 
Circula t ion ra t e s and over-a l l t e m p e r a t u r e dr iving 
forces in a ver t i ca l thermosyphon rebo i le r were 
m e a s u r e d . Heat and m a s s t r ans f e r in cooler con
d e n s e r s of TiCl4-N2 sys tem is p r e sen t ed . The 
effect of a i r r a t e , water r a t e , t e m p e r a t u r e , and 
packing densi ty in a c r o s s flow cooling tower a r e 
desc r ibed . A study of heat t r an s f e r to organic 
liquids in s ingle- tube , na tu ra l c i rcula t ion, ve r t i ca l 
tube bo i l e r s is p resen ted . Heat t r ans fe r and fluid 
frict ion in a she l l - and-tube exchanger with a single 
baffle a r e desc r ibed . 

2033. Vanderwater , R. G. 

AN ANALYSIS OF BURNOUT IN TWO-PHASE, 
LIQUID-VAPOR FLOW, PhD. T h e s i s , Universi ty of 
Minnesota (1956). 

2034. Visca rd i , J . E . . Ed. 

BOILING BURNOUT NEWSLETTER, No, 4, NDA-6 
(1955), 9 p. 

Ex t r ac t s from a status r epo r t on Al-HgO reac t ions 
by O. J. E lger t , T. J. Boland, and G. L. Smith (Phi l 
lips Pe t ro l eum Co.) a r e p r e sen t ed . Six AI-U s a m 
ples ( A I - U core clad on one side with Al) in contact 
with HjO and contained in p r e s s u r e capsules were 
exposed in the MTR core for 6 to 12 sec . Three of 
the samples melted at the face in contact with HzO-
Capsule p r e s s u r e changes o c c u r r e d only when melt ing 
took p lace . Two of the 3 melt ing si tuat ions p r o 
duced p r e s s u r e t r ans i en t s and t e m p e r a t u r e r i s e s 
that a r e d i scussed in some deta i l . A s e r i e s of 
nucleate boiling burnout t e s t s in the MTR has been 
proposed by WAPD in o rde r to es tab l i sh whether 
significant differences exist between e l ec t r i ca l and 
inpile burnout data . A study by J . E . Zerbe (WAPD) 
of l eng th - to -d iame te r ra t io on the burnout heat flux 
of r ec tangu la r , ve r t i c a l Z i r ca loy -2 channels is 
r epo r t ed . 

2035. Visca rd i , J. E., ed. 

BOILING BURNOUT PROGRESS, Issue No. 5, 
NDA-8 (1955), 8 p. 

P r e l i m i n a r y burnout data were obtained for machined 
and ho t - ro l l ed r ec tangu la r Z i rca loy-2 channels in
clined at an angle of 45°. The tes t was pe r fo rmed 
to de te rmine the effect of inclining the channels on 
burnout heat flux. The data a r e p resen ted in tabular 
form. 
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2036. Viscardi . J. E. 

BOILING BURNOUT PROGRESS, Issue No. 6. 
NDA-13 (1956), 6 p, 

A study was made of nucleate boiling, film fo rma
tion, and burnout for a 1 mil W wire heated by the 
superposition of impulse and dc heating in water 
at 200°F and an atmospheric p r e s s u r e . In this 
study nucleate boiling is distinguished from film 
boiling by the charac te r i s t ic bubble formation 
without a knowledge of the wire surface t e m p e r a 
ture . Film boiling is recognized when a continuous 
film covers all the surface of the wire in the field 
of view. 

2037. Viscardi . J. E. 

BOILING BURNOUT PROGRESS. Issue No. 7, 
NDA-22 (1955), 12 p. 

Studies are reported in boiling burnout with sinn
ulated fuel e lements , heat t ransfer to b inary liquid 
nnixtures, accurate determination of heat t r ans fe r 
to boiling H2O-CH3COC2H5 mix tures , and definition 
of t e rms related to boiling heat t r ans fe r . 

2038 Viscardi. J. E., ed. 

BOILING BURNOUT PROGRESS, Issue No. 8, 
NDA-24 (1956). 51 p. 

There is no Classified Section Issue No. 8. 

The latest experimental resul t s on boiling and r e 
lated phenomena are reported and d i scussed . Burn
out, maximum heat t ransfer r a t e s , frequency and 
formation charac ter i s t ics of bubbles and vapor f i lms, 
influence of element shape and surface p rope r t i e s , 
role of impuri t ies , dissolved gases and pH values , 
temperature and density dis t r ibut ions, p r e s s u r e 
drops, instability, corrosion, cavitation, and m e t a l -
water reactions a re among the topics t r ea ted . 

2039. Viscardi, J. E. 

REACTOR HEAT TRANSFER PROGRESS NO. 12. 
NDA-31 (1956). 

2040. Viscardi, J. E., ed. 

REACTOR HEAT TRANSFER PROGRESS, Issue 
No. 12, NDA-30, AT(30-l)-862 (Oct. 30, 1956). 
Abstracts are given for 26 papers on the la tes t r e 
sults in high-performance heat t ransfer r e s e a r c h and 
development for all types of nuclear r eac to r s y s t e m s . 

^041. Viscardi, J. E. 

REACTOR HEAT TRANSFER PROGRESS NO 13 
NDA-33 (1957). 

^042. Viscardi, J. E. 

REACTOR HEAT TRANSFER PROGRESS NO 13 
NDA-35 (1957). 

2043, Viskanta, R. 

CRITICAL HEAT FLUX FOR WATER IN SWIRLING 
FLOW, Nuclear Science and Engineer ing . 10, No. 2, 
202-203 (1961). 

Concludes that of the s e v e r a l fac tors influencing the 
heat t r a n s f e r m e c h a n i s m , the nnixing due to the 
densi ty difference in the p r e s e n c e of the centr ifugal 
force field is probably the mos t impor tan t . The 
tes t r e su l t s indicate that centrifugal forces a r e ef
fective in breaking up the vapor film on the heated 
surface and inc reas ing the c r i t i c a l heat flux in 
swir l ing flow. On the bas i s of constant pumping 
power, the c r i t i ca l heat fluxes obtained with swir l 
flow a re a maximum of 2-j- t i m e s higher than those 
for s t ra ight flow. 

2044. Von Glahn, U. H. 

EMPIRICAL CORRELATION OF CRITICAL BOILING 
HEAT FLUX IN FORCED FLOW UPWARD THROUGH 
UNIFORMLY HEATED TUBES, NASA Tech. Note D-
1285 (1962). 

Exptl . data were obtained on the max . c r i t . heat-flux 
(burnout condition) for HjO.N, and H. Data for H2O, 
were obtained at 14.7-2000 and for N and H at 50 l b / 
sq in. abs . An empi r i ca l co r r e l a t i on consis t ing of 
s eve ra l d imens ion less groups contg, va r i ab les which 
include fluid m a s s velocity, tube geomet ry , and fluid 
p rope r ty t e r m s is p re sen ted for predic t ion of max. 
c r i t . heat flux. (CA-62-1 3580f) 

2045. Weatherhead, R. J . 

BURNOUT WITH NET STEAM GENERATION IN 
VERTICAL, ROUND AND RECTANGULAR CHAN
NELS, ANL. P re sen t ed at the Reactor Heat 
Trans fe r Conference, New York. Nov. 1956 ANL-
6675. 

An empi r i ca l ana lys i s is used to equate the p r e s 
sure t e r m in the J e n s - L o t t e s nucleate boiling wall 
superheat equation to the liquid coolant surface 
tension, which modifies the equation to: 

Tw - Tf = 0.18 X 10^o(Q"/lO^)'^'* 

for sur faces of " ave rage" nucleat ion capabi l i ty . 
This equation is used to de t e rmine the p r e s s u r e -
dependency of s eve ra l nucleate boiling c h a r a c t e r i s r 
t i c s , including propor t iona te nucleate bubble s i z e s . 
The p r e s s u r e - d e p e n d e n c y of the nucleate bubble-
size c h a r a c t e r i s t i c is shown to be vi r tual ly identical 
with the p r e s s u r e - d e p e n d e n c y of the m a s s velocity 
t e r m in the J e n s - L o t t e s subcooled wate r c r i t i ca l 
heat flux co r r e l a t i on . Other a l t e ra t ions and additions 
a r e explained, and the modified form of the equation: 

Q^/lO^ = - D^i^^ (Hf /10^)(G/10^)" 1 + tanh 
Hf-H 

with m = 0.175 X 10-^(vfg/Hfg)-^ . i s compared with 
data for c i r cu l a r and rec tangula r flow channe ls . 

Severa l subcooled boiling flow r e g i m e s a r e hypothe
sized and explained to account for the unusual effect 
of the m a s s veloci ty upon the c r i t i ca l heat flux in the 
low subcooling-low s team quality region . A p r o 
nounced sur face effect, para l le l ing the nucleate 
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boiling sur face effect, upon the c r i t i ca l heat flux 
o c c u r r e n c e at the h igher subcoolings is i l lus t ra ted 
and used to explain apparent d i s c r epanc i e s within 
and among seve ra l r ep re sen t a t i ve bodies of c r i t i ca l 
heat flux data , 

2046. Weatherhead, R. J. 

HYDRODYNAMIC INSTABILITY AND THE CRITICAL 
HEAT FLUX OCCURRENCE IN FORCED CONVEC
TION VERTICAL BOILING CHANNELS. TID 16539 
(April 19, 1962). 

An ana lys i s of the re la t ions between hydrodynamic 
instabil i ty and the c r i t i c a l heat flux in water cooling 
sy s t ems is p r e s e n t e d . It is concluded that hydro-
dynamic ins tabi l i ty r e s u l t s from slug flow, which is 
prec ip i ta ted in the bubble flow r e g i m e by coa lescence 
of f low-s t r eam bubbles to form vapor s lugs . At 
constant p r e s s u r e and ra te of bubble generat ion, 
the init iat ion of slug flow is d i r ec t ly dependent on 
the local s t eam quality and inve r se ly dependent 
on the m a s s veloci ty . Once ini t iated, the degree of 
hydrodynamic ins tabi l i ty is dependent on the length 
of channel in the slug flow r e g i m e ; this in tu rn is 
dependent on both the inlet subcooling and the L / D 
ra t io . The c r i t i ca l heat flux o c c u r r e n c e is d i rec t ly 
dependent on the deg ree of hydrodynannic instabi l i ty , 
the significant va r i ab l e s being sys tem p r e s s u r e , 
local s team quality, m a s s veloci ty, inlet subcooling, 
and L / D r a t i o . (NSA 62-30554) 

2047. Weatherhead, R. J . 

HEAT TRANSFER, FLOW INSTABILITY, 
AND CRITICAL HEAT FLUX FOR WATER IN A 
SMALL TUBE AT 200 ps ia , ANL-6715, 
(June 1963). 

Forced convection and local boiling heat t r an s f e r 
data for a 0 .114-cm (0.045-in.) ID ve r t i ca l tube at 
14 kg/cm^ (200 psia) i s p re sen ted and compared 
with an appended s impli f icat ion of the Di t tus -Boe l t e r 
equation and the Jens and Lottes equation for local 
boiling wall supe rhea t . Deviat ions between the data 
and the la t te r a r e d i s c u s s e d . 

Cr i t ica l heat flux data for the nuclea te and net boi l 
ing regions is d i s cus sed , and a rgumen t s for a purely 
hydrodynannic causat ion of the net boiling c r i t i ca l 
heat flux a r e p r e s e n t e d . 

2048. Weiss , A. 

HOT PATCH BURNOUT TESTS IN A 0.097 in. x 
1 in. X 27 in. LONG RECTANGULAR CHANNEL 
AT 2000 psia , WAPD-TH-338 (1957), 12 p. 

A s e r i e s of upflow burnout t e s t s were conducted 
in the Bet t i s Burnout Loop No, 23 on a 0.097 in. x 
1 in. X 27-j^in. long (L/Dg = 140) t es t spec imen 
that contained a local "hot patch" which had a flux 
peak 1.98 t i m e s that exist ing in the r e m a i n d e r of 
the tes t spec imen . The "hot patch" was 1-g-in. 
long ( L p a t c h / ^ e =̂ )̂ located -j- in. from the exit 
of the channel . The range of va r i ab l e s invest igated 
were m a s s ve loc i t ies of 0.35 x 10^ to 2,0 x 10^ l b / 
hr-ft^ at inlet t e m p e r a t u r e s of 100, 300. and 
500°F. The r e s u l t s of t he se t e s t s indicate a peak 
effectiveness varying from 100 to 4% as the enthalpy 
at burnout v a r i e s from 550 Btu / lb to 918 B t u / l b . 

2049. Weiss , A. 

EMERGENCY COOLING TESTS ON ELECTRICALLY 
HEATED SUBASSEMBLIES WITH WATER AT 
2000 psia , WAPD-AD-TH-559 (I960). 

2050. Wett, J . F . 

NATURAL CIRCULATION BURN OUT HEAT FLUX 
FOR THE ORR. CF-60-2-61 (1960), 23 p. 

Natura l c i rcu la t ion flow r a t e is calculated for the 
ORR c o r e . F r o m this flow r a t e , the burn out heat 
flux is found to be between 22,000 and 35,000 B t u / 
ft - h r . It is concluded that under p resen t conditions 
a posi t ive acting after heat r emova l sys tem is n e c 
e s s a r y for 30 Mw operat ion. 

2051. Wil l iams, J . S., J r . 

RESPONSE OF PLATE-CHANNEL SYSTEMS IN THE 
"BEYOND DNB" HEAT TRANSFER REGION AS 
CALCULATED WITH FOOaa, WAPD-AD-TH-487(Dei.) 
(March 30, 1959), 14 p. 

A quantitative analysis was made of the response of 
plate fuel e lements in the "beyond DNB (direct 
nucleate boil ing)" heat t r an s f e r region. Two solutions 
were der ived, one with no s c r a m and the other with 
a s c r a m at 0.8 s e c . after s tar t of accident , and a 
forced DNB 0.5 sec after accident is a s sumed in both 
c a s e s . Plots a r e given for inlet flow, p r e s s u r e d rop , 
and t e m p e r a t u r e var ia t ions with t i m e . The r e su l t s 
for no s c r a m showed that meltdown was imminent at 
2.3 sec after the s t a r t of the accident , and a s c r a m 
after 0.8 sec gave r ecovery from DNB and a me ta l 
t e m p e r a t u r e excurs ion of only 33°F before 
r e c o v e r y . 

2052. Wilson, R. H., and F e r r e l l , J. K. 

CORRELATION OF CRITICAL HEAT FLUX FOR 
BOILING WATER IN FORCED CIRCULATION AT 
ELEVATED PRESSURES, BAW-168 (1961), 34 p . 

The development of a c r i t i c a l heat flux co r r e l a t i on 
for wa te r in forced c i rcula t ion at e levated p r e s s u r e s 
is desc r ibed . In con t ra s t to e a r l i e r c o r r e l a t i o n s in 
the l i t e r a t u r e , which p resen t c r i t i ca l heat flux as a 
function of dependent va r i ab l e s such as outlet sub
cooling or enthalpy, this co r r e l a t i on p r e s e n t s the 
c r i t i ca l heat flux as a function of the independent 
va r i ab l e s , m a s s velocity, channel th ickness , channel 
length, and subcooling at the channel inlet . C o m p a r i 
sons with experinnental data in the form of frequency 
plots show the super io r i ty of this c r i t i c a l heat flux 
equation for co r r e l a t ing exist ing da ta . 

2053. Woodson, C. W., and Batch, J . M. 

A COLLECTION OF BOILING HEAT TRANSFER 
AND BURNOUT CORRELATIONS, HW-71684, (1961), 
37 p . 

Boiling co r r e l a t i ons col lec ted f rom s e v e r a l publ ica
t ions a r e p re sen ted using common nomenc l a tu r e . The 
co r r e l a t i ons a r e c lass i f ied according to an included 
l is t of c a s e s . These c a s e s depend on the mode of flow, 
the coolant condition, and the type of boil ing. Defi
nit ions and a l is t of s tandard symbols a r e included. 
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2054. Yashnov, V. L 

THE INFLUENCE OF CERTAIN SURFACE PROPER
TIES ON CRITICAL BOILING, Teploperedacha Ene rg . 
inst. AN SSSR. Ed. by M. A. Mikheyev,, Moscow, 
Izd-vo AN SSSR, 1962, 116-123. 

Previous workers have observed that if a heating s u r 
face is conditioned by boiling water on it for a per iod 
the cri t ical heat t ransfer rate which it can c a r r y may 
be much greater than with a clean fresh sur face . The 
present work was undertaken to investigate the effect 
further. Tests were made with s ta in less s teel 
1X18119T (lKhl8N9T) tube heated by a l ternat ing 
current using the following c l a s se s of finish: rough 
(80 to 40;.;); smooth (3.2 to l.hp.): polished ( 0 . 2 ^ ) , 
The smooth tubes in the initial clean condition d i s 
play cri t ical boiling at a heat t r ans fe r ra te of about 
650 X 10^ kcal/m^ hour £ind on conditioning the tubes 
by boiling water with them at a ra te of 200 x 10^ k c a l / 
m^ hour, the cr i t ical boiling ra te was ra i sed to about 
1150 X 10^ kcal/m^ hour. The ra te of s tabil izat ion 
could be increased by raising the heat t r ans fe r ra te 
during the conditioning period. The conditioned s u r 
face remained stable when the tubes were exposed 
to air . The conditioning effect was very much less 
marked on the rough tubes which from the s t a r t had 
a cri t ical heat t ransfer ra te of 900 to 1150 x 10^ k c a l / 
m^ hour. With polished tubes the initial ra te was 
600 X 10^ kcal/m^ hr . and here again the conditioning 
effect was less than on smooth tubes, the c r i t i ca l ra te 
being increased by 30% after boiling. There a r e 
4 figures and 1 table. 

2055. Zenkevich, B. A., and Subbotin. V. I. 

CRITICAL HEAT LOADINGS IN FORCED FLOW OF 
WATER HEATED BELOW BOILING, Atomnaia 
Energiia X No. 8, 149-52 (1957), English t rans la t ion 
in: Soviet Journal of Atomic Energy _3_, 915-919 
(1957). 

Works that have been published to date descr ib ing ex
perimental investigations directed to the study of 
conditions of incipient cr i t ical i ty in boiling reg ime 
under forced flow of water that is heated below satu
ration temperature , cover a range of p r e s s u r e s no 
higher than 140 a tmospheres . However, the range 
of pressures above 140 a tmospheres is also of in
terest to power reactor design. This work is de
voted to the study of cr i t ical heat loadings, for flow 
in vertical tubes, of water with bulk heated to below 
saturation temperature in the range of p r e s s u r e s 
between 140 and 220 a tmospheres . 

^Q56. Zerbe, J. F. , (Chairman). 

WORKING CONFERENCE NO. II: BURNOUT IN 
NATURAL AND FORCED CONVECTION, in 
Reactor Heat Transfer Conference. New York, 
Nov. 1 and 2, 1956 (J. E. Viscardi , ed.) 
TID-7529 (Pa r t i ) (p. 586-607) 

2£52. Nuclear Development Assoc ia tes . 

BOILING BURNOUT NEWSLETTER NO. I, M-5508 
December 1, 1954, 23 p. 

2058. Societe Nationale d 'Etude et de Con
s t ruc t ion de Moteurs 'd Aviation. 

INFLUENCE OF CENTRIFUGAL TWISTED TAPES 
ON FREON BURN-OUT FLUX, Review of T e s t . 
Special Report No. 4, EURAEC-145 (1961), 72 p. 

Act ivi t ies in a p r o g r a m to obtain p r e l i m i n a r y r e 
sul ts on the heat t r an s f e r improvemen t in boiling 
liquids through vor t i ces induced by twis ted tapes 
a r e desc r ibed . The instal la t ion and opera t ion of 
a la rge hot water tes t loop is a lso d e s c r i b e d . 
F r e o n was used in the boiling liquid heat t r an s f e r 
t e s t s , the data from which a r e for use in p repa r ing 
t es t s in the boiling wate r loop. 

2059. Centro Informazioni Stud, E s p e r i e n z e , Milan. 

DEVELOPMENT PROGRAM ON THE APPLICATION 
OF STEAM-WATER SPRAY TO REACTOR COOLING. 
CAN 3 - P r o g r e s s Report No. 1, Dec. 15, 1961-
Mar . 31, 1962, EURAEC 289, (Apr. 5, 1962) 

Initial p r o g r e s s is r epor t ed in a p r o g r a m concerned 
with large scale exper iments on heat t r an s f e r and 
hydrodynamics using s t e a m - w a t e r m i x t u r e s , and in-
pile exper iments on the behavior of s t e a m - w a t e r 
'mixtures under radia t ion ( radioact iv i ty entrainnnent, 
r ad io lys i s , co r ros ion ) . The faci l i t ies used for these 
exper iments a r e respec t ive ly , a loop, nnodified and 
expanded, exist ing at Ansaldo, Genoa, and a l ready 
exploited under the CAN-l p r o g r a m for s t eam-wa te r 
mixing and separa t ion t e s t s , and a loop, special ly 
designed, for in-pi le e x p e r i m e n t s . Modification work 
is in p r o g r e s s on the Ansaldo loop. This facility 
will be equipped with a d-c genera t ing systenn for 
e l ec t r i ca l heating of the tes t e l ements (maximum 
power 1.16 Mw), The design of the in-pi le loop is 
in p r o g r e s s with the help of p r e l i m i n a r y experinnents 
now under way. O r d e r s were placed for all the com
ponents of the loop. Completion of loop a s sembly 
was expected by July 1962, (NSA 62-31791) 

CRYOGENIC FLUIDS 

2060. Arnet t . R. W. 

BULK DENSITY OF BOILING LIQUID OXYGEN, 
Advan. Cryog. Eng. 7, 214-18 (1961). 

Exp re s s ions a r e detd, for flow velocity in a liquid-O 
tank, both from head - lo s s and from hea t -ba lance 
equat ions. Simultaneous solution of these equations 
pe rmi t s evaluation of var ious p a r a m e t e r s involved. 
The calcd. values of bulk d, a r e genera l ly l ess than 
the exptl . d s . based on sa tn . at the ullage p r e s s u r e . 
Resolution of this d i sc repancy is d i s cus sed . 
(CA-62-12282g) 

2061. C l a s s , C. R., et a l . 

BOILING HEAT TRANSFER TO LIQUID HYDROGEN 
FROM FLAT SURFACES, Advances in Cryogenic 
Engineer ing _5_, K. D. T i m m e r h a u s , ed. . Plenum 
P r e s s , New York (I960). 

P r e s e n t s the exper imenta l data obtained for the 
t r ans f e r of heat to boiling hydrogen from a relat ively 
large flat surface under a var ie ty of condi t ions . 
These conditions include the angle of or ienta t ion of 
the sur face , surface condition, and hydrogen p r e s 
s u r e . The effect of ve r t i ca l height of the heating 
surface was also noted. A l imi ted amount of expe r i 
menta l data can be found in the l i t e r a t u r e on heat 
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t r an s f e r to boiling hydrogen, but the r e su l t s a r e not in 
close ag reemen t . In a lmost eve ry case a ve ry smal l 
hea te r was used and the effects of a number of 
va r i ab les w e r e not inves t iga ted . Although the e x p e r i 
menta l data b racke ted data obtained by theo re t i ca l 
c o r r e l a t i o n s , it was not poss ib le to de t e rmine which 
exper imenta l data were nnore a c c u r a t e . 

2062. Dean, J . W. 

HEAT TRANSFER COEFFICIENTS FOR BOILING 
AND CONDENSING NITROGEN, M. S. T h e s i s , Uni
vers i ty of Colorado (1958). 

2063. Draye r , D. E. , and T i m m e r h a u s , K. D. 

AN EXPERIMENTAL INVESTIGATION OF THE 
INDIVIDUAL BOILING AND CONDENSING HEAT 
TRANSFER COEFFICIENT FOR HYDROGEN, Paper 
J -6 , p resen ted at 1961 Cryogenic Engineer ing Con
ference, Ann Arbor , Mich. Publ ished in Advances 
in Cryogenic Engineer ing , Vol. VII, p . 401 . 

The efficient design of lo \v - tempera tu re hydrogen 
heat exchangers r e q u i r e s detai led h e a t - t r a n s f e r 
information re levant to t e m p e r a t u r e g rad ien t s , 
heat fluxes, surface conditions and geomet ry , 
m a t e r i a l s of cons t ruc t ion , flow r a t e s , and other 
impor tant v a r i a b l e s . This invest igat ion de te rmined 
only the re la t ionship between the individual film 
h e a t - t r a n s f e r coefficients and the va r i ab l e s of 
t e m p e r a t u r e difference and heat flux for boiling and 
condensing hydrogen fi lms on a smooth ve r t i ca l 
tube sur face . The boiling o c c u r r e d on the outside 
surface while the condensing took place on the inside 
surface . 

Several t heo re t i ca l and emp i r i c a l co r r e l a t i ons have 
been developed for predic t ing boiling and condensing 
hea t - t r ans fe r coefficients for n o r m a l fluids, i. e., 
fluids whose boiling points a r e nea r room t e m p e r a 
t u r e . However, for c ryogenic fluids many of these 
cor re la t ions fail to apply. An added objective of 
this invest igat ion was to make such compar i sons 
between calculated and exper imenta l h e a t - t r a n s f e r 
coefficients to es tab l i sh the appl icabi l i ty of these 
cor re la t ions to boiling and condensing hydrogen. 
Other inves t iga to rs have done this for the boiling 
hea t - t r ans fe r coefficient but th is study is the f i rs t 
to do it for the condensing h e a t - t r a n s f e r coefficient 
as well . 

2064. Dupre , A., van I t te rbeek, A., and Brandt , G. 

ON THE INCREASE OF THE BOILING TEMPERA
TURE OF LIQUID OXYGEN IN A MAGNETIC FIELD, 
Physica , vol . _2^, No. 4, 353-6 (Apr. 1962). 

The boiling t e m p e r a t u r e of liquid oxygen at a t m o s 
pheric p r e s s u r e was m e a s u r e d by means of a 
platinum t h e r m o m e t e r in magnet ic fields up to 
28.8 kG. After taking into account a rough c o r 
rect ion for m a g n e t o r e s i s t a n c e of the platinum 
and for n i t rogen impur i t i e s in the liquid oxygen, 
the i nc r ea se of the boiling t e m p e r a t u r e amounts to 
about 70% of the value calcula ted by Kapitza (1937) 
for a pa ramagne t i c liquid in an inhomogeneous 
magnetic field. The d i s c r epancy between the actual 
resu l t and the theo re t i ca l value is bel ieved to be due 
to heat t r a n s p o r t in the liquid. (SA 62-9456) 

2065. Flynn, T. M., et a l . 

NUCLEATE AND FILM BOILING CURVE OF LIQUID 
NITROGEN AT ONE ATMOSPHERE, Advan. Cryog, 
Eng. ]_, 539 (1961). 

Heat t r an s f e r from meta l wall to boiling liquids i s the 
leas t developed phase of heat t r a n s f e r . Exis tence of 4 
dis t inct reg ions , convect ive, nucleate , me ta s t ab l e , and 
stable film boiling, was es tabl i shed in the mechan i sm of 
boil ing. These regions depend on t emp , difference a c r o s s 
the f i lm. The complete curve represen t ing boiling heat 
t r a n s f e r i n liquid N throughout the nucleate , me tas t ab le , 
and film boiling regions was detd. on a single su r face . 
The e lec , heated app. used for detg. heat flux vs . t emp , 
difference is desc r ibed . The data obtained, though highly 
consis tent , differs from other previous se ts and theore t i ca l 
predic t ions mainly because of differences in na ture of 
sur faces and select ing the proper t e m p s , for fluid p rop 
er ty evaluat ion. Hence, accura te predic t ion of boiling 
heat t r ans fe r r a t e s in cryogenic fluids i s s t i l l doubtful. 

2066. F rede rk ing , T. 

HEAT TRANSFER IN VAPORIZATION OF LIQUEFIED 
HELIUM AND NITROGEN GASES, Forschung auf dem 
Gebiete des Ingenieurwesens ZJj 17-30; 58-62 (1961). 

Heat t r ans fe r in vaporizat ion, on e lec t r i ca l ly heated 
platinum w i r e s , of liquefied hel ium and n i t rogen 
g a s e s , pa r t i cu la r ly during na tu ra l convection film 
boiling; r e su l t s of m e a s u r e m e n t s , together with 
theore t ica l data for hor izonta l cyl inder and l i t e r a tu re 
data for other g a s e s , a r e used to draw conclusions 
on effect of d iamete r on heat t r a n s f e r coefficient, 
54 r e f s . 

2067. Gaffee, D. I., and Monroe, A. G. 

HEAT-TRANSFER COEFFICIENT TO BOILING 
OXYGEN, Congr. in tern , froid, 9^, P a r i s , 1955, 
Compt. rend. t r a v . comm. I et IL 1011-23. 

Hea t - t r ans fe r coeffs. for oxygen in the s u p e r c r i t . 
region were m e a s u r e d by using hot water and s team 
as the heating fluids in tubes 0.5 in. in d i a m e t e r . 

2068. G r a s s m a n n , P e t e r . 

SIMULTANEOUS MASS AND HEAT TRANSFER B E 
TWEEN VAPOR AND LIQUID IN A TWO COMPO
NENT SYSTEM, Dechema Monograph _26_. 154-67 
(1956). 

The mechan i sm of m a s s and heat t r an s f e r on the 
bottom of a plate in a d i s tn . column, was examd. 
A gaseous mixt . of N2-02 was pumped through an 
or i f ice into a liquid mixt . of the same compn. Gas 
ve loc i t i e s , concns . , t e m p s , and p r e s s u r e s were 
m e a s u r e d . Bubble format ion, shape, and movement 
were followed with a c a m e r a taking 1000 p ic tu res 
per s e c . Relat ions of Reynolds, Nusse l t , Schnnidt, 
and Weber nos . we re der ived and plotted. 

2069. G r a s s m a n n , P . , et a l . 

HEAT TRANSFER TO LIQUID HELIUM BY NUCLE
ATE AND STABLE FILM BOILING, Kaltetechnik 10, 
206-9 (1958). 

E lec t r i ca l ly heated p robes were used to det , the 
h e a t - t r a n s f e r coeff. for nucleate boiling at 2.83, 3.05, 
and 3.57°K, The t emp , difference AT between the 
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probe surface and liquid He ranged from 0.1 to l^K. 
Thin Pt wires (30 to 50/:̂ ) or woUaston-coated Pt 
wires (<30M) were used to m e a s u r e film boiling 
coeffs at 30<AT<1000<'K, The hea t - t r ans fe r coeffs. 
for wire d iams. . d, between 5 and 50 ^ were approx. 
proportional to AT * / d ' • 

2070. Gurevich, M. I. 

HEAT TRANSFER IN A VAPORIZING HEAT EX
CHANGER OF AN OXYGEN APPARATUS WITH A 
LIQUID PUMP., Tr . Ura l ' sk . Politekhn. Inst . . 
Sb., No. 108, 89-96 (1961). 

An anal, study was made of heat t r ans fe r in the 
vaporizing heat exchanger of an a i r - s e p g . app. with 
a liquid O pump. The heat exchanger studied was 
a concentric pipe type, in which evapg. O flows 
through the inner pipe, cooled by air flowing counter -
currently in a c ircumferent ial channel and with ex
haust N flowing through the outer pipe. At the same 
time heat exchange takes place between the air and 
O through the surface of the inner pipe and between 
the air and N through the surface of the outer pipe. 
Differential equations a re given for the heat fluxes 
through both surfaces and for the total heat flux. 
Equations are obtained giving temp, curves for N, 
O. and air; the desired length of the heat exchanger 
pipes can be detd. with the aid of these equations by 
using a method of successive approximat ions . F r o m 
Ref. Zh., Khim. 1962, Abstr . No. 10K90. 
(CA-62-16354e) 

2071. Haselden, G. G., and P e t e r s , J. I. 

HEAT TRANSFER TO BOILING LIQUID O2 AND 
LIQUID N2, Trans . Inst, of Chem. Eng. (London). 
27̂ , 201-208 (1949). 

Lab. app. for studying heat t ransfer to boiling liquid 
O2 and Nj is described and the effect of ce r ta in 
variables on h, the heat t ransfer coeff., noted. The 
value of h is unaffected by tube d iam. and depth of 
innmersion in the range oi ^ to 18 in., but it is strongly 
increased by an increase in At. For horizontal tubes 
the top of the tube is found to be hotter than the bottom, 
the difference from top to bottom being g rea tes t when 
the At from tube to liquid is lowest. Agitation 
greatly increased h at low At values but has hardly 
any effect with At >7°F. Formulat ion of a genera l 
equation for boiling is considered p rema tu re because 
of the wide divergence of exptl. data and predict ions 
of equations which have been proposed. 

2072. Henricks, R. C , et a l . 

EXPERIMENTAL HEAT TRANSFER AND PRESSURE 
DROP OF LIQUID HYDROGEN FLOWING THROUGH 
A HEATED TUBE, NASA TN D-765 (1961), 62 p . 

Heat-transfer and p re s su re -d rop c ha ra c t e r i s t i c s of 
l^q^id parahydrogen flowing through a ver t i ca l tube 
are correlated on film conditions using the Mart inel l i 
parameter and a modified Dit tus-Boel ter expe r imen
tal Nusselt number relation. Conditions investigated 
were: inlet p ressure . 30 to 70 Ib/sq in. abs ; heat flux 
to 1 Btu/(sq in.)(sec); t empera ture differential , 50° to 
750°R between wall and bulk. The friction losses a r e 
negligible relative to the momentum lo s se s , and p r e s 
sure drop may be predicted by the one-dimensional 

momentum equation. P a r a o r t h o convers ion is d i s 
cussed , and p roper ty data and a design p r o c e d u r e 
a r e p re sen t ed . 

2073. Henr icks , R. C . et a l . 

CORRELATION OF HYDROGEN HEAT TRANSFER 
IN BOILING AND SUPERCRITICAL PRESSURE 
STATES, Am. Rocket Soc. J . 32, 244-52 (Feb . 1962). 

The use of hydrogen as a working fluid in both 
chemica l and nuc lea r propuls ion s y s t e m s n e c e s s i 
ta tes convective heat t r an s f e r informat ion over a 
broad range of fluid s t a t e s . Cur ren t heat t r an s f e r 
co r r e l a t i on s c h e m e s avai lable in the l i t e r a t u r e a re 
d i scussed in t e r m s of thei r appl icabi l i ty to hyd ro 
gen heat t r a n s f e r . S imi la r i t i e s in the subcr i t i ca l 
and s u p e r c r i t i c a l ( p r e s su re ) heat t r a n s f e r m e c h a 
n i sms and assoc ia ted expe r imen ta l data a r e r epor ted . 
Sunnmarized a r e co r r e l a t i on s c h e m e s formulated 
from heated tube data which apply to : 1) film boiling 
of liquid hydrogen; 2) hydrogen at s u p e r c r i t i c a l 
p r e s s u r e just above and below c r i t i c a l t e m p e r a t u r e ; 
and 3) low t e m p e r a t u r e hydrogen (150 to 250°R) 
above the c r i t i c a l p r e s s u r e . P a r t s 1 and 2 have r e 
quired co r re l a t ion schemes that depa r t f rom the 
conventional convective pipe flow concep t s . It does 
appear that the conventional pipe flow heat t r ans fe r 
theory can be applied to par t 3. 

2074. Hoge, H. J . , and Br ickwedde , F . G, 

RATE OF HEAT TRANSFER FROM A HORIZONTAL, 
HEATED COPPER TUBE IN BOILING LIQUID 
HYDROGEN OR OXYGEN, A-366 (1942), 6 p. 

Measu remen t s were made to de t e rmine the ra te of 
t r ans fe r of heat from a hor izonta l , heated Cu tube 
i m m e r s e d in boiling liquid H2 as a function of the 
difference in tennpera ture between the Cu surface 
and the liquid bath. Similar m e a s u r e m e n t s were 
made with liquid O2 replacing the liquid H; as a 
check on the re l iab i l i ty of the liquid H2 r e s u l t s . 

2075. Ivanov, M. E. et a l . 

HEAT EMISSION DURING THE BOILING OF OXY
GEN AND NITROGEN, Kislorod j_ l , No. 3 (1958). 

2075a. Lewis , J . P . , Goodykoontz, J . H., and 
Kline, J. F . 

BOILING HEAT TRANSFER TO LIQUID HYDROGEN 
AND NITROGEN IN FORCED FLOW, NASA TN D1314 
(1962). 56 p. 

Bulk boiling inside an e l ec t r i ca l ly heated cyl indrical 
tube was studied under ve r t i ca l ly upward forced 
flow. Tube*wall t e m p e r a t u r e s and heating ra t e s 
were obtained over a range of fluid-flow r a t e s for 
smal l va r ia t ions in inlet p r e s s u r e and at low values 
of inlet subcooling. Trans i t ion in the type of boiling 
heat t r an s f e r was obtained at var ious posi t ions along 
the tube. The maximunn c r i t i c a l heat flux cor respond
ing to t r ans i t ion var ied with fluid-flow rate and t r ans i 
tion length in a manner s imi l a r to r e su l t s obtained 
with w a t e r . Fluctuat ions of t e m p e r a t u r e , flow ra te , 
and p r e s s u r e o c c u r r e d during some of the boiling tes t s . 
No m e a s u r a b l e p r e s s u r e drop a c r o s s the t e s t section 
was obtained. 
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2076. Lukomski i , S. M. 

HEAT EXCHANGE IN BOILING CARBON DIOXIDE 
IN TUBES UNDER HIGH PRESSURE, Izves t . Akad. 
Nauk SSSR, Otdel, Tekh. Nauk. 967-75 (1947). 

The effect of p r e s s u r e on heat t r a n s f e r when CO2 
was boiled in tubes was studied over the range f rom 
55 to 74.5 k g / s q mm abs (from 0.7 to 1.0 t i m e s the 
c r i t . p r e s s u r e ) with heat flows from 10,000 to 
140.000 kca l / ( sq nn hr) at t emp , differences f rom 
1 to 200" with liquid veloci t ies from O.l to 1.5 m / s e c . 
With i nc reased p r e s s u r e , max at ta inable heat flow 
d e c r e a s e d at a At of 20° from 113,000 to 12.000 k c a l / 
(sq m hr) for a change in p r e s s u r e fronn 65 to 74 k g / 
sq cm a b s . The c r i t . t e m p , difference (co r respond
ing to the t r ans i t ion between bubble and filnn boiling 
also d e c r e a s e d with i n c r e a s e in p r e s s u r e : from 
20° at 0.9 of the c r i t . p r e s s u r e to n e a r 0° at 
0.97 of the c r i t . p r e s s u r e . Hea t - t r ans f e r coeff. 
is a lmost independent of p r e s s u r e for bubble boiling 
but i n c r e a s e s with an i n c r e a s e in p r e s s u r e in the 
case of film boil ing. Max. and min . heat flow, q, as 
a function of t emp , difference d e c r e a s e s with in
c r e a s e in p r e s s u r e and tends to become one and the 
sanne. In bubble boiling, liquid velocity was found 
to have no effect, but a m a r k e d effect was noted in 
the case of film boil ing. L . ' s work a g r e e s qual i ta
tively with the prev ious ly published work of Nukiyama. 

2077. Ma laca rne , O. J . , and Pash ley , J , H. 

TESTING OF KARBATE AND IMPERVITE IN BOIL
ING AND CONDENSING HYDROGEN FLUORIDE 
AZEOTROPE, K-1377 (1958), 18 p . 

Bo i l e r - condense r un i t s , fabr ica ted of Karbate and 
Impervi te ( res in- f i l led g raph i t e s ) , have exhibited 
excellent r e s i s t a n c e to boiling and condensing 
HF-H2O so lns . of azeot ropic concn. (38% acid) . 
No visible a t tack on the heat t r an s f e r sur faces 
of e i ther unit was obse rved after opera t ion at 
total reflux for over 5000 h r s . Standard tens i le 
and c o m p r e s s i v e s t reng th t e s t s indicated no 
significant weakening of the Karbate , and chem. 
analyses indicated a low fluoride content con
sis tent with the poros i ty of the m a t e r i a l . Both 
m a t e r i a l s should be sa t i s fac to ry for plant 
serv ice with aq. HF of at l eas t the azeot ropic 
concn., and t e m p s , of at l eas t 300°F, providing 
the s t ruc tu ra l l imi ta t ions a r e recognized in 
design and opera t ion . F r o m Nucl. Sci . Abs t r . 
14, Abs t r . No. 21544 ( i960) . 

2078. Mer t e , H., J r . , and Clark . J. A. 

BOILING HEAT TRANSFER DATA FOR LIQUID 
NITROGEN AT STANDARD AND NEAR ZERO 
GRAVITY, Advan. Cryog . Eng, J_, 546-50 (1961), 

T rans ien t flux r a t e s for cooling of a Cu sphere 
i m m e r s e d in boiling N were m e a s u r e d with a 
record ing thermocouple at 1.0 g and at approx. 
0.01 g. with the container in free fall . Definitely 
lower va lues for heat flux were found in free fail 
as compared to those found at r e s t . The ra t io of 
the peak r a t e s at the 2 conditions is 0.45 and in 
reasonable ag reemen t with exp t s . on burnout of 
a Pt wi re in H2O. Because of the shor t (1.4 sec) 
z e r o - g r a v i t y per iod , the r e su l t s a r e to be con
s idered t en ta t ive . 

2079. Minkoff, G. J. . Scherber , F . I., and 
Stober, A. K. 
SUPPRESSION OF BUBBLING IN BOILING REFRIG
ERANTS, Nature ^80, 1413-14 (1957), 

Bubbles in the body of a r e f r ige ran t can be e l iminated 
by introducing a s t r e a m of an insol . gas , having a 
b .p . much lower than that of the r e f r i ge ran t . Thus , 
He, H, and Ne suppressed bubbling of liquid N; 
sinnilarly. He in liquid a i r , liquid O, and liquid A. 
Introducing the gas streann below the surface r a the r 
than over the surface reduced the ra te of gas flow 
n e c e s s a r y to suppress bubbling. 

Br is tow, H. A. S.. and 2080. Monroe, A. G., 
Newell. J . E . 

HEAT TRANSFER TO BOILING LIQUIDS AT LOW 
TEMPERATURES AND ELEVATED PRESSURES, 
J . Appl. Chem. £, 613-24 (Nov. 1952). 

The work on heat t r an s f e r to boiling liquids is r e 
viewed, and a special note is given to the var ious 
types of boiling obse rved . Liquid O and N were 
boiled in tubes at p r e s s u r e s from a tm. to 2000 l b / 
sq in. gage. The hea t - t r ans f e r coeffs. followed the 
genera l theory for metas tab le film boiling, i . e . d e 
c reas ing with inc reas ing temp, difference. At low 
Re nos . the film coeff. was a function of Re ' . At 
higher values this re la t ion did not hold owing to an 
i n c r e a s e of liquid in the mixt . At p r e s s u r e s above 
c r i t . , the h e a t - t r a n s f e r coeff. i nc reased with p r e s 
su re i n c r e a s e and flow r a t e , but d e c r e a s e d with in 
c reas ing t emp , difference. 

2081. R icha rds , R. J., et a l . 

HEAT TRANSFER TO BOILING LIQUID NITROGEN 
AND HYDROGEN FLOWING AXIALLY THROUGH 
NARROW ANNULAR PASSAGES, Advances in 
Cryogenic Engineering 3^, K. D. T i m m e r h a u s ed, . 
P lenum P r e s s , New York ( i960) . 

The purpose of the invest igat ions desc r ibed h e r e 
was to obtain information concerning the max imum 
heat d iss ipat ion of boiling n i t rogen and hydrogen 
flowing through na r row channels . The sponsor ing 
agency had two uses for this infornnation: 1) To 
provide a check for the theory of Sydoriak and 
R o b e r t s . * 2) To provide a check on the LASL ex
pe r imen ta l data . The studies by Sydoriak and 
Rober ts were not extensive; it was felt that a 
thorough invest igat ion might provide m o r e re l iab le 
predic t ions of max imum heat d iss ipa t ion by boiling 
cryogenic l iquids . Consider ing p rac t i ca l applicat ion 
of this work, the only concern he re was the p r e d i c 
tion of the max imum safe operat ing power of an 
e l ec t romagne t cooled to 20°K by boiling hydrogen. 
This magnet , desc r ibed in the Sydoriak and R o b e r t s ' 
paper , has narrovf channels (the o rde r of 0.010 in. 
gap width) through which boiling hydrogen would 
flow. The studies h e r e were conducted using a t es t 
appara tus s imulat ing an e l ec t romagne t . 

*J . Appl. Phys . 143-8 (1957), 
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2082. Sydoriak, S. G., and Rober t s , T. R. 
STUDY OF BOILING IN SHORT NARROW CHAN
NELS AND ITS APPLICATION TO DESIGN MAGNETS 
COOLED BY LIQUID H2 AND N2, J. Appl. Phys . 2£, 
143-148 (1957). 

A study has been made of the c r i t i ca l heat input, Q^, 
to liquid H2 and N; boiling in an annular gap, of 
cross-sect ion area, A, between a ver t ica l cyl indrical 
heater of height, Z, and various concentr ic plugs. 
The data a re in approximate agreement with ca lcu
lations based on an assumption of homogeneous and 
frictionless two phase flow. The p r e s s u r e drop 
across the channel is spent p r imar i ly to acce le ra t e 
the vapor being formed and the liquid ca r r i ed with 
it. The derived relation does not contain any em
pirical coefficients or exponents. For Py .z ' ^^L ^^^ 
general equation reduces to 

6 = AL(Py_/LZ^gf2)^^^ , 

where L is the latent heat of vaporizat ion, Py.z '̂ ^^ 
exit vapor density, pL the liquid density, g the 
gravitational accelerat ion, Zg the hydrostat ic head 
equivalent to the p ressu re drop a c r o s s the hea te r , 
and I2 the mass fraction of vapor in the fluid leaving 
the heater . 

Forced flow experiments give fj. At QQ equal to that 
found in natural convection boiling, f2 = 0.5 for both 
liquids. For Z = 3 or 6 in. and a channel th ickness 
of 0.022 in. the ratio of observed to calculated 
Q is 0.95 for N2 and 0.70 for H2. The calculation is 
equally good for cr i t ical natural convection exper i 
ments. Zg = Z, and for subcri t ical as well as 
critical forced flow measu remen t s , which extend 
up to Zg - 70 Z. 

The optimum operating vapor p r e s s u r e is d iscussed 
for magnets cooled by ideal natural convection boiling. 
A simple roll-type of coil is d iscussed and is shown 
to be superior in some respec ts to more conventional 
windings. 

2083. Vishnev. I. P . 

HEAT EXCHANGE WITH EBULLITION OF LIQUE
FIED GASES IN PIPES, Referativnyy zhurnal , 
Mekhanika, No. 4, 1962, 91-92, abs t rac t 4B603 
(Achievements and problems in the use of cold in the 
national economy of the USSR. Moscow, I960, 47-55). 

A study is made of the ebullition of liquid O^ in v e r 
tical copper pipes of internal d iameter d = 4 - 99 mm, 
and length 1 - 340 - 5060 mm ( l / d = 45 - 650) with 
thermal loads q - 100 - 50,000 kca l /m^hour , with 
volumetric vapor content 0 - 99-9% and apparent 
liquid level h - 0.26 - 0,98. Within fixed l imits of 
h, on lowering the liquid level the coefficient of 
heat-exchange with ebullition agbull i n c r e a s e s , and 
the greatest intensity of heat-exchange takes place 
with minimum velocity of the liquid on entrance into 
the pipe; for l/d>500 the effect on the heat-exchange 
disappears. The experimental data, obtained for all 
the pipes tested, a re described by the c r i t e r i a 
equation N = 0.0376P°-^5p^j,''-^h-'^, where R = 

4^{lMr-^^[a/{y Jf-V-y.. 
surface tension at the bo'undary Uqu'ld vapor, 7,. . 
and v a r e the density, latent heat of vaporization'^knd 
kinematic viscosity of the liquid, a ^ , , is the den
sity of the vapor; ^ ' 

m = 2 9 0 0 ( l / d ) - ' - " l 0 - l g [ 2 ' " ' " 0 ( l ^ ) " ' - ' ' l ^ / ° - ' ' ' " 

qcr is the c r i t i ca l t h e r m a l load for t r a n s i t i o n from 
a bubbling to a film r eg ime of ebull i t ion in a l a r g e 
volume of the liquid. ( A b s t r a c t e r ' s note : Complete 
t r ans l a t ion . ] 

2084. Vishnev, I, P . , and Elukhin, N. K. 

ON THE PROBLEM OF HEAT EXCHANGE DURING 
LIQUID BOILING IN TUBES, T r a n s l a t e d f rom: 
I n z h e n e r . - F i z . Zhur . , Akad. Nauk B e l o r u s . S.S.R.. _3_, 
74-80 (I960), U C R L - T r a n s . - 6 7 7 (I960). 

During the study of boiling in oxygen, the effect of 
geome t r i ca l d imensions of tubes on heat exchange was 
es tab l i shed . On the bas i s of theory of s imi la r i ty , a 
c r i t e r i a l sys tem was der ived and a calculat ion for
mula proposed for de te rmin ing heat exchange during 
boiling of different liquids inside of t u b e s . 

2085. Von Glahn. U. H., and Lewis , J . P . 

NUCLEATE AND FILM BOILING STUDIES WITH 
LIQUID HYDROGEN, Advances in Cryogenic Engi
neer ing , _5, K. D. T i m m e r h a u s ed. . P lenum P r e s s , 
Inc. , New York ( i960). 

Invest igated nuclea te and film boiling with cryogenic 
fluids, pa r t i cu l a r ly liquid hydrogen, under conditions 
of forced flow. Heat t r a n s f e r data using cryogenic 
fluids were to be compared with exist ing data for 
water in an effort to obtain gene ra l co r r e l a t i ons of 
boiling heat t r a n s f e r . 

2086. Wall is , G. B. 

SOME HYDRODYNAMIC ASPECTS TO TWO-PHASE 
FLOW AND BOILING, p . 319-40 of "Internat ional 
Developments in Heat T r a n s f e r , P a r t II." New York, 
The Amer ican Society of Mechanical Eng inee r s , 
(1961). 

Ove r -a l l heat t r an s f e r coefficients for condensing 
and boiling hydrogen fi lms were de te rmined for 
t e m p e r a t u r e grad ien ts ranging from 0.38 to 6.06°F 
for a single smooth ve r t i ca l b r a s s tube. T e m p e r a 
tu re difference between the condensing and boiling 
films was regulated and obse rved by changes in 
vapor p r e s s u r e . Over -a l l heat t r an s f e r coefficients 
under these expe r imen ta l conditions were plotted 
not only as a function of the t e m p e r a t u r e difference 
but a lso of the heat flux and were compared as far 
as possible with known values in the l i t e r a t u r e and 
with computat ions based on s tandard t ex t s . The 
la t ter compar i son indicated that the computat ional 
values may in ce r t a in c a s e s be off by as much as a 
factor of two to t h r e e . Consequently fur ther inves 
t igations a r e being conducted to evaluate the over 
all heat t r an s f e r coefficients and to check previously 
r epor t ed individual heat t r an s f e r coefficients e s 
pecial ly with r e g a r d s to the effect of surface con
dit ions on these coeff icients . 

2087. Weil, Louis , and Lacaze , Alber t 

HEAT EXCHANGED IN BOILING HYDROGEN UNDER 
ATMOSPHERIC PRESSURE, J, de Physique et le 
Radium j_2_, 890, 1951. 

The heat exchanged between a surface of liquid H 
under 750 mm p r e s s u r e and a Pb w i r e is approx. 
2 w / s q cm for a t emp , difference of approx . 2°. The 
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values v a r y up to approx . 8 w / s q cm for a 200° t emp , 
di f ference. 

2088. Weil. L., and Lacaze , A. 

HEAT EXCHANGE IN LIQUID NITROGEN BOILING 
UNDER DIFFERENT PRESSURES, Bull , ins t , 
in tern , froid. Annexe 1955-2, 85-8 (1954). 

At a given p r e s s u r e over the range 0.21 to 25 a tm. , 
the heat exchanged per sq cm plotted as a logar i thmic 
function of the t e m p , difference between surface and 
liquid is independent of the na tu re and des ign of the 
sur face . Curves for different p r e s s u r e s a r e roughly 
pa ra l l e l . The higher the p r e s s u r e , the lower is the 
temp, difference for the s t a r t of the la rge i n c r e a s e 
of heat exchange preceding filnn boil ing. This dif
ference is about 8° at 0.21 a t m s . and 2° at 25 a t m s . 
The heat exchange may . under p r e s s u r e , r e a c h 
50 w a t t s / s q cm. 

2089. Wright. C. C , and Wal t e r s , H, H. 

SINGLE-.TUBE HEAT TRANSFER TESTS WITH 
GASEOUS AND LIQUID HYDROGEN, U. S. Dept. 
of C o m m e r c e , Office of Technica l Se rv i ce s , 
PB-156,473 (1959). 58 p . 

Single-tube heat t r an s f e r t e s t s a r e desc r ibed , 
which were conducted with gaseous and liquid H. 
In the gaseous H t e s t s , the tes t unit was opera ted 
as a counterflow heat exchanger in which ambien t -
temp. He was used to heat n o r m a l H gas at a 
temp, of about 100°R, and a p r e s s u r e of 700 Ib / sq 
in. abs . In the l iquid-H tes t , heat was applied to 
the outer sur face of the Cu tube with an e lec . 
r e s i s t ance heating e lement , while satd. liquid was 
allowed to flow through the tube . Tes t r e s u l t s were 
obtained in both the nucleate boiling region and the 
stable film boiling region . The gaseous H tes t 
resu l t s agreed within ±20% of the predic ted r e s u l t s . 
No data were obtained n e a r the c r i t . point of H. 
The l iquid-H t e s t s gave in te res t ing information 
on forced convection boil ing. At a p r e s s u r e of 
1.6 a tm. and a Reynolds no. of about 275,000, the 
peak heat flux for nuclea te boiling o c c u r r e d at a 
temp, difference of about 3.6°R. and the peak heat 
t ransfer coeff. was about 5900 B t u / h r ft.°R. At a 
p r e s s u r e of 2,2 a tm . and a Reynolds no. of about 
510,000, the peak heat flux for nucleate boiling 
occurred at a t emp , difference of about 6,1°R., 
and the peak heat t r an s f e r coeff. was about 
6600 B tu /h r ft°R. The lowest t e m p , d i f ferences 
in the stable film boiling range were about 40-50°R. 
and the heat t r an s f e r coeffs. we re only about 
10% as high as the peak coeff. in the nucleate 
boiling range . The fi lm-boil ing heat t r an s f e r coeffs. 
were very near ly const , over the range of t e m p , 
differences that were obtained (40-300°R.). Tes t 
p rocedures , t e s t app. , and the methods of data 
redn. a r e a lso desc r ibed . The t e s t data a r e 
summar i zed in both tabular and graphica l fo rm. 
A compar i son with available data in the l i t e r a t u r e 
is also made . 

2090. Zuber , N. 

TWO-PHASE FLOW AND BOILING HEAT TRANSFER 
TO CRYOGENIC LIQUIDS, Amer ican Rocket S o c , 
J., 32^ 1332-41 (Sept. 1962), 

The use of available information for predict ing the 
r a t e s of heat t r ans fe r to liquid hydrogen in pa r t i cu la r 
and other fluids in genera l when a change of phase 
t akes place is invest igated and evaluated. The d imen
s ionless groups a r e d i scussed , and var ious methods 
of co r re l a t ion a r e compared with the exper imenta l 
data for liquid hydrogen. (NSA 62-33133) 

DENSITY STUDIES 

2091. Antonov, A. Ya., and Panasenko , M. D. 

THE INFLUENCE OF THE VAPOR VOLUME 
FRACTION UPON THE CRITICAL HEIGHT OF THE 
VAPOR SPACE IN A BOILER, Teploenerge t ika , 
4_, No. 8, 39 (1957), 

2092. Bailey, R, V., et a l . 

TRANSPORT OF GASES THROUGH LIQUID-GAS 
MIXTURES, C F - 5 5 - 1 2 - I 1 8 (1955). 

The designs and ana lyses of many opera t ions in
volving in terac t ion between liquid and gaseous 
sys t ems (e.g. , fractionating t ower s , evapo ra t o r s , 
s team g e n e r a t o r s , boiling nuc lear r e a c t o r s , etc.) 
suffer from a lack of information of the gas through
put v e r s u s gas hold-up in the sys t em. For the gas 
throughput v e r s u s gas hold-up in ve r t i ca l pipes 
the following data and analyses a r e p resen ted : Ex
pe r imen ta l data in non-c i rcula t ing sy s t ems to show 
the effect of pipe s ize and the effect of the physical 
p rope r t i e s of the gas and liquid; exper imenta l data 
in non-c i rcula t ing sy s t ems for the average fluctua
tion of the gas hold-up; exper imenta l data of the 
r ad ia l gas dis t r ibut ion; an analyt ical model for the 
predict ion of gas throughput v e r s u s gas hold-up 
in c i rculat ing sys tems (both gas and liquid flowing 
through the pipe); and an experinnental confirmat ion 
of the uti l i ty of an analyt ical model . 

2093. Bankoff, S. G. 

A VARIABLE DENSITY SINGLE-FLUID MODEL 
FOR TWO PHASE FLOW WITH PARTICULAR 
REFERENCE TO STEAM WATER FLOW, ASME 
Paper 59 -Ht -7 , for meet ing Aug 9-12 (1959), 9 p . 

Model proposed for turbulent , cocu r r en t flow of 
liquid and gas or vapor through pipe or channel , 
which a s s u m e s fluid to be single phase whose 
densi ty is function of r ad ia l posit ion; model is 
applied to s t e a m - w a t e r flow, and is shown to give 
good ag reemen t with R. C. Mar t i ne l l i -D .B . Nelson 
co r r e l a t i on . (EI (1959) p. 478) 

2094. Bl ickle , T ibor . 

A NEW EQUATION FOR THE DEFINITION OF THE 
CHANGES IN FREE VOLUME IN FLUIDIZED 
LAYERS, Magyar Kem. Folyoi ra t 65_, 221-3 (1959). 

The equation e^ - e^^ = (V - Vi.n)/k' /gd, where e is 
the pe rcen tage free vol. , e j ^ is that at the fluidizatioi 
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point, V IS the linear gas rate in the empty tube, Vm 
is that at the fluidization point, k is a const . , g is the 
gravitational accelerat ion, and d is d., was developed 
to describe the changes m the free vol. of fluidized 
layers in relation to gas velocity. Cor re la t ion with 
exptl. detns. was found to be sa t i s fac tory . 

2095. Clough, R. 

DENSITY CHANGE AND PRESSURE DROP IN BOIL
ING REACTOR. BWR-3 (1954), 12 p. 
Density variation along the coolant tube, mean den
sity in the tube, over -a l l density in the core and tube 
pressure drop have been found for var ious annulus 
widths and water veloci t ies . An ove r -a l l fluid density 
in the core of up to about 38 lb/ft* or 0.6 re la t ive 
density could be obtained without much difficulty. A 
moderate increase in tube pitch (say about 15%) 
would enable a satisfactory water to uranium ra t io 
to be obtained without going to very high c i rcula t ion 
ra tes . It is possible that the pumping power would 
be considerably less than for LEO. 

2096. Costello, C. P. 

LOCAL BOILING EFFECTS ON DENSITY AND 
PRESSURE DROP. Technical Report No. 3, Nuclear 
Technology Laboratory, Stanford Universi ty ( i960). 

An accurate method of determining average density 
euid static p ressu re drop due to liquid acce le ra t ion 
during boiling of subcooled liquids has been devised 
and employed in the tes ts repor ted in this paper . 
The effects of system pa rame te r s and geometry on 
average density and accelerat ion p r e s s u r e drop a r e 
discussed quantitatively. A semi-analyt ic method 
of predicting average density and acce le ra t ion p r e s 
sure drop caused by vapor formation is proposed. 
The nnethod rel ies on photographic data and appears 
to be valid only to the point at which bubbles coa lesce 
to form vapor clots. It is also indicated that the most 
severe effects of vapor formations occur if vapor 
clotting takes place. 

_2097. Egen. R. A., Dingee, D. A., and Chastain, J. W. 

VAPOR FORMATION AND BEHAVIOR IN BOILING 
HEAT TRANSFER, BMI-1163 (February 1957). 51 p . 

An experimental program was conducted to study the 
formation and distribution of vapor in a rec tangular 
channel under boiling-heat-flux conditions at 
2000 psia. In addition, the problem of preferent ia l 
distributions was studied to determine its effect on 
the validity of the results of this p rog ram. Over the 
range of variables tested, there was no f low-rate 
effect, and the slip, where determinable , appeared to 
be constant. The void fraction is co r re la ted with the 
quality and heat flux, in the vicinity of zero quality; 
the dependence upon heat flux dec reases with in
creasing quality in this region. In le t - t empera tu re 
variation has no effect on the value of the void, 
providing the inlet tempera ture is below the t e m 
perature necessary for local boiling. 

2098. E r i k s e n . V. O. 

VOID E F F E C T S IN BOILING HEAVY WATER R E 
ACTORS, A paper (572) p re sen ted at the 2nd Geneva 
Conf. on the Peaceful Uses of Atomic Energy , 
Geneva, 1-13 Sept. 1958. (U_, p . 466-69) . 

One of the impor tan t p rob l ems in the phys ics of 
boiling r e a c t o r s is the de t e rmina t ion of void c o 
efficients. In o r d e r be t t e r to unders tand the effect 
of voids on the behavior of the Halden r e a c t o r , a 
s e r i e s of expe r imen t s was under taken in J E E P 
and on Rl, the Swedish r e a c t o r . Voids were i n t ro 
duced as a i r -bubb le s in the nnodera tor . Air does 
not s imulate s t eam effects ve ry wel l , and the 
spat ial d is t r ibut ion of the a i r voids was quite dif
ferent from the s team dis t r ibu t ion we would expect 
in an actual boiling r e a c t o r . The object of the work 
was , however , more d i rec ted towards a study of the 
genera l physics of the influence of the void fo rma
tion on the reac t iv i ty of the r e a c t o r , than to obtain 
design p a r a m e t e r s for immed ia t e u s e . All e x p e r i 
ments were pe r fo rmed at room t e m p e r a t u r e . 

2099. Euro la , A. T. 

ON THE MEASUREMENT OF THE DYNAMIC 
PROPERTIES OF THE STEAM VOID FRACTION IN 
BOILING WATER CHANNELS, ANL-6369 (1961), 
61 p. 

The problem of de te rmin ing the dynannic p rope r t i e s 
of the s team void fract ion undergoing random v a r i 
ations at a pa r t i cu la r location in a boiling channel 
was studied. Ennphasis was placed on a gamma at
tenuation method and on a method employing s ens i 
tive f lowmeters at sui table locat ions of the channel. 
The dynamic p rope r t i e s of i n t e r e s t we re the auto
co r re l a t ion function and the power densi ty spect rum 
of the va r i a t ions . Equations were der ived for com
puting the de s i r ed quant i t ies on the b a s i s of gamma 
reco rds obtained during actual boiling exper iments 
and from runs with empty and full, nonboiling chan
ne l s . The equations cons ider the s ta t i s t i ca l va r i a 
t ions of the gannma source and de tec to r . A procedure 
was outlined for es t imat ing the m e a s u r e m e n t effort 
to obtain a p r ede t e rmined a c c u r a c y . Two models 
were developed to c o r r e l a t e the va r i a t ions of flow 
with fluctuations of the steann void. Both models were 
based on the nnass continuity equation for a two-
phase fluid. The s imple r model leads to a f i r s t -
o r d e r , l inear differential equation with randomly 
varying coeff icients . The de s i r ed quanti t ies can be 
computed from the equation. The second model 
leads to a l inear in tegra l equation of the thi rd kind. 
This equation r e l a t e s the power densi ty spec t rum 
of the void fract ion with the s p e c t r a of the water 
ve loc i t i e s . A frequency range from ze ro to five 
cycles per second was inves t iga ted . A compar i son 
of the r e su l t s obtained with the g a m m a - r a y and 
velocity methods on a 42-atnn h e a t - t r a n s f e r loop 
indicated that ne i ther model sa t i s fac tor i ly r e l a t e s 
the veloci ty var ia t ions with the s t eam void va r i a 
t ions over the en t i r e range of f requencies s tudied. 
However, if the s team t r a n s i t t ime is about 0.1 sec 
and the frequency range of i n t e r e s t l e s s than one 
cycle per second, both models a r e useful and have 
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approximate ly the s ame accu racy . At f requencies 
g r ea t e r than one cycle per second, the deviat ion 
from the gannnna r e s u l t s is m o r e than t h r e e decibels 
for a 0 .1-sec s t eam t r a n s i t t i m e . The second model 
gives sl ightly be t t e r r e su l t s than the f i r s t . The a c 
curacy of the models i n c r e a s e s with d e c r e a s i n g steann 
t rans i t t i m e . 

2100. Fogl ia . J , J . , et a l . 

BOILING WATER VOID DISTRIBUTION AND SLIP 
RATIO IN HEATED CHANNELS, BMI-1517 (1961), 
36 p. 

Distr ibut ion of void and the behavior of s l ip ra t io 
in light wa te r in a r ec tangu la r heated t e s t sect ion 
were invest igated with a be t a -pa r t i c l e - a t t enua t i on 
technique. The amount of void in the subcooled r e 
gion was deternnined to within ±3% void. Various 
connbinations of the following conditions were in
vestigated; p r e s s u r e s from 700 to 1300 psia , m a s s 
flow r a t e s from 1.0 to 3.0 x 10^ Ib/hr / f t^ , and heat 
fluxes from 0.10 to 0.60 x 10* Btu /h r / f t ^ . The tes t 
section was heated with both a-c and d-c power , and 
no significant difference in the r e su l t s was de 
tected. It was found that the s l ip ra t io at a high 
Reynolds number is much m o r e a function of the 
Reynolds number than of p r e s s u r e . F u r t h e r m o r e , 
for Reynolds n u m b e r s between 50,000 and 
90,000 the s l ip ra t io at constant void fract ion 
reaches a m a x i m u m . Some of the recen t theore t i ca l 
co r re la t ions of subcooled and bulk boiling were 
tes ted . The experinnental bulk boiling r e s u l t s c o m 
pare reasonably well with the nnost recen t theo
re t ica l mode l s . Void fract ion at ze ro quality can 
be co r r e l a t ed by the exp res s ion : o. = 0.113 
^ e x ( L / L B ) / ( P c / P s a t - l ) -

2101. Fohrman , M. J. 

THE E F F E C T OF THE LIQUID VISCOSITY IN 
TWO-PHASE, TWO-COMPONENT FLOW, ANL-6256 
(1960), 108 p. 

An evaluation was made of the effect of the liquid-
phase v iscos i ty on slip ra t io using a forced-
circulat ion two-phase two-component systenn o p e r 
ating at a tmosphe r i c p r e s s u r e for a i r and g lyce ro l -
water m i x t u r e s . The effect of l iquid-phase v iscos i ty 
on p r e s s u r e drop was obse rved , and the flow 
regimes v/ere identified and studied. The approx i 
nnate ranges of the va r i ab les invest igated w e r e : 
liquid v iscos i ty , 0.75 to 500 cp; quali ty, 0.005 to 
0.0184; liquid flow r a t e , 0.2 to 0.8 l b / s e c ; a i r flow 
ra te , 0.001 to 0.015 l b / s e c ; and void-volume 
fraction, 0.34 to 0.78. The void-volume fract ion 
and the approximate d is t r ibu t ion of the two-phase 
mixture at a pa r t i cu l a r c r o s s - s e c t i o n a l e lement of 
the tes t sect ion were de t e rmined by 7-at tenuat ion 
techniques. The s l i p - r a t i o and p r e s s u r e - d r o p 
re su l t s were not found to indicate any cons iderab le 
var ia t ions caused by changes in flow pa t t e rn or 
liquid flow r a t e s for the range of flow conditions 
and liquid v i scos i t i e s encountered . 

2102. F o r t e s c u e , P . 

NOTES ON DENSITY RELATIONSHIP IN BOILING 
TUBES, AERE-ED-M-27 (1955), 6 p . 

A quantity of g r e a t e r impor tance than tube exit 
densi ty in bo i l e r s is the mean tube densi ty, s ince 
this d e t e r m i n e s the na tu ra l c i rcula t ion potential , 
and the react iv i ty , in the case of a boiling r e a c t o r . 
Where bubble slip and secondary effects of tube 
p r e s s u r e drop can be neglected, and t h e r e is ze ro 
ini t ia l subcooling, the re exis ts an ex t r ao rd ina r i l y 
s imple re la t ionship between exit and mean tube 
dens i ty . 

2103. Fuj ie , Hideo. 

A RELATION BETWEEN STEAM QUALITY AND 
VOID FRACTION IN TWO-PHASE FLOW, 55th 
AIChE meet ing . Annual (1962). 

2104. Fukai . Y., et a l . 

CALCULATIONS OF FLUX DISTRIBUTION IN A 
BOILING WATER REACTOR, Nuclear Science and 
Engineer ing _6_, 298-305 (1959), 

Dis t r ibut ion of neut ron flux and void in orif iced 
core of boiling water r eac to r calculated analyt ical ly 
by use of re la t ion between void generat ion and 
power; analyt ical method desc r ibed ; it is shown that 
comprehens ive surveys of nuclear and heat pe r fo r 
mance of boiling water r eac to r a r e possible with 
li t t le effort; as example , technique of making void 
map is shown; a l t e rna te method a lso desc r ibed . 

2105. Greenfield, M. L., et a l . 

STUDIES ON DENSITY TRANSIENTS IN VOLUME-
HEATED BOILING SYSTEMS, AECU-2529 (1953), 
135 p . 

The r e su l t s of exper iments designed to invest igate 
the t r ans ien t density r e sponse of vo lume-hea ted 
liquid s y s t e m s subjected to a sudden, sho r t -du ra t ion 
i n c r e a s e in heating intensi ty a r e p resen ted . Also 
included a r e the r e su l t s of exper iments designed to 
give information about the c h a r a c t e r i s t i c s of liquid-
solid sy s t ems with r ega rd to the i r maximunn 
s u p e r h e a t s . Analytical s tudies per ta ining to l imi ts 
of the r a t e of densi ty change, to liquid s t r u c t u r e , 
c r i t i c a l bubble s i ze , and growth r a t e s of bubbles a r e 
included. A descr ip t ion of all exper imenta l equip
ment is given as a r e desc r ip t ions of sy s t ems inves 
t igated. Density t r ans i en t s a r e presen ted for water 
sy s t ems having a 0.05% concent ra t ion (approximately) 
of KOH. Most t e s t s were perfornned at atnnospheric 
p r e s s u r e ; some were pe r fo rmed at about 125 to 
260 ps ia . T ime lag, the t ime from the init iat ion of 
a heating pulse to the s t a r t of a densi ty t r ans i en t , 
ranged significantly from about 80 to 700 msec for 
the sy s t ems and va r i ab les inves t iga ted . The s u p e r 
heat s tudies revealed that max imum liquid s u p e r 
heat was at tained for a g l a s s - w a t e r systenn at 
a tmospher i c p r e s s u r e ; the boiling t e m p e r a t u r e was 
240°F above the normal boiling point. Data on 
superheat up to p r e s s u r e s of about 800 psia a r e 
p resen ted for all sy s t ems studied. The g l a s s -
water sys t em c h a r a c t e r i s t i c a l l y pe rmi t t ed higher 
supe rhea t s , for all p r e s s u r e s , than were obtained 
with o ther sy s t ems invest igated. Fo r s y s t e m s 
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employing solutions of U02(S04), superhea ts a t ta in
able were found to be influenced by the length of t ime 
the solution was subjected to superheat . 

2106. Greenfield, M. L., et a l . 

STUDIES ON DENSITY TRANSIENTS IN VOLUME-
HEATED BOILING SYSTEMS, FINAL REPORT, 
AECU-2950 (1954), 135 p. 

The mixture density t rans ient response of volume-
heated liquid systems subjected to a s tep inc rease 
in the heating rate is studied. Exper imenta l ly , 
measurements have been made by means of x - r a y 
absorption of the density changes in liquids subjected 
to time varying distributed volume heat s o u r c e s . 
The local liquid superheat was measured , and photo
graphic records of the region of in teres t were made . 
Density transient data are presented for the tes ted 
systems at atmospheric p r e s s u r e and about 135 ps ia . 
From experiments the small contribution to the 
density change of bubbles present during steady 
state boiling is deduced, thus the importance of 
nucleation is shown. The effect of a bubble ini t iator 
to increase the density response and dec rea se the 
steady state superheat is shown. The effect of 
pressure is to retard the density response . Analyti
cally, the problem of energy requi rements and heat 
conduction into a growing vapor bubble (a "moving-
boundary" problem) is first t rea ted . Then, by 
considering the heat diffusion through the hydro
dynamics of an incompressible , inviscid liquid, an 
integro-differential equation which desc r ibes the 
growth of a single bubble in a superheated liquid 
with uniformly distributed heat sources is formu
lated. An analytic solution in closed form is p r e 
sented which compares favorably with published 
experimental data. A relation between the bubble 
wall temperature and radius is given. Express ions 
for the heat t ransfer coefficient and the thickness 
of the thermal boundary layer a re der ived. Using 
the result of the single bubble analys is , equations 
are derived which give the density behavior of a 
liquid containing an ensemble of bubbles as function 
of time, in t e rms of the steady state superheat , 
power pulse, and bubble population. The theore t 
ically predicted density t rans ients a r e compared 
to the experimental data. The compar ison is 
favorable. The experimental and analytical r e su l t s 
show the high temperature-sens i t iv i ty of the 
density transients and the importance of nucleation 
to the phenomenon. (NSA-9-936) 

^^°^- Griffith, P. , Clark, J . A., and Rohsenow, W. M. 
VOID VOLUMES IN SUB-COOLED BOILING SYSTEM, 
Paper No. 58-HT-19, Presented at the ASME-AIChE 
Joint Heat Transfer Conference, Chicago, 111. 
(August 18-21, 1958). 

In this paper the results of an exper imental inves t i 
gation of the void volumes in sys tems at 500, 1000 
and 1500 psia are presented. A s e m i - e m p i r i c a l me th 
od of predicting the void volumes is then p resen ted . 
Finally, a comparison of measured and predicted void 
volumes is made with data collected at 2000 psia under 
completely different conditions. Agreement with the 
data is good. 

2108. Hoogendoorn, C. J . , and Bu i t e l aa r , A. A, 

E F F E C T OF GAS DENSITY AND GRADUAL 
VAPORIZATION ON GAS-LIQUID FLOW IN HORI
ZONTAL PIPES , Chem. Eng. Sci, j_6_, 208-21 
(1961). 

The flow of superhea ted F r e o n - 1 1 vapor and H2O, 
and also flashing F r e o n - l l in hor izonta l 15 -mm 
pipes was invest igated. The Kos te r in d i a g r a m 
(cf. H., CA 54, 1942a) sa t i s fac tor i ly p r e s e n t s the 
data in a plot of the gas f ract ion based on volumetr ic 
flow agains t the velocity of the mixt . Var ious fields 
on this plot r e p r e s e n t the flow reginnes. s t ra t i f ied, 
wave, slug, plug, and froth. This d i ag ram is not 
affected very much by gas d, changes in the range 
1-12 kg /cu m. , and a lso holds for a vapor iz ing 
flow. P r e s s u r e drop due to acce le ra t ing flow b e 
comes significant at total m a s s ve loc i t ies above 
500 k g / s q m - s e c , (CA-62-1 3582a) 

2109. Houghton, Gera ld . 

SOME THEORETICAL ASPECTS OF VAPOR VOID 
FORMATION IN HEATED VERTICAL CHANNELS, 
Nuclear Sci . and Eng. _n:121-8 (1961). 

Fundannental flux vec to r s have been obtained for the 
diffusion of bubbles in heated channels by considering 
bubble motion in a turbulent liquid as a Markoff 
p r o c e s s . The flux vec to r s lead to a nonl inear par t ia l 
differential equation r ep re sen t ing the void fraction, 
which has been l inear ized for the c a s e of smal l void 
fractions and coupled to a s i m i l a r pa r t i a l differen
t ial equation governing heat flow into the liquid 
phase . The coupled differential equations a r e t r a n s 
formed into coupled in tegra l equations which a r e 
solved to obtain axial void fract ion and t empera tu re 
d is t r ibut ions in a heated channel . The ra te of vapor 
production at the wall and the r a t e constant for 
bubble growth have been calcula ted from exper imen
tal data on void fract ion d is t r ibu t ions at constant 
uniform flux. The model p red ic t s the c o r r e c t shape 
for the void fract ion d i s t r ibu t ion curve as well as 
providing a plausible explanation of burnout phenom
ena in t e r m s of the bubble s l ip veloci ty. 

2110. Houghton, Gera ld . 

AN ANALYSIS OF VAPOR VOID PROFILES IN 
HEATED CHANNELS, Nuclear Sci . and Eng. _1_2_, 
390 (1962). 

The coupled nonl inear differential equations r e p r e 
senting the void fract ion and liquid t e m p e r a t u r e in a 
heated channel a r e solved by neglecting the slip 
velocity and assuming that t h e r e is no nucleat ion 
in the bulk liquid. In ag reemen t with the exper imen
tal data for uniformly heated channels , the genera l 
solution of the void fract ion equations p red ic t s a 
s igmoidal vapor f ract ion prof i le . Theore t i ca l t e m 
p e r a t u r e profi les show that , even in the high void 
fract ion region, t h e r m a l equi l ibr ium is not attained 
in the channel , indicating that the void profi les at 
high vapor fract ions a r e s t i l l a compl icated function 
of the liquid veloci ty, heat flux, vapor production, 
and channel spac ing . 
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2111. Huber s , C. 

VOID VOLUME RATIOS DURING STEADY STATE 
LOCAL BOILING IN CASE OF CONSTANT POWER 
DISTRIBUTION, Nuclear Sci. and Eng. j_3. ^4-9 
(1962). 

A tentat ive method for the calculat ion of the void 
volume fract ion at ze ro quality in case of constant 
heat input along the channel is p r e s e n t e d . By a s 
suming a constant volunnetric condensat ion densi ty , 
propor t ional to the squared flow veloci ty, the void 
volume fraction at ze ro quality can be p red ic ted . 
Comparing the calcula ted void volumes with actual 
m e a s u r e m e n t s for wa te r , the e r r o r in the void 
calculat ion is l e s s than +25%. 

2112. Hughes, R. A. 

STEAM-WATER MIXTURE DENSITY STUDIES IN 
A NATURAL CIRCULATION HIGH-PRESSURE 
SYSTEM, Babcock and Wilcox Co., R e s e a r c h Center , 
Alliance, Ohio, Repor t No. 4. 

2113. Hughmark. G. A. 

HOLDUP IN GAS-LIQUID FLOW, Chem. Eng. P r o g . 
58, 62-65 (1962). 

The flow p a r a m e t e r has been c o r r e l a t e d using the 
Reynolds number , Froude number , and a no-s l ip 
liquid volunne f rac t ion. Resul t s indicate a m o r e 
general applicat ion for this method. 

2114. Isbin, H. S., Sher, N. C , and Eddy, K. C. 

VOID FRACTIONS IN TWO PHASE STEAM-WATER 
FLOW, AIChE J o u r . 3_, 137 (1957). 

Void fractions and p r e s s u r e drops for s t e a m - w a t e r 
flows were m e a s u r e d in an 0.872 in. I.D. ve r t i ca l tube 
at a tmospher ic p r e s s u r e over a quality range of 
0 to 4%. The tes t sect ion was the hot leg of a na tu r a l -
c i rcula t ion loop, and the inlet liquid flow r a t e ranged 
from 1 to 3 f t / s e c . A new technique for m e a s u r i n g 
void fract ions was used , and the method ut i l izes 
the difference between the g a m m a - r a y absorpt ion 
coefficients of wa te r and s t e a m . 

2115. Isbin, H. S., et a l . 

VOID FRACTIONS IN TWO PHASE FLOW, AIChE 
Jour . _5_, 427-432 (1959). 

Void fract ions (fraction of the flow c r o s s - s e c t i o n a l 
a rea occupied by the gas phase have been m e a s u r e d 
for s t e a m - w a t e r flows in an adiabat ic , hor izonta l 
test sect ion of 0.484 in. I.D. at 400, 600, 800, and 
1,000 Ib / sq in. gauge. A comprehens ive survey 
of void data for two-phase concur ren t flow is in
cluded in the paper , and the data, including the 
Mart inel l i and homogeneous flow model p red ic t ions , 
a re compared . System c h a r a c t e r i s t i c s , involving 
one-and two-component flows in hor izonta l and 
ver t ica l t es t sec t ions with and without heat t r an s f e r 
over a range of flow r a t i o s , total flow r a t e s , and 
p r e s s u r e , a r e too complex, and the data available 
a r e nei ther extensive nor p r e c i s e enough to w a r r a n t 
the genera t ion of o v e r - a l l c o r r e l a t i o n s . Use of the 
void data in co r r e l a t i ng two-phase fr ict ional p r e s 
sure drops is d i s c u s s e d . A model has been p resen ted 
for the predic t ion of c r i t i c a l flows based upon the 

void data, and calculat ions have been made for 
s t e a m - w a t e r c r i t i ca l flows over a range of c r i t i ca l 
p r e s s u r e s from 15 to 2,000 Ib / sq in. ab s . 

2116. Johnson, H. A., et a l . 

TEMPERATURE VARIATION, HEAT TRANSFER, 
AND VOID VOLUME DEVELOPMENT IN THE 
TRANSIENT ATMOSPHERIC BOILING OF WATER, 
Univers i ty of California, Insti tute of Engineering 
R e s e a r c h , Berke ley , California. Ser ies 163, 
Issue 2 (1960). 

2117. Kaminsky, S. 

STUDY OF NUCLEATION AND BUBBLE DYNAMICS 
TO EVALUATE VOID SHUT DOWN MECHANISM IN A 
HETEROGENEOUS WATER MODERATED REACTOR, 
KLX-1809 (May 1959), 95 p. 

A two-fold effort i s desc r ibed which was d i rec ted 
toward the ul t imate formulation of a function which 
can be used to predic t void volunnes during the 
"runaway" of a p r e s s u r i z e d water r e a c t o r . The 
available l i t e r a tu re was uti l ized and extended in an 
at tempt to reso lve the numerous phenomena a s 
sociated with t r ans i en t void formations in nucleate 
boil ing. Attention was d i rec ted to void format ions 
which occur during nucleate boiling because it is 
speculated that they are the pr incipal formations 
p resen t during fast t r an s i en t s in a p r e s s u r i z e d 
r e a c t o r . 

2118. Lai rd , A. M.. Scott, A. W.. and 
Thomson, A. S. T. 

TWO-PHASE FLOW IN THE RISER TUBE OF AN 
EXPERIMENTAL TWO-TUBE BOILER, Pape r No. 9, 
Symposium (Prepr in t of Proceedings) on Two-Phase 
Fluid Flow, Inst . Mech. E n g r s . , London, England, 
F e b r u a r y 7. 1962. 

Density m e a s u r e m e n t of s t e a m - w a t e r mix tu re s at ;he 
top of the r i s e r tube using y- rad ia t ion with an 
ionizing chamber . 

2119. La r son , H. C. 

VOID FRACTIONS OF TWO-PHASE STEAM-WATER 
MIXTURE. MS Thes i s U. of Minnesota, 1957. 

2120. Larson , H. C. 

VOID FRACTIONS OF TWO-PHASE STEAM-WATER 
MIXTURES, PhD T h e s i s , Univ. of Minn. 1958. 

2121. Lipkis , R. P . , Liu, C , and Zuber . N. 

MEASUREMENT AND PREDICTION OF DENSITY 
TRANSIENTS IN A VOLUME-HEATED BOILING 
SYSTEM, Chem. Eng. P r o g . Sym. Ser._5^, No. 18, 
105 (1956). 

This paper is concerned with the mix tu r e -dens i t y 
t r ans i en t r e sponse of vo lume-hea ted liquid sy s t ems 
subjected to a s tep i nc r ea se in the heating r a t e . This 
p rob lem is studied exper imenta l ly and analyt ica l ly . 

Exper imenta l ly m e a s u r e m e n t s have been made by 
means of X- r ay absorpt ion of the densi ty behavior 
of s eve ra l sy s t ems at a tmospher i c p r e s s u r e and at 
about 135 Ib / sq in. a b s . Liquid superhea t and bub
ble population were de t e rmined . The analys is of 
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the growth of a single bubble in a superheated liquid 
is extended to enable prediction of the dens i ty - t ime 
behavior of a boiling liquid containing an ensemble 
of bubbles. The theoretically predicted density 
transients compare favorably with the exper imenta l 
data. 

The experimental and analytical resu l t s show the 
high-temperature sensitivity of the density 
transients and the importance of nucleation to the 
phenomenon. 

2122_. McDuffie, H. F . , and Kelly, D. C. 

HOMOGENEOUS REACTOR PROJECT QUARTERLY 

PROGRESS REPORT FOR PERIOD ENDING, ORNL-

1895 (1955), 220 p. 

A method for corre la t ing both volume 
boiling and surface boiling vapor slip veloci t ies was 
developed and compared with exper imental data . . . . 

2123. Marchater re , J. F , 

THE EFFECT OF PRESSURE ON BOILING DENSITY 
IN MULTIPLE RECTANGULAR CHANNELS, 
ANL-5522 (1956), 90 p. 

The effect of p ressu re on the density of s t eam-wa te r 
mixtures in natural circulation boiling in multiple 
rectangular channels was studied to 600 psig with 
saturated inlet conditions. The effect of p r e s s u r e on 
flow rate was also studied. The rat io of the velocity 
of the steam to the velocity of the water was found to 
be correlated by the inlet velocity. For a fixed 
average steann volume fraction, no effect of p r e s s u r e 
on flow rate could be found. Neither velocity ra t io 
or steam volume fraction could be cor re la ted in 
te rms of quality if a sufficient velocity range was 
studied. The assumption of constant velocity ra t io 
over the channel length seems to be valid. 

2124. Marchaterre , J. F . , and Pet r ick , M. 

THE PREDICTION OF STEAM VOLUME FRAC
TIONS IN BOILING SYSTEMS, Nucl. Sci. Eng. ]_. 
525-532 (1960), 

The results of an extensive study of the relat ive 
velocity of two-phase nnixtures at ANL are p r e 
sented. The parameter ranges studied a r e p r e s 
sure, 150-2000 psi, mixture quality, 0-0.25. 
superficial liquid velocity 0.5-8 f t / s ec , and flow 
channel equivalent d iameters of 0.4-2 in. The 
data were correlated by means of the velocity 
ratio (steam velocity/liquid velocity) which was 
calculated from the measured s team volume 
fraction. The steam volume fraction m e a s u r e 
ments were made by a radiation attenuation tech
nique and the data were obtained from both adiabatic 
and nonadiabatic sys tems . 

The data show that the velocity rat io is affected 
primari ly by p ressure , mixture quality, superficial 
velocity, and to a l esse r degree by the flow channel 
geometry. The data are also compared with the 
data of other investigators for the ver t ica l upflow 
of steam-water mixtures . 

Working curves for the prediction of the velocity 
ratio are then presented which are adequate for 
system analyses. The working curves a r e given 

for 150, 250, 400, and 600 ps i . A method of ex t r apo
lating the data for predic t ing working cu rves in the 
high p r e s s u r e range is sugges ted . 

2125. M a r c h a t e r r e , J. F . , and Hoglund, B . M. 

CORRELATION FOR TWO-PHASE FLOW, 
Nucleonics , _20_: No. 8, 142 (Aug 1962). 

A co r r e l a t i on is p re sen ted which can be used for 
predict ing vapor- l iquid veloci ty ra t ios and thus the 
vapor volume fract ion in a ve r t i c a l channel in a 
boiling water r e a c t o r . The c o r r e l a t i o n is based on 
the equation Vg/Vf = [ x / ( l - X)][(l - a ) / a ]p f /pg , 
where Vg, Vf = local veloci ty of gas and liquid 
phases , re la t ive ly ; X = g a s / t o t a l weight flow ra te 
ra t io ; a = g a s / t o t a l volume fract ion; and p= densi ty . 
The co r re l a t ion holds only for super f ic ia l veloci t ies 
>0.8 f t / sec and for the region beyond local boiling. 
The co r re l a t ion is compared with the data of v a r 
ious inves t iga to r s . (NSA 62-29095) 

2126. Mar tenson, A. J . , et a l , 

MECHANISM OF VOID FORMATION TEST FACILITY, 
WAPD-V(FBE)-274 (1959), 28 p . 

A tes t p r o g r a m to inves t iga te the nnechanism of void 
format ion and to deternnine the amount of voids that 
can be maintained under conditions of high p r e s s u r e 
and high flow is r epor t ed . The p r o g r a m includes a 
l i t e r a tu re survey and a t es t p r o g r a m . The tes t 
facility which will be used in this p r o g r a m is a loop 
which is designed to opera te with wa te r at p r e s s u r e s 
up to 2000 psi and at tennpera ture up to 650°F. It 
cons i s t s of s eve ra l bas ic groups : t es t appara tus , 
the loop a s sembly , and ex te rna l t es t equipment . 
The tes t appara tus contains the heated e lement ; the 
loop a s sembly provides the proper conditions for the 
tes t ; and the ex terna l equipment provides power and 
the data record ing equipment , including a high speed 
cannera. Each of these groups is d e s c r i b e d . 

2127. Mart in , W. L. . et a l . 

DENSITY TRANSIENTS IN BOILING LIQUID SYS
TEMS: INTERIM REPORT, AEGU-2169 (July 1952), 
131 p. 

A p rog ram has been under taken to study the density 
r esponse of a l iquid-vapor sys tem when subjected to 
a change in the magnitude of a d is t r ibuted heat 
sou rce . The densi ty t r a n s i e n t s a r e caused by the 
ini t iat ion, growth, and col lapse of the vapor bubbles 
and by thei r t r a v e l into or out of the specified 
volume. A descr ip t ion of the appara tus used to 
c rea t e and r e c o r d (by means of an x - r a y densi tometer 
and motion p ic tu res ) densi ty t r a n s i e n t s at p r e s s u r e s 
from a tmospher i c to 1000 psia is given, and p r e 
l iminary r e su l t s on acidic and alkaline solutions are 
p resen ted . Time lags , from the init iat ion of a heating 
pulse to the s t a r t of a densi ty t r ans i en t , of the order 
of 0.25 sec were mos t commonly observed in solu
tions of KOH at a tmospher i c p r e s s u r e . In an attempt 
to c o r r e l a t e liquid superhea t with systenn-densi ty 
r e sponse , a s ta t ic superheat appara tus and procellure 
have been developed, and a va r i e ty of superheat data 
obtained on H^O and KOH solutions in g lass and 
s t a in less s teel is p resen ted . The analyt ical phase 
of the p r o g r a m is d i rec ted toward der iv ing equations 
to desc r ibe bubble initiation and growth. Equations 
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from Dor ing ' s theory have been applied to wa te r at 
elevated p r e s s u r e s , and the resul tant calcula ted 
superhea t s a r e compared with the expe r imen ta l 
nneasurements . In o r d e r to e l iminate some of the 
approximat ions in the analyt ica l work , a nnolecular 
approach has been used to evaluate the effects of 
sur face tens ion on liquid supe rhea t . 

2128. Maure r , G. W. 

A METHOD OF PREDICTING STEADY-STATE 
BOILING VAPOR FRACTIONS IN REACTOR COOL
ANT CHANNELS, WAPD-BT-19 (p. 59-70) (i960) 
Bett is Technica l Review - Reac to r Technology. 

A 3-region method which p red ic t s vapor f ract ions 
that a r e continuous between regions is p r e sen t ed . 
Agreement with l imi ted Bet t is data for a 0.087 x 
1 X 17-in. channel is within ±5% of the vapor f r a c 
t ions . Tes t runs cover p r e s s u r e s of 1200. 1600, 
and 2000 I b / s q in. a b s . , m a s s ve loc i t ies from 
0.4 X 10^ to 4 X 10^ I b / h r - s q ft., inlet subcoolings to 
315°F, and axially unifornn fluxes up to 90% of the 
DNB heat flux. 

2129. Noyes, R. E. , Bergonzol i , F . , and 
Gingrich, J . E . 

A NON-DIMENSIONAL METHOD FOR DIGITAL 
COMPUTER CALCULATION OF STEADY STATE 
TEMPERATURE, PRESSURE, AND VOID FRAC
TION IN PIPE FLOW WITH OR WITHOUT BOILING, 
NAA-SR-5958 (i960), 58 p. 

A method is de sc r i bed for computing s t eady-s t a t e 
wal l -and bulk-fluid t e m p . , void fraction, and local 
p r e s s u r e in l iquid-cooled closed channels in which 
the heating ra te is specif ied. The nnethod was p r o 
g rammed for the IBM 709 and the code, named 
"FUGUE," is d e s c r i b e d . In mos t i n s t ances , g e n e r 
ally accepted physica l re la t ions developed by other 
inves t iga tors a r e u sed . The re la t ions a r e e x p r e s s e d 
in genera l , nondimensional form and combined in an 
internal ly cons is tent manner to allow predic t ions 
for a var ie ty of coolants and specified opera t ing con
di t ions. Var ia t ions in h e a t - t r a n s f e r and hydraul ic 
c h a r a c t e r i s t i c s of the coolant caused by changes in 
its t e m p e r a t u r e , p r e s s u r e , and s ta te a r e handled by 
using continuously ca lcula ted local values of t h e r m a l 
conductivity, v i scos i ty , densi ty and quali ty. Changes 
a r e made in the working equations to ref lect the 
sequence of coolant changes from all liquid flow to 
liquid flow with subcooled boiling to two-phase flow, 
and finally to a l l -vapor flow. 

Computation is done by an i t e ra t ive p rocedure using 
l inear ized forms of the working equations over shor t 
axial segments of the channel to ca lcula te local con
ditions using a s sumed p a r a m e t e r s . The p a r a m e t e r s 
a r e then adjusted accord ing to the calculated local 
conditions and the p r o c e s s is repea ted until the co r 
rec t solution is obtained. Working equations a r e 
presen ted in gene ra l form to allow the i r modif ica
tion by using modified input data . 

2130. P e t e r so , D. F . 

CONCERNING THE RELATIVE MOTION OF STEAM 
AND WATER IN STEAM BOILER TUBES, Sovyetskoye 
ko t lo turbos t royenie , Nr 4 (1936). 

2131. Polomik, E . E . 

VAPOR VOIDS IN FLOW SYSTEMS FROM A TOTAL 
ENERGY BALANCE, GEAP 3214 (1959). 

Calculat ions of vapor voids and ins tabi l i ty th reshold 
a r e made for a boiling sys tem on the bas i s of a 
total energy ba lance . The re su l t s compare well 
with s t e a m - w a t e r sy s t ems data in the p r e s s u r e 
range of 114 to 2000 psia; a difference of 0.08 to 
0.12 low was observed in the calculated vapor voids 
and is a sc r ibed to lack of the rmodynamic equi l ib
r ium in the flow p r o c e s s . 

2132. Rodriquez, H. A. 

VOID FRACTIONS IN TWO-PHASE, STEAM-WATER 
FLOW, M. S. T h e s i s , Univ. of Minnesota (1957). 

2133. Schwarz, K. 

INVESTIGATIONS OF THE DENSITY DISTRIBUTION, 
WATER AND STEAM VELOCITY, AND THE FRIC
TIONAL PRESSURE DROP IN VERTICAL AND 
HORIZONTAL BOILER RISER TUBES, Vere ines 
Deutscher Ingenieure . Forschungshef t 445, 20, 
1954. 

Measu remen t s were c a r r i e d out with the purpose of 
obtaining re l iable data for calculat ing the wate r c i r 
culation in na tura l c i rcu la t ion b o i l e r s . By using a 
ful l -s ize boiler model and applying novel m e a s u r i n g 
methods , the c i rcula t ing water and s t eam r a t e s , the 
dis t r ibut ion of densi ty , and the veloci t ies of water 
and s team flow es tabl ished for the ve r t i ca l and 
hor izonta l sect ions of up-flow tubes during o p e r a 
tion as well as the p r e s s u r e loss for the ve r t i ca l 
sect ion. Hitherto when calculat ing the water c i r cu 
lation, the lead velocity of s team had been based 
upon values es tabl ished for s ta t ionary water and the 
frict ion coefficient de te rmined for homogeneous 
l iquids. The new values now obtained for c i rcula t ing 
w a t e r - s t e a m mix tu res show substant ia l deviat ions 
from the values known up to this t ime , resul t ing in 
a decis ive revis ion of the calculat ion of water 
c i rcu la t ion . 

2134. Shapiro, J . L. 

THE VOID COEFFICIENT IN AN ENRICHED 
WATER REACTOR, Nuclear Sci . and Eng. 12^, 449 
(1962). 

An experinnental and analyt ical study of the void 
coefficient of reac t iv i ty in the F o r d Nuclear Reactor 
(a fully enr iched, swimming pool type) was made , 
A s t r e a m of a i r bubbles was used to in t roduce voids . 
Out-of-pi le ca l ibra t ion of the a i r flow sys tem was 
n e c e s s a r y to account for var ia t ion in bubble r i s e 
velocity 'vith average a i r concent ra t ion . This 
method is ex t remely s imple except for the c a l i b r a 
tion p r o c e d u r e . With the r e su l t s p re sen ted , the void 
coefficients of other r e a c t o r s with s imi l a r fuel e l e 
ments (18 pla te , BSR type) can be m e a s u r e d without 
the neces s i t y for r eca l ib ra t ion . Fo r the calculat ion 
of uniformly d is t r ibuted void coefficients , re la t ive ly 
sinnple two-group diffusion theory is shown to be 
accu ra t e provided the var ia t ion of leakage in all t h ree 
d imens ions is taken into account . This var ia t ion of 
leakage is computed by the use of a buckling i t e ra t ive 
p r o c e d u r e . Second o rde r effects, such as the v a r i a 
tion of effective t h e r m a l neutron t e m p e r a t u r e and 
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disadvantage factor, may be neglected. For the ca l 
culation of localized void effects, the buckling i t e r a 
tion method is inaccurate due to the nonseparabi l i ty 
of axial and radial flux distribution in this smal l 
core . To improve the accuracy an extension of this 
method to several region i terat ion is suggested. 
The principal value of this type of calculation is 
the short computer t ime requi red . 

2135. Sher. N. C. 

LIQUID HOLDUP IN TWO-PHASE STEAM-WATER 
FLOW, M, S. Thesis , Univ. of Minnesota (1955). 

2136. Shippee, E. D. 

RELATIVE VELOCITY OF TWO PHASES FLOWING 
IN A VERTICAL TUBE, U. of III., B . S. Thes is (1938), 

An investigation leading to the cor re la t ion of f r i c 
tional drop with two phases flowing in a ver t i ca l tube 
was carried out. The var iables to be investigated in 
addition to the p ressu re drop along the tube include 
the relative amounts of the two phases , velocity of 
each through the tube and possibly some indication of 
the type of the mixture. In o rder to de te rmine the 
relative velocity of the two phases flowing up a v e r 
tical tube, an apparatus was ar ranged with a glass 
tube with an internal diameter of 0.577 inch between 
two quick closing valves, so as to allow the mixture 
flowing at any time to be t rapped. Measurements of 
the relative amounts of the two phases in the tube 
after the valves were closed, together with the data 
on the rates of flow of each phase allowed the 
calculation of the linear velocity of each phase . 

Water and air were the two phases used, and a s e r i e s 
of measurements,each of constant water r a t e , with 
several valves of inlet air were made . The data 
indicated that the ratio of air to water t rapped in the 
tube was directly proportional to, but not equal to the 
ratio of rates of flow of inlet a i r to water , up to a 
value of 1.3 for the latter ra t io . 

Measurements of the p re s su re drop with the two 
phases flowing were also made, and while the range 
of the data was limited by ra tes of flow of water and 
air which could be obtained, the values found, when 
correlated by the Fanning equation, lay ve ry close 
to the values obtained on the same apparatus with only 
only water flowing. Both sets of data showed de r iva 
tions of the order of 25 per cent from an empi r i ca l 
plot of the Fanning equation. 

^137. General Nuclear Engineering Corp. 

A STUDY OF THE VARIATION OF STEAM VELOCITY 
IN VERTICAL BOILING CHANNELS, ANL-6251 
(Nov. I960), 69 p. 

An analysis was made to cor re la te exper imental 
boiling heat t ransfer data with the variable re la t ive 
velocity (Cg - C J . The corre la t ion was based on 
a boiling model or mechanism. The range of v a r i 
ables encountered included p r e s s u r e , water velocity, 
power density, subcooling, s team-volume fraction, 
steam quality, and channel dis tance. Forced and 
natural circulation tes ts were investigated. Resul ts 
are reported. 

2138 Stein, N.,et a l . 

THE SLIP VELOCITY OF GASES RISING THROUGH 
LIQUID COLUMNS, T r a n s . Am. List. Mining Met. 
E n g r s . 195, Tech . Pub. No. 3394 (in J . P e t r o l e u m 
Technol 4^ 233-40 (1952)). 

The data were obtained in gas- l iquid s y s t e m s which 
included connbinations of a i r - p r o p a n e and n a t u r a l 
gas (over 97% CH4) with H2O, lubr icat ing o i l s , and 
crude o i l s . The gases ro se through liquids in ver t i ca l 
tubes , inclined tubes , and ve r t i ca l annul i . The data 
a r e incorpora ted in an ennpirical co r r e l a t i on which 
r e l a t e s the mean sl ip veloci ty of g a s e s flowing 
through liquids with the p a r a m e t e r s gas r a t e , tube 
s ize , rat io of liquid velocity to liquid d., gas d., 
and the angle of the tube from the v e r t i c a l . The co r 
re la t ion will be useful p r i m a r i l y in the des ign of 
subsurface gas -o i l sepn. equipment for inc reas ing 
the efficiency of o i l -wel l pumping ins ta l l a t ions . 

2139. Tolman, R. C. 

THE SUPERFICIAL DENSITY OF MATTER AT A 
LIQUID VAPOR BOUNDARY, Chemica l P h y s i c s , 
r ? , 118-127 (1949). 

The d is t r ibut ion of m a t t e r within the t r ans i t ion layer 
between the two phases of a fluid sys tem is con
s ide red . Approximate values a r e obtained for the 
superf icial densi ty of m a t t e r T, calcula ted with ref
e rence to the Gibbs sur face of tens ion as the 
dividing sur face between the p h a s e s . 

2140. Zavoiski i , V. K,, et a l . 

DENSITY OF AN AQUEOUS VAPOR MIXTURE 
FORMED IN A VESSEL WITH HOT WATER UNDER 
REDUCED PRESSURE, Atomnaya Energiya 4_, 285, 
(Mar. 1958). 

Exper iments were made to de te rmine the aqueous 
vapor densi ty in t r ans i t ion p r o c e s s e s connected 
with rapidly reduced p r e s s u r e s in the active zone 
of a water modera ted r e a c t o r . The scheme of the 
exper imenta l appara tus is p resen ted . 

2141. Zavoiski i , V. K., et a l . 

THE DENSITY OF STEAM-WATER MIXTURES 
FORMED DURING RAPID REDUCTIONS IN 
PRESSURE, J. Nuclear Energy, _9_, 183-5 (1959). 

The t e m p e r a t u r e and densi ty of s t e a m - w a t e r mixtures 
in a s teel cylinder of 20 cm in ternal d iamete r and 
1.5 m height containing heated water were measu red 
in o rde r to a s s e s s the extent to which bulk boiling 
could occur in a p r e s s u r i z e d water r e a c t o r . The 
appara tus is desc r ibed auid i l l u s t r a t ed . The density 
wab de t e rmined from the degree of absorpt ion of a 
beam of g a m m a - r a y s from a radioact ive Ag source . 
The p r e s s u r e drop was from 50 to 5 a tm. A graph 
of the exper imenta l r e su l t s showing the re la t ion be 
tween the propor t ion of the c r o s s - s e c t i o n of the 
cylinder occupied by s t eam and the velocity of the 
s t eam, for p r e s s u r e s of 20 and 40 a tm, is given. 

2142. Zuber , N. 

ON THE VARIABLE DENSITY SINGLE-FLUID 
MODEL FOR TWO PHASE FLOW, Journa l of Heat 
T r a n s f e r , _82_. No. 3. p. 255-8 ( i960) . 



Flow Patterns 

FLOW PATTERNS 

2143. Alves , G. E . 

CONCURRENT LIQUID GAS FLOW IN A PIPELINE 
CONTACTOR, Chem. Eng. P r o g . _5£, 449 (1954). 

The r e su l t s of an exper imenta l invest igat ion on the 
isothernnal flow of w a t e r - a i r and o i l - a i r mix tu re s 
in a one- inch c o - c u r r e n t p ipe- l ine contactor is 
repor ted in this a r t i c l e . 

The invest igat ion was under taken to provide bas ic 
data on flow pa t t e rn s , p r e s s u r e d rop and liquid 
holdup for the flow of l iquid-gas mix tu re s in this 
type of equipment . Descr ip t ions of the va r ious 
possible flow pa t t e rns a r e p resen ted . Visual 
observa t ions were made of mos t of these pa t te rns 
in the s t ra ight pipe and the r e t u r n bend, and 
photographs of typical flow pa t t e rns a r e given. 
Limited data show the deg ree of en t ra inment of the 
liquid as sprayed by the gas c o r e for annular flow. 

The p r e s s u r e - d r o p data for the s t ra ight pipe and 
the holdup data were compared with those given in 
the published l i t e r a t u r e . P r e s s u r e - d r o p data for the 
flow of l iquid-gas m i x t u r e s have been extended to 
include the r e t u r n bends and the inlet mixing t e e . 

2143a. Ambrose , T. W. 

LITERATURE SURVEY OF FLOW PATTERNS 
ASSOCIATED WITH TWO-PHASE FLOW, HW-52927 
(1957). 

A compar i son of the flow pa t t e rns p resen ted by 
the var ious au thors has been m a d e . This c o m p a r i 
son indicates good ag reemen t cons ider ing that 
the t r ans i t ions between flow pa t t e rns a r e vague 
and were detected v i sua l ly . The following gene ra l 
flow pa t te rns were found to occur as the gas phase 
is p resen t in inc reas ing quant i t ies : (1) pure 
liquid, (2) bubble flow (bubbles move along the 
upper par t of the pipe at about the same velocity 
as the liquid), (3) plug flow (a l ternate plugs of gas 
and liquid), (4) s t ra t i f ied flow (vapor flowing above 
the liquid), (5) wavy flow (vapor above a wavy-
liquid surface) , (6) slug flow (periodic frothy slugs 
pass through the pipe at g r e a t e r velocity than the 
average liquid veloci ty) , (7) annular flow (liquid 
flows in a film around the inside wall of pipe, and 
the gas flows at a higher velocity as a cen t ra l 
core) , (8) m i s t or sp ray flow (gas with liquid en
t ra inment flowing in a pipe with wetted wal l s ) , and 
(9) pure g a s . 15 r e f e r e n c e s . 

2144. Bake r , O. 

DESIGN OF PIPELINES FOR THE SIMULTANEOUS 
FLOW OF OIL AND GAS, The Oil and Gas Journa l , 
i i , 185-95 (July 1954). 

Measu remen t s were made of p r e s s u r e d rops for 
oil and gas flowing s imul taneously through four to 
ten inch d i a m e t e r p ipe l ines . These r e s u l t s were 
co r r e l a t ed with data from the l i t e r a t u r e for one-
half to t h r e e - i n c h d i a m e t e r p ipe l ines . P rev ious ly 
published data were used to cons t ruc t a genera l ized 
char t for predic t ing the type of flow pa t te rn in the 
pipeline. The flow pa t t e rns desc r ibed a r e bubble 
flow, plug flow, s t ra t i f ied flow, wavy flow, slug flow, 
annular flow, and sp ray flow. Our exper imenta l 

data were shown to be consis tent with the genera l i zed 
flow pa t te rn cha r t . 

The calculat ion method proposed by Lockhar t and 
Mart ine l l i for designing two-phase pipelines was 
shown to be inadequate for l a r g e r d iamete r l ines 
and a lso for some flow p a t t e r n s . Modifications of 
the above method in the form of sepa ra t e equations 
for each type of flow pa t te rn a r e p resen ted . 

2145. Birkhoff, G., and Coywood, T. E. 

FLUID FLOW PATTERNS, J. App. Phys . ^ , 
646-659 (1949). 

A n e w photographic technique is desc r ibed , for ob
serv ing velocity fields in wa te r , induced by the entry 
of solid m i s s i l e s . The r e su l t s of a number of 
observa t ions a r e given, and compared with t h e o r e t i 
cal fo rmulas . The co r rec t ions involved in the 
method a r e analyzed theore t ica l ly , and the theory 
of the co r r ec t i ons confirmed exper imenta l ly . 
It appears that the method is well adapted to ve 
locity fields 5-100 feet per second, c rea ted by 
objects s eve ra l inches or more in d i ame te r , but 
may lead to t roub lesome co r rec t ions at other 
speeds or with s m a l l e r objects , 

2146. B ranca r t , C. P . 

EXPERIMENTAL STUDY OF TWO-PHASE FLOW 
REGIMES, B . S . Thes i s , Massachuse t t s Inst , of 
Tech. (1958). 

2147. Brown, R. A. S., et a l . 

THE UPWARD VERTICAL FLOW OF AIR-WATER 
MIXTURES. Ill, E F F E C T OF GAS PHASE DEN
SITY ON FLOW PATTERN, HOLDUP, AND P R E S 
SURE DROP, Can. J . Chem. Eng. 28 , 62-6 ( i960) . 

The co r re l a t ion p resen ted will pe rmi t the predic t ion 
of flow pat tern,holdup, and p r e s s u r e drop for the flow 
of immisc ib le gas and liquid HjO phases with av. 
gas -phase d s . in the range 0.092-0.522 Ib /cu ft and 
tube d i a m s . of 0.5-3.0 in. 

2148. Campbel l , D. C. 

MOTIONS OF A PULSATING GAS GLOBE UNDER 
WATER; A PHOTOGRAPHIC STUDY (1943) (David 
Taylor Model Basin Repor t ) , DTMB-512 

2149. C r o m e r , Sylvan. 

AN INVESTIGATION OF THE FLOW OF MIXTURES 
OF WATER AND AIR IN VERTICAL COLUMNS, 
Univers i ty of Oklahoma, M. S. T h e s i s , 1937, pp. 54-

Many p rob lems dealing with the product ion of pe 
t ro leum and the r emova l of wa te r f rom gas well 
must be solved by t r i a l and e r r o r because the fluid 
being handled is ne i ther a gas nor a liquid, but a 
nnixture of the two. Fundamenta l data on the v e r t i c a l 
flow of these nnixtures, at p r e sen t a r e m e a g e r . 

In this invest igat ion, m i x t u r e s of water and air flow
ing through ve r t i ca l pipes 97 and 89 ft in height were 
studied. 

Photographs taken at different levels and under 
var ious flow condit ions, show definitely that 4 types 
of flow may exis t : (I) liquid d i s p e r s e d with gas ; 
(2) gas d i s p e r s e d with liquid; (3) pis tons of gas 
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interspaced with slugs of liquid; (4) annular flow of 
the liquid along the walls of the tube surrounding a 
core of gas relatively free from liquid. 
Curves and data presented show the effect produced 
on the flow charac te r i s t i cs of these tubes by varying 
the submergence, a i r -wate r ra t io , and t e m p e r a t u r e . 
Evidence is presented showing that the maximum 
quantity of liquid that will flow through any given 
tube is a function of the submergence , and that this 
relation may be expressed mathemat ica l ly . 

2150. Cromer, S., and Huntington, R. L. 

VISUAL STUDY OF THE FLOWING OF AIR-WATER 
MIXTURE IN A VERTICAL PIPE, T r a n s . A. I. M. E. . 
136. 79-90 (1940). 

Qualitative and quantitative investigation for flow of 
type encountered when gas and oil a re produced from 
well; flow column 98 ft. in height, with Pyrex ob
servation sections 2 ft long, at 14 ft in te rva l s ; ex
perimental procedure resul t s presented graphical ly; 
point of no flow due to insufficient a i r ; point of max
imum efficiency; point of maximum water flow; 
point of no flow due to excess of a i r . 

2151. Cross, C. A. 

CORRELATION OF SLOT OPENING WITH FLOW 
RATE FOR VAPOR BUBBLING INTO A LIQUID, 
Chemistry and Industry. 692 (1952). 

The results obtained from HOAC-H2O vapor mix t s . 
bubbled into liquid follow closely a theore t ica l 
curve corrected for changes in vapor density and 
recalcn. of the cr i t . slot opening is the new surface 
tension of the liquid phase. (CA-47-6l93i) 

2152. Cross , C. A., and Ryder, H. 

THE CORRELATION OF SLOT OPENING WITH 
FLOW RATE FOR AIR BUBBLING INTO WATER, 
J. Appl. Chem. (London) _2_, 51-60 (1952). 

The depression of water level on the a i r - in le t s ide, 
defined as slot opening, when air flows through a 
slot in a vertical diaphragm into a tank of water has 
been correlated with the rate of a i r in an invest iga
tion of one design feature of bubble-plate dis tn . 
columns. Detns. have been made with t r iangular 
and rectangular slots at air ra tes of 0.01-800 c f t / 
min. The results indicate a modification of the 
theory of Rogers and Thiele (C.A. 28, 64976)to the 
extent that below a cr i t . air ra te , surface- tension 
effects alone det. the slot opening. Detn. of the 
constants involved show grea te r proximity to 
theoretical values. (CA-46-7375f) 

^153. Galegar, W. C. 

SIMULTANEOUS FLUID FLOW OF WATER AND 
AIR IN VERTICAL TUBES. University of Oklahoma, 
M. S. Thesis, 1953, pp. 51. 

A flow pattern chart is presented for a water and air 
system. Within the limits of this chart , the types of 
flow may be predicted if the m a s s e s of fluids flowing 
are known. Boundary regions for the changing of 
one type of flow pattern to another a re indefinite. It 
IS not possible until further data a re available to 

predic t the influence of v iscos i ty , sur face t ens ion 
and densi ty on flow p a t t e r n s . 

A co r re l a t ion is p re sen ted which allows the s ta t ic 
p r e s s u r e drop to be ca lcula ted for a i r - w a t e r s y s 
t ems in smooth tubes if the pipe d i a m e t e r , flowing 
m a s s e s and other physica l p r o p e r t i e s of the fluids 
a r e known. The c o r r e l a t i o n is l imi ted to sy s t ems 
where evaporat ive lo s ses and kinet ic energy 
changes a r e s m a l l . It is not known whether the 
co r re l a t ion is valid for high p r e s s u r e s y s t e m s . 
To what extent pipe roughness affects the two-phase 
p r e s s u r e drop is not known. Data on c o m m e r c i a l 
pipe would be helpful. 

2154. Galegar , W. C , Stovall, W. B . , and 
Huntington, R. L. 

MORE DATA ON TWO PHASE VERTICAL FLOW, 
Pe t . Ref., 2 1 . 208-211 (1954). 

This invest igat ion p r e s e n t s experinnental data on 
the pe r fo rmance of k e r o s i n e - a i r and w a t e r - a i r 
sys t ems in two-phase ve r t i ca l upward flow using 
two tes t sect ions of different s i ze s but having the 
same ra t io of d i ame te r to length. A tentat ive co r 
re la t ion is p re sen ted in conjunction with v isual 
data on the flow pa t t e rns involved. 

2155. Govier , G. W., Radford, B . A., and Durm, S. C. 

THE UPWARDS VERTICAL FLOW OF AIR-WATER 
MIXTURES. I: E F F E C T OF AIR AND WATER 
RATES ON FLOW PATTERN, HOLDUP AND PRES
SURE DROP, Can. Jou r . Chem. Eng. 2 2 ' 58-70 
(1957). 

This is the f irs t of a s e r i e s of pape r s designed to: 
(1) clarify the te rminology and descr ip t ions of the 
flow pat te rns encountered; (2) p resen t data on the 
influence of per t inent va r i ab l e s on flow pat tern , hold
up, and p r e s s u r e drop; and (3) es tab l i sh a genera l 
co r re la t ion permi t t ing predic t ion of flow pat tern , 
holdup, and p r e s s u r e drop for any gas- l iquid sys 
tem in upward ve r t i ca l flow. A co r r e l a t i on is p r e 
sented of data obtained on the upward ve r t i ca l 
flow of a i r - w a t e r nnixts. in a smooth bore tube 
1,025 in. inside d iam. for 9 w^ater r a t e s from 
0.00040 to 0.0421 cu f t / sec and for a i r - w a t e r vol. 
ra t ios under flow conditions from 0 to 348. The 
const , av. flowing p r e s s u r e was 36.0 I b / s q in. abs . ; 
the t emp . , 70°F. The co r r e l a t i on enables the p r e 
diction of flow pat te rn , p r e s s u r e d rop , and holdup 
ra t io for gas and liquid r a t e s within the range 
tes ted , but is r e s t r i c t e d as to tube d iam. and liquid-
and gas -phase p r o p e r t i e s . 

2156. Govier , G, W., and Short , L. W. 

THE UPWARD VERTICAL FLOW OF AIR-WATER 
MIXTURES, II: E F F E C T OF TUBING DIAMETER 
ON FLOW PATTERN, HOLDUP AND PRESSURE 

J )ROP, Can. Jour , Chem. Eng. 36, 195-202 (1958), 

Resul ts of v isual observa t ion and m e a s u r e m e n t s of 
holdup and p r e s s u r e drop a r e r epor t ed over a range 
of a i r - w a t e r ra t ios for the ve r t i ca l upward flow of 
a i r - w a t e r m i x t s . in 4 tubes with d i a m s . ranging from 
0.630 to 2.50 in. Tes t s were conducted under con
dit ions of const , a i r d. co r responding with an av. 
p r e s s u r e of 36 Ib / sq in. ab s . and at 10 cons t . 
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superf ic ia l wa te r veloci t ies ranging from 0.0695 
to 7.35 f t / s e c . Tubing diann. was found to have 
little effect on the t r ans i t ion from the bubble to 
the slug flow pa t t e rn . Tubing d iam. has a m a r k e d 
effect on the t r ans i t ion from the slug flow to the 
froth flow pa t te rn and from the froth flow to the 
ripple flow pa t t e rn . Tubing d iam, has an i m 
portant effect on the superf ic ia l fr ict ion factor 
and on the holdup. The p r e s s u r e drop data for 
each d iam. were c o r r e l a t e d in a frict ion fac tor -
Reynolds no. c h a r t . 

2157. Halbronn, G. 

ETTJDE DE LA MISE EN REGIME DES ECOULE-
MENTS SUR LES OUVRAGES A FORTE P E N T E , 
Houille Blanche ]_, 3-5 ( J a n . - F e b . 1952). 

Setting up flow r e g i m e on high gradient s t r u c 
t u r e s ; t heo re t i ca l study of viscous fluid flow over 
long spillway; calculat ion of ve loc i t ies and depths 
in l aminary and turbulent flow; exis tence of 
c r i t i ca l point where turbulent action becomes 
noticeable on surface and air en t ra inment becomes 
poss ible . 

2158 Kawara tani , Tsuton 

TRANSITION BEHAVIOR OF TWO-PHASE TWO-
COMPONENT FLUID FLOW IN TUBES, Univers i ty 
of California, M. S. T h e s i s , 1951. 

The c o - c u r r e n t - v e r t i c a l upward flow of a i r and 
water in a 0,0268 foot d i ame te r pyrex tube was in
vest igated exper imenta l ly . 

A visual and photographic study of the flow pa t t e rns 
was made . The s e v e r a l types of flow pa t t e rns were 
classif ied as s teady, bullet flow, uns teady bullet 
flow, pulsating annular flow, steady annular flow and 
mis t flow. At low wate r r a t e s all of these pa t te rns 
occu r r ed . At the high water r a t e s the t r ans i t ion 
regions a r e l e s s pronounced, and the t r end of the 
curves indicate that at higher liquid r a t e s the 
t rans i t ion would be d i rec t ly from steady bullet 
flow to steady annular or mis t flow. 

The co r re l a t ion of Lockhar t and Mart ine l l i was used 
to plot the da ta . The i r co r r e l a t i on for the p r e s s u r e 
drop was substant ia ted for the annular flow reg ions . 

The apparent fr ict ion factor for two-phase flow 
plotted against the Reynolds modulus based on the 
tube d i ame te r resu l ted in a curve which r e sembled 
"rough pipe" flow and approached the single phase 
friction factor curve asympto t ica l ly at the high gas 
r a t e s . 

With the wate r r a t e as a p a r a m e t e r the a i r ra te 
var ied over the range of the appa ra tu s . 

2159. Kelakos, M. G,, and Crowley, A, H. 

TWO-PHASE FLOW OF FLUIDS THROUGH A 
HORIZONTAL P I P E , MIT, BS Thes i s (1935). 
This work r epo r t ed h e r e is a continuation of the 
work pe r fo rmed by Reichar t which was conducted 
at MIT in 1934. Re ichar t c a r r i e d out an inves t i 
gation on the subject of two-phase flow of fluids 
using 25 m m . g lass tube. He identified the v a r i 
ous types of pa t t e rns exis t ing in two-phase flow 
and de t e rmined the c r i t i ca l conditions of changes 

of type . The f i r s t object of this study is to repea t 
this work on 25 m m . tube in an attennpt to verify 
his work . The tube will then be changed for one of 
l a r g e r d i ame te r and also for one of s m a l l e r d i a m e t e r 
and the above work repea ted . An at tempt to c o r r e l a t e 
the data thus obtained is made . 

2160. Kozlov, B . K. 

TYPES OF FLOW OF GAS LIQUID MIXTURES AND 
STABILITY OF BOUNDARIES IN A VERTICAL 
TUBE, Zhur . Tekh. F i z . , _2i. 2285-2288 (1954), 
T rans l a t ed in: A E C - t r - 2 2 5 8 . 

21 61 . Kras iakova, L, Yu. 

SOME CHARACTERISTICS OF MOVEMENTS OF 
TWO-PHASE MIXTURES IN HORIZONTAL PIPE , 
Zhurnal Technical Phys ics (Russian) 22, 656-669. 
AERE L i b / T r 695, (1952) 

This a r t i c l e d i s cus se s the qualitative a spec t s of 
gas- l iquid flow in hor izonta l pipes at va r ious ve 
loci t ies of both gas and liquid. The visual and 
mechanica l aspec t s of the var ious types of flow and 
the boundary conditions as one form changes into 
another a r e d i scussed in some deta i l , and f igures 
a r e p resen ted embodying the p ic tu res taken and 
descr ip t ive g raphs . The dynamic p r e s s u r e head, 
the film th i cknesses , and the c a r r y over of water 
into the gas phase were m e a s u r e d for var ious 
types of two-phase flow and suitable graphs a r e 
p resen ted . The types of flow d i scussed a r e slug 
(cork- l ike) , l aminar (two regions - very smal l 
a i r ve loc i t ies , turbulent r eg ion-medium a i r v e 
loci t ies) , annular , and mi s t . 

2162. Melikyan, R. A. 

THE HYDRODYNAMIC CONDITIONS PRESENT 
WHEN A GAS FLOATS UP THROUGH A LAYER 
OF LIQUID, Zhurnal Pr ik ladnoi Khimii , 22 ' 
38-44 (1957). 

When a gas floats up through a layer of liquid, 
var ious conditions of flow make thei r appearance 
(bubbling, foaming, wavy, etc.) depending on the 
volume of gas r e l e a s e d . Quali tat ive desc r ip t ions 
of these r eg imes a r e given and a lso some e l e 
men ta ry concepts in r e g a r d to the es tab l i shment 
of this or that r eg ime in re la t ion to the volume of 
gas r e l e a s e d and the height of the layer of l iquid. 

2163. Molochin, M. A. 

FLOW PATTERNS OF A GAS-LIQUID MIXTURE 
IN HORIZONTAL TUBES, Dokl. Akad. Nauk, S.S.S.R. 
24 , No. 5 (1954). 

2164. Mologin, M. A. 

TYPES OF FLOW OF GAS-LIQUID MIXTURES IN 
HORIZONTAL PIPES, Dokl. Akad. Nauk. S.S.S.R., 
94. 807-810, A E R E - L i b / T r a n s , 479 (1954) ( T r a n s 
la t ion available in A E R E - L i b / T r a n s . 479). 

Detailed v isual obse rva t ions and c inematographic 
photos w e r e made of the flow of a i r / w a t e r m i x t u r e s 
in hor izonta l pipes of d i a m e t e r s ~25, 50, 75 and 
100 m m , and in the range of gas contents , CQp, from 
0 to 1. Veloci t ies of the mix tu re ranged from 
0,2 to 6 m / s e c , and up to 20 m / s e c for the pipe of 
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diameter =50 mm. with p r e s s u r e s of =1,8 to 2 a tm . 
at the entry and =1.3 atm. at the outlet. This in
vestigation made it possible to construct the f i rs t 
accurate charts of the ranges of the flow types of 
gas/liquid mixtures , and to draw a number of con
clusions as to their behavior. 

2165. Mologin, M. A. 

WAVE MOTION ON THE SURFACE OF SEPARATED 
FLOW IN HORIZONTAL PIPES, Zhurnal Tekhniches
koi Fiziki, 26_, pp. 1823-1835, (Aug 1956) (in Russ ian) . 

The "wavy" flow regime for 2-phase (a i r -wate r ) pipe 
flow is investigated in detail (for background, see 
lead article, AMR, v. 11. p. 10, 1958), In e a r l i e r 
paper (Doklady Akademii Nauk SSSR, v. 51, No. 3. 
1946) author classified 7 flow reg imes in t e r m s of, 
for each pipe diameter , ratio (0 to 1) of gas 
volume flow to mixture flow volume and mixture 
velocity (0.15 to 20 m / s e c ) . Flow reg imes of in te res t 
here are : I-Separated (stratified or wavy); II-
Plugged without froth; Ill-Plugged with froth between 
bubbles. Author found that t ransi t ion from I to II, 
III or IV could be given by an empir ica l formula in
volving above flow variables and pipe d i ame te r . In 
this paper, author reported detailed m e a s u r e m e n t s 
of wave amplitude, period and propagation speed 
with the same pipes (25. 50, 75, or 100 mm) . For 
wave amplitude and period, empir ical formulas 
are found which include the effect of pipe d i ame te r . 
Author's detailed description of wavy regime ap
pears to be new and useful. The usefulness of his 
particular choice of flow var iables and empi r i ca l 
formulas should be investigated for extension to 
other fluids. (AMR, 1959, #1 361) 

2166. Radovcich, N. A., and Moissis . R. 

THE TRANSITION FROM TWO-PHASE BUBBLE 
FLOW TO SLUG FLOW, NP 11845 (June. 1962) 
81 p. 

The process of transition from bubble to slug flow 
in a vertical pipe was studied analytically and 
experimentally. An equation is presented which 
gives the agglomeration time as a function of 
void fraction, channel d iameter , initial bubble 
diameter, and hquid purity. A dependent function 
which also appears in the equation was evaluated 
using experimental data. A reasonably good cor 
relation of the data was achieved. (NSA-62-29086) 

2167. Schneider. F . N. 

SOME ASPECTS OF SIMULTANEOUS HORIZONTAL 
TWO-PHASE FLUID FLOW, University of Oklahoma 
M. S. Thesis (1953) 63 p. 

In summarizing the resul ts of this investigation, the 
following conclusions and recommendations may be 
made. ' 

A tentative flow pattern chart is presented for a 
kerosene-natural gas sys tem. For such a combi 
nation of fluids it allows the type of flow which would 
exist to be predicted under a given set of m a s s r a t e s . 
The hmits of the various types of flow a re somewhat 
indefinite for the following t rans i t ions ; wave s e m i -
annular. slug-cresting and semi-annular c res t ing 
Until more data a re available, it is not possible to 

predic t the effect va r i ab l e s such as v i scos i ty , surface 
tension, and densi ty would have upon the flow 
p a t t e r n s . A co r r e l a t i on is p re sen ted which allows 
the two-phase stat ic p r e s s u r e drop to be pred ic ted 
if the flow r a t e s , physical p r o p e r t i e s and pipe 
d i ame te r a r e known. It i s not known to what extent 
pipe roughness might affect the two-phase p r e s s u r e 
drop . Additional data obtained with the c o m m e r c i a l 
g rades of tubing would be helpful. 

2168. Schneider , F . N., White, P . D., and 
Huntington, R. L. 

HORIZONTAL TWO-PHASE OIL AND GAS FLOW, 
Pipe Line Industry (October 1954). 

A tentat ive flow pa t t e rn cha r t is p re sen ted for 
k e r o s e n e - n a t u r a l gas systenn. Fo r such a combina
tion of fluids this cha r t nnakes it poss ib le to predict 
the type of flow for a given set of m a s s r a t e s . The 
l imi ts of the var ious types of flow a r e somewhat 
indefinite for the following t r a n s i t i o n s ; w a v e - s e m i -
annular , slug, c res t ing , and s e m i - a n n u l a r c r e s t ing . 
Until more data a r e avai lable , it will not be possible 
to predic t the effect va r i ab les such as v iscos i ty , 
surface tension, and densi ty might have upon the flow 
pa t t e rn . 

A co r re l a t ion is p re sen ted which allows the two-
phase p r e s s u r e d r o p to be p red ic ted if the flow ra t e s , 
physical p r o p e r t i e s , and pipe d i a m e t e r a r e known. 
This co r re l a t ion is l imited to those s t eady-s t a t e 
flows which exhibit uniform pa t t e rns throughout the 
tube length thus excluding slug and s t ra t i f ied flow. 
It is also l imited to sy s t ems where evaporat ion and 
kinetic energy changes a r e s m a l l . Where these 
factors a r e significant, a s t ep -wi se solution would 
be n e c e s s a r y . Whether this co r r e l a t i on obtained in 
low p r e s s u r e sys t ems would be valid for high p r e s 
sure work is not known. 

2169. Vohr, J . H. 

FLOW PATTERN OF TWO-PHASE FLOW, A SUR
VEY OF LITERATURE, TID-11514 (i960), 59 p. 

A survey was made of the l i t e r a t u r e on flow pat terns 
occur r ing in s imul taneous gas- l iquid flows through 
duc ts . Descr ip t ion of gas - l iqu id flow pa t te rns and 
the te rminology used in denoting them a r e p r e 
sented. The exper imenta l invest igat ions from which 
the desc r ip t ions a r e taken a r e surveyed . The r e l a 
t ions between flow pa t te rn and p r e s s u r e drop in 
gas- l iquid flows a r e d i s c u s s e d . Horizontal , ver t ica l , 
and ve r t i ca l boiling flows were invest igated. 

2170. Wace, P . F . , Burne t t , S. J. 

FLOW PATTERNS IN GAS-FLUIDIZED BEDS, 
T r a n s . Instn. Chem. E n g r s . 39, 168 (1961). 

The following methods were used to detect the d i r e c 
tion and velocity of gas s t r e a m s moving through 
fluidized beds : injection of a visible t r a c e of 
ni t rogen dioxide, and m e a s u r e m e n t of p r e s s u r e s 
round an ar t i f ic ia l gas bubble. It was found that 
p r e s s u r e grad ien ts exist toward the base of void 
spaces in fluidized b e d s . The grad ien ts give r i s e to 
hor izonta l d rag forces on pa r t i c l e s and, because of 
thei r t r a n s i t o r y na tu re , to rapid changes of direct ion 
of the local gas flow. The observa t ions indicate the 
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o r d e r of nnagnitude of gas channeling effects in fluid
ized beds and the m e c h a n i s m by which sol ids r e fo rm 
in the wake of bubbles . 

2171. Yagi, Sakae, et a l . 

VERTICAL TUBE REACTOR. I. FLOW PATTERN 
AND HOLDUP IN GAS LIQUID TWO-PHASE FLOW, 
Chem. Eng. (Japan) j_5_̂ , 317-22 (1951). 

Severa l s ta tes of gas - l iqu id 2-phase flow were ob
served, and holdup was m e a s u r e d in a v e r t i c a l g lass 
tube (inside d iam = 10.25 m m . , length = 2 m.) with 
air as the gas phase and wate r and 3 types of oils 
a s the liquid. By changing r a t e s of gas and liquid 
3 types of flow were d is t inguished: unsteady, 
c l imbing-f i lm, and m i s t flow. The liquid holdup, 
0, is co r r e l a t ed with other va r i ab les as follows: 
0 / (1 -0) = 700 (u^/ug)"'^^ L " ° • V l ° ' ^ where u^ and 
Ug a re apparent veloci t ies of liquid and gas , r e s p . , 
L and p.y r e fe r to m a s s veloci ty and v i scos i ty of the 
liquid, r e s p . 

2172. TWO-PHASE FLOW PATTERNS WITH HEAT 
ADDITION, P r o g r e s s Repor t , J a n . - M a r . 1962, 
UNG-5009 (EURAEG-3I6) (Apr. 15, 1962), 23 p . 

Design of the appara tus for the two-phase flow 
pa t te rns exper iment was completed with the ex
ception of the tes t s t r i p in su la to r s and the i n s t r u 
mentation connection de t a i l s . P u r c h a s e o r d e r s 
were placed for all the nnajor equipment , except 
the cooler coil and power cont ro l package. F a b r i 
cation of the mixe r and tes t sect ion e l ec t r i c a l 
components is about 60% complete ; the loop a r e a 
was c l ea red and s t r u c t u r a l m a t e r i a l o r d e r e d . 
Insulating m a t e r i a l s for the tes t sec t ion heating 
s t r ip a r e being sc r eened in 50-hr c o r r o s i o n t e s t s 
in water at 600°F. A sa t i s fac to ry m a t e r i a l has not 
yet been tes ted , 

2173. TWO-PHASE FLOW PATTERNS WITH 
HEAT ADDITION, P r o g r e s s Repor t , Apri l 1, 1962 to 
June 30, 1962. UNC-5025 (July 15, 1962). 

Activit ies in a p r o g r a m to invest igate two-phase 
flow pa t te rns with heat addition from one wall of a 
rec tangular flow passage a r e r epo r t e d . Design of 
the tes t s t r i p connec tors and support was changed 
to uti l ize f l a m e - s p r a y e d a luminum oxide as e l ec t r i ca l 
insulation. The loop f ramework and tes t section 
shielding were ins ta l led; the mixer is complete 
except for final assennbly. AH of the nnajor equip
ment for the appara tus was rece ived except the 
water pump, s t eam pump, p r e s s u r e v e s s e l , and 
quartz windows for the tes t sect ion. C o r ro s ion 
t es t s of phenol ic - lamina ted asbes tos were u n s a t i s 
factory because of contaminat ion of the water by 
decomposed phenol ics . T h e r m a l shock t e s t s of 
f l ame-sp rayed a luminum oxide were success fu l . 
Photographic techniques a r e being developed using 
a i r - w a t e r nnixtures in the b r a s s model of the t e s t 
sect ion. P red ic t ions of c r i t i c a l heat fluxes in the 
d i spe r sed flo\v r eg ime were made for this specific 
t es t sect ion from a theory based on turbulent 
diffusion of d r o p l e t s . According to the model , the 
c r i t i ca l heat flux o c c u r s when the wal ls a r e no 
longer kept wet by the impingement of d r o p l e t s . 
A graphica l p re sen ta t ion of the pred ic t ions is 
included. (NSA 62-31799) 

2174. TWO-PHASE FLOW PATTERNS WITH HEAT 
ADDITION. P r o g r e s s Report , Sept. 5-Dec. 31, 1961, 
UNC-5001 (EURAEC-257) (Jan. 15, 1962), 18 p . 

The exper imenta l sys tem cons is t s of a t es t sect ion 
with an e lec t r i ca l ly heated tes t s t r ip connected to 
wa te r and s team loops to provide the de s i r ed mixed 
flow. Coolant flow pa t te rns near the heated s t r i p in 
the tes t sect ion will be observed visually and photo
graphed through observat ion p o r t s . Design of the ex
pe r imen ta l appara tus is about 65% comple te . Vendors 
were reques ted to submit bids for the pumps , valves , 
p r e s s u r i z e r - s e p a r a t o r , p r e s s u r i z e r hea t e r , cooler , 
and h igh-speed motion p ic ture c a m e r a . The designs 
of the tes t section, m ixe r , e l ec t r i c a l and cont ro ls 
sy s t ems remain to be completed. 

2175. Abramson , A. E. 

INVESTIGATION OF ANNULAR LIQUID FLOW WITH 
CONCURRENT AIR FLOW IN HORIZONTAL TUBES, 
J. of Applied Mechanics , 1^, 267-74 (1952). 

Fo r annular liquid flow with concur ren t gas flow, 
the liquid flow is re la t ive ly smooth until the liquid-
flow ra te i s sufficient for the th ickness of the liquid 
annulus to enter the flow region where the turbulent 
forces predominate over the viscous fo rces ; d i s 
tu rbances then develop on the liquid fi lm. The ap
proximate liquid-flow r a t e for this t r ans i t ion can be 
predic ted , 

2176. Anderson, J. D. 

GAS-PHASE CONTROLLED MASS TRANSFER IN 
ANNULAR, CO-CURRENT TWO-PHASE FLUID 
FLOW IN HORIZONTAL PIPES, M. S. Thes i s 
Univ. of Delaware (1959). 

2177. Bennett , J , A, R., and Thornton, J . D. 

PRESSURE DROP DATA FOR THE VERTICAL FLOW 
OF AIR-WATER MIXTURES IN THE CLIMBING-
FILM AND LIQUID-DISPERSED REGIONS, T r a n s . 
Instn. Chem. E n g r s . (London) 21- 101-126 (1961). 

Relevant to pe t ro leum product ion and refining o p e r a 
t ions , s t eam generat ion, and per fo rmance of cl imbing 
film type evapo ra to r s ; analys is of film th ickness and 
en t ra inment data and p r e s s u r e drop m e a s u r e m e n t s ; 
p resen t r e su l t s confi rm, quali tat ively, B . G. Mant-
zouranis p r e s s u r e drop ana lys i s . 

2178. Brown, D. H., Lus tenader , E . L,, and 
Neugebauer , F . J . 

CRITERIA FOR UPWARD ANNULAR TWO PHASE 
FLOW. AECU-3934 (1958) 19 p . 

A d i r e c t t heo re t i ca l analys is was under taken of 
upward annular two-phase flow. Inadequacies in 
exper imenta l co r r e l a t i ons indicate that the p r e sen t 
t heo re t i ca l models a r e e i ther in e r r o r or a r e in
complete . Application was made of m ode rn knowl
edge in the fields of boundary layer theory and film 
condensat ion. It was es tab l i shed that co r r e l a t i ons 
and analyt ical methods that supe r impose force f ields, 
such as that of gravi ty , on the flow r e su l t in un
r ea l i s t i c pa t t e rns for flow dis t r ibut ion , fluid shea r , 
and local p r e s s u r e d rop . Success with such methods 
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may be attributed to gross ly compensating e r r o r s . 
The analysis was car r ied to the point of d e t e r m i 
nation of the interface wave phenomenon. A further 
program of investigation of wave phenomenon for 
inclinations from horizontal to ver t i ca l is 
recommended. 

2179. Budd. J. T. 

MEASUREMENT OF ENTRAINMENT IN TWO-PHASE 
ANNULAR FLOW OF AIR AND WATER IN ONE INCH 
HORIZONTAL COPPER TUBE, B. S. Thes i s . Univ. 
of Delaware (1950). 

2180. Calvert. S. 

VERTICAL, UPWARD, ANNULAR. TWO-PHASE 
FLOW IN SMOOTH TUBES, PhD Thes i s . Univ. of 
Michigan (1952). 113 p. 

This thesis is a study of the regime of co -cu r ren t , 
two-phase flow, which is charac te r ized by the 
liquid running as a film along the tube wall . This 
investigation involved the application of the con
cept of flow mechanisms to the case of film-flow, 
an experimental study of the flow of a i r and water , 
and an analysis of the momentum exchange between 
the two fluids. Data were taken for a range of a i r 
rates from 10-75 ft/min. and water r a t e s of 0 to 
300 Ibs/hr for one inch ID tubes; and over a range 
of air rates from 55 to 112 cubic feet per minute 
and water rates from 0 to 2000 Ibs /hr for the 
2-inch ID tube. 

Using fundamental principles of fluid dynamics , a 
relationship was developed which predic ts film 
thickness and velocity for any liquid flowing in an 
annular film as a function of p r e s su re drop, flow 
rate, tube radius and kinematic viscosi ty . The 
theoretical predictions agree with data for a i r -
water systems. P r e s s u r e drop as a function of gas 
rate is predicted for a i r -water sys tems by an 
empirical correlation of the drag coefficient for 
the liquid surface, based upon repor ted p r e s s u r e 
drops for an a i r -water , annular flow sys tem. Using 
these two relationships p re s su re drops a r e predicted 
which agree well with those measured over the 
experimental range studied. 

A general cri terion of turbulence in liquid films 
is developed. 

2181. Calvert, S., and WiUiams, B. 

UPWARD CONCURRENT ANNULAR FLOW OF AIR 
AND WATER IN SMOOTH TUBES. AIChE Jour , 1, 
78-86 (1955), -

Two-phase fluid flow is distinguished from single-
phase flow in two respects : (1) the c ro s s section for 
flow of either fluid is not defined by the conduit alone 
and (2) not only the extent but the manner of fr ict ion
al energy exchange for each fluid depends on the 
individual rates of flow for both fluids. It was be 
lieved therefore that an empir ical approach would 
not adequately describe the various situations en
countered in two-phase flow, and so study was 
undertaken to obtain some understanding of the 
mechanisms of the flow of liquid with a free surface 
and the momentum exchange between fluids at that 
surface. It resulted in the development of a method 

of predict ing liquid holdup and p r e s s u r e drop for 
flowing sys t ems in which the liquid, lifted by the gas 
flowing as a cen t ra l c o r e , moves upward as an annular 
film along the pipe wall . 

In o r d e r to c lar i fy the re la t ionship of annular flow to 
the ent i re range of ve r t i c a l two-phase flow modes , a 
d i scuss ion of ve r t i c a l two-phase flow is p resen ted , 
followed by an analys is of the spec ia l case of ve r t i ca l , 
upward, annular flow; a desc r ip t ion of the e x p e r i 
mental work; and a c o m p a r i s o n of expe r imen ta l data 
with p red ic t ions . 

2182. Charvonia , D. A. 

A REVIEW OF THE PUBLISHED LITERATURE 
PERTAINING TO THE ANNULAR, TWO-PHASE 
FLOW OF LIQUID AND GASEOUS MEDIA IN A 
P IPE , TM-58-1 (1958). 

A l i t e r a tu re study on two phase-flow was conducted with 
the emphas i s on annular flow pa t t e rns of gas- l iquid 
sy s t ems in a pipe. The theore t i ca l and s e m i - e m p i r i c a l 
analys is of two-phase flow by va r ious inves t iga tors is 
reviewed, and it is pointed out that analyt ica l methods 
a r e genera l ly c h a r a c t e r i z e d by p rocedu re s such as 
analys is of the in ter fac ia l s t r u c t u r e of the flow. Experi
menta l invest igat ions a r e reviewed, and data pertinent to 
the annular flow pa t te rn in two-phase flow a re empha
s ized . Exper imen ta l r e su l t s of p r e s s u r e d rop exper i 
nnents a r e compared as well as data on liquid film 
th ickness , A d i scuss ion of the stabi l i ty of annular two-
phase flow is a lso p re sen t ed . 55 r e f s . 

2183. Charvonia . D. A. 

A STUDY OF THE MEAN THICKNESS OF THE 
LIQUID FILM AND THE CHARACTERISTICS OF 
THE INTERFACIAL SURFACE IN ANNULAR TWO-
PHASE FLOW IN A VERTICAL PIPE , Jet P ropu l 
sion Center , Purdue Univers i ty . In te r im Report 
No. 50 -1 , JPC 1-59-1 (1959), 

The influence of the r a t e s of flow of the two fluid 
media upon the mean th ickness of the liquid film 
and the c h a r a c t e r i s t i c s assoc ia ted with the in te r 
facial surface were studied exper imenta l ly and 
analyt ical ly . P r e s s u r e d rop data for the gas s t r eam 
in annular two-phase flow were obtained. A brief 
experinnental study was conducted to de te rmine un
stable flow regions when en t ra inment o c c u r s . 

Fully developed air s t r e a m flows downward in a 
ve r t i ca l pipe along with water film introduced through 
a c i rcumferen t ia l injection s lot . 

2184. Col l ie r . J. G., and Hewitt, G. F . 

DATA ON THE VERTICAL FLOW OF AIR-WATER 
MIXTURES IN THE ANNULAR AND DISPERSED 
FLOW REGIONS. PART II: FILM THICKNESS AND 
ENTRAINMENT DATA AND ANALYSIS OF PRES
SURE DROP MEASUREMENTS, T r a n s . Instn. Chem. 
E n g r s . (London) 39_, 127-136 (1961). 

Relevant to pe t ro leum production and refining oper 
at ions, s team generat ion, and pe r fo rmance of 
cl imbing filnn type e v a p o r a t o r s ; analys is of film 
th ickness and en t ra inment data and p r e s s u r e drop 
m e a s u r e m e n t s ; p resen t r e su l t s confi rm, qual i ta
t ively, B . G. Mantzouran i s ' p r e s s u r e drop ana lys i s . 
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2185. F o u r e , C , et a l . 

STUDY OF TWO-PHASE FLOWS (AIR-WATER) 
WITH VORTEX CYLINDRICAL AND ANNULAR 
FLOWS, Special Repor t No. 3, EURAEC-144 (1961). 

The re su l t s of nneasurements of two-phase w a t e r -
a i r , fall of p r e s s u r e and vacuum f rac t ions , both in 
conventional c a s e s and with types of flow likely to 
produce an effect on the heat t r an s f e r c h a r a c t e r i s 
t ics at boiling point, a r e p r e s e n t e d . The e x p e r i 
mental equipment used during the t e s t s i s de sc r ibed . 
The falls in p r e s s u r e in cyl indr ica l annular flow, 
withand without twis ted tape , were compared . 
Tes t s c a r r i e d out with two-phase flow enabled the 
gradients in the falls in p r e s s u r e and vacuum 
fraction to be studied with and without twisted 
tape . The influence of the wa te r flow speed, 
the shape of the flow, the hydraul ic d i ame te r , and 
the thread of the twis ted shape in the case of 
single and b racke ted vor t i ces was a lso demons t r a t ed . 
The vor t i ces induced by je t s were a lso inves t iga ted . 

2186. F r i t z l en , A. F . 

A STUDY OF LIQUID ENTRAINMENT IN ANNULAR 
CO-CURRENT, TWO-PHASE FLUID FLOW, 
MS Thes i s , Univ. of Delaware (1951), 44 p. 

Liquid and vapor phases can be brought into contact 
to provide for efficient reac t ion or t r an s f e r of m a s s 
or heat between phases if the fluids a r e caused to 
flow cocur ren t ly through a s t ra ight pipe. The p r e s 
sure drop that mus t be ove rcome to cause flow may 
somet imes be excess ive , however , espec ia l ly if the 
gas flow r a t e i s high enough to keep the liquid flowing 
smoothly as a film on the pipe wal l , 

Measurennents of p r e s s u r e loss accompanying two-
phase flow of wa te r and a i r through a hor izonta l , 
I - inch d iamete r tube have shown that the fr ict ional 
effect is l a rge r than would have been expected from 
previous work. An emp i r i c a l equation has been 
found to re la te the p r e s s u r e drop to the air and 
water ve loc i t i e s . 

Rates of t r a n s p o r t of en t ra ined liquid in the gas 
s t r e a m have been m e a s u r e d in o r d e r to find the op
erat ing conditions for which the liquid flows smoothly 
as an annular layer ins tead of uns teadi ly in " s lugs . " 
The m e a s u r e m e n t s were made by inse r t ing -^, -g, 
and i - i n c h d i ame te r sampl ing nozzles into the center 
of the 1-inch pipe, withdrawing a mix tu re of liquid 
and gas at a velocity approximate ly equal to the ve 
locity of flow of the main s t r e a m . It was found that 
at the highest liquid r a t e s the m a s s velocity of en
t ra ined liquid sp ray was equal to a lmos t half the 
m a s s velocity of a i r . By compar ing the r a t e s of 
liquid col lect ion by the th ree nozzles it was found 
that the sp ray m a s s veloci ty i n c r e a s e d l inear ly 
with d is tance f rom the ax i s . The ra te of i n c r e a s e 
and, consequently, the tendency of the liquid and 
vapor to be seg rega ted , was found to be g r e a t e r 
at the h igher gas ve loc i t i e s . 

2187. Gill . L. E. , and Hewitt, G. F . 

FURTHER DATA ON THE UPWARDS ANNULAR 
FLOW OF AIR-WATER MIXTURES, AERE-R 3935 
(1962). 

Data a r e p resen ted for film th ickness , film flow-
ra te and p r e s s u r e gradient for upwards c o - c u r r e n t 
a i r -v /a te r annular two-phase flow in a 1— in. bore 
pe r spex tube. Two in jec tors - a mult i jet type and 
an annular slot type - we re used and a much wider 
range of phase f lowrates was invest igated than had 
previous ly been r epor t ed . The range of water flow 
over which film th ickness was m e a s u r e d was in
c r e a s e d from 10-100 to 20-300 Ib /h r . 

F i lm f lowra tes , filnn th icknesses and p r e s s u r e 
gradients were all observed to be lower with the 
multi jet injector than with the annular s lot . The 
re su l t s for p r e s s u r e drop •were compared with the 
Lockhart and Mart inel l i and homogeneous c o r r e l a 
tions and the fo rmer was found to predic t the values 
c loses t . The Lockhar t and Mart inel l i hold-up co r 
re la t ion genera l ly ove r -p red ic t ed the film thickness -
this is due to the p re sence of entrainnnent. Very 
different pa t te rns of en t ra inment were observed 
for the two in jec to r s . 

Fo r higher liquid r a t e s the en t ra inment r e s u l t s were 
found to ag ree with the cor re la t ing line obtained p r e 
viously for ver t i ca l flow using the cor re la t ion 
method of Dukler and Wicks - provided the app rop r i 
ate "c r i t i ca l Weber n u m b e r s " were used for the 
two types of in jector . As in e a r l i e r work at lower 
liquid r a t e s , the ent ra inment is ove r -p red ic t ed by 
the co r re la t ing line extrapolated from high liquid 
r a t e s , and is a function of the gas f lowrate . It 
t r a n s p i r e d that the t r ans i t ion to the co r re l a t ion o c 
c u r s at values of yj of 16-18 and is re la ted to the 
format ion of la rge rol l waves on the film su r face . 

The i n t e r - r e l a t i o n of film th ickness , p r e s s u r e drop 
and film flow rate by velocity profile theor i e s has 
been studied and is d i scussed ; systennatic deviations 
from simple theory a r e found. 

2188. Ha l l -Tay lo r . N. . and Hewitt. G. F . 

THE MOTION AND FREQUENCY OF LARGE DIS
TURBANCE WAVES IN ANNULAR TWO-PHASE 
FLOW OF AIR-WATER MIXTURES, Chem. Eng. 
Div. Atomic Energy Resea rch Es tab l i shment , 
Harwel l , B e r k s . 

In annular two-phase flow la rge d is turbance (or 
"rol l") waves a r e nea r ly always obse rved . These 
waves t r a v e l rapidly along the surface of the liquid 
film and have a "milky" appearance as a r e su l t of 
light sca t t e r ing by thei r ex t remely ruffled su r face . 
The ranges of a i r and water flow r a t e over which 
these waves a r e observed in l o w - p r e s s u r e a i r - w a t e r 
flow have been invest igated and a r e r epo r t ed . The 
format ion of the waves appears to coincide with the 
t r ans i t ion in ent ra inment observed in e a r l i e r 
work.(2.7) 
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Measurements of wave velocity and wave separa t ion 
(in time and distance) are repor ted. Measurements 
made by a cine film method and by a conductance 
probe method are in satisfactory agreement . The 
mean velocity of the disturbance waves was about 
4-10 fps compared with an air velocity of 40-150 ft/ 
sec and a mean water velocity in the liquid film of 
1-3 f t /sec. Mean wave velocity increased rapidly 
with increasing air flow but was insensit ive to 
changes in water ra te . The frequency of the waves 
was insensitive to air rate but increased in p ropor 
tion to the liquid rate thus suggesting that the waves 
are transporting the liquid. For any set of conditions 
the wave velocities measured a r e not evenly d i s 
tributed about the mean and a number of peaks occur 
in the histogram. These peaks appear in the same 
positions for a number of different flow ra te s and 
the existence of "preferred veloci t ies" is therefore 
possible. Similar, but more equivocal, observat ions 
are made with respect to wave separa t ion. 

2169. Hewitt, G. F . 

ANALYSIS OF ANNULAR TWO-PHASE FLOW: 
APPLICATION OF THE DUKLER ANALYSIS TO 
VERTICAL UPWARD FLOW IN A TUBE, AERE-
R3680 (1961). 

Dukler's analytical t rea tment of downward, annular 
two-phase flow is adapted to upward flow. Both fluid 
dynamics and heat t ransfer are considered. Dia
grams illustrating two-phase flow calculations a re 
presented along with tables of numer ica l solutions. 

2190. Hewitt, G. F . 

SOME CALCULATIONS ON HOLD UP. HEAT TRANS
FER AND NUCLEATION FOR STEAM-WATER FLOW 
IN A 0.5 cm BORE TUBE, AERE-3984 (1962), 41 pp. 

Using the theory of annular flow reported previously 
by the author{l) and assuming the Lockhart-
Martinelli(2) correlation for frictional p r e s s u r e drop 
it has been possible to calculate the holdup and heat 
transfer coefficient for simple hypothetical cases of 
steam-water flow in a tube. At zero entrainment 
the holdup correlation of Lockhart and Martinelli{2) 
was predicted by the annular flow calculations and 
the reasons for this prediction are d i scussed . As 
entrainment increases the holdup falls and a m a s s 
flow rate effect occurs in the corre la t ion . Heat 
transfer coefficient, on the other hand, is less af
fected by entrainment. since a large portion of the 
temperature drop occurs in the boundary l ayer . 
The heat transfer calculations reveal a cor re la t ion 
with the Martinelli parameter , X, of the ratio of 
two-phase to single-phase coefficient; this c o r r e l a 
tion is some 30% higher than the empir ica l c o r r e l a 
tion of Collier et al.(3) Some considerat ion has been 
given to the nucleation of s team bubbles in the 
annular liquid fi lms. Using the theory of Hsu{8) it 
has been possible to predict the heat flux for the 
onset of nucleation. Comparison of the nucleation 
heat flux with heat flux for burnout suggests a poss i 
ble mechanism for burnout at the lower quality r e 
gion which successfully explains both the r e v e r s a l 
of the mass velocity effect, and the maxima, en
countered in plots of burnout flux versus exit quality. 

2191. Hewitt. G. F . , King, I., and Lovegrove, P . C. 

HOLDUP AND PRESSURE DROP MEASUREMENTS 
IN THE TWO-PHASE ANNULAR FLOW OF AIR-
WATER MIXTURES, AER-E R3674 (1961). 

2192. Hewitt, G. F . , King, R. D., and Lovegrove, P . C. 

TECHNIQUES FOR LIQUID FILM AND PRESSURE 
DROP STUDIES IN ANNULAR TWO-PHASE FLOW, 
AERE-R 3921 (1962). 

Developments a r e desc r ibed in the previous ly r e 
ported flush conductance probe method which allow 
an average value of film th ickness to be de te rmined 
and also the ins tantaneous value of conductance to 
be r eco rded . A genera l ized ca l ibra t ion for these 
probes has been obtained. The needle contact nneth
od of B r a u e r has also been cons iderab ly improved 
by the introduct ion of be t t e r counting me thods . The 
application of both these techniques , together with 
an improved method of m e a s u r i n g two-phase p r e s 
sure drop, to the study of a i r / w a t e r flow in a 
l4- in. bore ac ry l ic r e s in tube is d e s c r i b e d . Resul ts 
for film c h a r a c t e r i s t i c s and p r e s s u r e d rop a r e p r e 
sented for a se lec ted range of a i r and water r a t e . 

2193. Jacowitz , L. A. 

AN ANALYSIS OF GEOMETRY AND PRESSURE 
DROP FOR THE ANNULAR FLOW OF GAS-LIQUID 
SYSTEMS, Ph.D. T h e s i s . Ohio State Univ. (1962), 
214 pp. 

2194. Lai rd , A. D. K. 

STABILITY CONSIDERATIONS IN VERTICAL 
ANNULAR TWO-PHASE FLUID FLOW, Univers i ty 
of California, Ph .D. D i s se r t a t i on (1951), 87 p . 

The problem of the high p r e s s u r e drop assoc ia ted 
with annular upward gas- l iquid flow was at tacked 
analytically and exper imenta l ly . It was establ ished 
that the interface waves could cause the high 
p r e s s u r e drop in the gas c o r e . This p r e s s u r e drop 
was found to be sensi t ive to the wavelength, am
plitude and frequency of the in ter face waves . These 
va r i ab les were re la ted to the liquid sa tura t ion . 

The conditions imposed on the gas column of two-
phase flow were s imula ted by rubber tube mode l s . 
These tubes were forced to osc i l la te in the form of 
a standing wave. The ampl i tude , frequency and 
wavelength were v a r i e d . Resul t s from these models 
showed that for any given Reynolds number between 
300 and 3000, the pipe frict ion factor i nc reased as 
the tube wall osc i l la t ion frequency was i nc reased 
from 0 to 2000 cycles per minu te . The ra te of in
c r e a s e depended on the ra t io of the amplitude of the 
osci l la t ions to the tube r a d i u s . Fo r values of this 
ra t io of 5. 10, and 20 per cent, the fr ict ion factor 
i nc reased to 3, 50, and 150 t i m e s , r espec t ive ly , the 
friction factor for ze ro frequency. High p r e s s u r e 
drops were shown to accompany a flat velocity d i s 
t r ibut ion in \ ' iscous flow. Evidence was given that 
turbulent flow exis ted at Reynolds n u m b e r s as low 
as 300. 
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2L95. La i rd , A. D. K. 

STABILITY OF GAS FLOW IN A TUBE AS RELATED 
TO VERTICAL ANNULAR GAS-LIQUID FLOW, 
T r a n s . ASME 2 i . 1005 (1954). 

A model study of the p r e s s u r e drop in the gas column 
of an upward annular gas- l iquid flow sys tem is 
desc r ibed . The models were two rubber tubes with 
walls osci l la t ing as a x i s - s y m m e t r i c standing waves . 
P r e s s u r e drops were shown to i n c r e a s e rapidly with 
inc rease of wave length, wave ampl i tude , and wave 
frequency. The m a t h e m a t i c a l ana lys i s of the sys tem 
was extended. 

2196. Levy, Salomon 

THEORY OF PRESSURE DROP AND HEAT TRANS
FER FOR TWO-PHASE TWO-COMPONENT ANNU
LAR FLOW IN P IPES , Univers i ty of California, 
M. S. Thes i s (1951), 85 p. 

The s eve ra l types of two-phase flow a r e c lass i f ied 
as s t rat i f ied, wave, slugging, and annular . Fo r 
each of these types the re exist four flow r e g i m e s , 
namely v i s cous -v i s cous , v i scous - tu rbu len t , 
tu rbu len t -v i scous , and tu rbu len t - tu rbu len t . In 
this thes i s an exact solution of the p r e s s u r e drop 
and heat t r an s f e r for annular flow is p r e sen t ed . 
A compar i son is made between the pred ic ted p r e s 
sure drop and Mar t ine l l i ' s c o r r e l a t e d exper imenta l 
r e s u l t s . The two se ts of values a r e shown compa
rable over a la rge range , while the flow p a r a m e t e r s 
a r e proved to be a lmos t ident ical to the ones der ived 
by Mar t ine l l i . 

The heat t r a n s f e r for two-phase annular flow is 
shown to be de t e rmined by the s ame p a r a m e t e r s 
as the p r e s s u r e drop if constant weight r a t e cu rves 
a re plotted. Final ly , the theory indicates that both 
the p r e s s u r e drop and the heat t r an s f e r a r e not 
independent of the flow pa t t e rn . 

Exper imenta l data w e r e obtained for the heat 
t r ans fe r of an o i l - a i r sy s t em flowing in a 4.4 foot 
heat exchanger 0.0262 foot in d i a m e t e r . An approx
imate analys is based on Mar t ine l l i ' s co r re l a t ion is 
developed for the heat t r a n s f e r of two-phase two-
component flow in p ipes . The ca lcula ted values 
fall within ±15% of the expe r imen ta l r e s u l t s . 

2197. Levy, Salomon 

THEORY OF PRESSURE DROP AND HEAT TRANS
FER FOR ANNULAR STEADY STATE, TWO-PHASE 
TWO-COMPONENT FLOW IN PIPES, Ohio State 
Universi ty, P roceed ings of Second Midwestern 
Conference on Fluid Mechanics , 337-48 (1952). 

The prob lem of the high p r e s s u r e drop and heat 
t r ans fe r a s soc ia ted with s t eady - s t a t e annular 
hor izonta l gas - l iqu id flow in pipes was at tacked 
analyt ical ly . Solutions a r e p resen ted for th ree 
gas- l iquid flow r e g i m e s : v i s cous -v i s cous , 
v i scous- tu rbu len t , and tu rbu len t - tu rbu len t . The 
p a r a m e t e r s a r e ident ical to the ones obtained s e m i -
empi r i ca l ly by Mar t ine l l i . Three addit ional p a r a m 
e t e r s based on the physical p rope r t i e s of the 
fluids appear in the solut ions, but thei r effects a r e 
negligible in mos t p r a c t i c a l c a s e s . The heat t r an s f e r 
of two-phase annular flow is de te rmined by the 
same p a r a m e t e r s as the p r e s s u r e drop if constant 

liquid or gas weight ra te cu rves a r e plot ted. The 
predic ted p r e s s u r e drop and the exper imenta l data 
co r r e l a t ed by Mart inel l i a r e shown comparab le over 
a la rge r ange . The tes t values of the p r e s s u r e drop 
and liquid sa tura t ion always exceeded the theore t i ca l 
r e s u l t s , the maximum deviation for the p r e s s u r e 
drop being 20%, This d i sc repancy can in t u r n be 
explained in t e r m s of the simplified geonnetry of 
the theore t i ca l sys t em and the neglect of some of 
the t e r m s in the Navier -Stokes equat ions . 

2198. McManus, H, N. 

AN EXPERIMENTAL INVESTIGATION OF FILM 
ESTABLISHMENT. PROFILE, DIMENSIONS, 
PRESSURE DROP, /.ND SURFACE CONDITIONS IN 
TWO-PHASE ANNULAR FLOW, Ph.D. Thes i s , 
Univ. of Minn. (1956). 

2199- McManus, H. N., J r . 

AN EXPERIMENTAL INVESTIGATION OF FILM 
CHARACTERISTICS IN HORIZONTAL ANNULAR 
TWO-PHASE FLOW, ASME Paper No. 57-A-144 
for meeting Dec. 1-6 (1957), 17 p. 

2200. McManus, H. N., J r . 

AN EXPERIMENTAL INVESTIGATION OF LIQUID 
DISTRIBUTION AND SURFACE CHARACTER IN 
HORIZONTAL ANNULAR TWO-PHASE FLOW, 
Cornel l Univers i ty , Sibley School of Mechanical 
Engineer ing, Ithaca, N. Y., IR-1 DA-30-11 5-ORD-
992, OOR-R-2117:2 (1959). 

A s e r i e s of t e s t s has been made to m e a s u r e mean 
and minimum film th ickness , wave height, and 
p r e s s u r e drop in horizontal tubes . Three pipe 
s izes were employed, one, two and th ree ID, and 
the film profi les m e a s u r e d at s eve ra l axial 
pos i t ions . Two fluids, water and a water -g lycer ine 
solution, differing in v iscos i ty by a factor of ten 
were employed. 

2201. McManus, H, N., J r . 

FILM CHARACTERISTICS AND DIMENSIONS IN 
ANNULAR TWO-PHASE FLOW, Cornel l Univers i ty , 
Sibley School of Mechanical Engineer ing . I thaca, 
N. Y., December , 1959, In te r im Report No. 2, OOR 
Pro jec t No. 2117. Contract DA-30-115-ORD-992 
(Reprinted fronn the Proceed ings of the Sixth Annual 
Conference on Fluid Mechanics held at the Univers i ty 
of Texas , Austin, September 1959). 

Measu remen t s of liquid d is t r ibu t ion when undergoing 
hor izonta l annular flo'w have been made in a one-
inch and two-inch tube for an a i r - w a t e r s y s t e m . 
The air Reynolds nunnber was va r i ed from 59,000 to 
285,000; the liquid r a t e s ranged up to 0.6 l b / s e c . 
Measurennents were made of mean and mininnum 
film th ickness and maximum wave height at five 
stat ions in each tube . It was found that the gravi ty 
effect is apprec iable at all flow r a t e s and leads to 
the a i r co re exper iencing unequal wall roughness 
around the tube pe r iphe ry . It is suggested that th i s 
effect is respons ib le for the indifferent s u c c e s s of 
analytic app roaches . A co r r e l a t i on of liquid a r e a 
fract ion with liquid and gas Reynolds number s for 
" s t e a d y - s t a t e " values is given. This co r r e l a t i on 
a lso gives data on average nnean film th i cknes s . 
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liOl. McManus, H. N., J r . 

LOCAL LIQUID DISTRBUTION AND PRESSURE 
DROPS IN ANNULAR TWO PHASE FLOW, ASME 
Paper 61-HYD-20 (1961). 

Empirical correlat ions a re presented for local 
liquid-film thickness in horizontal annular flow 
for a wide range of flow conditions. Comparison 
of measured l iquid-area fraction are made with 
those predicted by the Martinelli cor re la t ion . 
Measured pressure drops a r e compared with 
those predicted by the Martinelli and Chenowith-
Martin correlat ions. Separation of p r e s s u r e 
drops into component parts was accomplished. 
Momentum pressure drops were found to depend 
on gas Reynolds number. Correlat ions of m o 
mentum pressure are presented. 

Preprint for the joint ASME-EIC Hydraulic Con
ference, Montreal, Canada, May 7-10, 1961. 

llOi. McNutt, C. R. 

PRESSURE DROP IN TWO-PHASE ANNULAR FLOW. 
HW-35065TH (1955). 

significant from a heat t r a n s f e r s tandpoint . The 
droplet c ros s - f low r a t e s behave in the anomalous 
manner deduced by Isbin and Vanderwa te r from an 
analysis of burnout da ta . 

.2207. Robe r t s , D. C. 

A CORRELATION OF ADIABATIC PRESSURE 
DROP DATA FOR TWO-PHASE ANNULAR FLOW 
IN VERTICAL CHANNELS, Dip. Nucl. Eng. T h e s i s , 
Queen Mary Col lege, Univ. of London (1960). 

2208. Semenov, P . A. 

LIQUID FLOW IN THIN LAYERS, Journa l of Tech
nical Phys ics (USSR) \±, ill-il (1944). 

Water flows along the inner surface of a ve r t i c a l 
g lass tube and a rapid a i r c u r r e n t r i s e s in the 
middle of the tube. According to the r a t e s of flow 
of water and a i r six types of flows a r e obse rved . A 
hydrodynamical theory is given to account for the 
observa t ions ; it allows a calcula t ion of the coef
ficient of friction between wate r and s t r eaming a i r . 
The phenomenon is impor tan t for s c r u b b e r s , coolers , 
e tc . 

2204. Magiros, P . G. 

ENTRAINMENT AND PRESSURE DROP IN HORI
ZONTAL TWO-PHASE GAS-LIQUID FLOW, M. S. 
Thesis, Univ. of Houston (1960). 

2205. Magiros, P. C , and Dukler, A. E. 

ENTRAINMENT AND PRESSURE DROP IN CON
CURRENT GAS-LIQUID FLOW II LIQUID 
PROPERTY AND MOMENTUM EFFECTS, P r e 
sented at the Seventh Midwest Conference of 
Fluid Mechanics, East Lansing, Michigan, 
September, 1961. 

2Z06. Quandt, E. R. 

MEASUREMENT OF SOME BASIC PARAMETERS 
IN TWO-PHASE ANNULAR FLOW, WAPD-T-1502 
(1962), 38 p. 

The experimental results of ver t ical flow of a i r -
water mixtures in a i . x 3 in. rectangular channel 
are presented. It is assumed that annular flow is 
adequately described by a liquid film on the 
channel walls flowing concurrently with a cent ra l 
core of vapor and droplets . Dye injection into the 
liquid film is used as a means of measur ing the 
film velocity and thickness, fraction of liquid 
entrained in the gas, droplet axial velocity, 
and rate of droplet interchange between the core 
and the film. P res su re gradient and liquid volume 
fraction were also measured. Air velocities from 
50 to 200 ft/sec and total liquid ra tes from 
0.04 to 0.60 lb per sec per ft of per imeter were 
studied. Visual observations indicated that the 
most important character is t ic of this flow regime 
is the surface waves generated by the gas flow over 
the liquid film. It is shown that the average values 
of film thickness and velocity may be used to com
pute the wall shear s t r ess and that the film flow 
is laminar. The measured ra tes of droplet in t e r 
change indicate that this flow is too small to account 
lor the film to gas core momentum t rans fe r , but is 

2209. Semenov, P . A. 

LIQUID FLOW IN THIN LAYERS, PART U, Journal 
of Technical Phys ics (USSR) 20^, 980-90 (1950). 

A study has been made of the upward movement of a 
thin liquid layer c a r r i e d along a ve r t i ca l wall by fast 
ver t i ca l gas c u r r e n t s . As pointed out in P a r t I, 
observa t ions show pecul iar undulatory movements 
in the liquid film, unexplainable by a p re l imina ry 
theory . A more exact t heo re t i ca l descr ip t ion and 
analysis of exper imenta l a spec t s of the phenomenon 
a r e given. Bes ides its bea r ing on the genera l p rob
lem of the stabil i ty of the l amina r l ayer , the subject 
is connected with seve ra l quest ions concerning 
prac t ice devices ("choking" of rect i f ica t ion columns, 
two-phase flow, etc.) 

2210. Wicks, M., III. 

ENTRAINMENT AND PRESSURE DROP FOR HORI
ZONTAL TWO-PHASE FLOW OF AIR AND WATER, 
M. S. T h e s i s , Univ. of Houston (1958). 

2211. Wicks, M., III., and Dukler , A. E. 

ENTRAINMENT AND PRESSURE DROP IN CON
CURRENT GAS-LIQUID FLOW: I. AIR-WATER IN 
HORIZONTAL FLOW, AIChE Jou r . .6, 463-468 (1960). 

2213. Wrobel . J. R., and McManus, H. N., J r . 

ANALYTIC STUDY OF FILM DEPTH, WAVE 
HEIGHT, AND PRESSURE DROP IN ANNULAR TWO-
PHASE FLOW, Develop. Mech._l_, 578-87 (1961). 

An analytic invest igat ion of the liquid film c h a r a c t e r 
i s t i c s in concur ren t , annular gas- l iquid flow with 
in terfacia l shear is p resen ted . The sys tem studied 
is that of a turbulent gas moving axial ly through a 
c i r cu l a r tube while in contact with an annulus of 
liquid at the inner pe r iphe ry of the tube . Heat and 
m a s s t r ans f e r between phases a r e not cons ide red . 
The momentum in terchange between phases is likened 
to that occur r ing in the flow of a single phase through 
a hydraul ica l ly rough tube, with the in ter fac ia l 
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d i s tu rbances r ep re sen t ing the equiv. roughness e l e 
m e n t s . This a s sumpt ion allows the predic t ion of the 
frict ion factor , i . e . . p r e s s u r e d rop , for a given g a s -
liquid flow s y s t e m . A compar i son of the predic ted 
flow p r o p e r t i e s with those published in exptl . s tudies 
is p resen ted as an evaluation of the analytic solution. 

2214. Zhivaikin, L. Ya., and Volgin, B. P . 

HYDRAULIC RESISTANCE IN RISING TWO-PHASE 
FILM FLOW, Zhur . Vsesoyvz . Khim Obshchestva 
im D.I. Mendeleeva 6_, 354-5 (1961). 

The effect of the gas r a t e , w, and the liquor r a t e , Q, 
on the coeff. of the hydraul ic r e s i s t a n c e , 
X - ARe"^Re" , in an a i r - H i O sys t em in a r i s ing fi lm-
type app. was studied in a g l a s s column 830 nnm high 
and 13 m m d i a m . The plots of the p r e s s u r e drop 
A p vs w passed through a min . , the value of which in
c reased as Q i n c r e a s e d from 0.46 to 4.5 sq cnn/sec . 
In the region of the Ap v s . w curve where Ap de 
c r e a s e d as w i n c r e a s e d , X= 4.6 x lO^Re^'^ Re^^^^; 
in the region in which Ap i n c r e a s e d with w. 

• 6.55Re^'^2Ref 3/4 Re and Rej a r e the Reynolds 
nos . of the liquid and the gas phase s , r e s p . 

Ent ra inment 

2215. Aleksandrov, I. A., and Skoblo, A. I. 

ENTRAINMENT OF A LIQUID BY A GAS WITH 
SCREEN TYPE PLATES, Khim i Tekhnol. Topliv 
i Masel _5_, 42-5 (I960). 

Ent ra inment was studied with an exptl . model of a 
mesh- type plate column. The w a t e r - a i r sys t em 
was used with the liquid colored with f luorescein , 
thereby permi t t ing the use of optical methods for 
detg. the amt , of en t r a inmen t . The data were co r 
re la ted by the equation: e x 10^ = 0.014 ( W / H ) ^ ' " , 
where e is the ra t io of liquid c a r r y o v e r to a i r in 
kg/kg. W the superf ic ia l a i r velocity in m / s e c , 
and H the d is tance between the froth layer and 
the bottom of the next p la te , in m m . The velocity 
of the air was mainta ined at 2 m / s e c ; the space 
between pla tes was var ied between 250 and 450 m m . 
The max. deviat ion from values ca lcd . fronn the 
equation did not exceed ±25%; mos t points lay 
within the l imi t s of ±15%. F r o m the value of e 
obtained f rom the equation, the optimum value of 
H m a y b e cald. f rom: H = W(0.014/ l00c)°*" . 
Ent ra inment under the conditions desc r ibed did not 
depend on the cons t ruc t ion of the plate or on the 
water r a t e . F u r t h e r m o r e , the water draining from 
the upper plate produced a sepg. effect that se rved 
to diminish the a m t . of entrainnnent. 

2216. Andreevsk i i , A. A., and Zenkevich. Yu. V. 

INVESTIGATION OF THE SALT ENTRAINMENT 
BY VAPOR UTILIZING RADIOACTIVE ISOTOPES, 
Teploenerget ika , 2^ No. 9. 37-42 (1955). 

An expt l . steann b o i l e r - c o n d e n s e r loop is desc r ibed 
in which aq . so lns . of radioac t ive Na2S3504 were 
vapor ized by e l ec . heating at control led r a t e s . When 
an effective en t ra inmen t s e p a r a t o r was used the 
coeff. of sal t c a r r y over was independent of the 
boi l -up r a t e . Curves a r e p resen ted re la t ing c a r r y 
over to loading with and without a s e p a r a t o r for 
var ious liquid and vapor space geonnetr ies . 
(CA-50-6715h) 

2217. Andrews, J. M. 

KINETIC STUDY OF FLUIDIZED SOLIDS ENTRAIN
MENT, Ind. and Engr . Chemis t ry , _52_ 85-88 ( i960) . 

The equations developed h e r e provide a bas i s for 
es t imat ing cata lys t en t ra inment in var ious p r o c e s s 
designs for both dense phase beds and t r ans f e r l ines . 

2218. B a r k e r , K. R. 

REMOVAL OF ENTRAINED GAS FROM SODIUM 
SYSTEM, Mine Safety App. Co., Tech Report No. 50 
MSA-TR-50 (July 1956). 

An efficient method for r emova l of ent ra ined gas in a 
Na sys tem s imi la r to the S2G p r i m a r y coolant sys t em 
is de sc r ibed . A study of the behavior of a i r - w a t e r 
mix tu re s in a glass loop showed how gas moved 
through the sys tem and gave a be t ter unders tanding 
of two-phase flow. Air could be held up at var ious 
points depending on the veloci ty: d o w n - s t r e a m end 
of upper hor izonta l run at 0.25 fps, in the ve r t i ca l 
downward leg at 0.25 to 0.50 fps, and at the bottom 
of the ve r t i ca l downward run at 0.50 fps. Ent ra ined 
gas in the Na sys tem caused e r r a t i c f lowmeter and 
pump per formance and flow stoppage at low ve loc i t i es . 
An expansion tank located above the loop will rennove 
gas at any flow condition great enough to t r a n s p o r t 
gas to the vent. If it is n e c e s s a r y to t r an spo r t gas 
downward to the expansion tank a minimum velocity 
must be exceeded. This was found to be between 
1.5 and 2.3 fps in a 1 in. line 6 ft long. Gas removal 
ra te is a function of velocity in the expansion tank 
l ine, but is independent of the ma in loop velocity. 
Entrained gas can be removed if liquid veloci t ies a r e 
kept above 2 f t / sec and a normal s epa ra to r is used 
in a by-pass l ine, 

2219. Blinov, K. A. 

ON THE MODEL PROPOSED BY G. N. KRUZHILIN 
FOR THE PROCESS OF CARRY-OVER OF MOIS
TURE, Izv. Akad. Nauk, SSSR, O.T.N., No. 3. 
p. 467 (1952). 

2220. Ghernaev, I. I., and Styrikovich, M. A. 

PHYSICAL AND CHEMICAL PROCESSES INSIDE 
BOILEPS, Akad. Nauk. SSSR., Moscow (1957). 

This monograph contains 40 r e s e a r c h pape r s on the 
pur i ty of s team, the puri ty of wa te r , and on 
c o r r o s i o n . 

2221. Davis , R. F , 

THE PHYSICAL ASPECT OF STEAM GENERATION 
AT HIGH PRESSURES AND THE PROBLEM OF 
STEAM CONTAMINATION, P r o c . of the Inst , of Mech. 
Eng inee r s , Vol. 144 (1940) pp. 198-216. An abs t r ac t 
appears in the Engineer , Dec. 1940, pp. 399-401, 
412-414. 

Consti tution and physical p r o p e r t i e s of boi ler water 
invest igated with re fe rence to operat ing p r e s s u r e ; 
p r o c e s s ; p r o c e s s of evaporat ion at submerged heat ing 
sur face ; effect of bubble s ize on c i rcu la t ion; mechan
ical p r iming and methods of prevent ing s t eam con
taminat ion by m o i s t u r e and solids d i s c u s s e d . 
Bibl iography. E l ( l 9 4 0 ) p . 141. 
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2222. Dombrowski, N., et al. 

LIQUID ENTRAINMENT. I. MECHANISM OF DROP 
FORMATION FROM GAS OR VAPOR BUBBLES, 
Trans. Inst. Chem. Engrs . (London) 2^ , 244-261 
(1954) 

The paper presents the resu l t s of a study of drop 
formation due to bubbles of gas or vapor t ravel l ing 
upwards through a liquid and collapsing at the liquid-
gas interface. The sequence of events associa ted 
with the collapse of the bubble has been t raced and 
the sizes, t ra jector ies , and number of drops formed 
have been determined. Some observat ions on the 
function of baffles in entrainment s epa ra to r s a r e 
recorded and the conditions giving r i se to r e -
entrainment defined. 

2223. Dombrowski. N., et al. 

LIQUID ENTRAINMENT; MECHANISM OF DROP 
FORMATION FROM BUBBLES, Chem. Age. (London) 
72_. 269-74 (1955) 

2224. Eisenklam, P . 

FLOW THROUGH POROUS MATERIALS, THE 
RETARDATION OF LIQUID FLOW RATES IN 
POROUS MATERIALS. PART ll. THE E F F E C T 
OF GASES DISSOLVED OR ENTRAINED IN THE 
LIQUID, DGGW-EMR-55-6; AD-71864. (Mar 1955) 
81 p. 

An investigation is ca r r ied out of the mechanism of 
reduced flow rates as experienced during film cooling 
and liquid filtration processes using micropored m a 
terials . Water and kerosene, and s in tered s teel , 
bronze, and glass of pore throat diameter from 13 
to 47/i are used with p ressu re gradients up to 80 psi 
per inch and at room tempera ture . Gases in the 
pores by evolution from the liquid or from en t ra in
ment cause reduced but steady flow r a t e s . The co r 
relation between the resulting mois ture content of the 
porous mater ia l during flow and the corresponding 
flow rate can be predicted for the majori ty of condi
tions exannined. 

2225. Epstein. G. H. 

REPORT OF LITERATURE SURVEY ON LIQUID-
GAS ENTRAINMENT PROBLEMS, KAPL-M-GHE-1 , 
(1955) 

An exploratory study has been made of l i t e ra ture 
pertaining to the phenomena of interfacial par t ic les 
in gas-liquid systems to learn what factors influence 
the behavior of bubbles or other types of entra inment 
in both static and dynamic two-phase sys tems . The 
aim is ultimately to apply these findings and their 
corollaries to problenns associated with filling and 
draining Na systems, where gas entrainment appears 
undesirable, both from heat t ransfer and hydraulic 
considerations. !6 references . (NSA-10-10817) 

2226. Garner. F. H.. et al. 

SIZE DISTRIBUTION AND ENTRAINMENT OF 
DROPLETS, Trans. Inst. Chem. Engrs . 32. 222-35. 
(1954) — 

The size distribution and entrainment of droplets in 
a pilot-plant evaporator and in a 4-in. g lass evapora 
tor have been detd. from the evapn. of water and 

KNO3 solns . Droplet format ion and projec t ion into 
the vapor space occur under splashing, burs t ing of 
vapor bubbles, and foaming. Samples of the en
t ra ined drople ts were col lected in a two-s t age c a s 
cade innpactor and the en t ra inmen t was calcd. from 
the size and total no. of d rop le t s . The cascade 
innpactor cons is ted of one s t ra igh t r ec tangu la r je t 
and one t apered rec tangu la r je t in s e r i e s , each 
contg. a mic roscope slide coated with magnes ium 
oxide. A drople t s t r iking the magnes ium oxide layer 
pene t ra ted the sur face , giving a wel l-def ined c i r c u 
lar impres s ion that appea red as a br ight c i r c l e of 
light agains t a da rk background when viewed through 
a mic roscope with t r a n s m i t t e d light. The ra t io of 
droplet d iam. to the i m p r e s s i o n on the sl ide is a 
const, which is independent of the nature of the 
liquid and the velocity of impact . En t r a inmen t was 
also detd. by nneasuring the concn. of sa l t in the con
densed vapor from the KNO3 soln. Approx. 95% of 
the droplets en t ra ined in the vapor space of the eva
pora to r s were s m a l l e r than 20 p., but because of their 
low m a s s , they formed only a very smal l fraction of 
the total wt. of the en t ra ined liquid. Drople ts l a rge r 
than 100^ contribute the ma in quantity of the en t ra in
ment . A study of the s ize d is t r ibu t ion and en t r a in 
ment of droplets from burs t ing a i r bubbles emerging 
from wate r , benzene, and EtOH has shown that d rop
lets a r e formed both by the col lapse of the bubble 
dome and by the d is in tegra t ion of the je t of liquid 
a r i s ing from the bubble c r a t e r . The re la t ive m a g 
nitude of these two effects depends on the size of the 
bubbles. Drople ts fronn the rupture of bubbles la rger 
than 0.5 cm. in diam. •were a lmos t en t i re ly produced 
from the bubble dome. Stabil ization of a bubble by 
the p re sence of d issolved or suspended sol ids and in
c r e a s e s in liquid v iscos i ty or surface tension tend to 
reduce the size and no. of liquid drople t s produced 
upon dis in tegra t ion of the bubble dome, thus d e c r e a s 
ing the en t ra inment . 

2227. Ga rne r , F. H., E l l i s . S. R. M.. and 
Shearn. D. B. 

ENTRAINMENT IN EVAPORATORS. T r a n s . Inst. 
Chem. Engr . . 37, 246-54 (1959). 

A study was made of the effects of evapn. r a t e , liquid 
concn., and liquid level on en t ra inment from boiling 
sugar solns , Aq. so lns . of granula ted sugar (15-
72 wt. %) were boiled at 250 m m . Hg in a pilot plant 
evapora to r . Sugar c a r r y - o v e r was m e a s u r e d at dif
ferent liquid levels at evapn. r a t e s over the 1 ange 
125-500 Ib /h r . Sugar concns . > l % w e r e detd. by r e -
f r ac tome te r , concns . < 1% co lo r ime t r i ca l ly by using 
a 0.05% soln. of anthrone in H2SO4 (Morse , C.A. 42, 
843i). At sugar concns . < 60%, entrainnnent increased 
with increas ing evapn. ra te and dec reas ing concn.; 
between 60 and 72%, the concn. had lit t le influence. 
Changes in liquid level had no significant effect on 
en t ra inment . Size d is t r ibu t ion of P ie t roboni (by 
Silvio Pie t roboni) . Ger . 1.021.288. Dec. 19, 1957 
(CL 80b). A dry mixt . of 40-65% by wt. of port land 
cement and 35-60% l ime , together with f i l l e r s , such 
as sand with a grain s ize <3 m m . , and dye is worked 
with H2O. The la t te r contains 0.7-1.5% dissolved Me 
cel lulose and 7-15% d i s p e r s e d poly (vinyl e s t e r ) , esp. 
poly (vinyl ace ta te) . F r o m C.Z. 1958, 13612. 
(CA54-10355h) 



2228. Gaston. E. C. 

ELIMINATING CARRYOVER AND BLADE DEPOS
ITS AT PENSACOLA STEAM PLANT. . Southern 
Power and Industry , 64 ,̂ 46 -6 . 136, 138, 140 
(Dec 1946). 

Good por t ion of Gulf Power Co. plant outage t ime 
was caused by m a j o r opera t ing p rob lem of c a r r y 
over in s t eam and resu l t ing deposi ts in turb ine ; ev i 
dence of c a r r y over ; p rocedu re for washing out 
turbine; feed-wate r treatnnent p r i o r to washout; 
changes adopted in feedwater treatnnent; type of 
deposits r emoved during washout; r e su l t s and 
conclusions. EI (1947), p. 142 

2229. Gelper in , N. 1., and Kogan, V. B. 

MECHANICAL CARRYOVER BY VAPOR FROM 
AN EVAPORATOR, Khim. P r o m . . 96-101 (1958) 

The exis tence of 3 zones in the vapor space of eva 
pora to r s was conf i rmed; ( l ) the zone of boiling 
liquid. (2) the zone of l a rge a m t s . of liquid with the 
vapor, and (3) the zone of sepn. of the liquid d rops . 
The en t ra inment of l a rge a m t s . of liquid during the 
evapn. of non-foaming so lns . was caused by a r i s e 
of thei r level during v igorous boiling. The re la t ive 
velocity of vapor during vapor iza t ion was d i rec t ly 
proport ional to the vapor veloci ty r e f e r r e d to the 
total c r o s s - s e c t i o n of the evapora to r tubes , and ^vas 
not re la ted to the phys i co -chem. p r o p e r t i e s of the 
liquids studied (aq. so lns . of K2Cr207, K2Cr04. 
NaNOj. KCl, Na2S04, and MeOH, MeaO, CCI4, 
CfiHgMe). The level to which the liquid was thrown 
into the vapor zone was detd. by the p r e s s u r e at the 
vaporizat ion level . Equations w e r e der ived for the 
detn. of the dynannic level of the liquid and the l im i t 
ing height of the vapor space , cor responding to 
zone 2. (CA 52- l6806b) 

2230. Gleim, V. G. 

ON THE PROBLEM FOR A GENERAL THEORY ON 
MOISTURE ENTRAINMENT FROM BOILING MIX
TURES. Zhur . P r ik lad Khim.. ^ , 12-20 (1955) 
English t r a n s l . in: J. Appl. Chem. (USSR) 28. 
9-15 (1955) 

Aq. solns . of NaOH with a foam inhibitor (4 m g / l 
d i s tearoylhexamethylenediamine) were boiled at a 
const, r a te at a tm . p r e s s u r e . The humidity of the 
steam i n c r e a s e d at f i r s t slowly (0.5%) as the NaOH 
concn. i nc reased to 700-800 m g / l , then it rose r a 
pidly to 3.5% at 100 m g / l NaOH. The height and the 
stabili ty of the foam as functions of NaOH concn. a r e 
prac t ica l ly p a r a l l e l cu rves falling gradual ly . The 
labora tory expts . we re extended to locomotives and 
the r e su l t s led to the conclusion (by e l iminat ion of 
all other sources ) that the humidity of the s team was 
caused by the c a r r y - o v e r of f i lms from bur s t s team 
bubbles. Expts . with distd. H2O showed that the r i s e 
of a drop of liquid fo rmed by a broken a i r bubble 
was d i rec t ly p ropor t iona l to the d iam. of the bubble 
and that there was a c r i t . d iam. (~7 m m for distd. 
H2O) at which the r i s e of the liquid was negligible. 
For l a rge r bubbles the broken film fo rms a sp ray . 
This was demons t r a t ed photographical ly . 
(CA 49-100l4c) 
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ZZ31. Hoffman, B. . et a l . 

E F F E C T OF GAS ENTRAINMENT ON THE HEAT-
TRANSFER CHARACTERISTICS OF LIQUID 
MERCURY, BNL-2446 (p. 21-34). (1955). 

Mercu ry , flowing turbulently in c i r cu l a r conduits 
exhibits smal l , bubble-l ike cavi t ies in contact with 
the tube wall . These cavi t ies , cal led de tachments , 
impede heat t r a n s f e r . Wetting the m e r c u r y by the 
addition of sodium produces slightly higher heat 
t r ans fe r coefficients. Repor ts a r e given on var ious 
a t tempts to elinninate the en t ra inment of gases from 
liquid m e t a l s , but as yet no method has been found 
that is p rac t ica l ly feas ible . 

2232. Ingham. E. 

BOILER CARRYOVER TROUBLES, Power and 
Works Engr . . 43, n. 502 p. 121, EI (1948) p. 153, 
(Apr 1948) 

Evi ls caused by c a r r y o v e r or foreign m a t t e r in fornn 
of wa te r and solid impur i t i es c a r r i e d over with s team 
from boi le r s into p ipes , s u p e r h e a t e r s , engines , t u r 
bines e tc . ; reducing c a r r y o v e r ; inexpensive way of 
prevent ing c a r r y o v e r is to fit s team pur i f ie r inside 
boi ler , placing outlet fitting in boi ler valve stand 
pipe. 

2233. Kirpichev. V. M. 

THE CONCLUSIONS OF THE COMMISSION CON
CERNED WITH THE SUMMARY OF THE DISCUS
SION ON THE MECHANISM OF MOISTURE 
ENTRAINMENT FROM VAPOR BOILERS, Izvest ia 
Akad. Nauk, Otd. Tech. Nauk. no. 12, 1863 (1953). 

2234. Kolokolitsev. V. A. 

AN INVESTIGATION OF THE CONDITIONS IN THE 
STEAM SPACE OF ISV EVAPORATORS, D i s s e r t a 
tion, T r a n s , of the Power Inst i tute , "M. V. Molotov," 
1^, (1952). 

2235. Lamb. O. P . 

AIR ENTRAINMENT IN FLOWING WATER. A 
SUMMARY AND BIBLIOGRAPHY OF LITERATURE. 
Univers i ty of Minnesota, St, Anthony Fal ls Hydraulic 
Labora to ry . Report No. N60nr-246, Task Order 6, 
P ro jec t Report No. 19, August 1949, 41p. 

The physica l en t ra inment of a gas by a liquid and the 
flov/ of gas- l iquid m i x t u r e s a r e phenomena commonly 
encountered in engineering p r a c t i c e , but avoided or 
a r b i t r a r i l y compensated for in theore t i ca l c o n s i d e r a 
tions and in design ana lys i s . The p r o g r e s s to%vard a 
sa t i s fac tory explanation of these phenonnena has been 
hampered by a lack of accu ra t e exper imenta l o b s e r v a 
tions of en t ra ined flows and by the complexity of the 
theore t ica l ana lys i s when ce r t a in of the phys ica l 
fo rces can no longer be neglected. Flows or l iquids 
with en t ra ined gases may be roughly c lass i f ied into 
those occur r ing in s y s t e m s enclosed by solid bound
a r i e s such as conduits and those occur r ing in open 
channels where a boundary of the liquid s t r e a m is 
gaseous . Gas is often ent ra ined in a liquid of a 
c losed-condui t systenn in an eas i ly unders tood m a n 
ne r , but the en t ra inment in an open channel r e m a i n s 
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a natural and imperfectly understood p r o c e s s . Al
though liquids and gases often flow as physical mix 
tures in closed-conduit sys tems , the only gas- l iquid 
mixture of great pract ical importance in open-
channel flows is that of water and a i r . The published 
l i terature indicates that an awareness of the special 
problems involved in the design of s t ruc tu res and 
systems where entrained flows may be expected has 
been present throughout the last century. During the 
past 20 years the demand for a more comprehensive 
definition of these flows has been intensified in p r o 
portion to the progressive limitation of uncertainty in 
other factors of hydraulic design. This repor t is in 
partial fulfillment of Task Order 6, dated April I6, 
1948 under t e rms of Contract N60nr-246 between 
the University of Minnesota and the Office of Naval 
Research. The specification stated in par t " . . . review 
the existing l i terature relating to the problem (of a i r 
entrainment). prepare a selected bibliography of co l 
lected papers . . . " A general limitation has been placed 
on the examination of the l i te ra ture pertaining to flows 
of entrained fluids in ver t ical conduits and in open 
channels. In addition there is included an abbrev i 
ated account for the related problems of the rate of 
rise of a i r bubbles in water and the unsteadiness of 
flow in open channels in as far as they may concern 
the study of entrained flows. The review a lso in
cludes selected reports of r e sea rch and analysis 
relevant to determining the importance of su r face -
tension and viscosity forces in the flows of g a s -
entrained liquids. The report is divided into 
2 sections. The first is intended to act as an in
troduction to the problems of entrained flows and is 
subdivided into the following groups: (1) Physical 
Propert ies of Gas-Liquid Mixtures, (2) Entrained 
Open-Channel Flows. (3) Entrained Closed-Conduit 
Flows, and (4) Experimental Methods. Reasonably 
substantiated results of the various investigation are 
listed in this section, although no common exposition 
was found that could be used for the purpose of com
paring resul ts . The second section consis ts of a 
bibliography with abs t rac ts of the pert inent 
l i terature. 

2236. Margulova, T. H., Katovskaia, K.. and 
Borodulina. L. 

NOMOGRAMS FOR COMPUTATION OF STEAM 
PURITY, Teploenergetika, V. 5, no. 1, p. 6, (1956) 

2237. Mitsuishi. N. 

STUDIES ON LIQUID ENTRAINMENT. EVAPORA
TION OF RADIOACTIVE LIQUID WASTE. Trans la ted 
from: Kagaku Kogaku _22. 680-6. AEC-tr -4225 (p. 19-
36). (1958). 

The bursting of gas bubbles was experimental ly 
studied, using air , distilled water , and solutions of 
butyric acid and glycerin. Large drops were caught 
on a slide coated with a mixture of vaseline and light 
mineral oil. and the diameter of the drops were 
measured through a microscope. The relat ions be
tween the diameter of the gas bubble and the height 
which the drops entrained above the gas-l iquid in te r 
face, and the diameter of the drops a re shown. The 
velocity of the rising drops was calculated. A gen
eral theoretical formula was derived for the case in 

which seve ra l drops were fo rmed from a single 
bubble: 

i 
where . N is the number of d rops . Compar i son of the 
theore t ica l values of the velocity of drops with the 
exper imenta l data may verify the adequacy of the 
equation, except for the case of l iquids with high 
v iscos i ty . A natural c i rcu la t ion type evapora to r 
for radioact ive liquid waste d i sposa l was constructed, 
and the ove r - a l l decontaminat ion factor was obtained. 
The factor ranged over 10^ to 10^ for vapor nnass 
veloci t ies of 200 to 3000 kg /m^hr . (NSA 15 16768) 

2238. Mitsuishi . N.. et a l . 

THE LIQUID ENTRAINMENT AND ITS REMOVAL IN 
A LARGE-SCALE EVAPORATION UNIT. EVAPO
RATION OF RADIOACTIVE LIQUID WASTE. T r a n s 
lated from: J. At. Energy Soc. Japan, J_, 363-9, 
AEC- t r -4225 (p. 1-18), (1959). 

A large scale evaporat ion unit consis t ing of evapora
tor , cyclone, and packed tower was cons t ruc ted , with 
which studies were made of the liquid en t ra inment 
and its rennoval. The r e su l t s obtained a r e as fol
lows: ( l ) the decontaminat ion factor of the evapora
tor l ies between 10* and 10^; (2) that of the cyclone 
is in the range of 10 to 10^; (3) the o v e r - a l l decon
taminat ion factor of the evaporat ion unit l ies between 
10^ and 10^; (4) the optimum vapor m a s s velocity in 
the vapor space of the evapora to r is about 200 k g / 
m^hr. With this opt imum vapor m a s s veloci ty, the 
max imum o v e r - a l l decontaminat ion factor is obtained. 
The re su l t s obtained by the la rge scale evaporat ion 
unit we re compared with that obtained by the snnall 
scale evaporat ion unit. (NSA 14-8319) 

2239. Mitsuishi , N., Yamamoto, Y., and Oyama, Y. 

ON LIQUID ENTRAINMENT AND ITS REMOVAL. 
DECONTAMINATION CHARACTERISTIC OF 
EVAPORATION UNIT. T r a n s l a t e d f rom: Kagaku 
Kogaku, 23. 647-54, AEC- t r -4225 (p, 37-52), (1959) 

Considerat ions a r e given for the decontaminat ion 
fac tors in an evapora to r , a pipe l ine, and a cyclone, 
per ta ining to the pilot plant. The decontaminat ion 
factor in the evapora to r p roves to be mos t ly indepen
dent of the height of vapor space (0.6 m and 1.1 m, 
respect ive ly) . Theore t i ca l calculat ion from the jet 
velocity at which a single gas bubble b u r s t s demon
s t r a t e s the r e su l t s obtained exper imenta l ly . The 
ove r - a l l decontaminat ion factor is found to be be 
tween lO' and 10^. The drag coefficient of the g l a s s -
f iber-packed bed proves to obey the Langmuir and 
Ibe ra l l ' s equation. The decontaminat ion factor with
out downtake indicates approximate ly the same value 
as in a na tura l c i rcu la t ion type evapora to r , when the 
m a s s velocity is l a rge . The m a s s velocity at the 
nnaximum decontaminat ion factor is l a r g e r than in 
the na tura l c i rcu la t ion type. Consider ing the p r e s 
ence of d e m i s t e r s which a r e usual ly ins ta l led in 
indus t r ia l scale equipment , the m a s s velocity at the 
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optimum o v e r - a l l decontaminat ion factor may be 
set within 2000 to 3000 kg /m^hr . (NSA 15:16769) 

Dombrowski , N.. and 2240. Newitt. D. M., 
Knelman, F . H. 

LIQUID ENTRAINMENT. I. MECHANISM OF DROP 
FORMATION FROM GAS OR VAPOR BUBBLES. 
T r a n s . Inst, Chem. E n g r s . (London) 3^ . 244-61 (1954) 

A study of drop fornnation owing to the upward motion 
of bubbles of gas or vapor through a liquid with the 
collapse of the bubble at the l iquid-gas interface is 
repor ted . The m e c h a n i s m of bubble col lapse was 
detd. from h igh-speed motion p i c tu r e s to be as fol
lows; the bubble coming to r e s t at the liquid surface 
forms a h e m i s p h e r i c a l dome with its in ternal p r e s 
sure producing a d e p r e s s i o n of the in ter face . Liquid 
dra ins fronn the dome until the upper pa r t is so weak
ened that the in ternal p r e s s u r e causes the format ion 
of a secondary cap. This cap subsequently d i s in te 
gra tes perfora t ing the bubble dome and giving r i s e to 
liquid drople t s of a few ^ ' s in d iam. These drople ts 
a r e c a r r i e d away by the high-veloci ty gas issuing 
from the per fora ted donne. A sys t em of standing 
waves is set up on the liquid sur face surrounding the 
c ra t e r left by the col lapsed bubble. As the c r a t e r 
fills in. the monnentum of the inflowing liquid p r o 
duces a jet which r i s e s at high velocity and detaches 
one or m o r e compara t ive ly l a rge drople ts from its 
apex. These d rops , which may have a diam. as g rea t 
as 0,1 cm, a r e respons ib le for the main losses by 
ent ra inment . The je t then r e t r a c t s and the surface 
of the liquid r e t u r n s to r e s t . The exptl . work was 
perfornned with the a i r - w a t e r sy s t em, generat ing 
the bubbles f rom a g la s s capi l la ry or iented in a 
horizontal plane at va r ious depths below the w a t e r -
air in terface. The s ize of the bubble was control led 
by varying the diam. of the cap i l l a ry . Drop s izes 
were detd. by allowing the drops to impinge on pla tes 
coated with MgO and s i tua ted at predetd . levels above 
the interface. Five bubble s izes ranging from 0.31 to 
0.53 cm. d iam. at t e m p s , of 25°, 35°, and 45° were 
studied at a frequency of format ion of one per sec . 
Bubble-size observa t ions were made at heights of 
0.64. 1.91, 3.17. 4.44, and 5,71 cm. above the i n t e r 
face. Visual counts indicate that the no. of la rge 
drops formed pe r min , is approx. const , at all depths 
of the capi l la ry tip g r e a t e r than 1 in. As the depth is 
reduced below 1 in. t he re is a sha rp d e c r e a s e in the 
no. of drops to a min . at 0.64 cnn. after which the no. 
again i n c r e a s e s . At depths l e s s than 0.32 cm. , a 
continuous channel f o r m s . An inc r ea se in bubble 
diam. reduces the no. of sma l l d rops . It a lso in
c r e a s e s the s ize of the la rge drops while reducing 
the size of the snnall d rops . In wind tunnel s tudies 
of the removal of liquid en t ra inmen t from gas 
s t r e a m s with baffles, it has been noted that there is 
a min. baffle th ickness at which the detaching drop 
at ta ins a max . d iam. Fo r wa te r d rops , this th ick
ness is 1.9 cm. and the cor responding wa te r drop 
detached is 0.78 cm. in d iam. Drops from a bevelled 
edge baffle a r e s m a l l e r than those f rom a square 
edge and, t he r e fo r e , if excess ive p r e s s u r e drop is 
not involved, en t ra inmen t baffles should have square 
leading edges . (CA-49-12047e) 

ZZ41. Newitt. D. M., et a l . 

MECHANISM OF DROP FORMATION FROM GAS 
OR VAPOR BUBBLES, Chemis t ry and Industry: 
74, 165-6 (Feb rua ry 12. 1955) 

D i s c u s s e s the mechan i sm at which en t ra inment can 
occur from a liquid surface at which bubbles a r e 
burs t ing . 

^^42. O'Connell . H. E. , and Pettyjohn. E. S. 

LIQUID CARRY OVER IN A HORIZONTAL TUBE 
EVAPORATOR AIChE T r a n s . , 42, 795-814 
(1946) 

C a r r y - o v e r of liquid drople ts was studied in a 
s emicom. hor izonta l - tube evapora to r for 10 and 
20% NaCl, 20 and 24% Na2S04, and 23% MgS04 solns . 
C a r r y o v e r was caused by en t ra inmen t of smal l liquid 
drople ts by the r is ing vapor , splashing of liquid from 
the evapora tor d i rect ly into the condenser , and foam
ing of the soln. into the overhead condenser . En
trainnnent l o s se s were low, the max . loss was about 
180 lb. of l iquor / l .000 ,000 lb. of vapor . En t ra inment 
in lb. / l ,000.000 lb. d e c r e a s e d with i nc reased heat-f lux 
densi ty and increased b.p. A re la t ionship between 
en t ra inment and the ove r - a l l hea t - t r ans f e r coeff. was 
a t t r ibuted to the fact that both were functions of the 
s ize and no. of the vapor bubbles formed. Splashing 
o c c u r r e d at the high heat-flux dens i t i e s , and a higher 
heat-f lux density was r equ i red to cause splashing at 
the higher b .ps . than at the lower. This study showed 
that splashing did not occur if 1 cu ft of vapor space 
was provided for every cu f t / s ec of vapor evapd. 
Since splashing lo s ses a r e l a r g e , at tention should 
be given to splashing in the design of e v a p o r a t o r s . 
Foaming occu r r ed with the NaCl solns . in concns. 
below 10% and over 25%, with the Na2S04 solns . below 
20%. and with the MgS04 so lns . below 10%. There 
was a g r e a t e r tendency for foaming at higher b .ps . 
(CA 41 320c) 

2243. Panasenko. M. D.. Timofeev, V. N., and 
Fi l imonov. A. I. 

ON THE INTERPRETATION OF EXPERIMENTAL 
DATA FOR ANALYZING THE CARRYOVER OF 
MOISTURE, Izv. Akad. Nauk. SSSR, O.T.N.. no. 5 
p 615. 1952, 

2244. Panasenko, M. D.. and Antonov. A. Ya. 

GENERAL PRINCIPLES OF MECHANICAL CAR
RYOVER WITH STEAM. Teploenerget ika , 6_. no. 10. 
(Oct. 1959) pp 44-9 . 

Genera l ized t r e a t m e n t of exper imenta l data, obtained 
in bubblers on c a r r y o v e r of bo i le r feedwater adnnix-
tu re s by steann; formulas for de termining coord ina tes 
of t r ans i t ion point f rom second into th i rd region of 
c a r r y o v e r ; calculat ion fornnulas for value of c a r r y 
over coefficient at c r i t i ca l point. 



TWO-PHASE FLOW 

2245. Pannickar, P. K. N.. et al. 
ENTRAINMENT OF WATER DROPLETS BY AIR 
BUBBLES RELEASED FROM SINGLE NOZZLES. 
Trans . Indian Inst. Chem. Engrs . 12_, 18-22, (1959-60) 

The entrainment of HjO, by a i r forced through a 
2.680 mm nozzle at a bubble rate of 500-2000/min, at 
heights of 2-7 cm above the H2O level was studied. 
The size of the droplets was measu red by the MgO 
technique of May [J. Sci. Instr . 22, 187 (1945)]. At a 
given frequency, the no. of droplets entrained and 
their mean diam. dec reases with the distance above 
the liquid surface. At a given height above the s u r 
face, the no. of droplets and their diam. i nc reases 
with bubble frequency. The entra inment as a func
tion of droplet diam. is given by log E = 0.015 D " ' ^ -
4.40458 where E is the entrainment in g. of l iquid/g. 
of air and D the mean diam. in mic rons defined by 
SndV^nd^ where n is the no. of entrained drople ts 
and d the diam. 

2246. Rey, George 

ENTRAINMENT FROM A SUBMERGED COMBUS
TION EVAPORATOR, A.I.Ch.E. J. ]_, 299-302. (1961) 

Sodiunn ion was used as a t r ace r . By nneasuring the 
ratio of the sodiunn concentration in the pot to that in 
the condensate the entrainnnent removal per formance 
of the evaporator system was studied under var ious 
conditions. It was observed that the log of the con
centration ratio decreases with an increase in the 
temperature of the gaseous products of combustion 
as they emanate fronn the connbustion chamber into 
the solution. This is at t r ibuted to the fact that a 
greater annount of fine (< 5 ^ ) droplets of entrainnnent 
are fornned in the evaporator as the tennperature of 
the gases increases . 

2247. Seniff. R. W. 

STEAM CONTAMINATION BY AQUAGLOBEJEC-
TION, Amer. Railway Engr, A s s o c , v. 46. p. 446, 
(1944). 

2248. Shor. A. J., et al. 

RADIOACTIVE CARRY-OVER FROM BORAX-HI 
AND TEST SYSTEMS, Nuclear Science and Engi
neering, 2_, 126-142 (1957). 

Data obtained from three systems a r e presen ted and 
discussed in reference to the problem of radioactive 
carry-over in boiling r eac to r s . Measurements of 
droplet car ry-over have been made on a small scale 
laboratory boiling test unit and on a 600-psia loop 
under high purity water conditions using C s ' " t r a c e r . 
Measurements have also been made on the Borax-III 
boiling reactor under actual operating conditions. 
Activation products present in the steam and conden
sate served as an indication of the radioactive c a r r y 
over. Analysis of the decay curves of the samples 
provided a means of differentiating act ivi t ies c a r r i e d 
as droplets from volatile radioactive c a r r y - o v e r . 

^^49. Sterman. L. S. 

ON SOME RELATIONS CONCERNED WITH THE 
CARRYOVER OF MOISTURE FROM A VAPOR 
BOILER. Izv. Akad. Nauk. SSSR, O T N no 3 
P- 464, (1952) ' • ' 

2250. Stiushin. N. G. 

ON SOME RELATIONS CONCERNED WITH THE 
CARRYOVER OF MOISTURE AND OF SALT FROM 
VAPOR BOILERS. Izv. Akad. Nauk, SSSR, O.T.N., 
no. 4. p. 620. (1952). 

2251. Straub. F. G. 

STEAM TURBINES BLADE DEPOSITS, BuU. 364. 
Univ. of Illinois Eng. Exp. St., Urbana, III., 
EI (1947) p. 1109, (1946) 90 p. 

Causes of deposi ts of wa te r soluble and insoluble 
type; sa l t s nornnally found in boi le r wa te r a r e not 
appreciably soluble in sa tu ra t ed s t eam below 2000 psi 
but a r e soluble in superhea ted s team at p r e s s u r e s as 
low as 600 ps i ; s i l ica , poss ibly as s i l ic ic acid, d i s 
t i l ls off from boiler wa te r in apprec iab le amounts 
above 600 ps i . Silica as low as 0.2 ppm in s t eam will 
cause deposit ion in tu rb ine . Bibl iography. 

2252. Styrikovich. M. A. 

ON THE PROBLEM CONCERNED WITH A THEORY 
OF CARRYOVER OF MOISTURE. Izv. Akad. Nauk. 
SSSR. O.T.N.. no. 2. p. 281, (1952). 

2253. Styrikovich, M. A.. Khaibulin. I. Kh., and 
Khokhlov, L. K. 

THE INFLUENCE OF SOLUBILITY UPON THE 
PERFORMANCE OF A WATER BOILER, P rob lemi 
Energet ik i Anad. Nauk. SSSR, p. 483 (1959). 

2 2 ^ . Styrikovich. M. A., Serov. E. , Smirnov. D. K. 

INVESTIGATION OF THE STEAM QUALITY OF A 
UNIFLOW BOILER AT SUPERCRITICAL P R E S 
SURES AND FOR DIFFERENT FEEDWATER 
COMPOSITIONS, Teploenerge t ika . 7, no. 1, (i960). 

2255. Tatar inov, B. P . 

ON SOME RELATIONS CONCERNED WITH THE 
CARRYOVER OF MOISTURE AND OF SALT FROM 
VAPOR BOILERS, Izv. Akad. Nauk, SSSR, O.T.N., 
no. 4. p. 620,(1952) 

2256. Uvarov, G. A. 

ENTRAINMENT OF LIQUID BY GAS OR STEAM, 
Trans la t ed from Sbornik Nauch. Trudov. Kuibyshev, 
Ind. Inst, im V. V. Kuibysheva. no. 5. 196-203, 
T I L / T - 5 0 2 8 , (1955), 8 p. 

Calculations were made of the quantity of liquid en
t ra ined by gas or s team during its movement in a 
free space . The equation for the motion of a bubble 
of the gas in a sufficiently la rge space is given. For 
examining phenomena in liquid d is turbed by the m o 
tion of a body i m m e r s e d in it, the a s sumpt ion was 
made that the body r e m a i n s at r e s t while the flow of 
liquid takes up the motion. Determina t ion of the 
th ickness of d i sp lacement for a bubble of gas is d i s 
cussed . Equations a r e given for de te rmin ing the 
volunne of the body of rota t ion. (AD-235547) 
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2257. VanRossum, J . J. 

EXPERIMENTAL INVESTIGATION OF HORIZON
TAL LIQUID FILMS, WAVE FORMATION. FILM 
THICKNESS. Chem. Eng. Sci. U_. 35-52 (1959) 

The en t ra inment wave format ion and a tomizat ion of 
horizontal f i lms of H2O aq. so lns . , and oils have been 
investigated in a 15 x 15 x 310 cm wind tunnel. Air 
passed over the film of liquid at r a t e s of 2-65 m / s e c . 
Liquid flows va r i ed from 2.5 k g / h r to 1500 k g / h r . 
Film th icknesses were der ived from e lec . r e s i s t ance 
nneasurements between 2 e l ec t rodes glued to the bot
tom of the tunnel . Cr i t . ve loc i t ies for onset of waves 
and a tomizat ion were detd. Atomizat ion onset condi
tions were c o r r e l a t e d 2 ways , one involving the 
Weber no. and the other the Reynolds no. The film 
thickness is c o r r e l a t e d in t e r m s of the film Reynolds 
no., p rope r t i e s of the liquid, and shear s t r e s s . 

2258. Walker , V. 

PROBLEM OF CARRY-OVER FROM HIGH P R E S 
SURE BOILERS, Elec t . T i m e s , ]_01, n. 2635. 
946-8, EI (1942) p. 138, (Apr. 23. 1942) 

Mechanical m e a n s of cont ro l of c a r r y - o v e r includes 
changes in wa te r level nnaintained in d rum, improved 
design of d rum baffling and dry pipe, and use of 
s team pur i f i e r s or s c r u b b e r s ; chemica l methods of 
control include chemica l t r e a t m e n t of feed and boiler 
water to counterac t effect of subs tances conducive to 
foaming and pr iming and control of concentra t ion of 
dissolved and suspended sol ids in boi ler water which 
promote ca r ry -ove r . 

2259. Wilson, J . , and McDernnont, M. 

MOISTURE DE-ENTRAINMENT TESTS IN TWO AND 
FOUR INCH DIAMETER TEST SECTIONS. Rep. 
ACNP-5921. Allis Cha lmers Mfg. Co., Milwaukee 1. 
W i s e . Nov. 15, 1959 

2260. Zenkievich, Yu. V., and Turnovski , A. P . 

ON SOME BASIC FACTORS WHICH INFLUENCE 
THE EFFECTIVE SCRIBING OF VAPOR, E n e r 
gomashinos t roenie , no. 10, p. 18, (1956) 

2261. Zenkievich. Yu. V. 

ABOUT THE FORMATION OF SALT DEPOSITS IN 
TURBINES, Teploenerge t ika , 7_. no. 4, 62 -7 . 
(Apr. I960) 

Mechanism of deposi t format ion in high p r e s s u r e 
equipment; methods for de te rmin ing admiss ib le 
l imits for s team quali ty. EI (61). p. 1640 

2262. Zenz, F. A., and Weil, N. A. 

A THEORETICAL-EMPIRICAL APPROACH TO THE 
MECHANISM OF PARTICLE ENTRAINMENT FROM 
FLUIDIZED BEDS, A.I .Ch.E. Journa l , 4_, 472-479. 
(1958) 

A means of calculat ing the ra te of en t ra inment of 
solids from c o m m e r c i a l - s i z e continuously operat ing 
fluidized beds was developed from the combined r e 
sults of a t heo re t i ca l and an emp i r i c a l approach 
which through different channels a r r i v e d at the same 

fundamental m e c h a n i s m . The calculat ion method 
shows ag reemen t with data obtained from an a p 
pa ra tus s imulat ing flow c h a r a c t e r i s t i c s in l a r g e -
scale equipment and compares favorably with s m a l l e r 
scale t e s t s r epor t ed in the l i t e r a tu re at p r e s s u r e s up 
to 200 Ib / sq in. gauge. 

2263. Zhivaikin. L. Ya. and Volgin, B. P . 

DETERMINATION OF THE ENTRAINMENT OF 
LIQUID BY A GAS STREAM FROM THE SURFACE 
OF A FILM. I n z h e n e r . - F i z . Zhur . . Akad. Nauk 
Be lorus . S.S.R. 4, 114-16 (1961) 

Z. and V. consider the possibi l i ty of calcg. the amt. of 
spray ent ra ined by 2-phase film p r o c e s s e s . The ef
fect of gas velocity, fluid flow ra te , and phys, p r o p e r 
t ies of the liquid (d., surface tension) on the amt. of 
spray ent ra ined was found. Equations a re proposed 
for the detn. of en t ra inment of liquid in the d imen
s ionless and explicit form. The conclusions a r e con
f i rmed by expts. on different liquids (H2O, 35 and 
55% glycerol soln. . H2O with addn, of a su r f ace -
active substance) . 

F i lm Flow (see also Annular Flow) 

2264. Benjamin, T. B. 

WAVE FORMATION IN LAMINAR FLOW DOWN AN 
INCLINED PLANE, Journ . Fluid Mech. 2_, 554-574 
(1957) 

This paper deals theore t ica l ly with a p rob lem of 
hydrodynannic stabili ty c h a r a c t e r i z e d by sma l l values 
of the Reynolds number R. The p r i m a r y flow whose 
stabili ty is examined cons i s t s of a uniform laminar 
s t r e a m of viscous liquid running down an inclined 
plane under the action of gravi ty, being bounded on 
one side by a free surface influenced by surface ten
sion. The problem thus has a d i rec t bear ing on the 
p rope r t i e s of thin liquid f i lms such as have impor tant 
uses in chennical engineer ing. 

Numerous expe r imen t s in the pas t have shown that in 
flow down a wall the s t r e a m is noticeably agitated by 
waves except when R is quite snnall; on a ver t i ca l 
wa te r film, for ins tance, waves may be observed until 
R is reduced to some value ra the r l ess than 10. The 
p r e sen t t r ea tmen t is accordingly based on nnethods 
of approximat ion suited to fair ly low values of R. and 
thereby avoids the seve re ma thema t i ca l difficulties 
usual in stabil i ty p rob lems at high R, The formulat ion 
of the problem r e s e m b l e s that given by Yih (1954); 
but the method of solution differs from h is , and the 
respec t ive r e su l t s a r e in conflict. In pa r t i cu l a r , 
there is d i s a g r e e m e n t over the m a t t e r of the s t ab i l 
ity of a s t r ic t ly ve r t i ca l s t r e a m at very sma l l R. In 
con t ras t with the previous conclusions, it is shown 
he re that the flow is always unstable: that i s , a c l a s s 
of undamped waves exis ts for all finite values of R. 
However, the r a t e s of amplif icat ion of unstable waves 
a r e shown to become very smal l when R is made 
fair ly smal l , and the i r wavelengths to become ve ry 
l a rge ; this provides a sa t i s fac tory explanation for 
the apparent absence of waves in some exper imenta l 
observa t ions , and a lso for the wide s ca t t e r among 
exist ing e s t ima te s of the " q u a s i - c r i t i c a l " value of R 
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below which waves are undetectable. In view of the 
controversial nature of these r e su l t s , emphas is is 
given to various points of agreement between the 
present work and the established theory of roll 
waves; the latter theory gives a c lear picture of the 
physical mechanism of wave formation on g rav i t a 
tional flows, and in its light the resul t s obtained here 
appear entirely reasonable. 

The conditions governing neutral stabili ty a r e worked 
out to the third order in a pa ramete r which is shown 
to be small; but a less accurate approximation is 
then justified as an adequate basis for an easily 
workable theory providing a ready check with expe r 
iment. This theory is used to predict the value of 
R at which observable waves should f irs t develop on 
a vertical water film, and also the length and velocity 
of the waves. These three predictions a r e compared 
with the experimental resul t s found by Binnie (1957). 
and are substantially confirmed. 

2265. Benjamin. T. B. 

SHEARING FLOW OVER A WAVY BOUNDARY, Jour . 
Fluid Mech, 6_, 161-205 (1959) 

A theoretical study is made of shearing flows bounded 
by a simple-harmonic wavy surface, the main object 
being to calculate the normal and tangential s t r e s s e s 
on the boundary. The type of flow considered is a p 
proximately paral lel in the absence of the waves , 
being exemplified by two-dimensional boundary 
layers over a plane. Account is taken of viscosi ty; 
but, as the Reynolds number is assumed to be l a rge , 
its effects are seen to be confined within narrow 
"friction layers , " one of which adjoins the wave and 
another surrounds the "cri t ical point" where the ve 
locity of flow equals the wave velocity. The boundary 
conditions are made as general as possible by includ
ing the three cases where respectively the boundary 
is rigid, flexible yet still solid, or completely mobile 
as if it were the interface with a second fluid. 

The theory is developed on the model of stable l am
inar flow, although it is proposed that the same 
theory may usefully be applied also to examples of 
turbulent flow considered as "pseudo- laminar" \vith 
velocity profiles corresponding to the mean-veloci ty 
distribution. Use is made of curvi l inear co-ord ina tes 
which follow the contour of the wave- t ra in . This ad
mits a linearized fornn of the problem whose validity 
requires only that the wave amplitude be smal l in 
comparison with the wavelength, even when large 
velocity gradients exist close to the boundary. The 
analysis is made largely without r es t r i c t ion to pa r 
ticular forms of the velocity profile; but eventually 
consideration is given to the example of a l inear p r o 
file and the example of a boundary-layer profile a p 
proximated by a quar ter -per iod sinusoid. In Sec. 7 
some general methods are set out for the t rea tment 
of disturbed boundary-layer profiles; these apply 
with greatest precision to thin boundary l aye r s , but 
are also useful for the initially very steep but on the 
whole fairly diffuse profiles which occur in mos t 
practical instances of turbulent flow over waves. 
The phase relationships found between the s t r e s s e s 
and the wave elevation are discussed for seve ra l 
examples, and their interest in connexion with 
problems of wave generation by wind is pointed out. 

It is shown t h a t - i n m o s t c i r c u m s t a n c e s the s t r e s s e s 
a r e d is t r ibuted in much the same way a s if the l e e 
ward slopes of the waves were she l t e red . F o r in 
s tance , the p r e s s u r e d is t r ibu t ion often has a 
substant ia l component in phase with the wave slope, 
jus t as if a wake were fo rmed behind each wave 
c r e s t - although of course actual sepa ra t ion effects 
a r e outside the scope of the p r e s e n t theory . In this 
aspect , the analys is ampli f ies the work of Miles 
(1957). (CA 59-60) 

2266. Benjamin, T. B. 

THE DEVELOPMENT OF THREE-DIMENSIONAL 
DISTURBANCES IN AN UNSTABLE FILM OF 
LIQUID FLOWING DOWN AN INCLINED PLANE. 
Jour . Fluid Mech. J £ , 401-419 (1961) 

On the bas i s of r e su l t s f rom a previous paper , ex
p res s ions a r e found for the phase velocity and a m 
plification r a t e of a wave t rave l l ing obliquely to the 
di rect ion of flow. This wave c o m p r i s e s the genera l 
harmonic component of t h r ee -d imens iona l smal l 
d i s tu rbances , and accordingly a double F o u r i e r in
tegra l is introduced to r e p r e s e n t a bounded d i s tu rb 
ance whose initial d is t r ibut ion over the free surface 
may be a r b i t r a r i l y p r e s c r i b e d . Hence an asymptotic 
approximat ion is der ived for a d i s turbance which is 
initially concent ra ted around a point on the free su r 
face. Several dis t inct ive p r o p e r t i e s of a local ized 
unstable d is turbance a r e noted: for ins tance , it l ies 
mainly within an el l ipt ical region whose a r e a in
c r e a s e s l inear ly •with t ime as it moves downstreann 
and which is nnodulated by l ong -c r e s t ed waves . An 
exper imenta l observat ion of a growing dis turbance 
on an unstable film is r eco rded , and its ma in features 
a r e seen to be in a g r e e m e n t with the theory . 

In so far as l inear ized per tu rba t ion theory remains 
appl icable , the effects invest igated a r e common to 
a wide c lass of pa ra l l e l and near ly pa ra l l e l laminar 
flows. In the final pa r t of the paper the nnethod used 
to analyse the instabi l i ty of a film is genera l ized in 
o r d e r to r evea l the connexion between this and other 
problenns; this a im is achieved by demonst ra t ing col
lective p rope r t i e s of the complete c l a s s of flows in 
question, but pa r t i cu la r r e f e rence is nnade to the ex
ample of l aminary boundary l aye r s and Poiseui l le flow 
between pa ra l l e l p lanes . (CA 61) 

2267. B r a u e r . H. 

FLOW AND HEAT TRANSFER OF FALLING LIQ
UID FILMS. VDI-Forschungshef t , n. 457, 40 p, 
Suppl. to Gebiete Ingenieurw. 22b, (1956) 

The flow mechan i sm of falling liquid f i lms was inves
tigated by using a ve r t i ca l tube on which water and 
(or) glycol wa te r m i x t s . r e s p t . . we re forming the film 
under va r ious condit ions. Special at tent ion was paid 
to the wave pa t te rn of the film surface leading to the 
conclusion that th ree m a i n regions of flow laminar 
and can be desc r ibed essen t ia l ly by Nusse l t ' s theory. 
Waves occur in the 2nd region, and these were related 
to the Reynolds no, and the length of the tube. The 
3rd region is c h a r a c t e r i z e d by turbulent flow at 
Reynolds nos. of the filnn above 400. Accurate m e a s 
u remen t s of film th ickness , w a v e - p a t t e r n including 
frequency spec t rum, surface velocity of the film, and 
shear s t r e s s at the tube wall led to r e s u l t s which 
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allow for c o r r e l a t i n g the flow p a r a m e t e r s of falling 
liquid f i lms in the form of power functions of the 
initially given quant i t i es . 

2268. Corki l l , J. M.. et a l . 

THE THICKNESS AND COMPOSITION OF THIN 
DETERGENT FILMS, T r a n s . F a r a d a y S o c , ^ , 
821-828 (1961) 

The composi t ion of thin de te rgen t f i lms was inves 
tigated by nnaking some of the film components r a d i o 
active and by de te rmin ing the th ickness of these 
films by optical nnethods. The r e s u l t s obtained 
strongly support a sandwich mode l , consis t ing of 
two surface l aye r s and an inner co re of solution, for 
the s t r uc tu r e of the fi lm. The s t r uc tu r e of the black 
filnn r e s e m b l e s that of a neat ( smect ic ) mesophorphic 
phase , and it is pos tula ted that the fo rces governing 
the format ion of this film a r e exactly those which a r e 
important for m e s o m o r p h i c phases genera l ly . Fo r 
non-ionic de te rgen t s these a r e bel ieved to be p r i 
mar i ly the fo rces between the wa te r molecule around 
the polar heads of the su r face -ac t ive m o l e c u l e s . 
With ionic de t e rgen t s , a t e r m is in t roduced by the 
e lec t r i ca l repuls ion between the charged surface 
layers on e i ther side of the f i lm, and only when suf
ficient e lec t ro ly te is added to reduce this e l ec t r i c a l 
t e r m do the equi l ibr ium th icknesses of these f i lms 
approach those fo rmed by non-ionic molecu les of 
about the s ame total length. 

2269. Drouhin, R. 

LA FORMATION DES LITS DE MOUSSE ET LEUR 
APPLICATION AU TRANSFERT DE CHALEUR ET 
DE MATIERE, Genie Ghimique 85, 23-9 (Jan 1961) 

Format ion of foam beds and the i r appl icat ion to heat 
and m a s s t r ans fe r ; gas pass ing through a liquid with 
formation of continually renewed foann bed exhibits 
cer ta in indus t r ia l i n t e r e s t . Before la Societe de 
Chimie Indust r ie l le and la Societe Hydrotechnique 
de F r a n c e , P a r i s , Mar . I960. Engl ish . Ge rman and 
Spanish sunnmar ies . 

2270. Dukler . A. E. 

HYDRODYNAMICS OF LIQUID-FILM IN SINGLE 
AND TWO-PHASE FLOW. Univers i ty of Delaware , 
Ph. D. T h e s i s , June 1951. 

In this study, energy loss data w e r e obtained for the 
two-phase, c o - c u r r e n t flow of a i r and liquids of 
varying density and v i scos i ty in a v e r t i c a l , one-half 
wetted wall column. In o r d e r to evaluate the c o n t r i 
bution of the liquid film to the energy l o s s , the flow 
of liquid alone down a ve r t i ca l plate was studied in 
detail . An e lec t ron ic appa ra tus was cons t ruc ted for 
the m e a s u r e m e n t of liquid film th ickness and wave 
profile under va r ious flow condit ions and h igh-speed 
flash photographs of the wave motion were obtained 
to further clarify the na ture of the turbulence . A 
single theore t i ca l equation was developed from fun
damental concepts which p red ic t s the liquid film 
thickness for both v iscous and turbulent flow s t a t e s . 
Although this equation rece ived expe r imen ta l v e r i 
fication for the case where the liquid flows alone it 
can a lso be applied to the case of two-phase flow. 
Using this equation the data for two-phase flow were 
analyzed. It was shown that the p r i m a r y cause for 

i nc r ea se energy loss in two-phase flow over the case 
for the single phase flow is due to the wave motion on 
the surface of the liquid which p r e sen t s a rough a p 
pea rance to the f a s t e r moving gas s t r e a m . The p r o 
file of the liquid surface undergoes seve re changes 
over the range of liquid and a i r r a t e s invest igated 
and the points of t r ans i t ion a r e shown to be independ
ent of liquid ra te and physica l p r o p e r t i e s , indicating 
a universa l i ty which should p e r m i t extension to other 
types of equipment. Increas ing liquid ra te a lways in
c r e a s e s the wave magnitude but does not effect the 
spacing or form of the wave appreciably . Increas ing 
v iscos i ty and density l ikewise i n c r e a s e s wave m a g 
nitude but leaves the wave profile essen t ia l ly un
changed. The effect of physical p roper ty is l e s s 
pronounced at high ra t e s of flow where the inherent 
instabil i ty of the liquid film due to flow is so la rge 
that var ia t ions in physical p rope r t i e s have only a 
sma l l influence. 

2271. Dukler . A. E . . and Bergel in , O, P . 

CHARACTERISTICS OF FLOW IN FALLING LIQUID 
FILMS, Chem. Eng. P r o g r . 48, 557 (1952) 

By use of the von Karman velocity d is t r ibut ion theory 
new equations a r e developed which r e l a t e l iquid-fi lm 
th ickness in concur ren t gas- l iquid flow to the flow 
r a t e s , phys, p rope r t i e s of the fluids, and to the energy 
los s . For the case of no gas flowing, the equations 
reduce to give the film th ickness as a function of flow 
rate and phys. p r o p e r t i e s over the complete viscous 
to turbulent-flow range . The t rans i t ion from laminar 
to turbulent film flow occurs at a Reynolds no. of 
1080, Equipment is d e sc r i bed for the m e a s u r e m e n t 
of liquid-filnn th ickness and wave profile based on a 
capaci tance technique and this equipment is capable 
of measu r ing film th icknesses to an accuracy of 
0.001 in. 

2272. Dukler, A. E. 

DYNAMICS OF VERTICAL FALLING FILM SYS
TEMS, Ghem. Eng. P rog . 55, 62 (1959) 

Study of flow and heat t r ans fe r in thin f i lms ; new 
equations a r e developed for velocity and t e m p e r a t u r e 
dis t r ibut ion in thin ve r t i ca l f i lms; r e su l t s a r e then 
used to calculate local and average heat t r ans fe r 
coefficients as well as local film th ickness ; geom
e t ry sinnilar to that found in falling film evapo ra t o r s , 
ve r t i ca l condensers and filnn cooling equipment. 

2273. Dukler. A. E. 

FLUID MECHANICS AND HEAT TRANSFER IN 
VERTICAL FALLING-FILM SYSTEMS, CEP Symp. 
Ser, No. 30. S6, 1-10, (Heat T r a n s f e r - S t o r r s ) 
(I960) 

New equations a r e developed for velocity and tennper
a tu re d is t r ibut ion in thin ve r t i ca l f i lms . The geom
e t ry is s i m i l a r to that found in fall ing-fi lm evapora 
t o r s , ve r t i c a l condense r s , and f i lm-cool ing 
equipment. These equat ions uti l ize the expres s ion 
proposed by De i s s l e r for the eddy v iscos i ty and eddy 
t h e r m a l conductivity near a solid boundary, thus 
introducing turbulent f luctuations close to the wall . 
The differential equations a r e solved nunnerically 
with an IBM-650 compute r . F r o m the velocity and 
t e m p e r a t u r e dis t r ibut ions, liquid film th ickness and 
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point heat t ransfer coefficient a re calculated. Re 
sults which are presented graphical ly, include 
laminar and turbulent flow conditions and account 
for different liquid proper t ies and the presence of 
concurrent (or countercurrent) gas flow. F rom the 
point coefficient data, average condensing heat t r a n s 
fer coefficients are developed. Results a re shown to 
agree with the classical Nusselt re lat ionships at low 
Reynolds numbers and no interfacial shear . In the 
turbulent region agreement is obtained with the 
empirical relationships of Colburn for fully devel 
oped turbulent flow in the absence of interfacial 
shear and with recent experimental data at high 
pressure drops. These resul t s now provide rel iable 
values in the commercially important region between 
these two extremes. Graphs a re included which 
present both local and average heat t r ans fe r coeffi
cients and liquid film thickness for Reynolds numbers 
from 100 to 50.000 and Prandt l numbers from 0.1 to 
10.0 for a wide range of vapor loadings. (CA 60-61) 

2274. Friedman. S. J., and Miller, C. O. 

LIQUID FILMS IN THE VISCOUS FLOW REGION. 

Ind. and Eng. Chem. y3_, 885-891 (1941) 

In the case of flow of liquid films bounded by solid 
and essentially static a i r interfaces , a third type of 
flow called "pseudo-st reamline" has been found to 
exist between Re 25 and Re 1500. This type of flow 
is characterized by the appearance of waves in the 
liquid film and by a much higher interfacial velocity 
than that predicted by s t reamline flow equations. 
However, the Reynolds number-fr ict ion factor co r 
relation for true streamline flow is applicable in 
this region. 

2275. Greenberg. A. B. 

THE MECHANICS OF FILM FLOW ON A VERTICAL 
SURFACE, Ph.D. Thesis . Purdue Univ. (1956) 

2276. Hahnermann. H. W. 

HEAT TRANSFER TO FALLING LIQUID FILMS, 
VDI Z. 1_04_, No. 24, 1236 (1962) 

Dimensionless heat t ransfer equations relating the 
mean Nu no., the Re no. and the P r no. were e s t a b 
lished through a ser ies of heat t ransfer m e a s u r e 
ments on falling liquid films of H2O, ethylene glycol, 
and mbcts. of the two. Measurements of the velocity 
and temp, profiles at different heights provided in
formation on variation of local heat flux d. with 
distance from the wall, as well as the effect of t u r 
bulence at the film surface on heat t rans fe r . By 
using a simplified model, a theoret ical heat t ransfer 
equation was established. The effect of evapn. at the 
film surface on the heat t ransfer between pipe wall 
and film is discussed. (CA 62 l6354h) 

2277. Hanratty, T. J., and Hershman. A. 

INITIATION OF ROLL WAVES. AIChE Jour 7 
488-497 (1961) ~ 

The theory proposed by Jeffreys to explain ro l l -wave 
transition on a liquid surface is applied to the con
current flow of a gas and liquid. Data a re presen ted 
for the concurrent flow of a i r with wate r -g lycer ine 

solut ions, wa te r -bu tano l solut ions , and w a t e r - s o d i u m 
lauryl sulfate solut ions . Agreemen t is obtained b e 
tween theory and experinnent. 

2278. Har t ley , D. E. 

HEAT TRANSFER ACROSS A TURBULENT LIQUID 
FILM IN A TURBULENT VAPOUR STREAM, Memo
randum Q2, Queen Mary College Nuclear Engng. 
Labora to ry (1959) 

2279. Hershman , A. 

THE E F F E C T OF LIQUID PROPERTIES ON THE 
INTERACTION BETWEEN A TURBULENT AIR 
STREAM AND A FLOWING LIQUID FILM, Ph.D. 
Thes i s , U. of 111. 191 pp. (1961) 

2280. Howkins, J. E . . and Davidson, J . F . 

COUNTERCURRENT GAS LIQUID FLOW. STABIL
ITY OF A SPHERICAL LIQUID FILM IN AN IN
FINITE AIRSTREAM. Chem. Eng. Sci. 7_. 235-40 
(1958) 

A liquid film flowed downward by gravi ty over a 
s t r ing of sphe res with a i r flowing upward over the 
sphe re s . The s p h e r e s were 1.0 or 1.5 in. in diann. 
and inse r ted in a 5.75-in. tube. Three l iquids, water . 
water plus 1% Lissapo l . and liquid paraffin were used 
in the expts , A standing wave formed on the film 
covering the lowest h e m i s p h e r e at about 30° to the 
ver t i ca l at a i r veloci t ies of about 20 f t / s e c . This 
kind of wave format ion is thought respons ib le for 
loading in packed towers of high voltage. 

2281. Kapitza, P . L. 

UNDULAR FLOW OF THIN LAYERS OF A VISCOUS 
FLUID. I. FREE FLOW. J. Exp. Theor . Phys , , 
1_8, 3-18 (Jan 1948) In Russ ian . 

This paper deals with the flow of thin l aye r s of a 
viscous liquid under the action of a constant volume 
force , allowing for surface tension. An approximate 
solution of the equation of flow was found which showed 
that the undular flow es tab l i shed exper imenta l ly by a 
s e r i e s of w o r k e r s had a m o r e stable c h a r a c t e r than 
the l amina r flow. Wave shape, phase velocity, and 
annplitude a r e given. The theore t ica l values of the 
c r i t i ca l fac tors Rej^ c h a r a c t e r i s t i c for the inception 
of the undular flow agree with the exper imenta l data. 
The rapid d i spe r s ion of colouring nnatter along the 
flow observed by F r i e d m a n and Miller is quantitatively 
explained by the undular c h a r a c t e r of the flow. 

2282. Kapitza, P . L. 

UNDULAR FLOW OF THIN LAYERS OF A VISCOUS 
LIQUID. II. FLOW IN CONTACT WITH A GAS FLOW 
AND WITH HEAT TRANSFER. J . Exp. Theor . Phys . , 
18, 19-28 (Jan 1948) In Russ ian . 

This paper deals with the in t e r r eac t ion of a gas flow 
with the flow of a liquid. On the assumpt ion of an 
in ter rupt ion in the gas flow occur r ing where it nnakes 
int imate contact with the wave surface of the liquid 
it becomes poss ible to explain and define numerical ly 
the i nc reased p r e s s u r e drop in a gas s t r eaming 
through pipes with mois t wa l l s . The expres s ion for 
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the c r i t i ca l veloci ty at which the gas c u r r e n t is 
"chocked" in a v e r t i c a l pipe along the wal l s of which 
there is a liquid counterflow is in good a g r e e m e n t 
with tes t r e s u l t s . F ina l ly , the i n c r e a s e of the t h e r 
ma l conductivity of thin l a y e r s of a liquid in an un
dulating condition is est innated. 

2283. Kapitza, P . L . . and Kapi tza , S. P . 

UNDULAR FLOW OF THIN LAYERS OF A VISCOUS 
LIQUID. III. EXPERIMENTAL STUDY OF WAVE 
FLOW CONDITIONS. J . Exp. Theor . Phys . , 1_9, 
105-20 (1949) In Russ ian 

A method of taking photographic s k i a g r a m s of a 
lamina of a v iscous fluid with a view to studying the 
free flow on the outer wall of a cy l indr ica l tube. The 
neces sa ry condit ions for the ex is tence of a 2-
dimensional wave-flow of a lamina w e r e found. 
Quantitative de te rmina t ions of the ampl i tudes , phase 
veloci t ies and wavelengths were c a r r i e d out for a 
number of flow types of wa te r and alcohol . A s e r i e s 
of photographs of sec t ions of flow laminae a r e given. 
The re su l t s a r e c o m p a r e d with the theory worked out 
in the foregoing pa r t of the paper . Exper imen ta l ly it 
could be shown that the wave flow due to a ce r t a in 
cr i t ica l efflux is m o r e s table than the l amina r one. 
The magnitude of the c r i t i c a l efflux, a s found by e x 
per iment for wa te r and alcohol , is in good a g r e e m e n t 
with theory. Two dis t inct types of undular flow -j/ere 
es tabl ished; the f i r s t , in close a g r e e m e n t with theory, 
with a wave shape near ing a s inusoid, was cal led 
periodic r eg ime , while the second is a new type, 
consisting of single waves moving independently of 
each other . The empi r i ca l ly found dependence for 
the per iodic reg ime of ampl i tudes , phase velocity and 
wavelength on the efflux again co r r e sponds to the 
theore t ica l p red ic t ions within the linnits of accu racy 
of the approximat ions made . 

2284. K r e s s , B. A. 

FALLING FILM HEAT EXCHANGER, (1945) 21 p. 

In o rder to deternnine the poss ib i l i t i e s of using a 
falling film heat exchanger in a homogeneous r e a c 
tor, the optimum size of a falling film tube with 
r ega rd to heat t r an s f e r and hold-up and an inves t i 
gation of the poss ib i l i ty of gas r e l e a s e by the film 
were studied. An appa ra tus was designed and built 
which would give r a t e s of flow for va r ious types of 
inlets in gravi ty-f low and in forced flow falling fi lm. 
Some heat r emova l ca lcula t ions w e r e m a d e , CE-3503. 

2285. Lacey. P . M. C., Hewitt, G. F . , and 
Collier, J. G. 

CLIMBING FILM FLOW, AERE-R-3962 ( P r e s e n t e d 
to the The rmodynamics and Fluid Mechanics Group 
of the Inst. Mech, Eng. on 7th Feb . 1962) 

Climbing film flow is shown to embody a l a rge num
ber of superinnposed phenonnena which make it one 
of the mos t complex fo rms of two-phase flow: it 
becomes pa r t i cu l a r ly impor tan t to dis t inguish the 
var ious m e c h a n i s m s when consider ing the b r e a k 
down of the r eg ime to the liquid deficient condition, 
leading to so -ca l l ed "burn-ou t , " but only ve ry r e 
cently have m e a s u r e m e n t s been made of a kind which 
allow any a s s e s s m e n t of the re la t ive impor tance of 
these m e c h a n i s m s in different p a r t s of the r eg ime , 

and the p ic ture is s t i l l very incomplete . The paper 
cons ide r s the m e c h a n i s m s in turn: s imple film nno
tion induced by gas -phase s h e a r , r ipples and 
Helmholz ins tab i l i t i es , the role of Helmholz waves in 
spray production, r a t e s of sp ray growth and depos i 
tion, depletion of the film through en t ra inment and 
breakdown of the film through surface tension forces 
and dewetting, and the poss ible effects of nucleat ion: 
and at tent ion is drawn to incons is tenc ies and gaps in 
the experinnental data and in the theor ies adduced to 
co r r e l a t e them. 

228 Mahrenhol tz , O. 

TRANSPORT OF FLUID FILM ON VERTICAL WALL 
BY GAS STREAM. Kaeltetechnik ]_0_, 150-6 
(May, 1958) 

T r a n s p o r t of fluid film on ve r t i ca l wall by gas s t r e a m ; 
t r i a l s using annular tube and 4 liquids with different 
v i scos i t i e s show t r anspo r t by r is ing gas s t r e a m is 
poss ib le ; data for p r e s s u r e loss of gas flow, m e a n 
thickness of liquid film, and range of t r anspor t a t ion 
of liquid film; example of such t r a n s p o r t would be 
where oil of re f r igera t ing evapora to r is r e tu rned to 
c o m p r e s s o r . 

2287. Michaud. F . 

THEORY OF LIQUID FILMS. J. chim. phys. 41 , 
147-59 (1944) 

The c lass ica l theory of capi l lar i ty can be extended 
for phenomena observed in the format ion and d e s 
t ruct ion of liquid f i lms . One is lead to the notion of 
film p r e s s u r e which is sinnilar to that of surface 
tension in that it r e q u i r e s the dimensions of energy. 
The effect of one or m o r e dissolved subs tances can 
be predic ted . It can be proved that the th ickness of 
the capi l lary layer is s m a l l e r in a soln. of a sub
stance that lowers the surface tension than in a soln. 
of a substance that e levates it. The theory p red ic t s 
and expt. ver i f ies the fact that two bubbles within the 
body of a soln. of a substance lowering the surface 
tension a t t r ac t each other before forming a film that 
will sep. them. The sudden var ia t ion in thickness 
observed at the bo rde r of the black spot in a filnn of 
soapy wate r can be accounted for . Finally the fai lure 
of sc ien t i s t s who a t tempted the verif icat ion of Gibbs ' 
adsorpt ion formula is explained. ( CA-40-263-3) 

228 Miles , J. W. 

ON THE GENERATION OF SURFACE WAVES BY 
SHEAR FLOWS, Jou r . Fluid Mech. _3- 185-204 (1957) 

A mechan i sm for the genera t ion of surface waves ; by 
a pa ra l l e l shear flow U(y) is developed on the bas i s 
of the inviscid O r r - S o m m e r f i e l d equation. It is found 
that the ra te at which energy is t r a n s f e r r e d to a wave 
of speed c is p ropor t iona l to the profi le cu rva tu re -
U"(y) at that elevation where U = c The resu l t is 
applied to the genera t ion of deep-wa te r gravi ty waves 
by wind. An approximate solution to the boundary 
value problem is developed for a logar i thmic profi le 
and the cor responding spec t r a l d is t r ibut ion of the 
energy t r ans fe r coefficient calcula ted a s a function of 
wave speed. The min imum wind speed for the ini t ia
tion of gravi ty waves agains t l amina r d iss ipat ion in 
water having negligible nnean motion is found to be 
roughly 100 c m / s e c . A spec t r a l mean value of the 
she l te r ing coefficient, as defined by Munk, is found 
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to be m order-of-magnitude agreement with total 
wave drag measurements of Van Dorn. It is con
cluded that the model yields resul t s in qualitative 
agreement with observation, but t ruly quantitative 
comparisons would require a more accura te solu
tion of the boundary value problem and more p rec i se 
data on wind profiles than are present ly avai lable. 
The results also may have application to the flutter 
of membranes and panels. 

2289. Miles, J. W, 

THE HYDRODYNAMIC STABILITY OF A THIN FILM 
OF LIQUID IN UNIFORM SHEARING MOTION, Jour . 
Fluid Mech. _8_. 593-610 (i960) 

The stability problem for a thin film of liquid having 
a linear mean-velocity profile and bounded by a fixed 
wall and free surface is solved asymptotical ly for 
large values of the Reynolds number R. The analys is 
is similar to that for plane Couette flow, but ins ta 
bility occurs for sufficiently large values of R in a c 
cordance with Heisenberg's c r i t e r ion that neutral 
disturbances having finite wave numbers and phase 
velocities for R = t" a re necessar i ly unstable as 
R -» 00. It is found that a sufficient condition for 
stability is W < 3, where W is the Weber number 
based on the mean speed at the free surface and the 
depth of the film. The minimum cr i t ica l Reynolds 
number, also based on free surface speed and film 
depth, is found to be R = 203. This las t figure is in 
order of magnitude agreement with observation, but 
there remains considerable uncertainty as to whether 
the observed instability corresponds to that consid
ered here. Neutral stability curves a re presen ted 
in an R vs a (= wave-number) plane with W as the 
fannily parameter . Brief consideration also is given 
to the t ime-rate-of-growth of unstable d is turbances 
and to the lighter fluid that, in actual configurations, 
is responsible for the shear in the film. An appen
dix gives extended and more accurate resu l t s for the 
function F(z). introduced and calculated previously 
by Tietjens (1925) and Lin (1955). 

2290. Norman. W. S. 

HEAT TRANSFER TO A LIQUID FILM ON A VER
TICAL SURFACE. Trans . Instn, Chem. Engr s . 
(London) 38. 301-7 (I960) 

Measurement of heat t ransfer coefficients and m i n i 
mum wetting ra tes ; heat t ransfer to liquid films in 
laminar flow region (Re lower than 2000) is affected 
by instability of film which eventually resu l t s in film 
breakdown and appearance of dry patches on wall; 
relation of minimum liquid ra te , film thickness func
tion, and surface tension function. 

2291. Oosterhout, K. C, 

THE SURFACE STRUCTURE OF A FLOWING 
WATER FILM, M.S. Thesis , Univ. of Illinois (1958) 

2292. Ranz, W. E. 

SOME EXPERIMENTS ON THE DYNAMICS OF 
LIQUID FILMS, J. Appl. Phys. ^ , 1950-5 (Dec, 1959) 
Experiments and theory are descr ibed concerning the 
rupture of soap films and the continuous formation, 
by impinging je ts , of quasi-s ta t ionary liquid shee t s . 

2293. Saveanu, Th., Ibanescu, L, and 
Mar iana . V. 

INFLUENCE OF THE NATURE OF THE WALL ON 
MASS TRANSFER IN LIQUID WAVE FILM FLOW, 
Acad. r ep . populare Romine, JTiliala l a s i , Studii 
c e r c e t a r i s t i in t . , Chim. _1_1' 139-48 (I960) 
In th in- layer wave flow, the na ture of the m a t e r i a l 
on which the liquid flows has no g r e a t influence on 
m a s s t r ans fe r when the wall has the usual roughness . 
Two exptl. methods were used: evapn. of wa te r into 
air and absorp t ion of NH3 vapor f rom an a i r nnixt. in 
wate r . Roughness due to working the sur face is d i s 
t inguished from roughness produced by t rea t ing with 
chemica l s . 

2294. Sinek, J. R. 

HEAT TRANSFER IN FALLING-FILM LTV EVAP
ORATORS, Ph.D. Thes i s , U. of Mich. , 175 pp (1962) 

2295. Squire . H. B. 

INVESTIGATION OF THE INSTABILITY OF A 
MOVING LIQUID FILM. Br i t . Jnl . Appl. Phys . ±. 
p, 167-169 (1953) 

The stabi l i ty of a thin layer of liquid moving in sti l l 
a i r is studied theore t ica l ly with the object of throw
ing light on the b r e a k - u p of f i lms during atonnization. 
It is found that instabil i ty occu r s if W ^ T / P I U2h<l 
and that the wavelength for maxinnum growth factor. 
for W « 1. is 

X = (47rT/p2U^) 

where pi is the liquid densi ty, p2 is the a i r density, 
U is the film veloci ty , 2h is the film th ickness and T 
is the surface tension of the liquid. Compar i son with 
exper imenta l data sho\vs fair agreennent with the ob
served wavelengths. 

2296. Tailby, S. R., and P o r t a l s k i , S. 

THE HYDRODYNAMICS OF LIQUID FILMS FLOWING 
ON A VERTICAL SURFACE. T r a n s . Instn, Chem. 
E n g r s . (London) 38_. 324. (i960) 

Exper imenta l study of c r i t i ca l Reynolds number of 
wave inception, and i nc r ea se in surface a r e a due to 
rippling; theory of P . L. Kapitza modified and ex
tended has been used to predic t quanti tat ively 
Reynolds number of wave inception and enlargement 
of surface a r ea due to r ippling; innproved m e a s u r e 
ment of holdup and wave prof i le . 

2297. Tailby, S. R., and P o r t a l s k i , S. 

THE OPTIMUM CONCENTRATION OF SURFACE 
ACTIVE AGENTS FOR THE SUPPRESSION OF 
RIPPLES. T r a n s . Instn. Chem. E n g r s . (London) 
39. 328-336 ( l 96 l ) 

Extends previous p r e l i m i n a r y invest igat ions of other 
w o r k e r s and exannines the effect of sur face-ac t ive 
agents in damping waves and r ipp les by d i r ec t ob
serva t ion and record ing of the state of the surface 
on a flowing fi lm. In each of the c a s e s cons idered an 
optimum concentra t ion of wetting agent has been 
found for the a t ta inment of a smooth sur face . 
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2298. Tai lby. B. S. and P o r t a l s k i . S. 

DETERMINATION OF THE WAVE LENGTH ON A 
VERTICAL FILM O F LIQUID FLOWING DOWN A 
HYDRODYNAMICALLY SMOOTH P L A T E . T r a n s . 
Inst. Chem. E n g r s . . 40_, 114-22 (1962) 

The onset of wave format ion was detd. for liquid 
flowing down hydrodynamic ally smooth, 7 ft high by 
21 in. wide, v e r t i c a l , s t a in l e s s s t ee l p l a t e s , with 
water , 27%-82% glycerol so lns . . MeOH, and i s o -
PrOH at 19-25°C. The wave format ion and the 
wavelength ( \ ) we re r e c o r d e d photographical ly and 
over a range of liquid flow r a t e s having Reynolds 
nos. (Re) of 4-4000. X t heore t i ca l ly shouldbe a func
tion of Re, but was found to v a r y connplexly with the 
height of the wet ted colunnn. Only at the front of 
wave format ion was there a region where the t r a in 
of waves was sufficiently regu la r for detn. of X. 
These X values were l a r g e r than those p red ic ted 
fronn theory , which neglects the na tu ra l coa lescence 
of waves . The va r ious theor i e s of wave format ion 
are cr i t . reviewed; exptl . r e su l t s a r e p resen ted . 
(CA 62 12282a) 

2299. Tailby, S. R. and P o r t a l s k i , S. 

WAVE INCEPTION ON A LIQUID FILM FLOWING 
DOWN A HYDRODYNAMICALLY SMOOTH PLATE, 
Chem. Eng. Sci, _17_, 283-90, (1962) 

Wave format ion as a function of liquid flow r a t e , 
liquid v iscos i ty , and a i r flow over the liquid film was 
studied by using a photographic technique. The plate 
carry ing the film was 2 l - i n . wide and 7-ft high. 
Waves appear over the en t i re column above the c r i t , 
Reynolds no. 

The s t r e t ch of film, free of wave mot ion, i n c r e a s e s 
with liquid flow rate and v iscos i ty , and d e c r e a s e s 
with inc rease in a i r Reynolds no. (CA 62 I3582i) 

2300. Tananaiko, Yu. M. 

HEAT TRANSFER FROM A DOWNWARD FLOWING 
FILM OF BOILING WATER, Izvest . Kiev. Poli tekh. 
Inst, r7 , 75-82 (1956) (Trans l a t ed from Referat . 
Zhur . F iz . No. 3 . 1957. Abs t r ac t No. 6333) 

When water boils in a flowing film with th ickness 
6 = 0.25 nnm, one obse rves two modes of heat 
t r ans fe r , in which the heat t r an s f e r coefficient may 
be calculated from the following emp i r i c a l equat ions : 
tt; ^ 22q*'-"' and a^ = 8.l5q°-^ (q is the specific 
the rmal load). It was es tab l i shed that upon boiling in 
a film (6 = 0.25 m m ) a 2 is 10 to 15% lower than in an 
ord inary tube. This is caused by the pa r t i cu l a r con
ditions in the flowing film (action of gravi ty fo rces , 
surface tension, support ing action of the moving 
s team, etc) . 

2301. Wilke, W. 

HEAT TRANSFER AT FALLING LIQUID FILMS. 
VDI (Ver. Deut. Ingr , ) -Forschungshef t 490. 36 p. 
Suppl. to F o r s c h . Gebiete Ingenieurw, 28B (1962) 

The effect of the tube length, Reynolds no. , and 
Prand t l no. on the heat t r ans fe r between tube wall 
and falling liquid film was studied in a ve r t i c a l tube. 
2.4 m long. M e a s u r e m e n t s of the temp, and velocity 
profi les a c r o s s the film helped to explain the heat 

t r ans fe r mechanisnn for falling liquid f i lms with wavy 
flow pa t t e rn and led to the development of a t h e o r e t i 
cal h e a t - t r a n s f e r equation based on s imple a s s u m p 
t ions . The equation takes into account the effect of 
the waves on the heat t r ans fe r and is in good a g r e e 
ment with exptl . r e s u l t s . The theory of Nusse l t . 
which holds for smal l Reynolds nos. , was fur ther ex
tended to consider the heat t r ans fe r at the free s u r 
face of the film. The heat t r ans fe r equations 
es tabl i shed in the invest igat ion may be applied to the 
design of falling liquid film app. 25 r e f e r e n c e s . 

Foams and F ro ths 

2302. Abe, T. 

FOAMING OF SEA WATER - ANALOGY BETWEEN 
THE COAGULATION PROCESS OF COLLOIDAL 
PARTICLES AND THAT OF BUBBLES IN THE 
FOAM LAYER OF SEA WATER, P a p e r s Metero l . 
and Geophys. (Japan) 6_, 56-62 (1955) 

Bubbles in a foam layer a r e cons idered to have 
e las t ic p rope r t i e s and a r e accumula ted in the form 
of a layer , packing mos t closely in 3 d imensions 
under the influence of capi l lary fo rces . They a r e 
a t t r ac t ed by these forces and a r e kept apa r t by the 
p r e s s u r e at the in terfaces where they touch. When 
the m e m b r a n e between any 2 bubbles is broken, the 
bubbles coagulate . During the per iod when the co
agulation p r o c e s s is dominant, the p r o c e s s e s a r e 
fair ly well t r ea ted by analogy with that of colloidal 
p a r t i c l e s . The nnax. diam. of bubbles is calcd. from 
p(x) = AB^, where p (x) = frequency of a bubble. 
X = (bubble diam)^, and A and B a r e cons ts . Values 
of d-max ^t 14° a r e 1.79 for t ime = 2 sec to 3.17 for 
t = 14 sec . whereas at 5° dm ax = 1.58 for t - 2 and 
2.95 for t = 16. 

2303. Brown, D. J. 

PARTICLE TRAJECTORIES, COLLISION AND 
ATTACHMENT IN FROTH FLOTATION. Aerodyn. 
Capture P a r t i c l e s , P r o c . Conf., Leatherhead, 
Surrey , 35-43 (i960) 

Collisions of 0 . 3 - m m - d i a m pyr i t e , coal , and galena 
pa r t i c l e s with, and a t tachment to, 1.4 m m diam a i r 
bubbles in wa te r was studied by rapid photography. 
Compar ison of nneasured hor izonta l deviation of the 
par t ic le path with the calcd. shows good ag reemen t 
for galena and pyr i te , but actual deviation for coal is 
much g r e a t e r than theore t i ca l . Efficiency of a t t ach
ment d e c r e a s e s with increas ing dis tance between the 
point of coll is ion and the ve r t i ca l ax i s , and does not 
depend on the re la t ive velocity. The model of 2 c i r 
cular planes moving toward each other gives a value 
of the equil . dis tance too high for spontaneous a t t ach -
nnent to occur . 

2304. Casse l . H. M. 

PHYSICAL ASPECTS OF FOAMING IN STEAM 
GENERATION, J . Appl. Phys . 1_5, 792-798 (1944) 

Vaporizat ion of pure l iquids is reviewed as a p rob lem 
of heat t r an s f e r and the ra te of vapor bubble c rea t ion . 
Applying an idea of Gibbs, the influence upon the a c 
tivation energy of nucleus format ion exer ted by the 
contact angle at the vapo r / l i qu id / so l i d phase 
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boundaries as well as by the shape and size of sub
merged solids is quantitatively expressed by the 
reduction in the volume requirement of the nucleus. 
Possible effects of solutes in superheated liquids 
upon steam bubble creat ion and growth a re discussed. 
The stabilization of foam in boiling electrolyte solu
tions is explained by the thermoelec t r ic potential dif
ferences originating from the tempera ture gradient 
around growing bubbles. The effect of foam inhibiting 
agents (e.g., cas tor oil) is in terpreted as a change m 
the rate of bubble creation caused by surface condi
tioning of heating elements and suspended pa r t i c l e s . 

2305. Chang, R. C. 

AQUEOUS FOAMS; BUBBLE SIZE AND BUBBLE 
SIZE DETERMINATION, Ind, Eng. Chem. 48_, 

2035-9 (1956) 

Bubble size and distribution were detd. photomi-
crographically onfrozenfoams made from 1.5-
6% solns. of heptadecylbenzimidazole (l), saponin 
(II), Na heptadecyl sulfate (III), Na dodecyl sulfate 
(IV). and a protein hydrolyzate (V). Sliding-vane 
and centrifugal pumps were used to generate foam. 
For III and V with sliding-vane pumps at steady 
flow the bubble size is inversely proport ional to 
the expansion ratio. Bubble d iams. of 50-300 p. over 
an expansion ratio of 10-35 were obtained for V and 
30-70 M at 7-19 expansion for IV. (CA 51:3235d) 

2306. Derya , B. v. , and Titievskaya, A. S. 

THE WEDGE EFFECT OF FREE LIQUID FILMS 
AND ITS IMPORTANCE FOR THE STABILITY 
OF FOAM, Kolloid. Zhur. 15_. 416-25. (1953) 

From microscopic observations, 2 gas bubbles 
(e.g., of H) coalesced immediately when brought in 
contact under pure H2O (e.g., in a quartz vesse l ) . 
In the presence of glass or paraffin wax the film 
between the bubbles was stable for a few sec. The 
persistence r of such films (of approx. 1 sq nnm) of 
2% PrOH in HiO decreased from 50 to 20 sec when 
the "wedge p re s su re" P increased from 400 to 
1000 dynes/sq cm; P = 7 [ ( I / R J ) + (1/R2)]; 7 is s u r 
face tension and Rj and R2 are the radii of the bub
bles. In 2% PrOH in O.IN KCl, T was approx. 
5-10 sec and depended little on P . In 0.2M AcOH, 
T was 16 sec at P = 470. In 0.00025M caprylic acid 
in HjO or O.OOIN HCl the films were stable with the 
thicknesses h of 110 and 40 m ^ . r e sp , at P = 550-
560. 

Films were produced between 2 bubbles connected to 
the same source of compressed gas , so that the p r e s 
sures in the bubbles were equal and the films were 
plane. If P is the pressure difference between the 
liquid in the film and the liquid in the vesse l at the 
film level, then P is the "wedge p r e s s u r e . " When P 
increased from 580 to 2110 dynes /sq cm, h dec reased 
from 150 to 105 m^ in 0.0006% undecylic acid (l); in 
0.00006% I, h was 150 and 100 at P = 560 and I860, 
resp; in 0.00002% I. h was 110 and 80 at P = 770 and 
1280, resp: etc. According to D.'s theory (CA 32 
3232^) P = D '̂V[87Td^ cosh(h/2d)] = ZTJ a"-/ 
[D sinh^ (h/2d)]; D is dielec. const. , and ^, o, and d 
are the potential, the surface charge d. and the thick
ness of the elec. double layer . Assuming d = 
10" cm, TP becomes 0.05-0.09 v and a = 54 e .s .u . in 

0.00002% and 84 in 0,0006% I. Solns. of I in O.OOIN 
HCl or 0.01 N KCl gave unstable f i lms , w h e r e a s those 
in 0.00ir< KCl gave stable f i lms that were thinner than 
in H2O. P re sumab ly , soap format ion is needed for 
film stabil i ty. No stable films could be obtained in 
0,02% pelargonic acid solns . Saponin f i lms were 
stable a lso in m o r e coned. NaCl so lns , in which they 
were black. 

2307. de Vr ies , A. J. 

FOAM STABILITY. A FUNDAMENTAL INVESTIGA
TION OF THE FACTORS CONTROLLING THE 
STABILITY OF FOAMS, Mededel Rubber-St icht . , 
Delft, No. 326. (1957) 91 p. 

Real foanns a r e unstable d i spe r s ions of gases in 
liquids. The excess p r e s s u r e in each gas bubble is 
an inverse function of the bubble s i ze . Consequently, 
with t ime gas should diffuse from smal l to large bub
bles . F u r t h e r m o r e , liquid dra inage occu r s with t ime. 
When the lamel las r e a c h a c r i t . t h i ckness , collapse 
general ly occurs resul t ing in coa lescence of bubbles. 
Bubble-s ize dis t r ibut ion thus changes with t ime . The 
ra te at which smal l bubbles d e c r e a s e in size as a r e 
sult of diffusion is shown to be a function of bubble 
rad ius , surface tension, l amel la th ickness , and p e r 
meabil i ty of the gas in the liquid. The p r e s s u r e dif
ferent ia l is a s sumed to be detd. essen t ia l ly by the 
radius of the sma l l e r bubble. By observing the ra te 
of shr inkage of smal l bubbles in va r ious foams, values 
for the av. l amel la thickness a r e calcd. These values 
a re reasonable and support the contention that gas 
diffusion is at leas t one factor in l imiting foam s ta 
bility. Expres s ions a r e der ived for bubble-s ize d i s 
tr ibution as a function of t ime . The author exanns. a 
second factor (liquid dra inage) by h igh-speed photog
raphy of liquid f i lms in wi re f r a m e s . When held 
ver t ica l ly , drainage o c c u r s . Actual rup ture is p r e 
ceded by the format ion of black a r e a s whose thickness 
is under 1000 A. Rupture is due to hole formation fol
lowed by rapid en la rgement . The ra te of enlargement 
(hundreds of c m / s e c ) is in rough ag reemen t with the 
values calcd. by Dupre ' s equation ("Mechanical 
Theory of Heat," P a r i s . 1869). The ra te is inversely 
proport ional to the square root of the film thickness . 
The actual format ion of a hole may requ i re an ac t i 
vation energy. At the nnoment a hole fo rms , a subse
quent en la rgement involves an i n c r e a s e in interfacial 
energy because of the prominence of the contribution 
due to the inner surface of the hole. 

2308. Heinrich, G. 

iJBER STROMUNGEN VON SCHAUMEN. Z. Angew. 
Math. Mech. _22_, 117-18 (1942) (Trans la ted by 
L. J. Goodlet. R .T .P . Trans la t ion No. 2239 Bri t i sh 
M.A.P.) 

The problem of foams is studied by the author under 
the following assunnptions: (1) The mixing of the 
liquid, which is cons idered as incompress ib le , and 
the gas is ve ry thorough and s table , so that the mix
ture can be cons idered as one fluid with p roper t i e s 
r ep resen t ing the average of liquid and gas . (2) The 
gas is a perfect gas . The author then ca lcula tes the 
density p, the equation of state and the adiabatic r e 
lation between p r e s s u r e p and densi ty p for the fluid, 
all involving the weight ra t io /i of gas and liquid as a 
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p a r a m e t e r . The computat ion of the veloci ty of sound 
a, defined as a^ = d p / d p . shows the in teres t ing fact 
that, for the nnixture of a heavy liquid and a light gas , 
the sound velocity is a m i n i m u m when the volume of 
liquid and the volume of gas in the mix tu re a r e equal . 
This min imum is only a f rac t ion of the velocity of 
sound of the gas alone. 

2313. Nikolenko, I. A. 

FOAMING OF BOILER FEEDWATER OF DIFFERENT 
COMPOSITION. Teploenerget ika , 7, no. 8, 
(Aug I960) ~ 

Labora tory t e s t s with wa te r of different sal ini ty; effect 
of sal inity is shown to be nonadditive. 

2309. Ki tchener . J . A. and Cooper . C. F . 

CURRENT CONCEPTS IN THE THEORY OF FOAM
ING. Quart . Revs. _13, 71-97 (1959) 

A review with 39 r e f e r e n c e s . 

2310. Mukhlenov. I. P . , and Tumark ina , E. S. 

HEAT TRANSFER IN A FOAM APPARATUS, Zhur . 
Pr ik lad , Khim. 28_. 135-44, J. Appl. Chem. (USSR) 
28_, 125-32 (1955) (English Trans la t ion) 

Heat t r ans fe r between a i r at 23-28° satd. with H2O 
and H2O at 15-18° was detd. in a foam column of 1 
and 3 p la tes with a range of a i r ve loc i t ies w of 
0,4-3.5 m / s e c , H2O r a t e s L of 2-40 cu m / m hr , and 
a spillway H of 0-30 m m ; 20 different p la tes with 
perforat ions from 2 to 8 m m (9-25% free c r o s s s e c 
tion) were used. The overa l l coeff. of heat t r ans fe r 
K vs w gives a family of cu rves (L = 20 cu m / m hr , 
perfora t ions 6 m m at 4-mnn d i s t ances between cen
te rs ) which a r e e x p r e s s e d by the e m p i r i c a l re la t ion 
K = a + b w". The const , n = 2.4 is independent 
of H; the cons ts . a and b a r e : 5400 and 420 for 
H = 0; 5600 and 445 for H = 10 m m ; and 5600 and 
600 for H = 20 m m . Fo r w > 3 m / s e c the calcd. K 
is lower than the exptl . This is a s c r i b e d to the for
mation of sp ray below the foam at high values of w. 
The plate efficiency J) is given by 7) = (li - I f ) / 
(Ii - It), where I^. If, If a r e the heat contents of a i r 
entering and leaving the plate and of that satd. with 
H20 at the m e a n temp, of H2O on the pla te , r) r e a c h e s 
94.7% at w = 2.5 m / s e c , L = 32 cu m / m hr (K = 
16.500 k c a l / s q m hr degree ) ; and 92,9% at w = 3 m / 
sec , L = 25 cu m / m hr ( K = 18,600 k c a l / s q m hr 
degree) . 

2311. Mukhlenov. I. P . 

DYNAMICS OF A SUSPENDED LAYER OF A LIQUID 
IN A GAS, T r a n s l a t e d from Zhur . P r ik lad . Khim. ^ . 
1750-5, AEC- t r -3252 (1957) 

The kinet ics and dynamics of a suspended layer of an 
active foam a r e t r ea t ed and a gene ra l c r i t e r i a equa
tion is der ived which d e s c r i b e s the hydrodynannics of 
the foam layer and which is bas ic for a t r e a t m e n t of 
exper imenta l data in o r d e r to obtain the calcula ted 
fo rmulas . 

23_1_4. Pozin, M, Ye., and Temark ina , Ye. S. 

SUPPRESSION OF FOAM BY HIGHLY SOLUBLE 
GASES, Zhur . P r ik lad . Khim 27. 1180-3 (1954) 

Slightly sol . g a s e s , such a s CO; and SO3, 0.5-30 vol %, 
do not affect H, the s t r u c t u r e , nor the back p r e s s u r e 
of a foam formed by H2O, whereas NH3, HCl, and SOs 
d e p r e s s H and this dep res s ion is not affected by a 
change in o or T̂ . 

2315. Pozin, M. Ye., and Tumarkina , Ye. S. 

E F F E C T OF THE PHYSICAL PROPERTIES OF A 
LIQUID ON THE FORMATION OF MOVABLE FOAM, 
Zhur . P r ik lad . Khim 27, 1170-9 (1954) 

A foam formed by sucking a gas at a given l inear 
velocity w through a depth of a liquid held on a p e r 
forated plate is defined as a dynamical ly s table foam 
and is dis t inguished from a s ta t ic foam formed by 
so lns . of sur face-ac t ive subs tances . The height H of 
such foams d e c r e a s e s as the surface tension o and 
the v iscos i ty T) i nc rea se . This rule holds in aq. solns 
of e lec t ro ly tes in the range of 70-85 d y n e s / c m and 
0.99-7 cent ipoises and in soaps and g lycerol in the 
range of 42-70 d y n e s / c m and I - I 6 cent ipoises ; aq 
solns of 0.4M Al2(S04)3 form an exception. The concn. 
affects H only in so far as it affects o and r). The ef
fect of w was detd. on monoethanolannine (12.5-25%) 
and t r ie thanolamine (10, 20, and 30%). The plot H vs 
w shows a sha rp min at w = 2,25 m / s e c With 
w > 2.25 m / s e c the effect of phys. p rope r t i e s is 
masked by hydrodynamic fo rces . 

2316. Pozin, M. E. , et a l . 

CHARACTER OF GAS LIQUID DISPERSED 
SYSTEMS, Zhur. P r ik lad . Khim _3£. 45-52 (1957) 

The conditions in a s ieve-p la te app. a r e detd. p r i m a 
rily by the flow ra te of the gas s t r e a m , and the 
bubbling p r o c e s s p a s s e s into a foaming p r o c e s s . 
Photographic examn. shows that the s t r uc tu r e of the 
foam changes . The p r o c e s s e s of hea t - and nnass -
t r ans fe r proceed more vigorously in the layer of 
dynamical ly fluidized foam consis t ing of f i lms and 
liquid mixed with gas bubbles . The c r i t e r i a sug
ges ted by Melikyan a r e untenable for sieve p l a t e s , 
and the concept of 3 s t reanns is not always a c c u r a t e . 

2312. Nikolaev L. A. 

E F F E C T OF THE NATURE OF THE HEATING SUR
FACE ON FOAM FORMATION, Trudy Moskov. Inst. 
Inzhener, Zhe lez . -Dorozh . T r a n s p o r t a 1955, 
No, 8 2 - 3 . 84-7 . 

Bubbles formed on a hydrophobic sur face (graphi te , 
paraffin) a r e l a r g e r than those formed on a hyd ro 
philic surface (g l a s s , porce la in ) . Inc reased bubble 
size d e c r e a s e s foam fornnation. 

2317. Rennie. J . , and Smith, W. 

FORMATION OF AIR WATER FROTHS. Nature 192, 
419-20 (1961) 

A m e c h a n i s m for the b reakup of a i r bubbles emerg ing 
fronn an underwate r orifice (diam. TT "T •̂̂ •̂  ^ ^ ^ °^" 
served . The a i r bubbles a r e obse rved to b reak up 
when hit by a smal l t ra i l ing bubble, or when pene 
t ra ted by the smal l t ra i l ing "neck," which connects 
the bubble to the orif ice when the bubble is forming. 
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2318. Ruyssen, R., et al. 

ToAM FORMATION AND SURFACE ADSORPTION. 
Mededel. Koninkl. Vlaam. Acad. Wetenschap. , Belg.. 
Kl. Wetenschap. 22, No. 8 17 pp. (i960) 
Foams were obtained by bubbling a N s t r eam from 
either 3 capil laries (59 p in diam.) or a filter 
(100 holes 50 /J in diam.) through a soln. of dodecyl 
sodium sulfate (l) or sodium laurate {ll). The foams 
were formed in a cylinder of which a par t was r e 
movable. In this part , the surface of the bubbles 
(closely packed pentagonal dodecahedra) was detd. by 
photomicrography and measurement with a m i c r o m 
eter of the edges of the dodecahedra on a projected 
image. Concn. of the surfactant was m e a s u r e d (l) by 
drying and weighing, (2) by in terferometry , and (3) by 
radioactive t r a c e r s . The mol. surface was 11,0-
10.4 A.̂  for I and 12 A.^ for 11. Therefore, every 
bubble is surrounded by a double unimol. layer . In a 
foam, rapidly formed on a glass fi l ter, the surface 
contains a single unimol. layer . (CA 55:17123f) 

2319. Savitskay, E. M. 

ANALYSIS OF THE DISPERSITY OF FOAMS, Kolloid 
Zhur. 13_, 309-13, (1951) 

The loam is placed in a tray whose bottom is cooled 
with liquid O; the foam solidifies within a few sec and 
is then photographed through a glass cover. Freezing 
and thawing did not affect the dispers i ty . In a foam 
produced by bubbling air through a s in tered glass 
membrane into a 0.125% soln, of Na 6-
butyinaphthalene-1-sulfonate (l) the mos t frequent 
bubble radius r was 50 p., and there were a lmost no 
bubbles with r greater than 150 p. The frequency 
distribution of bubbles was the same in the surface 
layer and in any section of the foann. The mos t f r e 
quent r (in p) and the total area (S sq cm) in 1 cc of 
another I foam depended on concn.; for 2%, 0.5%, 
0.25%, 0,125%, and 0.06% solns. they were 80-90 and 
360; SO-100 and 330; 100-110 and 270; 100-110 and 
250, and 120-130 and 210. resp . The surface tension 
(7 ergs /sq cm) of these solns. was 30. 32, 38, 52.5, 
and 60, resp . . and the product yS was a lmost const . , 
i.e. the work necessary to d isperse I cc of gas was 
almost independent of the soln. 

2320. Seniff, R. W. 

FOAMING AND CARRYOVER IN BOILERS, Am. 
Water Works Ass. Jour. , 40, no. 9, 961-70, 
EI (1948) p. 153 (Sept. 1948) 

Review of some carryover problems; effect of water 
treatment, locomotive boiler design and ca r ryove r in 
presence and absence of foam; steam s e p a r a t o r s , 
steam washing and maintenance of low boiler water 
concentrations appear to reduce ca r ryover p rob lems . 
Bibliography. 

2321. Stenuf. T. J. 

A STUDY OF THE VARIABLES AFFECTING THE 
FLUID DYNAMICS OF FOAM, Syracuse University 
Ph. D. Thesis, (1953) 270 p. 

The first phase of this work consisted of a study of 
the flow character is t ics of foam by means of theolog
ical consistency curves, apparent viscosi ty c o r r e l a 
tions and a study of the degree of dispersion of the 
foam flowing thru i , | and 1 in. pipe 

The foam was found to display pseudoplas t ic c h a r a c 
t e r i s t i c s at low flow r a t e s at which it p a s s e s through 
a pipe in l aminar plug flow. At higher ve loc i t i es a 
gradual t rans i t ion to turbulent flow was found. This 
t rans i t ion occu r r ed at lower ve loc i t ies with dense r 
foams. The t rans i t ion per iod for dense foams was 
shor t while l ighter foams displayed an e x t r e m e l y long 
t rans i t ion per iod. The r e s u l t s showed good a g r e e 
ment with those of a previous inves t iga tor who studied 
the lower flow r a t e s of the s ame foam in - and 1 in. 
pipes . 

2322. Sterman, L. S. 

FOAMING IN WATER BOILERS, E lek t r i chesk ie 
Stantzii , no. 9, (1949) 

2323. Wise, G. E., J r . 

FLOW PROPERTIES OF MECHANICAL FIRE 
FIGHTING FOAMS, Syracuse Univers i ty , M. S. 
Thes is , (1950) 66 p 

In this invest igation, the r e s i s t a n c e to flow of the 
non-Newtonian mechan ica l foanns used in f ire fighting 
was studied. This work is one of a s e r i e s of inves 
t igations of the fluid dynamics of the foam sys tem. 
These flow data a r e of value in the design of pipeline 
sys t ems to t r a n s p o r t f ire fighting foams from a gen
erat ing stat ion to p r e d e t e r m i n e d scenes of possible 
outbreak of f i re . 

This study involved s e r i e s of exper imenta l m e a s u r e 
ments of p r e s s u r e drops encountered by foams flow
ing through 1 in. and -r in. c o m m e r c i a l i ron pipe 
under var ious flow condit ions. These data cover the 
usual viscous range of flow with m e a s u r e m e n t s on 
foams of expansion ra t ios from 27.7 to 16.7 flowing 
under 20 psig to 70 psig p r e s s u r e at veloci t ies up 
to about 13.5 f t / s ec at 74°F. 

Fami l i e s of cons is tency cu rves cor responding to va r 
ious flow dens i t ies have been defined for flow through 
I in, c o m m e r c i a l i ron pipe. Likewise data were de
te rmined for flow through -r in. pipe. Apparent v i s 
cosi t ies have been calcula ted over a range of flow 
densi t ies and ve loc i t i e s , and a r e p re sen ted by curves 
of constant flow dens i t ies on a plot of apparent v i s 
cosity v e r s u s l inear velocity. 

The c r i t i ca l region of t r ans i t ion f rom viscous to tur 
bulent flow was e s t ima ted to Reynolds ' number values 
of 1800 to 2200. 

Consistency curves obtained from this study provided 
the pseudoplas t ic behavior exhibited by foanns in flow. 
There was no evidence of any yield value c h a r a c t e r 
is t ic of plast ic flow of a Binham body at expansion 
ra t ios up to 1 6.7. 

The var ia t ion of apparen t v i s cos i t i e s v/ith pipe size at 
the same l inear velocity and flow densi ty was demon
s t ra ted by flow through 1 in. and - in. pipe. The 
evaluat ion of this scal ing up factor is n e c e s s a r y to 
enable the design of la rge scale piping sy s t ems for 
the flow of foams. 
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2324. Wise, G. E . . J r . 

FLUID DYNAMICS AND OTHER STUDIES O F 
MECHANICAL FIRE FIGHTING FOAMS, Syracuse 
Univers i ty , Ph .D. T h e s i s , (1951) 178 p. 

The p r i m a r y phase of the invest igat ion t r e a t e d the 
r e s i s t ance to flow of pro te ineous mechan ica l foams 
through c o m m e r c i a l i ron pipe l ines . P r e s s u r e drop 
data were obtained to e x p r e s s the flow of Mearlfoam 
prote ineous foams of va r ious expansions in the range 
of 2.7 to 16.7 through an 18 foot t es t sect ion of 1 in. 
c o m m e r c i a l i ron pipe at ve loc i t ies between 1 and 
5 f t / sec and ave rage p r e s s u r e of 20 to 70 psig. 
Similar data were acqu i red for flow of these foams 
of expansions in the range of 3.0 to 14.4 through an 
18 foot t es t sec t ion of v m. c o m m e r c i a l i ron pipe at 
veloci t ies between I and 18 f t / s e c , and average p r e s 
su res of 16 to 100 ps ig . 

Theological s h e a r diagranns w e r e de te rmined to ex
p r e s s the flow data. F a m i l i e s of consis tency 
curves cor responding to va r ious flow dens i t ies have 
been defined and have demons t r a t ed the non-Newtonian 
behavior of these pro te ineous nnechanical foams. 
These plots have failed to indicate any Bingham yield 
value and have demons t r a t ed that these foams a r e 
pseudo-p las t i c s . 

The consis tency plot demons t ra t ing flow through the 
— in. conduit yielded sha rp b r eaks in the var ious 
specific gravi ty p a r a m e t e r s , indicating t rans i t ion to 
a turbulent flow nnechanism at high r a t e s of shea r . 
At low r a t e s of s h e a r , the pseudoplas t ic cons is tency 
p a r a m e t e r s sugges ted a l amina r -p lug type 
mechan i sm. 

Mist 

2325. Adler . C. R., et a l . 

A SCANNING DEVICE FOR DETERMINING THE 
SIZE DISTRIBUTION OF SPRAY DROPLETS. Ch. 
Eng. P rog . , 50. 15-24 (1954) 

An ins t rument is de sc r i bed which ut i l izes a scanning 
technique to count and classify sp ray drople t images 
on photographic negat ives . These negat ives mounted 
on a rotat ing drum a r e pro jec ted by an optical s y s 
tem and focused at the plane of a m a s k containing a 
small a p e r t u r e and located d i rec t ly in front of a 
photomult ipl ier tube. As the drople t images rotate 
past this a p e r t u r e they a r e s imul taneous ly advanced 
a smal l d is tance each revolut ion by the rotat ing 
drum. In this m a n n e r the phototube r ece ives through 
the ape r tu r e a s e r i e s of light pulses whose durat ions 
cor respond to the lengths of the chords c r ea t ed when 
ever a drop image p a s s e s a c r o s s the a p e r t u r e . 
These light pulses of va r ious t ime dura t ions a r e 
converted into e l e c t r i c a l pu l ses and fed into e l e c 
tronic s o r t e r counter c i r c u i t s which classify the 
chords into fifteen s ize c l a s s e s , A s t a t i s t i ca l t r e a t 
ment of this chord d i s t r ibu t ion is then made to give 
drop size d is t r ibut ion . Tables of coefficients have 
been computed to pe rmi t rapid convers ion of the 
chord d is t r ibu t ion to d r o p - s i z e d is t r ibut ion . The 
s ta t i s t i ca l theory on which these coefficients a r e 
based is p resen ted . Resul ts of t e s t s on actual spray 
samples and on specia l t es t negat ives demons t ra t ed 
that the device will rapidly count and classify drops 
with acceptable accu racy . The scanning ra te can be 

as high as 10.000 drops in 15 min at max imum drum 
speed. Advantages of the ins t rument a r e that it r e 
moves the human element from the counting p r o c e s s , 
scans all drops in a single complete t r ave l of the 
d rum, s imul taneously counts and c lass i f i es drops into 
fifteen size c l a s s e s or l e s s , and it counts much fas t e r 
with g r e a t e r accu racy than a human ope ra to r . Its 
pr inc ipa l l imitat ion is that it is r e s t r i c t e d to the a n a l 
ys i s of t r a n s p a r e n t images on photographic nega t ives . 
which r e q u i r e s the sampling of s p r a y s by the c o l l e c 
tion of d rople t s in ce l ls on g rea sed or soo t -coa ted 
s l ides and photographing them. 

^326. Alexander, L. G.. and Coldren, C. L. 

DROPLET TRANSFER FROM SUSPENDING AIR TO 
DUCT WALLS, Ind. Eng. Chem. 43 , 1325 (1951) 

Deposit ion r a t e s of smal l H2O drople t s (av. d iam. 
27 p), from a turbulent a i r s t r e a m onto the wal ls of 
a s t ra ight duct, were m e a s u r e d . The major r e s i s 
tance to t r ans fe r from the a i r s t r e a m to the duct 
wal l , a s deduced from the shapes of the rad ia l p r o 
files of m a s s velocity of suspended m a t t e r , r e s ided 
in a re la t ively thin layer of gas adjacent to the wall . 
This hypothesis led to the re la t ion . Kg = 0.00335 
u^"^^, for the film coeff. u being the velocity. The 
coeff. was found to be from 10 to 20 t imes g r e a t e r , 
on a m a s s b a s i s , than estd. coeffs, for NH3 and CO2 
under comparable condit ions. 

2327. Amelin, A. G., and Belyakov. M. I. 

ON THE DEPOSITION OF DROPLETS FROM A 
STREAM OF GAS, Dokl. Akad. Nauk SSSR, 108, 
31-33 (1956) 

The coefficient of droplet capture e = M / N V S T 
(where M = the nunnber of drople ts of a given d iam
e t e r deposited on an object, s = the project ion a r e a 
in the di rect ion of flow, N - the number of drople ts 
of the given d iameter p e r unit volume of the s t r e a m , 
V = the s t r e a m velocity, and r = t ime) is a function 
of Stokes number S: e = mS" . Exper imen t s gave the 
following values for the leading edge of a cyl inder : 
m = 7 X lO"*", n = 3.5 (within the range of S from 0.6 
to 10); and for the t ra i l ing edge: m = 2.66 x 10 , 
n = 0.54. At S = 2.9 equal amounts were deposited 
on both s ides of the cyl inder . 

2328. Aziz. K.. and Govier . G. W. 

HORIZONTAL ANNULAR MIST FLOW OF NATURAL 
GAS WATER MIXTURES. Can. J. Chem. Eng. 4£. 
51-9 (1962) 

The p r e s s u r e drop data for const, mid-poin t d. a r e 
p re sen ted as a function of the superf ic ia l veloci t ies 
of the 2 phases . Poss ib le m e c h a n i s m s of the flow in 
the a n n u l a r - m i s t region a r e d i scussed . 

2329. Bagotskaya, I. A. 

FALL VELOCITY OF MERCURY DROPS IN A 
VISCOUS MEDIUM. Zhur . F iz . Khim. 24_, 1-9 (1950) 

When the dis tance d between 2 consecut ive drops was 
l ess than, say. 50 r . the ra te u of fall i n c r e a s e d with 
the ra t io r :d; e.g. . a t r :d = 0.12. u some t imes was 
1.15 UQ (UQ is the ra te of fall of a single drop) . When 
uo/ug (ug = the ra te calcd. from Stokes ' equation) was 
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large [e.g. L47), u/up was near I and somet imes even 
less than I. The ratio UQ/US had a max. (about 1.4) 
when the drops car r ied a charge £ of about 3 x 
10"^ coulomb/sq cm; this max. was steep in 
0.01 N_KBr and shallow in 0.5 N KBr. The depend
ence of uo/us on e is accounted for by the ea r l i e r 
theory In an acidified (with HNO3) 0.38 N HgNOj 
soln. in glycerol uo/us was 1.37. This high velocity 
cannot be explained by the effect of e. which was 
about 7 X 10"^; there must have been t ransfer of Hg 
ions across the drop/soln. boundary. In 0.1 M 
CioH^NHj + 0.7 N KBr in glycerol the g rea tes t Uo/ug 
was 1.24; surface-active substances reduce the 
tangential movements in the drop (as in suppressing 
polarographic max.) and hence increase the friction 
between drop and soln. AmOH. octyl a l e , and 
PhNH2 had less effect. The values of uj/ug near 1 
found by the previous exper imente rs , e.g., Silvey 
[Phys. Rev. 7, 106(1916)] were due to low elec. cond. 
of the medium and the presence of O and sur face-
active impurit ies. 

2330. Brown, R. 

SPRAYS FORMED BY FLASHING LIQUID JETS, 
Ph.D. Thesis, Univ. Mich. 130 pp. (1961) 

2331. Cadle, R. D.. and Magill, P. L. 
PREPARATION OF SOLID- AND LIQUID-IN-AIR 
SUSPENSIONS FOR USE IN AIR POLLUTION 
STUDIES, Industrial and Engineering Chemistry, 
43_, 1331-1335 (1951) 

Artificial smogs have been found useful in verify
ing the accuracy of current knowledge of the com
position of natural smogs. The prepara t ion of 
atmospheres containing gaseous additives is usually 
relatively simple, but the preparat ion of a t m o s 
pheres containing dispersed liquids and solids is 
much more difficult. This paper descr ibes tech
niques for preparing such a tmospheres on a contin
uous basis. Aerosol generators were developed, 
which disperse liquids by an aspirat ing action and 
can also be used for dispersing cer ta in solids. In 
a device for continuously dispersing powders at a 
uniform and easily controllable ra te , the powder is 
spread on a long brass trough which is drawn be 
neath an air -operated glass asp i ra tor . Chambers in 
which the atnnospheres are blended and tested a re 
described. The methods and equipment developed 
have been very useful in a i r pollution studies, and 
should be useful in many more studies of d ispers ion 
in air. 

2332. Castleman, R. A.. J r . 

THE MECHANISM OF THE ATOMIZATION OF 
LIQUIDS, U. S. Bureau of Standards, J. of Research , 
6, 369-376 (1931) 

A discussion is given of the general problem and of 
some applications of the phenomena of liquid a tomi 
zation, withespecial reference to fuel p repara t ion in 
internal combustion engines. It is pointed out that 
both "air" and "solid" injection seem to have physi
cal backgrounds quite similar to that of a i r s t r eam 
atomization, and the discussion is l imited to the 
latter. 

Some previous work which s e e m s to bea r e i ther d i 
rect ly or indirect ly on this problenn is rev iewed, and 
it is a s sumed that a n e c e s s a r y step in a tomiza t ion is 
the tear ing of l igaments from the unatomized m a s s , 
these l igaments being of such s izes that they will 
eventually b reak up into d rops of the s izes observed 
in the spray . 

Brief d iscuss ions a r e given of the applicabil i ty of 
Rayleigh's work on the ra te of col lapse of liquid 
columns to the col lapse of these l i gamen t s , and of 
what values of the length / d i a m e t e r ra t io and of the 
degree of instabili ty may be expected to be effective. 
It is then shown how the s i ze s of the l igaments can be 
de termined from those of the d rops in the sp ray . 
Finally, combining (a) m e a s u r e m e n t s of the s izes of 
d rops , (b) geomet r i ca l and physica l cons ide ra t ions , 
and (c) Rayleigh 's work, it is shown that these l iga
ments will col lapse so quickly at sufficiently high air 
speed - that i s . when t rue "a tomiza t ion" se ts in -
that the droplets will then appear to be picked directly 
from the main m a s s , as has been observed . 

Cer ta in other observa t ions a r e shown to be in qual i ta
tive ag reemen t with this theory . 

2333. Consiglio. J. A. 

THE E F F E C T OF OPERATING VARIABLES ON 
SPRAYS PRODUCED BY A PRESSURE-TYPE 
NOZZLE, Ph.D. T h e s i s . U. of Mich. , (1953) 

2334. E isenklam, P . , Dombrowski , N.. and 
Hasson. D, 

DROP FORMATION FROM RAPIDLY MOVING 
LIQUID SHEETS, Imper . Coll. of Sci. and Tech. , 
South Kensington. London, Repor t J R L No. 44, (1959) 

2335. Fedoseev, V. A. 

DISPERSION OF A STREAM OF SUPERHEATED 
LIQUID, Kolloid. Zhur . 20, 493-7 (1958) 

When a liquid boiling under a p r e s s u r e P a tm. above 
the a tm. is let out of the ves se l through a nozzle, it 
fo rms a s t r e a m (which may be s e v e r a l m e t e r s long) 
of d rop le t s . The rad ius r of the drople ts is g r ea t e r 
the sma l l e r P ; it w a s . e.g. . equal to 1 5 / P for H2O 
between r = 2 and r = 16 p. The r inc reased linearly 
with the diam. of the nozzle between 0.5 and 2.5 mm. 
This device for spraying is m o r e efficient than the 
usual mech. devices ; the init ial drops "explode" be
cause vapor bubbles form in them; hence, the average 
r is smal le r fur ther from the nozzle . 

2336. Gordon. G. D. 

MECHANISM AND SPEED OF BREAKUP OF DROPS. 
J. Appl. P h y s . . ^ . 1759-61 (1959) 

A ma themat i ca l ana lys i s has been made of the b reak
up of liquid drops in an a i r s t r e a m ; only the mecha 
nism in which the drops flatten, beconne bowl-shaped, 
inflate like a pa rachu te , and finally b u r s t is consid
e red . The analys is p rov ides an unders tanding of this 
p r o c e s s of breakup and the conditions for which the 
viscosi ty and surface tension beconne impor tant fac
t o r s . An e s t ima te of the breakup t ime for a wide 
range of conditions is obtained as a function of the 



drop d i a m e t e r , sur face tension, v iscos i ty , d rop den
sity, a i r densi ty , and velocity difference. The r e s u l t s 
a r e compared with the avai lable expe r imen ta l data. 

2337. Gregory , C. L. 

MASS TRANSFER BETV/EEN FORMING DROPS AND 
A CONTINUOUS LIQUID PHASE, Massachuse t t s In
stitute of Technology. Depar tment of Chemical 
Engineer ing, (Cambr idge . M a s s . ) 

2338. Gr igor iu , A., et a l . 

INFLUENCE OF AIR MOVEMENTS ON COALES
CENCE IN CLOUDS AND MISTS. I. THE CASE OF 
ACCELERATED MOTION, Rev. de Physique 
( B u c h a r e s t ) ^ , 247-54(1958) (in French) 

Theore t ica l cons ide ra t ions a r e given of the p r o c e s s e s 
of drop coa lescence in clouds and m i s t s for the ca ses 
of paths in a pure grav i ta t iona l field and subjected to 
uniformly a c c e l e r a t e d a i r mot ion. Fo r the l a t t e r , it 
is found that the region where the coa lescence is in
c r e a s e d as the resu l t of the a i r motion is m o r e ex
tended than that in which it is h indered , leading to a 
net intensification of coa le scence . These r e su l t s a r e 
c lear ly impor tant in consider ing the role played by 
in ter ior m a c r o t u r b u l e n c e in c louds, and a lso in pos 
sible acous t ica l m e a n s of diss ipat ing fog or a r t i f i 
cially s t imulat ing rainfal l . 

2339. G r o b e r . H., and Erk , S, 

FUNDAMENTALS OF HEAT TRANSFER, 3rd rev. ed. 
New York, McGraw. 1961 

2340. Haenlein, A. 

DISINTEGRATION OF A LIQUID J E T . Forschung auf 
dem Gebiete des Ingenieurwesens , Z_, no. 4. 139-149 
(1931) 

Investigation of phenomenon occur r ing with decompo
sition of liquid je t a t different d e g r e e s of densi ty , 
viscosi ty and sur face tens ion for different jet d i am
e te r s and speeds ; t e s t s were c a r r i e d out on wate r , 
gas oil . g lycer ine , and c a s t o r oil ; subject has b e a r 
ing on how fuel in combust ion chamber of c o m p r e s -
so r l e s s Diesel engine is a tomized , and how it mixes 
with surrounding a i r . 

Flow Patterns 

Three bas ic types of deformat ion of globules and six 
types of flow pa t te rns causing them a re dis t inguished. 

The forces controll ing deformat ion and breakup c o m 
p r i s e two d imens ionless g roups : a Weber group Nwe 
and a v iscos i ty group Nvi. Breakup occurs when Nwe 
exceeds a c r i t i ca l value (Nwe) c r i t . Three c a s e s a r e 
studied in g r e a t e r detai l : (a) T a y l o r ' s expe r imen t s 
on the breakup of a drop in s imple types of v iscous 
flow, (b) breakup of a drop in an a i r s t r e a m , (c) e m u l 
sification in a turbulent flow. 

It is shown that (Nwe) c r i t depends on the type of de 
format ion and on the flow pa t te rn around the globule. 
For case (a) (Nwe) c r i t shows a min imum value ~0.5 
at a ce r ta in value of Nvi and s e e m s to i nc r ea se in
definitely with e i ther decreas ing or increas ing ra t io 
between the v i scos i t i e s of the two phases . For case 
(b) (Nwe) c r i t v a r i e s between 13 and oo, depending on 
Nvi, and on the way in which the re la t ive a i r velocity 
va r i e s with t ime, the lowest value r e f e r s to the t rue 
shock case and Nvi — 0. For case (c) (Nwe) c r i t . 
which de t e rmines the nnaximum drop s ize in the 
emuls ion, amounts to ~ 1 , and the cor responding values 
of Nvi, appear to be smal l . A formula is der ived for 
the max imum drop s ize . 

2343. Hughes, R. R., and Gill i land, E. R. 

THE MECHANICS OF DROPS, Chem. Eng. P rog . 48 ,̂ 
497-504 (1952) 

P r e l i m i n a r y to genera l study of m a s s t r ans fe r in fluid 
par t ic le s y s t e m s ; review of g r o s s motion of drops and 
detai led motion in and around individual d rops ; new 
concepts and co r re l a t ions in connection with effect of 
acce le ra t ion on drag , equi l ibr ium dis tor t ion , and in
te rna l c i rcula t ion caused by skin fr ict ion. 

2344. Ingebo, R. D. 

DRAG COEFFICIENTS FOR DROPLETS AND SOLID 
SPHERES IN CLOUDS ACCELERATING IN 
AIRSTREAMS, NACA-TN-3762 (1956) 

2345. Ingebo, R. D., and F o s t e r , H. H. 

DROP SIZE DISTRIBUTION FOR CROSSCURRENT 
BREAKUP OF LIQUID J E T S IN AIRSTREAMS, 
NACA-TN-4087 (1957) 

2341. Hager ty , W. W., and Shea, J . F . 

A STUDY OF THE STABILITY OF PLANE FLUID 
SHEETS, Jou r . Appl. Mech. 22, 509 (1955) 

Study of sy s t em in which flat sheet of fluid is p r o 
duced by s lender or i f ice , which may be subjected to 
waves of any d e s i r e d frequency; ana lys i s developed 
express ions for growth ra te of waves in t e r m s of 
surface tension, f requency, shee t t h i ckness , and 
velocity, based on Rayle igh 's ana lys i s of one-s ided 
sheet; pe r t inence to sys tem for producing s p r a y s . 

2342. Hinze, J. O. 

FUNDAMENTALS OF THE HYDRODYNAMIC MECH
ANISM OF SPLITTING IN DISPERSION PROCESSES. 
A.I.Ch.E. Jou rna l , J_, 289-95 (1955) 

The spli t t ing of globules is an impor tan t phenomenon 
during the final s tages of d i s in tegra t ion p r o c e s s e s . 

2346. Jenkins , D. C. 

THE ACCELERATION OF WATER DROPS BY AN 
AIRSTREAM OF CONSTANT RELATIVE VELOCITY, 
Minis t ry of Aviation, London, C P . No. 539 (1961) 

2347. Kolmogorov, A. N. 

DROP BREAK-UP IN TURBULENT FLOW, Doklady 
Akad. Nauk SSSR, 66_. 825-828 (1949) 

2348. Kr ichevski i , I. R., and Khazanova, N. E. 

MIST FORMATION AT HIGH PRESSURES, Zh. Tekh. . 
F iz . 26 ,̂ 422-429 (1956) (In Russian) 

Supersa tura t ion and prec ip i ta t ion of a m i s t in a l iquid-
gas sys tem can be achieved at high p r e s s u r e s by i s o 
the rma l expansion, making use of the phenomenon of 
min imum solubility of the liquid in the gas c o r r e 
sponding to a ce r t a in p r e s s u r e . Study of m i s t 
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formation in systems benzene-ni trogen, methanol -
nitrogen. and carbon te t rachlor ide-n i t rogen at p r e s 
sures up to 900 kg/cm^ shows that c r i t i ca l supe r -
saturation at high p r e s su re s is much lower than at 
atmospheric p re s su re . The resul ts a r e in qual i ta
tive agreement with the Vo lmer -Fa rkas theory. The 
apparatus is described in great detail . 

2349. Lane. W. R. 

SHATTER OF DROPS IN STREAMS OF AIR, Ind. and 
Eng. Chem. 43 ,̂ 1213-17 (1951) 

Electronic flash and spark photography were used to 
study the shatter of drops in steady and t rans ient a i r 
s t reams in the atomization of liquids. Various s tages 
of shatter of individual drops were identified and in
terpreted in te rms of fluid mechanics . The secondary 
droplets were progressively smal le r as the velocity 
of the air s t ream was increased, but at supersonic 
velocities they were not so small as would be p r e 
dicted by extrapolating the relat ionship es tabl ished 
for breakup in a steady air flow. 

2350. Lane. W. R. and Green, H. L. 

SYMPOSIUM OF SURVEYS IN MECHANICS. (THE 
MECHANICS OF DROPS AND BUBBLES). G. I. Taylor 
70th Anniversary Volume. Cambridge Universi ty 
P r e s s . New York. N.Y., (1956) 

The mechanics of drops and bubbles a r e d i scussed . 
considering not only their dynamics but also the m o 
tion of fluid within and around them. The behavior 
of these systems presents problems not encountered 
in other branches of mechanics . By contras t to rigid 
spheres they may experience deformation, and then 
the two physical proper t ies , surface tension and 
viscosity, exert a dominant influence. Internal c i r 
culation within the fluid of a drop or bubble may a l te r 
appreciably its dynamics and reaction with the s u r 
rounding medium. 

The mechanics of drop formation is d iscussed f i rs t , 
and this is followed by an account of the motion of 
falling drops, their deformation and disruption. An 
important aspect is the deposition on obstacles of 
drops from a moving s t ream and the re la ted problem 
of the collection of droplets in a cloud by a falling 
drop. The treatment is largely res t r i c t ed to drops 
of macroscopic size formed in gas , leaving out of 
consideration such systems as mi s t s , fogs and liquid 
aerosols in general, and fine liquid-liquid d i spe r 
sions, commonly called emulsions. 

Some chapter headings a r e : Shape of a pendant drop; 
Detachment of drops from tips; Production of drops; 
from tips, from spinning disk, and from swir l cham
ber; Behavior of falling drops; te rminal velocity of 
spherical empirical equations for te rmina l ve loci t ies , 
shape of falling drops, circulation in drops; Break-up 
of drops; Deposition of drops on obstacles from a 
moving s tream; Collection efficiency of drops . 
The section on bubbles deals with their formation, 
the dynamics of rising bubbles, and, finally, the 
bursting of bubbles. With the exception of the las t 
topic, the behavior of bubbles bounded by a liquid 
film (soap bubbles, foam, etc) is not d iscussed. Bub
bles can remain stable in sizes which are many 
orders of magnitude greater than the limiting size of 

d rops . Chapter headings a r e : P roduc t ions of Bub
b les : from or i f i ces , from cap i l l a r i e s , "bubble raf ts" ; 
Behavior of r i s ing bubbles , t e r m i n a l veloci ty, v e r 
t ical motion of la rge bubbles , l a rge bubbles r i s ing 
in tube. (AMR. 1958, No. 30) 

2351. Lang, R. J . 

ULTRASONIC ATOMIZATION OF LIQUIDS. J. 
Acoust. Soc. Amer . , 34_. 6-8 (1962) 

An exper imenta l study was made of the mechan i sm by 
which the u l t rason ic vibrat ion of liquid su r faces 
causes atomizat ion. At excit ing f requencies in the 
range of 10 to 800 k c / s . unifornn pa t t e rn s of c r o s s e d 
capi l lary waves were found on the liquid surface when 
atomizat ion occur red . The n u m b e r - m e d i a n d iameter 
of the pa r t i c l e s produced was found to be a constant 
fraction, 0,34, of the capi l la ry wavelength; the capillary 
wavelength is calculable by Kelvin 's equation using the 
exciting frequency and p r o p e r t i e s of the fluid being 
atomized. The evidence is s t rong that the mechanism 
of u l t rasonic a tomizat ion involves the rupture of capil
l a ry surface waves and the subsequent eject ion of the 
wave peaks from the surface as p a r t i c l e s . 

2352. Lapple, C. E. . and Shepherd, C. B. 

CALCULATION OF PARTICLE TRAJECTORIES, 
Industr ia l and Engineer ing Chemis t ry , 32 ,̂ 605-617 
(1940) 

Equations a r e developed for calculat ing the paths 
taken by bodies or p a r t i c l e s undergoing acce le ra t ed 
motion, taking into account the effect of fluid friction. 
In seve ra l ca ses cu rves have been p r e p a r e d to simplify 
the computation and e l imina te g raphica l integrat ions. 
The equations a r e sumnnarized in Tables IV and V. 
Available exper imenta l data on pa r t i c l e t r a j ec to r i e s 
show excel lent ag reemen t with calcula ted values . 
Applications to spray cooling or c rys ta l l i za t ion , cy
clone dust collect ion pe r fo rmance , c lassif icat ion, dust 
sampling, and venti lat ion a r e p re sen ted and discussed, 
together with i l lus t ra t ive nunnerical ca lcula t ions . 

2353. L imper . A. F. 

ATOMIZATION OF LIQUIDS BY INJECTION INTO 
HIGH VELOCITY GAS STREAMS, Univers i ty of I l l i
nois , M.S. Thes is (1947) 

The object of this invest igat ion was to study the de
sign and operat ing c h a r a c t e r i s t i c s of a ventur i 
a tomize r in which the liquid is injected into the high 
speed gas s t r e a m in the th roa t of the tube. The per 
formance of the unit is judged by the amount of p r e s 
sure loss incur red by the a tomiza t ion . the drop size 
and drop s ize d is t r ibut ion in the spray , and the amount 
of wall wetting which o c c u r s . 

2354. Mcl rv ine . J. D. 

ATOMIZATION OF VISCOUS LIQUIDS WITH SWIRL-
CHAMBER PRESSURE NOZZLES. Ph.D. Thes i s , U, of 
W i s e , (1957) 
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2355. Mugele , R. A. and Evans , H. D. 

DROPLET SIZE DISTRIBUTION IN SPRAYS, Indus
t r i a l and Engineer ing Chemis t ry , 43 , 1317-1331 
(1951) ~ 

General f ea tu res of s ize d is t r ibu t ion a r e reviewed 
for d i s p e r s e d systenns. The concepts of "nnean 
d i ame te r " and "dis t r ibut ion p a r a m e t e r " a r e c lar i f ied 
and genera l ized . P rev ious ly applied d is t r ibut ion 
equations (Rosin and R a m m l e r , Nukiyama and 
Tanasawa) ( log-probabi l i ty) a r e examined c r i t i ca l ly 
in r ega rd to theo re t i ca l soundness , and appl icat ion 
to spray data. A new equation, cal led the uppe r - l imi t 
equation, is formula ted and p roposed as a s t andard 
for descr ib ing drople t s ize d i s t r ibu t ions in s p r a y s . 
It is based on the differential equation of the "nor 
m a l " or Gauss ian d is t r ibut ion , the d i s t r ibu ted 
quantity being y = lnax/(xr„ - x) where a is a d imen
sionless p a r a m e t e r , x is drople t d i ame te r , and Xjy, is 
maximum stable d i a m e t e r . The uppe r - l imi t equation 
is applied to a wide var ie ty of exper imenta l data on 
sprays and m o r e linnited r e s u l t s on o ther d i s p e r s o i d s . 
It is concluded that the new equation fits the avai lable 
spray data accura te ly , ca lcu la tes the m e a n d i a m e t e r s 
accura te ly , appl ies a lso to emuls ions and ae ro so l s 
when the m e c h a n i s m of format ion is not too different 
from that of s p r a y s , and indica tes the type of d i s t r i 
bution function that may be der ivable from the bas ic 
mechan i sm of d i spe r s ion , when this mechan i sm is 
bet ter unders tood. For a mechan ica l spray , the r e l a 
tion of the p a r a m e t e r s of the d is t r ibut ion equation to 
physical p r o p e r t i e s and design va r i ab les is indicated. 

2356. Nelson. P . A. 

DROP-SIZE DISTRIBUTIONS FROM CENTRIFUGAL 
SPRAY NOZZLES, Ph.D, T h e s i s . Nor thwes te rn Univ. 
102 pp. (1958) 

2357. Nicholson, P . J. 

AN INVESTIGATION OF DROPLET SIZE AT HIGH 
QUALITY IN A BOILING COLUMN OF WATER. 
M.S. T h e s i s , M.LT, , (1957) 

2358. P a r k e r . J. D. 

WALL TEMPERATURE VARIATION FOR MIST 
FLOWING THROUGH TUBES WITH CONSTANT 
HEAT FLUX, A m e r i c a n Society of Mechanical 
Eng inee r s . P r e p r i n t P a p e r No. 62 -HT-47 , New 
York, (1962) 8 p. 

A study was made of the flow of a m i s t through a 
c i rcu la r tube having a constant wall heat flux. The 
simple analyt ica l model developed showed that s eve re 
wall t e m p e r a t u r e va r i a t ions should be expected when 
an a n n u l a r - m i s t flow changes , due to evapora t ion , to 
a t rue m i s t flow. In t rue m i s t flow two dis t inct types 
of heat t r an s f e r should be expected, depending upon 
whether the sphero ida l s ta te ex i s t s for the drople t s 
str iking the heated wall . Expe r imen ta l data showed 
that the model qual i ta t ively d e s c r i b e s the tube-wal l 
t e m p e r a t u r e va r i a t ion with length. 

2359. P rokhorov , P . S. 

THE E F F E C T S OF HUMIDITY DEFICIT ON COAGU
LATION PROCESSES AND THE COALESCENCE OF 
LIQUID DROPS, Disc. Fa raday S o c , No. 18. 41-51 
(1954) 

The mechanisnn of e l emen ta ry p r o c e s s e s of drop c o 
a lescence under s ta t ic and dynannic conditions is con
s idered . It is exper imenta l ly demons t ra t ed that the 
coalescence of two drops , brought into contact , is 
prevented by the p r e s e n c e of an a i r - v a p o u r gap be 
tween them. The sa tura t ion of the a tmosphe re s u r 
rounding the drops with the vapour of the same liquid 
is favourable for thei r coa lescence . It is shov/n by 
theore t ica l treatnnent that the pr incipal r eason for 
the fai lure of drops to coalesce is a surplus p r e s s u r e 
a r i s ing in the a i r -vapour gap between the d rops due to 
suction of a i r into the gap from the ex te r io r by the 
vapours of the liquid diffusing from the gap. E x p e r i 
men t s under dynamic conditions were c a r r i e d out in 
o r d e r to elucidate the effect of hunnidity deficit on 
the efficiency of drop coll is ion. F r o m the r e s u l t s 
obtained it follows that in consider ing the growth of 
wa te r drops due to coagulation the dependence of the 
efficiency of drop coll ision on humidity deficit of the 
surrounding a tmosphere should be taken into account. 
It has been found that the 100% efficiency of drop co l 
l is ion is rea l izab le only under conditions of z e r o 
humidity deficit or in p re sence of supe r sa tu ra t ion of 
the surrounding a tmosphere with water vapour s . 

2360. Ranz. W. E. 

SOME EXPERIMENTS ON ORIFICE SPRAYS. Can. 
J. Chem. Engr . 36 ,̂ 175-81 (1958) 

The theory of spray sy s t ems is d i scussed and expts . 
spraying Hg and CCI4 into wa te r a r e desc r ibed . Flow 
pa t t e rns , drop s ize , d i spe r s ion angle, and d rop - s i ze 
dis t r ibut ion a r e cons idered . 

2361. Rasbash, D. J . , and Stark. G, W. V. 

CONTROL OF THE DISTRIBUTION OF A SPRAY 
PROJECTED TO AN AREA, J . Sci. Ins t rum. 34_, 
75-76 (1957) 

Deals with the product ion of wa te r sprays by nozzles 
for the purpose of f ire extinction. The nozzles consis t 
of a number of radia l ly a r r a n g e d p a i r s of j e t s , the 
two types cons idered being a r r a n g e d to give two dif
ferent spray angles . In each case it was found that 
the inclusion of an orifice plate immedia te ly u p s t r e a m 
of the j e t s produced a m a r k e d improvement in the 
spray dis t r ibut ion. A poss ible explanation is ad
vanced and it is suggested that the use of different s ize 
or i f ices would be a method of spray control . 
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236Z, Schultze, K. 

THE BEHAVIOUR OF DIFFERENT LIQUIDS DURING 
ELECTROSTATIC ATOMIZATION, Z. Angew. Phys . 
(Germany), 12, 11-16 (1961) 

The liquids investigated were classified according 
to their electr ical conductivity, ranging from highly 
insulating t ransformer oil to aqueous salt solutions. 
The liquids were allowed to issue from fine glass or 
metal je ts , a voltage of up to 12 kV being applied with 
respect to a plane 15 mm below this orif ice. The 
nature of the atomization was observed and the quan
tity of liquid dispersed per unit t ime measu red . Op
timum results were obtained with liquids in the 
conductivity range 2 X 10"' to 6 x 1 0 ' ' ohm" ' cm ' . 
The effects of hydrostatic p r e s s u r e , orifice d iam
eter and viscosity of the liquid were also studied. 

2363. Schytil, Franz and Krollmann, Herber t 

COLLECTION OF LIQUID FROM MISTS, U.S. Patent 

2,947,383 (Aug 2, 1960) 

A porous filter operation and app. a r e descr ibed. The 
gas velocities a re 1.0-20 m / s e c with reference to the 
free pore a rea of the filter or approx. 0.3-4 m / s e c 
with respect to the total c ross - sec t iona l a r e a of the 
filter. Preferably, velocities of 0.5-2 m / s e c a r e 
used. The crit . value of the gas velocity, which mus t 
be exceeded, is character ized by the p r e s s u r e d rop-
velocity diagram, plotted on a log-log scale , which 
shows a distinct break with an increase in slope. The 
crit, velocity above which the p rocess opera tes i s , 
therefore, detd, by a break point in the p r e s s u r e 
drop-velocity diagram. Pore s izes a r e 20-400 /i . 

2364. Short, W, L. 

SOME PROPERTIES OF SPRAYS FORMED BY THE 
DISINTEGRATION OF A SUPERHEATED LIQUID 
JET, Ph.D. Thesis, Univ. of Mich. 183 pp. (1962) 

2365. Smirnov, N. 1., and Ruban, V. L. 

RELATIVE VELOCITIES OF MOTION OF DROPS, 
Zhur. Priklad, Khim. 22 (J. Applied Chem.) 1068-77 
(1949) 

The relation detg. the velocity of r i se of liquid drops 
or gas bubbles in a liquid is expressed by the s imi l 
itude cr i ter ia . Re = Reynolds' no., Ar = 
Archimedes simplex = (7c • 7b)/ ') 'b (where y is the 
sp, wt. in kg/cu m, and the subscripts b and c refer 
to the drop and the medium resp . ) , fi = viscosi ty, 
r = d / o (where d and D are the diam. of the drop 
and the vessel , resp.) . The form of the function 
f[Re, Ar, (Hb/^c) . I" ] = 0 is detd. by exptl. m e a s 
urements of the rate of r ise of droplets of CCI4, 
EtBr, CzHjClj, PhNOj, PhNH;, PhNMe^, C(,Hj, toluene, 
iso-AmOH, and CsHu in HjO; droplets of HjO in CtHj; 
and air bubbles in HjO. Treatment of the exptl. data 
reveals the constancy of Re F Ar"°-= iii^^i^)'', i e 
one has Re = a Ar"-= (Mb/Mc)!""'. For the const. 'a ' , 
the exptl. data yield the relation a = 0.6{[(7c-7b)/ 
7bl + 0.21}''-' + 1.25; consequently, the final e x p r e s 
sion is Re = {0.6[(7<.-7b)/7b+ 0.2l]»- '+ 1.25) Ar 
(Mb/Mc)'^ • In the case of a falling drop, Ar is neg 
and Re is neg. When the definitions of the c r i t e r i a 
are substituted, then the relative velocity w = 
' ' < l " g " ( 7 b / 7 c ) [ ( 7 c - 7 b ) / 7 b r = r - , i .e. , m the m-
vestigated range of Re(l90-1000) w is proport ional 

to the sq. root of the d iam, of the root. A sonnewhat 
unexpected r e su l t is the independence of w of the 
v i scos i t i e s of e i ther the drop or the med ium. With 
Ar formulated Ar = ( d ^ y l / ^ l g ) [(7c-') 'b)/ '>'bl. the 
equation is wr i t ten Re = b A r ^ ' ^ P ' ^ where from 
exptl. data b = 1.4-0.257 { [ 7 c - 7 b ) / 7 b ] " 0.13}"-^". 
The d imens ion less fac to r s a and b allow for devia
tions of the drople ts from sphe r i ca l shape . The 
genera l c r i t e r i a l equation is Re = {1.4 - 0.257 
( [ ( 7 c - 7 b ) A b ] - 0 .13)°-"n Ar''-5 VK (CA-46-4320b) 

2366. Smirnov. N. I. 

A SUSPENDED LAYER OF PARTICLES OF DIF
FERENT SHAPES, Zhur. P r i k l a d Khim, 24, 439-48; 
J. Applied Chem. U.S.S.R. 24. 479-87 (1951) 
(English t rans la t ion) 

With the exptl. method prev ious ly desc r ibed , the 
equation developed was tes ted on i r r e g u l a r par t ic les 
of Al, NaCl, and sand in k e r o s i n e , wa te r , a i r , and 
CO^. The definitive form of the c r i t e r i a l equation for 
the hydrodynamics of a suspended layer for par t ic les 
of any shape in the region of turbulent flow shows that 
the value of the shape s implex may be computed from 
the s imple ra t io of the surface of a sphere whose vol. 
is the same a s that of the suspended pa r t i c l e to the 
surface of that pa r t i c l e . 

2367. Smirnov, N. I. and Ruban, V. L. 

RELATIVE VELOCITIES OF MOTION OF DROPS IN 
THE INTERMEDIATE RANGE, Zhur . P r ik lad . Khim, 
(J. Applied Ghem.) 2A, 47-55 (1951) 

The form of the c r i t e r i o n equation for the motion of 
liquid drops of PhNOz and CCI4 in an aq. suc rose soln. 
of PhNHj in H2O, of H^O in C^H^, PhN-Me2, and PhMe. 
of CjH^, PhNMcj, and PhMe in an aq. suc rose soln., 
and of a i r bubbles in HjO and in PhNH; was deted. ex
per imenta l ly at room temp, or below. The empir ica l 
re lat ion in the Re range of 1 0 to 270 is Re = 
{0.24 + 0.008 [ ( 7 d - 7 m ) / 7 d ] Ar^ '̂̂  ipd/pm)^'' r " ' } , 
where Re and Ar a r e the Reynolds and Archimedes 
c r i t e r ion , r e s p . , 7 the d., p the v i scos i ty . F = 
(d + D ) / D = c r i t e r i o n of geomet r i c s imi l i tude , and 
the subsc r ip t s d and m re fe r to the substance of the 
drop and the medium, r e s p . This can be wr i t ten Re = 
a Ar̂ '̂ ^ (Md/^m)^'^^ r " \ and. hence, the velocity of 
the drop re la t ive to the medium is w = 
a d 7 g ' ( 7 m - 7 d ) ' ' V ' ' r - ' / 7 „ M m - Thus, in this Re 
range, the velocity of the drop is propor t iona l to its 
diam. d, and depends only on the v iscos i ty of the 
medium, and not on that of the substance of the drop. 
With pd e l iminated, the c r i t e r i o n equation becomes 
Re = {0.41 -0 ,105 [7rn-7d]°'^Ar2^M'd/D)?^3 = 
b Ar^^^r. which fits the exptl . data. The factors a 
and b allow for the deviation of the d rops from a 
spher ica l shape. 

2368. Smirnov. N. 1. and Ruban, V. L. 

MOVEMENT OF BODIES IN A MEDIUM. VII. 
VELOCITY OF MOVEMENT OF DROPS IN A 
MEDIUM IN THE LAMINAR REGION. J. Appl. Chem. 
U.S.S.R. 25, 1357-61 (1952) (English Trans la t ion) : 
Zhur. P r ik lad . Khim. ^ , 1305-9 (1952) 

Drops of s t r i c t ly spher ica l shape, moving in a linnit-
l ess nnediunn, floating up or sett l ing down in the l am
inar region of another immisc ib le liquid, acqui re a 
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velocity of w = d 2 ( p ^ - p ^ ) g 3 ( ^ ^ + ^ s ) / l 8 ) a g ( 2 ^ ^ + 3^s). 
where w is the ra te of movement , d i s the drop 
diann.. p ^ is the d. of the med ium. Pg is the d. of the 
drop, g i s the gravi ta t ional acce le ra t ion , Pjj^ is the 
v iscos i ty of the medium, and pg i s the v i scos i ty of 
the drop subs tance . This equation mus t be modi 
fied for nonspher ica l d rops (these fornn when the 
difference between the d s . of med ium and drop is 
great ) and for movement in a g l a s s - tube colunnn of 
13.5 m m d iam. a s used in these exp t s . , in which 
were studied cy l inder -o i l drops in sugar soln. , 
benzene drops in sugar soln. , s u g a r - s o l n . d rops in 
cylinder oil, toluene drops in sugar soln. , n i t robenzene 
drops in sugar soln . . water d rops in cylinder oil, 
dichloroethane d rops in sugar soln. , ke ros ine drops 
in sugar soln. , a i r bubbles in wa te r , a i r bubbles in 
ani l ine. The re la t ion of drop veloci ty to sp. g r . i s 
complex. The veloci ty i s d i r ec t ly propor t ional to 
the drop d iam. squared and i n v e r s e l y propor t iona l 
to the v i scos i ty of the nnedium; it i s independent of 
the v iscos i ty of the drop subs tance . E a r l i e r i nves t i 
gations a r e ci ted. 

2369. Smirnov, N. I. and Ruban, V. L. 

MOVEMENT OF BODIES IN A MEDIUM. VIII. 
DROPLET MOTION IN MEDIA. J. Appl. Chem, 
U.S.S.R., 26, 95-8 {l953)(English Trans la t ion) 
Zhur. P r ik lad . Khim. , 26. 110-13. 

Equations for the r a t e of nnotion of d rops and a i r 
bubbles in liquid media in the turbulent , t rans i t ion , 
and l aminar flow regions r equ i re genera l iza t ion be 
cause of the var ia t ion in the equation const . , the use 
of both Galileo and Arch imedes c r i t e r i a , and the use 
of 2 c r i t e r i a of geonnetric s i m i l a r i t y . The e a r l i e r 
exptl . data were subjected to ana lys i s , leading to 
express ions for the Reynolds nos . (Re) applicable 
from 0.001 to 1000, The new equat ions for the t u r 
bulent, t r ans i t ion , and l amina r flow regions a r e the 
following: Re - 1.3 Ga°•5(7m7s/7m)' '•*^~'•^ 
Re = 0.2025 Ga^^^Ky^ - 7 s ) / 7 m ] ^ ' ^ ^ * ^ ' ^ ^ = 0.05 Ga 
[(7m - 7 s ) / 7 m l r ~ ^ ' where Ga. the Galileo c r i t e r ion , 
is equal to d^7m/Mmg' 7nn is the med ium d. in 
kg/cu m, 7s the drople t d. in k g / c c , d the drople t 
d iam. in m. , ^^^ the v i scos i ty in k g - s e c per sq m, 
r is the c r i t e r ion of geomet r i c s i m i l a r i t y (d + D ) / D , 
and D is the column d i a m . in m. The turbulent-f low 
equation appl ies when Ga[(7m - 7s ) /7m] ' ' ' " I""'' i s 
g rea te r than 70,000. Motion in the l amina r flow 
region is found for va lues of Ga[(7m - 7s )Am]" '^ r ' "^ 
l ess than 66 .5 . 

2370. T roesch , H, A. 

ATOMIZING OF LIQUIDS, Chem. Ing. Tech. 26_, 
311-20 (1954). 

A comprehens ive invest igat ion contg. der iva t ions of 
equations for the l a r g e s t drop s ize , and from s t a t i s 
tical cons idera t ions an equation for a theore t ica l ly 
sound dis t r ibut ion function. A c lass i f ica t ion of 
a t o m i z e r s , expt l . data , and 50 r e f e r e n c e s a r e given. 

2372. Wilcox, J . D. and June, R. K. 

APPARATUS FOR STUDY OF THE BREAKUP OF 
LIQUID DROPS BY HIGH VELOCITY AIRSTREAMS, 
J . F rank l in Inst. ( U S A ) . ZTl, 169-183 ( l 96 l ) . 

The use of a b las t gun and a shock tube for inves t i 
gating the breakup of liquid d rops , 3-4 m m in d iam
e t e r , in high veloci ty a i r s t r e a m s is de sc r ibed . The 
flow in the shock tube was found to be uniform and 
pred ic tab le , and the p r e s s u r e and veloci t ies behind 
the shock front could be regulated to whatever was 
d e s i r e d . The p r e l i m i n a r y observa t ions were made 
at an a i r s t r e a m velocity of approximate ly Mach 1, 
and a p r e s s u r e of 1 a tm behind the shock front. 
Photographs show a gradual t r ans i t ion in the b r e a k 
up mechan i sm as the forces caused by the high ve loc 
ity a i r s t r e a m acting on the drop a r e i n c r e a s e d . The 
"burst ing bag" mode is overcome by the violence of 
forces of the high velocity a i r s t r e a m and the m e c h 
an i sm of "surface s t r ipping" becomes predominant . 

2373. Wil l iams, F . A. 

SPRAY COMBUSTION AND ATOMIZATION, P h y s . 
of F lu ids , j _ , 541-5 (1958). 

A s ta t i s t i ca l fo rma l i sm for descr ib ing the behavior 
of s p r a y s is p resen ted , which includes the effects of 
drople t growth, the format ion of new drop le t s , co l 
l i s ions , and aerodynamic f o r c e s . C r i t e r i a for the 
efficiency of impinging jet a tomizat ion a r e developed. 
It is shown that if the incident j e t s have a s ize d i s 
t r ibut ion of a genera l ized R o s i n - R a m m l e r type, then 
the resul t ing sp ray belongs to the same c l a s s of d i s 
t r ibu t ions . The s ize h i s to ry of evaporat ing s p r a y s is 
a lso obtained from the theory . A spray combust ion 
analys is given by P r o b e r t is extended to include 
more genera l size d is t r ibut ions and the effects of 
drople t in te rac t ions and the re la t ive nnotion of the 
drople t s and the fluid. It i s shown that the o v e r - a l l 
spray evaporat ion ra te is l a r g e s t for unifornn s p r a y s . 

2374. Woodward. T. 

HEAT TRANSFER IN A SPRAY COLUMN, Chem. 
Engng. P r o g r . 57. 52-7 ( jan. 1961). 

P i lo t - s i ze colunnns opera ted a s d i r ec t l iquid-l iquid 
heat exchangers show that the heat t r ans fe r coeffi
cient depends on holdup and fluidity of the h y d r o 
carbon exchange nnediunn. 

2375. York, J. L., Stubbs, H. F . and Tek, M. R. 

THE MECHANISM OF DISINTEGRATION OF LIQUID 
SHEETS, T r a n s . ASME 75. 1279 (1953). 

Analysis of d i s in tegra t ion of plane sheet of liquid of 
finite th ickness , moving tangent ia l ly re la t ive to s u r 
rounding fluid; ins tabi l i ty and wave format ion at 
interface es tab l i shed as major factors in breakup of 
sheet of liquid into d r o p s ; equation der ived re la t ive 
four significant dinnensionless g roups ; graphs of 
quanti tat ive re la t ionship among g roups . 

2371. Weiss , M. A. 

ATOMIZATION IN HIGH VELOCITY AIR STREAMS. 
Ph.D. T h e s i s , Columbia, Univ.. 302 pp (1958). 
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2376. Ansaldo, S. p. A., Genoa 

DESIGN AND CONSTRUCTION OF A FACILITY FOR 
AIR-WATER MIXING AND SEPARATION EXPERI
MENTS. Special Report No. 1 (I960). Work pe r 
formed under U- S.-Euratom Joint Resea rch and 
Development Program. 88 p, EURAEC-49 
( L A B / S T U - 1 4 1 6 ) 

A description is given of the m i x e r s , s e p a r a t o r s , 
and allied equipment designed for use in providing 
fog-cooling by means of s t eam-wate r mix tu res in 
dispersed flow for light water modera ted power 
reac tors . 

Slug 

2377. Griffith, P. and Wallis. G- B. 

SLUG FLOW, M.LT. Technical Report No. 15, 

May 1959. 

Slug flow character ized by large bubbles which a l 
most fill the tube and separated by slugs of liquid 
was studied. Results and conclusions a r e presen ted 
for such a flow in round vert ical pipes. Calculation 
methods are summarized, and procedures and a p 
paratus are described. 

2378. Griffith, P. and Wallis. G. B. 

TWO PHASE SLUG FLOW, Paper No. ASME 60-
HT-28, presented at ASME-AIChE Heat T r a n s . Conf., 
Buffalo, N. Y.. August 15-17, I960. J. of Heat T r a n s 
fer 82, 181-88 (1960). 

Entrance effects can pers is t for great lengths, 
L / D = 300. and long t imes , in developing two phase 
flows. Wall shear s t r e s se s at moderate and low 
velocities contribute only slightly to the p r e s s u r e 
drop in slug flows. Bubblerise velocit ies in slug flow 
are quite sensitive to the velocity profile in the water 
ahead of the bubbles. The effect of wall shear s t r e s s 
manifests itself pr imari ly through the velocity p r o 
files. P ressure drop, density, slug length, bubble 
length and fluctuation p re s su re drops , and frequen
cies can be calculated for fully developed slug flow 
with good accuracy. 

2379. Kordyban, E. S. 

A FLOW MODEL FOR TWO-PHASE SLUG FLOW IN 
HORIZONTAL TUBES, J. of Basic Engineering 83 ,̂ 
613-18 (1961). 

The paper presents a construction of a simplified 
model approximating the actual observed flow pat
tern. The resulting express ions for frictional p r e s 
sure drop are found to agree fairly well with the 
author's data for steam and water and the data for 
air and water of other inves t iga tors . The s imi la r i ty 
with a portion of the Chenoweth-Martin cor re la t ion 
appears to present a logical explanation for the a p 
plicability of that correlat ion to slug flow. 

^380. Maissis, R. and Griffith, P . 

ENTRANCE EFFECTS IN A DEVELOPING SLUG 
FLOW. M. I. T. Technical Report No. 18, June I960. 

2381. Nicklin, D. J . and Davidson. J . F . 

PAPER 4. THE ONSET OF INSTABILITY IN TWO-
PHASE SLUG FLOW (Presen ted to the T h e r m o 
dynamics and Fluid Mechanics Group of the Inst. 
Mech. Eng. on the 7th Feb . 1962). 

One of the complicat ing fea tu res of two-phase flow 
in ver t i ca l tubes is the va r i e ty of flow pa t t e rns which 
a r e possible (see F ig . I) . Because the va r ious flow 
pa t t e rns a r e so different in na tu re , a single m a t h e 
mat ica l model would not be expected to r e p r e s e n t 
them a l l , and so de te rmina t ion of the flow pat tern is 
a p r e l i m i n a r y step towards the solution of any prob
lem in this field. P rev ious work dealing with the 
predict ion or "mapping" of the flow r e g i m e s has been 
ve ry la rge ly e m p i r i c a l . The lack of quantitative c r i 
t e r i a for predict ing the s tabi l i ty of the different flow 
pa t te rns is in turn probably due to the ve ry l imi ted 
amount of theory which has been der ived for the in-
di-vidual flow reginnes. Cer ta in ly no model of two-
phase flow, explaining logically the t r ans i t ion from 
each flow reg ime to the next , has yet been proposed. 
This paper deals with the t r ans i t ion f rom slug flow 
to annular flow, and is the re fore concerned with the 
na ture of the t rans i t iona l flow pa t te rn , which is here 
ternned "semiannular " flow. 

2382. Nicklin. D. J . , et a l . 

TWO PHASE FLOW IN VERTICAL TUBES. T r a n s . 
Inst. Chem. E n g r s . (London) 4£. 61-8 (1962). 

Long gas bubbles (slugs) in l iquids flowing up v e r t i 
cal tubes and through s ta t ionary l iquids in them, r ise 
at the same velocity (Vg) as wake less bubbles . For 
tubes of d iam. (D) of 1 in., Vg = 0,35 (gD)*^^. (g = 
acce le ra t ion due to gravi ty . ) Fo r water at Reynolds 
nos . (Re) >8000, Vg - 1.2 V L ( V L = av. liquid veloc
ity). For downflowing wate r , slugs become unsynn. 
because of the veloci ty profile of the liquid s t r e a m . 
Plots of the vol . of liquid around slugs up to 50 in. 
long, detd. photographical ly, show that approx. 10% 
of the c r o s s - s e c t i o n a l a r e a of the slugs is occupied 
by wa te r . P r e s s u r e drop during slug flow is 
d i scussed . 

2383. S t ree t . J. R. 

A STUDY OF VERTICAL GAS-LIQUID SLUG FLOW, 
Ph.D. Thes i s . Univ. of Mich. 228 pp. (1962). 

Spray (See Mist) 

Stratified 

238 Gazley, Car l , J r . 

EXPERIMENTAL EQUIPMENT AND RESEARCH 
PROGRAM FOR THE INVESTIGATION OF STRATI
FIED TWO-PHASE FLOW, Univers i ty of Delaware , 
Report No, T P F - 2 . March 24, 1948, 10 p. 

In spite of the recen t information presen ted in the 
technical l i t e r a tu re on the c h a r a c t e r i s t i c s of two-
phase flow, uncer ta in t i es s t i l l exis t in the p r e d i c 
tion of p r e s s u r e drop . For this r eason the present 
invest igat ion, which is of a m o r e mic roscop ic nature 
than any here tofore r epor t ed , was ini t ia ted. 



Flow through Porous Medio 

Prev ious work in these l a b o r a t o r i e s has been con
ce rned with p r e s s u r e drop and the l imi t s of the 
seve ra l configurat ions of two-phase flow. In the 
c u r r e n t invest igat ion one of these conf igurat ions . 
s t ra t i f ied flow, i s being cons idered in detai l . The 
p resen t r e p o r t d i s c u s s e s the theore t i ca l approach 
to the p rob lem of s t ra t i f ied flow and the proposed 
exper imenta l p r o g r a m . A desc r ip t ion of equipment 
for the deternnination of p r e s s u r e drop and veloci ty 
dis t r ibut ion in each phase , in te r fac ia l height, and 
interfacial gradient for the concu r r en t flow of 
water and air is p r e sen t ed . P r e l i m i n a r y data for 
the flow of a i r alone a r e r epo r t ed . 

2385. Holden, E. K. 

TWO PHASE FLOW OF FLUIDS THE E F F E C T OF 
HYDRAULIC GRADIENT ON STRATIFIED FLOW, 
Universi ty of De laware , M. S. Thes i s (1948). 79 p-

The invest igat ion was concerned with the na ture of 
the hydraul ic gradient exis t ing in the s t ra t i f ied c o -
cur rent flow of a i r and water in a hor izonta l one-
inch tube, and i t s effect upon the p r e s s u r e drop . The 
ra tes of flow were l imi ted to va lues which would 
yield an in ter face without waves . M e a s u r e m e n t s 
were made of the a i r p r e s s u r e drop, in te r fac ia l 
gradient , and liquid depth. The a i r flow ra te was 
var ied from 0 to 17.20 I b / h r . and the water flow 
rate was va r i ed fronn 129 to 359 I b / h r . A p r e l i m i 
nary study was made of water flow with a free surface 
to de te rmine the c h a r a c t e r i s t i c s of the surface 
gradient when it i s not affected by the c o - c u r r e n t 
motion of the air at the gas - l iqu id su r face . 

FLOW THROUGH POROUS MEDIA 

2386. Aboul-seoud, H. H. 

EQUILIBRIUM CONSIDERATIONS IN TWO-PHASE 
FLOW OF HYDROCARBONS THROUGH UNCON
SOLIDATED SAND, Thes i s , Univers i ty of 
California (1950) 62 p. 

In this t hes i s the p rob l em of two phase flow through 
porous media under adiabat ic and steady state con
ditions is studied. Only the case of hor izonta l flow 
is cons idered . In the in t roduct ion the O 'Br i en -
Putnam theory and the Kraukl i s e x p e r i m e n t s a r e 
analyzed, and the n e c e s s i t y of studying t h e r m o 
dynamic phase equ i l ib r ium is indicated. 

The two-phase flow p rob lem for a single component 
i s s tated. A desc r ip t ion of the flow is given with a 
study of the changes taking place at the boiling point. 
A general definition of equi l ib r ium is given, f rom 
which the condit ions for the rmodynamic phase equi 
l ib r ium a r e obtained. The significance of assuming 
equi l ibr ium in solving the flow p rob lem Is d i s cus sed . 

A study is nnade of the t e m p e r a t u r e var ia t ion in a 
liquid film during vapor iza t ion at a given c r o s s s e c 
tion and it i s shown that th is va r i a t ion is negl igible . 

An equation for the ra te of evapora t ion is obtained 
by the use of c l a s s i ca l nnechanics , and it i s indicated 
that the same r e su l t should be expected if quantum 
mechanics is used. The ra te of evaporat ion equa
tion is applied to the flow p rob lem, and a schenne for 
solving the p rob lem without a s suming equi l ib r ium is 
indicated. 

A brief descr ip t ion of the expe r imen ta l equipnnent 
and procedure is given. The fluid used in the e x 
p e r i m e n t s was propane . Tabulated r e su l t s of the 
five runs per formed a r e p resen ted . 

Exper imen ta l r e su l t s showed that the rmodynamic 
equi l ib r ium exis ted between the flowing phases in 
a l l the r u n s . Using the ra te of evaporat ion equa
tion it was shown that equi l ib i rum was to be e x 
pected throughout the range of applicabil i ty of 
Darcy ' s law. 

The method used for a single connponent sy s t em 
was genera l ized to the case of a mult icomponent 
System, by applying the ra te of evaporat ion equa
tion to each component individually. A schenne for 
solving the flow prob lem in this case is proposed, 

2387. Botset , H. G-

FLOW OF GAS-LIQUID MIXTURES THROUGH 
CONSOLIDATED SAND. Transac t ions of the 
Amer i can Institute of Mining and Metal lurgical 
E n g i n e e r s . 136, 91-105 (1940). 

The exper imen t s desc r ibed have sufficed to show 
the na ture and magnitude of deviations f rom the 
pe rmeab i l i t y - sa tu ra t ion re la t ions for unconsol i 
dated sands , to be expected as a r esu l t of con
solidat ion. They indicate that the nnethods of 
ana lys i s developed and genera l conclusions drawn 
for unconsolidated sands will be equally applicable 
to consolidated sands (with some minor c o r r e c t i o n s , 
of cou r se ) . (CA-34-18824 (1940)) 

2388. E l r ick , D. E . 

TRANSIENT TWO-PHASE CAPILLARY FLOW IN 
POROUS MEDIA, Phys . of F lu ids . 4_. No. 5, 572-5 
(1961). 

The dynamics of two-phase capi l la ry d isp lacement 
in a finite one-d imens ional sys t em following a s tep 
change in p r e s s u r e of one phase at one end is con
s ide red . Da rcy ' s law and the equation of continuity 
for each phase together with the capi l la ry p r e s s u r e -
sa tura t ion re la t ion a r e the fundamental equations 
descr ib ing the flow sys t em. The resul t ing sys tem 
of differential equations is l inea r i zed by assuming a 
l inear re la t ionship between the capi l la ry p r e s s u r e 
and the sa tura t ion a s well as constant conductivity 
values of both phases (these assumpt ions a re valid 
for smal l step changes in p r e s s u r e ) . Solutions of the 
l inea r i zed prob lem a r e found and p resen ted in some 
detai l . In the l imit ing case as the conductivity of one 
phase becomes much g rea t e r than the other , the solu
tion reduces to the (known) s ing le -phase solution. 

2389. Krauk l i s , J . J. 

TWO-PHASE FLOW OF WATER THROUGH POROUS 
MEDIA, Univers i ty of California, M. S. Thes is (1945). 

Adiabat ic , two-phase flow of hot water under p r e s 
su re through unconsolidated sand in a hor izonta l c o l 
umn was studied. For this purpose an insulated 
4- inch i ron pipe 7 feet long consis t ing of 7 flanged 
sect ions was packed under p r e s s u r e with Del Monte 
beach sand to an average pe rmeab i l i t y of one da rcy . 

An e l e c t r i c hot water genera to r supplied hot wa te r 
at approximate ly 65 lb/ in .^ absolute p r e s s u r e with 
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the downstream p re s su re maintained at approxi
mately 15.5 lb/in.^ absolute. P r e s s u r e drop and 
temperature were measured at one foot sect ions 
along the flow tube, as well as the discharge ra t e s 
of liquid and of vapor. 

The results were compared with theore t ica l p r ed i c 
tion for the adiabatic flow system as presented by 
M. P . O'Brien and J. A. Putnam. Their fundamen
tal equation follows: 

/k i /ko kg/k / k i / kp kg/ko\ dp 

" ^ " U . ^ i ^MgVg^ dx 

The resul ts show that the total d ischarge was about 
93 per cent grea ter than the theoret ical ly calculated 
flow. 

The actual behavior of p ressu re and t empera tu re 
along the flow tube was in general s imi la r to the 
theoretical. However, the point at which two-phase 
flow began was displaced ups t ream. In a r e p r e s e n 
tative case the beginning of two-phase flow indicated 
by a sudden increase in the gradients for both t em
perature and pressure occurred at 4.2 feet down
stream, as compared to the theoret ical resul t of 
5.6 feet. 

The increase of total flow was not consistent with 
the displacement upstream of the point of boiling, 
and an explanation for this difference has been a t 
tempted. It was concluded that an essent ia l explana
tion may lie in liquid and vapor segregation. Other 
factors contributing to the differences consis t of a 
form of connplex heat t ransmiss ion along the flow 
tube itself, and that the average permeabi l i ty- l iquid 
saturation relationship for sand of 17.8 to 262 darcys 
may not hold too well for sand of one darcy . Com
plete discussion of the resul t s is nnade in the section 
"Summary of Results and Conclusions." 

2390. Miller, F. G. 

STEADY FLOW OF TWO-PHASE SINGLE-
COMPONENT FLUIDS THROUGH POROUS IvlEDIA, 
University of California. Ph.D. Thesis (1950). pp. 47. 

This report presents developments of fundamental 
equations for describing the flow and thermodynamic 
behavior of two-phase single-component fluids mov
ing under steady conditions through porous nnedia. 
Many of the theoretical considerations upon which 
these equations are premised have received lit t le or 
no attention in o i l - reservoi r fluid-flow r e s e a r c h . 
The significance of the underlying flow theory in oi l -
producing operations is indicated. 

In particular, the theoretical analysis per tains to the 
steady, adiabatic, macroscopical ly l inear , two-phase 
flow of a single-component fluid through a horizontal 
column of porous medium. It is considered that the 
test fluid enters the upstream end of the column 
while entirely in the liquid state, moves downstream 
an appreciable distance, begins to vapor ize , and then 
moves through the remainder of the column as a g a s -
liquid mixture. The problem posed is to find the total 
weight rate of flow and the p ressu re distr ibution 
along the column for a given inlet p r e s s u r e and t e m 
perature , a given exit p ressure or t empera ture and 
given character is t ics of the tes t fluid and porous 
rnedium. 

In developing the theory, gas- l iquid in te r fac ia l 
phenomena a r e t r ea t ed , phase equ i l ib r ium is a s 
sumed and previous theore t i ca l work of other in
ves t i ga to r s of the p rob lem is modified. 

Labora to ry expe r imen t s perfornned with specia l ly 
designed appa ra tus , in which propane is used as 
the tes t fluid substant ia te the theory . The appa ra tus , 
m a t e r i a l s and expe r imen ta l p rocedure a r e desc r ibed . 
Compara t ive expe r imen ta l and theore t i ca l r e su l t s 
a r e p resen ted and d i s c u s s e d . 

It is believed that the r e s e a r c h findings contr ibuted 
in this paper should not only lead to a be t ter under 
standing of o i l - r e s e r v o i r behavior , but a lso should 
be suggestive in r e g a r d to future r e s e a r c h in this 
field of study. 

2391. Muskat, M. and M e r e s , M. W. 

THE FLOW OF HETEROGENEOUS FLUIDS 
THROUGH POROUS MEDIA, Journal of Applied 
Phys ics ]_, 346-63 (1936). 

The data at p resen t available in the l i t e r a t u r e on the 
flow of gas- l iquid mix tu re s all re fe r to pa r t i cu la r 
exper imenta l a r r a n g e m e n t s , the individual effects 
of which have not been a b s t r a c t e d fronn the n u m e r i 
cal r e s u l t s . It i s imposs ib le to apply the r e su l t s 
quantitatively to sy s t ems which a r e of different 
geonnetry of subject to somewhat different physical 
conditions than those yielding the or ig ina l data. 

This paper gives an analyt ica l fornnulation of the 
problenn of the flow of he te rogeneous fluids through 
porous media , based upon the fundamental e x p e r i 
ments of R. D. Wyckoff and H. G. Po t se t . Several 
examples a r e c a r r i e d through numer i ca l l y . 

2392. Muskat, M., et a l . 

THE FLOW OF GAS-LIQUID MIXTURES THROUGH 
SANDS, T r a n s , of Amer i can Insti tute of Mining and 
Metal lurgical Eng inee r s . _ 1 ^ . 69-96 (1937). 

Curves a r e given re la t ing the gas and liquid p e r m e 
abi l i t ies to the liquid s a tu r a t i ons . The pr incipal 
fea tures of these cu rves a r e : 1) a sha rp drop in 
liquid permeabi l i ty and a v e r y slow r i s e in gas pe r 
meabi l i ty for smal l amounts of free gas d i spe r sed 
through the sand, 2)the a t ta inment of an a lmost com
plete homogeneous fluid pe rmeab i l i ty for the gas , 
even with the p re sence of 10-20% of liquid within 
the pores of the sand and 3) the p roper ty that for a 
given sand s t eady-s t a t e conditions carunot be main
tained until the gas sa tura t ion has built up to a c e r 
tain nninimal value. 1) no rma l or homogeneous fluid 
permeabi l i ty as free gas develops in the p o r e s ; it 
shows that there i s cons iderab le energy dissipat ion 
in the sys tem in addition to that caused by the direct 
v iscous fr ict ion. This is due to the composi te effect 
of fr ict ion l o s s e s in the local eddies in the liquid r e 
sulting from the continuous forming and breaking of 
the in ter faces between the gas and liquid phases and 
the t r ans i en t Jamin effect exe r ted by a par t of the 
flowing gas . Z) indicated that these smal l pe rcen t 
ages of liquid a r e re ta ined in the effectively dead 
spaces of the sy s t em and affect only sl ightly the nnain 
course of the flow. Except for the constant factor in
volving fluid v i s cos i t i e s , the ra t io of Kg/K^ from 
these cu rves gives the gas- l iquid ra t io through the 
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sys t em. Fundamenta l equations that govern the flow 
of he te rogeneous fluids through porous media a r e 
developed. For the conditions of s teady s ta te , ana
lytical solut ions of these equations a r e der ived for 
radia l , l inear and sphe r i ca l flow. By n u m e r i c a l 
methods of solut ion, cu rves a r e der ived for the 
his tory of p r e s s u r e decline in a l inear r e s e r v o i r . 

2393. Reid, L. S. and Huntington. R. L. 

FLOW OF OIL-GAS MIXTURES THROUGH UN
CONSOLIDATED SAND, T ransac t i ons of the 
Annerican Insti tute of Mining and Meta l lurg ica l 
Eng inee r s . 12^. 226-239 (1938). 

Graphs a r e p re sen ted showing the ra te of flow of g a s -
oil m ix tu re s in sand-packed tubes for va r ious p r e s 
sure differences under condit ions of both s t eady-s t a t e 
and uns teady-s ta te flow. 

2394. Spencer . H. G. 

THE TWO-PHASE FLOW OF AMMONIA IN POROUS 
MEDIA, Univers i ty of Cal i fornia . M. S. Thes is (1945). 

As a resu l t of this r e s e a r c h work it was d i scovered 
that the ra te of flow of ammonia , when flowing in 
two phases through a porous nnedia. i s approximate ly 
20% g rea t e r than the ra te pred ic ted by theore t ica l 
calculat ion. The r eason for this d i sc repancy , it i s 
believed, i s because the as sumpt ion that equi l ibr ium 
exis ts between the gaseous and liquid ammonia and / 
or the assumpt ion of p e r m e a b i l i t y - s a t u r a t i o n r e l a 
tionship de te rmined by Wyckoff and Botset as appl i 
cable to the two-phase flow of ammonia in porous 
nnedia is not en t i r e ly valid. 

2395. Wyckoff. R. D. and Botset , H. G-

THE FLOW OF GAS-LIQUID MIXTURES THROUGH 
UNCONSOLIDATED SANDS. J. of Applied Phys i c s , 
7_. 325-45 (1936). 

A method is desc r ibed for studying the flow of g a s -
liquid nnixtures through unconsol idated sands- R e 
sults a r e given for e x p e r i m e n t s on four sands , of 
widely different p e r m e a b i l i t i e s , with carbon dioxide 
and water as the f luids. A re la t ion between p e r m e a 
bility and l iqu id - sa tu ra t ion of the sand is found. 
which p e r m i t s the c o r r e l a t i o n of sa tu ra t ion and the 
steady state flow of the gas and l iquid components . 

FORCE FIELDS 

2396. A s k a r ' y a n . G- A-

E F F E C T OF EXTERNAL FIELDS ON THE MOTION 
AND GROWTH OF BUBBLES IN BOILING LIQUIDS. 
Zhurnal ekspe r imen ta l ' noy i t eo re t i cheskoy fiziki, 
V. 41 , No. 4 (1961). 1231-1232. 

To study the influence of nnotion on the growth of 
bubbles and to inves t iga te it under v e r y simplif ied 
thermodynamica l condi t ions , it is n e c e s s a r y to p r e 
vent r is ing of bubbles to the su r face . A freely "fall
ing" bubble chamber fulfills these condi t ions. Thus, 
it is also poss ible to remove convection in l iquids 
and to d e c r e a s e the t r ack d is tor t ion . The drop d i s 
tance m e a s u r e d s e v e r a l m m . which c o r r e s p o n d s to 
a drop t ime of 10"^ - 10"' s e c Not only gravi ty , 
iner t ia , and buoyancy a r e acting on the bubbles but 
also those fo rces of an inhomogeneous, e l e c t r i c . 

and magnet ic field, which a r e acting on the dipole 
m o m e n t s . The author has studied only such c a s e s 
where the bubble dimensions a r e smal l compared 
with the c h a r a c t e r i s t i c d imensions of the field change 
and where the surface p r e s s u r e exceeds by far the 
p r e s s u r e of the e l ec t r i c and magnet ic field on this 
sur face . Fo r the steady state the following e s t i m a 
tion has been m a d e : X e ^ ^ ^ " §• Xm"^^^ " &• where 
Xe and Xm denote the e lec t r i c and nnagnetic p o l a r -
izabili ty pe r g r a m of liquid. It has been es tab l i shed 
that inhomogeneous fields pe rmi t the control of both 
the bubble growth and the boundary conditions during 
boiling and heat exchange with the wall . If the bub
bles a r e kept to the v e s s e l wal l , then the heat e x 
change between liquid and wall is impeded; o therwise 
it is facil i tated. Local inhomogeneous fields at the 
ves se l walls can be used to improve the s torage 
conditions of liquid g a s e s , the evaporat ion cont ro l . 
e t c . There a r e 5 r e f e r e n c e s : 3 Soviet and 2 non-
Soviet. The two re fe rences to Engl ish- language 
publicat ions read as follows: M. S. P l e s s e t , 
S. A. Zwick, J. Appl. P h y s . . 23, 95. 1952; 25, 493. 
1954; S. A. Zwick. Phys . F lu ids , 3, 685, I960. 

2397. Lomer , W. M. 

THE FORCES BETWEEN FLOATING BUBBLES AND 
A QUANTITATIVE STUDY OF THE BRAGG "BUB
BLE MODEL" OF A CRYSTAL, P r o c . Cambridge 
Phil . Soc. 45_, 660-673 (October 1949). 

Bubble ra f t s , when under sufficient s t r e s s , a r e known 
to exhibit behavior which is quali tat ively s imi la r to 
that of plast ic deformation of single c r y s t a l s . P r e s 
ent paper has as its a im the development of a quan
ti tat ive theory of behavior of such rafts when 
subjected to smal l s t r e s s e s . Developed theory is 
p r i m a r i l y an application of laws of surface tension 
to this si tuation and is based in par t , according to 
author , on as yet unpublished work of M. M. Nichol--
son. Validity of theory is l imi ted to smal l bubbles 
where slope of bubble cap is s m a l l . It is shown that 
raft behaves as an i so t ropic body; exp res s ions for 
Young's modulus and Po i s son ' s ra t io a r e der ived 
and a r e computed for var ious va lues of R(pg/T) ' ' '^ , 
where R is a nominal bubble radius and T is surface 
tension. Exper imen t s pe r fo rmed by author provide 
sa t i s fac tory ag reemen t with theory within i ts l im i t a 
t ions both for ce r t a in geomet r i ca l p rope r t i e s of bub
bles and for Young's modulus and Po i s son ' s ra t io . 
(AMR-4-296) 

2398. Woodrow. J. , et a l . 

FORCES BETWEEI^ SLURRY PARTICLES DUE TO 
SURFACE TENSION, J. Nucl. Energy , Pt . B, Reactor 
Technol . , J_.229-37. F e b r u a r y 1961). 

Equations a r e der ived defining the shape of smal l 
bubbles or d rops which may fornn between pa i r s of 
s l u r r y p a r t i c l e s , i m m e r s e d in a liquid veh ic le ; the 
sy s t em cons idered is axially s y m m e t r i c . The r e 
sultant bubble or drop shapes a r e a lso p resen ted 
graphica l ly . The force which a bubble or drop may 
t r a n s m i t between pa r t i c l e s i s der ived and evaluated 
for some pa r t i cu la r c a s e s of i n t e r e s t . In a systenn 
with only two connponents, any bubble nnust contain 
the vapour phase of the liquid vehic le , at reduced 
p r e s s u r e . Such a bubble can only exis t if the contact 
angle , m e a s u r e d in the liquid phase , exceeds 90° and 
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it will always exert a cohesive force, holding the 
s lurry part ic les in contact. Three component s y s 
tems can be formed with bubbles or immisc ib le 
liquid drops joining adjacent s l u r r y pa r t i c l e s , 
provided that the contact angle is g rea te r than ze ro , 
and they may t ransmi t a cohesive force . This was 
demonstrated qualitatively by exper iments with g lass 
part icles in water which flocculated heavily when 
shaken in air and dispersed when de -ae ra t ed , or 
when the contact angle was reduced to ze ro . When 
a liquid metal s lu r ry is exposed to neutron i r r a d i a 
tion, gas may be generated, and may cause floccula-
tion by this mechanism. Degassing may prove to be 
difficult. 

Acoustic 

2399. Antonevich. J. N. 

ULTRASONIC ATOMIZATION OF LIQUIDS. I .R.E. 
Trans. Ultrasonics Engng. No. PGUE-7, 6-15 
(Feb 1959). 

Observations of liquid films excited u l t rasonica l ly 
are described and discussed. These films atomized 
under ultrasonic excitation, and the rupture of capi l 
lary waves in the film is suggested as the pr ime 
cause of atomization. The atomization of a paint film 
by 20 kc / s vibrations was studied qualitatively. High
speed motion pictures show sprays emanating from 
vibrating gas bubbles in the paint film. The pa r t i c l e s 
produced were from 5 to 500 p in d i ame te r . Under 
the best atomizing conditions at 20 k / c s the par t ic le 
diameters were from 20 to 70 |U. 

2400. Bazilevich, V. V. and Tverskoi , N. P . 

FREEZING OF DROPS OF A SUPERCOOLED WATER 
MIST IN AN ACOUSTIC FIELD. Zh. Tekh, Fiz . , 27, 
1826-9 (1957), In Russian. English t ransla t ion in: 
Soviet Physics - Technical Physics (New York), _2, 
1696-9 (Aug. 1957). 

Experiments to show that supercooled water m i s t s 
(drop diameters 1.6 to 30|U) between -4° and -5°C 
crystall ize more rapidly in an acoustic field generated 
by a siren (frequency: 1 to 15 k c / s ; p r e s s u r e on axis 
150 cm from siren: 110 bars at 10.1 kc / s ) -

2401. Bebchuk, A. S. 

THE MECHANISM OF CAVITATIONAL BREAK-UP 
OF SURFACE FILMS IN A SOUND FIELD, Akust. 
Zh . , ^ , 113-117 (Apr-June. 1956). 

An investigation of the underlying mechanism of 
ultrasonic cleaning p rocesses . As a s tandard film, 
a blob of resin was used, on a glass plate inclined 
at an angle above the b rass terminat ion of a Ni tube 
excited ultrasonically by an 8 kw genera tor . The 
plate and the upper end of the tube were contained 
in a parallel-sided glass vessel of dist i l led wate r . 
The plate was photographed at 4000 f r a m e s / s e c . 
Two phenomena are involved in the b reak -up of the 
film; (I) Bubbles bursting near the surface appear 
to be associated with strong local b reak -up . (2) 
Bubbles penetrate under the fihn and then break it off, 

2402. Derouet . B. 

STUDY OF THE DEGASSING OF LIQUIDS UNDER 
THE ACTION OF ULTRASONIC VIBRATIONS OF 
80 AND 17.7 k s / s , Compt . Rend. 234. 71-3 (Jan. 1952). 

A study of the formation of a i r bubbles in water 
under the action of u l t rason ic v i b r a t i o n s . A possible 
theory for bubble format ion is produced and the mini 
mum radius of bubble ca lcula ted . 

2403. Fox. F . E., et a l . 

PHASE VELOCITY AND ABSORPTION MEASURE
MENTS IN WATER CONTAINING AIR BUBBLES, 
J. Acoust . Soc. Am._27_. 534-9 (1955). 

Measuremen t of continuous t r a in of sound waves in 
water having a i r bubbles as function of frequency in 
range 10 kc to 1 m c ; when bubbles const i tu ted 0.02% 
of volume, phase velocity va r i ed from 500 m / s e c to 
2500 m / s e c and peak absorpt ion was over 30 db /cm. 

2404- Hsieh. D. -Y. and P l e s s e t , M. S-

REPLY TO COMIVIENTS OF P. W. SMITH. JR. , 
Phys . of F lu ids , 5_. 254 (l962). 

A rebut ta l to the comments (see preceding abs t rac t ) 
on the a u t h o r s ' or iginal d i scuss ion of sound propaga
tion in a l iquid-gas bubble mix ture (Abstr . 11813 of 
1961). The i so the rma l behaviour i s cons idered to 
be due to the assumpt ion of homogenei ty and not 
only to the p resence of the l iquid. This makes in 
homogenei t ies , such as the bubble s i ze , s m a l l e r 
than the thernnal diffusion length and e n s u r e s i s o 
the rmal behaviour . 

2405. Kapustin, A. P . 

THE DEGASSING OF LIQUIDS IN AN ULTRASONIC 
FIELD, Zh. Tekh. F i z . 24_, 1008-11 (1954). 

Waves of 0-6 M c / s f rom a quar tz osc i l l a tor were 
used in t r a n s f o r m e r oil and g lyce r ine . Degassing 
took place in two s t a g e s , formation of bubbles and 
then their t r a n s p o r t to the su r face . The t ime to 
degas d e c r e a s e d with inc reas ing intensi ty of the 
sound wave s. (SA- 58-3520) 

2406. Kara l . F . C. 

A STUDY O F THE SCATTERING OF SOUND WAVES IN 
FLUIDS. PART I: SCATTERING OF A PLANE WAVE 
BY A SPHERICAL BUBBLE, AD-14874 (1953). 

Study of rigid sphere moving through inconnpressible. 
homogeneous , nonviscous fluid in p re sence of rigid. 
infinite plane boundary; d i rec t ion of motion of sphere 
is a s sumed to be para l le l to plane boundary; it is 
a s sumed that motion is i r ro ta t iona l and that sphere 
velocity i s smal l ; exact t r e a t m e n t is prevented; 
cu rves of p r e s s u r e var ia t ion on plane boundary are 
plotted. 

2407. Kar in . S. M. and Rosenhead, L. 

THE SECOND COEFFICIENTS OF VISCOSITY OF 
LIQUIDS AND GASES, Revs . Modern Phys . . 24. 
108-113 (1952). 

Up to the p resen t , d i s c r epanc i e s have been noticed 
in the field of invest igat ion which deals with the 
t r a n s m i s s i o n of sound energy through liquid and 
g a s e s . 
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As far a s l iquids a r e concerned no work has been 
done on the absorp t ion of energy assoc ia ted with 
vibra t ions in the sonic range (20 to 20,000 v i b r a 
tions per second) . In the u l t rason ic range e x p e r i 
nnental va lues of absorp t ion differ fronn the 
theore t ica l ones by fac to r s ranging from 3 to 1000. 
In gases , both in the sonic and superson ic r a n g e s , 
the values differ by a factor whose magnitude l i es 
in the range of 4 to 100. 

Most of the work which has been done in this field 
has been concerned with the passage through liquids 
of sound energy in the u l t r a son ic range of f requen
c ies . Here it is c lea r that the value of p'/p deduced 
from exper imen t is in good agreennent •with the value 
of the ra t io deduced from information on exces s a b 
sorption of ene rgy . The v i scos i ty ra t io i s never 
negative; i t s value r anges f rom about 1 to about 120 
in the cases so far inves t iga ted . 

The c l a s s i ca l theory of the dynamics of v iscous 
fluids i s based on the assumpt ion that there is only 
one fundamental coefficient of v i scos i ty . ^ . the coef
ficient of shea r v i scos i ty . The other quantity, p\ the 
second coefficient of v i scos i ty , is a s sumed to be 
equal to -Zp/3 in o rde r that K [ = (2/i + 3;i ' ) /3] , the coef
ficient of bulk v i scos i ty , should be z e r o . In making 
this assumpt ion c l a s s i ca l hydrodynamics pa r t s c o m 
pany from c l a s s i ca l e l a s t i c i ty , in which two funda
nnental quant i t ies , the Lame ' cons t an t s Xandp, a r e 
introduced. 

The above assumpt ion s e e m s to have some bas i s in 
theory only in the case of ideal monatomic ga s e s ; it 
has , however , been c a r r i e d over impl ic i t ly to both 
liquids and gases of all d e g r e e s of complexi ty . One 
might therefore expect some differences to exis t 
between theore t ica l p red ic t ions and exper imenta l 
resu l t s due to this overs impl i f i ca t ion . The p resen t 
review has been under taken with a view to exploring 
the exis tence and the magnitude of any such 
dif ferences . 

2408. Karp lus , H B. 

THE VELOCITY OF SOUND IN A LIQUID CONTAIN
ING GAS BUBBLES, COO-248 (June 1958), 41 p. 

The velocity of sound in wate r containing air bubbles 
i s ve ry low. In pure water sound t r a v e l s with a speed 
of 1500 m / s ; this veloci ty d e c r e a s e s to 100 m / s in 
water containing 1% by volunne of a i r . The min imum 
occurs at 50% volunne concent ra t ion at which a ve loc 
ity of 20 m / s is obse rved . For constant m a s s con
centrat ion the veloci ty is d i rec t ly propor t iona l to the 
ambient p r e s s u r e over an apprec iab le p r e s s u r e 
range . As a consequence a slow p r e s s u r e r i s e in 
such a medium becomes a shock wave very rapidly . 
On the other hand, shock waves a r e expected to be 
severe ly a t tenuated when pass ing through the m e d i 
um. The heat exchange between bubbles and the 
water i s ve ry rapid so that the re is no adiabat ic 
temp, r i se due to the c o m p r e s s i o n . For this r eason 
the r e su l t s may be readi ly extended to other gases 
which do not condense but a r e inapplicable to vapor 
(steam) bubbles . 

2409, Karp lus . H. B. 

PROPAGATION OF PRESSURE WAVES IN A 
MIXTURE OF WATER AND STEAM, ARF-4132-12 
(Jan 1961), 89 p. 

The veloci ty of sound in mix tu re s of water and 
s t eam was computed fronn the slope of the l ines of 
equal ent ropy over a wide range of ambient condi
t ions up to the c r i t i ca l point. The sound velocity i s 
lower in the mixture than in e i ther const i tuent . It 
changes discontinuously on t rans i t ion to the single 
phase in wet s team with just a t r ace of liquid. The 
velocity is about 10% less than in dry s t eam. The 
velocity d e c r e a s e s nnonotonically with inc reas ing 
content . In boiling water the veloci ty i s v e r y low. 
The s ma l l e s t value occurs at reduced p r e s s u r e at 
the t r ip le point (with no solid ice p re sen t ) ; the ve loc 
ity here is as low as 0.012 m / s . Rankine-Hugoniot 
cu rves were calculated for the m i x t u r e . These show 
that a shock-l ike compres s ion in v e r y wet s t e a m or 
boiling water will condense all the s t eam, giving r i s e 
to a la rge change in volume with v e r y l i t t le r i s e in 
p r e s s u r e . The Hugoniot curve l ies very close to a 
line of constant entropy in this c a s e . For high qual 
ity s t eam the connpression will r a i se the t e m p e r a t u r e 
of the vapor and evaporate the liquid phase . This 
occurs far from constant entropy condit ions, indica t 
ing a s t rong loss mechan i sm. In boiling water the 
propagat ion was studied with p r e s s u r e waves having 
an amplitude exceeding the min imum n e c e s s a r y to 
condense all the s t eam. The velocity d e c r e a s e s 
monotonically with dec reas ing driving p r e s s u r e , a p 
proaching the snnall ampli tude acoust ic velocity when 
the driving p r e s s u r e approaches the nninimum n e c 
e s s a r y to condense all the s t eam. In a s t ra ight pipe 
of boiling water t rue shocks were not propagated. 
The r i s e t ime of the c o m p r e s s i o n wave steadily in 
c r e a s e s as it p a s s e s through the med ium. On finally 
reaching a region of no bubbles , high peak p r e s s u r e s 
a r e observed . These peaks were an o rde r of magn i 
tude g rea t e r than the or iginal driving p r e s s u r e . This 
amplitude is apparent ly due to the formation of a 
water h a m m e r . 

2410. La i rd , D. T. and Kendig, P . M. 

ATTENUATION OF SOUND IN WATER CONTAINING 
AIR BUBBLES. J. Acoust . Soc. Am, 2£. 29-32 (1952). 

Exper imenta l study of very high sound at tenuat ions in 
water predic ted by Foldy theory ; at tenuation was v e r y 
la rge at f requencies where resonant bubbles were 
p resen t and much s m a l l e r at other f requenc ies , in 
dicating resonance absorpt ion to be pr inc ipa l 
phenonnenon obse rved . 

2411. Meyer , E . and Skudrazyk, E. 

ABOUT THE ACOUSTIC PROPERTIES OF GAS 
BUBBLE CLOUDS IN WATER, Acus t ica . 3_, 434-40 
(1953). 

On the bas i s of the known p r o p e r t i e s of pulsating gas 
bubbles in water ( r e sonance- f requenc ies and damping 
fac tors ) formulae a r e der ived for the complex c o m 
pres s ib i l i t y and therewi th for the phase veloci ty and 
at tenuat ion of sound waves in water containing gas 
bubbles . Nunnerical computat ions a r e made for two 
c a s e s ; for a bubble mixture of constant bubble s ize 
and of one with a continuous d is t r ibut ion of bubble 
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size ^vith equal volume concentrat ion. In a big tank 
bubble-water mixtures were produced in three dif
ferent ways: by pressing air through porous p la tes , 
by e lect rolysis , and by means of a pumping device. 
In these mixtures of bubbles and water ,phase ve loc
ity and sound attenuation were measu red in a wade 
frequency range. The resu l t s agree as well with 
theory as can be expected. 

2412. Rodabaugh, R-

TWO PHASE FLOW AND ACOUSTIC PHENOMENA 
IN GASES AND LIQUIDS. JPLAI-LS-177 (i960). 

Abstracts are presented on 127 papers pertaining 
to two-phase flow and acoustic phenomena in gases 
and liquids. 

2413. Roll. A. 

INFLUENCE OF ULTRASONICS ON ELECTROLYTIC 
PROCESSES. IL AGITATION PROVIDED BY 
ULTRASONICS, Z. Metallkunde 41 . 339-43 (1950). 

Studies of electrodeposition of Ni were extended 
and the influence of u l t rasonics on the mobility of 
gas bubbles in glycerol-water mixture was in
vestigated. Greater ra te of r i se of bubbles in the 
ultrasonic field indicated influence of sound-
radiation p re s su re . Ul t rasonics removed gas 
bubbles at the cathode, and thus improved depo
sition more than mech, agitation. The agitation 
effect was further proven in expts. with Cu and Ag 
deposition. It was shown that u l t rasonics of 
34 kilocyles and 0,3 w/sq cm was super ior to 
mech. agitation. The effect was independent of 
frequency and only depended on intensity. 
(CA-45-4581a) 

2414. Silberman, E. 

SOUND VELOCITY AND ATTENUATION IN BUBBLY 
MIXTURES MEASURED IN STANDING WAVE TUBES, 
J. Acoust. Soc. Amer . , 29_. 925-33 (1957). 

Experimental measurements of sound velocity and 
attenuation constant in a mixture of a i r bubbles in 
fresh water, using a standing-wave tube, a re de 
scribed. Bubble sizes in the mixtures were con
trolled between about 0.08 and 0.26 in. d iamete r , 
concentrations ranged from 0.03 to 1%, and applied 
frequencies from 60 to 20,000 c / s . Bubbles in each 
mixture were of a single uniform size except for one 
ser ies of experiments in which mixtures of bubbles 
of two discrete sizes were used. Attenuation con
stants were obtained for each mixture through a 
range of frequencies, including natural frequencies 
of the bubbles in the mixture . Velocity m e a s u r e 
ments were not obtained near the natural frequencies 
of the bubbles because high attenuation prevented 
the establishment of standing waves. Data obtained 
in the tubes were reduced to mean, infinite conditions 
and compared with available theory. The m e a s u r e 
ments show that theory gives a t least a good es t imate 
of both velocity and attenuation-jjonstant in the region 
investigated. 

2415. Smith. P. W., J r . 

COMMENTS ON "ON THE PROPAGATION OF 
SOUND IN A LIQUID CONTAINING GAS BUBBLES". 
Phys . of F lu ids , 5̂  253 (Feb, 1962). 
The the rmodynamic p r o c e s s e s held respons ib le 
for adiabatic or i s o t h e r m a l sound propagat ion in 
gases or l iquid-gas bubble m i x t u r e s by Hsieh and 
P l e s s e t (Abstr .11813 of 1961) a r e d i s cus sed . The 
original s ta tement by Laplace i s quoted to show the 
impor tance of heat conduction to "nearby bod ies" 
(i.e. the surrounding l iquid). This makes the sound 
propagation in a l iqu id-gas bubble nnixture i s o 
t h e r m a l at low f requenc ies . 

2416. S t r a sbe rg , M. 

GAS BUBBLES AS SOURCES OF SOUND IN LIQ
UIDS, J. Acoust. Soc. Am. 2£. 20-26 (January 1956). 

Author shows that sound genera ted by sma l l gas bub
bles entrained in a liquid is mainly assoc ia ted with 
volume pulsat ions of the bubbles; the sound p r e s s u r e 
genera ted by shape pulsat ions being negligible. 
Theory used is a l inear approximat ion and is applied 
for descr ib ing sound p r e s s u r e s and spec t r a gener 
ated in bubble formation at a nozzle , bubble coa les -
cense or split t ing, and when bubbles a r e entrained 
past bodies and cons t ruc t ions . L imi t s of the applied 
theory and the effects of non l inear i t i e s a r e indicated. 

Reviewer be l ieves this a r t i c l e i s an impor tan t con
tr ibut ion in unders tanding the phenomenon of sound 
genera ted by gas bubbles entra ined in a liquid. 

2417. Wes te rve l t . P . J. 

ADSORPTION OF SOUND BY GAS BUBBLES AT A 
WATER-METAL INTERFACE, J. Acoust . Soc. Am. 
23_. 369 (1951). 

E lec t ros t a t i c 

2418. Alty. T. 

ORIGIN OF THE ELECTRIC CHARGE ON SMALL 
PARTICLES IN WATER. P r o c . Roy Soc. (London), 
A112, 235-51 (1926). 

With the app. prev ious ly desc r ibed (CA-19-198) 
measurennents have been made of the mobili ty of a i r 
bubbles 2.0 to 0.2 m m in d iam. in cond. wate r . If 
the bubble is a s s u m e d to acqui re a charge E by ionic 
adsorpt ion , then E can be calcd. from m e a s u r e m e n t s 
of the velocity by the appl icat ion of Stokes ' law. The 
dependence of the charge on the age of the surface of 
the bubble and on i t s d i am. was studied, and it was 
found that in ve ry pure , a i r - s a t d . wa te r , the charge 
is ex t r eme ly snnall at f i r s t , i n c r e a s e s to a max. and 
then falls to a value of about one thi rd of this max. , 
after which it a p p e a r s to be independent of t ime . 
Similar exp ts . were made in water from which some 
of the a i r had been removed , so that the bubble de 
c r e a s e d continuously during the exp ts . A curve of 
s imi la r type was obtained and when equi l . had been 
reached , the total charge on the bubble remained in
dependent, not only of t ime , but a lso of bubble diann. 
F r o m this it would appear that , after equil . the su r 
face d. of the charge mus t i n c r e a s e inve r se ly as the 
square of the bubble r ad ius , since the total charge 
r e m a i n s prac t ica l ly const , while the bubble a r ea 



Force Fields 

d e c r e a s e s . In a t heo re t i ca l t r e a t m e n t , these r e su l t s 
a re explained on the bas i s of adsorpt ion , not of H and 
hydroxyl ions , but of ionic impur i t i e s in the wate r . 
This theory is supported by the fact that the g r e a t e r 
the puri ty of the water the lower is the mobil i ty of 
the bubble. Neg. ions a r e a s s u m e d to be adsorbed 
on the inner surface of the bubble, and these tend to 
become covered by the pos. ions in the l iquid. Equil . 
is at tained when the no. of pos . ions bound per sec-
is equal to the no. rennoved by t h e r m a l col l i s ions in 
the liquid. F r o m fur ther a s sumpt ions , it is poss ible 
to ca lc . the total charge on the bubble at any t ime 
after i ts format ion , and the va lues so obtained agree 
excellently with the expt l . ones- The p.d. between 
the surface of the bubble and the i n t e r io r of the l iq
uid, due to exces s of adsorbed neg. ions , can be 
calcd. by the use of the Boltzmann equation, and the 
value V = 0-64v is obtained, which a g r e e s well with 
the values detd. d i rec t ly by other o b s e r v e r s -
{CA-21-2595-3) 

2419. Bonjour. E. and V e r d i e r . J-

MECHANISM OF BOILING UNDER ELECTRIC 
FIELD, C. R. Acad. Sci . . ^5J., No. 7, 924-6 
(Aug. 17, I960). 

Photographs of the su r faces of heated wi res in F reon 
boiling at a tmosphe r i c p r e s s u r e in the p r e s e n c e of an 
e lectr ic field have es tab l i shed the exis tence of an 
e lec t romechanica l act ion on the movement of the 
bubbles in accordance with the ana lys i s outlined in 
previous pape r s (ibid. Vol. 250, 76 ( i960); 
Abstr . 10663 of I960). (SA-61-2912) 

2420- Bonjour, E., V e r d i e r . J- and Weil, L. 

IMPROVEMENT OF HEAT EXCHANGES IN BOILING 
LIQUIDS UNDER THE INFLUENCE OF AN E L E C 
TRIC FIELD, A-I-Ch.E. P r e p r i n t 7, New York (1962). 
18 p. 

It is shown that notable i m p r o v e m e n t s in heat ex
change coefficients may be obtained in some c a s e s 
multiplied by fac tors ranging from 4 to 10. On a 
more fundannental b a s i s , m e c h a n i s m s a r e desc r ibed 
and connected with the physical c h a r a c t e r i s t i c s of 
the fluids leading to such i m p r o v e m e n t s . The ex
perimental work used a wire heated e l ec t r i ca l ly , 
of d iameter of 0.1 or 0-2 m m . The e l ec t r i c a l field 
was produced on this wi re by means of a para l le l 
l inear e l ec t rode , an a l te rna t ing potential being a p 
plied between them. 

2421. Chapman, S-

INTERPRETATION OF CARRIER-MOBILITY 
SPECTRA OF LIQUIDS ELECTRIFIED BY BUB
BLING AND SPRAYING, Phys . Rev., 54, 528-33 
(1938). 

2422. Coehn. A. 

EFFECT OF THE ELECTROSTATIC CHARGE OF 
GAS BUBBLES EVOLVED ELECTROLYTICALLY, 
Z- Electrochem,^, 306-8 (1923). 

It is expected that when employing a cathode of pa l 
ladium or other meta l capable of absorbing hydrogen, 
the absorpt ion of gas will be affected by the e l e c 
t r ica l charge on the gas bubbles which is found in 
the above work to de t e rmine the s ize of the bubbles 

and their adhesion to the e lec t rode- By means of 
eudiometer tubes , measurennents a r e made of the 
volume of hydrogen evolved from pal ladium cathodes 
during e l ec t ro lys i s of sulphuric acid of different 
concent ra t ions with definite c u r r e n t s . It i s found 
that the amount of hydrogen absorbed i n c r e a s e s with 
inc reas ing concentra t ion of the acid up to a ce r t a in 
l imit and then falls sl ightly. The curve giving the 
re la t ion between the volume of gas absorbed and the 
concent ra t ion of acid is of the s ame type as that 
showing the magnitude of the charge on the bubbles 
with concentra t ion of acid when a s t r e a m of gas is 
bubbled mechanica l ly through the solution, but in the 
fo rmer c a s e , is d isplaced so as to give a max imum 
at a higher concentra t ion of acid than in the l a t t e r 
c a s e . This d i sp lacement is a t t r ibuted to the fall in 
concentra t ion r ema ins around the cathode during 
e l ec t ro ly s i s whereas the concentra t ion r e m a i n s un
changed during the mechanical bubbling- With 
po tass ium hydroxide, a s m a l l e r absorpt ion or higher 
gas evolution occurs in accordance with the o b s e r v a 
tion of the negative charge on the bubbles and conse 
quent lower adhesion to the e lec t rode- Similar 
absorpt ion re la t ions a r e observed with other me ta l s 
such as tantalum, nickel , and i ron by using other 
methods . (CA-1 7-3446-6) 

2423. Coehn, A. and Newmann. H. 

ELECTROSTATIC PHENOMENA OF E L E C T R O 
LYTICALLY GENERATED GAS BUBBLES. L 
ELECTROSTATIC ATTRACTION AND BUBBLE 
SIZE. IL ELECTROSTATIC REPULSION: THE 
GAS-JET ELECTRODE, Z. Physik. 2^, 54-67. 68-81 
(1923). 

In a previous paper Coehn and Mozer found that the 
gas bubbles evolved during e l ec t ro ly s i s differed 
grea t ly according as the e lec t ro ly te was acidic or 
alkaline the difference being espec ia l ly pronounced 
at cathodic hydrogen developnnent; where fronn 
alkal i the hydrogen r i s e s in fine d rops , whereas 
f rom acid it adhe re s to the e lec t rode and only r i s e s 
when la rge bubbles a r e formed. The cause is 
a s c r i b e d to e l ec t ros t a t i c effects . It has now been 
es tab l i shed exper imenta l ly that the a t t r ac t ion of gas 
bubbles at the solid e l ec t rode , which is always to 
hand from capi l la r i ty fo rces , may, for e l e c t r o 
lyt ical ly produced g a s e s , (a) be i nc reased if the gas 
bubble and e lec t rode pos se s s opposite signs , (b )be 
diminished if they have like signs and the potential 
of the e lec t rode suffices for overconning the cap i l l a ry 
a t t rac t ion- Bubbles which adhere only by capi l la ry 
a t t rac t ion have the same dimensions in all dilute 
solutions under the same exper imenta l conditions-
Those held by e l ec t ro s t a t i c forces grow with the 
s t rength of the e lec t ro ly te which has the opposite 
charge to the e l ec t rode . Sense and magnitude of the 
e l ec t ro s t a t i c force a r e der ived from another type of 
phenomena to the bubble effect- The cu rves giving 
the connection between the concentra t ion of a solution 
and the charge on the bubbles t ravel l ing through i t . 
give a lso information on the adherence and m a g n i 
tude of the e lec t ro ly t i ca l ly developed gas bubbles . 

P a r t II Cons ide r s E lec t ros t a t i c Repulsion and the 
Gas -Emi t t ing E lec t rode . - When the e lec t ro ly t i ca l ly 
developed gas bubbles and the e l e c t r o d e s have like 
c h a r g e s then at a sufficiently high e lec t rode potential 
the bubbles a r e repel led and t h e r e a r i s e s the 
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gas-emitt ing electrode. The potential requ i red is 
lower as the bubble charge is g r e a t e r , and can be 
determined like the effect of e lec t ros ta t i c a t t rac t ion 
from the curves for the bubble effect showing the 
dependence of gas charge on concentration- F r o m 
the emission potential concentration curves the 
duration of the effect can be obtained- After c e s s a 
tion of the first emission, with very fine bubbles. 
a second emission with large bubbles appears by 
increase of potential at both e lec t rodes and for all 
concentrations. In contrast to the f irs t emiss ion 
this is traced to the influence of the strong e lec t r i c 
field at the electrode on the distr ibution of the ions 
in the liquid layer containing the gas bubbles. 
(CA-18-1081-9) 

2424. Coehn, A. 

ON WHAT DOES THE ADHERENCE AND SIZE OF 
ELECTROLYTIC GAS BUBBLES DEPEND. 
Z- Electrochem- 29_. 1-5 (1923). 

A ser ies of determinations were made of the d i s 
charge potential, and the size of the gas bubbles 
evolved when solutions of 0.1NH2SO4 and 0-lNKOH 
were electrolysed. Elect rodes of nickel and s i lver 
were employed. The adhesion of the bubbles to the 
electrodes was found to be due to the e lec t ros ta t i c 
attraction of the cathode to the positively charged 
gas bubbles, aided by capil lary forces . 

The maximum size of the bubbles was m e a s u r e d by 
a micrometer ocular, and it was found that the m a x i 
mum size was a function of the concentrat ion for a 
given solution. (CA-17-1579-1) 

2425. Katti. P. K. and Chaudhri . M. M. 

EFFECT OF STRONG ELECTRIC FIELDS ON THE 
BOILING POINTS OF SOME ALCOHOLS. Nature, 
190. 80 (1961). 

When a strong alternating e lec t r ic field is applied to 
a boiling liquid and its vapour, it is found that the 
boiling point is reduced. The effect has been studied 
in the case of methyl, ethyl and isopropyl alcohol. 

2426. Krishnamurt i . K. 

THE EFFECT OF MAGNETIC FIELD ON STREAMS 
OF CHARGED PARTICLES, Current Sci.._2_. 387-8 
(1934). 

Streams of small gas bubbles, evolved e lec t ro ly t i 
cally, are deflected by a magnetic field; H^ and Oj 
are deflected in opposite direct ions, at right angles 
to the field. H; evolved from ac id-meta l reac t ions 
is not deflected by the magnetic field; Zn and Cu in 
contact in H2SO4 give deflectable bubbles- Only gases 
obtained electrochemically a r e e lec t r ica l ly charged-
Charged colloidal par t ic les moving in an e lec . field 
are deviated by a magnetic field; the m a s s of the 
particle may be detd. from the field s t rength and 
the deflection. H; bubbles from a point source a r e 
deflected by the combined e lec . and magnetic fields 
into 2 s t r eams ; apparently H2 and H, a re sepd. 

2427. Lovera , G. and Pochet t ino, H. 

ELECTRIFICATION BY BUBBLING, Nuovo cimento 

M, 393-410 (1937). 

When a s t r e a m of N2 was blown through a solution of 
an organic sal t , the d rop le t s of l iquid, passed between 
two e l ec t rodes connected to a Lindemann e l e c t r o m 
e t e r , were found to be charged both posi t ively and 
negat ively. The magnitude of the charge va r i ed with 
the ra te of flow of the gas and with the concentrat ion 
of the solution. The form of the cu rves of charge 
agains t concentra t ion is different for positive and 
negative c h a r g e s , and has a number of points , cha r 
a c t e r i s t i c of the sal t , at which the posit ive and nega
tive cha rges a r e equal . F o r methylene blue and 
quinine bisulphate the re a r e two such points , and 
for uranin there is one. (CA-32-2406-8) 

2428- Lovera , G. and Pochet t ino. A. 

ELECTRIFICATION BY BOILING AND DIPOLE 
MOMENTS, Nuovo c imento _16_. 337-47 (1939). 

Tes t s were made on a s e r i e s of disubst i tu ted de r ivs . 
of a roma t i c hydrocarbons of different dipole moment 
d issolved in inactive solvents . Solns. of compds . of 
zero moment remained inact ive but those of compds. 
with a moment became ac t ive . The charge produced 
i n c r e a s e s with the dipole moment of the solute . The 
solvents we re : CfiHjl), CfeHsCHjdl). C6H4(CH,)2{ni), 
dioxane (IV). Data a r e given for o- , m - and 
p-C6H4(N03)NHz in I and IV, o- , m - and p-C6H4(N02)OH 
in IV. 0- , m - and p-C6H4(N02)Cl in III, o- . m - and 
p-C6H4(N02)z in II, m - and p-C6H4(N02)2 in III. b i 
phenyl in III and IV. o, o ' -d in i t robiphenyl in III and 
IV. p, p ' -d in i t robiphenyl in III and IV. naphthalene in 
IV, 1,5-dinitronaphthalene in IV. 1,8-dini tro-
naphthalene in IV. bibenzyl in III, Et benzoate in III, 
c ry s t a l violet in II and IV. malach i te green in II and 
IV, diazoamidobenzene in III. annidoazohenzene in III. 
(CA-34-2662-5) 

2429. Lovera . G. and Pochet t ino. A. 

ELECTRIFICATION BY BOILING. Nuovo cimento l]j 
161-7 (1940); 1^, 269-79 (1941). 

The dependence of the charge genera ted by boiling on 
the d ie lec . const , and v iscos i ty was invest igated for 
the mixt . of polar and nonpolar l iquids . The effect 
does not always i nc r ea se r egu la r ly with the concn. 
of the nonpolar liquid or with the d ie lec . const , but 
d e c r e a s e s \vith HjO, n i t robenzene and pyridine in 
high concn. because of the strong influence of assocn. 
In the mixt- of oleic acid with xylene the e lec t r i f ica
tion at high concns . of oleic acid (40%) d e c r e a s e s to 
zero because the v iscos i ty i s so g rea t that the charge 
generat ing surface double l a y e r s cannot form rapidly 
enough with the passage of the g a s . The i nc r ea se in 
the charge genera ted coincides with the inc rease in 
temp, and the d e c r e a s e with vigorous boiling. A 
quant, in te rp re ta t ion of the effect was not at tempted. 
(CA-36-5069-7) 
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Horizontal Tubes 

Z43Q. McBain. J . W. and Wil l iams . R. C. 

DETERMINATION OF THE NUMBER OF FREE 
ELECTRIC CHARGES ON AIR BUBBLES AND OIL 
DROPLETS DISPERSED IN WATER CONTAINING 
A SMALL AMOUNT OF CETYLSULFONIC ACID, 
Colloid Symposium Annual 7, 105-14 ( l929). 

A 0.0001 N cetylsulfonic acid soln. was shaken to 
produce bubbles , and then poured into a ve r t i ca l 
test tube of 7 m m b o r e , provided with a diagonal 
side a r m sloping to the top of the tube . E lec t rodes 
with a p.d. of 110 and 40 v (d.c.) were i n se r t ed 3 cm 
apar t , one f rom the top. one in the side a r m . Gases 
in snnall quantity due to e l e c t r o l y s i s thus escaped 
without dis turbing the field of observa t ion between 
the e l ec t rodes . By t iming the smal l bubbles a s 
they moved over a d is tance of 1.5 m m and applying 
Burton's nnodification of S tokes ' formula , the bubble 
size was calcd. The potential was then applied and 
its effect observed , in a manner analogous to Mil l i 
kan 's oil drople t exp t s . By equating the e l ec t r i ca l 
pull F.Bjj agains t the "grav i ta t iona l" pull mg, the 
no. of cha rges per bubble were ca lcd . , a i r bubbles 
showing "orthodox" c h a r g e s of 1,95 to 2.4 x 10^ and 
CfiHt bubbles 5.9 x 10^. This r e p r e s e n t s a surface 
coverage of 0.0031 to 0.0017 and 0,0006, r e s p . . and 
shows as C u r r i e and Alty (C.A. 23,2340) pointed out 
that the conceptions and fornnulations of Helmholtz 

a re inappl icable . " the c l a s s i ca l t r ea tmen t 
of e lec t rok ine t ics on the b a s i s of a double layer is 
invalid. It follows that a m o r e genera l t r e a t m e n t 
corresponding to the e l e c t r o c h e m i s t r y of e l e c t r o 
lytes is neces s i t a t ed . " (CA-24-3414-2) 

2431. Murakawa. T. and Nagaura . S. 

ELECTRIC RESISTANCE OF GAS BUBBLES 
FORMED ON THE ELECTRODES. I, E F F E C T OF 
GAS BUBBLES ON CURRENT DISTRIBUTION, 
J. E l ec t rochem. Soc. Japan 23, 223-6 (1955). 

The e lec . r e s i s t a n c e of the gas film formed on the 
electrode surface during e l e c t r o l y s i s was studied, 
(a) The difference of c u r r e n t d is t r ibut ion on upper 
and lower pa r t s of the e lec t rode owing to gas a c 
cumulation was m e a s u r e d by using the mult iple 
electrode sy s t em and by the d is t r ibut ion of deposi ted 
metal- (b) As a r esu l t of m e a s u r e m e n t s of the r e l a 
tion between the e lec . r e s i s t a n c e and the c u r r e n t 
distr ibution with a .c . with a so -ca l l ed 3rd e l ec t rode , 
it was noted that the concn. he te rogene i ty of the 
e lectrolyt ic soln. was as effective as gas bubbles . 
In dil. H2S04. the cathode r e s i s t a n c e i n c r e a s e d with 
c.d-, while the anode r e s i s t a n c e d e c r e a s e d . The r e 
verse re la t ion was observed in the di l . caus t ic soda. 
This concn. change could be explained qual i ta t ively 
by the t r anspo r t a t i on and d i scha rge of ions-
(CA-49-14520i) 

2432. Whybrew. W. E . , Kinzer , G- D. and Gunn, R. 

ELECTRIFICATION OF SMALL AIR BUBBLES IN 
WATER: J. Geophys. R e s e a r c h 57. 459-71 (1952). 

Exptl- de tns . of the law of r e s i s t a n c e to movement of 
a COj-free a i r bubble along the axis of a H2O filled 
(COj-free) cond. cel l ro ta t ing at two angles of tilt 
from the hor izonta l yield a surface e l ec . charge d. 
( S C D ) of approx . 0.080 e . s . u . / s q cm. a value 10 or 
more t i m e s that r epo r t ed previous ly . The SCD 

a p p e a r s to be nea r ly independent of bubble d i a m s . 
g r e a t e r than 0.1 cm. The SCD m e a s u r e d in the s ame 
app. by es tabl i sh ing a s ta t ic balance between the 
force of the e l ec . field para l le l to the axis of rotat ion 
and a component of the force of buoyancy is 
0.66 e . s . u . / s q cm, in fair ag reemen t with that of the 
mobili ty exp t s . F r e e l y r i s ing bubbles yield a value 
of the SCD of 0.19 e . s . u . / s q cm; the low value is a t 
t r ibu ted to insufficient t ime for surface equil . to be 
a t ta ined. CO2 dissolved in the H2O in equil . with 
room a i r r educes the SCD from 0.80 to 0.22 e . s . u . / 
sq cm- (CA-47-4l68f) 

HORIZONTAL TUBES 

2433. Altman, M-, N o r r i s , R. H. and Staub, F . W. 

LOCAL AND AVERAGE HEAT TRANSFER AND 
PRESSURE DROP FOR REFRIGERANTS EVAPORAT
ING IN HORIZONTAL TUBES, Jour . Heat T r a n s . 8^. 
189-98 (1960). 

A descr ip t ion is given of a t es t facility for inves t iga t 
ing local heat t r ans fe r and p r e s s u r e drop for evapg. 
or condensing r e f r ige ran t s - The emp i r i c a l method of 
P i e r r e (Kylteknisk Tidskrif t No. 3, 129 May (1957)) 
for co r re la t ing the av. h e a t - t r a n s f e r coeffs. of r e 
f r ige ran t s evapg. in hor izonta l tubes is p resen ted in 
conjunction with published data. Data on local hea t -
t r ans f e r coeffs. and p r e s s u r e drop a r e presen ted for 
Ref r igerant -22 evapg. in two 4-f t - long, 0.343-in. 
in te rna l d iam. s t ra ight horizontal tubes , and a r e 
co r r e l a t ed by a ref inement of the curve proposed by 
P i e r r e (loc. c i t . ) . The procedure of Mar t ine l l i -
Nelson (Trans- Am. Soc. Mech. E n g r s . 70, 695-702 
{l948))corre la ted the data for local p r e s s u r e drop 
within 15%. 

2434. Baker, M.. et a l . 

HEAT TRANSFER FILM COEFFICIENTS FOR R E 
FRIGERANTS BOILING INSIDE TUBES, Refrig. 
Eng. 6j_, 986-91 (1953). 

This study dea ls with heating t r ans fe r to boiling 
r e f r ige ran t s flowing inside a hor izonta l tube of 
0.545 in. inside d iam. the influence of flow r a t e , 
boiling t emp . , mixt . compn. . and tennp. differential 
between the tube surface and the fluid were studied 
for F reon -12 and MeCL The data a r e s u m m a r i z e d 
in tabular form. 

2435. Davis . E. J. and David, M. M. 

HEAT TRANSFER TO HIGH-QUALITY STEAM-
WATER MIXTURES FLOWING IN A HORIZONTAL 
RECTANGULAR DUCT, Can. J. Chem. Eng. 39_, 
99-105 (1961)-

The exptl . data in the region of high vapor f ract ions 
and m a s s - t r a n s f e r r a t e s , where two-phase 
convec t ions-cont ro l led heat t r ans fe r p redomina te s , 
were in good ag reemen t with those of other s tudies , 
in which c i r c u l a r ducts were used . 



TWO-PHASE FLOW 

2436. Isbin, H- S., et al-

HEAT TRANSFER TO STEAM-WATER FLOWS, 
1961 Proc . Heat Trans , and Fluid Mech. Inst. 
Stanford University P r e s s . Stanford U.S.A., p. 70. 
Local heat t ransfer coeffs. were m e a s u r e d for all 
H2O. all s team, and s team-HjO flows in an e l e c t r i 
cally heated, horizontal , b r a s s pipe 0.376 in. inside 
diam. with a heated length of 9-25 in. Two-phase 
runs were made for total mass flow r a t e s , G, of 
52 000-182.000 Ib /hr sq ft. p r e s s u r e s 16-90 l b / 
sq in.abs. . and heat fluxes 9350-50200 B t u / h r - s q ft. 
For the low fluxes used, the hea t - t r ans fe r coeffs. 
(for const. G. and heat flux) inc reased with quality 
(wt fraction of steam) up to 0.98. 

2437, Johnson, H- A. and Abou-Sabe, A. H. 

HEAT TRANSFER AND PRESSURE DROP FOR 
TURBULENT FLOW OF AIR-WATER MIXTURES 
IN A HORIZONTAL PIPE. Transact ions of the 
American Society of Mechanical Eng inee r s , 74̂ , 
977-87 (1952). 

The static p ressu re drop and heat t ransfer for two-
phase, two-component flow of a i r and water were 
measured for flow in a horizontal 15-foot length of 
1-inch 16-gage b r a s s tubing. Flow ra tes include the 
range of 1000 to 15,000 lb per hour for the water and 
0 to 200 lb per hour for the a i r . Tentative c o r r e l a 
tions a re presented from which predict ion of p r e s 
sure drop and heat t ransfer can be made under 
res t r ic ted flow conditions. 

2438, Johnson. H. A. 

HEAT TRANSFER AND PRESSURE DROP FOR 
VISCOUS-TURBULENT FLOW OF OIL-AIR MIX
TURES IN A HORIZONTAL PIPE, T r a n s . ASME 11^, 
1257 (1955). 

The heat t ransfer and static p r e s s u r e drop for two-
phase, two-component flow of oil and air were 
measured for flow in a s team-heated horizontal 
15 ft length of-|—in. ext ra-heavy copper pipe-
Tentative correlat ions a re presented and used in a 
comparison of the oi l -a i r and w a t e r - a i r r e su l t s for 
heat transfer and nonisothermal p r e s s u r e drop in 
the same test system. 

2439. Korneev, M. I. and Puganov, B. N. 

HEAT EXCHANGE TO A FLOWING VAPOR-LIQUID 
MIXTURE IN HORIZONTAL TUBES, Teploenerget ika 
3_. 39-44 (1956). 

-An experimental investigation was made where mix
tures of Mg, Hg (liquid), and Hg (vapor) and H20-ai r 
were led through horizontal pipes . It was found that 
the coefficient of heat exchange through the wall de 
pends on the amount of heat, the inner d iameter of 
the tubes, and the rate of flow of liquid and vapor . 
The flow rate at which equil ibrium in heat exchange 
is established depends on the heat, tube d iamete r , 
and rate of flow of vapor. It was found that the best 
results were obtained if the vapor flowed 2-4 m / s e c . 
Two empirical formulas a re presented, one for the 
Mg, Hg; the other for a s t eam-a i r mix ture . If the 
tubes a re inclined, the maximum permiss ib le ra te 
of flow of the liquid must be decreased . 

2440. Lel 'chuk, V- L. and T a r a s o r a , I. V, 
EXPERIMENTS ON HEAT EXCHANGE WITH BOIL
ING WATER IN A HORIZONTAL TUBE. News of the 
All-Union Heat Engineer ing Inst i tute , 10 ( l950). 

2441. McAdams, W. H,, Woods. W. K, and 
Bryan, R. L. 

VAPORIZATION INSIDE HORIZONTAL TUBES. 
Transac t ions ASME, 63. 545-552 (1941), 

This paper r epo r t s an invest igat ion c a r r i e d out to 
de te rmine the changes in the coefficient of heat t r a n s 
fer for the evaporat ion of a liquid flowing inside a 
heated hor izonta l tube. For this r e s e a r c h , a s e m i -
works appara tus was cons t ruc ted consis t ing of 48 ft 
of s tandard 1-inch copper pipe, provided with 12 in
dividual s t eam j acke t s , s t e a m t r a p s , and condensate 
l i ne s . In the benzene r u n s , the ve loc i t ies ranged 
from 0.26 to 1 fps at the inlet and 80 to 240 fps at 
the outlet; in the water runs , the cor responding 
values were 0,27 to 0.85 and 205 to 540 fps. With 
modera te t e m p e r a t u r e d i f ferences , a s the fluid is 
p rog re s s ive ly vapor ized , the local overa l l coefficient 
at f i rs t i n c r e a s e s , goes through a max imum and then 
d e c r e a s e s sharply toward values typical of supe r 
heating dry vapor . Such "vapor-b inding" is attributed 
to insufficient liquid to wet the wal l , snnall droplets 
of liquid being c a r r i e d down the cen te r of the tube. 
as observed at the en t rance to the g lass r e tu rn bend. 
With high t e m p e r a t u r e d i f ferences , the type of vapor-
binding previously observed when boiling liquids out
side submerged tubes where (due to excess ive t em
pe ra tu r e difference) a vapor film insu la tes the tube 
wall f rom the bulk of the l iquid, was encountered. 

2442. McAdams, W, H., Woods, W. K. and 
Heroman, L. C , J r . 

VAPORIZATION INSIDE HORIZONTAL TUBES-II-
BENZENE-OIL MIXTURES, T r a n s . ASME, 64_, 
193-200 (1942). 

This paper r epo r t s an invest igat ion c a r r i e d out to 
deternnine h e a t - t r a n s f e r coefficients and p r e s s u r e 
drops for mix tu re s of benzene and lubr icat ion oil 
flowing inside a heated hor izonta l tube, and also in
cludes an analys is of the p r e s s u r e d rops for the runs 
previously repor ted (l) for the flow of benzene and of 
wate r . The p resen t data cover the following ranges : 
velocity, 0.4 to 1.0 f t / sec at the inlet and 16 to 200 ft/ 
sec at the outlet; feed composi t ion. 13 to 94 weight 
per cent benzene ; gage s t eam p r e s s u r e s , 2 to 
120 Ib / sq in, ; product connpositions 4 to 76 wt. % 
benzene; total p r e s s u r e drops 1 to 12 I b / s q in- Aver
age overa l l coefficients of heat t r a n s f e r , in BTU per 
hour per sq ft per degree F, range f rom 50 to 140 in 
the preheat ing sect ion, and 45 to 470 in the boiling 
sect ion. For a given feed composi t ion the average 
coefficients per pass in the boiling sect ion inc rease 
as vapor izat ion p r o g r e s s e s , but pass through a maxi
mum and d e c r e a s e due to depletion of volati le solvent 
in the liquid phase . When the same data a r e grouped 
by composi t ion of the liquid phase , r a the r than that 
of the feed, cu rves a r e obtained which a r e ve ry s imi
l a r to those obtained for pure l iqu ids . 



Interfacial Shear Stresses 

2443, M y e r s . J . E. and Katz, D. L. 

BOILING COEFFICIENTS OUTSIDE HORIZONTAL 
PLAIN AND FINNED TUBES, Refrig. Eng. 60, 56-9 
(1952). 

Studies with F r e o n 12, MeCl. S02,and propane show 
that finned tubes have thei r nnax. advantage at low-
temp, d i f fe rences , 

2444. Myer s , J. E . and Katz, D. L. 

BOILING COEFFICIENTS OUTSIDE HORIZONTAL 
TUBES, Chem. Eng. P r o g r e s s Symposium. Ser . 49, 
No. 5, H e a t - T r a n s f e r (Atlantic City). 107-14(19537. 

Boiling-filnn coeffs. for s e v e r a l fluids which a r e 
used as r e f r i ge r an t s or a r e potent ial ly usable a r e 
presented for both plain and finned tubes of the low-
fin in tegra l type . A good c o m p r o m i s e is s t ruck 
between the typical s m a l l - s u r f a c e or shor t - tube 
boiling-film coeffs. which have been repor t ed in 
the l i t e r a tu re and the com. appl icat ions where the 
flexibility of the l ab . ins ta l la t ion is not avai lable 
and where co r r e l a t i on of data over a range of con
ditions is a t ta inable only with difficulty. The 
boiler used contained 4 hor izonta l act ive tubes in 
a ver t ical row. so that the influence of position 
and the behavior of the lower tubes might be a c 
curately m e a s u r e d . Boil ing-f i lm coeffs. were 
exper imental ly detd. for the plain tubes . For the 
finned tubes , an analyt ical ana lys i s was made of 
the ove r -a l l coeffs. by using a modified Di t tus-
Boel ter- type equation for the water film coeff. on 
the inside, the water being used as the heating 
medium. This modified equation had been found 
experimental ly to apply to the app. and was 
probably due to the p re sence of orif ice plates 
located shor t d i s t ances u p s t r e a m from the en
trance to the tube bundle . The fluids used were 
Freon 12, MeCl, p ropane , and butane over par t of 
the range of t e m p s , and p r e s s u r e s in which they 
are likely to be used indus t r i a l ly . 

M. A., Miropolsk i i , Z. L. 2445. Styrikovich, 
and Anakin, N. M. 

ON THE INTERRELATION BETWEEN THE HYDRO
DYNAMICS OF STEAM-WATER MIXTURES, THE 
TEMPERATURE DISTRIBUTION IN A METAL AND 
THE DEPOSITION OF EASILY SOLUBLE SALTS IN 
HORIZONTAL STEAM-GENERATING PIPES, 
A E R E - L i b / T r a n s . 4 9 9 . T rans l a t ed from: Izvest . 
Akad. Nauk S.S.S.R. Otdel, Tekh. Nauk. 432-40 
(1953). 

Several s e r i e s of e x p e r i m e n t s have been pe r fo rmed 
in a closed c i rcula t ing s y s t e m including heated v e r 
tical and hor izonta l por t ions of s t eam-gene ra t i ng 
pipes of va r ious d ianne te rs . It was found that dep
osition of NaCl and Na2S04 took place in the h o r i 
zontal pa r t s of boi ler pipes when the t e m p e r a t u r e s 
of the upper par t of the pipe wall were higher than 
those of the lower pa r t . The probabi l i ty of the o c 
cur rence of deposi t ion i n c r e a s e s with p r e s s u r e . 

INTERFACIAL SHEAR STRESSES 

^446- El l i s , S. R. M. and Gay, B. 

THE PARALLEL FLOW OF TWO FLUID STREAMS: 
INTERFACIAL SHEAR AND FLUID-FLUID INTER
ACTION, Trans - Instn- Chem- E n g r s , (London) 37, 
206 (1959). 

For flow of a i r pa s tH jOin a hor izonta l , r ec tangu la r 
channel , fr ict ion coeffs. at the wall (0.^) and at the 
surface (0s) a r e re la ted to a ir flow Reynolds No. 
(Reg) by: 0 ^ = 0.804 (Reg)-''-^^^ ^^^^ 0^ 
0.374 (Re„)- ' (ya/h)« , yp is the roughness c h a r 
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a c t e r i s t i c and h is the gas phase t h i cknes s . Loca 
tion along the channel is not a significant va r i ab l e . 

2447. Gazley, Car l , J r . 

INTERFACIAL SHEAR AND STABILITY IN TWO 
PHASE FLOW, PhD Thes i s . Univ. of Delaware (1948) 
213 p. 

The p resen t invest igat ion deals with the a i r - w a t e r 
interface exist ing in the s t ra t i f ied flow of the two 
phases through a hor izonta l two-inch pipe. E x p e r i 
nnental t e s t s were made with water flowing under 
s ta t ionary a i r . a i r flowing over s ta t ionary water , 
and the c o - c u r r e n t flow of both p h a s e s . M e a s u r e 
ments of the a i r p r e s s u r e drop, the liquid depth, the 
in terfacia l gradient , and the gas -phase velocity d i s 
t r ibut ion nnade possible a r a the r accura te es t imat ion 
of the frictional energy lost by each phase at the pipe 
wall and the energy lost by the gas and gained by the 
l iquids at the common in te r face . 

2448. Gazley. Car l , J r . 

CO-CURRENT GAS LIQUID FLOW. III. INTER
FACIAL SHEAR AND STABILITY, ASME, P r o c . of 
Heat Transfe r and Fluid Mechanics Inst . , June 22-24, 
1949, pp. 29-40. 

In o r d e r to evaluate the energy l o s s e s , energy t r a n s 
f e r s , and exchange phenomena at a fluid-fluid i n t e r 
face, the data previous ly r epor t ed for horizontal 
s t ra t i f ied flow a re used to evaluate in terfacia l shear 
and s tabi l i ty . In the case of a snnooth in te r face , the 
ene rgy lost by the gas at this surface is a lmos t iden
t ical with that which would be lost at a smooth solid 
wall, and is t ransnnit ted without l o s s to the liquid 
phase . In the case of in terfacia l waves , the in ter face 
exhibits the c h a r a c t e r i s t i c s of a rough solid surface 
and there is some energy d i ss ipa ted at the in te r face . 

Compar i son of the p resen t data with those obtained 
in absorpt ion columns and at a i r - s e a in te r faces indi 
ca tes that at the point of in ter fac ia l ins tabi l i ty the 
energy lo s ses and t r ans f e r r a t e s at the in ter face in 
c r e a s e sharply . The data for c o - c u r r e n t a i r - w a t e r 
flow in horizontal and ve r t i ca l tubes and for coun te r -
c u r r e n t flow in packed columns indicate that the for
mation of in terfacia l waves is e ssen t ia l ly dependent 
only upon the liquid depth and the re la t ive veloci ty of 
the two fluid s t reanns . The effect of liquid depth is 
slight, and a re la t ive veloci ty in the range of 10 to 
15 f t / sec is r equ i red for the format ion of waves . 



TWO-PHASE FLOW 

2449. Lilleleht, L. U. and Hanrat ty . T. J. 

MEASUREMENT OF INTERFACIAL STRUCTURE 

FOR CO-CURRENT AIR-WATER FLOW, Jour , of 

Fluid Mech. JJ.. 65-81 (1961). 

Method for measuring interfacial s t ruc ture using 
absorption of light is descr ibed; m e a s u r e m e n t s of 
rms displacement and frequency spec t rum a re p r e 
sented; use of Gaussian model to descr ibe interface 
is explored. 

2450. Lilleleht, L. U. and Hanratty, T. J . 

RELATION OF INTERFACIAL SHEAR STRESS TO 
THE WAVE HEIGHT FOR CONCURRENT AIR-
WATER FLOW. AIChE Jour . ]_. 548-550 (1961). 

Waves at an interface between a concur ren t a i r -
water flow cause an inc rease in the interfacial 
s t r e s s . This increase in s t r e s s is co r re l a t ed with 
the root -mean-square displacement of the liquid 
from its average height. The data a r e compared 
with Nikuradse 's measuremen t s with sand roughness . 

JETS (SEE NOZZLES) 

LOCAL DENSITY (SEE DENSITY STUDIES) 

LIQUID METALS 

2451. Avery, G-

EFFECT OF SURFACE ROUGHNESS ON THE BOIL
ING OF MERCURY, M.S. Thesis in Chem- Eng. . 
Columbia Univ. (i960). 

2452. Balzhiser , R. E.. et al. 

LITERATURE SURVEY ON LIQUID METAL BOIL
ING, Final Report -Phase I ( l96 l ) , ASD-TR-61-594, 
167 p. 

A survey was made of information pertaining to the 
current status of l iquid-metal-boil ing technology. 
Material pertaining to boiling and two-phase-flow 
phenomena are also included, and existing c o r r e l a 
tions for predicting heat t ransfer coefficients in the 
nucleate- and film-boiling reg imes a r e sunnmarized. 
Correlat ions which predict the c r i t i ca l heat flux (or 
burnout flux) are presented and compared with ex
perimental data available. The use of liquid me ta l s 
as fluids in space-or iented Rankin cycles is consid
ered, and interfacial considerat ions of possible i m 
portance are cited and discussed. Pa r t i cu la r a t ten
tion is called to the solid-liquid interfacial energy 
and its importance in limiting heat t r ans fe r a c r o s s 
the interface. A summary of physical p roper t i e s for 
various liquid metals and water is presented along 
with 1191 references to books, r epo r t s , journa ls , 
and theses published from approximately 1930 to 
1961. 

,2453. Balzhiser, R. E., et a l . 

INVESTIGATION OF LIQUID METAL BOILING 
HEAT TRANSFER, Quarter ly P r o g r e s s Report No 1 
AD-270678 (Jan. 1962). 

An analytical and experimental study relat ing to the 
boilmg of liquid metals was initiated. The p r o g r a m 
will include pool boiling studies of K, Na, and Rb at 

t e m p e r a t u r e s up to 2200°F. Hg will be pool boiled at 
t e m p e r a t u r e s near i t s no rmal boiling point a s a p r e 
l imina ry step in studying the effect of r ad ia l a c c e l e r 
at ions up to 20 t imes no rma l gravi ty on the boiling 
p r o c e s s . A forced c i rcu la t ion loop is being designed 
to de te rmine the effect of veloci ty and quality on the 
heat t r ans fe r p r o c e s s . Two-phase flow s tudies will 
a lso be made with this equipment . 

2454. Ba lzh i se r , R. E-. et al-

INVESTIGATION OF LIQUID METAL BOILING HEAT 
TRANSFER. AD 275147 (Apr. 1962). 

P r o g r e s s is r epor t ed in modification and finalization 
of equipment design. Equipment specif icat ions a re 
near complet ion for each phase of the exper imenta l 
p r o g r a m . K will be boiled in a forced c i rcula t ion 
loop where quality and flow r a t e effects on the heat 
t r ans fe r coefficient will be s tudied. P r e s s u r e drop 
and void fraction measurennents will be made in a 
second tes t sect ion to l ea rn more about two phase 
flow behavior with meta l l ic fluids. A pool boi ler 
will be used to study p r e s s u r e effects and to increase 
the t e m p e r a t u r e and flux levels beyond the 1800°F 
and 10^ Btu/hr-f t^ ant ic ipated in the loop. F i lm 
boiling of K will be studied using condensing Na or 
Li a s a heat sou rce . A Nb ves se l will be used thus 
making it possible to i n c r e a s e the range of surface 
t e m p e r a t u r e s . Initial ag rav ic experinnents will 
util ize m e r c u r y pool boiling f rom a s t a in l e s s s u r 
face with normal acce l e ra t ions up to 20 g ' s . F a b r i 
cation of equipment i s expected to begin during the 
next q u a r t e r . (NSA-62-33119) 

2455. Bonilla. C. P . , et a l . 

BOILING AND CONDENSING OF LIQUID METALS. 
NYO-3147 (1951), 8 p. 

An appara tus has been cons t ruc ted for study of the 
boiling of m e r c u r y from a hor izonta l plate up to 
300.000 B t u / f t ^ h r . Another appa ra tus is par t ia l ly 
cons t ruc ted for study of the condensation of me rcu ry 
vapor on a ve r t i ca l tube at high heat fluxes. A third 
appara tus is par t ia l ly cons t ruc ted for the comparison 
of e l ec t r i ca l and t h e r m a l contact r e s i s t a n c e s . P r e 
l iminary values for t h e r m o e l e c t r i c potential of the 
thermocouple m e r c u r y - i r o n have been obtained. 

2456. Bonilla, C. F- , et a l . 

BOILING AND CONDENSING OF LIQUID MET.ALS, 
P r o g r e s s Report , NYO-3148 (1952), 12 p. 

P r e l i m i n a r y data have been obtained on the boiling at 
a tmospher i c p r e s s u r e of a shallow layer of Hg on a 
horizontal i ron-p la ted surface- The boiling film co
efficient of heat t r ans f e r , h. ranged from 1600 to 
8400 Btu /hr x ft^ x °F . No film boiling was observed 
although a heat flow ra te of 260,000 Btu /hr x ft^ was 
r eached . Hg vapor at a tmosphe r i c p r e s s u r e was con
densed on a shor t wa te r -coo led ver t i ca l i ron tube. 
Dropwise condensat ion was obtained, but seemed to 
irnpair the heat t r ans fe r , if anything, on account of 
the adherence of the drople ts to the sur face . D r o p 
le t s ranged from 1 m m in d i ame te r down to dust, and 
at i n t e rva l s a slide would occur of all of the droplets 
on a given a r e a . The condensing film heat t ransfer 
coefficients were ve ry low, ranging from 220 to 
530 B tu /h r x ft^ x '^F. They were apparent ly a d 
v e r s e l y affected by a m e r c u r y oxide film that built 
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up on the su r f ace , a n d / o r by t r a c e s of noncondensable 
gas. More re l iab le data on the t h e r m o e l e c t r i c force 
of the thernnocouple Fe -Hg have been obtained, which 
are approximate ly 10% higher than the previous r e 
sul ts . The nnillivolts of a couple with i ts cold junc 
tion at 0°C and hot junction at t"C is given, up to 
about 400°C. by E = 0.01939 t-8.834 x 10"^t^-9.675 x 
1 0 - V . 

2457. Bonilla, C F . 

POOL-BOILING HEAT TRANSFER WITH MERCURY, 
LIQUID METALS TECH. PT 1, C E P SYMPOSIUM 
SERIES. 1957 (ALSO REACTOR HEAT TRANSFER 
CONFERENCE OF 1956 (PT l)(P.3Z4){Also NYO-
7638). TID-7529-

Hg was boiled on a hor izonta l low carbon s teel plate 
at absolute p r e s s u r e s f rom 4 mnn to 45 lb / in- , liquid 
depths of 2 to 10 cm, heat ve loc i t i es of 4,000 to 
200,000 Btu/hr-f t^ , and with and without wet t ing-
agent addit ions. The na tu re of the boiling and the 
neces sa ry t e m p e r a t u r e different ial were obse rved . 
13 r e f e r e n c e s . 

2458. Brooks, R. D. 

ALKALI METALS BOILING AND CONDENSING 
INVESTIGATIONS, P r e s e n t e d at 2nd Annual Meeting 
Liquid Metal Heat T rans fe r Technology (May 17, 
1962). 

The invest igat ion of a lkal i meta l boiling and condens
ing, sponsored by NASA at Genera l E l e c t r i c , i s now 
nearing the complet ion of the f i rs t per iod of work. 
P re l imina ry r e su l t s have been obtained in this p r o 
gram for forced convection for boiling and condens
ing in single tubes with po ta s s ium. Pool boiling data 
has been obtained in r e s e a r c h sponsored at Columbia 
University as par t of this p r o g r a m . Three forced 
convection exper imen t s have been put into opera t ion 
with heat t r ans fe r capab i l i t i e s f rom 50 - 300 kw at 
the tes t sec t ions . 

To date, a 1600°F s t a in l e s s s tee l systenn has been 
operated to provide condensing data and i n s t r u m e n t a 
tion development. Over 2000 hours of opera t ion have 
been accumulated for heat t r an s f e r p u r p o s e s . A 
300 kw tes t , cons t ruc ted of L-605 , has been opera ted 
at t e m p e r a t u r e s up to I850°F and has accumula ted , 
to date, over 700 hours of opera t ion for heat t r a n s 
fer data pu rposes . Boiling and condensing data have 
been obtained in this t es t as well as liquid phase heat 
t ransfer coefficients for sodium in an annulus . The 
100 kw tes t , cons t ruc ted of C d - l Z r , has recen t ly 
been put into opera t ion and will be opera ted at t e m 
pera tures up to 2200°F. The purpose of this paper i s 
to report on the c h a r a c t e r i s t i c s of the expe r imen ta l 
systems and to review the data being obtained. 

2459. Camack, W. G- and F o r s t e r , H. K. 
TEST OF A HEAT TRANSFER CORRELATION FOR 
BOILING LIQUID METALS. Jet Propuls ion £7 . 1104 
(Oct. 1957). 

2460. Cappel . H. H. 

RADIAL TEMPERATURE PROFILE OF SODIUM 
POOL BOILING HEATER ASSEMBLY, NAA-SR-
MEMO-4914. F e b r u a r y I960. 

The rad ia l t e m p e r a t u r e around a sodium reac to r 
hea te r a s sembly submerged in water is calcula ted 
using a model of the hea te r c r o s s section found by 
conformal mapping. Thermocouple read ings were 
a lso analyzed. When the heat flux is 5 x 10^ B t u / h r -
ft^, a rad ia l t e m p e r a t u r e drop of about 680°C a c r o s s 
the center of the thermocouple well i s calcula ted and 
found to be within 6% of the exper imenta l value. Since 
mos t of this drop is a c r o s s the 0.001-in. hel ium gap 
between the heater and i ts s leeve , it is concluded that 
the thermocouple will have to be bonded to the sleeve 
for dependable reading of t rue sleeve t e m p e r a t u r e . 
Drawings of the hea te r a s s e m b l y and thermocouple 
a r e given. 

2461. Cernak, E . A. 

BOILING HEAT TRANSFER OF LIQUID METALS-
A LITERATURE SEARCH. CNLM-1802-16 (i960), 3 p . 

It i s a par t ia l ly annotated bibl iography containing 
r e f e r ences on boiling heat t r ans fe r of liquid m e t a l s . 
Emphas i s i s placed on boiling of sodium, liquid 
po tass ium, and liquid rubidium. The per iod covered 
is 1950 to October 3. I960. References a r e a r r a n g e d 
alphabet ical ly by t i t l e . Sources used in compiling 
this bibl iography a r e : Abs t rac t s of Classif ied Re
por t s and Nuclear Science Abs t rac t s - A total of 
16 r e f e r ences a r e collected-

2462. Che lemer . H. 

E F F E C T OF GAS ENTRAINMENT ON THE HEAT 
TRANSFER CHARACTERISTICS OF MERCURY 
UNDER TURBULENT FLOW CONDITIONS, ORO-139 
(1955), 169 p. 

Exper imenta l heat t r ans fe r data were obtained under 
wetting and non-wett ing conditions for dilute sodium 
ama lgam and pure m e r c u r y in turbulent flow inside 
steel tubes . Investigations were conducted with 
e i ther of two horizontal tes t sect ions having inside 
d i a m e t e r s of -|- inch and -^ inch. Heat was supplied 
by passing c u r r e n t s through the wall of the tube r e 
sulting in near ly uniform heat f luxes. The fluid was 
de l ivered to the tes t sect ions by gravi ty flow from a 
head tank or by d i rec t pumping. Visual s tudies of the 
flowing m e r c u r y were c a r r i e d out using a g lass tube 
in place of a t es t sect ion. Gas en t ra inment . indicated 
by vis ible bubbles in the m e r c u r y , led to low heat 
t r ans fe r r a t e s which were i nc reased by inc reas ing 
the stat ic p r e s s u r e . Suitable changes in the flow s y s 
t e m resu l ted in a reduction of this en t ra inment effect 
and an i nc r ea se in heat t r ans fe r pe r fo rmance . Ope r 
ating under wetting conditions and at i n c r e a s e d s ta t ic 
p r e s s u r e s had no effect on heat t r ans fe r r a t e s ob 
tained with reduced en t ra inment . This behavior was 
explained by a considera t ion of the adve r se effect of 
en t ra ined gas bubbles on the t h e r m a l conductivity of 
the l iquid. Methanol heat t r ans fe r t e s t s were con
ducted in the sy s t em, the expe r imen ta l r e su l t s being 
in excel lent ag reemen t with predic ted r e s u l t s . The 
expe r imen t s substant ia ted the a c c u r a c y of the ope ra t 
ing and calculat ion p rocedu re s used and supported the 
validi ty of the m e r c u r y heat t r ans fe r r e s u l t s . 
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2463- Drew. T. B. and Hoopes. J . W., J r . 
ADVANCES IN CHEMICAL ENGINEERING, 
Academic P r e s s . N. Y., V. 1, p . 52 (1956). 
In paper on "Boiling of Liquids" Section C, Liquid 
Metals: Liquid metals have some des i rab le c h a r 
ac ter i s t ics as heat t ransfer media . They have ve ry 
low viscosi t ies and high the rmal conduct ivi t ies . 
Thus circulation can be obtained with low power 
requi rements , and tempera ture gradients through 
the liquid a re ra ther flat. The high boiling points 
mean that liquid metals a r e usable at a tmospher i c 
p ressure at high t e m p e r a t u r e s . Other l iquids r e 
quire p ressure application if they are to be used at 
high t empera tu res . Data ( L 3 ) for four liquid me ta l s 
are shown in Figures 26 and 27. The data of F a r m e r 
( F 2 ) for me rcu ry at vacuum a re descr ibed as "p re 
l iminary" and nnay be subject to revis ion . 
For the region of low AT (say below 2 5 ° F ) the liquid 
metals give high values of h- For example at a AT 
of 10°F water gave h = 500 Btu/(hr)(ft^)- ( F ) , m e r 
cury plus a wetting agent gave a 3000, and NaK gave 
an extrapolated h of about 20,000, all t es ted in the 
same equipment (L3). 

Thus liquid metals in nucleate boiling a r e excel lent 
heat t ransfer agents, being super ior even to water-
Water in turn is definitely super ior to the other 
common nonmetallic liquids-

2464. F i rman, E. C , Hawes. R L and 
Sturge. D, W, G-

EXPERIENCE OBTAINED ON A LIQUID SODIUM 
HEAT TRANSFER RIG 1954/l956. AERE-RIR-2190 
(August 1957), 31 P-. ( L M F T / P - 1 9 ) -

Heat t ransfer data for Na flowing at modera te ly low 
Reynolds nunnber in a double annulus heat exchanger 
are reported. Addition of an iner t gas to the flowing 
liquid produced a pronounced lowering of the heat 
t ransfer coefficient. After 1400 hours of operat ion, 
deposits, mainly of Na20, were found throughout the 
apparatus. General operating exper ience is de 
scribed. An investigation was nnade of the m e t a l 
lurgical changes occurr ing in dynamic Na in a 
stainless steel system and the r e su l t s a r e connpared 
to static controls . 

2465. Gambill, W. R- and Hoffman, H, W, 

BOILING LIQUID-METAL HEAT TRANSFER. Paper 
No. 1737-61. Presented at "Space Nuclear Conf-, 
May 3-5. 1961. Gatlinburg, Tennessee , N. Y. Am, 
Rocket Society" (May 3-5. 1961), 24 pp. 

Nuclear reac tors utilizing a boiling liquid metal as 
the heat c a r r i e r provide a method for satisfying the 
auxiliary-power requirennents of a space vehicle at 
a minimum expenditure in weight. Fundamental 
heat- t ransfer data (in par t icular burnout l imitat ions) 
needed for effective design are not avai lable , and 
recourse must be made to es t imat ions based on data 
for other fluids. Such predict ions a r e evaluated as 
they apply to potassium and rubidium. It is concluded 
in view of the wide dispari ty in the calculated peak-
heat-flux values, that no reliable cor re la t ion ex i s t s . 
-An additive technique that presupposes the independ
ence of the boiling and convective hea t - t r ans fe r 
mechanisms suggests that burnout flux levels with 

the liquid me ta l s could be equivalent to those for 
wa te r . Expe r imen t s on the sub cooled boiling of 
water in swir l flow show that the peak heat flux is 
marked ly i nc reased over that a t ta ined with axial 
flow at the same pumping power . A s i m i l a r advan
tage is indicated for po tass ium and rubid ium. In a 
bulk-boil ing sys tem swir l flow should be par t icu lar ly 
effective in maintaining a des i r ab l e wet ted-wal l con
dition- An expe r imen ta l p r o g r a m for secur ing in
format ion on burnout fluxes with liquid me ta l s is 
de sc r ibed . 

2466. Greenwood, H- C-

THE INFLUENCE OF PRESSURE ON THE BOILING 
POINTS OF METALS, P r o c . Roy. Soc. A83. 483-91 
(1909-10). 

B. P . of Bi, Pb, Zn, . , at s eve ra l p r e s s u r e s . 

2467. Greenwood, H. C. 

THE BOILING POINTS OF METALS. Chem- News 
104. p. 31-33 . 42-45 (1912). 

The app. was a r r anged so that the surface of the 
metal could be observed , and the t emp , as detd- by a 
Wanner optical p y r o m e t e r , was r e c o r d e d when vapor
ization became sufficiently vigorous to cause a pro
jection of drops of meta l from the su r face . Under 
atnn. p r e s s u r e the b. ps . of nnetals which do not com
bine apprec iably with C were Cu, 2310°; Sn. 2275°; 
Ag. 1955°; Pb . 1525°; Bi. 1440°; Sb. 1420°; and Mg. 
1120°. In case of Mg the t emp , was detd- by a p ro 
tected thermocouple i m m e r s e d in the nnetal, Metals 
which readi ly connbine with C were boiled in long C 
c ruc ib les lined with fused magnes ia- The b ,ps . of 
these me ta l s w e r e : Fe , 2450°; Cr , 2200°; Mn, 1900° 
and Al. 1800°. By placing the furnace in a suitable 
vacuum the b .p s . at 10 cm of Hg w e r e : Cu. 2000°; 
Ag. 1660°; Pb, 1430°; Bi, 1200°. Under 26-7 cm of 
H g t h e b , p s . w e r e : Cu, 2200°; Sn, 2100°; Ag, 1790°; 
Pb, 1430°; Bi, 1310°, Detns, at p r e s s u r e s above 
a tmospher ic were made . At 7 a tm . the b.p, of Pb 
is approx. 1880°; Bi. 1730°; Zn. 1120°. At 12 a tm. 
the b.p. of Pb is 2100°; Bi, 1950°; Zn. 1210°. At 
17 a tm, Bi b. 2080°, and at a p r e s s u r e of over 50 atm, 
Zn b. 1500°. By plotting the foregoing values to 
gether with those at a tm . p r e s s u r e , curves a r e 
t r aced showing the va r i a t ions of b.p- under dimin
ished and inc reased p r e s s u r e s . For the derivation 
of the latent heat of vapor iza t ion from the above ex
per imenta l r e s u l t s , G. r e f e r s to his previous paper 
(CA- , 5. 2453). 

2468. Jansen , G. 

BOILING OF LIQUID METAL AMALGAMS- (Motion 
P i c tu r e ) . HW-61759. September 1959-

2469. Jansen , G. 

BEHAVIOR OF A BOILING METAL THERMOSIPHON 
LOOP. HW-63052 (December . 1959). 34 p. 

The boiling c h a r a c t e r i s t i c s of the sy s t em lead-
bismuth e u t e c t i c - m e r c u r y were studied in a one-inch 
ID quar tz tube containing a two-foot colunnn of metal-
Uniform in te rna l heat genera t ion was s imulated by 
induction heating. T e m p e r a t u r e s of opera t ion ranged 
from 360 to 550°C as the percentage nnercury was 



var ied f rom 100 to 5%. Operat ion with a s imple boi l 
ing tube r e su l t ed in violent surging and slugging of 
the vapor bubbles . Operat ion with liquid r e c i r c u l a 
tion by the rmos iphon action r e su l t ed in stable o p e r a 
tion with s teady boiling in only the top portion of the 
column- This type of opera t ion was promoted by the 
high liquid densi ty , which provided both a high d r i v 
ing force for liquid r ec i r cu l a t i on and a high s ta t ic 
head boiling point r i s e with liquid depth. A max imum 
power input to m e r c u r y vapor iza t ion of 0.3 kw per 
foot of heated tube length was r eached . Although this 
power input is an o r d e r of magnitude below the level 
des i red in a r e a c t o r , ca lcula t ions show that lowering 
of the r e s i s t ance to flow in the thermos iphon loop 
nnay pe rmi t opera t ion at the de s i r ed power level . 
P re l iminary r e su l t s showed that the freezing points 
for the sys tem were above room t e m p e r a t u r e with 
attendant freezing p rob l ems-

2470, Johnson, J. 

THE VAPOR PRESSURE AND VOLATILITY OF 
SEVERAL HIGH-BOILING METALS - A REVIEW. 
Ind. Eng. Chem- 9_. 873 (1917). 

Values given for meta l l i c e l emen t s at var ious 
p r e s s u r e s . 

2471, Kaufmann. A. R- and Schuhmann. R. 

REACTOR COOLED BY BOILING METAL, 
TID 2504 (Del.)(p-245-6) (1953), 

The possibi l i ty of cooling a liquid meta l fuel alloy by 
boiling one meta l out i s d i scussed-

2472. Kutateladze, S. S., Bor i shansk i i . V. M. and 
Novikov, I, I. 

HEAT TRANSFER TO LIQUID METALS, Atomnaya 
energ. 4_, 422-36 (1958). 

A review is p re sen ted of bas ic r e s e a r c h on heat ex
change between solid su r f aces and flowing liquid 
metals- Resul ts a r e given f rom expe r imen t s with 
long or shor t tubes having flat a p e r t u r e s ; on the 
longitudinal flow of mol ten meta l over rod bundles or 
plates; on the t r a n s v e r s e flow over cy l inde r s ; and 
on free convection and vapor condensat ion of liquid 
meta l s . Also, p rob lems connected with liquid meta l 
boiling and the effects of quenching on hydraul ic 
res i s tance and heat exchange a r e d i s c u s s e d . F o r 
mulas for ca lcula t ions of heat exchange are included, 
(NSA-12-13095) 

2473. Lei tgebel , W. 

THE BOILING OF CERTAIN METALS AND ALLOYS 
AT ATMOSPHERIC PRESSURE: Z, Anorg . a l lgem. 
Chem. 202 ,̂ p. 305-24 (1931). 

The app. used was a pair of C c r u c i b l e s , one inver ted 
as a cover while the lower one se rved as a container 
for the nnetal. The whole was sur rounded by a high-
frequency coil . Openings were provided in the upper 
crucible for the P t / P t - R h t h e r m o e l e m e n t , vents and a 
tube for gas admis s ion . P r o c e d u r e is outlined for 
the s tandardizat ion of the thermoelennent . At 760 m m 
the flowing b .p s . w e r e observed : Cd 767 ± 2°; 
Zn, 907 ± 2°; Mg, 1097 ± 3°; Tl, 1457 ± 10°; 
Bi, 1560 ± 5°; Sb. 1635 ± 8°; Pb . 1740 + 10°. A dia
gram of log p vs I / T cons t ruc ted f rom the s eve ra l 
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b.ps , of the l i t e r a t u r e gives a s e r i e s of s t ra ight 
l ines which when ext rapola ted to I / T = 0 give a 
mean l imit ing value of 4.6 a tm. in accord with the 
C laus ius -Clapeyron equation with the assumpt ion of 
Trouton ' s const , as 21, The exptl , r e su l t s range 
from 4.12 to 5.12; the var ia t ion is explained by v a r 
iation of Trouton ' s const , with t emp. B.p. cu rves 
a r e given for the following a l loys : Al-Mg, Al -Zn . 
B i -Fb , Bi-Sb, Cd-Pb , Cd-Mg, Cd-Zn. Cu-Zn. Mg-Sb. 
Mg-Zn. Pb-Sb. P b - T l , Pb-Zn , Sb-Zn. A max . is 
found in Bi-Sb and in Pb-Sb. The b . p. r i se in the 
systenns studied s e e m s to be g r e a t e r the s m a l l e r 
the a t . wt. of the meta l added. A t e r n a r y d i ag ram 
is given for the sys tem C d - P b - Z n . The r i se in b .p . 
of Cd on addn. of Pb. and Zn is ve ry sl ight; the 
curve follows that for the Pb -Zn sys tem until about 
70% Pb has been added, when a sha rp r i se o c c u r s . 

2474. Lin. Chi -Fang , et a l . 

BOILING HEAT TRANSFER COEFFICIENTS OF 
LIQUID METALS. Hua Kung Hsueh Pao No. 2, 
102-12 (1958). 

A s ingle- tube evapora tor was designed for inves t iga t 
ing h e a t - t r a n s f e r coeffs, of liquid me ta l s in e i ther a 
horizontal or a ver t i ca l posit ion. The heating e l e 
ment , the evaporat ing ves se l , and the condenser were 
made of s t a in less s tee l . The liquid me ta l s employed 
were Hg and ama lgams contg. var ious a m t s . of Mg 
and Na. The boiling h e a t - t r a n s f e r coeffs. were detd. 
under p r e s s u r e s of l - l l a tm . (abs.) , heat flux (q) of 
5000-47.000 k c a l / s q m / h r / ° C . and boiling t emps , of 
356-524°, For Hg the following relat ion was obtained: 
1 atm- (abs-), a = 4850q-° -" ; 4-11 a t m . : a = Aq"*^, 
where A is a const . S imilar r e su l t s were obtained 
for a m a l g a m s , Exp t s . were c a r r i e d out under N a tm . 

2475. Lin, C , et al , 

BOILING HEAT TRANSFER OF LIQUID METALS. 
JPRS-3512 (1959), 4 p. 

Exper iments were conducted on boiling m e r c u r y and 
magnes ium under var ious p r e s s u r e s . Pure m e r c u r y 
under s tandard p r e s s u r e gives the film type of boi l 
ing. The exper imenta l value is g r e a t e r than 
B r o m l e y ' s theore t ica l hea t - t r ans f e r value of the film 
type. Pure m e r c u r y boiling under p r e s s u r e gives 
nuclear -boi l ing c h a r a c t e r i s t i c s , but the effect of 
p r e s s u r e on t h e r m a l coefficient is opposite to that 
of o rd ina ry l iquids . The addition of a smaill quantity 
of magnes ium improves the permeabi l i ty and also the 
heat t r an s f e r efficiency. The change of p r e s s u r e 
does not affect g rea t ly the heat t r ans fe r of the 
Mg-Hg sys t em. 

2476. Lin ' T s z i - F a n . Yan Yu- t s i . Kun Fan 'go 

THE HEAT EMISSION COEFFICIENTS AT THE 
BOILING OF LIQUID METALS. Chem. Ind, and 
Engng-. No. 2, pp. 147-152 (Chinese, English 
summary) ( l959) . 

The heat emis s ion was invest igated at the boiling of 
m e r c u r y and m a g n e s i u m - and sodium a m a l g a m s in 
s epa ra t e ve r t i ca l and hor izonta l pipes of s t a in l e s s 
s teel in a n i t rogen a t m o s p h e r e . The expe r imen t s 
were conducted at p = 1-11 a tm abs . p r e s s u r e , boi l 
ing point 356-524°C. Pr 0.0098 - 0.0077 and t h e r m a l 
loads q 5,000 - 47,000 kca l /m^ h r . The equations for 
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rating the heat emiss ion coefficient a in kca l /m^ hr°C 2480. Loshkin, A. N. and Iz rae l i t , I. G-

were obtained: a = 4,850 q" ' for p = I a tm abs ; 

2477. L in 'Tsz i -Fan , Yan Yu- ts i . Sin Guy-Chen' , 
Van Tszya-syan, Kun'Fan'go 

THE HEAT EMISSION AT THE BOILING OF LIQUID 
METALS. Tr- Dal'ninskogo politekhn- in - t a . No- 8. 
pp. 67-77 (1959). 

Results a re presented from exper iments on the in
vestigation of heat emiss ion at the boiling of m e r c u r y 
and mercur ic amalgams in horizontal and ver t i ca l 
pipes- The thermal load and the p r e s s u r e var ied 
within the following l imi t s : q - (5-47) lO-'kcal/m^hr. 
P = l - l l atm abs . The resu l t s of exper iments with 
mercury are represented by the equation: a = Aq • 
where a is the heat emiss ion coefficient, A is a con
stant; the numerical values of A a r e presen ted for 
the pressure range studied, A considerable i nc r ea se 
in heat emission was stated after addition of Mg to 
Hg. The experimental data for m e r c u r y amalgams 
are represented by the equation: a = Aq'^. where 
A = 13,7, n = 0-425 at P = 1 a tm abs- and A = 0,564, 
n ^ 0,750 at P = 3-11 a tm abs . for the case of addi
tion of 0,02% Mg. For 0.05% Mg A = 2.43 and 
n = 0,634 at P = I atm abs, 

2478. Ling Chi-fang. Yang Yu-ch ' i , Kun Fan ' -go , 
Sin Guy-chen'. Van Tszya-syan 

HEAT EMISSION OF LIQUID METALS DURING 
BOILING. Scientia. pp. 832-833 (1959), 

Experiments were made to investigate heat emiss ion 
during boiling of pure Hg and Hg containing Mg at 
different p r e s s u r e s . The exper iments were c a r r i e d 
out under the following conditions: heat load q -
5.000 -47.000 kcal/m^ hour; p r e s s u r e p = l - l l a b s . 
atm; boiling point t^ = 355.9 - 524°C; Pr number = 
0.0098 - 0.0077. The exper iments yielded the fol
lowing resu l t s : l) pure Hg at conventional p r e s 
sure shows an envelope shape of boiling. The value 
of the heat ennission coefficient a obtained by ex
perimental means, is much higher than the value ob
tained by the theoret ical formula of heat emiss ion , 
in part icular by the Bromley formula, which is not 
applicable to calculations at low values of the Pr 
number. 2) At a higher p r e s s u r e . Hg boiling shows 
a globular shape; however, the effect of p r e s s u r e 
on the coefficient of heat emiss ion is opposite to 
that in conventional me l t s ; a dec r ea se s at a p r e s 
sure increased within the 4-11 atm range . 3) Addi
tion of a small amount of Mg to Hg i n c r e a s e s the 
effect of the heat emiss ion; as a resul t a i n c r e a s e s . 
It increases also at a higher amount of Mg added. 
At a Mg content of 0.05% the nature of Hg boiling 
approaches that of mel ts with conventional 
proper t ies . 

2479_. Loshkin, A, N. and Kro l ' . P . I, 

CHARACTERISTICS OF MERCURY BOILING IN 
THE TUBES OF A MERCURY VAPOR GENERATOR, 
Translated from Zhur, Tekh. Fiz . 8, 1872-81 
NDA-28 (1938), 26 p, ~~ 

INCREASING HEAT EXCHANGE BETWEEN A WALL 
AND BOILING MERCURY. ZhTF Journa l of Tech
nical Phys ic s , £, No. 24 (1939). 

2481- Lyon, R, E. 

EXPERIMENTAL BOILING RATES FOR LIQUID 
METALS. Ph.D. Thes i s . U. of Mich., 95 pp (1953). 

2482. Lyon, R. E, , Fous t . A. S. and Katz, D, L. 

BOILING HEAT TRANSFER WITH LIQUID METALS, 
Chem, Eng. Prog- . Sym- S e r i e s , No, 17, 5_1. 41-47 
(1955). 

Boiling heat t r ans fe r coefficients were m e a s u r e d for 
m e r c u r y , m e r c u r y plus 0,1% sodium, and nnercury 
0.02% magnes ium and t r ace of t i tanium, sodium, 
sod ium-po tas s ium alloy, and cadmium at t e m p e r a 
tu re s f rom 670 to 1,600°F and a tmosphe r i c p r e s s u r e . 
The t e m p e r a t u r e differences were m e a s u r e d by 
thermocouples in the tube wall and in the bulk of the 
boiling liquid. The highest coefficients were for 
sodium and sod ium-po ta s s ium al loys - up to 
15,000 Btu/{hr)(°F)(sq ft). The combination of low 
coefficients with pure m e r c u r y and high coefficients 
with addition agents a r e i n t e rp r e t ed a s film and 
nucleate boiling, respec t ive ly . It follows that film 
boiling may be more the resu l t of nonwetting cha r 
a c t e r i s t i c s of the surface than of heat flux or quantity 
of vapor evolved. 

2483. Madsen. N. and Bonilla, C. F . 

HEAT TRANSFER TO SODIUM-POTASSIUM ALLOY 
IN POOL BOILING, Chem. Eng. P r o g . Sym. Ser. 5^, 
No. 30, 251-9 (I960), 

F i lm coefficients a r e p re sen ted for sodium-
po tass ium-a l loy (44 wt.% K) boiling on a horizontal 
su r face . 

The heat t r ans fe r at the boiling surface was calcu
lated by subtract ing the heat loss to the surroundings 
from the e l ec t r i c a l input to the hea t e r . T e m p e r a 
tu re s in the boiling liquid and the vapor space above 
it were a lso de te rmined . The best t empe ra tu r e dif
ferent ia l for computing the heat t r ans fe r coefficients 
was found to be the difference between the boiling 
surface t e m p e r a t u r e and the equi l ib r ium boiling point 
of the sod ium-po ta s s ium at the p r e s s u r e of the vapor 
space . A cor re la t ing equation was der ived s t a t i s t i 
cally for heat velocity as a function of p r e s s u r e and 
t e m p e r a t u r e different ial . 

2484. Mauste l le r , J, W. 

LIQUID METAL BOILING SYSTEMS, Paper given at 
NASA-AEC Liquid-Meta ls Corros ion Meeting. NASA-
TN-D-769(p. 83-6). Dec. 7-8. I960. Washington, D. C. 

Po ta s s ium was manufactured by react ing KCl with 
sodium in a s t a in less steel colunnn packed with 
Raschig r ings . Columns were not r ep laced because 
of co r ro s ion but because of t h e r m a l fat igue. Sodium 
was evaporated under reduced p r e s s u r e s using a NaK 
heating loop. Operation totaled 650 hour with sodium 
vapor veloci t ies up to 3000 f t / sec through the nozzle. 
No co r ros ion or e ros ion was visual ly evident in the 
nozz le . Oxygen effects were cons idered in an 



osci l lat ing-f low, i s o t h e r m a l sodiunn sy s t em at 925°F, 
holding oxygen to 0.003. 0.005, and 0,010 wt %, Ni-
triding was inves t iga ted in a number of sodiunn s y s 
tems at t e m p e r a t u r e s to I300°F. Sta inless s t ee l s 
were used to hold liquid l i th ium and l i t h ium-sa l t 
nnixtures at 2000°F for days and sod ium-sa l t m i x 
tures for months at 1600 to 1800°F with no d r a s t i c 
fa i lures . 

2485. Mehr inger , F . J . 

DESIGN, FABRICATION. AND PERFORMANCE OF 
THE DUPLEX HEAT TRANSFER TUBE. KAPL 1797 
(1956), 60 p . 

The heat t r an s f e r c h a r a c t e r i s t i c s and s t r e s s leve ls 
in duplex tubes for heat exchangers a r e i n t e r d e 
pendent. This s u m m a r y a s s e m b l e s into a single 
report the va r ious s tudies of the heat t r an s f e r c h a r 
ac te r i s t i c s and s t r e s s ana lyses that have been made . 
The heat t r ans fe r c h a r a c t e r i s t i c s d i s cus sed a r e 
those for boiling wate r , l iquid me ta l , and meta l to 
nnetal contact . Analyses have a lso been made of 
the fabricating and opera t ing s t r e s s e s . As a r e 
sult, reconnmendations have been made regard ing 
mate r ia l p r o p e r t i e s , t o l e r a n c e s , and surface con
ditions of the tubular components , fabr icat ing p r o 
cedures , and operat ing p recau t ions . Where a r e a s 
of uncertainty st i l l exis t , t e s t s have been r e c o m 
mended. This infornnation is significant to the 
Submarine In te rmedia te Reactor Tes t Steam 
Generator P r o g r a m , s ince this s t eam genera to r 
is to have duplex heat exchanger tubes . 
24 r e f e rences . 

2486, Nicholson, R- B. 

SODIUM BOILING CALCULATIONS, AECU-3698 
(1957). 7 p. 

The equations a r e der ived for making rough ca lcu
lations of the p r e s s u r e drop r equ i r ed to produce a 
given m a s s flow through a subassembly for a given 
heat generat ion for c a s e s where the vapor volume 
fraction is 0.9 or l e s s . The ra t io of vapor velocity 
to liquid velocity i s left as a p a r a m e t e r that i s 
varied from unreasonably low to unreasonably high 
values. (NSA-12-10532) 

2487- Nowinski. Tadeusz 

THE PHYSICAL INTERACTION BETWEEN LIQUID 
PHASES OF METAL AND WATER, Referat ivnyy 
zhurnal, Elektrotekhnika i energe t ika . No. 5, 1962, 
39, abs t rac t 5 G317. (Ochrona pracy , v . 16. No. 7, 
1961. 8-14. (Polish with s u m m a r i e s in Russian 
and English))-

There is a r i sk of e.xplosion when liquid meta l comes 
into contact with water or wet m a t e r i a l s , or even 
when the liquid meta l is s epa ra t ed from the water 
by a heat conducting wall which is insufficiently 
strong or does not make a good enough sea l . Be 
cause of i ts high t h e r m a l conductivity and because 
it can be heated to a high t e m p e r a t u r e without the 
r ise of p r e s s u r e . liquid nnetal is used as a heat 
t ransfer medium when l a rge quant i t ies of heat 
must be removed rapidly a s in some kinds of 
nuclear r e a c t o r s and for cooling gas turbine b lades 
The explosive effect is due to the heat s to red in the 
liquid meta l and to a number of physical fac tors 

Liquid Metals 

which were studied on a specia l exper imenta l r i g . 
The following t es t s were made : liquid meta l d r o p 
ping f rom a c ruc ib l e ; a je t of liquid meta l s t r ik ing 
wate r ; liquid meta l i m m e r s e d in wa te r ; liquid me ta l 
solidifying on the bottom of a water tank; explosions 
of differing in t ens i t i e s . A total of 880 t es t s was 
made with a luminum alloy and a few with magnes ium 
alloy. Explosions occur when liquid meta l at a t e m 
pe ra tu r e of 700-900^0 pene t ra t e s to the bottom of a 
tank with the depth of water l e s s than 25 cm and t e m 
pe ra tu r e below 50°C, Of impor tance is the r e l a t i on 
ship between the ra te of flow of the liquid meta l 
pa r t i c l e s and the s ize of the hole through which the 
meta l pou r s , as a lso is the height of the hole above 
the water su r face . The specia l concept of 'k inematic 
defect of m a s s concent ra t ion ' is in t roduced. A p r o 
tect ive layer of oil or of bi tuminous base paint on 
the bottom and walls of the tank pro tec t s against the 
format ion of a s t eam cushion which pronnotes ex
plosion. 7 f igures , 5 l i t e r a t u r e r e f e r e n c e s , 

2488. Noyes, R. C. 

AN EXPERIMENTAL STUDY OF SODIUM POOL 
BOILING HEAT TRANSFER, NAA-Sr-6769 (1962). 
37 p, 

A sa tu ra t ed Na pool boiling exper imen t i s desc r ibed 
in which the tes t sect ion was a hor izonta l , -̂  - i n , -
d i a m e t e r . e l ec t r i ca l ly heated cyl inder . M e a s u r e 
ments of surface t e m p e r a t u r e and heat flux during 
nucleate boiling were made at pool t e m p e r a t u r e b e 
tween 1200 and 1500°F and at heat fluxes up to 
800.000 Btu/hr-f t^ . Burnout heat flux m e a s u r e m e n t s 
were made at pool p r e s s u r e s between 0,5 and 
1.5 ps ia . Empi r i ca l co r re l a t ion of the nucleate boi l 
ing data showed heat t r ans fe r coefficients sonnewhat 
higher than previous p red ic t ions . A new nondimen
sional burnout cor re la t ion is der ived which br ings 
the Na measurennents into ag reemen t with published 
burnout values for water and va r ious o rgan i c s . This 
co r r e l a t i on pred ic t s a burnout heat flux for Na pool 
boiling of 1.9 x 10° Btu/hr-f t^ at one atnnosphere, and 
it is r ecommended for burnout predict ions for Na and 
other wetting liquid me ta l s at p r e s s u r e s which a r e 
low re la t ive to thei r c r i t i ca l p r e s s u r e . 

2489- P i e r c e , R. D-, et al-

HEAT TRANSFER AND FLUID DYNAMICS IN MER
CURY WATER SPRAY COLUMNS, BNL-2433 (1955), 

Heat t r ans fe r and fluid dynamics were studied in 
columns spraying hot m e r c u r y into r i s ing s t r e a m s of 
water- Volumetr ic and a r e a heat t r ans fe r coefficients 
a r e p resen ted . These coefficients a r e lower than 
those r epor t ed for heat t r an s f e r f rom fixed sphe re s -
The major flow of water bypassed the d rops while 
water surrounding the d rops flowed downward. The 
pr incipal heat t r ans fe r r e s i s t ance appea r s to lie b e 
tween these r is ing and falling water s t r e a m s . Outlet 
m e r c u r y t e m p e r a t u r e did not approach inlet water 
t e m p e r a t u r e as a l imit because the flow pa t t e rns 
caused a discont inuous r i s e in the water t e m p e r a t u r e 
at the bottom of the column-

339 



TWO-PHASE FLOW 

2490. Romie. F, E,. et a l . 

HEAT TRANSFER TO BOILING MERCURY, J . Heat. 
T r a n s . 82̂ . 387-88 (November I960). 
An experiment on heat t r ans fe r to boiling m e r c u r y 
flowing by natural c i rcula t ion through a tube was 
ca r r i ed out in conjunction with evaluation s tudies 
of a nuclear reac tor cooled by boiling m e r c u r y . The 
objective of the exper iment was l imi ted to demon
strat ing that very high heat fluxes could be susta ined 
by boiling mercu ry . Despite this l imited objective, 
sufficient measuremen t s were made to pe rmi t 
est imation of quality and density of the two-phase 
mixture leaving the test sect ion. The maxinnum 
heat flux attained in the exper iments was 
600,000 Btu/hr-ft^; higher fluxes were prevented 
by equipment l imitations ra ther than by t rans i t ion 
from the nucleate boiling r eg ime . The maximum 
flux previously repor ted (l)^ is 200,000 Btu/hr-f t^. 

2491. Styrikovich, M- A, and Semenovker, L, E-

SOME RELATIONSHIPS IN HEAT TRANSFER TO 
BOILING MERCURY IN FORCED CONVECTION, 
Translated for Atomics International from Zhur 
Tekh Fiz . 10̂ . 1331-9, AEC- t r -3868 (1940). 

The heat t ransfer to boiling Hg was studied in 
forced convection flow. 

2492. Teitel, R, J. 

BOILING POTASSIUM IN A COLUMBIUM-1% 
ZIRCONIUM CONT-AINER AT 2000-2200°F. 
Trans . Am, Nuclear S o c , 4_, No. I, 91-2 ( l96 l ) . 

2493- Tidball, R, A,, Mangold. F, L, and Tower. S.N. 

REPORT NO, 1 ON 1000 KW SYSTEM, Memorandum 
Report No. 49, NP-5872 (1953), 14 p. 

The 1000-Kw heat t ransfer sys tem was designed to 
test pilot plant size liquid metal sys t em components 
at tempera tures to 1400°F. The tes t p r o g r a m was 
divided into phases : t r ans fe r r ing heat to a i r and 
transferr ing heat to boiling water . Two liquid metal 
systems to prevent exposing the tubes of the liquid 
metal heater to full s team p r e s s u r e in event of a 
failure of the s t r eam generating equipment were 
used. The air cooled sys tem is shown schemat ical ly-
The NaK was circulated by a ro ta ry magnet pump, 
through a flow meter into the NaK hea t e r . The d i s 
charge from the heater was piped to the tube side of 
the intermediate heat exchanger, and re tu rned to the 
pump- Sodium was circulated by a DC conduction 
pump, through the flow mete r , the shell side of the 
intermediate heat exchanger, a swing check valve to 
the sodium cooler. Discharge of the sodium cooler 
passed through a stop valve, an a-c conduction pump 
to the suction of the d-c pump. The sodium was 
cooled by an air blast over finned tubes . Both NaK 
and sodium systems were fitted with diffusion type 
cold t raps , expansion tanks, and emergency dump 
tanks. The sodium piping was fitted with tubular 
heaters (strapped to the outer surface) to prehea t the 
piping before charging. Tes ts of the major compo
nents of this unit at var ious loads and t e m p e r a t u r e s 
a re reported. 

2494. Timchuck, B- J, 

STUDY OF HEAT EXCHANGE IN LIQUID METALS 
DURING PHASE TRANSFORMATION. Inzh. F i z . Zh. 
No. 11 (1959)-

2495. Whitman, M- J, and Stockton. D. L-

BOILING RUBIDIUM AS A REACTOR COOLANT. 
PREPARATION OF RUBIDIUM METAL. PHYSICAL 
AND THERMODYNAMIC PROPERTIES, AND COM
PATIBILITY WITH INCONEL. C F - 5 5 - 6 - 4 9 (Pt. 1) 
(1954), 144 p. 

Rubidium meta l was invest igated as a possible heat-
t r ans fe r medium for an a i r c r a f t r e a c t o r . The s e p 
ara t ion of rubidium from other alkali me ta l s by ion 
exchange was demons t r a t ed . Data a r e p resen ted on 
the physical and thermodynannic p r o p e r t i e s of 
rubidium and c o r r o s i v e effects on Inconel at elevated 
t e m p e r a t u r e s - It was concluded on the bas i s of em
pir ica l fo rmulas that more heat can be t r ans f e r r ed in 
a boiling rubidium systenn than in a comparab le boil
ing water s y s t e m . 

2496. Atomic Energy Commiss ion 

HEAT TRANSFER, Repor ts f rom Session XII. 
Genera l Information Meeting, October 24. 25, 26, 
1949. Oak Ridge. T e n n e s s e e , TID-278 (DEL,)(l957), 
53 p. 

P a p e r s a r e p re sen ted on heat t r a n s f e r with boiling, 
heat t r ans fe r to liquid m e t a l s , t r ans i en t heat t ransfer 
effects resul t ing f rom supe rc r i t i c a l i t y heat t ransfer 
coefficients for Bi a l loys , and heat t r ans fe r and 
p r e s s u r e drop through graphi te ball co lumns . 

NOZZLES. ORIFICES, APERTURES. E T C . 

2497. Bailey, J . F-

METASTABLE FLOW OF SATURATED WATER. 
T r a n s . Am. Soc. Mech. E n g r s . 73_. 1109 (1951). 

Nature of flow of sa tu ra t ed and nea r ly sa tura ted 
water into regions where p r e s s u r e is l e s s than 
sa tura t ion p r e s s u r e ; method of computing m a s s rate 
of flow through or i f ices and nozz les based on rate of 
evaporat ion f rom nnetastable liquid core into s u r 
rounding r ing of vapor ; flow r a t e s for or i f ices a re 
predicted accura te ly , and r a t e s for nozzles within 

2498. Bauer . L. and S t r a s b e r g . M. 

THE SOUND OF AIR BUBBLES RELEASED FROM 
NOZZLES, AD 17861 (1953). 

2499. Benjamin, M. W. and Mil ler , J. G. 

THE FLOW OF SATURATED WATER THROUGH 
THROTTLING ORIFICES. T r a n s . Am. Soc. Mech. 
E n g r s . , 63, 419-429 (1941). 

Resul t s of t e s t s to de te rmine flow c h a r a c t e r i s t i c s 
for sa tu ra ted water and for va r ious m i x t u r e s of 
sa tu ra ted water and steann through sharp edged thin 
plate o r i f ices ; invest igat ion intended to de te rmine 
feasibil i ty of using throt t l ing or i f ices alone or in 
combination with float opera ted d r a i n e r s for regu
lating draining of condensate from feedwater hea te r s ; 
design of orif ice to be used in s e r i e s with t r a p . 
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2500- Bot tomley. H. T. 

FLOW OF BOILING WATER THROUGH ORIFICES 
AND PIPES. T ransac t i ons of the North Eas t Coast 
Institution of Engineers and Shipbui lders , 53, 
65-100 (1936-1937). 

Theory is developed and t e s t data a r e r e po r t e d . 
Tests on or i f ices show that the coefficient of d i s 
charge can be seve ra l t i m e s g r e a t e r than unity b e 
cause of surface tension lowering of vapor iza t ion 
p r e s s u r e . P r ac t i c a l appl ica t ions of pipe-flow data 
a re suggested. 

2501. Burnel i , J. G, 

FLOW OF BOILING WATER THROUGH NOZZLES, 
ORIFICES AND PIPES , Journal of the Insti tution 
of Eng inee r s , Aus t ra l ia , 1_8, 41 -9 . E-I- 1946, 428 
(March 1946); 172-3 (July-August . 1946)-

Review of mathennatical and expe r imen ta l work 
published on subject including p resen ta t ion of 
new data; development of formula for d i scha rge 
through nozz les ; for flow in p ipes , expe r imen t s 
give g rea te r d i scharge than the rmodynamic theory; 
due to different ve loc i t i es of water and s t eam in 
flashing mix tu re ; c h a r t s and tab les included. 

2502. Chisholm, D. 

THE FLOW OF STEAM-WATER MIXTURES 
THROUGH SHARP-EDGE ORIFICES, Eng- and 
Boiler House Rev.. 73_. 252-256 (Aug. 1958). 

F rom theore t ica l cons ide ra t ion , p a r a m e t e r s a r e 
developed which c o r r e l a t e data for flow of s t e a m / 
water m i x t u r e s ; equations a r e obtained which readi ly 
permit , by calculat ion, predic t ion of flow under such 
conditions within plus or minus 10% of m e a s u r e d 
value s. 

2503. F i ed le r , R. A, 

SHOCK LOCATION DURING TWO-PHASE FLOW IN 
AN OVEREXPANDED NOZZLE. M-S- Thes i s , Mech. 
Eng,, UCRL-6676 ( l 9 6 l ) . 

An investigation was made of the locat ion of c o m 
press ion zones occu r r ing during the overexpansion 
of low quality s t e a m - w a t e r flow through a 
converging-diverging nozz l e . The compres s ion zone 
locations were found to be dependent upon the ra te of 
mixture expansion, which was deternnined by the 
chamber p r e s s u r e and mix ture quali ty. Fo r a fixed 
quality, the c o m p r e s s i o n zone moved downs t r eam 
with increas ing channber p r e s s u r e . For a fixed 
chamber p r e s s u r e , the c o m p r e s s i o n zone moved 
downstream with d e c r e a s i n g quali ty. The phase 
change during the expansion was ca lcula ted f rom an 
isentropic homogeneous equi l ib r ium flow model , and 
the a r ea occupied by the vapor phase was calcula ted 
from a two-phase monnentum exchange model . It 
was concluded that the c o m p r e s s i o n zones were 
formed by a p r e s s u r e shock ini t ia ted by the o v e r -
expanded vapor phase being s m e a r e d out by the 
accompanying liquid d rops that were not immedia te ly 
affected by the vapor shock. 

2504. Gavalas , G. 

THEORETICAL INVESTIGATION OF FLOW 
THROUGH AN APERTURE SOLUTION OF THE 
TWO PHASE COMPRESSIBLE FLOW BY THE 
"HODOGRAPH TRANSFORMATION." Nuclear 
Reactor Containment Bimonthly Report No. 8, 
TID-14189 (October 1961), 15 p . 

It was found that t r e a t m e n t of a two-phase mix ture 
of liquid water and s team as a compres s ib l e fluid is 
possible provided the following assumpt ions a r e 
made : the mixture is homogeneous; the flow is 
i s en t rop i c ; and the flow is two-d imens iona l , s teady, 
and i r ro t a t iona l , A descr ip t ion of the p rob lem in the 
Hodograph plane is p resen ted along with a d i scuss ion 
of i ts applicabili ty- Calculat ions of m a s s and m o 
mentum flow r a t e s a r e p resen ted . T rea tmen t of 
metas tab le flows is d iscussed-

2505. Gavalas , George 

TWO-PHASE FLOW THROUGH AN APERTURE , 
M. S. Thes i s Dept, of Chem, Eng. , Univ. of Minn., 
TID-15975 (1962)-

In the outflow of sa tu ra ted water through a two-
dimensional opening (an ape r tu r e ) , the amount of 
vapor fornned within the flashing fluid as the p r e s 
su re d rops is unknown. Use may be made of the 
ana lyses for the incompress ib le ideal flow in the 
case of no vapor iza t ion . For the other ex t r eme of 
equ i l ib r ium between the liquid and vapor phases , a 
method was developed to t r e a t the two-phase m i x 
ture a s a connpressible fluid, and with the help of 
the Hodograph Transformat ion specific r e su l t s a r e 
presented- Final ly, a growing bubble model was 
developed to approximate mix tu re s which exhibit 
an incomplete approach to equi l ib i rum, 

2506- Green, L, . J r -

EXPERIMENTAL STUDIES ON HEAT TRANSFER 
AND FLUID-FLOW SYSTEMS, P a r t 2 of Quar t . 
P rog , Rpt, No, 1. AGC-AF-25 , June 22 through 
Sept. 30, 1956. 38 p. 

High t e m p e r a t u r e s t rength p rope r t i e s of graphi te 
a r e being invest igated. Studies on heat t r an s f e r 
in porous graphite and nozzle flow behavior a r e 
repor ted , 

2507. Griffin. E. and Crong. E-

STEAM FLOW IN NOZZLES, Engineer ing , lbO_, 
No. 4159. 255. Sept. 28, 1945. 

2508. Griffin, E . and Crang , T. F . 

STEAM FLOW IN NOZZLES: VELOCITY C O E F 
FICIENTS AT LOW SPEED, P r o c . Inst, of Mech, 
Eng. , 155. 83-89, 1946. 

A cons iderable amount of con t rove r sy was r a i s ed by 
one aspec t of the r e su l t s r epor t ed by the Steam 
Nozzles Resea rch Commit tee of the Institution over 
the y e a r s 1923-30. This was concerned with the v a r 
iation of the veloci ty coefficient of a s t eam nozzle at 
low s t eam speeds , the C o m m i t t e e ' s r e su l t s showing 
a tendency to higher va lues of coefficient at ve ry low 
speeds . The work desc r ibed in the p r e sen t paper was 
under taken to provide additional exper imenta l 
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evidence on this point and. in o rder to be comparab le 
with that of the Commit tee , was c a r r i e d out on a p 
paratus employing the same genera l p r inc ip les , but 
embodying cer ta in improvements in detai l . 
The impulse plate method was used in de termining 
the steam velocity at the exit from the tes t nozzle . 
The apparatus was designed on a smal l scale for use 
with a small self-contained s t eam generat ing unit, 
and part icular care was accordingly given to a c c u 
racy in all the neces sa ry measu remen t s - The design 
eliminated frictional effects in the de terminat ion of 
force on the impulse plate, and t es t s could be c a r r i e d 
out with wet s team as well as superheated . 

Two se r i e s of tes ts were nnade. one with s t eam 
superheated after expansion and the other with ex
pansion into the supersa tura ted region. The exit 
velocity varied from about 500 to 1.200 ft per sec , 
the final p ressu re being nominally a tmospher i c in 
all c a s e s . The resul ts showed that the velocity coef
ficient decreased continuously from the maximum to 
the minimunn s team velocity, and that the values of 
the coefficient were substantial ly the same for the 
two se r ies at corresponding speeds- This resu l t is 
not in agreement with the Steam Nozzles Resea rch 
Connnnittee's work, but confirms the conclusions of 
other invest igators in this field-

2509. Hesson, J. C. 

FLOW OF TWO-PHASE CARBON DIOXIDE 
THROUGH ORIFICES. 
(1957), 

Ph.D. Thes is , I .I .T., 159 pp-

2510. Hesson, J. C- and Peck, R, E-

FLOW OF TWO-PHASE CO2 THROUGH ORIFICES, 
A.I.Ch.E. Journal , 4_. 207-210 (1958). 

Experimental flow rate data a re presented for sa t 
urated liquid, sa turated vapor, and two-phase l iquid-
vapor carbon dioxide through a convergent nozzle 
and a square-edged orif ice. The data cover the 
range from the t r iple-point p r e s s u r e to the c r i t i ca l 
pressure- Charts have been prepared for this com
plete range at cr i t ical flow. Resul ts a r e also p r e 
sented for subcri t ical flow. 

The tests at var ious back p r e s s u r e s indicate that 
the saturated liquid behaved as a cold liquid without 
evaporation ahead of the throat . 

Saturated vapor became supersa tu ra ted in the nozzle , 
and the vapor behaved as if no condensation occu r r ed . 

Equations are presented for the flow r a t e s of sa t 
urated vapor, and two-phase mix tu res in the c r i t i ca l 
flow region, 

A MoUier (pressure-enthalpy) d iagram is used to 
determine the flow ra tes of sa tura ted vapor and two-
phase mixtures where supersa tura t ion takes p lace . 
In these cases , the l ines of constant specific volume 
or density are extrapolated from the superheated 
region into the normal two-phase region to obtain 
values corrected for supersa tura t ion . 

2511- Hodkinson, B. 

THE FLOW OF HOT WATER THROUGH A NOZZLE, 
Engineer ing 113, 629-630 (1937). 

Attennpt is made to extend A. Ra teau ' s calculat ions 
over much wider range of s t eam conditions and of 
attaining g r e a t e r accu racy , by making a l lowances 
for fact that at mos t usual s team t e m p e r a t u r e s 
densi ty of water is apprec iab ly l e s s than unity; ex
pe r imen t s conducted with water not boiling, but just 
ready to boil . 

2512. Isbin, H, S. and Gava las , G. R, 

TWO PHASE FLOW THROUGH AN APERTURE, 
Proceed ings of the 1962 Heat Trans fe r and Fluid 
Mechanics Inst i tute , held at Univ. of Washington. 
Seatt le , June 1962, Stanford Univ. P r e s s . June 1962. 
Dept, Chenn- Eng. . Univ. of Minnesota . Minneapolis 14, 
Minn. 

The design of nuc lear r eac to r containment sys tems 
is based upon the energy r e l e a s e r a t e s postulated 
for given c l a s s e s of r eac to r acc iden t s . One con
dition involves the outflow of water from a break in 
the r eac to r ve s se l containing sa tu ra t ed water . Ana
lytical solutions a r e avai lable for the flow of one-
phase , i ncompres s ib l e and compres s ib l e ideal fluids 
through a two-dimensional a p e r t u r e , and approximate 
solut ions have been developed for the t h r e e -
dimensional openings. Some re la ted exper imenta l 
invest igat ions of the flow of two-phase mix tures and 
the flow of sa tu ra ted water through openings a re 
avai lable , but the r e s u l t s a r e not sufficient to develop 
the n e c e s s a r y c r i t e r i a and working models for the 
more general p rob lem. The purpose of this paper 
is to p resen t the r e su l t s of ca lcula t ions nnade for 
nnodels approximat ing the flow of s t e a m - w a t e r mix
tu re s through a p e r t u r e s . Conditions for the evalua
tions range fronn the flow desc r ibed as a single 
phase, s teady, plane, i r ro ta t iona l and inconnpressible 
flow to a honnogeneous non-equi l ibr ium, plane, steady 
and i r ro ta t iona l mix ture flow. 

2513. Kliegel . J, R. 

ONE DIMENSIONAL FLOW OF A GAS-PARTICLE 
SYSTEM, Space Technology L a b o r a t o r i e s . Inc., 
Los Angeles . Calif.. J anuary 29. I960. 

The author examines the one-d imens ional flow of a 
ga s -pa r t i c l e systenn and p r e sen t s a fannily of solu
tions to the equat ions governing these flows. If the 
p a r t i c l e s do not undergo a phase change (solidifica
tion), then the solutions for the one-dinnensional flow 
of a perfect gas a r e identical to the above family of 
solutions provided that a suitably modified Mach 
number and specific heat ra t io a r e chosen. It is 
shown that these solutions co r re spond to flow in a 
nozzle in which the axial velocity gradient i sconstant-
The design of a nozzle for use with a gas -pa r t i c l e ex
haust is d i scussed and the nozzle th roa t region is 
shown to be the c r i t i ca l region in the design of such 
a nozzle- It i s fur ther shown that the nozzle throat 
conditions depend on the par t ic le kinetic and the rmal 
lags at the throat and hence on the nozzle inlet geom
e t ry- Relat ionships between the nozzle throat geom
e t ry and the par t ic le lags in the throa t region a re 
given for both two-dimensional and axial ly symmet r i 
cal nozzles- It i s shown that the one-d imens ional 
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scaling laws for per fec t gas nozz les and g a s - p a r t i c l e 
nozzles a r e different . On a one-d imens iona l b a s i s , 
two g a s - p a r t i c l e nozz les a r e s i m i l a r if they a r e the 
same length and have the same a r e a ra t io var ia t ion 
with length. 

2514. Lord Rayleigh 

ON THE INSTABILITY OF JETS, P r o c . Lond- Math. 
S o c , 10 (1878) pp. 4 - 1 3 . 

2515. Maneely, D- J-

A STUDY OF THE EXPANSION PROCESS OF LOW-
QUALITY STEAM THROUGH A deLAVEL NOZZLE 
(thesis), UCRL-6230 (Jan. 25. 1962) 66 p. 

Three flow models a r e proposed in connection with 
a process of a ve ry low quality s t e a m - w a t e r mix 
ture . These models a r e : an i sen t rop ic homogeneous 
equil ibrium model , a s l ip flow model , and a frozen 
composition model . The models were compared to 
experimental data and it was found that i sen t rop ic 
homogeneous equi l ibr ium model p red ic t s the weight 
flow to within 15% for qual i t ies above 10%. The 
proposed flow models were a l so used to pred ic t 
other s tandard pe r fo rmance c h a r a c t e r i s t i c s such 
as specific impulse and t h r u s t coefficient. It was 
apparent from the s tudies that the phenomenon of 
slip flow and non-equ i l ib r ium may both be influenc
ing the flow. 

2516. Mellanby, A. L. and K e r r . W. 

THE SUPERSATURATED CONDITION AS SHOWN 
BY NOZZLE FLOW, P r o c . Inst , Mech, E n g r s . _2_. 
part 2, 855-883 (1922), 

Gives flow curves for s imple convergent - type noz
zles in o rde r to d e m o n s t r a t e c l ea r ly d i scharge effect, 
and to show degree of support afforded applicat ion 
of theoret ical conception to nozz les , by actual ex
perinnental r e su l t s -

2517- Neusen, K- F-

OPTIMIZING OF FLOW PARAMETERS FOR THE 
EXPANSION OF VERY LOW-QUALITY STEAM 
(thesis)- (California, Univ. L i v e r m o r e . Lawrence 
Radiation Lab.) , UCRL-6152 (Jan. 25, 1962). 53 p. 

-An exper imenta l invest igat ion was made to de te rmine 
design c r i t e r i a for the expansion of v e r y low quality 
steam through a convergen t -d ive rgen t nozzle- To 
effect an optimunn expansion where the nozzle p r e s 
sure reaches ambient at the nozzle exi t , an emp i r i c a l 
relation was found between the ini t ia l s t e a m quality 
and the nozzle geomet ry . The expe r imen ta l data 
were compared to a sinnple homogeneous theory 
which a s s u m e s that the velocity of the liquid phase 
equals the veloci ty of the vapor phase throughout 
the nozzle . Calculated r e s u l t s f rom this theory a r e 
in surpr i s ing ly good a g r e e m e n t with the expe r imen ta l 
resu l t s down to initial s t eam quality of 5%- A re la ted 
problem, that of choosing a p roper th roa t d i ame te r 
for a nozzle expanding a 2-phase fluid is a l so d i s 
cussed. The expe r imen ta l m a s s flow data enable 
calculation of th roa t s i zes for any nozzle using s t eam 
in this region of qua l i t i e s . 

2518. Ret ta l ia t ta . J, T. 

UNDERCOOLING IN STEAM NOZZLES. T r a n s . Am, 
Soc. Mech, Eng. 5^. 599-605 (1936). 

Effect of wall roughness on flow of s t eam in nozz l e s ; 
d rop growth; occu r rence of initial condensat ion. 

2519- Richard . L. P . 

THE E F F E C T OF AN INITIALLY LARGE INTERNAL 
TEMPERATURE DIFFERENCE. AND OF CONDENSI-
BILITY OF THE GAS ON THE EXIT VELOCITY FOR 
TWO-PHASE FLOW OF A LIQUID AND A GAS 
THROUGH A NOZZLE, August 1959, M.S, Thes is in 
M,E, , Purdue Univers i ty , J P C , 

2520. Saunders , O. A, and Calder . P . H. 

HEAT TRANSFER IN NOZZLE AT SUPERSONIC 
SPEEDS, Engineer ing . n 4 . No. 4518, pp. 281-4 
(1952). 

In f i r s t s e r i e s of experinnents local heat t r ans fe r 
coefficient was m e a s u r e d along divergent section of 
convergent d ivergent nozzle in o rde r to give well 
defined condition of flow at th roa t ; hot connbustion 
gases at some 865 C were used and nozzle was 
water cooled; ana lys i s of r e s u l t s ; i l l u s t r a t i ons . 

2521 - S i emes , W, and Kaufman, J, F-

PERIODIC GENERATION OF BUBBLES IN NOZ
ZLES. Chemical Engineer ing Science, 5. 127-139 
(I956)(in German) . ~~ 

The volumes of gas bubbles, genera ted at smal l gas 
veloci t ies on ve r t i ca l c i r cu l a r nozzles in l iquids , 
were m e a s u r e d by using a s t roboscope . Var iab les 
invest igated w e r e : gas veloci ty, liquid densi ty , s u r 
face tension and v iscos i ty , and d iamete r and wall 
th ickness of the nozz l e s . It was found that the 
format ion of gas bubbles in l iquids of high and low 
viscos i ty occurs according to two different m e c h 
a n i s m s . For the tv/o r anges of v iscos i ty two e m 
pi r ica l equations were developed for calculat ing the 
volumes of the gas bubbles . Nozzle d i a m e t e r s va r i ed 
between 0.35 to 1.95 m m . the liquid densi ty between 
0.7 to 1.8 g/cm^, surface tension between 28 to 
73 d y n / c m . and viscosi ty between 0.4 to 800 c P , The 
volume of the bubbles were de te rmined from the 
m e a s u r e d ra te of a i r flow and the s t roboscopica l ly 
de te rmined number of bubbles . Exper imenta l equip
ment for insur ing reproduct ible and consis tent con
dit ions is desc r ibed in de ta i l . Per iod ic bubble 
format ion occu r r ed at a flow ra te of a few c m y s e c ; 
at a flow ra te of 10 to 100 c m y s e c the continuous gas 
s t r e a m en te red the liquid and then broke up into 
d rops of va r ious s izes (AMR, 1958, #2341). 

2522- Silver, R- S- and Mitchell , J. A, 

DISCHARGE OF SATURATED WATER THROUGH 
NOZZLES, T r a n s . Nor theas t Coast Insti tution of 
Eng inee r s and Shipbui lders , 62 ,̂ 51-72. D15-30, 
1945-46-

Quantitative account of ra te of vapor formation is r e 
qui red in o rde r to give t rue e s t ima te of flow condi
t ions , and how they a r e affected by nozzle d imens ions ; 
theory proposed in which it i s a s sumed that cy l ind r i 
cal s t r e a m of liquid e m e r g e s , remain ing in 
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superheated metastable s ta te , without formation of 
bubbles, evaporation occurr ing at i ts su r face ; con
cepts developed permi t calculation of ra te of 
evaporation-

2523- Silver, R, S. 

TEMPERATURE AND PRESSURE PHENOMENON 
IN THE FLOW OF SATURATED LIQUID, P r o c . 
Royal S o c . Series A. m , 464 (1948). 
Expts . on water and s team a re repor ted . A theory 
for the amt, of vapor that will form is given. An 
analysis is given of the effect of the vapor on the 
flow of fluid through a nozzle . There is a c o r 
responding cr i t , p r e s su re analogous to that for a 
gas nozzle. The theory is confirmed in detai l by 
the expts. Phenomena to be expected in p r e s s u r e 
propagation through liquids nea r satn. t emp, a r e 
discussed, 

2524. Spialter, M, L. 

CHARACTERISTICS OF TWO-PHASE FLOW 
THROUGH A VERTICAL VENTURI. New York 
University. Ph.D. Thesis (1952). 

An experinnental study was nnade to deternnine the 
flow charac te r i s t i cs of var ious fluids passing 
through a vert ical ly mounted ventur i . The fluids 
ranged in complexity from a single liquid (water) 
to a multi-component sys tem made up of a nnixture 
of liquids containing dissolved and en t ra ined gases 
(water-isopropyl alcohol-ni t rogen) . 

Most of the experimental work was done with •water-
nitrogen mix tures . Because of the relat ive insolu
bility of nitrogen in water this is the s imples t of the 
two-phase fluids dealt with. The liquid phase is 
water alone, while the gas phase is composed of 
the entrained gases , ni trogen and water vapor . The 
flow charac te r i s t i cs in t e r m s of measurab le quan
tities of p r e s su re s and flow ra tes a re es tab l i shed . 
Various dimensionless quantit ies and factors used 
by other invest igators in re la ted work a r e calculated 
from the experimental resu l t s -

The flow charac te r i s t i c s for the more complex fluid 
mixture of water , isopropyl alcohol, and nitrogen a r e 
found to be similar to those of the s impler f luids. 
Because the solubility of nitrogen has a measurab le 
effect on the vapor p r e s s u r e of an isopropyl alcohol 
solution, the liquid phase for such a mixture is com
posed of the alcohol solution and the dissolved n i t r o 
gen. The gas phase contains the ent ra ined gases of 
nitrogen and vapors of the alcohol solution. 

The phenomenon of cavitation was observed to occur 
in the venturi which was made of luc r i t e . The c h a r 
acter is t ics for flow under cavitating conditions differ 
from those of normal flow. The graphs of the ca l 
culated data depict these differences. Photographs 
of cavitating flow are included to help descr ibe i ts 
physical appearance. 

Application of the knowledge gained is made to the 
problem of predicting the performance of a centrif
ugal pump handling any liquid based on Its p e r f o r m 
ance with any other liquid. The NPSH technique is 
used, and the experimental r e su l t s bear out the 
validity of using this c r i t e r ion . 

2525 . Straub, L. G, and S i lberman , E, 

AIR-WATER MIXTURE FLOW THROUGH ORIFICES, 
BENDS, AND OTHER FITTINGS IN A HORIZONTAL 
P I P E , P ro jec t Report No, 63, St. Anthony Fa l l s 
Hydraulic Labora to ry , Univ. of Minnesota ( i960). 

2526. Tangren, R. F , . Dodge, C H. and Seifert , H, S. 

COMPRESSIBILITY E F F E C T S IN TWO-PHASE 
FLOW. J . Applied Phys i c s , 20, 637-45 (1949). 

A gas-water nnixture, when expanded through a 
de Laval nozzle , ac t s as a c o m p r e s s i b l e fluid. A 
genera l exp re s s ion for the flow p r o c e s s in an idea l 
ized mixture is developed. The gene ra l thernnohy-
drodynamic re la t ions for flow through a de Laval 
nozzle a r e developed. The magnitude of the velocity 
of an energy pulse or signal through the mixture is 
de t e rmined and is compared with the veloci ty of flow. 
Exper imen ta l r e su l t s a r e compared with those p r e 
dicted using the equation developed-

2527, Weber, C-

DISINTEGRATION OF A LIQUID J E T . Zei tschri f l 
ftir Angewandte Mathematik und Mechanik- 11. 
136-54 (1931) In German , 

2528, Wegener . P- P, 

WATER VAPOR CONDENSATION PROCESS IN 
SUPERSONIC NOZZLES. J. Appl. Phys , 25_, 
1485-91 (1954), 

The h i s to ry of exper imenta l and theore t ica l investiga
tions of water vapour condensat ion phenomena in 
supersonic nozzles is reviewed. It i s then shown em
pir ica l ly for a given exper imen t that the shocklike 
d is turbance vis ible in flow p ic tu res de l inea tes the 
col lapse of the supercooled state of the water vapour 
p resen t in the air- All flow p rope r t i e s a r e calculated 
through this extended condensat ion zone from p r e s 
sure dis t r ibut ion m e a s u r e m e n t s , and it is seen that 
no shock waves a r e involved in the p r o c e s s . Finally 
a convers ion of these data to an equivalent constant-
a r e a flow revea l s that the l a t t e r would be an example 
of a weak detonation observed in na ture as predicted 
by B u r g e r s and by Reed. 

2529. Wegener. P . P . and Mack. L, M. 

COMMENTS ON "CONDENSATION IN NOZZLES," J. 
Appl. Phys . , 30. 1624 (1959) 

Attention is drawn to an extensive l i t e r a t u r e on con
densation in rocket and wind-tunnel nozz les , which 
should be used in any extension of the work of Wilde 
(Abstr . 6838 of 1959), 

J- App, Phys . 

2530- Wilde, K- A. 

CONDENSATION IN NOZZLES, 
577-580 (1959). 

The extent of rea l iza t ion of vapour- l iquid phase 
equ i l ib r ium in nozzles was invest igated as a function 
of initial par t ic le s ize , kinetic p a r a m e t e r s , and noz
zle d imens ions . It was shown that condensation will 
occur on a l r eady presen t pa r t i c l e s only for ve ry 
smal l s i zes and /o r l a rge nozzles 20-30 in. or more 
in dianneter. The p resen t r a the r rud imen ta ry state 
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of knowledge of spontaneous nucleat ion does not en
able any re l iab le evaluat ion of condensat ion by this 
mechan ism. 

ORGANIC FLUIDS 

2531. Becraft , L. G. 

BOILING HEAT TRANSFER CHARACTERISTICS 
OF SEVERAL ORGANIC LIQUIDS, Ph.D. Thes is 
Montana State College (1962). 72 p . 

2532. Bochirol . L., et a l . 

USE OF ELECTRICAL FIELDS FOR IMPROVING 
HEAT EXCHANGE IN BOILING LIQUIDS, Comm. 
Energie At. (France) , Rappt. No. 1857 (1961), 26 p. 

The effect of appl icat ion of e l e c fields on the heat 
t ransfer coeffs, and on the c r i t . heat flux c o r r e s p o n d 
ing to the change f rom nucleate to film boiling of 
various l iquids was s tudied. The l iquids were hex
ane, C^H^, PhMe, t r i ch lo re thy lene , acetone, EtCOMe. 
and deminera l ized H2O. Mechanisms a r e given to 
explain the improvemen t s found both for the na tu ra l 
convection zone in t e r m s of the d i e l ec . p r o p e r t i e s 
of the l iquids and the zone of nucleate boiling in 
ternns of forces acting on boiling nuc le i . Some 
exptl. r e su l t s a r e given concerning m e a s u r e m e n t s 
made under p r e s s u r e until local boiling o c c u r r e d . 

2533- Bor ishanski i , V. M. 

HEAT TRANSFER DURING BOILING. Dostzheniya 
i Zadachi v Pro izvods tve i Prinnenenii Pvholoda v 
Narodnom Khozyais tve . pp. 39-46 (i960). 

hivestigations were made of heat t r ans f e r , and a 
theoret ical genera l iza t ion of the exper imenta l r e 
sults during film and bubble boiling is p resen ted . 
The exper imenta l s tudies of heat t r ans fe r during 
film boiling were c a r r i e d out using ethyl alcohol, 
isooctane, octane, benzene, and ethyl e ther on 
beatable graphi te and s teel su r f aces at a ra te of 
heat load q = (250-900)-10^ k c a l / m ^ h r . Two zones 
were found to exis t in the course of the h e a t - t r a n s f e r 
coefficient a a s a function of q: the t r ans i t ion zone 
and that of fixed film boil ing. In the t r ans i t ion 
zone, a d e c r e a s e d with i nc rea s ing q. In the zone 
of fixed film boiling, the heat t r an s f e r i n c r e a s e d 
with inc reas ing q. Here the p r e s s u r e effect on a 
was identical at all va lues of q. The se l f - s imula t ing 
nature of the k inemat ics of the vapor bubble motion 
relative to the l i nea r d imens ion of the heated surface 
was de te rmined by following the p r o c e s s photo
graphically by means of h igh - speed motion p i c t u r e s . 
A general iza t ion of the exper imenta l r e s u l t s based 
on the extended concept of the the rmodynamic sinn
i lar i ty of subs tances on the sa tura t ion line curve 
was given for the heat t r an s f e r during developed 
bubble boiling. T r e a t m e n t of expe r imen ta l data was 
done in a gene ra l i zed the rmodynamic coordinate 
sys tem. It was shown that the exper imenta l data 
lie along a curve with a max imum deviation of 
±30%. The genera l i zed dependence formula ted a l 
lows calculat ion of the heat t r an s f e r on the bas i s of 
a single expe r imen ta l a value together with the 
cr i t ica l p r e s s u r e of the substance in quest ion. The 
complex c h a r a c t e r of the p r e s s u r e effect on the in
tensity of heat t r an s f e r and the imposs ib i l i ty of i ts 

r ep re sen t a t i on by a power function with a constant 
exponent i s pointed out-

2534. Breen , B. P . and Westwater , J. W. 

E F F E C T OF DIAMETER OF HORIZONTAL TUBES 
ON FILM BOILING HEAT TRANSFER, Chem. Eng. 
P r o g r . 5^, No. 7. 67-72 ( l962). 

Heat t r ans fe r from a hor izonta l , s t eam-hea ted , 
s t a in less steel tube (9 different outside d i a m e t e r s , 
0.185-1-895 in-) to boiling Freon-113 {l l8°F) and 
i s o - P r O H (180°F) was measured- F r o m these data 
and other data in the l i t e r a t u r e for 8 other l iquids 
(including O. H2O, He, and pentane). a genera l r e 
lation h(Xc)^VF = 0.59 + 0-069 Xc/r> i s found, where 
h is the heat t r ans fe r coeff-, \ . i s a wave length c o r 
responding to the s m a l l e s t wave which can grow in 
ampli tude on a flat hor izontal interface and is re la ted 
to surface tension and liquid and vapor d s . . D is 
d iam. of cyl inder , and F is a factor of phys. cons t s . 
including heat of vaporizat ion, t h e r m a l cond- of 
vapor , e t c This re la t ion is applicable to a wider 
range of d i a m s . (A.^,/D ^ 0.1-300) than the Bromley 
equation (CA 44, 5654a), hD '^Vf = 0.62, 
{X^/D = 0.8-8). The new re la t ion shows that h i s 
independent of D for la rge D. It is suggested that 
for X^/D < 0,8, use h{Xc)^*/F = 0.60, for ^./jy b e 
tween 0.8 and 8, use the Bromley equation, and for 
XC/D > 8, use h ( \ c ) ' ^VE = O-I6 ( A C / D ) ' ' - ^ ^ 

(CA-62-12280d) 

2535. Cheng. P . T. 

HEAT TRANSFER TO BOILING HYDROCARBONS 
BY NATURAL CIRCULATION IN VERTICAL TUBES, 
Ph.D. Thes i s , Univers i ty of Delaware (1951), 127 p. 

2536. Chernobylski i . I. I. and Ratiani . G. 

EXPERIMENTAL INVESTIGATION OF THE C O E F F I 
CIENT OF HEAT TRANSFER IN BOILING LARGE 
VOLUMES OF FREON-12, Khol. Tekh. 32.. No. 3, 
48-51 (1955)-

F r e o n - 1 2 (l) was c o m p r e s s e d and evapd. in an exptl . 
unit which bas ica l ly s imula tes the working m e c h 
an i sm of a r e f r i g e r a t o r ; the tube where the evapn. of 
I occu r r ed could be exchanged. In the exp t s . were 
used Cu and s teel tubes of e i ther smooth or c o r r u 
gated s u r f a c e s . The r e su l t s of the exp t s . a r e p r e 
sented in the form of g raphs ; it can be c lea r ly seen 
that the coeff. of heat emiss ion a is a function of the 
cu r r en t of heat energy input q; the cu rves always 
consis t of 2 p a r t s , the function a. = f(q) is different 
below and above q = 1800 kca l / ( sq m x hr x °C). 

2537. Colburn, A- P-, et a l . 

E F F E C T OF LOCAL BOILING AND AIR ENTRAIN
MENT ON TEMPERATURES OF LIQUID-COOLED 
CYLINDERS. NACA-TN-1498 (1948), 75 p. 

A bench- r ig app. is desc r ibed which approx imates 
engine- jacket condit ions, except that the liquid flow 
was uniform around the cylinder so that r e su l t s could 
be re la ted to the l i t e r a t u r e on forced-convect ion heat 
t r a n s f e r . Coolant-f i lm coeffs. for H2O and CH3OH 
a re c o r r e l a t e d as d imens ion less p a r a m e t e r s 
( j - factors) as a function of Reynolds no. When the 
wal l -coolant interface t emp, is below the b.p. of the 
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coolant under existing p r e s s u r e s , data a r e in close 
agreement with the well-known equations for heat 
t ransfer in round pipes and in annular spaces . When 
the interface temp, is above the coolant b-p.. local 
boiling effects are observed. At low liquid ve loc i t ies , 
heat - t ransfer ra tes inc rease with increas ing temp-
excess of the wall over the coolant b .p . Entra ined 
air also increases the hea t - t rans fe r coeffs. 
Effect of coolant p r e s s u r e is to i nc r ea se the b.p. 
and so decrease the temp, e x c e s s . (CA-42-4403g) 

2538. Danilova. G. and Mazyukevich, L 

A STUDY OF THE BOILING PROCESS OF CERTAIN 
REFRIGERANTS, Kholodil'naya Tekh._3i. No- 2. 
62-5 (1954). 

The boiling process of NH3 and Freon-12 was studied 
in a vert ical steel tube bo i le r -condenser app . . the 
diagram of which is given- It was shown that the 
sites of boiling are more numerous in case of the 
Freon than in the case of NH3. Consequently the 
curve of heat t ransfer during boiling against heat 
loading lies higher for NH3 than for Freon (curves 
are shown). For Freon-12 with heat loading from 
2500 to 11,000 kca l / sq m hr the following re la t ions 
hold: At = 0.294 x q"'^ and a = 3.4 x q""'; for NH3 in 
the range of 4000-24.000 k c a l / sq m hr these a r e : 
At = 4.54 X 10"^ q°- ' and a = 220 q°-'(cf- Robinson and 
Katz. C.A. 45,6436h). 

2539. Danilova, G. N, and Bel ' sk i i . V. K, 

EXPERIMENTAL INVESTIGATION OF HEAT TRANS
FER IN BOILING FREON 22. Kholodil 'n Tekhn. 3% 
No. 1, 7-13 (1962), 

Boiling of Freon 22 on Ni and b r a s s tubes was studied 
exptl. At low heat fluxes, corresponding to undevel
oped nucleate boiling, a = 54.5 q" '" and 65 q" ' " k c a l / 
sq nn hr °C for the Ni and b r a s s tubes , r e s p . , where q 
is the heat flux (kcal /sq m h r ) . At high heat fluxes, 
a = 2.4 q'''"'̂  and 6.3 q""', r e sp . , h y s t e r e s i s of the 
a vs . q curves is observed. Heat t r ans fe r is c o r r e 
lated by Nu = 0.25 X 10"^Re°-'^Pr°-^5K"'^* for the Ni, 

and Nu = 0.46 x lO"^Re"-^Pr°' =K- ' for the b r a s s tubes . 

sion, and 7 d. The hea t - t rans fe r coeff, is 2.5-3.5 
t imes as high as for water . This is due to the con
siderably smal ler diam. of the F reon bubbles, hence 
the larger no, of bubble nuclei and higher d. of bubble 
detachment. Differences between heat t r ans fe r from 
Ni and b rass tubes a re at t r ibuted to the higher s u r 
face roughness of the la t te r . (CA-62-12279b) 

2540. Dodd, C. 

RADIO CARBON CONTENT OF DELAYED BOILING 
OF LIQUIDS, P roc . Phys. S o c , Vol. 68B, 686-9 (1955). 

An investigation on the influence of radioact ive 
sources on the time delay occurr ing before a supe r 
heated liquid boils- With the help of a 3 cm^ bubble 
chamber filled al ternatively with d ie thyl-e ther and 
pentane (no mention whether normal or i so-pentane) 
it has been found that: (a) ionization from external 
sources reduces the delay t ime; (b) owing to the 
presence of C'*, normal diethyl-ether has a delay 
time shorter than diethyl-ether free from C^*- Nu
merica l values of the dependence of delay time on 
ionization and tempera ture a re given. 

2541. Dunskus, T, and Wes twate r . J, W-

THE E F F E C T OF TRACE ADDITIVES ON THE 
HEAT TRANSFER TO BOILING ISOPROPANOL, 
Chem, Eng. P rog . Symp. S e r i e s No. 32, 5J_, 173-81. 
Am. Inst, of Chem. E n g r s . - Heat T r a n s f e r . 
Buffalo (I960), 210 p, 

A study was made of the effect of e leven organic 
subs tances of high molecular weight on the heat 
t r ans fe r to boiling isopropanol in the nuc lea te , 
t r ans i t ion , and fi lm-boil ing r e g i m e s . The liquid 
was boiled at a tmospher i c p r e s s u r e on a hor izontal . 
s t eam-hea ted , -j- in. copper tube. The t empera tu re 
of the tube was de te rmined by using the tube itself 
a s a r e s i s t ance t h e r m o m e t e r . The max imum con
cent ra t ion of the addit ives was about 0,5 wt %. High
speed motion p ic tu res of the boiling p r o c e s s were 
taken in all th ree regions of boiling. The peak heat 
flux of the solutions exceeded that exhibited by pure 
isopropanol by as much a s 60%. and the c r i t i ca l 
t e m p e r a t u r e difference was r a i s e d a l so . The 
nucleate-boi l ing curve was moved towards higher 
values of the t e m p e r a t u r e difference at the wall, 
and the t rans i t ion region was a lso extended in this 
d i rec t ion at a given heat flux. The frequency of 
bubble r e l e a s e in the nucleate region at low heat 
fluxes for some of the solutions was up to three 
t imes g r e a t e r than the cor responding value for the 
pure solvent. The va r ious anomal ies may be ex
plained as being caused by a surface v iscos i ty r e 
sulting from an i n c r e a s e in concentra t ion of the 
solute at the interface due to evaporat ion of solvent. 

V. G., Ar tym, R, I. and 2542. Fas tovski : 
Rovinskii , A. E. 

BOILING OF FREON-11 , METHYLENE CHLORIDE 
AND BENZENE IN A HORIZONTAL TUBE, 
Teploenergetika_52_, No. 2, 77-80 (1958). 

CCI3F, CH2C12, and C^Hg were boiled in a steel 
cyl inder 170 m m diam- and 280 m m long. The 
liquid was heated e l ec t r i ca l ly by a submerged . 
hor izonta l tube. 200 m m long, 8 nnm in diann., 
0.3 m m wall th ickness , nnade of Gernnan s i lver . The 
heat fluxes used were detd. by measur ing the power 
input to the heating e lement . The t emps , were meas 
ured with copper -cons tan tan the rmocoup les . At atm. 
p r e s s u r e the c r i t . heat fluxes (values at which the 
heating tube burned out) in k c a l / s q m hr for C^Hj, 
CHiCl^, and CCI3F were , r e s p . , 217,000,216,300, 
and 103,600; the c r i t . values of the coeffs. of heat 
t r ans fe r in k c a l / s q m h r - d e g r e e we re , r e s p . , 7690, 
9185, and 5790, and the c r i t . t emp, differences, 
were , r e sp . , 28.3, 23.6, and 17.80, 

2543. Fol tz , H, L. and M u r r a y , R. G. 

HEAT TRANSFER RATES TO BOILING FREON 114 
IN VERTICAL COPPER TUBES, P r e p r i n t 23, Sec. 
Nat. Heat T r a n s . Conf. AlChE-ASME Chicago. 111. 
Aug. 18-21 , 1958, Symposium Ser . 29, 79-86 (1959). 

The predic t ion of heat flux along the length of a 
tube boi ler is a problem pa r t i cu la r ly in the design 
of high-efficiency gas coo le rs in which heat is 
t r a n s f e r r e d from the gas to a boiling liquid. Heat-
t rans fe r r a t e s from condensing s t eam to boiling 
F r e o n 114 were m e a s u r e d in ve r t i ca l copper tubes 
of 7 / 8 - , 1/2-, and 1/4-in. diam, to de te rmine where 
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the a s sumpt ion of uniform heat flux could be safely 
used and how tube length, tube d i a m e t e r , flow r a t e s 
p r e s s u r e , and t e m p e r a t u r e difference affected uni 
formity. Heat t r an s f e r r a t e s were uniform along the 
length of the tube up to a t e m p e r a t u r e difference of 
20°F; above this t e m p e r a t u r e difference 12.5% of the 
a rea t r a n s f e r r e d up to 75% of the total heat . The 
Freon p r e s s u r e had no significant effect on the heat 
f lux- tempera tu re difference re la t ionsh ip . A 100% 
increase in the F r e o n flow r a t e r e su l t ed in a 20 to 
30% inc rea se in the maxinnum heat t r a n s f e r r e d . No 
relat ionship between heat flux and the ra t io of tube 
length to tube d i a m e t e r was found. 

2544. Halfen, F . 

FLOW STABILITY LOOP NUCLEATE BOILING 
HEAT TRANSFER WITH ORGANIC COOLANT, 
NAA-SR-Memo-6942 (1961) 8 p, 

Nucleate boiling heat t r an s f e r e x p e r i m e n t s were 
conducted using the flow s tabi l i ty loop. The tes t 
section and ins t rumenta t ion were the s ame as 
used in previous forced convect ion exper imen t s 
with this loop. The organic coolant, i sopropyl 
diphenyl, was used . Resul t s were compared with 
the nucleate boiling heat t r a n s f e r model used in 
FUGUE, Levy ' s gene ra l i zed boiling heat t r an s f e r 
equation. An exper imenta l c o r r e l a t i o n coefficient, 
BL,, was de te rmined as a function of p r e s s u r e . 
Excellent ag reemen t was obtained between the 
experimental t e m p e r a t u r e differences a n d t h e values 
calculated with the Levy equation using the e x p e r i 
mental co r re l a t ion coefficient. The following ranges 
of var iables were studied: heat flux, 40,000 to 
100,000 B tu /h r ft^; coolant veloci ty , 7 to 13 f t / s ec ; 
outlet p r e s s u r e , 20 to 35 ps ia ; wall superhea t , 38 to 
54°F; and coolant subcooling, 0 to 20°F. In all c a ses 
the exper imenta l and ca lcula ted wall superhea t t e m 
pera tures agreed within 3 F . 

2545. Huber, D. A. and Kortenhoeven, J. 

SUMMARY OF EXTENDED BOILING TEST NO- 5 
WITH IRRADIATED OMRE COOLANT, NAA-SR-
Memo-4075 (1959) 7 p . 

Studies were pe r fo rmed to dennonstrate the feasibi l i ty 
of operating o rgan ic -coo led r e a c t o r s for extended 
periods of t ime with i r r a d i a t e d organic coolant, under 
conditions of sub-cooled , nucleate boiling heat t r a n s 
fer at the fuel elennent sur face . 

2546. Ins inger , T. H,, J r . and B l i s s , H, 

TRANSMISSION OF HEAT TO BOILING LIQUIDS, 
Trans . Amer . Inst . Chem, E n g r . , 36_, 491-516 (1940). 

Previous inves t iga t ions ; appa ra tus designed and 
operated with pa r t i cu l a r a t tent ion to accu racy of 
t empera tu re and heat flow m e a s u r e m e n t s ; individual 
heat t r ans fe r coefficients from ve r t i ca l ch romium 
plated tube to boiling l iquids de t e rmined for wa te r , 
aqueous solutions of wetting agent and of sugar , c a r 
bon t e t r ach lo r ide and i sopropanol at a tmosphe r i c 
p r e s s u r e and water at p r e s s u r e s below a t m o s p h e r i c . 

2547. Jordan , D. P . and Lepper t , G. 

NUCLEATE BOILING CHARACTERISTICS OF 
ORGANIC REACTOR COOLANTS, Nuclear 
Science and Engineer ing _5_, 349-59 (1959). 

Expe r imen ta l m e a s u r e m e n t s a r e r epor t ed for nu
cleate boiling of va r ious sa tu ra t ed liquid polyphenyls 
which a r e of i n t e r e s t as nuclear r eac to r coolants . 
Heat flux is p re sen ted as a function of the difference 
between the hea te r surface t e m p e r a t u r e and s a t u r a 
t ion t e m p e r a t u r e , and co r r e l a t i ons by va r ious 
semi theore t i ca l methods a r e d i scussed . A peak 
heat flux is r epor t ed for all but one of the l iquids 
tes ted , and good ag reemen t is found with previous 
work with s imi l a r fluids. Methods a r e suggested 
which may be used to e s t ima te the nucleate boiling 
c h a r a c t e r i s t i c s of these liquids during forced con
vection at elevated p r e s s u r e s and liquid subcooling, 
even though the p resen t t e s t s include only pool boi l 
ing s tud ies . These methods may be used in feasibi l i ty 
ana lyses of boil ing-polyphenyl cooled and inodera ted 
r e a c t o r s . 

2548. Katz, D. L . . e t a l . 

BOILING AND CONDENSING FILM COEFFICIENTS 
FOR WATER AND NORMAL HEXANE, P e t r o l e u m 
Refiner 25_, 419-22 (Sept. 1946). 

Exper imen ta l a tmospher i c boiling and condensity 
film coefficients a r e p resen ted for water and normal 
hexane; inside film coefficients for condensing 
s t eam a re also given; t e m p e r a t u r e var ia t ions around 
and along boiling and condensing tubes a r e i l lus t ra ted ; 
heat t r a n s f e r . 

2549- Kur iha ra , H. M. and Myer s , J. E. 

THE E F F E C T S OF SUPERHEAT AND SURFACE 
ROUGHNESS ON BOILING COEFFICIENTS, AIChE 
Journa l 6̂  83-91 (1960). 

The effects of liquid superhea t and surface roughness 
on boiling coeffs. we re invest igated in a s e r i e s of 
expts- in which H^Ojacetone, n -hexane , CCI4, and CS; 
were boiled on a flat plate . In addn. to the usua l 
t h e r m a l m e a s u r e m e n t s , the no. of act ive boiling cen
t e r s was detd- whenever poss ible by visual nneans, 
and a quant, m e a s u r e of surface roughness was made . 
The no. of act ive boiling cen te r s on the plate in
c r e a s e d with inc reas ing surface roughness and the 
calcd, boiling coeffs, we re propor t iona l to the 1/3 
power of the no. of bubble columns r i s ing from the 
heated su r face . An equation was der ived re la t ing 
boiling coeffs- to fluid p rope r t i e s and the act ive 
boiling c e n t e r s on a su r face . A 2nd equation, based 
on the theory of t h e r m a l fluctuations, was proposed 
to r e l a t e the no. of act ive boiling c e n t e r s to th? in
dependent va r i ab les of s u r f a c e - r o u g h n e s s and 
temp. -d i f fe rence driving force . The l imi ted data 
avai lable follow this proposed re la t ion . The r e su l t s 
suggest a quant, method of re la t ing the boiling coeff. 
to the c h a r a c t e r of the su r face , which nnay explain 
the d i s c r epanc i e s observed in the s lopes of the boi l 
ing cu rves r epo r t ed in the l i t e r a t u r e and in the actual 
values r epo r t ed for the boiling coeffs. nneasured on 
different su r f aces . 29 r e f e r e n c e s . 
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2550. Lavrova, V. 

EXPERIMENTAL INVESTIGATION OF HEAT TRANS
FER TO BOILING FREON-12, Khol. Tekh 34, No. 3, 
55-61 (1957). 

A test loop for heat t ransfer studies is desc r ibed . 
The test tubes were (a) 20.41 or (b) 23.92 m m . outer 
diam., working length about 240 m m . ; heat was 
t rans fe r red to boiling Freon 12 on the outer surface 
by an elec. heater . At t emps , between -5 and -25 
and p res su res between 1.3 and 2.7 a tm. abs . , the 
system had single phase natural convection condi
tions at the heating surface for t ransfer r a t e s below 
2000 kcal /sq m hr . Nucleate bofling began to be 
stable above this ra te and always existed above 
2500 kca l / sq m hr . The hea t - t r ans fe r coeff. 
(a, kcal /sq m hr degree) is l inear on a log-log plot 
with the heat t ransfer ra te (q ,kcal /sq m hr) as 
follows: a = 100 and 200 when q = 200 and 2500, 
respt . , in the single phase natural convection r e 
gion and a = 270 and 840 when q = 2000 and 
10,000 resp. , In the nucleate boiling region, q is 
also linear with At (Measured between tube wall and 
bulk liquid) on a log-log plot, as follows: q ranges 
from 200 to 2500 as At changes from 2 to 13* in the 
natural convection region and q va r i e s from 2000 to 
10,000 with At changing from 7.5 to 11° in the nu
cleate boiling region. 

2551. Lukomskii, S. M. 

HEAT TRANSFER IN BOILING, Bull. Acad. Sci. 
URSS Classe Sci. Tech, 1753-66 (1946). 

The coeff. of heat t ransfer a and the heat flow Q = 
aAt, plotted against the temp. differenceAt between 
the heating surface and the boiling liquid, a r e max. 
at a cr i t . Atm corresponding to t rans i t ion between 
bubble and film boiling, the fall of a and Q with 
further increasing At being due to a spheroidal con
dition of the boiling liquid. F r o m available data, it 
is shown that in relat ive dimensionless coordinates 
O/Om against A t/At^^ (Qm = max. Q at At^^), data 
for a se r ies of var ious liquids (water, 002 , (CHs); 
CHOH, n-C4H90H, (CHjJaCH.-CH^OH) fit into one 
single curve with a spread of exptl. point not ex
ceeding 10-20%. This permi ts rough detn. of At^ 
for any liquid from one measuremen t of Q at a given 
At preferably in the nonspheroidal region below Atj„. 
Empirically, Qn^ = k.r ' d, where Qm Is expressed 
in ca l / sq m / h r , r = latent heat of vaporizat ion in 
cal /kg, d = sp gr of the liquid at the satn. temp, in 
kg/cu m, k = a const, depending on the na ture of the 
heating surface; for Cu, Cr -p la ted Cu, F e . Al, and 
various liquids (water, MeOH, AcOEt, EtOH, CCI4, 
" = C7H16, CjHt, etc) k ^ 4.2-8.2; approx. ca lcns . 
can be nnade with k ^ 5. (CA-41-3359b). 

2552. Lukomskii, S. M. and Madorskaya, S. M. 
HEAT TRANSFER TO BOILING ETHYL ALCOHOL 
INSIDE TUBES WITH NATURAL CIRCULATION, 
Izvest. Akad. Nauk SSSR, Otdel. Tekh. Nauk 1306-
20 (1951). 

Temp, difference, thermal flux, hea t - t r ans fe r coeff., 
and p res su re - t emp , data a r e given for nucleate boi l 
ing inside tubes 22.5 and 30 mm in diam. at p r e s s u r e s 
from 1 atm. to cr i t . for 95% EtOH (tech, grade) . Ob
servations of Cichelli and Bonflla a r e qualitatively 

conf i rmed. The equation h = (Ap)(q/A)" is p r o 
posed where h is heat t r ans fe r coeff. in k c a l / 
hr sq m, (Ap) is a constant dependent on p r e s 
su re , (q/A) is t h e r m a l flux in k c a l / h r sq m , p is 
p r e s s u r e in a tm. , and n = 0.73-0.01 p. P a i r e d 
values of Ap and p a r e : 2.2; 10, 10; 40, 20; 100, 
27; 300, 33; 700, 40; 3000, 50; 50,000, 60. 
(CA-6195A). 

2553. Morozov, V. G. 

NEW EXPERIMENTAL DATA ON CRITICAL HEAT 
LOADS AT BOILING OF LIQUIDS ON A SUB
MERGED HEATING SURFACE, Int. J. Heat Mass 
Transfer ,_5 (661-666) (1962). 

Resul t s a r e p re sen ted of an exper imenta l invest i 
gation of c r i t i ca l heat loads at boiling on a sub
m e r g e d heating sur face , of ethanol, water and 
carbon t e t r ach lo r ide . Values of the c r i t i ca l heat 
loads a r e de te rmined , for ethanol , in the p r e s s u r e 
range from 1 to 62.6 a tm, and for wa te r , from 1 to 
36-5 a tm. Fo r ca rbon t e t r ach lo r ide the value of 
q ( c r - l ) is defined at a tmosphe r i c p r e s s u r e . Data of 
exper iments a r e compared with those of other in
ves t iga to r s and t r ea t ed in the form of a c r i t i ca l 
dependence. 

2554. Most inski i , I. L. and Miropolski i , Z. L. 

HEAT EXCHANGE DURING SURFACE BOILING OF 
WATER AND METHYL ALCOHOL IN A HORIZONTAL 
TUBE, Nauch. Doklady Vysshei Shkoly, Energe t . . 
No. 3, 157-64 (1958). 

Resul ts of s tudies of surface boiling heat t ransfer in 
the b inary sys tem H^O-MeOH a r e exp res sed by the 
equation ttj^ = C q^^^, where ab is the heat t ransfer 
coeff. in kg. c a l / s q m hr degree at boiling and q^ is 
the heat flux in kg c a l / s q m hr. A schennatic draw
ing of the app. used is included. 

2555. Nickelson, R. L. and P recksho t , G. W. 

OBSERVATION ON BOILING CARBON TETRA
CHLORIDE FROM SURFACES, J Chem Eng Data _5, 
310-15 (July I960). 

Exper imen ta l heat t r ans fe r measurennents were made 
on the boiling of CCI4 with the effects of absorbed or 
dissolved gases e l iminated by fractionation of CCI4. 
The surface roughness was held constant in an effort 
to study the effects of the chemical na ture of the 
surface- The h e a t - t r a n s f e r su r faces were l8-gage 
solid Cu, 20-gage solid Cu, Ag, and Au w i r e s , and 
18-gage Cu wi res vapor-coated with Au, Ag, or Cu; 
and they were a lso used as r e s i s t a n c e t h e r m o m 
e t e r s . The p r e s s u r e s for boiling CCI4 were 0.5, I, 
and 1.5 a tm. Nonboiling na tu ra l convection heat 
t r an s f e r data were col lected f i r s t , and then nucleate 
pool-boil ing h e a t - t r a n s f e r data were col lected at 
~50 % burnout. In the la t te r exper iment , the boiling 
heat flux cu rves shifted with boiling t ime toward 
higher t e m p e r a t u r e e x c e s s e s together with a slight 
t a rn i sh ing of the su r f aces . For Au t h e r e was no 
shift and for Ag only a slight shift; but the re was a 
ve ry definite shift for Cu. The wi re d iamete r ap
pea r s to have no effect on nucleate boiling flux. 
Superheat data indicated that ex t raneous sources of 
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nuclei (gases and dust pa r t i c l e s ) were removed suc
cessfully. Nuclei count data a r e p r e sen t e d as a func
tion of p r e s s u r e e x c e s s . 

2556. P i e r r e , B. 

COEFFICIENT OF HEAT TRANSFER FOR BOIL
ING FREON-12 IN HORIZONTAL TUBES, Heating 
and Air T r e a t m e n t E n g r . 19, 302-10 (Dec. 1956). 

Report on t e s t s conducted at Inst i tut ion of Re 
fr igerat ion Engineer ing , Stockholm, using o rd ina ry 
compres so r unit with oil s e p a r a t o r fitted with by
pass ; der iva t ion of fornnulas and the i r use in d e t e r 
mining exper imenta l values for heat t r an s f e r 
coefficient. 

2557. Rat iani , G. V. 

BOILING OF LARGE VOLUMES OF FREON-12 IN 
THE PRESENCE OF OIL IMPURITIES, Trudy. Inst. 
Energet . Akad. Nauk. Gruzin . SSR. JJ_, 155-62 
(I960). 

Expts. with F r e o n - 1 2 contanninated with 3-58% m a 
chine oil SAG-1 (I) show that the coeff. of heat 
t ransfer (a) d e c r e a s e s with i n c r e a s e d I concn. , 
from 1175 at 3% to 315 k c a l / s q m hr °C. at 58% I in 
the Freon . This d e c r e a s e is a t t r ibuted to p r e f e r en 
tial evapn. of the F r e o n from the boundary l aye r s in 
contact with the heated su r f aces , the enr ichment of 
these l ayers in oil, and the resu l t ing i n c r e a s e in 
the b.p. of these l a y e r s , with the c r ea t i on of l a rge 
temp, gradients between the wall and the boiling 
liquid. The format ion of gas bubbles on the heated 
surface has a negligible effect on a; the ma in factor 
affecting the heat t r an s f e r is the free convection of 
the liquid. The exponent n in the equation a = cq 
where q is the heat flux to the systenn (in k c a l / 
sq m hr ) , and c is a cons t . , d e c r e a s e s sharp ly with 
increased I concn. in the F r e o n . 

2558. Robinson, D. B. and Katz, D. L. 

EFFECT OF VAPOR AGITATION ON BOILING 
COEFFICIENTS, Chem. Eng. P r o g r . 47, 317-24 
(1951). 

Boiling coeffs. were nneasured between the outside 
of 4 horizontal Cu tubes In a ve r t i c a l row and boi l 
ing Freon 12. The effect of one tube on the heat 
t ransfer for another is r epo r t ed for heat fluxes from 
874 to 35,100 Btu / (hr ) ( sq ft). Vapor was injected 
below a single tube for a s e r i e s of injection r a t e s 
and boiling temp, d i f fe rences . Boiling coeffs, for 
Freon 12 on Cu tubes ranged from 260 Btu / (h r ) ( sq ft) 
(F°) at a t emp , difference of 7°F to 1600 at a t emp, 
difference of 19.5°F. (CA-45-6436h). 

2559. Seigel. L. G., Bryan, W. L. and Hupper t , M. C. 

HEAT TRANSFER RATES FOR REFRIGERANTS 
BOILING IN A HORIZONTAL TUBE EVAPORATOR. 
Heating, Piping and Air Conditioning, _2_1, 159-62 
(Jan. 1949). 

Variations in t r ans f e r r a t e s for F r e o n - 1 2 ; c o r r e l a 
tion between F r e o n and tube wall , weight flow of 
Freon, and surface a r e a of evapora to r ; c o r r e l a t i o n 
enables accounting for effects of evapora to r p r e s 
sure , pe r cen t ages of flash gas and L / D r a t io ; other 
r e su l t s . 

2560. Staley, C. F . and Baker , Mer l e 

HEAT TRANSFER RATES BETWEEN HEATED 
TUBES AND BOILING REFRIGERANT. J. Am. 
Soc, Heating Refr igera t ing and Air-Condi t ioning 
E n g r s . 1, 83-9 110. 112 (Apr. 1959). 

Extensive data on F r e o n 22 a r e given. 

2561. S te rman , L. S., et a l . 

INVESTIGATION OF HEAT TRANSFER DURING 
BOILING OF WATER AND ETHYL ALCOHOL IN 
P IPES , UCRL-TRANS 694, T r a n s l a t e d from F iz . 
Zhur., Akad Nauk Belorus SSR 2, No. 10, 40-5 
(1959) 11 p-

An invest igat ion is made of heat t r ans fe r to water 
boiling at a p r e s s u r e of from 27 to - 9 0 a tm. The 
p r o c e s s of s t eam format ion takes place while the 
medium is being forced through a ve r t i ca l pipe 
16 m m . in d i ame te r . In these s ame conditions 
expe r imen t s were conducted with boiling ethyl 
alcohol at a p r e s s u r e of 2 a tm. The invest igat ion 
was c a r r i e d out by boiling in a s t a in less s teel pipe 
heated by an e lec t r i c cu r r en t . The t h e r m a l r e 
s i s tance of the wall of the pipe was de te rmined by 
th ree different methods . The exper imenta l data 
obtained are worked out in a genera l ized c r i t e r i a l 
re la t ionsh ip . Cons iderable data published in r e 
cent y e a r s by other inves t iga tors were a lso worked 
out in this re la t ionship . It is shown that the gen
e ra l i zed c r i t i ca l re la t ionship obtained e a r l i e r 
sa t i s fac tor i ly de sc r ibe s heat exchange where the re 
is d i rec ted movement of the medium. 

2562. Styrikovich, M. A. and Polyakov, G. M, 

THE CRITICAL THERMAL LOAD IN THE BOILING 
OF A LARGE VOLUME OF LIQUIDS, T rans l a t ed 
from: Izvest . Akad. Nauk. SSSR, Otdel. Tekh. Nauk, 
652-6, R .AE-LIB-Trans-873 (195 l)(AD-236634). 

The cr i t , t h e r m a l load for different liquids was 
detd. in expts . under identical conditions of la rge 
liquid vols , and hor izonta l su r f aces , which condi
t ions give max. load. Values (in d c a l / s q m -h r ) at 
1 a tm. a r e : H2O, 1,730,000; MeOH, 632,000; EtOH, 
442,000; i s o - P r O H , 403,000; C(,H6,412,000; EtOAc, 
354.000; n-C7Hi6, 336.000. 

2563. Van St ra len . S. J. D. 

HEAT TRANSFER TO BOILING SKIM MILK, Neth. 
J. Sci. 4, 107-10 (1956). 

The heat flux to boiling pas t eu r i zed skim nnilk was 
detd. by use of a Pt heating wire bo lomete r . M e a s 
u r e m e n t s showed the t h e r m a l cond. of the coagulated 
layer to be approx. 6 x 10- c a l / s e c / c m / d e g r e e at 
a tm. p r e s s u r e . At a p r e s s u r e of 10 cm. Hg skim 
milk exhibited a higher h e a t - t r a n s f e r coeff. and a 
higher max . of nucleate boiling than wa te r . 

2564. W a s s e r m a n , A. A.. E r i ckson , A. J. and 
Mann, W. L. 

A STUDY OF SURFACE BOILING HEAT TRANSFER 
TO FREON 113 (1952) 61 p. 

Heat t r ans fe r in the range of nucleate and sur face 
boiling for F r e o n 113 in a n a t u r a l - c i r c u l a t i o n evapo
ra to r has been studied. The data have been 
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corre la ted in t e rms of ra te of heat t r ans f e r , tenn
perature difference (wall minus sa tura t ion) , and 
fluid proper t ies . The effect of surface conditions on 
boiling heat t ransfer is shown. 

2565. Yoder, R. J. and Dodge, B. J. 

HEAT TRANSFER COEFFICIENT OF BOILING 
FREON-12, Refrig. Eng. 60. 156-9, 192-6 (1952). 
Calculated and exptl. data a r e given for average 
boiling film coefficient of F r e o n - 1 2 . 

2566. Zieman, W. E. and Katz, D. L. 

BOILING COEFFICIENTS FOR FINNED TUBES, 
Petroleum Refiner 26̂ , No. 8, 78-82 (1947). 
Overall coeffs. of heat t ransfer were m e a s u r e d for 
boiling iso-C4Hio and n-C^Hn outside horizontal 
tubes. The removal of s team condensate fronn the 
inside of the tube has a significant effect on heat 
t ransfer . A finned tube having 2-4 t imes the outside 
surface of a plain tube gave 1.4-2 t imes as much 
heat t ransfer per ft. length. (CA-44-4729i). 

PHASE AND VELOCITY DISTRIBUTION 

2567. Anderson, A, G. 

THE DISTRIBUTION OF AIR IN SELF-AERATED 
FLOW IN A SMOOTH OPEN CHANNEL, AD-73408 
(1955). 

2568. Cowan, C , J r . 

TWO PHASE FLOW: ISOTHERMAL PRESSURE 
STUDIES AND A DEVICE FOR MAKING TEMPER
ATURE AND VELOCITY TRAVERSES, B. S. Thes i s , 
Univ. of Delaware (1950). 

2569. Donaldson, I. G. 

THE TEMPERATURE, PRESSURE, AND VELOCITY 
DISTRIBUTION OF WATER, STEAM OR WATER, 
STEAM MIXTURE IN A HOMOGENEOUS PER
MEABLE MEDIUM, Dept. of Science and Industr ia l 
Research, Lower Hutt, New Zealand, Report 
No. R-287, 

2570. Dukler, A. E. and Wicks-III, M. 

GAS-LIQUID FLOW IN CONDUITS, Being published 
in "Modern Chemical Engineering" - Edi tor , A, 
Acrivos, Reinhold P r e s s , 1962. 

This paper reviews past published data and c o r r e l a 
tions since 1950 on sonne macroscopic aspec ts of 
momentum transfer and phase dis tr ibut ions of two-
phase flow. Observations a r e made of a r e a s where 
additional research efforts a re badly needed- A 
separate section d iscusses the heat and m a s s t r a n s 
fer processes of two-phase flow. Exper imenta l data 
from over 100 references a r e tabulated (through IBM 
cards) and compared with published co r r e l a t i ons . 

2571. Novokhatskiy, Ye.M., Engineer 
INFLUENCE OF THE TUBE DIAMETER ON THE 
STRUCTURE OF THE FLOW OF A BIPHASE 
LIQUID FLOWING IN VERTICAL TUBES, 
Izvest iya vysshikh uchebnykh zavedeniy. E n e r 
getika, no. 4, 93-97 (1961). 

The a r t i c l e deals with r e s u l t s , obtained with the 
aid of an e l ec t r i ca l method used for invest igat ing 
the influence of the tube d i ame te r on the s t r uc tu r e 
of the flow of biphase liquid flowing in ve r t i ca l 
tubes . It is s tated to be the f i rs t t ime anyone has 
invest igated the method to find quanti tat ive relat ions 
and examine the influence of different fac tors on 
the s t r uc tu r e of flow. P rev ious methods a r e men
tioned such a s : Visual observa t ion photography and 
cinephotography, by which only the qual i ta t ive side 
of the complex s t r u c t u r e of the flow of biphase 
liquids was invest igated. The e l ec t r i c a l method 
cons i s t s of compar ing the capaci ty of a condenser 
filled with water to the capaci ty of the same con
dense r filled with b iphase liquid. Using the density 
equation, the gas component of the biphase liquid 
was found. These condense r s were embodied in 
the exper imenta l pa r t of the ve r t i ca l tube. The 
consumption of b iphase liquid was p r ec i s e ly m e a s 
ured . During the b u l l e t - r e g i m e the re la t ive distance 
between the bul lets and a lso the d iamete r of the 
bubble-bul le t was found by using a specia l method. 
Three exper imenta l tubes with different d i amete r s 
were used (69,52 and 24 nnm). It is s t r e s s e d that an 
equal amount of water was used during the different 
s e r i e s of expe r imen t s , while the consumption of air 
was different and its d is t r ibut ion along the tube was 
taken down. Analyzing the exper imenta l data the 
author concludes that: 1) The a i r - componen t of the 
biphase flow is g r ea t e r in the cen te r of the tube than 
in the l a y e r s next to the wal ls ; this phenomenon is 
observed both in emuls ive and bullet reginne of the 
flow and conf i rms the theore t i ca l r e su l t s published 
by A. V. Kubratov (Ref, 5: T r . MEL no. 9, 1953). 
2) The emuls ive r eg ime t r a n s f e r s into bullet-reginne 
when W Q / W Q = 1 T 2, where W '̂ is the re la t ive velocity 
of a i r and that of wate r . This t r ans i t ion takes place 
gradual ly . In the beginning the flow pulsat ions s tar t 
in the center of the tube and then propagate to the 
pe r iphe ry . 3) In the tubes with l a rge d iamete r the 
s t r uc tu r e of the biphase flow is m o r e homogeneous 
than in those with smal l dianneter when the relat ive 
veloci t ies of a i r and water a r e the same. 4) The 
bullet r eg ime s t a r t s in the center of the tube, and 
with the inc reas ing of the a i r component , when the 
consumption of water is constant , sp reads along the 
ent i re c r o s s sect ion of the tube. The increas ing of 
the dianneter of the bubble bul lets is m o r e rapid in 
tubes with l a rge d i a m e t e r s and cons iderab ly slower 
in tubes with smal l ones . 5) The ra t io '^rnax/'^av 

(where i; , is the value of the a i r - componen t in 
the cen te r of the tube and 'P^.^j. the average value of 
the l a t t e r a c r o s s the en t i re c r o s s - s e c t i o n of the 
tube) is a c h a r a c t e r i s t i c for non-homogenei ty of 



the flow. 6) The influence of the d i ame te r of the tube 
on the r e l a t ive velocity of the a i r is shown. F o r 
tubes with d i a m e t e r s 69 and 52 mm the cu rves for 
the re la t ive ve loc i t ies a r e the s ame as the analogous 
curves obtained by V. I. Tolubinskiy (Ref. 6: 
Soobshteniya, KPI, 1949) after he had worked out 
A. P. Kry lov ' s expe r imen ta l data. 

2572. Rose, W, 

FLUID DISTRIBUTIONS CHARACTERIZING GAS-
LIQUID FLOW, Journa l of P e t r o l e u m Technology i_. 
16-7 (Feb, 1951). 

Attainment of uniform gas- l iqu id d is t r ibu t ions in 
multiphase flow s y s t e m s and espec ia l ly in those of 
so-cal led H a a s l e r type is compl ica ted by gas com
press ibi l i ty and dependence of fluid d is t r ibu t ions on 
interfacial c u r v a t u r e s phenomena; exp res s ion for 
maximunn difference in cap i l l a ry p r e s s u r e which will 
obtain in given l inear gas- l iquid flow sys tem is de
rived for use in conjunction with emp i r i c a l data show
ing variat ion of sa tu ra t ion with cap i l l a ry p r e s s u r e , 

2573. Saito, R. and Yamaki , H. 

EXPERIMENTAL STUDIES OF THE BOILING PHE
NOMENA. I. DENSITY DISTRIBUTIONS OF STEAM 
WATER MIXTURE IN THE MULTIPLE RECTANGU
LAR CHANNELS UNDER ATMOSPHERIC P R E S 
SURE, J. Atomic Energy Soc. Japan _1_, 40-45 
(June 1959). 

To studythe water boiling phenomena under a t m o s 
pheric p r e s s u r e , a na tu ra l c i rcu la t ion loop with 
multiple rec tangula r channels was cons t ruc ted for 
observing the behavior of s t e a m bubbles and for 
measur ing the d is t r ibu t ion of voids in the heated 
sections by the g a m m a - r a y at tenuat ion method. The 
relative veloci t ies of s t eam water were evaluated 
from the r e su l t s obtained. The p r e c i s e effects of 
the channel width on the bubble s ize and the re la t ive 
velocity of s t eam water could not be obtained, but 
the general c h a r a c t e r i s t i c s of boiling were observed . 
Upon compar ing the r e s u l t s of the expe r imen t s with 
calculations based on the B e h r i n g e r ' s and Johnson ' s 
data, slight deviations were found, espec ia l ly when 
compared with the B e h r i n g e r ' s data . It is concluded 
that the effect of the inlet velocity on the re la t ive 
velocity mus t be taken into account , and that specia l 
attention is n e c e s s a r y in applying the B e h r i n g e r ' s 
data to p rac t i ca l design, at l eas t under a tmosphe r i c 
p r e s s u r e . 

2574. Smith, M. G. and Hoe, Y. L. 

WATER VELOCITIES IN THE TWO PHASE FLOW 
OF STEAM AND WATER IN 4.06 AND 6.06 INCH 
DIAMETER HORIZONTAL PIPELINES, Dominion 
Laboratory, Dept. of Scientific and Indus t r ia l Re 
search, New Zealand, Sept. 1956. C.E. 174, 
Report No. DL 1186. 

Pressure Drops 

PRESSURE DROPS (SEE ALSO MOMENTUM LOSS) 

2575. Bazi levich, A. 1. 

LAWS OF RESISTANCE DURING TURBULENT MO
TION OF TWO PHASE LIQUIDS, Nauch. Zapiski 
L 'vov. Pol i tekh. Inst. No. 31, 114-26 (1955). 

The prob lem of select ion of s imi l a r i t y c r i t e r i a for 
2-phase l iquids and of the dependence of the coeff. 
of hydraul ic l o s s e s in pipel ines on Re a r e d i scussed . 
The pr incipal calcn. formulas for the detn. of hy
draul ic l o s ses in pipelines a r e ci ted. F r o m Refera t . 
Zhur . , Khim. 1956, Abs t r . No. 70585. 

2576. Begell , Wm. and Hoopes, J. W., J r . 

ACCELERATION PRESSURE DROPS IN TWO-
PHASE FLOW, Columbia Univers i ty , New York, 
C u - 1 8 - 5 4 - A t - d P - C h . E (1954) 14 p. 

A p rocedure for a s tep-wise t r i a l - a n d - e r r o r method 
of obtaining p r e s s u r e drops in a two-phase w a t e r -
sys tem is descr ibed using the Mar t ine l l i -Ne lson 
equations for s trat i f ied flow. The p rocedure may be 
applied to the s t eam bo i l e r s , evapo ra t o r s , and con
densate r e tu rn l ines . A nomograph for s t eam qual i 
t ies up to 25% and over the t e m p e r a t u r e range 170° 
to 350''F for rapid evaluation of two-phase a c c e l e r a 
tion p r e s s u r e drop and a char t for rapid computat ion 
of the Lockhar t and Mart ine l l i emp i r i c a l p a r a m e t e r 
X^t a r e p resen ted . This paranneter for two-phase 
flow equals the square root of the ra t io of liquid 
frict ion drop to vapor fr ict ion drop, a ssuming each 
phase flowing alone. The subscr ip t "tt" p r e s u m e s 
that both the liquid and the vapor in the flowing two-
phase fluid a r e in turbulent flow. 

2577. Br igham, W. E., Holstein, E. D., and 
Huntington, R, L. 

HOW UPHILL AND DOWNHILL FLOW A F F E C T 
PRESSURE DROP. The Oil and Gas Journa l , p. 145 ff. 
(Nov. 11. 1957). 

2578. Boel ter , L. M. K. and Keppner. R. H. 

PRESSURE DROP ACCOMPANYING TWO-
COMPONENT FLOW THROUGH PIPES, Indus t r ia l 
Engineer ing Chemis t ry . 3J_. 426-34 (1939). 

Data were obtained under conditions of s e rv ice of a 
hea te r in a c i t rus o rcha rd . Mixtures used were oil 
and wate r and oil and a i r . Data a r e given for l / 2 in. 
galvanized pipe and l / 2 in. and 3/4 in. black pipe. 
The au thors have a t tempted to p r e s e n t expe r imen ta l 
evidence which will allow the design of two-
component flow sys t ems of d imensions and p r o p e r t i e s 
not too far removed from the exper imenta l range 
covered. F u r t h e r exper imenta l data a r e needed to 
extend the range of appl icabi l i ty of the r e su l t s and to 
es tab l i sh the bas ic v a r i a b l e s . 
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2579- Burr , E. H. and LeTourneau, B. W. 
BETTIS THERMAL AND HYDRAULICS SECTION 
PRESSURE DROP DATA REDUCTION CODE, 
(WAPD-R(TH)-587 (Del.)) (May 28, I960). 

A digital computer code which combines and supe r 
sedes the IBM-650 codes (SO108 and S0185) was 
written for calculation of total p r e s s u r e drop as the 
sum of friction, accelera t ion , and elevation com
ponents. The code is designed to handle any s ize 
test section. The number of axial space inc rements 
at which calculations can be per formed was in
creased from 24 to 30. The equations used a r e 
given. 

2580. Chisholm, D. and La i rd , A. D. K. 

TWO PHASE FLOW IN ROUGH TUBES, T r a n s . Am. 
Soc. of Mech. Engineers 80, 276 (1958). 

Data a re presented for p r e s s u r e drop and sa tn . du r 
ing flow of a i r -wate r mix tu res in smooth and rough 
tubes. Approximate empi r ica l re la t ions developed 
by using these improvements cor re la ted by major i ty 
of the data within 15%. 

2581. Cordle, H. J. and Haas s , W. P . 

PROPOSED METHOD OF TWO-PHASE PRESSURE 
DROP CALCULATION FOR THE DESIGN OF THE 
PAR EMERGENCY DR.AJN PIPING, WCAP-667 
(1957) 14 p. 

During an emergency fuel dump from the Pennsyl 
vania Advanced Reactor , the s l u r r y will flash into a 
vapor-liquid mixture . Design calculat ions for the 
emergency drain system will thus r equ i re a ca lcula-
tional method for two-phase flow and p r e s s u r e drop. 
A l i te ra ture survey revealed two such nnethods, a 
honnogeneous method and the Mart inel l i method. 
These two methods a r e descr ibed and d iscussed. 
The homogeneous nnethod appears most promis ing 
for PAR conditions. 8 r e fe rences . 

2582. Dittus, F . W. and Hildebrand. A, 

A METHOD OF DETERMINING THE PRESSURE 
DROP FOR OIL-VAPOR MIXTURES FLOWING 
THROUGH FURNACE COILS, Transac t ions of the 
American Society of Mechanical Eng inee r s , 64_, 
185-192 (1942). 

This paper outlines a procedure for calculat ing 
p ressu re drops which has been used by the authors 
in the design of furnaces over a per iod of seve ra l 
years . The resultant total p r e s s u r e drops have in 
each case checked closely with the calculated va lues . 
The equations given in the paper a re set up to de t e r 
mine the p re s su re gradient for the par t of the furnace 
where a liquid-vapor composition ex is t s , pa r t i cu la r ly 
in the case of a vaporizing petroleum oil. The me th 
od as outlined consists of a combination of ma the 
matical equations and graphical solutions. 

2583. Eddy. K. C. 

PRESSURE DROPS IN TWO PHASE FLOW, M. S. 
Thesis , Univ. of Minnesota (1954) 71 p. 

There a r e five conclusions to be drawn from the r e 
sults of this investigation. They a r e : 

1. The method proposed by Mar t ine l l i and Nelson 
and the homogeneous flow "fr ict ion factor" method 
for the calculat ion of two-phase p r e s s u r e drops a r e 
not completely sa t i s fac tory , However , until be t ter 
co r r e l a t i ons a r e developed, these two methods a r e 
recomnnended. 

2. The method of g a m m a - r a y absorp t ion has proven 
itself adaptable to the invest igat ion of flow a r e a s , 
phase dis t r ibut ion, and flow pa t t e rns in two-phase 
flow. 

3. Fo r the flow range invest igated, a gravi ty d i s 
tor ted annular or " c r e s c e n t " flow pa t t e rn has been 
postulated. 

4. The flow of the two phases appea r s to be p r i 
m a r i l y continuous in each phase . 

5. The slip ra t io (rat io of the gas veloci ty to the 
liquid veloci ty) , ca lcula ted on the b a s i s of phase 
continuity, changes by only 70 per cent in increasing 
the quality tenfold (i ,e. from 0.004 to 0.047). 

2584. Evans , L . B. and Churchi l l , S. W. 

THE E F F E C T OF AXIAL PROMOTERS ON THE 
HEAT TRANSFER AND PRESSURE DROP INSIDE 
A TUBE, AIChE P r e p r i n t 26, New York (1962) 38 p. 

The p r e s s u r e drop and r a t e of heat t r an s f e r were 
m e a s u r e d for water flowing in a tube containing bluff-
body p r o m o t e r s . Disks and s t r e a m l i n e shapes of 
seve ra l s i zes were nnounted at var ious unifornn 
spacings along a smal l , axial ly cen te red rod. Solid 
axial co re s of var ious uniform d i ame te r s were also 
invest igated. A uniform heat flux densi ty was im
posed along the wall and local heat t r ans fe r coeffi
cients were de termined from tennperature 
m e a s u r e m e n t s . The p r e s s u r e drop and ra te of heat 
t r ans fe r were both i n c r e a s e d substant ia l ly by the 
s t r e a m l i n e shapes and even nnore by the d isks . 
Genera l ized ennpirical co r r e l a t i ons a r e presented 
for the heat t r an s f e r coefficient and the effective 
drag coefficient or fr ict ion factor for d isks , s t r eam
line shapes and annuli . The co r r e l a t i ons provide the 
bas i s for se lect ion and the economic evaluation of 
p r o m o t e r s , 

2585. F r a z i e r , A. W, 

PRESSURE DROP IN TWO-PHASE FLUID FLOW, 
Carnegie Insti tute of Technology, B. S. Thes is 
(1942) 26 p. 

The effect of v iscos i ty and densi ty on the p r e s s u r e 
drop assoc ia ted with the s imul taneous flow of air and 
water or a sugar solution was studied. The invest i
gator concludes that the type of flow cannot be used 
in calculat ing friction because one type of flow grad
ually runs into another . This continuity gives the 
p r e s s u r e drop as a continuous function of the air 
ra te at a constant water r a t e . The volume-veloci ty 
plot s e e m s to be a sa t i s fac tory answer to the c lass i 
fication of the types of flow, but it cannot be used 
quanti tat ively. 
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2586. Hatch, M. R. 

PREDICTION OF PRESSURE DROP IN TWO PHASE 
SINGLE-COMPONENT FLUID FLOW, Cryogenic 
Engineering Labo ra to ry , National Bureau of Stan
dards , Boulder , Colorado, P r e p r i n t (1961). 

2587. Haywood. R, W., et. a l , 

EXPERIMENTAL STUDY OF THE FLOW CONDI
TIONS AND PRESSURE DROP OF STEAM-WATER 
MIXTURES AT HIGH PRESSURES IN HEATED -AND 
UNHEATED TUBES. C h a r t e r e d Mech Engr . _8, 170-1 
(Mar. 1961) See a lso S. African Min and Eng.J , 72, 
231 (1961). 

Analysis of flow conditions in l y in, bore ve r t i ca l and 
horizontal pipes from - r a y m e a s u r e m e n t s ; c o r r e l a 
tion with 1-in. bore r e s u l t s ; c o m p a r i s o n s of p r e s 
sure drop with va lues p red ic ted on assumpt ion that 
2-phase mix tu re flows as honnogeneous fluid; effects 
of slip, acce le ra t ion and gravi ta t ional p r e s s u r e 
drops. 

2588. Houghten, F . C. and Guteber le t , C, 

FLOW OF CONDENSATE AND AIR IN STEAM-
HEATING RETURNS, T ransac t i ons of the Amer i can 
Society of Heating and Venti lat ing Eng inee r s , 39, 
179 (1933). 

The p r e s s u r e drop r e l a t ion for a r e t u r n nnain c a r r y 
ing only wa te r , thus s imula t ing a wet r e t u r n main , 
is given for the sy s t em studied. G r e a t e r r a t e s of 
water de l ivery were found for a given p r e s s u r e drop 
than would be given by the usual hydraul ic formula 
and accepted cons tan t s . C o r r e c t e d constsuits giving 
flows equal to that obse rved a r e p re sen t ed . A much-
used formula for flow of a i r in pipe is shown to given 
flows which ag ree c lose ly with those exper imenta l ly 
determined. 

The p r e s s u r e drop-flow r e l a t i on is given for differ
ent ra t ios of a i r and wate r flowing in one- inch , 
1.5 inch, 2- inch p ipes , when operat ing as a dry r e 
turn main. The capac i t i e s of these t h r e e s izes of 
pipe when plotted agains t pipe d i ame te r give con
sistent c u r v e s , which a r e ex t rapola ted with fair 
accuracy to l a r g e r pipe s i z e s , 

2589. Inoya, Koichi 

HOLD-UP AND PRESSURE DROP IN TWO PHASE 
FLOW OF AIR AND WATER, Kikai no Kenkyu 1_0, 
1007-11 (1958). 

Hold-up and p r e s s u r e drops in 2- aphase flow were 
measured , and the r e su l t s a r e compared with those 
in the l i t e r a t u r e . The a i r - w a t e r sy s t em was inves t i 
gated in a-^-in. pipe which was ins ta l led ver t i ca l ly 
or horizontally-

2590. Isbin, H. S., Moen, R. H. and Mosher , D. R. 

TWO-PHASE PRESSURE DROPS, Atomic Energy 
Comm., AECU-2994 (1954) 98 p. 

A survey of the l i t e r a t u r e on two-phase flow has 
been made with the purpose of c r i t i ca l ly examining 
design methods for evaluat ing p r e s s u r e drops in 
s t eam-wate r m i x t u r e flows. Severa l s implif ied 
physical models have been used in developing equa
tions and c o r r e l a t i o n s for predic t ing p r e s s u r e drops 

and flow r a t e s . A d i scuss ion of the factors involved 
is p re sen ted along with seve ra l new compar i sons b e 
tween es t ima ted p r e s s u r e drops and exper imenta l 
data. 

2591. Isbin, H. S. 

WORKING CONFERENCE NO, 1: TWO-PHASE 
FLOW PRESSURE DROP, Reac to r Heat Trans fe r 
Conference, New York, TID-7529 (P t . l ) Nov. 1 and 
2, 1956, p. 579-585. 

The purpose of the Conference was to examine c r i t i 
cally the p resen t s ta tus of the knowledge and ex
per ience acqui red in the evaluat ion of two-phase 
(gas-l iquid) flow p r e s s u r e drops-

2592. Jordan , D. P . and Lepper t , G. 

PRESSURE DROP AND VAPOR VOLUME WITH 
SUB-COOLED NUCLEATE BOILING, In te rna t . J. 
Heat Mass Trans fe r (BG) vol. 5, 751-61 (Aug. 1962), 

Reynold ' s analogy between the t r a n s f e r of heat and 
momentum is applied to forced-convect ion, subcooled 
boiling to predic t the p r e s s u r e drop . Exper imen ta l 
measurennents of s ta t ic p r e s s u r e , vapour volume per 
unit a r e a and hea te r wall t e m p e r a t u r e in an annular 
geomet ry pe rmi t the calculat ion of the local fr ict ion 
factor and the local Stanton number , f rom which it 
is demons t ra t ed that the analogy gives a good 
approximat ion to the frict ion factor if a co r rec t ion 
IS made for the acce le ra t ion effects. However, this 
ag reemen t is not found near the s t a r t of the heated 
length; local deviations of the m e a s u r e d quanti t ies 
from those downs t ream a re found in the en t rance 
region. 

2593. Knapp, W. C. and Metzger , J. W. 

GRAPHICAL REPRESENTATION OF FRICTIONAL 
LOSSES IN COMMERCIAL PIPE OF AIR AND 
STEAM FLOWING TURBULENTLY, Amer i can So
ciety of Mechanical Eng inee r s , P r e p r i n t of Pape r 
No. 54-Sa-17, 1954, p, 15. Am. Soc, of Mech. E n g r s . , 
T r a n s . 77- 675-81 (1955). 

Data re la t ing to p rob lem of p r e s s u r e l o s s e s in pipes 
at var ious conditions of t e m p e r a t u r e and p r e s s u r e ; 
graphical solution for deternnining frictional l o s s e s 
in pipes of var ious s izes ca r ry ing air and s t eam, 
together with mathemat ica l analys is from which it 
is evolved, 

2594. Poiight, A. D, K. 

PREDICTION OF PRESSURE DROP DURING THE 
CONDENSATION OF STEAM, Univers i ty of Tulsa , 
M. S. Thes is (1954) 105 p. 

The purpose of this r e s e a r c h project was to accumu
late sufficient exper imenta l data to enable a c o r r e l a 
tion of the va r i ab les involved in predic t ing the 
p r e s s u r e drop occu r r ing during two-phase flow, the 
s imul taneous flow of liquid and vapor , in a c i r c u l a r 
pipe. This study was further l imi ted to a c o n s i d e r a 
tion of the p r e s s u r e drop occur r ing in a two-phase 
sys tem involving the condensat ion of s t eam. It was 
intended that the work of the author would const i tu te 
a supplement to and poss ib le co r robora t ion of the r e 
sul ts obtained by Car l son . 
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2595. Kreith, F . and Summerfield, M. 
PRESSURE DROP AND CONVECTIVE HEAT TRANS
FER WITH SURFACE BOILING AT HIGH HEAT 
FLUX; DATA FOR ANILINE AND N-BUTYL 
ALCOHOL, Trans . ASME 72, 869-78 (1950). 

Heat t ransfer coefficients to com. -g rade aniline and 
BuOH were measured in the heat-f lux range from 
0.3 to 5 Btu per sq in. per sec and in the p r e s s u r e 
range from 30 to 400 lb. per sq in. abs . at veloci t ies 
from 20 to 40 ft per sec . The tes t section con
sisted of a 0.5-in. (internal diam.) s t a in less - s t ee l 
tube which was heated e lec t r ica l ly . 

2596. Lamb, D. E. and White, J. L . 

USE OF MOMENTUM AND ENERGY EQUATIONS 
IN TWO-PHASE FLOW, AIChE J. ^ 281-3 , (1962). 

Derivations a r e given for the momentum and mech . 
energy equations. Their re la t ion is shown to the 
p r e s su re -d rop corre la t ion in 2-phase flow. Reply. 
H. S. Isbin. Ibid, 284; cf. preceding abs t r . 
(CA-62-16355h). 

2597. Lark ins , R. P . , White, R. R. and 
Jeffrey, D. W. 

TWO PHASE CONCURRENT FLOW IN PACKED 
BEDS, AIChE Journal ^ i 231-9 (1961). 

P r e s s u r e drop and liquid satn. accompanying 2-phase 
concurrent flow were studied in a var ie ty of packings 
and with gas-liquid sys tems with a wide range of 
fluid proper t ies . Two basic flow pat te rns were ob
served with nonfoaming s y s t e m s . Cor re la t ions of 
p re s su re -d rop and l iquid-satn. data were obtained 
in t e rms of the s ingle-phase friction lo s ses for the 
liquid and the gas when each flows alone in the bed. 

2598. Lockhart, R. W. 

ISOTHERMAL PRESSURE DROP FOR TWO-PHASE 
TWO-COMPONENT VISCOUS-VISCOUS FLOW IN 
A TUBE AT VARIOUS ANGLES WITH THE HORI
ZONTAL, University of California, M. S. Thes is 
(1945), 58 p. 

A total of 268 runs were recorded: 196 were for two-
phase two-component flow, and 72 were for single 
component flow of a i r or of the l iquids. The range of 
the variables of the runs a r e found in Table 1. 

The resul ts of this investigation indicate that the 
analysis presented by Mart inel l i , Putnam, and Lock
hart for two-phase two-component flow with both 
phases in the viscous regime is applicable; that i s , 
the two-phase p r e s s u r e drop may be r e p r e s e n t e d by: 

(A^T- O^v 

and that the dimensionless modulus X^^ can be c o r 
related as a function of: 

W,7 u, 

^gVg 

There were no effects observed in the two-phase two-
component flow resul ts when the tes t section was 

ro ta ted to some angle with r e s p e c t to the hor izonta l . 
The stat ic head in the tes t sect ion when it was in the 
ve r t i ca l posi t ions (maximum s ta t ic head) was l e s s 
than 0.1% of the p r e s s u r e drop; so that co r r ec t i on 
to conver t the data to equivalent hor izonta l position 
was neglected. 

Exper imenta l ly the c o r r e l a t i o n between two-phase 
two-component flow data through a porous media 
(permeabi l i t i es of consol idated sands of 0.5 to 
260 darcys) and through a glass tube with the fluids 
in the viscous r eg ime was ver i f ied on the X^y vs . 
^yy curve within a maximunn e r r o r of 20%. 

2599- Lockhar t , R. W. 

AN ANALYSIS OF ISOTHERMAL TWO-PHASE 
TWO-COMPONENT FLOW DATA, Univers i ty of 
Cal ifornia , Mechanical Engineer Thes i s (1947). 

R. C. Mar t ine l l i and c o - w o r k e r s postulated that four 
types of two-phase component flow m e c h a n i s m s 
exist . These a r e : (1) gas turbulent , liquid turbulent; 
(2) gas turbulent , liquid v i scous ; (3) gas v i scous , 
liquid v i scous , (4) gas v i scous , liquid turbulent . In 
this t hes i s Lockhar t r e a c h e s the following 
conclus ions: 

1. Two-phase two-component p r e s s u r e drop, ^, and 
the liquid sa tura t ion R^, can be co r r e l a t ed for flow 
m e c h a n i s m s 1, 2, and 3 with the two-phase two-
component flow modulus , X. F r o m these re la t ions 
and the pipe d i ame te r , the liquid flow modulus a, 
the gaseous phase modulus , /3 , and the hydraulic 
d i a m e t e r s D^ and D„ can be calculated. 

2. Absolute velocity of the gaseous phase is usually 
g rea t e r than the absolute veloci ty of the liquid phase. 

3. Fo r flow mechan i sm 3, the re is no change in 
the p r e s s u r e drop modulus , '^, or the liquid sa tu ra 
tion, R^, for a given value of X when the tes t section 
is r e l a t ed from ver t ica l ly up, to hor izonta l , to 
ve r t i ca l ly down. 

4. A p rac t i ca l use of the R^ and $ co r re l a t ion curves 
for the th ree flow m e c h a n i s m s is to predic t the p re s 
su re drop in the r i s e r column of a gas lift pump. 

2600. Lockhar t , R, W. and Mar t ine l l i , R. C. 

PROPOSED CORRELATION OF DATA FOR ISO
THERMAL TWO PHASE, TWO-COMPONENT FLOW 
IN PIPES, Chem. Eng. P r o g . , 45, 39-48 (1949). 

Data a r e p re sen ted for the s imul taneous flow of a i r 
and liquids including benzene, ke rosene , water , and 
var ious oi ls in pipes varying in d iamete r from 
0,0586 in. to 1.017 in. Four types of i so the rma l 
two-phase , two-component flow a r e shown to exist 
depending upon whether each phase is flowing 
viscously or turbulent ly . The p r e s s u r e drop r e 
sulting from these var ious flow m e c h a n i s m s is cor 
re la ted by means of p a r a m e t e r X equal to the square 
root of the ra t io of the p r e s s u r e drop in the pipe if 
the liquid flowed alone to the p r e s s u r e drop if the gas 
flowed alone. Tentat ive c r i t e r i a a r e proposed for the 
t r ans i t ion of the flow from one type to another . The 
percentage of pipe filled with liquid under any flow 
conditions is also shown to be c o r r e l a t e d for all four 
flow types by means of the p a r a m e t e r X. 



2601. Lunde, K, E . 

HEAT TRANSFER AND PRESSURE DROP IN TWO 
PHASE FLOW, P a p e r P r e s e n t e d at the AIChE Four th 
National Heat T r a n s f e r Conference , I960, Chem. Eng. 
Prog, Symp. Se r i e s No. 32, 57, 24-31 (1961). 

Ht. t r ans fe r to fluids in a condition involving m o r e 
than one fluid phase is probably of g r e a t e r indus t r ia l 
significance than any o ther heat t r ans fe r p r o c e s s . 
The most fami l ia r of these is the boiling of wa te r , 
but the vapor iza t ion of other compounds as well as 
condensation and the t r ans f e r of heat to and from 
mixtures of fixed gases and liquids is a l so an 
every-day encounter . 

Although all these p r o c e s s e s a r e bas ica l ly analogous, 
they have been t r e a t e d as r a t h e r s e p a r a t e en t i t i e s , 
no doubt because of the i r complexi ty and because of 
the widely different conditions under which they a r e 
employed. Under highly specific c i r c u m s t a n c e s 
(such as conventional bo i l e r s ) exper ience has enabled 
accurate design of equipment . If however , new or 
divergent conditions a r e involved, the avai lable 
corre la t ions of expe r imen ta l data a r e not sufficiently 
general to justify much confidence in the i r 
predict ions. 

Several inves t iga to r s have c a r r i e d out s tudies of 
two-phase heat t r a n s f e r with two-component s y s 
tems (one a fixed gas) so that the complicat ing fac
tor of s imultaneous nnass t r ans f e r could la rge ly be 
avoided. No sa t i s fac to ry bas i s for co r r e l a t ing even 
these data has appea red in the l i t e r a t u r e and it has 
been general ly conceded that a valid physica l model 
is needed as a bas i s for co r r e l a t i on . 

The presen t paper is l a rge ly concerned with a c o r 
relation of two-phase , two-component heat t r an s f e r 
on the basis of a physical model , but it includes an 
extension to vapor iza t ion p r o c e s s e s and two-phase 
p re s su re drop, 

2602. Maker , F . L . 

PRESSURE DROP OF EVAPORATING FLUID IN 
TUBULAR HEATER, Am. Soc. Mech, E n g r s , Pape r 
55-Pet -29 , September 1955. 

P r e s s u r e drop in re f inery h e a t e r where fluid is 
evaporating has genera l ly been computed by t r i a l and 
e r ro r method that is t ime consuming; method by 
M. Ludwig is ve ry s imple and fast for p r e s s u r e s 
above a tmosphe r i c , and where velocity p r e s s u r e ef
fects a r e minor ; s imple graphical method for in te 
grating p r e s s u r e drop from known r equ i r ed condi
tions at outlet . 

2603. M a r c h a t e r r e , J. F . 

TWO-PHASE FRICTIONAL PRESSURE DROP -
PREDICTION FROM LEVY'S MOMENTUM MODEL, 
TECHNICAL BRIEF, Journa l of Heat T r a n s f e r , 
83, 503-505 (1961). 

2604. Marcy, G. P . 

PRESSURE DROP WITH CHANGE OF PHASE IN A 
CAPILLARY TUBE, Refr igera t ing Engrg . , 51_, 53 
(1949). 

Original method of computing length of cap i l l a ry tube 
to be used for adiabat ic expansion of r e f r ige ran t ; 
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r a t e of flow for given tube may be found a lso ; solu
tion obtained by graphical integrat ion of Fanning 
equation and does not depend upon empi r i ca l fac
t o r s ; good co r re l a t ion with tes t data found within 
l imi ted range of conditions invest igated. 

R. C , Putnam, J. A. and 2605. MartineHi^ 
Lockhar t , R. W. 

TWO-PHASE, TWO COMPONENT FLOW IN THE 
VISCOUS REGION, T r a n s . ASME, 4Z_, 681-705 (1946). 

The ana lys i s for two-phase , two-connponent flow in 
a tube when both phases a r e flowing viscously is p r e 
sented. Experinnental data for flow of a i r and oil in 
a cap i l l a ry tube verify the ana lys i s and allow the 
predic t ions of the two-phase , two-component 
v i s c o u s - v i s c o u s , p r e s s u r e drop for other sinnilar 
flow s y s t e m s . It is noted that , apparent ly , the angle 
of the tube with the horizontal has no apprec iab le 
effect on the two-component f r i c t i o n a l - p r e s s u r e 
drop . A compar i son is made between the data in 
this paper and the available data for two-phase , 
two-component flow in porous media . The two sets 
of data a r e shown to be comparab le and the data for 
the capi l la ry tube a r e postulated to be a spec ia l c a s e 
of flow through a porous medium with ve ry high pe r 
meabi l i ty , and with no in t e r s t i ce s into which fluid can 
be " s ide - t r acked , " 

2606. Mar t ine l l i , R. C. and Nelson, D. B. 

PREDICTION OF PRESSURE DROP DURING 
FORCED CIRCULATION BOILING OF WATER, 
T r a n s . ASME, 70, 695-702 (1948). 

A tentat ive method for the rapid calculat ion of the 
p r e s s u r e drop during fo rced-c i rcu la t ion boiling of 
water is p resen ted . The method is based upon the 
appl icat ion of p r e s s u r e - d r o p data, obtained during 
the i so the rma l flow of a i r and var ious l iquids , to 
the evaluation of local p r e s s u r e gradients during 
fo rced-c i rcu la t ion boiling. Curves a r e developed 
by means of which the p r e s s u r e drop during boiling 
can be es t ima ted quickly once the exit quality, the 
boiling p r e s s u r e , and the p r e s s u r e drop for 100% 
liquid a r e known. The proposed method is definitely 
an ext rapola t ion of exist ing data, and, as such, r e 
quired further exper imenta l ver i f icat ion. 

2607. Mar t ine l l i , R. C. and Lockhar t , R. W. 

PROPOSED CORRELATION OF DATA FOR ISO
THERMAL TWO-PHASE, TWO-COMPONENT FLOW 
IN P IPES , Chem. Eng. P r o g . _45, 39-50 (1949). 

Data a r e for s imul taneous flow of a i r and l iquids in
cluding benzene, k e r o s e n e , water and va r ious oils in 
pipes varying in d iamete r from .0586 to 1.017 in; 
four types of i so the rma l flow a re shown to exis t de
pending upon whether each phase is flowing v iscous ly 
or turbulent ly; p r e s s u r e drop from these va r ious 
flow m e c h a n i s m s is c o r r e l a t e d ; other r e s u l t s . 

2608. May, C. J, and La i rd , A. 

THE EFFICIENCY OF FLOWING WELLS, J. of the 
Inst, of P e t r o l e u m Technology, ^ , 214-241 (1934). 

F a c t o r s affecting the p r e s s u r e drop in a flowing well 
a r e d i s cus sed and exper imen t s de sc r i bed the object 
of which was to deternnine the laws of flow and 
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suitable numerical constants for Mas j id - i -Su la iman 
oil. Apparatus is descr ibed for m e a s u r i n g p r e s 
su res in a flowing well. It is concluded that over 
the range of velocities in which friction is a p p r e c i 
able the Fanning equation is sa t is factory with a con
stant friction factor. An equation is developed for 
slippage loss when the ra t io of gas to oil is l e ss 
than 1:1; the velocity of slip is es t imated at about 
0.5 f t / sec . 

2609. MUler, M, S. 

PRESSURE DROP IN FORCED CIRCULATION FLOW 
OF SUB COOLED WATER WITH AND WITHOUT 
SURFACE BOILING, M. S. T h e s i s , M. I. T. (1954). 

2610. Moen, R. H. 

PRESSURE DROP IN TWO PHASE FLOW: AN IN
VESTIGATION OF THE STEAM-WATER SYSTEM 
AT HIGH PRESSURES AND HIGH TEMPERATURES, 
Ph,D. Thes is , Univ. of Minnesota (1956). 

2611. Moore, T. V. and Schil thuis, R. J, 

CALCULATION OF PRESSURE DROPS IN FLOW
ING WELLS, T rans , of the Amer ican Institute of 
Mechanical Engineers , 103, 170-190 (1933). 

Recent work has led to the development of a new 
hypothesis which presupposes cer ta in conditions 
affecting the flow of oil and gas in wel ls . When the 
proposed equations a re co r r ec t ed to allow for these 
conditions, an agreement between the observed and 
calculated performance of actual wells is obtained. 
In this paper, the method of calculat ing the p r e s 
sure drop in actual wells is cons idered and the ap
plication of the method to the design of tubing is 
discussed. 

2612. Morgan, Charles 

PRESSURE LOSS CHARACTERISTICS OF AIRCRAFT 
FUEL SYSTEM COMPONENTS, Consolidated Vultee 
Aircraft Corp. , Report No. ZK-006 (June 15, 1952). 

This report re la tes the r e su l t s of an intensive l i t e r a 
ture survey which compiled, compared , and analyzed 
all the information which could be found per ta ining to 
p ressu re loss cha rac te r i s t i c s and phenomena of con
duit and conduit fittings uti l ized to a i rc ra f t fuel s y s 
tems. In addition, the compiled re su l t s a re presen ted 
in a manner which is most easi ly unders tood by the 
designer and may be expeditiously applied by him in 
the design of an a i rcraf t fuel sys tem. 

2613. Morgan, Charles 

PREDICTING PRESSURE LOSSES OF SYSTEMS CON
DUCTION 2-PHASE FLUIDS. Consolidated Vultee 
Aircraft Corp. , Report No, ZK-007 (July 15, 1952). 

This report concerns itself with the predict ion of 
p r e s su re losses in a i rcraf t fuel sys tem components 
conducting fuel (and dissolved a i r ) in 2 phase s , liquid 
and gaseous. It repor t s the r e su l t s of an extensive 
l i te ra ture search on the subject, the conduct of which 
was described in the flrst repor t of this s e r i e s 
(ZK-006). The resul ts have been analyzed, com
pared and presented so that: (a) what information 
that is available may be expeditiously utflized by 
non-specialized design personnel , and (b) conclusions 

may be drawn as to the s ta te of knowledge of p r e s 
su re l o s s e s in 2-phase flow. 

The analyt ical background p r o c e d u r e s and data con
cerning single phase flow a r e not he r e in included. 
Rather , this r epor t may be cons ide red a specia l ized 
continuance of Ref. 1, to which the r e a d e r is r e fe r red 
for the above m a t e r i a l . 

2614. Mosher , D. R. 

TWO PHASE STEAM-WATER PRESSURE DROPS, 
M. S. T h e s i s , Univ. of Minnesota (1954). 

An invest igat ion was made of the friction p r e s s u r e 
drop exist ing when s t e a m - w a t e r m i x t u r e s flow 
adiabat ical ly through I in. ID pipe. The range of 
exper imenta l va r i ab les a r e as follows: quality -
0 .02-1 ; total flow - 900-2500 I b s / h r ; p r e s s u r e -
25-100 ps ia . A s ta t i s t i ca l method of obtaining 
emp i r i c a l equations for the 2-phase p r e s s u r e drop 
was then examined, 

2615. Neely, C, F . 

A METHOD OF COMPUTING PIPESTILL PRES
SURE DROPS, Univers i ty of Tulsa , M. S. Thes i s , 
(1949) 61 p, 

A tubest i l l , or p ipes t i l l , is an appara tus in which oil 
is continuously heated during passage through pipes 
exposed to a heat sou rce . In addition to s imple heat
ing, vapor iza t ion or c racking may take place. This 
thes is will be concerned with the fornner p roces s . 
Its purpose will be to advance a method by which 
p r e s s u r e drops occur r ing in a pipest i l l , as heating 
and vapor izat ion take p lace , may be computed quickly 
and accura te ly . 

2616. Nesbit , J. R. 

CHARACTERISTICS OF TWO-PHASE FLUID FLOW, 
Carnegie Institute of Technology, B. S. Thes i s , 
(1940) 21 p. 

The object of this r e s e a r c h is to study types of flow 
and a t tempts to gain data and to c o r r e l a t e factors 
per ta in ing to the p r e s s u r e drop of the flow of air and 
water in a pipe. 

2617. Neusen, K. F . , Kangas, G. J. and Sher, N, C. 

HEAT TRANSFER TO SUPERHEATED STEAM IN A 
THIN ANNULUS, AIChE P r e p r i n t 23, New York (1962) 
34 p. 

Heat t r ans fe r and p r e s s u r e drop s tudies have been 
completed for superhea ted s t eam flowing in thin 
annular pas sages at 600 ps ia . The annuli were 
formed by an 0.878 in, OD tube inside of a 0.997 in. 
ID tube giving a gap of 0.0595 in. The 6 ft long tubes 
were held concent r ic by 3, 0.058 in. longitudinal 
wire s p a c e r s , 120° apa r t . Tes t conditions included 
Reynolds number s from 35,000 to 140.000, heat 
fluxes as high as 125,000 Btu/hr- f t^ , and s team 
t e m p e r a t u r e s from sa tura t ion (489°F) to 1200°F. 
Local friction factors were m e a s u r e d for both heated 
and i so the rma l s team over the connplete t empera tu re 
range . Local heat t r ans fe r coefficients were m e a s 
ured on both the inner and outer heat t r an s f e r su r 
faces . F i lm coefficients and frict ion factors a r e 
compared with available c o r r e l a t i o n s , and the effects 
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of var iable fluid p r o p e r t i e s and length to d iamete r 
ratio (heat t r an s f e r data were obtained for L / D ^ up 
to 430) a r e d i s cus sed . 

2618. Owens, W. L. , J r . 

TWO-PHASE PRESSURE GRADIENT, Internat ional 
Developments in Heat T r a n s f e r , P a r t II, ASME, 1961, 
p. 363-8. 

Presen ts a solution, t heo re t i ca l in na tu re for the 
calculation of two-phase p r e s s u r e drop for i s o t h e r 
mal and n o n - i s o t h e r m a l flow, which will not be 
limited to any specific flow prob lem or subs tance . 
The derivat ion of an exp re s s ion r ep re sen t ing two-
phase p r e s s u r e gradient is made with the a s s u m p 
tion of homogeneous flow, and two phase fr ict ion fac
tor being the same as for single phase liquid flow. 

2619. Owens, W. L . , J r . and Schrock, V. E . 

LOCAL PRESSURE GRADIENTS FOR SUBCOOLED 
BOILING OF WATER IN VERTICAL TUBES, ASME 
Paper 60-WA-249, 

2620. Rogers , M. C. and Thie le , E . W. 

PRESSURE DROPS IN BUBBLE CAP COLUMN, Ind. 
Eng. Chem. 26, 524-528 (1934). 

Exptl. data a r e given on the p r e s s u r e drop in a bub
ble cap with a single t r i angu la r or rec tangula r slot . 
Air, Hj and CO2 were bubbled through water and 
naphtha at r a t e s and depths , r e spec t ive ly , to give a 
range of slot opening of 0 to 100%. 

2621. Rohsenow, W. M. and Cla rk , J. A. 

HEAT TRANSFER AND PRESSURE DROP DATA 
FOR HIGH HEAT FLUX DENSITIES TO WATER AT 
HIGH SUBCRITICAL PRESSURES, NP 3385 (1951). 

2622. Schrader , H. 

PRESSURE DROP AND HEAT AND MASS TRANS
FER FOR COUNTER CURRENT LIQUID GAS FLOW 
IN PACKED COLUMNS, Kaltetechnik ] ^ , 290 (1958). 

Two-phase flow was inves t iga ted in a column having 
a diam. of 22.65 cm, and a length of 55 cm. , packed 
with 16 m m . Raschig r i n g s . Air and water were used 
in the expts . M e a s u r e m e n t s r evea led 3 different 
flow ranges which broke sha rp ly at well-defined 
points, and coincided for p r e s s u r e drop as well as 
heat and m a s s t r a n s f e r . The higher the p r e s s u r e 
drop, the m o r e intensive was the t r a n s f e r , 

2623. Sher, N. C, 

REVIEW OF MARTINELLI-NELSON PRESSURE 
DROP CORRELATION, WAPD-TH-219 (1956) 16 p. 

The Mar t ine l l i -Nelson pred ic t ions of two-phase 
p re s su re drop due to head and momen tum changes 
have been reviewed, and the underlying assunnptions, 
postulates, and data a r e d i s c u s s e d . Modifications to 
the predicted void fract ion values a r e proposed in 
order to e l iminate the possibi l i ty of predic t ing slip 
ratios l e s s than unity. The effect of the adjustment 
at 2000 ps ia on the boiling p r e s s u r e drop data r e 
ported in WAPD-TH-204 is to br ing the r e su l t s from 
the data reduc t ions accord ing to the Mar t ine l l i and 
homogeneous mode l s into even c lose r a g r e e m e n t . 

2624. Shug'ev, V. and Sorokin, S. 

THE HYDRAULIC RESISTANCE OF A TWO-PHASE 
MIXTURE, Zhurnal Tekhnicheskoi F iz ik i , 9, 1854 
(1939). ~ 

2625. Shuster , W. W. 

E F F E C T OF VOID FRACTION ON THE PRESSURE 
DROP THROUGH BEDS OF REGULARLY PACKED 
SPHERES, Ph.D. Thes i s , R e n s s e l a e r Polytechnic 
Inst i tute (1952) 73 p. 

2626. Soo, S. L. 

STATISTICAL PROPERTIES OF MOMENTUM 
TRANSFER IN TWO PHASE FLOW, Chem. Eng. 
Sci. 5_, 57 (1956), 

The momentum t rans fe r was studied in a 2-phase 
s t r e a m consis t ing of pa r t i c l e s c a r r i e d by a fluid. 
Application of the s ta t i s t i ca l theory of turbulence 
shows that the c h a r a c t e r i s t i c s of turbulence of one 
phase can be detd. from the other phase . The 
p a r a m e t e r s affecting the momentum t r ans f e r a r e 
desc r ibed . 

2627. Taylor , R. N. 

A CORRELATION FOR PRESSURE DROP WITH 
CONCURRENT TWO-PHASE FLOW IN PACKED 
COLUMNS, Carnegie Institute of Technology, 
M. S. Thes i s (1954). 

An invest igat ion was under taken to provide a c o r r e 
lation for predict ing the p r e s s u r e drop of two-phase 
cocu r r en t flow in packed t o w e r s . Unpublished ex
per imenta l data taken by two groups of inves t iga tors 
m e a s u r i n g the p r e s s u r e drop for a gas- l iquid sys tem 
in a 2.24 ID packed column were used in the develop
ment of the co r re l a t ion . A nnethod has been devel 
oped based on a i r - w a t e r data where in the p r e s s u r e 
drop can be predic ted within an accuracy of about 
25 per cent. The equations can be applied to towers 
containing packings of s p h e r e s , Raschig r ings or 
Ber l sadd les . 

The exper imenta l data were used to check the 
Brownel l -Katz co r r e l a t i on for two-phase cocur ren t 
flow. It was found that the co r r e l a t i on would p r e 
dict the p r e s s u r e drop to an accu racy of about 
70-90 per cent . 

2628. Teletov, S. G. 

SUR LES COEFFICIENTS DE RESISTANCE DU 
MOUVEMENT DES MELANGE A DEUX PHASES. 
Doklady Akademii Nauk Soyuza Sovetskikh 
Sots ia l i s t icheskikh Respublik 51. 579-82 (1946). 

This a r t i c l e desc r ibes a theore t ica l and e x p e r i 
menta l invest igat ion of the coefficient of r e s i s t a n c e 
of a two-phase fluid flowing in a pipe. 

2629. Thomas , W. J. and P o r t a l s k i , S. 

HYDRODYNAMICS OF COUNTERCURRENT FLOW 
IN WETTED WALL COLUMNS, Ind. Eng. Chem. 50_, 
1081-8 (1958). 

Expt l . r e s u l t s of p r e s s u r e - d r o p detn, a c r o s s a 
wet ted-wal l colunnn with an a i r - w a t e r c o u n t e r c u r r e n t 
systenn a r e given. Different cu rves obtained by 
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plotting p r e s s u r e drop against flow conditions show 
definite cha rac t e r i s t i c s which can be quanti tat ively 
interpreted. These curves show that a viscous-f low 
condition may be assocd. with l a rge waves , and that 
these waves begin to b r eak up into sma l l e r waves at 
a Reynolds no. of liquid film ReL = 900 to 1000. 
This breakup occurs at lower Re]_, values than p r e 
viously stated for the beginning of the t rans i t ion 
region. Fu r the r , the lower p r e s s u r e drop assocd . 
with smal ler waves continues to dec rea se throughout 
the transi t ion range. When full turbulence is reached , 
the p re s su re drop i n c r e a s e s . The t rans i t ion region 
extends up to Re^, = 1500 in some c a s e s ; this value 
is higher than previously s tated. Cor rec t ion . Ibid. 
1266. 

2630. Thomsen, E r i c Gottfried 

PRESSURE DROP ACCOMPANYING TWO-
COMPONENT FLOW IN A CLOSED CONDUIT WITH 
VARIOUS LIQUIDS AND AIR, Universi ty of Cal i 
fornia, M. S. Thes is , 1940, p. 32. 

The investigation was per formed for the approximate 
gas ra te range of 0.005 to 0,03 pounds per second 
and a liquid range of 0.01 to 0.1 pounds per second, 
for mixture of air and the following l iquids: wa te r , 
benzene, kerosene , glycerine and wate r , and water 
and Kemenol. 

The following pert inent r e su l t s were obtained: 
glycerine and water , and water and Kemenol, a r e 
unsuitable for the study of two-component flow b e 
cause of the tendency to foam thus complicat ing the 
problem through the introduction of additional 
var iables . Conclusive evidence vv-as found that water , 
studied in the experinnental range , mus t flow in t u r 
bulent motion; a considerat ion of the behavior of 
benzene and kerosene justified the assumpt ion that 
turbulent motion also exists for these fluids. F u r 
ther it was found that the data of friction factor 
based on the air ra te and pipe d iameter plotted as 
a function of Reo-

frict ional p r e s s u r e drop for flashing m i x t u r e s of 
s t e a m and water in geo the rmal heat ing; method does 
not e l iminate addit ional work involved in calculat ing 
further p r e s s u r e drop due to momen tum change and 
s ta t ic head. 

2632. Ulugol, V, L. 

PRESSURE GRADIENTS ASSOCIATED WITH NON-
ADI-ABATIC TWO-PHASE FLOW, Heat T rans fe r and 
Thermodynamics Lab , U. of Mich.(1961). 

2633. Vohr, J. 

ENERGY EQUATION FOR TWO-PHASE FLOW, 
AIChE, J. 8, 280-1 (1962). 

2634. Welsh, P . J. 

PRESSURE DROP DUE TO FRICTION IN TWO-
PHASE FLUID FLOW, Carneg ie Inst i tute of Tech
nology, B. S. Thes i s (1938) 17 p. 

P r e s s u r e drops for a i r - l i qu id tv/o-phase fluid flow 
in glass tubes a r e given. The design and util ization 
of exper imenta l equipment is elucidated. 

2635. Westmore land, J. C. 

PREDICTION OF THE PRESSURE LOSS AND DEN
SITY FACTORS FOR TWO PHASE ANNULAR FLOW 
WITH OR WITHOUT HEAT GENERATION, KAPL-
1792 (1957) 35 p. 

A s imple ana lys i s is p re sen ted for predic t ing p r e s 
su re loss and densi ty factors for t^vo-phase, one-
component annular flow with and without heat 
generat ion. All four combinat ions of l aminar and 
turbulent flow in both the annulus and core a r e con
s idered . The analys is is based on a s s u m e d velocity 
profi les and matching veloci ty and shear s t r e s s at 
the l iquid-vapor in te r face . The theory is found to 
compare favorably with exper imenta l r e su l t s on 
both ve r t i ca l and hor izonta l sec t ions . The applica
tion of the theory to na tura l c i rcu la t ion s team gen
e r a t o r s is also p resen ted . 

on log-log paper for water , benzene, and kerosene 
could be cross-p lo t ted by a s e r i e s of para l le l l ines 
representing constant p a r a m e t e r s of volume of pipe 
filled with liquid to total volume of pipe. It was also 
found that for the exper imental range studied, the 
p ressu re gradients for all fluids tes ted , except for 
glycerine and water , can be approximated by the 
following equation: 

Ap 
— = 1.72 X 10 '^T 

2631. Trethowen, H. A. 

FLOW OF GAS LIQUID MIXTURES IN PIPES, New 
Zealand Eng. 15_, 151-5 (May 15, I960). 

Charac ter i s t ics and pat terns of two-phase fluid flow; 
discussion of common Mart inel l i and "homogeneous" 
methods; variation is suggested for Mar t ine l l i me th 
od to give quick and easy method of es t imat ing 

2636. Wickey, R. O. 

HIGH PRESSURE TWO PHASE STEAM-WATER 
PRESSURE DROPS, M. S. T h e s i s , Univ. of 
Minnesota (1956). 

2637. Woods, W. K. 

QUALITATIVE ANALYSIS OF PRESSURE DROP 
DURING IN-PILE BOILING, HW-31157 (1954) 8 p. 

The analys is desc r ibed in this memorandum de
velops the concepts that the exis tence of unstable 
conditions during in-pi le boiling is re la t ive ly inde
pendent of the actual heat load on the tube, and that 
such unstable conditions a r e influenced as great ly 
by the amount of sub-cool ing of the inlet water as 
they a r e by the p r e s s u r e at which the s team is d is 
charged from the pi le . Unstable conditions may be 
suppres sed by high flow r e s i s t a n c e upstreann from 
the tube, but the r equ i red r e s i s t a n c e would be' ex
cess ive in p resen t p i les . The r equ i red amount of 
u p s t r e a m r e s i s t ance may be min imized or even r e 
duced to zero by using judicious combinat ions of 
high d ischarge p r e s s u r e and high inlet water 



Pressure Drops 

t e m p e r a t u r e s . M o r e o v e r , under these condit ions, a 
change in the r e s i s t a n c e downs t r eam from the tube 
has a compara t ive ly sma l l effect on the amount of 
ups t ream throt t l ing r equ i r ed . The ana lys i s developed 
mathemat ica l ly is concerned with some of the condi
tions which should p reva i l in o rde r to opera te a pile 
sat isfactori ly with boiling occu r r ing inside the p r o c 
ess tubes . 

2638. Yano, G. E . 

PRESSURE DROP DURING EVAPORATION OF 
WATER IN TUBES, McGill Univers i ty , Canada, 
M. S. T h e s i s , (1953). 

A theoret ical and experinnental d i scuss ion of two-
phase flow cons ider ing m a s s t r ans f e r phenomenon 
is included in this t h e s i s . 

2639. Socony Mobil Oil Company 

PRESSURE DROP IN 4 INCH P I P E FOR AIR-
WATER, Unpublished r epo r t . 

2640. Adorni , N,, et a l . 

RESULTS OF WET STEAM COOLING E X P E R I 
MENTS: PRESSURE DROP, HEAT TRANSFER 
AND BURNOUT MEASUREMENTS IN ANNULAR 
TUBES WITH EXTERN-AL HEATING, Special Re 
port No. 4, EURAEC-44 (CISE-R-30)(Dec. I960) 
88 p. 

Data obtained at the P i a c e n z a heat t r ans fe r facility 
are presen ted tabula r ly concern ing p r e s s u r e drops 
with power and with ze ro power , heat t r an s f e r coef
ficients, and burnout heat fluxes. Graphic data a r e 
included on p r e s s u r e d rops with ze ro power v s . 
mean s team quality and for burnout heat fluxes v s . 
steam quality at burnout . 

2641. Adorni , N., et a l , 

RESULTS OF WET STEAM COOLING E X P E R I 
MENTS: PRESSURE DROP, HEAT TRANSFER 
AND BURNOUT MEASUREMENTS IN ANNULAR 
TUBES WITH INTERNAL AND BILATERAL HEAT
ING, Centro Informazioni Studi E s p e r i e n z e Re
port R 31, EURAEC-45 , J anua ry 1961, Milan, Italy, 
Special Repor t No. 5, 64 p. 

Heat t r ans fe r data a r e p r e sen t ed on in te rna l ly and 
bilateral ly heated annular t es t e l e m e n t s . Data ob
tained using wet s t eam a r e given for p r e s s u r e drop 
with zero power, p r e s s u r e drop with power, heat 
t ransfer coefficients, and burnout heat flux. 

2642. Hoopes, J . W., J r . 

FLOW OF STEAM-WATER MIXTURES IN A 
HEATED ANNULUS AND THROUGH ORIFICES, 
AIChE Journal _3, 268-275 (1957). 

Values of total p r e s s u r e d rop a r e p re sen ted for the 
flow of vaporiz ing water in an in te rna l ly heated 1-in, 
ID by 1^ in. OD annulus at m a s s veloci t ies of 270 to 
1440 lb / s ec ft^, p r e s s u r e s of 9 to 180 Ib/in^, and up 
to 0.34 fract ion by weight vapor ized . The re is no 
evidence of "sonic" p r e s s u r e jumps at the outlet . 
Various methods of c o r r e l a t i n g the r e s u l t s a r e 

d i scussed . P r e s s u r e drops through approximate ly 
0.3-inch orif ice holes , with the mix ture d ischarging 
into cool wa te r , a r e given for m a s s veloci t ies of 
308 to 1650 l b / s e c ft^ at the "vena con t rac ta , " and 
up to 0.34 fraction vapor iza t ion of the enter ing mix 
t u r e . It was found that the ra t io of the two-phase 
p r e s s u r e drop to the drop with no vapor iza t ion was 
approximate ly a l inear function of the quality in the 
vena con t rac ta but was only ^ to -j as g rea t as 
would be pred ic ted if the nnixture were to expand as 
a homogeneous fluid. P red ic t ion of orif ice p r e s s u r e 
drops is improved if slip between vapor and liquid 
is cons idered . 10 r e f e r e n c e s . 

2643. McNutt, C. R. and Carbon, M. W. 

EXPERIMENTAL STUDIES ON STEAM WATER 
PRESSURE DROPS IN AN ANNULUS WITH HEAT 
TRANSFER, HW-38242 (Rev. I) (1955) 27 p. 

P r e s s u r e drops a r e r epor t ed for forced c i rcula t ion 
flow of s t e a m - w a t e r mix tu re s in a 23.5 ft long, 
1.43 inch ID, 0.1 inch thick, hor izonta l annulus. The 
inner surface of the annulus was uniformly heated 
over a range from 97,000 to 233,000 Btu/hr- f t^ , exit 
p r e s s u r e s extended from 100 to 500 psig, and exit 
s team quali t ies var ied from 0 to 60% by weight. L iq
uid water en te red the annulus and boiling lengths up 
to 15 feet were invest igated. Moreover , the Woods 
and the Mart ine l l i and Nelson methods of calculat ing 
two-phase p r e s s u r e drop were applied to the e x p e r i 
mental conditions, and the deviations between the 
analyt ical and the tes t r e su l t s a r e p resen ted . 

2644. Stein, R. P . et a l . 

PRESSURE DROP AND HEAT TRANSFER TO NON
BOILING AND BOILING WATER IN TURBULENT 
FLOW IN AN INTERNALLY HEATED ANNULUS, 
Chemical Engineer ing P r o g r e s s , Symposium Ser ies 
50, No. I I , 115-26 (1954). 

Water was pumped through annuli g in. wide, 1.08 in. 
in ternal d i ame te r , and 14 ft long, e lec t r i ca l ly heated 
at thei r inner su r f aces . Uniform and cosine heat-f lux 
dis t r ibut ions were employed, as well as concentr ic 
and 30% eccen t r ic annuli. Nonboiling overa l l fr ict ion 
factors for concentr ic annuli ag reed with pipe values 
and for the eccen t r ic case were about 30% l e s s . 
C i rcumferen t i a l average local h e a t - t r a n s f e r coeffi
cients agreed with the Colburn j - f a c t o r co r re l a t ion 
for turbulent flow inside tubes and were substant ia l ly 
independent of eccen t r i c i ty . The usual definition of 
film tennperature c o r r e l a t e d the r e su l t s bes t . Efflux 
veloci t ies with boiling were well above the calcula ted 
maximunn values for homegeneous fluids. Inlet p r e s 
s u r e s during coolant boiling v/ere checked by two 
inc remen ta l calculat ion methods . Homogeneous, or 
"fog," flow gave inlet p r e s s u r e s that were somewhat 
too high and Mart ine l l i and Nelson 's "s l ip" flow gave 
p r e s s u r e s too low by a l a r g e r annount. A modified 
plot by Lockhar t and Mar t ine l l i of "&" was obtained 
which gives good ag reemen t in calculat ing two-phase 
fr ict ional p r e s s u r e drop for the runs r epor t ed . It is 
r ecommended for downward flow in concent r ic annuli 
of s imi l a r d imens ions . DA 48,9120e (1954). 
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Fit t ings. Bends, Etc . 

2645. Cohen, M. I. 

AN INVESTIGATION OF PRESSURE DROP IN A 
TWO PHASE TWO COMPONENT FLOW IN BENDS 
M.LT. S. B. Thesis (1957). 

2646. Deobald, T. L. 

AN EXPERIMENTAL INVESTIGATION OF TWO-
PHASE FLOW PRESSURE LOSSES IN PIPE 
ELBOWS, HW-SA-2564 (1962) 108 p. , Thes is sub
mitted to Univ. of Idaho. 

Results of a study concerning two-phase s t e a m - w a t e r 
flow through pipe elbows are presented . The appl i 
cability of the approach used in the analys is of this 
type flow, relating the p r e s s u r e drop occur r ing du r 
ing two-phase flow to the p r e s s u r e drop occur r ing if 
only a single phase were flowing in the sys t em, is 
examined. The work is l imited to s tandard 1 in. 
welding ells with s team p r e s s u r e s at 25 to 50 ps ia 
and steam qualities of 0 to 100%. 

2647. . K. Sharp. R. 

TWO PHASE PRESSURE LOSSES IN VALVES AND 
FITTINGS, M. S. Thesis, Georgia Inst, of Tech. (1956). 

turbulent flow, based on analogy with single phase 
flow s y s t e m s , was developed. 

Data on the two-phase flow heat t r a n s f e r were c o r r e 
lated within ± 15 per cent on the b a s i s of the e x p r e s 
sion developed for the defined two-phase flow heat 
t r ans fe r coefficient. 

An a l te rna t ive method of c o r r e l a t i o n of the heat 
t r ans fe r data within ±20 per cent , based on its r e la 
tion to the two-phase flow p r e s s u r e drop is a lso 
p re sen t ed . 

2649, Armand, A. A. 

THE RESISTANCE DURING THE MOVEMENT OF A 
TWO PHASE SYSTEM IN HORIZONTAL PIPES, 
AERE-TRANS-828 (Mar. 1959), T r a n s l a t e d from 
Vsesoyuznogo Teploteknicheskoga Inst i tuta imena 
Fe l i k sa Dzerzhinskogo, 1_5̂, 16-23 (1946). 

Expe r imen t s were conducted in smooth b r a s s pipes. 
The a i r content was va r i ed from 0 to 95 percent by 
weight, and the throughput of water was va r i ed from 
4200 to 10 k g / h r . Visual observa t ions and c inemato
graphic evidence indicate the exis tence of a d ive r s i 
fied s t r e a m s t r u c t u r e . A scheme of all flow types 
observed is given, and formulas to e x p r e s s these 
types a r e deduced. 

Horizontal Flow 

2648. Abou-Sabe, Abdel-Hamid Aly 

HEAT TRANSFER AND PRESSURE DROP DURING 
TWO-PHASE TWO-COMPONENT FLOW IN A 
HORIZONTAL TUBE, Universi ty of California, 
Ph .D . Thes is , 1951, p, 120. 

The case of the two-phase two-component i so the rmal 
and non-isothermal a i r water flow in a 0.870 inch 
I.D,, s team jacketed, horizontal tube was inves t i 
gated experinnentally. 

Correlat ion of the two-phase i so the rmal and non
isothermal p r e s s u r e drop data obtained by using 
Mart inel l i ' s modulus, equal to the square root of 
the ratio of the p r e s s u r e drop if the liquid flowed 
alone, to the p re s su re drop if the gas flowed alone, 
indicated that the two-phase flow p r e s s u r e drop is 
not a function of this modulus alone. Modification 
of the analysis presented by Mart inel l i to take into 
account the effect of the flow pat terns and the rough
ness at the gas-liquid interface, r e su l t s in an i m 
proved correlat ion of the two-phase flow p r e s s u r e 
drop; within ± 10 per cent. The modified ana lys i s , 
however, r e s t r i c t s the general i ty offered by 
Martinell i 's method of cor re la t ion and, fu r the rmore , 
depends on an experimental factor for which addi
tional data a re needed to establ ish its values . 

The observed flow pat terns were co r r e l a t ed as a 
function of the ra tes of flow of the two phases and 
the correlat ion is in fair agreement with data r e 
ported in the l i t e ra tu re . 

Data taken for the percentage volume of the pipe 
occupied by the liquid (liquid saturation) were shown 
to be corre la ted by using Mar t ine l l i ' s modulus . 

An effective two-phase flow heat t r ans fe r coefflcient 
was defined and an analysis of this coefficient for 

2650. Armand. A. A. and Treshchev , G. G. 

STUDY OF THE RESISTANCE TO MOTION OF 
STEAM-WATER MIXTURE IN A HEATED BOILER 
TUBE UNDER HIGH PRESSURE, Trans l a t ed from 
Izv. VTI, Nr 4, 1-5, A E R E - L I B / T R A N S - 8 1 6 (1947), 

The r e su l t s of an exper imenta l invest igat ion of r e 
s i s tance to motion in a hor izonta l pipe of a two phase 
a i r - w a t e r mix ture a r e given. On the bas i s of the in
vest igat ion, fo rmulas for calculat ing the r e s i s t a n c e , 
covering p r e s s u r e s from 10 to 180 a tmosphe re s , were 
der ived. 

2651. Bergel in , O. P . and Gazley, C. 

CO-CURRENT GAS-LIQUID FLOW. I. FLOW IN 
HORIZONTAL TUBES, A m e r i c a n Society of Mechan
ical Eng inee r s , P r e p r i n t of P a p e r , May 1949, p. 5-18. 

The major por t ion of the paper is devoted to the 
c h a r a c t e r i s t i c s of s t ra t i f ied flow, Lanninar and tur 
bulent flow in each phase a r e d i scussed and the con
ditions of interfacial wave format ion a r e given. 
Careful m e a s u r e m e n t s a r e r epor t ed on the gas -
p r e s s u r e drop, the posit ion of the interface and the 
interfacial gradients for a i r - w a t e r flow through tubes 
one and two inches in d i ame te r . The gas -phase 
p r e s s u r e drop along a smooth interface is shown to 
be s imi l a r to the p r e s s u r e drop during a single phase 
flow in a smooth pipe, while the p r e s s u r e drop along 
a wavy interface exhibits the c h a r a c t e r i s t i c s of flow 
in a rough pipe. 

2652. Br igham, W. E. 

CONCURRENT TWO-PHASE FLOW OF LIQUIDS 
AND GASES IN HORIZONTAL PIPING, Ph.D. Thes is , 
Univ. of Okla. (1962) 140 p. 

360 
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2653. Chenoweth, J . M. and Mar t in , M. W. 

A PRESSURE DROP CORRELATION FOR TURBU
LENT TWO PHASE FLOW OF GAS-LIQUID MIX
TURES IN HORIZONTAL PIPES , Pe t . Ref. M, 151 
(1955). 

Study of p r e s s u r e d rops for flow of two-phase m i x 
tures of a i r and wate r in l y in. and 3-in. p ipes ; 
total of 264 runs p re sen ted for t e s t s cover ing p r e s 
sures to 100 psia , l iquid r a t e s to 200 gpm, and air 
rates to 700 scfm; c o m p a r i s o n with previous r e s u l t s ; 
new cor re l a t ion for turbulent two-phase flow. 

2654. Chenoweth, J , M, and Mar t in , M. W. 

PRESSURE DROP OF GAS-LIQUID MIXTURES IN 
HORIZONTAL PIPES , Pe t . Eng. _28_, 642-645 (1956). 

Study of p r e s s u r e d rops for flow of two-phase m i x 
tures of a i r and water in l y in. and 3 in. p ipes ; total 
of 264 runs p re sen ted for t e s t s cover ing p r e s s u r e s 
to 100 psia , liquid r a t e s to 200 gpm, and a i r r a t e s to 
700 scfm; compar i son with previous r e s u l t s ; new 
correlat ion for turbulent two-phase flow. 

2655. Davis, E . J. 

HEAT TRANSFER AND PRESSURE DROP FOR HIGH 
QUALITY STEAM-WATER MIXTURES FLOWING IN 
A HORIZONTAL, RECTANGULAR DUCT, HEATED 
ON ONE SIDE, Ph. D. T h e s i s , U. of Wash. , 210 p. 
(1961). 

2656- Diehl, J. E. and Unruh, C. H, 

TWO-PHASE PRESSURE DROP FOR HORIZONTAL 
CROSSFLOW THROUGH TUBE BANK, ASME 
Paper 58-HT-20 (1958). 

Study of p r e s s u r e drop for hor izonta l crossf low of 
two-phase gas liquid m i x t u r e s through four tube 
banks, with hor izonta l tubes ; two tube banks have 
staggered-tube layouts , 60 to 45°; two have in- l ine 
or 90° tube-field layouts , 60 and 45°; two have in
line or 90° tubefield layouts ; t es t s y s t e m s studied 
were a i r - w a t e r and pentane vapor -pen tane liquid; 
p r e s su re drop co r r e l a t i on is developed for hor izon
tal two-phase crossf low through tube banks ; r e l e 
vance to condensers and r e b o i l e r s , in r e f i n e r i e s , e t c . 

2657. Evans , L. B. and Churchi l l , S. W. 

THE ECONOMICS OF USING PROMOTERS TO IM
PROVE HEAT TRANSFER INSIDE TUBES, AIChE 
Prepr int 3. New York (1962) 28 p. 

A method is p re sen ted for de te rmin ing the economic 
feasibility of using p r o m o t e r s in a heat t r an s f e r 
tube. The p rocedure r e q u i r e s that the ra te of heat 
t ransfer and the p r e s s u r e drop be known as a func
tion of flow r a t e and fluid p r o p e r t i e s for the p r o 
moters under cons idera t ion . Recent emp i r i c a l 
corre la t ions for the heat t r an s f e r and p r e s s u r e drop 
in tubes containing p r o m o t e r s a r e reviewed and con
verted to a common form. The p r o m o t e r s include 
roughening e lements on the tube wal l , twis ted meta l 
s t r ips , packing m a t e r i a l , solid axial c o r e s , and bluff 
bodies cen te red in the tube. The method of economic 
analysis is i l l u s t r a t ed for a r ep re sen t a t i ve appl ica
tion. It is shown that in c e r t a i n s i tuat ions a dis t inct 
monetary savings can be r ea l i zed by the use of the 

p roper p r o m o t e r . In many c a s e s the use of the 
p romote r can provide flexibility in design and o p e r a 
tion. On the other hand, misdes ign or mi sope ra t ion 
of an exchanger containing a p romote r can be ve ry 
expensive . The advantages and disadvantages of 
va r ious types of p r o m o t e r s a r e d i scussed . 

2658. F r i e d , Lawrence 

HEAT TRANSFER AND PRESSURE DROP FOR AIR-
WATER MIXTURES FLOWING IN A HORIZONTAL 
TUBE, Univers i ty of Cal i fornia , M. S. Thes i s (1953). 

P r e s s u r e drop and heat t r ans fe r for an a i r - w a t e r 
mix tu re flowing in a horizontal 0,737 inch I.D. cop
per pipe were invest igated at se lec ted wate r r a t e s . 
The isothernnal and non- i so the rma l p r e s s u r e drop 
can be co r r e l a t ed by Mar t ine l l i ' s method within 
+ 14 percent and -10 percent . The data showed a 
t rend for each liquid ra te that was different from the 
overa l l co r re l a t ion , as has been noted by o t h e r s . 

2659. F r i e d , Lawrence 

PRESSURE DROP AND HEAT TRANSFER FOR 
TWO-PHASE, TWO-COMPONENT FLOW, Chemical 
Engineer ing P r o g r e s s , Symposium Ser i e s 50, No. 9, 
47-51 (1954). 

P r e s s u r e drop and heat t r ans fe r for an a i r - w a t e r 
mix ture flowing in a horizontal 0.737-inch I.D. pipe 
were invest igated at water r a t e s of 2 to 26 ga l /m in 
and a i r r a t e s of 2 to 45 s tandard cu f t /min where the 
flow of both phases was always turbulent . When 
k ine t ic -energy changes a r e compensated for, 
Mar t ine l l i ' s co r r e l a t i on for i so the rma l p r e s s u r e 
drops is applicable to non i so thermal flow. Heat-
t r ans fe r coefficients can be pred ic ted from plots of 
^^equa l to the ra t io of the two-phase to the l iquid-
phase h e a t - t r a n s f e r coefficient, agains t 0̂ f equal to 
the ra t io of the two-phase to the l iquid-phase p r e s 
su re drop . Hea t - t r ans f e r coefficients were com
puted by use of logar i thmic and in tegrated 
mean- tennpera tu re differences; the la t te r gave the 
be t te r cor re la t ion . 

2660. GoUobin, L. P . 

A STUDY OF THE PRESSURE DROP ACCOMPANY
ING FLOW OF A FLASHING FLUID IN A CIRCULAR 
PIPE , Kansas State College of Agr icu l ture and 
Applied Science, M. S. Thes is (1952) 75 p. 

Use of the r ing flow p ic ture and the assoc ia ted m a t h 
emat ica l analysis yielded sa t i s fac tory r e su l t s for the 
predic t ion of frictional p r e s s u r e drops due to the 
adiabatic flow of a flashing w a t e r - s t e a m mix tu re in 
a hor izonta l t h r ee - e igh th s inch I .P .S . - schedule 40 
galvanized i ron pipe, within the range of exper imenta l 
data. The range of data observed we re : m a s s ve loc 
ity, G, from 73.5 to 133 l b s / s e c (sq ft); inlet p r e s 
s u r e , 27.7 to 42 psia; and inlet quality, y, 0.026 to 
1.95%. More detai led conclusions resul t ing from 
acceptance of the p re sen ted ana lys i s a r e as follows: 

(1). A flashing fluid exhibits an annular r ing type 
flow. 

(2). L inea r veloci t ies of the vapor and liquid 
s t r e a m s i nc r ea se together and a r e the sanne at any 
c r o s s sect ion downstreann in the pipe. 
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(3). The diameter of flow for both phases approaches 
closely the inside d iameter of the pipe, even at low 
values of quality. 

(4), The overall head loss m e a s u r e d during flow of 
the flashing fluid consis ts of velocity and fr ict ion 
head t e r m s , There is l i t t le difficulty a s soc ia ted with 
approximating velocity heads which a r e based on 
k.e. changes only, for both one and two-phase flow 
problems. Combined friction heads a r e the sum of 
vapor and liquid flow contr ibut ions . 

(5). Except for conditions of ve ry low inlet quality 
the gas phase flow frictional contribution is mos t 
important in deternnining the overal l fr ict ion head. 

2661. Govier, G. W. and Omer , M. M. 

HORIZONTAL PIPELINE FLOW OF AIR-WATER 
MIXTURES, Can. J. Chem. Eng,, _40_, 93-104 (1962). 

New data on the flow pa t t e rns , p r e s s u r e drop, and 
holdup encountered in the horizontal flow of a i r -
water mixts . for a l .026-in. pipe cover the a i r - w a t e r 
ratios of 0,1-200 for 10 superficial water veloci t ies 
of 0.01-5.03 f t / sec . The p r e s s u r e drop data a r e 
corre la ted in ternns of a 2-phase frict ion factor , the 
a i r -wate r vol. ra t io , and a Reynolds no. based on the 
superficial velocity. (CA-62-13582g). 

2662. Isbin, H. S., et. a l . 

TWO PHASE STEAM-WATER PRESSURE DROPS, 
CEP Symp. Ser. No. 23, ^ , 75-84 (1959). 

Frict ional p r e s s u r e drops for s t e a m - w a t e r m i x 
tures have been determined for the following ranges 
of conditions; p r e s s u r e , 25 to 1415 psia; total flow 
rate , 454 to 4350 Ib /h r ; and quality from about 0.03 
to 0.98. The steann-water mix tu res were synthesized 
by mixing steam and water , and p r e s s u r e drops were 
measured for adiabatic flow in horizontal p ipes , 
0.484 and 1.062-in.i.d. Considerable c a r e was taken 
to insure that the method of mixing did not influence 
the p re s su re drop r e su l t s , and that the p r e s s u r e 
measurements were made sufficiently far from both 
entrance and exit. The data a r e compared to s tand
ard corre la t ions , and a new r e s t r i c t e d co r re l a t ion 
is suggested which takes into account the p r e s s u r e 
and flow rate dependencies. 

2663. Jakob. M.. Lepper t , G. and Reynolds, J. B. 

PRESSURE DROP DURING FORCED-CIRCULATION 
BOILING, Chem. Eng. Prog . Sym. Ser . 52, No. 18, 
29 (1956). ~~ 

Experimental resul t s a r e repor ted for p r e s s u r e drop 
during forced-circulat ion boiling of dis t i l led water 
in an electr ical ly heated horizontal tube. E m p i r i c a l 
correlat ions a r e presented for the var ia t ion of the 
static p ressu re gradient with weight fraction evapo
rated and with absolute sys tem p r e s s u r e , together 
with correlat ions for the total s tat ic p r e s s u r e drop 
from the inception of boiling to the end of the heated 
length as a function of the total fraction evaporated 
and of absolute p r e s s u r e . 

2664. Jenkins , R. 

TWO PHASE TWO-COMPONENT FLOW OF AIR 
AND WATER, M. S. T h e s i s , Univ. of De laware , 
(Sept. 1947) 52 p. 

The many developments of recen t y e a r s involving 
two-phase flow in pipes have c r ea t ed a need for 
methods to pred ic t flow c h a r a c t e r i s t i c s and p r e s 
su re drops for this compl ica ted type of fluid flow. 

P r e s s u r e drop data were t akendur ing the s imu l t a 
neous flow of a i r and wate r in a hor izonta l 1-inch 
copper tube. The a i r flow r a t e was va r i ed from 5 to 
250 I b s / h r while the wate r flow r a t e was var ied from 
170 to 2900 I b s / h r . The method of co r r e l a t i on used 
by Mar t ine l l i brought the data to within ±40% of the 
mean. This degree of co r r e l a t i on is s i m i l a r to that 
r epor t ed by Mar t ine l l i . The data of this invest iga
tion, which were taken in the liquid phase , do not 
ag ree with those of Gazley and Berge l in , taken in 
the gas phase , probably because of the effect of 
hydraul ic gradient . 

A c lass i f ica t ion of the flow phenomena into severa l 
ca t egor i e s was made on both bas i s of visual observa
tions and on the bas i s of the plot of a fictitious fr ic
tion factor v s . a ficti t ious Reynolds number . These 
ca tegor i e s of flow a re defined and descr ip t ions of 
thei r c h a r a c t e r i s t i c s a r e given, A p r e l i m i n a r y 
theore t i ca l study is p re sen ted , based upon the more 
impor tant v a r i a b l e s . The resu l t ing exp res s ions , 
however , do not r e p r e s e n t the exper imenta l data 
with sufficient a c c u r a c y to be of p rac t i ca l value, and 
it appea r s that additional fac tors mus t be considered 
in future ana lyses , 

2665, King, C. D. G. 

HEAT TRANSFER AND PRESSURE DROP FOR AN 
AIR-WATER MIXTURE FLOWING IN A 0.737 INCH 
ID HORIZONTAL P I P E , Univ. of Cal ifornia , MS 
Thes i s (1952), 

The heat t r ans fe r and p r e s s u r e drop cha rac t e r i s t i c s 
of two-phase , two-component , non i so thermal flow of 
an a i r - w a t e r mix ture in a 0,737 inch ID copper pipe 
were invest igated exper imenta l ly . 

After co r r ec t i on to allow for the change of momentum 
of the fluids, the two-phase non- i so the rma l p r e s s u r e 
drop was c o r r e l a t e d by means of Mar t ine l l i ' s modu
lus X equal to the square root of the ra t io of the 
p r e s s u r e drop for the liquid cons idered as flowing 
alone and filling the en t i r e pipe to the p r e s s u r e drop 
for the gas cons idered in the same manne r . The r e 
sults indicate , as has prev ious ly been found, that the 
liquid ra te a lso appears to be a significant 
p a r a m e t e r , 

The liquid volume ra t io , R, was a lso co r re l a t ed 
using the modulus X. Abou-Sabe 's investigation in
dicated that the flow pa t t e rn might be of significance, 
but no indication of this was found in this 
invest igat ion. 
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The flow pa t t e rn s for va r ious flow r a t e s were in
vestigated. F o r a given combinat ion of flow r a t e s of 
the liquid and gas , widely divergent flow pa t t e rns 
were noted at the en t r ance to and exit f rom the tes t 
section, a condition which did not occur during 
Abou-Sabe's invest igat ion. This l eaves open to 
question the method of pred ic t ion of the flow pa t te rn , 
developed by Abou-Sabe, which is dependent only on 
the weight r a t e s of flow of the two p h a s e s . 

2666. Lepper t , G. 

PRESSURE DROP DURING FORCED CIRCULATION 
BOILING, Ph.D. Thes i s ; I l l inois Inst i tute of Tech
nology (1954) n o p. 

The exper imenta l work r epo r t ed he r e in is l imi ted in 
its scope to forced c i rcu la t ion of water through a 
horizontal round tube with the following approximate 
ranges of v a r i a b l e s : 

a. Mass velocity: 110 to 360 l b / s e c ft^ This co r 
responds to inlet liquid ve loc i t ies of 1.8 to 6 f t / s ec , 

b. Absolute p r e s s u r e s : 30 to 300 ps ia . 

c. Heat flux: 350,000 B / h r ft^ m a x i m u m . This c o r 
responds to a maximunn power input of 60 Kw to the 
test section. 

d. F rac t ion of flow evapora ted: 44% maxinnum. 

e. Ratio of net boiling length to inside d iamete r of 
tube: 64 to 128, 

2667. L e s t e r , G. W. 

CORRELATION OF TWO-PHASE PRESSURE DROP 
MEASUREM.ENTS FOR STEAM-WATER MIXTURES 
IN A 4.06 IN. DIAMETER AND A 6.06 IN. DIAMETER 
HORIZONTAL PIPELINE, AERE C E / M 217 (1958). 

2668. Lflleleht, L . U, 

INTERFACIAL STRUCTURE FOR A HORIZONTAL 
COCURRENT AIR-WATER FLOW, Ph.D. T h e s i s , 
U. of 111. (1962) 141 p. 

2669- Mart ineUi , R. C , et a l . 

ISOTHERMAL PRESSURE DROP FOR TWO-PHASE 
TWO-COMPONENT FLOW IN A HORIZONTAL P I P E , 
-Am. Soc. Mech, E n g r s . T r a n s . 66, 139-51 (1944). 

Static p r e s s u r e drop accompanying i s o t h e r m a l two-
phase two-component flow of a i r and eight va r ious 
liquids, including benzene , wa te r , and SAE 40 oil, 
was m e a s u r e d for flow conditions va ry ing f rom all 
air to all liquid in 1-in. g lass pipe and 4"-m- g^-l" 
vanized i ron pipe; m a c r o s c o p i c ana lys i s of flow 
phenomenon is p r e sen t ed . 

2670. Melvin, B, W., J r . 

A STUDY OF ISOTHERMAL PRESSURE DROP FOR 
TWO PHASE FLOW OF OIL -AND AIR THROUGH A 
HORIZONTAL P I P E , B. S. T h e s i s , Univ. of 
Delaware (1950). 

2671. P ike , R. W., J r . 

THE ADIABATIC, EVAPORATION, TWO-PHASE 
FLOW OF STEAM AND WATER IN HORIZONTAL 

P I P E , Ph.D. Thes i s , Georgia Inst, of Tech. (1962) 
251 p. 

2672. Ravens , C. 

PRESSURE DROP AND HEAT TRANSFER ACCOM
PANYING TWO COMPONENT TWO PHASE FLOW 
IN HORIZONTAL PIPES, M. S. T h e s i s , Univ. of 
Calif. (1941). 

2673. Ravenscroft , R. W. 

PRESSURE DROP AND HEAT TRANSFER ACCOM
PANYING TWO-COMPONENT, TWO-PHASE FLOW 
IN HORIZONTAL PIPES, Univers i ty of Cal ifornia , 
M. S. Thes is (1943) 63 p. 

This thes i s is an a t tempt to coordinate the wr i t e r ^ 
r e s e a r c h and seve ra l other poly-component , poly
phase flow r e s e a r c h e s . The complexity of the p rob 
lem is i nc reased by the cons idera t ion of: 
I. P r o p e r t i e s of Components; IL Intercomponent 
P r o p e r t i e s ; III. Phys ica l P r o p e r t i e s of the Flow 
System; IV. Annbient Conditions Affecting Flow 
System; V, Degrees of Control of Var i ab le s . 

There were observed the following types of flow: 
(a) slug flow, (b) liquid in bot tom, (c) eccen t r ic 
annular r ing flow, (d) concentr ic annular r ing flow, 
(e) froth, mis t , emuls ion flow, (f) dog tooth flow. 
The conditions for each type of flow were given, 
A heat exchanger for two-component flow is de
sc r ibed , A theore t ica l predic t ion of p r e s s u r e drop 
during evaporat ion using i so the rma l data and a 
sample p rob lem a r e given. 

2674. Reid. R. C , et a l . 

TWO PHASE PRESSURE DROPS IN LARGE 
DIAMETER PIPES , AIChE Jour . ^ , 321 (1957). 

Four and s ix- inch s teel pipes were instal led in p a r 
al le l on s t ra ight hor izonta l run of 76 ft to invest igate 
two-phase flow in la rge p ipes ; flow sheet of sys tem 
is shown; s ingle-phase p r e s s u r e drops were ex
pe r imen ta l ly de te rmined and were connpared with 
values calcula ted by use of roughness factors of 
0,00015 and 0.0015 ft; r e su l t s compared with other 
e xpe r ime n t s . 

2675. Reynolds, J. B. 

LOCAL BOILING PRESSURE DROP, ANL-5178 
(1954) 44 p. 

Local boiling p r e s s u r e drop data for forced c i r c u l a 
tion of dis t i l led water in a uniformly heated, h o r i 
zontal . Type 347 s ta in less s tee l tube ('^ in, ID x — in. 
OD X 6 ft long) is c o r r e l a t e d within ±20% over the 
following range of v a r i a b l e s : heat fluxes from 130,000 
to 304,000 Btu/ (hr ) (sq ft); m a s s veloci t ies from 343 
to 652 lb / ( sec ) ( sq ft) (corresponding to inlet water 
veloci t ies of 7 to 10.6 fps); and p r e s s u r e s fronn 45 to 
100 ps ia . 

Graphica l compar i son of local boiling p r e s s u r e drop 
to isothernnal p r e s s u r e drop shows a max imum ra t io 
of approximate ly 2.6. 



TWO-PHASE FLOW 

2676. Rogers . J. D. 

TWO-PHASE FLOW OF HYDROGEN IN HORIZON
TAL TUBES, Universi ty of California, AECU-2203 
(nd) 85 p. 

Estimation of the p r e s s u r e drop and vapor compos i 
tion resulting from liquid hydrogen t r a n s f e r s over a 
range of conditions, developed with r e spec t to 
present-day knowledge of two-phase flow, has been 
undertaken. Rigorous equations a r e used, and ca l 
culations as functions of the p a r a m e t e r s d i ame te r , 
I inch to 4 inch; m a s s r a t e , 4.4 x 10"^ to ,42 l b s / 
sec p r e s su re , 14 to 30 psia, gas composi t ion, 0.005 
to 0.775 weight fraction; and heat leak, equivalent to 
0 to 4.4 X 10"^ Btu/ft-sec for a f 
made. 

in. line have been 

2677. Taylor. T. H. M. 

PRESSURE DROP ACCOMPANYING ISOTHERMAL 
TWO-COMPONENT TWO-PHASE FLOW IN A 
HORIZONTAL GLASS P IPE , Univers i ty of California, 
M. S. Thes is , 1943. 

The surface tension effect appears minor over the 
range studied, since no par t icu la r change in p r e s s u r e 
drop was noted upon adding Nekal BX to water for a 
surface tension reduction of 36 per cent. However, 
a tremendous change in flow type was noted, the 
wetting agent causing the two phases to coa lesce , 
forming an emulsion. This r esu l t would indicate 
that for substantial flow r a t e s , the flow has only a 
minor effect upon the p r e s s u r e drop. 

The "apparent kinematic viscosi ty" had been calcu
lated and plotted against the weigh t - ra te ra t io , which 
is the pounds of a i r per second divided by the pounds 
of liquid per second through the pipe. The apparent 
kinematic viscosity was computed by using the 
single-phase Weisbach equation and composi te 
Reynolds nunnber vs . friction factor c u r v e s . In sub
stituting into the s ingle-phase equat ions, the weight 
rate used was the sum of the weight r a t e s of a i r 
and liquid; density was the sum of weight r a t e s of 
air and liquid divided by product of weight ra te of 
the air and the specific volume of air plus the 
product of the weight ra te of liquid and the specific 
volume of the liquid. 

2678. Van Wingen, N. 

PRESSURE DROP FOR OIL-GAS MIXTURES IN 
HORIZONTAL FLOW LINES, World Oil 1_29, 156-8 
(October 1949). 

A comparison between analytically derived and em
pirical p r e s su re drop data for mix tu res in 3-inch 
flow lines indicates a generally sa t i s fac tory 
agreement. 

2679. Wicks, M. 

ENTRAINMENT AND PRESSURE DROP FOR HORI
ZONTAL TWO-PHASE FLOW OF AIR AND WATER, 
Ph.D. Thesis , U. of Houston, 175 p (1968), 

2680. Widell, T. 

PRESSURE LOSSES IN FLOW OF GAS AND LIQUID 
MIXTURES IN HORIZONTAL PIPES , Tidskrif t for 
Teknisk-Vetenskapl ig For skn ing 20, 60-74 (1949). 

The p r e s s u r e lo s s with s imul taneous flow of a i r and 
water and of s team and wate r in hor izonta l pipes 
has been de te rmined . The tes t r e s u l t s differ from 
those obtained in the United S ta tes . 

2681. Yagi, S. and Kato, Y. 

FUNDAMENTAL STUDIES OF HORIZONTAL-PIPE 
REACTOR, Chemical Engineer ing (Japan) 1_8, 2-15, 
1954, Flow Mechanism and P r e s s u r e Drop of Two 
Phase Flow in a Hor izonta l P ipe , 

P r e s s u r e drops in the hor izon ta l -p ipe r eac to r a r e 
p resen ted . During the pa ra l l e l flow of high-velocity 
gas and a tomized liquid in the pipe, such operat ions 
as absorp t ion and desorp t ion and chennical react ion 
p r o c e s s e s a r e effectively c a r r i e d out owing to the 
i nc r ea se of the contact a r e a and the chance of colli
sion. Fo r flow pa t t e rns and p r e s s u r e drops of gas-
liquid mix ture through hor izonta l pipes flow pat terns 
a r e c lass i f ied into five s tages accord ing to the flow 
r a t e s , and an exper imenta l formula is der ived for 
the p r e s s u r e drops of the flow. 

In absorpt ion of CO2 by Na2C03 and K2CO3 solns . 
ove r - a l l absorp t ion coeffs. , KGa were m e a s u r e d un
der var ious condit ions; they a r e e x p r e s s e d as func
tions of gas velocity, liquid flow r a t e , pipe diam., 
temp., and degree of convers ion to b icarbonate over 
the couen. ranges (Na = 0.25-1.5V and K = 0.22-2.6N), 

Inclined Tubes 

2682. Bogdanov, F . F . 

INVESTIGATION ON THE E F F E C T OF VELOCITY 
OF FLOW OF WATER ON THE HEAT TRANSFER 
COEFFICIENT DURING BOILING IN INCLINED 
TUBES, Izvest . Akad, Nauk. SSSR Otdel. Tekh. Nauk, 
No. 4, 136-40 (1955). 

The r e su l t s of an invest igat ion on the effect of the 
ra te of mot ion of the l iquid on the heat exchange co
efficient, when it boi ls in an inclined tube, a r e de
sc r ibed . F i gu re s a r e given to show the heat exchange 
coefficient as a function of the c i rcu la t ion r a t e , for 
var ious values of the p r e s s u r e and specific thermal 
load. It is shown that this coefficient is a l inear 
function of the c i rcu la t ion r a t e , in the range of this 
p a r a m e t e r invest igated. Sonne cons idera t ions a r e 
given regard ing the nnechanism of the heat exchange 
p r o c e s s when the c i rcula t ing liquid boils in tubes , 
and a c r i t e r i a l form of genera l iza t ion is proposed 
for this form of heat exchange. 



83. 3r igham, W. B. and Hols te in , E . D. 

TWO PHASE CONCURRENT FLOW OF LIQUIDS 
AND AIR THROUGH INCLINED PIPES, ASME P a p e r 
No. 5 7 - P e t - 1 4 (1958). 

Study of effect of up and down hil l flow on p r e s s u r e 
drops; recent field r e s u l t s show that excess ive 
p re s su re drops have been encountered in two-phase 
pipe l ines through hil ly country; t e s t s made with oil, 
water and a i r . 

2684. Koster in , S. I. 

STUDY OF INFLUENCE OF TUBE DIAMETER AND 
POSITION UPON HYDRAULIC RESISTANCE AND 
FLOW STRUCTURE OF GAS-LIQUID MIXTURES. 
Izvestiya Akademii Nauk Soyuza Sovetskikh 
Sotsial is t icheskikh Respublik, Otdelenie 
Tekhnicheskikh Nauk 1949, No. 12 1824-1831. 

This a r t i c l e d i s c u s s e s some r e s u l t s of invest igat ions 
of hydraulic r e s i s t a n c e s and flow s t r u c t u r e s of g a s -
liquid mix tu res in hor izonta l s t i l l tubes 15 m e t e r s 
in length and of four different d i a m e t e r s , a s well as 
in a ver t ica l and an inclined tube 25 m m . in d i ame te r . 

2685. Levy, S. and Swan, C. L. 

PERFORMANCE-TWO-PHASE PRESSURE DROP, 
BURNOUT, AND HYDRAULIC OSCILLATION OF AN 
INCLINED TEST SECTION WITH NET STEAM GEN
ERATION AT 1000 PSIA, GEAP-3228 (Rev. 1) 
(1959) 26 p. 

Burnout, p r e s s u r e - d r o p , and hydrau l i c -osc i l l a t ion 
tests were perfornned in an annular geomet ry in
clined 45° from the v e r t i c a l . Data a r e p re sen ted for 
a uniformly heated rod, 0.540 in. in d iamete r and 
9 ft 2 in. long, located within a c i r c u l a r pipe of 
0.875 in. ID. All m e a s u r e m e n t s were made with 
net s team genera t iona t 1000 psia , and the tes t v a r i 
ables covered ranges p rev ious ly studied in the v e r t i 
cal direct ion. The t e s t r e su l t s r evea l that the 
performance of the incl ined sec t ion can be readi ly 
deternnined f rom that of a ve r t i c a l channel . 

2686. Sevigny, R. 

AN INVESTIGATION OF ISOTHERMAL, CO-
CURRENT, TWO-FLUID, TWO-PHASE FLOW IN AN 
INCLINED TUBE, Ph.D. T h e s i s . Univ. of Roches te r 
(1962) 181 p. 

2687. Styrikovitch, M. A. and Miropolsk i i , Z. L, 

ON THE E F F E C T OF ANGLE OF SLOPE ON THE 
TEMPERATURE STATE OF THE WALL OF STEAM 
GENERATING TUBES AT HIGH PRESSURES, T r a n s 
lated from: Doklady Akad Nauk SSSR 80, 57-60 
I G R L - T / R - 4 (1951). 

Vertical Flow 

2688. Anderson, G. H. and Mantzouran i s , B. G. 

TWO PHASE (GAS-LIQUID) FLOW PHENOMENA, 
PART 1, PRESSURE DROP AND HOLD UP FOR 
TWO PHASE FLOW IN VERTICAL TUBES, Chem. 
Eng. Sci. 1^, 109-26, (May I960) 233-42 (July I960), 

A theory for 2-phase flow in a ve r t i ca l tube when the 
liquid flow is annular is developed. Publ ished data 

Pressure Drops 

on hold-up and p r e s s u r e drop, together with or iginal 
data on air-H^O mix t s . in a -^--in.-diam. glass tube, 
a r e examd. in the light of this theory . The theory is 
found to fit the data sa t i s fac tor i ly and a lso to pred ic t 
conditions under which annular flow changes to slug 
flow. 

2689. Armand, A. A, 

INVESTIGATION OF THE MECHANISM OF TWO-
PHASE FLOW IN VERTICAL PIPES, ARTICLE IN 
THE BOOK ENTITLED, HYDRODYNAMICS AND 
HEAT TRANSFER WITH BOILING, Edited by 
M. A. Styrikovich, Acad. Nauk. SSSR Moscov/, 
.AEC-TR-4490 (1954). 

2690. Becker , K. M,, Hernborg , G. and Bode, M. 

AN EXPERIMENTAL STUDY OF PRESSURE GRADI
ENTS FOR FLOW OF BOILING WATER IN A VERTICAL 
ROUND DUCT, P a r t I, AE 69 (March 1962) 46 p. 

F r i c t iona l p r e s s u r e gradients for flow of boiling 
water in a ver t i ca l channel have been m e a s u r e d in a 
wide range of v a r i a b l e s . The tes t sect ion consis ted 
of an e lec t r i ca l ly heated 10 m m inner d iamete r 
s t a in less steel tube of 3120 m m length. 

Data were obtained for p r e s s u r e s between 6 and 
42 ata , s team qual i t ies between 0 and 80%, flow 
r a t e s between 0.03 and 0.40 k g / s e c and surface heat 
flux between 24 and 80 w / c m ^ 

P r e l i m i n a r y m e a s u r e m e n t s of heat t r ans fe r and 
p r e s s u r e drop for one phase flow of water showed an 
excel lent ag reemen t with one phase flow theory. Ex
t rapola t ing our data to 100% quality, an excellent 
ag reemen t with one-phase flow theory is a lso found 
for this c a se . 

The tTwo phase flow r e su l t s a r e general ly 0-40% 
higher than the r e su l t s of Mar t ine l l i and Nelson. E x 
t rapola t ing our data to 137 ata fine ag reemen t is 
found with the r e su l t s of Sher and Green, 

On the bas i s of the m e a s u r e d p r e s s u r e g rad ien t s , a 
ve ry sinnple ennpirical equation has been es tabl i shed 
for engineering u s e . This equation c o r r e l a t e s our 
data (nnore than 1000 points) with a max imum d i s 
c repancy of ±20% and with an average d i sc repancy 
of ±5%, 

AKTIEBOLAGET ATOMENERGI, Stockholm, Sweden. 

2691. Becker , K. M., Hernborg , G. and Bode, M. 

AN EXPERIMENTAL STUDY OF PRESSURE GRADI
ENTS FOR FLOW OF BOILING WATER IN VERTI
CAL ROUND DUCTS, AE 70 (1962) 32 p. 

The p r e sen t r epor t contains the r e su l t s of the second 
phase of an experinnental invest igat ion concerning 
fr ict ional p r e s s u r e gradients for the flow of boiling 
water in ve r t i ca l channels . The tes t sect ion for this 
phase cons is ted of an e l ec t r i c heated s t a in less s tee l 
tube of 3120 m m length and 7.76 mm inner d i ame te r . 

Data were obtained for p r e s s u r e s between 6 and 
41 ata , steann qual i t ies between 0 and 70 per cent, 
flow r a t e s between 0.025 and 0,210 Kg / sec and s u r 
face heat flux between 30 and 91 w / c m ^ . 
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The resul ts a r e in excellent ag reemen t with our 
ea r l i e r data for flow in a 9.93 mm inner d iamete r 
duct, which were presen ted in r epo r t AE-69-

F r o m the nneasurements we conclude that in the 
range investigated the non-dimensional p r e s s u r e 
gradient ra t io , 0^, is dependent of m a s s flow r a t e , 
inlet sub-cooling and surface heat flux. 

On the basis of the m e a s u r e d p r e s s u r e g rad ien t s , the 
following empir ical equation has been es tabl i shed for 
engineering use . 

0^= I + 2400 

This equation co r r e l a t e s our data (more than 
1000 points) with a d iscrepancy of l ess than ±15 per 
cent. 

AKTIEBOLAGET ATOMENERGI, Stockholm, Sweden. 

2692. Bergelin, O, P. and Kegel, P . K. 

CO-CURRENT GAS-LIQUID FLOW IL FLOW IN 
VERTICAL TUBES, Amer ican Society of Mechanical 
Engineers , P rep r in t of Pape r , May 1949, p. 19-28. 

An experimental study is repor ted on the p r e s s u r e 
drop for the downward turbulent flow of a i r and water 
through a vert ical one inch tube. The liquid was in
troduced at the two walls so that the gas essent ia l ly 
flowed through the center of an annulus of liquid. 
The present resu l t s lie within the spread of previous 
data when corre la ted by the method of Mar t ine l l i and 
co-workers . The resu l t s a r e compared on £ friction 
factor Reynolds number bas i s with data for annular 
flow in a horizontal tube and the two cases a r e shown 
to approach each other at high gas ve loc i t ies . In 
both cases the presence of the liquid phase causes 
"rough-pipe" p r e s s u r e drop c h a r a c t e r i s t i c s for the 
gas phase. The experimental r e su l t s a r e extended to 
cover the p r e s s u r e drop during the condensation of 
water and several organic vapors in a ver t i ca l tube 
condenser. An empir ica l re lat ion is proposed as a 
correlat ing factor for the physical p rope r t i e s of the 
mater ia l s and a tentative cor re la t ion is p resen ted . 
Measured and calculated p r e s s u r e drops a r e com
pared for the condensation for 5 m a t e r i a l s , 

2693. Coll ier , J, G. 

PRESSURE DROP DATA FOR THE FORCED CON
VECTIVE FLOW OF STEAM-WATER MIXTURES IN 
VERTICAL HEATED AND UNHEATED ANNULI, 
AERE-R 3808 (Mar 1962) 95 p. 

Data a re presented for p r e s s u r e drop in s t eam-
water mixtures flowing in ver t ica l annuli at p r e s 
sures up to 80 psia, with and without heat addition. 
Pre l iminary analyses a r e based on the homogeneous 
and Lockhart -Mart inel l i models . 

2694. Cook, W. H. 

BOILING DENSITY STUDIES IN MULTIPLE REC
TANGULAR CHANNELS, p. 110, Reactor Heat T r a n s 
fer Information Meeting Held at Brookhaven National 
Lab. Oct. 18-19, 1954, BNL-2446 (Dec. 1955) 195 p. 
The density of a s t eam-wate r mixture boiling at 
600 psia is being studied in a na tura l c i rcula t ion loop 

cons t ruc ted at Argonne National Labo ra to ry , The 
appara tus m e a s u r e s the densi ty of the s t e a m - w a t e r 
mix tu re along a 60 inch channel length. The channel 
p resen t ly cons is t s of t h r e e T inch channels 4 inches 
in depth but may be modified for other geomet ry . 
Density m e a s u r e m e n t is accompl i shed by a t tenua
tion of g a m m a r ays from a thul ium s o u r c e . 

It is planned to study power densi ty , inlet subcooling, 
geomet ry and p r e s s u r e effects upon s t e a m void for
nnation. P r e l i m i n a r y r e su l t s a r e d i scussed . 

2695. Cook, W. H. 

BOILING DENSITY IN VERTICAL RECTANGULAR 
MULTICHANNEL SECTIONS WITH NATURAL CIR
CULATION, .ANL-5621 (1956) 125 p. 

Boiling densi ty expe r imen t s were conducted on -j^ x 
3 "it - inch channels , two and four feet long, at p r e s 
su re s from 164.7 to 614.7 psia , inlet subcoolings up 
to 20F and exit s t eam weight fract ions up to 0.15, 
Power input was va r i ed from 10 to 50 kw/ l i t e r for a 
5 .04- l i ter coolant volunne by r e s i s t a n c e heating of 
i^- inch s t a in less s tee l p la t e s . High- res i s t iv i ty , 
deminera l i zed water was used throughout the t e s t s . 

The s t e a m void fract ion was studied r a the r than 
densi ty because it is conveniently re la ted to the ratio 
of s team to liquid veloci t ies (vg/vf) and the steam 
weight fract ion (x), which a r e fundamentally involved 
in continuity of the two p h a s e s . 

Steam void fract ion cu rves normal i zed with respect 
to average void fraction demons t ra t ed that t he rma l 
equi l ibr ium did not exis t over por t ions of the channel 
when inlet liquid t e m p e r a t u r e was below saturat ion, 
although t h e r m a l equi l ibr ium was again rees tabl ished 
at the exit of 48-inch long channels . Data of runs 
with inlet liquid at sa tura t ion t e m p e r a t u r e , where 
t h e r m a l equi l ibr ium was a s s u r e d , were studied with 
analyt ical models for var ia t ion of (v~/vf) with length 
using the no rma l i zed void fract ion plots , 

A definite chajige of Vg/vf with position in the channel 
was shown to exis t , the var ia t ion being approxinnately 
l inear with channel length for runs where inlet liquid 
was at s a tu ra t ion t e m p e r a t u r e . 

Assuming Vg/vf to be a function of the volume rate of 
vapor flow and the volume ra te of liquid flow, it may 
be shown that the ra te of change of Vg/vr with length 
is propor t iona l to the r a t e of vapor izat ion. Exper i 
menta l data verif ied this and showed the change of 
Vg/vf with length approaches ze ro when the ra te of 
vapor iza t ion approaches z e r o . Expe r imen t s with 
unheated r i s e r sect ions a lso show this to be t rue . 
The conclusion was drawn that the change of Vg/vf 
ref lec ts the acce le ra t ion r equ i red to remove steam 
formed in the channel. 

Sat is factory co r r e l a t i ons of Vg/vf for sa tu ra ted inlet 
conditions were found fronn plots of Vg/vf ve r sus 
volume ra te of liquid flow and plots of Vg/v£ ve r sus 
the ra t io of liquid to vapor f rac t ions . These co r r e l a 
t ions appeared unsa t i s fac tory , however , for data ob
tained with inlet liquid below sa tura t ion t e m p e r a t u r e . 
A genera l co r re la t ion was found for all data by use 
of an analyt ical model . Plots der ived from the ana
lyt ical model showed v /vf to be a function of the 
r a t e of vapor izat ion for liquid inlet t e m p e r a t u r e s 
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below, and at , sa tu ra t ion , with a sma l l sp r ead due to 
effects of per cent of the channel length in boiling 
Lb/L. 

Values of Vg/v£ at the exit of a two-foot channel were 
shown to be the va lues at the co r respond ing point of 
a longer channel , indicat ing that length of channel is 
not a p r ime factor in de te rmin ing phase veloci ty 
re la t ionships . 

Flow and two-phase p r e s s u r e drop data were obtained 
for predict ing flow in channe ls . A co r r e l a t i on of the 
Martinelli ra t io of two-phase fr ict ion gradient to 
single-phase fr ict ion grad ien t with m e a n s t e a m void 
fraction was sa t i s fac to ry for all p r e s s u r e s . 

2696. Dinos, Nicholas 

PRESSURE DROP FOR FLOW OF BOILING WATER 
AT HIGH PRESSURE, DP-698 (May 1962) 22 p. 

P r e s s u r e drops were m e a s u r e d for the upward flow 
of boiling water inside a hea ted tube that mocked up 
a coolant channel of a power r eac to r fuel a s s e m b l y . 
The tube was 18 feet long and -J- inch in d i ame te r ; the 
test conditions included sy s t em p r e s s u r e s between 
400 and 1000 psia , m a s s ve loc i t ies from 0.8 x 10 to 
7.9 X 10^ lb/(hr)(ft^), inlet subcoolings f rom 29 to 
96°C, and exit vapor qual i t ies up to 50%. F o r ce r t a in 
conditions, the flow was a mul t ip le -va lued function 
of the p r e s s u r e d rop . The m e a s u r e d p r e s s u r e drops 
were an average of 7% higher than values ca lcula ted 
on the assumpt ion that the two-phase mix tu re was a 
single phase with ave raged p r o p e r t i e s . 

2697. Dukler, A. E . 

AN INVESTIGATION OF PRESSURE DROP FOR ISO
THERMAL TWO-PHASE FILM FLOW IN A VERTI
CAL TUBE, Univers i ty of Delaware , M. S. Thes i s 
(1949) 88 p. 

This invest igat ion was concerned with the p r e s s u r e 
drop occur r ing during the two-phase , concur ren t 
downward flow of wa te r and a i r in a one- inch v e r t i 
cal tube where the water flowed as an annulus on the 
tube wall with the a i r as a moving co re . P r e s s u r e 
drop data were obtained for water r a t e s from 
172 Ibs /hr to 730 I b s / h r and over a range of a i r 
rates from 22 I b s / h r to 227 I b s / h r . 

2698. Dunn, J. S. C. 

GAS-LIQUID FLOW IN VERTICAL PIPES , M. S- The
sis , Univ, of Edmonton, 148 p. (1952), 

The problem under taken is an invest igat ion of the 
significance of ce r ta in v a r i a b l e s on the p r e s s u r e 
drop and the liquid hold-up in flowing two-phase 
mixtures of a i r and water in ve r t i ca l tubes . The ob
jective is to p resen t the p r e s s u r e drop data in the 
form of a frict ion fac tor -Reynolds number re la t ion
ship with the n e c e s s a r y other p a r a m e t e r s s i m i l a r to 
that for s ing le -phase flow. 

2699- Epperson , T. R, 

TWO-PHASE FRICTIONAL PRESSURE DROP DUR
ING NATURAL CIRCULATION BOILING IN A VER
TICAL RECTANGULAR HEATED CHANNEL. M. Sc. 
Thesis , Michigan College of Mining and Technology 
(1957). 

2700. Fo l tz , H. L. and Mur ray . R. G. 

TWO-PHASE FLOW RATES AND PRESSURE DROPS 
IN PARALLEL TUBES, Chem. Eng. P rog , , 16 . 83 
(I960). 

Two phase F reon-114 flow r a t e s and p r e s s u r e drops 
were m e a s u r e d in an e lec t r i ca l ly heated na tu r a l -
c i rcula t ion loop containing two 4- and two 8-ft 
lengths of ve r t i ca l b r a s s p ipes . The flow r a t e s 
through the 8-ft pipes i nc reased with an i nc r ea se in 
heat flux, reached a max imum at 3,200 Btu/ (hr ) 
(sq ft), and then d e c r e a s e d as the heat flux was in
c r e a s e d . The maxinnum obtainable heat flux, for 
both long and shor t p ipes , was l imi ted to 14.000 B t u / 
(hr)(sq ft) because of the l imi ta t ions on the e l e c t r i 
cal h e a t e r s . The flow r a t e s through the 4-ft pipes 
continued to i nc r ea se with i n c r e a s e s in heat flux up 
to the maximunn. An equation which a s sumed fog 
flow, or no slip was developed f rom a mechanica l 
energy balance to calculate two-phase p r e s s u r e 
d rops . This equation, containing only the inde
pendent va r i ab les of heat input, flow r a t e , and pipe 
length, was p r o g r a m m e d for an analogue computer , 
and a s e r i e s of p r e s s u r e - d r o p c u r v e s , r e p r e s e n t 
ing different flow r a t e s , as a function of heat input 
was drawn for each pipe length. The calcula ted 
p r e s s u r e drops were approximate ly 25% lower than 
the m e a s u r e d va lues , owing p r i m a r i l y to the effect 
of s l ip and subcooling at the inlet end of each tube, 

2701- Geib, F , R. 

PRESSURE DROP DUE TO THE VERTICAL FLOW 
OF AIR-WATER MIXTURE, Univers i ty of I l l inois , 
B. S, Thes is (1939). 

An effort has been made to de te rmine the p r e s s u r e 
drop occur r ing with the ve r t i ca l flow of two phases , 
i .e . , wa te r and a i r . The va r i ab l e s studied were the 
water and a i r r a t e s and the bubble s i ze . 

The p r e s s u r e drop resul t ing f rom 88.5 I b s / m i n of 
water flowing through a 1-055 inch d i a m e t e r g lass 
tube 5.17 ft long, was 0.16 I b s / s q in. Using the s ame 
tube but with an a i r - w a t e r mix tu re flowing, volumet
r ic ra t io of a i r to water equal to 0.167 and a water 
ra te of 88.5 Ib /min , the p r e s s u r e drop was 0.272 l b s / 
sq in. thus i l lus t ra t ing the impor tance of gases on the 
p r e s s u r e drop of flowing fluids. As the bubble s ize 
is one of the de termining factors in this type of flow 
an a t tempt to ca l ib ra te a grid type bubble was a lso 
c a r r i e d out with no s u c c e s s . 

2702- Green , S. J . , et . a l . 

PRESSURE DROP IN RECTANGULAR CHANNELS 
AT 2000 PSIA, 1956, In Reactor Heat Trans fe r 
Conference of 1956, J. E . Viscard i , Comp. p. 172-
191, TID-7529 (pt 1). 

The des i rab i l i ty of improving the t h e r m a l design 
c r i t e r i a for p r e s s u r i z e d water r e a c t o r s has s t imu
lated an exper imenta l p r o g r a m to study the p r e s s u r e 
drops a s soc ia t ed with h i g h - p r e s s u r e water s y s t e m s . 
These s tudies included i s o t h e r m a l , heat ing, local 
boiling, and bulk boiling conditions during ve r t i ca l 
upflow in a geomet r ica l ly s imula ted r e a c t o r channel 
at 2000 ps ia . Expe r imen t s were perfornned in tes t 
sect ions with nominal d imens ions of 27 in. by 1 in. 
by 0,097 in. and 27 in. by 1 in. by 0.050 in.; however , 
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only 11 runs have been completed with the s m a l l e r 
channels. P r e s s u r e drop data have been obtained 
for m a s s velocities from 0.7 x 10^ Ib/hr-f t^ to 
5.0 X 10^ Ib/hr-ft^, inlet t e m p e r a t u r e s from 400''F to 
625°F, heat fluxes (axial heat flux dis t r ibut ion is 
uniform) as high as 1.0 x 10^ Btu/hr-f t^ , and exit 
qualities as high as 40%. P r e l i m i n a r y design r e c o m 
mendations, based upon available data, a r e p resen ted . 

2703. Green, S. J. and Sher, N. C. 

BOILING PRESSURE DROP IN THIN RECTANGULAR 
CHANNELS, P rep r in t No. 146, Session 24, P re sen t ed 
at Nuclear Engineering and Science Conference, Chi
cago, Mar. 17-21, 1958. Amer ican Insti tute of Chem
ical Engineers (1958) 41 p. 

Tests conducted at Bettis Plant have yielded s teady-
state boiling and non-boiling p r e s s u r e drop data for 
water flowing ver t ical ly upward in rec tangular chan
nels at 2000 and 1100 psia . Available void data, 
obtained at conditions corresponding to some of the 
p re s su re drop t e s t s , have been reviewed, and a t ech
nique for incorporating these data in an analys is of 
p r e s su re drop data has been developed. P r e l i m i n a r y 
resul ts show that local boiling p r e s s u r e drop can be 
t reated on exactly the same bas i s as bulk boiling 
p re s su re drop if the neces sa ry void information is 
available. A procedure has been developed for e s 
timating boiling and non-boiling p r e s s u r e drops in 
rectangular channels at 2000 psia independently of 
the experimental void data. 

2704. Hoglund, B. M., et al-

TWO-PHASE PRESSURE DROP IN A NATURAL CIR
CULATION BOILING CHANNEL, ANL-5760 (1961) 
41 p. 

Experimental two-phase p r e s s u r e drop data were 
obtained from a t" x 2 x 60-in. ve r t i ca l , uniformly 
heated, test section. The local volunne fract ion of 
steam was measured simultaneously with the p r e s 
sure drop, thus allowing separa t ion of the t e r m s for 
hydrostatic and acce lera t ion p r e s s u r e drops from the 
over-al l static p r e s s u r e drop. The r e su l t s a r e ex
pressed in t e rms of an average two-phase friction 
factor multiplier , R - AP-ppF / ^ P L O ' ^""^ ^^^ com
pared with the Mart inel l i -Nelson cor re la t ion , the 
Lottes-Fl inn correlat ion, and a cor re la t ion combin
ing that of Martinell i-Nelson and a flowrate p a r a m 
eter . The ranges of var iab les include: p r e s s u r e 
from 150 to 600 psig; power density from 17.2 to 
94.5 kw/l i ter of coolant; sub-cooling from 4.8 to 
25.7°F; exit qualities from 0.009 to 0.065; exit 
steam volume fraction from 0.19 to 0.77; and veloci 
t ies from 2.56 to 3.43 fps. 

2705. Holloway, C. A., J r . 

FLOW OF GAS-LIQUID MIXTURE IN A VERTICAL 
TUBE, University of I l l inois, M. S. Thesis (1938). 
It is frequently necessa ry for a chemical engineer to 
calculate the friction drop of a gas- l iquid mix ture 
which is flowing in pipes. As far as can be l ea rned , 
up to the present time no work has been done to in
dicate whether or not the ordinary methods of ca l 
culation apply in this instance. Our p resen t r e s e a r c h 
indicates that these methods a r e sa t i s fac tory . 

provided that in using a c e r t a i n p rope r ty of the fluid 
flowing, the weighed average of the p r o p e r t y of the 
gas and of the p rope r ty of the liquid is the one used. 

2706. Hughmark, G. A. and P r e s s b u r g , B. S. 

HOLDUP AND PRESSURE DROP WITH GAS-LIQUID 
FLOW IN A VERTICAL P I P E , AIChE Jour . ]_. 677-82 
(1961). 

Ver t ica l upward concur ren t a i r - l i qu id flow was in
ves t iga ted under i so the rma l conditions in a t es t sec
tion of 1-in. schedule 40 pipe. P r e s s u r e drop was 
m e a s u r e d v/ith a m e r c u r y m a n o m e t e r connected to 
two p r e s s u r e taps 20 ft. apa r t in the sect ion. Liquid 
was t rapped between two quick shutoff valves ac t i 
vated by two solenoid va lves . The liquid was drained 
from the sect ion to provide the holdup data. Six 
liquids were used to de te rmine the effect of density, 
v iscos i ty , and surface tension. The exper imenta l 
holdup, and two-phase p r e s s u r e drop data were not 
in ag reemen t with the Lockha r t -Mar t i ne l l i type of 
co r r e l a t i on for hor izonta l flow. A s ta t i s t i ca l cor 
re la t ion for holdup was developed to include fluid 
physical p r o p e r t i e s , total m a s s velocity, and the 
a i r - l i qu id ra t io enter ing the pipe. S imi la r ly a p r e s 
sure drop co r re l a t ion was de\-eloped which expressed 
the two-phase p r e s s u r e drop as a function of the slip 
veloci ty, liquid physical p r o p e r t i e s , and total mass 
velocity. This co r re l a t ion showed an average per
centage e r r o r of l e s s than 15% between the observed 
and the ca lcula ted total p r e s s u r e drop-

2707. Huth, L. H. 

THE VERTICAL FLOW OF A GAS-LIQUID MIXTURE, 
Univers i ty of I l l inois , B. S. Thes i s (1938). 

This invest igat ion was conducted to de te rmine if the 
Fanning equation holds for an a i r - w a t e r mix ture . 
The equation p r e sen t ed by Moore and Wilde was also 
tes ted with the data obtained. It was d iscovered that 
the fr ict ional drop could not be calcula ted by either 
equation. 

2708. Jacket , H. S, ,Roarty, J. R. and Sher, N. C 

BOILING PRESSURE DROP IN RECTANGULAR 
CHANNELS, WAPD-TH-204 (1956) 22 p. 

A cons iderab le amount of bulk boiling p r e s s u r e drop 
data has been obtained from ve r t i ca l , rec tangular , 
Z i rca loy-2 channels at 2000 psia along with addition
al heat ing and local boiling r e s u l t s . The ove r -a l l 
ranges of t e s t conditions have been extended to in
clude m a s s veloci t ies from 0.7 x 10 to 5.0 x 10 l b / 
hr - f t , inlet t e m p e r a t u r e s from 400 to 625°F, heat 
fluxes as high as 1,0 x 10^ Btu/hr-f t^ and exit quali
t i es as high as 40%. Nine 27 in. x 1 in. x 0.097 in. 
and two 27 in, x 1 in. x 0.050 in. t es t sect ions have 
been used; however , only 11 runs were performed in 
the s m a l l e r channels . Tes t conditions existing dur
ing each run a r e p re sen t ed . 
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2709. J a r o s h e k , K. and Brandt , F . 

INVESTIGATIONS OF FRICTIONAL PRESSURE 
LOSSES IN STEAM AND WATER MIXTURES AND 
LEAD VELOCITY OF STEAM IN VERTICAL BOIL
ER TUBES, T r a n s l . from Brenns to f f -Warme Kraft 
U , 407-13, AEC-TR-3977 (1959). 

The values known at p r e s e n t on lead veloci t ies of 
steam and frict ion coefficients w e r e supplemented by 
means of nneasurements in a ve r t i ca l ly flowing 
s team-and-wate r nnixture in a water c i rcu la t ion 
model of a na tura l s ize up to the p r e s s u r e of 200 atm 
abs for a tube of 57.5 nnm in inside d i ame te r . Theo
retical in t e rp re ta t ion of the data allowed one to 
analyze the lead veloci ty as a t rue const i tuent d e t e r 
mined by the square profi le densi ty . The i nc r ea se in 
the friction coefficients could be explained by an in
creased degree of turbulence of the nnixture flow. 
The nneasurements on a 42.0 m m tube light d i ame te r 
lead one to conclude that t h e r e is a subs tant ia l effect 
of the d iamete r , but it has to be t e s t ed in the future. 

2710. J ens , W. H. and Lo t t e s , P . A. 

TWO-PHASE PRESSURE DROP AND BURNOUT 
USING WATER FLOWING IN ROUND -AND RECTAN
GULAR CHANNELS, ANL-4915 (1952) 44 p. 

Two-phase p r e s s u r e drop data and burnout data a r e 
reported for a ve r t i c a l r ec tangu la r channel with up 
flow of water within the channel . Burnout data a r e 
also repor ted for upflow of water through a ve r t i ca l 
pipe. 

A compar ison is made between exper imenta l and 
calculated p r e s s u r e d r o p s . The Mar t ine l l i -Ne l son 
method of calculat ing two-phase p r e s s u r e drop is 
used with a sui table c o r r e c t i o n for hydros ta t i c head. 

Burnout data indicate that ve r t i c a l channels or tubes 
with upflow of water within the tubes will not overhea t 
or burn out until the value of exit quality ranges from 
70 to 100 per cent for the range of v a r i a b l e s ; inside 
diameter , 0.1 to 1 inch; l eng th -d i ame te r r a t io , over 
40; heat flux, up to 300.000 Btu / (hr ) ( sq ft); inlet sub
cooling, up to 150°F; and exit p r e s s u r e , 14.7 ps ia l b / 
sq in. absolute . Ex t rapo la t ion to other r anges is not 
recommended. 

The effect of l eng th -d iamete r ra t io on the value of 
exit quality at burnout is a lso given. 

2711. Katsuhara , T. 

PRESSURE DROP DUE TO A FRICTION FOR PAR
ALLEL FLOW OF MIXTURES OF VAPOR AND 
WATER IN A DOWNCOMER, JSME Bulletin (Japan 
Society of Mechanical Eng inee r s ) , U 145-149 (1958). 

Author exper imenta l ly invest igated the p r e s s u r e drop 
due to fr ict ion for the flow of wa te r containing bub
bles in a non-heated downcomer . 

F i r s t , the p r e s s u r e drop due to f r ic t ion and d rynes s 
fraction for the pa ra l l e l downward flow of the mix 
tures of a i r and water were nneasured in a v e r t i c a l 
1500 mm long and l 9 - m m ID glass pipe. Next, the 
rat ios of the coefficient of fr ict ion in h i g h - p r e s s u r e 
regions were extensively computed from the r e su l t s 
of the above expe r imen t . F ina l ly , when non-heated 

downcomer was used it was proposed that 0.03 be 
adopted as an approximate value of the coefficient of 
fr ict ion. 

2712. Kegel, P . K. 

TWO-PHASE FLOW IN A VERTICAL COLUMN, 
Univers i ty of Delaware , B. S. Thes i s (1948) 47 p. 

This paper p r e s e n t s data for two-phase flow in a 
ve r t i ca l , one- inch inside d i ame te r , eleven foot long 
copper tube. The fluids used in this invest igat ion 
were air and wa te r , flowing c o - c u r r e n t l y through the 
tube. The water ra te was va r i ed from 300 to 
1400 I b s / h r , , while the a i r ra te was va r i ed fronn 61 to 
190 I b s / h r . The flow was in the region of turbulence 
in all c a s e s . 

The p r e s s u r e drop m e a s u r e m e n t s show that the ra te 
of p r e s s u r e drop r i s e s sharply as the water r a t e is 
i nc reased . Superficial friction factors for the air 
s t r e a m indicate the p re sence of inc reas ing roughness 
as the flow of water i nc reased . 

The co r r e l a t i on using p a r a m e t e r s $ and X indicates 
that the methods of Mar t ine l l i and Gazley a r e suitable 
for the predic t ion of p r e s s u r e drop for annular flow 
in both hor izonta l and ve r t i ca l tubes . 

The p r e s s u r e drop for two-phase , annular flow in a 
ver t i ca l tube is apparent ly grea t ly influenced by the 
degree of interfacial roughness . This degree of 
roughness is a function of the liquid ra te for a given 
a i r r a t e . 

The assumpt ion of a smooth interface apparent ly will 
not hold for annular flow, since the superf icial f r ic 
tion factor v s . Reynolds number curve does not follow 
the curve for smooth p ipes . 

2713. L e e , G. 

TWO-PHASE PRESSURE DROP OF LIQUIDS BOIL
ING IN VERTICAL TUBES, Cambr idge , M a s s . Ins t i 
tute of Technology, M. S. Thes i s (1952). 

2714. Le Tourneau, B. W. and Troy, M. 

HEATING, LOCAL BOILING, AND TWO-PHASE 
DROP FOR VERTICAL UPFLOW OF WATER AT 
PRESSURES BELOW 1850 PSIA, TEST DATA AND 
CORRELATIONS, WAPD~TH-410 (1959). 

Because of the immedia te in te res t in operat ing r e 
a c t o r s at p r e s s u r e s below 209 psia , t e s t s were run 
with ver t i ca l upflow of water to obtain overa l l p r e s 
su re drop information at different conditions of flow, 
p r e s s u r e and channel geomet ry in o rde r to evaluate 
and improve , if n e c e s s a r y , exist ing design p r o c e 
d u r e s . Since the re was an immedia te need for i m 
proved p r e s s u r e drop information, the t e s t s 
desc r ibed in the r epo r t were run because of thei r 
compara t ive s impl ic i ty and because the information 
obtained would r e p r e s e n t a cons iderab le i m p r o v e 
ment over the ve ry inadequate information that is 
cu r r en t l y avai lable . 

2715. L iebe r son , N. G. 

TWO-PH.ASE FLOW IN VERTICAL P I P E S , 
Cannbridge, M a s s . Inst i tute of Technology, M. S, T h e 
s i s (1952). 
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2716. Powers , J. T. 

PRESSURE DROP DUE TO THE FLOW OF A GAS 
LIQUID MIXTURE IN A VERTICAL TUBE, Uni
versi ty of lUinois, B. S. Thes is (1940). 

The p re s su re drop in a ver t i ca l g lass tube with an 
a i r -wa te r mixture flowing was de te rmined for water 
ra tes from 20 to 132 Ib s /min and a i r r a t e s from 
0.01 to 0.12 Ib/min. The sect ion of the tube used was 
5.17 ft long and trapped between two stopcocks and 
the relative volume of a i r to liquid de termined. By 
the method of Hershey. friction factors were ca lcu
lated and plotted against the velocity of the mix tu re , 
A plot of 0 , the relat ive volume of a i r to liquid, v s . 
N v / v 5 ^ , a dimensionless function of the re la t ive 
velocity of a i r , was also made . 

2717. Quinn, J. A. 

THE MECHANICS OF TWO-PHASE FLOW-
COCURRENT COGRAVITY FLOW OF IDEAL VER
TICAL FLUIDIZED SYSTEMS, Ph.D. Thes i s , P r i n c e 
ton Univ. 89 p. (I960), 

2718. Radford, B. A. 

GAS-LIQUID FLOW IN VERTICAL PIPES - A P R E 
LIMINARY INVESTIGATION, Univ. of Alber ta , Can
ada, M. S. Thesis (1949). 

P r e s s u r e drop ve r sus r a t e of flow data have been de
termined for a i r -wa te r mix tu re s flowing through a 
ver t ical , 22.88-foot section of snnooth butyra te tub
ing having an inside d iameter of 1.049 inches . Fo r 
seven constant water r a t e s varying from .000400 ft / 
sec to .00500 f t y s e c , the air r a t e s were va r i ed 
from zero to approximately one f t y s e c . The p r e s 
sure sections were measured . Visual observa t ions 
of the flow pat tern were made. 

This pre l iminary analysis showed that as the a i r ra te 
increased from zero , the m e a s u r e d p r e s s u r e drop 
passed through a first minimum point, a maximunn 
point, a second minimum point and then inc reased 
smoothly for each constant water r a t e . Closely r e 
lated to the change in p r e s s u r e was a t r ans i t ion in the 
flow pattern from "slug" flow, to "froth" flow, to 
"film" flow and, finally, to "nnist" flow. 

The first minimum, the resu l t of a rapid d e c r e a s e in 
hydrostatic head, was cha rac t e r i zed by "slug" flow. 
The p ressu re increase from the f i rs t min imum point 
to the maximum point was accompanied by a t r a n s i 
tion to pulsating, frothy flow. The rapid i nc r ea se in 
the relative velocity of the a i r to the water indicated 
that "slippage" due to water holdup was mainly r e 
sponsible for the increase in the p r e s s u r e gradient . 
As the air rate was further inc reased , the pulsating 
"froth" flow gradually gave way to "film" flow and 
the measured p re s su re drop dec reased to a second 
minimum point. During this dec rea se in p r e s s u r e 
drop there was a decrease in the re la t ive velocity of 
the air to the water. At higher r a t e s the film d i sap
peared and the ver t ical section was filled with rap id
ly flowing mis t . The measu red p r e s s u r e drop for the 
"mist" flow increased smoothly with inc reased air 
ra tes and appeared to be due mainly to wall fr ict ion. 
Results indicated that the "film" minimum point and 
the "froth" maximum point disappear at some higher 
water ra te . The maximum and minimum p r e s s u r e 

drop conditions for the va r ious constant water r a t e s 
o c c u r r e d at s i m i l a r a i r r a t e s . This indicated that 
the flow pa t te rn depends mainly on the air r a t e , and 
suggested that a modified Reynolds number based on 
the air ra te might be used for further in te rp re ta t ive 
work. 

2719- Schoeffel, D. E . 

PRESSURE DROP AND HEAT TRANSFER IN TWO-
PHASE FLOW IN A VERTICAL TUBE, Cambr idge , 
M a s s . Insti tute of Technology, M. S- Thes i s (1952). 

2720. Sher , N. C. 

PRELIMINARY INVESTIGATION OF PRESSURE 
DROP -AND HEAT TR-ANSFER IN RECTANGULAR 
CHANNELS AT 1100 PSIA, WAPD-TH-265 , (1956) 
46 p. 

P r e l i m i n a r y design recommenda t ions have been p r e 
sented for es t imat ing heat ing, local boiling, and bulk 
boiling p r e s s u r e drop during upflow in ver t i ca l r e c 
tangular channels at 1100 ps ia . These r ecommenda
tions a r e of the same form as prev ious ly presen ted 
for 2000 ps ia . The p r e l i m i n a r y heat t r ans fe r data 
may be in te rp re ted as showing fair agreennent with 
Di t tus -Boel te r and Jens and Lot tes co r re l a t ions for 
predic t ing nonboiling and boiling forced convection 
heat t r ans fe r coefficients, respect ive ly . However, 
unce r t a in t i e s in the expe r imen ta l technique prevent 
rev is ing the existing design equation for calculating 
forced convection heat t r an s f e r coefficients . 

2721. Sher, N. C. 

ESTIMATION OF BOILING AND NON-BOILING 
PRESSURE DROP IN RECTANGULAR CHANNELS 
AT 2000 PSIA. WAPD-TH-300 (1957) 68 p. 

2722. Sher . N. C. and Green, S. J. 

BOILING PRESSURE DROP IN THIN RECTANGU
LAR CHANNELS, New England Engineer ing and 
Science Conf., P r e p r i n t No. 146 (1958). 

2723. Short, W. L. 

THE UPWARDS VERTICAL FLOW OF AIR WATER 
AND OIL-WATER MIXTURES: E F F E C T OF SECOND 
PHASE DENSITY ON PRESSURE DROP, FLOW 
PATTERN AND HOLDUP, M, S. T h e s i s , Univ. of 
Edmonton (1957). 

2724. Styrikovich, M. A. 

HEAD LOSSES FROM ACCELERATION BY MOVE
MENT OF STEAM-WATER MIXTURES IN VERTI
CAL PIPES, Kot lo turbos t roenie , No. 4, 8-12 (1946). 

2725. Sullivan, G. A, 

THE UPWARDS VERTICAL FLOW OF AIR-WATER 
AND OIL-WATER MIXTURES: E F F E C T OF SECOND 
PHASE DENSITY ON PRESSURE DROP AND HOLD
UP, M. S. T h e s i s , Univ, of Edmonton (1958). 
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2726. Sutor, W. L. 

STUDIES ON HEAT TR.ANSFER AND PRESSURE 
DROP FOR BOILING WATER FLOWING IN A VER
TICAL TUBE, Univers i ty of Minnesota , Ph.D. The
sis , (1951) 82 p. 

This study has led to s e v e r a l definite conclus ions on 
phenomena a s soc i a t ed with the opera t ion of n a t u r a l -
circulation e v a p o r a t o r s . 

1. Resul ts were graphica l ly p re sen ted which show 
the effect of addit ion of heat to the liquid container 
on the heat t r ans fe r and flow c h a r a c t e r i s t i c s in a 
na tura l -c i rcu la t ion evapora to r . An apprec iab le in
crease in heat t r ans fe r coefficient with inc reas ing 
amount of heat added was found. Whether this would 
prove to be an econonnical method for i nc rea s ing the 
heat t ransfer capaci ty of a given s ized evapora to r 
was not de t e rmined . 

2. Quantitative inves t iga t ions were made of two 
different co r r e l a t i ons r ecommended in the l i t e r a 
ture for de te rmin ing the p r e s s u r e drop in l iquid-
vapor flow p r o c e s s e s . 

The nnethod of Benjamin and Mil le r appea red to be 
theoret ical ly unsound and genera l ly u s e l e s s as a 
means of finding quant i ta t ively the p r e s s u r e drop in 
short pipes . C r i t i c i s m was mainly d i rec ted at the 
omission of slip veloci ty in the i r ana lys i s . 

The method of Lockhar t and Mar t ine l l i offered a 
more logical bas i s for evaluat ing the va r ious factors 
contributing to the p r e s s u r e d rop . Calculated values 
of p r e s s u r e drop checked within about one-half pound 
per square inch of the expe r imen ta l va lues . Genera l 
trends that o c c u r r e d v/ere qual i ta t ively p red ic ted . 

2727. Uren, L. C 

FLOW RESISTANCE OF GAS-OIL MIXTURES 
THROUGH VERTICAL PIPES , T ransac t i ons of the 
American Insti tute of Mining and Meta l lu rg ica l 
Engineers , 86_, 209-219 (1930). 

The conclusions r eached in this paper a r e : (1) the 
density and v i scos i ty of gas -o i l m i x t u r e s va ry as 
logari thmic functions of the gas-o i l r a t io ; (2) within 
the range of gas -o i l nnixtures commonly produced 
from flowing and gas-l if t wel l s , i n c r e a s e in the 
volume ra t io of gas to that of oil, at a given p r e s 
sure, r e su l t s in i n c r e a s e d p r e s s u r e loss per l inear 
unit of flow through the eduction tube; (3) i n c r e a s e 
in p r e s s u r e for a given gas -o i l ra t io or a given flow 
velocity is productive of d e c r e a s e d unit p r e s s u r e 
loss; (4) c r i t i ca l gas -o i l ra t io probably exis ts for 
any set of condit ions, at which the p r e s s u r e loss in 
flow through tubing is a m i n i m u m (5) in applying the 
Fanning equation to the iloM of gas -o i l nnixtures 
through the ve r t i ca l p ipes , the frict ion factor (f) is 
found to be a logarithnnic function of the Reynolds 
number. 

2728 We s s , D. H. 

PRESSURE DROP IN TWO-PHASE FLOW, Il l inois 
Institute of Technology, (Thes i s ) , AECU-2180 (1952) 
77 p. 

The purpose of this study was to invest igate e x p e r i 
nnentally two-phase flow in a single ve r t i ca l channel , 
which was uniformly heated. The channel was a 

0.174-in. I.D., 24-in. long e lec t r i ca l ly heated s ta in
less s teel tube through which dist i l led water was 
passed . The var ia t ion of p r e s s u r e drop with sys tem 
p r e s s u r e , inlet t e m p e r a t u r e and velocity, and heat 
flux was de te rmined . The conditions under which the 
tube fails due to local overheat was de termined, An 
invest igat ion was made of the c h a r a c t e r i s t i c s of the 
single ve r t i ca l heated channel when operat ing in 
pa ra l l e l with a l a rge number of ve r t i ca l unheated 
channels . These data may be applied in developing 
methods of calculat ing two-phase p r e s s u r e drop for 
use in the design of equipment for heat t r ans fe r in 
forced c i rcula t ion at high heat flux. Use of the 
Mar t ine l l i and Nelson method of calculat ing the p r e s 
su re drop is i l lus t ra ted . 

2729. Yagi, S, and Sasaki , T, 

VERTICAL PIPE REACTOR II. PRESSURE DROP 
IN GAS-LIQUID TWO-PHASE FLOW, Chemical En
gineering (Japan) L^, 216-23 (1953). 

E x p e r i m e n t s were c a r r i e d out in ve r t i ca l g lass pipes 
of 8, 10.25, 12.5, and 17.5 mnn inner d iamete r , em
ploying a i r and va r ious liquids under substant ial ly 
isothernnal conditions. P r e s s u r e drop.&p in k g / s q m, 
is found to be exp res sed by different equations for 
two ranges of flow pa t t e rns . Fo r the mis t flow range . 

Ap/pg^ = 5000 ( u r ' ' / 2 g d ) ° - " ( d L / u i ) • 0 . 6 

and for the unsteady flow range , 

Ap/pgi = 0.9 X 10- '{ur^)/=gd)(*,) 'd°-" , 

where p and pj a r e density in kg /cu m of gas and 
liquid, respect ive ly ; Ug and U], a r e velocity in m / s e c 
of gas and liquid respec t ive ly , I and d a r e length and 
d iamete r (in m) , respec t ive ly , of the pipe; L and u 
a r e m a s s velocity in k g / s q m sec and viscosi ty in 
k g / m sec , of liquid, respec t ive ly , and 0 is liquid 
holdup in cu m / c u m. It is a lso shown that liquid 
holdup is co r re l a t ed with other va r i ab les by the s ame 
exper imenta l equation as p re sen ted in the previous 
paper . (CA-46-7376d). 

SEPARATION OF MIXTURES 

2730- Bil let , Reinhard 

SEPARATION OF LIQUID MIXTURES BY PARTIAL 
DISTILLATION (IN-FALLING-FILM STILLS) Tech-
Hochschule , K a r l s r u h e , Ger- , Chem, - Ing . -Tech . 29, 
733 (1957). 

A theo re t i ca l in te rp re ta t ion of the phys. p r o c e s s e s 
and the factors affecting distn. in a fall ing-fi lm st i l l , 
with rotat ing wipers for liquid red i s t r ibu t ion , is 
p resen ted . Math, re la t ions a r e developed under the 
following headings; bas ic equations for par t ia l sepn. 
of liquid in thin-f i lm distn. , h e a t - t r a n s f e r coeffs, for 
s t i l l s with rotat ing e l emen t s , ra t io of liquid to vapor 
mixt . at any column c r o s s sect ion, var ia t ion of liquid 
and vapor concn. along the column wall, p r e s s u r e d i s 
t r ibut ion and vapor format ion in the l iquid-fi lm l aye r , 
r e s idence t ime of m a t e r i a l s in the app. , and com
par i son between fal l ing-fi lm and conventional r e c i r 
culating s t i l l s . A connprehensive nunnerical example 
is given for a benzene- to luene mixt , (CA-52-2464b). 
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2731- Bock, E. 

STEAM SEPARATION, A L i t e r a tu r e Search , BDIT-3 1 

(Feb, 1961) 10 p. 

An annotated bibliography is given, consis t ing of 
32 references as a general introduction and survey 
on steam separat ion. Design p rob lems in r eac to r 
technology were decisive in the select ion of the 
abs t rac t s . 

2732. Gleim, V. G. 

RATIONAL PROCESS OF BOILING OF SOLUTIONS 
AND FACTORS OF ITS DETERMINATION, J. Appl. 
Chem. USSR 26. 1099-1106 (1953). 

The appearance of liquid phase in vapor space occurs 
through fountaining of liquid on burs t ing of bubbles 
and subsequent breaking away of d rople t s . The curve 
relating droplet c a r r y - o v e r to ra te of vapor izat ion 
shows 3 cr i t ical points: max. quantity of c a r r y - o v e r , 
max. development of foam cover , and beginning of 
ejection of boiler water . Droplet c a r r y - o v e r can be 
prevented by creat ion of the min. n e c e s s a r y layer of 
shielding foam on the vaporizing sur face . ' The de
velopment of this foam layer should not reach the 
l imits at which the foam itself or the products of its 
breakdown are ca r r i ed over. This can be achieved 
by regular blow-down of the boi le r . Introduction 
of foam inhibitors eliminating c a r r y - o v e r of foam 
and ejection of boiler water by no means reduces 
the amt. of humidity in s team under "normal" 
boiling conditions. (CA 48-7959a). 

2733. Gleim. V, G. 

THE GENERAL THEORY OF MOISTURE CARRY 
OVER FROM BOILING SOLUTIONS, Zhur. Pr ik lad 
Khim 28^ 12-20 (1955). 

Aq. solns. of NaOH with a foam inhibitor (4 m g / l 
distearoylhexamethylenediamine) were boiled at a 
const, rate at atm. p r e s s u r e . The humidity of the 
steam increased at first slowly (0.5%) as the NaOH 
concn. increased to 700-800 m g / l , then it rose r a p 
idly to 3.5% at 1000 m g / l NaOH. The height and the 
stability of the foam as functions of NaOH concn. a r e 
practically paral lel curves falling gradually. The 
laboratory expts. were extended to locomotives and 
the resul ts led to the conclusion (by el iminat ion of all 
other sources) that the humidity of the s team was 
caused by the ca r ry -ove r of films from bur s t s team 
bubbles. Expts. with distd. U2O showed that the r i s e 
of a drop of liquid formed by a broken a i r bubble was 
directly proportional to the diam. of the bubble and 
that there was a cr i t . diam. (~7 m m . for distd. H2O) 
at which the r i se of the liquid was negligible. For 
la rger bubbles the broken film forms a spray . This 
was demonstrated photographically. 

2734. Guhman, A. A. 

ON THE FORMULA OF KRUZHILIN CONCERNED 
WITH THE DEPENDENCE OF STEAM MOISTURE 
UPON THE VAPOR LOAD, Izv. Akad. Nauk., SSSR. 
O.T.N., no. 2, 280 (1952). 

2735. Judin, J. 

SEPARATION OF LIQUID GAS MIXTURES, (Swiss 
Patent 343,367) F e b r u a r y 15, I960. 

The sepn. at leas t pa r t ly occu r s in a curved b las t 
pipe provided with a diffuser. This b las t pipe and 
diffuser prevent secondary m i s t format ion as a r e 
sult of orif ice impact . The rad ius of c u r v a t u r e of 
the blas t pipe orif ice mus t be nnade to coincide with 
the rad ius of the v e s s e l wall . This p reven t s second
a ry m i s t as a r e su l t of mech . impact . The gas which 
s e p s . from the liquid p a s s e s with mode ra t e velocity 
but cons iderab le turbulence over a liquid film in 
the s c r ew- l ike lining of the b las t pipe so that finely 
divided drops of liquid st i l l p resen t in the gas sep. 
out on the surface of the film. 

2736. Kruzhil in, G. N. 

SOME REMARKS ON THE ARTICLE BY M. D, 
STYRIKOVICH, L. S. STERMAN, AND T. H. 
MARGULOVA, Izv. Akad. Nauk, SSSR, O.T.N. No. 10, 
p. 1560, 1951. 

2737. Kruzhfli] , G. N. 

THE DEPENDENCE OF THE PERMISSIBLE VAPOR 
LOAD OF A BOILER ON THE PRESSURE, Izv. Akad. 
Nauk. SSSR, Otd. Tekh. Nauk, No. 7, 1106 (1951) 
(In Russ ian) , 

2738 Kurbatov, A. V. 

BUBBLING AND THE PROBLEM OF CRITICAL 
LOADS IN STEAM SEPARATION, Trudy Moskovskogc 
energet icheskogo Instut iua, ( T r a n s , of the Moscow 
Power Engineer ing Inst i tute) , Nr XI, Gosenergoizdat , 
(1953). 

2739, Moyer, W, H. 

DEVELOPMENT AND TESTING OF A STEAM-
WATER SEPARATOR FOR A HOMOGENEOUS BOIL
ING WATER REACTOR UTILIZING NATURAL CIR
CULATION, F ina l Repor t , AECU-3396 (1955) 57 p. 

P r o g r e s s is r epor t ed in the development and tes t ing 
of a s t e a m - w a t e r s e p a r a t o r for a honnogeneous boil
ing water r eac to r uti l izing na tu ra l c i rcu la t ion . Re
sults a r e p resen ted f rom a study of p r e s s u r e drop 
in conventional s e p a r a t o r s , a study of capaci ty in 
a conventional s e p a r a t o r , and t e s t s of numerous 
s e p a r a t o r des igns . Recommendat ions a r e made for 
a s e p a r a t o r design. 

2740. Mravca , A. E. and Simpson, D- E. 

STEAM CARRYUNDER, Nuclear Superheat Meeting 
No. 4, Idaho F a l l s , Idaho, TlD-7617, Aprfl 13-14, 
1961 (71 p) (COO-263). 

Minutes a r e p re sen ted on the fourth Nuclear Super
heat Meeting. The s ta tus of BORAX-V, BONUS, 
Pathf inder , euid VESR is d i scussed . Other develop
ments of s u p e r h e a t e r s a r e outlined. 
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2741. M r a v c a . A. E . and Simpson, D. E . 

STEAM-WATER SEPARATION TEST. Nuclear Super
heat Meeting No, 5, San J o s e , Cal i forn ia . TID-7630 
September 13-15, 1961, 103 p. (COO-264). 

Minutes of the fifth A E C - s p o n s o r e d nuclear superheat 
meetings a r e p re sen t ed . Topics covered include: 
SADE loop expe r imen t , out -of-p i le c o r r o s i o n e x p e r i 
ments , SADE act ivi ty l eve l s , heat t r an s f e r e x p e r i 
ments , s team s e p a r a t o r development , fuel technology, 
E-SADE p r o g r a m , NUSU c r i t i ca l e x p e r i m e n t s , 
BONUS cr i t i ca l e x p e r i m e n t s , engineer ing physics 
calculat ions, superhea t fuel development , superhea t 
cr i t ical e x p e r i m e n t s . BORAX-V superhea t fuel e l e 
nnents, water c h e m i s t r y p r o g r a m , i n - c o r e i n s t r u 
mentation development , UO2 v ib ra to ry compaction 
development, s ta tus of nuc lea r superhea t plants 
under design and cons t ruc t ion , and nuc lea r superhea t 
design s tud ies . 

2742. Ongman, H. D. 

CHICAGO OPERATIONS OFFICE STEAM SEPARA
TION PROGRAM, F e b r u a r y - M a r c h , I96O Final R e 
port, 31 p . , GEAP-3389 . 

A p rog ram is desc r ibed for f r e e - s u r f a c e s t e a m -
water separa t ion at 600 ps ig . The invest igat ion was 
conducted in suppor t of the design for incorpora t ion 
in the Exper imenta l Boiling Water Reactor at 100 Mw 
thermal . Equipnnent is desc r ibed and the tes t p r o 
cedures a r e outlined along with opera t ion. Result ing 
data a r e p resen ted t abu la r ly . 

2743. Pe t r i ck , M. 

A STUDY OF CARKYUNDER PHENOMENA DURING 
VAPOR LIQUID SEPARATION, Am. Inst , of Chem. 
Eng, Journal 9., 253-60 (1963). 

A simple nnodel for the c a r r y u n d e r phenomena is 
presented and an analyt ica l exp re s s ion for the quality 
ratio Xj-j/Xn is der ived . The dominating factor in 
this analysis is the definition of a specific a r e a in 
the r i s e r fronn which c a r r y u n d e r e m a n a t e s . Data 
taken from an a tmosphe r i c a i r - w a t e r loop a r e com
pared with the p red ic ted values for weight percent 
car ryunder for the p a r a m e t e r range studied (0.2 x 
1 0 - ^ x < 2 . 0 X 10"^ 1 f t / sec <y^ <2.5 f t / s e c ) . The 
proposed model proved to be quite successful and 
good ag reemen t between m e a s u r e d and ca lcula ted 
values were obtained. 

A dimensional ana lys i s of the per t inent p a r a m e t e r s 
affecting c a r r y u n d e r was a lso made and a s e r i e s of 
d imensionless groupings were der ived. These group
ings were then used to develop emp i r i c a l c o r r e l a 
tions for predic t ing c a r r y u n d e r . The emp i r i c a l 
cor re la t ion adequately r e p r e s e n t s a s e r i e s of high-
p r e s s u r e data over the following p a r a m e t e r range : 
0 . 1 < a j ^ < 0 . 5 , 0.5 < V j ) < 2 . 5 f t / s e c , P = 600,000, 
1500 psi but the a i r - w a t e r data taken at atnnospheric 
p r e s s u r e deviated subs tant ia l ly . A non-d imens ion les s 
ennpirical co r r e l a t i on , however , was developed for 
the X_ /S j^ ra t io , and i ts p red ic ted values compared 
well with the data from both the a tmosphe r i c a i r -
water and h i g h - p r e s s u r e loop. F a i r ag reemen t was 
obtained a l so with p r e l i m i n a r y data taken on a l a rge 
reac tor systenn (EBWR). 

2744. Ries land, J. I. 

RESULTS OF AIR-WATER AND STEAM-WATER 
TESTS ON RADIAL VANE STEAM SEPARATOR 
MODELS, GEAP-3787 (I96I) 47 p. 

Act ivi t ies in a p rog ram a r e desc r ibed to develop a 
compact radia l vane- type separa to r for sa tura ted 
s t e a m - w a t e r m i x t u r e s . Design of the t e s t s and 
models is desc r ibed and resu l t s a r e given. Data 
indicate that the s e p a r a t o r s mee t the r equ i r emen t s 
for boiling water superheat r eac to r applicat ion. Re
sults a lso indicate that s epa ra to r s t e a m - w a t e r ca
pacity can be predicted from a i r - w a t e r t es t r e s u l t s . 
F u r t h e r development is recommended . 

2745. Roes le r , F . C 

ON THE ELIMINATION OF GASES FROM LIQUIDS 
IN LAMINAR FLOW, Z. Angew. Phys . _3. -J'?6-9 
(1951), (AMR-5-1457). 

Author shows that the ra te of el imination of gases 
dissolved in a viscous liquid is cons iderably in
c r e a s e d if the liquid is in l aminar motion. This is 
because convection effects i nc r ea se the o rde r of 
magnitude of the "gas - concen t r a t i on - l aye r " th ick
n e s s , and therefore the action of any given gas bubble 
is felt over a g r ea t e r volume of liquid; and because 
viscous shear forces acting on gas-bubble walls 
tend to b reak up the l a rge r bubbles , thus giving a 
l a r g e r number of nuclei for the elimination p r o c e s s . 
These Ideas a r e i l lus t ra ted by rough e s t ima te s for 
a Couette flow. 

2746. Ryley, D. J. 

BEHAVIOR OF WATER GLOBULES IN STEAM, En
gineer ^ , 74-78 (July 16, 1954). 

Theore t i ca l study of dynamic a spec t s of globule be 
havior ; t r ea tmen t deals with s ize , t r a jec to ry , drift 
velocity ra t io and movements of globules; f rac ture 
of globules; new kind of char t desc r ibed for finding 
wind velocity n e c e s s a r y to b r eak undeformed sphe r 
ical globule under specified condit ions; work gives 
useful hints concerning design of m o i s t u r e s e p a r a 
to r s and concerning prob lem of eros ion of low p r e s 
su re turbine blading. 

2747. Shikinami, I. 

WATER-STEAM SEPARATORS FOR BOILERS, 
N e t s u - K a n r i ^ 32-9 (1957). 

A survey of the mechan i sm of sepn. of H2O in 
va r ious boi le r sy s t ems is p resen ted . 

2748. S teamer , A, G. and Ongman, H. D. 

FREE-SURFACE SEPARATION OF STEAM AND 
WATER FOR APPLICATION IN A MARINE R E 
ACTOR AT 1000 PSIG, GEAP-3489 (i960) 67 p. 

A s e r i e s of f r e e - su r f ace s t eam separa t ion t e s t s 
were c a r r i e d out at 1000 psig to obtain data to aid 
in checking out analyt ical methods for the effect of 
sh ip ' s motion on s team separa t ion . Data a r e p r e 
sented on the shape and height of the s t e a m - w a t e r 
interface with r e spec t to the indicated water level 
for two ves se l s i z e s . F u r t h e r data a r e p re sen ted 
on the effects of water level and downcomer water 
veloci ty on steann c a r r y u n d e r . 
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2749. Sterman, L. S. 

ON THE THEORY OF STEAM SEPARATION, Zhur . 
Tekh. F iz . , 28, 1562-1574 (1958) (In Russ ian) . 

The paper presents a sys tem of differential equa
tions describing the p r o c e s s e s involved in the c a r r y 
ing out of mois ture by s team in the form of d rops . 
It also gives a sys tem of s imi la r i ty c r i t e r i a . The 
character iz ing re la t ions obtained a r e used for the 
generalization of the exper imenta l data. 

2750. Styrikovich, M. A., S terman, L. S, and 
Margulova, T. Kh. 

CONCERNING THE ESTABLISHED LAWS OF 
CARRYOVER OF MOISTURE BY STEAM IN BOIL
ERS, Izv. Akad. Nauk., SSSR, Otd. Tekh. Nauk., 
No, 8, 1250 (1951) (In Russian) . 

2751. Vella, S. and Zavat ta re l l i , R. 

FINAL RESULTS OF STEAM-WATER MIXING AND 
SEPARATION EXPERIMENTS: PHASES DISTRIBU
TION AND SEPARATION EFFICIENCY, Final Report , 
July 15-Sept. 15, 1961, Work per formed under U.S.-
Euratom Joint Research and Development P r o g r a m , 
( L A B / S T U - 1 4 6 9 ) 109 p. , EUR-AEC-209. 

Results of s team-water exper iments a r e p resen ted 
along with a descript ion of exper imenta l condit ions. 
It was found that the rat io of the local m a s s veloci 
ties in the mixture and the average m a s s velocity of 
the mixture depends on the average s t eam quality. 
Data on phase distribution under average inlet con
ditions a re presented graphically. Resul ts of the 
separation investigations confirm resu l t s obtained in 
ai r -water exper iments . 

2752. Weber, H. E. and Glicksman, L. R. 

A STUDY OF THE E F F E C T S OF SHIP'S MOTION IN 
FREE-SURFACE STEAM-WATER SEPARATION, 
GEAP-3492 (i960) 38 p. 

A study of the l iquid-vapor separat ion prob lem was 
undertaken. Pa r t i cu la r attention was paid to the 
carryover problem and car ryunder p rob lem. E x 
pressions or methods for evaluating the liquid c a r r y 
over were obtained. The same was done for the 
vapor carryunder problem; i .e. , the vapor c a r r i e d 
along with the liquid in the r e t u r n line from the s e p 
ara tor . A flow model was es tabl ished and the analy
sis for the carryover problem imposed the condition 
that the shear and liquid gravitat ional forces balanced 
at the liquid-vapor interface with zero liquid velocity. 
Also, the flow over the bubbles at the l iquid-vapor 
interface was laminar so that the shear s t r e s s was 
inversely proportional to the liquid film th ickness . 
For the carryunder problem, the vapor bubble 
buoyancy and drag forces were equated to de te rmine 
permiss ible liquid velocities in the downcomer. 

2753. Ansaldo, S.p A., Genoa 

CAN-l - QUARTERLY PROGRESS REPORT, October 
16, I960 to March 15, I96I , P a r t A., Technical Re 
port . EURAEC-99 (1951) 50 p. 

Final resul ts of the a i r -wa te r separa t ion exper iments 
a re presented. A detailed descr ipt ion of the high-
p re s su re loop and its ins t rumentat ion is given. The 

efficiency of the s e p a r a t o r s giving the bes t r e s u l t s 
ranged from 96 to 100%. D i a g r a m s and tab les a r e 
included, 

2754. Societe Nationale d 'Etude et de Const ruct ion 
de Moteurs d 'Aviation. 

A STUDY OF THE SEPARATION OF W A T E R / S T E A M 
MIXTURES, Special Repor t No. 7, Div, Atomiques , 
S u r e s n e s , F r a n c e , EURAEC-148 (Sept. I96I) 61 p. 

Resul t s a r e p re sen ted f rom a study of centrifugal 
separa t ion of water and s t eam in boiling water r e 
a c t o r s . It is noted that the poor r e su l t s obtained 
show that s m a l l - s c a l e whi r l s a r e not adequate for 
separa t ion . It is r ecommended that a design in which 
a na tura l p r i m a r y sepa ra t ion t akes place through the 
free surface on top of the r eac to r tank be used. The 
water which sti l l contains steann should be introduced 
into s e p a r a t o r s mounted on the core pe r iphe ry and 
low-s t eam-con ten t wa te r should be introduced into 
the s e p a r a t o r s tangent ia l ly and in the upper half. 
Separa ted water is then exhausted at the base of the 
s e p a r a t o r s . 

2755. Combust ion Engineer ing , Inc. 

DEVELOPMENT OF STEAM SEPARATION DE
VICES, F ina l Repor t , Combust ion Eng. Inc, Nuclear 
Div., CEND 136 (Sept. I96I) 105 p, 

A p r o g r a m for the development of s t eam separat ion 
devices for l a r g e in tegra l b o i l e r - s u p e r h e a t e r r e 
ac to r s is being conducted. The exper imenta l p r o 
g r a m conducted to es tab l i sh the mos t r easonab le 
s team separa t ion a r r a n g e m e n t for the NUSU 200-
MWe re fe rence design of an in tegra l bo i l e r -
supe rhea t e r r eac to r i s s u m m a r i z e d . 

TRANSIENTS AND INSTABILITY 

2756. Als tad, C, D., et a l . 

THE TRANSIENT BEHAVIOR OF SINGLE-PHASE 
NATURAL CIRCULATION WATER LOOP SYS
TEMS, ANL-5409 (1956) 55 p. 

Studies were d i rec ted toward the development and 
exper imenta l ver i f icat ion of a p rac t i ca l method for 
predic t ing the t r ans i en t behavior of s ing le -phase , 
na tu ra l c i rcu la t ion water loop s y s t e m s . 

Two exper imenta l loops , along with a complete sys 
tem of equations used in connection with an i l lus t r a 
tive p rob lem, a r e desc r ibed in detai l . Compar i son of 
exper imenta l r e su l t s with numer i ca l solutions indi
ca tes that the t r ans i en t behavior of the sys tems could 
be sa t i s fac tor i ly pred ic ted for engineer ing purposes . 
The re l iabi l i ty of the method is r e l a t ed d i rec t ly to 
the accu racy with which the physical p a r a m e t e r s of 
the loop sys tem a r e known. (NSA-10-3800). 

2757. Anderson, R. P . and Lo t t e s , P . A. 

BOILING STABILITY, Reactor Technology, J. of 
Nucl. Ene rgy , P a r t B, £, 3, (Feb, 1962). 

There a r e s eve ra l types of s tabi l i ty conditions con
nected with boil ing. The f i rs t type is the stabili ty 
a s soc ia ted with a l iquid-vapor in ter face , when the 
liquid is located above the vapor . Two other types 
a r e a s soc ia ted with boiling water r e a c t o r s and 
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reactor sinnulating tes t loops which have both dem
onstrated unstable behavior under c e r t a i n opera t ing 
conditions. The f i rs t type of boiling s tabi l i ty is i m 
portant in studying the na tu re of burnout or c r i t i c a l 
boiling heat flux. The second and th i rd type, how
ever, a r e cons ide red to be of m o r e impor tance for 
natural c i rcu la t ion boiling s y s t e m s s ince flow in
stability usual ly a p p e a r s at lower heat fluxes than 
the c r i t i ca l flux. The re fo re the d i scuss ions in this 
paper a r e l imi ted to boiling flow stabi l i ty p rob l ems 
as applied to na tu ra l c i rcu la t ion boiling s y s t e m s and 
reac to r s . Reac tor technology, in its p r e s e n t s t a te , 
cannot p red ic t e i ther the dependence of the o sc i l l a 
tion inception point or the frequency and ampli tude 
of osci l lat ion on opera t ing conditions or design pa
r a m e t e r s . However , an expe r imen ta l tes t p r o g r a m 
using both r e a c t o r s and hydrodynamic tes t loops has 
shown cer ta in t r e n d s in the dependence of osci l la t ion 
on various p a r a m e t e r s and condi t ions. 

Analytical work using expe r imen ta l data has been 
published. The re is enough uncer ta in ty of s tabi l i ty 
cause and dependence that models used as a bas i s 
for the published analyt ical work a r e useful only in 
predicting t r e n d s which can be compared with ex
perimental data and in approx imate ext rapola t ion of 
the per formance of an exist ing r e a c t o r to m o r e 
stringent operat ing condi t ions. They do not give a 
consistent t heo re t i ca l unders tanding of s tabi l i ty nor 
do they allow pred ic t ion of s tabi l i ty conditions in a 
reactor p roposa l dur ing i ts design s t ages . 

2758. Akcazu. A. Z. 

THEORETICAL FEEDBACK AN-ALYSIS IN BOILING 
WATER REACTORS, ANL-6221 (Oct. I960) 66 p. 

The dynamic behavior of boiling water r e a c t o r s for 
small pe r tu rba t ions was invest igated in a sys temat ic 
way. General exp res s ions for the t r ans fe r functions 
associated with the individual feedback nnechanisms 
were obtained for an a r b i t r a r y flux d is t r ibut ion , 
weighting function, and s team veloci ty dis t r ibut ion. 
Specific forms were der ived in the case of a f i rs t 
power flux weighting, a uniform s t eam velocity d i s 
tribution, and a s inusoidal flux d is t r ibut ion with an 
adjustable wave length. These forms were s impl i 
fied and single t i m e - c o n s t a n t t r an s f e r functions 
were obtained. The e r r o r involved in the lumped 
t ime-cons tant approximat ion was shown to be as 
large as 4 db in annplitude in c e r t a i n feedback m e c h 
an i sms . Theore t i ca l r e s u l t s were applied to the ex
per imenta l power void t r ans f e r function obtained at 
Ramo-Wooldridge R e s e a r c h Labo ra to ry , and to the 
EBWR t r ans f e r function. In the fo rmer case , the 
agreement was found to be reasonab ly good, but yet 
more sys temat ic exper imenta l data were needed to 
reach a definite conclusion a s to the val idi ty of the 
proposed model , which a s s u m e s a t ime lag assoc ia ted 
with s team fornnation and a s t eam per turba t ion speed 
greater than the steady s ta te s t eam veloci ty. In the 
second applicat ion, the agreennent between the ex
per imenta l and ca lcula ted r eac to r r e sponses was 
proved to be be t te r than 5 db in ampli tude and 10° 
in phase, in the en t i re frequency range from 0,01 to 
100 r a d / s e c , (NSA-15-6989) 

2759. Beckjord, E . S. 

DYNAMIC ANALYSIS OF NATURAL CIRCULATION 
BOILING WATER POWER REACTORS, ANL-5799 
(1958) 30 p. 

L inea r Feedback Control Theory is used to analyze 
the sma l l - s igna l dynamic behavior of d i rec t cycle , 
na tu ra l c i rcula t ion boiling water r eac to r s y s t e m s . 

Transfe r functions for thermodynamic and hy
draul ic effects a r e der ived in t e r m s of r eac to r co re 
and vesse l d imensions . They a r e used to cons t ruc t 
a theore t ica l sys t em block d iagram for the EBWR, 
(NSA-12-8712). 

2760. Argonne Staff 

EXPERIMENTAL INVESTIGATION OF THE S E L F -
LIMITATION OF POWER DURING REACTIVITY 
TRANSIENTS IN A SUBCOOLED WATER-
MODERATED REACTOR, ANL-5323 (1954). 

2761. Beckjord. E, S, 

THE STABILITY OF TWO-PHASE FLOW LOOPS 
AND RESPONSE TO SHIP'S MOTION, GEAP-3493 
(Rev. 1) (I960) 50 p. 

Investigations were made to de te rmine the dynannics 
of s ta t ionary two-phase flow loops and of those a c 
ce le ra t ed by ship ' s motion, and the controll ing pa
ranne te r s . The r e su l t s apply to boiling water 
r e a c t o r s , and enable predic t ion and design of s table 
two-phase flow in r e a c t o r s . An analogue computer 
c i rcu i t is developed for calculat ing loop t r a n s i e n t s . 
Analytical predic t ions of s tabi l i ty and t rans ien t r e 
sponse a r e compared with A.P .E .D. Heat Trans fe r 
Loop tes t r e s u l t s . Analogue computations were 
made of the effect on the T-7 core of a 20% of no r 
mal gravi ta t ional acce le ra t ion i n c r e a s e , and of the 
effect of a 20% heating i nc r ea se in channel I of 2 
coupled pa ra l l e l channels s imi la r to T-7 core chan
ne l s . Conclusions drawn on the factors which de
ternnine loop dynamics a r e : I. The na tura l per iod 
of the loop is governed by the t r ans i t t ime of fluid 
a c r o s s the two-phase ve r t i ca l sect ion. If osc i l l a to ry , 
the per iod will be between 4 /3 T and 2 T, where T is 
the t r ans i t t ime ; 2. The p r i m a r y cause of loop in
s tabi l i ty is subcooling with high steann voids , because 
subcooling makes the na tura l c i rcu la t ion driving head 
d e c r e a s e when the inlet water velocity i n c r e a s e s , and 
v i c e - v e r s a , A design line of subcooling l imit as a 
function of operat ing p r e s s u r e is given; 3. Unstable 
flow loops can be s tabi l ized by velocity head l o s s e s , 
such as at an orif ice in the downcomer, and by the 
use of long downcomer pipes and consequent high 
single phase fluid ine r t i a ; and 4. F r ic t ion p r e s s u r e 
drops and velocity head l o s s e s in the r i s e r can help 
to s tabi l ize , provided inlet subcooling is not e x c e s 
s ive . If it is excess ive , the r i s e r fr ict ion p r e s s u r e 
drop and head lo s ses actually d e c r e a s e when inlet 
water velocity i n c r e a s e s . The resu l t is a negative 
i nc remen ta l p r e s s u r e drop which des t ab l i zes . 
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2762, Bromberg , R. and Mart in , W. L. 

DENSITY TRANSIENTS IN BOILING LIQUID SYS

TEM, AECU-2169 (1952) 131 p. 

A program has been undertaken to study the density 
response of a l iquid-vapor sys tem when subjected to 
a change in the magnitude of a d is t r ibuted heat 
source. The density t r ans ien t s a r e caused by the 
initiation, growth, and collapse of the vapor bubbles 
and by their t ravel into or out of the specified vol
ume. A descript ion of the appara tus used to c rea t e 
and record (by means of an x - r a y dens i tometer and 
motion pictures) density t r ans ien t s at p r e s s u r e s 
from atmospheric to 1000 psia is given, and p r e 
l iminary resu l t s on acidic and alkaline solutions a r e 
presented. Time lags , from the initiation of a hea t 
ing pulse to the s ta r t of a density t rans ien t , of the 
order of 0.25 sec were most commonly observed in 
solutions of KOH at a tmospher ic p r e s s u r e . In an 
attempt to cor re la te liquid superheat with s y s t e m -
density response , a stat ic superheat appara tus and 
procedure have been developed, and a var ie ty of 
superheat data obtained on H^O and KOH solutions 
in glass and s tainless steel is p resen ted . The ana
lytical phase of the p rogram is d i rec ted toward de
riving equations to descr ibe bubble initiation and 
growth. Equations from Doring 's theory have been 
applied to water at elevated p r e s s u r e s , and the r e 
sultant calculated superheats a r e compared with the 
experimental m e a s u r e m e n t s . In o rder to e l iminate 
some of the approximations in the analytical work, a 
molecular approach has been used to evaluate the 
effects of surface tension on liquid superhea t . 

2763. Chilton, H. 

A THEORETICAL STUDY OF STABILITY IN WATER 
FLOW THROUGH HEATED PASSAGES. J. Nuclear 
Energy, 5̂ , 273-284 (1957). 

Cr i te r ia defining the stabili ty of forced water c i r cu 
lation through heated passages a re introduced, A 
general method is derived for predict ing stabil i ty 
c r i t e r i a for a systenn with any form of var ia t ion of 
heat input with respect to passage length. A con
venient method for calculating p r e s s u r e lo s s is de
veloped. Cr i t e r i a and integrated functions a r e 
presented for the forms of heat input d is t r ibut ion 
commonly encountered in r eac to r design, and their 
application is demonstra ted in a worked example . 

2764. Chris tensen, Helge 

POWER-TO-VOID TRANSFER FUNCTIONS, ANL-
6385 (1961) 148 p. 

Variations in the distribution of s team bubble, the 
"void" distribution, in a boiling channel as a function 
of changes in heating power was studied. 

A rectangular test tube, of 1.11 x 4 .44-cm c r o s s 
section and 127-cm height was inser ted in a forced-
circulation p re s su re loop. The tube was heated by 
passing an AC current through the tube wal l s . A 
power oscil lator was built which could give a 10% 
peak-to-peak sinusoidal power modulation at any 
frequency in the interval from 0.01 to 10 cycles 
per second. 

Var ia t ions in the volume fraction of s t eam were ob
se rved by means of a gamma dens i tomete r built for 
the purpose . Accura te void profi les could be taken 
by t r a v e r s i n g the tes t channel ve r t i c a l l y and 
hor izonta l ly . 

With the void detector s t a t ionary at a given height, 
the ampli tude and phase delay of the s t e a m void 
var ia t ions were m e a s u r e d in the frequency range 
ment ioned. The signal from the gamnna detector 
was pas sed to a ha rmonic ana lyzer built for the ex
pe r imen t . This in s t rumen t could pick out the void 
var ia t ions coherent with the power var ia t ion in the 
p r e s e n c e of much g rea t e r randonn signal var ia t ions 
caused by the boiling p r o c e s s . 

The frequency r e sponse of s t e a m voids was m e a s 
ured at 4 different p r e s s u r e s ranging from 27.2 to 
68 a tm. , at conditions comparab le to those in p r e s 
sur ized boiling water r e a c t o r s . Void phase and void 
ampli tude have been plotted as functions of frequency, 
and the data have a lso been p re sen ted in t ab les . 

The mos t impor tan t r e su l t of the expe r imen t s is to 
show that the void r e sponse falls off at a frequency 
that is much lower than that p red ic ted by theore t ica l 
ly der ived power- to -vo id t r ans fe r functions used 
previous ly in r eac to r ca lcu la t ions . Also the void 
ampli tude in the lower par t of the channel was 
l a r g e r than expected. 

By taking into account the p r e s s u r e changes in the 
channel caused by the power va r i a t ions , an exp re s 
sion was der ived for the power - to -vo id t rans fe r 
function that could be fitted v e r y well to the data. 
A constant , a s soc ia ted with the comple teness of the 
mixing in the di rect ion perpendicu la r to flow, had 
to be chosen in o rde r to fit p roper ly the b reak f re
quency in the ampli tude cu rve . 

More exper iments a r e needed to enable predict ion of 
this constant in a given condition in o r d e r to a r r i ve 
at f i rm p rocedu re s for the design of r e a c t o r s , 

2765. DeShong, J. A., J r . 

POWER TR-ANSFER FUNCTIONS OF EBWR OB-
T.AINED USING A SINUSOIDAL REACTIVITY DRIV
ING FUNCTION, ANL-5798 (1957) 50 p. 

A s e r i e s of r eac to r frequency r e sponse m e a s u r e 
m e n t s , re la t ing flux or power level to a react ivi ty 
input function, were made to evaluate r eac to r s ta 
bility for different values of power p a r a m e t e r s . 
These p a r a m e t e r s included: power level , s team 
p r e s s u r e , and control rod posit ion. The r e su l t s were 
ext rapola ted to pred ic t EBWR stabi l i ty at higher 
operat ing powers . The experinnental data may also 
be used to evaluate the thermodynamic and hy
draul ic cons tan ts . 

2766. Dougherty, D, E. 

A BOILING MODEL, TID-16750 (Oct. 21, I96O). 

The mic roscop ic dynamics of the boiling p r o c e s s 
was formulated into a differential equation for use 
in de termining the s t eam void fract ion which prevai ls 
in boiling channels . Detai ls of formulat ion develop
ment a r e included. (NSA-62-33125). 
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2767, F o r b e s , S. G.. Schroeder , F . and Nyer , W, 

INSTABILITY IN THE S P E R T - 1 REACTOR, P R E 
LIMINARY R E P O R T , IDO-16309 (1956) 19 p. 

Severe ins tabi l i ty has been obse rved in the SPERT ' I 
Reactor. This ins tabi l i ty was manifes ted by a s e r i e s 
of power pulses of such rapidly i nc rea s ing ampli tude 
that the safety of the r eac to r was jeopard ized . The 
pre l iminary invest igat ion of this ins tabi l i ty is de
scribed with d i scuss ion linnited to an account of the 
actual observa t ions s ince confirnning exper imen t s 
were lacking at the t ime of publicat ion. P lo ts of 
power and t e m p e r a t u r e behavior a r e included for 
five t e s t s of this type. 

2768, F r a a s , A. P . 

FLOW STABILITY IN HEAT TRANSFER MATRIXES 
UNDER BOILING CONDITIONS, C F - 5 9 - 1 1 - 1 (1959) 
17 p. 

The stabili ty of fluid flow for c a s e s in which boiling 
occurs in pa ra l l e l p a s s a g e s had posed quest ions of 
design feasibil i ty recen t ly in s eve ra l a r e a s including 
once-through s t eam g e n e r a t o r s for l a rge gas-cooled 
r eac to r s , wa te r -coo led r e a c t o r s such as the MTR, 
and small compact r e a c t o r s cooled by a boiling a l 
kali meta l . A su rvey of the l i t e r a t u r e d i sc losed a 
number of t r e a t m e n t s of the subject , but t h e r e a p 
pears to be no comprehens ive p resen ta t ion that 
makes it easy for the des igner to envision the r e 
gions under which stable flow conditions would p r e 
vail. Most of the condit ions of i n t e r e s t a r e covered 
with a few cha r t s which were p r e p a r e d to provide 
the neces sa ry informat ion for the des igner . These 
charts a r e p re sen ted together with the method used 
to develop them. Fronn Nuclear Sci. Abs t r . 14, 
Abstr. No. 2519, (I960). 

2769, Garl id, K., Amundson, N, R. and Isbin, H. S. 

A THEORETICAL STUDY OF THE TRANSIENT 
OPERATION AND STABILITY OF TWO PHASE 
NATURAL CIRCULATION LOOPS, ANL-6381 (1961) 
83 p. 

Natural c i rcu la t ion loops have been applied in many 
domestic and indus t r ia l p r o c e s s e s . Recent ly , new 
applications have been found in high-power g e n e r a 
tors , but under these conditions the opera t ion of 
such loops, usual ly containing a mix tu re of vapor and 
liquid, has not always been p red ic t ab l e . In some of 
the proposed appl ica t ions , uns table behavior could 
have dire effects , and for safety as well as economy, 
a bet ter theore t i ca l unders tand ing of the loop o p e r a 
tion is needed. 

To this end, nnathematical mode l s of the t i m e -
dependent behavior of two-phase n a t u r a l - c i r c u l a t i o n 
loops were der ived f rom bas ic conserva t ion equa
tions and used to p red ic t the opera t ion and to explain 
the unusual instabi l i ty sonnetimes obse rved . 
L u m p e d - p a r a m e t e r mode l s , which e s sen t i a l ly sinn
ulated the sys tem as a s e r i e s of c a scaded nnissing 
cel ls , were used . Init ial solut ions w e r e obtained 
by using a PACE analog computer and pa t te rn ing the 
geometry and opera t ing condit ions after those of the 
Universi ty of Minnesota loop from which data have 
been r epor t ed . The solut ions pred ic ted osc i l l a to ry 
behavior s i m i l a r to that r epo r t ed with mean flow 

r a t e s , t e m p e r a t u r e s , and quali tat ive t r ends in gen
e ra l ag reemen t with exper imenta l r e s u l t s . In o rde r 
to obtain solut ions, however , many simplifying 
assunnptions were made , and the solut ions, however , 
were not completely sa t i s fac tory . 

The init ial r e su l t s were used in formulat ing s u b s e 
quent models of g r e a t e r complexity and improved 
accu racy for which solutions were obtained with the 
UNIVAC Scientific, a l a rge digital compute r . The 
resul t ing predic ted t rans ien t behavior was in close 
ag reemen t with the exper imenta l r e s u l t s from the 
Univers i ty of Minnesota l o w - p r e s s u r e loop. When 
the geometry and operat ing conditions of a 300-psia, 
h i g h - p r e s s u r e loop were used in the model , unstable 
osc i l l a to ry behavior was pred ic ted under ce r t a in 
condit ions, and stable behavior under o t h e r s . Closed 
unstable regions r a the r than l imi ts were predic ted , 
and the specifications of s tabi l i ty in ternns of a 
single p a r a m e t e r was found to be imposs ib le . The 
re su l t s showed quali tat ive ag reemen t with e x p e r i 
mental r e su l t s obtained at s eve ra l l abo ra to r i e s and 
osc i l l a tory frequencies of the same magnitude as 
those observed , but so l i t t le exper imenta l data 
were available that a complete compar i son was not 
poss ib le . The slip ra t io and the na tu re of i ts v a r i a 
tion were found to be c r i t i ca l in de termining the p r e 
dicted loop behavior . The model finally used was 
v e r s a t i l e , reasonably fast, and quite comple te . 

A compar i son of the causes of the osc i l l a to ry be 
havior at low and at high p r e s s u r e indicated that they 
were essen t ia l ly the s a m e , and that the grea t dif
ference in osc i l l a to ry frequencies that has been ex
per imenta l ly noted was due la rge ly to a sys tem 
geometry , and par t ia l ly to the na ture of the osc i l l a 
t ions t h e m s e l v e s . The c r i t e r i o n for the absence of 
osc i l la t ions was found to be s imi l a r to one of the 
c r i t e r i a for stabil i ty of chemica l reac t ion s y s t e m s . 

2770. Gruber , A, H. and Hyman, S. G. 

FLOW DISTRIBUTION AMONG PARALLEL 
HEATED CHANNELS, AIChE Journal _2, 199-205 
(1956). 

The coolant flow dis t r ibut ion among pa ra l l e l tubes in 
a nuc lear r eac to r (or boi ler or heat exchanger) can be 
ve ry sens i t ive to var ia t ions in heat input dimension, 
e tc . -Analytical express ions a r e given for par t i a l 
de r iva t ives which m e a s u r e flow var ia t ions for s eve ra l 
s i tua t ions . The util i ty of or i f ices and valves in r e 
ducing flow sensi t iv i ty is d i scussed . Numer ica l r e 
sul ts a r e repor ted for a sy s t em using water at 
supe rc r i t i c a l p r e s s u r e s with an eightfold expansion 
from inlet to outlet . 

2771. Johnson, S- O,, Cur lee , N. J. and Reihing, J, V. 

SIMULATION OF HOT CHANNEL BOILING IN 
WATER COOLED REACTORS, WAPD-T-388 (1957) 
67 p. 

The p rob lems encountered in a study of the t r ans i en t 
r e sponse of a heat t r ans fe r sys t em in which the cool
ant exper iences a phase change a r e d i scussed . A 
ma themat i ca l model of the sys tem is developed and 
the pa r t i a l differential equations governing the 
t r ans i en t r e sponse a r e der ived . The equations a r e 
then t r a n s f o r m e d to di f ferent ia l -di f ference equations 
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suitable for solution on an e lec t ronic analog com
puter . The analog computer c i rcu i t is developed 
from the equations and the pecu l ia r i t i es of the c i r 
cuit a r e descr ibed in detail . Analog r e su l t s of a 
typical coolant flow t rans ien t a r e p resen ted . 

2772. Jones, A, B. 

HYDRODYNAMIC STABILITY OF A BOILING 
CHANNEL, KAPL-2170 (1961) 138 p. 

Experimental observat ions have been made of 
spontaneous flow rate osci l lat ions within a coolant 
channel heated sufficiently to produce boiling. The 
possibility of burnout or other damage is suggested 
if such oscillations a re sufficiently s t rong. The 
derivation is descr ibed of a ma themat ica l model for 
predicting whether such osci l lat ions will occur . A 
digital computer p rog ram is outlined for mechan iz 
ing the solution of the equations. The single check 
against experiment which has been per formed to date 
is described. In this single check, excellent a g r e e 
ment between nnodel and exper iment was obtained. 

2773. Jones, A. B. and Dight, D. G. 

HYDRODYNAMIC STABILITY OF A BOILING 
CHANNEL, KAPL-2208 (Apr. 20, 1962). 

STABLE-3 is an extension of the STABLE-2 Phi lco 
2000 digital computer p rog ram for examining the 
hydraulic stability of a single boiling coolant channel 
in parallel with many other channels . Only the modi 
fications of STABLE-2 resul t ing in the progrann 
called STABLE-3 a r e d iscussed. The modifications 
were made p r imar i ly to simplify the input-output 
effort required of the u s e r , to minimize the magni
tude of a discontinuity occur r ing in a ce r ta in friction 
factor correlat ion, and to approximately accommo
date the simultaneous existence of both nonboiling 
and subcooled boiling r eg imes in the subcooled 
region of the coolant channel, A p r o g r a m list ing 
and instructions for running the p rog ram are 
included. (NSA-62-29085). 

2774. Ledineg . M. 

INSTABILITY OF FLOW DURING NATURAL AND 
FORCED CIRCULATION, Trans l . from Warme ^ , 
891-8, AEC-tr -1861 (1938). 

The flow in paral le l -connected heated boiler tubes 
lying between two collecting tubes can become un
stable under cer ta in conditions. Fo r forced-
circulation and filter bo i le r s or for p r e - e v a p o r a t o r s 
the course of the tube-frict ion lo s ses play the most 
important role; for cooling mant les on heat c h a m b e r s 
with natural circulation, the buoyancy re la t ions a r e 
the most important. The conditions for the appea r 
ance of instability a r e studied for both c a s e s . 

2775. Ledinegg, M. 

UNSTABLE OSCILLATIONS IN BOILING-WATER 
REACTORS, Transla ted from: Atomkern energ ie , 4, 
132-135, DEG Information Ser ies , 98(R) (1959). ~ 

In boiling water reac tors oscil lat ions of the s team 
production and of the p r e s s u r e can occur which, 
under certain conditions, exhibit increas ing amp l i 
tudes and are therefore unstable . In the p resen t 
ar t ic le the phenomenon is investigated in detai l , and 

formulas a r e der ived which p e r m i t an e s t ima t ion of 
the s ta r t ing point of the ins tabi l i ty . 

2776. McNefll is , J, 

REVIEW OF BOILING HEAT TRANSFER WITH 
PARTICULAR REFERENCE TO UNSTABLE FLOW. 
E n g i n e e r i n g , ! ^ , 686-7 (May 31, 1957). 

Conditions under which uns table flow will occur ; 
var ious r eg imes of boiling a r e shown in c h a r a c t e r 
is t ic boiling curve ; boiling in tubes and annuli . 
Digest of paper before Br i t . Assn . August 30, 1956. 

2777. Panasenko , M. D. 

THE ROLE OF THE VOLUME OF WATER IN THE 
BOILER ON THE FORMATION OF SPLASHES, 
Izv. V s e s . Tep. Inst. (V.T.L), no. 5, 1947. 

2778. Quandt, E. R. 

ANALYSIS OF PARALLEL CHANNEL TRANSIENT 
RESPONSE AND FLOW OSCILLATIONS, WAPD-AD-
TH-489 (1959). 

An ana lys i s has been developed which r e l a t e s , for a 
smal l t r ans i en t in power, the inlet flow of a paral le l 
channel to the surface heat flux in that channel. This 
r e su l t has been obtained by examining the effect of a 
smal l flux d is turbance on the inlet flow. The par t ia l 
differential equations descr ib ing the channel v a r i 
ables a r e l inear ized and solved by approximat ions 
spat ia l ly and continuously in t ime by Laplace T r a n s 
format ion, Consequently, the resu l t is a t ransfer 
function of the form: 

AVi 
t4 

G(s) as + bs + c 
' s^ + ds + Wn 

in which the constants a r e de te rmined by s teady-s ta te 
operat ing condit ions. L inear sys tem control theory 
impl ies that when d - 0, the response will be osci l la
to ry , or the flow will osc i l la te to an i nc r ea se in heat 
flux. When the t e r m s which de te rmine d a r e eval
uated for d = 0, the following equation re su l t s which 
de sc r ibe s the exit quality conditions n e c e s s a r y for 
a flow osci l la t ion: 

V(/Vf ^] 
This equation is a d i rec t r e su l t of the ana lys is , which 
contains seve ra l a s sumpt ions as to the na ture of the 
channel flow, and has not been compared with a wide 
range of exper imenta l data. Consequently, its valid
ity has not yet been conf i rmed completely. In the 
past , it has been the p rac t i ce to pred ic t flow osc i l la 
t ions by noting the exis tence of a negative slope of 
the AP-flow c h a r a c t e r i s t i c for the channel . Since 
the p r e s e n t r e su l t s offer a different explanation, a 
lengthy d i scuss ion of the AP-flow plot is included. It 
is concluded from this examinat ion that such a 
s t eady-s t a t e c h a r a c t e r i s t i c does not provide a physi
cally reasonable explanation for flow osc i l la t ions . 



2779. Quandt, E . R, 

ANALYSIS AND MEASUREMENT OF FLOW OSCIL
LATIONS, Chem, Eng. P r o g . Symp. S e r i e s No. 32, 
57, 111-126 (1961). 

The paper p r e s e n t s the r e su l t s of an analyt ica l and 
experimental inves t iga t ion of flow ins tab i l i t i e s . The 
analysis s t a r t s from the four bas ic t r ans i en t equa
tions for two-phase flow in a heated channel ; energy, 
continuity, s ta te , and momen tum. Small p e r t u r b a 
tions a r e applied to each v a r i a b l e , and assumpt ions 
are made regard ing the spat ia l form of the flow and 
enthalpy pe r tu rba t i ons . The pe r tu rbed equations a r e 
integrated in the flow di rec t ion , and the Laplace 
t ransforms of the in tegra ted equations taken . A con
stant p r e s s u r e drop boundary condition is applied. 
Algebraic e l iminat ion of v a r i a b l e s then p e r m i t s 
solution for a t r ans fe r function re la t ing the flux and 
inlet flow p e r t u r b a t i o n s , which is of second o r d e r . 
The c r i t e r i a for flow ins tab i l i t i es may be de te rmined 
from the t r ans f e r function in t e r m s of the init ial fluid 
conditions, channel geomet ry , and heat flux 
distribution. 

2780. Richardson, M, and Alexander , L . G. 

BOILING EXPERIMENT TRANSIENT E F F E C T S , 
CF-55-1-104 (1955) 13 p. 

A pre l iminary invest igat ion of t r ans i en t effects to 
power, p r e s s u r e , and flow of unsteady boiling con
ditions was nnade. These expe r imen t s indicate 
substantial equi l ibr ium of c i rcu la t ion ra te and d r iv 
ing forces . 

2781. Schmitz. R. A. 

AN ANALYTICAL STUDY OF THE TRANSIENT B E 
HAVIOR AND STABILITY OF TWO-PHASE CHEMI
CAL REACTING SYSTEMS, Ph.D. T h e s i s , U. of Minn. 
235 p. (1962). 

2782. Wallis , G- B. and Heas ley , J. H. 

OSCILLATIONS IN TWO PHASE FLOW SYSTEMS 
(Annual Winter Meeting the Am. Soc. of Mech. Eng, , 
Nov./Dec. I960) WA-209 P a p e r No. 60-

A mathemat ica l analys is is given of th ree modes of 
oscillation of a s imple two-phase flow, n a t u r a l -
circulation sys t em, together with qual i ta t ive r e su l t s 
of exper iments with a s m a l l - s c a l e loop nnodel. 

2783. Wiss le r , E, H. 

THE TRANSIENT BEHAVIOR OF A TWO-PHASE 
NATURAL CONVECTION LOOP, Ph.D. T h e s i s , 
Universi ty of Minnesota (1955). 

2784. Wiss le r , E . H., Isbin, H. S. and 
Amundson, N. R. 

THE OSCILLATORY BEHAVIOR OF A TWO-PHASE 
NATURAL-CIRCULATION LOOP, AIChE J. _2_, 157-
162 (1956). 

A natural c i r cu la t ion loop with water as the c i r c u l a t 
ing fluid was studied for a range of opera t ion c o v e r 
ing two-phase flow. The work r epo r t ed is concerned 
with the per iodic osc i l la t ions of the flow r a t e and 
fluid t e m p e r a t u r e . The osc i l la t ions o c c u r r e d even 
with constant heat input and constant cool ing-water 

Tronsients and Instability 

p r o p e r t i e s for the heat exchanger . The analyt ical 
approach includes a theore t ica l analys is of an open 
ended sys tem and numer ica l solutions obtained with 
an analogue computer for a simplified loop sys tem. 
Also p resen ted a r e the equations of motion, con
tinuity, and energy, which were developed for a 
t r ans i en t two-phase flow model for adaptation to 
m o r e detailed numer ica l evaluat ions, 

2785. California Universi ty, Los Angeles Dept. of 
Engineer ing 

DENSITY TRANSIENT OF BOILING LIQUID SYS
TEM, AECU-2169 (1952) 131 p. 

A p r o g r a m has been under taken to study the density 
r esponse of a l iquid-vapor sys tem when subjected to 
a change in the magnitude of a d is t r ibuted heat 
sou rce . The density t r ans i en t s a r e caused by the 
Initiation, growth,and col lapse of the vapor bubbles 
and by thei r t r ave l into or out of the specified vol
ume . A descr ip t ion of the appara tus used to c r e a t e 
and r e c o r d (by means of an x - r a y dens i tomete r and 
motion pic tures) density t r ans i en t s at p r e s s u r e s 
from a tmospher ic to 1000 ps ia is given, and p r e 
l iminary r e su l t s on acidic and alkaline solutions a r e 
p resen ted . Time lags , from the init iat ion of a hea t 
ing pulse to the s ta r t of a density t r ans ien t , of the 
o rde r of 0.25 sec were most commonly observed in 
solutions of KOH at a tmospher ic p r e s s u r e . In an 
a t tempt to c o r r e l a t e liquid superhea t with s y s t e m -
densi ty r e sponse , a s ta t ic superheat appara tus and 
p rocedure have been developed, and a var ie ty of 
superheat data obtained on H^O and KOH solutions 
in glass and s t a in less s tee l is p resen ted . The 
analyt ical phase of the p rog ram is d i rec ted toward 
der iving equations to desc r ibe bubble initiation and 
growth. Equations f rom Doring 's theory have been 
applied to water at e levated p r e s s u r e s , and the r e 
sultant calculated superhea t s a r e compared with the 
exper imenta l m e a s u r e m e n t s . In o rde r to e l iminate 
some of the approximat ions in the analyt ical work, 
a molecu la r approach has been used to evaluate the 
effects of surface tension on liquid superhea t . 

2786. Technische Hogeschool , Eindhoven, 
Nether lands . 

HEAT TRANSFER AND STABILITY STUDIES IN 
BOILING WATER REACTOR, Quar te r ly P r o g r e s s 
Repor ts III and IV. July 1, I96I to Jan, 1, 1962, 
EURAEC-276 (Jan. 1962). 

Expe r imen t s pe r fo rmed with a model of the f irs t 
core loading of the Halden r eac to r were worked out. 
Slip factors and two-phase frict ion factors were de
t e r m i n e d and compared with the r e su l t s of other 
inves t iga t ions . Also nonboiling lengths , exit void-
fract ion and s t eam qual i t ies were calculated. The 
r e s u l t s were compared with theore t i ca l ca lcula t ions . 
Some ca l ib ra t ions and cold t e s t s were c a r r i e d out. 
The development of a fast differential p r e s s u r e 
gauge for detect ing flow ins tab i l i t i e s , was s u c c e s s 
ful. Some m e a s u r e m e n t s , concerning the control 
c h a r a c t e r i s t i c s of the rec t i f i e r -un i t , were c a r r i e d 
out. It s e e m s that a fluctuation up to about 8 Hz. can 
be excited with ampl i tudes of 10 to 30% of ave rage 
power. In one s e r i e s of t e s t s a g lass shroud was 
used with open ends , while the heat flux had a s t e p 
wise d is t r ibut ion . The void fract ion and c i rcu la t ion 
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rate were measured as a function of p r e s s u r e up to 
30 a tmosphere and of power up to 150 kilowatt. It 
appeared that the maximum flow ra te for constant 
t empera tures occur red at power readings of about 
20 to 30 kilowatt, thus at a much lower power than 
that previously obtained with an a luminum shroud 
with inlet holes in the hull. Also, the slope of the 
circulation rate ve r sus the power curve beyond the 
maximum flow rate was much m o r e negat ive. E x 
periments were made at high heat fluxes for c lear ing 
the Halden Boiling Water Reactor for opera t ion at 
10 megawatt and 30 a tmosphe re . These exper iments 
were ca r r i ed out with the single rod tes t sect ion with 
aluminum shroud as used previously at t h r e e t e m 
pera tures : 140, 200, and 230°C. Burnout was not 
obtained in the t e s t s . A heat flux of 220 wat t /cm^ 
was safely t ransmi t ted to water at 30 a tmosphere 
pressure (230°C saturat ion t e mpe ra tu r e ) , 115 c m / 
sec channel inlet velocity, 5.7% s team quality at the 
exit and 1.7 to 3,9% at the position of maximum heat 
flux. In these experiments a qualitative m e a s u r e 
ment was made of the void fraction using a capaci ta-
tive gauge at 90% of the channel height. It was ob
served that the mean deflection on the osci l loscope 
increased with channel power. The osci l la t ions 
present in the void fraction signal were recorded . 
There was some indication of hydraulic instabil i ty 
in the region of high power. Use was made in t e s t s 
of a rod cluster element sinnulating a second core 
loading fuel channel of the Halden Boiling Water 
Reactor . The purpose of these t e s t s was to dennon
strate that the flow conditions in the r eac to r at 
10 megawatt and 30 a tmosphere were s tab le . 
These tes ts were ca r r i ed out at the same t e m p e r a 
tures as the o thers . Recordings were made of void 
fraction and flow rate using capaci tat ive gauges. It 
was concluded that beyond the maximum flow ra te 
the oscillations observed were l a rge r than for the 
model of the first core loading fuel channel. Also, 
the p re s su re drop ac ros s the inlet holes was con
siderably higher. The absolute and differential 
p ressu re gauges and the void gauge using capaci ta
tive methods were further developed. They were 
used in the p ressur ized boiling loop up to 230°C. 
A theoretical study was made concerning the poss i 
bilities of an accoustical method for the de t e rmina 
tion of void fraction and bubble dimension. A study 
was s tar ted to investigate in detail the measu r ing 
and recording technique for noise and osci l la t ion of 
low frequencies and the analysis of such signals to 
supply data from which t ransfer functions can be 
obtained. 

TURBULENT FLOW 

2787. Gambill, W. R. and Bundy, R. D. 

HFIR HEAT TRANSFER STUDIES OF TURBULENT 
WATER FLOW IN THIN RECTANGULAR CHAN
NELS, ORNL-3079 (1961). 

In support of the High Flux Isotope Reactor p r o g r a m , 
experimental determinations were made of friction 
factors, biirnout heat fluxes, and average and local 
nonboiling heat - t ransfer coefflcients for forced-
convection flow of water through this a luminum and 
nickel rectangular channels under the foUowing con
ditions; heat flux - O.l X 10^ to 7.4 x 10^ B tu /h r ft^ 
velocity 10 to 85 fps, Reynolds number - 9,000 to 

270,000, p r e s s u r e = 1 to 39 a t m o s p h e r e s absolute , 
flow gap = 0.043 to 0.057 in. , and heated length = 12 
and 18 in. A few tes t s were made to a s c e r t a i n the 
effect of an axial ly or ien ted cy l indr ica l space r s t r ip 
on sur face t e m p e r a t u r e d is t r ibu t ion and burnout heat 
flux. The r e su l t s of these s tudies a r e in reasonably 
good ag reemen t with accepted c o r r e l a t i o n s , The 
frict ion factors a r e in sa t i s fac to ry ag reemen t with 
the Moody cha r t for the re la t ive roughness of the 
tes t sect ions used, the burnout heat fluxes a r e well 
r eproduced by the Soviet Zenkevich-Subbotin c o r r e 
lat ion, and the local and average h e a t - t r a n s f e r co
efficients a r e sl ightly l a r g e r than values predic ted 
by the Hausen and S i e d e r - T a t e equat ions . Misce l 
laneous exper imenta l and analyt ical HFIR hea t -
t r ans f e r s tudies a r e included. (NSA-15-23623), 

2788. Krei th, F . and Margo l i s , D. 

HEAT TRANSFER AND FRICTION IN SWIRLING 
TURBULENT FLOW, Heat T rans fe r and Fluid 
Mechanics Insti tute P roceed ings , p. 126-142 (1958). 

This paper r e p o r t s on an extension and an applica
tion of a theore t i ca l ana lys i s p re sen ted by the senior 
author at the 1953 Heat T rans fe r and Fluid Mechan
ics Ins t i tu te . The or iginal ana lys i s showed that a 
substant ia l i nc r ea se in the heat t r ans fe r coefficients 
obtains when the heat flows from a concave surface 
to a fluid connpared to the coefficient from a flat 
surface to the same fluid. This phenomenon was 
studied exper imenta l ly by inducing var ious degrees 
of swir l ing nnotion in a fluid flowing through a pipe 
and heating the fluid by condensing s t e a m on the outer 
pipe sur face . 

It was observed that inside sur face heat t ransfer 
coefficients in swir l ing flow i n c r e a s e as much as 
four-fold over the coefficients observed at the same 
veloci ty in purely axial flow. The heat t r ans fe r co
efficients were found to depend on the centrifugal 
force connponent. However , a t comparab le Reynolds 
number s and swir l ing mot ions the heat t r ans fe r co
efficients for water were found to be l a r g e r than the 
coefficients for a i r . The r eason for this difference 
is not definitely known, although it is qualitatively 
compatible with the flow phenomena in a vor tex type 
flow. 

The observed phenomena a r e analyzed quali tat ively. 
It is shown that they a r e the resu l t of a free convec
tion motion induced by the centrifugal force due to 
the t empe ra tu r e difference in the rotat ing fluid, 

^789 Kuethe, A. M. and Raman, K. R. 

SOME DETAILS OF THE TRANSITION TO TURBU
LENT FLOW IN POISEUILLE FLOW IN A TUBE, 
AFOSR-TR-59-84 (June 1959). 

M e a s u r e m e n t s of veloci ty f luctuations, Reynolds 
s t r e s s e s , and shear ing s t r e s s e s at the wall in the 
t r ans i t ion region of a tube a r e p resen ted . The 
m e a s u r e m e n t s were nnade in a tube at a Reynolds 
number of 6000 behind 3 d i s tu rbance gene ra to r s 
placed in the fully developed l aminar flow 620 diam
e t e r s from the en t rance . The r e su l t s show the way 
in which some of the s ta t i s t i ca l detai ls of the t r a n s i 
tion depend on the na ture of the d is turbance gener
ated. The Reynolds s t r e s s e s and the shear ing s t r e s s 
at the wall can reach very high values during the 



early s tages of t r ans i t i on . Innplications a r e pointed 
out regard ing poss ib le c ause s for the high t e m p e r a 
ture r ecove ry factor dur ing t r ans i t ion in high speed 
flow over s u r f a c e s . 

2790- Soo, S. L. , et a l . 

DETERMINATION OF TURBULENCE CHARACTER
ISTICS OF SOLID PARTICLES IN A TWO-PHASE 
STREAM BY OPTICAL AUTOCORRELATION, Rev. 
Sci, Ins t rum. 30, 821-824 (1959). 

Application of opt ical au toco r r e l a t i on techniques 
enables de te rmina t ion of Lagrang ian co r re l a t ion , 
scale, and intensi ty of turbulent motion of solid 
part ic les in a two-phase s t reann. This method a l 
lows m e a s u r e m e n t of both longitudinal and t r a n s 
verse c o r r e l a t i o n s . 

2791- Soo, S. L . and Tien, C, L. 

EFFECT OF THE WALL ON TWO PHASE TURBU
LENT MOTION, Jou r . Appl. Mech. , T r a n s . ASME 82_, 
5 (I960). 

2792. Soo, S. L. , Ihr ig , H. K,, J r , and Kouh, A. F . El 

EXPERIMENTAL DETERMINATION OF STATISTI
CAL PROPERTIES OF TWO PHASE TURBULENT 
MOTION, Jour , of Bas i c Eng . , T r a n s , ASME 82_, 609 
(I960). 

2793. Stirba, C. and Hur t , D. M, 

TURBULENCE IN FALLING LIQUID FILMS, AIChE 
Journal,^.. 178-184 (1955). 

On the bas i s of fluid dynamic and heat t r ans fe r 
studies on fal l ing-fi lm tower s by va r ious inves t iga
tors , it has been commonly accep ted by mos t work
ers that the liquid flow is e s sen t i a l ly s t r e a m l i n e in 
nature for liquid film Reynolds n u m b e r s under 1,800 
to 2,000; consequently it would be expected that the 
rate of physical gas absorp t ion in such liquid films 
could be pred ic ted d i rec t ly f rom a knowledge of 
molecular diffusion r a t e s . 

Measurements of the absorp t ion of pure gases in 
falling liquid films at low Reynolds n u m b e r s sub
stantiated the findings of other inves t iga to r s that the 
mass t ransfer r a t e s were manyfold g rea t e r than 
could have been pred ic ted if mo lecu la r diffusion 
were the only t r ans f e r p r o c e s s . I n c r e a s e d in ter fa
cial a r ea due to r ippling of the liquid f i lms could not 
account for the la rge i n c r e a s e in m a s s t r a n s f e r r a t e s 
found, and experinnents with the addit ion of a dye 
s t r eam to the liquid at the free in te r face indicated 
turbulence. Dissolut ion r a t e s of s l ightly soluble 
solids coated on the tube wall to liquid f i lms were 
measured . 

Vertical Tube Flow 

types of flow. Fo r this r e a s o n r e su l t s of s tudies in 
these fields cannot be applied with ce r ta in ty to the 
cocur ren t flow of a gas and a non-Newtonian m a t e r i 
a l , a type of flow which occurs in many indus t r ia l 
opera t ions . An invest igat ion of this type of flow was 
the re fore cons idered des i r ab l e . In the p r e sen t 
study, a i r was used as the gas phase , and 4 concns . 
of kaolin clay in water were used as the non-
Newtonian m a t e r i a l s . Two of these suspens ions be 
haved as pseudoplas t ics ; the other 2 exhibited 
Bingham plast ic p r o p e r t i e s . P r e s s u r e - d r o p m e a s 
u r e m e n t s were made in I"-, 1-, and l y - i n . hor izonta l 
pipes for each of these suspensions flowing alone and 
cocur ren t ly with a i r . Suspension flow r a t e s were 
va r i ed from 0.15 to 16 l b / s e c , and a i r - f low r a t e s 
from 0.0015 to 0.025 l b / s e c in the turbulent-f low r e 
gion the usual Newtonian- f r ic t ion- fac tor -Reynolds-
no. re la t ionship was found to be valid, confirming the 
work of previous inves t iga tors in this field. The 
p r e s s u r e - d r o p data obtained on the cocu r r en t flow of 
a i r and these suspensions in the tu rbu len t - tu rbu len t 
region were co r r e l a t ed within the range of ±20% by 
theO-X method of Lockhar t and Mart ine l l i (cf. C.A, 
43, 2046a). 

VERTICAL TUBE FLOW 

2795. Alad 'ev. I. T., Dodonov. L. D. and 
Udalov, V. S. 

HEAT TRANSFER IN BOILING WATER IN TUBES, 
Teploenerget ika 4, 64-6 (Sept. 1957). 

Tes t s c a r r i e d out at p r e s s u r e s of 180 a tm, heat 
loads up to 4.10 k-cal/nn^. hr c i rcula t ion veloci t ies 
up to 10 m / s e c and water of sa tura t ion t e m p e r a t u r e 
from 1 to 140 C. 

Haselden, G. G. and 2796. Anderson, G. H. 
Mantzouranis , B. G, 

TWO-PHASE (GAS-LIQUID) FLOW PHENOMENA. 
III. THE CALCULATION OF HEAT TRANSFER IN 
A VERTICAL LONG-TUBE EVAPORATOR, Chem. 
Eng. Sci . , 16_, 222-30 (December 1961). 

The theory for the upward, annular flow of a liquid 
in a ve r t i ca l tube in the p r e s e n c e of a gas or vapor 
is developed for the predic t ion of heat t r ans fe r co
efficients to a liquid boiling in a ve r t i ca l tube. The 
theory is t es ted on the exper imenta l data of Dengler 
and L e e . 

2797. Armand, A. A,, Konkov, A. and Ta ra sova , N. 

AN INVESTIGATION OF HEAT TRANSFER IN A 
PIPE FOR THE BOILING OF SUB-COOLED WATER 
AND S T E A M / W A T E R MIXTURE, Teploenerge t ika 
No. 1, p. 93 (1958). 

2794. Ward, H, C and SaUavalle , J. M. 

COCURRENT TURBULENT-TURBULENT FLOW OF 
AIR AND WATER-CLAY SUSPENSIONS IN HORI
ZONTAL PIPES, Chem. Eng. P r o g r . Symposium 
Ser. 50, No. 10, 1-14 (1954). 

Although p r o g r e s s has been made recent ly in the 
fields of c o c u r r e n t - g a s Newtonian liquid flow and of 
turbulent flow of non-Newtonian m a t e r i a l s , re la t ive ly 
little is known theore t i ca l ly about these complex 

2798 Ber to le t t i , S., et a l . 

HEAT TRANSFER AND PRESSURE DROP WITH 
STEAM-WATER SPRAY, Cent ro Informazioni Studi 
E s p e r i e n z e Repor t R 36, April 1961, Milan,I taly. 
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2799, Boel ter . L. M. K, 

ENGINEERING RESEARCH PROGRESS REPORT 
NO. 1 ON BOILING STUDIES, COO-7 (1949) 173 p. 
The p r imary objectives of this invest igat ion a r e to 
obtain hea t - t ransfer and p r e s s u r e drop data in the 
higher ranges of p r e s s u r e , t e m p e r a t u r e , and ve loc
ity for water flowing in an e lec t r ica l ly heated v e r t i 
cal tube and to attempt to evolve a technique for 
measuring average fluid densi t ies a c r o s s the tube at 
a given axial station. The ranges of p a r a m e t e r s a r e : 
p re s su res to 4,000 or 4,500 psi , veloci t ies to 50 f t / 
sec, t empera tures (of water fluid) to 750°F; heat 
flux densities to 4 x 10* Btu/ft^ hr ; tube d i ame te r s 
•J- in, to -̂  in., L / D = 100. The principal in te res t is 
in the ranges: p r e s s u r e s 1,000 to 2,000 psi ; t e m p e r a 
tures to 600°F; heat flux ra t e s into the nucleate boi l 
ing region. Associated basic r e s e a r c h on boiling and 
related phenomena are being concurrent ly pursued. 
Appropriate sections of this r epor t desc r ibe the 
status of these s tudies , A la rge par t of the work to 
data has been involved in obtaining information on 
which to base the design of tes t equipment and 
associated instrumentat ion, and the subsequent de
sign, specification; and p rocurement or construct ion 
of the i t ems . Chapter I is a general discussion r e 
lating the specific basic studies undertaken to the 
general objectives and outlining the p rob lems as now 
envisioned, studies of which a r e essent ia l to in te r 
preting and validating the significance of the data to 
be obtained in the major test instal lat ion. Chapter II 
describes the work done with a prelinninary tes t 
installation utilizing existing labora tory equipment 
to launch a study and gain experience by which de
signs, plans, procurement , and operat ion of the 
major test installation could be acce le ra ted and the 
instrumentation problems at tacked. Other chapters 
a re concerned with the determinat ion of the e l e c t r i 
cal sensitivity of the heating tube, the rmal conduc
tivity of the heating tube, special ins t ruments and 
devices, determination of air concentrat ion in the 
circulating water, density measurennents . p r e l i m i 
nary concepts concerning the mechanism of heat 
transfer in forced convection local boiling, mecha
nism of bubble initiation and growth, visual and 
auxiliary studies, and design of main tes t 
installation, 

2800. Bonnet. W. E, and Ger s t e r , J. A. 

BOILING COEFFICIENTS OF HEAT TRANSFER. 
C4 HYDROCARBON-FURFURAL MIXTURES INSIDE 
VERTICAL TUBES, Chem. Eng. P r o g r . 47, 151-8 
(1951). 

Results of this paper show the order of magnitude of 
the increase in boiling coeffs. of heat t r ans fe r which 
can be expected with increas ing vaporizat ion of smal l 
amts . of a volatile component from a mixt. contg. 
large amts . of a slightly volatile component. The 
vaporization caused an inc rease in both the tu rbu
lence and in the boiling t empera tu re of the r e m a i n 
ing liquid, the lat ter effect being so large that it 
required a large fraction of the heat being t r a n s 
ferred. A correla t ion of the resu l t s of this study 
showed that under the conditions of var iable total 
p ressu re the vo. of vapor generated was the factor 
affecting increase in the coeff. of heat t r ans fe r . 
More fundamental studies in which local boiling 

coeffs. a r e m e a s u r e d along the tube length a r e 
g rea t ly to be d e s i r e d to provide bas ic r ebo i l e r 
design information. (GA-45-3662d). 

2801. Ca thro , K. J . and Tai t , R- W. F . 

HEAT TRANSFER TO LIQUIDS BOILING INSIDE 
TUBES, I- THE CLIMBING FILM EVAPORATOR, 
Aus t ra l i an J, Appl. Sci. 8, 279-304 (1957), 

A detai led d iscuss ion , with photographs of the boil
ing action in a c l imbing-f i lm evapora tor is given. 
Quant, data a re obtained for 8 l iquids and 4 tubes ; 
the equation [hbD/k] / [ (DG/f i ) ° ' " (DP^XJ/O)° -«(L/D) ' ' - ' ' 
( D / K ) " - ^ ] = 0(AtbCA), where hfa is the bofling-film 
h e a t - t r a n s f e r coeff., D is the d iam. in ft., k is the 
t h e r m a l cond., G is the m a s s flow,/i is the v i s 
cosi ty, p is the d., ^ r e f e r s to the liquid phase , 
A. is the latent heat of evapn., J is the convers ion 
factor (778 f t . - lb . = 1 Btu), a is the surface tension, 
L is the tube length, K is a const . , 0 is a math, 
function, At^ is the boi l ing-f i lm temp, difference, 
and C is the sp. heat , c o r r e l a t e s these data, those of 
Stroebe, et a l . (CA-33-2369®) and those of Coulson 
and Mehta (CA-48-675Ii) to within ±30%, The re is 
slight evidence that the exponent 0.25 on the 
Reynolds number appl ies only at values of Np^g above 
a ce r t a in c r i t , value. The equation applies only to 
pure liquids but a method of modification for aq. 
solns , is suggested, 

2802. Dengler , C. E, and Addoms, J. N. 

HEAT TRANSFER MECHANISM FOR VAPORIZA
TION OF WATER IN A VERTICAL TUBE, Chem, 
Eng. P r o g r . , Symposium Ser . 52,, No. 18 (1956). 

The m e c h a n i s m of boiling in tubes was invest igated. 
The pr inc ipa l conclusions a r e a s follows: (1) The 
mechan i sm of heat t r an s f e r during vapor izat ion in 
tubes is p r i m a r i l y convect ive. Nucleate boiling is 
dominant only under conditions of low liquid velocity 
and is gradual ly suppres sed by the effects of vapor-
induced forced convection. (2) The operat ing v a r i 
ables exer t independent and often opposing effects 
on each of these m e c h a n i s m s , (a) Inc rease in p r e s 
su re may i nc r ea se the heat t r ans fe r coeffs. by its 
effects on nucleate boiling or d e c r e a s e them in the 
range of two phase convection by ra i s ing the av. 
fluid d. and thereby lowering the velocity, (b) In
c r e a s e in temp, difference pronnotes nucleate boi l 
ing but has no d i rec t effect on the convective coeffs. 
(c) Inc rease in total m a s s throughout i n c r e a s e s the 
convective heat t r ans fe r but d e c r e a s e s the nucleate 
boiling heat t r an s f e r by lowering the available ef
fective t emp, dr iving force for nucleation, 

2803. Engl ish , D., B lacke r , P . T. and 
S immons , W. E. 

BOILING AND DENSITY STUDIES AT ATMOSPHER
IC PRESSURE, A E R E - E D / M - 2 0 (Aprfl 21 , 1955) 
37 p. 

Exper imenta l data a r e p re sen ted for heat t r ans fe r to 
water in rec tangula r channe ls . Heat flux and hy
draul ic conditions l ikely to occur in a r eac to r run
away were reproduced as nea r ly as poss ible in the 
expe r imen t s . Water was passed upward through a 
heated tube, and the densi ty of the water or w a t e r -
s t eam mix ture was de te rmined along the length of 
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the tube by ^ - r a y absorp t ion measu rennen t s . In the 
nonboiling region the usual heat t r an s f e r c o r r e l a t i o n s 
were found to be val id. Resul t s of burnout t e s t s and 
density de te rmina t ions a r e p r e sen t ed graphica l ly . 

2804. Groothuis , H., et a l . 

HEAT TRANSFER IN TWO PHASE FLOW, Chem, 
Eng. Science, U, 212 (1959). 

Hea t - t ransfe r nneasurements for two-phase flow of 
wate r -a i r and gas o i l - a i r m i x t s . in a ve r t i ca l tube 
were made over a wide l iquid m a s s flow range and 
a 200-fold range of gas to l iqu id-phase vol. The 
addn. of a i r to the flowing l iquids i n c r e a s e s the hea t -
t ransfer coeff. The r e s u l t s can be s imply c o r r e l a t e d 
over most of the range by in t e r r e l a t ing the Nussel t 
and Prandt l nos . b a s e d on the phys. p r o p e r t i e s of 
the liquid phase with a Reynolds no. obtained by add
ing the liquid and gas Reynolds nos . , both based on 
superficial ve loc i t i e s . At h igher gas - to - l iqu id r a t i o s , 
a max. in the h e a t - t r a n s f e r coeff. is observed . 

2805. Haselden, G. G. 

THE PROBLEM OF PREDICTING HEAT TRANS
FER TO TWO-PHASE (VAPOUR-LIQUID) FLUIDS 
AT MODERATE PRESSURES, P a p e r No. 2, Sym
posium (P rep r in t of P roceed ings ) on T w o - P h a s e 
Fluid Flow, Inst. Mech. E n g r s . , London, England, 
February 7, 1962, 

The d iscuss ion is genera l ly r e s t r i c t e d to conditions 
under which t h e r e is no subcooling of the feed, the 
heating surface is the inside wall of a ve r t i ca l tube, 
and the t e m p e r a t u r e of the wall is not so great as to 
cause film boil ing. The p r e s s u r e range covers 
values up to about one - th i rd of the c r i t i ca l p r e s 
sure of the fluid. 

The seve ra l boiling r e g i m e s resu l t ing from the dif
ferent flow conditions in the tube a r e differentiated. 
It is shown that a comple te pred ic t ion of hea t -
t ransfer r a t e s mus t ennbrace (a) nuclea te boiling and 
its suppress ion by fluid flow, (b) conditions for the 
onset of annular film flow, and the calculat ion of local 
h igh- t empera tu re coefficients in this region, and 
(c) the onset of d ry wall condi t ions . 

These factors a r e d i scussed , p a r t i c u l a r l y in re la t ion 
to the r e su l t s of e x p e r i m e n t s made in the Chemica l 
Engineering Depar tment of Imper i a l Col lege, London, 

2806. Ki r schbaum, E. 

NEW DATA ON HEAT TRANSFER WITH AND WITH
OUT CHANGE IN STATE, C h e m . - E n g . - T e c h . 24, 
393-400 (1952). 

A connprehensive study cover ing condensat ion boiling 
(evapn.), heat ing, and cooling. A un ive r sa l app, was 
developed for studying h e a t - t r a n s f e r phenomena in 
a ver t ica l tube . Detai ls of the app. and a d i ag ram 
are given. Special techniques used to get a c c u r a t e 
wall t emps , a r e desc r ibed . Data a r e p r e s e n t e d for 
film and dropwise condensat ion of s t eam, hea t -
t ransfer coeffs. for a i r and wa te r , the l a t t e r for up 
ward and downward flow, and for boiling in a ve r t i ca l 
tube with and without foaming. (CA-46-8906g). 

2807. Krei th, F . and Summerf ie ld , M, 

INVESTIGATION OF HEAT TRANSFER AT HIGH 
HEAT FLUX DENSITIES: LITERATURE SUR
VEY AND EXPERIMENTAL STUDY IN ANNULUS, 
P r o g r e s s Report No. 65, Jet Propuls ion L a b o r a 
tory , Calif. Inst, of Tech. (Feb. 20, 1948). 

In o r d e r to make it poss ible for the des igner of r e -
genera t ive ly cooled rocket m o t o r s to pred ic t m o r e 
accura te ly the hea t - t r ans f e r coefficients at hea t -
flux densi t ies above 0.5 Btu/(in-^)(sec) and to de
t e r m i n e the feasibi l i ty of cooling rocket mo to r s by 
boiling heat t r an s f e r with a min imum of friction drop 
in the coolant flow p a s s a g e s , an exper imenta l in
vest igat ion of these p rob lems was initiated, A brief 
review of the l i t e r a tu re and an outline of the p rob 
lenns to be studied a r e given- Resul ts a r e given for 
a s e r i e s of t e s t s to de te rmine the convective film 
conductance in a 0.062-in. annulus at a heat-f lux 
densi ty of about 1.0 Btu/( in.^)(sec) . 

The convective conductances of water and of anil ine 
containing 20% furfuryl alcohol were m e a s u r e d in 
the velocity range from 8 to 30 fps. It was found 
that the exper imenta l convective film conductances 
were l a rge r than the value pred ic ted by conventional 
equat ions. The experinnental Nusse l t moduli in the 
range of bulk Reynolds no. fronn 6,000 to 25,000 and 
Prand t l no. from 3 to 10 could be co r r e l a t ed within 
±5%. 

2808 Lot te s , P . A. 

BOILING STUDIES AT ARGONNE RELATIVE TO 
BOILING REACTORS, P r o c , Conf. Nuclear Eng. 
A1-A7 (1955). 

P r e s s u r i z e d boiling d, t e s t s , the behavior of water 
during t r ans i en t boiling and expulsion from tubes , 
genera l equation and linnitations on natural boiling 
ca lcns . a r e d i scussed , A descr ip t ion of the tes t 
app. and data cha r t s a r e included. Max. power 
density r epor t ed is 50 k w / l , or 100,000 B t u / h r sq ft 
heat flux, (CA-49-15515d). 

2809. Lo t t e s , P . A. 

BOILING WATER REACTOR TECHNOLOGY STATUS 
OF THE ART REPORT. VOLUME I. HEAT TRANS
F E R AND HYDRAULICS, ANL-6561 (Feb. 1962) 
189 p. 

Information on heat t r ans fe r and hydraul ics p e r t i 
nent to the design and opera t ion of boiling water 
r eac to r power plants is p resen ted . The foUowing 
a r e a s of d iscuss ion a r e covered: heat t r a n s f e r , 
two-phase density s tudies , two-phase p r e s s u r e drop, 
c r i t i ca l heat flux and burnout , boiling stabil i ty, 
calculat ion p rocedu re s for boiling s y s t e m s , and 
t h e r m a l - h y d r a u l i c design p rocedu re s for boiling 
water r e a c t o r s . 
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2810. Mil ler . R. I. 

STEADY-STATE TWO-DIMENSIONAL FLOW OF 
WATER WITH BOILING IN NON-UNIFORMLY 
HEATED RECT.ANGULAR DUCTS, p. 91-7 of 
Bettis Technical Review. Reactor Technology, 
WAPD-BT-18 (I960) 137 p. 

MITE-02, and IBM-704 FORTRAN code, ca lcula tes 
the two-dimensional s teady-s ta te flow dis t r ibut ion 
within a vert ical rectangular channel. The two-
dimensional t ransfer of m a s s , momentum, and 
energy are descr ibed throughout the subcooled, nu
cleate boiling, and bulk boiling regions of the coolant. 
The model was experimental ly verif ied and is in
tended for use as a design tool. 

2811. Novosad, Zdenek 

HEAT TRANSFER IN THE TWO PHASE SYSTEM 
LIQUID GAS, Chem. Lis ty 4£, 946-70 (1954). 

Heat t ransfer between the wall and the liquid inside 
vert ical tubes, in the p resence of a bubbling gas , has 
been studied. The exptl. hea t - t r ans fe r coeffs. may 
be corre la ted by means of a modified Reynolds no.: 
Re =dugp/T)Vz^ where d = diam. of the tube, Ug = 
linear velocity of the gas , z = vol. ra t io of the gas to 
the liquid + gas in the tube, p ,rj = d. and v i scos i ty of 
the liquid, r e sp . When Ug i n c r e a s e s , 2 flow types 
were observed: in the f irs t of them, designated as a 
bubble-range, the hea t - t r ans fe r coeff. i n c r e a s e s 
rapidly; above cer ta in cr i t . velocity, in the so-ca l l ed 
flow range, the hea t - t rans fe r coeff. i n c r e a s e s nnuch 
more slowly and in some cases even d e c r e a s e s . In 
the flow range the coalescence of bubbles takes place 
and gas s t reams a r e fornned. A general re la t ion 
valid in the bubble range has been derived: Nu = 
Nuo/(l + 30yS) + 2.28 Re^-'Pr^^^, where Nu, P r , and 
Re a r e the Nusselt , P randt l , and Reynolds nos . , 
r e sp . ; NUQ is the Nussel t no, in the absence of the 
gas. 

2812. Pa rke r , J. D. and Grosh, R. J. 

HEAT TRANSFER TO A MIST FLOW, ANL-6291 
(1961) 245 p. 

An experimental and analytical study was made of the 
heat t ransfer cha rac te r i s t i c s of a m i s t flow of s team 
and water droplets flowing ver t ica l ly upward in a 
round tube. A simplified analytical model , based on 
momentum, m a s s , and energy cons idera t ions , was 
developed which shows qualitatively that s eve re 
tempera ture fluctuations a r e cha rac t e r i s t i c of such 
flows under constant wall heat flux conditions. 

The experimental investigation was made with s team 
at 30 psia flowing through an e lec t r ica l ly heated one-
inch ID copper tube, four feet in length. The quality 
was varied by the injection of water into the s t eam 
prior to its entry into the heated section. Total m a s s 
flow rates of 200, 300, and 400 lbs . per hour were 
maintained for the t e s t s . Heat fluxes were var ied 
from 3,020 to 20,700 Btu/hr square feet, and inlet 
qualities were varied from 89 to 100 per cent . 

The experimental data showed that the analytical 
model gave a fairly accura te qualitative descr ip t ion 
of the tube wall ten pera tu re variat ion with length. 
The analysis of the data seemed to indicate that the 
assumptions of equilibrium between phases and 

constant values for the m a s s t r ans f e r coefficient 
for drople ts were i n c o r r e c t . 

An e lec t ronic sp ray analyzer used in the inves t iga
tion proved to be useful for the detect ion of drople ts 
but was of l i t t le value in de te rmin ing drople t 
s p e c t r u m s . 

Very high values of heat t r an s f e r coefficient were 
found for the a n n u l a r - m i s t flow region that exis ts 
just u p s t r e a m from the m i s t flow region . In the 
mis t flow region two dis t inct types of heat t r ans fe r 
were noted, depending upon whether the spheroidal 
s tate existed for the drople t s s t r ik ing the heated 
tube wall . Fo r wall t e m p e r a t u r e s below a ce r t a in 
value heat t r an s f e r coefficients were a lmos t identi
cal to those for dry s t eam, even with cons iderab le 
m o i s t u r e p resen t in the mi s t . 

2813. Poletavkin, P . G. and Shapkin, N. A. 

HEAT TRANSFER IN SURFACE BOILING OF 
WATER, Trans l a t ed from Teploenerge t ika _5_, No, 5, 
49-54, AERE L i b / T r a n s 813 (1958). 

New exper imenta l r e s u l t s on sur face boiling a r e 
given and compared with previous r e s u l t s . The 
ve r t i ca l experinnental sect ion was a s t a in less steel 
tube of internal d iameter 5.6 mm, 225 mm long. 
The t e s t s on heat t r ans fe r and steann quality were 
made s imul taneously . M e a s u r e m e n t s were made on 
the tube wall t e m p e r a t u r e at t h ree places along its 
length. Tes t s were run at p r e s s u r e s of 7.16 and 
41 a tm, heat flow r a t e s of up to 2.5 x 10 kcal /m^hr , 
underheat ing of 3 to 120°C, and c i rcu la t ion r a t e s of 
0,7 to 11.5 m / s e c -

2814. Rachko, V. A, 

INVESTIGATION OF THE E F F E C T OF SURFACE 
ROUGHNESS ON THE HEAT TRANSFER COEFFI 
CIENT OF BOILING LIQUIDS, SKTS, (Reports of 
the Kirovgrad Alloys Plant) , 11 (1940). 

2815. Rachko, V. A. 

INVESTIGATION OF HEAT TRANSFER TO BOIL
ING WATER IN A VERTICAL TUBE, Zhur . Tekh, 
F i z . U , No. 5, 13-14 (1941). 

2816. Rachko, V. A. 

THE E F F E C T OF TUBE DI-AMETER ON THE HEAT 
TRANSFER COEFFICIENT WHEN BOILING WATER, 
Zhur- Tekh. F i z . , J ^ , No. 6 (1946). 

2817. Sani, R. L. 

DOWNFLOW BOILING AND NONBOILING HEAT 
TRANSFER IN A UNIFORMLY HEATED TUBE, 
UCRL-9023 (I960) 88 p. 

The local h e a t - t r a n s f e r coeff. in forced convection 
downflow boiling and nonboiling, was detd. by using 
an e lec . heated s t a i n l e s s - s t e e l tube. Av. forced-
convection hea t - t r ans f e r gradients in 2-phase flow 
were a lso detd. Data a r e p re sen ted for the boiling of 
distd. HjO with m a s s fluxes of 51 to 165 l b / s e c sq ft, 
heat fluxes from 13.8 x lO' to 49.8 x 10^ B t u / h r sq ft, 
p r e s s u r e s from 15.8 to 30.9 I b / s q in abs , , and qual i
t i es up to l47o. 16 r e f e r e n c e s . 
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2818. Shcherbakov, V. K, 

HEAT TRANSFER IN ANNULAR CHANNELS WITH 
SURFACE BOILING OF WATER, Izves t iya vysshikh 
uchebnykh zavedeniy. Ene rge t ika , no. 5, 1962, 93 -
100. 

In o rder to deternnine the heat t r an s f e r coefficient 
for surface boiling of d is t i l led wate r in a ve r t i c a l 
annular channel with the d i rec t ion of heat t r an s f e r 
towards the cen te r , an exper imenta l invest igat ion 
was c a r r i e d out at the Heat T r a n s f e r and Gas Dynam
ics Labora to ry of the Kiyev Polytechnical Ins t i tu te . 
The heat t r an s f e r sur face was provided by a s ta in
less s teel s e a m l e s s tube with outs ide d iamete r 
13.1 mm and inside d i ame te r 10.5 m m with length 
160 m m . The tube was heated e l ec t r i ca l l y . The 
width of the annular gap was va r i ed over a range 
3.5 to 14.5 m m . The wate r flow was va r i ed f rom 
0.6 to 5.0 m / s e c and the p r e s s u r e from 1.5 to 
5.0 a tm. with an under heat from 12 to 60-70°C. The 
thermal flux was va r i ed f rom 0.2 x 10 to 5.7 x 10 
kcal/m^h. A c o m p a r i s o n of the expe r imen ta l data 
indicates that a changeover in the cu rva tu re of the 
heat t r ans fe r sur face (concave in tubes and convex 
in annular channels) does not marked ly affect heat 
t ransfer with sur face boiling of flowing underhea ted 
water . The expe r imen ta l va lues obtained within the 
range of water ve loc i t i es 0.6 - 5.0 m / s e c , width of 
annular channel 3.5 - 14.5 m m , p r e s s u r e 1.5 -
5.0 a tm and under heat 12 - 65°C can be desc r ibed 
with a d i spe r s ion of ± 15% by the emp i r i c a l Eq. (4): 

a ^ = 2.3 p»-"q"- ' 

p.A^ being the coefficient of heat t r an s f e r with sur face 
boiling, p the p r e s s u r e and q the heat flux). The heat 
t ransfer coefficients a r e in sa t i s fac to ry ag reemen t 
with calcula ted from the c r i t e r i o n formula (4) for 
l a rge-volume boil ing. In the t r ans i t ion range from 
convective heat exchange to sur face boiling the r e l a 
tionship of wall t e m p e r a t u r e to heat flux can be taken 
as l inear between t ^ = t^ and t ^ ( t^ being the wall 
t empera tu re and tg being the water sa tu ra t ion t e m 
pera ture at the given p r e s s u r e ) . The re is 1 table 
and 6 f igures , 

2819. Singh, K. P . and Havemann, H, A. 

TRANSPORT OF HEAT BY CONVECTION AND 
BOILING IN LIQUIDS ENCLOSED IN VERTICAL 
TUBES, P roceed ings of th i rd c o n g r e s s theor . Appl. 
Mech, Bega lore , India, Indian Soc. Theor . Appl. 
Mech., Indian Inst. Technol . , Kharagpur , p. 277-292 
(1957). 

This is a continuation of work de sc r i be d in preceding 
review with a g r e a t e r number of l iquids and tube 
d i ame te r s and lengths . Data near the c r i t i ca l s ta te 
a r e a lso obtained. It was found that t h e r e is con
s iderable i n c r e a s e in heat t r a n s f e r nea r the c r i t i c a l 
s ta te . 

2820. Ta ra sova , N. V., Armand, A. A. and 
Kon'kov, A. S, 

HEAT TRANSFER TO SUBCOOLED WATER AND 
WATER STEAM MIXTURES BOILING IN A TUBE, 
Teploobmen p r i Vysokikh TepL, Nagruzkakh i 
Drugikh Spets . Ugloviyakh, Sb. Statei , 6-22 (1959). 

An exptl. invest igat ion of heat t r ans fe r by boiling 
subcooled H2O and w a t e r - s t e a m nnixts. in a ve r t i ca l 
Ni pipe, 8 mnn. inner diam. and 650-320 m m . long, 
is descr ibed . The p r e s s u r e used was 170 a tm . The 
heat flux changed from 200 x 10^ to 800 x 10^ k c a l / 
sq m - h r and the wt. ra te from 1000 to 2800 k g / 
sq m sec . The max. value of subcooling (in expts . 
with water) was 78°C. In expts . with w a t e r - s t e a m 
mixt . , the s t eam content var ied from 0 to 1,0. 

2821. Tolubinskii , V. I. 

HEAT TRANSFER DURING BOILING OF WATER 
IN VERTICAL TUBES AT LOW HEAT FLUXES, 
Trudy Inst. Teploenerget . No. 10, 12-14 (1953) 
Refera t . Zhur . , Khim (1955) Abs t r . No. 57368. 

The r e su l t s of expts. for detg. the coeff. of heat 
t r ans fe r during boiling of water in ve r t i ca l pipes at 
heat fluxes of 8000-14000 k c a l / s q m hr and different 
hydrodynamic conditions a r e reviewed. Curves for 
the coeff. of heat t r ans fe r a along the length of the 
boi ler tube with different liquid levels and a lso for 
the change of the av.coeff. oi'av. ^^^ given. 

2822. Woods, W. K. 

HEAT TR-ANSFER FOR BOILING INSIDE TUBES, 
Sc .D . T h e s i s , MIT (1940). 

VISUAL OBSERVATIONS 

2823. Beighley, C. M. and Dean, L. E, 

STUDY OF HEAT TRANSFER TO J .P .4 JET FUEL, 
Je t . P r o p . 24_, 180-186 (1954). 

An e lec t r i ca l ly heated s t a in less s teel tube with an 
annular t r a n s p a r e n t t es t sec t ion was used to study 
heat t r an s f e r to jet engine fuel. Data were obtained 
for va r ious regions of nonboiling and nucleate boi l 
ing for veloci t ies from 3 to 40 f t / s ec . and p r e s s u r e s 
of 30 to 500 I b / s q in .abs . Burnout data a r e also 
p re sen t ed . Coking was studied by means of colored 
f i lms . 

2824. Benecki , R. J. and M o r s e , M. 

VISUAL STUDIES OF BOILING IN VERTICAL 
TUBES, Cambr idge , M a s s . Insti tute of Technology. 
M . S . Thes i s (1951). 



TWO-PHASE FLOW 

2825. Chernobylskii , I. I. and Tananaiko, Yu. M. 
AN INVESTIGATION OF THE HEAT TRANSFER TO 
BOILING WATER FLOWING THROUGH NARROW 
ANNULAR OPENINGS IN THE PRESENCE OF 
MODERATE HEAT FLUXES, Izvest . Kiev. 
Politekh. Inst, ll_, 61-74 (1956). 

The values of the heat t r ans fe r coefficient of water 
bofling in annular sl i ts a r e obtained. The problem 
of the influence of the width of the sl i t on the coeffi
cient of heat t ransfer at modera te t he rma l loads is 
investigated, and the p rocess of boiling of the water 
in the slit is observed visually. Equations for the 
heat t ransfer coefficient a r e also obtained, 

2826. Clark, J. A. 

STATEMENT OF PROGRESS FOR THE PERIOD 
1 Aprfl to 15 May 1951, NP 3164 (1951) 3 p. 
Apparatus for the visual study of forced convection 
boiling from a (1/2 x 4 in.) s t a i n l e s s - s t e e l s t r ip at 
a p ressu re of 1 atm was put into operat ion. Two 
photographs a re included, showing the effect on 
bubble population of q/A, velocity, and subcooling. 

2827. Henry, G., Raymond, M. W. and Walsh, J. R, 

BOILING HEAT TRANSFER PROJECT MONTHLY 
PROGRESS REPORT, NP 4218 (Nov. 1952) 6 p. 

The collection of visual density data has been com
pleted for a velocity of 10 fps, channel height of 
•J- in., for t empera tu res up to 550°F, and 500, 1000, 
and 1500 psia p r e s s u r e s . The data a r e not r eco rded 
in this repor t . In o rder to de te rmine the effect of 
vapor volume on average density of the total m a s s 
above the heater s t r ip a relat ion for the ra t io of 
the average density to liquid density was der ived. 
Operation of the equipment is d i scussed . A proposal 
was submitted outlining a p rog ram di rec ted toward 
the gathering of more information on the deposition 
of foreign mat ter on hea t - t rans fe r surfaces (crud 
program). Apparatus is being designed to study the 
heat t ransfer in forced convection from wi res to 
water under conditions of local boiling ( sma l l - s ca l e 
boiling studies). Provis ion for photographic obse rva 
tion of the boiling water is being made for density 
calculation and for the study of bubble format ion and 
growth. 

2828. Henry, G., et al, 

BOILING HEAT TRANSFER PROJECT, MONTHLY 
PROGRESS REPORT, NP 4230 (Dec. 1952) 26 p. 

Visual-density data in liquids a r e r epor t ed for a 
bubble velocity of 10 fps at p r e s s u r e s from 500 to 
1500 psia and t empera tu res from 345 to 562°F. 
Results indicate that inc reases in heat flux bring 
about similar increases in vapor volume which in 
turn produce greater effects on the mixture density. 

2829. Henry, G. and Raymond, M. W. 

BOILING HEAT TR.ANSFER PROJECT PROGRESS 
REPORT, NP-4723 (Jan. 1953) 6 p. 

Visual density data for 30 fps were r ecorded for 
p res su res and tempera tures up to and including 
1500 psia and 550°F. The profile data co r r e spond
ing to top-view conditions were taken for the 

veloci t ies of 20 and 30 fps. This comple tes the p r o 
g r a m for the 0.500-in. channel height, contingent 
upon successful developing and pr int ing of the nega
t ives . The densi ty data for 20 fps were p r o c e s s e d 
through the s ta te of vapor -vo lume ca lcula t ion . 

2830. Henry , G. 

BOILING HEAT TRANSFER PROJECT PROGRESS 
REPORT, NP 4588 (March aind Aprfl , 1953) 12 p. 

The channel height in the v isual t e s t sec t ion was r e 
duced from 0.500 to 0.180 in., and runs were made 
at 1000 ps ia . Data could not be analyzed as the 
bubble photographs were not c lea r enough. Data a r e 
p resen ted from the crud p r o g r a m on one boiling and 
one nonboiling run at p r e s s u r e s of 2000 ps ia , veloci
t i es of 1 fps, and t e m p e r a t u r e s of 435' 'F. 

2831. Henry, G. 

BOILING HEAT TRANSFER PROJECT PROGRESS 
REPORT, NP 4713 (May 1953) 10 p. 

Photographic data taken for the l / 2 - i n - channel 
height under the r ev i sed degass ing technique for 
p r e s s u r e s of 500 and 1000 ps ia at veloci t ies of 20 
and 30 fps and for the 1500 ps ia p r e s s u r e at 20 fps 
were s ta t i s t i ca l ly analyzed for the vapor volume 
and mix tu r e -dens i t y quant i t ies . The r e su l t s a r e r e 
ported in the form of m i x t u r e - d e n s i t y ra t io vs , 
heat-f lux plots for the five p r e s s u r e velocity com
binat ions . Graphs showing densi ty ra t io vs . heat 
flux a r e included. 

2832. Jeffery, R. W, 

VISUAL STUDY OF WATER FLOWING OVER A 
FLAT PLATE AT HIGH RATES OF HEAT TRANS
F E R WITH SURFACE BOILING (1952) 64 p. 

The p rocedure for invest igat ing the mechan i sm of 
heat t r ans fe r to water undergoing surface boiling 
consis ted of fixing the sy s t em p r e s s u r e , inlet t em
pe ra tu r e and velocity and then photographing the 
resul t ing bubble pa t te rn caused by e lec t r i ca l ly heat
ing a flat plate of s t a in l e s s s tee l . The dis t i l led, de
gassed water flowed upward in the tes t section and 
was kept chemical ly pure by an ion exchanger . High
speed nnotion p ic tu res (4000 fps), a s well as u l t r a 
shor t exposure st i l l p ic tu res (exposure t ime -
IO" sec) were taken at va r ious condit ions. Because 
of exper imenta l difficulties, it was imposs ib le to 
reach sa tu ra t ion t e m p e r a t u r e of the de s i r ed opera t 
ing p r e s s u r e (2000 ps ia ) . Thus , runs were made at 
compara t ive ly low p r e s s u r e s (100 to 500 psia) with 
modera te subcooling of the water and a few were 
made at high p r e s s u r e (1000 to 2000 psia) with 
ve ry l a rge heat flux and high subcooling, ne i ther of 
which conditions v/ere of p r i m a r y in t e re s t . The pic
t u r e s taken were valuable for developing photograph
ic and bubble-studying techn iques , however . 
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2833. Kinney. G. R.. Abramson , A. E . and 
Sloop, J. L. 

INTERNAL-LIQUID-FILM-COOLING EXPERIMENTS 
WITH AIRSTREAM TEMPERATURES TO 2000°F IN 
2-AND 4-INCH-DlAMETER HORIZONTAL TUBES, 
NACA-1087 (1952) 21 p . 

An exper imenta l inves t igat ion of in t e rna l - l iqu id -
film cooling was conducted in 2- and 4- inch-d iamete r 
straight me ta l tubes with a i r flows at 600°F to 
2000°F and Reynolds n u m b e r s from 2.2 to 14 x 10^. 
The coolant was wate r at flows of 0.8 to 12 per cent 
of a i r flow. Visual obse rva t ions of l iquid-f i lm flows 
were made in t r a n s p a r e n t tubes with a i r flows at 
80° and 800°F and Reynolds n u m b e r s from 4.1 to 
29 X 10 . Flows of wa te r , w a t e r - d e t e r g e n t solut ions , 
and aqueous ethylene glycol solut ions were inves t i 
gated. Liquid-coolant f i lms were es tab l i shed and 
maintained around and along the tube wall in con
current flow with the hot a i r . The tube wall was 
kept below the boil ing tennpera ture of the coolant. 
Coolant films were re la t ive ly smooth un less the 
coolant flow was sufficiently high so that the liquid 
film was thick enough to en te r the region where 
turbulent forces predonninate over v iscous forces ; 
wavelike d i s tu rbances then developed on the liquid 
film. These d i s tu rbances r e su l t ed in i n c r e a s e d loss 
of coolant fronn the film and reduced effect iveness of 
the coolant. 

2834. Malik, J. 

PHOTOGRAPHIC STUDY OF BOILING IN VERTICAL 
TUBES, Cambr idge , M a s s . Inst i tute of Technology, 
B, S. Thes is (1951). 

2835. Rohsenow, W. M. and Cla rk , J. A. 

A STUDY OF THE MECHANISM OF BOILING HEAT 
TRANSFER, NP-3392 (Feb. 1, 1950) 28 p. 

An analys is of the heat r e q u i r e d to form a vapor 
bubble in a liquid is p r e sen t ed . High-speed motion 
pictures of boiling heat t r ans fe r in forced convec
tion showing bubbles depar t ing from a heated surface 
a re analyzed and the net heat t r a n s f e r r e d to the 
bubbles is compared with the total heat t r a n s f e r r e d 
from the heated su r face . It is found that the heat 
t r ans fe r r ed to the moving liquid by the condensat ion 
of the bubbles is a negligible pa r t of the total convec
tive heat t r a n s f e r . The re fo re , it is proposed that the 
high ra te of heat t r an s f e r a s socd . with sur face boiling 
in a sub-cooled liquid is due p r i m a r i l y to the violent 
agitation of the quiescent l a y e r s of liquid adjacent to 
the heated sur face r e su l t i ng fronn the motion of vapor 
bubbles being genera ted t h e r e . (CA-45-6881 f). 

2836. Sachs , P . and Long, R. A- K. 

A CORRELATION FOR HEAT TRANSFER IN 
STRATIFIED TWO-PHASE FLOW WITH VAPORIZA
TION, Int. Journ . of Heat and Mass T rans fe r _2, 222-
230 (1961). 

A mechan i sm of vapor iza t ion is suggested for the 
case in which a sa tu ra t ed fluid flows ver t i ca l ly up 
wards through a heated annulus. Visual obse rva t ions 
and m e a s u r e m e n t s of vapor fraction on an e x p e r i 
mental appa ra tus a r e r eco rded , and it is noted 
pa r t i cu la r ly that an annulus of vapor was seen to 

Visual Observations 

sur round a thin liquid layer on the hea te r surface 
in the upper regions of the heated sys t em. No nu
cleate boiling occur red in the liquid l ayer . The 
exper iment was c a r r i e d out in the t e m p e r a t u r e -
difference range IS'' to 40°F, and the liquid m a s s 
flow ra te was var ied from 1 to 5 lb per minute . At 
high heat fluxes in this s t ra t i f ied flow zone it is 
demons t ra ted that it may be possible to consider 
the heat t r ans fe r to be ent i re ly convective, A 
hypothesis is developed analyt ical ly and is sub
stant ia ted in this exper iment by the good c o r r e l a 
tion of the heat and m a s s t ransfer r e su l t s by means 
of a s tandard express ion for forced convection. 

2837. Taylor . C. E. and Steinhaus, J, F , 

HIGH FLUX BOILING HEAT TRANSFER FROM A 
FLAT PLATE, UCRL 5414 (1958) 47 p. 

F la t copper p la tes , -g- in. thick, were heated on one 
side by e lec t ron bombardment of a 1 — in. d iameter 
a r e a and cooled on the opposite side by water flow
ing in a 0.050 to 0.090-in. wide pa s sage . Data were 
obtained on plate t e m p e r a t u r e v s . heat flux, 
"burnout" heat flux vs . water velocity and the ef
fects of var ious surface f in ishes . High-speed photo
graphs were taken of the boiling phenomena. Audi
ble sounds were observed and sound frequencies 
m e a s u r e d . Water velocity ranged from 2 to 41 f t / 
s e c . water p r e s s u r e from 36 to 120 psia , and heat 
flux to 31 kw/in.^ (15.2 x 10^ Btu/hr-f t^) , 

2838. Treshchov, G. G. 

EXPERIMENTAL INVESTIGATION OF THE MECH
ANISM OF HEAT TRANSFER IN SURFACE BOIL
ING OF WATER, Teploenerget ika _4̂ , No. 5, 44-8 
(1957), Trans la t ion avai l : See Tech. T r a n s . 3^ No. 8. 
542 (I960). 

Exper imen ta l investigation of heat exchange m e c h 
an i sm of surface boiling of water by means of 
mic rosecond photography. 

2839- Walsh, J. B. 

BOILING HEAT TRANSFER PROJECT, PROGRESS 
REPORT FOR JUNE AND JULY 1953, NP-4925, 
11 p. 

The channel height in the visual t e s t section was r e 
duced from 0.500 to 0.180 in., and runs were made 
at 1000 ps ia . Data could not be analyzed as the 
bubble photographs were not c lea r enough. Data a r e 
p re sen ted from the crud p r o g r a m on one boiling and 
one nonboiling run at p r e s s u r e s of 2000 psia , veloc
i t ies of 1 fps, and t e m p e r a t u r e s of 435°F. 

2840, Walsh, J. B. and Raymond, M, W, 

BOILING HEAT TRANSFER PROJECT, PROGRESS 
REPORT FOR AUGUST AND SEPTEMBER, 1953, 
NP-4926 , 6 p, 

A successful i l lumination sys tem has been developed 
for the 0.180-in. channel height. Effort is now being 
concent ra ted on b reakage p rob lems assoc ia ted with 
the flash l amp and the channel -height windows. No 
data a r e r epor t ed for this per iod. 



TWO-PHASE FLOW 

2841. Walsh, J. B. and Raymond. M. W. 

BOILING HEAT TRANSFER PROJECT, PROGRESS 
REPORT FOR OCTOBER, 1953, NP-4987, 6 p. 

P rog re s s is repor ted on modification and tes t ing of 
equipnnent for use in the v i sua l -dens i ty and burnout 
p rog rams . No specific data a re given. 

2842. Walsh, J. B. and Raymond, M. W. 

BOILING HEAT TRANSFER PROJECT PROGRESS 
REPORT FOR DECEMBER, 1953, NP-5063 , 3 p. 

P rog re s s is repor ted on the v i sua l -dens i ty and 
burnout p rog rams . Reasons for fa i lures in each of 
the programs are enunnerated. No specific data a r e 
given. 

2843. Westwater, J. W. and Santangelo, J. G. 

PHOTOGRAPHIC STUDY OF BOILING, Ind. Eng. 
Chem., 47, 1605-10 (1955). 

The photographic equipment and techniques used to 
obtain motion pictures of nucleate , t rans i t ion , and 
film boiling are descr ibed. (NSA-9-6253). 
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