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SUMMARY 

C h e m i c a l E n g i n e e r i n g D i v i s i o n 

S e m i a n n u a l R e [ ) o r l 

I, Compart Pyroohemiral Processes t pages 21 to 
106) 

The first core loading of the t;BR-II reactor will be 
processed for recycle to the reactor by melt refining. 
De\'elopment work on the melt refining process has 
been completed, and processing of irradiated fuel by 
this method has been .started recently in the ICBR-II 
Fuel Cycle Facility. 

Further investigations have been conducted on 
halide slagging, a melt refining-type process in which 
i-are earth fission products in discharged uranium or 
manium-plutonium fuel alloys are preferentially oxi­
dized by an oxidizing agent such as MgCI^. and ex-
trjicted from the molten fuel alloy into an overlying 
chloride flux. Potential advantages of halide slagging 
are lower operating temperatures t ^ l l 5 0 ° C l than 
those refjuired for melt refining (^14(X)°Ct, short 
liquation times (one hour or le.ssi, and high product 
yields (~99 ' ; I. To determine the behavior of fission 
jM'oduct zirconium during halide slagging, a uraniimi-
5 w/'o fissium alloy containing 0.68 w o zirconimu and 
0.45 w/o cerium was contacted under static conditions 
with CaCl; to which 160'; of the (luantity of MgCI; 
re([uired to oxidize the cerium and zirconium had been 
added. The system was liciuatcd for one hour at 
1200''C. No zirconium was remo\'cd from the alloy. 
The cerium remo\'al t97'/ I was in agreement with 
<'arlier results. 

The large-scale application of the halide slagging 
process rcfjuircs the availability of targe beryllia cruci-
lili's. Tlu' technology of fabricating large beryllia 
crucibles by pressing and sintering has not been de-
x'eloped. Therefore, the concept of a beryllia-coated 
cr-ucible (beryllia plasma-spraye^l on the inside sur­
faces) was explored. In a single test in a beryllia-
coated .\lundum crucible, molten flux seeped into the 
walls of the crucible. This ap|iroach, therefore, does 
not appear promising. 

Various materials, principally liigh melting point 
carbides, borides. and nitrifies, are being investigated 
for containing uranium and its alloys at temperatures 
from their melting points to se\eral hundred degrees 
above their melting points. Oi the materials tested, 

only HfC and XbX, which were not attackeil in 24-
hour tests by uranium at 1400°C, apiwar promising, 
as iloes the previously tested ZrBj. TiB2 , CrBo . TiC, 
NbC, and TaC were severely attacked. 

Work was continued on the purification of argon 
from nitrogen by gettering the nitrogen on hot titanium 
sponge. This purification procedure may be u.̂ ed in the 
future for removing nitrogen from the argon atmos­
phere of the EBR-II Fuel Cycle Facility and could 
also be u.sed for the purification of glovel)OX atmos­
pheres. The kinetics of the nitrogen-titanium s|)ongc 
reaction at 900°C have been measured at nitrogen 
concentrations in argon of 300. 1000, and ,5000 ppin. 
M these concentrations, the reaction apparently fol­
lows a mollified exponential rate law. 0[)eration of a 
10-cfm pilot plant was also continued to provide in­
formation on the ilurability of components for large 
volume purification .sy.stems. .\fter 1000 hours of 
trouble-free oiieration, the pilot plant was shut down 
in order to charge fresh titanium. After 6.50 additional 
hours of operation, operations were again stopped 
when an oil leak developed in the gas blower. Seals in 
the gas l^lower were found to have failed because of 
inade(|initc lubrication. Mollifications have been made 
in the blower to insure adequate lubrication of the 
.H'als and operation of the pilot plant was resumed in 
late November. 

Work was continueil on an EBR-II fuel recovery 
process which supplements melt refining. Known as 
the skull reclamation process, it elTects recoverj- and 
purification of melt refining crucible residues. The.se 
risidues arc first converted by controlled oxidation to 
oxide powders which are ixjured from the crucible. 
Reduction of the oxiile and purification of the uranium 
is then accomplished in a series of six process steps 
conducted in molten metal I zinc-magnesium systems) 
and molten halide salt media. These latter steps are 
being conducted on a pilot plant .scale of about 2 kg 
of skull oxide per process batch, which compares to a 
plant batch size of 7 kg of skull oxide. The pilot plant 
c(|uipnient has been opi'rated since startup in an open 
glovebox, but this glovebox has now Ix'en closed up and 
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operations are continuing in a dry-air (150 iipiii 11.0) 
atmosphere. 

The operation of the pilot plant equipment has 
ln'cn improved steadily through the course of the runs. 
Reliable operation of agitators and heated molten 
salt and molten metal transfer lines has been achieved. 
However, a problem in several runs has been foaming 
of the flux. This has occurreil in the step in which mag­
nesium and zinc are added to reduce uranium oxides 
suspended in the molten flux. F'oaining has been attrib­
uted to the hydrogen formed upon removal of residual 
water of hydration by reaction of water with the mag­
nesium. It has been prevented in a recent run by 
pretreatment of the flux with magnesium at 700°C. 

The major remaining operational problems are (1) 
reduction of the amounts of uranium precipitates 
which are entrained in metal waste streams, (2) con­
trol of salt fumes, and (3) fabrication of reliable 
tungsten crucibles. It is believed that the entrainment 
of uranium precipitates can be reduced to satisfactory 
levels by simply eliminating gas sparging of the 
molten metal supernatants which results when the 
transfer lines are back-flushed prior to transfer of the 
supernatant solution. Fume traps containing calcium 
metal turnings are effective in removing salt fumes, 
l)ut have been inadequately tested. When properly 
used, pressed-and-sintered tungsten crucibles have 
performed satisfactorily, but their bulkiness and heavy 
weight are disatlvantages. Therefore, relatively light 
weight welded tungsten and spun tungsten crucibles 
are being examined. A welded crucible failed by crack­
ing in and near a weld after the cfiuivalcnt of three 
])ilot plant runs, .\lthough a small (4-in. dia. by 6-in. 
high I spun tungsten crucibU- stood up well under test 
conditions, the larger spun crucible (lOMi in. OD by 
18% in. high) has not yet been tested. 

A number of uranium product solutions (about 10 
w o uranium and 12 w o magnesium in zinc), the 
product of the pilot plant runs, have been retorted in 
licryllia crucibles to produce uranium ingots. With the 
possible exception of ziri'oniuni whose removal is on 
the low side, fission product concentrations are satis­
factorily low and the product should be satisfactory 
for returning to the main EBR-II fuel stream \'ia the 
melt refining operation. 

Development work has continuetl on liciuid metal 
processes for the recovery of plutonium and uranium 
from fast breeder reactor fuel alloys. The basic sepa­
rations in the current process concepts are accom­
plished through differences in the partition behavior 
of the fuel con.stituents between liquid metal and 
molten salt solvents. 

Because mechanical dccladding of highly inadiatcd 
metallic reactor fuels may not be fcasililc, chcniical 

dccladding proi'cdures are under study. With a molten 
chloride solvent of the proper composition to provide 
the correct amount of eomplexing potential, it has 
been found possible to separate vanadium-20 w/o 
titanium clailding from uranium fuel alloy by treat­
ment with chlorine. The chlorination reaction causes 
titanium and vanadium chlorides to be removed by 
volatilization, whereas the uranium remains in the 
salt as complexed UCU . During the course of these 
studies, regions of liquid immiscibility were found 
in the systems KCI-CaCL.-BaCI.-UCU and NaCI-
KCl-CaCU-UC'h . Initial studies indicate than an 
alternative dccladding procedure, in which the clad 
fuel is hydrided, causing the cladding to .split open, 
and subsequent dehydriding and dissolution of the 
fuel in liquid metal, may be feasible. 

Further determinations of the distribution coeffi­
cients of plutonium, praseodymium, and lanthanum 
between 30 m/o NaCI-20 ni/o KC1-.50 m/o MgCIa and 
various li(iuid alloys of magnesium have been made. 
Drastic variations in the distribution coefficients of 
plutonium and rare earths arc possible through changes 
in the composition of the metal phase. Aluminum-
magnesium alloys, because they result in very low 
di.stribution coefficients for rare earths, appear to be 
useful for the removal of rare earth fission products 
from recycled salt streams. Copper-magnesium alloys 
provide a plutonium-praseodymium separation factor 
of at least 240. which may permit a single-stage ex­
traction for this separation in a liquid metal process. 

In another distribution study, distribution coeffi­
cients of yttrium and californium between LiCI-MgCI; 
salt mixtures and Zn-6 w o Mg alloy were measured. 
The separation factor was small, about 8. This result 
suggests the possibility of rare earth fission product 
sepaiations from transplutonium elements by multi­
stage liquid metal-molten salt extractions. 

. \ - ray data have shown that delta-phase UoZui; pre-
cipitati'd from I'-Cil-Mg-Zn solutions undergoes sub­
stitution of cadmium and magnesium for the zinc, 
with a corresponding expansion of the unit cell. 

W'mk was continued on a program to develop the 
engineering technology required for the separation of 
phitoniuni and uranium from fission products by 
multistage extractions between molten metal and 
molten salt phases. Preliminary batch extractions in­
dicate rapid transfer of uranium across nietal-salt 
interfaces. A conceptual design has been developed for 
a prototype extraction facility, construction of which 
may be started in the next year. A loop facility has 
already been constructed for the purpose of testing 

'ccimponcnts, e.g., valves, pumps, and flowmeters, re-
cHiii'ed for the extraction facility. 

S('\-cial steels (types 304 and 405 stainless steels. 
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Croloy 214, and 1019 and 1020 carbon steel) have been 
i-xamined as pot<*ntial materials of construction for 
the prototype extraction facility. Type 405 stainless 
steel was selected on the basis of: (1) superior cor­
rosion resistance to the metal and salt systems, (2) 
good resistance to external air oxidation, and (3) 
good stability of plutonium in Cd-Mg-Zn solutions 
contained in crucibles fabrii'ated of 405 stainless steel. 

Improved performance of an cildy-current induction 
probe for measuring the depth of li(|uid metals has 
been achieved by winding the (irimary and secondary 
coils of nichrome wire on a grooved alumina tube. The 
probe is operated in a well similar to a thermocouple 
well. One such probe has given reproducible readings 
(equivalent to ±'/» in. of cadmium I over a 3-inonth 
period; during this time it was at temperatures above 
3.50°{; for more than 300 hr and was cycled at lea.st 
thirty times between room temperature and 700°C. 
Calibration data have been obtained for the output 
signal strength as a function of cadmium lifiuid level 
and temperature. The instrument should be easily 
adaptable to remotely operated high-temperature 
cfiuipment since there are no moving parts. 

The ternary system, LiCl-KCI-MgCl:.., is of interest 
as a potential flux to be used for the extraction of rare 
earth fission products from lifiuid metal solutions of 
uranium and plutonium. Liiiuidus temperatures of the 
ternary system ha\'e been determined over the entire 
composition range. To obtain satisfactory distribution 
coefficients for process separations, the salt should 
contain at least .50 m o MgCl- and as much LiCI as 
possible. A liquid i-cgion was found to exist below 
.500°C in a wide composition band extending from 29 
to (SO 111 o MgCU on the KCI-.MgCl^ edge of a ternary 
diagram to 23 to .55 m. o KCl on the LiCI-KCI edge. 
.\ minimum li(itiidus temperatvire, 336°C, lies at about 
40 111 o l.iCl. .50 111 0 KCl and 10 m o .MgCL.. These 
results indicate that suitable compositions which are 
litpiid at reasonable process temperatures are available 
in the LiCI-KCl-MgCl,. system. 

The binary .system Pii-.Mg is being considered for 
use in certain liiiuid metal proci-sses for plutonium 
fuel alloys. .\lthough some information is available on 
the solid phases in this system, a liipiid immiscibility 
curve has not been determined, nor have tlii' li(|uidus 
temperatures outsiile the luiscibility region been firmly 
established. Preliminary deterniinations of the niisci-
bility gap by a two-phase sampling procedure show-
liquid immiscibility from about 8 5 to 84 a o mag­
nesium at 625'C, and a consolute temperature in the 
vicinity of 975°C. 

Scouting studies have indicated that it may 1K> possi­
ble to remove certain cations from molten halide 
solvents by ion exchange techniques. Barium ion was 

extracted from a KBr-.\IBr:, melt (mole ratio 1:11 by 
solid iKitassium hexatitanate with a distribution coeffi­
cient of lO-'' I A'j = w o in solid / w o in salt I. 

Work is in progress on the determination of the 
critical constants of alkali metals. The densities of 
li(|uid and vapor pha.ses are to be obtained from room 
temperature to the critical temperature by measuring 
the gamma radiation emanating from the vaimr and 
liipiid regions of the alkali metal, which is held within 
a small capsule. Preliminary runs made with irradi­
ated cesium indicate that it has a critical temperature 
near 1660°C. 

In .studies of the boiling of mercury, the surface tem­
perature of the mercury was measured using the 
mercury itself as one leg of a thermocouple. This 
thermocouple system involved the use of a single 
cliromel wire which penetrated the valorizing surface 
from above and fonned a thermocouple with the mer­
cury. The effect of a step temperature difference at 
\'arious positions along the immersed |K)rtion of the 
wire has been analyzed to indicate the magnitude of 
the error in the surface ti'inperature lueasurement 
caused by a temperature gradient beneath the mercury 
surface. It was detennined that an error of -)-l°C in 
surface temperature would result from a tenifierature 
gradient of 165°C/in. across a 0.2-in. thick surface 
layer. The gradient was the maximum found in the 
mercury boiling studies. 

.\ torsion-wire osciliating-cup viscometer has been 
built for measurement of the viscosities of liquid 
metals. 

The construction of the F^BR-II F'uel Cycle Facility 
in Idaho has been completed and the facility is in 
operatio*. The Chemical Engineering Division at 
.\rgonne. Illinois, continues to give technical assist­
ance in the repair and modification of equipment in 
the EBR-II Fuel Cycle Facility. One of the current 
inociifications has In-en the installation of a Chemical 
Engineering Division designed slip clutch on the hoist 
drive of .\ir Cell and Argon Cell o|)erating manipu­
lators. This slip clutch is needed to protect the hoist 
mechanism and cables from damage resulting from 
overloads. Four of the eight hoist drives have been 
modified. Installation of the slip clutch and service 
tests of the complete drive unit were carried out at 
.\rgonne, Illinois, after which the drive unit was re­
turned to Idaho. By modifying two spare hoist units 
first, it was [wssible to iK-rform the required modifica­
tions without interrupting the u.se of in-cell manipu­
lators. 

.\ slip clutch has l)een developed by the Chemical 
Engineering Division which transmits a torque while 
it is slipping that is nearly equal to the torque at 
which it first starts to slip. The clutch consists of a 
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driven steel clutch disc that is enclosed in a tight-
fitting cylindrical housing. The housing is filled with 
molybdenum disullidc powder and is attached to an 
output shaft. This clutch is very compact in design, is 
economical to fabricate, and is expected to be highly 
resistant to radiation. 

As part of an ai'gon atniosplierc ciuironniental sys­
tem for the testing of eiiuipment and processes, a large, 
purified argon enclosure, 24 ft long by 2 ft wide by 14 
ft high, has been designed by and is being installed in 
the Chemical F^ngineering Division (Building 3101. 
In this enclosure, plant-sized equipment for the skull 
reclamation process will be tested and evaluated in 
an atmosphere ctiiiivalent to that of the FIBR-II Argon 
Cell. 

Construction of the large enclosure is Hearing com­
pletion. .\fter installation of ancillary equipment is 
completed, the enclosure will be leak-tested. Installa­
tion of prototype skull reclamation cciuipment will 
then follow the leak tests. The argon purification and 
circulation equipment and two smaller inert atmos­
phere glove box enclosures have already been installed. 
The argon purification system and one glove box I'n-
closure are in operation. 

Development of plant-scale eciuipment for tlu- skull 
reclamation process continues. A prototype M-2 skull 
reclamation furnace is under construction. It will be 
heated by resistance heaters which are mounted as 
hingecl half-cylinders surrounding the furnace shell. 
The hinged construction permits the heaters to be 
opened at appropriate times in the process to promote 
cooling of the furnace. The crucible is of pressed and 
sintered tungsten construction. Crucible contents will 
be stirred by an agitator assembly mounted on the 
furnace top. Since it is re<iuired that the furnace oper­
ate as a sealed unit, it was necessary to develop a 
satisfactory seal and bearing assembly for the agitator 
shaft that would be cajiable of withstanding the tiper-
ating temperatures of the furnace (800°C), the dry 
argon atmosphere, and corrosive metal or salt flux 
fumes. .\n experimental seal and bearing assembly 
has been developed and is under test. 

A heated transfer line is used for the transfer of 
molten metal and molten flux from the M-2 skull 
reclamation furnace to a transfer receiver. A prototype 
plant-size transfer line, fabricated of Mo-30 w/o W, 
is undergoing operational tests. A transfer receiver of 
an earlier design is being used for these tests tintil 
fabrication of the prototype transfer receiver is com­
pleted. The design of the prototype plant transfer re­
ceiver provides means for jiurging the transfer line, 
collecting the process fumes which accompany the 
transferred material, and weighing the material traiis-

fc'ired at each process step to maintain preci.se control 
of raw material charges for succeeding process steps. 

Fifteen retorting and uranium consolidation opera­
tions have been conducted in a modified melt refining 
furnace which is located in an inert atmosphere glove 
liox. The retorting and consolidation operations consti-
liiti' the (inal step in the present flowsheet for the .skull 
reclamation process. In this step, zinc and magnesium 
are distilled from an alloy having a nominal composi­
tion of Zn-12 w/o Mg-10 w/o U. After the Zn-.Mg has 
been di.stilled, the uranium remaining in the retorting 
crucible is con.solidated by melting to form a metallic 
button. Two-liter beryllia crucibles have been used in 
these runs; plant-scale operations will re(|uire crucibles 
having a capacity of about 11 liters. .Although beryllia 
cnic'ililes have the advantage of providing easy re­
moval of the metallic button from the crucible, they 
are subject to cracking and arc difficult to fabricate in 
the size required for plant use. Therefore, a few ex-
jiloratory experinu-nts lia\'e been made to determine 
whether a tungsten crucible couki be useil successfully 
for the distillation operation. Since the uranium prod­
uct remaining in the crucible after the distillation 
;idlieres to a tungsten crucible and makes removal of 
the uranium difficult, hydridingof the uranium product 
to conxcrt it to a free-flowing, easily removable pow­
der is being tested. The hydrided powder could then 
be transferred to a small, durable, readily available 
beryllia crucible for vacuum melting to produce ura­
nium metal; the need for an 11-Iiter beryllia crucible 
would thereby be eliminated. Preliminary hydriding 
experiments have been successful, but further tests 
are needed before a decision can be made regarding 
the application of the hydriding step to the skull 
reclamation process. 

The installation, preliminary testing, and modifica­
tion to facilitate operation of eciuipment pro\'ided for 
the l''.BR-ll Fuel Cycle Facility in Idaho was sub­
stantially completed and initial operations with ir­
radiated fuel were carried out. This facility provides 
for the fully remote reco^•ery and refabrication of fuel 
discharged from the liBR-II reactor after a decay 
cooling period as short as two weeks. 

.Modifications were made to the interbuilding fuel 
transfer coflin. These inchalcd motorizing the sliding 
top shield plug, and providing a mercury dump tank 
for eniergcncy cooling. .\ fuel element removal machine 
was installed on the assembly dismantler and its 
opcrability was demonstrated. Tool bits of a new luate-
rial (steel containing cobalt) were provided for the 
fuel element decanner. The speed of the decanner was 
reduced, after motion picture studies re^'ealed an inter­
action between the decanner and the fuel chopper. 
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A series of " ' I tracer experiments carried out on the 
melt refining process (and related process steps) 
showed that most of the iodine liberated on heating 
was retained by the furnace (including the fume 
(rap) or the in-cell filter and that only a very small 
fraction escaped to the off-gas system. The off-gas 
delay tank was also founil to be very effective in 
retaining iodine. The skull oxidation furnace was in­
stalled and found to |)erforni satisfactorily. In tests 
with it, little or no iodine was found to volatilize dur­
ing oxidation. Similarly, little iodine was lo.st from the 
uranium charge during injection casting. 

An irradiati'd core subassembly which had attained 
a maximum burnup of about 0.1 a o in the ICBR-II 
reactor was placed in the interbuilding fuel transfer 
coflin. While in the coffin, sodivim adhering to the 
subassembly was removed. The subassembly was then 
transfci'i'ed to the Air Cell where it was dismantled 
without diHiculty. In the .-Vrgon Cell, eighty fuel ele­
ments were decanned and melt refined along with 
about one-luilf their weight of unirradiated alloy. The 
ingot obtained hail a weight equal to 92.7^ of the 
charge. Fission product decontamination (except for 
higher than expected removal of zirconium) corre-
sjinnded closely with results of small-scale tests. The 
skull remaining was oxidized satisfactorily, and the 
skull oxide was dumped from the crucible into a zinc 
can. 

In the area of fuel fabrication, the ci|nipniclit fur 
injection casting, pin processing, welding, leak ti-sting, 
boniling, and final assembly was placed into operation 
with some modifications. The use of an immersion 
llicrmocouple and a disposable mold pallet was ef­
fected for injection casting. Because of difliculties in 
feeding the pin pi-ocessing machine automatically, the 
dcmoldcr module was sepjirated from the pin process­
ing macliine and a master-slave manipulator was 
providi'd for feeding. Modifications were made to the 
welding operation to permit use of an argon shroud 
gas. The bonding machine was modified by sub.stituting 
pneuniatic actuation for electrical actuation. \ new as­
sembly straightness checking machine was provided. 

By the use of the fuel fabrication equipment, 75 kg 
of unirradiated enriched fuel was ca.st to yiehl 418 
acceptable castings, .\ssembly and recycle of this 
material has not been completed, but over 2.50 accept­
able canned fuel elements have been obtained. Re-
bonding and retesting were carried out on 2.500 fuel 
elements which were obtained from the disassembly, 
in .\rgonne, Illinois, of unirradiated subassemblies 
intended for EBR-II dry and wet critical tests. Some 
181K) additional elements were found suitable for re­
assembly (the scrap will also be reclaimed i. Twenty-

two subassemblies were fabricated from unirradiated 
alloy. The single ingot of irradiated alloy was carried 
through the injection casting and pin processing oix-ra-
tions to yield 36 acceptable castings. 

The .\rgon Cell atmosphere pressure control and 
purification systems continued in satisfactory oiiera­
tion. .\ltliough it has l)een possible to reduce the oxy­
gen and water levels in the cell atmosphere to 8 and 5 
ppni. respectivel,v, the water anil oxygen concentrations 
are each being purposely maintained at 40 — 20 ppni. 
The .\rgon Cell is being oiM'iated at the higher oxygen 
and water concentrations because of high wear rates 
of carbon bearings and motor bnishes that were attrib­
uted to operation at the lower concentrations. The air 
in-leakage rate to the cell has been maintained at 
about 0.003 scfm at a negative cell pressure of 3 in. of 
H ,0 . 

(.'orrection of minor difficulties with in-cell cranes 
and manipulators has continued. \ special tool was 
ik'vised for replacing crane bridge-drive units. 

.\n area has been provided for on-site burial of 
high-level-activity wastes, and 30 of the 2.500 holes 
) 12 ft deep, steel-linedl planned for the area have been 
dug. A bottom-dumping shielded cask and a sfX'cial 
trailer for transport of the cask have In'en |)rovideil. 
A 6-ft long steel can of waste will be dropped in each 
hole and covered with gravel, after which a cap will 1H' 
welded on the liner. 

l^xperiments on the analysis of sodium for oxygen 
by the fast neutron activation method arc continuing. 
Promising results for reducing the correction necessi­
tated by the oxygen content of the sample encapsula­
tion material were obtained by the u.se of 2S aluminum. 

Two rmictions have been compared for liberating 
carbon dioxide from the Na^t-Na^.CO^ mixture pro­
duced by the dry oxidation method for analysis of 
carbon in sodium. Liberation of carbon dioxide by 
either the high temperature reaction with silica or the 
room temperature reaction with aqueous sulfuric acid 
have bei-n shown to be equi\alent. 

The carbon content of liquid soilium which was in 
contact with graphite and .samph'd through .i^-porosity 
stainless steel filters was found to vary erratically. 
This variation suggests that the carlwn was present 
as particulate matter capable of pa.ssing through the 
.5/i-porosity filters. 

The reaction of liquid sodium with trace quantities 
of gaseous contaminants in helium is being studied to 
appraise their significance with res|K'et to the operation 
of nuclear reactors. Helium containing oxygen, nitro­
gen, carlion dioxide, carbon monoxide, hydrogen and 
methane was circulated through liquid sodium at 
temiieratures in the range 190 to 455°C. Oxygen and 
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carbon dioxide were rapidly and completely con­
sumed. Carbon monoxide jirobably reacted completely, 
whereas nitrogen was probably unaffected. Hydrogen 
reacted partially and methane reacted only at the 
highest temperature. 

Thermodynamic properties of the intermetallic 
compound XdCd,, ha\-e been studied by the emf 
method. The standaril free energy of formation at 
400°C is -37 .6 kcal/mole. 

Thermodynamic properties of binary lir|uid sodium-
potassium alloys have been determined using an ab­
sorption spectrophotometric method. The results indi­
cate positive departures from Raoult's Law. The 
system also deviates from regular solution behavior 
(AS" 9^ 0). 

The euteetic temperatures in the LnCd-Ln fields of 
lanthanon-cadmium systems have been measured for 
Ln = La, Ce, Pr, Nd, Sm, Eu, Gd and Yb. The ob­
served euteetic temperatures were used with the ideal 
freezing point lowering eiiuation to derive an average 
mole fraction of Ln = 0.650 ± 0.033 at the euteetic 
in the pseudobinary system LnCd-Ln. Conversely, this 
value was used to estimate each of the euteetic tem­
iieratures for LnCd-Ln fields where Ln = Tb, Dy, Ho, 
Er, Till, Lu and Y. 

Refractory compountls of the actinide elements 
show promise as reactor fuels capable of withstanding 
high temperatures and large burnups. Methods are 
being in\'estigated for the preparation of refractory 
fuels. The more promising methods are being used to 
prepare sufficient (luantities of these refractory fuels 
for use in fuel element fabrication and irradiation 
tests. 

The liquid-metal precipitation process for the prepa­
ration of uranium monocarbide (UC) has produced a 
product with gooil pressing and sintering properties. 
This process involves the addition of carbon to ura­
nium dissolved in a zinc-magnesium solution, reacting 
the mixture for 8 to 19 hr at 800°C, removal of most 
of the supernatant zinc-niagnesium solution through 
a transfer tube, and retorting of the precipitated l^C 
to remove resiilual zinc and magnesium. Since the last 
report period, two runs on a 5(K)-g scale have been 
completed using fully enriched uranium metal. The 
oxygen content of the UC product has been reduced to 
about 0.2 w/o during the series of runs, and the total 
carbon content of the UC products has been consist­
ently near or below the maximum of 5.2 w/o desired 
by the Metallurgy Division for fuel element fabrica­
tion and irradiation .studies. A significant increase in 
product yield (61.6% to 83.5%) in recent runs has 
been obtained by increasing the reaction and settling 
times and by changing the configuration of the trans­
fer tube so that less UC product has been entrained in 

the zinc-magnesium .supernatant during its removal 
from the UC product through the transfer tube. 

A fluid-bed method for the preparation of UC from 
powdered uranium metal and a hydrocarbon gas is 
being studied. In this method uranium metal particles 
are fluidized with propane and hydrogen at 500 to 
700°C to form the monocarbide. Several .successful 
preparations of UC have been made. The total carbon 
content of the UC product \-aries with the hydrogen 
and propane concentrations of the fluidizing gas. In 
runs at 600°C, with a run time of 5 to 6 hr and at a 
fluidizing velocity of 0.25 ft/sec, the total carbon 
content gradually decreased from 6.5 w/o to 5.3 w/o 
when the hydrogen concentration was increased from 
10 \ / o to 70 v/o. .\bove 70 v/o H^ , the total carbon 
content decreased sharply; at 80 v/o H ; with a run 
time of 5 hr at 600°C, the total carbon content of the 
UC was 3.2 w/o. .\t 700°C the reaction rate was some­
what higher than at 600°C. At 700°C and at a hydro­
gen concentration of 80 v/o, the total carbon content 
was 5.4 w/o after 3 hr, whereas at 600°C, it was 3.2 
w/o after 5 hr at the same hydrogen concentration. 
Current effort is being focused on defining the condi­
tions to produce stoichiometric CC and decrease the 
oxygen contamination of the product. 

Work on the precipitation of uranium monocarhide-
plutoniuin monocarbide solid solutions from fused 
salts containing UCl:,, PuCl.i and Mg^Ci has been 
suspended. X-ray diffraction analysis indicated the 
presence of scsiiuicarbide phases when the plutonium 
content of the carbide precipitate approached 10 w/o 
plutonium. The precipitated carbiiie product was 
therefore heterogeneous instead of the desired homo­
geneous solid solution of uranium and plutonium 
monocarbides. The presence in the carbide product of 
free carbon, probably produced by the precipitation 
reaction, and the difficulty of preparing pure Mg^Cs 
al.so discouraged further interest in this procedure. 

A preliminary evaluation of potential mobile blanket 
fuels for fast breeder reactors indicates that a paste 
of UX in sodium is an attractive choice, .\ccordingly, 
experimentation in preparation and testing of UN-
sodium pastes has begun. Uranium mononitride of 
high bulk density. 8.0 g cc. was prepared by reaction 
of uranium with nitrogen at 200 to 400 mm Hg pres­
sure at a temperature which was varied from 1050°C 
at the beginning of nitriding to 1300°C at the con­
clusion. Analysis of the product for nitrogen by com­
bustion to U:iO» and correction for the 0.095% oxygen 
content of the sample yielded a nitrogen content of 
5.60%' as compared to the nitrogen content of stoichio-

'inetric UN of 5.557%., Sessile drop studies of the 
wetting of UN, US, UP, and UC by molten sodium at 
about 250°C^ indicated contact angles of about the same 
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iiiaRnitudc as reported in the literature for UO2. For 
tlie above ceramics, quite large angles were observed 
(130" to 157°). 

II. Fuel Cycle Applications of Volatility and Fluidi-
zalion Techniques (pages 107 to 164) 

Luhoratory-wale fluid-bod fluorinations of mixtures 
of uranium, plutonium, aii<i fission produ<'t element 
oxides are being performed in support of the fluid-bed 
fhioridc volatility proeess. This laboratory work is being 
performed to determine the optimum reaetion eondi-
tioiis under whieh the retention of plutonium in the 
inert fluid bed material (alumina) is minimized, and lo 
()l)tain general information applirable to the operation 
of the pilot plant. 

Kxp<'riments were performed to detennine the 
feasibility of reusing an alumina bed for several addi-
tion-fluorinations of a I'sOK-PuOrfission product mix-
tvire. In these experiments about ilOO g of the solid re­
action mixture was fed into an alumina bed at 4.")0°C 
and fluorinated using 20 v o fluorine in nitrogen. This 
step was foliowi'd by reeyrle fluorination periods of .')hral 
•ir)0°(', .") hr at r)00°C. and 10 hr at .V>0°C', using lOO'o 
fluorine. In one series of experiments in which the 
fission product mixture did not contain Mo(_)i, the 
plutonium level in the alumina bed after the .serond 
addition-fluorination cycle (0.(X);ifi w'o) corre-siponded 
to volatilization of HWl of the plutonium. After the 
.seventh addition-fluorination eyele, the plutonium level 
was 0.0088 w/o, corresp(tnding lo volatilization of 
!M).4'';' of the plutonium. An eighth addition-fluorina­
tion cycle was performed by adding as much plutonium 
as in the previous seven cycles; the plutonium coneen-
Iration of tlic alumina at the end of the cycle was 0.02."i 
\v o, corresponding to cunuilative volatilization of 
!»0.2''; of the plutonium. For a comparable series in 
whieh MoOa was present in the fission product mixture, 
it was found that about seven cycles would be necessary 
before 99*^' of the plutonium would be volatilized. 

The fluoride content and surface area of the alumina 
bed were mcjisured after each addition-fluorination 
cycle for one of the series of reuse experiments. It was 
observed that the fluoride content of the alumina was 
1.4 w o after one addition-fluorination cycle, and in-
crejused by increments of 0.5 w o for each additional 
cycle. The surface area of the alumina bed increased by 
about O.Oti m- g (the initial surface area of the 120 
mesh ahunina was 0.011 m= g) per addition-fluorina­
tion cycle for the first three cycles and then remained 
relativelv constant at about 0.19 m- g for the final two 

cycles. These data indicate that fluorination and attri­
tion of the alumina would not be significant on reu.se of 
the bed material. 

The use of a nonfluidized, static bed fluorination 
pro<*edure was explored. In these experiments only 
1*0(̂ 2 and fission products were fluorinated, using three 
recycle-fluorination periods. The alumina beds for two 
exp<'riments contained an average of 0.075 w o plu­
tonium after fluorination, indicating that the use of a 
static bed under t luw conditions would not result in 
adefiuate removal of plutonium. 

An investigation wa.s made of the effect of gas flow 
rate during the recycle-fluorination periods on plu­
tonium retention in the alumina bed. For these ex­
periments only FuOi and fission product oxides were 
fluorinated in a p2-hi . dia. reactor, u.sing 100'"I fluorine 
and three recycle-fluorination periods. Gas flow rates 
of 4, (j, 7, and 8 liters min were used. The results showed 
that a gas flow rate of less than (i liters min is not 
sufficient to insure a satisfactorily low plutonium 
concentration in the alumina bed of 0.004 w o or less. 

The dccladding scheme being considered at the 
present time will involve the HF-promoted oxidation 
of stainless steel. This chemical dccladding operation 
will leave a mixture of uranium and plutonium fluorides 
and oxyfluorides, fission pnKluct fluorides, and iron 
oxides in the alumina bed for the .sub.s<'(|uent fluorina­
tion step. An investigation was therefore started to 
determine the efTect of the presence of iron oxides in 
the rea<'tion mixture upon plutonium retention in the 
ahnnina bed. In these studies, the mixture of uranium, 
plutonium and declad<]ing products was in the alumina 
bed at the start of the fluorination reaction. This proce­
dure difTeft'd from previous studies wherein the uranium 
and plutonimn were admitted to the fluorination reactor 
over a peritxl of .several hours. Kxp<'riments wen- per­
formed using a solid reaction mixture containing 
l ' (*:F: , PuF*, fission product fluorides, iron oxides 
prepared by the reaction of an HF-O; mixture with H04 
stainless steel, and sintered (.Mcoa type T-01) alumina. 
The experiments were perfonned using three fluorina­
tion periods at a g;is flow rate of 8 liters min. In the 
first fluorination period at 4')0°C\ the initial fluorine 
concentration in the g:Ls pha.se W:LS increased from 5 to 
20 V o in nitrogen over a p>eriod of about one hour as 
the major part of the uranium was fluorinated. This 
w;is followed by recycle-fluorination periods of 4 hr at 
4:)0°C, 5 hr at 500°t' and 10 hr at 550°C' using 100% 
fluorine. In two of the experiments single batches of 
feed were fluorinated, while in the third experiment, 
reuse of the alumina bed material was evaluated. 

The results of these experiments showed that the 
plutonium concentration in the alumina bed was not 
significantly increased either by the presence of iron 

http://reu.se
http://pha.se


8 Summary 

oxides ill the reaction mixture, or by the presence of the 
entire solid reaction mixture in the reactor at the start 
of the fluorination. For the two experiments which 
involved the fluorination of single batches of the feed 
mixture, the plutonium concentrations in the ahiniiiia 
were 0.0087 and O.OIO w/o, respectively. In an experi­
ment to demonstrate the reuse of alumina bed inatcriMl, 
the final ahnnina bed from the second test was used as 
the starting bed for the fluorination of an addition.il 
batch of the .same feed material. The final plutoniuni 
concentration in the bed after fluorination of this 
additional batch of feed was 0.014 w/o. If this phito­
niuni level is maintained for seven addition-fluorinalion 
cycles, a recovery of 99% of the plutonium fed to the 
reaction system as PuEj can be achieved from feed 
material containing stainless steel dccladding products. 

The retention of plutoniuni by Alcoa Type T-lil 
alumina was determined. One experiment was per­
formed using a solid reaction charge containing PuOj , 
fission product oxides, and T-61 alumina. The reaction 
procedure employed the usual three recycle-fluorination 
periods and a gas phase of 100''i fluorine. The ahnnina 
bed after this fluorination contained 0.0026 w/o plu­
toniuni. This result is similar to results obtained, under 
the same retiction conditions, in experiments using the 
high purity Type HR alumina. 

A 2-in. dia. fluidized bed reactor has been constructed 
to investigate the fluoride-promoted oxidative-de-
cladding of clad UtJrPuOi pellets with mixtures of 
hydrogen fluoride in oxygen and the fluorination of 
these pellets with elemental fluorine. Expi'rjmental 
work with this unit will be carried out in support of the 
fluid-bed fluoride volatility pilot plant. Two prelimi­
nary runs with unclad UOj pellets have been carried 
out in order to check out all eciuipment items. The 
eiiuipiucnt was found to perform satisfactorily. 

Experimental studies of solid-liquid equilibria in the 
system UEB-PUFS are to be carried out. The results will 
be useful in the choice of conditions for the separation 
of UEe and PUFA in the fluid-bed fluoride volatility 
process. Construction of all of the apparatus necessary 
for these experimental studies is complete; the appara­
tus has been installed in a glovebox and is presently 
behig tested with pure VV\. A study of the vapor-
liquid equilibria in the system PuFs-irFs has been 
started to provide information useful in the choice of 
process conditions for the separation of L F̂e and Pul-'e, 
as well as data of more fundamental interest. Con­
struction of the apparatus has been completed and the 
testing of the equipment with mixtures of ethanol-water 
has been performed. \j\'\ has been introduced into the 
system, and the experimental procedures planned for 
PuFfi-Ul''fi mixtures are being checked out. 

Studies of the chemical behavior of V\\V\ are con­

tinuing with an investigation of the PuFe sorption 
capacity of calcium fluoride (CaFi), lithium fluoride 
(LilO, and .sodium fluoride (NaF). The PuF , reten­
tion by .Nap, LiF, and CaFz at 100°C is low. The 
Pul ' , XaF mole ratios were 0.0057 and 0.014 at 25 
and 100°C, respectively. A PuF. /LiF mole ratio of 
0.024 was found for a 9()-hr exposure of LiF at 25°C 
lo 125 mm of P u F j , followed by a 1-hr exposure at 
lOO'C. Calcium fluoride (0.109 mole) at 100°C was 
exposed to 4.4 g of Pul''j for 0.75 hr in a flow .system. 
.\ PiiFt'Cal' 'j mole ratio of 2.1 X 10~' was found in 
the product. I''urther work on these .systems is planned, 
but with emphasis on preparing the PuFe-metal fluo­
ride complexes. 

Studies of the decomposition of ga.scous PuF, to 
fluorine and PUF4 by alpha radiation were continued 
with a series of short-duration PuF, decomposition 
experiments. The experiments were carried out in 
r_'7-cc prefluorinaled nickel ve.s.sels. At the end of 
each experiment, the fluorine and undeconipo.sed PuFe 
were removed, by pumping, from the PUF4. To prepare 
the PuF) for determination of plutoniuni by alpha 
counting, the spheres, after removal of the valves, 
were dissolved in nitric acid-aluminum nitrate solu­
tions. The valves were separately washed with an acid 
solution which was added to the .solution used for 
dissolution of the spheres. Separate analysis of a valve 
wa.sli solution indicated that plutonium equivalent to 
1.98 mg Pul's had been deposited on the exposed 
valve components during emptying and fifling of the 
vessels. The deposition of PuF) within the valve has 
been attributed to corrosion of the phosphor-bronze 
bellows by PuFe. On the basis of this finding, a cor­
rection of 1.98 mg PuFt was made to the amount of 
PuF. initially put into the vessels and to the total 
plutonium found in the nitrate solution. The rate of 
Piil-'e decomposition was then calculated. 

The rate of PuFe decomposition was found to be 
high for short durations but decreased rapidly with 
ini-reasing storage times. l'"(U' 100 mm of PuFg stored 
at 26 ± 2°C, the average decomposition rates imd 
their standard deviations were (in '", per day) 2.20 ± 
0..50 (0.5 day), 1.12 ± 0.28 (1,0 day), 0.92 ± 0.24 
(2.0 days), 0.,50 ± 0.12 (5.0 days), 0,35 ± 0.06 (8.0 
days), 0.29 ± 0.03 (12 day.s) and 0.27 ± 0.10 (16.0 
days). The fad that PuFe decomposition rate de­
creases rapidly with time and earlier reported observa­
tion that the decomposition rate is affected by the 
extent of exposed surface suggest the PuFe interacts 
with the prcfluorinated surfaces of the nickel vessel. 
Either the chemical reaction is essentially complete 
after eight days or it proceeds thereafter at a rate which 
changes with time loo .slowly to be delected by u.se of 
the present Iccliniciucs. However, the available data 
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are not sufficient to determine the relative contribution 
of this chemical reaction and of the back reaction 
(PuF* -\- F j —* PUFB) which has a small influence on 
results in short-term experiments. 

Studies of gas-ph:ise alpha-indu<-ed decomposition of 
PuFfl have })een hampered by the inability to isolate 
alpha-induced decomposition from other modes of 
decomposition, such as chemical reaction with the 
ves.sels and thermal decomposition. These studies have 
shown, liowever, that reuse of the vessel would result 
in less PuFs decompo.sition and that part of the plu­
tonium remains deposited in the e((uipment used to 
handle PUFB until the plutonium is removed by fluori­
nation. Xo further experiments on the alpha decom­
position of PUFB are plaiuied at the present time. 

A corrosion program in support of the fluid-bed fluo­
ride volatility process has })ecn initiated. Two types 
of experiments are planned at temperatures up to 550°C 
to determine the rate of corrosion of nickel-200: (a) 
small-scale static runs conducted in a tube funuice 
wherein nickel coupons will be exposed to volatile 
fission prodvn't fluorides, and (b) exposure of nickel 
coupons to the gaseous atmo.spheres of the 2-in. dia. 
fluid-bed reactor under actual operating conditions. 
A survey of the unclassified literature concerning the 
corrosion of nickel and Monel by VVt, PuFe, and 
fluorine is included. 

At the retjuest of the Korky llat> Division of the 
Dow Chemical Company, an examination of a direct 
fluorination technitiue for the recovery of plutonium 
from wiuste stream nuiterials has l)een completed. 
Interest on the part of Hocky Mats stenuned from the 
potential savings which may lu- attained by using a 
simple, direct method of plutonium removal from a 
variety of waste materials. Flcmental fluorine, at a flow 
rate of 2(H) ml min for either 5 or 10 hr, was used to 
produce PuFu from three types of waste samples in 
boat rcai-tion vessels at .")00 or 550°C. The materials 
used, together with the corresponding plutonium analy­
ses (by Hocky Flats) are (1) skull oxide. 87.13 w o Pu; 
(2) incinerator a.sh, 11.(> w o Pu; (li) sweepings, 58.8 
w/o Pu. The plutonium removal was 9 9 ' ; or better in 
all tests except those which involved processing of 
incinerator ash. In these tests, plutonium removals of 
82.2 ' ; and 98.4 ""̂  were obtained. Reaction rates were 
obtained at two temperatures (.")00 and 5."»0̂ C) for one 
type of waste material, an impure PuO-,: (the .-̂ kuU 
oxide). Plutonium removal from skull oxide was ob­
served to proceed at a low rate during the initial 
fluorination period, which is attributed to the conver­
sion of Put):> to PuF*. Impurity content of the collected 
Pul-'e was not measured. 

Fluorination of these waste samples containing 
plutonimn resulted in removal of essentially alt of the 

contained plutonium by conversion of plutonium to the 
hexafluoride and subse<|Uent volatilization. Hoth tem­
peratures and rates of reaction appear relatively favor­
able for process application. 

A study of the chemistrv- of XpFg has been initialed, 
whieh involves the preparation of neptunium he.xa-
fluoride and characterization of the solid residues. 
This will be followed by .spectral studies of the hexa-
fluori<le and the solid-vapor e(|uilibrium in the .system 
Npl « XpF*-!". . The apparatus has been conslrvicted. 
Information in the tileraitn'<- on neptunium fluorides 
has been reviewed. 

The results of tests in which MoOj was reacted with 
mixtures of fluorine and nitrogen (and, or oxygen) 
revealed that under the conditions of the experiments 
(4.">0°C, tube reactor), only a small fraction (3 to 5%) 
of the molybdemmi was converted to MoFe. The re­
mainder of the molybdenum w;is probably in the form 
of .MoOr* or p>os.sibly MoFs. In another test, it was 
found that MoF« dm's not react with oxygen at 4">0°C. 
Treatment of MoOj with a mixture of HI-", oxygen, 
and nitrogen at .•).">0''C resulte*! in formation of a slightly 
volatile compound of molybdemun, probably MoOiKi. 
Treatment of MoO.. with mixtures of fluorine, nitrogen 
and oxygen at 450°C resulted in formation of a .<«lightly 
volatile compound, probably MitOsPa . In all these 
reactions, little or no .MoI'"« was formed. 

KngiiKH'ring-.>icaIe development work is in progress 
on the fluid-bed fluoride volatility process for the 
recovery of lU'anium and plutonium from spent uranium 
dioxide fuels. The main steps in this proces.s will l>c 
studied with unirradiated sintered I'Oi-PuO; pellets 
in an engineering-srale alpha facility that is now in 
the finaf stages of installation. A fluorination pilot 
plant for pro<'es«ing batches of fuel to a mi.xed UF«-
PVIFB product and a converter system for converting 
the hexafluoride mixture to dense mixed particles 
have been installed in the facility. The converter unit 
will also be used in the study of the thermal decompo­
sition of I'uFe to PuF* as a means of s<'parating plu­
tonium from uranium. It is al.-^ plamied to in.stall a 
distillation unit in the facility which will provide 
de.-̂ ign information on mixe<l uranium-plutonium hexa­
fluoride systems. 

Shakedown work with I 'O; pellets was .started in the 
fluorinator using the two-zone oxidation-fluorination 
proitniure. A charge of 2.2 kg of CO, pellets (:i-in. 
bctl depth) was processed in a 24-in. dwp bed of alu­
mina. Final bed analy.ses .showed that more than 99.9 
w o of the uranium had been removed from the alumina 
bed. A material balance determined by weight of ma­
terial collected in the main product conden.ser and in 
the sodiiun fluoride backup trap accounted for 99.97% 
of the charge. The quantity of l'F« transferred from 
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the product co!idenser to the final product receiver 
corresponded to 97.4% of the charge. Overall results 
and performance of all the main equipment components 
were satisfactory. 

Installation of the converter system is essentially 
complete. The 2-ni. dia. reactor and auxiliary e(|uip-
ment are described. 

Performance tests of the main alpha facility systems, 
such as scrubbers and ventilation controls, and de­
velopment of special operating procedures, such as the 
procedure for vertically bagging large equipment in 
and out of the boxes, were nearly completed. Safety 
procedures are being given a final evaluation. Instal­
lation of windows has started. Upon completion of this 
work, a short period of shakedown testing with UFe 
will follow and then work with plutonium will begin. 

Development work on the dccladding and fluorina­
tion of UOo fuels was continued. Initial studies were 
carried out on the processing of staiidess steel-clad 
UO2 with HF-Oo mixtures in fluidized beds of alumina. 
An iiivestigation conducted in a bench-scale reactor 
(li2-in. dia.) showed that the destructive oxidation 
of stainless steel occurred readily at 550°C using a 
40 v/o HF-oxygen mixture (up to 20 v o nitrogen 
diluent). Respective penetration rates for types 304 
and 347 stainless steels were 30 and 13 mils/hr. The 
penetration rates ranged from 2 to 33 mils/hr over the 
temperature range 500 to ()00°C. 

The complete processing of a simulated fuel bundle 
was demonstrated in a pilot-scale facility (3-in. dia. 
reactor). The fuel bundle, six 3-f1 long type 304 stain­
less steel tubes (0.43-in. ID, 0.020-in. wall thickness) 
containing a total of 4.5 kg of cylindrical UO2 pellets, 
was completely reacted in a 3-hr period at 550°C with 
a 40 v/o HF-(iO v/o oxygen mixture. The bed con-
.sisted mainly of alumhia, a-FeoO^, and UO2F2 in the 
proportions of 2.1 to 1 to 2.1. The UO2F2 was mainly 
in the form of fines (<325 mesh). To facihtate the proc­
essing of a bed containing a large proportion of reactive 
fines, the fluorination was conducted in two parts. 
The bulk (^^829J) of the uranium was recovered in 
a 6.5-hr period at 400%' with dilute fluorine iiitroduced 
at approximately the middle of the bed. The nuiin 
fluidizing gas stream (nitrogen) was fed at the bottom. 
This was followed by an 11-hr period at 450°C, with 
the fluorine being fed at the Itottom of the column 
along with the diluent gas. The fluorine concentration 
was increased gradually to a final value of about 90%. 
A final concentration of uranium in the alumina bed of 
0.05 w/o indicated a recovery of about 99.9','; of the 
uranium in the charge. The iron oxide was converted 
to FeFs during the fluorination step. Overall fluorine 
efficiency was iS7 7<-, and was maintahied at a high 
level through the u.se of fluorine recycle. 

An exploratory run in the })ench-scale reactor estab­
lished the feasibility of processing UOa-stainless steel 
cermet fuel t)y the HF-oxygen, fluorine route. A minia­
ture fuel assembly of four plates, weighing 90 g, was 
processed. The plates were made of 18 w/o UO2-
stainless steel (type :?04) cermet. The destructive oxi­
dation was conducted at 550°C for 4 hr with 40 v/o 
HF, 40 v/o oxygen and 20 v/o nitrogen. The fluorina­
tion of the oxidation products was initiated at 250°C 
with about 2 v/o fluorine (in nitrogen) as the feed gas 
and completed at 550°(' with 95 v/o fluorine. The total 
time for fluorination was 11 hr. High recovery (greater 
than 99 7o) of the uranium in the charge was indicated 
by the low level of uranium found in the alumina bed 
at the end of the fluorination. The final concentration 
of uranium in the bed was 0.005 w/o, which corresponds 
to 0.2% of the uranium in the charge. 

The investigation of the method of decladding 
stainless steel by reaction with aqueous hydrochloric 
acid in an air-fluidized bed of inert solids was concluded 
during this period. Final tests were conducted in a 3-in. 
dia. <'olumn. A ^2-'"- dia. rod, 12 in. in length, of type 
304 stainless steel was used in these tests. The rate of 
attack on the stainless steel was low, but increased 
with an increase in the acid content in the bed. For 
liquid contents of 0.1 fl, 2.7, and 15.0 w/o (20 w/o 
HCl in HoO) the corrosion penetration rates were 0.01, 
O.Ot), and 0.12 mils'hr, respectively. This work has 
been terminated in favor of the more promising all-
gas method involving HF-oxygen mixtures. 

Studies of the <'leaimp of cell exhaust air contami­
nated with PUFB were continued. Xew etiuipment for 
studying the hydrolysis and filtration of air-bonie 
PuFfi was constructed. The first experiment with a 
dilute PuFs gas stream indicated that the hydrolysis 
rates of PuFo and UFe were similar. The rate of hy­
drolysis of PuFfl was no more than twice that of UFe 
nor less than that of UFe • 

Development studies of a fluid-lx'd fluoride vola­
tility process for the recovery of uranium from iiighly 
enriched uranium-alloy fuels were continued. The 
process cycle includes hydrochlorination and fluorina­
tion steps in which the fuel charge is reacted while 
immersed in a fluid bed of alumina, which serves 
as a heat tran.sfer medium. Mathematical analyses 
were made of the data accumulated in the bench-scale 
studies on unirradiated uranium-Zircaloy and uranium-
aluminum alloy fuels. The analyses show the efTect of 
process conditions on vuanium loss during hydro­
chlorination and on uranium loss by retention by 
alumina after fluorination. (Operating conditions that 
tended to decrease tiie partial pressure of the UFe 
In tlic gas phase during fluorination resulted in lower 
uranium retention. Kvalualion of the effect of particle 
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size on HCl utilization efficiency showed that HCl 
utilization increa.sed with a decrea.se in the ratio of 
plate spacing to particle size. The HCl utilization 
efficiency increased with an increa.se in the particle 
size di.stribution of the bed material; that is, a mixture 
of a broad range of particle sizes resulted in higher 
efficiencies than beds of narrow size fractions. Since 
the overall objectives of this bench-.scale work have 
been met, namely, the establishment of a .sati.sfactory 
operating sequence and the evaluation of packed beds 
of alumina as high-temperature filters, experimental 
studies on this pha.se of the piogram have >)een termi­
nated. A topical report (AXL-()829) on the work with 
zirconium alloys has been issued. 

Full-scale operations are continuing in the pilot-
plant facility in.stalled to demonstrate the fluid-bed 
volatility process for the recovery of uranium from 
enriched uranium alloy fuels. The current work was 
concentiated on the processing of alumimmi-uranium 
fuels which arc typi'-al of those used in the .MTU and 
I'jTU. Each fuel element weighed about ti.O kg and 
contained about 280 g of uranium. 

Five experiments were completed; four included the 
hydrochlorination, hydrofluorination, and fluorination 
steps, and one involved only the hydrochlorination 
step. The processing conditions used in the HCl and 
HF .steps were based on previous experience with the 
pilot-plant facility whereas the conditions u.sed in the 
fluorination step were previously establi.shed in bench-
scale studies. 

An increase in reaction rate and HCl utilization of 
about 25% was demonstrated using a multi<'h:irge 
technique wherein additional fuel elements are charg<'d 
after about (iO to 80' '; of the previous fuel element 
has been hydrochlorimited. Using this techni(|ue the 
hydrochlorination time for a single ahnninum-uranium 
fuel element is 4 to 5 hr. The HCl utilization, using 
once-through flow, was over 5 0 ' ; . The uranium los.ses 
by transport through the packed-bed filter were as 
low as 0.14'^c using a 12-in. deep bed of 14 to 48 mesh 
alumina. The fluid-l)ed pyrohydrolysis reactor for 
converting the waste metal chlorides to oxides operated 
satisfactorily in all experiments. 

More than 99*^ of the uranium was removed from 
the reactor and filter beds, based on the overall uranimn 
balance, even though temperature excursions occurred 
and caused caking at the top surface of the pack(xi-bed 
filter during the fluorination step of each of the curR'nt 
runs. These temperature excui-sions have only been 
encomitered while processing ahnninum fuels and 
probably can best be elinnnated by fluidizing the 
packed-bed filter during the fluorination step to facil­
itate the removal of heat and thereby prevent caking. 

A corrosion program in support of the fluid-bed 

volatility program has been completed. The results 
of both laboratory tube furnace and inplant tests 
are sununarized. These results show that: (1) for con­
ditions of static or near-static reagent flow, the cor­
rosion rate of nickel by fluorine alternated with HCl 
and fluorine alternated with oxygen is about 1 to 4 
mils/yr, and is close to the rate exhibited by nickel 
when exposed to fluorine alone, (2) the corrosion rate 
found for coupons exposed to fluoride volatility en-
viromnents consisting of hydrogen chloride, hydrogen 
fluoride, and fluorine (inplant tests) was in the range 
12 to 40 mils yr with the higher values obtaintnl for 
.specimens in contact with the fluidizinl bed, (3) the 
corrosion rate of nickel welds made with nickel-200 
filler was found to be much lower than the corrosion 
rate of nickel welds made with nickel-til filler metal 
(1 to 4 mil.s yr as compared with 07 to 1315 mils yr), 
and (4) thermal-cycling and exposing coupons to air 
between simulated process cycles had little or no 
elTeiM upon th<' corrosion rate of nickel. 

I'^ploratorj* studies on the meiusurement of particle 
residence times at solid surfaces in contact with a gas-
fluidized bed have been initiate*!. Knowledge of particle 
residence times would be helpful in estimating the heat 
transfer properties of fluidized beds. Heds compos^Kl 
of particles oi contrasting color (mainly white particles 
with a small fraction of black particles) were employed. 
Direct photographic ob.ser\'ation of individual black 
particles in a test area yields the desired information 
but interpretation of the data wa.s found to be pro­
hibitively tedious and time-<-onsuming. Attempts are 
being made to develop an autocorrelation technique 
for u-sc in detennining residence times as functions of 
the physical and flow properties of the systems under 
investigati(tn. 

.\ program of fluid-bed volatility studies with irra­
diated fuel materials on a bench-scale level has com­
menced. During the curn-nt period, the equipment 
was assembled and tested in a series of experiments 
using nonirradiated fuel materials. The equipment 
was then installed in the Senior Cave Facility of the 
Chemical Engineering Division and the first run with 
irradiated fuel (5-yr-cooled uranium-Zircaloy alloy 
fuel) was t'ompleted. Operationally the run with 
irradiated material was highly successful; however, 
analytical results for the run are not yet available. 

The charge materials for the runs with nonirradiated 
nuiterial included Zircaloy-uranium alloy and alumi­
num-uranium alloy. The ex-perimental conditions 
were similar to those developed in the bench-scale 
and pilot-plant work on highly enriched fuels but 
included also a system of sodium fluoride traps for 
UFe collection and purification. A small charge of UOj 
pellets was also processed to U F | using the HF-oxygen 
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step for pulverizing the fuel and fluorine for recovery 
of (he uranium. 

Considerable cITori was expended in making (he 
mahi operaring units leak-tight. Sealing of the equip­
ment was achieved by the use of annealeil, nickel-
plated copper wire gaskets. Redesign of the fixed-bed 
filter was required to reduce the uranium lo.ss to the 
off-gas condenser to a satisfactory level, and in the 
final runs high recoveries and essentially complete 
accountabililv of the uranium were achieved. 

III. High Tempera ture Reactor Materials Develop­
ment (pages 16.5 to 174} 

.\ program directed toward the development of 
certain high temperature reactor materials is under 
way, the objective being to build up a reservoir of 
basic data whieh may be used for screening and 
evaluation. The study will be concerned with the 
chemical stability of potential high temperature fuels, 
i.e., uranium oxides, phosphides, sulfides, arsenides, 
nitrides, and their solid solutions; and with the reac­
tions of these fuels with hydrogen, its contaminants, 
and refractory structural materials such as tungsten, 
rhenium, molybdenum, tantalum, and certain alloys. 
These studies will be done quantitatively to yield 
thermodynamic and phase-diagram information. Se­
lected systems are to be investigated in an integrated 
way using several methods which are mutually sup­
porting. Progress in the application of these methods 
is itemized below. 

Phase Diagram Studies. Studies of the uranium-
urania system have shown that a wide two-liquid 
immiscibility gap exists at elevated temperatures. 
The monotectic composition occurs at an oxygcn-to-
uranium ratio of 1.30 and at a temperature of 
~2.500°C. The hypostoichiometric phase boundary of 
urania has been determined in the range 1600 to 
2.500°C. Verification of these measurements is in prog­
ress. 

A study of the nraninni-iiraniuni monosulfide phase 
diagram has been initiated. 

Kffusion Vapor Pressure Sliiilies. The total vapor 
pressure of uranium-bearing species over the two-phase 
.system uranium (liquid, saturated with urania) plus 
urania (solid, saturated with uranium I has been meas­
ured. Some additional measurements to verify these 
results will be made using a smaller effusion orifice. 
The vapor pressures over this system vary from a fac­
tor of 10 to 4 higher than those over stoichionictric 

uranium dioxide in the range 1300 to 2000°C, respec­
tively. 

Mass Spectrometric Effusion Studies. Measurements 
of the relative concentrations of vaporizing species 
have been carried out for the same two-phase system 
noted in the preceding paragraph and also for stoichio­
metric urania. The results are not reported at this 
time because of instrumentation uncertainties which 
need to be resolved. However, the nature of the tenta­
tive results has stimulated a thermodynamic analysis 
which leads clearly to the conclusion that the partial 
pressure of the I 'Ojtgl species passes through a maxi-
iiiuiii at the sloichiometric composition UO2 . 

Transpiration Studies oj Vaporization. The exten­
sion of the vapor pressure measurements in the 
uranium-urania system to higher temperatures than 
those possible in the effusion measurements is to be 
carried out by use of the transpiration method. Pre-
liminaiy testing of the apparatus shows it to be func­
tioning very well. 

IV. Calorimetry I pages 17.5 to 18.51 

.\ series of calorimetric combustions of phosphorus 
in fluorine has been carried out to obtain the enthalpy 
of formation of phosphorus pentafluoride. Calorimetric 
combu.stions of .sulfur in fluorine using the same tech­
niques and apparatus have been started. 

.\nalysis of the results of the combustions of a- and 
/i-silicon carbide in fluorine has revealed the following. 
.\ ri'liable value for the enthalpy of combustion in 
fluorine of /3-silieon carbide was obtained. Two sam­
ples of a-silicon carbide yielded discordant results 
which appear to be associated with incomplete com­
bustions and/or excessive amounts of side-products. 
The use of a more finely divided a-silicon carbide 
may resolve the problem, and such a sample has been 
obtained. The results of the j8-silicon carbide study 
yield a value for its enthalpy of formation whose 
principal source of uncertainty is the uncertainty of 
the enthalpy of formation of carbon tetrafluoride. A 
redeteniiination of the enthalpy of formation of car­
bon tetrafluoride will be undertaken. 

The teclinique developed for coiubustion in fluorine 
of metals that form noin'olatile fluorides has been 
used for combustions of magnesium, aluminum, 
yttrium, lanthanum, gadolinium, and holmium. The 
studies with magni-sium and aluminum were redeter-
fliinations in attempts to eliminate some uncertainties 
in previous results. .\n attempt has been made to cor-
iclale the combustion behavior of these metals with 
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their physical properties and the properties of their 
product fluorides. 

A series of combustions of tantalum diboridc in 
fluorine has been completed using the combustion 
technique previously employed for the diboriiles of 
zirconium, hafnium, and niobium. The first seven com­
bustions of the series had been performed btit the re­
sults had not been calculated at the time of writing 
the preceding semiannual report, ANI.-69()0. The last 
five combustions were performed recently under some­
what different conditions, which were chosen to decrease 
a suspected blank correction for fluorine expansion. 
Agreement between the two .series indicates that the 
corrections are being properly applied. 

For some of the work planned in the calorimetry 
program, particularly for the combustion of uranium 
compounds in fluorine, a fluorine flow calorimeter is 
ilesirable. Since a flow system has certain advantages 
over a static system, particularly control of the rate 
and extent of reaction, a preliminary flow reaction 
system was constructed for tests with uranium mono­
sulfide. The results of these tests were very encourag­
ing since nearly complete combustions of VS were 
obtained. 

The 1.5(K)°C high (cmperadire enthalpy calorimeter 
has been assembled, tested, niodilied. and reassembled 
for further tests. .\ complete discussion of the various 
tests that have been performed and an analysis of the 
current capabilities of the apparatus are given. At 
present it appears that measurenicnt of enthalpy incre­
ments with 0.1% accuracy is a realistic estimate. 

V. Rearlor Safely Ipages 187 to 2331 

The experimental program to determine rates of re­
action of molten reactor fuels and cladding metals with 
water is continuing. In general, it has been necessaiy 
to .study the reaction of each metal of interest by .sev­
eral methods. One of tlie.se techniques utilizes a high 
pressure furnace which was designed especially for 
isothermal studies of steam with stainless steel and 
aluminum. The initial scries of experiments in the 
furnace was designed to simulate the environment of 
a loss-of-coolant accident. In these experiments simu­
lated fuel rods consisting of a series of I ' t l ; pellets 
sealed in an 8-iii. length of either 304 stainless steel 
or Zircaloy-2 tubing were expo.sed to steam at a tem­
perature which increased to a maximum during a 
period of about 8 min. The maximum temperature 
reached at the top end of the fuel rods was about 
1.500°C. The fuel rods were maintained at this tem­

perature for about 3 hr in an atmosphere of steam at 
15 psig. The upper two-thirds of the cladding on both 
fuel rods had reacted completely, as was evidenced by 
their afipearance and by the quantity of hydrogen 
collected. The stainless steel cladding fonned a foamed 
oxide which flowed downward, baring several of the 
oxide pellets; the Zircaloy formed an intact tube of 
white oxide. 

A study of the kinetics of reaction of refractory 
metals with steam was undertaken 11) to determine 
the suitability of these metals for materials of con­
struction in high temperature metal-water studies, and 
12) to extend knowledge of high temperature metal-
water reactions in general. The following metals were 
investigated through the technique of induction heat­
ing in flowing steam at 1 atm pressure: molybdenum 
11100 to 17(K)°Cl, riienium 18.50 to 1700°C(, tungsten 
110.50 to l7(X)°Ci, niobium 110.50 to 1.500°Cl, and 
tantalum 19.50 to 1300°('l. Kiidiomeler measurements 
of the hydrogen cxolved showed that molybdenum, 
rhenium, and tungsten followed linear rate laws in 
their reactions with steam. Niobium also olieyed linear 
kinetics after a brief induction jieriod. and tantalum 
followed a para-linear rate law, that is, an initial 
parabolic rate of reaction, followed by transition to a 
linear rate. It was concluded that the high reaction 
rates observed for all five metals precluded their usi-
as materials of constniction for high temiK'rature 
metal-water studies. .\ di.scussion is presented of the 
probable mechanism of each reaction. 

One of the experimental techniques used to .study 
metal-water reactions was designed to |K'nnit obser­
vation of the reactions of small particles under noniso-
tliermal i^mditions. This method uses energj* from a 
pulsed ruby laser to heat single particles of metal sub­
merged in water. The experiment is designeil to study 
not only the chemical reaction of particles with water 
but also to study the transient energy exchange and 
hydrodynamic efTects. In recent work aluminuiu-water 
reactions under various conditions were studied. The 
samples are squares of one mil thick foil which form 
spheres when fully melted by the laser pulse. The extent 
of reaction is determined by hydrogen analysis of the 
reaction cell contents. Hy using foil squares 0.5. 1.0. and 
2.0 mm on a side, spheres of 230. 3t)0. and 57.5/x dia. were 
formed, .\verage extents of reaction in water at 25°C 
were 17. 8, and lO'J, respectively, .\verage deviations 
for these values are about 2.5';. In water at 2.5°C the ex­
tent of reaction was independent of laser output energy 
over a wide range 110 to .50 joules I. These extents of re­
action indicate reaction of a layer of aluminum ap­
proximately 7/« thick for each particle. With water at 
100°C and laser energies between 16 and 40 joules, no 
reaction was observed for particles 360/i in dia.; with 
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laser energies above 45 joules, \'irtiially conipleti' re­
action occurred. The reaetion threshold at about 40 
joules seems to be related to heating the particle above 
the melting point of AlnO:, (2300°K). The residues 
from the completely reacted particles were hollow' 
spherical shells of aluminum oxide; the incompletely 
oxidized particles had thin oxide skins. There was no 
evidence for appreciable oxide smoke formation. High 
speed motion pictures showed that a time of about 170 
msec was required for complete reactions. For the 
cases of 0 to 18% reaetion, 5 to 15 msec was required 
for the reaction. These data indicate that the rates of 
combustion are not greatly different in the two cases: 
combustion simply proceeds for a longer time. Plans 
for the immediate future include measurements with 
water at 25°C anil 1 atm argon overpressure, and ex­
periments at pressures up to 10 atm. 

The third general method of studying metal-water 
reactions involves nuclear heating of typical reactor 
fuel materials in TRE.AT. In these studies, small fuel 
specimens are submerged in water in high-pressure 
autoclaves which are then placed at the center of 
TREAT and subjected to severe nuclear transients. 
Experiments were performed with unclad UO^ speci­
mens with the objectives of determining the extent of 
reaction of UO2 with water and the degree of frag­
mentation of UO; in the absence of metal cladding. 
.\ transient which caused partial melting of UO2 
l2700''C) produced about 6 ml Ho(STP)/g UO; , cor­
responding to an average composition of UO2.07. More 
energetic transients which brought UO2 into the vapor­
ization region (3300°Ct produced about 17 ml H2 
(STP)/g UO2 (average composition, I'Oo.ni). X-ray 
diffraction analyses indicating final compositions of 
UO2.12 to U02.n gave support to the hypothesis that 
UO2 was reacting with water. I t now appears likely 
that some of the hydrogen released in previous experi­
ments with stainless steel-clad and Zirealoy-clad UO2 
fuel pins resulted from the r02-water reaction. 

Two experiments in TREAT were completed using 
a 9-element bundle of uranium rods whieh contained 
100 times the (luantity of metal contained in single 
pin transient meltdowns performed previously. One 
significant feature of the more energetic of the two 
scale-up transients was that there was clear evidence 
in the reactor power-time record for the change in 
geometry of the test subassembly. Evidently the 
meltdown perturbed the reactivity of the TRFIAT re­
actor itself. In the first experiment, CEN-196S, the 91 
Mw-sec transient on a 157-iiisec period gave complete 
meltdown of the subassembly with 10.7/i uranium-
water reaction. In the second experiment, CEN-197S, 
a transient of 222 .Mw-sec on a 140-msec period gave 
an estimated 56% uraniiiiii-watcr reaction. 

A simple mathematical model was developed for the 
analysis of water hammers caused by reactor excur­
sions. The model was based on Newton's second law 
and on the acoustic equation for particle velocity of 
an ideal shock wave. It was shown that only a gross 
estimate of the rate of steam generation during the 
excursion is required in order to predict the velocity of 
the water column and the impact pressure. A compari­
son was made of the predictions of the model with 
published observations of the SL-1 accident. The 
values for the impact velocity and the impact pressure 
calculated from the model are 126 ft/sec and 8500 psi 
compared with the reported values for SL-1 of 1.59 
ft/sec and 10.000 psi. In modeling the SL-1 accident 
it was assumed that there was a linear rate of steam 
generation for 0.1 sec with a total energy transfer to 
the water of .50 Mw-sec. 

A calculational study was initiated to demonstrate 
the application of metal-water reaction data to the 
analysis of a reactor loss-of-coolant accident. The 
initial effort makes use of the proposed LOFT (Loss 
of Flow Test I reactor as a model with the exception 
that the calculations were made for a 25-mil Zircaloy-
clad core rather than the 15-mil stainless steel-clad 
core proposed in the LOFT design. The core was di-
videil into ten power sections using the reported power 
distribution in the LOFT reactor. 

The rate of the zirconium-water reaction was cal­
culated using the parabolic rate law for the case of 
unlimited steam. A constant rate equal to the supply of 
steam was used to calculate the reaction when limited 
amounts of steam were assumed to be available. .\n 
energy balance equating the internal energy of each 
section to the cliemical energy and decay energj* 
developed in each section was used to calculate the 
temperature-time history of the ten sections. A flat 
temperature profile through the fuel pins was assumed 
and heat losses were ignored. The presence of the sup­
port structures was also ignored. The extent of reac­
tion of the entire core was then calculated by summing 
the contributions from each core section. 

The extent of reaction at the time the core reached 
average temperatures equal to the melting point of the 
zirconium cladding 118.50°Cl, .and the melting point of 
the uranium core (2800°Cl were calculated as follows: 

1. With unlimited steaiu: 40% and 62%, respec­
tively. 

2. With a 1000 Ib/hr steam flow (lirough (he core; 
2 1 ' ; and 4 1 ' ; , respectively. 

3. With a 100 Ib/hr steam flow through the core; 
6 ' ; and 13%, respectively. 

The strong interdependence of the core temperature 
history and the extent of reaction was demonstrated. 
The course of the accident suhseiiuent to core col-
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lapse would depend upon how much water was present 
in the reactor vessel following blowdown. The possi­
bility of a steam explosion or a violent metal-water 
reaction following collapse is discussed. Two addi­
tional chemical reactions that could affect the course of 
the accident, the hydriding of zirconium and the re­
action of steam with I 'Oo, are discussed. 

A program of studies of potential problems in the 
field of fast reactor safety has been initiated. Work 
has begun in three general areas of investigation. The.se 
are: 

1. Studies of the chemical and physical interac­
tions of fuel and cladding materials with molten 
sodium at high temperature. 

2. Studies of fuel migration and segregation in mixed 
uranium-plutonium fuels. 

3. Studies of the transient boiling characteristics 
of molten sodium. 

At present, most of the effort is directed toward litera­
ture studies and construction of apparatus. 

The efTect of prior irradiation of uranium on igni­
tion in oxygen and air was investigated to assess the 
magnitude of additional ignition hazard of irradiated 
uranium over unirradiated metal. Four types of 20% 
enriched specimens were studied using the burning 
curve ignition test. One group of samples was irradi-
a(ed in .MTR to 0.79'X burnu|i of the "'•'•l'. A .second 
group was irradiated to 1.71% burnup. A third group 
was not irrailijited; however, these samples were 
loaded into irradiation capsules, cx|)Oseil to XaK 
coolant, and thermocycled in a manner approximating 
the thermal history of irradiated specimens. The 
I'nurth group of specimens consisted of untreated con­
trol samples. During irradiation samples were tightly 
constrained in tantalum-lined steel jackets to prevent 
dimen.sional changes. In spite of the constrainment 
some surface roughening occurred. Nominal ignition 
temperatures in oxygen were as follows; unirradiated 
(control and thermocycledl, 600°C; irradhated to 
0.79'; burnup, 400°C; irradiated to 1.71% burnup, 
3()0°C. In air, the irradiated samples showed greater 
self-heating and spontaneous thermocycling than un­
irradiated samples; however, no clear-cut evidence of 
ignition was observed. 

VI. Energy Conversion Ipages 235 to 2471 

Investigations on the regenerative emf cells for the 
conversion of heat into electrical energy were con­
tinued. Two types of cells are being studied, bimetallic 
concentration cells and a lithium hydride cell. 

The lithium hydride cell studies have been ex­
tended. Voltage measurements were made on a num­
ber of unsaturated lithium hydride cells of the type; 

T • / . , t •+ \ LiCl-LiH or . -_— . . / \ r* 
^ • ^ ' > ' L ' iLiCl-LiF-LiH " • " • ^ « ^ - ' ^ " 

Using these data and the previously detennined stand­
ard emf of a saturated lithium hydride cell, calcula­
tions have been made for the activities, aeti^^ty 
coefficients, and emf-temperature coefficients of lith­
ium hydride at various conci-nt rat ions in the electro-
lyti'. The activities showed strong positive deviations 
from ideality, an effect which leads to lower cell volt­
ages than would be the case if the systems were ideal. 
.\ctivity coefficients ranged from 2.5 to 3.5. The 
(aE/aT)e varied from about - 6 X 10* volts'deg for 
the high mole fractions of lithium hydride to 8 X 10* 
volts/ileg for the very dilute solutions of lithium 
hydride in lithium chloride. The cell for which the emf-
temperature coefficient is zero has a concentration of 
lithium hydride in lithium chloride below one mole per­
cent. 

The electrode kinetic studies, which are necessary to 
characterize the operation of a galvanic lithium hy­
dride cell, have begun to yield useful experimental 
results with a tungsten wire microelectrode. At all 
potentials positive with respect to a liquid lithium 
metal electrode as reference zero, an anodic process 
occurs at the tungsten microelectrode. Presumably, 
this is the oxidation of dissolveii lithium metal in the 
fused salt solution. When the hydrogen gas-hyilrido 
ion equilibrium is established and the microelectrode 
polarized, the current-voltage curve can be interpreted 
as the resultant of the anodic oxidation of lithium and 
the cathodic reduction of hydrogen. 

(1) Li° (solutionI Li* + e-

I2l '/2 H . -I- e - — H -

.\ limiting current plateau is observed for both proc­
esses. 

The sodium-bismuth cell has been selected for the 
initial engineering studies. The overall cell reaction is 

sodium anode (liquidI —» 
sodium-bismuth alloy I liquid). 

The solubilities in the fused salt electrolyte of both 
the alkali metal anode and the intermetallic compound 
formed at the cathode result in an irreversible trans­
fer of material between the electrodes. The solubility of 
XaaBi in the ternary euteetic mixture 53.2 m o NaT, 
31.6 m 0 NaCI. 15.2 m o NaF ranged from 1.8 m ' o 
Na.,Bi at 560°C to 8.5 m. o Na3Bi at 840°C. The solu­
bility of sodiimi in this electro!;te ranged from 0.3 
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m/o at 546°C to U.9 m o at 697°C. By inopcr selec­
tion of cell operating variables and cell components, 
the rates of transfer of both cathode and anorlc ma­
terial can be minimized. 

Solutions of the alkali metal tellurides and bis-
muthides have been studied by means of aljsoiption 
spectra in order to better understand the phenomena 
involved in the solubility of intermetallic com|)ounds 
in molten salts. The solutions are highly colored and 
the s|)ectra exhil)it intense charge transfer bands. The 
spectrum of each alkali tclluride is characterized by 
an absorption peak in addition to a charge transfer 
!)anil. Molar extinction coefficient values of from 600 
to 800 luive been calculated for several alkali metal 
tclluride absorption jieaks. These values indicate low 
oscillator strengths and forbidden transitions. Tenta­
tive si)ectra have been ol)tained for K;iBi in LiCl-KCl 
euteetic and in CsCl. 

The relative possible extents of regeneration of the 
sodium-bisnuith bimetallic cell alloy were determined 
l)y examining the metal se|>aration obtained under 
various thermal gradients. The intermetallic compound 
XarsBi was placed in sealed and evacuated tubes. In 
four experiments, the tubes were all 900°C at the hot 
end and 525, 616, 651. and 712°C at the cool end. The 
final residue compositions in the hot end of the 
tube (as compared with 75 a/o sodium for tlie 
NasBi starting material) were 15, 48, 54, and 62 
a/o sodium, respectively, with increasing condi-nsate 
temperature. In all the experiments, less than one 
part per thousand bismuth was found in the sodium 
condensate. Transjuration cxjteriments were also nm; 
they showed that the vajtor in ec]uilibriuni with a 50 
a/o Na-Bi li(]uid alloy at 900°C contains about 3.5 
a/o bismuth. This indicates that fractionation nmst 
have occurred in the sealed-tube cxiieriments to obtain 
the liigh sodium purity in the condensate; such frac­
tionation would lead to an inefficiency in cyclic opera­
tion of a regenerative system. Tlic dejiosition of a solid, 
identified as Na:iBi. at intermediate sites in the tem­
perature gradient of the scaled tubes, indicates tlie 
importance of determining the solid and li(|uid-vai)or 
etiuilibrium. It may be possible to avoid the formation 
of solid Na;(Bi by operating the regenerator at in­
creased pressure, or the problem may be eliminated by 
a slight refluxing of fused salt electrolyte. 

Kngineering thermodynamic studies on the regen­
eration of sodium-bisnuith, sodium-tin, lithium-tin, 
and lithium hydride cell systems have been made. 

Experimental studies are being conducted on the 
non-faradaic or irreversible transfer (i.e., transfer 
without corresponding ])roduction of cell current) of 
sodium from the anode to the cathode in sodium-
bismuth bimetallic cells, ("rll nu'rcnt or farailaic 

eflicieneies of alnnit S0% have been experimentally 
obtained while operating at 75% of the open circuit 
voltage. 

Fxperimental work has begun to study a frozen 
elcctrolyte-silicone rubl)er insulator-seal for closed cells 
which can be operated in an air atmosphere. An ex­
perimental stainless steel sodium-bismuth cell without 
regenerator with such an insulator-seal has been con­
structed and is in operation at temperatures from 550 
to 600°(\ 

Corrosion studies of bismuth and tin on materials of 
construction are being conducted. Tin is a more attrac­
tive cathode metal than bismuth because both its 
vapor pressure and melting point are lower. Static cor­
rosion studies of tin on tantalum, tungsten, and molyb-
denum-30 w o tungsten up to 1000°C indicate that 
these show promise as materials of construction. Dy­
namic corrosion tests of tin on these materials will be 
conducteil. Static and dynamic corrosion tests of bis-
mutli on mild steel and stainless steel indicate that 
both may be suitable for the low temperature section 
of a sodium-bisnmth system, i.e.. the cell, which would 
operate at temperatures up to BOO^C. However, re-
fractor>' metals will be required for the high tempera­
ture section, i.e., the regenerator, wliich would operate 
at about lOOO^C or higher. 

VII. \urlear Constants (pages 249 to 2511 

The cross section for the production of the 0.741 
MeV level of niobium-93 by neutron inelastic scatter­
ing has bci'n measm-ed at se^•eral neutron energies up 
to 1.2 MeV. 

Radiative capture cross sections are reported for 
gadolinium-158 and erbiuni-170 as a function of neu­
tron energies between 4 keV and 2 MeV. 

Samples of uranium and plutonium isotopes have 
been preiKued and are being jilaced in EBR-II for ir­
radiations. Measurements will l)e made of the ratios 
(>l capture cross sections to fission cross sections as a 
liinrtioii of position in the reactor. 

VIII. Analyliral Researrh anil Development (pages 
253 to 254) 

A program for the develoiHuent of analytical meth­
ods for the determination of burnup of fast reactor 
fuels and for the measurement of fast fission vields 
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Summary 

is being carried out. Determinations of the uranium-
235 fast fission yields of molybdenum-95, -97, -98, 
and -100 and rutlienium-101, -102, and -104 are being 
carried out and will be completed shortly. Plans arc 
being made to irradiate 100-ing amounts of plutonium-
239, uraniuni-235, and uraniuiii-233 in EBR-II until 
25% of the fissile atoms have been consumed. These 
irradiated materials will be used to obtain fission 
yield data of increased accuracy. 

rX. Studies and Evaluations Ipages 255 to 2631 

Studies and evaluations have been initiated of the 
feasibility and costs of projected applications of 
Chemical Engineering Division research and develop­
ment projects. The major activities thus far have been 
concerned with two jirojects; ( l l a Divisional eco­
nomic study of fuels and reprocessing methods for 
fast reactors and (2 | a contribution to an interdi-
visional conceptual design .study and a feasibility and 
economic analysis of a large metal-fuel fast breeder 
power reactor and its integrated fuel cycle system. 
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Compact Pyrochemical Processes* ** 

Compact pyrochemical processes for the recovery of 
fissionable and fertile materials from discharged reac­
tor fuels offer promise of achieving a reduction in fuel 
cycle costs associated with nuclear power. Savings are 
expected to result from rapid recycle of the fuel and 
a corresponding decrease in fuel inventorj-, a minimum 
of chemical conversion steps, small volumes and re­
sultant compact eijuipment, direct production of solid 
wastes, decreased criticality problems because of the 
absence of atiucous solutions, and possible retention of 
valuable alloying agents in metallic fuels. Since the 
major objectives of these processes are repair of irra­
diation damage and restoration of fuel reactivity, high 
decontamination from fission products is not essential. 

For high-burnup plutoninm fuels, the buildup of activ­
ity from the higher plutonium isotoiH's precludes direct 
handling of the proces.sed fuel, even if it is fully decon­
taminated from fission products. 

The pyrochemical proees.si-s curri-ntly underdevelop­
ment or in use are melt refining (a simple melting pro­
cedure for metallic fuels i and various proce.s.ses for 
core and blanket materials which employ liquid metals 
and molten salts as processing media. 

The melt refining process is in the most advanced 
state of development and it is currently Ix-ing used to 
process the first core loading of the second Ex|)erimen-
tal Breeder Reactor i EBR-II I , * " located in Idaho. 

A. PYKOCME.^nCAL PKOCESS DEVEI.OIVMKM 

1. IMelt Kefiniii^ (L, Jitums, H. K. iSiEUNENBHUt;, H. 1). 1'IKKCE) 

The fuel in the first core loading of ElJR-11 consists 
of approximately 50To enriched uranium alloyed with 
about 5 w, o noble metal fission product elements (fis­
sium). The fuel rods are declad, chopped into about 
2-in. long segments and melt refined in a zirconia 
crucible. DiXMation of this process with irradiated fuel 
has been staited in the EBR-U Fuel Cycle Facility (.see 
Section II C 1 f). .\lthough no laboratory development 
work has been ilone on the present melt refining proc­
ess during the last reporting period, a modification of 
melt refining that involves the use of a Hux I halide 
slagging) is being investigated. The halide slagging pro­
cedure shows promise for the processing of uranium-
plutonium alloy fuels. 

• A suniniary of this 8eclioti is given on pages 1 to 7. 
•• These processes have hitherto l)een called pyrometallur-

giral processes, but in order to convey better their applicabil­
ity to ceramic fuels, such as o.vides and carbides, and to empha­
size the compact nature of these processes, they arc now 
referred to as "compact pyrochemical" processes. 

a. BEHAVIOR OK ZIRCOMIM AND CERIUM 
1)1 KI\( ; IIVLIDE SLAGGING (N R CHELLKW, 
.1. T. KtKNLV, W. A. PlCHLtl 

Previous investigations of a halide slagging process 
in which uranium-plutonium-fissiiim alloy was melted 
in contact with chloride fluxes containing MgCl2 as an 
oxidant showed that selective removal of rare earth 
fission products from the alloy can be accomplished by 
controlling the amount of MgClj in the flux (see ANL-
6900, p. 4(ii The data reiiorted here were obtained in a 
recent eXjU'riment primarily to determine the behanor 
of zirconium during the halide slagging of uranium-
fissium alloy. 

The synthetic fuel alloy used in the experiment was 
uranium-5 w o fissium containing 0.68 w/o zirconium 

"•• The melt reSning operations are conducted in the Fuel 
Cycle Facility, which is adjacent lo the KBR-II reactor build­
ing. 

t High Temperature Semi-Worlis (Iroup. 
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22 / . Compact Pyrochemical Processes 

TABLE I-l. DisTRiBCTioN OF ZIRCONIUM IN HALIOE 
SLAOGINC KXCERIMKNT CONDUCTED WITH 

CHLORIDE FLUX 

Charge Alloy (w/o): 114 1', 2.4(1 Mo, 1.00 Hu, 0.2N Kh, 0.10 
Pd, COS Zr, 0.01 Nb, 0.45 Cc 

Charge Salt: S.'i.O m / . (85.0 w/o) CaCb , 17.0 m/o 
(15.0 w/o) MgCIs 

Crucible: lligh-purily BcO 
Melt Conditions: Charge heated one hoar UIMIIT aiKori 

atniosplierc 
Oxidant: .MgCI.; 

Charge 
Alloy 
Salt 

Product 
Alloy 
Salt 

Weight 

ToUl 
(g) 

15.765 
:i.l94 

15.684 
2.672 

Zirconium 
(g) 

0 108 
0 

0.110 
5 X 10-' 

and 0.45 w/o cerium. The cerium was employed as a 
stand-in for rare earth fission product elements. The 
flux consisted of CaClo mixed with a 60"^ excess of 
MgCl2 over the stoichiometric amount requiretl for 
complete oxidation of the metallic cerium and zirco­
nium to CeClj and ZrC^ . Both salts were purified by 
standard techniques prior to use. Chemical analyses 
showed the purified CaCl; and MgCU to contain 0.08 
and 0.02 w/o oxygen, respectively. 

In the halide slagging experiment, the alloy and salt 
were charged to a high-purity beryllia crucible, heated 
under an atmosphere of argon to 1200°C, held at this 
temperature for one hour, and cooled. The salt was re­
moved from the metal ingot by washing with distilled 
water. The metal was suhsefpiently dissolved in acid. 
The two solutions were then analyzed for the pertinent 
elements. 

The distribution of zirconium in the charge and prod­
uct fractions is shown in Table I - l . Essentially com­
plete retention of the zirconium by the metal phase oc­
curred during the halide slagging, when MgCl™ was 
used as the oxidant. The small amount of zirconium in 
the salt (0.05% of that in the original charge) probably 
can be attributed to contamination of the salt phase 
during preparation of the analytical samples. Analyses 
of the charge and product alloys for cerium indicated 
that 97% of the cerium had been extracted from the 
metal. The percentage of cerium removal is in good 
agreement with the results obtained earlier by Bennett 
under similar conditions, but on a larger scale (see 
ANL-6900, p. 46). 

The weight loss of the alloy iluring the experiment 
(0.08 g) corresponded within 0.01 g (o the aminint of 

cerium removed. Howe\er, the flux underwent a weight 
loss of 0.52 g. Since the amount of MgCla present ini­
tially in the flux (0.48 g) was close to the observed 
weight loss, it was suspected that vaporization of MgClj 
had occurred. The \-apor pressure of pure XlgClo is 
about 170 mm Hg at 1200''C. Analysis of the flux after 
the experiment, however, indicated that 88% of the ex­
cess MgClj was still present. When the crucible and its 
contents were exposed to laboratory air after the experi­
ment, the exterior .surface of the beryllia became wet. 
This observation suggests that some of the hygroscopic 
flux had permeated the crucible during the slagging op­
eration. 

In general, the experiment showed that zirconium is 
not removed from uranium-fissium alloy by chloride 
slagging when MgClj is used as the oxidizing agent. The 
nearly complete removal of cerium under these condi­
tions is in agreement with earlier results. Work is 
currently in progress to determine the behavior of plu­
tonium, and to investigate further the apparent pene­
tration of the beryllia crucible by the flux. 

b. CONTAINER MATERIALS FOR HALIDE SLAG-
GING (O. A. BKX.NKTT, I. 0 . WixscH, W. H. 
SPICER) 

Laboratory-scale experiments which established the 
feasibility of purifying a uranium-plutonium-fissium 
alloy liy melting under a chloride flux were described 
in the previous semiannual report (ANL-6900, p. 46). 
Since previous runs have shown beryllia to be the only 
crucible which will hold up in the presence of both 
uranium and salts (.\NL-680O, p. 35), the large-scale 
application of this procedure requires the availability 
of a reliable beiyllia crucible for hiindling plant-scale 
charges (10 to 50 kg). .\n isopressed beryllia crucible 
was used in the laboratory-scale experiments I —700 g 
charge), but it is doubtful whether large isopressed 
beryllia crucibles would be satisfactory because of in­
creased permeability to molten salts or even if accepta­
ble from this standpoint, whether they could be fabri­
cated at a reasonable cost for 50-kg batches of fuel 
(somewhat less than half the critical mass of pluto-
nium-eontaining fuel alloys). Alternatives may be 
thixotropically east beryllia crucibles and crucibles of 
materials other than beryllia which are coated on the 
inside with beryllia. Hendlia deposited by plasma-
spraying has appeared to adhere well to such inexpen­
sive substrate materials as silicon carbide (.\NL-6900, 
p. 63) and alundum (.\XL-6725, p. 75) when such 
beryllia-coated samples were repeatedly thermal cycled 
to 900°C in an argon atmosphere. 

The concept of a coated crucible was explored in a 
run in which a uranium-plutonium-fissium alloy (420 g) 
was mcKed (ogether with a 75 m/o BaCL-25 ni o CaCI™ 
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A. Pyrochemical Process Uevelopmenl 23 

flux (120 g) in a 4!4-in. OD by 4l4-in. high alundum 
crucible having beryllia plasma-sprayed on the inside 
surface. The melt was held at 11.50°C for 1 hr and then 
the crucible contents were poured into a mold. .\t the 
conclusion of the run, it was apparent that the molten 
salt had soaked into the crucible walls. Consequently, 
this approach does not appear promising. 

c. MATERIALS FOR CONTAINMENT OF 
MOLTEN URANIUM AND ITS ALLOYS iG A. 
BENNETT, I. 0 . WINSCH, N . QUATTBOPANI) 

Materials are being investigated for containing ura­
nium and uranium alloys at temperatures from near 
the melting points to several hundred degrees above the 
inciting points. The work reported previously (ANL-
6900, p. 48) has been extended to four additional 
materials: hafnium carbide, niobium nitride, niobium 
carbide and tantalum carbide. For these tests the ex­
perimental materials in the form of rods 1-in. dia. by 
1-in. long were partially submerged in a bath of molten 
uraniimi in an argon atmosphere, .\fter being exposed 
to molten uranium at 1400°C for 24 hr, the rods were 
withdrawn from the melt and examined for attack. 

Hafnium carbide and niobium nitrirlc were not at-
t;icked under the test conditions; moreover, niobium 
nitride was wetted only slightly, if at all. Niobium ear-
bide was wetted and attacked. Tantalum carbide was 
wetted and suffered severe intergranular corrosion. 

Hafnium carbide, niobium nitride, and zirconium di-
liiuide (previously tested) are the most promising of 
the materials which have been investigated. These ma­
terials will be tested further and other similar materials, 
now on (U'dcr. will also be tested. 

<l. REMOVAL OF NITROGEN FROM ARGON 
WITH TITANIUM SPONGE (M KVLK, J 
ARNTZEN) 

A method is under development for removing nitro­
gen contamination from argon by gettering the nitro­
gen on hot titanium sponge. Although this method will 
ha\-c general utility for purifying argon from nitrogen, 
the major incentive for its development is a possible fu­
ture need to remove nitrogen from the argon atmosphere 
in the Argon Cell of the EBR-II Fuel Cycle Facility. 
Two sets of experimental equipment have been con­
structed: 111 equipment for a study of the kinetics of 
nitrogen removal from argon on hot titanium sponge, 
and (2) a pilot plant for obtaining overall process per­
formance data and information on component reli­
ability. Studies are being conducted with argon con­
taining initial nitrogen concentrations between 100 and 
50.000 ppm. 

SOOOppin N2 IN ARGON 

ppm N2 IN ARGON 

300 ppm Nz IN ARGON 

108-87l:i 
Fio. I-l. Kinetics of Iteactinn nf Titanium Sponge wild 

Nitrogen Impurity in .\rgon at 000°C. (Based tm tlie reaction 
Ti + H N . - TiX.) 

( 1) Kinetics of Nitrogen Removal from . \rgon with 
Ti tanium Sponge 

The equipment and exiK'rimental procedure for this 
study were descrilied in .\NL-6800, p. 54. In essence, a 
series of small titanium siionge beds are contacted at 
QOÔ C with a flowing stream of argon gas containing 
the desired concentration of nitrogen. The gas flow rate 
is maintained high enough so that the nitrogen concen­
tration in*the gas stream is not significantly reduced 
in passing through the beds, fine lied at a time is re­
moved and analyzed to provide data on the amount of 
reaction obtained by any given time. Data on the ki­
netics of the nitrogen-titanium sponge reaction have 
now been obtained at a tem|)erature of 900°C and con­
centrations of 5000, 1000, and 3(X) ppm nitrogen in 
argon. Typical reaction rate curves for these nitrogen 
concentrations are shown in Figure I - l . Data are also 
being obtained at 50,000 and 100 ppm nitrogen. The 
data shown in Figure I-l indicate that the reaction 
probably follows a parabolic or modified exiionential 
rate law and is dependent upon the concentration of 
nitrogen in the gas phase. .\n attempt will be made to 
correlate all data obtained into a single equation which 
would be useful in the design of engineering-scale equip­
ment. 

( 2 ) Pilot Plant for Nitrogen Removal from Argon 

A pilot plant-scale unit designed to demonstrate the 
removal of nitrogen impurity from argon gas on a 
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large scale has been in operation. For the convenience 
of the reader, a .schematic diagram of this unit is again 
shown in Figure 1-2. Operating at a gas circulation rate 
of about 10 cfm, this unit will provide information on 
component design and reliability for large-volume jniri-
fication systems. Nitrogen concentrations of between 
100 and 5,000 ppm in argon will be used. Detailed in­
formation on the design, flow pattern, temperature di.s­
tribution, and previous operating experience of this 
system was presenteil in previous reports (ANL-fi800. 
p. 58 and ANL-6900, p. 50). When 1000 hr of operation 
were comi)leted in April 1964, tlie loop was shvit down 
for inspection of all components. The titanium metal 
sponge was also rei)laced at that time. 

Inspection of the loop disclosed no evidence of de­
terioration of any |)rocess vessel. All instrumentation 

and control .systems were operating as designed. A small 
leak was discovered on the outboard oil seal on the 
shaft of the blower used to circulate the gas stream. The 
leak was sufficiently small that dismantling of the 
blower to rework the seal did not seem necessaiy. The 
electrical connections had failed on the leads to the 
booster heating coils on the trickle heaters. These 
heaters are located in the large furnace ahead of the 
titanium bed and the connections were made in the 
hot zone of the furnace. These heaters have an ex­
tended heat transfer surface and serve to insure |>roper 
preheat of the gas entering the titanium bed. Because it 
has been found tliat the trickle heaters receive enough 
hoRt from the furnace to perform satisfactorily without 
the booster coils, it luis not been necessary to repair the 
high tem|)erature ronnections. 
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TABLE 1-2. CoNVERKioN OF TITANILM TO T I T A M I M 
MONONITRIDE I.N THE PIIXJT PLANT LOOP 

Temperature: 900°C 
Weight of Titanium Spfjnge: 25 lb 
Circulation Kate: 10 cfm 
Exposure Time: 860 hr to Ar 

150 hr to 050 ppm N'l in Ar 

Bf<i Position" 

Top 
3-in. depth 
(i-in. dept)i 
9-in. depth 
12-in. depth 
Bottom 

Conversion to T i \ ' ' 

(%) 
44.0 
46.9 
35.4 
35.0 
45.1 
41). 5 

' Bed uliproxinuitcl.v 14 in. high. 
'' Cdnipiiled asBUniiiiK Ihe follrjwinid; rcactinii: Ti + ' zNj -

The titanium metal sponge which wa.s removeil from 
the loop gettering bed after KKX) hr of operation I in-
eluding about 1.50 hr exposure to 650 ppm nitrogen in 
argon), was submitted for a modified micro-Kjeldahl 
determination of the amount of absorbed nitrogi-n. Re­
sults arc presented in Table 1-2. 

In order to obtain the highest jiossible average con­
version of the sponge during the run and also alter­
nately to recover and store heat on two regenerative 
heat exchangers, the direction of flow through the ti­
tanium bed was periodically reversed. This flow re­
versal through the titanium bed produced the expc<'tcd 
conversion profile with the lowest conversion near the 
center of the bed. The average conversion was about 
42%. If .50c; conversion of titanium to the nitride could 

be obtained in plant operation, the cost of gettering 
material for a titanium system would be aliout $130 
I)er lb mole of nitrogen removed. This cost is about 60% 
of that for a similar calcium system and 7% of that for 
a uranium system, based on similar conversions. Thus 
the results of this run are very encouraging. 

The loop was restarted on .lime n. 1964. at a gas con­
centration of 100 ppm nitrogen in argon. Shutdown of 
the loop, after 6.50 hr of continuous o(H'ralion. was re­
quired because of oil leakage into the circulating gas 
stream. .\n ins|K'Ction of the blower used to circulate 
the reacting gas revealed the failure of both the inboard 
and outboard shaft seals located on the uiiper blower 
lobe. The lower lobe seals had not deteriorated signifi­
cantly. The seal failures permitted oil to leak into the 
interior of the blower and subsequently into the circu­
lating gas. 

The .seal failures appear to have been a result of in-
adetiuate seal lubrication anil insufficient spring tension 
on the seal faces. The blower has been repaired by re­
placing the face seals with seals of higher spring ten­
sion. The blower will now be o|H'rated on its side so 
that both the up|«T and lower seals will receive better 
lubrication. 

The oil contamination of the gas stream resulted in 
poi.soning of the titanium sponge, causing the titanium 
bed to lose its reactivity with nitrogen. Prior to this 
poisoning of titanium, for a period of about 600 hr, the 
nitrogen concentration of the circulating gas decreased 
from 100 ppm to less than 20 ppm nitrogen on jiassing 
through the bed at 9(X)°C at a How rate of 10 cfm. The 
conversion of the bed at that time was equivalent to 
about 30'; titanium mononitride. .\fter the titanium 
metal s|H>nf̂ - had been replaced, the loop was jtlaced in 
operation again during November 1964. 

2. Processes Employing Liquid Metal Solvents 

(L. H u u K i s , K. K. S T E I N E N B E K C , H . D . P I E K C E ) 

Several processes ari' being developed which employ 
liquid metals and salts as processing media. The skull 
reclamation process is under development for recovery 
of the fissionable material remaining in the crucible 
residue (skull) after a melt refining ojieration. Skull 
reclamation runs are now being conducted in a jiilot 
plant which has a capacity of about one-third that 
proposed for the EliK-II plant equipment. Laboratory 
and engineering work is also underway in the develop­
ment of processes for recovery of advanced fast reactor 
fuels which contain plutonium. Fundamental ehemieal 
and engineering studies are in ]irogress in support of 
process development work. 

a. UE> ELOP.MENT OF THE SKULL RECLAMA­
TION PROCESS 11.. BtHRis. R. D. PIERCEI 

The skull reclamation process is being develoiK'd as 
an auxiliarj' process to melt refining for processing the 
first fuel loading of the KBR-II reactor. The process has 
two purjioses: (1) recover}.- of uranium from the skull 
remaining in the crucible after melt refining, and I2l 
separation of fission products from the uranium. The 
skull material is ex|wcted to contain between 5 and 10% 
of the uranium chargetl to melt refining. The recovered 
and purified uranium will be returned to the main EBR-
II fuel cycle via the melt refining step. The skull recia-

file:///fter
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mation process provides for removal of all nonvolatile 
fission products in the EBR-II fuel cycle. 

( 1 ) Pilol Plant Studies of the Skull Reclamation 
Process (I. 0 . Wi.Nscn, T. F. CANNON, P. MACK, 

K. L. Nl.sHIO, K. R . TOBIA.S, N . QtlATTROPANI, O. 

TEATS, L . KIRKEL*) 

Operation of a pilot plant for study and demonstra­
tion of the skull reclamation process on an engini'cring 
scale was continued during the jiast period. About 2 kg 
of skull oxide (containing about 75% uranium) is |)roc-
essed in each run. I In full-scale operations in the EBR-
II Fuel Cycle Facility. 7 kg of skull oxide will be proc­
essed in each run.) Seven skull reclamation process 
demonstration runs were started tluring the past jieriod 
15 completed), making a total of 18 demonstration runs 
that have been compietcfl to ilate in the pilot plant. 

(a) Flowsheet 

The skull reclamation process flowsheet has not been 
significantly changed in some time and has been de­
scribed in detail in an ANL report (ANL-6818). The 
flowsheet is depicted in Figure 1-3. This figure presents 
a slight process modification which involves delaying 
the waste flux transfer until after the uranium precipita­
tion step (identified in Fig. 1-3 as the intermetallic 
comiiound deeomjiosition step) rather than after the 
reduction step. This change permits keeping the trans­
fer line (an inverted U-tube) in a fixed position 
throughout the process. 

tb) Equipment Performance 

All process steps up to the retorting (solvent e\-apo-
ration) step are performed in a 91/2-in. ID tungsten 
crucible. The crucible is inductively heated in a bell jar 
furnace which is part of the pilot plant described in 
.ANL-6687, p. 37. The bell jar allows performance of 
the steps in an inert atmosphere and permits pressuriza-
tion of the system for transfer of molten metals or salts 
through a transfer line to an external container. 

The equipment has been operated in an open glo\-e-
box through Run SKR-18. The box hits now been en­
closed and Runs SKR-19 and SKR-20 were made with 
a dry-air atmosphere (about 1.50 ppm HoO) in the box. 
This modification virtually eliminates moisture pickup 
by the flux when the furnace is o|)en between runs. 

Flux Foaming. .\ flux foaming jiroblcm attributable 
to water of hydration in the flux developed fluring the 
reduction step of several |irocess demonstration runs. 
Several methods of flux pretreatment, such as vacuum 
melting and contacting the molten flux with magnesium 
to remove the water, have been tried as alternates to the 

• CEN Machine Shop. 

proven technique of bubbling hydrogen chloride through 
molten flux. The magnesium pretreatment, a simple 
founiliy-type operation at 700°C, in which magnesium 
and any water in the flux react to form hydrogen, was 
used in preparing flux for Run SKR-20. There was no 
foaming during this run. Therefore, this procedure will 
be used for preparing flux for future runs. 

Some of the plastic films which have been u.sed to 
jiackage flux have been found to be quite permeable to 
water vapor. Saran, which is relatively impermeable to 
water vapor, is now being used. As an additional pre­
caution, fluxes are stored in sealed cans or dry-atmos­
phere gloveboxes. 

Phase Transfer. Waste and product streams are re­
moved from the process crucible through molybdenum-
30 w/o tungsten (Mo-W) transfer lines. These lines, 
whieh were discussed in ANL-6900, p. 59, have operated 
well. A photograph of the latest transfer line prior to 
insulation and canning is jiresented in Figure 1-4. In 
this design, a stainless steel sheath previously used to 
cover the Mo-W tube has been eliminated. The electri­
cal heaters are wound directly around the Mo-W trans­
fer tube, covered with insulation, and then canned with 
a leak-tight stainless steel enclosure. The annular space 
is evacuated initially and then filled with argon to 
prevent oxidation of the Mo-W tube. This transfer tube 
(%-in. OD by Ys-in. ID) i.s 72 in. long. The larger in­
side diameter as compared to the former Yie-m. ID will 
reduce the likelihood of plugs forming in the tubes. The 
extension of the tube beyond the heater at the outlet end 
was cut off prior to |ilacing the tube in service. 

The efficiency of fission product removal is limited 
by the transfer efficiency of the waste phases; therefore, 
transfers of about 90 percent are designed. The phase 
transfer efficiencies experienced in nine of the latest 
skull reclamation process demonstration runs are pre­
sented in Table 1-3. These efficiencies are more consist­
ent and considerably better than those observed in 
earlier runs I ANL-6800, pp. 70-73). The relatively low 
transfer efficiencies experienced with the uranium prod­
uct solutions are due to the small total volumes of 
product solutions, as compared to the larger volumes 
of the waste supernatants. The portion of the product 
which is not transferred would be recycled through the 
next run (see Fig. 1-3). 

In several of the process stejis, a liquid metal phase 
is pressure transferred from beneath a frozen flux. In 
order to provide a path through the flux for the pres­
surizing gas, the agitator is operated during the time 
the flux is freezing. A hexagonal agitator shaft has 
proved highly satisfactory for insuring an adequate 
opening through the frozen flux. 

Fuming. Some vaporization of flux and metal phases 
or ••fuming" occurs in the skull reclamation process 
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All These 
Steps Are 
Performed 
in a 
Single 
Tungsten 
Crucible 

47.5 m/o CaCl2-47.5 m/o_ 
MgCl2-5 m/o CaF2 

2nCl2 

Zn . 

2inc-5% 
Magnesium 

Magnesium 

Zlnc-14% 
Magnesium 

Tungsten 
Retorting 
Crucible 

Skull 
Oxide 

NOBLE 
METAL 

EXTRACTION 
(80O«CI 

T -

REDUCTION OF 
URANIUM OXIDES 

_L. 
PRECIPITATION OF 

INTERMETALLIC 
COMPOUND 

(800 to 5?5"'CI 

"T" 

INTERMETALLIC 
COMPOUND 

DECOMPOSITION 
1700 to 450°C) 

"T" 

URANIUM 
CAKE 

DISSOLUTION 
(800°C) 

Waste Zinc 
' Transferred 

at 525»C 

r 
_̂  Waste Zinc - 5 * M g 
'Transferred at 525°C 

^ Waste Mg-Zn 
Transferred at 450°C 

^ Waste Flux Transferred at 
/OCC (after reheating to 700«CI 

Tungsten Crucible 
and Metal Heel 
to Nejt Run 

Uranium Product Solution (-12% U) 
Transferred at 800°C 

SOLVENT 
EVAPORATION 
(up lo W C I 

T -

iZlnc-Magnesium 
J Condensate 

HYDRIDING 
- ^ OF URANIUM 

l-300°CI 

Uranium Hydride Product* 

*The uranium hydride product may be decomposed and consolidated into a metal button In a beryllia 
crucible for return to melt refining, or it may be returned directly to melt refining. 

FIG 1-3. Flowsheet fnr Skull Hcclnrnation Process. 

runs and a light deposit of flux is found on the inside 
of the bell jar wall at the conclusion of each run. In 
Runs SKR-18 and SKR-19, an attempt was made to 
eliminate the fuming problem. A perforated metal bas­
ket containing calcium metal turnings to react with 
vaporized flux was located in the top section of the 
tungsten crucible. . \ t the completion of these runs, the 
interior of the bell jar furnace assembly was relatively 

free of vaporized metal and flux. The trap proved to 
be effective even though flux foaming had occurred 
during these runs and had resulted in wetting of the 
calcium with gross amounts of flux. The calcium fume 
traps will be used in future runs. 

Process Time. Modifications have been made in the 
process to reduce the overall time required for a run. 
Initial runs required about 32 hr for completion; later 
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Fiu. 1-4. Molybdenum-Tungsten Transfer Line. 

runs have reriuirerl only about 18 hr. Without adverse 
effect, processing times for the indi\'idual steps of the 
process have been reduced as follows: 

1) noble metal extraction: 8 hr to I hr 
2l reduction of uranium oxides: 4 hr to 1 hr 
3) intermetallic compound deeomjiosition: 

1 hr 
4) product dissolution: 2 hr (o I hr 

Still further reductions in sonic of these 
times are thought |io.«sible. 

Forced circulation of argon gas through the bell jai­
ls employed to hasten cooling of the melt in the cru­
cible during the noble metal extraction and the ura­
nium ])rceipitation steps. The forced cooling .system 
has worked well. Plugging of the gas-circulation linis. 
which had been a problem earlii-r, has ln'cn prevt'iited 

4 hr ti. 

processing 

by periodically cleaning the areas which are known 
trouble sjiots. 

Reaction Tcmpertttttrcs. In several runs, the reaction 
temperattiri' employed in the noble metal extraction, 
reduction, and intermetallic decomposition steps was 
reduced from 800°C to 70O''C. The reduction of ura­
nium oxides could be successfully completed at the 
lower temperature. Moreover, operation at the lower 
temperature reduced fuming of the flux and metal. 
|[owe\'er, operation at the lower temperature was fotuid 
to be (luestionable because (1) the rates of reduction 
of uranium and zirconium oxides are lowered and (21 
the reduction of uranium into a saturated zinc solution 

'a t 700°C may produce finer crystals, which settle less 
readily than those produced by cooling an initially un­
saturated sohition from 800°C. Further work is re-
(luircd to establish the oiitimum operating temperature. 
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TABF^K \-'.i. PFIASE TRANSFER KFFICIENCIES IN SKULL RECLAMATION PROCESS R r \ s 

29 

Process Sttp" and Phase 
Transferred 

JVoWe Metal Leach 
Waste Zinc 

1 nti'rmcUltlic Precipilalitm 
5 w/o Mg-Zn Supernatant 

Intermetallic DecompoHttion 
50 w/o Mg-Zn Supernatant 

Pnidiict DiHHohttiim 
\2 w/f> Mg-Zn Product .Solu­

tion 

Wasle Flux 

SKR-9 

96.3 

82.1 

95.6 

90. S' 

81.5" 

SKR-IO 

92.0 

91.3 

— 

— 

_ 

SKR-U 

95.5 

91.6 

88.1 

87 

r.f 

Percent of Total Phase Transferred 

SKR-I2 

94 

96 

87.5 

85.5 

i .< 

SKR-13 

97.8 

89.3 

92.0 

80.5 

«.t 

SKR-14 

90.3 

86.4 

88.0 

80.2 

88.5-

SKR-15 

91 

84 

89 

83 ' 

89-

SKR-I6 

96.5 

89.3 

90.4 

87.5'' 

80.2* 

SKR-17 

95.1 

88.9 

89.9 

85.8 

«.r 

" Sec Figure I-.'i. 
'' \.2'"t "f the ori((iiiiii Hii.\ Iraiisferred with tho nwliil priKiurt. 
"5.7% of the oriKiiiuI flux Inmsfprrrd with tho melal product. 
''0.0*^, of the nriniiiiil flux IniiiHferrod with the nietul product. 
' Flux tnuiHfcrrcd prior lo (liHs.ihilion of prpcipitated uranium. 
f III thcMc riiiiH. hclwccri M) .-iiiii 7N', of tho flux foamed out of the crurihh' chiriiiK the reduflion wtep. Therefore, the eflirieiicv of 

flux traiiHfcr {•oiild not lie dctfrminetl. 
< Khix traiinferred with iirjuiiiim produrt solulion. 

TAI1IJ-; 14. I ' R A M I M MATERIAL BALANCE IN SKCLL KECLAUATION PROCESS B I N S 

(.Sec Table IS for pha»e transfer efficiencies) 

Run No. 

SKR 0 
SKI!-10 
SKIi 11 
SKIi 1-2 
SKI! 1.1 
.SKI; It 
SKI! 1.̂) 
SKIi 11) 
SKU-17 

\Vt. of U 
CharRcd 

(K) 

1560 
1.550 
15tO 
IIHK) 
l.Ttll 
1520 

two 
1510 
1545 

Vo of U in 
Product Solution 

100 

— 
93 
88 
97 

100 
108 
100 
87 

' , of U in 
Samples and on 
t'rucible Wall 
.\bove Melt 

_ 
— 

0.14 
DID 
0 2.) 
0.15 
0,2-2 
0.12 
0 06 

^0 of U in Waste Streams 

Noble 
MeUl 

Extract 

0.044 
0.58 
0.15 
0.19 
0.79 
0.17 
0.35 

o n 
0.17 

Waste Klui 

O S 

— 
7-

% l o ­
l l -
1.1 
0.7 

Supernatant 
of Intermet. 

Ppl. 

2.35 
3.5 
1.7 

18.0 
1.3 
9.0 
8.0 

2.0 i 2.0 
1.1- 12 5 

Supernatant 
of U Ppl. 

2.1 

— 
2.0 
0.5 
0.9 
1.1 
4.0 
l .O' 
4 0'' 

U Accounted For 
Cc) 

105 

_ 
105 
108 
101 
112 
121 
106 
la i 

" based on residual flu.\ transferred—foaming occurred during reduction step. 
'• Transfer a t 500°C instead of 450°C. 

One hour has proved adequate for the ilissolution of 
the iiroduet at 800°C. The temperature of this step has 
been set at 800°C in order to dissohe all the uranium 
in as little as possible of the 14 w o Mg-Zn .solution 
without excessive zinc vaporization. 

(f) Process Results 

The analytical results which show the behavior of 
uranium in the pilot plant runs through Run SKR-8 
have been presented pre\iously I .\NI.-6900, p. 55). The 
results for Runs SKR-9 through 8KR-17 are now avail­
able and are reported below. 

I'ranium Recovery. The uranium material balances 
for nine runs are summarized in Table 1-4. The overall 
uranium balance was high in all but one run. This im­
balance is probably a result of 111 analytical uncer-
taintie.-i in the charge and product solution samples and 
12) the uncertainty in the (|Uantity of product .solution 
left in the crucible as a heel. However, values for ura­
nium losses in the waste streams are accurate. It is 
ho|K'd to keep the uranium losses to less than 5"^ in the 
skull reclamation process to iiemiit an overall process 
recovery of about 99.5'"c for the EBR-II fuel cycle. 

Losses of uranium in the noble metal extraction step 
are slightly greater than the expected value (<0.1%) 

file:///bove
file:///NI.-6900
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Run No. 

SKR-9 
SKR-10 
SKR-11 
SKR-12 
SKR-13 
SKR-14 
SKR-15 
SKR-16 
SKR-17 

TABLl'; 1-5. F^ISSK IN P l tn II I T M ^TKHIAI BALANCES IN SKCI.I. {KCI.AMATIII.V I 

% of Fission Product Charged 

Noble Metal 

Mo 

25 
58 
42 
71 
60 
45 
57 
61 
60 

Ru 

79 
92 
73 
97 
89 
75 
82 
74 
84 

Supernatant, 
Intermetallic 

I>]>1. 

Ce 

3 
0.6 
4 

12 
4 

— 
— 
— 
— 

Zr 

42 
60 
62 
70 
53 
45 
42 
47 
54 

Super­
natant, 
Inter-

De-
comp. 

Ce 

39 

38 
21 
38 
23 
32 
36 
39 

Waste Flux 

Ce 

30 

6 
5 

35 
45 
37 
31 
29 

Zr 

_ 

11 
2 
5 

— 
— 
— 

6 

Mo 

55 

15 
23 
39 
41 
44 
28 
17 

Product Solution 

Ru 

17 

20 
12 
21 
16 
14 
17 
9 

Ce 

8 

25 
37 

5 
6 

13 
5 
5 

Zr 

41 

28 
28 
36 
34 
50 
30 
19 

ROCESS 

Tota 

Mo 

75 

57 
94 
99 
86 

101 
89 
77 

ItUNS 

% of Fission Pr 
Accounted for 

Ru 

96 

93 
109 
110 
91 
96 
91 
89 

Ce 

80 

73 
75 
82 
74 
82 
72 
87 

aduct 

Zr 

83 

101 
100 
94 
79 
92 
77 
69 

but continue to lie less than I ' i and therefore present 
no real problem. Increasing the oxidation potential of 
the flux by adding zinc chloride, as will be done in Run 
SKR-22 and subsequent runs in which a recycled heel 
will lie jiresent from the previous run, should lower this 
loss to the expected level. 

A uranium loss of 0.5 to 1% in the waste flux ajipears 
to be inherent in the process, apparently as a result of 
a chemical equilibrium in the rerluction step. The high 
loss experienced in Run SKR-11 I7';c) was a result of 
too low an agitation rate during the reduction .step. The 
2% loss in Run SKR-16 was the result of using insuffi­
cient time (1 hr) to complete the reduction at a rela­
tively low temperature (700°C). 

The uranium los.ies in the intermetallic precipita­
tion step present a more serious challenge. The mini­
mum uranium loss, that which is due to the solubility 
of uranium in the waste stream, is only about 0.5^;, 
but the los.ses have been increased to 1.3 to 18''t as a 
result of considerable entrainment of uranium. Smaller 
losses (1 to 2%) had been demonstrated in smaller scale 
runs (ANL-6900, |i. 04). The two factors which ai-e lie-
lieved to have promoted the high losses are liackflusli-
ing of argon through the transfer line and agitation 
during the cooling period of the intermetallic ]irecipita-
tion step. The backllusliing is maintained to avoid crys­
tallization in the transfer line. As discussed earlier, 
mechanical agitation is employed to maintain a vent 
through the freezing flux. These ojierating procedures 
are being modilied to decrease the uranium entrain­
ment. Agitation will he stojiped as soon as the flux has 
become frozen, and an adequate time will be allowed 
for settling of the uranium-zinc crystals. Hacklhisliing 
will also be stopped when the agitation is sto|)ped. It is 

felt tliat the uranium lo.ss in this step can be reduced 
to tiliout I'ri by these changes in procedure. 

The solubility of uranium in the waste stream from 
the internietallic deconijiosition step will cause a mini­
mum uranium loss of 0.8'f at 4.50°C or 1.1% at .500°C. 
Higher losses, experienced in some of these runs, can he 
prevented if the settling period is increased and if 
backflushing is discontinuerl sooner or even eliminated. 
Based on earlier ex]ierience in both small-scale runs 
and blanket processing studies, uranium losses in this 
stc]) should be reducible to a very low level. 

Fission Product Removal. Fission jiroduct removals 
are shown in Table 1-5. Except in Runs SKR-11 and 
SKR-12, cerium removals have been good, ranging be­
tween 87 and 95^;. In Runs SKR-11 and SKR-12. the 
flux was transferred with the product solution, which 
resulted in back extraction of cerium into the product 
solutions. The overall cerium material balances have 
been low for an as yet unexplained reason. 

Zirconium removals have ranged between 50 and 
81 ' , ' . Incoiii])lete reduction of zirconium oxide in the 
reduction step has limited the removal of this fission 
product. The reduction steps in recent runs have been 
performed with more raiiid agitation ( -700 rpni) for 
the purpose of increasing the zirconium reduction and 
thereby making the zirconium a\ailable for removal in 
the waste zinc-5 w o magnesium sohition. .\ zirconium 
removal of at least 85'r is desired in order to compen­
sate adeipiately for zirconium introduced as zirconia 
powder spalled from the melt refining crucible (see 
ANl,-6900, p. .53). 

Ruthenium and molydcinim arc insoluble in the zinc-
'uoble metal extract at the phase transfer temperature of 
525°C. .\n agitation rate of about 400 rpm keeps the 
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Kun No. 

SKR-13 
.SKK-14 
SKR.15 
SKK-16 
SKR 17 

TARLK 

Charge (from 
U Diss. Step) 

Total 
(kg) 

11.29 
11.92 
12.92 
Pi.14 
13.17 

U 
(kg) 

1.18 
1.16 
1..39 
1.26 
1.14 

1-6. RETORTI.NG TO FORM URANICM PRODUCT 

Distillate 
Mg-Zn 

(kg) 

9.95 
9.48 

11.30 
11.50 
11.20 

I.VGOTs. Rexs SKR-13 THROCGH SKIi r 
Product 

ToUl 
(kg) 

1.1 
0.92 
1.37 
1.24 
1.10 

1 
L'ranium 

kg 

1.05 
0.84 
1.25 
1.17 
1.02 

%of 1 
Charge- „ 
to Re- '-' 
torting 

89.2 10.13 
72.21- 1 0.25 
90.0 [0 .10 
93.0 0.22 
90.0 0.32 

''ission Product 
Concentration 

Zr 

1.24 
0.94 

Mo 

0.75 

Ru 

0.36 
0.87 ; 0.22 

1.4 0.88 0.2:) 
0.96 0.65 0.24 
0.54 ! 0.42 0.15 

'"( of Fission 
Product Charged 

Ce 

2 

Zr 

27 

Mo Ru 

26 1 18 
3 [ 17 i 22 i 9 
3 38 ; 38 : 14 
4 ' 24 26 ' 14 
5 12 14 8 

Mg 
(ppm) 

25 
400 

8 
2700 

Be 
(ppm) 

30 
5 

25 
100 
31 

Zn 

(%) 

<0.4 
<1 

_ 
1-10 

" BaMpd on U product solution aiiiilyses, 
'' Beryllia friifihlc devoloporl a erark. AiuiIvHis of tlir- material rerovcrod in the .xeroiKiary aecouiil.s for ;il>oul 17', of the uranium 

cliarKed. 

lutliL-nium and iiiolylKlcnuni in susju-nsion in the zinc 
(hninf; the transfer. Tliis has resulted in excellent re­
movals of mtheniuni (79to91 ' ( I and good removals of 
niolyl)denuni 14') to 8o'f I. An a|)proxiniately 60''; re­
moval is satisfactory for inolyhdennni. Tho reason for 
the consistently lower decontamination of uranium from 
iiiolyhdenum tlian from ruthenium is- not understood 
hut is heing explored. 

Retorted I'rtiniutn Products. A numher of zinc-14 
w/o magnesium-10 w, o uranium jiroduct solutions have 
lieen retorteil in a beryllia crucible to remove the mag­
nesium-zinc and produce uranitnn ingots. Analy.'^es of 
the retorted products from Huns SKI{-13 through SKR-
17 are shown in Table I-O. Overall removals of fission 
products, as indicated by the analytical results for the 
retorted jiixxlucts, were generally lower than the re­
movals indicated by analy.-^es of tlie product solutions. 
In the five runs sununarized, the results indicate ura­
nium discrepancies of about 7^'r in the final uranium 
products. Analyses of the distillates from several of 
these runs have shown uranium entrainment to he neg­
ligible K O . O I ' ; I. Therefore, the discrepancies are be­
lieved to be the result of inaccuracies in sampling or 
analysis of the uranium product solutions. This is being 
investigated. The 28^^ loss of uranium in SKK-14 was 
largely a result of a crack whieh tie\eloped in the 
beryllia crucible and allowed a portion of the product 
solution to leak into the secondary grapliite crucible. 

Magnesium and zinc contamination of the product 
has been low (Table I-6l. Beryllium and carbon con­
tamination of the product resulting from the use of 
beryllia crucibles and graphite condensers has not been 
significant. Carbon analyses are not reported in Table 
1-6, but results obtained for two runs have iniiicated 

about 0.01'^ carbon, which is well below the maximum 
specified for reactor grade uranium. A small amount of 
flux which was carried over into the ber>*llia retorting 
crucible with the ])roduct solution was mechanically 
removed prior to retorting. The product from Run 
SKH-20, in which the residual flux was charged to the 
retort, is expecte<l to contain somewhat more magne­
sium than did the products from Runs SKR-13 to SKR-
17. 

With the possible exception of zirconium whose re­
moval is on the low side, fission product concentrations 
are satisfactorily low and the jHoduct should be satis­
factory for returning to the main KIJR-II fuel stream 
via the melt refining operation. 

» 
( 2 ) Small Scale Support Sludicf i l . O. WiNsCH. 

K. R. ToBi.\si 
Zirconium Behavior. In \tut\i the large and small 

scale skull reclamation process denion.<tration runs, as 
little as 75*"̂  of the expected amount of zirconium has 
appeared in the supernatant solution which was re­
moved after precipitation and settling of a uranium-
zinc intermetallic eoniiraund (—U-ZU-.TL Possible ex­
planations for this are: i l l coprecipitation of the zir­
conimu with the uranium-zinc intermetallic comjiound, 
a phenonu'non which could be enhanced by the pres­
ence of other fission product elements in solution, (2) 
reduction of the zirconium solubility caused by the 
presence of other fission product elements, and t3i ad­
sorption of zirconium on equipment surfaces. 

Observations made in small-scale demonstration 
tests suggested a possible correlation between the 
amount of ruthenium present and the zirconium re­
moval efficiencies. Therefore, several runs were made 

file:///tut/i
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in wliicli the coiicrntraliuii of ruthenium was viu-ied 
between wide limits. About 23% of the zireonium prc-
eipitiited or eoprecipitated when an abnormally large 
amount of ruthenium was present (0.06% in solution, 
whieh eorresponds to only a 30% removal of ruthenium 
in the noble metal extraetion step of the Skull Ueela-
mation Proeess). Only 9 to 12'! zireonium |irecipitated 
when the eoneentration of ruthenium was very low, 
i.e., less than 0.01% . Therefore, it apjiears that a signifi-
eant eoprecijiitation of zireonium occurs and that it 
is increased by the presence of ruthenium. However, 
the eflect of ruthenium should be small if the ruthenium 
is properly reiiiox'ed in the noble metal extraetion step. 

The precipitation or eoprecipitation of zireonium 
was not jiereejitibly increased by the iirescnce of cerium 
at a full process level concentration of 0.3%. Cerium, 
and other rare earth elements, are the major fission 
liroduct constituents of intermetallic precipitation 
melts. 

In order to investigate possible adsorption of zir­
conium on eriuipment surfaces, coupons of tantalum, 
tungsten, and iiiolylidenuiii-30 w/o tungsten were sus­
pended in a 5 w/o Mg-Zn solution containing "'Zr 
tracer and its "''Nb daughter. Analysis of coupons im-
mersetl for short jieriods (less than 2 hr) indicated 
that only 15 to 20'"r of the activity on the coupon 
surfaces was zireonium I the remainder was niobium I. 
The total amount of zireonium adsorbed on the sur­
faces of the coupons represented a \'ery small jier-

108-7647A 
F I G . 1-5. Welded Tuiigaleii Cruiililc 

high). 
(lOJs ill. 1)1) Iiy21-iii 

centage (<0.1%,) of the total zireonium jire.sent. Anal­
ysis of coupons immersed for longer periods (24 hr) 
showed that essentially all of the zirconium activity 
on the coupon surfaces had been re|)laccd by niobium 
activity. These results show that significant zirconium 
losses cannot be accounted for by interaction with the 
reaction crucible, agitator, or transfer line .surfaces 

It is conclude^l that zirconium removal in the super­
natant .solution of the intermetallic precipitation step 
has been somewhat less than expected because of 
slight and somewhat variable precipitation of the 
zireonium with the uranium-zinc intermetallic com­
pound, dejiending on the amount of ruthenium present. 

( 3 ) Proeurenieiit and Teslinj; of Crucibles for the 
Skull Reclamation Process (G, A. BEXXETT, 

I. 0 . WlXSCH, X. P. QUATTROPANI, W. H. SpiCEB) 

Two crucibles are requiretl in the skull reclamation 
process: ( l l a tungsten or tung.sten-eoated crucible in 
which the reaetion and preci|)itation steps are per­
formed and (2) a smaller beryllia, beryllia-coated, 
tungsten, or tungsten-eoateil crucible in which the re­
torting ste]> is performed. 

la) Tungsten Crucibles 

Four fabrication procedures liaw lieen investigated 
for jirodueing the tungsten crucibles which have been 
eni|iloycd: l l ) pressing and sintering, (2) welding, (3) 
spinning, and (4) plasma spraying. 

Pressed and Sintered Crucibles. Four small (4'/4-in, 
ID) pressed and sintered tungsten crucibles have been 
in service for about 2V2 yr for miscellaneous process 
studies related to skull reclamation process develop­
ment. All four crucibles still apjiear to be in excellent 
condition. Two larger 110-in. ID) crucibles containing 
integral mixing bafl^es on the walls were employed in 
the skull reclamation pilot plant. 

t_)ne of these larger pressed and sintered tungsten 
crucibles failed after many months of service in the 
skull reclamation jiroeess by cracking under the ex-
]iansion stresses imposed during remelting of a full 
metal and flux charge. The second crucible, which was 
a luamifaeturer's reject because of the high porosity of 
the walls and the presence of several cracks in the 
walls, was repaired by plasma spraying the outside of 
the crucilile witli tungsten. The tungsten coating sealed 
the cracks and initially eliminated .seepage of molten 
metals through the walls. However, over months of 
service, metal seepage gradually increased to the point 
that it was necessary to discontinue use of the crucible. 
/t. new pressed-and-sintered crucible has been obtained 
but has not been used. 

Ilcliarc Welded Tungsten Crucible. An engineering-
scale (10y«-in. ODi welded tungsten crucilile with in-



A. Pyrochemical Process Development 33 

tcgral mixing baflles was obtained for testing in the 
skull reclamation ]irocess pilot plant. A photograph of 
this crucible prior to its u.se is presented in Fig. 1-5. 
It was used in three pilot plant runs and for the luelting 
of six metal waste streams for sampling. It was not 
visibly alTeeted by these operations, but in the next 
.skull reclamation run, an irregular, circumferential 
crack extending around about one-third the circum­
ference of the crucible appeared in and above the 
lower circumferential weld. It has been postulated that 
a combination of incomplete stress relief after welding 
of the crucible and too rajiid heating of the crucible 
in the brittle teiii|ieratiire region (u|i to 400°C) may 
have induced failure by thermal shock. Because of the 
relatively light weight of the welded crucible I ~80 lb) 
as coiii|)ared to a pressed-and-sintered tungsten cruci­
ble (~.500 Ibl, a welded emcible has several advan­
tages over the bulky pressed-and-sintered crucible, 
e.g., ease of handling and a lower heat eajiacity which 
permits faster heating and cooling cycles. Therefore, 
methods of improving the integrity of a welded cruci­
ble will be sought. 

Spun Tungsten Crucible. Because of the excellent 
performance of a small 14-iii. OD by 6-in. high) spun 
tungsten crucible (ANL-6900. p. 62l, attenijits were 
made to procure an engineering-scale sjiun crucible. 
Only one fabricator, Metallwerk Plansee I The Aus­
trian afliliate of the National Resejireh t'orjioration), 
agreed to fabricate such a crucible. This crucible will 
measure IS'/s in. high by lOVs in. 01) by 0.18 in. thick. 
Separate mixing baffles are also being fabricatetl for 
insertion in the crucible. 

Tungsten Crucible Fornnd by Plasma Spraying. 
Crucibles of nearly any shape or size can be produced 
by spraying tungsten on a mandrtd. Crucibles formed 
in this manner and subseipiently fired under hydrogen 
to only IOtll)°C have been porous to zinc and flux melts. 
In an attempt to overcome the porosity problem, a 
phisiiia sprayed erueible is to be fired at 2500"C in 
hydrogen. 

(hi licryllia Crucibles 

In the current EBR-II Skull Reclamation Proeess, 
beryllia is one of the crucible mtiterials being consid­
ered for the final uranium retorting .step. Beryllia cru­
cibles have desirable characteristics for use in this step 
of the skull reelaiiiation proeess. They do not react 
significantly with the solvent luetals. magnesium and 
zinc, or with molten uranium, the product of the re­
torting operation. In woik to date, beryllia has not 
been wetted by uranium, which indicates that the prod­
uct might be remo\ed from the crucible as a solid in­
got. The required size of the beryllia retorting crucible 
for the EBR-II |)lant is about 8 in. t">D by 15 in. high. 

Isojiressed beryllia crucibles used in early experi­
ments cracked during retorting. However, a new BeO 
mix developed by the Brush Beryllium Company is 
considered superior to that used for the earlier cru­
cibles. Crucibles prepared from this mix will be tested. 
Considerable attention has also been given to thixo­
tropically cast beryllia crucibles whieh are reputed to 
be less subject to thermal shock and easier to fabricate 
in large sizes than isopressed crucibles. Thixotropically 
cast crucibles supplied by Brush Beryllium Company 
and by Coors Porcelain Company have been used in 
retorting studies reported in the section. Recovery of 
Uranium Product. In these studies, the magnesium and 
zinc have been evaporated from alloys containing 
about 12 w o Mg-10 w o U-78 w o Zn on a scale of 
about 5 to 6 kg. riie crucibles 1514-in. dia. by 9-in. 
high I have been used for a number of times, but the 
gradujil development and growth of cracks has resulted 
in crucible failures after a maximum of nine uses. 

A larger. 12-in. OD by 20-in. high, thixotropically 
cast erueible was exposed successively to 5 w o Mg-4 
w o I'-Zn, .">0 w o Mg-Zn plus precipitated V, and 12 
w/o Mg-10 \v, o I'-Zn at temperatures of 500 to 800°C. 
The crucible cracked cireumferentially and in the 
base. To date, the integrity of large thixotropically 
cast liendlia crucibles has been jioor, certainly in­
sufficient for proeess use. 

Because beryllia crucibles have not given an ac­
ceptable performance in retorting oi)erations, increas­
ing attention is being given to the use of tungsten 
crucibles for retorting. The uranium cannot be consoli­
dated by melting in tungsten because the uranium 
wets the tungsten :ind sticks to it. However, the ura­
nium proi^ict, which exists as a sjionge after retorting, 
need not be melteil but, to [lermit easy removal from 
the crucible, can lie eonverteil to a i>owder by hy­
driding at about 3(X)°C and dehydriding at al>out 400°C 
under vacuum. Preliminary experiments have shown 
tungsten to be completely satisfactory when product 
removal is effected by the hydriding-dehydriding steps. 
Athlitional information on the ]H'rformance of tungsten 
crucibles will be forthcoming in the next semiannual 
report. 

(r) Coated Crucibles 

Coated crucibles are being fabricated by plasma 
spraying a layer of tungsten or beryllia on an inex­
pensive substrate material which is readily available 
in large sizes. The most promising substrate materials 
are silicon carbide and alundum. Should such crucibles 
prove satisfactory, the cost of crucibles for the skull 
reclamation jiroeess could l)e greatly reduced. Small 
(4!4-in. OD by 4i4-in. highl silicon carbide crucibles 
have been prepareil l)Oth with l)eryllia and with tung-
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TABbK 1-7. HKKECT OK SALT COMPOSITION ON UHANIUM VOLATILIZATION AND VANAUICVI AND TITANIUM RETENTION 
DiiRiNii CHLIIHINATIIIN OK IIUANIIIM AND VANADieM-20 w/o TITANIUM AU.OY IN MOLTEN SALTS 

Salt Composition 
(m/o) 

CaCh 

65 
32 
32 

32 
30 
27 

— 

BaCU 

35 
18 
18 

18 

— 
— 
— 

LiCl 

_ 
50 

— 

— 
— 
— 
— 

NaCl 

_ 
— 
50 

— 
40 
33 
50 

KCl 

_ 
— 
— 
50 
30 
40 
50 

Grams salt 
per gram U 

1.5 
1.7 
1.75" 
3.5 
1.8 
1.0 
1.2 
1.0 

Temperature 
(°C) 

650 
650 
650 
650 
650 
600 
600 
700 

Time 
(hr) 

1.7 
1.5 
1.5 
1.2 
1.5 
0.7 
0.8 
0.7 

Liters CI; per 
gram tj 
(S.T.P.) 

1.2 
1.5 
1.5 
2.5 
1.6 
0.8 
0.8 
0.5 

% Uranium 
Volatilized 

24 
10 
5 
2.7 
0.9 
0.5 

~ 0 
- 0 . 1 

% Vanadium 
plus Titanium 

Retained 

_-
_ 

0.1 
0.2 
0.2 
0.2 
5.5 

• Two experiments performed with this solvent to show the efTect of the quuiility nf sail used. 

sten coatings, and similar alundum crucibles have been 
coated with beryllia. All of these crucibles were ther­
mal cycled without adverse effect. Testing of the cru­
cibles with zinc and salt solutions has just begun. The 
first tungsten-coated crucible satisfactorily contained 
a zinc solution but allowed a small amount of flux to 
weep through the tungsten coating and into the silicon 
carbide. 

id) Silicon Carbide Crucibles {yi. L. KYLE, W . F . 
PERL) 

Two runs were conducted to test the corrosion re­
sistance of a substrate material by itself to Zn-Mg-
U/halide flux systems. In these tests, conducted at 
900°C and 800°C, a silicon oxynitride-bonded silicon 
carbide crucible* (apparent porosity 15%) was sub­
jected to a Zn-5 w/o Mg-2 w/o U/halide flux (CaCIo , 
MgCl2 , CaFo) system. After 48 hr of exposure, it was 
found that the flux had leaked through the crucible wall 
and collected in the secondary (graphite) containment 
vessel. No evidence of corrosion or jienetration by the 
metal ])hase was evident. I t is concluded that silicon 
oxynitride-bonded silicon carbide is not suflSciently 
dense for containment of halide fluxes. 

h. PROCESSES FOR FAST BREEDER REACTOR 
FUELS IL. BiKRi.-, R. K. STEIXEXHERC, R . D . 
PIERCE) 

Processes employing liquid metal and molten salt 
solvents are being developed for fast breeder reactor 
fuels that contain uranium and plutonium. Although 
the major effort is concerned with |irocesses for metallic 
fuels, oxide and carbide fuels can also be accommo­
dated by slight modifications of the proeess flowsheets. 

* Crystalon 63, a pnidiii 
ter, Mass. 

ct of The N'lirtoii (Nimpaiiy, Won-c 

( 1 ) Cliemical Declaililing iD. A. WE.NZ) 

Vanadium-titanium alloys continue to be consid­
ered seriously as a cladding material for fast breeder 
reactor fuels lANL-6936, p. 24). Two approaches to 
the chemical removal of vanadium-20 w/o titanium 
cladding have been under study. One approach is a 
chlorination procedure; the other involves hydriding 
of the fuel followed by dissolution in liquid cadiuium. 

(a) Chlorination Studies 

Exposure of uranium clad with vanadiuiu-20 w/o 
titanium to chlorine in a molten chloride mixture has 
been found to result in dis.sohition of the uranium to 
form UCU and volatilization of the titanium and 
vanadium as the chlorides. .\ series of experiments 
has been j)erformed to determine a salt composition, 
ratio of salt to fuel, temiierature, and amount of 
chlorine to be added in order to obtain a maximum 
separation of uranium from vanadium and titanium. 
The experimental results are summarized in Table 
1-7. It is evident from these data that with an increased 
eoneentration of alkali metal chlorides in the salt, 
there was less uranium lost by volatilization, pre­
sumably through the formation of complexes with 
UCI4 . Of the tilkali metal chlorides used, the tendency 
toward complex formation decreased in the order 
KCl > NaCl > LiCl. The tendency of the salt toward 
eomiilex formation must be limited by appropriate con­
trol of the composition so that the vanadiuiu and ti­
tanium chlorides are not retained by the salt sohition. 
According to the results shown in fable 1-7, this bal­
ance can be achieved by using the proper concentra­
tions of alkali metal chlorides in mixtures with alka­
line earth chlorides. •\\'lien uranium-5 w o fissium 
ciiid with vanadium-20 w, o titanium alloy was chlori­
nated in 40 m/o NaCl-30 m o KCl-30 m o CaCl-. at 
600°C, the reaetion rate was considerably lower than 
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when uranium was chlorinated, apparently because 
the fissium elements inhibited the reaction. Most of 
the zirconium and molybdenum that did react were 
volatilized, while the other noble metals remained in 
the melt. 

During the course of the chlorination stuilies, im-
miscilile liquid pha.ses were observeil at certain com­
positions in the KCl-CaCl . -BaCl . - rCl , and NaCl-
K(^l-CaCl;-UCU quaternary systems. The two li(|uid 
phases w êre each samjiled at 600°C at one composition 
in the KCl-CaCl::-BaCL-I'Cl4 system. Analytical data 
on the samples (Table 1-8) show that the lower phase 
contained iirimarily KCl and UCU , whereas the upper 
plia.se was mostly CaCI:.. and BaCl^ . 

Although the results of these studies indicate that 
a .separation of uranium from vanadium-titanium 
cladding can be effected by chlorination in a salt mix­
ture, the procedure is somewhat unattractive for proc­
ess use because of the eorrosiveness of the system and 
the low chlorination rate of uranium-fissium alloy. 

ib) Sckclivc Dissolution of I'ranium 

Since uranium is known to be appreciably soluble 
in licpiid eadiiiiimi i.\NI,-6900, Fig. 1-6, p. 681 and 
since vanadiuiii-20 w o titanium alloy had proved to 
be essentially unaffected by long periods of exposure 
to this .-(ilvent, several attempts were made to dissolve 
iiianiimi selectively from a uranium rod clad with 
\anadium-20 w/o titanium alloy tubing which was 
open at the ends. A ."soxhlet-type extraction apparatus 
made of type 304 stainless steel was used to assure a 
continuous supjily of fresh cadmium to the rod at 
temiieratures of ."lOO to 5.50°C. The results indicated 
that the ilissolution rate of uraniimi was uuich too 
low for a practical process. 

Modification of this ])rocedure by including a hy­
driding step before the uranium dissolution step was 
therefore in\'estigated. .\ uranium-5 w/o fissium rod 
I(l.l44-in. dia. by 0.5-iii. long) was placed inside a 
piece of vanadiuiii-20 w o titanium tubing having an 
OD of 0.19 in. and a wall thickness of 0.015 in.; the 
ends of the \iinadiuiii-20 w/o titanium tubing were 
sealetl. This simulated fuel pin was then exposed to 
2 atm of hydrogen pressure for a jieriod of 3 hr at 
2.')0°C. The uranium-fissium alloy was hydrided, ap­
parently by diffusion of the hydrogen through the 
vanadiuiii-20 w o titanium cladding. The cladding 
split open, probably as a result of the volume increase 
that occurs during the hvdriding of uranium. 

.\ltliougli uranium-fissium alloy forms a coarser 
powder than does uranium during hydriding, it is 
possible that a mechanieal separation of the cladding 
fragments from the uranium-fissium powder might 

TABLK 1-8. COMPOSITIONS OF IMMI.SCIBLE LIQUID PHASES 

IN THE SYSTEM KCI-CaCl, BaCl, UCl. 

Temperature; eOO'C 

Phase 

Upper 
Lower 

KCl 

17.6 
.MO 

Composition 
(m/o) 

CaCh 

SO.5 
Ci.S 

BaCU 

26.8 
tl.t 

UCl, 

6.1 
.30 8 

be developed. It appears, however, that a more satis­
factory procedure might be first to dehydride the 
powder and di.ssolve the resulting metallic |)owder in 
liquid cadmium and then to separate the cladding by 
filtration. Further studies of the dehydriding procedure 
are in progress. 

( 2 ) Dislriliulion of Elements hclHccn Liquiil Mel-
ala and Molten Salts 

Since some separations of fissionable and fertile ele­
ments from fission |iroducts are effected by differences 
in their distribution behavior in liquid metal-molten 
salt systems, it is necessary to determine distribution 
coefficients that are |H'itinent to the process. This in­
formation is u.seful not only for process application, 
but al.so in deriving fundamental data on the activity 
coefficients for the components of liiiuiil metal solu­
tions. 

(a) Distribution of Plutonium between SO m/o XaCl-
iO m/o KCl-50 m o MgCl. and Zn-Mg Alloys 
(I. .loHXsox, .1. B. KxiiHTON. .1. W. WALSH, .1. D. 
ScllILBI 

The distribution of |ilutunium between 30 m o NaCI-
20 111 o KCI-.'iO in o MgCL' and Zn-Mg alloys has been 
determined at various magnesium concentrations over 
the temperature range of 600 to 800°C. The liquid 
salt and metal jihases containing the plutonium were 
mixed in a tantalum crucible under an argon atmos­
phere; then, filteretl samples of the two phases were 
withdrawn and analyzed. The results are shown in 
Figure 1-6. 

The purpose of these measurements was to supply 
data for the computation of the activity coefficient of 
plutonium in magnesium as a function of tem|)erature. 
.\t tin average plutonium eoneentration of 0.08 a/o, 
the activity coetficient of plutonium in magnesium 
remained at an essentially constant value of 9.2 =t 0.9 
over the range of 600 to 800°C. Further thennodynamic 
information on this system at higher temperatures 
should be forthcoming when a detenuination of the 
liquid immiscibility gap in the system plutonium-
magnesium is completed tsee Sect. I-A-2-c-(2) I. 

http://plia.se
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F I G . I-G. Distribution of Plutonium between 30 m/o NaCl -

20 m/o KCl - 50 m/o MgCU Salt and Zn-Mg Alloy at 600°C, 
650°C, 7(X)°C, 750°C, and 800°C. 

Mixing Rate: 300 rpm 
Crucible: tantalum 
Atmosphere: argon 

(b) Distribution of Praseodymium between SO m/o 
NaCl-20 m/o KCl-50 m/o MgCk and Various 
Magnesium Alloys (J. B. KNIGHTON, R . MAN-
CINI*, J . W . Vi'ALSH) 

The distribution coefficients of various elements be­
tween liquid metal alloys and molten salts can be 
varied drastically by changing the composition of the 
liquid metal phase. In order to examine the possibility 
of exploiting this effect for process separations, the 
distribution behavior of praseodymium between 30 
m/o NaCI-20 m/o KCl-50 m/o MgClj and various 
binary alloys of magnesium was investigated. Praseo­
dymium was chosen because it is representative of the 
rare earth fission product elements and because "=Pr 
with a 19.2-hr half-life is a convenient tracer for 
radiochemical analysis. The salt and metal phases 
containing praseodymium were mixed in a tantalum 
crucible under an argon atmos|)liere at 600°C; then, 
filtered samples of the two phases were taken. 

* Co-op Student, Univrrsily of Dclrnit. 

The results arc presented in Figure 1-7, where the 
praseodymium distribution coefficients are shown as a 
funi'tion of magnesium concentration in the binary 
alloys Cu-Mg, Ni-Mg, Cd-Mg, Pb-Mg, Zn-Mg, Sb-
Mg, and Al-Mg. The composition regions selected tor 
this study were those with melting jjoints below 600°C 
as reiiorted by Hansen and Anderko.' The data ob-
taincfl show a very pronounced effect of alloy compo­
sition u|)on the distribution behavior of praseodymium. 
The jiraseodymium distribution favors the salt phase 
when Cu-Mg or Ni-Mg alloys are used, but it shifts 
•strongly to the metal with Sb-Mg and Al-Mg alloys. 
These differences are the greatest at low magnesium 
concentrations. The distribution coefficient curves 
should all converge at 100% magnesium, as indicated 
by the dashed portions of the curves in Figure 1-7. 
The common jioint at 100% magnesium is an extrapo­
lated value, however, since the melting point of pure 
magnesium is about 50°C higher than the temperature 
of 6CI0°C that was used in the experimental determina­
tions. 

These data show that Sb-Mg or -Al-Mg alloys can 
be used to jiurify molten salts that have been used to 
extract rare earth fission products from solutions con­
taining uranium and iilutonium in Zn-Mg or Cd-Mg. 
The very low praseodymium distribution coefficients 
of lO"-' to 10~* indicate that a single contact with a 
small volume of Sb-Mg or Al-Mg alloy should luovide 
adequate rare earth removal for recycle of the salt. 
The rare earth fission products would thereby be con-
soliilated in a compact metallic ingot for convenient 
disjiosal. Since Al-Mg alloy appeared more promising 
for this use, it was selected for further study. 

(c) Distribution of Lanthanum Between SO m/o SaCl-
m m/o KCl-50 m/o MgCi, and Al-Mg Alloys 
(J. B. KNIGHTON, AND R . MANCINI) 

An experiment was performed to determine the dis­
tribution coefficient and solubility of lanthanum, a 
major rare earth fission product, between 30 m'o 
NaCI-20 m/o KCI-.50 m o MgCU and Al-Mg alloys. 
Magnesium concentrations of 13, 20, and 30 w o were 
chosen, since the luininumi in the praseodymium dis­
tribution coefficient had occurred in this composition 
region of the Al-Mg system. The nieasurenients were 
made over the temperature range 550 to 900°C. The 
results shown in Figure 1-8 indicate appreciable solu­
bility of lanthanum 12.23 w/o at 550°C) in the Al-20 
w/o Mg alloy. The lanthanum solubility increased 
with rising aluminum concentration and with increas­
ing temperature up to about 700°C. Abo\-e this tem-

1 M. Hansen and K. Anderko, "Constitution of Binary 
Alloys," Second Edition, McGraw-Hill Book Co. Inc New 
York, 111,58. 
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pcrature, the .solubility of lanthanum became retro­
grade. 

These results indicate than lanthanum has a suffi­
ciently low distribution coefficient (see Figure 1-9) 
and a sufficiently high solubility I Figure 1-8) in Al-
Mg alloy at 700''C to |ieriiiit its consolidation into 
this alloy at rea.sonably high concentrations. Further 
studies are in progress on the behavior of yttrium, 
cerium, and praseodymium. 

Id) Distribution of Plutonium lietween SO m/o XaCl-
20 m/o KCl-50 m/o MgCU_ and Cu-Mg Alloys 
I.I. B. KNIGHTON, AND .1. \V. WALSH) 

The strong tendency of praseodymium distribution 

to fiivor the salt phase in a 30 m/o NaCI-20 m/o 

KCl-50 m/o MgCln / Cu-Mg system (Fig. 1-7) sug-
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Flc . 1-7. Distribution of Pra.^cod.vniium between 30 m/o 

NaCl - 20 m/o KCl - 50 m/o MgCb and Magnesium Alloys 
at 600°C. 

Mixing Hate: 300 rpm 
Crucible; tantalum 
Atmosphere: argon 
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108-8720, Kcv. 1 
Fia. 1-8. Solubility of Luiithanum in Al-Mg Alloy. 

Mixing Rate: 300 rpm 
Cnioihie: tantalum 
AtmoHpherp: argon 

O I I w/o Mg 
O 20 w/o Mg 
& 36 w/o Mg 

108^719, Rev. 1 
Vm. 1-9. Distribution of Laiitlimium Inttween 30 m/o 

NaCl - 20 m/o KCl - 50 m/o M R C I I and AIMg Alloy. 

Mixing Rate: 300 rpm 
Crucible: t antalum 
At mosphpre: argon 

gi'v-itfil tlie pot-f^iinlity that this system might offer 
larger si-paration factors for a plutonium-rare earth 
separation than those available with Zn-Mg or Cd-Zn-
Mg alloys. Therefore, the distribution behavior of plu­
tonium between 30 m o XaCl-20 m o KCI-oO m/o 
MgCli. and Cu-Mg alloys was investigated. The liquid 
metal and molten salt were contained in a tantalum 
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crucible under an argon iitniospherc at 600°C, and the 
system was stirred at u rate of 300 rpin. Individually 
determined distribution coefficient curves for praseo­
dymium and plutonium are shown in Figure I-IO. The 
separation factors (ratios of distribution coefficients) 
for praseodymium and plutonimn are listed in Table 
1-9. These separation factors are approximately one 
order of magnitude larger than those obtained with 
the Zn-Mg or Cd-Zn-Mg alloys. The po.ssibility of 
increasing the separation factors l)y decreasing the 
temperature and the magnesiiun concentration in the 
metal phase is being examined. Preliminary results 
from a codistribution exj^eriment with plutonium and 
praseodymium show no significant difference from the 
data obtained with the single elements. 

The higher separation factors obtained with the 

PRASEODYMIUM 

J \ \ L J \ L 
20 30 40 50 60 70 

MAGNESIUM CONCENTRATION, w/o 

100 
Mg 

108-8711 
F I G . I-IO. Distribution of Praeseodymium and Plutonium 

between 30 m/o NaCl-20 m/o KCl-50 m/o MgCU and Cu-Mg 
Alloy. 

Temperature: fiOOX-
Mixing Rate: 300 rpm 
Crucible; tantalum 
Atmosphere; ar^nii 

TABLE 1-9. SEPARATION FACTORS FOB PLUTONIUM AND 
PRASEOUVMIUM BETWEEN 30 m/o NaCI-20 m/o KCl-50 

m/o MgCIi AND Cu-Mg Ai-LOYs AT 6 0 0 ° C 

Mg Concentration 
(w/o) 

33 
40 
50 
60 
70 

in Cu Alloy Separation Factor, S.F. 

239 
174 
118 
98 
76 

Kd(Pi) 
KHPn) 

t^'u-Mf; system may permit an adequate removal of 
rare earth fission products from plutonium by a single-
stage extraction with the molten salt. Alternatively, 
only a few stages would be needed for a high-decon­
tamination rare earth-remo\-al step, provided ade­
quate phase separation metliotls are available. 

(el Distribution of Yttrium and Californium Between 
LiCl-MgCi. and Zn-6 w/o Mg Alloy (.1. B. 
KNIGHTON, J. W. WALSH, J. D. SCHILB) 

In order to detennine the feasibility of a separation 
of rare earth fission jiroducts from californium, two 
distribution experiments were jierformed with LiCl-
MgCK. salt mixtures and Zn-6 w o Mg alloy. The 
proportions of LiCl and MgCI:.. were varied to show 
the efi'ect of MgClj concentration in the salt on the 
distribution coefficients. Yttrium, although not a rare 
earth metal, was used as a representative of the rare 
earth fission jiroduets, since it oflers a somewhat more 
difficult separation. 

The results, presented in Figure I - l l , indicate that 
the ojitimum distribution coefficients for a californium-
yttrium (or rare earth) separation are obtained with a 
JIgCK eoneentration between 10 and 20 m o in the 
salt phase. Under these conditions, the separation fac­
tor is approximately 8. 

Although the californium-yttrium separation factor 
is rather small, it does suggest the possibility of rare 
earth fission product separations from transplutonium 
elements liy multistage liquirl metal-molten salt ex­
traction. 

( 3 ) Soliiliilily of Uranium ami Plutonium in the 
Ternary System, Cil-.Mg-Zn (K. vox AMMON*, 
.1. B. KNIGHTON) 

Determinations of the solubilities of uranium and 
plutonium in the ternary liquid alloy Cd-Mg-Zn were 
re]iorted jireviously (AXL-ti800. p. 94; ANL-6900, p. 
e.'ji. Chemical analyses of a series of samples of the 
delta-phase U^Zn,; that were isolated from quenched 
U-Cd-Mg-Zn alloys were also reported previously 

* Kernforscliuiin.szeiitruin. K;irlsrulip. (.lermnnv. 
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(AXL-6900, Table 1-6, p. 69). X-ray data have subse-
(juently been obtained on these delta-phase samples to 
yield the results shown in Table I-IO. There appears 

MAGNESIUM CHLORIDE CONCENTRATION IN SALT, 

108-S710 
Via. I - l l . Diatrihiition of Californium anil ^'ttrium lie­

tween Zn-li w/o Mg and LiCl-MgCli . 

Temperature: 800°C 
Mixing Hate; 300 rpm 
Crucilile: tantalum 
Atmiisjiliere: argon 

to be no definite correlation iKtweeii substitution of 
cadmium for zinc within the hexagonal lattice of the 
delta-phase crystals and the cadmium concentration 
in the liquid metal .solvent. A correlation is evident, 
however, between the eadmiuin content of the delta-
jihase crystals and their lattice parameters. Both the 
a and e parameters increased with increasing cadmium 
content, but the axial ratio e a remained nearly con­
stant. 

( 4 ) Stahility of Plutonium in Cd-Zn-Mg Solutions 
Toward Container Materials I.I. B. KNIGHTON, 
.1. \\. \V,\I.sHI 

Cadmium-magnesium-zinc alloys are being investi­
gated as liquid metal solvents for the reprocessing of 
fast breeder reactor fuels l.\XL-6900, p. 651. Ex|»ri-
ments have been conducted on the stability of metallic 
Iiliitonium solutions in 70 a o Cd-l.'i a o Mg-15 a/o 
Zn toward the following materials: 111 type 304 stain­
less steel, I2l 1020 mild steel, (31 type 40.i stainless 
steel, and (41 Croloy-2'4. .>>olutions of plutonium in 
the Cd-Mg-Zn alloy were held in contact with 30 m o 
XaCI-20 m o KCl-.W iii o -MgCI,. lor 100 hr at 600°C 
in enieibles fabricated from each of the four materials. 
Filtered samples of the metal solution were withdrawn 
after 1, 4, 2.i. .50. 7.). and lOO hr Filtered salt samples 
were taken after 2.), .'lO. 7.'). and 100 hr. 

.\nalytical results from the tests with ty|)e 304 
stainless steel, 1020 mild steel, and type 40.') stainless 
steel are presented in Table I - l l . Final results from 
the test with Croloy-2'<i are not yet available. In the 
three container materials tested, the plutonium, mag­
nesium, and zinc concentrations remained constant 

TABLE I-IO. LATTICE PARAMETERS OF THE U i Z n i i D E L T A P H A S E A S A F f N c T i i 
SoLl'TION BY C A D U I C M AND M A G . N E M I I ' U 

N OK THE . \ M I H X T OF .'̂ CB.STl TITIONA L 

(•(imposition of Solvent 
(a/o) 

Zn 

20 
0 

20 
20 
30 

7 
13 
10 
1,1 

Mg [ Cd 

-U,Zn„-
10 ' 70 
20 1 74 
13 (17 
20 (iO 
10 110 
16 ; 77 
13 1 74 
10 80 
10 77 

U 

10.53 
10.56 
10.35 
10.53 
10.52 
10.89 
10.32 
10.74 
10.27 
10.53 

Composition of Crystal 
(a/o) 

ZD 

89.47 
86.17 
85.00 

Mg 

0 
0.28 
0.30 

85.12 0.45-
81.00 
83.93 
84.39 
83.28 
81.84 

1.13'' 
0.71" 
0.32 
0.45 
0.58 

82.28 0.3(i" 

Cd 

0 
3.08 
3.46 
4.09-
4.20 
4.29-
4.97 
5.53 
7.31 
7.51' 

lattice P 

( 
!• 

8.9810 
8.9998 
9.0187 
9.0201 
9.0239 
9.0215 
9.02S2 
9.0306 
9.0359 
9.0345 

irameters 
A) 

c ' 

13.1610 
13.1875 
13.2181 
13.2205 
13.2296 
13.228l> 
13.222li 
13.2358 
13.2423 
13.2428 

c/a 

1.4654 
1.4652 
1.465ti 
1 4656 
1.4660 

l.mA 
1.4650 
I 4657 
1.4658 
1.4658 

Volume of 
Element ar>- Cell 

(X') 

919.28 
924.92 
931.06 
931.60 
fm.os 
932.40 
M2 72 
934.78 
936.28 
9.36.05 

• Krror ±0.0002 A. hased on 9 5 ^ confidence limit. 
** I'lrror ±0.(KX)5 A, based on 95'^; confidence limit. 
" These values differ slightly from those reported in ANL-t 

reeled. 
*' Questionable value. 

, Table 1-6, p. 69, since the analyses have been repeated and cor-

file:///nalytical
file:///MIHXT
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TABLE 111 . STABILITY o r PLUTONIUM SOLUTION IN 

Cd-Mg-Zn ALLOY CONTAINED IN T H R E E T Y P E S 

OF STEEL CONTAINER MATERIALS 

Liquid Medil Pliase: Cd 70 a/o (85.4 w/o) 
Mg 15 a/o (4.0 w/o) 
Zn 15 a/o (10.fi w/o) 
NnCl .30 m/o (21.9 w/o) 
KCl 2(1 ni/o (18.fi w/o) 
MgCI, 50 m/o (59.5 w/o) 
ooo°c; 
200 rpm 
Argon 

Weight of PU Cliarged: Expt. 1 (type 304 Btainlesa steel) 3.7 g 
E.vpt. 2 (1020 steel) 3.1 g 
Expt. 3 (type 405 stainless steel) 3.0 g 

Molten Salt Pha.se: 

Temperature: 
Mixing Rate: 
Atmosphere 

Time 
(hr) 

Concentration m 
Metal 
(w/o) 

Mg 

Concentra­
tion in 

Salt 
(w/o) 

Distribution 
Coefficient, 
/:rf(Pur 

0 (nominal) 
1 
4 

25 
SO 
75 

100 

Expt. 1 

3.97 
3.94 
3.89 
3.86 
3.91 
3.85 
3.85 

: type 

10.6 
11.4 
11.2 
11.6 
11.2 
11.7 
11.4 

304 sta 

0.613 
0.584 
0.582 
0.686 
0.576 
0.583 
0.579 

nless steel 

— 
— 

0.0236 
0.0244 
0.0252 
0.0256i> 

— 
— 4.03 X 10-' 

4.23 X 10-' 
4.33 X 10-' 
4.43 X 10-' 

Expt. 2: 1020 mild steel 

0 (nominal) 
1 
4 

25 
50 
75 

100 

3.97 
3.91 
3.97 
3.91 
3.81 
3.97 
3.97 

10.6 
11.0 

— 
— 
— 
— 

10.6 

0.513 
0.329 
0 327 
0.333 
0.320 
0.327 
0.327 

— 
— 

0.0130 
0.0124 
0.0138 
0.013211 

— 
— 

3.99 X 10-' 
3.89 X i t r ' 
4.22 X 10-' 
4.05 X 10-' 

Expt. 3: type 405 stainless steel 

0 (nominal) 
1 
4 

25 
50 
75 

ino 

3.97 
3.94 
3.96 
3.90 
3.95 
3.85 
3.02 

10.6 
11.3 

— 
— 
— 
— 

11.4 

0.498 
0.492 
0.513 
0.497 
0.502 
0.485 
0.482 

— 
— 

0.0211 
0.0120" 
0.0193 
0.0205'' 

4.24 X 10-' 
2.39 X 10-'° 
3.98 X 10-' 
4.25 X 10-' 

' A'(/(Pu) . 
w/o Pu in salt 

w/o Pu in metal 
' 'Plutonium material balances as follows: Expt. 1, 96.8%; 

Expt. 2, 66%; Expt. 3, 98.7%. 
1 Questionable value. 

throughout the jieriod between 1 and 100 hr. Plutonium 
material balances based on the amount of plutonium 
added initially, however, were 96.8% for the type 304 

stainless steel, 65% for 1020 steel, and 98.7% for type 
405 stainless steel. 

The low plutonium material balance obtained with 
1020 steel, together with the subse(|uent constancy of 
the plutonium concentration, suggests that some form 
of reaction occurred early in the run removing part of 
the dissolved plutonium. This result indicates that 
1020 steel is probably an unsatisfactory container 
material. The data also iuqily that a .small plutonium 
loss might have occurred in the type 304 stainless steel. 
Tlie 98.7% plutonium material balance for type 405 
stainless steel indicates that little, if any, lo.ss of 
plutonium occurred under these conditions. Of the 
container materials tested, type 405 stainless steel 
seems to offer the most promise. 

During the course of the solution stability e.xperi-
ments, it was convenient to measure the distribution 
coefficients of plutonium in the molten chloride/Cd-
Mg-Zn system. The distribution coefficient of the plu­
tonium at 600°C remained essentially constant. 

(.i) DevelopmrnI of Enfiineerin;; Equipment and 
Procedures 

The engineering feasibility of continuous pyro­
chemical jiroccdures for the recovery of nuclear fuels 
is being investigated. Continuous processes generally 
reiiuire less space and less flirect manipulation than 
batch processes. These advantages may be especially 
important in shielded facilities where space is expen­
sive and any handling of the eiiuipment must be done 
remotely. 

The initial olyective of this prograiu is the construc­
tion and operation of a countercurrent ])acked extrac­
tion column in which the two solvent phases will be a 
cadmium-base metal alloy and a low melting mixture 
of 50 m/o MgCI=, 30 m/o XaCI, and 20 m o KCl. 
Uranium and rare earths will be the distributing 
solutes. A twofold purjiose will be served by this study: 
(11 to demonstrate the performance of various eom-
jionents of the equipment, such as valves, pumps, and 
flowmeters, and (2) to determine the capability of an 
extraction column to extract and separate aetinides 
and rare earths which are required for any flow proe-

(rtl Design of Metal-Salt E.rtrartion Equipment and 
Components 

High Temperature E.rtraction Facility 

(T. R. JoHx.sox. V. C. TRICK) 

A conceptual design has been made of a prototype 

extraction facility which will be ]ilaced in the resist­

ance furnace previously used for the cadmium distilla-

http://10.fi
http://18.fi
http://Pha.se
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tion unit lAXJ.-(>800, |i. ]27l. This facility consists 
of: a 1-in. dia., 18-in. long packed column, four tanks 
to hold the salt and metal feeds for the column and to 
contain the effluents from the column, con.stant-head 
tanks to control feed rates to the column, and cen­
trifugal pumps to circulate the fluids. Valves, flow­
meters, liquid level detectors, antl column interface 
controllers are also required. Construction drawings 
of the feed tank, pump, and constant-head tank for 
the metal phase lia\-e been completed. However, con­
struction of till' high temperature extraction facility 
awaits getting additional information about the cor­
rosion resistance of materials of construction (as is 
described below) and the mass transfer rate between 
salt and metal. Meanwhile, development of other 
components for higli-temperature .service is continuing. 

Engineering Test iMop 

(W. ,1. WALSH, V. (i. TRICE, L . F . DORSKVI 

A facility has been constructed for the ]iurpose of 
testing components for eventual u.se in the high tem­
perature extraction unit. A drtiwing of the test loop is 
shown in Kigure 1-12. Liquid metal or salt is circulated 
by a pul.se pump from the lower surge tank to the 
upper tank. The liiiuid flows by gravity from the upper 
tank into the lower tank to complete the circuit. The 
two bottom tanks (fill tank and drain tank I are used 
only in filling or draining the system. The facility was 
designed to allow isothermal operation at tempera­
tures ranging from 4.50 to li,")0°C, using resistance 
heaters thermally iiondeil to the pipe with Thermon 
T-()3* o\'er the entire loop. The temperature is eoii-
Ilolled automatically using 30 variable transformers, 
."i7 thermocouples, and 14 tcm|)erature controllers. The 
loop has been designed to allow the insertion of \'arioiis 
items of e(pii|iiiient to test their performance in liipiid 
metal and molten salt use. Construction of the facility 
has been nearly completed. Initial runs have been 
started with the piping empty to determine the heater 
\tiltage settings that will produce isothermal condi­
tions around the loop. 

The first high temperature test with the system 
filled with liquid will involve the circulation of a .50 
111 o MgCL.-30 111 0 XaCI-20 m o KCl ternary salt 
Imp., 396°Cl to determine the reliability of the heat­
ing technique, various vahes , a flowmeter, and a 
pulse pump. Construction has begun on a 4-ft (1-in. 
dia.) prototype [lacked column to be installed in the 
loop for the contacting of countercurrent streams of 
mettil and salt. The purpose of this test is to demon-

COMPONENT 
TESTING 
SECTION 

VALVE CLOSED 
DURING LOOP 

OPERATION 

DRAIN TANK 

T T 
108-8102 Itcv. 

Fir.. 112. i;riKii"'<'riiiK Test Loctp. 

stratc tlic removal of nwv I'ui'ths from a radmitim-basc 
alloy on a largt- soak' )oO to 1(X) Ih alloy truaU'di using 
fiisod salt extraction. 

rn/To.s/o/f T( stiiHj 

(M. I. Kvi.K, \V. PKHLI 

Corrosion of Ferrous Alloys by Molten Metol-
Ilalide Flux Systems. A cadmium-niagncsiuni-zinr 
solution and a ntolten halide flux are tho two phases 
whieh will he eontartt'd in the continuous countercur­
rent extraction column of the Iiij;h Temperature Ex­
traction Facility. Since little corrosion infonnation is 
available on a system of this tyix', a corrosion pro-
f;ram has i)een initiated to evaluate various materials 
of construction for use in this system. 

Corrosion of four ferrous alloyst—types 304 ami 

t Nominal alloy compositions (w/o) as follows: 
.\lloy Fe Xi Cr C Mn Other 

' Maiuifacturcii hy Thermon Manufacturing Company, 
Houston, Texas. 

1019 Carbon Steel 
Crolov 2 ' i 
304 SS 
405 St< 

98-1-
95-1-
66-1-
82-1-

— 
— 

8-11 

— 

— 
2.25 

18-20 
11-15 

0.19 
0.15 
0.08 
0.08 

0.85 
0.45 
2.0 
1.0 

0.09 
1.6 
1 1 
1 4 

http://pul.se
file:///tiltage
file:///lloy


42 / . Compact Pyrochemical Processes 

TABLE 1-12. CoRnosioN OF FERROUS ALLOYS HY 

Cd-Mg-Zn-LT/CHLORIDE FLUX SYTEMS 

Time of each tost: 200 hr 
Static conditions 
Flux": 35 m/o NaCl 

25 m/o LiCl 
40 m/ii M K C I . 

Metal Phase 
(w/o) 

Zn 

0 
0 
0 

16 
16 
20 
10 

15 
15 
20 
10 

Mg 

80 
IJO 
40 
10 
IS 
10 
15 

10 
15 
10 
15 

Cd 

20 
40 
60 
72 
67 
69 
74 

72 
67 
69 
74 

U 

0 
0 
0 
3 
3 
1 
1 

3 
3 
1 
1 

Temp 
(°C) 

600 
600 
600 
600 
600 
600 
600 

650 
650 
650 
650 

Ma.xinium Observed Depth ol 
Corrosion 

(mils) 

1019 
Carbon 
Steeli' 

2 

— 
<0.1 

0.4 
<0.1 

2 
>2 

1 
2 

> 2 
>2 

Croloy 
2H' 

0.4 
0.4 
0.6 
0.4 
2 
1 
0.5 

2 
1 
2 
1 

304 SS» 

1 
0.4 

— 
2.5 
2 
4 
6 

6 
6 

>12 
> 8 

405 SS" 

<0.1 
<0.1 
<0.1 

0.4 
2 
2 
0.5 

0.6 
2 
2 
4 

1 Flu.x dried by liquation in an argon atmosphere at (i00°C 
for 1 hr. 

'' Specimens were 4 mils thick. \ ulues reported as > 2 indi­
cate corrosion across entire specimen thickness. 

" Nominal thickness—30 mils. 

40.5 stainless steel, type 2!4 Croloy, and tyjie 1019 
carbon steel—by the Cd-Mg-Zn-U/halide flux system 
has been investigated. Se\'en metal phase compositions 
were used. Prior to lieing charged, the salt was dried by 
liquation at 600°C for I hr under a flowing argon at­
mosphere. The flux comjiosition (Table 1-12) was 
selected before a decision was made to use a salt con­
sisting of 50 m/o MgCU , 30 m/o NaCl, and 20 m/o 
KCl in the prototyjie extraction facility. Corrosion 
characteristics of the two salts are not exjiected to be 
very different, but corrosion by the salt will lia\-e to 
be measured. The halide flux chosen for this work was 
35 m/o NaCl-25 m/o LiCl-40 m/o MgCU Imp. aliout 
475°C). The tests were conducted under static condi­
tions at 600 and 6oO°C for 200 hr. 

Results obtained in the corrosion tests are shown 
in Table 1-12. Both type 1019 carbon steel and 304 
stainless steel were attacked to a greater extent than 
either Croloy 214 or 405 stainless steel, .attack in the 
case of the 1019 carbon steel was mostly by embrittle-
ment with corrosion rates increasing with increase in 
temperature. The effect of zinc concentration could 
not be determined because of the small number of 
samples tested. In the case of the type 304 stainless 

steel, metallographic examination indicated extensive 
nickel leaching by all liquid metals containing zinc. 
Previous experience has shown that the water content 
of the flux iilays a major role in determining corrosion 
rates, and it is suspected that a more efficient salt 
drying system could probably reduce these corrosion 
rates somewhat. However, the tests show that a nickel-
containing steel cannot be used. 

Preliminary tests were subsequently made at 6.50°C 
for 200 hr to test further the corrosion resistance of 
tyjic 405 stainless steel to a system with a metal phase 
composed of 81.4 w/o Cd-5.4 w/o Mg-10.9 w/o Zn-2.3 
w/o U and a flux phase of 50 m/o MgCI^-SO m/o NaCI-
20 m/o KCl. This metal-salt system was chosen as an 
approximation to the probable system for use in the 
high temperature extraetion facility now being de­
signed (jireviously discussed, this section). These tests 
were conducted by fabricating the specimens into 
agitator blades rotating in the solvent media. One 
specimen was located in each of the liquid phases, one 
at the metal-salt interface, and one in the vapor phase. 
An alumina crucible was used in these tests. In the 
first of these tests, made with salt previously exposed 
to the atmosphere for about 1 hr, the coupons in the 
metal phase and near the interface showed little cor­
rosion while the coupons in the salt and vapor phases 
were corroded and embrittled, especially the one in 
the vapor phase.* Because it was suspected that the 
salt had taken up water in the 1-hr exposure to air, a 
second test was made with salt flux purified by con­
tacting it with Cd-Mg metal and filtering to remove 
oxide impurities. Use of this salt (which contained 
0.13 w o oxygen** I in the subsequent test reduced the 
corrosion rate of the vapor jihase s])eeinien to less than 
1 mil in 200 hr. It is evident that the water content of 
the salt flux greatly influences the corrosi\-eness of the 
flux on ferrous alloys. .All future runs will be conducted 
with jiurified salt which will be handled only in dry 
argon or helium atmospheres, 

Oridation Rates of 405 Stainless Steel and Croloy 
2V4. The High Temperature Extraction Facility now 
being designed is expected to operate in air at tempera­
tures near 600°C. Tests have been performed to evalu­
ate the oxidation resistance of two promising materials 
of construction, type 405 stainless steel and Croloy 
214. For these tests, the sample metal was heated in 
air for 200 hr at 600°C for Croloy 2(4 and at 650°C 
for 405 stainless steel, .\fter 200 hr, the specimens were 

• Measured corrosion as follows; 
III vapor phase: > 5 mils Near interface: >2 mils 

_ In salt phase: >2 mils In metal phase: 1 mil 
" Determined by fluorination with BrF , and analysis of 

evolved noncondensable gases for oxygen. 

file:///fter
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TABLK 113. OXIDATION RATER OF T Y P E 405 SS 

AND Caoujy 2 ' i 

Air exposure of \^-in. plate. Values presented are 
averages for 8 samples. 

Metal 

405 SS 
Croloy 2,1.̂  

Temperature 
(°C) 

650 
600 

Weight Change 
(mg/cm*) 

200-hr 
Exposure 

4-0.10 
4-43 0 

400-hr 
Exposure 

4-0.10 
4-51.0 

cooled, and the amount of oxidation determined by 
weighing the specimens. The samples were then re­
heated for an additional 200 hr under identical condi­
tions to determine if the oxide film pre\'iously formed 
would significantly limit further oxidation. Data ob­
tained are shown in Table 1-13. Type 405 stainless 
steel oxidized slightly in the first 200-hr jieriod with 
tin significant additional oxide formed during the 
nililitional 200 hr. Croloy 214 oxidized significantly 
iluring tile first 200 hr, and although the rate was sub-
taiitially less during the second 200 hr. significant 
oxidation rates still prevailed. 

Based on the superior air oxidation resistance of 
type 405 stainless steel and its good corrosion resist­
ance to process solutions I molten metal and salt I, 
type 405 stainless steel has been selected as the mate­
rial of construction for the lliiih Tciiiiierature Extrac­
tion Facility. 

Eddy Current hiduction Probe for IJqiiid 
Level Measurements 

(T. H. .lonNsoN, F. C. TK.WSI 

.\n accurate and reliable method of measuring the 
depth of liipiid metals is re(|uired for continuous proc­
esses and is desirable for the batch processes currently 
being develo|ie(l for the KBH-II Skull Recovery Proe­
ess. The development of an eddy current induction 
probe to measure levels of liipiid metals and to detect 
the interface between metals and salts is nearly com­
plete. The probe consists of a bifilar winding of ni­
chrome wire placed around an alumina form and en­
cased in a corrosion-resistant well which extends into 
the li(|uid. When a high-freipiency voltage is applied 
to one coil, the voltage induced in the second coil is 
sensitive to the iiresence of an electrical conductor 
in the medium surrounding the coil, and therefore, to 
the extent that the coil is surrounded by liquid metal. 
When there is liquid metal around the coil well, the 
induced \oltage is reduced as a result of the eddy 
currents induced in the liquid metal. The relation of 

the reduction of induced voltage to liquid metal depth 
may be detennined by calibration for each liquid 
metal. The jirobe, its mode of ojieration, and the cir­
cuit diagram are presented in .\NL-6800, p. 118. 

The work reported earlier was jierfoniied using a 
probe consisting of dual wound coils of nichrome wire 
wrapped around an alumina rod and insulated by 
means of a ceramic adhesive. The tendency of this 
adhesive at high tempiTatures to lose its insulating 
properties and to flake away, exposing the coils, made 
this type of probe unreliable. To avoid the use of any 
adhesive, an alumina fonii having helical grooves was 
fabricated. The wires were wound in the groo\'es to 
insulate them and to in.sure uniform coil .spacing (see 
Figure I-13I. One such probe has given reproducible 
readings (maximum deviation eipiivalent to i t ' s in. 
of cadmium I over a three-month jn'riod. During this 
time, il was at temperatures above 3.TO°C for more 
than 3(K) hr and was cycled between "IK)"!' and room 

FOUR CONDUCTOR 

NA INSULATOR 

LEAD WIRES 

TOM OF PROBE 

10S-7898.\ 
F I G . 1-13. Sensing Coil of Eddy Current Liquid I^vel 

Prolie. (Primary and secondary coils of nichrome wire wound 
on an alumina form.) 
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temperature at least thirty times. This |)iobe had a 
maximum drift of 0.05 mv (equivalent to '/i^ in. of 
cadmium) when it was held at 450°C for 16 hr. The 
drift caused by shutting-down and restarting was 0.2 
mv which is equivalent to ±V» in. It is felt that this 
reproducibility will be acceptable for most applica­
tions. 

Typical calibration data are shown in Figure 1-14. 
The eddy current probe was placed in a stainless steel 
well (0.032-in. wall I with the bottom of the well 
resting on the bottom of the stainless steel crucible. 
The iiosition of the |irobe was kept constant, since the 
location of the crucible bottoiu with resjiect to the 
coil was found to influence the out]iut signal slightly. 
The depth of liquid metal was changed by adding 
increments of cadmium. To calibrate the eddy current 
probe, the metal-gas interface was located with a mov­
able resistance probe. 

The central portions of the curves in Figure 1-14 are 
nearly straight lines. As would be expected, there is 
some curvature in those jiortions of the curves repre­
senting melt depths for which the metal-gas interface 
is near the end of the coil. In this set of calibrations. 

a melt (lejitli of 5(4 in. coincided with the top of the 
winding. 

The signal strength was a function of temperature 
because the resistances of the nichrome wire, the well, 
and the liquid metal changed with temperature. This 
teiii[)erature effect had a negligible dependence on the 
melt dejith and could be conveniently corrected by 
changing the bias voltage, as shown in Figure 1-15, to 
make the isotherms of Figure 1-14 coincide with a 
625°C curve. The bias voltage was subtracted from the 
output signal to shift it to values which could be 
con\'eniently recorded. 

The high fretiuency coils were relatively insensitive 
to the geometry of the surroundings, because of the 
small flejith of penetration of the induced eddy cur­
rents. For materials ha\'ing resistivities of the order 
of 10 to 100 /lohm-em, the calculated effective depth of 
jienetration is less than % in. if the input fref|uency is 
.50 ke. Stainless steel crucibles having inside diameters 
greater than IV2 in. had no detectable effect on the 
output signal. Therefore, a probe calibration made in 
one geometry should be applicable to other situations. 

The presence of a molten salt, composed of either 

IS.Or-

400''C 
450 "C 
500-C 
550 °C 
600 "C 
650 °C 
700 °C 

2.5 3,0 3 5 

MELT DEPTH, in 

FIG. 1-14. Ellcct of Melt Depth on (Output Signal of lOddy Current Liquid Level Probe. 

Input Frequency: 50,000 eps 

Input \'oItiige: 7.0 volts 
Bias Voltage: 4.04 mv 
Crucible: 304 S.«. 

10-iii. high hy b%-\i\. ID 
Liiiuid Molal: Cd 
Lciiglli iif Winding: 5 in. 
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.•id m/o MgCU-30 m/o NaCl-20 m/o KCl or .50 m/o 
.\lgClv-.50 m/o CaCI, , bad no detectable effect on the 
output signal. In a two-phase system, the salt-metal 
interface could be detected, but the depth of the 
molten salt could not be measured with the present 
arrangement. It should be po.ssible to detect the salt 
level if the ef|uipiiient is changed by using ( l l a pro­
tection well having a resistivity higher than that ol 
the molten salt, (2 | a larger input voltage, and I3l a 
higher frequency signal. 

For the measurement of li(|iiid levels in .systems con­
taining volatile, corrosive molten metals, the eddy 
current induction probe has provetl to be superior to 
any other types of liipiid level instruments which 
could be used at high temperatures. The induction 
probe has been reliable and its reproducibility anil 
accuracy are adequate for most apjilications. The in­
strument should be easily adaptable to remotely oper­
ated high-temperature eipiiiiment since there are no 

ving parts. Future work will be directed toward the 
aiijilication of the instrument to specific proeess eipiiji-
i i i c n t . 

I/'I Preliminary Extraction Studies (T. R. .loiiNsox, 
\V. .1. WALSH, F . O . TEATS, K . R . TUBUSI 

Attempts iire being made to measure the rate of 
transfer of uranium and rare earths between chloride 
salts and eadinium-base alloys. This information will 
then be used to predict the performance of counter-
current li<iuid-li(piid extraetion columns and to juilge 
I he feasibility of using columns to .se]iarate aetinides 
from rare earths. t)tlier investigations using similar 
liquid metal-salt systems have shown that the ma.ss 
tiansfer rate is reasonably rapid. Studies have been 
made at Hrookhaven of the transfer of a rare earth 
.dilute from single drops of metal into salt- and in 
cuimtereurrent extraction columns.'' A metal phase of 
liismutli-magncsium and a salt pha.se consisting of 
.'lO 111 o MgCf., 30 111 o NaCl, and 20 m o KCl were 
used in these studies. The reported results indicate 
that published mass transfer coeftieients for aipieous-
(irganic systems based on the two-film theory* yiehl 
reasonable approximations of mass transfer rates in 
metal-salt systems and support the hypothesis that a 
packed extraction column is practical for eachiiium-
liase alloy systems, although it is not possible to pre­
dict reliably the iierfonnance of a column. 

Preliminary results suggest that good agitation of 
the metal phase will be reipiired if practical extraction 
rates are to be achieved. In most process applications 

' Kalz. H. M.. Hill. F. B. and Speirs, J . L., Trans. Met. Soc. 
. \ IMi: 218, 770 (October KHiOI. 

» Hill K. K. and Kukacka. L. E.. Jr . . BNL-791. January 1963. 
< Handl.is. . \ . K. and Baron, T., . \ . I. Ch. E. J. 3; 129 (1957). 

350 400 4S0 500 990 600 690 700 790 
TEMPERATURE, t 

108-8702 
F-'io. 115. Bias \ol tage .^M'ltings fur Eddy-Current Ix*vel 

Prill H'. I Bias VI ill ages required to make output signal strengths 
from KKl to 7flO^C eoincident with the milput signal strengthB 
at (i25°C with the eddy current probe immersed in cadmium 
from 0 to 5.5 in.) 

Batii^ 

Output Signal: Independent of temperature 
Crucible: Stainless steel, 5*s-in. Il> 
Well: Stainless steel, 30 mil wall 

ein'isioneil for metal-salt columns, the metal will be 
the discontinuous phase. In onlinary situations, the 
disi'ontinuous phase would be expected to IK' less tur­
bulent than the continuous phase. However, motion 
pictures of a packed colmiin in wliicb Wood's metal 
(.•>() w o bismuth. 27 w o lead, 13 w o tin, and 10 w/o 
cadmium, melting point. 70°Ci was pas.sed counter-
currently to water at 90°C have shown that there was 
a high degree of turbulence in the discontinuous phase 
owing to the |>ools of metal Ix'ing stnick by falling 
metal droplets. The metal tended to collect in jiools at 
specific sites in the jiacking. When stnick by drops, 
the pools tended to vibrate and break into smaller 
droplets whieh then fell to |K>ols lielow. It would thus 
appear that a high degree of agitation in the falling 
drops resulted from their mode of formation. These 
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T A B L E 1-14. D Y N A M I C K x T R A n i o N w OK U R A N I U M B K T W E E N M O L T E N H A L I D E H A L T A N D C A D M I T M - M A G N E S I U M A L L O Y S 

Molten Cd'Mg alloy poured into a packed column containing molten SO m/o MgCh-SO m/o NaCl-20 m/o KCl salt 

Run 

1 ' 
2" 
3 -
4>' 

Direction of U 
Extract ion 

Metal to Salt 
Metal to Salt 
Metal to Sail 
Salt to Metal 

Packing 

}i-\n. dia. quartz spheres 
14-iii. dia. quartz cylinders 
's-in, dia. ,SS spheres 
S.S rings 

Temperature 
(°C) 

450-500 
630 
GOO 
550 

Final Composition 

Metal 

Mg 
(w/o) 

3.7 
3.2 
3.6 
4.8 

U 
(w/o) 

O.Sl 
0.45 
0.42 
0.156 

Salt 

U 
(w/o) 

0.014 
0.090 
0.069 
0.032 

Calc. 
Equilib. 

Salt Cone. 

U 
(w/o) 

0.02 
0.063 
0.042 
0.010 

" Extraction column was a 1-in. OD quartz lube willi a packing depth of 51^ in. Initial metal composition essentially equal to 
filial metal compositions; initial Salt: no V. 

^ Extraction column was a 1-iii. 01) .SS tube with a packing depth of 11 in. Initial metal composition: Cd-4.85 w/o Mg—no U; 
initial Salt: 1.41 w/o U. 

results and a deserijition of the Wood's metal-water 
column were given in ANL-6900. p. 81. 

Four preliminary high-temperature extraction runs 
have been made in order to estimate the transfer rate 
of uranium in a countercurrent packed column. Two 
hundred fifty g of Cd-3 w/o Mg-0.5 w/o U alloy was 
poured into a static column of molten .50 m/o MgClo-
30 m/o NaCI-20 m/o KCl salt which was contained in 
a Vs-\r\. ID quartz tube in each of three runs. The 
central 6-in. section of the tube was loaded with a 
different packing (Table I-I4I in each run. When most 
of the metal had fallen through the packing and col­
lected in the bottom of the tube, the tube was cooled 
rapidly to minimize transfer across the metal-salt 
interface at the bottom. The metal was in contact 
with molten salt for two to five minutes. The final 
uranium concentrations in the salt and metal were 
determined by dissolving each entire phase separately. 
In a similar run, 380 g of salt containing 7.7 g of UCI3 
was charged to a stainless steel column packed with 
wire rings. The tube was then heated to 550°C, and 
about 800 g of a Cd-4.8 w o Mg alloy was transferred 
from a second container into the tO|) of the ])acked 
section. When all of the metal had been transferred 
1—5 mini, the extraction column was cooled as raji-
idly as possible. For analysis, the salt phase was com­
pletely dissolved in water and drillings were taken of 
the metal that had fallen through the ])acking. 

The conditions and results of these four runs are 
summarized in Table 1-14. The amount of uranium 
required to saturate the salt jihase at e<iuilibrimii is 
negligible with respect to the uranium charged ini­
tially. The best performance attainable by these 
transient columns would be to saturate the salt with 
respect to the uranium in the metal. In the three runs 
in which uranium was (barged in the metal phase, the 
salt approxiiiKifely reached equilibrium. The salt con­

centration apjicared to exceed equilibrium in runs 2 
and 3. This may have been caused by inaccuracies in 
measuring the uranium content of the salt or the tem­
perature during the extraetion, or by oxidizing im­
purities in the salt. In the last run, a large amount of 
uranium was transferred from the salt into the metal 
and the final uranium eoneentration in the salt ap­
proached equilibrium. However, the uranium material 
balance was jioor in run 4. These ex])erimental results 
are encouraging, but the experiments will be refined 
before any riuantitative conclusions are made. 

c. SUPPORTING CHEMICAL INVESTIGATIONS 
(L. BURRIS, R . K . SraNKXBERf. I 

Supporting chemical studies of liquid metals and 
molten salts are being pursued to supply data of proc­
ess iiiijiortanee and to elucidate the chemical aspects 
of various process steps. During the reporting period, 
this work has been devoted principally to determina­
tions of pertinent jibase diagrams, to salt purification 
studies, and to the possibility of iierforming ion ex­
change separations in molten salt solutions. 

( I ) Liquidus Temperatures of the Sysleni LiCI-
KCI-MgCI. (N. R. CHELLEW, J. T. FEEXEVI 

The molten salt .systems LiCI-NaCI-MgCI... and 
LiCI-KCI-MgCI; a|)i)ear promising for the extraction 
of rare earth fission ]iroducts from liquid metal solu­
tions of uranium and plutonium. In order to select 
temperatures and suitable salt compositions for jiroe­
ess use, it is necessary to know the liquidus tempera­
tures as a function of composition. The LiCI-NaCI-
MgCI; sytem was investigated initially and a diagram 
of its litpiidus surface was iiresented in the above re-
llort (ANL-6900, p. 90). Measurements have since been 
made to determine the melting |)oints of various com­
positions of the l.iCI-KCl-MgCf, system, since no 
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TABLE 1-15. LiQciors TEMPERATURES FOR THE SYSTEM LiCl-KCl-MgCI. 

Section I 
Starting Mixture 

(m/o) 
MgCb—89.6 
LiCl—10.4 

KCl 
(m/o) 

0 
19.7 
.33.9 
43.2 
50.7 
(iO.7 
71.5 

Temp. 
(°C) 

688 
613 
455 
472 
469 
429 
602 

Section 11 
Starting Mixture 

(m/o) 
MgCli—79.8 
LiCl—20.2 

KCl 
(m/o) 

0 
17.5 
28.0 
32.1 
41.2 
48.6 
58.0 
63.2 
67.2 
70.2 
79.6 

Temp. 
(°C) 

670 
591 
528 
440 
457 
446 
417 
412 
442 
498 
636 

Section III 
Starting Mixture 

(ra/o) 
MgCl:—69.2 
LiCl—30.8 

KCl 
(m/o) 

0 
9.2 

17.5 
25.0 
31.4 
,37.2 
46.5 
53.0 
57.8 
65.2 
75.2 
85.0 

Temp. 
CC) 

644 
604 
552 
484 
431 
440 
434 
408 
401 
437 
509 
692 

Section IV 
Starting Mixture 

(m/o) 
MgCl,—60.2 
LiCl—39.8 

KCl 
(m/o) 

0 
7.8 

14.5 
21.8 
29.5 
36.8 
45.1 
51.8 
67.0 

Temp. 
CC) 

619 
582 
510 
489 
424 
420 
404 
385 
489 

Section V 
Starting Mi.xture 

(m/ol 
.MgCIs—50.0 
LiCl—50.0 

KCl 
(m/o) 

0 
20.2 
30.1 
39.7 
48.0 
54.0 
60.0 
70.1 

Temp. 
(°C) 

600 
498 
426 
392 
376 
372 
401 
500 

' 

Section VI 
Starting Mixture 

(m/o) 
MgCli—39.9 
LiCl—60.1 

KCl 
(m/o) 

0 
7.9 

19.0 
30.2 
38.3 
46.0 
54.9 
63.0 
70.0 
71.3 

Temp. 
(°C) 

591 
564 
500 
425 
384 
351 
367 
480 
514 
566 

Section VII 
Starting Mixture 

(m/o) 
MgCli—19.9 
UCl—80.1 

KCl 
(m/o) 

0 

Temp. 
CO) 

597 
10.0 1 556 
20.1 503 
29.8 
35.8 
41.7 
49.7 
55.0 
60.2 
64.5 
69.7 
74.9 

447 
411 
.399 
341 
433 
501 
542 
604 
639 

84 9 7D4 

information on the lirpiidus temperatures of this 
Icrmiry system was found in the literature. 

Reagent grade KCl and LiCl, and anhydrous MgCI-
were used to prepare the salt mixtures. The .MgCL-
was purified by N'acuuiii sublimation. The LiCl was 
imrified by a method similar to that described by 
.\laricle and Hume,"' in whieh chlorine was pa.s.sed 
through the molten salt. The KCl was heated to about 
825°C and cast into rods. 

Conventional thermal analysis techniques were used. 
The li(|uidus temperatures were measured with a stain­
less steel-sheathed cbromel-alumel theniiocouple im­
mersed in the salt. The apparatus was calibrated with 
standard reference materials: recrystallized NaCl. n ip . 
800.4°C, and National Hureau of Standards lead, m.p. 
327.4°C. The precision of the tempciaturc measure­
ments was i t f C . 

The liquidus temperature data were taken along 
composition lines radiating from the KCl corner of 
the ternary system, .\eeiirately weighed amounts of 
KCl were added incrementally to a fixed ratio of 
.MgC|...:LiCI. The salts were kept under a helium 
;itiiiospliere and were not cx|)0.sed to air until the 
thermal analysis measurements had been completed. 

Melting point data for eompo.sitions along seven 
lines radiating from the KCl corner of the diagram are 
given in Table 1-15. A diagram of liquidus isotherms 
for the ternary system I Figure 1-16) was eonstnieted 
from (piasi-binary diagrams in which KCl was one 
component and the second component was the initial 
mixture of MgCh. and LiCl to which the KCl was 

id I). N. Hume. J. Elcctrochem. Soc 107, 

added. Liipiidus tem|H'ratures for the i.sotbermal in­
tersections at the edges of the ternary diagram were 
obtained from literature data on the binary systi'ius, 
LiCl-MgCf. (ANL-6.">9tl, p. 78i. LiCI-KCI," and KCI-
MgCl,.-

In general, the ternary diagram shows that liquidus 
temperatures below ,500°C exist in a wide belt of eoin-
inisitions extending fi'oiii 29 tti (iO iii o MgCI^. on the 
KCI-MgClj edge of the diagram to 23 to .55 in o KCl 
on the LiCI-KCI edge. The iiiiniinuin liipiidus tem­
perature in the ternary system, 336°C. lies at alwut 
40 111 o LiCl. TiO 111 o KCl, and 10 m o MgCI; . 

.\ discussion tif the selection of a molten salt sys­
tem for process use appeared previously in .\NL-6.596, 
p 1)4 and .\NL-6648, |). 46. For .systems consisting of 
.\lgCI:.. diluted with two alkali metal chlorides, the 
compositions most u.si'ful for the .separation of fission 
products from uranium and plutonium are those which 
have lal a high MgCI- content, and (bi a larger pro­
portion of the alkali chloride diluent with lower molec­
ular weight (LiCl in this ca.M-l. .\ liquidus temperature 
below .500°C is also desirable. Figure 1-16 indicates 
that LiCI-KCI-.50 m o MgCI- iiii.xtures containing up 
to 28 111 o LiCl can exist completely molten at tein-
IH-ratures of .500°C and lower. By comparison, when 
NaCl is substituted for KCl in the alwve system, the 
maximum amount of LiCl whieh can be added so that 
the mixture can still exist completely molten at tem-
IH'ratures of 500°C and lower is reduced to 13 ni o. 

' n . L. Mariclc 
354 (1960). 

' S. D. Gromakov and L. M. (Iromakova. Zh. V\i. Kbim. 
S7, 1515 (1953). 

^ .\. I. Ivanov, Sboniik Slatel Obschel Khim.. .\kad. Nauk 
SSSK 1, 754 (1953). 
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LICI 
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FIG. I-lO. Licjuidus Isollicniis in tlic System U C I - K C ' I - M K C I . . . (Temperatures in °C.) 

Thus, substitution of KCl for XaCl in tlu- ternary 
mixture permits lower jirocessing temperatures to be 
used with melts containing relatively high MgClj and 
LiCl concentrutions. 

( 2 ) Liquid Iinmi§cibility in the System Pu-M^ 
(J. D. SCHILB, l^ K. STEUNEXBERGI 

The binary system Pu-Mg is of interest in the proe-
essing of plutonium-l)earing reactor fuels in liriuid 
metal solvents that contain magnesium, as in the 
EBR-II blanket process (ANL-687o. p. 231. It has 
been reported^ that a region of licjuid immiscibility 
exists in the Pu-Mg i)hase diagram, but the imiuisei-
bility curve iias not been (h-termined ox|)( liinentally. 
The liquidus curves outside the immiscil)ility region 
are also considered to be tentative. The pur|)ose of the 
present study is to define the immiscil>ility curve and 
the liquidus CUITCS in the Pu-Mg system. Although 
this information is of consiilerable ])rocess interest, it 
should also be useful for extending thermodynamic 
correlations of the activity coefficients of plutonium 
and magnesium in the binary system to high tempera­
tures. See discussion in Section IA2b(2)(al. 

The ('([uiiHuent and technif|ue used in the initial 
investigation of the immiscibility curve of the Pu-Mg 
system were developed by using the Pb-Zn system as 
a stand-in. Experimental results for the immiscibility 
curve obtained with tlie Pb-Zn system showed good 
agreement with the information in the literature.® The 
apparatus consisted of a l'/4-in. dia. by 3-in. deep 
cylindrical tantalum crucible which, after being loaded 
with a Pu-60 a, o Mg alloy, was heated under an argon 
attnosphere in a resistance-heated, stainless steel tube 
furnace. Melt temperatures were measured by means 
of two chromel-alumel thermocouples protected by 
tantalum thermocou|de wells that were inunersed 
in the melt. The individual li(|uid phases were .sampled 
simultaneously using !4-in. dia. tantalum tubes which 
were welded shut and tapped at the top and fitted with 
tantalum filter frits pressed into the bottom. These 
sample tubes were attaeheil to threaded stainless steel 
rods and inserte<l into the furnace through two air 
locks in the fuinaee head. The sample tuijcs were 
lowered into ])osition in the melt, and when the sys­
tem had i-eached the desired temperature, filtered 
samples of the two li<iuid metal phases were with-

s F. W. Schonfeld an<i K. H. KMiriKcr, Hiii;iry Alloys (.f Plii 
tonium, LADC 2)i5f), 11)5(1. 

» M. Hansen and K. Ande 
Mcdraw-Hill Book Co.. Inr 

ko. Constitution of Binari/ AUot/s, 
, New York, 1958, p. 1119. 
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drawn by increasing the argon pressure to about 2 
atm. The samples were raised and frozen in the upper, 
cool part of the furnace, and then moved into the glove 
box atmosiibere (nominally dry nitrogeni. Next, the 
outsides of the sample tubes were cleaned with emery 
cloth, and the lower halves of the tantalum frits and 
the welds at the top were cut off and discarded. The 
samples were then dissolved out of the tantalum tubes 
by acid and the solutions were analyzed for |)lutonium. 

The experimental data were obtained between 660 
and 948°C. The curve derived from these preliminary 
data (.see Figure 1-17) shows a litpiid immiscibility 
region extending from about 8.5 to 84 a/o magnesium 
at 625°C. The consolute temperature appears to be 
in the vicinity of 975°C. The marked disagreement 
between two of the experimental jioints and the curve 
is attributed to faulty sampling. Further measure­
ments are being iiiaile in order to improve the relia­
bility of the data. 

(.t) Ion Exchange Reactions in Molten Sail Meilia 
IR. VON AMMO.N*) 

The possible u.se of ion exchange materials for 
.separations such as the removal of fission products 
from molten salt solutions is being investigated in an 
exjiloratory study. Tli(> solid ion exchange materials 
used thus far include Molecular Sieves,** potassium 
hexatitanate, zirconium phosphate, zirconium niolyb-
ilate, zirconium tungstate, zirconia, and ahnnina. The 
molten salt media have included AlBiv, and mixtures 
of .MHi;, and KI5r to produce solvents of varying polar 
character. 

Hatch-tyiie eipiilibratioiis were performed in wliich 
the soliil was contacted with the melt under an inert 
atiiios|)lierc for periods up to 10 hr. The melts con­
tained the metal cations Cu-'+, Fe- + , U* + , or Ba=+ 
in concentrations of about 0.01.1/. The Ba-+ was 
spiked with trace amounts of '-'''Ba. 

Preliminary experiments showed that the cations in 
solvents with a KBr:.\lCI:, molar ratio less than unity 
could not be exclumged nor adsorbed on the solids. 
This probably results from the melt being strongly 
covalent, i.e., having a low dielectric constant, which 
prevents dissociation of the dissolved salts and the 
ion exchange material, but favors the formation of ion 
pairs. Such ion pairs involving transition metal ions 
have been identified in KCI-.^lCIa'"- " melts by infra­
red spectroscojiy. 

• Kernforachunpszentruni, Karlsruhe, Germany. 
** A synthetic dehydrated zeolite (sodiuni-aluniiimm-sili-

cate) niaiuifactiircd hy llie Liiide Company. 
" H. .K. Oye and O. M. Cruen, Inorg. Chem. 3, 830 (1904). 
" D. M. (Jrucii and H. A. Oye, 148th National Meeting of 

the American Chemical .siociety. Chicago, Aug. 30 to Sept. 5, 
l!lli4, Div. of Inorg. Chem.. Paper 14. 
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Flo . 1-17. Liquid Immisciliilily t iap in the Binary System 

Magnesium-Plutonium. 

The ex|)erimental results were mucli more encourag­
ing with a solvent having a KHrrAIBrj molar ratio of 
unity. At this ratio, the melt is ionic and K+ and 
.^IBrj- ions are present instead of AlBr, . In one ease, 
with potas.sium hexatitanate as the solid jihase imd 
Ba-* as the exchanging ion, a distribution coefficient 
(Ad = cjini g of solid pha.se/ epni g of melt) of Iff" 
was obtained. Work is currently in progress to deter­
mine whether similar results can be obtained with 
molten salt solutions that are of more direct process 
interest. 

(I. SUPPORTING ENGINEERING STIDIES 11, 
BlRRls, R. D. PlERCKI 

During the past reporting period, engineering studies 
were conducted in three areas: i l l rletermination of 
the critical constants of alkali metals, | 2 | examination 
of nonturbulent \'aporization of mercury, and l3l de-
teniiiiiatiiiii (if till- vi.M-osity of liipiid metal alloys. 

( I ) Oplrnninalion of Ihe Crilical Conslante of 
Alkali .Melak II. G. UiLLO.N-,t P. A. XEL.so.Nttl 

Thermodynamic properties of alkali metals are of 
jiarticular interest becausi. of the use of these metals 
as heat exchange media in nuclear reactors. For most 
alkali metals, vapor pressures and liquid and \'apor 
densities are generally known up to the vicinity of the 
boiling point. While many estimates have l)een made 
of the critical constants of alkali metals, no actual 
measurements of the critical constants, vajior pressure, 
vajior ilensity, and licpiid density are known which 
co^•er the entire range of tem|)erature from the boiling 
]ioint to the critical point. To supply this missing data, 
measurements of the vapor and liquid densities of the 
alkali metals, sodium, [lotassium. rubidium, and cesium 
are being made from room tem|)erature up to the 
critical point or to as close to the critical point as 

t Ph .D. candidate from Illinois Institute of Technologj-. 
ft Argonne advisor. 

http://pha.se/
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possil)le. As the critical point is approached, the 
densities of the two jihases approach each other. 
Densities are being determined by measurement of 
gamnui radiation from the liquid and vapor phases of 
irradiated alkali metal held in a high pressure cell. 

Installation oj Equipment. The high pressure cell 
for measurement of the critical temperature of alkali 
metals, which was described in A N I J - 6 9 0 0 , pj). 96 to 
100. has been installed and tested. Seizing and galling 
of the capsule and the threaded capsule holding plugs 
turned out to be a serious problem above 1300°C since 
this made it impossible to remove the cajisules without 
destroying them. Use of various lubricants in the 
capsule chamber and in the threaded plugs was only 
partially successful. Therefore, a new high pressure 
cell was designed to alleviate the capsule removal 
problem. The salient new design feature is the split, 
tapered center piece held in jilace by a 3-in. OD sleeve 
(see Fig. 1-18). This split center piece should make 
possible easy remo\al of the capsule after heating to 
high temperatures. The construction material is niolyb-

denum-30 w/o tungsten, which was satisfactory from 
both a strength and corrosion standpoint when used 
in the earlier design. The complete furnace assembly 
is shown in Figure 1-18. 

The counting equipment for measuring vapor and 
liquid densities consists of tw'o 1-in. by 1-in. Nal, 
thallium-activated crystals with preamplifiers, posi­
tive high voltage sources, a recorder, count meter, 
scaler, single-channel analyzer, and amplifiers. The 
assembled efiuipment has been checked in separate 
tests with irradiated standards of CsNOs, NaNO.^, 
KNO;,, and rubidium metal. Satisfactory spectra and 
counting rates were obtained. 

Preliminary Runs. Initial measurements are being 
made on cesium and rul)idium since their estimated 
critical temperatures (1700 to 1800°C) are much lower 
than those estimated for sodium and potassium (2200 
to 2500°C). Preliminary runs were made with unir-
rafliated cesium and nibidium to test the reliability 
of the molybdenum-30 w/o tungsten capsules. No 
failui'cs were encountered up to 1900°C. Amounts of 

108-8.M8 
FIG. 1-18. llevised Furnace Assembly for Critical Temperature Apparatus. 

1. Insulation 
2. '4-in. tantalum tuhcs connecting to temperature measurement lioles in tapered Mo-30 w/o W cylinder 
3. Fiberfrax lid 
4. Tantalum can and lid 
5. Tapered Mo .'10 w/u W cylinder in 3-in. OD Mo-30 w/o W sleeve 
G. Locating pin 
7. Mo-30 w/o W capsule containing alkali metal in Kc-i"- ID narrow section 1-in. long t»y 30-niiI wall 
8. Locating pin 
9. Silicon carbide crucible (6i^-in. 01) l>y 11 in. high by '2-in. wall) 

10. H-\n. 0 0 tantalum tubes connecting lo collimation holes in ^fo-30 w/o W cylinder 
11. J^-in. Veeco fittings in wall of vacuum tank 
12. Ceramic supports 
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material considerably less than the critical amount 
(amount needefl to fill the capsule completely with 
dense pha.se at the critical density and critical tem­
perature) were used in the majority of these tests. 
However, some capsule failures occurred after exten­
sive thennal cycling. One failure occurred at 171.5°C 
when more than the estimated critical amount was 
present. This failure may have been caused by a 
pressure fracture whieh was due to a very high pressure 
from both vapor pressure and hydrostatic pressure. 
Another failure occurred at 18.50°C, again after ex­
tensive thermal cycling, when somewhat less than the 
critical amount of material was present. Since the 
critical temperatures of cesium and rubidium are 
hoth expected to be less than 18,50°C, containing them 
up to the critical temperatures should not be a serious 
problem when there is less than the critical amount of 
material present. 

Several runs lia\'e also been made with irradiated 
cesium. The preliminary data from these nins indicate 
a critical temperature of about 1660°C. Further runs 
are needed in the neighborhood of the critical tempera­
ture to firm up the data. Liquid densities obtained in 
the lower temperature regions l<1200°(' l agreed with 
literature data. This is additional evidence that the 
ciiiinting c(|ui|imciit is operating satisfactorily. 

ERRATA 

The gra|ilis for Figs. 1-32 and 1-33 in the Chemical 
Engineering Division Heseareb Highlights Heport, 
May 1964-.\pril 19G.'), , \ \L-702I), .\rgonne National 
Laboratory were, through error in make-up, inter­
changed. The grajili of Figure 1-32, p. 69 should appear 
in Figure 1-33. p. 70 and the gra]ib of Figure 1-33, p. 
70 should appear in Figure 1-32, p. (i9. The titles of 
the two figures are correctly located. 

(2) Suuly of Merhanismd of Liquid Metal Builiiig 
mill EiitrainmeiU i.l. WOI.KOFFI 

The \aporization of pure mercury during convective 
boiling has been umler study. Xo vapor bubble nuclea-
tion within the liiiuid occurs with this mode of vapori-
jation and it has been referred to as "nonturbulent 
vaporization" during the present study. Vaporization 
occurs only at the free licpiid surface. Since there are 
no vapor bubbles, there are no liipiid droplets formed 
at the liquid-vapor interface and. consequently, there 
is no entraimuent of liipiid by the vapors. It has 
previously been shown that xaiiorization rates equiva­
lent to heat fluxes as high as IKi.OOO Btu ihr) isq ft I 
through the vaporizing surface could be attained under 
vacuum when good liquid mixing was provided lAN'L-

61)87. p. 581. 
The measurement of the surface temperature of the 

mercury during vaporization was difficult ex|)erimen-
tally since a large temperature gradient existed within 
the liquid near the surface I ANL-6800, p. 133; ANL-
6900, p. 931. Two techniques for this measurement 
were used: 111 extrapolation of vertical temperature 
traverses to zero depth, and l2l use of a surface tem­
perature probe. The surface tem|ierature probe con­
sisted of a fine wire which [lenetrated the vaporizing 
surface from above to form a thermocouple with the 
liquid metal l.\NL-69(X). p. 9.')i. .Agreement between 
the two methods was fair. Slightly higher temperatures 
were obtained by the surface probe than by extrapola­
tion of vertical temperature traverses, .\lthougli the 
probe was primarily sensiti\e to the surface teiujiera-
ture, some sensitivity to the higher temperatures below 
the surface existed. 

A mathematical analysis of the surface thermo­
couple probe was made to clarify the limitations of the 
method and to pro\'ide a rational means for designing 
such a jirobe. 

.\ theniioelectric potential is generated at the inter­
face between the wire anil the liquid metal, the poten­
tial N'arying along the wire-liiiuid metal interface IH--
cause the temperature varies. .\t steady state, the 
Laplace etpiation can be written for the voltage ilis-
tribution in each metal. .\ simplified mathematical 
model of the thermocouple system I based on a step 
chtinge in temperature rather than a smoothly varying 
change I was .solved to gi\'e the following equation:* 

^ = 1 - I-

h{nTV)KxinwV) 
/n(wirrtA',(;ixr) -I- ^^'!^^nTl')K^nT^') 

where 
e = error in the surface lemperalure, in %', 
s = step change in temperature, in %\ at the 

\vire-li<iuid melal interface. This ocrurs im­
mediately twhtw the >urface teniperatun' re­
gion to y 

V — fraction of the immerse<l wire length that i» 
at the surface temperature tu, 

I' = wire radius depth or wire immersion, 
](' = electrical resistivity of li(|uid mctal/elec-

trical resistivity of immerst-d wire, 
H = 1 , 2 , 3 , ••• , X 

/^ / , = imxiified Ik's-M?l functions of the first kind of 
oixier 0 and 1, respectively, 

/^', ^ /v'l = modified Bessel functions of the second kind 
of order 0 and 1, respectively. 

• The help of I) . A. Woodward and A. J . Strecok of the Ap­
plied Mathematics Division in solving (he equation and in 
programming the computations is gratefully acknowledged. 

http://pha.se
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A step temperature change was assumed to occur at 
various ])ositions along the immersed portion of the 
thermocouple wire, and the magnitudes of the error 
in the surface temperature measurements were calcu­
lated as a function of the ratio of wire radius to depth 
of immersion. 

The calculated values of the e<|uation are plotted 
in Figure 1-19 for 11' = 1.5. This is the resistivity ratio 

for the liquid metal mercury and the thermocouple 
wire cliromel at 180°C, the temperature used in the 
mercury vaporization studies. As the wire radius de­
creases, it is evident that the error in reading the sur­
face teiiijierature decreases. For any finite value of V, 
a value of U can be found below which the error will 
be low. Figure 1-20 is a similar plot for a resistivity 
ratio of 11' = 100. It can be seen that, under otherwise 

U. radius of thermocouple wire/depth of wire immersion 

FKJ. 1-19, Krrnr P.iranielcr8 for .Surface Temperature Thermocouple: H' = 1.5. (Symbols defined in text.) 

v = 0 

U, radius of thermocouple wire/depth of wire immersion 

Fia. I-2I1, Krror I'aramcliTS for Surface TcmiiiTal lire 'I'licriii iiplc: 11' = 1(X). {.Symliol..! defined in text.) 
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similar conditions, measurements with high resistivity 
liquid metals tend to be more in error than measure­
ments with low resistivity liquid metals. 

The error in surface temperature measurement for 
the 10-mil thermocouple that was used in the mercury 
boiling studies was estimated from Figure 1-20. At a 
temperature gradient of 165°C/in, I the maximum 
measured I, the error in the surface temperature meas­
urement was about -t-I°C. 

A topical report of this work will apju'ar as . \NL-
6957. 

(3) Determination of the Visrosity of Liquid Met­
als and Fused Salts IB. MI.SEK,* R . D . PIERCE) 

The viscosities ol liquid metal and liquid salt .solu­
tions are of interest in interpreting mass transfer and 
fluid dynamics results obtained in some of the pyro­
chemical processing studies. For this reason, a]iparatus 
has been constructed for the determination of these 
viscosities. The etpiipment consists of a cup suspended 
by a torsion wire, and instrumentation to measure the 

* Co-op Student from NorlliweBteni ITiiiversity. 

damping of the rotational oscillations of the cup. The 
riamping is caused by the viscous shear of the fluid 
under study which is contained in the cup. A mathe­
matical analysis for such an oscillating cup viscometer 
has been made by Shvidkovskiy.'-

The major advantages of the selected method are 
11) high sensitivity resulting from an extended |H'riod 
of viscous damping, I2l relatively small sample size, 
and I3l nonref|uirement of direct obsen'ation of the 
fluid. The eu|) is suspendeil in a furnace and has only 
an extension visible for the amplitude and period-of-
oscillation measurements. He derived an expression 
which allows the calculation of ab.solute kinematic 
viscosity if the system parameters are known. 

Construction of the viscometer has lieen completed. 
Preliminary measurements have Ix'en made on mercury 
and on cadmium-base allovs. 

" Y'e. (I. .Slividkovflkiy, Certiiin Protilcms Ucliiled lo ihe 
ViBcosity nf Fined .Metals, X.\S.\ TT F 88 fMnrch llPli2l. 
(Translation of Document Published liy State PuliliKliing 
House for Technical and Tlicorclical Literature tMoscuw) 
11)55.1 

B. FUEL PKOCESSING F.\CILniES FOU EBK-H (J. 11. SCHUAIDT, 
M. LEVEN.SON, L. F . COLEMAN) 

A direct-cycle fuel re]irocessing plant (Fuel Cycle 
Facility! based on compact |iyroehemical processes 
was designed and constructed as part of the Kxperi-
niental Breeder Reactor No. II I EBR-II I Project. 
Melt refining, litpiid metal extraetion, and processes 
involving fractional crystallization from liquid metal 
systems are methods being examined for the recovery 
and purification of E B I M I fuels. Based on these 
.studies, |irocess equi]iiiient is being designed and tested. 

The results of operations being carried out in the Fuel 
Cycle Facility are presented in Section I-C of this Re­
port. This section lI-Bi of the report describes the 
efforts of the Chemical Kngineering Division in pro­
viding technical assistance for |iroblems arising in the 
operation of the Fuel Cycle Facility and in developing 
equipment for compact pyroehi'inical processes which 
will subsequently be oiierated in the Fuel Cycle Facil­
ity. 

1 . T e c h n i c a l . A s s i s t a n c e a n d S e r v i c e E q u i p m e n t D e v e l o p n i e n l 

MANIPULATOR AND CRANE DEVELOPMENT 
(,1. C.H.v\K. P. KKLSHEIMEK, T . DEXSTJ) 

(1) Multiple Disc Type SUp Clutch 

Multiple disc type -slip clutches of Chemical Engi­
neering Division design are being added to the hoist 
motors for the in-eell manipulators at the EBR-II 
Fuel Cycle Facility in order to protect the hoist mecha­
nisms and cables from damage due to mechanical 

overloads I see ANL-6900. pp. 108-1091. The slip clutch 
includes a Maxitorq Disc-Pac Xo. 22t+ which is kept 
under compression with Belleville disc-springs. The 
slip clutch is mounted inside the housing of the hoist 
motor gear-reducer and is so compact in size that no 
modification to the housing was necessary. The ilisc-
|)ack, which is o|)erated in oil. is set to slip at .TCS 
overload, .\fter initial slipping, the transmitted torque 

t Central Shops. 

tt Manufactured by Carlyle Johnson Machine Corporation, 
Manchester, Conn. 
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BELLEVILLE 

„ MOLYBDENUM 
DISULFIDE 
POWDER 

h "" •! 

108-8722 Rev. 
Fill. 121. Dry Powilcr Slip Clutch. 

(sli|i-torqueK drops to about one-half the break-away 
torque.*** The break-away toniuc is adetiuate for all 
normal operations including acceleration of loads. 

These slip clutches have been installed in four of 
the eight o])erating manipulators. The hoist units were 
shipped to Argonne, Illinois, one or two at a time, for 
the installation work. By modifying two spare hoist 
units first, it was jiossible to jierfonn the required 
modifications without interrupting the use of in-cell 
manipulators. Before each modified hoist unit was 
returned to Idaho, it was subjected to two tests. One 
test consisted of first blocking the hoist in the "UP" 
position and then o|ierating the hoist motor at various 
speeds in order to observe the slipping of the clutch 
and to measure the resulting armature current of the 
hoist motor. In first speed (32-volt tap I, the clutch 
would not slip; the motor would stall and the armature 
current would be 10 amp. In second and third speeds 
(72- and 105-voit taps), the clutch would slip. A 
newly installed clutch would initially slip at an arma­
ture current of 15 to 20 amp. However, after a sboit 
conditioning jieriod of starting and stopjiing (to pre­
vent overheating a motor or blowing a fuse), the arma­
ture current at which the clutch sli|iped would drop to 
8 to 9 amp. The full load Idc) rating of the motor is 

*** Break-away torrjue is the torque at which the compon­
ents of the clutch first start to slip relative to cacli other. 
Slip-tonpie is the torrjue transmitted between Ihe driver and 
the driven shaft when the components of the clutch ure slip-
pins relative to each oilier. 

8 am|). The .second test consisted of lifting a 920-lb 
load (the rated load of the manipulator hoists is 750 
Ib) at each hoisting siieed, measuring the resulting 
armature current, and observing clutch slippage. In 
the first Sliced (32-volt tap) the motor stalled, drawing 
a current load of 9 to 10 amp. In second and third 
speeds (72- and 105-\'olt taps), the load was lifted 
without the clutch slipiiing; the current load was 8 to 
9 amp. These tests indicate that the clutches will oper­
ate as intended. 

( 2 ) Dry Powder Slip Clutch 

Although conventional clutches will satisfy many 
applications, there is a need for a clutch which would 
display a steady torque response. Conventional 
clutches do not slip at the same steady torque for a 
gi\en torque setting. Rather, the torque transmitted 
while slijiping \aries after repeated operations and is 
different than the break-away torque. The multiple 
disc type slip clutch which is used for the manipulator 
has a break-away torque that is about twice the 
ttirque transmitted while slipjiing. 

A new type of slip clutch (Figure 1-21) has, there­
fore, been designed, built, and tested by the Chemical 
Engineering Di\'ision. The clutch consists of two 
jiarts: (1) a cylindrical housing that is filled with 
molybdenum disulfide powdcrf and is attached to one 
shaft, and (2| a clutch di.se that is enclosed in the 
housing and driven by a second shaft. All parts of 
the slip clutch (other than powder) are made of mild 
steel without surface hardening or special machining, 
such as grinding. The powder forms a 14-in. layer 
between the faces of the clutch disc and the adjacent 
faces of the housing and is compressed by a Belleville 
s|iring-loaded plate which forms one end of the hous­
ing. Friction between the molybdenum disulfide pow­
der and the disc determines the torque transmitted. 
By \arying the compression of the Belleville spring, 
this torque can be varied. 

The clutch was tested by rotating the input shaft 
at 9 r|im and holding the output shaft stivtionary, thus 
sliiiping the eluteh continuously. The transmitted 
toripie was determined by measuring the force exerted 
at the end of a bar clamped to the output shaft. The 
torque initially transmitted was 350 in.-lb. It then 
dropped slowly to 200 in.-lb over a 2-hr period, after 
which the tonpie remained at this value for another 
2 hr. Following this test, the direction of rotation was 
re\ersed, which caused the transmitted torque to drop 
to 180 in.-lb which within a few minutes increased to 
2.50 in.-lb and remained at this value for the next H hr 

•when the test was terminated. No special shaft seals 

t Alpha Molycolc Powder, Type 2; a product of the Alpha 
Molycotc Corp., Stanford. Conn. 
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were useil and no leakage of powder was observed in 
these tests. 

Apart from the gradual change in transmitted 
torque, the torf|ue remained at a steady value without 
momentary fluctuations. Furthennore, there was no 
difference between break-away torr|Ue and torque 
transmitted wdiile slipping. Subsequent tests have 
demonstrated that if the molybdenum disulfide pow­
der is preeomjiacted in the clutch housing, further 
compacting during operation is minimized, and the 
change in transmitted tortjue is largely eliminated. 

Following the above tests, the dry powder slip clutch 
was installed on the bridge drive motor of the proto­
type manipulator in the Division's mock-up facility. 
The powder was eomiiacted in the clutch prior to oper­
ation by drawing up tight the s]iring-loadeil bolts. The 
bolts were then adjusted so that the clutch would slip 
at a torque of 880 in.-lb. 

The clutch was first tested by operating the bridge 
drive motor while the end truck of the manipulator 
bridge was against a dead stop. The clutch did not sliji 
Ithe motor .stalledl at the low speed setting (32-volt 
tapl; the clutch slipped, however, tit the intermediate 
and high speed settings (72- and 105-volt taps I. A 
Dillon dynamometer* jilaeed between the bridge end-
truck and the rail stop showed that a force of 2(X) Ib 
was being exerted while the clutch was slipping at 
the two higher speeds. The (dutch slipped at this torque 
without an initial run-in period. The value of the 
slipping tonpie did not change during the tests which 
were repeated several times. 

With a wheel diameter for the end truck of 8 in., 
the tortpie resulting from the 200-lb horizontal thrust 
is 800 in.-lb. The difl'erence of 80 in.-lb between this 
torque and the initial torque setting of 880 in.-lb serves 
to overcome friction and other resistances in the drive 
ineehanisms. The 880 in.-lb torque represents an over­
load of 50'; on the motor. There was no diHiculty in 

backing the bridge away from the stop. (Since bridge 
drives are not equipped with slip clutches, spring-
loarled bumpers are used to prevent a bridge drive 
from locking when a bridge hits the stop. I 

The bridge and the lead-shielded carriage on it are 
very heavy, and operating exjierience at Idaho has 
shown that large forces l.see .\XL-6800, pp. 1.58-l,i9l 
are involved when the bridge dri\e is engaged. The slip 
clutch was tested to detennine if it would provide 
protection for the bridge drive mechanism during 
starting. For this test, the bridge was made free to 
move by backing it away from the dead stop. The 
clutch would initially slip even when the bridge motor 
was started at the low s|H'ed st'tting (32-volt tapl . 
.\fter the initial slipping, the clutch supplied sufficient 
torque to move the brirlge. 

The results of these tests show that this clutch does 
|irovide adeipiate iiroteetion for the bridge drive 
mechanism. The clutch promises to be radiation- and 
heat-resistant, maintenance-free, and inexpensive. 

( 3 ) Prototype Manipulator 

In order to provide the Fuel Cycle Facility with a 
means for checking out maintenance work that has 
been perfonned on manipulator carriages and for 
training personnel, the prototype manipulator I pres­
ently installed in the mock-up area of the Chemical 
Engineering Division, at .Argonne. Illinois) will be 
dismantled and slii|)ped to Idaho. Before this is done, 
howe\'er, the bridge and carriage will be modified. The 
rails on the bridge will be raised ^ ' i« in., and the 
spring-loaded slirling collector as.semblies will be re­
placed with new ones identical to those used in the 
Fuel Cycle T'acility l.see ANL-69(K). p. 1071. These 
two changes will make it po.ssible to operate the proto-
ty|M? manipulator carriage on the bridges in the .\ir 
and .\rgon Cells anil to operate the carriages from .\ir 
and .\rgon Cells on the prototype bridge. 

2. Process Equipment Development 

a. SERVICE EQUIPMENT I.I. O. Lvnuiw, \V. E. 
.MILLER, J. V, NATALE) 

It has become evident from operating experience in 
the Fuel Cycle Facility and in argon atmosphere 
gloveboxes that there were a number of problems 
uniquely associated with the operation of equipment 
in a dry argon en\ironment. The lubricating and 
wetting properties of certain materials are changed 
markedly when their environment is changed from air 
to dry argon. Heat transfer rates for nattiral or forced 

• A produci of the \V. C. Dillon Corp.. Van Xuys, Calif. 

coineetion. under otherwise iiientieal conditions, are 
less in argon than in air. The electrical strength of 
argon is much le.ss than that of air. 

In order to carry out a meaningful investigation of 
these problems, new environmental facilities utilizing 
an inert atmosphere were rerpiired. The establishment 
of these facilities (in Building 310i is being carried 
out in two steps. The first step, whieh has been com­
pleted, involved the installation of two gloveboxes and 
an associated argon gas purification system (see . \XL-
6900, pp. 11.5-1161. The gloveboxes will be used for 
equipment and proeess development. The second step 
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is the construction of a large inert atmosphere en­
closure and tho modification of the existing argon 
purification system for use with the new enclosure. 
Plant-scale equi]iment for skull reclamation and blan­
ket processing will be tested in this enclosure prior to 
installation in the .\rgon Cell of the Fuel Cycle Facil­
ity. 

( 1 ) Large Inert Atmosphere Enclosure (Bld^. 
310) (J. 0 . LUDLOW, R . MALECHA,* .1. V. NATALE, 

J. H. ScHRAiDT, M. A. SLAWECKI) 

Construction of the large inert atmosphere enclosure 
in Building 310 is nearing comjiletion. Figure 1-22 
shows the enclosure during a late stage of construction. 
The enclosure is about 24 ft long, 12 ft wide, and 14 
ft high. The metal shell has been fabricated, and the 
winilows have been installeil. .\ major jiortion of the 
service piping and electrical work has been completed. 
Twelve windows are installed in the north side of the 
enclosure, eleven in the south side, four in the west 
side, and two in the east side; each window contains 
four glove ports. The southeast corner of the enclosure 
is jirovided with a niche which is at floor level and is 
4 ft wide by 4 ft deep by 6 ft high. A 35-in. ID by 
69-in. high cylinder, closed at the bottom and open at 
the top, is used as a lock for the transfer of large 
items into the enclosure. A hydraulic lifting device, 
which is a part of the enclosure, is attached to the 
transfer lock and is used to lift the lock to seal it 
against a capped opening at the top of the niche. 
Means for evacuating the lock and subsequently fill­
ing it with argon are being provided. A small transfer 
lock, 7%-in. ID by 28'/2-in. long, is in.stalled in the 
east side of the enclosure and is used for the routine 
transfer of small-sized objects. The small transfer 
lock is provided with means for evacuating and refill­
ing the lock. 

The inert atmosphere enclosure is being ])ro\ided 
with a 1-ton bridge crane which travels the length of 
the enclosure. All crane operations are remotely con­
trolled. 

The roof of the enclosure contains windows without 
glove ports. Fluorescent lights mounted above the 
roof windows furnish general interior lighting for the 
enclosure. A removable section of the roof, 7'/2-ft wide 
and 111/2-ft long, is located at the east end of the en­
closure. The removable section allows the introduc­
tion of very large pieces of experimental apparatus, 
including new crane bridges and trolleys. 

Ports for introducing service and control lines into 
the enclosure are provided in the sides and ends below 
the windows and in tlie roof. Tin- ports are the same 

* Central Shops. 

size as the glo\e jiorts in the windows and can be u.sed 
as glo\'e jiorts, if desired. 

The enclosure is etiuipped with three 3-ton Freon 
cooling systems to control the tenqierature. The com­
pressors are located in the basement service area. The 
direct expansion cooling coils and circulating fans are 
located above the to|) row of windows along the north 
wall of the enclo.sure. 

After the installation of supporting equipment is 
eom])leted, adflitional leak-testing of the enclosure 
will be performed. ^\'hen all leaks are repaired, the 
installation of the .skull reclamation equipment will be 
carried out. 

( 2 ) Operation of Argon Purification System 
(Bl.lg. 310) (.1. V. X.vrALE, A. CHANDLER, .1. 
HARAST) 

A purification system (.see .\NL-6900, pp. 116-1171 
has been installed in Building 310 to provide argon 
containing low concentrations of oxygen and water for 
the gloveboxes and similar inert atmosphere enclo­
sures. The essential comjionents of the |)urification 
system are a palladium catalyzer, a Molecular Sievef 
dryer and a centrifugal coin]iressor that is installed in 
a gas-tight container. C!as from an enclosure is passed 
through the purification system and then returned to 
the enclosure. The oxygen in the flowing stream is 
catalytically converted with added hydrogen to water 
and this water, along with any water initially present 
in the gas stream, is removed by the dryer. 

The argon purification system has been operating 
with only one glovebox connected to the system. The 
gloxebox is maintained at a pressure of plus 0.7 in. of 
water, anti only the gasketed container for the com­
pressor and a small portion of the system piping are at 
a negative pressure. The rate of air inleakagc therefore 
is small l<1.2 ec^minl. The oxygen concentration in 
the glo\'ebox is controlled by adding hydrogen to the 
flowing stream over a 15 to 30-iiiin period at the be­
ginning of each workday. Moisture is controlled by 
passing gas through the system I without hydrogen 
lulditiiiiii continually iluring each workday and oc­
casionally o\'ernight. The av'erage oxygen concentra­
tion in the system, measured after the period of hy­
drogen addition, has been 5 ppm and the average 
moisture concentration at the end of each workday 
has been 15 ]ipm. The nitrogen concentration in the 
system was originally reduced to 0.1''; and maintained 
at this concentration by purging with tank argon; 
however, the nitrogen concentration is now maintained 
_at 5c; Iby jieriodic nitrogen additions) to simulate 
conditions in the .\rgon Cell of the Fuel Cycle Facility. 

t Product of I.indc Air Pr.ulucts Co., New York. 
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108S;{51 
Kiii, 1-22. Inert Atnmspherc Knclosure during Construction. (This view shows the east side of ihe large inert atmosphere en­

closure during a final construclioii stage. The large transfer lock is shown in its niche in the southeast corner of the enclosure. The 
small transfer lock is shown near the northeast corner. The operators are preparing to install a process furnace through a large 
hatch opening iti the roof of the enclosure. One inert atmosphere glovebox and the vacuum transfer lock of a second are shown 
in tlio right foreground.) 
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Regeneration of the dryi'r bed has been necessary 
following each 500 hr of operation. The present re­
generation jirocedure and equipment are only adequate 
for the one glo\'ebox that is connected to the purifica­
tion system. However, a second glovebox and the large 
inert atmosphere enclosure I see preceding subsection I 
will soon be connected to the system. In order to main­
tain the present regeneration interval and moisture 
content with this increased load, a predryer* for the 
air in the regeneration .step has been installed and is 
being tested. The use of predried room air during the 
course of regeneration will ri'duce the residual moisture 
content and increase the cajiacity of the dryer bed to a 
greater level than was possible in previous regenera­
tions. The room air will lie iiredricd before it is passed 
through the dryer bed only during the final 2 hr of the 
8-hr heating period of the regeneration jirocedure. 

In addition to the installation of the ]ireilryer, other 
modifications \ux\e been made to the argon gas purifi­
cation system which would make possible the attach­
ment of the large inert atmosphere enclosure. These 
changes include the following: ( l l extension of the 
existing supply and return headers for the argon gas, 
(2| installation of pressure controls for the overall 
system, 13) installation of an additional electrolytic 
oxygen analyzer, (41 relocation of existing analytical 
instruments, and (5) installation of an argon supjily 
manifold for 3000-cu ft cylinders. These modifications 
anil additions arc in the process of being tested. 

b. SKULL OXIDE PROCESSING EQUIPMENT 
(G. BERXSTEIX, T . ECKELS. .1. GRAAE, D . C.ROS-

VENOR, ,1. LUDLOW, \ V . M I L L E R , M . SLAWECKI , E . 

JOHNSTON, P. KELSHELMER, R . MALECHA,"" R . 

V R E E " ) 

At the conclusion of the EBR-II fuel melt n'fining 
operation, a residue (skullI remains in the processing 
crucible. The skull is converted to a free-flowing oxide 
jiowder in a skull oxidation furnace (see ANL-6900, 
jip. 116-1201. .̂  skull oxidation furnace has been in­
stalled in the Fuel Cycle Facility. A skull reelaiiiation 
Jiroeess is being rleveloped for recovering the fuel mate­
rial from the skull oxide and separating it from the 
associated fission jiroducts (see .\XL-6800, p. 611. The 
skull reclamation jiroeess includes (1) extraction of 
noble metal fission jiroducts froiu the skull oxide, (2) 
reduction of the uranium oxide, I3l precipitation of a 
uranium-zinc intenuetallic comjiound, (4) deeomjiosi­
tion of the intenuetallic comjioiind, (5 | dis.sohition of 
the uranium cake formed from the deeomjiosition steji, 
and I6| retorting of the uranium solution to yield a 

*A product of the PittsltiirKh Lcctrodrycr Division, Mc-
Graw-Edison Company, KIgiii, Illinois. 
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uranium ingot. Equipment for jiroccssing skull oxides 
in the Fuel Cycle Facility is being built and tested by 
this Division. 

The jirimary comiionents of the processing erjuip-
iiient consist of the following: (11 a skull reclamation 
furnace, (2 | a material transfer line, (3) transfer re-
cci\'er equijiment, and (4) a retorting furnace for re­
covery of the uranium product. The development 
status of the first three items is described below and 
the status of the fourth item, the retorting furnace, is 
diseussefl in subsection 2 e. 

( 1 ) Skull Reclamation Furnace (M-2) 

The reduction of uranium oxide to uranium metal 
and the gross sejiaration of the uranium metal from 
fission Jiroducts are to be carried out in one processing 
furnace. Tungsten appears to be the only suitable 
crucible material of consti-uction which will resist the 
corrosive effects of the molten halide salts and molten 
zinc used in the skull reclamation jiroeess. A pressed-
and-sintered tungsten crucible has been procured (see 
Figure 1-231 for tests of the full-scale plant equipment. 
This crucible has an inside height of apjiroxiniately 
23% in. and an inside diameter of 14 in. It is designed 
to Jiroeess ajijiroximately 5 kg of skull oxide as U^Os. 

The ojierations to be conducted in the skull reclama­
tion furnace lM-2) require several heating and cooling 
stejis. To overcome the effects of fission product heat­
ing and to retluee the time necessary for cooling the 
crucible, a furnace design was retjuired which would 
enhance the rate of heat dissijiation (see ANL-6900. 
jiji. 120-1231. The constniction of the M-2 furnace is 
based ujion a Hastclloy Cf open toji cylinder whieh fits 
closely arounil the tungsten cnieible. The furnace is to 
be heated by a close-fitting 20-kw resistance heater in 
tlie form of a vertically sjilit cylinder. The cylinder 
halves are externally insulated and are held closed 
around the furnace during heating cycles. When the 
furnace is to be cooled, the cylinder halves are ojiened 
to exj>ose the wall of the furnace. 

The stainless steel furnace cover, whieh is hollow 
and filled with Fiberfrax insulation, contains openings 
for a stirrer assembly, a transfer line, and a charging 
jiort. The cover can be sealed to the furnace body by 
a fusible metal seal. 

( 2 ) Agitator and Shaft Seal 

In the skull reclamation jiroci'ss. the efficiency of 
noble metal extraction and the rate of reduction of 
uranium oxide are directly related to the effeeti\eness 
o* the mixing in the cniciblc l.see .\NL-6725, pji. 45-
46 and AN1.-Ii90(l. pji. ,W-."i9i. In the pilot plant jiroc-

t Produrt of llayncs Slcllilc Company. 
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ess e(jui|iment as described in ANL-6687, p. 35, satis­
factory results were obtaineil by using a crucible with 
four baffles and a double-bladed agitator. For the 
plant-scale operation, a large, unbaffied tungsten cruci­
ble Il4-in. ID) with a hemispherical bottom will be 
used. The baffles were eliminated to simplify the 
fabrication of such a large size crucible. Tests were 
made to evaluate the mixing effecti\'eness of a jiroposed 
imjieller in an unbaffled crucible and the performance 
of a sjiecial shaft seal and bearing assembly. The in­
formation was needed in order to design these com­
ponents for the M-2 furnace. The limited sjiace on the 
cin'cr of the M-2 furnace requires that the agitator be 
iiioiiiited with its shaft located near the inside wall of 
llic crucible. This limits the imjieller diameter to 4 in. 
.\ pitched-lilade imjieller was selected lor testing. The 
imjieller 14-in. dia. by 11/2-in. high) has four .straight 
blades set at a 45° angle and was ojierated with down­
ward discharge. The mixing tests were jierformed 
using the base from the M-1* furnace and a steel 
vessel similar in shajie to the tungsten crucible, but 
slightly larger 1151/2-in. ID I. The imjieller constructed 
of steel was mounted on a 1-in. dia. vertical steel shaft 
(the jilant impeller and shaft are to be fabricated of 
Mo-30 w/o W). A bearing assembly for the imjieller 
shaft and a variable-sjieed drive motor were sujijiorted 
on a frame above the M-1 furnace base. The variable-
speed motor was adajited by ajijirojiriate sheaves and 
a belt drive to deliver sjieeds from 60 to 1000 rjim. Two 
mixing tests were made in which molten lead at 350°C 
was used as a stjind-in for the molten zinc to be used 
in the .skull reclamation jiroeess. The bottom edge of 
the imjieller was located 4 in. above the erueible bottom 
and the imjieller cleared the sides by l'/2 in. The 
licjiiid had le\el was '/l in. and 2 in. above the top 
edge of the imjieller in the first test and second test, 
icsjieetively. In the first test, vortexing occurred at 
about 400 rjim; in the second test, at about 6(K) rpm. 
Ill the second test, good circulation and iiiucb turbu­
lence was ob.served at 775 rjim. It is assumed that the 
vortexing would aid in combining the lighter flux with 
the metal jihase. At 775 rjiiii. the jiower injiut to the 
uHitor was % liji. 

The agitation ob.served in these tests was sutficiently 
vigorous to indicate that an imjieller of the same de­
sign should be tested in the M-2 furnace. On the basis 
of the power input observed iVt hjil at 775 rjim. a 3-hp 
variable-sjieed d-c motor was selected for tests with 
the M-2 furnace. This size motor will jiermit ojieration 
at the maximum speed of the agitator drive |900 r|inil. 

* The M l skull reclamation furnace is an early design of a 
plant-scale iiuluction heated furnace. It h.as been superseded 
liv the M-2 design. However, it is still being used for component 
testing while the M-2 furnace is under construction. 

108 7.(41 
Flo. I 2:1. Planl Size Pre.s.sedaiid-.sintcred Tungsten Cruci­

ble for .skull%ItccIaiiialion Process. (Crucible size: 14 in. 10 
by 2.'l*4-iii. inside height. Crucible charge: 5 kg I'lO,.! 

e\"ell when derated lor ojieration in an argon atiiios-
jihere (see ANL-6900. jiji. 103-1041. 

An integral jiait of the mixing sy.stem is the bearing 
and shaft seal a.ssembly. The assembly must IK' capa­
ble of ojierating at elevated temjH'ratures. and the 
shaft seal must be alili' to hold system pressures uji to 
20 |isi. A jireliminary design was developed and vari­
ous candidate bearing and jiacking materials were 
tested in the .M-1 furnace. The a.s.sembly was ojxTated 
under no load conditions ino mixing 1 anil was not 
subjected to salt or metal fumes during the tests. 
Three tests were made in which the a|ijiroximate tem-
jieratures at which comjionents of the assembly will 
ojx<rate and the effectiveness of the packing and bear­
ings for the test conditions were detennined. A short 
stub-shaft, extending 6 in. Iieyond the Iwaring and 
seal assembly, was used in the test liocause a full 
length steel shaft i27 in.i would not be strone enough 
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STEEL AGITATOR 
SHAFT 

SEALED BALL 
BEARINGINEW 
DEPARTURE 99505) 

LOWER BEARING 
THERMOCOUPLE 

PACKING (ASBESTOS PACKING SPACED 
ALTERNATELY WITH INCONEL WIRE-
REINFORCED FIBERFRAX PACKING, 
BOTH PACKINGS IMPREGNATED WITH 
MOLYBDENUM DISULFIDE) 

PACKING 
THERMOCOUPLE 

GRAPHITE SLEEVE 
(NATIONAL CARBON 
TS 574) 

UPPER BEARING 
THERMOCOUPLE 

GRAPHITE SLEEVE 
BEARING (NATIONAL 
CARBON TS 574) 

STEEL HOUSING 

ARGON PURGE 
LINE 

HEAT SHIELD 
THERMOCOUPLE 

HEAT SHIELDS 
(304 STAINLESS STEEL) 

108-8700 Rev. 
Fill 1-24. .\gitator Bearing and .siliaft Seal .\sscmbly. 

to withstand the forces of ilynamic unbalance at the 
operating temjierature (800°Cl of the test. 

In the first test, two conventional, unsealed ball 
bearings (ND-32051* were used with lubrication suji-
plied with the bearing. The shaft seal was jiacked with 
asbestos packing INo. SUSP)"" imjjregnated with 
molybdenum disulfide in a wax carrier. The relative 
location of the bearings and the jiacking is shown in 
Figure 1-24. After 33 hr of ojieration at an agitator 
shaft sjieed of 450 rjim and at a furnace temjierature 
of 800°C, the lower bearing, which was at 150°C, 
failed. Examination showed that the cause of failure 
was loss of Kibrication. For the second test the upjier 
and lower ball la'arings were replaced with new ones 
which were dujilicatcs of those used in the first test, 
except that they were first degreased and then lubri­
cated with a dry lubricant (tungsten disulfide I. In 
this test, which was carried out under conditions simi­
lar to those of the first test, both bearings failed after 
Vz hr of ojieration. 

•Produc t of New Departure llivision, (Jcncral Motors 
Corj)., Bristol, Connecticut. 

•* Product of Crane Packing Co., Morion (irove, Illinois, 

In the third test, the lower ball bearing was replaced 
with a sleeve bearing made of a graphite material 
I National Carbon TS-.574l.t The ujijier ball bearing 
was rejilaced with a new ball bearing IND 99.505) 
which is a sealed tyjie but otherwise similar to the 
bearings used in the two jirevious tests. Prior to use, 
the bearing was degreased and lubricated with NRRG-
1.59,tt a radiation-resistant lubricant suitable for 
teiiijieratures uji to 175°C. The jiacking for the stuffing 
box was rejilaced with two tyjies of packing rings 
which were alternately sjiaced. The first was a woven 
asbestos jiacking imjiregnated with molybdenum di­
sulfide, and the second was a material made of woven 
Fiberfrax reinforced with Inconel wire and imjireg­
nated with molybdcnmu disulfide. This modified Fi­
berfrax material is a very hard jiacking and acts as a 
sujijilementary bearing. The agitator stuffing box as­
sembly was mounted on the M-1 furnace and three 
stainless steel heat shields were jiositioned below the 
packing housing in order to simulate the design 

t Product of National Carbon Co., Division of Unii 
bide Corp., New York. New York. 

t t Product of .'Slandard Oil Company of California. 

Car-
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jilanned for the M-2 skull reclamation furnace. A 
sketch of the assembly is shown in Figure 1-24. Ther-
mocoujiles were located at the top ball bearing, at the 
lower grajihite bearing, in the lowest jiacking ring, and 
above the top heat shield. The furnace was maintained 
under 1 to 3 jisi argon jiressure during the test. Gas 
leakage from the entire furnace assembly was less 
than 1 cu ft/lir. 

The ojierating conditions for this test and the tcni-
jieratures attained by the bearings, jiacking, anil top 
heat shield during the run were as follows: 

Test Period, lir lOil 
Agitator Shtift Speed, rpm 7."iO 
Furnace Pressure (argon atmospberej, 1 to 3 

psi 
Furnace Temp., °C 8(X) 
Upper Bearing Temp., °C 135 
Lower Bearing Temp., °C 185 
IJOWKT Packing King Temp., °C 230 
Top Heal Shield Temp., °C 315 

The two bearings and the jiacking jierformed satis­
factorily in this test. No lubricant was lost from the 
iijijier bearing. However, as noted above, the steel 
test shaft was not subjected to lateral deflection, a 
condition which would exist during mixing of molten 
metals, and the bearing and shaft seal a.s.sembly was 
not subjected to the action of metal and salt fumes. 
In order to evaluate jierformance under jiroeessing 
conditions, the assembly will be tested with a molyb-
denuiii-30'; tung.sten shaft and imjieller in mixing 
tests using molten zinc and miiltcn flux at 8I)0°C in the 
.\1-1 furnace. 

(3 ) Transfer Line 

The design of the transfer line to be used with the 
M-2 furnace was develojied from information ob­
tained in jiilot jilant studies that are described in ANL-
(iiMIO, jiji. ,59-60. The transfer line for the M-2 furnace 
was iiiaih' using two ^i-in. OD rods of molybdenum-
30'; tungsten in which '/s-in. I D holes were gun-
drilled. The two lengths of drilled rod were joined by 
a threaded coujiling and then fonned to a ,I-sliajie by 
hot bending over a jig. The jiortion of the tubing 
lilrilled rodi external to the furnace is wound with 
resistance beaters ('/s-in. t)Dl which are insulated 
with swaged magnesia and encased in Inconel. By 
using the beaters to maintain a temjierature of aliout 
8(I0°C within the tubing, solidification of molten metal 
or molten flux during transfer is jirevented. The wound 
section is insulated with Fiberfrax and potassium 
titanate jiowder and enclosed in a stainless steel jacket. 
The jacket jirotects the heaters, the insulation, and 
the tubing against mechanieal damage and oxidation. 

The transfer line will be fastened to the M-2 furnace 
cover and the waste recei\'er by means of solder seals. 
An external bellows is incorjiorated in the waste re­
ceiver seal to allow for thermal expansion of the line. 

The transfer line is being adajitcd for temjiorary 
use with the M-1 furnace in order to carry out jilanned 
stirring and transfer tests. 

( 4 ) Transfer Receiver Equipment 

Flux and metal wastes from the skull reclamation 
fiirnare will be collected in 8-gal jiails for disposal, 
riiese jiails will fit the standard 6-ft waste container 
used for disjiosal of solid wastes isee ANL-6900, pp. 
112-113). The design of the transfer receiver etjuip-
ment, which is in the form of a fume hood, is compli­
cated by the requirement that it jirovide for jiurging 
the transfer line, weighing the waste, and collecting the 
fumes which accomjiany the transferred material. 
I Purging of the trimsfer line is reijuired to prevent 
jilugging during normal furnace ojierations. Accurate 
weights of materials transferred are reijuired at each 
Jiroeess steji in order to maintain close control of alloy 
comjiosition. Contamination of the .\rgon Cell atmos-
jiliere by halitle fumes may jioison the atmosphere 
jiurifieation catalyst.) 

The main comjionents of the transfer receiver etjuiji-
iiient will include I l i a seconilary container for the 
waste jiail, l2i a movable platform scale, (31 an ele­
vating mechanism to raise the .secondary container, 
and I4l ji rugged ftime hood which encloses the other 
comjionents. .\ centrifugal blower will draw cell gas 
through the hood and through a large filter to remove 
metal and salt fumes In-fore returning the gas to the 
cell. Tlie«filter will consi.st of a 4-in. deep layer of 
glass fibers with an 18-in. sijuitre cross section. The 
discharge end of the transfer line will enter the top of 
the hood and discharge into the waste jiail. The waste 
jiail will be held in the heavy secondary stetd con­
tainer which will rest ujion the iiio\'able jilatforin scale. 
.\fter the jilatform scale has been rolled into jiosition 
under the hood, the elevating mechanism will engage 
the secondary steel container. The container will then 
be elevated by a screw mechanism until it tonus a .seal 
against the toji of the hood around the discharge end 
of the transfer line. An argon jiressure line that is con­
nected to and jiasses through the toji of the hood will 
supjily argon for jiurging the transfer line back to the 
furnace. When material is to lie transferred from the 
furnace, the secondary container I holding a waste 
Jiail I will be lowered until it rests ujion the scale plat­
form. In addition to jiroviding accurate weight-s of ma­
terials transferred, the scale will indicate the start and 
completion of the transfer ojieration. A separate waste 
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pail will lie used for collecting each waste stream to 
be removed. 

The design of the transfer receiver e(niiiimcnt is 
eomjilete and final drawings are being jirepared. Fabri­
cation of components will begin in ,Ianuary 1965. 

e. RECOVERY OF URANIUM PRODUCT (W 
]\1ILLER, .1. LE.XC, ,1. HARAST, . \ . CIIANIILER, R . 

PAUL) 

In the current flowsheet for the EBR-II skull rec­
lamation Jiroeess, the jiroeess stream from the uranium-
zinc intermetallic decomposition steji is a solution 
which has the following ajijiroxiuiatc comjiosition: 
Zn-12 w/o Mg-10 w/o U (see ANL-6800, Figure 1-8, 
ji. 611. Develojiuient work is being conducted on re­
covering uranium from this solution in a form suitable 
for use as a supplementary make-uji feed material for 
the melt refining jiroeess. This work has included dis­
tillation of Zn-Mg alloy from the uraniimi jiroduct. 

e\'aluation of beryllia crucibles, and uranium-hydrid-
ing exiicrimcnts in tungsten crucibles. 

( 1 ) Retortinj^-Distillation Runs 

Work is being continued on the recovery of uranium 
from zinc-magnesium-uraniuni by retorting. Recent 
retorting exjieriments have been conducted with a 7-kg 
charge of nominal Zn-12 w/o Mg-10 w/o U. (This 
scale of ojieration is about 17% of the plant scale and 
about 45% of the jiilot jilant scale.I The experiments 
are being conducted in a glovebox containing jiurified 
argon. The glovebox with the retorting furnace in­
stalled in shown in ANL-6900, ji. 123, Fig. 1-33. The 
assembly of internal comjionents of the retorting unit 
is illustrated in Figure 1-25 of the present report. 

A series of 15 retorting runs was conducted to re­
cover the uranium jiresent in the Zn-12 w/o Mg-10 w/o 
U (nominal) ingots from the uranium dissolution .steji 
of seven jiilot-scale demonstration runs of the skull 

CONDENSER 
THERMOCOUPLE 

GRAPHITE 
CONDENSER 

GRAPHITE 
DISTILLATE 
COLLECTOR 

STEEL BELL JAR 

COPPER TUBING 
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FIBERFRAX 
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FIBERFRAX AND 
GRAPHITE FELT 
INSULATION LAYERS 

SILICON CARBIDE 
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COOLING WATER OUTLET (lo open drain) 

FIG. 1-25. -Ajiparatiis for Itclorling Zinc-.Magncsi Inslnllcd in Walcr-Cooled Bell Jar. 
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reclamation process (see section I- . \ -2-a-i l I, this re-
jiort). Since each ingot weighed from 10 to 13 kg, a 
minimum of two retorting runs was required to re­
cover the total uranium jiroduct from one process 
demonstration run. 

In addition to uranium jiroduct recovery, these re­
torting runs had two further objectives: 111 to reveal 
any major deficiencies in equijiment riesign and l2l 
to evaluate the jierformance of beryllia retorting cruci­
bles jiroduced by \-arious techni(|ues by different v(.n-
dors. 

The same general exjierimental jirocedure was used 
in all 15 retorting runs. The Zn-Mg-I' charge was fir.st 
jilaced in a beryllia crucible. The crucible and other 
comjionents of the retorting ajijiaratus Isee Fig. 1-25) 
were then a.s.sembled. After the bell jar enclo.sure was 
.sealed, the sy.stem was evacuated overnight. On the 
following day, the charge was inductively heated with 
about 6 kw jiower outjiut from a 10 ke generator for 
'/z hr at jiressures below 0.01 tiirr to remo\e water 
vajior and other sorlu.d gases from the ajijiaratus and 
the charge Icalibration runs bad shown that a 6 kw 
injiut for '/j hr heated the charge to ajijiroximately 
3(X)°C). Next, the valve to the \'acuuiii jiuiiiji was 
closed and jiressure of the retorting unit was increased 
to 30 to 40 torr with argon. Heating of the charge at 
the 6 kw jiower level was continued at this higher 
Jiressure. The jirogn'ss of the di.'-tillation was followed 
by observing the grajihite condenser temjierature. The 
temjierature initially increased as the distillation jiro-
I'eeded and then decreased after the bulk of the \'ola-
tile metal in the charge had been \'iijiorized. This steji 
took 4 to 5 hr. At this stage, the jiower oiitjiut from 
the generator was increaseil to about 7.5 kw in order 
to distill off any volatile material remaining in the 
beryllia crucible and to melt and consolidate the resid­
ual uranium jiroduct at a crucible temjierature of 
I2.50°C. The crucible was maintained at this temjiera­
ture for 1 hr. after which the run was terminated. 
iCalibration runs which had been made with a tlicniio-
coiijile located in the retorting crucible had indicati'd 
that a crucible temjierature of about 12."iO°C was at­
tained in less than 1 hr with a 7.5-kw jiower outjiut 
from the 10-kc generator. I The retorting unit was then 
allowed to cool under a jiartial vacuum 140 to ."lO 
torr) for 1/2 hr before increasing the jiressure to one 
atmosjihere with argon. Following oveniight cooling 
to room temjierature. the unit was disassembled the 
next day. and the uranium jiroduct was recovered from 
the beryllia retorting crucible. 

The weight of uranium jiroduct recovered in each of 
15 retorting runs is jue.sented in Table 1-16. .\ jihoto-
grajih of a tyjiical retorted uranium jiroduct which 
consists of a small solid button lor ingot i and some 

T A B L F ] I-IG. R E C O V E R Y O F C R A M r M P R O D V C T F R O M R E ­

T O R T I N G OF Z I X C - M A G . \ E S I C M - 1 ' R A - M 1 M LVGOTS FROM 

I 'RANirM D l s s o L m o x S T E P ( I F K B l t I I S K C I . L IlEri. . \MA-

TION P R C M E S S I ) E M 0 . \ S T R A T I 0 . \ H I N S ' 

Skull Rec­
lamation 
Process 
Demon­
stration 
Run No. 

8 K R - 1 2 

. - : K I 1 1.) 

."iKIi 14 

.SIKH 15 

.•<Kli 111 

.SKH 17 

S K H - 2 0 

Retor t ing 
Run No. 

OBU-H 
GBD-15 
C.BD-16 

I ; B D 2 
I ; B D :t 

I ; B D 12 
(IBD 1.3 

( I B I ) 4 
C B D - S 

CBI) 7 
(iBD 8 

CMIItl 
CBI) 10 

IIBD 17 
(IBD 18 

Zn-12 w/o 
-Mg-lO w/o f 

(nominal) 
Retorting 
Charge 

(g) 

5 ,077 

2 , 2 6 0 
5 ,240 

5,70!l 

5 ,577 

11,4211 

5,4il7 

(>.4I>2 

R,4fil 

n , 0 1 5 

( i ,225 

Ci,770 

11,400 

5,771 
5,(181 

\ \ eight of Re­
torted Cran ium 

Product 

Button 
(«) 

317 

Fines 
(g) 

78 
132 
413 

M2 
900 

aw 
372-

075 
OM 

tH7 
5M 

19 
24 

17" 
14' 

16 
22 

13 
IS 

(Ul 
452 1 S3 

113(1 
liOl 

I'ranium 
in Charge*' 

(w/o) 

7.80 
5.85 
7.90 

».85 
10.SO 

8.20* 
7.Os­

lo.70 
10.SO 

9.SO 
9.00 

8.90 
7.90 

11.00 
10 (iO 

•• Sep so r l io r i I A 2 a ( I ) , t h i s rpp«>rt. 

'' AiialyHiH t>( t y p i n i l ilittlilliilrrt s h o u o d un i i i j un i n i r r y n v r r 

In l)r ij)itif(iiifiriiiil. S i r Hectiun I A 2 ii ( l l of t h i s rp|><irl. 

•• ThoHP fiKurpK do not i i i r l i idp n ixtr t ir in <»f t h p r p f o r l p d 

i in in i i im pr ix l i i r t t h a t lpakp<l t h m u K h c r a c k s in t h e l>erylliii 

rp lor t i t iR ((ir p r i m a r y ) c r u c i h l p in t t i t h e K ^ a p h i l e s p c d i i d a r y 

c rnr i l tUi . 

fini' powdt-r i.-* shown in Figure 1-26. The button ron-
sistetl of uranium aiui residual fis.<-ion products (for 
analyses, see section I -A-2-a- in , this re|>ortJ. X-ray 
liiffraction analyses of the iMjwder showed it was pre­
dominantly bcta-l 'H:i. This hydride was prcsunial)ly 
formed hy the reaetion of tlie uranium with residual 
gases I from out-gassingi during the cool-down iM-riod 
at the end of the run. With few exceptions, the solid 
button comprised about 96 to 98 w o of the total 
retorted uranium product recovered in each run. 

In Table I-I7 a composite material balance is given 
for the zinc-magnesium volatilized in this series of 
runs. Kxamination of the data in Table 1-17 indicates 
that the retorting assembly was very effective in con­
taining the metal vajtors. An average of 96.8 w o of the 
volatilized zinc-magnesium in the retorting charge was 
contained in the graphite tiistilJate collector designed 
for this purpose. An average of only 0.8 w/o of the 
zinc-magnesium was unaccounteri for. This amounted 
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i|ij(p|iiiiift)i^[( 
n l ' I ' I ' I . 

|i|m{ijiji|i{i|i|i|i|iii 

108-7477 
FIG. 1-20. Typical r ranium Product Itpmainiiig after Retorting Zinc-MaRnesium Ingots from KBIi-II Skull Heclamation Process 

Demonstration Huns.* (Major portion of product is in the form of a button; remainder is in the form of a fine powder.) 

TABLE 1-17. COMPOSITE MATERIAI, BALANCE FMK 

ZINC-MAGNE-SIIM \'OI,ATII,IZEI> IN 15 HETORTINC 

[{INS" 

Total weight of volatile mttat fnim all run charges:'' 78,4!: 

I,ocation'̂  of Condensed Melal after Run 

In Graphite Collector 
On Fiberfrax Insulators 
On Graphite Secondary-Crucible CJap 
On Graphite Condenser 
Material unaccounted for 

TOTAL 

Total 
Weight 

(g) 

75,987 
1,IM8 

79 
157 
628 

78,499 

Percent of 
Volatile 

Metal in 
Charge 
(w/o) 

96.8 
2.1 
0.1 
0.2 
0.8 

100.0 

• Weights shown rfprfsoni tol;il weights for the 15 retorting 
runs. The charge material fr)r these runs was from seven skull 
reclamation process demonstration runs (No. SKH-12, -13, 
-14, 15, -Hi, -17, and 20, see aecli.in I A 2 a (ll of this report). 

''K(|uivalent to the lolal c-h.-irge weight (8fl,4li5 g) less the 
total weight of retorted prctduct (7,9(>(i gj for the 15 retorting 
runs. 

' See Figure 1-25. 

to il tot:il weight of 028 g of Zii-.Mg. Tlio ilciisity of the 
con(len.>ieil Zn-Mg was 4.7 g/rc; licnce, the volume of 
material whieh had esi"i|ic(l froiii tlie internal a.sscml)ly 
of tlie retorting a|)|iaratiis into the hell jar enclosure 
was aiiproximately 134 ee. This material generally con­
densed on the inner slirfaecs of the enelosure as a fine 

* See section I-A 2 a (I), llii 

powder that (ould he easily remo\'ed hy means of a 
\'acuum cleaner. No visihle deterioration of the en­
elosure as a result of this material condensing on its 
surfaces has occurred. 

.\ second hell jar enclosure (similar to the one being 
used for the jiresent retorting apparatus I is being modi­
fied to aceommodate a plant-scale retorting assembly. 
Installation of this retorting ajiparatus unit in Build­
ing 310 has begun. This unit will have a cajiacity for 
retorting a .50-kg charge of Zn-12 w/o Mg-10 w/o l" 
from tlie manitim dissolution step of the jilant-scale 
EBR-II skull rechimation process. In initial tests of 
the retorting appartitus which will be performed with 
the enclosure in an air titmosphere, 40-kg charges of 
Zn-I4 w/o Mg Ino uranium I will be distilled. The 
titiiiosphere in the enclosm-e will be tirgon at low 120 
to 40 torn pressure. .After the performance of the unit 
has been stitisftictorily demonstrated, the unit will 
be relocated in the Inert .\tiiiosphere Enidosme now 
under construction in Building 310. 

( 2 ) Perfornianre of Beryllia Crurilileg in Retort­
ing ExperiinentH 

Thus far. lour dilTereiit beryllia eiueibles have been 
usi'd in retorting experiments in which uranitmi was 
recovered from charges having a nominal composition 
of Zn-12 w/o Mg-10 w/o V. These r>i4-in. OD, 9-in. 
liigli erucihles were produced by different fabricating 
t«-lini(iues and manufacturers. Three of the crucibles 
were formed by tlii.\otro]iic easting; they bad hemi­
spherical bottoms internally and a wall thickness of 
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al)out % in. Two of the thixotropically cast crucibles 
were [)urchased from the Brush Ben'lliuni Company 
of P^lmore, Ohio, and the thirfl was purchased from the 
('oors Porcelain Comi)any of flolden, Colorado. The 
fourth crucible was formed hy iso-static pressing; it had 
a conical bottom and a wall thickness of '/» in. This 
crucible was received as a test saini)le from Coors. 

The first thixotropically cast crucible (Brush) per­
formed satisfactorily for nine runs. Several cracks 
were visible in the crucible sidewall after seven nms. 
These cracks became more pronounccil after each of 
the two remaininf; runs. After the ninth run, the cruci­
ble broke in handiin^. The broken crucible is shown in 
Figure 1-27. 

Three retortinj^ runs have lieen comjileteil in the 
second thixotropically cast crucible ma<le by Brush. 
Althoui^li some hairline cracks are visil>le on the exter­
na! surface of the crucible, it has performed satisfac­
torily in retorting runs made to date. Additional runs 
are to be conducted in this crucible to determine its 
useful life. 

The third thixotropically cast crucible (Coors) was 
deemed unfit for further use after four retortinj; nms. 
During the last three runs conclucted with the crucible, 
some of the molten charge leaked through visible 
cracks located in the lower 2 to 3 in. of the crucible 
sidewall. The severity of tlu'se cracks is illustrated in 
Figure 1-28. 

The isostatically pressed crucible iCoorsi with a 
eonically shaped bottom failed after one retorting run. 
A 3-kg charge of Zn-14 w o Mg (no uraniumt was 
used in this run; at the end of the run numerous cracks 
were apparent in the crucible. The lower tip of the 
conical bottom was easily broken away from the re­
mainder of the crucible (see Figure I-29I. Another 

Coors isostatically pressed crucible (hemispherical Ix)t-
tom and ^s-in. sidewallsl has been obtained for testing. 

( 3 ) Hydriding of t'ranium in Tungsten Ourihies 

In view of the rather limited useful life ol the 
ber>'llia retorting crucibles tested to date, tungsten 
crucibles are In-ing considered as alternatives for use 
in the retorting step of the KBR-II skull reclamation 
process. Tungsten crucibles are more readily available 
in the relatively large size (II liters! re(iuired for 
plant-scale o|H'rations, and are not only initially 
stronger than ber>llia crucibles but do not deteriorate 
with use. However, tungsten crucibles cannot be sub­
stituted for beryllia crucibles without some modifica­
tion of the skull reclamation process. The need for 
the moilification is brought alwut by the fact that the 
iiranium product remaining in the crucible after the 
zinc an<l magnesium have been distilled off at 800 to 
900°C adheres to the bottom of the crucible. More­
over, during consoli<lation of the uranium product by 
li(|Uation lll.")0 to VI'iO'^C), the tungsten crucible is 
attacked by the molten lU'anium. A possible means for 
overcoming these tlitliculties might be the hydriding of 
the uranium product at 2"»0 to 330°C after the ilistilla-
tion of zinc anci magnesium had been completed to 
convert the retorted uranium product to a free-flowing 
powder that could be transferred from the tungsten 
cnieible. 

To test this proceduie, a number of hydriding ex­
periments have been carried out in a 4-in. OD by 
()-in. high tungsten crucible installetl in the 7 kg-scale 
retorting apparatus. The first experiment was designe*! 
to demonstrate that uranimn alone could 1M' satisfac­
torily hvdridfd. The charge of 200 g of natural uranium 
and 100 g of depleted uranium-5 w o fissium alloy was 

lOS-7505 
Fi(). 1-27. Broken Thixotropically Ct\s\ Beryllia Crurihlc. (Failure of the crucible occurred after nine retorting runs in which 

uranium was being recovered from zinc-m:ignesiiim-uranium ingots.) 
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108-8011 
F I G . 1*28. Severely Cracked Tliixnlrnpicidly Ciist Heryllia Crucible. (The cracks resulted from four retorting runs in wliich 

uranium was being recovered fnun /iiic-inaKiiesiurn-uraiiium ingots.) 

108-7598 
FIG. 1-29. Hrokcn Isoslal icnily Pressr'd Berylli:i Crucible. (Failure of tlic oruril)le occurred after one retorting run in which the 

charge was zinc-14 w/o inagncsiuni; no uranium was present.) 

heated to 1200''C under vacumn to consolidate the 
metal. After the charge had cooled to 250°C, the 
furnace was filled with hydrogen (1-atm pressure) 
and tiic ciiarge was maintained at 250 to 330°(' for 2 
hr. Si)ectrographic analyses of the poured material 

showed traces of tungsten, showing that liquation of 
the uranium alloy at 12()0''C had caused corrosion of 
tlie tungsten crucible. The hydride was successfully 
produced iind dtmiped from the crucible. The hydrided 
|)roduct was tlien charged to a beryllia crucible and 
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li(|iiated (]200°Cl under full vacuum to produce a 
clean-looking button of metallic uranium. 

The second experiment was designed to demonstrate 
hydriding of the product from the uranium-zinc inter­
metallic decomposition step of the skull reclamation 
proeess. The Zn-Mg-f alloy addeil to the tung.sten 
crucible weighed 2260 g; its composition was Zn-r2 
w/o Mg-8 w/o U. To this charge was added 194 g of 
natural uranium. The zinc ami magnesium were dis­
tilled off at temperatures to 9.50''(' :md an argon pres-
.sure of 30 to 39 torr. Tlii' uranium remaining in the 
crucible was hydrided at 27'> to 320°C and one-atni 
hydrogen pre.s.sure for 2 ' / ; hr. Once again, the uranium 
product was completely hydriiled and easily dumped. 
As in the first experiment, the hydrided material wa." 
then charged to a beryllia crucible and melted under 
full vjietium; a clean, high-density button of metallie 
urtuiiimi was produceii. 

Two experiments were performed to determine 
whether the hydriding teelini(|ue could be applied to 
the removal of the material which remains in the 
tungsten crucible after the intermetallic deeoiiiposition 
step has been carried out jind the zinc-magnesium 
supernatant iZn-ol) w o Mgl removed from the cruci­
ble l.see ANL-6801). ]i. 61, Fig. 1-8). This procedure 
would have the ad\'aiitage of eliminating the uranium 
cake dissolution step which is now used jis a means 
for transferring the product of the intermetallic de­
composition steji from ;i tungsten to a beryllia crucible. 
By eliminating the dissolution step, the .solvent lZn-12 
w/o Mgl required to carry out this step would also be 
eliminated. Thus the \'oluiiie of material transferred to 
the beryllia erueible would be ilecreased substantially 
and the need for large beryllia crucibles woulil be 
eliminated. 

In Ihe first of these ex|ieriiiu'nts. the charge was 
prepared from 2(M) g uranium by first simulating the 
zinc-uranium intermetallic formation and precipitation 
step tif the skull reclamation proci-ss. then decomposing 
the internietallic compound and subse(|uently precipi­
tating metallic uranium and decanting the Zn-oO w o 
Mg solution. The 346 g product of these steps was 
metallic uranium dispersed in zinc-,50 w o magnesium. 
This Zn-Mg-l ' material, in the tungsten crucible in 
which it wjis prepjired. was loaded into the retorting 
apparatus for the hydriding experiment. The charge 
was exposed to 1 :»tm hydrogen pressure for 4 hr at 
280 to 320°C The hydrided |irodtiet I fine powder and 
some larger metallic pieces l poured easily from the 
erueible. Colorimetric uranium analysis of a sanijile 
of the large metallic ]iieees showed the uranium content 
to be 29.8 w o. X-ray diffraction analysis of the fine 
powder indicated the presence of beta-l'H;t and the 
I>ossible presence of a Mg-Zn intermetallic comiiound 

and a lpha- l I I ; , . No I'l l̂ ;. I 'C, or alpha-l ' was de­
tected. 

The hyrlrided proiluct was transferred to a lieryllia 
crucible whieh was installed in the retorting a|)paratus. 
This hydritle charge was docom|K)sed at ,500 to 600°C 
and one torr I hydrogen i or less. The charge was then 
heated to 12(X)°C' to melt and consolidate the uranium 
product. The consolidated proiluct weighed 128 g. 37 
w o of the product of the uranium precipitation and 
Zn-.50 w o Mg decanting ste|i. This average concentra­
tion is greater than that 129.8 w ol determined for a 
sample of one of the large metallic pieces in the hy­
drided material, indicating that ji high Zn-Mg alloy 
eoneentration hinders the hydriding process. 

In the second experiment a .516 g charge of Zn-Mg-l ' 
was prepared from 202 g uranium by the method pre­
viously described. The tungsten crucible containing 
this charge was hydrided in the retorting apparatus 
for 4'/2 hr at a 1 atm hydrogen pressure and 270 to 
30.5°('. ,\fter hydriding. only 215 g of material poured 
from the crucible. The poured material was returned 
to the tung.sten crucible, and the hydriding step was 
repeated. After the second hydriding step, 31.5 g of 
material |ioured from the cnieible. The niat<>rial re­
maining in the erticible was concentrated at the liot-
tom and in that iKirtion of the crucible from which the 
Zn-Mg solution had been ilecanted after the uranium 
precipitation step of the charge preparation. The mate­
rial in the crucible was of two forms: I l i a brittle 
material covering the crucible bottom and l2l a con­
tinuous metal pha.se which covered the brittle material 
and extendeil up (he erueible sidewall. The continuous 
metal phase was ditfietdl to remo\'e from the crucible. 
The Iditlle material, exiMised after removal of the 
continuous metal phase, was easy to remove from the 
crucible. The appearance and location of the continu­
ous metal pha.se indicated that il was zinc-magnesium 
remaining from the final step of the charge prepara­
tion. 

The .503 g of material reeovereil from the hydriding 
step was loaded into a beryllia cnieible in the retorting 
apparatus. The hydride was deconijio.sed and the ura­
nium product was consolidated as in the previous 
ex|H'riment. The consolidated product weighed 173 g. 
34 w o of the charge which had Inen hydrided. 

These two experiments indicate that precipitateil 
uranium envelo|H'd in zinc-magnesium can be freed 
from a tungsten crucible by hydriding the uranium to 
disintegrate the metallic structure. The ea.se with which 
the iiialcrial may 1K' freed from the crucible apjiears 
to depend u|)on the distribution of the uranium in the 
Zn-Mg anil the thickness of the Zn-Mg coating, .\ildi-
tional infonnation is necessary to detennine whether 
a hydriding procedure would |>ennit eliminating the 
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uruniuiii cake dissohition step nf the skull rcclaiiiiition ments are j)lanned in order tu evaluate the potential 
flowsheet. application of a hydrirling step to the skull reclamation 

A limited number of uddilional hydriding experi- proeess. 

C. FUFX CYCLE FACHJTY OPERATIONS (C. E. STEVENSON, 
D. C. HAMPSON, M . J. FELDMAN, D. M , PAIGE)* 

The first pyrochemical process being tested in the 
EBR-II Fuel Cycle Facility is melt refining. Installa­
tion of equipment for this proeess and for the refabri­
cation of fuel elements is substantially complete and 
start-up operations with irradiated fuel ha\'e com­
menced. 

Following tests and modifications to improve the 
performance of the interbuilding fuel transfer coffin, 
the dismantler, and the decanner, tracer studies were 
carried out to determine the jiath followed hy iodine 
in the melt refining and oxidation furnaces. Extensive 
process development work has been conducted on the 
injection casting furnace, the pin processing and 

welding machines, the bonder anil bonrl tester, and the 
final asseiulily machine. Se\'eral hundred fuel elements 
have been remotely manufactured from unirradiated, 
enriched uranium scrap, and a number of EBR-II 
subassemblies have been fabricated, using fuel pins 
reclaimed from fuel material disassembled at Argonne 
National Laboratory, Argonne, Illinois. Fuel elements 
from tlie first discharged, irradiateil EBR-II core 
subassembly have been processed through the prepara­
tion of acceptable eastings. The Argon Cell atmos­
jihere control systems have been maintained in satis­
factory operation, and techniiiues have been developed 
for remote work with the crtines and manipulators. 

1. Operations and Investigations with Equ ipment for Recovery' of Irradiated Fuel 
(I). C. HAMPSON, R . M . FRYEK, D . L . M I T C H E L L ) * 

a. INTERBUILDING FUEL TRANSFER COFFIN 
AND TRANSFER GRAPPLE 

An interbuilding coffin I.see ANL-69341 provides 
for the shielded transfer of a fuel subassembly con­
taining .spent or reconstituted fuel between the EBR-II 
Reactor Building and the Air Cell of the Fuel Cycle 
Facility. In addition to jiroviding cooling of the sub­
assembly during transfer by means of an integral 
blower anil heat exchanger, the coffin serves as a reac­
tion vessel for tile removal of the thin film of sodium 
that is retained on the external surfaces of the sub­
assembly after disclitirge from the EBR-II reactor. 

Several modifications have recently been made on 
the coffin; 

1. One of the insert tulies, which .sujijiorts and lo­
cates a subassembly in the coffin, has been short­
ened to Jirovide for more clearance 1% in. total 
clearance I between the toj) of a subasseiiilily in 
the coffin and the lower surface of the sliding top 
shielding jihig. All Ithieel insert tubes have been 
modified .so that the grajijiles for the assembly 
machine and the disiiiantliiig in:ichine l.see . \NL-

• Idalm DiviHiur 

6875, JI. 62, Figure 1-271 can be used for subas­
seiiilily transfer in the Air Cell. 

2. The sliding toji shielding jilug has been motorized 
to Jirovide for safer, easier ojieration of this jilug. 

3. A mercury dumji tank has been installed on the 
siile of the coflin to jiro\'ide an emergency cooling 
system for remo\'ing fission jiroduct heat. In case 
of failure of the argon circulation blower, the 
mercury can be introduced into the coffin cavity. 
The 0.71-cu ft cajiacity of the dumji tank will jiro­
vide enough mercury to submerge the subassembly 
in the coffin. The mercury jirevents a subassem­
bly meltdown by transferring the fission jiroduct 
heat from the suba.sseiiibly to the coffin body. 

Tests were conducted to determine a suitable method 
of drying the coffin cavity to jirejiare it for return of a 
refabricated subassembly to the reactor. The tests 
showed that both vacuum and air drying methods are 
adequate, although the air drying method is faster. 

The dismantling machine transfer grajiple has been 
received, installed in the Air Cell and tested. This 
grtijijile jirovides forced air cooling of a subassembly 
during transfer between the interbuilding coffin and 
the disiiiaiitlilig luachiiie or the storage jiits in the .\ir 
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Cell floor. The cooling air is drawn through the sub­
assembly by means of dismantler cooling blowers. The 
grajiple is handled by means of the .\ir Cell crane. 

b. SUBASSEMBLY DIS.MANTLER 

The Fuel Element Removal Machine (FERMi , 
which was developed by the Remote Control Division 
at Argonne, Illinois, is an attachment to the subassem­
bly dismantling machine ami jirovides a semi-auto­
matic method for sejiarating fuel elements from the 
subassembly. At, jiresent, fuel elements are removed 
individually from the cluster, using a master-slave 
manijiulator. The FERM was received, tested in the 
mockup area, and then remotely installed on the dis­
mantler, where its ojierability was demonstrated. It 
was then removed and transferred again to the mockuji 
area to allow technicians to be trained in its ojieration. 
while out-of-cell wiring and controls were being in­
stalled. 

I-. FUEL ELEMENT DECANNING 

A considerable number of tool bit failures were 
encountered iluring initial ojieration of the fuel element 
decanning land jiin ehojijiingi machine.* These ftiil-
iires were determined to be a result of imjirojier heat 
treatment of the tools by the stijijilier. I\\'lien another 
grouji of these tool bits, which bad been jirojierly hcjit 
treateii, was tested at a later date, they jierformed 
satisfactorily. I While the causes of these failures were 
in\'estigated, several new tool steels were tested. One 
of tlu'se, a high-sjieed steel tool material containing 
cobalt, was found not to be as brittle, and, thus, did 
not chiji as readily as the tool material now being used. 

Higb-sjieed motion jiictures I UXK) frames sec) were 
taken to investigate dirtieullies caused by the interac­
tion of the sjiiral decanner and fuel jiin chojijier. These 
films showed that the action of the chojijier does mo­
mentarily stoji the forward motion of a fuel jiin dtiring 
the decanning ojieration. This stojijitige can cause ex­
cessive wear on the dri\'e rolls and tool bits. This 
jiheiuimenon was not obserxed when the decanner 
sjieed was reduced by one-half. Consequently, the 
decanner was modified to ojierate at one-half its origi­
nal sjieed. The reduction in sjieed does not markedly 
increase the ojierating time jier subassembly. 

ll. IODINE TRACER EXPERIMENTS 

.\ scries of ' "I tracer exjieriments were comlucted to 
aid in determining the fate or disjiosition of iodine in 
the melt refining equijiment, skull oxidation equijiment. 

* Fuel elements are placed in the spiral decanner (and pin 
chopper) (see .WL-(i<i05, p. 591 where Ihe stainless steel cans 
are removed and the fuel pins are cut tu proper length for use 
in the melt reliiiing furnace. 

injection casting equipment, and associated off-gas 
handling equijiment. 

The systems designed to handle the off-gas from the 
melt refining furnaces and the skull oxidation furnace 
are shown in Figure 1-30. The in-cell filters (see . \NI.-
6687, ji. 691 used in these systems consist of two sec­
tions: I l i a 2-in. layer of activated carbon through 
which the gas first jiasses. and l2) a high-efficiency 
glass media filter section; lioth .sections are contained 
in a canister ajijiroximately 9 in. OD by 11 in. high. 
The melt refining furnace off-gas first passes through 
the in-cell filter and then through a vacuum jiuniji 
and an oil sejiarator. which are located in the subcell, 
to a shieldeil hold-uji tank 1.500 cu ft I containing aji-
proximately 1000 lb of activated carbon. When me­
teorological conditions are favorable, the gas in the 
liold-u|i tank will be discharged through a heated 
I430°F| bed of silver nitrate-coated jiacking I silver 
nitrate tower), an exhaust jitmiji, a bank of high-
efficiency filters for removal of stibmicron jiarticles. 
and then to the atmosphere through a 2(X)-ft high 
stack. The nominal flow of air through the stack is 
70,000 cfm, whereas the discharge rate from the liold-
uji tank ranges from 1 to .5 cfm. The various instru­
ments used to monitor off-gas activity I'-'-'Xi'. '•"I. ami 
other radioactive gases) are located immediately after 
the exhaust jnmiji and at the base of the stack. 

The skull oxidation furnace off-gas system is some­
what ilifferenl and is sejiarate from the melt refining 
furnace system. The oxidation furnace ga.ses also jiass 
through an in-cell filter and then to a sejiarate liold-uji 
tank (12 cu ft I in the subcell. When meleorological 
conditions are favorable, the gas is discharged through 
the bai^k of AEC filters and out the 200-ft high slack. 
The gases from the oxidation furnace are not jias.sed 
through the off-gas system for the melt refining fur­
naces because of the jiossibility of any unused oxygen 
reacting with the activated carbon in the large hold-uji 
tank. However, if the activity level in the oxidation 
furnace off-gas is too high, jirovision is made to allow 
the gas to be jiassed through the off-gas system for the 
melt refining furnaces. 

The injection easting furnace, which is used to cast 
fuel jiins from the ingot resulting from melt refining, 
also has a sejiarate off-gas system. The gas from the 
bell jar first goes through an in-cell sintered stainless 
steel filter, then to the bank of high-efficiency filters 
and the 200-ft high stack, either directly from the 
furnace, when the furnace is vented after easting, or 
via !i vacuum jiumji and ceramic jiore filter, when the 
furnace is evacuated iluring the melting ojieration or 
jiurged jirior to or at the comjiletion of a run. 

The first two " " I tracer exjieriments were perfonned 
in the melt refining furnaces, where, in each case, one 
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curie of '-^'I las palladium iodiilo whicli di-coniposcs at 
350°C) was volatilized. In the first test, which was 
conducted in melt refining furnace A, the ^'"1 was 
charged to a stainless steel beaker. The beaker was 
then placed in a melt refining zirconia crucible and 
this assembly was heated to 850°C' and held for 45 
min. No fume trap was used in this run. In the second 
test, which was carried out in melt refining furnace H, 
the '•"! and 8270 g of unirradiated, depleted uranium-
fissium |)ins were charged to a melt refining crucil)le. 
The crucible was heated to 1400°C, and held at this 
temperature for 3 hr. The melt was then ])oured from 
the crucible into a mold, leaving a skull of uranium-
fissium in the crucible. The crucible diu'ing this run 
was covered with a fume traj) which liad been previ­
ously coated with sodium to simulate conditions in a 
melt refining nm usiny; sodiiiiii-bondrd fuel pins, 'r;il)le 

1-18 smnmarizes the dispo>ition of tho ^'"I after each 
run. In the cases where a direct sampling technique 
could not be used, the iodine activity was estimated 
by using a Oeiger-Mueller (O-M) counter inside the 
Argun Cell. The activity of an object was measured 
by hohling the C-M instrument at a distance of 
greater than four times the object's major dimension. 
I Precautions were taken in order to eliminate as much 
background error as possible. I The measured activity 
was then assumed to emanate from a point source, and 
the appropriate calculations were made to determine 
the total activity. This method was estimated to be 
accurate within ±10 to 15 ' ; . All other activity meas-
lu-ejnonts were made by counting samples in a multi-
cliannel gannna-ray spectrometer. All the values in 
Table 1-18 are time-corrected for decay to the assay 
daleof the charged '-"I. 
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The results show that most of the ' '"I liberated was 
retained within the furnace and the in-cell filter, 
whereas only a small fraction of the original charge 
escaped to the off-gas system. In test 2, the two thief 
samples of the furnace off-gas were taken at a point 
in the subcell Jiijiing immediately following the 1-in. 
vacuum line feedthrough. The first sample was taken 
'/2 hr after reaching a melt temperature of 1400°C, 
whereas the .second samjile was taken 3 hr after reach­
ing the melt temjierature. .\ll of the gtis removed from 
the system was passed through a caustic scrubber and 
a sejiarate activated carbon filter jirior to being 
pumjied to the holduji tank. 

The crucible and skull from test 2 were charged to 
the .skull oxidation furnace. An estimate that the skull 
contained ajijiroximately 22 me of '-"I Isee Table 1-18) 
was based on an in-cell reading with the Cr-M lufie 
counter. F'ollowing the oxidation steji, a samjile of the 
skull oxide was transferred out of the .\rgon Cell and 
analyzed for '-"I. The analysis, when corrected for 
decay, showed that 27.9 nic of '-"I was contained in 
the total skull oxide collected in the oxidation run. 
Analysis of samjilcs of the oil from the skull oxidation 
furnace vacuum jiuniji, the gas from the oxidation 
furnace holdup tank, and the .solution u.sed to scrub 
all gas discharged from the holdiiji tank revealed no 
detectable amounts of '-"I. 

Two aihlitional exjieriments were jierformed in melt 
refining furnace 15 to determine if the residual radio­
active iodine could be disjilaced either by the tiddition 
of inactive iodine or removed by sublimation with 
heat. In the first test, in which no fume traji was used, 
ajijiroximately one gram of inactive, crystalline iodine 
was charged to a stainless steel beaker whieh was then 
jilaccd in a zirconia crucible. This assembly was heated 
in the furnace to 8.50°C and held at this temjierature 
for 3 hr. The jitirjiose of the second test was to ileter-
niine if the '-"I could be .sublimed by the ajijilication 
of heat and was jierformed in conjunction with the 
first enriched uranium run I KCF-l I made in furnace 
B. In (his run, in which a new fume traji was used, the 
furnace was heated to 14(X)°C and held at this tem­
jierature for Vs hr. t)il samjiles from the vacuum jiumji 
for furnace B were taken before tind after each run. 
The results of the analysis of these samjiles showed 
that the oil had gained 0.607 pc of '-"I during run 
E l ' F - l as conijiareil with 0.332 juc gained in the in­
active iodine test. From these exjieriments, heating at 
elevated temjieratures ajijiears to be the more effectixe 
teclinii|ue for disjilacing ' " I ; however, builduji factors 
and migration rates cannot be ex'aluated on so few 
exjieriments. Iodine belunior will be followed in future 
processing ojierations. 

Following each of the iodine exjieriments in the 

TABLE 1-18. DisTRiBUTios OF IODINE-131 IN COMPONENTS 

OF M E L T REFINING FCRNACES AND OFF-CJAS SYSTEM 

Te»t 1 imelt refining furnace .4). One curie of " ' I chjirKcd as 
palladium iodide to a stainless steel beaker (placed inside a 
melt refining zirconia crucible) and heated to 850°C for ^4 hr. 
No fume trap was used in this test. 

Tent i Imell refining J itrnace B). One curie of '"I as palladium 
iodide charRed with 8270 g of unirradiated, depleted uranium-
fissium pins to a melt refining zirconia crucible and (hen healed 
to 14flO°f' and held at this lii)Ua(ioii (emperature for .3 hr. The 
crucihie was covered with a fume trap which had been previ­
ously coaled with sodium to simulate conditions in a inch re-
finiiiK run using sodium-hoiided fuel pins. 

Test I 

ReUined* 
(inc) 

Fume Trap' ' 
Bell Jark 
Base I'lalc*' 
Crucilile Plus .Skull'' 
Slainless ,Steel Beaker' 
In-cell Filter'' 
liigoc ; — 
Off gas Thief ,Sample 8 X IO"' 

N o . I' •> 

Off-gas Thief .Sample — 
No. 2" i 

\'aeuum Pump Oil ' 
Caustic Scrubber' ' 
Act ivated Carbon Kil 

Icr ' *• 

700 
ISO 

10 

7 X 10-' 
8 X 10-< 

Penxnl 
of 

Charge 

70 
IS 

1 
0.5 

Test 2 

" ' I 
ReUined* 

(mc) 

800 
lao 
80 

22 

0.3 
0.07 

2 X 10-< 
6 X 10- ' 

8 X 10-« 
S X 10- ' 
S X 10- ' 

Peiwnt 
of 

Ch«ige 

80 
15 
8 
2 

0.05 
0.007 

" Corrcclcd for der;i> . 
''.Activity cslinialed lo in-cell monitor ((Iciger-Miicller 

tuhel reading. .\ll reatlings are accurate to ± 1 5 ' , . 
' . \c1ivity measured on multichannel gamma-ray spec 

(roniclef. 
'' Sampling point located a( bodom of vacuum line fped-

(hrougli in the subcell (sec Figure I-^Wl. 
' Off gas from system Jiassed through scrubber and separate 

activated carbon filter prior (o discharge to delay tank. The 
scrublHT and carbon filter are lio( orilinarijy par( of (he ofT-
gas svs(em and were used in these tests for analvtical purposes 
only. 

melt refining furnaces, samjiles of .-Vrgon Cell gas were 
analyzeil for ' '"I content ascribable to iodine from 
ojien melt refining furnaces Isee below I. A sample of 
the cell gas was taken five days after the first iodine 
exjieriment in furnace A. The " ' I concentration 
amounted to less than \.b X 1 0 " ' /iC/ml. Two cell-gas 
samjiles were also taken on the sixth and ninth days 
following the first ex|Hriment in furnace B. The '-"I 
concentrations were ajijiroximately 1.1 x I Q - ' pc/inl 
and 9.1 X 10~' pc ml. resjK'Ctively. These values, 
time corrected for decay, amount to approximately 
OK; of the iodine charge. These results would indicate 
that ' '"I is released \ery slowly from furnace comjio-

file:///rgon
file://'./c1ivity
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nents and fume traji at ambient in-cell temjierature 
(~90°F). 

The melt refining furnaces were ojicn (bell jar re­
moved) for most of the time after the iodine runs were 
completed. Furnace A was ojien continuously after the 
first iodine test ended. During the three-day sjian lie­
tween the times the cell-gas samjiles were taken after 
the second iodine exjieriment, melt refining furnace B 
was ojien for two days and wtis used one ilay for the 
first iodine disjilacement test. 

The off-gas fi'om the iodine runs was discharged to 
the stack from the holdup tank. A samjile stream from 
the discharge of the tank was scrubbed with sodium 
sulfite solution, and no detectable amounts of ' '"I 
were found in the scrubber solution. 

The fuel pins resulting from an injection casting 
run on the melt-refined ingot Isee Test 2, Table I-18I, 
as well as the heel material from this injection easting 
run, showed substantially the same concentrations of 
iodine as the charge ingot. About 11/2''; of the iodine 
contained in the ingot was found in the oil of the 
vacuum pumji from the injection casting furnace. The 
off-gas from the vacuum jiumji was not samjiled. 

One additional iodine exjieriment was performed in 
order to test the holduji efficiency of the off-gas holduji 
tank. One curie of elemental '-"I was volatilized and 
introduced into the oft'-gas line about .50 ft from the 
inlet to the holduji tank; a flow of argon gas was jiro­
vided to carry the iodine to the holdup tank, which 
contained actix-ated carbon. 

During the volatilization steji, a monitor was jilaeed 
on the pipe at the inlet to the off-gas holduji tank. The 
activity reading increaserl from essentially zero to 120 
mr/hr (almost instantaneously I when the flow of ar­
gon carrier gas was started. Subseijuent calculations, 
based on the activity level readings taken at the 
holdup tank, indicate that aiijiroximately one-fourth 
of the original one curie of '-"I which had been vola­
tilized reached the off-gas holduji tank. 

During the three days following introduction of io­
dine into the system, the gas from the tank was 
pumped out daily through the .silver nitrate tower and 
a sample of gas from the tank was taken during each 
jiumpout. The tank was filled with fresh argon jirior 
to the second and third jiumpouts. The analytical re­
sults from the samjile taken during the fir.st jiumjiout, 
corrected for decay, showed that the estimated total 
'••"I activity in the gas jiumjiecl from the tank to the 
silver nitrate tower was 0.14 pc. The iodine concen­
trations in the gas from the second and third jmnip-
outs were less than the limits of detection. Based on 
the estimated amount of '-"I reaching the holihiji 
tank (0.2.5 curiej, the iodine removal efficiency for the 

activated charcoal in the tank was calculated to be 
greater than 99.99%. 

e. SKULL OXIDATION 

A .skull oxidation furnace (AXL-6900, jip. 110-123) 
and a control system for oxidizing the skull material 
that remains in the melt refining zirconia crucible after 
the Jiurified metal has been jioured has been installed 
and tested in the Argon Cell. Oxidation of the skull has 
the following objectives: 

fal to Jirovide a free-flowing jiowder, allowing re­
moval of the otherwise tightly adhering skull from 
the crucible, 

(111 to oxidize all of the skull material and thereby 
eliminate jiroblcms of jiyrojihoricity iluring storage or 
future handling, 

Ic) to jirevent nitridation of the skull by the nitro­
gen luji to .5% nitrogen) in the Argon Cell atmosphere, 
which woulil yielil a material more difficult to process 
by the jirojiosed skull reclamation process lAXL-
68I81, 

Id) to reduce the volume for storage of the skull by 
removing it from the crucible. 

The installation and shakedown of the equipment 
(furnace, oxide dumjier, control system) proceeded 
without difficulty, and the ecjuipment has been used 
for the routine jiroeessing of skulls from the melt re­
fining runs. The skulls have come from the melt re­
fining of unirradiated, enriched fuel, '•''̂ I tracer runs 
(see Iodine Tracer Experiments earlier in this rejiort 
section), and irradiated fuel (see below I. 

f. INSPECTION AND PROCESSING OF IRRA-
DIATED FUEL 

Three irradiated subassemblies were received from 
the EBR-II reactor: an oscillator rod (OSR-11, an in­
ner blanket (A-7181, and a core lC-1151. These sub­
assemblies were removed from the reactor after the 
core subassembly had attained about a 0.1 a o burnup. 
Sodium was removed from each of the subassemblies 
while each was contained in the interbuilding coffin. 
Xo Jiroblcms were encountered in the sodium removal 
steji. The activity level of the removed sodium was low-
since the reactor had been shut down for a week jirior 
to transfer of the subassemblies. I.\t the time of trans­
fer to the Air Cell, the blanket and core subassemblies 
had been cooled for 9 and 10 days, resjiectively.) The 
self-heating of the core subassembly, which was calcu­
lated to be 380 watts, masked the heat effect I chemi­
cal I of the sodium reaetion stejis. This indicated that 
tlid design of the sodium clcanuji system, which is 
based on slow con\ersion of sodium to sodium hydrox­
ide, was adeijuate in this resjiect. After the sodium re-
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moval step, the oscillator rod subassembly was re­
turned to the reactor building, and the inner blanket 
subassembly and the core subassembly were trans­
ferred to the Air Cell for dismantling operations. 

Considerable difficulty was encounterecl in removing 
the inner blanket s\ibassenit)ly I A-7181 from the inter­
building coffin. This difficulty was later dctermim-d to 
be a result of the upper pole piece being bent api)roxi-
niately !4 in. from the subassembly centerline. It is 
not known where the bending took place. After re­
moval from the interbuilding coffin the inner blanket 
subassembly was dismantled and five of the 19 rods 
were inspected for swelling. No evidence of swelling 
was noted. The 19 rods were then transferred to the 
Argon Cell. 

The core subassembly |C-115| was grai>pkMl and 
removed from the coffin with no (lifficulty. Radiation 
from the core subassembly when it was introduced into 
the Air Cell was approximately 10-'' r̂  hr at 1 ft. The 
core sul)assembly was then <lismantled. All of the fuel 
elements were checked and were found acceptal)le for 
bow and tip condition.* Kleven fuel elements, repre­
senting a cross section of fuel elements through the 
subassembly, were segregated for sampling an<l inspec­
tion and eight of these were transferred to the Argon 
Cell for future dimensional cliecks. (The remaining 
eighty elements were also transferred to the Argon 
Cell. I Three of the segregated fuel elements [represent­
ing the shortest (Pin No. 78), average (Pin No. 221, 
and maximum (Pin No. 461 radii from tlie center of 
the core subassembly] were decanne<l, anil !4-in. long 
samples were taken at approximately P/2 in. intervals 
along the pins and submitted for analysis. Figure 1-31 
re|)resents the relative bm'nup (horizontal and verti­
cal patterns! of tlieso three pins. These data are based 
on the **"La concentration in the samples which was 
detennined by multi-channel gamnni analysis. Anal­
ysis of the pins also indicated that, at the reactor 
operating temperatures (maxinuun cooling outlet tem­
perature of 4 4 3 ° C K about 0.2'f of the fission product 
cesium formed in the fuel was found in the bonding 
sodium. Because of this migration of cesium to the 
bomiing so<lium. cesium is not used for burnu|i deter­
minations of tlie KBU-II fuel. 

The core fuel elements, inner blanket ro<ls. and >ub-

• If a fuel clcnienl i.'* hcnved tno nnicli. i.e.. greiitcr than 1-iii. 
bnw over its entire length, it nuiy jam or bend in the decanning 
machine. The first step i»f deeanniiijt is tn shear the spade end 
tip (see AN'L-7020. p. 4) from the element at the juncture of 
the spade and the fuel. This shear p(»sitif)n is gauged from the 
spade end. If the tip is bent or shortened, the shear point 
would then be into the fuel. 
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assembly hardware, which were surveyed for activity, 
exhibitetl the following radiation levels: 

Item 

I'ppor l^anket KIc 
bower lllanket KU 

Core Suttansembly C-IIS 
111 Fuel KlementB 

Klements 
KlementB 

Lower Fixture 
'2-111. long Sample--taken next (o 

spade end of pin No. 4t> 
Hlanket Siibassembh/ A-7!fi 

Blanket Hods 
Hex Tube 

Radiation 
Reading 
(r/hr ml 

l i t ) 

S 3 X 10' 
igo 
215 

0.450 
40 

.1000 
50 

Time (days) 
After 

Reactor 
Shutdown 

12 
12 
12 
12 
Hi 

9 
9 

.\fter transfer to the .\rj;on Cell, the eighty core fuel 
elements were decanned. chojijieil. and charged to the 
melt refining furnace for the first melt refining run 
iMU-l l with irradiated uranium. The charge 18.6 kgl 
to the furnace consisted of chojijK'd jiins 1.5.4 kgl . in­
jection easting scraji 12.9 kgl and re-enrichnient ura­
nium 10.3 kgl. The charge was litjuated for 3 hr at 
1400°C. The resulting ingot I Figure 1-321 weighed 7.95 
kg for a yield of 92.T'^. Two samjiles were olitaineil 
from the ingot and transferred to the analytical eaves 
for analysis. 

Analytical results of the fission jiroduct removal ob­
tained in the melt refining run are as follows: 

file:///fter
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Element 

Cerium 
Iodine 
Lanthanum 

% 
Removal 

99 
99 
99.9 

Element 
/o 

Removal 

Barium 
Cesium 
Zirconium 

99.9 
99.99 
50 

Except for the high zirconium removal, these results 
are in good agreement with results previously ol)tained 
in small-scale experiments (ANL-6696). Zirconium 
removal will be followed in subse(iuent melt refining 
processing of other spent irradiated core subassemblies 
to determine if the same high removal continues to be 
experienced. The retention of \% of the initial iodine 
content of the fuel in the ingot is substantially higher 
than the 0.007% pre^'iously found in the ingot after 
a palladium iodide tracer run (see Test 2, Table 1-18 
of this report). Analysis of the fume traj) showed that 
it contained SO r̂ of the iodine charged, a value which 
is consistent with the tracer iodine results. 

The furnace was allowed to cool over a weekend 
immediately following the run. Prior to oi)ening the 
furnace, the following temjierature readings were ob­
tained; 

Cell Ambient 
Mold Reference 
Crucible (base referen{'e) 
Fume Trap (lop reference) 

;^7T 
48°C 
70°C 
9 7 T 

The above-ambient temperatures of the mold, cru­

cible and fume trap are assumed to be due to the self-
heating effects of the fission products. 

The melt refining crucible containing the skull from 
Run MR-1 was transferred to the oxidation furnace 
(ANL-6900, |)p. 116-120), and oxidation (Run SO-1) 
of the irradiated skull was carried out. The skull 
charge weight was 632 g and the oxide product weight 
was 750 g, indicating complete conversion of the 
uranium to U:iOM. The crucible failed structurally 
when it was dum|)ed into the waste can (ANL-6800, 
pj). 168-175), 

Kleven grams of the skull oxide was removed from 
the cell for various analyses, including an analysis for 
zirconium, to determine the behavior of certain fissium 
elements during melt refining and skull oxidation. The 
zirconium analysis was made in an effort to determine 
if an excessive amount of zirconium from the zirconia 
melt refining crucible was being picked up by the 
oxide Jiroduct. These results show that approximately 
3'/2 g of zirconia was added to the oxide as a result of 
spalling or other action of the crucible. This quantity 
of zirconia resulted in an increase in the zirconium 
content of the skull oxide of approximately V2%-

There was no indication of jiartitioning of molyb­
denum between the ingot and skull. 

The ruthenium content of the skull oxide was about 
205̂ i lower than exjiected. This does not indicate a 
jiartition of the ruthenium since there was no buildup 
oi I'uthenimn in the ingot. Xo ruthenitim was found in 

Fu;. 1-32. lrl^;ot rnHiuced from Mcll, licliiiint^ nf Iriatlinlcd l^liU-II Fuel. (IIIKOI weight: 7.95 kg.) 
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a sample from the melt refining furnace fume trap. 
Some nithenium may have volatilized as the tctroxide 
during the skull oxidation; however, no ruthenium 
was found in the off-gas stream during skull oxiila-
tion. 

The ingot resulting from Hun Mli- l was injection 
cast into fuel pins, as is descrihed later in this section. 
The amount of iodine retained liy the cast metal in 
this run differs markedly from that retained in the " ' I 
tracer run descrilied earlier in this rejiort section. For 
the tracer run, apjiroximatidy 98 ' ! of the iodine was 
retained in the cast metal and, within the limits of ex­
perimental determination, the iodine material lialance 
was eomjilete. For the irradiated fuel run I Hun 30011, 
however, only 0.6'{ of the iodine was found in the cast 
metal. Less than 0.01% was found in the vacuum 
jiumji oil and less than IO-'";; was found in the vacuum 
jiiimji olT-gas, which was scrulilied with a sodium sul­
fite solution. The overall material lialance accounts 
for less than 1% of the iodine initially contained in 
the ingot. 

After comjiletion of work in the .\ir Cell, the core 
sulias.semhly fuel elements, all radioactive scraji and 
hlanket material were transferred from the .^ir Cell 
to the Argon O i l . The Air Cell was tlii'n carefully 
cleiined hy vacuuming, after which it was entered and 
surveyed for radioaeti\'e contamination. Little con­
tamination was found, other than a few stainless steel 
cliijis on the dismantler. 

The decanning and melt refining ojierations intro­
duced ratlioactive contamination into the .\rgon Cell 
atmosjihere. The major areas where localized jictivity 
was detected were on the cooling coils of the .\rgon 
Cell cooling system, in the oil and oil sejiarator iif the 
melt refining vacuum jiuniji, and in the holduji tank. 
Hemote monitoring lieails from the gamma detectors 
IfJeiger-Mueller tulie and .Itinol which are located 
in each of the sulicells were jiositioned at the cooling 
coils and at the vacuum jiumjis. These instruments 
were not calihrated for the longer detector corifs used, 
hut the readings did show relative changes in activity 
le\els. During the decanning ojieration. the readings 
at the cooling coils increased by a factor of 10. When 
the melt refining furnace was ojiened after the irradi­
ated fuel run, the cooling coil reading increased hy an 
additional factor of 1.5 to 20. During the melt refining 
rtm, the activity level of the oil in the otT-gas \-actium 
jiumjj gradually increased to a final radiation reading 
of two to three times that liefore the run. When the 
furnace was jnimjied down after the cooldown at the 
conclusion of the melt refining ran. the activity level 
at the vacuum pumji increased hy aliout a factor of 30. 

Headings obtained with Geiger-Mueller tubes and 
.Juno lionization chamber instruments! during and 
after the melt refining ran are as follows: 

Radiation Reading (mr/hr) 

Pumpdou'n 
During Run of Furnace 

At oiitHide of shielding on hutdup 0.1 2 
tank 

At oiitflidcof veiitilatiiiii hiiuaing 1.1 35 
on vacuum jiunip 

Cooling coil cell gas rccircula- 2.5 55" 
tion svHtcm 

Filter-cell gim recirculation sys- 1.3 7' 
tern 

Oil separator—melt refilling vac- — 950 at 2 in. 
uum system 

• .Melt refining furnace open. 

The activity level at the outside of the holduji tank 
shielding decreased from 2 nir hr to 1.4 mr hr after 
ajijiroximately 24 hr. .\nalysis of a gas samjile from 
the .\rgon Cell revealed the jire.sence of '-^'I, '*"I,a. 
'"•'Hu, and '•''Co. The '"''Co is believed to have origi­
nated from the stainless steel jackets removed from 
the fuel elements during decanning. 

The radiation level at the surface of a 10-inl oil 
samjile obtained from the vacuum jiumj) for melt 
refining furnace B was found to be 180 mr hr. A 
radiochemical analysis of the oil showed that it hail 
jiicked uji ajijiroximately 07.1 pc of ' " I during the 
run. However, the major activity detected was xenon, 
both ""Xe and ''-'Xe. A calculated value for " ' I in 
Ihe jiiimp oil I based on the amount of " ' I in the ir-
radiateif fuel charged to the furnace and the decon­
tamination factors obtained in the '•"! tracer ransi 
agreed within a factor of two with the ijuantitatively 
determined amount of ' " I in the oil. These results 
indicate that the decontamination factors obtained in 
the tracer rans are reasonably valid for calculation of 
iodine removal. 

.\nalysis of a gas samjile removed from the skull 
oxidation holduji tank following skull oxidation ran 
SO-l revealed no detectable amounts of '-^'I. Based 
on the activity level of the .\rgon Cell circulation filter 
system, the amount of contamination of the cell at­
mosjihere did not change when the oxide was dumped; 
however, it did increase by a factor of 2 to 3 when 
the cracible was dumjx'd. .\ baffle has been installerl 
on the dumjK'r isee AXL-6800, jip. 170-176 for a 
description of this etjuipmentl to attempt to retluee 
the spread of activity when the cracible is dumj>ed 
into the waste can. 

file:///rgon
file:///rgon
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g. BEARING MATERIALS TESTS (with (J. A BKN-
NETT*) 

A program has been initiated to investigate the 
effects of atmosjihere (within the range of that antici-
jiated for the Fuel Cycle Facility Argon Cell) on the 
life of bearing materials. In jirevious work on this 
subject (ANL-5973), the low levels of oxygen en­
countered in the Argon Cell were not investigated and 
the moisture content of the exjierimental environment 
was not controlled as closely as can be done in tlie 
gloveboxes utilized for this program. In addition to 
extending the range of investigation on these two 
variables I oxygen content and water content), it is 
also intended to investigate the effect of nitrogen con­
tent on bearing wear. Also, new materials, recom­
mended or develojied since the jirevious investigation, 
will be evaluated. 

The overall jmrpose of this investigation will be 
threefold; 

1. to determine impurity levels (Oo , No, H -̂O) in 
the Argon Cell atmosjihere that will be accept­
able with regard to bearing wear. 

2. to test new bearing materials. 
3. to develoji an understanding of the causes of 

bearing wear in inert atmosjiheres. 
The same equijiment is being utilized for tliis ex­

jieriment as was used in the earlier work. A test con­
sists of contacting a test material against a rotating 
polished steel cylinder in a glovebox containing the 
desired test atmosjihere. 

Initial runs were made which repeated the tests of 
Carson and Morris (AXL-59731 in order to obtain 
base line confirmatory data. 

Wear rate tests of selected grajihitic-base materials 
were carried out in argon atmosjiheres containing 
oxygen, water vajior (35 jipm) and nitrogen ( —K/r). 
Preliminary results indicate that lowering the oxygen 

• Chemical Engineering Division. 

content to 10 jijim greatly increases the wear rate as 
comjiared with similar tests conducted at oxygen con­
tents of 50 to 1000 jipm. 

The investigation of materials was extended to very 
low concentrations of oxygen and water (3 ppm and 
1 jijim, resjiectively) in argon. These conditions re­
sulted in the greatest wear on bearing materials yet 
exj)erienced. Whether this is an effect of low oxygen 
content, of low water content, or of both has not yet 
been ascertained. 

The limited amount of available data indicates the 
following: 

(a I Carbon grajihites are better base materials 
than fully grajihitized materials. However, unim-
j)regnated materials wear rapidly under the test con­
ditions regardless of whether they are jirimarily car­
bon or fully grajihitized. 

(b) The addition of silver, molybdenum disilicide, 
resins, or molten saltsf as impregnants to the gra-
jihitic-base materials is an effective means of reduc­
ing bearing wear. 

Ic) Cadium, eojijM'r. and Babl)itt metal are ineffec­
tive imjiregnants under the test conditions. 

Future exjieriments will be carried out for these 
]HMposes: 

lal to differentiate quantitatively between various 
imjiregnated carbon-base bearing materials, 

11)1 to comjiare metallic bearing materials with the 
carbon-liase materials, 

Ici to ascertain whether low concentrations of oxy­
gen, low concentrations of water, or both are the pri­
mary reasons for the high wear encountered in a very 
high-jiurity argon atmosjihere. and 

Id I to ascertain the effect of radiation on the 
wearability of selected bearing materials. 

t The romposition of these salts was not revealed by the 
hearing manufacturer. This is considered proprietary informa­
tion. 

2. Operations with Equipmonl for Fuol Fabriralion (M. J. FKLDMAN, 

J . \\ B A C C A , V. G. ESCHEN, I ) . K. AlAHACi!X)t 

a. INJECTION CASTING 

The basic method of this process is injection or 
pressure casting of molten fuel into precision-liore 
Vycor:̂ :̂  I silica) tubes or molds to produce fuel-jiin 
castings of finished diameter but of excess length. In 
this casting oj)erati(m. the fuel is melted in a crucible 

t Idaho Division. 
t t V'ycoris the tnide name f(»r lii((li»ili('!i glass manufjiclured 

by Corning (ilass Cornpjuiy. 

inside a closed furnace Isee F igu re 1-33). Above the 

crvicible, the Vycor molds are susjiended vertically in 
a jiallet. Tlie tube molds are ojien at their lower ends 
and closed at their ujijier ends. When the melt is at 
the casting temjierature (about 1300 to 1400°CK the 
furnace is evacuated, and then the crucible is raised 
until tlie molten fuel covers the lower ends of the 
moPils. The furnace is then jiressurizeti to about 25 
psia, which forces the molten fuel uji into the molds 
where if solidities tti form the castings. The crucible is 



STANDARDIZED UFT LUGS 

FURNACE BELL-

MOLD CLUSTER- 160 MOLDS 

STRAP-ON RESISTANCE HEATER 
(TO OUTGAS L PKHCAT MOLOSl 

-MOLD HEATER FEED-THRU 
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POWER LEAD 
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5 
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Fm. I-3.'i. Injerlion Ciisiing Furnace. 
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103-F5374 
F I G . -34. Disposable Pallet and its Transfer Cart. 

A. Center Tube (permanent) 
B. Disposable Pallet Sertion 
C Center Tube Lock (permanent) 
D. Special Transfer Cart. 
E. Pallet in Special Transfer Cart 

lowered before the residual fuel i 
freezes to the ends of the molds. 

• heel in the crucible 

(1 ) Equipment Status 

The basic injection casting equijiment was installed 
and placed in ojieration. It is ojierating as descrilieil 
in a rejiort (ANL-66051 an<l a journal article.'-' Mod­
ifications have been made in the loading and casting 
ojierations and eciuijiinent. These have included tlie 
addition of an immersion thermocoujile, the use of a 
disjiosable jiallet for the molds, and the use of helium 
(replacing argon) as the pressurizing-cjuenching gas. 

Initially, the casting cycle was controlled on a 
timed basis, with a thermocoujile housed below the 
crucible as an indicator of the casting setiuence. Since 
some variation in the heating and cooling cycles of 
the casting sequence is expected with variation in 
burnup, charge size, and charge comjiosition, it was 
felt that a direct thermocoujile in<lication of the melt 
temperature is necessary. To this end, a thermo­
couple in a tantalum jirotection tube has been in­
serted in the center tube of the mold pallet. Ojierating 
experience to date has verified the value of tiiis ap-

" Jelinek, H. F. and Ci. M. Iverso 
Injection Casting of EBli-II Fuel, 
405-411 fl%2). 

I, l'](|uipnu>iil for Remote 
Nucl. Sri. Kngr. 12 (3), 

jiroach and has also shown that some inijirovement 
is needed in the method of mechanical attachment of 
the thermocoujile. The tantalum protection tube has a 
limited life in the molten uranium-fissium alloy, and 
investigation of the use of a tungsten tube or a ce­
ramic-coated tube is Jilanned. Beryllia tubes have 
iieen used successfully, but their brittleness makes 
them undesirable for remote handling. 

In an attemjtt to control more closely the solidifica­
tion and cjuenching jiortions of the casting cycle, two 
exjierimental runs l]{un 0.29 described below and Run 
3001 with irradiated fuel described earlier in this re­
jiort section) have been made using helium as the 
pressurizing and (juenching gas. Although the initial 
jiurjiose of the helium gas exjieriments was to im­
prove control of the castings' cooling rate (and 
thereby control the ratio of phases present), the ex­
jieriments indicated that improved control of the 
jiressurization rate was also jiossible. 

Results from the two helium casting runs indicate 
that more of the higb-temjierature gamma jibase is 
retained (thereby increasing the efficiency of the 
shearing ojieration) than when argon was used as the 
pressurizing-f|uenching gas and that the average 
length of the castings is longer (thus increasing the 
jirobability of obtaining a usable casting length). In 
the seconil of the two runs (Run 3001 (, there was evi-
ilence that the jire.-^surization rate was too high. This 
is an encouraging development, since the argon jires­
surization cycle, of necessity, had been ojierated with 
the control valves fully ojien uji to this time. Tlie use 
of helium thus [irovides the opjiortunity for investi­
gation of an ojitimum jiressurization rate. 

The disjiosable jiallet Isee Figure 1-341 consists of 
two match-drilled steel jilates and three sjiacer rods. 
The rods are used to maintain the jirojier tUstance and 
orientation between the jilates. The pallet is loaded 
with coated molds in the Thoria Laboratory' and is 
transferred via the Air Cell to the Argon Cell through 
the small lock Iby means of a sjiecial cart) to the 
work table inside the Argon Cell at window 9. At this 
location, it is combined with the center tulie and lift­
ing bar assembly to allow insertion of the loaded jial­
let in the furnace. The remote assembly ojieration 
requires ajijiroximately ten minutes. To date, the jial­
let has been used for ten runs, and no difficulties have 
been encountered. 

(2 ) Remote Injeetiou Casting Experience 

A series of eight casting nms with unirrailiated. 
em'iched fiud material was carrieil out remotely in the 
Argon Cell. The residts of these injection casting runs 
are shown in Table 1-19. Exjierience in the fabrica-



C. Fuel Cycle Facility Operations 

tion of Core I of the EBR-II reactor indicates that a 
casting batch efficiency of SO'/c I good castings X 
100/total molds cast) is the maximum to he expected. 

b. PI>' PROCESSING 

The ))urpos(' of the iiin-proces.>?ing operations is to 
produce finished fuel pins ready for the cladding o|)-
cration. In the transition from raw castings to finished 
pins, the metal is removed from its mold, sheared to 
length, inspected for length, diameter, weight, and 
porosity and stacked in an assembly-loading maga­
zine Isee Figure 1-3.")I. The byproducts of the process 
are waste molds and chopped fuel. The cho|)|ied fuel 
comes from both reject castings and the shearing opera­
tion. 

(1 ) Equipment Status 

The original concept of the pin processing opera­
tion as described in a report (.^NL-GGO.^! and a jour­
nal article'* has been modified and somewhat simpli-
fieil by the introduction of a sealed master-slave 
manipulator I Model .\l for use with one of the pin 
processing stations I at win{|ow b of the Argon Cell). 

During the initial checkout of the pin processing 
machine, each of the operating modules I shearing, 
weight measurement, length measiu'ement, etc.) was 
operated successfully, but transport between opera­
tions as designed could not be successfully accom­
plished. In particular, the two feed trays, which were 
designefl to transport pregnant molds into the tle-
molder and to transport di'inoldeil i)ins to the shear. 
<lid not operate consistently. 

To overcome these feeding dilliculties. tlii' (leniolder 
module of the pin ])rocessor was removed and mounted 
sejiarately. Since this module was separated, feeding 
of both the ilemolder module and the shear module has 
been accomplished by means of the manipulator. Design 
concepts were investigated for refinement of the two 
automatic feed o|>erations. .\ltliougli it is believed that 
these operations can be improved to a point where 
remote automatic operation is possible, no inuuediate 
additional effort is contemplated. 

( 2 ) Pin Processing: Macliine Callhratiuii 

Both the accuracy and precision of the measure­
ments made by means of the |)in processor are highly 
important. These were analyzed by two sets of com­
parative measurements. 

In the first .series of ileterminations. the precision 
was investigated by measuring two fuel pin standards 

'* Ciirson, Jr., N. J. .ind .'̂ . B. Br.ik. Equipment for the Re-
mole DenioIdiTig. Sizing, and Inspection of EBH-II Cast Fuel 
Pins, Nucl. Sci. Eiigr. W, 412-418 (1902). 

TABLE 1-19. SfMMABV OF INJECTION CASTING RUNS 

WITH VNIRRADIATED. ENRICHED rRANiesi 

FcEi. MATERIAL 

Eq'iiptnent rcmiitettt operated 

Injection 
Casting 

Run No. 

0.21 
0.22 
0.2.3 
0.24 
0.25 
0.28 
0.28 
0.29' 

Charge 
(kg) 

10.1 
11.6 
11.2 
9.S 

10.2 
8.1i> 
8.5 
7.2 

Cast 
Metal 

Ptxxluccd 
(kg) 

8.1 
8.4 
8.2 
6.5 
7.2 
4.9 
5.6 
4 4 

\umber of 
Number of Castings 15 

Castings in. or 
Longer 

100 

no 
no 
89 
95 
75 
76 
56 

99 
84 
86 
67 
71 
13 
70 
5) 

Number 
of .Accept­

able 
Castings* 

86 
62 
71 
S2 
48 
9 

SO 
50 

' The acceptable casting data are from the pin proretwinK 
nperatiKH. These castiiigs are within tolerance for diameter, 
woiKhl. length, and porosity. 

'• The charge for injection casting run 0.2<j had a high Rcrap 
and droHH content. 

' First run in which helium was used as the pressurizing-
((uoiichirig g](8. 

for a total of 2.i times each. These two standards had 
been carefully calibrated in the laboratorj- to at least 
one significant figure more than was determined with 
the pin j>rocessing machine. The results of these deter­
minations are shown in Table 1-20. The results indi­
cate that the precision of the measurements is ade-
(juate for the di'termination of acceptability of the 
fuel. 

A second series of comparisons was mad*-, wliose 
jiurjiose was to determine the relative accuracy of the 
Jiin jirqpessor measuring devices. A pin-by-pin and 
batch comparison of data from six pin jiroeessing 
machine runs fliatcbes 21, 23-26. and 28-291 with 
dujilicate laborator>' measurements has been made in 
order to determine the batch and individual jirecision 
of the data. The mean and the standard deviation 
for each batch were determined and are compareit in 
Table I-2I. In a<lrliiion. the correlation coefficient, 
r,* was determined for each batch. 

From the data jiresented in Table 1-21. the follow­
ing conclusions can be drawn: 

Length measurements. Comparison of the means 
and the standard deviations for the ialx>ralon.' and 
j)in processing machine measurements indicates that 
in general the same jiojiulation is being described. The 
r values indicate that with 95*^ assurance a correla-

E U - -f) L (y - y> from fl. W. Snedecor, Statis­
tical Methods. Iowa State 
College Press. Ames. Iowa. 
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tion exists between the laboratory and pin jiroeessing 
machine values. With one excejition i batch 21 for 
which r is 0.323), there is a 99.9% indication of cor­
relation. 

Weight measurements. As in the length measure­
ments, comparison of the means and the standard 
deviations for the weight measurements jierformed in 
the laboratory and in the Argon Cell indicates that 
the two sets of measurements describe the same jjojiu-
lation. The correlation coefficients for these .sets of 
measurements are higher than those for the other 
three parameters. The correlation coefficient, r, is de­
signed so that a value of 1 indicates jjerfect correla­
tion whereas zero indicates random variation. 

Volume. This dimension is not per se a criterion for 
accejitance or rejection of fuel jiins, but it jilays an 
imjiortant jiart in the control of sodium level in tin* 
fuel element. Comparison of means and standard 
deviations indicates that the same jjojiulations are be­
ing measure<l. The key to successful sodium level con­
trol is indicated by the relatively narrow sjiread of 
the values encountered. 

Density. The spread in values for the density meas­
urements was not expected to indicate good correla­
tion of dujilicate jiojiulations since the method utilized 
by the pin jiroeessing machine is subject to three 
sejiarate measurement errors. This jiarameter is not 
a criterion for jiin accejitance hut may have statistical 
value in radiation damage studii's where a large num­
ber of Jiins have been examinetl. 

( 3 ) Data Haiidlin^ SyHlem 

An addition to the data disjilay system which has 
been de.seribed in the literature^^ is an IBM card 
system. As the data are disjilayed for an accejit-

TABLE 1-20. pREnsioN OF PI. \ PROCESSINO 
MACHINE MEAseREMENTs 

Parameter 

Weight (g) 

Length (in.) 

Volume (cc) 

Density (g/cc) 

Fuel Pin 
Sample No. 

4 
15 

4 
15 

4 
15 

4 
15 

Mean Value. 
Laboratory 

68.7689 
69.0009 

14.209 
14.205 

3.8334 
3.8554 

17.939 
17.897 

Mean Value, 
Pin Proc. 
Machine' 

08.765 
68.944 

14.209 
14.201 

3.835 
3.843 

18.04 
18.05 

Sid. Dev.. 
Pin Proc. 
Machine' 

0 010 
0.014 

0.007 
0.005 

0.010 
0.009 

0.055 
0.045 

TABLE 1-21. COMPARISON OF LABORATORY AND PIN 

PROCESSOR DATA FOR BATCHES 21. 23. 24, 25. 

26. 28. AND 29 

No. of 
Pins 

Mean 
Value, 
Labor-

-Mean 
Value. 

PinProc-
j essing 
Machine 

Std. 
Dev., 
Ubo-
fator>' 

Std. 
Dev., 

jPin Proc­
essing 

Machine 

CorreU-
tion 

Coeffi­
cient, r 

Weight (g) 

21 
23 
24 

25-26 
28 
29 

85 
67 
51 
57 
SO 
SO 

68.27 
68.18 
68.20 
68 25 
68.29 
67.70 

68.27 
68.25 
68.26 
Ii8.24 
(i8.17 
67.73 

0.247 
0.248 
0.:M9 

0 216 
0.238 
0.166 

0.245 
0.192 
0.326 
0.215 
0.185 
0.163 

0.734 
0.876 
0.971 
0 982 
0.361 
0.974 

Length (in.) 

21 
23 
24 

25-26 
28 
29 

85 
67 
51 
57 
50 
SO 

14 205 
14.216 
14.217 
14 228 
14.2.i8 
14.238 

14 206 
14 212 
14 214 
14 226 
14 2:<l 
14.232 

0.021 
0.006 
0 015 
0.014 
O.OOti 

0.003 

0 020 
0.005 
o.oot 
0.014 
0.007 
0.004 

0 .123 

0.865 

0 369 

0 993 

0.900 

0.580 

Volume (cc) 

21 
2.! 
24 

25-26 
•28 
29 

85 
67 
51 
57 
50 
50 

3.805 
3.809 
3.811 
3.811 
3.823 
3.811 

3.794 
3,S0li 
3.811 
3 810 
3.825 
3.812 

0 014 
0 010 
0 014 
0.011 
0.012 
0.009 

0.017 
0 027 
0 012 
0.018 
0.013 
0.021 

0.442 
0.292 
0.749 
0.527 
0.745 
0.718 

Density (g/cc) 

21 
23 
24 

25-26 
28 
29 

85 
67 
SI 
57 
SO 
50 

17.94 
17.91 
17.89 
17.91 
17.85 
17 76 

17.93 
17.90 
17.92 
17.88 
17 76 
17 70 

0.067 
0.119 
0.086 
0.035 
0 018 
0 025 

0.087 
0.0S6 
0.097 
0.047 
0 Ml 
0 070 

0.450 
0.290 
0.829 
0.285 
0.259 
0.239 

• Based on 25 meaaurementa. 

reject decision by the operutor, the ilatii arc also rc-
oorileii on a stanilani IBM rani. 

If the fuel pin heinn proces.-eil is acceptoil, the card 
tliat is generated follows that length of fuel through 
all of the succeeding falirication stops. When the fuel 
pin, after heing clad, is u.sed in the manufacture of a 
suhassemhly. its |)osition in that suhasscinhly is noted 
on the IBM card and the card filed. Upon return of 
the suhassenihly from the reactor to the Fuel Cycle 
Facility, the individual clad fuel pin can l)e position-
identified, and any parameters of interest can lie com­
pared with preirradiation data. 
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( 4 ) Remote Pin Processing Experience 

The pioducts o( the eight in,ieetion casting runs de­
scribed in Talile 1-19 were processed with the Jiin 
processing macliine. Table 1-22 shows the pertinent 
results of these opcrutions. In general, these accept­
ance rates arc higher than tliose expected for the 
initial stages of remote operation. 

In order to hiivc data for futui'c comparison, a time 
study was conducted of one of the pin jiroeessing runs 
(0.24). The ic-^ults are shown below: 

Sle|. 

1. Demolding 
2. Calibrntion of Physical Measiirenients 
3. Processing* (72 castings) 
4. Data Card Handling 
5. Scrap Handling 

Total Operating Time 
G. Machine Downtime (repair) 

Total Time for 72 Castings 
• Processing refers tii .sliearing and measuring It 

Time (min) 

70 
70 

195 
45 
30 

410 
120 
530 

• fuel pin. 

(5 ) Reclamation of Ktiel Alloy Scrap 

In the demolding operation, varying amounts of 
metal (fuel alloy I scrap arc collected along with the 
crushed glass mold material. Initially, a study was 
undertaken to ascertain the amount of scrap metal 
present in the broken glass for Runs 0.21 to 0.29. 
Table 1-23 shows the result of this study. 

On the basis of the information in Table 1-23, a 
scrap reclamation step is belie\'ed to be necessary. 
Since the metal scrap in the broken glass is a mixture 
of short pin castings and metal adhering to the out­
side of the mold, the general approach chosen was to 
grind the mixture in a ball mill and then to screen it. 
In the initial attempts to grind and .screen the mixture. 

TABLE 1-22. PIN PRCKESSINri H l N S WITH K N R K H E D 
R E A C T O R F C E I , 

Casting 
Batch No. 

0.21 
0.22 
0.23 
0 24 
0.25 
0.2(> 
0.28 
0.2!) 

Castings 
Received 

Num­
ber 

100 
99 
90 
72 
95 
75 
76 
66 

Weight 
(kg) 

8.1 
8.4 
8.2 
6.5 
7.2 
4.9 
5.6 
4.4 

Pins 
.Accepted 

86 
62 
71 
52 
48 

9 
50 
50 

Number Rejected 

Short 
Cast­
ings" 

1 
15 
10 
5 

24 
62 

6 
2 

Length 

13 
22 
15 
13 
23 
4 

20 
2 

Diam­
eter 

— 
— 
1 

— 
— 
— 
2 

Poros­
ity 

_ 
— 
— 
1 

— 
— 
— 
— 

" Castings leas than 15 in. in UMIKIII will not Hliciir correctly 
and are termed short c.-tstiriKH. (.'aHlingH r)vt'r 15 in, in length 
do not always shear to a size with in llic specifioil ir)n of 14.21 ± 
0.0:iO in. :ind arc rcjcctcil ilicn ;i.s Icnulli rejects. 

TABU': 1-23. ALI/ IY METAL PREHENT WITH GLASS 

SCRAP FROM THE OEMOLDER OPERATION IN 

P I N PROCEMHiNd 

Batch No. 

0.21 
0.22 
0.23 
0.24 
0.25 
0.26 
0.28 
0.29 

Injection Cast Metal 
Produced 

(kg) 

8.1 
8.4 
8.2 
6.5 
7.2 
4.9 
5.6 
4.4 

Estimated Weight of 
Uranium-bearing 
Metal in Scrap 

Mixture' 
(g) 

450 
86 

506 
649 
261 
779 
285 

28 

" Weight estimated hy weight dilTerence between injection 
cast metal produced and pin processing product. 

TABLE [-24. SCRAP METAI. RECOVERY FROM CRI-SHED AND 

BA 1,1.-MILLED (!r,Ass MOLD.S 

Batch No. 

0.21 
0.22 
o.2;j 
0.2(> 

Estimated 
Weight of 
Uranium-
bearing 

Metal in 
Scrap 

Mixture" 
(g) 

450 
86 

506 
770 

Metal 
Recovered 
with Air-

Type 
Separator 

(g) 

448 
57 

354 
593 

Metal in 
Fines'" 

(g) 

9 
1 
9 
4 

Recovery 

(%) 

98.0 
98.3 
97.5 
99.3 

" Weight oslimated liy weight difference between injection 
casting product (see Table 1-2.1} and pin processing product. 

*" By chemical analysis. 

it was obviouy that the fine silica dust produced 
by i)a!l milling would be a problem in in-cell handling. 
In curi'ent work, the jiroduct of the ball mill has been 
jirocessed through an air-type separator. The results 
of four runs for the recovery of metal scrap are shown 
in Taliie 1-24. Chemical analysis of the reclaimed 
metal to determine the amount of silica carry-over 
is underway. 

c. FUEL ELEMENT ASSEMBLY AND WELDING 

In the assembly and welding operations the ac-
ce])ted fuel is placed in the soilium-loaded stainless 
steel jacket. The |)iirtial assembly is; then heated to 
liquify the sodium, and a restrainer is added and 
welded in place. 

(1 ) Equipnif'iil Status 

Tlie fuel element assembly operation is a simple 
one and is cai'ried out hy means of a master-slave 
manipulator. The addition of the rostrainer-cap to 
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the fuel element, which was at one time a mechanized 
operation''' is now also done by means of the master-
slave manipulator. 

(2 ) Argon Shroud Gas for Fuel Element Weld­
ing 

A shroud gas is used during welding of the end caps 
on fuel element cans. The shroud gas was changed 
from helium to argon when preliminary results by the 
Chemical Engineering Division indicated that helium 
contamination of the argon atmosphere was a poten­
tial source of difficulty with electrical sy.stenis in the 
.\rgon (Jell. The change to argon re(|uired an increase 
in the power to the welder. This was accomplishetl 
by the addition of two 17,000 pi, 1.50-volt electrolytic 
capacitors to the ten already in the circuit l.\NI,-
6605), making a total of twelve. 

Welds mtide at the increased power and with argon 
shroud gas have been acceptable as leak-tested. There 
has been a minor ])roblem of a slumping or off-center 
weld bead, which is discussed below in the section on 
leak detection. 

(3 ) Sodium Level ("onlrol 

In the fuel element assembly operation, the amount 
of sodium needed to proiluce the reiiuired sodium 
level (0.6.5 ± 0.0.5 in. above a fuel pin in its cladding 
can) is determined from the volumes of the cladding 
can and the fuel pin. Datii on the control of .sodium 
level are discussed below in the section on homling an<l 
bond testing. 

.1. LEAK DETECTION 

(1) Equi|)ment Slatua 

The leak detection stations are operating basically 
as described in a report (.\NI.-660r)l and a journal 
article.'" The leak detection method involves sealing 
Ihe top one-half inch of a fuel element in a test cham­
ber of known volume. This top one-half inch contains 
the weld, the fuel cans having been leak tested before 
they were placed in the cell. A metereil amount of gas 
I helium) is forced into the known volume, and the re­
sulting pressure is recorded. If the weld is tight, the 
metered volume of gas in the calibrated ca\i ty pro­
duces a known pressure whieh remains constant. If 
Ihe element has a defective weld, the pressure tirops 
below the original value to one corres|)onding to the 

" Ciitneroh, T. C. and N. ¥. Hessler, .\ssenibling, ."Sodium 
Mending, and Bond Testing of KBIi-II Fuel Rods. Nucl. Sci. 
Kngr. 12, 424-431 (1062). 

" ( I runwii ld . .\. P.. Leak Testing of KBIi-II Fuel Rods. 
Nucl. .-^ci. Kngr. 12, 419-423 (1962). 

sum of the volumes of the cavity and the gas void in 
the element. 

( 2 ) Operating Experienee 

A total of 400 fuel elements which utilized accept­
able fuel pins from previously described runs 0.21 to 
0.29 were remotely welded and leak detected. Of the 
4(X) welded elements. 28 were rejected for leaks. 

.\s jtreviously mentioned in the section on welding, 
the off-center welds on the end caps constituted a 
minor problem. The head (top hat) of the leak de­
tector restricts the overall size of the weld diameter 
to 0.180 in. (the tubing diameter is 0.176 in.I. Thus, 
an off-center or slumped weld would not. in all cases, 
enter the leak <letectors. To correct these itotentially 
rejectable elements, a small pneumatically o|K'rate(l 
swjiging station was added to the leak detector sta­
tion. The swage is capable of correcting welds that 
are le.<s than 10 mils over tolerance (to the time of 
writing, all of the off-center welds have been less than 
10 mils over tolerancei. 

e. BONDING AND BOND TESTING 

The purpose of bonding and bond-testing operations 
is to insure the ([Uality and <nuintity of the sodium 
heat transfer envelope. The bonding o|H'ration is a high 
temperature i.500°C'l vibrating impaction step whieh 
removes voids in the sodium. The testing o|>eration 
utilizes an eddy current detection system which ineaii-
ures the integrity of the bontl and the sodium level. 

( ] ) E(|uipmenl Status 

Initial Experience with solenoiil-|iowered. cyclic, iin-
ptict bonders indicated that inailetjuate energj' for 
successful sodium bon<ling was being imparted to the 
fuel elements. .Attempts to incrca.<e the impact energy 
were not successful. The basic bonding machine'"' was 
modified by rephicing the electrically energized sys­
tem with a pneumatically actuated system. This 
change provided adetiuate energi," to achieve success­
ful bonding. 

A study was made of the effect on bonding efficiency 
of the major parameters, impact energ\' and numlHT 
of impacts. The impact energy- I measured as ampli­
tude of element rise I was varied lietween % and VA 
in. The number of impacts was varied from 100 to 
1000. I Earlier work by the Reactor Engineering Di­
vision. .\XL-6724. had fi,\ed the optimum bonding 
temperature at 500°C.I As a result of this work, an 
amplitude of 1 !4 in. and a total of 1000 impacts were 
chosen as the operating parameters for the sodium 
bonding ojieration. 

file:///rgon
file:///ssenibling
file:///XL-6724
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(2 ) Effectiveness of Eddy Current Devices for De­
tecting Soiliuni Level and Defects in Sodium 
Bonding 

Interjiretation of the eddy-current signals of the 
bond tester for the iletermination of sodium level iind 
sodium bonding efficiency was an integral part of the 
startup of the bonding operation. Sodium levels de­
termined by X-radiography (X-ray) of fuel elements 
were correlated with levels determined with the l)ond 
testing machine. These correlations showed interpre­
tation of the eddy-current trace lo lie accurate to 
±0.030 in. 

Voids or bulibles la bubble is a large void uliove 
the fuel pin anil below the restrainer) in fuel elements 
indicated by eddy-current traces were cori'elated with 
the voids or hubbies found by stripjiing the cladding 
from the same fuel elements and observing the clad­
ding-sodium interfaces. A])proximately 100 elements 
were stripped. In all eases, a void was observed at the 
])oint indicated hy the eddy-current trace; conversely, 
close inspection of the interface revealed no voids 
('/, li-in. dia. or larger) that had not been detected by 
the test coil. 

(3 ) Operating Experienee 

Tal)le 1-2.") suuiiiuiiizes the bonding and bond test­
ing effort on the enriched material 136 kgl whieh was 
remotely processed in the Argon Cell. Experience in 
fabrication of Core I indicated ajiproximately 10'; 
rejections for defects and 1.5%' rejection for level. 
These runs (omitting 0.221 indicate \Yi% rejection 
for level and 13% rejection for defects. 

In other work, a group of 2.500 fuel elements fi-om 
the initial inanufacture of core subassemblies for the 
EBR-II reactor were transferred to the Fuel Cvcle 

Facility. A large portion of these fuel elements had 
been made into special backup subassemblies for dry 
and wet critical tests in the EUR-II reactor. These 
backup subassemblies had .sub.se(iuently been dis­
mantled to free the fuel elements for reactor use. A 
sampling of these fuel elements indicated that the 
subassembly and the dismantling operations had al­
tered the sodium bond to an extent that rebonding 
imil bonil testing were necessary before these fuel 
elements could be used for reactor subassemblies. 
Table 1-26 suMuiiarizes the residts of this reclamation 
woi'k. 

(4 ) Control of Sodium Level 

It is apparent from Table 1-25 that, with the ex­
ception of one run (0.221, little difficulty in obtaining 
an acceptable sodiutn level has been encountered. 
Statistical analysis of the data from each of the runs 
has indicated the ciuality of the operational control. 
As an example, the results for Run 0.23 indicated a 
mean sodium level of 0.72 in. and a standard devia­
tion of 0.085. From the data, the predicted acceptance 
level was 81%. The actual acceptance level was 90% 
For batch 0.24, the mean sodium level was 0.651 in. 
and the standard de\iation was 0.068. The predicted 
acceptance le\-el was 97% and the actual acceptance 
level was 97.5«;. 

f. FINAL ASSEMBLY AND TESTING 

'I'lie ftmction of the final assembly and testing op­
erations is to combine completed fuel elements into 
a core subassembly that is acceptable for insertion 
into the reactor. The feed material consists of ac-
eejited elements from the bond and sodium-level in-
sjiection station, as well as the externally produced 

TABLK 1 2.5, 

Batch No. 

0.21 
0.22 
0.22 A'' 
0.23 
0.24 

0.25-0.26 
0.2S 

Recycle 1= 
0.20 

.S( MM.^KV OK SdinrM-Hii .Mi T L s r i N t i F O R F^CEL I O L E M E N T S MA.M'IACTCREn IN THE 

CYCLE FACILITY 

Initial Bonding 

Accept 

65 
11 
26 
50 
36 
.38 
31 
12 
Data 

Reject 

Level 

0 
37 
4 
1 
1 
0 
0 
0 

Void 

6 
3 
3 

11 
0 
7 

10 
12 

neomplete 

Bubble 

6 
0 
4 
1 

12 
7 
2 
0 

Rebonding 

Accept 

6 

— 
4 
8 
4 
5 
3 
5 

. 

Reject 

Level 

0 

— 
0 
3 
1 
0 
0 
0 

Void 

0 

— 
1 
0 
0 
7 
7 
6 

Bubble 

4 

— 
2 
2 
8 
2 
2 
1 

KBIi-II Ft • E L 

Total 

.\ccept 

61 
11 
30 
58 
40 
43 
34 
17 

Reject 

7' 
40 

7 
5 
9 

» 
9 
7 

' Includes '.^ damaged fuol clompntM. 
'' Level rejects frf)m H;ilcli 0.22 were stripped < 
• Rejects from Hatdics (t,21 i<» (1.24. 

; mid reemiiit'd. 

file:///ccept
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TABLF] 1-26. RECLAMATION OF NO.VIRRADIATED 

Fl EL KLEMENTS FROM F ; B R - I I .SUBASSEMBLIES 

Hutyansemhlieg from initial core manufacture. 

Group No. 

3.50 
351 
352 
353 
354 
35(i 
3.57 
358 
360 
362 
364 
365 
366 
367 
368 
369 
370 
371 
372 
373 

C UK) 

Number of 
Elements 

01 
!)1 
91 
91 
91 
91 
91 
91 
91 
91 
91 
91 
91 
91 
89 
91 
91 
91 
91 
ni 
89 

Number of 
Reclamation 

Cycles' 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
1 
2 
2 
1 
1 
1 
1 

Accepted 

84 
88 
83 
86 
91 
91 
89 
86 
87 
86 
88 
89 
89 
81 
82-1-
86 
86 
78-1-
82-1-
81-(-
79+ 

Rejected*' 

7 
3 
8 
5 (1) 
0 
0 
2 
5 (2) 
4 (2) 
5 (2) 
3 
2 
2 (1) 

10 (7) 
N/A 
5 (1) 
5 
N/A 
N/A 
N/A 
N/A 

"A iiornial, first reelaiiiation lioiiding cycle consists of a 
tuliil of 1(X)1) impacts at 5(K)°C' followed by a room-temperalure 
hoiid test, with the rejects subjected to a l^O^C bond test. A 
second reclamation cycle follows the same pattern as the first, 
(•.\cepl that the niiniber of impacts is reduced to 750 at 500''C. 

'•The lumdiers in parentheses are the numbers of fuel ele­
ments rejected because of physical damage during remote 
handling. N/A means "not available". 

(•oiuiiononts (hlankot endy and hexagonal tubing i. 
Tlit'sc materials are fabricated into a subassembly for 
tlie reartor. The actual assembly ami final welding 
operations are preceded by an inspection and sizing 
operation. The final step of the remote refabrication 
operation is a tensile and straightness test on the com­
plete subassembly. 

( 1 ) Equipment Status 

The assembly machine.'" with very minor modifica­
tion, was installed and is oi>erating in the Fuel Cycle 
Facility Air Cell. A second machine (described in 
ANL-6()05K whose function is to tensile test and 
gavige the straightness of the subassembly, has not 
in'oved to be as successful; its tensile testing capa­
bilities have been satisfactorily demonstrated, but the 
straightness testing portion of the machine has not 

" R. H. OIp, Remote Assembly of Reprocessed Fuel Sub-
assemlihes for KBR-II, in Proceedings of the Eighth Hot 
Laboratories and K<iuipment Conference. San Francisco. Calif. 
Dec. 13-15. liHiO, American Nuclear Society. CSAEC Report 
Tin-7599. Vol. 2. p. 42*1. 

10;j-K545fi 
Fl(i. 1-30. Castings Produced in First Injection Casting 

lUin of Irradiated KBIMI Fuel Material (Itun No. 3001). 
108-854(i 

been adetpiate. Since it is also intended to straighten a 
subassembly that is not within s|H'cification (0.080-
in. T.I.R.*). a new machine has been designed and is 
being tested which will function as a straightness 
tester and straightoner. Tensile test capabilities are 
being added to the assembly machine. 

( 2 ) Operating Experience 

Twenty-two >ubasseinblies have been fabricated 
and tested by remote methods. All 22 passed the ten­
sile test, but only four were indicated to \w straight 
within the requirements of the test machine. Since this 
fuel had not been irradiated, it was possible to check 
the straightness of each subassembly in the lalwra-

* T.I.R. represents Total 
about a fixed axis. 

ndicator Reading upon rotati«m 

file://�./cepl
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toiy. The results of the laboratory insjiection iiidi-
catetl that the T.I.K. of rejected subassenihlies raiip'il 
from 0.035 to 0.06.5 in. Our present testiri}; nuicliine. 
whicli was designed to reject suiiasseiiihhes wliich 
de\'iate from strjiightness i)y ±0.040 in., has been ac­
cepting witli a conservative bias. 

g. INJECTION CASTING AND PIN PROCESSING 
OF IRRAniATEl) EBR-II FUEL 

.\s ilescrihed earlier in this repoi't section, an ir­
radiated KBR-II core subassembly {C-11.51 has been 
dismantled, decanned, and melt refined. The resulting 
ingot (MR-1) was transferred to injection casting. 
The injection casting run iNo. 3001) had a charge of 
7.95 kg and used 65 molds. The metal cast weighed 
5.04 kg. Figure 1-36 shows the castings as they were 
removed from the furnace. 

The 65 castings were transferred to the pin proc­
essing station. The 65 molds yielded 56 castings which 
were suitable for processing. Of the 56 castings jiroc-
essed, 36 were accepted, 2 rejected as short castings, 
6 rejected for length, 10 rejected for diameter (sur­
face defects), and 2 rejected for internal porosity. 
This injection casting run was the second of two runs 
in which helium was used as the pressurizing and 
(luenching gas in the casting set|uence. It is believed 
that the relatively low yield of acceptable castings i.s 
due to the high pressurization rate used. 

Both the casting and pin processing o[)erations pro­
ceeded normally. \A'ith the low burnup (approxi­
mately 0.1 a/o) , no effects of radiation or self-heat­
ing were noted, except that the glass molds were 
darkened ai>preciably. Tliis is not known to have any 
effect on the jiroeess. 

3 . F u e l S u r v e i l l a n c e P r o g r a m ( M . .J. F E L D . M A N , I ) . E . M A H A G I N , D . C . H A M P . S O N , 

D . L. M I T C H IOLL)* 

EBR-II Fuel and Blanket Material 

The first two of a series of irradiated surveillance 
subassemblies were examined. The two, one core sub­
assembly (C-1151 and one hlanket subassembly 
(A-718) h.ad been irradiated in the EBR-II reactor 
to the equivalent of 0.1 a/o burnup. (Transfer of these 
subassemblies from EBR-II to the Fuel Cycle F.acil-
ity, dismantling of the subassemblies, and processing 
of the core subassembly are described earlier in this 
report section.) The blanket subassembly (A-718) 
was visually inspected and no deterioration of the 
chromium and the stainless steel surfaces was noted. 
No straightness test was attem|ited since the up|ier 
pole piece had been damaged. Five of the individual 
blanket rods were visually examined; their diameters 
were checked with a "go no-go" gage, and all rods 
were accepted by the gage. 

The core subassembly (C-1151 was vi.sually ex­
amined, and no surface flegradatiiin was noted. This 

' Idaho Divi.siuii. 

subassembly passed the straightness test (less than 
±0.040 in. deviation). 

Eleven fuel elements (constituting a diametrical 
row on a core radius) were visually examined; their 
diameters were checked, their sodium anrl bonds and 
levels tested. No hot spots or sodium leaks were noted 
in the visual examination. In the diameter check, a 
0.176-in. "go" gage (0.176.5-in. hole) accepted all 
eleven elements. The bonding ami sodium level test 
indicated some minor void formation and a small 
statistical increase in sodium level. These effects do 
not indicate any serious change in the fuel elements, 
but they do establish the initial |ioints of possible 
trends. 

Eight fuel elements of the eleven hiivc been stored 
to await further examination. (Three were decanned 
to provide radiochemical analysis samples, as is de­
scribed earlier in this section. I Etpiipment is being 
prepared to allow determination of the pressure, vol­
ume, and composition of the gas in the fuel elements 
and for the measurement of length, diameter, and 
weight of the fuel |iins. 

4. P e r f o r n i a i i c e <»f P r o c e s s . /Vuxi l iar ies ( I ) . M . I'AHiK, W . F . HoLcoMB, .1. ( ) . K L E F F N E R ) * 

a. CONTROL OF TEMPERATURE AND PRES­
SURE OF ARGON CELL ATMOSPHERE; 
CELL ATMOSPHERE PURIFICATION 

Because radioacti\'ity has been iiitroduct'd into the 
Argon Cell, control of the cell iiressure at a |iiessure 

' Idatio DivisicMi. 

below atmospheric is required tit all times. The sys­
tem'" for argon pressure control has operated excep-

".Schraidt, J. H.. L. F. Colemnii. W. F. Holcomb, M. 
Lovcnsim and J. (). Ludlow, Kstalilishinu and Maintaining a 
llijtli Purity Atninsplioro in I'UJU-II Fuel (^ycle Facility .\r(t<ui 
Cell, Prnreeitings of the Klcfentli Hot f.altoratorirs and Equip­
ment Coiifrrincc. .\ew Vorh, .\'iic. 18-11, 1963. pp. 181-100. 
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tionally well over the past six-month period. The 
control has been mainly effected by supplying more 
or less cooling of the cell atmosphere as demanded by 
Ihe pressure sensing system. Several times, however, 
the temperature sensing .system took control, in part 
owing to high cell temperature (>100°F), and ojier-
ated very satisfactorily. 

Several samples of cell gas have been taken 
for mass spectrometric and chemical analyses to de­
termine the concentrations of impurities in the .\rgon 
(^ell atmosphere. Table 1-27 shows some of the values 
from a recent typical sam|ilc. 

At a|i]iroximately the same time that the gas sam­
ples were taken, the readings of the gas analyzer in­
struments on the cell .system were 8.56 v/o nitrogen 
and 40 ppm oxygen. The high reading on the nitrogen 
instrument can be explained if it is a.s.sumed that the 
instrument is eight times as sensitive to helium as it 
is to nitrogen (this is the ratio of the thermal con­
ductivities of the two gases as compared to argon). 

An in-cell experiment was run to determine the 
effectiveness of I.inde 5A Molecular Sieves* for re­
moving CO:; from the Argon Cell atmosphere (see 
ANI.-6900, p. 103). Carbon dioxide may be intro­
duced from the radiolytic decomposition of organic 
materials (lubricants, etc.) in the Argon Cell. The 
adsorbent was first completidy regenerated to remove 
all water. About two cell volumes of gas were then 
pa.ssed through the bed, and gas samples for COo 
analysis were taken before and after the run. .-Vnalyti-
cal ri'stilts showed COo concentrations of 74 ppm be-
I'lire and 24 |ipm after the run, representing aiiproxi­
mately 2.5 cu ft of Ct)o removed. Since water will 
displace the COo on the bed, another regeneration of 
the bed is ret|uired before it can be used for water 
ail.sor]ition. The cell gas will be periodically sampled 
lo ileterniine whether the CO:, concentration is in­
creasing. 

Since Ihe last argon lill (February 19641. it was de­
termined that the .\rgon Cell atmosphere can be main­
tained at levels as low as 5 ppm water and 8 ppm 
oxygen. Howex'er, because a high rate of wear of car­
bon bearings and motor brushes was a.ssumed to be 
the result of o|ieration at this low moisture level, the 
water and oxygen concentrations in the cell atmos­
phere were increased to and purposely maintained at 
40 ± 20 ]ipm each. Thus far. operation at these new 
water and oxygen concentrations has worked out very 
satisfactorily; however, some higher levels of water 
and oxygen have occurred over weekends when the 
purilication system has been shut down. 

Only one item of mechanieal difficulty has been 

T.\BLE 1-27. CoNcENTRATiox OF IMPCRITIES IN .K 
.•̂ .*MPLE FROM THE .ARGON CEI.L .XTMOSPHERE 

v/o 

N , 
He 
H , 
CO; 

5.8S 
o.m 

<0.001 
O.OOl'.l ii-lieniical analysis) 

• Linde 5A Molecular Sieves is used in desiccaiit lied of 
argon purification system. 

noted in the purification system since the last argon 
fill in Felmiary 1964. .\ ball iiearing on the turbo-
compressor became overheated becau.sc of excess lu­
brication. Inspection of the Iiearing showed that the 
grease chamber was completely filled. Because of the 
use of remote grease connections and long fill |ii|X's, 
it is difficult to use normal lubrication technitjues. 
Removal of this excess appears to have solved the 
problem. 

In general, the minimum aii- in-leakage rate ob­
served (calculated from oxygen buildup I has been in 
the range of 0.003 scfm at a cell pressure of minus 3 
in. of H:;(). Higher rates have usually been traced to 
air leaking through lock gaskets or through process 
e(|uipnient piping outside the cell. If it were not for 
these occasional higher rates, it would be |iossilile 
gradually to reduce the nitrogen content of the cell 
atmosphere by dilution with fresh argon as re(|uired 
for lock transfers or pressure adjtistiuents. A short test 
of this nitrogen dilution approach was made using 
1810 cu ft of fresh argon; the nitrogen content was 
reduced from 6.86'; to 6.58":! or 0.015'; |KT 1000 cu 
ft added tirgon in the 6''; nitrogen range. Since the 
test wjis short (<1 hrl , no correction wjts made for 
the air inleakagc rate of 0.3 cfh. This indicates that 
approximately 400 cu ft of fresh argon [K'r day would 
be re(|uired to keep up with a minimum leak rate 
(0.3 cflil. This is the amount of fresh argon that is 
re(|uired when making a large lock transfer, and pre­
sumably argon added in amounts greater than this 
woulil I'educe the nitrogen content. 

b. CRANES AND MANIPl LATORS 

Talile 1-28 sumtmirizes the total hours of usage of 
the motor drives of the cranes and manipulators for 
6 months (May through October 19641. The manipu­
lator bridge dri\'e was the most used component, aver­
age usage per manipulator iK-ing in the range 40 to 
70 hr. The next most used unit was the manipulator 
hoist drive (30 to .50 hr |x'r manipulatorl, followed by 
the manipulator carriiige drive (aliout 25 hr jxr ma­
nijiulator I. Crane bridge tirive and manipulator grip 
and rotate drive usage was of the order of 5 to 25 hr 
each. 
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TABLK 1-28. 1N-CELL CRANE AND KLBCTROMECHANICAI. 

MANipei.ATOH C'OMPONENT USAOE 

jl/(ll, llirough Orlotirr IS6i 

Type of Unit 

Argon Cell Ma­
nipulators 

Air Cell Manipu­
lators 

Argon Cell Cranes 
Air Cell Cranes 

Number 
of Units 

( ) • 

2 

2 
1 

Total Hours of Use for Eacli 
Type of Unit 

Grip 

90 

10 

— 
— 

Rotate 

45 

10 

— 
— 

Hoist 

irio 

100 

40 
:)5 

Car­
riage 

LiO 

50 

l(i 

Bridge 

210 

i;i5 

50 
10 1 12 

" One unit out of service for 2'2 montlis. 

( 1 ) Cranes 

One five-ton crane is installed in the .Air Cell, and 
two are installed in the Argon Cell. Once reprocessing 
of radioactive fuel has commenced, radioactive con­
tamination is expected to make direct personnel access 
to these cells impossible. Therefore, a consitlerable 
effort has been spent on making the cranes (and all 
other mechanical eiiuipment in the cells I reliable and 
remotely maintainable. 

Since the preceding semiannual report (ANL-
6900), a new lifting tool for the crane-bridge drive 
unit has been designed and built. The lifting hooks 
are spring-loaded and are provided with indicators 
to warn operators of interference or binding during re­
moval or installation of a drive unit. This feature is 
desirable because the drive units are located in lead-
shielded boxes on the crane-bridges clo.se to the ceil­
ing of the cells and it is rather difficult to observe the 
removal or replacement ojieration. 

The cranes have been operating with no discernible 
difficulties, except that the up-limit switch on the .\ir 
Cell crane was thought to have failed several times. 
On careful study, the trouble was traced to the brush 
contact on the Air Cell bus bars. These bars had been 
corroded by water leaking through the roof at vari­
ous locations. This corrosion was not severe enough 
to effect the 220-volt lines, but the 24-volt lines were 
not making adequate contact at .several points. Clean­
ing the bars and coating them with a conductive 
graphite seems to have solved the problem (the roof 
leaks are being repaired also). The slip clutches in­
stalled between the gear motor and the main hoist re­
ducer approximately one year ago appear to have 
protected the mechanical parts from damage to a 
significant degree. 

The manipulators have dperated williout dillicul­
ties, except for an accideiil due lo an opeiatioMal 
error. 

On .luly 23, 1964, a manipulator carriage in the Air 
Cell was accidentally dropped while being removed 
for transfer into the Argon Cell as part of a main­
tenance operation. The removal was done remotely 
with the jib-crane located on the Air Cell roof and 
involved flropjiing the jib-crane hook through one 
of the roof penetrations. A]iparently, the hook engaged 
one of the outer lifting lugs on the lifting beam 
adapter for the manipulator carriage. These lugs are 
intended only for transportation of the unloaded beam 
when using a manipulator dual hook anil are not 
designed for lifting the beam with a carriage attached. 
The jib-crane hook should engage a heavy cross-bar 
in the center of the beam adapter. However, it is very 
difl^icult to observe the hook when it is located above 
a manipulator carriage on a bridge. The operator, who 
attempted to get the best possible view of the opera­
tion under a simulated remote transfer condition, 
thought the hook was properly engaged. The assump­
tion that the hook was properly engaged was sup­
ported by the fact that the carriage was lifted clear 
of the bridge. It was not until the bridge had been re-
moveil and the lowering of the carriage had started 
that the outer lug of the lifting beam adapter broke 
off. The carriage and beam dropjied about 12 ft and 
fell onto one of the collapsible service stands situated 
on the transfer cell hatch cover in the Air Cell. It 
tiented the cell hatch cover, twisted the stand, and 
came to rest on the floor tilted at a 45° angle. 

The impact drove the telescoping arm up through 
the carriage, tilting the lifting beam so that the lifting 
lugs on the carriage were sheared off. The mounting 
plate for the manipulator hoist mechanism was torn 
loose and bent, and there was other damage such as 
sheared bolts, bent shafts, broken mineral-insulated 
cables, etc. However, it appears that most of the major 
components of the manijiulator carriage can be reused 
and that the damage was surjirisingly light consider­
ing the distiince of fall. .\ large jiortion of the impact 
energy was undoubtedly absorbed by the Air Cell 
hatch cover iind the service stand. Other equijiment in 
the Air Cell was not damaged. The carriage has been 
dismantled, new jiarts ordered, and repairs of the 
damaged jiarts initiated. One of the six manijiulator 
carriages in the Argon Cell has been transferred to 
the Air Cell to help carry the work load there. (When 
this was done, it was discovered that the carriage mo­
tion was the reverse of that indicated by the control 
box. Necessary corrections consisted of reversing the 
two leads to the field of the .\n Cell carriage motor 
and reversing the armature leads in the control cabi­
nets for the Air Cell manijiulators.) 
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c. DRY ARGON COMPRESSORS 

Two horizontal 2-stage dr>- compressors are used to 
sujijily compressed argon at 100 Ib/sq in. for the vari­
ous in-cell pneumatic ecjuijiment items (see ANL-
6800, ji. 1.541. Because of the very dry atmosjihere, the 
piston ring (horizontal jiistonsi wear has been exces­
sive. 

The compres.sors were originally .sujijilied with pis-
Ion rings of carbon-filled Teflon. The wear rate for 
these jiiston rings is shown in Figure 1-37 as a func­
tion of piston-to-cylinder clearance. The data show 
a reliable service life of only 1700 hr. Piston rings of 
carbon- and gla.ss-filled Teflon were tried and wore to 
the minimum clearance in 500 hr of ojieration, which 
was unsatisfactory service life. For future testing, a 
different fonnulation of carbon-gla.ss-Teflon is being 
obtained. Piston rings of this material should pro­
vide increa.sed service life if the increase is as great as 
that obtained by the Metallurgy liivision, Argonne, 
Illinois, with the same material installed in a similar 
iiimjire.ssor ojierating with helium, 

d. CELL VIEWING DEVICES 

The periscope in the .\ir Cell has been used to take 
several detailed jiictures of irradiated fuel subasseni-
lies removed from the EBH-II reactor. Very good 
picliiies can be obtained if the object is held station­

ary; ajiproximately 10-inin exposures arc required 
with fast film. 

A closed-circuit television monitor system was set 
up and tested in the Air Cell (no activity present in 
the cell I. .\ very good jiicture was obtained on the 
monitor. es|XTially with an auxilitiri- light mounted on 
the camera. The system apjiears to be useful for 
sjiecial maintenance jobs or for finding items lost 
under equij) nt. For use in the .\ir Cell, the leads 
could be brought through one of the floor conduits. 
For use in the .\rgon Cell, a sjx'cial feed-through would 
be required with coaxial cable for the one lead. It is 
recognized thiit normally the system could be used 
only for short jieriods because of the high radiation 
levels exjiected in both cells. 

e. HIGH-LEVEL-ACTIVITY SOLID WASTE HAN­
DLING 

Plans are now well formulated for handling the high-
level-activity .solid wastes generated in the .\ir and 
Argon Cells (.see ANL-6900. |i. 1121. The jirimary 
container will be a steel jiail. lO-in. dia. by 11 or more 
in. deeji, similar to those used for jiaint, that can be 
.sealed remotely. I'ji to five or six of these jiails will 
be Jilaced in a 6-ft high steel can, after which it will 
be sealed. The sealed can will be loaded into a 
shielded cask (8'/2 in. of lead! through the floor 
shielding jilug at the west end of the Air Cell. The 

O SECOND STAGE ( BOTTOM 1 
X FIRST STAGE HEAR (BOTTOM) 
a FIRST STAGE FRONT ( BfTTOMI 

WEAR RATE ' 0 0016 in / 100 hr 

-MINIMUM ALLOWABLE CLEARANCE 

l l l l l l l l l l 
2 3 4 5 6 7 6 9 10 11 12 (3 (4 15 16 17 IS 19 20 

OPERATION, hundreds of hours 

F I G . 1-37. Wear Kate for Carbon-Filled Teflon Piston Rings in Dry-.Argon Compressor No. 1. 
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cayk (18 tonsi will In- trans|K)rt('<i to llu' ncarliy liuiial 
ground hy iiicany of a .special low-bed trailei- \n-\n\i, 
fabricated. 

Final dispo.^al will be in a 12-ft deeii hole line<l with 
steel pipe (!4-in. thick wall by 16-in. dia.). After the 
cask is positione<l over one of these holes, the 6-ft can 
will be (hopped from tlie bottom of the cask. (Jravel 
can then be adiled as backfill to a dejith of 6 ft to form 
a shield. To seal tlie hole, a cover will be welded to 
the hole liner; tlie waste will then be doubly contained. 
The lu)lcs will be suitablv marked, and records will 

be kept of the material (estimated) in each hole. 
To date, the jirimary containers and the 6-ft tall 

cans have been handled very satisfactorily within the 
cells. (Several, containing active waste, are stored in 
the Argon Cell jiits.) The shielded cask has been re­
ceived and set up, l)ut has not been loaded at the Air 
Cell yet. Construction of the special trailer has been 
completed. Work is completed on the burial grounri 
and the road servicing it. Aj)])ro.\imately 30 of the 
2')00 holes plann{'d have iieen drilled anrl liners with 
covers installed. 

D. CIIEIVIISTRY OF LIQUID METALS (1. JOHNSON, H . M . PEDER) 

The chemistry and thermodynamic properties of 
liquid metal systems and metallic alloys are lieing in­
vestigated to provide basic data for the pyrochemical 
processing of nuclear fuels and for li<]iiid alkali metal 

technology. The results of these studies also provide 
(lata for the testing of theories of lic|uid metal solu­
tions. 

1. Liquid Sodium Cheruistry 

The increasing utilization of liquid alkali metals as 
heat transfer media in high power-density, nuclear 
reactors and other power sources makes essential a 
continuing advancement of alkali metal technology. 
To insure the soundness of such an advance the sup-
jiort of fundamental research is needed. A jirograni to 
elucidate the chenii.stry of tlie reactions that occur in 
Hquid alkali metal solutions has been undertaken; 
special emphasis will be given to liffuid sodium be­
cause its practical importance is greatest. 

Sodium of known, high purity is needed for sig­
nificant research. Therefore studies are being made in 
the closely related areas of purification, analysis, and 
contamination during handling. Three common con­
taminants in sodium—oxyg<'n. hydrogen, and car­
bon—appear to l)e jiarticularly imjiortant with regard 
to its corrosive properties. An understan(hng of the 
major reactions involving the.se contaminants in litiuid 
sodium will furnish a basis for a better understanding 
of corrosion mechanisms and possibly lead to new 
methods for corrosion control. 

a. SODIUM ANALYSIS 

( 1 ) Oxygen Kl. LrTZ,* K. K. ANDKR.SOS) 

A fast-neutron activation method (ANL-6800, p. 
189) which involves the reaction '"()ln,pl"'N has been 
chosen for the analysis of total oxygen in sodimn (ap-

• Pr.Ht-doctdrnl Follow, now .-il II.S, Itiirc.-ui ..f Slaiuliird.s. 

prox. 1-g saniplesi. A major obstacle to the realization 
of this method is the requirement of a sample en­
capsulation material which does not interfere because 
of its own oxygen content. Two ajiproaches have been 
applied to this jiroblem. 

The first approach was the conventional one of using 
an encapsulation material with as low an oxygen con­
tent as [lossible. Two samples of 2S aluminum and one 
of OFHC I oxygen-free high conductivity) copper were 
examined. The 2S aluminum samples were formed 
into capsules whose oxygen blanks were 10 and 30 
ppm. After repeated irradiation I to obtain adequate 
counting .statistics for samples low in oxygen I and 
counting of the aluminum caji.sules, no appreciable 
buildup of long-lived activity was found within the 
energy range used for counting '"X. There is reason to 
believe that if capsules were made of aluminum 
which has IKH-M vacuum liquated and bottom poured, 
the oxygen content wouhl be low enough to permit 
analysis of sodium samples containing about 10 ppm 
oxygen. The protective oxi<le layer wliich forms on 
aluminum can be kept to about 20 A thickness if the 
surface is cleaned properly an<l protected from sub-
se(|uent contamination, ]»articularly by chlorides. Such 
a surface layer would contribute only one to two micro­
grams of oxygen to the blank. 

T'apsules made from OFIiC copper indicated oxygen 
contents etiuivalent to about 30 ppm. However, re-
peati-d irradiations gave rise to the buildup of a long-
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lived aetivity whieh eounted in the same energy- range 
as '"N. The im|iurity in eopper resjionsible for this 
indueed activity has not been identifieil. 

The .seeond approach was to irradiate the sodium at 
one end of an 8-in.-long ]iolyethylene tube and then to 
transfer the sodium to the other end for counting. ,\n 
estimate based on ideal geoinetn,' alone indicated that 
counting of .sodium at the unirrailiated vs. the irradi­
ated end of the tube would decrease the blank due to 
oxygen by a factor of three. Only a 30'r reduction was 
aetually found. The polyethylene- and copjier-encaji-
Kulation tcchni(|ues were abandoned after finding that 
2S ahnninum capsules gave significantly lower oxygen 
blanks. 

Houtine analysis for oxygen in sodium by fast-
neutron activation has been turned over to the Chem­
istry Division. Samples of sodium which contain .'lO 
ppm oxygen or more (i.e.. a nuijority of the samplesi 
can be analyzed using the apjiiiratus and 2S aluminutn 
capsules now available. Further impro\'eiiients in (|ual-
ity of the capsule materials, higher neutron fluxes, and 
more reproducible irradiation and counting geometries 
should make this method suitalile down to 10 ppm 
oxygen in soditmi. 

( 2 ) Carbon (C. I.i NKR. C . Ci.(tTo\i 

Viirious current studies re(|uire a iiii-thod for the 
determination of carbon in sodium. Most of the ana­
lytical techni(|ues described in the literature'" -- are 
based on the oxidation of carbon to carbon ilioxide 
and subse(|Uent uieasureuient of the (|uantity of 
evolved gas. The ]irincipal variations occur in the oxi­
dant u.sed and the method of liberating and measuring 
carbon dioxide. Kor example, the oxidation of carbon 
may be carried out by direct combustion with oxygen 
or by use of a strong oxidizing agent, such as Van 
Slykc reagent. Some of these technii|ues were recently 
tested--' in a cooperative study by various laboratories. 
The ri'suUs were highly scattered, and it is not clear 
whether they afford a valid comparison of the ana­
lytical methods or. in fact, reflect differences attributa­
ble to variations in sampling and sample pre]iaration 
techniiiues. 

In the light of this uncertainty, it was felt necessaiy 

>• I. 1>. IVpii.milii and J. T. I'cirler. II., K . \ P L m 4 , Nov. 
•.'8. 1!)55. 

" J . Herringum. .UVliK ()-(12/tl2. Novemlier liXi2. 
•1 .S. Kalliuan and 11. I.iii. .\nal. Cliem. 36, 3!10 (ItXHl. 
" T . t; Mungan. J, 11 Mitohen and H. K. Johnson. .\nal. 

Chem. S6, 70 (VXA). 
" H. W, L.iclchart and \V. W. .>iabol. in letter to .\EC. "He-

suits of ihe First Hound Holiiii .\iialy8is for Carbon in Sodium," 
tleneral Kleetrie Co.. .\loinic Prtiduet.i Equipment Depart­
ment, San Jose, Cal., Feb. 23. UXi2. 

to pursue further the problem of reliability of analyti­
cal and sampling technifjues. Two variants of the .so-
called " d r j " oxidation method have In'en tried. Tho 
sample is first burned in low-pressure (150 torr) . puri­
fied oxygen to form a residue of mixed sodium oxide 
anil carbonate. The combustion tube is loaded in a 
helium-filled glovebox to avoid ex|)osure of the sample 
to air. The oxygen used in the reaction is of ultra high 
purity and is further imrified by passage through two 
furnaces contjiining both jilatinum and copjKT oxide 
at 9.'iO°C, two a.scarite traps, and a cold finger kept 
at — 180°C by liquid oxygen. 

In tlu' first variant the residue is heated in a silica 
boat to 1100°C in oxygen. The carbon dioxide liberated 
by the reaction of sodium carbonate and silica is col­
lected in a cold trap (li«|uid oxygen coolant I and sub­
sequently measured nianometrieally. Reagent blanks 
of 4 /ig or less have U'en consistently obtained, .\fter 
each analysis, the reaction tube is treated with phe-
nolphthalein solution to determine whether any sotlium 
oxide has deposited in the cold zone where it might 
reabsorb carbon dioxide. 

In the seeond variant, which is a modification of 
the method re|ioited by Kalliuan and I.iu.-' the so­
dium is burned as in the "ilr>-" oxidation, but carlion 
ilioxide is released from the residue by the addition of 
dilute sulfuric acid. The liberated gas is then measured 
by gas chromatographic techniques. The reagent 
blanks in this method haw consistently Ufn X.'t to 

•ipf,-
.\ conipari.son of llie two \ariants was made with 

various samples withdrawn over a short interval of 
time from a pot of liciuid sodium. The results of this 
compari^Hi are shown in Taltle 1-29. The fairly good 
agreement between tlie average results of the two 
methods indicates tlieir general equivalence. However, 
the rather large .spread of apparent carlwn contents 
iwints to the likelihood that tliere is a sampling prob­
lem. Tiiis prohieni is further tliscusstMl in part c, 
below. 

T.VMl.i: I 29. .\PI-ARI:NT CARBUN CONTENTS (PPM) or 

L l Q l l O SnDUM AT 1 5 8 ' C BY THE " D R Y " 
<KlI>.4T|nN METIiriD 

High Tem|>erature Reaction 

100 
55 
71 
72 
63 

Average 70 ± 1̂  

.\cic)ilKation Reaction 

47 
87 

112 
48 
f>2 
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b. SODIUM PURIFICATION (C. LINER, C . CLIF­

TON} 

One of the principal retiuirements of the experi­
mental program is a supply of ultrajiure sodium. Such 
sodium would be an aid in the development of the 
methods for analysis of carbon and oxygen in the parts 
per million range. I'ltrapure sodium is also refiuired 
for experiments designed to examine various reactions 
of liquid sodium. Three methods for the purification of 
.sodium are now being examined. 

Vacuum distillation has Iteen frequently mentioned 
in the literature as the method of choice. Accordingly, 
a stainless steel still has been constructed and operated. 
Spectroscopic analysis of sodium distilled in this ap­
paratus indicates that the metallic impurity content 
has been tlecreased; however, carbon contents below 
about 50 ppm have not been achieved. Because this 
may have been due to contamination by back diffusion 
of pump oil, the pumping system has been modified to 
include a trap containing Linde Molecular Sieves, 
Type 13X. Further work on the vacuum distillation 
method will be carried out. 

Centrifugation has not been ])reviously ajiplied to 
sodium as a method of purification. Carbonaceous par­
ticulate matter capable of passing through a 5^-poros-
ity filter has been found in all samples of sodium that 
we have examined. I Such particles may also be en-
trainable in distillation.) Calculations indicate that 
particles larger than l/x should l)e removable by cen­
trifugation at reasonable speeds and temperatures. A 
high temperature centrifuge loOO°C maximum I capa­
ble of operating in a helium-filled dry box has bi'cn 
designed and is now being constructecl. 

Zone refining of sodium has not been re])orte(l in the 
literature although the technique has been used ex­
tensively for the Jiurifieation of other metals. In jirin-
ciple, the method depends on the difl'erence in solubility 
of an impurity between the solid and liciuid jihases of 
the material being refined. Zone refining may also pro­
vide removal of particulate imjiurities by their segre­
gation to a moving liquid-solid interface. Simple zone 
refining etiuipment has been ordered to test the feasi­
bility of jmrifying sodium by this technitiue. 

c. "SOLUBILITY" OF CARBON IN LIQUID SO­
DIUM (C. LrxKR, C. CLI ITOM 

It has lu'cn established that various metals may be 
significantly carburized or decarburized when in con­
tact with lifjuid sodium, This iihenomenon presents a 
potentially st-rious problem relative to the use of liquid 
sodium in nuclear reactors. T'ndesirable changes in the 
mechanical jiroperties of structural materials, such as 
steel, may result from small changes in carbon con­
tent. 

Various mechanisms of carbon transjiort have been 
jH-oiKised in the literature but the problem remains 
unresolved. A study of the transport of carlion in so­
dium must commence with understanding the chemi­
cal nature of carbon in sodium. The present study has 
been directed toward the determination of whether or 
not a true solubility of carbon in .sodium exists. 

A cross-.section of the solubility apparatus is shown 
in Figure 1-38. Distilled sodium was added to the 
charging vessel under a helium atmosphere; it was 
then pressured into the reaction vessel through a 5/1-
porosity stainless steel (S.S.) frit. The filtered sodium 
was held at various temperatures in a graphite crucible 
which had been jireviously outgassed at 1000°C in vac­
uum. Samples were taken by lowering a tantalum sam­
ple tube whose lower end was closed by a .5ft-porosity 
S.S. frit into the melt and jiressurizing to about 3 atm 
with Jiurified helium. The sample tube was i.solated 
by means of the two ball valves, and the samjiling 
apparatus was then disconnected at the Cenco cou­
jiling and removed to a helium-filled glovebox without 
exjiosure to the atmosphere. 

The analyses were jierformed by the high tempera­
ture "dry" oxidation method. All the individual anal­
yses of re|)licate experiments are given in Table 1-30. 
Noticeable in the data are their tendency to scatter er­
ratically. If there is, in fact, any significant increa.se 
in carbon content with temperature, it is concealed by 
other sources of variability. These re.sults suggested 
that the original sodium containetl carbonaceous par­
ticulate matter cajiable of i)assing through a 5/i-]>oros-
ity S.S. filter. 

To check the particulate hypothesis, graphite which 
had been jiulverized in the diT box was intentionally 
ad<led to sodium in a graphite crucilile and the previ­
ous exjieriment was repeated at a constant tempei'ature 
of 316°C. The results were revealing. Although the 
starting .sotUum (sampled as a solid) had a carbon con­
tent of 220 iijim. the first filtered sample obtained 
after eight days of contact, one hour of stirring, and 
one hour of settling contained 760 jipm of carbon. 
After six days of settling, two samples contained 70 
and 230 piim of carbon. It is evident from these exjieri­
ments that particles of graphite were readily dispersed 
in sodium, that some of these particles were small 
enough to pass through 5^-porosity filters, and that 
the degree of aggregation of tlie disjiersion dejiended 
in some complex way on its jirevious history. Briefly. 
this study does not apjiear to sujiport the existence of 
a i-eadily measurable equilibrium in the graphite-so-

• dium sy.stem, such as that rejiortcd by Oratton.-^ 
Fmiher work is retjuired to clarify this situation. 

" J . G. Cratlon, K.M'L 1S(J7, Jinir :10, 1!)57. 
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SAMPLING 
APPARATUS 

CHARG(NG 
APPARATUS 

REMOVABLE 
To SAMPLE 
TUBE "" ~ 

5/ i POROSd 
S S FRIT 

F I G . 1-38. .Solubility .\pp!ir..uiis for Deterniinatiiiii of Carbon in .Sodium. 

ll. SODIUM-G.VS RE.4CTIONS (.1. G. SCH.NIZLEI.X, 
I{. . \ . Hm.McjiisTi 

Impurities can be introduced into sodium by reac­
tions with contaminants present in cover gases. Be-
eause such reactions are important with resiiect to 
sodium technology for nuclear reactors, the reactions 
of sodium with \arious gases are being investigated. 
Helium containing various contaminants has been 
bubbled through lii|uid sodium and the extents of the 
reactions have been (lualitatively determined by mass 
speetronietric analysis. More detailed studies of the 
kinetics of reactions of pure gases at low pressure are 
being made in a static system. 

The apparatus for bubbling contaminated helium 
through sodium consists of a Toe|iler pump, sampling 

bulbs, a !S.S. 304 reactor, and an associated vacuum 
system. The sodium is supported on a S.S. frit of 5/4-
pore size in a IH-in.-ID reactor. The frit disperses 
the gas. thereby assuring good contact with the so­
dium. The Toejiler pump recirculates the gas at a flow 
rate of 1(X) cc min (10 cm min linear velocity I. 

In preliuiinan.' experiments the helium was contami­
nated with 1000 to 2000 ppni each of the following 
gases: oxygen, nitrogen, carbon dioxide, carbon mon­
oxide, hydrogen and methane. The concentrations of 
the contaminants in the gas were determined by niass 
si>ectroinetric analyses of samples collected at various 
times up to 6 hours. Experiments were conducted at 
190.300.385and45o°C. 

In all exiwriments. as was exiK'Cted. oxj'gen and 
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TABLE J-30. AiTAHENT CARBON CONTENTS OI 
SODIUM CONTAINED IN GRAPHITE CRUCIBLES 

Order of 
Sampling 

1 
2 
3 
4 
5 

Temp. (°C) 

158 
307 
455 
291 
157 
:i75 

Carbon Content (ppm) 

88, 100, 55, 71, 72, (i:i" 
41, 5li, 58, 57 
101, l in, 108 
(il, XO, 47 
74, (i(i, 130 
59, 127, 9(i, 130, 45 

" Taken from Tabic 1-29, ('olumii 1. 
^ A second master batch of sodium was used in tills cvpcri-

ment. 

carbon ilioxide were found to be consuiiied rapidly and 
completely within analytical limits of detection. , \ l-
thotigh the mass spectrometer did not distinguish be­
tween carbon monoxide :md nitrogen because of their 
coincidence at mass 28, in all likelihood the carbon 
monoxide reacted completely while the nitrogen was 
unaffected. Hytlrogen contents decreased to levels 
which were, presumably, in equilibrium with unsatu­
rated solutions of hydrogen in sodium. Methane re­
acted rapidly at 455"^', but only negligible changes in 
its concentration were noted at lower temperatures. 

After the reaction of methane with .sodium at 455°C, 
liurges at 300°C with either pure helium or helium con­
taining about 1% hydrogen did not liberate methane 
from the sodium into the gas phase. These observations 
are not consistent with some recently reported experi­
ments-"' whieh were inter]ireted in terms of an equilib­
rium between gaseous methane and the carbon and 
hydrogen dissolved in sodium. Further .studies will be 
made to determine if equilibrium can be established 
between methane in the cover gas and carbon in so­
dium and, if such an equilibrium exists, whether the 
presence of sodium influences the et|uililirium C -H 
2H, ^ CH4. 

Preliminary experiments in the static system were 
conducted at 150 to 3.50°C' with carbon monoxide at 
pressures from 0.3 to 9 torr. The reaction kinetics aji-
pear to be very complex. The results so far indicate: 
(1) an induction period or a minimum temperature for 
reaction; (2) a strong influence of sodium purity; (31 
consitlerable variation of the kinetic order of reaction 
with respect to carbon monoxide; and (41 a small 
temperature coefficient of reaction. 

'^ 1>. L. Johnson, Chromatographic Aiial.vsia of Gases over 
Sodium, NAA-SR-8448, Sept. 15, 1904. 

2. rherniodynamics Studies 

Three methods of obtaining theiiiiodynaniie infor­
mation on metallic systems are in use in this labora­
tory, (a) Galvanic cells have proved to be especially 
useful for the measurement of activities in litjuid metal 
solutions and for the determination of the free energy 
of formation of the ef]uilibrium solid phase in solid-
lit|uid two-phase alloys, (b) Measurement of tlecom-
position pressures by the Knudsen effusion method 
has been effective for the two-phase regions of systems 
composed of several well-defined intermetallic phases. 
ic) A vapor phase optical ab.sor|ition method is being 
employed for certain systems in which the components 
ha\'e appreciable vapor pressures but only small dif­
ferences in elcctroclieiiiical potential. 

a. THERMODYNAMICS OF IVEODYMIUM-CAD-
MIUM SYSTEM (EMF .STUDIES) ll. .IOH.NSO.N. 
R. Yo.xcol 

The thermodynamics of the cadiiiiuiii-iirh portion of 
the neodymium-cadmiuin .system has been stutlied by 
emf measurements using galvanic cells of the type 

\ d [ NdCl:,, K('l-I.iCI(eutecticl, LiF j 

Nd-Cd(two-|ihase alloy). 

The cell reaction consists of the dissolution of neo-
dymium into the fused salt at the jiure neodyraium 
electrode and deposition of neodymium at the alloy 
electrode. The two-phase alloy electrode consisted of 
a cadmium-rich liciuid phase in eciuilibrium with the 
solid intermetallic compound XdCdn . The cell re­
action may be written 

Nd(,sl -^ Ndlsatd liq Cd solnl. 

Thus the emf, E, of the cell gives directly the activity 
of neodymium, o^,,. in the saturated solution: 

RT In as,, = - 3 FE. 

The free energy of formation of XdCd,, may be com­
puted from the equation 

AG'/" = RT In (1̂ ,1 -t- 11 RT In ,1,.,, 
where the two activities refer to the sattirated liquid 
solution. The small term 11 RT \n n,.„ was estimated 
from the cadmium content of the sattirated solution 
and the aetivity coefficient of cadmium. This latter 
quantity was computed using the Gibbs-Duhem equa­
tion and the assumption that the dependence of the 
activity coefficient of neodymium on concentration is 
of Ihe form log y^,, = .t.,-;-.,, . where .1 is a temperature-
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TABF.E 1-31. F R E E FI-SERUY OF FORMATION, 
LANTHA.NON'-CADMII .M INTERMETALLIC 

COMPOI-NDS OF THE TVPE M C d j i 

4flO°C 

Compound 

LaCdi, 
CeCdi, 
PrCd.i 
NdCd,, 

-^Gf° (kcal/mole) 

43.1 
40.5 
30.0 
:(". 4 

de|iendent constant and Ji-,i in the atom fraction of 
cadmium in solution. The free energy of formation of 
NdCdii may be represented by the e(|Uation 

(3.')2 to ."i04°Ci At;/" (caliuolel 

= -62,610 -I- 37.29 T. 

These nieasurenients coiiiplete this phase of our 
study of lanthanon-cadmium systems using the emf 
metliod. The free energies of formation of the ead-
iiiium-richest intermetallic compounds in the four sys­
tems which have been studied arc compared in Table 
1-31. The decrease in the negative free energy of forma­
tion as one proceeds from I.aCdn to NdC'dn parallels 
the corresponding increase in the solubility of these rare 
earth metals in liquid cadniiuin. 

ll. TI IERMOin>AMI<:S OK UI>ARY ALKALI 
METAL SOLUTIONS iF. GAr.v-.su, V. KIIA.\.\A,* 
K. MURRAY I 

The thermodynamic properties of binary alkali 
metal solutions are being determined by a vapor pres­
sure method which utilizes the principles of absorp­
tion spectrophotometry. In this method, light of char­
acteristic frequency (resonance radiationi is passed 
through the \'apors alio\'e either a pure alkali metal 
or its alloys. The quantity of resonance radiation which 
is absorbed is a meastire of the concentration of an 
alkali metal in the va|ior. Comparison of the absorp­
tion by an alloy to that by a jiiire alkali metal is, in 
principle, a direct measure of the thermodynamie jic­
tivity of that metal in the solulion. 

The theriiiodynamic activity of sodium in .-cveral 
liquid Xa-K solutions was determined in the range 
I3.'i to I50°C. Over this short range, no temperature 
\ariation of the acti\"ity outside of the expected ex­
perimental error could be observed. Therefore, the re­
sults are given in a single figure. Figure 1-39. which 
shows the variation of the sodium activity with solu­
tion conqiosition. It is evident that sodium and potas­
sium form solutions which exhibit positive departures 
from ideality. 

* Post-doctoral Fellow. 

Fill. 1-39. X'ariatioii of Sodium .\rl ivity in Sodium Potas­
sium .Solutions at 414°K. 
108-8560 

.\ clearer exhibition of the tliermodynamic proiK*r-
ties of the Xa-K system is shown in Figure 1-40. On 
this plot are given the Gibbs excess free energj- of mix­
ing. Aff'̂ " (derived by Gibbs-Duhem integration of the 
present results I, the heat of mixing. A/ /" (measured-' 
at 11I°(" but a.s.sumed to be valid at I41°C), and the 
excessentrophy of mixing (from 7'A.S" = A/ /" — Af>'"). 
Inspection of Figure 1-40 shows that even for this very 
simple sy.stem 11 ( the curves of Af/'" and A/ / " vs. atom 
fraction arc asymmetric, and (21 except for dilute solu­
tions of potassium in .sodium, the system is not regular, 
i.e., \S" ^ 0. Tentative conclusions have iK'en drawn 
from the data; namely, that the size effect may pre­
dominate over the electronic effect in the system, and 
that calculations invohing both may bo required to 
fit the data. 

c. EUTECTIC TEMPERATURES IN T H E LnOI-Ln 
FIELDS OF THE LANTHANON-CADMIUM 
SYSTEMS lE. VELKIKIS, K. VAN UEVE.NTKHI 

The standard free energies of formation of inter­
metallic phases in a binan,- system can be obtained 
from a knowledge of the corres[wnding partial molar 
free energies of one of the components in each two-
phase field of the pha.se diagram, ."̂ uch information is 
presently lioing obtained for various lanthanon-cad­
mium (Ln-Cdl alloys by a recording effusion bal-

" T. Vokokawa and O. J . Kleppa, J. Chem. Phys. 40, 40 
(19tj4). 
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for Ihe Sodiiim-Po-

anco.-' Optimum experimental conditions for tliiy 
method are realized when the alloy sample is soHd 
and the jiartial ]>ressure of cadmium is in the range 
0.001 to about 1 torr. In order to ensure the presence of 
solid alloys for efTusion experiments in the Ln(.'d-Ln 
fields, upper temperature limits, namely, tlie eutee­
tic temperatures, were determined In' differential ther­
mal analysis using apparatus described elsewhere.-^ 

The euteetic temperatures measured for eight sys­
tems are listed in the upper part of Table 1-32. With 
the exception of lanthanum, europium and ytterbium 
(which were expected to show anomalous behavior I, 
the results show an upward trend with increasing 
atomic number. Continuation of this trend would in­
dicate that the euteetic temperatures for the remain­
ing systems would be well above the range in which 
the effusion measurements are normally jierformed. 

It was of interest, however, to estimate the euteetic 
temperatures of the remaining systems by the follow­
ing procedure. The euteetic compositions in the LnCd-
Ln regions of the first eight systems of Tal)le 1-32 were 

" E. Veleckis, C. L. i{<wti .-irid M. M. Fcdcr, J. IMiv.s, Clicn, 
66, 2127 0961). 

28 A. F. Messing, M. I>, AtlaniH jind li. K. SleunonlK-rg, 
Trans. Quarterly, A.S.M. 66, :H5 (19r)3). 

TAliLI*; I 32. MEASURED A.ND ESTLMATED K I T E C T I C TEM-

I'EHATURBS IN THE LllCd-Ln REGIONS OF THE 
LANTHANON-CADMIUM .SYSTEMK 

Sjslcm 

La-Cd 
Ce-Cd 
Pr Cd 
Nd-Cd 
Sm-Cd 
Ku-Cd 
(Id-Cd 
Yb-Cd 

Tb-Cd 
l)y Cd 
Ho-Cd 
Hr-Cd 
Tm-Cd 
Lu Cd 
V-Cd 

T, (°K) 

Measured 

74!l 
(i'JO 
708 
750 
827 
712 
992 
731 

Estimated 

951-1043 
1179-1268 
123.3-1312 
1252-1.333 
1294-137(1 
13(i4-1453 
1038-1136 

r„- (°K) 

1193 
1070 
1208 
1297 
1345 
1099 
1585 
1097 

1029 
1680 
17.34 
1770 
1818 
1925 
1775 

(kcal/ 
mole) 

1.6 
1.24 
1.65 
1.71 
2.06 
2.0 
2.1 
1.8 

2.2 
3.8 
4.1 
4.1 
4.3 
4.5 
2.4 

A., 

0.670 
0.726 
0.615 
0.625 
0.617 
0.608 
0.672 
0.664 

0.050 ± 0.033' 

" K. A. (Jschtieider, Jr. , Hare Earth Atloya, D. \ 'an Noatrand 
Co., Inc., 1961, p. 24. 

'' Average of first eight values. 

a|ipro.\inmted lro(u the ideal freezing point lowering 
etiuation-'-' 

log./'Ln = -
-i//„(r„ - T.) 

2.:iRT„T, ' 
in which: /,,„ = j-,.„ /(j-,.,, + J-L„C,I); Ai/,„ is the heat 
of fusion of Ln; T„ and T,. are the melting point of 
pure Ln and the euteetic temperature, respectively, in 
°K; and R is the gas constant. The euteetic composi­
tions thus calculated were averaged to give /i.„ = 0.650 
± 0.033. Con\ersely, this same value was used to 
estimate the euteetic temperature ranges of the re­
maining lanthanon-cadmiu(n systems. Results of these 
calcidations. which are shown in the bottom half of 
Tahle 1-32 su|)port the expectation that the euteetic 
tetnjieratures wotdd increase with atomic number. 

ERRATA 

Ec|uation (31, |i. 132. ANI.-(i90(l shotdd read: 

•^<:f\n = - EAr;„<,_„ = RTY.\rh P. 
(3) 

".See K, Denbigl,, "The l'rii„-ip(ea of Chemical Equi­
librium," The I'liiveraity Press, Camiiridgc. 1961, p. 259. 



E. Preparation of Fuels for Fast Reactors ^ 

E. P K E P A K A H O N O F F U E L S F O R F A S T R E A C T O R S (A D . T E V E B A U G H ) 

Uefraetory comjiounds of the actinide elements, such 
as uranium monocarbide and uranium mononitride, 
siiow jiromise as fast reactor fuels capable of with­
standing high temperatures an<l large burnups. Meth­
ods are being investigated for the preparation of these 
refractory fuels. The more promising metho<is are 
being u.>̂ ed to prei)are sufficient quantities of these fuels 
for use in fuel element fabrication and irradiation 
tests. The major prolilems encountered in the.se studies 
are the control of stoicliiornetry and purity. In the 
case of the mixed uranium-phitonium ceramic, which 
is a highly desirabU- fuel for fast breeder reactors, one 
encounters the additional problem of i)reparing a solid 
solution of the ceramie. 

Mobile blankets for fast breeder reactors may have 
significant economic advantage over solid bhmkct ma­
terial. The.ie potential economic advantages are pri­
marily in the areas of decreased reactor downtime, 
increaserl Carnot cycle efficiency as a result of a 
[jotentially higher average temperature of the reactor 
coolant, and decreased fabrication and blanket proc-
e.'ising costs. Pastes of ceramic fuels in liquid metals 
have been chosen for the initial mobile blanket studies. 
The problems currently being studied are wetting of 
ceramic fuels with liquid metals, and flow character-
i.-;tics of the liquid metal-ceramic fviel pastes. 

] . Pr<' |>arulion <»f L r a n i u i i i IVI«no<arbide b v a l J q u i < l - M e l a l P r o c e s s 
(K. J . P E T K V S , M. A . B O W D E N ) 

The liquid-metal process for the preparation of 
uranium monocarbide (UC) involves the following 
steps: 

(I) dissolution of metallic uranium in a zinc solu­
tion containing 14 to 18 w/o magnesium, 

(21 addition of a <iegassed carbonaceous material 
(usually activated charcoal) at about stoichio­
metric (luantities for I 'C formation, 

i3l reaction of the constituents with stirring for 8 
to 19hrat 800°C. 

\A) a phase separation to remove the bulk of the 
supernatant li<|uid metal I Zn-Mg) from the 
precipitated I'C. ami 

(T)! vacuum distillation to remove the residual nuig-
nesium and zinc from the I'C product. 

The hrsl four operations were performed in the trans-

<f^ 
THERMOCOUPLE WELLS 

THERMOCOUPLE 
WELL 

REACTION AND 
SECONDARY 
TANTALUM 

CRUC(BLES 

MELT 

GRAPHITE 
MOLD - -

CONDENSER 
COVER -•--., 

• 
REACTION 
CRUCIBLE 

CONDENSER 
SURFACES 

• - CONDENSER 
HECE(VER 

URANIUM MONOCARBIDE 
AND 

RESIDUAL Mg AND Zn 

REACTION CRUCIBLE AND MOLD 

IN TRANSFER FURNACE 

REACTION CRUCIBLE 

IN RETORT 

108-8563 
F I G . 1-41. Knuipmeiit fur I'ranium Monocarbide Preparation by the Liquid.Metal Method. 
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fer furnace (see Figure 1-41), and the vacuum distil­
lation was done in the retort. Both the transfer furnace 
and the retort are attached to a vaeuum-helimn glove­
box (ANL-6725, )). 80l when being u.̂ ied through a 
flange in the floor of the box. 

After the phase transfer (ste]i 41, the reaetion eru­
eible was moved into the vacuum-helium glovebox. The 
transfer furnace was removed, and the retort was at­
tached to the glovebox for loading of the reaction 
crucible. After retorting, the reaction crucible con­
taining the finely divided UC powder was moved into 
the glovebox for unloading into a Mason jar for 
storage. 

Twelve normal UC production runs and two runs 
with fully enriched UC have been coui|)leted on a 500-
or 1000-g scale of uranium metal; these runs were 
made to prepare UC having a carbon content near the 
theoretical value of 4.80 w/o and as low an oxygen 
content as possible. The UC i)i-epared was sent to the 

TABLE 1-33. ANALYTICAL AND PROCESS DATA FOR 

URANIUM MONOCARBIDE fl'C) PREPARED BY 

THE LlQCID-METAL M E T H O O 

Run 

.Scale (uranium 
charge) 

Reaction Time, hr 
C/U Atom Ratio 

in Charge 
Phase .Separation 

UC Product 
Yield, g 
Oxygen, w/o 
Nitrogen, ppm 
Total C, w/o 
Free C, w/o 
Free C/U 
Uranium, w/o 
Magnesium, w/o 
Zinc, w/o 
X-ray, Species 
X-ray, Parame­

ter 

UC-11 

1000 g 

8 
0.90 

Pressure-
.Siphon 

444 
0.29 

20 
4.56 
0.30 
0.08 

94.2 
0.01 
0.08 
UC 

4.960 A 

UC-12 

lOOOg 

12 
1.02 

Pressure-
Siphon 

714 
0.18 

190 
5.24 
0.74 
0.16 

93.0 
0.08 
0.20 
UC 

4.960 A 

UC-13 

500g 

12 
1.02 

Pressure-
Siphon 

388 
0.24 

230 
5.34 
1.5 
0.32 

94.2 
0.07 
0.14 
UC 

4.960 A 

UC-14 

SOOK 

19 
1.02 

Pressure-
.Siphon 

471 
0.50 

300 
5.04 
1.6 
0.34 

92.9 
0.11 
0.20 
UC 

4.900A 

Metallurgy Division for fabrication and irradiation 
tests. Results of the Metallurgy Division tests are 
not yet available. Prcliiriinary studies have indicated 
that the UC products are easily compacted to a high-
density material. The current series of runs has been 
comiileted and the eiiuipment placetl in storage. 

Data for runs U O l l through UC-14 are shown in 
Table 1-33. Data for runs UC-2 through UC-7 and 
UC-10, UC-11, and UC-12 were reported in ANL-
6900, p. 136. Runs UC-13 and UC-14 were runs with 
93% -•'•••U. Samples of UC from the runs in Table 1-33 
have been mounted and polished for detailed viewing 
by an electron probe. These studies will be completed 
and reported at a later date. 

Material with an oxygen content of 0.2 w/o or less 
probably can be produced consistently in any future 
preparations. The source of most of the oxygen is the 
degassed activated charcoal. The higher oxygen con­
tent of run UC-14, (0.56 w ol was due to the UC 
powder being inadvertently unloaded in an air contami­
nated glovebox. In later runs (UC-12, UC-13, and 
UC-14) the carbon content of the product was con­
sistently near the maximum of 5.2 w*/o desired by 
the Metallurgy Division. 

The yield of UC product was increased from 61.6% 
to 83.5';, (see Table 1-34) in the latter runs. This was 
done by the following modifications in procedure and 
equipment: 

(1) an increase in reaction time from 8 hr to 19 hr 
so that the reaction between the dissolved 
uranium and the acti^•ated charcoal would more 
nearly ajiproach ec|uilibrium. 

(2) an increase in settling time from 1 hr to 3.75 
hr so that the fine UC particles would have 
more time to settle on the bottom of the reac­
tion vessel, 

(31 a change in the transfer tube so that the 
o]iening faced upward toward the Zn-Mg melt 
(see Figure 1-41) instead of toward the .settled 
UC particles. Thus, when a phase transfer was 
made, a sweeping action over the settled UC 

TAHLi: 1-34. PROCESS VAHIABI.ES AND YIELDS FOB URANIUM MONOCARBIDE {l^C) PKEI'ARATION BY LigliD-METAL METHOD 

Run 

UC-10 
UC-12 
UC-13 

UC-14 

U Charge 
(g) 

503 
1004 
470 

.524 

Reaction 
Time 
(hr) 

K 
12 
12 

10 

Settling 
Time 
(hr) 

1 
1.5 
1 

3.75 

Type ol Transfer Tube 

Straight 
.Straight 
Bent Upward Toward Zn 

Melt 
Bent Upward Toward Zn 

Melt 

-Mg 

-Mg 

UC Yield 
(g) 

343 
714 
388 

471 

% U 
(bv analysis) 

in UC 

90.4 
93.0 
94.2 

92.9 

c •To Yiel.l 
in UC ^ 
Charge 

61.6 

77.8 

83.5 

loo) 
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was prevented anil the amount of entrained 
UC particles pre.-ent in the transferred super­
natant litiuid was decreased. 

The largest increase in yield occurred when the 

transfer tube tip was iK'nt upward. The yield in run 
UC-13 was 11.6% greater than the yield in run UC-
12. although both runs had similar reaction and set­
tling times. 

2. Preparation of Uranium Monot-arbide bv a Fliii<i-Becl Process (E. J. P E T K U S , 
C. C. P A Y . N K , . J . R I U K T O S J 

The work on a fluiil-bed process for the |iri'paration 
of uranium monocarbide (UC) (AN1,-690(I. p. 139) 
has been continued. The process steps are: 

(1) formation of uranium hydride (UIl;,) particles 
by reacting uranium metal with hydrogen at 
10 iisig for 2 to 5 hr at 2.50-3(K)°('. 

(2) heating of the UH- jiarticles to the reaction 
temperature (.")(M)-7(K)°(') while fluidizing the 
particles with a mixture of hydrogen and a 
hyilrocarbon gas at atmospheric pressure (dur­
ing the heatup period, the UH:i particles are 
converted to uranium metal particles), and 

(31 continuation of fluidization at .500 to 700°C for 
2 to 6 hr to coincrt the uranium to uranium 
monocarbide. 

The 1-in. <lia. fluid-beil reactor used in the runs is 
shown in Figure 1-42. There is a 6-in. long heated zone 
and a 3-in. dia. particle deentrainment section which 
contains a porous stainless steel filter. I.solation valves 
at the top and bottom protect the pyrophoric Vi^ from 
contamination by the atinos]ihere during transfer to 
an inert-atmosphere glovebox. .\ U-tube prevents the 
powder from pouring out of the heated zone. Runs 
r C F - l through UCF-3 were made with the stainless 
steel colmnn in the air atmosphere; howe\'er. loading 
and imloading of the materials were done in a glow-
box. All the runs after l"CF-3 were made with the 
stainless steel column in a vacuum-helium glovebox 
(ANL-6725. p. 80). 

First attempts at the synthesis of near-stoichiomet-
ric VC wei-e not successful because the gas fluidizing 
N'eloeity was such that most of the uranitmi particles 
were cntrjiineti by the gases and renio\'etl from the 
heated reaction zone. In these inititil ex|ierimcnts, a 
fluidizing velocity greater than 1.0 ft sec was lie-
lii'xed necessary to prevent sintering of the unreacted 
uranium metal particles, ."^ubseciuent work showed that 
sintering could be prevented by a hydrogen-hydro­
carbon gas fluitlizing velocity as low as 0.25 ft sec, if 
the fluid bed was initially operated at 0.75 ft see for 15 
min and then at 0.50 ft sec for an additional 15 min; 
this diminished the problem of |iartiele entrainment 
to the cold zone of the fluid bed. When the fluidizing 
velocity was decreased to 0.75 ft sec and lower, ura­
nium monocarbide was easily made (see Table 1-35). 

THERMOCOUPLE 
WELL 

RESISTANCE 
HEATING WIRE 

FIG. 1-42. Fluid Bed Reaction \O8M;1. 

A low fluidizing velocity is also desirable because 
the total volume of gases passing through the l)cd and 
the amount of impurities introduced into the UC 
product from the ga.ses are decreased. The fluidizing 
liroperties of UH, and UC with helium at 0.25 ft sec 
and room temixrature were visually observed in a 
gla.<s column. The material ap|ieared to lie fluidized 
at this low velocity. 

On the basis of literature data,**"^- it apjieared 

*• A. I). Tevebaugh and K. J. Cairns, Saturated Hydrocar­
bon Fuel Cell Program. ARP.\, Order No. 24761, December 31, 
1%2. Table 6, p. 108. 

" H. S. Kalish el al, XYO 2«88, The Development of UC aa 
a Nuclear Fuel, First .\iinual Report, .May 1, 1959 to April 30, 
1960, also NYO-2690 (October 1960), ORO-366 (September 
1960). 

" K. J. Cairns and A. I) Tevebaugh, CHO Cas Phase Com­
positions in Equilibrium with C'arlM.n. and Carbon Deposition 
Boundaries at One .\tnio8phere. J. Chem. Eng. Data 9, 453 
(1964). 
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TABLK I-;I5. l*iiKJ'ARATH)N OF UitANinM MONOCARBIDE (UC) BV THE F L I I D BED MEITIOD 
100-g scale 

Run No. 

UCF-2 

UCF-4 
UCF-5 
UCF-6 

UCF-7 

UCF-8 
UCF-9 

UCF-10 

UCF-U 

Temp 
(°C) 

600 

600 

cm 
600 

600 

600 
700 

700 

,500 

Time 
(hr) 

5 

5 
5.5 
5.5 

5 

5 
3 

2 

2 

Keactant Gases" 

C.H, 
(v/o) 

80 

90 
90 
80 

30 

20 
20 

20 

20 

H, 
(v/o) 

20 

10 
10 
20 

70 

80 
80 

80 

80 

Analysis of Product 

Total C 
(w/o) 

4.4 

6.5 
6.4 
6.0 

5.3 

3.2 
5.4 

3.3 

2.1 

Oxygen 
(w/o) 

1.5 

2.2 
2.1 
2.0 

0.90 

1.0 
0.70 

0.55 

0.80 

Phases Determined by X-ray Diffraction 

Major 

UC 

UC 
UC 
UC 

UC 

UC and ff UH, 
8 U H , ' 

UC 

UC and S UH. 

Minor 

^ U H . 
Possible u o . 
Possible UC, 
Probable UC, 
Probable UC, 
Possible UO, 
Probable UC, 
Possible UO, 
UO, 
Possible UO, 
UC 
e UH, (UO, and 

UC, very minor) 
Unknown 

» Fluidizing gas veloc-ity initially 0.75 ft/sec for 15 min, then 0.50 ft/aec for 15 min, and then 0.25 ft/sec for balance of each run 
except runs UCF-2 and UCF-4. In run UCF-2, the velocity was initially 1.00 ft/sec, and then 0.75 ft/see; in run UCF-4, it was io-
tially 0.75 ft/sec, and then 0.50 ft /sec 

'' Possible sample mix-up. 

7,0 

z 
o 
CD. 6-0 

1- o 

So 50 
CL UJ 

^ 5 4 0 

S 

3.0 

UCF 

1 

-5 

" ^ ^ U C F - 6 

STOICHIOMETRIC UC(4 8 */o CARBON ) 

1 1 1 1 1 

_ _ _ _ _ I J C F - 7 

1 bUCF-8 
1 

30 40 50 

VOLUME PERCENT H j , Balonce C3H5 

108-8706 
FIG. 1-43. Preparation of Uranium Monocarbide (UC) by the Fluid-Bed Method, (w/o C in UC Product versus v/o H, in the 

H,-C,Hs Fluidizing-Oas Mixture). 

Charge: 100 g U 
Fluidizing Gas Velocity: 0.25 ft/sec 
Head ion Time: 5-6 hr 
Bed Temperature: 600°C 

probable that the ctirbon content of VC could be eon-
trolled by the ]iroper choice of the variables; the hy-
drogen-to-hydrocarbon ratio in the gas, the reaction 
temperature, and the reaction time. Carbon deposition 
due to decomposition of the hydrocarbon can be pre­
vented at equilibrium in a hydrogen-hydrocarbon gas 
mixture by projier ad.iustment of the H/C ratio.-'"' •'- The 
atom percent of hydrogen at e<iuililirium to jirevent free 
carbon deposition at 600°C is 90.70 (C = 9.30 a/o) . 

This is a gas concentration of 91.4 v o hydrogen and 8.6 
v/o C:,H„. In a fluid bed ami at the temperature of 500 
to 700°C, eriuilibrium conditions probably are not estab­
lished since the gases rapidly pass tlii'ough the bed; 
however, the equilibrium data tire useful as a guide in 
the choice of experimental conditions. 

Tiible 1-35 and Figure 1-43 show the results of pro­
ducing UC on a 100-g scale in a fluid-bed ajiparatus 
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shows the decrease in total carbon content of UC with 
increasing hydrogen content of the reactant gases at 
600°C. Hyperstoichiometric UC was produced when 
the hydrogen content was about 70 v/o or less. Above 
70 v/o hydrogen, there was a sharp decrease in total 
carbon content such that at 80 v/o hydrogen only 3.2 
w/o carbon was present in the product. Clas mixtures 
containing 70 to 80 v/o hydrogen will be studied in 
runs at eOO^C. 

A few runs were made at 700°C, and these had a 
higher reaction rate than at 600°C. For example, in 
run UCF-9 (Table 1-351 at 700°C, there was 5.4 w/o 
carbon in the UC product after 3 hr at 80 v/o hydro­
gen whereas in run UCF-8 at 600°C, there was only 
3.2 w/o carbon in the UC product after 5 hr at 80 
v/o hydrogen. It would be advantageous to operate 
at a higher reaction rate (higher temperature I in order 
to ilccrease the total amount of fluidizing gases used 
anil thereby decrease the tuuount of impurities intro­
duced by the reactant gases. Further runs will be 
made at 700°C and at higher temjieratures. 

The efi'ect of reaction time on the tottd carbon con­
tent of the UC will be investigated further. In run 
UCF-10 I Table 1-351, there was 3.3 w/o carbon 

in the UC after 2 hr at 700°C and 80 v, o hydrogen, 
while in run UCF-9 after 3 hr at 700°C there was 5.4 
w/o carbon in the UC. 

The existence of UC (Table 1-35) in the jiroducts 
from the fluid bed experiments has been verified by 
X-ray diffraction analysis. Proilucts with a carl>on 
content of about 2.1 w/o or greater have consistently 
shown UC to be jiresent as a major phase, except in 
run UCF-9. In run UCF-9, there exists the jiossibility 
that the discrejiancy between the . \-ray ilata and jier-
cent carbon content of the samjile may be due to a 
mix-uji of samjiles. Protluct having a carbon content of 
about 3 w o or less has had fj UH., as a major jihase. 

To remove oxygen and moisture from the hyiirogen 
and jiropane, a Deoxo unit is used followed by a Lec-
trodryer unit. The Deoxo unit is a jiallailium catalytic 
unit which converts oxygen to water in the jire.si-nce 
of hydrogen while the Lectrodryer unit is a molecular 
sieve bed for moisture removal. In the most recent 
runs, the oxygen content of the UC product (Table 
1-351 has varied from 0.55 to 1.0 w o . It is thought 
that this imjiurity level can be reduced in future nins 
by htiving a jiurer atmosjihere in the glovebox and by 
making the run time as short as jiossible. 

3 . I l o m o f j c n c i i i i s P r r r i p i t a t i o n o f U C ai i f l ( I - P u ) ( ; f r o m FiiM't l S a i l s 
(S. \ ' ( » ; L E K , .1. P A V L I K ) 

.Most ol the methods described in the literature for 
the jirejiaration of UC are heterogeneous reactions 
between two or more solid jihases or between a liquid 
phase and jt solid jihase. In ji search for better methods 
for the Jirejiaration of carbides, the idea of homogene­
ous jirecijiitation of uranium monocarbide from salt 
.solutions was develojied i.\N"L-ti725. ji. 801. The early 
experiments demonstrated that magnesium sesijui-
carliide is soluble in molten salts and that addition of 
magnesium sestiuicarliide to a 35 m o LiCl - 65 m o 
MgClj molten salt mixture containing UFi results in 
uranium monocarbide jirecijiitating from solution. In 
similar exjieriments (.\XL-6800, ji. 1451 the metals in 
Ihe comjHitmds VT,. UHOS . MsUO. . ZrtK , SiD,., 
Na\\ '0: , , \ \ ,0:, .V/l^CI, . TaOo . and XaMoO, were 
converted to the following carbides. UC, UC\.. ZrC, 
/i-SiC, \VC. a-\\\.C, VC, TaC. and Mo.C. In these 
initial stuilies. the jiure carbides were not isolateil ami 
the jiroiluet yields were not determined. 

In other early exjieriments (AXL-6800, p. 146; 
A\I.-69(K). ji. 1391. the homogeneous reaction of PuClj 
with .Mg-C» in fused salts was studied. X-ray dilTrac-
tion data indicated that the jiroduct was jirimarily 
PuoC:,, and no evidence could be found for PuC in 
the Jiroduct. These results were disapjiointing since 

it is known that UC forms a solid solution with PuC 
but not with Pti-C;, whereas the jirinuiry interest in 
the homogeneous reaetion jiroeess was its tmticijiated 
use for the jirejiaration of a uranium-jiltitunitmi mono­
carbide solid sohition. In sjiite of these discouraging 
data, the method ajtjieared worthy of further study to 
determine if simultaneous jirecijiitation of the uranium 
iind jilutonium carbides woulil yield the desired solid 
solution, [Uj.Pu,i-.ri]C. These studies are descrilied 
below. 

Because of jilutonium toxicity, all exjieriments were 
carried out in CEXH.\M gloveboxes.•*•' .\ one-module 
box with a jiurified helium atmosjihere lAXL-66521 
was used to handle all materials and to load and un­
load the reaction vessels. This box. referretl to as the 
drv'box, was connected by means of a vacuum lock to 
a larger box with a nitrogi'n atmosphere. During rou­
tine ojieration, the drvdiox atmosjihere was found to 
contain 12-20 jijim water. 

The exjierimental jirocedures used for the prepara­
tion of fused salts containing plutonium and uranium 
and the subsequent reaetion of the fused salt with 

" R. F. Malecha et al. Low Cost (lloveboxcs. Eighth Hot 
Laboratory and Kquipnient Conference, San Francisco, De­
cember 1960. Trans. Am Nucl. Soc. 3 (2), 485 (1960). 
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MgoC:i were the same as those rejiorted jireviously 
(AXL-6800, jip. 14,5-147; AXL-6900, jiji. 139-141). 
Briefly, the process is as follows; I'ranium and plu­
tonium metals are dissolved in licjuid zinc, whieh is then 
contacted with molten salt (e.g., MgCIo - 35 m/o LiCl I. 
The molten salt contains sutficient ZnCI^. to oxidize the 
uranium and jilutonium to UCI.i and PuCI:,. The 
oxidized eomjiounds are then transferred to the molten 
salt phase. After the transfer of all of the uranium 
and plutonium from the zinc phase to the salt jihase, 
the licjuid phases are cooled. The solidified salt and 
metal phases are then mechanically separated, and 
MgoC:! is added to the salt jihase. The salt jihase is then 
reacted with the added Mg^C:, at 625 to 650°C (in a 
tantaltun crucible) for ajijiroxinijitely 1 hr. The salt 
Jihase is then removed from the carbide product by 
volatilization under vacuum at 8.50°C. The residue 
contains the carbides of uranium and jilutonitmi. This 
carbide jiroduct was weighed tmd analyzed. 

TAHLK 1-36. SCMMARY OF UHANUIM CAHBlnE-PLfTO.MIM 

CARBIUE PRECIPITATIOS* KXCERIMENTS 

U (g) 
Pu (g) 
Zinc (g) 
LiCl (g) 
MgCl, (g) 
ZnCl, (g) 
Mg,C, (g)i> 

Wt. (g) 
U (w/o) 
Pu (w/o) 
C (w/o) 
O (w/o) 
Insoluble (w/o) 
Free Carbon (w/o) 
Phases shown by 

X-ray Dif­
fraction" 

Experiment 

9.10 
2.30 

300 
19.3 
80.7 
10.24 
4.9 

10.58 
2.27 

300 
19.3 
80.7 
14.45 
3.6 

10.62 
2.31 

.300 
53.3 
25 
14.25 
9.7 

8.70 
2.30 

200 
73.5 

— 
13.79 
7.4 

9.02 
2.:)0 

200 

13.76 
4.2 

8.60 
84.5 
6.4 
4.12 
1.34 

~ 3 
• - 2 

FCC 
4.96 

9.48 
89.0 
3.3 
4.46 
1.0 
1.1 
0.9 

FCC 
4.959 

11.88 
67.6 
11.5 
7.69 
0.94 
6.7 
4.8 

FCC 
5.47 

FCC 
4.96 

-_ 
38.4 
10.2 

» 
" 
1.2 
1.0 

FCC 
4.96 

BCC 
8.09 

63.9 
12.1 
5.81 
2.20 

-10 
1.2 

FCC 
4.959 

BCC 
8.13 

" Not determined. 
*' Mg,Cj plus unreacted magnesium. 
' Lattice parameters of pertinent phases are: UO, , 5.468; 

PuO, , 5.396; PuO, 4.116; Piif, 4.959 4.973; UC, 4.961: U,C, , 
8.088; Pu,C, , 8.129. 

In four of the five experiments (see Table 1-36), 
the ratio of the plutonium to uranium in the carbide 
product was much less than the corresponding ratio 
in the fused salt jirior to the reaetion with Mg^Cs. In 
run 4, the ratio in the carbide product was essentially 
the same as in the fused salt prior to the addition of 
till' MgoC:i. The overall yield of carbide product, ba.sed 
on the weight of the uranium jilus the weight of the 
Jilutonium used, varied from 70 to 88 w/o for the 
three exjieriments where weight data are available. 
The carbide jiroduct was found to contain 90 w/o or 
more of the uranium used in the experiment; after pre-
cijiitation of the carbides, the salt jihase was found to 
contain less than 10~- w/o of the uranium and plu­
tonium. After removal of the salt phase from the 
carbide jiroduct by vacuum distillation, however, the 
salt jiha.se was found to contain ajijiroximately 20-50 
w/o of the plutonium used in the experiment. These 
data indicate that the fused salt reacted with the plu­
tonium carbitle during the vacuum sublimation step 
to form PuCI:i , which distilled along with the LiCI-
AlgCI:- salt mixture. A similar reaction has been ob­
served between UC and LiCI-.MgC'L. at 6.50°C: the 
color of the salt jihase indicated the jiresence of UCI3 , 
and a metallic film (presumably Mgl sublimed to a 
cold section of the reaction vessel.•''' The reaetion was 
ajijiarently: 

2 UC + 3 -MgCl,. ^ 2 UCl:, + 3 Mg -f 2 C 

Such a reaction was not observed at the same temjiera­
ture when the salt jihase was LiCI-KCI.-" On the basis 
of these data. LiCl was used as the salt phase in the 
la.st two exjieriments (runs 4 and 5, Table I-36I in 
jilace of the LiCl-MgCI^ mixture used in the previous 
exjieriments. At 1000°K the .if" for LiCl is - 7 9 kcal 
jier mole and for .MgCI;. it is -.58 kcal per gram atom 
of chlorine (V2 MgClj). Thus, the greater stability of 
LiCl than of MgCI:.. was exjiected to jirevent the re­
action of the carbides with the LiCl during the vacuum 
sublimation steji. In the fourth exjieriment, where only 
LiCl W!is used as the salt jihase. the jilutonium con­
tent of the sublimed salt jihase was very low (at least 
a factor of 100 less than in previous exjieriments I; 
however, in the fifth exjieriment the plutonium con­
tent of the sublimed salt jiluise was once again high. Xo 
exjilanation can be ofl'ered for these latter results. 

For the carbide jiroduct from the first two exjieri­
ments (Table 1-36), examination by .X-ray dift'raction 
techniques indicated that the dominant jihase ex­
hibited face centered cubic crystal svmmetrv with a 
lattice Jiarameter of 4.960.\. This is the lattice jiaram-

" M . Adiuns, Argo 
munieation. 

inc Nationai L:il»oratory, Private Com-
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eter for UC and is the value to be expected for solid 
.solutions of (Pu-U)C up to approximately 15 to 20 a/o 
Jilutonium.•'•'* Possible very minor phases in experiment 
1 were Pu(JCI, UO;.., or .Mg. 

In later experiments, X-ray results revealed the 
Jiresence of a body centered cubic crystal symmetry 
with a lattice jiarameter of 8.09A and 8.13.^. These 
values are the lattice jiarameters of U:;C;i and Pu^Cs . 
In the.se later exjieriments, the plutonium content of 
the jirecijiitate was greater than in the first two ex­
jieriments. 

From the results, it is ditlicult to stiy that a true solid 
.solution of UC-PuC had formed, since the jilutonium 
contents of the carbide jiroducts from the first two 
exjieriments were low and if jilutonium had been jires­
ent as the sesf|uicarliide. it might not have been de­
tected by X-ray dift'raction analysis. In the last two 
exjieriments (runs 4 and 5) in whieh the jilutonium 
content of the jirecijiitate was higher, the sesiitiicar-
bidc Jihases were oIiser\'eil to be jiresent. 

The total carbon contents of the U-Pu carbitle 
Jiroducts were determined by combustion of individual 
samjiles in oxygen and niea.surement of evolved CO; . 
This method measures the total carbon jiresent as ear-
bide and as occluded free grajihite. The data in Table 
1-36 indicate ti wide variation in the total carbon 
content of the jirecijiitated carbide jiroducts. Free 
carbon was also measured (Ttible I-36I, and varying 
amounts were found in the U-Pu carbide jiroducts. 
This free carbon is jii'obably formetl as a jiroduct of 
the iirecijiitation reaction and by therniiil deeomjiosi­
tion of the MgjC:i. .Although the stoichionietry of the 
Jirecijiitation reaction has not been established, the 
following reaction ajijiears reasonable. 

4 UCl:, -I- 3 .Mg,C:, 4 UC + 6 .MgCI., -I- 5 C 

" S . Koscn, M. \ . Nevill , and A. \V, Milclicll, J. Nucl. 
Mater. 9, 137-142 (I'.KBl. 

Free carbon is also an end product for a similar reac­
tion with magnesium dicarbide (MgCi.1. 

The major imjiurity measured other than free car­
bon was oxygen. The results in Table 1-36 show that 
the oxygen contamination was at least 1^^- Since 
uranium and plutonium carbides are known to be sen­
sitive to moisture, it was thought jiossible that the 
carbide jiroduct had reacted with moisture in the 
dryliox atmosjihere. A crutle exjieriment ilemonstrated 
this: a jiortion of the jiroduct of an exjK'riment was al­
lowed to stand in the ilrj-liox (box atmosjihere ~20 
Jipm water) for two days. The oxygen content of the 
carbiiie rose from 0.94 to 1.3';. Thus, although it is 
tlifficult to evaluate the magnitude of the increase in 
oxygen level, it is jirobable that substantial oxygen 
contamination occurred during samjiling of the re­
covered Jiroduct. In the early exjieriments, the oxygen 
impurity was attributed to inaderjuately jiurified salts. 
In the last two exjieriments, the oxygen content of the 
LiCl was below the detectable limits (<0.02 w o oxy­
gen I. Thus, even if all the oxygen in the LiCl had been 
transferred to the jiroduct, the oxygen content of the 
Jiroduct should not have exceeded about O.U;. 

Xo further work is jilanned on the homogeneous 
Jirecijiitation methoil lusing .\IgjC:,l for the prejiara-
tion of a solid .-iolution of uranium and jilutonium 
monocarbide for the following reasons; 

1. Pui.C;, was ajijiarently formcil instead of the de­
sired solid solution of l l ' -Pu lC . 

2. Large amounts of free carbon were found in the 
carbide jiroilucts. and the botmd carlion contents* 
were variable. 

3. Magnesitnu sesquictirbide was difficult to jire­
jiare in jiure form, and the yields were low (40 
to .50'; I (sî e .\XL-6800, ji. 1451. Another metal 
carbide such jis lithium carbide or sodium carbide 
might be a better choice than MgoC'a, but no 
exjieriments with these carbides arc planned at 
this time. 

1. Stiidieis of Mobile Blanket Fuels for Fast Reactors 

Mobile blanket fuels for fast breeder reactors show 
jiroiuise of reducing reactor down-time for fuel shuf-
lling, imjiroving sodium coolant utilization and, thus, 
Jiower conversion efliciency. and decreasing fuel proc­
essing and refabrication costs. Exjierimental work has 
been initiated to develoji a jiaste blanket fuel consist­
ing of a uranium-containing ceramic fuel disjiersed in 
;i litjuid metal. Currently, the most attractive of the 
mobile blanket fuels which have been considered is a 
jiaste of uranium mononitride lUX) in sodium. 

a. REACTOR REyilRKMKNTS KOR MOBILE 
FIKL BLANKKTS* iP XKLSUM 

If reactors with mobile fuel blankets are to have an 
economic advantage over reactors with solid fuel 
blankets, the advantages must lie gained without great 
changes in the core design. The nuclear characteristics 
of the core, the ease of removal of the core fuel, and 
the core fuel cycle costs have much greater effects on 
the overall economics of the reactor than do hlanket 
characteristics. Since core characteristics are ojitimized 
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for minimum jiower costs consistent with safety, gross 
changes in the core to aceommodate a mobile blanket 
would negate the jiotential economic advantages of a 
mobile blanket fuel. Accordingly, it is believed that a 
mobile fuel would not be suitable for axial blankets 
since removal of the core fuel would be eomjilicated by 
.such blankets, jiarticularly the toji hlanket. Mobile 
blanket fuel ajijiears to be best suited for reactors re-
ijuiring large radial blankets and jiroducing a high 
fraction of the breeding in the radial blanket. 

1). PROPERTY REQUIREMENTS OF PASTE 
BLANKET FUELS IP. A. XELSUX. M . (i. Cins.\-
NOV) 

The nuclear rctiuirements for blanket fuels are less 
stringent than for core fuels because most of the nu­
clear interactions, jiarticularly the fissions, take jilace 
in the core. However, a high uranium density in the 
blanket fuel can be beneficial in jiroviding high neu­
tron cajiture efficiency for a relatively thin bhinket. 
For this reason, jiastes with liciuid-metal vehicles con­
taining at least 50 v,/o solid fertile material ajijiear to 
be more attractive blanket fuels than dilute slurries or 
molten uranium salt solutions. 

The shift of a given amount of fuel in the bhinket 
has a smaller effect on reactor reactivity than a shift 
of the same amount in the core. However, even in the 
blanket, shifts in uranium density are undesirable. 
This consideration again favors low-mobility settled 
Jiastes, since these ajipear to lie more stable than slur­
ries, owing to the fact that the latter rlejiend on fluid 
motion to maintain an vvvn distribution of solid jiarti­
cles. 

Although a static jiaste fuel containi'd in sealed 
tubes in much the same way as solid fuel might lie 
feasible, the present exjierimental effort is being di-
rectetl toward developing a jiaste fuel which could be 
circulated. The advantages of a circulating paste fuel 
are as follows; 

1. Fission jiroduct gases can be continuously sejia-
rated from the fuel by circulating the fuel through 
a separating device. 

2. ¥nc\ in a circulating blanket system nuiy he fre-
(juently or even continuously removed for re-
jirocessing without reactor shut-down. 

3. The build-uji of jilutonium to high concentra­
tions in the region of the core and the associated 
heat removal jirolilem which is common to re­
actors with stationary fuel liijiy be avoided by 
circulation of the fuel. 

These advantages can be gained by having a flow . 
velocity of only a few feet per hour, a velocity that is 
easily obtainable with a liea\y jiaste. Good paste 
flow characteristics may require liiiely giound solid 

particles with a narrow size range. In order to main­
tain these flow characteristics, the jiarticles must be 
nonsinterable under reactor conditions. Low solubility 
of the solid jiarticles in the litjuid metal vehicle is also 
a necessity, since mass transfer effects, i.e., growth of 
the Jiarticles and deposition of material, might result 
in stojijiing of the flow of blanket paste. Another phe­
nomenon which would stoji paste flow and also result 
in overheating of the fuel would be sudden dewetting 
of the solid jiarticles by the litjuid metal. This might 
result from (1) a gradual change in the comjiosition 
of the solid or liijuid pha.ses of the paste, or (2) gas 
evolution from the solid. 

It would be impractical to remove the heat de­
veloped in Jiaste blanket fuel by circulating it to an 
external heat exchanger because the pumping rate 
re(|uired would be too high for a viscous paste. There­
fore, it would be necessary to contain paste blanket 
fuel in tubes and to remove the heat from the tubes 
by a coolant such as sodium, as is done in solid-fueled 
fast reactors. The rate of heat removal (which equals 
heat generation at equilibrium) from a jiaste contained 
in a tube is given hy the following relationship for 
lieiit transfer from a rod with uniform internal heat 
generation; 

9 = 4 k^T/r" 

where 
q — heat generation rate jier unit volume, 
k = thermal conductivity of fuel, 

AT = temjierature differential between the center 
line and the jierijiheiy of the fuel rod, and 

r = radius of fuel rod. 
It is ajijiarent that the boiling jioint of the vehicle of 
Jiaste fuels, which controls the maximum allowable 
center-line temjierature, and the thennal conductivity 
of the fuel are imjiortant fuel characteristics. A so-
ilium-\'ehicle jiaste would retjuirc a center-line tem­
jierature limitation set safety below the 1621 °C boil­
ing jioint of the sodium vehicle, .\lloy vehicles with a 
lead or bismuth base would have an advantage over 
sodium since they have higher boiling jioints. However, 
this advantage would be jiartially offset by the rela­
tively low thermal conductivity of bismuth, lead, 
and their alloys. 

Comjiatibility of the fuel with the container ma­
terial is a stringent requirement because the exjiensive 
circulating system must endure for five to ten years to 
be economical. It would seem easier to meet this goal 
with a sodium vehicle than with a x-ehicle of bismuth 
or lead alloys which are more corrosive than sodium 
to stainless steel, the jirobable container material It 
is also jios.silile that tubing containing the paste would 
be attacked by decomposition jiroducts from a ceramic 
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fertile material constituting the solid phase of a 
hlanket paste. In uranium carbide-wodium pastes, 
carbon which is transferrcfl from hyinTstoichiometric 
I'C throuf^h sodium may cause failure of the tubing 
by carburization.'*" In uranium dioxide-sodium jia-stes, 
sodium may reduce the oxides of fission jiroducts'*' to 
form sodium oxide which would render the sodium 
more corrosive to wtainle.'̂ s -steel tubing.'"' Since UN 
i.s compatible with sodium-'" anrl stainless steel,*" it ap­
pears that a paHte of I 'N in soilium would be innocu­
ous for use with stainless steel. 

In summary, the following characteristics are de­
sirable for the components and the paste fuel to be 
used in the blanket of a fast reactor: 

A. Fertile Particle Characteristics 
1. Nonsinterability 
2. Low solubility in vehicle 
3. Chemical stability relative to vehicle, fission 

products, and container 
4. High bulk ilensity 
T). P'ine, uniform particle size 
(). High tiicnnal conductivity 

B. Vehicle Characteristics 
1. Xoncorrosiveness 
2. High tlicrmal condtictivity 
3. High boiling point 

C. Paste Charactcnstics 
1. Stable wetting of particles by vehicle 
2. Cniform higii uranium density 
3. Compatibility with container 
4. Stable fluidity 
5. High thermal conductivity 

A paste consisting of I 'N suspended in sodium ap-
jH'iirs to fuKill many of the requirements listed above 
better than the other pastes considered. Kxperiments 
lire underway to jirepare anti test the selecte<l paste 
to determine whether it can meet the exacting re(iuire-
ments of paste blanket fuel. 

c. PREPARATION OF URANIIM MONOMTRIDE 
(P. A. NKLSUN. C , F . LKHMA.WI 

rranium mononitride powder was piv|>ared by re­
action of nitrogen with uranium turnings at 900 to 
IS.WC and subse(|Uent grintling of the product. The 
iiietluxl developed in this work produces I 'N powder of 
unusually higli bulk density. 

Several methods for preparing I 'N are describetl by 
Katz and Rabinowitch.*' The standard procedure is 

»"B. A. Wehh. NAA-Sn.024(i. M«y 19t'>3. 
" L. F. Epstein luid J . Nigriny. .U:cn-3709. 1948. 
•• E. G. Brush. Corrosion 11, p. 2291. 1955. 
" H. A. Wullaert , / al. HMI-HViS. June 19(>3. 
«» S. K;ilz. J. Nucl. Mat.T. 6. 172, 1!K>3. 
*' J. J. Katz :iinj K. Habiiiowitrli. The Chemistry of I'ranium, 

Doveii Puhlirations, Inc.. New York. 1951. 

first to prepare mixed crystals of I'^Ns and I 'Nj ljy a 
method .similar to the following; 

(1) Direct reaction of uranium with nitrogen at 
SOOtolOOOX'. 

(2) Reaction of I'H;, with nitrogen at 250to350°C. 
(3l Reaction of I'H:. with NH., at 200°C. 

The product of these preparations is then decomposed 
to I 'N and N;. by heating to 1300°C or higher under 
reduce<l pressure. These methods yield products with 
Imlk densities of 3 to 7 g/cc. 

The object of the present work was to sliorten the 
time of preparation by carrying out the reaction at a 
temperature high enough to avoid formation of the 
higher nitriiles. In ad<lition, it was reasone<i that .such 
a preparation might yield a product of high bulk 
density. I'ranium, in the form of turnings, was nitrided 
at 200 to 4(K) torr pressure. The temiK'rature was main­
tained at 9(X) to lOoO^C for several hours. Before a 
nitrogen-to-uranium ratio of one was reached, the 
temperature was gradually increased to about 1300 
to 13"»0°C. The higher temperature was maintaineit un­
til nitriding was complete. 

In an experiment with 90 g of uranium turning>. 40*; 
of the nitrogen reacted at temperatures above 1100*C. 
The reaction stoppeil after 20 min at the final reaction 
temperature of ISOO^C. (The nitride coating on the 
turnings contained the molten uranium, m.p. 1I32°C, 
during the last ste]i of this process.t The pressure waj* 
reduced to 5 X 10 •'" torr in a period of 15 min with 
no evidence of nitrogen evolution from the reaction 
|irnduct. The product was dark gray and in the form of 
the original turnings. It was easily grouml into a coarse 
I -KKI inf>lii powder having a bulk density of 8.0 g 
cc. which IS higlier than is usually obtained for un-
compacted I'N powcler. X-ray analysis of a sample of 
— 4(KI nu'sh powder intlicatetl a major phase of UN 
with a minor phase of the I'-Nrt of hexagonal struc­
ture*- and a lesser amount of I'D. The lattice constant 
for the I 'N pha.se was 4.890A. which is in good agree­
ment with a recent literature value.*-' Analysis of the 
product for nitrogen by combustion to C^OH and cor­
rection for the oxygen content iO.OQn^i I of the sample 
yielded a nitrogen content of o.GC^r. I The nitrogen 
content of stoichiometric I'N iso.5o7'^f.l 

In a second I 'N preparation by this general pro­
cedure, the reaction terminated before the temi>erature 
reached 1300°C. Nitrogen was evolved as the pressure 
was reduced, thereby indicating that higher nitrides had 
formed during nitridation. The bulk density of the 
powdered product. 6.1 g cc, was considerably less than 

** I). A. \ aughan . X-ray DifTrarlion Study of the Nitrides 
of I 'ranium. J. Metals 8, AIMK Trati.-*. 206, 78, {195(i(. 

" P. E. Evans and T. J. Davies. Traiiium Nitrides, J. Nurl . 
Mater. 10 (1). 43 (1963). 
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the value of 8.0 g/cc obtained in the first run lin whicli 
less of the higher nitrides were formed I. 

<1. WETTING OF CERAMIC FUEL MATERIALS 
BY LIQUID SODIUM IM. (i. ('II.\S.\N(IV) 

The wetting properties of li(|uid sodiiiiii for ceramic 
fuel materials are of importance in the choice and oji­
eration of a mobile blanket system baseil on slurries or 
pastes of these materials. In order to make a jirelim­
inary survey of the wetting ]iro]ierties of li(|uid sodium 
for uranium ceramics, an apparatus for the determi­
nation of contact angles by the sessile drop method 
was installed in a helium glovebox. The equipment em­
ployed was quite simple. A pla<|ue of the ceramic ma­
terial was heated on a hot plate in the glovebox; a 
drop of distilled sodium was placed on the pla<|Ue and 
then photographed by means of a camera and a low-
jiower telescope. The image was captured on Type .'i5 
Polaroid film. Sample temperature was measured using 
a chromel-alumel tlierinocouple in contact with the hot 
plate surface next to the placfue; temperature control 
was about ±10°C. While the atmosphere in the glove­
box was quite good (oxygen <10 p|im, nitrogen <20 
Jipm. moisture —1 ppm or less I, a drop of molten so­
dium wouUI nevertheless become heavily coated with 
oxide in six or seven minutes. 

Experiments were carried out with jilaqucs of I'd:; , 
UP, US, UC, and UN. The contact angles were de­
termined by visual examination of the [ihotographs. 
For those cases where the ceramic surfaces were rea­
sonably flat, the contact angle was calculated from the 
drop parameters, using a method developed for sur­
faces of revolution by Mack and I.ee.^^ The results 
of these studies are presented in Table 1-37. For our 
initial evaluations, these preliminary data were suf­
ficiently accurate. These values should be regarded as 
tentative because of the relative crudity of the ex­
periments; use of a more refined apparatus such as 
that emjiloyed by Bradhurst and Huchanan*'' would 
probably lead to more exact data. 

The data in Table 1-37 indicate jioor wetting of the 
ceramic fuel by liriuid sodium at the temperatures in­
vestigated. Interestingly, all these data fall within 
the limits obser\ed bv Bradhurst and Buchanan'"' for 

TADLIO 1-37. .SUMMARY OF CO.NTACT A.VOI.EB UKTEHMI.VED 

BY SESSILE IJROP METHOD FOR LUJCIIJ SOUICM 

AND V C E R A . M I C S 

Ceramic] 

UO, 
UP 
U.S 
UC 
UN 

Temperature 
(°C) 

210 
260 
240 
250 
255 

Contact .\nKle S, 
degrees 

visual ob­
servation 

130 ± 2 
130 ± 2 
150 ± 4 
144 ± 1 
157 ± 8 

calculated 

130.6 
129.9 

143.6 

Data of Bradhurat and Buchanan" 

VOi {nxvgen-saturated 
Hodium) 

r O j fDXvpcn froo sct-
diuni) 

250 

250 

130 

IfiO — 

I'Oo ;ind sodium of var>'ing oxygen content; these 
data are included in Table 1-37 for comparison. An­
other teclmi(|ue of determining contact angles, the 
vertical plate method,'" gives (]uite different results for 
UOj and sodium; good wetting is indicated at these 
temperatures.' ' In this approach, the ceramic is first 
comjiletely immersed in li(|uid sodium and then the 
force required to raise the sample from the sodium bath 
is measured; from the known dimensions of the sample 
and the surface tension of sodium, one can then calcu­
late the contact angle. This contact angle would prob­
ably be more meaningful for a mobile blanket system 
in which the ceramic particles are completely immersed 
in molten li(|uid metal than would the sessile drop 
values obtained in our experiment, which represent 
the advancement of a molten metal over a porous sur-
fiice covered with a foreign gas. . \ t present, no addi­
tional sessile droji studies on these systems ar* 
planned. 

The indications are that sodium has about the same 
wetting properties for UX as for UO:.. Since sodium-
UOj slurries and ]iastes have already been successfully 
made, no problems are anticipated in making a sodium-
UN paste. 

" Ci. L. Macl< and I). A. Lee, J. Phya. Chem. 40, Hill (1930). 
" T). H. Bradhurst and A. S. Buchanan, Australian J . Chem. 

14, ;ifl7 (1001). 

" C C . Addiscii 
2801 (1954). 

" n . I!, T. Frns 

1). H. K(.rriclKe,.ou|J. Lewis, ,1. Clicm. Soc 

, J. Xucl. M:,li.r. 7 (No. 2), 100 (19021. 
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IL Fuel Cycle Applications of Volatility and Fluidization 
Techniques* (A. A. Jonke) 

INTRODUCTION 

Development work way continued on flui(I-i)ed 
fluoride volatility procesHcs for the reeover>* of uranium 
and jjlutonium from spent nuclear fuels. These proc­
esses are based on the alnlity to convert the uranium 
and plutonium to volatile hexafluorides which can be 
readily separated from associated fuel materials (clad­
ding, fission i)roducts) and purified hy estal)lishe<l 
techni(|ues. Those jirocesses are considered applicai)le 
to a wide variety of fuels and are currently beinn de­
veloped for two nuiin types of fuel which are of in­
terest. One is low-enrichment uranium dioxicle-plu-
toniuni dioxide clad in either Zircaloy or stainless steel. 
The other is highly enriched uranium fuels which are 
alloyed antl clad with Zircaloy or aluminum. 

A conceptual flowslu'ct for a proce.-<s for r(>;.-Fu()-
fuels was presented in ANL-(>800. p. 197. A number of 
alternative flowsheets have been considered and some 
are under investij^ation. Some of thesi' alteinative 
llowsheets are reviewed below. 

Major process steps, shown in Figure I I - l , are: de-
cladding, fluorination, distillation, thermal decomposi­
tion, and conversion to final |troducts. As outlined, 
several of the steps are combine<l in series for alterna­
tive routes, (lependins on the desired form of tin-
products. The fuel elements, after removal of extrane­
ous hardware, are charged as bundles to a fluid-bed 
reactor where they are inunersed in a bed of liigh-
fired alumina. Decladding of both Zircaloy an<l stain­
less steel are acconii)lished through the use of gaseous 
reactants at elevated temperatmx-. 

Decladdiny of Zircaloy. Zircaloy is readily attacked 
by HCl at temperatures above the sublimation point 
of ZrCU ( 3 3 r C at 14.7 psial as lias been demonstrated 
in the studies with the highly enriched uranium alloy 
fuels (ANL-69tM). p. 194 K This step results in a sepa­
ration of tlie cladding from the uranimn and plutonium 
dioxides, which remain unattackeii and are in the form 
of pellets or pellet fragments on the fuel sui>port plate. 
The ZrCU may he pyrohydrolyzed to a solid oxide 
waste hy reaction with steam in a second fluid-bed 
reactor and tho HCl may be recycled if desired. 

The I'Oo-PuOi. pellets may be pulverized chemically 
hy reaction with an HF-oxygen mixture as in the case 

' A sunuiiarv of this sertion 1 pages 7 to 12. 

of decladding schemes <liscussed below. This stop is 
beneficial since partial fluorination to uranyl fluoride 
(I'DjFjt and FuF^ is achieved with a reagent that is 
appreciably less costly than fluorine; moreover, some 
decontamination is achieved such as that obtained l)y 
the formation of vohitile molylHh'num compounds. 

Recent studies at Brookhaven National Lalwratorj' 
(HNL) antl ANT- indicated that an alternative scheme 
for declad<ling Zircaloy may be feasible. Mixtures of 
HF and oxygen attack Zircaloy at practical rates at 
temperatures above 5.50°C. The reaction products in 
this case are solid ZrOo antl ZrOF^.. the proiwrtions of 
each apparently depending on the duration of the reac­
tion step. The oxide fuel also reacts with these mixtures 
an<l the fuel is pulverized as the decladding proceeds. 
The uranium and plutonium are converted, res|K?c-
tively, to rO^-F- and PuF^ . Some Vh\ nuiy also form. In 
the reaction, fission products are converte<I to oxides, 
fjxyfluorides, or fluorides, some of which are volatile ancl 
are separated. The uranium and plutonium fines, the 
remaining fission products, and the cladiiing scale mix 
with the alumina and are reacted further in a subse-
(|Uent fuel recovery step, the fluorination step. 

hcclailtlinq of Stainlcs.f Steel. Stainless steel al>o 
was f(nm<l to sufi'er destructive oxitlation with HF-O-
mixtures (about 30 mils hr at ooO°C with 40 v/o 
HF-(iO V o ()-). The iron is converted mainly to a-
Fe:;();i, and the l'(>:;-Pu()j i)ellets are again pulverized 
as describe*! above. The renuiining cladding con­
stituents, mainly chromium ami nickel, react and ap­
pear to remain in the bed as soliils. 

Work has been done on mechanical decladding 
.schemes, but, in general, these appear to be more 
complicated tlian the chemical decladding method.-
outlined above. 

Fluorination. After the decladding .step and after all 
of the fuel has been reacted to form the com[X)unds in-
ilicateci above, the fuel mixture is reacted with fluorine 
that is tliluted with a suitable fluitlizing gas such as 
nitrogen. The fluorination reactions of the fuel result 
first in the formation of UFB which is volatilized from 
the heated reactor. Several of the volatile fission prod­
uct fluorides also volatilize from the reactor, along 
with the U F « . After much of the uranium has l>een 
converted to the hexafluoride, PuFu , formed by the 
reaction of Pu¥^ and fluorine, volatilizes from the 
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" _ Donni i rT 

ALTERNATIVE 

@ 

DECLADDING 

I HCL 

FLUORINATION 

UF6 
Puts 

FOR ZIRCALOY 

H F - O j FOR ZIRCALOY 

HF-O2 FOR STAINLESS STEEL 

ALTERNATIVE(T) 

DISTILLATION 

ALTERNATIVE 

uFe-PuFe 

CONVERSION 
TO OXIDE 

UOg-PuOg 

ALTERNATIVE 

© 

THERMAL 
DECOMPOSITION 

UF6 

THERMAL 
DECOMPOSITION 

DECONTAMINATION 
PuF, 

F I G . II 1. Kluiil Med Fhi.iridc \. ,]alility I'r..(ca.s Flowsheet f<.r l"(). Put ) . Fuel. 

reactor, leaving the nonvolatile fission jiroduct fluo­
rides in the hed. Recycle of fluorine is heing considered 
for this latter fluorination period heeause the efficiency 
of fluorine utilization on a once-through liasis is ex-
pectedly low. 

Decontamination and Conversion to Final Products. 
The hexafluorides, together with the fission products 
whose fluorides are volatile at the temperature of the 
reaction, are collected in a condenser, thus separating 
the bulk of the uranium and plutoniuni from the fluo­
rine and possibly certain of the very volatile fission 
product fluorides. Ai this point, several alternative jiro­
cedures are possible. The mixture of hexafluorides 
could he passed from the condenser to a vessel in which 
the less stable PuFo is decomjiosed to the nonvolatile 
PuF4 I Alternative 1 in Fig. I I - l ) . It is likely that the 
PuF^ product from this steji would require additional 
treatment to jiroduce a fully decontaminated jiroduct. 
The UFd and the remainder of the fluorides could then 
he introduced to a distillation column which jirovides 
for a separation of the fission jiroduct fluorides from 
the UFo , resulting in a highly decontaminaleil uranium 

Jiroduct. .\notlier alternative is the direct distillation 
of the UFo-PuFi, mixture collected in the condenser 
I Alternative 2 in Fig. I I - l ) . This distillation would 
produce a UFo stream which is highly decontaminated 
but which would not contain all of the UFe • The re­
mainder of the UF„ , together with all of the PuFj , 
would be removed from the column near the bottom 
and would he free from fission jiroducts. Should a plu­
tonium jii-oduct comjiletely free from uranium he de­
sired, this mixture of UF„ and PuF„ could be passed 
through a thermal ilecomjiosition \-essel where the 
PuFii is converted to PuFj . 

On the other hand, if the jiroduct from the separa­
tions Jiroeess is to he an oxide, hoth the jiure UF, 
stream and the rF , rPuF„ stream could be con­
verted to the resjiecti\e oxides hy reaction with 
steam-hydrogen mixtures in a fluid bed (Alter­
native 3 in Fig. I I - l i . Adjustment of the com­
jiosition of the UF„-PuF„ stream liv variations in the 
ojierating characteristics of the distillation step would 
jiermit any desired composition of the oxide mixture 
to be attained. 
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PROCESS DEVELOPMENT STUDIES OS t O -
PuO^ FUELS 

The main steps in the fluid-bed fluoride volatility re­
processing scheme for UO:--Pu()a fuels are to be in­
vestigated in an engineering-scale alpha facility. 
Equipment for the processing of batches of i)ellets to 
a mixed hexafluoriile product has been installed an<l 
sliakedown work on this unit started. A unit for studies 
on the conversion of the mixed hexafluorides to dense 
mixed oxide particles by reaction with steam and 
hydrogen is also nearly complete. 

Development engineering investigations aimed at e^-
tablishing conditions for processing batches of unclad 
[K'llets and related declailding work are in jirogress. 
Studies on the behavior (reactions) of PuF« with 
simulated glovebox atmospheres is continuing. In­
formation on the kinetics of these PuFn reactions is 
expected to facilitate the design of clean-up sy.stems 
for glovebox exhaust streams. 

Laboratory sup))ort work is continuing. Lalioratory-
scale fiuid-hed fluorinations of ro.j-FuOi; cond)ined 
with simulateil fission product mixtures and declad­
ding reaction jnoducts are being jierformed in H/2-in. 
dia. and 2-in. <lia. fluid-bed units. Ivpiipment for basic 
stuilies on solid-litpiid e(|uilibria in the system l'F,i-
PuFii has been installeci and is being tested. Stu<lies 
nil vapor-1 i( HI id ei]uilibria witii this system are to 
start soon. 

Studies on the chemical behavior of PuF,i are con­
tinuing. An investigation of the PuP",i sorption capacity 
of selected solid materials is being made. Concluding 
studies on the decompositicm of gaseous PuF« to PuF^ 
and fluorine by alpha radiation have been made. 

Corrosion work is al.so continuing. A survey oi the 
unclassified literature concerning the corrosion of 
Tiickel hy UF,,, P\iF,i , and fluorine has been com­
pleted. 

Application of volatility methods to the recovery of 
plutonium from solid scrap materials jiroduced at the 
Kocky Flats Division of the Dow Chemical Com­
pany lias been invest igateil. 

A study of the chemistry of neptunium hexafluoride 
lias been initiated. Other work included a study of the 
naction of luolyhdenum oxides with fluorine. 

PROCESS DEVELOPMENT STl DIES ON 
HIGHLY ENRICHED I RAMI M-ALLOY 
FUELS 

Development work on a tluid-bed fluoride volatility 
process for recovering highly enriched uranium from 
uranium-alloy fuels was continued. The overall ob­
jectives of tliis work are to develop and demonstrate an 
economical, high-decontamination, and high (greater 
than 99' ; ) uranium recovery process that is applica­

ble to a variety of fuels. At present, applicability of 
the process to both zirconium-based and aluminum-
based fuels is being established. 

The process consists of two main chemical reactions 
conducted in a single vessel. The first is a separation 
step in which the alloying materials are volatilized 
by reaction with gaseous hydrogen chloride; the sec­
ond is a recover)- step in which the uranium, after re­
action with gaseous fluorine, is recovered as the hexa­
fluoride. The reactions are conducted in a be(l of inert 
alumina granules fluidized by reagent gases and nitro­
gen; the use of flui'lize<l beds facilitates ilissipation of 
reaction heat as well as the heat due to the fission prod­
ucts in the sjH'nt fuel. The progress of the reactions 
can be followcfl continuously by measuring the con­
centration of key com|X)nents in the oflT-gas stream 
by the use of in-line thermal conductivity cells. 

Hydrochlorination is carried out at tem|H'ratures 
greater than the sublimation [Kiint of the chloride of 
the alloying element (sublimation points at I atm for 
ZrCl^ and AICI;, are 331 and 180°C. resjM-ctivelyI. 
Since the uranium is converted into particulate ura­
nium chlorides, separation of the fuel constituents is 
achieved. The uranium chlorides renutin, for the most 
I)art, associated with the fluid-bed material. A |K)r-
tion of the uranium chloriiles is entrained in the gas 
stream and is collected on a packed hed of alumina 
which serves as a liigh-teni|M'rature filter. The uranium 
chloride that passes through the filter is one source 
of m'animu loss. After the fuel charge has U'en com-
pli'tely reacted, the bulk of the solid chloriiles are 
converted to fluorides by reaction with HF at 3.50**C. 
(This !-ten was used in <leveIopinent work to avoid the 
production nf gaseou> chlorine and interhalogen com­
pounds which would be expected to form in the direct 
rea<'tion of the uranium chlorides with elemental fluo­
rine. However, it may not be necessan,- to include this 
processing step in the commercial application of the 
process.» The system is then fluorinated with elemental 
fluorine and the uranium recovered as the volatile 
hexafluoride (sublimation i>oint for UFe at 1 atm 
is 56.6°Cl. The uranium retained by alumina l>eds, 
which are discarded as solid wastes, is a seeond source 
of uranium loss. 

Initial process development work, conducted in a 
bench-scale unit with unirrailiated fuel materials, 
has now been concluded. The main objective of this 
work, the establishment of optiumm conditions for 
achieving recoveries of greater than 99*̂ ,̂ of the ura­
nium in the fuel charge, was attained. A final analysis 
of the data is presented in this re|X)rt. 

Demonstration of the process on a practical en­
gineering level (~20 kg of fuel! with unirradiated 
uranium-aluminum and uranium-Zircalov subasseni-



t 
no / / . Fuel Cycle Applications of Volatility and Fluidization Techniques 

blies is continuing in a jiilot-scale unit. The initial 
seven runs were described previously (ANL-69(X), jip. 
194-200). 

Studies with irradiated fuel materials were initiated 
after comjileting shakedown work in the new bench-
scale facility installed in the Senior Cave of the Chemi­
cal Engineering Division. 

.\n exjiloratory corrosion program in sujijiort <if the 
fluid-bed volatility jirograni was concluded. In-jiroc-
ess corrosion work is continuing. Major emjihasis is 

on the evaluation of nickel as a material of construc­
tion. 

Fundamental fluidization .studies in sujiport of the 
ajijilied jirograni are continuing. .An etjuation for pre­
dicting heat transfer coefficients from .surfaces to gas-
fluidized beds has been derived. In order to u.se the 
eijuation it is necessary to have experimental data on 
the average residence time of fluidized particles at the 
heat transfer surface. A study has been initiated to ob­
tain these data. 

A. LABOKATORY INVESTIGATIONS (M. J. STEINDLER) 

1. Fluid-Bed Fluorination of UjC-PuOz Mixtures (K. .JAUKY, W . G U N T H E R , W . SHINN, 
J. STorKBAR, T . B A K E H , G . R E D D I N G , T . G E R D I N G , R . W A G N E R , J . S A V A G E ) 

Laboratory-scale fluid-bed fluorinations of mixtures 
of uranium oxide, plutonium oxide, and fission jiroduct 
element oxides are being jierformed in sujijiort of stud­
ies on the fluid-lied fluoride volatility jiroeess. In this 
Jiroeess the sjient fuel element, after chemical declad­
ding, is contacted with fluorine in a fluidized bed at 
temjieratures from 4.50 to 550°C to convert the ura­
nium and plutonium oxides to their resjieetive hexa­
fluorides. The laboratory sujijiort work is being jier­
formed to fletermine the ojitimum reaction conditions 
under which the retention of jilutonium on the alumina 
fluitl-bed material is iiiinimized, and to obtain general 
information which will be useful in the ojieration of 
the fluid-bed fluoride volatility jiroeess jiilot jilant 
(see A\L-6569, ji. 110 and AXI.-6800, ji. 2421. 

The results of several fluid-bed fluorination exjieri­
ments which were rejiorted in the jirece^ling semian­
nual rejiort i.WL-6900, ji. 1441 indicated the follow­
ing: 

(a) In experiments jierformed to determine the 
feasibility of reusing the alumina lieil for several ad­
dition-fluorination cycles, it was shown that high 
Jilutonium recovery was achieved only by incorjio-
rating an extensive recycle-fluorination period after 
each afldition-fluorination. Using this scheme, several 
addition-fluorination cycles can be accoinjilishcd with­
out retaining more than 0.02 w/o plutoniuni on the 
alumina. 

(b) It was observed in these exjieriments that the 
quantity of jilutonium retained on the alumina in­
creased with an increase in the amount of either jilu­
tonium or fission jiroducts in the feed to the reactor. • 

(c) It was observed in exjieriments involving fluori­
nation of jilutonium-free feed material (alumina), that 
the residual plutoniuni concentration on the alniiiina 

was dejiendent on the ijuantity of jilutonium fed to the 
reactor in the jirevious exjieriment. The residual con­
centration of Jilutonium in the.-̂ e "blank" exjieriments 
varied from less than 0.001 to 0.007 w/o. A plutonium 
concentration in the alumina of 0.003 w/o was con­
sidered to be the background level for this reaction 
system. 

(d) .\utoradiograjiliic analysis of alumina jiarticles 
showed that the jilutonium was located on the surface 
of the Jiarticles and that no jilutonium was present in 
the interior of the jiarticles. 

This rejiort jiresents the results obtained for the 
following tyjies of exjieriments: 111 Experiments jier­
formed to determine jilutonium retention in the alu­
mina bed with reuse of the bed for several additions 
and fluorinations of a UaOs-PuOj-fission jiroduct mix­
ture. The Jirocedure for these exjieriments was based 
on the results obtained in a jireliniinaiy alumina reuse 
exjieriment which has been previously rejiorted (AXL-
(1900, p. 1,51, Table II-3). (2 | The "evaluation of the 
elfect of the use of a nonfluidized static bed on jiluto­
nium retention in the alumina bed. (31 .A series of ex­
jieriments Jierformed to show the elTeet of flow rate of 
fluorinating gas during the recycli-fluorination period 
on Jilutonium retention on the alumina bed. (4) Ex­
jieriments were jierformed in which iron oxides were 
added to show effect ujion plutonium retention in the 
alumina. (.51 And finally, an exjieriment was jierformed 
to evaluate Alcoa Tyjie T-61 tabular alumina for use 
as the fluidized material. 

For the exjieriments in Items 2^,5, a modified fluori­
nation Jirocedure was incorjiorated wherein the entire 
charge of feed material was contained in the fluid bed 
at the .start of fluorination. This modification was dic­
t a t e by the dcvelojiment of a decladding jiroeess in 

I 
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which stainless steel or Zircaloy cladding is converted 
to jiarticulate oxides by reaction with a gaseous mix­
ture of liydrog<'n fluoride and oxygen. In this declad­
ding steji, the oxide fuel material is converted to a 
mixture of oxyfluorides and fluorides. 

The modified fluorination procedure involves two 
steps: (Ij an initial jierioil with dilute fluorine iluring 
which the bulk of the uranium reacts, followed by I2l 
a recycle-fluorination jieriod using 100'; fluorine. 

a. MATERIALS. APPARATUS. AND GENERAL 
PROCEDURE 

The Jirejiaration of the l':,0«-Pu02-fission jiroduct 
I K.P.I mixtures was described in a jirevious rejiort 
lAXI.-(i8(K), JIJI. 2(K) and 2011. In a single exjieriment, 
3(K) g of the U;|( ),-Pu( l^j-F.P. mixture, containing about 
0.4 w o Jilutonium, 84 w/o uranium, and 0.8.5 w/o fis­
sion Jiroduct oxides, was used. The fission jiroduct mix­
ture u.seil for one of the alumina reuse exjieriments and 
all other exjieriments described in this rejiort contained 
Ihe 10 fi.ssion jiroduct element oxides listed in Table 
i l - l , footnote c. For the other alumina reuse exjieri­
ments, the fission jirocluct mixture used contained 
Mod:,* in addition to those listed in Table I I - l , 
footnote c. 

Prior to use, commercial grade fluorine was jiassed 
(lirough a sodium fluoride traji at l(K)°C' to remo\'e hy­
drogen fluorich' from the fluorine. Nitrogen, which was 
used as the fluidizing gas and also as diluent for the 
fluorine, was jiassed through a traji containing molec­
ular sieves to rcliun'e water. 

Two tyjies of alumina were used in tlic.-e exjii-ri-
ments, Tyjie UH, a high-jiurity fused alumina jiro­
duced hy Norton Co., and Tyjie T-61, jiroduced by 
.\lcoa. Two mesh designations of Tyjie HH alumina 
were emjiloyed: (I I nominal 120 mesh having a me­
dian jiarticle size of 9(l/i and a jiarticle range of 50 to 
l4()/(, and l2l nominal (iO mesh having a median jiar­
ticle size of 2iMp and a jiarticle size range of 1.50 to 
2Mp. The Tyjie T-61 alumina had a median jiarticle 
size of about \'^0p and a jiarticle size range of 80 to 
2.50 .̂ 

Other materials used in these exjieriments were 
r o ^ K j , PuKi , Fe .̂O.i , and a mixture of fission jiroduct 
element fluorides. The Utl^F; contained 77.3'; uranium 
itheor. 77.3c;) j,,„i (|„, PiiF^ contained 77.02'; pluto­
nium (thcor. 7,5.9'"; I. Ferric oxide from two different 
.•sources was used. Reagent grade material of 99' , purity 
was used in the first exjieriment. The second material 
was jirejiared by the HF-jiromoted oxidation of tyjie 304 
stainless steel. The mixture of fission product element 
Huoriiles was pre|iari>d by fluorination of a jiortion of a 

• Sec ,\NL-fi800, p. 201. for the proportions of the fission 
products ill the mi.\tures. 

mixture of fission jiroduct oxides which tlid not contain 
MoO.,. 

The fluid-lied ajijiaratus used in this work has been 
previously described i.\XL-672.5, ji. 11.5. and ANL-
67631. The entire ajijiaratus is contained within an 
aljiha box, and manijiulation of the ajijiaratus is ac-
comjilished through glo\ejiorts. Photograjihs of the 
aljiha box and of the fluid-bed reactor are jiresented in 
a Jirevious rejiort I AN1.-6800. jiji. 202-2031. 

The general ojM.'rating jirocedure for the.se exjieri­
ments was as fol lows:" The feed material for the 
alumina reuse exjieriments consisted of 300 g of U^Os , 
1.4 g of PuO::, and 2.0 or 2.6 g of fission jiroducts, 
which was mixed with 1.50 g of 120 mesh alumina and 
fed into the fluid-bed reactor by the fluidizing nitrogen 
stream. The mixture was contacted in the fltiid bed 
with a sejiarate stream of 20 v o fluorine in nitrogen. 
This Jiortion of the reaction, designated as the fecding-
fluorination jieriod, was jierformed at 4.50''C. 

For the other exjieriments, the charge of jilutonium 
and uranium eomjiounds and fission jiroducts, and in 
some ca.ses iron oxide, wa^ niixcil with the alumina bed 
((iO mesh. T-61 aluminal, jilaced in the reactor, and 
fluorinated. I>uring the initial flimrination carried out 
for about 1 hr, the gas jihasc contained .5 to 20 v/o 
fluorine in nitrogen iind the reaction temjierature was 
300, 350. or 4.50°C. During this jiortion of the reaction, 
the gas Jihase was jiiisscd through the reactor and a 
series of cold trajis to remove the UF« and PuF« . Tile 
remaining gases were then jias..i<'d thrtiugh an activated 
alumina traji to disjiose of the fluorine, and the nitro­
gen was \-ented to the box atmosjihere. 

.\ftcr the initial reaction jieriod, the system was jiut 
on total recycle and the gas jiha.sc was changed to 
100'; fluorine. During this jiortion of the r*'action, 
designated the recycle-fluorination jK-riod. the gas was 
Jiassed from the reactor through the cold trajis to re­
move I'Fa and PuFu . .\ remote-head I.ajiji diajihragm 
jiumji was emjiloyed to recycle the fluorine gas stream 
to the fluiil-bed reactor. One or more recycle-fluorina­
tion Jieriods were used at temjK-ratures of 4.50, 500, and 
5.50°C. Samjiles of the starting material and the lied 
remaining after the exjH'rimcnt were analyzed for ura­
nium and Jilutonium. 

I.. RESULTS AND DISCI SSION 

Effect of Reuse of . \ luniina on the Retention of 
Plutoniuni 

Exjieriments were jierformed in which an alumina 
bed was used for the fluorination of several additions 
of U.iO»-PuOo-fission jiroduct mixture. The procedure 

*• .\ detailed description of the procedure was given pre-
viousl.v in ANL-6800, p. 199. 
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for these exjieriments was as follows: In each addi­
tion, 300 g of U:,0«-Pu02-F.P. mixture lilended with 
1.50 g of 120 mesh alumina was in,iected into the 400 g 
alumina bed at 4.50°C and there contacted with 20 v/o 
fluorine in nitrogen. Following the feeding-fluorination 
Jieriod, fluorination was continued for three recycle-
fluorination Jieriods, the first at 450°C for 5 hr, the 
second at 500°C for 5 hr, and the third at ,550''C for 
10 hr. In each exjieriment 20 g of fresh alumina was 
added through the jiowder feeder at the end of the 
feeding-fluorination jieriod as a "wash" for the feed 
line. .\t the end of each of the aiklition-fluorination 
cycles, the alumina bed, which weighed about 570 g, 
was removed from the reactor and samjiled. Analyses 
for Jilutonium, uranium, fluoride, and surface area were 
carried out. A small amount of solids (about one gram) 
remained in the disengaging chamber of the reactor 
and was removed by rajijiing the outer wall of the 
chamber: this residue was returned to the bed for sub­
sequent fluorination. The alumina bed was then divifled 
into two Jiarts, 400 g for the bed of the next exjieriment 
and 1.50 g for mixing with 300 g of the U:,0»-Pu( (^.-F.P. 
mixture to make uji the next fecil material. 

The data obtaineil and the exjierimental conditions 
used in these exjieriments arc listed in Table I I - l . The 
results for the reuse series in which the fission jiroduct 
mixture did not contain Mot):, are listed in .Section .\ 
of Table I I - l . For the first seven addition-fluorination 
cycles, the U:(Os-Pu():;-F.P. mixture contained about 
0.4 w/o Jilutonium, while for the eighth cycle the 
U30,-PuO::-F.P. mixture contained about 3 w/o jilu­
tonium. The fission jiroiluct content in the eighth ad­
dition was also increased jirojiortionatcly. 

In Section B of Table I I - l , the fission jiroduct mix­
ture contained 22 w/o MoO;,. For all of these cycles, 
the U:i()„-PuO:;-F.P. mixture contained about 0.4 w o 
Jilutonium. 

The results obtained for the reuse scries in which 
the fission product mixture di<l not contain Mot);, 
(Table I I - l , Section A) showed 0.0046 w/o jilutonium 
in the alumina after the first addition-fluorination 
cycle and 0.(K)36 w/o jilutonium in the alumina after 
the seeonrl addition-fluorination cycle. These values 
of Jilutonium retention on the alumina corresjiondrd 
to volatilization of 97.4 and 99.0';; of the total jihi-
tonium charged to the reactor, resjiectively. After the 
third addition-fluorination cycle, the alumina bed 
contained 0.193 w/o jilutonium. This high level of 
retention was considered to be due to malfunctioning 
of the reactor filter blow-hack system. The high level 
of Jilutonium in the alumina bed was rectified with sub- • 
sequent addition-fluorination cycles, and after the 
seventh cycle the jilutonium content of the aluiiiiiia 
was 0.0088 w/o, corresjionding to volatilization of 

99.4'/c, of the plutonium. After the eighth cycle, during 
which the quantity of plutonium fed to the reactor 
slightly exceeded tlie total ijuantity fed in the jirevious 
seven cycles, the jilutonium content of the alumina 
bed was 0.025 w/o, corresjionding to volatilization of 
99.2'; of the total jilutonium fed to the reactor. 

The results for the alumina reuse series in which the 
F.P. mixture contained 22 w o MoO:, are li-sted in 
Section B of Table I I - l . .\fter the first addition-fluori­
nation, the alumina bed contained O.CX)3 w/o pluto­
nium. The concentration of plutonium in the alumina 
rose to 0.03 w/o after the seeonrl addition-fluorination, 
and then fell gradually to a value of 0.014 w/o after 
the fiftli addition-fluorination. The concentration of 
0.014 w/o Jilutonium on the alumina after the fifth and 
last addition-fluorination corresjionded to volatiliza­
tion of greater than 98'c of the jilutonium charged to 
the reactor. If the jilutonium level of the alumina 
bed remained at 0.014 w/o for two additional addition-
fluorinations, the alumina would contain \^/c or less 
of the Jilutonium charged to the reactor. These results 
show a significant increase in plutonium retention on 
the alumina whieh may be ilue to the presence of MoO:, 
in the fission jiroduct mixture, .\lthough the jiresence 
of MoO:, ajijiears to affect the course of plutonium 
volatilization, a higher degree of jilutonium removal 
may be achievefl by incorjiorating seven reuse cycles; 
this is not only economically attractive but also ap­
jiears feasible on a jiroeess basis. 

The fluoriile content and surface area of the alumina 
bed shown in Table II-2 were determined after each 
addition-fluorination cycle for the series of exjieri­
ments listed in Section B of Tahle I I - l . The fluoride 
content of the alumina lieil showed an average increase 
of about 0.5':; Jier addition-fluorination cycle after the 
1.4'; level was reached in thi' fii>t addition-fluorina­
tion cycle. Surface area measurements by the BET 
method showed a value of 0.08 m- g after the first ad­
dition-fluorination cycle" and a value of 0.13 m-/g 
after the second addition-fluorination. .\fter the third 
cycle, the surface area was 0.20 m=,/g and remained 
i-elatively constant for the fourth and fifth cycles. 
These data indicate that these secondary reaction ef­
fects do not seriously hamjier the reuse of the alumina 
bed by the jiroduction and accumulation of fines. 

.\nalysis of the bed for molybdenum after the sec­
ond addition (Table I I - l , yi.etion B) indicated that 
less than 3S; of the molybdenum fed to the reactor 
remained in the alumina bed. The analysis carried out 
by a colorimetric method, indicated that the molyb­
denum content of the bed was less than 0.004 w/o ft is 
hkely that the molybdenum content of the bed is 

IIIVK. 
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TABLE I I - l . FLUID-BED FLUOBINATION OF UjO»-PuOi-Fissio.\ PBODUCT M I X T I - B E S : T H E EFFECT OF K E C S E OF 

ALUMINA FOR SEVERAL ADDITIONS AND FLUORINATIONS ON PLUTONIUM RETENTION BV THE ALUUINA 

Feeding-Fluorination Period 

Temperature: 450°C 
Total Gau Flow Rate: 12 liters/min (1.6 ft/sec at 500°C) 
Fluorine Concentration in Total Flow: 20 v/o 
Alumina in Bed: 400 K (120 mesh) 
Alumina in Feed Material; 150 g plus 20 g wash (120 mesh) 

Hecyele-Fliiorinatiim I^eriodg 
Temperature, Time: 450°C, 5 hr; 500°C, 5 hr; 550°(', 10 hr 
Total Clas Flow Rate: 8 liters/min (1.2 ft/sec at SOOT) 
Fluorine Concentration: inn* ;̂ 

Addilion-
Fluorinalion 

Cycle 

Feed Material' 

Pu 
(g) 

U 
(g) 

F.P. 
(g) 

Feed Rate 
(g U,0,-PuO, 
per minute) 

I'u and U in Alumina Bed after 
Addition-Fluorination C>'cle 

Pu 
(w/o) 

Pu 
(g) 

U 
(w/o) 

U 
(g) 

Cumulative 9o 
of Total Pu 
Volatitized>> 

A. Experiments in which fiBsion product mixture did not contain MoOi* 

1 

2 

3 

4 

5 

6 

7 

8 

0.986 
(0.986)'' 
1.182 

(2.168) 
1.182 

(3.350) 
1.162 

(4.512) 
1.198 

(5.710) 
1.194 

(6.904) 
1.223 

(8.127) 
8.647 

(10774) 

250 

254 

254 

248 

254 

254 

25<i 

234 

1.99 

2.56 

2.66 

2.M 

2.60 

2.60 

2.60 

16.00 

1.6 

3 3 

2.2 

1.8 

2.2 

1.5 

1.5 

1 1 

0.0046 

0.0036 

0.193 

0.012 

0.010 

0.0093 

0.0088 

0.025 

0.026 

0.021 

1.175 

0.070 

0.058 

0.054 

0.051 

0.150 

0.010 

o.oog 

3.60 

0.012 

0.039 

0.025 

0.(M3 

O.OCM 

0.057 

O.OSl 

21.92 

0.245 

0.226 

0.145 

0.250 

0.024 

97.4 

99.0 

05 0 

98.4 

99.0 

99.2 

99.4 

99.2 

1 

2 

3 

4 

5 

B, Experiments in whic 

0.990 
(0.990)<i 
1.209 

(2.199) 
1.213 

(3.412) 
1.226 

(4.637) 
1.218 

(5.855) 

254 

254 

254 

257 

254 

2.58 

2.58 

2.58 

2.02 

2.58 

1 the fisaion product mixture contained MoOi* 

2.22 

2.27 

2.25 

2.30 

2.50 

0.003 

0.030 

0.028 

0.018 

0.014 

0.017 

0.171 

0.101 

0.105 

0.082 

0.009 

0.000 

0.105 

0.070 

0.005 

0.0S2 

0.034 

o.ew 

0.403 

0.028 

98.3 

92.2 

95.3 

97.7 

98.6 

• Composed of alioul :100 R of IL U,OI-Put),-fission product mixture containing uliout 0.4 w/o Pu, 84 w/o V, and 0.85 w/o K.P. 
oxides (for tlic pmportiori of the individual oxides in the fission product oxide mixture see ANL-6800, p. 201, Table II- l) mixed 
with 150 g of nominal 120 nicsli alumina. 

^ Riised on the <juantity of plutonium retained in the alumina bed and that fed to the fluid-bed reactor. 
' T h e fission product mixture contained the following oxides: LaiOi , CeOj , PrtOn , Nd^Oi , Sm^Oj , Eu^Oj , Cld^Oi , Y ^ j , 

BaO, and Zrt>j. 
•* Figures in parentheses are the cumulative quanti ty of plutonium fed to the fluid-bed reactor. 
• The fission product mixture contained those oxides listed in footnote c plus 22 w/o MoOi . 

actually significantly lo^s than 0.004 w o since an X- pari^^on. it may be noted that one addition of the 

ray fluorescent scan of a sample of the bed (jiuriuirted fission product mixture \voul<i result in a inolyl)denum 

to be quite sensitive to small concentrations of molyb- concentration of 0.06 w o if none of the molybdenum 

denunil showed no detectable molybdenum. For com- were removed from the bed. The ap|)arent absence of 
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TABLE 11-2. SURFACE AREA OF ALUMINA BED AND PERCENT 

CONVERSION OF ALUMINA TO ALUMINUM FLUORIDE" 

Addition-
Fluorination 

Cycle 

1 
2 
3 
4 
5 

Fluoride Concentration 
in Alumina 

F 

(%) 

1.74 
2.68 
3 60 
3.90 
4.00 

Total F 
(g) 

10.02 
15.30 
20,74 
22.40 
26.08 

g F as 

AW", 

8,95 
13.13 
17.,34 
IS.Oil 
20,78 

% ol AlaOa 
Conv. to 

AlF, 

1.41 
2.00 
2.72 
2.84 
3.20 

Surface Area 
of lied 
(mVg)' 

0.08 
0.13 
0.20 
0,19 
OIS 

» For experiments listed in Section B in Table H-1. 
•'This value obtained by subtraclint; fluoride due to l ' and 

Pu content of bed and fluoride combined with fission product 
elements from Ihe total fluoride as detprmiiied by analysis. 

*• Surface areas obtained by BET method. Surface area of 
untreated 120-me8h alumina is 0.011 mVg-

significant concentrations of niulylMli-nuiii in the bed 
after fluorination makes the efTect of molybdenum on 
the retention of plutonium somewhat difficult to ex­
plain. 

The results obtained in these alumina reu.-̂ e experi­
ments show that such multiple use of an alumina bed 
is feasible and that the plutonium content of the 
alumina can be held to a value of less than I 'r of that 
fed to the reactor. It further shows that under these 
reaction conditions, larger ((uantities of plutonium can 
be fed to the reactor (Cycle 8. iSection A, Table II-II 
without increasing the plutonium content of the alu­
mina to an exccs.sive value as jireviously experienced 
(ANL-6900, p. 151, Table 11-31 when this amount 
of plutonium was fluorinated in a new alumina bed. 
These data also show that the presence of MoO.t in the 
fission product mixture increases the retention of plu­
tonium on the alumina. In the case in which no MoO^ 
was present, the plutonium content of the alumina was 
reduced to \% of the total charged to the reactor after 
the second addition-fluorination (Cycle 2, Section A, 
Table I I - I | , whereas in the case in which MoO^ was 
present, the \% plutonium level would not lie ex­
pected to be reached until the seventli addition-fluori­
nation cycle hail liecn carried out. 

Effect of the I'we of a N o n f l u i d i z e d S la l i e Beil o n 
P l u t o n i u m R e t e n t i o n 

Several experiments were performed, during which 
the alumina bed was not fluidized, to determine if fluo­
rination under static bed conditions would result in 
efficient removal of plutonium. In these experiim-nts, 
the solid charge of PuOj (1.4 gl and fission product 
oxides (2.0 g; no MoOul was mixed with 570 g of 60 
mesh alumina from which the —170 mesh fraction had 

been removed. This mixture was placed in the reactor 
prior to fluorination rather than feeding the mixture 
into the bed during the initial fluorination period. 
Three reaction periods were employed using 100% 
fluorine: 450X' for 5 hr, 500°C for 5 hr. and 550°C for 10 
hr. The fluorine flow rate was approximately 0.5 liter/ 
min, equivalent to a linear velocity in the reactor of 
0.05 ft/sec. The plutonium concentration of the alu­
mina bed after these fluorination periods averaged 
0.075 w/o Jilutonium. Related experiments in which 
a fluidized !)ed was used (Table II-3) resulted in plu­
tonium concentrations in the alumina of from 0.002 to 
0.004 w o (equivalent to volatilization of 98 to 99% 
of the Jilutonium I. These results indicate that use of 
tliis static bed fluorination techni(|ue would not re­
sult in adefjuate removal of plutonium. 

F]fTi>€-t <if Fluorinating Gae Flow Rate on Plutonium 
Retention 

A series of exjieriments was made to determine the 
effect of fluorinating gas flow rate on plutonium re­
tention in the alumina bed. These experiments were 
performed in a manner similar to that used in the 
static beii exjieriments and employed the same quan­
tities of solid reaction charge. A gas phase of 100% 
fluorine was recycled through the alumina bed at flow 
rates of 4 to 8 liters/min. The results obtained for these 
exjieriments are listed in Table II-3. At a gas flow rate 

TABLK 113. FLriD BED FLUORINATION OF PuOrFissio.v 
pRODicT MixTi RES: EFFECT OF F L I O R I N E FLOW RATE 

ON PEATONU'M RETENTION ON ALUMINA BED 

Sotitl Charge to Reactor: 

Gas Phase: 
I{ec!icte-l''tiiorinati< 

Pennd.s: 

1.4 K PuOi (1.25 g Pu) 
2.0 K Fission Product Mixture* 
570 g t»0 mesh Alumina {+170 

mesh)*" 
lOO'i Fluorine 
4.50=r, 5 hr; 500T. 5 hr; 5oOT, 10 hr 

Fluorine 

(liters/min) 

4 
4 
B 
7 
8 
S'l 

Gas Velocity 
(ft/sec)' 

0.43 
0.43 
0.66 
0.77 
0.87 
0.87 

.\lumina Bed .\nalysis 

Pu 
(w/o) 

0.026 
0.019 
0.0038 
0 0038 
0.0022 
0.0022 

Pu 
Ig) 

0.148 
0.108 
0.022 
0.022 
0.013 
0.013 

Volatiliied 

88.2 
01.4 
98.2 
98.2 
99.0 
98.0 

• Fission product mixture eontaiiis the following o.\ides; 
La,(). , CcO, , Pr,()„ , Nd,(). , Sn. ,0 . , Ku,(>. , Cid.O. Y,0, , 
DaO, and ZrO, . (.Sec AN1.-6800, p. 201, Tahle I M , for propor-
titni uf each oxide in mixture.) 

'• N.miinal 1,0 mesh Typo Hit (manufacturer's designation) 
from winch -170 mesh fraction has been removed. 

' Al 500°C, atmospheric pressure. 
•I Solid reaction charge contained 0.63 g |,lul(,i,ium 
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TABLE II-4. F L I ID BED FLVORINATIONS OF MIXTURES OF UOiFi , PUF4 , FISSION P R O D I C T FLUORIDES, 

AND FERRIC OXIDE 

Fluorination Periods: 
let Period: 450°C, 1 hr, 5-20 v/o Ft in nitrogen 

4 hr, 100% F , 
2nd Period: 5 hr. 50DX', 100% F , 
3rd Period: 10 hr, 550'C'. 100% F j 

Oaa Flow Hate; 8 liters/min 

.Addition-
Fluorination 

Cycle 

1 
1 
2 

Solid Reaction Charge" 

Pu 
(g) 

1.262 
0.943 
0.943 
(1.886)' 

U 
(g) 

2M 
191 
191 

F.P. ' 
(g) 

2.28 
1.71 
1.71 

Ferf).' 
(g) 

45.0 
33.8 
45.0 

AW," 
(g) 

570 
428 
455 

U and I'u in Alumina Bed after 
Addition-Fluorination Cycle 

Pu 
(w/o) 

0.0087 
0.010 
0.014 

Pu 
(g) 

0.053 
0.048 
0.069 

U 
(w/o) 

0.(V)1 
0.012 
0.033 

V 
(g) 

0.240 
0.056 
0.165 

Percent of 

VolaUUied* 

95.8 
94.9 
96.3 

'Mixture of I'uFi , Ij'OiKj , fissitm jiroduct Huorides, iron oxides, and aliiniiiia, 
•• Prepared hy fluorination of a mixture of 10 oxides (see footnote c, Tahle 111). 
^ Prepared hy the IIF-Oj reaction with type 304 stainless steel. 
" Type T-<>1 alumina having a median particle size of about 150 p and a particle size range of 80 to 250 p. 
"Calculated from quantity of plutonium remaining in alumina bed and total tguantity of plutonium feil to reactor. 
'Cumulative plutonium added in this experiment. 

of 4 liter.s/inin, the fintil phttonitini concentration in 
the liluniina l)eil aveiiiKed 0.022 \v o. wiiile at gas How 
rates of 6 to 8 liters/min tlie |ihitoniuin content of the 
aliiiiiinii hed ranged front 0.002 to 0.004 w o. These re­
sults clearly inilieate that ;i ^as flow rtite of 6 liters/ 
min or greater is neeessiiry for effective removal of 
jilutonium from the fluidizeil alumina hed. 

Kffect of Aililitioii of Fe^O;, on Plutonium Rrlen-
tion 

The use of the IIF-promoted oxidtitive dechidding of 
stainless steel would result in the formation of a eoii-
siilerahle amount of iron oxide.s in the alumina hed. 
in addition to tirjinium tind plutonium oxyfluorides and 
lower fluoriiles. .\s much as .'j to Wi of the resulting 
heil would he an iron oxide such as FcoO:,. Experiments 
were performed to determine if the presence of FejO;i in 
the reaction mixturi' would affect the |)lutonium reten­
tion in the alumina lied. The usual three recycle-fluori­
nation periods Isee Tahle 11-41 were employed, using a 
gas phase of 100'! fluorine. 

Two scouting experiments were made, using reagent 
grjiile KeoO;i as a stand-in for the prodtict that would 
he formed in the ilecladding step. The solid reaction 
charge, containing 1.4 g PuO™ , 2.0 g fission products 
(no MoO:il, and 4.5 g of reagent grade Fe-O:,, was 
mixed with 570 g of 60 niesh alutiiina. The plutoniuni 
content of the ahiniinti heds after fluorination averaged 
0.021 w/o. This greater retention of plutonium with 
FeaOa present* insiy have lieen hiased by the relatively 

greater fines transport from the alumina bed. A sig­
nificant portion of the finely diviih'd Vc-Os or the iron 
fluoride was present in the disengaging chamber of the 
reactor, and some interaction might have occurred be­
tween the iron com|)ounds and the FuFa in the gas 
phase. After the fluorination was completed, it was ob­
served that the color of the alumina bed was reddish-
brown rather than the light green which was expected 
from the reported color of the iron fluorides. Analysis 
of a portion of the fines, however, showed that 96 to 
100'; of tl%' iron oxide had been con\'erted to ferric 
fluoride. 

In order to iipproximttte more cio.-ely the use of iiui-
terial obtained by a decladding step, three ex|)erinients 
were performed using a solid reaction mixture simu­
lating that expected from the tiecladding step. The 
mixture contained I 'O jF j , PuFi . fission protluct fluo­
rides, and material protiucetl by the reaction of type 
304 stainles,s steel with an H F - 0 ; mixture. Two ex-
j)eritnents involved the fluorination of single i)atches of 
feed simulating declttd fuel. In ji septirate exiwriinent 
to demonstrate reuse of alumina bed material, the 
final alumintt bed from the previous batch fluorination 
experiment was usetl its the starting bed for the fluori­
nation of an adiiitional batch of the same feed ma­
terial. Type T-61 alumina** was usetl in these experi­
ments. This tyiw of alumina is being used in current 
pilot plant work in place of Ty|)e RR high-purity 
alumina. The reaetion procedure used in these experi­
ments was the same as for those described in a pre-

' Comparison can be made with 
FeiOj (see Tahle 11-3). 

I similar experiment with- •• See the following section of this report for an experimental 
evaluation of type T4)l alumina. 
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ceding section, Effect of Fluoriimtion (las Flow Rate 
on Plutonium Retention, with one difference. In the 
initial 450°C fluorination period, the concentration 
of fluorine was increased to 20 v/o during the first 
liour of operation in which the greater part of the 
uranium was fluorinated. During this first hour, the 
gas flow wtts once-through. The remainder of the 4.')0°(' 
])criod was then completed under recycle, using 100'; 
fluorine as the gas phase. 

The process jjarameters anil results of the experi­
ments are listed in Table II-4. For the two experi­
ments involving fluorination of single batches of fuel, 
the alumina beds contained 0.0087 and 0.010 w/o plu­
tonium and 0.041 and 0.012 w/o uranium, respectively. 
The data listed for the last entry in Table 11-4 are 
from the experiment involving reuse of the alumina 
hed resulting from tlie second exjieriment listed in 
Table 11-4. The plutonium and uranium concentrations 
in the alumina bed after this exiieriment were 0.014 

and 0.033 w/o, respectively. This modest increase in 
plutonium concentration on the alumina indicates 
that niultiijle use of an alumina bed for this type of 
solid charge could be successfully accomplished. 

Evaluation of Alcoa T-61 Tabular Alumina 

Present jiilot plant operation involves the use of 
.Mcoa T-61 tabular alumina in place of the high purity 
Type RR alumina previously useti. The use of Type 
T-61 alumina rather than high purity alumina, Type 
RR, would result in lowered cost for the fluid-bed 
material. One experiment was performed using the 
same solid reaction charge and reaction conditions as 
were used for the experiments listed in Table II-3. 
The fluorine flow rate was 8 liters/min. The alumina 
bell after this fluorination contained 0.0026 w/o plu­
tonium. This result is similar to those obtained, under 
the same reaction conditions, using the high purity 
Type RR alumintt and indicates that type T-61 is s« 
.suitable as Ty|)e RR alumina. 

2. Fluorination of UOj-PuOj Pellets in a 2-in<'h Diameter Fluidized-Bed Reactor 
(L. ,J. . \ N A K T A S I A , V. ( i . .\l.FHKl)S(IN,* .1. ( i . RiHA) 

A 2-in. dia. fluiilized-bed reactor has been con­
structed to investigate the decladding and fluorination 
of UOv-PuOs pellets which are clad in stainless steel 
or Zircaloy. Decladding and fluorination are two (of 
four) major steps IANI.-6800, pp. 197-1981 in a fluid-
bed fluoride volatility process under development for 
the recovery of uranium and plutonium from spent 
uranium dioxide fuels. The objective of experiments 
carried out in the 2-in. dia. reactor is to deterniine re­
action conditions for UO^i-PuO:; pellets which will 
insure that a minimum of tlie uranium and plutonium 
is retained by the inert alumina iiarlicles of the 
fluidized bed. This work will be performeil in support 
of the fluid-bed volatility process jiilot jihint. 

The decladding steji involves sejiaration of the fuel 
from the metallic cladding. Two alternative methods for 
removal of fissionable values from stainless steel clad­
ding are of interest: 111 mechanical broaching of the 
cladding followed by oxidation of the UO^ to U;,0» 
which forms as a fine jiowder tind readily sejiarates from 
the cladding, and 12) cheinicjil destruction of the stain­
less steel by oxidation with oxygen in the jiresence of hy­
drogen fluoride. Removal of UOv from stainless steel 
cladding by oxidation to U'|0„ has been successfully 
detnon.stiateil on a pilot-jilant scale (ANI.-6800, pp. 
227-234). In recent tests of chemical destruction by. 
fluoride-jiromoted oxidation of the stainless steel, 

* G u e s t S c i e n t i s t , Aus t in l i i i 

reaction rates of 30 mils hr were observed for types 
304 and 347 stainless steel sjieciinens which were oxi­
dized at .5.50°C by a gas mixture of 40 v o hydrogen 
fluoride in oxygen while the sjiecimens were immersed 
in a fluidized bed of alumina lANL-6923, ji. 69l. 

The 2-in. dia. reactor has been etjuijijied to study the 
removal of UO:;-PuOj jiellets from cladding by oxida­
tion (using the two-zone oxidation-fluorination tech-
niijuel. and the chemical destruction of cladding by 
oxidation with HF-O^ mixtures. The exjierimental pro­
gram will be directed toward this latter ajijiroach, with 
emjilitisis Jilaced ujion the reaction of fluorine with the 
uranium and plutonium fluorides resulting from the 
decladding steji, and the cleanuj) of residual uranium 
and Jilutonitmi from the fluidized-bed of solids by re-
cycle-Huorination. 

a. EQUIPMENT AND PROCEDURE 

The entire reactor system is contained in an aljiha 
glovebox with overall dimensions, 10-ft width by 3.5-
ft ilejith by 6.7-ft height. The major comjionents of the 
system are located in the glovebox; these items include 
the fluid-bed reactor, reactant gas disjiosal trtijis, hexa­
fluoride collection vessels, a remote-bead jiositive dis-
phieement jiumji, and a thermal conductivity cell. 

The fltiid-bed reactor is fabricated in 3 sections from 
Schedule 40 nickel i,ij,e: a 2-in. dia. bv 27.5 in. 
fluidized-bed section, a 3-in. dia. by 17 in. disengaging 
section, ami a 3-in. dia. by 15.4 in. filter section. The 
reactor assembly is shown in Figure 11-2. 

file:///nAKTASIA
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10S-7S17A 
FIG. II-2. Two-Inch Fluidized Bed Reactor. 
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The UOa-PuO:. charge, in the form of tmclad jiellets 
or clad segments of simulated fuel rods, is sujijiorted by 
nickel balls in the fluidized-bed section above the con-
ietd gas distributor. Several heating zones and several 
gas inlets have been jirovided so that either two-zone 
oxidation-fluorination or fluoride-jiromoted oxiihitive-
dechidding of jiellets can be studied. Individually con­
trolled Calrod heaters jirovide two heating zones for 
the lower half of the fluid-bed section and one zone 
for the upper half. Seven interior thermowclls are 
sjiaced along the length of the reactor to jirovide tem­
jierature measurement and control. The fluidizing gas 
enters at the liottom of the column. Fluorine can he 
fed through the bottom or through jiorts locjited 2 and 
5 in. above the conical gas distributor. Pulsing of the 
fluid bed can he jirovided by nitrogen sujijilicd inde-
jiendently of the fluidizing gas; the freijuency tintl 
duration of pulsing are controlled by electric timers 
and a solenoid vtilve. The fluid bed can be sampled 
through a !4-in. OD tube which enters the wall of the 
reactor at an angle of 45°; the samjiling jioint is 
located 7 in. above the toji of the gas distributor. 

The disengaging section of the reactor is heated by 
a system of shell heaters, and the temjierature of the 
section is sensed and controlled by a thermocoujile. The 
disengaging section of the reactor is also jirovided 
with a %-in. OD charging jiort through which jiellets 
or alumina can be added without dismantling the 
reactor. 

The filter section of the reactor contains two bayo­
net-type, \0-p jiore size, sintered nickel filters, I'/l in. 
wide and 12 in. long, which remove solids entrained in 
the reactor effluent gas. .Solids collected on the filters 
are removed by reverse flow of nitrogen gas; the fre­
ijuency and duration of this blowback for each filter is 
controlled by electric timers and a solenoid valve. A 
secondary, nonblowback, sintered nickel filter, 1% 
in. by 6 in. long, housed in a separate unit, is connected 
in series with the jiroeess filters. 

Pressure drop measurements across the filteis and 
the fluidized bed are obtained liy signals from difl'er-
ential pressure transmitters which are indicated on 
instruments inside the glovebox and also continuously 
recorded on a millivolt recorder outside the glovebox. 
The jmeuinatic signal from the transmitters is con­
verted to an electrical signal hy a potentiometer-tyjie 
Jiressure transducer. 

Unreacted Iiydrogen fluoride or fluorine is remo\ed 
from the reactor effluent by chemictil reaction with re­
active solids in trajis 4-in. OD by 24 in. high. A mini­
mum of two trajis in series are used for this purpose. 
Fluorine is removed by reaction with activated alu­
mina. The hydrogen fluoride removal scheme has not 
been fixed; however, soda lime |10'; CtitOIlU in 

NaOH], activated alumina, or a combination of both 
can be used, as is discussed in a following .section (c. 
Hydrogen Fluoride Disjiosal). 

During fluorination, the hexafluoride products are 
collected in a series of three cold traps 4-in. OD by 12 
in. high maintained at —80°C liy a trichloroethylene-
dry ice bath; a back-uji traji of sodium fluoride at 
100°C is in series with the cold traps. During the ini­
tial Jieriod of the fluorination steji when most of the 
uranium and jilutonium ch.irge is jiresent in the reac­
tor, the fluorine-containing off-gas from the hexa­
fluoride cold trajis is disjiosed of directly in the acti­
vated alumina trajis. The eoneentration of fluorine in 
the gas stream during this part of the fluorination 
stcji is limited to 20 v/o. Fluorine concentration is 
measured during this jiart of the fluorination step by 
jiassing .50 cc/min of the effluent gas from the hexa­
fluoride collection trajis through the thermal conduc­
tivity cell .sy.stem IANI.-6725, jiji. 13.5-137). 

AMien more than 80' ; of the charge has reacted, 
recycle-fluorination with liigh concentrations of fluo­
rine is u.sed. During this jiart of the fluorination, fluo­
rine is circulated through the fluid-bed system by a 
remote-head jiositive ilisjilacement jiuniji. 

b. EQUIPMENT CHECK-OUT RUNS 
A scries of jireliminary exjieriments with unclad UO. 

Jiellets has been started. The objectives of these runs 
have been to check out the operation of all equijiment 
comjionents and to demonstrate the reaction of unclad 
UO; Jiellets with HF-O; mixtures followed by fluorina­
tion of the Jiroduct with fluorine diluted with nitrogen. 
Unclad UO; jiellets were used to obtain the uranium 
eomjiounds which would be jiresent in a fluidized bed 
reactor following the fluoride-promoted oxidative-
decladding of stainless steel- or Zircaloy-clad fuel 
rods. 

The UOo Jiellets used in these runs were hydrogen-
fired, reactor grade jiellets IANI.-6287, p. 1491. The 
hydrogen fluoride tind fluorine were obtained from 
commercially available vendor's cylinders, and Ihe 
altmiinti was a lugh-jitirity, refractory grain Alundum.' 

In each of two runs tSure-1 and Sure-2l completed 
thus far, a 2-in. deeji bed of U(\, jiellets and a 10-in. 
deep bed (static conditions! of -40-1-170 mesh alumina 
were chtirged to the reactor. The weights of jiellets and 
alumina were 660 g and 990 g, resjiectively. The eom­
jilete conversion of this quantity of UO., would yield a 
fluid bed consisting of -40^^^ fines after the HF-O. 
treatment. The jiellet beds were sujijiorted above the 
bottom cone of the reactor by a jiacked bed of nickel 
balls. 

A temjierature of 550°C was used for both the IIF-

• A product of ll„. \ o r t o „ Co., Worchestcr, M.,ss. 

1 
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0-2 step and the fluorination steji in the two runs. Dur­
ing an interval of 2 hr between the HF-O^ step and the 
fluorination step, the reactor was maintained at tem­
jierature and the bed was fluidized with nitrogen to 
jiurgc residual HF and HoO from the system. During 
the fluorination, nitrogen was fed to the pellet bed to 
avoid fluorination of unreacted UO-; fluorine was fed 
to the reactor above the jiellet bed. In this way the ef­
fects of the HF-O; reaction on the jiellets could be 
observed after fluorination of fines from the fluidized 
alumina. The ojierating conditions for Runs Sure-l 
and Sure-2 are given in Table II-5 

Several observations iluring Run Sure-l .suggested 
viitually no reaction occurred iluring the HF-Oo steji. 
These observations included no visible uranium oxides 
and/or fluorides in fluid-bed samples, the uniformity 
of bed temjieratures, and the constancy of pressure 
droji values across the fluid-bed and sintered metal 
filters. When the jiellets were removed from the re­
actor following the fluorination steji, a tightly ad­
herent, dark-green layer which covered ~80 to 90% 
of the Jiellet surface areas was the only evidence of 
chemical reaction. Ajijiarently, UF< which had formed 
on the surface of the jiellets had inhiliited further re­
action. It was concluded tlitit the ratio of HF to Oo 
Isee Table II-5I had been too high. This ratio, as well 
as the sujierficial fluidization velocity, was higher than 
imticijiated because HI" jiolymers, rather than the 
monomer, were metered through the IIF rotameter. 
Accortling to MeBriile,' the sjiecified metering condi­
tions of 5 jisig and 38°t' on the HF rotameter calibra­
tion were not sufficient to jirevent jiolymerization. In 
.subseijuent runs, I IF jiolymerization was jirevented by 
increasing the temjierature of the sujijily line from 
.50°(\ as in Run Sure-l, to 85°C. 

Significant chemical reaction was evident in Run 
Sme-2 when the IIF-Oo steji was carried out tit .5.50°C 
with 42 V o HF in oygen Isee Table II-5) . Samjiles of 
the fluid bed taken after 0.5, 1.5, and 3.0 hr of ojiera­
tion contained black uranium reaction jiroducts in the 
form of fine jiarticles and discrete flakes which were 
slightly larger than the 40 mesh alumina. .Material bal­
ances hasetl on analysis of the uranium, fluoride, and 
UOjFo content in these samjiles indicated: i l l the 
UOsFi/UFi ratio increased from 0.3 after 0.5 hr of 
reaetion to 0.7 after 3.0 hr and (2l the total uranium 
in the fluid bed increased dtiring the interval 0.5 to 3.0 
lir from 7.4 to 10.3 w o of which 3 w o uranium was 
as an oxide after 0.5 hr of reaction and, within the 
limits of the analysi-s, no uranium oxides retuained 
imconverted after 3.0 lir of reaction. 

The change in the reactor oft'-g;is flow from the HF 

' R. H. McBride, Metering of HF and Fluorine, AKCD-
3li!10, Oct, 2;l, 1IM5. 

T.4BI.E 11-5. .\vERAGE OPERATi.NG CONDITHINS FUR 
KL'.N'S SCRE-1 AND SCRE-2 

2-iii. dia. fluid-bed reactor 
0.5-in. dia. by 0.5 in. right cylinders 
660 g 

Equipment: 
CO, Pellets: 

Weight: 
Bed l lcpth: 
Bed Support: 

.Mumina Fluid Hed 
Weight: 
.^izc Limits: 
.Static Bed llepth 

Temptrature: 

nickel balls 
Norton HH Alundum 
IKIOg 
-404-170 mesh 
10 in. 

Pellet Fluorination with HF-O; 

Process lime (hr) 
Heaetor pressure (mm Hg) 
Total gas flow to fluid bed (liters/ 

mint* 
.Superficial velocity (ft/see)'' 
Heaetaiit concentrations to pellet 

bed: 
HF (v/o) 
I) , (v/o) 
.N. (v/o) 

Fluorination with Fi 

Proeess time (hr) 
Heaetor pressure (mm Hg) 
Total gas How to fluid bed (liters/ 

m i l l ) " 

Superficial velocity (ft/sec)** 
F'luoriiie concentration in fluid lied 

(v/o) 
Diluent 

Kun Sure-l 

0-3.0 
920 

25^28 

1 4 1.7 

47 
12 
41 

3.0-5.0 
1120 

IS 9 

0.9 
2.7-5.3 

Ns 

Run SuTe.2 

0-3.0 

goo-ioeo 
15.0-16 4 

0.9 

42 
58 

— 

3.0-8.0 
1230-1575 

9.9 

0.4 
6.4-11.6 

X. 

• 1 atm, 27°('. 
I* Based on cross seel ioiial area of the 2 i n . column and cal­

culated for oueratiiig conditions. 

disjiosal lines to the hexafluoride cold trajijiing and 
fluorine disjiosal lines results in an increase in reactor 
Jiressure of ~200 mm Hg. In Run Sure-2, the reactor 
jires.sure continued to increase as the fluorination with 
fluorine was continued Isee Table II-5I. The increas<'d 
Jiressure was due to accumulated solids in the backuji 
filter. .Analysis of these .solids by X-ray diffraction in­
dicated that they were similar in composition to jirod­
ucts obtained in a study of the UO.jF; H^O, HF .sys­
tem.- Thus, the solids accumulation in the backuji 
filter was attributed to reaction of UF« with HF and 
HoO which luid condinsed at ambient temperature in 
the filter chamber. Heat tracing of the filter chaniber 
and of HF disjiosal lines was scheduled but not coni-
jileted for Run Sure-2; consequently, condensation in 
these lines is not exjiected to be a major problem in 
the future. 

' L. H. Brooks, K. \ . Garner, and K. Whitehead, Chemical 
and X-ray Crystallographie Studies on I'ranyl Fluoride. 
IC.R/CA-277. 1056. 
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Althoiigli the Htiidized-lied retictor ojierated quite 
smoothly during Run Sure-2, only 42.5% of the ex­
jiected UFo (880 gl was collected in the cold trajis :ind 
the sodium fluoride traji. About one-half of the jiellet 
bed remained in the reactor after fluorination. This 
Jiortion of the jiellet lietl had exjianded and wiis jiacked 
in the reactor just above the nickel bidls. Several 
holes were visible in the jiacked section; evidently, 
fluidizing nitrogen could jiass through tliese holes 
with relatively low jiressure ilroji. The jiacked section 
w-as friable and easily removed from the reactor. (Jtitili-
tatively, there ajijieared to he definite zones of !":,(K . 
UO2F0 , and VF^ formation. Since back diffusion of 
fluorine from inlets tibove the jiellet bed was insig­
nificant in Run Sure-l, it ajijiears that these uranium 
eomjiounds are the jiroducts of the I1F-0--U0:; re­
action at 5,50°C. 

e. HYDROGEN FLUORIDE DISPOSAL 

Two dry methods uf hydrogen fluoride renun'al from 
reactor efl^uent have been in\'estigateil. Removal by re­
action with soihi lime was used in Run Sure-l and re­
moval by reaction with acti\'ated jilutiiiiui was used 
in Run Sure-2. 

The HF-soda lime reaction is exothermic and occurs 
along a narrow reaction front; therefore, consumjition 
of the soda lime is easily monitored by temjierature 
measurement. However. 0.9 kg of water vapor must be 
condensed or vented to the box atmosjihere jier kilo­
gram of HF reacted. 

The reaction of HF with activated alumina releases 
0.45 kg water vapor jier kilogram of HF reacted; how­
ever, this water is adsorbed on unreacted alumina. Since 
both the reaction and the adsorjition are exothermic, 
eiinsunijition of the alumina is difficult to monitor. 
Therefore, a third system of HF disjiosal will be tested 
in suli.sequent runs. This system will consist of a serin 
of two soda lime trajis, a water vajior condenser, and an 
activiited altmiina traji. It is hojied that this system 
will iiM)\-c suitable for long-term use in this work. 

cl. FUTURE PROGRAM 

It is jirojio.sed that jirejiaration for jilutonium studies 
will begin after two additional jireliminary runs with 
UO:.. Jiellets are completed. These latter runs will be 
ciineerned with fluorination of the uranium jiroducts 
liresent in a fluidized bed after a dccladding step at 
55U°t' with 40 v 0 HF in oxygen. Since exjiosure of the 
Jiellets to the HF-O:.. atmosphere is limited by the 
amount of cladtling actually removed, it is believed 
that ji jKicked beil of jiellets may not be representative 
of the ilechid jiellets under production conditions. 
Therefore, nickel baskets ' / le- ' i - ID by 8-in. long 
with large ojien areas have been constructed to sup-
jiort the Jiellets vertically in the reactor. It is expected 
that similar lengths of clad, simulated, fuel rod seg­
ments will be used in actual decladding studies with 
UO^-PuO:: Jiellets. 

3 . P h a s t e S t u d i e s 

The program of exjierimental studies of the vapor-
liquid equilibria and the solid-liquid ecjuilibria in the 
system I'Fs-PuFd has been briefly outlined (see .\NI.-
6875, ji. 114). The results of these studies will be useful 
in the choice of jiroeess conditions for the sejiaration of 
PuFi! and UF,i in the fluid-bed fluoride \'olatility jiroe­
ess and will contribute to the understanding of the 
fundamental chemistry of this system. 

Apjiaratus has been constructed for determining (1) 
the liquid-vapor equilibria of the system PuF„-UF,i 
(i.e., the phase comjiosition and pressure data as ji 
function of temperature I and (2) the temjierature-
composition diagram of solid-liquid equilibria in the 
system PUFH-UF« . The ajijiaratus has been installeil 
in a CENHAM 3-nioilule, 21/2-tier glovebox" (Figure 
II-3). The major items in the glovebox tire tin iso-

• Malecha, U. F., Smith, II. II., Schraidt, J. H., Natnlc,. 
J. v., lioss, N. E., and Brown, H. II. Jr. , Low (jist (dove-
boxes, Froceedingft of tlit FJiglitli (Conference on Hot iMboratories 
and Equipment, T i l l 7.5(1'.), iij.. Wr, 111:1, IIIIKI. 

thermal box containing ajijiaratus for the determina­
tion of vajior-liquid eijuilibria. ;i nickel manifold for 
the vacuum manijiulation of volatile fluoride eom­
jiounds, a tube furnace and traji system cajiable of 
jireparing PuF„ by the fluorination of PuFj in 50-g 
btitches, a samjile holder tissembly for thermal analy­
sis, and a 1-kg cajiacity Mettler balance. .\11 thermo-
coujiles to be used in jirecision measurements have 
been calibrated agtiinst a jilatinum resistance ther­
mometer. \ 'aeuum valves, originally eijuijijied with 
brass bellows, were found to be unsuitable for fluorine 
work, and Monel rejilaeement bellows have been in­
stalled. 

a. SOLID-LIQUID EQUILIBRIA IN THE SYSTEM 
PuF„-UF„ 11.. TRKNIIRROW. ,I. SAVAOEI 

For the study of solid-liquid equilibria by thermal 
analysis, mixtures of UF„ and PuF„ will be pr'ejiarcd bv 
filling calibrated liallast tanks at room temjierature 
with the vajiors. The vajiors of lioth comjionents will 
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Kii;, II ;{ .\|)p:ir;itiis fnr Pliiiwc SlmlifM nf Fluoride Mi.vlurcn Cniituininn l*iiK» 

I lull 111' coiuU'iisnl into a nit-kcl .saniplc tulx.' attaclu'ii 
to n f̂ pt'oial valve assniihly. Tlu- saiiipK' tubo and valve 
;i.v̂ <'iiil»ly can ho liiseonnccti'd from tlie vaeuuin inani-
tHld and wei^lied to fieterinine the quantity of each 
(•oiu|)ound. Tlie saniph' tuhe and valve as:M'nil)ly will 
he placed in a cylindrieal niekel sample holder a.-;-
sriiihly positioned in a lar^^e stainless stell Oewar. 
rile sample holder is wound with a doid>U' helix of 
'iii-in. dia. copper tubing. Cooling; pas is hlown throu^sh 

one helix, and nshestos-eovered Xiehrome heating; wire 
is threaded tiirough the other helix. Proportioned, d-c 
electrical power is supplied to the heating wire hy a 
strip chart, recording controller fitted with timer-inter-
tupters in conjunction with an electric control unit and 
a silicon-controlled rectifier. The temperature of the 
'^ainple holder assembly can be progrannned as a linear 
liinnion of time with this e<iuipment. 

Two thermocouples will be u.-eil in the thennal anal­
ysis work. One theniiocouple will indicate the tem­
perature of the sample mixture, and its signal will be 
read either on a strip chart recorder with a I-mv >pan 
and a variable suppression, or by a Leeds and Norlhrup 
type K-3 potentiometer. The other theniiocouple will 
be a reference which is electrically opposed to the sam­
ple thermocouple. The result is a differential signal 
which is amplified by a Leeds and Xorthru|) (\-c am­
plifier, and the amplified signal is recorded on a zero-
center strip chart recorder with a span of —5 to + 5 
mv. The thermal analysi> apparatus is currently being 
tested with pure I'Fe . 

h. LIQIID-VAPOR EQl ILIBRIA IN THE SYSTEM 
PuF«-L'F« iL. TREVUKRUW. D . STEIDLI 

The fluoride separations process has included frac­
tional distillation as a means for the separation of mix-
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lures of Jilutonium hexafluoride ll'uK,,) and uranium 
hexafluoride (UF,,). Tliis ojieration requires the han­
dling of these eomjiounds in both the condensed and 
vapor Jihases. The planned study of the vajior-liquid 
equilibria in the system PuF,rUF„ will jirovide infor­
mation useful in the choice of jiroeess conditions for the 
separation of UF„ and PuF„ as well as data of more 
fundamental interest. Phase comjiosition iind jiressure 
data as a function of temjierature between 70 and 
gCC for PuF,,-UF„ are to be determined. This temjiera­
ture rimge is limited by the trijile jioint of UFn (64°C) 
and the high vajior jiressure of UF„ at 90°C (2400 mm 
Hgl. Exjierimental determinations in this temjierature 
range should permit jirediction of the distillation lie-
havior of mixtures of PuF,i-UF,i in the jiressure-tem-
jierature range of jiraetical interest. The study of 

liquid-vajior equilibria will lie carried out with an 
equilibrium still of the tyjie in ndiich the vajior phase 
is recirculated through the liquid phase with a me­
chanical jiumji. After equilibrium has been reached, 
samjiles of the liquid and vajior jihases will be with­
drawn and analyzed for uranium and plutonium. 

.\ Jireliminary discussion of this study, as well as a 
descrijition of the ajiparatus to be used, have been 
jiublished lAXL-6875, p. 1141. Construction of the 
ajijiaratus has been completed (Fig. I I-2) . Equilibria 
for a number of ethanol-water mixtures have been de­
termined using this eijuijiment, and the results agree 
satisfactorily with the literature values. Mea.surements 
of the Jiroperties of UF« in the vajior phase are pro­
ceeding Jirior to experiments with mixtures of UF„ and 
PuF„. 

4. Reac t ions of P u F , (G. PIEKINI ,* R . WAGNER, W . SHINN) 

Investigations of the chemical behavior of PUFB are 
continuing. This study will jirovide information which 
will Jiermit a comjiarison of PuF,, with other volatile 
fluoride eomjiounds. Such comparisons will lead to the 
selection of alternative chemical methods for the sejia­
ration of PuFn from other volatile fluorides. 

Recent investigations at the Oak Ridge Nationtil 

vestigated in the jiresent work, using larger quantities 
of PuF„ . .Mtemjits arc also being made to jirepare, 
isolate, and characterize PuFn-nietal fluoride complex 
eomjiounds similar to NaF-UF, j . 

Two tyjies of exjieriments were carried out. One con­
sisted of static exjieriments in wliich a metal fluoride 
was Jilaced in a nickel container and exposeil to PUFB 

T.\BLE n o . Exi'ost-RE OF PUF« \ 'AFOR TO G R O I I ' S \.\ AND I I . \ METAL FLCORIUES 

T>'pe of Exjieriment 

Static 
Static 
Static 

Flow 

Metal Fluoride" 

MF 

NaF 
NaF 
LiF 

CaF., 

Mesh Size 

-325 
-325 

-111+40 

Surface 
Area 

(mVg) 

0.94 
0.94 
3.11 

'1 

Amount 
(moles X 

10') 

6.22 
43.5 

5.25 

lOfl 

Metal Fluoride 
Temjierature 

(°C) 

25 
100 
25 

100 
100 

PuF, Used 

125 m m ' 
109 mm'' 
125 mm^ 

1 4 K 

PuF.-MF Contact 
Time 
(hrl 

8 
12 
!«> 

I 
11 7.5 

PuF,/MF 
mole ratio 

0.0057 
0.014 

0.024 
0.000021 

* NaF and LiF were reagent grade materials; CaFa was optical grade. 
'• PuF', vapor in ci|uililiriiim with solid PuFe at ambient temperatures. 
" Average PuFe pressure. 
^ Low surface area. 

Laboratory* KIRNL) indicated that small amounts 
of PuFii are comjiletely sorbed on calcium flouridc 
I CaF:;), lithium fluoride lI.iFl, and sodium fluoride 
(NaF). A maximum of 67 mg of PuF,, was used. Since 
the adsorption of PuFn on these metal fluorides is being 
Jiroposed as a means of sejiarating PuF„ from UFo , the 
sorption capacity of these solids for PuFo has been in-

• Guest Scientist, lOUliATdM, CEN, Mol, Belgium. 
I G. I. Catlicrs and R. L. ,Inllcy, Recovery of PuKg liy Fluo­

rination of Fused Fluoride Sails, ORNL-:i298, Sept. 24, 11102; 
Annual Report ORNL .1452, p. 43, Sept. 20, 1903; Annual Re­
port (lRNL-3627, May 31, liiri4. 

vajior. After a jieriod of time, the vapor was removed 
and the solid was analyzed for jilutonium. In the other 
exjieriments, a flow .system was used, which more nearly 
rejiresented jiroeess conditions and jirovided better con­
tact of the PuFii with the metal fluoride. 

Data for the initial exjieriments are listed in Table 
II-6. The quantities of PuF„ used were niucli larger 
thim those used in the ORNI. experiments. In the 
static exjieriments, the PuF„ used is reported as tlie 
Jiartial jiressure of PtiF,, initially above the solid. The 
PuF„ vtijior wtis in equilibrium with solid PuF.i at room 
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temjiiraltire in all cases excejit the 96-hr exjiosure to 
l.iF. 

In the flow exjieriment, the CaF\. was placed in a 
ys-in. (II) prcfluorinated nickel U-tube. The PuFn was 
Ininsferreii through the bed by a dead-end sublimation 
to a weighable nickel can cooled to — 196°C. During 
the transfer, a gas, not condensable at —196°C, was 
formed. The unidentified gas was removed by jiumjiing 
Ihriiiigh an activated tilumina tower to jiermit further 
jiassage of PuF,i through the bed. 

The retention of PuFn by NaF, I.iF, and CaF':.. is low. 
The results of the jiresent exjieriments are comjiared in 
Table II-7 with those obtained at ORNL. Since jiar­
ticles of different sizes and surface areas were u.sed in 
the exjieriments, the results were comjiared on the basis 
of moles PuFn/m- of jiarticle surface area. It ajijiears, 
since the (tRNL values are lower than those obtained 
in the Jiresent work, that the latter results are more 
nearly saturation values of PuFn on the metal fluorides. 

The PuF« sorption cajiacity on C a F ; is considered 
nearly the same whether 67 nig (ORXL) or 4.4 g 
(.\XI,I of PuF« is Jiassed through the lied. The sorji-
tion capacities of XaF and LiF for PuF« . as deter­
mined at .\rgonne. are greater thtin that of CaF; . sug­
gesting that XaF' and LiF form conijilexes with PuFn 
F'urther work on these systems is planned. 

T.-MILK II-7. CoMHAHisiiN or PuF, SORPTION 
CAI'AITTV UN NaF. I.iF. ANI» CaF. 

NaF 
LiF 
CaF, 

Moles PuF,/m* 

Argonne 

0..307 
0.298 
0.0013 

of Material Used 

ORNL 

0.002 
0.00024 
0.002' 

" ."Sjiccific surface area was not rp|Kirtcd. .\ti approximate 
specific surface area wa.s calculated a.s.Humiiig an average par 
tieic size of 18 mesh. 

5. .4lpha Kadiation Drroniposit ion Kale of P l u t o n i m n llcxafluoridf 
( i{. W A G X E H , \\ . S H I N N ) 

Studies of the deeomjiosition of gaseous jilutonium 
hexafluoride (PuFnl to fluorine tind solid jilutonium 
letrafluoride (PuF.I by aljiha radiation from the jilti-
loniuin have been continued. These studies are jiart of 
;in invcstigtition of the radijttion behax'ior of PuFn ttnd 
of metins to lumille :ind store PuFn . 

The nature of the dejiendenee of PuFn deeomjiosition 
rate on such jiarameters as duration of deeomjiosition. 
initial PuF'n Jiressure, storage containei- volume, tem-
perttture, surface to \'ohmie ratio of the storage con-
Itiiner, ntittire of eonttiiner surface, and additives such 
as fluorine, oxygen, nitrogen, helium, kryjiton, tind 
I'uF. is being determined. Results of jirevious exjieri­
ments are rejiorted in ANL-68(X), ji. 216 iind AXI.-
Il»()(),ji. 1.56. Results of short-durtition 10.5 to 16.Udaysl 
exjieriments are gi\'eu in the jiresent rejiort. 

a. PROCKDURE 

Thirty-one 127 ' 2 cc hollow niekel sjiheres, conttiin-
ing Moke 1479 valves tittaehed to the sjiheres with silver 
solder were jirefluorinttted in two batches. The nickel 
sjiheres were jirefltiorinated to jiro\'iile a jirotective 
nickel fluoride film on the inner surfaces of the sjiheres. 
l'refluorin;itiiin of each batch consisted of a '/2-hr treat­
ment with 1200 mm Hg of CIF.-, at 26°C. followed by a 
'2-hr treatment with .ItK) mm Hg of fluorine at 40°C, 
then with 620 mm Hg of fluorine at 100°C for 24 hr. 

.\11 31 \'essels were weighed, randomly attached to a 
vacuum-gas manifold, and filled simultaneously with 
jmrifled PuFn from ;i common .source. The PuFn pres­

sure was observed by means of a Booth-Croiiier jires­
sure transmitter and a mercur>'-in-glass nianoineter. 
.\ttemjits were made to luljust the PuFn Jiressure in all 
sjiheres to 1(X) mm Hg, but determination of the PuF« 
content of the sjiheres by weighing showed that 178.1 
lo 219.1 mg PUFB was contained in the sjiheres. The 
dilTerenees in volume of the sjiheres 1127 =t: 2 eel and 
the \'ariation in ttmbient temjierjiture in the gloveliox 
i24 to '25°Ci are not sutficient to account for the sjiread 
in PuFn content based on the weights of the empty and 
filled sjiheres. 

The PuFn-lilled sjiheres were stored for 0.5, 1.0, 2.0. 
5.0, 8 0, 12.0, or 16.0 days at 26 = 2°C before the un-
decomjiosed PuFn and the jiroduct fluorine were re­
moved, by jiumjiing, from the nonvolatile jiroduct 
P u F , . The sjiheres were reweiglied to determine the 
amount of PuF, formed. Since the amount of PuF', 
formed during such short times was small (1.6 to 9.3 
mgl. the quantity of PuF, wtis then also determined 
by the dissolution of the sjiheres lle.ss the valves) in 
6.V IINdri-O.l.U .\1(X():,I., solution and detemiination 
of the Jilutonium content of the .solutions by alpha 
counting methods. 

Prior to dissolution of a sjihere, its outer surface was 
etched in warm 6.\' HXOa to remove any jilutonium 
contamination. .Analysis of the etchant indicated that 
the spheres had acijuired negligible jilutonium con­
tamination while in the gloveliox. .\fter the sjihere sur­
faces were etched, the vahes were removed from the 
sjiheres which had contained PuFn by bending the 

file:///rgonne
file:///ttemjits
file:///fter


r24 / / . Fiu'l Cycle Applications uf Volatility and Fluidization Techniques 

valves by hand several times. The valves were easily 
sejiarated from the sjiheres at the silver-soldered con­
nection between the valve downleg and the sjiheres. 
The silver solder joint wtis sufficiently weak, even on 
the sjiheres which had been filled with PuFn for only 
0.5 day, to jiermit breaking the connection. Valves 
could not be removed by hand from sjiheres which had 
been used for blanks I blanks were jirefltiorinated and 
treated similarly to other sjiheres used in the PuF,, 
study exccjit that they were not filled with PuFo I. 
These observations qualitatively illustrate the corio-
sive effect of PuFn on silver solder. 

After the valve of the vessel used in a short-term ex­
jieriment was sejiartited from the sjiliere, the \'iilve legs 
and the inside surface of the jihosjihor-bronze bellows 
of each valve were leached four or five times with acid 
solution, and this solution was added to the solution 
used to dissolve the corresjionding sjihere. In one case 
(a two-day experiment), however, the wash solution 
from the valve was submitted sejiartttely for a railio-
ehemical plutonium analysis. 

The amount of PuFn lost by chemical reaction within 
the valve should be nearly constant for each PuFn till­
ing and emjitying cycle. This assumjition was tested 
by dissolving, sejiarately, the sjiheres and the corre­
sponding valves used in four of the 571-day exjieri­
ments with 50 mm PuFn. The valve and sphere of ;t 
vessel used for three exjieriments with PuFn were dis­
solved separately to determine the amount of PuFn 
corrosion in the valve as a function of a longer exposure 
time. A valve from a vessel from a 75-day exjieriment 

T . \ I i L I ^ l l -H. IIISTRIBCTKIN OF P u F g DECOMPOSITION 

PRODCCT IN 127-ec VESSELS 

Duration of 
E.\periment 

(days) 

571 
571 
571 
571 

75 

2 

5.6 
17li 
75. li 

Initial PuFg 
Pressure 

(mm of Hg) 

60 
50 
50 
50 

100 

100 

100 
100 
100 

Wt of PuF, 

(mg) 

118.4 
115.S-
116.5' 
118.2" 

218.6 

193.7 

232.9 
229.4 
234, !l 

Wt. (mg) PuF. 
Decomjiosed 

In 
Sphere 

47.7 
49.8 
43.1 
45.2 

26.4 

4.36 

88.0 

In Valve 

3.9| 

! ? 4.6 ± 0.61. 4.1 

5.2J 

2.9 

1.98 

6.7 

" These spheres were filled simultiincoiisly from a common 
PUFB source; therefore, Iticir jihosjihor lironze bellowa were 
exposed to PuFg for nearly equal limes. 

i" Error is ±2ff. 

was also analyzed for jihitoiiium to determine corrosion 
of the valve. 

ll. RESULTS 

Data for the amount of PuFn decomjiosed in the 
niekel sjiheres and in the Hoke 1479 valves are pre-
.sented in Table II-8. The geometrical surface area of 
the sjihere is greater by a factor of about forty than 
the surface area in the valve. The data show that 5 to 
30',; of the decoiujiosed PuFn was found in the valves. 
Since the material with the largest surface area in the 
valve is the jiho.sjihor-bronze bellows, mo.st of the PuF, 
must have decomjio.sed on it; the surface area of the 
nickel downleg constitutes only a .small fraction of the 
tottil surface area and is similar to the material of the 
downleg. IIowe\'er, the bellows are exposed to PuF, 
only iluring the filling and emjitying of the vessels. 
The exact durations of exjiosure during filling of the 
sjiheres were not determined, but the exposure time 
ranged from 15 min to 2 hr. The exposure time during 
emjitying of the vessels was less than 2 min and can be 
neglected. 

The data for the short-term decomposition of PuF, 
must lie corrected for the PuFn decomposed by corro­
sion of the jihiisjihor-bronze. Since only one value is 
available for the amount of PuFn decomjiosed in the 
valve of a vessel used for the short-term experiments, 
this value (1.98 mg PuFnl litis been used as a correction 
for all of the short-term exjieriments. This correction 
litis been subtracted from both the initial quantity of 
PuFn jiut into the vessels and the total amount of PuF, 
decomjiosed. 

Data for the short-term PuF'n decomposition experi­
ments are listed in Table II-9 and shown in Figures 
11-4 and 11-5. The rate of PuFn decomposition in the 
sjiheres is high for short durations but decreases rajiidly 
with increasing storage time. For 100 mm of PuF, 
stored at 26 ± 2°C, the average decomposition rates 
(jiercent Jier ilayl are 2.20 10.5 d.av), 1.12 (1.0 davl, 
0.92 12.0 days), O.M (5.0 days), 0.35 (8.0 davsl, 0.29 
112.0 days), tind 0.27 I l6 .0daysl . 

Since ji:ist exjierience had indicated significant re­
tention of either F . or PuFn on finely divided PuF,, 
some spheres from tests at some of the durations were 
heated to 60°C after the major jiortion of the unde-
comjiosed PuF„ and the fluorine was removed from the 
sjihere. When the sjiheres were heated, the jiressure 
rose from a value of 15;. to a value of 70^ while the 
sjiheres were being jiumjied out. This behavior is indie-
titive of gases adsorbed on the x-essel walls and or on 
the P u F , . It was not jiossible to determine if the ad­
sorbed gas was fluorine or PuFn . The PuF„ decomposi­
tion rates olitained in the sjiheres which were heated 
were not siguilicanlly diflerent from the PuF„ rates 
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T.'MILE II 0. ALPHA IIECOMPOSITION OK (iAsEors 
PHTONICM H E X A F L C O R I D E 

Spherical Nickel V'eBBcls: 125 to 129 cc 
Storage Temperature: 26 ± 2°C 
liiitiul PuP'* Pressure: 100 mm 
Prcfliiorination (Conditions: 1200 mm VAVi at 2*i°C, '2 hr; 

then 500 mm F, at 40°C. '2 
hr; then 620 mm F . at 1(»1°C, 
M hr. 

Initial Weight' 
of PuF, 

(">«) 
212.3 
210.8-
192.3 
209.8' 
177.7' 

Iluration 
llecomjiosi 

(days) 

0.5 
0.5 
0,5 
0.5 
0.5 

of 
tion 

.\verage Rate of PuF, 
Deeomjiosition*-'' 
(jiercent per day) 

l.fiO 
2.00 
1.94 2-20 ± 0 50'' 
2.58 
2.84 

210.2 
203.1 
207.6 
190.8' 

2011.9 
210.2 
217.1 
191.7' 
ISO.8' 

216.1 
lUl.S 
210.6 
206.8 
186.6 

207.9 
203.7" 
210.4' 
201.3 
208.1 

195.8' 
196.3 
210.3' 
184.8 
199.6 

212.S' 
.76,3 

1,0 
1,0 
1 0 
1.0 

2.0 
2.0 
2.0 
2.0 
2,0 

5,0 
5,0 
5,0 
.5.0 
5.0 

8.0 
8.0 
8.0 
8.0 
8.0 

12.0 
12.0 
12.0 
12.0 
12.0 

16.0 
16.0 

(INIi 
1 114 
IIIK 
1,51 

0,66 
0.74 
0.88 
1.14' 
1.19 

0.35 
0.43 
0.52 
0.55 
0.65 

0..30 
0.30 
0.32 
0.41 
0.42 

0.26 
0.27 
0.29 
0.31 

0.20 
0.34 

1,12 ± 0,28 

0,92 ± 0,24 

0,50 ± 0 12 

0,35 ± 0,06 

0.29 ± 0.03 

0,27 ± 0 10 

• A rorrertion of 1.98 mg of PuF« wiia nmde on all initial 
wfijtlits itf PuFd ami im all v;ilues uf PiiFg (tecompoaod. 

' 'The plutoiiiiitn nf tlic I'uKn (Irnmipnsit inn pruiiucM wjus 
(lelrrrnincti h> jilpliaciniiil iriji rnctliuds aftiT l ho sphere wa.s 
dissolved in (i.V UNO, . 0.1.1/ AI(N(>,)i solutitm. Tlie inleri..r 
i>r tho valve was leached with a similar arid solution, and the 
wash solulion was added to the solution containitig the sphere. 

•• Tliese spheres were heated to tiO°C to facilitate removal of 
uiidecoinpnsed I'VIKB dvirinji the emptyinR of the spheres. 

'' rneertainties are it2«7. 
" In this experiment the solution used to leach the interior 

of valve WHS analyiicd fnr phitonium separately from the solu­
lion in which Ihe sphere and its contents had l>een dissolved. 
Tlie valve contained \.'M mg of plutonium, which indicates 

12 13 14 
DURATION OF PuFgO-DECOMPOSITION. dOft 

108-8744 
FKJ. II-4. Average Kate 

Duratinn nf I )ecnmiMmitinii. 
(if l*nF« Demniixisition versus 

P u F , . - PnF4 + F , 
\ nlume of Nickel Spheres: 127 ± 2 cc 
Initial PuFt Pressure; UK) nun 
Storage Teniperuture: 2(1 ± 2°(' 

c 5 0 

& 
O 4 0 

i 
8 3.0 
o 

<2 20 

z 
- 1,0 

0 

~ « 
1 

- i i ' 
I I 1 

1 

l l l l l 

DURATION OF P u ^ a-OECOMPOSTTiON, doyi 

108-8732 
F K ; . II-5. Percent P u F | Decomposition versus |)uralii>n of 

I )ecompnsitioii. 

oi)taincd in spluTcs which were not hcatH (hiring the 

PiiF,rfluoi"ine removal. 

A plot of the (hita expfessed as tlie perrent of the 

initial FiiFrt deeoniposed versus the deconipo>ition time 

I Fit;. II-4I shows that the deeoniposition must proceed 

very fapidly during the first 12 hr. It appears, hy 

extrapolation of the curve toward zero time, that from 

U.o to 1.5'V of the original PuF« is lost by chemical 

corrosion of the sphere walls. 

that 1.98 mg of PuF» had decomposed in the valve. Since all 
the valves had eijual exposure to P u F , , 1.98 mg of P u F , has 
been assumed to have decomposed in each valve. 
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c. DISCUSSIOIN 

Some previously reporteil results supjiort the hy-
jiothesis that high initial deeoiiiposition rates may lie 
due to a eorrosion reaetion. When exjieriments were 
carried out under similar conditions 1127-ec jirefltiori­
nated nickel vessels cuntaining 100 iimi PuK„ for lo 
(lays at 26 ± 2°C), the first use of the vessels resulted 
inPuFr, deconijiosition rates of 0.19% Jier day, and 
reuse of the vessels resulted in PuFs deconijiosition 
rates of 0.14% jier day (see ANL-6800, Ji. 2191. The.se 
data suggest that a jiretreatnient of the vessel walls 
with PuFe is essentially eomjilcted liy the time the 
sjiliere is used for a seeond exjieriment or tliat the PuF,i 
reaction with the vessel wall is jiroceeding at a rate 
which changes too slowly with time to lie detected. 

Further evidence in favor of the corrosion hyjiothesis 
was Jireviously reported for exjieriments in whicli 
sjiheres were packerl with niekel wool. It was oliserved 
that, upon initial exjiosure to the packed spheres, the 
PtiF,, deconijiosition jiroceeded at a relatively high rate 
(0.30% jierd.ay). Ujion reti.seof two sjiheres, tlie decoiii-
jiosition rates drojijied to 0.18 and 0.13% Jier day Isee 
.•^NL-eSOO, ji. 218 and AM.-6900, ji. 160). 

.\n alternative to the corrosion hyjiothesis to exjilain 
the high initial PuF,, deeomjiosition rates for short de­
conijiosition times is the absence, early in the exjiosure, 
of any back reaction, i.e., PuF4 -)- F^ —» PuFn since no 
PuFi or fluorine are jiresent initially. As the PuFn de-
comjioses, PuFj and fluorine are formed and nuiy re-
combine. Aa argument in favor of such a hyjiothesis is 
found in the previously rejiorted conclusion that the 
atlilition of fluorine to the PuF« decreases the PuFo 
tlecomposition rate (see .\NL-6800, ji. 2201. A jiossible 
argument against this recombination hyjiothesis rests 
in the observation that the rate of PuF,i deconijiosition 
is indejiendent of the (juantity of PuF, jiresent tit the 

start of the PuF„ deeomjiosition (sec ANL-6800, p. 

219). 
Fintdly, it ha.s been shown that plutoniuni liexafiuo-

ride decomposes at a higher rate at 80 to 83°C than at 
26 ± 2°C (sec ANL-6900, p. 1.59). Since these were the 
only two temperature ranges studied, it is not certain 
I hat at 26 ± 2°Cj the thermal decomposition of PuFe 
can lie neglected. 

<l. SUMMARY 

In summary, studies of the gas-phase, alpha-induced 
deconijiosition of PuF„ have been hamjiered by in-
tibility to isolate the aljiha-inrluced decomposition 
f 1(1111 other modes of decomposition (such as chemical 
reaetion with the vessel and thermal decomposition). 
Lack of information on the adsorjition behavior of 
I'uFc, and fluorine on PuFj and the niekel fluoride walls 
of the vessels makes determination of the amount of 
PuF„ Jiresent as a gas uncertain. No way has been 
found to determine exjierimentally the amount of the 
aljiha energy absorbed in the gas jihase or to determine 
the nature of the absorliing sjiecies. 

Considerable effort would be retjuired to overcome 
these difliculties, and, for the present, no further ex­
jieriments on the aljiha deeomjiosition of PuFe are 
Jilanned. 

The data obtained thus far do jirovide some jiraetical 
information on the handling and storage of gaseous 
PuF„ . During the first eight days of PuFo storage in a 
jirefluorinated niekel vessel, PuF,, will decompose at a 
rajiid rate I from 2.2 to 0.3.5% jicr day! whereas the 
rtite should decrease from 0.35% jier day to 0.07% per 
day over the next 563 days. Reuse of the vessel would 
result in less PuFn deeomjiosition. These data indicate 
that a certain jilutonium inventory will be held in the 
eijuijiment u.sed to handle PuF« . This plutoniuni can 
be recovered by fluorination of the jiroeess vessels and 
lines at 300°C. 

6. Corrosion of Materials (\V. G U N T H E R ) 

The fluoride volatility program is designed to de-
\v\o\i processes for the recovery of uranium and jilu­
tonium from partially sjient nuclear reactor fuels by 
the formation of the vohitile hexafluorides of uranium 
anil Jilutonium, which are subsequently separated from 
the fission product fluorides by distillation. Nickel or 
nickel alloys such jis Monel are commonly used as the 
material of construction for process ecjuipment which 
is to be exposed to fluorine and to corrosive fluorides a t . 
elevated temperatures, since extensive attack on these 
materials is prevented by the builduji of a protective 
nickel fluoride scale which limits further reaction. In 

order to make estimates of the exjiected useful lifetimes 
(if etjuijiment exjiosed to UFa , PuF„ , fluorine, and the 
N'olatile fission jiroduct fluorides at temjieratures up to 
5.50°C, a knowledge of the eorrosion rates by these 
fluorides, cither in combination or individually, is re­
tjuired. 

A corrosion jirogram in sujijiort of the fluoride vola­
tility program has been initiated. Two tyjies of experi­
ments are jilanned to determine the rate of corrosion of 
nickel-200: (a) small-scale static exjieriments con­
ducted in a tube furnace wherein nickel coujions will 
be exjiosed to the \olatile fission jiroduct fluorides and 
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lb) exposurcH of nickel coupons to process gases under 
actual operating conditions in the 2-in. dia. fluid-bed 
reactor, 

A survey of the unclassified literature has revealed 
very little useful information concerning the corrosion 
of nickel or Monel at temperatures up to 550°C by the 
volatile fission product fluorides. However, some data 
on the corrosion of nickel anfi nickel alloys by UFn and 
fluorine have been published. 

('orrosion of numerous metals including nickel antl 
Monel by UFA gas from 5(X) to U)00°C has been studied 
by Langlois.'' I t was observed that the rate of corrosion 
of nickel at 550°(.' and 700°C was approximately 10 
niils/yr. However, at 640°C a maximum corrosion rate 
was reached which approached 1400 mils/yr. A sharp 
(h-crease in the corrosion rate was observed in the tem-
[M-rature interval 640 to 700°C, followed by a linear 
increase in eorrosion rate from 700 to 10(K)°C The cor­
rosion rate of Monel by VFn is linear over the tempera­
ture range investigated, being about 350 and 14fX) mils 
yr at 550°C and 800°C, respectively. 

Hale and associates" have reported the results of a 
study of the reaction of niekel with I'F,!. At SKiT 
with an initial NiF-j scale of 37,(KK) A a rate of 3.0 mils 
yr is reported, while at 982°C with an initial NiF-j .scale 
of 74.(M)0 A, a rate of 3.2 mils/yr is observed. 

Very little information on the corrosion of nickel by 
PuF« is available. Steindler" reported that a nickel 
rnicible which had l)een exposed to plutonium fluorides 
;unl fluorine for 2 hr at 700°(' siiowed appreciable eor-
rosiun including some intergranular attack. 

Several investigations of the rate of corrosion of 
nickel by fluorine have been reported. Hale et al." found 
llie rates at •>93°(' and 70.')%' to be 18 and 130 mils yr. 
respectively, on a nickel surface having an initial XiFj 
scale thickne.ss of lO'"̂  A. Jarry et a!.̂  determined the 
rate of niekel-200 corrosion l)y elemental fluorine at 
•)0(1 and tiOO^t' to be 17 and (>0 mils yr on a fresh nickel 
sin-face. Steindler and Vogel" found the corrosion rate 
of nickel-200 by fluorine at 650 and 750°C to he 314 and 

* LatiRlnis. Cl., Corrosion de materiaux metalliques p:ir 
riicxnHuorure a Joule temperature, CKA-2;185, liMW. (Avail-
alile in transliition as USAFC Report ANL trans 82.) 

•Hale, C , Barber, E., Bernhardt, H. and Itapp, K., HiKli 
Teniperuture Currosioii of Some Melals and Ceramics in 
riuoriiiiiliiiK .Alniosplieres, I'SAKC Itepurt K n5lt. I'HiO. 

'Steindler, M., CASKC Report A M , (i75;i. I'.m. 
"Jarry, H.. Ciuntlier, \V. and Fischer, J., The Mechanism 

and Kinetics of the Reaction between Niekel and Fluorine, 
l^S.\EC Report ANl, t>t>84, 19tvi. 

' Steindler, M, and \'o(tel. R., Corrosion of Materials in the 
Presence of Fluorine at Flevated Temperatures, USAEC Re­
port ANL-5ti(i2, 1957. 

816 mils, yr, respectively, and the corrosion rate of 
Monel to be 3500 mils/yr. The conflict in these tlata is 
not readily resolved. 

Work has begun on the construction of an all-metal 
.'jystem to be used to study the corrosive effects of the 
volatile fission product fluorides on commercially avail­
able nickel-200 at temperatures up to 550°C. The 
volatile fission products to be examined in small-scale 
static tests include CeF^ , AsF.^. SeFs . NbF.%. MoFg , 
RuF.-i, RhF.-,, SbF;,, TeFn , and possibly at a later date 
HrF:, . IJrFr., IF5 , and I F ; . Due to the difficulty in 
handling technetium compounds in the present system, 
TcF« corrosion will not be investigated at this time. 
The fission product fluorides that arc commercially 
available will be purchased; other fluorides will be 
made by the direct fluorination of the metal or the 
()xide. Purity checks of the volatile fluorides will in­
clude vapor density and infrared spectral measure­
ments. 

It is plannefj to insert nickel-2(X) coupons into the 
2-in. dia. fluid-bed reactor to obtain corrosion data for 
typical processing environments. Sample coupons will 
be placed in both tlie fluid bed and the disengaging 
chamber sections of the reactor, and corrosion rates will 
be evaluated after the completion of one or more proc­
ess runs. The 2-in. dia. reactor is designed to investigate 
HF-promoted oxiilative dechulding of spent nuclear 
fuels, followed by fluorination to volatilize the uranium 
and |)lutoniuiii as hexafluoritles. This apparatus will 
afford an opportunity to obtain controlled corrosion 
data in an HF-()j-F_. system. Corrosion data will be 
calculated from weight and or dimensional changes. 

Corrosion clata will also he obtained on coupons 
welded with nickel-200 welding rods (high purity! and 
nickel-61 welding rods (containing 2.0-3.5',' titanium). 
There are indications that corrosion rates in fluorinat­
ing atmospheres are much higher when nickel-61 metal 
filler rods are used than when nickel-200 filler rods 
because of the presence of titanium in the fonner. 

The corrosion rate of lNOH-8 metal will be briefly 
studied in both the fluid-bed and static tube furnace 
experiments, and the rates of corrosion of IN(»R-8 
and nickel-200 will be compare<l. 

Autoradiograjihic examination of selected cou|)ons 
will be ma<le in an attetnpt to find out if any uranium 
lu- ])lutomum is present in the intergranular areas of 
the metal. Microscopic examinations will be carried out 
to determine the amount of intergranular attack Iwth 
in the base metal and in the welded areas. If possible, 
a correlation between rate of corrosion and the aroount 
of intergranular attack will be made. 
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7. Fluorinalion of Waste Samples from Kocky Flats Plant (R. P. WAGNER, W. .V. SHINN, 
M. .1. STEINDLER) 

At the retjuest of the Rocky Flats Division of the 
Dow Chemical Comjiany, the jiossibility of ajijilyinj; 
volatility methods to the recovery of jilutoniimi from 
waste stream materials was investigated. Interest on 
the part of the Rocky Flats Divi.sion stemmed from 
the Jiotential savings which iiijiy be attained by using a 
simple, direct method of jilutonium removal from ;i 
variety of waste materials. The jirocedure used was to 
fluorinate samjiles with elemental fluorine in a botit 
reaction vessel at iiO0''C or .WO'C to jiroduce volatile 
Jilutonium hextifluoride. Data on the dej^ree of removal 
of plutoniuni from waste materials and estittitites of 
rates of reaetion were to he obtained. Imjiurity content 
of the collected jilutonium hexafluoride was not deter­
mined. 

a. MATERIALS 

Three types of jilutonium-containing waste mate­
rials were obtained from Rocky Flats. These wastes 
are classified according to their .source at Rocky Flats. 
The particular samjiles used for the jiresent exjieri­
ments are not necessarily tyjiical of what would be 
handled during routine ojierations. The materials used, 
together with the corresjionding jilutonium antilyses 
(by Rocky Flats), are (1 I skull oxide, 87.13 w.'o Pu; 
(2) incinerator ash, 11.6 w/o Pu; 13) sweejiings, 58.8 
w/o Pu. The skull oxide is relatively jiure PuO:... The 
sample of sweejiings, mainly PuO.j, is abnormally low-
in carbon (0.39';O and silicon (Kr) for this tyjie of 
material. The samjiles of incinerator ash and sweejiings 
had been oxidized and hyilrofluorinated at Rocky 
Flats prior to shipment because of their liigh inititil 
carbon and silicon content. Imjiurities present at a 
concentration of one percent or more are C, Ca, Cu, K. 
Na, and Pd for the incinerator ash; Ni, Si, and Ti for 
the sweepings; and Al, Fe, and Mg for both. The skull 
oxide and sweepings samjiles ajijiear similar to PuO;;, 
while the incinerator ash is very light in color (gray-
white) and has a bulk density considerably lower than 
tho.se of the other two materials. 

b. EQUIPMENT 

Fluorinations of samples were jierformed in a 2-in. 
OD nickel reaction tube heated by a 1400-watt He\-i 
Duty Furnace. The samples were placed in shallow 
boats (4 by 1 by 0.2 in.) constructed from O.Ol.'i-in. 
thick nickel sheet. The botit rested on a track, machined 
from nickel rod, which acted as a heat sink and allowed 
convenient handling of the samjile. A liji on the edges 
of the track sujiported a hemi-cylindrical jiiece of fused 
alumina tubing jilaced over Ihe s:ini|ilc to keeii nut of 

the boat any nickel fluoride which might sjiall from in­
terior surfaces of the niekel reaction tube. The tem­
jierature of the furnace was controlled by a Gardsman 
controller and two Variaes connected to a chromel-
jilumel tliernidcoujile. 

.\ G-lli (400 jisil fluorine cyliniler sujijilieil by Allied 
Chemical Comjiany, a Matheson Company fluorine 
regulator, ;ind tinother fluorine cylinder used as a low-
jiressure balhi.st tank were used as the flourine supply 
.-system. A Kel-F rotameter iBrooks-.Mite, 0-.500 ml 
F^./min) was used to measure fluorine flow, which was 
on a once-through basis. The gas lea\'ing the reaction 
tube flowed through two -Ki-in. dia. nickel test tube 
trajis in which the jilutonium hexafluoride product was 
collected. The trajis were cooled by a mixture of tri-
(diloroethylene and solid carbon dioxide. Unreacted 
fluorine wtis disjiosed of in an activated alumina tower 
constructed of 4-in. dia. eopjier Jiipe. Teflon was used 
;is a gasket materitil, and jiernianent .joints were either 
silver-soldered or nickel Heliare wekled. Valves con­
structed of niekel and Monel with silver-.soldered 
ditijihrtigins i Hoke 4131 were used. 

c. PROt:EDURE 

-\ weighed samjile of plutonium-eontaining waste 
wtis Jilaced in the boat so as to cover the bottom of the 
lioat as evenly as possible. Two- to four-gram samples 
were used to limit the extent of any unexjieeted reac­
tion. The samjile was heated to the ojierating tempera­
ture while the reaetion tube was evacuated. Fluorine 
flow was then started, and when the system jiressure 
reached one atmosjihere (in apjiroxiniately ,5 min). the 
gas exit valve connected to the alumina tower was 
opened. Fluorination was continued for at least .5 hr at 
temperature (.'lOO or ,5.i0°C I with a fluorine flow rate of 
200 nil/min. At the end of the exjieriment. the system 
was evacuated through the cold traps. 

After fluorination, the residue from the samjile was 
examined, and the samjile and the boat were jilaced in a 
jilastic bottle. The samjile and boat were dissolved in 
2.'i0 ml of 4.V HNO:, containing All NO;,):, and a trace 
of IIF, and the jilutonium was determined by alpha 
counting. This treatment, as well as treatment with 
such reagents as HCl, IICIO^ , HF, and HoSOj , failed 
to dissolve all the niekel fluoride formed by the fluori-
iiiition of the nickel reaction boat. Some jilutonium was 
found by leaching the undissolved residue, but not 
eiKHigh to materially aft'ect the results. Samples of the 
(inginal waste materials were fused with ammonium 
bilhiiiride and radidchemieally analyzed to check the 
.lualysis (if llie starting materials. 
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d. RESULTS AND OBSERVATIONS 

I'lutonium removal data are based on alpha counting 
(if tlu- starting material and of the fluorinated residue. 
The ])lutonium removal, Table 11-10, was 99 percent or 
liitter except for the ')-hr exjieriment on the incinerator 
ash which gave a i)lutonium removal of 82.2',(. This 
cxjieriiiient was repeated, and satisfactory plutonium 
removal l98.4'i ) was achieved. No reason for the low 
tcsult is known. A temperature excursion of 40''(" was 
noted for incinerator ash at the beginning of fluorine 
flow, wliile a 20°C' rise was observed f()r the sweepings 
and even less for the skull oxide. The residues containe<l 
various amounts of NiF:.., which is expected under these 
exjierimental conditions. Corrosion of the nickel boat 
was severe in tests with incinerator ash, while consider­
ably less corrosion was observed during processing ol 
sweepings and skull oxide. The resiilue from fluorina­
tion of skull oxide was jiredouiinalely NiFn antl alsn 
contained small amounts of red PuF, . 

liate-of-reaction data were olitained for the fluorina-
liori of skull oxiile at oOO^C and 550°C by weighing 
llic plutonium hexafluoride collected after successive 
intervals of time. Cumulative VuF„ collection as a 
function of time for 5(H)°C and ooO^C tests is shown 
ill Figure Il-C). The reaetion ujipi-ars to proceed tlirougli 
llir formation of intermediate PuF, . 

An attempt to meastire |>roduct (PuF,il jiurity was 

unsuccessful. Large amounts of nickel introduced into 
the Jiroduct from the hydrolysis of PuFn in the nickel 
test tube traps did not allow spectrograpbic analysis of 
plutonium by the methods currently used. 

T.\HI,K II 10- PuTONii M I{(:MII\AI. KRMM 

WASTK M.\TERIAI..-

Fluorinating yan: ftnorint 

Material 

Sl<ull (Ixiile 
Skull (Ixiile 
.sjiull (Ixide 
Iiiriiioriitcir 

.\»li 

liiciiicraliir 
.\»h 

.Swpcpiiigd 

.SweciiiiiKM 
IiK'iiieriitiir 

.Ash 

Sample 
Weight 

(g) 

2.07(15 
4.1120 
3.11811 
2.2087 

2.2103 

2.151 
2.13(>5 
2.2677 

I'u in 
Sample 

(mg) 

1812 
3583 
3207 
256 

256 

1266 
1256 
263 

Reac­
tion 

Time 
(hr) 

9 
10 
5 
5 

10 

5 
10 
5 

Temp 

500-
500 
550 
550 

550 

sao 
550 
550 

F, 
Flow 
(ml/ 
min) 

100-
200 
20O 
200 

200 

200 
200 
200 

Pu in 
Resi­
due 

(mg) 

3.4 
25.5 

Pluto­
nium 
Re­

moval 
(<"c) 

99.8 
99.3 

35.3 ! 98.0 
45.5 1 82.2 

99.3 
1.7 

0.6 
0.4 
4.3 

99.1'-

99.9 
99.9 
98.4'' 

! 
" Tin- lliinrinatioii prciccchire for ttuH nample was; 1 hr al 370 

l i ioHlC. K:H(.w nitenf UKlinl/miii; 4 hr al 510T'. F, flnw rule 
nf KKIiiil/miii; 4 hr at 4!HlC. F. How rule uf 500 inl/miri. 

'• IIICIIKICM i>liitniiiurri n-mvcry \>y l*>;icliiii|i nf ilissoliitinn 
rosi<lnp. 

Kir., ll-ti. Cunmlalive PuF. Collection ftir Fiuorinatiuii of Skull Oxide. 
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e. CONCLUSIONS 

Fluorination o( waste samples containing plutonium 
resulted in removal of essentially all of the contained 
plutonium hy the conversion of plutonium to the hexa­
fluoride and its sulisetiuent vohitilization. Both tem­
iieratures and rates of reaction appear to lie relatively 
favorahle for process application. 

The data olitained in the pi'cscnt set of exploratory 
experiments should be applied with caution. I t has been 
recognized that tlic samples fluorinated in the experi­
ments reported here may be atypical; if so, the degree 
of removal as well as the rate of removal of plutonium 
may not he tyjiical of those achievahlc for routine 
waste samples. Further, the purity of the plutonium 
hexafluoride has not been checked. Those impurities 
which form volatile fluorides will certainly contaminate 
plutonium hexafluoride volatilized from the mixtures. 
Also, the reactivity of impurities will determine to 
some extent the iieripheral jiroblcms encountered in 
the fluorination liy influencing the heat of reaction, the 
rate of jilutonium volatilization, the ojitimum ojierating 
temjierature, and other factors. 

Since a recovery process would be ilesigned to con­

vert Jilutonium in waste material to jilutonium tetra-
lluoride suitable for conversion to mi^tal, the reduction 
of Jilutonium hexafluoride is an imjiortant step in the 
proeess. No answers to questions on the choice of re­
duction method (thermal, chemical), the jiurity of the 
product, the physical state of the jiroduct, etc. have 
been jirovided in the jiresent study, although some in­
formation on several of these jioints may be available 
from the literature. The impurity content of the initial 
samjiles may become an important consideration in the 
choice of variable for the reduction steji. 

Finally, extrajiolation of the rate data obtained on 
samjiles held in reaction boats to other types of process 
eijuipment is often difficult. Of jiarticular note in this 
regard is the extrajiolation of rate data from boats to 
fluid beds. Hence, information on the behavior of waste 
stimjiles in fluid-bed equijiment would be needed be­
fore such reactors could be employed. While the results 
of the Jiresent ex|ieriiiients ajijiear to be encouraging 
regarding the ajijilication of fluoride volatility methods 
to the recovery of jilutonium from waste materials, ad­
ditional work both in the laboratory and on an en­
gineering scale is indicated before firmer conclusions 
can be drawn. 

8. N e p t u n i u m Chenii.stry (T. GERDING) 

Neptunium (element 93) is produced during irradia­
tion of uranium with neutrons by at least three impor­
tant mechanisms. 

( l ) " » U ( n , 2 n ) ^ " U ^ ' " N p 

(2) =-"U(ii,7)'"'U(n,r) ""U J?-. " 'Np 

(3) '-"UCn, 7) "™U - ^ ™Np 

Nejitunium* can be exjiected as a contaminant in ir­
radiated uranium fuel.'" The volatile neptunium hexa­
fluoride can be exjiected as a contaminant in the jilu­
tonium and/or uranium hexafluoride produced by the 
fluoride volatility jiroeess. Knowledge of the jiertinent 
chemical and physical projierties of nejitunium hexa­
fluoride will be of interest to both jiroeess and funda­
mental chemistry. In addition, interest in -''Nji is re­
lated to one of the methods of producing - '"Pu," by 
neutron irradiation of mixtures -"'NjiOj and alumi­
num. -'"Pu is of interest to the SNAP iiriigrtim. A jiro-

• Owing to the nhcirt half lite of " ' N p (2.34 d) little, if any, 
of this isotope will be present at the time fuel material IR 
processed. 

'" \oiidy, n . R., Lane, J. A., and Orcsliy, A. T., liid. HHK. 
Chem. Process llesiKii llevelop., 3(4), 29;i-20(i (IVlcilier 1%4). 

" Chem. Kni;. News, 41, 47 (AIIK. 6, l!lli:i). 

gram of investigation of the jireparation and the chem­
ical and physical jiroperties of NpFo has been started. 

NEPTUNIUM HEXAFLUORIDE 

Nejitunium hexafluoride was first jircpared by 
Florin'- using the reaction of nejitunium trifluoride and 
elementtd fluorine at bright red heat. Malm and asso­
ciates'-' jirejitired nejitunium hexafluoride by reaction 
of nejitunium trifluoride or nejitunium tetrafluoride with 
clcmenttil fluorine at .'iOO°C'. .\ltliough no chemical 
identification of NjiFo has been rejiorted, the similarity 
of the X-ray diffraction jiattern and the infrared spec­
trum of the comjioimd formed by this jirocedure to 
those of uranium hexafluoride led to the conclusion that 
the volatile comjiound formed by the reaction is nep­
tunium hexafluoride. The structure of nejitunium hexa­
fluoride has been rejiorted by Zachariasen." Structure 
Jiarameters are given in Table II-U. The infrared 
sjiectrum of ne|itimium hexafluoride has been rejiorted 
by Malm et al.'"' together with the assignments of the 

"Flor in , A., J. Am. Chem. Soc. 70, 2147 (19481. 
" Malm, J., Weinstook, B. and Weaver, E., J P l u s Chem 

62. ISIlli (1958). 
" Zacliariasen, W.. NNIOS IV, 14B, p. 1402 
" Malm, J., \V..i„,sl,„.k, li. and Claaseii, H , ,|, f . | ,„„ Phvs. 

23,2192(195.5). 
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TABI.K II 11. STRLXTITBE PARAMETERS FOR Vl\ , 

NpK» AM> PuF* 

Symmetry (solid) 

Lattice Parameters* 
ao(A) 
l>„ (A) 
c. (A) 

Ueiisity (g cm"*) 
M-F distance (A) 
M-F stretching force con­

stant (md/A) 

UF, 

ortho-
rhombic 

9.900 
8.966 
5.207 
5.060 
1.994 
3.78 

NpF, 

ortho-
rhombic 

9.91 
8.97 
5.21 
5.00 
1.980 
3.71 

FuF, 

ortho-
rhombic 

9.91 
8.94 
5.21 
5.08 
1.972 
3.59 

• See ANI. 0900, Table II-8. p Wil, 

TAHbl ' ) 11-12. I.NFHAREIl AND R A M A N . S P E C T R A I . H A T A KtlR 

UK, , N p F , , ANu P u F , ( C M ' ) 

ft Raman 
vi Raman 
fl Infrared 
vt Infrared 
y, Raman 
f. Inactive 

UF, 

007 
535 
023 
181 
202 
140 

.NpF, 

648 
528 
624 
200 
20(1 
104 

PuF, 

628 
523 
615 
2m 
211 
171 

TABLK II 13. PHASE TRANSITKJ.N DATA tx>\< INK 

HEXAFLUORIDES OF URANIUM, NEPTUNIUM, 

AND PLUTONIUM 

n.iiling Point (°C) 

Triple Point (°C) 
(mm 11K) 

\ apor Pressure (iiini HK) 0°C 
25°C 
75"C 

Heat of Fusion (cal mole"') 

Kiitropy of Fusion (cal mole"' 
deg-i) 

UF. 

56.54 

64.052 
1139.6 

17.65 
111.85 

1592 

4588 

13.61 

NpF, 

55.18 

55.10 
758.0 

20.8 
127.17 

1425 

4198 

12 79 

PuF, 

62.16 

51.59 
533.0 

17.9 
105.45 

1136 

4456 

13.72 

fundamental fretjuencies. The ab.-^orjition spectrum of 
nejitunium hexafluoride in the visible region is nien-
tioDed by Malm et al.'^ but no data are given. Ciood-
n i an" shows a tracing of the absorjition sjiectrum of 
neptunium hexafluoride. but failed to give values for 
extinction coeftieients. The jiositions of some of the 
major jieaks were identifieil. Sjiectral data are jire­
sented in Table 11-12. Nejitunium hexafluoriile is said 
to be (juite jihoto.sensitivc;'-' hence, the absence of 
Hainan data is not surjirising. 

Phase transition data for nejitunium hexafluoriile are 
Jiresented in Table 11-13. Weinstock et a l . ' ' determined 
the vajior jiressure of neptunium hexafluoride. and the 
following equations were fitted to the data: 

10 t o ; i.lO°C') log /',„„ 

^ -2892.0 
T('K)' 

(.•)5.10°C to70.82°C') log/",,, 

= --LliLi 

- 2.0990 log T -I- 18.481.TO 

-I- 2..-)82,-. log T -(- 0.0102:i 

.\ comjiutcr jirograni was set up, tind the vajior jires­
sure of nejitunium hexafluoride has been tabulated 
from -10°C to 100°C."-

Little information on the chemical jirojierties of neji­
tunium hexafluoride is available. Owing to the lower 
alpha aetivity of '--'"Np eomjiareil to -'"'Pu, neptunium 
hexafluoride does not decompose by radiation to the 
extent observeil for jilutonium hexafluoride. Further, 
neptunium hexafluoride is considerably more stable 
toward thermal deeomjiosition than is jilutonium hexa­
fluoride. A ^amjile of nejitunium hexafluoride at 900 
mm Hg was heated to 500°C for 3 hr in a nickel vessel 
without showing tiny evidence of thermal ilecom|iosi-
tion.'-'' Neptunium hexafluoride is bydrolyzed by water 
and yields the NjiO^'^ion. 

.\ Jirograni of research on the chemistry of neptunium 
fluorides has started. Initial studies will be devoted to 
the chemistry of the foniiation of nejitunium hexa­
fluoride by fluorination of neptunium tetrafluoride (or 
nejitunium trifluoride I anil characlcriztition of the solid 
residues. It is also jilanned to obtain data on the absorp­
tion sjiectrum of nejitunium hexafluoride and to study 
the equilibrium in the system NjiF«-NpF,-F2. .\ |ipara-
tus for this work has been constructed. 

'•C.oodman. C.., Thesis, Harvard University (1959). 
" Weinstock. B., Weaver. E. and Malm, J., J . Inorg. N'ucl. 

Chem. 11, 10) (1959). 
'• Steindler, M. J., Private Communication. 
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9. Fission Product Cheinis lry: Behavior of MoO,, MoO„ a n d SnF, Under 
Fluorinal ion Condit ions (C!. I'IERINI*) Fluorinat ion ( 

During experiments on the fluid-bed fluorination of 
U:,0»-Pu():.-fission jiroduct mixtures, tlie jiresence ol 
Mod:, in the fission jiroduct mixture is believed to have 
contributed to jilugging iif valves in the cold trajijimg 
system (ANI.-(i9U0, ji. 1.50). A series of short exjilora­
tory exjieriments were carried out to determine the 
volatility of -MoO;,, .MoOi, and SnFj in a fluorine or a 
lluorine-nitrogen-oxygen stream. Tliese exjieriments 
were carried out in a 11/2-in. (II) horizontal nickel tube 
reactor. The starting material was jilaced in a nickel 
boat and the jiroducts were collected in trajis cooled to 
-80°(.'. Total flow rates of 1400 cc/min were found to 
be too high, as evidenced by fretiuent jilugs in the line 
to the trajis. Hence tottil flow rtitcs of 2.50 to 400 cc min 
were emjiloyed. 

a. THE VOLATILITY OF MoO;, AND MoO, IN A 
FLUORINE STREAM 

Ueaetiulis with -Mod:, were i-arriid out at 4.50°C. In 
two cxiieriments in which fluorine was diluted with 
nitrogen tind oxygen and in two exjieriments in which 
a fluorine-nitrogen stream was used, only 3 to .5^; of the 
product was collected in the cold traps. This material 
was identified as MoFo by vajior jiressure measure­
ments. The remainder of the product, found in the 
cooler Jiortions of the tubular reactor, was a white 
needle-like crystalline solid which is jirobtibly a mix­
ture of MoOFi and MoF.,. 

In order to determine if the low yiehl of MoF,, was 
due to a reaction of MoF,, with oxygen at 4.50°C, MoF,, 
and oxygen were simultaneously fed into the heated 
reactor. No reaction was observed. 

• Guest Scientist, EURATOM, Mol, Belcium. 

A gas mixture which consists of 40 v/o HF, 40 v/o 
iixygen, and 20 v/o nitrogen is being used for the de-
.-tructive oxidation of stainless steel cladding. The vola-
lility of .\loU;, at 550°C in such a gas stream was 
tested. It was necessary to stuji the reaction after 30 
min of intermittent feeding of HF becau.-<e the slightly 
volatile Jiroduct which was formed Ijirobably MoO-F^, 
.-iiblimation jioint 270°C) conden.sed in the outlet zone 
of the reactor and Jilugged the line. About 30% of the 
-Mod:, charged reacted. No MoFo was ob.served. 

When -Mod; was treated at 450°C with a fluorinc-
oxygeii-nitrogen mixture, only an insignificant quan­
tity of MoF„ was collected. The behavior of M0O3 and 
-Modv is similar under these fluorination conditions. 

From these exjieriments it may be tentatively con-
ihided that molybdenum would be volatilized from the 
lltiid bed on treatment of oxide fuel jiellets with HF-( )••. 
Further, the low yield of .MoF„ would indicate that the 
uranium and jilutonium hexafluoride jiroduct fonned 
during Htiorinatiiin may be only slightly contaminated 
w ith -MoF",,. 

1). TIIE VOLATILITY OF SnF, IN A FLUORINE 
STREAM 

Tin is a minor constituent of Zircaloy-2, which is 
craiimonly u.sed as a cladding in jiower reactor fuels. A 
3(l-iiiin tretitment of 200 mg of SnF4 at 500°C with a 
40(1 cc/min flow of a fluorine-nitrogen mixture resulted 
in a removal of 185 mg of SnFj from the heated zone. 
A white sublimate was found on the wall of the reactor 
in the cold zone near the gas exit. Therefore, tin. being 
both a fission jiroduct and a constituent of Zircaloy 
cladiiing, would be at least jiartially volatilized during 
fluorination of the fuel. 

E N G I N E E R I N C - S C A I . E I N V E S T I G A T I O N S O F F I . I T D - B E I ) F 
V O L A T I U T Y P R O C E S S E S {.\. .\. . I H N K K ) 

A D K I D E 

1. D e v e l o p m e n t o f F l u i d - B e d F l u o r i d e V o l a l i l i l y P r o c e s s e s for l l i e K e e o v e r y 
o f U r a n i u m a n d P l u t o n i u n i f r o m C r a n i u m D i o x i d e F u e l s 

a. DESIGN ANI) CONSTRUtlTION OF AN ENGI­
NEERING-SCALE ALPHA FACILITY (N 
l.Kvnz, (1. .1. VoiiKL, K. L. CARLS, I. KNUDSEN, 
W. MuRi'HV, M. .loNES, B. KuLLEN, A. RASHINSKAS, . 
K. KlNZLEK, .1. HEPPEKI.V) 

.\n engincering-seale aljihti fttcility hits liecii itisliillcil 
to jn'iiiiit the study (if the main steps in the iluid-iicd 

lluoride volatility rejiroeessing sebeme for I'd-j-PuOj 
ceramic oxide fuels Isee Figure l l - l I. The facility con­
sists of two large aljiha boxes, the larger box containing 
the main jiroeessing eiiuijiment, the other containing 
auxiliary e(iiii|iuient such as scrubbers and inlet gas 
di.stribtitidii manifolds. F'luorination ei|uijiment for 
pidci'ssiiig lialclics (if rd..,-Pu(l:.. jii'lli'ts tu hcxafltiorides 
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and a converter system for the preparation of dense 
mixed uranium-plutonium oxide particles from mixed 
hexafluorides has been installed. The converter will be 
used also to study the thennal deconij)osition of PuFe to 
PUF4 as a means of separating plutoniuni from ura­
nium.*" Both the converter and fluorinator systems are 
described in a recent topical report.-" Sjiaco remain?^ 
in the large i)rocessing equipment box for a distillation 
unit that is now in a preliminary design stage and from 
which separations data on mixed uranium-plutonium 
hexafluoride systems will be obtained. \Vin<lows are 
expected to be installed soon in both boxes. 

In a parallel effort, shake<lown work, has started on 
the fluorinator (see below) and converter systems a.-; 
the mechanical and electrical work approach comple­
tion. Testing of overall facility components is also near 
completion. Several additional shakedown experiments 
with uranium materials will be carried out as a final 
check on system operability. These latter tests are also 
needed to allow final detailing of the operating pro­
cedures before the addition of plutonium to the sy.s­
tems. Corrosion s])eeimens will be added to the proee.ss 
units whcti this main iiha.sc of the work stait.-;. 

(1) Tet^lin^ of ('oinponcntH AHttoriateil with lUer-
all Facility Operat ion 

Final tests of general facility systenis, such as the 
IHOcess and ventilation scrui)bers, were made, and de-
veloi)ment of special operating jjrocedures, sueli as that 
for vertically bagging large eciuijinient in an out of 
the boxes, were continued. Safety evaluation of systems 
and procedures is near completion. 

Scrubber Tests. From a safety standpoint, comiilete 
i-ontainnient of i)lutonium and uranium hexafluoride 
in the alpha facility is necessary. Hexafluorides eon-
tiiiiied in the ventilation air whieli might pass through 
the larger alpha box as a result of an inadvertent re­
lease, and trace amounts of hexafluoride in the flu­
orinator process off-gas will be trapped by a fluorinator 
process scrubber-filter combination. The gas streaui is 
liUMiidified in the scrubber, where, upon contact with 
water, the hexafluorides react to form particulate oxy-
fluoride solids capable of being trapped by absolute 
filters. Perfoiinance tests were earrietl out on the 
fluorinator proeess scrubber in whieh tlie mass transfer 
coefficients of water vapor-to-air were determined. 

"Trevnrrow. L. E.. J. Fischer aiui J. G, Hiha, Lahoratury 
Investigationtt in Support uf Fluid Heif Fluoride VDlatiiity 
Processes. Part III . Separation of (iaseous Mixtures uf Ura­
nium Hexaflut)ride ami Plutonium HexaHutiride hy Thermal 
Det'oinpusitiuii. . \NL tt7t)2, August llHi:i. 

" \ogel , (.!. J.. E. L. Carls and \V. J . Meeham, Engineering 
Development of Fluid-Bed Fluoride \ 'olatility Processes. 
Part 5. Description of a Pilot Scale Facility fur I'rHnium Di-
oxide-Plulunium Dioxide Prut-essing Studies, .\NLG901. l)e 
cember 19G4. 

From this infonnation an estimate was made of the 
quantity of hexafluoride that could be handled. The 
possible problem of the filters becoming wetted land 
inoperable I by the humidified air stream was also 
evaluated in these tests, even though a steam reheat 
coil is provided upstream of the filters to minimize this 
(trctnrence. 

The .<erubber consists of a vertical eolunui. 18 in. 
in dia. and 8 ft long, and o|)erates with countercurrent 
liquid and gas flows. Two in-series, spray nozzles 
(Sprayco %, 1155 M. hollow-conel are located in the 
lower half of the colunm. In the gas exit region above 
these nozzles are a demister for removing entrained 
water and a finned, steam coil for superheating the 
saturated air to redvice the chance of wetting and plug­
ging the filters. 

Ventilation air flow rates of 402. 510. and 560 cfm 
were u.<e<l in the .-separate tests. Air flows were measured 
by a vane anemometer. The water circulation flowrate 
to the nozzles was 2100 lb )hr) (sq ft). The dewjMjint 
of the entering air was calculated from wet and dr\* 
bulb temperatures. Mass transfer coefficients were cal­
culated on the basis of the <iuantity of make-up water 
added to the system to compensate for the amount 
lost through transfer. Mass transfer coefficients of 167. 
245. and 192 lb moles ihr l (a tm) , were obtained for 
the three cases. During actual operations, the make-up 
water will be provided by the condensate from the 
steam reheat coil. < *n the basis of preliminary tests. 
Ihe quantity of water produced is adequate to maintain 
the desired constant-inventory sy.stem. Overall per-
fonuance of this unit is ex|iected to l>e satisfactorj* 
without modification. 

lVr/(rn/ ifayout. Initial tests of the vertical bagout 
system were completed. Thirty-inch diameter bagout 
openings are provided at the top of each alpha-l>ox 
module along with a hoist outside the box to handle 
objects which, because of their bulk or weight, cannot 
be transferred through the 8-in. and 22-in. dia. hori­
zontal openings at the ends of the alpha box. The main 
problem in bagging proved to be the collap.'ie of the 
bag around the object being witlnlrawn when the bag 
was in the extended j>osition outside the Iwx. Move­
ment of the object within the bag was then virtually 
impossible. A solution was found by design of collaps­
ible rings which eould be fixed inside the bag to keep 
it expanded. These rings are reusable. 

(ias Recycle Pump. Perfonnance of the fluorine re­
cycle pump proved satisfactorj-; a flow rate of 2.3 
scfm at 15 psig discharge pressure was achieved. The 
rated capacity was 2 scfm at 10 psig. 

( 2 ) Shakedown Work in the Fluorinator 

\ >luikedown experiment (Run I 'O-l I was com­
pleted in the fluorinator s>'stem using the two-zone 

file:///ogel
file:///NLG901
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TABLE II 14. IIPEHATING CONDITIONS FOH URANICM 

(IXIDE FLUnniNATION RCN U(l-1 

Equipment: 3-in. dia. nickel fluorinator 
Reactor Charge: UOs pellets: 3-in. bed depth, 2.2 kn, h ' -

iii. dia. li.v 'a-in. riKlil 
cylinders 

Aliiminii: 24 in. still ic lied deplli, 6.52 
k|{ (lliKli I'nrily HIne I.n 
hel, Nnrtcin Co.), -m 
-fl70 mesh 

Pellet Support: Nickel lijills 

Run Time (hr) 

3 4 5 

Bed Temperature (°C) 
Fluorine Cone, (v/o) 
Oxygen Cone, (v/o) 

450 -

5 

3 ^ 4 . 5 -
Velocity (ft/sec) at Col- 1.0 

umn Conditions 
-.0.02, 0.32, 

0.10 

oxidation-fluorination iiiotlioil of ]irocessing UO2 pel­
lets I ANL-6687, pp. 112-124). In tlie two-zone methoil, 
there are two distinct reaction zones: the first is a bed 
of UO2 pellets with high-fired alumina particles in the 
voids; the second is a bed of alumina particles placed 
over the UO™ pellet bed. In the pellet-bed zone, UjOs 
fines are jiroduced by contacting the UO2 with an 
oxygen-nitrogen stream which also serves to fluidize 
the alumina particles. The U;iOs fines are carried from 
the lower zone by the oxygen-nitrogen gas stream and 
are reacted in the ujiper zone with fluorine, which is 
admitted to the fluidized bed of alumina .just above tlie 
UO:; pellet bed. The major objectives of the shake­
down experiment were: (a) to investigate the perform­
ance of the various equipment components, (b) to 
achieve satisfactory removal of uranium from the 
reactor, (c) to demonstrate completeness of hexafluo­
ride product collection, and (d) to show that satis­
factory material balances can be obtained. 

Equipment, Procedure and Conditions 

A shallow bed (3-in. bed depth, 2.2 kgl of UO2 [lel-
lets and a 24-in. bed (static height) of -16 -H70 mesh 
alumina were used as the charge. Ei|uipment items in­
cluded the fluorinator (3-in. dia.), tiuxiliary filter, the 
hexafluoride collection system, and off-gas cleanup sys­
tem. Once-through fluorine was used; thus the recycle 
puiii]! was not tested at this time. 

The conditions and sequence of ojierations for tlic 
run are listed in Table 11-14. The run was divided into 
four parts: (a) normal two-zone ojieration until aji-
proximately 90% of the UF„ was collected, (b) switch­
ing of the fluorine introduction jioint from the side 
inlet to the bottom of the reactor and turning off the* 
oxygen, (c) increasing the reaction temperature, and 

Id) increasing the fluorine concentration by decreasing 
the nitrogen diluent flow. 

The UF« was collected in a single condenser backed 
uji by a NaF traji. During the UFe collection period 
the cold trap was ojierated at an outer wall tempera-
dire of 2.'i to 50°C while the coolant temperature 
rtmged from - 6 4 ° C to -78°C. The condenser exit gas 
was monitored continuously for fluorine content via a 
thermal conductivity cell ajijiaratus. Uranium hexa­
fluoride collection was continuously recorded utilizing 
an automatic chain-balancing scale equipped with a 
remote weight-readout device. Sensitivity to weight 
changes of ±10 g n^as achieved by connecting the 
Jiroeess lines to the condenser in an extended torsion-
lever arm arrangement. 

From the total amount of fluorine used, the concen­
tration of fluorine in the off-gas, and the amount of 
UF„ luoduced, the percentage of fluorine consumed in 
the conversion of UaOs to UFo and the percentage used 
in the jiroduction of UOoF^ fines could be calculated. 
The oxygen and fluorine rates were regulated in such 
a way that the builduji of fines in the alumina bed wag 
minimized. Ideally, the U.i08 fines produced by the 
oxidation should react immediately upon contact with 
the fluorine. Automatic blowback of filters to return 
fines accumulated on the filters to the reaction zone 
and gas pulsing to aid in fines transport from the lower 
(jiellet I zone to the fluorination zone were employed. 

Results 

UF„ Collection Rate. Figure II-7 shows the UFj col­
lection rate and percent of charge collected versus 
time. The collection curve is typical of jirevious pilot-
jilant ojierations in which a jieriod of high collection 
rate is followed by a jieriod in which the collection 
rtite declines. Introduction of fluorine at the bottom of 
the reactor (Point 1, Figure II-7) as well as increasing 
the head to the bottom of the unit (Point 2) did little 
to increase the rate of recovery of hexafluoride. The 
jieak in the collection rate obtained during the latter 
stages of the run was due to a combination of factors: 
increasing the blowback jiulse, mechanical jarring of 
the ujiper sections of the unit (see Points 3 and 4), and 
also increasing the temjierature of the disengaging sec­
tion to 350°C. (During the earlier jiarts of the run the 
(lisengtiging section was kept at 250 to 275°C. The 
filter chambers were kept at loO°C throughout the 
run.) Increasing the concentration of fluorine in the 
inlet gas stream by cutting back on the flow of diluent 
nitrogen (Point ,5) seemed to have no beneficial effect 
on the rate of UFo formation. The peak production 
rate of UFo of 975 g/hr in the 3-in. dia. reactor cor-
resjionds to a rate of 42 lb/(hr) (sq ft). 
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Flu. II-S. Fluorine Concentration in the Colli Trap K.\it Cias. 

Residual I'ranium Content of the Alumina Bed. 
After 9 hr, the residual uranium content of the alumina 
lllll wtis 0.03 w o, equivalent to about 0.08'c of the 
uranium charged to the reactor. Subsequent refluorina-
lion of a jiorlion of the alumina bed under static-bed 
conditions in a bench-scale ( l i i - in . dia.) reactor at 
riOO°C' and 550°C for consecutive 1-lir jieriods reduced 
the uranium content to less than 0.01 w, o. 

Fluorine Utilization. The overall fluorine efficiency 
lor this Jireliminary run was 32'^r. During jieak pro-
iliiction Jieriods, efficiencies of fluorine in the conver­

sion to hexafluoride of 72 to 73*^ were observed. Future 
work will aim toward overall efficiencies of .50^ or 
greater. Figure II-8 is a jilot of the fluorine concentra­
tion in the cold traji exit gas versus time. The results 
as obtained by the thermal conductivity apjiaratus are 
comjiared with the calculated values based on fluorine 
injiut and liexafluoride jiroduction rate. The close 
agreement would indicate that little if any accumula­
tion of intermediate uranium fluoride fines occurred 
during the run. 

Uranium Hexafluoride Material Balance and Cold 
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TAHI.H II 15. URANIUM MATEHIAL HAI.ANCK- IIUN 

U(l 1 

Uranium Charged 

2200 g 

Uranium Collected 
Uranium Collected in Cold Trap 
Backup NaF Trap 

Uranium Remaining in the Reactor 
Final Alumina Bed 0.03 w/o U 
-1-40 Fraction (Unreacted Pellets) 
Fines from Filters and Filter Cham­
bers 

UF, 
Equivalent 

2868 g 

2770 
55 

2.4 
0.0 

34 

2807 

100 

%.(i2 
1.111 

O.OS 
0.21 
I.IS 

!)<).!)? 

Trap Performance. The I'F,; material bahitice for the 
run is shown in Table 11-15. From weight changes and 
analysis of bed residues, a tiiaterial balance of 99.97'f 
was achieved. The efficiency of the cold traji for I'Fn 
collection was 98% based on the amount of material 
collected in the cold trap and the amount collected in 
a NaF backuji traji downstream of the cold traji. 

Uranium Hexafluoride Transfer from the Cold Trap. 
Subsequent to the fluorination run the material col­
lected in the cold trap was transferred to a jiroduct 
receiver pot. This transfer involved; (1) evacuation 
of the cold trap and warm product receiver pot, (2) 
chilling of the product receiver jiot to -60°C and heat­
ing of the closed cold trap to 75 to 80°C to liquify the 
UF„ , (3) a closed-system vapor transfer of the UFo 
to the chilled product receiver pot. 

In a 2-hr period, 2587 g out of a jiossible 2770 g* 
were transferred out of the cold trap and collected in 
the product receiver. At this jioint the exit line from 
the cold traji was connected to a vacuum jiumji via a 
NaF traji. Pumjiing on the warm cold traji in this 
manner for 3 hr transferred an additional 112 g of UFo 
out of the cold trap, giving a total of 2699 g. The 
percent transferred for the two stejis was therefore 
97.4%. 

Discussion 

Aside from minor difficulties with the remote-retidiiig 
scale mechanism, the operation of the equijiment, the 
gas control systems, the air-water reactor cooling sys­
tem, and the thermal conductivity gas analysis aji­
paratus was excellent. 

Future work will be concerned with imjiroving 
Jiroduct collection. This can be accomjilished by a 
combination of utilizing two cold trajis in series to 
collect the UF„ . and ojitimizing of fluorinaiiim i(iii-

• The amount of IIF, collected duriiiu 11,,. liii,,,;,,,,! j , , , , 
period according to the scale readout 

ditions. Imjirovcments in transfer operating conditions 
arc exjiected to effect transfer of a higher percentage 
of the UFo from the cold trtijis to the product receivers. 

(.'i) Conversion of UFo-PuF,i Mixtures to Oxides 
l l . K.\l ll,..KN, .M. .loNKSI 

.Mixtures of uranium tind |ilut(iniuiii hexafluorides 
are jiroilticeil in the jiroeessing of uranium-jilutonium 
ceramic oxide fuels by fluoride volatility methods. Be­
cause PuFo suffers from alpha deeomjiosition^' pro­
ducing solid Jilutonium tetrafluoride and fluorine gas, 
long-term .storage of the plutonium as the hexafluoride 
is undesirable. For this reason and for safety considera­
tions I based on the increa.se in jiressure within storage 
cylinders resulting from the jiroduction of fluorine 
gas I, a fluid-bed reactor for converting the mixed 
UFo-PuFo Jiroducts of the fluorination step to a stable 
oxide Jiowder form is being installed in the alpha 
facility, .^s a converter, this unit will also be used to 
investigate the effects of jiroeess variables in the pro­
duction of high-density mixed-oxide jiarticles for com-
jiticted fuels, work similar to that carried out with UF, 
alone.-- Recycling of the converter product to the 
fluorinator is being considered in the jirogram. A means 
(if sejiarating the jilutonium fraction from the bulk 
urtinimii stream by thermal decomposition-^ of PuF, 
to PuF, will also be studied in this unit. 

Equipment 

The converter process equipment includes gas supply 
sources, a gas jireheater, a fluid-bed reactor with in­
tegral filter section, a secondary filter, an off-gas 
analysis system, an exit gas scrubber and dry chemical 
trajis. The retictor is fabricated of Inconel; other 
equiiiment and lines are of nickel and Monel. 

The reactor is coiiijiosed of three sections connected 
by flanges: a 60° cone bottom, a 2-in. dia. fluid-bed 
section and a 4-in. dia. cooling-filtering section (see 
Figure II-9). The cone bottom Ishown in better detail 
in Figure 11-10) has an ojiening at the apex for the 
gas feed: the hexafluoride mixture enters through a 
0.125-in. i n nozzle extending 2'/2 in. into the cone; 

" .steindler, M. J., II. \ . .steidl and Jack Fischer, Lahora-
tory Investigations in .Support of Fluid Bed Fluoride Volatil­
ity I'roresses. Part \-. The liadiation Chcmistrv of Plutonium 
He.Mifluoride. U.SAKC lieport AM.-ti812, Oeeember 1963. 

" Knudsen, I. and N. M. Levitz, Kngineering Development 
of Fluid-Bed Fluoride \ iilatility Processes. Part 0: The Fluid-
Bed Conversion of Uranium Hexafluoride to High-Deiisitv 
Uranium Ilioxide. USAKC lieport ANI.-I'iil02 1964. 

"Trevorrow, L., J. Fischer and J. l i iha, 'Laboratory In 
vestigations in .Support of Fluid Bed Fluoride Volatility 
Processes. Part III . .Separation of liaseous Mixtures of Ura-
nmm Hexafluoride and Plutonium Hexafluoride by Tliermal 
llecompositmn, USAEC Deport ANL-(17«2, August 1903 
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the fluidizing nitrogen or steam and hydrogen reactants 
cnt«r through the annulus around the hexafluoride noz­
zle. The side opening in the cone bottom is for product 
take-off and samjiling. 

The fluid-bed section, 2.07-in. ID , is 24 in. long. 
Three 1.500-watt and two 7.T0-watt alloy-sheathed 
tubular electric resistance heaters (includes one sjiare 
of each size) are bonded to the outside wall with a 
coating of cojijier and a cover coating of stainless steel 
Thermocouples are inserted through side inlets which 
also serve as jiressure tajis. One side inlet is available 
for adding seed jiarticles to the fluid lied. Other ojien-
ings include !i solids overflow jiijie and a jiort, normally 
Jilugged, through which a lioreseojie can be inserted for 
examination of the interior of the reactor. Two theriiio-
wells are loctited on the lower half of the wall of the 
lliiid-bed section for measuring skin temjieratures. 

The cooling tind filtering section of the reactor is 
26 in. in length, 4.03 in. ID, and is tajiered at the 
bottom to join to the fluid-bed section. The lower half 
of the cooling and filtering section is wrajijied with 
cooling coils which are bonded in the same way thtit 
llie coils are bonded to the main rejtction section. .\ 
tu(i-|iliase air-water mixture is the coolant. In the 
middle of this section, a jiort is jirovided for viewing 
tlic interior of the reactor. The cover fljinge is jiro-
liilcd with a center ojiening for a thermowell and four 
ciiiijilings for the four btiyonet filters, l^i in. by 12 
ill. long, of iiorotis nickel.* Filter iilowback devices 
(ji't-jitimjisl, utilizing high-jires.sure nitrogen, are jiro-
\'i(le(l for each filter (see Figure I I - I l ) . 

The secondtiiy (backuji) filter vessel, 21-in. long and 
S.M-in. II), is wrajijied with a 1.500-watt tubular 
heater. A single cylindrical filter 18-in. long and 2 ' i in 
in dia., of a similar grade jiorous nickel serves as ;i 
iKicktiji to the Jirimary filters l.see Figure 11-121. 

The UFo-PtiFo mixture is fed from 4-in. di;i. cylin­
drical vessels. 31-in. long, which are heated by two 
2(M)-watt band heaters. Cooling coils are jirovided for 
ctiiergeiicy cooling. .\ir. nitrogen, and hydrogen are 
Miiijilieil from high jiressure cylinders and jiass through 
driers. Steam is sujijilied by a eonstant-jiressure, elec­
trically heated steam generator. .\ll gas flow rates are 
metered and automatically controlled by orifice-differ­
ential Jiressure systenis. The ga.ses entering the con­
verter (nitrogen, steam, hydrogen, or oxygen) are jire-
lieated in a 33-in. long. I'/a-in. dia. jiijie section jiacked 
with '/s-in. nickel Htischig rings; beat is sujijilied by 
riamsliell heaters that are automatically controlled. 

The oft"-g!is from the secondary filter vessel jiasses 
lo a scrub tower for HF removal. The scmbber is a 

•Grade C. (mean |«ire opening KV). a product of .\ircraft 
Porous Medi;i, Inc.. (Jlen Cove. New York. 

III. II o \...'milled Fluid Bed Conversion Reactor. 

cuimtereurrent. jiacked tower constructed from 4-in. 
ilia, jiijie of Monel alloy 4(X) in whieh caustic is circu­
lated. The Jiacked section, containing Vs-in. dia. Monel 
Rascbig rings, is 3 ft long and is finned on its outer 
surface for heat dissipation. Caustic solution is punijied 
from the bold tank and sjiraycd onto the top of the 
packing; the off-gas enters the bottom of the tower and 
Jiasses through the jiacked section to a liquid deentrain­
ment vessel and then is discharged into the ventilation-
air tretitment svstem. 
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Flo, 1140. Fluid Bed Converter Installed in Aljiha Facility. 

Gas evacuated from the process lines is passed suc­
cessively through traps containing NaF and activated 
alumina before entering the vacuum jiumji. Discharge 
from the pump is to the ventilation-air treatment sys­
tem. 

Control, indicating, and recording instruments are 
mounted on a panelboard w'hich is outside the cell area. 
A hydrogen detection system is provided to monitor 
the air environment of the converter installation. De­
tectors are located in the large and the small alpha 
boxes with individual indication and alarm signal at 
the panelboard of the presence of hydrogen. The HF 
content of the jiroeess off-gas is measured by a thermal 
conductivity cell and recorded continuously. 

Proyra in 

Conversion of Hcrafluorides to Dioxides. For the 
Jiroeessing of hexafluorides to oxides for storage or re­
use, the converter will lie ojierated at 6.50°C with a 
3.6-kg fluid bed and hexafluoride feed rates of 11 to 22 
g./itiin [42 to 84 Ib U, Pu/ (br ) (sq ft retietor cross sec­
tion)]. The Jiroduction of high-density jiarticles will 
require steam-to-hexafluoride mole ratios near a value 
of 2 with larger quantities of steam to be used during 
the cleanuji period to achieve adequate fluoride re­
moval. Alternate 30-min periods of hexafluoride feed 
and Jiroduct cleanuji will be used with product removal 
at the end of the cleanup jieriod. Further tests will be 
made of the oxidation-reduction procedure (see ANL-
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6900, jij). n. ' i - lSl) for adjusting the particle size in the 
bed. 

Thermal Decomposition of PuF,. Studies of the 
thermal decomposition of PuFo and PUF4 are also to 
be made in this unit. Initial experiments have been 
carried out on a laboratory scale. For the projiosed 
tests, provision will be made for eflliient gas from the 
reactor to be routed to the condenser of the fluorinator 
system. Conversion of jiroduct PuF , to PuO^ by a 
pyrohydrolysis reaetion may lie carried out in .situ. 

h. DECLADDING AND FLUORINATION OF URA­
NIUM DIOXIDE FUELS (D. RAMASW.VMI. .1. 
(lAiK)H, 1). HAfK, .1. STRAND) 

Studies on the dechidding and fluorination of UOi; 
fuels are being made to ojitimize the jiroeessing condi­
tions for the fluiil-bed fluoride volatility jiroeess for 
recovery of fissionable values from sjient nuclear re­
actor fuel of the UO-PuO:.. type. 

Stainless steel (.SS) and Zircaloy are coiiimonly used 
as the cladding materials for the UO2 fuels. Several 
methods for decladding these fuels have been studieil. 
In an oxidative decladding metliod, the UOo jiellets are 
oxidized to UaO^ fines which are separateil from the 
cladding. Previous studies with SS tubing (see ANI.-
6800, PJI. 227-242) established ojierating conditions lor 
this method; however, mechanical ojierations, broach­
ing of the cliidiling or shearing of the fuel into short 
lengths are required. These ojierations are costly to 
Jierfonn in radioactive environments. 

Exjierimenttil work on solely clieniictil decladding 
methods which do not require mechanictil ojierations 
have also been initiated. For SS chidding. the follow­
ing decladding methods ajijiear feasible: (1) chemical 
ileslrtictioii with aijueous hydrochloric acid in an air-
Ihiidized bed and (2) catastrojibic oxidation cattilyzed 
by .solid fluorides Isee HNI--806, jiji. 7.5-761. Fur 
Zircaloy decladding, treatment with HCl tis in the en­
riched alloy rejiroeessing scheiue is jirobably directly 
ajijilicable. Recent tube-furnace exjieriments at 
OUNI.-* showed that destructive oxidation of SS is 
promoted by gaseous HF at lower temjieratures. Pen­
etration rates of 67.5 mils/hr were observed at 6.50°C 
with 40 v o HF in oxygen. These results indicate that 
HF-promoted destructive oxidation is a jiotential de­
cladding method that might be incorjiorated into the 
fluid-bed fluoride volatility jiroeess for SS-clad fuels. 
An investigation was initiated at .\rgonne to exjilore 
the range of conditions for which HF-promoted de­
structive oxidation in a fluidized bed of granular 
alumina might be satisfactorj'. Work at .-Vrgonne is 
also concerned with the processing of declad fuel. Stud-

"Oak Kidge National Laboratory, April 6, 1964 {Unpub­
lished). 

lUS-7891 
Flo. II-U. Converter Top with Cluster of .Sintered Metal 

Filters and Filter-Blowback Piping. 

ies aimed at ojitimization of the HF-oxygen decladding 
Jiroeess are being conducted at Brookhaven. Feasibility 
of Jiroeessing I'O^-SS ceniiet fuels by the HF-oxygen, 
fluorine cycle was also investigated. The results of the 
various studies at Argonne are outlined in the follow­
ing. 

( I ) Destruclive Oxidation of Stainless Steel 

Four exjiloratory runs were made in a bench-scale 
fluid-bed reactor (described in .\N'L-6569, p. 1141 to 
determine the optimum fluid-bed temjierature for the 
HF-oxygen reaction with stainless steel. Two runs were 
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140 
/ / Fuel Cijclc Appliralions uf VolalilHy oiiil Fluidizaliun Techniques 

108-7576 
FIG. 11-12. Backup Filler Housin for the Convener. 

made in a jiilot-scale fluid-licd reactor I described in 
ANL-6725, pp. 134 to 135). The ojierating conditions 
and results in terms of penetration rates arc listed in 
Table 11-16. The fluid-bed temjieratures were main­
tained in the range .500 to 6(I0°C. Sintered alumina was 
used as the inert fluid-bed material. 

The penetration rates increased with temperature 
from about 2 mils/hr at 500°(' to about 33 mils/hr at 
600°C for tyjie 304 SS with 40 v/o HF, 40 to 60 v/o 
oxygen (plus nitrogeni in the feed gtis stream. .\ 
Jiraetical operating tenijierattire was found to be about* 
5.50°C which gave ji jienefriition rjite of about 30 
mils/hr. Penetration was mjirkedly higher for the jior­
tion of the specimen immersed in the fltiiilized bed than 

perillll 

(or (he section of the specimen exposed to the gas 
phase above the bed as .shown in Figure 11-13. Also, 
in the fluidized bed itself, the rates were highest at the 
imrlion of the sjiecimcn wdiich was contacted by the 
entering gases and decrea.sed in the direction of gas flow. 
The treatment with HF-oxygen resulted in the conver­
sion of a major fraction of the iron to a-Fe/): , and a 
minor fraction to Fe.O, . The results from the jiilot-
scale .studies ciinfirnied the results from the bench-scale 
tests. 

(2 ) Destructive Oxiilation and Fluorinalion of 
Stainless Steel-f:ia<l UO:.—Processing of a Fuel 
Bunille 

,\ run was made in the jiilot-scale reactor to demon­
strate the Jiroeessing of a simulated type 304 SS-clad 
CO. fuel bundle. The fuel bundle, which simulated the 
fuel elements emjiloyed in the Vallecitos Boiling Water 
Ketictor,--' consisted of six 3-ft long tubes containing 
V()-j Jiellets (see Figure 11-14). End Jilugs, force-fitted 
into the ends of the tubes, held the UOj pellets in place. 
The bed of sintered alumina grain* extended ajiproxi-
iiiately 4 in. above the fuel bundle when fluidized. The 
iiKiin Jiroeess conditions are detailed in Table 11-17. 

Dc.itiuctive Oxidation. The destructive oxidation 
111 was of 3-hr duration. After V2, 1, and 3 hr of 
decladding phase the residual fuel fragments and 

bid were removed from the column for examination. 
The temjierature of the fluid bed was maintained at 
550°C during the first hour but only at 450°C during 
the last two hours of ojieration because of heater fail­
ure. 

After the first 'A hr of the decladding step the 
length of the fuel bundle was reduced by approxi-
uKitely one-fourth, .\fter the first hour the length of 
the bundle was reduced somewhat over a half. Figure 
11-14 shows a fuel bundle before reaction and after 
one hour of reaetion. .\fter 3 hr the entire fuel bundle 
was comjiletely disintegrated; the reaction jiroducts 
were found to be well mixed with the alumina bed. 
The bed consisted of the alumina grain, UO;F.j fines 
I - 325 mesh), jiartially reacted UO2 pellets, and FcjOj 
scale from the tubing. The uranium fines constituted 
22''! of the bed material. Eleven jiercent of the bed 
was larger than 45 mesh and consisted of scale and 
Jiartially reacted jiellets in about a 3:1 weight ratio. 
Most of the jiieces of scale were about Vs by Vs in. and 
tl few were on the order of '/s by 3 in. The bed material 
was satisfactorily fluidizable for further processing. 

• Tabular Alumina, type T-61, manufaetiired liy .Vluniinum 
Company of America. 

J* Fowler, \V. II. and .1. W. Lingafelter, Ilesign and Fabrica­
tion of High Power Ilensity F'liel .\ssemlilies fur \ BWH Irradi­
ation Testing, t;KAP-;)6ll9, November 1, 19112. 
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TABLK II-Ki. UESTRUCTIVE OXIDATION OF STAINLESS STEEL IN FtriDizED BEDS OF A H MIN.^ 

Type of StainlesB Steel 
Mesh Si/.e of (iranular Alumina* 
Uan Velocity (ft/sec) 

Feed Gas CompoBition (v/o) 
HF 
Oxygen 
Nitrogen 

Time (hr) 
Temperature of the Fluid Bed (°C) 
I'eiielration Hates (mils/hr) 

Bench-scale Studies Pilot Plant Studies 

Run Number 

HF.6 

304 
48-100 

0.63 

40 
40 
20 

3 
500 

2 

HF-7 

3IH 
48-100 

0.63 

40 
40 
20 

3 
550 
25 

HF-2 

304 
-30-1-50 

0.63 

45 
,32 
23 

3 
550 
.30 

HF-1 

304 
-304-50 

0.6:1 

4S 
32 
23 

3 
I'lOO 

33 

SSOX-1 

3(H 
48-100 

O.fl 

43 
5-

2 
50O 
1.3 

SSOX-2 

304,347 
48-100 

0.9 

43 
57 

~ 
2 

550 
30 for type .104 S.-i 
13 for type .347 S.-* 

».Sintered alumina, typo T-61, manufactured by Aluminum Company of America. 

DISENGAGING Z O N E -

ROD LENGTH, in 

108.8643 
Fill. II 13. Penetration Kales at 550°C of Type 3IH Stain­

less Steel by HF-(l.\ygeii Mixture. 

Kquipment: l l^-in. dia. fluid-bed reactor 
Initial Ilimensions; l2-iii- d'H- n id 23 in. long rod 
Inilinl Weight: 58:1.9 g 
Filial Weight: 392.4 g 
linn Time: 3 hr 
Comjiosition of Feed (las: 40 v/o HF, 40 v/o oxygen, 20 v/o 

nitrogen 
Kluid-licd Mjiterial: Sintered alumina 

Fluorination. In the fluorination jihase of the iiin, 
the entire bed including SS oxidation products as well 
as the UOL.FO fines and residual jiellets were reacted 
with fluorine. The temjierature of the fluid bed was 
maintained initially at 400°C. During the first 6 hr of 
ojieration, nitrogen ;it a rate of 0.5 cfm |25°C and 1 
atm I was introduced at the bottoiu of the reactor to 

fluidize the bed and fluorine (0.05 cfm) diluted with 
recycled off-gas (0.5 cfm I was introduced into the re­
actor at ajijiroximately the middle ol the fluid bed. 
This Jirocedure faeilittites control over the fluorination 
of the large quantities of uranium fines I ^22 w o 
UO-Fo fines in the alumina graini, since, in the middle 
Jiortion of the bed and above, the fluidizing gas bub­
bles are fully develojied and the solids movement most 
vigorous. Dilute fluorine was fed when the bulk of the 
uranium fines was jire.-^-nt. During the .seconil jiart 
(from 6 to 11 hrl ol the fluorination steji. fluorine and 
recycle gas were introduced tit the bottom of the re­
actor and the nitrogen was comjiletely cut off lexeept 
for jiurges) to eomjilete the cleanuji. This allowetl the 
fluorine eiinri%itration to build up to the order of 90"^r. 
Uecau.-e of heater limitations, the bed temjierature did 
not exceed 4,50°C during the cleanuji phase of the nin, 
although final temperatures of 5.50''C were intended. 

During the first jiart of the fluorination jieriod. S2''c 
of the I"F,, was collected. The Fe^Oj was fluorinated 
to FeF:, fines. The fluorine efficiency for the entire run 
based on the reaction of fluorine with both the UO2F0 
and Fe^O:, was 67^f. The concentration of uranium at 
the end of fluorination was 0.05 w o indicating a re­
covery of about QQ.O""; of the uranium in the charge. 
The bed at the end of the nm was free flowing, and no 
caked material was found in the bed. 

( 3 ) Destructive Oxidation anil Fluorination of SS-
ClaH U O J Cermet Fuel Elements 

.\n exploratory run was made in the bench-scale 
fluid-bed reactor to determine the feasibility of proc­
essing UO2-SS ceniiet fuel by the HF-oxygen, fluorine 
cycle. Cermet fuels are currently being used in medium 
Jiower jilants and contain highly enriched uranium. 
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C o m p a r i s o n of o r i g i n a l bund le wi th 
bundle a f te r 1 h r of e x p o s u r e 

UNCOVERED 
UO2 PELLETS 

N I C K E L - 2 0 0 
SUPPORT WIRE 

C l o s e - u p v iew showing e x p o s e d UO2 p e l l e t s 

108-7769B 
FIG. 11-14. Destructive llxidalion of a Simulated .sS-CMad Fuel Bundle after 1 hr Kxposure to 40-liO v/o HF-O. at 550°C. 

The fuel for this test consisted of a 90-g miniature 
fuel subassembly of 18 w/o UO2-SS (tyjie 304) cermet 
fuel. The subassembly, which simulated those used-*' 
in the Stationary Medium Power Plant, SM-1, con­
sisted of four plates, ajijiroximately syg-in. long, 
ii/16-in. wide, and 0.03-in. thick, held together by 
^/ie-in. dia. nickel-200 wire with a plate sjiacing of Vs 
in. The subassembly was submerged in a fluid bed of 
sintered alumina. Details of the jiroeessing conditions 
are presented in Table 11-17. The reaction cycle com­
prised a HF-promoted destructive oxidation steji and 
fluorination of the resultant oxides. The first steji was 
conducted at 550°C for 4 hr with 40 v/o HF, 40 v/o 

*̂ Directory of Nuclear Reactors, Vol. I\ ' , Power Iteaetorif 
(Revised and Supplemented Kdition of \ o l . I), Ititcriiatiiinal 
Atomic Energy Agency, \ 'ienna, 1962, pji. II lo It. 

oxygen, and 20 v o nitrogen. The second step was 
initiated at 250°C with 2 v o fluorine in the feed gas 
stream, and completed at 5.50°C with 95 v/o fluorine. 
The total time of fluorination was 11 hr. 

High recovery I >99'"c) of the uranium in the charge 
was indicated by the low quantities of uranium re­
tained by the alumina at the end of fluorination. The 
concentration of uranium was 0.005 w/'o of the bed at 
the end of fluorination which corresjionds to 0.2% of 
the uranium in the charge. The material in the fluid-
bed zone was fluidizable throughout the run and was 
free flowing tit the end of the run. The subassembly 
was comjiletely ilisintegr:iteil at the end of the de­
structive oxidation. These initial results show the ap-
jilictibility of this jiroeessing scheme to a variety of 
SS fuels. .\ few more runs are planned to ojitimize the 
ojierating conditions. 
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(|.) Declailding Stainless Steel-Clail Fuel with 
Aqueous Hydrochloric Aci<l in an Air-Fluidizeil 
Bol 

Tests on the decladding of SS-clad fuel by aqueous 
hydrochloric acid in an air-fluidized bed were con­
cluded this period. The jiurpose of this investigation 
was to develop a .SS-decladding proeess that would be 
romjiatible with the overall scheme of the fluid-bed 
fluoride volatility jiroeess for rejiroeessing UO:.. fuel. 

Results from initial tests in a l'/2-in. dia. glass 
column revealed that decladding rates increased with 
increasing liquid content in the fluidized bed (.see 
ANL-6900, pji. 173-175). However, fluidiztition of the 
bed was satisfactory only when small amounts of 
liquid were used, quantities corresjionding to about 2.7 
w/o of the bed. Datti re|iorted by Leva-" on the effect 
of column diameter on fluidization quality suggested 
that work with higher liquid contents might be facil­
itated by ojieration in larger diameter equijiment. On 
the basis of these data, further tests have been con-
(liictcd in a 3-in. dia. glass column. 

Current Work 

("urrent tests were made in a 3-in. diti. glass eiilumn, 
3 ft in length. The necessary temjieratures 180 to 
lOO^C') were maintained with heating tajie consisting 
of nichrome wire wrajijied around the column. Thin 
sheets of mica were jilaced between the heating tajie 
and the exterior column wall to jirovide uniform heat 
distribution. A Teflon disk jierforated with 0.025-in. 
dia. holes ser\'ed as a gas distributor. The fluidized bed 
consisted of 18(K) g of -30-h.'iO mesh alumina grtiin 
lexjianded bed height about 1 ft I. 

Hydrochloric acid (37 w o HCl in Il.Oi w;is fed 
from a constant-head tank and was iii,iected into the 
bed through a hyjiodermic needle inserted tbrougb the 
Teflon flange at the bottom of the column. The effec­
tive concentration of HCl in the acid in the bed was 
assumed to be tiliout 20 w/o, the equilibrium value for 
HCl in hydrochloric acid at the nominal ojierating 
teinjierature |90°C). A glass rotameter with a sajijihire 
float indiciited the hydrochloric acid feed rate. .\t the 
beginning of eticli run, 95 g of hyilroehliirie acid was 
injected into the bed giving an initial liquid content 
of 5 w o in the bed. .\ltliiiugh a jiortion of the acid was 
lo.st by evajioration to the fluidizing gas. steady-state 
acid contents in the bed were maintained by adjusting 
hoth the acid and air flow rates. .\ samjile jiort was 
installed at the top of the eoluiiin to allow passage of 
a long-handled dipjier for bed sampling. The liquid 

"Leva , Max. Fluidi:alion, Mctiraw-Hill Book Co.. New 
Vurk, 1959, p. 24. 

TABLE 11-17. CoNDmo.Ns FOR llEci.ADDiNn AND 
Fl.rORINATlllV OF rRAMlM HlOXIDE Fl-fiLS 

Type o( p'uel 
t 'O , ChurRp (kg) 
Type 304 SlainlesH 

Charter (kg) 
Alumina ('hjirRo'' (kR) 

Destructive Oxtilativn 
Temperature ("C) 
Time (hr) 
Feed (Jim C'ompfisilion 

HF 
OxyReii 
Nitrogen 

fias \'el<>city (fl/sec) 

Fluorination 
Initial Period 

Temperalure (**C) 
Time (hr) 

Steel 

(v/o) 

('(Micerit ration of Fluorine 
in Nitroften (v/o) 

< iii.s \ e l t ie i ly 

Final IVrind 
Temjieralure ("C) 
Time (hr) 
Conreiilration <»f Fhioriiie 

in Nitrogen (v/o) 

Pilot-scale 
Studies 

Bench-scale 
Studies 

Run No. 

SSOX-J 

Fuel Buiidle-
4.5 
l.fi 

7.7 

550' 
3 

43 
57 

— 
0.7 

400 
6.5 
5 

0.77 

4 » 
5 

<IU 

HF-13 

SS-UO, cermet 
0.016 
0 074 

0.48 

550 
4 

40 
40 
20 
0.75 

250 
6 
2 to 90 

0.25toO.G 

SSO 
5 

95 

" ( ylindrirul TOj pellets (0 432 in. long X 0.425 in. din.) 
in 0.43 in. ID ^ihvl* (wall ttiickneMH. 0.02 in.). 

'' Talnilar Aliinnna. type T-(il. noniinal 4H-100 me^li, manu­
factured liv Aluminum Company nf America. 

•• Temperature was 450°(' during the last 2 hr as a result of 
heater failure. 

content in tlu- bud was <ieti'nnim'<l hy measuring the 
wfight loss of saniplt's dried in an oven. 

A '/2-in. dia. typo 304 SS rod. 12 in. in length, was 
used as the test s|>eciinen. Penetration rates were 
calculated from the rod weight los^ by assuming uni­
form attack along the length of tiie rod. The penetra­
tion rate for the run with the highest liquid content 
115 \v ol was great enough to be measured directly. 

Results and Discussion 

The results of the current tests with the 3-in. dia. 
cohunn and of previous tests with the lV2-in. dia. 
column are plotted on Figure 11-15 in terms of mils hr 
corrosion versus liquid content in the bed. The trend of 
increasing corrosion rate with increasing liquid con-
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0.1 10 100 100 
LIQUID CONTENT IN THE BED, */o 

108-8749 
FIG. 11-15. Depeiuienee of .Stainless .Steel Corrosion Rates 

on Liquid HCl Content in Air-FIuidized Beds. 
Test Specimen: Type 304 SS rod, '^-in. dia., 12-in. long 
Acid Concentration 

of Feed to Bed: 20 w/o HCl in water 

tents in the bed appears to be similar for both columns. 
Better operation was obtained with the 3-in. dia. unit 
than that obtained earlier with the smaller column, 
operations with liquid contents up to 15 w/o being 
feasible in the larger column. However, corrosion rates 
remained low, the highest rate achieved being about 
0.1 mil/hr. 

Future Work 

It appears from the current work that still greater 
liquid contents in the bed would be necessary before 
satisfactory decladding rates could be achieved. Im­
provement in the method of liquid introduction so as 
to pro\'ide uniform distribution of the liquid through­
out the bed might permit the use of larger quantities 
of liquid in the bed. .\nother possibility is increasing 
the amount of liquid so that a slurry is formed. In an 
earlier test (ANL-6900, p. 264), a slurry was used 
which contained 26 w/o liquid in the bed. With this 
slurry a corrosion of 8.7 mils/hr was obtained. How­
ever, information pertaining to the use of slurries is 
meager. Because of this lack of information, work on 
the decladding of SS-clad fuels by aqueous hydro­
chloric acid in gas-fluidized lied has been suspended ii\ 
favor of the technique of fluoride-promoted destructive 
oxidation. As described above, tho latter scheme has 
obvious advantages in that it involves gaseous re­

actants and allows both the decladding and fluorina­
tion steps to be carried out in a single reactor fab­
ricated of niekel. This is not possible with the aqueous 
.system since niekel is attacked by aqueous HCl. 

. . CLEANUP OF CELL EXHAUST AIR CONTAlffl. 
NATED WITH PLUTOMUM HEXAFLUO­
RIDE IK. KKSSIK. 1). H.\M.\sw.\Mi, L. MARKKI 

A |irograiii investigating the hydrolysis and filtra­
tion of airborne PuFn is in progress. The program is 
directed toward the evaluation and design of exhaust 
air tretitment methods for facilities handling PuF,. 
Extremely efficient removal of plutonium from the 
ventilation air is necessary due to its low |ierinissible 
concentration in air (3 X 10" mg of -•"'Pu per cubic 
meter of air-"!. 

Previous experiments l.\NL-6725, |i. 157) indicated 
that when ]iure PuFo lor UFo) is released into an 
atmosjihere of ordinary moisture content, the hydrol­
ysis reaction, PuF„(g) -I- 2 H / ) l g ) -* PuO^Fjls) •¥ 
4 HFlg l . proceeds rapidly in the gas phase resulting 
in a fume l|iarticles with a diameter of <0.1fi) of 
plutonyl fluoride IPuO:..F2l. With an excess of water 
present, the hydrolysis reaction is complete, resulting 
in the formation of a ]iarticulate material that is re­
tained liy the .\EC-type filters. Two filters in series 
reduced the plutonium concentration to between 1(H 
to 10 " of the entering concentration. 

Dilute PuFo gas streams, in fluid-bed fluoride vola­
tility processes, may leak into the ambient air and re­
quire cletinup of plutonium. Therefore, studies of the 
hydrolysis and filtration of dilute PuFo gas streams 
were initiated. To fticilitate the design of such experi­
ments, runs were made with dilute UFo gas streams 
(ANL-6900, pp. 166-1721. These experiments indicated 
that when the UFo concentration in the gas stream was 
lower tlitin 100 ppm before being mi.xed with atmos-
jiheric air of normal moisture content, the hydrolysis 
reaction occurred ]ireferentially on any solid surface 
contacted by the gas and did not occur in the gas 
phase to a significant extent. 

Current Work 

The m:i.ior eft'ort iluring this report jieriod was di­
rected towai'd construction of new exjierimental facil­
ities for handling PuFo gas streams. The equijiment is 
similar to that used in the jirevious studies with dilute 
UFo gas streams excejit fnr the jirejitiration system for 

-" U.S. llepartnieiit of Coniiiieroe National Bureau of Stand­
ards Handliook fift, "Maxinuun Permissible Body Burdens and 
Maxiniuni Permissible Coiieentrations of Hadionuelides in Air 
and in Wnler for (leenpational FIxposure", Washington. II. C. 
(196!11, p. 87. 

file:///nother
file:///EC-type


DRY 
AIR V~ 

0 - 4 0 0 0 1 / 1 
mm Hg \y 1 

LIQUIO U2~ 
TRAP 

DIFFUSION ^ 
PUMP 

TO FURTHER 
REACTION AND 
CLEAN-UP 
FILTRATION 

5 
5 

FIG. 11-16. Selienialir llrawing of PuFi Hydrolysis Apparatus. 



146 / / . Fuel Cycle Applications of Volatility aiul Fluidization Techniques 

the hexafluoride gas stream. Work with PuF,, was in­

itiated. 

Experimental 

In order to estimate the jilutonium escaping from 
the system in dilute PuF.i releases, its hydrolysis rates 
are determined by mixing dilute PuFo with moist air, 
and passing the mixed gas stream over a packed bed 
of glass spheres. Air dried to about O.I ppm of mois­
ture is used as a carrier for PuFo. .\ir with a controlled 
moisture content between 0.1 and 10 mm Hg (0.6 to 
60% relative humidity at 68°Fl is mixed with the 
PuFo carrier stream for studying the hydrolysis rates. 
Another air stream saturated with moisture is com­
bined with the mixed stream after it passes through 
the packed bed of glass spheres and AEC filter discs. 
This final addition of moisture insures the complete 
hydrolysis of unreacted hexafluoride and facilitates 
final cleanup of the gas before discharge. The equip­
ment for sujiplying these three streams is shown sche­
matically in the top half of Figure 11-16. 

4BLE I M S . CoMPAHi.so.N OK U F , AND P U F , 
HYDROLYSIS FJXPERIMENTS 

Packed-bed column diameter: 1.5 in. 
Packed-bed area: .3.32 cmVin. 
Linear velocity: 9.7 cm/sec 

Hexafluoride (MF,) 
p'\ir, (mm Hg) 
p"ii„, (mm Hg) 
Feed Rate (mg of M/hr) 
Run Time (min) 

Wl of M Collected per Bed 
Segment (mg) 

0-li in. 
,'a-l in. 
1-2 in. 
2-3 in. 
Ist Filter 
2nd Filter 
.3rd F'ilter 

Run No. 

UM-14 

U F , 
0.00310 
0-12 

15.9 
58.4 

4.3 
1.3 
0.70 
0.07 
0.048 
0.006 
0 0014 

SUR-2 

U F , 
0.00244 
0.42 

12 5 
00.0 

3.0 
1.45 
0.94 
0.08 

— 
— 
— 

PM-1 

PuF, 
O.OOISO 
0.54 

7.84 

60.0 

2.31 
0.506 
0.139 
0.043g 
0.051S 
0.001S2 
0 00237 

108-7654A 
FIO. 11-17. Kiiuipn 

Hexafluoride. 

The remaining equipment, shown in the lower half 
of the schematic, includes hexafluoride purification antl 
metering items, and the hydrolysis apparatus. This 
part of the equipment was constructed in duplicate; 
one set in a glovebox for PuFo exjieriments and the 
other set in a vacuum frame hood for UFe experiments. 
The PtiFo hydrolysis equijiment is shown installed in 
the glovebox in Figure 11-17. .\ detailed cross section 
of the hydrolysis ajijiaratus was included in the last 
.nummary rejiort lANL-6900. ji. 1681. 

Plutoniuni hexafluoride, in solid form, was purifieti 
by vacuum jiumjiing at -80°C. The solid PuFo was 
then sublimed and recondensed to release any impu­
rities trapped within the solid. The vapor pressure was 
measured at temjieratures slightly below room tem­
jierature and comjiared with rejiorted values-' for pure 
PiiF.i as a check of the jiurity of the hexafluoride. The 
Jiurifieation jiroeess was rejieated until the vajior pres­
sure became constant at the vtilue reported for pure 
PuF.i. .\ weighed qutmtity of PuFo was then charged 
from the weighing sjihere to the ballast ttink which 
was jiressurized to 1900 imii Hg with dry air and the 
contents were allowed to mix. Mixing was accom­
jilished by maintaining a temjiertiture gradient across 
the ballast tank, the bottom being 5°C hotter th.an the 
toji. This gradient was maintained for at least 16 hi. 
During a run the PuF„-air mixture was metered with 
a rotameter at a constant rtite between 50 and 100 ml 

*• Steindler, M. J., The Properties 
ide, ANL.6753, August 1963. 

if Plutonium Hexafluor-
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Jier min. This mixture was then further diluted with 
dry air to produce the feed to the hydrolysis equipment. 

Results 

The results of the fir.st PuFo exjieriment. Run PM-1, 
ill Ihe new equijiment are jiresented in Table 11-18 
with the results of similar exjieriments (Runs UM-14, 
SUR-21 in which UFo was used. Run UM-14 is one of 
twelve experiments reported in ANL-6900. jip. 166-172 
and is the most similar to the current PuFo exjieri­
ment. Run SUR-2 is a UFo exjieriment used to check 
out the new PuFo erjuijiment. Probably the best anal-
y.si8 of the hydrolysis rates of UFo and PuFo may be 
made by comparing the values of the eon.stants in the 
rate etjuation. However, more information is required 
before rate constants can be determined; this informa­

tion will become available as additional runs are made. 
A Jireliminary comjiarison of the runs in Table 11-18 

indicates that the rate of hydrolysis of PuFe was not 
more than twice nor less than the rate with UF«. 
.Additional exjierimental data are needed before more 
definitii'e conclusions can be reached. 

Future Work 

.K series of exjieriments is jilanned with PuFo cover­
ing the range of variables u.-̂ eil in exjieriments with 
dilute UFo to get further conijiarative data on uranium 
and Jilutonium systems. Following this, exjieriments 
will be ilesigned to explore conditions which determine 
whether the reaction jiroceeds in the gas jiba.se (fimie-
formingl or on solid surfaces. 

2 . P r o c e s s S t u d i e s o n t h e K e e o v e r y o f L r a i i i u n i f r o m H i 
A l l o y F u e l s (A. . \ . J O N K E ) 

' h l> E n r i c h e d I r a i i i u i i i 

a. IIENCII-SCALE HYDROCHLORINATION AND 
FLl'ORINATION STUIHES ON HIGHLY EN-
RICHEI) URANIUM-ALLOY FUELS AND 
EVALUATION OF PACKED-BED FILTERS 
11). R,\MASW.\M1 .\XD .1. .STKANOI 

A fluid-bed fluoride vohilility process for recovering 
enriched tiraiiiuni from urtmitmi-Zii'caloy tiiiil iiraiiiuiii-
aluniiiium idloy fuels is under developmenl. Studies car­
ried out using a beiicb-seale unit wilh iiiiirnuliated fuel 
malerials were eoiieluded during this period. 

The si tidies were performed in a IJ-j-iii. dia. fluid-
lied reactor system. Recoveries of uranium equivalent 
to greater thiui 99^i of the uranium in the fuel charge 
were consistently achieved under a wide variety of 
process openiting conditions. The eonditions for proc­
essing bolh types of fuels are similar except Ihal, in 
the case of the alumiiuiiii-tilloy fuels, lower tempera­
tures possibly can be used during hydrochlorination 
and deeper packed-bed fillers arc needed. Reeommended 
operating comlitions for processing a uranium-Zir­
caloy-2 alloy charge are: 

Bed .Material: High-fired altmiina (fu.sed or sin­

tered) 
Fluid Bed: Sufficient quantity 

of nominal 40 mesh alumina 
to cover the element (a multi-
plate assembly) 

Packed-Bed Filter: -14-1-20 
mesh alumina, 6 in. deep 

llydroehlorination: Tempertiture of fluid hed: 350 to 
4.-iO°C 

Temperature of paeked-lied fil­
ter: 3.30 to iM'C 

Time: ^ 8 hr per charge 
Gas Velocity: 0.."i lo 0.7 ft 'sec in 

the fluiti beil jiiid packed-bed 
filter (down flow of ga.ses) 

Quantity of HCl: ^2..'i stoi-
ebiomelric amounts 

Concenlralioii of HCi: .'» to 7.5 
v/o as required to maintain 
high reaction rates 

Fluorinalion: (iradiial iiicrea.se in temperature 
from 2."i0°C to .500°C while 
fluidizing with 5 to 10 v /o 

% fluorine in nitrogen, then grad­
ual iiierea.se in fluorine eoiieeii-
tralion lo 90 v/o 

Total time about 4 lo 8 hr de­
pending on the quantity of 
uranium charge. 

These conditions may be used for processing uraniuni-
ahmiinum alloys, except that packed-bed filter depths 
of 8 to 12 in. are required and filler-bed lemperalures 
of 180 to 200°C are desirable; the temperature of the 
fluid bed may be maintained in the range of '200 to 
400°C. 

ITraniuni las.ses for both t\TX*s of fuels were due to two 
cau.ses: (a) eoiilaiiiment in the giis slream exiting 
from the packed-bed filter during hydroehlorinalioii 
and (b) retention by alumina al the end of fluorination. 
In order lo estabUsh the effects of all the processing 
conditions on the uranium losses a stepwise multiple 
regression analysis" was perfonned. 

" Davies. O. L., Statistical Mettiods in Research and Pro­
duction, Hafner Publishing Company. New York, 1958, p. 191. 
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The analysis (based on data from 27 runs) of the ef­
fects of Ihe operating conditions on uranium losses 
through the packed-bed filler during hydrochlorina­
tion of uraniuni-Zircaloy-2 tilloy fuels showed that 
uranium losses decreased when the following changes 
in experimental eonditions (listed in order of decretising 
importance) were carried out: 

(1) The filter-bed depth w;is increased friiiii 0 lo 12 
in.; deeper beds gtive better filtration of particu­
late species tuid provided additional surface for 
greater condensation of volatile species. 

(2) The average partial pressure of HCl was lowered 
(in the range 0.88 to 0.17 atm); (his probably af­
fected the quantity of volatile species formed. 

(3) The average particle size of alumina in the 
packed-bed filter was decreased from ~1.4 mm 
(nominal 14 mesh) to 0.125 mm (nominal 120 
mesh); smaller particles gave better fillratioii and 
allowed greater condensation. 

(4) The temperalure alltiined by Ihe gas slream be­
tween Ihe fluid bed and the outlet of the filler bed 
was lowered from 400 to 320°C; greater con­
densation of the volatile species was effected (see 
ANL-6725, pp. 180-182). 

(5) The average particle size of alumina in the fluid 
bed was decreased from 0.42 mm (iioniintd 40 
mesh) to 0.125 mm (tiomitial 120 niesb); pos-
.sibly a eombinalioii of all four effects listed ;\bove 
contributed: the production and filtration of par­
ticulate species and the formation and condensa­
tion of volatile species. 

(6) The average hydroehlorinalioii rate of uranium 
was decreased from 0.268 to 0.016 kg/(hr) (sq 
ft of fluid-bed reaclor cross section); the relative 
amounts and the physical characteristics of 
uranium chlorides formed were affected. 

The analysis also indicated that the use of those op­
erating conditions whieh tended lo decrease Ihe parlitil 
pressure of UFe in Ihe gas stream resulted in less ura­
nium retention by the altliiiiiia in the beds after fluori­
nation. This effect of p:irlial pressure of UFe suggested 
that if the fluorine is to be recycled it nuiy be desirable 
to recover the UFn completely from the gas stream be­
fore recycle. The conditions which tippear to result in 
low uranium retenlioii are: (1) opeiiiting at a low bed 
temperalure during the iiiiliid fluorinalion period, (2) 
operating with low mtiss veloeilies in the gas stream 
during both the hydroehlorinalioii and fluoriiiation 
steps, and (3) operating Ihe hydroehlorinatioii .step in 
such a maimer as lo produce a low reaction rale bet ween 
uranium metal and HCl. The data also iiidiealed that 
the effects of the fluorination conditions are mure sig 
nificanl than those of hydriieblorintilioii. The following 

empirical relatioii.ship was derived from the analysis 
and seems to represent the experimental data with an 
average error of ± 4 0 ' ; . 

0.0000573 (-

( 

PuF. 

P F , 

where 
(• = w/o of uraiiiiiiii ill the alumina fluid bed after 

fluorinalion, 
lime in hours in whieh the major amount 
(90%) of UF« wtis recovered, 
bed temperature (°K) during the high tem­
perature fluorination period in the two part 
fluorinalion schemes, 

= average part ial pressure (mm Hg) of UF, dur­
ing time t. 
rtite of uranium recovery (lb/(hr) (lb of 
alumiiKi) for the total fluorination lime, 
maximum partial pressure (atm) of fluorine 
that the alumina was expo.sed to. 

This proposed rehilion is intended for process scale-up 
and is applicable in Ihe following ranges of operating 
conditions: 

U = 0.002 to 0.006 w/o 
/ = 0.02 lo 4.0 hr 

T = 3.50 lo 500°C 
P i i , = 1.1 to 26 mm Hg 

r = 0.0016 to 0.028 lb of U/(hr)(lh of alumina) 
Pr. = 0.(i lo 1.2 atm 

The data from the pilot-scale reactor (6-iii. dia.) and 
Ihe bencb-seale ri'aetor being used with irradiated fuels 
tippear to confirm this relation. 

Data relating the effects of particle size to the overall 
efficiency of HCl utilization are given in Table 11-19. 
Utilization appears to increase with a decrea.se in the 
ratio of phite spacing to tivenige particle size and an 
increase in the particle size distribution of alumina. 
These effects are nitide apparent by exaniiiiiiig Ihe data 
obtained in Ihe following runs: Run Zr-39, Run Zr-41, 
tiiid Run Zr-40. In these runs, ur:iiiiimi-Zircaloy-2 alloy 
suba.ssemlilies of similar dimeiisioiis were processed. In 
Rtm Zr-39 the ratio of plate spacing lo particle size was 
12.0 and the idimiina mesh size was —SO-l-100. In Run 
Zr-41, the nilio of plate spacing lo particle size was 4.7 
and the alumina mesh size was —1^0-f 60. The quantity of 
HCl needed to complete Ihe reaetion was much higher 
(9 limes stoichiometric requirement) in Run Zr-39 than 
in Run Zr-41 (2.9 times stnicbiometrie requirement). 
In Run Zr-40, the ratio of plate spacing to particle sije 
was 8.2 and the aluniiiia used was a mixture of —404-60 
tuid -804-100 mesh. The HCl requirement was 4.6 
times the stoicbiouielric amount. The improvement in 
1K"1 utilization efficiency in Run Zr-40 as eonipareii 

http://decrea.se
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with Run Zr-39 may be due to the better quality of 
fluidization resulting from the use of particles of mixed 
sizes rather than ptirtiiles having a narrow size distribu­
tion. A similar leiideiicy was noted in the processing of 
uratiium-aluminiim alloy fuels. 

Future Work 

Since the objectives of this betieli-seale study on Ihe 
processing of uranium-alloy fuels have been achieved, 
further work on this phase of Ihe progrjim has been sus­
pended. Developmenl studies are coniinning in the 
present l|-2-in. unit on the decladding and fluorinalion 
of U02 fuels and related proces.ses. 

b. PILOT-PLANT DEMONSRATION OF THE 
FLUID-BED VOLATILITY PROCESS FOR 
ENRICHED URANIUM-ALLOY FUELS (.1 T 
HOLMES, 11. STKTIIKRS, C . SCHOFFSTULL, W . 

KREMS.NER ) 

A jiilot-jilant facility is being u.sed to demonstrate 
;i fluid-bed ^'olatility jiroeess for the recovery of ura­
nium from enriched uianitim-alloy fuels. The facility 
consists of a 6-in. diti. halogemition reactor, a 9-in. dia. 
jiacked-bed filter for retaining jiarticuhite uranium 
chlorides, a 6-in. diti. fluid-bed reactor for converting 
the volatile alloy chlorides to solid oxide waste with 
steam, and trajis for I'Fo jiroduct collection. Ivjtiiji-
nient details are rejiorted in .\N1.-6800, ji. 282 and 
ANL-6900, ji. 194. The facility is being ojierated with 
unirradiated fuel clijirges wliich simuhite .siliijijiiiig|iiirl 
PWR Core I seed assemblies lZircaloy-2-uraniimi til­
loy I, and MTR or KTl! a.sseinblies lalmiiintmi-
uranium alloy). The jiroeessing ctijiaeity of the jiilot 
plant is aliout 30 kg jier balcli of Zircaloy fuel and 14 
kg Jier batch of aluiiiinum fuel. The current work has 
been concentrated on the jiroeessing of unirradiated 
iiranium-altmiinum fuel charges. 

Prior exjieriments (AXL-(i800, ji. 282 ;ind AXL-
6900. jiji. 194-2001 with both aluminum and zireonium 
fuels have demiinstrated: 111 excellent control of the 
highly exothermic hydrochlorination reaction using a 
lluidized-bed heat transfer uieilium. I2l high jiroeess­
ing rates for batch charges of either ahmiinum- or 
zirconium-based fuels, l3l high HCl utilization with­
out recycle (about .50';), and i4l satisfaetoiy eon-
version of the waste metal chloriiles to solid oxides in 
a fluid-bed jiyrohydrolysis reactor. 

The overall aims of the current work were to ileiii-
onstrate: 111 imjiroved filtration of uranium jiarticu­
late from the g;is streams using the jiacked-beil filter. 
(2) over 99''r removal of uranium from the reactor 
and filter system as UFn in the fluorination step, and 
(3l incieased average reaction rale and HCl utiliza-

TABLE 11-19. E F F E C T OF RATIO OF SCBASSEMBLY 
PLATE SPACI.NC TO .\VERAOE PARTICLE DIAMETER 

o.N HYDROGEN CHLORIDE EFFICIENCIES 

Equipment Used: l '2-iii. dia. fluid-bed reactor unit 
Height of Fuel Element: 5 in. 

1 

i 
Run Previous 
No. Report 

Zr-39 ANL-6800, 
pp. 271-282 

Zr 38 1 ANL-<i725, 
1 pp. 178-182 

Zr 37 \ ANL-fl725, 

Zr 40 

AI-2 

Al 3 

Zr-tl 

Zr 42 

AI-4 

pp. 178-182 
ANL-liSOO, 

pp. 271-282 

ANL-6800, 
pp. 271-282 

ANL-11800, 
pp. 271-282 

ANL-liOOO, 
pp. 188-193 

ANLJiiJOO. 
pp. 188-193 

ANL-liSOO, 
pp. 271-282 

Granular Alumina 

Mesh 
Sia 

-80-1-100 

-804-100 

-40-1-60 

-40-1-60 
SO w/o 

-80-1-100 
50 w/o 

-80-HOO 

—(04-120 

-304-60 

-40-1-60 

-40-1-120 

Type 

38l> 

38i> 

R R ' 

38i> 

as' 
T-61' 

T-61' 

T-61 ' 

T-lil ' 

Plate 
Spac­
ing" 
(in.) 

Ht 

H4 

H 

Hi 

Ho 

H« 

Ht 

H. 

Ho 

Ratio of 
Plate 

Spacing 
to .\v. 

Particle 
Dia­

meter* 

12.0 

12.0 

9.5 

8.2 

7.8 

5.0 

4.7 

4.7 

4.7 

<^an-
tilv 

of HCl 
(X 

Stoi­
chio­

metric) 

9.0 

8.7 

5.0 

4.6 

3.6 

3.0 

2.9 

2.9 

2.5 

" Averiipp panicle iliariu'icr wa.s calculated from the mesh 
nizo iiml nut parliclt' .-̂ i/o ili.stril)itticH). 

'' FuHcd alumina, maiiufarlurod l»y Norton Company. 
' Sintcrpt] alumina, manufacturrd hy Aluminum Company 

of America. 

* 
tion hy n.-iinj; a iiuiltichar^c hytlrtK-hlorination pruce-
dure before performing tlie fluorination steps. 

E.rperimental Procedure and Conditions 

A scries of five experiments was successfully com­
pleted using uranium-aluminum fuel charges (ETR 
type I. Three of the runs were made with single charges 
and two of the runs involved three fuel elements each 
(see Table 11-201. In even.* ease the end fittings of the 
fuel elements were removed leaving an assembly with 
nineteen 0.055-in. thick fuel plates and two 0.25-in. 
thick side plates. Each as.>embly was about 38 in. long, 
weighed about 6.0 kg. and contained alwut 280 g of 
uranium. 

Prcfluorinated alumina (Alcoa type T-61) has been 
used in all runs for both the reactor and filter-bed 
material. The reactor bed weighed about 40 kg and 

*' The Shippingport Pressurized Water Reactor, Addison-
Wesley Publishing Company. Heading, Massachusetts. 1958, 
p. 386. 
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TABLE 11-20. CONDITIONS AND RESULTS FOR PROCESSING ALCMINUH-BABED F U E L S 

Fuel Element (kg) 

Uranium (g) 

Hydrochlorination Data 
Average Rate (kg/hr) 
Maximum Kate (kg/hr) 
Reaction Time (hr) 

Average HCI Utilization (%) 
Maximum HCl Utilization (%) 

Temperatures (°C) 
A. Hydrochlorination 

Reactor Bed Av. 
Max. 

Element Channel Av. 
Max. 

Reactor Wall 
Packed Bed Filter 
Pyrohydrolyser Bed 

B. Hydrofluorination of 2 hr 
Reactor Bed (°C) 
Filter Bed (°C) 

C. Fluorination 
Reactor Bed and Filter 
(1) Reactor Fluidized 
(2) Reactor .Static 

1.09 
l.li 
5.6 

40.0 
60 

300 
395 

350 
296 
313 

.350 
350 

1.48 
3.0 

12.5 
(4.2 per element) 

48.3 
90 

350 
419 
351 
470 
340 
183 
327 

6.195 
6.ISO 
6.166 

18.511 

8.030 
6.080 
6.971 

18.081 

364 
257-377 

Reactant Concentrations (v/o) 
A. HCI in N , 
B. HF in N , 
C. F i i n N , 

(1) Reactor Fluidized 
(2) Reactor .Static 

Reactor Velocity (ft/sec) 
A. Hydrochlorination 
B. Hydrofluorination 
C. Fluorination 

(1) Reactor Fluidized 
(2) Reactor Static 

78 
8 

5.5 
40 

O.W 
Ml.5 

•-O.li 

~0.I15 

250-600 (2.0 hr) 250-500 (2.8 hr) 
500 (2.0 hr) 500 (2.1 hr) 

2.0 
40-60 

0.48 
- 0 . 5 

-0 .55 
-0.04 

1.26 
1.6 

14.4 
(4.8 per element) 

52.6 
65 

351 
380 
393 
460 
330 
190 
348 

5.880 

360 
350 

250-500 (5.9 hr) 
500 (2.0 hr) 

95 
27 

2.0 
30-50 

0.40 
-0.5 

-0.50 
-0.04 

0.86 
1.3 
fi.8 

37.2 
56 

350 
.385 
383 
500 
.3.30 
190 
306 

5.962 

280.5 

0.92 
2.8 
6.6 

37.4 
65 

360 
366 

350 
197 
326 

360 
350 

250-500 (7.5 hr) 
500 (2.0 hr) 

91 
21 

5 
68 

0.39 
0.41 

0.39 
0.04 

was about 48 in. deep. The nominal particle size ivtis 
28 to 100 mesh. The final reactor bed from the first 
run was reused in successive runs; however, a fresh bed 
was used in one run in which only the hydrochlorina­
tion step was iicrfornieil. The ]iacked-bed filter weighed 
about 16 kg in each run and was about 12 in. deep on a 
support of nickel balls. The nominal particle size was 
14-28 mesh in the first run and 14-48 mesh in the other 
runs. The smaller .size (14-48 mesh) was used to ini-' 
prove the filtration efficiency. The filter bed material 
was not reused from run to run. The starting bed for 

the pyrohydrolysis reactor was the final bed from the 
previous run, and contained about 5 kg of 28-100 mesh 
type T-61 alumina, and about o kg of - 2 0 0 mesh py­
rohydrolysis product. 

The hydrochlorination steps were conducted using 
eonditions prescribed in etirlier pilot plant experiments 
l.-WL-eSOO, JI. 287 and .AN1.-6900, ]ip. 195-196). The 
reactor wall temiierature was controlled between 330 
tind 3.'iO°C in each nm. The remainder of the system 
that was exiiosed to AlCl., was mtiintained at 180 to 
200°C. The input concentration of HCl in nitrogen was 
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about 78 v/o in the first run and about 98 v o in the 
other four runs. Multieharge hydrochlorinations were 
made in two runs wherein three fuel elements were re­
acted, one at a time, after about 60 to 80% of the 
previous element had been hydrochlorinated. This jiro­
cedure was used to eliminate the perioil of low reaction 
rate and low HCl utilization which occurs at the end of 
a batch hydrochlorination. 

The purpo.se of the hydrofluorination steji is to con­
vert the residual chlorides in the reactor and filter 
vessel to fluorides in order to minimize the formation 
of chlorine fluorides when fluorine is used to recover 
the uranium as UFo . The hydrofluorination was car­
ried out using 10 to 30 v o HF in nitrogen for 2 hr at 
jibiiut 350°C. 

The fltiorintition step was performed to remove the 
uranium from the system as UFo using the two-tem­
perature fluorination scheme developed in the bench-
scale work (.\NI,-6900. |i. 1931. A two-temperature, 
fluid-bed refluoriiiatioii of the filter beds from two of 
the runs was also eiinducted in order to reduce the 
uranium retention. Fluorination was initiated using 1 
to 5 v/o fluorine in nitrogen while the lieils were 
heated from 250 to 500°C. When .500°C was attained, 
the fluorine concentration was raised to 30 to 60 v o 
by reducing the nitrogen diluent. The reactor bed be­
came static as the total flow was reduced. F"luorine 
recycle was not used. The iirocess times for the 250 
to .5()0°C part of fluorinalion ranged from 2.0 to 7.5 hr 
tinil the proeess times ;it 500°C ranged from 2.0 to 2.2 
hr. Two sodium fluoride iNtiF) traps in series, each 
containing 7 kg of '/s-in. pellets, were u.sed to collect 
the UF« Jiroduct. To jirejuire NaF jiellets of high sur­
face area sodiimi liiHiioride jiellets* were decomjiosed 
to NaF at 300°C. The trajis were operated at a tem­
jierature of 100 to 125°C at the inlet to the first trap 
and about 30 to 60°C at the outlet of the second traji. 
At the end of the rtm, the entire amount of pellets 
was grotinil in a disk mill and samjiled for analyses. 

Results and Discussion 

In general, the ojieration of the jiilot-jilant facility 
was highly satisfactory. The results and some minor 
luiililems are discussed in the following sections. 

Ih/drochlorination. The times retjuired for eomjilete 
hydrochlorination of the total fuel charges were 5.6. 
6.8. tind 6.5 hr for those runs where single fuel elements 
were processed (Table 11-201. The hydrochlorination 
times were reduced to avertige values of 4.2 and 4.8 hr 
Jier element in the nms where the multieharge tech­
nique was used. The temjieratures were well controlled 

"Sodium bifluoride ( N a F H F l jjellets were obtained from 
the Harshaw Chemical Company, Cleveland, Ohio. 

in all runs; the reactor bed temperatures averaged 
about 3.55°C and the maximum bed temperature was 
420°C. The maximum temperature, measured in the 
channels between the fuel jilates, was about SOO^C. 
The overall hydrochlorination utilization was about 
W^'r in those runs where single fuel elements were 
charged and increased to about 50^^ in the multieharge 
runs where three fuel elements were used (see Table 
11-20). .\ corresjionding increase in the average reac­
tion rate, therefore a decrease in the hydrochlorination 
time Jier element, resulted from the use of the multi-
charge procedure. The characteristics of the multi-
charge runs are similar to those rejiorted in .\NL-6648. 
ji. 162 for the bench-scale work. Using this technique, 
the hydrochlorination time for a typical ETR, aluiiii­
num fuel element can lie redueeii by about 2o^t and 
the HCI utilization can be increased by a like amount, 
which is important in reducing the overall hydrochlori­
nation time and may be sufficient to eliminate the 
need for HCl recycle. 

The reaction rates and HCl utilization achieved in 
the current runs with uranium-containing fuel are on 
the order of 10 to 20'f lower than the values rejiorted 
for similar runs made earlier with elements which did 
not contain uranium. With uranium jiresent, non­
volatile uranium chloride... form and these may inhibit 
the reaetion of HCl with the aluminuni. 

During the hydrochlorination steji of the current 
runs the jiaeked-beil filter ojierati-d satisfactorily, al­
though in each run the jiressure ilroji across the filter 
increased from initial values of about 2 jisig to final 
values of 4 to 6 Jisig. The total system jiressure droji, 
including the reactor, jiaeked-bed filter, jiyrohydrolysis 
reactor and 8ff-gas scrubbers, remained less than 12 
psig in all runs. Insjiection of the toji surface of the 
jiaeked-bed filler, after each hydrochlorination step, 
revealed a black layer about 'A- to '/2-in. thick. In one 
run, where only the llydroehlorination steji was per­
formed, the caked material was found to be self-sup-
jiorting; that is. when the filter-bed jiarticulate mate­
rial was drained from the bottom of the vessel, the 
cake remained as a layer bridgeii between the walls 
and the heat transfer fins of the filter vessel and had 
to be mechanically removed. The surface of the filter 
was black; this was jirobably due to the formation of 
uranium oxides, possibly as a result of oxygen in the 
reagents. The free-flowing jiortion of the filter bed 
was not significantly discolored. 

The ojieration of the jiyrohydrolysis reactor whieh is 
used to convert the volatile metal chlorides to solid 
oxide wastes has been routine in this series of runs. 
Water solubility data are being obtained to determine 
the suitability of the oxide product for waste storage. 

.\ number of generalizations can now be made con-

http://purpo.se
file:///NL-6648
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cerning the hydrochlorination characteristics wlien 
processing aluminum-uranium fuels; 

1) The reaction rate is virtually indejiendent of 
temperature in the range studied iluring intervals 
in which the HCl utilization is high. 

2) Higher reaction rates, with no concomitant de­
crease in HCl utilization efficiencies, were ob­
served at high fluidizing gas velocities (~0.6 ft/ 
sec) than were observed in tests with gas ve­
locities of 0.4 ft/sec. 

3) A satisf.actory combination of high reaction rate 
along with high HCl utilization can be achieved 
by use of 80 v/o HCl in N .̂ as the feed gas to the 
reactor. 

4) Successive charging of fuel elements to the re­
actor results in a significant inci'case in HCl utili­
zation and overall reaction rate. 

5) The packed-bed filter ojierated satisfactorily 
even though a self-sujijiorting surface layer was 
formed during the hydrochlorination steji. 

6) The operation of the jiyrohydrolysis reactor in 
series with the halogenation reactor and jiacked-
bed filter to convert the volatile chloride to solid 
oxide was entirely satisfactory. 

Hydrofluorination. Residual chloride concentrations 
in the reactor bed after hydrofluorination for 2 hr at 
360°C using 25 v/o HF in nitrogen were less than 0.05 
w/o, which corresjionds to about 20 g of chlorine in 
the entire system. 

Fluorination. The fluorination steji was carried out 
without using fluorine recycle. The fluorine require­
ment was 6.9 g of fluorine jier gram of uranium re­
moved from the beds. This value is in agreement with 
the data obtained in the bench-scale studies (see ANL-
6840, p. 74). It implies that the reagent cost of 
fluorine* would be as low as three cents per gram of 
uranium. Since the fluorine requirement is quite low, a 
fluorine recycle procedure may not be required for 
plant-scale operation. 

In the fluorination step of each aluminum run, tem­
perature excursions were encountered at the surface of 
the packed-bed filter during the later part of the run 
when the fluorine concentration was increased from 
about 2 v/o to about 50 v/o. The excursions started 
about 20 to 60 min after the fluorine concentration 
was increased. The temperature excursions were lim­
ited to less than .50°C (.500 to .550°C) by reducing the 
fluorine concentrations from tibotit 50 v/o to about 30 
v/o. 

After each fluorination, there was a '/2- to 1-in. thick 
layer of gray material caked on toji of the free-flowing, 
portion of the original filter lied. The caked layer was 

' Based on a cost of $2.0(l/lli for fluorine. 

found to be self-supporting and had to be mechanically 
removed. Visual inspection indicated that the cake was 
mainly fines, agglomerated with a layer of the filter-
bed Jiarticulate material. Chemical analysis of this 
layer showed that aluminum fluoride was the major 
comjiound jiresent; up to 11 w/o uranium and 4 w/o 
iron were also found. 

There tire a number of jiossible causes for the tem­
perature excursions and related caking problems: 

(1) Altmiina fines fi'om reactor bed attrition or from 
the oxidized surface of the fuel elements fluori­
nate at higher rates than the larger filter-bed 
particulate material; 

(2 | Alloy constituents, such as iron,t or eorrosion 
products may, upon fluorination, cause sintering 
or act as a binder for the bed material; 

(3) The uranium chlorides may adsorb significant 
(juantities of aluminum chloride whieh does not 
fluorinate comjiletely with HF, but does fluori­
nate rajiidly when the fluorine concentration is 
increased during the later jiart of the run; and 

(41 Uranium eomjiounds concentrated at the filter 
surface may fluorinate rapidly when a high 
(critical) fluorine concentration is reached. 

.\nother factor affecting the caking problem may be 
associated with the lieha\ior of the fuel element? dur­
ing the hydrochlorination step. The aluminum-uranium 
fuel elements float in the fluid bed reactor owing to 
their low ilensity. \\'ben the ujijier part of a fuel ele­
ment protrudes from the surface of the fluidized bed, 
particulate material sjioutsff through the fuel chan­
nels !ind may be comjiletely entrained in the gas stream 
and collected on the jiaeked-bed filter. The fluorination 
behavior of aluminum fuels eould be accounted for if a 
large quantity of particulate chlorides are carried to 
the filter by this sjiotiting mechanism. The sjiouting 
phenomenon can be minimized if the fuel element is 
comjiletely submerged in the fluidized bed by mechani­
cal means. ,A method of fixing the elements in the bet! 
will be investigated in the final studies in this jirogram. 

A number of tests and analyses are still jiending 
which should reveal the causes of the temjierature 
excursions with aluminum fuels and suggest solutions 
to them. One obvious solution is the redesign of the 
system so that the packed-bed filter can be fluorinateti 
as a fluidized bed. With imjiroved heat renio\al, more 
nearly isothermal conditions eould be maintained. The 
problems discussed above seem to jiertain only to 

t Tho F.TR asaemhlies coiilaiii aliout 0.7 w/o iron which is 
equivalent to about 40 g of iron per element. 

t t .S|iouting has lieen vismilly observed and is the sporadic 
ejection of fluid-bed material from the channels of a fuel ele­
ment partially submerged in a fluidized bed. 

file:///nother
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TABLE 11-21. PILOT-PLANT UHAXim BALANCE 

153 

Total Uranium 
(^harge 

il Recoverahle 
In NaF Traps 
In Fj llispoBal 

.System 
III Hed Samples 

U l.mt 
Til Pyrohydrolyser 
To Reactor Bed-
To Kilter Bed 
To Scrub System 

(' Accounted For 

Kun 8 

Weight 
(g) 

254.8 
0.32 

~0A 

8.60 
0.35 
5.9 
0.0 

Total 
Wt. 
(g) 

273.6 

255.2 

14.9 

270.1 

(%) 

100 

93.3 

5.4 

98.7 

Run 9 

Weight 

829.2 
2.17 

3.13 

3.17 
0.62 
2.36'' 
0.001 

ToUl 
Wt. 
(g) 

841.3 

834.5 

6.2 

840.7 

(%) 

100 

99.2 

0.7 

99.9 

Run 10 

Weight 
(g) 

616.7 
126.6" 

0.4 

4.45 
5.24 
3.491 
0.007 

Total 
Wt. 
(g) 

827.6 

743.7 

13.2 

760.9 

(%) 

100 

89.9 

1.6 

91.5 

Run 12 

Weight 
(g) 

226.0 
49.8 

0.3 

0.13 
2.27 
0.39 
0.01 

ToUl 
Wt. 
(g) 

285.7 

276.1 

2.8 

278.8 

(%) 

100 

96.6 

1.0 

97.6 

Overall 

Weight 
(g) 

1926.7 
178.9 

3.9 

2.27 
8.4-
0.02 

Total 
Wt. 
Cg) 

2223.0 

2109.5 

27.0 

2136.5 

(%) 

100 

94.9 

1.2 

96 1 

« TIIIH value IH liigli <iuo to leakiigo of K»S throuKli u bypass and into the activated alumina traps. The total recovery is htw dun 
lo the low iDippiiiK oiricieiiry of activated alumina for I'Fa . 

•'Thin value is liigh due lo the hiss in Hun S where coarser particles were used in the packed-l>ed filter. 
• Heaetor hed rnateriiil reused for Huns 8, 9, 10 and 12. 
•• Rpfluorination (250 lo 500°(' for 4,0 additional hours) of these beds, as a fluidized l)ed. removed (iii', (;j.7 g) of the uranium re 

laiiied after the initial Huorinations. 
" C'an be roduceti further by reuse of the packed-bed filler or by fluorinalion as a flniilized l>ed. 

;iluiiiiiuiiii fucl.-̂ . siin'i' tciiiiii-ratniv excursion.^ cliil not 
urnir wliiU- processing uraniuni-ziiTonitnn fuels. 

I'ranium Disposition and Materi(d Balance. Table 
11-21 gives the iM'aniuin material balances for the 
current runs. The bahmee was exceptionally good in 
Run 9 where more than 99*"; of tlic uranimn was re­
coverable and 99.9''; was accounted for. 

Tlie reactor bed particulate material was reused iov 
Runs 8. 9, 10, and 12. Tlie final uranivun retention was 
2.27 g or only 0.1'^ of the total amount of uranium 
charged in tlie four runs. Reuse of the filter-bed 
alumina would probably have reiiueed these net losses 
significantly. 

The liigh retention of uranium by the filter bed in 
the lirst three runs can probably he attributed to the 
temperature excursions and filter-bed caking which 
occurred in these runs. It should i)e noted, however, 
that refluorination of the filter beds from Runs 9 and 
10 as fluidized heds effected removal of an aihlitional 
63rf (3.7 g) of tlie uranium which remained after the 
first fluorination. 

The uranium loss to the pyrohydrolysis reactor was 
relatively high (3.K; ) in Run 8 where 14-28 mesh 
filter hed particulate material was used. With the use 
of finer mesh material. 14-48 mesh, losses were reduced 
considerably—to less than 0.6'~r in the remaining loins. 

The loss in Kim 12 w:is only O.H^c. It is expected that 
these losses could be reiiueed further l)y increasing the 
bed depth to greater than 12 in., which is the luaxinium 
depth attainable in the existing equipment. 

The uranium aceountabjlity was relatively good in 
Rims 8 anc! 9 (over 98.5'< ). The uranium balances in 
liuns 10 and 12 were unsatisfactory; this may have 
resulted from leakage of product gas through a bypass 
into the fluorine <lisposal towers. The total recoveries 
were low possibly as a result of poor trapping efficiency 
of activated alumina for V¥n in the presence of 
fluorine. Even though the uranium loss was high to 
the pyrohydrolysis reactor in Hun 8 and filter-bed 
caking caused relatively high uranium retention, the 
overall loss for all runs was less than I.2'~^. The re­
maining 98.8* ;̂ should he recoverable. The overall ma­
terial balance for these four runs is relatively inac­
curate because of the poor filtration efficiency in Run 
8 and the loss of UF,, to the fluorine disposal system 
in Runs 10 and 12. 

In order to deterniine the distribution of uranium in 
the system before fluorination. a run was made in 
which only the hydrochlorination step was perfonned. 
The uraniuiu content of the free-flowing reactor bed 
corresponded to about 20*^ of that in the charge as 
compared to a previous run with zirconium fuel where 
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>70% of the urttnitiiii was in the reactor lieil. .\naly.-^i.s 
showed the blaek iiititeritil which was ilejiositi'il on the 
top of the packed-lied filter contained uranium equal 
to about 10% of that in the eliarge. The aniiiunt of 
uranium in the free-flowing filter lied was about 5% 
of that in the charge. The remaining 6.5% was reco\'-
ered from the fuel element basket and walls of the 
equipment in a subsequent fluorination of the empty 
equipment. The low uranium content of the reactor 
bed may be a result of elutriation promoted by the 
spouting mechanism which was described previously. 

Bed Attrition Tests. An exiieriment was made to de­
termine the effect of process reagents, flow rates, and 
temperatures on attrition of type T-61 Alcoa alumintt. 
Tlie run was made without a fuel element, but included 
a 2.6-hr prefluorination step at 250 to 500°(.', a 6.0-hr 
hydrochlorination at 325 to 33o°C, a 1.7-hr hydro­
fluorination at 350°C, and a 3.6-lir fluorination at 250 
to o00°C. Fresh alumina was used at the start of the 
run for the reactor bed and the packed-bed filter. 

Less than a !4-in. depth of fines was vi.sually iili-
serveil on the top surface of the jiacked-bed filter after 
each Jiroeess step. The run was smooth and no tem­
perature excursions were encountered throughout the 
test. The beds were removed at the end of each step 
and a screen analysis was performed on a representa­
tive fraction of the bed. The beds were then returned 
to the reactor and filter vessel. The screen analysis 
showed tliat there is little attrition of the reactor bed 
and no significant buildup of fines in the |iacked-lied 
filter. The filter contained less than 0.32 W/'o of -230 
mesh particles at the end of the reaction cycle. This 
quantity is significantly less than the approximately 
1.0 to 6.0 w/o of -230 mesh material found on the 
filter after Runs 8, 9, 10, and 12 in which aluminum-
uranium fuel charges were processed. It is possible 
that these fines arc aluminum oxide from the fuel 
plates or are produced by localized high temperatures 
at the surface of the fuel element iluring hydrochlori­
nation, or by the reaction and tempertiture excursions 
at the .surface of the packed-bed filter in the fluorina­
tion step. 

Summary 

In general, the operation of the jiilot-plant facility 
with the aluminum-ba.sed fuels has been satisfactory. 
The uranium filtration efliciency of the |iacked-lied fil­
ter during the HCI steii has been improved by incretis-
ing the bed depth to 12 in. and decreasing the nominal 
mesh size of the particulate solids to -14-1-48 mesh. 
Over 99% of the uranium was removed from the re­
actor and filter beds in the overall uranium niiiterial' 
balance for four runs, and over 99% was recoverd as 
UF„ on beds of NaF in one of the runs. An increase in 
reaction rate and HCl utilization of about 25% was 

demonstrated using a multieharge teclinique. The tem­
perature excursions which were encountered in the 
fluorination step while processing aluminum fuels can 
Jirobably best be eliminated by designing the system 
so that the filter-bed jiarticulate material can be 
fluorinated as a fluidized bed anil thereby allow effi­
cient heat removal. 

Future Work 

The future work will be directed at obtaining satis-
factory ojieration and uranium recovery for a multi-
charge zirconium fuel element run. Techniques will be 
sought for eliminating the packed-bed filter tempera­
ture excursions encountered while processing alumi­
num fuels. These studies, to be completed during the 
next rejiort jieriod, will conclude the pilot-plant pro-
grtim on the jiroeessing of enriched uranium-alloy 
furls. 

c. HIGH-AtTIVITY-LEVEL STUDIES ON EN 
RirHED URANIUM-ALLOV FUELS lA 
( ' | I1LK. \SK.1>, K . T T R . S K R * . . 1 . K1.NCIXA.S, G . L. 

P O T T S , \ V . O O T T W A L D " * ! 

A jirogrtim of fluid-bed volatility studies with irradi­
ated fuel materials on a bench-scale level (IVs-in. dia. 
reactorl has coiiimenced. Irradiated fuels of various 
tyjies including high enrichment uranium-Zircaloy and 
uranitim-jtluminutii alloys and low enrichment ceramic 
uranium oxides will be jirocesscd. The aims of the 
Jirogram are to obtain data on (11 the distribution of 
fission Jiroducts throughout the various jiroeess steps. 
(2l decontamination factors that may be realized, and 
(3 | the effects, if any. of irrtidiation and the presence 
of fission Jiroducts on uraniimi reco\erj' and reaction 
rates. 

During the current jieriod, the jiroeessing equipment 
was assembled in a mock-uji area and tested with a 
series of eight exjieriments using unirradiated fuel 
materials. These tests, described in detail below, pro-
\ideil a complete check of equipment jierformance and 
the means for develojiing ojierating procedures and 
techniques to be used in exjieriments with irradiated 
fuel. After these tests the equipment was installed in 
the Senior Cave Facility of the Chemical Engineering 
Division and the first exjieriment. using .5-yr-cooled 
uranium-Zircaloy alloy, w.as completed, t^jierationally 
the run was highly satisfactory. Further e\aluation 
awaits completion of analytical work. 

Apparatus 

A jihotograjih of the equijiment, immediately prior 
to its installation in the cave, is shown in Figure 11-18. 

•^C.iieat Srioiilist, Aiiatrnliiiii Atomic Energy Commission. 
•• (Viitriil Shupa machinist, attached to the Chemical 

Engineering Senior Cave Facility. 
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108 72.t!lA 
Flu. II IS. Flimriiie \iilatilil\ .\)ipiiriitiis n.̂ pii in the High-.\ctivity-Level ."Studies nti Irradiated Fuel. 

A schematic flow sheet for the tijiparatiis is shown in 
Figure 11-19. The hydrochlorination step is jierformed 
with vtilve Fo closed and \'alve C4 open. This pro­
cedure directs the g;is flow from the fixed-bed filter 

to the coniienser. through the disjiosable condenser-
filter to the HCl scrubber and then to the atmo.sphere 
via the cave stack. The ZrCU lor .\ICI3I generated in 
the reactor is removed from the gas stream in the eon-
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GAS SAMPLE 
POINT 1 

FLUIDIZED-BED 
REACTOR 

REAGENT SUPPLY 
(outside cove' 

FIXED-BED 
FILTER 

DISPOSABLE 
FILTER 

t 
t 
4-

i 
1 

t 
t 

!^ 

t 
t 
t 

•? .TOC 
I ^EXH 

t 
t 

LT 
SCRUBBER 

CAVE 
AUST 

GAS SAMPLE 
POINT 2 

Ir TO CAVE 
EXHAUST 

NaF-3 NuF-"! 
— t 

* J 
N o F - l NoF-2 

F j ABSORPTION 
TOWER 

COLD TRAPS 

108-8501 liev. 
Fui. 11-19. Schematic of E<|iiipniciit for Fluidllcil Fluoride X'olatility Studie.^ with Irradiated Fuel. 

denser (cooled by natural convection I and from the 
condenser by washing with dilute HCl. Experience with 
the unirradiated fuels showed that a filter is required 
behind the condenser to remove chloride fines which 
cause plugging of the line to the scrubber. The filter 
consists of a small section of 3-in. pijie, packed with 
glass wool, which can be removed and rejilaced re­
motely each run. The gas stream leaving the filter 
passes to a scrubber where HCI is removed from the 
nitrogen diluent gas. The serublier consists of a tower 
packed with Hasehig rings through whieh H:;0 is cir­
culated. The resultant dilute HCl solution lajiproxi-
mately 16 liters) is solidified with Portland cement 
and disctirded. A demister is jirovided to remove en­
trained scrub solution from the gas stream jirior to 
discharge of the gas to the cave exhaust duct. .\ gas 
sampling point is situated at the exit from the de­
mister, and an off-gas sample is continuously with­
drawn during the hydrochlorination steji for hydrogen 
analysis in a thermal conductivity cell located in the 
cave i-solation room. The thermal eonductivity cell jiro­
vides a continuous record of the hydrogen concentra­
tion in the off-gas which in turn jirovides a means of ' 
calculating HCl reaction rate and utilization efliciency. 

When the hydrochlorination step has been com­

jileteil, the high-temjierature valves are reversed (Fo is 
ojiened, C4 is closed I and the gas stream leaving the 
jiacked-bed filter is directed to the system of XaF 
trajis or cold trajis. During the fluorination step, UFt 
is generated in the fluid-bed reactor and passes through 
trajis NaF-1 and XaF-2 I maintained at 400°C for re­
moval of certain fission jiroducts! and is collected on 
traji NaF-3 which is maintained at 100°C. A fourth 
NaF traji (at room temjierature! serves as a backup 
lor NaF-3 traji. The gas flow continues to a fluorine 
ab.sorjition tower containing 14-in. dia. activated 
alumina balls and then to the cave exhaust. When 
rec|uireil, traji NaF-3 may be heated to 400°C and 
the L'Fo desorbed in a stream of fluorine and collected 
in dry ice cold traps. The U F B is renio\ed from the 
cold trajis by hydrolysis with 20 v o nitric acid. 

Sealing of the reactor and fixed-bed filter flanges is 
accomjilished with cojijier 0-rings which are niekel 
jilated for corrosion resistance. The gaskets are an­
nealed before use. The NaF trajis and condenser 
flanges are sealed with flat Teflon gaskets. The cave 
atiiiosjihere is continuously samjiled and monitored 
for HCl or fluorine. The monitor is an M.S..\.* Billion-
.•\ire Analyzer situated in the isolation room adjoining 

* Mine Safety .\ppli: ce Co . 
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TABLE 11-22. CONDITIONS 

HCl STEP 
Process Time (hr) 
Av. Bed Temp (°C) 
Av. Wall Temp ("C) 
Av. Filler Temp (°C) 
Inlet H(;i Cone (v/o) 
Av. Superficial (laa V'el. in 

Heaetor (ft/sec) 
Hcaction Rate" (g/hr) 
HCl Utilization Eff.'t (%) 

F, STEP 
Bed Temp (°C) 
Wall Temp (°C) 
Filter Temp (°C) 
Fi Cone (v/o) 
Superficial Cas \ 'el. in Heae­

tor (fl/sec) 

DURING THE F L U O H I D E A'OLATILITY P R O C E S S I N C 

SCIZ--1 

13?i 
400 
385 
35S 
42-89 

0.5 

55 
27 

SUrt 

270 
255 
305 

8 
0 6 

Final 

540 
500 
510 
63 
0.11 

SCIZ-2 

9>A 
390 
375 
350 
41-85 

0.6 

44 
22 

Start 

250 
250 
255 

8 
0.5 

Final 

525 
SCO 
510 

78 

O.r 

OF UNIRRADI.\TED 

SCIZ-t 

0-2 2-6,1 i 
395 505 
375 485 
350 350 

42-82 
0.6 

10 71 
4.5 28 

Start 

250 
240 
230 

8 
0.5 

Final 

520 
490 
510 
66 

0 .1 ' 

rRAXirw .\LI.OY 

SCLV-l 

6 
210 
200 
220 

22-39 
0.6 

i 

d 

SUrt 

275 
255 

Final 

520 
495 

280 500 
8 ] 83 
0 5 0 . 1 ' 

•"rELs 

SCU-2 

0-3}j 
220 
185 
210 

3 } i - l ) i 
250 
240 
210 

19-29 
0.6 

49 
100 

Start 

260 
240 
260 

8 
0.5 

0.4 

. 
• 

Hnal 

515 
490 
495 
56 
0 1' 

•iSciiior Cave /nactive Zircaloy. 
i* Senior Cave /nactive yllumiiium. 
" The reaction rate varied considerably during the course of the experiment. The values shown represent steady rates obtained 

fur Hignificaiit portions of the time period under consideration. They do not represent overall average values. 
'• Erratic reaction rate. 
• ('onstaiitly decreasing reaction rale and HCI utilization efficiency. 
' lied in static condition. 

the cave oj iera t ing aretl , c a l i b r a t e d for 0-25 jijim HCI 

and 0-25 jijim fluorine. 

Experiments with Unirradiated Fuel Materials 

Experiments with unirradiated fuel materials con­
sisted of three runs with 4 w/o uranium-Zircaloy. two 
runs with 4 w/o uranium-tiltmiinum, one each with 
Zircaloy alone and aluminuni alone, and one with 
UO2 pellets. For the alloy chtirges the experiiuenttil 
eonditions were similar to those develojied in other 
bench-scale (.see AN1.-«8(H), pji. 271-282) and jiilot-
plant work on highly enriched alloy fuels. These con­
ditions were: (1) llydroehlorination at ajijiroximately 
400°C for Zircaloy and ajijiroximately 220°C for alu­
minum, and (21 fluorintition between 2.50°C and .500°C 
using a fluorine-nitrogen concentration starting at aji-
proximately 10 \' o and grjidutilly increasing to a final 
concentration of ajiproximately 70 v o. The eonditions 
used in all of the current uranium-alloy runs are sum­
marized in Table 11-22. 

Uranimn is collected as UF,i iluring the fluorination 
on a NaF traji ojierated at 100°C. The UFe may then 
be desorbed from the NaF at 400°C and collected in 
cold trajis held at ajijiroximately —80°C. When runs 
are made with irradiated materials additional NaF 
traps will be installed upstream of the UFj sorption 

column for the collection of some of the fission jirod­
ucts \'olatilized from the reactor. Tlu'se wdll be oper­
ated at 400°C. 

For the Ut\. run, the charge was reacted initially 
with 40 V o HF in oxygen for 2 hr. This period was fol­
lowed by a ^uorination step similar to that used for 
the alloy charges. 

Results and Discussion 

Samjiles of the various beds, zirconium or aluminum 
chloride hydrolyzate and the uranium hexafluoride 
hydrolyzate solutions were analyzed to follow the 
movement of uranium throughout the eijuijiment. The 
analyses for five of the inactive runs are shown in 
Table 11-23. The significant results may be summarized 
as follows: 

(aI The retention of uranium by the reactor bed 
and the filter bed for all the runs with the exception 
of Run SClZ-4 totalled less than one percent of the 
uranium charged. The high retention of uranium in the 
bed material in Run S(TZ-4 is believed to be the result 
of ineomjilete reaction of the alloy charge during hy­
drochlorination. The hydrochlorination time was re­
duced to 6'A hr. a considerably shorter time than the 
hydrochlorination time for Run SCIZ-1 (13.7 hr) and 
in Run SCIZ-2 (9.3 hr). 
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TABLE 11-23. URANIUM DisTRlBuriiiN KOLLOWING 
F L U O H I U E XOLATILITY P R O C E S S I N O OF 

UNIRRADIATED URANIUM-ALLOV FUELS 

Reactor Bed: 700 g Alcoa T(il alumina, 28-100 mesh 
Filter Bed; 380 g Alcoa Tlii alumina, 14 28 mesh, for al 

runs excejit Itun SCIZ 4 
90(1 K Aleoa Till alumina, U 2X nieali, fo 

Hun SCI7, 4 

Charge 
Reactor Bed 
Filter Bed 
Condenser 
NaF Trap 1 
NaF Trap 2 
NaF Trap 3 (Be­

fore desorb.) 
NaF Trap 3 

(After desorb.) 
NaF Trap 4 
Cold Traps 
Fa Absorption 

Tower 
U Balance 

Cranium Concentration 

SCIZ-1 

100 
<0.45 
<0.22 
N.A.-

0.12i> 
O.tOi-

N.A." 

0.07 

13.9'' 
38.2 
4.3 

58 

aH Percent of 
Original Charge 

SCIZ-2 

lOO 
0.48 
0.11 
3.8 
0.131-
0.42' 

N.A.» 

0.19 

14. Sl­
og.2 

7.0' 

!l(i 

SCIZ-4 

100 
2.2 
4.1 
0.20 
0.49 

-92.2 

(0.23)'' 

0.28 
(84.5)'' 
(5,6)'! 

99.5 

SCIA-1 

100 
0.22 
0.04 

10.4 
0.20 
0.11 

N.A.-

0.33 

2.34 
(iO.ti 

9.3" 

84 

SCIA-2 

100 
0.13 
0.10 
0..-!0 
0.12 

" N.A." 

O.lli 

0.04 
90,3 
9.4« 

101 

•* Not analyzed. 
•-Analyzed following SCIZ-2. Represents an average re­

sult for 2 runs. 
' NaF Trap 2 not charged for these runs. 
'' These values are results after desorption of NaF Trap 3 

and are not included in the uranium balance listed as Percent 
of Original Charge. 

" Analyzed following SCIA-2. Represenis an average re­
sult for 3 runs. 

(b) The uranium loss to the condenser during hy­
drochlorination was reduced significantly by redesign­
ing the fixed-bed filter and increasing the bed dejitli 
from 41/2 in. to 7 in. The changes were comjileted prior 
to Run SCIZ-4, the last run in the series, and in this 
run the uranium loss was only 0.2% of the charge. 

(c) The uranium balances achieved were considered 
satisfactory in that the final run (SCIA-2) resulted in 
high uranium rccoiery and essentially eimiiilete ac­
countability of the uranium. 

Uranium Hexafluoride Desorption and Cold Trap­
ping. Desorption of UF,, from NaF pellets at 400°C 
using a purge gas consisting of a mixture of fluorine 
and nitrogen resulted in a very low uranium retention 
in the NaF (<0.5'% of that in the charge). 

The efficiency of the cold traps was somewhat less 
than had been obtained in other studies. This can be 
seen from the significant amounts of uranium that 
were collected in the fluorine absorption tower (acti­
vated aluminal which is a backup for the cold traps 
during desorption of the UFo from trap NaF-3. Since 
the uranium balance for the active runs will be ob­
tained only from the NaF trap analyses, this pro­
cedure is considered satisfactory for the purpose of 
determining any additional decontamination that may 
be obtained from a desorption step. 

Uranium in the Backup XaF Trap (A'aF-I,). The 
NaF Jiellets are contained in a removable cartridge 
within the NaF trajis. To minimize bypassing of the 
cartridge by the UFa , a seal between the cartridge and 
the traji body was made by partly filling the annular 
sjiace between the cartridge and the traji with solids 
of a much finer mesh size than that of the NaF pellets. 
However, it was not jiossible to obtain a perfect seal 
by this means, and ajijiroximately 10^ of the gas was 
found to bypass the cartridge. In Runs SCIZ-1, SCIZ-
2, and .-^d.^-l. the solid used for the seals was 
— 20-F40 mesh CaF;., whieh does not sorb UFe, and 
lienee significant tjuantities of uranium bypassed the 
NaF Jiellets in traji NaF-3. The bulk of the uranium 
thtit byjiassed the NaF jiellets in Trap NaF-3 was 
trajijH'd on the NaF pellets in Traji NaF-4. In subse­
ijuent i-ims, uranitmi liyjiassing was virtually eliminated 
by substituting —25-1-60 mesh NaF for the CaF^. 

Future Work 

Further work with irradiated fuels of both the 
highly enriched uranium-alloy and low enrichment 
UO:; fuel types is jilanned. Immediate experiments 
will involve 5-yr-cooled uranium-Zircaloy alloy fuel. 
Subsequently, uranium-aluminum alloy fuels that have 
been cooled for relatively short jieriods, 6 months and 
3 months, will bo used in a study of iodine behavior 
during the process stejis. 

3. The Corro-sion of Nickel-200 in Fluoride >olat i l i ly Process Environments 
(A. A. CHILENSKAS, G . GUNDERSON) 

Corrosion studies in sujijiort of the fluoride volatil­
ity program have been completed. Two types of tests 
were used in these studies: (1) small-scale laboratory 
tests conducted in tube furnaces and (2) in-jilant ex­
posure tests. The !alnir;itory tests were designed to 

examine the efl'ect ujion nickel of short-term and long-
term exposures of selected gaseous environments rep­
resentative of those found in fluoride volatility 
Jiroeessing. The in-plant tests consisted of exposing 
specimens within various jiieces of pilot-plant equip-
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ment and evaluating the corrosion rates after the com­
pletion of one or more process cycles. 

The Long-Term Corrosion of Nickel-200 Plale ancl 
Welded Mckel-200 Plate in Static Gas Environ­
ments 

The results of long-term corrosion studies with 
nirkel-200 plate arc summarizcil below. These results 
were previously reported in ANL-6900, pp. 201-202, 
and are included in the present rejiort because they 
are pertinent to the discu.̂ ^sion of re.sults that follows. 

The corrosion rate of nickel-2(X)'' plate was found to 
be 0.9 mil/yr for an atmosjihere of 50 v/o fluorine in 
nitrogen when the sjiecimens were held at about 475°C. 
The corrosion rates for the fluorine-HCl cycles and 
fluorine-oxygen cycles were found to be somewhat 
higher than those obtained with a .50 v/o fluorine en­
vironment alone, hut since the overall range of values 
(0.9 to 4.1 mils'yr) was relatively narrow, the.se ap-
jiarently higher rates are believed not to be significant. 
Metallograjihie examination of the specimens after 
exposure disclosed no evidence of intergranular jiene­
tration. 

.K comjiarison of the values for the eorrosion rate of 
niekel-200 specimens w-ckled with weld filler metal 
61'*'* and niekel-200 sjiecimens welded with nickel-2(X) 
filler shows clearly that the welds made with nickel-
200 filler hai'e sujierior ciii-rosion resistance in every 
instance (1 to 4 mils yr comjiared with 67 to 1315 
mils/yr). 

.\ eotnjiarison of the eorrosion rtites for till nickel-
200 welded and nonwelded plate sjiecimens indicates 
that very slightly higher eorrosion rates are obtained 
with the welded specimens (1 to 5 mils yr comjiared 
with 1 to 4 mils 'yr) . Both welded and nonwelded 
specimens were examined metallogrtijihically for evi­
dence of intergranular jienetration and of localized at-
t:iek in areas where high-stress concentration wouki 
lie exjiected. No such evidence was found. 

The ('orrosion Rale of Nickel-200 from In-Plant 
Tesln 

The eorriisiiin rjites of nickel-2(Xl sjiecimens exposed 
to the high-enriched pilot-jilant environment or to 
proeess gases in the bench-scale ajijiaratus for high-
aetivity-level studies are shown in Table 11-24. The 
eorrosion rates ranged from 12 to 40 mils yr; speci-

T.\BLE 11-24. CORROSION RATE OF NICKEL 200 

SPECIMENS FROM IN-PLANT TES're 

Test 
Desig-
natioD 

1 

2 

3 

4 

5 

Exposure 

Kun Conditions 

High-enriched pilot plant Runs 1, 
2, 6 with Zircaloy subassemblies 
and Runs 3, 4, 5 with aluminum 
subassemblies (no uranium pres­
ent); 47 hr with HCI at 440'C and 
12 hr with HF at 310°C. 

Above 6 runs plus Runs 7 and 8 (one 
each with uranium-Zircaloy and 
uranium-alumiiium subassem­
blies); 10.5 hr with HCI at 440°C, 
4 hr with HF at 310°C, and 12.5 hr 
with F, at 250-500°C. 

High-enriched jiilot plant Run 10 
with uranium alumitium subas­
semblies; 14.4 hrwilhllCI at ,370°C, 
2 hr with HF at 3tiO°C, and 11.6 hr 
with F, at 250to500°C. 

Above Run 10 plus attrition run per­
formed without fuel charge; 4.0 hr 
with HCI at :!30°C, 2 hr with HF at 
355''C. and 8 hr with F, at 250 to 
500 °C. 

.Shakedown Run 2 on lienchscale 
equipment for high-activity-level 
studies; no fuel charge; 8 hr with 
Hyi at 370 (• and S hr with F, at 
•>.W to 5(«1 C . 

TouU 
Time 
(hr) 

S9 

92« 

28 

43" 

16 

Corrosion 
Rate 

(mils/jT) 

In 
Bed 

40 

37 

36 

23 

Out 
of 

Bed 

35 

27 

12 

16 

• Manufactured by the International Nickel Co., Inc., 
nominal composition in percent: Ni, 99.5; C, 0.06; Mn, 0.25; 
Fe, 0.15; S, 0.005; Si, 0.05; and Cu. 0.05. 

•• Manufactured by the International Nickel Co., Inc., 
nominal composition in percent: Ni, 93.0; C, 0.15; Mn, 1.0; 
Fe, 1.0; S, 0.01; Si, 0.75; Cu, 0.'25; Al. 1.50; Ti. 2.0 to 3.5; other, 
0.50. 

• Cumulative values. 

mens immersed in the fluid-bed exhibited the higher 
rates. 

The Effect of a Fluidized ilcil of Alumina upon the 
Corrosion Rate of .Nickel 

Two runs have been conducted in the Senior Cave 
boncli-scalc equipment in whieh the effect of a fluidized 
bed of alumina upon the eorrosion rate of nickel-200 
jilate was examined. The results and conditions of 
these runs arc given in Table 11-25. 

The data in Tabic II-2.5 indicate that a fluid bed of 
alumina effects a significant increase in the corrosion 
rate of nickel-200 111 mils yr without a bed, 23 mils 
yr with a bed I. The presence of the alumina under 
nonfluidized conditions did not appear to have much 
effect upon the corrosion rate as may be seen by com­
paring the rate obtained in the fixed-lied filter with 

http://the.se
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TABLE 11-25. T H E EFFECT OF A E H I D I Z K D ALUMINA 

BED UPON THE CORROSION HATE OF NICKEL 200 

Run 1: Prefluorination at 25 lo 450X for 2'Ki hr, HCi at 
S7Q°C for 8 lir, Huorination iit 250 to 500°C for 4 
hr, duplicate specimens exposed in the z(»ries 
listed above, no alumina bed in the reaction zone 
of the reactor, alumina bed present in the fixed-
bed filter section. 

Run 2: Conditions similar to Kun 1 except an alumina bed 
was added lo ihe reaction zone of the reactor. 
Gas velocities were such as to maintain the 
alumina fluidized except for the latter part of 
tlie (luoriiiiitinn step. 

Specimen Location 

Reaction zone of reactor 
Disengaging section 
Fixed-bed filter 

Corrosion Rate (mils/yr) 

Run 1 
No Bed in 

Reaction Zone 

11 
18 
12 

Run 2 
Fluid Bed in 

Reaction Zone 

23 
16 
9 

TABLK n-2(>. T H E 1'^KECT OF THERMAL CYCLING 

UPON THE ('llRROSION H A T E OF W E L D E D AND 

NONWELUED NlCKEI,-200 IN FHORINE 

Temperature: 550 =t 10°C 
Reagent Gas: 50 v/o fluorine in nilroncn 
Flow ^>locity: About 0.002 ft/sec 

Tjpe of 
Specimen 

Nonwelded 
Welded 

Corrosion Rate 
(mils/yr) 

Constant Temp 

2.6 
li,2 

Thermal Cycled 

3.9 
4 li 

TABLE 11-27. T H E EFFECT OF AIR EXPOSURE UPON 

THE CORROSION HATE OF NICKEL-200 EXPOSED 

TO HCI AND FLCORINE 

Test Cycle: 60 v/o HCl in nitrogen at 375°C for B hr 
50 v/o fluorine in nitnJEeii ill 37.5-500°C for 

3 hr 
Flow \elocity: 0.1X12 fl/sei-

Nonwelded 
Welded 

.\ir-K\|>(isid 

(mils/cycle) 

0.011 
0.015 

(mils/yr)" 

10 
13 

-\, lilaiikcl 

(mils/cycle) 

0.010 
0.010 

(mils/yr)» 

8 
8 

" liii.sed upon one ralpiidar ipar exposure (8750 hr). 

that obtained in the reaetion zone of the reaetor (12 
mils/yr as compared with 11 mils/yr). The eorrosion 
rate (18 mil.s/yr) exhibited in tlic di.scnRaging section 
of the fluid-bed reaetiir was somewhat higher than 
expected. During a run. teiii|Hratiircs in the disengag­

ing section were about 2.5°C higher than those in the 
reaetion zone, and these higher temperatures may be, 
at least in part, the reason for the higlier eorrosion 
rate. 

The Effeel <>f Thermal Cyelinjj Upon the Corrosion 
Kale of Wehieil and Nonweliled Niekel-200 in 
a Slalie 50 v o Fluorine Environment 

111 this test, the tube furnace containing control sam­
ples was maintained continuously at 550 ± 10°C and 
was fed a mixture of 50 v/o fluorine in nitrogen at 5 ± 1 
psig for 8 hr each day. For the remainder of each day 
a purge of nitrogen only was maintained. A second 
tube furnace in series with the first received the same 
reactants for the same times but the temperature was 
maintained at 5.50 ± 10°C only during the 8-hr ex­
posure to fluorine, following which it was cooled to 
room temperature and reheated to .550°C prior to the 
next cycle. 

Two types of specimens were used: ynj-in. niekel-
2(1U plate and %r,-m. niekel-200 plate with a machined 
"V" notch filled with nickel-200 weld metal. The weld 
metal was laid down by the TIG welding procedures 
and the beads were ground flush. Triplicate specimens 
were included in each tube furnace. Both tube furnaces 
received 10 cycles l80-lir total exposure to fluorine). 
.\fter exposure, the specimens were defilmed in an 
equimolar bath of KNOa-NaNOa at 500°C for 15 min 
and weighed. The results of this test are shown in 
Table 11-26. 

The effect of thermal cycling upon the corrosion rate 
under these comlitions apiiears to be negligible for 
practical purposes. 

The Eflfeel of Air Exposure Vpon the Corrosion 
Rale of Welded anil >'onwel<leil Niekel-200 
Plale Exposed lo H('l and Fluorine 

A test has been eiimpleted which examined the 
effect of ex]iosing nickel-200 corrosion coupons to the 
air atmos|ihere after they had been ex|ioscd to HCl 
and fluorine at process temperatures, Specimens were 
ex|ioseil in two furnace tubes to three cycles of reagents 
and temperatures as shown in Table 11-27. Between 
cycles each furnace tube was allowed to cool to room 
teiii|)erature overnight under nitrogen. 'While at room 
temperature, room air flowed through one tube furnace 
for one hour while the other tube furnace was main­
tained under nitrogen. The conditions and results of 
this test are shown in Talile 11-27. 

.\s shown by the \'alues in the table, the s]ieeiinens 
which were ex]iosed to air exhibited slightly higher 
eorrosion rates than those kept under nitrogen. For all 
practical purposes, this dilTeirnee is not considered 
signilieant. 
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DiseuHsion of KesullH and Coneiusions 

In an attempt to understand the corrosion process 
and to evaluate the relative importance of particular 
parameters under study in the laboratory tests, it is 
useful to compare the results of the laboratory tests 
with the results of the in-plant tests and with kinetic 
data''- ttdien such data arc available. 

Laboratory test data obtained for fluorine, fluorine 
alternated with HCl, and fluorine alternated with oxy­
gen, are compared with corrosion values calculated 
from a kinetic study of nickel with fluorine in Figure 
11-20. The laboratory values shown arc the a\erage 
values obtained from the three expo.sure periods, 240, 
480, and 960 hr. The comparison shows that the rates 
obtained in the laboratory tests are in close agreement 
with the values found for pure fluorine in the kinetic 
study. It is important to note that the comparison is 
made for specimens which have been exposed to the 
reactants for a long |)eriod of time under eonditions of 
i|iiiescent reagent supply which permit |iroteetive Alms 
lo form. The rate of change of the reaction rate be­
tween niekel and fluorine with time after an exposure 
of 33 hr becomes small'- and the eoiiiparison made in 
Figure 11-20 lexposures of 240 hr and higberi should 
be \'alid, I'nder these eonditions the conclusion may bi-
drawn that alternating a fluorine environment with 
HCI or with oxygen does not significantly increase 
the eorrosion rate. 

The pi'oteetive nature of the nickel fluoride film is 
illustrated in Kigure 11-21, The eorrosion rate is very 
rapid initially but deerea,ses rapidly as the film of 
niekel fluoride increases in thickness. The corrosion 
rate is highly dependent u|ion the thickness of the 
film which exists at any particular time. In proeess 
eiiuipment where fairly high gas velocities occur or a 
fluidized bed of alumina is jiresent, films which woulil 
form under iniiesecnt conditions may be removed. Ex­
perimental work has shown that the corrosion rate is 
iiiereased by the action of a fluidized bed indicating 
that some film removal may have oceurred by attri­
tion, 

.-\ summai'y of corrosion results fi-om iii-|ilaiil tests 
is shown in Table 11-24. For pur}ioses of comparison 
these results are plotted in Figure 11-22 along with 
the eorrosion rate of nickel by fluorine for short ex­
posures. .\s would be expected from the hypothesis 
that the protective film may be remo\cd by the action 
of the fluid bed or by the high gas velocity in proeess 
equipment, the eorrosion ^•alues for in-plant s}iecimens 
are higher than would be predicted from static tests. 

" Jiirry, R. L , W. H. Ounther, and J. Fischer. The Meeh.i-
iiisni and Kinetics of the Reaction between Nieltel and Fluor­
ine. ANL-lkiSt. Auiiust lOKi 

FLUORINE EXPOSURE I YEAR; 
CALCULATED FROM DATA BY 
JARRY et 0 ] . A N L ' 6 6 6 4 ^ 

FLUORINE/OXYGEN, 
LABORATORY TESTS 

FLUORINE/ HCl. 
LABORATORY TESTS 

, . ^ FLUORINE. 
LABORATORY TESTS 

300 400 500 600 
TEMPERATURE. 'C 

lOS-87-13 l i e v . 
Fill. 11-20. Long-Term ('..rnnioii of .\irlteI-200 in ."Static 

(Juseous Environments. 

EXPOSURE TIME, hi 

108-X717 

FIG. 11-21. Corrosion of Nickel in Fluorine as a P'unction of 
Temperature and Time. 

(Based on data by Jarry et al., A\'L-6684) 

Temp, °C 

300 
400 
500 

Corrosion Rate, miIs/>T 

Initial Rate 
Exposure 1 min 

112 
324 
7110 

FinallRate Exposure 
1 yr 

0 , 7 

1 .5 

The in-plant specimens behave as though they are 
protected by a thin fluoride film equivalent to that 
which would be |irodueed by >tatic fluorine exposures 
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F I G . 11-22. Comparison of the Corrosion Rates of Nickel-200 

Obtained from In-Plant Tests with Rates Obtained from 
Short-Term Exposures to Fluorine. 

ranging from 1 to 10 hr in duration. Thus the in-plant 
results appear to be reasonable when compared with 
static results obtained for short exposures. The in­
plant corrosion values fall within an acceptable range 
indicating that nickel is a satisfactory material of 
construction for many jilant applications. The results 
and conclusions which may be drawn from this study 
are summarized bclow'. 

1. Under static conditions or conditions of very low 
• gas flow rates, which allow protective films to form 

easily, the corrosion rate of niekel by (a) fluo­
rine alternated with HCl and (b) fluorine al­
ternated with oxygen is low (I to 4 mils/yr) 
and is in close agreement with the rate exhibited 
by nickel for fluorine alone (see Figure 11-20). 

2. Under conditions which do not allow films to 
form readily I high gas velocities) or which lead 
to the removal of films, (fluid-bed action) the 
corrosion rate has been found to be significantly 

higher than that found under static conditions, 
but less than the rate which would occur if no 
protective film foi-med. Exjierimental evidence 
of the effect of a fluidized bed ujion the corrosion 
rate of niekel has been obtained which shows 
that the rate is considerably increased (from 11 
mils/yr to 23 mils/yr) due to the presence of 
the bed (see Table II-25I. For the range of con­
ditions studied thus far, the corrosion values in 
plant er|uijiment would be exjiected to range be­
tween 12 to 40 mil.s/yr (see Table 11-24) with 
the lower values existing in most of the com­
jionents while the higher values would be ex­
jiected for those comjionents in contact with the 
fluid bed. 

. A comjiarison of the corrosion rate obtained un­
der static conditions for long-term exposure of 
two tyjies of nickel welds has been made. Nickel 
welds made with nickel-200 metal filler have 
been shown to be clearly sujierior to welds made 
with niekel-61 filler metal. The corrosion rates of 
welds made with nickel-200 ranged from 1 to 5 
mils/yr (comparing closely with the eorrosion rate 
of 1 to 4 mils/yr for nonwelded nickel plate) 
whereas the welds made with nickel-61 filler metal 
ranged from 67 to 1315 mils/yr. Some evidence 
has been obtained which indicates that the pres­
ence of a small amount of titanium in the nickel 
filler mctal-61 is the cause of the high corrosion 
rates exhibited. 

. Metallographic examination of specimens ex­
posed to both the laboratory-scale and in-plant 
environments have exhibited no evidence of sub­
surface (intergranular) attack. 
Several parameters whieh were believed to have 
a possible effect ujion the integrity of the protec­
tive film were studied for their effect upon the 
corrosion rate of nickel. The effect of thermal 
cycling on the corrosion of nickel specimens ex­
posed to Jiroeess environments was shown to be 
negligible (see Table 11-26). The effect of ex­
posing a specimen to air after each process cycle 
(see Table 11-27) was shown to be small, the 
corrosion rate increasing from 8 to about 12 mils/ 
yr. This increase is not regarded as being signifi­
cant. 
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4 . B a s i c S t u d i e s o f F l u i d i z e d - B e d B e h a v i o r R e l a t e d t o P r o c e s s O p e r a t i o n s 
( D . R A J I A S W A . M I ) 

Particle Re»i<lenee Times at Surfaces of a Gas-
Fluiilized Bed i L. li. KOPPEL)* 

KxperimenIaland theoretical investigations have been 
inilialed to mea.sure the slatistieal distribution of parti­
cle residence times at .solid surfaces in contact with a 
gas-fluidized bed. The objective of this work is to 
utilize the residence time distributions to predict heat 
transfer coefficients, using an equal ion developed previ­
ously:'' 

AOj ^ 4 T / V / 3 

[' + -pr.i§:^Yi\'" + u 
where 

h = lied-1o-surf:iee heat tran.sfer coefficient 
Dj, = particle diameler 
kg = gas thermal conductivity 
p, = sohd density 
C, = solid specific beat 

S = average residence time of particles at the heat 
transfer surface 

a = shape factor in statistical distribution of parti­
cle residence times at the surface, to be dis­
cussed below. 

This equation has been shown to compare favorably 
with heat transfer data, regarding Ihe ijualitiative de­
pendence of h on the thermal properties A'y and C, , but 
cannot he used as tm independent predictor of heat 
transfer eoellicienis witbiiut quantitative knowledge of 
the parameters 6 and a. 

In the previous studies llie statistical distribnlion of 
residence times has been assumed to be of the gamma 
form, 

/,., = -L[(„ + n%xp(-j)].o + 1) 

ulicre/(6) dB is the fraction of surface particles wliicli 
reside at tlie surface for a time lu'tween 6 and 8 + d6. 
The parameter a cliaracterizes the sliape of the distribu­
tion. The current investigations have been directed 
toward correlation of parameters 0 and a as functions 
of the physical and flow properties of the system. The 
advantage of this approach is that there should be no 
efTect of thennal properties on these paranietei's and, 

* Consultant, Purdue University. 
"Ziegler, E. N., L. B. Koppel and \V. T. Brazcltoii, Ind. 

EnR. Chem. Fuiuiamentals. 3. :i25 (1904). 

therefore, the nccessar>' correlation effort is significantly 
reduced. 

Three possibh' techniques for measurement of 6 and a 
have been investigated. The surface studied was a small 
test area on the wall of a ."»' 2-in. dia. Lucite column con­
taining nominal i'A) mesh, alumina particles (Type 38 
.\lundum, manufactured by Norton Co.) fluidized with 
air. A small fraction, 0.3',;, of the particles was dyed 
with India ink for easy obser\'aiion. The techniques 
were: 

(1) Direct photographic titmrrafiim of individual black 
particles in the //*.s/ area. The irKli\'idual particles were 
observed in successive frames, a new frame being ex­
posed every 0.3 sec. By noting the immber of fnmies 
between the appearance and disappearance of a particle 
at the test area, its residence time may be estimated. .\ 
histogram of thes<' residen<'e times, taken for several 
particles, yields Ihe dislributioii, and, hence, fitted esti­
mates of a and 6. This techni(|ue was demonstrated to 
yield good results, hut is tedious and time-consuming. 
It is believed milikely that .sufficient data can be ob­
tained in this maimer without expenditure of an un­
reasonable experimental eft'ort. 

(2) Phttttgraphic ottaervatiim of transients in the total 
count of black particles in the test area. In theory, one can 
relejisr a (juantity of black particles into the colunm and 
deduce the residence lime distribution by different ial ion 
of the transient rise in the total nuniber of black parti­
cles in the test area. This technique eliminates the need 
for ob.servafton of individual particles. Furthermore, the 
total particle counts were determined directly from the 
film, with encouraging accuracy, by means of the 
C'HLOE digital automati<' dala reduction technique." 
However, practical experimental problems precluded 
use of this method for a<'curate measurement of resi­
dence times. 

(3) Calculation of Oxe autttan-relation function of ttUal 
particle counts. It was demonstrated theoretically that 
the autocorrelation of the frame-to-frame statistical 
fluctuations in total black particle counts, at steady-
state conditions, yields the average residence time, $. 
Preliminary experimental verification has been achieved 
for a specific set of conditions. Here again, the films are 
processed automatically, which fact makes it possible to 
secure large quantities of data. Development work is 
still required to improve Ihe accuracy of the CHLOE 
particle counts. 

The autocorrelation technique was deemed to have 

" Private communication from Butler, J. W., Applied 
Mathematics Division Argonne Natiimai Laboratory. 
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the greatest value in this work, and current plans are to 
concentrate on development of Ibis method. The firat 
step will be establishment of a method for the estimation 
of a. To this end, calculations are in progress to gen­
erate simulated, random particle counts from known, 
assumed residence time distriliutions. The flueluations 
in these counts will be examined for slatistieal inference 
of the known value of a. 

As soon as the two major problems, i.e., improvement 
of accuracy of CHI.OE counts and development of an 
estimation of a, ure resolved, the autocorrelation 
method will be used to determine residence time dis­
tributions as functions of the physical and flow proper­
ties. The distributions so obtained will be used to predict 
heat transfer coefficients, and the predictions will be 
compared with experimental data. 



III. High Temperature Reactor Materials Development* 
(R. K. Edwards, H. M. Feder) 

A program directed toward the developmenl of liigh 
temperature imclear reactor materials is under way. 
The ohjective is to build up a reservoir of basic data 
which may be used for screening and evaluation. The 
study will be concerned with the chemical stability of 
pfjtcntial high temperature fuels, i.e., oxides, phos­
phides, .sulfides, arsenides, and nitrides of uranium and 
their solid solutions; and with the reactions of the-^e 
fuels with hydrogen, its contaminants, and supporting 
structural materials such as tungsten, rhenium, molyb­
denum, tantalum, and certain alloys. These studies 
will he done quantitatively to yield thermodynamic 
and phase-diagram information. Kacli .selected fuel-

• A summary of tliiw section is giver I page 12. 

refractory im-tal-gas system is to be studied in an 
integrated way, using .-several methods of investigation 
that are mutually supporting. 

The emphasis of current experimentation is on the 
determination of the pha.M' diagram of the eotiden.-jed 
stale of the uranium-urania system and on the e(|ui-
hbria between the vapor and condeiL-^ed phifH-s of this 
system. K<]uipment Ix-ing con.<lructed for studies in 
the hydrogen-tu'anium-urania sy.-̂ tem is mo.stly com­
pleted and uitdergoing initial testing. Kx|>erimental 
work lo determine pha.se relations in the lungsten-
uranium-urania triangle is projected. The study of the 
uranimn-uranium monosulfide pha.-̂ e di:igram h:Ls also 
been initiated. 

C I H R E N T S T A T I S OF HIGII TEMPERATLKE PHASE RELATIONS AND 
IHERMODYNAMIC PROPERTIES IN THE U R A N I L M - l RANIA SYSTEM 

1. Objectives, Experimental Plans , an<l Recent Expcrinicnlal Results 

The specific objective of Ihe studies of the tu'aiiium-
urania system is to obtain comprehensive thermo­
dynamic data for compositions from pure uranimn 
to slightly hyperstoichiometric urania. 

The phase diagram for the condensed system is of 
iinportatn-e in guiding and interpreting the thermo­
dynamic experiim'ntation. This work {Section III-H) 
hiu* advanced to the point that considerable detail 
can he given; the results are presented in Figm-c I I I - l . 
As was considered probable {AXL-ti800, pp. 297-300), 
it hius been found that urania at high temperattire can 
exist at compositions which are hypostoichiometric. 

The thermodynamic properties of this system are to 
be determintxl by establishing the partial pressures of 
!tll the vaporizing species as functions of the tempera­
ture and composition of the conden.-̂ tHl phases. Studies 
of the vaporization of the condensed pha.ses through 

•• Tlie term urania will be used in Section III to dennte a 
phase of Hviorite structure witti c()mpositi(Ui unspecified; the 
syinhnl !'()•: will be used to denote stoichiometric uranium 
dio.\ide. The terms hyperstoicliiometric and hypostoichiomet­
ric refer to the oxygen in I 'O; ; the symbols UO;- , and I 'O i . j 
deiinte hypostoichiometric and hyperstoichiometric urania, 
re8[>eclively. 

Knudsen effusion o r i l i c o or in to t r ansp i r a t i on car r ie r 

gases are in progress. The Knudsen effusion method 
is inherentl>'*limited to low ga.seous pn'ssures; thus, 
the elTnsion sttidies will be restricted to below about 
'2200°('. The transpiration methml may po.-̂ sibly be 
pursucii to 2800°(' with the apparatus on hand. 

The significant ga.seous species in this system are 
U, UO, VO2, UO3, O, and ( ) , . Their n-lative partial 
pre-^sures van.' considerably with the composition of the 
conden.sed phase (s). Knud.-^en effusion mea.surements 
yield R, the total rate of effusion of uranium-bearing 
spe<'ies iit moles per unit orifice area: 

R = Rr + Ria-\- /?ro, + /?co, . (1) 

The partial pressure of each species is related to its 
rate of effusion by 

/ ' . = /?. V^TkTM. = aRi V37 ; , (2) 

in which k is the Boltzmann constant, T is absolute 
temperature, and M, is its molecular weight. The total 
pressure, P, of uranium-l>earing vapor species is then, 

p = a^R^•V^h + f^lW^^^ + f^vo..V^f^, 
(3) 
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The transpiration metliod measures tho total pressure 
of uranium-bearing vapor species: 

P = ^'u + ^'uo + Pvoi -H r^uos • 

When this method is used it is generally desirable to 
employ a buffering carrier gas. In the present studies, 
the buffering carrier gas will consist of hydrogen and 
water vapors of measured concentrations, in order 
to render the system invariant by fixing the composi­
tion of the solid at each temperature. The invariance 
ensues from fixing the values of /*,, and P,^, , which 
are accurately calculable from well-established thermo­
dynamic data for the H,, Hjl 1, (), and (1. species. 

Mass spectrometric determinations of the ratios of 
species emanating from Knudsen effusion cells arc be­
ing carried out in order to obtain the information re­
quired to separate the variables in Ecjuations ',] and 4. 
Such data are most conveniently summarized by c<iui-
librium constants for the gaseous reactions; e.g., 

UO(g) <=!U(g) - | -0 (g) (r>) 

U0i(g) i=!U(g) + 2 0 ( g ) (li) 

UO,(g)i=!U(g) -H: !0(g) (7) 

These constants should be carefully determined as 
functions of tcnipcratlirc so that they may be reliably 
extrapolated to the teinperalures used in the transpi­
ration measurements. Thus all the partial prcs,siu-es in ' 
Equation 4 become explicitly calculable when a Imlfer-
ing carrier gas is used for the transpiration measure­
ments. 

A nearly complete set of measurements of total 
rates of effusion has been collected for the two-phase 
.system uranium (li()uid, saturated with UO^-i) in 
equilibrium with UOa-^ (.solid, saturated with uran­
ium). Tentative values of the total pressures of uran­
ium-bearing species were calculated by Equation 3 
with the use of the approximation that the molecular 
weight of each species was the same as that of UO. 
The mass spectrometric results showed that this ap­
proximation was satisfactory to within a few percent. 
The results for the two-pha.se system are shown in 
!''igure III-2. .\lso shown is the vapor pressure (total 
for uranium-bearing species) data for solid UOj.oo 
taken from the excellent study of .Vckermami. Gilles, 
and Thorn." Comparison of the curves shows that the 
vapor pressure over the two-phase .system is a factor 
nf from 10 lo 4 higher than over UOi.oc in the range 
i:i(X) to 2000°C', respeclively. 

.\ considerable number of Bendix T-O-I" (Time-Of-
Might) mass spectrometric observations of the rela­
tive concentrations of effusing species have been made 
for the two-phase system. However, problems have 
arisen which cast doubt on the quaiititalive results 
reported previously (.\NI.-l>!X)0, p. :{."i and pp. 208-
212); the data are being reevaluated for presentation 
in a later report. Qualitatively, it is clear that over the 
two-phase system the prcHloniinant species (by about 
a factor of 10) is r ( l ( g ) , that U(g) and UOkg) are 

' Ackermaiiii. It. J.. 
I'hys. 26. 10811 llll.lli). 

Ill H. J. Thorn. J. Chem. 
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each present at conveniently measurable concentra­
tions, and that UO^Cg) is only barely mea.surable with 
the present sensitivity. When the data are evaluated 
and shown to be reliable, the species ratios will be 
used in K(]Uation '.i to obtain partial pressure values. 

In later experiments, hydrogen gas at low pressures 
will he passed over the two-phase system in an effu­
sion cell wilhin the mass spectrometer and the PHJ/ 
pBto ratio in the effu.sate will be observed. When equi­
librium is establislu'd, such a system is invariant at 
each temperature by virtue of the presence of the two 
coiideri.'<<'d phases. If the partial pressures of the 
uranium-hearing species are known from the evalua­
tion di.scussed above, the PU./PH^O ratios fixed by the 
system permit the d<'tcrmitiation of the e(|uilibritnn 
constants for E(iuations 5 and (i. The available mass 
spectrometric data indicate that to obtain comparable 
information for Kijualion 7, the solid urania composi­
tion must be .stoichiometric or hyperstoichiometric. 
At the stoichiometric compo.sition, the partial pres­
sures Pij„ and Puo, are of nearly the same magnitude 
and /'I'o, is a factor of .50 to 100 times higher. However, 
rough calculations indicate that /-*(• is likely to be too 
small for mca.surement. The ecjuilibrium constant for 
tlic reaction. 

UO(g) + rO:,(g)*=i2UOa(g) (8) 

could Itc determined and, when used together with the 
constants for Equations o and ti, wotdd yield the de-
sirotl constant for Ktiuation 7. Alternatively, it may 
be po.ssible to achieve greater accuracy by using a 
huffcring ratio of Ho/IIjO whieh fi.xes the solid phase 
III a composition UOa+x stu'h that Pviu JUid /'f,,i are 
nearly etiual. In this ca.se the equilibrium constant for 
llir reaction 

uo,(g)i=!ro,(g) -I-0(g) (9) 

would lie iletermined. It is clear from the thermody­
namic analyses, and confirmed by the aceumulaled 
niiLss spectrometric data, that as the solid pha.se 
changes from UO2 to l '02+, , PVK, will decrea.se slowly, 
/'uo will (lecroa.se more rapidly, and Prn, will increase 
rapidly. Hence, the desired condition of / ' , .„ , ^ Pen, 
is probably attainable. 

The two-phase system will also be studied by the 
tmnspiration method In order to extend the data of 
Figure 111-2 to 2,jOO°C, if possible. Either an inert 
carrier gas or hydrogen may Ix' used for this .system. 
The use of hydrogen together with determination of 
the II. HiO ratio at the output end of the apparatus 
may make possible the evaluation of P Q and P„, over 
the two-pha.se system. However, the equilibrium pres­
sure of H.O(g) must he reached and must be sufficient 
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l'<Hg), rO,(((^; total pressure ralculated assumes a mean 
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so that back reaction with the transported uranium-
bearing species does not contribute an appreciable 
error to the obser\'ed H3 H2O ratio. If this approach 
is unsucces.sful, the .̂ ^peeies ratio data from Ihe m:Lss 
spectrometer .studies will be extraiMjIated to the re-
(liiired temperatures in order lo .seiwirate the variables 
in Equation 4. 

The vapor pres-^ures over urania throughout its 
existence range will IH- studied using Hj-H-O buffering 
mixtures in both the ma.-<s spectrometric and transpira­
tion experimentation. In this work the buffering ga.seous 
mixtures are to be equilibrated with the solid phase 
until constant compositions are reached. The compo­
sitions will then be establi.-^hed by chemical analyses. 

The investigations discu.s*ed above should yield a 
family of isotherms of partial pressures of each of the 
species versus solid composition and thereby permit 
the calculation of the desired thermodvnamic functions. 

http://ca.se
http://decrea.se
http://lecroa.se


168 High Temperalure Reaclor Malerials Devehipment 

2. D e v e l o p i i u ' i i l o f S o m e U s e f u l T h e o r e t i c a l G u i d e l i n e s f o r E x p e r i m e n t a t i o n 

Theoretical analysis of Ihe results of mass spectro­
metric measurements of gaseous species over (un­
buffered) solids of composition ranging from UOz.,™ 
to UOi.s95 has led to an iniporlani general principle 
not known to have been previously put forth, and to 
some consequonccs of signifii-ance in guiding the ex­
perimental ion. 

Considerable variability in the gaseous species ratios 
Pvo/Pvo, and PuoJPc„2 was observed in the mass 
spectrometer when solid uranium dioxide samples of 
the same nominal composition (U02.o(iu±ii.oo5) were 
studed. Also, .at constant tonipcrature and starting 
with the initial composition UO-.MS , a rapid decrease 
in the PvaJPua, ratio was observed simultaneously 
with a rapid increase in the Pvo/I'vo, ratio as the 
composition changed in stoichionietry toward lower 
0 / U atomic ratios. In general, the ob-servations show 
that the relative concentrations of gaseous species 
arc very sensitive functions of small changes in the 
stoichionielry of solid urania. Because of this, the 
following thermodynamic arguments were u.sed to 
establish criteria to aid in guiding the experimentation. 

It appears established' thai urania vaporizes con-
gruently (from an effusion cell) at a composition which, 
if not precisely U0->, is probably within ±0.00.') units 
of the stoichiometric 0 / U ratio. There must be either 
a maximum or a minimum in the total pressure for the 
congruency condition to obtain. (The effusion condition 
causes only a minor efTect in the system under dis­
cussion.) The data of Figure III-2 demonstrate that 
the total pressure of uranium-bearing species is about 
a factor of 10 lower over VOi than over the hypostoichi­
ometric composition at the uranium-rich phase bound­
ary. The contribution from the species O and O2 
can be shown to be negligible. Therefore, congruency 
occurs at a minimum pressure rather than at a maxi­
mum pressure. But the mass spectrometric results 
have shown that U02(g) is the m.ajor species during 
I'ongruent effusion and that ITO(g) and UOs(g) arc 
each much lower in concentration. Puo. must reach a 
maximum at some composition of the condensed uran­
ium-oxygen binary system. One might intuitively 
expect that this composition is in the vicinity of UO2. 
There thus seems to be a possible conflict in the ex­
pected occurrence of a maximum /Voi at a solid com­
position near UO2 while the vapor above il, which 
consists predominantly of U02(g), reaches a minimum 
in total pressure. It seemed worthwhile to determine, 
if possible, through thermodynamic arguments the" 
.solid composition at which / ' ,„, , is a maximum. 

The following general equation for a condensed 
binary A-B system at e<|uilibrium with its gas phase 

was developed by means of the Gibbs-Duhem relation 
and eciuilibrium relationships for the gaseous species: 

(d In /'.,„A 
\ a 111 /'« / r 

a\i~o j-o /_ 

-2 - i - l 
(10) 

'i['-m'-'.--)iu."'-4 
The symbols are idenlified as follows: 

Pjt^Bt = partial pressure in the gas phase of a par­
ticular species of the molecular formula 
AoB, ; 

PB = partial pressure in the gas phase of the 
component B; 

z = composition variable representing thedevia-
tion of the condensed phase from the 
stoichiometric tija ratio in the formulation 
.4Bb/a+, ; 

Vc = molar volume of the condensed pha.se at 
the temperature T; 

R = gas constant; and 
i,j = running indices representing the atoms 

per molecule for all possible gaseous mole­
cules. 

The e([uation is exact except for the a.ssumption of ideal 
gas behavior. By setting the derivative equal to zero, 
one can show that for systems at high temperature and 
low pressure a maximum in P.A^Bt occurs when z is an 
exceedingly small value, that is, the partial pressure 
of the AuBb spe<'ies goes through a maximum when the 
solid phase has the stoichionielry of that gaseous species. 
A maximum with respect to In PB also requires a maxi­
mum with respect to A'B . the gram-atom fraction of 
component B in the solid phase, since PB must be a 
continuously increasing function of A'B . For the uran­
ium-oxygen binary systejii, in the composition range 
encompa.ssing the urania phase, the result of the 
application of E(|Ualioii 10 is 

(11) 

d In Po } 

~z 

(p 

1 -

T 

+ (^,).3 + z) 
JO. + Pn + 2/ '„ , -- 2Pu - Pi-o) 

- ( ^ ' ) ( - ^ + 2 '1/V -1- I\,„ 

1 ^UOa ~\~ Pvoa) 
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The u.se of available order-of-magnitude data leads to 
2 , . t „ „ . ) = ±10" '" at 2000°K. 

Except at values of z ^ =tlO~"*, the very .small 
terms involving the volume of the conden.sed phase in 
Equation 11 may be neglected and the equation may 
he rewritten, 

/ d In Po \ 
\d In Prnjr 

(12) 

Similar e(|uati<)ris may be derived for the other im­
portant species: 

(d_[nJ\jo\ 
\d In PVOJT 

(d In /^,oA 

/ d In / \ : \ 
\d In I\,OJT 

1 + 2 

1 + 2 

2 + Z 

(13) 

(14) 

(15) 

The form of the derivatives in these expressions was 
chosen lo permit inspection of the behavior of each 
species with reference to U02(g), a species whose 
partial pressure is known to be the least sensitive to 
changes in the composition of urania (.see estimates 
hclow). Iviuatioiis 12 to l."> demonstrate that the 
partial pressures of all tlie other species, however, 
arc highly sensitive to variations in the stoichionietry 
of the condensed phase. This is illustrated by some 
recent data obtained at 2100°('. On going from solid 
UOi.Hj to solid UOi, 'lie partial prcssm-cs changed by 
the following factors: UO2 , 3.(i4; UO, 2.8 X 10"'; 
Vih, 4.7 X 10'; U, 2.1 X 10""; O, 1.3 X lO'. 

An extreme variability of ratios of gaseous species 
over the .solid in the vicinily of UO;; is predicteti by the.se 
ecjuations and was observed in the mass spectrometer 
for different samples of nominal UO2. The variations 
may arise from composition differences too small to be 
discerneil by existing analytical procedures. (It is, 
of course, worth bearing in mind that small variations 
ill sample contamination could also produce the same 
effects if Ihe contaminants were of an oxidizing or 
ifHliicing character.) 

On one important point, the analysis given above 
leads lo the same conclusion as do theoretical treat­
ments" has(Ml on solid stale models for nonstoichio-
nietric compounds, namely, the partial pres.sure of 
oxygen is expectcxi to be inordinately sensitive to 
small deviations in z. This factor greatly magnifies 
the difficulty of obtaining reliable thermodynamic 
data for those compositions of greatest interest to the 
le.sting of the theoretical models. The point is well 

'Anderson, J. S., "Nonstoichiometrie Compounds," Ad-
vanrps in Chemistry Series. No. 3fl. American Chemical So­
ciety, WasliinKton. D . C . llKvl. Ch. 1. p. 6. 

demonstrated in the paper by Hagemark et a/.' which 
compares the results of .several investigations on hy­
perstoichiometric urania. Although generally good 
agreement is found for compositions z ^ 0.001, gro.ss 
disagreement, even to the extent of opposite signs, 
is found for the compositions z < 0.01. 

The mathematical analysis and Ihe observations 
to date have led to a better understanding of the 
cxp<'rimenlal procetlures which need special concern 
if reliable thermodynamic values are to IK* obtained for 
urania and, particularly, for nearly stoichiometric 
urania. l-'irst, it is important that compositions of 
.solids be controlle<i to preci.*<e values during the col­
lection of condensable vapors if the results are to Ix* 
translated into equibrium pressure values, as, for 
example, in transpiration mejLsurements. Secondly, 
there is a nec'd to know the composition of the solid 
phase with greater precision and accuracy than current 
limitations in chemical analysis permit. 

With regard to the (irst of these considerations, the 
appropriate proc<'dure is to make use of a huffi'ring 
techni(|\ie. This is one of the prime rea.sons for using 
HrH-iO mixtures in the carrier gas in the transpiration 
measurements. Another etpially imi>ortant rea.-ion is 
that oxygen partial pressures are directly calculable 
from the HiH-jO concentration ratios used. As wa.s 
noted earlier, some of the ma.-*s spectrometric measure­
ments will also make u.se of this buffering gas. 

The mass .sp<'clrometric, torsion, and continuous 
recording effusion lechni(iues, which give es**ent tally 
in.stantaneotis observations, can circumvent the pmb-
lem of c(tmposition change dm'ing the obser\'ation and 
may be used if there is a way of relating the ob-^erved 
values to the conqjosilion of the .solid pha.se. The ther­
modynamic analysis suggests how this may. in princi­
ple, he done through the use of K(]uations 12 to l.'i. 
Consider ma.ss spectrometric mea.-;uremenls on the 
vapor effusing from solid U02> :̂ which has initially a 
value of z corresponding to a point on the hypostoichio­
metric pha.'ic lx)undary. It is known that at a given 
temperature the value of 2 will contiimously shift 
until the congniently effusing composition (ver>' 
near UO2) is reached. Thus if a contiimous record 
of the ion intensities, / , , of each of the two dominant 
.species, UO{g) and U0:(g) , were obtained for this 
composition range, the slope of a log / f o vs. log / i n . 
curve would establish the composition of the solid 
pha.-̂ e for any pair of values of / j o and Iia. . This 
follows from the fact that / , is directly proportional 
to P, and from Equation 13. The precision with which 
the data can be fitted with an aiuUytical expres.<ion 

* Hagemark. K.. KH-G7. Institutt for Atomenergi, Kjeller 
Kesearch Establishment, Kjeller, Norway, February 1964. 
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will determine the precision of the value of z. The 
accuracy of z will depend on how closely the propor­
tionality constants (principally instrumentation pa­
rameters and temperature) between / , and / ' , can lie 
held truly constani for a given set of data. There 
would be, of course, an error contributed by impurities 
in the sample, or by none<|uilihriuni wilhin Ihe effusion 
cell during measurement. The results from the chemical 
analysis procedure that is considered to be most re­
liable (oxidation of the UOj+, sample to UaC) suffer 
from: (a) uncertainty in the absolute composition of 
UsOg, (b) uncertainty in the gram-atomic weight of 
uranium, (c) uncertainly due to sample contaminants, 
(d) uncertainty in weighing, particularly for small 
samples, and (e) possible oxygen pickup of the U02+.. 
sample prior to the performance of the chemical 
analysis. 

It seems po.ssible that by the thermodynamic ap-
proach outlined above the values of z can be deter­
mined lo a higher degree of accuracy than that pos­
sible by chemical analysis. lOdwards and Brodsky' 
were Ihe first lo apply this type of thermodynamic 
approach for the determination of compositions to 
effusion systems. In their work the error in the compo­
sitions of the gas phase, as determined by chemical 
analysis of very small collections of effusate, was con­
siderably reduced by the thermodynamic evaluation. 

The remainder of .Section III presents the status of 
current experimentation, classified according to the 
different methods being utilized. 

* Kdwurds 
2893 (1950). 

U. K., M. B. Brodsky, J. Am. Chem. Soc. 7J, 

B . E X P E R I M E N T A T I O N I N T I I E I R A N I L M - U R A N I A S Y S T E M 

1. E f f u s i o n V a p o r P r e s s u r e S t u d i e s ( M . S. C H A N D K A S E K H A K A I A H , K . K . E D W A R D S , 
P. M . D A N I E L S O N ) 

Vapor pressure measurements in the range 1300 to 
2000°C have been carried out by the effusion method 
for the two-phase system, uranium I liquid, saturated 
with UOn-a-) in equilibrium with UC\._j- (.solid, satu­
rated with uranium). This stu<ly is being conducteil in 
collaboration with R. .1. Thorn and K. .1. Ackt'rmann of 
the Chemistry Division. The effusion a]i]iaratus anil 
procedure that is being used have lieen described in a 
lirevious report l.\NU-6900, ]). 203). Some of the 
measurements carried out fluring the present report 
Jieriod employed enriched uranium-ui'ania mixtures in 
order to increase the sensitivity of analysis of the 
effusates. In these cases no attempt was made to fahii-
cate crucibles from the enriched urania; instead, con­
tact between uranium and urania was established 
within a tantalum cu|i which was [ilaced in the tung­
sten effusion cell. The data obtained to date are pre­
sented in Figure III-2. I Because of some minor cor­
rections which are now lieing calculated, the series (' 
nieasurenients reported in Table I I I - l , p. 206 ol ANL-
6900 are not included in Figure 111-2.) Another series 

of effusion measurements for the low temperature re­
gion is in progress and, when comjileted, a report cover­
ing the entire study will be prepared. 

Two measurements were carried out by an isopiestic 
('(juilibration technique to obtain compositions at the 
hyjiostoichiometric boundary of the urania phase. .\ 
tantalum crucible with a tight-fitting lid was out-
gassed by heating in vacuum at 2100°C for 2 hours. A 
thin-walled urania cuji containing uranium metal was 
centered in this crucible. Small pellets of urania were 
jilaced in the annular sjiace between the oxide cup and 
the tantalum crucible wall. The erueible assembly was 
evacuated (<10~" torr) and heated slowly to the de­
sired temjierature for a few hours, .\fter cooling in 
\'acuuni. the crucible lid was openeii and the oxide 
Jiellets were carefully removed and analyzed for oxy­
gen content. The results obtained are included in Fig­
ure I l l - l . Some additional isojiiestic equilibrations with 
longer reaction jieriods will be carried out to ei'aluate 
whether true saturation was achieved. 
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B. t'^xpertmentation in the Uranium-Urania System 

2. Mass Spectromelr i f Effusion Studies (.J. W. REISHU.S, J. E. BATTLES, 
H. K. EmvAKD.s, P. M. DANIELSOX) 

.Measurements of the relative concentrations of 
gaseous species in equilibrium with condensed phases 
of the uranium-urania .system have been undertaken. 
In this study, a IIULSK spectrometer i Hendix T-()-F) is 
heing used to determine the concentrations of the 
various sjiecies in the vajior effusing from a Knud.'^en 
effusion cell. 

During this rejiort jieriod. measurements have been 

carried out on a number of solid urania samjiles ha \ -
ing different (1 U ratios. The results have heljied to 
define ojitimum conditions for exjH'rinientation. Sev­
eral instrumentation jiroblems were also revealed and 
for this reason none of the data is being rejiorted at 
this time. However, some of the qualitative results ob­
tained and their theoretical imjilieations have lieen 
iliscusseil in .S'ction III . \-2. 

3. Transpirat ion Studies of Vaporization (M. T E T E X B A I M . P. I). H I N T ) 

The essential features of the tran.-jiiration ajijiaratus 
for vajior jiressure measurement have been jireviously 
described (ANL-6900. ji. 2141. Assembly of the trans-
jiiration ajijiaratus including the carrier gas manifold 
system has been eoinjileted. The system includes a 
moisture monitor lelectrolytic cell tyjie) attached to 
the manifold on both inlet and outlet sides of the 
transjiiration chamber. .\n ojitieal pyrometer is 
sighted through the condenser tube and is used to oli-
.lerve the samjile temjierature. The volume of carrier 
gas used during a mea.surenii'nt is measured by means 
(if a wet test meter located at the exit side of the aji­
jiaratus. 

Kxjiloratory exjieriments using argon as the carrier 
gas have been carried out with solid UO; and with 
the two-|ihasc system, uranium lliijuid, saturated with 
urania) in equilibrium with urania I solid, saturated 
with iiraniiinil. The oli.iect of these exjieriments was 

the testing of the ojierational characteristics of the aji­
jiaratus. In Jiarticular, a preliminary evaluation was 
desired of the range of carrier gas flow rates suitable 
for the samjiles and exjierimental arrangement In-ing 
used. The condensed uranium-liearing material which 
was collected in the tungsten condenser tube was dis-
.solved by rejieated elutions with hot concentrated 
nitric acid. The solutions were assayed for uranium by 
fluorophotometrie analysis. 

The preliminary work indicates that saturation of 
the carrier gas with vajiorizing species is achievefl at 
flow rates of 30 to .5.5 cc min for the two-jihase system 
and 60 to 120 cc min for the .solid UO- . The most re­
cently measured total jiressures for solid VO-j fall \er>-
well on the ajijirojiriate curve of Figure III-2, thereby 
indicating that the ajijiaratus is functioning properly. 
.\ddilional testing will be conducted. 

4. U r a n i u n i - l r a n i a P h a s e D ia f i ran i S t u d i e s (.V. V.. M A U I I N , 
F . C - M K A Z E K , Ci. E. (ilNDEHS(lN) 

As Jireviously rejiorted IANL-B900. Ji. 21.51, the 
uranium-urania .system was found to contain a vi'iy 
wide misciliility gaji at elevated temjieratures, thereby 
imjilying the existence of a monotectic. The monotectic 
reaction may be written as 

/., + UC)-._., = /.; 

ivhcre /., is the uranium-rich licjuid. I.j is the uranium 
oxide-rich liquid. Ithe monotectic litjuidl, and UO: ; - , , 
is the solid urania jihase at the monotectic temjiera­
lure. The monotectic reaction goes to the right on 
heating and to the left on cooling. 

Additional exjieriments have been carried out to es­
tablish la) the comjiosition of the monotectic liquid, 
(b) the monotectic temjierature. I d the solidus line in 
tile .system below the monotectic temjierature. i.e.. the 

hyjiostoichiometric boundary of the urania pha.se. and 
Id I the liquidus line in the system IH-1OW the monotec­
tic temjierature. i.e., the solubility of urania in liquid 
uranium. 

Previous examination i.\M.-()9tlO. ji. 216i of arc-
melted Jiroducts had imlieated the ajijiroximate com­
position of the monotectic, but these findings had been 
rendered somewhat questionable by the subseijuent 
finding of uranium nitride as a minor contaminant 
phase. The source of the nitrogen in the are melting 
Jiroeess was found anil eliminated so that recent jirep-
arations have been free of uranium nitride. The recent 
findings with nitride-free products are essentially the 
same as before. To date, the two arc-melted products 
which appear to have eoinjiositions closest to the 
monotectic composition corresjiond to O U atomic 
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ratios of 1.2.5 and 1.35. The 1.2.5 jiroduct is obviously 
hyjiouionotectic since the microstructure contains 
globules of the uranium-rich jihase in a monotectic-
structure matrix; the 1.35 jiroduct is jiresumably hy-
jiermonotectie since it contains none of these globules. 
These observations indicate that Ihe monotectic is at a 
comjiosition with an (1/U ratio of 1.30 ± 0.05. 

The monotectic temperature in the uranium-urania 
system was established by a simjile procedure. A small 
urania crucible, 0.5 in. in dia., was charged with an 
amount of uranium such that the overall comjiosition 
corresjionded to an t l /U ratio of about 1.4. This cru­
cible was placed on a urania sujijiort within a tung­
sten crucible. The tungsten crucible was fitted with a 
cover containing a hole through which reaction zone 
temjieratures could be observed. Contact between the 
urania crucible and its sujijiort was held to a minimum 
by means of some coarse grains of urania. Assemblies 
of this type were heated with a tungsten resistance 
furnace in a helium atniosjihere for half-hour jieriods 
at temperatures known from jireliminary exjieriments 
to be near the monotectic temjierature. .\fter cooling 
to room temperature, the jiroducts were examined for 
evidence that the monotectic temjierature had been 
reached. The highest temjierature at which a uranium 
ingot was found within a still intact urania crucible was 
2475 ± 20°C, a temjierature obviously below the mono-

108-Sll2:t 
FIO. III-3. (ImwHi 

between Liquid rr;iiii 
1800°C' iifler '2 limii-.i 

S|i( 

r 1)1 Hyposloichidiiiclrir Uriitiia* 
ind Uniiiiji Crucilile. (drowlli ;il 

r i : ; i s | i < > ! i s l i i ' i l 

Crucilile: 1 ilirli (111 

Flo. III-4. Crowth Layer of Hypostoichiometric Urania 
liclwccn Litjuid Uranium and Urania Crucible. (Growth at 
2;iOO°C after <2 hour.) 

.^periineii: as polished 
Crucilile: 1 iiirh (HI 

tectic temjierature. However, in an experiment at 
2495 ± 20°C, no uranium ingot was found. Ajijiarently, 
the uranium liquid had reacted with the urania cruci­
ble to form the monotectic liquid which flowed down 
to the urania sujijiort. Thus the temperature of this 
exjieriment was above the monotectic temjierature. The 
monotectic temjierature, therefore, is indicated as be­
ing at 2485 ± 30°C. 

It was also observed in the exjieriments carried out 
below the monotectic temperature that the uranium 
ingots were sejiarated from the urania crucibles by 
layers of oxide which |ircsumably had grown by a 
diffusion jiroeess. These oxide growths formed at tem­
jieratures e\en as low as 1800°C. The thickness of the 
growths increased both with time and with tempera­
ture, (ifowths which formed in half-hour jieriods at 
1800 and 2300°C are shown in p"ig. III-3 and III-4, re­
sjiectively. The oxide growths contain uranium metal 
as a (lis|iersed jihase both at grain boundaries and 
within the oxide grains. Obviously, the uranium phase 
had Jirecijiitated from solid solution during cooling. 
.\-iiiy liiffraction examinations of the growths at 
1(1(1111 teinjierature disclosed only UO:.. as the major 
jiha.~e :ind aljiha uranium as the minor phase. Excejit 
for microjiorosity due to tear-outs from the jiolishing 
(i|ieration and to shrinkage following jirecipitation and 
freezing of uranium, the growths are free of jiorosity. 
UoweN'er. as shown in the jihotomierographs, there is 
considerable jiorosity at the junction of the growths 
with the crucibles. 

The oxide growths had formed in contact with the 
li(jui(l uranium and, thus, wei-c assumed to consist of 
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urania saturated with uranium at the temperature of 
the experiment. It ajijieared feasible, therefore, to es­
tablish the hypostoichiometric boundary of the urania 
Jihase hy the chemical analysis of growths formed at 
various temjieratures. Accordingly, similar experiments 
were carried out, but with larger crucibles (1-in. dia. I 
in order to obtain larger growths for analysis. The 
holding Jieriods at temjierature were varied by trial 
and error to achieve a useful amount of growth while 
still retaining the cs.sential contact with the liijuid 
uranium. In a few exjieriments at the lower teinjiera-
lurcs, too short holding jieriods were emjiloyed with 
the result that insufficiently large growths were ob­
taineil; whereas in an exjieriment at about 2430°C, too 
long a holding jieriod 12.5 hrl was used with the re­
sult that the uranium melt was ejected from the cru­
cilile by the growth. The results of the successful ex­
jieriments are gi\'en in Table I I I - l . 

Data for the hyjiostoiehiometric boundary of urania 
are jiresented in the jihase diagram given in Figure 

T . \ B L F ; I I I - I . D . \ T A 0 \ - (IXIDE (iROWTH EXPERIMENTS 

.\T TKMeER.\TeRES B E L O W THE MoNOTECTIC I.V THE 

rR-^NUM-URAMA S Y S T E M 

T e m p . 
(°C) 

1813 

1978 

20S4 

21S8 
22.111 

2.'iOli 

2110 

2455 

Time at Temp. 
(hr) 

22 
7.5 
4 
4 
2 
•2.3 
1 
1 

Weight of 
Oxide Growth 

(g) 

3.5 
2.9 
4.3 
4 0 
7.2 
8.4 
5 0 
ti 7 

0 / f Atom 
Ratio of Oxide 

Growdi 

1.92 
1.85 
1.83 
i.7r. 
1.72 

l . l i7 

1 IM 

1 114 

I I I - I . These data are self-consistent to the extent that 
there is a jirogressive change in the comjiosition with 
temiierature. The data are also consistent at lower 
temjieratures with two values obtained from i.sopiestie 
exjieriments. 

URANIUM-URANIUM MONOSULFIDE PHASE DIAGRA.M STUDIES 
(L. N. YANN(IIMULOS) 

I'rcvioiis work l.\NI.-6900. ji. 219i on uranium 
iiionosullide was concerned with the study of its dif­
fusion through tungsten. However, the diff'usion rate 
was found to be too low to warrant further study and 
led to the conclusion that dense tungsten was well 
suited for containing uranium monosulfide at high 
temjieratures. Current studies are directed toward 
delineation of the uranium-uranium monosulfide jihase 
diagram. Thermodynamic investigations, similar to 
those under way for the uranium-urania system, will 
follow when the phase diagram studies are sufficiently 
advanced. 

The litjuidus lioundary of the uranium-uranium 
monosulfide system is currently lieing determined. .\ 
series of arc melting exjieriments with jiressed pellets 
of mixtures of uranium and uranium monosulfide has 

yielded no indication of a monotectic region. Meas­
urements of the .solubility of uranium monosulfide in 
liijuid uranium were made by jilaeing uranium metal 
in a uranium monosulfide cuji which was held in a 
tungsten crucible, and inducti\'ely heating the crucible 
assembly in vacuum for 1! 2 hours at temperature. 
Then, the furnace jiower was turned off which drojiped 
the temjierature (>00°C min, thereby ijuenching the 
reaction. Comjiositions of the quenched liquid phase 
were determined by chemical analysis and gave the 
results shown in Figure III-o. .\ pliotomierograjih of a 
quenched liquid phase is given in Figure III-6 and 
shows the uranium monosulfide jihase precipitated 
within the uianium matrix. 

Further work on determination of the liquidus and 
solidus boundaries is jilanned. 



174 High Temperature Reaetor Malerials Developmenl 

2500 

2400 

2300 

2200 

2100 

2000 

•̂  1900 

. J 

1 1800 

: 1700 
L 

5 1600 

1500 

1400 

1300 

1200 

( M P - ^ 
1100 

1000 

-

_ 

-
-

-/ 
/ 

7 
L 
1 
1 

o / 

/ 

1 
qfe 
/ 
/ / 

/ 
1 
1 
1 

1 1 1 

0 , ^ , 1 -us , , , 

" ( s l + USlsl 

l l l l l 

! ^ M P ) 

_| 
1 1 

0 0,1 0.2 0,3 0.4 0.5 06 0.7 0.8 0.9 1.0 
U US 

COMPOSITION. S/U ATOM RATIO 

108-8555 
Fiii. III-5. Tentative Phase Uiagniin for the Uraniun 

Uranium Monosulfide System. 

108-8699 
Fn;. III-)». Typical Mirrostructure of Quenched Uranium-

Uranium Monosulfide Liquid Phase. (US is precipitated within 
the continuous U matrix. Magnification about 54X.) 



IV. Calorimetry* (W. N. Hubbard, H. M. Feder) 

I'Vir many conipfnind.s of interest in high tempera­
ture rhemi.stry, tiicrnioeheiiiieal data are either eom-
pletely Ia<'king or lack aceeptahle aeeuracy. This 
may IH' due io experimental difficnhy in making the 
iietTHMary mea-surement.-j or to the difficulty of obtain­
ing well-characterized samples. The present ther-
moi'hemical program places o((ual enipha,sis on the 
procurement of well-characterized samples and the 
development of adecjuate experimental lechni(iiies. 

The determination of standard enthalpies of forma­
tion of componnds is an essential foundation for fur­
ther thernuHiynamic studies. Part of Ihe program 
has heen devot<'d to delenninations of these enthalpies 
by oxygen homb calorimetry. Many of the compounds 
of interest are difficult to burn in oxygen, however, and 
catniot be studied by this method. To study the com­
pounds not amenable to oxygen bomb i-alorinietry, 
the lechni(iues of the bomb calorimetric method, which 
has been developed to a Itigh degree of precision and 
accuracy, have been modified so that fluorine can be 
used aa the oxidant. 

• A summary of this section i» niven on pages I-* to 13. 

The accumulation of enthalpy-of-formation data for 
fluorides is both a neces.<an.' preliminan.' to the general 
u.se of fluorine Iwmb calorimetry for compounds and a 
valuable program on its own merit. To dale, enthalpy-
of-formalion values have U'en determineti for the 
following fluorides: the difluorides of eadmium, ntag-
ne.sium, and zinc; the trifluorides of twron and alu-
miimm; the tetrafluorides of titanitmi. zirconium, 
hafnium, and silicon; the pentafluoridesof niobiinn, tan­
talum, and ruthenium; and the hexafluorides of molyb­
denum and uranium. The enthalpies of formation of 
the following compounds have also IHHMI determined 
by fluorine iMjmb calorimetr\': l>oron nitride, silicon 
dioxide, and the dilM)ride> of zirconium, liafnium and 
niobium. 

To determine thernHxiynamic properties al high 
temperatures, values of enthalpies of formation at 
'2.'t°C are combined with values of the enthalpy incre­
ments to the higher temperatures. A drop calorimeter 
system for making enthalpy increment measurements 
up to 1500°C has been ;usscmbled and is being tested. 

A. COMBISTION OF PHOSPIIOKIS IN FLLOKINE (P. A. G. () HAUEI) 

Tlic calculation of enthalpy of compound formation 
fiohi enthalpy of combustion data refjuires that the 
enthalpies of formation of the various products of 
coMiixJimd combustion be known with an accuracy 
roniniensurate with the precision of the combustion 
data. .Vs an adjmict to the determination of the enthal­
pies of formation of the sulfides, phosphides, selenides 
and tellurides of uranium by combustion in fluorine, 
a program has been undertaken to establish the en­
thalpies of formation of sulfiu- hexafluoride, phosphorus 
pentafluoride, selenitim hexafluoride and tellurium 
hexafluoride. 

The combination of fluorine with sulfur, phosphorus, 
selenium and tellurium takes place vigorously and 
spontaiRH>usly and can be studied by the technique 
of fluorine bomb calorimetry. Because of the spontane­
ity of combustion, lite fluorine must be isolated from 
the sjunple until initiation of the reaetion is desired. 

t Postdoctoral Felluw. 

.\n apparatus' which was previously developed for the 
combustion of spontaneously reacting substances, and 
which consists of a tank charged with fluorine con­
nected to the combustion l>omb, has U'en used in this 
study. 

i'reliminar\' experiments showed that a phosphorus 
sample supported on a 20-g nickel dish could 1K' burned 
completely to phosphorus pentafluoride in fluorine at 
4 atm pressure. The nickel dish showed an average 
increase in weight of 1 X 1 0 " g from experiment to 
experiment. The reaction w:is rapid and resulted in 
gaseous products only. Formation of phosphorus 
trifluoride is considered extremely unlikely l)ccause the 
enthalpy of the reaetion 

PF,(g) + F , ( g ) - P K 6 ( g ) (1) 

is approximately — l.M) kcal mole"' and the reaction 

' R. L. Nuttafl, 8. S. Wisie and W. N. Hubbard, Rev. Sci. 
Instr. 32. 1402 (1961). 
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TABLK ! \ - l . CoMResTioN IIATA FOR RED PnospnoRrs 

" » ' , g 
p'(Fi), atm 
AU , °C 
£(Calor.)(-A(,), c;U 
AS„„teDi. , cal 
a£i„p , cal 
A £ „ , , cal 
A£bi.nk , cal 
AEc'/M. cal g-i 

Run No. 

RP-1 

0.39598 
2.811 
1.42931 

-4811.44 
- 3 . 7 3 
- 0 . 0 1 
- 0 . 0 2 

8.0 
-12,140.0 

Mean SE 

RP-2 

0.43068 
2.733 
1.S5088 

-5220.118 
- 4 . 0 5 
- 0 . 0 2 
- 0 . 0 2 

8.0 
-12,112.8 

RP-3 

0.44598 
2.701 
1.00740 

-5411.25 
- 4 . 2 1 
- 0 . 0 2 
- 0 . 0 2 

8.0 
-12,125.0 

-7M = -12,131.11 ± l>.7 cal g^' 

RP-4 

0.24311 
3.147 
0.87931 

-2959.99 
- 2 . 2 7 
- 0 . 0 1 
- 0 . 0 1 

8.0 
-12,152.1 

RP-S 

0.56169 
2.447 
2.02443 

-6814.78 
- 5 . 3 3 
-0 .04 
- 0 . 0 3 

8.0 
-12,127.9 

occurs spontaneously in excess fluorine. The gaseous 
products of reaction will be subjected to gas-solid 
chromatographic analysis as soon as a successful tech­
nique is established.' 

Because of the possibility of phosphorus pentafluo­
ride hydrolysis (and its associated large enthalpy of 
reaction) the bomb and fluorine chamber were pre-
treated with 1000 torr commercial phosphorus penta­
fluoride and then pumped for 18 hr to a high vacuum 
prior to each ruTi. All manipulations of bomb and 
sample (except the weighing of sample) were performed 
in an inert atmosphere dry box (^0.1 ppm H2O). 

The 99.999 % pure sample of crystalline red phos­
phorus used for the experiments was analyzed spectro-
chemically and the following impurities (in ppm) were 
reported: Ag 10 (?), Al 2, Cu 2, Fe 8, Mg 10 and Si 8 

The results of the combustion experinicnts are 
summarized in Table IV-1. Standard state corrections 
were applied in the usual manner.^ The entries in the 
table are as follows: 

(1) m , masses of phosphorus, rani^ini^ from 0.24 
to 0..̂ 6 g, burned in the experiments. 

(2) p'(F2), the fluorine pressure in the bomb after 
combustion. (The tank surrounding the bomb was 
charged to 125 psia for each run; this gave an expanded 
fluorine pressure, ^ ' (Fj) , of 1̂ .8 aim.) 

(3) Ate, the observed increase in the i-alorimeler 
temperature, corrected for heat exchanged between 
the calorimeter and its surroundings, 

(4) S(Calor.)(-A(j), the energy equivalent of the 
calorimetric .system minus the contents of Ihe bomb 

( l l . • I.V Cl,,' III Kcscarcli .Scrv ' This work is he! 
Inc., AddJRon, Illinois. 

'W. N. Huhhard, "Experimental Thermochemistry," \'ol. 
II, H. A. ,Skinncr. I'Mitor, Interacicnce Publishers, Inc. New 
York, N.y. , 1902, Ch. 6, pp. 95-127. 

multiplied by the negative of the temperature increa.se. 
(£(Calor.) = ;i3li(i.27 ± 0.31 cal deg^' C as deter­
mined by .several benzoic acid combustions carried out 
immediately prior to and after the phosphorus com­
bustions.) 

(.')) iiiSronipnia, tlic eiiergv absorbed by the con­
tents of the bomb during the hypothetical isothermal 
process at 2.5°C. 

(6) A^j,„p. , the net correction for impurities in the 
sample. 

(7) A £ „ , , the net correction for reducing the 
pressures of the bomb gases to standard state condi­
tions. (The Berthelot equation of state was used to 
estimate the .second virial coefficient for phosphorus 
pentafluoride.) 

(8) AEhianii, a coiTection which incorporates the 
heat of the Joule-Thomson effect and the heat of 
reaction of the expanded fluorine with the small 
amounts of water which were still adsorbed on the bomb 
walls despite the pretreatment previously described. 
(The net heat of these effects was measured in separate 
experiments in which the conditions for an actual com­
bustion were exactly duplicated, except, of course, 
that the phosphorus .sample was omitted. The blank 
correction is disiiissed further in .section IV-E.) 

(9) AEc'/M, the energy evolved per gram of phos­
phorus for the reaction 

/'(Iriclinic, red) -|- 2^•, K.(g) — PFs(g). (2) 

The mean AEc°/M was -12,131.(1 cal g"' wilh a 
standard deviation of the mean of ±0.7 cal g"'. 
Thus, for the reaction given in Equation 2 

A £ r ( P F s , g) = -37.-..(i kcal mole"', and 

A / / r ( P F s , g) = -:{7(i.() ± 0.4 kcal mole"'. 

The (luoted uncertainly Is twice the standard error 
(overall standard deviation) of the mean, all the uii-

http://increa.se
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certainties in the auxiliary data and proces.ses being 
included. This value for the enthalpy of formation 
of phosphorus pentafluoride Is in close agreement with 
the value determined by Gro,s.s''' by mea,surement of 

* P, Gross, et at., Fulmer Kesearch Institute Heport, H146/ 
4/23, November 1900. 

the heat of reaetion of white phosphorus with fluorine. 
Analysis of Gross' work and correction to the standard 
state of red phosphorus gave AWf (PKi, g) = —377.2 
± 0.8 kcal mole"'. 

* JANAF Thermochemical Tables, The Dow Chemical Co., 
Midland, Mich., June 30, 1963. 

B. COMBUSTION OF SULFLR IN FLUORINE (P. A. G. () HARK,* J. L. SETTLE) 

Preliminary experiments on the combustion of .sulfur 
in fluorine have shown that substantially the same 
Icchniques used for combustions of phosphorus In 
fluorine win be satisfactory for sulfur. Up to O.li g sulfur 

• Postdoctoral Kcllow. 

burned completely In fluorine at a tank pressure of 170 
psi. Investigations' are under way to determine the 
feasibility of detecting and detennining the amounts 
of sulfur tetrafluoride and disulfur decafluoride should 
these gases Ix* side-products of combustion. Calori­
metric combustions have been starttxl. 

C. COMBISTION OF SILICON CARBIDE AND GRAPHITE IN FMORINE 
(10. CJUEKNEEKti, C. A. X A T K E , H . TKltltY) 

Di.screpaneies"' '• " among various literature values 
for the enthalpy of formation of silicon carbide could 
i)c resolved if accurate values of the energies of com-
iiuslion of silicon carbide, silicon, and carbon in fluo-
riiie were available. The determination of the enthalpy 
of formation of silicon tetrafluoride has already been 
reported." 

The experimental technique developed for the com­
bustion of silicon carbide in fluorine (lo atm pre.-isure) 
according to the reaction 

sic(c) + 4 F,(g) - sii',(g) + cr4(g), (;i) 

was de.scribe<l in ANL-(iS00. p. 'M'A. Preliminary com-
Inistion data were reported in .VXL-fl900, p. 2'2:\. Four 
samples of SiC have been employed: Samples 1 and 2 
;u'e a-SiC, Samples :\ and 4 are ff-SiC. Samples 1, :5, 
and 4 are green. Sample 2 is yellow and is designated 
as "(^tolden Grain" by the C'arl>orundum Co. The two 
a-SiC samples were made by entirely different methods 
and are unrelatetl. Samples li and 4, however, are re­
lated in that Sample 4 was obtained by leaching a 

•J. Chipman. J. Am. Cliem. SUP. 83. 1762 (19til). 
' J. C. d'Kiitremont and J. Chipman, J. Ptiys. Chem. 67. 499 

(19*«). 
• S. S. Wise, J. L. Margrave. H. M. Feder and W. N, Hub­

bard, J. Phys. Chem. 67. 815 (1963). 

portion of Sample :{ with acid in order to reduce me­
tallic contaminatior). 

Standard state calculations^ have been carried out 
for 20 completetl combustion experiments and the 
results are prcsciiteti in Tables IV-2 and IV'-iJ. The 
horizontal rowjieadings are the .same im in Table IV-1 
cxi'cpt as noteil below. 

The mass of sample burned was determined by sub­
tracting the mass of uidjurned material recovered after 
coml)Ustion from the masK of sample initially charged 
to the IKHUI). 

AA'jKniiion , the electrical energy requinxl to ignite the 
molybdeimm fuse wire, was measured with an elec­
tronic power integrating circuit. 

•iA'Mo fuM. is the energ>' supplied by combustion of 
the molylKienum fuse wire which was u.-.ed to ignite 
the silicon carbide sample. 

AA'c.F, !iud AA'CJF, represent the respective thermal 
corrections for the small amounts of these side-products 
formed during combustion. These eorre<*tions represent 
the difference in energT.' involved in forming these .side-
products instead of CF4 • 

The last line in the tabulation is the energy evolved 
per gram of silicon carbide bunied and is obtained by 
summing the quantities from e(Calor.) ( —A/,) through 
AEimp. and di\'iding by the ma.-is of .sjimple burned. 
I t is evident that almost all of the meiisured energy 
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TABLE lV-2. CoMDrsTioN DATA FOR ALPHA SILICON CAHBIDB 

Sample No. 
Mass, K 
i ( . . "C 
£(Calor.)(-A(c), cal 
A^contrnts . Cal 
A^ignition • cal 
AEgai > <^ 
A£MII fun-. cal 

i^CjFa • cal 
i £ c i F « . cat 
A£imp.. cal 
i fcVM, cal R-' 

la 

1 
0.40153 
2,04356 

-7238.88 
-8.12 

0.29 
0.21 

18.61 
-5.15 
-3.21 
-2.18 

-14,726.32 

2a 

1 
0.47841 
1.<J9160 

-7055.14 
-7.91 

0.41 
0.25 

26.46 
-2.84 

— -2.12 
-14,717.27 

3a 

1 
0.47179 
1.95567 

-6927.65 
-8.27 

0.31 
0.24 

18.72 
-10.47 
-8.84 
-2.09 

-14.705.69 

1 

2 
0.46120 
1.99999 

-7081.98 
-8.46 

0.84 
0.21 

27.66 
-7.73 
-4.67 
-4.02 

-14,709.37 

2 

1 
0.48436 
2.00687 

-7106.35 
-8.49 

0.12 
0.25 
9,40 

-10.92 
-6.42 
-2.15 

-14,709.53 

Combustion No. 

6 

1 
0.50894 
2.11012 

-7471.96 
-8.82 

0.43 
0.27 

14.55 
-19.01 
-13.19 
-2.26 

-14,736.49 

7 

2 
0.60310 
2.08182 

-7371.76 
-8.70 

0.07 
0.26 
6.89 

-12.39 
-9.82 
-4.20 

-14,708.09 

10 

2 
0.49608 
2.04678 

-7247.67 
-8.66 

0.17 
0,27 

16,78 
-20.33 
-17.45 
-4.14 

-14.679.14 

12 

1 
0.49657 
2.05975 

-7293-60 
-S.flO 

0.22 
0.27 

10.41 
-20.71 
-11.87 
-2.20 

-14,753.37 

15 

2 

2.89281 
-10,243.47 

-12.18 
0.22 
0.33 
8,67 

-22.76 
-20.00 
-5.84 

-14,708.24 

16 

1 
0.29S30 
1.22914 

-4352.40 
-5.10 

0.19 
0.17 

11.86 
-6.38 
-5.48 
-1.32 

-14,709.55 

17 

1 
0.48779 
2.026S2 

-7173.46 
-8.46 

O.U 

o.n 
u.og 

-7.00 
-6.61 
-2.17 

-14,723.65 

TABLE IV-3. CoMBi'.STioN DATA FOR BETA SIUCO.N CARBIDE 

Sample No. 
Mass, g. 
Ale , °C 
S(Ca lo r . ) ( - i ( J , cal 
A«,o„u«. , cal 
AEiagaitioa , Cal 
AEg.s , cal 
AEiSa fuse , ca l 

AEC.IFB , ca l 

AEc,F. , cal 
AEimp , cal 
AEc'/M, cal g~̂  

3 

3 
0.411780 
2.06471 

-7.311.16 
- 8 . 7 3 

0.12 
0.27 

19.11 
- 5 . M 
- 4 11 

-11.67 
-14,708.14 

4 

4 
0.60111 
2.07864 

-7360.49 
-8 .79 

0.24 
0.26 

12.42 
-6 .32 
- 3 . 7 1 
- 5 . 4 1 

-14,708.95 

5 

3 
0.49790 
2.06623 

-7316.64 
- 8 . 6 3 

0.07 
0.27 

10.83 
- 4 . 6 9 
- 2 . 9 6 

-11.68 
-14,728.32 

Combustion No. 

8 

4 
0.50010 
2.10061 

-7438.28 
- 8 . 7 8 

0.17 
0.26 

12.53 
- 6 . 9 6 
- 3 . 9 2 
- 5 . 4 7 

-14,719.32 

9 

4 
0.49499 
2.05564 

-7279.04 
- 8 . 5 8 

0.19 
0.26 
8.36 

- 3 . 7 1 
- 1 . 9 9 
- 5 . 3 5 

-14,727.29 

11 

3 
0.49944 
2.07370 

-7343.20 
- 8 . 6 6 

0.17 
0.26 

12.88 
- 2 . 0 0 

— 
-11 .71 

-14,721.01 

13 

3 
0.29974 
1.24470 

-4407.50 
- 5 . 2 3 

0.22 
0.18 

16 67 
- 8 . 0 6 
- 4 . 9 7 
- 7 . 0 3 

-14,731 83 

14 

4 

0.70892 
2.94525 

-10,429.16 
-12.40 

0.14 
0.33 

15.94 
-6 .03 
-3.15 
-7.66 

-14,728.02 

wa.s liberated by the primary combustion rouctiou 
under consideration. 

Table IV-4 summarize.s the dala of Tables IV-2 and 
IV-.3 by listing the standard energies of combustion per 
gram, AEe'^/'Sl, their means, and their standard 
deviations. On the basis of the additional experiments 
completed during this report period and refinements 
of the corrections involved, the preliminary conclu­
sions given in ANL-6900, p. 224 have been modified 
as follows. 

The results obtained wilh Ihe (3-SiC samples are in 
excellent agreement despite the difference in impurity 
contents. I t is reasonable to pool the combustion 
results and to derive therefrom a value of the enthalpy 
of formation of ^-SiC. 

The results for the two a-SiC samples are in disagree­
ment by an amount which is greater than the com­
bined uncertainties. The difference in impurity levels 
between Samples 1 and 2 is less than that between 
the two ^-SiC .samples. Hence, Ihe disagreement be­
tween a-SiC samples .should not be attributed to im­
purity content. 

.\ careful analysis of the data reveals the following 
facts: 

1. Except for one experiment the corrections for 
side-reaction products in the /3-SiC combustions 
are all less than 10 calories, whereas five of the 
a-SiC combustions have corrections ranging 
from 22 to 4:1 calories. 

2. In all the /J-SiC expeiiments 99.,') to 99.8 ' ; of the 
sample was burned; for the a-SiC samples the 
range was 99,2 to 99.4 "Tf. In other words, the 
best tt-SiC combustion was not as eoinplele as 
the poorest ^-SiC combustion. 

Although there is no direct correspondence belween 
the incompleteness of combustion and the amount of 
liigluM- Huorocarbons formed, it .seems that some un­
defined process or source of error connected with 
these observations is involved in the eombustion of the 
a-SiC samples. The difference in combustion behavior 
IS suspected to be connected with the particle size of 
Ihe samples; the a-SiC samples are much coai-ser than 
Ihe /J-SiC samples, A new s;imple of a-SiC (gi-een 
variety) which is much finer than Samples 1 and 2 has 
recently been nrcived from the Carborundum Go. 
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Kx|ierinients with this sample will be undertaken in 
an effort to resolve the discrepancy between Samplers 
1 and 2. 

t'oinhining the combustion results for /3-SiC with 
values of the enthalpies of formation of SiF, and C F , , 
-DSIi.O" and - 2 2 1 ' kcal mole"', respectively, yields 
a value of — Lj..^ kcal mole"' for the standard enthalpy 
of formalion (AW/'i,,) of /3-HiC. This value is within 
Ihe range of literature data summarized by d'Eiitre-
mont and C'hipnian' and compares well with their 
value of — l.'i.S ± 0.9 kcal niole"' and the value of 
Rein and Chipman'" of — l,").ti kcal mole"'. 

The largest uncertainty in the derived enthalpy of 
I'liniialion of ff-SiC is the uncertainly in the enthalpy 
(if formation of CF, , which is probably about 1 kcal 
mole" , There have been a number of recent determina­
tions of the enthalpy of formalion of CF, but none of 
Ihcse has been a direct determination. Beeau.se this 
value is an iniporlant basic thermochemical <|uantily, 
we lire planning lo carry out a direct delerminalion of 

'This is Ihe value nirrciitlv siiKgeHled by the Natiotiul 
MiircHU of StalKiarils. WashitiKlon, II.C. 

I" l{. II. l i e inandj . Cliipnian, .1. I'h.vs. Chem. 67, 8,30 (lOIB). 

the enthalpy of formation of CF, by combustion of 
carbon in fluorine. The experimental problem of 
carrying out combustions of graphite in fluorine was 
diseu.s.sed in .\NL-6800, p. 3U. 

T.\BLE I\'-4. RESCLTS OF SILICON CARBIDE 

CoMBL'sTioN EXPERIMENTS 

Standard Energ>- of Combustion, AFc'/i>t (cal g~') 

Sample 1 
(a-SiC, green) 

14,726.3 
14,717.3 
14,705.6 
14,709.5 
14,736.5 
14,763.4 
14,709.6 
14,723.7 

Sample 2 
(o-SiC, 
Golden 
Grain) 

14,709.4 
14,708.1 
14,679.1 
14,708.2 

Sample 3 
W-SC, 
green) 

14,708.1 
14,728.3 
14,721.0 
14,731.8 

Sample 4 
W-SC, 
green) 

14,709.0 
14,719 3 
14,727.3 
14,728.0 

14,722 7 ; 14,701 2 14,722 3 ; 14,720 9 

Std. Dev. 
of mean 

D. COMBISTIONS OK MAGNESIIM, ALUMINIM, YTTHIIM. I.VMHANUM, 
GADOLINIliXl, AM) ilOL.Mll.M IN KIAOKINE (E. Hi Dznis, E. V.\N DEVENTEU) 

Tiic accunuilalion of oxporiciH-c in fluorine bomb 
ciilorimHry has led to allonipis to classify substances 
(HI llu' basis of their combustion characteristics in 
lIiKirine. The combustion behavior of a sul)stan<'e can 
hr related lo its physical and chemical properties 
:iiul to the properties of its reaction product fluorides. 
Such relations can he lielpful in the prediction of the 
ponibustion behavior of sub.s1anees to he studied and 
in the desij!;n of appropriate combustion teehniciues. 

-Nh'tals whicli form nonvolatile (ionie) fluorides 
constitute a typical Ri'oup. Their eombustion is char­
acteristically accompanieti by melting and .'^puttering. 
Therefore, they require a special support for the sample 
and an arrangement for the pi"otection of the interior 
surfaces of the combustion bomb. The solution to this 
problem has lieen the use of a bomb lined with the 
pure fluoiide of the metal to be biiriuHi. .V more detailed 
di.sciK-iiitn of the problem and of the development of 
the eombu.stion technique for sueh metals has been 
given previously (.\NI.-(ilK)0, p. 227). The application 
of this teehni(iue has resulttxi in recent calorimetric 
combustions of magnesium, aluminum, nickel, yttrium, 
Iinilhanum, gadolinium and holmium in fluorine. The 

combustions of m:igne.--ium and aluminum were re-
determinations*in order lo improve on earlier work 
(.VM^n.V.Mi, p. ItiS; AXL-t)t)48, p. 179). 

The metals, in the form of sheet or foil, were sus­
pended in the l)omb and ignilcnl by the usual wire-to-foil 
technique. Magnesium, aluminum, nickel, ytlrium, 
and gadolinium were susp*'nded by a flne wire of Ihe 
respective metal from a heavily fluorinated nickel 
post. Suspen.-^ion by the ignition win- alone w;is used 
for combustions of lanthanum and holmium. Ignition 
difticulties which were encountered with aluminum and 
nickel were overcome by forming o-mil foil into a 
small basket (see Figure IV-1) into which filings or 
cuttings of the respective metals were placed. The 
sample was ignited by a cadmium fuse wire. It was found 
that buring, molten droplets of nickel, gadolinium, and 
holmium contacted and melted .-̂ mall volumes of fluoride 
liner and submerged therein. This submeiyence cau.-̂ ed 
premature termination of the combust ions. This problem 
was partially alleviated by stacking part of the .sjimple 
in the form of foils below the susf)ended basket. The 
stacked foils were supported by the prote<'tive fluoride 
liner. With this arrangement the ignited sample was pre-

file:///NL-6800
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INSULATED ELECTRODE 

BOMB CAP 

FLUORIDE L INER R E T A I N E R 

- T A M P E D FLUORIDE L I N E R 

\^,.:^ 

NICKEL LINER 

BOMB BODY 

108-7124 Kev. 
Fic. I \ ' - l . Sample Arrangement for Cnmliustinna iti Fluorine. 

TABLE I\ '-5. iSoME I'lnsnAi. PROPERIIE.S . \M) 
CoMBisTioN YIELDS ()F MET.^I.S FCIIIMIM; 

NONVOLAI'II.E P'l.IORlDES 

Metal 

Mg 
Y 
Al 
La 
Gd 
Ho 
Zn 
Cd 
Ni 
Th 

(g/cm'l 

- 1 . 3 
- 0 . 0 
- 0 . 4 

0.3 
0.9 
1.1 
2.1 
2.3 
4.11 
5.0 

Metal 
M P . 

c°c) 

050 
1550 
000 
920 

1350 
1500 
420 
321 

1450 
1750 

Metal 
B.P. 
(°C) 

1107 
3000 
2450 
4500 
3000 
2700 
006 
765 

2700 
3850 

Fluoride 
M.P. 
(°C) 

1400 
1150 

^ 1 , 

1500 
12.30 
1130 
875 

1050 
<14S0 

UOO 

Fluoride 
B.P. 
(°C) 

2240 
230O 

>2000 
2300 
2300 
2200 
1500 
1750 
1700 
3850 

Com­
bustion 

Yield 
(%) 

>99 
99 

90-95 
>95 
>90 
>90 

80-ilO 
>99 
~50 
~10 

" Room temprraturc density dilTcrnicc t)ct\v('ru luc-lal and 
ita fluoridf. 

^ Sublimes under ordiiniry cunilitions. 

vented from falling directly oiilo the liner; instead, ihe 
burning proceeded in several steps as the stacked foils 
successively ignited. 

The evaluation of the aiiuniiilaled I'aloiiniel rii-
combustion results from these studies is still in progress. 
The combustion yields have been examined in an 

attempt to correlate this impoi-tant parameter with 
some of the physical properties of the metals and their 
fluorides. l''or the sake of comparison cadmium, zinc, 
and Ihorium, which also belong lo the group of metals 
forming nonvolatile fluorides, have been included in 
the correlation. Cadmium" and zinc'' were burned 
earlier using similar techniques, . \ttempts to burn suffi­
cient amounts of thorium failed because of severe 
submergence problems. 

The correlation shown in Table IV-5 lists: the metal, 
the room temperature density difference between the 
metal and its fluoride, the melting and boiling points 
of the metal and its fluoride, and representative com­
bustion yields in percent. Several observations can be 
made. The low combustion yield associated with sub­
mergence is directly related to the density difTerencc. 
It also appears that the volatility of the metal and 
melting point of the metal fluoride alTect the eombus­
tion yields. These observations are of a tentative nature 
and may be expanded and adjusted as new data be­
come available. 

" H. Hudzitis, H. .M. Feder an 
('lioni. 67, 2388 (1963). 

" K . liudzitis, li. Terry, II. M. 
J. Pliyn. Clieni. 68. 617 (1964). 

1 W. X. Ilubliard, J. Phys. 

Feder ami \V. X. Hubbard, 
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E. COMBUSTION OF TANT.4LLM DIBORIDE IN FLUORINE (G. K. JOHNSON) 

Kxperimental combu.slions of tanlalum diboride 
have been completed using the conibuslion technique 
previously descrilied (ANl.-(>.59(i, p. 17:i) for the di-
borides of zirconium, hafnium, and niobium. 

The results of 12 acceptable combustions out of 14 
performed are presented in Table I\'-li. The entries 
in the table are the .same as in Table 1\'-1 except that; 
m' is the mass of tantalum dilioridc burned, obtained 
hy .subtracting the nia.ss of unburned dilioride (de­
tennined by iKiron analysis) from the nia.ss originally 
charged to Ihe liomb; and A/i'.,,,,,,, is Ihe energy sup­
plied by the combustion of a .small amimiil of sulfur 
u.se<l to insure reproducible ignition. 

The twelve combustion results presented in Table 
l\-li represeiil Iwo series of combustions of portions of 
the .same specimen of tantalum dibonde. The seeond 
scries, comprising Ihe last five columns in Ihe table, 
was conducted under conditions in which the AEhitnk 
curreclion was considerably smaller than in the first 
siries. The second series was prompted by concern 
llial the blank correction, which is measured by ex-
|i:iiisioii of fliionne into a cold bomb, may not be the 
same as In the actual combustion when Ihere is an 
cxdlherniic reaction going on in Ihe bomb. .Vltempis 
III I'liininale adsorbed moisture from the bomb walls, 
ami thus make Ihe blank correction negligibly small, 
were not entirely successful. These attempts includi'd 
liaiidling the bomb in a dry box and various prelreal-
iiiciits with fluorine ami boron trifluoride. 

Ill till' lirst series of combust ions the a \erage \alui ' 

of six blank experiments conducted liefore, during, 
and after the calorimetric combustions wa.s applied 
to all the combustions in the series because the blanks 
showed only experimental fluctuations and no trend 
However, in the .second .series, in whieh one or more 
blank exp<'riments were conducU'd between successive 
combustions, the value obtained for AA'bu„k prior to 
any given combustion was applied lo Ihal combustion. 
This was necessary iM'caiw of the diffiTi'iil pn'fliiorina-
lion methods u.sed. The conclusion to !«• drawn from 
the gwxi agreement of AEr" .\l (s;iniple) lielwii-n llie 
two series and betwcHMi Ihe large and small .sample 
ma.s.ses within each series is that the AEhi.nk , as meas­
ured by expansion of fluorine into a cold lionib, is 
applicable to actual calorimetric' combustions. 

The siunple was analyzed for lioron, taiitaluin, and 
impurities. The b<iron/tantalum ratio is l.il'J" after 
correcting for the amounts of these elements a.ssumed 
to be combined with impurities. 

The experimental value of AEc" .M, combined wilh 
a molecular weight of 'JOLTSl for TaB| ,.; and the 
enthalpies of formalion of HK," and Ta lV ' of -2ll!l.8« 
and —4.')4.!)8 kcal mole'", resiwclively, gives a lenla-
live value of —40.8 kcal mole ' for the enlhalpy of 
formalimi of T a H n j ; . 

I" S. ,S. Wise, J. I,. Miirgrovp. H. M Fi-dcr and \V X Hub 
liiird. J. Ph.vs. rheni. 66. 2157 (1901I. 

I* K. (IreeiiberK. (". A. Xaike mid \V. X. HubliHrd, •'Fluoriiip 
Hiiiiib Caliirinielry. . \ . The KiillialpioN of Fiirmatinii of Xi<i-
liiiliii and 'rantiililiii Penl.-iHiKirides," siibiiiilte<l fnr piihlieatinii 
in .1. I'hys. Chem. 

T A B L E IV-0. COMBCSTION I 1 A T . \ KUR T . \ \ T . \ I , 1 M I l lHuKIDt 

(I) «'. I 
(i) Air . "( ' 
(3) f . lC« l„ r . ) (J ( ) . t , i l 
(4) iA' .u„t .„t . , cut 
(SI AA',,,, , .'111 
(8) AJi'.ui,u, , oil 
(71 AA'i k . fMl 
(8) Ai'r-y.Mtwui.pip), I'll! g-

1.25ns 
1.86213 

-6224.27 
-11.86 
-0.23 
446,11 

12.68 
-4617.68 

1.24N70 
1.84062 

-6185.M 
-11.63 
-0 .23 
423.34 

12.58 
-4614.02 

1.25176 
1.85648 

-6238.89 
-11.88 
-0.23 
46U.78 
12.58 

-4614.41 

1.25062 
1.84781 

-6209.75 1 
-11.68 
-0.23 I 
437.10 I 

-4616,2» I 

Mean Afic"/.M (mmiile) 
Impurities 
A£c»/M 

0.60038 
0.U71H7 

-3261.36 
-6.17 
-0.10 
446.11 
12.68 

-4611.15 

0-61315 
0.97774 

-3285.79 
- 6 . U 
-0.10 
463.86 
12.58 

-4S15.23 

0.61343 
0.97383 

-3272.65 
-«.19 
-0.10 
435.58 

13.58 
-4614.67 

1 24608 
1-81561 

-6173.20 
-11.41 
-0-26 
427,93 

4.«2 
-4616.33 

1,24817 
1.81808 

-6181.60 
-11.43 
-0.2« 
433.69 
-0.34 

-4614.71 

1 34607 
1.81803 

-6181.43 
-11.43 
-0.2« 
444,03 

0.31 
-46I3.90 

0.61098 
09S935 

-3361.63 
-6.99 
-0.13 
444.9} 

1.71 
-4611.90 

1 -4615.19 ± 0 69 CHI I 
< -4.43 n l g - i 

-4619.6 ± 0 . 7 cal I ' 

0 609» 
O.U6ti6H 

-3259.34 
-S.99 
- 0 . 1 3 
444.30 

6.60 
-4031.05 
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F. FLUORINE FLOW CALORIMETER: COMBUSTION OF URANIUM 
MONOSULFIDE IN FLUORINE (J SETTLE) 

Preliminary studies of the behavior of uranium 
monosulfide, US, in fluorine lANL-6725, p. 192) 
showed that the extent of spontaneous reaction was so 
great that the monosulfide would have to be protected 
from exjiosure to fluorine before intentional ignition. 
These studies also showed that it was necessary to 
employ a high fluorine jiressure and an auxiliary com­
bustible substance in order to obtain complete conver­
sion to uranium hexafluoride. The best combustions of 
US in a calorinietric bomb were obtained by using 
fluorine pressures in excess of ten atinos]ihcres and by 
using a quartz dish both to sup]iort tlie sample and 
act as the auxiliai'y comhustible substance. Although 
complete combustions of US were achieved, a large 
amount (1 to 2 g) of quartz reacted at the same time. 
The large thermal correction that would have to be 
made for the combustion of quartz would lead to an 
undesirably large uncertainty in the value for the 
energy of combustion of US. 

These observations led to the consideration of using 
alternative equipment. .\ fluorine flow calorimeter was 
selected for trial. Some possible advantages of a flow 
system were: fluorine-sensitive compounds could be 
kept in an inert atmosphere until introduction of fluo­
rine and initiation of the reaction were desired; the 
rate of reaction could be varied by controlling the total 
pressure in the vessel anil the rate of flow of fluorine: 
the temperature in the reaction zone could be reduced 
hy operating at low reaction rates, and corrosion of 
the sample supjiort dish would be reduced; and the 
amount of samjile to be burned could he varied over 
any desired range. 

A simple flow reaction system \yas built. I t consisted 
of a flow meter in series with a short inlet line for in­
troducing gases, a Pyrex reaction vessel of about one-
liter volume with attached pressure gauge, and a short 
outlet line connected to several traps and a vacuum 
jiump. This system was used for preliminary combus­
tions of US and it was demonstrated that all of the 
presumed advantages of a flow system could be ob­
tained. Samples of US weighing 0..5 to 10 g were suc­
cessfully burned. The reaction rate could be varied 
over wide limits. . \ t reaction rates sufficiently low to 
avoid melting of the uranium tetrafluoride intermedi­
ate product, fjuantitative combustion of US was 
achieved. Reaction of the (juartz support dish was an 
order of magnitude less than during homb eonibus-
tions, although still oli.ieetionalily large 10.1 to 0.2 g) 
in the most favorable tests. With nickel sujiport dishes, 
it was found jiossible to obtain 99.8 or greater jiercent 

eombu.stion of US, with no detectable attack on the 
nickel dish if melting of uranium tetrafluoride was 
a\'oided. The solid residual mixture of uranium tetra­
fluoride, black intermediate uranium fluorides, and 
uranium jientafluoride usually weighed less than 0.02 
g. The thermal corrections made necessary by ineom­
jilete combustion of a samjile held by a nickel dish 
would be about two orders of magnitude smaller than 
the thermal corrections made necessary by complete 
combustion of US held by a quartz dish. 

The flow reaction system was then modified so that 
it more nearly simulated the apparatus which might he 
used in a flow calorimeter. A flow calorimeter must 
have heat exchangers on both the inlet and outlet lines. 
The heat exchanger on the inlet line must adjust the 
incoming gases to the temperature of the jacket sur­
rounding the calorimeter; the heat exchanger on the 
outlet line must extract the heat produced by reaction 
and adjust the temjierature of the outgoing gases to 
the temperature of the calorimeter. The flow rates, 
Jiressures and temjieratures of these gases must be 
known so that their contributions to the heat capacity 
of the calorimetric system and to the heat exchanged 
between the calorimeter and its environment can be 
e\'aluatefl. The modificfl apparatus consisted of an 
inlet line in series with a jiressure gauge, a flow meter, 
and a 1.8-meter length of Vs-in. OD tubing which 
simulated the inlet line heat exchanger; a Pyrex reac­
tion vessel of about 0.18-liter volume, with attached 
Jiressure gauge I Pyrex will not be used in an actual 
calorimetric vessel); and an outlet line consisting of a 
1.8-meter long heat exchanger in series with a jiressure 
gauge, traps, and a vacuum pump. Trial combustions 
were made of US supported on a nickel dish. The 
combustion characteristics were not significantly af­
fected by the change in \'oluiiie (1 to 0.18 liter) of the 
reaction vessel. Greater than 99'"; conversion to vola­
tile fluorides was obtained consistently. Uranium hexa­
fluoride is the only uranium fluoride that is volatile at 
room temjierature, but all the sulfur fluorides are vola­
tile. Infrared absorjition sjiectrum analyses of the 
Jiroduets of several combustions indicated that prob­
ably greater than 98^^ of the sulfur was in the fomi 
of sulfur hexafluoride, with disulfur decafluoride as 
the major side-jiroduct. No absorjition bands attribut­
able to other sulfur fluorides or sulfur oxyfluorides 
were observed. A method for the quantitative analysis 
of mixtures of sulfur fluorides is being develojied by 
Chemical liesearcli Services, Inc., of Addison, Illinois, 
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The analysis of the small amounts of solid uranium 
fluorides left after combustion presents no serious 
problems. 

A nickel reaction vessel, which is believed suitable 
for use in a calorimeter, is now being used with the 
trial apjiaratus in place of the small Pyrex reaetion 
vessel. Preliminary indications are that the procedures 
worked out with the Pyrex vessel can be used with the 
nickel vessel. Further trial combustions will be done 
with the nickel reaction vessel immersed in water in 
order to eomjilete the simulation of a calorinietric 
system. 

Serious consideration has been given to an alterna­
tive solution to the combustion jiroblcms mentioned at 
the outset. The use of a two-chambered system is jiro­
posed whereby the eombustion samjile is stored in a 
calorimetric bomb and fluorine is stored in an auxiliary-
tank. This system jirotects sensitive samples from ex­
posure to fluorine prior to ignition. However, the two-
ehainliered system jiresently available can not deliver 
more than eight atmospheres of fluorine pressure into 
the reaction vessel. Therefore, a second two-chambered 
system capable of delivering a higher jiressure is being 
made for testing. 

G. H I G H T E . M P E R A T U R E E N T H A L P Y C A L O R I M E I R Y (.1 K H U I G G E H , 
D . H. FiiEiiEKicKSdN, . \ . T . H r , * H. K L K B * * ) 

1. 1.500°C D r o p C a l o r i m e t e r 

a. CONSTRUCTION 

.•\ somewhat simjilified version of the vacuum, high 
Jirecision, high temjierature droji calorimeter has been 
assembled. The system is designed to deterniine 
enthaljiy increments of samjiles uji to 1,W0°C The 
licvice is of the flrojijiing tyjie antl consists of a droji 
c'lintrol mechanism, a droji tube that rests on a furnace 
where the sainjile is heated while susjiended by a wire, 
a gate .system that is ojiened while the samjile is fall­
ing, and a cojijier-block calorimeter jirojier where the 
heat given uji by the samjile is measured. I.A drawing 
nf the droji calorimeter is shown in ANT,-6477, ji. 16.5.1 

The droji control mechanisni has ojierated satisfac­
torily. Ultimately, it may be desirable to jirovide a 
means for obtaining jioint-liy-jioint data on the actual 
distance travelled vs. time of fall of the samjile from 
the furnace to the calorinieter. These data should im-
Jirove the aeeuracy and jirecision of the correction for 
the heat loss of the .sanijile during the drop. A 0.02(l-in. 
ilia, tantalum wire served satisfactorily as the sus-
Jiension wire. lPlatinum-7'; tungsten wire is available 
and will also be tested for .suitability as a susjiension 
wire.) Temjierature control for the furnace was ade-
ijiiate. The cojijier-block calorimeter jierformed satis­
factorily. .\ technique for adjusting the temjierature 
of the cojijier block to a suitable initial value has been 
develojied. but imjiroved methods are under considera­
tion. Incorjioration of the above iinjirovements shouM 
suffice for taking data of the desired precision and 
accuracy. 

• Postdoctoral FelKiw. 
" Central Shojjs. 

The furnace used for drops dining the early part of 
this report jieriod consisted of a high jiurity, recrys­
tallized alumina core which was wound with tantalum 
heater wire, a ilouble-walled tantalum can filled with 
100-mesh alumina grains—the so-called "dust shield", 
three molybdenum radiation shiehls, and eight stain­
less steel shiehls. 

For later runs, the ceramic core was rejilaced by a 
molybdenum core l.see .\NT.-6648. ji. 184. Fig. .571. The 
core consists of four elements; bottom shield, outer 
shield, main shii-ld. and floating shield. The function 
of the bottom^shicld, an 8-in. long, 3-in. OO cylinder 
with a 1-in. II) bore, is to reduce the radiative heat loss 
from the furnace chamber jirojier and to jirovide a re­
gion at furnace teinjierature through which the droji-
jiing samjile can accelerate from rest without umler-
going se\ere thermal radiation losses. The outer, main, 
anil floating shiehls are nested, top-eml-closed cylin­
ders. The outer shield is ii in. long by 3-in. OD; the 
cavity in the floating shield i for the saiiiplel is 3 in. 
long by 's- in. ID. 

The original design of the furnace was such that the 
outer, main, and bottom shields could each be resist­
ance heated. In the jiresent assembly, tantalum wire 
heaters are installed in only the outer and bottom 
shields. The heater elements consist of 0.020-in. dia. 
tantalum wire loojied through double-bore 0.12.5-in. 
dia. Morganite TC alumina tubing. Sejiarate sets of 
twelve of these bifilar heater elements were equally 
sjiaced around the cylindrical outer surfaces of the 
outer and bottom shields. The toji of the outer shield 
is heated by additional eerauiic-enea.sed heater wire. 

Tantalum-sheathed and Morganite (Triangle RR 
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grade) alumina-sheathed Pt-10% Rh vs. Pt thermo­
couples have been inserted in the floating shield for in-
tercomjiarison and for monitoring the furnace cavity 
temjierature. A similar tantalum-sheathed thermo­
couple in the outer shield and a Morganite alumina-
sheathed thermocoujile in the bottom of the bottom 
shield are used for temperature control. The noise level 
of the tantalum-sheathed thermocoujile is more than 
an order of magnitude smaller than that of the ce­
ramic-sheathed thermocoujile. 

A tantalum spider, which was installed to center the 
core within the dust shield, failed to maintain align­
ment of the core along the susjiension wire axis. Also, 
the bottom and outer shield heater elements were 
damaged during trial heatups. The furnace has been 
dismantled to rejilace these elements and to improve 
the installation of the thermocoujiles. The dust shield 
has been rebuilt to accommodate the jiush-jiull core 
alignment rods provided for in the original design of 
the furnace. The rebuilt dust shield will be used as 
long as inward buckling does not occur. A substitute 
shield has been fabricated hy rolling 0.003-in. molyb­
denum foil into a ten-turn sjiiral with successi\'e turns 
spaced Viii in. ajiart by embossing. The spiral shield 
will be installed if necessary but, in any event, it will 
be tested in jilaci' at some convenient time. 

b. TEMPERATURE MEASUREMENTS 
.\ccuratc and jirecise determination of the temjiera­

ture of an object susjiended in the furnace is of jirimi' 
importance. Consideration has been given to methods 
for calibrating the floating shield thermocoujile in 
place so that it will give a true measure of the tem­
jierature. Insjiection has revealed that the visible end 
of a suspended object is indistinguishable from the 
floating shield at 1000°C. The temjierature of a sus­
pended object can therefori' be assumed to be the same 
as that of the floating shield. The interior of the float­
ing shield seems to have all the ijualities of a black-
body cavity. An attemjit will be made to determine 
whether any vertical temjierature gradient exists in an 
object having the same size and shajie as a samjile 
capsule. 

Methods so far considered for caliliralion and re-
calibration of the floating shield thermocoujiles ()/ situ 
involve: (1) use of a calibrated ojitical pyrometer to 
obtain the temperature of a (black) body in the float­
ing shickl cavity, (21 calibration of the pyrometer 
from first principles'-'' by determination of the gold 
point of a sample in the furnace cavity and by bright­
ness matches between the railiative intensity of the , 

" H. J .Kostkowskiand I!. 11. Lee, "Theory and Methods nf 
Optical Pyrometry," XBS .VIonoKrapli 11, U.S. Iloyernmenl 
Priming Office, 1962. 

jiyrometer filament at the gold point and of the at­
tenuated intensity (using rotating sectored discs) of 
black bodies at higher temjieratures, (3) calibration 
using the thermal halts of secondary standards (cop­
per, nickel, cobalt) which have been allowed to cool 
in the furnace cavity, 14) permanent installation of an 
externally calibrated thermocouple, and (.5) periodic 
removal of the thermocoujile for external calibration. 
It is anticipated that methods 11) and 13) will be 
given active consideration. 

In any case, there is doubt that the furnace tempera­
ture at the design maximum ll.500°C) can be deter­
mined to less than ±1°C by the best method, which is 
method (2). Use of a photoelectric brightness pyrom­
eter could conceivably jiermit the determination to less 
than ±1°C. The accuracy of the other methods would 
likely be ±1.5 to ±2.0°C at best. 

.\t Jiresent, the temjierature determination by the 
thermocoujile is being checked against the temperature 
of the samjile measured with an optical brightness py-
I'ometer. The jiyrometer has been calibrated against a 
standardized striji lamji. The calibration unit includes 
an optical bench for use in determining the correction 
for the optical elements I glass plate and prism I that 
are used when the temjierature of the samjile in the 
furnace is measured w-ith the jiyrometer. 

c. ERROR ANALYSIS 

So far as can be determined at jiresent, temperature 
control is better than ±0.1°C at 1500°C, i.e., ±0.007%. 
If it is accejitcd that the absolute value of the furnace 
temjierature at 15(K)°C is known to only ±1°C, it can 
be exjiected that the error of a single enthalpy deter­
mination will be no less than ±0.07*~(. There will be an 
additional uncertainty of a similar magnitude owing 
to the heat loss correction during a droji. 

The temjierature gradient in the samjile capsule is 
unknown but is estimated to be small. A calculation in­
dicates that the temjierature at the toj) of the cajisule 
might be 0.02°C below that of the floating shield owing 
to heat leak along the susjiension wiri'; and that radia­
tion from the cajisule to the cold zone of the furnace 
might lower the temjierature of the bottom of the cap-
,sule 0.04°C, or ,so. I Note that the bottom of the cap­
sule was indistinguishable from the cavity at the 
temjieratures so far checked, namely, uji to 1000°C.) 
The uncertainty in the temjierature of the cajisule will 
be set jirincijially by inaccuracy in the furnace tem­
jierature measurement; errors arising from temjiera­
ture gradients may well be negligible. 

The heat loss by the cajisule during a drop is diffi­
cult to estimate; an educated guess leads to 1 to 2% 
at 1,500°C. When exjierimental data are available for 
cajisules of various sizes and masses at different drop 
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speed programs, it is anticijiated that the true heat 
loss can be calculated semiemjiirically from these 
measurements so that the ultimate error in the 
enthaljiy arising from error in estimating the heat loss 
correction will be of the order of ±0.0.5Si. 

.K series of drops of samjiles heated U|i to 1000°C 
was mack' with copjier, with a tantalum rod, and with 
a heavy-walled cylinder of tantalum. To date, the 
rejirodiieibility of the enthaljiy measurements has been 
about ±0.2%. In these drojis, only moderate care was 
exercised to insure rejuoducibility. The precision of 
the calorimetry was an order of magnitude better 
l±0.02'< for the electrical calibration runs of the 
cojijier-block calorimeter) and the jirecision of furnace 
temjierature control was ± 0 . 0 1 ' ; . Hence, the major 
irrejiroducibilities ajijiear to have been in the seijuence 
of actions associated with the actual drojis: ojiening 
the furnaee-to-ealorimeter gate and the calorimeter 
shutter, acti\-ating the droji mechanism to initiate 
tile jirogranimed droji, reengaging the clutch to close 
the shutter and gate, and adding heat transfer gas to 
the calorimeter to the desired jiressure I helium, 15 torr 
alisolutel. Little difficulty is anticijiated in increasing 
the rejiroduciliility of this sequence. 

Ill summai'y, the achievement of greater than ±0.1% 
ai'i'iiracy in an enthaljiy determination will dejiend 
inincijially on the accuracy of the determination of 
the furnace temjierature and only slightly less on the 
accuracy of the heat loss correction. The jirecision of 
enthaljiy determinations should not be less than 
:* O.l'J and could be imjiroved to '/a to 'A of this value 
when exjierience is gained in the use of the conijdete 
di'dji calorimeter and when the adiabatic calorimeter 
is \\!^ci\ in p lace of t he cojijirr-li lock ile\ ' iee. 

(I, CALORIMETRY 

111 computing the correi'led temjierature rise of the 
calorimeter block during an electrical calibration or 
hy Ihe drop of a heated sample, account must be taken 
of heal hiss by the block to the water jacket and lo the 

external environment through the calorimeter access 
tube (see ANL-6800, p. 322, Fig. IV-1). In this com­
putation use is made of Newton's cooling law, 

dt x(e » ) - ( - ( • , (41 

w-here 
6 = calorimeter block temjierature, 

6e = convergence temperature, 
a = cooling constant in see"', 
f • = constant heat exchange term in deg/see, 

and 
t = time in sec. 

The law states that the rate of teni|X"raturo change of 
a body—in this ca.se, the ealorinieler block—is pro­
portional to the thermal head. Hoth Ihe cooling con­
stant a and the constant term U arc determined from 
the data of Ihe fore- and after-p<Tiods. In the data s<i 
far evaluated, the cooling constani and the constant 
term were parallel functions of the atmosjihere main­
tained in the calorimeter well. The full significance of 
this observation is not clear, although it is certain Ihal 
it reflects (he effeel of transfer of heat Ix'tweeii the 
copper block and the jacket and belween the block and 
the external environment. Thi' eahirinieter is lo .some 
degree connected thermally to the extenial envii-on-
nient through the calorimeter access tube by the pres­
surizing gas use<l. 

.V fur ther <'ffecl of the t l iermal coiiiiection of j acke t , 

cojijier block and external environment w-as noted on 
the energy equivalent of the calorimeter, EfCalor.). 
.Vjijiroxiniale values of S(Calor.) for vacuum, air, and 
15 lorr heliuntin llie access IUIM* were 1053, 10,56 and 
1057.5 cal deg ' ( ' . In elTect, a different calorimeter is 
used during Ihe fore-|X'riod of a normal droji (calorime­
ter evacuated) than during the p<'riod following Ihe 
drop (15 torr helium in the calorimeter well and 
access tube). The complications introduced by the 
retjuired addition of a eonducling gas can IM' handled 
in the computation of the coi-rectetl temjM'ratiire rise. 

2. 2500°C Drop Calorimeter 

Because of the jiress of work on the 1,500°0 drop 
calorimeter, assembly of Ihe electron-beani-heaUxl 
2,50O°t' drop calorimeter was temporarily suspended. 
The sjieeilicalions of high jirecision automatic pboto-

elei'lric brightness pyrometers are being evaluated 
with a view to the joint use of such a device with 
both the 1.500°C and the 2500°C calorimeters. 
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V. Reactor Safety* (L. Baker. A. D. Tevebaugh) 

The program on reactor safety (comprises three area.s 
of research: (1) the study of metal-water reactions, 

• A summary of this section in nivcn cin pages l.'l to 15, 

(2) recently initiated studies relating to the safety of 
fa-sl reactors, and (:i) the study of the oxidation and 
ignition proces-ses of substances used in reactor tech­
nology. 

A. METAL-WATEK REACTIONS 

1. Studies of Mela l -Waler React ions by the Hi^h Pressure Furnace Method 
( R . E . W I L S O N , C . B A R N E S ) 

A high temperature, high pressure furnace has heen 
constructed in order to study the reaction of steam with 
stainless steel, zirc(»iiiuiii, aluminuni, and t'< )•• . The 

basic furnace components were described in a previous 
report (.-VNL-tliKX), p. 242). The furnace, which is con­
tained in a steel pressure vessel, consists of two zones: 

IO8-8O1IOA 
F I O . V - 1 . . \ppo;ir : t iK'0 of Z i i c u i i i u m W i r e s (15 m i l l Be fo re a m i . \ f l e r E x p o s u r e ti 
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Steam at UoO'C and 15 psig. 
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FURNACE 
ZONE 
1600 "C 

PREHEAT-I 
1400 °C — 

PREHEAT-2 
8 0 0 °C -

HjO LEVEL -

• = = > - ' 

SAMPLE: U02 
PELLETS CLAD 
WITH 3 0 4 
STAINLESS STEEL 

108-8575 
F I G . V - 2 . Temperature Ilistribution in the High Pressure 

Furnace during the Simulated Fuel Element E.xperimeiit. 

an in ternal , steani-tilled zone that is sur rounded by an 

alumina tube, and an external zone that is argon-tilled. 
The argon-filled zone contains molybdenum heater 
windings and insulation. The pressures in the two zones 
arc automatically matched to avoid stresses on the 
alumina tube. Water is introduced into the lower part 
of the steam zone by a po.sitive displacement pump and 
is converted to steam. Some unreacted steam and the 
hydrogen produced by metal-steam reaetion are con­
tinuously removed from the upper part of the steam 
zone (high temperature section) through an outlet 
valve. The extent of reaction is determined by the 
amount of hydrogen collected. The pressure is controlled 
by a pressure regulator operating the outlet valve. The 
apparatus is designed for a maximum pressure of 1000 
psig and sample temperatures as high as 1700°C\ Dur­
ing the starl-up period of an experiment, the sample is 
introduced into the lower (cooler) part of the steam-
filled zone, Ihe air is flushed out, and the furnace (al­
ready at the operating lemperalure) is broughl up to 
the operating pressure. .Vfter conditions have stabilized 
the sample is raised into the upper (hottest) part of 
the steam zone by an external crank mechanism. 

a. ZIRCONIUM WIRE 

A shakedown experiment was perfoi-med wilh a 
sample consisting of 200 mg of l.")-mil zirconium wire 
contained in an alumina crucible. The sample tempera­

ture was increa.sed from 700°C to about 14.50°C in a 
few minutes. The steam pres.sure was held at 1.5 psig 
in this experiment. The sample wire was converted into 
a thread of stoichiometric ZrOz, shown in Figure V-1, 
A volume of hydrogen which corresponded to 99.2% 
completion of the zirconium-steam reaction was col­
lected over a period of about 90 min. The sample 
residue was originally in one piece and was broken 
during handling after removal from the apparatus. The 
i-esults indicated satisfactory furnace operation with 
quanlitative hydrogen c(]lleclion. 

1118-8018 Hcv. '2 
Fici. V-;i. Siinuliilci Tucl KIciuciil i:i04 .Slainless Steel 

Clad, IKl .C.rc l Ucfc.rc .'iiai .\ftoi' Kxpcisurc t„ Steam al 1500°C 
and 15 psig. 
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A. MeUd-Water Reactions ISO 

b. STAINLESS STEEL-CLAD UO, 

The second experiment was designed to simulate the 
environment of the fuel in a water-cooled power reactor 
following a loss-of-coolant accident. In such a situalion, 
the fuel would be subjected to a slowly rising lempera­
lure beeau.se of decay heat. Typical accident calcula­
tions have indicated that, in the absence of effective 
couiitermeasures, fuel temperatures would reach Ihe 
nielting point of the metal cladding in about 10 min. 
The steam pressure in this experiment was arbitrarily 
set at l.'i psig. 

The sample eoiisi.sled of .several bigh-deiisily CO. 
pellets clad with type :S04 slainless steel tubing having 
a wall thickness of 27 mils. The lop and bottom of the 
slainless sleel tube were closed with i'ia-iu. thick 
welded plugs. The overall length of the sample was 8 in. 
The 2..'i-inil radial gap between Ihe Kfl.j and the clad­
ding was filled with helium. 

The temperature distribution of the furnace is .iliowii 
in Figure V-2. The temperature of the center of the hot 
zone was l.'iliirC' before ibe sample was rai.sed into the 
upper position. .\t this time tlu- top of Ihe .sample was 
at about SOCC. The sample was raised to the upper 
portion of the furnace tit a rate of 1 in./min. .Vfter 
insertion of the sample, Ibe temperature of the central 
portion of the hoi zone dropped l<) 1488°C' and then 
rose lo 14tl9°C' over a period of 12 min. The upper two 
lliermocoiiples failed after 21 min. .\t this time the 
indicatcil temperature was I40.'i°(' in Ihe center of Ihe 
hot zone. 

The reaction was continued for 180 min from the 
lime that the .sample was firsl inserted. The sample was 
then lowenil to its original position. .\1MIUI 9 litei-s 
(STl*) of hydrogen was collected (mostly during the 
first 90 min). This amount of hydrogen corresponds to 
a reaction of about (12"; of Ihe stainless steel. The 
sjunple fuel element, after removal from the furnace, 
is shown along with an uiu-eaeted sample in Figure \'-:i. 
The appearance of the reai'Uxl sample shows that rela­
tively little reaction oi'curred al the lower end of the 
sample whieli was maintaiiuHl al almut 800°C', and that 
extensive reaction of Ibe stainless steel oceurred in that 
portion of the sample whieh reacheil a lemperalure of 
aliove about 14(M1°C. The appearance of Ihe fuel ele­
ment after exposure lo steam suggests that considerable 
foaming of the stainless steel occurred during the reac­
tion. The cladding was almost complelely removed 
from several of the I'O.j pellets in Ihe upper portion of 
Ihe fuel elenienl. The spongy ma.ss at the top of the 
fuel elemenl is probably the remains of the ^le-in. 
thick top end cap. The appearance of some of the UO. 
pelleis indiealiHi considerable deterioration. Chemical 
and X-ray analyses of the pellets will be pei-fornied to 
determine the nature of the iTaction. 

T 
I in 

1 
in. 

108-8059 Kev, 2 
FIG. V - 4 . Simulated Fuel Klemeiit (ZircalMy-2 Clad, I 'Oi 

Core) Before and After Kxposure to Steam at I500°C and 15 
psijc, 

0. ZIR(:ALOY-2.CLAD UO, 

A siunple fuel elemenl, identical with the stainless 
st(H'l-clad element with the exception that the clad 
material was Zircaloy-2, was exposed to the same en­
vironment as the slainless steel-clad element. 

The reaction w:is continued for a total of 270 minutes 
from the beginning of the insertion of the siimple. The 
sample was then lowered to the original position. The 
total hydrogen collected corresponded to 7:i.ti'~; reac­
tion of the Zircalov-2. 
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The sample residue and an unreacted fuel element 
are shown in Figure V-4. The UO2 showed some evi­
dence of deterioration, but this effect was not as pro­
nounced as in the first experiment with a stainless 
steel-clad elemenl. The upper portion, i.e., hottest 
portion, of the Zircaloy-2 cladding appeared to be 
entirely converted to oxide, while the cooler end of the 
sample retained a metallic appearance. In the broken 
sections of the fuel elemenl, the cladding residue con­
sisted of two layers, a white outer layer and a yellow 
inner layer. The oxide appeared to have considerable 
strength. The origiiuxl diameter of Ihe fuel element 
(0.426 in.) increased upon complete oxidation to be­
tween 0.458 and 0.48(i in. 

<l. FUTURE STUDIES 

The preliminary experiments described above have 
demonstrated the chemical and physical changes which 
a reaclor fuel might undergo following a loss-of-coolant 
accident. Additional experiments will be performed 
with simulated fuel for shorter periods of exposure in 
order to check reaction rate calculations of the type 
described in Section VA-7 of this report. The furnace 
will also be used for i.sothermal studies of the aluminum-
steam reaction at elevated pressures and the stainless 
steel-steam reaction at temperatures greater than 
1400°C. 

2. Reaction of Refractory Metals wi th S team (M. KILPATRICK, S. K . LOTT) 

A brief study of the kinetics of reactions of refractory 
metals with steam was undertaken for two primary 
reasons: 

1. to determine Ihe suitability of high-melting metals 
for the fabrication of equipment for studies of 
metal-water reactions at high temperatures, and 

2. to extend our knowledge of the kinetics and 
mechanisms of high temperature metal-steam reac­
tions in general. 

The metals studied inc-luded molybdenum (m.p. 
2610°C), rhenium (m.p. :!100°("), tungsten (m.p. 
3380°C), niobium (m.p. 2470°C), and tantalum (m.p. 
2996^*0). Because of the high melting points of these 
metals, it is possible to study metal-steam reactions at 
high temperatures while taking advantage of the greater 
simplicity and accuracy inherent in sludies of solid, 
rather than liquid, metals. 

In prior work, the oxides resulting from Ihe metal-
water reaction have not been volatile, .\mong the re­
fractory metals, however, are some which form at least 
one oxide whose melting and boiling points lie below 
the melting and boiling points of Ihe parent melal (see 
ANL-(i800, p. 3;ili). The study of the reaction of such 
metals, i.e., molybdenum, rbeninm, and tungsten, with 
steam was expected to shed new light on the mecha­
nisms and rate laws of metal-water reactions. 

The experimental method consisted of passing steam 
over an inductively heated sample of ini'tal, pas.sing 
the products through a condensei' to remove the aipieous 
solution, and collecting the gas evolved in a eudiometer. 
The apparatus has been described in previous reports 
(ANL-f)800, p. 3;i.i .and A\L-0900, p. 244). Sludies 
of the reaction of steam with molybdenum, rhenium, . 
tungsten, niobium, and tantalum have now been com­
pleted by this method and are reported in separate 
sections below. Il was coni-liidcd I hat the high reaction 

rates observed for all five metals precluded their use as 
materials of construction for high temperature metal-
water studies. During these investigations, a brief 
study was made of the thermal decomposition of flow­
ing steam on platinum, iridium, and nickel surfaces; 
these sludies were reported in .\XL-I)900, p. 244. 
a. MOLYBDENUM (1100 to 1700°C) 

Preliminary results of the reaction of molybdenum 
with steam were reported in .\XL-I)800, p. 33.5. Ex­
periments conducted in the range 1100-1700'^C showed 
that Ihe reaction followed a linear rate law. The velocity 
con.stani, expressed in gram atoms Mo/(cm") (min) 
varied from 0 X 10"' at 1700X' to 2 X 10"' at 11.30°C, 

To determine the effect of steam flow rate on the 
velocity constant, a series of experiments was per­
formed in which quartz tubes of differeni diameters 
were used with specimens of various diameters. The 
data arc presented in a plot of hydrogen evolved versus 
time for typical runs in Figure V-.5. .\n .Vrrhenius plot 
in Figure \'-li shows Ihal a tenfold change in flow rate 
causes a change of less than a factor of two in the 
velocity constant. 

The Arrhenius equations for the velocity constants 
as gram atoms Mo/(cm') (min) at three ste.am flow 
rates are as follows: 
at 4.7 liters/(cm"')(min) steam flow 

k = (G.58 ± 1..54) X 1 0 ' e x p ~ ' ' ^ ' ' ' ^ " " = ^ ^ ° " , (1) 
RT 

at 25 liters/(cm-) (mill) steam (low 

k = I 12.18 ± 1.791 X IO-' exp -•'^'^"00 ± •'̂ 00 , , ) 

at 51 liter.s/(cni-)(nnn) steam flow 

A = 128.0 ± 10.2) X 1 0 ' e x p ~ - ^ " " ' ' " " f ' ' ^ ° " . (3) 
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It is pertinent at this point to speculate on the 
mechanism of the molybdenum-steam reaction. In 
reactions between gases and solids, the usual sequence 
of proeiwses is collision, sorption, and reaction. When 
steam is pa.s.sed over a noble metal at temperaturra 
aliove 1.500°K, the products of the reaction are hydro­
gen and oxygen, and the e((uilibrium between water 
vapor, hydrogen, and oxygen is rapidly established at 
the temperature of the metal. The reaction of sleam 
with readily oxidizable metals .such as molybdenum, 
tungsten, and rhenium produces hydrogen and metal 
oxide, whereas the reaction with a less readily oxidiz­
able metal such as nickel produces some oxygen along 
with hydrogen and melal oxide. It seems logical to 
a.ssume that water vapor is dis.sociatively ailsorbetl on 
the metal jmd Ihal the resulting adsorbiil oxygen adds 
two electrons to form the oxide ion and subsef|uently 
the oxide. For the reaction of molybdenum with sleam, 

2 H20(g) -I- .Mo(c) ^ 2 H, -I- MoO,(c). (4) 

The .MoOj would offer a barrier to the diffusion of 
water vapor or oxygen to the metal and, if no other 
reactions took place, the rate law w-ould be jiaraliolic. 
However, MoO-j is rapidly oxidized to MoO^ and the 
trioxide is removeil as a v;ipor of .MoOn or its p<ilymers, 
or as the more volatile .MoOi(<)lI )2. 

.\loO(c) -b H,0(g) - ^ .MoO,(g) + n, (5) 

MoOj(e) -I- 2 11.0(g) - ^ Mo02(OH)2(g) -I- H. (f.) 

The :mioiin1 of molybdenum present in the MoO. 

TEMPERATURE, 
. I7D0 1600 1500 1400 1300 

lO^T-K 

108 7424 Kev. 
FIO. V - 6 . ArllipTiius Plot for the .Molybdenum-Steam Re­

action at Various Flow Rates. 

film w-oulil deix'iid on the relative rates of loss of 
dioxide by reaclions 5 and 0 and of formation of dioxide 
by reaction 4. Letting x represent gram atoms Mo, em-
fixed in the film al time /, we have, ff)llowing I.x>riers' 

dx 
k. 

dl - kidt <7) 

where kp is a piirabolic rate constant and has units of 
(gram atoms Mo/em' ) ' iniii"' and ki is a linear rate 
constant in units of (gram atoms Mo/cm') min"'. 
Since our experimental eur\-es are straight lines pa.ssing 
through or close to the origin, it is clear that the steady 
state wher« 

dx 0 and (x). kp kt (8) 

i-7li2l> 
Fid. \'-5. Reaction of Molyinlenum with Steam. 

is reached practically at once, and that the amount of 

I J. Loriers, Compt. r«nd. Ml . 522 (19501. 



192 V. Reaclor Safely 

220 

200 

180 

°- 160 

-5 140 

1 120 

UJ 
3 100 
0 

" 80 

0 
6 0 

40 

20 

/ 

1 
- / / 

- YJI 
- /// 

f 7 

1 1 

^ ^ E M P , ° C 

^ » 1312 
0 1650 
A 1504 
V 1240 
• 1375 
D 1593 

1 0 1392 1 

SAMPLE 
DIA, mm 

10 
5 
5 
5 

10 
10 
10 

Fi<i. V-7. Rpactioii df Hheniuin with Steam. 

molybdenum stored as MoOj film is negligible. Our 
observation of only a slight tarnish on the molybdenum 
metal supports Uiis hypothesis. The measured rate of 
loss of molybdenum from the .specimen under our con­
ditions is then given by the linear rate constant, kt , 
in (gram atoms Mo/''cm') min"' or (J^ moles Ha/cm^) 
mill . 

If the dioxide yields gaseous MoU:.{OH)2 as well as 
ga.scous M0O3 plus its polymers, the rate constant 
would be expected to be 

/,• = [:MOO,(C)] (H.0) [k, + k, (H.0)] (9) 

where [.Mo02(c)] represents the .surface concentration 
of active sites. 

The measured energy of activation has an average 
value of about .').') kcal/mole. It is of interest to com­
pare this figure wilh the enthalpy changes accompany­
ing reactions 5 and fi, respectively. Employing the 
heals of formation'' of the species involved in reiu'tion ."> 
one finds that A//s = 111 kcal/mole at l.'>00°t'. The 
.same c:ilculatioii cannot be made for reaction li at this 
temperalure because of lack of information about tho 
hydrate; however, an estimate can be made of AH^ at 
1000°K. Glemser and v. Haesler studied the reaction 

• C. E. Wicks irnti F. I']. Block, Bulletin 605, U. ,'S. Bureau of 
Mines, lOli.-!. 

'O . Ulemser and I{. v. Haesler, Z. anorg. allgcni. Chem. 
316, 108 (19112). 

at temperatures up to about 1000°K, and found Ai/,o = 
3.5.3 kcal/mole, 

.Mo03(c) 4- H20(g) -^ .Mo02(OH)2(g) (10) 

from which oiu^ obtains Alh = 47 kcal/mole at 1000°K. 

b. RHENIUM (850 to 1700°C) 

Although the oxidation of rhenium has been studied 
in air,''" no .study of the reaction of steam with rhenium 
has been reported. The reaction of rhenium with oxygen 
produced Ke.O;, which melts at 29f)°C and boils at 
3fi2°(' under 1 aim pressure. The reaction occurs uni­
formly over the surface rather than preferentially at the 
grain boundaries. 

For the present study rhenium metal with a quoted 
purity of 99.9% was obtained from Ibe Rembar Com­
pany in the form of rods .'> and 10 mm in dia. The prod­
uct melal had been sintered in hydrogen at 2700°C, 
compacted, cold swaged to finish size by 10"Tr reduction 
per pass, and process annealed in hydrogen-nitrogen. 
The final annealing was carried out at 16.")0°C in a 
hydrogen atmosphere. Spectrographic analysis at .Ar­
gonne showed only a faint trace of calcium (<0.0001 %) 
and a trace of aluminum (<0.001%). Sample speci­
mens were cut from the rods in 1-cm lengths, and 
3f o-in. dia. boles drilled by the Elox method for mount­
ing the samples in the field of the induction furnace. 

The rhenium specimens were heated inductively in 
flowing steam :it temperatures from 8.50 to 1700°C. 
The rhenium al the end of a mn was bright, but ex-
imiinalion of Ihe surface showed many small crystals of 
melal landomly orienlcd. IMols of the hydrogen evolved 
vs. time were linear. .\ comparison of the volume of 
hydrogen evolved with the weight loss of the specimen 
gave 3.41 ± 0.15 moles of hydrogen per gram atom of 
rhenium reacted. The stoicbiometric equation is thus 

2 Re(e) -t- 7 H^O(g) ^ Re^O,(c) + 7 H i . (11) 

The velocity constants calculated from the hydrogen 
evolved and from weigbl lo.ss agreed fairly well. 

The effect of flow rate is rather small. Figure V-7 
shows plots of Iiydrogen evolved vs. time for typical 
runs, and Figure V-8 shows an .Vrrhenius plot of aU the 
dala. .Mthough two least squares lines are shown on 
Figure V-8, all of the data can be represented by the 
equation 

k (0.9112 ± 0.384) exp - 29,800 ± 1,000 
RT (12) 

gram atoms Re/(cm'){min) 

• C. Ante, 
Mocrs, Z. lint 

H. Altcrtlium, K. Becker, C. Heyne and K. 
rg. allitcm. Chem. 196, 12fl (1931). 

' C. .-<iuis, C. M. Craighead and H. I. JalTe, Trans. A.I.M.E. 
7, 108 (19.55). 

•W. I.. Pliillip,s. ,lr., J. Less-ConuncMi Metals 6, 97 (19113). 
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This value of about 30 kcal/mole for the energy of 
activation may IH- compared with A//,ui,ijm.tion = 
33.-5 ± 0.1 kcal/mole for solid rhenium heptoxide at 
the m.p. 29<1°C.' This suggests the possibility that the 
rate-determining step is the desorption of Ihe oxide. 

c. TUNGSTEN (10.50 lo I700°C) 

Although the reaction of flowing steam with tungslen 
is similar in some respects to the reaction with molyb­
denum over the temperature range concerned, there 
;in' important differences. The oxide products are 
relatively hiss volatile I ban the corresponding niolyb-
dcniiin compounds. The presence of a liipiid phase 
around 14.50°C eoniplieates the kinetics. Two oxides, 
WMOSB and Wi,04., are formed which are less volatile 
and less readily oxidized to WOj than is WO2. .-Vbovc 
1.530°(:, WO2 disproportionales to W and W „ 0 „ .' 

The oxidation of lungslen by water vapor at 38 torr 
has been reported by Fiirber,' who measured the change 
ill electrical resisliim'C with time over the temperature 
nuige 17(X) 2000°K and found a value of 14.5 kcal 'mole 
for Ihe energy of activ:ilion. 

The tungsten used in these experiments was in the 
form of 5- and 10-nim dia. rods and was 99.9''; pure, 
both the .5- and 10-nini rods contained similar trace 
impurities, incluiling Fe, Cr, and Mo. The tungsten 
specimens were heated inductively in flowing steam at 
lemperalures from 10.50 lo HOO^C. 

The stoichionietry of Ihe reaction was established 
hy comparing the moles of hydrogen evolved with the 
gram atoms of tung.sten reacted as determined by 
weight loss. ,\lthough this ratio was 3.02 ± 0.04, the 
specimen at the end of a run was very seldom free of 
black oxide or nonadhering dark violet oxide, pilings 
from the .surface of the .specimen after a typical run 
near 1'200°C were examined by X-ray diffraction and 
were found to I'ontain WO. wilh WIOOM as a minor 
coii.stituent in addition to tungsten. Filings from a 
specimen after a run just above 1.500°C' were found to 
contain WisOn as a minor constituent in addili<iii to 
tungsten. 

There is considerable heal evolvi'<l when Ibe polislu'd 
metal initially reacts with .steam, but the temperature 
of the sample rapidly becomes constant. When a speci­
men is rerun wilboul polishing, the initial ri.se in the 
temperalure of the specimen above the control tem­
perature is absent, ami the rate of reaction is the same 

'W. T. Smith. Jr., B. K. I.iue, Jr., and \V. A. Bell. .1. .\m. 
riioTu. Soc. 74, 49114 |195;i). 

•B. Philip and L. b. Y. Chann;, Trans A.I .ME. J03, 1203 

(1%4). 
'M. Farlier, J. Elcctrochem. Soc. 100, 751 (1959). 
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as that of a polished specimen after Ihe initial piTlurba-
tion. How-ever, if Ihe tempei'ature of the specimen over­
shoots to 1.500°C, with a very rapid evolution of hydro­
gen, the sub.se(iuent drop in temperature to aliout 
1470'̂ C causes the evolution of hydrogen to decrease 
sharply. This decrease is due to the fact that, as the 
molten oxide solidifies, the coating liecomes imix'rme-
able to steam. Reaction does not continue normally 
unless the temperature is raised above the melting 
ixiint of WO, (1473T) . 

Ill spite of the fact that not all of the product was 
converted to the volatile trioxide or its complex with 
water, Ihe rate of evolution of hydrogen was constant, 
and the velocity constants, in gram atoms W/(cm') 
(mill) calculated from the weight loss agreed w-ell w-ith 
the velocity constants calculated from hydrogen 
evolution. 

Figure V-9 shows a plot of hydrogen evolved vs. 
time for typical experiments, .\ll data are summarized 
in an .\rrhenius plot in Figure V-10. 

The .Vrrhenius equations for the velocity constants, 
ill gram atoms W/ (cm") (miu) are as follows: 

http://ri.se
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for the temperature range 1050 to 14.50°C" 

-48,900 ± 1,000 , , „ . 
k = (1.688 ± 0..593) exp '—j^—' (13) 

for the temperature range 14.50-1700°C; 

1,700 ± 2,200 

TEMPERATURE, 
1500 1300 

k (0.282 ±0 .178) exp 
RT 

(14) 

If the reaction of tungslen with steam follows the 
path for the reaclion of molybdenum with steam, then 

2 H20(g) -I- W(c) <=• 2 Ho -b W02(c). (15) 

The dioxide would then be oxidized to WOj and would 
be removed as a vapor of WOa and its polymers, or as 
the more volatile W02(OH)2, via the reactions 

W02(c) + HjOtg) -^'-, WO,(g) 4- H. (16) 

and 

W02(c) + 2H20(g) . W02(0H)2(g)-I-H2. (17) 

As in the case of molybdenum, the measured reaction 
rate follows the linear law, and shows (1) that the 
steady state would be reached very quickly under the 
conditions used, and (2) that the amount of metal 
stored as dioxide would be .small. Assuming the dioxide 

10870.32 

108-703 
Fi(^ 

tion. 

IO*/T,'K 

V'lO. Arrhenius Plot for the Tuiigateu-.Steam Reac-

FlG. V-9. Reaclio of Tungslen with Steam. 

to be removed via both reaction 16 and reaction 17, 
the rate constant would be 

k = [W02(c)] (H2O) [/,-,. + A-,7(H20)], (18) 

where [W02(c)] represents the surface concentration of 
active sites. 

The measured energy for the reaction of steam w-ith 
tungsten over the range 10.50 to 14.50°C is 49 kcal/mole. 
It is of interest to compare this figure with the enthalpy 
changes accompanying reaclions 16 and 17, respec­
tively. I'siiig the heats of formation"* of W02(e) and 
W03(c), and the heat of sublimation of the trioxide 
from Glemser and Volz," one finds A//16 at 1,500°K to 
be 43 kcal 'mole. For the reaction 

WO:,(c) + H20(g) ^ W02(OH)2(g) (19) 

All is about 40 kcal/mole.'' " ' '• From this value and 
the heats of formation, AHn at 1.500°K is estimated to 
be 41 kcal/mole. It may also be mentioned that Bat­
tles' ' ' investigated the rate of volatilization of the 

'» J. P. Coughlin, Bulletin 542, U. S. Bureau of .Mines, 1954. 
II O. (llemser and H. C. Viilz, Naturwiss. 43, 33 (1950). 
" ( 1 . R. Bellon and R. I,. McCarron, J . Phvs. Chem. 6», 

1852 (1904). 
i^J. E. Battles, llocloral Dissertation, Department of 

Metallurgical Engineering, Ohio State University, 19IU. 
I' J. E. Battles, M. Sc. Thesis, Department of Metallurgiral 

Engineering, Ohio State University, 1901. 



A. Metal-Water Reaclions 19.5 

trioxide in a flowing mixture of argon and water vapor 
and found the energy of activation to be 40 kcal/mole. 

In a recent paper, Bartlelt ' ' has proposed thai the 
reaction between oxygen and tungsten, below 2000°C, 
proceeds by the steps 

I. s/W 4- H 0 2 i = 2 s / W — O 

TABLE \-\. TRACE IUPVRITIES IN NIOBIVII 

2. s / W - O -f >^ O2 i=! s/W( 

3. s/W^ — WOjIg) 
\ l 

O 

(20) 

4. 21 8/W<̂  1 -^ WO,(g) + s/W—O 

where s/W indicates an uncovere<l surface site, and 
s/W—O indicates a covered site in a monolayer of 
ehemisorbed oxygen atoms. .\t low pres.sures, about 
equal amounts of W02 and WOj would form, the 
proportion of the latter increasing wilh increasing 
pressure of oxygen. The aelivation energy for the 
oxygen-tungsten reaction found by Kartlell was 42 
kcal/mole. .Mthough there was discoloration of the 
tungsten rods in bis experiments, he believed the sur­
face film to have formed on cooling. 

In view of the results in Ihe present study, it appears 
that in the reaction of water vapor and tungsten there 
is an initial, rapid reaction with the bright metal, 
lu'cmnpanied by evolution of beat. During this initial 
reaction a film of oxide is foriii«l on the surfaci' of the 
melal so that if the specimen is reused without iKilishing 
a steady rise of control lemperalure occurs, wilh no 
iivershool. This phenomenon is readily reproducible. 
The hypothesis that a ihin layer of lower oxide is 
fiirninl appears, therefore, to be more tenable in the 
rase of the reaetion of water vapor with tungsten than 
does the scheme proposwl by Bart let I for the reaction 
of oxygen with tungsten. 

.1, NIOBIUM (10.50 to I.SOO C) 

Ulackburn"' has shown Ihal when niobium is oxidiziKl 
hy water vapor, beginning at 2.50°(' a film consisling 
of .\bO and Xbt). grows on ihe surface of the metal, an 
outer scale of porous Xh02 is formed up to 7.50°C, 
whereas NbjOs begins to form betwwn 7.50 and >)00°C. 
Graphs of log weight loss vs, log time indicate a p;ira-
bolie rate law-, U'" = kj, for the temperature range 
2,50 to 3.50°C; between 400 and 7.50°C the data can be 
titled to a cubic law, IF' = /,-,/; and between 7.50 and 

Element 
(ppm) 

Ag < 1 . 5 
Ba < 0 . 3 
Be <0.01 
Cd <1 .5 
Co < 5 

Element 
(ppral 

Cr 5 
Cu < 2 
Ga <D.5 
Hf <1 .5 
Mn < 0 . 2 

Element 
(ppm) 

Mo --8 
Xi < 1 . 5 
P <50 
Ni < I . S 
Sn < 5 

Element 
(ppm) 

Ta 15 
U < 5 
W 2S0 
Zn < S 
Zr 5 

'» R. W. Bartlett. Trans. A I M K . 230. 1100 (19(>4). 
' •n. E. Bliu-khuni, J. Klortn.chem. S..r. 109. 1142 (\mi). 

yOO°C the *̂lope of tin- plol d o o not indicate eillier 
category. Analogous observations have b<'eii niadr for 
the reaetion of niobium with oxygen' ' ' ' except that 
the bK'ginning of the NbiO^ formation takes place IM*-
Iwcen 400 and 500^C' a.s compared lo 7.*')0-i»00°(' for 
the reaction of niobium with water vapor. 

NbO and NbO; were picpiired and treated with water 
vapor by Blackburn.' For NbO at .")00°C, the oxidation 
followed a linear law, but NbO^ showed no weight gain 
until heattnl to 900°(' when oxidation took place with a 
rate that increased wilh time and finally Ix'came con­
stant. This process was interpreter! as the iM'ginning of 
breakaway oxidation by the inicleation and growth of 
N'biOs on NbO;, with the Nl>20s growing through the 
XbOa . Since Ihe rate of growth for NbjOt is greater 
than for NbOi-, the latter pha.se is eventually oxidized 
to NboO^. 

The purity of the metal u.-̂ cti in the present investiga­
tion was UU..")*,"; and the impurities observed by sp<'clro-
graphic analysis are listed in Table V-1. The niobium 
samples wcr<' cut in lengths of 1 cm from ')- and 10-nmi 
dia. rtMis and polish<tl by abrasion with 1100 grit silicon 
carbide paper. Specimens were heated inductively in 
flowing sleam*al temp«'ratures from ICV) to 1.'>00°C. 

Analysis of the gas evolved indicated hydrogen and 
water vapor; X-ray analysis of the coating showed 
only 0 Nl>206 ; and a compari.-^)n of the moles of hy­
drogen evolved to the gram atoms of niobium reacted, 
as determined by the weight increa.-^e, was 2.57 =t 0.10. 
This corresponds to the stoichiometric e(iuation 

2 Nb -V .-) H.O -» NM)4 -)- 5 H i . (21) 

The rale law is es.senlially linntr after a brief ( ^ 2 
min) induction period during whieh time the gas 
evolution is somewhat low {Kigure V-11). Kigure V-12 
gives the Arrhenius plot of the linear rales for both the 
5- and 10-mm dia. samples. The corresponding equa­
tions for velocity constants as gram atoms Nb/ (cm' ) 
(min) are lus follows: 
for o-mm dia. rods and \h liters/(cm') (min) steam 
flow, 

k = (0.<14 i t 1.114) exp g^= , (22) 
K1 

'^T. Hurlen. J. Iiist. Metala 88. 273 (1961). 
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and for lO-nini dia. rods and 25 liters/(cm') (min) 
steam flow, 

k = (2.000 ± 1.200) exp 
-31,500 ± 1,800 

RT 
(23) 

In the experiments conducted at temperatures be­
tween 1475 and 1500°C the oxide coatiiig melted and 
there was some pitting of the specimens. When the 
melted oxide was resolidified, the evolution of hydrogen 
practically stopped. When the temperature was raised 
again above the melting range of Nb206 , hydrogen was 
again evolved. Above l.")00'̂ C' the rate of evolution of 
hydrogen was too fast for measurement vnider our 
experimental conditions. 

The fact that NbO and NbOa are not found in these 
experiments is not a contradiction of the icsulls of 
Blackburn."^ Under our conditions NbOa would be 
completely oxidized, and the XbO film would be too 
thin for X-ray identification. Dvu'ing the induction 
period reaclions, the formation of NbO and Nb02 will 
have reached a steady slate with very little if any 
Nb02 remaining and only a Ihin coating of NbO. The 
rate determining step may be the niu-leation and 
growth of NbjOfi. When the NbOs is completely re­
acted, the oxide coating will be more permeable to 
oxygen and the overall rate of the niobium-st-eam reac-

I0"5 

108-7777. Rev, 2 
Fir., \''-12. Arrhenius PIi>t fur the Niobium-Steam Reac­

tion. 

TABLE V-2. TRACE IMPURITIES IN TANTALUM 

Element 
(ppm) 

Ag < 1 . 5 
Ba < 0 . 3 
Be <0.015 
Co <1 .5 
Cr 3 
Cu <2 
Fe 20 
Ga <0 .6 

Element 

Hf 
In 
Zr 
Li 
NI 
Ni 
P 

(ppm) 

<1 .5 
< 1 . 5 
<1 5 
<0.II15 

;i 
< 1 . 5 

<60 

Element 
(ppm) 

Pb <1 .5 
Sb <15 
Sn <n 
Ti 1 
r <ii 
\ 1.5 
W < 3 

linn will become constant. Since our experiments with 
watei- are at constant steam pressure, the oxygen con­
cenlralioii would also lie constant at constant tempera­
ture. 

e. TANTALUM (9.50 to 1300 C) 

Although an extensive study of the oxidation of 
tantalum by oxygen over the temperature range liOO to 
i;!00°(' has been carried out hy Kofstad,'* no data on 
Ihe oxidation of lanlalum by steam have been reported. 
In bolh ca.ses, the oxide product is 0 Ta.Oi below 

'• P. Kcifstad, J. Loss-Coniniori Metals 6, 477 (1983). 
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I'iOO'C and a TaiOn above that temperature, and in 
Ijoth ciLses the reaetion above l:iOOX' is too fast for 
iiieasureineiit. 

The specimens ased in the present study were 1-cm 
long cylinders cut from '>- and 10-mm dia. rtxls of 
taiitaluin of ili).il% purity. Table V-2 lists the impurities 
found by spectrographic analysis. The specimens were 
descaled wilh liOO grit silicon carbide paper before 
heing healed inductively in flowing steam al leinpera-
iiirrsfroinil.'iO lo KitxrC. 

Although Ihe oidy oxides idenlified by X-ray analysis 
were tf TaaClg (low temperature form) and a Ta.Os 
(high temperature form) and the only gaseous pro<luct 
wa,s hydrogen, it was not possible to establish the 
stoichionietry firmly from Ihe ratio of the moles of 
liyilrogen formed lo the moles of TaiOs calculated from 
llic weight increase. The ditficulty was due to the fact 
llial tantalum reacted with the aluminum oxide sup-
imrt, and it was not always possible to remove the core 
of -VlaO;,. In some ea.ses the oxide coating cracked off 
on cooling and a reliable weight eould not be obtained. 
In a few cases, these difficulties were overcome and the 
ratio found was between 2..") and 2.(S. 

Figure V-1.'? shows typical plots of the volume of 
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lion (Par;il)oIir Portion). 
itatinn ,Stcatn Heac-

hydrogen evolvixl vs. time for the reaclion of tantalum 
with steam. The reaetion is para-linear, i.e., there is 
agrivment with the paralxilic rate law for the initial 
portion of the run, after which the reaction becomo 
linear. I'igure V-14 presents an .\rrheniiis plol for the 
paraliolic rate constant determined for the initial por­
tion of the reaction in terms of the liyilrogen evolved. 
The data fit the equation 

i4.4!l ± 1.07 I X 10' exp 
:{4,700 ±2,.'i00 

RT 
(24) 

.V similar plol for the linear |iortion is presented in 
Kigure X'-l."*. The similarily of this plol to the experi­
mental plots of Kofstad'^ anil the formulations of Oiig^ 
for the oxidation of tanluhim in oxygen lead one to 
look on water vapor as a buffenxl source of oxygen. 

'• P. Kofstad, J. Electrocheni .-loc. UO. 4W1 (ISHii). 
" J. N. Ong. t-r.. Trans. A.I.M.E 224. 991 (19fi2). 

file:///rrheniiis
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controlled by the hydrogen-to-water vapor ratio. The 
initial step in this process would be the dis.sociative 
adsorption of water vapor 

H / K g ) ^ H j O t a d s ) 

11./)(ads) -I- 2 e ;=> H2(g) + 0"=(ads) (25) 

0" ' (ads) 4- .M+ i=! .M oxide. 

These reaclions would be followed by nucleation, as 
postulated by Kofstad. The marked increase in rate of 
reaction near KIOCC may be as.sociated with the transi­
tion of T a j O i " ' ' from the low temperature to high 
temperature form. This transition is reported to occur 
at i;i20 ± 20°C;.̂ '" However, Kofstad" has found a 
TazOs at temperatures as low as 1200°C' at an oxygen 
pressure of 0.01 torr. The oxygen pressure from the 
dissociation of water would be dependent on the hy­
drogen-water ratio and would be much lower than 0.01 
torr if equilibrium with TajOs were established. 

" S. Lagergren and A. Magneli, Acta Chem. ,Seand. 6. 444 
(1952). 

" R. W. Wasilenaki. J. .Km. Chem. .-^oe. 76, 1001 (1953). 

, Studies of Metal-Water Reactions by the Laser Heat ing Method 
(L. L E I B C I W I T Z , L . W . M I S H L E R , P . W. K R A U S E ) 

Experimentation is continuing on the application of 
laser beam heating to studies of rates of chemical 
reaction and heat transfer between individual metal 
particles and water. Using a simple lens, the beam 
from a ruby laser is focused on a small particle of 
metal submerged in water. The almost instantaneous 
heating of a metal particle simulates the rapid con­
tacting of water with heated metal that would occur 
in a violent excursion in a water-cooled nuclear reac­
tor. Analysis of reaetor accidents rec]uires information 
on the rate of exchange of both chemical and thennal 
energy between the metal and water. The laser heat­
ing technique was develojied to allow the study of 
single metal particles of known size and the use of 
materials which cannot readily be examined by other 
methods. 

Since the experimental in'occdnrc used in laser heat­
ing studies has already been described in detail I ANL-
6800, p. 327), only an outline of the method is given 
here. A small square of metal foil Itypically, 1 by 1 by« 
0.02.5 mm) is submerged in water in a quartz reaction 
cell which has optically flat windows on the to|i and 

bottom. The system is degassed and sealed. Unless 
otherwise specified, the cell is at room temperature 
when the run is carried out. The metal is then heated 
by the focused laser beam, and the extent of reaction 
is determined by the (lUantity of hydrogen produced. 
High speed l.'iOOO frames per second I motion pictures 
of the process and examination of the residues give 
additional information. In much of the work to be 
re|iorted, motion pictures were taken through the top 
window of the cell without the use of external lights. 
The only light that was available was that from the 
laser pulse and then from the sample whieh was made 
luniinous by the laser pulse. The duration of the laser 
pulse x'aries with energy, but in most of these experi­
ments was about 1 msec. From these films, measure­
ments were made of the time of luminosity, which 
corresponds roughly to the time required for the sam-
lile to cool to l.")00°K Usee .\Xl.-(i2.57, p. 26). We have 
concenti-ated on studying the aluminum-water reac­
tion and summarized below is the information now 
available. In all ca.ses single particle residues were 
proiliiced. 



A. Metal-Water Reactions 199 

o: 6 

1 

0(3I) 

1 

0(36) 

0(29) 

0(97) 

1 1 

0(26) 

(27) 
0(95) O 0(91) 

1 1 1 

0(43) 

1 1 

O(40) 

1 

108-M3i; 
Fn;, V Hi. AliMiii inn Walcr Re 

Mirc Water, (I'article diameler: 3IKl;i. Run numbers shown in parentheses.) 

20 25 3 0 35 4 0 45 5 0 

LASER OUTPUT ENERGY, joules 

: Variation of Percent Rcaetioit with La^er Output Etierg>' for .Samples in R(»oiii Tenipera-

a. KFFECT OF LASER ENERGY 

I'sing 1 by 1 by 0.02.") mm ])ieces of aluminum foil 
(360/i equivalent sphere fliameter* I, ex|iei-iinents were 
carried out over a laser output range of 10 to 49 joules. 
The extent of aluminum-water reaction, calculated 
from hydrogen analyses, i-anged from 6 to l l ' r with 
an average of 8,2';. The a\erage dc\'iation was about 
20';;. 

Plotted in Figure \ '-16 are the <lata from these ex-
poriincnts. .Mthough the data show considei-able .sciit-
Icr, it is exident that in this energy range the extent 
nf reaction is independent of laser beam energy. The 
miiiihei-s in parentlu-scs are run nunibei's and indicate 
till' order in which these experiments were carried out. 
It would, of course, be expected that at sulHcieiitly low-
laser energies no reaction would occur, .\lthough the 
liircshold energy was not iletermined for the 360p 
nartides, a low energy threshold of 20 joules was ob­
served in nieasurenients with "H.'I/J particles. Below an 
cnei'gy of 20 joules no reaction could be detected while 
above that energy roughly 10'; reaetion occurred. . \ t 
energies greater than about 40 joules, sample breakup 
occiirreil with the ,'i7.V particles. 

I). EFFECT OF PARTICLE SIZE 

The particle size range that could be investigated 
liy the laser method was \ery narrow. With very small 
amounts of metal, difficulties in hydrogen analysis 
anil sample handling were encountered; with very 

• In the discussion that follows wc will frequentl.v refer to 
tile sample size hy the diameter of a sphere of equal volume. 
It aliiiuld he rememliered, however, that all samples were 
iniliall.v foil squares. 

large samples, insufficient la.ser jiower was available 
to achieve adequate heating. The results for the three 
particle sizes which could be studieil are given in 
Figure V-17. The vertical lines through each point 
indicate estimated reliability (±25 ' ' ; I. The calcu­
lated line in the figure indicates percent reaction if one 
assumes that a 7/i-layer of aluminum reacts on each 
pai-ticle. The data are too limited to allow the general 
conclusion that the extent of reaetion is equivalent to 
the reaction of a 7p surface layer of aluminuni, al­
though this does describe the obserx'ed liehavior over 
a limited particle size range within the aeeuracy of 
the data. .Such a reaction is considerably greater than 
that expected from calculations based upon isotheniial 
measurements at lowi-r temperatures by the levitation 
method ." 

If the 7p reaction hypothesis is correct, it would be 
necessary to use particles in the .50 to lOO/i dia. range 
to achieve reactions extensive enough for results to 
be clearly outside experimental uncertainties. Extents 
of reaction preilicted on this basis would be ,5,5 and 
40'; for ,50 and iOOp particles, res|ioctively. Such small 
samples cannot be handled in the present ex|>erimental 
melhoii. 

e. EFFECT OF WATER PRESSURE 

In addition to the effects of la.^er energj* and speci­
men size, the effect of elevated water pre.s.sure (and 
temiierature) on the aluminum-water reaetion was 

•• rnpublished ealeulatiuD hy L. Baker based on the kinetic 
studies of aluminum-steam reaetion rates hy R. E. Wilson 
(see .\NL-I1900. p. 233) indicate that less than K ; reaetion 
would l>e expected in this range of particle sizes at tempera­
tures below 1750°C. 

file:///lthough
file:///NL-I1900
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examined. It was shown above that in the range of 
laser output energy between 10 and 49 joules an ap-
Iiroxiinately constant extent of reaction was founil in 
room temperature watiT. When similar experiments 
were carried out in a reaction cell heated to 100°C ( 1 . 
atm water pressure) the results shown in Figure V-18 
were obtained. The straight line at 8% reaction repre­
sents the average value for the runs in water at 2,5°C. 

In water at 100°C, there was a sharp change in the 
character of the ju'ocess at about 40 to 45 joules, 
lielow 40 .joules, the extent of reaction was negligible; 
aboic 4,5 joules, coin|ilete metal-water reaction oc­
curred. These results indicate that there is a transition 
in the reaction mechanism between 0.03 atm wat«r 
pressure |2,5°C) and 1 atm water pressure |100°C), 
Three runs were attem]ited at a water pressure of two 

file:///luininum-Water
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alinospheres (120°C) using 360p particles. In two 
runs at 1.5 and 26 joules energy input, no reaction oc­
curred ; in one run at 32 joules, the extent of reaetion 
was 83'X and particle breakup was observed. It was 
not possible to locate the threshold energy at 2 atm 
because of the complication introduced by particle 
breakup. 

Four runs were carried out to test the |io.ssibility 
that heating the metal in water prior to the laser ex­
posure might effect a change in the metal surface and 
thus reduce the extent of reaction at low energies. 
Cells containing aluminum specimens were heated to 
100°C, held at that temperature for about five minutes, 
then cooled to room temperature before performing 
the experiments. The results of these experiments are 
listed in Table V-3. The average I'alue for the extent 
of reaction is somewhat higher than the average value 
of about 89; reaction for luns in unheated water, but 
it is I'lear that preheating of the metal surface was not 
responsible for the eflccts observed in runs in 100°C 
water. 

d. REACTION TIME OF ALUMINUM PARTICLES 

From (lark-field liigli-s]»eed motion pictures of the 
reaction process, using 3(i0/i |iarticles. the time interval 
was determined between the end of the laser pulse 
and the time that the aluminuni sanqile cooled suffi­
ciently .so as not to be visible on film. The threshold of 
visibility on the high speed film is about 1.500°K Isee 
AM.-()2.57, p. 26). When the extent of the aluminum-
water reaction was about 100';;, the average time of 
sample luminosity was 166 msec laverage deviation 
6%l. When the extent of reaetion was low lin the 
range of 0 to 18^;), the times of luminosity varied 
considerably, but a trend was obserxed whieh indi­
cated that the time of luminosity increased with the 
extent of reaction. \\ 'e have grouped the values for 
comparison as follows: 

IVneiil reaclion 0 0 lo 7 12 lo 18 100 
Average time of luminosity (msec) 7 5 15 llili 
Number of runs 3 3 li 5 

The long brightness time 1 — 166 msec I ob-̂ ^erved for 
complete reaction is .significant. .\ comparison of lumi­
nosity times suggests that a reaetion which goes to 
completion is not necessarily more rapid, but merely 
longer. In the experiments conducted thus far, com­
plete reaetion has occuried only in 100°C water at 
liigli laser energies (>40 joules I. 

e. APPEARANCE OF RESIDUES 

Figure V-19 shows the appeaiance of three 360fi-dia. 
particles after reaetion at 1 atm water pressure 
U0O°C) at various laser energies. The sample in 

TABLE A'-3. EFFECT OF HEATING .ALCMINCM PARTICLE I.V 

WATER TO 1 0 0 ° C FOB F I V E M I N C T E S PRIOR TO P E R ­

FORMING LASER HEATING EXPERIMENT AT 2 S ° C 

Particle si!e: )60p 

Run Number 

101 
102 
103 
104 

Laser Output 
(Joules) 

33 
33 
24 
24 

Percent ReactioD' 

16 
4 

18 
14 

' Extent of reaction for runs nvoraKP at 25''C without prior 
heating: 8.2 ' ; . 

Figure V-19a was exposed to a laser energ\' of 39 
joules (no reaction); the sample in Figure V-19b, 44 
joule^i (13^? reaction); the sample in Figure V-19r. 46 
joules (97Vc reaction). The appearances of all three 
residues are characteristic of samples having similar 
extents of reaction. Thus, we see at the lowest energ>' 
a sample which is not uniformly spherical; at the next 
higher energ>', a sphere which is probably oxide 
coated; an<t at the highest energ>' a hollow, broken 
sphere of oxide. Occasionally, samples which have 
reacted to the extent of about 7 to lO^'c resemble the 
sample in Figure V-19a, but more often they resemble 
the sample in Figure V-19b. Several 575^ samples 
showed a surface skin which was not completely con­
tinuous; metal could be seen in several places. An 
example of this is shown in Figvne V-20. This obser­
vation supports the idea that there is actually an 
oxide fdm covering the samples. The sample shown in 
Figure V-20 had reacted to about 12^'< in 25°C water 
after a 41-jou4t' laser pulse. 

Another, more unusual, oxide fonnation is shown 
in Figm'e V-21. This sample, a o75/i particle, gave 9*̂ * 
reaction in 2")°C' water after a 20-joule pulse. The 
oxide is forme<l, at least partially, in discrete mounds. 
Whether or not a continuous film also exists over the 
])article surface has not yet been detennined. 

Microscopic examination of polished sections of 
aluminum samples which IKUI unclergone reaction with 
water failed lo reveal any oxide film of the type found 
with zirconium (see AXL-t)9(K). |>. 252). Two examples 
of sections of 360/x particles whirh had been reacted in 
25°C water are shown in Figure V-22. The laser ener­
gies and extents of reaction are 29 joules, 7^e reaction 
for FigiuT V-22a and 42 joules, ll*^ reaction for 
Figure V-22b. In preparation for microscopic examina­
tion the samples were polished with MgO and then 
treated with Keller's etch ( 1 ' ; HF. l.o'^c HCI. 2.5rc 
HXO;{ in water). Samples of partially reacted alumi­
num were frequently found to contain voids of var>-ing 
size. However, it was not iwssible to distinguish an 
oxide film. Microscopic examination of sections of 
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large aluminum sam|)les wliich were obviously oxide-

coated gave similar results, i.e., no distinguishable" 

oxide film was observed. More elaborate techniciui's 

for revealing an oxide film, for example, tecliniques 

involving evaporation of an aluminum fihn on the 

Particle Diameter: 575^ 
Water Temperature: 25°C 
Laser Output: 20 Jnules 
Percent Reaction: i> 

ou t e r oxide surface before sanijile p i v p a i a t i o n . were 
not a t t empte i l . 

\ 'ery careful microscopic examination of the sur­

faces of many samples revealed, in a number of cases, 

thin flakes of oxide-like material peeling from the 

metal surface. 



A. Metal-Water Reactions 2a3 
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27 
43 

Laser Output 
(Joulesl 

29 
42 

Percent Reaction 

11 

In summary, typical results of aluminum-water 
relictions in which the metal .specimens were heateil liy 
laser bejmis were as follows: 

1. partial reaetion (~10 ' ; I produces spherical par­
ticles often with voids and with an oxide skin. 

2. complete reaction produces hollow oxide shells. 

(. DISCUSSION 

Ominn the perio<l of heating liy the laser beam, it 
would not lie expected that the aluminum could be 
heated above its boiling point. In Kigure V-23. the 
vapor pressure of ahmiinum is plotted as a function 
of temiierature between 0.03 atm Ithe vapor pressure 
ol water at 2,")°t'l and 1.0 atm tthe vapor pressure of 
water at l(IO°t"l. The vapor pressure plot was ob­
tained by extrapolation of the vapor pressure equa­
tion of Brewer and Searcy,-'' who made measurements 
up to about iri80°C. Thus the boiling point of alumi­
num in 2o°C' water is about 19tXl°t', whereas the nor­
mal boiling point of aluminum land the boiling point 
in 100°C water) is about 2480°C'. The melting point 
of .\U|1., is 2tl30°C". The information obtained from the 
extrapolated data suggests a reason for the differences 

in results ob.ser\'ed in exiieriments carried out with 
water at 2'i and 100°t'. If it is assumed that at high 
laser energy the metal is heateil to the boiling |ioint in 
both 2.i°C and UXrC water experiments, then in 2.5°C 
water there i#a soliil oxide film enclosing a mixture of 
aluminum and vapor, wherias in 100°C water the 
oxide film is a liquid. If the rate of reaction is con­
trolled by a diffusion process through the oxide layer 
the rate of diffusion would be expected to be greater 
through the liquiil oxide and hence the rate of metal-
water reaction would also be greater. 

The influence of the physical state of aluminum 
oxide has also been noted in other work. The impor­
tance of the oxide melting point to aluminum combus­
tion in flames has been discussed previously.-*- -•"' 
Freidman and Macek studied the ignition of 10 to 74p 
dia. aluminum particles in flames and showed that the 
ignition temperature of 2300°K was not sensitive to 
changes in particle size. The ignition delay depended 
on the time needed to heat the particles to 23(X)°K. 
Bartlett et al. considered burning times in flames of 
15 to oOfi dia. aluminum particles. For a model they 

" L. Brewer ; 
(1951). 

ill .\. W. ,-*e!ircy. ,1. .\m. Chem. S.ic. 73, ilOS 

** R. Friedman and .\. Mafek. Combustion and Flame 6, 9 
(1962). 

" R. W. Bartlett, J. X. Ong, Jr., W. .M. Fassell. Jr.. and C. 
.\ Papp. Comliiistion and Flame 7, 227 (19(131. 
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108-8579 
F I G . V-23. Vapor Pressure nf Alumiiuini Ivxtnipnlated from 

Data of Brewer and Searcy.^^ 

assumed tliiit molten metal at its boiling point is 
surrounded by an expanded shell of molten oxide, the 
rate of oxidation being determined by diffusion through 
the liquid oxide. It is likely that this model applies to 
our ex|)eriments at high pressure. Both groups of in-
\'estigators found hollow spheres of oxide residues 
similar to those shown here in Figure V-19e. On the 
basis of the above model, the appearance of the parti­
cle shown in Figure V-21 can be understood. The dis­
crete mounds of oxide could result from escape of 
aluminum vapor through cracks in the oxide layer. 
(The oxide layer was a solid in this particular experi­
ment.! The low extents of reaction in 100°C water 
may be attributable to altered heat transfer charac­
teristics at the higher pressure. 

We are beginning to examine the molten oxide 
mechanism in quantitative terms. We are also con­
sidering how the proposed mechanism will effect (1) 
intei'iiretation of data obtained by other experimental 
methods and (2) interpretations of reactor accidents. 

Future studies by the laser method will investigate 
the eH'ects of pressure on the aluminum-water reaction. 
Experiments will be performed in water at 25°C with 
an o\er]iressure of 1 atm of inert gas to determine 
whether the reactions which occur at 1 atm water 
vapor are the result of water vajior pressure or total 
gas pi'essure. Exjieriments will also be performed in 
water at 181 °C I vapor pressure, 150 psia) in a new 
metallic reaction cell whieh is now under construction. 

4. Studies in TRE.\T of Uranium Dioxide Fuel (U. C'. LIIMATAINEN, F . J. T E S T A ) 

Experiments w-ere continued in TREAT to investi- of unclad VO-^ fuel s|iccimens under eonditions simu-
gate the safety problems associated with the behavior lating a power excursion. Results of similar studies 

T.^BLE \ '-4. llEsii.Ts OF TREAT EXCERI.MENTS WITH U.\CI.AI> (IXIDE F C E L PELLETS .^I BMEROED IN W.\TER 

ll'ii(cr initially at room temperature 
Initial helium overpressure of 20 psia 

Fission 
Energy 
Input 
(cal/g) 

.\diabatic 
Temp. 

(°C) 
CF.N Run No. 

TREAT Characteristics 

Period 
(msec) 

Int. Power 
(Mw-sec) 

Results 

Appearance of 
Specimen after 

Transient 

Mean 
Particle 
Diameter 

(mils) 

Hydrogen 
(kneraled 

lml(STP)/g 
Uftl 

(Pure UOi Fuel Pellets: 11,21^^ enriched, ĝ in. dia., ' i in. long) 

223 
409 
775 

2700 
3300" 
33(KI" 
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78 
74 
43 

248 
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8(il 

Fragmented 
Particles 
Fine particles 
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14 
fi 

5.7 

Hi.9 

(.Mixed Oxide Pcllcis: K1.5 w/i. ZrO, , 9.1 w/o CaO, 8.7 w/o U , 0 , , 0.7 w/o AbO, , 93c; enriched, is in, dia.. 

340 Two large I 190 
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0 

' Vaporization temperature. 
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with Zircaloy-2 clad and stainless steel-clad oxide-

core fuel pins were summarized in a previous report 

(ANL-6900, p. 254). As in previous studies, the unclad 

UOz specimens were exposed to TREAT transients 

while submerged in water at room temperature. The 

objectives of the .studies were to determine: (1) the 

extent of reaction of UO; with water at temperatures 

in the range 2000 to 3300°C, and (2l the degree of 

fragmentation of UO; , in the absence of metal clad­
ding, as a function of the integrated jiower of the 
reactor excursion to whieh the UO; was subjected. 
The results of the exjieriments with unclad fuel speci­
mens are summarized in Table V-4. Figures V-24 
through V-27 show the oscillograph records of the 
transients, the ajipearance of the fuel after the tran­
sients, and the jiarticle size distributions of the resi­
dues. The [larticle size determinations were accom-

Oscillograph Record 

Fuel Pin after Transient 

-INTEGRATED POWER 

AUTOCLAVE TEMPCRATOBE ^ A U l o t L A V t i t ^ i P t w A i U w t 

• " • ^ • . 1 . : 

- *UTOCL*vE PBCSSURE 

_1 L 

»? 

Particle S ize Distribuiion 

10S-S,5SOA 
F i n . V-24 . VO: Fue l Pe l l e t After T R E A T Trans i en t C E X - 1 8 9 . (223 cal g l " 0 , .) 
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Oscillograph Record 

Fuel Pin after Transient 

-UOz TEMPERATURE 

- I N T E G R A T E D POWER 

Particle Size Distribution 

4 6 12 28 66 132 250 
DIAMETER, mils 

108-8S81A 
Fill. V-25. UO: Fuel Pellet After TREAT Transient CEN-188. (409 cal/g UO, .) 

plished by sieving and the results reported as the 
Sauter mean diameter, dai- .* 

The extent of reaction of UO; with water was com­
puted from the amount of hydrogen evolved, as de­
termined mass spectrometrically. A transient which 
caused partial melting of UO; (2700°C) produced 
about 6 ml H; (STP)/g UO; , corresponding to a 
calculated average final composition of U0;,o7 • More 
energetic transients whieh brought UO; into the 
vaporization region (3300°C) resulted in the evolution 
of about 17 ml lb. (STP)/g UO; (calculated average 

*d„ 
T.n.d.' 

niiinhcr of particles with diameter, d, 

composition, UOo.ig) as shown in Figure V-28. X-ray 
diffraction analyses indicating final compositions of 
UO;,i; to UO; 17 givc suppoct to the hypothesis that 
UO; is reacting with water. 

The results of the experiments with unclad UO; have 
led to a reexamination of the data from jirevious studies 
with Zirealoy-2-elad .and stainless steel-cl.ad UO;-eore 
specimens. At this time, it appears likely that some 
of the hydrogen released in these experiments resulted 
from UO;-water reaction rather than metal-water 
reaction. The extent of reaction of metal-clad UO; 
with water is difficult to assess because of differences 
in exposure of the UO; to water in the two types of 
experiments. In exjieriments with unclad UO; , the 
specimens were in direct contact with water for ex-
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FIG. V.2C. UO; Fuel Pellet After TRE.\T Transient CEN-191. (775 cal/g UO, .) 

tended jieriods of time jirior to the TRE.AT transient. 
Breakup jirobably occurred early in these exjieri­
ments, and contact with water was continuous through­
out the transient. In the exjieriments with metal-clad 
specimens, the oxide core contacted water only after 
the cladding material failed during the transient; in 
cases where the cladding remained intact, there was 
no contact of UO; with water. 

For purjioses of evaluating the jirei'iously reported 
data (.\NL-6900, p. 2,T4I. the exjieriments are divided 
into four general types, and the probable effect of the 
UO;-water reaetion on each type is discussed: 

(1) In exjieriments at low energies, in which the 

cladding material remained intact, the UO;-water 
reaction could not occur. 

(2) In exjieriments in which metal-clad U(l;-core 
specimens were heated into the melting region of UO; 
|2700°C), it ajijiears that the UO;-water reaetion did 
not occur to an appreciable extent, and the metal-
water data, therefore, remained virtually unaltered. 
(Under the conditions of the exjieriments, contact of 
UO; with water occurred only after cladding failure, 
and core breakup was ineomjilete.) This conclusion is 
supported by results of TRE.AT experiments with 
metal-clad, mixed oxide-core fuel pins heated to 
2700°C. The mixed oxide core has the composition 

file:///NL-6900
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Oscillograph Record 
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81.5 W/O ZrO., 9.1 w/o CaO, 8.7 w/o UaO^ , 0.7 w/o 
Al20;j. All of these oxides are known to be inert to 
steam. With niotal-ohul mixed oxide-eore pins, the 
extent of hydrogen evolution was similar to that of 
metal-clad, UOn-eore specimens, thereby indicating 
that little or no hydrogen was generated by reaction of 
UO2 with water under tliese conditions. 
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I3l In experiments in whieh metal-clad UOo-core 
g|)ecimens were heated into the region of incipient UO™ 
vajiorization (about 400 cal/g UO-I, some UOv-watcr 
reaction occurred. For stainless steel-clad specimens, 
the UO^-water reaction may have been responsible 
for a maximum of about one-half of the amount of 
hydrogen evolved. For Zircaloy-2-clad sjiecimens, the 
UOi;-water reaction was jirobably less than one-fourth 
of the total reaction. 

(4| In experiments in which the metal-clad UO2-
core fuel pins were heated to the region of extensive 
vaporization of UO™ (700 eal/g UO™!, the UO™-water 
reaction was about the same as in tho region of in­
cipient vajiorization (see P'igure V-28). However, the 
IJOL'-i '̂ater reaction probably accounted for less than 
one-fourth of the bytlrogen evolved from stainless 

steel-clad sjiecimens and less than one-eighth from 
Zirealoy-2-clad sjiecimens because of the increased 
metal-water reaetion. 

It is apparent from these data that the UO™-water 
reaction can contribute to the Iiydrogen generated in 
a reaetor incident. Although hydrogen generation can 
be significant, there is little or no heat generated in 
the reaction of UO™ with water. From the jiarticle size 
distributions shown in Figures \'-24 to V-27, one can 
see that the UO.j was fragmented into a wide range of 
particle sizes. In Figure \ '-29, mean particle sizes ob­
tained in the unclad UO; exjieriments are comjiared 
with sizes obtained in jire\'ious exjieriments with 
.stainless steel-clad and Zircaloy-clad fuel jiins. The 
figure shows that the threshold of destiiiction is very 
close to the melting jioint of UO™. 

5. Sca le -up Experiments in TRE.VT* (R. C. LIIMATAINEN, F . J. TESTA) 

During recent months, jireparations have been in 
progress for conducting metal-water meltdown ex­
periments on subassemblies which have ajijiroximately 
100 times as much material as the jirevious single jiin 
meltdowns conducted in TKK.\T during the metal-
water Jirogram. The prejiaration included design and 
construi'tion of the scale-uji .autoclaves (see Figure 
V-301 and the writing of a hazards analysis rejiort 
which was ajijiroved. Following this ajijiroval, two 
exjieriments were run on O-jiin fuel subassemblies (see 
Figure V-311. 

The jmrjiose of this work is to simulate realistically 
a power I'xcursion incident in a tyjiical bundle of reac­
tor fuel elements. The test subassembly is submerged 
in water; the jiriiuaiy container is a grajihite crucible, 
enclosed by a Zirealoy-2 liner; these, in turn are con­
tained within the stainless steel autoclave. Connected 
to the top of the autoclave is a valve for taking a 
samjile of the gas for mass spectrometric analysis of 
the Iiydrogen evolved. A pressure transducer is also 
at the toji of the autoclave. 

Table V-5 gives a summary of the data that are 
available to date from the two exjieriments whieh have 
been jierformed; Figures \ '-32 and \ ' -33 show the oscil-
lograjih records of the transients. The significant 
point in Figure V-33 is the sudden inflection in the top 
of the reactor jiower-time curxe near the jieak of the 
transient; this inflection indicates a change in the reac­
tivity of the TREAT reactor. It is believed that this 
perturbation was caused by a change in the reactivity 
of the nine-pin bundle when the geometry of the bun-

' Wc Kratefully acknowledjie the coopecition and sugges­
tions uf J;inics Bohiiui and the T R E . \ T personnel. 

die was altered during meltdown. This suggests that 
in these larger scale exjieriments. the beginning of 
meltdown may be indicateil by the inflection in the 
reactor jiower curve. If this is the case, the reactor 
Jiower record may be useful in fast reaetor studies 
simulating meltdown of large clusters. 

From examination of the two oscillograjih records in 
Figures \ '-32 and V-33 it is evident that only the 
second jiower-time trace shows a jierturbation. Two 
reasons are believed to have contributed to this differ­
ence. Firstly, the fuel in the first or lower energ>' 
transient slumjH>d into two large masses plus some 
fragments and jiarticles. whereas the fuel in the -second, 
more energcKc run was comjiletely converted into 
small fragments and jiarticles. .Secondly, the melting 
in the first run oceurred toward the very end of the 
reaetor jiulse (that is, all of the energi,' of the transient 
was recjuired for melting! when the reactor power had 
already drojijied to a \ery low level. However, in the 
second run there was enough energj' imjiarted to the 
fuel Jiins to give melting at the jieak of the pulse 
where the jierturbation of the jiower was readily ob­
servable. A confirmation of these reasons is given by 
an examination of the record of the pressure as a 
function of time in the autoclave. In each ease, the 
moment of breakuji ajijiears to be signaled by an ab-
rapt rise in the jiressure-tiiiie curve—in CEX-196S 
almost at the end of the transient, in CEN'-197.S in the 
middle of the transient. 

The original apjiearance of the subassembly of 9 
uranium jiins is shown in Figure V-31. The subassem­
bly after meltdown in exjieriment CEX-196S is shown 
in Figure V-34. Examination of the residue from the 
more energetic transient, CEX-197S, showed that the 
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TABLE V-5. REBI-LTS OF METAL-WATEB SCALE-UP 

EXPERIMENTS IN TREAT WITH URAXICM P I S S 

Conditions: 1. Subassembly consisted of 9 uranium rods in 
a square cluster on 5^-in. centers with 3 
rows of 3 elements per row. Each fuel pin 
was 0.2 in, in dia. by 5^^ in. long and was 
20% enriched with "*!' . The total weight 
of the 9 element bundle was 490 R. 

2. Fuel subassembly submerged in distilled 
water initially a t ambient reactor tempera­
ture •^25°C. 

3. 20 psia helium atmosphere above the water. 

TREAT Transient No. 

CEN-196S CEN-197S 

Reactor Cfiaracteristics 
Integrated Power, 

Mw-sec 
Peak Power, Mw 
Reactor Period, msec 

Results 
Peak Pressure Rise, 

psi 
Max. Hate of Pres­

sure Rise, psi/sec 
Energy Input, Cal/g 

U 
% of U Reacted wilh 

255 
157 

3(11 

140 

Water 
Appearance of Clus­

ter After Transient 
Melted into two 

large irregu­
larly Mhapod 
masses plus 
some fragments 
and particles. 

Complete melt­
down and con­
version into 
relatively fine 
particles. 

108-858CI 

LINEAR POWER 

AUTOCLAVE PRESSURE 

F I G . V - 3 2 . Oscillograph Record of Run CEN-196S. 
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fuel was completely melted and converted into rela­
tively fine particles. Future experiments using the 9-

pin subassembly «ill be performed »i th stainless 
steel-clad and Zircaloy-clad UO^.-core fuel pins. 

6. Water Hammer Evaluation (R. C. LIIMATAINEN) 

During the hazards analysis for the scale-up exiieri­
ment in TKEAT, it became necessarj' to estimate the 
magnitude of a possible water hammer in the auto­
clave. A simple matheiiiatical model was developed. 
The model was checked by applying it to the water 
(laninier that occurreil during the SL-1 accident. 

A transient heat transfer and jiressure generation 
model, developed and ajiplied to the SPEKT-ID de-
Btructive transient was discussed in the previous re­
port (ANL-(i9(10, p. 270). The model required as-
nuinptions concerning the details of the transient 
heat transfer process and also re(|uire<l a specification 
of the surface area of hot metal exposed to the water 
during meltihiwn. The present attempt is an effort to 
predict approximate wati'r haiiimer pressures using 
gross assumptions conceniing the total energy avail-
iilile for steam forniation and time spread of the energy 
ilc|iiisit in the water. 

Three stages in an idealized walcr liaiiiiiier are 
sclieinatically illu.strated in Figure V-3.'i for a reactor 
pressure ve.s.sel or autoclave containing a heal gen­
erating core subinei-ged ill water, .lust after some 
arbitrary time, zero, when the water is at rest, the 
heat generation, Q, converts some of the water sur­
rounding the core to steam. This force causes the 
water above the core to begin to accelerate upward at 
some velocity, I'l , at which time its position is x,. 
Finally the (lri\-ing steam pressure slams the water 
piston into the top lii'at of the vessel at some velocity. 

V| 

t 
r ^ H j O - ^ ; ; 

STEAM t 

t 

0 = h t a t genera t ion 

V = welocity 

t = t ime 

X. = d is tance 

X = t o t a l d is ionce of 

t rave l of water 

108-S5S7 
Vui. V-35. Diagram of a Pressure Vessel Containing a 

lh':it Cienerating Core Submerged in Water. 

Vi. The impact of the water on the vessel produces an 
impulse pressure, Pi. The prohieni in hazards analy­
sis, therefore, is to predict the velocity, Vi, and pres­
sure, Pi. 

Water hammers of the ty|M' pictured in Figure V-3') 
have been observed on widely different scales. In 
laboratop.' studies using la.-̂ T heating of small metal 
foils in water, high speed motion pictures have shown 
an expanding steam bubble jmshing up a water column 
in a glass tube (see ANL-6900. p. 2,501. Also, from 
the evidence accumulatetl during the post-incident 
examination of the SL-1 reactor, it was conchide<i that 
an accelerated slug of water was responsibli- fnr inn-.i 
of the damage.-* 

a. DEVELOPMENT OF EQl'ATIONS 

The inallieinatic-:d model is b;i,-.cd on NcwioiiV 
second law and on the acoustic e(|uation for the particle 
velocity of an ideal shock wave. I->om Newton's law, 
the product of the mass of the water column and it-, 
acceleration cciuals the sum of the forces acting upon 
it: 

Mdj 
Vc df' 

PoA -V,- - Mg 
(2r>) 

where 

M = mass of water, 
Qr = iorv^muss conversion constant, 
X = displacement of water column, 
t = time, 

Po = steam driving ga.-; pn-.-sure, 
A = cross-sectional area of water slug, 

Fr = opposing force of cushion gas, 
Fy = resisting frictional or viscous force, and 

g = acceleration due to gravity. 

In the application of Equation 2ti. the following a.---
sumptions were made: 

(1) Cinivitational and frictional forces were neg­
lected. Computer studies have shown these 
to be negligible in comparison with the steam 
driving force."' 

••Final Report of SL I Recovery Operation, IlX>-193n. 
1962. 

" E. C. Gay, C. F. Bohren, and E. Sank. Analysis of Impact 
Pressure Generated by a Metal-Water Reaction within a 
Closed Vessel. AMl'-ANL Summer Engineering Practice 
School Report, July 6, 19&4, R. C. Liimatainen, AN'L Staff 
Advisor. 
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(2) The presence of a gas cushion was i-nored so 
that the calculation is coii.servative. 

(3) The driving gas is generated at a conslant rate, 
(4) The driving gas obeys the ideal gas law. 
(5) The temperature of the driving gas is constant. 
Equation 20 was therefore reduced as follows: 

M^tfx 
»c dP 

PoA. (27) 

Using the ideal gas law, 

/'„.4.r = nRT (28) 

where 
n = moles of driving gas, 
T = absolute temperature, 
R = gas constant, 

and assuming a constant rate of gas generation 

n = Kt (29) 

where K = rate of gas generalion, Eijualion 27 be-

.r ^ [gJiTKl t_ 
' I M jx' (30) 

The equation has the following exact solution which 
satisfies the initial conditions that .r = 0 and dx/dt = 0 
at ( = 0: 

[ig^RTKT- ,»;= 
L 3il/ J (31) 

Evaluating Equation 31 at the moment of impact 
of the water slug with the lop of the vessel yields: 

,. [ig^RTKT = ,,,., , r 3MX' T 

and 

V 
/(Lr\ ^ r9g,RTKX'\" 
\di),.i. ~ l~^^M 

(32) 

(33) 

where 

X = total distance of travel of water slug, 
ti = time of impact, and 
Vi = velocity of impact. 

Using the acoustic equation for the impact pressure:'^ 

P, P,Vi (34) 

where 
p — water density. 

Pi = impact pressure, 
c = velocity of sound in water, ,'i(X)0 ft/sec. 

« R. H. Cole, "Undcrwiilcr Hxplii 
versity Press, 1948, pp. 19-20. 

Pri i iccl i i i i t l i i i -

and substituting V, from Equation 33 gives 

An I'xpression of the driving gas pressure at the time 
of impact, P D . , can be obtained by solving Equations 
28, 29, and 32 to yield: 

„ 1 / 3 M K'R'Ty , , „ . 

The average driving gas pressure over the time interval 
0 to /, , P D , ean be shown to be equal to twice the 
driving gas pressure at impact. 

A \ 4 gc A / 

b. COMPARISON WITH SL-1 ACCIDENT 

The impact pressure of the water hammer produced 
ill the SL-1 accident was sufficient to collapse .some of 
Ihe stainless steel tubes in the head of the reactor. 
Because the static yield pressure of these tubes was 
known to be about 7000 psi, and because a higher 
pressure is reciuired to collapse a material under 
transient conditions, an actual impact pressure of 
10,(X)0 psi was estimated.'" The following acoustic 
equation; 

r, /' (ly (38) 

where /3 = compressibility of water, ,') X 10"^ atm" , 
w'as used to calculate a value of 159 ft/sec for the 
impact velocity, 1'. . Of the total of 130 Mw-sec re­
leased by the excursion, it was estimated that 50 
Mw-sec of energy was rapidly deposited into the 
water during a lime interval of about 30 msec following 
peak power. Most of the energy came from the rapid 
heat tran.sfer from those fuel plates which disinte­
grated."'' 

To test the proposed model by applying it to the 
SL-1 accident, it was assumed (hat .50 Mw-sec of en­
ergy was used to form steam uniformly over a period 
of 100 m.sec. Assuming a steam lemperalure of ,500°K 
(440°F) and an energy of 1204 Btu/lb to form steam 
from water al room temperature, the rale of steam 
generation, K, was 21.8 lb moles/sec. 

The quanlity of water above the SL-1 core, M = 
fi4(iO lb, Ihe total distance of travel of the water slug, 
X = 3 ft, and the cross-sectional area, A = 14,8 
.sq ft, were u.sed with E(iuation ,32 for the impact 
time, with Equation 33 for the impact velocity, with 
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Equation 3'> for the impact pressure, and wilh Equa­
tion 'M for the average driving gas pressure to yield: 

impact time 
impact velocity 
impact pressure 
average driving gas pressure 

/, = 35 msec 
V, = 120 ft/sec 

P, = Srm psi 
Po = ;i40 psi 

The values calculated from the proposed model for 
the impact pressure (8.")00 psi) and impact velocity 
{12(> ft/set;) agree very well with those estimated 
from the post-incident study of the SL-1 accident, 
i.e., 10,000 psi and 1"/J ft/.sec.'" An important result 

is that a relatively modest driving pressure, 340 psi, 
is able to produce a very lai^e impact pressure, 8.500 
psi. 

The simphfied water hammer model may be par­
ticularly useful in hazards analysis because the assunuxi 
steam generation rate, K, has a relatively small effect 
on the impact pres.sure and velocity. (The pressun' and 
velocity are proportional to A ' ' ' ) Rehnements to the 
IIHMICI would include a transient heat tran.sfer model 
that would give a more accurate picture of the n»te of 
steam formation atid would account for likely decivases 
in temperature of the driving gas as the w:it<T column 
ri.ses. 

7. ( C a l c u l a t i o n o f t h e E x t e n t o f M e t a l - W a t o r K o a < l i o n D u r i n g a l x > s s - o f - C o o l a n t 
A c c i d e n t (L . B A K K U , J H . . K . () . I V I N S . .). H I N G L E ) 

A calculational study has been initiated to predict the 
extent of zirconium-water reaction that would oc<'ur 
during a loss-of-coolant accident in a water-cooled power 
reiictor. The ohjective of this study is to demonstrate 
the application of metal-water reaction data to a reactor 
a('(!ideiit .situation. The initial cfTort uses the reactor 
model conceived for the LOFT (lx)ss of Fluid Test) 
fiicility.'"''"* The LOFT facility is being developed to 
conduct engineering tests to investigate the con.se-
qucnces of a loss-of-coolant accident with a pre.ss\irize<l-
watcr power reactor. The reactor to be built is a .50 
Mw(t) unit fueled with metal-clad UO2 pins. At present, 
a l.vinil stainless steel cladding is proposed for the core. 
For the purposes of this calciUation, a 'i.Vmil zirconium 
chidding was assumed. 

The core is composed of .')2 fuel assemblies each of 
which contains 04 cylindrical fuel pins (O.liU-in. dia. by 
3(i in. long). Therefore, the core contains XV2H zirco-
nium-rlad fuel pins wilh a total weight of 300 kg (742 
lb) of zirconium. The zirconium associated with the fuel 
pins would retiuire 14;') kg (320 lb) of water to react 
completely to form zirconium dioxide and hydrogen. 

The analysis of the proposeti Hnal destructive experi-
moiils in the LOFT program''"* was us(Hi as far as pos.si-
bleas a basis for the metal-water reaction calcidations. 
This analysis concerns the case of a break in the bot­
tom inlet pipe (i.e., below the core) to the reactor 
vessel. The case of an upper-outlet pipe break was not 
treated. The blowdown following the lower pipe break 
was calculated to completely uncover the core in a 

" J , M. Wsmge et jil.. Preliininjiry Safety Analysis Report, 
LOFT Fiicilily, Report 100-1(1981, Phillips Petrolpiim Co.. 
April ItttU. 

*"T. R. Wilson et fil.. An Kngiiieeritig Test Program to 
Investigate a Lo8S-i>f-CooIant Accident. Report II>0-17(H9, 
Phillips Petroleum Co.. October lOtU. 

period of 10 sec. The core temperature would then ris<' 
as a result of decay heating and eventually core melt­
down would occur. 

In the preliminary analy.sis of such an iiu-idenl the 
following a.ssumptions were made: 

1. The initial reaetor temperature following the 10-
see blowdown pericKi is ."i44°l'' or 28."i°(' (the ojM'r-
atiiig tc'inperaturc of the reactor). The :i.ssumption 
igiion-s tlu- [wssibility of extra heating from the 
failure of the reactor to shut down instantaneously 
or the |K)ssibility of extra c(M)ling resulting from 
the rapid expulsion of water from the core. 

2. TIH' initial av^-i-age decay heating rate is 0.0t»33 of 
the operating power level of 2")li kw/liter I'O; and 
thereafter the decay heating rate follows the time 
variation given in the LOFT analysis report fset-
I'igure \'-3(i. 

3. The decay energy is distributed throughoul the 
core in the same manner as the reactor iK)wer dur­
ing steady-state operation. 

4. Heating and pos.sible chemical reaction of supiM)rt 
structures in the core are iu^le<'ted. Only fuel and 
cladding are considered to IM- in the reactor core. 

.'). The tem[KTature distribution across individual 
fuel rods (fuel and cladding) is flat. Since this as­
sumption ignores the energ>' stored in the oxide 
fuel pins, the initial nite of temperature rise is 
somewhat lower than if pin center temperatures 
had been considered. 

0. There are no heat losses fmm the reactor core be­
fore it collapses. 

a. D I S T R I B I T I O N OF ENERGY IN T H E CORE 

Since the rate of the zirconium-water reaction is a 
strong function of temperature, it was necessary to ac-

http://con.se
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10= 10' 
TIME AFTER RUPTURE, sec 

108-8491 
FIG. V-3(). DecJiy Heut (Jeneration Rate Versus Shut-Down Time for LOFT. (50 iMw openitio 

LOFT analysis report'^,) 
for 400 hr. Reproduced from 

count for the nonuniform distribution of decay energy 
throughout the core. The decay energy was a.ssvmied to 
be distributed in the same manner as the operating 
power (fission energy). A simplified cylindrical model 
of the core with a central, low-enrichment zone (cylin­
der) and an outer, high-enrichment zone (in the shape 
of a hollow cylindi-r) was used to calculate the power 
distribution. The LOFT core has 32 central elements of 
low enrichment (2.82'&) and 20 peripheral elements of 
high enrichment (5.70'̂ ^ ). 

Two zero power Bessel functions were used to de­
scribe the radial power distribution (based on the cross-
sectional area). Tiie functions were determined by as­
suming the power peaks al the center and at the inter­
face of the two zones of emichment to be equal to 1.0 
(the reported peak-to-average radial power ratio of the 
LOFT design). The ratio of zone enrichments was as­
sumed to fix the power level of the outer edge of the low 
enrichment zone. The functions were determined to be: 

low enrichment zone:/'//*.4ff = 1.0 Jo (1.53///r) (39) 

high enrichment zone: P/I'AR 

= 5.5 Jo (2.504 ^ / /O (40) 

where 

Jo = zero order Hes-sel f\inct ion, 
y = radial position, 
r = radius of low enriched zone, 

R = radius of the core, 
J' = power density, and 

PAN = average radial power tlensily. 

A cosine function was used to describe the axial power 
distribution. Ba.sed on the axial peak-to-average ratio 
of 1.5, the function was 

P/PAX 1.5 cos 
2(1.052 X) 

(41) 

where 
.V = axial position from center of the core, 

A' = one-half height of core, 
P = power density, and 

PAX ~ average axial power density. 

The product of the axial and radial ratios was used 
to determine the local-to-average volumetric power 
ratio. The peak-to-average power ratio was 2.4. 

In order to facilitate the calculations, the core was 
segmented and each segment was ascribed a volumetric 
power ratio. This was accomplished by segmenting the 
core into thirteen radial zones of equal volume. Eight of 
these zones were of low enrichment and five were of 
high enri<-hment. Each radial zone was further divided 
into twelve axial segments, also of equal volume. The 
resulting 150 equal-volume segments (12 cylindrical seg­
ments in the center and 144 surrounding doughnut-like 
segments) were grouped into ten sections based on their 
average power ratio. The .segmentation of the core is 
illustrated in Figure V-37. The radial and axial power 
distributions are also shown in this figure. 

The power sections were designated by division of 
the maximum peak-to-average power ratio (2.4) into 
tenths (i.e., 0-0.24, 0.24-0.48, . . . 2.1(t-2.4). The per­
cent of the core in each power section is listed in Table 
V-ti. 

b. AIKTIIOU OF <:AL<:t L \ T I * » \ OF FATFAT 
OF KKACTION A\ l> ( : i l F \ n ( : \ L AM> DE­
CAY ENERGY FOK INIUVIOIAL CORE 
SECTIONS 

The rate of reaction of zirconium with steam when 
the reaction is not limited by the quantity of steam has 
been described by the parabolic oxidation law (see 
.\NL-()548, p. 37). When converted into units con-
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vciiicnt for the prost'iit .iiialysis, the rule of reaelioii 
miiy he ii'presciitpd as: 

dr 
dl ' (ro - r) \ KT) f^P I - UT- (42) 

where: 

r = fadiiis of imreaeled melal in fuel rod, cm, 
To = original radius of fuel rod, 0.01)1 em, 
t = time, .see, 

K = rate law constant, O.X9;i7 cin"/scc, 
A£ = activation energy, 4,"j.."t kcal mole, 

R = gas constant, 1.087 cal,'(mole) (°C), and 
T = temperature, °K. 

When the reaction rate is limited by the quantity of 
steam available for reaction, il becomes nece.ss;irv to 
fonsider factors external to the reactor coolant channels 
such as the integrity of the reaetor pressure vessel, i.e., 
whether there is an available source of steam and a path 
for convective sleam flow into and out of the core. For 
purpo.<cs of the present analysis, the reaction rate, un-
•ier steam-limited conditions, was assumed constant: 

T . \ B L I - : \ G. liESCLTS OF .SciiUENTATlO.N OF L O F T 

KBICTOH CORE INTO TEN SECTIONS 

Ratio of Power in Section to 
Average Power in Core 

Range 

2.16-2.40 
1.92-2. Iti 
1.68-1.92 
1.44-1.68 
1.2(1-1.44 
0.96-1.20 
0.72-0.96 
0.48-0.72 
0.24-0.48 

0-0.24 

Average 

2.28 
2.04 
1.80 
1.56 
1.32 
1.08 
0.84 
0.60 
0.36 
0.12 

No. of Core 
Segments in 

Power Section 

4 
12 
8 

16 
22 
16 
18 
18 
26 
16 

Percent of Core ia 
Power Section 

2.56 
7.69 
5.13 

10.26 
14.10 
10 26 
11.54 
11.54 
16.67 
10.26 

dr 
dt ' (43) 

where C = constant depending upon steam flow rate 
through the reactor core. 

The following energj- balance was u.sed to calculate 
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the temperature-time history of individual sections of 
fuel rod: 

(C'p.uoi ^^u : ~r I p.Zr" Zr) 
dT 

(?cpz, 2 r / - ~ + V„„,QofF(t) 

(44) 

where 

C, = specific heat, 0.082 cal/(g)(°C) for UO2, 
0.088 cal/(g) C O forZr, 

i r = ma.ss per unit length of fuel, 0.2(i8 g/cm for 
U O J , 1.202 g/cm for Zr, 

Qc = heat of reaction, 1560 cal/g Zr, 
Qo = average reactor power, (51.16 cal/(sec) (cc 

DO2), 
Pzr = density of zirconium, 6.5 g/em', 

I'tjos = volume of UO2 per unit length of rod, 0..")858 
cm /cm. 

/ = ratio of power in section to average power in 
core (Table V-6), and 

F{t) — ratio of decay power to operating power (Fig­
ure V-:«i). 

Simultaneous solutions of Equations 42 and 44 were 
performed on the IBM-704 computer for the ca,se of 
reaction not limited by the quantity of steam. Simul­
taneous solutions of Equations 43 and 44 were per­
formed by hand calculation using values of the decay 
energy term which had been integrated on the IBM-704 
miichine for the case of reaction limited by the quantity 
of steam. The program used in the machine calculations 
had a provision for a thermal halt corresponding to the 
melting point of zirconium (1852°C). When the tem­
perature reached the melting point. Equation 44 was 
replaced by: 

( iz , l t 'z , )^ ?cpzr 2,rr ^ -f V^o,QpfF(t) (45) 

Zr MELTS—, 

J L 

• Denotes Rotio of Average Power in Eoch 
Section lo Averoqe Power in Core 

J \ L 
0 200 400 600 800 1000 1200 1400 1600 1600 

TIME, sec 

108-8487 
Fia . V-38. C.alculiilr-d Teiuperiiture-Tiiiie Curves for Kach Power Section for the Ciise of \ o Mclnl-Wuter Reaction in Loss-of-

Coolant Accident. 
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where 

/.z, = heat of fusion of Zr, 5.S.8 cal/g, and 
/•' = fraction of metal melted. 

When F reached a value of 1.0 (fully melted). Equation 
44 was again used. 

Initial calculations were performed by neglecting the 
chemical energy (setting Qc = 0) in order to generate 
reference temperature-time curves. The results are 
plotted in Figure V-!18 where it is apparent that melting 
of the cladding would begin 4:i0 sec after the blowdown 
and that one-half of the cladding in the reaetor (end of 
meUing in the 0th section) would occur after 12.50 .see 
for the ease of no chemical energy generation. 

c. CALCULATIONS FOR CASE OF UNLIMITED 
STEAM SUPPLY TO THE REACTOR CORE 

The calculations for individual core sections in un­
limited steam were performed using the parabolic rate 

law, Equation 42, and the energj- balance. Equation 44. 
Results are plotted as a temperature-time histor>- in 
Figure V-39 and a |)ercent metal-water reaction-time 
histon.' in Figure V-40. During the initial time |)eriod 
for each reactor core section, the tem|x>rature follows 
a course identical with the cu^^•es for no chemical heat 
given in Figure \ ' -38. and the extent of metal-water 
reaction is very small. ,\s the temperature of each 
.section reaches about 800°C, both the temperature and 
the extent of reaction l)egin to increa.se rapidly. Both 
the temperature rise rate ami the reaction rate con­
tinue to increase rapidly, indicating ignition. .\t the 
melting temperature of the cladding tl8.52''C), the 
extent of reaction varies from 18'"c from the most 
energetic reaetor section I relative power, 2.281 to 24% 
for the eighth section I relative power, 0.601 as indi­
cated in Figure ^'-40. The two lowest energj* core 
.sections ilid not ignite within 2000 sec; however, it is 

^ — Zr MELTS 

^0 12 

' Denotes Ratio of Average PoMer tn Eoch 
Section to Avefoqe Power in Core 

200 400 600 800 1000 1200 1400 1600 1800 

TIME, sec 

108-WSS 
FIG. V - 3 9 . C.nlculated Temperiiture-Time Curves for Each Power Section for the Case of Melal Reacting with an Unlimited 

Quantity of ,'̂ team in the Lossof-Coolant Accident. 

http://increa.se


220 V. Reactor Safety 

C\J fVJ 

-

-

_ 

JI 

T 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 

1 
1 

1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

1 
' ; , 

/ / / / / 
'X — 

1 
1 

/ 

'Denotes Ratio of Averoge 
Power m Each Section 

to Average Power in Core 

8 0 0 1000 

T I M E , sec 

1200 1400 1600 

108-8195 
F I G . \ ' - 4 0 . C'jilculiilcd Percent Heactioii-Time Curves for ICjicli 

Quantity of .Steam in Loss-of-Coolant Acciilcnt. 

clear that the calculations would predict cA'cntual 
ignition since there is no provision in tlu' calculations 
for the effect of heat losses. 

The extent of reaction (18 to 24":; I which occurs prior 
to reaching the melting point of the cladding corre-
s|Jonfls to the reaction of from 4.5 to 6.0 mils of clad­
ding. These results are in gcnei'al agreement with the 
results of a similar calculation hy Owens et al . ' ' who 
reported that 5.0 mils of Zircaloy reacted prior to 
reaching the melting point when calculated on the . 

" J. I. Owens, R. W. 1-orkharl, I). Ii. Illis, ami K. Hikido, 
Metal-Water lleactioiiH VIII , Preliminary Coiisidoration of 
the Effects of a Zircaloy-Water Reaction DurinR a Loss-of-
Coolanl Accident in a Nuclear Rciu-lnr, (ll':Ar-32"H, 1050. 

Power Section for the Case of Metal ReactiiiK with an Unlimited 

basis of adiabatic conditions and that 5.5 mils reacted 
when calculated on the basis that heat losses occurred. 
The extent of reaction and the temperature are in­
terrelated because of the high energy of the reaction. 
The energy associated with the complete reaction of 
zirconium is sufficient to raise the temperature of both 
the cladding and the VO-. by 3030°C, neglecting phase 
changes and dissociations. 

The extent of reaction for the entire core was ob­
tained by summing the reaetion of each section. These 
data are plotted in Figure V-41. The stepwise charac­
ter of the jilot reflects the ignition of individual core 
sections. 
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108 8-100 
Fill. \ '-4t. Calculated Percent Reaelion-Tinie Curve for 

Kutire Reactor Core for the Case of Metal ReartiliK with an 
Fiitiniited (Quantity of .Steam in Loss-of ('oolant ,\ccident. 

d. CALCULATIONS FOR CASE OF LIMITED 
STEAM SUPPLY TO THE REACTOR CORE 

The previous I'alcuhition (see subsection cl em­
ployed the parabolic rate law as the only factor liinit-
iiiK the reaction rate. It is clear, however, that as the 
ti'iiiperature becomes high, the parabolic rate law 
allows a very rapid reaetion. ,Sueh a rtipid reaction 
ncniires that steam is provided at a very rapid rate 
and, moreover, that the hydrogen generated is re­
moved at an equtilly rapid rate. ,\ realistic appraisjil 
(ll a loss-of-coolant accident, therefore, re(|uires a 
ilctcrminjition of the rate of steam supply to the reac­
tor core. 

The rjite of steam passing through the reactor core 
ilc|tcnds to a great extent on the ntiture of the accident. 
The LOFT analysis assumes that the pipe break is 
lielow the core and that there arc no breaks iibove the 
core. In this ease, there would be a minimum of up­
ward convective flow through the core. If, however, 
there is also an upper pipe break or a vessel failure 
resulting from the \iolenee of the blowdown, then 
there would be a continuous path for convective steam 
flow. An initial pi|ie break above the reaetor core, 
which uncoN'ers the core, eould also lead to the con­
tinuous flow of steam through the core. In this ease, 
sny water remaining in the bottom of the reactor 
vessel after blowilown would have to pass through the 
core in order to escape the vessel. The steam flow rate 

would, of course, depend upon the heat supply to the 
water pool. 

Rather than attempt to specify steam flow rates 
resulting from various accident eonditions at this time, 
calculations were performed for two reasonable flow 
rates. 

Steam flow rates of 1000 lb hr and 100 lb hr were 
assumed. The rate of 1000 lb hr was chosen as an 
order-of-magnitude estimate for free convection 
through the core. In the LOFT analy.sis report-' it is 
estimated that 10% of the decay energj' is lost from 
the core during the first 15 min after blowdown, by 
heat convection. liy equating ten |K'rcent of the decay 
heat generateil during this 1,5-min jieriod to a mass 
of steam flowing through the core, entering at 544°F 
|285°C| and leaving at an a.ssumed temjierature of 
1800°F (982°Cl, the rate of steam flow was calcu­
lated to be 510 Ib/hr. The ca.se of 100 Ib/hr was as­
sumed to he representative of a more restricted flow. 

In order to relate the steam flow rate to the reaction 
rate, it was assumed that the maximum reaetion rate 
of an>' unit of cladding surface was equal to the steam 
flow rate through the entire core divided by the total 
surface area of elaihling. .\ecordingly, the maxiniuni 
reaction rate for the ca.se of 1000 lb steam hr was 
5.7 X 10""' cm/sec (constant C in Equation 43l tind 
for the ca.se of 100 lb hr, it was ,'>.7 X IQ-" em sec. 
The calculations were |H'rfonned by examining the 
results for the unlimited-steam case and determining 
the time a( which the reaction rate, limited by the 
parabolic rale law, reached the steani-limit*d rates. 
.\t this point, calculations were continued for each 
section of the*re!ictor on the basis that the reaction 
rtite could not increa.se further. 

The results of the calculations for the steam-limited 
reactions are given in Figures \ '-42 and V-43. The 
temperatures and times at which the reaction rates 
reached the limiting values are indicated in the figures; 
the temiieratures were about 1300°C for a flow rate of 
1000 Ib hr and about 900°f for 100 fli.'hr. 

The extent of reaetion for all of the metal cladding 
in the entire core was obtained by summing the reac­
tion of each section. The results for the two assumed 
flow rates are plotted in Figure \ '-44. Comparison of 
the two shows the marked efTect of steam flow rate on 
the reaction ol the core considered as a whole. 

The extent of metal-water reaction and hence the 
steam flow rate has a marked effect on the meltdown 
history of the cladding. This is shown in Table V-7. 
where the times eorres|ionding to the beginning of 
melting of the cladding and the |ioint where one-half of 
the cladding is melted (end of melting of the 6th .sec­
tion) are tabulated for all of the cases considered. 

file:///iolenee
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e. LOSS OF INTEGRITY OF THE REACTOR 
CORE 

The calculations presented in the previous sections 
have ignored the loss of integrity of the core due to 
excessively high temperatures and have assumed that 
the core structure remains intact. As a result, these 
calculations eventually predict complete reaetion of 
either the core cladding or the available steam, de­
pending upon which limits the reaction. However, the 
extreme temperatures reached make it apparent that 
the core will suffer severe rhinuige and e\'cntually 
collapse. 

I t is of major importance to determine the time at 
which the core melts through the support structures 
and falls into the bottom of the reactor vessel, since 
this occurrence will bring to an end the reaction re-, 
gimes discussed above. As the melted core collapses 
into the bottom of the reactor vessel, further metal-
water reaetion nuiy occur during the initial quenching 

Jieriod if water is present, or during a long cooling 
period of the consolidated mass at the bottom of the 
reactor vessel or in a catch jian below the reactor 
\essel if little or no water is present. The metal-water 
reactions which take jilace after a total collapse of 
the core are discussed in the next section (see sub­
section fl. 

The temjierature at which each section of the core 
will collapse is not known with certainty. Fuel rods 
will Jirobably collapse at a temperature somewhere 
between the melting jioint of the cladding (1852°C) 
and the melting jioint of the fuel (2800°Cl. The ability 
of ZrO^ to retain the shape of the original Zircaloy 
cladding and to retain considerable strength was deni-
onstrated by the furnace exjieriment in Section VA-1 
of this rejiort (see Figure V-4). I t is likely, therefore, 
that Ihe jiartially oxidized chadding will not collapse 
at the melting jioint of zirconium. Interactions between 
Zirctdoy, zirconia, and the fuel could lower the melting 
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jiciint of the fuel to below 2800°C'; however, this has 
not been established exjierimentally with any cer­
tainty. Rajiid coUajise of fuel rods and significant 
downward flow of material in the core will probably 
require tein|ieratuies close to the melting point of ZrOi 
(260O°C) or of F O , (2800°C). 

Reaction will certtiinly continue during the jieriod 
between the beginning of core collajise and the even­
tual fall of most of the core into the bottom of the 
reactor vessel. Several eomjilieating factors may affect 
tho reaction during this jieriod. Two of these factors 
are changes in surface area of the cladding and local 
blockages of the flow of steam. Since changes in surface 
area may either be toward greater area (fragmenta­
tion) or toward lesser area (coalescence), it is prob­
ably a fair assinnjition to ignore net changes in clad­
ding area. Blockages of convective steam flow 
prohahly can also be ignored, at least until a com­
prehensive model of core behavior during eollajise is 
developed. Since a realistic model of core collapse 
does not jiresently exist, some indication of the time 
when total collapse occurs can be obtained by the 
method used in the LOFT analysis.^" In that analysis, 
it was assumed that the core collapsed at the time 
«bcn the average of the energy accumulated in the 
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TABLE V-7. COMPARISON OF THE T I M E REQUIRED TO M E L T 

THE CLADDING FOB THE VARIOUS STEAM FLOW RATE CASES 

Steam flow 

Unlimited 
1000 Ib/hr 
100 Ih/hr 

No Flow (No Metal-Water 
Heaction) 

Time at which 
Melting of 

Cladding Begins 
(sec) 

240 
300 
390 
430 

Time to Melt 
One-Half of 

Cladding 
(sec) 

.Ilin 
llXd 

1U50 
1250 

TABLE V-8. T I M E RBUUIRED FOB COLLAPSE OF CORE AND 

EXTENT OF REACTION BASED ON THE AVERAGE NUCLEAR 

DECAY AND CHEMICAL ENERGY CONTENT 

Steam Flow 

Unlimited 
lOOO Ib/hr 
lOO Ib/hr 

No Flow (No Metal-
Water Heaction) 

Case of Average 
Core Energy Suffi­
cient to Melt Clad­

ding Completely 
(1852°C) 

Collapse 
Time 
(sec) 

465 
740 

1200 
1400 

Percent 
Metal 

Reacted 

40 
21 
6.0 

— 

Case of Average 
Core Energy Suffi­
cient to Begin To 

Melt Fuel 
(280O°C) 

Collapse 
Time 
(sec) 

765 
1080 
2090 
2600 

Percent 
Metal 

Reacted 

62 
41 
13 

— 

core was sufficient to melt the cladding. The times 
required for the collapse of the core were calculated 
on the same basis. However, two additional factors 
were considered: 111 chemical reaction energy was 
included in addition to decay energy, and (2) times 
were calculated not only for the zirconium mehing 
point but also for the fuel melting point. The results 
of this calculation are listed in Table V-8. They dem­
onstrate the nuijor effect of metal-water reaction on 
the probable time of core failure. Included in Table 
V-8 is the extent of metal-water reaction for the 
total core at the time of probable colla|)se. 

In addition to tlie time required for the core to 
collapse, time will l)c rctiuired for the slumped core to 
melt through the Vs-in. tliick stainless steel grid plate 
which supports the fuel pins in each fuel element. This 
time was estimated to be 40 sec in the LOFT analy­
sis.-" Following failure of tlie grid plate, the hot core 
material will either funnel through the large holes in 
the l!4-in. thick. lower su|)port i>late (stainless steel) 
or will be held for an additional time period while this 
massive jdate is melted. It is most likely that some of 
the core will fall through the plate and some will be, 
delayed for a considerable period of time. The addi­
tional metal-water reaction occurring during these 
holdup periods can be estimated from the core reaction 

rates given in Figures V-41 and V-44 for the three 
cases calculated if the holdup times can be estimated 
from heat transfer calculations. Because of the large 
uncertainties in the core-collap.se model itself, the 
additional effects of holdup time will not be treated 
further at the present time. 

f. METAL-WATER REACTION FOLLOWING TO­
TAL CORE COLLAPSE 

Following the collapse of the core material into the 
bottom of the reactor pressure ves.sel, the reaction 
conditions will depend upon how much water has re­
mained in the bottom of the vessel. If the vessel bot­
tom is nearly dry, the first portions of the hot core to 
fall will cause the vaporization of the remaining water. 
The bulk of the core will then fonn a random pile of 
UOi', ZrO'2 , and Zr in the bottom of the vessel and 
may or may not melt through the vessel. In this case, 
furtlier reaction will proceed by the diffusion of steam 
and air into the mass, ^team and air penetration of the 
mass should be relatively inefficient so that the con­
tinuing reaction rate might be quite low. On the other 
hancl, cooling will also be slow so that the debris will 
remain in a reactive condition for a long time. De­
tailed analysis of diffusion and heat transfer for this 
case are lacking. 

Should the hot core material fall into a large quan­
tity of water in the bottom of the reactor pressure ves­
sel, then a rapiil ([uenching reaction should occur. If a 
major portion of the core falls at one time, there would 
be a chance for a violent steam exjilosion. Violent 
ste:im explosions have occurred on pouring molten 
aluminum into water.''- Such an explosion may be a 
fairly general phenomenon when a quantity of very 
hot molten material is suddenly discharged into 
water.•*•* It seems unlikely, however, that the entire 
mass of the reactor core (debris I will drop at one 
time. The energy generation is greater at the center of 
the reactor so that it is likely that the supporting 
structures will fail initially at the center and that 
failure will then spread radially. In this case, the core 
debris would enter the water over a period of time, 
and the chance of a serious explosion would be mini­
mized. 

The reaction that occurs during riuenching of hot 
core debris in water has been simulated to some degree 
by experimental studies. Studies l)y the condenser dis­
charge method have shown the extent of the zirconium-

" ( ; . Long, "Expi..sinus of MnlttMi .VhiniiTiiim in Wate t^ 
Cause and Prevention," Metal Progress 71, 107 (May 1957). 

" L. F. Epstein, "Recent Developnients in the Study of 
Motiil Wilier Reiictinna," Progress in Nuclear Energy Series 
1\'. \'oI. 4, Toflinnlogy, lOngineering and Safety, Pergamon 
Press, p. 41)1, 19(il. 
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water reaction that occurs when .submerged zirconium 
ffire.'^ arc heated nearly instantaneously (see AXL-
65481. Results indicated that a 2.1-mm sphere of mol-
t«n zirconium, formed from the electrically heated 
wires, would react to a maximum of 16% and a 1.05 
mm sphere would react to about 40% in heated water. 
Experiments in TREAT with zirconium-rich, uranium 
alloys showed that fuel plates reacted to a maxinmm 
of 13% as a result of being heated and melted in about 
0..5 sec (see ANL-6800, p. 346). The extent of reaction 
has been found by many investigators to be (juite lim­
ited BO long as tliere is no mechanism for dispersal of 
the material into fine particles (smaller than about 2 
mm). In both the comlcnser discharge and the TRE. \T 
studies cited above, however, extensive fragmentation 
ami 70 to 100% reaction orcurrerl when the specimens 
were heated beyond tlie melting point of ZrO; (2600'"C I 
while submerged in water. TREAT experiments with 
Zirealoy-clad UO; fuel specimens gave from 0 to 80% 
reaetion as the energy of the transient and the result­
ing degree of clad frtignientation were increased (see 
ANL-6912, II. 90 or AXL-6900, p. 254). 

f. DIScl]ssIO^ 

In the analysis of the lo.ss-of-coolant accident pre­
sented above, a preliminaiy attempt was made to pie-
diet the general features of such an accident in order 
lo disclose gaps in the knowdedge required for a i)re-
cise analysis. In general, the uncertainty in the analy.sis 
increases with increasing time after blowtlown. It is be­
lieved that the errors in the jiredictions of the begin­
ning of melting and the initial phases of reaetion are 
not large. A more refined anidysis would include the 
mergy stored in the fuel pins due to the tempertiture 
gradients which exist during reactor operation. The 
effects of initial steam cooling of the core and the heat 
capacity of support structures within the core would 
also alter the results to a small degree. As core melt­
ing and collapse begin, it is clear that uncerttiinties 
multiply. It is also clear, however, that an increasing 
quantity of zirconium is reaching temperatures at 
whieh it will react with all of the steam that can enter 
rentrnl regions of the core. The iirincipal uncertainties 
in the analysis are related to the lack of a meltdown 
model from which to estimate the failure times of the 
lower core supporting phites and tho temperature of de­
bris falling into the bottom of the reactor vessel. Vlti-
niate analysis of the accident requires calculations of 

the steam flow through the core following blowdown and 
the quantity of water remaining in the lower part of 
the reactor vessel. In the L( )FT analysis, the quantity 
of water remaining ranged from 0 to about 2000 Ib, 
whereas only 320 lb are required to react with the entire 
clailding. 

One of the uncertainties in the analysis is the rela­
tion between the steam flow rate and the limiting re­
action rate. Questions concerning the efficiency of re­
action of steam flowing upward along individual fuel 
rods were ignored. In reality, reaction would be 
greater at lower positions in the core. 

One case which was not considered in the analysis 
presented was that of no net steam flow through the 
core (i.e., where no rupture in the reactor vessel exists 
above the core). In this ease, there might be some con-
vecti\'e circulation of steam, tmd eventually hydrogen, 
through the core. Although a detailed calculation of 
the convective circulation of gases has not been per­
formed, .some guide to the extent of metal-water re­
action might be gained by noting that the steam pres­
ent in the entire reactor pressure ves.sel after the 
blowdown is suflicient to react with about 8.6% of the 
cladding. 

Two additional uncertainties in the analysis involve 
chemical phenomena which have not been investigated 
in sufficient detail to allow as.^essnient of their po.ssible 
roles in the meltdown accident. These are the reaction 
of zirconium with hydrogen and the reaction of I 'O; 
with steam. For a severely steam-limited case, the 
former reaction could provide a steam-pumping action 
which would bring steam into tlie lower portion of the 
core and form zirconium hydrides in the upper por­
tion of the core* P'or clean zireonium-''* the hydriding 
reaetion is sufficiently rapid at temperatures of 
around 1000°C to merit consideration; however, the 
retarding effect of oxide films on the hydriding reaction 
at higher temiieratures has not been studied exten­
sively. It has been shown that UO; will react with 
water to form Ut>;; and hydrogen in destructive tests 
in TREAT Isee Section V-A4 of this report). The re­
action rate has not been e\aluated under conditions of 
higli temperature when no violent fragiuentation oc­
curs. .Although hydrogen is produced in the UO;-steam 
reaction, little or no heat is evolved. 

" R. B. Bernstein, and I). Cubiccintli. The Pernieahilitv of 
Zircimiiim to H.vdrogeii. J . Phys. Coll..id Chem. 68, 238 (1951). 
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B. FAST KEACTOR SAFETY STUDIES 

A program of researeh has been initiated that would 
bring the experienee developed during studies of metal-
water reactions to bear on certain potential problems 
in the area of fast reaetor safety. Three problem areas 
are being studied. These are: 

1. the ehemieal and physical interactions of fuel 
and cladding materials with molten sodium at 
higli temperatme. 

2. fuel migration and segregation in mixed uranium-
plutonium fuels. 

3. transient boiling eiiaraeteristies of molten sodium 
to deterniine the nature of explosive vapor gener­
ation. 

The survey study of interactions between fast re­
actor materials and molten sodium has progressed to 
the apparatus construction stage. Further discussion of 
the program and a suuunary of ajiparatus development 
is presented in a sejiarate section lielow. 

The study of fuel migration and segregation in mixed 
uranium-iilutonium fuels is in a ven' preliminary 
stage. Initial considerations have been given to the 
de\-elopment of a furnace to produce a temperature 
gradient across small samples of mixed fuels such as 
mixtures of uranium and plutonium oxides, carbides, 
sulfides, and nitrides. Segregation of the uranium and 
plutonium compounds within the fuel will be deter­
mined by chemical and metallographic analysis. A sig­
nificant degree of segregation in an operating reactor 
might seriously decrease the effectiveness of Doppler 

broadening as a shutdown mechanism since more time 
would be retiuired than for an unsegregated fuel before 
fission heat generated within jilutonium-rich regions 
could l)e transferred to uranium-rich regions. This ad­
ditional heat transfer time would delay increased 
neutron absorption land decreased reactivity) in a 
reactor. 

Studies of transient heat transfer in liquid sodium 
are also in a very i)reliminaiy stage. Several experi­
mental methods are under consideration in which very 
hot |)articles are contacted with lifjuid sodium. In one 
of these a swinging arm is em|>loyed to drag a heated 
sphere through a trough of sodium while measuring 
temjjerature changes during the event. In another, a 
falling j>ellet is heated by a grai)hitc tube furnace prior 
to contacting the molten sodium. A third method in­
volves the jiuUing apart of a heated, segmented rod 
immersed in liquid so<lium; this results in contacting 
fresh .- l̂uface with the sodium. In the fourth method, 
a thermite ty|)e chemical reaction ean be used so that 
molten material is rajiidly generated and sprayed into 
the sodium. Following orientation studies in the labora­
tory, it is likely that in-pile meltdowns in TREAT will 
be reciuired. Determination of the nature of rapid 
vapor generation in sodium, especially regarding su-
jierhcating or exjilosive vaj)or generation, and the meas­
urement of transient heat transfer coefficients will be 
valuable in the analysis of fast reactor accidents of 
either the loss-of-flow or the nuclear excursion type. 

1. Furl- and Cladtling-Coolant Interact ion Studies (D. SWIFT, P. KHAUSE) 

A program to study the high temperature inter­
action between sodium coolant and fast reactor ma­
terials has been initiated. The purpose of the investi­
gation is to determine jiossible sources of chemical 
energy release anrl jihysical effects that would result 
from a fast reactor meltdown accident. In order to 
simulate the contact of coolant with reactor material 
in a meltdown accident, a small sample of reactor 
material will be heated to a temperature which it 
would be exjiected to reach in a meltdown accident 
and drojiped into a jiool of liquid sodium. The quenched 
sample will then be removed fi'om the sodium and 
examined to determine the extent of chemical or physi­
cal interaction. 

Initial experiments will be jierformed with a number 
of metals and alloys which are cither currently being 
used or are being considered as jiossible fuel or clad-^ 
ding materials in fast reactors. These include uranium, 
zirconium, stainless steel (austenitie and ferritic), 
vanadium, titanium, vanadium-titanium alloys, mo­

lybdenum, tantalum, and niobium. Experiments with 
iron and chromium are also jilanned as a part of the 
investigation of stainless steel. The metals are to be 
melted in a levitation coil jiowered by a 15-kw induc­
tion generator operating at 250 ke. The coil design 
and exjierimental jiroce^huv ha\e been described in a 
previous rejiort (see AXL-ti648. p. 196). 

The exjieriments are to be carried out in a standard 
2-module glovebox containing an argon atmosphere. 
The argon is to be circulated through a purification 
system whieh will maintain oxygen and water vapor 
levels below 5 jipm. Oxygen removal will be effected 
by reaction with hydrogen over a jialladium bed, and 
water vapor will be removed by Linde molecular sieves. 
Pro\'ision is being made to jiass a coaxial transmission 
tidie from the step-down transformer of the generator 
through a glove port to the levitation coil. The coil and 
coaxial lines are to be oil cooled to preclude the pos­
sibility of a sodium-water reaction within the glove­
box; thus, a heat transfer loop has been constructed 
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which includes a pump, flow meter, and oil-water 
heat exchanger. The sodium is to be contained in a 
cylindrical well, 2'A in. in dia. and 7 in. deep, welded 
to the floor of the glovebox. Thus, the sodium can be 
heated externally using a mantle heater. By locating 
the coil near the top of the glovebox, the samples 
should drop apiiroximately 3 ft before hitting the 
liquid sodium surface. This should in.sure that the 
gsraples are completely immersed in sodium. 

Major emphasis will be given to the detection and 
evaluation of exothermal alloying reactions which may 
occur between the metal and sodium at meltdown 
temperatures (>2000°(,'). Detection of .such reactions 
can be accomplished by visual observation and/or 
teraiicratuie changes in the .>̂ odium in excess of sensible 
heat addition. Evaluation of the extent of reaction and 
the reaetion pioducts will he accomplished by metal-
lurgiral examination of the quenched metallic sample. 

These experiments should also indicate physical 
changes wliicdi might occur when molten metal con­
tacts li(|iiid sodium. The possibility of large density 

changes (fonnation of metal froths i is of some imiior-
tance in evaluating the secondary effects of a molten 
metal accident. Examination of the quenched metal 
sample after contact with sodium should indicate what 
physical changes have occurred. It may also be pos­
sible to obtain (|ualitative information about transient 
.sodium boiling by visual observation of the initial 
contact between the molten metal and sodium. This 
information may bo of interest because so little is 
known about the phenomenon of transient sodium 
boiling. 

The second phase of the investigation will be a 
study of nonmetal-sodium interactions, with particu­
lar emphasis given to the interactions with the oxide, 
carbifle, and nitride of uranium. It will be necessary 
to modify the heating procedure, since these materials 
cannot be inducti^•ely heated in a levitation coil. Con­
sideration is currently being given to a susceptor 
method of heating using a material such as graphite 
as the susceptor. 

C. METAI, OXnXVriON AM) IGNITION KINEIICS 

1. Ignition of Irradialed I'raniuin (J. G. SCHNIZLEIN, D. F . FISCHEK) 

An inipoitant aspect of the ignition of urtiiiium is 
the effect of irradiation on ignition behavior. Inciilents 
reported in the literature (at Chalk Hiver, Canada''-' 
and Windsctile, England,''" as well as se\'eral ignitions 
at Hanfonr") have been interpreted as iniiicating a 
greater pyrophoricity of uranium after irradiation. 
Therefore, studies of the ignition of irradiated urtmium 
were initiated. 

It is certain that the release of lissiiin luoducts in the 
event of ignition of irradiated uranium constitutes a 
levere hazard. The release of fission products has been 
rtudied by Parker et al.,-'* Hilliard,™ Scott.*" and 

" J . W. tlreenwood, ConttiiniiiHtion of the NRU Hciirtor 
inMav 1958. AECl,-850 (CHI! MU), May 1959. 

"Accident at Windsonle No. 1 I'ilc on Oct..her 10, 1957, 
Her Mtijest.v's .^tiiti.iticr.v Ofiice. London. N'ovnnhcr 1957. 

" C. E. Zinui. Pyrophoricity of Uriiniuin in Keuctor En-
»iroiimpiit,s, HW-l>2142, January 19liO. 

" (l.W. Parker. G. E. Creek, W . J . Miirtiii, and C . J . Barton, 
Fuel Klement Ciitastrophe Studies: Hazards of Fission Product 
Rel.'iise from Irradiiited I t an ium, ORXL-CF-t)0-6-24. June 
1960. 

" H. K. Hilliard. Ki.ssi.m Produrt Release fr.nn I 'ranium 
Heated in Air, H\V-liO(*9, .\iiKUst 1959. 

' •A . J . Scott. Fissi.ni Pnuluct Release hy High Temperature 
^'riniinn-Steain Rpaetitm. HW-li2tl04. N'.>venil>er 1959. 

Megaw et al." at elevate.l temperatures. Some of these 
authors indicate a sonu-wliat greater oxiilation rate with 
irradiated uranium than with unirradiated metal, but 
there were uncertainties as to surface area and extent 
of irradiation, tncreased oxidation rates were noted 
in air only when uranium was irradiated above 10^" 
nvt (10~- 11/o burnup! at which point fission gas bub­
bles cause disruption of the oxide and increased sur­
face area.'-

Zinia^" concludes that "The effect of irradiation on 
the pyrophoricity or uranium remains obscure. The 
c^•idence presented in this review does not indicate a 
strong irradiation influence. It is submitted that the 
two main effects of irradiation with respect to fuel 
element fires are: incretise in the potential active sur­
face associated with a given mass of U through the 
development of cracks, and porosity; self heating 
from radioactive decay." There have Ijeen numerous 
studies on the effect of irradiation on the mechanical 
properties of uranium. Directional growth, surface 

" W. J . Megaw, R. C. Chadwick. A. C. WeJJs, and J . E. 
Bridges. J. Nuclear Science 16, 1711 (1961^. 

** R. K. Hilliard, Fission Product Release from Uranium— 
Effect of Irr.idiation Uve l , HW-72321. June 1962. 
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TABLE V-9. SPECTROURAPHIC ANALYSIS OF ENRICHED URA­

NIUM USED FOR STUDIES OF THE IGNITION OF IRRADIATED 

URANIUM 

Element 

Si 
Fe 
Ni 
Al 
Cr 

Concentration" 
(ppm) 

300 
300 
20 
25 
15 

Element 

Mn 
Mg 
Cn 
Mo 

Concentration* 
(ppm) 

5 
211 
50 
:«i 

» The concentrations of those constituents not indicated 
were below the limits of wpectroKriipluc detection. Limits of 
detection (in ppm) ure: AK, 1; As, 20; H. 0.1; He, 0.5; Bi, 1; 
Ca . lOO;Ce ,5 ;K .500 ;L i , 5 ;Na , 10; P, 100; Ph, 2; Sh, 5; Sn. 5; 
Ti . 100; Zn. 50. 

roughening, and swelling are commonly observed.^^ 
These all tend to increase the specific surface area and 
promote pyrophoricity. Post-irradiation swelling lias 
been noted to occur when highly irrafliateil uranium is 
heated to approximately 650°C^^ (see also ANL-65431. 
This swelling would very likely result in ignition if it oc­
curred in the presence of air. LaPlante (ANL-6569, 
p. 31) has observed a strongly exothermic reaction 
with nitrogen at approximately the same temperature. 

A lirief summary of the proposed ignition program 
was Jiresented in ANL-6569, p. 185. It was decided at 
that time to enclose cylindrical uranium samjiles in 
constrainment jackets in an effort to avoid the com­
plications of surface roughening, directional growth, 
and swelling during irradiation. Conditions were 
chosen to maintain a low sample temperature (less 
than 300°C) during irradiation. A small sample size 
(0.25 in. long) liy 0.20-in. dia. pins) was chosen so 
that its ignition temjierature before irradiation would 
probably be less than 650°C and thus the complication 
of |>ost-irradiation swelling would be avoided. 

a. PREPARATION OF SAMPLES 

The uranium pins were supplied by the ANL 
Metallurgy' Division. The pins were 20% enriched so 
that adequate burnup could be obtained in a reason­
able time of irradiation. Results of a sjiectrographic 
analysis of the uranium are shown in Table V-9. 

Three uranium pins (two 0.25-in. long and one 0.5-
in. long) were assembled in one segmented stainless 
steel constrainment jacket as shown in Figures V-45 
and V-46. (The 0.5-in. long pins were prepared for 
use in another program not related to ignition in air 
or oxygen.) Tantahmi foil sleeves and spacers en­

veloped the pins to i)re\'ent the formation of "fission 
rivets". Four jacketed assemblies were arranged axiallyi 
in each irradiation capsule. Free space in the capsules | 
was filled with NaK to serve as a heat transfer medium 
to conduct fission heat away from the uranium during 
irradiation. Each cajisule was sealed by welding, leak 
tested, and checked for defects by radiography. 

A total of three cajisules were prepared. Two of the 
cajisules were submitted for irradiation in MTR; the 
third was not irradiated. One cajisule underwent four 
irratbation cycles in MTR; the second underwent 
eight cycles. Subsequent burnup analyses indicated 
that 0.79% of the -^^U had been fi.ssioned in the one 
capsule and 1.71% of the -'̂ ^U had been fissioned in the 
second. 

During the irradiation sequence, the samples were 
subjected to thermocycling and were in contact with 
NaK for an extended period of time. In order to sepa­
rate any effects of thermocycling and NaK contact 

HELI-ARC WELD 

STAINLESS STEEL 
CAPSULE o n e " WALL 
15I/2" LONG 

FOUR 
JACKETED 
ASSEMBLIES 
UNDER NaK 
IN CAPSULE 

STAINLESS STEEL 
SEGMENTED JACKET 

2 mil TANTALUM 
SLEEVE AND SPACERS 

2 0 % ENRICHED 
URANIUM PINS 

SQUARE END CAP 

" J . H . K i t t c l ;u 
" N. II. Chellei 

14. 1 (1902). 

, II. I'.iinc. Nucl. Sci. KiiK.3,250 (1958). 
MI 1{. K . SlcuiimlxTn. \ i i c l . Sci. Kn^. 

108-8082 
Fill, V-45. Civpsvilo liiid Jacket Assembly for MTR Irr.idia-

tinii lit Uranium Ignition Samples (Schematic). 
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from irriidiation cffecti*, the third capsule, while not 
subjected to riidiation was .stiiijeetcd to 17 thernio-
cyclcs (10 min at 2()0-270°('. cooled 30 min lielow 
40°Cl with NaK in the ca|isule. 

Ill jiddition to the irtadiated samples and the 
tiici'iiiocycled stimples. two jticket assemblies were pre­
pared wliicli were neither irradiated, ex|)osed to NaK, 
nor tlieniioeyeled. Samples remo\'eil from these as-
sfinlilies were used as eoiiti-ui samples. 

ll. IGNITION APPARATILS 

The apparatus wtis vi'iy similar to that develnped 
lircvitiusly tor liuriiinR cur\e ignition experiments with 
unirrailiated uranium (see ANI,-')974, ii. 11). Because 
oltlic hinli level of radiation from the irradiated saiii-
(ilcs, new apparatus was eonstnieted which could be 
operated by electronic iiiani|Hilators in the Senior 
Cave Facility. The apparatus, shown in Fipire V-47, 
«as constructed and tested outside of the cave and 
later moved into the cave facility. 

The cylindrical samples were mounted on the to|) end 
of a vertical ceramic rod in contact with a theriiio-
(•ouple. The sample and the ceramic rod were enclosed 
in a iiuartz tube inside of an electric furnace. Clxygen 
or air was passed through the tube at a uniform rate 
of 2000 cc iiiin. a rate which was sufficient to prevent 
aocuiiiulation of nitrogen around the sample during 
air oxidations. Furnace temperature, indicated by a 
theniiocouple between the furnace wall and the (|uartz 

tube, was iirogrammed to increase from room tempera­
ture at a rate of 10°t' per min. Furnace temperature 
antl samjile temperature were both recorded as a 
function of time. The sample temperature-time trace 
litis been referred to as a burning curve (see ANL-
.•)974, p. 12l. The sample first .self-heats beyond the 
funitice temperature and then may ignite. Ignition 
temiierature is detei'mined graphically a.s the inter­
section point between the pre-ignition heating rate 
and the post-ign^ion self-heating rate. 

In some of the experiments in air. it was found that 
the physical contact between the thermocouple and 
the sample was intide({uate for accurate temperature 
recording. It was concluded that the thermocouple 
must be imbedded in holes within the .sample in order 
to achieve an accurate temperature-time trace. . \e-
cordingly, small holes were drilled in one themiocycleri 
and two irradiated .samples. Drilling was difficult but 
was accomplished with a center drill using short spurts 
of heavy drilling pressure, while using kerosene as a 
l i i b f i c a n t . 

c. RESILTS OF IGNITION TESTS IN PLRE 
OXYGEN 

The 20'; enriched uranium samples used for the ex­
periments were right cylinders. 0.2.5 in. long by 0.20 
in. ilia, and had an apparent s|)ecific area between 
0.59 imd 0.60 cm" g. The apix-arance of unreacted 
specimens is shown in Figure V-48. .\n unirradiated 
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Fit;. \ ' 17. .\pparjitiis I'.sed for the Ignition Sliuiien nf Irnuliati'd t 'ranium in tlie Senior Cave Facility. 

thermocycled sample shown at the left of the figure 
had a relatively smooth surface which was identical 
with completely untreated control samples. The ir­
radiated samples shown at the right of the figure had 
some surface roughening in spite of the constrainment 
imposed on the sample during irradiation. The white 
specks apparent on the 0.79'; burnup samjile were 
particles of dcssicant used during sample storage. 

Typical temperature-time traces (burning curves) 
obtained in oxygen are plotted in Figure V-49. Ignition 
temperatures determined from the burning curves are 
listed in Table V-10, for all of the experiments. There 

were no significant differences in results for control 
samples and tliermocycled samples, suggesting that 
the decri'ased ignition temperature for the irradiated 
samples resulted from the effects of irradiation and not 
from incidental thermocycling or NaK contact. There 
w:is also no significant ditference in burning curve ig­
nition temiierature between control samples ignited in 
the Cave F'acility and outside the Cave Facility, in­
dicating no effect of the high background radiation 
level which exi.sted in the cave. 

The ignition temperatures l.')91-611°C) of the unir­
radiated cylindrical samples (specific area 0.60 cmVg) 
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THERMOCYCLED SAMPLE 
(UNIRRADIATED) 

- 0 . 7 9 % BURNUP SAMPLE 
I 1.71% BURNUP SAMPLE 

I 'J I ' 3 ' ^ 
t : 

FKJ . V 48. .VpiK-arance of Specimens I'sed for the iKiiitioii Studies ..f Irradiated \'i 

CONTROL SAMPLE (UNIRRAOIATEOl 

. . . IRRADIATED URANIUM-0 7 9 % BURNUP 
— IRRADIATED URANIUM-I 7 1 % BURNUP 

25 30 35 
TIME,min 

K)e-8083 
FIG. \'-49. Temperiitnre-Time Traces (Burning Curves) of 2 0 ^ Enriched Ur.iniuni Samples Heated in Flowing Oxygen. (Furnace 

'tmed al lO'C'min. Ignition temperatures determined by graphical method as indicated.) 
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in oxyt!;en were slightly higlier than values iTportod 
previously for pure uranium samples having similar 
specific areas. This information was repoi-ted in ANL-

TABLE \'-10. EFFECT (IK IRRADIATION ON IOMTION 

TEMPERATURES OF 209r ENRICHED URANII'M IN 

OXYGEN 

(Burning Curve Ignition Tests witfi 0.S6 in. lung by 0.20-in. 
dia. right cylinders; specific area 0.59-0.60 cm^/g) 

Run Number 

Control Samples 
12" 
24 

Thermocycled, Not Irradiated 
lo­
l l* 
26 
27 

Irradiated in MTR to CTO":;, Burnup of 
20 
23 
25 

Irradiated in MTU lo l .Tf; Burnup of 
21 
22 

2>HI 

' " U 

Ignition 
Temp. (°C) 

mo 
(ill 

591 
507 
008 
Ii02 

403 
403 
400 

357 
365 

* Experiments performed outside of Cave Facility 

1200 

.̂ )974, p. 27, where samples lia\'ing specific areas o) 
0.396 and 0.790 cmVg ignited at 59.5 and 540°C, rci 
specti\'ely. The difference is relatively minor anq 
could have resulted from the cylindrical shape of the 
specimens in the current study. (The specimens stud^ 
ied previously were rectangular in shape.) The rela-. 
lively high silicon content of the samples used in the 
current .study (see Table V-9j would have been ex-, 
pectcd to decrease ignition temperatures if it had anyi 
effect at all (see ANL-6.596, p. 181). Other impurity 
contents were probably too small to have had an effect 
on ignition temperature. 

fl. RESULTS OF IGNITION TESTS IN AIR 

Shown in Figure V-.50 are results of burning curve 
experiments in air using samples containing drilled 
holes into whieh the thermocouple was inserted. Much 
of the fine structure in the temperature-time traces 
was not recorded when undrilled samples were used. 
Although ignitions as such did not occur with irradi­
ated samples, it is clear that there was a greater degree 
of self-heating and spontaneous thermocycling, be­
ginning at about 400°C, with the irradiated samples 
than with the unirradiated, thennocycled samples. 

In Figure V-SO, it ean be seen that the 1.71<^ burnup 
sample underwent a sharp temperature rise from about 

MOO 

^ 800 — 

S 7 0 0 -

300 

2 0 0 
45 50 
TIME,mm 

108-8084 
F I G . V-50 . Teinpcratlire-Time Traces (Bnrninn Curves) of 20% Enriched Uranium Sample, 

heated at 10°C/niiii. Tlierniocoiiple eniliedded in drilled speciineiis.) 
Heated in Flowing Air. (Furnace 
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400 to about 700°(' at 35 min. This sharp rise indicates 
i tendency toward ignition at the same temperature 
»t which ignition in oxygen occurred (see Figure V-49). 
Failure to ignite in air was probably due to the forma­
lion of a protective oxide at higher temperatures. The 
torination of protective oxides on uranium in air was 
demonstrated in previous studies by the finding that a 
parabolic rate law applied at tK)0°C and above (see 
ANL-6725, p. 201). Thus, spontaneous theriuocycling 

is observed from below 600°C. where a rapid linear 
oxidation rate law applies, to above 600°C, where a 
parabolic oxidation law applies. 

The ignition at approximately 700°C at 60 min 
which was observed for the unirratliated specimen in 
Figure \ '-50 did not occur with the irradiated samples, 
probably because the irradiated samples had been 
completely oxidized liefore the furnace temperature 
reached values high enough to initiate this ignition. 





VI. Energy Conversion* (C. E. Crouthamel, J. C. Hesson, 
A. D. Tevebaugh) 

Emf cells continue to be of interest as devices for the 
direct conversion of heat to electrical energy. .\n emf 
cell would function in one isothermal leg of a Carnot 
cycle. Regeneration of the cell products could be ac­
complished ideally by a second cell operating in the high 
temperature isothermal leg of a Carnot cycle. Practical 
operation of a high temperature cell would he dilficult, 
however, because of increasing mutual solubility and 
volatility of the three li(|uid phases, anode, cathode and 
electrolyte. The realization of practical high tempera­
ture cell operation will probably ret|uire the develop­
ment of solid electrolytes or molten electrolytes in suit­
able porous ceramic materials. Such electrolytes would 
be capable of supporting high current densities with low 
cell polarization, and their use would be expected to re­
duce the irreversible transfer of the cell reactants at 
high temperatures to acceptable low levels. Work in this 
area will be done at a later date. We have concentrated 
initially on the spontaneous thermal regenertition of the 
cell products in the systenis currently being considered. 
This type of regeneration re(|uires the physical separa­
tion at high tenipefiiture of the imode and cathode re­
actants. Lack of basic data in the pertinent area.«—ther­
iiiodynamic, cheiiiical. physical, kinetic, and solid state 
—handicaps the application of any regenerative emf 
cell system. The current program is involved in obtain­
ing .selected pieces o( fundamental data in all areas ex­
cept solid state eh'ctrolyte phenomena. For the first gen­
eration cells the necessity for solid electrolytes has 
been avoiiled by careful selection of the cell compo­
nents. The above eonsiilerations have led us to the study 
of two types of emf cells for possible apjilication in a 
regenerative cycle. They are the hydride cell and the bi-
inetallic concentration cell. 

The hydride cell consists of an anode of lii|uid lith-
iuiii metal, an electrolyte of molten lithium halide salts, 
and a hydrogen gas cathode. In ojieration. licpiid lith­
ium is oxidized to lithium ions, hydrogen gas is reduced 
to hydride ions, and the two combine to form the cell 
product, lithium hydride. 

The bimetallic concentration cells have two li(|uid 
metal electrodes in contact with a molten salt electro­
lyte. The fused salt electrolyte must be thermodynaiui-
cally stable with respect to reduction by the anode 

' .\ summar.v of this scctio I ((iven on pages 15 to 16. 

metal. The overall cell reaction is the oxidation of the 
metallic anode to produce metal ions in the electix)lyte 
and the reduction of the metal ions in the eleetrolj-te at 
the cathode to produce an alloy. 

In a previous report. ANL-69(X), p. 320. data for the 
standard emf of the lithium hydride cell as a function 
of temperature were reported. In this re()ort, results on 
a .series of unsaturated cells to determine lithium hy-
flride activities and activity coefficients in fused salts 
are given. These data are necessary in defining antl op­
timizing the operating voltage and regeneration char­
acteristics of a lithium hydriiie cell. .\lso presented in 
this report are preliminary results on the kinetics of the 
electrode reactions of a lithium hydride cell. 

The solubilities of NaaBi intermetallic and of pure 
sodium metal in the Xal-XaCl-NaF ternary euteetic 
have been determined. The soilium-bismuth cell has 
tentatively been selected for some of the first engineer­
ing investigations. The ternary salt mixture was se­
lected as the electrolyte system for these cell studies. 
The solubility data were obtained to aid in understimd-
ing the irreversible transfer of both anode anti cathode 
metals in an operating cell. In addition, the studies of 
solubility are a part of the efi'ort to elucidate the nature 
and behavioi>of the intermetallic compounds in fused 
salts and li(|uid metals. As another part of this program, 
the spectral studies of alkali tellurides and alkali bis-
muthides in fused salts have been continued. 

For the regeneration portion of the cycle, knowledge 
of temperature-pressure-composition relationships in 
the licpiid-vapor e(|uililiria is needed. Xonisothermal 
isopiestic exiwriments with the sodium-bismuth system 
have demonstrated the possible relative extents to 
which regeneration might proceed for selected conden­
sation temperatures and a fixed regeneration tempera­
ture of 900°C. These experiments also revealed that 
solid Xa:iBi may deposit in the regenerator if the sys­
tem pressure and. therefore, the condensation tempera­
ture, is too low. The relationships among regeneration 
and condensation temperatures, anode composition, 
and compositions of material removed from and re­
turned to the cathode were deduced from a generalized 
analysis of a fixed isobarie phase diagram. 

Engineering studies have been continued. The cycle 
eflSciencies of the Xa-Bi. Li-Sn. Xa-Sn. and LiH re-
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generative cells have been examined and computed, 
using conservative estimates of operating parameters. 
A series of static corrosion tests with liquid bismutli and 

tin metals were run, and a number of dynamic corrosion 
tests were made in thermal convection loops containing 
liquid bismuth. 

A. LITHIUM HYDRIDE CELL STUDIES (C:. JOHNSON, R. HEINRICH, C. E . CROUTHAMEL) 

The lithiuni liydridc cell may be represenled as 

Li (0 [ LiCl sat'd wilh LiH | H2 (g), 1 aim; Fe 

for which the cell reaction i.s Li {/) + '2 Hj (g) —• 
LiH (s). The standard emf of the saturated lithium 
hydride cell was repoiled in a previous report, AXL-
0900, p. 320. Iviiowirig this value, the activity of the 
cell product, lithium hydride, can be determined in 
electrolytes of similar cells. This information is im­
portant in ascertaining optimum conditions for the 
regeneration cycle of the cell. 

To date, several unsaturated lithium hydride cells 
have heen operated foi- the purpose of determining the 
activity of hthiuni hydride in certain specified elec­
trolytes. The cells utilized an Armco iron "flag" 
cathode, a lithium anode, and electrolytes of various 
compositions of lithium hydride in lithium chloride or 
in lithium chloride-lithium fluoride euteetic mixture. 
The activity of lithium hydride in each electrolyte can 
be calculated from tho following equation; 

E = E" ~ RT/nF In -^HiL . 

For a hydrogen pressure of 760 mm and pure lithium 
metal, this equation reduces to the form 

E = E^ - RT/nF In OLiH . 

TABLE V M . TitERMODYNAMic DATA >(»R LiH 
IN VARIOUS ELECTROLYTES 

T = 873°K {600°C) E" = 0.244 volta Hj = 760 mm 

Cell 
No. 

1 

2 

3 
4 
5 
6 
7 

8 
9 

Electrolyte Composilion 
(m/o) 

5.6 LiH-66.1 LiCI-
28.3 LiF 

11,0 LiH-02,3 LiCI-
20.7 LiK 

1.0 Lill-lW.O LiCl 
.5.0 Lill-95.0 LiCl 
10.2 LiH-89,8 LiCl 
20.2 LiII-79.8 LiCl 
~100.0 LiCl (Iniee 

ulniMintH nf LiHj 
30.2 LiH-(>9.8 LiCl 
2.5 LiH-97.5 LiCl 

Cell 
emf 

(volts) 

0..300 

0.324 

0.518 
0..388 
0.344 
0.291 
0.00 

0.203 
0.438 

a LiH 

0.20 

0.35 

0.03 
0.15 
0.20 
0.54 
0.009 

0.79 
0.08 

7 

3.6 

3.1 

2.5 
2.9 
2.0 
2.7 

— 
2.0 
3.0 

(SE/dT)p 
X 10' 
(volts 

degree"!) 

- 4 . 7 

- 4 . 8 

- 3 . 3 
- 5 . 5 
- 5 . 4 

-on 
+ 8 . 3 

- 5 . 9 
- 3 . 8 

The lithium hydride activities for various cell electro­
lytes have been calculated from the above relation.ship 
and the data summarized in Table VI-1. Examination 
of the data indicates that lithium hydride exhibits 
strong positive deviations from ideality in hthium 
chloride :i.s well as hthium chloride-lithium fluoride 
euteetic. 

Also included in Table VI-1 are temperature coeflS-
cients of the emf of the cell at a variety of electrolyte 
compositions. At practical hydride compositions the 
temperature coefficients are all negative. Since the cell 
reaction is reversible, the entropy change of the reac­
tion can be determined by AS = nF (dE/dT)p . When 
the proper substitutions are made, .S = —R In ai^i^ . 

+ 8 

+ 6 

+ 4 

+ 2 

0 

- 2 

- 4 

- 6 

- 8 

1 

1 

-

-

0 

1 

1 

•sP 

1 

1 1 1 1 

1 

-

1 

-
-

— 
-

EUTECTIC 
COMPOSITION — 

1 

1 1 1 1 
0 01 0 2 0 3 0.4 

MOLE FRACTION OF LiH 

108-8714 
Kill. \ ' l 1. TcmpeniUire Coeliicienl nf EMF of Cells with 

Lill-LiCl Klootriilvtes. 
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As the concentration of Ihe lithium hydride in solution 
approaches an infinitely dilute solution, the partial 
molal entropy approaches an infinitely large positive 
number. This type of relationship is illu.strated in 
Figure VI-1 where Ihe emf-lcmperature coeflBcient is 
plotted against the lilhium hydride coiieentratiori. 
Only Ihe data oblaiiied uliliziiig the lilhium hydriih'-
lilhium chloride binary electrolyte have been included 
ill Ibis graph. 

One cell was run uith a lithiiun chloride electrolyte 
containing only trace (luanlities of hthium hydride 
(.see Cell 7, Table V M ) . The (SE aT)p WILS mea.sure<l 
over a !K) min period and found to be positive. During 
this p<riod the cell voltage W;LS relatively stable; there­
after, a slow drop in voltage oceurred its the electrolyte 
became saturated with lithium metal and irn'versibly 
formed lithium hydride at the hydrogen gas electrolyte 
interface. 

B. ELECTRODE KINETICS (J. P. KLI>ER,* J. A. I'LAMBECK.** C. K. (KOITHAMEL) 

A prerc(iuisit(' for llic i liaracterization of the factors 
controlling the operation of the galvanic lithium hydride 
cell is an understanding of the mechanism of the 
individual electrode reaclions. Such mechanisms result 
from an interpretation of the polarization data (elec­
trode potential-current density characteristics) ob­
served foi' each electrode. CJenerally, for a specified 
{•lectrode surface area, at low polarizations (when the 
departure of the electrode potential from its ecjuilibrium 
value is small) the transfer of charge across one or the 
other of the electrode-ele<'trolyte interfaces governs 
the current output of the cell. The nuixinunn current 
wliich may be withdrawn from the cell, however, is 
governed by the limiting rate, i.e., current den.sity, 
of one or the other of the ele<'trode proces.ses, which is 
il mass transfer controlled phenomenon. 

To understand the eh'ctrode kinetic mechanisms, it 
was necessary to devise several complementary meth­
ods of studying the reactions. Since charge transfer 
processes at the high temperatures of molten salt media 
are relatively rapid, the only method of meiusuring the 
specific rate constani characterizing the process is by 
use of perturbation-relaxation techni(|Ues. The electrode 
under study is perturbed from its equilibrium state by 
appliciition of either a current or a voltage pulse, \vhi<'h 
induces a transient voltage or current, respectively. 
From an analysis of the voltage-time or current-time 
nirve, the important kinetic panuneters may be eval-
uiilcd. However, because the complete analysis of the 
data ac(iuired by employing several of the.se pulse 
ledniiiiues retiuires a knowledge of the ditTusion coeffi­
cient of the soluble ionic component of the appropriate 
reilox couple, it is of importance to measure this panun-
eter independently. This measurement will be carried 
out by employing the chronopotentiometric techni(|ue. 
Analysis of the data obtained using this technique is 
greatly simplified if voltammetric data is in turn avail-

• Post-doctoral Fellow. 
'• Gruduiite Student, riiiversity uf Illinois. 

able. \'ollannnetry is a simplified, conventional polari­
zation technitiue wherein one of the working electrodes 
is unpolarizable and thu.-' may be employeti simultane­
ously as a reference elect rmie. This is ai'hieved hy 
employing, :LS the polarizable working electrode, a thin 
wire (ii superficial surface area several orders of nnigni-
tude less than the counter electrode. Tpon polarizing 
the microelectrode by means of an external voltage 
applied across the cell, currents of the order of micro­
amperes flow. The current density at the large counter 
electrode is so small that it is polarized to a negligible 
extent. 

The necessary apparatus has been ac(iuired whereby 
the electrochemical characteristics of the lilhium hy­
dride i'cll may be invesligate<i by Ihesi' si'veral means. 
Initial experimenlatioiL has be*'n directed al develop­
ing the voltammetric techniciue as applied lo this 
reactive system. It is of utmost importance to work 
with extremely pure materials, since this technique is 
highly sensitive to the presence of impurities in the 
electrolyte melt. For this rejL^on, the J,iC'l-K('l euteetic 
(o9 m o LiCl), m.p. ;{.')2°(', which can be obtained 
commercially in a high state of purity, has been em­
ployed. In order to maximize the sensitivity of the 
voltanunetric method, the area of the working micro­
electrode should bo minimized. Normally, this is 
achieved by sealing the wire in an insulating material 
in such a manner thai the minimum gi-ometric area is 
expo.sed. This techni(|ue is not ix>s.sible in this system 
owing to the fact that there is a finite solubility of 
hthium in the electrolyte and, as yet, no suitable 
insulating material ex<-ept frozen salt has been found 
which will completely withstand attack by this metal. 
Frozen salt, however, is not amenable for fabrication 
of these electrodes. For this reason, the following 
arrangement has been employed. A thin tungsten wire 
(0.03.'> in. in dia.) is suspended above the ele<'trolyte 
so that the extremity, sharpened to a needle point, 
just touches the surface. Since there is lithium in solu-
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tion, this microelectrode will respond to the JJ/Li"*" 
potential. In the presence of hydrogen above and hy­
dride ion in the electrolyte, the Ha/H" e((uilibriuni is 
established al the three phase boundary. Therefore, 
it is essential to establish first the effect of the presence 
of dissolved lithium on the polarization of Ihe H^/H" 
electrode. 

Preliminary experiments have established the fol­
lowing facts. At all potentials positive with respect to 
Li/Li+ as referen<'e zero, an anodi<' process occurs at 
tho microelectrode, regardless of the establishment of 
the Ha/H" equilibrium. Presumably, this is the oxida-

Li" (solution) —» Li'*' + e (1) 

When the Hz/H^ ei|uilibriimi is established and the 
microelectrode is polarized, Ihe current-voltage curve 
can be interpreted as the resultant of the anodic process 
(1) and the cathodic reduction of hydrogen 

J-^H; + e- H - (2) 

For both processes (1) and (2), a limiting current 
plateau is observed. At the present time, sufficient 
data for a complete analysis have not been obtained. 

C. INTERMETALLIC SYSTEMS 

1. S o d i u i n - B i s m u t h Solubil ity S ludies (M. FO.STER, R . EPPLKY, H . SHIMOTAKE, 
C. E . C R O U T H A M E L ) 

One of the types of regenerative emf cells being con­
sidered for engineering studies is the sodium-bisnmth 
bimetalHc concentration cell. A bimetallic concentra­
tion cell, in general, consists of two liquid metal elec­
trodes in contact with a fused salt electrolyte which is 
stable in the cell environment, particularly with respect 
to the anode. Because of the great reducing capability 
of the alkali metals which are being considered as pos­
sible anode materials, only halide salts ol the anode 
metal have been considered as electrolyte constituents. 

The overall cell reaetion is 

Anode Metal .4 llic|uid) —» 
A dissolved in cathode alloy of A and B (liquid). 

The interaction of A and B in the cathode alloy is usu­
ally very strong. (It is this effect that produces useful 
cell voltages.) As a result of this interaction, as the con­
centration of ^ in B is increased, solid stoichiometric 
intermetallic compounds may form in the liquid metal 
cathode, e.g., Na.-iBi in the sodium-bismuth cell, and 
may be solubilized in the molten salt electrolyte. 

In the operation of a bimetallic concentration cell, 
the solubilities of both the alkali metal (from the 
anode) and the intermetallic species (from the cathode) 
in the fused salt electrolyte give rise to an irreversible 
transfer of material between electrodes. The irreversi­
ble transfer of alkali metal from the anode to the cath­
ode may be overcome by an increased rate of regenera­
tion. How{;ver, the irreversible transfer of cathode 
material to the anode, if appreciable, must be dealt with 
by other schemes. The rates of these irreversible trans­
fers are expected to be proportional to the solubilities 
of the species in the electrolyte. Thus, it is of interest 

from the standpoint of cell operation to deterniine the 
solubilities of alkali metal and intermetallic species in 
the electrolyte. I t is anticipated that by proper selection 
of cell operating variables and cell components, the ef­
fects of these solubilities can be minimized. 

The electrolyte selected for use in the sodium-bis­
muth bimetallic concentration cell was the ternary eu­
teetic .53.2 in/o Nal - 31.6 m o XaCl - 15.2 m/o NaF. 
It has a melting point of 530°C. one of the lowest found 
in any of the sodium halide ternary systems. 

In the determination of the solubility of sodium in 
the ternary mixture two experiments were conducted. 
In both experiments, the electrolyte, in contact with 
molten sodium, was held at a given temperature until 
e(|uilibrium was established. Samples of the electrolyte 
were taken with tantalum sampling buckets through a 
tantalum tube immersed in the molten salt. In the first 
experiment, sodium was observed to deposit on the 
cooler upper portions of the furnace well containing the 
melt (melt temperatures, 546 to 697°C). Because of 
these losses, it was believed that the values obtained 
for the solubility of sodium might be low. In the second 
experiment, in order to minimize the volatilization of 
sodium, a plate with a ^'s-in. dia. hole in the center was 
used to cover the tantalum crucible containing the melt. 
Tlie diameter of tho hole was further reduced by the in­
sertion of a tantalum tube, "i in. in dia. by 28 in. long, 
through which samples ol the melt were taken. Results 
of these experiments are shown in Figure \T-2. \'alues 
for the solubility of sodium in the electrolyte range from 
0.3 m/o at 546°C to 0.9 m/o at 697°C. The scatter of 
the points is somewhat higher than desired; however, 
since the data show that reasonable reproducibility and 
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proper temperature dependence for .solutions were 
achieved, the points are belie\ed to indicate true solu­
bility and not dispersions or colloidal solutions. Note 
that the value given by the one datum point for the 
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binary euteetic mixture 63.3 m/o Nal - 36.7 m/o NaCl 
shows essentially the same solubility as for the ternary 
euteetic mixture at 630°C; this agreement would Iw 
expected since Nal and NaCl are the major comjx)-
nents of the ternary euteetic. 

The solubility of soliil Na:,Bi in the ternary euteetic 
mixture of Nal , NaCl, and XaF has also been .studied. 
Samples of the melt, in equilibrium with NajBi, were 
taken using '/2-in. dia. tantalum sampling cups. The 
.samples were dissolved in water, filtered to separate 
the black bismuth metal precipitate, and the solution 
titrated with standard aciil to deterniine .sodium as the 
hydroxide. The bismuth was dis.solved in nitric acid 
and titrated complexometrically. In one of the initial 
experiments, a layer of solid Na.iBi formed on the sur­
face of the electrolyte after temiK'rature cycling of 
the melt. The presence of solid Xa.iBi in the electro­
lyte pointed up the need for a sampling techni(|ue 
which would eliminate any .solid particles which might 
be present as a result of thermal gradients in the .sys­
tem. In subsequent exjieriments. the samples were 
taken through a long '/i-in. dia. tantalum tube which 
was reduced to a '/4-in. dia. tube at the bottom. .\ 
'/^-in. tantalum frit (density 9.6) was swaged into the 
'/4-in. tuhe and the melt was forced through the frit hy 
applying a ilifferential helium pressure of approxi­
mately 1 to 2 atmospheres by pressurizing the exterior 
of the tube. The solution in the ^t-in. tube was sam­
pled by means of a 0..5-in. dia. tantalum cup and 
analyzed as in the former experiments. The scatter of 
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points was reduced markedly by the use of the tanta­
lum filter frits. The results of the latter experiments 
are shown in Figure VI-3. Values for the solubility of 
Na,sBi in the ternary euteetic ranged from 1.2 m/o at 
552°C to 8.5 m/o at 839°C. The average Na:Bi atom 
ratios were 2.98 ± .03 and 2,95 — .03 for experiments 
3 and 4, respectively (excluding the two points shown 

above the compound melting point at 839°C, for which 
the average ratio was 2.77 =: .03). In further experi­
ments, the solubility of intermetallic sodium-bi.smuth 
alloys which are not of stoichiometric composition will 
be studied. These will correspond more closely to an­
ticipated cell operating eonditions where no solid phase 
is present in the cathode alloy. 

2. Intermetal l ic Compounds in Molten Salt Solut ions (M. S. FO.STKR, G . M C C L O U D , 
K. L. M C B E T H , * D . M . G R U E N , * C . E . CuotlTHAMELJ 

studies designed to elucidate the nature and scope 
of the phenomena involved in the solubility of inter­
metallic compounds in molten salt solutions have 
been continued. These studies are interesting from 
both theoretical and practical viewpoints. Two types 
of compounds have been investigated: (a) the alkali 
metal tellurides, M:;Te, and (bl the alkali metal bis-
muthides. M:tBi- The sodium-bismuth bimetallic sys­
tem has been selected for preliminary engineering 
studies; however, the relatively high solubility of 
LioTe in fused salts and the high volatility of tel­
lurium suggest that thermal regeneration of the tcl­
luride may be possible. Both the alkali metal tellu­
rides and bismuthides have been studied by means of 
their absorption spectra in molten salt solutions. 

a. SPECTRAL STUDIES OF ALKALI METAL 
TELLURIDES 

The alkali metal tellurides were prepared by direct 
combination of stoichiometric amounts of each ele­
ment in an inert atmosphere box. 

The absorption spectra of these tellurides were meas­
ured in fused silica absorption cells. Before absorption 
spectra measurements were made, the solutions were 
filtered through fine-porosity fritted discs of silica, a 
procedure which gave clear solutions in the absorption 
cells. 

Previous studies (.\NL-6900l have reported the ab­
sorption spectra of: 

1. LijTe in LiCl-LiF at 525°C, which is character­
ized by an absorption peak at --469 m/i and a 
charge transfer band commencing at ^377 ni/x; 

2. Li,.Te in CsCI at 700°C. with peaks at - 4 6 5 mp 
and ~635 ni/* in addition to a charge transfer 
band whose longer wavelength edge is located at 
~300 mp; and 

3. ('soTe in CsCI, whose siiectriim is the same as that 
for Li.Te in CsCI. 

Later studies of the absor]ition spectrum of I.i2Te 
in LiCl revealed a single peak at ~470 m/i comparable 
to that of Li.Tc in LiCl-LiF. 

' ANL Cliciiiistry Division. 

Preliminary calculations ha\e been made of the mo­
lar extinction coefficients of Lii'Te, Na;.Te, and Cs2Te 
in CsCI. These are as follows: LioTe in CsCI, 605; 
Na^Te in CsCI, 602; Cs2Te in CsCI, 838. The spectram 
of Na^Te in CsCi exhibited shoulders at —570 and 
~.500 mp. Previously, the molar extinction coefficient 
of Lii.Te in LiCl-LiF was reported as 27. The results 
obtained indicate low oscillator strengths and forbid­
den transitions, and complete metathetical reaction of 
the lithium and sodium tellurides with the cesium chlo­
ride solvent. 

In initial attempts at spectra] analysis of KoTe in 
KCl, only a charge transfer band was observed. This 
was probably ilue to the high concentration of the po­
tassium tclluride. In later studies with a very dilute 
solution of K^Te in KCl, the spectrum at 850°C con­
sisted of a single peak at —610 m^ in addition to a 
charge transfer band commencing at —345 mp. 

Solutions of varying concentrations of NasTe in 
NaCl were prepared and submitted for spectral analy­
sis. None of these solutions sbowetl an absorption peak; 
however, a charge transfer band coumiencing at —490 
mp was observed. 

1). SPECTRAL STUDIES OF ALKALI METAL 
BISMUTHIDES 

The alkali metal bismuthides were prepared by di­
rect combination of stoichiometric quantities of each 
element in an ini-rt atmosphere box. 

In contrast with the tellurides. the absorption spectra 
of the bismuthides were measured in sapphire cells. 
The solutions were filtered through fine-porosity fritted 
stainless steel discs. 

The absorption spectrum of LijBi in LiCl-LiF at 
525°C was reported previously i ANL-69001. The 
spectrum is characterized by an intense absorption 
band whose long wavelength edge is at —610 m/<. A 
similar spectrum has been observed for LijBi in LiCl. 

K;iBi was studied spectrally in LiCI-KCl and in 
CsCI. The solid intermetallic compound, at —280°C, 
had a pronounced green color. .\ solution ol K:,Bi in 
LiCI-KCI was light purple. .\t temperatures between 
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500 and 1000°C, the spectrum exhibited an intense 
charge transfer band and, in addition, an absorption 
peak at —495 mp. Between 600 and 700°C, the spec­

trum of KsBi in CsCI exhibited no distinct peaks; 
however, the usual charge transfer band edge was ob­
served. 

D. LIQUID-VAPOR RELATIONSHIPS IN THE REGENERATION OF THE 
Na-Bi CELL (A. K. FISHER, S. JOHN.SON, C. E. CudrTH.VMEL) 

Several experiments were performed under condi­
tions which were intended to approximate tho.se ex­
pected to exist in the regeneration cycle of a sodium-
bismuth emf cell. These experiments, which can be 
termed nonisotherinal isopiestic experiments, consisted 
ol heating Na^.Bi in one end of a sealed, evacuated tube 
while the other end of the tube was maintained at a 
lower temperature. The hot end was about 900°C, 
while the cool-end temperature, in different experi­
ments, w.as .525, 616, 651, and 712°C. A three-day run 
period was common to all experiments. 

.\fter quenching the tubes, the residues at the hot 
end and the cool end were analyzed for sodium anil bis­
muth. The condensate at the cool end was essentially 
pure sodium. No bismuth was detected by a method 
that has a lower limit of detection of le.ss than one part 
per thousand. The final Na contents of the residues 
remaining at the hot end of the tubes (900°Cl in the 
four experiments and the corresponding cool-end tem­
peratures were: 15 a/o at 525°C, 48 a o at 616°C, 54 
a/o at 651"'C, and 62 a o at 712°C. These are not 
equilibrium values, since it must be recognized that 
equilibrium cannot be achieved in a nonisotherinal ex­
periment. The results, therefore, reflect relative pos­
sible extents of regeneration under conditions which are 
similar except for the dift'erence in condensation tem­
perature. 

The results of the noni.sothermal isopiestic experi­
ments must be considereil in conjunction with results 
Iroin transpiration experiments. The transpiration ex­
periments, in which a carrier gas sweeps away a sam­
ple of vapor for condensation and analysis, were 
designed to yield preliminaiy information on the com­
position of the vapor over a Na-Bi alloy at the re­
generation temperature. It was found that the vapor 
over a 50-50 a o Na-Bi alloy at about 900°C contains 
about 3 to 3.5 a o bismuth. This result indicates that: 

1. in a regenerative Na-Bi cell fractionation will be 
needed to obtain high purity sodium for return to 
the anode, and 

2. in the nonisotherinal isopiestic experiments such 
fractionation must have been in operation to ac­
count for the high purity of the sodium in the cool 
end of the tube. 

It is of interest to note, then, that the fractionation in 
the nonisothermal isopiestic experiments was achieved 
with a tube -Vi in. in dia. and aliout 18 in. long with no 
packing inside. The necessary number of theoretical 
plates would appear to he fairly low. 

Of considerable significance is the fact that in the 
nonisothermal isopiestic cxiieriments. a well-defined 
band of solid Na^Bi deposited on the interior wall at 
an int*'rmediate site in the temiierature gradient. This 
cannot he taken as evidence that Na.iBi. as such, was 
distilled and deposited, since it is known from mass 
spectrometric work that Na.-jBi volatilizes by decompo­
sition. Rather, the re-formation and deposition of .solid 
Na:iBi occur as a result of .sodium and bismuth vapors 
coexisting in the pro|ier molar ratio at a suitable tem­
perature and pressure. This can be explained in terms 
of a temperature-composition phase diagram in which 
there is a region where vapor and solid phases coexist. 
Briefly, this kind of a diagram results when the pres­
sure of a system is low enough to cause the liquid-
vapor loop to overlap the Na;,Bi-li<|iiid areas. A region 
of vapor-Na.-,Bi isolidi can be formed. For a cell, the 
practical consequence of dejiosition of solid is the even­
tual plugging of the regenerator. The cure is indicat«d 
from an analysis of the phase-diagram relationships: 
increasing the system pressure will result in a temixra-
ture-composition phase diagram in which the vapor-
li(|uid loop no longer overlaps the solid NasBi-liquid 
areas and deposition of .solid will IH' im|)ossihle. In 
turn, the system pressure will he maintained at a value 
determined by: (1) the tem|)erature at the condensa­
tion end of the regenerator, and (2l the composition of 
material being condensed there. These facts indicate 
that a sufllciently high condensation teni|)erature must 
be maintained to avoid solid dejiosition. 

By fixing both the tem|K>rature and the composition 
at the condensation site for a two-component system, 
e.g.. sodium-bismuth, a particular isobarie phase dia­
gram is fixed uiKin. and the entire system behavior 
must follow this diagram. Some conclusions which 
came from an analysis of such a fixed diagram in rela­
tion to the regenerative cell concept may be summa­
rized as follows: 

1. Fixing the composition of the cathode product to 
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be sent to the regenerator fixes a minimum value 
for the regeneration temperature which is the 
bubble point, and also a maximum value which is 
the dew point. A unique regeneration temperature 
is not set by fixing the composition of material 
withdrawn from the cathode. 
Fixing the composition of material to be returned 

to the cathode does fix the regeneration tempera­
ture. 
The cell reaction can generally be carried out at 
a temperature below the condensation tempera­
ture, but not above it unless a pressure gradient 
exists between the condensation region and the 
cell proper. 

E. REGENERATIVE Emf CELLS—ENGINEERING STUDIES 
(J. C. HESSON, H . SHIMOTAKE) 

Engineering studies, which were started during the 
preceding reporting period, have been continued on the 
feasibility of developing a practical thermally regen­
erative emf cell, which ultimately would be capable 
of being coupled to a reactor or other heat source. Both 

the bimetallic and lithium hydride cells are being stud­
ied; block, flow diagrams for these cell systems are 
shown in Figures VI-4 and VI-5. 

This study involves the following: 
1. Anode and cathode metal combinations. 

ANODE METAL 

ALKALI METAL 

IN SS SPONGE 

108-8717 

• CATHODE METAL 
WITH 5 TO 30 M/O 
ANODE METAL 

|— CATHODE METAL 
« ITH 15 TO 4 0 M/o 
ANODE METAL 

^ H E A T 

EXCHANGER 

CONDENSER 

SECTION 

EVAPORATOR 

SECTION -

z REGENERATOR 

Fin. VI-4. Bimetallic Cell System Flow Diagram. 

HYDROGEN GAS 

- C E L L S 

• VANADIUM DIAPHRAGM 

-HEAT 

EXCHANGER 
•^REGENERATOR 

Fill. VI-5. Lithium Hydride System Flow Diagram. 



.c. aegeneraiive Emf Cells—Engineering Studies 243 

2. Cell voltages and cell electrical efficiencies. 
3. Electrolyte selection including stability. 
4. Electrolyte electrical conductivity. 
5. Non-faradaic or mass transfer of anode (and 

cathode) metals flue to their solubility in the 
electrolyte. 

6. Cell configurations and geometry including elec­
trical insulation. 

7. Electrolyte and electrode mechanical positioning 
methods including the possible use of porous or 

sponge metals for the molten metal electrodes 
and perhaps a ceramic matrix for the electrolyte. 

8. Electrode metal transfer between the cell and re­
generator including heat exchange. 

9. Cell and regenerator operating temperatures. 

10. Cell and regenerator efficiencies. 

11. Corrosion. 

12. Possible cell stacking for higher series voltages 

and greater compactness. 

1. Engineering Thermot lymamic Studies 

Preliminary thermodynamic studies of the regenera­
tion efficiencies for sodium-bismuth, sodium-tin, and 
lithium-tin bimetallic cell systems and the lithium hy­
dride cell system have been made. In the bimetallic 
systems, sodium or lithium is the anode metal and bis­
muth or tin is the cathode metal. In the lithium hydride 
system, lithium is the anode metal and hydrogen is the 
cathode material. 

a. BIMETALLIC SYSTEMS 

In the bimetallic systems (Figure VI-4) the cell 
product, which is the cathode metal containing some 
anuiie metal, is circulated to and from the regenerator 
in heat-exchange relationship. In the regenerator the 
anode metal is separated from the cathode metal by 
vaporization. The anode metal vapor is condensed and 
returned to the anode of the cell. 

Preliminary studies indicate that for regeneration in 
the case of the sodium-bismuth system, reflux would be 
required in the distillation to obtain sodium sufficiently 
free of bismuth. The requirement of reflux reduces the 
maximum jiossible regeneration efficiency below the 
ideal cycle efficiency. The term "ideal cycle", as used 
here, does not mean the Carnot cycle, but means the 
operation of the chosen cycle approaching ideal and 
adiabatic conditions as nearly as possible, i.e., no heat-
exchanger losses, no heat losses through insulation, etc. 

Ill order to limit the recycle rate of the cathode metal 
to and from the regenerator, it would be desirable that 
the concentration limits of alkali metal in the cathode 
alloy range from about 15 to 40 m o anode metal and 
that about 10 m o anode metal be removed in the re­
generator. 

The temperature at which the heat is rejected (con­
densing temperature of the anode metal vapor from the 
regenerator as determined by the regeneration pres­
sure! is dependent both upon the mole fraction of 
anode metal in the cathode metal being returned from 
the regenerator to the cell and upon the regeneration 
temperature (which determines the regeneration pres­

sure). Thus, the condensing temperature increases as 
the regeneration temperature increases, and the ideal 
regeneration cycle efficiency is nearly indejiendent of 
the regeneration temiierature. The efficiency is, how­
ever, ilependent upon the mole fraction of anode metal 
in the cathode metal. For a given mole fraction of 
anode metal in the cathotle metal, the minimum re­
generation temiierature, in the ca.se where reflux is not 
required, is determined by the magnitude of the partial 
vapor pressure of the anotle metal re(|uired to obtain 
reasonable distillation rates. (In the case of liquid 
metals, a partial vapor pressure of at least 1 mm Hg 
is usually reipiired for reasonable distillation rates.) 
In the case where reflux is requireil. it may he neces­
sary to operate at a temperature above the calculated 
minimum regeneration temperature in order to avoid 
solid phase regions. Table \ ' I-2 shows computed values 
of efficiencies for the bimetallic cell systems. The ef­
ficiencies are based on a heat utilization efficiency of 
75'^ of the ideal cycle for the regenerator and a cell 
electrical efficiency of 60'( . The values compare favor­
ably with the expected overall thermal efficiencies of 
other systems for similar application I for example, 
mercury vapor cycle. 6 to lO '̂f ; thermoelectric cycle, 
59f; and thermionic al 1610°K. S r̂ maximum, antl at 
20.50°K. 161 maximum I. 

The cell voltage increases as the dis.solved mole frac­
tion of anode metal in the cathode metal is decreased. 
Hence, from a viewixiint of cell voltage low concentra­
tions of anode metal in the cathode metal are desired, 
but from a viewpoint of regeneration high values are 
desired. 

b. LITHIUM HYDRIDE SYSTEM 

In the lithium hydriiie sy.stem I Figure VI-51 the cell 
product is lithium hydride, which is soluble in the elec­
trolyte and in the lithium anode metal. The electro­
lyte lor possibly the lithium anode metal) is circu­
lated to and from the regenerator in heat-exchange 
relationship, i.e., the electrolyte going to the regener-
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TABLE VI-2. COMPUTED EFFICIENCIES FOB BIMETALLIC REGENERATIVE CELL SYSTEMS 

Bimetallic System 

Sodium-Bismuth 
Efficiency, Percent 

Regeneration, Ideal Cyelc-No Reflux 
Regeneration, Ideal Cycle •iO% Iteflux 
Regeneration. 75% of Ideal Cycle 30% Reflux 
System, 1)0% Cell Eleetrieiil Efliciency 

Estimated Regeneration Temperature, °K, to 
Avoid Solid Phase Region 

Sodium-Tin 
Efficieney, Percent 

Regeneration, Ideal Cycle 
Regeneration, 75% of Ideal Cycle 
System, 60%, Cell Electrical Efficiency 

Regeneration Pressure, mm Hg, at 1073°k (800°C) 
Sodium Condensing Temperature. °K, for 1073°K 

Regeneration Temperalure 

Lithium-Tin 
Efficiency, Percent 

Regeneration, Ideal Cycle 
Regeneration, 75% of Ideal Cycle 
System. 00% Cell Electrical Efliciency 

Regeneration Pressure, mm Hg, at I.323°K 
(1050°C) 

Lithium CondensingTemperature. °K, for 1323°K 
Regeneration Temperature 

0.1 

41 
29 
21 
13 

1325 

30 
22 
13 
1.3 

735 

27 
20 
12 
0.33 

960 

Mole Fraction AnodeMetal in Cathode Metal 

0.2 

38 
27 
20 
12 

1310 

27 
20 
12 
5.3 

785 

24 
18 
11 
0.75 

1005 

0.3 

36 
25 
19 
11 

1300 

23 
17 
10 
10.0 

830 

20 
15 
9 
1.75 

1055 

0.4 

34 
23 
18 
10 

1290 

20 
15 
9 

16.6 
855 

17 
13 
8 
3.3 

1090 

TABLE Vl-li. COMPUTED PERCENT EFFICIENCIES n)R 

LiTHiiM HYDRIDE CELL SYSTEM 

Regeneration 
Temperature 

(°K) 

1200 

1300 

1400 

1.500 

Cell 
Temperature 

CK) 

773 
873 
773 
873 
773 
873 
773 
Wl! 

Efficiency (%) 

Ideal Re- Expected" 
generation Regen-

Cycle eration 

35 
27 
41 
33 
45 
38 
48 

24 
19 
29 
23 
31 
26 
33 

Expected'' 
System 

12 
9 

14 
11 
16 
13 
17 

-15 :tl 1 15 

» Based on 70% of Ideal Cycle. 
••Based on 70%, of Ideal Cycle and .50% Cell Eleclrical 

Efficiency. 

ator is heated by the warmer electrolyte returning to 
the cell. In the regenerator, the hydride is decomposed 
into hydrogen and lithium. The hydrogen is returned 
to the cell cathode, and the lithium is returned to the 
cell anode. 

In order to limit the recycle rate of the electrolyte 
to and from the regenerator it would be desirable that 

the electrolyte contain from about 15 to 25 m/o hy­
dride when going from the cell to the regenerator and 
that about 10 m/o hydride be decomposed in the re­
generator. 

In the case of the lithium hydride cell system the 
temperature at whieh the heat is rejected (cell oper­
ating temperature) is independent of the regeneration 
temperature. However, the hydrogen regeneration pres­
sure increases with increased regeneration temperature 
and with increased mole fraction of hydride in the 
electrolyte. The cell emf increases with increased hy­
drogen pressure, btit decreases as either the cell tem­
perature or the mole fraction of hydride in the electro­
lyte is increased. 

The ideal regeneration cycle efficiency is dependent 
upon the regenerator and cell operating temperatures 
but is nearly independent of the mole fraction of hy­
dride in the electrolyte. Table M - 3 shows computed 
values of efficiencies for the lithium hydride system. 
Again, they compare favorably with efficiency values 
of other systems. The efficiencies are based on a heat 
utilization efficiency of 70^/ of the ideal cycle for the 
regenerator and a cell electrical efficiency of 50%. 
Tliese values of 70 and 50% are less than the corre­
sponding values of 75 and 60% used for the bimetallic 
systems. Lower values are used for the heat utilization 
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etficieney because of anticipated lower heat transfer 
coefficients for the electrolyte; lower values are used 
for the cell efficiency because of cell voltage losses due 
to diffusion of hydrogen through the vanadium dia­
phragm at the cathode. 

The cell voltage increases as the dissolved mole frac­
tion hydride in the electrolyte is decreased. Hence, 
from a viewpoint of cell voltage, low concentrations of 
hydride in the electrolyte arc desired, but from a view­
point of regeneration, high values arc desired. 

2 . E x p e r i m e n t a l S o d i u m - B i s m u t h Ce l l 

NON-FARADAIC SODIUM TRANSFER 

Experimental work on the sodium-bismuth cell was 
continued. Studies of irreversible or non-faradaic trans­
fer, i.e., without corresponding production of cell cur­
rent, have been initiated using "open" sodium-bismuth 
cells. The rate of transfer of sodium from anode to 
cathode was measured as a function of temperature 
and also as a function of cell current at constant tem­
perature. The irreversible transfer re.sults from the sol­
ubility of sodium in the electrolyte. The electrolyte 
used in most of the experiments was the sodium chlo­
ride - 62.5 m/o sodium iodide euteetic. In some experi­
ments, 5 m/o sodium fluoride was added to the electro­
lyte. 

The "open" sodium-bismuth cell consisted of a stain­
less steel crucible, 1% in. in dia. hy 5 in. high, in which 
the electrolyte was contained. The '/s-in. dia. stainless 
steel cathode cup containing bismuth was immersed in 
llic electrolyte. The anode consisted of a 1-in. dia. 

650 
TEMPERATURE. ' 

108-8559 
Kit:. VI-6. Irreversible Sodium Transfer and Conductance 

in an Open-Circuit Sodium-Bismuth Cell as a F u n d ionof Temp­
erature. 

stainle.ss steel cup with a '/»-in. dia. hole in its bottom 
and a layer of stainless steel s|ionge above the hole. 
In this manner, sodium was retained in the cup and yet 
was allowed to contact the electrolyte when the bottom 
of the cup was dipped slightly into the electrolyte. The 
distance between the cathode bismuth surface and the 
anode .sodium surface was 2 in. 

The non-faradaic transfer is here defined as 

O - AH 

where 
q = non-faradaic transfer, g hr, 
Q = total g of sodium transferred from anode to 

cathode during nm. 
.1 = (3600M23I 96..500 = 0.8.57 g , ( amp) (h r ) , 
/ = average cell current, amp, and 
( = time of run, hr. 

Figures VI-6 and VI-7 show the results of these tests. 
From these figures, it is noted that the non-faradaic 
transfer rate increa.ses as the temperature is increased 
and decreases as the cell current is increased. The ad­
dition of 5 m o .sodium fluoride to the electrolyte did 
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not noticably change this transfer rate. The conduc­
tance of the cell as a function of temjierature is shown 
in Figure VI-6. 

The cell electrical efficiency is a product of the volt­
age and current efficiencies whieh in turn are functions 
of cell conductance, cell current, and the non-faradaic 

sodium transfer. While additional experiments will be 
required to determine optimum parameters, the work 
to date indicates that cell current efficiencies of about 
S0% can be obtained during operation at 75% of the 
open circuit voltage. The resulting overall cell electri­
cal efficiency is about 60%. 

.3. Frozen Elertrolvle-Si l icone Kubber Insulat ion-Seal 

A closed 3-in. dia. cell has been constructed of stain­
less steel with a frozen electrolyte-silicone rubber com­
bination electrical insulator-pressure seal. In this cell, 
the silicone rubber pressure seal is placed about l'/2 in. 
beyond the cell between water cooled flanges which are 
attached to the cell by ',{)-..-in. thick discs to minimize 
heat transfer. An alumina spacer is placed between the 
1'32-iri. discs. The cell boily jiroper is heated by Vs-in. 
dia. electric heating elements. In the one test run made 

to date, the cell, charged with electrolyte and bismuth, 

was heated to about 600°C without leaking or devel­

oping a short circuit. During this test, an attempt was 

made to add sodium to the anode through a Teflon 

stopcock; however, attack of the Teflon by the molten 

sodium made it necessary to terminate the run at this 

point. A different method of charging sodium will be 

tried. 

4. Engineering Material Study 

In the proposed regenerative emf cell system, the 
cathode product, whieh is a liquid metal alloy of the 
anode and cathode metals, is transferred to the re­
generator in which separation of the anode metal by 
distillation is effected. The alloy, depleted in anode 
metal, is returned to the cell cathode after passing 
through a heat exchanger in which the heat is trans­
ferred to the alloy stream coming from the cell cathode 
to the regenerator. The anode metal vapor is condensed 
and returned to the cell anode. In order to distill the 
anode metal readily it is necessary to operate the re­
generator at a temperature of 800°C or higher and to 
operate the cell at about 600°C. The exact operating 
temperatures would be deiiendent on the properties of 

TABLK VI-4. Si MM,«RY i 

Liquid 
Melal 

Sn 
Sn 
Sn 
Sn 
Bi 

Bi 

Bi 
Bi 
Bi 

Test Mateiial 

Ta 
Ta 
Mo 
W 
Steel 1020 

Steel 1040 

Armco Iron 
Armco Iron 
SS 3114 

Temp. 
CC) 

900 
1000 

1000 

1000 

lOOO 

lOOO 

8.50 

1110(1 

K.'iO 

IF S n 

Time 
(hr) 

27 
96 
26 
96 
22 

100 

24 
.50 
97 

nr C(iRH(isin.\ Ti:si's 

Remarks 

No visible attack 
No visible attack 
No visible attack 
No visible attack." 
InterKranular penetra-

Inter^rannlar penetra­
tion 

Shallow attack 
.Specimen dissolved 
No visililc attack 

tlio fused salt electrolytes and electrode metals in­
volved. No container materials have yet been found 
which are mechanically strong at these temperatures, 
are readily fabricable, and are also sufficiently re­
sistant to corrosion by the liquid metals at anticipated 
regeneration temperatures. 

During the jiast six months, a number of corrosion 
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experiments have been carried out to test possible con­
tainer materials for cells in which bi.smuth or tin is 
used as a liquid metal cathode. A series of static tests 
was run to screen various materials. The material to be 
tested, along with the particular cathode metal of in­
terest, was contained in a crucible fabricated from 
Mo-30 w/o W, an alloy whieh is considered to be nearly 
inert to attack by bismuth and tin. 

The test materials were usually cut from sheet stock 
in the form of coupons, Vs by 1 by Vs in. The loaded 
crucibles were placed in a stainless steel vessel located 
in a resistance-heated furnace and were held at the 
test temperatures for predetermined periods of time. 
The test results are presented in Table VI-4. Xo visi­
ble attack on the Mo-30 w/o W container was noted. 

A series of dynamic corrosion tests was conducted 
to determine the effect of li(|uid bismuth on low carbon 
steel. Four thermal convection loops containing liquid 
liisniuth have been operated under varied temperature 
conditions. The loops, shown schematically in Fig. 
VI-8, were constructed of standard '/4-in. low carbon 
steel pipe (0.54-in. OD, 0.364-in. I D ) . The total height 
of a loo]i proper is 10 in. and the width is 6 in. The 
insides of the loops were cleaned with either acid 
(hoops 1, 2 and 3) or molten sodium hydride-sodium 
hydroxide (Loop 41 to remove scale, oxides, etc. Loops 
3 and 4 were externally sprayed and coated with molten 
slainless steel for protection against air oxidation in 
high temperature tests. 

Loo]) 1 was run with a hot leg temiierature of 800°C 
ami a cold leg temperature of 700°C for 100 hr. Al­
though the outside of the loop was oxidized severely, no 
visible mass transfer effect by the liquid metal was 
found. 

Loop 2 was run with a hot leg temperature of 520°C 
and a cold leg temperature of 420°C for 1,000 hr. The 
reduction of the pipe wall thickness did not exceed 
0.010 in. at the hot leg. Microscopic examinations 
showed no evidence of intergranular attack. 

Loop 3 was run at a hot leg temperature of 800°C 
and a cold leg temperature of 700°C. After 24 hr of 
operation, two plugs were formed. Plugging was caused 
by (11 incomplete de.scaling of the loop interior before 
the test, and (2) lodging in the loop of a test cou|X)n 
which had become loose during the test. 

Loop 4 was run at a hot leg temperature of 850°C 
and a cold leg temperature of 4.50°C. After 430 hr of 
operation a leak developed in the hot leg of the loop. 
Microscopic examination revealed that (1) attack of 
the steel by bi.smuth was greatest at the entrance to 
the hot leg of the loop, and (21 extensive nia.ss trans­
fer had occurred. 

The static corrosion tests indicate that tungsten. 
molybdenum-30 w o tungsten, molybdenum, and tan­
talum show sufficient promise for use with tin to be 
tested dynamically at temperatures up to aliout 
1000°C. 

The dynamic eorrosion tests indicate that mild steel 
will not be suitable for the high temperature sections 
of the apparatus Ithe regenerator! in which bisnuith is 
circulated with temperature changes from about 800°C 
to about 600°C. but that mild steel or stainless steel 
may be suitable for the low temperature sections of the 
apparatus (the cell!. 

Thermal convection loops are being constructed for 
dynamic corrosion tests by tin and bismuth on tanta­
lum. molybifrnum-30 w, o tungsten, and niobium. 





VII. Nuclear Constants* (Donald C. Stupegia, A. D. Tevebaugh) 

A. NEUTRON INEL.4STIC SC.\TTEKING (D. C. STUPEGIA, A. B. S.MITH,** 
J. F. BAKKY***) 

In the preceding report, ANL-6900, a discussion was 
given of the importance of neutron inelastic scattering 
in the fast reactor program. Inelastic scattering is the 
primaiy reaction by which the neutron energy spec-

1.080 MeV 

0,3 39 

0809 

0,741 

0029 
0 

l-'io. V I M , Kncrn.v Levels in Nioliium li;i. 

trum is degraded in a fast reaetor. A piogram for the 
measurement of the energy and intensity of gamma 
rays associated with neutron inelastic scattering is 
being carried out using the 3 MeV pulsed Van de Graaff 
accelerator of the Reaetor Physics Division. In this 

* A siiinmar.v of this section is given on page 16. 
" Itcaetur Physics Hivision. 
••• K.\ehaiinc visitor from .\lderinastoii, Kngland. 

work the data of interest are: 
111 cross sections for the production of gamma rays 

as a function of neutron energy, and 
(2l cross sections for the production of gamma rays 

at a given neutron energy as a function of angle of 
gamma ray emission with resiwet to the neutron beam 
direction. 

Preliminarj- work has been done on zirconium, hol­
mium, and rhenium. More extensive data have been 
taken on the production of the 0.741, 0.809, and 0.958 
Me\ ' gamma rays resulting from the excitation of 
levels in niobium-93 Isee Figure VII-1). 

In Figure VII-2 a plot is given of the relative cross 
.sections for the production of the 0.741 MeV level of 
"•'Nb as a function of neutron energy. 

These results will be used to calibrate absolute cross 
sections when the neutron flux and gamma ray cali­
brations are completed, .\naly.ses are also being carried 
out which will yield the cross sections for the produc­
tion of the 0.809 and 0.958 MeV states. 
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F m . VII-2 Productio 

by Inelastic Scattering. 
of 0711-MeV Ix-vcl of Nioliium-93 

B. FAST NEUTRON CAPTURE (D. C. STUPEGIA, M . SCHMIDT, A. A. MADSON) 

In calculations of the breeding gain of a reactor, 
capture cross sections of various reactor structural ma­
terials, coolants, and control materials are required as 
a function of neutron energy. In the present program 

fast neutron capture cross sections have been studied. 
In the previous report. ANL-6900, nearly complete 
data were given on the cross sections of " ' R e and 
"'"Re for neutron energies between 4 keV and 2 MeV. 
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This work has now been completed and the results are 
being prejiared for publication. 

Two other cajjture cross section curves have been 
completed. These are erbium-170 and gadoliniuni-158, 
which are shown in Figures VII-3 and VII-4. The re­

sults of Maeklin, et al.,' for 25 keV neutrons, which 
are also shown in the figures, are in good agreement 
with the data from the present study. 

» R. L. Macklin, N. H. Lazar, W. S. Lyon, Phys. Rev. 107, 
504 (1957). 
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C. CAPTURE-TO-FISSION RATIOS IN EBR-II (D. C. STUPEGIA, A. A. MADSON) 

Preparations are being made to measure the ratio 
of the capture and fission cross sections of uranium and 
plutonium isotopes as a function of position in the 
core and blankets of EBR-II . These data will be use­
ful in calculations of the breeding gain of fast reactor 
systems, as discussed in a previous report, ANL-6900, 
p. 330. 

A total of 71 samples of ™U, -^''U, --'"U, =^»Pu, ="'Pu, 
and -*-Pu have been introduced into stainless steel cap­
sules, 65 of whieh are now being |ilaecd in special 
EBR-II fuel clement tubes. The numbers and types 
of samples whicli will be placed in various regions of 
the core and blankets of EBR-II are summarized in 
Table VII-1. 

Following completion of the experimental work and 
analysis of the results, the data on capture-to-fission 
ratios will be compared with their corresponding values 
as calculated from a multi-neutron group set of cross 
sections. This cross section set, now being compiled in 
the Reaetor Physics Division, divides the neutron en­

ergy spectrum of EBR-II into 20 energy groups and 
lists capture and fission cross sections of each isotope 
for each group. From these values, togetlier with an 
estimate of the neutron flux in each group, one can 
calculate the expected capture-to-fission ratio at any 
position in the reactor. Similar comparisons were made 
for experimental data obtained in the third loading of 
EBR-I. 

TABLE VII-1. N't-MBER OF .SAUPLES or I'RAMCM AND 
Pn'ToNirM IN CORE AND BLANKETS OK KHU II 

Isotope 

•"Pu 
"•Pu 
" ' P u 
"•U 
" ' U 
m i ; 

Core 

8 
4 

n 
6 

n 
3 

Inner 

1 
1 
1 
0 
1 
0 

Blanket 

Outer 

4 
2 
4 
2 
2 
2 

Upper 

3 
3 
3 
1 
2 
0 





VIII. Analytical Research and Development* 
(R. P. Larsen, R. J. Meyer) 

A program for the development of analytical meth­
ods for the determination of burnup of fast reactor 
fuels and for the measurement of fast fission yields is 
being carried out by the Analytical Group. Although 
the primary objective of this program is the develop­
ment of methods for EBR-II fuels, the methods will 
also be applicable to other fast reactors. Methods for 
the determination of technetium-99 and lanthanum-139 
have been developed, and the uranium-235 fast fission 
yields for both nuclides have been determined. These 
data were reported in ANL-6900, p. 336, and in the 
Idaho Division reports. 

The present objective of the program is the deter­
mination of other uianium-235 fast fission yields. Of 
particular interest are those nuclides which are poten-

• A Bummary of this section is given on pages 16 to 17. 

tially useful fission monitors for other fa.st reactor fuels 
and tho.se nuclides which can be useil to determine the 
source of the fissions in fuels which contain two fissile 
nuclides. EBR-I, Mark-I l l core material is being used 
for these deterniinations. The number of atoms of the 
fission product is being determined by a combination 
of spectrophotometric and mass spectrometric anal­
yses; the number of fissions is being determined by a 
cesium-137 radiochemical analysis. In time this ap­
proach will be used with EBR-I, Mark-IV fuel to 
establish plutoniiim-239 fast fission yields. More ac­
curate values for the uranium-235 and plutoniuiii-239 
fast fission yields, as well as those for uraniuni-233. 
will be obtained from materials irradiated in EBli-II 
for an extended period. However, these irradiations 
will not be completed before 1969. 

A. URANIUM-235 FAST FISSION YIELDS OF MOLYBDENUM-*).?. 
A N D - 1 0 0 (H . .1. I'(iPKK) 

-<)7, -<)8. 

EBK-I, Mark- I l l fuel of about 0.3 a o burnuii has 
been analyzed radiocheniically for its eesium-137 con­
tent and speetrophotometrieally for its molybdenum 
content. (The molybdenum concentration is about 0,03 
w/o.) In the spectrophotometric molybdenum analysis, 
molybdenum (VI) in sulfuric acid is reduced with tin 

(II) to molybdenum (\ ' l . the molybdenum i\*) is re­
acted with thiocyanate. the molybdenum-thiocyanate 
coni|ilex is extracted into n-butyl acetate, and the ah-
sorbance is rtleasured. l'|ion completion of mass speetro­
nietric analysis, the fission yields of the molybdenum-
95, -97, -98. and -100 isoto]ies will be calculated. 

B. URANIUM-235 FAST FISSION YIELDS OF RUTHENIU.M-101, 
(H. D. OLDHAM) 

• 102, AND -104 

The yields of the ruthenium isotopes from the fast 
fission of uraniuni-235 are also being determined on 
the Mark-I l l fuel from EBR-I. Spectrophotometric 
analysis for the ruthenium content has been completed. 
Ruthenium was separated from the other fission jirod­
ucts and the uranium by distillation of the volatile 
tctroxide from a dilute sulfuric acid-sodium bismuthate 
mixture, and the tctroxide was caught in carbon tetra­
chloride at 0°C. The amount of ruthenium in the dis­
tillate was determined speetrophotometrieally after 

reaction with l-nitroso-2-napthol and reduction with 
ascorbic acid. Because the concentration of ruthenium 
in the samples was very low. complete recovery of 
ruthenium in the separation procedure was not 
achieved. However, a correction for this loss, al>out 5%, 
was reailily made by analyzing the product and the 
original solution radiochemically for their ruthenium-
106 contents. Upon completion of the mass spectro­
metric analysis, the fission yields of ruthenium-101. 
-102. and -104 will be calculated. 

2S3 
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C. IRRADIATIONS IN EBR-II (R. J. MEYER, R. J. POPEK) 

Plans are being made to irradiate 100-mg amounts 
of the oxides of uranium-233, uranium-235, and plu-
tonium-239 in EBR-II to jiroduce materials that will 
permit the determination of fast fission yield data of 
increased accuracy. The sam])les will bo irradiated 
until 25% of the fissile atoms have been consumed. 
This will allow the nuniber of fissions from the nuclide 
of interest to be determined accurately from pre- and 
post-irradiation mass siiectrometric analysis. The num­
ber of fission product atoms produced will be deter­
mined chemically, radiochemically and/or mass spec­
trometrically. 

Details of this irradiation are now being completed. 

It appears that an irradiation which is equivalent to 

more than two years in the reaetor at full design power 

will IH; necessary to obtain the burnup desired. This 

will require that the samples irradiated in the core be 

recycled, since none of the core subassemblies will re­

main in the reaetor for two years. I t is estimated that 

this recycling and the operation of the reactor at some­

what less than full power will increase the time for the 

irradiation to four or five years. 



IX. Studies and Evaluations* (W. J. Mecham, W. B. Seefeldt, 
V. G. Trice, M. Levenson) 

A. GENERAL OBJECTIVES 

Studies and evaluations are concerned with the feasi­
bility and costs of projected applications of research 
and development projects of the Chemical Engineering 
Division. Such studies may show which step of a proe­
ess should be further modified in order that the process 
as a whole may be more economical. Or they may 
ghow that some particular step or techni(|ue has an eco­
nomic advantage and that new ways of incorporating 
this step in other process applications should be sought. 
The scope and specific objectives of these staff studies 
and evaluations are expected to vary with the interests 
of the Laboratory. 

* A summary of this section is given on page 17. 

The present studies and evaluation activities by 
full-time staff members are a continuance of Division 
activities previously carried on by ad hoc committees. 
The major activities during this year have been con­
cerned with two projects: ( l l a Divisional economic 
study of fuels and reprocessing methods for fast re­
actors and (2) a contribution to an interdivisional 
conceptual design study and a feasibility and economic 
analysis of a large metal-fuid fast breeder power re­
actor and its integrated fuel cycle system. 

Future projects are to be defined for studies and 
evaluations in the area of fuel cycle operations (esjie-
cially for fast reactors! and allied process applications. 

B. COST EVALUATION OF METAL-FUELED FAST REACTORS 

An interdivisional study group has been organized 
lo evaluate the economy of the generation of electric 
power by a large metal-fueled fast breeder reactor. .\ 
report is being prepared for the use of the I'.S. ••\tomic 
Energy Conunission in which the estimated costs of 
nuclear power generation by metal-fueled reactors arc 
compared with those reported previously for fast 
breeder reactors fueled with oxide and carbide fuels.'* 
The report will eneom|iass all on-site costs for a 1000 
Mw(e) plant including the reactor, integral pyrochemi­
cal processing, refabrication, interiiu on-site storage of 
wastes, and in addition, the ultimate disposal of high 
activity level wastes at a separate site. Design criteria 
and specifications have been established for the . \NL 
Reference Metal Fueled Reactor and Integral Fuel 
Cycle Facility. The ANL Chemical Engineering Divi­
sion and the Metallurgy Division were assigned the 
responsibility for the conceiitual design and estimation 

' Allis-Chalniers. .\loniic Power nevelopment .\s80ciates. 
Babcock and Wilcox Company, Large Fast Reactor Design 
Study, ACNP-(U50;l. January l!Hi4. 

* Combustion Kngineering. Liquid Metal Fast Breeder 
Reactor Design Stud.v. CKND-200. January 1904. 

' tleneral Electric Compan.v. Liquid Metal Fast Breeder 
Reactor Design tJtudy. C.EAP-4418. January 1964. 

* Westinghousc. Liquid Metal Fast Breeder Reactor Design 
Studv. WCAP-:i2.il-l. January l'M4. 

TABLE L\ - l . RpEclKiCATioNs o r THE ARGONNE REKEHENrE 
.METAL FcELED FAST BREEDER HEACTOR wtiirii ESTABLISH 

THE K I E L PRCH-ESSINO REIJCIREMENTS 

Total Thermal Power. .Mw(l) 
\ c t Electrical Power, Mw(e) 
Fraction of Total Power Cpiicratcd in Core 
Total Breeding iialio 
Internal Breeding Ratio 
Initial Composition of Fuel, w/o; 

Core 
I'ranium 
Plutonium 
Ti t i i i i i t im 

Hlanket 
Depleted I'ranium 

Core Fuel Burnup, percent of aetinides 
Blanket Fuel Burnup, percent of aetinides 
Composition of Discharged Fuel, w/o: 

Core 
Uranium 
Ptiitoniuin 
Titanium 
Fission Products 

Hlanket 
I 'ranium 
Plutonium 
Fission Products 

Reactor Cycle, days 
Plant Factor, c; 
Quantity of Fuel Discharged per Cycle, kg 

Core 
Blanket 

2513 
1000 

0.87 
1.55 
0.63 

79.30 
18.75 
1.95 

100 
5.5 
0.32 

75.11 
17.55 
1.95 
S.39 

97.72 
1.9S 
0.32 

191 
80 

6252 
15570 
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of the cost of the Integral Fuel Cycle Facility. The 
key specifications of the reference reactor which estab­

lish the fuel reprocessing requirements are presented 
in Table IX-1 . 

1. Reference Compact Pyrochemical Process for Metal Fast Reactor Fuel 

A conceptual process for the decontamination of fuel 
discharged from a metal-fueled fast breeder reactor 
and the recovery of jilutonium bred in the blanket fuel 
for use in the refabrication of core fuel elements is de­
scribed by the flowsheet in Figure IX-1. This flowsheet 
is for the processing of fuel from a reactor that em­
ploys uranium-jilutonium alloy in the core and uranium 
in the blanket. I t is also applicable to alloys contain­
ing titanium and/or zirconium as a major component 
of the core fuel. The flowsheet does not represent the 
only process steps that would satisfy the processing 
requirements. Alternative proeess steps are currently 

being studied and it is expected that some of these will 
ultimately lead to more economical processing. How­
ever, the reference flowsheet was chosen because it con­
sists of an assemblage of pyrochemical steps for which 
sufficient supporting evidence is available from labora­
tory and pilot plant studies to provide a high degree 
of confidence in the technical feasibility of the steps, 
and for which enough information is available from 
component development studies to develop conceptual 
cqui|)mcnt designs for use in the estimation of process­
ing costs. 
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i 
B. Cost Evaluation of Metal-Fueled Fast Reaclurs 

2. Preparation of Fuel for Processing 

Preliminary operations are employed to prejiare the 
fuel for processing. The core antl blanket fuel assem­
blies are removed from the reaetor and transferred to 
a sodium-cooled tank where they are retained for about 
15 days. During the total period of cooling before 
reprocessing (20 or more days) , the heat generation 
rate from the decay of fission products decreases by a 
factor of about 10, and affords a substantial reduction 

in the heat removal requirements in subseepient process 
steps. Unlike aqueous processing, the influent streams 
in pyrochemical processing are not subject to radia­
tion damage, and therefore an extended period of cool­
ing is not required, .\fter cooling, the fuel as.semblies 
are steam cleaned to remove residual .sodium and then 
disassembled and the excess structural metal removed 
and discarded. 

.3. Removal of Fission Pro«lii<-ts 

Removal of Fis.'iion Products from Core Fuel. In the 
flowsheet and in the tabulated data, the jirincipal 
fission products are grouped as follows: 

Xc, Kr, Tc. 1 
Ub, Cs, Sr, Ba 

Hare earths and Y 

M... Tc, Ku. Kh. Pd. 
.\|S, (,'d, 111. Sn, Sh 

Zr. Nb 

FisHinii products, volatile (FPV) 
Fission jirodiicts. salt-soluble. 

uroup I, (KI'SI) 
Fiflsion products, salt-soluble. 

group II (Kl'SIll 
Fission products, noble Ini'lals. 

group I (KPN 11 
Fission prodiicls. nohlc inclats. 

groMji II I I ' P M I ) 

The core ami bhinket fuid are processed separately 
in the initial process steps. The core fuel is treated to 
remove all fission products listed abo\'e. The reference 
flowsheet is expected to provide greater than 99 ' ; re­
moval of the fission products. Because of the presence 
of residual amounts of fi.ssion products in the fuel proc­
essed by this reference jiroeess, remote refabrication 
ol core and blanket fuel elements and remote refueling 
of the reactor is necessary. 

Declad core fuel is melted in a beryllia crucible and 
rontacted with a fused salt containing magnesium 
chloride at 12.50°C. Of the separate classes of fission 
products cited above, the ¥P\' products are volatilized, 
and the FPSI and FP.-^II groups are oxidized by the 
iiiagnesium chloride and extracted into the salt phase. 
The salt phase is separated and the partially processed 
metal is further treated to remove the FPNI and 
FPNII fission products in subsequent jiroeessing steps. 

The FPNI grouj) of fission jiroducts is sejiarated 
from uranium, plutonium, and the FPNII fission jiro­
ducts bv treatment of the mixture with cadmium 

(diloride in a tungsten crucible at 6.5U Ĉ". I'ranium. jilu­
tonium, and the FPNII grouji are chlorinated. The 
FPNI grouji is not chlorinated and is accumulated in 
the eadmium metal jihase which is fonned as a con-
.secjuence of the reduction of cadmium chloride. 

The immiscible metal and salt pha.ses are allowed to 
sejiarate by the difference in their densities. The metal 
phase containing the FPNI fission products is trans­
ferred to a waste receiver, and the salt jihase contain­
ing the uranium and jilutonium and FPNII fission 
Jiroduets is transferred to the vessel used for blanket 
dissolution. Further jiroeess stejis for the combined 
core and blanket fuel are di'scrilied below. 

Removal of Fission Products from Blanket Fuel and 
Reduction of Core Fuel. Declad blanket fuel is dis­
solved in a lifjuid metal mixture of cadmium, zinc, and 
magnesium. Simultaneously, uranium and jilutonium 
in solution in the salt jihase from the core fuel chlorin­
ation are reduced by the magnesium in the solvent 
metal. This jiroeess steji is conducted at 650°C' in 
a 40.i stainless steel crucible. F'ission products of 
groujis FPV and FPNII Ithe latter from both the core 
and blanket I are separated by volatilization. The 
FPSI fission products are sejiarated by extraetion into 
the salt Jihase. The salt composition is critical for the 
volatilization step. From presently available data, the 
comjiosition 60 m o MgCI:. - 2.i m o NaCl - 15 m o 
KCl is believed to be satisfactory. The other fission 
products in the blanket, namely the FPSII and FPNI 
groups, are not sejiarated and accompany the uranium 
and plutonium in the solvent metal phase. Titanium, 
if it is a comjionent in core fuel alloy, is volatilized 
with the FPNII group. 
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4. Part i t ioning of Uranium and P l u t o n i u n i ; Recovery of Uranium 
an<l P l u t o n i u m as Ingots of Metal 

Uranium and plutonium are jiartitioned in a retort­
ing step. The solvent metal phase from the blanket dis­
solution step, which contains the uranium and jilu­
tonium recovered from the core and blanket fuel, is 
retorted in a beryllia crucible to volatilize cadmium 
and zinc. Uranium jirecijutates because of its negligible 
solubility in the magnesiimi solution that remains. The 
FPNI grouji of fission jiroducts from the blanket fuel 
accomjianies the uranium. Plutonium and the FPSII 
group remain in solution in the magnesium phase which 

is processed in a separate retort furnace for the ulti­
mate recovery of metallic jilutonium. The solvent 
metals volatilized in the retort ojierations are recycled 
to the blanket dissolution step. 

The jirecipitated uranium is retorted in a vessel for 
uranium retorting to an ultimate temperature of 
1200°(' to remove the residual solvent metal and to 
consolidate the uranium into an ingot of metal. The 
Jilutonium solution is similarly treated in its retort 
furnace. 

5. Composi t ion of Recovered Uran ium Ingots and P luton iuni Ingots 

The products of the reference flowsheet contain the 
fission Jiroducts FPSII and FPNI that were generated 
in the blanket. The blanket burnup specification for 
the Argonne Reference Reactor is: 

Zone 

Axial Blanket 
Inner Radiiil Bin 
Outer Radial Bla 

ikel 
iket 

Blanket 
Burnup 
(% of U 
Atoms) 

0.27 
0.27 
0.37 

Quantity of 
Fuel Removed 

per Cycle 
(kg) 

5730 
1420 
8420 

For the above conditiony the composition of the sepa­
rate products of the processing is estimated to be: 

Uranium Product 

Uranium 
(w/o) 

FPNI Fission 
Products 

(w/o) 

Plutoniuni Product 
FPSII Fission 

Plutonium Products 
(w/o) (w/o) 

On repeated recycle, the FPNI content of the ura­
nium Jiroduct will build up slowly and may be ex­
pected to reach 0.72Sc after eight radial blanket cycles 
134 yr of irradiation). The FPSII concentration in the 
plutonium product will not build up because the fis­
sion products are removed in the processing of core 
fuel. 

6. Est imated Fuel Cycle Costs for the Argonne Reference Metal -Fueled Reactor 

Estimates of operating costs, annual charges, and 
unit fuel cycle costs have been developed for the in­
tegral fuel cycle facility associated with the Argonne 
Reference Reactor. The costs of processing and waste 
disposal were estimated by the Chemical Engineering 
Division and those for refabrication by the Metallurgy 

TABLE IX-2. COSTS OF THE REFERENCE COMPACT PYRO-
CHEMICAL F U E L CYCLE FACILITY FOR THE ARGONNE 

REFERENCE METAL-FUELED 1000 Mw(e) FAST REACTOR 

Unit Costs 

Processing and Refabrication 
Waste Disposal 
Out-of-Reactor Fuel Inventor 
One Percent Processing Loss 
Plutonium Credit 

Tolal 

Division. The concejitual design of a plant to process 
fuel as specified in the reference flowsheet was based 
on the EBR-II Fuel Cycle Facility. All jiroeessing and 
refabrication operations with highly irradiated fuel 
are conducted remotely in a large heavily shielded in­
ert atmosphere enclosure. Building and installation 
cost estimates were largely based on the costs incurred 
in the construction of the EBR-II Fuel Cycle Facility. 
Equijiment cost estimates were based on the cost of 
equijiment for the EBR-II, the jirojected cost of plant-
scale versions of comjjonents currently under develop­
ment by the Chemical Engineering Division, and man­
ufacturers' quotes. 

The estimated unit fuel cycle cost for the .\rgonne 
Reference Metal-Fueled Reaetor is 0.95 mill/kw(e)-
hr. A breakdown of this cost is ju-esented in Table IX-2. 
The unit cost includes amounts for the return on in­
vestment, the rejilaeement of cajiital and the ojierating 
costs. A breakdown of the annual charges is presented 
in Table IX-3. A 6.7.5 jiercent cost of money was used 
in couijiuting the capital replacement cost. For the re-
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turn on mvestment a rate of 13 percent was used which 
includes taxes, insurance and the cost of money. These 
percentage values were based on practices of private 
utility companies, as rejiorted in the . \EC Guide to Nu­
clear Power Cost Evaluation (TID-7025). The de­
preciation schedules for the replacement of capital was 
30 yr for buildings, 15 yr for out-of-cell and in-cell non-
jirocess eijuijuncnt, and 5 yr for jiroeess ec|uijiment. 

The reference fuel cycle facility is operated at a 
Jilant factor of only 37 jiercent, principally because 
reactor unloading, cooling, processing, refabrication. 
and refueling mu.st occur in the 191-day jieriod between 
reactor cycles. Consequently, the jiroeessing canijiaign 

TAHLl; IX-3. ANNUAL CHAROES FOR THE REFERENCE 

COMPACT PYROCHEMICAL F U E L CYCLE FACILITY FUR THE 

AROCINNE REFERENCE .METAL-FUELEII lOOO Mw(c) 

FAST REACTOR 

(Iperuting Cost 
Cost of Capital Re|ilacciiH'l 
Iteturn on Investment' ' 
Inventory Charges 

Total Annual Cliargc 

S4,712..iO(l 
0.54,4<KI 

2,10(1,IKKI 
1.577.000 

19,134,800 

"The total invest ment includes [ilant facilities, eontrai-tor's 
ovcrliead and engilicering fees, insiiranee, site ilnprovement. 
direct installation costs, s tar t-up costs, and working cajiital. 

T.\BLE IX-4. U N I T COSTS OF THE REFERENCE COMPACT 

PvRfiCHEMK AL F l E L C Y C L E FACILITY FOR T H R E E M E T A L -

FvELEi) FAST BREEIIER REACTORS (2o00.Mw(e) TOTAL! 

Unit Cosls 

Proceasing and Refabrication 
Waate Disposal 
Out of-Reactor Fuel Iiiventorv 
One Percent Proccaaing Loaa 
Plutonium Credit 

Total 

mills/ 
kw(c)-hr 

0.83 
0.05 
0.10 
0.03 

- 0 . 3 7 

0 ti3 

I/kg 

138 
8 

17 
5 

- 6 2 

lOli 

is of 147-day duration per cycle. By increasing the 
Jiroeessing plant factor to 80 jiercent. the outjiut of 
three reactors totaling 2."iOO Mwlel could be handled 
in the reference fuid cycle facility with only a modest 
increase in the annual charge, but with a substantial 
decrease in the unit charge for jiroeessing and refabri­
cation. The unit charges for this ea.«e apjwar in Table 
IX-4. Since the out-of-reactor inventory of the fuel 
cycle does not increa.se when a favorable schedule is 
used with three reactors, the unit inventory charge also 
is decreased. 

C. DIVISIONAL STUDY OF REPROCESSING OF F.\ST REACIOR 
PLUTONIUM FUELS 

The purpo.se of this study is to compare the cost of 
Jiroeessing various fast reactor jilutonitmi fmds by 
alternative jiroeessing methods under a consistent set 
of requirements and restrictions. The set of conditions 
includes Jiarameters for reactor jiower. burnuji. and 
other parameters that are expected to corresjiond to 
the range of possibilities as to fuel loads, technical 
specifications, and economic requirements of a pro­
jected fast breciler reactor system cajiable of jiroducing 
comjietitively priced electrical jiower in 1980. The al­
ternative fuels and ju-ocesses are those whose technical 
details arc being defined and whose jiraetical ajijilica-
tions are being demonstrated in current develojiuient 
programs. Three fuel materials are being considered: 
metal, oxide, and carbide. For each of the reference 
fuels, three alternative methods are being considered 
for the reeoveiy of valuable fuel from fission jiroilucts. 
The three methods are: (1) an aqueous-solvent extrac­
tion. (2) a fluid-bed volatility process, and l3) a com­

pact pyrochemical jiroeess. .\ll of the above combina­
tions are being examined for two jiroeessing jilant 
sizes, corresjionding to different sizes of fast reactor 
power systems, namely, a single 1000 -Mwtel reactor 
and ten 1000 Mwlel reactors. For each of the above 
reactor systems, the process plant loads also vary in 
uranium and plutonium throughjiut according to sev­
eral reaetor design and ojieration conditions, i.e., vari­
ous cases of fuel burnup. of jilutonium concentration 
in the discharged core material, and of plutonium con­
centration in the discharged blanket materials. 

.•\lthougli this study is undergoing revision and the 
cost evaluations should therefore 1K' considered pre­
liminary, current results are summarized here for the 
purjiose of identifying the variables involved in the 
comparison of alternative fuels and processes and 
showing the approximate relative contribution of re­
processing, shipjiing, and out-of-reactor fuel inventory 
to the total fuel cycle costs. 
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1, Comparative Cost Analysis 

Reference flow.shei-t^ for aqueous-solvent extraction, 
fluid-bed volatility, and pyrochemical processes were 
selected to serve as a baisis foi- plant cost calculations. 
Process flow rates, plant size, costs of supplies, serv­
ices, and chemicals, waste volumes and costs, nuclear 
safety procedures and other process decisions were 
based on these flowsheets, Tlie reference reprocessing 
plants were based on total throughputs of 100 to 1000 
kg per day. This range of production covers the total 
througliput for l)oth tlie integral processing plant Ifor 
one reactorl and the central processing plant (for ten 
reactors). 

The aqueous sohent extraction i)rocess is the most 
highly developed of the three reference processes and 
could be applied to the specific fuels and processing 
rates discussed with little change in the flowsheets 
adopted. However, there are several points in tlie ariue-
ous process in which this application goes beyond pres­
ent plant practice: 

1. Plutonium enrichment is higher for these fast 
reactor fuels than for the feed in present aqueous 
plants, and more difficult criticality jiroblems 
exist. 

2. Solvent degradation under high radiation fields 
for high burnuj) fuels is a problem believed to be 
overcome in the aqueous flowsheet used here by 
specifying a 120-day fuel cooling period before 
processing. (Although this cooling time is longer 
than that sjiecified in this study for the nonacjue-
ous processes, the higher associated cost is at 
least partially compensated for by other jilant 
savings, for example, less expensive iodine-han­
dling steps for longer-cooled fuel and a lower cost 
solvent treatment for recycle.) 

3. Some comjilications may be offered to the metal-
dissolution step by tlie jiresence of alloying agents 
such as ruthenium, molybdenum, zirconium, and 
titanium. 

4. The presently existing processes for conversion of 
plutonium oxide to carbide is not yet well de­
veloped, although promising developments are 
underway at Argonne National Laboratory and 
elsewhere. 

The fluid-bed fluoride volatility jiroeess is less well 
develojied than the afiueous process, and modifications 
of the reference flowsheet can be expected in reducing 
this process to i)ractice. Although the major process 
steps have been given considerable study at several 
sites in connection with jiroeessing of uranium fuel, 
plutonium behavior is still less well <lefined than ura­
nium behavior. 

The compact jiyrochemical process flowsheets are 
not as highly developed as the aqueous flowsheet, but 
all the major steps are unc l̂er study at Argonne Na­
tional Laborator>'. The metal fuel flowsheet is being 
reduced to jiractice at the P^BR-II integrated process­
ing facility at the Idaho site. The basic plant concepts 
for |iyrocheniical processing, including the associated 
remote ojieration and maintenance techniques, are be­
ing evaluated at the EBR-II plant. 

For each of the three processes, capital and operating 
costs were calculated for direct processing, shipping, 
inventoiy, waste disposal, and process losses. The over­
all cost associated with rejiroeessing was taken as the 
sum of costs in the.se categories. 

The following jireliminary conclusions appear from 
the cost analysis of the cases outlined above. The dis­
tinction is made here between direct costs of reprocess­
ing and overall costs of reprocessing and associated 
handling, which includes losses, inventory charges, 
shipping costs, and waste disposal, as well as the direct 
reprocessing costs. 

1. Large 10,000 Mw(e) central plants have lower 
overall and direct unit costs (mills/kw-hr) than 
do small 1000 Mw(e | integrated plants for all 
cases calculated. Here it is assumed that ship­
ping by presently acceptable methods will con­
tinue to be possible. On this basis, the lower direct 
processing costs for large plants more than com-
jiensate for the cost of shipping. 

2. For metal fuels, pyrochemical processes have the 
lowest direct and overall reprocessing costs, re­
gardless of ]>lant throughjiut and other variables. 
This is due to the relative simplicity of the com­
pact pyrochemical i)rocess, and the fact that it 
yields a metal product directly. 

3. Waste disjiosal costs for all cases were lowest for 
the volatility process, chiefly due to its produc­
tion of a very low \olume solid waste. In some 
cases, waste disjiosal foi' the pyrochemical process 
was equally low. 

4. Fuel inventory and waste disjiosal for the aque­
ous solvent extraction jiroeess showed substan­
tially the highest costs in all cases. These high 
costs are due to the relatively long cooling time 
for the fuel before processing and to the relatively 
large volumes of process liquid waste, which must 
be concentrated and solidified. 

5. Cost comparisons* of tho aqueous, volatility, and 
Jiyrochemical jirocesses are as follows: 

• Only linrizniitn) t'luiiparisoiKs aro valid. 
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High Cost Low Cost 
A. .Metiil Fufl 

1. Small Integral Plant 
a. Direct Processing: aqueous volatility pyrochem. 
b. Overall ProeessidK atiueuus volatility pyrochem. 

aiul H.'tri(Jling: 
2. l.iirgp (Jt'ulrnl Plant 

a. Din-el I'mcPssitiK: aqucmw pyroohern. 
volatility 

h. Overall I'meessing aqueous volatility pyrochem. 
and Handling: 

11. Oxide Fuel 

1. Small Integral Plant 
u. Diri'et Processing: pyrochem. volatility 

aquecjus 
b. Overall Processing aqueous pvroehern. volatilitv 

and Handling: 

High Co6t Low Cost 
2. Large Central Plant 

a. Direct Processing: 

b. Overall Processing aqueous 
and Handling: 

volatility 
aqueous 
pyrochem. 
volatility 
pyrochem. 

C. Carbide Fuel 

1. Small Plant 
a. Direct Processing: aqueous volatility pyrochem. 
b. Overall I*rocesfling a((Ueous pyrochem. volatility 

and Handling: 
2. Large Plant 

a. Direct Processing: volatility pyrochem. 
aqueous 

b. Overall Processing aqueous volatility 
and Handling: pyrochem. 

2. The ( -os t -Throuphput Relat ion for Reprocessing P lan l s : The Effect of Burnup 

If the form of the relation between ma.ss throughput 
lir) and total annual cost (C) is assumed to be of ex-
jioncntial relation C = a w^, where a and b are con­
stants, then the constant b is found to be approxi­
mately 0.5 for the total annual direct jiroeessing costs 
licvelojied for the reference 100 and 1(K)0 kg day re­
jiroeessing plants. 

Since the rejiroce.ssing plant throughjiut is furnished 
liy the rate of discharge of fuel, the core fuel processing 
rate for a reactor of given jiower is inversely propor­
tional to burnup. Similarly, tlie blanket jiroeessing rate 
is inversely jirojiortional to the amount (and therefore 
till' concentration) of plutonium bred in the blanket at 
the time of discharge. 

The unit j>rocessing costs, mill8/kw(e)-hr, for the 
reference jihints were calculated for various burnups 
and blanket jilutonium concentrations by using the 
above jiroeessing cost-load factor b and the ajiju'ojiriate 
processing rates. As long as combined fviel and blanket 
processing is assumed, such variations of throughput 
do not change the relative cost advantages (cited 
above) for the reference processing plants of 100 and 
1000 kg (lay cajiacity. However, the fraction of the 
total unit fuel cycle cost that is due to the direct proc­
essing cost in general varies with this change of 
throughput because of change of burnup. 

The general relation of fuel burnuji to jiroeessing 

loads and costs may be described in the following 
terms. The jiroeessing load l t d is directly projiortional 
to the rate of jiower generation (P) and inversely pro­
portional to the jM r̂cent burnup |/<).other things being 
equal. Thus, for two reactors. 

W'l 

P2B1 

l \ Br • 

From om- jirevious relation between cost {C) and 
tiiroughput ((/•(: 

C, \uj 
Thus, for a given total jwwcr generation, 

" = ' • • • - R - © " 
The significance of this relation is that for a given 
level of total pouer generation, the unit costs of re­
processing lin mills kw(el-hr) varies not inversely 
to the first jioner of burnup, but inversely to the 0.5 
jMwer, or whatever jMwer is correct for the cost-
throughput relation of the rejiroeessing plant. Actually, 
the efTect of core fuel bumuji on processing costs is 
even less pronounced because the blanket jiortion of 
the processing rate is not changed in general by varia­
tions in core fuel burnuji. 

3. Shipping and Inventory Costs 

.\ study of shipping and out-of-reactor fuel inven­
toiy costs was made for aqueous, volatility, and pyro­
chemical processing of fast reaetor fuel. The study 
comjiared costs for an integrated processing plant for 
a .single ItXXl Mw(ei reactor and a central plant large 

enough to process the fuel of 10 such reactors. Burnup 
of core fuel and plutonium concentrations were ex­
amined as additional parameters. The assumption was 
made that presently acceptable rail shipments are 
feasible for s[ient reaetor fuel. 
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TABI,E lX-5. F U E L SINI'I'INCJ CASK FOR SCENT FASI 

HKACJ'OH F U E L 

A 

B 

C 

Cask Cfiaracteristics 
Weight, loaded, tons 
Weight of cask shock huffer. tons 
Capacity 

Full loading, aetinides plus fission prod­
ucts, kg 

Heat dissipation, kw 

Interest, Depreciation, and Insurance 
Return on investment 
Kinking fund factor {10 years at 6.75%) 
Income tax 
State and local taxes 
Property insurance on cask 

Use Ctiarge 
Annual cost of cask and liufTer" 
Annual cost of repairs aii<l sMi)plies 

Total annual cost 
Use Charge (OO'/t use factor) 

100 
25 

-JODO 

TJU 

% of Cask Cost 

(1.75 
7.;J3 
;i.40 
2.45 
1.00 

20.93 

S52.000 
3.000 

855,000 
S250/day 

* Total cost of cask and l.nfTer is 5250,000. 

Shipjiing and inventory costs were analyzed together 
because of the interrelationship between the two costs. 
The value of the fuel affects both the property insur­
ance cost during shijijiing and the inventory cost. The 
shipping costs affect the value of the fuel jirior to 
shijijiing and, thus, the inventor^' cost prior to shipping. 
Finally, for pyrochemical and volatility processing, the 
combined cost of shipjiing jilus inventory has a mini­
mum value for an ojitimum cooling jieriod whicli varies 
with burnup, plutonium concentration in the dis­
charged fuel, and the cost of plutonium. (However, in 
this study only a single set of fuel values was used: 
$10/g fissile plutonium and $10/kg other aetinides.) 
Other variables have only a minor efTect on this opti­
mum cooling time. 

Shijijiing costs for high-burnup. short-cooled fast 
reactor fuels cannot be taken directly from cost corre­
lations developed for thermal reactors in terms of cost 
per kilogram of material shipped liecau.se of the higher 
rate of heat dissijiation of fi.'ision products in the fast 
reactor fuel. That is, the cask cooling requirement for 
the present case of fast reactor fuel is more restrictive 
as to the cask capacity than is the volume or weight 
of fuel. The shipping cost, therefore, is more directly a 
function of the amount of heat which nuist be dissi­
pated than of the weight of fuel shipped. 

In this study of fuel shijiping costs for sjient I'uel of 
fast reactors the cost estimates were made for rail 
shipments of casks for delivering spent fuel to the re­

jiroeessing plant and sejiarate shipments for delivering 
new fuel to the reactor. It was found more economical 
to sbiji empty casks on the return trip than to hold 
casks at the reactors. 

The conceptual ca.sk design for fast reactor fuels 
emjiloyed a hea\'y internal basket for neutronic isola­
tion and heat conduction. Natural air conduction is 
used internally and forced air convection externally. 
However, natural air convection externally is satisfac­
tory in an emergency. In general, cask loading was de­
termined by the actual heating value of the fuel. An 
external crash buffer (25 tons) is employed for addi­
tional safety. 

A daily use charge was determined for the spent fuel 
ca.sks on the basis shown in Table IX-5. A similar 
basis was used to determine a daily charge of $140 for 
the ca.sk for shipping refabricated fuel; this latter cask 
was lighter, 70 tons total, with a 3000 kg capacity. 

Liability insurance during shipment was estimated 
at $1000 Jier trip plus $1 jier mile for spent fuel and 
•̂(OO Jier trip jilus $0.50 j>er mile for refabricated fuel. 

Projicrty insurance during shipping was estimated 
at 0.15% of the basic fuel value for the 500-mile dis­
tance and 0.20% of the basic fuel value for the 1000-
mile distance. The basic fuel values taken in this study 
were $10/g for fissile plutonium and $10/kg for fertile 
aetinides. 

Fuel inventory' costs were based on annual fixed 
charges on fuel value of 13%, following the practice of 
private utilities for nondepreciating capital cited in 
the \KC "Guide to Nuclear Power Cost Evaluation" 
(TID-7025). 

Since the basic fuel value was taken to apply to fuel 
material ready for fabrication, adjustments in value 
were refjuired for fuel in other stages of the fuel cycle 
operations. These adjustments dejiend on costs incurred 
in rejiroeessing, shipping, insurance, and refabrication, 
together with costs due to losses. Only ajiproximate ad-
ju.stments were made in this study. 

The inventory costs for integral (on-site) plants were 
based on a cooling jieriod of 200 days for aqueous 
Jiroeessing with a period after cooling of 160 days. The 
total time of 360 days corresjionds to two reactor un­
loading cycles in this study. For volatility and jiyro­
chemical j>rocessing in integral jilants the cooling time 
was 60 days and the jiost-cooling jieriod 120 days (one 
reactor unloading cycle!. 

The inventory costs for central jilants were 
based on a cooling period of at least 120 days prior to 
Jiroeessing for aqueous jilants, and it was assvnned that 
longer cooling had no advantage in processing costs. 
For vohitility and jiyrochemical jirocesses it was con­
sidered that a minimum cooling time of 20 days was 
re<juiretl for handling and that longer times had no in-

http://liecau.se
http://ca.sk
http://ca.sk
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fluence on the cost of jiroeessing. However, cooling 
times somewhat longer than 20 days were used for the 
central plant using volatility and jiyrochemical jiroe­
essing, since the cooling times were selected as ojiti­
mized values, giving the lowest total inventor>- and 
ehipjiing costs. This calculation involved finding the 
minima of functions relating cooling time to the heat 
emission and to the inventory and shijiping costs of the 
hiel. 

The costs of inventory and shijijiing for various fuel 
rccoveiy processes are summarized in Table IX-6. For 
aqueous jiroeessing there is no incentive for on-site 
processing (integral jilants) because the long out-of-
reactor Jieriod for the integral jilant results in inven­
tory costs higher than the combined inventor.- and 
shijijiing cost for central jilant jiroeessing. For jiyro­
chemical and volatility jiroeessing, the combined inven­
tory and shipping charges for central plants are sub-
.slantially higher than for integral jilants, even of the 
•)iiall IflOn Mw(e) size of this study. However, in de-
li'iiiiining the overall comjiarativc costs of integral and 
cent till Jilants, the lower unit costs of reprocessing and 

TABLK IX-6. COSTS OF INVENTORY AND .'^HIPPINO roR 

VARIOUS FUEL RECOVERY PROCE.SSES 

tlne-thc.usatid Mw(e) reactor. 80^; load factiir. 20^; total 
plutonium in core fuel. 2*;; trUal plutoniuni in hlanket fuel, 
fissile plutoniuni valued at $10. K. fertile aetinides valued at 
»10/kK. 

Burnup 

(%) 

3 
.5 

10 
20 

Aqueous Processing 
(mills/kw-hr) 

On-Sitc 
Plant-

0.M7 
0.339 
0.1»4 
0.106 

Central Plant at 
Distance Given 

500 
miles 

0.374 
0.246 
0.144 
0 001 

1000 
miles 

0.417 
0.276 
0 154 
0 104 

Pyrochemical and 
Volatility Processing 

(mills/kw-hrl 

On-site 
Plant* 

0.280 
0.170 
0.098 
0 059 

Central Plant at 
Distance Given 

SOO 
miles 

0.311 
0.213 
0.126 
0 079 

1000 
miles 

0.378 
0.2S5 
0.151 
0.093 

" Xo ttliippinK rctpiirpil. 

waste disjiosal for central jilants must be taken into 
account. 

4. Fuel Inventory Co.sis: Effeel of Burnup and Oul-of-Keaetor Residence T i m e 

The relation of fuel inventory costs to burnup and 
luiii' i-e(iuired for a eomjilete fuel cycle operation may 
lie illustrated by the following considertitions. The 
power density, / / , of the reaetor jier kg of actinide fuel. 
/.. may be expressed as follows: 

H = 
o.g.'iB 

T 
'1 

where 
// 

The 
is ir 

reaetor jiower density. >[w(t ) /kg fuel in 
reactor 

(1.95 = conversion factor, Mwlt) kg of fuel fis­
sioned Jier (hiy 

li = burnup of fuel, weight fraction 
T = irradiation time of fuel in reactor, days 
P = nominal reactor jiower, MwttI 
/ = Jiower factor, fraction of total time that re­

aetor is on Jiower 
/. = fuel loading in reactor, kg. 
rtite of fuel discharged from the retictor in kg day 
and 

L 
T ' 

I'f 
0.95B ' 

The amount of fuel W held uji outside the reactor 
in the total fuel eyele operations dejiends on the total 
out-of-reactor time To, in days. Thus, 

uT„ = 
LT. 

0.9.1 \B ) • 

If two cases are comj>ai-ed wherein L, P, and / are con­
stant. 

^-(a/(a = ©,/©,• 
For a reactor with a given irradiation time T, the size 
of the out-of-reactor fuel inventon.- is directly jiro-
jiortionttl to T^ . the out-of-rejictor fuel cycle time. 
Thus, while lower burnuji results in a larger amount 
of fuel inventon,'. other things being etjual. a shorter 
out-of-reactor fuel cycle time comjiensates by lower­
ing the inventon,- amount. Thus, as an illustration, 
fuel inventon,- land hence the charges) will be the 
same for the following cases: 

Case 1 Case 2 Case 3 

Hurriup. c'c 
Time out of reactor, days 

5 
120 

10 
240 

In\entoni- charges are influenced by reaetor jiaram­
eters lesjiecially jiower density and fuel management 
schedules! even more than by variants of processing, 
and the longer cooling time for atjueous than for the 
nonaqueous processes results in a jienalty for aqueous 
processes that is esjieeially jironounced for the 180-day 
reactor fueling cycle time on w-hich Table IX-6 was 
based. 




