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Prefact 

This rt'port is the proceedings of the fourth of a series of topical conferences 
sponsored hy Arponne National Lalx>raton,* and the Tnite*! States .\toniic KIUTRX* 
Commission on specific topics related to the development of fast power hree<ler 
reactors. It is hound in two volume.'^: Hart I contains papers presenle<i at the Ses
sions on Sodium Tecluiolony. and Part II contains papers presenti-d at the Sessions 
on I.arne P'ast Reactor Design. The Tahjc of Contents in each volunir h.-̂ ts all of 
the papers presented at the confer<'nce. 

Tlie Proceedings of the first of tliese conference, held in (h-tolx-r 19t>3 and en
titled "Hreeciinn Kconomics and Safety in Large Fast Power Hractors." were is
sued as ANL-6792. The proceedings of tlie second, held in ( Vtolicr I9(>.*) on "Safety. 
Fuels, and Core Design in Large Fast Power I{eacloi>." were i»ued lis .\NL-7I20. 
The proceedings of tlie third conference, held in Octoher 1966 on "Fast Critical 
Kxperitnents and Their .\nalysis," were issued as ANL-7320. .\ lelatol conference 
on "The Physics of Bn-eding" was held at Argonne in October 19.^9, with the pro
ceedings issued as ANL-6r22. 

We at Argonne appreciate very nnich the assistance of all who participated ni 
this conference. In particular, tlu- open discussion and the willingiH-ss to 4-xainine 
controversial (juestions contriliuted to the value of these meetings. The coopera
tion ami last-minute etTorts of the speakers cjuring the first informal sc.-ision on So
dium TechnoUigy an<l in the final general di.-*cu>sion periods warrant special thanks. 
We wish also to express our appreciation to the l'. S. .\tomic Kni'rg>' Conunission 
and the participating organizations from abroad for making passihie such meet
ings in which recent develojinient on specific topics y e reviewed and the basis for 
a cooperative effort on the renndning problems established. 

These prooee<lings have been edited by J. K. Draley, L. W. Fromm. \ . (llassiier. 
Joyce Kopta. and I). Okrent. with the direct assistance of the scientific secretaries 
of the various sessions. In the interest of hasti-ning publication, the speakers have 
not been given an opportunity to edit the discu.ssions. The editors hope that a 
reasonable portrayal of the actual liiscussion lias been accomplisheti. 

I wish to acknowledge the able guidance and assistance provided by J. E. Dra
ley and L. W. Fromm in formulating the Program. Finally, on behalf of all the 
participants. I express our appreciation of the etiicient manner in which Dorothy 
Carlson, Oail .\hlvin, Rosalie Deskin. and Klizaln'th Wallis handled the ntyriad 
of administrative details and thereby contributed to an effective meeting. 

D. Okrent 
Conference General Chairman 
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Introductory' Remarks 

J. E . DIULEV, Chairman 

.irgonne Sational Laboratory 
A rgonne, lUinoin 

Welcome to the Session on Special Topics in So- from Karlsruhe to summarize a meeting on Sodium 
dium Technology. We have asked Ralph Jon<s from Boiling which was held at Ispra in October, and we 

the U. S. Atomic Energy Commission to manage a ^ave asked Ross Humphreys of Argonne National 
review of the Proceedings of the International Atomic , , . . , , . , 
r.„ . „ , . r>„„ 1 c 1 w , 1) . Lalioratorv to organize a discussion which he has 
Energy Agency Panel on Sodium-\\ at^T Reactions. ' ^ 
This panel meeting was held at Argonne yesterday entitled "Impurities Expected in LMFBR .Sodium 
and the day before. We have asked Dr. Smidt and Their Significance." 
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Meetinj; on Sodium-Water Reactions 

Introduction 

RALPH H . JONES 

Specialists' Meeting Chairman 

Gentlemen, I am happy to see the turnout for our 

rather ad hoc panelist program. 
As Chairman of the IAEA Specialist Meeting on 

Sodium-AVater Reactions, I will hasten to explain 
several things. First, the Specialist Meeting was held 
on Tuesday and Wednesday of this week. Second, 
the Specialists representing each country participat
ing in the meeting were endowed with their assign
ments on this panel just yesterday. Third, the 
Panelists prepared their statements last night and 
we have had no time to compare notes. 

With this in mind, I believe we can proceed with 
what should be a veiy interesting expose on a most 
interesting subject. Our plan is to have an official 
IAEA statement by J l r . Yashin, followed by reports 
by myself and representatives of each participating 
country giving appraisals of the meeting and sum
mary reports on the subjects covered. 

RALPH H . .JONES, Moderator 

Dirisiim of Reactor Development and Technology 
U. S. Atomic Energy Commission 

Wastiington, D. C. 

Group and identifying its terms of reference. Now 
he is the U. S. representative to this Group. 

The Working Group has agreed that in addition 
to topical conferences, it would be most helpful to 
organize small meetings of specialists on specific 
aspects of fast reactors. Such meetings can provide 
an opportunity for thorough review and detailed dis
cussions of a particular problem, which would be 
impossible to envisage within a large conference. 

The idea of the meeting of specialists on sodium-
water reactions, the first of its kind, has been 
unanimously supported by all members of the In
ternational Working Group on Fast Reactors. 

The program of the meeting, drawn up in con
junction with participating countries, was too large 
for two days' discussion, but the high activity of 
participants and excellent chairmanship by Mr. R. 
Jones have made it possible to cover all the items. 

In conclusion, I would like on behalf of the 
International Atomic Energy Agency to thank once 
again U. S. authorities and Argonne staff for the 
possibility of holding the meeting at Argonne. 

Purpose of IAEA Specialists' Meeting on 
Sodium-Water Reactions 

DMITRI A. YASHIN, Scientific Secretary 

International .Atomic Energy Agency 

Let me Iniefly refer to the history which has led 
us to the Specialists' Meeting on Sodium-Water 
Reactions. 

About two years ago the idea of coordination of 
international meetings on the problems of fast re
actors was initiated in the International Atomic 
Energy .\gency. This idea was supported by a num
ber of countries. .\s a result, the International Work
ing Group on Fast Reactors was set up in March of 
this year under IAEA auspices to serve primarily as 
a collective adviser for the purposes of coordination 
of international meetings in the field and better 
exchange of information between the countries in
volved in the program. In particular. Dr. Wensch 
has made a great contribution in organizing the 

Appraisals of IAEA Specialists' Meeting 
by Participants 

Ralph II. Jones, Meeting Chairman 

I t was gratifying to me to observe, at this I.\EA 
Specialists' Meeting, that all ot the participating 
countries are actively working on the sodium-water 
reaction problem. From this I conclude that there is 
international acceptance of responsibility to find the 
necessary solutions to reactions occurring in sodium-
heated steam generators. 

In general, all participating countries are pursuing 
the single-wall-tube steam generator as the best ap
proach for the LMFBR plants. All recognize that this 
ajiproach is contingent upon safely accommodating 
a sodium-water reaction in the steam generator. 
This must be accomplished without communicating 
the trouble to the reactor primary systein. 

I conclude that the international exchange of ideas 
at this Speciahst Meeting has been of service in 
assuring the success of the sodium-heatc il single-wall 
steam generator. 
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Kazuo Furukawa, Japan 

Although Japan has not yet done much develop-
uK-nt work on the sodium-heated steam generator 
except for a few fundamental researches concerning 
sodium-water reactions and water-leak detections, we 
are now starting a big project of Fast Breeder De
velopment lo meet the Nati<inal power demands. 
Therefore, we have heartily appreciated coming to 
this up-to-date .Speciidists' Meeting (»f L\E, \ , which 
was very useful to get the guiding knowledge in this 
fiel.l. 

We are hoping for further international coopera
tion. 

./. .Man lirtty. United K/ngdoni 

I would like to begin by saying how much I en
joyed meeting other members in the fiekl of .sodium-
water reactions at the Panel. People engageil in this 
kind of safety study necessarily t<'nd to plow a rather 
lonely furrow, and it is good to be able to meet now 
and then. We have had an interesting and fruitful 
exchange of information ami viewpoints this week. 

Kurt tloldmann. United Stoles oj America 

It was a most valuable meeting. 
.Amongst safely |>robleins in LMFBR power plants, 

I consider the problem of containing a .sodiuin-wuter 
reaction in a safe and economic manner only secoml 
to the problem of containing a nuclear excursion. 
.\dinittedly the problem of sodium-water reaction is 
an order of magnitude less severe than the nuclear 
I'xeursion problem, but it seems to me that the cITorts 
spent on sodium-water reactions are less by more than 
an order of magnitinle lliaii those spent on nueh.ai 
excursions. 

The meeting during the last two days represented 
a big step forwaril in the direction of rectifying this 
imbalance by giving recognition to the importance of 
this problem. If one cannot safely contain a .so-
iliiim-water reaction in an economic manner, the 
utilities will not buy any L.MFBR's. While we have 
reasonable assurance that sodium-water reactions can 
bl' contained safely, we are far from knowing what 
safety design criteria should be applied to LMFBR 
]ilants and what the costs of meeting such criteria 
will be. 

For two days, we discu.<sed all aspects of soilium-
waler reactions. Personnel from major installations 
around the world, which are actively engaged in this 
work, were re|iresented. I would estimate that during 
these two days we collectively advanced the state-of-
1 lie-art to a point which might have taken years to 
reach on an isolated basis. Encouragement should be 

given to continue the free exchange of information in 
this special field in the future. 

.V. Lions. France 

1. Discussions were ver>' oi>en. 
2. There is a general agreeiiH'iit on instrumenta

tion. 
3. It seems that a stTondar>' failure can occur in 

pool-type steam generators; li.ss siH-ondarj- failures 
are expt.cted in the case of ino<lular steam generators. 

4. .\ leak of a size livs than the total rupture of 
one tube inav be more destructive than the full-tube 
leak. 

5. No ti.st has been mn with mon- than one in
tentionally ruptured tulH'. 

6. For detection of sodium-watt.r reactions, de-
\'elopmeiit is being carried out on an electrolytic 
device, in addition to the nickel-membrane ih-tector 
which is generally usi^l. 

7. I'erritic steel appears to suffer more damage by 
small wat<T leaks than stiiinl(.ss steel. 

8. \'ery few t<*ts wi're maile to determine the 
maximuin pressure jH'ak which a shell can withstand. 

/ / . .Mauslieck. Federal Rcpnhlic of Germany 

For all the different steam-generator designs, the 
study of the soilium-wati'r reaction leads to many 
similarities in test work and mathematical divcrip-
tioii. Therefore, this meeting was highly valuable, 
since it gave a broad exchange of rt-sults and prob
lems. I think it ran be said that the meeting offered 
to a great extent the status of the technology in this 
lielil. * 

Especially, many areas of common understanding 
and interiT^t were found, like: 

definition of a maximum ste:iin-geiierator failure; 
codes for pressure propagation through the steam 

generator and the secondaiy systi-m; 
wastage of adjacent tub(.s or constniction elements 

by tube failures, specially by small leaks; 
necessity of measurement and identification of 

small leaks. 

Summary Tupiral Repor ts un 
Sodiui i i '^ 'a ter Rractions 

1. Statement of I 'robleni 

Ralph II. Jones. Specialists' Meeting Chairman 

For acceptance in LMFBR plants a sodium-heated 
steam generator must be proven to lie; 

First — SAFE, 
Second — BELIABLE. and 

Third —ECOXO)IIC.\L. 
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To fulfill the first requirement: SAFETY, the LMFBR 
steam generator must have; 

1. an undebatably high degree ot assurance of 
safety to the general public; 

2. nearly the same degree of assurance that a re
action in the steam generator will not be communi
cated to the primary reactor system; 

3. an assurance of safety to plant personnel equal 
to, or better than, that in conventional steam plants; 

4. a high degree of assurance that a minimum of 
damage is imposed on the steam-generator plant. 

The second requirement: RELIABILITY, reflects the 
application of the LMFBR plant in the electric 
utility environment. In this commercial application, 
OEPENDABILITY, AVAILABILITY, and RELIABILITY spell 

the success or failure of the energy source, regard
less of its origin. To meet its demands we must 
look into the realm of the designer-fabricator. Here 
the sodium-water technologist must be able to trans
late his data into a usable, understandable form for 
use by the designer in arriving at a safe and reliable 
steam-generator design. The designer-fabricator 
must have a knowledgeable awareness of the conse-
C|ucnces of steam-generator failures. Only in this 
knowledgeable way can he institute the proper engi
neering-design and quality-assurance programs to 
fit the end-product application. 

Last, but ultimately not least, the safe and re
liable steam generator must not impair the economic 
acceptability of the LMFBR plant in the electric-
utility market. 

I t is this spectrum ot goals that we are faced with 
solving today. The technologists, designers, and 
fabricators that can work together to produce the 
SAFEST, MOST reliable, and MOST economical sodium-
heated steam generator have SOLVED THE PROBLEM. 

With this in mind, why has there been so little 
enthusiasm shown by industiy to get in to help solve 
the problem? 

2. Fundamental Studies of Sodium-Water Reac
tions 

Kazuo Furukawa, Japan 

The topic "Fundamental Studies on the Sodium-
Water Reactions" has received rather little atten
tion in this meeting. However, some comments can 
be classified into five categories as follows: 

(1) Fundamental studies of reaction kinetics; Two 
presentations were made by UNC (United Nuclear 
Corporation) and by JAERI (Japan Atomic Energy 
Research Institute). UNC presented the status of a 
fundamental study conducted a few years ago. 
Following a literature survey, which was conducted 

in 1959, their group carried on a smr.:;- =al^ study 
of chemical reaction between sodium an ,ater in the 
absence of air, concluding that the re i.^-ion is con
trolled by the mixing rate of sodium anu -.later. 

JAERI presented a movie showing a series of ex
periments on sodium-water reactions which was con
ducted at Tokai Research Establishment in 1967. 
Sodium of various forms, solid and liquid, was 
brought into contact with water of various states; 
steam, boiling, room temperature, or ice. The 23 ex
periments were made in air, changing the reactant 
weights and contact methods. These showed the very 
wide variety of reaction modes, from the case of a 
most violent explosion to the case of no reaction. 

Already many papers on the sodium-water reac
tions are reported in the literature. However, in order 
to understand the problems associated with fast 
reactors, it is essential to continue to accumulate 
knowledge and information on these reactions. 

(2) Thermodynamical properties of sodium-oxy
gen-hydrogen system; To deepen our knowledge of 
sodium-water reactions, there is a need for compila
tion of thermodynamic properties, particularly for 
the sodium-oxygen-hydrogen system, at a wide range 
of temperature and pressures, including solid and 
liquid regions as well as the gas region. Our knowl
edge in this field is still limited and was not dis
cussed here. 

(3) Corrosion and erosion studies: As another 
fundamental research field, there are the corrosion and 
erosion studies of structural materials in several pre
pared environments which have a relation to the small-
water-leak wastage; for example, NaOH, XaOH/Na, 
NaOH/Na„0/Na, Na.O/Na, Na .Q/NasO, , and oth
ers under changing temperatures, pressures and states, 
and also under changing flow velocities. These were 
not discussed in this meeting due to the limited time 
available. 

(4) Fluid dynamics: A most important problem 
in fluid-dynamics concerned with the sodium-water 
reaction is the transient two-phase flow dynamics of 
sodium and the products of reaction, including steam 
and hydrogen. A fundamental research on this sub-
,iect was rejiorted by APDA. They used air or helium 
instead of steam and hydrogen, and water instead of 
sodium. 

The reaction-simulation method, using a combina
tion of fluid media other than sodium and water, is 
considered to be a very effective tool for the analysis 

-of sodium-water reactions in a steam generator. By 
this method, the chemical reaction is se]«rated from 
the hydrodynamics, and the two-phase flow phe
nomena can be visually observed by using high
speed motion pictures. 
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(5t Instrumentation: Reactions between sodium 
and water take place in l(.ss than 1 ms. Because of 
the very rapid reaction rate, it is difficult to apply 
ordinary instrumentation in experimental facilities. 
Therefore, very fast-response pressure, temperature, 
and structural-stress sensing devices are needeil. 
These devices must be immersed in liquid sodium, 
which multiplies the difficulties. In this meeting some 
new improvements and refinements in transducers, 
thermocouples, strain gages, and water flowmeters 
received some comments. 

This was a summary of the "Fundamental Stud
ies" in sodium-water reactions, and I hope for fur
ther activity in this field. 

.3. Larg4' and Small Leak Tests 

J. .Alan limy. United Kingdom 

The meeting considered the results of a considerable 
amount of test work carried out in the USA by 
Atomics International and . \PDA. in France by 
tile ( 'E.\ at Cadarache, in (lermany by Interatom at 
Bi'iisberg. and in the UK at Dounreay in Scotland. 
Nearly all the work was carried out with models 
representing particular designs of steam-raising units. 
The tests have all tended to strengthen confidence 
in the intrinsic overall safety of single-wall sodium-
water heat exchangers. 

Damaging sodium-water reactions in liquid-
iiielal-lieated steam generators may be divided 
briiadly into two main types: 

a I small water leaks which may arise from manu
facturing defects, such as welding faults or flaws in 
tube material; 

ll) large water leaks resulting from the complete 
rupture of one or more water tubes. These might 
iiiiiir from fretting or vibration damage or possibly 
from water-side corrosion if there is inadequate con
trol of water |iurity. Sodium-side corrosion resulting 
from unnoticed small leaks could also bring about 
I'liinplete tube failures. 

In tests dealing with small leaks where an orifice 
size from Mo to •'']ii in. is involved, verj- rapid 
wastage rates have been obserA'cd for tube material 
in the path of the jet. Wastage rates of up to 3 mils 
sec for 2(4 Cr-1 Mo steels have been reported in 
the . \PD. \ work, aud similar rapid metal removal 
has been seen in tests at Dounreay. For a given 
spacing there seems to be an "optimum" rate at 
which maximum wastage occurs. There appears to be 
some relationship between the nickel content of alloys 
and their resistance to this kind of attack. Materials 
sticli as lucoloy 800 have suffereii much less attack 
than stainless steels which, in turn, have behaved 

better than the ferritic steels. In an interi-sting but 
unexplained phenomenon. APD.\ has found that Ihe 
rate of attack in a system in which sodium is flow
ing is increased by a factor of 10 over a static 
system. 

The experiments seem to suggest that these rapid 
wastage rates arc associated with the formation of 
a definite jet of water-steam fluid in the smlium. 
Where small leak ti'sts have iMt-n carrieii out with 
tube-in-tube models, no large wastage has IMH-H re
ported, and it appears that the reaction bubble in 
this situation rapidly fills the cross section of the 
tube and pushes the reacting .sodium-water inter
faces apart so that an iii-sodium jet dcK-s not form. 

Where large "full liore" water-injection exiM'ri-
ments have been carried out with orifice sizes up 
to Yi in., the wastage effect has been completely 
absent in many tests. For example, in a series of 17 
tests in a modular steam-generator mockup carrieil 
out by .\toinics International, no wastage was ob-
ser\'eil. However, in some of the Dounreay tests 
secondary leaks in pressurized target tuln-s .sur
rounding the injection |x>int did occur within as 
short a time as 3 sw after initiation of the iirimarj-
burst. The reason for these failures again could be 
associated with a jet. In the .\toinics International 
module the shell was of comparatively small diam
eter (8 in.I and the reaction bubble would soon fill 
the cross section as in the tube-in-tulie tests. The 
Dounreay tests were inadi' in vessels of 2 to 3 ft in 
diameter, and the reaction bubble could have iH'come 
detached from the jet itself, thus allowing the rapidly 
moving stream of reaction product particli's at the 
sodium-water interface to bring about wastage of 
adjacent tubes. 

Temperatures in the reaction zone of up to I300°C 
were measureil, and pressure i>eaks of up to 3000 
psi were obser\'ed for short periods. Some pressure 
damage such as tube Imwing in the reaction zone was 
reported, but no failures of the outer shell of any 
of the test rigs occurretl. In one series of large-scale 
tests at Dounreay a vessel with a design pressure 
of 300 psi was usiil for ten tests without any de
tectable deformation or other damage. It is obvious 
that adequate pressure-relief devices were use<l in all 
of the tests, as damage to e<iuipnient due to shock or 
pressure waves seeme<l insignificant in all the work 
reported. Some data from .\I indicated that 
transient pressures in adjacent modules may lie as 
high as, or even somewhat higher than, in the reac
tion zone. 

In large leak tests exact duplication of reaction 
conditions proved difficult, and gooil reproduction of 
results was not obtained. However, in siuall-leak 

file:///toinics
file:///toinics


Reports on IAEA Specialists' Meeting 

work a greater degree or reproducibility was pos
sible. The same is true of tests with comparatively 
small modules of simple geometry. 

Some experiments had brought about failure of 
adjacent pressurized tubes by high temperatures pro
duced in the reaction zone, but as these tests did 
not have water flow they may not have been realistic. 

Large-scale sodium-water tests highlighted the 
problems of dismantling and maintenance due to the 
formation of quantities of reaction products. These 
had a density about twice that of sodium and there
fore settled at the bottom of the test vessel. There 
was no true melting point, but the material became 
liquid between 300 and 350°C. A typical analysis was 
NaOH 50%, NaoO 40%, and NaH 10%. When cold, 
the material was rock hard and formed an effective 
cement, binding the components together. It could 
be removed by hot water. 

In general, it was concluded that economic and 
safe operation of sodium-heated steam generators 
is entirely possible. 

4. Leak Detection 

Kurt Croldmann, United States oj .America 

I have been asked to summarize specifically what 
we know about leak detection. I would like to do this 
in two parts; 

a) detection of large leaks; 
b) detection of small leaks. 
First to the large leaks. You can't miss with the 

detection of large leaks. Pressure gages on the sodium 
side and in the cover-gas spaces will give immediate 
indication of large leaks. Continuity wires on rupture 
disks and shorting wires downstream of them will 
signal the rupture of a disk. Flow and level indi
cators may give additional confirmation of a large 
leak. 

The second problem of detecting a small leak is 
much more severe. Since the leak is from the water 
to the sodium side (because of pressure differentials), 
we have to look for a leak on the sodium side. So
dium-water reaction chemistry tells us that we should 
look for hydrogen, sodium hydride, sodium hydroxide, 
or sodium oxide in the sodium, depending on tem
perature. 

Since a small leak is <0.1 lb/sec of water and a 
typical sodium flow rate in a secondary loop may be 
10,000 lb/sec, we are looking for a change of impurity 
level in the sodium of < 10 iijim. 

The most commonly used means for detecting a 
small leak is a hydrogen detector. Such detectors 
sense hydrogen in the cover gas or after diffusion 

from sodium through a membrane. .>i.K'h is fre
quently made of nickel. The memhi " may be a 
flat disk, a small tube, or a bellow- The measure
ment may be made with a mass s|ii i trometer, gas 
chromatograph, thermal-conductivity cell, or mois
ture indicator (after catalytic conversion of hydro
gen into water). All ot these devices require "meas
urable" amounts of hydrogen to diffuse through the 
membrane or into the cover gas. The variable 
amounts of hydrogen normally present in the cover 
gas make it difficult to recognize a genuine leak. A 
hydrogen meter, based on electrochemical principles, 
is under development and should not have some of 
these shortcomings. 

The electrochemical oxygen meter has not yet been 
used to detect small leaks, but it should meet all 
requirements. The rhometer might, similarly, be use
ful. 

Plugging meters have been used successfully, but 
their indication is not instantaneous. 

If the leak is large enough to exceed the hydrogen-
saturation limit of the sodium, hydrogen bubbles 
form. A hydrogen bubble meter, consisting of an 
induction coil in suitable geometry, has been used 
with success in Germany. 

. \PDA has tried to sense a leak by sound detection, 
but efforts to date were hampered by background 

5. Calculational Methods and Applications lo 
Steam-generator Designs 

X. Lions, France 

Two types of steam generators are now in opera
tion or in design. The first type uses modules con
taining a few tubes in a small-diameter shell. The 
second type consists of a large-diameter shell sur
rounding many tubes; this is the pool-type steam 
generator. After the symposium held during the two 
last days, we can see that there is pretty good cor
relation between tests and calculations for the 
modular steam generator. This is reported in Dr. 
Mausbcck's paper jirescnted at the symposium and 
in a paper of the French "Commissariat a 1' Energie 
.4tomique" presented at the "Aix-en-Provcnce Con
ference" in 1967. In both cases, calculations are made 
by using a computation model called "Piston-model," 
in which water diffusion through hydrogen, which was 
iweviously produced, is neglected. The main param-

. eters of the phenomena (pressure pattern and sodium 
flow) are calculated to within 20% of the experimental 
values during the first 50 ms; after this time period 
correlations are not so good. 
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The rtproducihilily of rt'sults of successive experi-
iiientf* was tested in France. It was found to be fairly 
Kootl when the rupture of the water tube is re-
[troiiucihle. 

Otlier correlations were shown to fit the test data 
olttaincd by Atomics International for another 
modular steam generator. 

On the other hand, Mr. Hori from JAERI pre
sented an interesting theoretical study concerning 
the slip between gas and liquid for the "Piston-model." 

Calculations were performed by APDA and 
CKAKA for the pool-type steam generators. To date, 
I III' results of these calculations have not been 
checked by actual large-leak experiments. 

As a conclusion, we shall say that one must be 
|iru<lent when using computations of sodium-water 
icaction effects on steam generators and secondarj' 
so<iium loo|)s. The calculations are specific for the 
[larticular steam generator which was tested and 
caiuiot be ap])lied to another type of steam genera
tor. 

When the calcidations are in goo<i accord with 
tests for a specific steam generator (tested with a 
part of the device at full scale), they can be used 
lor the real steam generator and the secondan.' sodium 
loops of the reactor to predict the overpressures in 
any location of the loops and particularly in the 
intermediate heat exchangers. 

6. Desifcn of Steam Generators anil Relief SyHlemrt 

/ / . Maiishcrk. Ftdcral licpublic of Germany 

Among the problems covered during the meeting I 
shouM mention briefly the (luestion of pressure re
lief in the case of a tube failure. This (|uestion is of 
common interest for all of the various designs of 
steam generators. At the moment, all steam genera
tors under consicU-ration are of the single-wall-
tuhe, once-through design; they can generally be 
diviiled into modular aud tube-in-shell types. 

The problem of prc-Jsure relief is mainly <lictated 
by the formation of hydrogen during the reaction. 
The entrance of high-pressure water-steam mixtures 
into the sodium system contributes to a minor ex
tent. The design of the pressure-relief system in
fluences the design pressure for the secondar>- so
dium system. The questions to be SOIVIMI can be 
attangeii according to their importance in the follow
ing seipience: 

Protection of the intermediate heat exchanger, 
since it is the safety interface between the pri-
marv and secondary looj^s. Therefore, its failure 

couki cause core destruction; this means -a 
nuclear incident. 

Protection of the seeondan.' loop and the steam 
generator itself to avoid secondary' damage and 
targe sodium spills. 

Relief of the reaction products, the excess so<lium, 
and the following steam and water entering 
through the leak, must be carrieil out without 
damage to the immediate surroundings and with
out risk to the general public. 

All the different designs for a relief system use 
rupture discs as a primar>' means of depn-ssuriEa-
tion. The number and locations of the rupture discs 
var)*, clcpt-nding on sleam-generator design, expi-cled 
reaction pressures, and size of the relief lines. 

In all the modular designs the rupture discs are 
submerged in sodium. In case of the tul>e-and-shell 
designs, one often finds a gas space l»elow the discs. 
In both ca.«ies. a most interesting question arises as 
to how to ensure an adequate and guarantitHl life
time of the rupture device. Additional test work is 
I)robabIy necessar>' in all cases. The relief line(8) 
leads to one or more reaction-products separation 
tanks to ensure that only the gaseous products 
are released to the atmasphere; these are mainly 
hydrogen and steam. 

As a conse<iuence of the high entrance velocities 
into the reaction-products separation tank, some 
.-iodium, sotlium oxide, or sodium hydroxide escape 
with the ga.-;eous proilucts. Motion pictures shown 
at the meeting indicattnl the importance of an ade-
(piate tiesign of the separation system. I conclude, 
from ihe^iuiterial presented, that: 

1. Tile reaction-products separation tank has to 
have a good sei>aration efficiency, as is the case with 
a cyclone-type device; there is some indication that 
a .-separating device with two tanks in series im
proves the separation. 

2. As to the measured data, a retention efficiency 
of about d.Y'f was reportefl for a cyclone and more 
than 99'f for two tanks in serier* with a water-spray 
system in the second one. 

3. With respect to the location of rupture discs, 
two different locations were reported: 

Directly at the steam generator unit; this gives 
the fastest pressure relief, but the action of 
isolation valves is normally needed. 

Rehind additional depressurizer tanks; this has 
enough additional sodium available not to de
pend on valve actions during the pressure-re lief 
process. 

In respect to the reliability, both of these sys
tems should be adequate. 
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Discussion 

Mr. Isbin (Univ. of i l innesota): Did I under
stand. Dr. Goldmann, that yon said that you were 
not able to determine what the safety criteria should 
be during these meeting days? 

.1/r. Goldmann: That's right. 
Mr. Isbin: Can you add a few more remarks as to 

what the problems are? 
Mr. Goldmann: To start with, we know that 

sodium and water do react rather violently with each 
other. The question arises, first ot all, can you allow 
such a reaction to take place; I think the obvious 
answer is yes. You cannot possibly design and build 
a steam generator in which you can guarantee that 
there will not be such a reaction. You are then con
fronted with the problem of deciding to what extent 
must you contain a reaction in order to safeguard 
many things. Perhaps one of the very first things 
that has to be prevented, as was mentioned briefly 
by some of the other speakers, is the sodium-water 
reaction leading to a nuclear excursion in the pri
mary side of the system. However, today there are 

no statements in any of the designs ol ihe steam 
generators or the secondary systems that say there 
must be a device that will assure that if there is 
reaction this reaction will not lead to a nuclear 
excursion. This is the most severe sort of thing that 
you certainly will have to guarantee some day. 

Then there are other considerations, like what size 
of leak must you guard against. What is the probabil
ity for a single tube to leak or a whole bunch of 
tubes to leak all at the same time? What are the 
consequences to the surroundings in terms of how far 
you can get the reaction products spewed out into 
the atmosphere or the surrounding area? Such cri
teria have not been set, and I think it is very im
portant to get working on this, to set them, and to 
realistically estimate what the cost is going to be to 
meet such criteria. 

Mr. Eichelberger (AI); Dr. Goldmann mentioned 
detecting these leaks by measuring the hydrogen in 
the gas phase or in the sodium. Can you give us an 
idea of your detection levels in these media? 

Mr. Goldmann: I t appears that the normal hydro
gen levels observed in cover-gas spaces of reactors 
are of the order of hundreds, possibly up to 2000 
ppm. The problem is to identify a sudden change in 
hydrogen level due to a leak. The chances are that 
you will see a leak by a rate of change of hydrogen 
level rather than just a change of an absolute level. 
That was one of the perhaps significant experiences 
at APDA. In the sodium itself, the hydrogen levels 
are quite low, and I am really not prepared to give a 
number. 

Mr. Jansson (W): I would like to know if the 
panel discussed the role of stress corrosion by hydrox
ide in the reactor system. Stainless steels are not 
exactly known to be very resistant to this. Especially 
at the point of a leak, you would expect a very 
high hydroxide concentration, and I would guess 
that you could get attack in the sodium loop as 
well as on the water side. The second question is 
to Dr. Bray. Is the reaction product with the melt
ing point of 300-350°C sodium hydroxide, or does 
it also contain something else? 

Mr. Bray: Perhaps I can answer the second ques
tion first. Yes, it is largely sodium hydroxide. It 
seems to be a mixture of sodium hydroxide, sodium 
oxide, and sodium hydride in varying proportions, 
according to the temperatures and the tyjje of re
action. Stress corrosion of stainless steel was lightly 
touched upon in the meeting. I think that on the 
sodium side small amounts ot sodium hydroxide will 
be removed by the conventional cleaiui]) system pro
vided in any sodium circuit. Caustic stress corrosion 
could arise during reclamation procedures, decontami-
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nation, repair, and rebuilding. I think this is just a 
question of how much repair can be done to a dam
aged tube bundle, and how stringent can recovery pro
cedures be made. Also, post-recovery inspection 
criteria have to be specified for a particular ca.se. 

Mr. Jones: I would like to ask that we amplify 
on that, since at the meeting we did cover another 
aspect of stress corrosion. John Ford, from . \PD. \ , 
could you say a few wonls about nitrite-nitrate 
corrosion? 

Mr. Ford (APDA): What .Mr. Jones is referring 
to is the corrosion on the inside of the steam-genera
tor tubes, which was experienced at the Fermi 
plant due to improper cleaning procedures. This was 
stress corrosion of ferritic materials, 2.2.5 Cr-1 Mo, 
by a cleaning solution which was composed, among 
other things, of nitrites. The nitrites when exposed 
lo air reai'ted to form nitrates; this, in combina
tion with high temperature and some non-stress-re
lieved portions of the tubes, caused stress-corro
sion cracking. 

Mr. Jansson: May I ask if you do not think that 
stress corrosion could be a mechanism whereby a 
leak could grow and become more serious? 

.Ur. liray: This <|uestion of leak growth is very 
dilliciilt. Although it is purely a supposition, I 
wouldn't have thought that stress corrosion would be 
likel.v to affect leak growth because the sort of leak 
growth that we have seen is very rapid indeed. Very 
lajiid wastage is associated with this kind of corro
sion-erosion behavior. 1 would have thought that 
stress-corrosion attack of this type was more likely to 
be a long-term feature. This isn't to say that caustic 
stress corrosion in stainless steel components follow
ing decontainination couldn't be a problem if. for 
exanipN', full washing procedures weren't followeil, or 
if washing procedures weren't successful. I don't 
think this is a very real problem, for it is concerned 
with direct propagation in stainless steel tubes in 
operating heat exchangers with the tubes iinmei"sed in 
sodinm anyway. 

Mr. Isbin: With reference to the discussion of 
pressures, I believe by |>anelist Bray, the indication 
was that pressures up to 3000 psi were measured. 
This was discounted in part of your discussion in 
that you didn't find any damage. I am not sure 
whether you were implying, and perhaps the other 
panelists might want to amplify, are these pressures 
real, do you think? .\re there measurement diffi
culties? Do you have a mechanism for generat
ing such high lu-essures? 

Mr. Bray: This puts me on a spot, as perhaps the 
weakest part of our experimental work has been in 
pressure measurement. With regard to pressure 
damage, we haven't seen very much. Pressure meas
urements have bwn made by Mr. Lions and by the 
.\tomics International people. Mr. GocMlman looks 
eager to answer this fjuestion. I wonder, would you 
like to say a word on this? 

Mr. Goodman ( . \ I ) : As far as our liata are con
cerned, we have reason to believe the reality of the 
pressures. We have had ways of verifying the valid
ity of the tapes so that we can be assurc<I that the 
pressures were real, .'M) far as not sustaining any 
damage is concerned, I can't speak with certainty 
about the other test programs, but in our test pro
gram we have ilesigned a system to sustain pressures 
well in excess of 3000 psi. It came as no suri>rise 
that we saw no readily obvious accumulated damage 
after a series of tests. Wc were using srlu.<lule 80 
pipe, and th(.se tests only lasted for ver>' short 
periods of time. 

.Mr. Lions: We measured peak pressures of aI>out 
100 bai-s in a shell of 10-cm diameter, 4 in in length, 
and 't mm in thickness, .\fter five runs, the shell 
was deformed but had not failed. That shell was 
of Type 316 stainless steel. 

.Mr. Probert i B i W i ; To make failure analyses 
on the basis of peak pri.ssure is invalid. These 
analyses should be made on the basis of impulse-
moinentiini calculations or wnrk-energv* type of cal
culations. 

Mr. Manslteck: We did some experiments in tube 
geometry. In this case we measureii more than a 
thousand atmosphcri.s but over a iluration of less than 
1 ins; the peaks lasted about 14 ms, so the energy 
stored in the peaks was small. 

Mr. Latzko (Delft); Dr. Mausl)eck mentioned that 
in all modular designs the rupture discs were mounted 
under sodium. Is that correct? 

Mr. Mausbeck: The discs were submerged umler 
sodium. 

Mr. Latzko: Well, I would like to know what 
materials were uscil, what was the maximum num
ber of hours obtained with the rupture di.scs under 
.sodium, and how were they mounted? 

Mr. Mausbeck: It wasn't really much discussed 
during the meeting. I can only add our experience, 
that we have had them under sodium for, I think, 
about 6000 hr now. 

Mr. Bray: I would like to add that the material 
used for this sodium work was nickel. 

http://ca.se
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Sodium Boiling in Fast Reactors. 
A Review with Reference to the Ispra Conference 

D. SMIDT 

Kernfoi-sctiungszentruin Karlsruhe 
Karl.iriihe, West Germany 

At the Conference on Fast Reactor Safety in Aix-
en-Provence last year the liquid metal boiling group 
was established. This group, at that time, agreed to 
exchange progress letters and to have a meeting in 
about one year. This meeting took place on October 
10 and 11 at Ispra, at the Euratom site, and the 
participants to this meeting came from Euratom, 
France, Italy, Belgium, Netherlands, United King
dom, Japan, and Germany. I shall not give a point-
by-point account of the Conference; I prefer to de
rive the present general understanding of sodium 
boiling and its importance for fast reactor safety, 
and to refer to specific Ispra papers at the proper 
place. Now, I was invited to give this talk only a 
few days ago and so I am sorry that I don't have any 
slides of any other group except ours. This doesn't 
mean we did all the work. 

The general importance of sodium boiling for fast 
reactor safety has been discussed very widely. The 
present view as discussed at Ispra is that overall 
sodium boiling in the core is a very improbable event 
because many diverse and redundant safeguards 
have to fail before this event occurs. The designer 
can rely on these engineered safeguards and the 
complete design against sodium boiling over the whole 
core. More important is the single subassembly block
age of the Enrico Fermi type and subsequent blow
outs of the boiling sodium. The reactivity effect is 
negligible by itself, but rather large and short pres
sure pulses are observed, and these may lead to fast 
propagation of this failure to other subassemblies. 
I am saying fast propagation because slow propa
gation, as by fuel melting, to neighboring subas
semblies is another case and has different safety 
aspects. 

We have two causes for the |iiessure pulses; one 
is a sudden flashing of suiierheated liquid; the second 
is the recondensation of the vapor bubble with a 
water-hammer type of effect. Naturally, this also 
is, first, a problem of engineered safeguards and 
instrumentation, and we have to rely on the detection 
of any flow failure by thermocouples, flowmeters, 
fission gas detectors, etc., before boiling occurs. 
Then, second, the detection of boiling itself it pos
sible, and we have to rely on reactivity meters or 
noise detectors. Here we are now in the field. These 

latter instruments naturally cannot help in prevent
ing a propagation effect if it exists. Anyway, these 
provide a very valuable kind of instrumentation, 
and one very important paper was presented by 
the British on their work on boiling noise detec
tors."" They first tried these detectors in several 
loops and finally put a little test chamber with an 
electrically heated rod inside the Dounreay reactor. 
For the experiment this had to be insulated by some 
gas blanket around it; even so it was possible to 
hear the boiling noise among the general reactor 
noise by special filtering techniques. So this was a 
very impressive paper. So much for the instrumen
tation and the noise-detection side, I now turn to the 
boiling problem itself. 

As already }3ointed out, we have two aspects, ejec
tion and recondensation, and both are determined by 
liquid superheat. This is clear for ejection, but there 
is some evidence that also recondensation will be 
more violent if the vapour bubble has expanded very 
rapidly from the superheated state. The effects we 
are looking mainly for are the pressure pulses, be
cause the designer's question is on its effect to the 
structure. Most of the experimental investigations 
started with single-channel equipment, because of its 
simpler technique, which is nevertheless already 
rather sophisticated, but wc have to consider also the 
changes by the multichannel geometry as it refers 
to the reactor, although the experimental results in 
such overall mockups might be less detailed. 

First, I shall say a few words on the present 
status of what has been said about superheat. Ac
tually, the question of initial boiling superheat is a 
question of nucleation and influenced by the equilib
rium between surface tension forces and vapour pres
sure ot a nucleus, shown by the well-known Laplace 
equation Ap = 2cr/r^. Naturally the main interest 
is centered on heterogeneous nucleation of boiling 
processes at heater wall cavities. Here we have a 
very difficult problem, which is not understood as yet, 
because sodium is a very wetting liquid and, there
fore, the cavities may not stay active. AVetting ex
periments with austenitic surfaces have been re
ported in a Belgian paper." ' At tcmjieratures of 
more than 250°C the investigated surfaces have been 
totally wetted by sodium in less than one hour. 
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Therefore, at tiinpiraturtij of 800°C and aliove we 
have to consider sodium certainly is a wetting 
liipiid. Now, one experiment that was reported was 
especially directed to the effect of cavitit.s (see Fig. 
1 1.'-' In this assembly a small sodium pool was con
nected to hot- and coUI-trap cleaning to get hold 
of the chemistry. The test section was a little cavity 
of 0.4-mm diameter and 2 nun deep, (jiiite a niiin-
her of thermocouples was used to detect the events. 

Figure 2 gives a more detailed view of the cavity 
and two of the tliermocou|iles below it to measure the 
heat flux. The interesting result of this experiment 
was that this cavity stayed active as a nucleation 
ri'iiter o\'er more than six months, also under high 
operating temperatures. The size of the nucleus 
cories|ioiidiiig to a su|ierheat of the order of 25°C 
was about tlu' cavity diam(>ter; even if afterwards it 
was detected and this cavity more or less was com
pletely filled with sodium, it stayed active an<I a 
nucleus existed. Figure 3 shows the effect. The 
abscissa is the saturation temperature as determined 
by the pressure; as ortlinate we have the measured 
superheat with the size of the nucleus as a param
eter. One can easily calculate from the equations 
that superheat decreases for a given size with the 
saturation tem|ierature. Now the oxide content of 
the sodium was changed between 33, 23, ami 12 

Kill. 2. .Sodium Siiperhoat Experim..nt: nini.'n.i..n" of Tf-t 
Section No. I. 

«o sn SO 

Fu;. I. Sodium Superheat Test Pool. 

Fir.. 3. InflmncT of Oxiiii- ronc.cnlr.ition on Sodium Suprr-
licat. 

ppm to complete hot-trap cleaning. This hail a clear 
effect on superheat. The highest superheat was 
measured with 12 ppm. and it fell to lower values 
with increasing oxygen content. If one expresses it by 
the size of lioiliiig nucleus, the nucleus l»ecame larger 
with increasing oxide content. That is really not a 
true physical statement because all the qualities of 
the Iwiling .sodium, especially the oxygen content, 
certainly will change. Especially the surface tension 
is not verv' well-known at these conditions right now. 

Also with respect to chemistry, a French report 
told almut some work on the effwt of dissolved 
hyilrogen.''" The flow velocity according to some 
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Italian measurements'*' had a decreasing effect on 
superheat. A probable answer which may be very 
trivial, is that little gas bubbles are drawn into the 
system at higher velocities and act as nuclei. This 
might also be the case for a reactor. 

Figure 4 shows the first indication of the effect of 
heat flux. The effect is not too distinct and obscured 
by statistics. A reason might be that the time in 
which the liquid at the surface is in a certain 
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FIG. 4. NgK Sodium Superheat vs Heat Flux in the Test 
Section. 

superheated stage decreases with heat flux. This 
may influence the flashing probability. 

Now I come to the next point—the effect of history 
on superheat. Increasing superheat after repeated 
boiling often is reported. A theory developed by 
Holtz'^' gives the effect of the pressure-temperature 
history on superheat by a model in which the size of 
the nucleus is given by the pressure-temperature-de
pendent penetration of sodium in a conical cavity. 
Schultheiss'-' did not find evidence for this with his 
artificial cavity. He tried to put a stronger and 
stronger pressure on the sodium, but there was no 
change to the superheat. The Holtz theory may be 
too simple, and it doesn't take into account quite a 
number of other parameters. 

From the practical standpoint superheat will cer
tainly not present any problems in a reactor. You 
could apply this type of stable cavities I talked 
about before. For instance, this is possible between 
spacer and fuel rods, and experiments are prepared 
to prove this. Also, the tiny gas bubbles present in a 
system will certainly prevent superheat under reac
tor conditions. 

Now I come to sodium ejection. There a sufficient 
understanding has been reached. A theoretical model 
based on single-bubble ejection has already been 
presented at the Aix Conference,"" and now several 
groups have written codes according to this model 
(see Fig. 5). We have to distinguish several phases. 
First, the nucleus is formed somehow and grows as 
a spherical bubble. Then the cylindrical phase is 
reached. An important effect here is given by a thin 
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layer over all the wall. This will supply sufficient 
vapour to the bubble even after some time has 
elapsed. Finally, the bubble touches the cold sodium 
of the plenum; this suddenly decreases the pressure 
in the bubble and will be followed by a rapid vaporiza
tion of th(^ liiiuid film, with very good cooling of the 
wall. Therefore, we call this the "heat pipe phase." 

There have been shown some experiments especially 
made at Ispra and Karlsruhe, and even a movie 
has been shown'" which stated this very clearly. 
Figure 6 is an ideal picture of this experiment. So
dium was heated by conduction heating in a tube 
until it became bright red hot. The temperature went 
lip until boiling started, and a rather low pressure 
peak occurred. Then the heut-|iipe phase .started. One 
could see (piite clearly in the movies and in the ex
periment that suddenly the temperature decreased 
rapidly and that after some time the bubble col
lapsed. Even with a heat flux of the order of 200 
W/cm- the wall temperature dropped rapidly and 
with it the glowing. This was repeated several times. 

At present induction heating is the most powerful 
method to get high heat fluxes in the experiments. 
Peppier'^' has reached heat fluxes up to 700 W cm-
with this method. One interesting aspect is that be
cause of the heat pipe effi'ct a burnout in the channel 
becomes less probable. Eventually, after seconds, 
naturally, this repeated ejection may get unstable 
and suddenly a hot sjiot divelops. Hiit this may take 
some time. 

Finally, in Fig. 7 I show the results of such an 
ejection experiment.'-' The acceleration b is plotted 
\ersiis time. The acceleration as observed increases to 
a certain maximum and then finally becomes negative, 
giving the collapse. It is easy to calculate the corre
sponding driving superheat AT" (which is the lower 
curve). The peak agrees quite well with the measured 
superheat at the wall. One has to consider that one 
never knows where the bubble actually occurs, and so 
the measurements have a certain range of error. 

The single-channel recondensation gives, with this 
type of experiment, pressure peaks up to about 40 
atm. But these are in the millisecond range, and so 
the mechanical energy contained in these pressure 
peaks is not too high. Also, no complete water ham
mer has been observed. There was always left a small 
bubble between the two columns of sodiuiu a|)proach-
ing each other. 

So for the single-channel geometn,-. Now we have 
to consider the multi-channel growth problem, as in 
the reactor. The British have developed a theo
retical model for this."" .\lso, some experiments have 
been started at Karlsruhe, where we use an array 
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of glass rods and a liquid which has the same re
fractory index as the glass rods. The assembly is 
thus quite transparent as long as it is filled with 
liquid. Then a gas bubble was created in this array 
and movies were taken. The evidence is that probably 
the border })etween liquid and gas moves rather as a 
plane only with a slight buckling, so that indeed 
the rod bundle behaves practically as if it were 
several single channels in parallel. I t is planned that 
also the re-entry phase should be studied by this 
method. Here probably the geometry will be more im
portant. 

A large portion of the conference was concerned 
with the heater development necessary for high heat 
fluxes at high temperatures. I only mention this for 
it is not of too much interest to our present topic. 

Future plans in the different countries are as fol
lows: In the United Kingdom there is going on some 
basic work of a similar nature on artificial cavities 
with different wall materials. They also have a loop 
under construction. But this work will have no feed
back on the PFR design. In Italy also a loop is now 
operating. In France beside loop experiments and 
fundamental experiments it is also planned to use an 
in-pile multirod bundle. EURATOM also has several 
loops now in operation. At Karlsruhe this type of 
work is going on as I described. Also there is 
planned to make at least one 1-to-l-scale bundle 

expulsion experiment just to see in natural size the 
effects on the structure, on the subassembly box, and 
the neighboring subassemblies. In this experiment we 
hope to use our knowledge from the more fundamen
tal work, and so we shall employ a lower heat fiux 
for practical reasons. 
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The subject for this portion of tlie ])rogram is 
"Impurities Kxpecte<l in LMFBU Sodium and Their 
Significance." I would like to point out that we are 
going to discuss this; we are not going to solve prol»-
lemn. To stimulate and coordinate these discussions, 
wr Imve invited four speakers to give their thoughtj* 
on various aspect>i of the subject. Each presentation 
will be followed by a discvission period. The audience 
will be invited to give opinions or experiences bearing 
on the subject area covered by the speaker. Our 
subject is a central one in sodium technolog>'. 
Impurities in sodium coolant can significantly influ
ence plant safety and reliability; they can limit 

operation temperatures and affect plant life. Many 
of the sul>se<juent papers in both the plant design 
and sodium-technolog>' sessions will deal with the 
.•iubjert much more specifically. 

Our first invited prepare<l tliscu^.>'iol] is not on your 
schedule; last-minute changes alloweil us to incUide 
it in our program, and wc believe that it will ser\c 
to introtiuce our subject rather efTcctively. John 
McKcc, Manager of the Sodium Technolop>' Section, 
LMFBR Program Office, has agrei-*! to sunnnarire 
the Program Office's planning in this area and how 
tins subject is treated in the LMFBR Program Plan. 
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.1. M. M C K E E 

Argonne National Laboratory 
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The subject of impurities is indeed central to so
dium technology, and many of the papers to be heard 
in the next few days will be dealing with it. Before 
you ]ilunge into this rich, technical brew, it might 
be helpful to consider Ijriefly how much more we 
need to know about impurities in sodium and how 
soon we need to know it. Some perspective on these 
questions is offered by the long-range plan for de
velopment of the LMFBR, issued in ten volumes 
by the U. S. Atomic Energy Commission in August 
of this year. By now I hope all of you have seen 
WASH-1105, which is Vol. 5. I t describes a plan for 
developing the sodium technology needed to build 
and operate LMFBR plants in a utility environ
ment, specifically plants with sodium outlet tem
peratures up to 1200°F. The latter requirement, ot 
course, exercises an important effect on the size and 
cost of the plan. 

Table 1 shows that impurities figure prominently 
in most of the nine task areas into which the 
sodium-technology element of the plan is divided. 
The problems addressed in these task areas are not 
new. What is new is an attempt to set limits on the 
time and money to be spent on them, the limits 
being derived from overall LMFBR needs and tim
ing. Such an attempt implies that enough is now 
known about sodium technology to estimate re
alistically how much more government-sup])orted 
work is needed in this area. Thus it signals, as Mr. 
Kintner noted in opening the conference, the "be
ginning of the end." 

In the eyes of the LMFBR program planners, so
dium technology is one of the base technologies 
needed by designers ot LMFBR plants and com
ponents. It affects decisions on materials and tem
peratures which must be made early in the design 
process. Therefore, although the national plan covers 
a 12-year period through FY 1980, most of the out
put trom the sodium technology program is needed 
within five or six years. The fast pace that results 
is apparent in a review of the schedule tor major 
objectives associated with impurity levels in sodium. 

Beginning with measurement ot impurities, we 
have the exciting prospect that reliable on-line 
meters specific to oxygen, carbon, and hydrogen ac
tivities in sodium can become available tor use dur
ing much ot the compatil)ility testing as well as in 

reactors. Such monitors are much preferred over 
laboratory analysis for continuing measurements of 
impurity levels, tor a number ot reasons: 

(1) They cost much less per measurement. For 
primary sodium, this difference is not trivial, since 
removing and analysing a single sample of radio
active sodium typically costs hundreds ot dollars. 

(2) They can measure oxygen and carbon activi
ties, whicli are more significantly related to the ef
fects ot interest than are the total oxygen and carbon 
contents determined by laboratory analysis. 

(3) They can measure things which laboratory 
analysis cannot, such as bubbles and plugging tem
perature. 

(4) They eliminate sampling and handling errors. 
(5) They provide rapid warning ot abnormal im-

]iurity levels in the system. 
The plan calls for development ot six kinds ot 

on-line monitors. In addition to monitors tor oxygen, 
hydrogen, and carbon activities, development ot an 
on-line monitor tor radioactive impurities in sodium 
and of an improved plugging meter and resistivity 
meter is anticipated. Getting reliable monitors de
veloped and into routine use in the experimental 
program is the most urgent immediate objective re
lated to impurities. Efforts to evaluate existing meters 
should be accelerated. Development ot improved or 
alternative concepts should be started promptly. 
AEC selection of concepts tor development into 
prototype meters should be possible by the end of 
FY 1971. At this point, laboratory models should be 
ready tor use in experimental work. Proottested de
sign and performance specifications for prototype on
line monitors are to Ije completed by the end of 
FY 1974. Further development from these specifica
tions into on-line monitors commercially available 
for plant service is provided tor in the Instrumenta
tion and Control element ot the Plan. 

Sampling and analysis ot sodium by laboratory 
methods also need further development. A substantial 
effort is schedules, both for the impurities already 
mentioned as well as tor metallic impurities and 
others not measured by on-line meters. These 
'laboratory methods are needed for support ot ex-
jierimental programs and tor calibration on-line 
meters. The plan calls tor development ot laboratory 
methods to be complete by the end ot FY 1973 and 
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for issuance of standard analytical procedures by 
th rendof FV 1976. 

The effects of impurities in .sodium on material 
int^raction.s are determined in the Materials Com
patibility Task Area, which receives more than a 
third of the total effort called for on sodium tech
nology. I propose to discuss just three of the major 
interaction problems briefly here: metallic mass 
transfer, carl)on transfer, and refractorj' alloy corro
sion. 

Metallic mass transfer has traditionally received 
the most attention. Tlie jn'ominent role of oxygen is 
well-known and is beginning to be fairly well-ex
plored. The plan calls for continuation of existing 
eiiipirieal corrosion testing, but it emphasizes a 
liinger-raiige program intended to develop better 
iiiiderstaiidiiig of the important mass-transfer mecha
nisms. These critical mechanisms are to be identi
fied and characterized by the end of FY 1972. The 
end product of this task is a family of etjuations or 
curves for solution and deposition useful to a de
signer. These will include impurity effects as a 
prominent variable. They are to be fully developed 
by the end of FV 1975. The same end ilate applies 
for tin- teclinolopy of activity transfer and trace-
rnctal transfer. 

Carbon transfiT seems to be causing designers 
more worry than metallic mass transfer. The plan 
calls for assuring control of carbon transfer within 
allowable limits by determining carbon-activity 
limits in sodium systems and monitoring with a 
riubon meter. The material pairs for which limits 
will he set include ferritic-austenitic steel and 
;iusteiiitic steel-refractoiT alloys. The preferred way 
to assure control of carbon transfer is to select ma
terial pairs that can be shown from thermodynamic 
eiiuilibria to be permanently compatible. Essentially 
this means that their allowable carbon-activity 
ranges nuist overlap. It is also possible to use paii-s 
of inaterials that are compatible within definable 
time-temperature envelopes, based on the kinetics 
of carbon transfer. In the plan, that kind of infor
mation is developed as a second choice. Quantitative 
moilels of carbon transfer are to be developed, and 
a lueliminary check of the carbon control basis is to 
be completed by the end of FV 1975. 

The crucial role of impurities in corrosion of re
fractory alloys in sodium is well accepted. The 
plan calls for identifying the rate-controlling corro
sion mechanisms by the end of FV 1971. Corrosion 
equations or curves defining allowable impurity-
temperature envelopes are to be available by the 
v\\y\ of FV 1976. Other impurity effects evaluated in 

T.\BLE 1 ^̂ K..̂ ^ 
TfUHNOUK 

5-1 Materials mmpatibility 

5-2 Sntliimi piirific-atii 

5-3 Fiftsioti products in 8(i-
ditim sy.slpmfl 

5-4 On-line monilnrs 

5-5 Samplinfc mid analysis 
lalM>rat<)ry methtKlfl 

5-)i KiindanientHi prciixrliei* 
nf sy.Klcni sodium 

5-7 Cover-Ras and maiiite-
nanrc atniospherr.*> 

5-8 Pliinl oiHTatioiis 

5-9 (if'iiPral farility dovelop-
nient 

Impurity Considerations 

netemiines effects of im
purities on sodium-material 
inieractit)ns. 

Develops the technology- for 
control of imptirity levels 
in soditmi. 

FIsAion pnKliicts may be re-
gardeil AS radioactive rather 
than chemical impurities. 

Develops methttds for nieas-
uriiifc impurities in HIIH. 

Develops meihmLt for mens-
iiriiiK impurities hy lalxira-
tory analysis. 

Measures properties t>f im
purities in sodium. 

Mea.Hures impurity distribu
tion and transfer l>etween 
gas and s<»dium. 

Develops purity specifications 
for M))eratinK sotlium sys
tems. 

the plan but not discussed here include localized 
corrosion, effect of dis.solved gas on cavitation, ef
fect of particulate matter on erosion, corrosion of 
brazing alloys and metallic fuel, and corrosion of 
chnlding by thermal-bonci sodium. 

The task area on fuiulamental property measure
ments ftichides, for impurities, determination of 
species, reactions. solubiliti(>s, solution kinetics, dis
tribution coefficients, and diffusion coefficients in 
sodium. .\ll of these measurements are needed in 
time to contribute to understanding the mechanisms 
of impurity damage discusse*l tinder materials com
patibility. 

In the task area on fission products, the plan calls 
for identifying the problem areas and developing 
methods of controlling fission products within al
lowable levels. The sche<ltile here is more relaxed, 
calling for completion of that task area bv the end 
of FV 1978. 

Control of impurity levels in reactor sodium sys
tems is to be develope<l in the purification task area, 
in which static and dynamic cold traps, soluble and 
insoluble getters of two types, and particle-removal 
methods will be evaluated. Impurity source rates in 
reactor systems are to be characterized by the end 
of FV 1972. AEC selection of purification concepts 
for development into prototype components is also 
scheduled at that time. Design and performance 
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S]HH'ifications for purification components are to be 
completed l)y the end of FY 1975. The primary 
sodium-purification system developed in this task 
area must complement the system tor fission-product 
removal developed in the fission-product task area. 
Substantial gains in performance and economy of 
purification components over those of current com-
]ionents are exi)ccted. 

The final output ot the plan, in addition to tech
nologies tor measuring and controlling impurities and 
design data on impurity effects, consists of specifi
cations tor allowable ranges ot impurities in reactor 
sodium systems for all material combinations ot 
interest. The Plant Operations Task Area calls tor 
tliat to l)e done by the end of FY 1978. 

This brief review of objectives and schedules shows 
that there is much to do and not much time to do it. 
In summary, the national plan spells out rather 
challenging goals in measuring impurities, determin
ing their effects, and in controlling them, culminat
ing in impurity specifications for LMFBR sodium 
systems. How well these goals and schedules arc met 
will depend in a large measure on the people in the 
audience here today. 

Discussion 

.Mr. .Shannon (BXWL): Could you comment on 
wliat kinds of financing this plan is likely to re
quire? 

Mr. McKee: The plan does contain cost ranges, 
estimated by the Program Oflice, for each task. The 
total of these estimates tor FY 1969 is about $12 mil
lion, at the center ot the range. This amount is 

slightly more than the AEC expenditmcs now anti
cipated on sodium technology for FY 1969, but not 
seriously out of line. Substantial increases are called 
for in FY 1970, 1971, and 1972, and will obviously 
be necessary for the kind of scope and schedule just 
described. The AEC does anticipate increased budgets 
tor sodium technology during this period. Whether 
such increases will match tlie plan and whether 
contractors' cost estimates will match those in the 
])lan obviously cannot be stated with any certainty 
now, but I think the costs ot the plan are not out ot 
reach. 

Mr. Zitek (ComEd): The program seems to be 
timed for the large commerical plants. What do we 
do for the demonstration plants that are supposed to 
be designed in 1971 and opei'ating in 1974? Do we 
just have a plugging meter and go? 

Mr. McKee: Some people representing potential 
reactor operators seem to believe that's all they need 
and want. I hope they will change their attitude. I 
mentioned briefly that there are current compatibil
ity programs, which I think of as largely empirical. 
These are pretty much in direct support ot the near-
term plants. The mass-transfer program at General 
Electric in San ,Josc, one of the largest current pro
grams, is actually being done at maximum tempera
tures higher than the primary coolant is likely to 
reach in near-term plants. That's because it is in 
support of the closed loops tor FFTF . All ot these 
programs measure compatibility as a function of 
temperature, so that it should be possible to esti
mate interaction rates at temperatures lower than the 
maximum used in the tests. 
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ABSTRACT 

The ty|K's of impurities that might be found in an 
I..MFBU are rleseribed. The lack of available data on 
their binar>' solubilities compoimdeii with numerous 
probable or i)Ossible interactions between solutes in 
.-odium makes impo.'^sible the estimation of impurity 
li'vels in LMFBU sodium from solubility data. The 
behavior of corrosion products in corrosion loops and 
III fission products in DFU is cited; at the present 
time, this information is believed to be more useful 
tli.ui the available solubility data in estimating 
l..MFIil{ iiii|iurity levels. 

Ill any stainless steel system containing sodium, 
there lire invariably ii number of impurities in the 
>oilumi whieh fall into two general classes: nonmetals 
>iich as (). X, C, H, and Cl, and metals such as Fe, 
( r, Xi. ami Mu. The solubilities of most of these im-
|iiuities in jjiire sodium are not well-known at the 
piesent time, and their interactions in sodium with 
e.irli other are even less known. In an LMFliU with 
vented fuel elements, a wide spectiuin of fission prod-
urts will also be pre-̂ ^cnt in the sodium, .\dding these 
elements to the others already cited gives a system so 
enmplex as to nnike estimation of LMFBU impurity 
levels from solubility data a nearly impossible ta.«;k, 
e\i'ii if all the binaiy-solubility information were 
readily available, since a binary solubility implies 
I hat some form of the impurity is at unit chemical 
ariivity. This obviously will not be the case in an 
I..MFBU. The purpose of this discussion is thus to cite 
the types of impurities likely to occur in sodium, their 
inleractions in sodium that are either known or antic
ipated. an<i to compare the available solubility data 
with the behavior of impurities in .•sodium loojts, and 
in fast reactors. 

The concentrations of iron and nickel in the G E ' " 
and BXL'- ' loops are compared in Table 1 with the 
solubilities of these metals in sodium at oOO°C as de
termined at BNL.'-" The concentrations of iron are 
substantially higher than expected (oOO^C is an inter
mediate temperattire in the C.K loops and the minimum 
temperature in the BXL loops K whereas the nickel 

•Work |)erforn»ed under the iiii.spit'es of the V. S. Atomic 
Knerfiy C'oniiiiissiun. 

ational Labtirafory 
, \'ew York 

concentrations are more in agreement with the meas
ured .-solubility. The r-oncenlrations of carbon in the 
.-odium in both of these loops are considerably greater 
than the estimate of Luner ft al. for tlie solubility of 
earbon in sodium at 450°C. 

Metallic solutes are known to interact in liquid 
metals. An example of this type of interaction is 
shown in Fig. 1, as ol>served by the writer In'tween iron 
and chromium in litjuifl bismuth solutions.'*' This 
figure represents the time dependence of the concen
tration uf iron and chromium in bismuth held in a 
Ty|H' 410 stainless steel crucible after the teinix-rature 
was raised from 410 to tiOO°C. Initially the iron and 
chromium di.s.solved in the bismuth at approximately 
their ratio in the steel. But. after the iron reached ap
parent saturation, the chromium, which is more solu
ble in bismuth than iron, continued to dissolve, dis
placing the iron from solution, so that the amounts of 
iron and chromium in solution after 350 hr were lH>th 
approximately 25 ppm. This value bears little resein-
blaiK-e to either of the binan.' solubilities of iron l'>0 
ppm I or of chromium 1150 ppm) in bismuth at 
600°C.'''' Similar interactions may occur in .xodium. 

Metal solutes in sodium are al.so known to interact 
with non^ietal solutt.'s. Pos.-iil>le eoinplexes of fucl-
ehtdding metals with .sudiiim an<l nonmetal .solutes are 
listed in Table 2. Interactions iM-tween oxj'gen and 
metals in sodium are just l>eginnlng to l>e understood. 
Although most well-trap|H'(t sodium contains as much 
XaCl as it does X a 4 \ we know ver>' little al>out the 
effect of this dissolved chloride on either corrosion or 
solubilities of metals in sotlium. Also, hydrogen, 
carbon, and ox->'gen in sodium jmssibly interact with 
each other and with metals. Several com|tounds that 
have IKHMI identifieil in coM traps or proposed to exist 
are also shown in Table 2. The fact that C-0 or C-N 
compounds have been found in sodium, however, doc's 
not necessarily imply an effect of oxygen or nitrogen 
in the sodium on carbon tran.-:fer.'*' 

The corrosion of steels or most refractor>- metals 
in sodium is directly relatcil to the oxygen concentra
tion in the soilium. All loops or reactors, built or pro-
ix)sed, use some kind of meter or device to control and 
or measure the oxygen concentration of the sotiium. 
These must all be calibrated against the solubility of 
oxygen in sodium. It is obvious from the alx)ve that 
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TABLE 1. CoMPAHisoN BETWEEN THE SOLUBILITIES 
IRON, NICKEL, .\ND CARBON IN SODIUM AT 5 0 0 ° C 

WITH T H E I R CONCENTRATIONS FOUND IN THE 

GE"! AND BNL" ' LOOPS 

Weeks 

Impurity 

Fe 
Ni 
C 

Solubility at ~SOO°C 
(ppm) 

0.31" 
1.01" 

< 5 X 10-' l"at45a°C 

Amount in Loop 
Sodium (ppm) 

GEl-

2-5l''i 
2.5 

20-30 

BNL<'' 

SO-Wl' 
1 

30-40 

I') Temperature ranges are approximately 050-370°C m 
the GE Loops, and 760-500°C in the BNL Loops. 

(b) Xhese numbers are not inconsistent with an estimate of 
the iron solubility at r „ „ i as estimated by extrapolation ot 
the results in (5). 

M Luner, C , Cosgarea, A., Jr. , and Feder, H. M., Soil*-
liililij of C in .\a Allcali Melal Coolants, IAEA, Vienna, 171 
(1967). 
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F I G . 1. Concentrations of Iron and Chromium in Samples 
of Liquid Bismuth Held in a Type 410 Stainless Steel Crucible 
as a Function of Time at r)00°C after a Prior 24-hr Equilibra
tion at 410°C. The binary solubilities of iron and chromium in 
bismuth at 600°C are 50 and 150 ppm, respectively.''*' Curve 
taken from Ref. 4. 

solutions of NaoO in sodium will react with many of 
the other impurities present, both dissolved or on sur
faces in contact with the sodium, so that the conditions 
of the measurement may have substantial effect on 
the oxygen analyzed. This was demonstrated by Isaacs 
et al. at THIS CONFERENCE'"' for Na-Cr-0 interactions. 

These interactions may also effect measurements of 
the solubility of oxygen in sodium. 

Table 3 lists five of the more recent attempts to de
termine, or to evaluate from other determinations, the 
solubility of oxygen (presumed to be as Na20) i n ' 
sodium at 200°C. Thorley and Rutkauskas made 
measurements using loops, whereas Claxton and Eichel
berger merely attempted to make sense out of the 
hodgepodge. They differ in the emphasis given to the 

low-temperature results of Thorley Rutkauskas. 
Isaacs estimated the solubility from the enif of the 
cell: Na-Oj™||Th02-Y.03| |Na-Na20„,. with known 
amounts of Na.O in solution. The reader ran thus take 
his pick from a spread of values at 200°C between 8 
and 30 ppm. Cold-trap temperatures, Xa^O analyses 
by amalgamation, and electrochemical oxygen-meter 
potentials in the BNL loops are all consistent with 
the Isaacs-Eichelberger-Rutkauskas values at low tem
peratures.'-' There is still disagreement over whether 
there is a change in slope of the solubility curve at 
approximately 330°C, with Claxton, Thorley, and 
Isaacs in favor of a change, and the others cited in 
Table 3 against it. In my opinion, when the inter
actions of NaoO in sodium with inetals, carbon, nitro
gen, and hydrogen in solution are thoroughly under
stood, all of these experimental values w-ill turn out to 
be right for the conditions in which they were meas
ured. But, the important conclusion is that the true, 

TABLE 2. POSSIBLE COMPLEXES OF ELEMENTS IN FI-EL-

CLADDiNG ALLOYS WITH SODIUM AND NONMETALS, 

EITHER IDENTIFIED OR PRESUMED TO EXI.ST 

Element 

Fe 

Cr 
Nb 
V 
C—N—H-- 0 

Complexes with Sodium and O.xygen 

(Na!0)2-FeO,<" NaFeO. ,'•' Na ,Fe(CN) . ,'•' 
Na,Fe(Cl) , (?) 

NaCrO, ,'•' NaCrOCI, (?) 
NaiNbO. '- ' 
Na jOurVjOi , , , ' " ' 
NajCOs (?), Na.(CO)y (?), NaOH, NaCN 

'"' Identified by one or more laboratories. NaFeOs may 
result from oxidation of (Na20)2-FeO during handling. 

? Possible product. 

TABLE 3. T H E SoLuniLixv OF OXYGEN (PRESUMED TO BE 
Na^O) IN SODIUM AT 2 0 0 ' ' C .\S ESTIM.XTED BY 

RECENT DATA OR CORRELATIONS OF D.VTA 

28.5 
22.0 
12 
11 
9 

8 < ? < 30 

Claxton's Correlation'"' 
Thorley's Try"" 
Isaacs' Isobar'^' 
Eichelberger's Estimate'"" 
Rutkauskas ' Results"" 
Weeks' Wild Guess 

'''> Claxton, K. T., Contribution lo Ihe Solttbili!^ of Oxygen 
in Liquid Sodium, J. Nucl. Energy 21, 351 (1967). 

"• 'Thorley, A. W., UKAEA R. l l .L . , Culcheth, Unpub
lished, Work Cited in (a). 

'•I Isaacs, H. S., BNL, Upton, N. Y., in Quarterly Prog. 
Rpt. for Work Sponsored by The Sodium Technology and Fuels 
and Malerials Branches, Div. of R.D.T., USAEC, BNL-50141, 
July-September (1968) pp. 28-31. 

'dl Eichelberger, R. L., The Solubitily of Oj:ygen in Liquid 
Sodium: Recommended Expression, AI-AE(M2';S.5 (1968). 

'•1 Rutkauskas, V. J., Dclerminalion of ih,: Solubility of 
Oxygen in Na Using Ihe Vacuum-Dislittaliun Ai'nlyiical Tech
nique, LA-3879 (1968). 
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binary Naj()-Na solubility may not apply to the cold 
trap or plugging ti inperatures in an LMFBR. 

Table 4 lists some of the type.- of impurities likely to 
be present in LMFBR priniarj- .sodium with fuel ele
ments vented to the sodium. It is obvious that we know 
little of the binarj' solubilities of most of them at 
reactor temperatures. Their possible interactions are 
largely unknown in reactor sodium where none of them, 
with the possible exception of some of the corrosion 
products, are even close to unit activity. For example, 
the atom fractions of the rare gases argon and kr>pton 
that dissolve in sodium are r> x 10° and 1.5 X 10", 
rp»|)cctively, at 480°C and 1 atmosphere pressure of 
rare gas."" As fission proilucts, their jiartial jire.ssure 
may be as low as ~10'° atm, .so that their concentration 
in sodium may be ~ I 0 - ' " atom fraction, if true solu
tions exist at such concentrations. 

The conclusion of this discussion is, therefore, that 
it is impossible to predict from the available solubility 
data the concentration of impurities to be expected in 
LMFBR sodiimi. The best guess on the behavior of 
fission [iroducts can come from examining their be
havior ill reactors, especially DFR, which uses vented 
fuel elements. During a visit to DFR in .\pril 1967 
ijiist before (he leak caused shutdownl, the writer 
ili.scussed fission products in DFR wilh the DFR 
staff, especially R. A. Davies, V. AL Sinclair, .L Lyons, 
.'Uid .1. Broadley. The following is a summary of their 

ments, taken from my notes. Cesium is ditficult 
to determine in the cover gas, since it is stagnant and 
the sampler is (|uite remote from the sodium surface. 
The cesium activity in the DFR NaK is a|>pioximately 
III limes greater than it was anticipated to be from 
recoil calculations; Ihe cesium activity in the NaK 
was still rising at that time. There was also cesium 
activity in the cover gas, and the '•'''Cs Na ratio in 
the cold trap is higher than it is in the circuit NaK. 
Bariuin and lanthanum plate out all over the circuit; 
every solid material taken out of DFR has barium and 
lanthanum activity on it—specimen holders, NaK 
samplers, bypass loop sections, etc. .\n acid wash is 
required for their complete removal, suggesting a possi
ble chemisorption of barium and lanthanum on the 
surfaces, if not dift'usion of these metals into the steel 
surface.* Neither of the radiogenically produced cal-
citun or magnesium ever built up in the primaiy NaK 
to their detection limit l ~ 5 ppml. Calcium and mag
nesium were both found in the coki trap, and may have 
contributed to the gradual reduction with time of the 
o.\ygen activity of the NaK. 

T.\BLE 4. TYPES OF IIIPUKITIES LIKELY TO ME PRE..*ENT IN 

L-MFBH .•^oDieii WITH VESTED (.IK UUPTUREDI 

FUEL KLEVENTS CLM> WITH STMNLESS .<TEEI. 

Corrosion pnjduct.* 
Fe, Ni, Cr, .\ln 

Impurities al«*avs pre.nent in circulating sodium: 
O, C, H, Cl, X 

Fission prodiins: 
Noble gases: 
.\lkati metals: 
Halogens: 
Itare earths: 
.\Ikali earths: 
Nohle metals: 

. \e , Kr 
Cs, nil 
1, Br 
I.a. Ce, etc. 
Ba, Sr 
Pd. Ith, Kii 

Transiti.in melals: Zr, Nb, etc. 
Uadiogenicallv produced elements: 

Mg 

• Could this projH'rt \- of bariuin W respv>nsible for its efTec-
tiveiie$8 ill reduring ninss transport uf radionuclides from in-
pile st«el coupons to uut-of-pile heat exchangers?'*' 
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DiM'UBsion 

Mr. Zitek (ComEd i: Where does the nitrogen come 
from? Is it a corrosion product or it is a cover-gas 
contaminant? 

Mr. Weeks: Primarily from cover gas; in addition, 
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most metals contain nitrogen, which certainly can get 
into the sodium if the thermodynamics are proper for it 
to do so. 

Mr. Zebrosli (GE): I would like to comment a little 
on the fission products for the case of vented fuel. If 
you have an intentionally vented fuel instead of (un
intentional) vented fuel by pin-hole failure, you can 
get a situation where essentially nothing shows up in 
the coolant except kiyjiton. You don't have to contend 
with the xenon daughter products. Nonvented fuel 
may well lead to a nastier and harder-to-decontami-
nate system than vented fuel. 

.1/r. Weel:s: I don't disagree. 
Mr. Epstein (ANL): I was surprised by the occur

rence of silver among the fission products. Silver has a 
very low yield as a fission product. 

Mr. Weeks: I have no comment to make except 
that it was on a list of typical types of fission products. 
This is one, from our experience, which would be 
reasonably soluble in the sodium and probably stay 
there. That is the only reason I put it in. 

Mr. Shannon (BNWL): I might add a comment on 
that point. We have recently seen radioantimony in 
sodium exposed to stainless steel. Antimony is not a 
veiy high constituent of stainless steel, but it is 
selectively leached and there results a fairly significant 
concentration of radioantimony. 

Mr. Weeks: I have only one comment to make. 
Every single radiotracer sample that has seen sodium 
has had antimony in it. I t is always there. We have 
taken a piece of zone-refined iron, pickled it, and hy
drogen-fired it. We distilled sodium very carefully 
into it and sent the sample to the analysts. There 
was antimony. In other words, I agree with you, and I 
think it is a common observation. I know of no ex
planation for it. 

.1/r. Zitek: Could it be that it results from the 
analytical technique? 

Mr. Weeks: The head of our analytical group is 
here, if he wishes to comment. 

Mr. Xewman (BNL): I don't think it can result 
from the analytical techniques since this is radio
antimony. Nowhere along the line do we contact 
radioantimony other than from the sample. 

-l/r. Feder (ANL): I think it should be clear from 
the kinds of data that you have put on the board (and 
others that we will be discussing later this week) that 
it is unlikely that all species of the same element are 
necessarily in equilibrium with each other. Failure to 
distinguish among these species will of course cause • 

\'ariations in apparent solubility, ('n (op of that, we 
have the obvious phenomenon that a great many of 
the materials we are looking at may not be in solution 
at all but are finely particulate. With these two con
siderations in mind, I think the situation overall can 
become much clearer. 

Mr. Weeks: I agree with you. Actually Dr. Tyzack 
and I concluded at the Vienna Conference of 2 years 
ago that corrosion rates suggest the sodium is nearly 
saturated at the maximum temperature of each circuit. 
One of the conclusions that I will be talking about 
tomorrow, but I think I have to say it here because it 
is ])robably a different audience, is that the iron concen
trations in sodium loops agree quite well with that 
postulate. I can't speak for carbon. 

Mr. Humphreys (Moderator): Since the subject of 
])articles came up, I think we should add that the com-
|)lexity is verj' great. We have observed recently that 
immediately downstream of a particulate clean-up 
step there is a sharp increase in local corrosion rate. 
This indicates than an inventory of particles circulates 
and that some of them are in fairly rapid equilibrium 
with some of the solubility processes. 

Mr. Weeks: Thank you. I had heard of that observa
tion, but I haven't seen it on paper yet. 

.Mr. Humphreys: I think that does tend to clarify 
our present position on the application of solubility 
data for the prediction of impurity levels in sodium. 

This leads us into the next topic, which is sampling 
sodium systems by looking at deposits that are taken 
from cold traps or other low temperature regions. This 
could be a potential system-sampling tool which could 
give information as to the impurity state that existed 
in the sodium from which these impurities were pre
cipitated. AVcstinghouse has examined the Fermi cold 
trap; Mine Safety has examined their cold traps; 
EBR-II has cold traps ready for examination. I t is 
quite conceivable that the information that is obtained 
in this way could lead to meaningful information as 
to the systems in which they were operated. The Pro
gram Plan that John i l cKee described earlier calls 
for the establishment of a cold-trap examination facil
ity. Recently, Dutina, at General Electric, has at
tempted to go one step further by making specific 
sampling devices to gather such deposits and to ana
lyze them. We have a program under way at Argonne, 
which is in the early stages, of making a model cold-
trap device which again is designed to sample the pre
cipitated deposits from a large engineering svstem. 
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ARSTRACT 

Two cold trap.H were removeti from MS,\ Heseiirch 
Corp. operational loops and the contents were analyzed 
for Oy , C, Na , Hi;, carbon compounds, particle size, 
.iiid metallic impurities. Cold Trap I-C hail operated 
lor I4(K) hr and Cold Trap II-CK for 2300 hr. Loop I-C 
had operated with a high-carbon environment .-uch that 
part of the niainstreani flow pas.'cd through a bed of 
grajihite rods at I2()()°K. Loop II-( l̂  had operated with 
a high-oxygen Piivinmment with the colil trap being 
operated ut 700°F to provide oxygen concentration of 
~300ppm(>,.. 

The oxide was concentrated in the region below the 
mesh and in the first few inches of the mesh. Cold 
Trap I-C, which operated at 2.50°F, effectively re
moved hydrogen, whereas Cold Trap II-O^ which op-
crated at 700°F did not remove hydrogen. Carbon was 
found in both cold traps. Cold Trap I-C contained 0.05 
lb carbon and Cold Trap I l - d ; 0.01 lb carbon. It ap
peared that mesh must lie used in a cold trap if carbon 
is to be removed effectively. Carbon dioxide, Cjil^ , 
and IICN were found in both traps at significant 
levels. Traces of methane, ethane, ethylene, carbonyl 
sulfide, hyilrogen sulfide, cyanogen, and oxyinonocy-
anogen were also found. Iron ranging to KI was found 
in Cold Trap I-C; maximuin iron concentration in Cold 
Trap II-O,, was ~0..'i'r. 

On the basis of the relative quantities of CO:.., 
C2H2, anil IICN detected during analysis, it is 
assumed that Na^Ci, or .some acetylene-producing com
pound, such as a carbonyl, is responsible for carburiza
tion of austenitic steel>. 

I. Iiitrodiirlion 

Tlii> jiaper <lescribes the analyses of two cold traps 
removed from operational loops in service at .MS.\ 
Research Corp. The contents were analyzed for oxygen, 
carbon, nitrogen, hydrogen, carbon compounds, metal
lic impurities, and particle size of insolubles. Cold 
Trap I-C was operated for 1400 hr and Cold Trap 
I I -O; for 2300 hr. Loop I-C was operated with a high-
carbon eiu'ironment such that part of the mainstream 
flow was passed through a l>ed of graphite rods at 
1200°F. Loop II-O- was operated with a high-oxygen 

environment with the coltl trap IK'ing 0|ierate<I at 700°F 
to [irovide oxygen conci-ntration of approximately 300 
ppm O,. in the main sodiimi stream. 

Specimen.s for mechanical property tes t̂ ex|K)seii to 
the sodium en\'ironinent of Loop I-C underwent ex
tensive carburization (up to 10.000 ppm in 168 hr) 
whereas others exiwsed in Loop II-Oj showed no sign.* 
of carburization. One of the priman.' ohjtTtives of this 
study was to clarify the carliurization UKM'hanisii) of 
stainless steel in sodium ba.«ed on the cold-trup con
tents. 

2. Merhaniral 

i.t 

[*ro|>prly Tet»l Synleni 

• Work performed iliulcr V. S. .\tomic Eiierg\- Commission 
Coiitraci .\T(ll-l)-7l'>5. lle(Hirte<i in greater detail in MS.\R 
Topical Rep<irl Xo. S, MS.\U Br-203. 

iJescription of Test Loops 

Each loop contained 400 Ih of .sodium and was op
erated at I200°F. Sodium flow was divided into seven 
parallel circuits, each containing a creep-tost unit. 
An eighth parallel circuit included the necessary com
ponents for monitoring and controlling the impurity 
concentration of the sodium. Flow entereil this circuit 
through a throttling valve and pji.̂ ŝed tlirough a mag
netic flow meter, an electromagnetic pump, an econo
mizer, and li finnetl air cooler. I'pon leaving the finned 
cooler, the flow was split by means of control and shut-
off valve%to allow a choice of flow through either the 
lilugging indicator or the cold trap, .\nother parallel 
circuit was provideil in Loop I-C where part of the 
stream was passed through the carbon bed. 

:?.i. Carbon .Source 

The carbon bed consisteil of a Type 316 stainless 
steel tank containing 11.8 lb of siioctrographic-gradc 
carbon rod, '4 in. in diameter and '-4 in. long. .\ 
micrometallic filter with a mean i>ore ofM'ning of 20 ji 
was installed at the discharge end of the container to 
prevent particulate carbon larger than 20 /i from Ixiiig 
carried into the main stream. Resistance-ty|K' surface 
heaters were used to maintain the bod at the desired 
operating tomporaturo. The carburization potential of 
the system was varied by appropriate selection of flow 
and or temperature of the carbon bed. (Carburization 
potential is defined as the rate at which Type 304 
stainless stool monitoring tabs will absorb carbon.) 

i.S. Cold-trap Description 

Figure I is a schematic of the cold traps, which wore 
made of Type 316 stainless steel. Schedule 40 8-in. 
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FIG. 1. Cold Trap. 

pipe. Overall the height was 30 in. and the diameter 
8 in. Wire mesh (11 mil, 316 stainless steel, 14 Ib/cu ft) 
was packed in a tight cylinder, of 7-in. OD and 23 in. 
long. Sodium entered the top of the trap at 800°F, and 
flowed down an 0.49-in. annulus into a mesh-free re
gion, up through the mesh, and out the top of the trap. 
Cooling fins were installed on the outside of the trap, 
and the temperature was adjusted and maintained by 
the air flow rate past these fins. The Loop I-C cold 
trap was operated at a temperature of 250 to 280°F and 
the Loop II-O2 high-oxygen cold trap 700°F. 

3. Procedures for Cold-trap Sampling 

Figure 2 .shows the cold-trap sample locations. 
Eighteen sample locations were chosen along the verti
cal length of the traps. Sample locations were al
ternated at 90° rotation to yield 9 sample locations in 

each of two planes. Number 1 sample location was at 
the bottom of the trap in the mesh-free region ĴNumber 
2 sample was in the mesh-free region also, and was ro
tated 90° from the number 1 sample. Each sodram core 
was sectioned into three equal parts representing a 
cross section of the cold trap. Thus, both vertical and 
radial distribution of impurities were determined. 

The sampling technique consisted of drilling I'/s-in. 
holes through the outer cold-trap wall and through the 
inner can, and then driving a l-in.-OD sampling tube 
into the sodium. This method was used successfully 
for sampling both the Sodium Reactor Experiment 
sodium cold trap and the Enrico Fermi sodium cold 
trap. An argon atmosphere was maintained over the 
cold traj) during the drilling and coring operation. 

Figure 3 shows typical cores from the mesh-free 
section, the lower mesh region, and the higher mesh re-

FiG. 2. Cold Trap and Sample Loc.iUi 
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gion of both cold tra|is. The number 2 sample from Cold 
Trap I-C contained 20'; sodium oxide and exhibited a 
metallic luster. The core when cut revealed a bright, 
shiny cross section with dark gray deposits and was 
harder than pure sodium. The number 2 sample from 
Cold Trap II-O^ contained 67''; sodium monoxide. The 
sample core was dark gray and had a coai-se, grainy 
appearance. This material was hard and brittle, and 
visible examination of the cross-section cut indicated 
about 10"̂ ^ of this section to bo bright and shiny sodium 
dispersed in a coarse, matrix material. 

4. AiiaUtirill Procedures 

The analytical procedures used in the analy.ses of 
the cold-trap residues are shown in Table 1. The.^e 
procodtires were originally established for analysts of 
relatively pure liquid metals; therefore some modifica
tions were adopted to cover the full range of impurity 
concentration encountered in cold-trap sodium. For 
instance, high-oxygon sodium samples required more 

mercury extractions i typically 12 to 14 ver...us 6 for 
clean sodium) to obtain a sodium-freo residue and 
0.1 -V acid was used in the final titration instead of the 
0.01 .V acid used for low-oxygen samples. 

In most cases, a sample of 1 to 2 g of sodium was 
useil for the procniuri's. A cross-s(.ction sample disc 
was slicoil from the soilium core using a hinged cutting 
dovico. .\ny surface contamination on the disc was 
trimmed off with a knife. The cutting instruments 
wore cleaned after each sample. The sample was ul
timately placed in the appropriate analytical apparatus 
and removed from the glovolmx; the analysis was 
then iH'rformed in the lalwraton,'. 

5. Reiiiulls 

5.1 Marimum Content of Metallic Impuritiet 

Table 2 lists the maximum concentrations of the 
metals found in the cold trap. Iron, nickel, and chro
mium were transported to the cold trap as a result of 
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Impurity 

Oxygen 
Hydrogen 
Carbon: 

Elemental 
Carbonate 

Other forms 

Nitrogen 
iVTetallic impurities 
Particle size 

Method 

Amalgamation 

Isotopic dilution 

Combustion of dry chloride 
Mass spectrography of result.s of acidi

fication of off-gases 
Mass spectrography of results of dis

solution of off-gases 
Ammonia distillation (cohu-inietric) 
Emission spectroscopy 
Electron and optical microscopy 

Carbon in mesli Carbon analysis and optical microscopy 

corrosion and/or erosion of the stainless steel system. 
The Loop I-C cold trap contained a maximum concen
tration of 1% iron, the Loop II -O, cold trap 0.5% 
iron. Nickel was found at the 2000-ppin and 700-ppm 
levels in the I-C and II-Oo cold traps, respectively. 
Chromium concentration was essentially the same in 
both cold traps at 1500 ppm, maximum. 

Figure 4 is a graphic presentation of the distribution 
of the various metallic impurities in cold trap I-C. The 
horizontal line near the bottom of the trap, in this 
and all subsequent figures, represents that area where 
the mesh started. The area below this line was a 
settling chamber. Most of the metallic impurities were 
concentrated in the lower mesh regions; however, there 
were localized high concentrations in certain upper 
areas of this cold trap also. This was attributed to 
thermal excursions that the cold trap had exjierienced; 
during these the impurities migrated from the lower 
part of the cold trap to the upper regions. 

Figure 5 is a graphic presentation of the metallic 
impurities distribution in the cold trap II-Oo . Again, 
the ina.ior fraction of the impurities is located in the 
lower regions of the cold trap. It is interesting to note 
that in this cold trap a large portion of the impurities 
is also found beneath the mesh region in the settling 
chamber. 

S.2. Diitribution of Elemental Carbon, Sodium Oxide, 
and Hydrogen in Cold Trap I-C 

Figure 6 shows the distribution of elemental carbon, 
sodium oxide, and hydrogen in the Loop I-C cold trap. 
Carbon appeared to be concentrated in the lower mesh 
region. Oxygen was also concentrated in the lower 
mesh region, but a significant ciuantity of sodium oxide 
was found in the settling-chamber region of the cold 
trap. Hydrogen was uniformly distributed in the lower 
mesh region and the settling-chamber area. Little hy
drogen was found in the higher mesh regions. 

Figure 7 shows the distribution of elemental carbon, 

sodium oxide, and hydrogen in the LoO|) il-Oa cold 
trap. Significantly, less carbon was found in this cold 
trap than in the Loop I-C cold t i i p , but that which 
was found was located in the lo ser mesh region. In 
this cold trap, most of the soduun oxide was found 
beneath the mesh in the settling-chamber region. It 
is interesting to note that hydrogen was rather uni
formly distributed throughout the whole length of 
this cold trap, suggesting that hydrogen compounds are 
probably unstable at the trap temperature, 700°F. 

Figure 8 compares the sodium oxide distribution in 
both of the cold traps. This shows the difference in 

TABLE 2. M.\xiMUM CONCENTRATIONS OF 
MET.M.I.IC IMPURITIES 

Element 

Fe 
Ni 
Cr 
Mo 
Cu 

Loop I-C 
(High CarbonJ (ppmj 

10,000 
2,000 
1,500 

150 
100 

Loop II-Oi 
(High Oxygen) (ppm) 

5,000 
700 

1,600 
150 
100 

! Trap I-C. 
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oxygen distribution in the two cold traps although 
both traps show that oxygen is concentrated in the 
settling-chamber region and in the fir...t few inches of 
mesh. However, in the Loop I I -O; cold trap, the oxide 
was more heavily concentrated in the settling-chamljcr 
region. 

Figure 9 comjiares the hydrogen ilistributions in the 
two cold traps. In the I.oop I-C cold trap, where the 
bottom was operated at 250°F, the hydrogen is concen
trated in that region, whereas in the Loop ll-tti. cold 
trap hydrogen was uniformly distributed through the 
length of the cold trap, again indicating the instability 
of hydrogen compounds above 700°F. 

Figure 10 shows the elemental carbon distributions 
in the two cold trajis. I t is interesting to note here 
that the carbon was not concentrated in the settling 
chamber as was the case with oxygen, but was concen
trated in the first few inches of the mesh. This indicatos 
the behavior of preciiiitated carbon is different from 
that of precipitated oxide in a cold trap and that 
additional design work may be required to optimize 
cold traps as cleanup devices for carbon. It should also 

01-10% 
001-01% 

r-:'/y/i 0001-001% 
0001% 

Kill 11. 
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t>xyKi.ii. CttflMHi. anil Hyiln.Kcn ('nmciils in I.iK.p 

Fill. 
II-O,. 

siiei'tmurtipliii' Kesiilts for Cold Trap 

bo |iointoil out that the wire me.̂ li of the cold traps did 
undergo carburiiation. In the Cold Trap I-C carbon 
was nearly uniformly distributed throughout the length 
of the cold trap in the mesh at a level of alwut 1.39 
wt ' i . In cold trap II-(K the average carlion content 
of the mesh was 0.4.5';, ranging from approximately 1% 
at the liottom of the mesh to approximately 0.25% 
near the top. 

Particlo-siic analyses were made of materials which 
were insoluble after hydrolysis and digestion in acid. 
Both optical microscopy and electron microscopy were 
wore USIHI. In general, the individual particles ranged 
from 0.1 /«, with a moan particle site of ~0.3 j«. No 
particles sinallor than 0.0.5 /* were found. .'NJiiie agglom
erates with relative |)article sizes ranging to tens of 
microns were also observetl. 

o.S. Distribution of Carbon .s/jtcits 

Figure 11 compares the combined carbon distribution 
in lioth cold traps. In the Ixiop I-C cold trap, the com
bined carbon was concentrated in the ..lettling chamber 
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LOOP K- TEST 5 

FIG. 7. Carbon, Oxygen, and Hydrogen Contents in Loop 
II, Test 5. 

and in the first few inches of the mesh; in the Loop 
II-O2 cold trap the combined carbon was concentrated 
in the settling chamber. The total combined carbon 
content of the Loop I-C cold trap was approximately 
12'/2 times higher than that in the Loop I I -O, cold 
trap. 

Table 3 compares the carbon impurities in the two 
cold traps and may provide a clue as to the carbon 
species w^hich causes carburization of stainless steel 
in 1200°F sodium. Stainless steel specimens exposed 
in Loop I-C underwent massive carburization while 
similar specimens exposed in Loop II -O, showed 
essentially no signs of carburization. The elemental 
carbon ratio of the cold traps was roughly 5 times 
higher in Loop I-C than in Loop II-O2 . However, 
chemical analyses of the sodium during the test 
showed the elemental carbon content to be essentially 
the same in both loops, that is, 30 to 35 ppm. There
fore, it is assumed that elemental carbon is not respon
sible for carburization. The ratio of HCN in the Loop 
I-C to the Loop II -O, cold trap was 0.66. Therefore 

it must be assumed that this could 'lof h^^e been 
responsible for carburization. The ratio ol f O2 "°n''™-
tration in the Loop I-C to the Loop I I - ' ' - <'0'<' ™p 
was 17.5, which may suggest thi.~ as a potential means 
of carburization. However, recent work done in both 
this country and Great Britian indicates that car
bonate added to 1200°F sodium does not cause car
burization. Finally, the acetylene ratio of the Loop 
I-C to the Loop I I -O, cold trap was 120. This is the 
highest ratio of carbon compounds in the two loops. 
This leads to the conclusion then that sodium carbide 
or an acetylene-producing compound is responsible for 
the mechanism of carburization of stainless steel in 
sodium. 

In conclusion, the work on the analysis of cold traps 
has led to a better understanding of the fashion in 
which impurities are collected and distributed in the 
cold trap, and also an understanding of the diff'erence 
ill the behavior of these impurities, depending upon the 
cold-trap temperature and the nature of the impurities. 
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The fact that many of the impurities, particularly 
oxide, appear to collect in the settling chamber be
neath the mewh suggest.s potential design.** could lead 
to an extended lifetime of a cold trap. Finally, the 
rewuItH indicate that a carbide type of material i.-̂  
probably responsible for carburization of stainless 
steel in sodium at 1200°F. 

Di»rus§ion 

.Ur. Eichelberger (AI) : You report a lot of hydro-
f;in. Is the source of hydrogen your bed of carbon? 

Mr. Rodgern: No, I have to go back anfl describe 
what we are <loing in our system to explain the source 
of liydrog<'n. This is a mechanical properties test sys
tem, and we are continuously putting specimens into 
test pots and taking them out. Although we do make 
an effort to keep out air, we do get some air contamina
tion. I believe our i>rimar\- source of hydrogen is water 
vapor from the atmosphere. 

.Ur. I). L. Smith ( A N D ; In what form was the 
carbon that you put in the high carbon loop, and did 
this change with time? The second question refers to 
tlic carbon in the total system, not just cold trap. Did 
this change with time? 

' 2 0 0 ppm 
2O0-1000 pom 

0 0 0 - 3 0 0 0 ppw 

COLD T R A P l - C 

Klfi. 10. Klrninital {'nrlu 
and II-O,. 

TOO'F 

COLD TRAP n - O , . 

TOTAL ELEMENTAL C K ^ ^ / J 0 0 2 - 0 I X 
0 1 - 0 3 % 
0 3 - 0 . « % 

001 lb 

. l>i.<4trilMilion in r.>M Trn|w< I C 

Fio. 9. Elemental Hydroiten Distrilmtion in Cold Traps 
I-C and II-O,. 

Mr. Rutgers: The carbon that we added was ni llir 
form nf spectrographic carlwn rods. These were '4 in. 
in diameter. They were broken into or cut into '/i-in.-
long sections and packaged within a stainless steel 
vessel with a micrometallic filter downstream of the 
carbon bed to avoid the introduction of particulates. 
Whether we did or tlid not introduce particulates I do 
not know. In answer to your second (|uestion we ana
lysed primarily for elemental carbon during this pe-
rioii of operation, and in all honesty, we could not tell 
on the basis of elemental-carlmn analysis the differ
ence between loop one and loop two. Although the 
stainless tabs we expose<l certainly showed that one 
had a high carburization potential and the other had 
essentially zero carburization potential. 

Mr. lierkey (Wl : I was particularly interested in 
the high metallic impurity levels that you found and 
presumably this does not come from any reactions in 
the cold trap itself but constitute particles or material 
that was deposited from the loop. Did you study any 
particulate size distribution of metallic impurities? 

Mr. Rodgers: No. we did not. The only size distribu
tion that was performed w as for the carlx)n itself. 
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Mr. Shannon I BNWL): How much manganese did 
you find in the cold trap? 

Mr. Rodgers: The highest concentration of manga
nese in the high-carbon cold trap was 0.12%. I don't 
have the total amount of manganese that we found, but 

TABLE 3. CoMP.UiisON OF iMPrRiTV IS .HNTORY 
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ZTTTm 
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0 , 
C 
COi 
HCN 

Loop I-C High 
Carbon (lb) 
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5 X 1 0 ' 
7 X 10-' 
2 X 10-' 
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Loop lI-0> Higli 
Oxj-gcn (lb) 

r, 3 
1 X 10-' 

o . t X 10-' 
3 X 10-' 

0.02 X 10-' 

Ratio 
(I-C/II-0,) 

0.46 
5 

17.5 
0.66 

120 

FIG. 11. Combined Carbon Distribution. 

its concentration was 0.12% comjjared to 1% for iron, 
0.2% for nickel. In the high-oxygen cold trap, the 
manganese concentration was about the same order of 
magnitude as was the iron concentration, approxi
mately 1/2% max. 

Mr. Ramachandran (ANL): Did you introduce any 
impurities through your moans of sampling? 

Mr. Rodgers: I would hesitate to say that we didn't. 
There arc so many impurities that they would have 
masked any small donation we may have had from the 
sampling technique itself. I doubt if the samjiling 
technique added anything to the inventorj'. 

Mr. Ramachandran: Did you sample the entire in
ventory inside the trap? 

Mr. Rodgers: No, we did not analyze the whole 
trap. We took a sample core every 2 in. along the 
vertical height of the trap. 

Mr. Natesan (ANL): How much calcium was in 
your cold t rap; could some of the acetylene produced 
by hydrolysis with water have come from calcium 
carbide? 

Mr. Rodgers: I don't have the calcium values with 
me, but the calcium inventory in the cold trap was 
much, much too low to account for the amount of 
acetylene produced. 
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Calcium is universally present in .•io<lium because 
soilium is manufactured by the electrolysis of NaCI-
CMCI:; mixtures. Normally, the calcium content is of 
the order of 2(X) to .VKJ i)pm by weight. For "reactor 
grade" sodium, this is reduced to 10 ppm or less. Low 
calcium values are achieve)! by taking advantage of 
the fact that when li<iuid sodium containing calcium is 
oxidized by air. in.-'oluble CaO is formed preferentially 
iiiid ean be filtered off. Prolonged circulation of sodium 
i-nntaining calcium in a heat-transfer loop results in 
gradual reduction of the calcium content. 

The alkaline earth metals thermoilynamically can 
reduce Na^O, forming relatively insoluble oxides like 
CaO and HaO. This is the basis for the use of these 
iiH'tals as "soluble getters." But the formation of 
1 nit tie intermetallic compounds with the structural 
metals of the systi'in. CaNir, with nickel-bearing alloys 
for example, is a serious disadvantage. 

Another phenomenon observed with alkaline earths 
in solution in .•sodiimi is the reaction at the gas-litiuid 
interface with nitrogen. The transport of nitrogen 
Irom the gas phase into the li<|ui<l, where it can bring 
about reaction with inunersed materials sensitive to 
nitriding, is believed to depend markeilly on the alka
line earth metal content of the sodium. This fact has 
obvious implications to the po.ssibility of using nitrogen 
a.- an inexpensive cover gas. 

rOr these reasons, it has been considered desirable 
h' specify low calcium for "reactor grade" sodium, 
anil the use of soluble alkaline earth metals as getters 
lias been (inestioned. 

It sliould be noted that the irradiation of .sodium re-
suhs in the production of Na-24. which decays with a 
1 ")-lir half-life to stable Mg-24. Calcidatiou shows that 
the amounts of magnesium which can be formed in this 
way after extended reactor operation are not in
significantly small, and the i)roblems of alkaline earth 
nu'tals in M)dinm systems seem unavoidable. 

Altlunigh many processes for the isolation of sodium 
metal from its compounds have been propostni since 
this was first accomplished by Sir Humphrey Da\->* in 
ISO", at the present t ime ' " virtually all large-scale 

production of so<lium, in this country- and abroad.* is 
carried out by the electrolytic dissociation of fused 
NaCI. Heeause of the high melting point of NaCI, 
namely, SOO'C. calcium chloride iCaClj) is added to 
depress the operating temjterature in onler to prevent 
excessive corrosion of the cell walls and electrodes.f 
The NaCl-CaCla eutectic (containing 66.8^f CaCls , 
and melting at oOo^Cl might IK" exiK-cted to l>e the 
most desirable mixture; but in fact melts containing 
58 to 59'^; CaCL, m. pt. 575-585°C, are used. This 
c-()rni>osition is a compromise between the decreased 
corrosion an<l the decreaseri cell efficiency observed at 
lower temperatures.J Normally, a .stwl cathode and a 
graphite anode are used in this process—a fact which 
has interesting implications as reganls the impurities, 
particularly the carlwn content, to be exiwcted in 
••sodium metal. 

As a result of the use of this electrolyte, calcium is a 
ubifiuitous impurity in commercially produced sodium. 
How nnich is present will depend largely on the care 
exerci.'ied in the collection of the molten metal at the 
cathoclc. .\11 sodium manufacturers attem))t to control 
the calcium content of their product and to keep it at a 
low levi'l. This is achieved, among other procedures, 
by cooling the melt to a little al>ove the melting point 
.so as to precipitate out most of the calcium metal. As 
can IH- seen from Table 1. this should yield soflium con
taining .some 250 to 500 ppm calcium by weight. So-
called "reactor grade" sodium, to be useti in nuclear 
systems, differs largely from nm-of-the-mill material 
in its calcium content, largely liecause of the special 

• Except in Japan and a few dlher locatinnn, where Caiitner 
cell s<Klium. made hy the elerlnilysifl of fiuwHl NaOH, is pro-
«hno<i. This material should l>e free uf ralriiim and other alka
line earth nietat'i. .\l.sn, it .should )>e luw in carlH>n,since a nickel 
antKle is iitilixed, rather than the graphite used in the Downs 
pnicetw descntted almve, 

t Another im}><irtant reason for iisinK a melt wilh a lower 
mellind |>oint ihaii thai of pure NaCI is that the soluliihty of 
metallic sodium in liquid NaCI at atxtut 800X' is so high that 
recimihinalioii cannot lie prevented, and current efficiencies 
are imp^iAsihly low'*'. 

J The CaCb-NaCI eutectic is not used Itecause at this level 
of CaCli the Na* concentration canntit be maintained at a 
practical level in the cathode compartment. The electrolysis 
depletes the Na* lo some level liehm the average hath composi
tion depending on current density and hath circulation fac
tors"'. 
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TABLE 1. S01.UHILITY OF CALCIUM IN SODIUM'' 

log,. K = 6.5629 - (1546.6/r,-Ki) 

T('Q 

97.81 (m. pt. of Na) 

100 
125 
150 
175 

200 
300 
400 
SOO 

w (ppm by weight) 

250 

260 
480 
820 

1500 

2000 
7400 

18,000 
37,000 

TABLE 2. FREE ENEUGIES OF FORM.\TION OF OXIDES*^^ 

Ti'K) 

298 

400 
500 
600 
700 
800 
900 

1000 
1100 
1200 

Melting 
point 
(°K) 

NaiO 

89,950 

86,600 
83,100 
79,600 
76,100 
72,400 
69,200 
65,700 
62,000 

(58,200) 

1190 

—A/̂ T (cal/mole) 

MgO 

136,100 

133,600 
131,000 
128,400 
125,900 
123,300 
120,750 
118,050 
115,200 
112,600 

3173 

CaO 

144,350 

141,860 
139,400 
136,950 
134,500 
132,050 
129,050 
127,200 
124,700 

(122,400) 

2873 

SrO 

133,850 

(131,460) 
(129,100) 
(126,750) 
(124,400) 
(122,250) 
(120,000) 
(117,600) 
(115,200) 
(112,600) 

2688 

BaO 

126,300 

124,000 
121,660 
119,400 
117,100 
115,000 
113,100 
111,100 
108,600 

(106,000) 

2186 

precautions t.^ken to prevent excess calcium from ac
cumulating in the product. 

Reactor-grade sodium contains much less than this 
equilibrium ciuantity of calcium, corresponding to satu
ration, of the order of 10 ppm or less. This comes about 
because of a very interesting chemical process: when 
liquid sodium containing calcium is exposed to air, the 
calcium appears to be preferentially oxidized. The re
sulting CaO is quite insoluble* in sodium and is nor
mally removed in the first step in sodium purification: 
filtration. This reaction can be carried furtlicr, so 
that levels as low as 2 ppm calcium in sodium are not 
uncommonly achieved. 

Furthermore, it has been observed that prolonged 
circulation of sodium in a heat-transfer system results 

* No quantitative data on the solubility of alkaline earth 
metal oxides exist, except for BaO«>. The low solubility of CaO 
in sodium is inferred from the accumulation of calcium in so
dium system cold traps. 

in a steady and continuous decrease in the calcium 
content; for long-term operation, levels of 5 ppm and 
less are often obtained.f The primaiy mechanism of 
this process is believed to be the deposition of the CaO 
produced by preferential oxidation in system cold 
traps. Since calcium also reacts directly with nitrogen 
at elevated temperatures, some of the calcium may also 
be converted to the nitride, and end up precipitated in 
the cold traps along with Ca t ) . | Another factor op
erating in such loops is the formation of a stable inter
metallic compound between calcium and the structural 
metals in the loop, particularly with nickel. 

Calcium and the other alkaline earth metals§ react 
with NaoO present in sodium according to the equation 

Ca NaoO 2 Na CaO, 

as can be seen from the free energy data'^-' in Table 2. 
The free energies refer to the standard states of the 
substances, solid or liquid for the elements, solid for 
Na^O and the alkaline earth oxides. For the reaction 
of greater interest 

Ca (in solution in sodium) -t- Na^O (in solution in 
sodium) ^ 2 N a (1) + CaO (s), 

the free energy change associated with the process is 
given by 

A F T = [AFT°(CaO) - A F T ° ( X a , 0 ) ] 

— R J T In Oc, in Na ONajO in Na , 

where the AFT values can he derived from Table 
2. The activities of the species in solution, which 
are proportional to their fraction at saturation, are 
often much less than unity. Thus the presence of the 
calcium and Na^O in solution in sodium can be ex
pected to lead to slightly different AFt values for the 
reaction. The effectiveness of these materials as de-
oxidants apparently increases in going from lighter to 
heavier elements, probably largely due to the fact 
that the solubility of barium is so much greater than 
that of magnesium or calcium (see Fig. 1 and Table 
3). The solubility of strontium in sodium has ap
parently not been measured. El l iot t '") constructed a 
phase diagram for the system Na-Sr from the data of 
Remy, Wolfrum and Haase<"> from which at 150°C a 

t This conchision is based largely on observations made in 
the G. E. Sodium IVIass Transfer Program. See References 4 to 
11 inclusive. 

t Evidence for this is the strong odor of ammonia which has 
been observed occasionally on opening up cold traps and expos
ing them to moist air. 

§ Beryllium is not considered in this discussion, although 
from its position in the periodic table it is also an allcaline earth 
metal. Radium, which similarly belongs to this familv is ex-
eluded as well. 
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value of 30 weiglit per cent strontium can l>e derived. 
This in probal>ly the composition of the solid in equi
librium with liquid sodium at this temperature and is 
open to considerable doubt. These au thors ' " ' also 
studied the Ba-Xa systi-m, aiKl from their diagram 
(given in Ref. 1.5), a value of 70 weight percent liuriuin 
at I.50*'(J can be obtained, probably the soliflu..̂  again. 
Kundu and King'"" have also studied the Ha-Na .sys
tem, and their results do not agree with those of the 
other investigations.'" '*' These discrepancies were 
also noted by Klemiii and Kunze, '"" who concluded 
that future investigation would be refjuired to resolve 
the differences. The relative solubilities of the alkaline 
larlh metal oxides in .sodium is also ini|>ortant, but 
data are lai'king except for BaO, so far as is known. 
Gould"" stated that "The solubility of barium monox
ide in sodium tested al .•)00°C. for a period of six hours 
was found to be <0.0.j wt. •;;." It would be extremely 
interesting to determine the solubility jiroducts of the 
alkaline earth metal oxides as a function of tempera
ture; for the temperature values of greatest interest, 
i-nld-trap temperatures, the amount to be expected in 
Milulion is probably .so small as to tax the ingenuity of 
Ihc analytical chemists and will probably require 
lallier refini'd trace-analysis techni<|ues. 

The reduction of Na^O by alkaline earth metals in 
Mihilion in ..̂ oiliuin is the basis for the u.se of the.«e 
materials as "soluble getters" to decrea.se the oxide 
iiiiitent of the sodium, and thus the corrosive action of 
I be coolant.'"" This proci'ss was first suggesleil at 
K.VI'I. in the early '.'iO's and has. somewhat spas-
iiiodically. attracted attention of workers concerned 
with sodium. .\ .serious limitation of solulile getters 
which is fre<iuently overlooked is that the alkaline 
earlli metals form stable internietallic compounds 
with many eomnion structural metals, nickel for ex-
.inijile (see Table 41. Tliese compounds are quite 
brittle, and their lorniation results in the deterioration 
of the mechanical properties of the structural metal, 
particularly those depending on surface phenomena 
Ifaligue, for examplel and in thin sections such as 
fuel-element cladding. These effects have been noted in 
nickel-bearing alloys, the stainless steels for example. 

In the use of alkaline earth metals as soluble getters, 
the insolubility of the oxides in sodium is also a source 
of ditliculty. The use of these materials leads to the 
precipitation of the alkaline earth oxides and their 
deposition on the walls of the system. In some experi
ments, in which huge excesses of calcium or mag
nesium have been introduced into the melt, the quanti
ties of precipitated oxides formed have been enough to 
ifsult ill decreased heat transfer (the oxides are poor 
thermal conductors I and even plugging. 

There is anotlier charactcristie of alkaline earth 

l09io (S ± 0.32) • 2.76-13Wr.,( 

1 y 

y Gould. J. R.: Solubilitv QI Bjrlum 

/ Melal and Barium 0«idr in Sodium 

^ y KAPl- IMlSept. 1. I W i 

^-'' 

i 

,1 
200 900 400 

TEMPERATURE *C 
900 MO 

Klo. 1. Hnrium "Siilubilitv" in .^(Klium. 

T . \ H I . E 3 . SuLlHILITV o r .\t.K\LiNK b^tHTII 

M E T \ L S IN .^l>l>lt'M 

Soluliilitv (wt. 
al ISO' f 

•Mg 
C» 
Sr« 

CIS 
0.082 

(3) 
(13) 
(14. I5l 
(3, 14 I 

T.\BLK 4. Nil KEL- . \LK. \LI . \E E.VHTH 

. M E T A I . C .Mf .U M t s " "' 

Compound Properties 

Mg.Ni (54.7Tr S i ) 
MgNi, (82.8<rc Ni) 
CaNi, (88.0^; Ni) 

Peritectic 
Stable, m.pt. 114S°C 
Stable 

metals dissolved in soilium which is of extreme im
portance in reactor operation. In these systems there 
is a continuous inleakage of air. from whieh the oxj'gen 
is rapidly removed by the reducing action of the 
liquid. f!ince sodium does not combine directly with 
nitrogen at elevated temperatures, »-ith pure sodium 
the residual nitrogen gas from the air is quite inert; in 
fact, nitrogen has been used as an "unreaetive" cover 
gas in many sodium systems. But calcium (and other 
alkaline earth metals present I in solution in the sodium 
reacts directly with the nitrogen at the liquid-gas 

http://decrea.se
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TABLE 5. NITHOGEN-ALK.VLINB EARTH 

METAL COMPOUNDS'"*' "^ 

MgaN, 
Mg(N,)., 

CajNj 
CaiNi 
Ca(N,) , 

Sr,N 
Sr.N, 
Sr.N, 
Sr(N,), 

Ba,N 
Ba,N 
Ba,Ni 
BaN, 
Ba(N,), 

Azide 

m.pt. 1195°C 

Azide 

m.pt. 1030°C 

Azide 

See Ref. 20 

Azide 

interface to form stable nitrides, CaaNo for example 
(see Table 5 for other such compounds). It is of in
terest to note that the particular nitride found is often 
dependent on the conditions of reaction. For example, 
when nitrogen gas is passed over hot barium metal the 
product is normally BasNo . At high pressures, the 
stoiehiometry can be varied towards BaNs , and in 
vacuum the composition BajN is observed. But if the 
reaction takes place between nitrogen gas and barium 
metal dissolved in sodium, the product of reaction is 
predominantly BajN, as was found by Addison et oJ.'-"' 
The nitrides thus formed appear to have an appreciable 
solubility in sodium, and in solution can move by 
normal transport processes (diffusion, convection, etc.) 
throughout the liquid. When these solutions encounter 
a material immersed in the sodium whieh is vul
nerable to nitriding, the nitrogen moves from the 
liquid into the solid. Such effects have been noted with 
stainless steel, and to a pronounced degree with be
ryllium, zirconium, and other nitride-forming refrac
tory metals.'-'"-*" In fact, the presence of a dissolved 
alkaline earth metal* has been considered essential'-^' 
to the process of nitriding under sodium under normal 
reactor conditions.f The use of nitrogen as an inexpen
sive cover gas is obviously intimately associated with 
the alkaline earth metal content of the coolant and the 
role of these impurities as nitrogen carriers. 

For the reasons indicated above: the embrittling 
action due to formation of an intermetallic compound, 
and the transport behavior of nitrogen, it has been 
considered desirable to specify a low content of calcium. 

* Or possibly lithium. 

t But the newly discovered facts on the high stability and 
solubility of NaCN in sodium may require modification of this 
conclusion. 

and other alkaline earths in "reactor j i ade" sodium 
The use of soluble alkaline earth metal additives as 
"getters" has similarly been questioned; indeed, this 
technique has not been successfully used outside of 
laboratory studies. 

I t should be recognized that as a result ot a neutron 
activation in an LMFBR, the sodium present will be 
converted to Na-24. This species decays with a half-life 
of 15.0 hr to yield stable Mg-24. Thus, even starting 
with sodium completely free ot alkaline earth impuri
ties, a significant concentration of magnesium will be 
built up after extended operation. 

The maximum concentration of magnesium in so
dium to be expected from this source can be derived 
from the valued computed for the specific activity due 
to Na-24 after many years of reactor operation, 0.05 
Ci/g sodium. Multiplying this by the factor 3.7 X 10'" 
dps/Ci yields 1.85 X IO" dps per gram of sodium, 
Since each disintegration gives rise to an atom of 
Mg-24, there will be 1.85 X 10" atoms of magnesium 
formed per second for each gram of sodium present. 
This corresponds to 

(1.85 X 10*' atom Mg/g Na-sec) 

24 g Mg/mole Mg 
X 

0.06 X 10 atom i\Ig/mole Mg 

= 7.33 X 10"" g Mg/g Na-sec. 

Thus in a year (3.15 X 10+' sec), a concentration of 

(7.33 X 1 0 - " ) (3.15 X 10 + ') (10 + «) 

or about 2.3 ppm by weight of magnesium will be 
produced in the sodium. This concentration will in
crease linearly with the time of exposure of the sodium, 
and in older reactors the concentration of magnesium 
will reach levels of perhaps 10 to 100 ppm, by no means 
negligible in terms of the phenomena previously con
sidered. 
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ni»cii»0ion 

.Mr. .Miles ( . \NI.) : We have been running at KBH-
II for quite a while and we find a magnesium content 
of only 0.14 ppm l>y weight. So there may be removal 
mi'clianisms. 

.Mr. Epstein: There certainly are. The removal 
mechanisms that I spoke of are oxidation of the metal 
and deposition in cold traps, nitriding. and perhaps 
deposition on the sti-el surfaces as an intermetallic 
compounil. 

Mr. Miles: True. Then how do you get this Iniihlup 
that you mention—this concentration of several p|iin 
of Mg-24 derived from Na-24. Did you consider de
pletion as well a... production mechanisms? 

.Mr. Epstein: No, I did not attempt to. This is a 
straight nuclear calculation of the niaxiinuin that could 
bo pre..ient. I did not tr\- to evaluate removal processes. 

.Mr. F. .4. .^rnith (AN!, I: I d like to make a comment 
on an observation of long-term eX|>osure of sodium to 
stainless steel. Data that have iM-eii develojH'd by the 
U. S. Steel Co. identifies chrome-nitrugen compounds 
on the surface of the stainle.»s stool. To excite your 
imagination a little bit, it appears from other work 
that we have done at .\rgonne that indeed the surface 
film may impede the dissolution of grain lioumlaries. 
There can be competitive proct.s..^'s of coiiipouiid 
formation on surfaces which may lio of some signifi
cance for verv' long-tenn oiioration of power plants, 
20 years or so. 

.Mr. Epstein: I thought you were going to say these 
surface films may IM* of some benefit. This might very 
well be so. 

.Mr. Humphreys iModeratorl: .\re there furlher 
questions? Would anyone care to comment on the 
program by Borgsleilt in Germany which calls cal
cium one of the principal impurities responsible tor 
corrosion of \'aiiadiuiii alloys? 

.Mr. Epstein: The French people from Phenix were 
talking about the calcium probbiii yestenlay. It turns 
out that the sodium u.«eil in France is much more like 
our comniercial material than reactor-grade .sodium 
and is m»'h higher in initial calcium content than wc 
are accustomed to. I lielieve that when one of the 
Kap.sodie cold traps was opened U|> for the first time 
some years ago the smell of animoiiia was rather over
whelming, probably due to the reaction of moisture 
in the air with the calcium nitride forineil hy the proc
esses I was discussing. 

.Mr. D. L. Smith i .^NI.i: In your discussion of the 
formation of calcium oxide from calcium niotal and 
oxygen dis,solveil in sodium, did you infer that this 
would be more favorable than would the reaction Iw-
tween calcium and ..̂ olid soilium oxide? 

Mr. Epstein: Yes, l>ocause the freoonergj- data that I 
gave were for unit activity. If the calcium and sodium 
oxide were in solution, the free eiiergj- for the reaction 
could l>o more negative. 

Mr. Harms IDRNI.I: If you have all the calcium 
or magnesium present as the oxide, no nitritling will 
take place. Isn't that correct? 

.Mr. Epstein: That's certainly right if all the mag
nesium or calcium is present only in oxide form. But 
I don't know whether it will be or not. You know 

file:///lka
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lithium exposed to air preferentially forms the nitride, Mr. Harms: Yes, but to begin with the calcium isn't 
not the oxide. If you take an ingot of lithium and leave present as metal, but rather as the oxide because most 
it around in air for some time and analyze the surface of the sodium oxide has reacted. Right? 
film, there is more nitride there than there is oxide. I Mr. Epstein: After prolonged exposure this is correct, 
simply don't know how this competition between the But in sodium as we get it from the manufacturer we 
nitride formation and oxide formation will occur with believe that a significant amount still exists as the metal 
the alkaline earth metals. rather than as the oxide. 
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ABSTRACT 

.MSA Research Corporation (MS.\R). under the 
auspices of the U. S. .\tomic Energy Commission, has 
for several years been conducting out-of-jiile high-
temperature mechanical-property tests of candidate 
structural alloys for use in sodium reactor systems. 
Tliese tests have boon conducted in air, helium, 
and flowing soilium with varying degrees of oxygen 
and carbon contamination of the sodium. This re
port is limited to the most recent data generated on 
the tensile jind creep-rupture properties of uniaxial 
test specimens for Type 304 and Type 31t) austenitic 
stainless steels. 

Two dynamic Type 310 8."̂  loops were eni|)loyed in 
pi-iforming preliminary unstressed excursions prior to 
tile in-sodium inechanical-property tests. Kxposures 
for .")(KI lir in high-oxygen .Mnliuni l.iO ppml at 1200°F 
and 1400°F were conducted in one loop, while 491- to 
760-hr expo.sures in 12()0°K sodium with vaiying de
grees of carbon activity were conducted in the other 
loop. Subsequently, a third dynamic Type 310 SS loop 
was used to conduct up to 2(X)0-lir instream creep-
lujiture tests following the various excursions. The 
mechanical testing was conducted in r200°K .so
dium at a sodium velocity of ~20 ft sec, an oxide 
content of the .sodium at <10 ppm, and with a 
>70°F A 7 ' existing between the specimen test tem
peraturi' and the coldest sodium-stream temperature. 

Tensile tests were run at room temperature. 120(rF, 
and I400°F on .some of the test specimens following 
the excursions. These tests were conducted in air on a 
standard tensile machine at a strain rate of 0.1 in., 
mill. 

Curves of the creep-rupture life and creep 
strengths of Types 304 and 316 SS from the instream 
high velocity-Ar-clean' sodium tests following the 
excui'sions are compared with curves generated in 
earlier work. Ill this prior work, these same alloys 
were tested in air, helium, and sodium with the in
stream sodium ni|>lure strengths being measured at 
isotliormal conditions and at a low velocity, < 1 f t ' 
sec. Three sodium environments were investigated at 
that time: sodium with <10 ppm oxygen, sodium 

with 300 ppm oxygen, and sodium wilh an extremely 
high carbon activity. 

Bar graphs were usi-d to compare the yield strengths, 
the tensile strengths, and the ductilities of Types 
304 and 316 SS specimens following the stress-
free excursions in helium, in oxygen-contaminated 
sodium, and in carbon-contaminated sodium with the 
same properties of the as-received materials. This 
data was obtaineil from room-temperature. 1000°F, 
1200°F. and 1400°F ten>ile tost, cnmliuioil in air. 

Introduclion 

MSAR's initial efforts under AEC Contract . \T 
(11-11-76.5 were to determine the effects of sodium 
and its normally anticipated contaminants on the 
mechanical properties of structural materials antic
ipated for use in nuclear power plants cooled with 
sodium and operating at a maximum temperature of 
I2(K)°F, The original inaterials considered were Type 
316 stainless steel iSSi and 2i4 Cr-1 Mo ferritic 
steel with tem|X'rature limits of 1200 and 1I00°F. 
res|iielivelj|. Later, the program was exjianded 
to include Type 304 SS as a candidate material for 
use at 120()''F, The environmental effects were to \K 
evaluated through several tests ol mechanical prop
erties (creep, creep-mpture. fatigue, tensile and im
pact ti'sts I, as well as metallogra|ihic examinations. 
Environmental effects of 'clean' .sodium, oxygen-
contaminated sodium, and carbon-contaminated so
dium were evaluated. Comparisons of data from test* 
in these respective environments with data from 
similar tests with the same heats in air and helium 
were made. This infonnation was disseminated in the 
several topical reports listed in Table 1. 

In the fall of 1966. the program was redirected 
toward support of the LMFBR program. In addition 
to the two existing Type 316 SS dynamic sodium sys
tems iLoojis I and 2i used in the earlier [xirtions of 
the program, a third dynamic .system (Loop 3 | was 
eoiistructe<l. The Loop 3 .system was designerl to be 
operated with a clean' sodium environment ( < 1 0 
ppm ox-ygen) with added parameters of Af (50 to 
l o O T l , velocities i lo to 30 ft seel, temperature 
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TABLE 1. Toi'ir.iL REPORT LI.STI.NO 

Report 
No. 

MSAR 
Report Xo. 

9 
10 

Test Facility Design And Operation Procedures, November 19G3 
Results Of Mechanical Properties Test Of 316 SS Specimens In 1200 F Sodium With Low Oxygen, March 1964 
Results Of Mechanical Properties Test Of 2i^ Cr-1 Mo Steel Specimens In Sodium With High And Low Oxygen 

Air, And Helium Environments At 1100 F, July 1964 
Results Of Mechanical Properties Tests Of 316 SS Specimens In 1200 F Sodium Contaminated With Carbon, 

December 1905 
Results Of Mechanical Properties Tests Of 316 SS Specimens In 12C0 F Sodium Contaminated With O.vygen 

(~300ppm), May 1966 
EtTect of Carburization On The Phases In Austenitic Stainless Steel, June 1966 
Design Properties Of One Heat Of 2"iiCr-l Mo And 316 Stainless Steel In High Temperature .\ir, Helium And 

Sodium Environments, September 1966 
Results Of Mechanical Properties Tests Of 304 SS Specimens Conducted In: 1, 1200 F Sodinm Conlaininated 

With Oxygen (~300 ppm); and 2, 1200 F Sodium Contaminated With Carbon. July 1967 
Analysis Of High Oxygen And High Carbon Cold Traps, December 1967 
A Limited Comparison Of The Relative Merits Of 304 ^"ersus 316 Stainless Steel For Liquid Metal Service 

63-161 
64-18 
64-81 

65-194 

66-78 

66-119 
06-174 

67-203 
67-216 

(1400°F maximum), anil variations in sijecimen 
thickness (15 to 60 mils). 

Loops 1 and 2 are used to conduct the oxygen- and 
carbon-contaminated sodium excursions. A portion of 
the test specimens from these excursions are then 
tensile tested in air at room temperature, 1000, 1200, 
and 1400°F. Other specimens are then instream 
creep-rupture tested at various stress levels under 
the Loop 3 conditions of 'clean' sodium, high velocity, 
and with a system AT at a temperature of 1200°F. 
The data from these tests are then compared with 
thermally aged specimen test data and other en
vironmental test data. 

The present program is centered around the stud
ies of candidate alloys for the LMFBR jn-ogram. 
In the earlier testing of Types 304 and 316 SS, 
parameters such as AT, velocity, and material thick
ness were minimized and the sodium contaminants 
maximized to determine environmental effects. In the 
present program, these parameters approach the con
ditions anticipated in a reactor system. 

Sodium chemistry ot each of the sodium systems 
is monitored, using updated state-of-the art sampling 
methods and analytical procedures. Loop 3 is the 
most complete, including a bypass sampler, hot 
trap, and two UNC oxygen meters. Loop 1 has the 
first commerical UNC carbon meter. Post-test evalua
tions of the effects of stress and corrosion on the 
candidate materials are made metallographically, 
with microhardness, microprobe, X-ray diffraction^ 
and spectrographic analyses employed to aid in the 
evaluation. 

Summary 

The heats of Types 304 and 316 SS used in con
ducting these tests were typical of standard heats 

and resiioiuled in a normal manner when thermally 
aged at 1200 and 1400°F in the helium atmosphere. 
The test six'cimens, exposed at 1200 and 1400°F for 
500 hr in sodium containing 50 ppm oxygen prior to 
tensile testing, showed little change in tensile strength, 
small increases in yield strength, and large losses in 
ductility when compared to the thermally aged speci
mens. 

Although there were only slight differences in the 
tensile and yield strengths between the 15- and 60-
mil specimens, the ductilities of the 15-mil specimens 
were much lower than the 60-mil-thick specimens. A 
typical example would be in the I400°F tensile tests 
of the Tyjie 304 SS specimens from the 1200°F, 500-
hr, 50-ppm-oxygen sodium excursions, where the total 
elongation of the 60-mil specimen was 66% and that 
of the 15-mil specimen was 23%. This latter fact 
pointedly demonstrates the more profound effect of 
surface embrittlement on thinner-wall materials. 

Comparison of tensile data at room temperature, 
1200°F, and 1400°F showed differences between 
oxidation and sensitization. In the 1200°F tests, both 
the helium and high-oxygen-exposed specimens 
showed a comparable decrease in ductility from the 
room-temperature tests. At 1400°F, however, the 
helium-exposed (no oxidation) specimen exhibited 
ductility recovery, whereas the sodium-exposed (oxi
dized) specimen showed only a partial recovery, 
iletallograiihic analyses supported these two ob
served effects (oxidation and sensitization). 

Further effects of the 500-hr excursion in the 
1200°F sodium with 50 ppm oxygen were noted when 
tested in 'clean' sodium at 1200°F \vith a sodium 
velocity of 20 ft/sec and a system \T of >70°F 
In these tests, both the Types 304 anrl 316 SS showed 
losses in rupture strength and increases in creep 
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rates when compared to as-received material tested 
in air. The Type 304 SS material from these excur
sions had a lo.ss similar to the as-received material 
tests in sodium containing 300 ppm oxygen. Likewise, 
the loss in nipture strength for Type 316 .SS was 
not anticipated, since previous work had shown no 
effect*! on the ruiitiire strength of as-received Type 
316 .SS when tested in 3(X)-ppin-oxygen sodium, even 
though signifieant oxidation had occurred during the 
tests. These strength losses in both Tyjies 304 and 
316 SS cannot be assumed lo he the result of the 
prior excursion alone, since other parameters, such as 
velocity and AT, were imposed by the test environ
ment in Loo|i 3. Additional testing is in progress to 
resolve this question. 

Kxaniination of the tensile data from the 1200°F 
excursions in high-carbon .sodium showed a general 
increase in tensile strength and yield strength (and 
decrease in ductility! for both Types 304 and 316 
SS specimens, compared to tho.se of the .WO-hr 
thermal excursion in helium. The failure modes 
wire reasonably consistent with tho.«e expected: 
brittle failure at room tein|)erature and improving 
iliii'tility with increasing test temperature. At HOCF, 
however, even though there was substantial increase 
ill ductility (elongation and reduction of area!, the 
gage length showed extensive iiilernul cracking and 
crack separation, which tend to detract from the 
validity of the elongation values. This particular be-
li.'ivior was not observed at I2(KrF and, tlieri'lorc. 
was not expected at I40I)"F. 

The adilitional carbon penetration between the ex
posure times of 491 and 760 hr in the high-carbon 
sodium environment was barely measurable and re
sulted in only an additional absorption of 20 |)pm 
carbon. .\lso, these I'Xjiosure times produced little 
difference in the mechanical test values for Type 
316 .SS and only a small separation in values for 
the Type 304 SS. 

The lack of internal cracking of the base metal 
of the 15-mil material in room-temperature tests indi
cates that the effect of the carburization of the 15-mil 
material was significantly different from the 60-
mil carburized material. This in itself would not 
appear to be important, but it is one additional 
observation to indicate that manner and rate at which 

T.\BLE 3, PHTSI<-.\I. PROI-EBTIES HF TEST M \TI:RI \ 

Tensile Yield 
Hard-

Elon- ness 
T>-pe of 

\"idc' s T SttSl'^'h.Strenph.gl;!"^. R S - ^ ^ " linish 
Steel • IW psi ' : » ' " 

304 .322891 | 86,080 35,560 
:ii6 HK(r.u7 I — _ 
31(i 192tl5 ! 85.760 I 37,780 

r^ 

57.0 

— 
53.0 

well 
B 

78 

— 
78 

6 

— 
« 

2B 
2B 
2B 

carbon is added to the base metal dictates the effects 
it may have. .Wso. it may indicate that low carbon 
absorption by the base metal over long |H'riods 
of time may be as detrimental as high carlwn 
ail-oriition over sliort-time periods, 

Muleriul Churacleriyjiliiiii of Ti.)*! Spei-inu'ii 

The test specimens utilized throughout the test 
inogram were flat sheet and ''2 in. x - 1 in. in gage 
length, as machined from standard mill runs of 16 
gage sheet slock. The chemical composition and 
physical properties, as furnished by the supplier, is 
listed in Tables 2 and 3. The Type 316 SS. Heat 
Xo. 880347, was used in the earlier phases of this 
program. The nominal 60-mil specimens were taken 
directly from sheet slock. The 1.5-mil specimens were 
taken from sheet stock rolleil down from the same 
16 gage heats. 

Tensile Strength" iif Material Kxpoaed to High-

<K\g | .n Soiliiiiii 

The Ty^es 304 and 316 SS specimens of Imlh 
15 and (iO mils were exiiosid stress-free to a .lO-ppm-
oxygen .sodium eiivironinent for .5(X)-hr periods at 
temiH'ratures of 1200 and I4(K)''F. During these 
excursions, additional s|)eciinens were .submitted to 
the identical thermal histories while under a helium 
atmosphere. Loop 2. as discussed earlier, was used 
to conduct these excursions. The pertinent flow rates 
and temperature profiles around the .system during 
these excursions are shown in Figures 1 and 2. 

The specimens exposed to the high-oxygen sodium 
at I200°F developed a surface scale with some 
grain-boundary oxide penetration. The average oxide 
Iienetration was of the order of 15 microns in the 

Type of 
.\ustenilic 

Steel 

304 
3 Hi 
:fi6 

TABLE 2 C.iMiosir 

Supplier 

Allegheny Ludlum 
.Allegheny Ludlum 
,\rmeo 

i . \ OK T E S T M . 

Heat 
No. 

322891 
19295 

S80347 

Cr 

18.26 
17.r>4 
18.00 

TEKI.\L 

Ni 

9.36 
12.72 
12.84 

FOH M 

C 

0.057 
a.(M8 
0.0(5 

SAH-L.\IFBU 

Mn 

1.20 
1.68 
l .M 

P 

0.023 
0.019 
0.019 

'STKIIT 

S 

0.010 
O.OII 
0.012 

K\L .M.ITEKI.\L PKIMiltWI 

Si 

0.52 
0.56 
0.48 

Mo 

0.15 
2.85 
2.33 

Other 

Cu = 0.16; Ci. = 0.090 
Cu = 0.10 

http://tho.se
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Type 304 SS (with maximum depth of 25 microns); 
the average depth of penetration in Type 316 SS was 
10 microns (with maximum depths of 15 microns). 
This oxidation was independent of material thickness. 
Specimens from the high oxygen excursion at 1400°F, 
however, developed an almost immeasurable scale 
without the penetration of oxide into the grain bound
aries. A change in the subsurface composition did oc
cur which has not fully been defined at this time 
The effects of this compositional change on the 
mechanical properties have not been determined 

Test specimens from these excursions were then 
used in conducting short-time tensile tests in air at 
room temperature, 1000, 1200, and 1400°F. Figures 
3, 4, and 5 compare tensile-test results of the helium 
and high-oxygen (50 ppm) sodium-exposed speci
mens with the as-received material. 

The data in Figure 3 show the two test materials 
to have room-temperature yield st lengths slightly 
higher than typical heats. With Type 304^ the yield 
strength of the test material was 45,000 psi (com
pared to a typical value of 33,000); the two Type 316 
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materials had yield strengths of 46,500 and 35,000 

psi. 
Both Types 304 and 316 reacted in a normal man

ner when thermally aged at 1200 and 1400°r, As 
demonstrated by the helium excursion at 1200°F, 
only minor changes resulted in the yield strength at 
each temperature. 

There was a loss in strength for both Types 304 and 
316 SS from the 1400°F excursion at both room 
temperature and 1200°F, with Type 304 exhibiting 
the greatest loss. In the 1400°F tensile tests, Type 
304 did not show any changes whereas Type 316 
SS showed a slight increase. 

The high-oxygen excursion at 1200°F effected a 
consistent and measurable change in yield strength. 
In all cases the yield strengths were either equiva
lent to or greater than those for the helium-exposed 
material. 

The 1400°F high-oxygen excursion effects were re
versed from those obtained at 1200°F. .\t the latter 
temperature strengths were equivalent to or less than 
those of the helium-exposed material. 

In Figure 4, it is readily seen that effects on tensile 
strengths due to aging at 1200°F were commensurate 
with the yield-strength effects. However, the effects 
from the 1400°F excursions were less evident than 
those from the 1200°F excursion. 

Of all the tensile properties measured, the ductility 
(particularly elongation) showed the greatest effect, 
but this was still small. Figure 5 shows that, in 
general, the 1200°F thermal aging caused an increase 
in the Type 304 elongation but a decrease in that of 
Type 316. Ductility would be expected to increase 
by the 1400°F aging, due to carbide solution. In 
general this is true, but some specimens exhibited 
elongations less than those of the original material. 
The 1200 and 1400°F high-o.xygen excursions caused 
significant reductions in ductility. 

From the data two competing mechanisms are indi
cated: sensitization and oxidation. The helium-ex
posed (thermally aged) specimens are responding 
only to carbide morphology. The 1200°F treatment, 
where carbide precipitation is occurring, in general 
effects higher strengths and lower ductilities, except 
at the test temperature of 1400°F, where there is a 
recovery in specimen ductility to a level equal to or 
greater than that obseived in the room-temperature 
tests, due to carbide dissolution. 

In the ease of the sodium-exposed (oxidized) speci
mens, changes were exaggerated in embrittlement 
due to the additional feature of surface oxidation and 
considerably smaller where the normal shift is to 
higher ductility. This is a relative measure of the 

embrittling effects of oxidation ovr: 1 above the 
effects of thermal aging. 

In these tests, both 60-mil am. io-niil specimens 
were tested. In every case the same general trends 
were noted, but the 15-inil materials always suffered 
greater changes. This latter consideration makes it 
imperative to caution against the indiscriminate use 
of sodium mechanical-property data for materials of 
all thicknesses. 

Creep-Rupture Strengths of Materials Exposed to 
High-Oxygen Sodium 

A sufficient quantity of Types 304 and 316 SS 
60-mil test specimens were included in the 1200 and 
1400°F high-oxygen excursions to provide exposed 
specimens for creep-rupture testing in the 'clean' 
sodium conditions of Loop 3. A majority of the 
scheduled tests from the 1200°F excursion has been 
comjileted to date, but only a few of the tests from 
the HOOT excursion have been completed. We 
limit the discussion to the creep-rupture tests con
ducted with specimens from the 1200°F high-oxygen 
excursion. 

Test specimens from the 1200°F, 500-hr excursion in 
50-ppm-oxygen sodium were used to conduct creep-
rupture tests in Loop 3. These mechanical strength 
tests were conducted instream in 1200°F sodium 
containing 10 ppm or less oxygen. The sodium veloc
ity across the test specimen was 20 ft/sec, and a mini
mum AT oi 70°F existed between the test specimen 
and the cooler outlet. Three different stress levels were 
scheduled to provide estimated rupture times of 500, 
1000 and 2000 hr. Externally mounted dial gages 
were used to establish the creep rates during these 
tests. 

The creep-rupture strength of the Type 304 SS 
material from the high-oxygen excursion is given in 
Table 4 and has been plotted in Figure 6. For com
parison, the I200°F creep-rupture strength curves 
ot this same heat of Type 304 tested in air and in 
sodium containing 300 ppm oxygen are also shown. 
It is readily seen that there is a definite reduction in 
rupture life of Type 304, whether it is as-received 
material tested in 300-ppm-oxygen sodium or ma
terial that had undergone a 500-hr excursion in 50-
ppm-oxygen sodium and then tested in 'clean' sodium. 
The test specimen from the 500-hr, 50-ppm-oxygen 
sodium excursion being tested at the lowest stress 
level did not yield results in good agreement with the 
data obtained at the higher stress level. The 
reason for this apparent early failure time was not 
determined. 

Tests have not been completed on as-received 
Type 304 in 'clean' sodium. One cannot say at this 
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time whether the effects of the two high-oxygen 
sodium environments are e<|uivalent or whether the 
high-velocity-Ar parameters of I^op 3 make them 
appear to be equivalent. Tests in progress are ex
pected to resolve this question. 

In Figure 7, the minimum creep rate, as determined 
for each specimen from dial-gage measurements, is 
plotted with ciin-es generated during the previous 
air and 300-ppm-oxygen sodium tests. From this 
graph, it can also be seen that the weakening effects 
of the 300-ppin-oxygen sorlium and the high-oxygen 
excursitm, followed by testing in 'clean' sodium, 
are equivalent. The creep rate of the test specimen 
that indicated premature failure in the creep-rupture 
tests was also abnormally high when compared 
with those of otlier specimens of this test series. Again, 
it will be necessary to examine the data of the 
as-received material tests in 'clean' sodium in progress 
before the oxygen and/or velocity parameters arc 
resolved. 

The ductility values obtained during these tests 
of Type 304 .SS arc comparably higher than those 
obtained in the air and in the 300-|)pni-oxygen so
dium tests. Values of <30% total elongation were 
obtained in the two latter tests, whereas values of 
>40% were obtained in the 'clean' sodium tests of 
specinien,s having the .5(K)-hr excursion in sodium con
taining .50 ppm oxygen. These values are from tests 
taken at equivalent stress loadings. 

I'levious tests of Type 316 SS did not show any 
ineiisurable difference in rupture strength of the 
as-received material, whether tested in air, helium, 
•clean' sodium, or sodium containing 300 ppm Oj . 
Ill Figure 8, these tlata are represented by the single 

TABLK 4. CREEP-RCPTIRE I),*TA K(»R TYPE.104 S.*̂  IS CLEVN 
SoDUll ,IT 1200°F 

iVeloeily = tOfl/sec; System AT 5 W°F) 

Specimen I 
No. I 

Stress, 
P" 

.\.M 
A--i<) 
A.2X 
A 24 

2I.0(X) 
IB.500 
Pt.SOO 
18,000 

Rupture 
Time, 

hr 

IlliS 
11.11 

Reduction 
of .Area, 

% 

45 
48 
52 
51 

Elonga
tion, , 

% 

— 
44 
58 

Minimum 
Creq) 
Rate, 

O.lOfi 
0.052:) 
o.oox 
0.0210 

Note; All .specimens frnni .5(K)-hr. 1200'F, 50-ppm exrurvion. 

curve shown. .\ different heat of Tyjie 316 SS was 
used to conduct the tests in this portion of the 
progrnm. It was therefore necessary to characterite 
this particular heat in air at 1200''F. These data— 
given in Table 5 and plotted in Figure 8—indi
cate this particular heat to l)e significantly stronger 
than the earlier heat. 

The Type 316 SS test specimens that had untler-
gone the 500-hr. 1200°F excursion in sodium contain
ing 50 ppm oxygen were subswpiently tested in Looji 
3 under the I200''F 'clean' sodium conditions, which 
include a 20-ft sec velocity across the test speci
men and a system AT greater than 70°F. The crirp-
rupture data of this material are given in Tabic 
6 as well as in Figure 8. The test at the 22.000-iisi 
level is still in progress. It is quite evident that there 
has been a riMluction in the rupture strength from 
these test coinlitions. F'lom the previous work, it was 
shown that there was no effect of 'clean' sodium or 
high oxygen-contaminated sodium on the rupture 
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F I G . fl. Creep-rupture Life of Type 3(M SS in Air and Sodium at 1200'F. 
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FIG. 8, Creep-rupture Life of Type 316 SS in Air, Helium, and Sodium at 1200°F, 

life, even though significant oxidation had occurred 
in the high-oxygen tests. This loss in rupture strength, 
therefore, must be attributed to either the high so
dium velocity, the system AT, some combination of 
the two, or some combination between the two and 
the prior 500-hr excursion in the 1200°F, 50-ppm-. 
oxygen sodium. 

Similarly, it is shown in Figure 9 that the creep 
strength is also affected by this test sequence: 500-
hr excursion prior to testing in 'clean' sodium. The 

creep rates obtained in this test sequence are in
creased to those obtained in the testing of as-re
ceived Type 316 in 300-ppm-oxygen sodium. Previous 
work had shown that there is an increase in creep 
rates in helium and all the sodium environments over 
those in air. 

As in the case of the Type 304 SS material, the 
Type 316 SS exhibited ductilities eqiuil to or higher 
than those in air at equivalent test liiadings. These 
values were in excess of 60% total elongation. 
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TAHL1-; C"KEKH-HUPTt:nE I) , \T,\ POK T Y P E 310 S S IN 

A M I VT 1200'V 

S|iecimen 
No, 

B-192 

H-M)I 

11 l l ! l 

H-14S 

HI.50 

Stress, 
|»i 

28,000 
•2li,(KH) 

2I,.5<KI 

2(1.(XX1 

IK,.50(1 

Rupture 
Time, hr 

392 
7W1 

2l>l«l 

4l>05 

T e r m i n a t e d 

nt 24110 hr 

Reduc
tion of 
Area, 

% 
39 
42 
51 
46 

Elonga
tion, 

c-
/o 

68 
58 
47 
37 

Minimum 
Creeji 
Rate, 
7o/hi 

0,0571 
0.0-278 
0.0055 
0.0015 
0.001 

.Note: All specimens were as-received material. 

r m s i l e S l r e n g l h s of Material 
Carbon Sodiiini 

E x p o s e d tti H i g h ' 

Three sets of fiO-iiiil test specimens identical to 
those of the high-oxygen sodium excursions were 
placed, stress-free, in three of the exposure units in the 
high carbon-activity environment of Loop 1. The 
first unit was placed on-stream for a 491-hr period; 
the two ri'inaiiiiiig units were on-stream for times of 

TABLE 6. CREEP-RCPTI HE D.VT.I FOR T T P E 318 SS 

'CLE.IX' SoDim AT 1200°F 
(Velocity = 10 fl/sec; System; T = 70°F) 

Specimen 
No. 

Rupture 
Time, 

hr 

B24 
B.2I) 
11--25 

H at 

28,000 
20,000 
23,.500 
22,000 

225 
4-25 

1004 
In proit-

resfl 

1210 hr 

Elonga
tion, 

72 
78 
70 

Minimum 
Creep 
Rate, 

0.157 
0.075 
0.022 
0.014 

Note: All si>eriniens from 500-hr, r200"F, 50-ppni excursion. 

7.50 and 7(iO hr. .\ll exposures were carried out at 
1200°F. Ouring this period, .5-mil Type 304 SS 
monitoring tabs carburizetl to a total carbon concen
tration of 7.500 to 10,.500 ppm carbon during a 162-
to 165-lir exposure time. This carbon activity was 
considerably less than in previous work where simi
lar tabs would carburize to total carbon levels of 
~20,000 ppm in similar exposure times. 
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Fiti. 9. C r̂eep Strength of Type 316 SS in .\ir. Helium, and Sodium at I'iOO'F. 
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Figures 10 and 11 show that the test specimens of 
the 491-hr excursion attained a case depth of 1,5 
to 2,0 mils in Type 316 SS, and ot, 3,5 to 4.5 mils in 
the Type 304 SS specimens, with total carbon in
creases of 1000-1200 ppm. The 750- to 760-hr ex
cursions showed only little additional carburization, 
which increased the carbon pickup to 1200-1400 
ppm, with no noticeable increase in case depth. The 
case depths developed are typical of previously 
carburized specimens, i.e., there is a definite, heavily 
precipitated case in the Type 316 SS, with penetra
tion into the grain boundaries ahead of it. In Type 
304 SS, carbon tends to diffuse faster, providing a 
thicker case per unit of time than with Type 316. 
In addition, there is a less definite distinction between 
the case and the area ahead of it. In these exposures 
of relatively short time periods, the total carbon 
increases in Types 304 and 316 SS were nearly equiva
lent. However, Type 304 SS did experience a deeper 

TABLE 7. PERCBNT.\GE CH. \NGE IN MECHANICAL PROPER-

TIES AFTER EXPOSURE AT 1 2 0 0 ° F : 4 9 1 HOUHS IN HLGH-

CARDON SODIUM VERSUS 500 HOURS IN HELIUM 

mmm 

Temp, 
°F 

R.T, 
1200 
1400 

Tj-pe 304 SS 

ng
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ie
ld

 
S

tr
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>• 
4-25 
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ng
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en
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l 
S

tr
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ng
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FIG, 11, Type 304 SS after 491 Ilr at 1200°F, (Mag, 2e6X) 
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FIG, 12,,0,2% Offset Yield Strength of Types 304 SS and 316 
SS 60-mil Specimens after Various Excursions in Helium and 
High-carbon Sodinm at 1200°F, 

penetration of carbon with a less dense case concentra
tion of carbon. 

Standard tensile tests were then conducted in m 
at room temperature, at 1200, and at 1400°F with 
specimens from the 491- and the 760-hr excursions. 
In general, there is a substantial increase in yield 
strength when compared with the helium control, with 
an accompanying decrease in ductility. There is an in
crease in tensile strength, but the percentage of change 
is considerably smaller than that occurring in other 
properties. This change is perhaps best shown liy com
paring the properties of the 500-hr helium-exposed 
specimens from the previous work with the properties 

file:///mOpti
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of the 491-hr high-carbon excursion specimens. This 
comparison is shown in Table 7. 

The additional carbon pickup of 200 ppm in the 
760-hr excursion did not change the percentage 
appreciably, but the changes that were noted were 
in the same general direction. 

In Figure 12, the 0.2% offset yield strength is 
shown for the original and 500-hr helium-exposed 
material, as well as for the 491-hr and 760-hr high-
carbon sodium-exposed material. At all test tem
peratures, only minor changes occurred during the 
500-hr thermal aging (helium exposure) for both 
Types 304 and 316 SS. The effects of the two carbon 
excursions, are most evident in the room-temperature 
tests, for which substantial increases in yield strength 
are seen. (The increase becomes less evident as the 
test temperature increased.) The greater carbide 

penetration of the Type 304 is pointed out by the 
relatively larger increases in yield strength in the 
Type 316 SS. The reduction of yield strength at 
1400°r was to be expected as a result of solution 
of the strengthening carbide phase. 

In Figure 13, the tensile strengths of the same test 
specimens showed the minor changes due to 500-hr 
thermal aging and the slight increases (except in the 
room-temperature tests) caused by the two carbon 
excursions. These changes were much less than those 
experienced in yield strengths and again were most 
evident in the Type 304 SS material. As in the case 
of the yield-strength data, the effects of the carbon 
excursions decreased with increasing temperature in
creases as a result of solution of the carbide phase. 

The most apparent and most discouraging changes 
oiiserved during these high-carbon excursions con-
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ceriied the reduction of ductility values. Although 
final ductility values of >15'!> are indicated in all the 
gpecimens from th(^ high-carbon excursion, these 
data are somewhat misleading, since the stress-strain 
traces of each specinicn indicated that the maximum 
test load and the breaking load were identical, typical 
of highly enibritth'd material. The pliotomicrograplis 
of the Types 304 and 3l(i .SS in Figures 14 and 15 
show the extensi\'e cracking that occurred during the 
room-temperatiire testing, with cracking in Type 304 
SS the most extensive. 

In Figure 16, the ductility values obtained from 
these tests are compared. AH jireviously shown. 
there are small thermal-aging effects. The effects of 
the carbon excursions. howe\'er, are tiuite evident. 
Particularly in the room-temperature tests there 
were unite signilicMiit reductions in ductility values. 

It is felt that a large portion of the measured 
eliiiigation in both inaterials was in the cracking and 
Clack separation, with only a small amount of metal 
ilcbiiiiialion. This wmild inilicatc the 'true' elonga-
tiiiii Millies of Ty|ie 304 might be somewhat <10';, 
in llie room-temperature tests, where brittle failure 
is occurring across the total specimen thickness. The 
Tvjie 316 SS did, however, show metal deformation 
toward the ci'iiter portion of the test specimen that 
would yield higher true elongation values than for 
Type 304. ll is impossible, biiwiver. to a.ssign specillc 
values. 

A different mode of failure prevailed in the l'200°F 
tiiisile tests. The cracking was conlined to the iin-
iiieiliale vicinity of the carbon case, as seen in Figure 
17. The fracture mode is of a shear type. In these 
tests, the I'liingation values were not imicli greater 
than the rooiii-temperatiire values, but the reduc-

FlG. 18. Tensile S|ieeimeii Kxp.wT'(l in 1 p 1 for 4ill Hr iiiid 
Tesled nt UtXl'F. LMag. 23X1 

Flo 17. Fracture .\iva 
I.IHI'F. (MiiK. i l i M 

if TylM' 3ll> SS S|H'rimen Tested at 

Fiti, III, Tensile .^peeinieii Kx|>..si'.l in I p 1 fur till Ilrnnd 
Tested al I400°F. (Mag, 23X I 

tion-of-area values had increased measurably, Hoth 
Ty|ies 304 and 316 .SS reacted similarly. 

In the 14(MrF excursion, the iluctility values con
tinued to show incretises with the increase in test 
temperature, .-^gaiii. the intense cracking and crack 
separation apiieared ipiite similar to those observed in 
the room-temperature tests, which was not antici-
pateil. Normally, as the test tem|K'rature rises, the 
effects of the brittle carbide case diminishes, wherein 
once cracking has proceeded through the brittle case 
depth, failure continues in a ductile fashion. Figures 
18 and 19 show that, although extensive plastic de
formation has occurred, the presence of cracking 
raises some question as to the validity of elongation 
data in the true sense of the word. The reappearance 
of this fracture mode, at temperatures for which 
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the effects of brittle cases would be expected to be 
diminishing, is unclear. 

Similar tests were conducted with 15-mil speci
mens that had been carburized to similar case 
depths. These tests, in general, showed greater 
increase in strengths and losses in ductility than 
would be anticipated due to the area/volume ratio 
of the thinner cross sections. The only difference 
noted was that the 15-mil specimen failure-mode at 
room temperature was of a ductile nature once crack
ing through the carbon case depth occurred. This 
was the same behavior noted in the 60-mil tests 
at 1200°F, but not in the room-temperature and 
1400°F tests. 

Discussion 

Mr. Comprelli (GE): In your high-oxygen runs, 
the data points you showed are very close to the 
so-called controls. You claimed a decrease, and I am 
wondering if the decrease is significant enough to 
bring it outside the error band for your controls. The 
second point I would like to ask would be with regard 
to your long-terra testing. The microstructures that 
Dr. Zebroski showed this morning indicated that in an 

active system where mass transport is occurring 
there is a tendency to develop a surface-reaction 
2one. In the particular case illustrated this morning 
there was a zone around 4 mils in depth which had a 
modified structure because of loss of carbon along 
with the other major constituents. I am wondering if 
you saw this in your specimens. 

Mr. Kirschler: In answering your first question, 
this point did appear to be significantly out of place 
as compared to the jirevious testing we had done in 
the low oxygen-sodium environments and in the air 
environments. We are currently repeating this test to 
see if this was a true deviation from the curve or 
not. In respect to your second question, we did not 
see this zone. 

Mr. Comprelli: Was there any intensive mass trans
port in your testing at all? 

Mr. Kirschler: No, not really. 
Mr. Comprelli: How can you attribute this de

crease in mechanical properties to some corrosion 
effect if you did not see any evidence of it? 

Mr. Kirschler: I t is a reduction in load-bearing 
area due to these oxide penetrations into the grain 
boundaries. 
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1. Intruduelion 

The dads of the fuel elements of fast sodium-cooled 
reactors are subjected to rather high stresses during 
a long immersion in high-temperature sodium and 
under irradiations. These stresses are caused by the 
pressure buihlup of fission gases, by the thermal 
gradient due to the heat flux, and to fuel swelling. 
Therefore, the basic characteristics of the materials 
of whicli the.se clads shouhl be coni-trueted are creep 
behavior and ductility. Now, while these char
acteristics are well-known for the common alloys at 
high temperature in normal ambience, we have very 
few results concerning the possible influence of the 
sodium and of the irradiations. Thus, E D F and CE.\ 
have cooperated in preparing test programs in order 
to evaluate these influence. E D F / S E R N U T H is car
rying on creep tests in sodium at its RENARDIERES 
laboratory, and CE. \ /SKMA creep tests in reactors 
and on irradiated specimens. The first results obtained 
bear on the steels Z 6 CND 17.13 (AI.sl 3161, con
sidered for the Phenix reactor clads. 

2. InfluriK'p nf Sixliiiiii on Creep Behavior 

EDF has undertaken a general program of sodium 
creep tests bearing on materials intended for clad
ding for the critical points of the structures, and for 
the steam generator. (For the latter, special devices 
have been developed in order to study the possible 
influence of mass transfer between ferritic and aus-
tcntitic steels.) The results given below bear only 
on AISI 316 stainless steels and derivatives. 

1.1. General Conditions 

The influence of sodium shouhl be observed with 
respect to a reference atmosphere on specimens of a 
given form and for given sodium qualities. 

Studies made by Shahinian. '" Garofalo.'-' and 
Kramer'-" have shown that oxidation might play a 
part in creep behavior, of nickel and aluminum in 
particular, but that this effect should be small for 
stainless steels. Garofalo'-'' and Andrews'" have 
obtained close results in air, helium, or vacuum for 
an AISI 316 steel at 650°C and 700°C. Based on 
these studies, and on the fact that the proposed cover 
gas for fast reactors is argon, we have chosen this 

• C.E..\ . CEN Saelay, (iif-.sur-Yvette. France 
t Elertrieiti' de Kraiire. Chatou. France 

gas as the reference atmosphere. .\ few tests were also 
carried out in air. 

Most of available result* of creep in normal or 
special atmospheres have been obtained with rather 
heavy test specimens. In order to link our tests to 
the origins of the.se results and to obtain a first 
stage of rather general results not linked to a well-
determined form, we have chosen solid cylindircal 
specimens of 4-mm diameter and of gauge length 
of 32 mm. 

.Andrews'*' has studied the effect of oxygen and 
carbon impurities contained in the sodium. We limited 
ourselves to nuclear-quality sodium containing about 
20 ppm oxygen, which is the most likely industrial 
quality for fast reactors. 

3.2. Test Equipment—Operational Procedure 

2.2.1. The materials tested were Z 6 CND 17.13 
(AISI 316). Z 8 CNDNb 18.12 lAISI 316 Nb stabi
lized!, and Z 10 C N l D N b T 18.16 (AISI 316 with 
Cu), whose compositions are given in Table 1. 

Tests were also performed with Hastelloy X. 
2.2.2. The test specimens were supplied by CEA-

SRM.\. All had the same origins and heat treat
ments at those* intended for grade-characterization 
tests and to tests of creep under irradiations. All 
the specimens of the same grade underwent the same 
heat treatments, and had the same grain sizes and the 
same surface states. 

2.2.3. .\11 the tests are performed at 700°C, the 
hot-point temperature planned for Phenix clad. 

2.2.^. The creep tests in argon and in air were 
performed on conventional machines of two types; 
machines with continuous recording of elongations 
and with 1,000 amplification in "air" environment, 
and similar machines with 200 amplification in 
"argon" environment. 

2.2.5. Creep tests in sodium: the creep to rupture 
tests were performed with 8 AD.\>IEL machines, 
E D F license"^' (see Fig. 1), of which the main 
characteristics are: 

continuous recording of elongations with 20 and 
100 amplifications; 

maximum force of 450 kg; 
maximum temperature of 800°C with temperature 

regulation of :^I°C. 
Six of these machines were mounted on static 

http://the.se
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T , \ B L E 1. COMPO.SITIONS OF THE TESTED S T E E L S 

Z (i CXI) 17.13 (AISI 316) 

Z 8 CXDXb 18.12 (AISI 31(; s(. 
Xb) 

Z 10 CXUDXhT 18.10 (AISI 31C 
with Cu) FLl ' l l IXOX 140 

Weigiit Se 

C 

0.06 

0.070 

0.109 

Si 

0.52 

0.70 

0.52 

Mn 

1.7 

1.97 

1.80 

Xi 

11.9 

13.5 

14.48 

Cr 

16.5 

17.3 

16.49 

Mo 

2.36 

2.20 

2.£8 

Nb 

0.83 

0.50 

> 

Ti 

0.35 

Cu 

2.98 

B 

O.0O15 

Heat 
7 reatment 

35-mm forged bar; heat 
treatment at 1050°C. 

35-mm forged bar; heat 
treatment at 1,100°C 

25-mm forged bar; heat 
treatment at 1,175°C 

F I G . 1. Creep-rupture Machine on a Sialic Sodium Pot. 

sodium pots and two on loops with a speed of the 
order of 1.5 m, sec along the specimens, a thermal 
gradient, and sodium treatment by diffusion cold 
trap. 

The creep tests n-ere performed on two AD.\JIEL 
machines, EDF license"" (see Fig. 21, of which 
the main characteristics are: 

continuous recording of elongations with 500 and 
1.000 amplifications; 

maximum force of 250 kg; 
maximum temperature of 800°C with temperature 

regulation of ±1°C; 
possibility of mounting in creep or in stress relaxa

tion. 

FIG. 2. Creep Machine on a Static Sodium Pot. 

These machines were mounted on static pots in an 
air-conditioned room. 

Special devices permitted the adaptation of conven
tional machines to sodium. 

2.2.6. After their passage in environment, all the 
specimens were measured and analyzed in the metal
lurgy laboratory. Cracks, decohesions, and formation 
of surface coats and of precipitates were observed 
and analyzed under an optical microscope using X 
rays (above all in vacuum diffraction) and under 
CAST.\ING microprobe. 

2.3. Experimental Results 

i los t results were obtained with the grade Z 6 
CND 17.13 (AISI 316). The dynamic sodium tests 
have been performed only with this grade. Fragmen
tary results were obtained with Z 8 CNDNb 18.12 
(AISI 316 Nb stabilized) and Z 10 CNUDNb 18.16 
(.\ISI 316 with Cu). Furthermore, these are only 
preliminary results, the program being in progress in 
order to obtain numerous points for longer dura
tions. 

2.3.1. Comparison of the different characteristics 
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ohtiiiiH'd in ^odiuin with rcspoct to those ohtained in 
argon ami in air were: 

Rupture time (see Fig. 31 for tlie three grades; 
it is Hysteinatieally a little longer in static sodium. 
On the other hand, there is no visihle effeet in 
dynaniic sodium. 

Time taken to reach a I ' t elongation (see Fig. 4i . 
It is less in static sodium for the 316 and the 316 
Nh, while there is no visihle effect for the 316 with 
CM in static .-•odium and for the 316 in dynamic so
ilium. 

Minimum creep rate (see Fig. 5L In .static sodium, 
the behavior of 316 and of 316 Nh is not really al
tered. On the other hand, the 316 with Cu had a 
minimum creep rate that was slightly higher, and 
particularly when the stress was lower. In dynamic 
sodium, the behavior of the 316 was affected more 
clearly, and the minimum creep rate was lower for 
all the stresses. 

Klongation at rupture (see Fig. 6l . In static .sodium, 
\\\v elongation was a little greater for all the grade.-, 
and was more sharp for the 316. On the other hand, 
for the same steel in dynaniic sodium, there was no 
visihle effect. 

Necking down at rupture (see Fig. 6 i . It .-eems 
slightly less in all the cases except for the 316 in 
static sodium. 

3.3.^. Microgrophic ()bsert'ations 
All the .-ipecimens showe<l an austenitic grain >tnic-

ture 4, with slip lines at the surface, due to parts 
machining. 

Figure 7 show> the oltser\ations made with the 
316 loaded at 8 kg sq mm to bring out the appear
ance of the elongations and the necking-downs, the 
shape and distribution of cracks and decohesions, 
and the appearance of preeipitates and surface coats. 
The results obtained with the other gratles are less 
numerous, hut have the same sense as those found 
with the 316. 

Surface inspection: In the argon an<l dynamic so
dium environments, a surface coat was fonned. (hi 
the other hand, the metal appeare<i bare in static 
sodium. The composition of this layer wa.-* de
termined hy X-ray diffraction under vacuum, by 
using the Ku chromium line. In argon, for durations 
of the order of 3.0()0 hr. there was found a layer 15 
to 20 // thick, composed mainly of Fej0.i and Oi-Os . 
(The argon contained a few ppm of oxygen, i Below. 

kg^n 

"'•'C 

Z 6 C N D 17.131 
C3 l6 i 

1000 10000 
Rupturs t i m a (hr) 

, iStrasB 
Kg/mm ̂  Z8CNDM>1812 

316 S iNb 

1000 10000 
Ruptur* t i fns (h r) 

S t r«BS 

'*'̂ '*-*, 

ZIOCNUO NbT 1 
FluginoK UO 
{316 ^ C u ) 

"̂ "V.̂ ^ 

316 

i. ^ 

EXPOSURE AT TOCC 

• Argon 
* Stat ic sodtufn 
* Dynamic sodium 

10000 
Ruplura tima(Hr} 

Fiu. 3. Kffect uf SiKlium on Rupture Time. 
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Z8CNDNbl8J2 
316 St.Nb 
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" ~-ji 

Z i O C N U D N b T I 
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i316i-Cu) 

i.16 

E X P O S U R E A T 7 0 0 ° C 

o A r g o n 

• S t a t i c sod ium 

4. D y n a m i c s o d i u m 

1000 100OO 
I 'cElongat ion t i m e [hr ] 

FIG. 4. Effect of Sodium on 1% Elongation Time. 

there was a chromium-free zone containing Laves 
phase of the FeaMo type. In static sodium for longer 
durations (3,000 hr), phase x was found on the surface. 
Finally, in dynamic sodium was found a layer com
posed of ferrite and phase x, whose thickness increased 
with time to about 20 ^ for durations of 3,000 hr. 

In argon, the cracks were numerous, tortuous, and 
full of oxide. In static sodium, they were less 
numerous, more open, and with sharply defined edges. 
In dynamic sodium, they were numerous and could 
be opened with difficulty since the ferrite layer, more 
ductile than the rest, filled them up in part. 

Inspection of internal decohesions: They seemed 
greater in argon than in static or dynamic sodium. 

Rupture inspection: The grains seemed to be more 
elongated at rupture in static sodium. 

2.3.3. Examinations under CASTAING Microprobe 
Quantitative analysis of the surfaces with the mi

croprobe has brought out two successive layers (see 
Fig. 8 ) : 

a fine layer 2 to 3 ft thick at the contact with the ' 
fluid, enriched in chromium and manganese but 
impoverished in iron and molybdenum for the 
argon environment (oxide), and enriched in 
silicon and molybdenum but impoverished in 

manganese, nickel, chromium, and iron for the 
static sodium environment. This fine layer is 
practically inexistent for the dynamic sodium 
environment, 

under this fine layer, a second one of 15- to 20-(i 
thickness, enriched in iron and nickel but im
poverished in chromium, manganese, and silicon 
for argon environment; enriched in iron but 
impoverished in chromium, molybdenum, and 
silicon for static sodium; enriched in iron but 
impoverished in chromium, manganese, nickel, 
molybdenum, and silicon for dynamic sodium. 

2.4. Discussion of the Results 

2.4.1. In static sodium, the phenomena ot corro
sion are small in magnitude and the small variations 
in composition observed at the surface should mostly 
correspond to the balance of the elements in the 
assembly: test specimens—sodium—test pot. 

The material seemed to be more ductile, which is 
in agreement with the results found by Andrews,'" 
but not with those found by Bohm, who used very 
different test specimens. 

The secondary creep rate tends to be somewhat 
greater, all the more as the stress is less for the 
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K g / n 
Z6CND17.13 

13161 

. - • * 3 « . -

iS t re i i 
Kg mm2 

i - - " 

^J*-" 

« ' 

ZB CNDNb 18 12 
316 SiNb 

100 1000 
M i n i m u m c r a a p ra^a 
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Si ret t 
K^mm* 

^ > ' 
•^0 

1 l O C N U O N b T 
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( 3 1 6 « C u ) 

^ - c ^ " 

B.16 

E X P O S U R E A T 7 0 0 " C 

D Argon 
" SlotK lodium 
• Dynamic tod.um 

Minimum cr»«p role ( lO-*%/hr ) 

Via. 5. Effect of StKliilm nn Minimum CriM'p Rate. 

310 with Cu. This ni.iy be duo not only to the in
crease of the time of stay in sodium, but also to a 
possible effect of sodium on the grain boundaries. 
Garofalo'" has, in fact, shown that with 316 at 
700°C, while the effect of the grain boundaries was 
very small under high stresses, it became appreciable 
below 10 kg/'sq mm. 

2.4-2. In dynamic sodium, only the creep rate is 
affected significantly. It is less for all the applied 
stresses. The wetting of the surfaces may have an 
influence on crack formation and propagation,"." 
but our obser\"ations show that account also must be 
taken of the formation of a ferrite layer at the sur
face of the specimens. This layer is all the thicker at 
the time of cracking appearance as the time is longer 
and, therefore, the stress is lower. In dynamic sodium 
and in argon, a surface layer is observed: the first is a 
ferrite layer, the second an oxide layer. It is probable 
that the oxide layer is less linked to the metal than the 
ferrite layer. This may be compared with the fact 
that the minimum creep rate is reduced in dynamic 
sodium, taking up the assumptions of Kramer.'^' A 

surface layer may render the escape of dislocations 
at the material surface more difficult and therefore 
delay the movement of dislocations and cause a hard
ening of the material. 

The influence of stress on chromium solution'"" 
could not be verified by our analyses, since our tests 
were not performed at constant time, but were carried 
on mostly until rupture. 

2.-5. Conclusions 

The main results obtained with the Z 6 CXD 17.13 
at 700°Care: 

Rupture time and elongation were slightly greater 
in static sodium than in argon, air, and dynamic 
sodium. 

Secondan.- creep rate was lower in dynamic sodium 
than in argon, air, and static sodium. 

.\ surface layer developed in static sodium; an 
oxide layer developed in argon; a ferrite layer 
developed in dynamic sodium. 

However, it should be noted that the tests were 
small in number and onlj- endured for times of the 
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Fifi. 11. Effect of Sodii iin on Elongation at Rupture. 

order of 3,000 hr. Nevertheless, they are sufficient to 
enable us to say that, under these conditions, the in
fluence of sodium on creep behavior of Z 6 CND 17.13 
at 700°C is small, especially with respect to other 
effects that the inaterials might undergo in a fast reac
tor, particularly those due to irradiations. 

The static sodium tests do not represent tlie effect 
of corrosion in reactors, and this may be very trouble
some for thin parts and for long durations. 

Therefore, it seems prudent to us to continue and to 
multiply our dynamic sodium tests, and to follow up 
this preliminary program by using specimens reproduc
ing the real shape and subjected to stresses represent
ing the real ones. 

3. Influence of Irradiation on Creep Behavior 

3.1. Introduction 

The influence of irradiation on austenitic stainless 
steels has been mostly studied by mechanical tests " 
performed after irradiation, such as tension tests or 
creep tests. Until now, we have few results concerning 
creep deformation in a reactor. It is known that creep 

at elevated temperature is a thermally activate 
process whose activation energy is often close to 
that of self-diffusion. This is attributed to the fact 
that the deformation rate depends on the dislocation 
climb rate. Qualitatively, one may then expect that 
the neutron flux has an effect on the creep rate be
cause of the production of a large number of vacancies 
and interstitials as the result of the action of fast 
neutrons on the atoms of the lattice. 

This reactor creep behavior of steel 304 has been 
studied by Williams and C a r t e r " " at Battelle In
stitute and by Bloom"^' at ORNL. These authors 
have conducted their studies within the temperature 
range from 550 to 750°C for stresses varying from 7 
to 21 kg/sq mm. They found no change in the creep 
rate; on the other hand, they observed a large de
crease in rupture ductility and a decrease in rupture 
life. 

In our work, we have proposed to study creep 
characteristics in a reactor of steel 316, envisaged 
as cladding material in fast-neutron reactors, com
paring them with those of a material subjected t» 
creep before and after irradiation. 
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3.2. E.rpcriinental Conditions 

For our experiments, we use<i an austenitic stain-
le.s,s steel of Type 316, the coni|)osition of which is 
given in Table 1. The initial .<tate was obtained by 
a.solution treatment at IO.iO°C. 

The tests were performed in the thermal reactors 
TRITON and SII.OK. The respective fliLxes in fast 
and in tlierinal neutrons are given in Table 2. The 
fast fluxes in the t^ILOp; are of a higher order of 
magnitude than those in the TRITON. 

Two creep facilities were used. In TRITON, we 
used a facility permitting simultaneous conduct of 
several eieep tests under difl'erent stresses, without 
using strain gauge,*. Figure 9 shows an overall as
sembly view of the setup. It consists of two identical 

creep lines, jiixtajioseil but independent of each other 
from the point of view of tensile stri^*ses and of tem
peratures. Figure 10 shows the part in the reactor in 
detail. Kach test-specimen line is maintained at con
stant temperature by means of an electric furnace, 
fractioned into four elemenLs regulated independ
ently by iiieans of thermocouples fastened on the test 
specimens. Tlu' two furnaces are immersed in water 
and placed against the reactor core. Their heat in
sulation is ensured by a gas layer. van,ing in accord
ance with test temperature. 

The tensile mechanisms are sho«ni in Figure 11. 
Their principle is as follows: the tensile stress is ap
plied to each specimen line by means of a metal-
bellinvs cylinder. This stress is mea,<ured by means of 
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a strain-gauge pickup and transmitted to the speci
mens by means of a long rod. This arrangement per
mits removal of the whole tensile-mechanism as
sembly outside of the neutron flux. In SILOE, the 
device used permits performance of creep tests with 
strain measurement. 

This device includes: 
A standard Chouca type furnace, shown in Figure 

12, 
A creep cell placed within the furnace and including 

a resonant-cavity measuring device. Figure 13 
shows a detailed view of the cell, which contains: 
on the one hand, the specimen, the clamping de

vices, the control thermocouples, and the flux in
tegrators ; 
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F I G . S. Results Obtained with the Castaing Microprobe for 
Analyses of Surface Layers Formed in Z6CND 17-13 (316) 
Creep Specimens after Exposure in Sodium at 700°C. 

TABLE 2. REACTOR'S CHARACTERISTICS 

TRITON 
SILOE 

Flux, n/cm^/s 

Thermal 

0.9 X 10" 
1.73 X 10" 

Fast 

0.96 X 10" 
1.9 X 101* 

F I G . 9. General View of Creep Device Used in TRITON. 

on the other hand, the metal-bellows tensile cylin
der prolonged by a resonant-cavity displace
ment pickup, supplied by a wave guide. 

The lower part of the capsule is filled with an 
eutectic NAK mixture in order to reduce the in
ternal thermal gradient. Finally, the furnace is housed 
inside a water box inserted into the reactor core. 

3.3. Results 

All the creep-test results made before, during, and 
after irradiation are given in Table 3. 

It is noted that: 
The creep rate is not appreciably affected, regard

less of flux value. 
The life duration and ductility at rupture are the 

more affected as the flux is greater. 
Finally, creep characteristics before and after ir

radiation are practically identical. 
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On Figure 14 we have shown the variation of the 
creep rate as a function of the stress at 700°C for 
each case: before, after, and during irradiation. 

On Figure 15 we have the variation of the rupture 
time as a function of the stress, for all three cases. 

The character of the rupture is shown in Figure 16 
(micrographic obser\'ations). I t is noted that the 
rupture was intergranular, on both irradiated and 
nonirradiated specimens. The intergranular cracks 
are perpendicular to the tension axis and are, in gen
eral, wider and more numerous in nonirradiated 
metal. 

Inspections under electronic microscope have led to 
the following observations: 

/̂  

i 

Fio. 10. In reactor Part of the Creep Device Vsed inTRITOX. 

Flo. II. Tensile M(.rhnnisni.s of the Creep Device I'wd in 
TRITON. 

For 0.15''; elongation (700°C, 6 kg/sq mm in 
.SILOE), tnere is no cavity in the joints. 

For elongation greater than 1.5%, the joints are 
filled with cavities containing precipitates and 
ser\'ing as starters (see microfractograph of Fig
ure 17). Between the cavities is noted the 
presence of cupules formed during rupture a t 
— 196°C (microfractograph on a sample placed 
within TRITON at 7.4 kg sq mm). 

On Figure 18 may be ob5er\ed the fact that the 
cavities are found preferentially near triple edges. 

Figure 19 shows the polyhedral appearance of these 
cavities, of which the facettcs frequently show steps 
resulting from surface diffusion. 

Figure 20 shows that, for orientations perpendicular 
to the tension axis, one obser\es cavities while, on a 
different orientation joint, only cupules are observed. 

3.4. Discussion 

In agreement with the results of the .\merican re
searchers, we have brought out the fact that irradia
tion involves a large decrease in life duration and in 
ductility at rupture. These effects do not seem to be 

file:///merican
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Fm. 12. tJeneral \*iew uf the C^himca-type Furnare I^sed in 
.SILOE. 

F I G . i;i. Detailed View uf the Creep Device Used in SILOE. 
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I l i n i l N 

111! II 

IIII II 

TABLE .i. UEHL'LTM OBT-MNEI* BEPOKE, 

Done, 

4 X 10" 

8.6 X 10" 

7 X 10" 

4.8 X IO" 

8 X 10" 
8 X 10" 

1.08 X 10" 

1.08 X 10" 

n/cm' 

Thermal 

.3.8 X ID" 

S X 10" 

ti 5 X 10" 

2.8 X 10" 

4.5 X 10" 

4.5 X 10" 

2.06 X 10" 

2.06 X 10" 

Strew, 
kg/mm' 

Out of 
Pile 

6 

7 

8 

In 
Pile 

H 

7 

8 

6.8 

7.4 

8 

7 

10 

DVRING. 

Rupture 
Time, hr 

Oulof In 
Pile 

600 

>1088' 

PUe 

>ri30* 

i:i45 

4146 !)20 

>2I60* 

>927* 

»27 

1307 

R5 

\ N D . \ P r E R i R R v n i v T H l N 

Minimum Crcq) 
Kite (10 * % hr) 

Out of 
PUe 

0 c 
4 

25 

In 
Pile 

<2.5* 

10 8 

24 • 

14.S 

36 

7 

140 

.il. 

Out of 
Pik 

>0.I5* 

> l . 2 8 ' 

26.2 

,'.c 

In 
PUe 

>0.I6« 

2.54 

2.80 

>0.Sfl« 

1.35 

3.34 

1.6 

1.3 

-. 
Outot 

PUe 

— 
30 

' 
In 
PUe 

2.3 

— 
— 

_ 
— 
— 

T P H I Htuppccl hefnrc riii)liir('. 

Z6 C NO I7_t3 ( A I S I 316) 

Expoiure at 700° C 

^ in p i l * l«t t i MLOE 

, in pile le i l t TRITON 

A poll trrodiolion Iv t i i 

O without irradiation 

1000 

Minimum Creep rale 
( 10 - * % h) 

F u i . 14. KfToct uf Irrsuliati'ins nn Min imum Crefp I lute. 

Stress 
K g / m m 

Z 6 C N D 1 7 . 13 I AlSr 316) 

E xpo iure at 700 - C 

6 in pi le tests SILOE 

7 in pile tests TRITON 

A post irradtotion tests 

Q without I r rodiot ion 

Rupture Time 'h rs ) 

Ki( i . 15. Effert of Irradiatioits on Rupture T ime . 
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N o i r radiated Meta l i ' , 

/ 

/ • j 

}: 
100 H 

I I 
I r r a d i a t e d M e t a l loop 

F I G . l(i. Character uf the Creep lUipture in AISI 31(1 Steel. 

due to changes in the deformation mechanisms of the 
matrix, but should be assigned to the influence of ir
radiation on the intergranular rupture process. 

In the nonirradiated state, this process leads to 
crack formation at triple joints. According to 
Zener,'^^* these cracks result from stress concentra
tion at these points. They might also be due to the 
growth of intergranular cavities which finally reach 
the triple joint, as has been recently shown by 
Stiegler"*' for tungsten. These cavities are formed at 

the level of precipitates or of joint irregularities 
during intergranular slip. 

In irradiated metal, the rupture results at strains 
for which, in the nonirradiated state, no or few 
cracks arc observed. Therefore, it seems that irradia
tion changes the conditions of germination and 
growth of these cracks. This may be attributed to 
the helium coming from reactions (n, a) (basically on 
the '°B), whose action may be exerted in two ways: 

on the one hand, the helium bubbles at the tip of a 
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Vu;. 17. MicrofrHcl.inrjiph SlmwiiiK ('jivit ics in Hupturc aftor Irradiai n 
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F I G . 18. Microgri aphs Showing Cavities at Triple Edges. 
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¥ni. Ut. MifrnRraph ol (.nvilie.-*. 
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F I G . 20. Micrograph of Cavities. 
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Vui. 21. .MiiTo^ralili .-.:|iii» iiiit lleliiiin I<iilil«.s 

crack may, through their growth under the efl'ect 
of local stress concentrjitions. permit quick crack 
pro|iagation; 

on the other hand, the helium bubbles themselves 
may fonn cavities whose growth and subsequent 
coalescence might lead to intergranular cracking. 

Ill fact, these bubbles have been observed in the 
joints and near the joints, as shown in Figure 21. 

The absence of change in creep strength is coherent 
with the fact that, after irradiation at 1.3 X 10-' nvt. 
the 0.20''e yield strength and the rupture load remain 
unchanged. In Table 4 are given the properties in 
tension at 700°C. 

The creep behavior at 700°C in a fast reactor has 
not yet been studied. .\ rig within the "Rapsodie" 
reactor shouhl be placed in ser\iee shortly. One may, 
however, make certain assumptions about this behav
ior on the basis of results of fast tension tests at 
700°C after irradiation in a fast spectrum. 

For small total doses of less than 1 0 - n\-t, the 
strength characteristics in tension (0.2% yield 

TAHI.K 4 .\ 
700°r 

E4H. \Mr\L PiniPKKTIKS o r 

IN . \ |K , IltKMIMTKIl IN \ 

Doses, n/cm' 

Thermal 

1.70 X 10" 
11 

Fast 

1.31 X 10" 
0 

AISI .lin STEEL .VT 

FAST FLVX 

Tensile 
Strength, 
kg/mm* 

25.1 
2.1 1 

Vield 
Strength. K 

(0.2^0). kg/mm" 

16.2 
Hi 1 

strength and rupture load) are not appreciably 
changed. Under high stresses, it should be the same 
for creep strength, the embrittlement being less than 
in a thermal reactor, because of lesser helium produc
tion. 

For total doses greater than 10-^ nvt, the yield 
strength and the rupture strength are increased. The 
result of this, in creep tests under low stresses, should 
be decrease in the creep rate, which is reached only 
after a certain length of time. 

The hardening obseried at this temperature should 
be due, in accordance with present assumptions, to the 
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presence of homogeneously distriliuted cavities, re
sulting from the precipitation of vacancies in a state 
of supersaturation. The embrittlement may be greater 
than in tests under high stresses, because of the 
double effect of increase in the quantity of helium 
formed and of matrix hardening. 

4. Conclusions 

For a test temperature of 700°C, in the range of 
stresses studied and for fast fluxes of 10" and 10" 
n/sq cm/sec, the properties are basically identical. 

Irradiation does not change the creep strength but 
diminishes strongly the ductility and the rupture 
time. 

This decrease increases with the flux. 
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Discussion 

Mr. Horton (AEC): You said that the sodium has 
a very small effect on mechanical properties. In view 
of this, are you going to continue your tests? 

Mr. Beaufrere: I have said that the sodium has a 
very little effect only on creep properties, not on all 
mechanical properties. Our tests are running now on 
specimens which are very thick, 4 mm thick, and 32 
mm long. We think that the geometrj' can have a 
great importance; for the test of cladding materials, 
we will continue our tests with actual geometry using 
actual stress distribution. In fact we introduce a 
helium pressure inside our specimens to simulate the 
actual stress distribution. 

Mr. Zebroski (GE): I have comments on the 
paper and on the last question. I t seems to me your 
data showed that you basically were creating a dif
ferent material at the surface of the specimen, anil 
therefore it is only a question of time until this modi
fied zone becomes thick enough to have very drastic 
effects on all the properties of that specimen. We see 
fairly sizeable effects on mechanical properties of 
specimens in sodium, but I will observe that we use 
specimens that have ^ the volume-to-surface ratio of 
the ones that you are using. I think that when you 
go on to your tubular specimen you will also see large 
effects on the mechanical properties. 

Mr. Beaujrere: How long are your tests? 
Mr. Zebroski: 3000 hours. 
Mr. Coleman (APDA): I wonder if you can ex

plain or have attempted to explain the difference be
tween the data you saw in the flowing sodium anti 
those from the static sodium system. 

Mr. Beaufrere: I think it is an effect of corrosion. 
In the static sodium, corrosion is very low. In static 
sodium there is only a slight oxide layer, but in 
dynamic sodium there is diffusion of nickel and dis
solution of nickel at 700°C. Although the appearance 
of the ferritic layer may be due to the nickel dissolu
tion, there are only three points, and it is not possible 
to say definitely that diffusion of nickel controls the 
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formation of this layer, nor even the rate law of its 
formation. 

Mr. Jansson (W) : I notice that your argon wa.sn't 
very pure, since you have considerable oxidation 
going on. Uo you expect that changes in composition 
of your surface layer could make the properties of 
this material different than it would have been in 
actual inert gas? 

Mr. Beaufrere: That I have said in my paper. 1 
think that it is only one hypothesis. I think that the 
ferrite layer on the surface of the material may pre
vent escape of dislocations. There arc two different 
matrices, one austenitic and the other ferritic. Per
haps the escape of ilisloeations may be lower anil the 
motion of dislocations inside the bulk may be re
duced, so we ctiii have a hardening effect by this 
process, but this is only one hypothesis. 

Mr. Ffahler ILMEC) : What were the velocities in 
yciiir dynaniic loop? 

.Mr. Beaujrere: 1..5 meters per second. 

.l/r. Bush (BNWL): How much chi phase were 
you seeing and were you detecting any effect on the 
ductility at lower temperatures due to the chi phase? 
I am really concerned if, in the thinner sections, you 
Inini enough chi phase by interaction to affect ad
versely your ductility under strain. 

.Mr. Beaufrere: Your question is "can the chi phase 
be correlated with a diminution or augmentation of 
ductility?" We have only a few obsei-vations of chi 
phase. I can't say definitely that chi phase has an ef
fect on the ductility. We have observed too few cases 
of chi phase. 

Mr. DeVan (Chairman): What is your interest in 
the Type 316 stainless steel plus copper? 

.Mr. Beaufrere: The creep characteristics are higher 
than the others. We have seen in the graphs the creep 
strain of the Type 316-co|iper is higher, comparable 
with Hastelloy-X. 

Mr. DeVan: You didn't note any loss of copper 
from the material? 

.Mr. Beaufrere: We have tested the Type 316-cop-
per in static pots. We have analyjed the sodium and 
even deposits around the pots, and we have seen 
nothing. Wc have analyzed for copper with the atomic 
absorption method and we have seen nothing, but it 
was in static sodium. 

Mr. DeVan: .\nother point which I missed—what 
was the approximate time of the longest tests in the 
dynamic .system for which you have data? 

.Mr. Beaufrere: We have tested for a maximum 
duration of about 3000 hr. 

.Mr. Comprelli (GE) : In the 3000-hr test you say 
you measured the mass transport of several constit
uents. I didn't see the carbon data. Did you meas
ure the carbon loss in this alloy, comparing the dy
namic and the static systems? 

.Mr. Beaufrere: Xo, we have not measured in this 
test the loss of carbon from the material. 

Mr. Comprelli: Were any changes in microstruc
ture noticeable that might lead you to believe that 
there were differences in residual carbon? 

.Mr. Beaufrere: There is no carbon transfer because 
all our loops and our pots are made of the same 
graile of stainless steel. In static pots we have only 
an isothermal region and have not seen any carbon 
transport. 

.Mr. Comprelli: I might mention this will be dis
cussed in a lot more detail tomorrow. In all-austen-
itic series loops we have seen as much as 40% carbon 
loss at I300°F. , 

Mr. Beaufrere: In all-austenitic stainless steel? 
.Mr. Comprelli: Yes, in mono-metallic austenitic 

loops. 
.Mr. Beaufrere: But you have a verj- big AT be

tween hot point and cold point. 
.Mr. Comprelli: 500°F. 
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A B S T R A C T 

The purpose of the experimental effort described 
here was to define combined and separate effects of 
the non-nuclear LMFBR service conditions on the 
engineering properties of fuel cladding. Successful 
application of fuel cladding depends on adequate 
knowledge of the effects ot temperatures from 700 to 
1300°F, mechanical stresses from fission gases and 
fuel swelling, thermal stresses associated with high 
heat fluxes of the order of 1 X 10" Btu/ft=-hr, con
tinuous exposure to sodium flowing at velocities as 
high as 30 ft/sec, and temperature cycling. 

Stress-rupture tests were performed in static and 
dynamic sodium with Types 304 and 316 stainless 
steels. The tests in static sodium were performed on 
uniaxial and biaxial specimens between 900 and 
1400°F. Creep tests were also performed in static 
sodium with specimens under uniaxial and biaxial 
stresses. The biaxial stress-rupture tests in dynamic 
sodium were made using an internal heater that pro
duces a 1 X W Btu/ft--hr heat flux through the clad
ding. Results of these tests are intended to serve a dual 
role: identification of the significant environmental 
effects, and quantitative determination ot the relative 
magnitude in support of reactor fuel element design. 

The results of tests in static and dynamic sodium 
have led to the following major conclusions: 

1) High-purity static sodium does not influence the 
biaxial stress-rupture life of stainless steel. 

2) The effect of stress state on stress rupture is best 
compensated tor by use of the Von Mises effective 
stress relation. 

3) The stress-rupture behavior ot the two stainless 
steels is essentially the same in the annealed condi
tion. 

4) The strengthening benefits of cold work are more 
permanent in Type 316 than in Type 304 stainless 
steel. 

5) Stress-rupture behavior ot Type 304 stainless 
steel in flowing sodium under a steady heat flux corre
lated with the performance in static sodium for the 

* Work performed under U. S. Atomic Energy Commission 
Contract AT(04-3)-70I. 

temperature-stress conditions a t the peak midwall 
position. 

6) Stress-rupture life ot tubes ot Type 304 stainless 
steel in flowing sodium under a constant internal 
pressure and a cyclic heat flux is lower than that 
predicted using secondary creep data obtained in static 
sodium. 

I. Introduction 

The purpose of the experimental effort described 
here was to define the combined and separate effects 
of the non-nuclear LMFBR service conditions on the 
engineering properties of fuel cladding. Successful 
application ot fuel cladding depends on adequate 
knowledge of the effects ot temperatures from 700 to 
1300°F, mechanical stresses from flssion gases and 
fuel swelling, thermal stresses associated with heat 
fluxes ot the order of 1 X 10« Btu/ft^-hr, continuous 
exposure to sodium flowing at velocities as high as 
30 tt/sec, and temperature cycling. 

The current scope ot the program at Atomic Inter
national is limited to two stainless steels: Types 304 
and 316. The technical approach taken by this phase 
of the LMFBR Cladding Program is to determine the 
effects of the LMFBR environment on the creep and 
stress-rupture behavior ot cladding materials. The re
sults are intended to serve a dual purpose: identifica
tion of the significant environmental effects, and quan
titative determination ot their relative magnitude in 
support of design analyses and design criteria. The 
current program includes an evaluation of the follow
ing: 

1) sodium effects; 
2) stress-state effects; 
3) alloy type; 
4) cold work; 
5) thermal-gradient effects; 
6) cyclic heat-flux effects. 

II. Experimental Techniques 

A. Static Sodium Tests 

The test assembly tor biaxial static sodium or he
lium tests has the capability of simultaneously testing 
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REIORT PRESSURE GAUGE 

CLADDING SPECIMEN PRESSURE CONTROL VALVE 

12 REO'D 

CLADDING SPECIMEN PRESSURE 

GAUGE 12 REO'D 

He SUPPLY LINE 

Na SAMPLE LINE 

No SAMPLE VALVE 3 REO'D 

R£TO«T VEMT VAlVt 

THERMOCOUPLE TO RECORDER 

GAUGE BALANCE VENT VALVE 

SPECIMEN PRESSURE MANIFOtO 
No FILL VALVE I REO D 

RETORT PRESSURE INDICATING AND No VAPOR SEALING BEUOWS 

TOP FURNACE BAFFLE PLATE 

PRESSURE TUBE COUPLER 12 REOD 

THERMOCOUPLE 3 REO D 

TH[RMOCOU{Lt WELL 3 REO D 

No SAMPLE TUBE 3 REO D 

CLADDING SPECIMEN 12 REOD 

SUPPORT TUBE 

DRAIN LINE 

BOnOM FURNACE BAFFIE PLATE 

INSULATION 

FIG. 1. Twelve-specimen Static Sodium .\ssemhly for Biaxial Cladding Tests. 

12 tubular samples (see Figure 1). The retort body 
was made of either T>'pe 304 or Type 316 stainless 
steel, matching the material of the specimens. Pro
visions included are individual specimen pressuriza

tion and readout, sodium sampling on line, and ther
mocouple readout and calibration during testing. 
Detailed design, assembly, and test procedures have 
been reported previously.'" The major features of 
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the testing and examination procedures are listed in 
Table 1. 

Test assemblies were also developed that permit 
tests in sodimn or helium of uniaxially and 1:1 biax-
ially stressed specimens. These tests employ conven
tional creep frames and temperature devices. They also 
use direct readout on the longitudinal creep strain. 

B. Dynamic Sodium Tests 

A 2-in., isothermal sodium loop is used to test and 
evaluate the effects of additional environmental fac
tors on the mechanical properties of fuel cladding. 

TABLK 1. TKSUSC. 

Temperature, °F 
Pressure 
Sodium analysis 
Wall thickiie.ss, in. 
Diameter, in. 

,\\i> Ex,\Mi.v.\'Fi(i\ i.\ Si'.vTic SODIUM 

Accuracy 

± 2 
± 0 . 5 % 

±0.0002 
±0.0001 

Range, 
Nominal 

900-1400 
500-GOOO psi 
l)pm ranp;e 

0.010 
0.3 

Variation 

± 3 
50 psi 

None evident 
±0.0005 
±0,001 

The general layout of the loop is shown in Figure 2. 
The major features of the testing and examination 
procedures are shown in Table 2. 

The sodium chemistry has remained essentially 
constant from the beginning of this program. Typical 
results ot a chemical analysis of "systems quality" 
sodium used in loop tests arc shown in Table 3. 

The temperature of the loo]) is held within 3°F in 
the test sections ot the loop, although radiant heat 
losses through the walls does cause a 20°F tempera
ture gradient around the loop. Operation ot the high-
heat flux assemblies increases the temperature at the 
outlet ot the test section about 25''F. When two tests 
are conducted in series, the downstream test is run at 
the outlet sodium temperature of the first test. No 
differences in temperature are encountered for 
specimens in parallel test sections since the inlet 
temperature to each section is the same. The flow 
rate of sodium is preset in each test section before the 
test on cladding is started, and is recorded during the 
course ot testing. 

The ability to heat internally and pressurize the 

HELIUM 
SYSTEM ^-^r-KD 

L E V E L -
INDICATOR 

EXPAMSION 
TANK 

Y 2II1.SCH. 40 TYPE 30(SS PIPE 

AIRBLAST 

Hm_E)(CHA»GER TEUPERATURE 

INDICATOR 
CONTROL 

FLOW'.'ETER ^ 1 ^ ^ ^ ? CONTROL? ? ? ? 
SPECIMEN 

I / — N TEMPERATl 
• — ( ) RECORDER 

• ^ — ^ CONTROL 

t f/f r f\f 
^ HIGH FLUX HEATER TEST! 

- SAMPLE TAB 
HOLDER 

GH FLUX HEATER 
CLADDING TEST 

TEST SECTION 
1 in. SCH. JO 

DRAIN TANK 

F I G . 2. Schematic of Sodium Loop for Test of High-flux Heater Asaemblif 
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tube samples permits simulation of the effect of heat 
transfer from the fuel to the coolant, and of the effect 
of gas pressure and fuel swelling on the cladding. To 
achieve this capability, it was necessary to design and 
develop a bigb-bcat flux (10" Btu/ft--hr) heater to 
be insisted inside the cladding in such a way that the 
cladding could be internally pressurized. The heater 
life must be sufficiently long to obtain meaningful 
creeji-nipture results. The current design of the bigh-
flux heater assembly with cladding is shown sehe-
niatically in Figure 3. The developmental work and the 
design features of the heater assembly are described 
elsewhere.'-* 

The outside of the heater sheath contains two cen
tering lobes that ensure that the graphite resistance 
(lenient is concentrically located insiile the clailding. 
lligli-purity NaK fills the space between the heater 
and cladding to provide a beat-transfer niediuin and 
to transmit pressure stresses to the cladding. Pressure 
from high-purity helium is transmitted to the XaK 
by means of a bellows diapliragiii. The diapliragiii can 
move sufficiently to comjiensate thermal expansion 
and creep strain of the cladiiing without a decrease 
in pressure. 

The heater a>.^i-nibly with clMilding is surrounded 
with a shroud which provides a convenient means 
of centering the heater assembly in the sodium test 
!oo|), increases sodium velocity, and |u-omotes tur
bulence through :i wire in-lix on the inside surface of 
the shroud. 

Till' electrical pnwrr to the lieaters can be cyclcii 

TAHI.K 2. TKsriMi VM» KXVMINVTIIIN IN D w w i n Sunn \i 

FluKginK loiiiporR-
turos 

Sndiinn simipliiiK 

Si.dinni Irniprriitiiic 

Sodium flow 
C'old trap 

Range 

225° F 

S(T Tal.lo :( 

I 'p t.> \MK)^V 

Upt<.2()ft/srt 

sinrv 

Method 

PhiKKixK meter 

AmalKamatidii; spec-
troscopir 

Chrnnip-Ahimpl iher-
moruiiplps 

MaRiU'tic 
('in-ulaliiiK s<Hliii[n 

TAHI.K 'A. A N \ I . Y S I S OF I>VNAM[I- Smm M 

Klement 

ct 
Cr 
Fe 
Ni 
Of 

Spectroscopic' 
(ppm by wt) 

12 max 
S " 

ao " 
10 " 
10 " 

T>-pical .\nal.\'sis 
(ppm by wt) 

10.6 
< 1 

1 
< 1 

I2.S 

M O L Y B D E N U M E l E C I R O D E 

BODY EXTENSION 

C L A D D I N G NoK 

P R E S S U R I Z A I I O N P O R l 

UPPER C L A D D I N G WELD 

f U N G S T E N WAFER 

HEAIER SHEATH ASSEMBLY 

B O R O N NITRIDE INSULATOR 

GRAPHITE HEATER 

NaK PRESSURIZATION 

A N N U L U S 

P L A T I N U M WAFER 

HEAIER SHEATH EXTENSION 

LOWER C L A D D I N G WELD 

NoK FILL TUBE 

• .STl)17tlNHlHI47 
t Controlled values 

Fiii. 'i. HiKh.fliix Heater Aiwetnlily. 

on and off at different fre<iuencies. This enabli* the 
effects of thermal cycling on the creep-mpture 
|)ioperties to be studied. 

Control test assemblies are identical to the heater 
assemblies, excipt that there is no heating clement. 
Hotli geoiiietr>' and hydraulic aspects are identical, 
and the control assemblies use NaK to pressurize the 
cladding. 

.\fter the heater assemblies are installed, the loop is 
evacuated to remove most of the oxygen and to a.ssist 
in filling the loop with sodium. The sodium is then 
circulated at a low temperature while the sodium is 
cold trapped until the plugging run gives positive 
assurance that the plugging temperature is below 
225°F. The bulk sodium temperature is brought to 
12(X)°F and the test section flow to 20 ft sec. The test 
is then started by setting the power to the heater for 
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10" Btu/ft^-hr and the pressure to the desired level. 
The pressure and the electrical power are controlled 
during the test. The electrical circuit is equipped with 
a transient detector to protect the heater failures 
from power excursions. The test is terminated when 
a drop in pressure indicates rupture of the cladding. 
A pressure switch automatically cuts oft the power to 
the heater when cladding rupture occurs. When the 
test assembly is not removed immediately, the tem
perature in the test section is reduced until the assem
bly can be removed from the loop. 

C. Test Materials 

AISI Types 304 and 316 stainless steel seamless 
tubing were selected for test because both alloys 
are potential cladding materials for a LMFBR. The 
alloys are well "characterized," including the process 
history, chemistry, and inspection steps needed to ob
tain high-quality tubing with reproducible mechanical 
properties. Both alloys were procured in an "as re
ceived" condition which contains 10-15% cold work. 
Laboratory annealing was performed when the solu
tion treated properties wre desired. The alloy chem
istries are displayed in Table 4. 

TABLE 4. CHAEACTERIZATION OF AS-RECEIVED (10 TO 15% 

COLD-WORKED) TYPES 304 AND 316 STAINLESS STEELS 

Properties 

Chemistry: 
Element 

Cr 
Ni 
Mn 
Si 
Mo 
Cu 
C 
P 
S 
Co 
B 
N, 

Room-temperature tensile 
properties; 

0.2% yield strength (psi) 
Ultimate strength (psi) 
Elongation (2-in. gage) 

(%) 
Hardness (Ro) 
Tube diameter (in.) 
Tube wall (in.) 
Grain size (ASTM)"> 
Annealing 

Temperature (°F) 
Time (hr) 
Environment 

Type 304 
Stainless Steel 

(Heat No. 20013) 

(wt %) 
18.66 
9.30 
l.SO 
0.30 
0.22 
0.20 
0.06 
0.03 
0.03 
0.10 
5 ppm 

750 ppm 

89,000 
118,000 

29 

23 
0.295 ± 0.001 
0.010 ± 0.0005 

8 

1900 

M 
D r y H j 

Type 316 
Stainless Steel 

(Heat No. 65808) 

(wt %) 
17.43 
13.4 

1.83 
0.45 
2.5 
0.09 
0.012 
0.004 
0.002 
0.04 
5 ppm 

700 ppm 

89,000 
108,000 

35 

23 
0.295 d= 0.001 
0.010 ± 0.0005 

7 

1950 
}i 

Dry Hi 

III. Results and Discussion 

A. Sodium Effects 

The early work in this program was concerned 
with the ability to maintain sodium purity in a static 
system. Zirconium foil was placed in each retort to 
absorb oxygen. (The getter was later found to be un
necessary.) Unfortunately, the zirconium also pro
vided a sink tor carbon. The stainless steel was de-
carburized during testing, which caused a substantial 
weakening of the alloy. Since sodium provides a con
venient means of transporting carbon, care must be 
taken in any system design to avoid differences in 
carbon potential that could lead to decarburization 
and the associated weakening of fuel cladding. 

In the static sodium without the zirconium getter, 
biaxial stress rupture shows no effect due to sodium 
when compared to similar tests performed in helium. 
Typical stress-rupture results in helium and in 
sodium are shown in Figure 4. The life under stress 
for biaxially stressed tubes is the same in sodium 
and helium for times up to 5000 hr and for tempera
tures between 900 and 1400°F. Thermal aging in static 
sodium prior to testing also had no effect on the 
stress-rupture life. These results show that sodium has 
no intrinsic effect on stress-rupture behavior over the 
range of LMFBR temperature conditions. 

Static sodium did not influence the ductility ex
hibited under internal pressure. The strain at failure 
was the same in both environments. As can be seen in 
Figure 5, the stress sensitivity of the average stram 
rate, which is defined as the strain at failure divideti 
by the time to failure, was identical in both static 
sodium and helium. Since the 2:1 biaxial stress state 
did not exhibit much diametral tertiary creep, the 
average creep rate was a fair indication of the second
ary or minimum creep rate. Thus, static sodium when 
compared to helium does not alter strength, ductihty, 
or creep rate of biaxially stressed thin-walled tubes of 
Types 304 and 316 stainless steel. 

As further evidence of the absence of a static sodium 
effect, the microstructures after testing in sodium and 
helium for both uniaxial and biaxial tests were found 
to be identical. Cracking was intergranular and in a 
plane generally perpendicular to the largest stress. 
Carbide precipitation and sigma-phase formation also 
was similar in specimens from comparable tests. It 
should be mentioned that sodium provides an excellent 
medium in which to conduct tests in the absence of 
mass transfer since the temperature control is better 
than in gaseous environments. 

Observations of biaxial stress rupture in flowing 
sodium for times up to 1000 hr correlate with those 
of stress rupture in static sodium. Although some evi-
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FIG. 5. Strain-rate S*>iisitivity to Stress of Cold-worked Type 316 Stainless Steel at 1400°F in Sodium and Helium. 

deuce of mass transfer was found, the amount was purity sodium does not offer an intrinsic source of 
apparently too small to produce a detectable influence interaction that can obsenably influence bia.\ial 
on the stress-nipture life. stress rupture of stainless steel. The apparent effects. 

Test results from this work have shown that high- periodically reported in the literature, may be the 
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result of corrosion, use of impure sodium, decarburiza
tion or carburization, improper cleaning after sodium 
exposure but prior to testing, or a function of the con
trol environment. 

B. Stress State 

The influence ot stress state on the creep and stress-
rupture behavior of stainless steel is particularly 
critical to the design of reactor fuel pins. For exam
ple, the plenum region will experience internal gas 
pressure from release ot fission gas (2:1 biaxial 
stress). Fuel-cladding interaction in the fueled region 
of a pin approaches a 1:1 biaxial stress state depend
ing on the friction forces. The influence of stress state 
on the life, creep rates, and ductility of unirradiated 
cladding are significant design parameters, which even
tually must be modified to take into account irradia
tion effects. 

Relationships proposed are somewhat conflicting 
with regard to the state-ot-stress effects on creep rup
ture. Johnson et al.,^'^' *̂ advance the idea that the 
largest principal stress alone governs the lite under 
stress. In contrast, other workers"^' '̂ apply the Von 
Mises distortion-energy criterion to determine the lite 
under multiaxial stress. Experimental data were ob
tained in this work that permits assessment ot the 
influence of stress state on the creep-rupture behavior 
ot austenitic stainless steels. Tests were performed in 
sodium and helium, and involved uniaxial, 2:1 bi
axial, and 1:1 biaxial stress-rupture and creep tests. 

I t was found that the biaxial and uniaxial stress-
rupture curves can be brought into good agreement 
by applying the Von Mises criterion**' to the stress: 

1 

V2 (((Tl — a^y -i- ((T2 — o-j)" 

(1) 
+ (a, - a,)-y\ 

whei'e a is the effective stress and a, the principal 
stress. For the three cases of uniaxial, 2:1 biaxial, 
and 1:1 biaxial stresses, the effective stresses are s = 
ai, s = 0.866 (71 , and ,f = o-i = 0-2 , respectively. The 
relationship (1) predicts that stress rupture under uni
axial and 1:1 biaxial stresses should be identical, 
whereas the 2:1 stress state should not agree for the 
largest principal stress. However, the uniaxial and 2:1 
biaxial curves can be brought into agreement by 
using effective stress (rather than the largest principal 
stress) in the stress-rupture plots, as shown in Figure 
6. The largest principal stress, <ri, does not yield a • 
correspondence in stress-rupture behavior for ductile 
failure. Cracks do lie in a plane perpendicular to the 
largest principal stress. However, the factors in
fluencing the plastic deformation prior to rupture ulti

mately decide when failure occurs. These data indicate 
that the distortion-energy concept ot Von Mises best 
describes deformation of stainless steel cladding under 
multiaxial stresses. 

The uniform strain was found to be influenced by 
the stress state. Figure 7 corajiares creep curves of 
2:1 biaxial, 1:1 biaxial, and uniaxial specimens. 
Although the specimens were not tested at exactly 
the same stresses, the character of the curves is illus
trated. The uniaxial test shows the most strain at the 
start of third-stage creep. The total strain at failure 
is also largest tor the uniaxial test. The 1:1 biaxial 
curve and the uniaxial curve are nearly identical. The 
secondaiy creep rate tor the 2:1 biaxial test is less than 
for either the uniaxial case or the 1:1 biaxial case, as 
would be expected from the equation for effective 
stress. For the stress level of the 2:1 biaxial test, the 
strain rate based on the largest principal stress alone 
should be higher than in the uniaxial case. When the 
Von Mises correction is applied to the biaxial stress, 
the strain rate for a uniaxial specimen at the same 
effective stress was ~10~* in./in./hr. The slope of the 
biaxial creep curve of Figure 7 is ~10~* in./in./hr. 
The agreement suggests that the Von Mises criterion 
and uniaxial secondary-creep equations can be used 
to predict creep rates under the biaxial stress states. 

Some preliminary work on the effects of helium 
injection on the biaxial stress-rupture behavior ot 
stainless steels was performed in static sodium at 
1200°F. In the case of the 2:1 stress state, the strain 
at failure and the life were reduced by helium injec
tion for both Types 304 and 316 stainless steel. The 
strain at failure lies on the biaxial creep-rupture curve 
tor uninjccted tubes. This suggests that the influence 
of helium is largely on rupture strain. Other investi
gators have found similar results for short-term 
tensile tests at 1200°F, whereby the nonuniform strain 
is severely reduced by helium, but the uniform strain 
is not greatly affected.'»' Further data are required 
to determine whether helium injection and radiation 
also reduce the amount of uniform strain under 
creep conditions. 

In summary, stress state has an effect on ductility, 
creep rates, and lite under loading. While the 
lite, and possibly the creep rates, can be estimated by 
ajjplying the Von Mises correction to stress, the limits 
ot uniform strain are not easily predicted, particularly 
during or after irradiation. 

C. Alloy Type (Annealed) 

This program has concentrated on a systematic 
comparison of the unirradiated mechanical properties 
of two jiotential fuel-cladding alloys, viz.. Types 304 
and 316 stainless steel. A comparison ot the stress-
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iiijiluie behavior of the annealed alloys is displayed 
ill Figures 8 and 9. Each of tlic two heats used for 
s|«'i'iineiis represents a ty])ical chemistr>' which is 
aviiilaliie commercially. The close agreement in be
havior indicates that both alloys have essentially the 
same stress-rtipttne strength and ductility over the 
temperature range of interest to l.MFHR's. .\n earlier 
heat to heat study showed that the variation in prop
erties for the two alloys overlap. '"" Selection will 
certainly include other important criteria besides the 
unirradiated stiTss-rupture properties of the annealed 
alloys. Xo unusual features were obser\-eil with respect 
to the stress-rupture behavior of the alloys. 

The microstructures of the annealed alloys after 
testing showed little void formation along grain 
boundaries. The grain bounihiries were decorated with 
carbides. Some evidence of grain-boundar>- migration, 
grain growth, and serrations was seen. .\ small amount 
of sigma phase was present in T>-pe 304 stainless 
steel, while none was found in Type 316 stainless steel. 

In smnnmry. the results of tests with annealed 
T>'pe 304 and Type 316 are essentially the same, and 
there is very little justification for selecting one 

alloy over the other based on biaxial stress-rupture 
behavior of nnnealed tubing in static sodium. The 
good reproducibility and small .scatter demonstrate 
an advantage of conducting the tests in a controlled 
eiivironinent such as sodium. 

I) Alloy Type and Cold Work 

.\nother aspect of alloy selection deals with effect* 
of process histon.-. The two alloys were initially ob
tained from the same vendor in a cold-worked eon-
tlition I IO-15'~i- reiluction on the last drawing pass). 
It is informative to compare the cold-worked material 
behavior to the annealed behavior of each of the 
alloys. 

Figure 10 illustrates the effects of cold work on the 
stress-nipture behavior of T>'pe 304 stainless steel. 
The stress-rupture cur\*es show that the strengthening 
effect of cold work is temporarj- at these tempera
tures. .\ging without stress produced no large effect 
on stress-rupture behavior. It therefore appears that 
weakening is promoted by stress-temperature-acti
vated recoverj- processes. .\t lower temperature*, prior 
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cold work persists longer, although convergence is 
projected for long times ( > 10,000 hr). 

The behavior ot cold-worked Type 316 stainless 
steel relative to the annealed state parallels that tor 
Type 304. However, important differences exists, as 
may be seen by comparison of Figures 10 and 11. 
The strengthening benefits of cold work are retained 
longer for Type 316 alloy than for the Type 304 
stainless steel at the same temperature. These obser
vations indicate that the recovery processes are 
slower at the same temperature and stress in Type 
316 than in Type 304 stainless steel. The reciystal-
lization temperature to recover 50% ot the annealed 
properties has been reported to be 100°F higher for 
Type 316 than tor Type 304 stainless s teel ."" 

The effect ot cold work on the strain at failure is 
displayed in Figure 12. Clearly, the strain at failure as 
a function ot time to failure is different tor the two 
alloys at 1400°F. The convergence seen tor Type 304' 
stainless steel has been seen by the British in a Type 
316 steel at longer times and lower temperatures."- ' 
Thus, the ductility in a cold-worked alloy passes 
through a minimum with strain rate or time to rup

ture. The position of the minimum is not evident for 
Type 316 stainless steel because it occurs at times 
longer than tested thus far. 

Microstructures of cold-worked samples of Types 304 
and 316 exhibit similarity with respect to grain-
boundary voiding; in both alloys, more grain-bound
ary voids have formed in cold-worked material than 
in the annealed counterparts. A large amount of 
sigma phase formed during testing of the cold-worked 
Type 316 stainless steel; little was found in the cold-
worked Type 304 alloy. 

To complete the comparison, the stress-rupture be
havior of Types 304 and 316 stainless steel in the 10-
15% cold-worked condition are presented in Figure 
13. I t is interesting that while the annealed behaviors 
were almost identical, the behavior of cold-worked 
tubes was not. Here Type 316 stainless steel was 
stronger at high temperatures near ~1400°F and 
weaker at ~1000°F than the Type 304 alloy. In 
any case, the two alloys studied are not identical in 
biaxial stress rupture in the as-received condition. 

The amount of cold work introduced into cladding 
influences the stress-rupture behavior tor uniaxially 
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stressed Type 304 stainless steel in sodium. The 
amount of cold work governs strain during each 
stage of creep, as can be seen in Figure 14. Each 
stage of creep strain decreases as the cold work in
creases, with the amount of third stage showing the 
largest decrease with cold work of the three stages. I t 
is important that 11% cold work decreased the sec
ondary creep rate by a factor of ':;„ that of annealed 
material at the same stress level, whereas the sec-
oiid:iry creep strain was reduced by a factor of 2. In 
contrast, 38% cold work, depending on the stress level, 
increased or decreased the secondary creep rate 
when compared to the annealed rates. The British 
have seen a similar effect with Type 316 stainless 
steel with 20% cold work, but at a much lower strain 
rate. Once the instability effect manifests itself, the 
aiiioiiiit of third-stage creep increa.ses again. This is 
shown by the ilotted lines in Figure 14. 

In sunnnary, stress rupture of cold-worked stain
less steel is a function of the alloy chemistry and 
the amount of cold work. .\s little as 10-15% cold 
work gave reproducible stress-rupture behavior from 
test to test, with no more scatter in the data than 

for the aiinealAl state. Moreover, cold work reduces 
the ductility and the stress sensitivity of the sec
ondary creep rate. 

E. Stress Rupture under Steady-state Heating 

The purpose of the tests of both internally pres
surized and heaterl specimens in dynamic sodium was 
to simulate conditions anticipated in fast reactors for 
fuel cladding. .\s a direct result of internal heating, 
thermal stresses are generated and superimposed on 
the mechanical stresses, interstitials migrate inside the 
material, and mass transfer occurs. It is vital to the 
designer of fuel pins to be able to assess the magni
tude of these effects both separately and in concert. 

The mechanical stresses were calculated by means 
of the thin-wall-cylinder formula for internal pres
surization. Tests were made with a heat flux of 10* 
Btu ft--hr and an associated thermal gradient of 
50°F; the corresponding thermal stress was 8300 psi 
at the peak temperature position. It should be noted 
that the thermal stress is tensile at the outside surface 
and compressive at the inside surface of the tube 
with no internal pressurization. 
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F I G . 14. Effect of the Amount of Cold Work on the Strain in 
Three Stages of Uniaxial Creep in Sodium at 1200°F. 

For creep under combined mechanical and thermal 
stresses, it is to be expected that the thermal stresses 
will disappear due to stress relaxation. The amount 
of stress relaxation at the outer fiber due to sec
ondary creep can be estimated trom the creep equa

tion. However, this estimate is too low because the 
initial loading from internal pressure and from the 
heat flux through the wall will produce a certain 
amount of primary creep. Since the strain associated 
with the creation ot thermal stresses is small, et = 
10~=, almost all ot the thermal stress is removed by 
deformation on loading. This gives rise to nonuniform 
straining across the wall ot the tube. I t is this stram 
gradient that plays a crucial role in the behavior of 
the thermally cycled specimens. This point will be 
discussed later. For the steady-state heating what is 
important is that the thermal stress is relaxed; creep 
then occurs under the combined action of the me
chanical hoop stress generated by the internal pres
surization and ot the temperature gradient through 
the wall. 

The influence of the temperature gradient compli
cates the creep behavior of the tubes. The hotter ma
terial on the inside layers of the wall should creep 
faster than the cooler surrounding material in the 
outer layers, providing these are stressed identically. 
From a standpoint of plasticity, this violates the 
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compatibility relations for plastic flow. What hap
pens, of course, is that the stress gradient induced 
initially relaxes sufliciently to compensate for the 
thermal gradient in such a way that the material 
strains at a uniform rate across the wall. In essence, 
this means that the stress at the outer fiber decreases 
by primary creep to give a secondary creep rate that 
matches the creep rate at the midwall position. As a 
result of the balance between the inner and outer 
layers due to the difference in temperature, the ma
terial in the wall of the tube creeps uniformly at a 
stress and temperature corresponding to that at the 
midwall. In other words, the secondary creep rate of 
the tubes under the combined action of a mechanical 
and thermal stress and the temperature gradient can 
be predicted from creep data for the stress and 
temperature at the midwall position. 

The distribution of temperature through and along 
the wall of the Type 304 stainless steel tube are dis
played in Figure 15. Clearly, creep and the associated 
failure will occur at the highest temperature and 
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stress point. Therefore, if the tests with internal heat
ing are to be compared directly to the tests in static 
sodium, then they should be compared at the tempera
ture and stress at the midwall in the peak tempera
ture region (peak strain!. 

The comparison between the stress-rupture tests in 
static sodium and the tests in flowing sodium with 
internal heating on as-received Type 304 stainless 
steel is dispUayed in Figure 16. The temperature band 
represents the uncertainty in the expected behavior 
based on data obtained in static sodium and was 
drawn by interpolating the static-sodium data for the 
limits of uncei^ainty in the peak midwall tempera
ture of the internally heated tubes. On the basis of 
this interpolation, it appears that the behavior of the 
tubes under internal heating and pressure can be pre
dicted from isothermal stress-rupture data for the peak 
conditions of temperature and stress described above. 
Thus, while the presence of a high heat flux compli
cates the interpretation of the behavior, in the last 
analysis creep is, under a steady-state thermal gra
dient, primarily a function of applied stress and 
temperature. If these two factors are known with 
some certainty, the behavior can be accurately pre
dicted directly from isothermal-test data. 

The strain profiles of tube tests with internal heat
ing essentially follow the temperature profiles along 
the wall of the tube. This is illustrated in Figure 17. 
The failure occurred in the peak strain position, which 
is also the peak temperature position. This obser\-a-
tion conforms with what is to be expected for creep 
deformation under a steady-state heating condition in 
flowing sodium. 

I t is instructive to compare the average strain rate 
(strain at falure divided by the time to failure) for 
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the hoop direction in both the static and dynamic 
sodium tests. As before, it is possible to make a com
parison by drawing the strain rate-stress curves for 
the uncertainty in temperatures found at the peak 
midwall position for the internally heated tubes. Us
ing the stress and temperature range at the midwall 
point, the present tests tall within the band. This is 
displayed in Figure 18. The close agreement between 
the results ot tests in dynamic sodium with internal 
heating and pressure and the predicted behavior de
rived from data in static sodium strongly supports 
the concept that the creep behavior, and probably 
failure, are governed by the stress and temperature 
at the peak temperature position and at the midwall 
location. 
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F I G . 18. Predicted .̂̂  Actual Strain-rate Sensitivity to Stress 
of Cold-worked Type 304 Stainless Steel under Constant Heat
ing and Pressure in Flowing Sodium. 

The microstructures ot 10-15% cold-worked speci
mens tested with internal pressure in static sodium 
and the specimens tested with internal heating and 
pressure in dynamic sodium are essentially the same. 
The microstructures of the steady internally heated 
specimens are shown in Figure 19. In summarj', the 
microstructures from both static and dynamic so
dium exhibited: 

1) intergranular failure, 
2) void formation throughout the wall, 
3) little or no sigma phase, and 
4) carbide precipitate at the grain boundaries. 

These observations are a further confirmation that 
internal heating does not radically change the be
havior mechanically or metallurgically from that an
ticipated from isothermal tests. In addition, migration 
of interstitials under a temperature gradient is either 
absent or too small to be observed in the limited time 
of these tests. 

One important observation concerning the micro-
structure of the steadily heated specimens was the 
presence of a ferrite layer on the outside surface of 
the cladding material. This layer can be seen in Figure 
19 and is not unexpected, since the conditions as
sociated with an internally heated tube favor corro
sion and mass transfer.'^^' The maximum thickness of 
the layer occurred in the peak temperature region and 
was 0.43 mil thick for the 558-hr test. The growth ot 
the ferrite layer for all specimens appeared to be 
parabolic with time, indicating that the growth is 
diffusion controlled. On the basis that the ferrite 

.-y- ^j'-i 
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FIG. 19. Microstructures in the Rupture Area for Cyclic and Steady-state Heating at the Same Heat Flux. 
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layer does not contribute directly to the load-carrying 
capacity of the tube, it is possible to estimate the 
ferrite layer should reduce by 4% the stress-rupture 
life. This is too small to be seen in the comparison 
to the static sodium tests. 

On the surface of the internally heated tubes, a 
polished zone was ob8er\'ed in the region of the beat
ing element. This polished zone is undoubtedly 
associated with the removal of surface layer by corro
sion. However, even for the longest testing time un
der the steady beat flux, the amount of surface re
moval was too small to be ilctccted by measurements 
of the wall thickness. In fact, the extent of surface 
removal Ipolisbing) was too small to even remove all 
of the surface scratches introduced in the mill cleaning 
treatment. Therefore, as was the case for ferrite-layer 
growth, the effect of surface removal was not ob
servable in the stress-rupture behavior of the tubes 
tested under a steady heat flux. This does not mean 
that either surface removal of metal or growth of 
ferrite layers are not problems as far as the jiredic-
tion of the long-term beliavior of pressurized tubes 
with internal heating. 

In summary, the stress-rujiture behavior of tubes of 
Type 304 stainless steel under a steady internal heat 
flux of 10" Utti ft'--br and with a high internal pres
sure parallels the same behavior of the same material 
under an internal pressure in static sodium for the 
appropriate temperature. In addition, the average 
strain rate of the heated tubes agreed with that pre
dicted from tests in static soditiin for the peak mid-
wall temperature. The similarity in microstructures 
and cracking mori>hoIogy coupled with the abo\'e 
indicates that the creep-rupture behavior can be ac
curately predicted directly from isothermal stress-
rupture tests in static sodium when corrosion effects 
are small. 

F. Stress Rupture under Cyclic llcatinij 

The main goal of the stress-rupture tests in which 
tubes of as-received Type 304 stainless steel are pres
surized atul exposed to a cyclic beating is to simulate 
the variation in heat flux through the wall of the fuel 
cladding as a result of load variations to the reactor. 
In these tests, the heat flux is cycled off and on. This 
is the only difference between these and the steady-
state tests. Therefore, it is useful to compare some 
of the observations of these tests with those of the 
steadily heated tests. 

The strain profiles obtained for the tests under a 
cyclic heat flux exhibited some important differences 
when compared to those under steady heating. The 
strain at the peak temperature was SO"";̂  greater for 

the cyclic tests than for the steady heating tests. .\lso, 
the strain profile was much sharper for the cyclic 
heat-flux condition, indicating that deformation was 
more localized under the.se test conditions. This com
parison is illustrated in Figure 15. It should be pointed 
out that the profiles for all the cyclic tests were al
most identical in size and shape. It is highly likely 
that the obsen'ed plastic deformation occurred dur
ing the "heat on" portion of cycle, Itecatise both the 
temperature and the stress was larger during this 
time. This jioint will be discus^ed later. \\ 'hat is im
portant here is that operating the internal heater in a 
cyclic mode brings about an accelerateil rate of de
formation above that obtained under steady heating. 

The appearance of the microstructure and the 
cracking were different for the thermally cycled .speci-
ments in contrast to the steadily heate<l s|x?cimens. 
This can be seen by comparing the microstnictures in 
Figure 19. For the cyclic beat-flux condition, the 
amount of void formation in grain boundaries is es-
.sentially limited to the region surrounding the failure 
ill the tube. On the other hand, voids were present 
throughout the cross section of the steailily heated 
tubes. This perhaps means that most of the deforma
tion took place in the region where the cracks were 
nucleated for the cycled specimens. The absence of 
extensive void formation except in the rupture area 
indicates that therinal cycling brings into play differ
ent deformation mechanisms than for steady con
ditions or i.sot hernial t o t s in static sodium. 

The thermally cycleil and the ^teadily heated speci
mens did sbow^onic expected similarities. All failures 
occurred at the jicak temperature position along the 
cladding. In the ca.se of multiple ruptures, all cracks 
were at the same peak position but at different loca
tions around the tube. The apiiearance of the micro-
structures, except for void formation, was the same 
for both the cyclic and the steady tot.s. There were: 

1) carbides at the grain Ixnmdaries. 
21 little or no sigma phase pre..<ent. 
31 slight evidence of recrystallization at the inner 

surface, and 
41 a thill ferrite layer present on the outside sur

face. The ferrite layer was thinner for the cyclic speci
mens than for the steadily heated specimen which ran 
500 hr. This is to be expected becau.«e the time at 
temperature is important in the growth of the ferrite 
layer in addition to the internal heating. 

It is possible to make a direct comparison between 
the stress-nipture life under cyclic heating and that 
under steady-state heating. However, the results of 
steady-state tests compared directly with the data 
obtained in static sodium. Therefore, because the 
amount of data for the steady state is limited, it is 
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more fruitful to compare the cyclic tests with the 
static sodium tests. 

An approach to the analysis ot cyclic thermally 
stressed tubes under biaxial tension is that creep 
rate is a known function of stress and temperature. 
We may assume the average creep rate obeys a law 
of the form"-" 

i = Au" e.xp (kn r/lOO), (2) 

where i is the average creep rate, A a material con
stant, n a stress parameter equal to 3, kn a tempera
ture parameter equal to 0.9, and T an average tem
perature in °F. The specimen spends half its life at 
AT and Aa above some average condition and —AT 
and — Ao- below; then the net creep rate is given by 

l = ^[l • l + ^ 

1 the net creep rate is givei 

i ' ( T ) > - ( w ) 
(3) 

where lo is the creep rate at the average temperature 
and stress. The parameters tor this equation were de
rived trom data obtained in static sodium. On the 
basis of the calculated temperature distribution and 
the secondary creep parameters in static sodium, the 
stress-rupture life of a cycled specimen can be esti
mated. This estimate is shown in Figure 20, in which 
a predicted life may be compared with the observed 
life. The difference between theory and experiment 
points out the danger in indiscriminate use of creep 
equations to predict fuel-cladding performance under 
reactor load cycling. 

An increase in the cycle rate did reduce the life of 
the specimen a small amount. However, the life was 
not decreased by as much as the frequency was in
creased. If there were no cycling frequency effect, the 
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F I G . 20. Predicted Life cs Actual Life for Stress Rupture of 
Cold-worked Type 304 Stainless Steel Tubes under Cyclic 
Heating and Constant Pressure in Flowing Sodium. 

tubes cycled at a higher rate would have had six 
times the number of cycles. This is not the case. 
Thus, the attendant rate of deformation has more to 
do with the time to failure than the number of cycles 
per hour. This observation is important because if 
thermal fatigue were operative, the frequency would 
be a large factor in the life of the specimen."^' 

If creep is operative, then the stress-rupture Hfe 
should reflect the stress and temperature sensitivity 
ot primary and secondary creep. As can be seen in 
Figure 20, the effect ot a reduction in the internal 
pressure (hoop stress) is roughly parallel to the pre
dicted behavior. This parallel slope is suggestive that 
creep is primarily responsible for failure and the de
formation preceding it. 

The tests under cyclic heating, in which the heater 
is turned off and on every 12 min, was performed at a 
lower heat flux (8 X 10= Btu/ft^-hr). This choice 
was based on the design prediction that the FTR will 
have a linear power rating of 18 kW/ft, whereas the 
previous tests with a cyclic heat flux ot 10« Btu/ft̂ -
hr correspond to a linear power rating of 23 kW/ft 
over the 2-in. heat zone. In addition, it is important 
to obtain some knowledge of the effects ot heat flux 
on the stress-rupture behavior under cyclic heating. 

The stress-rupture life under the lower heat-flux 
condition, compared to that at the higher condition, is 
displayed in Figure 7. The behavior at a lower heat 
flux is essentially that expected as a result of the 
lower thermal stress caused by the 20% reduction in 
the thermal gradient. Since the reduction in the 
total stress was small, the life of the cladding at a 
lower heat flux is not significantly different trom that 
at a heat flux of 10« Btu/ft^-hr. 

The enhancement of creep by a ratcheting mecha
nism is a possible mechanism by which the pres
ent observation on the cycled tubes can be explained. 
During the "on" portion ot the heat cycle, the in
duced thermal stress relaxes by primary creep. This 
gives rises to a strain gradient in the wall of the 
tube. During the "off" portion of the heat cycle, only 
the mechanical stress due to internal pressure and 
the residual stresses created by the strain gradient 
are present. The strain-induced stresses are opposite 
to the thermal stresses created by internal heating. 
Thus, during the "off" half-cycle, the nonunifonn 
stresses again relax by primary creep. Because of 
the lower average temperature during the off period, 
the extent of creep is less than during the on period. 
For the present tests, the relaxation is complete dur
ing the "on" period, but may not be complete during 
the off period. As a result, in the next heat cycle less 
thermal stress can be generated because the strain is 
present which reduces the stress. After a few cycles, 
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the extent of creep during each half-cycle is such 
that total strain per cycle is constant. 

The mechanism described above can be extended 
to explain qualitatively the effects of frequency of 
cycling on the stress-rupture life of the internally 
heated specimens. In review, when the frequency 
was increased by a factor of 6, the strain per cycle 
decreased by a factor of 4. This simply reflects the 
influence of primary creep which is an exponential 
function of time. At the higher cycle rate, the period 
of time during which creep takes place was % that 
of the earlier tests. Since primary creep is nonlinear 
in time, proportionally more creep can occur dur
ing the one-minute half-cycle than during the six-
minute half-cycle. This means that in one minute the 
amount of creep strain is more than '^ (actually V4) 
that for a 6-min half-cycle. In fact, using the same 
creep data, it appears that the creep strain per cycle 
for the higher frequency is indeed one-fourth. If all 
the creep strain were due to secondary creep which is 
linear in time, then the higher cycle rate should re
sult in one-sixth the creep strain per cycle and six 
times the number of cycles than for the slower cycle 
rate. This was not observed. In this work, the speci
mens experienced only 4000 cycles at the higher 
rate and % the strain per cycle. Thus, it appears 
that while secondary creep may occur, most of the 
deformation is associated with primary creep during 
each cycle. 

The influence of the mean pressure stress can also 
be explained by use of the creep equations described 
previously. The tests at lower mechanical pressure 
stress but at the same internal heat flux and cycle 
rate showed a longer stress-rupture life. This, un
doubtedly, is a direct result of a smaller amount of 
primary creep during the off portion of the cycle. 
The decreased strain then limits the amount of creep 
due to increased thermal stress during the next pe
riod. The creep-rupture life under cyclic behavior 
paralleled that for the steadily heated specimens. 
The parallel behavior is perhaps a manifestation of 
the stress dependency of creep. Both secondary and 
primary creep are reported to have the same func
tional relation to stress.""' 

Cycling the heat flux through cladding under in
ternal pressure increases the strain at failure and de
creases the life when compared to that anticipated 
from isothermal secondar}' creep data. Stress relaxa
tion by primary creep appears to be a more logical 
candidate to explain the observed behavior under 
cyclic heating. If this is so. then there is a definite 
need for biaxial creep data for these materials to 
account properly for the cycling effect in reactor-
design efforts. 

IV. Sammary 

The purpose of the program briefly reviewed here 
was to examine the non-nuclear aspects of the 
LMFBR environment in terms of stress-rupture and 
creep behavior of Types 304 and 316 stainless steel 
thin-walled tubing. The principal technical approach 
involves stress-rupture testing of stainless steel tubes 
in static and dynamic sodium. Tests in flowing so
dium have been performed with steady-state and 
cyclic beat fluxes of 1.0 x 10' Btu hr-ft^. From these 
tests, it has been concluded to date that: 

11 High-purity static sodium does not intrinsically 
influence biaxial stress-rupture behavior. 

2) The stress-state effects on stress rupture are best 
compensated for by use of the Von Mises' effective 
stress relation. 

3) The stress-rupture behavior of the two stainless 
steels is essentially the same in the annealed condi
tion. 

4) The strengthening benefits of cold work are 
definitely more permanent in Type 316 than in T>*pe 
304 stainless steel. 

5) Cold work produces a minimum in the ductility 
as a function of strain rate or time to rupture, and 
the position of the minimum is at a lower strain rate 
or longer times in Type 316 stainless steel than for 
Type 304 stainless steel at the same temperature. 

61 The amount of cold work has a large effect on 
uniaxial creep behavior, with tertiary creep showing 
the largest sensitivity to percent cold work. 

7) Static sodium is an excellent environment in 
which to conduct biaxial stress-rupture tests because 
the environmental control gives reproducible results 
with little scatter. 

8) The stress-rupture behavior of tubes of Type 
304 stainless steel in flowing sodium under a steady 
heat flux of 1 X 10« Btu/ft=-hr correlates with the 
performance in static sodium for the conditions at the 
peak midwall position. 

9) The stress-rupture life of tubes of Type 304 
stainless steel in flowing sodium under a cyclic heat 
flux is lower than that found under a steady heat 
flux. This behavior does not correlate with a life pre
diction based on secondarj- creep, but appears to be 
related to stress-relaxation phenomena associated with 
primary creep. 
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Discussion 

Mr. Horton (AEC); Do you feel that this ferrite 
layer will continue to grow according to that parabolic 
function? 

Mr. Shively: I am concerned about it. The evidence 
that I have read is rather old, but may be very 
good. I t came from General Electric in an analysis 
of a report by Brush, I believe. The effect of the ferrite 
layer apparently saturated out at about 0.5 mil, and 
we are anxiously awaiting results of the test we have 
underway now which has gone beyond the 500-hr 
limit. We should have a ferrite layer thicker than this, 
if it continues to grow. I cannot see the curve bending 
over; if this bend-over occurs it must do it very 
sharply, very quickly. 

Mr. Sutton (ANL): How do you define percent 
cold work? 

Mr. Shively: By the gross reduction in area on a 
drawing pass. 

Mr. DeVan (Chairman): I have a discussion point 
which I would like to throw out to see if it will elicit 
any comments. It concerns mechanical properties and 
the interaction with irradiation, and I wonder whether 
anyone else has been staying up late nights thinking 
about it. I t has to do with the problem that Ed 
Zebroski discussed this morning, namely, the va
cancy formation that results due to displacement 
damage at the temperature levels ot certain parts of 
the cladding during reactor operation. As you know, 
this vacancy generation does result in formation of 
voids, and voids result in clad swelling and in effects 
on mechanical properties. The manufacture by mass 
transfer ot a rather heavy ferrite layer and some 
rather appreciable concentration gradients in the 
metal underneath that layer is likewise a vacancy-
generating process. Does anyone have any comments 
on what happens when you add these two processes 
together? I have had some comment from Jim Weir at 
Oak Ridge; he didn't think that the vacancy genera
tion coming from the diffusion of substitutional ele
ments could really keep up or amount to much com
pared to the displacement damage. I am just curious 
as to whether anybody else has given the problem any 
thought. 

At the break an individual told me that he thought 
the concern with carbides is fine, but he has yet to 
hear anybody talk about the initial ferrite content of 
the austenitic stainless steel as a factor, either in 
corrosion or in strength. The question was: what do 
I think about the effect of the initial ferrite content; 
was it an important consideration in specifying the 
steel? Well, I honestly couldn't answer the question. I 
am curious about whether anyone else has any com
ments on that aspect of stainless steels for sodium 
service. (No comment) 

We can only conclude, therefore, that it is not an 
important variable. If no metallurgist has been con
cerned about it, it cannot be important. Perhaps the 
question really needs to be part ot another question 
which we have asked ourselves over and over again. 
Of what importance is sigma-phase formation in 
stainless steel for sodium service, and that question, 
as far as I know, still doesn't have an answer. 
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1. Introduction 

The transfer of carbon by liiiuid sodium from the 
more carburized areas to less carburized ones is a 
problem of great practical importance in the study of 
the behavior of materials of the "fast neutron" re
actors. 

This phenomenon may be encountered in the fol
lowing cases: 

a part of a circuit carrying sodium is made of 
austenitic steel and the other is of ferritic steel 
(for instance in the case of steam generator) ; " * ' 

carbide-based materials in contact with sodium in 
the neighborhood of .austenitic steels (for in
stance, carbide fuel clad with austenitic steel, or 
graiibite-based protective material with htC also 
clad by austenitic steel). 

In all these cases the mechanical properties of the 
materials may be altered.'"' '" 

The complexity of the phenomenon does not permit 
a completely satisfactory presentation of a theoretical 
model of the carburization kinetics of austenitic 
stainless steel,''" since very often the metallurgical or 
stress condition to which the material is subjected 
plays a very important fiart. 

At the surface of a sample exposed to sodium, the 
equilibrium level of the carbon is a function of its 
activity in the liquid metal, and there exists a carbon 
concentration gradient between the surface and the 
still intact matrix. '- '•" The increased thickness of 
the carlmrized ari'a is determined by carbon diffusion 
in the sense of the decreasing activity grailient. '" 
In this area, carbide precipitation tends to balance 
the local carbon concentration with those of the dif
ferent alloy elements."'! However, the increase of 
places with high free energies or of defect densities 
(such as grain joints, slip lines, and dislocation) 
favors carbon penetration by creating preferential 
dilTusion and precipitation localities. 

Ill order to study the influence of such parameters, 
sani|des of titanium-stabilized austenitic stainless steel 
.\1SI 316, on the one hand with different grain sizes 
and. on the other luiiid, with several strain-hardening 
rates, have been subjected to aging in static sodium 
in the presence of a carbon source. 

2. Experimental Conilitions 

2.1. Materials and Samples 

2.1.1. Chemical compo.sition of the inaterials stud
ied: The average chemical composition of the tita
nium-stabilized austenitic stainle-ss steel AISI 316 
that was investigated is given in Table 1. The car
burization of this steel was obtained either by plac
ing it in the presence of ferritic steel .\ISI 430, whose 
chemical analysis is also given in Table 1, or by plac
ing it in the presence of a small cube of nuclear-
quality graphite, which is an impregnated "LIMA" 
coke. 

2.1.2. Samples with different grain sizes: Our sam
ples were in the form of 40 x 20-mm plates. They were 
taken from a 15/10 thick sheet. The different grain 
sizes were obtained by heat treatment lasting 15 min 
in high vacuum, the holding temperature being varied. 
The test specimens were cooled by helium sweeping; 
the first lot was treated at 1,(X)0°C, the second at 
1,100°C, and the third at I,'200°C. 

2.1.3. .Samples with different strain-hardening rates: 
Our samples v/^rv cut out of a 6-inm sheet in accord
ance with the plan given in Figure 1. In order to 
eliminate strain due to machining, our specimens were 
treated at I.100°t' during 30 min in a furnace under 
high vacuum, then helium hardened. The various 
strain bardenings (.see Table 21 were measured with a 
".MORH ^ FEDERAHF" hydraulic tension machine 
at a uiiiforin strain speed of 1% elongation per min
ute. The determination of the force required was 
theoretictilly derivable from the stress-strain curve of 
the metal used. In practice, it was lU'ccssary to correct 
this curve, obtained by recording, since the latter 
integrates the sliding of the clamping jaws to the 
elongation of the test specimen. Furthermore, we have 
recorded the yield-strength variations from one sam
ple to the next. Therefore, systematic measurement 
of this yield strength, as well as the pertinent correc
tion, was necessarj-. 

In the rest of our report, the specimen strain 
hardening will be conventionally characterized bv 
relative elongations, measured between gage marks 
after straining. 
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TABLE 1. MEAN CHEMICAL COMPOSITION OF THE STAINLESS STEEL STUDIED 

Material 

AISI 316 SS Ti 

AISI 316 SS Ti 

AISI 430 

C 

0.063 

0.05 

0.068 

Si 

0.51 

0.59 

0.34 

Mn 

1.50 

1.70 

0.43 

Chemical Composition (w/o) 

S 

0.008 

0.020 

0.01 

P 

0.019 

0.024 

0.02 

Ni 

12.04 

11.44 

0.14 

Cr 

17.34 

16.92 

16.97 

Mo 

2.23 

2.44 

Ti 

0.47 

0.48 
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FIG. 1. Specimen and Stress-elongation Curve of AISI 
316 SS Ti at Ambient Temperature. 

TABLE 2. CHARACTERISTICS OF SAMPLES STUDIED BEFORE 

STR^UN HARDENING AND AFTERWARDS 

CT: stress applied to the sample 
ffo: 0.2% yield strength 
A: Relative permanent strain 

Hv i: Vickers hardness of martempered samples (load: 30 kg) 
H ^ : Vickers hardness of samples after strain hardening 

(load: 30 kg) 
Hm: Core microhardness of strain-hardened samples (load: 

34.4 gr) 

References 

4 D 1 
4 D 2 
4 D 3 
4 D 4 
4 D 5 
4 D 6 

kg/sq 
mm 

0 
37.5 
43.3 
49.9 
54.9 
57.3 

(To , 
kg/sq 
mm 

22 
21.85 
20.6 
21.25 
21.2 

tr — (To, 
kg/sq 
mm 

0 
15.5 
21.4 
29.3 
33.7 
36.1 

A, % 

0 
5.8 

10.7 
18.9 
28.9 
37.1 

H. i , 
kg/sq 
mm 

136 
138 
136 
134 
136 
138 

H;-i, 
kg/sq 
mm 

136 
177 
198 
218 
265 
265.5 

H „ , 
kg/sq ' 
mm 1 

195 
201 
210 
219 
242 
250 

2.2. Tests, Measurements, and Analyses 

2.2.1. Description of carburization tests: After 
cleaning and weighing, the previously defined samples 
were placed in a test pot (diameter of 159 mm, height 
of 250 mm, and able to contain 2.4 liters of sodium) 
made of material ot the same grade. A small graphite 

cube, 30 mm on each side, was included to maintun 
the carbon concentration very close to saturation. 
The casing was argon welded, and its sealing checked 
by a helium mass-spectrometer test. A filling circuiij 
(see Figure 2) permitted introduction, under arg(d| 
at 110°C, of a 2.4-1 volume of nuclear-quality sodiuiff 
in all the test pots. Before filling, the sodium at 110°C 
passed through a filter composed of 5-p sintered stain
less steel cartridge. Thus, for each test, the percentage 
of oxygen in the sodium was of the order of 20 ppm. 
The casings were then heated to 650 ± 5°C for 1,51 
hr. When the desired test duration was reachei 
the casing was left to cool slowly down to about 
200°C. The test pot was then connected to a tank 
and the sodium was drained by differential pressure. 
Each cell was then opened by a milling machine and 
the specimens were washed by a process that did not 
change the sample. The samples were weighed before 
being subjected to the planned measurements and 
analyses. For the carburization tests of samples strain-
hardened in the presence of AISI 430 grade, the test 
pot, with 3 control samples, was made of ferritic steel. 

In order to distinguish the influence of the tempera
ture on the structural changes of the strain-hardened 
samples from that due to the carburization phenome
non, identical specimens were subjected to aging in 
an inert atmosphere (argon) at the same tempera
ture and for the same length of time as for the 
static sodium tests. 

2.2.2. Measurements and analyses performed on the 
samples after testing: After testing, we subjected all 
the carburized samples to gravimetric measurements, 
to chemical analyses for carbon by successive O.l-mm 
samplings for specimens strain-hardened over a 
6-mm thickness and, by global analysis, for those 
15/10 mm thick, and, finally, to hardness measure
ments. In addition, the most representative samples 
were observed under an optical microscope and sub
jected to microhardness tests under a 34.4-g load. 
The latter samples were also subjected to X-ray 
diffraction, using the chromium Ka line under vacuum. 
They also were subjected to CASTAING microprobe 
analysis. 
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Kio, 2. Filling Circuit. 

3. Iiifliieiire of Crain Size on the Carburization of 
Auslrnilir Slaiiila'ss Steel AISI .116 SS Ti 

.\fter holding for l,50t) br in static liquid sodium at 
650°C, we determined the grain-size indices in the 
core of the samples; for samples heat treated at 
100()°C it was 8, for treatment at 1,100°C it was 5, 
and for 1,200°C it was 3 (see Figure 3) . Irregular 
grain increase was noted, the mixed-grain structure 
ohtjiineti being characteristic of stabilized steel heated 
beyond a certain heat-treatment temperature. This 
phenomenon was undoubtedly connected with the 
dissolution of titanium carbides.'"' 

We noted a weight increase of the specimens 
after testing. The weight and the overall carbon con
tent, obtained by chemical analysis, both increased 
as a function of the grain-size index (see Figure 41. 
On the other hand, a slight diminution of the hardness 
increase occurred as a function of the same variable 
(see Figure 5) . These results are in accord with the 

observations made by the optical microscope placed 
close to the surface (Figure 6). There was noted a 
widening of grain joints with verj' dense carbide pre
cipitation and the existence of preferential attack 
areas in the neighborhood of the carbonitrides (sec 
Figure 6d) and of the twins (see Figures 6a, 6b, 6c). 
The samples with grain-size indices of 5 and 3 were 
strongly attacked over a 10- to 20-/i surface area. 
The carburization evolution was followed by micro
hardness measurements (see Figure 7). There was 
noted a gradient between the surface and a depth of 
300 to 400 p for the samples with grain-size indices 
of 8 and 5. The sample with grain-size index 3 permit
ted a determination of the microhardness gradient on 
a grain directly in contact with the surface. 

.\n X-ray-diffraction study enabled us to follow, 
parallel with the preceding study, the evolution of 
chromium carbide precipitation near the surface. The 
edges of all the specimens have shown large precipi-
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F I G . 3. Core .Struct ores and Crain-size Indices of the .Sam
ples Studied after Aging in Liquid Sodium. (Electrolytic 
attack with oxalic carbon.) 

tation of M23Ce carbides of the cubic CrjsCe type. 
On one of the samples (that with index 8), we 
found two carbides with parameters ao = 10.47 A 
and ao = 10.56 A instead of 10.64 A. This phenomenon 
may be explained by the greater content of iron in 
the carbide with the smaller parameter.'" By means 
of successive polishing, we have followed the evolution 
of carbide precipitation from the edges of the test 
specimens. We noted (see Figure 8) that the depth 
at which the carbide precipitation (carbide peaks 
from background-noise pitch) was scarcely detectable 
was 200 ,ii for samples with index 8, 150 p for samples 
with index 5, and 25 p for those with index 3. For the 
latter, all the carbides were localized in the prefer
entially attacked area (see Figure 4d). This obser\'a-
tion permits noting that the area involved in carbide 
precipitation is smaller than that with a microhard
ness gradient. It is likely therefore that carbon dif
fusion involves a larger metal thickness than that for 
which a detectable carbide formation is observed. 

The electronic-probe study has enabled us to ana-

iAp(mg;o .^2 ) 

mitral percentage ol carbon 

. Ap(mg/cm!) 

+ %Ac 

F I G . 4. Increase of Weight and of Overall Carbon Content 
3 a Function of Grain Size. 

A H i | k f / m m 2 , 

P-

A oFter tests 

O before tests 

F I G . 5. Hardness A'ariation as a Function of Grain Size. 



Carburizalion of Steels in Sodium 97 

BOH 50 ̂ ^ 

'a-
BOM JOP. 

a. ASTM (train size 8 
1). A.STM Krain size 5 

FIO. 6. Surface Carlmrization of .Samples aj* a Function 

lyse the influence of grain size on carburization more 
coni|detely and to cluck certain previously described 
observations. The analysis was made under tm ticcel-
eration voltage of 10 kV with anticontaniination In-
cold finger at - I96°C and by oxygen jet. 

The extent of the area enriched in free earbon or in 
carbides is 160 to 2(K) p for index 8. is 60 to 80 ^ for 
index 5, and is 12 to l.'> p for index 3. Carbon concen
tration on the edges was. respectively, 0.60, 0.65, and 
0.80'-;. for indices 8. 5, and 3. Figure 9 shows the in
tensity variation of the line Ka of carbon. The grain 
joints were enriehcil in carbon, but a quantitative 
measurement cannot be given since the thickness was 
less than one micron. 

c. d. ASTM (train aiie 3 

of I'.rain Size. (Electrolytic attack with oxalic acid.) 

Xo marketl variation of the other elements as a 
function of eilge distance was noted. Only chromium 
enricbmetit in gniin joints wtis observed. 

4. Influence of Work Har(lenin^ on the (^ rbur i za . 
tion of .\u»lenitic Stainless Steel AISI 316 SS T i 

.\fter holding in static liquid soilium at 6oO°C for 
1.500 hr. we notcil a weight increase. 

The weight and the carbon content (obtained by 
chemical analysis after 1 10 mm sampling on the 
surface of the specimensl increased as a function of 
the strain hardening when graphite was the carbon 
source (see Figure lOi. This increase was much less 
marketl in the presence of ferritic steel .\I.SI 430. 
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Function of the Edge Distance for Different Grain Size. 

The hardness curve (see Figure 11) for the samples 
aged under argon lies above the control curve (for 
strain-hardened samples) up to a strain of approxi
mately 25%. Beyond this, it is below the control curve. 
In fact, during aging at 650°C, part of the defects 
(mainly dislocations) created during cold strain hard
ening were eliminated, whence a decrease in hardness 
for a certain strain because of metal restoration. On 
the other hand, we have noted (see Figure 11) that 
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HU : Vickers hardness of samples af t«r strain hardening Goad: 
30 kg) 

H?i : Vickers hardness of samples after stay in ambient condi
tions (load: 30 kg) 

References 

4 D 1 

4 D 2 

4 D 3 

4 D 4 

4 D 5 

4 D 6 

A,% 

0 

5.8 

10.7 

18.9 

28.9 

37.1 

Hardness 

H;, 
H;, 
Hti 
HS 
H;, 
H:, 
H;, 
H;, 
H;, 
H5 
H;, 
H;, 

Test Coodidons (l.-'W) hr at 
6S0°C) 

.\rgaa 

136 
179 
177 
209 
198.5 
224 
218 
239 
265 
252 
267 
257 

Sutic 
Sodium in 

the 
Presence 
ofAISI 

430 

136 
160 
176 
214 
197.5 
230 
218 
255 
268 
275 
265 
285 

Static 
Sodium in 

the 
Presence 

of 
Graphite 

139 
236 
177.5 
269 
197.5 
287 
225.5 
329 
250.5 
363 
287 
379 

the curves relative to carbided samples in the pres
ence of liquid sodium are located entirely above the 
preceding cun-es. The hardness measurements of all 
the samples are summarized in Table 3. .\ very 
marked increase in surface hardness was obser\'ed as 
a function of th^ work hardening. 

These results were confirmed by micrographic ob
servations. The non-strain-hardened metal bad a 
twinned-grain texture with numerous bands of pre
cipitates due to rolling isee Figure 12a). The oxalic 
acid attack brings out slip lines on the strain-hardened 
samples. They are clearly visible beginning with 30% 
elongation (see Figures 12b and 12cl."° ' The micro
graphs (see Figures 13b, 13d, and 13f) show that 
recrjstallization after strain hardening and aging is 
effected without grain-size variation (samples with 
index 8). In fact, the critical strain hardening, for 
which one may observe a marked grain variation af
ter recrystallization, is less than 5%, the smallest 
strain hardening that we have achieved. In the core, 
in the grain boundaries, and in the slip lines, one 
observes a coalesced sigma phase and finer pre-

FiG. 12. Control Strain-hardening Samples. Electrolytic 
attack with oxalic acid. 

a. ,\ = 0 longitudinal cutting 
b. A = 37% longitudinal cutting 
c. .\ = 37% transversal cutting 
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cipitates. niore difiicult to identify under the optical 
inicro.scope. 

The structure of samples agetl in sodium has a re
gion without sigma phase near the surftice, and with 
carbide precipitation at grain boundiiries and in the 
slip lines Isee Figures I3a, 13c, and 13el. The width 
of this area is less for samples jmt in the presence of 
ferritic steel .-MSI 430 than for those in the presence 
of graphite. 

The examination of control samples by X-ray dif
fraction shows that they arc totally tiustenitic re
gardless of the degree of strain liaixlening. The pos
sible precipitation of phase a (murtensitel could not 
be detected by this method. On the other hand, we 
ohserx'o a widening of the austenite bands as a 
function of the strain. Radiocrystallographic examina
tion of samples aged under argon has brought out the 
presence of a signiti phase in increasing quantity 
(see Figure 14). F'or a 37.l""!- strain, we noted a 
quantity of this phase 8 times greater than that rela
tive to a non-strain-hardened specimen. We have also 
noted the juesence of a Laves phase of the type 

Fi-jMo. increa.sllig with the strain hardening. 
The core structure of specimens aged in static liquid 

sodium was analogous to that found with the samples 
described above. Un the surface, we obser\cd the 
presence of carbides of the type M,C' and M:.iC« tsee 
Figure 141. For greater strains, we noted the ap
pearance of carbides of the type Cr;C'., .'*' The 
slight decrease of intensities of the peaks of carbides 
-Miif and the increase of those of MjjCs , with the 
appearance of those of Cr7C>. shows up well the 
increase in the quantity of carbides formed in function 
of the strain hardening. 

The evolution of carburization has also been fol
lowed by microhardness measurements (sec Figure 
1.51. .K mierobardne.ss gradient was noteii near the 
outer surface. We have plotted, using semilogarithinic 
coordinates, the microhardness values as a function of 
the edge distance of the specimen in millimeters, in 
order to be able to extrapolate the values near the 
surface."" The core microhardness of the samples 
aged in static liquid sodium was identical for the 
same strain hardening to that of a sample agefl under 
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argon. In this way, we could determine the micro
hardness variation between the values extrapolated at 
the surface (see Figure 15) and the core. 

We have noted (see Figure 16) a slight augmenta
tion of microhardness increase as a function of the 
strain hardening and two levels of values: one for 
samples in the presence of graphite, and the other 
for those in the presence of ferritic steel AISI 430. The 
latter fact shows, as believed by Holcomb, '" ' that the 
quantity of carbon present in both cases in the 

sodium is different, and that there exists a relation 
between the surface hardness and the carbon content 
of the liquid metal. 

The hardening observed may be attributed to an 
increase, on the one hand, of the carbon content in 
solid solution and, on the other hand, to the forma
tion of chromium carbides; this phenomenon being 
governed by diffusion,"-' we have assumed a paral
lelism of the straight lines representing the micro
hardness gradient near the surface (see Figure 15). 

5. Conclusions 

This study has enabled us to analyse the influence 
of grain size and strain hardening on the phenomenon 
of carburization in the presence of liquid sodium. 

The results obtained permit us to make the follow
ing principal conclusions; 

1. Diffusion occurs preferentially in places with 
high free energy. I t is above all intergranular if the 
material has coarse grains and involves a much 
smaller area than when the material has fine grains, 
where it is mainly intergranular. 

2. The strain-hardened state, because of the in
crease in defect density, favors superficial carbon 
penetration into the austenitic stainless steel by 
creating places for preferential precipitation. How
ever, we have not observed any very large variation 
in the depth of carbon diffusion as a function of the 
rate of strain hardening. 

3. The carbon is combined with the alloying ele
ments to give carbides more slowly than the rate at 
whieh it diffuses. The larger the carburization, the 
richer are the carbides in iron. 

4. The microhardness measurements are very repre
sentative of the penetration of this impurity in the 
steel. They integrate both the carbide formation and 
the carbon in solid solution in the austenite. Never
theless, the X-ray-difTraction study and the electronic-
microprobe analysis have enabled us to follow the 
evolution of the phenomenon more accurately. 

5. The microhardness deviation between the values 
extrapolated at the surface and those obtained at the 
core of the samples aged in neutral atmospheres has 
enabled us to follow the increase of the surface pene
tration of the carbon as a function of the strain hard
ening. There exists a relation between surface micro
hardness and the overall carbon content of the liquid 
metal. Since grain size and strain hardening play a 
great part in the mechanical characteristics of mate
rials, we believe that our observations may bring a 
contribution to the knowledge of carbon-transfer phe
nomena when the steel is subjected to stress. 

A more thorough study of the phenomenon re-
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quires additional tests. This is what we have un

dertaken, in particular, with the nonstabilized grade 

AISI 316. The preliminarj- results obtained confirmed 

those given above. 

Finally, parallel to this research on carburization, 

it seems of interest to analyse the influence of grain 

size and strain hardening on decarburization of 

ferritic steels, the two phenomena being in fact, 

closely linked. 
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Carburization of Austenitic Stainless Steel by Sodium 

M O R R I S K O L O D N E Y * 

United Nuclear Corporation 
Elmsford, New York 

A B S T R A C T 

Measurements of the rates of carburization of 
austenitic stainless steels in sodium have been re
viewed. 

Models proposed to explain carburization rates 
have been examined. Emphasis has been placed upon 
a model in which the assumption is made that carbon 
from the sodium enters the steel and causes rapid 
precipitation of a stable carbide, reducing the 
chromium concentration in the surface. As chromium 
precipitates, the carbon activity in the stainless steel 
surface increases until it becomes equal to the carbon 
activity in the sodium. Thereafter, carbon diffuses into 
the interior of the steel, precipitating carbide along 
a front that moves inward. 

Existing basic data on solubilities, diffusivities, and 
carbide compositions were employed to predict rates 
of carburization on the basis of the model and com
pared with measured values. In addition, the results 
of short-time carburizations have been correlated with 
the readings of the United Nuclear Carbon Meter. 

Introduction 

The exposure of austenitic stainless steels to high-
carbon sodium results in extensive carburization and 
embrittlement of these steels. Thin sections may 
reach carbon contents in excess of one percent after 
relatively short times in highly contaminated so
d i u m . " ' ^ ' " Since the austenitic stainless steels are 
preferred alloys for many applications in sodium-
cooled reactors, their ease of carburization is a mat
ter of concern. Yet, despite considerable experimental 
effort, two major questions remain unanswered. First, 
how much carbon and what carbon distribution are 
allowable before the steel becomes unfit for use? Sec
ond, what carbon concentration or carbon activity in 
the sodium is tolerable without excessive carburiza
tion damage during brief excursions or over long 
operating periods? 

There does not yet appear to be a widely accepted 
specification for the maximum carbon content of 
austenitic stainless steel. In 1962, Sinizer and Pear-
son<-" predicted an infinite life for Type 304 steel if 
its surface carbon content remained less than 0.5%. ' 

• Department of Chemical Engineering, College of the City 
of New York. 

This specification has been reinforced in a more re
cent review of sodium purity requirements.'^' Pre
sumably, a uniform carbon content of 0.5% would 
also be acceptable. Thorley and Tyzack"" have re
ported that carbon contents of 0.3-0.5% cause a loss 
at room temperature of about 75% of the original 
ductility in 18-8 steels. However, mean carbon con
tents of 0.6 to 1% may be tolerated for the same 
loss of ductility at 1200°F. On the other hand, recent 
work at MSA'^' has shown substantial loss of 
ductility in Types 304 and 316 steels with minor in
creases in carbon. 

Even when a carbon limit for the steels becomes 
widely accepted, it will be most desirable to relate 
the rates of carburization to the carbon activity of 
the sodium. Only then will it be possible to predict 
carbon absorption by the steels during selected op
erating intervals. Unfortunately, until recently there 
has been no convenient method for measuring the 
carbon activity or "carburizing potential" of the so
dium. Therefore, in the past, experimenters at Atomics 
International attempted to correlate carburizing po
tential with the surface carbon content of stainless 
steel and with the carbon content of the sodium.'^' 
Efforts have also been made to relate microhardness 
test results to carburizing potential.'^- *̂ For a 
variety of reasons, these techniques are not as likely 
to succeed as the recently developed carbon meter 
that has been described elsewhere*^* and whose engi
neering development is reported in another paper at 
this conference.'°* 

Carburization Measurements 

The lack of a tool for the analysis of the carbon 
activity of sodium has not entirely prevented the 
measurement of carburization rates. The most com
prehensive early series of measurements are those 
performed for periods up to 150 hr in capsules at 
AI'^> and for times in excess of 5000 hr in loop tests 
at MSA.'=' More recently, a series of 100-hr tests 
have been carried out by Holcomb'" at ANL. As 
might be expected, in the absence of a good method 
for characterizing the carbon activity of the sodium, 
the most reliable measurements are those obtained 
from sodium "saturated" with carbon. 

In order to compare the results obtained with dif
ferent specimen thicknesses exposed for different 

104 



Carburizalion of Stainless Sleel by Sodium 105 

lengths of time, we may define a carburization rate 
parameter 

T, (Cm — Ct)L 
(in (1) 

where 

Cm = average concentration of carbon in the speci
men, ppm; 

Co = original concentration of carbon in the speci
men, ppm; 

L = total thickness of tab specimen undergoing 
diffusion from both sides, mils; 

t = time, hours. 

(This parameter is derivable from a simple diffusion 
model in which no carbide precipitation is assumed. 
Such a model was used at AI and MSA to calculate 
diffusivities of carbon. Although the calculated dif-
fusivites have been challenged, it may be shown""' 
that the form of the equation is approximately the 
same when carbide precipitation occurs, provided that 
the composition of the precipitate is constant with 
time. The particular units for the parameter have 
been chosen because they are in common use.) 

In terms of this parameter at 1200°r, the MSA 
data yielded values of about S.WO ppm-mils/br' '= 
for Type 316 steel and about 10,000 for Type 304 
(see Figs. 42 and 49 of Ref. 21. Hy comparison, the 
AI data (calculated from Fig. 4 of Ref. 3) resulted in 
a P value of 11,000-12,000 units for Type 304 steel. 
This agreement is gooil consiileriiig the very different 
kinds of experiments and the large scatter of the data. 

To set this carburization rate in perspective, one 
may estimate that a parameter of 10.000 means that 
a fuel clad thickness of 10 mils (dilTusion from one 
side; L = 20 mils) would reach an average carbon 
concentration of 0.5% in 100 hr. Clearly, no reactor 
can operate in this manner. However, although this 
level of carbon contamination is unrealistic, it is of 
interest as an extreme. I t is also of interest to esti
mate whether the damage may be significantly 
ameliorated by a decrease of temperature, par
ticularly since the effect of temperature may be 
about the same at all carbon levels if the basic car
burization process remains the same. 

It may be assumed'" ' that the parameter P varies 
with the square root of the diffusivity for both 
simple solution diffusion and for diffusion involving 
carbide precipitation. (This is approximately tnie if 
the concentration of carbon dissolved in the surface 
of the steel is independent of temperature.l Conse
quently, if the diffusivity may be expressed by the 
usual equation 

the effect of temperature may be determined if the 
activation energy Q is known. There have been a 
number of measurements of the diffusivity of carbon 
in austenite with activation energies reported between 
about 31,000 and 38,000 cal mole. (The diffusivity 
data obtained at . \ I , ' " although they may be in
correct in absolute terms, yield an activation energy 
of about 31,000 caf mole.) 

A recent measurement by S m i t h " " of carbon dif
fusion in gamma iron-nickel alloys appears pertinent 
because the surface of the stainless steels may re
semble these alloys after depletion of chromium by 
precipitation. Use of an activation energ}' of 35.(XX) 
cal/mole from Smith's results produces the following 
expected changes in the carburization parameter 
based upon an experimental value of 10,(K)0 at 1200°F 
for carbon-saturated sodium: 

Icmpcraturc, °F P. ppm-mils/lir*' 

1400 
1200 
1000 
800 

27.700 
10,000 
2.750 

485 

D = D„e (2) 

Obviously, very substantial improvements in carburi
zation rates may be achieved at a sacrifice of operat
ing temperature. 

Carburization rate measurements with sodium 
saturated with carbon may be of value for predicting 
the worst to be expectetl after a brief accidental ex
cursion, but the information neeiled for long-term 
oiieration involves much purer sodium. Unfortu
nately, there are no measurements over long periods 
with .sodium of known and constant carbon activity. 
There have been a few efforts to determine carburi
zation rates at known concentrations of carbon,'*- •' 
but these experiments cannot be considered reliable. 
Recently, M S . \ ' " attempted mild carburization of 
stainless steel by a series of carbon excursions, but 
without any expectation of constant carbon activity 
in the sodium. .\t UNC, a series of carburizations of 
Type 316 specimens were performed at 1400°F in 
termal convection loops. The earbon activity was 
measured by means of a carbon meter and was 
manually controlled by insertion of carburized iron 
tabs or by injection of carbon monoxide into the 
cover gas. Unfortunately, the test times were short— 
not exceeding about 30 hr and were not replicated. 
Nevertheless, it was found possible to correlate the 
carburization rates with the measured carbon ac
tivities"'" as shown in Fig. 1. 

I t is interesting to derive a carburization parameter 
from this correlation. The value found for P at 1400°F 
for the lowest meter readings (corresponding to nor-
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F I G . 1. Correlation of Carburization Parameter with Car
bon-meter Reading at 1400°F. 

mal operation of a "clean" loop) was about 740 
ppm-mils/hr'/^. If this may be translated to lower 
temperatures by means of ratios previously derived 
from diffusivity data, it would correspond to a P 
value of about 270 at 1200°F, compared with a value 
of about 10,000 under carbon saturation conditions. 
Calculating the lifetime (average carbon gain of 5000 
ppm) of a 10-mil fuel clad in the "clean" sodium 
gave about 140,000 hr as against only 100 hr in 
heavily contaminated sodium. In view of the paucity 
of data, it cannot be too strongly emphasized that this 
calculation is little short of foolhardy. However, it 
points up the need for good carburization rate in
formation at low levels of carbon activity. 

Models for the Carburization of Stainless Steel 

In the carburization models employed in connec
tion with the earlier measurements, diffusion of car
bon without phase change was assumed. By contrast, 
Campbell and Tyzack"^' have presented a detailed 
theoretical analysis of the carburization process based 
upon the assumption that chromium carbides pre
cipitate in the steel. Taking the case of carbon satura
tion (activity of carbon = 1) and utilizing existing 
thermodynamic data for the carbides and for the ac
tivity of chromium in iron, they have recalculated the 
diffusivity of carbon as measured by Anderson and 
Sneesby.'^' However, the diffusivity so corrected ap
pears still to be in error by about one order of 
magnitude. 

The validity of the homogeneous solution and pre
cipitation models has been tested using the sparse 
data obtained by McKee and Caplinger with the UNC 
Carbon Meter . ' " ' By making a substantial number of 
simplifying assumptions, it may be shown that the 

parameter P of Figure 1 should be proportional to 
the carbon-meter flux if homogeneous diffusion had 
taken place. On the other hand, it shoud be propor
tional to the square root of the meter flux if the pre
cipitation model were correct. The results depicted in 
Figure 1 seem to lend credence to the precipitation 
mechanism. Indeed, it would appear that precipitation 
begins at very low carbon activities. 

If the precipitation mechanism be accepted, it be
comes possible to predict the rate at which the carbide 
precipitation zone moves into the steel. Thus, 
Darken"^' has treated diffusion accompanied by 
phase change. For carbon diffusion, the thickness X 
of carbide precipitation zone reached in time t should 
be given by the following equation: 

(3) T - ^ ^ C V L 12Cp 240 VcJ + J ' 
where D is the diffusivity of carbon, C, the surface 
concentration of dissolved carbon, and Cp the total 
carbon concentration in the zone of precipitation. 
Since Cp is much larger than C , , the bracketed term 
is close to unity. 

The total concentration, Cp, comprises (a) carbon 
precipitated by chromium originally present in the 
precipitation zone, (b) carbon precipitated by 
chromium that has diffused into the precipitation 
zone from the interior of the steel, and (c) the average 
concentration of carbon dissolved in the matrix of the 
zone. The concentration corresponding to (a) is equal 
to the weight percent of original Cr(C/Cr) , where 
(C/Cr) is the ratio of carbon to chromium in the 
compound being precipitated. If the carbide is veiy 
stable, this ratio may be assumed constant as a first 
approximation. 

The carbon concentration corresponding to (b) 
may be calculated if the diffusivity of chromium in 
the matrix is known. However, since chromium dif
fuses by a vacancy mechanism, while carbon diffuses 
interstitially, it may be assumed that chromium is 
stationary relative to carbon, i.e., that the contribu
tion from source (b) is zero. 

The carbon derived from (c) has been shown"" 
to be equal to Cs/3. With these assumptions, equa
tion (3) is reduced to 

t 
2D 

C' 
(4) 

with Cp for a particular kind of carbide dependent 
only on the original chromium content and C, . Equa
tion (4) may be employed to calculate a value of X'/t 
at 1200°F under saturation conditions for comparison 
with the AI data. The two carbides that have been 
found in carburized 304 stainless steel are MzsCei 
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and at higher carbon contents, MTCS ."'• These 
compounds contain both iron and chromium. An as
sumption that the ratio of iron to chromium is imity 
appears reasonable from the data. Hence, Cp may be 
computed on the basis of Crn jCe and Crj.sCa. By 
use of Smith's data for carbon diffusivity (D = 1.4 X 
IO-' cmVsec at 1200°F) and C. = 0.48% C as the 
solubility in austenite at 1200°F, the results pre
dicted are 

for Mi.C, for MiCi 

X' 3.2 X 10 ' in.Vhr. 2.0 X 10'' in.'/hr. 

The data of Anderson and Sneesby (see Fig. 6 of Ref. 
3) are equivalent to a value of 1.6 X 10~' in.Vhr at 
1200°F. In view of the many uncertainties, the agree
ment may be considered good. Since C, may be re
lated to the activity of carbon in the surface of the 
steel and since this is presumed equal to the activity 
in the sodium, the rate of growth of the precipitated 
zone may be calculated, at least approximately, for 
any activity of carbon in sodium. 

An alternative approach would be based upon an 
experimental determination of the relationships be
tween carburization rates and carbon activities, us
ing an instrument such as the UNC carbon meter. 
This device is based upon the diffusion of carbon 
through an alpha-iron sensor. If this process of dif
fusion in the solid limits the flux of carbon, it becomes 
possible to provide a theoretical connection between 
the carbon activity of the sodium, ac , and the meter 
reading.'"" If we utilize literature data for the 
solubility and diffusivity of earbon in alpha iron and 
assume that Henry's law holds, the equation obtained 
at 1400°F is 

Oo = 0.114 (carbon-meter flux). (5) 

where the carbon-meter flux is expressed as the flow of 
carbon through the sensor in ^/cm--min. Now the 
very tentative correlation shown in Figure 1 may be 
expressed as 

P = 9570 (carbon-meter flux)"' (6) 

Combination of equations 5 and 6 yields 

P ^ 28000 oi". (7) 

While emphasizing once again the weak experi
mental foundation for this result, it is nevertheless in
teresting to observe that it leads to a value of P = 
28,000 at Uc = 1 (carbon saturation). This is identi
cal with the parameter obtained by translation of 
the MSA and .\I d.ata to 1400°F. Although this agree
ment upon a value derived from such widely different 
experiments is probably only fortuitous, it encourages 

additional predictions. For example, assume that a 
10-mil sheet is to absorb not more than 0.5% carbon 
in 10,000 hr by carburization from one side at 1400°F. 
Equation (7) requires that the activity be little more 
than 10~'. .\lthough this seems exceptionally small, 
it may be approximately correct, for Campbell and 
Tyzack"-' have calculated that at about 1300°F the 
activity of carbon in an 18-8 stainless steel at the 
point of incipient precipitation of Cr2jC« lies between 
about 3 X 10-'and 6 X 10"'. 

As a second example, one might predict that failure 
of a fuel element containing single-phase UC-PuC 
might not be disastrous. Thus, Holden and Fuhr-
man""' have found that sodium in equilibrium with 
this fuel at about 1470°F reaches a carbon activity of 
about 0.02. If, as a result of a fuel-clad failure, a 
10-mil sheet were exposed on one side to sodium of 
this high carbon activity for 24 hr at 14(K)°F, it 
would gain only 0.15% carbon. Ductility would not be 
seriously impaired. Hopefully, the failure would be 
discovered and the temperature reduced in less than 
24 hr. 

The estimates that have been made are speculative 
and may prove to be quite incorrect. They have 
been offered in the hope that they will spur the 
acquisition of better experimental evidence. 
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Discussion 

Mr. Hiltz (MSA): I would like to clear the air a 
little bit. 

1. AI can jump on me it they like, but AI's data 
don't say that a half percent carbon is allowable; 
they say the carbon in the sodium which gives them 
a carburization rate (of the stainless steel) of 5000 
ppm in 100 hr is an allowable carbon concentration 
in the sodium; that is what we disagree with violently. 

2. I am afraid that MSA does not believe in 
homogeneous carburization. As a matter of tact, we 
state that the thing is in constant change. The 
carbide chemistry is changing, the carbide is chang
ing, the carbon concentration dissolved in the aus
tenite is changing, constantly. So it brings me to two 
questions, although I cannot argue with your num
bers—they all seem to come out close. In your first 
equation you have a term which relates to the thick
ness of the specimen and yet our data would say— 
this is for 5-, 15-, and 60-mil specimens—that until 
such time as the carbon concentration at the centerline 
of the specimen has exceeded the original carbon con
tent, the carburization rate is the same regardless of 
specimen thickness. This relates back, I think, to some
thing like an infinitely thick specimen. 

The second thing that I wonder about is in going 
back to Wagner's data on diffusion, which you have 
taken from Darken, you are using a carbon solubility 
based on dissolved carbon in the stainless steel. In 
the carburization of stainless steel in sodium, I don't 
believe that the carbon concentration in the austenite 
is constant, but is a function of the chromium which 
is still dissolved in the austenite. 

Jlfr. Kolodney: Am I supposed to answer that? I 
am really not trying to attack the MSA data at all. 
In fact I am a great admirer of the data; however. 

what JISA did was to calculate diffusivities on the 
basis of a homogeneous diffusion model. 

Mr. Hiltz: That was based on earlier data, and we 
have repeatedly stated that is no longer our view. 

Mr. Kolodney: The other things you said, of 
course, are true. The composition of the carbide does 
change, and I have said again I have made a lot of 
simplifying assumptions. The only way I can get 
any numbers at all from the little bit of data available 
is by making these simplifying assumptions. I 
pleaded for no one to believe the answers, but here 
they are. 

Mr. Feder (ANL): Would it make any differ
ence in your argument if you never invoked the 
concept of the activity of the carbon in the sodium, 
but spoke only of an arrival rate of carbon at the 
surface of your carbon meter and at the surface of 
the tabs that you are interested in? 

Air. Kolodney: I suspect it would. I think basic to 
a lot of the work that has been done at United 
Nuclear is the assumption that the surface of the steel 
has the same carbon activity as the bulk of the 
sodium and that is a weak point—something that we 
are not sure of. I t depends upon the solubility of 
carbon in the sodium. It does depend upon the trans
port, and we have been told by people at Argonne 
that the solubility of carbon in sodium is extremely 
low. If it is extremely low, then the carbon meter 
may not read accurately. 

Mr. Feder: That impression has gotten out. We 
never said that the carbon solubility in sodium was 
low. We said the graphite solubility in the sodium was 
low. We have never claimed and, I think people should 
not take it for granted, that there is any equilibrium 
among the various forms of carbon in sodium. And 
this is precisely the point I w âs trying to make—that 
if we do not attempt to assign an activity of carbon 
to the sodium, we will not be making the imphcit 
assumption that the species which are present are 
in equilibrium. 

Mr. Furukawa ( JAERI) : Dr. Hiltz told almost all, 
but I wish to add a little more to his statement, "ffe 
should consider, I believe, the transfer effect-surface 
composition changes caused by mass-transport phe
nomena. Anyway, we are concerned with low carbon 
activity in practical systems, not with very high 
carbon activity. Therefore, we should spend more 
effort in examining the low-carbon activity range. In 
the high-temperature region we should expect some 
mass-transfer phenomena in all loops. I believe we 
should use pure metals for examination, for example, 
pure iron. I think you used stainless steel for your 
tests. But if you use pure iron, I think more reliable 
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data will be obtained relating carbon activity and 
carburization plienomena. 

Mr. Jansson (W) : I t seems to me that the use of 
your parameter P, and consideration of carbon diffu
sion in the UNC iron membrane are basically the 
same. It isn't surprising, then, that you get this 
linear relationship if you have two membranes which 
are in the same carburizing medium. I would say that 
just shows that you have similar inaterials where 
carbon goes in and there doesn't seem to be much 
more to that. If you accept the feeling that the 
carbon solubility is low in sodium, then it would be 
better I think to speak about the availability of 
carbon just the way I understand the Argonne people 
do now. The carbon activity that the United Nuclear 
carbon meter measures, therefore, is the activity of 
carbon ut the interface in the iron membrane at the 
surface. It is not. I tbiiik. the activity in the sodium 
itself. 

.Mr. KoUidncy: I think I said that. We are not 
sure that it inetisures the activity in the bulk sodium, 
although that is what we had hoped it would measure 
and that does depend on the transjiort property. I 
don't make any claim for originality of the parameter. 
It's an old kind of relationship—the square root-time 
relationship. However, the carbon meter is a device 
in which diffusion occurs without precipitation, and 
here we are talking about precipitation in the stain
less steel. I have combined the two and said that with 
enough assumptions you come out with a very simi
lar kind of a relationship. I have also tried to take 
whatever numbers are a\-ailal)le and to show what they 
mean in terms of time. 

Mr. Jansson: Vou are precipitating, though, some
thing which is more stable, so in fact there is no dif
ference. Ill both cases you have lowereil the carbon 

activity on the other side of the membrane. You can 
look on your stainless steel as a membrane. 

.Mr. Horton (AEC): Prof. Kolodney, why should 
we worn.- alwut carburization when we can dc-car-
burize our stainh^s easily enough afterwards? 

Mr. Kolodney: De-carburization of austenitic 
stainltTis? Decarburize it by using a hot trap? I don't 
know. You really are the people who ought to answer 
that. Do you expect to operate breeders with hot 
traps? 

Mr. Horton: It 's debatable. AI has shown rather 
by acciilent that they can easily de-carburize their 
stainless in sodium. No, I don't know if we are going 
to operate with a hot trap or not, but if carbon is 
going to cost so much money in research, it may be 
cheaper periodically to put a zirconium hot trap on 
line and ile-carburize back to equilibrium amount. 

.Mr. Kolodney: Did I hear someone say today that 
if you overdo it you arc going to lose the strength 
of the stainless? 

.Mr. DcVan (Chairman): There is another point. 
You first have to define your source. The SRE af
ter the tetralin spill would have loved a trap that 
could have taken it down in a reasonable period of 
time. If you could have invented one, you could 
have become a rich man overnight. So, I, for one, 
would worr>- about a pump seal going and a gallon 
or so of oil hitting the system. This has happened 
more than once at the Laboratory, and you got 
cracked carbon everj'wberc—a tremendous amount of 
carbon—that you have to go back and retrieve. .\nd 
until you have retrieved all that cracked carbon, you 
do maintain a earbon activity of saturation for that 
period of time. So it's relative to the source that you 
assume is going to be in there. 
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1. Introduction 

Sliding and rolling friction in liquid metals or argon 
carrying sodium aerosols are important features for 
the good running of mechanisms, such as mechanical 
pumps, fuel-handling devices, and control rods, used in 
liquid metal fast breeder reactors. An experimental 
study of sliding friction in NaK has been carried out 
by the French Atomic Energy Commision (CEA) from 
1960 to 1966 in Fontenay aux Roses research 
center."'^' Tests have been done with liquid sodium 
in the Cadarache research center since 1966. At the 
same time, the research department of the French 
Electricity board (EDF) began similar tests but under 
different conditions and with different materials. 

In this report, the main experimental results re
cently obtained by the two organisations are pre
sented, an interpretation is proposed, and some prac
tical applications of the results are presented. 

2. Test Apparatus 

2.1. Tests Realized in Plane Contact Geometry 

2.1.1. CEA Apparatus 

The device is presented in Figure 1. The elements in 
relative motion are (see Figure 2 ) : 

moving element: pins or ring; 
fixed element: disc. 
I t is possible, with this device, to make tests under 

the following conditions: 
sliding speed: from 0 to 5 cm/s; 
specific load: 0 to 5 X 10" N/m^; 
temperature: from 20°C (NaK tests) to 600°C; 
liquid metal purification by horizontal-convection 

cold trap (O2 content < 30 ppm). 

2.1.2. EDF—Devices 

The test specimens are two circular rings: one ro
tating, the other one fixed. Two types of machines are 
used: 

frictiograph for the exact measurement of the fric
tion and wear coefficients for short-duration tests 
( I h r ) ; 

machine derived from the first type for long-duration 
tests (100 hr) with previously selected materials. 

The frictiograph,'^' shown on the block diagram 3 and 
on Figures 4 and 5, has a fixed test specimen (see Fig. 
6), which is integral with the apparatus for measure
ment of the friction torque. The rotating test specimen 
is chamfered so as to get rid of the boundary effects 
and of a possible decentering of one specimen with re
spect to the other, the fixed specimen then behaving 
like an indefinite plane. 

The devices for loading and measuring the torque 
are located in an enclosure containing purified cold 
argon. This eliminates the friction points on the meas
uring shaft. The load is applied by weights on the 
measuring shaft. A j ack permits lifting the load and sep
aration of the specimens from one another. The shaft is 
maintained in place by an elastic device with two de
grees of freedom: axial for placing the specimens into 
contact, rotary for torque measurement. The applied 
load is controlled by a dynamometer, and the torque is 
measured by strain gages placed on metal blades 
stressed in tension. The measurements of the friction 
coefficient, unperturbed by the sealed outlets, are 
quite accurate, being 5% for small loads (5 to 10 X 
10° N /m- ) , and 10% for the heaviest loads studied at 
present (25 X 10= N/m^) . 

The two test specimens (see Fig. 6) are placed within 
a crucible supplied with filtered sodium by a pot or by 
a loop. Immersion of the test specimen is signalled by 
means of a discontinuous level-measurement device, 
based on resistance changes and developed in our 
laboratories. The maximum operational temperature 
is 700°C. The movable specimen is driven by a vari
able-speed motor located in air (8 cm/sec to 4.6 m/sec 
in the present arrangement). 

Sealing is ensured by a rotary joint developed by 
us. The operational principle of this device is identical 
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with that used by us in the long-duration testing 
machine and is described further on. 

The specimens may be put in place without it being 
necessary to open the tank, thanks to a system of 
chambers and glove compartment under an argon at
mosphere. The test rate is high because of the simplic
ity of changing the test specimens. 

The long-duration testing machine, shown on the 
block diagram 7, also uses a fixed and a rotating speci
men, of a size greater than that used in the frictio-
graph. The fixed specimen is mounted on the end of 
two concentric bellows between which a controllable 
argon pressure is maintained, while the movable speci
men is driven in rotation, at a variable speed, by a 
motor and a hydraulic transmission system. The ap
plied load depends on the pressure within the chamber 
located between the two bellows and is thus known. 
The friction torque is not measured, but the motor 
torque can be determined. 

The test specimens are located in a crucible supplied 
with sodium (max temperature 600°C), static and 
purified by a cold trap (120°C). The specimens are 
placed before the sodium is directed into the device, 
and the test rate is low. On the other hand, this 
assembly operates automatically and is thus reserved 
for long-duration tests. 

An identical device, composed of a rotarj* ring of 
solid tungsten carbide Gl (sec Appendix) and of a 
leaded bronze ring ELCO 1 (see Appendix), is success
fully used as a rotary joint (200°C maximum on the 
frictiograph). 

2.2. Heavy-loaded bearings test apparatus 

Tests are performed with radially loaded journal 
bearings to provide good simulation of the operation of 
real mechanisms. The principal parts of the test appa
ratus are (see Figure 8): 

sodium vessel of 500-mm diameter; 
on the bottom of the sodium vessel a nonrotating 

bearing set on a moving carriage (the carriage is 
driven by a shaft penetrating the sodium vessel 
via bellows); 

a very strong shaft, centered with two roller bearings 
operating in air, penetrates the top plug of the 
vessel and drives the tested journal in the bearing 
set on the moving carriage; 

drive shaft of the moving carriage is tightened to a 
force indicator and a screw-bolt sj'stem with 
which one can apply the bearing on the journal 
with a known force; 

the shaft is driven by an electrical motor (a beam 
carrying strain gages used in torque measurement 

rvam - mtitr 

F I O . 1. Test Apparatus to IlcIiTiiiim. Frirtion of Materials 
in Liquid Metals. 

F lo . ; 
Tests. 

Elements in Relative Motion for CEA Friction 

joins the electrical motor and driving shaft); 
the shaft has two directions of rotation. 
The journal and bearing tested are shown in Figure 

9. The device allows the following test conditions: 
relative contact sliding speed of 1.46 cm/sec; 
radial contact load from 0 to 2 X 10* newton; 
temperature from 150 to 600°C; 
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1 
2 
3 
4 

Air-tight chamber 
Il^'^draulic jack 
Dynametric ring 
Loads 

F I G . 3. Test Apparatus. 
5. Elastic suspension 
fi. Friction-measuring lilades 
7. Furnace 
8. Specimens 
9. Turning seal 

10. 
11. 
12. 
13. 

Rotating shaft 
Filter 
Flexible tube 
Sodium mobile tank 

k 
'¥-

sodium purification by vertical diffusion cold trap 
kept at about 150°C. 

3 . Results 

S.I. EDF Test Results 

3.1.1. Test Conditions 

a) Frictiograph. We have considered the mechanisms 
operating at slow speed under varied ambient condi

tions (sodium at temperatures from 200 to 600''C; 
argon whether loaded or not in sodium vapours). For 
all the tests performed the conditions were the follow
ing: 

unit load: 18 X lO 'N/m^; 
speed: 8cm/sec; 

temperature of sodium or argon load in sodium 
vapours: 200 to 600°C; 

oxygen content of sodium: 15 ppm; 
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II.. and 11 j(> content of argon: 5 p p m ; 
test iluration (friction); 1 hr; 
time of prior immersion of .specimens: 0 to 18 hr. 

Ill Long-duration testing machine. The tests were 
conducted in sodium at 400°C, without prior iminer-
eion. The soilium, purified by a diffusion cold trap, had 
an oxygen content less than 15 ppm. The total test 
duration varieil from fiOO to 800 hr, the duration of the 
friction tests being ajiproximately 100 hr. Tlie unit load 
was equal to 2 X Ity^ N/m'-. The rotation speed cor
responded to a product of unit load by linear speed, 
ideiilical with that (ditaiiied with the frictiograph. 

S.I.2. Test Results 

a) Introduction. Wc first sought a stainless steel 
that is as hard as possible, easy to use, and relatively 
cheap. Our choice was structural-hardening stainless 
steel Z5NCDTV 25-15. . \s antagonistic material we 
have chosen Stellite-type alloys based on nickel or 
cobalt, tungsten carbides, chromium, titanium I solid, 
pure or mixed in variable proportions with cobalt 
binder), high-speed steel ZNZ (the ctmipositions of 
these materials is given in the Apjiendix). The friction 
conihinatiiin wliicli lias given excellent results in CO; 

heated to 500°C (4): C a F ; applied by plasma gun on 
steel Z5NCDTV 25-15 Isee Appendixi, AI2O3 sprayed 
by plasma gun on steel Z3 CN 18-10 (Type 304 I.i. 

Iiii o. Di'tails of the KrictioKfaph. Showiiin the Crilrihle, 
a Test .Specimen, and the Dcvires for l.iiadinK and Meaaiiring 
the Torque. 

sta t ionary 
spec imen 

1 

1 ' 

0 40 
0 30 ^ 

* 

i' 
y i 

0 33 

0 37 

11 
) 

J 

r o t a t i n g 
spac iman 

iriHM-al View nf the Kriclio^rapli 

Rubbing a r s a : 2,2cfn^ 

FIG. 6. Friction Speciniens. 
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1. Furnace 
2. Pressure chamber 
3. Bellow 
4. Stationary friction specimen 

, 7. Apparatus for Friction Endurance Tests. 
5. Rotating friction specimen 9. Seal 
6. Ejector 10. Stationary specimen thermocouple 
7. Sodium drain tank 11. Sodium thermocouple 
8. Rotating shaft 12. Argon 

or solid AI2O3, has proved to be unusable in sodium 
because of the extensive corrosion affecting CaF2. In 
fact, the static corrosion tests'^* have given the follow
ing results for monociystalline specimens in sodium 
containing 15 ppm O2 '• 

Sodium Temperature, °C 

750 
450 

Weight Loss, mg/sq cm/mo 

420 
1.05 

b) Results in argon. The tests were performed mainly 
at 400 and 600°C. Results are given in Table 1. 

c) Results obtained in sodium. First, in order to ex
plain the dispersion of the results obtained during our 
first sodium tests with the same combinations and 
under the identical experimental conditions, we have 
undertaken to study the influence of the prior immer
sion time of the test specimens. The combination 
chosen was Z5 NCDTV 25 on Virium 12 (see Appen
dix) . Figure 10 shows the amplitude of the fluctuations 
of the friction coefficient of this combination at various 
friction temperatures with or without prior immersion 
at 600°C, this temperature having been chosen in order 
to accelerate the kinetics of the phenomenon. Figure U 
shows the influence of the duration of the immersion 
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^•nntdffd lo •(•ctrle 
Strtmt jfagt 

Dltiuiion cold tr 

FlO. H. Ileiivy-limdccl HpHring Test Apparatus. 

I 

Fl(i. 0. Journal uiiil ItcariiiK Tested. 

on the values of the friction coeflScient at 600°C of 
the following combinations (compositions given in the 
Appendix): 

Virium 12-Z5 NCDTA' 25-15 (see Figs. 12 and 13); 
WC 4- 7% Co-Z5 NCDTA' 25-15; 
Virium 12-Aeroraetal FC. 

Figure 11 shows that an immersion of 10 hr in sodium 
at 600°C is sufficient to yield stabilized results. Table 2 
groups the results used for the preparation of Figures 
10 and 11. Table 3 shows the resultf obtained with a 

>taliit«l2 ' M*«l ZSNCDTV7^-IS 
without pt.llnilnarv lfnnt*r*la 
M.lth prallntlnarv Intmaraloti 

- sh eoo'c — 
- I h 800'C — 
. 2 h 3 0 eOO'C — 

FIG. 10. Friction at DiflercQt Temperatures with Pre-
linrainan.' Immersion or Not at GOO°C. 

Temper
ature, 

400 
400 
400 
41X1 

tlX) 

fiOO 

600 
GOO 

Material Combination 

Rotating 

Bronie Elco 1 
Bronie Elco 1 
Fer 
Bronae NS5 

CaF. 
A^romt'tal FC 

.\t^ronn*tal FC 
,\(^romi^tal KC 

Stationary 

A^rom^tal FC 
Ai'ronrftal FC 
A^ronrftal FC 
Chromium dur 

.\l)Oi (plasma) 
Carbide Gi 

Clironiium dur 
Ai'rom^tal FC 

TAHl.E 1 

Load, 
kg 

21.0 
59.8 
28.0 
56.9 

28.9 
25.0 

38.5 
37.0 

FRICTION IN ARGON 

Speed: 8 cm/a 

Duration 
Exposed 
Period, 

nun 

60 
60 
60 
60 

60 
15 

60 
15 

CoetHcient of Sliding 
FricUon 

Initial 

0.20 
0.62 
0.60 

0.44 
0.98 

0.52 
0.4S 

Mai 

0.24 
0.41 
0.62 
0.83 

0.44 
0.98 

0.52 
0.44 

Stable 

0.20 
0.33 
0.38 
0.7 

0.36 

0.36 

Weight 
Variauons, mg 

Sutic 
Spcdmeo 

0.0 
0.0 

- 1 5 . 4 
- 3 . 4 

-1-2.4 

-155 .9 
-1-2.3 

Rotating 
Spea-
inen 

- 0 . 1 
- 0 . 6 
- 5 . 2 
- 1 . 1 

- 5 . 5 

- 9 . 0 
—42 2 

Remarks 

Excessive galling 
Bronze plated on chromitim. 

Good surface finish 

Excessive galling. FC plated 
on carbide Gi 

Chromium torn out 
Excessive galling. 
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prior immersion of 10 hr. Table 4 gives the overall wear 
results obtained with the long-duration testing machine 
at 400°C for the combinations WC -I- 7% Co-Z5 

,. ^tungatan carbidaGI / Z5NCDTV25.15 
, ^ata l i i ta12 / aaroftiatal FC 

0 111 2h30 Sh lOh ISh ISli "S^^VT" 

F I G . 11. Infiueiice of Duration of Preliminary Immersion. 

F IG. VI. Virium 12 after Friction with the .Structural 
Hardening Stainless Steel Z 5 NCDTV 25.15 (X 400). Duration 
of immersion: 15 hr. Duration of friction test: 1 hr. Sodium 
temperature: 600°C. No work-hardening. The upper clear film 
is a nickel coating. 

NCDTV 25-15 and WC -1- 7% Co-TZM, shown as 
promising."" 

d) Results obtained with sodium vapours. These tests 
were performed after immersion for 15 hr in sodium at 
600°C. Table 5 shows the results obtained after sodium 
draining, with argon temperature equal to 600°C and 
argon pressure of 2 bars absolute when a thin film of 
sodium remains on the specimens and on the oven 
walls. 

S.2. CEA Test Results in Plane Contact Geometry 

A very great number of tests (120) have been 
made. ' " I t would be tedious to quote every one of 
them. We shall choose a few for discussion. Test con
ditions were, except where specified, the following: 

test vessel filled with sodium at 150°C; 
sodium temperature gradually raised to 600°C; 
static contact for several hours at 600°C; 
sliding motion at a relative speed of 1.46 cm/s under 

specific load equal to 4.6 X 10° N/m"; 
test stopped after 100 hr of relative motion; 
surfaces studied before and after test wdth an optical 

microscope and with a Talysurf profilometer (ver
tical amplification 10' to 5 X 10«). 

3.2.1. AVhen one element of the sliding configuration 
was ordinary austenitic stainless steel (Types 304, 316, 
and 321), results were always unsatisfactory. 

3.2.2. Nitrided steel behaved unsatisfactorily. 

F I G . 13. Z 5 NCDTV 25.15 after Friction with Virium 12 
(X 400). Test conditions same as given in Fig. 12. Light work-
hardening. 
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T A B L E 2 , F R I C T I O N I S S O D I U M 

'Icmp, 'C 

Material 
Combination 

Rotating Stationary 

F i;iO V 12 

i " 

" 
" 
" 
" 
'* 
" 
*' 

F 130 

" 
1 " 

F 130 

" 
F 130 

" 
F 130 

1 " 

" 
" 

" 
" 
" 
" 
" 
" 
" 

( i 1 

" 
Z N Z 

" 
F C 

" 
\ ' 2 4 

" 

Duration of 

at 600°C, hr 

1 

1 

24 
5 

5 

5 
15 
15 

15 

15 

15 

15 

15 

Load, kg 

4 1 . 3 

4 0 . 0 

3 9 . 0 
4 0 . 3 

4 0 . 0 
4 1 . 3 
3 9 . 9 

4 1 . 7 

4 0 . 3 
3 8 . 6 
4 1 . 0 

4 0 . 5 
4 1 . 2 

.18.7 
40 

4 1 . 2 

40 
39 
4 0 . 3 

4 1 . 4 
4 0 . 5 

Durauon 
Expoaed 

Period, min 

60 
60 
60 

60 

60 
60 

no 
60 
60 

60 
GO 

60 
60 
60 
fiO 

lid 
CM 

liO 

CO 
IXI 

tin 

Coefficient of Slidinx 

Initial 

0 . 2 8 

0 . 3 7 
0 . 5 9 
0 . 5 0 

0 . S 5 
0 . 4 5 

0 . 2 8 
0 . 7 3 
0 . 2 3 

0 . 5 9 
0 . 5 6 

0 . 0 9 
0 . 3 3 

0 . 1 5 
0 . 3 8 

0 . 3 9 
0 . 1 2 
0 . 7 2 

0 . 1 8 
0 30 

II.II 

Friction 

Max 

0 . 2 8 
0 . 3 7 

1.08 
0 . 5 3 
0 . 5 6 

0 . 4 5 

0 . 2 8 
0 . 7 3 
0 . 2 6 

0 . 5 9 
0 . 6 6 

0 . 3 8 
0 . 3 7 
0 . 3 2 
0 . 7 3 
0 . 4 6 

0 . 1 2 
0 . 7 2 
0 . 3 4 
0 30 

(111 

SUbi l i ied 

0 . 1 6 

0 . 2 S 
0 . 8 9 

0 . 3 5 
0 . 5 0 

0 . 2 0 
0 . 2 5 

0 . 6 6 

0 . 2 5 
0 . 2 7 

0 . 6 5 

0 . 3 8 
0 . 2 9 
0 .31 
0 . 7 2 

0 . 3 2 
0 . 1 0 
0 . 4 4 

0 . 3 2 
0 21 
U.IO 

Weight 
Variations, mg 

S u t i c R o u t i n g 
Spcdroen Specimen 

-1-0.8 
0 . 0 

- t -4 .2 

- 2 . 4 
-t-1.7 
- 2 . 1 

- 2 
- 3 

- 3 0 . 9 
- t -0 .8 

- 5 8 . 6 

- l - l . l 
0 . 0 -t-0.9 

- 6 . 9 
-1-2.8 
+ 0 . 2 

-1-1.2 
- H . 3 

- 1 . 3 

- 1 . 1 
- 3 . 0 
- 3 . 2 
- 0 . 1 

- 1 . 6 
- 4 . 0 
- 5 4 

- 1 5 

+ 1.7 

+ 0 . 4 

+ 1.1 
- 3 . 3 

- 1 . 5 
- 6 0 . 6 

0 . 0 

- O . I 
- 3 1 . 3 
+ 1.7 

- 1 6 . 6 

+ 1.6 
- . 1 8 . 2 

+ 8 . 3 

l»KI 
toil 
•JIKI 

lilHI 

21 III 

I'llHI 

lillll 

I'llHI 

tIKI 

2IHI 

lilHI 

I'll III 

lido 
mill 
lillll 
lilHI 
lilHI 

Tcnip, 
X 

nno 
IKIO 

M l 

IIHI 

mil 

IIHl 

4IKI 

4(10 

2U0 

mio 
1(10 

T A H I . K ;i Fni 

Material 
Combination 

Kotat-
ing 

F 130 
F 130 

F 130 

F 130 
F 130 
F 130 

K i;)0 

F 1:10 

F 130 

c, 
( l l 

Sta
tionary 

W C 
T I C 

V 12 

( i 5 
( • K 4 5 

W C 
T i C 

(1 1 
Z N Z 

t i 5 
T Z M 

Immersion 
Duration, 

hr 

10 
10 

10 
10 

10 

10 
10 

10 

10 

10 
10 

IIii.N IN SoIUfM AFTER Pui 

Load, 
kg 

30 

:t',i 
4(1 

4(1 

40 
:iii .•) 

411 

:w 
40 

40 
40 

Duration 
Exposed 
Period, 

min 

30 
15 

30 
60 

60 

60 

60 
60 

60 

60 

no 

(IK I M M E K S I O N O F 10 H R I N S o D i c y . \T 6 0 0 ° C 

Coefficient of 
Sliding Friction 

Initial 

0 . 2 8 
0 . 1 5 
0 . 1 7 
0 . 6 6 

0 . 4 3 

0 . 4 9 

0 . 0 7 
0 . 4 4 

0 . 8 5 

0 . 3 5 
0 . 2 0 

Max 

0 . 2 8 

0 . 1 7 
0 . 3 4 

0 . 5 8 

0 . 4 9 
0 .07 

0 37 
0 . 8 5 

O.IM 
0 411 

Stabi-
liied 

0 . 1 6 

0 . 1 3 

0 . 3 1 
0 . 4 3 

0 . 2 8 
0 . 0 5 

0 . 3 5 
0 . 7 2 

0 . 5 6 
0 40 

Weight 
Variations, mg 

S u t i c 
Sped-

+ 2 . 5 
+ 9 4 . 4 

+ 2 . 2 

- 0 . 2 

- 0 . 3 

- 1 
- 4 . 6 

- 0 . 4 

- 6 . 2 

- 0 . 8 
- 1 2 5 

R o u t i n g 
S p e d . 

- men 

- 1 8 . 2 
+ 8 . 3 

+ 1.5 
+ 4 . 4 

+ 3 . 4 

+ 2 . 5 
+ 2 . 8 

+ 1 .2 

+ 1 .9 
- 1 . 1 
- 0 . 7 

Remarks 

L e a k on t u r n i n g neal 

C.rvBt v i l i rat iona; porous c a r b i d e 
Leak on turn ing sea l 

3.2.3. Materials combinations using cobalt-cemented 
tungsten carbides. Wear induced by friction was not 
detectable by optical intcrferometry, but friction co
efficients could reach as high as 0.8. for example, pins 
in Adram A5 (WC + 6'"c Co) or discs in .\dram .\6 
(WC + Sro Co). The Surfaces of the materials before 
and after operation are shown on Figures 14, 15, 16, 
and 17. 

5.2.4. Friction of .Mloys Hardened with Cobalt. The 
materials made with Co, Cr, and W are usually flame 
sprayed onto Types 304 or 316 stainless steels to a 

thickness of about 1.5 mm. The compositions are re
ported in the .\ppendix. 

Wear was usually quite low, but detectable. The 
friction coefficients were highly correlated with the ex
act composition of the alloys. The presence of boron 
and silicon usually induced low and no temperature-
correlated friction coefficients. Examples are a ring of 
Type 304 stainless steel covered with .\lacrite 554, or 
a disc of Type 304 stainless steel covered with Alacrite 
602. 

The time and temperature dependences of the fric-

file:///dram
file:///ppendix
file:///lacrite
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TABLE 4. FRICTION ENDURANCE T E S T 

A 
Material pairs: 

B 

ZS CNDTV 
25.15 

WC + 7% Co 

TZM 

WC + 7% Co 

Test Conditions 

Test duration, hr, in sodium at 
400°C; cold t rap at 120°C 

Friction duration, hr 
Specific pressure times speed. 

kgf/cm-s 

Resu 

Specific wear of material A, 
cmVcm-kgf 

Specific wear of material B, 
cmVcm-ltgf 

Transversal rugosity, 10"^ mm 
Before testl . 
After test J 
Before test) T. 
After test / 

Stabilized coeificient of sliding 
friction (friction from short-
term test) 

820 

100 
160 

Its 

3.32 X 10-" 

1.1 X 10-" 

0.1 
3 
0.01 
0.06 
0.35 

650 

80 
160 

13 X 10-" 

1.64 X 10-" 

0.09 
2.2 
0.13* 
0.55 
0.40 

* Necessary for very plane surface of material. 

TABLE 5. FRICTION IN ARGON AT 6 0 0 ° C AFTER PRIOR 

IMMERSION FOR 15 H R IN SODIUM AT 6 0 0 ° C 

Material 
Combination 

Rotat
ing 

r i 3 0 
F 130 
F130 
V12 

Sta
tion
ary 

V12 
ZNZ 
G l 
F C 

Load, 
kg 

39.2 
40.9 
40.8 
39 

Duration 
E.v-posed 
Period, 

min 

60 
60 
60 
60 

Coefficientof Sliding 
Friction 

Initial 

0.12 
0.12 
0.12 
0.09 

Max 

0.12 
0.12 
0.41 
0.09 

Stabi
lized 

0.09 
0.09 
0.37 
0.08 

Weight 
Variations, mg 

Static 
Speci
men 

- 1 . 2 
- 1 . 7 
-t-0.2 
-1-0.7 

Rotat
ing 

Speci
men 

-H2 
-1-0.4 
- 2 . 5 
-1-1.6 

tion coefScients are shown in Figure 18. Surface profiles 
before and after testing are shown in Figiu-e 19. Ap
parently some elastic distortion of the specimen, in
duced by different expansions of steel and Alacrite, 
occurred. This led to friction contact on the edge of the 
ring. In spite of this, wear was very low. 

S.2.S. Friction of Alloys Hardened with Nickel. 
These alloys are very attractive in nuclear technology 
for they are not neutron activated. This is not true for 
cobalt alloys. Both nickel and cobalt can be deposited 
on stainless steels by arc spraying or powder projec
tion and fusion. Two sorts of sliding configuration 
materials were tested: Ni-Mo-Cr-W on Ni-Mo-W and 
Ni-Cr-B-Si on Ni-Cr-B-Si. Results were very similar 
in each type of test: 

F I G . 14. Surface of a Pin in Adram A5 before Friction 1 
(X .320). 

f Fio. 15. Surface of a Pin in Adram A5 after Frictic 
(X 320). 

F I G . 

Test. 
16. Surface of a Disc in Adram A6 before Friction 
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Blight wear and metal transfer leading to slight mod
ification of the surface finish of the sliding mate
rials; 

friction coefficient f quite low (f < 0.4) and not 
teni|ieraturc-correlated. 

Surface proliles before and after test are shown in 
Figure 21i. Friction coeflicients are shown in Figure 21. 

S:2.li. Friction of Mckel-bonded Tungsten Carbides 
on .\'icl:il Alliii/s. This sort nf ciinfigiiratioii leaib to 

I'm. 17. .Siirfai-e of a Disi- in Ailnini Allafli-r Friction Test. 

I .nui'ts etrsr.c'lir 

slight wear and low friction coeflBcient. Examples of 
such systems include a ring of Type 304 stainless steel 
covered with LW 5 I flame-plating deposition to a 
thickness of 0.1 mm; for composition see .\ppendixl. 
and a disc of Type 304 stainless steel covered with 
.\dnic 482 D. The wear evolution of the configuration 
is shown in time and temperature dependence of the 
friction coefficient in Figure 23. 

3.2.7. Other Tests .Showing I'nsatisfactory Results. 
-Molybdenum sliding on tungsten carbide Inickel or 
cobalt bonded I showed large wear of molybdenum. 
With AljO., plated on Type 304 stainless stwl and 
sliding on Al^Oa plated on Type 304 stainless steel, re
sults were good at I50°C. but Aljfla showed a poor 
corrosion resistance to liciuid sodium at 600°C. 

3.3. Results for Journal-bearing Configurations 

The tests performed are shown in Table 6. The re
sults confirmed those obtained in plane contact geome
try. Wear was classified according to the following cri
teria : 

. \ : very good surface, no apparent groove; 
B: some grooves, depth less than 15 >•; 
C: numerous grooves, depth less than 6 0 ^ ; 
D : surface showing cracks, metal transfer, or 

grooves more than 60 is deep. 

rrt) 

. 

M 4 

1 I : 
IM 

«M 

*̂  

f • ' If 

' 1 

rmmfV 

^n 

-.^ niiCTl9l* (•MFT'CitlfT 

0iNt S04 ttM-mitst MrttL 

AiAC0ire «at 

F I O . 18. Time ami Temix-niture Dpi^eiidence of Friction Coefficient in Sodium of Alloys Hardened with Cobalt. 

file:///ppendixl
file:///dnic
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DISC: Aheritt e02 SeFore Test 

vL 
,t/;i.i.^-,,<v^\5L,^:j^.^^ 

Artec Tiat 

-L 

Ring. Alacrity 5Si BcForc Tksl-

Atter Tttt 

'/L 

-̂L 
FIG. 19. Evoliiliim of Surface Profiles for Alloys Hardened 

with Cobalt. 

figuration. Important hardness differences between the 
materials of the sliding configuration often lead to 
abrasive wear. Polishing (CLA < 0.30 p in.) does not 
lead to wear reduction but to wear increase (extension 
of real contact areas and sodium effect lowered). The 
best surface finish seems to be grinding with oil cir
culation, giving CLA roughness equal to about 10/^in. 

Jf.2. Friction Coefficients 

W^ear is not closely related to friction coefficients. 
For example, the friction of nitrided steel against 
nitrided steel leads to friction coefficients less than 0.40 
and yet to a very important total wear; but friction of 
Adram A6 against Adram A5 gave no detectable wear, 
yet friction coefficients were as large as 0.8. 

Friction coefficients were often in the range 0.25-0.5. 
They may be explained by sodium contamination of 
the specimens, providing boundary lubrication by ox
ides or double-oxide films. Roberts'^' has supposed that 
films of double oxides, such as Na2Mo04 , Na2W04, or 
Na^CrOi existed on the materials containing Cr, W, 
and Mo. Other double oxides, such as NaoSi04 or 
Na2B407, may also be present and could explain the 
good results shown by "Colmonoy" (Ni-Cr-B-Si) or 
"Alacrite" (Co-Cr-\V-Si-B) alloys. Reduction of the 
superficial energy of nickel alloys"" by sodium may 

Six . Adsic 56 D Sefars rtat 

"L 
Galling or seizure leading to interruption of any sliding 
motion never occurred. 

4. Interpretation of the Results 

4.1. Wear 

Sliding contact in liquid sodium usually induces ad
hesive wear, as described by Rabinowicz.'^* Sodium 
lowers the superficial energy of the materials and is 
a very powerful heat transfer fiuid. Thus it often pro
tects the specimen from real contact-area extension 
during sliding motion and lowers the total amount of 
wear. Quantitative laws of adhesive wear are usually 
well verified; the volume of material worn out is given 

by 

r = c L .X, 

where c is a coefficient depending only on the ma
terials, L is the contact load, and x the sliding distance. 

Often it can be observed that C = k /p , where k is 
another coefficient not correlated with hardness and p 
is the hardness of the softer material of the sliding con-
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explain the low friction coefficients observed during 
relative sliiling motion of its alloys. 

J^.S. Influence of Immersion Duration 

Most metals or alloys exposed to air at ainliient 
temperature acipiire a thin oxide film on their surface. 
In the tests that we have conducted, we consider that 
it is this film ami not the metal or the alloy itself 
which is in contact with the soilium, at least in the 
initial phase of iniinersion. The dispersion of the fric
tion results obtained with immersion of less than 10 
hr may be explained by one of the following iiiecba-
nisins:""" 

chemical reduction by the .sodium of the oxide formed 
in the air; 

cheminal interaction, causing the formation of com
pounds Iin general, mixed oxides, such as soditim-
metal-oxygenl; 

formation of oxides by sodium reduction. 
These mechanisms ilepend on the nature of the mate
rials and on the oxygen content of the sodium. For 
immersions longer than 10 hr, there appeared to be no 
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FIO. 22. Evolution of Surface Profiles for Nickel-bonded 
Tungsten Carbide on Nickel Alloy. 
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F I G . 23. Time and Temperature Dependence of Friction Coefficient of Nickel-bonded Tungsten Carbide on Nickel Alloy. 

Journal 

Stellite C (1) 

Stellite 6 (1) 
Fluginox C35 
Adnic 482 D (1) 
Colmonoy 6 (1) 
Tiing.sten carbide (3) 
Aeronietal E 
Virium 30 (1) 
Colmonoy 6 (1) 

T.\BLE a. TESTS or JOURN.VI.-15 

Bearing 

Colmonoy 6 (I) 

Chromium (2) 
Colmonoy 6 (1) 
Adnic 56 D (1) 
Colmonoy 5 (1) 
Chromium (3) 
Virium 16 
Virium 24 (1) 
Colmonoy 5 (1) 

Number of 
Revolutions 

4,500 

6,750 
6,400 
4,500 
4,500 
5,000 
5,000 
5,000 

18,000 

E.VRING COMHIN.\TIONS IN 

Load, N 

5,000 to 
20,000 

" 
" 
" 
" 
" 
" 
" 

Tempera
ture, °C 

250-580 

" 
" 
" 
" 
" 
" 
" 

SODIUM 

Friction Coefficient 

Maxi-

0.46 

0.70 
0.60 
0.40 
0.60 
0.52 
0.50 
0.42 
0.60 

0.42 

0.55 
0.45 
0.35 
0.45 
0.42 
0.39 
0.35 
0.35 

Mini
mum 

0.30 

0.35 
0.20 
0.30 
0.26 
0.30 
0.20 
0.28 
0.19 

Wear 
Notation 
(see Text) 

A 

C 
C 
B 
B 
C 
B 
B 
B 

(1) Flame sprayed 
(2) Electroplated ^on Type 316 stainless steel. 
(3) Plasma-sprayedJ 

influence of these phenomena on the value of the fric
tion coefficient for a combination of given materials. 

5. Practical Applications of the Results 

S.I. RAPSODIE Mechanical Pumps 

The shaft of the mechanical pumps in RAPSODIE 
is centered in sodium by a liquid sodium hydrostatic 

bearing. The journal is made with Type 316 stainless 
steel covered with Colmonoy 6 (see composition in 
Appendix). The bearing is of Type 316 stainless steel 
covered with Colmonoy 5 (see composition in Appen
dix). 

The pumps have operated for 16000 hr. Hundreds of 
starts and stops have been made. Operation has always 
been quite satisfactory. 
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SS. Bearings of PIIKSIX Fuel-handling Transfer-arm 
Mechanisms 

Good performance, during a time equal to the real 
operation time foreseen on the reactor, has been ob
tained without seizure or galling with the following 
materials: journal covered with .\lacrite 5.54 (Co-Cr-
W-Si-B-C); bearing covered with Alacrite 602 (Co-
Cr-W-.Si-B-Cl. 

6. Conclusion 

It is possible, by a suitable choice of the materials 
and by a careful analysis of friction conditions Isucb 
as Hertzian loads and elimination of wear particles) 
to get good operations ot devices working in li<|uid 
sodium at 1.50 to .580°C. 

Nickel- or cobalt-cemented tungsten carbides lead 
to ver>' little amount of wear, but other materials, 
such as nickel or cobalt alloys and special steels, that 
are much easier to use are also quite good. 

Sodium lowers friction coefficients and reduces fric
tion heating of the materials, thus providing protection 
from galling and .seizure. In pure argon, the friction is 
more severe than in litiuid sodium and often leads to 
violent seizing. However, we have obtained good re
sults with EI.(T) 1 bronze on .\erometal FC at 400°C. 

With sodium vapours in argon, the friction is very 
good when a thin film of sodium remains on the surface 
of the te.st specimens. In that case, the small quantity 
ol sodium present nuiy be rapidly saturated in oxygen, 
and Ihe mixed oxides would apiiear more easily than 
in a bath of litpiid sodium. This may explain identical 
or better lieha\'ior. 
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Appendix: Composilion of Malerials (wt %) 

Adnic .5liD .Mn: Hi: Cr: 17: \V: .5: V: 0.1.5; 
balance Xi 

Adnic 482 D C: 0.8; Xi: 48; Mo: 30; \V: 8.5; 
Mn:0 .9 ; Fe: 5; Cu: <0 .01 ;Cr : 
0.1; Si: 0.7; balance Xi 

Aerometal K CT: .32; W: 13; .additions of .Si, B, 
C, Mo; balance Co 

.Veriimetal FC Co: 40 tn 50; Fe: 5 to 8; C: 1; 
additioiLs of G, \V, .Mo, V 

Adram A 5 Co: 6; balance WC 
Adram A 6 Co: 8; balance WC 
Alacrite 554 Cr: 30; W: 8; additions of .Si, B, 

C; balance Co 
Alacrite Ii02 Cr: 27; W: 5; additions of Si, B, 

C; balance Co 
Bronze KIco 1 Sn: 7; Pb: 6; Zn: 4: balance Cu 
Bronze XS 5 Cr: 2; . \g: 0.5: balance Cu 
Carbtire (1 5 Co: 25; btilance WC 
Carbiire CK 45 Ni: 15; WC: 5, balance CrjCi 
Carbtire G 1 Co: 7; balance WC 
Colmonoy 5 * Cr: 11.5; Fe: 4.25; Si: 3.75; B: 

2.5; C: 0.8; balance Xi 
Colmiini.y 0 Cr: 13.5; Fe: 4.75; B: 3; C: 0.8; 

balance Xi 
Fluginox C 35 Co: 40; W: -20; Cr: 20; Xi: 10; 

additions of other materials 
L W 5 WC: 25; Xi: 5; mbttur^ of WC 

and CrjCi 
X S 2 2 S C: <0.03; Mn: 2; Si: l ;Cr: 17 to 

20; Xi: 9 to 12; balance Fe 
NSMC C: <0.10; Mn: 2; Si: 1; Cr: 16 to 

20; Xi: 10 to 14; Mo: 2 to 3; 
Ti: 5; balance Fe 

Stellite 6 Co: 66; Cr: 26; W: 5; C: 1 
TZM Zr: 0.07; Ti: 0.5; balance Mo 
Virium 12 Fe: < 2 ; balance Co, Cr. W 
Virium 16 Cr: 26; W: 4; Si: 1.8; C: 1; balance 

Co 
Virium 24 C: 0.2; Cr: 15; W; 4; Co: 0; Fe: 

2; Do: 16; otherelemcnts: 2, 
balance Xi 

Virium 30 C: 1.5; Cr: 15; Co: 16; Mo: 8; Xi: 
20;otherelements:2;ba]ance Fe 

file:///lacrite
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ZR NCDTV 25-
15 (F 1.30) 

ZNZ 

C: 0.05; Cr: 15; Ni: 25; additions 
of Mo, V, Ti; balance Fe 

Cr: 15 to 35; Mo: 2 to 20; W: 2 to 
20; additions of Nb, Ta, Zr, Ni; 
balance Fe 

Discussion 

Mr. Horton (AEC): Are your results good enough 
now so you are not going to do any more wear-testing 
or friction-testing in sodium? Are you going to con
tinue this type of testing or are you satisfied now that 
you have good bearings? 

Mr. Beaufrere: We will continue our long-duration 
tests. We have many results for short durations like 
10 or 20 hr, and we think that is not enough. We now 
have a machine to make very long-duration tests. We 
have selected the materials and will continue long-
duration tests for wear measurement and surface de
struction. 

Mr. DeVan (Chairman): I have a question on the 
tungsten carbide cobalt-bonded materials. Have you 
been looking at the problem of attaching these mate
rials to a substrate to be able to use them as a bearing? 
How do you plan to use these things—as solid blocks 
or as attached to a substrate? 

Mr. Beaufrere: Flame-sprayed, but we have also 
used them as solid materials. We have obtained better 
results with solid materials than with flame-sprayed 
materials. 

Mr. DeVan: If you use the solid, though, you will 
have to come up with a method of attaching it to 
something. 

Mr. Beaufrere: There are problems of sealing be
cause of different coefficients of thermal expansion. 
Brazing or welding is impossible. It is a very difficult 
problem. In some applications, such as fuel-element 
mechanisms, it is possible to use them as small parts. 
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A research |irogram is being conducted by the Lux
embourg industry group LUXATOM to develop tech
niques for dismantling irradiated fast power reactor 
fuel assemblies and recover fuel pins. 

This work is iierformed under contract with Euratom 
and forms part of the studies on a short fuel-reprocess
ing cycle. The aim ot the program is to design a com
plete dismantling unit suitable for a 1000-MWe power 
reactor. In order to shorten the cooling time of the 
assemblies, the dismantling should be performed in a 
liquid sodium pool located in a special-ptiriiose cell at 
the power-plant site. 

This design calls for an appreciable number of inech-
anisins working immersed in litiuid sodium at a refer
ence teniperature of 20()°C for a prolonged time. 

A component test program will be started before 
the end of this year in order to set up specifications 
for the mechanisms and to prove their feasibility. 

Merhanisni Test Rig 

The static test rig is fitted with two test vessels, each 
having a useful capacity of 35 liters of sodium, and 
both mounted in an argon-filled glovebox. Test sections 
will be adapted to exchangeable vessel lids or to 
flanged ports of the vessel wall. Maximum tempera
ture in the test vessels will be 300°C. 

The test vessels are connected to ti eomnion sodium 
supply and purification system, consisting of a melting 
vessel, a purification vessel, and a storage vessel. So
dium movements are effected by differential pressure 
applied to the argon cover gas. The purification tank 
is used as a dump tank to which the test vessels can 
be drained by gravity. The maximum sodium load of 
the system is about 100 kg. 

Purification is done by cold-trapping in the purifica
tion vessel and by the use of filters in the connecting 
piping. Discontinuous level control by vertical ther
mocouple thimbles is provided for on each vessel. 

The program, scheduled for a duration of about two 
years, intends to test mechanism comiKinents under 
conditions similar to those prevailing in a dismantling 
.."odium pool and to define their design criteria. 

1. Extensive tests of roller and journal bearings at 
slow speeds will help to define and solve material and 
clearance problems. A recirculating ball screw device 
will IK. included. 

2. Spur and bevel gears are to be tried out under 
various conditions in order to set up speed and torque 
limits for different surface materials, and machining 
and lilting tolerances. 

3. Testing of rotating shaft seals will examine the 
[Mssibility of sodium to argon penetrations used for 
itnmersed motive com[)onents. .\ particular example of 
this application will be a membrane-gap magnetic 
coupling. 

4. A bellows-fc'aled immersed cylinder operated by 
argon for small linear motions will be tested for bellows 
endurance, ami for cylinder and piston material com
binations. 

5. Several position-sensing devices will be tried for 
feasibility and reliability, such as a bellows-sealed 
microswitch, a gas jet device, and an ultrasonic probe. 

Conclusion 

The under-sodium testing of mechanical components 
in the lower-temperature region, carried out by LUXA
TOM. is thought to be of general interest for the pro
motion of equipments working immersed in liquid 
alkali metals, despite the modesty of its scope. 
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Discussion 

.Mr. Zitek (ComEd): Are you saying that you are 
going to dismantle the fuel assemblies under sodium? 
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1 am wondering how you are planning to do this. You 
must have some portion ot the assembly out of the 
sodium or is this all going to be done remotely? 

Mr. Wagener: As I said, this is a study of a rather 
long-term goal. At the moment we are thinking about 
milling or sawing the hex can inside the sodium pool. 
I must say, temperatures considered are rather low, 
about 400°F, and we plan to make tests with milling 
cutters at this temperature inside the sodium. The 
big problem naturally in this case is sucking off the 
cuttings, etc., formed by the operation, so as not to 
contaminate the sodium pool by continued milling. The 
problem that we consider is that rather a short time 
after reactor shutdown, the power of one fuel assembly 
is about 40 kW for a big power reactor. In order to be 
sure that under all circumstances the heat is removed, 
we rely only on conduction and natural convection for 
heat removal. That is why consideration is given to 
doing the work in the liquid sodium pool. 

ilfr. Zitek: Will this reprocessing be on the power 
site? 

Mr. Wagener: The fuel assembly such as that having 
about 40-kW heat output could not be handled outside 
the sodium or even transported. But if you have indi
vidual fuel pins at the same moment, they can be 
brought out to the argon cover gas and the heat dis
sipated, by radiation and natural cooling, without get
ting too high surface temperatures. The idea is to cut 
up the fuel assembly after a rather short time to get 
to rows of pins. In several projects rows of pins are 
attached by ribs at their foot, and the object is to 
get these rows of pins out of the sodium, clean them, 
and transport them at a rather short time after reactor 
shutdown to a reprocessing facility. 

Mr. Zitek: I t will be a pyrometallurgical reprocess
ing? 

Mr. Wagener: Yes, or a fluoridization process. 
Mr. DeVan (Chairman): There are some summary 

conclusions that can be drawn out of today's session. 
I didn't want to do it earlier because I didn't know 
just how we would end up in time, but I think particu
larly in the investigations of mechanical properties in 
sodium, it is interesting to see where we are. There 
are two classes of problems to worry about insofar as 
mechanical properties are concerned, and I tend to 
think about them as nonattritive corrosion problems 
if you will, and attritive corrosion problems. By attri-
tive, I mean something is taken away from the mate
rial by sodium. Then, in the other class of nonattritive 
mechanisms, I would include the lowering of cohesive 
forces in the material, the classic stress corrosion-
cracking problem in liquid metals, the problem of so
dium invasion of the material, and carbon and/or 
nitrogen invasion of the material from sodium. These 

are the nonattritive mechanisms, and I think we are 
at a stage today where we can certainly rule out stress-
corrosion cracking as much of a factor in the systems 
that we are talking about. Sodium invasion until re
cently was laid to rest. Apparently under some cir
cumstances there is an ingress of sodium into the mate
rial—we don't understand exactly why this is. Some 
people believe that it is associated with the attack of 
carbides of the material, but it seems to be a rare 
happening rather than a routine happening, and I don't 
believe it has turned up yet in any of the mechanical 
properties. That leaves us, you might say, with carbon-
nitrogen invasion in nonattritive mechanisms as the 
area that seems to be causing us the most concern and 
where we probably still need to do a considerable 
amount of work. 

Attritive mechanisms can be categorized by thinking 
about the gross effects of wall thinning and intergranu
lar grooving. These seem to be of minimal importance 
in sodium. I suppose there are conditions where mass-
transfer rates get up above the one mil per year level, 
but normally we are talking a mil per year or less, and 
wall thinning itself has not been too important to us. 
The other aspect of this though is the selective diffusion 
problem which Ed Zebroski this morning classified as 
the metabolism change. I think that is a very good 
simile myself—sort of like myself—I feel Uke I still 
look the same but because of a lot of chemical changes 
I can't perform as effectively. And, that's about what 
happens to these steels—as a result of losing carbon, 
nitrogen, manganese, chromium, nickel. I might em
phasize that at above 1200°F or 650°C these are quite 
considerable amounts. These don't have a tremendous 
effect on the mass of the material, but they certainly 
affect its chemistry and its mechanical properties. And 
I must say that this is one area in the mechanical-
property studies that we haven't gotten to yet. We 
still aren't running tests in which we preferentially 
take away these constituents, that is, at high Af's and 
high temperatures. I think that we are about ready to 
start some of these tests, but I think we should em
phasize that we are not there yet; certainly these con
ditions are going to lead to a deterioration of properties. 
Ed Zebroski preached this point too today, and I must 
echo his sentiments. When you look at concentration 
gradients in these materials it just has to have an 
eft'ect on mechanical properties. 

The other aspects of the talks today which I thought 
were particularly interesting were that carburization 
in the stainless steel is a classic diffusion problem and 
it is a very interesting one to study. I was interested 
in Mr. Feder's remarks about arrival rate. I missed 
that argument completely, and I must say it seems 
incredible to me that arrival rate can any longer be 
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considered imjiortant in the carburization of stainless 
steels in the.se systems. Maybe I am missing .something, 
but it seems to be totally a problem of either the pre
cipitation-carbide reaction controlling, in which case 
it is mass transfer with chemical reaction, or it is not 
controlling, in which case it is just homogeneous dif
fusion. I thought that looking at it from the Darken 
model is long overdue and certainly, even though the 
data that Dr. Kolodney presented are quite prelimi
nary, they bear looking into. It seems to me it would 
be a very reasonable model. The point that Ralph 
Hiltz made was "The chromium activity is equally as 
important as the carbon activity in the materials 
insofar as the precipitation of the carbide is concerned." 
The last point on bearing materials I think we have 
known for a long time—those of us who have been 
working at still biglier temperatures with sodium— 
that the hard-on-hard bearing materials give us a 
very good systein as far as friction, self-welding, and 
what have you is concerned. The problem is with the 
use of the.se materials in massive forms—how do you 
attach them, how you keep them from cracking up? 

Mr. Zitek: I have heard a number of times now 
that we will not have to worrj' about stress-corrosion 
cracking. Do you feel that we have bad enough op
erating test time to know whether or not we will be 
faced with something which is similar to stress-cor
rosion cracking in water systems? Vou mentioned the 
question of whether the ferrite content of austenitic 
.stainless steel is going to play a part somewhere. Xow, 
I don't profess to be a specialist in sodium tecbnolog>', 
but I can readily see that these tests have not been 
run long enoiigli to sa.v really we do not have to worn.' 
about something similar to stress-corrosion cracking 
in sodium systems. 

Mr. DeVan: I can't dispute that; all I can say is 
that the nucleation time is darn long if there is one. 

Mr. Zitek: When you say long, how long? 
Mr. DeVan: Well, I guess the longest-term systems 

have been the loops at General Electric which have 
run for a total time of about 3 years. 

.Mr. Zitek: We didn't run into our problem at Dres
den for maybe four or five years. 

.Mr. DeVan: That's a good point. I also should em
phasize that there could very definitely be a caustic-
embrittlemenl problem in sodium. This is another area 
in which trouble can occur. 

.Mr. Zitek: Well, what do you do? Is there something 
you are proposing? 

.Mr. DeVan: There are studies on caustic embrittle
ment for sure; stress-corrosion cracking is an automatic 
outfeed of the creep tests that are going on. I think. 

Mr. Zitek: I am surprised to learn that they are 
seeing chloride in the sodium. Docs anyone know what 
concentration? 

.Mr. DeVan: 15 ppm was a number I have heard. I 
must :idmit I never worried about it. 

.Mr. I'fahler ILMEC): This is somewhat off the topic 
but relates to the subject. One area that hasn't been 
covered and which is verj' important to liquid metal 
systems is thermal fatigue. In at least the data that I 
am aware of there is a great lack, and I would like to 
see this covered somewhat. 

Mr. DeVan: I am also surprised that somebody 
hasn't jumped up and said yes, and what about bellows. 
I tend somehow to feel that the IH-IIOWS iiroblem we 
still have with us is not really a mechanical-pro|ierties 
problem, but is sort of circumstantial and not really 
proved. 

Mr. Greenberg ( . \XL): We agree with .lack about 
the effect of changing chemical concentration on me
chanical properties. There is essentially a two-part 
program going on at .\rgonne. One is at relatively low 
temperatures. There are hydraulically stres.<ied samples 
I they are close to the core) in EBR-II which are sub
jected to the temperature gradient of the reactor. . \ t 
higher temperatures we have a loop very close to op
eration to check out just these things for vanadium 
alloys and presumably also for stainless steel alloys. 
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I. Inlroduclion 

Mass transport and corrosion of austenitic stainless 
steels in flowing sodium systems have been the subject 
of several investigations in the Unitcfl States, the 
United Kingdom, and elsewhere. Broad correlations 
between materials behavior and experimental parame
ters have been observed, and all studies are in general 
agreement under nonliiniting conditions. Data are 
still sparse at conditions of time and temperature 
which limit acceptability for critical application. 

In order to explore the limits of performance at 
potential hot-spot conditions, extended corrosion 
studies have been conducted at 1300°F involving the 
effects of alloy compositions and of heat transfer. .\ 
more detaileil evaluation of the effects of velocity and 
downstream wtis also made. These studies were con
ducted in flowing sodium for periods up to 3(K)0 br 
with oxygen levels of less than 10 ppm. 

Four alloys were included in this study: Types 
304, 316, and 347 stainless steel, and Iiicoloy-800. 
I'iipccially significant observations were made of the 
type and extent of microstructural changes induced 
in these alloys as a consequence of sodium exposure. 
These changes should result in appreciable degrada
tion in mechanical properties at times ^3000 hr at 
I3n0°l'", In addition to corrosion rates, the pattern of 
deposition of corrosion products in the low-tempera
ture regions was determined, showing marked dif
ferences ill the behavior of each alloying element. 

II. Expcrintental Results 

The alloys iiiulcr study included Types 316. 347, 
304, and Incoloy-800. with primarj- emphasis on Type 
316. After sodiuiu exposure, the samples were removed 
from the loop (see Figure 1) into an argon atmos
phere, rinsed with alcohol and water to remove all ac
cessible sodium, and subseqtiently weighed and mi
croscopically examinetl. 

The nominal loo|>-operating conditions for the cor
rosion ex|>eriineiits included exposures up to 3000 hr, a 

* Work iicrformcd under the auspices of the V. .*. .\tuniic 
Encrp- Cnmmissioii under Contract .\T((H-3)-189. Project 
.Kurccniciit l."i. 

peak sodium temperature of 1300°F, a ininiiiiuiii of 
800°F, and an oxygen content of less than 10 ppm. 
based on a plugging temperature (T.) of 260-280°F. 

In order to analyze and interpret the results of 
these experiments, a set of average exposure parame
ters was established for each specimen. Temperatures 
in various sections of the experimental facility were 
tlirectly monitored and recorded. The recording of ex
posure time, however, did not commence until the 
systein temperatures were within a few percent of the 
design values. Therefore, it was possible to acctinm-
late appreciable exposure at temperatures slightly be
low the desired limit.s, especially during loop startup 
and periods of component difficultit.s. .\ll such expo
sure at tein)>erattires other than the design value was 
not considered in the corrosion correlation. Periodic 
cliemical analysis of the sodium for oxygen showed 
variations between 4 and 8 ppm in any given experi
ment, consistent with a plugging tem|)erature below 
280°F. .\ limit on the precision of the corrosion rates 
is attributed to the variation in average oxygen con
centration within and between experiments. 

1. Fifed of Velocity and Downstream on Corrosion 
Rate 

The corrosion rate of Type 316 stainless steel at 
1300°F is shown in Figure 2 as a function of velocity 
at several downstreamt conditions. In the velocity 
range up to about 15 fps, the dependence of corrosion 
rate on velocity is approximately linear, in accordance 
with previous results. With increasing velocity, the 
deviation from linearity becomes more pronounced. 
For comparative purposes, available United Kingdom 
( F K l data at 1200°F"' are included in Figure 2; 
they show similar trends of alloy corrosion with in
creasing velocity. 

The effect of sodium velocity on corrosion rate sug
gests that the rate-determining step in the corrosion 
process is velocity-dependent in the low-velocity 

t The term "downstream" is used to signify that the quan
tity of cornision product in the sodium has increased an incre
mental amount, over a finite distance along the loop, corres-
pondinK to the driving force for corrosion at the point. 
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range. These data support the hypothesis'^* that up 
to approximately 15 fps, the diffusion of solutes and/ 
or corrosion products across the liquid boundary 
layer is rate-determining. At higher velocities, the 

MAIM n o w M E T E f 

SAMPLE HOLDER 

ZONF. M ZONE J 

PLUGGING INOICdTOR 

COOLER ' 

F I G . 1. Sodiimi Mass Transfer Corrosion Loop. 
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F I G . 2. Corrosion Rate at 1300°F as a Function of Sodium 
Velocity at an Oxygen Level of Less than 10 ppm. The influence 
of downstream (saturation) upon ttiis correlation is also shown. 

liquid boundary layer diminishes sufficiently so that 
a surface reaction rate becomes the rate-controlling 
step and is independent of velocity. 

The corrosion and selective leaching of alloy con
stituents in flowing sodium are expected to be complex 
functions of temperature, oxygen, concentration, ve
locity, and various reaction-rate constants. Previ
ous work"- ''•i indicates that the corrosion rate of 
austenitic stainless steel strongly depends upon the 
oxygen level in sodium. I t was also observed'" that 
the corrosion rate of high-nickel alloys, such as 
Nimonic-80A (75% Ni), does not depend on the 
oxygen concentration in sodium. 

The above observations suggest that the removal 
of the chromium and iron from stainless steel involves 
a chemical reaction with oxygen at the surface. On 
the other hand, nickel probably corrodes by an atomic 
dissolution process. Since each of these processes 
(see Figure 3) involves several steps, the effect of 
velocity on the corrosion rates of various alloys and 
alloy constituents will be different, depending on the 
predominant corrosion mechanism. 

The corresponding effect of downstream on corro
sion rate at 1300°F is shown in Figure 4 at sev
eral velocity levels. The reduction in corrosion rate 
with increasing downstream can be attributed to the 
increase in the chemical activities of solute (corrosion 
products) elements in sodium as they are removed 
from the alloy steel. 

2. Effect of Composition on Corrosion Rates 

For comparative purposes, corrosion tests of Types 
304, 316, and 347 stainless steel and of Incoloy-800 
were performed. The alloys were positioned in a 
parallel flow channel arrangement so that compar
able downstream or attenuation was present. The 
tests were conducted at 1300°F with a sodium veloc
ity of 17 fps, and oxygen levels of less than 10 ppm. 
The results, shown in Figure 5, show that the corrosion 
rate for Incoloy-800 (32 Ni, 21 Cr, Fe) is consider
ably higher than for the three 300 series alloys. This 
observation is in qualitative agreement with UK'" 
and Brookhaven (BNL) ' i ' data. The initial corrosion 
rates which were measured for these alloys under 
comparable exposure conditions were: 0.99 mil/yr 
for Incoloy-800, 0.51 mil/yr for Type 347, 0.44 mil/yr 
for Type 304, and 0.29 mil/yr for Type 316. 

The higher corrosion rate of the high-nickel alloy 
is believed to be due to a faster selective dissolution 
rate for nickel. Since each of these alloys has approxi
mately the same chromium level (18-21%), the con
tribution of this element to the weight loss should be 
fixed for a given temperature, oxygen concentration, 
and velocity condition. Therefore, the corrosion rate 
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of these alloys should be directly related to nickel 
content, and the atomic dissolution rate of the nickel 
should be the rate-controlling step. This analysis 
implies a balance between the mechanisms contribut
ing to the overall corrosion. This balance is defined by 
and is characteristic of the temperature, velocity, and 
oxygen content through their influence in determin
ing the rate-controlling step in the corrosion process. 

For the conditions of this experiment, it appears 
that the di.ssolution of nickel would adjust the corro
sion rate by some increment over the base rate as
sociated with the Cr /Fe corrosion process. On the 
basis of this argument, the corrosion rate for Type 
316 should be slightly greater than that for Types 
304 and 347 because of the higher nickel content (13% 
vs. 9%). This apparent inconsistency is under further 
evaluation. 
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3. Effect of Heat Transfer on Corrosion Rate 

An electron-bombardment heater was exposed to 
sodium flowing at 15 fps for 1725 hr at average heat 
fluxes of 0.8 X 10" Btu/ft^-hr and local peak fluxes 
of 3 X 10° Btu/ft=-hr to study corrosion of heated 
stainless surfaces. The heater had a 10-in. emitting 
zone wdiich the sodium entered at 1000°F and was 
heated to 1200°F, with short periods of operation at 
1100-1300°F. The Type 316 stainless steel anode 
served as the specimen which was evaluated by 
metallography and X-ray fluorescence (XRF) of the 
exposed surface. The basis for evaluation was by 
comparison to corrosion rates of specimens which 

corroded under isothermal conditions because weight-
change measurements were not possible. 

The results of the evaluation are shown in Figure 6. 
The linear temperature gradient (Ar) of 200°r 
along the heated length produced a bulk microstruc
tural change with the formation and growth of the 
ferritic surface phase. The bulk microstructural 
change followed the temperature along the emitter 
zone, and the depth of the ferritic surface phase in
creased with increasing corrosion rate and increas
ing temperature, as would be expected. The surface 
X R F results confirm the increasing corrosion rate by 
showing increasing losses of chromium, nickel, and 
manganese with increasing temperature. 
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F I G . fl. The Effect of Heat Transfer upon the Corrosion Behavior of Type 316 Stainless Steel after 1700 Hr in Sodium with I 
than 10 ppm Oxygen. 
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The metallographic examination of an isothermal 
area of the anode immediately downstream of the 
maximum teniperature region showed essentially no 
ferritic surface phase, which was confirmed by the 
fluorescence results. 

The proper basis of comparison between heat trans
fer and isothermal effects is equal metal temperature 
and loop position Idegree of sodium saturation I. . \ t 
the iieak heat fluxes of 3 X 10" Btu/fl-'-hr, flowing 
Hodium at 1200°F corresponds to a metal tempera
ture of approximately 1275°F. The comparison of the 
anode metallography and fluorescence data at 
I273°F with those of the isothermal exposures at 
I300°F (furthest upstream position! shows equiva
lent corrosion effects. Based upon these comparisons, 
the effect of heat transfer on corrosion rate appears 
to be one of increased metal temperature. . \ t the 
same metal temperature, the corrosion rates under 
heat transfer and at isothermal conditions are 
equivalent. 

i. Effect of Velocity and Doicnstrcam on Deposition 
Rate 

In an isothermal region, the flowing sodium tends 
lo saturate with respect to solute elements (corro
sion ])roductsl. As the sotlium enters the first cooler 
(Zone ,1 in Figure 1), the .«odium temperature de
creases, and the sodium becomes slightly supersatu
rated with respect to dissolved elements. The degree 
of supersaturation depends on the temperature co
efficients of the solubility of various elements and on 
t!u' amoiiiit of solutes present. 

Tile effect of sodium \Tiocity iiii the rate of deposi
tion ill an isothermal region is shown in Figure 7. The 
rate of deposition, like the rate of corrosion, increases 
with the increase of sodium velocity. .\s the velocity is 
increased, the degree of turbulence increases, and the 
thickness of the liquid bounilaiy layer decreases. 
It is believed that turbulence enhances (1) the 
nucleation of particulate in the bulk stream. (2) the 
frequency with which these particulate can move 
through the liquid boundan,' layer and impinge on 
the substrate,'"'' and (31 nucleation of particulate 
on the substrate itself. As the sodium becomes de
pleted of solute elements with increasing downstream, 
the rate of deposition is decreased. Because deposi
tion in sodium systems is likely to influence hydrau
lic and heat-transfer characteristics, the nature, de
gree, and rate of deposition are being studied further. 

III. ^lass Transfe r 

' Major .[Hoy Constituents 

The movement of various alloying elements 
arotiiid the experimental loop was monitored by the 

X-ray fluorescence analysis of surface compositions of 
the hot- and cold-leg samples from all experimenti*. 

.\fter weighing, the samples were sectioned for 
fluorescence analysis on the exposed surface. Repre
sentative results are shown in Figures 8 and 9. The 
data show the change of the elemental compositions 
a t the surface after exposure at various positions 
and temperature distributions in the loop. For com
parative purposes, the total weight change is also 
shown. 

In all experiments, selective leaching of chromium, 
nickel, and manganese was obser\'ed; this increased 
w-ith the increase in total corrosion. Results show that 
the nature of the relative movements of alloy con
stituents in stainless steel will be sensitive to sodium 
velocity, oxygen level, and temperature. In Figures 8 
and 9, the corrosion and deposition of various ele
ments patterns for the two separate experiments art-
shown. Although the relative change in composition of 
chromium and nickel at the surface was radicallv 

(NdlAL CARTRIDGE IN ZONE N 
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FlG. 7. The Rate of Deposition Is Shown as a Function of 
Velocity at Several Downstream Positions at SOOT. 
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F I G . 9. Weight Change and X-ray Fluorescence Data from Exposed Surfaces as a Loop Position after .3000-hr Exposure to So
dium with Less than 10 ppm O2. (Run 8-2.) 

different, the selective leaching of manganese, within 
experimental error, was not affected. An increase in 
corrosion, shown in Figure 13, was due to higher 
velocity for that experiment. The increase in total 
corrosion for the high-velocity run resulted in an 

increase in nickel and chromium movement, but the 
increase of nickel movement was greater than that of 
chromium. Therefore, nickel loss due to corrosion is 
much more sensitive to velocity than chromium loss 
at equivalent oxygen contents. 
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2, Carbon Transport 

When austenitic and ferritic steels are bridged by 
Kodium, carbon is transferred from the ferritic to the 
austenitic steel. This is due to the fact that the 
activity coefficient of carbon is considerably higher 
in ferritic steels than in the austenitic steels, which 
contain higher percentages of chromium.'"' The car
bon will, therefore, be transferred to the austenitic 
stainless steel in an attempt to bring the carbon 
activities into equilibrium.'" Since the activity 
coefficient for carbon in austenitic steel increases 
with dccrea.se in temperature,"" one should expect 
from equilibrium conshlerations that the carbon 
would be transferred from the cold to the hot leg in an 
;ill-aust(*nitic steel systein. 

The direction of carbon transport, observed in these 
all-austenitic systems, is seemingly contrary to the 
equilibrium considerations mentioned iibovc. Carbon 
losses as high as 40% were measured from austenitic 
alloys at the highest temperature regions (see Figure 
10). As the sodium flow continued downstream into 
regions of lower temperature, increases in carbon 
level were measured. 

This direction of carbon transport suggests that, 
ill a sodium-cooled reactor, the Intermediate Heat 
Kxcliaiiger (IIIX) may carburize, whereas the core 
will dccarbiiiize. Carburization of the IIIX tubes can 

change the mechanical properties considerably, in 
particular the ductility. The extent of the change is 
of importance to the design and the expected life 
of this component. Thus, carbon-transport effects 
on the properties of core and IHX materials warrant 
increased study. 

IV. Compositional anil Mirroniriictiiral Chanfse« 

In general, three types of microstructural response 
have been observed in flowing sodium at ISIWF: (1) 
formation of a ferritic pha.se at the surface, (2) de
velopment of a zone adjacent to the surface in which 
the nature of the precipitation depends upon the 
composition gradients present, in particular carbon, 
and 13) severe depletion of selected elements in 
localized regions at the surface, in particular at the 
grain Ixiundaries. The type of response and the ex
tent to which it occurs are a function of corrosion 
rate and alloy composition. 

The effects of flowing sodium after 3000 hr at 
1300°F on the microstnicture of T>'pe 316 stainless 
steel are shown in Figure 11. In the initial test 
cartridge, F . \ (smallest downstream attenuation, 
highest corrosion rate). Type 316 forms a surface 
phase ~Yi mil thick and a zone of 4-mil depth in 
which the grain boundaries are not delineated by 
characteristic carbide precipitation as is the bulk 
material. Throughout this lone, large, blocky par-
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t ides of sigma phase are common, both in the matrix 
and at the former grain boundaries. A Laves phase 
(FenMo) was also identified. 

As the sodium progresses downstream, FA to FH 
in Figure 11, the surface phase diminishes and 
finally disappears, but the blocky sigma particles and 
the absence of grain-boundary carbides persist to a 
depth of about 4 mils. 

The occurrence of sigma phase in Type 316 stain
less steel has been previously observed. However, 
the fact that this precipitation occurred concurrent 
with the disappearance of grain-boundary carbides 
and the fact that the reference control specimens of 
this material (same time at temperature, but not in 
sodium) showed no sigma formation suggest that this 
microstructural modification is a direct consequence 

of the surface reaction. Of particular importance are 
nickel and carbon, both austenite formers, and, there
fore, sigma suppressors. Loss of nickel from the 
surface has been discussed previously. Bulk carbon 
analysis of Type 316 exposed to 1300°F sodium has 
showed a loss as high as 79%. Therefore, carbon loss 
was rapid at the highest temperatures of these ex
periments. A graphic illustration of this effect upon 
the microstructure of Type 316 is shown in Figure 12. 
After 1750 hr in sodium at 1300°F, a surface phase 
14 mil in depth, has been established along with a 
subsurface zone, 3 mils in depth, in which the large, 
blocky sigma particles have rcjdaced the normal 
thermally activated precipitation at the grain bound
aries. After continued exposure for 3000 hr, the surface 
phase remains at 14 mil in depth, but the subsur-
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F,G- 11. Typicil Micio5tni^tiiral ETe els in Type 310 Stainless Steel after 3000 Hr in Flowing Sodium at 1.3C0=F with less than 10 
ppm O2 . 

F I G . 12. Structural Effects in Type 31fi Stainless Steel after Exposure for 1750 and 3000 Hr in 1300°F Flowing Sodium with Less 
than 10 ppm O2. 
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face zone has expanded to well over 6 mils in depth. 
The formation and growth of this zone are attributed 
directly to mass transport of carbon, and contiiuied 
growth should significantly iiilhi(>nce the mechanical 
properties of these inaterials. 

.Additional insight into the nature of these coin-
positional disturbances was obtained with the elec
tron-beam niicro|)robe. The |U'obe data for Tyjie 
316 stainless steel after 21K)0 br in sodium at 1300°F 
(see Figure 13) show the surface phase to be ferritic 
due to the loss of chromium and nickel. Further 
perturbations in composition were noted to a depth 
of 1.5 mils, far greater than the thickness of the 
ferritic phase. Beam scanning images showed that 
the grain-boundary areas were iron-rich and de
pleted ill chroinitiin. which corresponds to the ab
sence of Cr^sCo in the boundaries. 

The response of Type 304 stainless steel to this 

ex|iostiie Isee Figure 14) is different than that of 
the Type 316. Verj' large areas of inodified compo
sition are present in the T>pe 304. which are rich 
ill iron and depleted in clironiium. nickel, and man
ganese. The composition gradients in Type 304 arc 
not steep, but extend to a depth of 4 mils. .Again, 
large, block sigma particles are apparent in the 
niicrostrticture and are associated with the loss of 
carbon. 

The most dramatic localized effect was obser\ed 
in Incoloy-800 after 2000 hr in flowing sodium at 
1300°F Isee Figure 15l. Severe depletion of chromium, 
nickel, and manganese was obsened, not only at the 
surface, but proceeding along grain Iwundaries to a 
depth of about 2 mils. Incoloy-800 also had the 
highest average corrosion rate among all test ma
terials a t 1300°F under comparable exposure con
ditions. 
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F I G . 14. Moditied Compositions of Grain Boundaries and Surface Layers for Type 30-1 Stainless Steel after 2000 Hr of Exposure to 
1300°F Flowing Sodium with Less than 10 ppm O2. 

V. Summary 

1. The relationship between velocity and corrosion 
rate is approximately linear below 15 fps. With in
creasing velocity, less than linear dependence is ob
served, with the deviation from linearity increasing 
with velocity. 

2. An interdependence was observed between the 
effects of velocity and downstream (sodium satura
tion) on corrosion rate. Decrease of local corrosion 
rates by 50-75% was obser\'ed at a single velocity 
over the range of downstream values studied. 

3. Reproducible and significant differences in cor
rosion rates were measured at 1300°F for Incoloy-
800 and Types 316, 304, and 347 stainless steel. The 
rates, measured under comparable conditions, were 
0.99 mil/yr for Incoloy-800, 0.51 mil/yr for T y p e . 
347, 0.44 mil/yr for Type 304, and 0.29 mil/yr for 
Type 316. 

4. The effect of heat transfer on corrosion rate 
appears to be adequately described as an increase in 

rate corresponding to an increase in metal surface 
temperature over the bulk sodium temperature. For 
equivalent metal surface temperatures, corrosion 
rates under heat transfer and at isothermal conditions 
are equal within the accuracy of present measure
ment techniques. 

5. An increase in velocity (therefore, flow turbu
lence) has a strong influence in promoting deposition. 
The magnitude of this effect is also dependent upon 
downstream or loop position (degree of saturation). 

6. Significant reductions in chromium, nickel, and 
manganese were observed on the surface of corrosion 
samples, the relative amounts of losses being de
pendent upon the exposure conditions. 

7. Carbon transport was observed from higher- to 
lower-temperature regions, contrary to equilibrium 
considerations. Losses as high as 79% were measured 
for Type 316 stainless steel at 1300°F. 

8. Microstructural changes were obseived in all 
alloys, and appeared to be dependent upon corrosion 
rate and alloy composition. Three general changes 
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Discussion 

Mr. Brehm ( B X ^ ' L l : You mentioned that chro

mium and nickel precipitate out in the first cooler. 

Did you ever notice a change in the deposition pattern 

of chromium and nickel as a function of time? 

Mr. Roy: No. So far we haven't data to answer 
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the question. We are doing it for one of our runs. But 
these have all been after 3000 hr. 

Mr. Brehm: You mentioned decarburization of 
Type 316 stainless steel. Did you observe any de
carburization of Type 347? 

Mr. Roy: No, we didn't. These mass-transport 
loops didn't have any Type 347 samples. 

Mr. Comprelli (GE): In our mechanical-property 
loops, we did see evidence of carbon loss in Type 
347, but on the basis of microstructure it was sig
nificantly less than that observed in Types 304 and 
316. We did see what we call the modified zone in all 
alloys, but significantly less in the stabilized ma
terials. 

Mr. Draley (ANL): I t seems to me we mustn't 
jump to conclusions about the mechanism on the 
basis that there is a zone where the mass-transport 
rate varies linearly with velocity. I'm sure that a 
clever person could think of a number of models in 
which that might be so; not only surface reaction 
control of some kind, but other things as well. One 
of the most evident ones is that there be a constant 
efficiency of deposition, so that the concentration of 
the material we are talking about, perhaps iron, is 
nearly constant throughout the loop. I t precipitates 
efficiently and quickly in the cold zone as it is 
cooled, but most of it doesn't deposit; it remains sus
pended in the liquid. As you double the velocity, 
you will expect to double the amount of material 
deposited, and therefore you will double the 
amount of unsaturation when you heat it back up. I 
only suggest that as a quick one. Let's not pretend 
that we know more than we know on the basis of a 
straight line. 

Mr. Beaufrere (EDF) : You have seen inter
granular attack in Incoloy-800 and a depletion of 
iron, nickel, and chromium? 

Mr. Roy: No, a depletion of nickel, chromium, 
and manganese. 

Mr. Beaufrere: Yes, that's right. Have you seen a 
slight penetration in these specimens? 

Mr. Roy: Yes, we've had some. We tried to detect 

some sodium with our microprobe analysis; we 
haven't seen sodium to any great extent (possibly to 
a depth of 3 or 4 microns). We are trying to look 
into that a little bit more carefully, as to whether 
sodium does penetrate into grain boundaries. Looking 
at the places that sodium goes in, I wouldn't be 
surprised if they were grain boundaries. 

Mr. Hiltz (MSA): Is the formation of an ob
servable ferrite layer on the surface a necessary 
precursor to decarburization? 

Mr. Roy: No, it isn't. The carbon transfer, like 
corrosion, decreases with the downstream position. 
The driving force for the transfer of carbon from 
stainless steel to sodium is greatest in the upstream 
position of the hot section, and then it decreases as 
sodium picks up carbon. 

Mr. Reid (Aerojet-General): Can you give us 
more on the details of the physical geometry of your 
sample? 

Mr. Roy: There is an angular flow section for 
sodium, a center section in which some ring samples 
are placed on a mandrel, and there are some samples 
flush against the main cartridge. There is some pres
sure drop in the high-velocity section. 

ilfr. Reid: Am I to understand, then, that there is 
no stress involved in the sample, no possibility of 
stress corrosion? 

Mr. Roy: That is correct. 
Mr. Kovach (B&AV): You said you thought that 

carbon transfer may be most crucial, and yet you've 
spent most of your time talking about other effects. 
Do you intend to get back to the carbon problem? 

Mr. Roy: This is one of our objectives at the 
present moment, to look at the nature of deposits 
and to develop a model for carbon transfer. 

Mr. Beaufrere: Did you analyze the effect of 
sodium in the welded zone on Types 304 or 316? 

Mr. Comprelli: Not in these experiments. We did 
not have welded and drawn materials; these are all 
seamless materials. We do not have any particular 
part of our program emphasizing examination of 
welded sections. 
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1. Inlro<luetion 

111 the operating conditions of the future fast 
breeder reactors of high performance, one of the 
most important technical problems concerns the 
mass-transfer phenomena of fuel-clad materials and 
several structural materials, including steam-genera
tor materials, which are immersed in sodium of a 
higher purity, temperature, and velocity than cor
respond to the conditions in reactors and test loops 
constructed in the past. 

The mass-transfer phenomena will be influenced 
not only by the impurity contents, temperature, and 
velocity of sodium, but also by the more detailed 
design of loops, including material distribution, 
heater and cooler arrangement, local flow distribu
tion, total flow, sodium im'entory, and so on, because 
they affect the local degree of saturation of ma
terials dissolved in sodium. 

Therefore, we have been testing mass-transfer 
Iihenomcua in a temperature gradient, using three 
special test loop stands as part of a pliase-1 program. 
Two loops are monometallic, utilizing Type 304 stain
less steel, and the other is bimetallic, constructed 
of Tj'pe 304 stainless steel and 2!4 Cr-1 Mo steel. 

This is an interim report on the monometallic 
loop tests. One loop has been operated for about 
3.IH10 hr and the other for about 1,400 hr. 

2. Î M>p Design ami Test Condit ions 

S.I Brief Description of the Test Loops 

In an attempt to simulate the conditions of the 
future fast breeder reactors, the following test con
ditions were chosen for the phase-1 test program: 

(1) loop materials: 
(2) test-spocimen ma

terials: 

(3) sodium purity: 
(4) max and min loop 

temperatures: 

AISI Type 304 stainless steel; 
2 '4 Cr-1 Mo alloy steel, 

types 304 and 316 stainless 
steel; 21^ Cr-1 Mo steels 
(Incoloy and high-nickel 
alloys). 

.'•> tolO ppm oxvgen. 
600 and 3S0°C. 

(5) sodium velocity: 1 to 10 m/scc. 
(6) .sodium flow rate: 4 or 6 liter»,'min. 
(7) coidd rap flow le.sa than 5'"c of the toal flow. 
(8) loop circulation 2 .5 to 4 .5 min. 

time: 
(9) minimum gap of about 1 mm. 

path: 
(10) test duration: about 10,000 hr. 

To simplify intermediate and final comprehensive 
analyses of the data, the general shape of loop was 
"0" and not "8 ," with a heat economizer. 

The actual test conditions arc described in detail 
in the following. 

S.i. Sodium Purity 

As the impurity level of loop sodium, the plugging 
temperature of 120°C was chosen corresponding to 
about 5 ppm oxygen. 

Our test loops were constructed as part of the 
Mother and Daughter Test Loop System,"- ^' and 
sodium purity Was controlled by the Mother Loop. 
The relation between the mass-transfer test loops 
and the Mother Loop is shown in Fig. 1. A total 
of 1.1)00 liters of loop sodium was cleaned and kept at 
a plugging temperature of 120°C by a forced-con
vection type of cold trap. 

Each mass-transfer test loop has a sodium capac
ity of about 15 liters and was constantly supplied 
with fresh sodium corresponding to a few percent of 
the test loop flow from the Mother Loop. 

With this loop system, several experiments in all 
daughter test loops were performed with the same 
sodium while other test conditions were varied. 

2.3. Loop Construction Materials and Specimens 

.\\\ parts of the Mother Loop and the mass-transfer 
test loops were made ot Type 304 stainless steel, 
except for the valve sheet and disc, which were made 
of StelUte. 

The specimen materials were Type 304 and 316 
stainless steels, whose compositions are presented in 
Table 1. 
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MOTHER LOOP DAUGHTER LOOPS 

MASS TRANSFER LOOP NO I LOOP N0.2 

DIFFUSION TYPE C 

MHIN COOLER 

COLD T R A P 

DUMP TANK 

ECONOMIZER 

EXRaNSION TANK 

F 

H I ~ H 3 

P 

P ] 

T l ~ T 7 

FLOW METER 

MAIN HEATER 

PUMP 

PLUGGING INDICATOR 

SPECIMEN HOLDER 

FiG. 1. Flow Sheet of the Mother and Daughter Test Loop 
System. 

2.^. Testing Temperature 

Maximum and minimum sodium temperature in 
both test loops were 600 and 380°C, producing a tem
perature difference (A^) of 220°C. There were 
three heaters (HI, H2, and H3) in series in the 
heating region, and three spccimen-holder-inserting 
positions: T l (500°C), T2 (550°C), and T3 
(600°C), near the outlet of each heater. 

In the cooling region there were three air-cooling 
tubes: Cl , C2, and C3, and three specimen-holder-
inserting positions: T4 (520°C), T5 (470''C), and 
T6 (400°C), near the outlet of each cooling tube. 
In the lowest temperature region near the inlet ol 
heater HI , the spccimen-holder-inserting position 
T7 (380°C) was placed (cf. Fig. 1). 

TABLE 1. TEST-SPECIMEN M.VTERI.VI.S 

Type 304 stainless steel 
Type 31G stainless steel 

Mechanical Properties 

Tensile 
Strength, 
kg/mm^ 

64. S 
59.0 

Toughness, 
kg/mm^ 

33.9 
28.4 

Elonga
tion, 

% 
54 
54 

Hard
ness, 
HHB 

84 
77 

Alloying Elements, w/o 

C 

0.06 
0.06 

Si 

0.63. 
0.61 

Mn 

1.64 
1.41 

P 

0.021 
0,033 

S 

0.014 
0.006 

Cr 

18.49 
16.75 

Ni 

9.04 
12.04 

Mo 

2,33 

Fe 

Bal 
Bal 

POSITION OF SPECIMEN HOLDER 

^ ^ 1 5 0 

; i 6CX] 1 i 1 

•if^\ i \°\ 

3 i i i X i 
j 1 1 \l4^° 

1 i l\ 
1 1 1 ' V400 

VOLUME OF SODIUM IN LOOP J 

FIG 

dium I 
, 2, The Temperature and Volume Distrihutioii of .So
il the Mass-transfer Test Lnopa. 

The distribution of loop temperatures is shown in 
Fig. 2 in relation to sodium volume. 

Z.5. Flow Rate and Velocity 

The testing flow rates of loops No. 1 and No. 2 
were 4 1/min and 6 1/min, respectively. 

The mean flow velocity of sodium on each speci
men surface was adjusted to a maximum value of 
10 m/sec by varying the cross-sectional area of flow 
in sjiecimen holders (see Fig. 3 and Table 2). 

2.6. Loop Operation 

Charging of sodium from the Mother Loop to the 
mass-transfer test loops was performed after the 

TABLE 2. CriNoiTiriNs OF SOUIIM FOR TESTS 

F I G . 3. The Specimen and Specimen Holder. 

Heating region 

Cooling rcgirai 

Specimen 
Holder 

Xo. 

T l 
T2 
T3 

T4 
T5 
T6 
T7 

Temp, 
°C 

500 
550 
600 

520 
470 
400 
380 

Velocity, 

Loop No. 1 

6.6, 1,7, 1.0 
0,6, 1,7, 1,0 
0,6. 1,7, 1,0 

1.7, 1,0 
1,7, 1,0 
1.7, 1,0 
1.7. 1,0 

m/sec 

Loop No. 2 

10, 2.5,1.6 
10,2.5,1,6 
10. 2.5,1.6 

2.5,1.6 
2.5, 1.6 
2.5,1.6 
2,5, 1,6 
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sodium plugging temperature wa.s a t 120°C. To pre
vent the inclusion of dirty sodium in the initial 
operation period, the test loops were precleaned with 
3.iO°C sodium for 24 hr. 

The removal and reinsertion of specimens from 
loops were done at room temperature after sodium 
drain. Any adhering sodium was dissolved with 
ethyl alcohol and the looji dried after washing with 
acetone. 

:<. ReKulU 

Test specimens were taken out at 386, 773, and 
1,.57.5 hr after insertion into No. 1 loop, and after 
8.W hr from No. 2 loop. Weight changes were meas
ured, and then most were returned to the loop for 
continued test. Some specimens were used for detailed 
examination. 

.1.1. Weight Change 

The mean weight changes of specimens inserted 
iiili) No. 1 loop are given in Fig. 4 as a representation 
of the overall tenijierature-gradicnt mass-transfer 
phenomena. In the heating region, we confirmed 
that the specimen weight was decreased by a dis
solution process that was veiy much stronger in the 
higher-temperature region. In the cooling region the 
Bpeciincn weight was increased by a precipitation 
process, which was most significant in the 400''C 
region |T6) but not so much in regions T4 and To. 
This indicated that a weak dis.solution remained in 
T4 (.'>20°C|. 

,1:!. .Material Change 

For the detailed analysis of the nu'chaiiisiii of the 
dissolution and precipitation processes, the micro
scopic structures were examined by X-ray micro-
jiinlic and electron diffraction. 

The resolving jiower of the X-ray microprobe was 
'.' Ill 3 /., using a electron beam of l-p diameter. 
The distribution patterns shown in this report are 
typical of those measured at several different places. 

The result* for Type 304 stainless steel speci
mens inserted at T3 I600°C, 1,575 hr) are shown in 
Fig. 5, which includes the microscopic structure and 
microprobe composition analyses of a vertical sec
tion. Table 3 presents the composition change of the 
corroded surface measured by a microprobe Inning a 
beam of -lO-p diameter. 

The results with Type 316 stainless steel speci
mens are given in Fig. 6. 

Figure 5 indicates that the chromium content of 
Type 304 stainless steel is markedly decreased within 
a distance of 5 p from the surface, but increased 
near the surface. The amounts of iron and nickel 

POSITIOM OF INSERTED SPtC«CNS 

- ««TMG HCOCM — COa j * «6r tM -

laoo^i oKKi W00.O tsKrotmroMXrei isacrci 
T. l i T, - - ' *-

0jo«sS <c 

:̂ : : -L 
*si»r 

LI 

—r-

I t 

-^—w -i-% il 

ifetx 
\OLUC OF SOOUM IN LOOP I 

Kici 1 T h e H H a i i o n Betwepi i the W e i g h t C h a n g e a n d S p e c -

iiiiPii r<>sitiiiii (Kxpnwtl T i m e : 1575 H r ) . 

. I I 4 % C 

0 
SURFACE 

30 

DISTANCE FROM SURFACE p 

Fl<;. 5. The Compoiienl-distribution Change of Kxpooed 
Tyiie 3tM St«inles,.i SIccl (ti00°C, 1575 Mr; 17 m/sec). 

increased corresponding to the decrease of the 
ehroiiiium content. 

From Table 3 it is found that the oxygen content 
of the surface (T3) was not detectable, but the 
carbon and chromium contents increased consider
ably, t However, the accuracy of carbon content 
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w V ^ ^ ^ (*vitkA,»/vv ^ • V t ^ 

^ 13 9 "* Ni 

2 3 3 % Mo 

16 75 % Cr 

0 10 20 >j 30 

SURFACE DISTANCE FROM SURFACE 

F I G . 6. The Component-distribution Change of Exposed 

Type 316 Stainless Steel (600°C; 1575 Hr; 1.7 m/sec). 

TABLE 3. CHANGE OF SURF.\CE COMPOSITION (W/O) ( T Y P E 

304 STAINLESS STEEL) 

Electron energy: 10 keV 
Absorbed electron current: 1.73 X 10"' A 
I'^ttective range: 0.3 mg/cm^ 

Nonexposed 
Heating region T3 

(600°C) 
Cooling region T6 

(400°C) 

Fe 

70.2 
42.3 

29.8 

Cr 

18.5 
41.9 

5.8 

Ni 

9.04 
8.75 

(11.0) 

0 

Min 
Min 

Large 
quan
t i ty 

C 

(0.06) 
(0.13) 

(0.03) 

value is not high.) Through the electron-diffraction 
analysis of this surface, the patterns corresponding 
to a ferritic (bcc) metal phase and presumably 
carbide Cr7C3 were observed. Magnetic inspection 
verified that the specimens (T3) were transformed 
into the ferromagnetic structure, at least partially. 

For Type 316 stainless steel inserted into the 
highest temperature region (T3, 600°C), iron, chro-" 
mium, and nickel contents were scarcely changed, 
but molybdenum was significantly increased (see 
Fig. 6). 

Specimens of Types 304 and 316 stainless steel in-
serted in the cooling region T6 (400°C) had no de
tectable change in the microscopic structure and 
composition of vertical section, as compared with 
these quantities before the sodium test. However, the 
surface exposed to sodium darkened, and a large 
amount of oxygen was detected by the X-ray micro
probe (see Table 3) . The strong lines of the electron-
diflJraction pattern of the above dark materials corre
sponded to Cr203. 

3.3. Influence of Sodium Velocity 

The relations between the sodium velocity and the 
corrosion rates of Type 304 and 316 stainless steel 
specimens inserted into the maximum temperature 
region T3 (600°C) are shown in Fig. 7. Although 
the duration of the tests was not long enough, it 
appears that the corrosion rate increases linearly 
with sodium velocity and does not depend on dif
ferences between the specimen species. 

3.4 Relationship between Corrosion Rate and Test 
Duration 

The weight losses of the Types 304 and 316 
stainless steel inserted into the maximum tempera
ture region T3 (600°C) are given in Fig. 8 in rela
tion to the test duration. The metallographic struc
ture change ot a vertical section is shown in Fig. 
9. 

The weight loss increased linearly with the time. 
The modified layer (cf. Figs. 5 and 9) near the 
corroded surface had appeared after 386 hr, and 
became about 5 /i, thick for Type 304 and about 2 /i 
thick for Type 316 after about 700 hr. Beyond this 
time the thickness of this modified layer seemed to 
stay constant. 

O SOISS."* l/min. 
• 304 SS, 6 LMin. 

A 3 I6SS.4 l/min. 
A 3 16 SS. 6 L/min. 

• 

u 
• 

o 

^ 
o 

6 

• 

2 4 6 e 10 12 

SODIUM VELOCITY m/sec. 

F I G . 7. The Effect of Velocity on the Corrosion Rate (So
dium Temp: 600°C; A r : 220°C, Sodium Flow Rate: 4 or 61/min). 
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4. DiHcuHHion 

The most significant characteristics of the compo-
lition change of a Type 304 stainless steel specimen 
in our mass-transfer test results are (1) the change 
of chromium content in heating region, and (21 
the formation of surface oxides in cooling region. 

The amount of chromium in specimens placed in 

500 1000 1500 2000 

EXPOSURE TIME ihr 1 

FIG, K, The Relation Belwccii Ihc Wcitthl Loss and I-'.xp .sure 
Time iSodiiiiii Ti'inp 6:iir(' 

the beating region was decreased within about 
5 p from the surface and increased in the thin sur
face layer 1-2 p thick Icf. Fig. ot. However, the 
width of this layer may be thinner than 1-2 /i, con
sidering the resolving power of the X-ray micro
probe. Un the surface exposed to sodium, chromium 
carbides and ferritic metals of ferromagnetic charac
ter were coexistent. 

These abnormal phenomena may l>e explainol by 
considering four processes: (al stronger selective 
dissolution of chromium in sodium than of iron and 
nickel, lb) dissolution of iron and nickel. I d re
tention of chromium carbides I possibly more inert to 
sodium than metals) near the surface, and Id) fur
ther slow decom|)osition of chromium carliiiles and or 
scaling out of them by flowing sodium. 

In the heating region, due to process lal alxjvi'. 
chromium activity in the metal matrix ought to de
crease gradually near the exposed surface. The in
crease of iron and nickel contents depends on the 
depression of chroiniuin content. \"eni' near the surface 
the dissolution of iron and nickel also occurs. 

.\ccerelated by the alxive di.ssolution processes and 
higher temperature, the precipitation and growth of 
clironiium carbides proceed in the bulk metal, and a 
rrl:itivi'ly inert carbide phase remains near the ex-

Mcudlographic .'Structure nl Type 304 Stainless Steel Exposed in Sodium. 
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posed surface. To advance corrosion beyond this 
stage, we can expect a slow (rate-determining?) de
composition process of carbide particles by sodium, 
although the decomposition process depends on the 
carbon activity of sodium. Parallel to this process 
may be a scaling-out caused by the fast-flowing 
sodium, especially by sodium of high carbon activity. 

The formation of chromium oxide (CraOg) on the 
surface might be due to its stabilization in the colder 
condition or to an air oxidation after taking the 
specimen out of the loop, owing to the active surface 
structure of deposited materials. Evidence for this is 
provided by the dark colour. 

The depression of nickel content near the surface has 
been reported previously.'^'^* However, we could not 
confirm this fact. I t may be caused by several dif
ferent test conditions, as for example, the sodium 
quality and design aspects of overall test loop. 

The thickness of the modified layer was stationary 
after 700 hr. Therefore, in further tests the corrosion 
rate may have been constant. However, it should 
also be remembered that there was a possibly more 
complicated situation due to the slow composition-

fC.l CULCHETH LOOP 
TYPE 3 I6SS 
6 5 0 °C 

<5ppmO 
1430 hr. 

(Q.)MASS TRANSFER LOOP NO.I 

TEST MATERIAL: TYPE 304SS 

TEST CONOITION 

LOOP M A T E R I A L : TYPE 304SS 

TEMP. 6 0 0 X ( m c i « . l 

LOOPAT 220°C 

OXYGEN •• 5ppm 

VELOCITY : I 7 '"/sec 

TIME : | 575 hr. 

82.7% 

20 10 ju 0 

(d.) G E LOOP 
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677*0.12ppm 0. 7 '^ec 
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lOppmO. 3 i'"/sec 
4 3 0 h r . 

2.1 % — 

I 9 % ~ 

e.9%— 

yye~\ 
Cr 

\ \ 

^ 

F I G . 10. Comparison of the Component-distribution Curves 
in the Several Mass-transfer Tests. 

modification processes in the lower-temperature re
gion. 

For Type 316 stainless steel specimens, test results 
in the cooling region were similar to those for Type 
304 stainless steel, but the results for the heating 
region were quite different as regards the microscopic 
structure and composition change. 

Because molybdenum has a smaller solubility than 
other alloying elements, molybdenum was enriched 
near the surface and presumably disturbed the process 
that modified the composition of the inner region. 
However, no clear difference of the corrosion rates ol 
Ty]5es 304 and 316 stainless steel was observed. 

The relation between the corrosion rate and so
dium velocity was approximately linear. We could 
not observe any "place" effects, such as a de
pendency of the corrosion rate on the specimen posi
tions in the same velocity region in one specimen 
holder (cf. Fig. 3) . From these facts it is clear that 
saturation of sodium by several elements cannot be 
achieved in the specimen holder T3. 

The data of Fig. 7 were found to fit better on a 
single curve (seemingly a line) if the data for the 
flow rate 4 1/min were multiplied by 6/4. If this has 
a physical basis, the total flow rate in the test sec
tion is an important quantity affecting the mass-
transfer rate. Further, the effect of flow velocity on 
the dissolution process will be related with the degree 
of metal saturation of the sodium in this channel. 
However, a velocity effect on the possible "scaling-
out" process should also be recognized, correlating 
with the carbon activity of used sodium. 

Our data are not always consistent with those of 
others."-*' Various component-distribution curves 
for a sectional surface are shown in Fig. 10, and 
they differ widely from one another. (It should be 
pointed out that in these curves the sum of the con
centrations of major components in any place should 
always be near to 100%, but it is not so in some 
figures.) Further, Culcheth'" reported that the cor
rosion rate was constant when the flow velocity was 
faster than 10 ft/sec. 

At present we do have not enough quantitative 
data based on longer tests to give further details. 
However, for each test we should compare and 
analyze on the following points to get a more ef
fective understanding of the mass-transfer phe
nomena. 

(1) Testing temperature, including general tem
perature distribution in loop: The relative positions 
with heaters and specimen holders have a strong 
incluence on the corrosion process. The effect of high 
heat flux on the metal surface should also be ana
lyzed.'" 
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(2) Flow distribution in loop: The degree of satu
ration of the several elements in sodium will depend 
on the successive flow and temperature distributions 
in loop. 

(3) Flow rate and circulation period: Both the 
sodium velocity and the total flow rate are important 
factors controlling the dissolution capacity. The 
period of one circulation in the loop and residence 
times in the heating and cooling regions are also of 
importance in estimating departures from the satura
tion concentrations of dissolved elements. As men
tioned in connection with Fig. 4, we found that the 
specimen at T4 still underwent a dissolution effect, 
suggesting the apparent importance of sodium inven
tory and loop length. It is possible that in a loop 
with a shorter circulation time the corrosion rate 
is smaller and afiparently independent of velocity. 

(4) The mode of purification: The ratio of the 
cold-trap and main flows is an important parameter 
that determines whether or not we can neglect this 
bypass flow in the consideration of the effects (1), 
121, and (3). If the ratio is smaller than '{.o, we 
will be able to neglect this effect. 

(.51 Sodium purity: Not only the content of oxy
gen ill sodium, but also of carbon, hydrogen, nitro
gen, calcium, inagnesiuin, and metallic elements dis
solved from structural inaterials tbeinselves, affect 
the corrosion rate, modifying the activities and, thi're-
fore, the solubilities of several metallic elements. 

(6) Test iluration: The establislmient of a steady-
state metallographic structure near the corroding 
surface will be delayed in the lower-tempiuature 
region. The intensity of this effect for specimens in 
the highest-teinperature region will depend on the 
loop design in general. I t seems that the steady-
state condition will be achieved more slowly in a 
loop with a shorter circulation period. 

(71 (Construction materials and operational his
tory of the test loop: If the loop is reconstructed or 
repaired, the presence of new construction inaterials 
in contact with sodium affects the local cheinical 
biilauces in the sense discussed in 13), (5), and 16). 
Thus a knowledge of the detailed design features 
and operatioiiMl bistoiy of the test loop is of im
portance. 

•». (^inclusions 

lal The results of analy.ses of mass-transfer phe
nomena associated with Tj-pe 304 and 316 stainless 
steels inserted in the two inoiionietallic mass-transfer 
test loops made of T>-pe 304 stainless steel were 
presented as an interiin rejiort. Principal test con
ditions were: a sodium temperature of 600°C maxi
muin and of 3S0 C minimum isT = 220°C); 

sodium flow rates of 4 and 6 litcrs/min; mean flow 
velocity ranging from 1 to 10 m'sec; a sodium 
purity measured by a plugging temperature of I20°C, 
corresponding to about 5 ppm oxygen: and maximum 
exposed time of specimens of 1,575 hr. 

lb) In the heating region, the significant corrosion 
process is a selective dissolution of chromium. In 
the region of highest temperature l600°Cl, a mo<iifii'<l 
structure layer was formed, about 5 p thick for T>pe 
304 and almut 2 p for Type 316 stainli^ss steel, this 
stationary condition being achievwl in alxiut 700 br. 
Near the exposeii surface, some chromium carbides 
tmotitly CVtCal and a ferritic metal pliiLse were 
found. 

(c | In the cooling region, the existence of chromium 
oxide lCr4)., I on the specimen surface was confirnuKl. 
However, a detaile<l analysis nf deposited mat<'riak 
could not be obtaineil because of the small thickness. 

Id I The corrosion weight loss at the highest tem
peratures increased almost linearly with the sodium 
velocity. Corrosion rates for tiOO'C and 10 in sec were 
0.3 mg cin'--moiith (or 4.6 p yrl for Type 304 and 
0.4 iiig/cin--moiith lor 6.2 p yri for Type 316 stain
less steel. 

(el This difference of corrosion rati-* was negligi
bly small. 

(f) The general aspects of the temperature-gradi
ent mass-transfer mechanism have been discussed in 
some detail. Further di.scussion should be based on 
the analysis of the several experimental results from 
the different ti.st loops that consider the following 
effects; » 

II) the influence of general loop-design feature, 
such as temperature and flow distribution in 
loop, sodium inveiitorj' and circulation period, 
and cold-trap flow; 

121 the effect of high heat flux; 
(3) the effect of nonmetallic .and metallic im

purities, as well as the elementis of structural 
materials, on the dis,solution process, the 
carburization process, and their solubilities; 

(4) the influence of coexistence of different ma
terials. 
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Discussion 

Mr. Comprelli (GE): For the purpose of discussion, 
I'd like to refer to Figures 13 and 14 of the pre
ceding paper by Roy et al. for Types 316 and 304 
stainless steel, respectively. For Type 316, once again 
at ISOO'F, in the positions in the loop at which the 
greatest corrosion occurs, we do not find nearly as 
much molybdenum movement as you did. We also 
find a concentration gradient of far greater depth 
than you do. Of course this may be due to the 
100°F temperature difference also. In addition to 
that, in Ty]ie 316 w'e also see the localized problem. 
The grain boundaries, as you can see, were depleted 

in chromium and the iron content of grain-boundary 
regions was higher than normal. The molybdenum 
does not seem to be affected, nor does the nickel in 
the grain-boundary areas. For Type 304 we see a 
much shallower gradient, but a far greater depth. I 
believe you were talking of something like several 
microns; we see it as something like 4 mils, or 100 p. 
Our gradient is not nearly so steep as with the other 
materials in Type 304 for the same loop position; 
however, we do see chromium leaving the material 
uniformly, as opposed to selective leaching at the 
grain boundaries, which has been mentioned for 
Incoloy 800 and Type 316 stainless steel. As you can 
see, we form massive phases at the surface of Type 
304 to depths of 4 mils. We can see that this par
ticular phase is rich in iron, depleted in chromium, 
nickel and manganese, and it follows very well the 
information shown by the microprobe traces on the 
left. The exposure was 2000 hr. 

Mr. Horton ( . \EC): You showed the corrosion 
rate increasing with time. Do you think that would 
continue? 

Mr. Furukawa: I do not know yet, but I am as
suming that after some 700 hr we will expect a 
more constant rate. 

Mr. Jansson (W): Do you understand why chro
mium diffuses to the surface to form the chromium 
carbide and the chromium-rich surface layer, rather 
than carbon diffusing in to form a chromium carbide 
at some depth? From the diffusion rates of carbon 
versus chromium we would expect the latter. 

Mr. Furukawa: I 'm not sure. I cannot measure 
the carbon content as yet. 
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1. Inlroduclion 

AB a rule, it is considered that steels offer a satisfac
tory resistance to the corrosion by liquid sodium. The 
austenitic steels, in particular, are frequently used in 
plants up to temperatures of 650°C. However, if the 
nature of the chief processes of corrosion are pretty 
well-known, the various studies that have been pub
lished don't enable us to state the value of the corrosion 
rate as a function of the main parameters that deter
mine it, in particular, its progress in t ime" '" ' . The aim 
of this short report is to help towards a contribution to 
the understanding of this kinetic aspect of corrosion 
phenomena. 

2. Experimental Technique 

The study of corrosion kinetics has been pursued in 
two nonisotbermal loops labeled Sophie and C ; . 
Figure 1 is a schematic diagram of Sophie. Besiile the 
main circuit in which sodium can be conveyed b.v an 
electromagnetic pump, this plant includes a purifying 
bypass circuit with cold trap. The test chamber has 
been devised so as to receive at the same time four 
groups of samples fastened to adequate supports or 
gathered by screwed rods (see Fig. 21 ; a lock chamber 
enables their insertion or removal separately in a argon 
atmosphere. 

Loop C2 is a similar circuit, exploited under contract 
by the Uginc Kuhlmann Company (Mr. Graff). The 
test chamber, smaller than in Sophie, includes three 
canals, each equipped with a device on which six sam
ple plates are attached (see Fig. 3) . 

The tests have been run under the conditions given in 
Table 1. 

In both cases oxygen concentration has been de
termined by amalgamation"" after taking samples 
into glass containers."' The samples, in the shape of 
small plates or test bars for mechanical tests (traction 
and impact strength), are taken out of sodium in a 
pure argon atmosphere, then carefully washed with 
ethyl alcohol and distilled water. They then undergo 
the following classical tests: 

weighing; 
micrographic examination of the surface and of the 

structure of the metal; 

hardness determinatioa; 
titration for carbon; 
impact strength and rupture change at room temper

ature. 
The results as a whole cannot be reported here. We 

shall include but a few results about the kinetic as
pects of the phenomena dealing with ferritic steels, on 
the one hand, and with austenitic steels on the other. 

3 . Kinetics of Corrosion of Ferritic Steels 

Two kinds of ferritic steels, the former with 2.25% 
chromium, the latter with 9Tc, have been studied and 
compared with an austenitic steel of the Type 304L. 
The compositions are shown in Table 2. 

The weight changes observed are shown in Fig. 4; 
every point corresponds to the average of measures 
taken on two or three samples. The variations between 
the values do not exceed 0.15 mg/cm'. The cur\es are 
parabolic on the whole, but it is also possible to con
sider that after a first period spread over 1000 or 2000 
hr, the kinetics becomes almost linear. 

Arqofi purifying Me.ting pot \ 

FIG. 1. Design of Sophie Test Loop. 

uo> 
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F I G . 2. Corrosi. ample Holder and Arrangement of Metallurgical Specimens. 

The curves for the 9%-chromium steel and that 
of austenitic steel are very similar. The steel with 
2.25% chromium undergoes weight losses that are 
definitely greater. This may be attributed to a very 
important decarburization, since the average percent
age of carbon goes from 0.098 to 0.052 after a 4600-hr 
exposure to sodium. The carbon contents of various 
samplings between the surface and the core are shown 
in Fig. 5. 

It must be mentioned that the loss of carbon explains 
most of the loss of w-eight. In Fig. 6 is indicated the. 
change of the surface of ferritic steel with 9% chro
mium ; the perturbed surface layer is removed, and the 
grains joints undergo a preferential attack. 

4. Kinetics of Corrosion of Austenitic Steels 

We have studied the kinetics of corrosion of 5 kinds 
of austenitic steel in the C2 loop at a temperature of 
700°C for 2000 hr. The compositions of these steels are 
shown in Table 3, and the weight-changes appear in 
Fig. 7. 

Three remarks can be made about these first re
sults : 

a) The results were coherent and reproducible. 
bl The stabilized steels of the 347 and 321 types 

showed greater weight losses than did nonstabilijed 
steels. 

c) During the 2000 hr, the rate of corrosion steadily 
decreased (see Fig. 8) . 



i 

I 

I 
1 cm 

1 I 

5 cm 

F I G . 3. Sample Holder in Loop C i . 
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TABLE 1. T E S T CONDITIONS FOR SOPHIE AND C 

Temperature of the sodium in the test 
chamber (°C) 

Temperature of the sodium at the coldest 
point of the main circuit (°C) 

Flowing of sodium (1/sec) 
Velocity of sodium on the sample (m/sec) 
Temperature of the cold trap (°C) 
Oxygen concentration in sodium (ppm) 

Sophie 

650 

300 

2 
2 

105-110 
12 ± 3 

2 LOOPS 

C, 

700 

300 

0.25 
2 

102-103 
10 ± 3 

TABLE 2. COMPOSITIONS OF FERRITIC AND LOW-CARBON 

AUSTENITIC STEELS STUDIED 

Designation 

AFNORruk.. . , 

2.25% Cr 

Chromesco 3 

10 CD 9 

9%Cr 

EM 12 

ZIO CD Nb V9 

Austenitic 
Type 304L 

NS22S 

Z3 CN 18-10 

C 
Si 
Mn 
Cr 
Ni 
Mo 
V 
Nb 

Composition, % 

0.10 
0.32 
0.46 
2.15 
0.02 
0.96 
0.11 

— 

0.07 
0.20 
1.16 
9.70 
0.02 
1.36 
0.87 
0.13 

0.02 
0.41 
1.73 

18.20 
9.84 

— 
— 
— 

iOOO Time (hours! 

F I G . 4. Corrosion Kinetics of Three Types of Steel in Cold-
trapped Flowing Sodium at 650°C. 

ao70 
aoso 
aa5o 
Q.QI.0 

0JD30 

0,020 

aoia 

0 1000 250Q 3100 4000 i500 time (hours) 

F I G . 5. Carbon Contents in Three Zones of a 2.25% Chro
mium Steel Specimen. 
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Initial After 1,000 h o u r s 

rk^^, 

After 3,100 hours After 4,600 hours 
F I O . G. Siirfitc'c AS|H'CI <>f 0'.~(. Chroniiiun Steel after Various Times in Flowing Sodium at 650*C. 

TABLE 3. COMPOSITIONS OF AUSTENITIC STEELS 

Di'signation 

318 

Composition, *"c 

c 
Si 
Mn 
Cr 
Ni 
Mo 
Nb 
Ti 

0.028 
0.20 
1.53 

17.8 
9.7 

_ 
j 

-

0.028 
0.43 
1.55 

16.3 
13.3 
2.68 

— 
— 

0.061 
0.58 
1.35 

16.1 
10.5 
2.20 
0.54 

— 

0.068 
0.42 
1.43 

18.2 
11.6 

— 
— 
0 40 

0.051 
0.50 
1.70 

18.3 
10.6 

— 
0.71 

— 

5. Conclusion 

Different authors interested in the corrosion by 
.'iodium agree in acknowledging that the variations of 
weight tend to be linear in time after an initial period. 
The formula worked out by Lockhart'-' leads a steady 
speed of corrosion for long periods of time. 

Our tests show that, particularly when there is a 
small percentage of oxygen in sodium, the corrosion 
rate is really steady, but only after a long lapse of time 
and definitely going beyond 2(K)0 hr. In Fig. 9 we have 
compared our experimental results to the correspond
ing values calculated from the Lockhart equation with 
two values for the percentage of o.xygen. 

We believe that experimental researches are still 
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F I G . 7. Corrosiion Kinetics of Various Anstenitic Steels in 
Cold-trapped Flowing Sodiiun at 700°C (C. Loop). 

/V/ 

F I G . 

500 1000 1500 t ime ( hours! 

8. Mean Corrosion Rate of an Anstenitic Steel vs Time. 

necessary to understand and define more accurately 
the kinetics of the phenomena of corrosion in sodium. 
We think that these kinetics are related to such factors 
as the percentage ot oxygen and the speed of the fluid. 
Meanwhile, it is probably advisable to use discretion 
in the choice of the corrosion rates to be considered for 
very long periods. 
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Discussion 

Mr. Weeks (Chairman): I'd like to use the chair
man's prerogative to suggest that with the cold-trap 
temperature as low as yours, 4 ppm oxygen seems more 
reasonable than 10-12, don't you think? 

ilfr. Champeix: Probably. 
Mr. Weeks: I also notice that you find a slightly 

higher corrosion rate for Type 321 than you do for 
Type 304 stainless steel, which is something that we 
also have been observing at Brookhaven. 

Mr. Champeix: I saw also in a paper from the 
General Electric Co. this morning that there was more 
corrosion with Type 347. 

Mr. Horton (AEC): Does your 9% chromium steel 
decarburize? 

Mr. Champeix; No, no decarburization. 
Mr. Weeks: But you also have a 214 chromium steel 

in the same loop. Is that correct? 
ilfr. Champeix: Yes. 
ilfr. Roy (GE) : Do you think that final corrosion 

rates depend on the initial corrosion rate? 
ilfr. Champeix: I am not sure that we have fins' 

corrosion rates. I t is possible to draw a very nice curce 
of parabolic form through the points. 

ilfr. Roy: Do you feel that in high-velocity sodium 
the rate will decrease taster? 

ilfr. Champeix: Perhaps, but I have no evidence. 
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Inlrnilurlion 

Polciitial fiicl-clarldiiig materials for advanced 
Liquid Metal Fast Breeder Reactors are currently 
under investigation at Brookhaven National Lab
oratory. The materials under test, at temperatures as 
high as 760°C, include refractory metal alloys, co
balt-base alloys, and stainless steels. 

High-velocity (~22 ft/secl corrosion studies arc 
being carried out in two pumped loops fabricated 
entirely of stabilized stainless steels in which speci
mens are exposed to sodium in a 24-in.-long rising-
temperature region. The specimens are periodically re
moved from each loop through an inert-atmosphere 
glovebox, cleaned by vacuum-distilling the residual 
sodium, rinsed in alcohol, and evaluated hy measuring 
their weight changes and by metallographic examina
tion. The weight-change measurements can subse
quently he converted to mils yr. 

Krniiil!! 

In one of the loops, a 1655-hr test run with about 
4 ppm oxygen in the sodium was concluded, and a 
portion (f)47 hr) of a second test run at about 12 
ppm oxygen in sodium has been completed, .\mong 
the materials evaluated in these test runs were a co-
balt-lmse alloy, Haynes 25, and Type 304 stain
less steel. The specimens were not replaced by new 
specimens at the end of the run with 4 ppm oxygen. 

The weight changes are plotted vs time at 7()0 and 
710°C for the Ilayncs 25 alloy and the Type 304 
stainless steel specimens in B îg. 1. The calculated cor
rosion rate (mils/yr) for the last incremental run at 
the two oxygen levels are also shown. The corrosion 
rate of Tj'pe 304 stainless steel shows a nearly linear 
dependence on the oxygen concentration in sodium. 
Haynes 25 does not show this dependence and, in 
fact, the corrosion rate decreases with increased oxy
gen. 

During the test, specimens of the.se alloys were 
analysed by X-ray fluorescence. The results of the 
analysis of the 750°C specimens are shown in Fig. 
2. The data are plotted as a ratio of counts of an 
element at the specimen surface to that of an un
exposed specimen. Hence, values greater than 1 in
dicate enrichment of that constituent and values less 
than 1 indicate depletion. 

During the run with 4 ppm oxygen in sodium, the 
surfaces of both alloys were depleted in nickel and 
chromium, and enriched with iron. When the oxygen 
content of the sodium was increased, the degree of 
enrichment and depiction of the constituents of Type 
304 stainless steel decreastnl. Similar results were ob
served with respect to tungsten, cobalt, and chro-
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FIG. 2. Results of X-ray Fluorescence. 

mium in the Haynes 25. However, the most striking 
change was the degree of enrichment of iron on the 
surface of Haynes 25; the ratio of counts increased 
from 1.5 at the conclusion of the low-oxygen run to 
6.8 after 647 hr at the higher oxygen level. This in
crease in iron at the surface was contrary to the 
anticipated results based upon the stainless steel 
(Types 304 and 321) observations. 

Preliminary metallographic examination of Haynes 
25 after the 12-ppm-oxygen run showed the surface of 
the specimen to be porous to a depth of approxi
mately 6 to 8 /t. There appears to be nonadherent 
particulate material on the surface, which may be dep
osition. Further identification of this material is be
ing pursued. 

Summary 

Preliminary results show the cobalt-base alloy 
Haynes 25 appears to have better corrosion re
sistance than Type 304 stainless steel to sodium con
taining 12 ppm oxygen. However, the possibility of 
iron deposition on the surface of the Haynes 25 exists, 
which would certainly complicate corrosion measure
ments. Prolonged testing at these conditions should 
reveal whether the corrosion rate or the deposition 
rate will be predominant at equilibrium. 
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Summary 

In the first part of the paper corrosion and mass-
transfer tests carried out at temperatures up to 
lOO'C in a dynamic sodium system with a thermal 
gradient are described. The material tested was 
austenitic stainless steel Type 316. The behaviour of 
this steel was studied in two tests lasting 3000 and 
2500 hr, respectively, and with an oxygen content of 
the sodium of about 10 ppm. The results of weight 
analysis and of detailed metallurgical examination, 
including mainly metallography and X-ray micro
analysis, are given. 

In the second part, wear tests under conditions of 
oscillatory relative motion (fretting wear or fretting 
corrosion I ar« described; these were carried out with 
a number of potential structural and canning ma
terials. Results show significant differences between 
a number of generally accepted steels. Fretting tests 
were also performed with potential bearing materials. 
Preliminaiy results indicate that the relatively well-
established material Stellite 6B may successfully be 
replaced by a sprayed tungsten carbide cermet. How
ever, much work remains to be done before the 
composition of the hard facing layer is optimized. 

I. (^orrniiion in Soilium 

1. Introduction 

Since austenitic stainless steel is very important as 
a structural material for fast breeder sodium systems, 
for fuel cladding as well as for core and component 
construction, the behaviour of such a material is be
ing studied in a dynamic sodium system. I t has al
ready been established that the deterioration, ex
pressible as the rate of metal loss per year, depends 
on the impurity content of the sodium, the sodium 
velocity, temperature, temperature difference, and 
time. I'•2) 

To investigate these influences within the Dutch 
Programme on Sodium Technologj-, a corrosion and 
mass-transfer facility was constructed. The results of 
the first two tests obtained in this installation will be 
presented in the first part of this paper. 

2. Sodium System 

The main characteristics of the sodium system, 
schematically given in Figure I - l , are as follows: 

The circuit has been constructed of Type 316 stain
less steel. I t contains several electric heaters (H) , 
cooling sections tC) , regenerative heat exchangers 
(H.E.I, an expansion chamber lE l , an electromag
netic pump (EMP) , and seven specimen holders ( 1 -
7) in the main circuit. Moreover, it contains a cold 
trap (CT), a plugging meter (PM), and a sodium-
sampling device (S) in bypasses. There are, of course, 
a dumptank (D) and a number of electromagnetic 
flowmeters (F) . The sodium content of the circuit is 
about 60 I. The piping of the main circuit has an 
inner diameter of 20 mm. 

3. Specimens and Specimen Handlings 

As a specimen material Type 316 stainless steel of 
the composition 

C: 0.055'; Cr; 17.0" Ni: 11 .2%; 
-Mo: 2.78%^ .Si: 0.42^0; Mn: 1.56%; 

was chosen. Each specimen holder contained flat speci
mens with a thickness of 2 mm and a width of 8 mm. 
The surface to be exposed to the sodium was polished 
mechanically. The specimens were mounted in three 
slots per specimen holder, each slot having a length of 
200 mm; in one of them a single specimen of 200 x 8 x 2 
mm was inserted, and in two of them 6 specimens with 
a total length of 200 mm were inserted (see Fig. 1-2). 
All specimens were marked for identification by saw 
cuts in the edges, positioned according to a binary 
number system (see Fig. I-3I. The specimen holders 
were connected to the system by welding them to the 
piping. . \ t the end of the test run the specimen holders 
were cut out, after the bulk of the sodium had been 
drained, and the remaining sodium was distilled off. 

Thereafter the holders were dismounted and the 
specimens collected. These were then cleaned by re
peated treatment with alcohol and distilled water, 
and finally dried before weighing. 
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No. 
No. 
No. 

5 at SSO-C 
6 at 450°C 
7 at 360°C 

i. Conditions of Test Runs 

First Test 

The specimen holders were kept at the following 
temperatures (see Fig. I - l ) : 

No. 1 at .5.50°C 
No. 2 at 600''C 
No. 3 at 650°C 
No. 4 at 600°C 

The sodium velocity was 2 m/sec, not only along the 
specimens, but throughout the system. 

The cold-traj) temperature was maintained at 
2.')0°C, and the oxygen content was chocked by de
termining the plugging temperature as well as by 
chemical analysis of sorlium samples. Probably as a 
consequence of a lack of oxide in the cold trap at 
that time, the oxygen content of the sodium did not 
correspond to a cold-trap tcm|)erature of 2.50°C and 
decreased during the test. For the greatest part of 
the test duration, the oxygen concentration was less 
than 1(10 |ipni. The duration of the test was 3000 hr. 

Scniiid Test 

The specimen holclers were kept at the following 
Iciiiperatures (see Fig. I - l ) ; 

No. 1 at 6fl0°C No. 5 at 600°C 
No. 2 at 650°C No. 6 at 500°C 
No. 3 at 700°C No. 7 at 400°C 
No. 4 at 650°C 

The sodium velocity was 6 m/sec along the speci
mens and 2 m/sec in the remainder of the system. 
For this test run the total speeinien length was in
creased to 300 mm. 

The average cold-trap temperature was 240°C, and 
the oxygen cont^'iit measured by plugging meter and 
cliemical analysis was about 15 ppm. 

Tile duration of the test was 25(X) hr. 

i). Weight :\nalysis and Corrosion Rate 

The measured weight changes have been trans
formed into changes in thickness, assuming that the 
same specific weight could be used both in case of 
metal gain and in case of metal loss. The mean cor
rosion rate is expressed in units of 10~ ' cm/yr, and 
will be called positive in case of metal loss and nega
tive ill case of metal gain. 

Since, with the first test, no significant difference 
was found between the specimens in one specimen 
holder, the mean corrosion rate for each specimen 
holder w.as calculated. The corrosion rates were 
plotted against the specimen-holder position as they 
were arranged from 1 to 7 (see Fig. I - l l . The re
sults are given in Fig. 1-4. 

In the second test, on the contrarj-. a significant 
difference in weight change was found between speci
mens in one holder, in such a way that always the 
weight change dt>crcased according to the direction 

0,15 

0.05 

0.05 

Fiii 14 Corrosion R»te of Type .110 .Slainlciw Slcl ca 
Speciiucii-h.ilder l.oration for Test I. 

R 
do'.--

I 

FIG. 1-5. Corrosion Rate of Type 316 Stainless Steel rs Spec
imen Ix»cation in Holder for Test 11. 
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of flow for the successive specimens in one slot. Other
wise stated, there was a marked downstream effect. 
This is demonstrated in Fig. 1-5, where for each 
specimen the corrosion rate was plotted against its 
position in the holder (1). 

After these corrosion rates had been measured, flow 
tests with water were made with the specimen holders. 
It turned out that the volumetric flow was constant 
along the successive specimens, so that the down
stream effect cannot be explained by a change in 
sodium velocity. With specimen holder No. 3, which 
is somewhat different from the others, only 90 to 
70% of the flow actually passed along the specimens 
because of side leakage. This must be taken into ac
count when the corrosion rate for specimen holder 
3 is considered, since the values obtained with this 

specimen holder at 700°C are lower than those ob
tained at 650°C (specimen holder 2). 

From the determinations of corrosion rate given 
above, it is obvious that at least under the conditions 
of the second test run a very marked dependency on 
position in the loop exists. 

6. Metallurgical Examinations 

Although there was only very slight deterioration 
of the specimens of the first run (0.14 X 10~' cm/ 
year at 650°C), two methods were used to investigate 
observable effects, namely, microscopy of the sodium-
exposed surface in the as-exposed condition without 
etching, and fluorescence of the exposed surface by 
means of defocusing the electron beam of an X-ray 
microanalyser, thus exciting X rays from an area of 

3000 h R 
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Si 
0 
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Ni 
Mo 
C 
Si 
0 
Fe 

R=ao5 
1 
7 

IS 
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F I G . 1-6. Microstructures of Sodium-exposed Specimens for Test I. (Mag. SOX) 
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200,000 square microns. The results of these examina
tions are given in Fig. 1-6, where the characteristic 
micrograph is given for each specimen-holder position 

Rl l% 

160 

Directnn of flow 

SSO 600 6S0 600 SSO (SO 3S0 *C 

FIG. 1-7. Distrilmtinn of I'ilcnicnts on the Snrface nf Sp 
mens of Type .116 Stainless Steel for Test I. 

in the loop and the r«u l t s of the microfluorescence 
are tabulated in arbitrarj- units. (The percentage 
given for each element shows how much its concen
tration a t the surface is higher or lower than in bulk 
material.) 

In Fig. 1-7 the microfluorescence data are given 
as a function of specimen-holder position. When the 
first position in the heated lone, i.e., at 550°C, is con
sidered, a slight attack can be obsen-ed on the 
micrograph, for the surface looks as though it had 
been etched. The attack is a selective leaching of the 
various elements. . \ t 600°C in the heated zone some
what more attack is observed, and it should be 
noticed that increased amounts of chromium, nickel, 
and silicon were leached. . \ t 650°C the strongest at
tack is observed; again these elements were strongly 
leached. 

The situation is quit* different at 600°C in the 
cooled zone from that at 600°C in the heated zone. 
.A weight gain is now produced, mainly by deposi
tion of chromium and carbon. Both attack and deposi
tion are to be seen on the micrograph. .\t 550°C in the 
cooleil zone, again attack and deposition are ob-
ser^•ed. The increased content of nickel is remarkable 
for this position. . \ t 450°C still an increase in con
tent of chromium, nickel, and carbon is found. . \ t 
3.50°C attack is no longer ob5er\ed, but chromium 
and carbon are still being deposited. This was also 
the only position at which a slight increase in silicon 
cmitent was measured. 

The deterioration of the specimens of the second 
lest run was ccAsiderably greater than that of the 

L. 

3-
eso'c 

600°C 

-C > 
700°C 

-c 

500'C 400»C 

650°C 

eoo'c 

Flo . I-S. Micrographs of Specimens from Test II- (.Mag. 215X) 
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F I G . 1-9. Specimen at 700°C (Test 11) Etched with Oxalic 
Acid. (Mag. 2S0X) 

first run being ± 4 X 10-^ cm/yr at 650°C. The 
results of the X-ray micro-analysis are not avail
able, but a number of effects are clearly visible on 
micrographs that were made of unetched cross sec
tions of several specimens. A characteristic micro
graph for each specimen holder position is given in 
Fig. 1-8. It is observed that the attacked surface of 
the specimens at 600°C in the heated zone shows 
many indentations and dark matter. This configura
tion is less pronounced at 650°C and is no longer 
visible at 700°C. 

At 650°C in the cooled zone a coarse, crystalline 
deposit is observed. This effect gradually disappears 
with lowering of temperature. I t was generally ob
served at the higher temperatures, i.e., at 700, 650, 
and 600°C, that the grain boundaries near the surface 
were marked, suggesting a beginning of intergranu
lar attack. 

On the micrograph given in Fig. 1-9, where the 
cross-sectional area of a specimen exposed at 700°C 
was etched with oxalic acid to show the chromium 
carbides, a zone near the exposed surface is seen 
where the grain boundaries do not contain chromium 
carbides. This is probably caused by a chromium 
depletion of this zone that preferentially takes place 
along grain boundaries. 

II. Fretting Corrosion in Sodium 

/ . Introduction 

In sodium-cooled fast breeder reactor systems dif--
ferent types of wear may occur. Due to the high 
coolant velocities, turbulent flow conditions prevail, 
and different parts of the reactor may come into 
oscillatorv motion. This, in turn, may cause local 

wear phenomena. Furthermore, the sodium-pump 
hearing may cause troubles, especially during starting 
and stopping. 

The present work has been associated with evalua
tion of the wear resistance of a series of stainless 
steels which qualify as either canning materials or 
structural materials for sodium components. It is 
generally acknowledged that contact between similar 
materials should be avoided if relative movement is 
to he expected. Especially in nonoxidizing or reducing 
environments, similar materials tend to form strong 
adhesive welds when brought into contact under con
ditions ot relative movement.'^' In the present case, 
however, the choice of mating components is dictated 
primarily by considerations other than wear re
sistance. 

The objectives of the present wear research are to 
evaluate the wear behaviour of a limited number of 
stainless steels and to establish whether or not sta
tistically significant differences in wear behaviour oc
cur. Also, for some selected materials, wear-time re
lationships are established. Finally, some attention is 
paid to the influence of the sodium temperature. Up 
till now, the oxide concentration of the sodium has 
been kept constant throughout the research pro
gramme, for, large deviations are not expected in 
practice. 

On the other hand, in previous work'*' indications 
were found that, at least for certain steels, the oxide 
concentration may have a pronounced influence on 
wear in liquid sodium. This means that some addi
tional experiments at higher and lower oxygen con
tents are to be performed in the near future. 

An additional series of experiments was performed 
with potential bearing materials, again under condi
tions of oscillatory relative motion. This motion 
was chosen because a suitable test rig happened to be 
available. On first thought, it might be argued that 
the choice of oscillatory movement is inadmissible 
as the movement in a shaft-journal bearing combi
nation is, of course, rotational. I t is, however, not 
claimed that the results obtained with the oscillatory 
ty|)c of equipment give quantitative information as 
to the wear resistance in practice. What is expected 
is that pronounced differences in wear resistance, 
found in the oscillatory-motion test rig, will also 
occur in practice. Test rigs for the study of wear 
under conditions of continuous rotation are now under 
construction. When these rigs are available, the work 
on bearing materials will be extended appreciably. 

In the field of bearing materials suitable for ap
plication in liquid sodium, a considerable amount of 
work has already been jierformed. Surveys of ma
terials and methods are given by Anderson*^' and 
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Krccde et al."" Anderson concludt-s that steels arc 
never quite satisfactory at tcmperaturt.s above 300°C. 
The same holds for nickel and nickel alloys as well 
as for chromium-tung.sten-cobalt alloys. In fact, the 
only materials that can safely be used in the tem
perature range from 400 to 8()0°C are tungsten car
bide cermets and titanium carbide-tungsten carbide 
cermets. If these or other equally hard materials 
arc used, the necessity for maintaining extreme 
cleanliness and geometric accuracy in a liquid-metal 
system is apparent because of the poor embeddabil-
ity and conformability of such materials. Thus, 
Anderson indicates the need for research on different 
classes of materials with low hardness and low modu
lus of elasticity. Detailed information on the in
fluence of temperatui-e on the wear of potential bear
ing inaterials in liquid metals is given by Roberts, '" 
who concludes that the wear rate of variety of 
materials steadily increases with temperature. 

•2. Test Equipment 

The test rig and sodium-supply system have been 
described in detail by de Gee et a/.'** In Fig. I I - l a 
schematic presentation of the essential components of 
the system is given. The experimental vessel lEV) 
contains the specimen assembly (S), which consists 
of four specimens: two moving upper specimens 
(cylindrical, with hemispherical tips) and two 
stationary lower specimens (which present flat sur
face to the tips of the mating upper specimens). 

The radius of curvature of the hemispherical tips 
of the upper specimens is 2.5 mm. They arc at
tached to a vertical shaft, which transmits the oscil
latory motion. This motion is made up of two com
ponents, viz., a rotational vibration, which causes a 
reciprocating sliding movement between upper and 
lower speciiiieiis, and a stiperimposed normal vibra
tion. The driving system is described in detail in 
(4). The essential elements of the sodium supply sys
tem are: a 30-1 dump tank D, connected with the 
experimental vessel through the filter F and the fill
ing valve VK . Dumping takes place by opening the 
dumping valve Vp . The overflow valve Vo forms 
part of an overflow system which controls the maxi
mum level of the sodium in the experimental vessel. 
A diffusion cold trap CT is attached to the ex
perimental vessel. The temperature of this cold trap 
is kept at 150°C. .\s it is doubtful whether this cold 
trap functions properly, care is taken that the filling 
teniperature of dump tank and filter is also 150°C. 

3. Test Conditions 

In all experiments the normal load has been 10 
N, the frequency of the rotational vibration 30.0 

Argon 

FIG. l l - I . Test Hiu for Te.Hting Wear under Conditions of 
llsrillntory Hclfttive .Motion in Lic|ind SMliiin) (srheniatir), 

sec ', and the normal frequency 23.3 sec" ' . The 
amplitudes of rotational and normal motion were 50 
pm. 

The exiierimeiilal temperatures varied from .500 to 
650°C, dependent on the type of material tested. 

4. .'Materials Tested 

Until now, experiments were performed with five 
different steels, viz., 2.25CrlMo, Type 316 stainless 
steel, and three German grades of austenitic creep-
resisting steels indicated as 4988. 4981, and 4961. 
The chemical compositions of tbe.~e materials are 
given in Table I I - l . 

.-\s potential bearing inaterials two hard-facing ma
terials were tested, viz., Stellite 6B and Tungtec 
10112. The chemical compositions of these materials 
are found in Ikble II-2. Both materials were sur
faced on stainless steel, the Stellite by oxyacetylene 
welding, and the Tungtec 10112 by flame spraying 
and subsequent fusing. The Stellite lia« also been 
studied in the as-cast condition. 

TAHI.K I I I . COMPOSITIONS (WT •";) OF 

WE.XR PlinOR.\MME 

'TKEI.^ TESTED IN 

c 
Cr 
Ni 
Mo 
Mn 
Si 
N b \ 
Taj 
V 
N 

2.2.1 Cr 
IMo 

(7380) 

0.10 
2.38 

— 
1.01 
0.49 
0.24 

-
_ 
— 

T>-pe315 
Stainless 

Steel 
(4401) 

0.06 
17.0 
11.4 
2.62 
1.28 
0.68 

-
— 
— 

4988 

0.05 
16.15 
14.30 
1.27 
1.32 
0.57 

0.55 

0 71 
0 10 

4981 

0.06 
16.30 
16.30 

1.86 
1.31 
0.49 

0.92 

— 
— 

4961 

0.04 
16.2 
13.2 
0.15 
1.10 
0.40 

0.59 

— 
— 
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TABLE 11-2. APPROXIMATE COMPOSITIONS (WT %) 

C 
Cr 
W 
WC 
Mn 
Si 
B 
Fe 
Ni 
Co 

OF STELLITE AND TUNGTEC 

Stellite, cast 

0.8-1.2 
25.0-30.0 
4.0-6.0 

1.0 
1.0 

— 
3.0 
3.0 
Bal 

Stellite, 
surfaced 

1 
30 
4 

2 

2 
1 

60 

Tungtec 10112 

0.01-0.1 
%A 

— 
60 

— 
4 

1-2 
30-35 

— 

5. Results 

5.1. Wear Mechanism of Steel in Liquid Sodium 

I t has been shown by de Gee et aJ.'*' that the wear 
ot steel in liquid sodium proceeds by a mechanism 
of strong adhesive weld formation, particles of 
one specimen being transferred to the surface of the 
opposite specimen by the formation of microwelds 
between the surfaces. That the same holds in the 
present case is shown by Figure II-2, which shows 
details of cross sections through the upper and lower 
specimens of Type 316 stainless steel after termina
tion of a 200-hr experiment in liquid sodium at a 
temperature of 600°C. 

Figure II-2a shows a magnified picture of a middle 
section of a lower specimen, and Fig. II-2b shows 
an edge of the corresponding upper specimen. I t can 
be seen that the worn surfaces are covered with a 
layer of transferred material which has a distinctly 
laminated structure. The welds between the trans
ferred layer and the surfaces of lower and upper 
specimens are perfect. The laminated structure indi
cates that the transferred layer has been built up 
during many subsequent transfer operations. Fig
ure II-2b shows how wear particles can be formed. 
Due to plastic shear in the transferred layer, trans
ferred material bulges out at the edges of the upper 
specimen and, occasionally, a free wear particle is 
formed. 

5.2. Numerical Results of Steel Experiments 

Numerical results obtained so far are presented 
in Table II-3. As the research programme is not yet 
finished, a full statistical treatment is not possible 
and only tentative conclusions can be drawn. 

The values of volume loss AF in the last column 
of Table II-3 were calculated on the basis of pro-
filometric measurements, performed on the upper 
specimens. Each individual value is the sum of two 

readings which were obtained by measuring the two 
upper specimens available per experiment. I t turns 
out that the reproducibility of the results is not un-
reasonable, taking into account the rough nature of 
the wear process. The average wear rate, calculated 
over the five 360-hr experiments performed with Type 
316 stainless steel at 600°G (exp. 5 to 9), is 1.0 X 
10^^ mm' /hr with a standard deviation of 39%. If the 
results of experiments 5 to 9 are compared with those 
of experiments 1 to 4 and 10 and 11, it is seen that 
the wear rate tends to decrease with increasing time. 
There is, however, not yet enough statistical evidence 
to support this. 

The same applies for the influence ot sodium tem
perature. Although the wear rate measured after 
termination of experiment 12 is rather high, there 
is no statistical evidence to show that the result ob
tained at 650°C differs significantly from those ob
tained at 600°C. 

The results obtained with the niobium-stabilized 
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F I G . II-2. Transferred Layer on Type 316 Stainless Steel, 
(a) Middle section of lower specimen; (b) Corresponding edge 
of upper specimen. 
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Mltenitic stainless steeb (experiments 13 to 18) 
(how that there is probably no difference in wear be
haviour between these three types of steel. This is 
expected inasmuch as the differences in chemical 
compOBition are rather small (see Table I I - l ) . The 
results of the experiments performed with material 
4988 (experiments 13-16) do not show a time de
pendency of the wear rate. 

The wear rate, averaged over the results of ex
periments 13 to 18, is 2.8 X 1 0 - ' mm'/hr , with a 
standard deviation of 28%. This value is significantly 
higher than the corresponding value for Type 316 
stainless steel at 360 hr and 600°C. 

Finally, consider the results obtained with the 
ferritic steel 2.25CrlMo (experiments 19 to 23). Of 
course, the number of experiments performed so far 
is much too small to predict the shape of the curve of 
wear rate versus time. An increase in temperature 
of 100*0 (see exp. 23), however, causes a considerable 
increase in wear rate. This means that, when meas
ured at 6(X)°C, ferritic chromium steel has much 
less wear resistance than the austenitic stainless steels 
tested. Actually, the wear rates of 2.25CrlMo and 

T.MILK 11-3. NcMEiucAL KESI'LTS OF WEAR KXPEUIMENTS 
WITH STEELS 

TABLE II-4. NUMERICAL RESULTS or WEAR KX 
WITH BE.ABING MATERIALS 

PERIMENTS 

K.\periment 

1.1 
1.2 
1.3 
1.4 
1.5 
l.li 
1.7 
1.8 
1.9 
1 10 
1 11 
1.12 

1.13 
1.15 
1.15 
1.16 

1.17 

I.IS 

1 19 
1.20 
1 21 
1.22 
1.23 

Material 

316SS (4401) 

4988 

49S1 

4061 

2.25 Cr-1 Mo 
(7380) 

Sodium 
Temp, °C 

600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
fiSO 

650 
650 
650 
650 

lioO 

650 

500 
500 
SOO 
500 
IKXI 

Exper iment 
Duration, 

hr 

30 
120 
200 
200 
360 
360 
360 
360 
360 
600 
SOO 
360 

130 
360 
590 

1,050 

360 

360 

20O 
400 
600 
800 
200 

^V/l. 10-' 
mmVhr 

2.3 
2.2 
2 0 
1.7 
0.4 
1.4 
1.2 
0.8 
1.0 
0 0 
0 7 
1 7 

2.1 
3.4 
1.6 
3.5 

3.7 

2.5 

1.8 
1.7 
1.5 
0.9 
9.8 

Exp. 

2.1 
2.2 
2 3 

2.4 

2.5 
2.6 
2.7 

2.8 
2.9 

Material 

Stellite 6B, cast 

Stellite 8B, sur
faced to T>'pe 
316 Stainless 
Steel 

Tungtec 10112 

Sodium 
Temp, °C 

600 
600 

esD 

500 

650 
650 
660 

650 
650 

Experiment 
Dtiration, 

kr 

360 
360 
360 

360 

360 
720 
858 

360 
720 

i l 7< . 10-« 
mm*/hr 

0.17 
0.25 
0.25 

0.28 

0.08 
0.58 
0.77 

0.03 
0.07 

Type 316 stainless steel measured at 600°C differ by a 
factor of about 10. 

5.3. Wear of Hard Facing Materials 

Microscopic study of the worn surfaces of Stellite 
and Tungtec specimens reveals that, again, wear pro
ceeds by a mechanism of adhesion. However, trans
fer is less pronounced and, presumably, the average 
residence time of transferred particles is much 
shorter than in the case of steels. 

The numerical results obtained with these ma
terials are given in Table II-4. .\gain, the number of 
experiments performed has been too small to allow 
statistical data ajialysis. Nevertheless, the results sug
gest that: 

There does not seem to be a difference between cast 
Stellite 6B and Stellite 63 , surfaced to Type 316 
stainless steel. Nor can a distinct temperature ef
fect be found. 

The wear rate of surfaced Stellite 6B seems to 
increase steeply with time. This is a very unde
sirable effect; it is clear that the wear rate of 
Tungtec 10112 is lower by an order of magnitude 
than that of Stellite. 

Conclusions 

The results show that significant differences in 
wear resistance between austenitic stainless steels 
316 at 600°C and stablized German grades at 650°C 
can be obsened. The wear rate of 316 at 600°C seems 
to decrease with increasing time. More data are 
needed to support this. The same effect is not ob-
sen-ed with the stabilized German grades. The wear 
rate of 2.25 Cr lMo increases sharply with tempera
ture between 500 and 600°C. The wear rate of surfaced 
Stellite 6B increases steeply with time. 

file:///gain
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Tungtec 10112, plasma sprayed and fused on Type 
316 stainless steel, has a much higher wear resistance 
than Stellite 6B. 
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Discussion 

Mr. Horton (AEC): What do you do with the 
numbers for the wear rate of austenitic stainless steel? 
How do they help your designers? 

Mr. Bogers: We do not pretend to give any design 
data on these, but we do provide a type of merit 
rating between these different metals and alloys. You 
can also get an impression of certain things: for ex
ample, does the wear increase with time, does the 
wear rate increase with time for this particular ma
terial? 

Mr. Horton: As a result of these tests would you 
not say go to those higher-strength steels in place 
of Type 316? 

Mr. Bogers: We were looking at these types of 
steel under this particular kind of motion to see 
whether, for instance, degenerated tubes might be 
subject to real damage when they were in motion 
relative to support grids and things like that. 

Mr. Beaufrere ( E D F ) : There is confusion between 
your test and ours (which I explained yesterday). 
You have made fretting-corrosion tests and observed 
wear. But it is perhaps not a good test to observe 
wear. We have made friction tests, sliding tests, and 
vibrating tests. We also have done fretting-corro
sion tests, and we have never observed, for durations 
up to 3000 hr, any fretting corrosion characterized by 
pitting. 

Mr. Bogers: We happen to have had these fretting 
installations available, so we made our first ex
periment there. We now have sliding-wear installa
tions especially for the study of the wearing material. 
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ABSTRACT 

An experimental toclini(|ue for the study of corrosion 
of stainless steel fuel cladding, with heat flux at the sur
face, in flowing scicliuni is described. The experimental 
results indicate that the sodium at the entrance to the 
heated .section is .saturated with respect to the corrosion 
products. This observation together with the well-de
fined hydrndynamic (low in the test section provides 
means for testing scmie of the iirevailing hypotheses 
about Ihe basic meeluinism of cnrrosirjii in sodium. 

Because of preferential dis.solution of chromium and 
nickel, an activation tecbniiiue wius developed to meas
ure individual corrosion rates of iriui and climmium. 
After cxpo.sure to 12I0°F, 20-ft'sec .sodium for :iS7 hr at 
a heat flux of O.S X lO' Htu/ft'-hr, the relative average 
losses of iron and chnunium over the heated zone were 
found lo b<'0.,')7 % ± 0.32% and 2.3!)'i. ± 0.45%, re
spectively. Methods for improving the accuracy of these 
results and (ditaining local nH'Usuremenls instead of 
average values for the entire heated zone are discussed. 

Surface roughness measurenu'iits show that exposure 
tosodium under heat-flux conditions for le.s.s than (iOO br 
tends to sinoidh the surface in the heated zone and 
roiighen the surface in the unheated zone. The available 
data are IKU sullicient to provide a complete explanation 
for these observations. 

Inlrnilurlion 

The corrosion liehavior of au.stonilic steels in flowing 
sodium have been studied by Young and Lockhart, 
Thorley and Tyzack.'"' Agapova, bdtukhovsky, and 
Honianeer,'" and Weeks."' " The results reveal that 
corrosion is idTected by many parameters and that at the 
present time there is no theory that will satisfactorily 
accouid f(U' the experimental observatiiuis. There is not 
.stiflicient information about the behavior of stinds under 
lieat-Hux conditions such as would be encountered by 
the fuel cladding iluring reactor oiKTUtion. Therefore, a 
program was initiateil at Atomics International to .study 
the effect of internally generated heat flux on cornxsion 
of stainles.s stwl in flowing sodium .M. that an accurate 
corr<\<ion allowance can be made for cladding tliickness. 

• Work performed under 1". S. Atomic Energy Commission 
Contract .\T-(tM-:)l-701 

When heat is fl^iwing from the surface of the metal to 
the .sodium, a local tenip<'rature dilTerential exists \>c-
tween the metal surface anti the liipiid; the solubility of 
the metal in sodium at the hidter surface is higher than 
the sidubility in the bulk of the liipiid. If it is a-ssumed 
that the surfaee-to-btilk concentration tiifference is the 
driving force for ma.ss transfer, then the ma-sstransfer 
rate under heat-flux conditions would not obey the .same 
correlation ILS obtained with isothermal s|>ecimeiis in 
AT loop experiments. There the surface-to-bulk concen
tration difference is established by the simultaneous dis
solution and deposition of material in the hot and cold 
legs of the loop, respectively. When the depo,sition rate 
in these loops is much slower than the di.ssnhitioii rate, 
the bulk siHlium at the hot-leg isothermal sjM'cimen will 
be very near saturation with resjH*ct tti the corrosion 
products. By contra.st, liooause there is a heat flux at 
the specimen surface, the local bulk .sinlium concentra
tion will always Ix* less than that at the surface by an 
amount that cannot be smaller than that corresponding 
to the surfacedo-bulk tein|K'rature gradient. 

During the course of ex[M*rimental planning it was 
found thai the simulated. interiiall>' heated cladding is 
also suitable for \ielding inf<prmatioii about the bjLsic 
niechanisin of nuus.s transfer. Iwcatisc the heated area is 
very small compartnl to the isollu.rmal loop area and, 
therefore, the bulk sodium at the inlet to the heated 
ziuie is .saturattHi with resix-et to the SIMK-ICS undergoing 
mivss transfer. This is in contriLst to the conventional 
ST liMip studies in which the bulk concentration at the 
inlet to the test section is unknown. 

The purpose's of this pajx'r are to descriljo an experi
mental procedure that includes a unique method of 
measuring corrosion rates in siMlium and to present some 
prtdiininarN' ex|>erimental results on cornxsion rates un-
iler heat-flux conditions. 

Apparatus and Method 

.\. Description af the Loop 

Figure 1 is a schematic of the test loop, constructed of 
Type 304 stainless steel. Schedule 40 pi|)e with valves of 
Type 316 stainless steel. The \imp contains 51 gal of 
sodium when filled to normal o[)erating level. The sur
face area expcxsed to .sodium is approximately 105 ft'. 
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FIG. 2. Schematic of the Test Section. 

There are five parallel legs, each with two sections. Ex
cluding the test section regions, the sodium in the loop 
is maintained at approximately constant temperature. 

Sodium purity is reduced to less than 10 ppm dis
solved oxj'gen by use of a forced-circulation cold trap 
prior to a run. The oxygen concentration is monitored 
with a plugging meter. Sodium samples are taken weekly 
during operation to check on the impurity level in the 
loop. 

B. Description of the Test Section 

Figure 2 shows a schematic ot the test section. T h e ' 
test section is a concentric annulus 9 in. long with outer 
andiimer diameters of 0.461 and 0.297 in., respectively. 
The 2-in. heated portion of the cladding is positioned at 

a distance of 5.5 in. from the entrance to the annulus; 
this corresponds to a length of 34 hydrauUc diameters. 
For turbulent flow, the velocity profile would, therefore, 
be fully estabHshed throughout the heated section. 

If the driving force for metal dissolution is the differ
ence between the concentration of the cUssolved metal 
in sodium next to the surface and of the dissolved metal 
in the bulk of the hquid, the mass flux per unit area, J, 
can be expressed by 

J = K[Cl (1) 

for a solution rate-controlled process and by 

/ = h[C; - Cb] (2) 

for the diffusion rate-controlled process, where K is a 
reaction-rate constant, h is a mass-transfer coefficient 
in the hquid phase, and Cw and Cb are the solubihty of 
the metal at the surface and the concentration of the 
dissolved metal in the bulk liquid, respectively. Because 
the surface temperature of the heated portion ot the 
cladding increases in the direction of the flow, C^ '̂iH 
also increase in that direction. The constant K is inde
pendent of flow velocity and must be determined ex
perimentally. However, for a diffusional process through 
the liquid (see Appendk), the local corrosion can be 
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expressed as 

J = GAB^ 
•'o 

£)' 
exp {-d^h (.3) (a -I- 0iy — \ a + Hif 

where 
G = constant depending upon velocity, dimen

sion of annulus, and the diffusion coefficient 
of the metal in sodium; 

X = distance from heated section; 
J = dummy variable; 

a, ff = constants describing the variation of sur
face temperature along the heated section; 

A, B = constant appearing in the equatiiui which 
relate solubility to temperature; 

p = constant deiiending on Reynolds number. 
Equation 3 was derived for the case in which the 

bulk sodium is saturated at the start of the heated 
zone and the bulk enrichment in corrosion products 
is negligible compared to the local difference between 
solubility at the surface and bulk solubility at the 
entrance to the heated .section. For corrosion rates 
of the order of 2 mils/yr this iussum])tion is valid for 
the present system over a wide range of experimental 
variables. 

Measurements of Corrosion Rates 

A test of the validity of either Fyquation 1 or Kqua-
tion 3 requires me.xsurements of the local corrosion 
rates. In the ciuse of an alloy .such as stainless steel, 
the various species di.s.solve at different rates and, 
therefore, gross weight measurements of the sample 
before aud after exposure to the sodium environment 
would not yiehl information abiuit the dis.solution 
of any of the individual species. What is needed, there
fore, is a method of nieiusurement capable of detecting 
separately the loss of iron, chromium, and nickel 
from the .sample under examination. To this end. two 
identical cladding tubes are irradiated at a flux of 
approximately lO'^ n/cm^-sec for 2 hr. .After irradiation, 
the gamma-ray spectrum of both tubes is measured 
with a counting detector. This spectrum consists of 
gamma rays from the isotopes of iron, chromium, and 
cobalt. (Because of the short half-life of nickel it is 
physically inconvenient to measure this species at 
the present time.) The samples are counted several 
times at various locations along their surface. One 
tube is then placed in the sodium loop and the other 
tube kept as a reference. The same counting procediu-e 
is repeated when the test sample is removed from the 
loop. 

The activity loss duo to corrosion is then obtained 
from the change in counts of the exposed sample after 
allowing for natural decay. The latter is established 
by the reference tube. 

FIO. 3. Vickers Diamond li:tt»°l Indelitnticui I'.sed for Sllr-
fnec Recesaion .Meiisiiremrnls. 

In addition to measuring corrosion by the activation 
method, each sa/hple is indented along its surface with 
.several indiuits a.s shown in Figure .'i. The depth of 
penetraticui of such an indent is one .seventh of its 
diagonal. The surface recession is thus calculateil from 
the change in the dimension of the diagfuial. . \ t tempts 
to check the acciu-aey of this method by eliK-trochemi-
cally removing a known amount of material failed 
because of rounding of the indent edges due to jirefcr-
ential metal dissolution at the sharp corners. 

Results 

. 1 . .Material Loss 

1. .Activation Method 

Table 1 summarizes the acti\-ity change, a.s measured 
with a sodium iodide detector, for a test tube which 
was exposed to flowing sodium for 387 hr. It can be 
seen from the table that the loss of counts due to radio-
aeti\nty decay and the total loss due to corrosion 
in the heated zone are of the order of 6 X 10 aud 9 X 
lO' counts, respectively. The error in the count rate 
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TABLE 1. RESULTS OF ACTIVITY CHANGE OF IRRADIATED T Y P E 304 STAINLESS STEEL CLADDING T U B E AFTER EXPOSURE TO SODIDM 

FOR 387 H O U R S * 

Distance from 
Entrance to Test 

Section (in.) 

2.24 
Nonheated zone 

2.60 
Nonheated zone 

6.25 
Heated zone 

6.60 
Heated zone 

6.75 
Heated zone 

Initial Count of 
Test Sample 

(millions) 

Total 

16.508'"' 
16.045<w 

16.3.39 
15.905 

16.972 
16.637 

16.429 
15.992 

17.242 
16.798 

Cr 

2.693»'> 
2.593<" 

2.605 
2.505 

2.720 
2.720 

2.709 
2.709 

2.898 
2.898 

Cliange in Activity 
of Test Sample 

(millions) 

Total 

6.240W 
6.946('') 

6.183 
5.910 

6.610 
6.238 

6.329 
6.041 

6.639 
6.360 

Cr 

1.466W 
1.498''" 

1.438 
1.466 

1.577 
1.622 

1.671 
1.690 

1.665 
1.7i2 

Average Decay of 
Reference Sample 

(count ratio) 

Total 

0.621(«> 

0.627'« 

Cr 

0.428<" 

0.422l<" 

Loss of Counts of 
Test Sample Due 
to Natural Decay 

(millions) 

Total 

6.256<«> 
5.985<''> 

6.192 
5.932 

6.432 
6.168 

6,226 
5.906 

6.535 
6.266 

Cr 

1.480(»> 
1.498('» 

1.432 
1.450 

1.563 
1.670 

1.546 
1.666 

1.655 
1.680 

Loss of Counts 
due to Corrosion 

(millions) 

Total 

-0 .016M 
-0.039<''> 

-0 .009 
-0 .022 

0.078 
0.070 

0.103 
0.076 

0.104 
0.094 

Cr 

0.014W 
O.OOD"' 

- 0 . 0 0 6 
-0 .016 

0.024 
0.052 

0.026 
0.026 

0.010 
0.032 

Average Activity 
Loss due to Corro

sion (%) 

Total 

-0 .214 

• 0.845 

Cr 

-0.185 

2.39 

* Sodium Velocity = 20 ft/sec; Heat Flux = 0.8 X 10' Btu/f t ' -hr; Inlet Bulk Sodium Temperature = 1210°F. 
Notes apply to whole column: '"' Count taken on 7-11-68. 

"•) Count taken on 7-12-68. 
'"' Count change during 7-11 to 8-15. 
(•o Count change during 7-12 to 8-16. 
'*' Count change during 7-12 to S-15. 

can be calculated"' as follows: 

©•.i[..K,wrT.)], (4) 

where 
(r, = standard deviation of the net sample count 

rate; 
)', = sample counting rsite change due to corro,sion 

only; 
r = ratio of sample to background count rates; 
T = total counting rate = counting time for back

ground plus counting time for sample 
= 15 min -|- 15 min. 

If we assume the background count to be of the order 
of 12 X 10° counts. 

9 X 10' 
12 X 10" 

9 X 10' 
15 

= 0.75 X 10"'; 

6 X 10 counts/min; 

v . / (<i X 10^)30 \} "^ 0.7, 5 X 10-2 

•(1 + V l -1-0.75 X 10-2)1 

2.69 X 1 0 ' ; 

e = - = ±5.46 X Vr°-; 
rs 

3(Ja = Se/'a 

= 3 X 5.46 X 10"' X 9 X 10' 

= 1.47 X 10* counts. 

Total count loss in the heated zone is 

9 X 10' ± 1.47 X 10' counts (3.r), 

and similarly, the total count gain in the unheated 
zone is 

2.5 X 10' ± 1.46 X 10' counts (Su). 

With the exception of one location, the data indicate 
a slight activity gain (both total and chronaium) in 
the unheated upstream section of the cladding. The 
magnitude of the activity loss in the heated zone is 
more than four times as large as the magnitude of 
activity gained in the unheated zone. As indicated 
above, the total count gained is larger than the count
ing error and on that basis cannot be disregarded; 
however, more data are needed before this gain in 
activity ean be regarded as real and not a result of 
other system errors. 

Each measurement in the heated zone was found 



Steel Corrosion in Flowing .Sodium 

tl, lie iidluenced by the total activity of the heated 
acction, due to insullicient eollimation. Thas, one must 
regard Ibe.sc readings tut represtuiting average loss 
rather than local differences. The meiwurements of 
heated and unheated regions were not influenced by 
each other, because the section between them WILS 
not irradiated and added shielding wa.s used. 

Meanurements of iron and cobalt with a solid stale 
detector showed that the ratio of iron to cobalt before 
and after exposure to sodium remained the same. 
From the known amounts of iron, chromium, and 
cobalt in stainless steel (Fe: 707,., Cr: 18.9%, Co: 
1%) and from the total and chromium activity loss, 
the loss in iron wius found to be: 0.75% ± 0.32%. 
ll is of interest to note that the relative lo.ss in iron 
is small compared to the relative loss in chromium 
(2..'i9% ± 0.45%). 

2. Inilentation Methml 

The surface recession of the .same irradiated chulding 
lube as meiusured b\- the indentation methoil is shown 
ill Fig. 4. The extremes of each (latum point represent 
two .s(.parate mejusurements of two different iM-rsons. 
The average diagonal of the indents before and after 
Ihc lest ranged from ."i(i to (K) p and from 44 to .'lO p. 
respectively. With the microscope .scale calibrated 
to 0.5 p. and the depth of the indent being 17 of the 
diagonal, Ihe reading error is ±0.071 p. The relatively 
large difference between the two independent ob.serva-
tions is atlrlbuted to the ditliculty in locating the ex
tremes of the diagonal. This uncertainty can be re-
dticed b.\' iiicreiusing the miniber of indents along the 
specimen surface. 

The data on Figure 4 indicate Ibat no surface re
cession occurs in the unheated region upstream of the 
heated area and that surface recession extends beyond 
the heated area in the downstream tlirection. \'isual 
observations of the surface are consistent with the 
latter findings. Becau.se of the uncertainty in the ab
solute mea-surements, the method is useful only as 
a qualitative indication of corrosion rates at various 
locations lui the specimen. 

Surface Chararlerisl ies 

III a visual inspection of the test sample after ex
posure to sodium, a shiny appearance wa^ idiserved 
from the start of the heated secticui extending through
out Ihe ItMigtb of the sample in the downstream direc
tion. The upstream unheated portion of the sample 
exhibiti-d a rather dull surface api>earanee. Figure 5 
shows stereo-pair replictis of the (a) as-received sur
face, (h) heated surface, and (cl upstream-unheatod 
surface after exposure to flowing sodium for .i.'vO hr. 

: : : - v : : : : - ^ 

SODIUM VELOCITY 
HEAT FLUX 
INLET SODIUM 
TEMPERATURE 

= 20 It 's« 
= O.a. 10'Bli.1l '-»r 
- 1?10°F 

4 5 6 7 8 9 

DISTANCE FROM ENTRANCE TO TEST SECTION (In.) 

F(G. 4. Surface Rppessinn &» MpAAiired l>y Intlpiits. 

To distiii(ruish (jujintitativt'ly Ix'twcon the three sur
faces of J'iRiire "), profile meaj^iiremeiits fntni the elcc-
tron-niier<iKrap}» .-^tereoKranis were niude. A Zei.-w Stere-
olope plotter WJLS used for that purpose. Briefly, the 
pHK'edun* employed was as f<tllows: 

After proper •>rieiitation of the plioto pair on the 
instrument base carriage, parallactic values were read 
at cl<tsely spaced l2-mml intervals along selected 
imaftc profile lines. These parallactic values were 
then related to the surface-height dilTorences by taking 
into account the angle of tilt b*'twecn the two ex|x>sures 
of the stereogram and the image magnifications. 

The height difTerences thus obtained along the three 
surfaces of Tigure ."» are plotted in figure 0. The arith
metic-average surface roughness of the as-receivefi, 
heated, and unheatetl surfaces WJIS found t<t be 0.21, 
0.12, and 0.2'> *i, respectively. This indicates un increase 
in roughness of the unheat^ni zone artd decrease in 
roughness of the heated zone. It is interesting to note 
that in I'igure •"> the grain boundaries are lower with 
respect to the grain surfaces, indicating a preferential 
attack of a higher rat^ at the grain b<mndaries. 

A heated sample held at 1250"F in vacuum (10~' 
mm) showed no surface change after 200 hr, indicating 
that the observed phenomenon Is not due to tempera
ture alone. 
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F I G . 5. Stereo-pair Surface Replicas, (a) As-received sur
face, 320 grit paper finish; (b) Heated-zone surface; (c) Up
stream heated-zone surface. 

Time of exposure = 589 hr 
Cladding surface 

heat flux = 10« Btu/ t t ' -hr 
Sodinm velocity = 20 ft/sec 
Loop temperature = 1210°F 

Formation of Ferritic Layer 

Electron-microprobe examinations revealed that in 
the heated region a thin layer near the surface ot the 
alloy was relatively rich in iron, but depleted of chro
mium, nickel, and manganese. The thickness of this 
layer, referred to as the ferritic layer, changed along 
the surface of the cladding tube. Figure 7 shows that 
the thickness of the ferritic layer increased from zero 
upstream of the heated section to a maximum of 0.4 
mil at the downstream end of the heated section. From 
there on, the ferritic layer still existed, but its thickness 
decreased. 

Discussion 

The success of the present experimental method 
used to yield information about the mechanism of 

mass transfer in sodium relies heavily upon the as
sumption that the sodium at the start of the heated 
zone is saturated with respect to chromium, nickel, 
and iron. The experimental observations that no ma
terial was lost in the upstream unheated section of 
the sample, as indicated by the indentation and activa
tion measurements and the absence of ferritic-layer 
formation, substantiates this assumption. The surface 
appearance of the unheated zone indicates that some 
sort of material deposition takes place there. More 
data of activated specimens are needed before it can 
be .ascertained that the small gain in activity in the 
heated zone is due to deposits of corrosion products 
originating in the heated zone. 

The observations of material loss extending beyond 
the heated zone in the downstream zone would seem 
to indicate that the bulk sodium along the heated re
gion is not saturated with corrosion products. To ascer
tain this point, however, it would be required to show 
experimentally that there is no temperature gradient 
between the surface and the bulk sodium downstream 
from the heated zone. 

Since data from 400°F AT loops show corrosion 
rates of the same magnitude as those observed in the 
present experiment, it would .seem to indicate that 
the driving force for mass transfer in these loops corre
sponds to a AT closer to 25°F (difference between 
the average surface temperature in the heated zone 
and inlet bulk sodium temperature) than to 400°F. 

Because the degree of undersaturation in the sodium 
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F I G . 6. Surface Roughness as Measured from Stereo-pair 
Replicas; (a) As-received Surface, (b) Heated-zone Surface, 
and (c) Unheated-zone surface. 
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FIG. 7. Thickness of Ferritic Layer along Cladding As Measured from X500 Photographs of Etched Cross Sections. 

stream could be expected to depend upon the residence 
time of the sodium in the heat exchangers and on the 
size of the beat exchangers, one would expect variations 
in the corrosion rates at various loops as, indeed, is 
observed. 

The present experiments promise to provide the 
means for determining the mass-transfer coefficient 
(h or k) and thereby to allow apphcation of the appro
priate sealing laws when experimental data from loop 
studies are applied to reactor systems. 

Lack of sufficient experimental data on the elTects 
of system parameters such aw sodium velocity, impurity 
level, and temperattire prevents a comprehensive com
parison of the results with theoretical predictions. It 
is of interest to note, however, that use of solubility 
data for iron in sodium in the ppm range together 
with Kquation 3 yields corrosion rates which are higher 
hy more than two orders of magiutude than those 
presently observed. 

Snmmary and Conclugions 

1. .\n experimental test for studying mass transfer 
under heat-flux conditions has been described. The 
test results are amenable to theoretical analysis be
cause, before reaching the heated zone of the specimen, 
the sodium is saturated with respect to the corrosion 
products and because the hydrodynamic flow in the 
test section is well understood. 

2. A radioactive method is suitable to pro\-ide meas
urements of preferential dissolution rates of chromium 
and iron for short jieriods of exposure to sodium. 

The accuracy of the present results can be improved 
by (a) using a sohd-stato detector for the initial count 
to distinguish between the peaks of iron and cobalt, 
and (b) to .section the exposed specimen before count
ing so as to mininaize the interference from neighboring 
areas. 

3. The average surface recession as measured by 
the indentation method 11.10 mils/yr) was found to |je 
in fair agreemei* with the calculated value from iron 
loss as mea.sured by the activation method (0.04 mil/ 

yr) . 
4. The total loss of chromium and iron corresponds 

to a linear recession rate of 2.01 mils yr, indicating 
that weight measurements when directly interpreted 
in terms of surface recession can introduce sizable 
errors. 

5. Surface roughness measurements show that the 
roughness of the heated zone decreases while that of 
the unheated zone increases in comparison with the 
as-received surface. The available data are not sufficient 
to explain the reason for surface changes in the un
heated zone. 

6. More data are needed to >-ield information about 
the mass-transfer coefficient before the result can be 
applied to calculate corrosion rates of chulding in the 
actual reactor system. 

Appendix 

For a diffusion-controlled process, the mass transfer 
of dissolving species from the surface to the bulk so
dium ean be obtained by sol\-ing the convective-diffu-
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sion equation subject to the appropriate boundary 
conditions. For the geometry similar to that of the 
present system, the diffusion equations for turbulent 
flow were solved*" and the solution was presented in 
gr.aphic.al form. 

F^xperimental correlation for the heat-transfer co
efficient for a fully developed turbulent flow in a 
heated section of an annulus was presented by Farman 
and Beckman.'" By use of their correlation and taking 
into account the variation in solubility along the clad
ding because of an axial temperature gradient, the 
local mass transfer can be expressed by 

where 

(5) 

(5a) 

h(.Y, {)"= 0.051 i ^ (fle)'"»(Sc)'" 
deq 

= G(A-,f)-r. 

The solubility at the wall can be expressed in terms 
of the local temperature: 

Cl = Ae^ (6) 

If the variation of the surface temperature along the 
heated section may be taken to be linear. Equation 6 
becomes 

C'w = Ae" (7) 

For mass-balance consideration the bulk concentra
tions Cb is given by 

r - r" J- Ji-irdi)X . , 
t-b = Cb.e + T=: ( 8 ) 

when the second term on the right of Equation 8 is 
very small compared with Cl - Cl,., The above equa
tions reduce to 

= G A B 0 / iX - i)-' 
{a + KY- """"^ \ '' + K) 

d|. (9) 

Nomenclature 
A, B = constants defined in Equation 6 

C = concentration of a given specie in sodium 
D = diffusion coeflicient of a species in sodium 
d, = outside diameter of clad tube 
dj = inside diameter of .annulus 

rfeq = equivalent diameter 
G = constant defined in Equation 5a 

h = mass-transfer coeflicient 
/ = metal dissolution rate of a given species 
p = constant defined in Kquation 5a 
Q = sodium flow rate in annulus 

Re = Reynolds number 
Sc = Schmidt number 
T = temperature 
X — coordinate ahing heated surface 

Subscripts and Superscripts 
w = designating conditions at surface of cladding 
b = designating conditions in bulk of sodium 
o = designating saturation value 
e = designating condition at the entrance to heated 

zone 

Acknowledgment 

The author wishes to express his appreciation to 
Messrs. C. Nelson, R. Koontz, and L. Baurmash of 
Atomics International for assistance with the activa
tion analysis. He is also indebted to Mr. W. H. Cook, 
Autonetics Division, for performing the surface rough
ness measurements. 

REFERENCES 
1. R. S. Young and 11. W. Lockhard, General Electric Sodium 

Mass Transfer Program, Conf. 050020 (1965). 
2. A. W. Thorley and C. Tyzack, The Corrosion of Iron and 

Nickel-Based Alloys in High-Temperature Sodium, TOR 
1356(C) (Nov 1966). 

3. N. P . Agapova, A. G. loltukhovsky, and V. V. Romanneer, 
Behavior of Stainless Steel in Sodium in the 600-900X Tern, 
perature Region, paper SM-85/51 presented at the IAEA 
Symposium on Alkali Metal Coolants in Vienna, Austria, 
November 28-December 2, 1966. 

4. J. R. Week.s, "Sodium Corrosion Mechanism Program," in 
Annual Progress Report of Work Sponsored by the Fuels and 
Materials Branch, BNL-50092 (T-482) (January 1-Decem-
be r31 , 1967). 

5. J. R. Weeks, C. J. Klamut, and D. H. (Inrinsky, Corrosion ol 
the Aklali-Metals. BXL-10800 (1966). 

6. H. Schlichting, Boundary Layer Theory, McGraw-Hill Book 
Company, Inc., New York (1960). 

7. M. A. Greenfield and R. L. Koontz, .1 UniversalFunclionfor 
Computing Counting Performance. International Journal 
of Applied Radiation and Isotopes, 8, 205-210 (1960). 

8. W. M. Kays and E. Y. Leung, Heal Transfer in Annular Pas-
sage-Hydrodynamically Developed Turbulent Flow with 
.irbitrary Prescribed Heat Flux, International Journal 
Heat and Mass Transfer, 6, 537-559 (1963). 

9. R. F. Farman and R. B. Beckman, Entrance Region Heat 
Transfer in an Annulus, Chemical Engineering Progress 
Symposium Series 63, 57-65 (1967). 

Discussion 

As the result of defective tape, it was not possible 
to transcribe the discussion that followed the presenta
tion of this paper. 
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Ihc Eflecl of Oxygen in Sidium on the Ciunpatihilily ot So<liiim >*illi Niohiiii 
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Oak Ridge Natumat Laboratory 
Oak Ridge, Tennestee 

ABSTRACT 

I'rcvious studies of the comiJiitihility U'twceii 
rcfnictory mctiilH {muinly niohiuni mui tantalum) and 
the alkali metals .sodium and pota.s.sium have .sliown 
that the (!issoluti(Hi <if the refractory metal in the alkali 
metal depends upon the concentration of oxygen in the 
alkali metal. It lias also been observed that the exjwri-
mentally determined e<|uilihrium distributiiin ciK-ffi-
cicnt for oxygen at a given temperature (i.e., the ratio 
of the oxygen concentration in the refractory melal to 
that in the alkali metal at e(|uilibrium) is generally 
much smaller than the theoretically calculated value. 
These observations have generally- Ix-en explained by 
poHtulatirig the formation of a ternary oxide containing 
refractory metal, alkali metal, and oxygen atoms. 

As an alternative to the ternary-oxide hypothesis, it 
is proposed that al ec|uilil)rium a lifpiid ternary solution 
exists and that the oxygen afTeets the .solubility of the 
refractory metal by ticcreasirig the ju'tivity c<K'Micient of 
the refractory metal in the licpiid. The pluiM* rule has 
been used to check this hypothesis in the niobium oxy
gen-sodium system al 0(K)°('. The interaction U'lweeu 
niobium and oxygen in scKlium has been characterized 
using the interaction parameters developed by Wagner, 
and these results were used to show how the di.screp-
ancy in dislribulion (Mcfticient can be resolved. 

Introiluction 

In recent years .several investigators have examined 
the compatibility between the ivfractory metals 
(niobium, tantalum, and molybdenum) and the liipiid 
alkali metals. Although tiie refractory metals are 
extremely resi.stani to attack by the alkali metals in the 
ahscnce of impurities, this compatibility may be 
cnnipromised if oxygen is present in either the refrac
tory metar" or the alkali metal.'^' 

It is generally found that increjising the oxygen 
concentration of the alkali metal incre:i.ses the "ap
parent" solubility of the refractory metal in the alkali 
metal. Vor example, at (i(X)''(" the .solubility of niobium 
in pure pota.ssium is negligible, wherea.-^ it increiises 
several hundredfold when the oxygen concentration of 
the pota.-v-̂ ium is increased to UK) ppm.' ' '̂ Others have 
reported increa.-^ed dis.solution of refractory metals due 
to oxygen impurities in potjissium.' ' sodium,' and 

'Work jxTfornicd uiulcr llu* .Huspices of the V. S. Atomic 
E'lPrgj* Conunission. 

cesium." Most explanations have iLs.Mimod the fornw-
tion of a ternary oxide containing alkali melal and 
refractory metal." * * * The addition of more oxygen 
t<i the liquid wcaild then result in the formation (tf more 
(̂ )xide. To date, however, the existence of such oxides 
has not been demonstrated at oxygen concentrations 
or temperature conditions of interest to react<»r apph-
cations. 

This pajwr examines the cfTect of oxygen in .sodium 
on the solubility of niobium in so<lium and the redis
tribution f»f oxygen In'tween niobium and .S4>dium. 

Experimental 

The ex|)erimental system used, shown in I'ig. I, 
consisted of a niobium sjxxrimen in contact with sodium 
in a container of the .'̂ ame com[H>sition as the s[>ecim<-n. 
The sodium was hot-gettered with zirconium foil 
before test, and the oxygen content WJLS then adjiu^ted 
by weighed additions of Na;0. The capsides were 
fillcil and wehled in a 1-atm pressure of argon and were 
.ŝ -aled in an outer stainless .*»ttH'l container for pn)teclion 
during test (stv Kig. I ) . 

After eximsure of the siHTimeii for .VX) hr at flOO**C, 
the capsule wa.-* inverttnl and quenchcHi in liquid nitn>-
gen. The oxygen concentration of the refractory metiil 
siM-cimens and «ipsulcs was delermine<| by vacuum-
fusion analysis, and Ihe concentration of oxygen in the 
.sodium was calculated by a ma.-vs balance. The sodium 
was dissolvtnl in is<»pn>pyl alcohol, itrecipitated as the 
chloride, and then analyzed for niobium by spectro
graphic analysis with an accuracy of ±10*^^. 

Results 

Niobium solubility determine*! at (iOOT is plotted in 
l'"ig. 2 as a function of the oxygen concentration in the 
sodium at the end of each test. Kxtra|>olation to 1 ppm 
oxygen in sodium gives a niobium solubility of about 
10 ppm. Xo c<tmparalive data are available for the 
.•solubility of niobium in pure scxiium. 

Table 1 shows the change of oxygen concentration of 
niobium when <)xygen wa.-̂  added to the .'̂ fxlium. The 
surfaces of the nifibium sixrimens had an etched ap-
jx'arance, and only the specimen exix>sed to sodium 
with 2000 ppm oxygen showed any indication of a 
surface scale. This film w;u* quite superficial, however, 
for when it w:u-* removetl, no differences in the oxygen 
concentration of the niobium specimen could be de-
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0.065-m. WALL TYPE 304 STAINLESS 
STEEL PROTECTIVE CONTAINER 

0.049-in. WALL NIOBIUM CAPSULE 

0.004-in. TANTALUM FOIL LINER 

ARGON 

NI08IUM SPECIMEN 10.55 X 1.0 x 0.04 in.l 

F I G . 1. Niobium-Oxygen-Sodium Test System. 
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F I G . 2. The Effect of Oxygen on the Solubility of Niobium 
in Sodium at 600°C. 

tected within experimental limits, and attempts to 
identify the film by X-ray diffraction techniques were 
unsuccessful. In view of the phase-rule analysis dis
cussed below it was concluded that the scale formed 
during quenching. 

Throughout this paper, the systems under discus
sion will be assumed to have reached equilibrium after 
500 hr at BOCC. Considering the high mobility of 
atoms in the liqtiid phase, the slowest process in the 
approach to equihbrium should be the diffusion of. 
oxygen in the niobium. Diffusion calculations indicate 
that after 500 hr the concentration ot oxygen at the 
center of the niobium specimen should be within about 

2% of its final value. In support of this, we could de
tect no microhardness gradients in the niobium after 
test. 

Discussion 

Phase-rule Analysis 

As was previously done for the niobium-oxygen-po
tassium system,"' we have tested the present results 
against the hypothesis that only two condensed phases 
are in equilibrium at the test temperature (i.e., the 
refractory metal that contains dissolved oxygen and the 
liquid alkali metal that contains dissolved oxygen aud 
refractory metal). Exact atomic (or molecular) states 
of the species were ignored, and the problem was treated 
phenomenologically in terms of the activities of the 
solutes in the liquid ternary solution. Some investiga
tors have inferred that the ternary oxide referred to in 
the "Introduction" is not a separate phase but a 
molecularly dissolved complex in the liquid. Such a 
possibiUty is not excluded by the present treatment, 
though at present it is not possible to verify the exist
ence of such molecules. Thus, such speculations seem 
to be of dubious value. 

The first point to be estabHshed is whether there are 
three condensed phases (ternary-oxide hypothesis) or 
two condensed phases (solution hypothesis of this 
paper) present under the test conditions. According 
to Gibbs' phase rule, if the ternary-oxide phase exists at 
equilibrium, the other condensed phases must be of 
fixed composition. Additions of oxygen to the system, 
therefore, would result in the formation of more of the 
ternary oxide, and the oxygen concentrations of the 
refractory metal and sodium would not change. For 
two condensed phases, however, there will be a redis
tribution of oxygen between the refractory metal and 
sodium when the oxygen concentration of the system 
is changed. The experimental results in Table 1 show 
that the oxygen concentration of the refractory metal 
changes continuously with increasing amounts of 

TABLE 1. REDISTRIBUTION OF OXYGEN IN THE NIOBIUM-

OXYGEN-SODIUM SYSTEM AT 600°C 

Initial Oxygen Content 
of Sodium, ppm 

50 
300 
700 

.1000 
2000 

Oxygen Content of Niobium,'"' ppm 

After Exposure to 
Sodium 

59 
62 
64 
83 
88 

Change 

- 1 1 
- 8 
- 6 

+13 
+18 

' Initial oxygen content of niobium specimens was 70 ppM' 
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oxyncn added to the system. If the a.s.sumption that 
equilibrium was reached is valid, this implies that only 
t»o fonileiised phases were present in the sy.stem. 

Interaction Parameters 

Chipman'"" has shown that in a dilute solution of 
(n - 1) components, 2, 3, 4, • • • , n, in a solvent metal 
1 the activity coeHiciciit of any solute may usually be 
expressed as a product of (n — 1) factors; the activity 
rocHicient of component 2 may be represented by 

" 1 3 ) (ft) / . \ 
72 = 727! 7! , (1) 

where yl is the activity coefficient of 2 in the 1-2 binary 
containing the same mole fraction of 2 as the re-com
ponent system and where the other factors are correc
tion terms accounting for the presence of the other 
components. 

Wagner'" derived an e<|uivalent expr&ssion by using 
a Taylor .series expansion for the logarithm of the ac-
tivitv coellicient and obtained 

In y, = I 

(2) 

where .Vi, JVJ , • • • , A'̂ „ are the mole fractions of the 
solutes, and where the derivatives are to be taken for 
the limit ing rase of zero concentration of all solutes. 

After all but first-order terms arc dropped, Eq. (2) 
is usually written as 

In 7a = In 7$ + iVi^a" + -V,.i" + ••• NA", (3) 

where the t.' 's (i.e., interaction parameters) are defined 
as 

(,, ^ /<? In y,\ 
\ dN, /»-,,o (4) 

and are constant by definition. Wagner has shown that 

. ! ' ' = ey\ (5) 

For a ternary system, it follows that Eq. (3) be
comes"" 

In y^" = In T S " + -Vi"« + Ni (6) 

When Henry's law is obeyed by component 2 in the 
1-2 binarj', In ys = In >:" is constant and e^" is zero. 
A negative value of «i" then indicates that the addi
tion of component 3 increai^es the solubility of com
ponent 2 and vice versa when e- is iiositive. 

If Henry's law applies for the niobium-oxygen-so

dium system, the acti \ i t j ' coefficient for niobiimi in the 
ternary liquid is given by 

. _ fN.-fO) _ , ( N . ) , (0).-(N«-t-Nb) / - • , 
In 7.-ib = In 7xb + tNb •> o . (<) 

where y\i\^ is the Henr)'s law constant. 
The activity of niobium in the sodium solution in 

etiuilibrium with .s<did niobiun\ is unity relative to pure 
niobium, that is, 

1 = 7 i , (X.+OvCX.+O) "AT, 

and 

, . (N i 
.>Nb 

(8) 

(9) 

where it has been assumed that small amounts of 
impurities do not significantly alter a'xb', since there is 
no measurable solubility of siKlium in niobium. As 
determined from V.i\. (9) and the data of I'ig. 2, Fig. 3 
shows In l ib**"' plotted as a function of A'o'''^'"''. Hy 
definition ei^^ is the slope of the curve of Fig. 3 as 

^°b' S - 8 X 10*. (10) 

It is quite obvious from Fig. 3 that at higher oxygen 
concentrations it will not be possible to describe 
ln7Nb" accurately by using only the first-order 

*• 
l\ 
l \ 
I \ 

I K 
1 \ 
\ \ 
!_! Xf 

• 

0 5 10 15 20 25 

CONCENTRATION OF OXYGEN (olortiic fraclloo) i lO* 

FiQ. 3. The Variation of the Activity Coefficient of Niobium 
in the Sodium Solution as a Function of the Oin-gen Concentra
tion of the Sodium Solution. 
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F I G . 4. The Effect of the Oxygen Concentration of the So
dium on the Oxygen Equilibrium Uistribution Coefficient in 
the Niobium-Oxygen-Sodium System at 600°C. 

parameter. However, since only the low oxygen con
centrations are of practical interest and the data 
justify only order-of-magnitude comparisons, terms 
of higher order have not been determined. 

Distribution Coefficient of Oxygen 

It has been pointed out for several systems,'^' ' ' '^' 
including the tantalum-o.xygen-sodium system,'"' that 
the experimentally determined distribution coefficient 
for oxygen (i.e., the ratio at equilibrium of the oxygen 
concentration in the refractory metal to that in the 
alkali metal) generally is less than that calculated from 
theoretical considerations. Also, it has been observed 
that the distribution coefficient varies as a function of 
oxygen concentration in the respective alkali metal-
refractory metal solvents. 

The theoretical equilibrium distribution coefficient 
for oxygen is derived by assuming that there is no 
solubility of the sodium in the niobium or of niobium 
in the sodium. This latter assumption was seen to be in 
error. Furthermore, Henry's law is assumed to be 
obeyed for oxygen in both the niobium and sodium to' 
saturation; the theoretical distribution coefficient at 
absolute temperature T is then"' 

(A^lf") {NS"').. 

exp 
lAG's A(?J, 

(II) 

RT 

where (NS ').at and {NS"'),st are the saturation 
solubihties at T, and AGNB.O and AGSibo are the free 
energies of formation of pure Na.O and NbO from the 
pure metals and oxygen gas at 1 atm. 

Equation (11) gives a theoretical distribution co
efficient of about 600 for a temperature of 600°C 
whereas the distribution coefficient determined ex
perimentally was less than this and, as .shown in Fig. 4 
varies with the oxygen concentration of the sodium. 
Since oxj'gen in .sodium affects the activity coefficient 
of niobium in sodium and since 

(12) 

the activity coefficient of oxygen in the sodium is also 
affected by niobium. 

Equation (11) can be rewritten as a function of the 
oxygen in the liquid (assuming that Henry's law is 
valid for the niobium solvent) as 

rWS" 

where 

") 
NS" 

Tir(N8-M<b> 

(No )sat exp I 'AGL, AGii 
(13) 

RT 

In 7o = In 7o -f- < 

Theoretically, it should now be possible to calculate 
(̂Na-î Nb) j . ^ ^ ^^^j^ value of No'''*^''' by substituting a 

value ot A'N'I.'' ° ' from Fig. 1 into Eq. (13) to calculate 
a distribution coefficient. When this is done for 200 
ppm oxygen, an order-of-magnitude improvement is 
found. This is reasonable agreement, however, consider
ing the simphfying assumptions and the accuracy of 
the method used for determining the solubility of 
niobium in sodium. 

The distribution coefficient determined experimen
tally can be used for a more accurate determination of 
the interaction parameter; Eq. (11) can be rearranged 
to give 

riNS- ') 
(NS"').: 

exp 
( -

Ae°N.,o - AG\ 

RT 
NboA 

(15) 
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from which it follows that 

iNb) ^ A In 7 o ' 

A.Vii 
(16) 

TABLE 2. DATA USED FOR C A U T L A T I O N S or 

INTERACTION PARAMETER 

ulicii the slope is evaluated a.s the .solute concentrations 
iipimiach zero. It also follows from Eqs. (l.">i and (16) 
tliiit 

150 
300 

0.99 X 10-' 
1 9S X 10-< 

1 58 
0 695 

0.353 
0 155 

,Nb) ^ A In „r(NS" ') (17) 

'•' Taken frc.m FIR 2. 
"" Takr-ii from KiK 4 

rather large iM-rccntJipo change in tlie oxygc!! concen
tration of the SiKlium will result in only a snuill IXT-
ccntiigc change in the concentration of oxygen in the 
niobium where «'' ' is a large negative number, as in 
this work. 

AA^C*"' • 

Hciici', measurements of KT and .\'^i,'*"' at two oxygen 
concentrations will yield «o '''. If the data of Table 2 
are used, 

,;,'">> ^ - 8 . 2 X 10", n s j 

in godcl agreement with tNb'. Since lOq. (18) requires Summary an<l Concluxionii 
iA's^,'"" rather than A'NI," " ' , the interaction param
eter determined in this manner should be the most 
accurate for the experimental techni(|ue u.sed in this 
work. It is hoped that the accurate distribution-
ciH'tlicient measurements at lower ox.\'geii levels now 
in progress' ' will be accompanied iiy measurements 
ol A Nb 

If the activity of oxxgen in sndiuni in the siKlium-
nxygcri l)inar>' were accurately known, tS"' could be 
dclcriiiiiied by extrapolation lo .Vlit,'*"' = 0 a-s follows: 

(Nb) _ , In 7o( i 
«o = 

1 (Nl 

- In To 
•VS,, 

(19) 

where (I) refers to a given oxygen concentration in the 
.•((idiuin solution. If Henry's law is again a.ssumed to 
applv to oxvgen in sddium to saturation. K(|. (lil) can 
lie used by picking an A'^"-*""' 
from Kig. 2, biyi^'*'"" ft 
fniin oxygen solubility data. '"" '" Kor l.")0 ppm oxygen, 
K(|. (18) gives (.see Table 2) 

^ 6 X 10'. (20) 

In theory, therefore, the interaction parameter can be 
dctcrniined by accurately determining the distribution 
rocHicient and the niobium concentration of the li(iuiii 
lit one oxygen C(UicenIi'ation. 

I'inally. the relalivel.x' small cliange in oxygen con-
rcntralion in the niobium that accompanies a much 
larger change in the oxygen content of the .sodium is 
[•(insistent with the solution hjpothesis. It can 1)6 
'hdwn'" that 

, ( N b ) . , T ( N i 
+ eo A.\ Nb (21) 

Vt the low oxygen levels at which the tirst-order ap-
•roxiination is applicable, Kq. (.21) indicates that a 

We have proposed that the cflfect of oxygen on the 
"apparent" solubility oi niobium in smlium at GWC 
is a result of the interaction U'tweeii solutes (oxygen 
and niobium) in the Ii(iuid smlium solution rather than 
due to the formation of a ternary-oxide phase. The 
phase rule WILS used to show that at e(|uilibrium at 
(iO()°<' the nioi)ium-oxygen-siKlium system contains 
only the two condensed phiuses (i.e., the niobium con
taining dissolved oxygen and smlium containing dis
solved refractory metal and ox>gen). 

For such a system, the interaction iK-tweon the re
fractory metal and (txygen in the MHtium can be de-
scriln-d in terms of the Wagner interaction parameters. 
Tlieoreticall\' it is tlien [>ossil)le to explain the often-
discussed distribition-cm-fficient discn'pancy. The 
interaction parameter for the niobium-oxygen-sodium 
.system wits determined, and the revi.sed calculatiim of 
the <!istribution ccwflicient W:LS found to IK* much closer 
to the experimental value. 
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steel—and thus their effect on the solubility of oxygen 
in sodium—are still uncertain. 

Discussion 

As the result of defective tape, it was not possible 
to transcribe the discussion that followed the presenta
tion of this paper. 
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Kernforschungszentrum Karlsruhe 
Karlsruhe. Germany 

(PRESENTKI) HV II. V. UOHCSTKDT) 

Tl)i' iironriirji on varjiiiliuin-liasi' ulloy.« piir.^ucri in 
Karlsnilic for the past four years is conccnieil with 
the licvilopmont and testing of high-strenpth alloys 
that arc corrosion resistant in liquiil sodium. Within 
thi« prograin, the influence of the alloying constit
uents on the creep and .stress-rupture hehaviour of 
the vanadium-base alloys wa.s investigated sys
tematically to assess the optimum compositions under 
the aspect of creep behaviour. The base was formed 
hy the V-Ti-Nb alloys with which the dependence of 
(he dilTercnt creep parameters on the titanium and 
niohiuni contents was measured."- *̂ 

The most striking result of these investigations 
has been the overwhelming influence of titanium on 
the strength properties of vanadium-base alloys, with 
the dependency of strength on the titanium content 
strongly dejicnding upon the strain rate. In p"ig. 1 
the high-temperature tensile strength and \'arious 
creep strengths are plotted as a function of the 
titanium content. It is .seen that the dependency of 
the sti'cngth on strain rate increases with increasing 
titanium content and that a definitive peak is estab-
lislied for the long-time strength at 1-3^0 titanium. 

The very high strength values at low titaniimi 
contents are due to the interaction between titanium 
and oxygen atoms, according to our investigations so 
far. In Fig. 2, the values of the 1.000-hr stress-
nipture strength of the V-Ti-Nb system are indicated 
in a space diagram. From this figure, also the sti'cngth 
riia\inium at low titanium content and the com
paratively weak influence of the niobium content is 
clearly apparent. 

The alloy screening performed simultaneously for 
the investigation of the corrosion behaviour in liquid 
sodium and results known from the literature clearly 
show that considerable addition of chromium is re
quired to improve the corrosion resistance. Hence, 
fuithcr experiments were carried out to see to what 
extent the good strength properties will remain also 
in V-Ti-Cr and in ^•-^i-^"b-Cr alloys, respectively, 
«ith the peak at low titanium contents. On the basis 

* Wcirk porfornu-il within the n.ssuriation in the field nf fast 
reactors lietweeii the lMir<>pe:m .\tomir Kiiefft.̂ - Coninuitiity 
uid tlesollscliafl fiir Kernf..rsehunij ni.li.II,. Karlsruhe. 

of \-3'^c Ti-I.i '^ Nb alloys in which niobium was 
substituted stepwise by chromium, it turns out that 
the short-time strength of V-Sf̂ r Ti-lof^ Nb de
creases slightly in the direction to V - 3 ^ Ti-15'^Cr, 
but that stres.s dependency of the time to rupture is 
increased so that the creep values of the \ - T i - C r 
alloy are even superior to the alloy containing 
niobium, as is borne out by Fig. 3. 

In connection with sttidies of corrosion resistance, 
which will be dealt with in greater detail below, the 
substitution of titanium by zirconium was investi
gated. Results availabU' up to now showed that in 
the range of concentration arounil 2^c zirconium the 
corresponding alloys containing zirconium have a 
much lower stress-rupture strength than alloys con
taining titanium. It is being investigated at present 
whether or not there is a similar dependency on con
centration of the stress-riipture strength in the V-Zr 
alloy as in those containing titanium. In this respect, 
it is not uidikely that there is one strength maximum 
at lower contents in the case of the V-Zr system. 

The corrosion Ijehavior in liciuid sodium with very 
low oxide contents of (iroup VA elements of the 
periodic table is importantly related to their high af
finity for oxygen. In the range of oxide concentration 
below 10 ppm Na^U in sodium the composition of the 
\'anadium-base alloys also plays a decisive part. 
Binary and ternan.- vanadium-base alloys with tita
nium or zirconium are sensitive to an oxygen-ex
change reaction: 

Na,.0 -t- Me = -MeO -f 2 Na. (1) 

because of the high free enthalpy of formation of the 
oxides of both metals up to very low oxygen contents 
of sodium. 

At a concentration of about 5 ppm oxide in the 
sodium, the free enthalpy of the reaction ( l l is —20.5 
to —22 kcal mole in the range of temperature be
tween 500 and 600°C, if the reacting metal I Me) is 
titanium. However, if the system consists only of 
sodium, sodium oxide, and vanadium, the exchange 
enthalpy is weakly positive, with values of about 
-1-0.6 to -1-1.6 kcal mole, if thermochemieal calcula
tions by Tyzack'^' are used as the basis. In this 
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case, there is no tendency ot oxygen uptake from 
the sodium under experimental conditions. The fact 
that the free enthalpy of oxygen in sodium with 5 
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iO 

30 

1 1 1 
1 1 V-3ri-ISNb 

V-37i-l2Cr 

F I G . 1. Influence of Titanium on the Ultimate Tensile and 
Stress-rupture Strength of A'anadium at G50°C. 

time to rupture . " 

F I G . 3. Stress-rupture Strength of ^'anadium Alloys at 
660°C. 

ppm NaoO lies between the enthalpies of formation 
for the oxides VO and TiO, as is to be expected from 
theory, results in the phenomenon of internal oxida
tion of the vanadium-base alloys.'*' In addition to 
insignificant external oxide layers, internal zones of 
embrittlement often form in the V-Ti alloys; these 
zones will even cause material losses due to a break
away mechanism in cases ot extreme increases of 
hardness.'"' 

FIG. 2. l,0(IO-hr Stress-rupture Strength ot V-Ti-Nb Alloys at 650°C. 
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Flo . 4. Induenee of A l l o y C o n i p o s i t i o n on Corros ion H a t e s 

(niK/cm') of \ 'anadium-l iaf ie A l l o y s in Liquid SiMJium for 1000 

Mr at 50(1. .1.10, and (iOO°C. 

SOO'C 

sso'c 

V-2%Zr 
ICr tCr e Cr IS Cr 

F i o . 5 InHuenee of O h n m i i u m C o n t e n t of V-Zr-Cr S y s t e m s 

on Corrosion Hate." Inin/oni ' ) in L iqu id S o d i u m for 500 I l r a t 

SOO. SSO, and mO'C C o m p a r i s o n w i l h \ - 2 0 ' ^ T i . 

O.t 0.2 0.J mm 
Disfflncf from tdgs 

F I O . 6. Influeiire of C h r o m i u m C o n t e n t of \'nnAdiuni-l>ai«e 
A l l o y s on Internal P e n e t r a t i o n d u e t o Ihe Oxyicen ExrhaiiKO 
wi th I.iquiil SiKlium at (iOO'C Test I l u r a t i o n : SOO hr. 

Favorable effects on the corrosion behavior of 
vanailiiim alloys in liquid sodium as a result of the 
addition of chromium to the alloy were indicated in 
earlier work from the Argonne National I.aliora-
to r} ' " ' and CE^ ' Saelay." ' .\ reduction of the 
weight changes iluc to the sodium action was also 
observed by us if titanium- or zirconium-bearing 
vanadium-base alloys contain additions of chromium 
or molybdenum. The influence of the chromiun 
content of the V-Ti and V-Ti-Nb alloys on the cor
rosion rates calculated from the weight changes is ap
parent from Figure 4. 

A very clear picture of the effect of additions of 
chromium on the corrosion resistance of V-Zr alloys 
in sodium is given by the result of a series of experi
ments in which the same test containeil s|>ecimens of 
V-2'"r Zr with additions of 1. 2. 4, 8, and 16ro chro
mium in the test loop. Figure 5 shows that the weight 
changes at the three experimental temperatures will 
be reiluced with increasing chromium content and 
that with rising temperature the weight changes of 
all specimens tend towards more positive values. No 
extenially visible marks of corrosion were obsened on 
the specimens with higher concentrations of chro
mium, and the specimens of the alloy V-2'~J Zr-16% 
Cr exhibted an unattacked, bright metal surface 
even after 1.000 hr in the test sections of the sodium 
test loop. 



ISO Bohm and Borgstedt 

kA>;'>rrv > ̂ :^.^,,^, V-.-:; • ̂ ^i^^^^^:^^^:^.^^;^^ 
F I G . 7. Difference in Behaviour of V 4 % Zr and V-5% Ti Shown bj ' Metallographic Techniques, (a) V-4% Zr does not suffer re

markable embrittlement, but the inicrosection shows precipitations of oxide phases, (b) The embrittlement of V-5% Ti shows that 
the oxygen content is concentrated in areas near the surface. 
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F I G . 8. Concentration Profiles of Cr, \", and Ti by Micro
probe Analysis. Nominal Composition: V-3% Ti-12% Cr. 
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F I G . 9. Concentration Profiles of Cr, \ , and Zr by Micro
probe Analysis. Xominal Composition: ^-2% Zr-16% Cr. 
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However, V-Ti-Cr alloys, just as the other vana-
ilium-ba»e alloys containing titanium, are attacked in 
the metal phase, even if the embrittlement cau.sed by 
iiitemal oxidation is not as strong as in the alloys 
without a chromium content. Diagrams of microhard
ness in the metal phase versus the distance from the 
surface of the specimens are compared in Fig. 6 for 
two V-Ti alloys with and witliiiut the addition of 
chromium. The dependency of the thickness of the 
penetration zones on the titanium content of the 
alloys corresjionds to the laws of internal oxidation of 
binary a l loys ." ' ' ' With low titanium contents we 
have to expect a higher ililTiision rate of oxygen, i.e., 
faster growth of the internal penetration zones, but 
the degree of embrittlement will be less severe. 

The results of metallographic investigations of 
alloys with low titanium and zirconium contents in
dicate a different type of interaction with oxygen of 
both alloying elements. For thermodynamical rea
sons, both alloys take up oxygen from sodium whose 
oxide content is maintained constant as a result of 
the connection to the cold trap as an oxide reservoir. 
The (|uaiitity of oxygen taken up by binary V-Ti and 
V-Zr alloys in a test run of about .")00 br eouhl be 
dctcrniined quantitatively. 

With the V-Ti alloys the embrittlement zones de
scribed above are generated according to laws of time 
which are generally valid for internal oxidation. '*" 
However, with the V-Zr alloys we observe oxide 
phases precipitated prior to the corrosion experi
ments and spread over the metal phase in a micro
scopic distribution. These precipitations seem to have 
the elTect of nucleating further oxide precipitation 
during the oxygen-exchange reactions with the liquid 
sodiimi. The growth of these oxide particles, according 
to our iiu>asureiiients, hardly intluenced the hardness 
ot the alloys. The differences in the oxidation behav
ior are illustrated by the microsections in Fig. 7. 

However, with both types of vanadium alloys a 
content of 15 to 20^^ chroniiiim seems to reduce the 
sensitivity towards oxygen, because the corrosion 
rate is reduced, and embrittlement and external cor
rosion phenomena are less severe. Microprobe analy
ses of V-T-Cr and V-Zr-Cr alloys corroded in sodium 
indicated that, in the metal layers of 5- to 10-/»m 
thickness following upon the mostly very thin oxide 
layei-s, chroniiuin has been enriched to a certain de
gree relative to the other metallic elements. Enrich
ments of this kind in the boundary zones ot the 

metal phase are shomi in the intensity diagrams 
recorded with the CAMECA microprobe of the X-ray 
fluorescence radiation of the elements for the alloy 
V-3'r Ti-12' ; Cr in Fig. 8 and for a specimen of V-2«> 
Zr-16'; Cr in Fig. 9, respectively. According to these 
measurements, the decrease of concentration towards 
the edge of the specinuns starts earlier for vanadium 
and titanium or zirconium, respectively, than for 
chroniiiim in both specimens. Microprobe measure
ments of the V-Zr-('r alloys at the same time show 
the irregular clistribution of the zirconium as a result 
of the precipitations of zirconium oxide phases. 

We assume that the elements vanailium and tita
nium or zirconium are preferably removed by Ihe 
sodium out of the zones near the surface of the vana
dium alloys due to a dissolution reaction, probably 
occuring through an oxidation, .\ccording to our find
ings, the remaining surface zones, which are slightly 
enriched in chromium, seem to be less inclineil to 
undergo a break-away mechanism than layers with
out any chromium or with small contents of this 
metal, and under certain conditions they seem to 
restrict the diffusion of oxygen into the material. The 
test results encourage us to carry out furtlur work in 
the alloy .systems vanadium-titaniuni-chromiuni and 
\'an;nliiini-zircoiiiuin-chromium. 
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Discussion 

.\s the result of defective tape, it was not possible to 
transcribe the discussion that followed the presenta
tion of this paper. 
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The Corrosion of Vanadium and Vanadium-base Alloys in Sodium 

W. E. RUTHER 

Argonne National Laboratory 
Argonne, Illinois 

ABSTRACT 

Vanadium and certain stronger vanadium-base al
loys (V-5 w/o Cr, V-10 w/o Cr, V-15 w/o Cr-5 w/o 
Ti, V-15 w/o Ti-7.5 w/o Cr, and V-20 w/o Ti) were 
exposed to sodium cold-trapped at tw'o temperatures. 
The temperatures of exposure varied trom 450 to 
700°C. Linear rates ot weight loss were noted at the 
higher impurity levels in the sodium (cold trap at 
'--175°C). Under optimum conditions, very low weight 
aud dimensional changes were noted tor vanadium and 
the vanadium-chromium binary alloys after exposure 
in sodium cold-trapped at ~110°C. 

Postexposure chemical analyses indicated that oxy
gen was the major impurity transferred to the vana
dium alloys. Titanium as an alloying additive caused 
increased impurity pickup and concentrated the im
purities in a subsurface band 10 to 100 iim in thick
ness. The vanadium-chromium binary alloys were the 
most corrosion resistant at the lower cold-trap tem
perature, and appeared to otter promise as a reactor 
fuel cladding. 

I. Introduction 

Vanadium-base alloys containing less than about 
25 w/o total alloying additives such as chromium and 
titanium possess favorable properties tor use as fuel 
cladding in a liquid-metal-cooled, fast breeder reactor 
(LMFBR). Such properties include fabricability, re
tention ot good mechanical properties at high tempera
tures, resistance to high-temperature radiation dam
age, and compatibility with many ot the proposed fuel 
materials. In addition, the low nuclear cross section ot 
such alloys permits useful breeding ratios in large 
power reactors. Of equal importance is the resistance 
of the alloy to the corrosive attack of reactor-grade 
sodium.'^''*' 

The compatibility ot unalloyed vanadium with 
continuously hot-gettered sodium to temperatures of 
at least 650°C is generally accepted. The very small 
vanadium w'eight changes reported (i. e., ±10 mg/dm-
tor 1000 hr at 600°C) and the unchanged sample ap
pearance indicate the very slight interaction between 
pure sodium and vanadium. 

However, considerations ot economy and practical 
operation make it desirable that a sodium-cooled 
power reactor be operated with cold-trap impurity 

control rather than by hot-gettering. Unfortunately, 
widely different corrosion behavior has been reported 
by different investigators (see Table I) tor vanadium 
exposed in sodium systems with cold traps at approxi
mately the same temperatures. 

Recently the corrosion behavior ot vanadium and 
ot selected vanadium alloys in cold-trapped sodium 
has been evaluated over the temperature range of in
terest to reactor designers. An effort has been made to 
characterize the impurity levels in the liquid sodium 
and to follow the movement ot specific impurities into 
the solid alloy, as well as to provide the usual gravi
metric corrosion data. 

II. Experimental 

The interaction ot vanadium and vanadium alloys 
with reactor-grade sodium is a complex process, and 
no single method ot evaluation is satisfactory under 
all conditions. Individual impurities in the sodium, 
such as substances containing oxygen, nitrogen, car
bon, and/or hydrogen, interact with the specimen 
surface to form a layer growth of chemical compounds 
with a corresponding diffusion profile ot the impurity 
element into the solid. The corrosion product may or 
may not adhere to the specimen. In binary and ter
nary alloys, metal-impurity phases can also form 
within the alloy by processes analogous to internal 
oxidation. Diffusion profiles ot the nonmetallic ele
ments into the solid may also occur in sodium of low 
impurity activities. 

If one process clearly predominates, the progress 
ot the reaction can usually be followed with reason
able precision by gravimetric means. Dimensional 
and metallographic checks are, ot course, necessary to 
confirm the conclusions drawn trom weight changes. 

Oxygen-refreshed autoclave systems of the type 
shown in Fig. 1 were used tor the static-corrosion ex
posures. The sodium was circulated slowly by a 
diaphragm pump through a cold trap previously 
loaded with an excess ot sodium oxide; the con
trolled temperature ot the cold trap thus established 
the oxygen level ot the system. About one autoclave 
volume was pumped through the cold trap per hour. 
The system was constructed ot Type 304 stainless 
steel with Type 316 fittings and valves. 

A small dynamic test facility was constructed of 
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Types 318 and 316 stainless steels (see Fig. 2) . A 
cold trap of adjustable temperature and loaded with 
excess sodium oxide was used for oxygen control, 
t'oininercially available electromagnetic pumps and 
flowmeters were used to regulate sodium circulation. 

Ill all test*, the vanadium-alloy specimens were 
added and removed, and the sodium was sampled for 
oxygen analysis, while the system was at operating 
teniperature. During the program the method of sepa
ration for analysis of oxygen in the sodium was 
changed from mercury amalgamation to vacuum dis
tillation. .\nalytical samples of the sodium for the 
mcrcury-amalganiation method were removed in 
tubes of electropolished stainless steel or chemically 
polished nickel. A plunger within the sampling tube 
(actuated from outside the autoclave I permitted the 
inside of the tube to be flushed several times with 
hath sodium before retrieving a specimen. The sodium 
sHiiiple was extruded, amalgamated, and washetl with 
mercury under vacuum (~4 X 10"" mm). Precau
tions were taken to niiniinize contamination during 
tlie analysis. 

Samples for analyses by the vacuum-dislillalion 
method were obtained by ilirectly attaching a pyrex 
distillation chamber to the sample pait of the equip
ment. The sodium was withilrawn in a nickel dip 
crucible that had been electropolished and vacuum 
outgassed just prior to the distillation run. Distilla
tion was accomplished by iniluctioii heating to a teiii-
licriiturc of 300-325°C. In both analytical methods, 
the residue was titrated with 0.005 A' HCl to a 
|)henol|ilitlialein end point. 

The alhiys used in this study were prepared by the 
Argonne Fjibrication Croup by multiple arc-nulting, 
followed by extrusion and rolling into sheet form, 
ustiully 0.15 cm thitdv. The specimens were wet ground 
on standard 240-grit iiietallogra)>hic wheels before 
exposure. 

The sanipk's were cooled in ilried argon after ex
posure, anil the sodium was removed by reaction 
W'ith ethyl alcohol. The surfaces were stripjied of non-
iidlicrent corrosion |)roduct by vigorous brushing and 
ultrasonic cleaning. Most samples were then ex
amined, weighed, and re-exposed. A single check at 
IV)0"C revealed no perturbation as a result of this 
nietlioil. .Samples with the same total exposure, 
wlictlier one continuous test or the sum of several 
slioitcr tests, ga\-e the same results. 

Standard methods of metallographic mounting and 
polishing were useti to prepare the corroded specimens 
for niicroharilness traverses. This procedure provided 
a valuable method ot measuring the extent of the in
ternal penetration of interstitial impurity elements 
into the specimens. 

T.\BI,K I. CORROSION or V, \N\DII 'M IN COLD-

TR VPPED .SODIt M 

Corrosion 
Media'*' Source 

N«i'i 
Na'o 
NaK alloy"' 

Temp, 
°C 

650 
600 
600 

Dura
tion, 
days 

6» 
41 
15 

Weight 
Change, 
mg/an* 

0.25 
- 7 to - 1 4 

- — 4 6 

Cold-trap 
Temp, °C 

l l f r - l » 
105 
1 » 

Vel
ocity, 
m/scc 

6.1 
1.5 
1.6 

' Itcferciicc iMimlifrH arc givrri in parrrithows. 

- SAMPLE REMOVING DEVICE 

IT 1=^=10 ABGON 

SAHPL£ fUOt 

STAINLESS WOOL 
•r LAPP PULSAFEEDCR 

HEATING TAPE 
DIAPHRAGM PUMP HEAD 

FIG. I. KqiiipmfiA lo Study Corroeiftii in SiKlium with Oxy
gen Cuiitrol. 

i 
SAMPLE 

tNTMODUCTlON 
CHAWBCP 

MAX TEHPCKATUNE 7S0>C 
HAD VELOCITY I O S M / N 

I" 00 X 3/4" 10 
TTPE 3i8 SEAMLESS 

TueiMC 

FIO. 2. Liquid-sodium Test Ltwip. 
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1 1 

^A 
•^ 

X^'^ 
y^y' 

1 1 

1 
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J/ 
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I 1 

TOTAL MEASURED 
PENETRATION. >i -

.̂ WEIGHT LOSS,mg/cm* 

EXTERNAL LOSS,/i 

-

1 I 

TIME, days 

F I G . 3. Corrosion of V-20 w/o Ti in 650°C Sodium (Cold 
Trap at -^175°C). The ordinate scales are equivalent, based on 
a metal density of 5.7 g/cm^. 

1 1 \— 
« V 
• V-20*/o Ti 
V V-IO*/o Cr 
O V-15*/o Ti-7.5 */o Cr 
a V-IS^/oCr-SW/oTi 

F I G . 4. Corrosion of Vanadium Alloys at 600°C (Cold Trap 
at '^Vlh°Q). 

TABLE II. LINEAR CORROSION RATES OF VANADIUM ALLOYS 

EXPOSED TO SODIUM COLD-TRAPPED AT ' ^ 1 7 5 ° C 

Alloy 

V 
V-5 w/o Cr 
V-10 w/o Cr 
V-20 w/o Ti 
V-15w/oTi -7 .6w/oCr 
V-15 w/o Cr-5 w/o Ti 

Linear Rate of Weight Loss at 
Various Exposure Temperatures, mdd<''> 

450°C 
Test 

1.8 
1.8 
7.0 

550°C 
Test 

64 

14 

64 

COOT 
Test 

166 

133 
72 
90 

170 

escc 
Test 

134 

700^ 
Test 

108 

54 
142 
94 
68 

'"' Milligrams per decinieter^-day. 

Concentration profiles near the corrosion interface 
were determined with an ARL Microprobe. A linear 
relationship was assumed between counting rate and 
weight percent. Calibration was accomplished by 

using standards of FeO (for oxygen) and carbon 
mounted adjacent to the corrosion specimen. 

III. Data and Results 

A. Corrosion Kinetics 

1. Static Sodium 

Oxygen analyses of the primary sodium in EBR-II 
gave values of 6-13 ppm (by the amalgamation tech
nique) under conditions of infrequent cold-trap oper
ation. Based on this information, two levels of oxygen 
in the sodium were chosen for this evaluation. The 
higher level, attained at a cold-trap temperature of 
~175°C, represents the maximum level that pres
ently might be expected to exist in the reactor for a 
protracted period. The lower level represents an oxy
gen content readily attainable by continuous cold 
trapping (cold trap at ~110°C). 

Unfortunately, all of the alloys of interest were not 
available when the program started, but, as the alloys 
were prepared, they were added to the tests. 

Initially, the corrosion of reference alloy V-20 w/o 
Ti was evaluated at 650°C (cold trap at 175°C) to 
determine if the rate of weight loss provided a valid 
measurement of the rate of total penetration. Total 
penetration was defined as the sum of the external 
dimensional loss (determined by micrometer) and the 
internal hardened zone (from microhardness trav
erses). As shown in Fig. 3, the relatively constant 
thickness of the internal penetration resulted in 
equivalent slopes of the curves of weight loss and 
total penetration. Thus, at least for this set of condi
tions, gravimetric data provided a reliable measure of 
the rate of total penetration. 

A typical example of the gravimetric data of speci
mens exposed to sodium cold-trapped at ~175°C is 
is presented in Fig. 4. Roughly linear dependence of 
corrosion on exposure time was obtained for most 
alloys and exposure temperatures. Table II shows 
that the corrosion rate was quite rapid at tempera
tures above 450°C for all alloys exposed at the higher 
oxygen level. A comparison of these data suggests 
that titanium additions to vanadium become less use
ful and chromium additions more beneficial as the 
test temperature rises. 

Figure 5 is an Arrhenius plot of the linear corrosion 
rate ot V-20 w/o Ti (the only alloy tested at all tem
peratures) as a function of temperature; the resultant 
activation energy was 30,000 cal/mole. Except at the 
highest temperature (700°C), V-20 w/o Ti exhibited 
the best corrosion resistance. The corrosion rate ob
tained at 700°C, shown with a half-shaded circle in 
Fig. 5, is in error (probably low) due to the inability 
of the cold trap to supply oxygen to the samples at a 
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Bufficiently fast rate. Table III compares the oxygen 
analynes for the exposure of \ '-20 w/o Ti at various 
temperatures and illu.stratc« the difficulty at 700°C. 
A «imilar difficulty, but of much smaller degree, was 
noted for the 600°C tost. Xo problem was noted in 
the 6.50°C cxpiTimcnt since fewer specimens were ex-
poHi'd siniultaneously. 

The corrosion behavior was more complex when the 
cold-trap temperatures were reduced to ~110°C. 
Both weight gains and losses were observed, some
times in the .same test, as shown typically in p'ig. 6. 
The 8lo|)C of the weight-change curves varied from 
protective kinetics (slope decreasing with time) 
through linear to accelerating-rate kinetics. The rela
tive resistance of the alloys to corrosion also differed 
from the results with a 17.5°C cold trap. Except at 
the lowest test temperature, the V-20 w 'o Ti binar>-
now showed the |)oorest anil the V-Cr binaries the 
best resistance to corrosion. In all tests, however, the 
weight changes were much smaller than those of cor
responding tests at the higher oxygen level. Since in
ternal penetration of the alloys is of greater relative 
importance under these conditions, less significance is 
!illaclied to the gravimetric data. 

Distillation analyses of the sodium for oxygen gave 
low values ranging from 0..5 to 1.8 ppm, with most 
values about l.o ppm (calculated from a jihenol-
phthaleirt end point assuming oidy Na:;0 contributing 
to the residue alkalinity). No general correlation was 
noteil between weight gain or loss and the oxygen 
aiinlyses. Nitrogen analyses by a Kjelduhl technique 

TEMPERATURE, 'C 

TABLE III. OXYGEN .\N.\LYSES nr SODIVM WITH .\ NOMIN VL 

CoLD-TR-KP T E M P E K A T I ' K E OF 175°C 

450°C Ttst 

Days 

n 
6.8 

13.8 
27.8 
43.8 
60.5 
74 5 

C«fcO, 
ppm'"' 

(•> 
1«.7 
13.2 
16.3 
16.2 
16.2 
12.5 

550°C Ttst 1 650°C Test 

Days 

0 
7.0 

13.9 
27.9 
41.8 
65.8 
72.5 

CalcO, 
ppm""' 

(•) 
13.7 
13.1 
11.5 
11.0 
12.4 
13.3 

Da)-! 

0 
7.0 

14.0 
21.1 
28.1 
35 1 
42 1 

Calc O, 
ppm"" 

15.0 
15 0 
13.6 
15.6 
15.6 
12 2 

700°C Test 

Days 

0 
6.8"' 

20.8 
34.8 
48.6'" 
62.4 

CakO, 
ppm"' 

4.2 
10 2 
10 4 
2 6 
4 0 

'*' HH.SP(I (in (Imtillatidii separation, titraliiiK rpsidiii' tu 
phciiolphthalpin end jKiiril. and as.HiuninK alkalinity due tu 
Na^). 

"" Ba-'ted on amalgamation aeparation, titratinK rentdiie to 
phenolphthalein end point, and aMinminK alkalinity dnp to 
Na,(l 

'" .\dditional NajOi added and dif^pated bpfore rnntiiniinK 
test. 

• v-20"/oT. 
V V-IO*/o Cf 
o v-l5*/o T.-7 5 "/o Cf 
a v-l5*/o Cr-5"/0 Tl 

1/T, 'K K 1000 

Fl(i. 5. Hchavior of V-20 w/o Ti in Static Sodium .Systems 
(Cold Trap al -175''C). 

aT" 

Flu. 0. Corrosion of \'aiiiuliuni .VHoya at 600 and (i50°C 
(Cold Trapal ^1I0°C). 

indicated the level in the sodium at less than 1 ppm, 
the limit of analytical sensitivity. 

Z. Dynamic Testing 

Comparison of static and dynamic (6.1-m/s veloc
ity) corrosion rates for modest oxygen levels (~ 15-20 
ppm) in the sodium at 650°C showed that velocity 
accelerates the corrosion process for the V-20 w, o 
Ti alloy.'^' However, when the cold-trap temperature 
was reduced from 175 to about 110°C, the weight 
changes in the dynamic system were consistently 
lower and the sample appearance consistently belter 
than in the static systems. Figures 7 through 9 show 
the gravimetric data for dynamic tests at 450, 550, 
and 650°C in sodium cold-trapped at 110°C. The 
V-Cr binarj- allows were the most resistant at all test 
temperatures. No dimension changes (limit of sensi
tivity was ~ 2 X 1 0 - ' cm) were Doted in samples 

file:///n./lyses
file:///dditional
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• V-20"/oTi 
V V-iO'*/o Cr 
O V- l5* /o T i -7 .5 * / o C r 
a V - l 5 " / o C r - 5 * / o T j 

SODIUM FLOW, 6.1 

'^8:-^0. 

F I G . 7. Dynamic Expusure at 450°C (Coltl Trap at 
-no°C). 

o 
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v-5.,.c, , . , . ' i i ° ' - ' 
V-IS^/oTi-TS'libCr ^ ^ z O " ' ^ ' ' 

^--'''' 
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• 

F I G . 8. Dynamic Exposure at 550°C (Cold Trap at 
-110=0). 

• V-20'«/.T 
V V-5* / . Cr SODIUM FLOW. 6 I 

o V-l5*/.Ti-75''/.Cf 

F I G . 9. Dynamic l^xposiire at fiSO^C (Cold Trap at 
~110°C). 

exposed at 550 or 650°C. (No dimensional measure
ments were made at 460°C.) This lack of dimen
sional change substantiates the inference that the loiv 
weight changes correspond to minimal corrosive at
tack. 

In tests in which only weight gains were recorded 
for exposure ])eriods of uj) to 4 months, the weight 

gain may be expressed empirically in the form Am = * 
A (Time)", where A and B are constants depending i' 
on the alloy and temperature. For example, at 650*C * 
with V-20 w/o Ti the relationship becomes'^' i„ * 
(mg/cm=) = 0.26 ( ( d a y s ) " " . The relationship was ' 
no longer valid (giving lower calculated values than '' 
actual values) after four months. i' 

When a transition from weight gain to weight loss * 
was noted, as, for example, with V-20 w/o Ti at " 
450''C, loss ot corrosion product was obvious. 

The results of oxygen analyses (by distillation) oi 
the sodium in the dynamic experiments fell into tile 
same range of values reported for static refreshed -
systems cold-trajiped at ~110°C, namely, 0.5 to 1.8 i' 
ppm. The nitrogen level was also below the sensitivity n 
(~1 ppm) of the technique used in the analysis, i 
Qualitative peak measurements'"' of internal friction i 
made with vanadium wires equilibrated in the static I 
and dynamic systems indicated the level of oxygen i 
and nitrogen in the dynamic system was less than 1 
half that tor the static system. •' 

B. Specimen E.ramination 

1. Static Exposures 

.411 specimens were covered with a loosely adherent, 
dark-gray coating after exposure in sodium cold-
trapped at ~175°C. Removal of the outer layer by ' 
ultrasonic washing revealed a dark, firmly adherent ' 
corrosion product in most tests, except at 700°C. The • 
color of the adherent layer varied with the alloy com
position. The pure vanadium specimens and alloys 
containing titanium as the main additive typically 
were black, whereas the chromium binary was brown, 
and the V-15 w/o Cr-5 w/o Ti composition produced 
a dark-gray corrosion product. Specimens from the 
700°C test lost much of their corrosion product in 
the cleaning procedure, which resulted in thinner ad
herent layers. Splotches of metallic-appearing areas 
showed through the darker layers. 

When the cold-trap temperature was maintained at 
-^llO^C in the static system, the corroded specimens 
varied in appearance as a function of test temperature 
and exposure time. For example, at 450° C the ultra
sonically cleaned samples appeared to have colored 
temper films after the first exposure. Very little non
adherent material was removed by the cleaning pro
cedure. By the end of the test (~2 months), a loose 
gray corrosion product overlying a dark adherent 
coating was typical. The latter appearance was char
acteristic of all specimens corroded at the higher test 
temperatures. Except in degree ot loose corrosion 
product, these specimens resembled those corroded in 
sodium with a higher oxygen level. 
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.Specimens in the dynamic system were covered with 
a thin, brown-tinted film, which did not change 
noticeably with time when only weight gains were 
recorded. This thin brown film spalled off in areas 
anil revealed a dark underlying layer ot corrosion 
product when a transition from weight gain to weight 
loss was recorded. 

The biiiaiy vanadium-titanium alloys accpiircd a 
sharply defined stibsinface diffusion zone upon expo
sure lo high-teniperatiire soditini. The metal under 
this zone appeared to be sub.stantially unalVccted by 
corrosion. The formation of this subsurface zone is of 
sipiificance for practical applications of titanium-
liearing alloys because the presence of the zone in 
KPCtions of thin metal inodified the mechanical |irop-
('rti(« of the section.'" The deiith of the hardened 
metal has been shown to be inversely related to the 
titanium content of a binary vanadium alloy'-" up 
to about 70 w/o titanium for constant exjiosure condi
tions. The sheet specimens (^1.5 mm thick) of un
alloyed vanadium and the vanaditim-chioinium binan.-
alloys dill not develop a hardened Itiyer in systems op
erating with a low cold-trap temperature, but were 
harileneii uniformly when exposed for long periods in 
the static systems. 

The addition of ehroinium to \'aiiadiuin-titaniuni 
alloys made little change in the subsurface-hardened 
Bone of corroded specimens when compared with a 
V-Ti binary of e(|uivalent titanium content, but the 
hardness of the specimen center was increased some
what. This may have been tlue to changes in interiKil 
microstructure resulting from the prolongeil time at 
tempcralnre rather than from penetration of impuri-
lies from the soilillill. 

i. Ihjnanue K.rposnres 

.•Vs inenlioned in the section on Kinetics, corrosion 
in the dynamic test facility was consistently less ag-
pressive. The hardened zone obtained on \ ' -Ti alloys 
in the dynamic systein rellects this ilitTerence. Figure 
10 shows that cracking of the diffusion zone, so ex
tensively seen in static samiilcs, is practically non
existent in the dynamic .specimens, eviMi at much 
longer exposure times. The diffusion zone is distinctly 
layered, with !i transition at about 25 lun and a band 
of fine inecipitate at about 50 fim. .K relatively 
ooarse precipitated phase is noted predominantly at 
the 25-^m transition. 

Figure 11 shows typical inicroharilness traverses of 
Ihe alloys exposed in the dyamic test at 550°C. Xo 
significance should be attached to the slightly lower 
lianlness values netir the sample edges for the V and 
V-5 w o Cr allovs. These values contain an error in-

IHIilii.l (Hrii'f I tch in Dlliltr .\i|ua ItrKial 529X 
Flo. In. ('orro.siin liilrrlare on \'-2U w/o Ti Kxp<H<ed U(l 

Days at C'ltCC to Si>flinni FIOWIIIE at It I in/.-* iCold Trap nt 
- t in C l . 
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FIG. 11, Microhardneai* Proliles of ,\lIoys K.xpo^-d i.. Flow
ing S.»liiini al 550°r (Cohl Trap al - IIO'Cl 

troduced by the microhardness tester because of the 
proximity of the poorly supported edge. 

C. Specimen Chemical .inalyses 

1. Dynamic Experiments 

Representative sections of corroded specimens from 
the dynamic experiments (including the thin corro
sion coating) were chemically analyzed, and the re-
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TABLE IV. CONCENTRATIONS OF NONMETALLIC IMPURITIES IN CORRODED SPECIMENS<''' EXPOSED IN 

THE DYNAMIC SYSTEM 

Alloy 

V-20 w/o Ti 

V-15w/oTi-7.5w/oCr 

V-5 w/o Cr 

V-10 w/o Cr 

V-15 w/o Cr-5 w/o Ti 

V 

Exposuree>> 

Days 

191 
155 
134 

173 
166 
134 

85 
165 

134 

66 
134 

69 
155 

Temp, °C 

650 
550 
460 

660 
550 
450 

650 
550 

450 

550 
450 

660 
660 

Results of Chemical Analyses, ppm 

Oxygen 

.Mter 

2630 
1660 
1400 

1550 
1850 
1940 

1030 
1020 

1160 

1330 
1270 

770 
1000 

Before 

575 
675 
575 

900 
900 
900 

705 

815 
815 

390 
390 

Nitrogen 

After 

362 
362 
166 

430 
232 
226 

254 
176 

188 

196 
162 

434 
157 

Before 

260 
250 
260 

250 
250 
250 

280 

190 
190 

250 
250 

Carbon 

After 

620 
116 
413 

737 
278 
445 

347 
327 

360 

320 
417 

552 
294 

Before 

305 
305 
306 

340 
340 
340 

310 

234 
234 

420 
420 

Hydrogen 

After 

5 
13 
13 

3 
9 
7 

14 
8 

6 

10 
4 

11 
16 

Before 

5 
5 
5 

13 
13 
13 

22 

47 
47 

50 
50 

(a) Pre-exposure values are average for the sheet supplied and not necessarily from adjacent specimens. 
'*'* Cold trap maintained at v-^110°C. 

TABLE V. CONCENTRATIONS OF NONMETALLIC IMPURITIE 

IN V-20 w/o Ti ALLOY EXPOSED AT 6 0 0 ° C IN 

THE STATIC SYSTEM 

Temp 
of Cold 
Trap, 

"C 

~175 
~110 

Expo
sure, 
days 

66 
79 

Results of Chemical Analyses, ppm 

Oxygen 

Be
fore 

575 
575 

After 

3600 
7400 

Nitrogen 

Be
fore 

250 
250 

After 

496 
334 

Carbon 

Be
fore 

305 
305 

After 

298 
334 

Hydrogen 

Be
fore 

6 
6 

After 

51 
60 

suits are shown in Table IV. The transfer of oxygen 
from the sodium to the alloy was the largest change 
noted in each specimen. Carbon concentrations usu
ally increased somewhat, but substantial changes 
were noted only with V-20 w/o Ti and V-15 w/o Ti-
7.5 w/o Cr exposed at 650° C. Nitrogen impurity 
levels tended to remain approximately constant, ex
cept tor a slight increase after the 650°C exposure. 
Since the spread of the nitrogen values typically is 
wider than those of the other impurity elements before 
exposure to sodium (depending on sample position in 
the casting), a variation of 50-100 ppm may not be 
significant. Hydrogen levels were low (5-16 ppm) 
after corrosion exposure, even when the initial con
centration was as high as 50 ppm. The removal of 
hydrogen from unalloyed vanadium by the corrosion 

exposure may account for the lower terminal hardness 
value shown in Figure 11. 

2. Static Experiments 

Representative V-20 w/o Ti samples with adherent 
corrosion coating were analyzed for changes in in
terstitial content as a result ot corrosion exposure in 
the refreshed static system (see Table V). Oxygen, 
nitrogen, and hydrogen levels increased as a result of 
exposure, but carbon remained about constant. The 
higher oxygen value for the specimen exposed in the 
sodium of lower oxygen content is a result of the 
greater amount of retained corrosion product (pre
sumably rich in oxygen) observed on this sample. 

Comparison of the chemical analyses of the dy
namic and static systems suggests that at comparable 
cold-trap temperatures the oxygen and hydrogen 
levels were much higher in the static system. Cold 
traps of similar size (l'/2-in. pipe by 12 in. long) and 
construction were used for both types of systems. The 
average flow rates were about 4 l/hr for the static 
system and roughly twice that for the dynamic loop. 

D. X-ray and Microprobe Analyses 

Corroded specimens of V and V-20 w/o Ti (ex
posed 80 days in 600°C sodium cold-trapped at 
110°C) were examined with a slow-scan, X-ray dif-
fractometer. All peaks obtained from the corrosion 
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produced correlated with those reported for -/ VC 
(VCot.05O11.01). Similar results were obtained for 
powder patterns taken from the nonadherent corro
sion products, except that a fainter pattern for either 
VC or possibly VOo» was also present. 

No corrosion-product peaks were obtained by the 
diffractoineter for the specimen of V-20 w/o Ti cor-
roiled at 650°C for 191 days in the dynamic system. 
.\n attempt to obtain a powder pattern by filing the 
outer surface was not successful because of the high 
concentration of file metal in the resultant powder. 
(The outer surfaces of the specimens are ver>' hard.) 

The microprobe was used to examine the corrosion 
interface of the same V-20 w/o Ti specimen exposed 
at650°( ' for 191 days in the dynamic systein. Since 
precise standards were not available, the results are 
qualitative, particularly for nitrogen, because there is 
interference from the titanium present. The results for 
oxygen and carbon are sliown in Figs. 12 and 13, re
spectively. A curve is not shown for nitrogen, but a 
substantial peak (twice the titanium interference 
level) occurred just inside the corrosion interface (at 
<8 fl). At a depth of 20 ft, the response due to nitro
gen became equal to the titanium interference h-vel. 

Both the carbon and, to a lesser extent, the oxygen 
traces show double peaks. Simultaneous maxima in 
titanium suggest an interaction between the titanium 
and the impurities. Both carlion and oxygen are 
present in excess of their solid solubilities in pure 
vanadium.""' ' " 

K. Caibon Addition 

The tentative X-ray identification of gamma vaiia-
ilimn carbide as a corrosion jiroduct led to an experi-
niciit to determine the efl'ect on corrosion rate of an 
increase in the available soluble carbon in the sodium. 
The carbon donors were specimens of a high-carbon 

CENTER 
OF 

SPECIMEN 

SODIUM FLO*. 6.1 m/« 

0 16 32 48 64 80 
DISTANCE FROM CORROSION INTERFACE, ^m 

FlO. 12. Micropnilie Traverse for Titanium and Oxy^n on 
V-aOw/o Ti Kx|Xxsod at 650'C m Flowing Sodium for 191 l)a\-s 
'Cold Trap at - l l i r C ) . 

DISTANCE FROM CORROSION INTERFACE, ^m 

Fiii, 13. .Mirniprotw Traveme for Titanium and rarlmii on 
\ 20 w/o Ti KxiKpsed at ri50°C to Flowiiin .Sodium for 191 l>ay» 
iCold Trap al - H O T ) . 

T A H L K \ ' l . I.\KI.rKN(E nV ('\ltlln.S UN THL ('nKKllSION OF 

V-20 w .. T i i \ .•<..i.ii M • >T lioO'C 

Conditions 

("luitnil Um dplihcrate 
. ar l io l i ) 

Sample pxpoHod with 
0.9'"; carbon etcel 

Weight 
Loss, 

mg/cm' 

0.29 
0 .33 
0 13 
0 15 

Postexposure Chemical 
.\nal>'scs, ppm 

c 

330 

405 

O 

4750 

4070 

N 

380 

175 

H 

55 

ao 

<"' Knell snmplr was rx|Hiiir<l fur Hi daVH in Hodiiim cold 
Intpped at ^^IIO^C. 

steel placni iicxl to the V-20 w 0 Ti gamples in the 
holder. The unit was exposed to 650°C sodium (cold 
tni|) at —110°C| for 16 days. The roi-ults of tliis ex
posure are compari-d in Table VI with those of a 
eontrol experiment (no deliberate earbon addition I. 
The earbon steel did supply carbon as anticipated; 
carbon content dropped from 0.91 to 0.14 w o. The 
results were unexpected in that the carbon-contami-
nateti exposure resulted in weight losses about half 
those experienced in the control experiment. The car
bon content of the corroded specimens \\A> up slightly, 
but the nitrogen content was sharply reduced when 
compared with the control experiment. Microexami-
nation disclosed no differences between the control 
and contaminated specimens. 

IV. Discussion 

The use of a cold trap to control the oxygen level 
in a sodium system tacitly assumes that the solubility 
of sodium oxide at a given cold-trap temperature will 
determine the oxygen level. The sodium cold-trapped 
at 175''C had a significant amount of a compound 

http://VCot.05O11.01
file://'/ltlln.S
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that titrated in a manner similar to sodium carbonate. 
This compound was probably introduced inadvert
ently as an impurity by the CO2 (air) reaction with 
the sodium peroxide used to oxygenate the system. 
The presence of sodium carbonate resulted in higher 
oxygen ^-alues being reported for the usual titration of 
residues from the amalgamation or distillation sepa
ration. When a correction was made for this com
pound the value obtained of about 6 ppm oxygen 
agrees well with that reported by Rutkauskas. '" 

The percentage of the residue alkalinity due to the 
compound titrating like sodium carbonate was larger 
in systems cold-trapped at 110°C, although, of 
course, the total alkalinity was much smaller. This 
suggested that the oxygen as sodium oxide was sub
stantially below 1 ppm at this cold-trap temperature, 
again in agreement with the extrapolated d a t a ' " of 
Rutkauskas and Noden-Bagley. 

In general, these values are substantially lower 
than those reported in a previous paper' '" written 
before the sodium carbonate and sodium hydride con
tributions had been e^'alnated for the amalgamation-
analysis technique. 

Vanadium and all of the alloys exhibited great sen
sitivity to the impurity level in the test sodium. 
The V-20 w/o Ti binary demonstrated better relative 
behavior at the higher oxygen concentration and 
lower exposure temperatures, whereas the V-Cr binary 
alloys appeared best whenever the oxygen concentra
tion was low. The ternary alloys, as might be ex
pected, were intermediate in behavior, but the 
presence of as little as 5 w/o Ti resulted in the for
mation of a undesirable subsurface hardened zone 
during exposure to sodium cold-trapped at 110°C. 

The apparent reduction in the linear corrosion rate 
for V, V-10 w/o Cr, and V-15 w/o Cr-5 w/o Ti alloys 
as the teinjierature increased from 600 to 700°C was 
probably largely due to the much lower oxygen level 
at 700°C. 

A probable explanation for the behavior of tita
nium as an alloying additive for vanadium is the 
relative affinity of the metals for oxygen. At 650°C 
titanium is capable of forming titanium oxide in 
sodium containing « 1 ppm oxygen, whereas vana
dium does not form an oxide (earbo-oxide) phase 
until the oxygen level in the sodium exceeds ~ 1 ppm. 
No oxide of chromium was found in sodium contain
ing ~20 ppm oxygen. In sodium containing an oxygen 
concentration of less than ~l ppm, the greater af
finity of titanium for oxygen (in the V-Ti alloys) 
thus provided an added driving force for the pickup 
of oxygen. At oxygen levels significantly above about 
1 ppm, the vanadium reacted rather rapidly to form 
a carbo-oxide layer. The presence of titanium in the 

alloy and the subsequent formation of titanium 
oxide in the corrosion coating apparently improved 
the ])roteetive character of the rather loosely adherent 
corrosion product and provided a better diffusion 
barrier to the corrosion reaction. The addition of tita
nium retarded the diffusion of o.xygen into the bulk 
of the specimen, and a highly oxygen-enriched zone 
resulted near the surface. 

Chromium also retarded oxygen diffusion in V-Cr 
alloys somewhat, and because of a lower chemical 
affinity for oxygen, chromium did not provide an in
creased driving force for oxygen pickup from sodium. * 

The vanadium alloys should only be considered for < 
use at low oxygen levels ( < 1 ppm). Both the loss of • 
metal-cladding thickness (strength) due to corrosion i 
and the production of loose particulate corrosion 
product would cause difficulties in reactor operation 
at the 6-ppm oxygen (as NaoO) level. 

However, if a large reactor could be effectively 
cold-trapped near the melting point of sodium, then 
vanadium alloys should be useful (as demonstrated 
by the dynamic tests at 450, 550, and 650°C). Alloys 
of the V-Cr binary system gave the best corrosion 
results under these conditions; they had very low 
weight changes, no discernible dimension changes, and 
low nonmetallic-impurity content after exposure. 

The better performance of all of the alloys in the 
dynamic system was fundamentally due to the lower 
impurity level in that system as compared with the 
low impurity level in the static system. The reason 
for the lower level is more difficult to rationalize. The 
cold traps were quite similar in construction for the 
dynamic and static systems, and tests were performed 
which indicated that an adequate amount of sodium 
oxide was stored in each trap. The dynamic and static 
systems differed in several aspects: (1) the ratio of 
exposed refractory-sample area to system volume was 
about five times greater for the dynamic system, (2) 
the material of construction was largely Type 318 
stainless steel (a stabilized type) for the dynamic 
system and Type 304 for the static system, and (3) 
the ratio of system volume to cold-trap flow was 
about two times greater for the static system. 

The first factor would obviously be of great im
portance if the supply of impurities (mostly oxygen) 
from the cold trap was the rate-limiting factor. How
ever, during the one-week period in which vanadium 
wires were equilibrated with the sodium for oxygen 
and nitrogen analyses, these wires were the only 
refractory metal specimens in both pieces of equip
ment. Analyses of the wires showed the oxygen activ
ity in the static system was more than twice that in 
the dynamic system under these circumstances. 

The presence of stabilizing agents in the stainless 
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steel containment vessel was not expected to modify 
greatly the direct oxygen activity in the sodium, but 
their presence in the steel might possibly slow the 
mass transfer of carbon to the vanadium. Since the 
main corrosion product on vanadium was a carbo-
oxide, carbon activity might play an important role 
in the overall corrosion process. However, an experi
mental check of this hypothesis in the carbon-con
taminated test showed that it was not correct. 

The elimination of the first two system factors 
leaves possibilities related to the relative cold-trap 
efficiencies to explain the differences in the levels of 
oxygen and other impurities between the dynamic 
and static systems. Since the two traps are similar, 
this suggests that a higher velocity of the sodium 
through the trap actually improved the trap effi
ciency. Kxperiments are being undertaken to check 
this hypothesis. 

Chemical analyses of representative sections 
-lioweil greater impurity pickup for the titanium-
hearing alloys as compared with either pure vana
dium or the vanailium-cbroniiiim binan,' alloys. 
Furthermore, the titanium-bearing alloys concen
trated the impurities in subsurface zones ranging in 
thickness from 10 to 100 /xin. Thus the average 
onalysis wouhl depend on the thickness of the speci
men for this class of alloy. For very thin sections, as 
might be used in reactor fuel cladding, the average 
analyses would be miieli higher than reporteil for the 
0.15-cin-lliiek corrosiiiu specimens at the same expo
sure. 

The increase of carbon in the sodium enviidumcnt 
actually reduced the weight changes of the V-20 w o 
Ti alloy soinewhat as compared with control experi
ments. Combining this observation with the postex
posure chemical analyses suggests that oxygen con

tent of the sodium is the most significant variable in 
determining the corrosion behavior in this tempera
ture range. However, the X-ray and microprobe 
analyses showed that the oxygen and carlwn impuri
ties interact concertedly with vanadium lo form a 
compound layer of y VC and again in the subsurface 
hardened zone with titanium to form an unidentifieil 
precipitated phase. The observation of a gold-brown 
tint on the outer coating on alloys exposed in the 
riynaraic system combiiufl with the inicroprolH' result 
suggests that a ver>' thin layer of vanadium nitride 
was present on the outer surface of the corrosion in
terface. 
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Discussion 

.\s the result of ilefective tape, it was not possible 
to transcribe the discussion that followed the presenta
tion of this paper. 
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t, Introiluel i i in 

The release of energy and effluents from a sodium 
fire, resulting from a major sodium spill in a Liquid 
.Metal Fast lireeder Ileactor (L.MFBHl, must be con
sidered ill the safety analysis of the jilant. Such fires 
may occur, for example, when sodium which is suffi
ciently hot is discharged onto the floor of a pri-
nmiy-Hystem equi|>ineiit cell from a pipe nipture or 
inadvertently opened blocking valve during main
tenance. A sodium fire in a primary cell which is 
open to the reactor building will result in the genera
tion of pressure and the release of radioactive sodium 
aerosols within the building. The analysis of this ac
cident determines the basis for the design |)ressure of 
the outer containment barrier in the LMKBU. 

Kxperiments conducted in the past at Atomies In
ternational have been concerned primarily with small-
srulc fires, where sodium was burned in various con
tainers, either in open air or in veiitilateil eiudosures 
under steady, forced-flow conditions with air and re
duced oxygen atinos|)lieres."'0 These experiments pro
vided information about some of the characteristics 
which affect the thermal behavior ol sodium pool fires, 
such as dependence of the burning rate on oxygen con
centration, surface condition belia\'ior, and effects of 
prolonged burning periods in air. For example, l*hase-I 
experiments in the sodium fires program, conducted 
with cxpi'riments with 3-ft- pools in a ventilated 
enclosure"'"' show that sodium burning rates vary 
(roiii 0.22 to 0.45 lb Na hr-''.' O: per apparent square 
foot of suifnee area, over the range of sodium pool 
temperature (tiOO to 1300°F) and oxygen concentra
tion (4, 10. and 21 vol % 1 , for burning periods of 
up to a few hours. The higlu'st burning rate observed 
for an air eiivironinent was 9.3 lb Na, hr-ft-. Since a 
number of the detailed nieehanisms of sodium burning 
are not well undei-stood, the sealing laws for applying 
the results from the small-scale fire experiments to 
large-scale fire accidents which might occur in a re
actor system are unknown. .\s a result, plans were 
formulated to design, construct, anil conduct large-
scale fire inoileling experiments in an enclosure which 

•Work Iierformed imder t 'S . .\toniic Energy Commission 
Contrail .\T(01-3)-701. 

simulates reactor system containment configurations. 
Because these fires are smaller in scale than those 
which may occur in the actual system, considerable 
effort is devoted to the instrumentation for these ex
periments, .so that information about the basic mecha
nism of sodium burning can also be obtained. 

The jiurposes of this paper are to describe the large 
sodium fire modeling test apparatus (Phase II) and 
the results of the initial test conducted in this facility, 
as well as some of the theoretical considerations as
sociated with the development of a sodium fire ac
cident model for the LMFBU. Release and transport 
characteristics of sodium oxide aerosols, generated 
during sodium pool fires, are described elsewhere.'"' " 

2. Theurel iral Consiilerations 

In imler to calculate the pressure rise in a given 
system in which heat is generatcil tlue to sodium 
burning, one must know the net amount of heat ab
sorbed by the gas in the containinent as a function of 
time. .\ heat balance for the gas reepiires the knowl
edge of the bulging rate, a priori. However, if the 
burning rate deitends upon the absolute temperature 
of the reaction region or upon the temperature 
gradients within the system, then the burning rate 
cannot be solved independently of Ihe equations which 
describe the temperature distributions in the system. 

The burning rate would primarily depend upon the 
following three processes: 

11 rate of oxygen arrival to the burning region; 
21 rate of reaction of oxygen with sodium: 
3) diffusion of sodium vapor through the oxide 

layer to the burning region. 
.\n\ of tliese jirocesses could be the limiting step, if it 
juoceeds at a relatively slower rate than the others. 

To clarify the essential features of the problem, 
consider the heat balance for a simplified sodium pool 
fire, as shown in Figure 1. 

This simplifieii model consists of four regions: 
11 liquid sodium pool; 
2) porous sodium-sodium oxide layer: 
3) reaction or flame zone, at which oxygen and 

sodium vapor combine to fonn sodium oxide; 
41 gas containing sodium oxide aerosols. 
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GAS CONTAINING 

SODIUM OXIDE AEROSOLS 

(1) 

FIG. 1. Schematic of Sodium Pool Fire. 

t.l. Heat Balance for the Gas' 

(Q.).b. = {Q„),..i + (a,.).v 

— (Qgw)rad ~ (Qcwjci 

This equation simply states that the amount of 
heat absorbed by the bulk gas equals the amount of 
heat received by radiation and convection from the 
reaction zone minus the amount lost to the walls by 
radiation and convection. 

S.2. Heat Balance for the Reaction Zone 

/3Qc = (Qf.),.d -f (Qijcv -I- ( a . ) „ d + (Qfs)cv. (2) 

The amount of heat generated due to combustion 
equals heat losses by radiation and convection to 
the oxide surface and the gas. Additional terms, ac
counting for the radiation exchange with the walls, 
will be required if the gas is not a perfect absorber. 

2.S. Heat Balance for the Oxide Surface 

(ad)ox = (Qf.)cv -I- (Qf.)i=,i - Ov (3) 

The total heat conducted from the oxide surface 
towards the liquid equals the total heat radiated and 
convected from the reaction zone minus the heat ab
sorbed by the sodium vapor as it rises to the reaction 
region, again assuming the gas in the reaction region 
is a perfect radiation absorber. 

2.4. Heat Balance for the Oxide Layer-Sodium Sur
face Interface 

= (Qcd Q v - (4) 

The heat conducted downward towards the liquid 
equals the amount of heat arriving at the oxide sur--
face from the reaction zone minus the heat absorbed 
by the sodium vapor as it rises through the oxide 
layer and the heat of vaporization. 

* A nomenclature list is included at the end of this paper. 

Finally, the problem is fully described when addi- 1^ 
tional heat balances are written for the containment I* 
walls and the pool liquid sodium, and when Equa- <* 
tions 1 through 4 are expressed in terms of tempera- ''' 
tures and the appropriate physical properties of the * 
media. This requires additional relationships for: (' 

1) the burning rate /3; '' 
2) the eniissivities of the gas and of the surface; 
3) the thickness of the oxide layer; 
4) the diffusion rate of vapor through the oxide 

layer. 
I t should be noted that these variables are not 

necessarily independent of each other (e.g., the gas -
emissivity, which is related to the aerosol concentra
tion in the gas, would be expected to depend upon the 
burning rate and the released fraction of sodium ox
ide). 

The complexity of the problem at hand shows the 
need for experiments that will provide the necessary 
parameters and will point out whether further simpli
fication of the theoretical equations is possible. 

3. Description of Large Modeling Fires Test Sys
tem 

The system for the large sodium fires modeling ex
periments is located at the Atomics International 
Nuclear Development Field Laboratories, in the So
dium Fires Test Installation. The principal features 
of the Phase-II experimental apparatus are described 
in the following sections. 

3.1. Test Vessel 

The test vessel for the large sodium fires modeling 
experiments consists of a 10-ft-diameter, 31.7-ft-high, 
mild steel, cylindrical shell with ellipsoidal upper 
and lower head sections, certified for 40 psig at 700°F. 
The vessel body is assembled in three sections, the 
lower section being 10.9 ft high and the upper two 
sections each 8.5 ft high. Each ellipsoidal head sec
tion has a maximum height of 2.4 ft from the major 
axis. The cell, or lower section, is provided with a 
cylindrical skirt that allows attachment of the vessel 
to the facility pit floor. This skirt also places the 
lower ellipsoidal head section approximately 1 ft 
above the pit floor. The Phase-II test vessel is shown 
in Figure 2. 

3.2. Atmosphere Control 

The test-vessel atmosphere can be controlled, in 
both the cell and secondary sections, through the 
facility atmosphere mixing manifold. Either 100% air 
or nitrogen-diluted air may be introduced into the test 
vessel, at flow rates up to 200 cfm. This atmosphere 
supply can be used either to establish pre-test condi
tions or to supplement gas volume contraction due to 
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temperature decay or oxygen depletion. The pre-test 
oxygen concentration may be decreased within the 
cell section while maintaining a 100% air concentra
tion witliin the secondary section, by opening a by
pass line between the cell section and the vessel 
exhaust line. It should be noted that, during experi
ments that require a two-volume configuration (cell 
section and secondary section! with sijiarate con
trolled atmospheres, a doughnut section is placed be
tween the vessel sections. This doughnut assembly is 
provided with an Ofiening to allow communication of 
gases between vohinies during a cell-open-to-building 
model fire configuration, atul may be closed initially 
or nt any time during the test. The area of the open
ing between volumes may be varied from 1 to 28 ft", 
depending on test reiiuireinents. 

Vessel exhaust can be accomplished tlirough a 12-
in.-diameter pijie, mounted in the center of the top 
ellipsoidal head section. .\ 12-iii. gate valve is pro
vided in this line for systein closure. The exhaust gas 
is directed through this line to the facility gas 
bubbler-scrubber systein, through an exhaust blower, 
and vented directly to outside atmosphere. 

S.S. Spill Supply and Configuration 

Two separate sodium-preheat and -transfer sys
tems are pro\ided on the test vessel. The primary 
system consists of a sodium drum melt station, an in
line filter, and a 12.i0-gal sodium-supply tank. The 
sodium-supply tank is provided with insulated li- and 
2-iii. fill lines, directed to the test vessel. This pri
mary supply tank and the dump lines are capable 
of delivering sodium at bulk teinpertitures from 3.50 to 
I300*F. .\n auxiliary sodium-supply system, used for 
Phase-II experiments, deli\'ers small, accurately de
termined quantities of sodium ( <100 lb) to the test 
vessel. This system consists of a small-diameter pre
heat tank, an inert gas blanketing system, a transfer 
control valve, and a 1-in. insulated transfer line to 
the sodium burn pan. 

The pool fire areas planned for the Phase-II sodium 
fires experiments will vary from about 3 to 60 ft-. 
T>'pical burn pans will be cylindrical in configuration 
and will have depths ranging from 0.3 to 1 ft. Each 
burn pan is capable of being pre-heated to test con
ditions and or completely insulated. The burn pan is 
supported on a stand above the ellipsoidal bottom of 
the \-cssel. 

S.4. Instfuincntation 

In order to study the aerosol and eneigj'-transport 
elmracteristics of sodium pool fires, an array of so
dium oxide plating and fallout-sainiiling devices, and 
temperature, pressure, and heat-fliLX transducers are 
installed within the test vessel. Typical cumulative 
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FIG 2. Large Sodium Fires Modeling Experiment. 
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F I G . 3. Interior of Cell Section of Test Vessel. 

TABLE 1. PH.VSE I I—TES-

Test vessel condition 
Fire area (ft^) 
Spill-pan temperature (°F) 
Amount of sodium spilled (lb) 
Sodium temperature (°F) 
System pressure (psig) 
Average temperature of vessel a 

(°F) 

-1 

ir 

INITI-VI. CONOITIONS 

Closed 
1) 
950 
25 
950 
5 [Established due to 

\ preheating of spill 
210 [pan 

and intermittent fallout and |>lating devices are 
shown in Figure 3, installed within the cell section of 
the test vessel. 

Temperature distributions are measured within the 
vessel at various radial and axial positions by means 
of chromel-aluinel thermocouples. Twenty-six gas and 
13 wall and insulation thermocouples were used for 
the initial test, to determine the heat distribution in 
the cell section. A similar array of gas, wall, and 
insulation thermocouples determine the heat distribu
tion in the secondary section. 

Gas pressure in the test vessel is measured directly, 
with low- and intermediate-range, unbonded strain-
wire, pressure transducers located inside an instru

mentation liulkhead. This bulkhead is located in the 
secondary section, at an elevation of 26 tt (from the 
bottom of the test vessel I. 

The sodium burning rate is obtained by determin
ing the overall oxygen concentration within the test 
vessel, by samjiling continuously the atmosphere at 
various locations. The oxygen-sampling stations avail
able for the initial tests are noted in Figure 2b. At 
each selected o.xygen station, a continuous flow of 
atmosphere (~200 cc/min) is pumped from the ves
sel, filtered, directed to an oxygen analyzer, and re
turned to the vessel for detector cooling. 

The signals from each of the previously mentioned 
temjierature, pressure, oxygen-concentration, and 
radiant heat-flux detectors are recorded directly on 
multipoint recorders and on a data-logger system at 
preselected time intervals. These digital data are 
processed by computer. 

The test vessel is equipped with several view ports 
for visual observations. One of the view ports in the 
lower, or cell, section of the vessel is utilized for ob
taining I6-mm motion pictures in the sodium-spill 
area during the initiation and progress of the fire. 
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4. Description of the Initial Phase-II Test 

The initial Phase-II test involved 2.5 lb of sodium, 
introduced into the spill pan of the test vessel at a 
temperature of 9.50°F and an initial vessel atmosphere 
of about 100% air (21 vol % O2). 

The initial conditions for the test are summarized 
in Table 1. 

Sodium, in brick form, was added to the auxiliary 
preheat tank, and a nitrogen blanket atmosphere was 
estahlishcd witliin the tank. Initial heating of the 
tank was adjusted to melt the sodium. After the de
tector and recording instrumentation were completely 
iheeked, the initial conditions (see Table 1) were 
rstahlished. 

The sodium was then introduced into the spill pan 
and the test was initiat^'il. . \ t the start of sodium 
transfer (T — 25 sec), the 16-mni motion picture 
camera was started. After all sodiuiu had been 
triinsferred to the spill pan, T — 0 was marked and 
the data-logger system was aetivat<'d to a mode 
which would scan 168 channels of data every 2 min. 

1). Experimental Results 

The data obtained from Phase II—Test 1 related to 
the salient features of some of the important char
acteristics, such as burning rate, gas temperature dis
tribution, and radiant heat transjiort, are presented 
in the following section. A brief description is also 
given of the visual observations recorded by the 16-
min camera during the early stages of the fire (0 to 
3 mini. 

J./. .Stulinm Burning Rate 

The oxygen concentration measured at three axial 
positions (1.5, 5.5, and 14 ft above the spill panl in 
the test Vi'ssel as a function of time is shown in 
Figure 4. These data were used to compute the his-
toiy of the sodium burning rate sliown in Figure 5. 
This was done by first determining the volume-aver
aged oxygen concentration, from the various oxygen 
probes, and then taking differences of this concentra
tion at successive time intervals. In converting the 
bulk oxygen decrease to the sodium burning rate per 
unit area, it was assumed that the sodiinn-oxygen 
reaction was 

4 Na -I- O,. • 2 X a , 0 , 

and the [ihysical area of the spill pan was used. 
Figures 4 and 5 indicate that 90% of the sodium 

was consumed after about 20 min of burning. With 
the exception of an apparent high burning rate during 
the initial 2 min following tlie introduction of the 

TIME (nin) 

Fii:. 4. Oxygen Concentration vs Time (Phase II—Test 1). 
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FlC. 5. Sodium Huniinp Hate vs Time (Phase II—Test 1). 

soilium irito the spill pan, the burning rate varies be
tween alxuit 8 and 12 lb hr-ft". up to —20 min, 
after which it arops s^harply to 2 11), hr-ft", continues 
at tliat rate for ^10 niin, anil eventually decn-asos to 
zero. Although the burninp rate during tin* period 
from 2 to 20 min can be des-crihed fairly well by an 
average value of 10 lb hr-ft-, the data in Figure 5 
suggest a steady rise, from 8 lb/hr-ft- at 2 min to a 
maximum of 12 lb hr-ft- at about 12 to 14 min. 

5.2. Temperature Distribution 

Figure 6 shows the variation of centerline tempera
ture as a function of both height above the bottom of 
the pan and time. Curves 1. 2, and 3 represent the 
temperature distribution during the burning period, 
and Cur\e 4 represents the temperature during the 
postburning period. 

The centerbne temperature can be approximately 
represented by T — Z°. where Z is a height above 
the soilium surface and n is a constant having the 
values as shown in Table 2. 

Figure 7 shows the radial temijerature distribution 
at an elevation of 4 3 ft alwvc the spill pan. The 
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SYMBOL 

O 

0 

A 

<I 

TIME 

PRE-5PILL 

6 min 

1 4 IIINI 

22 min 

0.1 1.0 

DISTANCE ABOVE SPILL PAN (ft) 

F I G . 6. Axial Temperature Profile for Various Times (Phase II—Test 1). 

TABLE 2. CoRREL.vTioN OF CENTERLINE TEMPERATURE 

WITH HEIGHT 

(min) 

(Pre-spill) 
6 

10 
14 
22 

Curve 

1 
2 

3 
4 

n 

Zone 1 
Z = 0.08 
ft ^ 0 . 3 ft 

0.23 
0.18 
0.211 
0.153 
0,197 

Zone 2 
Z = 0.3 ft 
-> 0.3 ft 

0.45 
0.481 
0.369 
0.388 
0.321 

Zone 3 
Z = O.S ft 

^ 5 ft 

0.243 
0.403 
0.428 
0.455 
0..389 

Zone 4 
Z = Sft 
->2Sft 

0.0723 
0.155 
0.201 
0.222 
0.200 

radial temperature distribution is approximately sym-
metrieal with respect to the centerline, with the radial 
temperature gradient becoming steeper with time. 
The radial temperature gradients decrease at the end 
of the burning period. I t is of interest to note that, 
at this elevation, the wall is hotter than the gas 
initially, with the trend reversing as burning con
tinues. 

Figure 8 shows the radial temperature distribution 
at various elevations, 6 min after the spill. Flattening 
of the temperature profile progresses as the distance 
from the heat source increases. 

1 <t 1 

RADIAL POSITION (ft) 

SYMBOL TIME 

OPRE-SPILL 

F I G . 7. Radial Temperature Distribution at 4.3 ft above Burn Pan. 
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Si. Radiant Heat Transport 

Since only one radiometer was available in this ex
periment, complete description of the radiant heat 
transport through the gas is not pos.'̂ ible. The one 
radiometer was located ~10 ft above the pan. How
ever, it is significant to state (see Figure 9) that dur
ing the period between 4 and 20 min after the spill, 
no apparent radiant flux can be recorded from the 
radiometer. Not until after about 20 min, at reduced 
burning rate, can the radiant heat flux be recorded 
from the radiometer. 

14- Visual Observation from .Motion Picture 

Sixteen-rnillinieter motion pictures were taken of 
this test, through a viewing port located 414 ft above 
the plane of the spill pan and at an angle of ~45°. 
Total test time recorded by the film was 2.2 min, 
including the sodium charging time, T — 25 to T — 
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Flo. 8. lladial Telnpi-ralurc Distribution at Time = 6 min. 

0 sec. and ~1.8 min after T — 0. The sodium burning 
phenomena are described, at test times 7" — 25. T -
0, r -I- 30, r -I- 60, and r -<- 90 sec, in the following 
sections. 

5.4.1. Test Time T - io sec 

The sodium-dump valve was opened on the 
auxiliar)' sodium-preheat system, allowing the 950°F 
sodium to flow into the spill pan under a 10-ft bead. 
Total transfer time for the 25 lb of sodium was 25 sec. 
An initial cloud of smoke was obsened when the 
sodium stream first entered the spill pan. Also, par
tial ignition of the sodium pool occurred during this 
filling period. 

S.4.i. Test Time T - 0 sec 

All of the sodium had been transferred from the 
preheat tank to the spill pan by this time. Only a 
small portion of the surface area was exhibiting visual 
burning. 

5.4.3. Test Time T -t- 30 sec 

During this 30-sec time period, almost all of the 
sodium surface area was burning. The burning rate, 
as well as the rate of release of sodium oxide, had 
greatly increased during this period. 

5.4.4- Test Time T + 60 sec 

At an elapsed time of 1 min, the fire had definitely 
encompa.''.-ied all of the 6-ft- area of the spill pan. 
The burning was also increasing in vigor. Since it 
became more di^eult to see the sodium fire, it is ap
parent that the concentration of sodium oxide par-

Fio. 9. Sodium Fire Radiant Heat Flu-\ at 10 ft above Spill Pan, and Sodium Oxide .\erosol Concentratioo at 15 ft. 
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ticlcs above the spill pan had also greatly increased. 
I t should be noted that the turbulence around the 
spill pan, caused by gas convection currents, had been 
well established during this period. 

5.4.5. Test Time T -^ 90 sec 

Full burning conditions, covering the entire surface 
of the spill pan, had been established. The density of 
oxide particles was such that now almost all the fire 
area was completely obscured. 

6. Discussion 

The magnitudes of the sodium burning rates (see 
Figure 5) observed during the period from 2 to 20 
min were quite similar to those obtained in previous 
laboratory and ventilated-enclosure experiments with 
air atmospheres. In addition, the apparent increase 
in the burning rate, to a maximum during the period 
from 2 to 12 min, has been observed in a Phase-I air 
experiment, but o^'er a longer time period and w'ith a 
more pronounced change. The high apparent burning 
rate during the initial 2 min of the test, obtained 
from the oxygen-concentration data, appears to cor
relate with the pressure history during this time. Ex
amination of the observed vessel gas pressure history, 
shown later in Figure 11, indicates a distinctly higher 
rate of pressure rise during the first 2 min, com
pared with later times. The motion pictures taken 
during the early history of the test show rather 
vigorous burning of the sodium during most of this 
period. 

The observations that the bulk gas teniperature 
(gas temperature averaged with respect to volume of 
the entire cell) is close to that of the wall and that 
no radiant heat flux is detected at a height ot 10 ft 
or less suggests neglecting the radiation exchange be
tween the gas and the vessel wall, and between the 
burning surface and the vessel wall, as a first approxi
mation. The temperature profiles also do not show 
any distinct region above the surface where the tem
perature is higher than at the surface. This indicates 
that burning takes place on the surface, or very close 
to it. 

I t would be of interest to employ these observa
tions in the basic equations and to test the theoretical 
results against the experimental data. Accordingly, 
the following assumptions are introduced: 

1) The burning process proceeds at the sodium 
oxide surface only. 

2) The burning rate is controlled only by the rate 
of oxygen arrival to the sodium surface. 

3) No thermal radiation occurs between gas and 
vessel wall and between sodium surface and 
vessel wall. 

4) The oxide layer is thin and of negligible thermal 
resistance. 

Some justification for Assumption 2 can be found 
from previous experience, where strong dependence ot 
the burning rate on oxygen content in the system was 
observed. 

With the simplifications mentioned, the previous 
heat-balance equations (1 through 4) in Section II 
are reduced to the following: 

Heat Balance for the Surface 

ffiQc - Qv.p) = (Q..)cv -F (Q.„),.d + Q,d 1 (5) 

Heat Balance for the Gas 

(Qs.)cv -I- (Q»),..i = (Q,).i,. -I- (Q.w)cv (6) 

Heat Balance for the Walls 

(Q.w),.v = (Q,).i,. -F (Qw)w, (7) 

The rate of oxygen arrival at the surface can be 
estimated from 

J = hCo exp[~{hA/V)t], (8) 

wliere h is the mass-transfer coefficient for the trans
port of oxygen from the bulk gas to the surface, and 
Co is the initial oxygen concentration in the bulk 
gas. In free convection, where there is simultaneous 
heat and mass transfer, h is given by the expression 

h = C 5 (Gr')̂  ̂ Sc)"\ (9) 

where C is a constant which depends upon the 
geometry of the system, D is the diffusion coefficient 
of oxygen in air, L is a characteristic length, and Gr" 
is the combined heat- and mass-transfer Crashed 
number, and Sc is the Schmidt number. 

The sodium burning rate, /J, is related to the oxygen 
arrival rate by 

/3 = kJ, (10) 

where k is constant depending upon the sodium-
oxygen reaction chosen. For the reaction that forms 
the oxide Na.O, the value of k is 2.88. 

The solution of Equations 5 through 7 requires 
knowledge of the thermal radiation interchange factor 
(which is related to the radiation emissivity of the 
gas and sodium surface, respectively). 

By means of the experimental burning rate, and by 
assuming various values for the thermal radiation 
interchange factor between the surface of the sodium 
and the gas. Equations 5 through 7 were first expressed 
in terms of temperatures, and then solved simul
taneously for the average containment-wall tempera
ture, average bulk gas temperature, and sodium sur-
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face teinperatui'e. An interchange factor having the 
value of 1.0 was found to give the best agreement 
between the calculated and observed temperatures up 
to the inaximuin, as shown in Figure 10. The inability 
to fit the tlata beyond the inaxiinuin, as guided by 
theory, would seem to indicate that other thermal 
processes are involved in this time regime. For ex
ample, the radiometer data shown in Figure 9 indi
cate that heat transfer to the walls by radiation 
from the surface ean no longer be neglected, due to 
an apparent change of the radiation eliaraeteristics of 
the gas. 

The comparison between the experimental sodium 
burning rativ-: and tlio.se calculated using Equations 5 
through 10 with a thermal radiation interchange 
factor of 1.0 is shown in Figure 5. It can be seen 
from Figure 5 that the theoretical burning rati' un
derestimates the experimontal \aluo by ~30'~r in the 
time interval between 2 and 16 niin. During this 
time, 7 5 ^ of the total available sodium had been 
consumed. It ean be seen that the theoretical burning 

rate increases beyond 16 min. while the exiirrimental 
rate decreases sharply. The generally good agreement 
between experiment and theon.-, in magnitude and 
trend, between 2 and 16 min. appears to indicate that, 
beyond the peak, the buniing rate is controlled by a 
niechanisin other than oxygen mass transfer to the 
surface. This effect has been obsenn'd previously in 
the Phase-I experiments, and is attributed to ."Oflium 
oxide accumulation acting as a barrier between oxy
gen and sodium. 

Figure 11 shows a comparison of the volume-av
eraged experimental gas temperature and the gas 
pressure with their theoretically predicted values 
(up to time of maximum pressure). I t can be seen 
that the calculated maximum pressure ri.se is lower 
than the experimental maximum pressure rise by 
- 3 5 % . 

7. Conclusions 

The initial test conducted in the large sodium 
fires modeling apparatus has demonstrated the capa-

http://tlio.se
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Pressure and 

bility of the facility for studying LMFBR sodium 
fire accidents on an engineering scale. 

Sodium burning rates observed during the major 
period of the test varied between 8 and 12 lb Na/hr-
ft^. The magnitude of these rates, as well as certain 
portions of the detailed burning history, are in gen
eral agreement with data obtained previously in 
smaller-scale experiments, particularly the 3-ft-, 
Phase-I experiment in a ventilated enclosure. 

From theoretical considerations of sodium burn
ing, it would appear that information about physi
cal properties associated with the fire, such as gas 
and sodium-surface emissivity and diffusivity of 
sodium vapor through the sodium oxide layer, are re
quired for a rigorous solution of the problem. How
ever, by means of a simplified model, based upon 
the assumption of a process controlled by oxygen 
mass transfer and a heterogeneous reaction, fair 
agreement with the overall experimental behavior is 
obtained, provided an empirical value is used for the 
effective emissivity for thermal radiation inter
change between the gas and sodium surface. 

Additional tests, conducted over a wide range of 
initial conditions which simulate postulated LMFBR 
sodium fire accidents, will be required to validate the 
simplified model presented here. These conditions in
clude: 

1) increased spill areas, 
2) sodium temperature, 
3) open cell-secondary volume configurations, 

interconnected by reduced access area, and 
4) reduced oxygen atmospheres. 

Modification of the theoretical equations, to account 
for additional details which the simplified model does 
not treat, will be investigated. 

The evaluation of the experimental data from the 

initial test has also been extremely valuable in point
ing out instrumentation requirements for subsequent | 
tests. For example, additional radiant heat-flux de- ' 
tectors will be installed in the system at distances 
closer to the fire, in order to obtain more informa
tion on the time behavior of thermal radiation trans
fer to the gas. Also, additional oxygen-sampling sta
tions will be used, and modification of the location of 
these stations will be carried out, to improve the ac
counting of oxygen as a function of time over the ' 
volume of the test vessel. This improvement may in- ' 
crease the accuracy of the burning rate data, as well \ 
as reveal additional detail on history. 
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JNomenclature 

A = apparent area of burning surface 
Co = initial mass concentration of oxygen in vessel 
D = diffusion coefficient of oxygen in air 

Gr ' = combined heat-and mass-transfer Grashof num
ber 

J = rate of arrival of mass of oxygen at the burning 
surface 

K = constant, relating oxygen consumption rate per 
burning rate per pound of sodium 

L = characteristic length of pan 
Q = heat quantity per unit time 
Q = beat quantity per unit mass 
Sc = Schmidt number 
V = volume 
0 = burning rate, pounds of sodium per unit time 

Subscripts 

abs = heat absorbed in gas 
c = heat of combustion 

cd = heat flow by conduction 
CV = heat flow by convection 
fg = radiation exchange between flame region and 

the body of gas above it 
fs = radiation exchange between flame and oxide 

surface 
g = gas 

gw = radiation exchange between gas and wall 
ox = oxide layer 

rad = beat exchange by radiation 
V = vapor 

vap = heat of vaporization 
w = wall 
wr = heat loss from wall to room 
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Discussion 

Mr. Chiirak (ANL): I have two questions. First, 
why are the burning rates you are getting now con
siderably higher than those obtainetl in the past? 
Second, did you calculate the pressure in your cell 
with the SOFIHE code, anil how do the results com
pare with the measured pressure? 

Mr. Silberberg: Except iluring the first minute or 
so, the binning rates in the past varied between 8 
and 12 lb br-ft=. However, the accuracy of the burn
ing-rate data is somewhat in question because of the 
hniited iiiiniber of probes wo had in the chamber. In 

the second and subsequent tests we will be putting 
more probes in to give us a better account of oxygen 
concentration as a function of time in the vessel. I 
don't consider the tlifTerence between the 10 obtained 
in this experiment and the old results of 8 to 12 to be 
significant. \Vi- think that sodium purity has some
thing to do with the burning rate, ami we will be prob
ing the early historj- much better with the increased 
instrumentation in the vesi^el. 

As to the second ((uestiun. the SOFIRE code calcu
lation predicts a peak pressure anil early rise of about 
2 psi at 4-5 min, while we oliservi'd aliout 1.5 psi, 
lasting about 16 min. The total energy that is put 
into the systein early from ."^OFIHE is higher than 
the energy obser\-ed experimentally. We have a new 
simplified model with which we can lake a Iwller 
look at the whole question of radiation ab.>iorption 
by the gas and perhaps come up with better preiiic-
tions. 

.Mr. Coleman (APD.\ ) : I wonder if you've really 
looked into what are the realistic possibilities of 
actually getting a sodium fire inside an LMFBH? 

Mr. Silberberg: The design people have lookeil at 
this quite a bit. People looking at the safety analysis 
of these plants make the simple assumption that 
while one loop is down for niainteiiance in the plant, 
and the other loops are operating, the equipment ac
cess plug in the floor is open. Therefore, there is air 
in the cell. If the blocking valve is inadvertently 
opened, sodium leaves from a large line and spills 
onto the floor, .\ctiially. what we would have is not 
quite this situation; the simple situation is useil to 
help us understand the problem. Let us say we have a 
hole of something of the order of 30 to 50 ft-. The 
initial oxygen in the cell would be used up quite 
rapidly, and the further supply of oxygen to the so
tlium would now be restricted hy this hole in the floor. 
Basetl on some calculations wc made, it would result 
in even lower burning rates than this and taking 
place over a much longer period. These tests will be 
conducted shortly. The object is to predict the inter
change of gas flowing to a restricted access from the 
secondary into the primary system. 
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The Fast Flux Test Facility (FFTF) includes a 
sodium-cooled fast test reactor (FTR) for irradiation 
of fast reactor fuels and materials. Because sodium is 
so reactive with air, special provisions must be in
cluded to provide inert gas to fill void spaces over 
the sodium and to blanket primary piping and com
ponents to prevent fires in the event of a sodium leak. 
For the conceptual design of FFTF, argon has been 
selected for the cover gas, although helium has been 
given serious consideration for some applications, such 
as experimental closed loops. Nitrogen has been 
selected to blanket equipment cells. 

Since all cover gases will contain some impurities, 
specifications must be established for the maximum 
allowable impurity levels that can assure satisfactory 
operation of the plant and design life for the ma
terials. Gas-analysis instmmentation is also re
quired to indicate if the gas purity remains within 
established specifications. This paper will first present 
the results of a survey of cover-gas-analysis instru
ments and then will consider the initial results of 
studies of the reactions of impurities in cover gas 
with sodium. 

Instruments for Analysis of Impuri t ies 

Since specifications for the allowable impurity 
levels in cover gas have not yet been established, it is 
necessary to make some assumptions on probable im
purity content. First, it is desirable to keep the re
active impurity levels as low as can be measured. 
Second, inert impurities such as other rare gases and 
nitrogen need not be maintained at the low levels 
of the more reactive impurities. The reactive im
purities are considered to be: water, oxygen, hydro
gen, carbon dioxide, carbon monoxide, and organic 
compounds. Detection limits for these substances are 
of the order of 0.1 to 10 ppm, depending on the 
matrix gas and the measuring instrument. 

The incoming cover gas (from a liquid argon 
supply) should be analyzed to assure that it is not 
contaminated with any of the above reactive im
purities. This is probably the only point in the 

* Based on work perlormed under U.S. Atomic Energy Com
mission Contract AT(46-1)-1830. 

cover-gas system at which one might expect to find 
significant levels of oxygen and water vapor in the 
gas. All gas in contact with sodium should lose its 
oxygen and water rather rapidly. 

The instruments applicable to cover-gas analyses 
may be considered in two classes, single-component 
and multicomponent. For the water and oxygen just 
mentioned there are several single-component instru
ments which we have examined. For water we have 
evaluated the electrolytic hygrometer and the alu
mina-film hygrometer. The electrolytic hygrometer 
uses a film of phosphorus pentoxide to absorb the 
water to form phosphoric acid, which is then con
tinuously electrolyzed to decompose the water. The 
electrolysis current is proportional to the quantity 
of water introduced with the flowing gas stream. The 
alumina-film hygrometer is made from a strip of alu
minum on which is formed a layer of alumina that is 
in turn overlaid by a thin film of gold. The whole 
forms a leaky electrical capacitor whose resistance 
and capacitance change with the change of a solid 
moisture content of the gas surrounding the sensor. 

For oxygen we have evaluated the Hersch cell and 
electrolytic cell-type instruments. In the Hersch cell 
type of electrolytic instrument oxygen reacts at a 
silver cathode in an aqueous alkaline electrolyte to 
form hydroxide ions. In the cell the current produced 
is proportional to the oxygen content of the gas flow
ing through the cell. In the solid-electrolyte cell type 
of instrument the oxygen in the unknown gas acts as 
one side of a concentration cell, the other side being a 
gas of known oxygen concentration, usually air. The 
electrolyte is calcia-stabilized zirconia, which con
ducts oxygen ions when heated about 700°C. 

For these instruments we have found that the 
electrolytic hygrometer gives a satisfactory measure
ment of the water content of the gas entering the 
instrument except at very low moisture levels (less 
than 1 ppm.). However, there may be considerable 
lag between changes in the moisture content of the 
source gas and the gas entering the sensing cell. This 
is due to the sorption effects in the sample transport 
system. One measurement we made will illustrate 
this. A clean 25-ft length of 0.25-in. stainless steel 
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Gas-impurity Reactions with Sodium 207 

tubing was brought to equilibrium with air flowing 
at 200 cc/min and containing approximately 2 ppm 
»ater. The air stream was switched to a source in
troducing 600 ppm water. A delay of 8 min from the 
time of switching was observed. The instrument did 
not show a gradual increases of moisture with time, 
but a constant reading followed by a rapid increase 
alter the initial delay period. (The volume of the 
tuliiiiR was about 125 cc, so that the delay con
siderably exceeds the volumetric delay.) 

At low moisture levels the residual conductivity of 
the electrolytic cells varies with teniperaliirc. The in
dividual cells vary in residual conductivity also. This 
means that at very low moisture levels it is neces-
sar>' to have close temjierature control and to cor
rect the instrument reading for the specific cell in use. 

The aluniina-film hygrometer sensor is a probe 
that does not iieeil to lia\'e a flowing gas sample 
brought to it. Rather, the sensor can be mounted in 
hne. Our early experience indicated the sensor life 
mlRlit be a problem, but more recent probes have 
performed satisfactorily for a year or more. Because 
of its in-line character and its rapid response (less 
than 10 sec for initial lesjionse when in line), it ap
pears the aluniina-filni hygrometer would be a good 
instruinent to monitor the incoming argon for 
moisture. This instrument also has the virtue of a 
veiy wide range: from a —110°C frost point (less 
than 0.01 ppml to a 10°C dew point (greater than 
10,000 pimi I. 

The Hersch cell oxygen meters have been examined 
on several gloved boxes. For low oxygen concentra
tions (1-25 p)un) they have performed reasonably 
well. Slow approach to final equilibrium has been the 
major drawback. Calibration uncertainties at these 
low levels are also problems. These instruments ap
pear to be unalTocted by the presence of hydrogen in 
the gas stream. 

The solid-electrolyte oxygen cell is ra])iil in re
sponse (within a few secoiuls) and covers a very wide 
range with the single sensor (from pure oxygen to less 
than 1 ppbi. However, the electrolytic cell suffers 
from the disadvantage that it is measuring oxygen 
(•oncentiation in excess of any reducing agent that 
may be in the gas, since the cell operates at 750-
800°C, at which the oxygen will rapidly combine with 
any fuel gas, etc., thus giving a low reading. A 
Very common example of this problem is for the o.xy
gen to combine with hydrogen in the gas. 

For nieasureinent of the other impurities in the 
cover gas, whether the incoming supply or that over 
sodium, a multicomponent instrument such as a gas 
(^l)roinatograph or a mass spectrometer is the prime 
I'liiididate. We have used a gas chromatogra|)h ex

tensively for measuring trace impurities in helium. 
With a chromatograph utilizing a micro cross-section 
ionization detector we have been able to measure 
0.2 ppm of oxygen, nitrogen, methane, and carbon 
monoxide in the helium and less than 1 ppm hydro
gen. This type of in.itrument was ui^ed for the study 
of the rate of methane removal from helium by re
action with sodium, which will be reported later in 
this paper. When argon is 'substitutiil for helium the 
sensitivity of the detector is decreaseii by a factor of 
10 to 20. 

Methane or other organic compounds can be meas
ured with the hydrogen-flame ionization detector on 
the chroinatngrapli. Experiments preparatory to the 
study of the metbane-soiliuni reaction with argon 
cover gas demonstrated the po.-'sibility of measuring 
less thitn 1 ppm methane in argon. 

The other coininon gas-chromatographic detector, 
the katbaronieter or thermal-conductivity iletector, 
must be used for nonorganic impurities in argon and 
was found to be less sensitive than the ionization de
tector. Thus, it appears the chromatograph may be 
limited to measuring greater than 5 ppm of the re
active impurities in argon. 

The alternative multicomponent instrument is the 
mass spectrometer. We are in the process of evaluat
ing a small time-of-flight instnnnent for measuring 
trace impurities in argon. The mass spectrometer is 
attractive for two rcai^ons: t i l because it "looks" at 
all the ions that are generatiil from the sample, it is 
much more likely to "see" any unknown or unex
pected impuritie^ and to lead to identification of 
them; i2i l)ecaii.«e it can accept .samples at high 
teinperalures. its results may be less distorted by 
gettering in .-odium vapor traps and sample lines than 
the results from the gas chromatograph and other in
struments requiring samples at lower temperature. 

The limits of tietection of the mass spectrometer 
for impurities in argon appear to be of the order of 
5-10 ppm. This is influenced by the background of 
the spectrometer and the overlapping mass patterns 
that arise from the cracking of the various molecules. 
\\ 'ith a low-resolution spectrometer this overlap of 
mass [leaks is a particularly severe complication for 
nitrogen and carlion monoxide, since both have mass 
28. If Xi. and CO are present in nearly ef|ual quanti
ties, their concentrations can be calculated from their 
cracking patterns. However, if one predominates, a 
supplementary measurement is needed. 

One such supplementan,- measurement which hag 
been investigated for the measurement of CO2 is a 
nondispersive infrared analyzer. In this instrument 
the detector is sensitized by filling with the sub
stance to be measured, and thus its specificity is made 
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high. We have tested an instrument with 0-100 ppm 
range and find it to perform reasonably well. The 
noise band is somewhat broad, so a lower limit of 
5 ppm is about all that is measurable. 

Interactions of Cover-gae Impurities with Sodium 

The various parameters that have been investigated 
and that will be discussed include the following: 

A. reaction of methane and sodium in helium cover 
gas; 

B . reaction of methane and sodium in argon cover 
gas; 

C. the effeet of sodium volume and surface area on 
the reaction rates of methane with sodium; 

D. initial results of the reaction of COo and CO 
with sodium. 

Experimental 

The reaction of methane impurity in both helium 
and argon with molten sodium was measured at 
800, 1000, 1200, and 1400''F. The tests were conducted 
in a glass, recirculating-gas system employing stain
less steel capsules which contained the molten so
dium. A diagram of the system is shown in Figures i 
1 and 2. Two liters of cover gas at a pressure ot 760 
mm Hg and containing nominally 100 ppm of methane 
were recirculated over the sodium in the stainless 
steel capsules and through a 10-cc sampling coil by 
means of a glass Toepler pump. Duplicate test loops 
were used for simultaneous runs. Except for the ex
periments to determine the effect of sodium volume 
and surface areas, each capsule contained 100 cc ol 
sodium with a surface area of 14.1 cm^. The re
sultant decrease in the methane concentration with 
time was measured by diverting the gas in the sam
pling coil to a gas chromatograph. A chromatograph 
employing a beta ionization detector was used for the 
helium cover gas, and a flame ionization detector was 
used for the argon cover gas. 

Discussion 

The reaction of methane in helium with molten 
sodium at the various test temperatures is shown in 
Figure 3. Evidently the reaction is temperature de
pendent. At 800°F the reaction proceeded very slowly 
and reached a value of approximately 70 ppm 
methane in 24 hr. At the higher test temperatures, the 
reaction proceeded virtually to completion in less 
than 24 hr at 1000 and 1200°F and in less than 4 hr 
at 1400°F. Figure 4 demonstrates that the methane-
sodium reaction is similar in argon cover gas to that 
found in helium cover gas. At 800°F the reaction 
reached a value of 61 ppm in 24 hr, and at the 
higher test temperatures proceeded to completion in 
essentially the same time periods as for the helium 
cover gas. 

It is believed that the reaction of methane with 
sodium proceeds most probably as follows: 

2CH4 -^• lONa -^ Na,C2 + 8NaH. 

The reaction, being bimolecular, suggests a second-
order kinetic reaction rate whieh may be expressed as 
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where x is equal to the methane concentration at time 
t. If this equation is integrated from zero time, when 
I = a, the original methane concentration, to any 
time (, the following expression is derived: 

a — I , , , 
= ak /. 

A straight-line plot of (a - i ) / x vs. t would verify a 
second-order reaction for the process. 

Figure 5 verifies that the methane-sodium reaction 
with both helium and argon at 1200°F is a second-
order reaction. 'These plots are typical for the other 
test temperatures. The rate constants k' derived by 
a least-squares fit from these plots are: 

Temperature, "F 

800 
1000 
1200 
1400 

.\rgon 

5.38 
1.43 
4 01 
6.61 

Co\ 

X 
X 
X 
X 

Rate Constant It' 

er Gas 

io-< 
10-' 
10-' 
10-' 

Helium Cover Gas 

3.45 
4.02 
8.53 
5.2 

X 
X 
X 
X 

IO-* 
10-' 
10-' 
10-' 

I t can be seen that the rate constants are very similar 
for both the argon and the helium cover gas. These 
results indicate an activation energy for the methane-
sodium reaction of 19.5 kcal/g-mol as determined 
from a plot of the variation of reaction rates with 
temperature, as shown in Figure 6. 

The establishment of limits for the methane im
purity for F F T F cover gas requires not only the 
determination of methane-sodium reaction rates, but 
also the determination of the controlling variable (s) 
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FIG. 6. Variation of Reaction Rate with Temperature. 

TABLE 1. REACTION RATES OF METHANE AND SODIUM 

AT 1200°F 

Gas Plenum 
Volume (Moles ol 

Sodium Vapor) 

4.8 X 10-' 
6.8 X 10-< 
7.3 X 10-' 
7.7 X 10-' 
7.9 X 10-' 
3.5 X 10-> 
3.5 X 10-> 

Liquid Sodium 
Surface .\rea 

(cm') 

14.1 
14.1 
9.7 
4.4 

14.1 
74.8 
74.8 

Liquid 
Sodium 

Volume (ml) 

500 
250 
100 
100 
100 
200 
200 

Reaction Rate 
(MiUimoles 

CH./hr) 

9.3 X 10-' 
2.2 X 10-' 
1.3 X 10-' 
7.5 X 10-' 
6.1 X 10-' 
3.9 X 10-' 
4.8 X 10-= 

for the reaction and the behavior of the carbon added 
to the sodium. Various investigations were performed 
at 1200°F to establish the reaction variables. The 
parameters investigated included sodium volumes, 
sodium surface areas, gas plenum volumes, and gas 
plenum surface areas. In addition, the disposition of 
the sodium carbide formed from the reaction of 
methane and sodium was also determined. 

It was found that the gas plenum volume of the 
test capsule appears to be the controlling variable for 
the reaction of methane with sodium. The reaction 
rate is probably controlled by the amount of sodium 
vapor present and not the amount or geometry of 
liquid sodium. This is shown in Table 1. I t can be 
seen that the reaction rates increase with an increas
ing volume of sodium vapor in the gas plenum. There 

is no apparent correlation between increased reaction 
rates and liquid sodium volumes or surface areas. 

It was believed that if the above hypothesis was 
correct, the sodium carbide formed during the reac
tion of methane and sodium should be found m 
higher concentrations in the condensed sodium on the 
capsule walls and probably on the surface of the so
dium pool. This was investigated by reacting 10 mg 
of methane with 100 gm of sodium in a capsule heated 
to 1200°F. Sodium samples were taken from different 
levels of the sodium pool and from the condensed 
sodium on the capsule wall for carbon analyses. A 
longitudinal strip of the capsule wall was also sec
tioned and analyzed for carbon. The results are 
shown in Figure 7. I t was found that the condensed 
sodium from the capsule walls contained 370 ppm of 
carbon; the top portion of the sodium pool con
tained 45 ppm of carbon as compared to 0 to 20 ppm 
for the remainder of the sodium pool. There was no 
apparent carburization of the 304 stainless steel 
capsule walls. The carbon analysis on the stainless 
steel ranged from 575 to 620 ppm, to be compared to 
858 p]im for a standard sample. 

With the experimentally determined reaction rates 
and knowing what the controlling variable for the 
methane sodium reaction, preliminary FFTF specifi
cations for methane in the cover gas may be es
tablished in the near future. The specification is ex
pected to be based on the allowable carbon pickup 
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FIG. 7. Carbon Analyses for Sodium and Stainless Steel 
Capsule after Adding 10 mg CH» to Capsule. 
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of the fuel cladding, which is both the hottest and 
most critical stainless steel in the system. Given an 
sllowable fuel-clad carbon pickup in a given life
time and the reaction rates of earbon containing gases 
with sodium as a function of temperature, it will be 
possible to establish a specification for the total 
allowable cover-gas content of CII^ as a function of 
sodium temperatures. By making the conservative as
sumption that all carbon added to the system is 
ultimately absorbed by the fuel clad, accurate data 
on carburization rates of stainless steel are not needed 
to set a cover-gas specification. The preliminary 
specification will be inodified to include CO and COj 
as cxperiinenlal data on the reaction of these gases 
ffith sodium are generated. The specification can be 
lurther refined and made less conservative by factor
ing in the rate of fuel-clad carburization since it is 
probable that not all the carbon added will be 
absorbed by the fuel clad. 

A preliminary investigation was conducted to de
termine the possibility of detecting small oil leaks 
into the sodium coolant by analyzing the sodium 
cover gas for large increases in methane concentra
tion. 3.8 mg of oil were introduced into a capsule con
taining 100 gm of sodium at 900°F (38 ppm oil in 
sodium). Argon cover gas was recirculated through 
the capsule and analyzed by gas cbroinatograjihy. 
Upon contact with the molten sodium, the oil was 
reduced to methane and hydrogen, ami the large in
crease in the concentration of these two gases was 
easily detected in the cover gas. After the introduc
tion of the oil, the methane concentration increased 
from 25 to 32.') ppm. The hydrogen concentration also 
increased, but was not quantitatively measured. 

A few preliiniiiary nieasiirenients of the reaction 
between sodium and carbon monoxide have been 
made utilizing the infrared analyzer described above. 
Sodium was contained in a vessel of 2-in.-diameter 
stainless steel pipe, 8 in. long. This was e(|uipped 
with two inlet tubes, one dipping below the liquid 
sodium surface and the other ending about ','2 in. 
above the sodium surface. Measurements were made 
to detennine whether or not the rate of reaction was 
too rapid to permit earbon monoxide to remain for 
appreciable times in contact with liquid sodium or its 
vapor. The results obtained are presented in Table 2. 

It is interesting to note that there is relatively little 
difference in the amount of carbon monoxide removed 
whether the gas be bubbled through the sodium or 
just through the vapor space above the sodium. It is 
planned to extend these measurements to higher tem
peratures and in greater detail. 

A similar infrared instrument was used for carbon 
ilioxide measurenients. Carbon dioxide is more 

TABLE 2. REMOVAL OF C.VRBO.N MONOXIDE FROM ARGUN BT 

R E . V C T I O X W I T H SuDlt'M 

Volume nf system: SOO cc. Initial concentration of carhon 
monoride: 90 ppm 

Temperature, 
"C 

124 
140 
140 
140 
140 
195 
255 
255 

Flow Rate, 
cc, min 

110 
195 
144 
115 
75 

130 
111', 
75 

Removal Ijy 
Liquid, % 

8.3 
1 3 
S.5 
6.7 

10 5 
45 
62 

Removal by 
Vapor, % 

7.8 

3.3 
3.1 
6.7 

39 
56 

100 

TABLE 3. HEMOV.\L IIF CAUHON DIOXIDF. FROM AROns BT 

UEVCTION WITH SoDiru 

Initial concentration of carbon dioxide: 90 ppm 

Temjjcrature, 
°C 

109 
109 
114 
114 
114 
136 
136 
142 
142 
142 
152 
152 
180 
180 

Fla» Rate, 
cc/miD 

M 
131 
S2 

108 
14» 
87 

140 
67 

1 » 
171 

to 
214 
97 

205 

Removal 
by Vipor.'-'To 

16 
10 
».4 
6.9 
4.4 

22 
8.3 

12 
8.6 
S.S 

94 
84 
96 
87 

(" .\t 109°C and 210 cc/min, liquid sodium removed COt 
from the gaa stream tu a concentration below 1 ppm. 

strongly absorbing in the infrared, so the instrument 
is not being pushed as hard to cover the same 0-100 
ppm range. It operated with a lower noise level so 
that 1-2 ppm couhl be measured. The results of a few 
measurements of the removal rate are presented in 
Table 3. Here we see that carbon dioxide is rapidly 
removed from the gas by sodium vapor when the 
temperature exceeds 150°C. It is possible that the 
temperature effect shown here is produced by the par
ticular experimental configuration used. 

Discussion 

Mr. Newman iBXLl : Did you look for products 
in the gas phase? 

Mr. .Maffei: When we were passing helium through 
the chromatograph, we saw no increase in nitrogen, 
but a definite increase in hydrogen concentration. 
The hydrogen would increase and it would decay, 
paralleling and slightly delayed from the changes of 
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concentration. Probably methane reacts with sodium 
to form hydrogen and sodium hydride, and then the 
hydrogen diffuses through the capsule wall. 

Mr. Shewmon (ANL): Hydrogen diffuses through 
steel pretty fast at these temperatures, so I wonder 
what the second decay proves. Are the stabilities of 
sodium hydride and sodium carbide well established 
at these temperatures? 

Mr. Maffei: I would say so, but I am not sure. 
Mr. Hobdell (BNL): Do you have any idea of 

the mechanism by which methane reacts with so
dium? 

Mr. Maffei: Very possibly methane reacts with so
dium to form sodium carbide and sodium hydride. 

Mr. Hobdell: It is possible that the methane just 
cracks? 

Mr Maffei: We tried an empty capsule with no 
sodium present and introduced the helium cover gas 
with 100 ppm of methane at 1200°F. There was no de
crease in the methane concentration for the same pe
riod of time; some of these tests were run for 24 hr. 

Mr. Hobdell: Was hydrogen present in the cover 
gas? 

Mr. Maffei: No. 
Mr. Goldberg (ORNL): What was the oxygen con

tamination in your sodium? 
Mr. Maffei: Probably 10 ppm of oxygen or less. 
Mr. Hobdell: In answer to a previous question (by 

Dr. Shewmon), I think the thermal stability of so- . 
dium hydride is well established at the temperatures i 
that we are concerned with. The sodium hydride- : 
sodium equilibrium has been investigated. 
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(PRE.SENTEI) BY C. C. MILES) 

Sampling 

The problems in obtaining representative sodium 
samples are caused by four properties characteristic 
of sodium. Sodium is solid at room temperature, is 
chemically very active, has a high surface tension 
when molten, and impurities may not remain homo
geneously distributed during sampling. 

At EBK-II, we use common techniques for over
coming the first two properties, experiencing only 
minor ditliculties with inert atmosphere or vacuum 
equiimient and with plugs which form in heated lines. 
We discovered through repeated difficulties that sam
ple lines should not be smaller than %-in. OD for best 
results; however, !4-in. lines may be used where 
absolutely necessary, but more than casual care 
must he used in applying heat to make certain there 
are no cold spots. 

The high surface tension of sodium is a problem in 
filling small vessels, but this is easily avoided with 
flow from very small Ty|ie 304 stainless steel orifices, 
oxidized to prevent "wetting" by the sodium. Also, 
sodium should flow in a continuous stream rather than 
as discrete drops. 

The major problem in sampling is the possible segre
gation of impurities in the sample so that extrusion 
aliquoting cannot be used. 

Extrusion aliquoting of sodium samples has many 
advantages which make it« use very valuable for so
dium analyses. 

First, it is possible to analyze a given sample many 
times to get a statistical value. 

Second, within broad limits, almost any desired 
aliquot size may be taken. 

Third, contamination of the sample in transport 
and handling can be easily eliminated, making inter-
laboratory analyses a valid possibility. 

Fourth, sample weights can be obtained by meas
uring a length of extruded sodium slug, hence elimi
nating weighing-exposure in contaminating environ
ments. 

Fifth, flowing sodium readily cleans the extrusion 
vessel of any traces of impurities picked up in labora-
foiy preparation of the vessel. 

In all e.xtrusion-vessel sampling at EBR-II . so

dium is allowed to flow through the sampling vessel 
for sufl^cient time to clean the vessel thoroughly. 

Because of these advantages we have been using 
extrusion-vessel sampling and aliquoting for carlion 
analysis for 2 yr at EBR-II. .\lso, we had no other 
way of getting uncontaminated samples, and we were 
not certain that carbon segregated in sodium. 

Figure 1 shows an extrusion press and two extrusion 
vessels used with it. The vessel with the two >4-in. 
stainless steel lines has a double wall through which 
liquid nitrogen can be forced for rapid cooling. 

The history of suspected impurity segregation in 
sodium began during some work on carbon in sodium 
at the Chicago labs, where workers obser\ed carbon 
concentrations near the walls of containing vessels 
which were higher than aliquots from the body of the 
sample. As a result, we looked for segregation of 
radionuclides that were easy to locate physically in 
the sample body by radiographic methods. 

We found that '*"Cs segregates in any sample ves
sel of either ceramic or mcttil and that it collects a t 
any interface of sodium with other substances con
tacting the sodium, including gas interfaces. 

Figure 2 sho\fs some radiographs of sodium sur
faces in various vessels; the light areas represent local 
concentrations of '^^Cs; 

(a) 10-ml pyrex beaker, lip of beaker a t bottom, 
shrinkage hole at top; 

(b) cross section through 1-in. aluminum tube, 
shrinkage hole at top; 

(c) axial section through b; 
(d) extrusion cup of Type 304 stainless steel; all 

light spots were voids in the sodium next to the filling 
adapter; 

(e) Type 304 stainless steel cup with a 14-in.-OD 
Type 304 stainless steel center post welded in; concen
tration of " ' C s around post and inside cup surface. 

To evaluate the extent of the ' " C s segregation 
an extrusion partition method was used. Radioactive 
--Na is present in EBR-II coolant and does not segre
gate from the bulk sodium. With the -^Xa as a ho
mogeneously distributed reference, both the " ' C s and 
the --Na were covmted to obtain a ratio of the two 
isotopes from aliquots provided by extr\ision. Figure 
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F I G . 1. Extrusion Press with Fast and Slow Cool Extrusion Vessels at EBR-II . 

^ 

FIG. 2. Radiographs of Slow-cooled Samples of Primary 
EBR-II Sodium Containing "'Cs. 

3 shows schematically how the aliquots were provided. 
The vessel wall aliquot was obtained by washing 
with ethanol the 0.002-in. layer of sodium from the 
inside of the vessel. The other aliquots were counted 

as solid pieces. Quantitatively, the ^^"Cs concentra
tion in the 0.002-in.-thick %¥all layer left by the ram 
clearance ranged from 140 to 650 times what it was 
in the bulk of the sodium. Column two in Table 1 
shows the results of the measurements on a normally 
chilled sample. We tried to stop segregation by various 
quick-chilling schemes, but none succeeded even 
though cooling times from hot flow to solid phase 
were as short as 25 sec. Columns three and four in 
Table 1 show the quantitative evaluation of a 98-
sec and a 36-sec chill. The ratio '^'Cs/^-Na is dif
ferent for the vessel walls in the three experiments 
because the amount of sodium left in digging out the 
bottom aliquot differed. Hence, in columns two and 
four the vessel-wall aliquot was somewhat diluted 
with interior material. 

Figure 4 shows radiographs of cross sections through 
some quick-chilled samples with the usual ^̂ 'Cs 
segregation. In contrast to the radiographs in Figure 2, 
the dark areas represent the " ' C s concentrations. Fig
ure 5 shows the equipment in place for performing the 
quick chill. A pressurized stainless steel Dewar flask 
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10 locati'd to the left. The double-wall extrusion ves-
lel is mounted in a quick-opening oven on the right. 
Sample flow was from bottom to top. These experi
ments were performed unshielded because the reactor 
plant had been shut down and - 'Na activity was not 
a problem at that time. 

.Since segregation could not be prevented, the only 
approach remaining was to take samples in scrupu
lously chaned cup-shaped vessids of quartz, nickel, 
tantalum, etc., depending on allowable impurities. 
The sodium sarnjiles were than completely consumed 
in the analysis, thus avoiding the influence of inho
mogeneity. In our local terininnlogy we refer to these 
as total-consuiniition samples. 

The iipiiarently very rapid segregation of '•'"Cs in 
cooling .•.odium led us to the belief that the segrega
tion actually occurred in the liipiid sodium whenever 
it was static. 

An experiment proved that this was indeed the 
case and implies that an impurity layer may exist 
near every surface immersed in static liquid sodium. 
The exiierimcnt was performed using the same extru
sion vessels ns used for previous work. .\ piece of 20 
mesh screen was fitted inside the extrusion vessel so 
tliiit it was pressed tightly against the inside wall. 
This assembly was then [ilaccd in tlie sample line and 

-EXCESS SODIUM 

T.\BLK 1. UATIOS '"Cs/**Na FOK KXTHIDEH-FAKTITHINED 

SAMPLES OK KBlt-Il PKIMMIY SODIIM 

304 S S 
-^EXTRUSION CUP BODY 

(o) 

BRASS ORIFICE 
- CLOSURE 

.\liquot No. 1 

1 
2 
:i 
4 
5 
1', 
7 
S 

!) 
10 

HI.Hum 

\>««pl wall 

1-br Chill 

0 mi 
I),(IS 
0 (HI 
(1 Ô l 
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FIO. 3. Method ot Estimating Dislribulion of "Cs in Ali-
quoled EBR-II Sodium. 

the usual sample-stream flow c^stablt-hed. .\Hvr an 
hour or so the flow was stopped; after about .i min, 
the molten sodium was blown with argon from the 
extrusion vivscl. The sodium remaining on the screen 
and next to the walls had a ratio '•'"Cs -'-'Na almost 
as high as any observed in samples that were slowly 
cooliil and aliquoted. Hence, the freezing of the so
dium is not the mechanism involved in causing im
purity segregation. Wc alî o found that '^'Cs could he 
redistributed in a sample by melting and mixing, 
indicating that the isotope was not strongly ab-
sorluil on the container wall but seemed to remain in 
the sodium. 

The fact of " ' C s segregation was a blow to extru-
sion-aliquoting for carbon liecause of the inference 
that if cesium segregated, all other trace impurities 
might also segregate. This belief was reinforced by 
finding that bismuth had segregate<1 in historical sam-

file:///liquot
http://28.il
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F I G . 5. Equipment for Fast-cool Sampling uf EBR-II Sodinm. 

pies, wherein higher bismuth concentrations were found 
at the lower end of the sample. However, further work 
with tin, which does not segregate, proved that not all 
substances segregate during sampling. 

Since one of our interests had been the possibility 
of carbon segregation, we checked the carbon concen
trations of slow- and fast-chilled samples. Table 2 
shows some such analyses. I t is obvious that the cool
ing rate has not caused any significant changes. All 
the aliquots were taken by extrusion. The inferences 
are that suspected carbon segregation is not influenced 
by cooling rate and that the postulated segregation 
must be investigated and prevented by other means. 

These experiments led us back to the total-con
sumption method of sampling, but with the require
ment that the samples had to weigh one gram or less 
and that the containing vessel had to be free of im
purities. The result was the development of a bypass 
stream sampler, shown in Figure 6, in which small, 

pre-ignited, very thin-wall quartz vials could be filled 
with sodium in an inert atmosphere or vacuum. A 
special valve was built to allow flow past the stem 
and seat to give them continuous flushing and to pre
vent formation of any stagnant pockets of sodium. A 
rotatable vial rack made of lavite is mounted on a 
magnetically controlled shaft beneath the valve orifice. 
The entire mechanism is inside a vacuum-tight vessel 
with a viewing window. To sample, the valve orifice is 
flushed out with sodium that flows through an opening 
provided in the vial rack and down into a waste vessel 
mounted beneath. The vials are then rotated into 
position beneath the valve orifice and each is filled 
to the top. At the same time that the total-consump
tion samples are taken, an extrusion vessel is fiUeii 
for comparison analyses. Table 3 shows the results of 
parallel analyses for carbon of total-consumption sam
ples and extrusion-aliquoted samples. Some recovery 
tests showed that the total-consumption sample gave 
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100% recovery of carbon spikes. Consequently, one 
can only conclude that, a t these concentrations of 
carbon, significant segregation of carbon in sodium 
does not occur and that one may safely use extrusion 
veneb for sampling when carbon determinations are 
nude. 

Analysii) 

Both primary and secondary EBR-II sodium have 
been analyzed for carbon, hydrogen, oxygen, cyanide, 
chloride, sulfide, trace metals, and radioisotopes. 

Carhon is determined by the oxyacidie flux method 
ileveloped at EBR-II . This method was reported 
at the 10th Annual Conference on Nuclear Chemistry 
at Gatlinburg, Tennessee, in September 1966 and at 
the Anachem Conference in Detroit, Michigan, October 
1967. In this method the sodium with impurities is 
Imrned in oxygen in the presence of potassium dichro-
inate flux in a quartz bottle. Oxides of carbon pass 
over a platinum catalyst and copper oxide to complete 
the conversion to CO2. The resulting carbon dioxide is 
determined chromatographically. 

Carbon in EBR-II sodium has been determined by 
this method for the past 2 yr. Table 4 gives a sum
mary of a few typical results obtained on aliquots 
from extrusion vessels. 

Oxygen content of sodium has been approximated 
by the mercury amalgamation method.* This method 
is essentially a determination of sodium compounds 
insoluble in mercury and from which the oxygen con
tent must be inferred by presuming the insolubles are 
all NaiiO. Some of the results of this method are shown 
in Table 5. 

Some of the sodium oxide values are high due to 
some contaminating source. We find that plugging-
meter runs, when used with the latest data for so
dium oxide solubility, do not agree with the high 
values obtained by mercury amalgamation, but in
dicate values less than 10 ppm Na^O. A round-robin 
analysis for oxygen in sodium by the amalgamation 
method was reported last year a t the Anachem Con
ference in Detroit. There were eighteen reporting 
participant*. The overall value given was 10.8 ± 4.9 
at lir. 

Hydrogen analyses have been made in Chicago by 
an isotope-dilution method.f Table 6 gives some of 
the results for the past year. 

Nitrogen analysis has not yet been attempted. No 
adequate method is presently known for total nitro
gen in sodium. However, cyanide, a carbon-nitrogen 
species of interest in carbon transport, has been de-

•B. D. Holt, Gloreboj .Amalgamation jor the Determination 
'I Oxygen in Alkali Metals. ANL-7123 (Dec 1965). 

t B. 11. Holt, Anal. Cliem. 31, 51-4 (Jan 1959). 

TABLE 2. CARBON ANALTBBS OF EBR-II PRIMART-SODICM 

SAMPLED AT VARIOUS COOLING RATES 

Sample Date 

8/24/67 
8/24/67 
8/24/67 
8/24/67 
8/24/67 
8/24/67 
8/24/67 
8/24/67 
8/24/67 
8/24/67 
8/24/67 
8/24/67 

9/20/67 
9/20/67 
9/20/67 
9/20/67 
9/20/67 

9/21/67 
9/21/67 
9/21/67 
9/21/67 

9/21/07 
9/21/l'.7 
9/21/07 
9/21/07 
9/21/67 

Aliquot 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1 
2 
3 
4 
5 

1 
2 
3 
4 

1 
2 
3 
4 
5 

* 

CartMn, ppm 

7.3 
7.0 
8.9 
8.1 
7.4 
4.7 
5 5 
7.5 
4.0 
6.9 

10.4 
7 4 

Avg.—7.0 ± 17 at l« 

6.0 
5.1 
5.1 
6.7 
5.1 

Avg.^5.6 ± 0.7 a t It 

5 6 
4 0 
4.2 
5.9 

Avg.-,5.0 ± 0.8 a t In 

5 3 
3 6 
5.0 
5.1 
4.2 

Avg.—1.8 ± 0.8 at 1. 

Remarks 

Sample slowly 
cooled for 1 
hour 

Sample quickly 
chilled (35 
sec) 

Sample slowly 
cooled fur 1 
hour 

Sample quickly 
chilled (25 
sec) 

termined at EBR-II in both primary and secondary 
sodium by use of a cyanide ion-specific Orion elec
trode. 

To adjust ionic strength to optimum values for the 
electrode without regard to sample size, we dissolved 
total-consumption sodium samples directly in water 
and distilled the cyanide out of an acidified solution 
into 1 .1 / NaOH. The C N " measurement was made 
simultaneously on the circulating absorbent base, with 
the final highest voltage taken as the value equiva
lent to the cyanide ion concentration. 

Sulfide ion was analyzed in an exactly similar 
manner using a sulfide ion-specific electrode. 

An attempt to analyze for chloride by this method 
gave inaccurate results due both to drift in the 
electrode system caused by the KCl bridge and to 
nontransference of C l " as HCl. Both faults in the 
chloride analyses have been corrected, but we have 
not pressed this work in the face of higher priorities. 
Our work to date has indicated that the chloride con
centration is less than 5 ppm. The analyses for 
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F I G . G. Total-coTisumption Quartz-vial Sampler for EBR-II Sodium. 

TABLE 3. CAKHON CONCENTRATIONS OF EBK-II SODIUM HY 

Two S.vMPLiNG METHODS 

Experiment Xo. 

1 
2 
3 
4 

Moan Value 

E.\trusion .\liquots, 
ppm Carbon 

2 runs per Value 
2.2 ± 0.1 
2.1 ± 0.3 

1.9 ± 0,3 

2 1 ± 0,2 

Tolal Consumption, 
ppm Carbon 

4 runs per Value 
4.2 ± 2,0 
2,2 ± 0,5 
3,6 ± 1,6 
0,9 ± 0,5 

2,7 ± 1,3 

Standard addition tests with total-consumplidii samples gave 
100% recovery. 

cyanide showed less than 0.2 ppm and for sulfide 
less than 0.1 ppb in both primary and secondary so
dium. 

Considerable effort has been devoted to analysis 
for trace metals. Qualitative emission-spectrographic 
analyses were made which showed that the metal 
concentrations were very low, with most below the 
detection limit of the method. Then wet chemical 

TABLE 4. SUMMARY OF SOME C.VKHON VALUES IN EBR-II 

SODIUM UY OXYACIDIC F L U X METHOD 

Primary Sodium 

Sample 
Date 

8-24-67 
9-20-(i7 
9-21-B7 
4-30-68 
8-26-68 

No. of 
Aliquots 

12 
5 
9 
4 

10 

Carbon, 
ppm 

7.0 ± 1.7 
5.6 ± 0.7 
4.0 ± 0.8 
3.7 ± 0,6 
4.8 ± 1,8 

Secondary Sodium 

Sample 
Date 

11-8-67 
11-16-67 
12-4-67 
2-12-67 
2-1-68 
6-4-68 
7-22-68 

No. of 
Aliquots 

4 
4 
7 
8 
5 
7 
3 

Carbon, 
ppm 

4.8 ± 0.5 
3.5 ± 0.6 
4.8 ± 3,5 
4,0 ± 0,7 
3,4 ± 0,6 
4,4 ± 0,5 
3.3 ± 0.6 

colorimetric procedures were useil for quantitative 
analysis of trace metals. Since these methods were 
tedious, we converted to atomic absorption spectrom
etry. To avoid the effects of possible impurity segrega
tion, unaliquotcd 12-g samples were taken in quarts 
beakers and completely dissolved in a water-alcohol 
mixture. This solution was then acidified with nitnc 
and/or hydrochloric acids, and the trace metals con-

file:///liquots
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TABLE 5. OxYOEN CONTENT OK EBR-II SODIUM BT 
AMALGAMATION METHOD 

primary Sodium 

Sample 
Interval 

lo-aHW to 
12-7-66 

1-20-67 lo 
(1-21-07 

7 aHi7 to 
12-15-67 

3 .VII8 lo 
li 3-118 

0 , ppm 

7.8 ± 1.3 
(six values) 

8.4 ± 3.1 
(eleven values) 

11.0 ± 6.2 
(seven viilueti) 

15.0 ± 5.8 
(nine values) 

Secondary Sodium 

Sample 
Interval 

11-17-06 to 
12 28-fi« 

1-25-07 to 
7-18-67 

4-8-08 lo 

0 , ppm 

6.2 ± 0.04 
(four values) 

8.0 ± 3.9 
(eight values) 

12.0 ± 4,6 
(seven values) 

TAIiM'I li. lIumooBN CONTENT OF EBU-II SODIUM 
IIY IsOTOPE-niLUTION M E T H O D 

Primary Sodium 

Simple Interval 

111 26-06 to 
12 7-66 

1 26-67 tn 
5 29 67 

i; 21 07 l.p 
12 1.') 67 

H, ppm 

3.0 ± 1.0 
(six values) 

5.0 ± 2.5 
(ten values) 

5,3 ± 2,9 
(five values) 

Secondary Sodium 

Sample Interval 

11-17-fiO to 
1-25-67 

4-5-67 lo 
7-18-07 

5-15 68 to 
8-2:1-68 

H, ppm 

4.06 ± 1.35 
(six values) 

5.93 ± 1.74 
(six values) 

3.22 ± 1.20 
(eight values) 

3 5-68 to 1.76 ± 0.50 j 
6-3-68 (eight values) 

cciitrated by eopree ip i ta t in i i w i th y t t r i u m h y d r o x i d e 

or I'Xiiacted by nieai is of ory;anie chelat i i i ) ; a g e n t s . 

Extraction gives a b e t t e r s e p a r a t i o n from sod ium, 

which may in te r fe re in t he a b s o r p t i o n spee t rop l io -

tonietiy. After e v a p o r a t i o n of t he so lven t a n d ac id i t i -

catioii, the m e t a l s were d e t e r m i n e d by a t o m i c a b s o r p 

tion. Table 7 gives a list of t he e l emen t s d e t e r m i n e d 

for KBU-I I sod ium by a tnn i ic a b s o r p t i o n . T h e source 

of the t in a n d b i s m u t h in t h e p r i m a r y sod ium is t h e 

sciil-trough a l loy used to seal off t h e r eac to r cover gas 

from the a t inos] ihere w h e r e t h e fue l -hand l ing inecha-

iiisiiis pene t r a t e s t h e r e a c t o r vessel . B i s m u t h is low 

herause it is efficiently t r a p p e i l ou t by t h e cold t r a p . 

The source of t h e lettd is u n k n o w n a t th is t i m e . 

All the l e s s - t h a n v a l u e s i nd i ca t e t h e l imi t of 

sensitivity of t h e metho i l for t h a t e l emen t in t h e 

site of s a m p l e t a k e n t o d a t e . T h e m a i n sources of 

errors in these a n a l y s e s h a v e been r e a g e n t c o n t a m i n a 

tion, sodium in t e r f e r ence in t h e flame, s a m p l e con-

taiuiiiation, a n d c o n t a m i n a t i o n of t h e flame by t h e 

b u r n e r cons t ruc t ion m a t e r i a l s . T h e l a t t e r h a v e se r i 

ous ly in te r fe red w i t h iron a n a l y s e s . 

A v a c u u m dis t i l l a t ion m e t h o d for d e t e r m i n a t i o n of 

i m p u r i t y c o n c e n t r a t i o n is being t r i ed for use w i t h 

s p a r k - s o u r c e m a s s - s p e c t r o m e t r i c a n a l y s i s . I n th i s 

m e t h o d a 12-1.5-g s a m p l e of sod ium is t a k e n in a 

t a n t a l u m crucible . T h e sod ium is v a c u u m dis t i l led 

from t h e c ruc ib le by induc t ion h e a t i n g , a n d t h e 

res idue is t a k e n uji by a q u a regia for a n a l y s i s . S e v 

era l expe r imen t s h a v e been m a d e to d e t e r m i n e which 

e l emen t s m a y be lost in t he d i s t i l l a t ion process . All 

t h e a n a l y t i c a l work for these inves t iga t ions was i ier

formed by a tomic abso rp t i on . T a b l e 8 shows t h e e l e -

T A n i , i ; 7 . TiiME METAI-S IN K B K - I I .•<<.0iUM Br 
. \Tl lMir .\llSOKI'TiON 

Primary Sodium Secondary Sodium 

Metal 

Al 
III 
Cd 
Co 
Cr 
Cu 
Fc 
Mg 
.MM 

Concentration, 
ppm 

<0 .5 
1.4 

<0.05 
<0.1 
<0 .2 
<0.4 
<0 1 

0.14 
<0.04 

Melal 

Al 
Bi 
Cd 
Co 
Cr 
Cu 
Fe 

Mg 
Mn 

Concentration, 
ppm 

--
< 0 2 
<0.05 
<0.1 

0 1)5 
<0.1 
<1 

0 4 
< 0 04 

Ni 
I ' l l 

Ag 

<0 1 
11.1 
19 5 

<0.4 

Ni 
IM> 

Ag 

0 1 

1.0. 

<4.0 

kECOVGItV <l>- M E T . I L S I N K E S I D C E FH< IM 

S O D I U M n i s T i L L , \ T i o N 

Al 
Ri 
Cr 
Co 
Cu 
I'b 

Mg 
.Mn 
Mo 
Ni 
Cd 
C s 

r.\|ii-riment 1 

Micro
grams 

Added* 

60 
108 
20 
40 
40 
20 
20 
8 

58 
40 
10 
11 

209 
10 

Percent 
Recov
ered 

100 
95 

100 
97 

101 

n 96 
100 
101 
103 

n SS 
S8 
SS 

Experiment II 

Micro
grams 

Added* 

60 
108 
20 
40 
40 

120 
20 
8 

58 
40 
10 
54 

10( 
10 

Percent 
Recov
ered 

100 
94 
99 
99 
99 
«8 
99 

100 
IOO 
97 

i 
tT 
U 
SO 

Experiment III 

Micro
grams 

Added* 

120 

10 
5i 

209 
10 

Percent 
Recov
ered 

too 

0 

loe 
too 

IS 

' AU elements added as chlorides. 

file:///TllMir
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ments investigated and their recoveries after distilla

tion. 
In two experiments, cadmium, calcium, lead, tin, 

and zinc were apparently lost to some extent in dis
tillation when spiked into the sodium with the other 
nine elements listed. However, when these high-loss 
elements were used together in a third experiment, 
only cadmium and zinc were lost. Further investiga
tion showed that the losses were spurious for the cal-

TABLE 9. SPARK-SOURCE M.ISS-SPECTROMETRIC AN.ALYSIS 

OF VACUUM DISTILL.ATION RESIDUE FROM EBR-II 

SECONDARY SODIUM 

Element 

Ag 
Al 
B 
Bi 
Ca 
Cd 
Co 
Cr 
Cu 
Fe 
K 
Mg 
Mn 
Ni 
Pb 
Si 
Sn 
V 
Zn 

Spark-source Data, 
ppm in 10-g sodium 

sample 

0.1 
0.006 
0.02 
0.04 
3 
0.09 
0.005 
0.9 
0.03 
3 
0.04 
0.3 
0.05 
0.3 
0.4 
1 
0.04 
0.02 
0,04 

Results by Atomic 
Absorption, ppm 

— 
— 
— 

<0,2 

— 
<0.06 
< 0 . 1 

0.05 
< 0 . 1 
< 1 

— 
0.4 

<0.04 
0.1 
1.0 

— 
<4.0 

— 
— 

TABLE 10. RADIOISOTOPES FOUND IN EBR-II 

PEIMART SODIUM 

Isotope 

•H 

" N a 
•"Cs 
ml 
133J 

"=Te-"'I 
•'•Sn-'"In 

' "Sn 
"Mn 
••Zn 
••Cr 
••Cr 
"Co 

•"Ta 
•'•Ba-^"La 

Concentration, 
MCi/g 

18 X 10-»" 

1.8 X 10-'' 
1.6 X 10-' 
~ 6 X 10-» 
~ 1 X 10-" 

Trace 
Trace 
Trace 
Trace 
Trace 
Trace 
Trace 
Trace 
Trace 
Trace 

Source 

Ternary fission 
product, 
«Li(n, c«)'H 

"Na(n , 2n)"Na 
Fission product 
Fission product 
Fission product 
Fission product 
'•'Sn(n, 7)" 'Sn 
"•Sn(n, Tl'i 'Sn 
'<Fe(n, p)"Mn 

? 

'"Cr(n, 7 ) "Cr 
"Co(n, 7)'«Co 
••Ni(n, p)"Co 
'••Ta(n, - ,) '"Ta 
Fission product 

Remarks 

« 1 

Found in 
sodium sam
ples 

< 
< 

1 Found in 
plugging 
valve 

< • 

cium, tin, and lead. Silica interference caused the 
atomic absorption method to give low results. 

An exploratory run has been made with secondary 
sodium for trace metals using vacuum distillation 
followed by spark-source mass spectrometry. The re
sults of the run are shown in Table 9. 

Radioisotopes are generated in EBR-II primary 
sodium by the usual process of corrosion-product 
activation and fission-product release. These isotopes 
are determined in total-consumption samples to avoid 
possible segregation errors. Except for tritium, which 
requires liquid scintillation methods, gamma-ray 
analysis with a 512-channel analyzer with a 3-in. 
sodium iodide crystal and chemical separation tech
niques are used to make the analyses. Table 10 gives 
a list of isotopes found. 

^°Zn and '•"•Ba-'*''La were found only in the pri
mary-sodium plugging valve. These isotopes had not 
been observed in the bulk sodium but were con
centrated in a copper deposit which had plugged the 
valve last September. They were found during the 
investigation of the plugging-valve failure. 

The presence of these isotopes on the finely di
vided copper deposit in the plugging valve leads one 
to believe that the primary-sodium-purification cold 
trap also contains them as well as others which were 
found in the bulk sodium. 

Future examination of the primary cold trap may 
reveal the presence of isotopes heretofore unsus
pected. 

Discussion 

Mr. Dutina (GE) : In Table 9 you compared re
sults by atomic absorption and spark-source mass 
spectrometry. Iron, chromium, and nickel were 3, 0.9, 
and 0.3, respectively, by spark-source as compared to 
< 1 , 0.05, and 0.1 by atomic absorption. Your values 
by atomic absorption are lower than the ones we are 
accustomed to seeing in our systems. 

Mr. Miles: We are afraid to say that our ac
curacy is so good that we can definitely call those real 
numbers; we just say that the difference isn't terribly 
great. I hate to make any real hard statements about 
this comparison. 

Mr. Berkey (W): We have been doing spark-source 
mass spectrometry with sodium directly, not by going 
through the residue. One thing I can point out is that 
your spark-source results are plus or minus a factor 
of 3 for the particular type of analysis. You shouldnt 
be troubled by the lack of better comparison. The 
iron, chromium, and nickel values obtained by spark 
source are comparable to those that we have been 
seeing, going the direct route, and so it seems rea
sonable to us. 
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1 also want to confirm Miles' observation with re-
gjrd to cesium. We use an extrusion and dip tech
nique to sample sodium, starting at approximately 
lOO'C, in which case we only have a few degrees to 
cool before we get a solid sample. We still see cesium 
segregate to the walls over this time period. This type 
of surface effect is very reproducible, even though we 
use much lower temperature differentials and shorter 
times as compared to Miles' work. Furthermore, 
cesium is the only element that wc have observed to 
show this surface effect. We have studied a number 
ol other elements, and no visible segregation to the 
ivalU or anything of this nature has come out of the 
work. 

Mr. Newman (BNL) : I am still disturbed. You 
put up a number for iron of 0.1 ppm which, I 
think, is as low a cold iron analysis as I've ever seen. 
Do you or don't you believe this number? 

Mr. Miles: As I said, we had a lot of trouble with 
iron analysis. I will not stand behind any number we 
can now report for iron. We expect to have more 
reliable numbers by the atomic-absorption method. 

Mr. Goldberg (ORNL): On the migration of cesium 
to the walls, do you have any feel for whether you are 
dealing with dissolved cesium as against particulate 
matter? 

Mr. Miles: I believe we are dealing with cesium in 
solution. The concentration is estimated to be 0.004 
ppm. 

Mr. ISiery (Chairman): I would like to comment 
on the cesium segregation. We have run some capsule 
experiments in which we've kept the capsule iso
thermal, with cesium distributed throughout the cap
sule, and there seemed to be some, but verv' little, seg
regation of cesium to the walls. With a temperature 
grndient on the same capsule there would be heavy 
redistribution of the cesium to the gas-liquid inter
face and the capsule-to-sodium interface (probably 
liquid sodium) at the top of the capsule. Further
more, radial scans of the capsule indicated a very 
definite redistribution of cesium to these stainless steel 

surfaces. It 's not a simple problem and obviously in
volves such things as dropping surface tension or in-
terfacial tension values by absorption of impurities at 
these surfaces. 

Mr. Dutina: Newman said the lowest iron he had 
ever seen was the number you had up there; I be
lieve that the carbon results are the lowest I've ever 
seen. Awhile back, people at Argonne were working to 
obtain high-purity sodium very free of carbon, and it 
seems to me the lowest value I've seen reported from 
that work was about 4 ppm. I t looks to me like you've 
got a way of doing it. 

Mr. Miles: I think I have. 
Mr. Berkey: I was wondering two things about 

the carbon problem. First, have you confirmed your 
results using an independent carbon technique be
sides the one that you have developed? Second, you 
indicated that where you lacked precision this was 
due to a glovebox difficulty. 

Mr. Milfs: Almost every time our uncertainty has 
gone up, we've discovered something wrong with the 
glovebox atmosphere. We can't ship samples, so a 
comparison can't be interlaboraton.* yet; an independ
ent check would involve setting up another method. We 
looked at all of them pretty closely, and we felt they 
needed improving; this is wdiy we developed another 
method. I don't know what other method I would use— 
perhaps a technique using an accelerator. 

.Mr. llirry: Did you start with a bare orifice in 
the plugging-meter runs? 

Mr. .Miles: Yes. 
Mr. Biery: The work done at Los Alamos indicates 

that if you start with a clean orifice, you will find a 
10 to maybe 40°C temperature depression below the 
solubility curve before you will nucleate the material 
on the orifice. If you compare plugging-temperature 
data with the solubility curve you will get oxygen 
concentration considerably below, say, values ob
tained by vacuum distillation or amalgamation. That 
may explain why your plugging data indicated lower 
concentrations than your amalgamation data. 
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O p e r a t i n g H i s t o r y of P r i m a r y - s o d i u m Cold T r a p 

The original piimary-sodium cold trap was re
moved from service in EBR-II in June 1968. I t had 
been in the system for 514 yr, during which time 
it was in service approximately 630 days and proc
essed about 23 million gallons of sodium. Figure 1 il
lustrates the cold-trap operating history. Cumulative 
days of operation and gallons of sodium processed 
are plotted against calendar time. 

During the first year of operation, the cold trap 
was in service only 164 days (45% of the time), but 
processed nearly 12 million gallons of sodium. Dur
ing the next 3 yr, operation was limited to 77 days 
(7% of the time) and processed only 5 million gallons 
of sodium. During the remaining 11/4 yr, the cold 
trap was operated 396 days (87% of the time) and 
processed about 7 million gallons of sodium. 

The philosophy during the three years prior to 
March 1967 was to put the cold trap in operation 
when the plugging temperature approached 300°F, 
and operate it only until the plugging temperature 
was reduced to undetectable levels (<225°F). Follow
ing the discovery of copper in the primary sodium in 
March 1967 the philosophy was changed, and the 
cold trap was operated continuously except for short 
periods when it was secured for maintenance purposes. 

Copper in Sodium 

In late February and early March 1967, copper 
plating was discovered on interior surfaces of econo
mizer, tubing, and valves of a primary-sodium plug
ging indicator. The plugging indicator had been re
moved from service to investigate the cause of a flow 
restriction. Copper plating was discovered in the 
process of removing sodium from loop components. 

An extensive program of sodium sampling and 
analysis was initiated to determine the level and 
source of copper impurity in the bulk sodium. Histori
cal (museum) samples of primary sodium, which 
had been taken and stored since the original charging 
of the system, were also analyzed to learn the history 
of copper in the sodium. Figure 2A illustrates the 
history of copper concentration in EBR-II primary 
sodium. It appears that the concentration never ex

ceeded 1.5 ppm and most likely was not much greater 
than 1 ppm. , 

A large number of sodium samples were analyzetl ff 
during March and April 1967 from both the influent ' 
and effluent streams of the cold trap. There was con
siderable scatter in the results of these analyses, but 
a least-squares fit to all the analytical data in
dicated a generally lower concentration in the effluent I-
stream than in the influent stream, and a decreasing 
trend in the influent stream (see Fig. 2B). This is 
interpreted as verifying that copper is removed from 
sodium in the cold trap. 

The results of analyses of monthly samples since 
June 1967 indicates that the copper concentration 
slowly dropped from ~0.5 to 0.2-0.3 ppm and ap
peared to reach equilibrium at that level. 

The principle source of copper in the primary so
dium was the auxiliary-pump bus bars. These bus 
bars were removed, inspected, and elad with stainless 
steel following the discovery of copper in the plug-
ging-indieator loop. I t was calculated from dimen
sions of the bus bars that approximately 10 lb copper 
had been lost. 

In September 1968, a little more than two months 
after the purification system had been secured for 
the purpose of replacing the cold trap, another plug
ging valve located in the FERD (Fuel Element 
Rupture Detection) loop plugging indicator was re
moved, inspected, and found to be plugged with 
copper. The plugging indicator in the FERD loop was 
being used to monitor the primary-sodium plugging 
temperature during outage of the purification system. 
I t was put in service in June 1968, when the cold 
trap and primary-purification-loop plugging indicator 
were secured. During the latter part of August and 
early in September, a progressive decrease in flow was 
observed under "hot conditions" (between plugging 
runs). The flow rate decreased to the extent that 
plugging runs could not be made. The FERD-loop 
plugging valve was then removed for inspection, and 
the copper deposit was discovered. Figure 3 shows 
the almost completely blocked flow passage in the 
valve body. Figure 4 shows the blockage of the flow 
passages on the valve plug. 
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riie plugging valve from the purification-system 
plugging loop, removed from service a t the same time 
as the cold trap, was inspected and found to be free 
of deposits. 

The lilugging valve in the F E R D loop operated 
at 450-^oO°F between plugging runs. The purifica
tion-system plugging valve operated at 650-680°F. 
The data for solubility of copper in sodium presented 
by Atomics International (Document AI-AEC-
12671, May 31, 1968) show a solubility of 0.2 to 
0.4 ppm at 500°F. The resulU of analyses for copper 

in primary sodium sampler taken during the cold-trap 
outage are in the same range. Therefore, it is plausible 
that copper could precipitate in the FERD-system 
plugging valve but not in the purification-system 
valve which ran at higher temperatures. 

Copper in the secondary sodium is le>s than O.I 
ppm. 

l-'lc: :i ( ' , .pp .r l ) . p , , . i l III V , l > . Iti.l 

FlG. 4. Copper D e p o s i t on \ i \ \ e Plug. 
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Tin and Bismuth in Sodium 

In August 1967, it was noticed that there were 
traces of ^'^Sn and ' " " I n in the primary sodium. 
In the belief that this came from activation of tin in 
the coolant, a number of sodium samples taken in 
September 1967 were analyzed for tin. Results showed 
that tin concentration in the sodium was 15 to 20 ppm. 

Historical samples from 1963 on were then analyzed 
to determine the history of tin in the primary sodium. 
Since the most likely source of tin is the tin-bismuth 
rotating plug seals, analysis was also made for bis
muth. Figures 5 and 6 illustrate the history of tin 
and bismuth in the primary sodium. 

A sharp increase in tin occurred in early July 1965 
and may have been increasing very slowly ever since. 
The increasing trend since July 1965 (~6 ppm in 31/2 
yr) may not reflect increasing concentration in the 
sodium as much as it does refinement in the analyti
cal method. 

TABLE 1. TKACE METALS IN EBR-I I SODIUM 

O FLUOROMETRIC ANALYSIS 

O ATOMIC ABSORPTION ANALYSIS 

FIG. 5. Tin in Primary Sodium. 

G TOP OF SAMPLE 
-t- MIDDLE OF SAMPLE 
A BOTTOM OF SAMPLE 
o TOTAL SAMPLE 

" io ' l ' i " ' i " ' i 'Q ' l ' i " '« | i i i i i i l i i i i | i i l i i M i r i i [ l l i i 
1963 1964 1965**' ^ 19*66" ^ 19*6?'° ^ I 

YEAR 

FIO. 6. Bismuth in Primary Sodium. 

Al 
Ag 
Cd 
Co 
Cr 
Fe 
Mg 
Mn 
Ni 
Pb 
Zn 

Primary Sodium 
(ppm) 

< 0 . 5 
< 0 . 4 
<0.05 
< 0 . 1 
< 0 . 2 
< 1 . 0 
< 0 . 2 
<0.04 
< 0 . 1 
11.0 
0.34 

Secondary 
Sodium (ppm) 

<0.5 
<0.4 
<0.05 
<0.1 
<0.2 
<1.0 

0.4 
<0.04 
<0.1 

1.0 
<0.05 

The bismuth history is not as well-defined as tin 
history. Bismuth in the historical samples was highly 
segregated, with high concentrations in the bottom of 
the sample vessel. Figure 6 shows the range of values 
obtained from historical samples. The high at the 
bottom of the samples was about 45 ppm. The low 
at the top of the samples was about 2 ppm. No high 
values were seen after steady operation of the cold 
trap was initiated in March 1967. I t is apparent that 
the bismuth remained about constant in the range of 
20 to 25 ppm from July 1965 through March 1967, 
and then was reduced to <2 ppm with extended 
operation of the cold trap. 

The source of tin and bismuth is believed to be the 
eutectic tin-bismuth alloy from the rotating plug seals. 
During the time since the increase occurred (July 
1965) great difficulty was encountered in rotating 
the shield plugs due to buildup of dross in the tin-
bismuth alloy. The alloy in the seal troughs was ex
tensively sampled and cleaned during this period of 
time. 

Tin and bismuth in secondary sodium are both less 
than 1 ppm. 

Other Metals in Sodium 

Table 1 lists metals (other than copper, tin, and 
bismuth) which have been determined in primary and 
secondary sodium. Lead is the only one whose con
centration differs significantly between the two so
dium systems. Analyses of historical samples have 
shown that lead concentration in the primary sodium 
has been about 11 ppm since the original filling of 
sodium. The source of lead is unknown, but was most 
probably contamination in the primary system. 

Other Impurities in Sodium 

Routine analysis is made for oxygen, hydrogen, 
carbon, and various radioisotopes. Results have been 
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summarized in another paper* at this conference and 
will not be repeated here. 

Impurities in Cover Gas 

The cover gases of both primary and secondary 
systems are continuously monitored for oxygen, nitro
gen, and hydrogen with an "on-stream" gas chromato
graph. High, low, and average values for these im
purities in both systems are listed in Table 2. 

Oxygen is not seen in either system except in very 
small quantities for very short intervals (no longer 
than one 4-min cycle of the chromatograph sampling 
system). This is expected because of the rapid reac
tion of oxygen with molten sodium. 

Hydrogen is seen in the primary cover gas con
tinuously at levels ranging from 5 to 20 ppm. Peaks 
in hydrogen concentration up to as high as 4(X) ppm 
occur each time a transfer is made between the fuel-
unloading machine and the primary tank. The sus
pected source of hydrogen is moisture in the gas-circu
lating system of the FUM (fuel-unloading machine). 
Hydrogen reaches a peak within a few minutes follow
ing opening of the fuel-transfer port, and returns to an 
equilibrium level within 2 hr. 

No hydrogen is found in the secondary cover gas 
within the detection sensitivity of the chromato
graph. Hydrogen would not be detected much below 
4 ppm. 

Nitrogen in the primary cover gas ranges from 
0.1% to as high as 2%. The principle source of nitro
gen is the gas-circulating system of the FUM. Step 
increases in nitrogen concentration are seen each time 
the fuel-transfer port is opened to the fuel-unloading 
machine. 

Nitrogen in the secondary cover gas remains fairly 
constant in the range 200-400 ppm. 

An effort has been made to eliminate sources of 
contamination in the argon-circulating system of the 
Fl'M. Changes in the operating procedure for the 
FUM have resulted in a reduction of the amount of 
hydrogen (moisture) and nitrogen (air) introduced 
to the primary cover gas during each transfer opera
tion. However, the exact sources of air and moisture 
in the argon-circulating system of the FUM have not 
been identified at this time. 

The FUM appears to be the principal source, but 
not the only source, of contamination of the primary 
cover gas. Air leakage through primary-tank nozzles 
is considered to be a potential source of nitrogen and 
hydrogen in the cover gas. A continuing eflfort is being 

•C. C. Miles, E. R. Ebcrsole, and W. H. Olson, Sodium 
Sampling and .Analytical Erperience at EBR-II, This Confer
ence. 

TABLE 2. lupuRiTiES is COVBH GAS Ippm) 

Impurity 

H . 
0 . 
N , 

Primar)-

High 

400 
0 

20,000 

law 

4 
0 

1,300 

Avg 

12 
0 

6,000 

Secondary 

Bigh 

0 
0 

400 

Low 

0 
0 

Avg 

0 
0 

200 1 300 

made to identify all sources of air leakage into the 
primary tank, and to eliminate these, as feasible. 

DiscusBion 

Mr. Hill (APDA): Do you think it is possible to 
measure the hydrogen in the cover gas accurately 
with your system in the presence of sodium? 

Mr. Olson: I would say so. I don't know what you 
might consider accurate. We certainly get good re
sponse on the instrument during fuel-transfer opera
tions, when we believe we are introducing moisture to 
the cover gas. 

.Mr. Hill: How do you prevent hydrogen in the 
sample line and the sodium vapor from reacting to 
form hydride in the cold zones, thereby taking the 
hydrogen out of your samples? 

Mr. Olson: The sample, of course, goes through 
air and vapor traps, and I presume you are suggesting 
that in these traps the presence of sodium and so
dium \apor would remove the hydrogen. I don't know; 
maybe this happens to some extent. As I say, we run 
with a continual background in the primary of some
where from 20 to 40 ppm. Maybe we are actually 
running a little higher because of something like this. 

.Mr. Hill: This is a caution that I wanted to make 
which apparently has not been recognized. Theoreti
cally, you cannot determine hydrogen accurately, and 
it is not in equilibrium because you will always have 
a mass transfer of sodium. You can never determine 
exactly how much hydrogen-sodium interaction you 
will have until you've determined in some way the 
amount of hydrogen removal. Vou have no knowledge 
of whether that hydrogen reading you are getting is 
at all related to the hydrogen in the cover gas. I 
think this is a point that a lot of people ought to 
recognize, because I see people planning to put chro-
matographs on reactors to measure the hydrogen and 
other impurities in the cover gas. It simply is not 
possible to do it without solving that problem. 

Mr. Olson: We have been bothered somewhat by 
the fact that we cannot see hydrogen in the cover gas 
in the secondary system. I believe that there has been 
shown to be some hydrogen migration through the 
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steam-generator walls. We do not, at least within our 
detection capabilities, see hydrogen in the secondary 
cover gas. 

Mr. Shannon (BNWL): This is one of the primary 
reasons we are looking with the time-of-flight mass 
spectrometer; it can work wdth a breakable inlet sys
tem so you do not have to reduce the temperature. 
We have seen the same thing that Hill referred to. 

ilfr. Dickinson (LMEC): Have you found any 
correlation between hydrogen and temperature? When 
you go up in temperature do you get a burst of hy
drogen? 

Mr. Olson: We don't see it in the secondary system. 
In the primary there is little opportunity to check, 
since it is always close to 700°F. 

Mr. Young (GE): We have an on-line chromato
graph on one of our loops, measuring hydrogen in the 
cover gas, and we suspect that we are getting a holdup 
of hydride in the vapor traps. There has been some 
indication that this not only holds up in the vapor 
traps, but also in the surge tanks in the gas phase due 
to changing levels of sodium. You can detect a 
change in plugging temperature as if there was hy
dride on the walls. Our plans are to do some heating 
in these areas and watch for bursts of hydrogen. 

Mr. McSorley (W): Did you identify the composi
tion of the copper where it was plugging on the 
plates? 

Mr. Olson: I t was metallic copper; I don't know 
the purity. 
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ABSTRACT 

A laboratory model of an integral full-flow vacuum 
distillation sampling system is currently being used 
at the Los Alamos Scientific Laboratory for the 
routine analysis of oxygen in experimental dynamic 
sodium systems. This analytical method has a pre
cision of ±0.5 ppm in the oxygen concentration range 
from 1 to 10 ppni, and the time required for a com
pleted analysis is approximately 2 hr. The design of 
the laboratory system is being modified to enable it 
to be used in a radioactive sodium environment at 
LMFBR temperature conditions. The entire system 
is constructed of Type 304 stainless steel, and the 
separation of sodium from the nonvolatile impurities 
is accomplished with a high-frequency induction 
generator. The work coil for the induction generator 
is located within the metal envelope of the distillation 
zone. The system design eliminates the neeil for 
sample transfer, thereby eliminating potential at
mospheric contamination. The sodium distillate is 
retained in a combination condenser and reservoir. A 
remotely operated sampling systein will be installed 
in the EBR-II. The full-How vacuum distillation 
sani|iliiig systein is designed for the routine removal 
ot sodiimi sani|iles for oxygen analysis, and it has the 
potential for being used to identify other species 
present in a radioactive sodium environment. 

I. Introduction 

The characterization and control of impurities in 
high-temperature sodium systems is a basic require
ment for the successful operation of a sodium-cooled, 
fast brcetler reactor. The concentrations of interstitial 
impurities such as oxygen must be controlled within 
acceptable limits over the operating life of a systein. 
Therefore, to ensure the effectiveness of purification 
methods, provisions must be made for the routine 
analysis of sodium. The vacuum distillation sampling 
technique is readily adaptable to this mode of opera
tion. 

• Work pcrfoniicd under Ihc au.apiccs of the U. S. Atomic 
Encr^v Conimi3«ion. 

t Present address: B.ittclle Northwest Laborator>-, Richland, 
Wnsli. 

Vacuum distillation sampling systems are cur
rently being used at the Los Alamos Scientific 
Laboratory"- '• for the routine analysis of oxygen 
in experimental dynamic sodium systems. The sam
pling systems are incorporated as an integral part 
of the experimental facility. Sodium samples are re
moved from the system, after sufficient flushing to 
ensure the retention of a representative sample, and 
introduced into a nickel sampling cup where the so
dium metal is separated from its nonvolatile im
purities. The distillation is conducted under a dy
namic vacuum of < I0~* Torr, using an induction 
furnaee as a heat source. The residue remaining in 
the sample cup following the separation is dissolved 
in dilute hydrochloric acid and analyzed with a 
flame emission spectrophotometer for sodium as an 
indirect measurement of the oxygen concentration, 
assuming the residue to be XaoO. Although this 
method is not specific for the determination of oxy
gen in sodium, it h.-Ls yielded reliable and reproducible 
data with a demonstrated sensitivity of 0.5 ppm in 
the concentration range from I to 10 ppm."- *' 

The laboraton,' model of an integral full-flow 
vacuum distillation sampling system currently being 
used nt the L.ASL is being reilesigned for use in a 
radioactive sodium environment at LMFBR tempera
ture conditions. This modifieii engineering-loop ver
sion of the laboratory system is scheduled to be field 
tested in the EBR-II . ' - ' A remotely operated integral 
sampling and distillation systein will be installed on 
the EBR-II primar>- sodium chemistry loop, '" and 
a manually operated unit will be installed on the non
radioactive secondary-sodium system. The entire 
sampling system will be constnicted of Type 304 
stainless steel, and the separation of sodium from 
the nonvolatile impurities will be accomplished with 
induction heating. The work coil of the induction 
heater is located within the metal envelope sur
rounding the distillation zone. The sampling system 
is designed for the routine removal of sodium 
samples for oxygen analysis, but due to the elimina
tion of the major source of radioactivity as a result 
of the sodium separation, it has the potential for 
providing samples for other analyses. 
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FIG. 1. Schematic of Full-flow Vacuum Distillation Sam
pling System. 

2. Description of Apparatus 

Z.l. Vacuum Distillation Sampling System 

The laboratory model of the full-flow vacuum 
distillation sampling system shown schematically in 
Figure 1 was incorporated as an integral part of a 
dynamic sodium system. The sampling system con
sists of a constant-flow sampling chamber, distillation 
section, and a vacuum/inert gas manifold. All com
ponents contacted by the flowing sodium were con
structed of Type 304 stainless steel. A typical in
stallation is shown in Figure 2. 

The sampling chamber, constructed from a section 
of 2-in., schedule 10 pipe, was attached to the sodium 
system with 0.500 X 0.035-in.-wall tubing supply and 
return lines. Isolation valves were provided in the 
lines, and flow from the sodium system to the 
sampling chamber was regulated with a dc electro
magnetic pump. The sampling chamber contains an 
inner sodium reservoir (of approximately 100-cm' 
capacity) which is positioned on a retaining spider. 
The sodium flow enters the reservoir tangentiallyj 
spills over the top, and drains back to the system 
by gravity. The tangential flow path provides a well-
mixed sodium inventory, and the weir effect provides 
a means for mechanical separation of insoluble ma

terials and floating scum. A small hole a t the bottom 
of the reservoir provides a drain return to the sys
tem when the flow to the sampling chamber is 
terminated. Flow rates of up to 0.5 gpm could be 
obtained by regulating the current input to the pump 
from a 250-A dc rectifier. All components in contact 
with sodium were trace heated and maintained at or 
slightly above the sodium system temperature. The 
sampling-chamber volume below the sliding gate 
valve was always maintained under a positive helium 
pressure. A vapor trap, partially visible in Figure 2, 
was located in the inert gas line leading to the 
sampling chamber. The vapor trap was designed to 
prevent liquid sodium from entering the inert gas 
manifold through inadvertent flooding of the sam
pling chamber. A cooling jacket was located around 
the periphery of the sampling chamber adjacent to 
the isolation valve. This allowed the use of elastomer 
" 0 " ring seals and provided close coupling of com
ponents due to space considerations. 

During the sampling operation, the distillation-
section and sampling-chamber pressures are equili
brated, and the nickel sampling cup is lowered into 

FIG. 2. Full-flow Vacuum Distillation Sampling System. 
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the sodium reservoir. After a short equilibration 
period the sampling cup containing a representative 
sample of system sodium is rai.sed into a 2-in.-di
ameter Pyrex distillation section and isolated from 
the sampling chamber with a 2-in. sliding-seal gate 
valve. The cup is positioned in the work coil of a 
I-kW high-frequency induction generator which is 
used as a heat source for distillation. The distillation 
section is evacuated and the distillation conducted 
under a dynamic vacuum of <10~* Torr, using the 
combination of a mechanical and molecular sorption 
pump. A thermocouple support for the sample cup 
provides temperature sensing during operations and 
allows distillation-rate data to be compiled. 

On the completion of distillation, the entire distilla
tion section is removed from the system and replaced. 
This is accomplished by backfilling the system 
above the sliding valve with approximately 2 psig 
helium and disconnecting the glass section at the 
lower metal-to-glass joint visible in Figure 2. The 
equipment exchange requires approximately 10 to 15 
sec, and the flow of helium under pressure during this 
period minimizes the introduction of atmospheric 
contaminants. Following the exchange, the distillation 
section is evacuated and the sample cup pretreated at 
500 to 525''C prior to receiving another sample. 

The nickel sample cup was machined with a 
hemispherical radius and had a volume ol 4.3 cm^. 
With a normal meniscus the sample sliould contain 
approximately 5 g of sodium. The sample yields 
have been 5.0 g ± 2%, based on recovery of the 
distillate. The uniformity in sample size is attributed 
to several factors. Following a distillation the sample 
cups are abrasive and cliemically cleaned, and jirior 
to sampling the cup is preheated to 5(K) to 52o°C un
der vacuum. Wetting is enhanced as the cup tempera
ture is allowed to equilibrate with the system sodium 
temperature in the sampling chamber. In addition, as 
the cup shears the sodium surface when the sample is 
being withdrawn, the surface tension effect aids in re
moving excess sodium and enhances the maintenance 
of a uniform sodium volume. 

Approximately 15 to 20 sec are required to raise 
the sample cup within the heater coils in the distilla
tion section, isolate the sample chamber, and initiate 
the distillation at a pressure of <10~* Torr. A 
chilled water condenser located around the periphery 
of the distillation tube, shown in Figure 2, collects 
95% of the distillate, and the rest is deposited on the 
lower portion of the tube. Slight heating of the glass 
with a torch in the region above the liquid level of 
the sample affords a window for visual observation 
of the distillation process. The distillations have al
ways proceeded smoothly and without surface per

turbations which could be attributed to gas entrain
ment, gas evolution, or superheating. The power input 
to the cup was adjusted to maintain a temperature 
of 355 ± 5°C throughout the distillation period of 
approximately 14 min. This has resulted in a distilla
tion rate of 0.35 ± 0.02 g/min, based on the recovery 
of the distillate. A sharp increase in temperature 
without a change in power input to the cup marks 
the termination of the separation process. The cup 
temperature is then raised to 400 to 410°C, and heat
ing is discontinued. The distillation section is back
filled with helium, cooled to ambient temperature, re-
mo\'ed from the system, and replaced. 

The sample cup is removed from the thermocouple 
support rod and the residue dissolved in 5 ml of 0.01 
N hydrochloric acid. The ."odium concentration in the 
solution is determined by flame emission spectropho
tometry. When required, the sodium distillate is re
covered and titrated with 1.0 .V hydrochloric acid to 
determine the total inventory of sodium initially 
present in the sample. 

When a clean glass distillation section is inserted 
into the system following completion of the previous 
sampling operation, it is isolated from the rest of the 
system and evacuated to <10~* Torr to remove any 
trace moisture and other volatile impurities. This is a 
precautionary measure against contaminating the 
surfaces of the sampling chamber. Preheating of the 
sample cup also helps to prevent contamination. 

When not in use, sodium flow to the sampling 
chamber is shut off and the isolation valves are 
closed. The sodium in the sampling system is allowed 
to freeze, and a positive pressure of helium is main
tained in the sampling chamber. The helium used has 
contained <10 ppm total impurities. The distillation 
section is maintained at a pressure of <10"* Torr or 
at the pressure of the sampling chamber, depending 
on where in the sequence of operations the system was 
shut down. 

!l.i. Remotely Operated Sampling System 

The remotely operated integral full-flow vacuum 
distillation sampling system is shown schematically 
in Fig. 3. The features of this system and the 
sequence of operations are basically the same as the 
laboratory model. The modifications which set this 
unit apart from the laboratory system include the 
incorporation of a mechanism for sample-cut transfer 
and a condenser for the sodium. The entire system is 
constructed of 'Type 304 stainless steel. A nominal 3-
in. bore is maintained in all horizontal and vertical 
components. All flanged connections are the high-
vacuum type with metal-gasket seals. Elastomer 
gasket materials have been eliminated from the 
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FIG. 3. Schematic of Remotely Operated Distillation Sam
pling System. 

sections of the system exposed to sodium vapor. 
Radiation-resistant elastomers are used in the non-
critical zones and where it is considered impractical 
to use metal-gasket seals. All operations are elec
tronically controlled, and the sequencing of events 
are performed in a semiautomatic mode from a 
graphic display panel. 

The sampling chamber contains the same features 
of internal flow as the laboratory model with the 
exception that there is a substantial increase in 
volume of the sodium reservoir. Isolation valves, 
electromagnetic flowmeter, and dc electromagnetic 
pump are an integral part of the sampling-chamber 
assembly. The sodium-supply and return lines are 
fabricated from V2-in. pipe. The sampling chamber 
and its associated equipment are being designed for 
650°C sodium conditions. A cooling jacket is pro
vided around the periphery of the sampling chamber 
well above the liquid sodium level in order to reduce 
the temperature requirements ot the vapor trap and 
the isolation valve which separates the sampling and 
distillation sections. 

The sodium separation from the nonvolatile im
purities is accomplished with a 2'/2-kW high-fre
quency induction generator. The work coil for the 
induction generator is located within the metal en
velope which comprises the distillation section of the 
system. A flange-mounted, high-vacuum rf feed-
through is used to introduce the work coil in the 
system. A thermocouple for monitoring the sample 
cup during the initial preheat and distillation is also 
an integral part of the distillation-zone flange as
sembly. 

The condenser provides a reservoir for the sodium 
distilled from the sodium samples. The entire verti
cal section of the system above the isolation valve 
separating the sampling and distillation sections is 
trace heated to prevent vapor deposition on exposed 
surfaces during distillation, thereby effecting the 
flow of vapor to the condenser where it is retained. 
The condenser contains a series of internal flow 
baffles designed to maximize the collection efficiency. 
The vacuum/inert gas connection is located down
stream of the flow baffles. The condenser can be 
heated periodically to remove the sodium deposited on 
the cold surfaces and redeposit the sodium in the 
reservoir (of approximately 1-1 capacity) portion of 
the condenser. All vacuum and inert gas lines in the 
system are constructed of l.OO-in.-OD X 0.065-in.-wall 
tubing, so that pressure conditions can be established 
as rapidly as practicable. 

The mechanism for sample-cup transfer is designed 
to accomplish both the vertical and horizontal travel 
needed to position the sample cup in the system 
properly. Horizontal travel is achieved with a 
movable rigid carriage assembly. The vertical travel 
is handled by a tape mechanism. The nickel sample 
cup (of 5- to 10-g sodium capacity) is cradled in a 
yoke fastened to the end of a 0.005-in. stainless steel 
tape, which in turn is passed through a slot in the 
movable carriage and fastened to a take-up reel at 
the rear of the carriage. The vertical and horizontal 
slo-syn motor drives required for accurate positioning 
are located external to the sample-cell shield wall 
pictured in Figure 3. The total amount of horizontal 
travel is only that which is necessary to accommodate 
a sample-cup transfer out of the radiation environ
ment. Approximately 30 in. of vertical travel is in
volved between the horizontal transfer tube and the 
sodium reservoir in the sampling chamber. 

A small-volumed access chamber is located as an 
appendage on the horizontal transfer tube. This pro
vides access to the sampling system for the intro
duction and removal of sample cups while reducing 
the probability for the introduction of atmospheric 
contaminants into the system. By virtue of its de
sign, the transfer tube and its mechanisms are not 
exposed to sodium vapor during the sampling and 
distillation sequence of operation. When a sample-cup 
transfer is being made the transfer mechanism is re
tracted, the large horizontal gate valve is closed, 
isolating both the horizontal and vertical segments of 
the system, and the horizontal tube is filled with inert 
gas prior to opening the isolation valve on the access 
port. A substantial gas flow out of the transfer 
chamber is maintained during the time required for 
transfer in order to minimize the quantity of at-
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niosjiheric coiitamiiiants back diffusing into the sys
tem. Following the sample-cup transfer, the transfer 
chandler is evacuated to remove trace moisture and 
other volatile impurities before the large isolation 
valve is opened. The transfer tube is maintained un
der vacuum or at a positive inert gas pressure and is 
exposed to the possibility of atmospheric contamina
tion only when the access jiort is opened, whereas the 
distillation zone in the systein is never exposed to 
idinospherie contamination, but only lo a vacuum or 
inert gas eiivinminent. 

i.S. FlIR-ll In.'<tallation 

The installation for the integral full-flow vacuum 
distillation sampling system in the primary-sodium 
chemistiy loop is shown pictorially in Figure 4. Only 
the all-metal sampling system is located within the 
shielded cavity, while the support equipment, such as 
the vacuum inert gas system, induction generator, 
dc electromagnetic pump rectifier, and the data-
acquisition and control circuitry, arc located external 
to the shielded cavity. 

.V modestly sized sodium resenoir s located at the 
bottom of the shielded cavity. This provides a con
stantly refreshed sodium supply from the primary 
system of the EBR- I I ; it also affords all of the safety 
rcquireinents necessary to comply with the opera
tional loipiirenients of the EBR-II reactor plant. 
The sodium from the intermediate reservoir is in turn 
pumped into the sampling chamber at a flow rate of 
approximately 0.5 gpm. Sample cups with a 5-g ca

pacity will be used for oxygen analysis with provisions 
for an increase to 10 g if necessary for otlier types of 
analyses. 

All moving parts witliin the shielded cavity have 
been reiluced to a minimum. With the exception of a 
few cases, all critical components are readily ac-
cc-isible from outside the shield wall. Modular con
struction has been used throughout for ease of main
tenance and component replacement. The system is 
being designed with a goal of 1000-cycle, mainte
nance-free operation. This results in a total ol 500 
sodium samples removed for analysis from the dy
namic stream. The sampling system will be thoroughly 
tested and evaluated in a mockup of the actual EBR-
II shielding-cavity configuration to assess the operat
ing parameters and component-life expectancy prior 
to the actual installation in the EBR-II complex. 

3 . Summary 

The laboratory- model of the integral full-flow 
vacuum distillation sampling system as described in 
this paper is readily adaptable for remote operation 
in a high-temperature, radioactive sodium environ
ment. The system provides representative sodium 
samples for analysis on a routine basis. The time 
required to run a complete analysis for the determina
tion of oxygen in sodium is approximately 2 hr. The 
equipment design eliminates the need for sample 
transfer, thus eliminating the probability of sample 
contamination by atmospheric impurities. The vac
uum distillation analytical method for oxygen in 
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sodium has a demonstrated precision of ±0.5 ppm in 
the oxygen concentration range from 1 to 10 ppm. 
No blank corrections are required because the method 
yields a zero blank." ' The use of a high-frequency 
induction generator as a heat source in lieu of more 
conventional methods provides excellent control of the 
distillation process. The variance in sample size of 
5.0 g ± 2% obtained with the system is well within 
the acceptable tolerance needed to maintain the re
quired precision of the analytical method. The sharp 
rise in cup temperature which marks the complete 
separation of sodium from the nonvolatile impurities 
provides an excellent mechanism for monitoring the 
process in addition to providing distillation-rate data 
for estimations of sample size. 

The adaptation of the sampling system described in 
a radioactive sodium environment provides the po
tential for sodium analyses for numerous impurities 
in addition to oxygen. The separation of the sodium, 
and hence the bulk of the radioactivity, from the 
nonvolatile residues provides samples for immediate 
analyses for all dissolved impurities, including most 
fission-product elements with a minimal shielding re
quirement on the sample cup containing the residues. 
Although the EBR-II temperature requirements are 
substantially more modest than the proposed LMFBR 
temperature conditions, the sampling system is being 
designed to meet the 650°C LMFBR sodium-tempera
ture conditions. The modular construction of the 
sampling system using the fabrication and construc
tion techniques adapted for high-vacuum systems 
affords a great deal of flexibility and versatility to 
the system for extension to other sodium systems. 
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Discussion 

Mr. Goldberg (ORNL): Was the sodium that you 
distilled into the collection chamber analyzed? Was 
this examined or do you get some back-diffusion that 
contaminates it before you can look at it? 

Mr. Rutkauskas: Yes, we have been doing mass 
balances on the samples, looking at the distillate and 
the residue. 

Mr. Goldberg: Theoretically, the distillate should 
have nothing in it. What do you find? 

Mr. Rutkauskas: We find potassium and other 
volatile metals in the distillate, and not in the residue. 

Mr. Hill (APDA): Our data show that in a well 
cold-trapped system a good part of the oxygen will 
be present as NaOH. During distillation, this is 
largely converted to Na20 (hydrogen is evolved); 
subsequent determination of sodium in the residue 
will give the correct total oxygen content, but will 
not show the original presence of NaOH. Do you have 
a way of providing the additional information? 

Mr. Rutkauskas: I don't know how you are going to 
get around the problem; it cannot be done simply hy 
analyzing the distillation residue. The way we have 
been running the systems we can eliminate the NaOH 
simply by heating the system up to roughly GOCC 
and evacuating the cover gas. For most of the sys
tems that we have been running we can really belch 
the NaOH out by this method. In a reactor system 
you have another situation. This is a problem that 
you have to face up to at some point in time. 

Mr. Kovacic (APDA): Hill and I have discussed 
this many times. I think we have conclusive evi
dence that in a well cold-trapped system, on loops 
and in Fermi, there is about 1 ppm hydrogen as 
hydroxide. 

Mr. Kanamori (APDA): How do you clean the 
nickel crucible? 

Mr. Rutkauskas: Following the introduction of the 
dilute HCl, after washing the residue out, we then 
abrasively clean, chemically clean, and heat to 
roughly 500-550°C under vacuum (in the neighbor
hood 10-* to 10-^ Torr) while in the system. 

Mr. Haroldsen (ANL): We're to be the customer 
for this unit. One question we've been confused about 
is the head on the sample. In your model you have a 
tangential fiow into the reservoir. Is this essential or 
would straight-through flow maintain an even head 
from sample to sample? 

Mr. Rutkauskas: Tangential flow has the ad
vantage that the liquid swirls to form a slight vortex 
which improves the mechanical separation for any 
insolubles. Flow straight in gives an impingement on 
the opposite wall and it isn't as effective. 
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ABSTRACT 

The quantitative evaluation of the Rhometer, oxjgen 
meter, cover-gas chromatograph, plugging meter, and 
bypass frecze-tubc .sampler a-s means of monitoring 
sodium impurities in APDA's sodium technology loop 
is discussed. 

Rhometer responses to sodium monoxide, sodium 
hydride, and sodium hydroxide injections were ob
tained. The results of sodium monoxide injection agreed 
with a previously reported response factor of 0.004 
%R/ppni ox.\gen, whereas three replicate injections 
of 1 ppm hydrogen as sodium hydride gave response 
factors of 0.0(i4, 0.040, 0.0(i4 AToR/ppni h,\dride hy
drogen. Rhometer response to three replicate injections 
of 1 ppm hydrogen a.s sodium hydroxide can be ex
plained on the basis of total deconqiosition and on the 
assumption that the dcconiposition products (sodium 
monoxide and .sodium hydride) contribute independ
ently to the resistivity nieiLsurenient. 

Twelve oxygen-meter electrode assemblies have been 
evaluated since lfMi5. Calibration constants determined 
hy inipurit.:' injections ranged from —19 to —40 \ ' - ' . 
Sodium temperature coeflicients varied from 0.5(i to 
0.04 mV/°F, and ambient temjierature coeflicients 
varied from —0.S2 to —0.40 mV/°F. Gamma radiation 
caused response changes fnun 0 to more than .'iO niV, 
depending on the cell. The time responses of electrode 
as.seniblies operating more than several months were 
prohibitively long. 

The reliability of plugging-temperature measurement 
was stuihed. In 14 phigging-meter runs agreement was 
within 5°F. Regarding the relationship between plug
ging teniperature and purity level, two interesting 
measurements were obtained: (I) an abnornially high 
plugging teniperature ( > otXlT') for OtX)"!' cold-trapped 
sodium and (2) e.sseiitiall.\' the same plugging tempera
ture (a:365°F) for fiOO°F cold-trapped sodium fol
lowing I ppm li.\drogeii replicate injections of either 
sodium hydride or soilium h.\droxide. 

Pinched nickel bypa.-is freeze-tube samples were 
analyzed for oxygen impurities by the n^ereury amal
gamation method at different oxygen levels. The results 

' Now with U. S. Atomic Energy Commission. Division of 
Reactor Development and Technologj-, Washington. D. C. 

were as follows: at 7 ppm a relative standard deviation 
for individual analyses of TTc, at 22 ppm a relative 
standard deviation of S T , and at .'JO ppm a relative 
standard deviation of 6'?c. Data have been gathered 
for nonpinched samplers at various oxygen levels for 
comparison. 

A gas chromatograph monitored the hydrogen con
centration in the cover gas of the loop. This concen
tration was correlated according to Sievert's Law with 
the total h>'drogen in the loop sodium over a h>'drogen-
in-sodiuni eniieentratioii range of I to 3 ppm. 

1. Introducl ion 

As part of the AEC's program to develop a sodium-
cooled nuclear reactor, APD.\ has been engaged in a 
project to develop and evaluate inline instruineiits for 
detecting, monitoring, and controlling impurities in 
sodium. The quantitative evaluations of four of these 
instninients: the Blake Mark-I Hlioineter, the I 'NC 
oxygen meter, the Therinco cover-giLs ehronuitograph, 
and the APDA plugging meter, nrf ihscu.'ised in this 
paper, a.s is the APD,\ freeze-tube .sampler, an out-of-
liiie device that collects sodium for laboratory analysis. 

The loop beinft u.sed for the development and evalua
tion of these devices is shown in Figure 1. This loop, 
which actually consists of a 4-in. main loop and a 1-in. 
test loop, has been described previously."' ,\s can be 
seen from Figure 1, the loop contains sodium-purifica
tion apparatus in addition to the devices already 
mentioned. 

In Reference (1), data were presented by , \PDA 
conceniing the respoiLses of both the Blake Rhometer 
and I 'NC oxygen meter, as well as siHliuni-samphng 
and analysis results for comparison. The data indicated 
that the three Hhometers installed in the loop were less 
sensitive to ox\geii in the form of sodium monoxide 
that to sodium hydride and sodium hydroxide. The 
average response to the Rhometers to oxygen as .sodium 
monoxide was about O.OOI '~cR'A ppm of oxygen at a 
base level of approximately 10 ppm and at .sodium 
temperatures of about ()00°F. Oxygen-meter response 
was fomid to be sensitive to perturbations of sodium 
temperature in the loop aud possibly to changes in 
ambient temperature. In short, both Rhometer and 
oxygen-meter responses showed good qualitative agree-
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:: 4i°-~ 

F I G . 1. Schematic of Sodium Technology Loop. 

ment with impurity injections, but appeared quantita
tively unreliable. 

As regards the Rhometer, oxygen meter, plugging 
meter, and freeze-tube sampler, the information pre
sented herein represents data acquired after evaluations 
reported in Reference (1) were made. Since the gas 
chromatograph has been evaluated only recently, the 
information given in this paper represents APDA's 
total experience with this instrument. 

2. Rhometer 

The initial APDA test results given in Reference (1) 
indicated the Mark-I Rhometer to be basically a sound 
instrument, but that further development and testing 
were required to make it sufficiently reliable for in-line 
monitoring of impurities. More recent results confirm 
the earlier work. As shown in Table 1, the average 
sensitivities found in recent tests were 0.0040, 0.00.36, 
and 0.0046 ATR/A ppm measured oxygen for Rho-
meters 1, 2, and 3, respectively, with an average sensi
tivity for all three Rhometers combined of 0.0043 
A%R/A ppm measured oxygen. This value agrees 
favorably with the 0.0045 A%R/A ppm measured 
oxygen obtained in similar sodium monoxide injection 
tests reported in the earlier work. 

In Figure 2 are displayed typical responses of Rho
meter 3 to injections of sodium hydroxide and sodium 
hydride to cold-trapped sodium, as well as the Rhometer 
responses to preinjection cold-trapping operations. 
I t should be noted that the information in this figure 
is not the actual output from Rhometer 3, but rather a 
plot of hourly data points taken from recorder charts. 

The hourly data points, in addition to depicting the 
output, were used in stati.stieal considerations for 
estimating the changes in percent resistivity resulting 
from the sodium hydroxide injections (see Table 2), 
the sodium hj'dride injections (see Table 3), and the 
cold-trapping operations. 

As discussed later in this paper, there is definitely 
chemical interaction occurring within the sodium-
oxygen-hydrogen system. This conclusion is essential 
to the interpretation of the Rhometer responses to the 
injections of sodium hydroxide. For the particular 
case of 100% decomposition (free-energy calculations 
indicate that the maximum equilibrium conversion of 
sodium hydroxide occurs near the loop operating 
temperature of 600°F), an injection of 15.05 g sodium 
hydroxide is equivalent to injecting 9.03 g sodium 
hydride and 23.2 g sodium monoxide. These quantities 
are equal to concentration increases in the loop of 1 
ppm hydroxide hydrogen, 1 ppm hydride hydrogen, 
and 16 ppm oxygen, respectively. From the chemistry 
changes shown in Table 4 it could be concluded that 
the sodium hydroxide added to cold-trapped .sodium 
did not fully decompose and also that sodium hy
droxide was formed following injections of sodium 
hydride. However, the samples of the 600°F loop sodium 
were cooled to room temperature before analysis; 
from a thermodynamic .standpoint, this would indicate 
hydroxide formation in the hydrogen-oxygen-sodium 
sj'stem. Thus, the presence of hydroxide in the samples 
at room temperature does not necessarily mean that 
it is present in the 000°F loop sodium. 

As can be noted from Tables 2 and 3, Ihc injections 



Loop Sodium Monitoring 235 

Injection 
So. 

1 

2 
3 
4 
5 
li 

7 
8 
9 

10 
11 
12 
13 
14 
15 

Date 

4-27-66 
5-4-«J 
S.lHWi 
«-28-«6 
l-30-<i7 
2-3-67 
9-13-117 
9-15-67 
9-19-67 
9-21-67 
9-26-(i7 
2-7-(« 
2-14-118 
2-21-(18 
2-28-08 

TABLE 

Measured 
Initial 
Oxygen 

Cone,**' ppm 

11.5 
30.5 
:i(i,o 
7.0 
7.1 

15 3 
12 8 
11.8 
16.4 
2:i.(l 
25.11 

li.G 

6.0 
7.5 
7.0 

1. HllOMETER R E S P O . N ' S E S TO SoDI 

Measured 
Oxygen 

Change,*'' 
ppm 

19.0 
8.5 

«.o 
21.0 
8.2 
8.5 

NC'" ' 
4.6 
7.2 
2.0 

:)3.4 
16.0 
20.0 
18.5 
17.0 

CM MONOXIDE ISJECTIONS 

.Amount 1 Change in Rhometer 
of Na,0 

Injected, 
ppm 

25 
25 
25 
25 
10 
15 
8 
6 
8 

10 
10 
16 
16 
16 
16 

Output, A%R 

RM-1 1 RM-2 

0.065 
0.042 
0.038 
0.072 

(b) 

(b) 

0.017 
NC 
NC 
NC 

0.034 
' b l 

(b) 

(bl 

(b) 

0.062 
(b) 

lb) 

(b) 

(bl 

(b) 

0.043 
-0 .009 

0.027 
0.025 
0.029 

(b) 

(b) 

l b ) 

(b) 

RM-3 

0.060 
0.063 
0.O40 
0.068 
0.038 

0>i 

NC 
0.033 
0 031 
0.029 
0.025 

(b) 

(b) 

0.070 
0.050 

Average Sensitivity, S 

Grand Moan , -V 

Sensitivity 

0.0034 
0 0O49 
0 0042 
0.0034 

— 
_ 
_ 
— 
— 
— 

(0.0010) 

— 
— 
— 
— 

0.0040 

-l*:; R A Pl>m X 

0.0033 

— 
_ 
._ 

— 
(-0.0020)"> 

0.0038 
(0.0125) 
(0.0009) 

— 
-_ 
— 
— 

o.oosc 

[easumt Oj 

0.0032 
O.0O74 
0 0044 
0.0032 
0 0046 

_ 
0.0072 
0.0OI3 

(0.0145) 
(0.0075) 

— 
— 

0.0038 
9.002B 

0.0046 

0.00)3 

'•' Iixprp8scd fts oxyRPii in Na 
*'•' NIP roiuiiriK tJikrti licemiso i 
'•* No rlinnKC in ri'.spdhHC. 
(ll) ]*itr<'llt)ir>4<'s i l i (hc;i t( ' ViiliU! 

if iipcnitiuiial problems or bccuusc uf Uliunietor tnodificiitions. 

is not fiKHriMi into thr mean. 

of siKiiuin hyi inixi i lc tu ciiIil-tnipiH-d Mniiuni j^uve 

pt'rci'iit resistivity incrciiscs IiirKer than the three 
injections of 9.0;i « sodium liydride, even (houKli the 
amount of liydro^en :idded wits the sanu' in all eases. 
Such a resull was anticipated on the assumption that 
:ill nf the injretcd so(hinii hydroxide would deenmpose 
In form sodium monoxide and sodium hydride. 

My use of tlie measured ehannes in oxygen and total 
hydrogen as given in Table 4 and the Rhometer re-
slMmse factors to oxygen and hydrogen as pre.-icnted in 
Tables I and .S, the response of the Rhometer to sodium 
hydroxide wius calculated, assuming that each sju'cies, 
siHlium monoxide and sodium hydride, contributes 
independently to resistivity changes. A compari.son of 
the calculated response of the Rhometer to .sodium 
hydmxide with the actual Rhometer response to this 
impurity is presented in Table 2. With the exception of 
the fii-st sodium liydroxide injection, all injections were 
made to cold-tra])ped sodium. This fact could account 
for the large difference between the calculated and the 
nctual Rhometer respitnse. However, for the remainder 
of the inject i(ui and subsequent cold-tmppingopemtions 
forwhich data were available, the agnvment between 
the calculated and actual Rliometer response is good. 

The temperature-compensaticui ntnge of the Hho
meters installed in .Vl'DA's loop has been extendtni 
from (i(X1 to 10(X)°F through the addition of trans
formers in tlie compensator circuit, as well a.s through 

the addition of variable n'si.stors in the signal-summa
tion circuit. As indicattnl in the summary of test re.sult.<5 
pre.sented in Tables I, *J. and .'t, a number of problems 
have been encountrrtMl in the oiiemtiori of Ihc Rho
meter at the Ai'D.V laboratories. Switch contacts 
have been a coB^tant source of trouble. The platinum 
temperature re.Mstors wound aniund the pipes for 
t emperat ure eomiM'n.-̂ it ic m have exhibit ed resist ance 
step changes, probably becau.se the yield strength of 
the platin\mi wire is reachcnl when the l(M»p temiJemture 
is ramped tu KXK)'̂ !'. In addition, step changes in the 
Rhometer output of the order of O.I *'<]{ have been 
observtnl, but the causes have not been identified. 

In spite of the.se malfunctions and becau.se it is 
believeti that the Rhometer is a promi.sing in-line 
monitoring device, extensive nnxlifications to the ba.sic 
instrument have bei'ii made at Al'DA. The?*e mitdifi-
cations consist of an automatic temperature compen
sator to operate over the range from 400 to 1000°K, 
and a redesign of the circuitry to reduce the .signal-to-
noi.se ratio and to ehminate ba.-e line drift. 

It is anticipated that APDA's modified Rhometer, 
which is scheiluled for hwip evaluation in November 
196S, will be capable ()f exhibiting excellent base-hnc 
stability and be capable of detecting a change of 
impurity concentration equivalent to 1 ppm of oxygen 
or O.I ppm of hydrogen at a cold-trapped sfNiium purity 
level. 

http://becau.se
http://the.se
http://becau.se
http://noi.se
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0.10 -

Time, hr 0 

Dote, 1967 4-4 

Cold Trap 
Cleanup 

Third NoOH . 
Injection 
(I5.05g) 

1 
' Rhomett 

—.-J^N Loop Temp, 600 F 
Sodium Flow, 7.Sgpin 

20 30 

4-5 

7 0 , 

4-7 

T i* 

i 

0.20 

Cold Trap 
Cleanup 

I 

Cold Trap 
Cleanup 

V.-_j"V-v.--' 

10 
_ 1 _ 

20 [ 30 

4-11 

_ 1 _ 
40 

4-12 

I 

.Third NaH 
Injection 
(9.03g) 

, L_ 

I 

Rhometer 3 

Conditions: 
Loop Temp, 600 F 
Sodium Flow, 7.5 gpm 

I 
60 7 0 , 

4-13 

90 100 110 120 Time, hr 0 

Dote, 1967 4-10 

F I G . 2. Response of Rhometer 3 Before, During, and After Injections of Sodium Hydroxide and Sodium Hydride to Cold-trapped 
Sodium. 

TABLE 2. RHOMETER-3 RESPON 

Sequence of Loop 
Operations 

1. NaOH injection 
2. Cold trap 
3. NaOH injection 
4. Cold trap 
5. NaOH injection 
6. Cold trap 
7. NaOH injection 
8. Cold trap 

Date 

2-15-67 

3-30-67 

4-6-67 

4-20-67 

SB TO INJECTIONS OF SODIUM HYDROXIDE AND SIIBSEQUENT COLD-TRAPPING 

Measured 
Oxygen 

Change, ppm 

0.6 
- 3 4 . 4 

13.6 
- 1 2 . 6 

(.) 
(.) 
10.4 

- 9 . 8 

Measured Total 
Hydrogen 

Change, ppm 

1.34 
- 2 . 1 

1.17 
- 1 . 1 

(a) 

(a) 

0.84 
- 1 . 9 4 

Calculated A%R 
from Oxygen 

0.003 
-0 .158 

0.063 
-0 .058 

— 
— 

0.048 
-0 .045 

Calculated A%R 
from Hydrogen 

0.075 
-0 .117 

0.065 
-0 .061 

— 
— 

0.047 
-0 .058 

Calculated 
Rhometer 

Response, A%R 

0.078 
-0 .275 

0.128 
-0 .119 

— 
— 

0.095 
-0 .103 

0PER.ATI0NS 

Actual Rhometer 
Response, A%R 

0.018 
-0.290 

0.097 
-0.140 

0.088 
-0.097 

0.099 
(b) 

'*> Samples were not taken because of scheduling diffictllties. 
'**> Erratic behavior of Rhometer after injection did not permit response to be measured. 

3. Oxygen Meters 

Since 1965, APDA has been evaluating in its sodium 
technology loop oxygen meters manufactured by the 
United Nuclear Corporation. Included in this effort 
have been studies to estabhsh (1) meter response to 
injections ot sodium monoxide, sodium hydride, and 
sodium hydroxide, (2) sodium and ambient temperature 
coefficients of the meters, and (3) effects of gamma 
radiation on meter performance. 

In all, twelve oxygen-meter electrode assemblies 
have been in service at APDA, although only four are 
currently installed in the loop. Regarding cell life, or 
that period of time in which an electrode assembly 
produces meaningful information, only cell No. 1 
(TP-15) has been tested extensively enough to state 
with confidence that capabiUty exists for long-term 
quantitative performance (see Table 5). On the baas 
of the performance of this cell, however, as well as on 
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the ba.'.i.s of .VI'D.V'.s lack of oxygen-meter experience 
during the initial field testing, it i.s now believed that 
three of the first four celLs installed [cclLs 2 (TP-19), 
3 (TP17), and 4 (TP-18)1 were removed from .service 
prematurely, thus making any judgment concerning 
the life of these cells impos.sible. Nonethele.s.-i, it i.s 
noteworthy that the original four cells evaluated by 
Al'DA were removed from sodium service, cleaned, 
inspected, and reinstalled without significiinlly af
fecting their performance. It .should also be pointed out 
that the vendor has stated that the problem with those 

TABLE 3. RiioMETER-3 UESPCSSE TO INJECTIONS OF SODIUM 

HYDRIDE AND SUHSEQIJBNT COLD-TRAPPING OPERATIONS 

Scfiucncc 
of Loop 

Operation 

NaU injection 
Cold trap 
NaH injection 
Cold trap 
NaH injection 
Cold trap 

Date 

2-24-67 

3-10-07 

4-13-67 

Response, 
A%R 

0.043 
-0 .034 

0.057 
-0 .065 

0.081 
- 0 . 0 6 0 

Total 
Hydrogen, 

A ppm 

Sensitivity, 
A%R/A 

ppm 

0.67 
-0 .74 

1.17 
-1.34 

1.27 
-0.94 

Average sensitivity, NaH injection, Si 
Cold trap, Xi 

Cirand Mean, x 

0.0642 
0.0459 
0.0487 
0.0485 
0.0C38 
0.0638 

0.0589 
0.0527 
0.0558 

electrode a.s.semblies which did not perform properly 
immediately wa.s traceable to quality-control difficulties 
that arose during a geographical relocation of plant 
facilities. 

To evaluate ox.vgen-meter respon.<e to various 
impurities, siKlium monoxide, sodium hydride, and 
SiKlium hydroxide injections were made to an iso
thermal, circulating sodium liMip mttintaineil at 600 ± 
iJ^V. The additions were jK-rfomied iL-̂ ing glovebox-
enclosed sampling tubes as injection tubes. All of the 
oxygen concentrations, except where noted, were 
tibtained by the mercur,\' amalgamation methtxi fol
lowed by titration of the residue. 

Responses of oxygen meters 1, 2B, 3B, and 4B to 
sodium monoxide injections are .shown in Figures 3, 
4, .5, and C* The first three figures illustrate the re-
spoiLses of oxygen meters 1, 2B, and :iB to five successive 
sodium monoxide injections, equivalent to S, 6, 8, 
10, and 10 ppm of oxygen, starting with an initial 
concentration of ox.vgen in sodium of 5 ppm. The 
calibration cur\'es for the.se succes,sive injections are 
presented in Figures 7, S, and 9. .Vlthough oxygen meter 
1 responded as expected over the whole range of con
centration changes, its calibration constant was sig-

* Responses of oxygen meters 1, 2. 3, and 4 to earlier sodium 
monoxide injections can be found in Reference (1). 

T.'VIiLK 4. SAMPLING AND ANALYSIS RESULTS FOR THE SODIUU HYDROXIDE AND SODIUU HYDROXIDE INJECTION TESTS 

Sequence of Loop Operations 

1. NaOH injection (15.05 g) 
2. Cold trap 
3. NaH injection'-' (9.03 g) 
4. Cold trap 
5. NaH injection (9.03 g) 
6. Cold trap 
7. NaOH injection (15.05 g) 
8. Cold trap 
9. NaOH injection (15.05 g) 

10. Cold trap 
11. NaH injection (9.03 g) 
12. Cold trap 
13. NaOH injection (15.05 g) 
14. Cold trap 

Total Alkalinity 
Measurements as 
Oxygen in NajO 

Pre-
Oper
ation 

44.2 
44.8 
10.4 
11 
8 

10 
6.2 

19.8 
7.2 
(c) 

5.8 
7.4 
6.0 

16.4 

Post-
oper
ation 

44.8 
10.4 
11.0 
8.0 

10.0 
6.2 

19.8 
7.2 
(e) 

5.8 
7.4 
6.0 

16.4 
6.6 

V 
M 
C 

O 

0.6 
- 3 4 . 4 

0,6 
- 3 

2 
- 3 . 8 
13.6 

- 1 2 . 6 
(d) 

(d> 

1.6 
- 1 . 4 
10.4 

- 9 . 8 

Hvd 

Preop-
eration 

0.93 
1.5 
0.33 
0.8 
0.33 
1.13 
0.3 
0.8 
0.3 

lel 

0.2 
0.7 
0.3 
0.77 

Impurity Concentration, 

ride Hydrogen 

Postop
era tion 

1.5 
0.33 
0.80 
0.33 
1.13 
0.3 
0.8 
0.30 

(•) 
0.2 
0.70 
0.30 
0.77 
0.3 

Change 

0.57 
- 1 . 1 7 

0.47 
- 0 . 4 7 

0.8 
- 0 . 8 

O.S 
-O.S 

(d) 

t d ) 

O.S 
- 0 . 4 

0.47 
- 0 . 4 7 

ppm 

Hydroxide Hydrogen 

Preop-
ention 

1.S3 
2.3 
1.37 
1.S7 
1.3 
1.67 
1.03 
1.7 
1.1 

(«) 
0.8 
1.57 
1.03 
1.4 

Postop-
eration 

2.3 
1.37 
1.87 
1.3 
1.67 
1.03 
1.7 
1.1 

(•) 
0.8 
1.S7 
1.03 
1.4 
0.83 

Change 

0.77 
- 0 . 9 3 

0.2 
- 0 . 2 7 

0.37 
- 0 . 5 4 

0.67 
- 0 . 6 

(d> 

(d) 

0.77 
- 0 . 5 4 

0.37 
- 0 . 5 7 

Total Hydrogen 

Pre-
Oper
ation 

2.46 
3.8 
1.7 
2.37 
1.63 
2.8 
1.33 
2.S 
1.4 

(d) 

1.0 
2.27 
1.33 
2.17 

Post-
oper
ation 

3.8 
1.7 
2.37 
1.63 
2.8 
1.33 
2.S 
1.4 

(d) 

1.0 
2.27 
1.33 
2.17 
1.13 

Change 

1.34 
- 2 . 1 

0.67 
- 0 . 7 4 

1.17 
- 1 . 3 4 

1.17 
- 1 . 1 

(d) 

(d> 

1.27 
- 0 . 9 4 

0.84 
- 1 . 0 4 

*'' Visual inspei-tion uf iujeotioQ tube showed solids remaining. 
**' Using the iiverage values fnun two sumple tubes, one taken prior to and one taken following a loop operation, changes of lei 

than 3.5 ppm nt the approximate 10-ppm level are not statistically discernible. 
'•' No sample taken. 
'•"Sample nut taken; therefore, change cannot be calculated. 

\ 
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APDA Cell 
No. 

1 

2 

2B 

3 

SB 

4 

4B 

UNC Cell No. 

TP-15 

TP-19 

TPE-1/160 

TPE-1/227 

TP-17 

TPE-1/lGl 

TPE-1/162 

TPE-1/198 
TPE-1/216 

TP-18 

TPE-1/19 
TPE-1/258 

TABLE 5. HISTORY OF UNC OXYGEN METERS IN A P D A ' S LOOP 

Months of 
Sodium 

Service as of 
November 1, 

1968 

41.5<'> 

13 

1.5 

17'"> 

13 

1.5 

3 

3 
19<'' 

21 

2.5 
UM 

Comments 

Removed on March 25, 1966; cleaned, inspected, and reinstalled. Responsive to radiation-
responsive to both ambient temperature and sodium temperature changes. 

Removed on March 25, 1966; cleaned, inspected, and reinstalled; 5% to 10% increase in 
output. Less sensitivity to NaiO concentration change as compared to response of 
TP-16 and TP-18. 

Did not function properly; output in range from 100 to 400 mV with hourly variation ae 
large as 100 mV. 

Slightly responsive to radiation; unpredictable response to successive NaiO injections. 
Sensitive to ambient and sodium temperatures. 

Removed on March 15, 1966; cleaned and inspected; 5% to 10% increase in output. Very 
sensitive to ambient temperature change. 

Did not function properly; output in range from 100 to 400 mV with hourly variation as 
large as 100 mV. 

Did not function properly; 20- to 30-mV variation in one hour, and as much as 100-mV 
change in 24 days. Output in range from 800 to 900 mV. 

Erratic behavior; found probe broken upon removal. 
Appears to have undergone a calibration shift. Low sodium temperature coefficient. No 

response to radiation; unpredictable response to successive Na20 injections; normal 
ambient temperature coefficient. 

Removed on March 15, 1966; cleaned, inspected, and reinstalled. Appeared to become 
less sensitive to NazO concentration changes than had been experienced in earlier test-

Erratic behavior; no meaningful response. 
Very responsive to chemistry changes, but not responsive to sodium temperature changes; 

not responsive to radiation. 

<"' Still in sodium. 

t̂  
: 

^̂  ^ , 
lni«c>ion 1 
)2.53l9 (appm) 

Injection 2 
9.398g (6p|yT.) 

V . 

1 1 1 t 1 1 1 1 t 

Note: Cell Oufpul Corrected 
to 600°F Sodium Temperotu'e 
ond lOO^F Ambient Temperature 

. " • • - " ' ^A/v 

1 1 1 

" ^ A N V 

Iniectlon 3 
12.531g (Sppm) 

Infection 4 
I5.664g (lOppm) i 

-
V-v \ ^ \>—. - . 

Iniection 5 
15.664g (lOppni) 

1 1 . V 1 1 _ 1 _ J 

9-15 9-16 9-1 
Dote, 1967 

9-22 9-23 9-25 9-26 9-27 
Date, 1967 

F I O . 3. Response of Oxygen Meter 1 (TF-15) to Five Successive Sodium Monoxide Injections. 

nificantly lo\ver than it had been previously ( — 27 V- ' 

compared to -36 .8 V"'). Oxygen meters 2B and 3B 

responded as expected, but only for the first three 

injections; they had essentially no response to the 

fourth and fifth injections. Calibration constants for 

these two meters over the range of oxygen concen

trations where they appeared to be operating satis

factorily were —21.4 V~' for oxygen meter 2B and 

-22 .7 V- ' for oxygen meter 3B. 

In Figure 10 is shown a calibration curve for oxygen 

meter 1 that was recently obtained while the loop was 

being used for a sampling and analysis program. During 
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Note: Cetl Output Co"«c>«(l 
to aOtPF Sodium TampoQture 
and lOO F̂ Ambiant T*nip«>atun 

9-12 9-13 

F I O . 4. Ueapcmse of Oxygcii Meter 2B (TrL-l /227j to I'ive Succcsaivc Stidiiim Mumixide Injections. 
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Dole. 1967 

9-19 9-20 9-26 9-27 
Oete, 1967 

Fnj. 5. Hespunse «>f OwKcii Meter 3H (TPK l/21til to Five SiK'ces.sivc Sndiuni .Monoxide Injertiiimt. 

this same period, (ix\gen meters 3H and 4H were also 
in service, bin zem drill in llie electrometers (supplied 
tn .\1'I).\ by Keilliley Instruments, Inc.) of the readout 
."i.vsteni fur the.se meters was of siicli magnitude and 
Ireqiiency that the output could not be reliably inter
pret eil. 

Table ti demonstrates the stability of the calibration 
of oxygen meter 1 over a long period of time. The only 
meiLsure of the calibration constant significantly dif-
ferrat from the re.st was that obtained from the succes
sive .''odium monoxide injections 7. S, 9, 10, and 11. 
.Vlllmugh this constant was obtained on the basis of 
calculated oxygen concentraliou rather than measured 
oxygen concentrations by the mercury amalgamation 
melhiHl, there wa.s fair agrwrnent between the two 
nieasun^ of ox,\geii concentration (see I'igure ~\. 
Therefore, the methml iiseil to obtain the calibration 

constant is not believeti to be the rea.-on for the dif
ference between this mea.sure of the con.stant and the 
other mea.«urcs listed in Table 6. 

Figure tt shows the t.\"pical resp<tnses of ox.\'gen meters 
1, 2B, 3B, and 4B to a .'̂ eries of four replicate sodium 
monoxide injections to cold-trapixxl sodium. The 
results are presented here to point out the significance 
of the time respon.^ of the oxygen meter to sodium 
monoxide. .\t the time of this experiment, oxygen 
meters 1, 2B, 3H, and 4B were in ser\-ice for approxi
mately 33, 9, 10, and 2 mo, respectively. Since earlier 
experience indicated a solution rate of 1 ppm of oxygen 
per hour, it was anticipated that steady-state conditions 
would have been obtained 16 hr after the injections 
were started. Only oxygen meter 4B, however, di.s-
played this behavior. Oxygen meter* 1, 2B, and 3B 
drifted downward for as much a-s 40 hr following the 

http://the.se
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F I G . 6. Response of Oxygen Meters to 16 ppm Oxygen as Sodium Monoxide. 

injection. It is believed that the increased time response 
was due to some aging phenomenon of the solid elec
trolyte in sodium. 

Table 7 represents the extent of APDA experience 
with the response of the UNC oxj'gen meter to sodium 
hydride injections. These injections, equivalent to an 
increase in hydrogen of 1 ppm to cold-trapped sodium, 
were made to the loop at 600°F in the same manner as 
were the sodium monoxide injections. Response curves 
are shown in Figures 11 and 12, and the sampling and 
analysis results for the preinjection and postinjection 
periods for these tests are given in Table 4. It is clear 
from the data given in Table 7 that no conclusions can 
be made regarding the response of the oxygen meter 
to sodium hydride. 

A typical response curve of a sodium hydroxide 
injection equivalent to 1 ppm hydrogen and 16 ppm 
oxygen is presented in Figure 13. Steady-state con
ditions were obtained about 10 hr after the injection 
was initiated. The results of four such injections are 

summarized in Table 8, and the chemical composition 
of the sodium for the preinjection and postinjection 
periods are given in Table 4. Only oxygen meters 1 
and 3B were in service during these studies. 

As given in Table 4, the first sodium hydroxide 
injection was made to sotiium containing about 44 
ppm oxygen. The remaining injections were made to 
cold-trapped sodium. Additional information from 
Rhometer response to sodium hydroxide injections 2, 
3, and 4 support the conclusion that the sodium hy
droxide completely decomposes to sodium monoxide 
and sodium hydride. These facts enable one to interpret 
the results given in Table 8. It is believed that because 
of the high contamination level which e-xisted prior to 
the first injection, only a small amount of the sodium 
hydroxide decomposed. In the following three injec
tions, however, all of the injected material appeared 
to have been converted to the monoxide and hydride. 

I t can be observed from Table 8 that the response of 
oxygen meter 3B is greater than that of oxygen meter 1 
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Fm. 7. Calibration of Oxygen Metor 1 (TP-15) Kr,<ulting 
from Succpssive Sodiimi Monoxide Injections. 

for the siinie choniistry chunge. This observation leads 
to the conphision, therefore, that oxygen meter '^B 
has u palibration constant alKebraically larger than 
oxygen meter 1. Hy nsing the valne -XCi.l V"' for 
oxygen meter 1, the vahie of llie calibration constant 
fomxvgcii meter 'M\ is in the range from —19 to —25 

The essence of the impurity injection re.^ults dis
cussed in the preceding is as follows: 

1. The oxygen meter responds to concentration 
changes in sodinm monoxide in a <i":">''''i''\<' =""̂ * 
ri'producihle manner. 

2. The calibration constant varies from electrode 
assembly to electrode assembly. 

3. The time response of tiie cell increases with in-
sodium service time. 

4. The meter ivsponds to sodium hydroxide impurity 
injections to .>;odium at (UX)'K. 

5. The meter rt^sponse to smiium hydride baseil on 
the data obtmned thus far by APDA is inconclusive. 

SfKlium and ambient temperature coefficients of the 
oxygen meters were determined, primarily to nmiove 
from the obser\'ed output the effects of temjH'niture 
fluctuations. Values of these coefficients for oxygen 
meters 1, 2H, and -tB are given in Table 9, as is an 
estimated sinhum temiMTature coefficient for oxygen 
meter 4Ii. 

The data for calculating the sodium temperature 
c(K'fticients for oxygen meters 1, 2H, and .'iB were 
obtained over a temperature range from 'uO to r)2.')°F. 
These data are shown graphically in Figures 14, lo, 
and Hi. The coefficient for oxygen meter 4H was e.-ti-
mated from some minor uncontrolled tempeniture 
excursions approximating lO^T that were caused by a 
malfunction of a heater control unit. 

The significance of the siKfium tem|)erature coeffi
cients given in Table 9 is that the values change from 
cell t<i cell. Consecjuently, for thuM- so(fiun) .^vsiems in 
which sodium temjMTature fluctuations at a cell cannot 
be jiropcrly controlled, the s(Kli\mi temiM-rature c<>effi-

-
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FlC. 8. Cahbration of Oxygen Meter 2B (TPE-1 227) Re
sulting from Five Successive Sodium Monoxide Injections. 
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FIG. 9. Calibration of Oxygen Meter 3B (TPE-1/216) Re
sulting from Five Successive Sodium Monoxide Injections. 

cient for that cell must be known to permit correct 
interpretation of the meaning of the oxygen-meter 
output. 

The ambient temperature coefficient for oxygen 
meter 1 was determined over a range from 34 to 71°F 
by increasing the ambient temperature stepwise. This 
range was not preselected, for when the ambient 
temperature controller was installed over the cell, it 
was inadvertently placed at the wrong set point. Ad
vantage was taken during re-establishing the desired 
set point at 72°F to collect data for estimating the 
ambient temperature coefficient. A more recent esti
mate of this coefficient over an ambient range of 72 
to 130°Fis - 1 . 0 m V / ° F . 

The ambient temperature coefficients for oxygen 
meters 2B and .3B were determined by making a mul
tiple linear regression analysis of the data shown in 
Figures 15 and 16. The measurements were made near 
the finned tubes of these cells at the same time oxygen-
meter output and sodium temperature were being 
measured. Ambient-temperature controllers were not 
used to enclose the meters during the evaluation. 

0.980 

Oxygen Meter Oulput, VoUs 

FIG. 10. Calibration of Oxygen Meter Ko. 1 (TP-15). 

TABLE 6. C-iLiBE,\TiON OF OXYGEN METER 1 (TP-15) AS 
FUNCTION OF T I M E 

Designation of 
Sodium Mono.xide 

Injection 

1 

5 

6 

7, 8, 9, 10, 11 

Sampling and analy
sis program 

Date 

4/27/66 

1/30/67 

2/3/67 

9/12/67 
to 

9/28/67 
3/11/68 

to 
4/5/68 

Calibra
tion Con

stant, 
V-1 

- 3 6 . 8 

- 4 0 . 4 

- 4 0 . 0 

- 2 7 . 0 

- 3 6 . 1 

Comments 

Based on measured 
chemistry 

Based on measured 
chemistry 

Based on measured 
chemistry 

Based on calculated 
chemistry 

Based on measured 
chemistry 

TABLE 7. RESPONSE OF OXYGEN M E T E R TO SODIUM 

HYDRIDE INJECTIONS 

Injection 

No. 

1 
2 
3-

Date 

2/24/67 
3/10/67 
4/13/67 

Amliient-corrected 
Response of 

Oxygen Meter 

OM-1, mV 

-1-1 
0 

0M-3B, mV 

Cb) 

(b) 

- 7 

Change in 
Total Hydrogen 

ppm 

-1-0.87 
-t-1,17 
-1-1.27 

<"' Third injection had an ambient temperature change of 
2a°F. 

»> Not installed. 
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'V.S can be seen from the data presented, ambient-
temperature fliictiiatiiin.-i can affect (ix.vj{cn-nieter 
output significant l.v. .Vl'D.V has chiisen to eliminate 
this elTect b\- hou.siiig the oxygen meters in a unit that 
provides an ambient-temperaturecontrolled environ
ment. 

(iamma-radiation tests with the setup shown in 
Figure 17 were conducted to determine cell respoase to 

radioactivity. Earlier test made by APD.\,<" in which 
an iridium-192 (2S-Ci) source wa.s used, indicati-d 
that oxygen meter 1 does respond to radiation; how
ever, recent tests at Bnxtkhaven National Laboratorj' 
indicated no respttiL-̂ e from their oxygen meters to 
radiation. To check these contradictor)' results, .\1'DA 
subjected all four oxygen-meter cells now installed in 
the loop to radiation from iridium-192 (73 Ci) and 
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file:///fter


244 Meyers and Hunter 

< 

1115 

1010 

Time, hr 0 

Dole, 1967 4-4 

Cold Trap 
Cleanup 

,..y 

~40 ( s o 

4-6 

Third NoOH 
Ifijection 
(15.05g) 

Test Condifrons: 
Loop Temperature, 600 F 
Sodium Flow, 7,5 gpm 

OXYGEN METER 3B 

Third NaOH 
/ In ject ion 

(15.05g) 

OXYGEN METER 1 

TIG. 13. Uespouses of Oxygen Meter 1 and Oxygen Meter 3B Before, During, and After an Injection of Sodium Hydroxide to 
Cold-trapped Sodium. 

Injection No. 

1 
2 
3 
4 

T.\BLE 8. RESPONSE OF O.XYGEN M E T E R TO 

Date of Injection 

2/15/67 
3/30/67 
4/6/67 
4/20/67 

Amtjient-corrected Change 
in Average Meter Reading 

OM-I, mV 

- 2 
- 2 9 
- 1 7 
- 3 6 

0M-3B, mV 

- 4 5 
- 3 8 
- 5 2 

Change in Total 
Alkalinity 

Expressed as 
Oxygen in 
NajO, ppm 

0.0 
13.6 

10.4 

SODIUM HYDROXIDE 

Change in 
Hydride 

Hydrogen, ppm 

0.57 
0.5 

0.47 

Change in 
Hydroxide 

Hydrogen, ppm 

0.77 
0.67 

0.37 

Change in Total 
Hydrogen, ppm 

1.34 
1.17 

0.S4 

TABLE 9. AMBIENT AND SODIUM TEMPERATURE 

COEFFICIENTS OF OXY'GEN METERS 

Oxygen 
Meter 

OM-1 
0M-2B 
0M-3B 
0M-4B 

Ambient Temperature Sodium Temperature 
Coeflicient, mV/°F Coefficient, mV/°F 

- 0 . 8 2 
- 0 . 5 2 
- 0 . 4 0 

Not measured 

-1-0.56 =t 0.02 
-HO.53 ± 0.02 
-1-0.29 ± 0.03 

Estimated at -|-0.d'4 

cobaIt-60 (12 Ci) sources. Again, as in the earlier 
APDA tests, oxygen meter 1 responded to radiation. 
Oxygen meter 2B responded only slightly, however, 

and oxygen meters 3B and 4B had essentially no re
sponse. Thus, these tests confirmed both the APDA 
and Brookhaven results. Table 10 summarizes the 
results of APDA's radiation tests. 

By coincidence, or as an incidental result of the tests, 
the output of oxygen meter 2B began to drift upscale 
after exposure to radiation. The total drift for a period 
of about ISO hr after the test is shown in Figure 18. 

4. Plugging Meter 

The reliability of plugging-temperature measure
ments taken with APDA's variable-orifice plugging 
meter was studied from three standpoints: interpretive 
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F I G . 14. Sodium TcinpcrHtiirc C'nrnifieiit for Oxytien Meter 1 (TP-151. 
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F I G . 16. Sodium Temperature Coefficient for Oxygen Meter 3B (TPE-1/216). 

precision of primary output; reproducibility of measure
ment; and relationship of plugging temperatures to 
impurity content. 

Plugging temperature is determined by inspecting 
the record trace of sodium flow rate and temperature 
versus time to find the temperature at which the flow 
rate through the plugging valve decreases significantly. 
Subjective error of chart interpretation was checked 
by having two persons, the loop operator and a data 
anal.yst, determine plugging temperatures for twenty-
three plugging runs independently. Results indicated 
that the operator and analyst were 6°F apart in their 
interpretations on the average and that they ranged in 
difference from 0 to 20°F. In fourteen of the runs, how
ever, agreement was within 5°F. The plugging tempera
tures reported varied from 214 to 425°F. 

Reproducibility was measured by making s e v ^ 
replicate runs in a 6-hr period, during which the loop 
.sodium was at a nominal 565°F. Plugging-temperature 
measurements obtained were 345, .345, 345, 343, 345, 
325, and 340°F. 

A common practice is to use plugging temperatures 
with data on sodium monoxide solubility in sodium 
to infer the amount of oxygen impurities in sodium. 
APDA experience has .shown, however, that this prac
tice may lead to erroneous conclusions. For example, 
in a 12-day test span with the loop sodium at 600°F, 
the plugging temperature increased steadily from 264 
to 304°F, whereas sampling and analysis results indi
cated essentially the same oxygen concentration over 
the same period (11.3 ± l.S ppm). 

As shown in Table 11, unexplainable high tempera
tures at low impurity concentrations have been re
corded in the loop. In view of the oxygen and especially 
the hydrogen levels given in Table 11, "freeze" plugging 
temperatures would be expected to result between 
December 16 and December 19. It should be noted that 
cold-trapping in each case lasted about 10 hr. These 
results are different from those reported by General 
Electric""" in which the highest plugging temperature 
of a "double break" plugging-meter run appears to 
have been correlated with the total hydrogen concen-
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tralion in .sodium that ranged between fi.2 and 15.5 
ppm. 

The response of APDA's Viiriablcorifice plugging 
meter at a loop temperature of (KXf I' to injections of 
sodium h.vdride and .sodium hydroxide is shown in 
Table 12. The injected quantities of each of these 
impurities were calculated to iricreiw the total hydrogen 
concenlralion of the technology loop sodium by 1 ppm. 
The sodium hydroxide injections were equivalent to 

0.750-ln. Thick Wqll, I /8- I - , . Dio Sou: 
0«pl«r*d Uranium 

DIraclion 

FIO. 17. Position of Oxygen-nietor Cells and Radiation 
Source for Ciinnina-radiatioD Test. 

an oxygen concentration increase in the l<K>p of 16 
ppm. It is significant that the increa.scs in plugging 
temperature are approximately the same for both of 
the injected impurities. This obser\ation, in addition 
to the oxvgen-meter, Rhometer, and cover-gas-chni-
matograph ri'sponscs to the same impurities, sup|Kirts 
Ihe lussuniplion that the majority of the sodium hy
droxide added to the 600°F cold-trapped smlium 
decomposed lo .siMlium monoxide and siKlium hydride. 
In terms of iiluggiiig-temperaUire n«':i.~urenients, it is 
concluded that the plugging temiMTature incn>a.ses 
resulting from the injection of siKlium hydroxide or 
.SiKlium hydride to cold-trapiwd .sodium indicate only 
the increase in the sodium hydride concentration. 

5. Soilium Satnplin^ and Analysis 

in liefeniice (1), results of a .'^iKliuni-sanipiirig and 
-analvsis reliability study for oxygen using the mercury 
amalgamation procedure were reportinl for the 11-
and 47 ppm oxygen levels. This section updates the 
previously reported evaluaticui by including the n'sults 
from a similar study conducted at (he nominal 70 ppm 
oxygen level" as well as the results of a >Iudy whieh 
compan's hot-pinched sampli' tubes to nonpinched 
.sample tubes. In all of the investigation.'., multiple-site 
aiuilyses for ox.vgen were made along the length of a 
number of sample tubes taken from a two-.slation 
sampling facility enelosiil by a glovebox containing an 
inert almospheri'. 

Figures U» and 20 show the .site-to-.site variations in 
the combined sampling ami anat.\'sis procedure for 
oxygen u.siiig maipinched sample IUIM'S al the three 
levels of oxygen mentioned above. .\ reduction of the 
same data in terms of sampte-tubi' aveniges, standanl 
and relative stamlard deviations for sample-lube 
averages, and individual sil<' anal\ses are presented for 
the two sampling stations in Tabli's i;i anil 14 (.st-e 

TABLE 10. <l.\MM\-K\i>i.\TioN T E S T S OF I 'NC OXVOES METERS 

A. Test on 6/7/(i(i 
lridium-l<12. 2« Ci 
lridiiim-ln2, 2» Ci 
lridium-l!12, 2X Ci 

B. Test on 'i/lnis 
Iridium 1',I2, 73 Ci 
Cuhali-m, 12 Ci 
Iridium-l!l2, 73 Ci 
Iridium-192, 73 Ci 
Cobnll-(10. 12 Ci 
Cobalt-60, 12 Ci 
Cobnlt-liO, 12 Ci 

I'osilion of 
Source 

1, 4 in. 
1, 8 in. 
1, 12 in. 

1 
2 
3 
4 
2 
3 
4 

Hxposurc Time, 
min 

5 
5 
5 

2 
S 
5 
5 

(iO 
5 
5 

Response to Radiation 

OM-I, max mV 

- 2 4 . 0 
- 1 3 . 8 

- 7 . 9 

SO 
- 1 8 . 2 

None 
None 
- 3 1 . S 
None 
None 

0M-2B, m u mV 10M-3B, mai mV 

Not tested Not tested 
Not tested Not tested 
Not tested Not tested 

None None 
— 1.7 None 
None None 
None Niuie 
- 1 . 0 5 Xone 
None - 0 . 2 5 
None j None 

0M-4B, mai mV 

Not tested 
Not tested 
Not tested 

None 
Xone 
None 
None 
None 
None 
- 0 . 1 0 
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F I G . 18. Upscale Drift of Oxygen Meter 2B (TPE-1/227) Following Radiation Test, 

160 180 20O 

3-13 I 3-14 I 

TABLE 11. HIGH PLUGGING TE.MPiiR.iTuBEs IN SODIUM 

TECHNOLOGY LOOP AT LOW IMPURITY 

Date 

12-9-66 
12-12-66 
12-13-66 

12-14-66 
12-15-60 
12-16-66 
12-16-66 

12-16-66 
12-19-66 
12-19-66 

12-19-00 
12-20-66 
12-21-66 
12-22-66 

Loop 
Temp, 

°F 

898 
897 
898 

898 
883 
895 
895 

895 
879 
879 

879 
875 
825 

~ 

Plugging 
Temp, 

°F 

573, 677 
577 

— 
450, 490 

510 
529 

325, 335 
518, 516 

310 
492, 490 

508 
620 

O.xygen 
Cone, 
ppm 

36 
27 

Hy-
dride 
Hy

drogen, 
ppm 

2.4 
3.1 

Cold-trapping 
operation 

10 1.0 
j 

Cold-trapping 
operation 
5 1 0.7 

Cold-trapping 
operation 
5 
7 
6 

— 

0.4 
0.2 
0.3 

Hy-
droxide 

Hy
drogen, 

ppm 

1.7 
1.5 

1.5 

1.4 

1.2 
1 3 
1.2 

~ 1 

Total 
Hy

drogen, 
ppm 

4.1 
4.6 

2.5 

2.1 

• 

1.6 

TABLE 12. PLUGGING TEMPERATURES FOR SODIUM HYDRIDE 

AND SODIUM HYDROXIDE INJECTION TESTS AT LOOP 

TEMPERATURE OF G00°F 

Injection 
Testi" 

1. NaOH 
2. NaH 
3. NaH 
4. NaOH 
5. NaOH 
6. NaH 
7. NaOH 

Injection 

2-15-67 
2-24-67 
3-10-67 
3-30-67 
4-6-07 
4-13-67 
4-20-07 

Preinjection 
Plugging 

Temperature, "F 

412 
227 
284 
223 
(b) 

{b) 

224 

Postinjection 
Plugging 

Temperature, "F 

417 
352 
380 
350 
350 
365 
365 

<"> For each injection test, 15.05 g NaOH or 9.03 g NaH were 
added to the technology loop. Either amount is equivalent to a 
1-ppm increase in the total hydrogen concentration of the loop. 

<b) No plugging temDeratures taken. 

References (6), (7), and (S) for more detailed statistical 
data). From this study it was found that for nonpinched 
tubes: 

1. A statistically significant site-to-site variation 

existed for all three oxygen concentration levels at 
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t.aiii|ilinK station 1. The maximum difference between 
Mtc averages was 20%, 17';; and 71 ' ' ; for the low, 
medium, and high oxygen levels, respectively. 

2. A statistically significant site-to-site variation 
occurred only at Ihe 72..5-p[)m oxygen level at sampling 
station 2. The maximum diflfercnce in site averages 
amounted to .'iO';;,. 

.i. A statistically .significant difference among sample-
lube averages from each .station exists only at the high 
laygen level. The maximum difference between tube 
averages was 10% for station 1 and 12% for station 2. 

4. There was no statistically significant difference 
between the grand means of the sample-tube averages 
from the two stations except at the high oxygen level, 
and at this level the difference WILS only of the order 
of 10%. It hiLS been the practice at APD.V to use the 
sample-tube average as the estimate of the oxygen 
concentration of the sampled sodium. 

Arithmetical averaging of the site analyses of a 
sample lube is an effective means of removing the site-
tn-»i(c variation in oxygen concentration. This impor
tant result suggested that pinching a hot sample tube 
into .segmenis containing sialium whieh is entirely 
consumed in the chemical analyses should eliminate 
the site-to-site variation in oxygen eoncenlratiori along 
the length of Ihe sani|)le tube, for (his rea.son, sample 
lubes of .•iodiuni prepared by .\1'1).\ for ii.<e in a lioiniil 
Uobiii Oxygen in Sodinm I'lcigrani were pinclieil intu 

7?.5 P(^ OBya*" 
S^-ncl'ng le™p, 800^ f 

• 47.6 ppm Oaygan 
Sompling r««p. 600°F 

• II .S ppm Owrq... 
S»"pri„g T»mp. 600*F 

••'lo. 19. .Vvcruge Oxygen Concentration rs Site Location 
for Nonpinched Sample Tubes at Station 1. 

Fni. 20. .V\-erago Oxygen Concpntration is Site I^ocntion 
for .Xonpincbed .'Nomplc Tubes at Station 2. 

six .segments while hot (>ee Heference (9) for more 
detailed diseiLssitm of the preparation procedure). 

I'igures 21 and 22 show the site-to-site variation in 
the conihineil .stmpling and analvsis procedure for 
ox.vgen using hof-pinched .sample tubes. Tables V.\ and 
14 contain the >ame data for pinched sample tubos aa 
mentioned previously for nonpinched sample tubt-s. 
(See Heference (IJ) for a tabulation of the individual 
site anal.\ses.) I"rom these data it wa-s conclude<l that: 

1. A statistically .•significant >ite-to-site variation 
exists at both sample stations at the nominal ;iOppm 
oxygen level. The maximum difTerencc between .site 
averages was 15% for .station 1 and 1 1 ' ; for station 2. 
There wa* no statistically .significant difference among 
site locations for either station at the other two oxygen 
levels-

2. A statisticall\ significant cUflference exists among 
sample tube averages at station 2 for each of the three 
oxygen levels. The miLximum difference between sample 
tube averages at station 2 W;LS 14%, 1.5%, and 9% for 
the nominal 7-, 20-, and .'10-ppm ox.vgen levels, re
spect ively. 

3. A stati.sticall.N' significant difference among sample 
tube averages for station 1 exists only at the nominal 
20-ppm oxygen level. The maximum difference between 
sample tube averages for station 1 at this oxygen level 
was 15 '^ . 
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TABLE 13. RESI-LTS OF OXYGEN S-^MPLING AND ANALYSIS FOR PINCHED AND NONPINCHED SAMPLE T U B E S * PROM SAMPLE STATION I 

Sampling Conditions 

Loop 
Temp, °F 

600 
600 
600 
600 
600 
800 

Sample Tube Material 

Nickel (pinched) 
Stainless steel and nickel 
Nickel (pinched) 
Nickel (pinched) 
Stainless Steel 
Stainless Steel 

Klush 
Time, hr 

3 
4 
3 
3 
4 
4 

Sample Station 1 

Overall 
O.xygen Cone 

X, ppm 

7.2 
11.2 
21.8 
30.4 
46.6 
79.2 

No. of 
Sample 
Tubes 

6 
5 
8 
5 
8 
6 

Total 
No. of 

Analyses 

36 
25 
47 
29 
40 
30 

Standard 
Deviation in 
Sample-tube 

Averages, 
Sx , ppm 

0.20 
0.49 
1.4 
0.51 
1.3 
6.2 

Standard 
Deviation in 
Individual 
Analyses, 
Sx , ppm 

0.47 
1.5 
1.8 
1.8 
9,2 

23.9 

Relative 
Standard 

Deviation, % 

SX/X 

2.8 
4.4 
6.4 
1.7 
2.8 
7.8 

Sx/X 

6.5 
13.4 
8.3 
5.9 

19.8 
30.2 

' Sample-tube Dimensions: 
OD = 0.5 in.; 

Wall Thickness - 0.035 in.; 
Length = 27.75 in. 

Sample-tube Volumetric Flow Rate •• 0.5 g p m 

TABLE 14. RESULTS OF OXYGEN SAMPLING AND ANALYSIS FOR P 

Sampling Conditions 

Loop 
Temp, °F 

fiOO 

()00 

000 
600 
000 
800 

Sample Tube Material 

Nickel (pinched) 
Stainless steel and nickel 
Nickel (pinched) 
Nickel (pinched) 
Stainless steel 
Stainless steel 

Flush 

3 
4 
3 
3 
4 
4 

NCHED AND NONPINCHED I^.VMPLE T U B E S FROM .S ^MPLE STATION 2 

Sample Station 2 

Overall 
Oxvgen Cone 

A', ppm 

7,3 
11,5 
21,8 
28,4 
47.6 
72.5 

No. of 
Sample 
Tubes 

5 
4 
8 
li 
8 
6 

Standard 
Total 
No. of 

Analyses 

28 
20 
47 
36 
40 
31 

Deviation in 
Sample-tube 

Averages, 
S.Y , ppm 

0..36 
0,42 
1,1 
0,88 
3,2 
3,9 

Standard 
Deviation in 
Individual 
Analyses, 
Sx , ppm 

0,54 
0,80 
1.8 
1.7 
6.7 
8.5 

Relative 
Standard 

Deviation, % 

Sx/X 

4.9 
3.7 
5.0 
3.1 
6.7 

Sx/X 

8.4 
7.5 
8.3 
6.0 

14.1 
5.4 [ 11,7 

* Sample-tube Dimensions: 
OD = 0.5 in.; 
Wall Thickness = 0.035 in.; 
Length = 35.5 in. 

Sample-tube Volumetric Flow Rate = 0.5 gpm 

4. There was no statistically significant difference 
between the grand means of the sample-tube averages 
from the two stations except at the nominal 30-ppm 
oxygen level, and at this level the difference was only 
7%. 

5. The relative standard deviation of individual 
site analyses is much smaller for pinched tubes than 
for nonpinched tubes at both sampling stations (refer 
to Figures 2.3 and 24 and to Tables 13 and 14). 

6. The relative standard deviations for sample tube 
averages are .similar for both pinched and nonpinched 
sampling tubes. 

If sample-tube averages computed from at least five 
individual site analyses are used to estimate the oxygen 
concentration of the sampled sodium, then for the 

levels of oxygen evaluated there is no advantage in 
hot pinching the sample tube. However, because of the 
large difference between relative standard deviations of 
individual site analjses for pinched and nonpinched 
tubes, hot pinching could be used to reduce the number 
of site analyses used in estimating the concentration of 
the sampled sodium. This is especially true for sample 
.station 1 at APDA. 

It is the current opinion at APDA that the site-to-site 
variation in oxygen concentration is the result of non
uniform cooling along the length of the sample tube. 
If this is so, then an alternative to hot pinching of a 
sampling tube to reduce site-to-site variation in oxygen 
concentration would be uniform cooling of the sample 
tube. 
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6. ('BU Chromatograph 

In late I'.lfili, . \ l ' l ) . \ in.^lalled a Thermeo ((as chro
matograph to analyze the cover gas from the Iwip 
-iiree tank. .Mthoui^h mechanical problems prevented 

KiG. 21. 
lor Pinchi 

Average Oxygi-n Concfntralioii I's Pile Locrititm 
d Sample Tubes at Station 1. 

» 

0 

i 

L 
.J 

1 
< 

3 

X • JS.4 ppm 0«yg»" 
Sompling T»«ip, btXff 

= i~ d i 
X> 21.8 ppm Oay^Ti 

S<»npl!ng Tamp, 600f>F 

' 
, 

- ^ • * ' 

X - ?.3ppm Otygtey 
Sampling Tamp, 600°F 

, J 

0 - S^/X NoncincKcd Tubn 1 

O - Sj(/X Rr.cl>«<l Tubei 

/ ^ 

, A 

- ' ' A \ 
/ \ 

1 

Vhi. >2. Avi'nigc Oxygen Comrntration i« 
for I'lnched Sample Txibcs at Statiou 2. 

?ite Location 

0 40 BO 

Oaygen Conceniralion, ppm 

FKI. 23, Kclntivc StnndnnI Devintioo vs Oxygen Concentra-
tinii for PiDrhcii ;md Nnnpitichcd Snniple Tubes from Sample 
Stalimi 1. 

thr tiikiiiK ^ff hvdroni'ii-coricciitration readings fur all 
t o t s , (lata availabk' frmn th<ks(' tests in which the chro-
niatn^raph wa.-* functioninK indicated tliat hydnigen 
concent rat inn increitse<l with individual injectinni^ of 
both Midiuni hydroxide and sinlium hydride. Cold-
irappiiig operations subseciuent to the injections, 
however, resulted in a dccreiL'̂ e in liydrogen concen-
trati<m in the cover Ras. 

Theoretical considerations indicate that the parti
tioning of hydrogen between the loop sodium and the 
cover gas .'̂ hould depend on the concentration of hy
drogen in s(»diuin, that is, either 

NaH(soIn) — Na(l) + 3i^H,(g) 

H ( s o ) n ) ^ ' 2 H , ( g ) . 

depending on the form of hydrogen in solution; H(soln) 
represents free radicals of hydrfigen in solution in 
sodium. For these relatioaships, the equilibrium con
stant expressed in ppm concentration units can be 
written as 
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O - Sj^/X NonpincheiJ Tubes 

fi - Sj^/X Pinched Tubes 

Q - Sj^/X NonpincheiJ Tubes 

0 - S^ /X Pinched Tubes 

1 1 

Oxygen Concentrotion, ppm 

FIG. 24. Relative Standard Deviation vs Oxygen Concentra
tion for Pinched and Nonpinched Sample Tubes from Sample 
Station 2. 

C N 
nk 

Since Cuad) in ppm is approximately unity, the rela
tionship becomes 

0^ KCH(. 

where CnaCg) is the cover-gas hydrogen concentration, 
ppm by volume, and CHOOIH) the hydrogen concen
tration in sodium, ppm by weight. 

A comparison of laboratory and loop hydrogen-
equilibrium data is shown in Figure 25. According to 
the preceding relationship, the loop data should be 
correlated in a straight line passing through the origin. 
Although the line shown does not pass through the 
origin, a statistical evaluation indicated that the small 
nonzero intercept is not significant. The large difference 
between the data obtained in the laboratory and that 
obtained from the loop is believed to be attributable 
to hydrogen gettering in the sampling lines of the chro
matograph by sodium vapor. 

In addition to these gas-chromatograph readings, the 
discussed Rhometer responses, oxygen-meter response^, 
plugging-temperature measurements, and sampling 
and analysis results, as well as thermodynamic consid
erations, all indicate that chemical interaction occurs 
when sodium hydroxide is added to 600°F loop sodium. 
One mechanism that explains these data is as follows: 

NaOH(soln) + 2Na(l) ^ Na20(soln) -f NaH(soln) 

NaH(soln) ^ Na(l) + ^H2(g) 

NaOH(soln) + Na(l) ^ Na20(soln) + ^^H^Cg) 

Although this mechanism correlates data, it may 
not be the true mechanism by which the interaction 
actually occurs. Furthermore, the molecular forms 
used in writing the mechanism do not necessarily mean 
that these are the chemical states of specific sodium 
impurities. For example, another mechanism that can 
explain the data is as follows: 

NaOH(soln) + Na(l) ±^ NaaOisoln) + H(soln) 

H(soln) - 3^H2(g) 

NaOH(soln) + Na(l) ±^ Na20(soln) H- ^Hslg) 

where H{soIn) represents free radicals of hydrogen in 
solution in sodium. Experimental evidence supporting 
either of these mechanisms is as follows: 

The sampling and analysis results of loop sodium 
(see Table 4) indicate an increase in hydride hy
drogen concentration after a sodium hydroxide 
injection and an increase in the hydroxide hydrogen 
concentration after a sodium hydride injection. 
Further, a reasonable hydrogen material balance 
is obtained when the amount of hydrogen injected 
into the sodium technology loop, whether it be 
in the form of sodium hydroxide or sodium hydride, 
is compared to the total amount of hydrogen ap
pearing in the loop sodium as hydride hydrogen 

Least Squares Linear 
Rep re sen tot ion of Data 

Following Cold Trapping 

Following NaOH Injection 

Following NaH Injection 

Total Hydrogen Cor of the 600 F Loop Sodium, ppm by wt 

FIG. 25. Comparison of Laboratory and Loop Hydrogen-
equilibrium Data. 
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and hydroxide hydrogen. In both sodium hydroxide 
and sf)dium hydride injections, for example, the 
amount of hydrogen injected was 1 ppm for each 
impurity. The sampling and analysis results for 
total hydrogen were 1.34, 1,17, and 0.S4 ppm for 
•iodium hydroxide injections and 0.f)7, 1.17, 1.27 
ppm for .sodium hydride injections, giving a total 
increase of (i.4fi pl>m as compared to (i.(K) ppm 
injected. 

The responses of the (px>g('n meters ;uid Hhometers 
to sodium hydride injections correlate as if eciuiv-
alenl amounts of sodium monoxide and stwlium 
hydride were injected. This fact suggests (|uanti-
talive or nearly ([uantitative dec<»mposition of 
sodium hydroxide at iMXfV. 

The hydrogen in the loop C(»ver gas increa.>«'d with 
injections of either sodium hydroxide or sodium 
hydride and decrejLsed with C(pld-trapping opera
tions. 
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Oi^cua^ion 

-l/r. Xnnnau (HM.U At the level at winch you 
stopped seeing respi>nse from the oxygen meter did you 
measure chemically the oxygen content of that system 
:ii the >ame time? 

Mr. Meyers: Yes, and saw the expected increase. 
Both the calculated and measured chemical values 
reported for meter No. 1 were in ch»se agreement. 

Mr. Goldmann ( I N C ) : It was obvious that the 
fixygen-meler calibration con.stant was not the same 
referred to chemical analyses ILS referretl to caleulatwi 
values. In what you call calculatetl you used a metlnxl 
which we have found to b<' unsuitable for calibrating 
oxygen meters in .sodium. We found it very .•suitable 
for calibrating oxygen meters in |M>ta.ssiun). The rate 
fif .solution of oxygen in potassium is extn'mely high, 
s() that as soon as oxygen is put into |>ot:i.vvium it 
dis.so|ves and the meter picks it up imme<liately. For 
sodium we found that the di.s.solution nites were about 
e(iual to the gettering rates of the materials in the system. 
If the oxygen in the SCKUUHI is in e<)uilibrium with 
oxygen on the stainless steel walls, part of any added 
oxygen goes to the walls. We have found that in all 
ca.ses we could not u.se the acid calibration technique 
for oxygen additions to sodium. 

.\noth<T item which I think im|M)rtaiit i> the matter 
(»r ambient temperature c<K'thcieiit. -Vl'D.V calhil this 
t<) our attention many years ago. At first, we had not 
agreed with them, .'̂ ince our n'.sults did not agnr with 
theirs. I'nfortunately. we were blowing air near the 
bottom of the housing because we tliought it wa,s in 
that area where the ambient temperature effect was 
occurring. Recently we started cooling the very top 
of the electriHie a.sM'mbly and di.seovered that when yrm 
cool the very t(»p you do get an ambient teniiMTature 
coefficient. This gave us a clue as to what the problem 
might be, and^ think we have cured it. I think the next 
electrode a.s»;emblies. which we are making, will not 
show an ambient temperature cm-fficient. 

Mr. Meyers: I would like to answer the ((Uestion 
that was raised regarding the calculation and mea.-ured 
chemistry. Hxcept for one point in Fig. 7 I b<'Iieve that 
we had very goinl agre<*ment in this particular evalua
tion betwiH'ii the calculated and the measuretl oxygen 
concentration. 

Mr. (ioidinautt: Vou are absolutely right. There is 
excellent precision here but no accuracy. What is 
happening here is that the .-̂ ame thing is happening over 
and over again. The |>oint is that you did not get all 
of the oxygen into the sodium, and at the same time 
some of the oxygen was getting to other places. There
fore the slope is 27, which is a lower SIOIK- than M]. That 
is also what we obsened. It is exactly what you would 
expect if the mechanism which we are pijstulating is 
the right mechanism. For all of your other data, when 
you used measured chemistry, you did have a slope of 
36 (see Fig. 10). 
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1. Introduction 

UNC has developed a carbon meter capable of 
measuring the activity of carbon in liquid sodium. 
It operates by allowing carbon to diffuse from the 
sodium through a thin iron membrane into a de-
carburizing gas. An iron tube with a 10-mil-thick 
wall is immersed in flowing sodium at 1400°F. The 
inside of the iron tube is swept by a mixture of 
hydrogen, argon, and water vapor, which maintains 
a very low carbon activity. Carbon in the sodium 
diffuses through the iron and reacts with the mois
ture to form CO. The CO is converted to CH4 by a 
ruthenium catalyst, and the carbon atoms of the 
CH4 are counted in a Flame Ionization Detector. In 
this way, the concentration of CH4 becomes a con
tinuous measure of the carburizing potential of the 
sodium. 

The UNC carbon meter is expected to fill a need 
for the continuous monitoring of the carburizing po
tential of sodium in large systems. It is well-known, 
for example, that austenitic stainless steel and re
fractory metals are embrittled by exposure to sodium 
of high carbon activity. The pickup of carbon from 
sodium by these metals lowers their ductility and 
impact strength, particularly at lower temperatures. 
This is serious for thin sections such as fuel cladding 
and bellows. On the other hand, ferritic steels such 
as 2!4% chromium-1% molybdenum may lose car
bon to other materials in a flowing sodium system and 
be unacceptably weakened by decarburization, even 
though the sodium has a low carbon activity. The 
UNC meter should be useful in establishing operat
ing guidelines for the protection of system materials. 

Some hydrogen in the decarburizing gas diffuses 
through the iron diaphragm into the sodium. In 
clean sodium, the rate is about 15 mg H; per day, an 
amount that is insignificant in large systems. 

The meter has already proven useful in labora
tory studies of the interaction of oxygen and hydro
gen with carbon in sodium. It will no doubt be quite 
helpful in further studies of the fundamental prob
lems of sodium chemistry. Its main application, how
ever, will probably be as a continuous monitor of 
the carbon level of the sodium in a reactor system. 

2 . Description of the Meter 

2.1 General 

The UNC carbon meter consists of four compo
nents : 

1. carbon-meter probe; 
2. side loop; 
3. side-loop temperature-control console; 
4. gas-su]3ply and analysis console. 

The package is rugged, self-contained, and capable 
of continuous semi-automatic operation. It can be 
installed in a system operating at almost any tem
perature up to 1400°F, since the side loop has its 
own heater to provide the proper temperature at the 
probe. The temperatures of the side loop are con
tinuously recorded, and the side loop is automati
cally protected against overtemperature. The carbon 
flux level is read continuously by a meter and a 
recorder. 

2.2 Carhon-meter Probe 

The carbon-meter probe has the active sensor 
membrane and is immersed in 1400°F sodium, usually 
on a side loop. It is a cylinder slightly less than % in. 
in diameter by about 8 in. long. The top end has 
connections for two Vs-in. (OD) gas lines. The bot
tom portion of the cylinder is the carbon-permeable 
iron membrane. The membrane is a high-purity iron 
tube with a 10-mil wall, 0.365-in. OD, and 1.35-in. 
length, having 10 cm=̂  of active area. Inside the 
probe, two gas channels are provided by a heavy-
walled i4-in.-0D tube. The inlet decarburizing gas 
passes down the axial hole of the !4-in. tube, 
sweeps over the inner surface of the membrane via a 
helical channel, and exits through the annulus be
tween the OD ot the 14-in. tube and the inside of the 
•%-in. outer tube. The probe is sealed to the side-
loop housing with a %-in. Swagelok connector. Fig. 
1 shows a probe. 

2.3 Carbon-meter Side Loop 

A side loop allows the meter to be installed on 
sodium lines operating at temperatures less than 
1400°F. I t provides the necessaiy 1400°F sodium at 
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the probe. FiRure 2 is a photograph of a side loop. 
The side loop i.s intended to replace a 14.0-in. length 
o( '/2-in. IPS (Iron Pipe Size) vertical sodium line. 
The loop projects from the '/2-in. IPS pipe as a 
trapezoiilal-.''hapcd thermal convection loop of '/i-in. 
IPS, Scliedulc 80, Type 304 stainless steel pipe. On 
the lower leg of the loop is a high-performance 
heater, which can provide 2400 \V niaxinium or up to 
1800 W continuously, to heat the inlet sodium to 
14(K)°F. The short vertical leg at the end of the 
side loa|) houses the probe, and this chamber i.s heated 
by a separate guard heater to insure isothermal 
conditions near the probe. The top leg of the side 
arm is a '/i-in., Schedule 80, Type 304 stainless 
uteel pipe which returns the sodium from the side 
loop buck to the main stream through a mixing tec. 
The return leg is traced with a Calroil heater to 
|iri]vide thawing. 

2.4 'Side-loop Temperatiire-rontrol Console 

The side-loop temperature-control console shown 
in Fig. 3 is a cabinet about 48 in. high, 21 in. wide, 
and 22 in. deep. It controls the heater power to the 
side loop to provide and maintain 1400°F sodium 
automatically at the probe. The three heaters on the 
siilc loop: the trace heater, the guanl heater, and 
the main power heater, receive power from the side-
loop temperature-control console. A wattmeter is 
provided for contimious indication of the power con
sumption of the side-loop main heater. The console 
also has devices to protect against overtemperatuie; 
these automatically stop power to tlie side loop if 
the temjierature exceeds the preset value. Should thi' 
preset temperature of the protection devices be 
rniched, all power to the side loop stops, a horn 
sounds in the side-loop temperature-control console, 
and a light appears on the gas-supply and analysi> 
console. 

?.5 (las-siipply and .{nalysis Console 

The gas-supply and analysis console provides de-
curhurising gas at the proper flow rate and composi
tion to the probe and measures tiie carbon concen
tration, or counts the number of carbon atoms in the 
efflux gas from the probe. Figure 4 shows this eon-
sole. The decarburizing gas originates at a cylinder 
of compressed argon-5', hydrogen. It is brought 
Ihrougli Ihe gas-supply and analysis console, where 
its flow rate is regulateil to 12-''2 cc min. The gas 
Ihen passes through a humidifier which contains a 
mixture of oxalic acid dihydrate and oxalic acid 
anhydride, held at 30°C t86°F), where it picks u|i 
0.5<~r moisture. It then flows to the probe. In the 
Pi'obc, the moisture reacts with carbon to form car-

• GAS INLET 

-GAS OUTLET 

CARBON METER PROBE 
ACTIVE AREA 

ORIFICE 

F H : . I. CiirlMiii-mpUT PFHIM' 

FIG. 2. Carbiin-meter Side Loop. 



256 Caplinger and Stern 

F I G . '.i. (Carbon-meter Side-Iiiop Temperature-control Con
sole. 

bon monoxide. The carbon monoxide is carried from 
the probe to the gas-supply and analysis console where 
it is converted to methane in a catalytic converter 
consisting of ruthenium heated to 320°C (604°F). The 
methane is then carried to a Flame Ionization De
tector for analysis. Methane is ideal since it is a 
stable carbonaceous gas and can be detected in 
amounts of less than 1 ppm using a Flame Ioniza
tion Detector. 

Three other gases are needed to support the 
Flame Ionization Detector: hydrocarbon-free, ultra-
pure air; hydrocarbon-free, ultrapure hydrogen; 

argon plus 5% hydrogen plus a known amount of 
methane plus a known amount of CO. In the Flame 
Ionization Detector, a small hydrogen flame is 
maintained in the ultrapure air. An electric field 
imposed across the flame produces very little cur
rent in the absence of hydrocarbons. When hydro
carbons are burned, carbon ions are produced in 
proportion to the number of carbon atoms. The cur
rent through the flame is a measure of the methane 
concentration. A calibration gas of argon-5% hydro
gen plus a known amount of methane is needed to 
calibrate the flame at a known concentration of 
methane. This gives one point on a curve relating 
methane concentration to electrometer reading. The 
second point is obtained from a zero gas, which is 
the decarburizing gas sent directly to the Flame 
Ionization Detector combustion chamber without 
going through a probe or converter. The detector is 
linear, and these two points determine a straight line 

FLOWMETER 

VALVES 

ALARM LIGHT 

FID 

DEW PROBE 

F I G . 4. Carbon-meter Gas-supply and Analysis Con.snIe. 
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relating concentration of methane to the detector 
oulput. 

3, Tnnlrument Pe r fo rmance 

3.1 General 

The carbon-meter probe measures the carburizing 
potential or carbon activity of the sodium, rather 
than the total presence of carbon. I t responds within 
minutes to changes in the carbon activity, is repro
ducible, stable, has a long life, and is not affected by 
changes in sodium flow rate. The range of measured 
carbon activities extends from near unit activity to 
below that carbon activity present in commercial 
Type 304 stainless steel. 

The instrument package is self-contained and 
semi-automatic. The gas-analysis unit is stable and 
reproducible, and the temperature control unit main
tains 1400°F within ±5°F . 

Detailed discussions of the form of carbon meas
ured by the probe, its range and response char
acteristics, and a correlation of the meter flux with 
the carburization of stainless steel have been pre
sented elsewhere.""" The reproducibility, stability, 
and lifetimes of the probes and analyzers, the effects 
ol sodium velocity on the side loop anil earbon-
ractcr readings, and the leakage of hydrogen from 
the probe will be discussed here. 

3.3 Reproducibility and Stability of the Probes and 
(ias Analyzers 

The carbon-meter probe and gas analyzer are re
producible and stable. Several probes exposed to the 
same sodium produced eqtml carbon fluxes and re
sponded siniihirly to changes in carbon level of the 
soilium. The steady flux from a probe analyzed by 

T.VIU.K 1. CoMr.vRisos oy CAHHON-METER KE. \DISGS FOR 

IllFFERENT PROHES OF VARYING . \GES 

TABLE 2. CoupARiM>N' OF CiRBos-yETER PROBES TESTED 
WITH DIFFERENT <ivs .\NVLVZERS 

Probe No. 

L-11 
L-10 

L-10 
L-U 
L-12 

L-n 
L-13 

L-6 
L-I6 

Age(hr) 

700 
50 

3ao 
1000 
New 

1200 
New 

3S00 
ISO 

Carbon Flux 
(jigrn C/cm*-min) 

0.007 
0.007 

O.OOS'" 0.049'i» 
O.OOS'-' 0.04S"" 
0.005<" 0.048'"" 

0.11 
0.10 

0 0037 
0.0038 

Probe Xo. 

L-11 

I.-13 

FII lN. . 

98 
141 

98 
141 

Carixjn Flux 
(jigrn C/cm*-min)3 

0.066 
0 065 

0 023 
0 ira 

.^tdium 
side 

Nitjil 
Fl*i. 5. Micnisinicni 

:t500 hr of Oprratioti 

las side 

I'I2X 

I rnt t . r I'n.lx' Wall aflcr 

• 

1 

/̂ 

/ ' • 

^ 

KMt K.M1 I k * 

1 1 

'• 'Carbon flux at low carl>oii level. 
"•'Carbon flux at higher earlwn level. 

0.0 ai a4 0.6 at LD I.I i.* i.e i.i 2.0 LI L4 L* i.a I.B 

l/I-la. II* Plow Rala. oa 

F I G . 0. Side-loop Flow Rate vs Main-line Flow Rate . 

different gas analyzers was read as the same value. 
Probes several thousand hours old produced equal 
fluxes and responded similarly to newly built probes. 
Some representative data are shown in Table 1. 
These data were taken from probes located in 
the test chamber of a thermal convection loop in 
which two or three probes were positioned within an 
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F I G . 8. Leakage Rate of Hydrogen from Carbon-meter 
Probe. 

inch of one another in flowing sodium. As can be 
seen from Table 1, the fluxes agreed well. The flux 
range varied from 0.0037 /igm C/cm^-min to 0.11 
/xgm C/cm--min, which is the range of greatest in
terest to a system operator. The flux usually ob
tained from sodium contained in a "clean" stainless 
steel system is about 0.007 /̂ gm C/em--min. 

Typical data showing a comparison of gas analyz
ers is given in Table 2. The fluxes from probes L-11 
and L-13 were analyzed by two Flame Ionization 
Detectors, Nos. 98 and 141. By transferring the gas 
line carrying a steady carbon flux from one analyzer 
to another, agreement within a few percent was 
obtained. 

3.3 Life of the Probe and Other Carbon-meter Com
ponents 

An accurate estimate of the life of the carbon- j 
meter probe has not been made. I t is likely to be , 
quite long. Several probes were operated for thou- ^ 
sands of hours during the program with no sign of ^ 
failure. One probe was operated at a relatively j 
high carbon flux for over 1400 hr. During this time, , 
two atoms of carbon were transferred through the 
wall for each atom of iron in the wall. No change in 
the probe performance was noticed, and the test was 
stopped to allow metallography of the probe. The 
probe tested for the longest time accrued over 4500 
hr without signs of deterioration. 

Only one probe failed during the program. After 
3500 hr of testing, it developed a hole in the 20-mil 
portion of the iron tubing, above the 10-mil-thick 
active area. The precise cause of the failure was 
not determined, but attacked appeared to have been 
from the inside. The metallographic structure of the 
wall of this probe is shown in Fig. 5. The layer on 
the gas side of the probe wall is believed to be the 
result of oxidation and subsequent reduction of the 
iron. This occurred when the probe gas consisting of 
hydrogen-water vapor-argon was inadvertently shut 
off. With no gas flow, the residual hydrogen diffused 
through the iron, leaving a wet argon which oxi
dized the iron. When the flow of the decarburizing 
gas was resumed, the hydrogen in the mixture par
tially reduced the iron oxide. 

Some parts of the instrument package are con
sumed during operation. The four compressed gases 
for the gas analyzer last about six to twelve months 
for a size lA eyhnder. The humidifier contains 
enough water to supply moist decarburizing gas to one 
probe for at least 5 yr. With proper maintenance, 
the electronic components, such as recorders and 
temperature indicators, should last indefinitely. The 
four heaters on the side loop operate at relatively 
high power densities and are expected to last about 
3-5 yr. 

3.4 Effects of Sodium Flow Rate on Probe Fha and 
Side-loop Heater 

The rate of sodium flow past the probe did not af
fect the carbon flux. Variations of ~100 gm/min to 
>300 gm/min through the side loop past the probe 
did not change the carbon flux of about 0.01 jigm 
C/em"-min. There are two sodium velocities of in
terest: (1) that past the probe, i.e., through the side 
loop, and (2) that past the side loop, i.e., through 
the Vs-in, IPS main line. It was found that the flow 
rate through the Va-in. IPS main line of the side 
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loop (2) directly afrect.s the flow rate through the 
jideloop U) . 

The fraction through the side loop [ratio of (1) 
10 (2)] depends upon the .size of the orifice used in the 
nidc loop. For an orifice with four 0.040-in.-diameter 
holes, the flow distribution between the '/2-in. IPS 
main line and through the side loop ia shown in 
Fig. 6. The portion that flows through the side loop 
it a linear fraction of that through the nniin line. 
When no sodium is pumped through the '/2-in. IPS 
pipe, some sodium still circulates past the probe due 
to thermal convection. In the case shown in Fig. 6, 
the inlet tem|)erature was 950°F and the flow due to 
the 4.'J0°F A'/' was 80 gm min. 

ka the flow rate through the side looji increases or 
decreases, the heater power required increases or de
creases similarly. Further, the total heater power 
rc(|uired to maintain 14(X)°F at the probe depends 
upon the inlet sodium temperature. The flow rate 
througli the side loop and the inlet temperature, 
i.e., the A'/' across the .«idc loop heater, must be 
arranged so that the heater capacity is not exceeded. 

Figure 7 shows the allowable operating range for 
two heater powers; 2400 W may be drawn from the 
heater for short times, but 1800 W is the maximum 
continuous jiower. The data shown in Figures 6 
and 7 are taken from an early carbon-meter unit 
tested at United Nucleai- Corporation. Following the 
tests, it was decided that the allowable operating 
range should be increased. To do this for subse
quent units, the dimensional tolerances between the 
orifice and it« seat in the side loop were tightened. 
This improved fit would shift the curve shown in 
Fig. 7 to the right, and allow a greater combination 
ot flow rate and lowei- inlet temperature to the side 
loop. 

Tile \ariatioii of sodium \'eIo('ity through the si^le 
loop past the probe was investigated for its effeet on 
the carlion-meter thix. During several tests in which 
the carhon-meter flux was in the range from 0.006 to 
0.024 /igni C cm-'-min. the flow rate was varied from 
about 100 to over 300 gni/min, and the carbon-meter 
fluxes were not affected. The flux of 0.006 ^gm C cm=-
niin is "low" and is about that expected from a 
clean stainless steel-sodium system. The meter would 
he expected to be most sensitive to flow rate at low-
fluxes. The reasons are that the probe extracts 
some earbon from the sodium and local depletion 
could occur in stagnant sodium. 

J.j Hydrogen Leakage from Probe 

The presence of hydrogen in the decarburizing 
gas allows some hydrogen to diffuse from the probe 

into the sodium. Since this would be viewed as a 
contaminant in the sodium, it is important to know 
the rate of hydrogen leakage from the probe. To 
obtain a quantitative measurement of the hydrogen 
leakage, a material balance of hydrogen in the de
carburizing gas was used. The mass flow rate of 
decarburizing gas was I2'/2 cm*, min, and the inlet 
concentration of hydrogen to the probe was deter
mined by analysis to be 5.00''i. By measuring the 
hydrogen concentration in the efflux deearburijing 
gas from the probe, the loss of hydrogen was cal
culated. To measure the hydrogen concentration or 
activity in the sodium, a diffusion-type hydrogen 
meter'^' was used. The loss rate of hydrogen from 
the probe was measured at three concentrations of 
hydrogen in the sodium. The results are shown in 
Fig. 8. 

.Although the hydrogen in the so<lium is reported 11s 
a concentration, it should be kept in mind that 
these values were obtained from equating activities 
of the hydrogen in argon gas (inside the coil of the 
hydrogen meter) and in sodium by using the data of 
Savage et al.'" The flow rate of the sodium pa.st the 
probe during the determination of these three 
I)oints was about 0.1 to 0.3 gjun. As can be scon 
from Fig. 8, the maximum lass expected for a sodium 
system with essentially zero hydrogen content, a clean 
system, i.s of the order of 15 mg of hydrogen per 
day. For a small systein. this amount might present 
some problems if no efforts are taken to prevent its 
accumulation. However, in a system of reactor site, 
even a.ssumin|z no loss to the outside, the total ac-
cunmlation of hydrogen would be a few ppm per 
year. 

4. Conrlusions 

A diffusion-type carbon meter has been developed 
for the measurement of carburizing potential in 
sodium. It reads continuously, has a rapid response, 
is reproducible, nigged, and jiossesses a long life. 
The range of carburizing potentials that the meter 
ean measure extends from near unit carl>on activity 
down to below the activity for earbon normally 
present in Type 304 stainless steel. Variations in 
sodium flow rate past the probe do not affect the 
carbon flux. 

A semi-automatic, self-contained instrument pack
age was designed and built consisting of a probe, a 
side loop operating at 1400°F, a side-loop tempera
ture-control console, and a gas-supply and analysis 
console. This instrument package ean be fitted into 
pumped loops. 

file:///ariatioii
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Hydrogen leakage from the sensor will not be a 
serious contaminant in sizable sodium systems. 
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Discussion 

Mr. Rodgers (MSA): I thought the audience might 
be interested in an unbiased opinion of the earbon 
meter. We have the first carbon meter for fuel test
ing, and we have it installed in our high-carbon loop. 
We installed it about .lune of this year and have 
been getting some numbers from it. We have been 
doing this in our Loop 1 as described in a paper in 
yesterday's session entitled "Effect of High-tempera
ture Sodium on the Mechanical Properties of Candi
date Alloys for the LMFBR Program." We supply 
carbon to the system by bypassing some of our 
sodium stream through a bed of carbon rods. We 
therefore can vary the carburization potential of the 
system by varying either the temperature of the 
carbon bed or the flow' through the carbon bed. We 
are attempting to calibrate the carbon meter in that 
system. I have tried to avoid using the words 'carbon 
activity' and to use the terminology 'carbon po
tential' or 'carburizing potential' as the rate at 
which Type 304 Stainless Steel tabs will carburize 
in the system. To date we have been trying to get 
down to a low level of carbon in our system. Our 
particular loop has been in operation for about 5 
years under rather highly carburizing conditions, so 
we have not been able to get down to Caplinger's 
"clean" stainless steel system of 0.007 ;nmg/cm^-
min. But we have gotten down to a fairly constant 
level at about 0.012 f»gm/cm=-min carbon flux through 
the probe. We find that the temperature does have an 

effect on the carbon-meter output. I believe that the 
temperature-control console that United Nuclear 
supplies with the unit is satisfactory for the opera
tion. We also see an effect of flow rate, which ap
parently United Nuclear does not. The orifice at the 
entrance to the carbon-meter probe can be adjusted 
to maintain a constant flow through the probe, so I 
don't consider either teraju'rature or flow a problem. 

We had a problem with the thermostatically con
trolled humidifier. I t is recommended that you 
operate the humidifier at a dew point of about 27°r. 
This is fine if you have the console sitting in an 
air-conditioned laboratory or a constant-temperature 
laboratory. However, we have the console sitting in 
our loop area where in summer our ambient tempera
ture varies from perhaps 60°F at night to 120°F in 
the day, so we have had to vary the thermostatic 
setting on the humidifier. I believe my biggest com
plaint about the UNC carbon meter is control of 
the flow rate. It seems we spend most of our time 
trying to get back to 12'/2 cc/min, and to adjust 
this flow rate and measure it. 

We have had a couple of occasions now to de
termine whether or not the carbon meter does re
spond to a change in carburization potential. One of 
these was to introduce carbon impurities into the 
sodium system by changing the cold-trap tempera
ture. When we did this, we saw an increase in the 
carbon-meter output, and we also saw a correspond
ing increase in the total carbon pickup by our 
monitoring tabs. Just in this past week we initiated 
flow through our carbon bed. We then found a 
change of carburization potential by about a factor 
of 10 by our tabs, while the carbon meter showed a 
corresponding increase by a factor of about 20. I 
don't think that these increases necessarily should 
agree, but the fact that the carbon meter gives quite 
a large response is veiy encouraging. At this point 
in time I am quite impressed with it. 

Mr. Zebroski GE) ; You mentioned that there were 
a number of papers that discussed the phenomena and 
the species involved in the processes of the meters. 
I wonder if you could just mention two or three of 
the references that you feel to be most definitive. 

Mr. Caplinger: Tomorrow morning John McKee 
will present a paper. You will find some references 
mentioned there. The final report is expected out be
fore too long. I hope it will have a description of 
additional parameters for the carbon meter that I 
haven't discussed here. There is also a paper in the 
October 1968 issue of Nuclear Applications. 

Mr. McKee (ANL); I believe there is one other 
jmblication in the open literature by Dr. Kolodney 
in Nuclear Engineering and Design, Vol. 7 
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Regarding calibration of the meter in terms of 
carburization of stainless steel, I think Dr. Kolod-
ney's paper is the best that has been published so 
far. I might say no great claims are made for it; 
there just are not yet any good data taken at 
constant carbon activities. 

Mr. Dutina (GE) : Have you ever considered using 
a galvanic cell to measure activity of carbon directly? 

Mr. Caplinger: I think the galvanic cell has been 
considered. 

Mr, Dutina: What was its fate? 
Mr. Caplinger: Wc did no experimental work. 
Mr. Dutina: Recently I saw a paper where a 

calcium carbide and calcium chloride mixture was 
used. The activity of carbon in iron agreed with 
gas-phase equilibrium measurements. Although we 

do not know the transfer number exactly. C j " ap
parently is close to 100^ ionic. 

Mr. Caplinger: I t has been suggested that we point 
out that we have a patent application on devices. 

Mr. Holden (UNC): This is a question for 
Rodgers, not for Caplinger. When you pass the sodium 
flow through your packed bed of carbon, what actual 
numbers do you get for the carbon flux through the 
carbon-meter probe? 

Mr. Rodgers: Before we started to go through 
the carbon bed we were getting fluxes of 0.012 to 
0.014 (.igm c/cm^-min. Xow that we have opened up 
the bed we are getting fluxes of about 0.3 /«gm C / 
cm--min. Wc found an increase in carbon in our 
stainless steel tabs from 1000 ppm pickup in 48 hr to 
10,000 ppm in 48 hr. 
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1. Introduction 

An on-line meter to monitor continuously the hy
drogen activity of the sodium coolant in reactors such 
as the LMFBR is required for two basic apphcations: 
(1) to determine the hydrogen impurity level in the 
primary loop, and (2) to serve as an indicator of water 
leakage into the secondary sodium system. The latter 
is the more exacting application, requiring a sensi
tivity of 0.1 ppm hydrogen at the 1.0-ppm level and a 
response time of the order of 1 second.'^' United Nuclear 
Corporation is now developing an electrochemical 
hydrogen meter which shows promise of meeting 
these requirements. 

The meter utilizes a hydrogen-sertsor concept which 
is essentially an electrochemical concentration cell. 
The conceptual design of the sensor is shown in Fig. 1. 
It consists of a cylindrical reference electrode, within a 
concentric tube of a metal resistant to sodium, which 
serves as the sensing electrode. These electrodes are 
electrically insulated from each other except through 
their annulus, which contains an ionic hydride-bearing 
electrolyte such as, for example, LiH dissolved in 
LiCl-KCl eutectic. The active ends of the electrodes 
consist of thin metal septa, which permit transport of 
hydrogen, but separate the reference material and the 
sodium from the electrolyte. The reference may be a 
two-phase solid mixture whose hydrogen pressure is 
determined solely by temperature, such as Ca-CaHs, or 
a flowing gas having a constant partial pressure of 
hydrogen. The outer septum comes to equilibrium with 
the sodium so that the hydrogen activity is the same 
in both. The inner septum similarly acquires the hy
drogen activity of the reference material. The result 
is an electrolytic cell whose overall cell reaction involves 
the transfer of hydrogen from the sodium to the refer
ence. The actual transfer of hydrogen is substantially 
zero, because the measurement is potentiometric with 
extremely low current flow. 

Work on the electrochemical hydrogen sensor is 
now in the concept-development stage. The results of 
the initial feasibility tests of the principle performed in 
a gas environment at temperatures ranging from 370 
to 650°C are presented below. 

2. Theoretical Sensor Performance 

To evaluate the performance of the experimental 
hydrogen sensors, the theoretical cell voltage vs tem
perature relationship and cell polarity based on a hy
dride-ion - electrolyte concentration-cell model were 
determined. The overall cell reaction can be expressed 

Sensing Reference (1) 

where Pi is the hydrogen partial pressure at the sensing 
electrode, and P2 the hydrogen partial pressure at the 
reference electrode. If the sensing electrode is in 
sodium. Pi is simply the hydrogen overpressure in 
equilibrium with hydrogen in the sodium. 

In accordance with electrochemical-cell convention, 
the cell representation is as follows: 

H2(P2) 
Reference 

H-((JH-) H,(Pi), 
Sensing (2) 

where (OH-) is the hydrogen-ion activity in the elec
trolyte. As is shown, when Pi > P2, hydrogen will be 
transported from right to left, electrons in the external 
circuit will move from left to right, the sensing elec
trode will be positive, and the emf will be positive. 
This is consistent with the cell reaction (Eq. 1) being 
spontaneous from left to right, producing a negative 
free energy change. For the electrode on the left, 
the oxidation reaction yields 

H-(aH-) = 3.-2H2(P=) + e. (3) 

and the electrode potential on the left, £ L , can be 
written as 

^ L 
Rr (4) 

Similarly, for the reduction at the right-hand electrode, 

V2RAP1) + e -^ H-(aH-) (5) 

and 

Es. 
R T OH^ 

F p;'2 (6) 
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On adding Eqs. 3 and 5, the cell reaction (Et), 1) is 
obtained; the cell voltage E is obtained r)n adding 
KqH. 4 and (i; 

l!7' 
In !1 

P\' 

RT , P. 
(7) 

where 
H = 8.:iI5.I/°K-mol; 
]•• = 90,.")00 e.iulDmbs 'mol; 
T = absolute temperalure in °K. 

A« a functi(jn of T, l\ , and l'-. . the cell voltage in 
volts is 

1-: = -0.992 X 10 * T\<,g„(P,/Pi). (8) 

By use of I-'q. H the theoretical cell voltage vs tem
perature relationship for the initial ga-s-environment 
tests is plotted in I'ig. 2. The hydrogen partial pressure 
Pi of the reference gas was O.O.'i atm and the hydrogen 
partial pressure at the sen.sing electrode, I'i, was varied 
from 0.01 to 1 aim. 

.t. .Senior DeHi^n anil <!onHlrurtion 

In order Ili;il tlie hydrogen sensor ojierale a.> a eim-
centration cell, a reversible transfer of hydrogen be
tween electrodes and electrolyte must be possible. The 
incorjM)ration of hydride ions in the electrolyte permits 
such a reversible electrode process. It is known that the 
.•inline hydrides, i.e., the hydrides of Ihe alkali and 
alkaline earth metals, are ionic, with crystal lattices 
compo.-ied of metal caliims aiul hydrogen anions. When 
solid or molten lithium hydride (l.ill) is electrolyzed, 
Ihe hydrogen migrates to the anode and is converted to 
hydnigeti gas.'^' The (ither saline hydrides cannot he 
melte<l, but if they, or Lill, are di.s.solviHl in molten 
halide mixtures, such as LiCI-KCl eutectic, hydrogen 
will form at the anode upon electntlysis.'^' *' 

Based on its a\-ailability as a verified electrolyte 
.•i.vstem, l,i('l-K('l eutectic contaiinng di.s.solved saline 
hydride was selected for the iiutial c(Uiee|it-feasibility 
tests. Beeau.se the eutectic melting point is :i.")2''C', Ihe 
electrolyte operated as a li(|uid in the testing tempera
ture range of :i70 lo (MO°('. 

Table 1 lists Ihe actual electrolytes leste<l a.< well as 
the other materials employed in the iiutial sensors. 
The choice of the sens<ir materials (tf construction was 
dictate<f iti part by materials compatibility considera-
tioiLs, Iron and AISI :i04 staiidess steel are compatible 
with both the electrolyte and sodium. In addition, iron 
is highly permeable to hydnigen, and permeability is 
important because the sensor resixmse time depends 
upon the speed of conimunication of a hydn>gen change 
across the .sensing-electrode septum to the electrolyte. 

The details of ciuistruction of the test sensor are as 

, Potentiometer 

_ Thln-walled 
outer septum 

FKJ. 1. Cdncpptoa! Design nf llydrugen-meter Sensor. 

' ^ 

1 

• — I t " . 

FlO. 2. Theoretical Cell Voltage it Temperature (Heference 
Electrode: 5'"c H, , 95', A). 

HLK 1. SENSOR MVTERI.M.S KOR IMTI M. TESTS 

ElectrolytcM 
I.iCl k c i eiitectir + LiH 
LiCI-Kri eutectic + NaH 
LiCl-KCI eutectic + CaHi 

Septa 
Iron 

Reference Electrode Stem and Sen-ting Tube 
AlSr 304 Stainless Steel 

Reference Hydrogen Source 
5% Hydrogen-95*"o Argon Gas Mixture 
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I Alumina insulator 

K ^ _ ^ _ ^ Ncdjirene gland 

Alumina insulator 

« 

4 - Sensing dertrodp 

.\s.semtilf'd lApludtnl Vitiv— 
Una-s-semhled 

F I G . 3. Hydrogen Sensor for Gas Testing. 

follows. The sensing electrode consisted of a 12-in.-long, 
l-in.-diameter tube having a 0.120-in. wall thickness. 
One end of the tube was sealed off with a welded iron 
septum, 0.01.3 in. thick. The open end was adapted with 
a 3^ -̂in. Conax electrical feedthrough to accept and seal 
the reference electrode. The latter electrode consisted 
of a 15-in.-long, 32"in.-diameter tube sealed off at one 
end with a 0.013-in.-thick iron septum and connected 
to a reference gas-supply and venting system at the 
other end. The electrode wall thickness at the septum 
end was 0.120-in., leaving a '4-in.-diameter hole to 
accommodate a thermocouple. Photographs of the 
unassembled and a.ssembled sensor components are 
shown in Fig. 3. 

The sensors were assembled in a helium-atmosphere 
glovebox and subsequently checked for leaks with a 
conventional helium-leak-deteetion procedure. 

Two methods of incorporating hydride in the elec
trolyte were inve.stigated. One was the straightforward 
mixing of the high-purity LiCl-KCI eutectic with a 
commercially available hydride, such as LiH. The other 
involved adding the precursor metal to the eutectic, 
then hydriding the metal in situ dming gas testing of 
the assembled sensor above the melting point of the 
eutectic. 

4. Gas Test Apparatus 

The apparatus for sensor testing in a gas environ
ment was designed to produce data for evaluation of 
the concept feasibihty and for rapid .screening of pro
posed sensor systems. It consists of a gas-supply sys
tem, an electrically heated stainless steel chamber 
accommodating three sensors, and a gas-analysis sys
tem. 

The gas-supply system consists of an electrolytic 
hydrogen generator and a eyhnder of compressed 
argon connected through pressure regulators, metering 
valves, flowmeters, and a mixing chamber to the test 
chamber. The generator produces ultra-pure hydrogen 
by utilizing the principle of purification by diffusion 
through palladium. 

The gas-analysis system consists of a thermal-con
ductivity cell (Gow-Mac) .sensitive to small changes of 
hydrogen level in hydrogen-argon mbttures. Gas from 
the chamber is passed through a metering valve and 
flowmeter into the cell for analy.sis. A .similar line i.s 
provided for a calibrating gas. 

5. Results 

5.1. First Test Series 

The first series of three sensors tested with 5% Hj-
95 % A gas reference electrodes were prepared with the 
following electrolytes: 

SeiLsor A: LiCl-KCl eutectic -f- 2 m/o LiH; 
Sensor B: LiCl-KCl eutectic + 2 m/o Li metal; 
SeiLsor C: LiCl-KCl eutectic only. 

In the case of Sensor B, the intention was to form LiH 
in situ during the initial testing in 100% hydrogen. The 
last electrolyte was included to determine whether 
extraneous electrode processes, not involving hydride, 
contribute to the sensor voltage response to hydrogen 
changes. 

During a 6-day test period, the hydrogen level at the 
sensing electrodes was varied from 1 to 100 % while the 
temperature ranged from 440 to 655°C. The tempera
ture was increased in steps to 655°C and then reduced 
to the original levels to determine whether sensor be
havior was reversible. The sensor voltage responses to 
the hydrogen concentration and temperature changes 
over the test period are plotted in Fig. 4 for two sensors: 
Sensor B, prepared with lithium metal in the eutectic, 
and Sensor C, prepared mth eutectic only. 

The significant results obtained from this test series 
may be summarized as follows: 

1. The cell voltage of the sensors containing hydride 
responded to hydrogen-level changes, whereas that of 
the sensor containing LiCl-KCl eutectic only did not 
change with wide variations of hydrogen level at any 
temperature (see Fig. 4). This is considered strong 
evidence that the presence of ioiuc hydride in the 
electrolyte is necessary to detect hydrogen changes. 

2. Sensor B responded to hydrogen changes after 
only several hours of exposiue to 1(30 SI hydrogen, 
indicating that in sitti hydriding is an effective method 
of constituting a working electrolyte. 

3. Although the two sensors containing hydride did 
not exhibit the full theoretical voltage indicated in 
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FiQ. 4. Voltage Response of Hydrogen Sensor to Hj Concentration and Temperature. 

fig. 2 as the chamber hydrogen concentration was 
varied, the expected reversal of cell jxilarity occurred 
near the S"".'- Hi level, that is, with the sensing electrode 
positive, a positive emf was measured above 5'".' H^ 
and a negative emf was measured below o'"v H . . 

4. At 400°C on the sixth day, the \oltage response 
of Sensor B (see Fig. 4) was quite high, approximately 
70% of theoretical. However, at the higher tempera-
tvires the sensor was le.ss responsive. 

5. Initially, below oliOT, the \oltage response of the 
two seiLsors containing hydride were similar. After the 
temperature increase to ")60°C, Sensor A, prepared 
lith LiH, exhibited a sharp reduction of sensitivity 
which was recovered, in part, after the temperature 
Was lowere<l to 4I)0°C. 
The lower vcdtage resiwn.se at the higher temperature 
is attributed partly to noiielectrolytie hyilrogen trans

fer tending to equalize the hydrogen pressure at the 
two electrodes. One >ource of such hydrogen is the 
hydride in the electrolyte. 

5.2. Second Test Series 

With the above results in viev, another set of three 
hydrogen sen.sors was tested to determine the effect of a 
variation in hydride stability im seiLsor behavior. The 
sensors were prepared with the following electrolytes, 
each containing the preciu-sor metal additive to be 
hydrided in situ: 

Sensor D : LiCl-KCl eutectic -|- 0.2 m/o Na; 
Sensor E : LiClKCl eutectic -I- 0.2 m/o Li; 
Sensor F : LiCl-KCl eutectic -|- 0.2 m o Ca. 

The 0.2 m o metal added represents a reduction by a 
factor of 10 in concentration from the pre\'ious sensors. 
It was anticipated that the resulting lower metal-
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metal hydride content might also contribute to limit
ing extraneous hydrogen transfer, and thereby yield 
cell voltages nearer to theoretical. 

Systematic measurement of the sensor voltage re
sponse was conducted in argon-hydrogen mixtures at 
four temperatures ranging from 370 to 6.50°C. At this 
point in the program the gas-analysis portion of the 
test apparatus was activated so that the chamber-g:is 
compositions at 1 %, 2%, and 5% Hz could be made up 
precisely and verified by continuous analysis with 
the thermal-conductivity cell. 

The significant results of this second test series can 
be summarized as follows: 

1. As with the previous sensors containing LiH in 
LiCl-KCl eutectic. Sensors D and E prepared with 
sodium :ind lithium, respectively, in the electrolyte 
tended to behave in accordance with the hydride-
transport model. With the sensing electrode positive, 
a positive cell voltage was observed when the chamber 
hydrogen level was greater than 5̂ /J and negative cell 
voltage was measured below 5% H2. 

2. At a chamber hydrogen concentration of 5% 
(verified with the thermal-conductivity cell to be pre
cisely the same as the reference gas composition) an 
emf of the order of 5 mV was observed. This nonzero 
value is attributed to a thermoelectric effect arising 
from nonisotbermal conditions across the cell. 

3. The cell-voltage data for these tw ô sensors were 
not only reproducible from day to day, but tended to 
approach theoretical values as the temperature de
creased. This ean be seen in Fig. 5 in whieh the ])er-
cent of theoretical voltage is plotted against tempera
ture for Sensors D and E with 1 Vt and 2% H2 at the 
sensing electrode. The values were derived from steady-
state voltage data and were referred to the .sensor 

"zero," i.e., the voltage observed with the 5% H2 refer
ence gas composition at the sensing electrode. Sensor E, 
prepared with lithium, exhibited cell voltages of 92% 
of theoretical at 370°C. 

4. The responses of both sensors fell off sharply above 
560°C to values near 50% of theoretical at 650°C. 

5. In contrast with these two sensors, Sensor F, pre
pared with calcium, exhibited a cell polarity opposite 
that predicted by the hydride-transport, model. With 
the sensing electrode po.sitive, a po.sitive cell voltage 
was observed when the chamber hydrogen level was 
less than 5%. The values decreased toward zero as the 
hydrogen level increased. Thus, while this sensor re
sponds to hydrogen changes, the electrode processes 
are different from the simple hydrogen transfer by 
hydride ion postulated in the model. 

A comparison of the performance of Sensor B, pre
pared with 2 m/o Li, with that of Sensor E, prepared 
with 0.2 m/1 Li, indicates that the voltage response 
of the latter wa.s closer to theoretical. Although the 
data are limited, it appears that the reduction of metal-
additive concentration contributed to an improved 
sensor performance. In addition, the data of Sensors 
D and E shown in Fig. 5 suggest that the more stable 
the ionic hydride (LiH is more stable than NaH) the 
closer the sensor conforms to the theoretical model. 

6. Conclusions 

The initial testing of electrochemical hydrogen 
sensors in hydrogen-argon mixtures have led to the 
following major conclusions: 

1. The sensor concept has been validated by the 
finding that .sensors having liquid electrolytes consist
ing of ioiuc hydrides dissolved in LiCl-KCl eutectic 
respond to changes in the hydrogen level of the gas 
mixture. Without hydride present the sensor is not 
responsive. 

2. Preparation of a sensor by in situ hydriding of the 
precursor metal added to the electrolyte appears to 
produce a more responsive device than one prepared 
directly with the hydride. 

3. Sensors operated with 5 % H2-95 % A gas reference 
electrodes exhibit reproducible cell voltages from day 
to day. Although the full theoretical voltage is not 
achieved as the hydrogen concentration is varied at the 
.sen.sing electrode, the expected cell-polarity reversal 
occurs at approximately 5% H2 . The observed polarity 
above and below 5% H2 are in accord with a simple 
concentration-cell model involving hydrogen transfer 
by hydride ion. 

4. In the ease of such sensors prepared with lithium 
and sodium, the departure from theoretical voltage 
decreases with temperature, so that cell voltages on 
the order of 90%' of theoretical are obtained at 370°C. 

5. The unexpected polarity of the sensor prepared 
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«ilh calcium, opposite that predicted by the hydride-
trans|K)rt model, indicates that there are other elec
trode proces.sc.s jMj.ssible in the present seasor design 
which involve hydrogen. 
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(PltESKNTKrJ BV II. L. EICHKLBKKCKR) 

A basic study of the in1('rii('tioii> ni iniitcruils with 
BOtlium n'(|uirt'M the use (»f hiRhly purilied matcriiils Xo 
enxure that the systems under study be as uueomph-
caled ii« it i.s possibh' lo make them. The major probh-m 
in the purirication of s()dium is the removal of (txygeii. 
OxyKen ean be remo\'ed to a very low le\'el by the use 
of III! active metal K*'ttor such Jis zirconium, but the 
gettered product still has all of its oriKinal metallic im
purities plus zirconium in solutifin. A more satisfactory 
purification j)rocoss is the combinati<>n of hot Kettering 
fidlowed by vacuum distillati(Ui. The Kettering reduces 
the rixyKcn content (and the carbon and nitrogen con-
tonis, too) in the sodivmi, which can them be separated 
from its metallic impurities by distillation. The efTec-
tivniess of this teehniiiue as practised at Atomics In
ternational is deserib<'d below. 

1, ProresK anil Det^i^n CuiiHiderutioiit^ 

SiiH'e the work for which the purilication of .sodium 
is ncces.'̂ ary involves the use of ratlier small samph's 
(a few Krams) of sodium, the process and design etTort 
wiis directed toward the preparalion of a product batch 
size of about 4(K) gm. This amount of material is sufii-
cicMl for the needs uf several experiments, aud yet does 
lint invoKe llie construction of a large purilication 
apparatus. 

The es.sentials of tlie gettering process arc to bring the 
tinrinietallic impiu'ities into contact with a reactive 
metal, to allow decompo.sititm of any compounds which 
may be prcsenl, and tinally to allow the elemental frag
ments to react with the getter. That rom[>ounds can 
exist in sculium is shown by the work performed at the 
Arnoiuie Xational Laboratory'" and at Dounreay."^' 
Tluse studies show that carbon monoxide can be ab
sorbed in liiiuid sodium to form compounds such as 
sodium carb<myl (XaOC'COXa) and tetrasodium 
tetranxyquinone. (XaO)4C602. One characteristic of 
these c(unpouiids is that in no case did these researchei-s 
find evidence of a Xa— C bond. Heeause the CO appears 
to maintain some degree of identity in compounds such 
a.s these, there is some support for the view expressed 
by the Argomie Xational Laboratory workers*' ' *' 

' Based im work supported by the I'. S?. Atomic Energ\-
Commissi.,1. un.irr Contract AT(04-3)--01. 

that earbon could nut be .-eparat*"*! from xMlium by 
simple distillation btrause the carbon wouhl separate 
from the s<idiimi as ("(> during the distillation pnicess, 
and would then bo reabsorbed in Ihe di.slillate. In their 
tests, the distillate wjts found to have about .*() ppm 
carbon. It is therefore necos.-yir>* to ensure Ihnt any 
such comiMumds are deslroye<l and the prrKlucts arc 
absorbed in the getter before the s<Hlium is di.stilled. 

An examination of the relative chemical stabilities o( 
CO, ZK\ and ZrOj shows that the reacti<»n of CO (and 
probably of sodium-CO eom|H)unds) with zirconium 
to form ZrC and ZrOi (or oxygen-rich zirconium) is 
very strongly favored. The mte of d(>com|>osition is, of 
course, uncertain, but at the rather high tem|>emture 
re([uired for ade(iu;ite oxygen gett^-ring by zirconium 
(((.V) 7(X)'̂ C), one would exi>ect the diK-ompusitiun tu 
prueeed rapidly. At this gettering temiMTature. iixygen 
has a reasonable rate of diffusion into zirconium metal, 
but the rate of diffusion of carNm intti the zirconium is 
exiwcted l<i be (piite small. Therefore, it is necessarj* 
to provide a large area of zirconium metal surface to 
ensure that the getter can function for an extended 
time. 

Afler undergoing the hot zirconium gettering treat
ment, the sodium is ready for distillaliun. HecauM- the 
amounts neede<l are small, a batch distillatiun is apjiru-
priate. However, one miLst provide for the removal of 
elements more volatile than S4tdium as well :is fur thu.sc 
less volatile. Horsley'*' discusses in some detail the 
tlieoretical con.sideratiuns of the s<'paration fnmi sodium 
uf the principal c<mtaminating elements. He shows 
that, with the exception uf jKita.ssium, all of the asual 
metallic impurities in sixlitmi are less volatile than so
dium. Therefore, guod .si-paratiuns uf impurity metals 
by distillaliun can be readily achieved. The .separation 
of pota.ssium (and uf rubidium and cesium, as well) can 
be effecttni by discarding the firsl fraction of the di.slil
late in which those elements are enriched. The mctaU 
loss volatile than sudium will tend tu remain in the s1ill, 
ao that by saving the middle fracti(!n of the distillate 
a.s product, a purification of sodium from both the more 
and the less volatile metals can be accomplished. The 
goal of the design study was thus to evaluate the vol
ume of distillate that should be di.scarded before col-
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TABLE 1. RELATIVE VOLATILITY VALUES 

a = P«(Metal)//">(Na} 

T CK) 

60O 
700 
800 
900 

rcK) 

600 
700 
800 
900 

Cs 

96 
40 
21 
13 

Na 

1.0 
1.0 
1.0 
1.0 

Mg 

2.3 X I0- ' 
7.9 X 10-» 
2.0 X 10-« 
4.4 X 10-' 

Rb 

60 
28 
16 
10 

Li 

8.5 X 10- ' 
3.9 X 10-' 
1.2 X 10-' 
3.0 X 10-' 

K 

If 
11 

e 

Sr 

7.3 X 10- ' 
3.8 X 10-' 
1.4 X 10-' 
3.5 X 10-' 

.9 

.1 

Na 

1.0 
1.0 
1.0 
1.0 

Ca 

6.0 X 10-« 
4.7 X 10- ' 
2.1 X 10-' 
6.8 X 10-' 

Ba 

3.5 X 10-' 
2.4 X 10-' 
1.1 X 10-' 
3.5 X 10-' 

F I G . 1. fl'/i?! Values for a Still and Column for a > l a n d n = 0. 

lecting the product, and the volume of the "bottoms," 
which is also discarded. 

The simple batch di.stillation process was first ana
lyzed by Rayleigh"" and, more recently, by Kirsh-
baum.<" McKis.son, Eichelberger, and Ott '" have ana
lyzed the performance of a batch process utiUzing a 
distillation column and report the following expression-

(1) 

B; 

• exp U-+' - l) ' 
where Bi is the initial amount of the distilland, Bj is 
the amount of distilland after operation of the stilT, 
X-B, is the initial concentration of the more volatile 
component in the still, X B , is the concentration of the 
more volatile component in the still after operation of 
the still, a is the relative volatility of the more volatile 

component [equal to the ratio of the vapor pressure of 
a metal to that of sodium, a = P°(metal)/P°(sodiura)], 
and n is the number of theoretical plates in the column. 
The purification ratio )• is given by the ratio A'B,/XB,. 
The amount of distillate to be discarded, D', is given by 

D' -^ Bl- BJ, (2) 

where the primes indicate conditions at the end of the 
first "cut." Then the fraction of the distillate which is 
to be discarded is given by the ratio 

D'/B, 1 (Bi'/Br) (3) 

where the quantity B^'/Bi is merely the reciprocal of 
the value of B1/B2 from Eq. (1) evaluated at the condi
tions obtaining at the end of the first "cut." Table 1 
shows the relative volatility values of a number of im
purity elements for temperatures of interest. Figures 
1, 2, and 3 show the values of D'/B\ corresponding to 
values of a up to 20 and values of r up to 50, for distilla-

FlG. 2. D'/Bi Values for a Still and Column for a > 1 and n = 1. 
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0 1 2 10 
a 

FIO. 3. D'/Ht Vithn-s fnr H Still jimi ('..hmm fur» > 1 Hiidn = 2. 

tioii systems having zero, one, and two theoretical 
plates, respectively. A compari.sun of Figures 1, 2, and :{ 
for r = 20 and a = 5 shows the marked decrea.se in 
D'/Iii values resulting from the use of a distillaliun 
column. For no plate, D'/H\ = 0.5li; for one plate, 
ir/Bi = 0.12, and for two plates, D'/Bi = 0.025. For 
larger values of a the 1)' H\ values are lower than tho.se 
(junled abo\'e, su that it car) be eoneluded thai by using 
a distillaliun column having Iwu theoretical plates and 
discarding at least the lirst 10'; of ihe distillale, all 
of the more volatile alkali nu'tals ean be very ade(iuately 
separated fruni s((dium. Theoretically, al lea.sl a tifty-
fold decrease in K, Kb, and Cs cinilenl should be 
achieved using such a process. 

The separatiun uf the impurities less volatile than 
sodium is elTecled by distilling the sudium away from 
them and aUowiiig them to concentrate in the still 
bottoms. The overall material balance for an impurity 
less volatile than .sodium al the end of the .second (prod
uct) "cut" is 

XD.B, = .YB.B.' + YD", (4) 

where /i-i' is Ihe amount of the distilland after iiiHTa-
tion of the still to the end of the .swond "cut," ) ' is the 
average concentration of the impurity in the distillate, 
and D" is the amount of distillate at the end of the .sec
ond cut. By dividing all terms in Eq. (4) by I'Bi and 
simplifying, one finds that 

/>7Bi A'. 
r 1 - (A-B,/.YB,)(B./B.) 

(5) 

impurity concentration <if the distillate and wouhi ex
actly represent the purihcation ratio for the pn>duct if 
there were no first "cut." Although it is no longer a 
correct "purification ratio" for the pnKiuct when a 
first "cut" is discarded, it is still a as<'ful function in 
that il describes the cfTectivenCfKof the distillation proc
ess for the impurities less volatile than sudium. Kqua
tion (5) WJLS evaluated asing the relalion given in Kt]. 
(1); the results are summarizo<l in Fig. 4 for the cjuse of 
a simple jMit still. This graph shows that for a = O.OOI, 
an A'B, >' ratio uf 500 is efTocted by retaining JO'i of 
the distilland its bottoms {W Bx = 0.80). If 10*; of 
the distilland is retainetl as bottoms, the ratio A'H, Y 
for a = 0.001 is :J90. 

Beeau.so the a values uf ihe metallic impurities less 
volatile than sodium are of the order of O.OOI or smaller, 
and Ix-oause the separation ratios fur a system hav
ing a distillaliun column will be greater ihan those 
shown in Fig, 4, no further analy.sis of iho distillation 
process is warranle<i. The preferred distillaliun sy.stem 
consists uf a two-plate column or ils o<|uivaIenl. The 
hrst 20 ' ; of ihe di.stillate is to b«' discardtKl, ihe product 
cut is the next (iO to 70 ' ; of ihe di.slillale, and the bot
toms cut is thus the la.st 20 to 10'J of iho si ill charge. 

The <lecision wits made to UM* a packed column rather 
than Ui attempl to build a tray column. The re<iuire<i 
height of ihe column was eslimale<l u-siiig the Height 
Kipiivalrnt to a The()retical Plate (IIKTI*) concept its 
described by Perry.'*' Ha.s<Ml UIMIU re|M)rted meitsurc-
menls fur .saddIe-sha|>od packing materials in '4- and 
'^-in. sizes, and an oxtrai)olalion ba.sed upon the ex
pected mass f[<^\ rate of ;10 Ib/hr-ft' in a I ^-j-in. packed 

The quantity of A'u, Y is the ratio of the initial im
purity cttneentration <>f the distilland to the average 

FIG. 4. Values of D'/Bi for a Still and Column for a > 1 
aod n = 0. 
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STILL POT 

^^ DRAIN LINE 

F I G . 5. Schematic Diagram of Sodiiim-pnrification Unit. 

column, an HETP value of 0.7 ft was estimated. Thus 
a packed column depth of 1.4 ft is needed. In order to 
provide a modest contingency, a packed depth of 20 
in. was chosen. The remaining design selection to be 
made was the amount of distilland to be treated. This 
value was based upon the desired amount of product 
per run, 400 ± 50 gm. For a 60 % yield, about 650 gm 
is the amount of feed sodium needed per batch. 

The apparatus designed to meet these requirements 
is shown in Fig. 5. It consists of a metering pot in which 
the batch volume is regulated, a gettering pot packed 
with 0.002-in. zirconium foil, and the .still-pot-and-dis-
tillation column unit. The distillation column is lined 
with 0.005-in. tantalum foil and is packed with pieces 
of J4 X }^ X 0.0.30-in. tantalum, bent into a V shape. 
The basic construction material is Type 304 stainless 
steel. The distillate is condensed in a tantalum foil-lined, 
%-m. Type 304 stainless steel tube. 

The movement of material through the unit is moni
tored by the use of level sensors, which are simply small 
Inconel-clad heaters wound on the bottom inch of a 
2-hole thermocouple insulator, and a pair of chromel-
alumel thermocouple wires which extend through the 
bottom end of the insulator and are welded to the in
side bottom of a bayonet probe. When the sodium is 
high enough to cover the end of the probe, the thermal 
conductivity of the sodium prevents the temperature 
of the probe from rising, even though the heaters may 
be operating at a several-watt rate. However, when the 
end of the probe is not immersed in sodium, this heat
ing rate is sufficient to cause the probe-end temperature 
to rise rapidly. Thus, the presence or absence of so

dium at the probe end can readily be determined. Four 
of these units are mounted in the metering pot, the 
gettering pot has two, and the .still pot has three. 

The movement of sodium from one pot to another 
is controlled by the use of freeze-seal valves, which are 
made by winding a i^'ie-in. copper tube on a J^-in. 
pitch around the .sodium line to be valved. A sheathed 
heater wire is wound on the .sodium tube between the 
turns of the copper tubing. When the valve is to be 
closed, cooling water is run through the coil, and when 
the valve is to be opened, the water flow is stopped and 
the heater is operated to melt the sodium. A thermo
couple IS mounted at each end of the valve to monitor 
the valve temperature. 

Figure 6 shows the basic hardware of the purifica-

FiG. 6. Basic Structure nf Sodium Pu r . i i t . 
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tion unit before the control in.stnjmentation was in-
Htalled, and Figure 7 shows the unit with the heaters, 
valves, thermocouples, and iasulation in place. In op
eration, this a.ssembly is enclo.sed in a housing in which 
arouKhing pump vacuum is maintained. 

The product soilium, after it is condensed in the tan-
lalum-foil-lined conden.ser flows into the product col
lector, which is an extruder. The constructi<in of this 
unit is shown in Fig. 8. Ha.sically, it is a simple unit 
consislinn of a heavy-walled barrel, and a piston. The 
liquid .sodium product Hows into the extruder and at 
first is allowed to flow IhruuKh and out the discharge 
tulx', which is fitted with a freeze-valve unit. The first 
distillate, D', pa.s.ses into a container held in an ion-
pumped vacuum of ^^10~' Torr. Then the freeze valve 
is closed, and the liciuid sodium ])roduct collects in the 

-I_-»ORMGEAR 

_r t 

80 PIPE 
DISCHARGE 

FIO. 8. Sodium Extruder. 

I'lU. 7. Fullv .\.s^fml)lfd Sodium-puritication Unit. 

extruder. The barrel is kept at about 12o°C to prevent 
the sodium from frwzing during the product-collection 
period. Hy maintaining the sodium as licpiid, mixing 
occurs due to convection currents, .so that the product 
sodium becomes e.s.sentially uniform in comiKisition. 
When the product-collect ion is complete, the extruder 
is allowed to cool. When the .sodium if frozen, the pis
ton is run down agaiiLst it to seal the purified sodium 
in the unit. 

2. Procedure'and Re«ulta 

The puriiication apparatas described above has been 
operated to produce five product-sodium preparatioiLs. 
In these jireparations, the operating technique involved 
filling of the metering [Kit with about 650 ml of sodium, 
and draining it into the gettering iwt which was pre
heated to (i50°C\ The gettering prt)cess was carried out 
overnight at 650~675°C for a minimum of 16 hr. The 
gettered sodium was then draineti into the still ix)t and 
distilled under high vacuum at a still temperature of 
550 ± 5°C, at which temperature the vapor pres.sure 
of sodium is 9 Torr. The still column operated at 5oO°C 
at the bottom, and at about 525-530°C at the top. (The 
vapor pressure of sodium at 525°C is 6 Torr.) The tem
perature of the condenser was about 500°C at the be
ginning of the run and decreased to about 490°C at the 
end of the nin. The distillation rate was about 1.5 to 
2.0 ml min. 

In practice, the entire still system was precleaned by 
running one or two batches of sodium through the en
tire sequence without collecting any product to ensure 
that the internal surfaces were washed by fresh, clean 
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TABLE 2. PRODUCT-SODUTM .ANALYSES FOR 

IMPURITIES (PPM) 

Elements 

Ag 
Al 
B 
Ba 
Be 
Bi 
C 
Ca 
Cd 
Co 
Cr 
Cs 
Cu 
Fe 
H 
K 
Li 
IVIg 
JMn 
IMo 
Ni 
O 
Pb 
Rb 
Si 
Sn 
Ta 
Ti 
V 
Zn 
Zr 

Starting 
Material 

< 1 D'- ' 
3 

<1ND<>>> 
< 5 N D 
<1 ND 
< 6 N D 
36 
10 

<1 ND 
< 5 N D 

1 
< 1 0 N D 

17 
4 

< 1 ND 
50 

< 1 ND 
< 5 D 
< 1 ND 
<1 ND 

6 
15"i 
7 

< 5 N D 
60 

<5 ND 

— 
< 6 N D 
< 1 ND 

<100ND 
<10 ND 

Purification 
Run #1 

< 1 D 
<1 ND 
< 1 ND 
<5 ND 
< 1 ND 
< 6 N D 
14 

<10 D 
<1 ND 
< 5 N D 
< 1 ND 

<10 ND 
<5 D 

1 

— 
<10 D 
< 1 D 
< 5 N D 
<1 ND 
<1 ND 
< 5 N D 

5M 

< 1 ND 
< 5 N D 

<10 D 
< 5 N D 

— 
< 5 N D 
< 1 ND 

<100 ND 
<10 ND 

Purification 
Run *3 

<1 D 
< 1 ND 
<1 ND 
< 5 N D 
<1 ND 
<5 ND 

8 
<10 D 
<1 ND 
<5 ND 

1 
<10 ND 
<5 D 
< 1 N D 

-— 
<10 D 
< 1 ND 
< 5 N D 
<1 ND 
<1 ND 
<5 ND 

1 1 = ) 

<1 ND 
< 5 N D 

<10 I) 
<5 ND 
< 1 ND 
< 5 N D 
< 1 ND 

< 1 0 0 N D 
<10 ND 

(•) D = Detected. 
(b) ND = Not Detected. 
*•=' Mercury Amalgamation Analysis. 

sodium prior to making the product run. This precau
tion is considered particularly important if the unit 
has been idle for an extended period between runs. 

The operation of the unit has been rather routine, 
with the exception of the second purification run. Early 
in that run, a short circuit developed in one of the level 
probes and the resulting arc melted a hole in the probe 
wall. It was necessary to halt the run and to replace 
the probe, and, in doing so, the still appeared to have 
been contaminated, even though an argon purge was 
used during the repair period.'^' 

The starting material for Runs Ml, * 2, and * 3 was 
obtained from the Systems Quahty Sodium supply 
loop,""' which has a cold trap for control of the oxygen 
and a stainless steel-foil-packed hot trap for control .of 
the carbon in the circulating sodium. The loop operates 
at 500"? with the hot trap at 1200°F. Two batches of 
material were obtained from the supply loop. The first 
was taken shortly after the loop was put into operation. 

This material was used in making preparations «1 and 
* 3 as is shown in Table 2. The second supply batch was 
obtained after the operation of the loop had been sta
bilized and showed a markedly lower carbon content, 
as shown in Table 3. This material was used as starting 
material for Purification Runs * 4 a n d « 5 . 

An examination of Tables 2 and 3 shows the separa
tion process to be effective and that the apparatus does 
produce product sodium in which the sum of the de
tected impurities totals less than 60 ppm. The oxygen 
content is reduced from a starting level of 15 ppm to 
5 ppm and 1 ppm, and frcmi a starting level of 8 ppm 
to 2 ppm and < 2 ppm. All of these final values for oxy
gen content are at the limit of detection of the analyti
cal procedure. Evidence that the column is performing 
is shown in the reduction of the .starting levels of po
tassium of 50 and 75 ppm to the uniform <10 ppm 
values in the product. That the separation of the less 
volatile elements is also effective is shown by the indi
cated reductions in the Ca, Mg, Cu, Ni, and Si contents. 

TABLE 3. PRODUCT-SODIUM AN.\LYSES FOR IMPURITIES (PPM) 

Ag 
Al 
B 
Ba 
Be 
Bi 
C 
Ca 
Cd 
Co 
Cr 
Cs 
Cu 
Fe 
H 
K 
Li 
Mg 
Mn 
Mo 
Ni 
O 
Pb 
Rb 
Si 
Sn 
Ti 
V 
Zn 
Zr 

Starting 
Material 

<1U) 
1 

< 1 N D ' " 
< 5 N D 
< 1 ND 
< 5 N D 

8 
10 

< 1 N D 
< 5 N D 

1 

5 
1 

< 1 ND 
75 

< 1 ND 
< 1 D 

3 
< 1 ND 

6 
8(c> 
1 

10 
< 5 N D 
< 5 N D 
< 1 ND 

< 1 0 0 N D 
< 1 0 N D 

Purification 
Run id 4 

< 1 D 
< 1 ND 
< 1 N D 
< 5 N D 
< 1 ND 
< 5 N D 

9 
<10 D 

< 1 ND 
< 5 N D 
<1 ND 

< 1 0 N D 
<5 D 

1 

< 1 0 D 
< 1 N D 
< 1 D 
< 1 ND 
< 1 ND 
< 6 N D 

2'" 
3 

< 5 N D 
< 1 0 D 

< 5 N D 
< 5 N D 
< 1 ND 

<100 ND 
<10 ND 

Purification 
Run tIS 

I D 
< 1 N D 
< 1 N D 
< 5 N D 
< 1 N D 
< 5 N D 

6 
< 1 0 D 

<1 ND 
< 5 N D 
< 1 N D 

< 5 D 

<10D 
< 1 N D 
< 1 N D 
<1ND 
<1ND 
< 5 N D 
<2"» 
< 1 N D 

<10D 
<5ND 
<5ND 
<1ND 

<100ND 
<5ND 

(•) D = Detected. 
(b) ND = Not Detected. 
<°> Mercury Amalgamation Analysis. 
<'i'> Neutron Activation Analysis. 
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However, no quantitative comparisons with distilla
tion theory are po.ssible becau.se of the very low levels 
of all the impurities. 

The most puzzling aspect of the purification process 
i«the apparent inability of the apparatas to reduce the 
carbcjn content of the product below a value of 8 ± 2 
ppm. At first glance, Purification Huns «4 and « 5 do 
not apiiear to have effccied any decrease in carbon con
tent. However, obscr\ations of other systems whose 
carbon content should ho very low (such jus in zirco-
niiimgcttered sodium) have also .shown limiting carbon 
analyses of about 10 ppm."" This, therefore, suggests 
that these values may be arising from some aintlytical 
limitation rather than from the actual amount of car-
Ixm impurity in the sodium. However, this is only spec
ulation at present. 

The hypothesis of Argonne Xational I.aboratory 
workers for carbon transiiort as CO in the sodium dis
tillation process is not substantiated in this .system, 
because the amount of carbon in the product is .several 
times greater than the amount of oxygen. If CO were 
the trans|>ort medium, the timount of oxygen would 
have to be at least 16/12 as great as the carbon content. 

3. (loiirluHionH 

The apparatus for preparing highly purified sodium 
for iLse in chemistry studies is ipiite elTective. The im
purity content of its jiroduct is very low, and the ma
terial is well-suiteii for the planned studies. An anomaly 
docs exist, however, in that the carbon content of the 
sodium invol\-ed appears to approach an asymptotic 
value of about 8 i)pm. No suitable explanation for ibis 
ohservnti(Ui is now apparent. 
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Discuftsion 

.1//. Mueller (APDA): Have you conipartsj this 
method of purification «ith ion transfer thrmigli gla.ss 
with a |u)t<'ntial difference at around 120()°r? ^ou can 
take relatively dirty ^odium and transfer it through 
gla.s.s into a vacuum, and get ver>- pure sodium mi the 
ot her side. 

Mr. Eichelberger: Do you have a problem with rate 
there? I haven't considered this method. 

Mr. Mueller: 1 retilly don't know the siKH-d, but I do 
know this is the main cause of our lighting pniblem 
when we are working in the reactor. We needed light 
down there to get the zirconium .^'gments out, and we 
ran across this as one of our major problems. 

Mr. Eirhelhrrgrr: I would think your sodium would 
end up with (|uite a bit of .Mlicon in it. I'm not familiar 
with this as a laborjitory procetlure. 

.Mr. I.nnke ^ u P o n t ) : Vou didn't mention anything 
at all alxnit reflux ratio in the o|M'ration of your still. 
Did you induce reflux or did you just take what reflux 
you got fn)ni radiant lo.s.s<>s from your column? 

Mr. Eichellmijer: We are not able to mea«*ure reflux 
ratio, but I belie\'e it is high. 

Mr. Shannon (BNWL): Do you u.se an oil vacuum 
.system for your rough vacuum? If .̂ î, the back-diffusion 
of oil vapor could provide carbon. 

Mr. Eichelberger: We have a roughing pump vacuum 
on the outside container, but this never sees the .so
dium. The .S4)dium region is piini|)ed with ion pumps 
only. 

http://becau.se
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ABSTRACT 

In support of a program to measure the solubility in 
sodium of the elements potentially used in LMFBR 
cladding or structural material, it has been necessary 
to modify or develop methods to extend the sensitivity 
or improve the precision for measurement of the con
centration of trace elements in high-purity sodium. 

The methods for measuring trace quantities of iron, 
cobalt, nickel, chromium, manganese, copper, bismuth, 
niobium, and molybdenum will be described, and the 
results of statistical analysis of the data will be 
presented. The effect of the interfering elements in
vestigated is included in the presentation. Those items 
of negative results will be given to provide other in
vestigators with information to prevent their wasted 
efforts. 

Potential new or improved methods for future re
search to further support basic solubility measure
ments are discussed. 

1. Introduction 

A requirement to provide high-sensitivity and high-
precision chemical measurements of trace-level metal
lic impurities in small (~1 g) samples of sodium grew 
out of a program to acquire basic solubility data for 
potential LMFBR system materials in liquid sodium. 
Because of the design of the solubility experiments,'" 
the quantity of impurity element available for meas
urement was in the range 0-10 pg. Many of the estab
lished spectrophotometric methods claiming low ppm-
level impurity sensitivity require as starting material 
samples much larger than 1 g. Others suffer from im
precision in the measurement such that real differences 
in experimental data are masked out by statistical 
uncertainties. The potential matrix effect of sodium is 
not too well-documented for some methods. I t there
fore became necessary to verify and qualify new or 
modified procedures for selected elements in the 0-10 
(ig range in 1-g samples of sodium in the presence of 
other possibly interfering elements. 

This paper will summarize our experience in develop
ing these methods for Fe, Co, Ni, Cr, Mn, Mo, Nb, Bi, 

• Worlc performed under the auspices of the U. S. Atomic 
Energy Commission under Contract No. AT-(04-3)-701. 

and Cu, and will present experimental data to support 
the claims made for them. 

2. Methods 

Results published last year by our laboratory"! 
showed that the principal elements in structural stain
less steels (Fe, Cr, Ni, Co, and Mn) used in sodium-
cooled nuclear reactor systems could be measured as 
impurities in a 1-g sample of sodium by atomic absorp
tion spectrometry (AAS) with lanthanum hydroxide-
carrier precipitation. Figure 1 summarizes the results 
over the impurity range 0-1 ppm in solution in the 
presence of equal quantities of the other impurity 
elements, 1 mg/ml lanthanum and 500 ppm sodium. 
Each regression-line equation was generated from 24 
data points (i.e., three points at each of the following 
solution concentrations: 0, 0.05, 0.10, 0.20, 0.40, 0.60, 
0.80, and 1.0 ppm). Use of this technique therefore 
provides a 95% confidence limit for the precision of 
measuring the impurity content in 1 g of sodium of 
±0.1 ppm at the 1-ppm impurity level. 

The conduct of the solubility experiments'" intro
duces potentially interfering elements from the collec
tor crucible into the sodium to be analyzed. These 
crucibles are fabricated from Nb-lZr or Mo-'/ 'Ti com
mercial alloys or high-purity titanium. The collector 
material for a given series of experiments is chosen so 
as to minimize known interferences to the chemical 
analysis. In order, however, to demonstrate that the 
collector matrix offers no unsuspected interference 
to the determination of a given impurity, a series of 
qualifying experiments were performed, and the results 
obtained were analyzed statistically to discover if a 
bias was created. 

2.1. Nickel 

The possible effects of titanium on the AAS'"' and 
dimethylglyoxime spectrophotometric methods were 
investigated using synthetic solutions containing 1) 
0-10 ng nickel only, 2) nickel plus 0.5 g. sodium, and 
3) nickel plus 0.5 g. sodium and 500 pg titanium. Figure 
2 shows results from the AAS determination of nickel. 
Over the concentration range investigated, the 95% 
confidence interval for a value estimated from a single 
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gljgervation is equivalent to ±1 /xg based upon pooled 
(Utt. The presence of "noise" in the nickel lamp (since 
replaced) gave rise to slightly less favorable precision 
than previously reported.'^' Figure 3 summarizes the 
results of the spectrophotometric method in which 
pooled data were used to generate the regression line. 
Over the range 1-10 /ig, the 95% confidence interval 
(or a value estimated from a single observation is 
equivalent to ±0.5 pg. 

ts. Molybdenum 

The possible effect of niobium or zirconium and 
sodium on the "standard" dithiol spectrophotometric 
method for molybdenum'^' was investigated using 1) 
(olutions containing 1-10 pg molybdenum, 2) molyb
denum -t 13.6 pg zirconium, 3) molybdenum -I- 420 pg 
niobium -I- 5(X) mg sodium, and 4) molybdenum •+• 13.6 
;ig zirconium -f 420 pg niobium -I- 500 mg sodium. In
dividual plots were prepared of optical density vs pg 
molylidcnum/25 ml (see Fig. 4). Since there appeared 
to be no significant differences, visually, among the 
four curves, the regression analysis was performed 
using pooled data (N = 35). The 95% confidence in-
ter\'al of a value estimated from a single observation 
m equivalent to ±0.4 ng molybdenum over the range 
investigated. 

i.S. Chromium 

Initial attempts to apply the conventional diphenyl-
carbizide spectrophotometric method for chromium 
over the range 0-25 ;ig chromium/25 ml of final solu
tion resulted in a lack of suitable precision for solu
bility measurements. The possible influence of niobium 
and/'or zirconium on the lanthanum hydroxide-carrier 
atomic-absorption method'-' was therefore investi
gated. Chromium solution standards were aspirated 
directly into the .•V.XS burner with no prior treatment 
(see Curve O of Fig. 5); chromium standards were 
precipitated with 10 mg lanthanum carrier, dissolved 
and aspirated (sec Curve A of Fig. 5), and chromium 
standards were spiked with 670 pg niobium, 70 pg 
lirconium, and 0.5 g. sodium, and precipitated with 10 
tng lanthanum carrier, dissolved, and aspirated through 
the burner (see Cur\-e V of Fig. 5). No interference 
was evident. The precision measurement was essen
tially that observed and reported earlier.'-' 

l-i. Niobium 

The absence of interference of up to 1 mg titanium 
and 0.5 g sodium has been demonstrated over the range 
0-10 pg niobium using a 4-(2-pyridylazo) resorcinol 
(PAR) spectrophotometric method. .\ series of para-
tnetric variations was applied to seven sets of calibra
tion curves: I) niobium -I- 8 drops cone HF, 2) nio

re (2<8.3i 
Un (279.8) X 1/2 
Co (240.71 

. -JS .CONriDEMCE 
.—'—. INTEBVAL-ESTIUATEO 

I FR(3U REGRESSION CURVE 

IMPURITY CONCENTRATION ig^ (IN SOLUTION) 

FiQ. 1. AAS Reeponses for Impuritie-s in Sodium (Lan-
thnnum Carrier Precipitation). 

bium -f 0.5 g todiuni, 3) niobium -f- 0.5 g sodium -i-
500 pg titanium, 4) niobium in 4% tartaric acid, 5) 
niobium -f 0.5 g sodium -I- 1 mg titanium, 6) niobium 
in 4% tartaric acid fumed down, and 7) niobium -I- 0.5 
g sodium 4- 6 drops cone HF. For each set of data the 
regression cune was calculated, then a curve was 
calculated from the pooled data (N = 94). No attempt 
was made to exclude possible discrepant data point*, 
thereby introducing the likelihood of some unfavorable 
statistical weighting. Only one of the seven curves, 
however, failed to be completely enclosed by the 2<7 
envelope (see Fig. 61. From the pooled data, the 95% 
confidence interval over the range 1-10 pg niobium for 
a value estimated from a single obser^•ation is ±0.65 pg. 

i.5. Bismuth 

Preliminary experiments with solutions containing 
10-100 ppm bismuth, a range of stainless steel matrix 
materials and sodium as impurities indicate that 
bismuth can be determined without removal of the 
sodium matrix and with no interference from Fe. Ni, 
Cr, Co, or Mn at solution concentrations less than 5 
mg sodium ml and 20 ppm Fe, Ni, Cr, Co, and Mn. 
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S.6. Copper 
Colorimetric (neo-cuproine) and atomic absorption, 

with lanthanum-carrier precipitation, methods were 
compared over the 1-10 pg range for copper."' AAS 
results indicate no interference due to the sodium 
matrix residue. Based upon a comparison with a cali
bration curve prepared from solutions containing only 
copper, the 95% confidence interval over the 1-10 pg 
range for copper in sodium for a value estimated from 
a single observation is ±0.4 pg. 

The influence of up to 100 pg Fe, Ni, Co, Cr, and Mn 
in 1 g of sodium was studied over the range 1-10 pg 
for copper using the neo-cuproine colorimetric method. 
Although a slight difference in absorption was observed 
due to the presence of sodium, no effect was apparent 

TBACE-IMPDHITY METHODS USED IN LITHIUM AND 

POTASSIUM SOLUBILITY T E S T S 

MICROGRAMS OF Cu IN A 10 ml ALIQUOT 

F I G . 7. Spectropliotometric Determination of Copper. 

TABLE 1. T H E DETERMINATION OF COPPEK IN SODIUM BY 

ATOMIC ABSORPTION SPECTROPHOTOMETRY AND COLORIMETRY 

Sample Number 

1 
2 
3 
4 
S 
6 
7 
8 
9 

10 
11 
12 

Copper, ppm 

AAS 

7.0 
2.7 
4.5 

10.8 
16.3 
5.5 
9.3 
7.6 
7.5 

149.0 
208.0 
24.6 

Neo-Cuproine 

6.9 
2.3 
4.3 

10.7 
15.8 
5.4 
8.1 
7.3 
6.6 

141.0 
209.0 
25.7 

Element 
Sought 
(matrix) 

Zr (K) 

Hf (K) 

Nb (K) 

Ta (K) 

IMo (K) 

W ( K ) 
(Li) 

Re (K) 

Hf (Li) 

Range 
(j'S) 

3-50 

3-50 

1-10 

1-20 

2-20 

1-10 

0-20 

Metliod 

Extract with TOPO (0.1 
M in cyclohexane) from 
7 M H N O . ; develop 
color with pyrocatechol 
violet and pyridine. 
Read at 655 nm. 

Extract with TOPO (0.1 
i)/ in cyclohexane) from 
7 M H N O . ; develop 
color with pyrocatecliol 
violet and pyridine. 
Read at 655 nm. 

PAR in acetate-buffered-
EDTA at pH 5.8. Read 
at 550 nm. 

Hexone extraction from 
0.4 M H r - 6 M HCl; 
strip bacli witli buffer -t-
EDTA; develop color 
with phenylfluorone. 
Read at 530 nm. 

Mo-dithiol complex ex
tracted into iso-amyl 
acetate. Read at 670 nm. 

W-dithiol complex ex
tracted into chloroform. 
Read at 640 nm. 

Re-tetraphenylarsonium 
cUoride complex ex
tracted into chloroform. 
Generate furildioxime 
complex. Read at 532 
nm. 

X-ray spectrography, iron 
hydroxide carrier, lu-
tetium internal stand
ard, P t target X-ray 
tube. 

No Influence from 
Impurities 

Mo-1 mg; K-200 
mg 

Mo-1 mg; K-200 
mg 

K-200 mg; Mo-1 
mg 

Mo-lOO ,igi K-250 
mg; Li-250 mg 

K-400 mg; Nb-1 
mg; W-50 ^g; 
Li-300 mg 

Nb-1 mg; K-200 
mg; Li-200 mg 

Nb-1 mg; K-400 
mg; Li-300 mg; 
W-20:l (W/Re) 

Mo-1 mg; Li-SOO 
mg 

with the additional presence of the Fe, Ni, Co, Cr, 
and Mn impurities (see Fig. 7). Table 1 compares 
some of the results obtained by AAS and colorimetry 
in some early applications of these techniques. 

Experience obtained from an earlier program to 
provide basic solubility data of elements in liquid 
potassium and lithium'"' "> indicated that very few 
literature references treated the 1-10 pg range of 
refractory or transition metal impurities in alkali 
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metals or, if the subject was treated, little information 
was available as to the effect of other metallic im
purities. Attempts to "extrapolat*" methods from some 
other matrix to an alkali metal matrix met with less 
than complete success. Although less matrix effect is 
expected to occur in going from lithium or potassium 
to sodium, the methods summarized in Table 2 have 
not been tested specifically for sodium, and are only 
offered for information and first-choice guides. 

3. Future Requirements and Recommendationg 

Although the methods described herein are mar
ginally satisfactory for the present needs involving 
solubility measurements, they generally are not at all 
adequate for measuring changes in solubility due to 
the presence of oxygen or other chemical species. 
Methods are needed which have precisions of better 
than 0.1 pg at less than the 1-pg level. 

Within the domain of atomic-absorption spectrom
etry there exist several parameters which, if im
provement* in performance could be effected, would 
result in increased sensitivity and better precision. 
Some of these include higher intensity, more stable 
source lamps, more stable, less "noisy" flame and 
biuner, and more stable detectors with greater sen
sitivity. A technique of aspirating from an organic 
extractant, for example, could increase the flame tem
perature and inrrease the density of elemental species 
in the light path. The relative ease of operation and 
relative specificity of the technique makes atomic 
absorption a strong candidate to meet the needs of an 
improved method. 

Spark-source mass spectrometry and high-tempera
ture gas chromatography offer other possibilities for 
meeting the goals of the LMFBR Program Plan. 
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DucuBsion 

Mr. Berkey (W): Was there any particular reason 
why the techniques you discussed in this paper were 
not applied to the high-purity sodium that you dis
cussed in your first paper? 

Mr. Eichelberger: Probably the only good reason is 
one of economics. We were convinced that our sodium 
was pretty good, and we were concerned with more 
precise measurements than the spectrograph could give. 
Although the last slide on the first paper showed all 
the detectable impurities in the sodium, most of them 
are not detectable. For example, nickel was not found 
spectrographically. I don't know whether we would 
have a fruitful answer if we tried to do it by other 
colorimetric methods. 

Mr. Newman (BNL): Is it true that the cur\'es you 
presented, other than the last set of data, were obtained 
from static samples, that it was not sodium that waa 
taken through? 

Mr. Eichelberger: Yes. The synthetic samples were 
made to simulate experimental samples as closely 
as was possible. 

Mr. Newman: Was sodium chloride used? 
Mr. Eichelberger: Yes. I should have stated that. It 

is a rather important point. 
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ABSTRACT 

A new approach to the analysis of sodium for total 
carbon is discussed. The method employs spark-source 
mass spectrography and requires no chemical treat
ment of the sample. Past work in our laboratory had 
established its feasibility for sodium analyses. We have 
now shown that detection limits in the low parts per 
million range for carbon can be readily attained. The 
carbon blank of the instrument is limited by a com
bination of procedures which includes periodic baking, 
exposure only to argon during venting, cryo-pumping 
the source chamber, and a thorough pre-spark of the 
samples. The sodium is handled either under vacuum 
(~10~ ' Torr) or in high-purity argon and is sparked 
directly while being cooled with liquid nitrogen. The 
analysis of 24 samples from a single batch indicates 
that the precision of the technique is of the order of 
10-20% and that information on the heterogeneity of 
carbon in sodium can be obtained. 

1. Introduction 

Contact with lic[uid sodium can promote considerable 
carbon transfer among the structural components of 
a metallic containment system.""*' Some metals can 
be carburized, while others can be decarburized, and 
since either type of carbon transfer usually produces 
deleterious effects on the properties of the metals, 
there has been great interest in studying appropriate 
metal-sodium-carbon systems.""" Concurrently, it 
has been necessary to develop suitable analytical 
techniques for determining carbon in sodium. These 
have the long-range purpose of establishing quantita
tively the "carburization potential" of a given sodium 
sample. Techniques have been developed and are avail
able in the literature that can variously determine 
"total" carbon, "elemental" carbon, or "dissolved" 
species" of carbon.'*""' 

Nevertheless, the "carburization potential" of sodium 
remains an elusive quantity to establish analytically. 
It is unclear which single species of carbon or which 
combination of such species is responsible for the 
phenomenon of carbon transfer. The analytical situa
tion is further complicated by the paucity of good 
information on the sodium-carbon system and by the 
failure of two separate carbon round robins to achieve 

more than a modicum of agreement on the results 
between different laboratories and analytical tech
niques ."" These round robins concluded that the 
variety of techniques employed seemed capable of 
determining carbon in sodium at levels above 10 ppm, 
but that there was apparent difficulty in providing 
homogeneous samples at a controlled level of carbon 
impurity. Some systematic differences between the 
results from distinct classes of techniques were also 
noted. 

In view of the lingering uncertainties about sodium-
carbon chemistry and the associated analytical ques
tions, it is appropriate to discuss the application of 
spark-source mass spectrography (SSMS), an entirely 
new approach, to the determination of carbon in 
sodium. Previous work in our laboratory has demon
strated the feasibility of analyzing sodium quantita
tively by this technique."" In this paper we discuss 
more thoroughly how it can be used for the deter
mination of total carbon. 

The major difference of SSMS from previous ap
proaches to the carbon-in-sodium problem is that it 
provides a direct method to perform the analysis-
chemical treatment of the sample is not required. 
Furthermore, only minimal sample handling and prepa
ration is necessary. The analysis can be performed 
rapidly, and in addition to the average carbon con
centration in the sample analyzed, information on the 
local heterogeneity of the sample can be obtained. 

2. Previous Methods 

Carbon can exist in many different chemical forms 
in sodium. The number and types of such forms depend 
on the history of the sample. Nevertheless, for most 
sodium it appears that the major part of the carbon is 
present as particulate matter in the uncombined 
elemental state having a size range in the micron 
region and below. (The solubility of carbon in sodium 
is not precisely known, but there are indications that 
it is quite low, « 0 . 1 ppm.'==') Other possible types of 
carbon species include carbides, carbonates, cyanides, 
hydrocarbons, and carbonyl compounds. 

Techniques intended for analyzing "total" carbon 
do not generally identify the contribution from in
dividual species, unlike techniques aimed at indirectly 
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elucidating the "dissolved" species. Techniques for 
determining only "elemental" carbon are likely to miss 
a significant amount of the carbon present in a given 
sample. 

In general, all carbon procedures available in the 
literature rely at some point on the oxidation or dis
solution of the sodium to generate carbon-containing 
gases iCO-i, C2H2 , CHi , CzHe , etc.) which are sub
sequently collected and measured by some means. 
Typical drawbacks associated with these procedures 
incluilc the possibilities of contamination from the 
prolonged chemical treatment required, the presence 
of soinetiines large and erratic blanks, the incomplete 
release, conversion, or collection of all the contained 
carbon, and finally the possibility of loss from parasitic 
gettering. 

There is no doubt that some proccdui'es have in 
theory succeeded in overcoming some of these draw
backs. For example, the use of i.sotopic dilution or 
photo activation eliminates the blank p r o b l e m . " ' " ' ' 
Nonetheless, the possibilities of systematic errors in 
the universally employed oxidation step remain, and 
the second carbon round robin concluded that the 
temperature at which this oxidation was carried out 
was critical to the complete conversion of the carbon. 

By contrast, the use of SSMS obviates the need for 
oxidizing the contained carbon. The analysis is per
formed by detecting on a pbotograpliic plate the '-C + 
ions generated from the samples during the high-
voltage spark discharge between the electrodes. For 
carbon in the low parts per million concentration range, 
only about 10"-10'* atoms of material need to be 
consumed to produce a "just detectable" '-C"'" line. 
This limited sampling capability of the technique 
means that any gross sample segregation on this scale 
should be directly observable in the results. SSMS has 
the capability of determining "total" carbon most 
easily, but as the sodium-carbon system becomes more 
well-known, it may be possible to identify individual 
species. Most importantly, since SSMS is a multi
element tochnique. otlier impurities are detected simul
taneously with carbon, and this gives it a unique 
capability compared with previous methods. 

S. Experimental P rocedure 

The total experimental procedure employed in our 
laboratory for sodium analyses by SSMS has pre
viously been published.""' In the present paper, only 
those aspects of the procedure which have particular 
felevance to the determination of carbon will be 
elaborated. 

The quantitative determination of parts per million 
levels of carbon in metals has lieen a long-standing 
analytical problem. It has already been established 

that SSMS can be successfully applied to such an 
analysis if sufficient care is taken to reduce the instru
ment blank, for example, by using a crj'osorption 
pump in the source chambers.'-'"' Other procedures can 
also be used. 

The carbon background in a typical spark-source 
instrument arises primarily from the ionization of COa 
and various hydrocarbon molecules which are present 
in the source chamber. These contaminants can exist 
either as gaseous species or as adsorbed molecules on 
the walls of the chamber, which are spalled under the 
ion bombarflment iluring sparking. The adsorbed 
molecules are generally thought to be the largest con
tributor. The contaminants are present in the source 
either because of their existence in the air noniuilly 
used to \'ent the chamber, because of back diffusion of 
oil from the diffusion pumps, or because of unclean 
surfaces. 

Since the nature of the SSMS analysis makes it ex
tremely difficult to establish the carlion blank for any 
given run. definite measures must be taken to eliminate 
the contaminants at their origin. We employ a com
bination of three procedures to limit the carbon 
background and are the beneficiaries of another which 
results from the particular nature of the analysis. 

1. .Mtcr a thorough cleaning of all parts, the source 
chamber of the instrument is periodically baked under 
high vacuum at I50°C for a minimum of 8-10 hr. I t 
is well known that such a procedure removes adsorbed 
ga.ses (CO2, H2O, etc. I and hydrocarbons (C.H,) 
from the walls. Any small amounts of these substances 
not removed iluring the bakeout are unlikely to inter
fere in the subseiiuent analysis. 

2. Secondly, once the adsorlied molecules have been 
removed from the walls, they are prevented from 
returning by never exposing the source to air until the 
next cleaning. The venting system of our mass spec
trometer has been modifieil so that the source chamlier 
is brought up to atmosphere with dried high-purity 
argon. .\ vacuum glovebox bolted to the front of the 
source when venting occurs completes the means by 
which atmospheric contaminants are excluded. Thus, 
all surfaces tend to absorb argon molecules during 
venting, and this inhibits the subsequent adsorption of 
any contaminants present in the gas. The pump-down 
time of the instrument is noticeably quicker with an 
argon vent system, and the resultant atmosphere and 
surfaces remain cleaner. 

The oil diffusion pumps are baffled and trapped with 
liquid nitrogen, which further assures the maintenance 
of a high-purity environment. 

3. Since the melting point of sodium (97.8°C) is 
relatively low and since substantial amounts of heat 
can be generated at the sodium electrodes during spark-
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ing, we have found it profitable to cool the samples 
during an analysis by means of a liquid-nitrogen cold 
trap in the source which is connected by copper braids 
to the electrode holders. In addition to preventing 
melting of the sodium and limiting any preferential 
volatilization during sparking, the cooling system also 
serves as a convenient cryopump in the source. This 
provides additional pumping power in the immediate 
vicinity of the electrodes, which at liquid-nitrogen 
temperatures is quite effective in reducing the partial 
pressures of HoO, CO2, and the higher hydrocarbons 
(the ones most likely to arise from pump oil). Assum
ing a sticking coefficient near unity, the pumping speed 
of this cryopump is approximately 10 1/cm^ sec,*^ '̂ 
and a surface area of several tens of square centi
meters is available. 

4. The sparking procedure followed in an analysis 
is also designed to minimize background contributions. 
After the samples have been loaded and the source 
pumped down to about 10~' Torr, the liquid-nitrogen 
trap is filled and the samples are permitted to cool to 
their lowest temperature (~10-12 min are required for 
this). Then a thorough pre-spark is made. This has a 
double advantage. Not only are the samples cleaned 
of any surface contamination, but since the majority 
of ions produced do not pass the small entrance slit 
into the analytical regions of the instrument, a layer 
of sodium atoms is deposited throughout the interior 
ot the source. These deposited atoms can act as a 
particularly effective chemical pump for many kinds of 
impurities, both because of the reactivity of sodium 
aud because any thin layer of pure metallic atoms 
under vacuum is quite active chemically. A surface 
region on the order of tens of square centimeters is in
volved, and a significant portion of this is within milli
meters of the sparking electrodes. 

Typically, to reach a detection limit in the low 
parts per million range by a SSMS analysis of sodium 
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FlO. 1. Individual SSMS Results for Carbon from 74 
Photographic Plates. 

requires a sparking period of less than a minute. Thus, 
the time at analytical temperature for the sample is 
substantially less in SSMS analyses than in normal 
combustion analyses. Since this ppm level is the nor
mal range for carbon in high-purity sodium, a single 
carbon determination can be rapidly made by this 
technique once all preliminary parts of the procedure 
have been completed. Additional determinations can 
also be easily made by replicate exposures or by a 
series of graded exposures. Every exposure which 
produces a carbon line on the photographic plate with 
a density between about 15-80% transmission provides 
a separate determination. Thus, on a typical plate, an 
estimate of the average carbon concentration can be 
calculated from a number of determinations. Further
more, since the material sparked for any one plate 
comes from a localized region of the electrodes, im
portant information on the local homogeneity of the 
sample can be obtained by calculating the relative 
standard deviation of the several determinations. To 
obtain an even better estimate of the average carbon 
concentration, several separate analyses can be made 
using different plates, or analyses can be made with 
several different samples from the same batch. 

4. Results and Discussion 

A single 10-lb container of high-purity, reactor-
grade sodium obtained from Mine Safety Appliances 
Research Corp. (MSAR) was used as the source of 
material for the analyses reported in this paper. A 
carbon determination supplied by MSAR for the 
sodium in the container showed a result of 35 ppm. 
Twenty-four (24) separate pairs of electrodes, com
prising about 0.5 g per pair, were taken from the con
tainer for SSMS analysis. All pairs of electrodes 
underwent multiple analysis, with an average of three 
photoplates being taken per sample. A dip-sampling 
procedure carried out in a glovebox with the sodium 
just above melting was used to form the samples as 
described in our previous paper. The sodium was 
transferred to the instrument sealed in a glass vial 
under vacuum (~10-6 Torr). The analyses were based 
on the detection of the '^C+ line on the photographic 
plates. Unit sensitivity for carbon in sodium was 
assumed in the data reduction. 

Figure 1 shows the distribution of results from all 74 
photoplates comprising the analyses of the 24 samples. 
In the graph, the number of analyses showing a carbon 
concentration in a given interval is plotted as a func
tion of concentration. The spread in the results is quite 
large, but there is a definite peak in the 20-30 ppm 
range. Furthermore, fully one-half of all the plates 
showed a carbon concentration of less than 30 ppm, 
and there were two results below 10 ppm. This demon-
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strafes that the technique has the ability to reach low 
carbon levels and that the earbon blank can be ade
quately controlled. Because of the systematic way in 
which the analyses were performed and the random 
manner in which the results varied, we believe that 
the spread in the data primarily reflects true differ
ences in composition from sample to sample. The 
clustering of the results at low carbon levels is rea.ssur-
ing, and if the two values above 200 ppm are excluded, 
the average carbon concentration from the remaining 
analyses is 43 ppm, about 20% higher than the MSAR 
results. 

Figure 2 shows the distribution of the average carbon 
concentration obtained from combining the replicate 
analyses of each of the 24 samples studied. As ex
pected, the distribution is more compact when plotted 
in this manner. The median value is now above 40 
ppni, and there are definite peaks in the 20-30 and 
40-50 ppm ranges. Only one pair of electrodes showed 
an average carbon concentration appreciably above 
100 ppm. 

Using the same procedure as for Figures 1 and 2, in 
Fig. 3 is plotted the distribution of the relative stand
ard deviation obser̂ •ed for each of the 74 plates. The 
spread is broad again, but there is an unequivocal 
maximum in the range 20-25%, and the distribution 
falls off sharply below 10%. This plot can be used to 
obtain an estimate of the precision of the analytical 
technique. 

The overall variance (<r-) associated with an analyti
cal measurement can be exprressed as the sum of the 
variance associated with the experimental method (i.e., 
precision of measurement) and that associated with 
the sample because of possible inhomogeneities: 

aiaea. — ^meth "1~ ^BWiiple • ( 1 ) 

Since the variance from sampling is independent of 
that from the technique, the variances are additive. 
For a homogeneous sample, the precision of the final 
results is given only by the reproducibility of the 
method. In SSMS, it is well known that the variance 
associated with the technique does not undergo drastic 
changes from run to nin. but rather assumes a fairly 
limited range of values. Thus, the spread in the dis
tribution of Fig. 3 most likely arises from changes in 
the second term of Eq. 1 because of significant local 
inhomogeneities in the samples. The lower end of the 
distribution is attained when the samples are more 
homogeneous (i.e., when ô Mmrî  is small). This end. 
then, represents the precision capabilities associated 
with a carbon determination on a locally homogeneous 
sample, and the indication is that ~ 10-20% is a rea
sonable value. This is within the normal range for pre
cisions associated with generalized SSMS analyses of 
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FIG. 3. Relative Standard Deviation of Carbon Concentra
tion from Each of 74 Photoplates. 

different materials, although somewhat better values 
(to ~4-5%) can be achieved in samples where all var
iables are more amenable to control. 

It is interesting to compare the results achieved in 
this paper from a single batch of sodium with those 
obtained durng the second carbon round robin"". 
Figures 4-6 plot the separate distributions of the re
sults from the three batches analyzed by the 14 par
ticipating laboratories. All individual results reported 
by the analysts are included in the distributions. No 
attempt has been made to reject any data, since the 
determinations were all performed by laboratories ex
perienced in sodium analyses. The broad distributions 
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FIG. 4. Individual Carbon Results for ".\s Received" 
Sodium (Round-robin Data). 
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FIG. 6. Individual Carbon Results for "Carbon Addition" 
Sodium (Round-robin Data) . 

were interpreted in the round robin as indicating the 
lack of homogeneity in the batches, although the 
analytical variance exhibited by different laboratories 
for multiple analyses of the same sample was found to 
be substantially lower than that for the pooled results 
of all samples from the same batch. This would indi
cate either that the individual 20-g samples supplied 
to the participants were reasonably homogeneous while 
the batch was not, or that some systematic differences 
exist in the results from different laboratories. 

There is, of course, a natural tendency for data from 
a round-robin analysis to spread even with systems 
that are more tractable than carbon in sodium. Dif
ferences among experimenters and analytical tech
niques always lead to some variance in the results. 
Nevertheless, in the carbon round robins, it was felt 
that most of the spread in the data was due to the 
samples. 

Since the solubility of carbon in sodium is so low, 
the sodium-carbon system is at least partially two-

phase, solid and liquid, and it is not surprising that 
gross inhomogeneities should occur. However, since 
the SSMS data presented in this paper were obtained 
in a single laboratory by a single set of experimenters 
following a specified procedure, non-sample variances 
tend to be minimized and the spread in the data is 
much more likely to reflect inhomogeneities in the 
sample. Figures 1-3 indicate that such inhomogeneities 
can be quite large, but the surprising thing is that even 
with the limited sample size treated by the spark in
strument the distribution is not spread over several 
more orders of magnitude. Indeed, it appears that after 
a number of multiple SSMS analyses of a given batch, 
a pattern may develop which enables a good estimate 
of the average carbon concentration to be made. Never
theless, considering the localized nature of the SSMS 
analysis and the inhomogeneities it reflects, the prob
lems associated with determining a representative car
bon value for a sodium sample by analyzing only a 
portion of it with any technique seem difficult indeed. 

As has been mentioned, the SSMS results were calcu
lated under the assumption of unit sensitivity for car
bon. To test the accuracy of this assumption requires 
a well-characterized carbon-in-sodium standard. Un
fortunately, no such standard can yet be prepared, and 
so no other assumption for the relative sensitivity fac
tor (RSF) of carbon is yet justified. However, the 
results appear to indicate that the choice made is not 
wholly unreasonable. The use of a more correct RSF 
would affect only the accuracy of the results, not the 
precision. 

Since the analytical sensitivity with which carbon 
can be detected in a SSMS analysis may well be a func
tion of the initial chemical state of the carbon in the 
sample, at some future date it may become possible to 
distinguish different species of carbon as information 
about the system increases and the analyses improve. 
The pattern of observed lines on the photoplate may 
also become a clue in this respect. For example, the 
presence of Na2C03 is likely to produce detectable 
(COo) + lines on the plate, whereas Na2C2 may produce 
lines corresponding to (NaC)+, and so on. These 
eventual possibilities should be kept in mind for later 
SSMS analyses and the correlation of results with 
other analytical techniques. 
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Diftcuftftion 

Mr. Eichelberger (AI) : First. I would like to ask 
how you read your photo plates, and second, do you 
think this method will be applicable to the low-ppm 
levels such as 5 to 10, or even less? This morning we 
heafii about an oxyacidic flux method used by the 
KHU-II people. It Mcms pretty good down there. Can 
you compare them perhap.s? 

Mr. lierkey: Our photo plates are read by a .larrell-
Ash microdcn^itonu•t('^ that has a precision drive on 
it. The (lata reduction is done with a romjiuter program 
that we have written and employ on a general basis. 
The other part of your (|uestion i>, of course, the much 
more subtle one. The only thing I can say at this point 
is there is nothing which bars the way for the applica
tion of this technique for low levels as long as the car
bon backgrouncl can be adccjuately controlled. There 
is no doubt tliiit the technique can achieve low-ppm 
analyses, even in the ppb range for many, many dif
ferent elements. Carbon is a problem no matter what 
type of matrix you are talking aljout. If you can con
trol the background, you can do it. In the work that I 
alluded to before, in which the use of this technique for 
carbon analysis was studied, good results were ob
tained at the 1-ppm level for carbon in steel. Whether 
this can be done in sodium is a matter of carbon con
trol. 

Mr. Ratnachondran f.XND: How did you prepare 
your standards for the mass spectrometer? 

Mr. Herkey: The results were calculated on the basis 
of unit sensitivity, so no standard was utilized to com
pute the result . You see what they are, and can answer 
the (luestion yourself as to whether you think this 
was a reasonable assumption or not. That is about all 
I can say. 

^f^. .Xeicmftn (BNLi : The bulk of the samples ap
pear to fall in a range of about 20^^, which apparently 
you believe is due to inhomogeneity in your sample. 
However, this morning you commented on iron analy
ses that diflFered by a factor of 3 from mass-spectrom-
ctry technique versus conventional chemical techniques 
and you said, if I may quote you. "it is not unreason
able to get niass-si>ectronietry data that are plus or 
minus a factor of 3." Which of the two camps do you 
belong to? 

yfr. Berkey: There are two elements involved here: 
one is precision and the other is accuracy. This morn
ing I was talking about accuracy; this afternoon I was 
talking about precision. I t is true that without a 
standard, one can be inaccurate to this factor of 3 
which is generally conceded in the field, but the ac
curacy does not affect the precision at all. As long as 
all the variables (e.g., the instrumental variables and 
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other technique variables) are held constant, this 10 to 
20% precision has been found true. The results that you 
allude to were the results of a residue analysis from a 
vacuum distillation of sodium, where the iron was at 3 
ppm, whereas another technique saw it as much less 
than 1 ppm. This is wholly consistent with the ac
curacy argument; without a standard you really don't 
know that. 

Mr. Newman: Then I am led to believe that the 
mass-spectrometry technique is only as good as our 
capability of preparing standards. There is no way of 
self-calibration. 

Mr. Berkey: Our results are obtained without the use 
of standards. If the results or the unit-sensitivity as
sumption are not acceptable, then we will have to 
worry about standards, but at this point in time, no. 

Mr. Newman: Am I to understand that the accuracy 
of the mass-spectrometry technique is of the order of a 
factor of 3? 

Mr. Berkey: The differential volatilization and ioni
zation efficiency of the different elements under the 
influence of the rf spark tends either to enhance or 
suppress the species roughly by about a factor of 3. 

Mr. Newman: At this point can I rely on the num
bers of mass spectrometry to better than a factor of 3 
on an absolute basis? 

Mr. Berkey: If I gave you a result using high-
temperature combustion, I am sure you would not 
question it. 

Mr. Newman: Let's say for iron, then. 
Mr. Berkey: For iron in sodium, are we talking 

about a one-phase system or a two-phase system? If 

iron is at 100 ppm in sodium, do you have a homogene
ous sample? Can you prepare a standard at this level? 
The only thing I can say is look at the results, and ac
cept them or not; but don't be any more critical with 
this technique than you are with high-temperature 
direct combustion, because you saw those results. 
Laboratory A gets 10 to 20, laboratory B gets 50 to 
100 on the same sample using large samples. 

Mr. Badgers (MSA): I got the impression that the 
average of all your analyses was about the same as 
ours. It costs me about $50 to run a sample. Can you 
give us some idea of the capital investment that this 
method takes and also the time to run a sample? 

Mr. Berkey: The time to make a single exposure is 
less than 1 min. The time to analyze the sample, i.e., 
take 10 exposures, develop the plates, etc., can be 
brought down to 1-2 hr. In order to obtain results for 
more than one element, more time is required. The coat 
of this instrument is of the order of $100,000. This is 
a considerable amount of money. However, if we have 
to know trace impurities fairly well and at less than 10 
ppm, and as easily as possible, then I heartily recom
mend that you give some consideration to this instru
ment. 

Mr. Dutina (GE) : Is there an application of the 
instrument for oxygen? I heard some early papers on 
spark-source mass spectroscopy where they were dis
cussing oxygen, and I wonder if you have given it a try. 

Mr. Berkey: There is a potential application, but we 
haven't demonstrated it. The background problem for 
oxygen is even tougher than for carbon, but we're 
working on it. 
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1. Introduction 

This paper deals with the problem of segregation 
of trace constituents within sodium samples and the 
effects that this segregation can have on the relia
bility of analytical results. I t is not within the scope 
of this paper to discuss the various methods of sampl
ing sodium systems nor to discuss the behavior of 
specific elements in sodium. I t is tacitly assumed 
that the experimenter and analyst are fully cogni
zant of the sampling methods available, '" of the 
behavior of the elements of interest in sodium, and 
that the sample when taken is representative of the 
Hystem. 

The particular purpose of this paper is to point 
out that even if the lifpiid sample taken from the 
syntcm is representative, there may also be a prob
lem in sampling the solidified soilium. To sample a 
sodium system consisting of solid sodium in a con
tainer, it ia imperative that the analyst understands 
(1) the behavior of the trace elements in liquid 
sodium between the time the sample is taken and 
solidilicution is complete and (2) that no one ap
proach will be adequate for all sampling situations. 
Even the '"safe approach'' of dissolving the entire 
sample out of the container may at times be inade
quate. 

Three separate typos of segregation which can occur 
during cooling and solidification will be discus-'^ed: 
precipitation, concentration at a surface, and wall 
absorption. Specific examples of ANL experience 
with those types of segregation will be given along 
lilh explanations, or possible explanations, for the 
liehavior. Methods of predicting, detecting, and cir
cumventing sample inhomogeneity will be given 
wherever possible. 

2. Precipitation 

Trace elements are known to segregate in sodium 
by precipitation. Illustrative of this type of segrega
tion is the behavior of bismuth in EBR-II sodium. 
Large samples (~20 g) of liquid sodium were taken 
in aluniinuni cans and allowed to cool naturally over 
» period of 15 to 30 min. Analysis of sections of the 
solidified sample produced the following typical re
sults: 

Top portion 4 ppm 
Middle portion 20 ppm 
Bottom portion 40 iipm 

This behavior i.s easily explaineil on the basis of 
solubility and density. Figure 1 summarizes the re
cent tenijierature-composition data for the sodium-
bismuth binarT,* system. The diagram shows two 
compounds, Na^Bi, melting congruently at 848°C, 
and XaBi, undergoing peritectic di.v>ociation at 
443°C. In .solutions dilute in bismuth. XajBi is the 
only compound known to precipitate. Typical solu
bilities are: about IO'' ppm bismuth at 500°C, and 
about 6 ppm at 125''C. As the teniperature of a 
dilute bismuth-sodium sample is decreased, XasBi 
will precipitate from the system. Extrapolation of 
available solubility data to 97''C (the expected 
eutectic teinperaturel indicates an equilibrium solu
bility of 1-2 ppm of bismuth. This is not greatly 
ditTerciit from that found in the top portion of the 
sodium sample. Further, as the density of XajBi is 
approximately three times greater than that for 
sodium, it is not surprising to find the bulk of the 
bismuth at the lyittom of the sample cup. 

Characteristics similar to those of bismuth are 
also to be expected for solutions of antimony'^' and 
tellurium in sodium because tliey form even more 
"salt-like " compounds than bismuth in .•̂ odium solu
tions. In general, any element above and to the 
right of bismuth in the periodic table can be ex
pected to have *'salt-like'' characteristics similar to 
that of bismuth in liquiil sodium. 

From the above considerations, it is seen that 
sectioning of a sodium sample should be avoided 
whenever precipitation is suspected. Should sec
tioning be necessary, a longitudinal coring or drilling 
will provide a more representative sample than a slice 
off the end. 

3. Surface S e ^ e g a t i o n 

The concentration of trace elements a t the surfaces 
of sodium metal can ab-o cause sample inhomogeneity. 
This behavior is exhibited by cesium-137 (and pre
sumably natural cesium) in EBR-I I sodium. I t 
was first observed when the cesium-137 content of an 
extruded sample of EBR-II sodium was compared 
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to the cesium-137 content of the sodium remaining 
in the extruder. The concentrations differed by or
ders of magnitude. Subsequently, it was found that 
in solid samples cesium was concentrated at all 
surfaces, both metal-wall and metal-gas. Further
more, rapid quenching of the molten sodium samples 
did not alter the cesium distribution. 

The explanation of this type of segregation is not 
nearly as clear-cut as it is in the case of precipita
tion. The possibility that wall adsorption is responsi
ble for the cesium behavior was considered but re
jected, as cesium is found not only at the metal-wall 
interface but at the metal-gas interface as well (this 
would not be the case if wall adsorption alone were 
responsible). Furthermore, Ebersole and coworkers'^' 
have remelted sodium samples and poured the sodium 
out of the vessel without major loss of the cesium 
to the container wall. The evidence thus accumulated 
suggests that the difference in surface tension be
tween cesium and sodium liquids may be an im
portant consideration. If this is the case, one might 
anticipate cesium to be inhomogeneously distributed 
in the liquid sodium as well as in the solid sodium. 
The above hypothesis might substantiate the obser

vation that the segregation of cesium in quenched 
samples was the same as that in slowly cooled 
samples. 

If one uses surface tension as a criterion for pre
dicting the behavior of other metals in sodium, one 
might also expect rubidium, potassium, and possibly 
barium to exhibit surface segregation in sodium. 

This type of sample inhomogeneity is best cir
cumvented by dissolving the entire sample out of the 
sample container. In cases in which the container 
will be attacked during the dissolution, it would 
appear safe to remelt the sodium and pour it into a 
more suitable container before dissolution. Sectioning 
of the sample should be avoided, but should it be 
necessary, great pains should be taken to sample 
the surface and the bulk sodium in the proper pro
portions. 

4. Wall Adsorption 

Although to date there has been no confirmed ob
servation of the reaction of a trace constituent in 
EBR-II sodium with the wall of a sample container, 
this phenomenon has been reported for other sodium 
systems. This experience and ANL experience in other 
liquid-metal systems indicate that this type of 
segregation should be considered as a likely sampling 
problem in sodium. I t can be stated with cer
tainty that if reaction with the container occurs in 
liquid-sodium systems, it ean also be expected to 
occur in the sampling of sodium systems. However, 
it is also possible for an element to be "well be
haved" in the large system and "misbehave" in the 
sampling system. This situation can arise in at least 
two instances: (1) if the sample container is made 
of a different material than that of the system, and/or 
(2) if the sample container is not properly equili
brated with the system prior to taking the sample. 

Because the mechanisms which may lead to the 
adsorption of minor constituents from sodium onto 
the surfaces of a container have not been investigated 
and are therefore not understood, it is, at the present 
time, almost impossible to predict with which ele
ments and/or under what conditions adsorption onto 
the walls of a sample container will occur. The fact 
that adsorption has occurred may indeed go un
detected since the deposited species may not always 
respond in the dissolution in a manner characteristic 
of the deposited element. 

This last point can be illustrated by discussing 
difficulties encountered with ruthenium in another 
liquid-metal system, zinc-magnesium. Samples of 
this system are customarily taken in tantalum tubes 
from a system in which the containing vessel is 
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tunpten. When a group of zinc-magnesium-ruthe-
nium samples were dissolved, residues were obtained 
which contained ruthenium and which were initially 
presumeil to be rutliinium metal. However, these resi
dues did not dissolve in sodium hypochlorite (a normal 
cheinical used for ruthenium di.ssolution). Xot until the 
residues were pretreated with hydrofluoric acid and 
then subjected to sodium hypochlorite did they 
dissolve. All evidence indicates that the ruthenium 
reacted with the tantalum during the sampling 
operation. In these samples, it was fortunate that the 
reaction product separated from the container during 
dissolution and was of sufficient bulk to be ob-
ger\cd. In other samples, rutheniuin was d(|iosited 
on the tantalum so effectively that it could be re
moved only by dissolving away part of the surface 
ol the tantalum. Obviously, the "safe approach" of 
dissolving the entire sample out of the container was 
inadequate in this case. 

Detection and circumvention of adsorption of an 
element onto the walls of the sample container re
quires close cooperation between experimenter and 
analyst. Very often the first clue to adsorption is an 
unexplained scatter in analytical results. Subse
quent confirmatory experiments, often involving the 
use of railioactive tracers, are usually required. 
Finally, an effective method of circumventing wall 
adsorption has to be found. This circumvention might 
be a change in the dissolution method or it might 
involve changing the material of the sample con
tainer. 

Two general practices which, if followed, will de
crease the possibility of wall adsorption are: (1) 
whenever possible, the sample container should be 
of the same material as the container material of the 
system, and (2) the container should be equilibrated 
with the system before the sample is taken. 

5, Conclusions 

In view of the above discussion it should be 
obvious that sampling problems can exist not only 
in liquid-sodium systems, but also in the solid sam
ples taken from the liquid systems. Unless the pos
sibility of segregation in the solid sample is con
stantly kept ill mind by both the experimenter and 
the analyst, a great deal of erroneous data may re
sult. Solutions to these sampling problems are their 
joint responsibility. A strong cooperative effort be
tween the two is necessary to discover sampling 
problems and to find satisfactory solutions to them. 
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Diactusion 

.Mr. Brehm I BNWL): Could the segregation of 
manganese and cesium to the wall of your con
tainer be aided by oxygen on the container wall, 
which may result in the formation of a complex 
triple oxide? 

.Mr. Meyer: I t is quite conceivable that manga
nese might have reacted with something on the wall. 
I can only say that if the cesium has reacted with 
any oxygen on the container wall it still remained 
in the sodium. 

Mr. Brehm: I tried to rationalize this in the fol
lowing manner. When you freeze your sample you 
form the oxide and when you remelt it, the complex 
triple oxide breaks up in the melt and you pour it 
out. 

Mr. Meyer: I don't know that anybody has come 
up with a definite conclusion about this. The postu
late that I like best is that in the case of cesium, 
the effect is due to differences in the surface tensions 
of the two metals. This is probably as good an ex
planation as the one you are offering here. 

Mr. Olson (ANL): In the sodium samples taken 
from EBH-II, there was cesium on the voids fonned 
by the shrinkage of the sodium upon freezing. I 
would expect a vacuum in a void, so that oxygen 
wouldn't be a consideration. 

.Mr. Newman I BNL I: I would like to concur 
in this problem of segregation in the sample con
tainer. In the solubility study that Weeks will de
scribe shortly, we found that iron in sodium segre
gated in buckets, and it was quite difficult to remove 
from the sample walls. 

.Mr. Castleman i BNL I: In contrast to your con
clusion that cesium is segregated in the liquid phase, 
tomorrow I will be presenting a paper on some of our 
transport results (vaporizing cesium from sodium!; 
I think I can show that the cesium is not segregated 
in the liquid phase. I don't want to discuss those 
results today. 

Mr. Larsen (ANL): The surface-concentration 
effect might be concentration-dependent. In the 
EBR-II sodium, it is estimated that the cesium 
(primarily fission product) concentration is only a 
few parts per billion. The result might be different 
in the ppm range. 

Mr. Berkey (W) : We observe the same phe
nomenon in the range of low parts per million, al-
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though to a smaller extent than has been described 
for the more dilute solution. 

Mr. Jansson (W): You started off by showing a 
phase diagram. Would you comment on how the 
concentrations from one region to another within 
the sample compare with the change in composition 
of the liquid that you would expect from continuous 
cooling and precipitation? 

ilfr. Meyer: I think the cooling-curve data and 
the EBR-II data agree very well. The extrapolated 
solubility of bismuth at the eutectic temperature is 
1-2 ppm. The concentration in the upper portion of 
our samples was 4 ppm, and the present bismuth 
concentration in EBR-II sodium after extensive 
cold-trapping is reported to be between 1 and 2 ppm. 

Mr. C. R. F. Smith (BNWL): I begin to suspect 
that a nice way to get cesium out of a radioactive 
solution would be to circulate through a material of 

large surface area, for examjile, metal sponge or 
shredded foil. Do you have any comment? 

Mr. Meyer: I believe that the cesium is in the 
sodium but concentrated at an interface. You are 
proposing to enlarge the interface in order to get a 
concentration around this sponge or whatever it is. 
It 's a possibility, but I doubt that it is that simple. 
I t would depend on how big or porous the material 
was and whether the cesium would get to the large 
surface. 

Mr. Smith: I am thinking about forced flow. 
Mr. Lindhe (AB Atomenergi): Would it be pos

sible to use this kind of segregation to get chromato
graphic partition of trace elements in sodium? 

Mr. Meyer: I have no comment. 
Mr. Feder (ANL): I regard the possibility seriously 

enough to propose this as one of the more effective 
means of fission product removal from sodium. 
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Introduction 

Structural reactor materials in liquid sodium sys
tems arc known to undergo corrosion by carburiza
tion'" and nitridation.'-' As a first step in evaluat
ing the role played in these processes by various 
carbon and nitrogen compounds, the .solubilities of 
nitrogen gas and sodium cyanide in liquid soilium 
have been measured. These compounds are of par
ticular interest because nitrogen may be present in 
the blanket gases of sodium-cooled reactors and 
because high concentrations of cyanide have been 
found in reactor cold traps.'-'"''' To our knowledge 
there is no published information on the solubility of 
cither cciriipound in sodium. 

Soluliilitv of Nitrogen Gag 

Nitrogen solubility was measured by adapting a 
method used by Grimes ct al."" to determine the 
soluliility of rare gases in eutectic niixlures of fused 
fluorides. Our ineasurements involved saturating ap
proximately 2..') 1 of reactor-grade sodium at a pre-
Belected temperature with nitrogen at 10 atm, strip
ping the dissolved nitrogen from ~ 2 1 of soilium with 
helium, trapping the stripped gas on liqiiid-iiitrogen-
cooleil molecular sieves, transferring it to a bulb, 
anil, fuially, analyzing it with a mass spectrometer. 

Tile a|i|iaratus, shown in Fig. 1, consisted of three 
sodiuin-eontaining vessels interconnected by heated 
lines for sodium transfer. Vessel A was used for re
moving oxides from the sodium by cold trapping; 
vessel B, for saturating the sodium with nitrogen 
gas; and vessel C, for stripping the dissolved nitro
gen from the sodium. The nitrogen used for satura
tion was stored in the reservoir assembly shown. The 
saturator and stripper vessels were parts of two 
separate gas-circulation loops. Each loop also con-
tamed a Lapp [lump, a flowmeter, a pressure gauge, 
«nd a gas disperser la perforated coil for the satura
tor. a sintered stainless steel disc for the stripperl. 
The stripiied gas was sampled in a section which was 
connected to the stripper loop and which was made 
1P of a molecular sieves trap, a McLeod gauge, a 
iiianoineter, and a sampling bulb. 

The solubility experiments were carried out with 
'lie aid of nitrogen enriched with nitrogen-15. In this 

manner, the dissolved nitrogen could be distinguished 
from extraneous nitrogen. The measurements were 
made at .50° inter^•als between 4.TO and 600°C, with 
the results shown in Table I. The solubilities arc 
Henrj's law constants expres.«e<l in parts per trillion 
per atm nitrogen pressure. The reliability of each 
solubility value was established by multiple detenni-
nations at each temperature. The data were fitted by 
the methoil of least squares to the linear equation, 
for the range 45O-600°C. 

logs •18 2780 r-

where .S is solubility in grams of nitrogen gas per 
gram of sodium per atmosphere, and T is tem
perature in degrees Kelvin. The heat of solution 
obtained from this equation is 1 3 - 3 kcal mole. 

The use of nitrogeii-15 tracer not only provided 
the requisite sensitivity for the solubility measure
ments, but also an insight into the nature of the 
dissolution process. The sodium was saturated with 
isotopically uiuipiilibrated nitrogen having the typi
cal com|iosition 27.4 mole "^ " 'X; , 49.6 mole ^ " X j , 
anil 230 ma*c '"c "X '^X. If this nitrogen dissolved 
monatomically, then random recombination of the 
atoms on exsolution would be expected to give the 
ecpiilibrated composition 15.2 mole '"c " X j , 37.3 
mole '"c "X\ . , and 47..') mole ""r '*X"X. However, 
mass-spectrometric analyses of the stripped gas re
vealed only a small change in isotopic composition, 
to 25.7 mole <"r " X j , 46.1 mole '', " X j , and 
28.2 mole '^ " X ' ' X , which is not consistent with 
purely monatomic dissolution. More likely, this 
change is catalytic, occurring at the hot steel sur
faces of the a|)paratus. (Slow exchange between " X j 
and "X':; over hot iron catalysts has been observed.'") 
The results, therefore, appear to be consistent with 
the mechanism of diatomic solution of molecular 
nitrogen in sodium. Past studies have shown that 
diatomic gases dissolve or react monatomically in 
liquid metals; this is the first to show that molecu
lar dissolution also occurs. 

Once the diatomicity of the dissolved nitrogen was 
established, its solubility in sodium was calculated 
according to the hard-sphere model of Reiss et al."' 
and Peirotti."" In this model the solubilitv is a 
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FlG. 1. Apparatus for Measuring the Solubility of Nitrogen Gas in Liquid Sodium. 

TABLE 1. SOLUBILITY OF NITROGEN IN LIQUID SODIUM'"' 

Temp (°C) 

451 
502 
550 
600 

Mean 
Solubility (g Ns 

per 10" g Na 
per atm 
pressure) 

10 
17 
25 
44 

Relative 
Standard 

Deviation (%) 

78 
44 
31 
21 

Number of 
Determinations 

7 
6 
7 
6 

'"' AU solubilities were determined at a nitrogeu pressure 
of ~10 atm. 

sensitive function of the value selected for the hard-
sphere diameter of sodium. The literature indicates 
that this diameter is 3.2 A at SOO'C,'"' for which the 
model predicts a solubility about 10^ times greater 
than that measured. On the other hand, much better 
agreement (within 15%) was obtained for a diam
eter of 3.72 A, the interatomic Na-Na distance in 
crystalline sodium. An explanation for this better 
agreement is being sought. 

Solubility of Sodium Cyanide 

The solubility of NaCN in liquid sodium was de
termined by direct sampling. The apparatus shown in 
Fig. 2 was used for these measurements. Excess 
sodium cyanide, purified by vacuum fusion, was 

equilibrated with reactor-grade sodium* at tempera
ture in a tantalum crucible under helium at a pres
sure of 3 atm. The crucible and its contents were 
contained in an evacuable stainless steel furnace tube 
together with heat and vapor shields, a thermocouple 
well, a stirrer, and a sampler. Stirring was employed 
to equilibrate mixtures below 565°C (solid-liquid 
equilibrium), but not above 565°C (liquid-liquid 
equilibrium). The sampler consisted of a long stain
less steel rod attached to the upper end of a tantalum 
sample tube (of 0.25-in. OD by 4 in.). Into the 
low-er end of the sample tube was press-fitted a 
0.25-in.-long, cylindrical, 5/t-porosity stainless steel 
frit. With this arrangement, the sample tube could be 
lowered past the ball valve into the melt and then 
withdrawn without significant contamination of the 
helium atmosphere. Sampling the melt involved 
stopping the stirrer, decreasing the pressure to 0.5 
atm, immersing the sample tube in the melt, increas
ing the pressure to 3 atm, raising the sample tube 
above the ball valve, and closing the ball valve. 

The samples, which contained ~ 1 g of the filtered 
melt, were assayed spectrophotometrically'"' for 
cyanide after being dissolved in water. Past ex
perience had shown that during solidification of the 

* The oxygen content (determined by the amalgamation 
method) of the starting sodium was 16 ppm; after completing 
all the solubility experiments it was 115 ppm. 
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FIO. 2. Apparatu.s for Measuring the .Solubility of Sodium 
Cyanide in Liquid Sodium. 

melt in the sample tube ~16% of the dissolved cya
nide segregated longitudinally and deposited on the 
filter. Also, it was known that the NaCN particles 
filtered from the melt were removed within the lower 
third of the frit. Therefore, to be certain that the 
entire sample, including the deposited NaCN, would 
be dissolved and analyzed, the lower portion of the 
frit was removed (and the surface of the sample 
tube was thoroughly cleaned) before placing the 
tube in the water solvent. 

The results of the solubility experiments are given 

in Table 2. Solubilities were measured both below 
and above the monotectic temperature, which was 
found by thermal analysis to be .565 ± 2°C. A mono
tectic in the Na-XaCN system had been anticipated 
because cyanide ion is considered"-' to be a pseudo-
halide and monotectics have been obser%'ed'*" with 
the sodium-sodium halide systems. The reliability 
of each solubility value was established by multiple 
determinations. The data collected below the mono-

T.\B1,E 2. SdLCHiLiTY n r Soo i ry CYANIDE I S 
LigriD SODIUU 

Temp (°C) 

402 
425 
450 
SOO 
525 
519 
575 
GOO 
650 

Mean Solut^ility 
(ppm C.\) 

0.70 
4.2 
4.2 

40 
160 
108 
500 
780 

1630 

Relative Std 
DeviatioD (^i) 

68 
111 
123 
25 
14 
18 
28 
27 
14 

Numlier of 
Determinations 

12 
8 

12 
8 

14 
10 
8 
8 
6 

TEMPERATURE,•€ 

600 500 

- * • - • ! - -

j r«] • naor 

" ^ ^ ! 

- N S ^ S 

400 
— r 

F I G . 3. Solubilities (Mole Fraction) of Sodium Cyanide and 
Sodium Halides in Liquid Sodium. 
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tectic temperature were fitted by the method of least 
squares to the linear equation, in the range 400-
565°C, 

log (ppm CN) 13.5 - 9140 T-

The heat of solution calculated from this equation 
is 42 ± 5 kcal/mole. 

The variation with temperature of the solubility 
of NaCN in liquid sodium (on a mole fraction basis) 
is shown in Fig. 3 together with similar data for 
NaCI, NaBr, and Nal . The qualitative resemblance 
between the curves for cyanide and halide solubilities 
is consistent with the concept that cyanide ion is a 
pseudohalide. However, the solubility curves point 
to a significant difference in behavior: the solubili
ties of the sodium halides differ from each other to 
only a small extent, yet the solubility of NaCN is 
lower than that of any sodium halide by about an 
order of magnitude. From considerations of ionic 
size only, the solubility of NaCN would be expected 
to be closer to those of the sodium halides, since the 
radius of CN~, assuming spherical symmetry, falls 
between those of Cl^ and B r ~ . ' " ' Thus, one may 
speculate that the relatively low solubility of cyanide 
in sodium is duo to its lack of spherical symmetry. 

Finally, it is noteworthy that the solubility found 
for sodium cyanide is the highest measured so far for 
any carbon- or nitrogen-containing compound in 
sodium. 
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NOTE .ADDED I.\ PROOF: Following the conference, C. H. 
Lemke of E. I. du Pont de Nemours & Co., Inc. (Niagara Falls 
Research Laboratory) furnished us with an unpublished report 
(1958) entitled "Nitrogen in Sodium Metal" by C. H. Lemke -
and W. C. Sharpies. These investigators measured the solu
bility of nitrogen gas in liquid sodium, using a method with a 
sensitivity of ^ 5 ppm. They concluded that , within this experi
mental limit, nitrogen was insoluble at 100°C and one atmos
phere pressure—a conclusion not in conflict with the results re
ported in the present work. 

Discussion 

Mr. Epstein (ANL): How high was the calcium 
concentration in the sodium used in the nitrogen 
experiments? 

Mr. Veleckis: Our calcium content, as obtained by 
atomic absorption, was 75 ppm. Although this value 
is pretty large, it does not affect our measurements. 
There is no doubt calcium reacts quite extensively 
with nitrogen in our initial gas phase; however, a 
stable compound is formed, and it is not expected to 
decompose afterwards by sparging with helium. We 
don't see any mechanism by which the calcium con
tent would affect the solubilities. 

Mr. Epstein: There could have been a great deal 
more nitrogen in the solution as the nitride. 

Mr. Veleckis: This is another point that I would 
like to make. In this study, we did not measure the 
total nitrogen content of sodium; we only measured 
the nitrogen which is dissolved in sodium. 
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ABSTRACT 

The solubilities of cobalt and nickel in liquid 
goiliuin were studied separately over the temperature 
ransc from about 280 to 51K)°C'. .\ classical equilibra
tion proceduri' was employed, exiiosing a high-purity 
eolialt or nicked crucible to sodium at the desired 
temperature, A vacuum chamber (at 10 " -10^ ' 
Torr! was used to |)rotect the |)urity of the reactants. 
The solubility data were obtaini'd by analyzing the 
resultant sodium by spark-.^ource mass spectrog
raphy. The spread observeii in the results can be 
attributcil to local iiiboniogi'iicities in the solid sam-
pliT* analyzed. Both cobalt and nickel appear to have 
soiliuMi solubilities in the low parts per million 
range and below, with exjn'rimriital heats of solution 
ivilliin a factor of two of their heats of fusion. Pos
silile (actors affecting the solubility are discusseil. 

I. Introduction 

The iMIiiidcil use of stainless steel as a structural 
material in fast breeder reactors has reiiuired ex
tensive study of its corrosion behavior in liquid 
soilium .systi'ins. .\n im|ioitaiit aspect ot this effort has 
licin to determine the solubility in sodium of the 
mnjor clcniental constituents of stainless steel. This 
inlorninlion is essential not only to understanding 
till' fundamental corrosion mechanisms involved, 
lull also to assessing potential reactor operating 
problems which may occur as a consequence. 

One such problem is the residual radioactivity in 
the sodium arising from the neutron activation of 
rirculating corrosion iiroducts. This radiation could 
IH' objectioiiable or hazardous. The isotopes could 
lie Iraiisfirivil by the coolant and deposited in the 
system outside the reactor |iropor. Some of the 
more important long-lived isotoiios are formed by 
the reactions: ' '<Fe(ii,p)'' 'Mii: ''"Ni I n, p I •'"'Co: 
"^'o(ii,y)""Co; and ••"Cr(n,vV"Cr. The amounts of 
these transition metal species soluble in .•iodium arc 
not yet suHiciently established. 

• lur work has sought to nuasiire the upjier limit 
''oncentintions or the equilibrium solubilities of 
several pure transition metals in high-purity sodium 
»» « function of tomperature. Because of the paucity 
of data for cobalt and the largo discrepancies in the 

data for nickel, pure cobalt and pure nickel have 
iK'cn chosen as the initial materials to IM' studied. 

Previous work on the solubility of cobalt has U-en 
done by (Jrand et al.,'" using neutron activation 
analysis. Only three measurements over the tem
perature range 36.5-525°C were rejiortKl, ranging in 
value from about 21 to 1(XK) ppb. For nickel, there 
are two sets of data in the literature, those of Rodgers 
et al.'-' and of Kovacina and Miller. '" which differ 
by about thrif orders of magnitude Kovacina and 
Miller, using a tracer techiiiqiie. showed that the 
nickel solubility in low-oxygen sodium (20-50 ppm 
oxygen I was in the low ppb range for temperatures 
betwiin 200 and 600°t'. They also showiil that at 
G(K)°t' the solubility increases as the oxygen con
centration ill the sodium rises appreciably aliove 
KX) ppm. The data of I{odger» et al. for the nickel 
solubility lii> in the luw ppm range and indicate no 
increase in level as thi> oxidi' content of the soilium 
increases. Anthro| i '" lias critically rcviewcti the two 
sets of data and concludes that the lower values 
are more likely to be tnie. Other lalioratorics in 
addition to oui-s are ciirriMitly rc-determining the 
nickel solubility.'•'•• "' 

••Several teclini<|Ues besides those mentioned have 
appeared in the literature for measuring the solubil
ity of metals in other liquiil metals." ' " In our 
work, the solubility measurements are jicrfornml in a 
cla.ssical manner by equilibrating sodium of known 
bigh purity with pure metal (cobalt or nickel! 
crucibles over a wide range in temperatures. A 
crucible made of a dissimilar metal, pure tantalum or 
tantatiini with a |iure tungsten coating, is presseil 
tightly against the solute crucible in an inverted posi
tion and is usiil to collect the sodium at the conclu
sion of the experiment. A capsule containing the two 
crucibles is kept continuously at temperature sur-
rouiuled by high vacuum ( l O ' ^ - l O ' ' TorrI during 
the course of the e<|uilibration. This provides a 
buffer zone to avoid jiossible contamination. After 
e<|uilibrating for a given period, the sodium melt is 
poured into the collector cnicible by inverting the 
joined crucibles and is quenched with the help of a 
li(|uid nitrogen spray. The analytical data for the 
dissolvoil species are obtained with the use of spark-
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source mass spectrography (SSMS). The application 
of this technique to sodium analyses has been pre
viously discussed."^' However, the present study 
represents the first attempt to use this method in the 
determination of solubility data. Its main advantage 
is the ability to perform a direct analysis of a solid 
sample. With a reactive element like sodium, this 
is particularly attractive in view' of the contamination 
possible during extensive chemical treatment. Further 
details on the experimental conditions and the re
sults obtained are presented and discussed. 

2. Experimental 

2.1 Materials 

Ultrahigh-purity (3-pass electron beam zone-re
fined) cobalt rod (nominal purity 99.992%), nickel 
rod (nominal purity 99.997%), and tantalum rod 
(nominal purity 99.997%) of i/o-in- diameter were 
obtained from Materials Research Corp. (Orange
burg, N.Y.). One piece of metallurgical-grade 
tantalum rod of %-in. diameter was obtained from 
Kawecki Chemical Co. (New York, N.Y.). Cylindri
cal metal crucibles, of %-in. inside diameter by 
2-in. length, were machined from these rods by means 
of a Elox technique (spark machining). The inside sur
faces of these crucibles were finished by electro
chemical polishing. During the earlier experiments, a 
metallurgical-grade tantalum crucible coated inside 
and out by pure vapor-deposited tungsten was used as 
the collector. In later experiments, the high-purity 
tantalum crucible was used. The lip of the cobalt and 
nickel crucibles was tapered by 30°, whereas the lip of 
the tantalum collector was bevelled to match the cruci
ble lips and form a tight tapered joint. 

High-purity sodium was obtained from MSA Re
search Corp. (Callery, Pa.) in 2-g ampules. No fur-

TABLE 1. TYPICAL IMPURITY LEVELS IN HIGH-PURITY 
SODIUM (2-g ampules)'»> 

Element 

Cr 
Mn 
Fe 
Ni 
Co 

All others (except pos
sibly Si and Ca) 

MSAR Analysis 

< 3 ppm 
< 1 
<5 
<5 
< 5 

<10 

SSMS Analysis 

0.5-7.0 
0.05-1.0 

1.5-8.0 
0.2-1.2 

<0.03<i') 

'" Supplied by MSA Research Corp. with the folloiyng 
specifications: 

K <200 ppm 
C <50 ppm 
O <60 ppm (but usually <20 ppm) 

"•' Upper limit; not detectable in samples. 

ther purification of the sodium was performed. 
Typical levels of impurities quoted by the supplier 
are given in Table 1, where typical SSMS results 
for the metallic elements are also included. Note that 
cobalt was undetectable in the blank, while nickel 
was quite low and variable. 

2.2. Apparatus 

The apparatus for the solubility measurements in
cludes a capsule made of stainless steel or molybde
num for holding the solute and collector crucibles 
and isolating them from the environment, a resist
ance furnace, and a vacuum chamber which can be 
inverted. A schematic diagram of this equipment is 
shown in Fig. 1. 

The solute crucible which contains the sodium 
metal and the joined collector crucible are inserted in 
a molybdenum capsule, of %-in. diameter and 
5%-in. length. The crucible and the collector are 
held in position and tightened together by means of 
two tungsten springs. The molybdenum capsule is 
sealed with a Swagelok cap, so that the force pro
vided by the tightened cap compresses the springs 
and tightens the joint between the crucibles, assuring 
the integrity of the connection during the test. 

During the test, the capsule is placed inside a 
cylindrical resistance furnace of 114-in. diameter and 
414-in. height. The Swagelok cap is loosely sup
ported on a stainless steel holder in such a way that 
when the system is inverted the whole capsule can 
slide down along the guide of the holder. The furnace 
is constructed by winding a 0.015-in.-diameter tung
sten wire vertically on two tantalum wire loops 
which are insulated from the windings by ceramic 
beads. The tantalum wire loops are mounted on a 
stainless steel plate. A separate, flat heating coil is 
located at the bottom of the furnace. To increase 
the thermal uniformity of the furnace a molybde
num tube of %-in. diameter and 0.007-in. thickness 
is placed inside the heating element. Three concentric 
cylindrical shields made of molybdenum with cir
cular covers surround the heating elements to mini
mize heat loss by radiation. Two extra lower radia
tion shields are present underneath the furnace and 
inside the innermost cylindric shield. The main heat
ing element of the furnace and the auxiliary heating 
element at the bottom of the furnace are sepa
rately controlled by two Pt -P t 10% Rh thermo
couples embedded near the heating elements, one at 
the midpoint of the furnace and one at the bottom 
of the furnace. The temperature of the furnace can 
be maintained constant to ±1° in the temperature 
range of the measurements. 
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F I G . 1. Schematic Diagram of the Solutnlity .Vpjiaratus. 

The teniperature of the crucibles is measured by 
three sets of P t -Pt 10% Rh thermocouples sheathed 
in alumina. Their junctions arc situated adjacent to 
the outside wall of the molybdenum capsule near the 
bottom and the lid of the solute crucible and the 
midpoint of the collector crucible, respectively. 

The stainless steel plate supporting the furnace is 
mounted on the base plate of a cylindrical vacuum 
chamber 8 in. in diameter and 8 in. high. The cham-
l>er is sealed by a gold O-ring. The pumping port is 
connected to a liquid nitrogen-trapped diffusion 
pump by a l '4-in.-diameter flexible steel hose (45 in. 
long) and Curvac high-vacuum rotatable flanges, 
so that the entire vacuum chamber can be inverted 
180°, while maintaining a vacuum of 10~° to 10~ ' 
Torr. 

J.S. Procedure 

During the preparation for a solubility run, the 
crucibles, springs, capsule, and Swagelok cap are 
successively rinsed with distilled water, acetone, and 
methyl alcohol, and then outgassed in the furnace 
under vacuum at 500 to 600°C for several hours. 
Then the components are transferred to an argon-
filled (<1 ppm H2O and < 2 ppm O2) glovebox 
where the components are heated for another hour on 
a hot plate at 150°C. Sodium samples, around 0.7 
to 2.0 g in size, are loaded into the solute crucible, 
and the components are assembled in proper sequence 
as indicated in Fig. 2. The cap is screwed on tightly 
by means of two 12-in. wrenches. 

The capsule is then transferred to the vacuum 
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chamber, and the whole system is evacuated to 
about 1 0 " ' Torr. The furnace is heated to the de
sired temperature and held constant for a period of 
4 to 25 hr with continuous pumping. The whole 
chamber is then inverted 180°, and the capsule slides 

F I G . 2. Assembly of Metal Crucibles and C.i])sale. 

down into direct contact with the end of the chamber 
I^iquid nitrogen is sprayed onto the chamber, quench
ing the collected sodium. The outside features of the 
chamber before and after inversion are shown in 
Fig. 3. While quenching, the temperature drops 
rapidly during the initial 20-30 min to about 200°C, 
but then drops more slowly during the next 50-60 
min to below 100°C. 

After breaking the vacuum, the capsule is trans
ferred to a glovebox and opened. The sodium is re
heated to just a few degrees above the melting point 
and sampled with a stainless steel sampler that can 
produce Vs-in.-diameter sodium rods by means ol 
suction and extrusion. The sampler is shown in Fig. 
4. The sampled sodium rods are sealed in outgassed 
Pyrex tubing under vacuum and submitted for anal
ysis. 

After a test, the crucibles and capsule are cleaned ' 

During Experiment After Tilting 
FIG. 3. Tho .Solubility Apparatus in the Upright posit-on during Eiiuilibriuiu and Inverted 180° d u r n g Quenchin 
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thoroughly with methyl alcohol, flushed well with 
ilintilleil water, and then cleaned again with dilute 
nitric acid, water, and methyl alcohol in prepara
tion (or the next test. 

ti. .\tinliitiml Procedure 

The solid rod-like samples of sodium can be di
rectly analyzed by SSMS without any chemical 
treatment. The detailed procedure employed in our 
lalKiratorj' for this type of analysis has been pub
lished."" Briefly, the samples arc used as the elec-
Iroiles between which a high-voltage (20 keV) rf 
ilischiirgc occurs to excite the constituent atoms. The 
ions produced are then accelerateil and passed 
through successive electric and magnetic fields to 
separate them according to their ratio of mass to 
I'liargc. Ultimately, all ions in the atomic ma.ss range 
7-24(1 (lithium to uraniuml arc simultaneously re-
I'oriieil on a jihotograpliic plate. 

Protection of the samples at the iiistrunu'iit is 
accomplisbrd by means of a glovebox. A vacuum 
glovebox bolted to the source chamber of the instru
ment anil filled with high-|Hirity argon is employed 
'0 limit any contamination of the samples while they 
ire being affixed to the electrode holders. Furthermore, 
the snm|ili's are cooled during sparking by a liquid-
nitrogen trap wliicli is attached to the electrode holders 
with cojipcr braids. This prevents melting of the sam
ples and inhibits preferential volatilization. 

Since the concentration of cobalt and nickid in the 
samples is extremely low, only a few ven* long ex
posures nie placed on each |iliotoplate. These ex-
IKisiires arc separated by some distance on the plate 
to reduce any fogging effects on the image lines of 
interest (••''•Ni + ' and ''"Co + M. At least 5 or 6 short ex
posures on each plate are also iiichideil to calibrate the 
emulsion with -"Na + ̂  lines, as is our normal practice. 

The nickel and cobalt concentrations are calculated 
under the assiiniption of unit sensitivity. The com
parison of our data with those of other experimenters 
using other analytical techniques will partially re
flect the validity of this asMimption. About 10 mg 
of sample are consumed in a single long exposure. 
In all cases, several plates were made with each pair 
of samples from a single solubility experiment. When
ever iHissilile, more than one pair of samples was 
made from a run and duplicate analyses were per-
fonned. 

The small analytical sample consumed by SSMS 
enables information to be gained on the possible local 
heterogeneity of the samples. This compares with 
(lie more usual case in solubility experiments, in 
'̂hich the analytical techniques consume larger 

s.imples. 

Fi(i. 4. Stninle-ss Steel Sampling Device for Liifuid Sodium. 
The nHl-Jikc fiamplc..* pnntuccd arc nhown under viiruum in 
:i glaHS tii l ic. 

.3. Result)) ami DittcuHtiion 

A total of four expiTiiiiciits for the solubility of 
cobalt and three for the solubility of nickel have 
been carried out. These experiments covered a tcm-
liinitiire range from 289 to .•>44°t' and from 297 to 
449°(', respectively. A summary of all the cxpcri-
iiii-ntat conditions and the analytical results from 
."̂ SM."̂  analysis are given in Table 2. It is important 
to note that the tabic contains the obs('r\'c<l concen
trations from each long cxjiosure on each separate 
photoplate. This provides some insight into the 
homogeneity of the samples. 

To assess the possibility of significant oxygen con
tamination of the sodium iluring the cxpiTimental 
procciliiro, a «ilium saiii|ile was placed in the nickel 
crucible and heated under normal operating condi
tions ill the vacuum chamber for 8 hr at 380°('. .\ 
subsi.<piem oxygen determination on the sodium by 
the amalgamation technique yielded a result of 14 ppm. 
Considering the accuracy of this analytical method, 
the result is within the normal oxygen range for the 
soilium used in the exiieriment, usually quoted at less 
than 10-20 piuu by MS.\R. Thus, ve lielieve that 
oxygen contamination during the course of the experi
ment was not a serious problem. 

The solubility data obtained in this study for 
both cobalt and nickel are plotted separately as a 
function of temperature in Figures 5 and 6. .\t each 
separate teniperature. note that all individual re
sults from the appropriate photoplates have been 
plotted as distinct points and have been identified 
according to which plate in the scries they appeared 
on. This portrays graphically the obseneil hetero
geneity in the samples. No curve has bi'cn drawn 
tlirough the results because of the limiteil number of 
points and their attendant sjiread. Nevertheless, some 
trend is apparent in each case, and the proper 

file:///tinliitiml
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TABLE 2. SUMMARY OF EXPERIMENTAL CONDITIONS AND 

SOLUBILITY MEASUREMENTS FOR COBALT AND NICKEL IN 

LIQUID SODIUM 

Run 

Co *1 

Co * 2 

Co fiZ 

Co *4 

Ni ifll 

Ni *2 

Ni *3 

Sodium 
Weight, 

g 

0.73 

O.SO 

1.11 

1.14 

2.04 

2.01 

1.22 

Temp, 
°C 

289 

347 

427 

544 

297 

376 

449 

EquiU-
bration 
Time, 

hr 

24 

5 

4 

4 

25 

8 

5 

Analytical Results: 

Plate of 
Series 

1 
2 
3 

1 
2 
3 

1 
2 
3 

2 
3 
4 

1 
2 
3 

1 
2 
3 
4 

1 
2 
3 

Observed Cone for 
Each Exposure, 

ppm wt 

0.31 
0.52,0.19,0.22 
0.07 

1.6,14.4,12.2,3.7 
2 .7 ,1 .6 ,1 .1 ,1 .2 
0.13,0.16,0.11 

0.29,0.28,0.23 
0.28,0.12 
6.6,3.0 

0.49, 0.20 
0.43 
0.15 
0.14 

0.92, 0.55 
0.38 
0.20 

0.24,0.17,0.93,0.73 
0.96,1.7 
1.8,0.45 
0.10,0.54 

4.9,2.8 
3.1,1.4 
2.3,1.0 

general behavior is displayed. Figures 5 and 6 also 
include the respective solubility data from the litera
ture, and for the purpose of later discussion, Fig. 5 
also includes the available data for iron in so-
dium.'2. i"' 

At the higher temperatures, the present solubility 
data lor cobalt are comparable to the result of 
Grand et ai."l However, at lower temperatures, our 
cobalt results are significantly higher. This implies 
a lower value for the temperature coefficient of solu
bility from our data and consequently a smaller 
value for the heat of solution, \H,. (In a semilog 
plot of solubility versus the inverse of the tempera
ture, the slope of the theoretical straight line is 
given by -AH,/2.30 R, where R is the gas constant.) 
As Anthrop'o points out, the data of Grand et ul. 
lead to an extraordinarily high value for the Aff, of 
cobalt, 23,700 cal, which indicates a strong interac
tion between the cobalt and the sodium. By com
parison, the heats of solution which have been 

observed for both iron and nickel in sodium are 
below 5000 cal,<*' more in line with their heats ol 
fusion. The value of ^H, for cobalt reflected by 
this work is much closer to the iron and nickel 
values, and this is encouraging in view of the simi
larities between the three elements. 

The spread in our data at a given temperature is 
indicative of inhomogeneities in the solid samples 
since the variations observed are much larger than 
the precision of the spark-source technique (usually 
in the range 10-20%) when all parameters are being 
properly controlled. These inhomogeneities may have 
existed in the samples a t the equilibration tempera
ture, or they may have formed by precipitation dur
ing the cooling process. In the former case, the 
sample would not reflect true solubility, but rather 
the effects of particulate contamination or debris. In 
the latter case, the sample could still be analyzed to 
obtain a good average concentration by pooling the 
results of several duplicate analyses. 

Unfortunately, our data cannot be divided with 
absolute certainty between these two possibilities, 
but there is evidence of some abnormal behavior in 
the cobalt data. As indicated in Fig. 5, all the points 
showing the highest cobalt concentrations are from 
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just three photoplates. This is some indication that 
perhaps a systematic effect was operating in these 
cases. The emulsion calibration line obtained for the 
three plates in question was normal, but the ob-
ger\-ed concentration of Fe, Ni, Cr, and Mn on all 
the plates was significantly higher than normal. 
Thus, these simultaneously high concentrations could 
be a result of some localized metallic contaminant 
in the sodium. Nevertheless, at this stage in our 
knowledge of solution processes in liquid sodium, to 
discard the data would be too subjective a judgment, 
and so they are included with the addition of these 
cautionary remarks. However, this situation serves 
to illustrate the type of information available with a 
multi-elemental analytical technique. 

From Fig. 6, the trend of our solubility data places 
it between the two existing sets of results, about one 
order of magnitude below those of Rodgers et al.'-' 
and two orders of magnitude above those of Kovacina 
and Miller.'"* Furthermore, the slopes of the three 
sets ol data are [lerceptibly but not radically dif
ferent from one another. The heat of solution re
flected by the present data indicates a result which 
is roughly as far above the heat of fusion as the 
previous results are below, 7,500 cal versus 2600 cal 
and 1600 cal, respectively, with a heat of fusion of 
1200 cal. 

There was a low ( < 1 ppm) but variable nickel 
blank in the sodium used in our experiment. The 
variable natiirt' of this blank prevents a constant 
correction from being ajiplieil to the data. However, 
the similarity in the slopes between our data and 
Irom previous work is some evidence that the blank 
inoblem was not overwlu'lming in our study. 

It is interesting to note that there are no anomalous 
photoplates in our nickel data. In fact, the results 
from the separate jilatcs for a given run are quite well 
intermingled. Moreover, no excessive Fe, Mn, Cr, or 
Co concentrations were recorded on any of the 
plates, the levels being generally low. There is little 
doubt, then, that the spread in our nickel data at a 
given temperature reflects local inliomogeneities in 
the solid samples arising from the solution and cool
ing processes. 

To discuss further the validity of the data in this 
paper and to compare them to previous results, sev
eral additional considerations can be raised: 1) the 
analytical questions surrounding the use of SSMS to 
obtain the data, 21 the effects of metal surface cleanli
ness in the crucibles, nnd 3) the solubility trends 
expected from comparing the basic atomic-size fac
tor of the difl'erent binary systems. 

Since ."̂ SMS analysis has not previously been used 
'o obtain solubility data, and since its application to 
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sodium analyses in general is (|uitc recent, there are 
some natural questions regarding the validity of its 
use. In a previous paper."- ' the overall feasibility 
of eniployiiig SSMS for sodium analyses was estab
lished. This involved showing that the technique was 
capable of detecting subparts per million levels of the 
important stainless steel group of elements: Fe, Ni, 
Mn, Cr, and Co. The precise accuracy with which 
these elements could be detcnnined remained open 
to discussion, but it appeared that the correct results 
could be obtained within an order of magnitude. 
Since the accuracy of an SSMS analysis cannot be 
established without the exi.«tence of a suitable 
standard to correct for possible matrix effects, and 
since a sodium standard with known amounts of the 
stainless steel group of elements cannot yet be pre
pared, the opportunity to compare our solubility data 
with that of other experimenters provides a measure 
of the accuracy of the technique. The results achieved 
in this paper under the assumption of unit sensitiv
ity for both cobalt and nickel confirm not only that 
SSMS can yield reasonable results compared with 
other analytical techniques, but also that unit sensi
tivity is a good assumption at this time. The cobalt 
solubility trend has been made more acceptable, and 
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the previous discrepancies in the nickel data have 
not been aggravated, but rather pointed up as being 
extremes. 

In evaluating solubility data, the cleanliness re
quired for the solute metal surfaces has perhaps not 
received sufficient attention. To illustrate that the 
demands for surface purity are high, an ordcr-of-
magnitude calculation can be made to determine the 
number of atomic layers of solute material removed 
from our crucibles during a typical solubility ex
periment. If 6 cm= are taken as giving the surface 
area exposed to 1 g of sodium and if the dissolution ot 
sufficient material to produce a solubility of 1 ppm is 
assumed, only a couple of monolayers of crucible 
atoms need to be removed to provide the required 
solute material. This type of calculation for the 
apparatus of other experimenters will certainly 
yield other results. But, in general, the answers will 
not be radically different, and even at many times 
the above result, surface effects can still be ex
tremely important. To achieve a good-quality surface 
of consistently high purity on these scales is a difficult 
task indeed. The lack of uniform surface quality 
from experimenter to experimenter and from run to 
run may well account for some of the notorious 
discrepancies and variations observed in solubility 
data. 

Addison et al."-*' studied the wetting of abraded 
transition metal surfaces in liquid sodium and con
cluded that in the absence of any oxide film, pure 
liquid sodium would always spread to give a zero 
contact angle with a pure solid metal, and secondly, 
that any observed changes in the contact angle 
(when ^ 5̂  0) as a function of time and tem
perature would be direct consequences of both the 
rate and the nature of chemical reactions between 
the sodium and a surface oxide film. For iron, nickel, 
and cobalt respectively, the oxide films are a-FeaOa , 
y-Fe203, Fe304, NiO, CoO (predominantly below 
300°C), and C03O4 (predominantly above 300''G). 
In terms of their free energies of formation, the 
stabihty of these oxides is much lower than that 
of NaoO.'" ' Addison et aJ . ' " ' found the critical 
wetting temperature to be 140°C for iron, 190°C for 
cobalt, and 195°C for nickel. Above these tempera
tures, they found that the contact angle for liquid 
sodium on these metals decreased with time to zero, 
corresponding to the reduction of the surface 
oxides previously formed in air. 

With the iiresent experimental procedure employed 
in our laboratory for solubility measurements, it is 
hoped that any surface oxide film does not pose a 
serious ])roblem. The chemical reduction of such a 

film by sodium could produce finely divided par
ticles of cobalt or nickel that might enter the sodium 
and possibly remain as local inhomogeneities in the 
liquid. But even if the reduced metal particles ac
tually dissolved, the overall heat of reaction for all 
processes occurring would reflect the reduction ot the 
corresponding oxide. Both of these processes could 
interfere significantly with the determination of good 
solubility data. The presence of a significant oxide 
film would lead to an apparent increase in the heat 
of solution and hence to an increase in the tem
perature coefficient ot the measured solubility. No 
evidence of an excessive increase of this type is un
equivocally discernible in our data. Since the solu
bilities ot nickel and cobalt are quite low, in the 
absence of compound formation, the solution should 
behave ideally and the heat of dilution should be 
negligible. Consequently, the overall heat of solu
tion should then be very nearly equal to the heat 
of fusion ot the solute metal. The heat of fusion tor 
cobalt is 4100 cal/g-atom, and for nickel 4210 cal/g-
atom, and these are less than a factor of two from 
the values ot ^H„ reflected by our data in Figures 
5 and 6. 

If the metal surface ot the crucibles is not per
fectly smooth and clean, but contains minute par
ticles or debris, the resultant sodium melt could be 
inhomogeneous from the occlusion of this material, 
which would not reflect true solubility. Scatter in 
the analytical data has plagued many investigators. 
The small analytical sample required by SSMS can 
point up the local inhomogeneities present in the 
sodium. Analytical methods which consume the sample 
in its entirety produce only an average value for 
the concentration and lose important information 
on the heterogeneity of the sample. 

The final point to be discussed is the influence of 
the atomic-size factor. Strauss et al."^' have pre
sented a correlation between the temperature co
efficient of solubility in dilute binary metallic sys
tems and the atomic-size factor (defined as the atomic 
radius of the solvent atom divided by the atomic 
radius ot the solute atom). They point out that the 
atomic-size characteristics of low-melting point 
solvent metals and high-melting point solute metals 
are such that the majority ot binary systems formed 
by them have an atomic-size factor between 0.8 
and 1.6. An interstitial solution process becomes 
energetically competitive with a substitutional solu
tion process at size factors near 1.4. At higher 
values, the temperature coefficient decreases rapidly 
as the solute atom approaches the size of the un
strained interstices that might be expected to exist in 
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liquid metals. Taking the atomic radius for sodium 
a.1 1.896 . \ " " (which is approximately the same as 
the atomic radius of liquid sodium at 400°C"'") , and 
the atomic radii for iron, cobalt, and nickel as 
1.165 A, 1.162 A, and 1.1.54 A, '"" respectively, the 
hizc factors are 1.627, 1.632, and 1.643. From these 
figures, one would expect the temperature coefficients 
of solubility for iron and cobalt to be ap|iroxiinately 
the same, but slightly higher than that of nickel. 
Secondly, the solubility of cobalt in sodium should 
not differ appreciably from that of iron because in 
addition to the closeness of their size factors, their 
valencies, electronegativity, coordination number, 
lUid general cliemical behavior are similar. For nickel, 
the Iiroblem is more complex because of differences in 
valence and coordination number, but its solubility 
nhotild not differ excessively. 

Obviously, all of the data on hand do not strictly 
ronform to these theoretical arguments. There seem 
to be ilistinet differences between the solubilities of 
iron, cobalt, and nickel, but since the chance of sys
tematic errors in past work is large, much more data 
will be reipiired to make a more precise assessment. 
One note of encouragement is that the data do seem 
to be settling near slopes which indicate heats of solu
tion that are not too far from ideal behavior. How
ever, more detailed discussion on the points raised in 
this pajicr must await further experiinentation. Some 
effort should be directed toward elucidating the role 
of other impurities on the solution process, and in this 
regard, a multi-elemental analytical technii|ue like 
SSMS I'iin offer many ad\ nntngrs. 
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Discussion 

.Mr. Weeks tBNLl : Was each analysis that you 
showed that of an entire sample or only a portion of 
the sample? 

Mr. Lee: Only a portion. 
.Mr. Weeks: I think that could account for a consid

erable portion of the scatter, as indicated by the talk 
we had a couple of hours ago. The second point I'd 
like to make is that I don't think the size-effect 
model applies at all. I think we should stop talking 
about it because there are more exceptions than there 
are actual confirmations when consistently accurate 
data are plotted. 
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Mr. Lee: I agree wdth that. But keep in mind we 
are assuming no compound formation. We were just 
talking about the dissolution process for either a 
substitutional or interstitial compound. For example, 
in the case of iron, we know this ternary compound, 
but we don't know about it in the case of cobalt. 

Mr. Weeks: As many ot you know, during the ten 
years we worried about the liquid bismuth reactor, 
we measured liquidus curves ot practically all the 
constituents of steels, all the fission products that we 
could get our hands on, and a tew other things to 
complete it. The systems that did not form inter
metallic compounds were plotted in that manner in a 
summary paper I prepared about three years ago. It 's 
just a random relationship wdien you plot the tem
perature coefficient of solubility as a function of the 
atomic ratio. The paper is published in ASM Trans
actions. 

Mr. Berkey (W): I think it was clear from Dr. 
Lee's presentation that his data were based on ex

tremely small analytical samples. Is it an analytical 
problem, or is it a sampling problem? 

Mr. Weeks: I would think that if you could take a 
larger sample of sodium and dissolve it in a solution 
in which it will be homogeneous, such as an aqueous 
solution, and then take an aliquot of this, you might 
get far more reproducible results. 

Mr. Berkey: Reproducible results are one thing, 
and accurate results are another. We were able to 
monitor continuously the concentrations of iron and 
nickel, that is, the important stainless steel elements. 
On this basis we were able to question data and re
duce the scatter. If we take a sample and homogenize 
it and we still get a big scatter, what does that tell us 
about solubility? If inhomogeneities exist in the 
liquid state, is this really solubility that we're talking 
about? By this technique we have a possible means to 
get at inhomogeneity in the liquid state, whereas by a 
technique that consumes the entire sample, you wash 
out the data and may still end up with a wide spread. 
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ABSTRACT 

Tlif si)lui)iIiticH of copper, nirkel, and inm in siHliuni 
have been measured as part of a coiitinuiiiE prffRrani 
to oljtain llie solubilities of I^MTliR materials. Copper 
solubilities in SfKlium have been determined to range 
from 0.2 to (10 ppm at temperatures between 255 and 
547°('. The results arc in exeellent agreement witli 
thase of Humphreys'" and of Eiebelberger and McKis
son.'" The solubility may be eslimaled by the ff)llr)win^; 
equation: 

loH.o.S'(ppm Cu) = 0.91 - ( 4 2 0 0 / r ) r K ) , 

over the t<'mperatvirt' range ;il5-700°C. 
Xickd sohiliilities in sfKlium have been completed 

at temperatures from 440 t̂ ) (i(M)°C. Our results range 
from 0.0 to 1.8 ppm over this temperature range, and 
fall hetwtK'ii tlni.se values reported by Kovacina and 
Miller'*' and by Rixlgers tf nl.'*' The solubility may bo 
calculated using the following e(|uations: 

Ni(ppm) = 0.00407'(°C) - 1.40 

for the nickel content of the sodium samples, and 

Ni{ppm) = 0.0076 rC'C) - 2.76, 

which include t!ie nickel found on the samplers whicli 
cannot as yet be considered as a contaminant. 

Iron solubilities in .•̂ (Kliuni wei-e measureii as a func
tion of oxygen concentrations al 486 and 5.50°C. The 
iron solubility increases with oxygen content above 
an oxygen activity of approxinuitely 0.2. Early experi
ments from 370 to 450°C in systems containing 10-20 
ppm oxygen indicated the iron solubilities were below 
the analysts' detection limits. These lower limits varied 
from 0.05 to 0.1 ppm as a function of the M̂-V decay. 
The present resvilts are lower by a factor of 15 than 
those of both Rinigers et fl/.**^ and Epstein,'*' and higher 
by a f;u'tor of S5 tiiaii those of Rogard.«" 

1> Introduction 

In iuiy analytic equation for corrosion or mass trans-
ftT by a liquid metal there is a term representing the 
thermodynamic driving force for corrosion or deposi-

• This work wiis j>erformed under the auspices of the U. S. 
Atomic Energy' Commission. 

tion, .Si — Ci , in which .S'l represents the solubihty 
of the dis.sol\nng species and C the concentration in 
solution of this same species, both at point i in the 
system. The need for accurate values of .S'j is thus 
obvious in tlie development of an analytic model for 
corro-sion by liriuid scxiium. 

Iron, chromium, and nickel as the priniar>' con
stituents of stainless steels are the most important 
metals for which accurate values of Ni need to be 
determined in sodium. Previous attempts to measure 
these solubilities have ^-ielded values ranging over a 
factor of more than a thousand; yet it is impossible to 
state conclusively which s<'t of previous results are 
incorrect. 

The present paper contains the results to October 
of 1068 of a continuing program on the detennination 
of the solubility of EMl'HR metals in sodium, and 
represents but another chapter in the problems of 
determining these fmstratingly elusive <|unntities. 
The copper solubihty was detiTUiined to assist in 
explaining the copper transfer in EHR-II and provided 
a means of demonstrating the reliability of the eiiuip
ment. The data on nickel solubility are essentially 
complete, except for an evaluation of the effects of 
dissolved \i\4) on this property. The solubihty meas
urements for iron are only partially completed at the 
present time. 

2, Experimental 

The apparatus designed to determine the solubilities 
of various metals in sodium is shown in Fig. 1. Hot-
trapped sodium is passed through a on stainless filter 
into a distillation pot. The .-^xlium is then vacuum 
distilled through a Nb-1 Zr tube into a pure metal 
crucible contained in the apparatus .<hown in Fig. 1. 
The crucibles (Fe, Ni, Cu) are leak-checked and hy-
drogen-hred before insertion into the solubility cham
ber. 

After the crucible and sampling cups are sealed into 
the solubihty chamber, they are given another hy
drogen treatment at 600°C for 1 hr. The molybdenum 
samphng cups and the molybdenum-hned solubihty 
chamber are then outgassed for ^ 2 4 hr at a temperature 
exceeding the highest anticipated experimental tem
perature. Previously hot-trapped sodium is vacuum-
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FlG. 1. Sodium Solubility Chamber. 

distilled at 500°C; it condenses in the Xb-1 Zr tube 
at ?K200°C and drains into the ci-ucible. The system 
is then pressurized with an ultrapure grade of helium 
that has been passed through our laboratory purifica
tion train. 

The filled crucible and chamber are again pressurized, 
and raised to the desired experimental temperature 
and equilibrated for up to 24 hr. Twin molybdenum 
buckets were then lowered into the melt and held there 
15 min to equalize their temperature with that of the 
hquid. They are then agitated to insure their being 
filled and raised. The temperature of the melt is then 
adjusted to another equilibration temperature, and 
the samphng procedure repeats. Duphcate samples 
can be taken at each of seven temperatures. The sealed 
solubihty chamber is then delivered to the analyst's 
dry box Avhere the duphcate samples are prepared for 
oxygen and metal analyses at each ot the investigated 
temperatures. Prehminary experiments established 
handling procedures and ehminated the difficulties of 
providing filled samphng cups which hold approxi
mately 2 g sodium. 

The hehum used for cover and transfer purposes is 
an ultrapure grade containing, upon purchase, 1.4 ppm 
Oo and 2.1 ppm HoO. The hehum is passed through a 
Linde 4A molecular sieve filter (capacity 125 g H2O), 
a liquid-mtrogen-cooled Linde 5A molecular sieve 
trap, and Zr-Ti (1:1) chips which are maintained at 
600°C. The purified gas is finally passed through a 
stainless filter prior to use. A Lockwood and McLorie 
oxygen meter and a CEC moisture monitor are in
cluded ill the purification assembly. The oxygen meter 
IS calibrated with a known gas mixture. After purifica
tion the oxygen content of the helium is 0.45 ppm, and 
the moisture content is 0.8 ppm. 

The fresh sodium distillate typically contains 1.0-2.0 

ppm iron (spectrographic and colorimetric), <1 ppm 
nickel, 0.1-0.5 ppm chromium, and ~10-20 ppm 0, 
(lower oxygen values are achieved by gettering with 
uranium foil). 

3. Results 

S.I. Copper 

The solubility of copper in sodium was measured 
at temperatures between 255 and 547°C. The 99.999% 
copper sheet (IWarz grade) was purchased from MRC 
and typically contained a 2-ppra total ot oxygen, car
bon, and nitrogen. The copper sheet was welded into 
a crucible 3 in. in diameter, 4 in. high, and 0.008 in. 
thick. It was then cleaned with a 10% aqueous solution 
of ammonium persulfate, washed, and hydrogen-fired 
at 500°C for 1 hr. The copper crucible was then loaded 
into the solubihty apparatus which was outgassed at 
600°C. Sodium was transferred from the hot-trapped 
MSA tank, and the apparatus was raised to the first 
experimental temperature, 500°C. After an equilibra
tion period of at least 24 hr, duphcate samples were 
taken in molybdenum cups for analysis. This procedure 
was repeated at each of seven temperatures before the 
apparatus was unloaded in the analyst's dry box. 

The results of the first run showed considerable 
scatter at temperatures below 300°C, and suggest that 
fine particulates were present in the sodium cooled to 
these temperatures. Also, the lower bucket occasionally 
contained ^ 1 0 times as much copper as the upper 
bucket. 

Consequently, a second run was made using the same 
copper crucible and sodium, in w'hich, after an initial 
equihbration at 550°C, the apparatus was cooled to 
?t:250°C for 24 hr. All subsequent samples were taken 
after the melt temperature had been raised to the 
equilibration temperature. The results of the second 
run were more self-consistent than those of the first run, 
except for one high point (not shown) at 245''C, which 
contained visible particles of copper. During the 2 
runs, oxygen analyses of 3 samples did not exceed 15 
ppm (determined by the amalgamation technique). 
The samples were analyzed for copper by atoniic-
absorption spectroscopy. The results for all samples 
are given in Fig. 2, in which the copper concentrations 
are plotted against reciprocal absolute temperatures. 
The values range between 60 ppm at 547°C and <0.2 
ppm (not detectable) at 245°C. The analytical reagent 
blank for these runs averaged < 1 Mg copper. There was 
evidence of precipitated copper in the high results at 
^ 1 5 0 and 200°C in Fig. 2, most hkely because the melt 
was cooled from higher temperatures prior to the runs 
in question. 

As shown in Fig. 3, the results agree well with both 
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the magnitude and the teniperature dependence of the 
rwults of Humphreys"' from 'AH) to 700X', and the 
resuhs of Kichclberger and McKissijn'^' above 500°C. 
Although the data are best repres('nted by a cur\*e, as 
shown, they can be approximated by the ecjuation 
loKio (ppm Cu) = 6.91 - (42(X)/T(T\)) to within 
±10'.; from :{i:. tr, lOOW 

3.2. Mck'l 

The nickel crucible was fabricated from material 
purchased from the I'nited Mineral und Chemical Co. 
an î-pass zone-refined ' 2"'"- f̂**̂  containing (on delivery) 
Hi ppm total metallic impurities and ')8 ppm \fAa\ 
oxygen, earbon, arnl nitrogen. The stock was roUed to 
0.010 in. and aimealed under argon prior ta being 
fusion welded into a crucible, ;i in. in diameter and 4 
in. high. The cnicible was leak-checked and hydrogen-
fired before insertion into the solubility chamber. 

Preliminary experiments for nickel solubility at 
ti'iiipenitiires between 'AM) and 42()''C pnKluced widely 
.M-;iItered results. This scuttc-r presumably resulted from 
two causes: the melt was alternately heated or cooled 
tl) the equilibration temperatures, po.ssibly causing 
particulates to form; and the analytical blank was of 
comparable magnitude to the nickel solubility. The 
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T.\HLE 1. SoLiHiLiTy or NICKEL IN SOUIIM 

Temp, 

446 
474 
485 
525 
530 
576 
WM"" 
600 

No. 
of 

Sam
ples 

6 
4 
6 
5 
7 
2 
9 

11 

Nickel in 
Sodium, ppm 

— 
— 

0.89 ± 0.66 
1.19 ± o.se 
0.5.1 ± 0.33 
1.24 ± 0 26 

Nickel on 
Molybilenum, 

ppm 

— 
— 

1.35 ± 0.90 
0.81 ± 0.83 
0.93 ± 0.31 
0.38 ± 0 12 

0 . |g ± 0 19̂  0 15 ± 0 09 
1.33 ± 0 48 0 51 ± 0 39 

lotal Nickel, 
ppm 

0.67 ± O.H<'> 
0 7(1 ± 0.14 
2.25 ± 1 411 
2.00 :!: 0 83 
1 47 ± 0.54 
1.62 ± 0.38 
1.04 ± 0.21 
1.84 ± 0 67 

11
1 

21 
25 

220 
33 
31 
69 
52 
46 

Fiu. 2. The Solubility of Copper in Liquid Sodium as a 
Fmiciion nf Temt>erature. 

'*' Avcriigp ilcviation. 
*''' Tcnipcrrtturt' equililtriited at S W C Samples were taken 

after <iuickly iiu-reasing temiMrature lo t W C . 

nickel solubility in this n'gion jis extnipolated from 
our higher temperature runs must be <0.5 ppm. 

Mea-iun'ments of the solubility of nickel at a series 
of temperatures from 44ti to 60()°C have now been 
eompleteti. In this series, each ctjuilibration temperature 
was higher than the previous temperature and many 
rephcate s;imples were submitted for analysis at each 
temperature. 

Table 1 lists the quantities of nickel found in the 
sodium sjimples and the additional quantities found on 
the molylKienum s;implers by leaching them with 6 A' 
HCl after the HKlium has l>een removed. There is some 
experimental evidence that the nickel found on the 
molylxlenum originated in the sodium; however, leach
ing experiments with clean molyl>denum samplers with 
the same reagent have not res4ilved this problem con
clusively. Therefore, Fig. 4 shows only the nickel found 
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F I G . 5. A Comparison of the Total Nickel Found {Including 
the Nickel Leached from the Molybdenum Samplers) and the 
Nickel in the Sodium Poured from the Samplers (Data of Fig. 
4). 

in the sodium as a function of temperature. Figure 5 
compares these values with the total of the nickel found 
on leaching the molybdenum buckets added to that 
found in the sodium that was melted and poured out of 
them. 

The 600°C run for nickel was repeated because the 
iirst run (see Table 1, hne 7) was actually equihbrated 
at SOO°C for 24 hr and sampled immediately after 
raising the temperature to 6CI0°C instead of the usual 
equihbration period at this temperature. The value for 
nickel for this ran fits well with results for 600°C, as 
shown in Fig. 4. 

Kovacina and Miller»' found nickel solubilities to 
vary from 0.004 to 0.01 ppm over the temperature 
range from 200 to 600°C. Their technique consisted of 
equilibrating .sodium with a »Ni-plated nickel crucible 
and counting the emitted (weak) beta particles aftar 
samphng. Their results at 600°C are 100-200 times 
lower than those of the present study. 

Rodgers el al.»> determined nickel solubilities (wet 
chemically) in both circulating and static nickel systems 

and in a static stainless pot. Their results ranged from 
4 ppm at 200°C to 10 ppm at o40°C. Their extrapolated 
result at 600°C is higher by a factor of 6 to 10 than 
the result of the present study. 

S.S. Iron 

The iron used for the cnicibles was triple-pass elec
tron beam zone-refined material obtained from the 
Materials Research Corp., which typically contained 
7 ppm each of Oj and N j , and 8 ppm of carbon. The 
stock was rolled in 2 stages to 0.005 in. and annealed 
under argon prior to fusion welding into the final 
form, using the tungsten inert-gas process without filler 
wire. The complete crucible was 3 in. in diameter and 
4 in. high. 

The fabricated iron crucibles, each with 2 iron stand
ards, were irradiated in the Brookhaven Graphite 
Research Reactor for one month prior to their use in 
the solubility apparatus. In each case, excellent "Fe 
counting agreement was obtained between standards. 
As with early nickel runs, the early experiments with 
iron were also plagued with widely scattered results 
from precipitation problems generated by up and down 
equilibrium-temperature changes. Radiochemical tech
niques were complicated before the removal of '"Ta 
and '*'Sb from the .samples. 

The first reproducible runs, which were also above 
the analytical detection hmits, are reported in Table 2. 
Sample weights for all runs were 1.5 to 2 g. The first 
runs (233 and 238) in which the oxygen levels were kept 
relatively low^ basically duplicate the low solubility 
results obtained previously at shghtly lower tempera
tures. The iron solubilities measured in these runs are 
in excellent agreement and average 0.3 ppm. 

TABLE 2. SOLUBILITY OF IRON IN SODIUM, RUN I 

Run 
No. 

233 
238 
250 
257 
273 
280 
281 
282 
286 
288 
200 
292 

Temp, 
°C 

482 
482 
486 
486 
486 
486 
525 
675 
676 
575 
575 
575 

No. 
»Fe 

Sam
ples 

5 
5 
8 
6 
6 
2 
3 
2 
1 
2 
2 
2 

"Fe 
Avg, 
ppm 

0.33 
0.27 
1.8 
2.0 

<0 .4 
10.5 
29.0 
52.1 
SO 

162 
146 
685 

"Fe Range, 
ppm 

0.13-0.62 
0.10-0.56 

1.3-2.9 
1.1-4.0 

0-4.0 
9.1-11.9 

28.6-29.4 
50.3-53.8 

80 
168-166 
137-155 
320-1050 

Detec
tion 

Limit, 
^g »Fe 

0.13 
0.13 
0.28 
0.35 
0.8 
0.22 
0.22 
0.22 
0.3 
0.4 
0.4 
0.4 

ppm 

~50 
~50 
460 
460 
220<'' 

1035»'> 
1490l" 
2250"'> 
2250li'> 
2250"'' 
2250 "•' 
22501" 

Wet 
Chemical 

Range 
for Iron, 

ppm 

3-7 
3^.5 

2.6-4.2 
1.2-7.6 

3.1 

— 
— 

34-35 
62 
73 

— 
— 

<•*> With uranium. 
<*>> Saturated values interpolated from Eichelberger's 

estimate. 1% oxygen was added as NajOa . 
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The Hiime sodium melt was then doped with X a j d 
to raise the oxyf^en k'vel to 400 ppm. Two series of 
sampU's (runs 250 and 257} were then taken. Iron 
soluhihties increased, hy a factor of ^ 6 , to 1.9 ppni, 
and were in excellent aKrwmcnt, even though the melt 
was kept at room temperature for several days between 
the two runs. 

The same sfxlium melt was then K''tt<'red with ura
nium foil to remove a sizeable amount of the previously 
introduced oxygen, using the 1echiii(|ue described by 
Isaacs at TniK roNKKUKNCK. Hun 27:i, which on analysis 
(by amalgamation) eontaine<l 1*20 ppm oxygen, was 
then started. At tliis point, however, the irradiated 
iron had decay(*d sufficiently to provide a detection 
limit of only 0.8 pg iron. This indicates an upper solubil
ity limit of 0,4 ppni for each of the 2-g samples that 
counted <0.8 MK iron. The uranium f(iil was then 
chemically dissolved and counted for residual iron in an 
effort to locate the missing iron. The ;i-g uranium 
sample analyzed <;i.5 ^g iron, the detection limit. 
The iron solubility must therefore be a fmiction of the 
oxygen content. 

The wet chemical iron content throughout Ihe .'̂ •ries 
of experiments remained unaltered at ^'A ppm. This 
value is essentially the same as that found on analysis 
of SfKlium freshly distilled int(t ([uartz and moIylKlenum 
oontiiincrs, und corresponds to -^50 to 1(X)'.' of the 
analytical blank. 

The sfHlium was then increased in oxygen content 
frnin 220 ppm to saturation by the addition of 1% 
oxygen as Xa-Oa (in Hun 280). The "Ke concentration 
again increascxl to 10.5 ppm, thus reaffinning an oxygen 
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FiQ. 6. Effect of Oxygen on the Solubility of Iron in Sodium 
at 48tiT. 

Fia. 7. Modified Solubility Apparatus. 

dependence. At this point the tempeniture was elevated 
to 525 and o75°C, and samples were taken at each 
temperature. \'alues of ^'l"e increa.sed to .V) ppm at 
575'*('. A<lditioind samples wen' taken at 575°(' over a 
period of one we<'k (Huns 28.V2i>2). These runs showed 
contimaxi large increases in iron concentration. Fimdly, 
the experiment was dismantled and the n'sidue at the 
bottom <if the iron cnicible was found to contain milli
gram (luiuitities of "̂I'*e. However, the wet chemical 
analy.ses of the high-oxygen siimples wa.s lower than the 
radiochemical results in all ca.s<'s. These results ob
viously do not represent true lieiuidus values. 

The effect of oxygen on the radiochemical n'sults for 
iron in sodium at 480°(' is shown in Fig. *». A close 
approximation to a second-order effect is apparent at 
oxygen concentrations above 200 ppm. 

At this point, the experimental equipment was 
modified to include an "air-lock" samphng port (see 
Fig. 7) which fits the top of the experimental vessel. 
The sampling cups are intrf)duced through a ball valve 
into a chamber capable of being evacuated and pres
surized with purified helium prior to immersion of the 
cups into the sodium melt through a lower ball \alve. 
The samphng port pem\its greater flexibility than 
heretofore possible. The sodium may l)e further oxygen-
gettered with uranium or doped with a desired con
stituent at any point during an experiment. In addition, 
molybdenum sampling cups have now l>een prepared 
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TABLE 3. SOLUBILITY OF IRON IN SODIUM, RUN II 

(560 °C) 

Run No. 

2-23 
2-31 
2-34 
2-35 
2-37 
2-39 
2-42 
2-46 
2-63 
2-56 
2-56 
2-57 

No. "Fe 
Samples 

1 
2 
2 
2 
9 

2 
2 
1 
2 
2 
2 
2 

"Fe Avg, 
ppm 

0.09 
O.CIi 
0.73 
1.54 
1.51 
2.8 
3.6 
4.2 
1.1 
0.87 
0.61 
1.07 

"Fe Range, 
ppm 

0.57-0.75 
0.31-1.1 
1.44-1.64 
1.40-1.62 
2.6-3.1 
3.6-3.7 

— 
0.43-1.8 
0.80-0.93 
0.44-0.78 
0.83-1.3 

O.vygen, 
ppm 

< 1 
85 

340 
570 

1000 
1600 
1800<'i 
2040 

131 
72 
60 iM 
261') 

Wet 
Chemical 

Iron, 
ppm 

7.3 

— 
— 
2.1 
4.1 

13 
4.2 

— 
-— 
— 
— 
— 

' Estimated by Na^O addition. Amidgaination sample lost. 
' Estimated by uranium gettering techiii(iue. 

r 

1 . . . 

/ 

• AFTER 0 ADDITION 
-•- AFTER 0 GETTERING -

• .1 1.0 10 IOO 1000 10000 
ppm 0 IN Na 

F I G . 8. Etfect of Oxygen on the Solubility of Iron in Sodium 
at 560 °C. 

by boring out J^-in.-diameter molybdenum rod. The 
cups are suspended in the sodium melt via thin molyb
denum wires. The many difficult welding operations 
required in the past to prepare cups from sheet stock 
has thus been eliminated. The .surfaces of the new cups 
are smooth and no longer interfere with proper transfer 
of cup contents. These cups are cleaned with aqua 
regia and then rinsed in 0 Â  HCl until iron-leaching 
results are below the analysts' detection hmits. 

A freshly irradiated crucible prepared from 3-pass 
zone-refined MSA iron was removed from the Brook
haven Graphite Research Reactor and installed in 
the apparatus. After the crucible was filled with dis
tilled sodium, the oxygen content of the sodium was 
further lowered by gettering with uranium, the tem= 
perature equilibrated to 550°C, and the melt sampled. 
Weighed additions of Na.O were added to increase the 
oxygen content, and samples were taken. The oxygen 

in the system was gettered with uranium and sampled 
as oxygen levels were lowered. The results for iron 
.solubility are shown in Table 3. In all cases the changes 
in the amalgamation results for oxygen agreed reason
ably well with the added or gettered quantities of 
Na20. After an oxygen activity of 0.2 was reached, the 
"Fe values increased to ~ 4 ppm at the saturation value. 
The wet chemical results for iron were on occasion up 
to an order of magnitude gi-eater than the radiochemi
cal results. However, the relative con.stancy of the wet 
chemical results as the radiochemical iron changes (by 
oxygen additions and removals) implies that a major 
part of the iron found wet chemically in low-oxygen 
sodium may be due to contamination during subse
quent handling to sampling. 

Figure 8 shows the effect of oxygen on Fe in sodium 
at 550°C. Figure 9 shows the oxygen effect at both 
48(i and ooCC. It should be noted in Fig. 9 that the 
iron solubihty appears to be oxygen independent below 
an oxygen activity of ;^0.2. Extrapolation to essentially 
zero oxygen yields solubility values of 0.3 and 0.85 ppm 
at 486 and 550°C, respectively. Figure 10 shows the 
same information plotted linearly. Table 4 compares 
the iron solubilities found for these 2 temperatures 
with those of previous investigators. At 550°C the 
present study gives results a higher by factor of 85 than 
those of Bogard"' and lower by a factor of 15 than 
those of both Rodgers"' and Epstein.'*' 
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F I G . 9. A Logarithmic Plot of the Solubility of Iron in 
Sodium as a Function of Oxygen Activity. The extrapolations 
to zero oxygen are 0.3 ppm iron at 486 and 0.58 ppm iron at 
560''C. 
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4. DifteuMiiion 

The oxygen dcpcndeiice <)f the apparent sohilality 
of iron in sodium can be intcrpretefl as arising from 
the following e(iuilibriuni: 

N a / ) + Fe = l-e() + 2Na(I), (1) 

fnr which ^F = :i(),(XX) - UIHT; at m't^V AF is 2:i.2 
kcal and :.t .j.VrC is 22.2 kcal. Also. 

I'eO + 2Na,<) = ( \a / ) ) , -KeO, (2) 

for which ThoHey and Tyzack'^' give AHl^ = —24.8 
kcal/inole l-'eO. 

AHHuniing'̂ ' that A/*' = All for reaction (2), wc find 
an overall reaction 

;tNa,() + Ke = (XaiO),-KeO + 2Na, Ci) 

where AFm = — l(i(X) cal g-atoni Fe and AF:,M = 
-2I)(M) eal/g-atoni I'"e. These numbers correspond to 
activities of oxygen in s(«liuni of 0.7 and O.o!>, respec
tively, above which siKhinn ferrite of unit activity 
may f(»rin. 

The present results, liowcver, suggest that oxygen 
effects on the iron soUibility occur at apprecialily lower 
activities than those cah'uhited. Tliere an* two possible 
explana1i<ins for this difference: (Na^t ))3-KeO may be 
piTscnl (hssolveil in s(Hiium at U'ss than unit activity, 
nr the assumptioir"' lliiit for reaction (2) AF = All 
may he incfirreel. 

The data in l-ig. ti suggest that the effect of oxygen 
luTonies pronounced al l8b°C ut an oxygen activity 
of :^0.2. From this n\unber, we estimate for ecpiation 
CA) that K(3\ = 125, and AFm = —7.28 kcal g-atom 
I'e. 'I'lie present ol)ser\'eti effect of oxygen on the solu
liilitv of iron in stHJium thus suggests that, if the sodium 
is of vniit activity, A.S" for reaction (2) must not be zero, 
as a.ssinn<Hl by (7). liut ^4-7.") cal g-atom I'e. 

Figures (i and H also suggest that below an oxygen 
activity of ^ 0 . 2 , the inm solubihty appears to l>e 
"vygen-independent, and yet the corrosion rates of 
hoth ferritic and austenitic steels are (ixygen-dependent 
ilown to l!ie lowest oxygen levels that we can measure. 
Wc suggest that this is due to oxygen in the sixiium 
concentrating at the steel-s(Kli\un interface. 

Addison. Addison, and Kerridge"*' report(H1 tliat 
oxygen in sixlium rcxluces the surface tension of sinhum 
nl 2()0''C. They sliuhtni the etTirt of partial pressure of 
air in the argon cover gas on the s<Hhum surface tension, 
using a vertical-phite technitnie. They observed a 
inininunn surface tension at the point at which visible 
oxide films on the siu'faee of the sochum fornuHl. If 
otu' considers this partial pressure of (V. to correspond 
to a saturat(Hl soluti^ai of oxygen in siHlium, we can use 
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F I G . 10. A Linear Pint of the Solubihty of Irua in .'^tilnint 
as a Function nf Oxygen Activity. 

TABLE 4. A COHPARIHON o r TKE PRE.SENT SOLCUILITY Ite-

81 LTs WITH OTHER PI ' I ILISHED RESULTS, EXCLUDING THOHE 

PRESENTED HV OTHER WORKERS AT THIS 

CONFERENCE (ppm)'"' 

Investigators 

(>! 

BNL 
MSA'O 
KAPL'" 
SUh'" 

4S6°C 

" Culrliclh n'li'iri.-; ;i 
pro.***-!!! (7). 
"" .50 jipni (tj prcs cut. 

0 .31" 
11 5 
12 3 
0 OWl 

i d i i r . i ( 7 | . | M n :. 

SSffC 

0.85 
13 
14 
0 01 

IM (• uith HI ppm 

Kichelberger's estimate'* of 10 ppm for the oxygen 
.solulnlity at 200°(', and Addison el a/.*s meaj'ured 
surface ten.> îon depression (tf 8.'> ergs cm' from 0 to 10 
ppm oxygen to estimate the conc«*ntration of oxygen at 
the interface using (iibbs adsitrpti^m equation to be 
^ 10'i for a 2<M)'̂ (' .-^ituratf-d solution. Although tliis IK 
obviously more than enough oxygen to catalyze dis
solution of iron, the calculation could IK* grassly inac
curate, since Addison el al. added their oxygen through 
the cover gas—so that N'aj*) is likely to l>e concentrated 
at the surface, nither than through the .scxlium. More 
accurate mea.'^urements at higher temperatures are 
obviously ne(xhxl. 

There is an itbvious corn'lation between the difficulty 
in obtiuning eiiuilibrium (and reproducible data) in 
these experiments and the apparently (anomalously) 
low corrosion and or precipitation rates f»f iron or 
nickel from steels into sodium. The l)ehavior of the 
copper data .suggest a clue to interpreting the.se low 
corrosion rates: when the copper-.saturated .-^tdium in 
the copper crucible was cooled to e<)uilibration tem
peratures above 450°C', the dissolved copper appeared 
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to precipitate on the crucible in a "normal" manner, 
and data obtained by both heating and coohng the 
sodium to the equilibration temperature gave reason
ably reproducible results. Also, our results agi-ee reason
ably well with those of Humphreysi" and ot Eichel
berger and McKissoni^' above 450°C. 

Below 400°C, however, the copper did not precipitate 
on the copper crucible and appeared to remain in 
suspension in a "particulate" form. Further, these fine 
particles did not appear to grow to larger crystals or 
adhere to the copper crucible despite the surface energy 
forces that "normally" promote growth of larger 
crystallites at the expense ot smaller ones. We suggest 
that some other property of the liquid is stabihzing 
these crystalhte-sodium interfaces. Tliis could be one 
of two things; 

(1) Adsorption on the crystaUitc surface ot some 
impurity in the .sodium, such as the oxygen adsorption 
on interfaces noted above, which prevents crystaUite 
growth and grossly retards sohd-solvent equilibration; 
this appears unlikely to occur in the case of copper 
because of the low stabihty of the copper oxides com
pared with the iron or nicliel oxides, but may possibly 
be a contributing factor in iron, chromium, or nickel 
solutions; 

(2) The solution may be so dilute at equilibrium 
that the probability of solute-solute interaction in the 
sodium solution approaches zero, and therefore the 
probability that a dissolved atom will precipitate also 
becomes very small. Since mass transfer of copper does 
occur through sodium, this probabihty can never be 
zero. 

Neither of these two suggestions can be conclusively 
proved at the present time, but circumstantial evi
dence exists that either or both of them may be ap
plicable. Repulsive forces exist between sodium and all 
three of the metals studied (iron, copper, and nickel), 
as demonstrated by their low solubihties and their large 
positive activity coefficients in sodium, deduced from 
the low solubilities, and the total absence of any inter
metallic compounds between sodium and these solutes. 
Any impurity in the sodium such as oxygen or chlorine 
that has an affinity for the metalhc solutes could stabi-
hze the sohd-sodium interface and inhibit precipitation 
of the solute when the solution is sufficiently dilute. 
Oxygen is known to catalyze corrosion and mass transfer 
of iron and chromium by sodium, but is not known to 
affect the corrosion of nickel and presumably of copper. 
If oxygen adsorption is the stabihzing mechanism, one 
would expect corrosion rates to increase in well-gettered 
systems; this has never been observed to our knowledge. 
An alternate "stabihzer" could be chlorine; there are a 
few ppm chlorine in nearly all commercial sodium. 

l i t t l e is known about the effects of chlorine in sodiuiu 
on corrosion or mass transfer. 

The theory of very dilute solutions of liquid metals 
is not well understood. From the available information, 
however, it seems unlikely that the disturbance caused 
by a solute metal atom to the structure of the liquid 
metal or to its electron cloud will extend to more than 
five atomic diameters of the solvent.""' In the measure
ments of copper solubility, the change from short to 
long equihbration times on cooling the melt occurs at a 
temperature at which the copper solubility is fsIO 
ppm, or ;^3 apm.* 

In a 3-apm solution, the mean distance between 
solute atoms is wSO solvent atom diameters, or 8 times 
the hkely maximum distance for solute-solute interac
tions. Further, all the nickel data and the low-oxygen 
iron data are below the .3-apm level. Although the 
liciuid metal atoms are continuously in motion, the 
probability of solute-solute interactions may become 
quite small. Although in theory calculations of this 
probability could be made, they arc in practice nearly 
impossible with the available computer programs for 
atomic motions in liquids. 

If we accept a low probabihty of solute-solute inter
actions, we have a possible explanation for the long 
equilibration times in solubihty measurements, and, 
more importantly, we have a possible interpretation 
for the low corrosion and mass-transfer rates of steels 
in sodium. When classic velocity-dependent mass-
transfer theory was applied by Mottley*"' to corrosion 
of steels by sodium, using the GE data obtained to 
that time, he concluded that the solubihty-diflerential 
term in the equation was a few ppb, or sslOO to 1000 
times smaller than one would estimate it to be if solute 
precipitation was as efficient from sodium as it has 
been found to bo from bismuth."^' Although mass 
transfer of iron in sodium appears to be oxygen-de
pendent, nickel transfer does not, and nickel-base alloys 
also corrode in a velocity-dependent but abnormally 
low rate. 

Classic velocity-dependent mass-transfer theorj' 
depends on diffu.sion of solutes through boundary layers 
at both the hot and cold interfaces. The rate of diffusion 
of a solute down a concentration gradient (Fick's first 
law) depends on interaction between solute atoms. 
The important conclusion, then, is that classic diffusion 
equations (and therefore classic velocity-dependent 
mass-transfer equations) may not apply to solutions as 
dilute as those of iron and nickel in sodium at LMFBR 
temperatures. In the measurements of copper solubil
ity we saw a change in behavior from reasonably fast 
equilibrations to remarkably long ones at 400 to 500°C. 

* apm = atoms solute per million .itoms of solution. 
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It would be most interesting to see how the corrosion 
rate of copper varies in small AT systems from « 3 0 0 

to xtmx'. 
Acknowledgments 

The authors wish to expre.ss their appreciation to 
W. W. Becker and .1. H. Sauls for their invaluable 
assistance in perfcjrming the experiment.s. Dr. I.. New
man and his staff are due many thanks for their efficient 
handling of the varied analyses. Dr. K. W. Stoonner of 
the Chemistry Department is acknowledged for his 
Bpectrometric determinations of iron. The program of 
the Liquid Metal Corrosion Center is under the general 
supervision of Dr. D. H. Ciurinsky. 

Appendix 

Analytical Techniques 

(R. F. Doering) 

The following general techniriues were utilized for 
analysis of the solutes. Samples for copper, nickel, and 
iron are dissolved in butyl chloride. The cups contain
ing the samples are leached with 0 A' HCl for one hour 
st 100°C. 
Copper is extracted with a CHCIj-i.sopropyl alcohol 

mixture lus the neocuproine complex. The organic 
phase is a.spiratetl directly into a Perkin-Klnier Model 
303 Atomic .\bsoiplion Spectrometer. 

Nickel is deterniinixl as the dimethylglyoxime com
plex with a Hecknian Dl^ Spectrophotometer. 

Cold iron is extracted into isoamyl alcohol as the 
iiatlidphenanthroline and read on a Beckman DU 
Spectrophotometer. "Fe is di.ssolv(Hi in ethyl alcohol, 
and the cups are lenchetl with (i A' HCl for 1 hour at 
100°C. Ten mg iron carrier is !idde<i and I'effHis is 
precipitatwl twice. "Fe is coimted on a TechniciU 
Measurements (\)rp. 400-chamiel analyzer using the 
1.1- ami 1.3-keV photopeaks. 

Oxygen is determined by amalgamation with 30 cc 
mercuPi', which is agitated for 20 min. The amalgam 
isallowwl to settle, and the Na4l is separated from the 
bulk amalgam in a separator^- funnel. This procetlure 
is repeated 10 tintes. The Na;0 is dissolved in HiO and 
aspirated into an atomic-absorption spectrometer. 
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Ducaseion 

Mr. Hickam (W); In regarti to the contamination 
of the surface of the copper, 1 found that ordinary 
machine practices rt*sulted in as nmch as one foreign 
atom per copper atom to depths of the order of 100 .\ 
in the copper. These could not be rehably removed by 
cleaning and by electrochemical polishing. We ef
fectively had to go t<) about 8()0°C to renmve .V)'i of 
the ft)reign a(»»ms. By going to the melting point, wc 
found that we could then recover them !us hydrogen 
and CO. It would appear from these mea.surements 
that there could be appreciable contamination if cf)n-
ventional machining practices were us<Hi unless ap-
pro.ximately 100 A were removed in some way without 
introduction of coiitamination. 

.Mr. iritis.- The copper crucible that we used was 
fabricated by electron-beam welding zone-refined copper 
sheet obtained from MHC. We then pickled the internal 
surface with ammonium persulfate solution until we 
got a visible crystalline structure. Then we hydrogen 
fired the crucible inside the apparatus and dega.sscd at 
600°C. This may not have removed the CO or all of 
the hydrogen, but that 's what we did. 

Mr. Hickam: Did you attempt to analyze the copper 
after this treating procedure? 

Mr. Weeks: No. 
Mr. Feder (ANL): My colleagues and I have been 

in the business of measuring solubihty in liciuid metals 
for about fourteen years. 1 can state with great con
fidence that there is nothing imusual with sodium in 
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this respect. The same phenomena that you see have 
been observed by us and others in mercury, zinc, 
cadmium, and a variety of liiiuid metals. When solubili
ties in liciuid metals become very small there is indeed 
a difficulty which is not associated necessarily with 
analytical prcjblems. It is associfited with either the 
(possible) slow rate of precipitation or the minuteness of 
the nuclei and their lack oi growth. In view of this fact, 
that we expect the imclei to be extremely small and not 
to mature at any appreciable rate, it seems somewhat 
unreasonable to me to use the sophisticated techniques 
that have been applied for analyses, the sophisticated 
techniques of purification of the sodium, the use of 
monocrystals for the solid phase, and then to take a 
dip sample or a bucket sample which will not remove 
the suspended particles. I can't see the degree of sophis
tication in one area and the absolute lack in the other. 
Our own preference is always to filter. 

Mr. Weeks: Mine is too, but I wasn't sure how to 
filter them satisfactorily in sodium at these tempera
tures. That's why I didn't do it. First, I'd like to point 
out some work done at the GE Research Laboratory by 
Laborski, in which he electrodeposited iron into mercury 
at essentially room temperature. He obtained fine 
particles that were stable for long periods of time and 
did not grow. The solubilities were down in the same 
range that we're talking about here. In our work with 
bismuth and mercury at higher temperatures, the 
solubihties were in the same range in parts per miUion, 
but in atoms per million they were higher by at least a 

factor of ten. Second, when GE runs a loop at 1200°? 
maximum temperature, they find 2 to 5 ppm iron in 
the sodium. The iron in the loop is very close to what 
we estimate saturation to be. We at Brookhaven run 
our .sodium in Type 321 stainless steel loops at a maxi
mum of 700°C. The solubility of iron at 7()0°C is a 
httle over 30 ppm, and we did find .30 to 40 ppm iron 
in our loop. I think this is confirmation of two things. 
One, the precipitation rate must be the rate-controlling 
process in corrosion by .sodium; two, the solubility 
data do reasonably well represent what we find in loops. 

Mr. Vissers (ANL): You referred to the work of 
Laborski at GE, where he electrolyzed iron into mer
cury. Even though he reported that these particles 
were of the order of 100 A, they can be easily filtered 
out with a 35-micron frit. As a matter of fact, if you 
take a system of iron and mercury that contains 0.1% 
iron and carry out a filtration, you'll find that you have 
less than a ppm in the mercury. This would indicate 
that the iron is not in solution and that it can be filtered 
out. 

Mr. Weeks: I agree. I think in principle we could. 
At the temperature at which we are making our meas
urements, iron and sodium, or nickel and sodium, arc 
known to react with almost any other clean metal 
surface with which they come in contact. Therefore, 
the question would be, if we filtered them would we 
actually lose dissolved as well as undissolved material. 
This is why we didn't do it. In principle, I think we 
should, but I didn't know how to do it. 
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Witli the currently increasing potential use of so
dium as the heat-transfer fluid for fast-breeder reac
tors, the importance of understanding its interactions 
with its environment is strongly emphasized. Of par
ticular interest is the effect of liquid sodium on 
materials of construction for reactor heat-transfer 
systems, for example, the .solubility of these materials 
in the sodium. It is generally acknowledged that the 
a[)i)arerit solubility of many metals in soclium is 
strongly influenced by the presence of impurities, both 
in the liciuicl metal and in the solid solute. This effect 
has not been quantitatively described, however, nor is 
tliere very good agreement on the solubility of most 
metals in relatively oxygen-free sodimn. The work 
doscrilied here was planned to study this latter 
area—the solubility in pure sodium—within reason
able limitations of time and expense. 

\. Equipment and Materials 

Tn pii'sirve the original |Hirily of the solute and 
.'cilvent metals used in this work, a complex of ion-
|iiiiii|iecl and turbo-molecular-pumped vacuum sys
tems was designed and built, as has been described 
hy Kiclielheiger and McKisson. '" This system pro
vides for loading and sealing of capsule experi
iuents in a vacuum of about 5 X 10~* Torr. The 
Miiliuin used was |iurific'd by gettering and fractional 
distillation, as described by McKisson, Eichelberger, 
:iiid Ott.'-' and is exposed only to ion-pumpeil high 
vaeiiuin after purification. Total detectable impurities 
ill the sodiimi are less than 40 wppm, with carbon at 
8 wppm and oxygen at about 2 wppm constituting 
the major impurities. 

Tile copper usini for sohite was oxygen-free high-
ooiiductivity (OFHC) material that had been heated 
in liydiogen for one hour at 600° C to reduce any 
oxide. Other solute metals were ultra-pure inaterials 
produced by Materials Research Corporation. The 
Mo, Ni, Nb, and Fe were electron-beam floating-zone 
refined material, and the chromium was prepared by 
tile decomposition of prepurified chromiimi iodide. 

The solute metals were prepared for solubility ex-

' Based on work supported by the U. S. .\tomic Energ\-
Commission under Contract . \T (04-3)-701. 

periments by either machining 0.5-in.-diameter rods 
into 2'/2- to 3-in.-long crucibles, or by threading the 
end of 14-in.-diameter rods so that they couhl be 
screwed into matching threads in the Ijottoms of 
crucibles made from '/j-in.-diameter tubing of com
mercial Cb-1% Zr alloy. Mo, Ni, Nb, and Fe were 
formed into solute crucibles, chromium was used as 
solute rods, and copper was exposed to sodium as both 
rocls and cnicibles. 

The copper used has a guaranteed purity of 99.9.5% 
Cu. The other .solutes are substantially purer, with 
nominal analyses provided by the manufacturer as 
shown in Table I. 

2. Experimental MethfHis 

The experimental method is described in detail in 
Ref. 1. It provides for cleaning all components of a 
solubility experiment, final out-gassing at 1 0 " ' Torr, 
followed by loading at ~ 5 X 10~' Torr without re
moving any parts from the vacuum system, heating 
for the desired time at temperature, inverting the as
sembly to cause the sodium to drain away from the 
solute metal kito the sample collector, cooling, open
ing, and, finally, analyzing the sodium for the solute 
concentration. 

The time of heating for all experiments was 6 hr, as 
it had been determined previously'" that equilib
rium was obtained in 2 hr or less. Chemical analyses 
were made using methods described by Bingham, 
Scarborough, and Maseda.'*' 

3 . Results 

S.I. Copper 

The results for copper solubility have previously 
been reported in detai l . '" Figure 1 includes our re
sults as well as the data of Singer. Becker, and 
Weeks'"'' and of Humphreys." ' The data from the 
three laboratories is best represented by the equation 

logic .S(wppm Cu in Na) = .">.9.57 — 
.3430 

r(°K)' (1) 

Worth noting is the fact that the Los Alamos 
work" ' was done with irradiated copper foil, using 
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TABLE 1 

Nominal 
purity, 
% • • . . . 

c 
H 
0 
N 
Ag 
Al 
Bi 
Ca 
Cd 
Co 
Cr 
Cu 
Fe 
Hf 
K 
Mg 
IMn 
Mo 
Na 
Nb 
Ni 
Pb 
Pd 
Pt 
Rh 
S 
Si 
Sn 
Ta 
Ti 
V 
W 
Zn 
Zr 

Chro
mium 

99.996 

10 
0.5 
5 
2 

— 
1 

— 
3 

— 
— 
— 
0.5 
0 

— 
_ 
1 

— 
— 
— 
— 
1 

— 
— 
— 
— 

<10 

— 
— 
— 
— 
— 
— 
— 
— 

. COMPOSITION OF SOLUTE METALS 

Iron 

99.996 

8 
<0 .1 

7.2 
7.0 

<0 .0 t 

— 
<0.008 

2 
<0.08 

0.3 
0.6 

<0.02 

— 
<0.025 

0.2 
8 
0.1 
0.2 
0.08 
0.03 
1.2 

<0.015 
<0.08 
<0.025 
<0.03 

1.2 
0.5 

<0.02 
< 1 

0.5 
<0.1 
<0 . I 
<0.8 
<0.0() 

Molyb
denum 

99.992 

10 
0.9 
4.3 
0.5 

<0.7 
<0.025 
<0.015 

0.04 
1.0 

<0.06 
0.1 

<0.02 
12 

<0.03 
1.0 

<0.25 
0.06 

— 
— 
1.0 
0.1 

<0.03 
<1.0 

0.06 
<0 .1 

1.0 
0.08 

<0.4 
2.0 

— 
0.02 

50 
0.02 

<0.04 

Nickel 

99.997 

17 
0.2 

18 
3 

<0.02 
0.3 

<0.01 
0.1 

<0.08 
< 0 . 1 

1.6 
<0.04 
12 

<0.03 
0.2 
0.02 
0.03 
0.5 
0.04 

<0.02 

— 
<0.02 
<0.03 
<0.03 
<0.01 
<0.12 

0.2 
<4.0 
<0 .5 

0.15 
<0.01 

1.5 
<0.4 
<0.15 

Niobium 

99.983 

8 
0.4 
4 

23.4 
<0 .3 

0.15 
<0.007 

0.02 
<0.05 
<0.007 

0.05 
<0.01 

0.12 
<0.02 
<0.04 

0.05 
0.03 

<0.7 
<0.03 

— 
0.15 

<0.02 
<0 .5 

0.02 
<0.06 

0.07 
0.0 

<0.3 
100 
<0.02 
<0 .8 

6.4 
<0.015 
<0 .3 

a counting technique for analysis, whereas the other 
two laboratories used conventional analytical meth
ods. In addition, the Los Alamos work was done about 
ten years prior to the work at BNL and AI, and the 
implication might be made that there was less con
cern at that time with the oxygen level of the solvent 
sodium. Neither of these factors has affected the 
rather good agreement among the laboratories. 

Oxygen would not be expected to be involved in the 
solution of copper in sodium, since the stability of 
the copper oxides is much less than that of sodium 
oxide, and no evidence has been reported of copper-
sodium double oxides. 

The A//(soln) calculated from Eq. 1 is 15.7 kcal/ 
gram-atom of copper. 

S.2. Molybdenum 

Data obtained from molybdenum solubility experi
ments are shown in Table 2 and plotted in Fig. 2. The 

line shown does not consider the lowest temperature 
point and is represented by 

3807 
logio S(wppm Mo in Na) 3,142 (0) 

The AH (soln) calculated from Eq. 2 is 17.4 kcal/ 
gram-atom of molybdenum. 

S.S. Nickel 

Data obtained from nickel solubility experiments 
are shown in Table 2 and plotted in Fig. 3. The figure 
also shows a line for nickel solubility reported in 
1954 by Rogers, Mausteller, and Batut is ." ' The line 
shown for the data obtained at AI with the highly 
purified materials described here is expressed by 

logio >S(wppm Ni in Na) = 1.47 — 
918 

. (3) 

The corresponding A//(soln) is 4.2 kcal/gram-atom 
of nickel. 

3.4. Niobium 

Data obtained from niobium solubility experiments 
are shown in Table 2 and plotted in Fig. 4, along with 
the data of Kovacina and Miller." ' Although neither 
set of data shows very good internal agreement, all 
the data may be expressed by a tentative curve 

logio iS(wppm Nb in Na) = 4.16 
3530 

TCK) (4) 

Activation analysis was used to determine the nio
bium concentration in the NRL work," ' and their 
solute was an alloy containing 1% zirconium. The 
sodium used in both sets of experiments contained 
less than 10 ppm of oxygen. The solubility values 
seem to be higher than would be expected for a simple 
solution process, but there is not enough oxygen 
available to explain the measured values in terms of 
double oxide formation. The Ai?(soln) value calcu
lated from Eq. 4 is 16.1 kcal/gram-atom of niobium. 

S.5. Chromium 

Four chromium experiments were performed in the 
temperature range from 700 to 1000°C, giving results 
of 2 to 3 wppm. The same chromium rods were ir
radiated, and the results shown in Table 2 and Fig. 5 
were obtained by counting the ^'Cr which was in the 
sample collector after the solvent sodium had been 
transferred to it. The sodium was subsequently dis
solved from the collectors, the collectors etched, and 
the chromium determined by atomic absorption 
spectroscopy (AAS). The results are puzzling, since 
significantly less chromium was found by AAS analy-
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TABLE 2. RESULTS OF SOLUBILITY EXPERIMENTS 

Run 
Number 

505 
506 
507 
608 
511 
299 
3(X) 
258 
501 

59 
60 

521 
547 
548 
522 
549 
531 
537 
532 
538 
544 
546 
633 
639 
546 
534 
540 
295 

84 
280 
296 
251 
297 
277 
278 
281 
298 
279 
252 

Solute 

Mo 
Mo 
Mo 
Mo 
Mo 
Ni 
Ni 
Ni 
Ni 
Ni 
Ni 
Nb 
Nb 
Nb 
Nb 
Nb 
Cr 
Cr 
Cr 
Cr 
Cr 
Cr 
Cr 
Cr 
Cr 
Cr 
Cr 
Fe 
Fe 
Fe 
Fe 
Fe 
Fe 
Fe 
Fe 
Fe 
Fe 
Fe 
Fe 

Collector 

Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nh-1 Zr 

Ti 
Ti 
Ti 
Ti 
Ti 
Ti 
Ti 
Ti 
Ti 
Ti 
Ti 

Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 
Nb-1 Zr 

Ti 
Nb-1 Zr 

Ti 
Ti 

Nb-1 Zr 
Ti 
Ti 
Ti 
Ti 
Ti 
Ti 

Nb-1 Zr 

Temp, °C 

800 
850 
900 
950 

1005 
700 
800 
800 
900 
910 
914 
(MO 
700 
SOO 
800 
900 
700 
700 
8(X) 
800 
800 
800 
900 
900 
900 

1000 
1000 
500 
595 
600 
650 
098 
70O 
709 
800 
800 
800 
900 
991 

Concentra
tion in So

dium, wppm 

1.4 
0.5 
0.9 
1.2 
1.3 
3.0 
4.0 

<2 
4.9 

< 5 
<5 
28 
72 
88 
31 
88 

1.2 
O.S 

10 
11 
15 
28 
3.4 

114 
182 

6.9 
12,8 
26.8 
12 
7.0 

25.0 
39 

9.9 
12.2 
99.S 

8.4 
19.6 
12.9 
10 

sis than seemed to be present in the sample collector 
before the sodium was removed. These chromium re
sults must therefore be considered questionable, and 
further work is indicated to identify the source of 
disagreement. 

S.6. Iron 

The results of iron solubility experiments are shown 
in Table 2 and are plotted in Fig. 6. Also shown 
in the figure are iron solubilities reported by BNL"" 
and solubility lines based on work performed. at 
KAPL,<"» MSA,'-' and N R L . ' " ' The points from 
which these lines were derived also show considerable 
scatter, but individual points are shown here onlv for 
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FIG. 2. Molybdenum Solubility. 
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FIG. 6. Iron Solubility. 

the recent results from BNL and . \ I . All the data ob

tained by wet chemical analytical techniques show a 

general clustering in the 5 to 40 ppm range in the 

temperature range, from 200 to 1000°C. The NRL 

data, which is 2 to 3 orders of magnitude lower in 

apparent solubility, resulted from radiochemical ex

periments. Recently, Weeks"- ' has reported solubil

ity values in the 0.3 to 1.9 ppm range, using '"Fe as a 

tracer. This latter report also imlicatitl a strong 

depi'iidence on oxygen concentration, an effect which 

has been postulateil to arise from the forination of 

sodium-iron double oxiiles ever since the compound 

Na4Fe<)3 was i.><olateil from sodium by Horshy . ' " ' 

There is as yet no satisfying explanation for the 

various obser\'ations reportiii in the Fe-Na system. 

Current work at several lalioratorics may well provide 

the key to understanding the apparent anomalies pre

viously reporteil in this important systein. 
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Discussion 

Mr. R. A. Walker (ANL): Copper-sodium is one of 
the systems I have measured with Dr. Prat t at Bir
mingham. We measured the solubility of copper in 
sodium from 220 to 640°C; as you see in the figure, it 
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varies from about 2 to 60 ppm. The solubility data 
are in good agreement with those reported in the two 
previous papers. 

Mr. Eichelberger: Apparently we had the same 
problem that you and the people at Brookhaven did 
at low temperatures. For all of us, some low-tempera
ture points are quite high. We have thrown ours out 
and have done better work recently, I think. 

Mr. Kolodney (UNC): Suppose you knew all these 
solubilities, what would you do with them? John 
Weeks said that you would have an analytical model 
for mass transfer, but it begins to look as though the 
business of determining solubilities goes on and on for 

millions of dollars. Wouldn't it be better to spend 
some of the money on the mechanisms of mass trans
fer in solution and precipitation mechanisms? 

Mr. Eichelberger: I feel that we are not about to 
get a mechanism in a complex circumstance such as 
mass transfer until we find out what's happening in 
the simpler systems. 

Mr. Weeks (BNL): May I answer that? A sub
stantial amount of effort has been expended, including 
that of Mottley and some in the UK, and other 
places, trying to explain the mechanism of mass 
transfer based on the available solubility data. The 
solubility determination is a small portion of the 
overall program trying to get a t the mechanism. 

Mr. Eichelberger: I was going to say I didn't think 
this was very expensive, or at least as I look at our 
budget, it doesn't seem to be. 

Mr. Epstein (ANL): There has been a mechanistic 
model relating the solubility of metals in liquid metals 
and the mass-transfer phenomena available for 
something of the order of 40 years. I t was first worked 
out for mercury. I t fits the data, and I don't think it 
works too badly for sodium right now. So I think 
there is justification for continuing to get the solu
bility data. I'd also like to make one other com
ment. I was quite surprised that with all the presen
tations this afternoon on copper in sodium no one 
mentioned the work of Koenig et al. at KAPL, which 
was done in 1953.* 

* R. F . Koenig et at., "Problem No. 29, Ev.iluation of the 
Beh.ivior of Copper in Sodium. Report No. 3, Solubility of 
Copper in Sodium, 120-500°C," KAPL MEMO-RrK-12, July 
17, 1953. 
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ABSTRACT 

One of the critical technological requirements 
which must be met for the sodium-cooled fast reactor 
concept is the development of a reliable sodium-
heated steam generator. 

The desired operating conditions for the near-term 
steam generator are such as to permit the use of 2!4 
Cr-1 Mo, an alloy with well-established performance 
(at ASME Code conditions) in steam and water en
vironments. In addition to familiarity from use in 
fossil-fired plants, ferritic chromium-molybdenum 
steels are considered as an attractive possibility for 
sodium-cooled systems because they are resistant to 
stress corrosion, arc less expensive pound-for-pound 
than stainless steel, have higher cocflScients of thermal 
conductivity (20% higher), and lower coefficients 
of thermal expansion (28% lower). 

The purposes of this paper are to: (1) discuss the 
corrosion performance and mechanical properties of 
2Vi Cr-1 Mo steel with regard to extended ser\'ice in 
the steam and sodium environment; (2) interpret 
this beliju'ior and discuss performance limits related 
to the ncar-tirm needs of the steam generator. 

Iiilrodiicllon 

Selection of performance limit* of materials for the 
sodium-heated steam generator must be made after 
considering the factors which may aflcct the perfor
mance of the unit in FCR systems. The following 
considerations were the foremost items that influenced 
the decisions made in our study: 

n. the desired operating conditions of temperature, 
pressure, and length of use; 

h. the "state of the ar t" for known materials with 
regard to fabricability and performance char
acteristics in systems closely resembling the 
steam generator; 

c. construction materials for the units must conform 
to .\SMK Code criteria, or be amenable to 
coding under existing . \SME procedures; 

d. anticiiiated problems during performance, in
cluding repairability during maintenance peri
ods. 

Examination of the existing literature indicated 
that there are two broad categories of alloys that offer 
the highest probability of meeting the desired objec
tives: ferritic alloys and austenitic stainlc-ss steels, 
both of which meet all the conditions cited above. 
The choice of a ferritic material for the first sodium-
heated generator was influenced primarily by antic
ipated problems in performance. The most serious 
problem in using austenitic alloys for an application 
which involves water and steam is that which has 
been classified in industry as stress-assisted localized 
corrosion. Its occurence has not been readily predicted 
in the past, and remedies to bypass it have not 
been available. The consequences of system failures 
by this mechanism are most serious, very difficult to 
repair, recurrent with high frequency, and often cata
strophic from an economic point of view. The desire 
to achieve higher temperatures as it is envisioned in 
future systems will be dependent upon high-strength 
alloys .such as the austenitic stainless steels. There 
btivc been many promising proposals for remedies to 
overcome lot^lized corrosion in stainless steel, 
through design and alloy modifications. It is con
sidered premature, however, to base our designs upon 
these modifications, because their effectiveness has 
not been evaluated by actual testing in operating 
systems. Improved grades of ferritics arc also in con
tention for use in future system, specifically those 
which contain alloying elements to stabilize the carbon 
content. Stabilized grades of 2''^ Cr-1 Mo alloy are 
now being investigated and. in time, these will be 
available to the materials engineer and designer, es
pecially when the appropriate code cases are estab
lished. 

Selection of material is also predicated upon ful
filling stringent control of variables involved in fabri
cating the units. Some disadvantages of the alloy 
selected can also be overcome by choosing prudent 
design characteristics. Quality control of starting ma
terials and the processes involved during fabrication 
and installation are part and parcel of the total prob
lem regarding material selection and performance 
limits. It is with recognition of these ingredients that 
the selections were made, recognizing that satisfactory 

m 
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F I G . 1. Effect of Temperature on Maximum Rate of Metal 
Loss of Ferritic Steels in Flowing Sodium. 

performance of the unit is the sum of total effort of 
which material selection is a part. 

In this paper, basic properties of the 2i4 Cr-1 Mo 
alloy are discussed, which are pertinent to the design, 
fabrication, and operation of sodium-heated steam 
generator units. 

Discussion 

Before a material can be selected for an engineer
ing application, many aspects of performance must 
be investigated to determine overall suitability. Gen
eral corrosion, localized corrosion, and mechanical 
properties are considered in separate sections. 

General Corrosion 

A. Sodium 

The sodium-heated steam generator will comprise 
the end of the "hot leg" and the beginning of the 
"cold leg" or cooling cycle of the secondary system. 
Existing experience indicates that corrosion (metal 
loss) will occur in the first part of the unit, and that 
deposition of material will occur in the remaining 
part. 

Heated sodium has a corrosion potential which is 

characteristic of its oxygen content and the local tem
perature. The rate of corrosion of any structural 
component exposed to sodium is also dependent on 
coolant velocity and its relative position in the sys
tem. If the cumulative corrosion in the hot leg is not 
sufficient to utilize the full corrosive potential of the 
heated sodium, corrosion will continue into the cold 
leg until decreasing temperature neutralizes the re
maining corrosion potential. From this point on, de
creasing temperature promotes the deposition proc
ess. Empirical methods '" for predicting the location 
of this area indicate that as plant operating condi
tions change, the location of the crossover from 
corrosion to deposition can shift. Therefore, it is 
considered reasonable to expect that the crossover 
zone will be in the superheater and that corrosion al
lowances must be made for this unit. 

Experimental testing has been carried out in US'^' 
and UK'^' laboratories to determine the corrosion rates 
of alloys in flowing sodium. In these programs, the 
corrosion performance of ferritic and austenitic steels 
was determined as a function of sodium temperature, 
velocity, and mass flow, as well as of oxygen level, 
solute saturation (downstream), and system geometry. 

In determining the maximum corrosion allowance 
for the steam generator, it is assumed, for comparative 
purposes, that the oxygen content of the sodium will 
be a maximum of 25 ppm during normal operation, 
sodium velocities will not exceed 15-25 fps, and the 
downstream, or saturation, effect does not apply. The 
available data, represented in Figure 1, indicate that 
general corrosion over a 30-yr lifetime (80% P.F.) 
will be 6.3 mils for the evaporator at a design tem
perature of 900°F and 8.9 mils for the superheater at 
a design temperature of 950°F. These values include 
peak uncertainty factors; a safety factor is not con
sidered necessary because of the following built-in 
conservatism: 

(1) Sodium velocities in the steam generator are 
expected to be ~ 6 - 8 fps. From General Electric 
data at 1300°F, a reduction in velocity from 
15-25 fps to 5-8 fps can result in a reduction in 
corrosion rate of approximately 30%. 

(2) Mechanistic studies at 1300°F have suggested 
that continual long-term operation of sodium 
facilities have the effect of reducing the ef
fective oxygen content of the sodium to some 
low equilibrium value through reaction with 
the system materials. Therefore, if oxygen 
contamination of the system is kept to a mini
mum, the oxygen content of the sodium should 
be effectively lower than 25 ppm for a large 
portion of the unit lifetime. Since corrosion is 
known to be related to oxygen content, the ef-
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FlO. 2. Steam Corrosion of 2'4 Cr-I Mo. 

fective corrosion should be appreciably less 
than the allowance. 

(3) No credit has been taken for the decrease in 
corrosion potential with increasing downstream 
or saturation. 

B. S(cam/iro(cr 

For 2!4 Cr-1 Mo in high-purity boiler-feedwater 
systems, Babcock and Wilcox'*' has established a 
corrosion allowance of 0.009 in. for 30 hr. This allow
ance consists of 0.003-in. corrosion, 0.003-in. loss dur
ing acid cleaning, and a safety factor of 1.5; this value 
is considered verj' conservative by Babcock and Wil
cox. This rate appears reasonable for application at 
the FCR steam-generator conditions. 

Ferritic steels usually display an oxide scale con
sisting of two layers of generally equal thickness, 
and no pronounced subscale penetrations. The outer 
layer of scale tends to have a lower density and sig
nificant porosity, which is thought to account for the 
observed flaking and exfoliation of scale, especially 
during thermal cycling, at these temperatures. The 
oxj'gen content of superheated steam can play a sig
nificant role in determining the corrosion behavior 
of these materials by influencing the adherence of 
the oxide scale (resistance to spalling) through control 
of the composition (therefore, of density) of each 
Is.ver of scale. 

The results of three corrosion studies (see Fig. 2) 
st the temperatures of interest, one in oxygenated 
steam (20 ppm O2, 2.5 ppm U^:'" and two in high-
purity steam (<10 ppm 0 ; ) . ' ° ' ' were analyzed to 

establish a steam-corrosion allowance. The study in 
oxygenated steam was used as a basis for extrapola
tion because descaled weight loss, instead of scale 
thickness, measurements were made. The metal loss 
rates, based on descaled weight changes, were not 
affected by scale spalling; rates determined by meas
urements of residual scale thickness are directly in
fluenced by spalling history. Because of the sensi
tivity of metal loss rate to steam chemistry and 
spalling frequency, a linear, rather than logarithmic, 
extrapolation is considered more realistic and con
servative over the design lifetimes of the steam-
generator unit. I t has recently been experimentally 
confirmed'" that the corrosion behavior of 2'A Cr-
1 Mo does become linear after a relatively short 
period ( < 1 yr) and that long-term extrapolation 
over periods approaching design lifetimes can be based 
on the linear rate. The cur\'e of descaled weight loss 
was determined through the initial transient region 
into the steady-state linear region, from which an 
extrapolation to the design life could be made. 

Based on these studies, a design allowance for steam 
corrosion of 20 mils is envisioned for a 30-yr (80% 
load factor) superheater life at 950°F. This allowance 
does not include accelerated corrosion during and 
immediately following periodic acid cleaning. How
ever, the frequency of cleaning is expected to be so 
low that the incremental metal loss accumulated 
during the cleaning and subsequent transient-rate 
periods can be accommodated within the corrosion 
allowance. 
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TABLE 1. MECII. \NICM. PHOPEHTIES OP DECAEBDRIZED 2}i 

Cr-1 Mo STEEL 

Material decarburized in wet Hi and heal treated before lest 
Heat Treatment: Normalize at 17iS'F for % hr; temper at 

1S9S°F for H '"•• 

Test 
Temp, 

°F 

R.T. 

572 

752 

842 

1000 

Condition, % C 

As rec'd: 0.12 
Decarbd. to 0.03 
Decarbd. to 0.015 

0.12 
0.03 
0.015 

0.12 
0.03 
0.015 

0.12 
0.03 
0.015 

0.12 
0.03 
0.015 

Yield 
Strength, 

kpi 

52.0 
34.2 
37.6 

47.2 
23.4 
31.2 

52.8 
22.8 
22.4 

52.0 
22.4 
27.2 

46.4 
22.8 
20.8 

Ultimate 
Tensile 

Strength, 
kpi 

80.0 
51.4 
53.3 

72.2 
49.6 
57.6 

75.6 
54.6 
56.0 

75.4 
52.4 
57.2 

61.6 
46.0 
45.8 

Elonga
tion, 

/o 

31 
43 
46 

26 
35 
30 

24 
33 
30 

24 
33 
27 

26 
33 
33 

R.A., 

% 

72 

80 
84 

49 
78 
70 

52 
80 
72 

45 
78 
76 

65 
80 
80 

Localized Attack 

Localized attack can be defined as a nonuniform 
loss of effective wall thickness as a result of selective 
corrosion. The General Electric program is the only 
investigation to report the occurrence of this phe
nomenon in sodium-cooled systems.'^' 

The metallurgical examination of the ferritic ma
terial in the bimetallic and all-ferritic loops showed 
intergranular attack. The depth of attack appeared to 
be temperature-dependent, the greatest depths of at
tack (2-3 mils) occurring in the highest temperature 
portions (1200°F) of the loops after 20,000-28,000 
hr of exposure. In the lower-temperature regions 
(900-1000"F) no significant changes were observed in 
the 2V4 Cr-1 Mo pipe after equivalent exposure, except 
for a minor general surface attack and pitting to a 
depth of about 0.0005 in. Intergranular attack, if 
present, did not exceed this amount. The intergranular 
attack has not been found under normal operating 
conditions (10 ppm oxygen). Our present interpreta
tion is that intermittent high oxygen levels (30 to 50 
ppm) and localized stresses (g ' /2 yield stress) are 
necessary to produce such attack. 

On the basis of these observations, an allowance of 
5 mils for intergranular attack may be considered 
for a 30-yr lifetime (80% L.F.) at 900-950°F for 
214 Cr-1 Mo. 

B. Steam/Water 

The use of 2!4 Cr-1 Mo in the superheater mini
mizes the possibility of stress-corrosion cracking, but 
does not eliminate the problem of pitting. Pitting may 
be minimized through the following precautions: 

(1) Crevices and blind (relatively low velocity) 
spots which would tend to serve as impurity 
concentration sites are eliminated through 
proper design. 

(2) Avoid nonuniformity in heat transfer that may 
lead to preferential flashing of the moisture in 
one area. 

Minimizing atmospheric exposure and assuring 
thorough drying after cleaning are considered an 
integral part of the initial recommendations for the 
use of 214 Cr-1 Mo alloy. 

Effect of Sodium on Mechanical Properties 

The main effect of sodium on the mechanical prop
erties of a ferritic chromium-molybdenum steel in a 
bimetallic system is decarburization with resultant 
loss of strength. 

Decarburization of the ferritic steel in a bimetallic 
system has been observed in previous General Electric 
studies.'^' '"' Carbon loss from 214 Cr-1 Mo sam
ples exposed in the cold leg of a bimetallic loop has 
been measured for times to 20,000 hr. The samples 
exposed to 1100°F sodium showed almost complete 
decarburization (from 0.105 to 0.025% carbon) in 
~2800 hr of exposure. Lower rates of carbon loss were 
measured after 20,000 hr at lOOOT (from 0.105 to 
0.05% carbon) and at 700°F (from 0.105 to 0.09% 
carbon). 

The carbon loss was not confined to a shallow sur
face layer. Decarburization (to 0.025% carbon) had 
progressed completely through the wall (0.110 in.) of 
2!4 Cr-1 Mo loop piping after ~21,000 hr at 
1200°F.<"» It is interesting to note that the loop piping 
at 1200°F decarburized to the same lower limit of 
0.025% carbon as the samples exposed at 1100°F. 

UK experimenters'" ' have observed changes in 
mechanical properties of 214 Cr-1 Mo with decreasing 
carbon contents (SPP Table 1). A significant reduc
tion in tensile properties was associated with the lower 
carbon levels from room temperature to 1000°r. A 
limited amount of short-term rupture data for the 
0.016% carbon material suggested a drop in rupture 
strength of 20% in 550-hr tests and over 3.1 reduction 
in rupture time at 1000°F at a stress of 27,000 Ib/in.^ 
i.e., 500 hr compared with 1700 hr. 

The only US work oriented toward establishing de
sign criteria for 2!4 Cr-1 Mo in high-temperature so
dium has been conducted by Babcock and 
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Wilcox"^"' and Mine Safety Appliances Re
search.'"' The initial Babcock and Wilcox work"^' 
established design stresses based on 1962 ASME Boiler 
and Pressure Vessel Code values which had been 
adjusted to incorporate some unpublished Babcock 
and Wilcox data. The design stresses were developed 
within AS.ME code guidelines to accommodate the 
extended life (30 yr) and environmental considera
tions, including decarburization, known at that time 
(or the material. 

Construction of a model steam generator using both 
iVi Cr-1 Mo and Ty|ie 310 stainless steel was com
pleted by Babcock and Wilcox. The unit was operated 
for 8.000 hr and the inaterials subsequently exam
ined."" The results showed that exposure at 600 to 
1000°F resulted in decarburization of the 2)4 Cr-I 
Mo to detectable depths of 0.025 in. Unfortunately, 
the mechanical evaluation of this decarburized ma
terial was inconclusive. 

The Mine .Safety .\ppliance Research (MS.\R) 
investigation"*' reported data ileveloiicd from speci
mens which had been pre-exposed to sodium of var
ious purities at 1100°F for 4,000 hr before the mech
anical evaluation was initiated. Based upon the GE 
studies,""' this exposure period should have been suffi
cient to induce a significant amount of, if not total, 
decarburization, with simultaneous degradation of 
iiifclianical properties. 

The .MS.\R data provide a rough appioximatioii of 
the long-term effect nf decarburization upon higb-
temperature mechanical properties. The principal ef
fect of sodium exposure was to reduce the stress re
quired at lltX)°F to produce a strain rate of 0.01%/ 
IIXKI hr fiiiiii 4IMH) psi, the ASME Code value, to 2500 
psi. 

Exti-a|iiihitioii iif the most pessimistic MS.\R rup-
tiiic curve uf 210,00(1 hr (30-yr lifetime at 80% L.F.) 
yielded a creep-rupture strength of 3300 psi at 
1I00°F. This value is still greater than the stress to 
produce a strain rate of 0.01%, 1000 hr (2500 psi) and, 
therefore, the latter stress is the controlling parameter 
at temperatures greater than 800°F. 

There is no doubt that extrapolation of this limited 
amount of data is subject to considerable uncertainty. 
However, these are the only data available and they 
appear reasonable as a first approximation. 

The selection of an allowable stress for the 2)4 Cr-1 
•Mo will he based on the criteria defined in the ASME 
Code. The decarburized 2',4 Cr-1 Mo will be treated 
as a distinct alloy with characteristic properties. To 
*et the allowable stresses at temperature below the 
î rcep range, the following asumptions are made: 

(1) The creep range will start at 800°F as with 
normal 2!4 Cr-1 Mo. 

(2l The ultimate tensile strength (UTS) at room 
temperature for this material is 52,(XX) psi, 
based on the English d a t a " " in Table 1. 
Therefore, the allowable stress at 800°F, and 
below, is 13,000 psi (25% of 52,000; . \SME 
Code factor one i. 

Interpolation between the UTS criterion at 800°F 
and the strain-rate criterion at 11(X)°F is required 
to establish the value at the design temperatures. 
This interpolation is made more difficult by an in
complete definition of strain-rate criterion in the 
.-\SME Code. The criterion states that the allowable 
stress cannot exceed that required to produce a strain 
rate of 0.01% 1000 hr. For material which does not de
crease in strength as a function of time, this criterion 
can be conservatively interpretiil as the average 
strain rate over the useful lifetime of the material. 
However, the design of steam-generator tubing for a 
30-yr life in sotlium ser%ice must reflect: (11 increases 
in operating stress due to a decrease in wall thickness 
from corrosion and an increase in diameter due to 
creep, and (2) decreases in material strength due to 
decarburization and overtempcriiig effects at tem
perature. Therefore, the criterion can be interpreted 
not only as the average strain rate over the lifetime 
of the unit, but also as the instantaneous strain rate 
at the beginning of operation. end-of-Iife, or at any 
intermediate time. These interpretations and their 
relative behavior as a function of time are schemati
cally illustrated in Fig. 3. 

For a conservative design within the confines of 
the ASME ("^de. it seems advisable that the Code 
strain-rate requirement (0.01%/1(XX) hr) be applied 
at the eiid-of-life as an instantaneous strain-rate con
dition. Since end-of-Iife conditions include effective 
decarburization. directly applicable information is 
not available. .\ first-level approximation can be 
made by assuming that the MSAR data for decar
burized material can be interpolated to lower tem
peratures and extrapolated to extended-life conditions 
(an average strain rate of 0.01% KKX) hr over a test 
period of less than 10.000 hr at 1100°F in the MSAR 
study versus an instantaneous strain rate of 0.01%/ 
1000 hr after 210,000 hr of ser^•ice at 900°F or 
950''F for the steam-generator unit) . 

The latest (1965) AS.ME Code allowable stresses 
for 214 Cr-1 Mo are shown in Table 2 as a function of 
temperature. These values represent the allowable 
stress levels when designing to an average strain rate 
of 0.01%/1000 hr. Modification HI in Table 2 repre
sents potential allowable stress values for decarburized 
2'.4 Cr-1 Mo, determined by algebraic interpolation 
based on the 1965 . \SME Code values, which the end 
points defined by the UK data at 800°F and the 
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AVERAGE RATE OVER 
INITIAL 100,000 hnnrs = e 

mSTAKTANEOUS 
RATE AT 0 
100,000 hours = t 

€ =0-0!VIOM hours 

INSTANTANEOUS RATE 
AT ZlO,™ hours = # 

FlG. 3. Schematic Illustration of Strain-rate Criteria Permissible under ASME Code. 

TABLE 2. DESIGN STRESSES FOE 

Temp, 

800 
850 
900 
950 

1000 
1060 
1100 

1965 
ASME 

Code, psi 

15,000 
14,400 
13,100 
11,000 
7,800 
5,800 
4,200 

Modi6ca-
tion 

*l,">psi 

13,000 
12,416 
11,152 
9,111 
6,001 
4,056 
2,500 

%of 
Code 

86.7 
86.2 
85.2 
82.9 
77.0 
70.2 
59.5 

2 '^ Cr-1 

Modifica
tion 

*2,mpsi 

13,000 
11,994 
10,113 
6,875 
4,863 
3,506 
2,500 

Mo 

% of 
Code 

86.7 
83.4 
77.2 
62.5 
62.4 
60.4 
S9.5 

'•) Interpolation between SOO-F and 1100°F data based on 
1965 ASME Code values. 

"=' Interpolation based on Babcock and Wilcox extended-life 
criteria.'^2' 

MSAR data at 1100°F. Based on these data, which 
represent a design basis of an average strain rate of 
0.01%/1000 hr, a uniform reduction of 70% of the 
ASME Code value appears to be a reasonable per
formance limit for temperatures less than 1050°F. 

If the Babcock and Wilcox extended-life curve* is 
used as the basis for the algebraic interpolation, 

* Even though the Babcock and Wilcox extended-lifetime 
curve was based on adjusted ASME Code values, it appe«rs 
to be reasonable. In addition, the strain-rate criterion for 
the Babcock and Wilcox curve (an average of 1% over the 
210,000-hr projected lifetime) is a conservative upper limit 
for the design criterion selected in this study (an instantaneous 
strain rate ol 0.01%/1000 hr at 210,000 hr) 

Modification ^2 in Table 2 is developed for de
carburized 2)4 Cr-I Mo. As can be seen, the stress 
values, defined by this case, are substantially less 
than those associated with Modification # 1 , especially 
in the temperature range of interest to the steam-
generator study. 

Therefore, a range of stresses are defined which can 
be used to estimate performance limits. The selection 
of an initial allowable stress would then be directly 
dependent on the design philosophy, e.g., the 
strain-rate criterion. For the conservative application 
of the ASME Code criterion (0.01%/1000 hr) at the 
end-of-life (210,000 hr) , an allowable stress of 6875 
psi is envisioned at the design temperature of 950°F 
for the superheater and 10,113 psi at 900°F for the 
evaporator. 

Summary 

(1) Performance limits have been estimated, on the 
basis of available information, for sodium and stream-
water corrosion rates at the expected operating con
ditions for near-term steam generators. .\n allowance 
for localized corrosion was also estimated. 

(2) In the evaporator and superheater, 2'4 Cr-1 Mo 
will decarburize to at least 25% of its original carbon 
content at projected operating conditions, resulting in 
significant reductions of creep-rupture strength. 

(3) The allowable stresses for decarburized 2'/4 
Cr-I Mo at temperatures of 900-950°F are based on 



Materials for Sodium-heated Steam Generators 333 

TABLE 3. PERFORMANrE LIMITS OF .ALLOY 

Component 

Evaporator 
Superheater 

Design 
Temp, °F 

900 
050 

Corrosion Allowance 

Water/ 
Steam''> 

mils 

Sodium,"'' 
mils 

9 6 3 
20 8.9 

Allowable 
Stress, psi 

10,113 
6.875 

'" On Ht̂ -iitn wide, iillowatifcs for [Hriodic iicul cleanitiK have 
not lieen s[M'r-ifir-ally iiK'ludod, Imt may lie iiecomniodatfd 
within the 20 mils cited aliove, provided the frequenry of 
cleaning in very low. 

"" (Jeneral eorrr)Hi<)ii imly diiriiijt steiuly-Htate operation at 
10 ppm oxygen in the Kudiiini. Slmrl-teriii operation with oxy
gen excureionH ciiti lie iicM-iitnniodated in the allowance. An 
additional nllowatiee of 5 niil.s may he added for localized-
Bttark roriHiderat ions. 

interpolation botwucn data points at 800°F and 1100°F 
and extrapolation to cnd-of-life strain-rate criteria. 
The stress limits are based directly on ASME Code 
criteria, are believed to be conservative, and reflect 
the deprre of uncertainty associated with each extrap
olation from known technology. 

(41 Performance limits are listed in Table 3. The 
corrosion allowances are based on general corrosion 
characteristics only, and the allowable stresses are 
based on the ASME strain-rate criterion of O.OlTc'/ 
1000 hr applied at the end of life. These limits are 
applicable for near-term requirements and must be 
revised as dictated by technological developments. 

(5) Relatively large design margins must be al
lowed on the basis of present uncertainties in the data. 
A substantial amount of additional test work is re
quired to establish actual usable properties within 
normal engineering tolerances. 
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Disruseion 

Mr. (ioodman (AI).' In view of the design problem 
of having a steam generator last for some time, you 
have had to give a great deal of thought to the ex
tended life mechanical properties of the material from 
the standpoint of accident conditions. Have you 
given any thought to what might be the properties 
of the material under extremely high loading rates 
and extremely short periods of time? 

Mr. Comprelli: Extremely high loading rates from 
a stress standpoint? 

Mr. Goodman: Yes, due to high pressures being 
generated as a result of a large-scale reaction. In 
other words, I am talking about high loading rate and 
short-term strength. 

Mr. Comprelli: No, we did not. 
Mr. Bishop (\V) .• What allowances are made for the 

possibility of decarburization of the ferritic material 
and a resulting carburization of the austenitic material 
in the IHX? 

Mr. Comprelli: In the IHX the stresses, of course, 
are significantly lower because the pressure of the 
sodium is significantly less, maybe 200 psi or some
thing of that order. The temperature will be slightly 
higher. The main design problem in the I H X seems 
to be the loss of ductility due to carburization over an 
extended period of time. I believe, at least I hope, 
that there will be enough trade-off available to the 
designer with regard to loss of ductility and stress. 
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The stresses are going to be pretty low. We are think- all drawn upon from previous studies and published 
ing further about this. work, and appear to bo reasonable assumptions for 

Mr. DeVan (ORNL) .• Have you looked at the near-term steam-generator commitments. From the 
problem of grain growth of decarburized 2!4 Cr-1 Phase-I work, in which we did get significant amounts 
Mo at 950°F and do you think it could be a po- of decarburization, I do not recall significant grain 
tential fatigue problem? growth in the areas where decarburization occurred. 

Mr. Comprelli: We have not done any of the experi- With regard to fatigue, you know as well as I what 
mental work to develop these correlations. They are happens. 



TeslH of a Tube-in-Tube Sodium-heated Steam Generator 

E. BistHKii, W. JAN.SING, H . K N I T I I , . \M) II. .MAUSBECK 

IS TER A TOM 
Heruberg, Germany 

(l>J!I>i:\Tr.I) HY II M.\USBECK) 

I. Tin- r<'"t Facility 

Since ltfU.5 a 5-MW te.st facility of INTER.XTO.M 
has been in operation. It was originally built a.s a 
part of the development program for the KNK re
actor experiment."-^' ' ' During the first years it 
was operated exclu.^ix'cly for KNK. 

An overall view of the te.̂ it facility is shown in Fig. 
1. Figure 2 is a .simplified flow diagram, which is re
duced by a scale factor of about .'» in flow rate, etjuiv-
alent to one of the KXK heat-transfer systems. It 
consists of two sodium loops in series and the water-
steam loof). The main heat-transfer components are 
the oil-fired sodium heater ( I ) , the intermediate heat 
exchanger (2), and the once-through steam generator 
151. The main sodium pumps (3 und G) are of the 
free-surface centrifugal-pump type. For purification 
and purity control the two sodium loops contain sep
arate cold traps (4 and 7) and plugging meters. 
Plugging temperatures of less than 120°C are nor
mally reached. The purity of the argon cover gas is 
8ur\'eyed by a sensitive gas chromatograph. Normal 
impurity readings for the cover gas are: oxygen con
tent, <5 vpm; nitrogen content, <500 vpm; hydrogen 
content, <30 vpm; methane content, <,"> vpm. 

In the water-steam system the superheated steam 
is depressurized to 10 atm by a control valve and 
condensed in a tank (10) whieh is connected with 
an air-cooled condenser (13). The piston pump (11) 
services as a feed-water pump. It delivers up to 10 m^,' 
hr of water through a high-pressure preheater U2) to 
the steam generator. Not shown in the figure are an 
air cooler on the primary sodium side and the re
actor tank test moeku|i of the KNK reactor. The main 
layout data of the 5-MW test facility are compiled 
in Table 1. 

The aim of the KNK test work ean be divided into 
l«o parts: 

gaining operating experience for the KNK reactor 
system, including the complete control system; 

tests of the main components of the sodium system. 

One of the most interesting components to be tested 
Ws the KNK steam generator, which is of the con
centric tube-in-tube design. The two units consist of 
28 tubes each with a maximum thennal output of 1 

MW per tube. For the test work the design principle 
of this steam generator was advantageous since the 
reduction in power of the test unit tlid not change the 
characteristics of the steam generator markedly. 
Figure 3 shows the design principle of the test steam 
generator of the 5-MW loop. The feed water of 200 to 
235°C flows up the central tubes of the steam gen
erator. The superheated steam at 510°C and 84 atm 
is collected in Ihe top-side steam header. The sodium 
flows downward in the surrounding annular tube. The 
pressure-relief system of the steam generator consist* 
ot the shutofi devices (2l at the entrances of the 
.sodium tubes, the depressurizer with an orifice at its 
outlet (6), the rupture di.sc (4), the pressure-relief 
line (71. the reaction-products separation tank (8), 
and the quick-shut off valvi^s (11 at both sides of the 
sodium headers. Table 2 shows the main data for the 
test steam generator. 

The tube-in-tube design allowed a large number of 
different measurements to be made during the tests. 
Figure 4 shows a specially instrumented tube-in-tube 
imit. The hydrodynamic characteristics, in particular 
on the water-steam si<le, were investigated by pressure 
measurements,*in part by means of nozzles at several 
points in the tube. By this means pressure drop in 
dilTereiit parts of the tube system could be measured: 
pressure drop across the entrance orifice, pre.ssure drop 
across the preheating zone, etc. The thermodynamic 
belnuior was mainly measured by means of 26 
thermocouples T at the outer wall of the sodium tube. 
.\dditional temperature measurements on the water-
steam side were taken at the above-mentioned nozzles. 
Finally, the nozzles served for a survey of the corro
sion behaviour on the water-steam side. Continuous 
hydrogen measurements and sample iron and oxygen 
measurements were taken, .\dditional bulk pressure, 
flow, and temperature readings at the sodium and 
water-steam sides were available. 

2. Hrilrodynamic Behaviour of the Steam Genera
tor 

?./ . Measurements ol Pressure Loss 
The pressure loss of the set of inlet orifices at each 

tube-in-tube unit and of the inner tube itself was 
measured 
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FIG. 1. Overall View of Test Facility. 

F I G . 2. Heat Transfer Systein of 5-MW Test Facility. 

to check the design pressure of the feed-water pump; 
to assure the uniform distribution of the flow rates; 
to determine the surface roughness. 

Pressure measurements were taken across the ori
fices and across the tubes by means of pressure differ
ential cells (Barton cells). Special measuring nozzles 
were installed before and behind the orifices and be
hind each water-steam tube of the steam generator. 

Three tubes were supplied with additional nozzles 
behind the boiling zone. 

Figure 5 shows the result of the pressure-drop meas
urement of tubes 1 ^ . Tube 5 is not included sinca it 
failed after 68 hr of operation (see Sect. 5). The 
tube-and-orifice system has a pressure drop of approxi
mately 25 atm at full flow (1.5 t /h r per tube); the 
orifices alone have a pressure drop of 18.5 atm. The 

differences in pressure loss of the tubes 2 to 4 are 
negligible even with a different number of measuring 
nozzles, which means also with a slight difference in 
the heated surface. The pressure drop of tube 1 is 
slightly lower than that of the other tubes. This is 
mainly due to a small difference in diameter and in 
minor part to a smaller roughness. As shown in Table 
2, this tube is of a different material, namely, Inconel 
600. 

All readings of Fig. 5 are valid for an overall 
sodium-to-water ratio of 8.65. The pressure drop in
creases with the sodium-to-water ratio since the 
length of the preheating zone decreases with its 
smaller pressure drop. The increasing boiling and 
superheating zones have a higher specific volume and 
therefore a higher pressure loss. 

Finally, it should be pointed out that the orifice 

TABLE 1. PEKFOEM.INCE D.VTA OF THE 5-MW TEST FACILITY 

Primary and Secondary Sodium Pump 
Max operating temperature 580°C 
Pump capacity 150 m' /hr 
Total dynamic head 6.0 kp/cm' 
Operating pressure 12.0 kp/cm= 
Cycles per minute: 1500 min~^ 

2900 min-i 
Materials Type 347 

for primary; 
for secondary 

Oil-fired Sodium Heater 
Duty 
Max inlet temperature 
Max outlet temperature 
Materials 

5.0 MW 
440°C 
580°C 
2,14 Cr-1 Mo(Nb stabilized) 

Main Pipes of Primary and Secondary System 
Pipe size 168.3 mm OD; 

4.5-mm wall thickness 
Materials 2li Cr-1 Mo (Nb stabilized) 

Intermediate Heat Exchanger 
Duty 
Type construction 
Number of tubes in parallel 
Surface area 
Max operating pressure 
Max operating temperature 
Materials 

6 M W 
shell/helical tube 
20 
26.0 m' 
12.0 kp/cm' 
680°C 
2) i Cr-1 Mo (Nb stabilized) 

Main Sodium Gate Valves with Freeze Seal 
Max temperature 580°C 
Max pressure 12.0 kp/cm' 
Materials V,i Cr-1 Mo(Nb stabilized) 

Operating Time of the Main Components 
Sodium heater 
Sodium pumps 

Intermediate heat exchanger 
Steam generator 

8700 hr 
10060 hr for primary; 
8250 hr for secondary 
6310 hr 
3800 hr 
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pressure drop of 18.5 atm includes a safety margin 
with respect to uneven distribution. 

f i . Hydrodynamic .Stability 

tJt.l. Discussion of Flow Instability 

The question of instability will be discussed as far 
SS it proved to be of interest for this special sodium-
heated steam generator. Generally two types of insta
bility have to be considered:'*' steady periodic (oscil
lation), or aperiodic (decaying or diverging transient). 

Figure 6 shows a typical example of a stable 
pressure drop-vs-flow characteristic. The cur\*e de
scribes the calculated 100% load case of one of our 
gt«am-gcncrator unit*. Aperiodic instability is char
acterized by dAp/dGfw < 0 (Leddincg criterion). It 
can be seen in the figure that the tube without the ori
fice would be unstable under operating conditions. The 
strong stabilizing effect of the orifice is obvious. The 
stability criterion in Fig. 6 is often used with empirical 
numbers to describe a safety distance from the region 
dip/d6'„ < 0. 

The second equation describes the influence of 
parallel tubes on stability. With respect to stability 
the lowest load was the most interesting case. The 
specified operational range of the steam generator 
was SOTo to 100*̂ ^ of load. Figure 7 shows pressure 
drop-vs-flow curves calculated for different sodium-to-
water ratios at 30% of loud. The operating point 
turns into the unstable region between a sodium-to-
water ratio of 7.25 and 7.79. This ensures an adequate 
safety margin as compared with the operating ratio of 
8.65. 

t.i.l. Measurement of the .Stability Range 

To determine the stability range at the lower load 
limit was the purpose of the stability tests, .\mong 
the different parametei-s which influence the stability 

7 = ^ . 

r 
1 Ma>n 901* valves 
: Shut-off device* 
3 BuDble mete's 
I. Rupluredsk 
5 Pressure fTieief 
6 Oepressurner with onhct 
"" Piessufe ret "ft l<ne 
8 Reoclon products 

separation lank 

^5£^ 

TABLE 2- PERFORM.\,XCE D.M.V o r THE STE. \U C.ENI:R\TOR 

Type Construction: 
Once-throuKh steam generator 
Concentric tube-in-tube 
5 Tube-units in parallel 

Duty at Full Power 5 MW thermal 
Feedwater flow rate 7.5 metric tons, hr 
Sodium flow rate 64.9 metric tons, hr 
Sodiiim-tofeedwator ratio 8.65 
Feedwatcr temperature 238^" 
Su|>prheftled steam temp SICC 
Superheated steam pressure 85.0 kp cnt* 
Sodium inlet temperature S24°C 
Sodium outlet temperature 308'X? 
Surface area 22.3 m* 
Total length of one tube-in-tube 52.6 m' 

1) Keen. a. huiler region 
of inner tulies 

Size of tube \ r . 1 
Size of tube .\'r. 2-5 

2) .^Superheater rcKion of 
inner tulies 

Size of tulip Nr. 1 

Size of tube Nr. 2-5 

Outer-tubes Nr. 1-5 

Tubcsize{mm) 
Wall thickness 

25.4 X 2.64 
25.0 X 2.90 

30.0 X 3.00 

30.0 X 3.80 

60.3 X 3.20 

Length 
(m) 

32. S 
29.0 

20.0 

23.S 

52.6 
1 

Matcriml 

Inconel <iOO 
21-4 Cr-l Mo 

21-4 Cr-l Mo 
(Nl. 
sUh) 

21^ Cr-l Mo 
(Nh 
stah) 

2li Cr-l .Mo 
I N l i 
s i n h i 

Sk^erTieaied - Sleom-

T • Ten>p*<at\«V 
P-PrMSur* • M*0*i«meot 
M-Hj-ConcefilratMSo-

Feed-Mater-mM 

Soaun 
Outkei 

J K. u 

^Iii. 3. 5-.M\V Steam Clenerator and Pressure-relief Sj-stem. 

F I G . 4. Tulie-in-Tube l 'nit for Steam (lenerator. 

of the steam generator, the stabilizing effeet of the 
inlet pressure drop (orifices i and the stabilizing effect 
of a different heat-transfer characteristic (sodium-
to-water ratio) can be experimentally checked. Most 
of the t*sts were carried out with constant feedwater 
and decreasing sodium flow. Some tests with increasing 
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Ap 
[kp/cm2] 

t 20 

15 

" G,„ [t/h] 

^ P = '^POrifice * ^PTube 

FIG. 5. Pressure Drops of Tubes 1-4 vs Flow Rate. 

Gf d(Ap) 
(1) Stability Number of a Single Tube: S j - ^ j g — 

. .%.->_. . : • : . . . . 1 . L- ... .. r v . . . . t l n l T .Uap-C - D Q (2)Stability Number of n FtarallelTubesiSn' TirfSs 

feedwater flow at constant sodium flow permitted di
rect comparison with the calculated pressure drop 
vs flow rate. 

Figure 8 shows the flow-pressure characteristic for 
the 35% load case. Feedwater flow had been in
creased by stages up to 143% of the operating con
dition; pressure drops of the heated tubes and of 
the orifices were measured separately. 

Within the accuracy of the measured values of 
Ap the pressure-drop curve of orifice and tube does not 
show a significant instability range in contrast to the 
calculated data. This was mainly due to the assumed 
surface roughness of 0.05 mm for the calculation. 
The experimental data were fairly well matched by 
using a surface roughness of 0.02 mm. This result of a 
stable behaviour was confirmed by the measurement 
of the steam outlet temperatures which decreased 
uniformly by decreasing the sodium-to-water ratio. 

The tests with constant feedwater and decreasing 
sodium flow were performed at 20% and 30% of full 
load. Figure 9 shows the summary of the main 
parameters for a 20% load at different sodium-to-
water ratios. The superheater outlet temperatures 
deviate markedly at a sodium-to-water ratio of about 
7, but correspond typically to stable behaviour. Ape
riodic instability normally means that some of the 
exit steam temperatures decrease extensively while 
the others increase slightly. In our case all steam 
temperatures decrease uniformly. This behaviour is 
due to the fact that the superheater zone is shortened 

Gf^a/Gfw-valuesat the 
curves are related to the 
operating point 

Gfw/Gfw3i 
150 [v.] 

FIG. 6. Pressure Drop vs Flow Rate of One Tuhe-in-Tube 
Unit ol the Steam Generator for 100% Load. 

F I G . 7. Pressure Drop vs Flow Kale at 30% Load and Differ
ent C N . / G I » . 
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to a small tube area at the exit of the steam genera
tor. This is shown in Fig. 10 where typical tempera
ture cuiTCS for a 30% case of 8.92 and 6.34 as a sod
ium-to-water ratio are compared. 

At the nominal sodium-to-water ratio the load 
has been reduced below the specified load limit of 
30%. Under these test conditions the steam generator 
was stable down to less than 10%. The accuracy limi
tations of the measuring equipment did not allow a 
controlleil further deerea.se of the load. 

All the tests showed that the stability was guaran
teed within the presumed range of operation. More
over, under all circumstances there was a remark
able safety distance between the range of nominal 
operation and the point of extensive change of steam 
outlet temperatures. This safety margin is of value 
with respect to uneven flow and heat-transfer distribu
tions which have been observed as a consequence of 
tube-diameter tolerances and a different roughness 
of the tubes. 

The given pressure difference across the orifices at 
feedwater inlet effectively balanced out the tempera
ture profile across the tube units during startup and 
shutdown. Therefore we had always uniform tem
perature distribution in the inlet and outlet headers, 
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which allowed different startup methods of the steam 
generator. It could be started without difficulties at a 
sodium temperature of 200°C and al,-o after shutdown 
of the test facility without cooling down the sodium, 
which is of interest for post-scram reactor restart. 

3. Experimental Results on Heat Transfer 

S.I. Instrumentation (see Fig. 4) 

To determine temperature distribution, heat flux, 
and local overall heat-transfer coefficients, the follow
ing measurements were used: 

sodium flow in the secondarj- system; 
feedwater flow in the main tube and in each of the 

four units; 
sodium inlet and outlet temperatures of all unit*; 
surface temperatures over the length of the outer 

tubes of units 1 and 4 (26 measuring points); 
feedwater inlet and superheated steam outlet tem

perature, both at the header and at each tube; 
pressure and pressure drop on the water-steam 

side; 
water-steam temperature at three points of unit 4. 
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FIG. 11. Heat-transfer Results for 100^ Load. 

TABLE 3. A'.̂ LUEs AND LOCATION OF M A X HEAT F L U X AND 

MAX OVERALL COEFFICIENTS OF HEAT TR.\NSFER OF T U B E 

U N I T 4 

Load 
C%) 

101 
73 
53 
35 

«/hr) 

1.54 
1.10 
0.75 
0.625 

(io"kg/ 
m'-sec) 

1.46 
1.05 
0.76 
0.50 

C N . / 

Giw 

8.70 
8.70 
8.70 
8.66 

(kcS/ 
m^-hr) 

466000 
432000 
360000 
285000 

I 
(m) 

17.8 
15.0 
12.2 
8 

X 

0.52 
0.50 
0.45 
0.35 

(kcal/ 
m^-hr-

°C) 

7500 
8350 
7800 
6850 

I 
(m) 

11 
9 
7.5 
6.2 

S.S. Calculation of the Main Heat-transfer Data 
from the Experimental Data 

The local heat flux is proportional to the differential 
of temperature vs length, ft follows that 

fe(0 = G N . C | 

d.-ir \dl)l • 

The local overall heat-transfer coefficient is calculated 
by dividing heat flux and temperature difference be
tween sodium- and water-steam side: 

KU) ?.(0 
^ H j o ) ! 

Temperature on the water-steam side was determined 
by heat-balance calculations and by direct measure
ments on the water-steam side, respectively. The 
calculation of the heat-transfer coefficients on the sod
ium side with known heat-transfer correlations gave 
a first idea of heat-transfer coefficients on the water-
steam side, with 

<.(0 

By means of a data-evaluation program we calculated 
the desired data, including additional data of interest 

like velocity, pressure drop, and vapour content on 
water-steam side. 

3.S Discussion of Experimental Results 

Figure 11 shows the most interesting curves of tube 
unit 4 at full load. The maximum overall coeflicient 
of heat transfer is located at the beginning of the 
boiler region (this is practically identical with the 
maximum ot the heat-transfer coefficient on the water-
steam side). The maximum heat flux is located in the 
middle of the boiler region. 

The discontinuities at a 28-m distance from the 
feedwater inlet are due to the increase of the diameter 
of the inner tube. We measured the interesting data 
of heat transfer over the full-load range down to less 
than 10% load. 

Table 3 shows the values and locations of heat flux 
and overall heat-transfer coefficient at different loads. 
The maximum heat flux amounts to 466,000 kcal/m^-
hr. The maximum overall heat-transfer coefficient is 
approximately 8,000 kcal/m--hr-°C. The sodium-to-
water ratio had a nominal value of about 8.7. 

There was a good agreement between calculated 
and measured heat-transfer values in the economizer 
and superheater region. In the boiler region, however, 
we had considerable discrepancies between experi
mental results and design data.*'^*'! 

As the surface area of the boiler region only extends 
to one-third of the total heat-transfer area of this 
steam generator, it was not necessary to change the 
design of the steam generator for the reactor plant. 

The following errors for the experimental data were 
determined: 

flow r a t e 

inc l ina t ion of sod ium 

t e m p e r a t u r e 

specific h e a t 

d i a m e t e r of i nne r t u b e 

sod ium t e m p e r a t u r e 

±s% 

±5% 
±0.5% 

± 1 % 
±1.5% 

These failures amount to a maximum failure of heat 
flux of ±10% and of the overall heat-transfer coeffi
cient ot ±16%. 

3.4. Film Boiling 

We observed that over the full-load range the max
imum values of heat-transfer coefficients were reached 
at the beginning of the boiler region at a weight frac
tion of vapour between zero and 0.2. Up to that value 
there is nucleate boiling. That allows film boiling to 
occur. 

We therefore compared the measured heat fluxes 
with other experimental results in the literature'*'"' 
and found that under such conditions of operation no 
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film boiling can exist, whieh was aflSrmed by the corro-
lion measurements and the metallurgical evaluations. 

4. Corrosion Measurement al the Water^team Side 

11. Method 

Corrosion measurement gives additional informa
tion about the status of the steam generator. In the 
case of ferritic steam-generator tubes the behaviour 
during the initial startup is dictated by the forma
tion of a protective magnetite layer on the wall sur
faces. After this formation is finished, the corrosion 
rate will be reduced to a small constant value, mainly 
due to the diffusion of iron atoms through the protec
tive layer. The integrity of the magnetite layer can 
be disturbed. If this disturbance is a recurrent process, 
this may lead to the destruction of the steam-generator 
tube. Processes of this kind are: 

steady periodic and aperiodic instability, as men
tioned in Sect. 2; 

stratified flow in the horizontal channels, which 
causes high-temperature stresses; 

high heat flux; 
deformation of the inner tubes by suppressed ther

mal expansion. 

Therefore a survey of corrosion data is an additional 
tool in evaluating a steam generator. We measured 
continuously hydrogen concentration, electrical con
ductivity, and pH. Discontinuously measured were 
oxygen and diluted iron (Fe++ and F+ + + ). 

The most important measurement was that of the 
hydrogen concentration. The formation of magnetite 
goes along with the formation of hydrogen in accord
ance with 

3 Fc -1- 4 II^O -» FeaO, -t- 4 H ; . 

Tlu'icfore the continuous measurement of hydrogen 
gives the best results about the buildup and the integ
rity of the protective layer. 

Slondard Errer 
1 1 122 HarArrHtv 
2 : 1.15 
3 ! 0 ^ 

1 Hcm^mTlv : 0.3 n 

1 Ecoramovr and BaMf Htsynw 
2 Super r<cal«r fr^on 
3 StKvn Oncratar lbU 
4 Fossi Fue4K] S t n n Otrmaks 

4 

—^-Operation Tifne T [h] 

fill. 12, Ittite of Hydroftcii Formation in the Steam Gen-
"stur ilurinp Iiiiti.il Star tup. 

1 
I 
\ 

FIO. 13. HydroRen Formatiun vn Ixiad. 

This measurement is influenced by the oxidation of 
diluted Fe(0H)2 to Fc jO, , which is also accom
panied by the formation of hydrogen. To eliminate 
this failure an Inconel tube was used as economizer 
and boiling zone in unit 1. It can be assumed that the 
corrosion rate of the Inconel is negligible as com
pared with the ferritic material. 

The measuring nozzles, described in Fig. 4, allowed 
a small bypass flow to be directed to the measuring 
ecjuipment. Especially the measuring point* behind 
the boiling zone of units 1 and 4 allowed the reduc
tion of the undesired effects of diluted iron. 

4.2. Results 

Figure 12 shows the development of the hydrogen 
concentration during the first time o( operation of the 
steam generator. During the time of formation of the 
protective layer the hydrogen content is high. It de
creases to a much smaller constant value within about 
140 hr of operation. . \ t that time the formation of 
the magnetite layer seems to be completed. The cur^c 
shows the hydrogen content behind the steam gen
erator; the hydrogen value behind the Inconel tube is 
not yet eliminated. 

The operation has been interrupted for 4 days after 
an operation time of 54 hr and for 12 days after an 
operation time of 68 hr. The interruptions were due 
to the failure of tube unit 5, which is discussed later. 

In Fig. 13 the originally measured rate of formation 
of hydrogen has been reduced to a specific rate which 
allows a better comparison between different steam 
generators. Separate cur\'es for the hydrogen-forma
tion rate within the preheating and boiling zone and 
within the superheating zone are given and combined 
to form a third cun-e for the whole steam generator. 
These cmwes are compared with a fourth cur%e 
which shows the hydrogen development in a fossil-
fueled once-through steam generator.'"" The econ
omizer and boiler region of our steam generator show 
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£• 

1 02" Content at the Outlet of the Steam-Generator 

2 02"Content at the Intet of the Steam-Generator 

Stondard Error 1; ± 6,33 / i g / l 
2: ± 5,65 / u g / l 

3 4 5 

•Gf^Ct/hJ 

FIG. 14. Oxygen Content vs Load. 

the expected lower corrosion rate as compared with the 
fossil-fueled boiler. The unexpected result is the higher 
corrosion rate of the superheater region. This is prob
ably due to the fact that the elimination of other 
effects has only been done within the boiler and econo
mizer region, .'̂ n Inconel superheater region for com
parison was not installed. Two different processes 
may be responsible for the higher corrosion rate of 
the superheater region: 

1. some diluted Fe(0H)2 may still be available 
for oxidation within the superheater region; 

2. hydrogen may be formed by catalytic and ther
mal dissociation of steam. 

This second process has been assumed by Freier 
and Kiekenberg.'"' In that case hydrogen forma
tion would be accompanied by oxygen formation. 
Figure 14 shows the oxygen content before and after 
the steam generator as a function of the load. The 
maximum oxygen formation at a flow rate of 5 t /h r 
in the steam generator is 9 /xg/l. This corresponds 
to a hydrogen formation ot approximately 11 /ig/1, 
if all oxygen formed in the steam generator originates 
from this dissociation process, which is doubtful. The 
hydrogen concentration of 11 ;i»g/l of condensate cor
responds to 5.6 mg/hr or, if it can be seen mainly as a 
surface effeet, to 6.1 N-cm^/m^-hr. With these hydro
gen numbers the hydrogen-formation rate in the 

super-heater region could even become negative. 
Therefore, the discussion of these fairly uncertain 
oxygen-formation processes is to show merely that the 
hydrogen-formation rate in the superheater region is 
probably much lower than is indicated in the figure. 

The results of the electrical conductivity, pH, and 
iron measurements are not discussed in detail because 
the values are typical for normal feedwater. The 
measured oxygen content was slightly high, since the 
degasifier used was not effective enough. 

5. Pinhole Failure in Tube-unit Five of the Steam 
Generator 

5.1. First Shutdown of the Test Facility 

After 54 hr of operation the test facility was auto
matically shut down. It was not possible to identify 
the initiating signal of the shutdown. However, we ob
tained two important indications: 

The cover-gas pressure of the secondary and of the 
primary expansion tanks, which were connected 
together, increased from 1.31 to 1.64 atm within 
13 min. 

Before shutdown the gas chromatograph indicated 
a hydrogen concentration in the cover gas of the 
secondary expansion tank of about 5 vpm. After 
shutdown the concentration reached a value of 
more then 120 vpm, which was the end of the 
selected measuring range for this measurement, 
decreased for a short time to 50 vpm, and finally 
reached a constant value of 150 vpm. 

A helium leak test was negative. 

5.2 Second Shutdown of the Test Facility 

The steam generator was started again. After 14 hr 
of operation we observed all symptoms of a pinhole in 
tube-unit five. During that time we had just tested the 
steam generator at a partial load of 40% with a sod
ium-to-water ratio of about 7. 

The following indications pointed out a pinhole-
leak in tube-unit five: 

We observed a decrease of superheated steam tem
perature in tube-unit five from 511 to 300°C 
within about 8 min. 

The bubble indicator of tube-unit five signaled the 
passage of gas bubbles. 

The cover-gas pressure of the secondary and pri
mary expansion tanks which were connected 
together, increased from 1.26 to 1.64 atm within 
10 min. 

The hydrogen concentration in the cover gas in
creased from less than 10 vpm to 700 vpm within 
a few minutes. 

The revolution frequency of the secondary sodium 
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pump increased to its maximum value of 3,000 
rpm; yet the pump capacity decreased to almost 
zero due to hydrogen bubbles in the sodium. 

Inlet and outlet temperatures of the intermediate 
heat exchanger and the steam generator indicated 
flow disturbance, even reverse flow in the second
an,- system. 

After shutdown of the system, a helium leak test 
indicated a pinhole leak in tube-unit five. The pinhole 
was located near a bend in the neighbourhood of a 
welding scum and at a distance of 29 m from the feed-
water inlet. I t had a iliameter of about 0.25 mm, 
enlarged on the sodium side (see Fig. 151. 

We fourirl the pinlicile was originated by a fault of 
the welder who ignited the welding electrode beside 
the welding seam. This caused small cracks in the 
ignition spot. 

This process was proven by ignitions of dif
ferent iluration of an electrode on a tube of the same 

Fin. Iti. Deposit etf .'smlium llytlroxulc 
the Sudium Side iicnr the Pinhiilp, 

the .\tiiiiiltm at 

material and ilimensions. The result of an ignition 
time of 3 see is included in Fig. 15. 

Figure 16 shows deposits of sodium hydroxide at the 
outer tube wall in the downstream area behind the 
|)inbole. .\s the melting point of NaOH is slightly 
higher (3I5°C) than temperatures at this point have 
been during the failure, it is possible that formation 
of NaOH at the outer tube wall h.ad already started 
during operation with the leak. The outer tube wall 
o|iposite the failure showed only an increased surface 
roughness. 

Two additional pinhole tests were i>crformed to 
assure the phenomena discussed above tire d<>srrihed 
correctly. ' 

Symbols 

(•Hi. 15. t;ii Fiuhii-e .S'fti.ui of the I'liihule in Tuhe t'nit 5 
(111 Failure Sci-tinii C'ausi-d hy lnuition of the Electrode. 

(MiKniflPHtioii SX, Polished.) 

dl 

k, k . 

/ 
n 

P 
p.i, 

3. ?. 

( 

(keal'kg-
Ini, mm I 

(m. mm) 

T ) 

(kg m'-sec) 
(kcal/m'-hr-°C) 

(m) 

(-) 
(kp/cm») 
(kp/cm«) 

(kcal nv-

(°C) 
(°C) 

hr) 

specific heat of the sodium 
luiler diameter of the inner 

tube 
inner diameter of the inner 

tube 
mjuis velocity 
ovendl coefficient of heat 

transfer 
heated tube length 
number of parallel tubes 
pressure 
pressure of the superheated 

steam 
heat fltix at the outer tube 

surface 
temperature 
feedwater temperature at 

the inlet of the steam 
generator 
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(°C) 

CO 
CC) 

tNaout (. ^ ) 

IB CO 

w, w)i (m/sec) 
X (—) 

G,„ (t/hr, kg/hr) 
& a (t/hr, kg/hr) 
S. ( - ) 

5« ( - ) 

a, (kcal/m2-hr-°C) 

ai (kcal/m--hr-°C) 

X,t (kcal/m-hr-°C) 

T (min, hr) 
(kp/cm') Ap 

superheated steam tempera
ture at the outlet of the 
steam generator 

sodium temperature 
sodium temperature at the 

inlet of the steam gen
erator 

sodium temperature at the 
outlet of the steam gen
erator 

water and steam tempera

ture 
water and steam velocity 
weight fraction of vapour 
feedwater flow rate 
sodium flow rate 
stability number of a single 

tube 
stability number of n tubes 
heat-transfer coefficient at 

the sodium side 
heat-transfer coeflScient at 

the water and steam side 
thermal conductivity of tube 

wall material 
operation time 
pressure drop 

HiO-Ot-System 
10/60 (1957). 
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Discussion 

BGB-Mitteilungen 

Mr. Goldmann (UNC) ; I was wondering whether 
you actually observed any flow oscillations or sudden 
jumping from one regime to another. 

Mr. Mausbeck: No, we didn't with this steam gener
ator. According to the first calculations we expected 
to reach the instability range during our experiments, 
but didn't. In other experiments carried out with an
other steam generator we have seen such fast fluctua
tions, which are typical for a periodically unstable 
steam generator. 

Mr. Zebroski (GE).' I wonder if this unit was related 
to the plant design that Dr. Harde showed yesterday. 
AVhat design relationship does the test unit have to a 
large unit that might bear on the same technology? 

Mr. Mausbeck: This is the steam generator tor the 
KNK reactor, which is an experimental reactor oi 
20-MW electrical output. We selected this type of 
steam generator very early. At that time we had to 
select a system that was safe and that we could show-
was safe with respect to sodium-water reactions and 
their effects. One of the main purposes was to choose a 
unit which could be fully tested with the equipment on 
hand at that time. When we went over to larger reac
tors, we also went over to a different steam-generator 
design as Mr. Harde mentioned in his paper. 

Mr. Horton (AEC).' What consideration do you 
give to the problem of tube vibration with the possi
bility, therefore, of high cycle fatigue? Did you make 
any attempts to figure this out? 

Mr. Mausbeck: We couldn't find any vibration in 
this steam generator at any vibration points. I think 
that with the relatively thin walls in this tube-in-
tube steam generator thermal-cycle fatigue is not a 
factor. 

Mr. Kovach (B&W): Did you notice any dif
ference in the steam-side scaling behavior of this 
modified 2'/4 Cr-l Mo material compared to the nor
mal material? 

Mr. Mausbeck: We saw some points of corrosion 
which were due to bad feedwater procedure during 
initial operation. 

Mr. F. A. Smith (ANL); How long did it take to put 
the unit back into service? 

Mr. Mausbeck: Twelve days. 
Mr. Smith: What is a bubbler indicator? 
Mr. Mausbeck: I t is an electrodynamic device that 

is located at each sodium tube to measure bubble den
sity. 



Detection of Small Leaks by Hydrogen .Measurements in a 
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(PUESEXTEU BV A. BRACIIKT) 

INTRODUCTION 

The study of the problem of detecting small water 
leaks in a steam generator heated by liiiuid sodium 
was undertaken in HHJO by the Heat Transfer Dejitirt-
ment of the lODF CH.VTOU Laboratory. In this paper 
arc described all the studies and tests performed until 
now. 

In the first stage, it was proposed to compare the 
different industrial methods of proportioning sodium 
impurities capable of being applied to the special ease 
of hydrogen. Thus, it w;is sought to compare with the 
"conventional methods" (plugging indicator, nickel 
diaphragm a.ssociatcd with a I'inini gauge in accordance 
with th(̂  ,\tomics Internatioiud principle,'" and cover-
gas chromatography) ti new method biu^ed on a nickel 
diaphragm ttssociated with a mass spectrometer for 
detection of the hydrogen. In addition, these prclimi-
nar>' tests were intended to bring (Uit the mtiin physico-
chemical mocluinisms that might enter into a process 
of detecting a water leak in tm industrial steam gen-
eriitor connected to a fjust sodium-cooled reactor. The 
de.scripli(Ui of the tests perforninl and of the results 
obtained are given in Ch. I. 

.\t the end of this first stage, the advantages of the 
new proportioning method were demonstrateil. \\ 'ith 
the iiiaiii mecbtuiisms better known, it became possible 
to cxuiniue theoretically the aih'tint.ages (basically 
sensitivity) of the various methods or processes of 
water-leakage dcteetion in a steam generator. The 
corrcspiuuling tb('(U'etic:d ciuisiderations are covered 
inCh. II. 

In luldition, these calculations bjn'e enableii us to 
evahiale the ndalive importance of the different ptiram-
eters entering into the definition of detection sensi
tivity (the snudlest detectable leak in a given item of 
equipment). It then nppeai-«l necessary to complete 
the already made experimental studies in order to 
improve the knowledge of certain important but badly 
known physictd |i!irameters. The experimental studies 
undertaken for that purpose and the results obtained 
until now are etnered in Ch. III . 

Although there still remain certain unknowns (par
ticularly with respect to the physicochemical inter

pretation (if the plienomena), the roul ts acquired 
during these studies [K'nuit the design and dimension
ing of a leakagedeteitiiin system for an industrial 
application. In this ronnection, there are deseribeil 
in Cb. II the .sfilutions pn)jKK..e<l for two steum-gon-
erator testing inslalhitioiis (1..") .\IWl (ILVTOV cinuit 
and .iO-MWt KENAUDIKUIX rinuil (C.C.V.S.l). 

While waiting for industrial experience to Ije ob
tained with these installations, a short-dunition test 
wiû  perfomieti, in eooiieralion with Ihe CK.\, with 
the thennal testing installation of (!R.\NI) Ql ' i : -
VILLY. 

The tests described in Cb. I \ ' have ciuifimied, on 
the whole, the first conclusions of Cb. I relative Ur the 
general deloction problems in a complex iiidastrial 
circuit. In :td<lition, they have supplied fundimieiital 
physical tlata for the NaK allox' useti in the M'c<uidar\' 
circuit of that installation. Finally, they have iM'miitted 
clarification of eerttun unknowns, like the normal 
diffusion rate of hydnigen thniugh the heat-exchange 
walls of the steam genenitor (hydrogen due to aqueiius 
corrosion of steels). 

. CIIAPTKR I 

PHKI.IMINAKV TESTS AT ( M\T«)l 

1.1 Test liistullati<ui 

The test installation is described in detail in Ref. (2), 
and Fig. 1 gives its general scheme. Its main charac
teristics are summarized as follows: 

Capacity, kg 
Flow, kg/sec 

Heat power, kW 
Max temperature, 
Pressure, bar 

•c 

Sodium Loop 

150 
0.6 

60 
600 

10 

Water-steam Loop 

10 
Circulation by ther-

mosiphon 

— 
.V.5 
170 

•C.E. . \ . . CEN Saelay, Gif-sur-Yvette, France 
t Electrioit(i de Frniico, Chatou, France 

The steam-generator model has the following charac
teristics; 

water tube: diameter = 2Snm:i; thickness = 2.6 nma; 
length = 3m;materi.al = ferritic steel with 2.25% 
Cr-l ^< Mo. 

annular sodium space: diameter = 60 mm. 

345 



346 Birault et al. 

FIG. 1. The Test Loop. 1. Plugging indicator; 2. Cold t rap; 3. Cold t rap economizer; 4. E. M. pump; 5. Expansion tank; 6. Steam 
generator model; 7. Separator; 8. Storage tank; 9. Electrical heater; 10. Filter; 11. Pneumatic valves; 12. No-return valves; 13. Rup
ture discs; 1-i. Safety valve; 15. Cooler; 16. Water storage and expansion tank; 17. Gas products expansion tank. 

d.v,c. (f ig:5 ) 

To injeclion davice 

FIG. 2. TheTest Section. 1. Argon "po t" ; 2. Varuumpumps; 3. Hydrogen calibrated leaks; 4. Argon compressor- 5 Chro
matograph. " ' 
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15 ThrTrHt Sor t ion 

The (litToreiit (•<iuipni(*nls to be (;omimre<J, other 
than ihc pluKKi"K iiuiicator, were arraiigerl within 
the wKhum loop in a special l)y-pas.s (HCC Kig. 2). The 
pluKginK itidicator, of the maiiiial type described in 
Ref. (2), Wits placed in antdher by-pass. 

l:2.L The Nickel-diaphragm Hijiimgiu IhUctnr nj the 
''Sodium'* Type. 

This detector consists (.see KiK. li) of thin ni(k<'I 
tuhcs within which sodiinii circnhites. The instrument 
may be ciinipletcjy purged and does not include any 
dead area where the sodium is renewed slowly. The 
detector is connected to a vacuum circ\iit including a 
Pimni gauge and a ni;iss spectrometer adjusted to mass 
2 (hydrogen). Tho leaklightness of the detector welds 
was helinni tester! at temperature and pressure. 

T« man sp«clrom«l«< 

4r 

ra^ 

FIO. 3. Soilium Tjtio cf Detector (scale "̂ 4). 1. Nickel 
tubes (0.2 mm thick); 2. Stniiilo.ss stool tul>o:3. Valve actuated 
by 5; 4. \':u-uum |*il>e, 1) Sodium leak detector. 

® Nickel tubes (0,2 mm thickness) 

® Plugs 

(3) Vacuum pipe 

® Stoinless steel rods 

FIG. 4. "Arnon" Type of Detortor (sralo '5I. 1. Nickel 
tulies (0.2 mm thicknofis): 2. PIUKS; 3. \'acuum pipe; 4. Stain-
loss stool rods. 

1.2.3. The Nickel.diaphragm Hydrogen Detector of the 
**.Argon" Type 

This device (see Fig. 4) is placed in a tank called 
the "sodium circulation pot," designed for the study 
of detection in the cintiit cover gas (argon). It repro
duces in "miniature" the different configurations that 
might be found in an iiidiLstrial sodium circuit for a 
tank, inclucUng a free sodium surface, and in which 
one nught analyze the argon in order to find out its 
hydrogen content. Such a tank in an indtrstrial circuit 
may be, for instance: an expansion tank, the shell of 
a free-surface mechanical pump, the upper part of an 
intermediate heat e.'sehanger of the R.\PSOI)IE type 
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FIG. 5. The Injection I^evice. 1. Gauge volume tank; 2. 
Vacuum pump; 3. Water boiler. 

or of a steam generator of the ENRICO FERMI tj'pe. 
In general, one may distinguish two main configura
tions in such tanks: 

1. The sodiimi is renewed in the tank by maintained 
circulation (forced convection). 

2. The sodium is static, and is renewed only by 
molecular diffusion during filling and draining 
of the installation or during certain variations of 
conditions. For example, during temperature 
changes, the contraction or expansion of the 
sodium causes partial drainage or filling of the 
expansion tank of the circuit. If the installation 
includes several free-surface tanks in series in the 
flow, fiow variation causes pressure variation 
along the circuit which, again, is translated into 
partial draining or filling of the tanks. 

Furthei-more, the "pot" is designed in order to make 
possible a varied range of thermal conditions in the 
one or the other of the preceding configurations. In 
particular, through suitable heating, one may make 
the pot isothermal at circuit teniperature or at another 
one; or make the pot anisothermal, the upper part 
being colder or hotter than the lower part. 

Finally, when sodium is made to circulate in the 
"pot" (valves Ve and V? open, and valve V4 closed), 
one may, by acting on the height ot the free sodium 
surface in the "pot," achieve the two following states: 

1. Strong turbulence and large sodium-argon contact 
surface: the free level is lower than the upper end 
of the sodium-entrance pipe which, in that case, 
discharges a free sodium jet into the argon; 

2. Small turbulence and smaller sodium-argon con
tract surface at the straight section of the "pot:" 
the free level is higher than the deflection plate 
of the jet, which is submerged. 

The tank supplied by the valve V, is equipped with 
level probes which reference the position of the free 
surface of the "circulation pot" itself before the experi

ment. Subsequently, this tank is isolated (valve V, 
closed). 

In the upper part of the "circulation pot" is placed 
an "argon" type of nickel-diaphragm detector con
nected, like the "sodium" detector, to a vacuum circuit 
and to a mass spectrometer. 

Since the two spectrometric circuits are independent 
of each other, it is possible to observe the phenomena 
in the pot and in the dynamic sodium simultaneously. 

In addition, in this "pot" two nozzles have been 
connected in an initial phase of the tests with a chro
matograph. Later, following the results described 
further on, these nozzles w^ere shut off. 

I.S.S. The Hijdrogen- or Water-injection Device 

This device is shown schematically in Fig. 5. It 
permits the injection, in the form of a short-duration 
(about .30 sec) "puff," of gaseous hydrogen or of super
heated steam, in known quantitj", directly into the 
main sodium passage. 

1.3 The Results 

1.3.1. Comparison of Sensitivities of the Different 
Proportioning Methods 

1.3.1.1. The Plugging Indicator 

The study covered the comparison of the plugging 
temperatures corresponding to successive cumulative 
injections of gaseous hydrogen or steam. The hydrogen 
content was computed with respect to the mass of 
hydrogen so injected to the "effective" sodium mass 
(sodium contained in the pipes where effective flow 
takes place). Therefore, the pipes or tanks containing 
static sodium are excluded from these calculations. 
Permanent control during these tests of the hydrogen 
content of the loop, by means of the "sodium" tj'pe 
detector, has shown (as will be seen further on) that 
this kind of procedure was legitimate. In fact, in the 
absence of operation of the cold trap and of a new 
insertion of hydrogen or of water, the hydrogen content 
did not change during long periods of time. The same 
control has also allowed us to find out when, after an 
injection, a homogeneous content was reached in the 
loop (see Fig. 11). 

The results, shown in Fig. 6, were obtained for an 
isothermal circuit at 400°C at all points, in particular 
at the injection point and in the pipes containing static 
sodium (except, obviously, in that of the plugging 
indicator). 

The results have been compared with those of 
Subbotin and Kozlov.'^' There was good agreement for 
hydrogen but less so for water. However, in the latter 
case, it should be noted that, within the accuracy of 
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10.10 15.10 20.10 

F I O . G. Plugging Temlxjrature CS Hydrogen Concentration. 

our measurements, it may be practically tu^sumed that 
the "hydrogen" and "water" curves are coincidental. 

The things tluil i)a.ssed though the plugging indicator 
only "saw" hydrogen, regardless of its origin, at least 
under the particuhir conditions of our experiments 
(isothermal loop at 4(X)''C'). Under these conditions, 
the sensitivity of the plugging indicator was of the 
order of 1 ppm. It is IUIIIKIIIIC that, in a circuit of 
greater caii:icity and with an automatic type of device, 
one would obtain slightly higher sensitivity (of the 
order of a few tens in ppm. for instance). 

l.Sd.1. The "Sodiitni" Type of Xickel Diaphragm 
Associated with a Pirani Gauge 

l.S.lJ.l. I'se in Dynamic Vacuum 

Figure 7 shows the results obtained with the Pirani 
gauge used in "dynamic vacuum," i.e., with pumping 
in permanent operation. Large variations of hydrogen 
flow diffusing through the diaphragm (flows measured 
by the ni;i.<s spectrometer) corresponded with small 
response vtiriations of tho gauge. This kind of use has 
very mediocre sensitivity. 

I.S.l.e.i. I'se in Static Vacuum 

Figure 8 shows the results obtained by observing 
the "vacuum rise" in Ihe detector isolated from the 
pumping unit. The test conditions are identical with 
the preceding ones. Sensitivity is better than in the 

preceding ciLse. For the device in question (the dia-
l>liragm of Fig. li and a Pirani gauge), this seiu-^itivity 
is of the order of 10~' ppm. On the other hand, the 
measurements take a long time, are diseontiimous, and 
are not ab.solutely selective of hydrogen. 

1.3.1.3. The "Sodium" Type of .\ickel Diaphragm 
Associated with a Mass .^Spectrometer 

Figure 9 shows the result obtained, still under the 
same conditions a-s before. The field of the device used 
in the version iu r|uestioii tdiaphnigm of F'ig. 3 with 
spectrometer of the helium-leakage type of industrial 
detector) is between 0 and 1 ppm. For verj- small 
contents, of the order of 10"' ppm, the sensitivity of 
the svstem may reach a few 10~ ppm. 

In addition, the use of the s|)ectrometer presents 
several other advantages: specificity to hydrogen, 
short response time, and possibility of continuous 
measurement. Therefore, this method was adopted 
for the subsequent studies bearing, in particular, on 
the determination of the dominant mechanisms in a 
process of water-leakage detection. 

I.3.i. Study of the Main Physicochemical Mechanisms 
Entering into a Process of Water-leakage Detection 

For the main part, these tests have been conducted 
iu the installation described in ""Ll. The proportioning 
method was spectrometry. These tests were performed 
in three main stages: 

file:///ickel
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FIG. 7. Hydrogen Measurements during Cukl-trap Operations; Comparison of Responses of Spectrometer and Pirani Gauge. 

Spectrometer response 
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FIG. 8. Pressure vs Time in Isolated Detecto 

1x10"° 2,10"* 3x10"6 

F I G . 9. Calibration o( "Sodium" Type of IJetector. 

1. First stage: Only the sodium loop of Fig. 1 was 
operational (the water-steam part being filled 
with argon). It was sought in these tests to study 
the various possible arrangements of the detectors 
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(in sodium iiiid in argon) and, generally s|)eaking, 
to study hydrogen l«'havior in a complex sodium 
circuit. 

2. .Sectmd stage: Only the water loop was operational. 
The heat exchtinger was isolated, and the pres
surized water circulated in the instrumented 
bypass given schematically in I'ig. 10. In this 
test series, it was sought to bring out the part 
played by the "normal diffusion" of hydrogen 
through the lictit-exchange wall. Indeed, it is 
known that the aqueous corrosion of steels frees 

Temoit ip^ctromalt 

i x r t x i 
Fni. 10. WiiiiT Test Loop (Phase 2). 

hydrogen which, in the "nascent" state is par
ticularly apt to diffuse and. c»in.*^]ueDtly, to 
penetrate into the sodium, which is thereby 
contaminated. ITie presence of this ' 'normal" 
hydrf^en creates a background noise in which 
the signal due to hydrogen, JL-; a result of :i {xtssible 
leak, may \iv lost. 

3. Third stage: 'I*he two srxlium and water l<K)ps 
were in operation and interconnected by the 
intermediary of the steam generator model. These 
test.s were to check resuh.s obtained previously. 
In addition, in a test pha-^e now in preparation, 
one will study the behavior in time <if real micn>-
leaks (duo, for in.stance. to manufacturing de
fects). 

1.3.2.1. First-stage Tests: SiHlium Circuit Only 

I.S.i.l.l. Study nf Response of the "Sodium" Type of 
Diaphragm to a Hydrogen or Woder Injection 

Figures 11 and 12 illustrate the results obtained 
for h>(lrogen injection and for a water injection. The 
initial lest conditifms were: 

isothermal lem|M'rature of the loop: 400°('; 
a prior }nirification stage by "cold t rap" has reduced 

the 'plugging tem|K'rature" to a nonmea'^urable 
value (less than 140'C') and the response of the 
S|X'ctrometer to a value close to the intrinsic 
background noi.se of the device ( when it is isolated 
from the detector); 

the "cold t rap" and the "plugging indicator" arc 
i.solated Inhere is no flow through themi. and the 
main flow of the loop circulates fully in the instru-
menttnl bypass (valve Vi closed, as well as \\ , 
VB , V7 ; valve V, open). 

A known mass of hydrogen or (tf water is injected 
by \ ' , , at constant flow, for about '.iO sec at ambient 
temiMTature. The water, on the other hand, is injected 
in the f()rm of steam suix-rheatetl to 400\" and vmder 
a pressure of a few bars. 

The testing procedure was as follows: The passage 
of tho "puff" of hydrogen is felt by the "sodium'' 

F I G . 11. "S«.»diun»" Type of Detector and Hydrogen Injection, 

http://noi.se
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orantmlion .Q.C.H 
COLD TRAP STARTING 

F I G . 12. "Sodium" Type of Detector and Water Injection. 

Artrn tank uppfr ptrt eoolgd̂  

F I G . 13. Test No. 1 with "Argon" Type of Detector. 

( D H K . ) detector after a period of time corresponding 
practically to the time of sodium passage between Vi 
and DHND . The amplitude of the response is relatively 
small. Then the response of the detector becomes again 
equal to the background noise before injection. Subse
quently, the detector responds to each of the successive 
passages of the hj'drogen "puff" with a periodicity 
equal to the passage time of the sodium loop. The 
turbulent diffusion tends gradually to dilute the "puff" 
until a steady state is reached (at the end of about one 
hour under the conditions of our tests). Then, the 
response ot the spectrometer is stable in time. Constant 
hydrogen content will be maintained practically with
out any appreciable change so long as none of the 
parameters of loop operation are changed. 

These tests bring out the following remarkable points: 
The behavior of hydrogen, whether it comes from an 

injection of gaseous hydrogen or of water, is 
quahtatively the same under our test conditions.. 

The tests show great hydrogen stability in the loop 
when its operational parameters are maintained 
perfectly stable. This fact justifies the operating 
procedure we have used during the "plugging 
temperature" tests. 

If one integrated the successive "peaks" that are 
observed during the course of steady-state estab
lishment (see Figs. 11 and 12), it is noted that the 
average concentration corresponding to each is 
equal to the concentration corresponding to the 
stage of the established state. Only the first 
"peak," that right after injection, shows a smaller 
average than the others. This result is interpreted 
by the great abiUty of hydrogen to enter into 
solution at very high concentrations (at sufficient 
temperature). This fact confirms, in another form, 
the results relative to the plugging temperature. 
In fact, it may be behoved that, if this were not 
so and, in particular, if the hydrogen were main
tained for a long time in the form of a more or less 
heterogeneous emulsion, one would not observe 
such a repeatabihty of results of the integration 
of different "peaks." 

1.3.2.1.2. Study of Response of an "Argon" Type of 
Diaphragm to a Hydrogen Injection 

Figures 13 and 14 illustrate the results obtained in 
the comparison of operation of "sodium" (DH,,.) ™d 
"argon" (DH„.„„) diaphragms. The initial testing 
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Jmt (hour) 

FIG. 15. "Argon" Type of Detector: Influence of Anisothermy of the Argon. 

conditions were basically identical with the preceding 
ones. 

The preceding tests having shown that it is practically 
indifferent whether one operates with water or with 
hydrogen; hydrogen was used in this case. The injection 
was made with an isolated "pot," i.e., with valves 
Vl , VB , Ve, and V7 closed, and with V4 open. The 
observation with D H N ^ permitted evaluation of the 
homogenization of the hydrogen content (see Figs. 
11 and 12). 

In Fig. 13, at a time t = 5 hr after a prolonged 
purification stage, the "background noises" were 
reduced to low values (0.2 V for DHNa and 3.5 V for 
J-'rlargon/ • 

The "pot" was kept isothermal and the DHari;on 
diaphragm at a slightly higher temperature. Injection 
was made at the time t = 7 hr. After stabilization of 
the sodium signal, the "pot" is placed into circulation 
with V4 and VB closed and with Ve and V? open. The 
sodium level in the "pot" was adjusted so as to obtain 
strong turbulence of the free sodium jet. The response 
of DHarcon increased slightly. The "pot" was isolated 
again for a new injection. This operation was repeated 
several times. It may be observed that both diaphragms 
recorded the rise in hydrogen content. At the time 
t = 28 hr, the heating of the upper part of the "pot" 

(in the argon zone) was interrupted; the response of 
the DHargoii detector diminished (while this diaphragm 
was maintained at its initial temperature). At time 
t = 30.5 hr, the heating of the upper part of the "pot" 
was resumed. The signal rose until it again found its 
original value. At the time t = 32.5 hr, the cold trap 
was restarted. There was observed a quick drop of 
diaphragm DH^a , and a much slower one of DHargon • 

The results obtained indicate clearly that with each 
hydrogen content in sodium there corresponded an 
equilibrium content of gaseous hydrogen in argon. 

The operations performed at the time t = 30.5 hr 
show the great importance of maintaining an iso
thermal argon atmosphere for a phenomenon of the 
"cold wall" type .seems to control the hydrogen con
centrations in argon. It is as if the hydrogen "condensed 
itself" on the cold parts. In fact, it may be believed 
that the hydrogen is fixed in the form of hydride, by 
combining with the sodium present in these cold zones 
(sodium brought there by the condensation of its 
vapors). Figure 15 confirms this result in another way: 
with the upper part of the "pot" remaining cold for a 
certain time, reheating causes hydrogen hberation, 
indicated by a "peak" in the detector. 

Such a mechanism practically condemns in principle 
the possibility of analysis of the cover gases by sampling 
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(for instance by chromatography). This is the reason 
why, in pha«e 1, we abandoned this measurement 
meth'Hl. In fact, the aberrant resuhs obtained in the 
cxjK'rimental development of this method are now 
explained. The sample of the gjts taken wa.s transformed 
during its cooling before being intr<Kluced into the 
chromatograph. 

The test whose results are given in I'ig. 14 wjts 
identical with the preceding one except for the position 
of the sodium level in the "circulation pot." In the 
first part of this test, the entering sodium jet WJLS 
gubmcrged, tlie s(Klium level being liigli. 

The following result was noted: (h'spite several 
guccessive injections, the DH^,^^,, dia()hragm did not 
react. One may interpret this by the fact that the 
difTuwion of hydrogen tttward the arg<»n of the "pot," 
despite the renewal of sodium in it, wa.s considerably 
Bmaller tlian during the preceding tests, for which wc 
h;ui a free sodium jet. 

Tlu- maneuvers undertaken after the time t = 32.5 
iir conlirnKMl this interpretation. At time t = 33 hr, 
the argon pre.s.sure of the main loop was diminished. 
As a result, the stxlium level in the "pot" dropped, 
which uncovered tiie entering .sodium jet. Immediately, 
the n'spon.><e of I)H„r,i„n increa.sed in a manner comi>ara-
hlc wilh that of Kig. 14. At the time t = 33.5 hr, the 
argon pres.snre ret\u"ned to its initial value. The response 
of I)Hft„.,n was blocked at once and a new stage was 
observed. At the time t = 35 hr. the operation per
formed at time t = 33 hr wius repeated. At once the 
respfMise of l)H,,r«.>n began to increiu-*e until a .stage WJIS 
ohlained comparable with those observed in Fig. 14, 
fiince. this time, Ihe pressure wa.s not brought back 
tn ils initial value. 

It shiiuld be noled that during the.se tests the argon 
zmic of the "|)ot" serveil as a receiver of hydrogen. 
We wanted to check the reversibility of the phenomenon 
ami, to do this, at time 49.5 hr, a new injection was 
made. The initial conditions of this injection were 
different from tiie preceding ones: tlie "pot" w:is left 
in the circulation state (valve \ , ch)sed. and Ve and 
VT open). Tiie result observed WILS tiie folh)wing: the 
detector DlUnron siiowetl a sharp ri.se ftdlowini by a 
very sh)w diminutitMi. comparalile wilh that oiiserved 
at time t = 33 hr on Fig. 14. 

Tiiis result may hv interpiTtixl in two ways: 
1. During the injection, a "ptiJT" of noncombined 

or nondissolved hydrogen, for instance in the 
form of an emulsion. iK'netrattni into the "pot." 
The "pot" played tiie part of a liquid-gas separator 
and, thus, there occurs tlie sudden piTsence of a 
lot of hydrogen in tiie argon. 

2. Hy assinning tiiat tlie hydrogen is entirely com
bined and di.s.solvtMl, the concentration in the 

s< )̂dium is greater than the etiuiUbrium concentra
tion in the sfxlium. 

There is then hberation of hydrt>gen fmm sodium. 
Later, the inverse phenomenon occurs, since the con
centration in the sfxIium has become cipialized at a 
value lower than the ef|uilibrium concentration; the 
excess of hydrogen in the argiui is recombimHl with 
sodium. 

I.S.2.2. Second-stage Tests: Water-steam Circuit Alone 

The tests were jx-rformed with the previously de-
.scribed water l(»op. Tlie nuKlel of the steam generator 
was replaced l)y the circuit .shown in Fig. 10. 

The conditions of the.sc tests n'mained basically 
the same; i.sothermal tem|K'rature of pn-s-surized 
water = 200 to 300^ ' ; pressure = about SO bars; no 
degiLs.sing. tlierefore no oxygen elimination; adjust
ment of pH value to 9 by ammonia injections. 

The ferritic-steel i)i|)es were subjectt^l. before ILS-
scmbly. to a conventional leaching treatment. Before 
being introduce<l into water during the first test, these 
pipes were degiLs.sed under vacuinn at 300°('. and their 
leaktigiitness WILS ciiecked by helium miLss si)cctrom-
etry. Figure 16 gives the n'.sults of one <if the tests 
performed. The following remarkable points sliould IM* 
noted: 

1. .\t the first insertion into water, tiie ferriticst<»cl 
pipes libcratetl very high flows of hydrogen, 
corresponding, undoul)tc<lly. to the initial inten.se 
corriKsion due to the formation of a magnetite 
layer. 

2. Tiie subsAiuent protective role of the magnetite 
layer ap|M'ars clearly: there is a (piick decreiLso 
witii time of the hydrogen flux. Furthermore, the 
variations of the pH of the water appear to have 
httle effect on the difTusion flow. 

3. It seems that the magnetite layer plays the role 
of a barrier for the diffusion of iiydrogen (when 
it is of different origin than that from corrosion). 
Thus, injections of ga.seous hydrogen directly 
into the water are indicated Ijy an imperceptible 
rise of the signal of the spectrometer connected 
to the ferritic-steel pipes. 

4. For tiie austenitic steels (and nickel) the phe
nomenon is distinctly different. There does not 
seem to be any protective layer anaU^ous to the 
magnetite. The corrosion phenomenon goes on 
regularly. ITie gaseous hydrogen injected into 
the water diffuses without any apparent difficulty. 
These tests thus bring out the fact that "nascent" 
hydrogen produced by corr<tsion of the pipes is 
particularly apt to diffuse through the pipes. 
Hesides. it seems that the ratio between the 
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Kir.. 17. Sodiuni-Ioop Coiitamiiiatioii hy AqueoUB C'orn>8i«(n-Kenerated llydroKcii 

(lidusing hydrogen an<l tlie hydrogen dis.s(dved in 
Ihe water is very higii. 

Thus, it .should be assumed tiiat tiie .steam generator, 
in the ah.scnce of true leaks, con.stitutes a permanent 
hydrogen source for the sodium circuit. 

LS.2.S. Third-stage TexLs: Sndiuni ami Wadr-sleam 
Circuits Connected hi/ Ihc hilcrnuilinnj of the 
Steam (icnernlor 

This lest was intende<l es.sentially to check that tlie 
"normal diffusion" hydrogen due to tlie luiueous cor-
rosinn of steels is actually found in the sodium. It was 
also (lesiretl to check whether tlie presence of .siHiium, 
in the place of vacuum in tiie experiments of the pre
ceding paragraph, changed the results. 

The test was performed in the installation described 
in ^1 . However, on tiie water loop, there was mounted, 
in series, ferritic-steel control pipes similar to the pipes 
cnn.stituling tiie exchange surface of tiie steam gei»era-
tor. These pipes were place<l under vacuum (and con-
mx-led to the spectronieler) by their outside face, like 
in tiie stage tlescribed previously. One ct)uUI then 
compare, at any time, tiie hydrogen flow from tiie 
control pipes to tlie iiydrogen flow entering into tiie 
sodium circuit and calculated from the s^nlium detector. 

Figure 17 gives tiie general results of this test. After 
calculation, the iiydrogen flow rate per unit of control 
pipe area and of steam-generator area proved to be 
identical within about 5^;. 

In a test phase that is being prepared, the same 
installation should permit studying the detection of 
real niicroleaks. The pipe constituting the heat-ex
change surface will include a real microleak i manu
facturing defect, for in.stance). Its evolution will be 

followed in time, from the triple point of view of the 
detecti(»n of the leak proix-r. the study of kinetics of 
leak evolution, and the influence of the leak on the 
environment (corrfjsion. for instance). 

nixr iKK II 

THKOKKTh \ L STI D^ OK TIIK l»KTK<TI<>\ 
rUOi KSSKS OF \ > \ \ I K I { LKVK IN V 
SIKAM <;KNKI< v rOK AM* OF DKTKCTION 
SENSITIVITY 

I l . l . StatuH ^ the Pnibleni 

On the i)asis of tiie main ex|K'riniental n'sults de
scribed in Ch. I, it is i>ossii)le to imagine, (lualitatively 
at first, the principal nieehanisms invohetl in the 
process of detection of a water leak. 

Let us consider, for instance, the secondary cireuit 
of the react<tr, shown schematically in Fig. IS. Al
though simplified with respect to reality, this circuit 
nevertheless includes the essential constituent com
ponents that are ordinarily encountered. One may 
assume ui such a einniit the existence: 

1) of a permanent hydrogen "source" compcsed of 
the steam generator which, either by the diffusion 
of hydnigen due to corrosion or by water micro-
leakage, permits a continuous flow of hydrogen 
into the sodium; 

2) of a permanent hydrogen "well" composed of 
the cold trap of the secondary- circuit (and, possi
bly even, by that of the primary circuit, thanks 
to possilile hydrogen diffusion through the inter
mediate heat exchanger); 

3) of various transient hydrogen "sources" and 
"wells" localized in the various tanks, including 
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FIG. 18. Scheme of a Power Plant Secondary Circuit. 

a free surface (expansion tank, intermediate 
exchanger according to its design, etc.) or in
cluding dead zones of more or less static sodium 
(bypass and various tanks, etc.). These capacities 
either trap or liberate hydrogen, in quantities, 
flows, and durations that depend on a large 
number of factors such as, in particular, those 
that the previously described experiments have 
brought out: tank volumes, argon-zone volumes, 
degree of agitation of free surfaces, degree of 
anisothermy of static-sodium zones or of argon 
zones, etc. In addition to these phenomena, there 
should be added the operational conditions of 
the whole installation (transient states of power, 
temperature, and flow), of which the consequences 
are large variations in tank levels and the placing 
into circulation of previously static sodium, 
loaded with a hydrogen content that is obviously 
very different from that ot the main loop itself. 

However, it should be remarked that these "sources" 
and "wells," which are transient, really play a part 
only because there exists elsewhere a permanent hydro
gen source capable of supplying these "capacities" 
constantly. One may, in fact, believe that, in the con
trary case, these capacities should sooner or later lose 

their hydrogen to the cold trap. I t is also possible that, 
despite the presence of a permanent hydrogen source, 
if special precautions are taken in the operation of the 
installation so that the cold trap functions permanently 
and the hydrogen content of the circuit is maintained 
permanently at a low value, these transient "sources" 
and "wells" also become purified sooner or later. 

Nevertheless, we will see (Ch. IV) that, in an in
dustrial installation like the thermal test chcuit of 
GRAND QUEVILLY, for which a particular effort 
for permanent purification has not been made, the 
influence of these transient sources and wells is not 
negligible, mainly during variations of the state. 

Under these conditions, the detection of a water 
leak in the steam generator will require the .search 
for a process that would permit a minimization of the 
perturbing influence of either permanent or transient 
"sources" and "wells." Indeed, in the absence of a 
leak, they might get one to beheve in their existence, 
or vice versa; in the case of a leak, they might hinder 
its detection or even make it completely impossible. 

In w hat follows, it is proposed to evaluate the detec
tion sensitivity (the smaUest leak detectable in a given 
installation) as a function of parameters defining this 
sensitivity. 

II.2. Simplification of the Problem: The Types 
of Steam Generators Studied 

Taking into account the experimental w'ork de
scribed previously and the remarks made in the pre
ceding paragraph for the whole secondary circuit, 
one may consider two cases of steam, generators: 

1) The steam generator does not have any free 
surface nor any large dead zone in which the 
sodium is likely to stagnate. 

2) The generator does not meet the preceding condi
tion. For instance, it has a free surface. In the 
latter case, a general theoretical study of the 
problem is difficult a priori; each device is a 
special case requiring a special study. Further
more, it will be noted that the present designs 
of steam generators in France are all of the first 
category, and we will therefore limit our calcula
tions to it. 

In addition, we assume: 
1) The steam generator is subdivided into three 

subassemblies: superheater, resuperheater, and 
vaporizer; 

2) Each subassembly has itself a modular structure, 
i.e., it is subdivided into several identical items 
supplied in parallel by the same sodium manifold 
(see Fig. 19). 

The case of a subassembly with a nonmodular 
(unitary) structure will therefore form a special case 
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for which the number of mixlulcs is ei|Ual to 1. The 
case of an apparatu« not subdivided into siiba.'i.semblies 
of va|)oriz(rs, superheaters, and resuperheaters will 
be treated in analogous manner. 

Ix't us then call: 
M = the ma«.s of sodium conlaincil in the 

circuit; 
t„ = the algebraic sum of transient or 

permanent hydrogen flows entering 
into the stKlium circuit, hut outside of 
the geometric hmits of the steam 
Kcncrator; 

9HI = the Iiydrogen How entiTing into the 
sodium by normal diffu.sion thmugli 
the heat-exchange surface of the super-
lieater li = H). of the resuperheater 
(i = \\), eve of the vaporiz<'r (i = V); 

(/ri = the flow of water microleaks or of 
steam in one of these suba.s.semblies; 

C, Cl, f'l = hydrogen concentration in sodiimi, 
respectively', at the entry of the sleam 
generator, at the outlet of the dilTerent 
devices, and nt the outlet of the cold 
trap; 

Qp( = sodiimi flow in the cold trap; 
Q, = sodium flow in the ditferent devices. 

Because of the relative slowness of hj'drogen stonme 
phenomena l>y the transient "sources" and "wells," 
one may. by simplification, jissumc that the concentra
tion at the outlet of the steam generator, for instance, 
is governed by ci\. (1) below, wiiich expre.-^ses the 
conservation of the hydrogen ma.ss. In tlie same way, 
between concentration at liie intake and concentration 
at the outlet, we have equations (2) , CX\, and (4 ) for 
the different subassemblies: 

2:-9n + .„ -t-r./,,, - (CV - O O p , = H ^ ; (1) 
g at 

Sjp«rKrol»r 

C^ = C -V 
[S?„i + S(7n/g)] 

Cv 
(2) 

c = r -f '̂?"'' + ^^f/g^l. (3) 

p^^p^[?HS + (Wg)l . (4) 

n.3. The Proposed Dcteolioii Processes 

It is possible to en^•isage a large variety of detection 
processes. We have chosen three principal ones, which 
^"ecall: 

1) process by accumulation; 
2) pmcess by instantaneous balance; 
3) pnjcess by comparison. 
It will iic nottnl tiiat tiie first two proces.ses are 

X^ 

F I G . 19. ArranRement of the Steam lieneratnr and Second
ary Circuit fur Thcnrctical Studies. 

applicable t() steam genenitors of cither nuKlular or 
unitary type. The tiiird one is applicai>le only to 
modular generators. 

II.S.l. I'rocess by Accumulation 

At a point tf the secondary circuit (for instance, at 
the generator outlet) is placed a single Iiydrogen de
tector {or a single stage for sodium sampling directed 
to a detector). At this point, the hydrogen concentration 
is governed by eq. i l l , in which the various terms are 
poorly known fimctions of time. A knowledge of C'y can 
permit the detection of a leak only with difficulty 
unless the leak has a strong flow. To diminish the un
certainty concerning tlie difTerent terms, a convenient 
method of procetlure is: 

1) to cancel those terms which it is possible to 
neglect in practice; this is the case of the term 
linked with the cold trap {Q^i = 0 ) ; 

2) to nunimize the other terms if possible: this is the 
case for «H when one maintains the operational 
state of the installation as stable as possible (see 
Ch. I ) . Under these conditions, during a time T, 
the concentration passe-s from Cy to C v t so that 

-=if(=i< qii + Zr/ai + en I d( 

or, by assuming that the different terms are then con
stant during that time. 
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F I G . 20. Leak-detection Method by "Instantaneous Bal
ance." "Chatou 1-MW Test Facility" Detection Device. 
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9fi + Sgni + en I i . 

The method will consist in comparing this expression 
(with leakage) at time t with that obtained in the 
absence of leakage at another time t : 

Ac'Cy ^(S to i + e^)t'. 

In practice, one compares the slopes of the two curves 
ot concentration evolution. However, it seems that the 
smallest detectable leak will depend mainly on the 
terms CH and gm , which enter directly into the balance. 

We will see in Ch. IV a tentative application of this 
method for the evaluation of the term S^HI , which will 
bring out the difficulties of this method. 

II.3.2. Process by Instantaneous Balance 

In order to eliminate the influence of the term CH , a 
method is employed in which a detector is placed at the 
inlet and another at the outlet of the steam generator 
(or of a subassembly), or sodium is sampled at each 
ot these points and the samples directed to the same 
detector. 

The concentrations between these different points 
are given directly by the equations (2), (3), and (4), 

whence the terms external to the steam generator are 
eliminated. The detector sensitivity depends on jji 
nevertheless. 

This method is probably the most sensitive of the 
methods applicable to a nonmodular steam generator. 

This is why we have based on this principle the 
hydrogen-detection device of the l.S-MW steam-
generator testing circuit of CHATOU (installation 
described elsewhere). The operation of this leak-detec
tion device is shown in Fig. 20. Samples ot sodium are 
taken permanently and at constant flow at different 
points of the steam generator (for instance: sodium 
intake, superheater outlet, and vaporizer outlet). The 
samples at different temperatures are brought to a 
basically identical temperature, by means of an anti-
methodic heat exchanger with large exchange surface. 
The flow taken at the intake of the generator serves to 
reheat the colder sodium taken at the outlet. Then, 
the samples are directed one after another, by a set of 
valves controlled sequentially, to the hydrogen detec
tor. 

With the samples thus brought to the same tempera
ture and compared to one another in the same detector, 
the signals transmitted by the spectrometer are im
mediately usable in order to judge the existence of a 
leak. 

Taking into account the characteristics of the l.S-
MW loop, we hope, through the use of this device in the 
course of construction, to reach a detection sensitivity 
on the order of mg/sec. 

11.3.3. "Process by Comparison" 

This method, appUcable only to a modular ap
paratus, is the most sensitive one theoretically. This is 
why it has been considered for industrial tryout on the 
steam-generator testing installation of 50 MWt of 
RENARDIERES ("CGVS 50 MW) (installation 
described elsewhere). This is also why we have tried, 
for this method, to refine our calculations in order to 
evaluate its sensitivity as accurately as possible. In 
addition, these calculations, for this and for other 
methods, bring out important parameters quantita
tively. 

Figure 21 gives the general principle of the devices, 
of w'hich the operation is as follows: 

II.3.3.1. General Operation 

The sodium samples taken at the outlet of Ni modules 
of the same superheater subassembly (i = S), re
superheater (i = R) , or evaporator (i = V) are, 
firstly, assembled in Pi groups (of N-./Pi samples each). 
Through a set of appropriate valves (or a selector), 
the sodium of each of these groups is directed succes-
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jivcly to the hydro(;en detector. Then, the different 
sodium passages are reinjected into the main circuit. 

11.3.3.2. Operation in the Absence of Leakage 

ItK-ause of the "normal diffusion" of corrosion hy-
(Ironen, the sodium, as it pro(;re,sses along the heat-
exchange surface, takes up more and more hydrogen. 
The Iiydrogen flow diffused hy a unit of heat-exchange 
surface ileix'tids on the temperature nf the surface 
eletnerit in (|Uestion. Con.sequently, at cfirrespondiijg 
points of cxcliange surface in two modules in paralli-l, 
the hydrogen content in the scKliimi .should be Ihe same. 

Under lhes<' conditions, it ean he .seen that, at flif-
ferenl sampling points, at the outlet of the .same suh-
iLs.'iembly (superheater, resuperheater, or evatiorator), 
llien'shcadd be the same hydrogen content. 

Il..i..S.S. Operation in the Presence of Leakage 

If a leak appears in a module, an increa-se in hydrogen 
content occurs at the module outlet. After a s<idiuni 
sample is taken and mixed as it comes from the leaking 
m(Klule with scxlium samples CDMiirig from the non-
Ipjiking nioilulcs, tlu- hydrogen content will increa.-^e 
for the sample gl'oup eorrespontling to the defective 
niDilel. When scrutinized. Ihe detector response will 
show a jHisitive variation of the content at each passage 
by the direction corresponding to llie group in question. 

.\ccnrding to this measuring scheme, Ihe smallest 
tleteclable leak will be the one causing an apj)reciable 
variation of the (h'tector respon.-e with respect t<i the 
mean level (whieh we call "baekgroimd noise"). This 
mean referenci' level is given, during scrutiny, hy the 
response of Ihe detector wlien it is connected lo the 
nitnleakiiig mndules. 

ll.S..i4- Detection .Sensitivity 

Kquntions (2), (3) , and (4) show that, by this 
method. Ihe influence of the term gm ean be eliminated 
systenialieally. It is therefore more sensitive than the 
balance method, whieh requires knowledge of ^HI • 

(Ine camiot, however, assume that, in practice, the 
smallest variation of measurable concentration is 
independent of the mean value of this concentration. 
In fact, Ihe measurement is made with a certain nie;i.s-
uriiig accuracy and, consequently, the smallest mcjis-
nrable concentration variation is of the form SC = Jf'. 

In fact, the problem m;iy be ileeomposed in two: 
ll Sodium circuit aspect: It may be a.ssunied that. 

m a given circuit, the smallest measurable concentra
tion variation has the form M' = /}('. where ^ has a 
double significance: 

â  the concent rat iiuis from the different samphng 
points are not absolutely identical because of 
various uncertainties concerning the geometrA' 

Sup»rhtol#p R«up»rh»atfr 
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FIG, 21. I-eakdetortioii Methtxi }>y Comparison. J. KM 
flowmolpr; 2. KoKtilHtiiifc vnlvp.t (nmniial); 3. Mixing pipeii; 
4. Automatic vi4vf>s (nr seleclor); 5. IlydrnRpn detector. 

of the devices, the flows, the temperatures, etc. 
The coefficient 0 must take these uncertainties 
into Jiccount. 

b) (J is given the signilicance of a safety factor, i.e., 
it is assumed that there is a leak if a significant 
concentration variation is recorded (for in.'«tance, 
equal to .W*^ of the mean ob.'^erved concentra
tion). 

Let us then call AC, the concentration variation of a 
niudulf outlet in which a leak qfi has appeared. We have 

9(i 9 A C i ( Q i x , ) . (5) 

After mixing the sodium sample taken from this leak
ing minlel with the sodium samples coming from non-
leaking motlules of the .«ame group, the concentration 
at the iletector level, when it is connected to the same 
sample group, varies by SC'i so that 

AC, = M m (6) 

With the preceding assumptions, this concentration 
variation will be detected if 

file:///ccnrding
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AC, ^ fid (7) 

where d is given by equations (2), (3), and (4), 
Assuming that the state is established, the equations 
and inequalities (1) to (7) are written as 

9ti ^ g /3 
1 

.[[(...+ .)(l-^-i) + C,]Q. + . . ] . (Ai: 

2) Detector aspect, i.e., the measuring apparatus: We 
are assuming that the detection is made, by a nickel 
diaphragm and a measuring apparatus (mass spec
trometer, for instance), of the total hydrogen flow 
diffused through the diaphragm: t/d • The hydrogen flow 
^d is essentially a function of the concentration C in 
the sodium, of the temperature T, of the thickness e of 
the diaphragm and of the surface S, of the time / and, 
possiblj^ of the exact nature of the diaphragm ma
terial, of the origin of the hydrogen (diffusion hydrogen 
or hydrogen due to water leakage), i.e., of the form 
under which hydrogen is combined with sodium. The 
measuring apparatus is supposed to be characterized 
by: 

1) its sensitivity a (ratio of the variation of the 
response R of the apparatus to the corresponding 
variation of the measured parameter gj); 

2) its intrinsic background noise Ro, i,e,, its response 
for a flow 9,1 = 0; 

3) the smallest appreciable response variation AR, 
which may be assumed to have the form AK = 
aR„. 

Under these conditions, the measuring apparatus 
capable of appreciating the leak q^ must meet the 
following conditions (with jd = f(T, C, e, t, S) and 
AC'i defined previously]: 

whence 

aAqd ^ aRa with Ag,i 

df 

1 
ac 

AC'i, 

" a(' ^^'' ^ "'^° • (Bi) 

The inequalities Ai and Bi define the problem com
pletely as a rule. Indeed, if one assumes known the 
maximum leak acceptable in a given apparatus, or q,i , 
the inequalities Ai will, for an instaflation characterized 
by Oi, 9Hi , C,, Opr, CH , and 0, permit us to calculate 
P i . The q,i then permits a dimensioning of the dia
phragm, assuming known the characteristics of the 
spectrometer or of the apparatus mea.suring the flow 
9d(ifo, cr, a). It may be that the problem in this form 
does not have a solution even if Pi = i\r.. In that case, 
it means that the size of the modules is excessive or 

that the performance chiiracteristics of the cold trap 
(Qvt. Ct) are insufficient, etc. 

It should be added that these inequalities bring out 
the main parameters of the problem. Among them, some 
are Mnked to the dimensional characteristics of the 
installation, others are unknown (or poorly known) 
physical parameters [Ci, qui, e, the function/(2", C, e, 
I, S)]. Therefore the study of these parameters was 
undertaken and is covered in the following chapter. 

CHAPTER III 

QUANTITATIVE EXPERIMENTAL STUDY OF 
THE MAIN PHYSICAL PARA^IETERS 
ENTERING INTO THE DETECTION 
PROCESS 

To try to provide responses to the principal ques
tions raised in the preceding chapter, w-e have on the 
one hand tried to express the results of the tests de
scribed in Ch, I in a quantitative form and, on the 
other hand, have undertaken new tests intended for 
the specific study of each parameter, 

F"or the sodium part, these latter tests have been 
performed in tho installation described in Ch, I and 
in another testing installation of far larger capacity 
(300 kg) described in detail in Ref. (5), In the latter, a 
hydrogen- and water-injection circuit (see Fig, 5) has 
been put in place, as well as a bj'pass for detector 
placement. This bypass differs from that of Fig, 2 
only by the presence, at the inlet, of a heat exchanger-
economizer followed b.v an electric heater that permits 
the bypass to be maintained at a teniperature different 
from the rest of the main loop. 

For the water-steam part, tests were performed in 
the loop described in Ch, I and with the help of a 
thermal testing installation with high steam pressure, 
" IHPV" of the CHATOU testing center. Figure 22 
shows the scheme of the testing device used in this case. 

Quantitative measurements were made in every 
case by calibrating the spectrometers by means of 
hydrogen calibration leaks. Some measurements were 
made with a Pirani gauge and "pressure rises." 

The particular points that have been studied and 
the results obtained are now- described. 

III . l . "Argon" Type of Detector 
Measurement of difused-hijdrogen flux (flow per unit 

area) for a nickel diaphragm, 0.2 mm thick, is a function 
of the hydrogen concentration in the sodium after 
injection of gaseous hydrogen. The teniperature condi
tions are the following: isothermal temperature of the 
loop is 400°C; teniperature of the detector and of the 
isothermal argon tank is 400°C, The cquUibrium partial 
pressure of hydrogen in the argon and solubility in the 
sodium were reached. The results are given in Fig, 23. 
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I I I .2. " S o d i m n " 'l'> p»- ol' Detr<-li>r 

111.2.1 Measurement of dijfuscd.hydrogen flux for 2 
ilifferent nickel diaphragms (M, and M;i, 0.2 nun 
thick, is a function of hydrogen concentration In 
the sulium after injection of ga.seous h\-drogen or of 
steam. The lemperaliire conditions were Ihe following 
for the two detectors studied: 

lll.J.l.l. The siKlium temperature of the main loop 
\Mi,» KWC; the temperature of detector M, H-:U-< identi-
riil, 

tll.J.l.J. Tiie sodium Iem|)er:itui-e of Ihe main liiii|i 
was :t.">0°C; the temperature of detector .M; was 4IKFC. 

111.2.1.3. The sodinm temperature of Ihe main loop 
WHS 2.'in°('; Ihe lenipenilure of the ilelector M; w:us 
400°('. 

The i-eswlts are given in Kig. 24, No influence of 
sodium speed was noted in the range of Reynolds 
minibers lietw-een HHX) and 7IXK). This ix'sult confirms 
that oK-̂ erved b>- Subbotin' ' and is given below in 
Fig, i-2. 

On Ihe olher hand, a marked difference w;us noted 
between llie results obtained with the different dia
phragms, 'Iliese diaphragms came from different nickel 
heats and were, besides, in dilTerent work-hardened 
condition. This might account for the results noted in 
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solution in sodium through a nickel wall placed in con
tact w-ith the sodium. These ci inclusions are valid in 
the ranges of temperature from 2.50 to 400°C, and in 
concentrations from a few 10~^ ppm to 4 or 5 ppm: 

1) The hydrogen flux is nearly proportional to 
hydrogen concentration for a fixed diaphragm 
temperature. 

2) The origin of the hydrogen (steam, gas, or "nor
mal diffusion" hydrogen due to corrosion) has no 
influence on the results. 

3) The temperature at which hydrogen introduction 
has been effected under one of the preceding 
forms has no influence on the results for a detec
tor maintained at constant temperature, 

4) The speed of sodium along the diaphragm has no 
influence, 

5) The temperature of the diaphragm seems to play 
a part only through the variation of permeability. 

6) The influence of the precise nature of the material 
constituting the diaphragm seems to play an 
important part w-hich has not yet been studied 
systematically, 

7) The influence of diaphragm thickness has not 
yet been studied. 

F I G . 25, Temperature Influence on "Sodium" Type of 
Detector. 

111.2.2. Study of ihe Influence of the Respective Tem
peratures of the Detector and of the Main Loop 

111.2.2.1. When initial conditions were identical 
with those of § 111,2.1.1, then diminution of the iso
thermal temperature of the loop and of the detector 
from 400 to 250°C led to the results in Fig. 25. 

111.2.2.2. With initial conditions identical with those 
of § III.2.1.2, decrease of the detector temperature 
(the loop temperature remaining constant), followed by 
decrease of the loop temperature (the detector remain
ing at constant temperature), and finally decrease of 
the detector temperature (the loop teniperature remain
ing constant) led to the results in Fig, 26. 

111.2.3. Study of the Influence of Sodium Temperature 
in the Vicinity of Water or Iiydrogen Injection 

Comparison was made (see Fig. 27) between the 
results obtained in 111.2,1.2 and III.2.1.3 brought to 
the same detector temperature by the process defined 
in § 111,2.2,2 and the results of an injection made 
with an isothermal temperature (250°C) of both loop 
and detector, 

111.2.4. Conclusions Relative to the Sodium Detector 

One may draw from the preceding results the follow

ing conclusions relative to the diffusion of hydrogen in 
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In addition, the pIugging-temtKTature measurements, 
which were carried out in correlation with the hydrogen 
content measuri'ments, s<-em to show that this appara
tus is also sensitive only to hydrogen, and it is pos.siblc 
to formulate for this apparatus conclusions identical 
with those preceding. 

Ill,It. IN-rlorniancf of a (!(>ltl T r a p 

,\ttempts were made to mejusure the minimum 
Iiydrogen content i-apable of being reachetl with a 
cold trail of which the coldest point is maintained at a 
given temperature. The cold trap, described in Kef, (•'»), 
was of the air-cooled circulation ty|ie. The temperature 
of ils cold point varied from 101 to 130°('. Figure 2S 
shows the results obtained, 

l l l . i . Flow of Hyilrogen DiHiusefl p«*r Surface 
I nil <tf .Steam ( ie i iera tor «!orro>.ion 
Iiydrogen) 

The (luantitative results obtained during the various 
tests are given in Fig. 29. Thi> results are relative, for a 
KJven metal sample, to the evolution with time of 
livdiiigeii flii.x (or of corrosion rate), beginning wilh the 
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F I G . 30. Theoretical Leak-detection Sensitivity: "by Com
parison" Method for PHENIX Project Case. 

first water immersion. The temperature and pressure 
ranges in question are very restricted and the test 
duration is short, so that, in their present state, the 
results obtained do not permit a true evaluation of the 
values to be attributed to the terms QH: defined pre
viously. This is why we have preferred to state only the 
few qualitative conclusions of Ch. I, In fact, the aqueous 
corrosion problem is more far-reaching and cannot be 
covered by the few tests assembled here. 

Besides, we have preferred to substitute a synthetic 
experience for an analytical treatment of the problem. 
This will be the subject of the GRAND QUEVILLY 
tests described in the following chapter. 

However, an important point has been brought out 
by the preceding tests that concerns, in particular for 
ferritic steels, the difference between the hydrogen flux 
(or the corrosion rate) at the start (during the forma
tion of the magnetite layer) and the hydrogen flow 
after a certain time of operation (and stabilization of 
the magnetite layer), A ratio of 10, 100, and even 1,000 
may exist between these flows. In order to evaluate the 
influence of such a disparity of flows, a parametric study 

of the minimum detectable leak in the steam generators 
of the P H E N I X project (the so-called "comparison 
method") was conducted by considering the SJHI flows 
varying from 1 to 100 (see Fig. 30). I t appears clearly 
in Fig. 30 that the conditions for detection of a given 
leak may be profoundly modified in the installation 
between its starting and its normal operation, according 
to the real importance of the term Sgn i • 

CHAPTER IV 

FIRST INDUSTRIAL TESTS AT GRAND 
QUEVILLY 

In order to try to obtain an order of magnitude for 
"normal" hydrogen flows diffused through the exchange 
surface of a steam generator, i,e,, an evaluation of the 
parameter q^i (which can play an important part), 
tests were undertaken, in cooperation with the C.E.A., 
in the thermal testing installation of GRAND 
QUEVILLY."" 

In addition, the more industrial dimensions of this 
circuit should permit evaluation of the real importance 
in such a circuit of parameters other than q^ that the 
previous analytical studies have brought out. 

For these detection tests, one could benefit from a 
period of thermal tests of a steam-generator prototype 
of the PHENIX project (Stein and Roubaix proto
type). Thus, the results obtained are immediately 
transposable to the project and are comparable to the 
parametric studies undertaken previously (see Fig, 30). 

The prototype for the tests included a single module 
of each type (vaporizer, superheater, and resuper
heater). Under these conditions, one could use an 
"instantaneous balance" method. However, the thermal 
test schedule did not permit an installation of the 
type shown in Fig. 20. We therefore hmited ourselves 
to a single detector at the general outlet of the steam 
generator. This only allowed use of the less accurate 
"accumulation method." 

The block diagram of the secondary circuit is given 
in Fig. 31 and the detection diagram in Fig. 32. In 
addition, a hydrogen-injection system of the type 
shown in Fig. 5 was incorporated. This arrangement 
was made necessary by the use of NaK in the secondary 
circuit of GRAND QUEVILLY, whereas sodium had 
been used in the preceding tests. Therefore, the detector 
had to be recalibrated. In addition, we wished, for 
checking purposes, to redo the main tests described in 
Chapters I and III relative to the measurement of 
hydrogen fiux through the diaphragm in function of 
the concentration (calibration proper), and the in
fluence of diaphragm temperature on the hydrogen flux 
at given concentration, as well as the influence of the 
speed at given concentration and temperature. 
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Two successive test .series w-ere jx-rformed correspond
ing lo Iwo o|ierational states of Ihe prototype genera
tor. In the first, all 7 water tubes of Ihe generator were 
used. Under tluve conditions and taking into accinint 
the maximum thermal power of the test circuit, the 
miHlnle wilh a rated power of lo MW operated only 
under partial load ( 3 0 ' ; ) . In the second series. 4 of the 
7 tubes were cut off. .so that Ihe three remaining lubes 
could operate practicall>- imder the maximum load 
conditions. 

IV.1. ( 'al ibration Tes ts 

The calibraliitns were conducted by a proeeihu*e ver>-
similar to that described in Ch. I. The sleam generator 
was not suppiietl with water; Ihe secondary circuit w-jis 
basically isothermal; beftire hydrogen injection, purifica
tion hy the cold trap had reduced the "background 
noise" to a low \-alue. Successive hydrogen injections 
*ere then made while maintaining the circuit under a 
stable operational conditions as p<->ssible (in order to 
minimize Ihe term t). 

The calibration results pro|x'r are given in Fig. 33. 
Tlie influence of the detector temiH'rature is brought 

out in l-'ig. .34. Figure 35 gives the general testing 
diagram and llgs. 41 nnd 42 the results of the study 
of spet- l̂ influence. 

During thei^' tests, measurements of plugging tem
perature were nuule by means of the manual-type 
plugging indicator in the .secondary circuit. The plug
ging temperature is plotted as a function of hydrogen 
content in Fig, 36, which shows that the plugging 
indicator is capable of giving a valid indication of 
hydrogen content up to contentsi on the order of a few 
10" ppm (w-ith NaK), 

IV.2. S tudy of N a k Pollut ion by Normal DifTu
sion Hyilrogen 

-Vfter the steam generator is placed into ser\-icc and 
a circuit stabilization as perfect a.s pos.sible is obtained, 
the cold trap is stopped and Lsolated, Then the rise of 
hydrogen signal is obser\*ed as a function of time. 

If we assume that there are no leaks in the steam 
generator (one check of this assumption »-a.s to vary 
the steam pressure during the test I and that the term 
«is suflficiently small and constant, eq. (1) gives directly 
the flow of hydrogen, Xq^i, entering into the circuit. 
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F IG. 32. GRAND QUEVILLY Tests: Scheme of the Hy
drogen-detection Circuit. 1. Economizer; 2. Electrical heater; 
3. Nickel membrane detector {"Atomics International" type) 
4. EM flow meter 5. Sodium type nickel membrane detector 
(Fig. 3); 6. Automatic valve; 7. Pirani gauge; 8. Sodium leak 
detector. 

F IG. 33. GRAND QUEVILLY Tests: Hydrogen Flux vs 
Hydrogen Concentration. Comparison with Chatou Mi and 
Ma detector in sodium. 

The results obtained are shown in Fig. 37 for the first 
test series (7 tubes in operation) and in Figs. 38 and 39 
for the second test series {3 tubes in operation). 

This last series was itself conducted twice. The first, 
short-duration series was ended when a quick increase 
in the rate of hydrogen seemed to occur. In the second, 
intended to confirm or to invalidate these results, the 
tests were of longer duration, but the operational states 
of the installation were very variable. There was a 
complex evolution of hydrogen content. One should 
note in particular in Fig. 39 the decrease in hydrogen 
content during the period of power drop. Translated 
into difTusion hydrogen flow, this negative evolution of 
the concentration brings out negative diffusion flows. 
In fact, it is more likely that this evolution is due to the 
intervention of the term e. A hydrogen ''well" has been 
"opened" during the power drop (the "well" may be due 
to the cooling of the pipes or of the static tanks). 

If one considers only the periods during which rela
tive .stability of the circuit was maintained, it is found 
that the normal hydrogen flow ^qm oscillates between 
10 and 30 mg/hr. However, it will be noted in the first 
test series and at the very beginning of the tests, flows 
S^Hi were practically 10 times higher (a peak at 400 
mg/hr) . This phenomenon corresponds to the observa
tions made in Chapters I and III . 

It should be noted that the steam generator was 
operated for 2,000 hr during the testing. In accordance 
with the results of Chapters 1 and III , there should 
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have developed a protective laj-er of magnetite of 
appreciable thicknesis on the ferritic-steel pipes of the 
evaporator. 

IV.3. Additional Observations during These Tests 

The GRAND QUEVILLY test circuit was equipped 
with a chromatograph for analysis of the argon samples 
taken from the cover gas of the mechanical pump of 
the secondary circuit. The responses of this chro
matograph (see Fig. 40) Avere compared with those of 
the hydrogen detector. I t appears clearly that: 

1) The chromatograph did not record any concen
tration increases due to cumulative hydrogen 
injections. 

2) On the other hand, the chromatograph was 
sensitive to a variation in the circuit state. 

These results are easily explained by those of Ch. L 

IV.4. Conclusions 

The important result of these tests is the evaluation 
of an order of magnitude for the normal hydrogen flow. 
The value found (20 mg/hr) corresponds to an ap
paratus already in operation for some time. It is very 
low and if one refers to the parametric study sum
marized in Fig. 30, it appears clearly that the normal 
hj'drogen flow Sgni is completely negligible. The 
detection sensitivity rests only on the capabiUty of the 
cold trap to reduce the background noise to the maxi
mum and to maintain a low Cf content in the circuit. 

Another important result concerns the practical 
possibility of detecting a small leak in a complex in
dustrial circuit hke that of GRAND QUEVILLY. It 
appears that, despite difficulties, the use of the "method 
by accumulation" (term e in particular) and despite 
the short duration of the tests made (this short dura
tion did not permit sufficient observation of fluctua
tions of hydrogen content, w-hich would have permitted 
evaluation of an upper limit of the term e), it is pos
sible to detect a very small leak. Thus, by adopting a 
"leak criterion" equal to 10 times the term (tq^i + 
6,), a water leak of 10^' at 10~^ g/sec would be detect
able. 

CHAPTER V 

GENERAL CONCLUSIONS 

The preceding theoretical and experimental studies 
indicate that it seems possible to detect very small 
w-ater leaks in an industrial sodium circuit such as the 
secondary circuit of a high-power fast reactor. 

However, as long as one cannot define the value ol 
the leak that should be considered as dangerous or 
inacceptable in a given steam generator, one cannot 
really specify the dunension with certainty and, a 
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fortiori, economically, the leakage-detection system. 
I'nder these conditif»ns and while waiting to find out 
the a^lmissible leakage rate (which Ls another problem), 
the results of the present studies permit a definition of 
the conditions to be fulfilled in order to obtain maxi
mum detection sensitivity. These conditions may be 
Bumnmrized as follows; 

1) permanent control of tho plugging temperature 
or of the hydrogen content in order td keep the 
sodium in a state of high purity; 

2) use of cold traps with high retention power and 
with the temperature cold point as low ILS possible; 

3) design of the sodium cin-iiit and of the steam 
generator so as to minimize the extent of free 
surfaces and of dead zones; 

4) use of a modular steam generaUjr, preferably 
with unitary sokitions; 

5) starting procedures that permit a leap over the 
first high diffusion "peak" so as to avoid introduc
tion of stKli\mi intfj the installation; 

6) use of nickel-diaphragm detectors of the "sodiimi" 
type, in preference to those for analysis of argon 
(argon detector, direct chromatography, etc.); 

7) use of a detection j)rocess of the "by comparison" 
or "by balance" type in preference to "by ao-
cunuilation" type. 

When tliese conditions are fulfilled, the preceding 
studies and tests suffice in the present state to evaluate 
quite accurately the detection sensitivity that one 
nmy expect in a given installation. 

Outside of a physicctchemi^-al explanation of the 
observed phenomena, which liave been treated here 
only very ([ualitat ively, there still remain certain 
aspects to be clarified, for example, the influence of 
the diaphragm thickness, of its nature (exact composi-
tiou, heat treatment, etc.), and of iiging in hot sodium 
medium (corrosion, mass transfer, metaUurgical trans
formation"). 

Finally, while the general detection problems might 
be considered as practically solved, it remains to design, 
build, and operate industrial detection installations 
in accoHance with the principles abo\'e. In particular, 
tl»e techniciues of the vacuum and of mass spectrometry, 

which are more close to the laboratory than to industry, 
have to be adapted to the practical ret|uirements of 
the power plant operator. While such development 
work is already ver\' advanced, in particular for the 
PHENIX prttject, tests of longevity and reliability 
of a detection device remain to be made. Furthermore, 
the imiKjrtant question of the allowable letikage rate 
remains to be solved. A new orientation h:is l>een given 
to nur detection studies in order to face this aspect of 
the problem. 
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Discussion 

Mr. Dickinson (LMEC): I noticed on several of the 
slides that you indicate a resp<inse at about I ppm 
hydrogen. Is this correct? 

Mr. Brachet: Yes. 
Mr. Dickinsoji: Does the response occur in the order 

of seconds or minutes? 
^fr. Brachet: Minutes. This is the time for the hydro

gen to pass through the loop from the injection device 
to the detector. The response time of the detector itself 
is very short and was not measured. 
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1. Introduction 

For several years INTERATOM has performed ex
perimental and theoretical investigations -n'ith respect 
to the tube-rupture behaviour of sodium-heated steam 
generators (due to Na-H^O reaction) and to the de
velopment of adequate pressure-relief systems. In an 
extensive series of tests the interest -was originally 
directed to sodium-water reactions in tubes as related 
to the tube-in-tube steam generator which was se
lected for the KNK reactor experiment (KNK is a 
compact, sodium-cooled, zirconium hydride-moderated 
reactor). A large number ot fundamental experi
ments was carried out in order to study the phe
nomena of the reaction mechanism in a simple geom
etry permitting comparison with theoretical models.'^' 
Finally a model of the anticipated pressure-relief 
system was subjected to some confirming tests. 

In accordance with the design of the sodium-cooled 
fast breeder reactor the interest in sodium-water re
action tests was changed to reaction studies in differ
ent vessel geometries (tube-in-shell and modular 
steam generators). Again the first stage of tests was 
directed to fundamental experiments in a vei-y 
simple reaction vessel without internals. 

To obtain a larger flexibility in future test work, 
a new test facility has been constructed and put 
into operation. In this facility a wide range of tests 
can be carried out, such as pinhole tests, large leak 
tests with steam-generator models of different size, 
and leak-detection tests. 

2. Test Work with Tube-in-tube Steam Generator 

The KNK reactor experiment is equipped with two 
tube-in-tube steam generators. Figure 1 shows the de
sign in principle of a KNK steam generator with its 
adjacent pressure-relief system. The steam generator 
consists of 28 tube-in-tube units in parallel. The inner 
tube contains the upstreaming w-ater and steam. So
dium flows downward in the surrounding annular 
tube. 

The pressure-relief units arc connected at both the 
sodium inlet and outlet header. Tho pressure-relief 
system consists of a depressurizer vessel with an out
let orifice and a rupture disc at tho top. The rupture 
disc opens to the pressure-relief line that connects 

w-ith the reaction products-separation tank. A second 
relief line behind the orifice is connected with the 
same reaction products-separation tank. In case of a 
large leak the sodium will be accelerated mainly by 
the hydrogen formation. The orifice protects the adja
cent sodium loop with respect to pressurization by 
the increased pressure drop across the orifice. The 
second relief line serves for a fast increase in the 
sodium flow since the sodium mass to be accelerated 
is small. The volume of the depressurizer itself has 
been selected to assure sodium flow at the orifice dur
ing the whole pressure-relief process, that is to say, 
during the flow time of the sodium plug into the re
action products-separation tank. This type of pres
sure-relief system is inherently safe without the use 
of shutoff valves. 

This steam generator with its pressure-relief sys
tem has been checked in three stages: fundamental 
experiments in a straight short tube, experiments in a 
shortened meander-shaped tube, and experiments in 
a simplified model of steam generator and pressure-
relief system. The results of the tube tests have been 
reported earlier.*^* 

Figure 2 shows the test model used. Because of the 
small test facility available, a constant scaling factor 
could be reached only in cross sections, not in vol
umes. Measurements taken were pressures at Pi to Pu, 
temperatures at Ti to T i , and sodium levels at Zi to 
Zi. The main information was received from the pres
sure pickups of the piezoelectric quartz type. Temper
ature readings were taken by means of fast thermo
couples only in the depressurizer vessel. The level 
indicators signalized the break of the rupture discs. 

A typical test result is shown in Fig. 3. The reac
tion starts with high-pressure pulses at the leak, which 
propagate with decreasing amplitudes through the 
w-hole system. At the measuring point P12 behind the 
orifice no pressure pulses can be observed; this is due 
to the many cross-section changes in the system, es
pecially at the orifice itself. A considerable pressure 
rise in header and depressurizer tank (at P7 and Ps) 
was recorded 30 ms after the reaction has started; 
this was due to reactions between the water and the 
sodium of the adjacent tubes within the header itself. 
The entrance of the water front into the depres-
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eanii-T vessel is indicated by a much smaller pres-
lure peak. Pressure readings behind the orifice (at 
P„ and P12) are low during the whole pressure-relief 
process. The pressure loadings of the system have 
become rather unimportant when the temperature 
starts to rise. The temperature reached its maximum 
of 1,300°C about 400 ms after the reaction started. 
This high temperature within the vessel is nearly 
without importance for the wall temperature, the 
maximum increase of which is only 50°C. 

The main test results are: 

1. The upper limit of the pressure within the steam 
generator and the pressure-relief system is given by 
the initial water pressure, which, in fact, is almost 
reached in some parts of the steam generator. 

2. The lay-out pressure of the adjacent loop is not 
largely influenced by the sodium-water reaction. 

3. The reaction temperatures do not influence the 
lay-out of the system. 

3. Tests in Simple Vessel Geometries 

As a first step toward tube-in-shell and modular 
steam generators as anticipated for the fast breeder 
program, sodium-water tests in simple vessel ge
ometries without internals were carried out. Figure 4 

oweroU length of unit 55.8 m 
units in parallel 26 

Ku:. 1. Srhenie of KNK Steam (lenerator. 

Fir.. 2. Test Setup fnr KNK I'rp.s,sure-rplicf SyKtem. 

Fl<i. 3. Mixtd KNK l'rp.s.'*iirt'-rclirf .'̂ y!̂ t€m. 

FIG. 4. Test .Setup for Iteaclions in a \essel . 
1 W«t*r container 120 kp'cm', 330°C. 75 / 
2 Quick action valve 25 diam 
3 Reaction vessel '224 diam, 55 t 
4 Injection point 18 diam—1 diam 
5 Rupture disc 100 diam, 15 kp cm* 
6 Pressure relief line 100 diam. 250 diam 
Cyclone 10 m' 
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shows in a simplified manner the test setup with its 
main lay-out parameters. 

Location and direction of the water-injection tube 
could be changed between the experiments. The leak 
diameter could be varied by insertion of changeable 
orifices which were closed by small rupture discs. 
Therefore, the start of the reaction was given by the 
destruction of the rupture disc by the water stream
ing in. The leak diameter was varied between 1 and 
18 mm. 

Much of the measuring equipment was the same 
as in previous experiments. Figure 5 shows the dis
tribution of the control points along the test vessel. 
Again, the main information was received from pres
sure pickups P. The movement of the gaseous reac
tion zone was measured by three radiation-level 
gauges of high resolution arranged at diflferent heights. 

During this series of tests the effort was directed 
mainly toward answering the question as to the con
ditions under which the reaction behaviour turns 
over from a typical pinhole to a large-leak behaviour. 
In this connection pinhole behaviour is defined as a 
stationary reaction zone, and large-leak behaviour as 
a piston-type movement of the sodium column 
above the reaction zone. Under those conditions the 
parameters mainly to be varied are leak size, water 
pressure, and sodium filling. 

Thirty tests have been carried out. The main test 
parameters are shown in Table 1. For comparison, one 
test w-as done with water instead of sodium and with 
nitrogen instead of the formed reaction products 
(mainly hydrogen). 

Figure 6 describes the results of a typical large-leak 
test. The pressure pickups below the sodium level 
show the expected pressure pulsation immediately af
ter the beginning of the reaction, as known from the 
reactions in tubes, but of much smaller amplitudes. 
Pressures at Pis and Pi4, which are located in the gas 
space, show a first maximum at the break pressure of 
the rupture disc and a second, higher maximum when 
the sodium reaches the exit of the vessel. The quasi-
constant pressures rise to approximately 40 atm, 
which is small compared with the water pressure of 
120 atin. The radiation-level gauges indicate a ve
locity of the sodium column of about 8 to 10 m/s in 
the vessel. The level gauges in the relief line (Zi to Z5) 
show a sodium velocity of 75 m/s in the relief line. 
The maximum temperature measured in the reaction 
zone amounts to 770"C. 

Small-leak behaviour is shown in Fig. 7. The leak 
size during this test was 2 mm. The pressures at the 
sodium side rise continuously to the break pressure 
of the rupture disc w-ithin 1.430 ms. During that time 
the installed radiation gauge shows a partial filhng 
of the vessel. This indicates that bubbles of gaseous 
reaction products rise through the sodium to the 
gas space. The depressurization after the breaking 
of the rupture disc leads to an expansion of the gas 
bubbles in the sodium by which the sodium is moved 
out, as indicated by the radiation-level gauge and 
the level indicators in the relief line. 

The initial pressure pulsation as measured with a 
cathode-ray oscilloscope is shown in Fig. 8. The max
imum dynamic pressure of 104 atm w-as measured at 
the wall of the vessel. I t corresponds to a maximum 
dynamic pressure in the reaction zone itself of about 
1,600 atm if one takes into account that the amplitude 
of the pressure pulse decreases proportionally to the 
radius of the spherical pressure wave in an undis
turbed geometry.*-* 

The evaluation of the tests in Fig. 9 shows the re
lation between leak size, water pressure, and maxi
mum quasi-constant reaction pressure at the sodium 
side. Besides the leak diameter, the ratio of water-
to-sodium cross section is plotted as a second abscissa. 
The curves below the rupture-disc lay-out pressure are 
extrapolated, since the rupture-disc lay-out pressure 
will always be reached. The turnover to pinhole be
haviour is indicated. It depends only on the mass 
fiow of water, tha t is, on leak size and water pres
sure. 
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TABLE 1. IMTI. \L CONDITIO.SS FOR \'ESSEL TESTS 

Te»t 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
111 
17 
IS 
HI 
211 
21 
22 
23 
24 
25 
211 
27 
28 
29 

30 

Leak 
Size, 
mm 

18 
16 
12 
12 
10 
14 
8 
li 
4 
3 
2 
1 
1 
2 
2 
4 

1(1 
11 
IS 
14 
14 
14 
14 
14 
3 

14 
14 
18 
3 

14 

Water 
Pressure, 

atm 

120 
120 
120 
120 
120 
120 
120 
120 
1-20 
120 
120 
120 
r.'ll 

l id 

I'lO 

lUI 
liO 
Til l 

nil 
100 
80 

120 
120 
120 
nil 

r.'ll 
120 
80 
60 

Nitrogen 
pi-ess, 
atm 

1-20 

WaUr 
Temp, 

°C 

200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
'200 
200 
320 
200 
200 
200 

Nitrog. 
temp, 
°C 

20 

Injection 
Direction 

down 
down 
down 
down 
down 
down 
down 
down 
down 
down 
dow-n 
down 
down 
down 
down 
down 
down 
down 
down 
down 
down 
d'lwn 
down 
down 
dow-n 
down 
up 
I I M W U 

up 

i l i n v l i 

Sodiimi 
T e m p , 

"C 

2S0 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
•250 

•250 

250 
250 

Water 
temp, 

•J l l 

Sodium 
Pressure, 

atm 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Water 
press, 
atm 

Sodium 
Volume, 

liter 

25 

> 
5 

25 
•25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
•25 
25 
25 

:« 
45 
50 
•25 
50 
35 
25 
'25 

Water 
volume, 

* d m ' 

35 

Rupture 
Disc, 
atm 

IS 
IS 
15 
IS 
IS 
IS 
IS 
IS 
15 
15 
15 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
IS 

l.'i 

Remarks 

Failure in sodium-fill
ing ftystem; failure 
in water container 

Olwtruction of leak 

Failures in measuring 
lines 

Test for comparisfm 

The influence of the sodium filling of the vessel on 
peak pressure can be read from Fig. 10. It shows that 
at least for this undisturlied geoinetr\' the pressure 
rises comparatively slowly w-ith the height of the 
sodium colunm. In the case of small leaks the tests 
show up to w-hat leak size pinhole behaviour can be 
expected. The influence of pinholes on the sourround-
ings of the reaction zone has to be investigated in 
separate experiments. 

Programs have been developed for a more detailed 
evaluation. The result of the code POOL evaluation 
(see Scot. 5) of test 1 is shown in Fig. 11. We started 
with the previously used assumption of a total reac
tion of the water flowing into the sodium: 

2 Na -I- II2O -» Na-O -\- H j , 

uid a reaction temperature of 1,300 to 1,400°C, as re
lated to the boiling or sublimation temperature of 

Na^O. This assumption leads to a much higher quasi-
constant pressure than observed. With the reaction 

Na -I- H2O -^ NaOH 4- 1/2 Ho 

and about the same temperature the pressure was 
substiintially reduced because of the smaller extent of 
hydrogen formation, but the resulting pressure was 
still too high. The second reaction mechanism com
bined with a reaction temperature of 750°C gives the 
best fitting of the experimental and theoretical cur^•es 
of the experiment, shown in Fig. 11. For all evaluated 
tests this mechanism gave the best comparison be
tween theory and experiments with assumed reaction 
temperatures from 650 to 1,000°C. The measured val
ues varied between 770 and 920°C. Lacroix et al. 
measured similar temperatures during their experi
ments.!^' 
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120kp/cm2 t„2o 200 C 

Leak Umm*downwards p„^2kp/cm^ 
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F I G . 6. Test 22. 
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F I G . 7. Test 11. 

4. ASB Test Facility and First Test Results 

The tests described in the previous section were car
ried out in the same small test facility that served 
for the KNK test work. The fast breeder steam-
generator concept requires additional test work in the 
direction of large model tests on the one hand, and 

pinhole behaviour on the other. The ASB (a facility 
for safety tests for the fast breeder reactor) has been 
built for this purpose. 

Figure 12 shows the ASB building and Fig. 13 the 
sodium loop. Figure 14 gives a simplified flow dia
gram of the ASB. The loop can be divided into three 



Sodium-Water Reactions 379 

main sections which arc located in separate parts of 
the building and partitioned from one another by con
crete walls: the sodium loop, the test section itself, 
and the water system. 

The sodium loop can be operated separately by 
bypassing the test section. Its main parts are a free-
surface centrifugal pump of 120-m-''/hr capacity (1), 
s surge tank with a volume of 2.5 nr' (2), a sodium 
heater-cooler with a heating capacity of 150 kW and 
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FIG. 11. CcMlr PtKII. Kvaliiation for Iteartion Pr^ssurv at 
the .Sodium Side for Test 1. 

a cooling capacity of 100 kW (3), four cold traps (4), 
and storage tanks with an overall capacity of 15 m' 
(5). The main lay-out data are .550°C, 30 atm, and 
10.000 hr of operation. 

The main components of the water-steam system 
arc 2 pressure vessels of 500-1 (6) and 30-1 (7) ca
pacity, respectively, and the temperature-gradient 
section (81. The gradient section senes for a better 
simulation of the water-steam conditions. The main 
lay-out data are 280 atm and 370°C. 

The test section consists of a large model section (9), 
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FIG. 12. Faeilitv for Safety Tests for the Fast Breeder 
ASB. 

ll 

! 
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FIG. 13. The Sodinm Loop of the .\.SB. 

two small leakage test sections (10), and the reaction-
products tanks (11). 

With respect to model tests difl'erent steam gen
erators are under consideration for the fast breeder 
plant: a 50-MWt model type and, as a back-up solu
tion, a 5-MWt tube-in-shell type of steam generator. 
The model being tested now is adapted to the 5-MWt 
steam generator. 

Figure 15 shows the test vessel with its removable 
internals and the plan of control points. The vessel 
has a total length of 2,450 mm, an inner diameter of 
350 mm, and a diameter ot the pressure relief line of 
200 mm. 

With this model 10 tests have been performed (see 
Table 2). The tests aimed at completing the information 
gained during the tests with simple vessel geometries 
(see Sect. 3). Especially the assumptions of sodium 
hydroxide formation and the comparatively low re
action temperatures were to be confirmed in a differ
ent geometry and under different pressures and tem
peratures. 

The evaluation has not yet been completed. Some 
experimental results are compiled in Fig. 16. The 
curves belong to measuring point P2 near the initial 
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F I G . 14. Simplified Flow Diagram of the ASB Test Facility. 
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F I G . 15. Reaction Vessel and Control Points. 
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Tett 

1 
2 

3 
4 
6 

0 
7 
8 

9 

10 

Uak 
Size, 
mm 

14 
14 

14 
14 
14 

14 
14 
14 

14 

14 

Water 
Temp, 

°C 

200 
200 

200 
200 
200 

200 
300 
340-
300 
300 

300 

Water 
Pressure, 

atm 

120 
120 

120 
120 
120 

120 
180 
150 

160 

180 

TABLE 2. I 

Sodium 
Volume, 

liter 

50 
ISO 

150 
210 
210 

230 
240 
240 

240 

240 

Sodium 
Temp, 

°C 

2S0 
250 

250 
250 
250 

250 
330 
330 

330 

330 

NI-n.^L CONDfnONS 

Sodium 
Ptea, 
atm 

2 
2 

2 
2 
2 

2 
3 
3 

4 

4 

Argon 
Volume, 

liter 

195 
9S 

95 
35 
35 

IS 
6 
6 

6 

5 

FOR ASB TE.STS 

Rupture 
Disc, 
atm 

23 
23 

23 
23 
23 

23 
23 
23 

23 

23 

Vessel Geometry 

Without internals 
Without internals 

Without internals 
Without internals 
Without int^rnalK 

Without internals 
Without internals 
Withotit internals 

With internals, tube coil 
in hiithe.st position 

With internals, Inlie roil 
in leak area 

Remarks 

Failure in fill sys
tem; test not 
executed 

Failure at injection 
valve; no measure
ments taken 

See note 

Note: During this test, the tempcrature-Kradient tube was used; lowest »-ater temperature was 300°C; the water slug of SJ5 1 
WM followed by saturnted steam at 340°C' and l.'iO atm. 

reaction zone. Tests 7 and 8, made without internals 
in the vessel, show a (|uasi-constant pressure ade
quate to the values found with the smaller test vessel 
as described in Sect. 3 if one takes into account the 
cross-section ratio of the water to the sodium sides, 
the height of the sodium column, pressure drop at the 
water-injection tube, and the pressure drop at the 
relief line. Tests 9 and 10 were performed with a cen
tral cylinder and a tube coil in different locations. 
The coil above the injection point as shown in Fig. 
15 resulted in the highest quasi-constant pressure, 
whereas the coil in front of the injection point led to 
the longest duration of the initial pulsation, .\fter 
about 100 ms, when the vessel is nearly empty, all 
curves come close together. These results, compared 
with the vessel test« of Sect. 3, indicate that the as
sumption of sodium hydroxide formation is valid in 
the whole range of tests. 

Besides the prime test results, a result should be 
mentioned which was received from the reaction-
products tanks. We used tw-o tanks in series, the first 
of which was operated as a cyclone. The second one 
was a simple vessel, open to the air at the top. The 
connecting tube and the second tank contain a water-
spray system to wash out the solid reaction products. 
The two tanks are shown in Fig. 12 on the left-hand 
side of the building. This system had a retention 
efficiency of more than 9 9 ^ as measured by titration. 
This was also obvious from the visible effect of the 
small amount of fume loading of the escaping hy
drogen (see Fig. 17). Earlier experiments with much 
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Fu;. 10. Reaction Pressure at Pi . 

smaller amounts of sodium were always accompanied 
by a large flame at the outlet of the reaction-products 
tank, even though the titration of the sodium residue 
in the cyclone always gave retention efficiencies of 
more than 95%. 

3. Molheniatiral Description of the Sodium-Waler 
Reaction in Vessels 

For the description of the system behaviour in 
case of a sodium-water reaction, three computer codes 
have been developed. The main code, called POOL, 
is similar to the equation systems developed and 
used by Salmon,'*' Chase et al.,""' and Lacroix et 
al."' Figure 18 shows a block diagram of the pro-

file:///fter
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FIG. 17. Fumes .^ccompanyiiiK Es( aping Hi lirogen. 
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! 
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DAROI 

PROGRAM 

POOL 

— SUBROUTINE 

KORR 

FIG. 18. Blork Diagram for Program Pool. 

gram and its subroutines. The program itself consists 
mainly of the law of ideal gases: 

pv = MRT, 

the description of the formation of Ha: 

2 Na -)- H2O -> NaoO 4- Ho 

(1) 

(2) 

(3) Na + H2O -^ NaOH -I- 1/2 H2, 

and additional orders. 
The volume v is the result of the subroutines which 

describe the sodium flowing oil the reaction zone. The 

mass M is given by the mass of water streaming in 
(measured in kmol), which reacts instantaneously 
and completely with the sodium, forming hydrogen. 
The temperature T is an input value, whose theoreti
cal upper limit is given by the sublimation tempera
ture of NaoO (1,663°K). 

Subroutine NAKO calculates the sodium flow un
der the assumption of a one-dimensional geometry. 
Sodium is supposed to be compressible. The main 
equation is the equation of pressure waves in liquids: 

AjO = pcAu. (4). 

The pressure and velocity waves are reduced by re
flection at all points of cross-section changes within 
the steam generator itself (e.g., the parallel tube 
bundle of the steam generator). This has been taken 
into account by the use of reflection factors at all 
these points, and the calculation of the pressure and 
velocity waves for every interval. The switchover 
from NAKO to NABER (the latter works with in
compressible sodium) is ordered when the primary 
wave reflected at the end of the vessel comes back 
to the point of origin. NABER is based on the equa
tion of motion of the liquid: 

?'!. • PE - fp - plii. (5) 

The subroutine contains a number of logical elements 
to describe the changes in flow of the sodium col
umn. In particular, the column length I and pressure-
drop coefficient are functions of the changing ge
ometry of the sodium flow path. 

While NAKO and NABER give the volume which 
is available for the hydrogen to be formed, the sub
routines WARO and DARO give, by way of the 
water- and steam-flow rate, the amount of hydrogen. 
WARO calculates the acceleration of the water by 
an equation similar to (5). In this case the driving 
power is given by the difference between the pres
sure in the water tank and in the hydrogen bubble. 
If the saturation pressure of the water at the outlet 
of the water tube is higher than the pressure in the 
hydrogen bubble, the hydrogen pressure is replaced 
by the saturation pressure. 

DARO describes the steam side of the broken 
tube. In principle it is similar to WARO. In it is in
cluded the fact that a water slug w-ith a temperature 
gradient is accelerated by the following steam. As 
soon as the water slug is pushed out of the tube, the 
steam flow is calculated, taking into account the pos
sibility of critical flow. With respect to the experi
mental setup it is possible to shut off one of the two 
subroutines WARO or DARO. If the saturation pres
sure is higher than the hydrogen pressure, the sub-
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tdutiiie KOHR, ilcscribing the flashing of the water, is 
called for. If the flashing does not increase the water-
lide mass flow, KORR is not called. 

\ second code, DRUWA, has been developed in 
order to calculate the pressure propagation in the 
whole secondary loop. Usually in the literature only 
the pressure rise in the steam generator itself has been 
discussed, but the pressure development in the in
termediate heat exchanger is also essential. The re
sult of POOL in the steam generator is the input 
function of DRUWA. The loop is a manifolded sys
tem of tubes. The .acceleration of the sodium in the 
single tubes is calculated by ji systein of equations 
similar to (5). At each branching the equation of 
continuity must be consifiered. This system of equa
tions gives the pressure distribution in the loop. The 
change of the sodium column length due to penetrat
ing hydrogen is taken into account. This is necessary 
only for the steam generator and pressure-relief sys
tem. Lacroix et al. used this method to calculate pres
sure propagation in their test facility."' 

The third program, NAWA 3 D, is still under test. 
In the code POtHi the movement of the different fluids 
is supposed to be one-dimensional. This gives errors 
in Ihe description of the behaviour in approximately 
the first 10 ms. Therefore in NAWA 3 D pressure 
waves in the sodium arc calculateil in cylindrical 
geometry. The water-steam mixture penetrates into 
the hydrogen bubble and reacts with the sodium con
tacted. A part of the water may be evaporated. Com
pared with POOL, the program has the more compli
cated geometry. The action of the primaiy pressure 
•ivave on the surrounding tubes can be calenlated 
witli this Jirogram, too. 

Svnlhols 

m/s c = velocity of .-iouiid of sodium 
/ = length of stuiium colunm m 

.U = mass of gas kg 
;i = pre.ssure kp m-

/'h = pressure of Ihe hydrogen bubble kp/'m-
H = pressure at Ihe end of the pre.s- kp, nr 

sttrc relief line 
H = gas constant m-kp/kg-°C 
T = absolute gas temperature "K 

u = flow velocity of the sodiuni m s 
V = volume m' 
p = specific gravity of sodium kp-s- m* 
f = factor of flow resistance — 
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Discussion 

Mr. McCarthy (Commonwealtli Associates): In 
Fig. 17 there appeared to be a lot of flame coming 
out. Do you inert your relief line and your separator? 

ilfr. .Mausbeck: Yes, it was inerted by nitrogen. 
However, the jet of hot hydrogen mixed with some 
sodium and sodium oxide, so that it ignited im
mediately on reaching the exit of the relief line. 

Mr. Chamberlain ( . \PDA): Did you obser^-e wast
age in cither of the units at the size of leak rates 
you were using? How was the leak injection termi
nated? 

Mr. .Mausbeck: The leak injection was normally 
terminated by closing the entrance valve after a few-
tenths to some seconds, depending on the test. I think 
you shouldn't expect wastage in case of thtise large 
leak tests. I would expect more wastage with small 
leaks. On tw-o occasions w-e terminated the water flow 
because of increasing temperature in the outer vessel 
surrounding the reaction zone. With respect to temper
ature, it might be that small leaks are more dangerous 
than large leaks: the latter are of more importance 
for the pressure of the whole unit, including relief 
lines as well as for the secondary system. 
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Wastage of Steam-generator Materials by Sodium-Water Reactions* 

H.4REY V. C H A M B E R L A I N , J O H N H . C O L E M A N , E V A N C . K O V A C I C , A N D A L B E R T A. S H O U D Y 

Atomic Power Development Associates, Inc. 
Detroit, Michigan 

(PRESENTED BY H. V. CHAMBERLAIN) 

I. Introduction 

The successful development of the sodium-heated 
steam generator is an essential requirement of the 
sodium-cooled fast breeder reactor program. If a 
number of sodium-cooled fast reactors are built, it 
seems certain that some leaks in steam generators will 
occur during their operating lifetime; therefore the 
consequences of leaks of the steam generator for the 
secondary heat-transport system and for the sur
rounding plant must be understood. The conse
quences of large leaks (that is, of single-tube and of 
simultaneous multiple-tube ruptures) in terms of de
formation or rupture of the steam-generator shell has 
been a principal concern. Another major concern is 
corrosion and erosion of shell and internals by the 
sodium-water reaction. 

In late 1962 a large leak occurred in one of the 
E F A P P steam generators as the result of a vibration-
induced tube failure. Areas of general corrosion and 
tube-wall thinning were observed on several tubes in 
the region where the sodium-water reaction had oc
curred. This was unexpected because corrosion and 
erosion had not been observed in sodium-water tests 
involving single-tube ruptures. As a result of the ex
perience with the EFAPP steam generator, the De
troit Edison Company conducted an investigation of 
wastage of Croloy 214 from sodium-water reactions 
associated with leaks that are relatively small com
pared to a single-tube rupture; some results of these 
investigations indicated that small leaks can cause 
rapid thinning of Croloy 214. 

In early 1964 APDA initiated a project sponsored 
by the USAEC to determine the dominant parameters 
for materials wastage during small leaks and to es
tablish a means of predicting wastage rates. Subse
quently the project scope was broadened to include 
basic investigations of the wastage mechanisms and 
of the sodium-water reaction phenomena associated 
with needle-like jets of high-pressure water into a 
sodium pool. 

• Work performed under U. S. Atomic Energy Commission 
Subcontract AT(11-1).865. "commission 
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II. Wastage Studies 

A. Facilities and Procedures 

The materials wastage tests a t APDA were con
ducted in two different test apparatus designated Rig 
10 and Rig 43. Rig 10 is a large test rig for investigat
ing the effects of small leaks under conditions simulat
ing the environment of a steam generator. A descrip
tion of Rig 10 has been reported previously.'" A 
schematic diagram is shown in Fig. 1. Prior to starting 
a test a measured amount of water is added to the 
injection-water storage tank, the circulating-water 
system is filled, and both systems are pressurized to 
2650 psig with nitrogen. The sodium system is brought 
to temperature of 400°F and filled with approximately 
7000 lb of sodium. With the sodium circulating, the 
system temperature is gradually increased to the test 
temperature of 625°F. During this period the so
dium is cold trapped until the plugging temperature 
is below 400°F. The injection water and the cir
culating water are heated by the sodium to 625°F. 
The circulating water flows through the tube bundle 
by natural circulation. 

A cross-sectional view of the tube bundle (see Fig. 
2) shows the relative position of the water-injection 
nozzle and the target tube. The injection nozzle, which 
simulates a leaking tube, can be positioned between 
14 to IV2 in. from the target tube. The leak is ini
tiated by breaking off the carburized capillary tube of 
the injection nozzle. Thermocouples swaged down to 
0.040-in. diameter at the tips are located throughout 
the tube bundle, with a circular array of six thermo
couples mounted on the target tube in the target area. 
Signals from the thermocouples are fed to an opti
cal oscillograph for fast response temperatures and 
to indicate when the test is initiated and completed. 

Rig 43 is a small test apparatus for basic studies 
of the sodium-water reaction.<2) A schematic diagram is 
shown in Fig. 3. The reaction vessel is a 12-in.-
diameter by 42-in.-long carbon steel vessel; the so
dium loop is of 1-in. Type 304 stainless steel pipe. 
The water-injection system is very similar to that 
used in Rig 10. A pressure-control valve normally 
vents the hydrogen from a sodium-water reaction, 
but for abnormal conditions a rupture disc is pro-
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vided. Both the pressure-control valve and the rup
ture disc discharge to an oil-filled tank which re
moves solids and liquids. The hydrogen is passed 
through a flame arrestor and is discharged to the 
atmosphere. Nitrogen at 2650 psig pressurizes the in
jection-water system, and low-pressure nitrogen is 
used for a cover gas in the reaction vessel and reac
tion-products tank. The measured amount of water 
is added to the water-injection system which is then 
pressurized. The sodium system is heated to 350°F, 
filled with sodium, and the system temperature in
creased to the test temperature. When the system is at 
equilibrium, the guillotine mechanism, which shears 
the capillary, is actuated to initiate the sodium-water 
reaction. 

B. Wastage Results 

A review of the factors that may affect material 
wastage showed that the following test variables 
might be important: 

1. water-injection rate; 
2. water-injection duration; 
3. spacing between leaking tube and target tube; 
4. sodium velocity past reaction area; 
5. temperature and pressure of injection water; 
6. sodium temperature; 
7. target-tube material; 
8. target tube-side coolant; 
9. head of sodium above the reaction zone. 
To investigate the relative importance and the effect 

of these variables on material wastage from small 
leaks, tests were conducted. A summary of the test 
data is presented in Tables 1 through 3. 

The general test conditions for the majority of tests 
were as follows: 

1. sodium temperature, 625°F; 
2. temperature of injection water, 625°F; 
3. pressure of injection water, 2650 psig; 
4. temperature of recirculating water, 625°F; 
5. pressure of recirculating water, 2650 psig; 
6. flowrate of recirculating water, 1 gpm; 
7. tube material, 2!4 Cr-l Mo; 
8. tube dimensions: 1-in. OD x 0.120-in. wall. 
The initial phase of the test program consisted of 

a series of eleven tests in Rig 10, statistically de
signed to determine the effect on Croloy 214 wastage 
rate of leak rate, leak duration, tube spacing, and 
sodium velocity in the vicinity of the leak. An analy
sis of the data showed that the water leak rate and 
tube spacing had a significant effect on materials 
wastage rate, but that the duration of the leak and 
the sodium velocity were not important. A correla
tion of leak rate, spacing, and wastage rate is shown 
in Fig. 4. 

Six tests were made to determine the effect on 
wastage rate of sodium velocity (at zero or very low 
flowrates), head of sodium above the reaction zone, 
and degree of tube-side cooling. The data for wastage 
rate vs leak rate for these tests is shown in Fig. 5 
for comparison with the data obtained under nor
mal testing conditions in Rig 10. The substitution of 
stagnant nitrogen for circulating water does not ap
pear to be significant. At first glance it appears that 
sodium velocity and head of sodium are significant, 
but this may not be so: the number of data are few 
and they may be within the range of the statistical 
variance of all the data. 

Ten tests with Incoloy 800 and Type 304 stainless 
steel were conducted in Rig 10 to investigate the 
wastage resistance of other possible candidate ma
terials for sodium-heated steam generators. The data 
show that both materials are more resistant to 
wastage than Croloy 2'/4 under similar test condi
tions. All of the tests discussed up to this point had 
been conducted with leak rates of <10~- lb/sec, and 
the test results showed that the wastage rate in
creased as the leak rate increased. A series of tests 
were conducted to study the wastage rate at leak 
rates in the range from 10"^ to 10~ ' lb/sec. As. Fig. 
4 shows, negligible wastage of Incoloy 800 and stain
less steel was obtained at leak rates of 10~^ lb/sec, 
and the wastage rate of Croloy 214 decreases at leak 
rates above 10"^ lb/sec. In these tests it was noted 
that the pattern of wastage was different from 
previous tests. For the leaks below 10~- lb/sec the 
wastage pattern is a single crater as shown in Fig. 
6a, whereas for the larger leak rates the wastage pat
tern is toroidal-shaped with a central plateau whose 
surface shows negligible wastage, as shown in Fig. 
6b. The toroidal-shaped wastage pattern indicates 
that the jet of fluid issuing from the leak consists of 
a central core of water; the sodium-water reaction 
occurs only at the boundary between the sodium and 
the fluid. This core of water must become larger as 
the leak rate increases (because of a larger hole size) 
and thus tends to protect the impingement point 
from wastage. Although the wastage rate defined as 
depth of penetration per unit time decreases at the 
higher leak rates, it should be noted that the total 
mass of material removed in the wasted area con
tinues to increase as the injection rate increases. Ad
ditional tests should be made to substantiate the 
observation of decreasing wastage rates at leak rates 
above 10~^ lb/sec. 

To investigate the effect on wastage of the initial 
metal temperature, two tests were made with a so
dium temperature of 680°F instead of the nominal 
625°F. This was the maximum temperature that 
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TABLK 1. 1)\TA SUMMARY FOK DYNAMIC .SODII-M TESTS WITH A P D . \ RIG in 

Flowrate, fpin 
V<loclty pajl tarKCl tub*, ft/««c ~ 
Bulk T«mp«ratur*, F 

Inl«ctlon Water 9yalem 
Water added, lb 
Temperature. F 
PreMure, palg 
Orifice iize. In. (nominal) 
Injection point-to-target ipaclng, In. 
bijectlon duration, aec 
Injection rate, Ib/aec 

Recirculating Water Syatem 
Preaaure, palg 

Waitage 
Target Material 
Depth ol penetration, mil 
Waatage rale, mil 'aec 
Waalage rate, mil lb water 
Maximum meaaured tube temperature, F 

Sodium Syatem 
Flowrate, gpm 
Velocity pftit target tut>e, It 'aec — 
Bulk Temperature. F 

InlecUon Water Syatem 
n i e r added. lb 
Temperature, F 
Preaiure, palg 
Orifice alie, In. (nominal) 
[n)ccllon point-to-target apacing, In. 
ln)ectlon duration, aec 
Inlecllon rate. Ib^aec 

ReclrculaUng Water System 
Praaaure, palg 

Waatage 
Target Material 
Depth of peneiraUon, mil 
Waatage rale, mll/aec 
Wastage rate, mll/lb water 
Hixlmum meaaured tube lemperature. F 

Sodium System 
FTuwrale, gpm 
Vrlority paat target tut>e, ft see -
Bulk Temperature, F 

Injection Water Syatem 
Water added, lb 
Temperature, F 
Pressure, palg 
Orllire site. In. (nominal) 
Injection polnl-to-targel spacing, in. 
Injection duration, sec 
Injection rale, lb aec 

Recirculating Water System 
Preaaure, psig 

Waataje 
Target Material 
Dtpth of penetration, mil 
Waatage rate, mil 'sec 
Waatage rate, mil 'lb water 
Maximum measured tube lemperature, F 

1 2 

400 400 
2 2 

632 eie 

0 . 8 8 0 . 8 8 
632 618 

26S0 26S0 
0 .008 0 .008 

- 1 - 1 4 1 .0 
(a) 323 
(a) 0.002fi 

Z6S0 26S0 

C S . * 
16 (b) 

0 . 0 5 
1.8 -

(d) ~ 800"'^ 

14 

400 
2 

610 

0 . 2 4 
eio 

2650 
0 .006 

1 '4 
133 

0 .0012 

75(e) 

2 - 1 / 4 C r - l Mo 
38 

0 . 2 0 
198 

1240 

28 

400 
2 

622 

1.3 
622 

2650 
0 . 0 4 0 

1 4 
23 

0 .0565 

2650 

Incoloy 
800 f* 

0 
0 
0 

1793 

3 

420 
2 

611 

0 . 2 4 
6)1 

2650 
0 .006 

1.0 
98 

0 .0025 

2650 

25 
0 . 2 5 

97 
930 

18 

400 
2 

610 

1 .3 
608 

2650 
0 . 0 0 6 

I 
700 

0 .0016 

2650 

Incoloy 
800 

0 
0 
0 

1020 

20A 

400 
2 . 0 
610 

1 .3 
610 

2650 
0 .016 

1 '4 
150 .5 

0 .0086 

36S0 

304 
21 

0 . 1 4 0 
1 6 . 3 
1600 

4 

39S 
2 

615 

0 . 6 0 
615 

2650 
0 .006 

1.0 
260 

0 .0022 

2650 

100 
0 .37 

161 
1030 

10 

400 
2 

610 

1.3 
613 

2650 
0 .004 

1 4 
856(f) 

(g) 

3650 

Incoloy 
800 

0 
0 
0 

1190 

30 

400 
2 . 0 
600 

1.3 
600 

2650 
0 . 0 4 3 

1 '4 
11 

0 .118 

2650 

0 
0 
0 

3016 

5 

400 
2 

625 

0 48 
625 

2650 
0 .006 

1.0 
200 

) .00I7 0 

26SO 

13-15 
0 . 0 5 

29 
947 

lOA 

400 
2 

604 

1 .3 
604 

2650 
0 .004 

1 4 
861 

O.DOIS 

26S0 

Incoloy 
800 

0 
0 
0 

1150 

31 

400 
2 . 0 
600 

0 .065 
608 

2650 
0 .016 

1 
2 . 5 

0 .036 

100(e) 

0 
0 
0 

1773 

TEST NfMBER 
6 

200 
1 

606 

0 .24 
608 

2650 
0.OO6 

1 .0 
104 

.0033 0 

2650 

10 
O.IB 

79 
1042 

20 

400 
2 

600 

1 .3 
600 

2650 
0 . 0 0 6 

1 4 
691 

0 .0019 

2650 

Incoloy 
800 

0 
0 
0 

1186 

32 

400 
3 . 0 
600 

0 . 2 4 
600 

2650 
0 . 0 0 6 

1 '4 
150 .4 

0 . 0 0 1 6 

2650 

79 
0 .525 

329 
1000 

7 8 9 

400 400 200 
2 3 1 

605 60S 610 

0 . 2 4 0 . 4 8 0 . 2 4 
60S 60S 610 

36SO 2650 2650 
0.0O6 0 .006 0 .006 

1 4 1.0 1 4 
107 330 135 

0033 0 .0031 0 .0010 

2650 2650 2650 

1 '4 C r - l Mo Steel " ^ ^ 
80 28 72 

0 . 7 5 0 . 1 2 0 . 5 8 
330 58 298 

107S 892 970 

21 23 

400 400 
2 3 

400 603 

1 .3 0 . 2 4 
600 602 

2650 2650 
0 . 0 0 6 0 . 0 0 6 

1 4 1 4 
570 MS 

0 .0023 0 .0017 

2650 26S0<e) 

10 

200 
1 

603 

0 . 3 0 
603 

2650 
0 .004 

1 .0 
23S 

0 .0013 0 

3650 

0 
0 
0 

778 

34 

400 
3 

•35 

0 . 6 5 
625 

3650 
0 . 0 1 0 

1 4 
103 

0 .0063 

3650 

Incoloy 2-1 4 C r - l Mo Incoloy 
800 

13 41 
0 . 0 2 0 . 2 8 

9 . 2 170 
1341 940 

33 35 

400 « 400 
3 . 0 1 .0 
605 605 

0 . 9 6 0 . 9 6 
60S 605 

2650 3650 
0 . 0 1 6 0 . 0 4 3 

1 4 1 / 4 
41 11 

0 .0334 0 .087 

2650(e) 36S0 

36 6 
0 . 8 8 O.SS 
3 7 . 5 6 . 3 5 
1705 ITTO 

800 
4 

0 . 0 4 
6 . 2 

1631 

36 

400 
3 . 0 
615 

0 . 9 6 
615 

36SO 
0 . 0 1 6 

1 -9 /32 
43 .1 

0 . 0 2 3 3 

10(e) 

Mo Steel-
31 

O.SO 
31.0 
1615 

11 

400 
3 

613 

0.11 
619 

26S0 
0.OO4 

1.0 
78 

0014 0 

2650 

3 
0.03 

7 
777 

35 

400 
3 

•03 

0.24 
603 

2650 
0.004 

1 4 
20« 

0.0013 

2650 

331 SS 
0 
0 
0 

1081 

r 

400 
3.0 
600 

0.197 
600 

2650 
0.010 

1 '4 
20.9 

0.0094 

26SO 

63 
3.0 
330 

1580 

13 13 

4O0 100 
3 1 

628 605 

0.24 0.14 
638 COS 

26S0 3650 
0.OO4 0.004 

1 4 1 4 
196 125 

0012 O.OOII 

2650 36S0 

38 24 
0.10 0.10 

158 175 
1214 1030 

26 r 

400 400 
1 3 

610 60S 

0.14 1.3 
610 60S 

36SO 1650 
0.006 0.016 

1 '4 1 4 
610 IOO 

0.0031 o.ooia 

3650 3650 

Incoloy 
331 Sa 800 

17 0 
0 . 0 3 0 
13 .1 0 
1S36 1803 

31 39 

400 400 
3 . 0 1 . 0 
680 6«0 

0. 30 0. 49 
680 680 

3900 2000 
0 . 0 1 0 0 . 0 1 4 

1 4 t '4 
W K ) ^M.h) 

0 . 0 0 3 3 O.OOM 

2650(e) 2650(e) 

111(h) 123(h) 
2.1 3.1 1 
600 345 

1247 1605 1 

(a) Unloiown: assumed to t>e approximately equal to that In Test No. 2 
(t>) Tube tailed by pressure following thinning by wast^e. Tut>e wall was 0.120-in. thick. 
(c) Temperature before target (ut>e rupture. 
(d) No thermocouples In wastage area. 
(«} Test was run with stagnant nitrogen in the target tut>e Instead ot recirculating water. 
(t) Test terminated due to plugged capillary. 
(g) Unknown. 
(h) Tubes completely penetrated in 58 seconds. Tube wall was 0.120-in. thick. 

NOTE- Target dimensions as follows! 2-1 4 Cr - 1 Mo, 304 S4 and 321 SS targeU were 1.0-ln. OD xO. 120-tn. 
Incoloy 800 waa0.84-ln. ODx0.109-in. wall. 
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TABLE 2. TESTS IN R I G 10 SIMULATING CONDITIONS IN R I G 43 

Sodium System 
Flow rate, gpm 
Velocity past target tube, ft/sec 
Bulk temperature, °F 
Sodium level above target tube, ft 

Water-injection Systein 
Water added, lb 
Temperature, "F 
Pressure, psig 
Orifice size, in. (nominal) 
Injection point-to-target spacing, in. 
Injection duration, sec 
Injection rate, lb/sec 

System for Recirculating Water 
Pressure, psig 

Wastage 
Material 
Depth of penetration, mils 
Wastage rate, mils/sec 
Wastage rate, mils/lb water 
Maximum measured tube temperature, "F 

Test No. 

14 

400 
2 

610 
8.4 

0.24 
610 

2650 
0.006 

Vi 
133 

0.0012 

No Waterfc' 

38 
0.20 

158 
1240 

IS 

0<.) 
0 

610 
8.4 

0.24 
610 

2650 
0.006 

Vi 
125 

0.0019 

2650 

12 
0.10 

50 
1380 

16 

0(.) 
0 

620 
1.25 

0.24 
620 

2650 
0.006 

'A 
153 

0.0016 

No WaterW 

17 

20it> 
.1 

610 
8.4 

0.24 
605 

2650 
0.006 

' 4 

145 
0.0017 

2650 

2)4 Cr-l Mo Steel 
27 
0.18 

113 
1180 

35 
0.24 

146 
960 

22A 

Ol"> 

0 
600 

8.4 

0.24 
600 

2650 
0.006 

Vi 
236 

0.0010 

2650 

21 
0.09 

87.5 
1780 

23 

400 
2 

602 
8.4 

0.24 
602 

2650 
0.006 

Vi 
145 

O.0O17 

No Waterl=> 

41 
0.28 

170 
940 

'*' Sodium pump turned off. 
'*>' Nominal flow rate; actual flow rate estimated to be between 0 and 40 gpm. 
''•' Test was run with stagnant nitrogen in the target tube. 

TABLE 3. DATA SUMMARY FOR TESTS WITH APDA R I G 43 

Sodium System 
Flow rate, gpm 
Bulk temperature, °F 
Sodium level above injection point, ft 

Water-injection System 
Water added, lb 
Temperature, °F 
Pressure, psig 
Orifice size (nominal), mil 
Injection point-to-target spacing, in. 
Injection duration, sec 
Injection rate, lb/sec 

Wastage 
Material 

Dimensions 
Outside diameter, in. 
Wall thickness, in. 

Depth of penetration, mils 
Wastage rate, mils/sec 
Maximum measured tube temperature, °F 

Test No. 

1 

0 
630 

1.5 

0.24 
630 

2650 
6 

Vi 
70 
0.0034 

1 
0.120 
(b) 

<b) 

1440 

2 

0 
630 

1.5 

0.24 
630 

2650 
6 

Vi 
61 
0.0039 

1 
0.120 
(b) 

(b) 

1390 

3 

0 
630 

1.5 

0.24 
630 

2650 
6 

Vi 
52 
0.0047 

C 

1 
0.120 
(b) 

(b) 

1610 

4 

44 
705 

1.5 

0.24 
680 

2650 
6 

H 
231-1 

(A) 

'roloy 2'^ 

1 
0.120 

10 
0.43 

747 

5 

23.5 
602 

1.5 

0.24 
602 

2650 
6 

Vi 
122 

0.002 

1 
0.120 

62 
0.50 

1039 

6 

25 
600 

1,5 

0.24 
603 

2650 
6 

Vi 
162 

0.0014 

1 
0.120 

32 
0.19 

1385 

8A 

0 
605 

1.5 

0.24 
605 

2650 
6 

Vi 
103 

0.0023 

1 
0.120 
Cb) 

(b) 

1040 

<•> The mjection duration was much shorter than expected. The test temperature inadvertently exceeded the water saturation 
temperature, and it is quite likely that some of the water that was added to the injection system evaporated and condensed out in 
the cooler portions of the system. Because of this, the actual quanti ty of water injected is questionable; therefore, a meaningful 
injection rate cannot be determined. 

'b) NegliKible. 
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coulii be achieved with the existing high-pressure 
nitrogen system while still maintaining a water phase 
in the injection system. The leak rates were ap
proximately 10~^ lb/sec. The wastage results were 
not significantly different from those obtained with 
sodiuni at 625°F. 

To minimize the number of material evaluation 
tests in Rig 10, a materials screening program was 
initiated in Rig 43, which at the time was not 
equipped with the system for sodium circulation. The 
target consisted of a 2-in.-long piece of 1-in.-di
ameter tube sealed at the ends. Two thermocouples 
wre attached to the surface near the impingement 
area. Prior to doing the materials screening t*sts, 
three tests with Croloy 2'/4 target tubes were run 
to establish the reproducibility of the experiment and 
to establish the correlating factor between Rig 10 and 
Rig 43. Negligible wastage was obtained in each of 

the three tests, whereas tests conducted in Rig 10 
under comparable conditions led to approximately 
70 mils of penetration. Three major differences be
tween Rig 10 and Rig 43 were: 1) velocity of the 
sodium past the target material. 2) sodium head 
above the reaction zone, and 3) configuration in 
the target region, that is, an unrestricted region w-ith 
the single tube target versus a congested region for 
the tube bundle. As discussed earlier for the Rig 10 
tests, the effect on wastage rate of low sodium ve
locity and low sodium head above the reaction zone 
was inconclusive; nevertheless, appreciable wastage 
was obtained with no sodium fiow past the target 
tube. At this time it was decided that Rig 43 would be 
provided with means for circulating sodium. To 
minimize the size of the sodium-circulation system 
and still be able to achieve the desired sodium 
velocity, the internals of the Rig 43 reaction vessel 
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were modified so that all of the sodium flowing 
through the vessel is directed through a 4-in. pipe 
in which the target specimen is located. 

After the sodium-ciiculation capability was added 
to Rig 43, three tests w-ere run to obtain a compari
son with wastage rates obtained in Rig 10 tests. The 
results of these tests, performed under essentially 
identical test conditions to establish reproducibility, 
showed that significant wastage occurred and that 
the \vastage rates had a one-to-one correspondence 
with Rig 10 wastage rates for similar test conditions. 
The data are shown in Fig. 4. The wasted region of 
the three target tubes exhibited a pit-type pattern 
that is consistent with previous patterns obtained in 
Rig 10 tests at the lower leak rates. In a fourth test, 
run in stagnant sodium, negligible wastage was ob
served, verifying test results obtained prior to the Rig 
43 modification. The results of the Rig 10 and Rig 43 
tests definitely show that wastage rates in static so
dium are significantly lower than in flowing sodium. 
The difference between wastage rates observed in Rig 
10 and in Rig 43 in static sodium indicates there may 
be a geometry effect. 

C. Post-test Examination of Target Tubes 

Extensive examination of the target tubes was per
formed 1) to provide accurate data on the area, 
depth, and volume of the damaged zone, and 2) to 

evaluate the possible mechanism of the rapid metal 
wastage observed under small-leak test conditions. 
These examinations were carried out by the Metallurgy 
Division of the Southern Research Institute, Birming
ham, Alabama. Accurate measurements of the area 
and depth of the damaged zone, together with a 
determination of the volume of metal wastage were 
made of all target specimens. The results are tabu
lated in Table 4. 

The best method tor determining the area of the 
damaged zone was found to be with the use of an 
ink-printing technique which provided a mirror-
image imjiression of the surface. A typical ink print 
is shown in Fig. 7. Measurement of the depth of the 
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TABLE 4. D.iTA SI-MMIKV FOK APDA Riu 10 T.iROET-TfBE As.tLVSES 

Test No. 

3 
i 
6 
6 
7 
8 

'.) 
10 
11 
12 
13 
H 
15 
16 
17 
18 
19 
igA 
21 
2IA 
22 
22A 
23 
24 
25 
26 
27 
28 
29A 
30 
31 
.12 
33 
36 
36 
37 
38 

39 

Material 

2)4 Cr-l Mo 
Vi Cr-l Mo 
2'i C r l Mo 
2'i Cr-l Mo 
214 Cr-l Mo 
2I4 C r l Mo 
214 Cr-l Mo 
2<i Cr-l Mo 
2<i C r l Mo 
2'4 Cr-l .Mo 
2'i C r l Mo 
2!i Cr-I Mo 
214 C r l Mo 
2U C r l Mo 
2I4 Cr 1 Mo 
Incoloy-800 
Incol.>y-800 
Incoloy-800 
Incoloy-800 
Incoloy-800 
2li Cr-l Mo 
2'., Cr 1 Mo 
2'i Cr 1 Mo 
Incoloy-S(H) 
321 .S.S 
321 S.S 
Incoloy-800 
Incoloy-800 
304 SS 
304 SS 
2I4 Cr-l Mo 
214 Cr 1 Mo 
2I4 Cr-l .\Io 
2I4 Cr-l Mo 
2I4 Cr-l Mo 
2'4 C r ! Mo 
2'4 Cr-l-Mo 

2I4 Cr 1 Mo 

Wastage 

Data Area, in.* 

0.107 
0.158 
0.145 
0 0580 
0,387 
0 143 
0.300 

0 109 
0.406 
0 190 
O.lilil 
0 IJ.38 
0.718 
0.5.34 

— 
0 ion 
0.084 
0 103 
0.079 
0,116 
fl .W6 
0 (',81 
0,205 
0 (109 
0 2ft3 

0,769 
fl 
n,934 
fl,552 
1 516 
1,472 
2,003 
1 079 
0,284 

0 900 

Volume, in.* 

0.683 X 10-' 
4.14 
0.(158 
0.538 
3.77 
1.54 
2.58 
0 
0 
2 07 
1.30 
2.46 
0.61 
1.30 
1.23 

0 19 
0 
0 36 
0 
0 
0.42 
1.48 
0 07 
fl 
0 27 

— 
— 

1.62 
0 

— 
1.9 

13.9(1 
2.01 

10.6 
2.61 
1 94 

10 2 

Positiont"' 

On 
Center to grazing 
Grazing 
On 
On 
On 
On 

— 
On 
Grazing 
Slight grazing 
(jrazing 
On 
Glancing 
Center t<i glancing 
On 
On 
Glancing 
Glancing 
On 
On 
Glancing 
Glancing 
On 
On 
(MT center 
On 
Glancing 
Glancing 
Glancing 
On 
Slightly <.IT center 
On 

on 
On 
Glancing 
Slightly off center 

(In 

Comments 

Deep pit 

— 
_ 

Deep pit 
Broad shallow deprvflaion 
Deep narrow deprension 
Erosion too faint and too little 
Eronion too nhallow 
Long shallow depression 
Long shallow depression 
Doulile pit 
Shallow pit 
Deep long pit 
Triple pit 
Wry light frosted area 
Sharp side pitted 
Frosted area only 
Broad pit 
Frosteil area oidy 
Eroded tool mark 
Shallow. t)roa<l pit 
Deep, hroail pit 
2 shallow pits 
Frosted area only 
Broail shallow pit 
Light friKtling 
Light frosting 
Shallow pil, little ertision 
Oid.v "stain" 
Broad shallow "polish" 
Deep, steep-sided pit 
Multiple pits around "me.sa" 
2 broad shallow areas well separated 
Large area central hump 
Off-center pit 
Full penetration in renter of narrow 

jet 
Full penetralinn 2 spots, central 

mesa 

'"'Position relative to target point. 

damaged regions was made with a standard 1-in. 
liopth micrometer inodified to provide four-point sup
port. The maximuin depth of the damapeil region 
was measured with a cone-tipped spindle while 
manipulating both the specimen and the micrometer 
under a stereomicroscope. The area of the wasted 
region was measured with a planimcter. and the vol
ume of the wasted region was determined using a 
positive epoxy replica weighed to a precision of 0.1 
mg. 

In almost every case the wastage area of the tube 
tad a semi-matte appearance consistent with that 
frequently observed as a result of erosion. In addition, 

several target tubes showed a series of ridges radiat
ing outward from the central portion of the damaged 
region (shown in Fig. 6c). In no case was there evi
dence of corrosion products remaining in the general 
area of the damaged zone. In some instances, there 
was a minor degree of staining obser\ed, but this 
was believed to be associated with the post-test 
cleaning. 

III. Mechanisms of Wastage 

The injection 01 a high-velocity jet of water into 
sodium, such as is done in the small-leak sodium-
water tests, produces a violent chemical reaction with 
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F I G . 7. Inlv Print of Specirnc 
Damaged Zone. 

Nu. 7 f(jr Obtaining Area of 

the formation of corrosive reaction products (e.g., 
sodium hydroxide and sodium oxide), the generation 
of heat, and the formation of particles and/or jets of 
the reactants and products moving at high velocities. 
A metallic surface in close proximity to the sodium-
water reaction zone would be subjected, to some de
gree, to the reaction heat and to the blast of the 
reactants and reaction products. It is postulated that 
the wastage of a surface in the proximity of a so
dium-water reaction could be the result of a combina
tion of both erosion and corrosion by the reactants 
and the reaction products, and that the wastage is 
further accelerated by heating of the surface as a re
sult of the heat generated by the sodium-water re
action. 

Studies were conducted to detennine the contribu
tion of corrosion and erosion to the wastage process. 
Since both phenomena are temperature-dependent, 
tests were also conducted to determine the reaction 
temperatures occurring during small leaks of water 
into sodium. 

A. Reaction Temperatures 

The calculated adiabatic temperature tor the so
dium-water reaction is approximately 3000°F. Tem
peratures above 2000°F have been reported in tube-
rupture tests -with leak rates of pounds of water per 
second."- '• ••• s) However, no data had been avail
able for smaller leaks. 

.\PDA investigated temperatures in the reaction 
region and on adjacent metal surfaces for pinhole-
sized detects with leak rates of the order of 10"^ lb / 
sec. The reaction temperatures were measured with 
fast-response, low-heat-capacity thermocouples. The 
tests to measure reaction temperatures were con
ducted in Rig 43. One of the target assemblies used 
consisted of sixteen yio-in.-diameter. Type 304 stain

less steel-sheathed thermocouples swaged down to 
0.040 in. at the hot junction. The thermocouples 
were mounted in a 3-in.-diameter rim similar to 
spokes on a wheel, and the sixteen hot junctions 
formed a plane target approximately % in. in di
ameter. In the tests, the spacing between the leak 
and the plane target assembly was varied between 
14 and l'/2 in. During a test, temperatures were re
corded on a high-speed oscillograph. 

Figure 8 shows a plot of the maximum tempera
tures recorded during these tests versus the injection 
point-to-target spacing. The curve represents the 
maximum temperatures in tests with a needlelike 
jet of water from 8-mil-diameter capillaries. The 
temperatures are the maximum measured during a 
particular test, but may not be the maximum reac
tion teinperature, although measurements by adja
cent thermocouples suggest that they are within 
100°F of the maximum reaction temperature. The 
maximum temperatures vary from 1580°F at a spac
ing of 14 in. to 700°F at a VA-in. spacing. The de
crease in the maximum temperature as the spacing is 
increased can be expected for two reasons: 1) the 
fraction of unreacted water in jet decreases with in-

Condition!, Bolk Sodloi 

ctlon Woter. lb 
!r Flowrote, lb/sec 

ONeedle-Uke Jet Woter Iniection 

-6-DHfjie Sproy Water Iniection or Reaction Awa/ from 

' Area oF Thermocoupie ttet Junction, 

• UneMploined law Temperalures 

FIG. 8. APDA Small-leak Studies for Sodium-Water Reac 
tion Temperatures. 
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treasing distance from the leak, and 2) the heat-
transfer rate to the bulk sodium from the reaction 
lone increases due to the inereaserl surface area as 
the jet spreads out. 

All maximum temperature values are much lower 
than the adiabatic reaction temperature and also 
lower than maximuin temperatures measured in tests 
at higher injection rates. We believe that this is 
taused by the low injection rate of 3 X 1 0 " ' lb/sec. 
This belief was substantiated by the data point 
which was obtained ut a flow rate 409c lower than in 
the balance of the experiments, yielding a maximum 
teniperature 30% lower. The data also show that 
lower temperatures are obtained w-ith a spray-injec
tion pattern similar to an aerosol spray, as contrasted 
(0 a needlclike jet. This could be caused by several 
factors, as follows: 1) the reaction zone might be 
confined to a volume close to the injection point due 
to diminished penetration capability, 2) the reaction 
may be occurring only at the water vapor-sodium 
interface as discussed earlier, and the thermocouple 
hot junctions were contained within this volume and 
cooled by vaporization, 31 there is a lower density of 
reactants per unit volume in the reaction zone, and 4) 
a much heavier buildup of reaction products oc
curred on the target than with a needlelike jet, 
insulating the target thermocouples. The spray pat
tern is caused by bits of metal projecting into the 
jet at the point where the injection capillary- is 
sheared off. 

The test results indicate that the spatial orienta
tion of the jet was very stable and that the cross 
section of the reaction zone was quite small. In more 
than SO"";, of the experiments the value of the maxi
mum temperature \-aiied less than ±10% through
out the test. The high stability of the reaction zone is 
inferred from the observation that the location of the 
maximum temperature remained within an area less 
than 0.1 in. in diameter at a distance of Vt in. from 
the leak. The cross section of the reaction zone for a 
0.008-in. defect is believed to he approximately Vt in. 
in diameter at a distance of 114 in. from the defect. 

The reaction appears to take place in an extremely 
thin layer between the bulk sodium and w-ater 
phases. This is illustrated by a temperature gradient 
of 240°F over a distance of 0.060 in. from the maxi
mum temperature location, which is equivalent to a 
temperature gradient of 4000°F per inch. 

•Another observation which indicates the ex
tremely thin reaction layer is the comparison of 
temperatures measured by two adjacent thermo
couples. One thermocouple, apparently located in the 
bulk water phase, indicated a temperature 300°F be
low the hulk sodium temperature, whereas a thermo-

. 'I Muri i s l r i i i i i i r t ' r,f C r o l o y .^[lecinieii N o , 4, 

couple 0.031) in. away measured 1300°F. This repre
sents a temperature grailient of over 30,000"F per 
inch. .-Vfter considering these temperature ineasure
ments we concluded that the reaction is taking 
place in a layer 30 mils thick. These data indicate 
that the sodium-water reaction takes place on the 
surface of a bubble containing a steam-water mix
ture and has a geometn- somewhat like a flame. 
These conclusions are consistent with the wastage 
patterns obsened in the Rig 10 and Rig 43 tube-
wastage tests. 

B. Target-metal Temperatures 

.\n effort was made to establish target-tube temper
atures reached during the wastage tests. This was 
done both by obsei-vation of the microstructure of the 
Croloy materiil and by detailed hardness sun-eys. 
Microstructural examinations of cross sections of 
specimens Nos. 3, 4, 7, 22a, 32. 33, 38, and 39 were car
ried out. With the exception of specimen No. 32. which 
is discussed later, the general microstructure of the 
Croloy material adjacent to the damaged zone con
sisted of a mixture of ferrite and what is considered 
to be upper Bainite. There w-as no evidence of re
sidual cold working of the tubing. In most cases, the 
outer surface was decarburized to a depth ranging 
from 0.001 to 0.005 in., probably resulting from mill-
annealing. .\ typical example of this structure is 
shown in Fig. 9. The photomicrograph shows a fairly 
coarse carbide segregation, which subsequently made 
the determination of the temperature history of the 
specimens during test more difficult and less precise 
than would have been the case had the carbon dis
tribution been more uniform. 

A microstructure at the maximum depth of pene
tration of specimen No. 4 is shown in Fig. 10. The 
surface to the right of the microstructure is the outer 
surface of the target tube. It can be seen that there 
is no evidence of intergranular corrosion and that 

file:///-aiied
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FIG. 10. Micro.structnre of Point of Maximum Depth ot 

Damaged Zone. 

essentially the microstructure is unchanged from that 
of Fig. 9. Figure 10 is representative of the surface 
condition of all target tubes examined metallographi
cally. 

A complete lack of change in microstructure or 
hardness established that in many cases the target-
tube temperature during the wastage tests did not 
exceed the final mill-anneal temperature of 1200°F. 
To provide further insight into the actual tempera
tures achieved during the wastage tests, a study was 
conducted of the time-temperature-hardness rela
tionship in Croloy 214. I t was hoped that such re
lationships would provide a means of establishing 
temperature isotherms around the damaged region of 
the target tubes. A special target tube was prepared 
by heat treating at 1700°F for V2 hr, water quenching, 
and then tempering at 600°F for 6 hr, the nominal 
sodium temperature during the wastage tests. A piece 
of this tube was removed for use in tempering time-
temperature-hardness studies, and the remainder of 
the tube, identified as specimen No. 32, was used 
as the target tube in Test No. 32 in Rig 10. In the 
tempering studies specimens of the material were 
tempered in a salt bath at temperatures ranging 
from 700 to 1400°F, for times ranging from 10 to 
3600 sec. All specimens were then subjected to Knoop 
microhardness measurements and microstructural ex
amination. The 50-sec tempering curve and the 
average of the 100- and 250-sec curves are shown in 
Fig. 11. 

A series of 12 hardness traverses across the thick
ness of the tube in the damaged region were made 
of the tube exposed to the leak test. The hardn^s 
values were then compared with those obtained by 
the time-temperature-tempcring studies, and a series 
of isotherms were developed. The general tempera

ture profiles thus obtained are shown in Fig. 12. In J 
the case of this target tube, maximum temperature , 
achieved during tests were concluded to be in the 
neighborhood of 1500°F. It is pointed out that, due 
to uncertainty of the actual time at temperatures, 
these isotherms can only be considered approxi
mate. 

Further insight into the temperatures achieved was 
gained on the basis of microstructure changes at 
temperature. These were determined by subjecting 
specimens from target tube No. 39, well away from 
the damaged region of the tube, to annealing tempera
tures of 1350, 1400, 1450, 1500, 1550, and 1600°F for 
15 min and water quenching. The point-count 
method was used to determine the fraction of austenite 
thus formed. Shown in Fig. 13 is the relationship be
tween hardness and volume fraction of austenite 
formed under the various annealing temperatures. 
These data were used to estimate the temperature 
achieved in specimens Nos. 33 and 39. 

The temperature profiles derived both on the basis 
of hardness measurements and volume fraction of 
austenite are shown in Figures 14 and 15. In the case 
of specimen No. 39 (see Fig. 14), it can be seen that 
the temperature isotherms based on microhardness 
and volume fraction of austenite are reasonably con
sistent. However, for specimen No. 33 (see Fig. 15) 
such consistency is not seen. 

The major conclusions that were reached from the 
metallographic examinations were: 

1. No evidence could be found to indicate that 
corrosion contributed to metal removal. However, 
the possibility exists that corrosion could have taken 
place and that the corrosion products were either dis
solved in the media or eroded away. The examina
tion carried out under this study did not preclude this 
possibility. 

2. The metal wastage could apparently result from 
simple erosion, since there was no evidence of inter
granular corrosion and since the surface appearance 
of the wasted area is consistent with that observed 
under erosion conditions. 

3. In eases for which water was used as the cooling 
medium inside the target tube, there was no evidence 
either microstructurally or by change in hardness to 
suggest that temperatures in excess of 1500°r were 
reached. In the case of target tubes 33 and 39, tor 
which gas was used as the cooling medium, tempera
tures in excess of 1500°F were achieved, and possibly 
as high as 1800 and 2300°F, respectively. The higher 
temperatures could have been expected, however, 
since most of the gas-filled tubes were used at the 
higher leak rates. 



Wastage by .Sodium-Water Reactions :»5 

C. /studies of Caustic Corrosion 

Severe corrosion of Croloy 2!4 has been produced 
by molten caustic and concentrated caustic solutions 
at temperatures from 700 to 2400''F in tests per
formed by APDA and HA:W. In the B<S:W tests,'" a 
corrosion rate of 3 in./yr for Croloy 214 was obtained 
with a 98.5% caustic solution at 900°F. However, 
this is much too low to account for the wastage rate 
of over 6 X 10* in./yr obtained in some of the small-
leak sodium-water reaction tests in Rig 10. In the 
.\I'DA scoping tests made in 1966'" a corrosion rate 

1000 lIOO 1400 

Twnpering lemperature 

FlO. 11, Smoothed llarilnc^s Data. 
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% Auiitrtltc 
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FIG. V2. .Mii.\iiimtn Tom[»erftturr Isntherms. in Sperimen Xo. 32 as Estimated by Knoop Microhardness Measurements. 
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FIG. 14. Maximum Teniperature Isotherms in Specimen 
No. 39. 

FIG. 15. Maximum Temperature Isotherms in Right Side 
of Pit in Specimen No, 33. 

of 100 to 1000 in./yr (0.003 to 0.03 mil/sec) for 
Croloy 21/4 was obtained with anhydrous caustic at 
2200 to 2400''F. This rate is still considerably less 
than that observed in the Rig 10 wastage tests. Addi
tional tests were conducted by APDA in an effort 
to understand this corrosion mechanism. Tests were 
undertaken in which the reaction of anhydrous so
dium hydroxide with Croloy 2!4 was observed. 

The test specimen, which was a capsule, was con
tained in a glass reaction vessel, as shown in Fig. 16. 
The capsule is precleaned in an organic solvent, fol-
low-ed by an acid bath to remove gross amounts of 
oil and rust, and then soaked in argon at 2200°F for 
Vz hr. The NaOH is loaded into the capsule, dried 
under high vacuum at 650°F for 4 hr, and loaded into 
the reaction vessel. The capsule was heated by induc
tion heating and the desired temperature maintained 
by a proportional controller. 

The flow diagram for the experimental setup is 
shown in Fig. 17. Dry argon gas entered the vessel 
from the bottom and served to carry the gaseous reac
tion products away from the test capsule. The fifter 
condensed and trapped the vaporized NaoO, NaOH 
and sodium which were evolved during the tests The 
effluent gases were analyzed for the gaseous products 
by either an MS-10 mass spectrometer or a gas 

chromatograph (F&M 720). Continuing experimental 
difficulties with the mass spectrometer led to use of 
the gas chromatograph. 

The primary test data for each temperature 
studied were: 1) the hydrogen concentration of the 
effluent argon stream, 2) time at temperature, 3) 
composition of the residue, 4) weight loss of the cap
sule, and 5) depth of penetration. A summary of the 
data is presented in Table 5. When measurable cor
rosion was observed, the maximum wastage always 
occurred at the interface of the NaOH and the argon 
cover gas. The depths of penetration reported in 
Table 5 were measured at this interface area. The 
penetration rates ranged from approximately 0.001 to 
0.08 mil/sec as the temperature increased from 1300 
to 1900°F. Metallographic examination of several 
capsules showed severe intergranular corrosion of the 
Croloy, where the metal was totally covered by the 
caustic, i.e., below the argon-caustic interface. At 
the interface, however, where maximum wastage oc
curred, there was no evidence of intergranular corro
sion. The surface at the NaOH-argon interface was 
smooth and had an appearance ranging from matte 

FiberFroK Inlulation 

Thermocouple 

Argon Fiow 

F I G . 16. Sectional View of the Reaction Vessel. 
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10 polished, very similar to that oiiserved in the ma
terial wastage tests conducted in Rigs 10 and 43. 

An attempt was made to express the corrosion 
process by means of a chemical reaction. A partial list 
of the general reactions which may have occurred is 
given in Table 6, based on the assumption that the 
small amount of chromium and molybdenum present 
in Croloy 21/, did not materially affect the results. 
The conclusion has been reached that as the primary 
reaction progresses to the right, a second corroding 
agent is formed, presumably NajO, which then re
acts further with the iron, as shown, w-ith the evolu
tion of free sodiuni. Another secondary reaction may 
take place as the evolved hydrogen reacts with and 
reduces the iron oxide to iron, with the subsequent 
formation of iron or a lower oxide. In addition, there 
is evidence that a eomplexing reaction is taking 
place. 

If a particular reaction mechanism is assumed, the 
amount of hydrogen evolved and the rate of the re
action can be predicted. If the reaction proceeded as 

3 Fe -I- 8 NaOH -^ Fe^Ot 4- 4 N a , 0 -(- 4 H ; , 

the ratio of iron to sodium would be 0.91 when the 
reaction is complete. With this .assumption and ex
pressing the amount of tho uncompleted reaction as 
0.91 — P (where P is the latio of iron to sodium), 
values of 0.91 — P versus time can be plotted. A 
'traight line draw-n through the data points on a semi-
'oe plot from the 1500°F tests yields a good ap

proximation of the ilata. The equation expressing P 
as a function of time at 1500°F is 

P = 0.111 - 0.81 e'-* =' X ' ° " ' " , 

where $ is the time of test. The intercept of P at 
$ = 0.1 occurs because the reaction has started dur
ing the time it takes to raise the teniperature to the 
test temperature, and thus it represents a blank 
value. 

The reaction at 1700°F was too rapid to allow an 
easy representation by this method. The reaction is 
75-90% complete in the first 15 min. The slope of the 
data at this temperature has not been determined be
cause of the rapidity of the reaction. Insufficient data 
have been taken at the other temperatures to allow an 
analysis similar to the data at 1500°F. 

As mentioned above, the rate of hydrogen evolu
tion can also be predicted from this expression. The 
treatment of this data may be found in APD. \ -
214. '" The comparison of test data with the pre
dicted values for H ; evolution using the model is 
shown in Fig. 18. 

.\nothcr check of the proposed chemical reaction is 
by analysis of the residues remaining in the capsule. 
The residue analysis is sho«-n as a function of time 
and temperature in Fig. 19. Note the high dependence 
on temperature in the first few minutes of the reaction 
at 15(X) and 1700°F. If the assumed reaction goes to 
completion the ratio of iron to sodium in the residue 
should be 0.91. As the data in Fig. 19 show, this as-

file:///nothcr
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TABLE 5. SUMMARY OP CAUSTIC CORROSION DATA 

Capsule 
No. 

39 
69 
70 
72 
65 
40 
47 
62 
66 
67 
63 
60 
61 
31 
30 
44 
34 
36 
71 
28 
43 
45 
77 
81 
78 
79 
46 
22 
42 
26 
25 
24 
27 
37 
35 
48 
38 
49 
60 

Test 
Temp, 

°F 

1300 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1900 
1900 
1900 
1900 
2200 
2200 

Time 
at 

Test 
Temp, 
min 

429 
0 
0 

30 
30 
60 

. 60 
60 
60 
60 
60 

120 
120 
176 
180 
180 
274 
276 
360 
405 
420 
420 

0 
15 
30 
60 

120 
136 
180 
191 
273 
300 
367 
148 
150 
180 
210 

60 
180 

Capsule 
Weight, 

g 

319 
321 
323 
321 
305 
316 
310 
322 
317 
322 
323 
324 
307 
322 
318 

— 
322 
307 
317 
323 
321 

— 
311 
305 
310 
314 
321 
304 
310 
310 
313 
314 
317 
302 
333 
312 
321 
323 
323 

Weight of 
Sodium 

(Added as 
NaOH), g 

14.5 
5.65 
5.76 
5.75 
3.45 

13.4 
18.3 
5.75 
5.75 
5.75 
6.5 

11,8 
11.5 
13.2 
14.9 

— 
15.0 
15.3 
5.75 

14.2 
16.0 

— 
5.69 
5.63 
5.69 
5.69 

13.9 
12.1 
15.5 
11.4 
12.1 
14.5 
11.9 
14.8 
6.18 

13.5 
14.6 
13.7 
12.2 

Weight 
Loss of 

Capsule, 
g 

9.0 
1.0 

10.6 
0.7 
1.8 
4.7 
4.4 
2.7 
2.1 
2.6 
2.6 
4.7 
6.7 

10.7 
10.2 

— 
10.6 
10.3 
4.0 

10.8 
8.6 

— 0.6 
4.7 
3.0 
4.9 

11.5 
8.9 

13.7 
11.0 
10.3 
13.4 
11.0 
4.4 

36.8 
3.9 
6.9 

10.9 
6.8 

Weight of 
Residue, 

32.5 
10.8 
10.5 
10.6 
7.8 

28.0 
35.9 
10.9 
11.9 
12.2 
11.9 
24.5 
25.6 
31.8 
36.1 

— 
36.6 
36.5 
12.8 
34.8 
36.5 

— 
10.5 
14.3 
12.8 
14.7 
34.9 
29.7 
36.3 
30.1 
29.6 
37.4 
29.8 
28.6 
46.6 
26.8 
23.5 
33.3 
28.0 

Depth of 
Penetration, 

in. X 10' 

28 
2 
0 
2 
0 

— 
— 
11 
19 
16 
3 

15 
13 
20 
26 

— 
16 

— 
9 

27 
30 

— 
2 
3 

19 
19 
27 
41 
30 
48 
43 
47 
36 
21 
40 

— 
24 

— 
--

Ratio of 
Iron to 

Sodium in 
Residue (by 

Analysis) 

0.62 

0.07 
0.07 
0.18 
0.25 
0.28 
0.31 
0.56 
0.38 
0.37 
0.31 
0.41 
0.48 
0.70 
0.72 
0.49 
0.61 
0.66 
0.79 
0.79 
0.77 
0.76 
0.28 
0.69 
0.72 
0.80 
0.82 
0.84 
0.88 
0.99 
0.96 
0.89 
1.01 
1.01 
1.06 
1.09 
1.09 
1,31 
1.88 

Volume 
ofH, 

Evolved, 
cc (STP) 

205 
263 
594 

1539 
1406 
1655 
898 

1830 

1173 
531 

1104 
1470 

sumed reaction appears to be valid up to approxi
mately 1500 to 1700°F. Above 1700°F, this ratio 
exceeds 0.91, indicating that a secondary reaction oc
curs. This has been substantiated by the presence of 
free sodium in the cooler parts of the reaction vessel 
in those tests in which the iron-to-sodium ratio ap
proached or exceeded the value of 1.0. Water was also 
noticed in the effluent argon stream in many tests. 

X-ray diffraction analysis of the residues shows the 
presence of compounds which cannot be identiffed. 
The diffraction pattern gave no evidence of Na20, 
and this fact suggests that a complex sodium oxide-
iron oxide compound has been formed. 

D. Erosion Studies 

Analysis of data from numerous references"'"' 
about surface damage and wastage by liquids (metal 
and other) revealed that the pattern and mode of 
wastage produced by cavitation, high-velocity jet 
impingement, and impingement by water drops, as in 
rain erosion on aircraft and condensate erosion of 
steam turbine blades, were all somewhat dissimilar 
to that produced in the small-leak sodium-water 
tests. The surface of metal damaged by cavitation 
and liquid-drop impingement have a dulled, rough
ened, and pitted appearance, whereas the wastage 
surfaces from the small-leak sodium-water reaction 
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tests have a semi-matte to polished appearance, free 
of pits and smoother than the initial surface. 

To gain an understanding of the wastage process 
that occurs on materials in sodium-water reactions, 
erosion tests were set up to determine: 

1. the erosive effects of high-velocity jets of the 
reactants (water and molten sodium) and one of the 
reaction products (molten caustic); 

2. the corrosive effects of a reactant (sodium) and 
a reaction product (molten caustic); 

3. the effect of temperature on both erosion and 
corrosion rates; 

4. if possible, the relative contribution and interac
tion of erosion and corrosion mechanisms in produc-
iiiK wastage. 

If wastage was observed by impingement of so
dium, which is almost chemically inert to the target 
materials, it could be assumed to be the result of 
erosive action, whereas wastage produced by caustic, 
which is highly conosive to the proposed target ma
terials, would be .'issuincd to be a combination of cor-

T.\BLK 6. PHORISED CHEMICAL KE-\cnoxs FOB CAI-STIC-

CROUIV 2'4 SYSTEM 

Primary Reacliun 

Fe + XaOII - . Fe ,0 , -I- X « , 0 + II, 

Sfrondary tteaelionn 

Fe -(- Xa,() — Fe.O, -(- Xa 
Fe,(), -I- II, -^ Fe -H l l , 0 

•Sirfe Reaelionr. 

H , 0 + Xa — XaOll -H II, 
XaOH + Xa — X«,() + II, 

Complexing Reaetirm 

XaOII + Fe.O, — XaOIIFe.O, 
X a , 0 -1- Fe.O. — X»,OFe .O, 

rosion and erosion. For the same amounts of impinged 
sodium and caustic under similar test conditions, the 
wastage luoiluced by caustic should be more extensive 
than that ])rodiiced by the sodium. The greater degree 

Duration of Tests -60 minute, ot 1500 F 

O Experimenlal Data - Test No.62 

D Expefimenfol Doto - Test r4o.68 

Predicted 

40 50 60 
Elopsed Time at 150OF, mi 

Fu;. IS. Comparison of Predicted and Experimental Data for II, Evolutioi 
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100 200 Duration of Test, min 300 400 

F I G . 19. Residue Analysis as a Function of Duration and Temperature of Test. 

of wastage produced by the caustic would be assumed 
to be that resulting from the corrosive action super
imposed on the erosive effect, although the formation 
of a surface layer of the corrosion products could 
greatly affect the erosion characteristics of the alloy. 

In the hot erosion test program, jets of water at 
200°F were to be impinged on Croloy 214 target speci
mens heated to 900 and 1200°F, and hot jets of molten 
sodium and molten caustic at 900, 1200, and 1500°F 
were to be impinged on targets specimens of Croloy 
214, Incoloy 800, and Tenelon stainless steel heated 
to the same temperatures as the fluids. 

A schematic diagram of the erosion test equipment 
is shown in Fig. 20. The equipment consists es
sentially of a Type 316 stainless steel reservoir and a 
Hastelloy-B U-shaped injection tube lowered into a 
carbon steel containment vessel. The target speci
men is a plate made from the material to be tested. 
A preheat pot is used to liquefy and transfer sodium 

or NaOH from a glovebox to the reservoir. The heat
ing system is designed to attain test fluid jet temper
atures up to 1500°F at an 8-mil or 16-mil orifice 
located at the end of the XJ-tube. Resistance heating 
is used to raise the specimen to the test temperature. 
Nitrogen is used to pressurize the fluid to 2650 psig, 
forcing the fluid out through the orifice and causing 
it to impinge on a gate. The gate is lifted for the 
specified test duration, during which the fluid jet im
pinges on the target specimen. After the specified 
duration, the gate is lowered to prevent further im
pingement by the remainder of the fluid. 

To date, two tests have been successfully carried 
out in whieh sodium at approximately 900°F was 
impinged at a velocity of 250 to 300 ft/sec on a 
Croloy 2'/4 specimen at a somewhat higher tempera
ture for times up to 120 sec. In neither case was there 
measurable wastage of the target specimens. In the 
water-impingement tests, very rapid cooling of the 
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targets occurred, and it was impossible to maintain 
the target temperature; again, there was negligible 
wastage on the specimen. 

The lack of wastage in these tests suggests: 
1. The 250-300-ft/sec velocity of the water and 

lodium jets, which are comparable to the velocity of 
the water jets from the capillaries in the Rig 10 tests, 
was too low to produce erosion of the target speci
mens in the short impingement time of the tests and 
st the temperatures achieved. 

2. The cooling effect of the w-ater jet on the target 
was so pronounced that the erosive effect of the water 
on the target area (temperature approximately 200°F 
during impingement) w-as negligible in the short time 
of impingement. With no wastage data from molten 
caustic impingement, conclusions cannot be made as 
to the relative or combined effects of erosion and 
corrosion on wastage. How-evcr, water by itself im
pinging on a target area w-ith its concurrent drastic 
cooling effect is incapable of producing the w-astage 
experienced in Ihe small-leak soditini-water reaction 
tests. 

I\'. Review «f Wastage Data 

Although there have been several investigations 
concerned with the damaging effects of small water 
leaks into sodium, there has been no attempt to cor
relate the existing data. Having a correlation of 
wastage data or at least a detailed review of such 
would certainly helji to give better direction and 
guidance for an experimental program. 

.\ review of available literature on sodium-water 
reaction work up to the end of 1964"" is concerned 
primarily with determining the factors that have an 
effect on the pressure forces develoiied during large 
sodium-water reactions, and contains essentially no 
data relevant to w-astage during sodium-water reac
tions. A recent literatuie search showed several in
vestigations that had wastage data of a nature that 
would lend itself to analysis and iiossibly to develop
ment of a correlation. The applicable reports covered 
activities by Atomics International. . \PD. \ , The De
troit Edison Company, and the United Kingdom 
Atomic Energy .\uthority (UKAE.A). Review of the 
l'K.\E.-^ report showed that significant w-astage of 
tubes had occurred during large leaks of water (up 
to 8 lb sec) into sodium. Therefore, also included in 
the analysis presented here is a review of pertinent 
large-leak studies. 

Eight different test apparatus were used in the 
studies of the various investigatoi-s. These ranged 
from a simple target inside a stagnant pool of sodium 
to a mockup tube bundle in a dynamic sodium sys
tem. Three of the test apparatus were equipped for 

FIG. 20. Hot l>o(*ion Test Kriuipiiient. 

conducting studies in flowing sodium. Additional in
formation on the test apparatus is presented in Table 
7 nnd in the discussion that follows of the various 
factors that may contribute to material wastage rates. 
Also, more derailed descriptions are given in the ref
erence documents. 

.4. Systems 

Seven test rigs were used for wastage studies in 
stagnant sodium systems. 

The test apparatus used by the UK.\E. \ for corro
sion tests was a small pot with a sodiuni inventory of 
3 l b . ' " The target material consisted of rings of ma
terial specimens on a stringer rod or an "L"-shaped 
plate. The injection device consisted of a tube with a 
0.100-in.-diameter orifice at the end. Water was in
jected by means of a small metering pump. 

Next in complexity were the Detroit Edison Com
pany Rig"^' and the APDA Rig 33.'^' These ap
paratus were quite similar and will be discussed to
gether. The . \ P D . \ Rig 33 reaction vessel was 10 in. 
in diameter by 6 ft long and contained 75 lb of so
dium. The Detroit Edison Company Rig was 12 in. in 
diameter by 4 ft long and contained 50 lb of sodium. 
Both rigs used essentially the same type of target, 
which consisted of a target tube contained in a cluster 
of tubes about 4 in. in length and held together by 

file:///uthority


402 Chamberlain et al. 

TABLE 7. 

DtSCRIPTTON OF TEST APPARATUS 

..,.„..„ 

DECo 

(HiC 331 

APDA 
IRIG « ) 

APDA 
(RIG 10) 

APDA 

.,..».,» 

DECo 

APDA 
<RIG 31) 

Test Targe l 

3 x 3 lube a r r a y 
5/a- l i i . O D x 0 . O 4 2 - i n 

Croloy ! - ! . '< 

3 I 3 lube a r r a y 
S / B - i n . O D x 9 . 0 7 5 - i n 

wall 
l - l n . O D x O . I 0 9 - ] n . 

Croloy 2 - 1 ' 4 

0 .040- in . O D I h e r m o -

304 SS clad 

2 - 1 4 Croloy 

5 , ' 8 - L n . O D x O . I 2 2 - l n 
wall 

3 / e - in . d l a m x 0 . 0 8 3 -

Croloy 2-1 '4 

Croloy 9 

316 Sla ln less Steel 

1,-8-111. in i cKml ld 
s teel wlre^ 

P la te IL-Bfiaped mild 

Rings ol Croloy 2 -1 /4 
0.080 thick 

1 Tube A m y I - 3 ' I S -
i n . O D x O . D B S - l n . 

Croloy 2 - r 4 

5 /8 - ln . O D x 4 - n 

(4) 

T e i l Vessel S u e 

Sodium Irventory 

12-111. d l a i n x 4 - f l long 
iO lb sodium 

IS lb sodiuni 

12-ln. d iam X 42-Ui. 
long 

60 lb sodium 

36-in. d i a n i . l « - t l long 

?0Oltt^ra^'"""* 

Sta in less Steel Pol 

12-111. d i a m i B - n -

280 lb 

„,. 

B-ln. d i a m x 4 6 - f l 
SCO lb 

8-ln. d i u n x 46-11 
700 1b 

14) 

Numbe 

ol 

2 

2 

3 

} 

2 

2 

' 

' 
' 

3 

' 

^ 
^ 

2 

2 

D.\T.\ Su MM.VRY FOR STAGNANT SoDIUM SYSTEMS 

TEST CONDITIDNS 

Water 

Op 

450 

600 

SOS 

^o 

570 

932 

ZBS 

3S0 

970 

1038 

480 

467 

472 

478 

468 

476 

PS'S 

1300 

3000 

2650 

26 SO 

2000 

».„. 

SOO 

1100 

2060 

2180 

27 5D 

2760 

26 SO 

2770 

2760 

Sodium 

450 

350 

605 

600 

620 

5T0 

932 

400 

SOO 

75T 

91T 

900 

920 

919 

691 

866 

933 

,-, 

"' 

psig 

' 

Inally) 

1 l o 2 

10 

...... 

5 

-r 
No Data 

0 . 0 2 5 
3 /32 

0 .008 

O.OOB 
O.O06 

O.OOB 

0 . 1 

III
 

Tube 

1 

WATER INJECTION DATA 

Spac ln j i r o m 

T a r g e t . In. 

3 ' 8 

3/8 

1/4 

1/4 

No Data 

0 ,10 

NA<21 

.. 

{31 

,., 

R a l e . 

1.0 to 1.25 

O.DI to 0 .04 
0 . 0 0 7 1 0 0 .082 

1.1 

0 .0038 

0.(W31 l a O . 0 0 4 1 

0 .0027 to 0.0034 

0 .0031 [0 0 .0032 

0 .0034 10 0.0047 

o.ooiotoO.oaiB 

(nominal) 

1.0 

0.000037 

16 

- 1 0 

0 .01 I O 0 . 0 4 0 
0 .067 lo 0 . 0 1 

1.1 

Durat ion ol 
Injection, 

1 . 0 1 o 4 . a 

16 to 180 
IS to 40 

3 . 7 

28 

2 7 l o 3 6 

26. a lo 33, 5 

3 4 , S t a 3 5 . 0 

52 lo 70 
103 

125 to 238 

4 . 5 
4 . S 
S.O 

4 . 5 

9 .0 

2 

1800 

7200 

- 4 0 

Inler led, 

1.0 In 5 .0 

0 . 6 to 2 
1 . 0 1 0 4 . 0 

4 . 0 

0 .11 

0 .24 

0 . 2 4 

35 
35 
70 

35 

70 

2 

0 .087 

0 . 2 6 

- 4 5 0 

4 t 5 

(1) 

(4) 

REACTION DATA 

MaxlmuDi 
T e m p e r a t u r e , 

900 to I 4 0 0 ' " 
1420fl) 

No Data 

1000 to 1 2 8 8 ' " 
640 to u e i ' i ) 

1 5 S I t o 2 0 1 4 < l ) 

ISBOlJ) 

l l 7 5 t o l S 4 5 l 2 ) 

713 to 1464(21 

693 to 1279<2' 

N o D a U 

1 1 8 0 l o l 7 6 0 ' l ' 

NO Data 

NO Data 

1475 

19S0 

2500 

P e n r t r ! ^ ! , 

ND 

2 . e i o 2 3 . 7 
N D ( o 1.7 
N D l o 3 . 4 

» 

NS 

0 . 0 1 2 1 0 0 .027 

85 
ND 
ND 

ND 
8S 
ND 

ND 

6 2 . 5 

20 

16 to 23 

60 

ND 

ND 

3 to 22 

ND 

2 . 1 to 6 .1 
2 . 3 to 4 . 5 

Waatige 

NDto J . l i 
4.25 

O . l S l o O . l l 
ND to 0.1] 
ND 10 0.92 

ND 

ND 

o.ootoo.ie 

19 
ND 
ND 

ND 
9.S 
ND 

ND 

31 

0.009 lo 0.011 

O.OS) 

ND 

HD 

O.OSloO.W 

"m 

O,09 lo0 . l< 

(1) Had a 3.6-ft diam X 3-ft-high gas chamber on top. 
(2) Not applicable. 
(3) Wastage on tubes located adjacent to target tube. 
(4) Same data as shown above. 
(5) ND—Not Detectable. 

end plates. The water-injection tube contained an ori
fice at its tip -with a rupture diaphragm on the outside. 
The leak was initiated by suddenly increasing the 
pressure on the water side to the test pressure; this 
caused the diaphragm to burst, and the water began to 
flow into the sodium. Termination of the injection oc
curred when the fixed volume of water had been in
jected. 

The APDA Fermi Rig contained a reaction vessel 
12 in. in diameter by 8 ft long, and contained approxi
mately 280 lb of sodium.<'«. The internal structure 
was a bayonet-type tube bundle consisting of 7 water-

steam tubes with the water tubes fitted inside the 
steam tubes. The center tube of the bundle was the 
injection tube, and it contained a spring-operated 
plug valve that sealed the end ot the steam tube. The 
leak was initiated by suddenly opening (remotely) 
the plug valve and allowing the water to flow into 
the sodium. Termination of the injection occurred when 
the fixed volume of water had been injected. Attached 
to the top of the reaction vessel was a 3.5-ft-high 
cover-gas chamber. 

The main reaction vessel of the AI-ESADA Rig was 
8 in. in diameter by 16 ft long and contained approxi-
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matcly 300 lb of sodium.''•' In some tests the reaction-
vessel length was extended to 46 ft, in which case it 
contained ajiproximately 700 lb of sodium. ,\ 36-tube 
array was used for the internals and for most tests 
was 4 ft in length; the length was extended to 14 ft 
for a few tests. The center tube of the array was the 
injection tube. Two methods of injection were used: 
the first consisted of milling the surface of the tube to 
provide for a w-eak spot, and the second consisted of a 
rupture disc located at the end of the center tube. In
jection of water in both types was initiated by sud
denly increasing the water-side pressure to the test 
pressure, thereby causing the milled tube to rupture 
or the rupture disc to burst. Termination of the in
jection occurred when the fixed volume of water had 
been injected. 

Although the TKAEA-NOAH R i g f s ) ' " had a 
capability for circulating sodium, the description is 
included under stagnant sodium systems because so
dium was not circulated in the majority of tests. The 
NOAH i-eaction vessel consisted of a 24-iii.-diameter 
by 8-ft vessel containing ap|iroxiniatcly 700 lb of so
dium. Two types of internal structure were used in 
this rig. One was a 'i-,-scale model of a |ireliniinai-y 
design of a I'K.AEA Prototyiie Fast Reactor I PFR) 
heat exchanger and the other was a full-scale model 
of a segment of a PFH tube bundle. The ',[-scale model 
consisted of w-iiter-filled lubes, perforated jilntes 
having approximately the same volume and resistance 
to flow as the tube banks, and %-iii.-diameter mild 
steel rods in the reaction area. These tubes, plates, 
and rods were laid horizontally in the vessel. The in
jection tube was part of a circulating-water system, 
and was jirovided with a sealed orifice that was lo
cated in the bottom portion of the vessel, with the 
orifice oriented \-ertically upward. The leak was ini
tiated by breaking olT the end of the tee orifice with a 
guillotine. Terinination of the reaction occurred by 
actuating a ipiick-acting shut-off valve after a pre
determined time interval. 

The other types of internal structure used in the 
VK.-\E.\-N(),\H rig wi\s a segment of a vertical full-
scale tube bundle. The injection device consisted of a 
tube with an orifice at the end and sealed with a rup
ture diaphragm. Initiation of the reaction was caused 
by introduction of the high-pressure water into the 
injection tube through a quick-opening valve. The 
rapid increa.se in the pressure in the injection tube 
caused the diaphragm to burst. Termination of the 
reaction occurred by actuating a quick-acting shut-off 
valve. 

Two test rigs were used for wastage studies in flow
ing sodium. These were the modified . \PD. \ Rig 43 

and APD. \ Rig 10. both of which were described in 
Sect. II.A. 

B. Wastage Results 

The wastage data obtained by the various investi
gators are summarized in Tables 1. 3 and 7: Table 7 
includes the data obtained in stagnant sodium sys
tems; Tables 1 and 3 include the data obtained in 
dynamic sodium systems. Only those tost results are 
tabulated for which measurements of materials wast
age w-ere made in terms that could be related to pene
tration rate. In .some instances the invi*tigators re
ported materials wastage in terms of siiecimeii weight 
loss or in terms of weight loss |M>r unit area. Such 
data could not be converteil to penetration rate and 
are not included in the tables. The reference docu
ments should be consulted for a more extensive re
view of the data and of the test details. 

The wastage data obtained in the stagnant so<iium 
systems are presented in Fig. 21 and those for the dy
namic systems are presented in Fig. 4. 

Special attention is directed to the data points of 
Figures 4 and 21 that are shown in the broken band 
near the bottom of the figures. These data arc from 
tests in w-hich there was no detectable penetration 
of the target material. Because the tests were of such 
short duration and because the measurements in 
most cases could not detect penetrations of 0.001 in., 
it would be misleading to state that the wastage rate 
w-as zero. However, in these instances it is po.ssible to 
estimate that the wastage rate was less than a par
ticular value. 

.\s shown in Fig. 21, wastage-rate data obtained in 
the stagnant sodium systems have a large scatter. 
For example, at leak rates of approximately 4 X 1 0 " ' 
lb sec. the wastage rates reported by one investigator 
ranged from not detectable to almost 2 mil sec; at 
leak rates of approximately 7..5 lb sec there was no 
wastage in 8 of 11 tests conducteil in the VK.\E. \ -
XO.\H rig with the tube bundle, and in one test the 
rate was greater than 18 mil sec.'*' The Detroit 
Edison Company data and the . \PD. \ Rig 33 data 
also are scattered. The . \PD. \ data obtained in Rig 10 
show fairly good consistency. Generally, the wastage 
data obtained with tests made in stagnant soilium 
systems has very poor reproducibility at leak rates 
greater than approximately 10~- lb sec. 

.\s shown in Fig. 4. the wa.'tage data obtained in 
the dynamic sodium systems show very good repro
ducibility. These data are from test* in the . \PD. \ 
Rig 10. with the exception of two data points ob
tained from tests in the APDA modified Rig 43. . \ t 
leak rates above 10~- lb/sec there apjiears to be some 
data scatter; however, there are insuflficient data to 
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102 

IQl 

^ 10° 

CD 1 

P 10" ' 

I 

Symbol 

N O A H 
ESADA 
APDA-Ferrr 

Spoclng 

1/4 
1/4 
3/8 

^^/2 
3/8 
1/10 

600-620 
630 
350 
350 

450-480 
932 

570-700 
760-930 
410-515 

APDA 
APDA 
APDA 
APDA 

DECO 
UKAEA 
UKAEA 
A l 
APDA 

Moler iol - Croloy excepf wSere noled 
- MS mild i teel 
- SS stoinless s'eel 

Solid dola points ore woitoge on tubes 
odjacent lo the lofgel tube. 

• MS 

I 
- • SS 

opplicoble 

A 
A 

i*„ 

(19) Tests With SS 
Data from tests which showed no detectable wastage 

(17) Tests 

(4) Tests 

Leak Rote, lb/sec 

F I G . 21. Materials Wastage Obtained in Stagnant Sodium Systems. 

establish the degree of reproducibility at these higher 
leak rates. It is possible that in dynamic systems the 
scatter in the wastage data will be greater at the 
higher leak rates, as it is in the data obtained in stag
nant sodium systems. 

1. Variables Affecting Material Wastage 

The various investigators considered nine variables 
that could have an effect on material wastage rates; 
a) leak rate, b) spacing between the leak and the tar
get material, e) leak duration, d) sodium velocity, 
e) type of leak, f) conditions of sodium and water, g) 
configuration in the reaction area, h) depth of sub
mergence of the target material in sodium, and i) 
target-material coolant. The effect of these various 
factors on material wastage rates is discussed below. ' 

a. Leak Rate 

The leak rates in the wastage tests conducted in 
stagnant sodium range from approximately 10"= to 

16 lb/sec. The data for the stagnant sodium systems, 
shown in Fig. 21, show an increasing wastage rate as 
the leak rate increases, with increasing scatter in the 
data at the higher leak rates. The maximum wastage 
rates range from approximately 1 0 " ' mil/sec at a 
10^=-lb/sec leak rate to over 20 mil/sec at a 10-lb/sec 
leak rate. I t is very noteworthy that in such a large 
number of tests there was no detectable wastage. The 
reason for this is not known. 

Most ot the data in Fig. 21 are from tests in which 
the water leak is directed normal to the target ma
terial. In the UKAEA-NOAH test rig, some injections 
of water were made at right angles to the target tube 
and some parallel to the target tubes. In these tests, 
there was no detectable wastage of the target tubes; 
however, in some of the tests, wastage did occur with 
adjacent tubes. Wastage also occurred for adjacent 
tubes in both the APDA Rig 33 and the Detroit Edi
son Company tests; these data are also shown in Fig. 
21. As is indicated in Fig. 21, all of the soUd data points 
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are for wastage that has occurred for tubes other than 
the target tube. 

The leak rates in the tests that were conducted in 
dynamic sodium systems are in the range from 10~ ' 
to 10"' lb/sec. As seen in Fig. 4, the leak rate is a 
very significant factor affecting rates of material wast
age. For the test conditions indicated in Fig. 4, the 
wastage rate is increased by increased leak rates up 
to 10"^ lb/sec; but as the leak rate is increased be
yond 10~^ lb/see, there is a decrease in the wastage 
rate. This was not observed in the tests conducted in 
the static systems, .\dditioiial data at leak rates 
greater than 10~-' lb/sec are needed to complete the 
definition of the wastage rate curves. 

In conclusion, the wastage data obtained in the 
stagnant sodiuni systems have much more scatter 
than that obtained in the dynamic sodium systems. 
In steani generators there will be regions of sodium 
itagnation; therefore, knowledge of wastage rates in 
Btagniint sodium system tests is important. Because 
data reproduciliility in the stagnant sodium systems 
is 80 poor, considerably more testing will be required 
to obtain significant correlations. .Mso, more testing is 
reijuircd in the dynamic sodium systems to establish 
definitely the effeet of larger leak rates on wastage 
rates. 

b. Spacing 

The leak-to-target material siiaciiig in the various 
studies ranged from 0.1 in. in the r K . \ E . \ pot tests to 
several inches in the UK.-\E.\-N0.\1I rig. It is not 
possible to estimate the effect of s)>acing on material 
wastage rates in the stagnant soilium systems because 
of the scatter in the data. For the dynamic systems, 
only the . \PD. \ Kig 10 tests included a study to in
vestigate the effect of spacing on the material wastage 
rate. .\ statistically designed experiment of 12 tests 
showed that increasing the spacing from 0.25 to 1 in. 
reduced the wastage rate significantly. The range of 
leak rates in this study was 1.3 x 10-^ to 2.9 x 1 0 " ' 
Ib/scc, and inspection of Fig. 4 shows the significance 
of spacing in that leak-rate range. The data, however, 
show that the curves are tending to converge as the 
leak rate increases. Only one test was made at a 
larger spacing, approximately 1.25 in., w-ith a higher 
rate of approximately 2 X 10~- lb sec. The wastage 
rate obtained is somewhat lower than that obtained 
with a 0.25-in. spacing; however, considering there 
ure only two data points, the difference may not be 
significant. 

C- Duration of Injection 

The duration of injection covered in the various 
•tudies ranged from about 1.5 sec to 2 hr; if the corro

sion tests conducted by the UK-\E.\ are not included, 
the maximum duration was approximately 300 see. 
The l 'KAE.\ corrosion tests were conducted by in
jecting steam at a velocity of approximately 30 ft sec 
against the targets, whereas in the remaining investi
gations the velocities were hundreds of ft, sec for the 
water phase and over 1(XX) ft sec for the steam 
phase. Thus, it is believed that the wastage obsened 
in the UK.\E.\ pot tests is primarily due to corrosion; 
in any case, there is not sufficient data given to es
tablish the effect of duration at these very low leak 
rates. 

One of the most significant obser\-ations on the ef
fect of duration is the high w-astage rates obtained in 
the tests of very short duration; for example, in the 
one UK.\E.\ test made in NO.\H with circulating 
sodium, the penetration exceeded 0.062 in. in a 2-sec 
test. This result indicates that essentially zero in
duction time is required for wastage to begin. 

.\ statistical test program conducted by APD.\ in 
Rig 10 indicated a negligible effect on w-astage rales 
of leak duration time over the range from 100 to 300 
sec. In later . \PD . \ Rig 10 t<>sts it was demonstrated 
that wastage rates obtained in tests of 10-sec dura
tion at the high leak rates correlated well with the 
data obtained at lower leak rates and much longer 
durations. 

d. Sodium Velocity 

All of the , \PD. \ tests with dynamic sodium sys
tems were conducted in Rig 10 and Rig 43. These re
sults, discu.sseij in Sect. II.B. demonstrate the signifi
cance of sodiuni velocity on material wastage, at least 
at verj- low- sodium flows. .Additional data are needed 
to establish a quantitative relationship between wast
age rate and sodium velocity. 

e. Type of Leak 

Three basic types of injection devices were used in 
the various studies. In all devices, except for that used 
in the UK.\E. \ corrosion test pot. the flow through the 
orifice was controlled by the friction loss of the high-
pressure fluid forced through an orifice. In the 
UK.\E. \ corrosion tests, the steam flow rate was con
trolled by a mechanical pump. 

The bursting of the rupture disks in the . \PD. \ Rig 
33 tests was not verv- consistent, so some of the scatter 
in wastage data could have been caused by the varia
tion in the burst patterns of the rupture disk, i.e., 
the way the rupture disk burst could have affected the 
flow pattern of the injected fluid. 

The ex-perience of APD. \ with the use of capillary 
tubing for orifices has been quite good. In almost all 
cases, a sharp, needlelike water jet is obtained. Due to 
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manufacturing tolerances for capillary diameters the 
actual leak rates are in the range of ±20% ot the pre
dicted rate; however, post-test flow checks provide a 
more accurate measure of the leak rate. In the 
UKAEA corrosion pot tests, where the leak rate was 
so low, the shape of the jet was not known; however, 
the patterns of the wasted areas indicate that the jet 
was not needlelike. The pattern of the jet from the 
other UKAEA tests is not known. 

/. Conditions of Sodium and Water 

The sodium temperature in the various tests ranged 
from a low of 350°F in the APDA Rig 33 tests to a high 
of 1132°F in the UKAEA corrosion pot tests. Water 
and steam temperatures are not available in all in
stances, but it is presumed that they were essentially 
equal to the sodium temperature. The injected fluid 
ranged from a water phase with very little steam to su
perheated steam. Considering the overall scatter of the 
data as shown in Fig. 21, it cannot be said that tem
perature affects the wastage rate. Only in the UKAE.A 
corrosion test'"" was the effect of temperature studied; 
in these tests, increasing the sodium temperature from 
660 to 842°r increased the material loss rate by a 
factor of 150. However, these tests were made with 
steam injected onto the plate at a low velocity and 
at a rate of 3.7 X 10^" lb/sec; the wastage was typical 
of a general corrosion as compared to the erosive-type 
wastage at higher leak rates. 

In general, the temperature of the injected water 
was essentially the same as that of the sodium. Thus, 
the effect of water temperature by itself cannot be 
determined. The only effects the pressure of the water 
could exert are related to the type of jet issuing from 
the orifice and the amount of vaporization occurring 
at the exit of the orifice. Insufficient data are avail
able to determine how meaningful these factors may 
be. 

g. Configuration in the Reaction Area 

The brief description of the test apparatus given 
previously showed that the sodium-water reaction was 
occurring in many different configurations ranging 
from a "pool" of sodium to a tightly congested tube 
bundle. Comparison of the wastage data obtained in 
the UKAEA corrosion test pots cannot be made with 
other test apparatus because of the very low- leak 
rates used in it. Comparison can be made, however, 
between APDA Rig 43 and APDA Rig 10 data. In this 
comparison, wastage data were obtained at compara
ble leak rates. 

Comparison of the APDA Rig 43 and Rig 10 
data shows that in stagnant sodium there was no de
tectable wastage in Rig 43 whereas in Rig 10 the 

wastage rates were in the range from 0.1 to 0.2 mil/sec. 
In Rig 10, the target tube is part of a tightly congested 
tube bundle. In Rig 43, negligible wastage was ob
tained in tests made in both an open pool of sodium 
and inside a 4-in.-diameter pipe (shown in Fig. 3). 
The reason for this difference is not known. 

In tests conducted in these rigs with sodium circula
tion there was no significant difference in wastage 
rates. 

h. Submergence 

The depth of submergence of the target material in 
sodium ranged from less than 1 tt to a maximum of 
8.5 ft in the various test rigs. The tests conducted by 
APDA showed no significant difference in wastage 
rates in Rig 10 under static sodium conditions. The 
wide spread in data obtained in the other static so
dium tests makes it impossible to estimate the effect of 
submergence on wastage rates. 

i. Target Coolant 

In the various studies, target coolants included 
sodium, gas, and water. Tests were conducted in 
Rig 10 by APDA at leak rates of approximately 2 to 
3 X 10^ ' lb/sec showed no difference in wastage 
rates for target tubes containing recirculating water 
and those containing stagnant nitrogen. Higher wast
age rates might be expected with the gas-filled tube 
since the tube surface would presumably become 
hotter and this would enhance corrosion and erosion; 
but the test results do not support this. 

;. Method of Operation 

Examination of the data presented in Fig. 21 for 
the static sodium systems shows that only 2 out of the 
31 tests conducted at leak rates greater than 5 lb/sec 
had signifieant wastage. Of the 31 tests, negligible 
wastage was obtained in two of the test rigs: APDA-
Fernii Model (4 tests) and the AI-ESADA units (17 
tests); only in the UKAEA-NOAH rig was significant 
wastage obtained in 2 out ot 10 tests. 

A review of the experiments conducted in the three 
test rigs: APDA-Fermi Model, AI-ESADA, and 
UKAEA-NOAH, showed a significant difference in the 
manner which the sodium-w-ater reaction was termi
nated. In both the APDA-Fermi Model and the .U-
ESADA rig excess water was injected into the system, 
i.e., water (or steam) injection continued after the main 
reaction occurred. Invariably, most of the sodium 
either reacted with the water or w-as ejected from the 
reaction zone. Continued injection of water (or steam) 
beyond this point would flush the corrosive products of 
the reaction out of the unit and would also cool the 
surfaces of the tubes and shell. Both actions inhibit 
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fi l tage. The tests in the UKAEA-NOAH rig, however, 
were conducted in a different manner: termination of 
the water injection occurred immediately upon closing 
isolation valves in the water-injection system after a 
predetermined duration, thus leaving the hot, corrosive 
reaction products in contact with the tubes. Since 
there would be no cooling action on the tubes, w-astage 
would be enhanced by the high temperatures produced 
in the reaction. 

Although the reaction vessel of the NO.\H rig is 
larger in diameter than those of the other two rigs 
(24 vs 12 and 8 in.) this is not thought to be a signifi
cant factor. 

2. Comparison of Materials 

In the majority of the tests described here the Cro-
loys were used as the target materials. The UKAEA 
teste included mild steel, and the APDA and UKAEA 
tests included stainless steels and the Incoloys. The 
UKAE.\ tests, conducted in the corrosion pot, 
showed that the austenitic steels were more resistant. 
These data are not shown on Fig. 21 because it was 
reported on a weight-loss basis with no indication of 
penetration rates. APDA's wastage rates for stainless 
steels and Incoloy 800 are shown in Fig. 4. The data 
indicate that the stainless steels are more resistant to 
wastage than Croloy 2!4 by a factor of 20 to 30, and 
that Incoloy 800 is more resistant to wastage than 
Croloy 21/4 by a factor of 30 to 80. These data, in 
general, agree w-ell with the UK.\E. \ data. No informa
tion is available at this time to indicate why these two 
materials are more resistant to w-astage than are the 
ferritic steels. 

S. Wastage ^[cchanisms 

\ complete study was not made by any of the in
vestigators to establish the mechanism of wastage oc
curring during small-leak sodium-water reactions. 
There have been some suggestions that the w-astage is 
due to a combination of corrosion and erosion. The 
UK.\E/V investigators have show-n in corrosion-pot 
studies that corrosion rates are appreciable; however, 
as Fig. 21 shows, these rates are considerably lower 
than those obtained at higher leak rates. The metal
lurgical examinations of the target tubes made by 
APD.\ have shown no evidence of intergranular 
corrosion and the surface features obsened, being 
bright and semimatte in appearance, w-ere consistent 
with an erosion mechanism for the removal of metal in 
the target area. I t is concluded that more information 
is required before the mechanism of wastage can be 
established. 

4. Conclusions 

a. Comparison of Tests Made in Stagnant and Dy
namic .Sodium Systems 

Reproducibility of experiments is much better in 
the dynamic .sodium systems than in the stagnant 
sodium systems. 

Tests in the dynamic sodium systems produced 
more information on the effect of the various factors 
that were thought to have an influence on wastage of 
materials. 

b. Effect of Various Factors on Material Wastage 
Rates 

The wastage rate in stagnant sodium systems ap
pears to increase continuously with increasing leak 
rate over the entire range of the various invesliga
tions, i.e., from 10"" to 10' lb/sec. 

The wastage rate in dynamic sodiura systems 
appears to increase continuously with increasing leak 
rate up to a critical leak rate which appears to be 
approximately 10^- lb sec, and then decreases at still 
higher leak rates. 

Increasing the leak-to-target spacing reduces the 
wastage rate. Studies of the effect of spacing on wast
age rate need to be extended to higher leak rates. 

The wastage rate is linear with time for a given leak 
rate over the entire range of investigation, i.e., up to 
300 sec. .\lso, if there is a period needed for initiation 
of the wastage process, it is less than 1 sec. 

Flow of sodium past the target material definitely 
has an effect*on wastage rale in the leak-rate range 
from 1 X 10~' to 3 X 10~ ' lb/sec. Increasing the flow 
from zero to 1.0 ft sec has a very significant dif
ference. The effect of higher velocities is not known. 

The influence of temperature on wastage rates is 
not known. 

The effect of configuration within the reaction area 
is not known, .\vailable data give conflicting indica
tions. 

The depth of submergence of the target material in 
sodium docs not have a significant effect on wastage 
rate over the range of investigation, i.e., from 1.3 to 
8.5 ft, in either stagnant or dynamic sodiura systems. 

Cooling of the target tube material appears to have 
no effect on the w-astage rates. 

. \ t large leak rates ( > 5 lb sec) continued purging 
with water or sleam afler main reaction has occurred 
appears to inhibit wastage by cooling of the tubes and 
by removal of reaction products. 

c. Materials Evaluation 

The stainless steels are more resistant to wastage 
than Croloy 2'/i bv a factor of 20 lo 30. 
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Incoloy 800 is more resistant to wastage than Cro
loy 214 by a factor of 30 to 80. 

d. Wastage Mechanism 
Erosion and corrosion are believed to contribute 

to the wastage process; however, insufficient data are 
available to verify this belief. Metallurgical examina
tion of wasted areas of Croloy 2(4 by APDA indi
cated that target material which was adjacent to the 
wasted area and had temperatures up to 2000°F ex
hibited no evidence of corrosion; the material had the 
appearance of metal loss by an erosion mechanism. 

e. Wastage Correlation 
-Although it was possible to establish the effect ot 

some of the factors on wastage rates, insufficient data 
exist in most areas to establish a correlation that in
cludes all the variables. There are too many variables 
and geometries in the tests evaluated. There is also 
lack of data in some areas necessary for a com
plete comparison of the stagnant and dynamic sodium 
systems. 

5. Recommendations for Additional Data 

Based on the evaluation of the various studies of 
sodium-water reactions and on the conclusions dis
cussed in the previous section, development of the 
following additional data is recommended: 

Obtain more wastage data at higher temperatures. 
Obtain more wastage data at higher leak rates in 

the dynamic sodium systems. 
Obtain more wastage data at larger leak-to-target 

spacings with the larger leak rates. 
Obtain more wastage data on the effect of water 

and/or steam conditions of pressure and temperature. 
Obtain more wastage data at low leak rates for 

which the leak is of a weeping type rather than a jet 
type. 

Perform more tests at higher leak rates to estab
lish the frequency and type of secondary failures, 
i.e., the failures or wastage on other than the target 
tube. 

Perform tests to establish the effect on wastage rates 
of various orientations of the water and/or steam jet 
relative to target materials. 

Perform more tests to establish the effect of con
figuration in the reaction area on wastage rates to 
verify that testing in small test rigs will produce data 
applicable to large units. 

Perform additional corrosion and erosion tests to 
establish their relative contribution to the wastage 
process. 
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Discussion 

Mr. Bray (UKAEA-Dounreay); I would be very 
surprised if shutting off the water injection in the 
NOAH rig would have any significant effect on the 
wastage, because it's certain the wastage does not occur 
during the water injection. I am more inclined to the 
view that the actual metal removal takes place as a 
result of this fast-moving stream of highly aggressive 
reaction products that occurs at the interface between 
the water jet and the sodium. For example, in NOAH 
test * 1 , a great deal of wastage occurred. The overall 
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wdiiim temperature was only raised, I think, from 
ibout 300 to about 4.50°C, and the water-injection 
time was only 2 sec. I would have thought that w-ould 
be a mo.st unlikely mechanism for prolonged wastage 
because of the large convection currents inside the 
vessel, w-hich was 2 ft 6 in. in diameter. .So I don't 
really think shutting off the w-ater injection would 
have very much influence on whether or not wastage 
took place. 

Mr. Chamberlain: As I recall, the comment made 
about the NOAH rig tests that were described in your 
Vienna paper w-as that no wastage w-as obsen-cd on 
the tubes that were closest to the injection point, 
whether the injection was against the tube or parallel 
to it, and that the w-astage that w-as observed was in 
tubes located in other parts of the NOAH rig. 

Mr. Bray: That was in some eases. I think you can 
explain this effect also as a jet phenomenon if you 
assume that a hydrogen bubble or a reaction-product 
bubble occurs around the injection orifice. There 
can be circumstances in which you get a large reaction 
bubble with just a steam-w-ater mixture passing 
through it. By some mechanism it could be that this 
will penetrate the bubble at a point remote from the 
orifice and thus bring about the jet effect on the other 
side of the bubble. I think this is the reason, or one 
possible explanation, for the bursting or w-astage of 
tubes remote from the orifice. Another possible cause 
is flow deflection, as by a deflector plate above the jet, 
so that the water stream strikes a remote tube. I 
believe this is a likely explanation of the result in the 
Vienna paper. 

Mr. Chamberlain: At least in our own tests we can 
certainly say that a neeiUelike stream or jet is more 
destructive that a spray-type injection. In some of our 
rig 10 tests, anil also in our basic studies of reaction 
temperatures, w-e found that w-ith a spray rather 
than a jet the wastage rate was very much reduced 
and the reaction temperatures w-hich we had measured 

were also considerably reduced. So I guess it is pos
sible that even in large rigs, such as the NO.\H rig. 
the deflection of the jet in some way or another could 
produce the wastage in other areas. 

Mr. Bray: Let me make one final point. We did 
carry out some tests and I c an t remember whether 
they were reported in the paper or not. in which, as it 
were, samples of target lubes were cooked up in re
action products for long periods. Wc didn't obsene 
anything like the corrosion attack that occurs during 
an actual sodium-water reaction which is taking place 
live. 

Mr. Clayer ( r i . \ . \ . \ ) : How do you explain the 
maximum in the cun-e of wastage versus flow rate? 

.Mr. Chamberlain: We only obsene that maximum 
in the dynamic system ti'sts, and we do have limited 
data there. The factor that we have used for wastage 
rate is the penetration, the depth of the wastage area. 
We find this correlates much better w-ith the injection 
rate, say, than if we were using the mass of material 
removed per unit time per mass of water injected. 
So, when using the depth of penetration as our wast
age rate factor, we find that we get a change in the 
wastage pattern when we get up to approximately 
10~- lb sec. At that point the penetration rate starts 
to decrease because the n-astage now is occurring over 
a larger area, i.e., there is an inner plateau, if you 
will, that does not see as much wastage. I think the 
volume of material that is being removed docs 
generally continue to increase. We certainly feel that 
much more data should be obtained at those leak 
rates and g r e ^ r to substantiate that the phenomenon 
w-e see is a true one. 

.Mr. (layer: Did you vary the diameter of the in
jection holes? 

Mr. Chamberlain: Our tests were conducted with 
2650 psi pressure on the water-injection system. The 
variation in injection rate was produced by changing 
the hole size of the orifice. 
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Summary 

Effects of three sodium-removal procedures and 
subsequent reinsertions into high-temperature sodium 
have been determined for samples ot Type 304 stain
less steel. Sodium-removal procedures used were; 
(1) mercury amalgamation, (2) Dowanol EB reac
tion, and (3) argon-steam reaction. Samples of Type 
304 stainless steel were single specimens, crevice 
specimens, and simulated FFTF fuel pins. Sodium ex
posures were in isothermal, stagnant sodium capsules 
at 800, 1000, 1200, and 1400°F for 500 hr. Metal
lographic and microscopic examinations after one and 
two sodium exposures following sodium cleaning 
showed no intergranular attack on the fuel-pin sam
ples exposed to 1200°F sodium. Burst tests conducted 
with samples of i/j-in.-diameter fuel cladding at room 
temperature before sodium exposure, after one sodium 
exposure and one cleaning cycle, and after two sodium 
exposures and two cleaning cycles, showed no change 
in burst stress. Very thin, black to light brown (and 
blue) colored films were formed on some of the sam
ples exposed to 800°F sodium and on others cleaned 
by the mercury process. Neither the cause of the film 
nor the nature of the film has been determined. 

Introduction 

The Fast Flux Test Facility (FFTF) will test fuels 
for the LMFBR using sodium as a heat-transfer 
fluid. Maximum operating temperatures will vary 
from 800°F for the initial bulk outlet temperature of 
the reactor to 1400°F for the eventual closed-loop 
outlet temperature. Structural materials of Types 304 
and 316 stainless steel will sensitize when used in 
such environments. Unless proper care is taken, the 
sensitized fuel elements, components, and piping sys
tem could experience intergranular corrosion. 

Sodium removal will be an essential step in fuel 
examination, major repair, or aqueous decontamina
tion of equipment. However, procedures tor removal 
of sodium expose the sensitized stainless to environ
ments that could cause intergranular corrosion. Un-
removed sodium hydroxide trom some processes could 
result in caustic corrosion of fuel elements and com.-
ponents during storage or after exposure to hot so"-

• Based on work performed under U. S, Atomic Energy 
Commission Contract AT(45-1)-1830. 

dium. The retention of sodium hydroxide after clean
ing is most likely to occur in crevices. One critical 
crevice is the wire wrap-fuel-cladding crevice on the 
fuel pin. The cladding is relatively thin and any 
structural damage to the clad would result in a failure 
much more rapidly than in more massive pieces such 
as pipes. Consequently, sodium-cleaning processes for 
fuel elements are being evaluated. 

Sodium reactor sites such as EFAPP,"> EBR-
II , ' - ' S R E " ' and H N P F have successfully used some 
form of inert gas-steam or inert gas-moist air process 
for sodium removal from fuel elements. These reactors 
did operate or now operate below lOOO'F,'-" and the 
applicability of their procedures for sodium removal 
for 1400°F sodium-temperature operation is not as
sured. The purpose of this work is to provide experi
mental data on sodium-removal processes for mate
rials exposed to sodium temperatures up to 1400°F. 

Argon-steam reaction and Dowanol EB (n-butoxy 
ethanol) were selected as candidate cleaning proc
esses. Since both processes are caustic-forming proc
esses, a noncaustic-forming mercury amalgamation 
process was selected as a control. Sample selection 
included simulated F F T F fuel pins to evaluate any 
effect of the wire-wrap crevice on the FFTF fuel pin 
during reinsertion. Crevice samples were included to 
determine what size of crevice could actually be 
cleaned of sodium and reinserted back into sodium. 
Single samples were included to provide weight-
change data and to study the effect of sodium expo
sure on uniform surfaces such as pipe walls. 

Experimental 

Laboratory tests were conducted with Type 304 
stainless steel as single samples, crevice samples, and 
simulated F F T F fuel pins. These samples were ex
posed in 800, 1000, 1200, and 1400°F sodium and 
cleaned by mercury amalgamation, Dowanol EB, or 
argon-steam. They were then reinserted into sodium 
and cleaned again. Measurements performed were 
(1) weight change for single samples after each cycle, 
(2) bursting pressure of fuel pins, (3) residual sodium 
remaining in the crevice samples after each cleaning 
cycle, and (4) sodium analysis to assure purity during 
sodium exposures. Examinations performed were (1) 
microscopic examination of sample surfaces for local
ized attack and (2) metallography to show any in-
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Fuel-pin Wire Wrap 

TAli l . l : 1 ClIEMI. ,1. SM, 

Dimensions 

0.0ri25 in. 

0.-24U5- to 0.2512-
in. O l ) ; 

0.015- to O.OIfil-
iii. wall 

0.250-in. Ol) 

0.li:<l-in. IID 

Heat No. 

334164S 

20191 

FX409 

A926 

PlITSIt 

c 

0.083 

0.05 

o.oe 

0.050 

.\L PnopERTiEs or T IPC :!04 

Chemical Constituents, wt 

Mn 

1.73 

1.65 

1.47 

1.32 

P 

0.027 

0.013 

0.032 

0.022 

S 

0.010 

0.011 

0 018 

0 025 

Si 

0.83 

0.48 

0.58 

(1 42 

.•̂ T \ l \L i : - - .--TEtl. 

ff Ph)-sicai Properties 

Ni 

9.35 

9.33 

8.62 

11 NN 

\ 1 e l d 
Cr 

18.05 

Poin t , 
psi 

4 2 . 2 5 0 

18.74 

18.25 

46,000 

S0,6C0 

IS IH.I 

Tensile Elonga-
Strength,' lion, ^o 

psi 1 in 2 in. 

87.B<i0 

95,600 

92,800 

'.I5..5(KI 

56.5 

51.0 

ea 
43 

tcrciamilar attack and relative carbide precipitation 
at grain bounilaries. 

All tests were eonducteil with Ty|ie 304 stainless 
steel siiecimens. Cre\-icc samples and single samples 
were fabricated from the same stainless steel sheet. 
The fuel pins were fabricated using rod, w-ire, and 
tubing stock. Chemical and physical analyses of as-
reccivcd inaterials are in Table 1. 

Siniuhiti'il 5'/2-in.-loiig F F T F fuel pins were fab
ricated by the I 'FTF Fuel Development Section 
using prototypic fabrication teehniipies. The clad had 
a i4-in. outside diameter and a 16-niil wall thickness. 
End caps were welded onto the cladding in a helium 
atmosphere. .-Ml cladding end-cap welds were X-
raycd, and welds with penetrations less than 16 mils 
thick received another w-elil pass and were reexam
ined. .\ 31-mil-diameter wire wrap was welded to one 
fuel-pin end cap. placed under tension, and w-elded to 
the iilhi r end cap. the wire wra]i wound around the 

FUtL PIN R«CK 

SINCIE 
SAMPLES 

SAMPIE 
RACK 

SIMUIATIO f u l l PIN SAMPLI 

X I ^ ^ ^ 

BUTT WELD 
END CAP 

Fu:. 2. Cassulo. Km-I I'M 
CharRing. 

;iTii| .'^IIIKI*' ."^aiiiplps Fri«ir to 

J L 0.010 OR 
T 0.020" 
I OtEP ' -

III" MILLED 
I CREVICE 1 

Fio. I. Samples of Type :t04 Stainless Steel. 

clad making ';, of a turn in 4 in. .\ fuel pin is shown 
in Figure I. Single-material samples were one-inch 
machined squares of 0.0625-in.-thick sheet stock. 
These samples were polished with number 320 grit 
emerj- cloth, degrcaseil with ethanol, and weighed to 
the nearest 0.1 mg. The fuel pins were placed in wire 
racks and the single samples in machined sample 
holders. The fuel pins, single samples, sample holders, 
and the capsule are shown in Fig. 2. 

The crevice samples were fabricated from the same 
stainless steel sheet stock as the single samples and 
are shown in Fig. 1. The crevice-sample top plate was 

file:///l/Li
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TABLE 2. 

1st sodium 
exposure 

2nd sodium 
exposure 

OXVQEN A N . \ L Y S I S ( W T P P M ) OP 

C A P S U L E S O D I U M 

Crevice Samples 

Make
up 

Sodi
um 
for 

Cap
sule 

3(.) 

6 

Capsule 
Temperature, °F 

800 

9 

6 

1000 

11 

6 

1200 

7 

3 

1400 

(b) 

1 

Fuel Pins and Single 
Coupons 

Make
up 

Sodi
um 
for 

Cap
sule 

4 

14 

Capsule 
Temperature, °F 

800 

14 

5 

1000 

11 

6 

1200 

7 

4 

1400 

7 

12 

'*' Average of 2 samples. 
»>' Bad sample; sample had voids and the sodium oxidized 

before sample could be analyzed. 

smaller than the milled base to assure good sodium-
to-crevice mouth contact during filling. Machined 
crevice-sample racks held the crevice vertical during 
sodium exposure and sodium removal. 

The sodium capsules were 2-in. Schedule 40, Type 
304 stainless steel pipe with butt weld end caps and a 
full length 14-in. heavy-wall-tube thermocouple 
well. The capsules were etched with a 15% nitric acid-
1.5% hydrofluoric acid-83.5% water solution at 70°C 
tor 20 min to remove weld residue. Capsules were 
charged with racked material samples, charged with 
sodium, and seal welded inside a high-purity argon 
dry box. The crevice-sample capsules were evacuated 
during sodium filling to assure sodium filling of each 
crevice. Crevice samples from every capsule opened 
after discharge confirmed complete crevice filling. 
Twelve 10-mil and twelve 20-mil crevice samples 
were charged to each of four 10-in.-long capsules 
containing 190 to 220 gm ot sodium. Twenty-four 
single samples and thirty fuel-pin samples were 
charged to each of four 18-in.-long capsules contain
ing 390 to 430 gm of sodium during the first sodium 
exposure. 

High-purity sodium was piped directly from a so
dium-purification loop to the dry box. Oxygen con
centrations were 14 ppm or less by the mercury 
amalgamation technique for the makeup sodium and 
sodium discharged from each capsule. The detailed 
oxygen concentrations are given in Table 2. The car
bon concentration in the makeup sodium was 11 ± 5 
ppm carbon by high-temperature combustion. 

Sodium-exposure temperatures were 800, 1000, 1200, 
and 1400°F. Vertical tube furnaces kept the capsules 
at temperatures during the 500-hr exposures. Cali
brated thermocouples were located at the sodium-
level midpoint for temperature data. Time to tem

perature was from 2 to 24 hr, and cooling time at the 
completion of the sodium exposure was about 8 hr 
down to 200°F. The temperatures were held within 
±10° of the 800, 1000, 1200, and 1400°F control 
points. 

Capsule discharge was performed in the argon dry 
box. Capsules were cut open, the sodium sampled, 
and the material samples placed in glass capsules to 
avoid sodium contamination during handling delays. 
All the single and fuel-pin samples were cleaned with 
either mercury, Dowanol EB, or argon-steam. Three 
sets of crevice samples from each crevice-sample 
capsule were not cleaned. One set was opened inside 
the dry box to check for complete filling with sodium; 
all samples were completely filled with sodium. Two 
crevice sample sets were reinserted into the second 
sodium cycle uncleaned. 

The mercury process involved mercury amalgama
tion and mercury removal. A twenty-four crevice-
sample batch or a thirty-two single-sample and 
forty fuel-pin batch were cleaned with 60 lb of high-
purity mercury. The crevice samples were left in 
overnight, and the single samples and fuel pins were 
left in 0.5 hr. Mercury wet the stainless steel and 
could not be shaken off. Therefore, the mercury was 
boiled off by heating the samples to 200°C in a vac
uum for 24 to 48 hr. Samples cleaned in mercury and 
recycled to sodium were not exposed to air, and any 
residues were mostly sodium oxide with small 
amounts of sodium hydroxide. 

The Dowanol EB removal process was conducted 
in small capsules, as shown in Fig. 3. The capsule was 
charged with material samples while in the dry box, 
sealed, removed from the dry box, and connected to a 
Dowanol resei-voir in a hood. The capsule vent and 
Dowanol feed line were opened simultaneously and 
Dowanol injected. The reaction was allowed to pro
ceed at a slow controlled rate for 16 hr. The samples 
w-ere then rinsed in deionized water, dried in a vacuum 
oven overnight, and stored in a vacuum until further 
processing. 

The argon-steam sodium-removal process is based 
on a reaction of steam with the sodium, forming so
dium oxide and sodium hydroxide which was washed 
off. A process diagram appears in Fig. 3. The system 
consisted of a bypass water bubbler for adding water 
to dry argon, a preheater furnace, and a reaction 
chamber for the material samples. The reaction 
chamber was removed from the steam cleaner, 
charged with sodium-covered samples in a dry box, 
sealed, and transferred back to the steam cleaner sys
tem. 

The argon-steam cleaning process was a 2-hr argon-
steam reaction followed by a 20-min rinse with de-
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ionized water. The argon flow rate was 60 to 80 
SCFH, and the argon reaction-chamber temperature 
normally ranged from 140 to 160°C. Problems were 
experienced with temperature control of the bulky 
furnaces which were used to heat the reaction cham
ber. A temperature rise to 200°C was observed during 
the first crevice-sample cleaning cycle, and one to 
185°C was observed during the first single-sample 
and fuel-pin cleaning cycle. The gas concentration in 
stream water ranged from 1.2 to 4.0 vol % water, and 
the oxygen concentration ranged from 3.0 to 25 ppm 
OI for all the argon-steam cleaning runs. A 1.4-gpm 
deionized-water rinse for 20-min removed residual 
sodium hydroxide and sodium oxide. Samples w-ere 
then dried in a 100°C vacuum oven and stored in a 
vacuum until further processing. Any sodium residue 
would be sodium hydroxide. 

Selected samples were stored in vacuum until ex
amination and testing. A second sodium exposure was 
conducted with the remaining cleaned samples and 
new replacement samples. Recycled samples were ex
posed to sodium of the same temperature as during 
their first sodium exposure. All material samples w-ere 
cleaned at the conclusion of the second sodium expo
sure. Recycled samples were cleaned with the same 
sodium-cleaning process they received after the first 
sodiuni exposure. 

Ri'Hulls and Discussion 

riic cleaneil samples w-ere tested for effects of so
ilium exjiosure and sodium cleaning. Crevice samples 
from all sodium-exposure temperatures and cleaning-
procedure eoiiibinatioiis are show-n in Fig. 4. The 
samples receiving V/> cycles were exposed to the first 
and second sodium exposures but w-ere cleaned only 
after the second sodium exposure. 

Visual and niicrosco])ic examination of all sample 
surfaces showed no obvious localized pitting, even for 
crevice sample-contact crevice areas. However, thin, 
adherent films of corrosion product were present on 
some of the crevice, single, and fuel-pin samples. The 
cause of the corrosion-product film is not known and 
has not been identified. 

.Ml crevice samples exposed to 800°F sodium or 
cleaned with the mercury process w-ere filmed in some 
manner. Crevice samples exposed to 1000, 1200, and 
1400°F sodiuni and cleaned in either Dow-anol EB or 
argon-steam showed extremely light or no film, except 
for one dark spot on a sample receiving two 14(X)°F 
sodiuni exposures and one argon-steam cleaning cycle. 
Mercury-cleaned crevice samples exposed to 800°F 
sodium had the darkest films. Film color decreased 
markedly as sodium-exposure temperature increased, 
>nd the mercury-cleaned crevice samples exposed to 

WATER lUIBIEB 
PACKIO m l H 

SS * 0 0 l 

• CONOSEAL FIANCE 

Argon-Steam Process 

•^SAMPLES 

.SAMPIE MOLOEP 

V 
VE ¥ 

D CONNECTOR / 

Dowanol EB P r o c e s s 

F I G . 3. Schematics of Sodium-cleaning Process. 

1400°F sodium had a very light film. Film color de
creased with cleaning process in the order mercury, 
Dowanol EB, and argon-steam. Samples with one so
dium-exposure cycle and cleaning cycle w-ere filmed 
much less than samples receiving two sodiura expo
sures and cleaning cycles. Film color of samples with 
two sodium exposures and only one cleaning cycle were 
intermediate. The films were reproducible, but were 
much more apparent after the second sodium cycle. 

Single samples and fuel pins showed similar film-
color trends but were generally much less apparent, 
as seen in Fig. 5. The fuel-pin end-cap weld-region 
films were much more apparent than that on the clad 
at the center of the fuel pin. 

Limited metallography examinations completed to 
date have demonstrated no localized corrosion of 
fuel-pin clad or intergranular attack after one and 



414 

SODIUfW 
REMOVAL 
PROCESS 

COUPON 
SURFACE 

Bloom 

SODIUM TEMPERATURE OF ISOTHERMAL STAGNANT SODIUM CAPSULE 

800 °F 
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FIG. 4. Photograph of Ill-mil Crevice Coupons after Sodium Exposure and Cleaning. 

two 500-hr sodium exposures with mercury, Dowanol 
EB, or argon-steam cleaning. The filmed weld regions 
for the mercury-cleaned fuel pins also showed no 
localized corrosion or intergranular attack. Crevice 
samples exposed once to 1200°F sodium and cleaned 
showed no intergranular attack in the 10-mil crevice 
region or the contact crevice region. Samples ex
posed to all combinations of temperature, cleaning 
processes, and number of exposure cycles are pres
ently undergoing metallographic examination. 

The single specimens were weighed and total weight 
loss calculated. The average calculated w-eight losses 
are given in Table 3. The maximum average weight 
loss was 4 mg/dm- , so no really significant weight 
loss was observed. Sample weights were measured 
with a four-place analytical balance having a preci
sion ot ±0.03 mg. The samples had an area of 0.145 
dm=, so all tveight change data had a precision of 
±0.2 mg/dm= . 

The fuel pins were burst tested to measure any 
gross effects of sodium exposure and cleaning on ma
terial physical properties. The burst test was con
ducted at room temperature with high-pressure helium 
with a pres.surization rate of 5,000 psig/min. Test 
results, given in Table 4, show no significant decrease 

in burst pressure as a result of increasing sodium-ex
posure temperature or change of the sodium-removal 
process. There was a slight decrease in bursting pres
sure for the Dowanol EB-cleaned fuel pins exposed to 
1200°F sodiura. The small difference could be at
tributed to variations in burst-test conditions, since 
fluctuations in pressurization rate as great as 25% 
were observed. The average burst pressure was about 
10,300 psi, whieh was a 78,400-psi burst stress. The 
burst stress was calculated by the expression. 

„ _ P(R„ - 0.40 

where R„ is the outside radius, t the wall thickness, 
P the burst pressure, and S = burst stress. 

Crevice samples were analyzed for residual sodium 
oxide and sodium hydroxide after sodium cleaning. 
Calculated results are given in Table 5. The residual 
sodium was most likely in the form of sodium oxide 
for the mercury process and in the form of sodium 
hydroxide for the argon-steam cleaning process. The 
mercury process was the least efficient on the average. 
All cleaning processes were less efficient after the sec
ond sodiura exposure than after the first. Sodium-ex-
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S O D I U M TEMPERATURE OF I S O T H E R M A L STAGNANT S O D I U M C A P S U L E 
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CLEAN CYCLES CLEAN CYCLES CLEAN CYCLES 

I 2 1 2 1 2 

NO. Na AND 
CLEAN C Y C L E S 

1 2 

MERCURY 

DOWANOL 
EB 

ARGON 

STEAM 

F I O . 5. Phol.igrapli of Single Coupons and Fuel Pins afler .'̂ (Kiiuni Kxp<»sure and Cleaning. 

had measurable effect on posure temperature 
cleaning efficiency. 

The residual sodium was measured by a nitric acid 
titration. Spot welds on crevice samples were drilled 
out and the sample broken into two jiieces. The sam
ple parts were placed in a 30-iiil volume of water 
having a known pH as measured with an expanded-
Sfalc pH meter lo the nearest liuiidredth of a pH unit. 
.\iiy sodiuni oxide or sodium hydroxide on the sample 
immediately increased the pH. The sample and solu
tion were then titrated with standard 0.005.V nitric 

acid until the pH dropped to the original level. The 
major determination error was the conversion of 
NaOH to XaHCOa by exposure to CO2 in the air, 
which caused measured values to be low. 

Conclusions 

.\U tests are not complete; therefore, an evaluation 
based on all data cannot be presented at this time. 
Metallographic examination of crevice samples must 
still be completed before the effect of sodium cleaning 
and reinsertion of the crevice samples into sodium can 
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be evaluated. However, weight-change tests and 
burst tests are complete, and some preliminary con
clusions can be made; 

Simulated FFTF Type 304 stainless steel fuel-pin 
burst stress is not significantly decreased as a result 
of cleaning and reinsertion into sodium at tempera
tures ranging from 800 to 1400°F. 

Initial metallographic examination of crevice sam
ples indicates some corrosion attack in the crevice 
region, but an insufficient number of samples have 

TABLE 3. ToT.^L WEIGHT CHANGES FOE 

SINGLE COUPONS 

TABLE 5. SODIUM REMAINING ON CEEVICE COUPONS 

AFTER CLEANING 

Sodium-
removal 
Process 

Mercury 
1 cyele '"" 
2 cycle*-*' 

Dowanol EB 
1 cycle^'^'''' 
1 cycle'i'''^' 
2 cycle<»"' 

Argon-Steam 
1 cycle''''=' 
1 cycle'^''^' 
2 cycle*"-*' 

Weight Loss, mg/dm^ 

Sodium-exposure Temperature (°F) in Isothermal 
Stagnant Capsule during 500-hr Exposure Cycles 

800 1000 1200 1400 

2 
0 

0 
2 
0.3 

0.3 
2 
1 

2 
2 

1 
2 
2 

1 
3 
2 

3 
2 

1 
4 
2 

2 
3 
3 

2 
2 

3 
2 
0 

2 
2 
0.3 

'"> Average from 2 samples. 
">' Average from 6 samples. 
<"' First sodium exposure and cleaning. 
'•" Second sodium exposure and cleaning. 
'*' First and second sodium exposure and cleaning. 

TABLE 4. BURST PRESSURES OF F U E L CLADDING: HELIUM 

G-^s PRESSURE (PSIG) ON F U E L P I N AT BURST USING A 5,000-

PSI/MIN PRESSURIZATION RATE'»J 

Sodium-
removal 
Process 

Number of 
Sodium 

Exposures 
and 

Cleaning 
Cycles 

Mercury 

Dowanol EB 

Argon-Steam 

Sodium-exposure Temperatures 
(°F) in Stagnant Capsules 
during 500-hr Exposures 

10,350 
10,400 

10,325 
10,300 

10,375 
10,300 

10,325 
10,200 

10,200 
10,250 

10,250 
10,200 

10,350 
10,400 

10,225 
10,400 

10,475 
10,350 

10,200 
10,300 

10,050 
10,050 

10,200 
10,200 

Sodium-
removal 
Process 

IMercury 

Dowanol EB 

Argon-Steam 

Crevice 
Width, 

mil 

10 

20 

10 

20 

10 

20 

Relative 
Residual 
Sodium 

min 
max 
avg 

min 
max 
avg 

min 
max 
avg 

min 
max 
avg 

min 
max 
avg 

min 
max 
avg 

Residual Sodium Remain
ing on and in Crevice 

Samples as Oxide or Hy
droxide after Cleaning, 

Calculated as mg Sodiura 

First 
500-hr 
Sodium 

Ex
posure 

All 
Temp 

1 
Cycle<'> 

0.08 
0.09 
0.08 

0.04 
0.1 
0.08 

0.00 
0.01 
0.01 

0.00 
0.01 
0.00 

0.00 
0.01 
0.00 

0.00 
0.00 
0.00 

Second 
500-hr 
Sodium 

Exposure 
All Temp 

1 
CydeW 

0.2 
0.5 
0.3 

0.02 
0.3 
0.2 

0.00 
0.02 
0.00 

0.00 
0.02 
0.01 

0.00 
0.02 
0.01 

0.00 
0.06 
0.01 

2 
Cycle 1» 

0.1 
0.5 
0.3 

0.01 
0.6 
0.2 

0.00 
0.4 
0.06 

0.00 
0.1 
0.03 

0.00 
0.1 
0.04 

0.00 
0.1 
0.05 

<•' Burst pressure of fuel pins unexposed to sodium were 
10,325 psig. 

'•^ Average value of two samples. 

*"' .\verage values are average of 4 samples. 
* '̂ Average values are average of 8 samples. 

been examined to date to reach conclusions on differ
ences in cleaning procedures or test temperature. 
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Discussion 

EFFECTS OF T E C H M O C E S FOR REMOVAL OF SCRFACE SODII-M 

ON RESISTH-ITIES OF T Y P E ;«M STAISLE.-^S .">TEEL OF ."^AUPLES 

IIF 0 490-IX. Ol) AND 0.018-1X.-WALL TvBE 

Vou mentioned metal-
you sure these samples 

,1/r. lltrkinson lI^MEC) 
lographic examination. Are 
were completely sensitized^ 

Mr. Bloom: They were carliurized. They had car
bim iirciipitatioii at the grain boundaries. The 800°F 
samples did not have carbide precipitation even after 
lOOO hr. The HK)a-14(K)°F samples did. They all did. 

Mr. F. Smith ( . \NI,) : I have a table that might be 
o( interest to support your conclusion that steam 
cleaning under some conditions certainly is adeijuate. 
We've been using electrical-resistivity ineasurements 
to determine the effects of cleaning, and I think it is 
of importiince to look at the four techniques we used. 
Tlic most important is No. 4, in which the specimen 
is oxidized in air at room temjierature for 24 hr be
fore rinsing with water. Sample No. 4 has an effective 
electrical-resistivity value of 66.3 microohm-cm, 
which compares reasonably well with values obtained 
after the other cleaning teehniipies w-ere used. I t 
is of interest that the mieriistriicture and electrical-
resistivity values are reliiti\-i'ly iiiiiilTected by very 
adverse cleaning iiroci'ilures, as well as by the more 
conventional alcohol and w-ater-rinse procedure. 

Mr. Kovacic (A1'I). \I: 1 might just comment that 
several years ago in conjunction w-ith some repair 
operations in the Fermi reactor we had to consider 
whether or not we woukl take some steam-cleaned 
components back into the system. A\'e had prepared 
some coupons, two of which were stressed, I believe, 
just by doing a complete reverse bend on them. These 
were not steam cleaned, but they w-ere stored in nor
mal atmosphere and then re-immersed in sodium. 
I'm not quite sure what the temperatures were, but 
I'm sure they were 10()0°F or less. Of the 6 specimens, 
one cracked. That's just information. Now I do have a 
question. I believe all your re-exposures in sodium 
were at 80O°F or higher—I suggest tliat re-exposure 
conditions at lower temperatures might possibly be 
more severe because the hydroxide wouldn't be con
verted to moiioxiile and might not be leached out of 
the crevices as fast. Ha\-e you had any tests at less 
than 800°F'? My third comment, which you've al
ready answered, is that I certainly think you ought 
to run stressed specimens. 

T i m e in 
St rauss 
Solution 

(min) 

0 
IS 
30 
45 
60 
75 
90 

1-20 

Sample 
X o . 1 

Sample 
. \o. 2 

Sample No. 3 

«, 1 P, 1 «, 1 ». 1 
10-' 10-« I 10-' 10-« R. 10-' p. 10-« 

ohm- ohm-iohm- ohm-V>hm-on ohm-cm 
an 

155 
192 
215 
205 
291 
295 
293 
293 

cm 

63 
78 
88 

108 
119 
121 
120 
120 

cm cm 

148 
175 

63 
75 

193 1 83 
23.3 IOO 
259 1 IIO 
259 I n o 
259 : IIO 
259 IIO 

161 
180 
216 
278 

64 
75 
85 

IIO 
Sample used 

for micro
scopic in
spection 

Sample 
No. 4 

R. 1 0. 
10-' 1 10-' 

ohm-: ohm-
cm 

163 
175 

cm 

66.3 
72 

205 ' 83.5 
255 l(M 
278 :i l3 
278 |II3 
278 ' l l 3 
278 113 

Itcsislivily ft in ohm-cm 
n (ohms) X Wiillh (in.) X Wall (in.) 

Width Prolie Contactg (in.) 
X 2J 

Sample 

No. 1 (0.283 in. wide) 

. 2 (0.297 in. wide) 

. 3 (O.-rS in. wide I 

. 1 la-BQ ill. wide) 

Cleaning Ttehniquen 

Remove from siHliimi nnd cool in 
arfEoii atniii«i|iherr. .*̂ oftk Aaniple 
in alrnhol for slightly le»i Ihati 
2 hr. Hin.xe in tap water. 

Removal same. Soak sample in 
alcohol for 4 hr lieforc rinsinn. 

Removal same. Soak sample in 
alcohol for 18 hr before rinsing 

Removal same. I Ixiilize in air at 
room temp for 24 hr I>efore ring
ing 

Mr. Bloom: It should be pointed out that these 
tests are very preliminary and that we don't even try-
to say that they're true prototype tests. .\s a proto
type test one would tr>-, with one cleaning process, 
to get all these conditions—all types of reinsertions, 
all temperatures. 

Mr. Zitek (ComEd); I'm a neophyte in this field. 
What effect do you expect radiation might have on 
your tests? 

Mr. Bloom: They did some tests at EBR-II in 
whieh they looked at irradiation effects. Some, I 
think ! 2-inch stainless steel tubes, samples were ex
posed to radiation. They saw no effect for the types 
of tests run but the effect could depend on the length 
and type of the radiation. 
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1. Introduction 

A general study of fuel conditioning was carried 
out in Belgium in the framework of the Euratom-
Belgium Association for fast breeder reactors. The 
fuel conditioning concerns all the operations inchided 
in the fuel cycle from the reactor fuel unloading to 
the fuel introduction in the reprocessing plant, that 
is, fuel-subassembly dismantling, fuel cleaning, fuel 
transportation, and fuel storage. 

During the fuel conditioning, the fuel rods are 
transferred from a sodium environment to a gas en
vironment, usually argon. This transfer can even be 
accomplished in the reactor itself during the fuel 
handling, when the latter is performed under argon. 

Anyhow, an argon circulation is used during this 
transfer to remove the decay heat from the spent 
fuel. I t is obvious that at the same time some of the 
sodium remaining on the fuel clement is entrained in 
the cooling gas either through drainage or through 
evaporation. 

It is very important for tlie cooling system and for 
the subsequent conditioning operations to determine 
the amount of remaining sodium. It was found that 
very little was known about the amount of sodium 
entrained with the fuel during the unloading opera
tion, and also that no quantitative figures could be 
given for the distribution ot this sodium among the 
argon coolant, the filters, and the cask car. Scarce in
formation has been published on the remaining 
amounts, which would have to be removed during 
the cleaning operation. Some attention was given to 
the possibility of subassembly dismantling before 
transportation, either under sodium or in argon, in 
which case there was some probability that the clean
ing operation of single rods could be avoided, draining 
and evaporation being sufficient. 

A literature survey was done aud some contacts 
taken with reactor operators. It showed that in 
EBR-II, for example, the sodium is drained and 
evaporated during unloading in an argon down flow 
and the assembly is later flooded with water. 

Some values were given for entrained sodium in the 
case of the Fermi reactor (5 mg/cm=). A systematic 
study was performed for SEFOR,"> but since the 
purpose was mostly to investigate the possibilities of 
cell-window fogging, the results are difficult to inter-
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pret in terms of rod performance. The average amount 
was of the order of 0.7 mil thick, that, is 1.42 mg/cm^. 
This gave an order of magnitude of the phenomenon 
to be studied. 

A preliminary theoretical study was performed to 
analyse the sodium-evaporation phenomenon, but 
many difficulties were encountered. Even if one could 
have some confidence in the relationship proposed, for 
example, by Boelter<=' or Luikov," ' the physical 
values of the parameters to be used are not well-
known ; this is particularly true for the mass diffusion 
coefficient of sodium in argon. Also, the exact defini
tion of the location where each parameter should be 
taken (bulk, wall, or film value for example) has 
much influence. 

The result of this theoretical study showed that an 
order of magnitude of the time for drying a fuel rod 
unloaded from a 1000-MWe faster breeder 75 hr after 
the reactor shutdown would be around 1.5 min with a 
wall temperature around 500°C. I t w-as then decided 
that only experiments could give information about 
the sodium draining and evaporation phenomena, 
and the erection of a test loop was decided. 

2. Description of the Test Loop 

The test loop (see Fig. 1) is made of three parts: a 
sodium loop, an argon loop, and a movable platform 
with a balance. 

The test section includes the dip tank in the sodium 
loop, connected through a gate valve with the argon 
test tube (of pyrex glass or quartz, depending on the 
operating temperature). The rod to be tested is 
hung from the platform, which enables a simulation 
of an unloading operation. The rod is immersed for a 
definite time in sodium, then lifted into the argon. 

The sodium loop is equipped wdth heater and cooler 
to stabilize the temperatures and obtain a small natural 
circulation. The sodium purity can be maintained by 
regularly dumping the sodium at relatively high tem
perature into the lower tank and filling the loop again 
at low temperature through a sintered metal filter. 

The argon loop is composed of a diaphragm pump, 
flowmeter, sodium vapor traps, heater, and cooler. 

The movable platform can lift the rod at two dif
ferent velocities without shocks to the balance. The 
rod ean be either connected to the balance, in which 
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F I G . 2. Unit Weight of Entrained Sodium When Unloading 
in Cold Stagnant Argon as a Function of Sodium Temperature. 

case the movements are operated with an "open" 
argon loop, using an intermediate argon injection on 
top of the test tube to prevent air flow into the loop; 
or the rod can bo connected to the platform and 
pulled through an O-ring type of seal, this last method 
permitting argon of higher purity to be maintained. 

The amount of sodium remaining on the rod is 
measured in two ways. One is to weigh the sodium 
directly with an accuracy of ± 1 mg. This direct 
method does not perturb the experiment, but causes 
the loss ot much argon. Moreover, it is difficult to 
maintain the high purity, especially if this argon is hot 
and circulating. If any oxidation takes place, oxygen 
is weighed at the same time as sodium. 

The second method is to wash the rod with dis
tilled water after extraction and then to titrate the 
solution. This, of course, is a discontinuous method 
and forces the operator to withdraw the rod com
pletely for each measurement. The advantage is to 
permit operation with argon of high purity and to be 
independent of any perturbation through oxidation. 

Two rods were tested: one an unheated stainless 
steel rod of 8-mm diameter; the other a heated, I6-mm 
diameter rod equipped with three thermocouples on 
its wall. A portion of the length (30 cm), starting 1 

cm trom the bottom, can be heated (by up to 700 W). 
The parameters which can be varied in the study 

are: sodium temperatures; argon temperature, flow 
(velocity), and oxygen content; rod power (or surface 
temperature), as well as surface aspects or prepara
tion; time of immersion in sodium; residence time in 
argon. 

3. Wetting of the Rods in Cold Argon 

S.I. General Background 

The wetting behavior of metals in sodiuiu has been 
observed in many laboratories. Everyone knows that 
a resistance level indicator or a new electromagnetic 
pump is not stable immediately, but only after a 
transition period, because of the wetting effect. 

The wetting has been systematically studied by 
Addison'*' and to a lesser extent by Longson and 
Thorley. '" These studies have shown that: 

A 

: 

•i 1 
FIG. 3a. Pcrlrrlly Wettett Kod in .Stagiiaiil, Argon. 

F I G . 3b. Nnnwettcd Rod wilh Local Sodium Drops. 
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Argon Conditions 

Cold stsunant 

Hot atagnant (100-
2M"C) 

lliit stiiEnnnl (100-
26U°C) 

Hot circulating (100-
260'C) 

^16 m/a 

^4 ni/n 

Sodium-tank 
Conditions, "C 

400-500 

~300 

~220 

>270 
S270 

320-370 

320-370 

320-370 

Rod Heat Flux, 
W/cm> 

-

-

0-2.66 

0-2.66 

0-2 

< 1 . 6 

> 1 . 6 

<1 .6 
> 1 . 6 

Rod Wall Temperatuie, 
°C 

Identical to that of so
dium, but decreases 
rapidly 

Change with time after 
unloading 

Idem, but decreases 
more slowly 

330 555 

330-555 

250-500 

<450 

>450 

<450 
>450 

L'nit Weight ot Sodium Remaining 
on Rod, mg/cm* 

Average Max AcddentmlMin .\ccidental 

0.6 0.8 

1 3 5 1 55 

1.8 i 2.05 

0.55 
1.1 

Tolal 

0.35 
0.11 

0.22 

0.12 

0.29 

Lateral 
(bl 

0.18 
0.08 

0.075 

0.04 

0.085 

0.95 
1.95 

Total Lateral 

0.5 
0.12 

0.375 

0.28 

0.49 
OS 

0.24 
0.11 

0.2 

0.09 

0.15 
0.066 

0.4 

1 15 

1 45 

0.35 
0.4 

I 
ToUl Lateral 

1 
0.25 
0.11 

0.08 

0.06 

0.14 
0.065 

0.03 

0.008 

0.15 1 0.04 
0.08 1 0 015 

'•' "Totiil" menus ainoiiiit of sodium divided liy total wetted surface (helween 1.50 and 2()0 cm'). 
' ' ' "Lateral" means iilnoiint of sodium liiea.'^iired on heiileil purl of the nid (milv IJIIITHI J»S II 
iili'il liy this healed part surface (150 cm"). 

1. For pure sodiuni, there is a value of tempera
ture below which jiure metal will not be wetted by 
sodium. This value varies from I40°C for pure iron to 
I9.')°C for nickel, with intermediate values for cobalt, 
luolybdenuni, ami clironiium. 

2. The time required to obtain wetting, according 
to Addison, decreases with an increase of tempera
ture; there is an observed discontinuity around 220 
to 240°C. The aspect of the time-temperature curves 
arc somewhat similar to surface-reaction velocities 
curves. Thus the wetting ehemical phenomena can be 
divided in three groups: 

a) wetting obtained by reduction of the superficial 
oxide layer of metals; for iron, there is a discontinuity 
at 220 to 240°C in the composition of this layer which 
î ould explain the similar discontinuity in wetting 
delay times; 

b) wetting obtained by chemical interaction with 
formation of an intermetallic complex; 

c) vetting obtained by metals forming oxide by 
deoxidizing the sodiuni, in which ease the wetting of 
this metal oxide is the problem (zirconium and 
manganese, for example). 

3. The oxide content of sodium would have a 
favorable influence on wetting, the time to obtain a 

zero contact angle being shorter for oxide-salurated 
sodiuni than for cold-trapped sodiuni. This has been 
particularly sliown by Longson and Thorley. For ex
ample, iron at 250°C is wet after one hour in oxide-
saturated sodium but not wet after 3 lir in cold-
trajiped sodiuni (120°C plugging temperaturei. 

S.S. Experiments in the Test Loop 

The tests were performed in oxide-saturated so
dium; this could not be prevented, as many loading 
and unloading of rods were necessary. The theories 
and experiments shortly summarized in Sect. 3.1. give 
some evidence that in a nuclear reactor, at the time 
of unloading at least, the fuel elements would cer
tainly be wet and thus entrain a more or less con
tinuous film of sodium on their surface w-hen un
loaded. The problem was to simulate this in the 
shortest possible time. 

A first series of tests was performed by extracting 
the unheated rod into cold argon to measure an upper 
limit of the entrained amount of sodium. Figure 2 
gives the results. The values are always presented in 
weight of sodium per unit wetted surface Img N a ' 
cm-). 

There is a strong influence of sodium temperature 

file:///ccidental
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FIG, 4. Unit Weight of Entrained Sodium When Unloading 
in Hot Stagnant Argon as a Function of Sodium Temperature. 

at the time of unloading, but the temperature his
tory has no significant effect on the entrained amount. 
The sodium temperature only reduces the wetting 
time (between 30 min at high temperature, i.e., 400°C 
and more, and a few hours at lower temperatures). 

The surface preparation has a strong effect: any 
type of pollution such as alcohol cleaning, traces of 
grease, or acetone degreasing increase the wetting de
lay. The best method to obtain a short-time wetting 
was polishing with emery cloth followed by a simple 
Kleenex cloth cleaning. 

Figures 3a and 3b show pictures taken after un
loading in argon. Figure 3a shows a perfectly continu
ous shiny film corresponding to ajiproximately 0.8 mg/ 
cm=; Fig. 3b shows a rod that is nonwetted apart from 
very local spots. 

Table 1, which summarizes all results, shows that 
the amount of sodium varies with temperature from 
0.6 to 1.8 mg/cm- average with a maximum value of 
2 mg/cm-. 

4. Wetting of the Rods and Draining in Hot Argon 

It seemed to the operator that the unloading in 
cold argon perturbed the wetting to a certain extent 

for after some time the sodium froze on the rod. Thus 
operations were started with hot stagnant argon. It 
was hoped that some sodium w-ould drain as a result 
of the high temperature. 

This was not the case for the amount of sodium 
that, at the higher temperatures (see Fig. 4) did drain, 
but simply accumulated as a drop at the bottom. 
This drop never grew to a sufficient volume to fall off. 
The amount remaining on the side surface of the rod, 
excluding this bottom drop, is scattered between 
0.35 and 2 mg/cm^ (see Table 1). But one can observe 
that above 270°C, the average value is around 0.55 
mg/cm- and the values are far less scattered, with an 
accidental maximum of 0.95 mg/cm-. The values are 
usually lower than during unloading in cold argon. 

This wetting step around 270°C was also apparent 
in the behavior of the sodium. A continuous film is 
easily obtained above 300°C, liut was practically 
never really obtained below 250°C; the sodium wetted 
only locally, showing dry spots, but the total amount 
was much higher than for a continuous film. 

-•Vfter these tw-o sets of experiments, it was decided 
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FIG. 5. Effect of the Draining and Evaporation of Sodiuni 
on Unit Entrained Weight as a Function of Rod Wall Tempera 
ture (Stagnant Gas). Sodium in wetting pot maintained be 
tween 320 and Zm°C. 
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that fur till- siiimlatiiiii of reactor unloading, the so
dium would be maiiitaineil between 320 and 370°('. 
to obtain a good coiilinuous and reproducible film in 
about 1 hr. 

S. 8oiliiiin Evaporat ion 

S.I. Soidinitid Rod in Circulating .Iri/ii/i 

Up to now. the test* were performed with argon 
below 280°(.". .\t this temperature, independently of 
the argon velocity, no eva|>oration was observed. In 
the near future, tests will be carried out at higher 
»r(!on temperatures. 

»i. Heated Rod in Hot Stagnant .irgon 

^ine experiments were performed with noncircu-
latiiig hot argon (100 to 2.50°C) and a rod power uj) to 
225 \V, limited by surface temperature coinlitions 
(max 5")0 to 600°Ci. 

The results are now- presented as a function of rod-

wall inside teiiipi-ralurc; the Midiiim wi-igbts are 
lower than previously obtaiiu-d because the tempera
ture of the soilillill on the wall is inaintuin<>il at higher 
values, and thus improves the draining and the eva|>o-
ration. It can be seen from Fig. 5 that the total value 
strongly decreases with teinperature. and if one sub
tracts the amount remaining on the unheated jiortions 
of the rod (top and liottom), the uniformly covered 
side surface I called lateral surface in the figures and 
table) gives an even lower unit weight, down to 0.08 
mg cm- above 5(X)°C. 

O.O. Heated Rod in Hot Circulating Argon 

In circulating argon, the power could be raised to 
400 W. that is. a heat flux up to 2.66 W'cm=, corre
sponding for a 6-mm-diameter fuel-element rod to 
about 5 or 6 \\ ' cm. This is about 1*̂  of the maximum 
power of a fast breeder fuel element and is a prob
able value of the residual power at the time of un
loading. In fact, this limiting unloading power is 
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FIG. 7, Effect of the Draining and Evaporation of Sodium 
on Unit Entrained Weight as a Function of Rod Wall Tem
perature (Circulating Gas). Sodium in wetting pot maintained 
between 320 and 360°C. 

strictly correlated with the maximum cladding tem
perature. 

With hot circulating argon at a velocity of 4 or 
15 m/s the side surface of the heated rod ean be en
tirely dried at high temperature. 

Evaporation is shown at an intermediate stage in 
Fig. 6a (at average wall temperature of 450°C) and 
a complete drying in Fig. 6b (wall temperature of 
around 550°C after a few minutes). 

Observing the phenomena for a wall temperature 
above 450°C (1.6 to 2 W/citf) , one sees first the dis
appearance ot practically the whole sodium film, 
except for some local droplets, in less than 2 or 3 min. 
Then, usually in about 10 to 15 min, these drops 
slowly evaporate until a complete drying is obtained. 

There is not much influence of argon velocity, but 
its purity is important, as otherwise oxidation takes 
place before evaporation is obtained. The experiments 
were performed with argon containing less than 10 
vpm O2. The influence of this parameter will now be 
more accurately investigated. 

As shown in Fig. 7 and in Table 1, above a wall 
temperature of 450°C the average amount remaining 
on the rod is an order of magnitude below the initial 
values: around 0.04 mg/cm=, with accidental values 
up to 0.09 mg/cm-. On the nonheated bottom and top 
portions of the rod (respectively 1 and 7 cm long) 
more sodium can remain; the conduction is not sufB-
cient to enhance evaporation. 

Between wall temperatures of 350 and 450°C, 
evaporation is often efficient, but accidental results 
can be much higher, even up to 0.2 mg/cm= on the 
heated surface. 

Below a wall temperature of 350°C evaporation 
is efficient only accidentally, and high remaining 
quantity can often be observed. 

6. Present Conclusions 

It can be concluded from the results obtained up 
to now that: 

1. Wetting will always be obtained in a sodium fast 
reactor, usually after a few hours except if the surface 
is strongly polluted. To obtain wetting for the experi
ments, a sodium temperature between 320 to 370°C 
gave good results in an immersion of about one hour. 

2. The extraction of the rod from the dip tank to 
the test section takes about one minute; not much 
sodium draining is observed after this operation. 

3. Evaporation is efficient for wall temperature 
above 350°C and permits a practically complete 
drying above a wall temperature of 450°C with very 
little risk of getting accidentally large amounts re
maining on the rod. I t does not seem there is a very 
sensitive influence of the velocity ot the argon, but its 
purity should be good. 

4. Nonheated parts such as bottom and top portions 
of the rods and grids, and holes between grids and rod, 
w-ill be difficult to clean with this method. 

-A study of evaporation from a cluster of rods will 
now be undertaken, together with evaluation of the 
influence ot argon purity and temperature (up to 
500°C). I t seems that one could rely on evaporation if 
the rod temperature is maintained above 450°C. If 
dismantling takes place before transport of irradiated 
elements to the reprocessing plant, it is possible that 
cleaning after evaporation would not be necessary at 
all. 
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Discussion 

Mr. .Millie (Al'DA I: Did the argon flow up or 
down ? 

Mr. Michel: We have tried both directions; in fact, 
the loop was designed to do this. It w-as reported that 
by iip-flow we could iire\-i'iit draining and thus see only 
evaporation, but w-hen doing this, we had some 
trouble with the lower drops, which went to the side 
tube. As a result, w-e decided to do all our experi
ments with down-flow of argon. This is the most 
realistic way, because the purpose is to clean. 

Mr. Pfnhler (LMECI: Would you give your views 
on this technique for other components? 

Mr. Michel: It's difficult to answer now. In the re
ported work wc had a heat flux fiom the inside of the 
tube to the outside, so that the heat flux and the 
mass transfer w-ere both in the same direction. I 
don't say that this is an important feature, I am just 
guessing, but the next step in our experiments is to 
work with hot argon, and, as we have seen it, it is 
necessary to go above a w-all temperature of 40O-
<50°C to have evaporation. I can't say now w-hether 
it will work with unheated parts. I t could, but it cer
tainly won't work with very difficult shapes. If you 
have indented shapes it w-ill be difficult, and take 
longer times. It's a little like the distillation that we 
thought would alw-ays w-ork if the argon were not 
diluted in time. Once you have obtained oxidation, it's 
finished, it's over—and at low teniperature that's what 
happens. 

Mr. Lindhe (.\B .\tomenergi): Did you investigate 
the residue on the rods after the sodium had evapo
rated? 

ilr. Michel: We tried, but this is a rather difficult 
analytical technique. In most cases the residue -n-as 

sodium oxide to a large extent. We tried to separate 
soilium oxide and sodium peroxide. Sometimes we ap
peared to have obtained sodium jieroxide. but I 
couldn't guarantee it. 

.Mr. Lindhe: Do you know if the oxide comes from 
argon or from the sodium melt in the pot? 

Mr. Michel: I t comes from the argon, because 
mostly w-hen w-e had oxidation it occurred through 
some faulty operation. If someone o|>ened up a ring 
to weigh and mount, and if the pressure went up 
right at that moiiient. we had an inlet of air. This 
prevented any evajioration. 

Mr. Brachet I EDF I: Do you think that the 
smoothness or roughness of your rod is an important 
parameter? If it is. did you make mcitsurementa 
using this parameter? 

.Mr. .Michel: We first tried to have the fastest wet
ting jiossible and .so w-e tried difTerent surface aspects. 
The fastest wetting was obtained by just cleaning 
the rod with water after one operation, putting it on 
the inachine to polish it with very fine emery cloth, 
and then doing nothing more after that—just drying 
it with Kleenex or sometbing like that. This is be
cause w-e observed that if we worked, let's say a 
Friday evening, the next Monday moniing it would 
take a much longer time, because of reoxidalion of 
the surface, to obtain wetting again. Now from the 
point of view of surface roughness. I would say it has 
some influence insofar as products are held in the 
areas of roiigliness. When we tried to clean with 
acetone or with alcohol, many times we had trouble 
with adhering acetone or alcohol. In this case it would 
take a long, long time to obtain wetting, but we 
didn't try to heat it very strongly. 

.Mr. Shannon (BNWL); What was the purity of 
the argon that you used, particularly as regards 
water and oxygen content? 

.Mr. Michel: In the bottle, argon was below 5 ppm 
water, 5 ppm oxygen, a very small amount of nitro
gen, and practically nothing else, as far as I can rely 
on the guarantee of the manufacturer. We tried to 
w-ork w-ith a Hirsch cell, .\lthough it did work, it was 
only an indicative measurement as we had some 
trouble with caliliration, but that's another story. 
It did give results between 5 and 10 ppm when the 
operation w-as good. Increasing above 1000 ppm we 
had trouble with the evaporation, oxidation being 
faster at this condition. This is just an order of mag
nitude; I wouldn't guarantee these nvunbers. 

Mr. Harde (Interatom): Have you investigated 
the influence of the argon pressure in these tests? 

.1/r. Michel: We have been asked to, but we haven't 
had time up to now. That's what we will do nejct 
year. 
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Introduction 

EBR-II fuel-reprocessing operations feature a 
moist-air and water rinse followed by air storage 
of spent fuel before disassembly and reprocessing. 
Some EBR-II fuel may be stored in a NRTS water 
fuel-storage facility for relatively long periods of 
time. Also, some fuel pins of various experimental 
irradiation programs may be returned to the reactor 
one or more times after only relatively short periods 
of air storage after water cleaning. I t is desirable to 
determine if out-of-reactor environmental effects on 
fuel clad exist. These effects, if real, may be separated 
from neutronic environmental effects on fuel clad. 

The purpose of this paper is to present data re
lated to water cleaning and air or w-ater storage of a 
prototypic fuel clad alloy which has been exposed to 
one specific nonradioactive sodium source. 

The principal alloy considered for evaluation is 
Type 304L stainless steel EBR-II driver core clad, 
MK-B-37. Type 304 stainless steel has also been 
compared with Type 304L stainless steel tubing for 
several reasons: 

a. to have available direct data to compare Type 
304L with Type 304 under similar conditions of 
specific sodium exposure; 

b. to complement other d a t a ' " already developed 
which featured sodium exposure and effective elec
trical-resistivity measurements primarily related to 
Type 304 stainless steel; 

c. to promote a better understanding of how aus
tenitic alloys may be affected by sodium exposure, 
air storage, or water storage, and re-exposure to so
dium. 

Conclusion 

Several conclusions have been developed from 
one series of nonradioactive sodium exposures of 
Types 304 and 304L stainless steel fuel clad materials. 

Conclusions are stated before presentation of the 
laboratory data as follows: 

a. Re-exposure to sodium of previously water-
cleaned and stored Types 304 and 304L stainless 
steel fuel clad results in accelerated deterioration* of 

* Deterioration is defined as a microstructure change indi-
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fuel clad microstructure as the sodium-exposure and 
water-cleaning steps are repeated. 

b. Dry, static air storage (CaS04 desiccated) 
compared to normal air storage of water-cleaned 
specimens provides evidence of unreacted subsurface 
sodium. This "stored" sodium can then react with 
any aqueous solution to produce adverse effects on 
clad microstructure. 

c. Tyjie 304L stainless steel is not affected as much 
by repeated sodium exposure, water cleaning, and 
air or water storage as is a comparable Type 304 
stainless steel-clad specimen. 

d. The presence of sodium causing the evidence 
of the increasing effects of repeated sodium exposure 
is not clearly known. 

e. Until the mechanism of retention of sodium by 
a structural alloy is better established, the effect of 
sodium cleaning of irradiated fuel and subsequent 
storage environments should be examined carefully 
for each separate sodium reactor environment. 

The work was completed in four chronological steps 
or phases, and the data are presented in the same 
sequence. 

The general plan of evaluation of the effects of 
sodium exposure, storage, and recycle to sodium of 
fuel elad specimens is as follows: 

A number of specimens w-ere exposed in a sodium 
loop. This sodium exposure is the starting point for 
subsequent exposure of specimens to air storage and 
recycle to sodium. 

In Phases I, II , and I I I , effective electrical-resis
tivity measurements were made at two different time 
intervals. Electrical-resistivity measurements were 
first made immediately after sodium exposure and 
specimen cleaning of residual sodium. Measurements 
made at this time are called "Tests A." Specimens 
were also subjected to a Strauss reagent and elec
trical resistivity of the specimens again measured for 
specific periods of time of specimen exposure to 
Strauss reagent. These measurements are called "Tests 
B." Following any given Strauss reagent test, the 
specific specimens tested are discarded. 

Additional specimens for the next phase were 

cated by an increase in the measured effective electrical re
sistivity of the fuel clad alloy following a Strauss test. 
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Flo. 1. Test and lixpnsure Flow lliagram. 

stored in air for ten days. Following ten days of air 
gtoriige, the specimens w-ere then subjected to Strauss 
reagent and their effective electrical-resistivity values 
were again measured. 

Hy coin|iaring the effective electrical-resistivity 
viiliics (in each case after Strauss test) before air 
fitoruge and after air storage, the measureii quantita
tive efl'i'cts of air storage were evaluated. 

Phase IV differs from Phases I - I I I in length of 
time of air storage. In Phase IV the specimens re
ceived the same initial sodium exposure as all otlier 
speciincns. However, Pliase-I\ ' specimens w-ere air 
atored for 120 days after the first sodium exposure 
anil sodiuni cleaning. Electrical-resistivity measure
ments were made after the 120-day storage period. By 
comparing the electrical-resistivity values before and 
after 120 days of air storage, the effects of long-time 
air storage were evaluated. 

This general plan of evaluation of the effects of 
air storage and sodiuni recycle is shown in Fig. 1. 

The separate jihases are defined and discusseil in 
the following. 

Phase I 

[Itfiiiition of Phase I 

111 Phase I. a specimen is exposed for seven days 
at 110O°F, the sodium removed from the specimen, 
and the electrical resistivity measured before and 
after exposure to Strauss'- ' reagent. 

'bsriission of Phase I 

Specimens of T>-pes 304 and 304L stainless steel 
tubing were exposed to flowing sodium in a dynamic 

TAHI.K 1. Pii.vsE.I TESTS A op SoDiVH.'niK.\TK[> TVPKS 

M4\, .IND 304 Tl-BINO 
IS sprrimens for each group lenlrd) 

Effective 
Electrical 

Resistivity, 

None, as-received Type 3(ML SS 
Type :I04I, S.S after sodium expiwiire and rlpaning 
Type .'{04 S.'̂  after sodium ex|>*imlre and rleaning 

70 
71.5 
as.5 

loiip at 1100°F for seven days. The loop and the 
bases for a 7-day exposure to sodium is descril>ed 
and discussed in a recent I . \E. \ paper."* 

.•\fter removal of specimens from the loop, the 
specimens were allowed to oxidize in air for one 
hour. This period of air oxidization of residual sur
face sodium was chosen as representative of the pos
sible air-oxidation time allowable for removal of a 
reactor fuel element such as exists at EBR-II. Speci
mens were dry steam-cleaned for 15 min, immersed 
in ilemineralized water for 45 min, and air-dried. 

Measurements of electrical resistivity of speci
mens were made soon after air drying. Techniques of 
specimen preparation and electrical-resistivity meas
urement are described in reference 3. Eight electrical-
resistivity specimens of each type of tubing were 
prepared to provide the statistical basis for the re
sults presented in Table 1. 

Photomicrographs of the sodium-exposed Types 
304 and 304L tubing, before Strauss test, are shown 
in Fig. 2. 

The above sodium-exposed and cleaned specimens 
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304 !.4MICR0HMS-cm(av) 

250 X MAG 

304 L 

OXALIC ACID ETCH 

71.5MICROHMS-cm(3v) 

FIG. 2. Photomicrographs of Sodium-exposed Stainless Steel Tuliing before Strauss Test. 

2 3 4 5 6 

TIME IN STRAUSS REAGENT, hr 

F I G . 3. Phase I, Test B. Rates of Attack of Strauss Reagent 
after Sodium Exposure. 

were next subjected to a Strauss reagent test for 
various times of reagent exposure. The statistical 
data from eight Type 304 and eight Type 304L speci
mens are shown in Fig. 3. The data for Type 304L 
specimens indicate only a modest increase in effective 
electrical-resistivity values, with a narrow range of 
data spread for any given period of time ot exposure 

to Strauss reagent. In contrast the Type 304 speci
mens indicate large increases in effective electrical 
values. Data spread of resistivity values of Type 
304 stainless steel for a given time in Strauss re
agent is large. Of some importance is that all mini
mum resistivity values of Type 304 specimens are 
considerably higher than the maximum values as
sociated with Type 304L specimens. 

The data of Fig. 3 included exposure to Strauss 
reagent for up to 6 hr. The less-affected Type 304L 
specimens were then exposed to longer-time Strauss 
tests, for up to 40 hr. The data from the longer ex
posures to Strauss reagent are shown in Fig. 4. It is 
noted that 40 hr of Strauss reagent exposure of Type 
304L is required to produce a resistivity value of 
about 105 z^n-cm. In contrast only a 4.0-hr exposure 
ot Type 304 stainless steel to Strauss reagent pro
duces an effective electrical-resistivity value of about 
105f.n-cm (sec Fig. 3). 

Conclusion of Phase I 

Phase-I data indicate that Type 304L stainless 
steel is only modestly affected by a single specific 
exposure to sodium. Type 304, compared to Type 
304L, exposed to the same sodium environment under 
similar conditions of temperature, time, and flow, 
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exhibits increased eflective electrical-resistivity val
ues after a given exposure to a Strauss reagent. 

Phase II 

Definition of Phase II 

Phase II consists of storage of sodium-exposed 
specimens for 10 days in air and re-exposed speci
mens for 10 days in air, and re-exposing the speci
mens to sodium a second time. 

Discussion of Phase II 

Phase-II work was limited to Type 304L stainless 
steel specimens only. Phase-II specimens were ex
posed to sodium at the same time that the Phase-I 
specimens were exposed. After sodium exposure, all 
specimens, including Phase-II specimens, were 
cleaned as discussed in Phase I. Half of all specimens 
were exposed in lalioratory static air. The remaining 
half of all specimens were stored in a desiccator 
containing CaSOi. .\ir-storage period for both groups 
of specimens was 10 days. Desiccated specimens 
were evaluated in an attempt to simulate the dry 
llir environment of Idaho compared to the nominal 
humid air of .\rgonne. The tests were conducted at 
Argonne. 

After the ten days of air storage, eight normal and 
fight desiccated specimens were set aside for testing. 
The results of effective electrical-resistivity measure
ments are shown in Table 2. 

Table 2 indicates that some small changes in ef
fective electrical resistivity had taken place because 
of 10-day air storage. Metallographic inspection of 
these specimens after 10-ilay air (normal and dry) 
storage showed no essential difference from the struc
tures shown in Fig. 2. 

The above speeinieiis were exposed to a Strauss 
reagent and electrical-resistivity measurements made 
at various time intervals. Data for these measure
ments are shown in Fig. 5 along with a comparison 
for similar data for Phase I. 

Of special interest is the observation that tlesic-
cated Type 3041. stainless steel specimens, compared 
to normal air-stored specimens, show- a low-er initial 
electrical resistivity, but exhibit a sharper increase of 
electrical resistivity, a narrow-er statistical spread 
of data, and a slightly higher ultimate effective re
sistivity. 

The balance ot all specimens for the remainder of 
Phase-II and Phase-I l l work was returned to a 
sodium loo)) for a second sodium exposure. 

Following the second 7-day, 1100°F sodium ex
posure, eight normal and eight desiccated specimens 
Were set aside. Metallographic inspection of the Type 
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FIG. 4. Phase I. Test B. I^ing-term Rates of .\ttark of 
StraiLss Reagent afler SiKlium Exposure, 

TABLE 2. PH, \SE-1I TESTS A or SODICM-TKEVTEO TYPE 

304L Tl-BINO 
IS specimens for each group tented) 

Phases Tested 

Pha.se II: 10-day .\IT Storage at 
Room Temp 

Phn.-*!' II: 10-dny Storage in Desie-
i-iilor wilh CaSO* 

Phase I: .-Sndiuni Treatment Only 

1.0W 
Resis
tivity, 
itQ-cni 

68.4 

S7.6 

High 
Kesis-
livity, 
i£l-am 

72.0 

68.6 

Average 
Resis
tivity, 

70.3 

07.9 

71 5 

3041, stainless steel specimens after 10-day air 
storage and a second exposure to sodium is sho»-n 
in Fig. 6. Item (Bl in this figure illustrates a sensi
tized grain structure as a result of the second sodium 
exposure. One can observe that the microstructure of 
Type 304L after a second sodium exposure is signifi
cantly different than the microstructure of Type 304L 
after a single exposure to sodium [see Item ( . \ i ] . Item 
(C) shows Type 304 for only one sodium exjiosure and 
is to be compared to Item (B), which had two expo
sures to sodium. 

Next, the normal and desiccated air-stored speci
mens, after their second exposure to sodium, were 
subjected to the Strauss reagent for various periods 
of time. Electrical-resistivity data for these tests are 
shown in Fig. 7. These data indicate that desiccated 
specimens after a second sodium exposure with 10-
day air storage have effective electrical-resistivity 
values which exhibit a narrow- spread in statistical 
data and fall within the statistical values for normal 
(humid) air-stored specimens. 

file:///ir-storage
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TIME IN STRAUSS REAGENT, hi 

Phase I I , Test B. Rates of Attack of Strauss Reagent after Sodium Kxposii 

A. SODIUM EXPOSED 304 L 

PHASE! 

B. SODIUM EXPOSED 304L 
AFTER AIR STORAGE AND 
2nd SODIUM EXPOSURE 

PHASE n 

45 sec OXALIC ACID ETCH 

90X MAG 
FIG. 8. Photomicrographs of Sodium.expo.sed Stainless Tubing. 

C. SODIUM EXPOSED 304 

PHASE! 

Concisions of Phase II 

Tyjie 3041. tubing stored for 10 days in humid 
air or m dry air docs undergo small changes in ef
fective electrical resistivity. These small changes 
do not show up as marked changes in microstruc
ture. A Strauss test shows that (normal or dry) air 

storage has only a small increasing effect on the 
effective electrical resistivity. 

However, re-exposure to sodium for a second time 
after 10-dfiy air storage docs produce a significant 
change in microstructure. Data spread, in general, 
IS believed to be a direct result of environmental 
exposure. 

http://Sodium.expo.sed
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Phane III 

Definition of Phase III 

In Phase I I I , a second 10-day air (normal and dry) 
storage of specimens occurred after a second sodium 
exposure. Following the second 10-day storage jieriod, 
»pcciinen8 were exposed to sodium for the third time. 

Discussion of Phase III 

Following a second exposure to sodium, all speci
mens were stored for a .second 10-day air (normal-
dry) storage period. Eight normal and eight dry air-
stored specimens w-ere removed from the balance of 
available specimens. Tho effective electrical resis
tivities of these speeiinens were measured, with re
sults noted in Table 3. For comparison. Table 3 
rc]ieiit8 data taken from Phases-I and -II studies. To 
he noted is a slight increase in electrical resistivity 
of both "dry" and "normal" air-stored specimens 
above the respective values measured in Phase II . 

es 

NJ EXPOSED AFTER 10 DAY 
NORMAL AIR STORAGE AND 
RECYCLED THROUGH Na. 

1 5 2 3 4 

TIME IN STRAUSS REAGENT, hi 

Flo. 7. Phii.se II. Test B. Hates of Attack of SlraiLss Rea-

Keiit after .'M'cond Sudium l-:xpiK.;ure, 

TABLE 3. P H I S E - I I I Ti»-rs A OF SODII-Ji-TBE\TEn TYPE 
3WL Ti-M.\-o 

18 speeimenn for each group tested) 

Phases Tested 

High ! A\-eragc 
Resis- Rcsis-

Low 
Resis
tivity, tivity, ' tivity, 

Phase III: Normal Air Storane 
Phajw- 11 today Normal Air 

Sliirage 
Phio*e III; Dry Air Storage 
Pha.Hi' 11: l(l-dav Dry .\ir Storage 
Pha.*»e I: Sodium Treatment Only 

^l-cm 

70.3 
68.4 

flO.8 
07.5 

— 

^1-cm 

74.1 
72.0 

74.1 
68.6 

— 

^l<nl 

72.0 
70.3 

71.1 
67.9 
71.S 

f : 90 

TIME M STRAUSS REAGENT, hi 

Flo. 8 I'haso 111. Tent B Normal Air Rales of Attack of 
.StrausH Reagent \ f l e r Second .Sodium Kx|Mi*<iire at 1100°F 
for 7 I la\s . 

Again, as in Phase II. there was no marked change 
in microstructure of Type 304L stainless steel due to 
the environniental exposures associated with Phase-
I l l Tests A. 

Eight additional "dry" and "normal" air-stored 
specimens were exposed to Strauss reagent and ef
fective electrical resistivities were measured. Figure 
8 indicates results of the second 10-day normal air 
storage after a second sodium exposure. .Also Phase 
III is compared to Phase II. Figure 9 indicates simi
lar data for the "dry" air-stored specimens. 

Remaining specimens from Phase III were exposed 
for a third time to the sodium loop, .\fter the third 
sodium exposure, the effective electrical resistivities 
of the specimens were measured. Results for the 
"normal" air-stored specimens is shown in Fig. 10. 

One can note that all data points for Phase I I I are 
higher than the highest effective electrical-resistivity 
values measured in Phase II . 

Figure 11 shows results of Phase-Il l measurement* 

http://Phii.se
file:///fler
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TIME IN STRAUSS REAGENT, hr 

FIG, 9. Phase I I I , Test B—Dry Air. Rates of Attack of 
Strauss Reagent after Second Sodium Exposure at 110G°F 
for 7 Days. 

TIME IN STRAUSS REAGENT, hi 

Fio. 10. Phase 111, Test B—Normal Air. Rates of Attack 
of Strauss Reagent after Third Sodium Exposure at 1100°F 
for 7 Days. 

of the dry air-stored specimens. One ean note the 
large increase of effective electrical-resistivity values 
for the dry air-stored specimens. Comparing Phase-
I l l normal air storage (see Fig. 10) with comparable 
data for the dry air-stored specimens of Fig. 11, one 
can note that high effective electrical resistivities of 

the "dry" air-stored specimens is achieved in less 
than one hour of exposure to Strauss reagent The 
normal air-stored specimens require up to 6 hr of 
exposure to Strauss reagent to achieve similar re
sistivity values. 

Conclusions from Phase III 

Data from Phase I I I indicate that Strauss reagent 
is more aggressive in attack of dry air-stored speci
mens than in attack of normal air-stored specimens. 
-A speculative model for high attack rates for the 
dry-stored specimens is developed from these labora
tory data. Any residual subsurface sodium not re
moved by the cleaning procedure remains available 
to react with any available moisture during a given 
air-exposure period. During a normal air exposure 
(humid air) subsurface sodium could react with 
available moisture. Reaction with moist air would 
leave less unreacted subsurface sodium available to 
react with Strauss reagent after the moist air-storage 

2nd AIR STORAGE 
AFTER ZndNa 
EXPOSURE 

J \ \ \ \ \ L 
2 3 4 S 

TIME IN STRAUSS REAGENT, hr 

F I G . 11. Phase I I I , Test B—Dry Air. Rates of Attack of 
Strauss Reagent after Third Sodium Exposure at IIOO'F for 
7 Days. 
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cycle. In contrast, dry air-stored specimens have a 
limited amount of moisture available to the speci
mens during their storage time. A larger quantity of 
sodium would then be available to react with the 
Strauss reagent at the end of the dry air-storage 
period. These observations support the conclusions 
of earlier work •" w-hicli indicates that, under certain 
incoiniileti'ly understood conditions, sodiuni does 
penetrate stainless .steel grain boundaries. 

Phase IV 

Definition of Phase IV 

In Phase IV effective electrical resistivities of 
specimens placed in sodium 7 days at 1100°F and 
air-stored (normal and dry) for 120 days were 
measured, .\nother group of specimens, also sodium-
treated and air-stored, were re-exposed to sodiura a 
second time. 

Discussion of Phase IV 

In Phase IV, the effects of a long (120 days) air 
storage (normal and dry) were evaluated. The pur
pose of these tests was to determine if a long period 
of air storage would iiroduce effects on the stainless 
steel which were measurably different from short-time 
air storage. 

The data from Phase IV can be compared to the 
similar data (.sec Fig. 5) of Phase II. Figure 12 
indicates the effective electrical-resistivity values for 
both normal and dry air-stored specimens after initial 
sodiuni exposure. 120-iliiy air storage, and re-ex
posure to sodium. 

Coiiclu.^ioiis from Plui.'<i 1\' 

One can compare the results of diy air-stored 
specimens of Phase I \ ' (see Fig. 12) with dry air-
stored specimens of Phase II (see Fig. 5). On com
parison of 120-day air storage (normal or di-j-) to 
10-day air storage (normal or dry) , one notes that 
a single 120-day air storage produces a more rapid 
increase in the effective electrical resistivity. For 
example, an effective electrical resistivity for 10-day 
dry air storage of about 90 /xSl-cm is achieved in 5 
hr (see Fig. 5). In comparison, a comparable effective 
electrical resistivity is achieved in 2 hr for specimens 
stored 120 days in dry air. 

The rate of attack for normal air-stored specimens 
for 10 days (see Fig. 5) and for 120 days (see Fig. 
12) does not indicate a similar increase in rate of 
attack by Strauss reagent. The effect of 120-day nor
mal air storage is to decrease the scatter or spread in 
measured resistivity values for any given time of 
raposure to Strauss reagent. 

z 3 < s s 

TIME IN STRAUSS REAGENT, hi 

FIG. I'i Phaac IV, Test B. Rates of Attack of Stri 
Reagent for Type :»4L Tubing. 

GROUP 2' 

SAME EXPOSURE 

IRECHtCKOFEXP. 

MEAS TECHNIQUES) 

•"" : 2 ! a 1 2 

TIME IN STRAUSS REAGENT, hi 

• 16 SPECIMENS lERE USED • FOR EACH GROUP 

FIG. 13. Statistical Cheek of Type 3041, Tubing after Single 

Sodium Exposure and Water Storage. 

From the data of Phase IV, it is concluded that 
the variable of the length of time of air exposure, 
10 days or 120 days, does not produce as large a 
change in resistivity or microstructure as does the 
variable of repeated cyclic exposures of the specimens 
to sodium and sodium cleaning after each sodium 
exposure. 

file:///nother


434 Sm ith et al. 

- - 1 8 0 DAY WATER STORAGE 

2 3 4 

TIME IN STRAUSS REAGENT, hr 

FIG. 14. Comparison of Dry Air Storage to Water Storage 
of Type 304L Tubing after Single Sodium Exposure. 

There are measurable differences in specimens 
that are stored in dry air compared to specimens 
stored in normal air. Dry air storage produces the 
largest change in microstructure as evaluated by 
Strauss reagent exposure followed by a measured 
effective electrical resistivity of the specimen. 

Other Belated Measurements and Observations 

A. Wafer Storage of Type SOJfL Stainless Steel Speci
mens 

Fuel specimens from a fast reactor may be stored 
in either air or water. Early laboratory screening 
tests'-" indicated that water storage under specific 
circumstances produces adverse effects on fuel clad. 
Therefore, it was anticipated that the effects of water 
storage required further study. 

Specimens similar and in addition to specimens 
discussed above in Phases I through IV were exposed 
to a sodium loop. Sodium treatment and removal of 
sodium from the surface were identical to techniques 
reported above. Two additional rinses of 1000 ml ot 
distilled water were provided before tho specimens 
were stored in 500 ml of distilled water. The second 
rinse indicated a pH reading of "neutral." These 
sodium-treated and -cleaned specimens were then 
stored in water for ~180 days at room temperature in 
a closed glass container. 

After water storage was complete, the specimens 
were divided into two groups of 8 specimens each, 
selected at random. Rates of attack of Strauss reagent 
are compared in Fig. 13. Good agreement between 
the statistical results of both random groups can be 
noted. 

Electrical-resistivity data for the comparison of 
water storage to dry air storage, from previous 
Phase-IV tests, are show-n in Fig. 14. Comparisons of 
water storage to normal air storage from previous 
Phase-IV tests are shown in Fig. 15. 

For the water-stored specimens a macro inspection 
of the OD surface showed visual evidence of pittmg 
with a number of surface holes. Macro inspection of a 
pitted region indicated that pitting is about 0.005 in. 
deep. Etching of the specimen revealed that pitting 
was actually a loss of grains at the surface of the 
tube, as illustrated in Fig. 16. From these observa
tions it is estimated that water penetration durmg 
water storage is up to 0.0005 in. There is evidence 
from jihotomicrographs that sodium treatment and 
water storage ean produce grain boundary effects 
up to 0.001 in. deep. 

B. Sodium and Loop Pipe Analysis 

Because of concern for possible contamination of 
sodium by carbon from loop components, tests have 

DAY WATER STORAGE 

O O 

120 DAY AIR STORAGE 

o—o o 

2 3 4 S 

TIME IN STRAUSS REAGENT, hr 

F I G . 15. Comparison of Normal Air Storage to Water 
Storage of Type 304L Tubing after Single Sodium Exposure. 
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AREA OF I N T E R E S T ^ 

4.35 

V 

STAGE MICROMETER 
0.001mm PER DIV. 

Fill, Hi, Siiilniin-expiised Type :iOII. Tiiliiiig after IKIlday Water Sturagi', 

lu'iii conducted to measure loop sodium chemistn-
aiiil to identify the composition of all loop com
ponents. The results of sodium analysis from s|ieci-
inciis reinoved from the looj) are shown in Table 4. 

Sodium specimens were taken in a l'2-iii.-OD How-
through specimen tube at llOO^F. The oxygen value 
was obtained by determining the sodiuni content of 
the residue from a known amount of specimen. The 
sodium in the residue was assumed to exist as sodium 
oxiile. The value reported in Table 4 w-as calctilated 
on the basis that sodium oxide residue remains after 
sodiuni distillation. 

.•\n exaiiiination of each loop component has been 

T.\BI.K 4, .\N \i.Ysis OF Liiiir SOIUCM 

Impurity 

0 
Ni 
Cr 
Cu 
Ke 
C 

ppm 

3S 
B.4 
2.8 
4.3 
9 0 

19 0 

miuie to <U'tfr»inc if a Icnuth of pipf, fittinj;. or roni-
poiu'iil coulii inadvertently roiitain hi^h carhon steel. 
This analysis was ooiidticted using an in situ nontle-
slructive testing device called a "thcrniorator." '^' 
This instrument is sensitive to especially small ehaiip-s 
in carhon content of steels. It has l>ei'n determined 
that all loop componont-f are Tyi)e 304 stainless st<fl. 

C. Generalized Conclusions 

We have presented data related to the use of an 
engineering materials loop which i> coinjiosed of 
Tyi)e 304 stainless steel and has loggetl over 21.(KM) hr 
of service in the range from 900 to lo.iO^F. 

We wish to recommend the reader of this paper 
to an awareness of the current evolution of other 
data relating structural materials effects to so<JiuiD 
and other environments. Work in this current field is 
in progress an<l reported upon hy (leneral P^lectric 
Company. Mine Safety Appliance Company. Stan
ford Research. Atomics International. ORNL, and 
Argonne National Laborator>'. 

We have shown data from one s|>ecific engineering 
loop. For our conditions of sodium exposure we can 
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identify measurable deterioration of both Types 304 
and 304L stainless steel tubular specimens due to 
sodium and both water- and air-storage environments. 

We believe that these data, falling short of a model 
to predict structural-materials behavior, do serve to 
alert workers in the field to the possibility ot struc
tural environmental effects. These environmental ef
fects are separate from neutronic effects. Important 
variables are sodium quality (especially with respect 
to earbon and oxygen), temperature, time, and initial 
carbon content of the steel being evaluated. Other 
probable variables can be prior heat treatment, in
cluding the tube mill drawing and cleaning pro
cedures, stress on the specimen, and the influence of 
total sodium on the intercrystalline process of ab
sorption and adsorption. 

The complex variables of environmental testing 
demand additional laboratory-controlled research. 
It appears that decisions as to correct storage pro
cedures for any current sodium-cooled reactor will 
require specific controlled experiments relating ma
terials to be stored to their environments. 

Current work at EBR-II"" is directed toward 
specific testing of reactor clad materials in their 
actual environment. 
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Discussion 

Mr. .Shannon (BNWL): I assume you've run some 
control specimens through comparable heat treat
ments, but not exposed to sodium. Do they behave 
the same or differently? 

Mr. Smith: This information ean be found in one 
of the references to our paper. Other work for other 
environments for these materials is contained in 
Reference 1. 

Mr. Shannon: Did the carbon contents of the 

samples exposed to sodium change during the course 
of the exposure? 

Mr. Smith: We did not measure the carbon con
tents of the specimens; we measured the carbon con
tent of the loop. I should have given that informa
tion because it is important. The analysis of carbon 
that these specimens were exposed to is 19 ppm; 
oxygen was 35 ppm. 

Mr. Stem (UNC): One of the things that stood out 
to me was that in Strauss reagent Type 304 was 
attacked more than Type 304L. I would expect that, 
if you store either one of them in wet air, they 
would be less attacked by Strauss reagent than after 
storing in dry air. I would expect that because the 
wet air is somewhat of a passivation agent. Is this 
perhaps an underlying effect? 

Mr. Smith: I t may be; I don't want to speculate 
on the mechanisms involved. There is work underway 
on the mechanisms. Our data are empirical engi
neering data. 

Mr. Wensch (Chairman): What is the significance 
of the bellows you brought in as an exhibit at the 
start? 

Mr. Smith: I think the bellows is extremely im
portant. I couldn't invite you to our laboratory, so 
I brought part of the laboratory to you. We've 
had a failure of a bellows of this size on a 2-in. valve 
in a rather large (1000-gal) inventory sodium loop 
which is running at 1060°F to test FFTF fuel sub
assemblies. The loop was started 2 years before we 
did the work that I reported on today. When this 
loop was fabricated, there were 5 drain valves. Four 
drain valves w-ere purchased new and one had pre
viously been used in other experimental work at 
the Laboratory. Now comes my intelligence quiz. 
I'd like to ask you people which valve do you think 
broke? One of the new valves or the valve that had 
been exposed to sodium for a long period (sodium, 
air, and water)? The answer is obvious: the 
bellows that failed is exactly like this and it had been 
used in other experimental loops at the Laboratory. 
That dawned on me after I had written this paper. 
I wanted some way to get this information to you 
because I w-ill admit that use of a Strauss solution is 
about as tricky, I think, as Kolodney's work, re
ported yesterday, in a mathematical sense. We have 
a practical experience where a previously used com
ponent has really failed. I think it's important to get a 
little bit serious, and I'd like to address a comment 
to Glen Wensch and Bob Dickinson. I heard about 
a year ago of efforts to establish a failure analysis 
program for failures that occur in the sodium pro
grams as part of the LiUEC work. These failures 
were to be documented and reported on—the nature, 
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the cause, the cure, etc. I haven't really seen this 
program materialize and because we do continue to 
have failures, I would like to emphasize the desire 
that this LMEC program be activated. 

Mr. Wensch: If this effeet is confirmed, if it is new 
in nature, I should like to suggest that consideration 
be given to calling it the "Smith Effect." 

Mr. Wensch, Chairman: I have asked Bob Dickin
son to summarize the session for us. 

.Mr. Dickinson (LMEC) : I am impressed at the 
amount of data corning from the very exeellent w-ork 
by both the US and foreign groups. I feel a little 

easier as a participant in this program in that I 
didn't hear any really new- nasty problems. I heard a 
lot of work hitting toward solution of the problems 
that we felt did exist. My last impression, though, is 
that we're really in a long-range program whether 
we like it or not. I think this is sort of generally ac
knowledged. There's a tremendous amount of em
pirical work going on in a number of programs, cer
tainly not all of them. I wonder, more as a question 
than a summary, whether w-e could just take a deep 
breath once in a while and spend some effort on 
understanding the models that we're creating. Don't 
stop the experimenting, but try to do a little more 
understanding. 
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ABSTHACT 

The carbon activity produced in sodium by various 
additives was explored in a series of 25 capsule tests 
at 1400°F. The carbon flux tlirough the iron cap.sule 
wall into a stream of decarburizing gas was taken as 
a measure of the carbon activity. Very high carbon 
activity was produced in sodium by unstable carbides 
and by graiihite plus large amounts of oxygen. Stable 
carbides, sodiuni cyanide, and graphite without oxygen 
produced low liiit significant activities. 

Introduction 

During the development of an on-line carbon meter 
for sodiuni systems,"- -' a modification of the carbon-
meter concept was used to compare the carburizing 
potentials produced in sodium by various carbon-
bearing additives. The immediate objective was to de
velop ways of holding the carbon activity of sodium 
in Type 316 stainless steel (SS) loops at controlled 
levels well above the normal value. It was also hoped 
that the results might yield some insight on the carbon-
transfer mechanisms operating at normal activity 
levels. 

In the carbon-meter sensor, carbon diffuses through 
a thin iron tube-wall from sodium on the outside to 
decarburizing gas on the inside. Conditions are ar
ranged so that the carbon content thus produced in 
the gas stream is a useful measure of the carbon ac
tivity in the sodium. 

For the tests reported here, it was convenient to 
place the sodium inside the tube and the gas stream 
outside, reversing the direction of carbon flow-. The 
sodiuni ".system" thus became a small static capsule. 
This geometry afforded some significant advantages 
over sodiuni loops or pots in testing additives. Damage 
to the sodiuni containment by the additive was not an 
operating problem, and cleanup of previous additives 
W'as not required, since a new- capsule was used for 
each test. Providing an excess of additive in the sodium 
was mechanically simple. Integration with time of the 
farbon flux leaving the capsule permitted a mass 
balance for earbon in the sodium. The capsule-test 
concept w-as w-ell adapted to the program objective 
of exploring numerous additives with a modest effort. 

•Now at .Xrgonne National I.aboratory. .\rgoniie, Illinois. 

Tei*t I'riM'cdiirp 

.\ typical capsule cross section is shown in Fig. 1. 
The 14-in.-OD .\mico iron tube was honed to 0.4()0-
in. ID and then turned on a mandrel ilown to a 10-mil 
wall thickness over the I-in. active length, taking care 
to avoid machining grooves on either surface. Type 
316 SS was used for the '/i-in.-thick end plugs except 
w-liere noted, because it was ea.sy to weld and elimi
nated carbon flux out of the capsule ends. 

Before assembly the capsule parts were thoroughly 
cleaned, finishing with ultrasonic agitation in an ace
tone-alcohol bath, .\ssembly was performed in a glove
box filled with higli-purity argon. The bottom end 
plug was TI ( ! welded to the capsule tube. .\ weighed 
amount of the carbon-bearing additive and an .\rmco 
iron control tab were placed in the capsule. .\ged and 
filtered sodiuni, previously cast into an extrusion cyl
inder, was extruded at room teinperature, trimmed to 
the desired weight, and inserted in the capsule. The 
sodiuni weight was calculated to bring the sodium 
level at MOO^F to Vi in. below the top end plug. The 
carbon in the additive generally amounted to 5 to 10"^ 
of the .sodium height, so that the sodium would remain 
saturated amply long even with a high carbon flux out 
of the capsule. 

.\ top end plug containing a '/s-in.OD .SS evacuation 
tube was TIG welded into the top end of the capsule. 
. \ valve was coupled to the evacuation tube and closed 
for removal from the glovebox. The valve was then 
coupled to a vacuum system, and the argon was evacu
ated from the capsule. When outgassing was complete 
with the capsule warm, the evacuation tulie was 
clamped shut, cut, and welded before releasing the 
clamp. Sealing under vacuum was necessary because 
any buildup of internal pressure on heating would 
bulge the thin iron wall at the test temperature. 

For the test, the capsule was positioned vertically 
in a SS furnace tube as shown in Fig. 1. The furnace 
tube I D was machined to provide" ' a narrow annulus 
for gas flow- past the capsule to minimize the gas 
transit time, and'- ' a thick tube wall to minimize 
hydrogen loss and axial temperature variations. The 
test temperature and the gas composition, flow rate, 
and analysis train were the same as for carbon-meter 
sensors. The capsule was held at 1400°F (760°Ct by 
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F I G . 1. Capsule Test Apparatus. 

a 12-in.-long, Nichrome-wound, tube furnace. The de
carburizing gas w-as argon -i- '/2% water vapor -I- 5% 
hydrogen, flowing at 12'/2 cmVmin and essentially 
atmospheric pressure. Carbon diffusing to the outer 
surface of the capsule wall reacted with the moisture to 
form carbon monoxide, whieh was then converted to 
methane in a low-temperature catalytic converter and 
continuously measured in a flame ionization detector 
(FID). The calibration ot the FID was checked peri
odically with analyzed gas mixtures and found to be 
quite stable. The accuracy of the carbon-flux measure
ments was limited to ± 5 % by the gas flowmeter rather 
than the FID. 

The 5% hydrogen in the gas protected the iron 
capsule wall from oxidation by the water but did not 
protect the SS furnace tube. The steady-state carbon 
content of the gas with an empty control capsule in 
place was equivalent to 0.004 ,ig/em=-min, mainly 
from carbon released by slow oxidation of the furnace 
tube. All of the additives tested produced carbon fluxeS 
substantially higher than this background level. Cali
bration gases containing methane and carbon monoxide 
did not change their carbon content during passage 
through the empty furnace tube at 1400°F. 

Results 

The test conditions and results for 24 capsules are 
listed in Table 1. Figure 2 shows the patterns of carbon 
flux vs. time observed for some typical additives. The 
normal carbon content of the iron (0.015%) produced 
an initially high flux which dropped rapidly and ideally 
should approach a constant value. This was reasonably 
true for capsules in the shaded band of Fig. 2, which 
produced carbon fluxes of 0.3 ;ag/cm=-min or less. High 
fluxes were produced by some additives, and these 
tended to vary appreciably with time, probably owing 
to slow physical processes proceeding inside the cap
sule. The steep drop in flux from these capsules after 
tw-o or three days was due to complete consumption of 
the carbon source. 

The two capsules, plotted in Fig. 2, w-hich contained 
sodium carbonate both developed leaks, apparently 
due to strongly corrosive decomposition products. Al
though concentrated at the bath line, the corrosion 
was in the form of uniform surface removal rather 
than intergranular attack. 

The carbon fluxes produced by the various additives 
are visually displayed in Fig. 3. The range of flux val
ues measured after the capsule reached a reasonably 
steady state and before depletion of the source took 
effect is shown in this figure as a flux band for each 
capsule. 

The first tests were made with a small right cylinder 
of speetrographic-grade graphite, approximately of Vi-
in. diameter, added to the sodium. Such a cylinder 
produced a much low-er carbon flux than had been 
expected from previous tes ts" ' of carbon-meter probes 
in static sodium pots containing excess graphite. Since 
the sodium in the static pots had picked up considerable 
oxygen compared to that in the capsules, oxygen was 
added in various concentrations and forms to the 
sodium in seven capsules each containing a cylinder 
of graphite. An addition of 500 ppm (0.05%) oxygen 
produced no significant effect on the carbon flux, but 
10% oxygen produced a very high carbon flux, averag
ing 4.9 fig/cm--min. Intermediate oxygen concentra
tions produced intermediate fluxes more or less in 
proportion to the oxygen added. Oxygen appeared to 
be equally effective in the form of sodium peroxide, 
sodium hydroxide, and iron oxide, but less so in the 
form of sodium carbonate. 

Sodium carbonate was shown to be capable of pro
ducing a high carburizing potential in the absence of 
graphite or other carbon surces in capsules 3 and 19, 
by resorting to very large concentrations. This is not 
surprising, since substantial decomposition into sodium 
oxide and some carbon-rich material would be expected 
•above 850°F (450°C). 

Iron oxide and sodium oxide were added to capsule 
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TABIyK 1. CAPSULE-TEST COSDITIOSS .\sr> RESILTS 

Ciwule 
No. 

1 

2 

:i 

4 

5 

li 

7 

S 

11 

111 

11 

12 

i:i 

11 

1,1 

Hi 

17 

1« 

lil 

a) 
•il 

2-2 

•a 

31 

Cart ion Sou 

Mate r i a l 

N o n e 

( I r a p h i t c 

N a i C O , 

N a C N 

( J r a p t i i l c 

( I r a p l i i t e 

C a C , 

M o , C 

HiC 

( I r a p h i t e 

t J r a p h i t e 

Q i i i k - L i t e ' " 

( i r a p h i t e 

l i n i p l i i l e 

C r a l i h i t i ' 

N a , C , 

F e , C 

O a p h i t e 

N a . C O , 

N a C N 

.\ |o,,C 

1 i r a p h i t e 

l i n i p h i l e 

s l e e v e 

C O 

rce 

Weight , 

g 

_ 
0 . 1 1 3 

0 . 4 3 0 

0 . 5 0 0 

0 . 2 8 0 

0 . 3 1 0 

0 . 1 1 5 

0.(i2:t 

0.,-KX) 

0 . 1 0 3 

0.1(i7 

2 . 4 5 

0 . 1 3 0 

0 . 1 2 5 

0.1(17 

0.4,30 

2.5.30 

0 .137 

1.370 

O.OiM 

2 . 8 2 

0.1(10 

2 .2 : ! 

1 a t m 

Oxygen Source 

M a t e r i a l 

N o n e 

N o n e 

N o n e 

N o n e 

N o n e 

N o n e 

N o n e 

N o n e 

N o n e 

N a ^ ) , 

N a , 0 , 

C a r b o i i a t e f l 

N a . C O , 

F e , ( ) . 

N a O l I 

N o n e 

N o n e 

N a O I I 

N o n e 

N a , ( ) , 

N B , ( ) ! 

fNa , (> a n d 

\ F e , ( ) , 

N o n e 

N o n e 

Weight , 

g 

— 
— 
~-

— 
— 
— 
— 
— 
'— 

O.0O2 

0 . 0 1 9 

— 
o.ogo 

0 . 0 8 0 

0 . 0 9 0 

— 
— 

0 . 0 2 0 

— 
0 .017 

0 . 0 1 8 

0 .3521 

0 . 3 0 8 / 

— 
— 

Sodium 
Weight , 

g 

1.8 

1.825 

1.825 

1,818 

1.S.32 

1.S.30 

1.830 

1.854 

1.847 

1.809 

1.S07 

N o n e 

1.810 

1.812 

1.815 

1.520 

1.715 

1.700 

I S i W 

1.875 

1 811 

1.805 

0 . 9 6 8 

0 

Carhon l l u x . g/cm*-min 

Ijovi; r u n t o t ea t t h e v a r i i i i m s e a l i n g p r o c e d u r e . 

I l r o p p e d r a p i d l y t o 0 .11 . 

I l o s e t o 1.75 a t 20 h r , t h e n drop[M>d b e l o w 0 .13 . W a l l p e n e t r a t e d b y 

Hodium at gaa i i i t e r f a r e . 

H o s e t o U.'I3 at PI h r . l l ien dnjp|H><l IM4OW 0 18. 

D r o p p e d r a p i d l y t o (I.:t5. 

W e l d f a i l u r e l e a k e d aiKliiim ( . \ r m e o i ron e n d p l i l ga l . 

I l r o p p e d r a p i d l y h e h i w 0.05. 

l ) r o p [ ) e d r a p i d l y t ie low 0,05, 

I l r o p p e d f rom 0.7 t o 0 .3 in 7 h r . I h e i i r e r a p i d l y t o 0,007, I>eak in w e l d 

a f t e r 10 h r . 

D r o p p e d r a p i d l y Itelow 0,04. 

.Maxiniuni of 3.3 a l 4 h r . d r o p p e d sl<»wly t o 2,5 a t (j2 h r , t h e n d r o p p e d 

l ielow 0 ,27. 

K i i p t i i r e d b y g a s p r e s s u r e o n h e a l i n g . 

Ri i se t o 3.8 at 32 h r . he ld t h e r e u n t i l 72 h r . Wal l p e n e t r a t e d b y s o d i u m 

c o r r o s i o n a t nnt* i n t e r f a c e . 

P r o d u r e d 3,5 for alioiil ( iUhr. d r o p j i e d r a p i d l y t h e r e a f t e r d u e t o s o u r c e 

d e p l e t i i n i . Wal l p e n e t r a t e d b y s o d i u m al ga.s i n t e r f a c e . 

P r o d u c e d 4.5 for a b o u t (iO h r . dr<»pi)ed r a p i d l y t h e r e a f t e r d u e t o s o u r c e 

d e p l e t i o n . 

4 , 0 d o w n t o 3.0 in 4 h r , q u e n c h e d f rom 2.85 a t 28 h r . 

5 .1 ± 0 . 5 for 5 h r , q i i enehe i l f r o m 3,1 a t 13 h r . 

1.5 ± 0 .2 . q u e n c h e d f r o m 1.5 a t 13 h r . 

3.S ± 0 .8 , q u e n r h e d f rom 3.8 a l 12 h r . 

4 .5 , d r o p p i n g r a p i d l y t o 0.7 a t 13 h r . 

D r o p p e d t o 0.82 in 7 h r , a t a h l e a l 0.!>\ a f t e r :)0 h r . 

4.0 ± 0 , 2 f o r . 3 0 h r , D r o p j i e d toO,()07 w h e n c a t a l y t i c c o n v e r l e r w a s b y -

p a a a e d . 

l.9*-X\ for 15 h r . 

% 
0.7 for 18 h r . d r i i pp i i i g t o n e a r z e r o b y '24 h r . 

Note; .Ml capsules are .\ iii.O,48(l-in, ID X Kl-niilwall X 1 
ga.s ronlaining 0,5', 11.0. .V ; II. . balance argon flowing at 12.5 ee, mi 

' Coliilnercial park carbiiriziiiK i-oinpouiHl 

aclive length, with .SS end filiigs, tested at I400°F in probe 
mute, uiileas otherwise noted. 

22 ill amounts calculated to form the ferrate com
pound postulated by Ilnrsley.'-" The high carbon flux 
observed gave no evidence that the oxygen availability 
had been reduced by formation of any stable com
pound. 

Two graphite cyliinlers added to capsule 5 produced 
»significantly higher flux than a single cylinder, indi
cating that carbon diffusion through the iron wall was 
not completely rate-limiting in tho overall carbon-
transfer chain from the graphite to the gas. When the 
entire iiiiier surface of capsule 23 was lined with a 
close-fitting graphite sleeve, a fairly high carbon flux 
was produced, as shown in Fig. 3 . \ and Table 1. even 
though no oxygen was added to the sodiuni and the 
graphite had been thoroughly outgassed at 1600°F 
before insertion. 

The highest carbon flux measured was produced by FIG. 2. Carbon Flux from Capsules r« Time. 
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A 
Unstable Carbides: 

Graphile Plus -y 

y ^ ^ ^ 0 . 3 % 0 

• .OWOasNa^OjdO) 

• 1 Graphile (5) ^ ^ ^ ^ 

•̂ ^̂  ^ ^ H Na„C- 116) ^ ^ ^ 

/ ^ i — 

/ ' ' ' ^ ^ H ^ . M O a 

/ ' ^ i ^ ^ H l . m O a s Fe.O 

^ ^ •2 .?< iOasNa^COj (13 

^ ^ ^ ^ 0 . 4 % Oas Nâ O^ IU) 

as NaOH UB) 

^ ^ ^ ^ ^ ^ H Graphite Sleeve (23) 

^ ^ Fe,C(17) 

WOasFeOINa^O)^!??) 

NaOH 115) 

(14) 

Capsule Number 
Shown In Parentheses 

„ ' I I I 

^ ^ • B CO gas (34) 

^ H NaCN 4 0.4%O as 1^2*^2'^''' 

^ ^ ^ Mô C + 0.4% as Na^O^ (21) 

^ H SiC (91 

• NaCN 14) 

• Mô C (8) 

• CaC2(7) Capsule Num 
In Pa rent he 

0 1 2 3 4 5 6 
ILi^ttw. • min 

F I G . 3. Typical Carbon-flux Ranges Produced b\- Various 
Additives. 

addition of iron carbide, which is quite unstable at 
the test temperature. Addition of sodium carbide, the 
stability of which is uncertain, also produced a fairly 
high flux. Additions of silicon carbide, molybdenum 
carbide, calcium carbide, and sodium cyanide produced 
carbon fluxes which were comparatively low but still 
significantly above the 0.007-/ig/cm--min level typical 
of clean sodium-SS systems. Addition of 0.4% oxygen 
as sodium peroxide increased the carbon flux from 
sodium cyanide and molybdenum carbide significantly 
(capsules 20 and 21) but not to the extent observed 
with graphite (capsule 11). 

Capsule 34 was welded to the end of a SS support 
tube arranged so that pure carbon monoxide gas could 
be fed to the inside of the capsule at 1400°F. No so
dium was used in this test. The initial steady-state 
carbon flux was not large and decreased slowly but 
continuously to near zero. Subsequent examination 
revealed that a dense layer of carbon had deposited 
uniformly over the inner surface ot the capsule wall. 

A solid graphite rod, tested in place of a capsule at ; 
1400°F, produced no detectable carbon content in the • 
decarburizing gas stream. Although the gas reacts , 
rapidly with carbon dissolved in iron, it is apparently 
inert to massive graphite. 

Most of the capsule wall and control tabs were 
sectioned and examined metallographically. Capsules i 
in which tests were terminated at a low carbon-flux ! 
level showed the normal ferrite structure at the top | 
of Fig. 4. Capsules which were quenched from 1400°F ! 
at a high carbon flux showed a pearlite layer at the j 
sodium side, as seen at the bottom of Fig. 4. The 8-mil- • 
thick iron control table from capsule 17 was completely 
transformed to gamma iron after 13 hr at 1400°F in 
sodium with a high carbon activity, but only over the 
bottom Vi in. of its length. The transition zone from 
gamma to alpha iron farther up the tab is seen in the 
top half of Fig. 5. The 20-mil-thick control tab from 
capsule 15 exhibited a strikingly flat grain boundary 
(see Fig. 5, bottom), located near its midplane and 
parallel with the faces. Presumably it was formed by 
the meeting of gamma-iron fronts advancing from 
both faces during the 60 hr of high carbon activity in 
the sodium. When the activity dropped owing to ex
haustion of the carbon source, the tab decarburized 
and transformed back to alpha iron. 

Significance of Results 

The capsule test technique did reveal substantial dif
ferences in the carburizing potential produced in so
dium by the various additives tested. Addition of iron 
carbide to capsule 17 produced readings of carbon flux 
up to 5.5 /ig/cm--in. The maximum carbon flux theo
retically attainable through a IO-mil iron wall at 
1400°F is 5.9 /«g/cm--min, based on 161 ppm as the 
solubility and 1.98 X 10"" cmVsec as the diffusivity 
of carbon in alpha iron at the temperature. Trans
formation to gamma iron increases the carbon solu
bility to 8600 ppm but decreases the diffusivity to 
8 X 10-» cmVsec at 1400°F, resulting in a net de
crease in theoretical carbon flux to 1.2 /ig/cm--min 
through a 10-mil wall. Published data indicate that at 
1400°F this transformation occurs at a carbon activity 
of about 0.67, referred to graphite. Substantially higher 
carbon activities must have been present in the sodiuni 
in the high-flux capsules to maintain the layer of 
gamma iron observed at the inner surface. Iron carbide 
is known to have a carbon activity higher than that 
of graphite at 1400°F and apparently can maintain a 
similarly high carbon activity in sodium in the face 
of a significant rate of drain. Sodium carbide produced 
the same effect, lending substance to the possibility 
that it is the principal form of carbon produced in 
sodium by iron carbide. 
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Dccaibiuizing gas 

Fin. 4. . \ l i ir , ,slrurluie i f . \ni i .o Ir.m Ca|isuli' Walls. T..p, I.o 
(6lJg/rm*-niiii), pi'arlilc layer on the sodiimi side (Capsule 17). 

The ability of oxygen to enhance the carburizing 
effectiveness of eleiiiental carbon in sodiuni cannot 
be called surprising, although the mechanisms involved 
are uncertain. Oxygen in some form has long been 
recognized as essential for efficient carburizing of 
steel parts. Russian workers'*' noted the important 
effect of oxygen in studies of carbon transfer by so
dium reported in 1962. In the capsule tests reported 
here, the enhancement effect of oxygen on carburizing 
potential generally increased with the amount of oxy
gen added, up to 10 w/o, which was about the same 
8toni fraction as the earbon present. Luner'^' has 
shown that elemental carbon is extremely insoluble in 
pure sodium. Perhaps oxygen exerts its effect by re-
scting with the carbon in sodium to form compounds 
that can then enter readily into carburizing reactions. 
•Although the oxygen concentrations used in these cap-

1.5 mil pearlite layer 
high-carbon sodium 

carhnii flux, nurinal ferrite s tn i r lure . Bottom: High earbon flux 

sule tests were much higher than will exist in reactor 
coolant systems, the carburizing potentials produced 
were also much higher than could be tolerated. There 
is no reason as yet to expect that oxygen-carbon inter
actions are likely to produce damaging carburization 
at concentration levels more typical of practical so
dium systems. The capsule tests serve only to show 
qualitatively that such interactions can occur. One 
would expect that injection of oxygen into a sodium 
system containing excess earbon would produce a surge 
of carburizing potential, and this has been observed 
with a carbon meter probe in a stainless steel loop. 

Carbon has been found by other workers'" to exist 
in sodium in at least five forms, which may be loosely 
identified as carbide, cyanide, carbonate, hydrocarbon, 
and elemental carbon. Considerable practical interest 
attaches to the question of which, if any, of these forms 
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~ Intersection plane 
of advancing 
austenite fronts 

F I G . 5. Microstructure of Armco Iron Control Tabs. Top: Transition between high and low zones if carbon activity (Capsule 17). 
Bottom: After carburization to austenite and decarburization back to ferrite (Capsule 15). 

accounts for the earbon transfer observed in sodium 
coolant systems at LMFBR temperatures. The capsule 
tests described here cannot answ-er the question directly 
but do permit a few speculations. Aeetylide-bonded 
(carbide) earbon in sodium could be a highly effective 
transfer agent. Cyanide carbon, although probably less 
effective than carbide, could still be a significant source 
over long periods of time. Carbonate carbon is prob
ably an effective source when it decomposes but not 
until then. Hydrocarbons were not tested as additives 
but are expected to have formed w-ithin the capsules 
and built up to a low pressure in equilibrium with 
excess carbon and the 0.74-psia hydrogen pressure 
from the decarburizing gas, thus nullifying the de
pression of carbon activity in sodium which hydrogen 

was shown to exert in earlier pot tests . '" Elemental 
carbon is probably less effective as a direct source 
than when converted into other forms by interaction 
with oxygen or other impurities. 

Several indications W'ere observed, both in the cap
sule tests and in related pot tests, that the carburizing 
potential decreased rapidly with distance from the 
source in stagnant sodium. Since all of these indications 
w-ere associated with a continuous carbon flux from the 
source, a final test was run duplicating capsule 17 
(iron carbide addition) but substituting pure argon 
for the decarburizing gas. Metallographic examination 
after 8 hr at 1400°F showed that only the bottom Vi 
in. of the control tab had been converted to gamma 
iron, essentially the same as in capsule 17. The impli-
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cation is that somo mechanism other than a carbon 
gink or hydro^fii intorartion was operating to limit 
axial transfer of carhon in the capsule. Thi.'̂  finding, 
plus the rcHults ohtained from cafK-̂ ules 5 and 23. make 
it clear that the carbon flux measured for a given 
additive was a function of the physical size and loca
tion of that additive in the capsule. Thus, the results 
are useful not as an absolute measurement for each 
additive, but rather as an approximate indication of 
its relative carburizing effectiveness. Additions to SS 
loops fitted with carbon meters have subsequently con
firmed the ability of carburized iron and of carbon 
and oxygen in combination to f)roduce high carbmizing 
potentials in circulating sodium. 

(ioncluHions 

In summary, the exploratory capsule tests reported 
here suggest that: 

1. Iron carbide and sodium carbide are highly effec
tive sources of carburizing potential in sodiuni. 

2. This potential is exerted over a rather short range 
in stagnant sodium, for reasons that are not under
stood. 

3. Silicon, molybdemun, and calcintn carbide are 
niiirli less effective sources. 

4. Klemental carbon is a comparatively poor source 
of carburizing potential in pure sodium, but is con
verted to a strong source by addition of large amounts 
of oxygen to the scuhuni in any of several forms. 

'). Sodiuni carbonate can be a strong source when 
decomposed, as would be expected from its oxygen 
content. 

6. Sodium cyanide is a comparatively weak source, 
but could he significant over long periods of time. 

7. These results should be regarded as exploratorj* 
;iiid qualitative. 
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Discuftflion 

Mr. yumti>iH'ulihs (W): I would like to know the 
purity of the iron carbide and molybdenum carbide 
that you used. 

Mr. McKcc: In a word, we don't know. We bought 
the iron carbide from a supply hou.-*e .specializing in 
this comjKnmd. It was a cr>'staIline-looking material. 
I don't believe we ever analyzed it. Is Wayne Cap-
linger here? Can you answer the question. Wayne? 

Mr. Caplinger ( U N O : It was claimed to be 99.9+% 
pure by the manufacturer, but we never analyzed it. 

Mr. Yonnopoulos: I would like also to know the 
source of the iron carbide. Where did you get it? 

Mr. McKcc: I think the name of the company is 
Research Inorganic Chemical Company.* 

Mr. Yannopoulo-s: The reason I'm asking i.s that we 
re<iuested somt ciirbitle from the same company, and 
X-ray examination showed that the bulk of the mate
rial was just iron and carbon despite the claim of the 
catalog that it was pure iron carbide. 

Mr. McKee: I regard it as entirely po.ssible that it 
was not all FoaC; that's hard to make. Nevertheless, 
I think there was enough there to demonstrate that 
iron carbide produces a ven.' strong carburizing po
tential in sodium. The sodium carbide, incidently, was 
even harder to get than FcaC. It was part of a few 
grams pro<hiced for the AKC by Atomics International, 
and we knew equally little about its purity. I think 
that it sufficed for our purposes, which were explora
tory. 

• Sun Valley, Califuniia 
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1 . I n t r o d u c t i o n 

It is well recognized that in a bimetallic system 
bridged by sodium or potassium, earbon is transferred 
from low alloy ferritic steels at low temperature to 
high alloy .austenitic steels at high temperature. Recent 
observations also show that carbon moves from the 
hot to the cold leg of systems made ot all stainless 
steel."' =' 

Despite much interest, concern, and investigation, 
an understanding of the mechanisms of carbon transfer, 
and consequently ot methods of control, is yet to be 
attained. The current approach to the problem is to 
seeli carbon species in the sodium in hopes of deducing 
from their nature the mechanism of carbon movement, 
that is, the existence of carbon species in deposits in 
regions of sodium systems which differ in temperature 
can reflect the interaction of various solutes in sodium 
and thus provide clues to the process of carbon transfer. 

Over the past halt-dozen years, a considerable body 
of information has been accumulated about carbon 
species in sodium. Lyashenko and Nevzorov'^' deduced 
from electrolytic experiments that carbon and oxygen 
linkages exist in sodium containing these elements. 
Sabol et aL'*' concluded, from tho chromatographic 
analyses of gases released during the aqueous dis
solution of sodium and treatment of this solution with 
dilute acid, that at least three forms of carbon were 
present: those producing hydrocarbon gases; carbon
ates ; and those which were refractoiy to these reagents, 
probably elemental carbon or heavy metal carbides. 
In 1965 Hobart and Bjork"'"' demonstrated that cya
nide was stable in sodium, and could be formed in this 
medium from carbon and nitrogen in any of a variety 
of forms. Cafasso"" has recently reported solubility 
data for cyanide in sodium. Sinclair and coworkers'" 
obtained preliminary data which indicated that car
bonate, carbide, graphite, and carbonyl may exist in 
sodium. Luner et al.><» have reported the solubility of 

• Work performed for the U. S. Atomic Energy Commission 
under Contract AT(04-3)-189, Project Agreement No. 15. 

carbon to be less than 0.005 pjmi at 450°C, much 
lower than the value obtained in an earlier study. 
They also found that reactor-grade sodium contains a 
large fraction of its carbon in what is presumably the 
elemental form and that carbonate is present in ap
preciable quantities. In addition, a trace of carbon 
as C H , , NaCHs , or metal carbide was also seen. 
Grundy and Hamer™ reported that the hydrolysis and 
acidification ot deposits remaining after sodium re
moval by amalgamation evolved hydrocarbons and 
COo. From this they inferred the presence of sodium 
alkyls, sodium carbide, and sodium carbonate. 

In 1967 the present au thors ' " ' found at least 5 forms 
of carbon in a cold trap which had seen long service in 
a high-temperature sodium system fabricated of fer
ritic steel. Both the cyanide and carbonate anions were 
observed, and it was also inferred that carbides, 
elemental carbon, and a methane-yielding species were 
present. In the same period, Wildeman et al.^''''-^ showed 
that acetylene, earbon dioxide, and hydrogen cyanide 
were released from the dissolution and acidification 
of cold-trap residues, and postulated that the precur
sors of these gases were Na2C2, NaoCOa, and NaCN. 

In a continuation of our study, a second trap, this 
time from an austenitic steel loop, has been examined. 
A description of this experimental work and the re
sults which pertain to the deposition ot carbon and its 
compounds is the subject of this report. A comparison 
of the data obtained for the two systems provides some 
insight into the questions of carbon activity and trans
port. 

2. Description of the Sodiuni Systems 

The cold traps had been used to maintain sodium 
purity in two systems (loops) through which high-
temperature sodium was pumped. The loops were op
erated by General Electric for the USAEC as part of 
a programf to study mass transfer. The systems, ex
perimental programs, and some of the results obtained 

t Contract ATC04-3)-189, Project Agreement No. 15. 
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have been described in the project literature."^' For 
convenience, a few pertinent detail.s will be repeated. 

The ferritic loop studied. Project Loop 5, was made 
of 2'/i C'r-I Mo alloy steel; the austenitic loop. Project 
Loop 1, was fabricated of AISI Type 316 stainless 
Btcel. During the test runs maximum temperatures were 
generally 1200°F; the Type 316 loop was also run at 
1300°F. The maximum teniperature differential, from 
the hottest to the coldest sodium, in the loop was 
500°F. Soduim velocity ranged up to 25 ft/sec. So
dium purity was maintained at plugging temperatures 
of cither 450°F (believed to correspond to 50 ppm 
oxygen! or 30O'̂ F (believed to correspond to 10 ppm 
oxygen). Each loop operated for a total of about 20.0(X) 
hr. 

3. Description <»f tin* T r a p und Dismantling Proce
dure 

The cohl traps are stainless steel cylinders, 4'/a in. 
in diameter and 15 in. long. The central four-fifths of 
the volume is packed with Type 316 stainless steel 
racsh. The sodium content of the trap is about 3 
liters. Sodium temperature at the inlet of the trap 
varied between 600 and 900°F, and the coldest tem
perature corresponded to the plugging values listed 
above. 

After removal from the system, the traps had been 
stored with all openings welded shut. The first steps 
in the examination were to clean the surface of the 
trap and saw off the ends, which were then discarded. 
The body of the ti'ap was next transfei'red to an inert-
atmosphere box I helium containing < 1 ppm by volume 
each of II^O and Oj) to complete the dismantling 
process. The exposed surfaces (ends) were scraped free 
of the oxide that iiad formed when the ends had been 
removed. The newly exposed surfaces had the typical 
metallic luster and the softness of sodium. This was 
surprising in that a fairly large buildup of oxide of 
considerable hardness bad been antici])ated and was 
most fortunate in that the remainder of the sampling 
procedure was simplified. Subsequent analyses con
firmed that only minor amounts of sodium oxide, no 
more than 3'̂ ;-, were present in the regions of greatest 
deposition. 

The content* of the trap were removed in one piece 
hy heating the cylinder sufl5ciently to just melt the 
sodium at the walls while pushing on one end. The 
ryhnder of sodium so obtained was cut transversely 
to provide five sub-samples (see Fig. 1). These sec
tions, except for periods of subsampling. were kept in 
sfaled containers and stored in the glovebox. 

Sub-samples for the various analyses were obtained 
h.v cutting and gouging with spatulas, .\lthough gross 
smounts of mesh were removed before these analyses, 

it was not possible to free the sample completely of 
this material. 

4 . Analytical Techniques anil Re«ull« 

It was found at the outset that the impurities were 
concentrate<l in a fairly narrow zone, about 4 in. above 
the inlet of the trap. In consequence, the work was 
focused on this area, and the results presented are in 
terms of concentration based on the weight of sample 
removed from this section. 

.\lthough the precision of the individual analytical 
methods to be discussed is considered to be Iwtter 
than ±10% (relative standard deviation), the analyses 
reported below are less precise by a factor of two 
due to inhomogeneity of the deposited material. 

4.1. Determination of Total Carbon 

•\ wet combustion procedure was used to measure 
total carbon." ' The method also enables distinguishing 
between those carbon species which are converted to 
gases by the addition of water and dilute acid (e.g.. 
carbonate, cyanide, methanides, and acetylidcs) from 
those which require oxidation to effect the transfor
mation to a gas (e.g., elemental carbon and refractory 
carbides). The results appear in Table I. 

The following techniques were used to further char
acterize the carbon impurities. 

4.i. Separation and Xondcstructive Examination 

The impurities were concentrated by removing so
dium by means of vacuum distillation, amalgamation, 
or liquid ammAiia."-" The residues so obtained were 
analyzed by X-ray diffraction and by infrared spec
troscopy. Care was taken to avoid atmospheric con
tamination. Evidence of carbonate, cyanide, and acety
lide linkages were noted, but the high concentrations 
of sodium oxide, hydride, and hydroxide comprising 
the bulk of the sample prevented definitive identifica
tion of specific compounds. 

4.3. .Inalysis of Decomposition Gases 

Next, it was attempted to deduce the composition 
of impurities separated from sodium by amalgamation, 
distillation, and the action of liquid ammonia from 
the identity of the volatile species evolved during the 
hydrolysis and acidification of these residues. The gases 
evolved were identified and the amounts estimated by 
gas chromatography. Water addition yielded traces 
of ethane, methane, and appreciable quantities of 
acetylene in the case of the ferritic loop deposits. The 
results expressed in terms of carbon concentration are 
designated as "carbide" carbon in Table 2. Within the 
limits of detection, these gases were not found when 
the austenitic loop residues were treated similarly. 
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Fill. 1. Sectioned Cimtenls of the Loi>p 1 Cold Trap. 

T.ABLE 1. CONCENTRATION OF CARBON 

IN Coi.D-TRAP SODH'M 

Volatilized by water and acid 
Volatilized by oxidation 

Total 

Austenitic 
Loop 

90 
220 

310 

(ppm) 

Ferritic 
Loop 

640 
280 

920 

TABLE 2. FORMS OF C.VRBOX 

COLD-TR.VF DBPdSITS 

Acidification of both solutions yielded earbon di
oxide. The presence of carbonate was confirmed by 
means of a titrimetric method. The data obtained are 
shown in Table 2. 

4.4. Determination of Cyanide 

A re-examination by X-ray diffraction of the mate
rial remaining after the hydrolysis and acidification 
steps clearly showed the presence of complex metal 
cyanides. I t was presumed that they resulted from the 
reaction in solution of sodium cyanide and the metallic 
elements present. Consequently, separate samples of 
sodium were analyzed for the cyanide anion. The pro-

Form of Carbon 

"Carbide" {acetylene production) 

Evolved upon heating (largely 
CH.) 

Carbonate 
Cyanide 
"Elemental" '"> 

-\ustenitic 
System 
(Carhon, 

ppm) 

Not de
tected (<1) 

10 

50 
45 

220 

Ferritic 
System 
(Carbon, 

ppm) 

25 

25 

350 
280 
280 

t"' Repeated from Table 1. 

cedure involved dissolution, distillation of HCN from 
the acidified solution, followed by spectrophotometric 
determination of cyanide in the distillate using p-
phenylene diamine for color production. '" ' Again, the 
data are presented in Table 2. 

4.5. Measurement of Gases Evolved upon Heating 

During amalgamation separations, it was noted that 
methane was evolved along with hydrogen during the 

file://-/ustenitic
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mitial, heat-proilucing reaction between mercun,' and 
the sample. To verify this ob.servation, a separate 

I from the cold trap was hcateil just above the 
m point in a vacuum system, .\nalyses of the off-

confirmed the presence of methane. Trace 
Hits of other hydrocarbons were also noted. The.se 

neults, too, are shown in Table 2. 

5. l)iBCU8Ki<in (»f ReHults 

5.1. .'iimrccs of t.'arbon Species 

There are, evidently, at least five separate forms of 
carbon ilcftosits present in the trap. It seems vjibntble 
to ilisctiss their probable sources and to provide infor-
ranlion wherever it is available that supports or dis
counts the possible existence of the observed com-
pouiiils in the hot sodium. 

S.1.1. Carbonate 

Carlionitte has been detected regubirly in stiiiiples 
from these loops, and thus identification of this anion 
in the cold trap is not surprising. The most likely 
source is the reaction of sodium with atmospheric 
rarbnn dioxide that enters the system while it is open 

iniple removal. .\ less probable source is the 
,.111011 of carbides by Xa;(l. I t is expected that 

carbonate wouhl be reduced in the system according 
lo the reaction 

Na^COa -I- 4Na = 3NaoO + C. 

It* persistence in the hot sodium is thus surprising. 
This may be due to slow kinetics for the decomposition 
or may represent a balance between rates of introduc
tion by the means just suggested and its removal by 
decomposition and precipitation. 

It sbnidil be noted that there was no evidence for 
rtirlionyl species. 

S.l.i. Cyanide 

Based on the work of Hobart"" it is clear that cya
nide can be formed in the hot leg of the mass-transfer 
loops—nitrogen is a\ailable in the cover gas or by 
lOTineation through the walls; carbon is ubiquitous. 
The solubility of cyanide should be of the order of 
several hundred ppm in the hot leg and virtually zero 
at the cold-trap temperature; thus deposition in the 
trap is not at all surprising. It should be noted that 
the analysis of a soilium sample taken at 750°F from 
a loop presently in operation contained 1.0 :^ 0.2 ]ipm. 
This is also in reasonable agreement with the recently 
published solubility ilatti and supports the hypothesis 
•hat cyanide is probably deposited to an appreciable 
Went in piping preceding the cold trap. 

5.1.3. Carbides 

The reUa- '̂e of acetylene and other hyilrocarlions 
upon hydrolysis of the separate<l impurities from the 
ferritic loo[i samples inilicates the presence of carbides 
.\cetylene is known to IH' evolviil when water is aihbil 
to a metal or alkaline earth carbides lacetylidesl; a 
mixture of hydrocarbons is obtained when the carbides 
of the transition metals (Fe. t 'r . Mm are attacked by 
water and dilute acids. 

Since acetylene is the predominant gas identified, 
the acetylidcs are the most likely precursors. It shouhl 
be noted that calcitim at concentrations of .-.everal 
biiiiclred ppm was fouml in depo.-its from l>oth loops. 
Wildeman"" appears to favor the acetylidcs, si>ecifi-
cally sodium ctirbide, as the source of acetylene he 
observed in cold-trap examination. Based on thermo
dynamic stabilities, calciimi carbide is an even more 
likely source. 

It should be emphasized, however, that no tlirect 
evidence for either calcium or sodium carbide has ln-en 
obtained. Complex metal carbiiles of the M23C0 ty|M' 
have been observed on corrosion specimens'" ' exposed 
to HJ00°F sodium. Small ttniounts of these complex, 
heavier metal carbides thus may also be present in the 
trap and be the source of the traces of hydrocarbon gas 
detected. 

5.1.4. Methane 

The source of methane evolved on heating is un
known. Orundy and Hanier.'*' attempting to explain 
a simibir observation, postulated the presence of so
ilium alkyl. However, one cannot argue with their 
coninient that it is not clear how an alkyl compotinti 
could exist in high-temperature sodium and yet de
compose at the relatively low temperatures of amalga
mation. 

.\ltematively, the authors suggest that methane, re
leased from steel, may di.'isolve in sodium. Were this 
the case, it would l>e expected that methane would find 
its way into the loop cover gas. With only a few ex
ceptions, this w.as not the ca,se for the two loops under 
iin'estigation. On the other hand, methane is detected 
regularly in the gases involved during the amalgama
tion of sodium sampled at about lOOO^F from our 
|>resent systems and. recently, fairly high concentra
tions I ItKK) ppm) of the gas have appeared as an 
impurity in the cover gas of one of these loops. 

.\ third proposed method of formation is suggested 
by the large amount of sodium hydride found in the 
traps. There may be a reaction of this compound with 
carbon according to the equation 

4NaH -I- 0 = 4Xa -b CH,. 
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However, the reverse reaction is favored thermody
namically, and thus this possibility is not strong. 

5.1.5. Elemental Carbon 

It is believed that a large portion of the carbon that 
requires oxidation to volatilize it is elemental carbon. 
The reduction of sodium carbonate yields carbon, and 
the nature of the production process for reactor-grade 
sodium is such as to yield the element as an impurity. 
In addition, the low solubility of earbon would pre
clude efficient cleanup in the cold trap, though it ap
pears that some is removed in this manner—possibly 
due to a settling effect. 

I t is believed that some complex metal carbides 
would also require severe treatment for complete dis
solution, and thus such species could make a small 
contribution to the fraction of carbon which was de
posited in a relatively inert form. 

5.2. Relationship to the Mechanism of Carbon Trans
port 

The data presented in Table 1 show that the total 
amount of carbon deposited in the trap from the fer
ritic loop was three times that found in the deposits 
in the stainless steel system. The difference is due 
primarily to the increased amount of complex carbon 
forms in the ferritic-loop deposits. The greatest rela
tive change is in the acetylene-producing fraction, 
which is essentially absent in the deposits of the Type 
316 system. 

A possible explanation for these observations lies in 
the interaction of carbon with potential carbide-form
ing solutes in the systems. Consider, for example, that 
chromium, calcium, and sodium all form carbides, but 
that the formation of the chromium compound is 
favored thermodynamically. In the stainless steel sys
tem the chromium activity should be high and the 
formation of carbides of this element is expected. I t 
has been noted '" ' that complex metal carbides were 
found in corrosion products deposited in the 800 to 
1000°F temperature region of a stainless steel system. 
Therefore, it appears likely that the chromium carbides 
would precipitate before they reached the trap and 
thus lead to the observed reduction in the amount of 
carbon in the trap. 

In the ferritic system the chromium activity is 
relatively low, and it seems reasonable that more 
carbon will be available for precipitation as alkali 
metal or alkaline earth carbides or as cyanides. In 
addition, if these species have an appreciable solubility 
at loop temperatures, larger quantities may be expected 
to reach the cold trap. The results in Table 2 show 
qualitative agreement with these hypotheses. The ab

sence of the acetylene-producing species, almost surely 
calcium or sodium carbide, in the austenitic deposits 
may be attributed to the greater stability of the cya
nide relative to the acetylidcs. Thus, in the system 
with lower carbon activity, the cyanide would tend 
to be formed preferentially. 

The treatment of the data is qualitative; it is obvious 
that in multicomponent systems the interactions be
tween various species becomes quite complex. The 
presentation is made, nevertheless, to indicate that the 
search for carbon species is a useful tool in the in
vestigation of mechanisms of carbon transport. It 
argues for additional effort. Specifically, other potential 
deposition zones should be investigated to determine 
the nature of the precipitated material. Solubility 
studies of observed compounds should be continued as 
should investigations of the reaction ot carbon with 
hydrogen, oxygen, and nitrogen. 
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Discussion 

Mr. Humphreys (Chairman): Was any examination 
made of the ferrite-loop materials for carbon depletion? 

Mr. Dutina: Yes. That loop saw almost 30.000 hr 
of operation, and it was examined in detail—at least 
the main ptirt of the loop was. What we found was 
(Icrurburization generally in the areas of higher tem
perature. We didn't find out where the carbon was 
going. It wasn't extensive, but it was very definitely 
noticed. 

Mr. Andrews (MSA): Did you eventually come up 
with a number for total oxygen in the two cold traps? 

Mr. Dutina: Yes, the total oxygen was roughly 
the same in the two traps, within the uncertainty 
ot the kind of analysis you can do on a trap like 
this. Looking at the most concentrated zones (and 
the distribution was about the same for both), the 
oxygen concentration in the ferritic-system trap was 
around 0.27r, and that for the austenitic system was 
about 0.3%. 

Mr. Feder ( . \NL): I'm very pleased to see this kind 
of analysis of cold traps to get clues as to the species. 
I'm a little puzzled, however, and I think I'm express-
inR Ihe puzzlement of others here. It would seem as 
though those species that would be the most carburizing 
would be gettered by the stainless steel system and thus 
the Ictist likely to show up in the trap. Conversely, 
those that are indifferent to the steel might be expected 
to show up in the trap. Your results seem opposite to 
this. 

Mr. Dutina: I don't really know bow to answer. 
We know that there is movement of carbon. If it's 
moving we may also see some of it moving to the 
trap, imd this may be an indication of that movement. 
That's about the best I ean say. 

Mr. Hodgers (MS. \ ) : When we have heated our 
cold trap, we have seen an increase in carburization of 
the monitoring tabs, and we've also seen an increase in 
the output of our carbon meter. -Apparently we are 
toncentrating carburizing species in the cold trap at 
the same time we carburize stainless steel. 

Mr. Jansson (Wl : If one assumes that carburization 
occurs solely through a species in the solution, then 
one would expect that the high carburization rates 
would correspond to high levels of that particular 
species. If nearly ever\'thing in the cold trap comes out 
of a solution, this would fit ven.- well with the notion 
that you would have high concentration of those par
ticular species in the cold trap. too. However, it cer
tainly isn't proved becau.se their .•solubilities could be 
high and they could still remain in solution. 

.Mr. Zitek I ComEd I: It seems as though there was a 
terrific amount of carbon in your ferritic loop. Was 
any attempt made to balance out the amount of carbon 
that came from decarburization with the amount of 
carbon that was found in the cold trap? 

Mr. Dutina: What we showed was the amount that 
was deposited in the trap. .\s far as the carlron in the 
sodiuni went, if you were to analyze, as we did, grab 
samples from the loop proper (in either of the loops), 
the numbers all look about the same. They ran from 
25-.50 ppm. which is typical of most system loops. 

Mr. Zitek: I guess my question was not clear. You 
say that the steel was decarburized in that loop. Was 
any attempt made to balance the amount of carbon 
that was obtained by decarburization of the steel with 
the amount of carbon seen in the cold trap? 

Mr. Dutina: No. I don't know if we could have. 
Tabs were put in and taken out of the system over the 
course of a fairly extensive program. I don't think that 
could have been easily done. 

.Mr. Goldberg (ORNLI: You have to remember that 
although you do lose carbon from the ferritic steel in 
some tireas. you deposit it in other areas. You don't 
necessarily find it all in the sodium inventory and in 
the cold trap. 

Mr. Zitek: I am aware of both carburization and 
decarburization. In the ferritic loop, however, there 
was so much carbon found that it seemed possible to 
come up with an approximate mass balance. But, if 
you were putting in other samples, then I'll admit it 
would have been difficult to do. 

.Mr. Goldmann (UNCI: The wire mesh which was 
in your cold trap was made out of stainless steel. I t 
could have picked up the tremendous amount of carbon 
that Mr. Zitek perhaps was talking about. I was 
wondering whether you made any analysis of the 
stainless steel to see how much carbon it picked up? 

Mr. Dutina: Because of our method of sampling, we 
have no clear indication of the amount of carbon in 
the occasional bits of stainless steel mesh that occurri-d 
in the samples. 

Mr. Weeks (BNL): The temperature was far too 
low to expect much carbon to diffuse into the steel. Do 
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you think the relative amounts of cyanide from the Mr. Andreios: We agree that the temperature was 
two systems is attributable to the relative chemical too low to carburize the wire mesh. At one time we had 
activities of nitrogen in the ferritic as opposed to the temperature excursions in our cold traps; that is why 
stainless steels? Rodgers could find it in his, whereas you might not 

Mr. Dutina: I have no comment. find it in yours. 
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1, Introduction 

It has been established that various metals may be 
significantly carburized or decarburized when in con
tact with liquid sodium. This phenomenon presents 
a potentially serious problem concerning the use of 
jodium in nuclear reactors because undesirable 
chiiiiges in the mechanical properties of structural 
materials, such as steel, can result from small changes 
in their carbon content. Various mechanisms of carbon 
transport in liquid sodium have been propo.sed; for 
example, Lyashenko and Nevzorov'" postulated trans
port of carbon through soilium by carbon monoxide, 
whereas Fl int ' ' ' suggested transport by .sodium car
bide. Neither postulate has received experimental sup
port. Clearly, identification of the carbon-bearing spe
cies undergoing transport is needed. This would provide 
an insight into the mechanism of carbon transport 
and could lead to effective methods for its control. 

Previous investigations of carbon transport have 
been hampered by uncertainties as to the origin of 
theiiiigititing carbon-bearing species. To overcome this 
difficulty, lieta-active earbon-14 (T,/2 = 5730 yr) was 
used to trace the migration of carbon between mate
rials exiiosed to liquid sodium. In this manner, the 
transported carbon could be distinguished from con
taminant ctirbon, and the sensitivity of the experi
ments was enhanced. The identity of the transported 
s|icci(>s was deduced from the nature of the '*C-labcled 
proilucts obtained on dissolution of the sodium in 
water, ,'^inclair et ni.,"" using a similar tracer tech
niiiue, found that carbonate, carbide, graphite, and 
carbonyl were present in sodium at the parts per 
million level or less, but they reached no firm con
clusion as to the species transported. 

2. Experimental 

-•'• Materials 

.\ ferritic, labeled, iron-carbon alloy (0.030 wt % C, 
specific activity ~26!)0 dpni pg C) was prepared by 
melting high-purity iron (>99.95ro Fei with amor
phous carbon tagged with carbon-14. The alloy was 
fcmelted .<e\eral times in an outgassed aluinina cru
cible under a helium atmosphere to promote homo-
Rcncitv. It was then rolled to a thickness of 18 mils 

and annealed at 7.50°C. Combustion analyses for total 
carbon in different sections of the sheet showed that 
the carbon was uniformly distributed. .\lso, beta-
activity surveys of the surface as successive layers 
were ground off showed a uniform distribution of the 
carbon throughout its 18-mil thickness. 

.\ single batch of United States Industrial Chemical 
Co. Reactor Grade sodium, stored molten at 120''C in 
a stainless steel (S.S) container, was u.sed for all ex
periments. The oxygen content of the sodiuni was 20 
ppm; the carbon content, 10 ppm. 

S.S. Apparatus and Procedure 

.\ cylindrical crucible (of — l.i-ml volume) with 
matching lid was fabricated from the labeled iron-
carbon alloy and loaded with either molten sodium 
alone or with molten sodium in which was suspended a 
coupon of the austenitic alloy 316 SS (ferritic-to-aus-
tenitic area wetted ^ 2 . 4 ) . The crucible was welded shut 
and enclosed in a secondary nickel or Type 304 S.S cap
sule, which was also welded shut. The capsule and con
tents were heated to 650''C for 120 hr, cooled, and then 
cut open. The operations of filling, welding, and open
ing, and the sampling of the crucible and its contents 
were all done in a helium-atmosphere glovebox. 

The sodium in the opened crucible was dissolved 
outside the glovebox by placing the cnicible in a 
quartz tube, evacuating the tube, and adding deaerated 
distilled water dropwise from a side arm. The conden
sable evolved gases were collected in a liquid-nitrogen-
cooled silica-gel trap. Deaerated sulfuric acid was next 
added to acidify the solution, and the additional off-
gas was passed through the same trap. The silica-gel 
trap was then removed from the apparatus and at
tached to the inlet of a combined gas chromatograph/ 
proportional counter system in which the gases were 
identified and assayed. The .solution and the filterable, 
finely divided, black particles resulting from the dis
solution were also analyzed. 

S.S. .^nahJtical 

(a) Off-gas: A radiogas chromatograph similar to 
that of Wolfgang and Rowland" ' was used to separate 
the trapped gases and assay their activities. Calibra
tion experiments indicated that mixtures containing 
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TABLE 1. CARBON CONTENT OF ALLOYS EXPOSED 

TO LIQUID SODIUM 

Ferritic crucible 
Type 316 SS coupon 

With Tj-pe 316 
SS Coupon 

Initial, 
w t % 

0.030 
0.066 

Final, 
w t % 

0.006 
0.165 

Without 
Coupon 

Initial, 
w t % 

0.030 

Final, 
w t % 

0.016 

as little as 5 X IQ-" mole each of CH4 , C.H^ , C0H4 , 
CoHc , and CO2 could be separated with a 6-ft column 
of Porapak R* and the components identified. A siliea-
gel column was required for separation and identifica
tion of CO. The relative error of the analysis for CO2 
was determined by adding known quantities of ^*C02 
to the radiogas chromatograph. This error, which in
cludes the errors of both the mass and activity meas
urements, w-as about 6% and is assumed to be the same 
for the other gases. 

(b) Solution: The filtered aqueous solution was 
assayed for its " C content as follows. I t was refluxed 
with a strong oxidant, KoSoOg , and the evolved gases 
were passed over CuO at 800°C. The carbon dioxide 
thus formed was absorbed in Hyamine,t a liquid 
scintillator^ was added, and the resultant solution was 
counted in a Packard Tri-carb Model 2211 Liquid 
Scintillation Spectrometer. The procedure was tested 
with microgram to milligram amounts of '•'C present 
as benzoic acid- l -"C dissolved in sodium sulfate solu
tion. Oxidation was essentially complete, as indicated 
by the conversion of 90-100% of the " C to "CO2 . 

(c) Fe-'*C alloy: The specific activity of the earbon 
in the iron-carbon alloy was determined by dissolving 
the alloy in deaerated dilute sulfuric acid, collecting 
the hydrocarbon off-gases, and determining their 
masses and activities by radiogas chromatography. The 
specific activity of carbon in each off-gas (methane, 
ethane, and ethylene) was similar to that in the alloy, 
namely, 2650 ± 200 dpm/;»g C. 

3. Results 

3.1. Alloy Analyses 

The analyses for total earbon in the ferritic and 
austenitic alloys, before and after exposure to liquid 
sodium, are given in Table 1. They show that de
carburization of the "C-labeled ferritic crucible oc

curred whether the Type 316 SS coupon was present or 
not. The extent of the decarburization, however, was 
considerably greater in the presence of the coupon. 

The increase in the carbon content of the Type 316 
SS coupon is attributed to carbon originating from the 
ferritic alloy, since the coupon became highly radio
active. These observations are consistent with the con
cept'^' °' that the driving force for the transport of 
carbon through liquid sodium is a carbon activity 
rather than a carbon concentration gradient. 

3.S. Sodium Analyses 

Analytical results for the sodium, after being dis
solved in water and acidified, follow. 

S.S. Off-gas 

Table 2 gives the results of the off-gas analysis of 
typical experiments with and without the Type 316 
SS coupon. For the experiment without the coupon, 
acetylene was the major "C-labeled gas, and its specific . 
activity was close to that of the earbon in the ferritic j 
iron-carbon alloy. The ethylene and ethane found in 
small amounts are believed to originate from hydro-
genation of acetylene during dissolution. The similarity 
of their specific activities is consistent with this con
tention. The minor amount of CO2 found and its very 
low specific activity indicate that it originated from a 
carbonate impurity originally present in the sodium. 

The corresponding results from the transport ex
periment with the Type 316 SS coupon show that, 
again, acetylene was the major "C-labeled gas; how
ever, its concentration and that ot ethylene plus 
ethane (and, therefore, of their precursor) were 
drastically reduced. This result is consistent with the 
frequent observation that austenitic steels in liquid 
sodium behave as sinks for carbon supplied by ferritic ^ 
alloys. Note also that the specific activities of the 
hydrocarbons are about 30% lower than that of the 
source carbon in the ferritic crucible. This decrease 
is most likely due to dilution by inactive carbon 

TABLE 2. RADIOGAS CHROMATOGRAPHIC ANALYSIS OF 

GASES FROM AQUEOUS DISSOLUTION OF SODIUM 

* Registered trademark of Waters Associates, Inc. 
t Registered trademark of Rohm and Hass, Inc. 
t 4.90 g of 2-5-diphenyloxazole (PPO) and 0.10 g of 1 4-bis-

2-(6-phenyloxazolyl)-benzene (POPOP) diluted with tolunee 
to one liter. 

Evolved 

CiH. 
C H , and CsH, ' " 
COj 

With T>pe 316 SS 
Coupon 

C in Na, 
ppm 

0.34 
0.19 
3.7 

Speciiic 
Activity, 

dpm//ig C 

1910 
1750 

15 

Without 
Coupon 

C in Na, 
ppm 

18 
2.2 
1.8 

Specific 
Activity, 

dpm/^g C 

2740 
2600 

28 

(=' Average of CsH* and CaHe ; traces of methane i 
observed. 
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originating from the Type 316 SS coupon or to ex
change with the cartion in the stainless steel. 

Carbon monoxide was sought but not found, which 
contradicts Lyashenko and Nevzorov's hypothesLs'" 
that it is the migrating species responsilile for carbon 
trans jxjrt. 

S.4. .Solutions 

The radioearlion contents of filtered solutions from 
experiments with and without the Type 316 SS coupon 
were similar, indicating ~0.I ppm (' in the sodium. 

J.5. Solids 

X-ray powder diffraction antdysis of the finely 
divided black particles from the sodium dissolution 
proved unsuccessful. However, the result of an entirely 
(cparate experiment is relevant and worth mention at 
this point A coupon of an iron-earbon alloy of compo
sition similar to that used in the present experiments, 
but containing 0.11 rather than 0.030 wt % carbon, 
was immersed in sodium at 6.50°C for 120 hr inside a 
tantahiiii crucible. The coupon w'as cleaned in alcohol, 
and a layer of black jiarticles was removed from the 
surface and identified as graphite. It is believed that 
the unidentified black particles obtained in the present 
experiments were also graphite, and that these particles 
did not form as a reaction product of the sodium dis
solution. Instead, the particles were already present 
in the sodium prior to the dissolution as a result of 
having been dislodged from the grjiithitizeil surface of 
the alloy. This type of graphitization of ferritic steels 
in sodium has been observed by others."- " 

In the following discussion, it is assumed that trans
port by graphitic particles is negligible, an assumption 
currently being tested in this Laboratory. 

4. Dittciissioii 

.\ direct identification of the precursor of acetylene 
was not feasible, and therefore its identity was dedueeil. 
Only ncetytides (salts of C;") yield acetylene as their 
principal hydrolysis product. The most likely precursor 
of acetylene in these experiments is therefore sodium 
rarbide, Na2C2. Calcium carbide, formed from a cal
cium impurity in the sodium, was ruled out as the pre
cursor when it was found that acetylene production 
was unaffected by reducing the calcium content of 
sodium from 20 to 5 ppm. 

The evolution of considerably less acetylene from 
die sodium with the carbon sink than without strongly 
suggests that the precursor, sodium carbide, partook 
in the carbon transport. Recent observations at other 
laboratories seem to support this suggestion. For ex
ample, acetylene was evolved on hydrolysis of deposits 
from the cold traps of sodium loops in which earbon 

transport had occurred." •' In another investiga
t ion '"" sodium carbide was found to produce a high 
carbon flux in a diffusion-cell type of carbon meter. 

Insight into the mechanism of formation of sodium 
carbifle may be obtained from the literature on lithium-
steel systems. Several investigators'""'*' have pro
posed that the corrosion of carbon steels in lithium 
proceeds according to the reaction 

2 LidI -t- 2 Fe3C(s) - . LijC^ts) -t 6 Fe(s», (1) 

which is thermodynamically possible."" Moreover, it is 
known that carbon in steel and in pure cementite is 
quantitatively converted to LiiCj by reaction with 
lithium at 700°C."-' ' " Thus, there is ample evidence 
that decarburization of steels in lithium proceeds ac
cording to reaction 1. By .analog}', the decarburization 
of ferritic alloys in liquid sodium may proceed by 
formation of .sodium carbide: 

(2) 
2 FeiC(solid soln in Fe-C alloy) 

+ 2 Xa(l) - Xa,C,(s) -b 6 I-e(s). 

Formation of sodium carbide and its involvement in 
carbon transport were recently suggested by Flint. '- ' 
whose calculations indicated that reaction 2 is thermo
dynamically possible. The calculation was approximate 
because the existing values""- '*' for the free energy 
of formation of NajCj are unreliable. Our observation, 
that acetylene is evolved on aqueous dissolution of so
dium that has reacted at 6oO°C with cementite (man
ganese stabilized), provides indirect evidence for the 
validity of reaction 2. In view of the importance of 
sodium carbide, measurement of its thermodynamic 
properties has been started. 

In summary, our results support the hypothesis 
that sodium carbide is the species responsible for car
bon transport in liquid sodium. However, before details 
of the transport mechanism can be put on a firm basis, 
information is needed on sodium carbide's stability, 
solubility, and tendency to carburize steels in sodium. 
These studies are now under way. 
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Discussion 

Mr. Newman (BNL): Did you measure the specific 
activity of the elemental carbon? 

Mr. Luner: Not yet. We are in the process of doing 
this. From preliminary results it appears that it is 
close to that of the original material. 

Mr. Yannopoulos (W): You mentioned in the last 
portion of your paper that you reacted pure cement
ite. What was its purity? I would like to mention that 
we agree with your analysis ot the uncertainty of the 
free energy of formation of sodium carbide. The way 
the free energy was obtained makes it very unreliable. 
Therefore the reaction is quite possible and this has 
been shown by us. 

Mr. Luner: X-ray diffraction shows that it was pure 
cementite. Chemical analysis showed the carbon and 
iron to be in the right proportions. I must add, however, 
that we did not use pure FesC since, as you probably 
know, it is very difficult to isolate from an iron matrix. 
Instead, we used a preparation that was given to us 
by U. S. Steel, which was FesC with 6 at. % man
ganese added to stabilize the cementite. The manganese 
here was in solid solution. Hence one wouldn't expect 
any change as far as the products of the reaction are 
concerned. The kinetics of the reaction, however, may 
be much slower. 

Mr. Yannopoulos: In that stable ternary compound, 
the free energy would be changed and it could not lead 
to sodium carbide formation, that is, it might not lead 
to sodium carbide formation as such because of the 
higher stability of this ternary compound. 

Mr. Luner: Well, it did, and at 650°C. 
Mr. Hiltz (MSA): I'm in agreement with the fact 

that cementite can be dissociated by sodium. Fortu
nately, however, in the structural materials that are 
being considered for LMFBR, the carbide is a chro
mium compound—M7C3—and the ferritics are MsjCe 
compounds. The austenities, I feel strongly, on the basis 
of Darken's and other people's thermodynamic data, 
cannot be dissociated by sodium at the temperatures 
you're talking about. So I wonder what the relationship 
to understanding carbon transport in the actual system 
is here? 

Mr. Luner: In this research we wanted to so simplify 
the situation that we would be reasonably assured of 
getting some idea of the species involved in transport. 
Once we understand what we think is the more simple 
system we expect to go on to more complicated systems. 

Mr. Hiltz: Let me ask the question again. Do you 
expect to dissociate alloy carbides with sodium? 

Air. Luner: In some preliminary experiments in 
which we heated Type 316 stainless steel with sodium 
at 650°C and then hydrolyzed the sodium, small but 
significant amounts of acetylene were found. While 
this result is very preliminary, it shows that it may 
be possible. 

Mr. Hobdell (BNL): Some time ago we did some 
simple qualitative experiments on pure sodium acety
lide, or sodium carbide as you call it. And it appeared 
to decompose as low as 200°C in the presence of sodium 
or in vacuum. The white material went black when 
sodium was collected on a cold finger. I think the disso
ciation starts as low as 200°C. 

Mr. Luner: This is possible, but I think those re
sults were based on visual observations, and not on 
chemical evidence. 

Mr. Hobdell: The residue remaining after the disso
ciation at 200°C was a black residue that was insoluble 
and which we have assumed was carbon. 

Mr. Luner: Was this material on the surface of the 
sodium or did you sample the sodium? 

Mr. Hobdell: We took a white pellet of sodium 
acetylide and heated it at 200°C. I t turned black, and 
there was an insoluble black residue after treatment 
with water. 

Mr. Lemke (DuPont) : I would like to add a little 
to the confusion concerning the stability of sodium car
bide, Na2C2. I'm amazed to hear the remarks of the 
gentleman from Brookhaven that he found decomposi
tion of sodium carbide at 200°C. This may well be. Let 
me just say that we ran some tests quite a few years ago 
that may bear on this subject. I must hasten to point 
out that we did not identify sodium carbide by X-ray or 
any other similar techniques, but only by the evolu
tion of acetylene on the addition of water. In one type 
of experiment we found that we could react carbon 
monoxide gas with sodium in the temperature range 



Carbrm Transport in Liquid .Sodiun 4 .TO 

from about 6.50 to 8.50°C and produce products contain
ing large amounts, 30 or 40'%, of a species which on 
hydrolysis would evolve acetylene. The other compo
nent in the reaction product was primarily soda ash. 
So much for that. I submit that in these tests and at 
these teni])eratures, the species wiiich evolved acetylene 
was at the temfierature for substantial periods of time, 
of the order of 8, 10, 15 min in mo.st ca.ses, and was 
quite clearly not dc-coinposed. 

In other experiments, we reacted caibon in the 
form of finely divided petroleum coke with anhydrous 
[used sodium hydroxide at temperatures of 750 to 
950°C. In these exjieriments wr made sodium, which 
was largely evolved from the apparatus at these tem
peratures. We found residues left in the retort which, 
by the way, was nickel, and contained very little car
bon. We found in the ri'sidiii's a substantial amount of 

a species which would on hydrolysis evolve acetylene. 
When I say sub.'tantial amount.*—I'm talking now 
from memory that goes back a fair number of years— 
our residues were several hundred grams and they 
contained the species, calculated as sodium carbide, 
Na^C::, to an extent ranging from about 3 ^ to some
thing over lO'f. de|)ending on the particular conditions 
we u.-etl. .Again I submit that it is safe to assume that 
the species here being discussed is Na^Cj , and that it 
was remarkably stable in this environment at these 
high temperatures. Xow the other com|>onents in the 
residue were some unreacted carlion and the bulk was 
soda ash. There was always some alkalinity which 
could not be accounted for as sodium carbide or soda 
ash, and this was probably NajO. It may also have 
been Nail—there are a lot of pos.sibilities here—but 
the bulk of the alkalinitv was soda ash. 
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Introduction 

The reactions of oxygen with metals and nonmetals 
in sodium are being studied at Brookhaven National 
Laboratory to obtain a more detailed understanding 
of corrosion mechanisms and the chemistry of impuri
ties in sodium. The emphasis in this investigation is on 
identifying those species that react with oxygen in 
sodium and determining their free energies and kinetics 
of formation. Such information is necessary in order 
to predict the effect of these impurities on the operation 
of sodium-coolant systems. 

Some results of reactions in Na-0-stainless steel and 
Na-O-Cr systems at temperatures between 350 and 
500°C are presented. 

Reactions between oxygen and other materials in so
dium are accompanied by changes in the partial molar 
free energy or activity of oxygen in solution. Meas
urement of the oxygen activity in solution provides 
a means for detecting and studying these reactions. 
In this investigation the oxygen activity in sodium 
at high temperature was measured by the solid-
electrolyte galvanic cells"- -' shown symbolically in 
Fig. 1. Similar solid-electrolyte galvanic cells have been 
used to investigate free energies of formation of ox
ides,'^' *' activities of metals in solids and liquid al
loys,'^' solubility of oxygen in metals, '" and, in gen
eral, free energy changes for a number of chemical 
reactions and phase changes. 

The cell consists of three major components; an 
oxygen reference electrode, the sodium, and a solid 
electrolyte. The oxygen reference electrode maintains 
a fixed oxygen activity at a given temperature. In this 
work mixtures of Cu, CuaO or Na, NajO were used as 
reference electrodes. The sodium solution containing 
dissolved oxygen in the second electrode. The elec
trolyte is an ionically conducting ThOo-YjOs ceramic 
tube which separates the two electrodes and is im
permeable to sodium. It has been shown that for an 
ideal electrolyte the emf developed by this cell is 
given by 

E„. 
"2r "*" ( 1 ) 

•Work performed under the auspices of the U. S. Atomic 
Energy Commission. 

where Oo is the activity of oxygen dissolved in the ( 
sodium, E T " is the standard electrode potential, R is the i 
gas constant, f is the Faraday constant, and T is the ( 
absolute temperature. The cell emf is determined solely 
by the difference between the activity of oxygen in ' 
the sodium and at the chosen reference electrode. Thus i 
for a given cell, changes in emf reflect changes in the i 
activity of oxygen in the sodium. j 

i 
Experimental Technique 

The basic experimental technique was to add or 
remove oxygen or other reactants to the sodium and 
observe the changes in potential (emf) of the oxygen 
electrode. It was thereby possible to titrate impurities 
in sodium potentiometrically. The technique is analo
gous to a potentiometric pH titration in aqueous sys- ' 
terns. 

The apparatus is shown in Fig. 2. Sodium was in a 
container supported on a pedestal within a 4V2-in.-
diameter stainless steel tank. The ThOa-YgOs tube 
containing the reference electrode was located at the 
top of the tank and was immersed approximately 1 in. 
below the sodium surface. The tank was equipped with 
a gas lock through which oxygen or other materials 
was introduced or removed from the sodium. Pro
visions were included for stirring and for measuring 
the sodium temperature. All materials contacting the 
sodium were fabricated of the same material as the 
container. 

Reactor-grade sodium was purified by aging and 
filtering through a 1-micron porous stainless steel 
frit. In some eases the sodium was gettered by zir
conium foil at 650°C. 

Oxygen was added to the sodium in the form of 
pellets of high-purity Na20 or as Fe203. Uranium 
foils were used to remove oxygen from the system'^' 
quantitatively. I t has been shown that the weight gain 
of the foil after exposure to sodium was equal to the 
amount of oxygen removed from the system. If no 
sources or sinks for oxygen were present in the system, 
the weight gain would be proportional to the change 
in oxygen concentration. Successive gettering steps 
were performed in which the time of contact of the 
uranium foil with sodium was controlled to give equal 
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changes in oxygen-meter potential. Under these con
ditions it can be shown that 

ACC 
AC, - ACj 

(2 ) 

where C„ is the initial unknown oxygen concentration 
in sodium, and AC, and AC2 are the changes in oxygen 
concentration in successive steps; these were obtained 
by measuring the increase in weight of the uranium 
foils after successive equipotential gettering steps. 
This procedure provided a convenient method of cali
brating the oxygen meters. 

RedultB and DisruBsion 

Initial tests were conducted in stainless steel systems 
at temperatures between 300 and 400°C using a com
mercial oxygen meter with a Cu, Cui.O reference 
electrode. An example of the results obtained are 
shown in Fig. 3. This te.st was conducted at 362°C in 
a Type 304 stainless steel container. Uranium foil was 
immersed in the sodium at time zero. The cell po
tential initially increased (oxygen activity decreased) 
at a linear rate as oxygen was slowly removed from 
solution by oxidation of the uranium foil. The cell 
potential, and thus the oxygen activity, then remained 
constant at about 1.152 V for 2 hr while the uranium 
foil continued to remove oxygen. Subsequently, the 
cell potential increased to 1.1.58 V and again remained 
constant. After removal of the uranium foil the cell 
potential was constant for about two days. Iron oxide, 
equivalent to approximately 100 p|)m oxygen, was then 
added. The cell potential proceeded to decrease, and 
potential arrests were evident at essentially the same 
values observed during oxygen removal. These arrests 
suggest that one or more substances present in this 
stainless steel system reacts with oxygen and tends 
to buffer the oxygen activity (i.e.. keep it constant) 
while oxygen is added to or removeil from the system. 

Tests were also conducted with a reference electrode 
otNa, Na^O which rephaeed the Cu, Cu .̂O electrode in 
the commercial oxygon meter. The change in reference 
electrode was necessaiy because of the limitation in 
operating temperature of the commercial meter. The 

oxygen reference 
cleft rode 
Cu, , CujO, 

or 
Nfti , XiijO, 

Solid olectrnhto sndiuni ?• 
1 

TliO,-ViO, Nai 

^T = £^ - - ^ In a . 

ulution 

a. 

STIRREB SHAFT 

WILSON s e * L 

SHCATHEO THERMOCOUPLE 
WELL 

COVER GftS AND VACUUM 

FIG. 1. Schematic Representation of Solid-electrolyte 
Gub'anic Cell. 

TANK FLANGE 

Flo. 2. Experimental .Xpiniratiis I'scil in SiMliiim-Oxygcn 
Reaction Studies. 

» 
Na. Na^O reference electrode can be used at tempera
tures to 550°C. Furthermore, it appears to be more 
reversible, less subject to atmospheric contamination 
than the Cu, Cu;0 reference electrode, and is not af
fected by normal variations in ambient temperature. 
However, the ceramic tubes (electrolyte I survived only 
a few weeks of operation at 500 or 550°C. 

Figure 4 illustrates the data for potential vs time 
obtained with a Na, NajO reference electrode at 500°C 
during removal and addition of oxygen. In these tests 
approximately 2 g of chromium and chromium oxide 
iCrjO.i) were added to the sodium, which was con
tained in a heavily oxidized zirconium container. The 
results shown in Fig. 4 were selected to illustrate the 
behavior of the Na-O-Cr system at 500°C. 

When the system was heated to 500°C and allowed 
to stabilize, a cell potential of approximately 154 mV 
was observed. This potential appeared to be charac
teristic of the system, i.e., the cell potential tended to 
return to this value following disturbances. If the 
system was altered by immersing uranium foil in the 
sodium to remove a small amount of oxygen (as illus-
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trated in Fig. 4, curve B) , the potential increased: when 
the uranium foil was removed, the cell potential de
creased and returned to a value of 154 mV. A similar be
havior was observed following four subsequent uranium 
gettering tests, as shown in curve B. Similarly, when a 
small quantity of oxygen was added as NaoO, the cell 
potential decreased (see Fig. 4, curve C), but returned 
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1.144 

l i l l l l 
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^URANIUM \ , 
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-

-

-
-
-

-

0 4 8 12 16 20 24 4S 72 
TIME, HOURS 

F I G . 3. Potential Arrests in Sodium-Oxygen-Stainless Steel 
System at 362''C. 

to a value of 154 mV when the NaaO pellet was re
moved. 

This behavior suggest that a material existed in the 
system which could act as either a source or sink for 
oxygen and tended to maintain the system at a con
stant oxygen activity (bufl'ered system) equivalent to 
154 mV. Since a large quantity of chromium and chro
mium oxide was present during these tests, it is proba
ble that the buffering action involved an equilibrium 
between a reduced and oxidized chromium-oxygen com
pound. I t was found that when additional Cr203 was 
immersed in the sodium the equilibrium potential did 
not change. Tests established that the oxidized zir
conium beaker was not a source or sink for any 
significant quantities of oxygen under these conditions. 

Curve A illustrates the behavior of the system when 
the oxygen activity was initially high (Na^O was 
added). Upon immersion of uranium, the cell potential 
increased at a linear rate. After 30 min the uranium 
was removed. When the uranium was reinserted the 
potential again increased at a linear rate and became 
approximately constant at a value of 232 mV. However, 
when the uranium was removed, the potential de
creased and the weight gain of the uranium was anom
alously high. This suggests the presence of an addi
tional source of oxygen in the system. The arrest at 
232 mV, therefore, was not due to a true thermody-

*o 1505^ lOOC 

TIME minutes 

F l u . 4. B e h a v i o r of a Sud ium-O-xygen S y s t e m C o n t a i n i n g C r a n d CrjOa a t 5 0 0 ° C . 
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naraic equilibrium, but represented a dynamic steady-
ftatc situation in which the rate of gettering (oxida
tion of uranium) was equal to the rate at which oxygen 
was available from the source. 

Curve IJ illustrates the behavior when large Na20 
additions were made. The potential dropped rapidly 
to a minimum, and then increa.sed slightly, indicating 
the presence of a sink for oxygen. The increase in po
tential corresponded to a loss of 10 ppm oxygen. 

The uranium-gcttering data were used to obtain 
calibration curves for oxygen meters at temperatures 
to .').50°C. The results for two cells at 500°C are shown 
In Fig. 5. The calibration points shown are for cell 
XA6 and were determined as previously described. At 
high oxygen concentrations a straight line was ob
tained, .suggesting that the uranium weight gains are 
equivalent to the change in oxygen concentration. . \ t 
lower concentrations, however, a break in the curve was 
observed. This suggests that the buffering reaction 
which occurs can mask the true calibration when one 
uses results obtained in the vicinity of the potential 
arrest. 

The potential arrests sliown in Fig. 4 were observed 
at 154 niV at .500°C for cell NA6 and at 161 niV for 
cell N.\4. Hased on the extrapolated calibration curve, 
the equilibrium oxygen concentration for the buffering 
reaction is tentatively .set at 17 ppm oxygen at .500°C. 

The above results have shown that if a substance 
capable of reacting with oxygen is added to soilium. the 
oxygen activity can be controlled by an equilibrium be
tween the added material, its oxide, and dissolved oxy
gen. The variation of the cell potential with oxygen 
content ile|iends on the nature of the reaction and its 
equilibrium constant. 

Cnnclusions 

I'lu' results show that reactions occur between the 
components of stainless steel and oxygen in sodium. 
These reactions can act to butler the oxygen tictivity 
in the system. .Ki 500°C it is probable that clironiium 
is one of the metals which react with oxygen. The 
buffering action .-uggests thai the reaction involves 
an equilibrium between a reduced and oxidizetl ehro-
iniuiii-oxygen compound, and Unit two solid phases are 
present in the system. The equilibrium oxygen concen
tration for this reaction at 500°C is tentatively set at 
17 ppm. .\bove this concentration chromium can getter 
oxygen from sodium, and below this concentration the 
oxidised species can supply oxygen to the system. 
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Discussion 

.1/r. liicry (L.\SL); Why did you not observe the 
break in the curves at 400 and 550°C? 

.Mr. .Minushkin: We did not pursue the break in that 
region. The purpose of those experiments was strictly 
to calibrate the electrodes. I must admit it is very ten
uous, but the data do suggest that down at a concen
tration of the order 2-3 ppm, we are beginning to see a 
break. The problem is that at low temperatures and low 
oxygen concentrations, the oxidation rate of uranium 
becomes very slow; to continue the experiment in this 
range requires many long tedious hours of gettering and 
regettering. You also face the problem that the weight 
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gain of uranium at any one gettering period becomes 
very small and possibly subject to some error. But there 
is an indication of a break at 400°C. At 550''C there 
is no reasonable indication of a break, but we haven't 
pursued that point yet. If I had to stretch the data I 
would say that the equilibrium concentration at 400°C 
for this reaction is of the order of 3 ppm and at 500°C 
it is of the order of 17 ppm. 

Mr. Berkey (W): You mentioned that a typical cell 
life at these high temperatures was of the order of 
3-4 weeks, and you attributed the breakdown to 

thermal shock. Does this mean that you thermally 
cycled several times? 

Mr. Minushkin: No, I should have said thermal 
stress. There was no thermal shock; these electrodes 
would fail without any apparent temperature changes. 
Perhaps the cause arises from temperature fluctuations 
in the surface (if it's thermal stress), because there is 
a sharp temperature gradient at the interface between 
the sodium and the gas. There is an alternative possi
bility : the electrolyte may be attacked by solid sodium 
oxide. 



The Determination of Oxyjr '̂n Conrentration and Mass-transfer CoeflScients 
in Sodiuni t s ing Lraniiiui* 

H. S. ISAACS 

Booktiaven Xational Laboratory 
I'plon, Aew York 

Uranium has been fdiiiid to react rupidiv with oxygen 
in wKlium. AHlmuKh uranium oxitlf fnrmt'd over lonK 
periods of contact with sodium was usually nonad
herent,'" wcij^ht Kains were noted at low oxygen con
centrations"''" and showed that the nature of the 
oxide was als<i a function of temperature.''^' In addition 
to lemperature and oxygen concentrations, either the 
time'*' or oxide tliicknes.s'' also plays a part in oblaining 
fully adherent oxide layers. 

Investigation using an electrochemical rixygeii meter 
to monitor the oxygen activity .showed that the po
tential of the meter increased linearly with time when 
uranium WILS used us an in.soluble oxygen getter. This 
linear behavior indicated that the rate of reaction 
between oxygen in sodium and the uraniimi wa.s pro
portional to the oxygen concentration. 

Tliese observations suggested tliat uranium could 
IH' u.sed to determine the oxygen concentration in 
sodiuni. This work presents the experimental re.-idts 
and po.'̂ sible applications of this method. 

Experimental 

Tlie apiiaratus wius an externally heated >lainle."i.s 
steel container holding nominally 14 kg of .-sodium 
under a helium cover ga.-̂ . The pressure of the helivuii 
WILS maintained at 10 p.si above atmospheric pres.svn-e. 
A vertical tube with a ball valve acted as a gas lock. 
The volume above the valve could be evacuated and 
filled witli iieiium when the specimens were loaded. 

The m-anium specimens were approximately- O.CX)2-
iii.-thick foils, -̂ s in. wide and G in. long. The areas of 
the specimens were me:Lsured to within 3 ' " . Two ' 32-in. 
holes were drilled, each about •"*« in. from tlie ends. 
througli which wire was pjussed to attach them to the 
specimen holder. The surfaces of the specimens were 
electropolished in equal volumes of ethanol and phos
phoric acid (Sow, o) al 7.') to lo V. Samples which had 
thick oxide layers were polished at the higher voltiiges, 
which ius.sisted in removing the oxide. Klectropolishing 
with a chromic acid and acetic acid solution' ' gave the 
same results within experimental error. After polishing, 
the specimens were washed in a large volume of water. 
dried, and weighed to ±0.0;i mg. 

•Work jM-rfornieii uiulor ihe nuspices i.f the V. S. Atomic 
Energy rtmimissiuii. 

After rem«»val from si«lium tlu- samph's were im
mersed in methanol to n-move adhering .*iKliuni. wjLshod 
in water, dried, and reweighetl. The specimens were 
treated before testing by immersion in si>dium for an 
hour at ")00°C. If this procedure WJLS not adupttni. (he 
weight gains observed tended to IK' lower. 

The siKfimen holder coiL- îsted nf a ' le-in. stainless 
.steel rod. about '.V 2 f* l"i'K' ^̂ 'i*h two rings welded on 
the HKI to keep the s(H'cimen.s about ^32 in. away fnmi 
the ntd. The rings were about .') in. apart. Holes were 
drilled in the rod, and wire WILS u.sed to attach the 
specimens to the sjH'cimen holder. 

The additioiLs of oxygen to the scHliimi wen.* nia*le in 
the form of smlium oxide ( Na^O). The oxide wjis 
loaded in a .stainless win' bjL»iket attacheil to a 'lo-in. 
rod which fitted into a detachable gjLs htck and im
mersed ill the sodium for HI lir. 

ReHulle 

The resuhs were obtained by inunersing two elirtro-
p<ilish(>d uranium s{H-cimens in sodium fur one-hour 
periods and recording the weight gains, .\fter additions 
of .sodium oxit^' the weight gains increiLM'd in propf)r-
tion to the amount •>f oxygen added. The analysi.-; did 
shi)W a trend, but the scatter was tcto large to show any 
significant dependence. However, the rates at which the 
uranium gaineil weight and the ((uantity of oxygen 
atlded to the s<idium did show a definite relationship. 
The oxygen concentrations were therefore calculated 
by keeping an iiccoimt of the weight of oxygen added 
to the .siKlimu and removetl by the uranium. 

X*p to about 1 ppm oxygen, the rates obser\'ed at 
400 to .!)00°C" were similar. AI>ove 1 ppm the rates at 
4(X)°C were apparently lower than those at higher 
temperatures. The rates at 440 and .')00°(' were similar 
up to about 10 ppm, but above this concentration rates 
at 440°C were lower than at .~)00V. Specimeits which 
gave rates lower than those at .'i00°C" also showed a 
nonadherent, fine, brown powfler after washing in 
water. 

I'igure 1 shows the normalized results for experiments 
at ">00'*C. In one series of tests, the oxygen cfmcentra-
tion had been initially increased to a calculated value 
of 16.6 ppm. After each test the oxygen concentration 
in the vessel was corrected by the weight gains of two 

file:///fter


466 Isaacs 

OXYGEN CONCENTRATION ppi 

F I G . 1. The Dependence of the Rate of Uptake of O.xygen by 
Uranium on the Corrected Oxygen Concentration in Sodium 
after Tw'o Sodium Oxide Additions. D corrected by 1.1 ppm; 
O corrected by an additional 1.8 ppm. 

TABLE 1. EXAMPLE: RESULTS FROM GETTERING .\T 

Weight 
gain, mg 

2.51 
2.50 

2. OS 
2.07 

1.78 
1.82 

10.41 
9.31 

1.29 
1.40 

1.08 
1.09 

A, ppm 

0.3152 

0.296 

0.257 

1.410 

0.192 

0.156 

500°C FOE 

Rate, 
;ig-cm^-hr 

104 
102 

84.7 
86.5 

71.2 
74.0 

431 
383 

52.5 
56.0 

43.9 
43.6 

ONE Hot 1 

Calculated 
o-xygen 

concentra
tion, ppm 

7.206 

6.844 

6.649 

0.292 

4.882 

4.690 

Remarks 

After 2 da.vs 

Specimens ro
tated at 240 
rpm 

uranium specimens, since tliis should be equal to the 
weight of oxygen removed from the sodium. Table 1 
shows an example of the data from these experiments 
giving the weight gains, the calculated change in 
oxygen concentration (A ppm), the rate of weight 
gain per unit area, and the calculated oxygen concen
trations. The table also includes data from an experi
ment in which the sample holder was rotated at 240 =t 
10 rpm. The weight gains for these .specimens were 
markedly greater than for those simply immersed in 
sodium. 

The results plotted in Fig. 1 were normaUzed by sub
tracting 1.1 ppm from the calculated oxygen concen
tration. The other set of data plotted in Fig. 1 was 
normalized by an additional l.S ppm, after the oxygen 
concentr.ation had been increased by a calculated value 
ot 8.8 ppm. Tho normalization was necessary as oxygen 
was apparently lost from the .sodium as a result of 
chemical reactions which remove oxygen from sodium.'" 

Two elements besides oxygen were considered aa 
possible contributors to the weight gain, viz., hydrogen 
and carbon. A fraction of hydrogen produced during the 
removal of adhering sodium in methanol could enter 
the uranium and give rise to increased weight gains. 
This process was not studied because of the low weight 
gains observed of 1 ± J^ /ig-cm~^-hr~' after zirconium 
gettering. These low rates indicated that any effects 
due to hydrogen were negligible compared with the 
higher rates observed at higher oxygen concentrations. 
Carbon was analysed for, in thick oxide films formed, 
using an electron-microprobe analyser. It was con
cluded that less than 1 % carbon was present in the 
oxide Layer. 

Discussion 

The results in Fig. 1 gave a linear relation between 
oxygen concentration and the rate of uptake of oxygen 
by uranium. These results are also in accord with those 
obtained using an oxygen meter to monitor oxygen 
concentrations."' The slope of the curve in Fig. 1, 16.3 
/ig-cm -hr -ppm" , represents the reaction rate con
stant at 500''C. 

The rate constant is sufficiently high to be accounted 
for by diffusion of oxygen in the sodium to the siu^ace 
of the uranium specimen. In addition, there was no 
apparent temperature dependence, and the rates at 
which oxygen reacted with the uranium increased 
markedly with velocity, as shown in Table 1. All these 
observations are consistent with a model involving the 
mass transfer of the oxygen in the sodium to the ura
nium. The apparent reaction constant is therefore 
eciuivalent to the ma-ss-transfer coefficient. 

Mass-transfer coefficients in nominally static liquids 
are usually found to be highly erratic, as convection 
currents are present. The small scatter of results in Fig. 
1 therefore suggests that well-defined convection cur
rents are present, which would depend on the position
ing of the external heaters on the containers and the 
insulation. 

Diffusion across the oxide formed on the uranium is 
extremely rapid, and oxide thicknesses up to 40 microns 
did not show any deviation from the calculated be
havior. The uranium oxide layer did not show any signs 
of being wetted by the .sodium after removal from the 
liquid metal, and penetration of any pores by sodium 
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does not appear likely. Xo calculations are at pre.><ent 
poKsible to determine at what thickness diffa-^ion 
through Ihc oxide becomes rate determining, but future 
work at higher velocities should clarify this proldem. 

The lower rates at lower tem|)eratures, e.g., at oxxgen 
conccntralion above 1 ])|)m at 400°C' or above 10 ppm 
at440°(', when compared with tho.se at higher tempera
tures could result from dillusion in the oxide becoming 
ihe rate-controlling .step in the process. The change in 
the adherence of the oxide would also show apparent 
decreases ii] rates, and from the results available the 
two possibilities caiuiot be separated and may al.so be 
related. 

liesulls obtained In olher exiicriments'" have shown 
that al .")(M)°(' uranium could be used to determine oxy
gen coriccntraliorLs up to 200 ppm. Although the.sc 
results were carrie<l out under conditions dilTerenl front 
those reported here, they suggest that uranium can be 
used to determine oxygen concentrations at much higher 
concentrations than those shown in I'ig. 1. 

Poiiihif Applications 

Kt|uatinns relevant to Ihe following discussi<»ns have 
been derived in the appendix. The parameters con
sidered are: the relevant weight of .sodium (11'.^,.), the 
initial weight of oxygen di.ssolved (I l ' i ) , the area of the 
uranium specimeTts used (.1), and its weight gain 
(jiir.,), the time / <luring whieh the uranium was im
mersed in the sodiimi, and the rate constant or miLss-
transfer eoeflicicnt k. 

The dimeiisjotdess parameter 

V = AkZ/H^N. (1) 

determines the possihie iippliciitions of this mrthiMl. 
The hn.sie ecimitioii used is 

AW = Wl[\ - exp (-<^)1, (2) 

and nil aeciiraey of 9')^c will he assumed. 
Three Ciuses are considered: (a) ^ < 0.5. (b) 0..') < 

f < .'i, (c) ^ > ;i. Ciuse (n) refers to conditions in which 
the ohaiiKC in the oxygen concentration resulting from 
the oxygen taken up hy the uranium is neKliKil)ic com
pared to tlie total amount of oxygen present; ease (b) 
rpfers to contlitions in wiiich changes in the oxygen con
centration of a sy.stem are signiticant; case {c) refers 
to those conditions in wiiich tlie uranium extracts up 
toO")*";. of the oxygen originally present. It should he 
noted tliat a system couhl be changed from case t a ) tu 
(c) on clianging f̂ by a factor of G. 

Case [a): Large Sifstems. In large systems the applica
tion of this metIKHI will require a knowledge of the value 
ff k ami the ivlevant equation is given by Eq. 11A in 
the ap]M'ndix. which can be expresseti as 

/? = kC /ig, cm*-hr. 

The value of k may be obtained b>' knowing the oxygen 
concentration in one instance. If the oxygen concentra
tion cannot b<' determined or the value of k rouglUy 
calculated, the method may be used to determine rela
tive changes in oxygen concentration. I'nder conditions 
of cjLse ( a) the time of .sixKrimen is immerstnl sh<iuld not 
influence the residts except for very long |XTir«ls when 
either sjialMng of the oxide n-sults or cixsv l a l is no 
longer applicable. Changes in the surface area should 
also have no cfTeet when xUvse changes do not influence 
the geometry and the value of the mas.s-transfer coefli
cient k. For this reiison it ma\' Ix' necessary in .-systems 
of unusual geometry to standardize nn the surface area 
and all other factors which would Ix' exix-cted to in
fluence the ma^is-transfer coefheient. .*«ueh as velocity 
or p'Ksitioning of the uranium test s|>ecimens. 

Case {b): Intermediate Systems. In this case Eq. 2 
mast be used. Nevertheless, if the same values of . 1 , 
H 'N. , k, and / are used to standardize the variables 
which influence the methtKl, the weight gain is then 
pn)portional to the oxygen present prior to the deter
mination: 

where 

Air = K'*A = KCl, 

K = j i - l l - e x p ( - (3) 

Tho oxygen concentration after testing I 'Vi will i» 
given by 

wl - Air 
f . 

H'N. 
(4) 

This ca.se also suggests a simple method for deter
mining the value of k and ("i when two succes.sive getter
ing steps are employed and all other conditions are 
standardized. If Afl'i and Alt'; are the weight gains t)b-
served, then, from Eq. 2 for the first getting. 

and 

AU'i = i r i [ I - e x p ^ - v ' j ] 

Air , = i\yl-AW,)[l - e x p ( - v O ] 

for the second gettering step. Then 

wl AWi 

AH'i - Air , • 

(5) 

(6) 

From the now knowni value of W^ the value of k can 
be determined from ?]q. (1) and (2). 

In systems in which c:ise (b I applied it is possible to 
obtain the overall mass-transfer coefficient for a Cfjm-
pUcated geometry which either cannot be calculated or 

http://tho.se
http://ca.se
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TABLE 2. APPLICATION 

Case 

a 

b 

c 

Applicable Equation 

AW _ Wo 

At ~ lfN« 

Rate = k (concentration) 

/ - A k A 
,„, = t , , ( ^ t _ e x p — j 

Rate = K (concentration) 
AW = Wl 

Value of *, % 
Accuracy 

< 0 . 5 

0.5 < 0 < 3 

> 3 

Parameter 
Standardized of 

k 

A,k,tW^. 

Application 

Determine oxygen concentration in reactor systems 
and k when oxygen concentration is known. 

Determine oxygen concentration. Oxygen chemistry 
studied. Determine mass-transfer coefficients. 

Sodium purification (hot traps). Determination of oxy
gen concentration. 

in which calculations require experimental confirma
tion. 

Case (c): Small Systems. When the system is small, 
the uranium getters 95 % or more of the oxygen present 
in the sodium. Specifically, only one condition will be 
considered here, viz., a large area A and other condi
tions are .such that case (c) still applies. 

When a Large surface area of uranium is present in a 
system, the uranium will act as a highly efficient hot 
trap. The temperature of the hot trap need only be 
500°C, which may be advant,ageous. The uranium re
places zirconium, which normally requires preheating 
of the sodium to a temperature in the neighborhood of 
650°C. The calculations of the most economic size of a 
uranium hot trap would be very much simpler than one 
containing zirconium, as the variation of rate of oxygen 
gettering by zirconium will depend on its previous 
history. However, the possibility of the spalling ot the 
uranium oxide formed must also be considered in a 
reactor coolant; such spallation would be a major dis
advantage to the use of uranium hot traps under these 
conditions. 

Conclusions 

1) The rate at which uranium getters oxygen from 
sodium is proportional to the concentration of oxygen 
in sodium. 

2) This method has a number of possible applications 
which are given in Table 2, and may be summarized as 

a. a rapid method for the determination of oxygen 
concentrations in sodium; 

b. a method for determining mass-transfer coeffi
cients of oxygen in sodium; 

c. a process for studying the chemistry of sodium 
systems. 
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Appendix 

It was observed that when uranium was inserted in 
sodium with an immersed electrochemical oxygen meter 
the potential E of the meter at constant temperature 
increased hnearly with time t, i.e.. 

-T- = const = Ki . 
de 

The potential may be expressed as 

.B = Eo + a In i , 

(IA) 

(2A) 

where Eo is a constant, and it is assumed that a is inde
pendent of concentration C at constant temperature. 

Substitution of (2A) in ( l . \ ) gives 

_ dC 
Al 

C K i , (3A) 

in which the change in concentration of oxygen results 
from the gettering action of uranium. 

The concentration may be assumed to be given by 
C = W O / W N . , where W„ is the weight of oxygen dis
solved in sodium .and W-st is the weight of sodium in 
which the weight of oxygen is considered to be dissolved. 

The rsite of gettering of oxygen (dPFo/d() is consid
ered to be proportional to the weight of oxygen dis
solved in sodium, the surface area A of the uranium, and 
inversely proportional to the weight ot sodium: 

dTFo , lTo4 
k -

Integration of Eq. (4A) between IF„ 
W„= W„a.tt = I gives 

-"(1^) 

(4A) 

Wl at ( = 0 to 

(5A) 
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which miiy be expressed as 

Al, = iri(l-exp{-^_<}), 

where 

AW = w l - Wo 

and AW is the oxygen reacted with uranium. 
Ki|Uation ((>.\) ean be expanded to 

If kAt/Ws^ is sufficiently small so that only the first 
term in K(\. (2A) need be considered, then 

(QA.) 

(7A; 

(8A) 

AW = WlkAt/W},, 

AIT ^ JTo 
tA Ws,' 

(9A) 

(lOA) 

i.e., rale of iiplakc per unit area = H = kC. (IIA) 

If tlie value of tlic cxpnncnl in l-",*]. (GA) is large, then 

MV = Wo . 

ItKFKHKNTKS 

(12A) 
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Discussion 

.Ur. f'/icHi? (AXK"t: Have you correlated re.sults of 
your method of determining oxygen against sodinm 
oxide solubility? 

Mr. Isaacs: \ o . heeause at high oxygen concentra
tions and for rea-simable periods of time the actual oxide 
breaks down. The oxygen breakdown—that means that 
we no longer have an adherent oxide layer—results from 
a number of causes. The metlnnl cannot be used at low 
temperatures; in fact, the higher the tem|X'rature the 
botter. There also is the chance that the oxide might 
spall off at high C(»neentrations. because one gets tre
mendous thicknesses. We've measured it up to about 
40 microns, and it still didn't show any deviations fnmi 
(he expected behavior. Hut we haven't really tried that. 

and I wouldn't say that it would work at extremely high 
concentratioiLS, let's say about oOO ppm. 

Mr. Feder (ANL): Why is material being chosen 
that forms a film of oxide rather than a soluble oxide, 
which would not create this difficulty? 

.\tr. Isaacs: It d<K'sn't really create u difficulty; it 
f:wilitates the mea-^urements. This work actually devel-
(([Kni from our .studies of oxygen chemistry using the 
oxygen meter. If one wants to extraet a certain amount 
of oxygen, it i.s more simple if cme can ja-^t put a lab into 
the sodium, reweigh it aflenvards. and corn'late that 
with the amount of oxygen that h;ul K-en extracted. If 
one actually puts the .soluble getter in, one is changing 
the chemistry of the system, and this is ni>t advan
tageous. 

Mr. Feder: I'm .-iorry I did not make myself clear. I 
had not meant a soluble getter, but a .solid metal in 
which the oxide is soluble, such ILS titanium, and whieh 
still allows itself to be weighed, of course. 

Mr. Isaacs: Well, the major advantiige of using 
uranium in this case is that the rate is so extremely high. 
If (»ne tries to use titanium or zirconium at .'lOOX', the 
times that are re<iuired to make the meiusurements are 
extremely large. Al.so. there is no direct relationship 
between oxygen concentration and the uptake of oxygen 
by any of the refractory metals. It's extremely surpris
ing that uranium can l>e useil in this way, and it indi
cates that there are tremendous dilTusion coefficients in 
the (txide that is formetl. 

Mr. Janssnn ( W ): I'd like to comment on the (pies-
tion of the break whieh Dr. Minushkin found in com
pari.son to t h e * results. I'ranium is a very .strong oxide 
former. It is so .strong that it will take the oxygen from 
whatever species in which it exists. It is then-fore .some
thing which mea-sure.s the availability, which is the con
centration available in the vicinity of the siM-cimen. It 
therefore says that, in this cjtse, the actual concentra
tion of oxygen follows a .sort of straight line, an extra|K)-
lation of the high-concentratitui curve. Hut. of course, 
the oxygen meter meiusures the activity or chemical 
potential for oxygen, and a break like that could be ex
plained if you coiLsider an interaction in the .sodium 
between oxygen and, h»r example, hydrogen. That 
wtniUl give exactly this tyt>e of behavior. One more 
thing about m-anium oxidation. Y<m .said that this 
points at a very high diffusion rate. I'd like to suggest 
that this probably isn't (Uffasion rate, but that the 
uranium oxide that forms is extremely ponius and does 
not form a continuous film. 

Mr. Isaacs: Your argument about the porous film Is 
not really applicable here as it is in the case of gasefta** 
corrosion envin)nments. In this case, if there were 
empty j»ores when the specimen wit-̂  extracted from the 
sixlium. it would mean that the sodium hadn't jx-ne-
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triited the pores. If it had penetrated the pores and had 
been squeezed out, I would imagine that the surface was 
still wetted. That answers your second point. 

In reply to your first point, we had hydrogen present 
in one case, but didn't see any major break (at SOCC). 
If the hydrogen is associated with the oxygen it doesn't 
change the diffusion coefficient very markedly. 

Mr. Jansson: With your technique, the gettering 
rate would not be affected by the presence of any inter
acting element in the sodium. As for the uranium oxide 
again, did j'ou look at the oxide as it forms? 

Mr. Isaacs: Let me say that one can use about three 
or four different methods of calibrating oxygen. If one 
uses uranium at that particular potential where the two 
curves intersect, there is no indication at all that there 
is a break in the curve. If one uses uranium methods to 
calibrate, standardizing on conditions and using a given 
mass-transfer coefficient, then there is no break in the 
curve at that point at all. The actu.al break that we get 

results from the method that we are asing to calibrate. 
We are not using concentrations as we would like to do; 
we are using a mass balance. If there is any deviation in 
the actual amount that is taken out and if this isn't re
flected in changes in concentration, then we would ex
pect to get these breaks. This is what we believe is 
happening. 

Mr. Jansson: I think there could be several reasons. 
About the uranium oxide—did you look at it; does it 
perhaps crack open and expose new surface all the time-
does the oxide stay on? 

Mr. Isaacs: The actual film is full}' adherent. It 
reveals whatever surface one had in the metal—one is 
actually just forming a replica of the metal with the 
oxide. The oxide does look slightly columnar, which 
might suggest that there were pores in it, but really I 
don't think that penetration of these pores by sodium 
is very likelj'. 
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1. Introduction 

("old traps for removal of impurities from large 
sodium .systems must be designed to jirovide aih-quate 
rates (»f system cleamip and impurity-lniiding capacity, 
and be of the simplest and least exj)en.sive design that 
will meet the reciuirements of the system. An under-
stiinding of the mechanisnis of impurity collection and 
the rates of mass tran.sfer of impurities to cold traps is 
rtHiuired for intelligent design of cold traps. The jinrpcwe 
of this phase of the study was to determine overall ma.ss-
tniasfer coeflicients for the collection of oxygen in a cold 
trap of simple geometry and the effects of Ueynolds 
immher. tempcratiu'c. and concentration (Ui the mass-
tninsfer coefficient as calcvdated with use of a .suitable 
matliemalical model. 

With un accurate uiulerslanding of the mechanism of 
deposition of a given impurity (oxygen, in particular) 
in cold traps and the ma.s.s-tran.sfer coeflicients involved, 
the rate of cleanup of a sodiimi system can he predicted. 
Disposition of the deposited oxide can he predicted ;is a 
function <if the .stage of the cleanup operation, and 
lulcipiate volumes can be provided to prevent plugging 
of the cold trap during all phiLses of the cleanup. Also, 
system operating proce<hires can be established with 
use of the rate data to jirovide optimum programs for 
mid trapping. 

2, Mathematical Mo<lel 

.\ mathematical nuulel to simidale the operation of a 
nild trap must begin with s(uiie iLssumptions concerning 
the mechanisms involved. If it is a,ssumed that <)xide 
crystals nucleate and grow in the liiiuid phase inde
pendent of solid surfaces, the mathematical analy.sis 
must include micleation and growth rates xs a function 
of temperature and agitation. Stokes' law is utilizwl to 
determine the smallest particle size that will settle to the 
Iwttom. Filtrati(ui is then used to remove smaller par
ticles fnun the exit stream. The expecteil distribution of 
particle size is estimated and this information u.seti to 
calculate the oxide-removal rate. 

Hiiwever, early cold-trap designs biused on this as
sumption of litpud-phase nucleation and growth were 

• W<trk pcrfnrnicii uTulcr ihe jtuspices of the l ' . S. Atomic 
Eiieruj- rnmniission. 

unsuccessful."*' In general, plugging occurnxl in en
trance regions where the sodium pa.ssed thmugh small 
annuli or in filters designed to n'tain suspended parti
cles. It w(tuld appeju". then, that liquid-phitse nuclea
tion and growth is not the oidy {>(>ssible mechamsm for 
impurity precipitation. 

H;Lsed tm ex|>eriencc at Los Alamos Scientific Labora
tory and of others""*' concerning plugging of cold traps 
and ordinary piping with oxide, oxide depo.sition ap
pears to involve mainly the nucleation and gniwth of 
crystals on cool solid surfaces, i.e., cold-trap walls and 
packing or pijK? walls. A mathematical nvKlel can be 
developed from this :ts.sumption by postulating the 
growth of crystals from solution lUi solid surfaces to 
proceed at a rate proi>ortional to the degree of super-
saturation »»f the liquid, tlic crystal surface an'a. and a 
ma.sstran.sfer coefficient or proportionafity constant. 
This rate of growth is expresse<l by 

dm , , /^ . ^ . 
at (1) 

where »i is miuss of oxygen in pounds, / is time in hours, 
k is the ma-ss-traasfer coefficient in units of lb O/ft'-hr-
ppni, rt is the surface area (tf the precipitate JXT unit 
area of cold-trap surface. .1 is the cold-trap surface area 
in ft , (' is the concentration of oxygen in the sodium, 
and (\ is the saturation concentration at the temiH'ra
ture of the crystal. Crystal growth rate is assumed to be 
reversible. If C is less than C\ , the crystal will dissolve 
according to the same eipiation. 

l"or a computer analysis of the cold tnip by means of 
eq. 1. the cold trap is divided into a number of equal 
segments. K(|uation 1 is modiiied to 

Ami = (ka)iAi{Ci - C„)M, (2) 

where A»ii is the amount of oxygen de|>osited in the ith 
segment during a finite time step A/. The time step is 
that time requiretl to tran.-;fer the .<odium from one 
segment to the adjoining downstream segment. The 
saturation concentration in segment i, (\. , is deter-
minetl from the solubility curve'*' and the wall tempera
ture of the Ith segment, which is calculated from bulk 
sodium temperature data. Oxygen concentration in the 
Ith segment. Ci, is taken as the concentnition iu seg
ment (I — 1) minus the amomit of "concentration" 
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F I G . 1. Simplified Flow Diagram of Cold-trap Test Loop. 
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F I O . 2. First Packless Cold trap Design. 

equiv.aleiit to the mass depasited in segment (i — 1). 
The ma,ss of oxygen deposited in each segment is stored 
in computer memory. If the bulk sodium concentration 
Cl falls below C,., in the warmer segments of the cold 
trap, the deposited oxide dissolves according to eq. 2 
until no more oxide remains on the wall. 

Some fraction (called the mixing factor) of sodium 

leaving the cold trap is mixed with sodium in the sys- ' 
tem. (Experimental runs indicated that the system was ' 
very poorly mixed in most cases.) The computer pro- * 
gram output includes bulk system oxygen concentration i 
as a function of time. Experimental measurements also » 
consist of oxygen concentration as a function of time. < 

3 . Experimental Procedure 

Figure 1 is a .simplified fiow diagram of the cold-trap • 
test loop. The loop is a (iO-gal, forced-convection, iso- J 
thermal sodium .system on which three types of analj'ti- I 
cal devices are installed. These include a vacuum distil- i 
lation system, UXC oxygen meters,'" and a plugging i 
meter. The plugging meter wa.s operated in the partially 
plugged mode'" so that .some solid or crystalline im-
purity material was kept in equilibrium with the im- t 
purities in solution. An equilibrium temperature is i 
determined rather than a normal plugging temperature, i 
which can be affected by operating parameters, orifice t 
geometry, and by nucleation and growth difficulties in i 
the plugging orifice. 

The cold trap used iu this series of runs is shown in ' 
Fig. 2. This hne drawing illustrates the packless, regen- j 
erative type of cold trap which was used because of the j 
relative simplicity with which the flow patterns and i 
surface areas could be simulated mathematically. 
Sodium flow proceeded down the annular space and up 
the central tube. Cooling was accomplished by NaK 
flow into the bottom and up the outer annulus. The 
NaK heat was dumped to air. 

Cold-trap runs were initiated by rapidly changing the 
initial cold-trap temperature to the run temperature. 
Oxygen concentration was measured at approximately 
30-min intervals until 80 to 90 7o of the total change had 
taken place. Both dissolution and precipitation runs 
were made. Cold-trapping runs were made at sodium 
flow rates from 0.2.5 to 1..5 gpm. Cold-trap temperatures 
from 120 to 180°C were tested for precipitation runs, 
and from 160 to 210°C for dis.solution runs. 

Oxygen concentrations were converted to dimension
less or fractional concentrations, (C — Ce)/(Co — Ce), 
where C is the system oxygen concentration at any time, 
Ce is the final or equilibrium conceiitration, and Co is the 
initial concentration. The log of dimensionless concen
tration was plotted vs time for each run. 

Figure 3 shows a typical cold-trap run. In this case 
(Run 1-20), Co was 10.1 ppm and C, 3.6 ppm. The 
circles in the figure .are concentration data determined 
with the plugging indicator and the Rutkauskas oxygen-
solubility curve,"* and the line represents the computer 
simulation. In this run, a.s in approximately one-third 
of all the runs, an oxygen concentration spike was 
detected after some period of cold trapping. These con
centration spikes were attributed to oxide breakaway in 
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(he packless cold trap. The oxi<le particles which were 
carried into the highcr-tcmiierature sy.stem dis.<olved 
and caus<'d an incrca.se in the oxygen concentration. 

Cold-trap run data including cold-trap tcmrn-ratures, 
Bodium How rate, .NaK flow rate, XaK and sodium inlet 
tcm|K'ratures, exiH-cted tank-mixing factor, and the 
value of dimciLsionlesH concentration at a s|K'cific time 
were put into the computer program. Through an itera
tive scheme, the mitss-transfer eoethcient kn wa.s varied 
until the simulated dimensionless concentration lit the 
experimental value at the si)ecifieil time. In this manner, 
the value of ka wius determined, and the entire cold-trap 
run was simulated. 

4. ReflultH and Discuseion 

.\ total of Hi niiLs was made to determine the effect of 
sndiinn velocity (or Reynolds number) and tempera
lure on the mass-transfer coefficient. The nin conditions 
and the calculated mass-transfer coefficient for each run 
are shown in Table 1. 

id. Velocity Effert 

The effect of Reynolds nuinlx'r lie on tlic calculated 
overall ma.ss transfer coefficient is shown in I'ig. 4. The 
open circles are the data points from precipitation runs; 
the solid circles are data from di.ssolution runs. In gen
eral, the mass-traiLsfcr coeflicient increa.ses propfir-
tinniilly to the first power of the Re>iiolds number up 
toffc !̂? 1200. .\t that point, a discontinuity occurs anil 
the iniuss-traiLsfer coefficient increases greatl\'. The first-
power relationship between k and the Iteynolds number 
would not be expi'cleil in the laminar range. In turlm-
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1-18 
1-19 
1-20 
1-21 
1-22 
1-23 
1-24 
1-25 
1-20 
1-27 
1.2N 
1-29 
1-30 
1-31 
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Cold-trap 

Temp CQ 

182 
208 
ir>8 
212 
168 
210 
170 
211 
140 
203 
130 
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121 
ll'iO 

T>'p€ of Run 

Precipitation 
Difuuihition 
Precipitation 
DituKiliitiun 
Precipitation 
niwiohition 
Precipitation 
Dissolution 
Preripitation 
Dissolution 
Precipitation 
Dissiiliition 
Precipitation 
Precipitation 
Precipitation 
Dissoliitinn 

Sodium 
Flow Rate 

(gpm) 

1.5 
1.5 
1.0 
1.0 
0.5 
0.5 
0.25 
0.25 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0 5 
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-Mass-

transfer 
1 Coeflkient, 
iflb O/ii'-hi. 
\ ppm) X 
j 10* 
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FIG. 4. The Effect ..f Itey 
Mass-transfer Coefficient. 

nfds N'iimf>er on the Overall 

lent flow, the relationship should involve approximately 
the O.S power of the Reynolds number. Tliis first-power 
increase with Reynolds number is thought to be due to a 
certain amount of mixing or cross flow in the cold trap 
due to poor entrance conditions. Sodium enters the cold 
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FIG. 5. The Effect of the Initial-concentration Driving 
Force on the Mass-transfer Coefficient. Data obtained from 
precipitation runs. 

trap on one side of an annular space, and this asym
metrical situation probably leads to a spiral or mixed 
flow even in the so-called laminar region. The sudden 
increase in the mass-transfer coefficient at Re '^^ 1600 is 
probably due to the beginning of true turbulent flow. 
These velocity effects indicate that both the deposition 
and the dissolution processes are diffusion rate limited 
at these low Reynolds numbers. 

^.2. Dissolution vs Precipitation Rate Constants—Tem. 
perature and Concentration Effect 

Each precipitation run was followed by a dissolution 
run. Since the crystallographic nature of the precipitate 
and the corresponding mass-transfer area for the two 
coupled runs were similar and since both processes were 
diffusion rate limited, the mass-transfer coefheients 
should be equal. The data support this hypothesis as 
evidenced in Table 1 and Fig. 4. In all cases, the con
stants from coupled runs were nearly equal or highly 
correlated. No trend was established as to which con
stant was bigger if a difference occurred. The dissolution 
constant was larger in four cases and smaller in four 
other runs. This result also implies that there is little if 
any temperature or absolute concentration effect since 
the cold-trap temperatures and equilibrium concentra
tions for the coupled runs were significantly different. 

Good agreement between mass-transfer coefficients 
calculated from precipitation and dissolution runs also 
supports the initial assumption of nucleation and 
growth of crystals only on solid surfaces. This agreement 
implies that the same mechanism is operative for both 
processes. It is highly probable that the mechanism in 
effect during the dissolution proce.ss is the dissolving of 
sohd crystals and the diffusion of the material into the 
moving fluid stream. Therefore, with the agreement of 
mass-transfer coefficients the reverse process would be 
expected during precipitation runs, i.e., diffusion 
through a stagnant film and deposition of the material 
on crystals growing on the solid .surface. If homogenous 
nucleation occurred significantly, a higher precipitation 
mass-transfer coefficient would be found in the event 
that the particles settled to the bottom of the trap, and 
a lower mass-transfer coefficient if the particles were 
carried back into the system. It is, therefore, concluded 
that for the conditions studied homogenous nucleation 
is insignificant in comparison to heterogeneous nuclea
tion on solid surfaces. 

Jf.3. Initial Concentration-difference Effect 

In Fig. 0 are plotted the mass-transfer coefficients ka 
from the 0..5-gpm runs vs the concentration driving 
force at the beginning of the precipitation run. The plot 
clearly show an effeet of increasing rate constant with 
decreasing initial AC. The reason for the effect is not 
clear. However, the influence of the initial driving force 
may be its effect on the number of crystals initially 
nucleated on the cold trap surface. The larger the AC, 
the larger is the number of crystals nucleated. However, 
since the area for lateral growth of the crystals is 
limited, a large number of nuclei may grow together to 
form a smooth bed with a small .available surface area. 
This condition would result in a lower app-arent mass-
transfer coefficient. 

Another reason for the trend shown in Fig. 5 may be 
the influence of other impurities in the system. The 
large-AC runs were also at higher cold-trap temperature 
runs and involved a larger quantity of hydrogen in the 
sodium, whieh was detected by increased hydrogen con
centration in the cover gas. Hydrogen may have affected 
both the character of the precipitate in the cold trap and 
the saturation temperature indicated by the plugging 
indicator. However, the agreement betw'een precipita
tion and dissolution runs and the comparison of the 
behavior of the plugging indicator between the coupled 
runs indicate that this effect may be secondary in 
nature. 

Jf.J^. Area of Precipitate—The " a" Factor 

As indicated above, the "a" factor, area of precipitate 
per unit area of trap, appears to be a function of the 
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oppratiiiK rorulition. Additional evidence that the area 
of cr\'(*tals ean he atTcetcd hy ()f>eratioris was shown 
when extended jK-riod-s of time were allowed hetwcen the 
coupled preeipitation and dis.solution run.-;. In two run.s 
previously reported/*' in which this delay peri(Mi oc
curred, the dissolution maws-transfer ciK-lheients were 
Hignifiearitly lower than thos4r obtained from the corre-
((jHtiidiiiK prceii>itation runs at similar flow rates. The 
implication is that the crystals were Kiven a chance to 
rccryHtallize and produce less area jter unit cold-trap 
surface area. When the delay time wiis not allowed, ILS 
in the runs reported here, the ka coefficients were com-
panihlc and no clianKc i" area occurred. 

.j..j. I'rccipitatr Hrral{awoij 

The concentration spikes which were observed in 
many of the cokl-trap runs were thouRht to be due t*) 
breakaway of oxide in the cold trap. Thi.s observation 
points out an important function of packing in cold 
traps. Wire me.sh or UiLsehin ring packing can support 
the fragile crystals of oxide and prevent them from being 
carried back int<t the system. The extended surface area 
(if packing material also jmivides many nueleatiipu and 
grimtli sites for the depositing oxide, and it shurlens the 
distance between oxygen in soluli"»n and the glowing 
crystals. 

!>. Summary 

Tiie cold-trapping experiments indicated that in-
nviLsed UeynoUis lumiber liad a profound etTecl on the 
niti' of removal of oxygen from the sy.stem. This velocity 
effect indicates that the rales are difTusion limited. In-
oreiised Heynolds number caused an increase in the 
miLss-transfer coeOieienI proportional to the Hr.st power 
of the Ueynohls number. Cokl-trap temperature and 
ab.snlule eoneentralion had little effect on the mass-
transfer cocfiicienl as shown by the observation that the 
(iis.scilution and precipitation rate constants were nearly 
equal in coupled constant-vehicity runs. However, the 
niteciH'fiieients were f(um<l to be a function of the initial 
concentratii>n driving force. The implication is that the 
character ()f the precipitate and its siH-eifie area were 
modified by the driving force available for micleation of 
the initial crystals. Breakaway of oxide deposits in the 
C'>id trap was observed. This phenomenon points out an 
imp(trtant function of packing materials—that <>f lH>ld-
iiig the oxide deposits in position aud preventing iveon-
tiimiiiation of the system by oxide breakaway. 
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Discussion 

Mr. Epstein (\yiI.i: l\i like to eongnitulate Dr. 
McPheeters on this study, whieh hits U-en badly needetl 
for a long, long lime. ("<d<l-trap design has IKH-H some
thing of an empirical art, and up until now we have had 
very little data of this kind. I'd like to make two c(tm-
ments about your observation that the kinetics of pre
cipitation and of solution apjM'ar to check. This immedi
ately sugge.sts that phenomena of suiHTsaturation, on 
which a lot of jH'ople have s[HTulate<l, do not oectir to 
any very great extent. Your ob.s^Tvation of this checks 
a statement that was made by the Hussians, .siK-eifically 
Prof. M. N. Ivanovsky of Obninsk at the \'ienna Alkali 
Metals Meeting,about two years ago. Ho said he got 
the .same results, namely, that the two rates wen* the 
same, indicating no evidence of suiHTsaturation. 

Mr. Feder i . tNKi: It's amazing how difTerent people 
can look at the same data ami come to difTerent conclu
sions. I wouhl, [HThaps mistakenly, have ha.stene<I to 
the conclusion that since you did not x-e homogene<m.s 
nucleation. suj>ersaturation wjts indeeil an im|H>rtant 
phenomenon, and that it WILS only heterogeneous nu
cleation you saw because its rate wits contnilhng. 

.Ur. McFheeters: I thought the same thing when Dr. 
I-^pstein started talking. Since we d(» get only heteroge
neous nucleation. I would exiKK-t large suix?rsaturations 
in .some ciuses. You C()uld have large unden4aturatinn.>( as 
well during dissolution. 

Mr. Ep.'itein: I simply remarked that if there were 
very large amounts of sui>ersaturation this would lead to 
a difference between the rate of solution and the rate of 
deposition. 

.1/r. McPheeters: Not necessarily. You could have 
large undersjtturatioas :is well as large supersaturatiorts, 
so the concentration driving force could be the same. 

Mr. Bierij (L,\SI-.): Actually there is confu.siou here. 
The rates are not the same; it is the mass-transfer 
coefficient that is the same for these proees.ses. That is 
the more critical part—that you have different driving 
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forces. Certainly in this case you must have supersatura- you had an initial deposit on the plug. This would seem 
tion for the precipitation process to occur. to me to indicate that there must be supersaturation in 

Mr. Lemke (DuPont) : It seems to me that yesterday a nice clean system. I don't see how you can avoid it. 
I heard a paper in whieh someone pointed out that Mr. McPheeters: Yes, I certainly think supersatura-
plugging indicators didn't tend to work very well until tion occurs. 
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1. Introduction 

The hydrogen and oxygen in sodium solution may 
react to form the hydroxide. There is some experimental 
evidence"' " that supports such a hypothesis. In addi
tion, it is possible to predict and calculate the extent of 
such a reaction hy the use of chemical thermodynamics. 
It follows that it is (piitc possihU' that the hydroxide in 
wxlium figures (piite prominently in the corro.sive prop
erties of sodium metal and that perhaps the discrep
ancies in the soluliility data for hydrogen""' and for 
oxygen ' in sodiuni can 1)(̂  related to hydroxide forma
tion. Further, the difficullies encountered with the use 
and calibration of in-line instruments in large sodium 
systems are sometimes also being ascribed to hydroxide 
formation. ' ' 

The purpo.ses of this paper are to present the results 
of the thermodynamic calculation for the hydrogen-
oxygen ef|uilibria in sodium, anti lo consider and predict 
some of the effects of this equilibria on measurements of 
hydrogen and oxygen solubilit.v and the output of some 
in-line instruments. 

2. Calculated Ef|uililiriuni CoiiHtant 

The following cipiation formed the basis of the 
calculation: 

NaOH(e) -(- \ a ( c ) ;=> Na.,0(c) + H Hj(g). (1) 

The decomposition products of this reaction are as
sumed to be sodium oxide and hydrogen gas, even 
though at times the actual reaction probably goes to 
ftirm the sodium hydride which then decomposes to give 
the hydrogen gas. The hydrogen g:is in this system is 
assumed to be in eiiuilibrium with the sodium hydride 
in solution, and therefore eq. (1) , whether written with 
sodium hydride or hydrogen gas as the decimiposition 
product, can be sliown to lie equivalent for our pur
poses. It is further .assumed that an excess of sodiuni 
metal is always present, and therefore the equihbrium 
hydrogen pressure cannot ever exceed the measured 
dissociation pn'ssure of the sodium hydride. 

Kquation (1) has been written for the equihbria at 
298°K. At higher temperatures it is modified to t.ake 
into account phase transformations such as the niching 
of sodium, the a to (J sodiuni hydroxide transformation, 
and the melting of sodiuni hydroxide. 

The equilibrium calculation was carried out with a 

computer. The following equation formed the basis 
for the calculation: 

where K is the equilibriimi cortstant of the reaction 
given by eq. (1), SII is the enthalpy of the reaction 
expressed as a function of temperature T, and K is the 
gas coiLstant. The change in enthalpy with tem|M'rature 
data were taken from a compilation by Kelly."" and 
the standard free energ\- and enthalpy data were taken 
from the Liquid Metals Handb)K)k."'' Table I lists the 
results of the thermodynamic calculation. 

3 . Discussion 

3.1. Effect of Hydroxide Formation on Solubility Meas
urements of Sodium Oxide and Iiydrogen Gas in 
Sodiutn. 

The equilibrium constant fnr eq. (1) is defined by 

K 
AsmAtiton ' 

(3) 

where .1 is the activity. Since the activity of sodium is 
unity and the activity of hydrogen gas is represented by 
its partial pressure, 

~ 1 ^Hr (4) 

We may derive expressions which can be used to 
determine the effect of hydroxide formation on the 
solubihty mejisurements. Let 

CoH — Concentration of the hydroxide in sodium 
solution expressed in mols/Uter; 

Co = Concentration of the oxide in .sodium so
lution expressed in mols/Uter; 

C(o-K)Hi = Concentration of the oxide plus the hy
droxide; 

= Concentration of the hydride plas the 
hydroxide; 

The activity coeflicient of the hydroxide 
and oxide, respectively. 

Substituting concentrations and activity coefficients for 
activities in eq. (4) we obtain 

C.H 

•yoH . To 

Co7o 

COHTOH 
^ H , ; (5) 
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-tr 70H [OO+OH ~ COHI P"= , 
A ——- = Y< ~ "^ ' 

To t-'OH 

K ' ( 7 O H / 7 O ) _ C(o+OH) 1, 

CoH 

C(0+OH 

^ O H 

1 + K(yo^ho)Pn, 

(6) 

(7) 

(8) 

If we multiply eq. (8) by C(o+oH)/C(H-foH> we obtain 

CoH _ C(O+OH: OH)r 1 _ 1 
OH, Ll -I- A ' ( T O H / 7 O ) P H J 

(9) 

LikeAvise, the oxide ccmtent as a mol fraction of the 
total oxygen is given by 

Co 
1 + P H " ( T O / T O H ) K • 

(10) 

If we assume some residual oxygen concentration in 
sodium, the error associated with the terminal hydro
gen-solubility measurement if the hydroxide formation 
is ignored can be estimated using eq. (9). Table 2 gives 
such an estimate for several different oxygen concentra
tions. It has been assumed that for the low total oxygen 
concentrations 7o = TQH = 1. 

If we assume some residual hydrogen concentration 
in sodium, the error associated ^ i th measurements of 
sodium oxide solubility if the formation of hydride is 
ignored can be estimated using eq. (S). Table 3 gives 
such an estimate for several hydrogen activity levels 
(as represented by the partial pressure of hydrogen). 
It should be noted that in this instance, unlike the case 
of measurements of hydrogen solubility, Table 3 at best 

TABLE 1. CALCUL.VTED KESULTS FOR THE EQUILIBRIUM 
GIVEN BY EQU.\TION (1) 

Temp, °C 

50 
98 

100 
160 
200 
250 
293 
300 
305 
319 
350 
400 
450 
500 
550 
600 
660 
700 
750 

Af, cal 

672 
444 
442 
378 
307 
232 
169 
178 
185 
203 
326 
528 
735 
944 

1154 
1364 
1573 
1779 
1983 

A", atm'" 

0.411 
0.548 
0.551 
0.638 
0.722 
0.800 
0.860 
0.855 
0.852 
0.841 
0.769 
0.674 
0.600 
0.541 
0.494 
0.456 
0.424 
0.398 
0.377 

P, atm 

0.169 
0.300 
0.304 
0.407 
0.521 
0.640 
0.740 
0.731 
0.725 
0.708 
0.591 
0.454 
0.360 
0.293 
0.244 . 
0.208 
0.180 
0.159 
0.142 

TABLE 2. M O L PERCENT HYDROXIDE OF THE TOTAL 
HYDROGEN IN SODIUM FOR GIVEN 

OXYGEN CONCENTR.\TIONS 

Mol Percent Hydroxide ai Selected Oxygen 
Concentrations (ppm by weight) 

Temp, °C 

200 
300 
360 
400 
460 

5 ppm 

1.03 
0.331 
0.141 
0.0434 
0.0106 

10 ppm 

2.05 
0.664 
0.282 
0.0868 
0.0212 

20 ppm 

4.10 
1.33 
0.56 
0.18 
0.042 

50 p])m 

10.3 
3.32 
1.41 
0.435 
0.106 

100 ppm 

20.5 
6.64 
2.82 
0.868 
0.212 

represents an estimate only, since at, or near, oxygen 
saturation 70 and TOH do not equal unity. The given 
estimates are good if, however, 70 = Ton . 

3.2. Stability of Sodium Hydroxide as a Separate i 
in the Presence of Sodium. 

In a sodium system that is saturated with sodium 
oxide, Ao = 70C0 = I, where Co is the saturated con
centration (solubility) of the oxide in sodium. Therefore 
7o = 1/Co ; likewise, 70H = l /Coe , where C'OH is the 
solubility of .sodium hydroxide in sodium. The postu
lated solubility for the hydroxide will correspond to a 
physically measurable value only under conditions for 
which the hydroxide is stable in the presence of sodium 
metal. 

Substituting these values into eq. (8) we obtain 

(11) C{0+OH) 

1 

1 -1- - ^ 
CoH 

Co 
L Q H 

arranging terms, we 

Co 

Co 

! + #. 
1 

1 + 4 
PK, 

K Co 

Pui CoH 

get 

K CoH 

•PH2 C Q H 

Cl_ 
C Q H 

Co 

COM 

(12) 

(13) 

(14) 

When K/PM, = 1, then Co/Co = CQH/COH , and the 
actual concentrations equal the saturation concentra
tions. If K/I'u, > 1, then CQH/COH must be smaller 
than Co/Co to satisfy eq. (13). It follows that either 
CoH < CoH or Co > Co , but since by dehnition Co can 
only be equal to or less than Co , then it must be that 
CQH < COB and the actual hydroxide concentration 
cannot reach saturation. 

Likewise, if K/P'^, < 1, then COH/COH must be 
greater than Co/C'o . Therefore either Ĉ OH > C'OH <"• 
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Co < '̂ '̂o • Since by definition C „ H cannot be greater 
than the saturation value of C',„ , then it must be that 
Co < ^'o !""i therefore the oxide cannot be brought up 
to saturation. 

We must also take into consideration the formation 
of solid sodium hyilride and thus assume that the Iiy
drogen pressure in our system will not exceed the dis-
sjciation pressure of sodium hydride. Hy comparing the 
dissociation pressure' of sodium hydride to A'' (see I'ig. 
1), we may deduce that the sy.stem can be saturated 
with respect to the sodium oxide and hydroxide only at 
one temperature IT = -lOO'C; / ' „ , = 0.4 atm) where 
/'N.H = A'', and that below 400''C, K' > / ' N . „ , and the 
hydroxide cannot exist iis a separate phiLse. ,\bove 
400°(', where A' < /'N«H , the sodium oxide cannot 
exist as a .separate pha.sc. The dis.soeiation pre.ssure of 
NaH wa.s taken from the work by Kcyes,'"' which 
imrces fairly well with work by others."*' 

Il has been observed experimentally"'"' that a mix-
tare of soilium hydroxide and sodium follows the dis.so-
ciiition pressure of sodium h.\'<lride up to a fem|ierature 
of approximately 4(M)^(' at which a change in the slope 
of/'[I, vs. temperattire is observed, indicating the for
mation of a new h\drogen-bearing compound (sodium 
hydroxide). This behavior is consistent with the calcula
tion presented here (.sec Fig. 1). 

•i.3. Effect iif 1/nilrn.ridr Eormidiitn nn the Caliliridion of 
In-line lustruillellls. 

Till' in-line instruments that are currently in use, or 
an' being tested, for impurity monitoring in large 
sndiinn systems consist of the plugging meter,' ' the 
electrocheniical oxygen meter,""' the electrical con
ductivity meter."' ' and the li^-drogen chromatograph. 
The calibration procedure that is generally employed 
consists of a eoinparison of the meter output with the 
chemical analysis of a sample of sodium. The cliemical 
analysis u.sually yields a measurement of total hydrogen 
ami tolal oxygen. whereiLs the particular meter output 
i.i related proportionally and sometimes selectively to 
oxygen, Iiydrogen, and h\'droxide concentrations. In 
addition, the analysis is usually perforiiKHl with solid 
sodium at room temperature, whereas the instruments 
are usually read at about :i(X)'C. \'alues from those two 
sources can be eoni|iared if it is known that signifieant 
change has not occurred in the hydroxide e(|uilibrium 
and that segregation effects have been eliminated. 
Vnder the usual reactor operaticui conditions i —:ilX)°C 
and cold-trapped .sodium) ver.v little hydroxide will be 
pn^seiit, ILS can be judged from Tables 2 and :i. and 
therefore the comparison of the sodium-instrument 
"ulput and the chemical anal.vsis is straightforwanl. 
The concentrations of oxygen and hydrogen in scKliuni 
alnivi' which tlie presence of the hydroxide should be 

TABLE 3. MOL PERCENT HYDROXIDE OF THE TOTAL OXYGEN 
IN SoDii-M F O R G I V E N H Y D R O G E N .ACTIVITY L E V E L S 

lAsgl'MING ->o = I O H ) 

Mot Percent Hydroxide al Selected Hydrogen 
Pressures {ppm by rot 1 

Temp, °C 

200 
300 
350 
400 
450 

Pn, - 10 
ppm 

0.44 
0..')7 
0.41 
0.46 
0.52 

100 

0.99 
1.15 
1.28 
1.46 
1.64 

1,000 

0.99 
3.67 
3.96 
4.50 
SOO 

10,000 

0.99 
10.5 
l l . S 
12.9 
14.3 

/ ' N . H 

0.99 
10.7 
27.2 
60.3 
71.1 

300 400 500 
TEMPERATURE. "C 

€ 0 0 

Ki<i. 1. Compari.-*"!! of the Dituuiriatinn Pressure of Sodium 
llyilrifle ( / 'N.H) wilh the Kciuilibrium Constant Squared (K*) 
for Heartiiui (I) 

t a k e n in to accnunt m a y be d e t e r m i n e d from t h e fnlluw-

ing expressit>ns> 

1. tlic pluming indicator should not be affected by 
hydroxide formation (see Sect. I I .H); 

2. the electrochemical oxygen meter by eq. (8) ; 
X. the hydrogen chromatograph by a combination of 

eq. (9t and Sievert's Law: 

C(H+OH} — '^Hi'^H + 
1 -U _ ^ "VOH 

Pu, To 

(15) 

where A,I is Sievert's law constant; 
4. the electrical resistivity measurements by 

— C|i>.>-<)H) 

( POHP'H, + PoAT - ^ j + PHKHP] 

(16) 

H , , 

where pr is the overall specific resistivity, and 
PoH , Po . and CH are the specific resistivities of so
dium due to hydroxide, oxide, and hydrogen in so
dium. 
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Discussion 

Mr. Jansson (W) : I agree very much with your con
clusions about the various relations and the general 
tendency that you are going to get with regard to the 
concentrations of hydroxide, oxide, and hydride and 
their species in solution. As for the treatment, I was 
surprised to see that you used in your first equation 
sodium hydroxide, sodium, sodium oxide, and hydrogen, 

because really this isn't right. Below 400°C you cannot 
h.ave coexistence of sodium hydroxide, sodium, and 
sodium oxide. That was your final conclusion but I think 
that you could have arrived at this much sooner. 

Mr. Vilinskas: Well, I didn't know whether that was 
going to be so or not. Basically what I've done is to 
write the equation for a reaction more or less as one 
would in freshman chemistry, and then see if it goes or 
not. 

Mr. Jansson: This is an example, I think, of where 
it is dangerous to go in and take free energy values and 
expect to get the right results from such an approach. 
It has been done in several other cases too. You really 
have to go through the system and .see what phases are 
going to be important; only then can you tell what the 
reactions are going to be. Do you agree with that? 

Mr. Vilinskas: I certainly agree with you. Experi
mentation is the best thing. 

Mr. Jansson: You really don't need experiments to 
do this. The tree energy values themselves will tell you 
this right away if you just compare them. 

Mr. Feder (ANL): Fortunately in this case there are 
very good experiments—the phase diagram study of the 
sodium hydroxide-sodium system by some Russian 
authors whose names at the moment I can't recall. [Ed. 
note: B. A. Shikhov, Russ. J. Inorg. Chem. 12, 545 
(1967)]. There are two papers whieh clearly delineate 
the phase diagram and you can tell at any given tem
perature or mixture what phases are present. I think 
this would be a more efficient starting point for any 
thermodynamie investigation. 

Mr. Hill (APDA): I beheve that the Russian article 
that you are referring to is that by V. I. Subbotin et al. 
(P/461)—his Vienna paper. I recommend that every
one that is interested in hydrogen-oxygen equilibria 
study it, because it is one of the finest pieces of experi
mental evidence of what really does happen in the 
sodium oxide and hydrogen system. 



Some Effects of Hydrogen Compounds in StMlium Loops* 

J. L. .SiMi'soN, I). DUTINA, AXO I,. K. I'OHL 

General Electric Company 
Sunnyvale. California 

(PUESKNTKI) BY J. L. .SIMPSON i 

I. Introduction 

In most soilium-loop operations a plugging meter 
is used as the most reliable means of indicating the 
relative level of oxide impurity. The impurity level 
of a loop is usually rejiorted as a plugging tempera
ture which, in ]iraetice, is correlated to a solubility 
curve for sodiuni oxiile. This is backed up with pe
riodic laboratory analy.ses done either by amalgama
tion or distillation procedures. The determination of 
these plugging temperatures is at times interfered with 
by the precipitation of other unknown compounds 
causing significant flow reductions at higher temper
atures (300-600°F) '" and partial or complete ob
scuring of the lower (oxide impurity) plug. The multi-
break phenomenon has also been observed in many 
other loop installations. 

Although there has been much speculation concern
ing the identity of the material causing early How 
stojtpage, only limited experimental work can be 
found in the literature. One ex]ilanation is found in 
the tact that the solubility of oxygen can change sig
nificantly due to the presence of solute elements in 
sodium. The presence of chroniiuin. iron, and hydro
gen will increase the saturation solubility of oxygen 
at a particular temperature due to the existence of 
stable eoinpoiinds such as XaCrOi, and (Na^t ' l -Fen. 
This may indicate a higher total oxygen concentration 
as determined by cheniieal analysis than would be 
detcnnined by a "plugging temperature" based on an 
impurity-free system. 

The operation of systems based on cold traps and 
plugging indicators with backup from chemical sam
ples appears adequate for engineering purposes. 
However, on-line instrumentation for oxygen, carbon, 
and hydrogen is an eventual goal for convenient con
tinuous indication nnd control. For oxygen, electro
chemical cells are being de\eloped for direct measure-
nient of oxygen activity. .Vltlioiigh the results so far 
are encouraging, the attainment of reproducible cali
bration and long-term stability requires further 
development. The oscillating mode of plugging-meter 
operation oft'ers some potential for improved precision 
in determining plugging temperatures, but is still sub-

' Work performed for the l'. S. .\tomic Energ>' Commission 
under rontr.ict .\T((M-3)-lS9, Project .Agreement No. 15. 

ject to drift as compounds with higher saturation 
temperatures, or slower rates of re-solution, build up 
in the orifices. 

Plugging temiieratures of 90O-9 .T0°F liavi' IMTII ob-

ser\'ed in carbon-saturated sodium systems at Mine 
Safety .\ppliance.'-' where the oxide concentration 
was apparently in the range from 5 to 3.5 ppm. The 
high-temperature plugging was attributed to the 
liiesence of dis.solved and particulate earbon. Oak 
Riilge Xational Laboratory'^ " reported observing 
multiple breaks in flow through the plugging indicator 
throughout their NaK corrosion program, .\lthougli 
the cold traps were operated at temperatures as low 
as 100°P ,̂ this only lowered the temperature at which 
precipitation occurred from 500 to 300°F, but did not 
completely remove the material causing the high-
teinpcraturc flow stoppage. 

Early attempts in this program at identifying the 
material causing flow stoppages in plugging indicators 
consisted of determining elemental impurities such as 
carbon, hydrogen, and calcium in sodium sampled 
from loops with widely varying plugging profiles. 
However, no correlation could be made between pro
nounced high-teiniierature breaks and the elemental 
analysi-s. This suggestiil that a more direct approach 
was necessary to identify the species causing the early 
flow reduction. .\ preliminary investigation led to the 
conclusion that the high-temperature precipitants 
were predominantly hydrogen-containing com
pounds.'^' Confirmation of these findings was made 
by altering the concentration of these species while 
following the plugging runs. 

2. Experimental 

i.t. Design of Plugging Collector 

The first concern was for a means to collect the 
high-temperature precipitating species so that identifi
cation could be made. .Kn early attempt at collection 
w.as made through use of the orifices in a normal 
plugging meter. The sensitivity of existing methods 
of analysis was insufficient to characterize reliably the 
few micrograms of material that were deposited in 
the small orifices of the plugging plate. 

-\ special device called a plugging compound col
lector (PCC) (see Fig. 1) was then designed to collect 
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F I G . 1. Plugging Compound Collector. 

larger amounts of the precipitating species. The 
PCC is quite similar to the plugging indicator. The 
sodium passes through an economizer in which the 
entering sodiuni is cooled in the outside passage. The 
cooled sodium flows through the collector plate and 
returns to the main loop through an inner tube, where 
it is reheated. Thermocouples were located in the col
lector-plate housing to give the plugging temperature. 
Aside from the collector plate, the entire PCC was 
constructed of Type 304 stainless steel. The essen
tial difference lies in the substitution of a nickel plate, 
with eight radial slots for precipitant deposition for 
the normal plugging plate. The opening of each slot 
(a %6-in.-diameter semicircular slot) is similar in 
diameter to the orifices of the plugging plate (each 
a ^2-ln--diameter hole) to simulate the plugging 
conditions. However, the greater depth of the slots 
affords a larger zone for deposition. The nickel col
lecting plate is in the form of two discs, which arc 
held together by four welded nickel straps. 

2.2. Sampling with Plugging Compound Collector 

To collect the material causing the higher-tempera
ture break, the PCC was installed on the loop-
sampling manifold, preheated, and evacuated before 
sodium flow was initiated. Flow was maintaineil 
through the collector for about 48 hr at 800°F to 
clean the collector walls and the plugging plate. A 
plugging run was then made using the normal loop 
plugging indicator (PI) to obtain a temperature-flow 
profile and determine at which temperature precipita

tion of material began, as indicated by the first flow 
stoppage. Figure 2 shows the normal plugging-indi-
cator trace with a high-temperature break occurring 
at about 400°F and the oxide break in the neigh
borhood of 300°F. The temperature in the plugging 
indicator is initially in the 700-750°F region, and 
sodium is flowing at a rate of 0.12 gpm. 

Cooling rates while making the plugging runs were 
10°F/min until approximately 50°F before the antic
ipated oxide break. The cooling rate was then re
duced to l '/2°F/min. 

Once the PI run was completed, the temperature 
was increased and the flow recovered. Temperatures 
around the PI circuit were held above 700°F to 
eliminate any effect it might have while operating 
the PCC. Based on the PI information as a basis for 
temperature adjustment, the collector-plate tempera
ture was cooled, in steps, to induce and maintain 
plugging. Collection of the precipitant proceeded un
til the flow through the collector decreased to <20% 
of the original value, at which time the collector 
was valved off and the contents frozen. 

2.S. Opening the Plugging Compound Collector; 
Analytical Technique 

The PCC was removed from the system and trans
ferred to an inert-atmosphere (helium or argon) glove
box which contained less than 1 ppm of oxygen and 
moisture. 

In the inert glovebox, the Alarman flange was re
moved and the plugging plate exposed. The four 
welded straps were broken loose, and the discs were 
separated. Figure 3 shows the separated plugging 
plate and the precipitated material. The deposit was 
scraped from the channels, and samples were analyzed 
for total hydrogen by a hot extraction technique."' 
Hydride hydrogen was measured by amalgamating 
the material with mercury^ in vacuum and heating 
the amalgam to 200°C until all gas evolution ceased. 
The gas was collected, and the amount of hydrogen 
released was measured by chromatography. The ma
terial deposited in one of the channels was placed 
on a clean, dried glass slide, which was then posi
tioned in a controUed-atmosphere sample holder (see 
Fig. 4) and analyzed for crystalline material by 
X-ray diffraction. The holder served to protect the 
sample during analysis from atmospheric contamina
tion. The slide on which the sample had been placed 
was clamped to the back of the holder, and a back 
plate was then attached. A Viton-A gasket was used 
to seal the back plate to the body of the holder. 
Welded to the holder were two arms which were 
terminated by vacuum bellows valves. The arms, the 
body, and the valves were of stainless steel. The 
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holder had a beryllium window to permit passage of 
the incident and dilTracted beams with only an ap
proximate 15% loss of intensity. The sample can be 
analyzed with the holder, either under vacuum or 
filled with helium. 

3. Identification of Deposits 

Five experimental runs were made in which the 
collecting teniperature was varied. To provide a range 
of conditions, the cold trap was not operated in two 
of the runs. The experimental conditions and the data 
obtained in each run are shown in Table 1. 

In each of the first four runs, appreciable concen
trations of sodiuni hydride and sodium hvdroxide 

were observed. Because of the ease with which so
dium can be contaminated with moisture to produce 
sodium hydroxide, the validity ol the sampling and 
analytical procedures was tested. .K number of sam
ples of sodium, known to contain only traces of 
hydrogen (2-5 ppm), were processed in a manner 
analogous to that used for the PCC deposits; han
dling periods, sampling sizes, and delay between sam
pling and X-ray analysis were equivalent. In no case 
was sodiuni hydroxide or sodium hydride obser\ed. 
Confirmation of the freedom from contamination was 
obtained fortuitously in one experiment in which the 
sampling device separated during the test, permitting 
sodiuni to flow between the discs rather than through 
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F I G . 3. Plugging Plate after Disassembly in Glovebox. 

the orifices. No collection of precipitants occurred, 
and the subsequent analysis showed a negligible 
blank. 

Analyses for elemental contaminants were also per

formed for some of the scrapings to ensure no major 
contaminant had escaped detection by X-ray dif
fraction. Metallic impurities were determined by 
emission spectrography, and total carbon by a wet 
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coniluistioii technique. -Although there was some ap
parent concentration of several elements over what 
is normally observed in the system, none of those 
detected exceeded 100 ppm; thus, it is not believed 
that they could have caused obstruction to the so
dium flow. Sodium oxide was observed in only the 
first sample. However, this sample required pro
longed manipulation to open, and some contamina
tion by the glovebox atmosphere may have occurred. 
If this were so, the sodium hydroxide value may also 
Iw suspected. The sodium hydride value, however, 
is considered valid in any event. Oxygen was not 
detected in the remaining sample by X-ray diffrac
tion. 

In summary, the only species found at appreciable 

levels in the PCC deposits were those containing 
hydrogen. It was concluded that sodium hydroxide 
and sodium hydride were responsible for the high-
temperature breaks. The data were examined to de
termine whether the ratio of these two impurities was 
a function of the collection temperature. There were 
insuBicient data to reach any conclusion. 

4. Effects of Hydrogen Addition and Removal 

Hydrogen was deliberately added to the loops in 
an attempt to obtain direct corroboration of the 
conclusions reached in the study just described. This 
was accomplished by warming up the cold trap in 
incremental steps from 275 to 400°F. Previous ex
aminations of cold-trap deposits have shown both 
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TABLE 

Run 
Number 

1 

2 

3 

4 

6 

1. AN.\LYSIS or SPECIES DEPOSITED 

SOLIDS COLLECTOR 

Collecting 
Tempera

ture 
CF) 

325-310 

460-300 

600-585 

405-360 

460-300 

Cold-trap 
Temperature 

(°F) 

275 

285 

Not Operated 

318 

285 

Com
pounds 

Col
lected'•> 

NaOH 
NaH 
Na ,0 

NaOH 
NaH 

NaOH 
NaH 

NaOH 
NaH 

IN THE 

Concentra
tion 

(%) 

> 5 
5 

> 5 

4 
0.51" 

> 5 
4 

50,6 
0.11" 

(*> The bulk of the deposit was sodiuni. 
t*" By amalgamation-gas chromatography. All remaining 

concentrations by X-ray diffraction. 

T A B L E ' 2 . EFFECTS OF R.MSING COLD-TR.\P TEMPERATURE 

Cold-trap 
Temperature 

CF) 

276 
316 
360 
400 

Hydrogen Content oi 
Surge-tank Gas 

Cold leg 
(vpm) 

<2 
2 

120 
660 

Hot Leg 
(vpm) 

<2 
< 2 

5 
110 

Cold-leg 
Sodium 
(ppm) 

7.1 
8.2 
8.3 

14.3 

Plugging-
indicator 

Flow Breaks 
(°F) 

470, 260 
640, 460, 355 
675, 430, 365 
700 

sodium hydride and sodium hydroxide to be pres
ent." ' The data, presented in Table 2, show that as 
a result of heating the cold trap, the hydrogen in the 
surge-tank argon cover gas and the total hydrogen 
in the sodium increased. I t is also evident that the 
temperature of the initial flow break in the PI runs 
also increased. Since other species may have been re
leased from the trap as a result of warming the 
trap, the argument that increasing hydrogen and in
creasing initial plugging temperature are directly 
related is not conclusive. An additional experiment 
was performed. The cold trap was kept at 400°F 
until the hydrogen concentration of the gas and the 
PI readings stabilized. The cold trap was then iso
lated. Next, the surge-tank gas was diluted with purt 
argon by partial evacuation and backfilling. The ef
fects on the hydrogen and on the flow-break tem
perature are shown in Fig. 5. 

The effect of the purging cycles is seen to be a 
decrease in the hydrogen concentration and in the 
initial flow-break temperature. The temperature of 
the second break (attributed to oxygen), as expected, 
did not change. I t was noted that the initial purging 
cycle led to a release of hydrogen. This was attrib
uted to contact between hydrogen deposits on the 
cooler portion of the surge-tank wall and the hot 
sodium as a result of change of sodium level dur
ing argon venting. The results again show a corre
lating plugging profile and hydrogen content. 

5. Discussion 

The conclusions proposed above present an anomaly 
whieh is not readily explained. The introduction of 
moisture into the loops during the insertion and re
moval of corrosion specimens is the most probable 
source of hydrogen in the loop. However, after a 
period of operation the presence of sodium hydroxide 
is not expected. In the high-temperature sections of 
the loop, this compound should decompose according 
to the reactions 

NaOH -f 2 Na -^ NaH -H NajO 

and 

2 NaH 2 Na -I- Ho 

If we assume the reaction to be slow, then it must yet 
be explained why sodium hydroxide is available for 
precipitation at PI temperatures of about 400°F after 
having circulated through the cold trap maintained at 
a lower temperature, about 275°F. 

Two possible explanations are suggested. First, it 
may be that sodium hydroxide is deposited in rela
tively inaccessible, moderate-temperature regions of 
the system (the surge-tank walls, for example). Thus, 
a gradual leaching may occur as hot sodium reaches 
these areas, resulting in a slow introduction of the 
compound. Although thermodynamically unlikely, the 
reaction of Na20 with hydrogen provides an alternate 
explanation, e.g., Na20 -H Ho ^ NaOH -I- NaH. 

Regardless of the explanation, the results ob
tained in this study indicate that hydrogen com
pounds are potential precipitants in a sodium sys
tem. They can obscure determination of a plugging 
temperature as related to sodium monoxide. More 
important, the hydrogen can lead to potentially 
serious fast reactor coolant problems, such as channel 
blockage, hydriding of material, degradation of neu
tron spectrums, and confusion of water leaks. Thus, 
continued study of their behavior, detection, and 
content is mandatory. 
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Diicnsaion 

Mr. Rodgers (MS.\): You stated what your cold-
trap temperature and collecting temperatures were. 
What was the sy.stem temperature, and sodium loop 
temperature? 

Mr. Simpson: We had a AT" of 500° and we ranged 
from 800 to 1300°F. 

Mr. Berkey (W): You've raised some questions as 
to why a plugging meter should, in fact, never be 
used in a sodium system. If the decision is to use a 
plugging indicator of some sort, you have certainly 
convinced me that you need an additional monitor of 
the plugging meter; in fact, you need two instru
ments: one to tell you what's doing your plugging, 
and one to tell you when it's being plugged. I'm 
delighted to see this because I think one great prob
lem with plugging indicators has been that nobody 
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has really ripped into one, as you have, to see what 
has been doing the plugging. One final comment: the 
one break that you were not able to identify raises a 
yet unanswered question which maybe will always 
arise with a nonspecific type ot meter such as the one 
you're dealing with. 

Mr. Simpson: I think we're all concerned as to 
what is plugging in a plugging meter. There have 
been many discussions this week on that—is it really 
oxygen or can you really get to o.xygen? What the 
middle break is, Tm not sure, but several men have 
reported seeing multiple breaks, not just two or three, 
but possibly four. 

Mr. Hill (APDA): I think this kind of work has 
been needed for a long time. I want to congratulate 
you on it and ask one question. When running your 
plugging temperature with your cold trap at the 
lowest feasible temperature (as near the freezing 
point as you can), have you measured both the oxy
gen and the hydrogen concentrations to see what the 
stoichiometric relationship is? We find that when we 
run a cold trap about the best way we can in a prac
tical system, in both our technology loop and in 
Fermi, we can reduce the hydrogen to about 1 ± 
0.2 ppm, and the oxygen (by amalgamation) will come 
down to about 6 ppm. As a matter of fact, in terms 
of true oxygen, that works out to almost the stoichio
metric ratio for having a residue of sodium hydroxide. 
Have you done any kind of work to see what the 
stoiehiometry is? 

Mr. Simpson: No, we have tried to maintain our 
cold-trap temperatures so that we give a plugging 
temperature corresponding to 10 ppm, using Klaxton's 
solubility curve. Therefore, we haven't cold-trapped 
all the way down, and I'm not sure we have made 
any stoiehiometry measurements. 

Mr. Hill: What is the lowest hydrogen concentra
tion that you find? 

Mr. Simpson: I think about 2-3 ppm. I must indi
cate that we don't always see the double break too. 
We can't explain why, and we don't know what we 
do differently when we don't. 

Mr. Holden (UNC): In this system did you have 
any appreciable amounts of any constituents other 
than sodium, hydrogen, and oxygen; if not, can you 
reconcile the presence of three solid phases plus so
dium with the phase rule? 

Mr. Simpson: To answer the second part, no. To 
answer the first part, we looked at the deposition 
area for other compounds and we saw some increase. 
I would say carbon was in the range of 50-75 ppm. 
Iron was, as I recall, about 10 ppm. Carbon and iron 
were the greatest of the contaminants. Our sodium 

system normally runs 30 to 40 ppm carbon and 2 to 
5 ppm iron. 

Mr. Simons (BMI) : If I read your slides cor
rectly, the only identification of sodium oxide was in 
the lowest-temperature cold trap. Is this correct? 

Mr. Simpson: I failed to mention in explaining 
sample number 1 that a little different configuration 
or a little different design from what we are now 
using for plugging compound collectors was used. It 
took a prolonged time to open it in the box, perhaps 
a couple of hours. We discarded that oxygen result 
because of possible contamination. 

Mr. Simons: Do you think that in fact there was 
no oxide in any of them? The oxide in the first case 
just came as a result of contamination upon handling. 

Mr. Simpson: I don't think it was a major con
taminant, but I think there was probably oxide 
there. We did an oxygen determination on some of 
the scrapings; we had so little material and so much 
hydroxide that it was hard to tell how much sodium 
monoxide was there. 

ilfr. Simons: You say you have a hydrogen break 
and you have an oxygen break; yet you find no 
oxide in these other cases. How do you reconcile 
this? 

Mr. Simpson: Well, if we run the plugging indi
cator we see the double break—we see it at 300°C. 
We never get down to that oxide break in collect
ing compounds. We only collect the high-temperature 
sample. 

Mr. Simons: That's the answer I was looking for. 
Mr. F. A. Smith (ANL): We're having considerable 

difficulty manually operating a cold trap on a large 
system for a period of about 1000 hr. This week, 
during the conference, some visitors from an architect-
engineering firm asked me an embarrassing question. 
They asked if this process can be completely auto
mated. Therefore, I wonder if you'd take a crack at 
that question from your experience with cold-trap 
operation. Do you see any hope for complete auto
mation with no manual control or no human intel
ligence to manage a large inventory of sodium? 

Mr. Simpson: Our operations man, Larry Pohl, is 
here—he may be able to answer that question. 

Mr. Pohl (GE) : We can put a cold trap on-line 
with a device that will control its temperature auto
matically. 

Mr. Goldmann (UNC): I had problems similar 
to Simons' in interpreting the table. As I understand 
it now, you have analyzed only samples that were 
precipitated at the higher breaking temperature, but 
you have not analyzed any samples at the lower 
breaking temperatures. If that is right, why do you 
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ggr that at the lower temperature it is an oxide 
^ k ? I t seems to me that you have to analyze at 
the lower temperature before you make the statement 
that it is an oxide break. 

Mr. Simpson: If we do precipitate at the lower 
break we're also going to get the upper-break ma
terial, which complicates the identification of the 
oxide. 

Mr. Goldmann: That 's exactly the point. The point 
\i that you should not call it an oxide break. 

Mr. Simpson: What do you call it? 
Mr. Goldmann: The something break. 
Mr. Simpson: We've got a something meter to give 

UI a something break. 

-Mr. Dutina (GE) : I think like most of us that it 
is incorrect to call that the oxide break, but I think 
like most of us—when we're somewhere near the cold-
trap temperature with the break—we assume that 
what's precipitating is oxygen. It's probably wrong. 
We have tried to pick apart the amalgamation, know
ing a little about the hydride, the hydroxide, and the 
carbonate in the system. When we're down at 275°F 
or thereabouts with the plugging and the cold-trap 
temperatures, it does look like the smallest constituent 
may be sodium oxide. We perhaps get more carbonate, 
more hydride, and more hydroxide than we do N'ajO. 
This probably is in keeping with the new solubility 
curves we've been seeing lately. 
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A B S T R A C T 

This paper describes the reaction of HCl with (i) pure 
sodium and (ii) sodium containing dissolved barium. 
In both cases the reaction took place in two separate 
steps: 

(1) H C I - ^ i j H j - l - C l - ; 

(2) 1.-2H2 - ^ H - . 

The effect of barium was to decrease the rate of hydro
gen production (1), while i nereasing that of hydrogen 
uptake (2). 

The formation of molecular hydrogen was controlled 
by processes of a physical nature. The nxte-determining 
step for hydrogen absorption, however, apparently in
volved the adsorption and dissociation of hydrogen 
molecules at the metal surface. 

1. Introduction 

The work described here forms part of an investiga
tion of simple inorganic reactions of liquid sodium. 
Thermodynamically, such basic sodium chemi.stry is 
usually well established; kinetic information, however, 
is scarce. 

One class of reaction exhibited by sodium is the dis
placement of hydrogen from gaseous compounds in 
which the hydrogen atom is linked to a more electro
negative atom or group: H—X -H Na —> 32H2 -|-
NaX. The reaction of hydrogen chloride with sodium 
falls in this category. One reason for studying this 
reaction was to investigate the mechanisms and rate-
determining steps involved in (1) hydrogen displace
ment and (2) the formation of molecular hydrogen, 
both in the presence of liquid sodiuni. 

The interaction of HCl with sodiuni was also con
sidered from the standpoint of liquid-metal reactivity. 
It has recently been shown, for example, that dissolved 
barium .stimulates .sodium reactivity towards such 
compounds as nitrogen,'" hydrogen,<=' and ethylene."' 
Since alkaline earth metals may find use as soluble 
getters in sodium systems, it was of interest to consider 
then effect on the chemical behavior of sodium. The 
reaction of HCl with sodium containing dissolved 

* Work performed under the auspices ot the U. S. Atomic 
Energy Commission. 

barium has therefore been studied and compared to 
that of pure sodium. 

The interaction of a gas with a licjuid metal is a 
heterogeneous process, and the initial step will involve 
adsorption of gas molecules at the metal surface. As the 
reaction proceeds, its overall rate may feasibly depend 
on (1) the initial adsorption or .some chemical process 
or (2) the rate at which reactive species are transported 
across a product surface layer. Should the physical 
process (2) prevail, the nature of the reaction will 
depend largely on the properties of the reaction product. 
A .study of the kinetic a.speets of liquid-metal chemistry 
requires a situation for which this is not the case. An 
effort was therefore made in the present work to ar
range conditions so that reaction products would not 
inhibit the reaction. 

In the experiments described, a fixed volume of 
hydrogen chloride was reacted with a large excess of 
vigorously stirred liquid sodium or sodium-barium 
alloy. The course of the reaction was followed by 
measuring jiressure change as a function of time. 

2. Experimental 

2.1. Apparatus 

The apparatus used was similar to that previously 
described"- « and is shown in Fig. 1. The reaction 
vessel, constructed from Pyrex glass, consisted of two 
concentric cylindrical vessels, A and B, which could be 
independently isolated. The former was an inner 
reservoir for HCl; the latter contained the sodium. The 
entire unit could be connected to a simple mercury 
manometer (of negligible volume compared to B) and a 
vacuum line. The vessel was heated by immersion in a 
silicone oil bath, whose temperature was carefully 
controlled ( ± r C ) . When molten, the sodium could be 
vigorously stirred over an internal baffle by means of 
the external rotating magnet C. 

2.2. Procedure 

The important features of the techiiiciue employed 
were as follows: 

(1) The sodium surface was observed throughout the 
reaction. 

(2) Pure HCl from A was allowed into B (after pre-
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vious evacuation); then A was quickly is<jliited. The 
reactants were at the siime temperature when brought 
into cinitaci, and pressure changes due to thermal ex
pansion were eliminated. The use of capillary tubing 
outside B reduced the volume of gas at room tempi>ra-
turc to a negligible minimum. 

(li) All IK'I in H was available for reaction; hydrogen 
produced could not pre\(>n1 its access to sodium. 

(4) The induced "eddy" currents .set up in the liquid 
metal by the rot:itiiig magnet caused vigorous .stirring 
over the internal baflle; agitation of the metal surface 
was exiiected to prevent the formation of jiroteetive-
prodiict layers tinil to expose fresh metal continuously. 

In a tyjiical experiment, the volume B (see Kig. 1) 
wa.4 ~I40 ml. When ^ 4 0 g of sodium were useti there 
remained a lixed volume of reacting g;is of ^ 1 0 0 ml. 
Pressure values were measured to the nearest 0..'> mm 

HK. 

3. Results: P u r e Sodiuni 

.?./. Tlie lieaction Curves 

The I'ariation of pressure / ' with tiine for successi\(' 
aiiilitions of HCl to the same sodiuni simple at I('iO°(' 
is.sliiJHii ill l''ig. 2a. Kach pres.sure-tinie curve exhibited 
aBliarp discontinuity al a pressure / " , after uliicli llie 
pnwsurc fell .slowly to zero (not .shown). 

A golden lilni, darkening with time, was fornieil on 
the metal surface on contact with HCl. Despite vigorous 
stirring, this lilni remained continuous in each ca.se as 
the pressure fell from its initial value /•"' to P'. .K\ the 
stage corresponding to / " the surface-product layer 
bccainc mobile and winild break up, exposing clear 
nietiil. ('(Mitiiiiii'd stirring would c;uisc the surface prod
ucts to coagulate bcliiml the ballle, thus exposing a 
similar metal surface area prior to each HCl reaction. 

Tlic leactiiui of the Mist addition of HCl (see Curve 1 
of I'ig. 2a) exhibited an initial slow .stage after which 

SUPPLY 

flo. 1. Apparatus for Reacti.ui of (lases with Excess Liquid 
^inm. 

Fli;. 2. Xa -I- IK'I Rearlii.n at IIM'C. 

tlie reaction rate steadily increasetl (to / " ) ; this be
havior was found to a .slight extent with the s<'C<ind 
aildition also (see Curve 2 of Fig. 2a). However, the 
third addition at l(i0°C (SIH" Curve 3 of I'ig. 2a) gave 
rise to all initially rapid but constant reaction rate. 
Thereafter, successive HCl reactions priHiuced identical 
linear /'-( curves. (In I'ig. 2a only one cur\e, nanicly 
Curve 3, is shown.) Linear /'-/ cur\'es were al.so obtained 
when the same siHlium was further reacted at a .s '̂ries 
of temperatures iu the range lOti ItiO^C. 

The variation of pressure change, A/' (i.e., / '" — /*), 
with time for the curves of Kig. 2a is shown in Fig. 2b. 
Here the lirst and subsoquent HCl reactions are more 
conveiiii'iitly co^parinl. The S1O|M' of a .i/* vs. / cur\'e 
is a measure of tlie o\-erall reaction rate for the f" —• /** 
stage; in Kig. 3 the variation of log (d.i/ ' d/) with 
l,/7'(°K) for the linear "repriHlucible" ri-actioii stage is 
shown. .\ii apparent activation energy of ^ 1 3 kcal/ 
mole w;is obtained from the SIOJH' of this line. 

In Table 1 values of initial pressures /*" and 'break" 
pre.ssures P' are listetl along with values for the ratio 
P°, / " ; iu every ca.se I" I" ~ 2. Hence the sudden de
crease in reaction r.ite took place when the pressure 
was reductxl to one-half its initial value. 

Other ex|M'rinieiits were omducted in whieh the gas 
|iliase was .simpleil after arresting the reaction at P". 
.\iialysis by ma.ss spectroscopy failed to detect any 
HCl; the gas phase consisted entirely of hydrogen. 

S.i. The Initial .Accelerating .Stage 

After the first HCl reaction, the sodium .surface 
always contained some reaction products, so the ab
sence of the accelerating stage in subse<|uent reiictions 
could have feasibly been attributed to the presence of 
X;iH or XaCl. .\ltem;>tively, the iiutial reaction of 
HCl could have been inhibited by trace impurities 
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TABLE 1. BRE.\K PRESSURES FOR Na-HCl RE.\CTION 

Temp (°C) 

106 
117 
128 
136 
148 
156 
160 
160 
160 

P« (mm Hg) 

126 
135 
130 
118 
134 
86 

110 
" 9 

171 

i " (mm Hg) 

63 
70 
67 
60 
60 
43 
57 
36 

sn 

p'/p' 

2.0 
1.92 
1.94 
1.96 
1.94 
2.0 
1.92 
2.0 
1.9 

(e.g., Na20) on the metal surface. In separate experi
ments, therefore, HCl was reacted with stii'red sodium 
whose surface contained visible layers of (i) XaH, (ii) 
NaaO, and (iii) NaCI. The following observations were 
made: 

(i) XaH had no measurable effect, indicating that 
HCl had reacted preferentially with the sodium. (Com
plete reaction with NaH, namely, NaH -f- HCl -^ H2 -f-
XaCl, would have produced no overall pressure change.) 
An initial accelerating stage was observed and P'/P' = 
2. 

(ii) The presence of Xa20 gave rise to an extremely 
rapid initial reaction (a transient red glow appeared on 
the surface) and no accelerating stage; in addition, 
P'/P' > 2. This suggested that the reaction NazO -f 
HCl -* NaOH -I- NaCI had initially predominated, 
eliminating the initial slow stage, and preventing some 
hydrogen from appearing as Hj at P'. 

(iii) The presence of NaCI elimmated the mitial ac
celerating stage and gave rise to curves (at 160°C) 
identical to Curve 3 in Fig. 2. 

These simple experiments suggested that the differ
ence between the first and subsequent HCl reactions 
was associated with the presence of NaCI rather than 
of NaH or absence of Xa20. 

4. Discussion: Pure Sodium 

4.1. Hydrogen Production 

The re.sults showed that each HCl reaction took 
place in two separate steps: 

(1) 

(2) 

Na -

N a -

HCl-

>2H2 

• 3-̂ H2 -I- XaCl; 

• NaH. 

In the first .step, where P" —> P', HCl reacted with 
sodium to produce gaseous hydrogen. The second step, 
where P' —> 0, was due to the reaction of hydrogen to 
produce sodium hydride, which had a negligible dis
sociation pressure at the temperatures involved. The 
fact that P'/P' was always close to two (see Table 1) 
indicated that reaction (1) proceeded effectively to 
completion before step (2) took place, i.e., all hydrogen 
appeared in the gas phases as H2 prior to .sodium hy
dride formation. 

This observation was of interest since: 

(1) In the process: H-Cl -^ K H - H + Cl", "reac
t ive" hydrogen intermediates (e.g., H") would be 
formed in contact with, or in the vicinity of, the sodium 
sturface. 

(2) The stable form of hydrogen was the hydride 
ion, H~ (as sodium hydride). 

In view of its slow reaction rate, negligible uptake of 
molecidar hydrogen was to be expected during the 
time taken tor complete HCl reaction (step 1); the 
results further indicated, however, that there was also 
no net uptake of atomic hydrogen. 

There are tw ô feasible reaction mechanisnis which 
would lead to a quantitative production of molecular 
hydrogen in this way: 

(1) If it is assumed that hydrogen atoms are tran
siently adsorbed on the sodium surface, a rapid second
ary reaction: 

H-(ad) -I- H'+-C1 -» Ho -1- Cl-(ad), 

could occur; thus there would be no net uptake of 
hydrogen until all HCl had reacted. 

Alteruiatively, 
(2) Because of their high electron affinity, chlorine 

atoms might be expected readily to accept electrons 
from the metal surface to form an adsorbed chloride 
layer: 
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HCl -t- e - . Cl-(ad) + H", 

and then 2H* —> H i . The metal surface would be ren
dered inactive to released hydrogen atoms (until chlo
rine was desorbed as XaCl), i.e., the process H* -|- e —> 
H" would be inhibited. If the initial ad.sorption of HCl 
(via Cl) is assumed to be more rapid than that of hy
drogen, then again there could be no net hydrogen 
uptake until all HCl had been consumed. 

{i. The Rate.delermining .Step 

The shape ("concave upwards") of the AP-l curve 
(or the lirst HCl addition (see Curve 1 of Fig. 2b) 
strongly suggested that the reaction was autoeatalytie. 
An initial accelerating .stage is characteristic of a heter
ogeneous reaction in which the rate-controlling step 
involves the formation ami growth of product nuclei at 
aphase boundary."'' The absence of further information 
obviously prevents any firm conclusions in the present 
case. The implication is, howevi-r, that the reaction 
rate of HCl, i.e., rate of hydrogen production, is con
trolled by the formation and growth of XaCl crystals 
on the metal surface. This was also suggested by the 
observed effect of XaCl on the form of the reaction 
cun'es described abo\'e. 

In Fig. 4, Curve 1 from l''ig. 2b is repnuluced to
gether with the corresponding log AP-l cur\'e for coni-
[larison. The latter is linear over the initial region, 
iniiicatiiig an exponential increase in reaction rate 
«illi time. 

i.S. iiractiiin Model 

A possible reaction sclieiiie luiglil iii\iil\'e the follow
ing sequence of steps: 

(1) lufsorption of HCl mulecuU's to produce a chlo
ride hiyer ami Iiydrogen gas; 

(2) the foriiiatiini and growth of a thin, protecti\'e 
film of aiiiorphoiis XaCl; 

(3) the precipitation of nonprotectivc crystalline 

TlME(mins) 

FIO. 4. Na -¥ HCl Initial Re.action at 160°C. 

TIME lh*»l 

Fio. 5. Na-Ba -t- HCl Reaction. 

XaCl; this is considered to be the rate-deterniiii-
iiig step. 

The smallest pre.ssure change measured (0.5 mm Hg) 
would correspond to the formation of a uniform XaCl 
layer ^10" k thick. Hence, HCl ab-sorption due to 
steps (1) and (2) would not be detected. Initially, the 
reaction rate, controlled by step (3), would be expected 
to increase steadily. K\eiitually, however, the rate at 
which the protective amorphous layer is consumed via 
step (3) would become equal to its rate of formation 
by steps (1) and (2) (for a given .surface area). At this 
stage, the overall reaction rate would become constant, 
producing linear reaction cur\'es. 

.'>. I tesulls: S<>niuni-Barium Alloy 

5.1. 'The lieaction Curves 

Typical pressure-time cur\es are shown in I'ig. 5 for 
the reaction of HCl with sodium containing ^ 4 at % 
barium. In .all cases a break in the ciure (at P ') again 
occurred when the pressure had fallen to one-half its 
initial value. 

5.2. Tlie Reaction Products 

In separate experiments, the gas phase was sampled 
.at the stage corresponding to / " (see Fig. 5) and only 
hydrogen was detected (mass spectroscopy), .\fter 
evacuation and cooling to room temperatiu-e, the solid 
product was carefully removed from the metal .surface, 
and remaining traces of free sodium and barium re
moved by repeated mercury wa.shing. The residue was 
analyzed (by atomic absorption) for barium and so
dium: an atom ratio for barium to sodium of 5 was 
fouml, i.e., the product apiieared to contain some 8 3 % 
BaCl ; . The amount of barium consumed during the 
experiments was negligible compared to the total 
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amount axailable, so that the alloy comiiosition re
mained effectively constant throughout. 

6. Discussion: Sodium-Barium Alloy * 

6.1. Comparison with Pure Sudium 

The reaction again took place in two ([uite separate 
steps: 

(1) I I C l ^ C l - - f i ^ H j ; 

(2) i,5H2 -> H- . 

Agaui all hydrogen appeared in the gas pha.se as Hr 
prior to subsequent reaction. In this case, however, the 
rate of the second stage (P' -* 0) at 200-240°C was 
comparable to the rate of the first (P" —> P'), and at 
160-180°C was even more rapid than the first stage 
(see Fig. 5). 

Comparison of tyiiical reaction curves at 160°C pro
duced by pure sodium and sodium containing 4 at% 
barium is made in Fig. G. The effect of barium is clearly 
illastrated. The uptake of HCl was markedly retarded, 
but the reaction with hydrogen was considerably en
hanced. In other words, the effect of barium was to 
decrea.se the rate of hydrogen production while in
creasing that of hydrogen uptake. 

These experiments with barium made it readily ap-' 
parent that the reaction of molecular hydrogen (as 
well as atomic) was inhibited in .some way in the pres
ence of unreacted HCl (i.e., prior to P'). As the first 
stage of the reaction (P° —> P') neared completion, the ' 
partial pressure of hydrogen would greatly exceed that" 
of HCl, but in spite of its potentially rapid reaction rate ' 
none reacted. This implied that hydrogen was not pro-' 
duced by the reaction 

H-(ad) + HCl -^ H2 -h C1-. 

It was also unlikely that solid reaction products would '' 
physically restrict access of hydrogen, since they were ' 
still present as the reaction jiroceeded beyond P'. The • 
implications were that (1) the initial adsorption of HCl' 
was far more rapid than that of H* or H2 and (2) only • 
initially formed chloride pre\'ented electron transfer to 
hydrogen (H' or H2) to form hydride (H"). The pres
ence of unreacted HCl effectively prevented the reac- ( 
tion of any form of hydrogen. 

6.2. .inalysis of the Reaction Curves 

The shape of the pressure-time curve from P° to P' 
at IGO^C in Fig. 5 indicated an initially rapid pressure 
drop which suddenly decreased. This suggested that 
the fall in pressure varied logarithmically with time, 
i.e., AP = k log(a + hi). Using the data of Fig. 5, AP 
values were calculated .and plotted against log(l + t), 
as in Fig 7. Linear plots were obtained. In trial plots • 
other relationships were tested: neither the power law , 
(log AP vs. log (), exponential law (log AF vs. () nor 
inverse log law (1/AP vs. k — k' log () would give 
linear relationships over an extended range of values. -
Thus, the law log AP = k(l + l) was considered to . 
express uniquely the curve of the overall reaction oc
curring between P" and P'. 

Laws of this type are met m kinetic studies of the 
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fixiiliition of metals,"'"" but mo.st mixlels proposed to 
rtplaiii them involve transport of reactive species 
acros" a very thin oxide film (<100 .1). It is highly 
unlikely that such models would pro\ide an explanation 
in the present case, which in\'olvcs chloride layers ap-
proxiiiialing to W k thick. However, Kvans'" and 
Harrison'"' have (li.scus.sed oxidation mechanisms which 
till allow for a logarithmic oxidation law in which 
thick lilms (> KXX) A) are involved. The present results 
will bi' considered in this light. 

ff..f. Proposed Reaction .Model 

As indicated earlier, the main reaction is 

Xa Ba -I- 2IICI — BaCL -)- II2. 

Presumably the same basic stejis will take place :i^ in 
the case of pure sodiuni: 

(I) lulsorptioii of IICI on the metal surface with the 
foriiiatiiMi of chloride ions and liberation of 
l i y d r i i g c i i ; 

('2) formation of :iiiiorplious B;iCl.j ; 
(3) the growth of a layer of ci'ystalliiic BaCI^. 
Himevcr, in this case the cr.ystalline BaCI- layer is 

considered to be j>rotecti\'e since: (1) tlu' volume ratio 
(molecular volume of HaCU to atomic volume of bar
ium) for BaClj on barium or .sodium-barium alloy is 
prater tlniii unity; (2) ionic conductiini in BaCI; takes 
jilacc via CL migration,''" so that a growth of a eou-
tinuiiiis BaCii layer niiglit be expected to occur by 
diffusion of Cl inward to the metal surface. 

Xone of the IIIKA'C three sti'ps is therefore considered 
lobe rate coiitrolliiig. (In practice, when the metal was 
not stirred, no pressure change was dctceted. altliougli 
the surface did acquire a \'isible lilni.) 

However, because of the stirring, extenial work wa.-
being done on the system. It is proposed tlnit this 
catiscsthe continuous formation of "leakage pa ths" '* ' " 
(e.g., cracks and pcu'cs) in the surface layer. The rcac-
tinn of IICI is considered to ttike place onl.v at leakage 
points, and as discussed :ibiive does .so at the expen.se 
of 11" or II2. Kollowiiig tlie treatment by Kvans,"' if it 
is a.ssunied that the increase in volume a.ssociated with 
the formation of BaCli at each leakage iHiint can result 
in the bhickiiig of others nearby, then one can arrive tit 
aliigaritliniic growth law for the BaCU layer, .ssiiice the 
qiianlily of Bat^U produced was proportional to AP, a 
iws-ible interpretation of the form of the reaction curves 
isolitaiiKHl. 

When all HCl had been consumed (at P ') no more 
BaCI. could be pnxluciHl, and the pniduction of "leak
age paths" would pi-oceinl uiicluTked. Continued stir-
fing woulil then cause a complete breakup or coagu
lation of the chloride (visual observation) and the 
I'.'icliiin of H.; wouhl t:ikc place. 

7. The Hydrogen Rearlion 

7.1. Iidrotluction 

The reaction of hydrogen with liquid .sodium and the 
effect of di.s.solve<i barium have been the .subject of a 
s<'panite investigation by tbi' prest'iit authors.' ' ' Ordy 
a brief di.scus.sioii will therefore be pre.s<'nted here. 

\ similar app:iratiis mid techniiiue was empIoye<i as 
described tibove. .\ fixed \olunie of Iiydrogen (75 ml) 
was reacteil with a large excess ( ^ 5 0 gl of .stirred so
dium :iiid .SiHlium coiit:iining o at. ' . barium in the 
temperature ninge from 100 to 2.'>0''C. 

7.2. Remits 

Kigure 8a shows the variation of reaction rate with 
pure sodium as a function of pressure. The rate was 
directly pro|H>rtioii:il to hydnigen pressure, iiulicatiug a 
lirst-onler process: 

dP„. 
dt 

= k,P„,, 

where ki is the lirst-order rate ciuistant. 
The variation of reaction nite with ti'iiiperaturc 

(see Kig. 8b) indicateil an apparent acti\'atinii energy of 
^ 1 0 kctil niole for this reaction. 

The presence of .5 at. *< barium markiilly increa.se<i 
the rate of hydnigen uptake, and iu this case it was 
coiu'cnietit to measure pressure cliauges directly a.s a 
function of time. Linear phits of logio Pn, vs. time were 
obtained (.see Fig. Wa), which again sbowiil that the 
o\erall reaction was of lirst-onler: 

dP„, 
d( 

kiPii,. 

Integration gives 

logi,. P H . 
k,/ 

2.303 ' 

where kl is the first-orikr rate constant in the presence 
of barium. The \ariatiou of ki with temjK'Riture (see 
Fig. lib) again indicate*! au activation energy of ~ 1 0 
kcal mole. 

Fnim the data of Figures 8a and 9a one obtaias 
kl k, ~ 100 at 2 0 0 ^ . Thus the presence of 5 at. % 
bariuin increa.sed the reaction rate by two ordei:s of 
magnitude, but left the pressure de|KMidenee and ap
parent acti\atiou energy unchanged. 

7.S. Discussion 

The overall process in both ca.scs w;is 

>.,H.(gl - ( - e ^ H - ( s ) . 

.\ii explanation of the results was pniposed' in 
which the rate-controlling step was considered to be the 
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initial adsorption and dissociation ot hydrogen mole
cules at the metal surface: 

^ H 2 ( g ) • . H-(ad). 

The addition of barium to sodium was considered to 
modify the electron energy distribution at the metal 
surface. It was postulated that the observed increase in 
reaction rate with barium was due to an increase in the 
number of electrons with sufficient energy to bring 
about the dissociation of the H—H bond. 

8. Conclusions 

The results of this investigation indicate that the 
overall reaction of HCl with liquid sodium and a so
dium-barium alloy takes place in two separate steps: 

(1) HCl(g) -^MH2(g)+_CI- (s ) ; 

(2) i2H2(g) ^ H-(s). 

The reaction of HCl (step 1) appears to be controlled 
by processes of a physical rather than a chemical na
ture, i.e., the reaction reflects the properties of the 
reaction products rather than the reactants. Thus the 
study of this reaction provides no insight into the 
nature of factors governing liquid-metal reactivity. 
This contrasts with the behavior of hydrogen under 
the same conditions. Hence an explanation is provided 
for the apparently slow HCl reaction (i.e., hydrogen 
production) in the presence of barium, which at first 
sight might .seem incompatible with the effect of barium 
on the reaction of hydrogen. 
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The absence of any hydrogen reaction during step 
(1) Is explained by assuming that whenever reactive 
surface is available, HCl molecules are preferentially 
chcmisorbi'd. This would imply that in a "dynamic 
nystcm" in which IICI was being continuously added, 
no hydride would ever be formed. 
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Discussion 

l/r. Draley (AXL): Concerning the reaction of IICI 
;iiid .sodium, in all the cases that I ha\'e had the occa
sion to learn the explanation for curves with that shape, 
they turned out to be as.sociat('d with temperature 
incrctise during the course of the reaction. Ila\'e you 
examined the things that you have to examine to deter
mine whether there are at least local temperature in-
crciises that correspond to your reaction? 

.Mr. Ilohdcll: Yes, of a .sort. I didn't monitor the 
letnperature at the metal surfaces of these reactions. 
I would say that I had a large, cxcessixe amount of 
sodium metal, which we know is ;i good heat-transfer 
liquid. I'ossibly the .sodium would rapidly dissipate 
any local heating; there is, however, another way of 
rationaliy.ing it. 

.1/r. Draley: I'm sure there are other ways of ration
alizing, but that doesn't answer the question. The first 
time it came to my attention was in the reaction of 
hydrogen with uranium. I'ranium is not a woiulerful 
beat-transfer agent. Vet the teniperature of a some
what ma.ssi\'e piece of uranium nise some SO or 90'̂ C 
in the course of the first 10 or l.'i minutes of reaction, 
which is prett.v subst:uitial. It was insulated .somewhat 
from the gasiims einironnieiit. The metal itself didn't 
all reach th;it teniperature, but the entire metal was 
heating pretty rapidly. 

•1/r. Htibdttl: The first cur\o shows that the initial 

reaction of HCl with the .sodium was a very slow re
action. In the ca.se of barium, the hydrogen was linger
ing around in the gas pha.se for several hours in spite 
of its p<itentially rapid reaction rate. I would have 
expected even on the basis that you suggested that 
some hydrogen at least would have gone iu, but it 
didn't. 

.l/r. Epstein (AXL): I presume that your HCl was 
very dry. Did you by any chance ever examine the 
effect of trace amounts of moisture on the kinetics of 
this reaction? 

.Mr. Hohflell: Xo, I haven't done that, but in this 
particular case, I would say that water vaiKir would 
react in a similar wa.v. In other wonls, 1 would exiM-ct 
similar curA'es for water vajKir under these conilitioiis. 

.Mr. Epstein: What I was really thinking of was s*imc 
exiieriments I remember, done years and years ago, on 
the reaction of .sodium with oxygen :il \'arious hwels in 
the ga.s state. It was found that exactly the same kind 
of rather slow rate initially was obser\'e<i unless you 
bad just :i smidgen of moisture in the system, and then 
it went very rapidly. 

.1/r. Htilitlell: The fact that 1 got a slow rate indicates 
I must ha\'e pure stuff. 

.Mr. Waber (Xort Invest em 1'.): \ 'ou made :iii inter
pretation ill terms of your nite cur\'es iii\-oIving crys-
talli/ation. What kind of lilni thicknessi's are you talk
ing about? 

.Mr. Iliiltilell: Knim the uptake of thr bydrogrti chlo
ride I should have lilms of the order of 10" to 10* .\. 

Mr. Waller: The normal size of nuclei which one 
finds ill re;icti(^is such as you're talking afHiiit are of 
tlu'ordcrof, perhaps, 50 .\ thick, or something like that, 
but the crystallization pnicess wouhl not b<' expi'Ctiil 
to lead to your thickiies,s<'s. The di'\'elopment of space 
charges will gi\e you the .sjinie kind of reaction kinetics. 
Have you coiisidensi this |Kissibility? 

Mr. Hobdell: I'm not familiar with space-charge re
laxation. .Ml I was saying really was that jierhaps after 
the tibsorption of chlorine one gets an jiniorpboiis layer 
which is protecti\'e. 

.1 / ; . U'ahcr; Of what? 
Mr. Htibdell: Of s^Kliuni chloride. This layer is very 

thill. The nuclei appear and grow in this thin layer to 
produce three-dimensional crystalline soilium chloride, 
and with the stirring I am a.ssuniiiig that that layer is 
pnitecti\e. Hc;illy, what I'm measuring is the rate at 
which the pnitective layer goes to a nonprotectivc layer. 

.1/r. Waber: Do you have any evidence that the film 
is really amorphous? 

.1/r. Hobdell: Well, yes. It is certainly iinitective be
cause in the case of barium it stops the hydrogen from 
going ill as well. I did a couple of the pressure cur\es 
with visual okservations on the sodium surface, and I 

http://ca.se
http://pha.se


498 Hobdell and Newman 

noticed that at the stage where the break occurred I 
couldn't see any shiny metal. There was what appeared 
to be a cohesive layer on the surface. At a point, the 
effect disappeared and I could actually see clear metal. 
With each of the successive additions of hydrogen 
chloride I was exposing a .similar subsurface area ot 
metal. 

Mr. Waber: I think that the interpretation that Dr. 
Draley raised about temperature rises might have an 
influence here in the interpretation of the observation 
which was made, namely, that when you started to get 
a fresh surface, your reaction could go up and the tem
perature increase could become much more substantial. 
In other words, you've said you have a temporary pro
tection and a breakdown of protection. When there is a 
breakdown of protection, then the temperature can rise 
very rapidly. 

Mr. Hobdell: On that basis, wouldn't you expect 
some sort of uicremental drop as you're breaking and 
making this protective layer? 

Mr. Waber: I t may well happen. I don't know 
whether you've carried on the experiment long enough. 

Mr. Hobdell: Well, certainly the curves look smooth. 
Mr. Draley: Such a curve would result from progres

sive increase in the area whore the fast reaction occurs, 
no matter what the causes of the fa.ster and slower re
actions. It doesn't mean, however, that it happened. 

Mr. Isaacs (BXL): There is an exponentially in
creasing rate oidy for the initial addition; on subse
quent additions the rate remains constant. This sug
gests that something is happening oidy on the first 
addition. If they were self-heating, it would apply to 
subsequent additions, too. 

Mr. Draley: That depends on the film! 
Mr. Isaacs: As I understood Dr. Hobdell, the initial 

film is protective. Very possibly, XaCl cry.stals nucleate 
and grow on that film. A reasonable explanation, one 
that I prefer, is that growth on the nucleated crystals 
is rapid; after the surface is covered with growing 
crystalline material, the rate remains constant (and 
rapid). 
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One of the main objectives of the Fast Test Reactor 
(FTR) is to provide reliable closed-loop irradiation 
tc»t facilities. These test facilities are to be respon-
(ive to the national Fast Breeder development needs 
beyond 1974. Support capabilities are being provided 
(or six closed loops, with plans to install at least three 
prior to reactor startup. 

The ranges of testing capabilities of the sodium-
cooled closed loops are summarized in Table 1. In 
addition to the testing capabilities therein outlined, 
the closed loops provide: 

a controlled, independent sodium-coolant environ-
iiiciit capable of being maintained at less than 20 
ppm carbon and less than 5 ppm oxygen with 
cither argon or helium as cover gas; 

full test instrumentation including temperature, 
jn'essurc, flow, and flux monitors located both in 
the flowing coolant or attached to the test item; 

n nioiins of exposing "high risk" teste to a fast 
breeder environment; such tests may include 
vented and intentionally tlefected fuels ns widl as 
advanced structural or control-rod materials; 

!i means of testing fuels and materials under off-
normal or peak conditions such as at elevated 
I'liolniit temperatures or in sodiuni containing 
high impurity levels. 

Other major irradiation test facilities which will be 
pi'oiidcd nt the Ftist Flux Test Facility include the 
open test positions and the short-term irradiation 
facility. 

Open test positions provide a coiitrollabli'. fully 
instrumented reactor sodium environment for the ex-
pcriineiiter. Test conditions available are comparable 
to those experienced by the driver fuel. 

The short-term facility permits controlled exposure 
of materials for less than one reactor cycle. Both 
trail cable-type and rabbit facilities were considered. 
The initial facility to be provided will be a trail 
cable-type arrangement providing full test instrumen
tation. Such a facility can be designed and con
stnicted for a lower cost, and will ser\'e a larger 
Sfgmcnt of FBR development needs than would a 

" Based on work performed under V. S. Atomic Energi- Com-
ml«i,.„ Contract AT(45-1)-1830. 

rabbit facility. These facilities will not be further dis
cussed in this paper. 

The closed-loop system which is rerpiired to satisfy 
the testing capabilities outlined in Table 1 consists of 
three subsystems. These are the in-rcactor tube to 
contain the experiment, the primary radioactive heat-
transport system to transfer heat from the irradiation 
experiment to the sodium coolant, and the secondary 
heat-transport system which receives heat from the 
primary system and dumps it to the atmosphere. The 
ill-reactor tube is located in the reactor vessel, the 
]iriiiiary heat-transport system is contained in a 
shielded cell within the containment vessel, and Ihc 
secondary heat-transport system will be located in 
an equipment building external to containment. 

Figure 1 is a simplified system-flow schematic. The 
major components in the primary circuit are the in-
reactor tube to contain instrumented test assemblies; 
the intermediate heat exchanger to transfer heat from 
the primary to the secondary sodium system; two 
lOO'̂ r capacity, variable-speed centrifugal, free-sur
face circulating pumps; one emergency standby elec
tromagnetic decay cooling pumji; and a loop heater 
to maintain loop temperature independent of reactor 
operation and to provide fine control of experiment 
inlet teniperature. tHher components which provide 
supporting roles to the primary syst<'ni include a 2(X)% 
loop volume, sodium-storage, fill and drain tank; an 
out-of-reactor materials test chamber in parallel with 

T.VBLI-- 1. RANGES OF TES-HNO C.\p,\BiLiTies ov 
SooirM-rooLED CLOSED LOOPS 

Neutron flux 
I'salile test diameter 
Tiilie liiilk teniperature at 

inlet, Tin 
Tulie bulk temperature at 

outlet. Tout 
Bulk . i r 
Test-section temperature at 

outlet. ro„ , 
Test-section AP 
Heat removal 
Coolant pressure 
Coolant flow 

7 X 10" n/em'-sec (min) 
2.5-:!.0 in. 
oOO-12(»°F 

500-1200°F 

Isothermal to -WOT 
1400°F (max) with bypass 

flow 
90 psig (max) 
0.7-6.0 MW 
2S0 psi (max) 
30-<»0gpm 
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F I G . 1. Closed-loop Primary System. 
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MAJOR CLOSED-LOOP DESIGN PROBLEMS 

AND T H E I R SOLUTIONS 

Problem 

Testing capability in 1400°F 
sodium environment. 

Emergency cooling of experi
ment 

Closed-loop branch-arm pip
ing space and accessibility. 

Transient thermal stresses 
due to rapid reactor power 
reduction. 

Radioactive sodium compo
nent maintenance. 

Sodium-purity evaluation 
and control. 

Lack of applicable ASME 
code criteria at tempera
ture-pressure conditions. 

Wide range of experimental 
requirements in terms of 
power, flow, and tempera
ture. 

In-core tube fabrication and 
operation. Close tolerances 
of "long th in" tubes. Me
chanical support inside 
reactor. 

Reliable high temperature 
and pressure, remotely op
erable sodium seals. 

Solution 

Bj'passing around test section 
to maintain loop at 1200°F 

Backup coolant provided from 
independent nondrainable 
source. 

Provide dispersed nozzle ac
cess at reactor cover; oper
ate in air atmosphere 
through locally shielded 
equipment. 

Pump speed control plus 
electrical heat source 
to minimize temperature 
cycles. 

Remotely operated cut and 
weld equipment working 
inside shielded cell. 

Ol and C hot trapping; O2 
cold trapping; cover-gas 
control; development pro
gram in progress to define 
methods of sampling and 
attaining selected purity 
levels. 

Must extend existing ana
lytical methods and mate
rials-property data by ju
dicious extrapolation. 

Provide loop heater, adjusta
ble-speed pumps, and flexi
ble heat-exchange design 
configuration. 

Fabrication-development pro
gram; proof and reliability 
testing prior to reactor 
installation. 

All-welded closures for infre
quent access. Mechanical 
closures for lower tempera
ture, inert gas interface 
and frequent access applica-

the main pumps; and a sodium-purification, -sam
pling, and -monitoring system. The latter system will 
include a cold trap, oxygen and carbon hot traps, 
plugging meters, and sampling stations. 

The secondary heat-transport system (not shown 
in Fig. 1) is coupled through the intermediate heat 
exchanger to the primary system. I t consists of two 
100% capacity, centrifugal, free-surface pumps and 
an air-blast heat exchanger dumping heat to the at
mosphere. 

Figure 2 shows the conceptual design of the in-
reactor tube. The reference in-pile tube consists of a 

re-entrant tube thermally insulated from the reactor 
coolant. Coolant flows down an outer annulus, re
verses at the bottom, and flows up through the ex
periment. The primary-coolant system is coupled to 
the tube above the vessel cover at the nozzle spool 
piece by means of coolant jumpers. The outer and 
inner tubes are of double-walled, type 316 stainless 
steel construction with a sintered stainless steel filler 
in the gap of the outer and gas in the gap of the 
inner tube. The purpose of the sintered stainless steel 
filler is a compromise between limiting thermal 
stresses under normal operation and providing ca
pability for decay-heat dissipation during emergency 
and shutdown conditions. A tantalum liner sand
wiched between the double outer wall inhibits fuel 
from melting through the tube. The drawing shows a 
typical arrangement for a 61-pin fuel test with con
tact and channel instrumentation. Experiments may 
be removed either separately with the fuel-handling 
machine or with the tube when it is remo^'ed from the 
reactor. 

Table 2 presents a summary of some of the major 
design problems and their proposed solutions. The 
first six listed are believed to be the most difficult to 
solve. All areas listed form the basis of concentrated 
design and development effort now in progress at 
PNL at contractor and other sites. 

In summary, there appears to be a workable solu
tion for every problem identified for the FFTF Ir
radiation Test Systems. I t is also desired to point out 
that the system described represents the first-genera
tion closed-loop concept which will be modified or 
upgraded to meet user requirements as they become 
identified. It appears quite probable that loops will 
be tailored to fit specific needs; for example, the needs 
of a "chemical," a fuels, and an advanced structural 
materials test are expected to be considerably dif
ferent. PNL solicits input from the Fast Breeder com
munity to help identify these differences. 

Discussion 

Mr. Harrison (ANL): What is the design pressure 
of your loops? 

Mr. Baumgartel: 250 psig. 
Mr. Harrison: How do you contain pressures gen

erated in failed fuel? 
Mr. Baumgartel: We have designed a relief valve 

in the system. This, together with a system design 
for 250 lb, will hopefully take care of a rupture. 

Mr. Harrison: Have you made any attempt to try 
to contain pressures which might be generated with 
oxide- or carbide-fuel failures? You apparently have 
a long distance to any relief area. 

Mr. Baumgartel: Are you concerned that our relief 
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valve will not act fast enough to take care of a ca-
taatrophic failure? 

Mr. Harrison: A failure .such as this was experi
enced in the plutonium recycle reactor. 

Mr. Baumgartel: I can't answer that question. 
Voice: May I have figures on your judicious extrap

olation of the maximum allowable stresses in the 
wall of the loop? 

Mr. Johnson (UNWL): I am afraid we can't really 
answer the question to the extent the gentleman is 
requesting. However, one point should be made: we 
have indicated the test capability of 1400°F, but we 
anticipate reaching this temperature only by using a 
bypass flow which would keep the rest of the loop at 
a design temperature of 1200°r. We realize that one 
cannot hope to have 1400°F operation with stainless 
steel and still have any "judicious extrapolation" as 
per ASME codes. 

Mr. Soenen (CEN-MOL): Do you insulate be
tween the incoming sodium and the outgoing sodium 
in the reactor closed loops? You have insulated your 
loop from the F F T F core, but have you not also in
sulated your incoming sodium and outgoing sodium in 
the reactor test loop so as to have better control of 
the temperatures or temperature differences? 

Mr. Baumgartel: Yes, you would have some heat 
transfer, but you would insulate. 

.Mr. .Soenfn: What kind of insulation do you use? 

.Mr. Johnson: It is a double wall with a gas gap. 

.Mr. Rothman ( . \NL) : I would like to know the 
total integrated fluxes during operation and what 
type of activity you would expect of the stainless 
steel under these conditions. 

Mr. Brehm (BNWL): The saturation concentra
tion of isotopes in the steel is about 2 Ci cc of stain
less steel of cobalt-60; 3 Ci cc of stainless steel of 
chromium-51, both from n-y reactions. I believe; 10 
Ci/cc of stainless steel of manganese-54 with a 300-
day half-life, and 31 Ci cc of stainless steel of cobalt-
58. The latter two are transmutation products; both 
have half-lives in excess of 70 days, so it will be a long 
time before the saturation is attained. But it will be 
pretty hot. 

.Mr. Reid (.\erojet-General): In relationship to the 
comment on lack of . \SME codes and the extrapola
tion on the analytical end that you refer to as a solu
tion, what are your intentions as regards an elastic 
extrapolation for long-term analysis? 

Mr. Baumgartel: I can't answer that. 
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1. Introduction 

The JMothcr and Daughter Test Loop System out
lined in the preceding reporti" has been largely ex
tended by adding many daughter loops. We have used 
about 1 itf of sodium and an electric power of 300 
kW. At present, there are 11 daughter test loops: 

mass-transfer test loops No. 1, 2, and 3; 
impurity-behavior test loop; 
heat-transfer test loop; 
flowmeter-calibration bypass; 
pump-test loop; 
sodium-sampling and vacuum distillation bypass; 
valve-test bypass; 
fuel-assembly-assurance test loop; 
fuel-assembly flow-test section. 
The general view and schematic are shown in Figs. 

1 and 2. 
.Although comparatively complex in construction, 

the system has been successfully operated for three 
years. It has provided savings of space, fabrication ex
pense, construction time, and man power in the first 
stage of our sodium technology research and develop
ment program. 

This report describes some results obtained in the 
development of several test loop components, instru
mentations, and suljsidiary sodium technology. 

2. Electromagnetic Pumps 

The connecting part of the electrodes to the duct of 
an AC Faraday-type electromagnetic pump is one of 
the weakest points, for its construction requires the 
brazing of different materials which form the sodium 
duct and electrodes. 

We have developed a new method of connecting 
electrodes.'-' 

At each connecting point a stainless steel case is 
TIG-welded to the stainless steel duct, as shown in 
Fig. 3. In this case the silver was of 99.9% purity. 

Another end of the case was brazed to the end of 
the copper electrodes. Silver was selected because of 
its nonmagnetic properties so as to avoid a mag
netic flux leakage, its high melting point, its high 
electric and thermal conductivities, and its similar 
coefficient of expansion to stainless steels. 

In this method, only the welding between same 

materials and the brazing in the lower-temperature 
region are included, and no special fabrication tech
nique is required. 

The newly designed electromagnetic pumps can be 
used in higher-temperature sodium because a specific 
distance is kept between the duct and copper elec
trode. I t can be easily fabricated and may be sub
jected to less severe thermal stress due to the non-
direct contact of different metals at the part of 
electrode. 

3. Canned-motor Pumps 

A simple and compact canned-motor type of cen
trifugal pump applicable to a sodium system has been 
developed in collaboration with the Teikoku-Denki 
Co.i^ ' 

As shown in Figs. 4 and ii, this pump mainly con
sists of a vertical shaft, an impeller incorporated with 
a rotor, and a stator isolated by a sealing diaphragm 
trom the sodium. Conventional 3-phase, 200-V AC 
power is supplied to the motor. 

Sodium comes upward from the inlet nozzle of the 
lowest position, flows through the impeller, and exits 
from the outlet nozzle. 

The stator is cooled by forced air and is sealed by 
the dia])hragm welded to the pump casing. The dia
phragm is lined with mica and aluminum plates which 
serve as a tliermal shield. 

All parts wetted by sodiuni are made of Type 304 
stainless steel except the journals and the bearings. 

A\'hen rotating, the rotor is held in a floating state 
by the balance of the attractive force of the stator 
and the high sodium pressure in the cylinder. Radial 
and thrust bearings are both lubricated hydraulically. 
When the pump stops, the rotor drops by gravity. The 
clearance between the thrust bearings broadens, and 
the grooved paths on the shaft are open to allow for 
sodium drainage and to prevent plugging by NasO 
and other foreign materials. 

The preheating of the internal parts of the pump is 
accomplished by applying single-phase power to the 
stator coils. 

Tests were performed in the Pump Test Loop. 
The prototype model No. 1 (1 kg/cm-; 150 1/ 

min) has journals of Meteco 320 and a bearing of 
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§^^ Mother Loop 

^ B Heat transfer test Loop 

^ B Flowmeter collbrotion Loop 

^ Q Pump test Loop 

^ B Moss transfer test Loop (i.2 3) 

^ B Irnpurity behavtor test Loop 

High temp, atsuronce test Loop 

Fli!. 1. (Iclionil \ lew iif llic M..1I11T niiil llninhtiT 'lUxl I |i System. 

tungsten carbide, .\fter 50 hr of operation, the bearing 
was crackeil. The modiflcd No. 1 model had a bearing 
fiNi'd lo Ihe cartridge by shrinkage fitting instead of 
I'v key; after 2(X) hr of succi-ssful operation a loosen
ing of the bearing occurred as a result of a design 
mistake. 

Model Xo. 2, in which the radial bearing material 
of the cylinder is of Stellite No. 1, is being tested, suc
cessfully thus far. 

Compared with the ordinary ehctromagnetic 
pumps, our pump had a very low fabrication cost, a 
simple and compact design, and a high efficiency of 
more than .50''r. It is possible to make a larger model 
of 3-kg cm= head and 200-1 inin capacity, or 1-kg/ 
cm- head and 7(X)-I min of capacity, using the same 
design. Further modifications are planned. 

^. Valves 

•f /. Diaphragm Seal Valves 

In our sodium-coolant system, bellows seal valves 
arc widely applied. However, bellows still have a low 

reliability ilin' to their poor ri'sistance against fre
quent or abnornuil beiHliitg or buckling. 

The <lesign in which edge-welded bellows arc 
adopted is useful to get a shorter valve stem, but 
the narrow welded ends are apt to be attacked by 
crevice corrosion of the residual sodium contami
nated by leaked air. We camiot recommend the use 
of this type of bellows. 

To avoid these weaknesses, we developeil a new 
\alve in which we used as a shaft seal a diaphragm 
several times thicker than an ordinarv' bellows. 

New one-iiu'h diaphragm valves have l)een fabri
cated in collalioration with Kishikawa Valve Co. The 
most imjiortant characteristics of this design are its 
simplicity, firmness, compactness, and therefore its 
high reliability. 

.\s shown in Fig. 6. the inner and outer edges of 
the corrugated stainless steel diaphragm disc. 0.6 
mm in thickness, are welded to the surface of valve 
stem and to the inside of the bonnet, respectively. 

The profile of the inside surface of the bonnet is 
shaped to fit the diaphragm, so that the diaphragm is 

file:///fter
file:///alve


Furukawa et al. 

ABBREVIATIONS 
ET Exgonsion tank 

Dump tank 
Measure tank 
Gas separation tonk 
Cold trap 
Plugging indicator 
Pump (EMP) 
Heater 
Cooler 
Economizer 
F lowmeter «j 
Vocuum distilltttor 
Rho-meter 
0xyqen meter 
Hot trap Carbor trap 
Hydrogen ' detector ond 
sepgrotor 
Test cooler 
Test section 

F I G . 2. The Mother and Daughter Test Loop System. 

^Cu LAIVtINATED ELECTRODE 

/-STAINLESS STEEL DUCT 

Ao / ^STAINLESS STEEL CASE 

TIG-WELDING 

F I G . 3. Cross Section of Electrode "Welding Part of an Elec
tromagnetic Pump. 

protected by a close contact to this surface. The 
diameter-reducing part of the stem is also fitted to 
the same surface so as to be able to seal in case ot the 
diaphragm failure. Further, a back-up seal with 
graphitized asbestos packing is provided. 

To relieve any air-pressure change in the space 
enclosed by the diaphragm and the bonnet due to 
the stem displacement, an air chamber is provided, 
as shown in Fig. 6. 

This one-inch diaphragm valve was made of aus
tenitic stainless steel except tor the stellite disc and 
sheet, and tested in our Mother loop. With either no 
leakage or no change in handle-operating torque, a " 
satisfactory result was obtained. 

I t is easily possible to fabricate 3-in. valves of the 
same design. The possibility of further scale-up is 
being investigated. 

4.2. Freeze-seal Valves 

An improvement was also made in freeze-seal 
valves." ' Air-cooled fin cylinders, cut into two or 
three sections vertical to the stem axis, were attached 
to the stem cylinder. By this means the temperature 
gradient along the hollow stem was enlarged to sup
press the shift of the sodium freezing point in this di
rection following operational changes. At the same 
time, a diminution of heat loss was achieved. 

5. Nonwelded Pipe Joints 

The development of the nonwelded pipe joint of 
high reliability in liquid sodium systems was done in 
collaboration with Kishikawa Valve Co.'^' 

As shown in Fig. 7 this joint consists of stainless 
steel flanges, a nickel gasket, and a clamping mecha
nism made of three pieces. One of the clamping bolts 
has an elongated shaft. A spring is set on the low-
temperature part of this bolt shaft so that the spring 
gives a constant clamping force regardless of the 
temperature change. 

Pipe joints of this type, 3 in. in diameter, have 
been successfully used in our loops up to 700°C. 

More compact and economical pipe joints with a 
nickel-plated, flat copper gasket or stainless steel 0-
ring seal are also applicable, depending on the 
severity of requirements. 
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6. Air Cooling Tubes 

For the air cooling of high-temperature sodium, 
we have used an aluminum fin tube fabricated by 
the Furukawa Ellectric Co. in collaboration with 
Clamet and Hecia in the USA. This fin tube is 
fabricated by extrusion of aluminum alloy tube 
fitted on an inner stainless steel tube. The shaping of 
fine and the adhesion of a fin tube to a stainless steel 
tube are achieved at the same time. 

This tube has a higher performance, a lighter 
weight, and a lower fabrication cost compared with 
stainless steel fin tubes. Therefore we can expect ad
vantages of smaller size and less construction expense 
from its application to large air-cooling components. 

We have already used this type of cooling tubes. .\s 
the coolers of the Mass Transfer test loops, these fin 
tubes of 19-niin ID were used up to 600°C for more 
than 4000 hr without any detectable change in per
formance. 

COOLWG «R OOTLET 
I U0TO)FRA»€ •'SS^^^ 

CASING 
THRUST C O U « 
MACHINE SCKW 
I1«UST BCAWNC 

flAOIAL eCAAiNO 

^ T O R ^WPEUER-

PUIMP SUCTION 

F I G . 4. Schoiimtir nf C'liiiiied-Tiuitnr Pump. 

AIR CHAMBER 

BONNET 

u 
Flo. G. L>inp)ir:it;iii Setil Vftlvr. 

FlC. 5. The CrtiiiuMi-motor Pump. 

F I G . 7. NdtiwcUied Joint. 

To pursue the cooling characteristics and the 
change of thermal resistance more precisely, a by
pass was built and an endurance test of 450 hr was 
performed with test tubes of 21.4-mm-ID inner 
stainless steel tubes as shown in Figs. 8 and 9 . ' " 
Test conditions were 620°C for the sodiura inlet 
temperature, and 300 to 400°C for the outlet tem
perature, natural air convection being employed. 
We measured the change of the temperature dis
tribution in flowing sodium along the tube axis cor
responding to the same sodium inlet temperature. No 
change in the cooling characteristics was noticed 
over the entire cooling tubes. 

By metallographic inspection of a surface of an 
aluminum-fin section, recrystallized structure was 
observed, but this does not affect the performance. 
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Fi(!. 8. Air CiK.liiig Tuhe. 

SODIUM FLOW RATE : 3 0 l / m i n . 

COOLING NATURAL CONVECTION OF AIR 

TUBE TYPE 304 STAINLESS STEEL 

FIN 63S AL . 8 FINS PAR INCH 

^ . 1 8 

FIG, 9. Schematic of Air Cooling Tube. 

7. Flowmeters 

A flowmeter-calibration bypass attached to the 
Mother loop was built. I t consists of a measure tank, 
test section of l-in.-diameter piping, and a dump 
tank (the storage tank No. 2 of the Mother loop). 

Several flowmeters were calibrated by measuring 
the volume change of the measure tank. The flow 
rate was calculated from the indications of seven 
level gauges. The upper limit was 73 1/min with an 
accuracy of more than 1%. 

7.1. Permanent-magnet flowmeters 

To get higher accuracy and stability ot flow meas
urements, many problems remain to be solved, for ex
ample: 

unknown electromotive force at zero flow; 
influence of temperature on the flow indication; 
correction for end effect of the magnetic field. 
As regards the end effect of the magnetic field, 

comparison of theoretically corrected values and ex
perimental data gave good agreement. 

The theoretical electromotive force E may be writ
ten as 

E = 2B5aKiK2K3, 

where B is a magnetic flux density, v is an average 
flow rate of sodium, and 2a is an inner diameter of 
pipe. The factor Ki corrects for the drop of output 
voltage due to a short-circuit current in the piping 
wall; as given by Elrod and Fouse'^' it is 

K i - f . 

1 ©• 
(2) 

where 2b is the outer diameter of the pipe, and a, 
and iri Sire the electric conductivities of pipe and of 
liquid sodium, respectively. K2 is a correction factor 
for the drop of magnetic flux density with increase of 
the magnet temperature and is written as 

K, = 1 -i- a(T - 25), (3) 

where T is the magnet temperature (°C). K3 is a 
correction factor for the end effect of the magnetic 
field. According to Kobayasi and Kudo*"* it may be 
written as 

" *'' • tanhaa 

a 1 + 1 a — n -tanhaa 

da, 
(4) 

corresponding to a flux distribution of B = Bo exp 

( ~ y 2 = ) . 

The characteristics of permanent-magnet types 
of flowmeters were tested in the flowmeter-calibra
tion bypass under different conditions. Comparison of 
the theoretical characteristics with the experimental 
results was good.'" 

Figure 10 shows an example of this comparison and 
the contribution of the correction factors. 

7.2. Coil-type Electromagnetic Flowmeter 

A new type of electromagnetic flowmeter has been 
developed in collaboration with the Meidensha Elec
tric Mfg. Co. 

As shown in Fig. 11 this flowmeter mainly consists 
of a pair of magnetizing coils attached on the outer 
surface of thermal insulator ot sodium piping, so that 
a magnetic field directed vertically to the pipe axis is 
produced by DC current. A pair of electrodes is 
welded on a stainless steel piping wall. 

The advantageous features of this type of flowmeter 
are: (a) usability of conventional, noncladded fine 
wire for the coil, since the ambient temperature is 
low, (b) ease of generation of a strong magnetic field, 
especially for smaller sodium piping, (c) ease of 
maintenance, transfer, and repair, with no need tor 
dismantling insulator and preheater, (d) negligible 
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influence of sodium temperature, (e) compactness 
and light weight, (f) flat magnetic field along the 
pipe axis, (g) po.ssibility of multiple measurements 
with one set of circuit. 

Alumina-formed aluminuin wires were used as the 
coil material, and a new shape of coil, which is solid 
and easy to adajit to the insulator surface, was de-
eigned. 

The performance of this type of flowmet<T was 
tested in a test section of li/o-in. diameter. The re-
Bults slioweil good linearities between the output 
voltage and flow rate and between the output voltage 
and magnetizing current, to an accuracy of 2% in 
each case. Little influence of sodium temperature was 
noticcil. 

This type of flowmeter is easily applicable to a 
larger piping with little modification, presenting a 
large economical advantage, although less economi-
nil for a piping of size as small as 1 in. 

8. Soilium-purini'ali<in Techniques 

8.1. Hydrogen Detector and Separator 

It is well-known that hydrogen in liquiil soilium 
limy be se[iarated and detected by permeating into a 
viicuuin through a thin milal plate or tube. 

To inijirove the detecting performance, a bellows-
sli;tpeil membrane, which is niechanically stable, easy 
111 liandle, and has large surface ;irea, was employed 
iit̂ l̂ead of the plate or the tube. 

It has been reported""' ' " that this apparatus 
limy be applicable not only as hydrogen detector, but 
also as a practical device for hydrogen ri-moval. 

One of these apparatus was placed in the Impurity-
liiliavior Test Daughter Loop to determine the effect 
of interaction of oxygen, carbon and nitrogen with 
hydrogen. The utility of this apparatus has been 
liiined for niiasuremeiit of the hydrogen equilibrium 
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pri'ssure and as a device for hydrogen charging and 
rt•mo^•al. 

.\s shown in Fig. 12 and 13. the apparatus now in 
operation consists of four bellows of 36-mni OD, 
27.5-inm ID, 0.1.5-inin average thickness, and 200-mm 
length; each has a surface area of about 8.50 cm.^ 
Three were made of Type 316L stainless steel and 
one of nickel. 

Por the Type 316L stainless steel bellows, the hy
drogen-removal rates were 0.0.53 and 0.1.59 cc(STP) 
mm hr-cm--atm' - at 600°C and 700°C, respectively; 
for the nickel bellows the rate was 2.3 times larger. 

S.i. Cold Trapping 

The cold trap and the cold finger described in the 
preceding repor t ' " have successfully served for the 
sodium purification in the Mother loop. Some modifi
cations were made. 
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FIG, 13. Hydrogen Detector and Separator. 

TABLE 1. SoDiu.'w-FiRE EXTINGUISHERS 

NaaCOa (water content: 0.4%) 
NaCI (Met-L-X) 
Vermicnlite (water content: 

0.07%) 
NaHCO, 
CaCOa (water content: 0.17^o) 
Dry Sand 

Melting temp, 860°C 
Melting temp, gOCC 

Decomposition temp, IOO°C 
Decomposition temp, 900°C 

In the cold trap, instead of flexible heater wound 
(horizontally) around the vertical fins for the 
purpose of temperature-distribution control, short 
sheathed heaters were set in series along the roots of 
the same fins, so that the efficiency of heat transfer 
was raised and the optimum temperature distribu
tion was chosen. 

For improvement of performance, the waved stain
less steel mesh was changed from 30 mesh to 15 mesh. 
Cold fingers attached at the bottoms of dump tanks 
were very useful, elongating the life of the loop cold 
trap. They also served as a sink for debris or rub
bish. 

I t is intended to employ this nonwelded joint (cf. 
§ 5) for the connection of the cold finger and the 
dump tank to replace the degraded cold finger easily. 

9. Sodium-fire Extinguishers 

We have previously reported on sodium-fire ex
tinguishers."' Recently we have recommended "^' 
the use of some powder extinguishers based on our 
tests and experiences (see Table 1). Their effective
ness depends greatly on the actual circumstances. 
However, their main characteristics are as follows. 

(1) Dry sand: This is found useful only for fight-' 
ing small fires. Although sand has a large heat ca
pacity, it is heavy, difficult to keep dry, and may it
self be inflammable in a violent fire. 

(2) CaCOs: This is a readily available material. 

Its ability to extinguish fires depends on the release of 
CO2. It is difficult to treat with water after use. 

(3) NaHCOs: This material is the most popular 
powder extinguisher, and is useful even when an 
organic fire coexists. For large fires, NaCI or Na2C03 
is better. 

(4) Vermiculite: This is the only material which 
floats on sodium and thus has a high suffocation ex-
tinguishability. However, once chemical reactions 
commence, it is not suflficiently effective. 

(5) NaCI (Met-L-X): This has a melting point of 
SOO'C, so it absorbs heat from violently burning so
dium (maximum temperature: 883°C, the boiling 
point). By forming a crust it has good suffocating ef
fect. In addition it is inert to sodium. However, 
NaCI is not so desirable because of its corrosive ef
fects on apparatus. 

(6) Na2C03 (water contents 0.4%): The melting 
point of this material is likely to be 860°C, so it 
shows very good extinguishability by half-melting in 
contact with burning sodium. Further, it is easy to 
remove after the fire because of its high solubility in 
water. 

In conclusion, dehydrated and dampproof-treated 
NaoCOs may be the best extinguisher for fire fight
ing. 

We have also developed a special blanket''^' for 
sodium fires. This is fabricated from three sandwiched 
layers: the two outer layers are graphite-fibre 
cloths about 1 mm thick; the inner one is nickel metal 
foil 0.1 mm thick. 

The blanket, 1 by 1.5 m, is effective for fighting large 
sodium fires. 

10. MisceUaneous 

In order to obtain sodium samples for chemical 
analysis of oxygen and carbon, we fabricated a vac
uum distillation apparatus made of Type 304 stainless 
steel and with a special nonwelded joint and a glove
box (see Figs. 14 and 15). This was set in the return 

\SM:UUM-GAS LINE 
SAMPLING CRUCIBLE 

LIGHT 

-VIEWING WINDOW 

THEMOCOUPLE 

AIR COOLING TUBE 

•GLOVE BOX 

F I G . 14. Schematic of Sodium-sampling and Vacuum Dis
tillation Apparatus. 



.Sodium Loop Components ->v.\ 

line to the expansion tank of the Mother Loop. 
Operations have been successful. 

Precleaning is done by sodium flowing at 2 1/min 
and 400°C for 24 hr. After the sodium is drained the 
Bodium in the ten capsules is distilled at 200°C, as 
measured by a thermocouple inserted in one cap-
lule."" 

Several other techniques have been adopted. 
Mineral Glass lilack Fibre is employed as a ther

mal insulator in newly built daughter loops instead 
of Silicalite (SiO-..: 40% and CaO: 35%I which has 
been usually used. The new insulating materials 
consists of an inner, thin layer of thermal resisting 
material, such as Blue Felt (max, G50°C) or Fineflex 
(AlA: 54% and SiOj: 45%,; max, 1100°C), a .second, 
main layer of Mineral Glass Black Fibre and asbestos 
paper, and an exterior layer of glass cloth. 

In compari.son with Silicalite, Mineral Glass Black 
Fibre has several merits: lighter weight, relative in
combustibility in ease of sodium leakage (because 
only a small r|uantity of solid material contacts the 
sodiumf, good elasticity (so that this insulator fits 
any thermal expansion of the pipingi, easy construc
tion (csjiecially for a complex-shapeil par t i , and good 
economy of space (a result of the good insulation). 
On the other hand, the material releases tiny floating 
flakes that are irrititting to skin and has a little higher 
cost. 

Several types of MgO-insulated, stainless steel-
flheatlu'd beaters have been adopted. For preheating, 
flexible heaters of 3.2-mm or 4.8-nun diameter are at
tached to the whole system. Power densitv is onlv 2 
W ('111=. 

.\s a main heater, an immersion type is employed. 
To replace a heater for exchange or repair easily, a 
f.'iitriilge type has been developed. This consists of a 

Flo. 15. Soilium-sninpliiig and Vacuum Distillation . \p-
Panitiis. 

heater of 20-inm OD inserted in a sleeve tube of 21-
mm I D ; no special medium is used to fill the annular 
space. Good and lasting performance has been shown 
up to a limit of 5 W/cm- in power density of heater 
surface. 

1 1 . Conrluttions 

(llir many technical problems concemeil with the 
constniction and the best use of our Mother and 
Daughter Test Loop System have been solved. Our 
further researches and development of sodium tech
nology have been easily carried on, including compo
nents, instrumentation, and subsidiary technology 
developments such as pumps, valves, joints, flow
meters, air cooling tubes, cold traps, hydrogen sepa
rators, vacuum distillators, fire extinguishers, thermal 
insulators, and heaters. 

The detailed description of these works will be 
published as separate reports. 
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Discussion 

Mr. Probert (B&W): On your mother and daugh
ter loops, does the same sodium circulate through the 
mass-transfer loops as circulates through the pump 
test and so on? 

Mr. Fwukawa: Yes, except if we perform main
tenance on the loop, such as installing a new pump. 
Actually, we use the same sodium in both loops. 

Mr. Pfahler (LMEC): You mentioned you do 
flowmeter calibration. This is for EM flowmeters? 

Mr. Furukawa: Yes. 
Mr. Pfahler: How do you actually perform the 

calibration? Do you use the weight or volume 
method? 

Mr. Furukawa: We use a volumetric measuring 
tank and observe level change. We can calibrate up to 
a maximum of 70 1/min. 

Mr. Pfahler: Have you tried any other flowmeters 
besides EM meters, for example, Venturi-type flow
meters? 

Mr. Furukawa: No, not yet. 

Mr. Pfahler: Do you intend to do any Venturi-
flowmeter calibrations? 

Mr. Furukawa: I have plans to do this, but I hope 
it will not be ncessary. Hopefully, the EM flow
meters will suffice. 

Mr. Van Gasselt (TNO, Netherlands): I would 
like to know what bearing material you use in your 
mechanical sodium pump? 

Mr. Furukawa: We are now testing several ma
terials in this pump bearing. Tungsten carbide and 
Stellite have been used successfully. 

Voice: What kind of materials do you use in the 
casing and seating parts of your bellows valves? 

Mr. Furukawa: We use Stellite 6,1 believe. 
Mr. Pfahler: I would like to ask a question about 

the coolers that you showed. You mentioned that you 
have operated these for 4,000 hr. Have you noticed 
any gapping between the aluminum and the steel be
cause of differential expansion? 

ilfr. Furukawa: We are not able to dismantle and 
examine the coolers, but we have not observed any 
change in their operating conditions. Apparently noth
ing has changed. 

ilfr. Pfahler: What kind of cycle life have you ap
plied? Has there been a large number of increases and 
decreases of temperature? 

Mr. Furukawa: Yes. 
Voiee: In your cold trap you have the possibility 

to achieve a temperature gradient. Have you per
formed any experiments with this device? What oxide 
distributions were obtained? 

ilfr. Furukawa: Our purpose in changing the tem
perature distribution was not experimental, but only 
to accommodate the loop conditions. If we have a 
high sodium oxide concentration we would apply a 
steep temperature gradient in order to avoid plugging. 
But if we have a clean condition in the sodium loop, 
we would use a flatter temperature distribution. We 
are actually applying this flatter temperature dis
tribution, thereby keeping a large effective cold-trap 
area. 
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I, Inlroduclion 

CNEN has undertaken the development of the 
main components of a sodium-cooled fast nuclear 
plant, with the aim of promoting, in the national 
industry, the study of general and specific problems 
connected with the design and construction of com
ponents for use in sodium. CNEN's attention con
verged particularly on intennediate heat exchangers, 
jleani generators, and rcheaters. The research and 
(levclopnient program for sodium heat exchangers 
pass through these principal steps: 

to find the functional schemes to be developed; 
to define plant characteristics; 
to devi'lop the preliminary project from the func

tional schemes chosen; 
evaluation, from economic and safety point of 

view, of the preliminary design that will be built 
us prototypes; 

working experience relative to prototypes; 
choice, design, anil construction of heat exchangers 

for the power plant. 
Hesides this main line, other supporting activities 

are to be experimentally tested in a sodium-water 
loop und in a sodium-component-test installation. 
These include research in the sodium-water reaction 
and other technological, thermal, and hydraulic tests. 

The execution times of the program are as fol
lows: 

selection of conceptual type of components of 
which the prototype has to be constructed (by 
1970); 

prototype testing and selection of definitive con
ceptual type (1974); 

full-scale component construction (1976). 

2. .^odiuin Heat Exchangers 

id. Introduction 

.^t the beginning of the project, many preliminary 
designs of all kinds of sodium heat exchangers exist
ing in sodium-cooled fast breeder reactor power plants 
Wre studied. Steam generators also, because of de
sign dilhculties, were studied with particular care, 
f̂ toni these designs some conceptual types of inter
mediate heat exchangers, steam generators, and re-

hcat<>r8 were selected. Designs of the following units 
are now being studied; 

a straight tube-bundle intermediate heat exchanger 
studied for a loop solution of the primary sys
tem; 

a helical coiled-tube-bundle intemieiliate heat ex
changer studied for a pool solution of the pri-
marj- system; 

a straight tube-bundle steam generator; 
a helical coiled-tube-bundle steam generator; 
a coiled-tube-bundle steam generator; 
a helical coiled-tube-bundle reheater. 
The intermediate heat exchangers now designed 

have a capacity of 182 MWt (see Table 1). The 
steam generators have a capacity of 153 and 306 
MWt. The reheater has a capacity of 29 .MWt. 

For at least one type of intermediate heat ex
changer and for some types of steam generators a 
.W-MWl prototype will lie designed, built, and testeil 
in a sodiuni-eoniponent-test installation. The results 
of experience with these prototypes, together with 
the results of the research and development program 
and of economic and safety evaluation, will permit 
the choice of tlie heat exchangers that will be built 
for the power plant. 

i.2. Intermediate Heat Exchanger 

2.2.1. Introduction 

In both designs (see Fig. 11 primary .«odium flows 
in the shell side of heat exchangers while the sec
ondary sodium flows inside the tubes at a slight 
o\ erpressure. In both designs it is |X>ssible to remove 
the tube bundle for inspection and repair, and to 
drain the lower head. In both designs the upper 
tube sheet* are out of the direct contact with sodium, 
but the lower tube sheets are completely immersed in 
sodiuni. 

It is necessary to note that because of the low 
pressure existing in the unit, the tube sheets are not 
ven,- thick, and thermal transients are reduced because 
by the time the primarj- sodium encoimters the 
lower tube sheets it has crossed all the tube bundles. 

In the design of intermediate heat exchangers 
special attention has been required by the following 
points: 
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TABLl'] 1. 182-MWt INTERMEDIATE H E A T EXCHANGERS 

Shell Side 
Primary sodium flow, ton/hr 
Inlet temperature, °C 
Outlet temperature, °C 
Pressure, kg/cm^ 
Sodium velocity between tubes, 

m/sec 
Pressure drop, kg/cm* 
Total height, mm 
Outside diameter, mm 
Material 

Tubes Side 
Heat-transfer surface, m^ 
Secondary sodium flow, ton/hr 
Inlet temperature, °C 
Outlet temperature, °C 
Sodium velocity in the tubes, 

m/sec 
Pressure drop, kg/cm^ 
Number of tubes 
Size of tubes, mm 
Material 

Weights 
Weight of tube bundle, kg 
Total weight of empty unit, kg 

Straight 
Tubes 

3.46 X 10= 
690 
439 

4 
0.6 

16.200 
2,100 

AISI 304 

1,040 
2.60 X 10' 

379 
580 

2 

2,000 
18 X 1 

AISI 304 

9,000 
55,000 

Helicoidal 
Tubes 

3.46 X 10' 
590 
439 

2 
0.8 

0.19 
13,500 
2,000 

AISI 304 

767 
2.60 X 10' 

379 
580 

5.8 

2,7 
945 

15.875 X 1 
AISI 304 

5,500 
30,000 

vibration; 
tube-to-tube-sheet welded joints; 
expansion of the various parts of the exchanger; 
thermal shocks. 

B.2.2. Straight-tube Intermediate Heat Exchanger 

A straight-tube, floating-head, counter-fiow type 
was studied for a loop solution of the primary sys
tem. The secondary sodium enters the shell at the 
top of the heat exchanger and flows downward 
through the pipe that is in the center of the unit, 
across the lower tube sheet, and then flows upward 
inside the tubes that are arrayed in concentric 
circles around the central pipe. At the upper end ot 
the tubes the sodium flows into a header and then 
away from the unit. 

The primary sodium enters into a distributor placed 
around the unit, and then flows downward in the 
annulus between the shell and the central pipe where 
the tubes are arrayed. The primary sodium flows out 
of the heat exchanger by means of a collector placed 
around the bottom of the unit. 

The particular problem of this unit is the design 
of the expansion elbow that must be large enough to 
permit extensive expansion between the tubes, and 
between the tubes and central pipe to avoid excessive 
stress in the tubes-to-tube-sheet welded joints. 

2.2.S. Helical-tube-bundle Intermediate Heat 
Exchanger 

The main difference between this heat exchanger 
and the previous one is the type of tube bundle. This 
heat exchanger has been studied because of the com
pactness that it is possible to achieve using the 
helical tube bundle. I t is possible in fact to adopt a 
sodium velocity significantly higher inside the tubes 
with only small increase in the length of the tube 
bundle. The outer diameter remains the same be
cause, for the same tube diameter, using a signifi
cantly higher sodium velocity, the number of the 
tubes is reduced. These two characteristics are very 
useful for intermediate heat exchangers employed in 
a pool solution of the primary system. 

In this heat exchanger there are no problems 
arising from the expansion between tubes and between 
tubes and central pipe because of the high elasticity 
of this type of tube bundle. 

The particular problem in the design is to have a 
good primary sodium distribution in the annulus and 
to have a small pressure drop. 

The choice between those two solutions will be 
made when the economic and safety aspects have 
been evaluated. 

S.S. Steam Generators 

2.5.1. Introduction 

Because the steam generator is the more important 
sodium heat exchanger, particular care has been 
taken in the choice of conceptual design. Many func
tional schemes have been examined. 

A preliminary design has been made from every 
scheme for the same condition of heat capacity, inlet 
and outlet temperatures of the fluids, and so on. 
Comparison of safety and functional properties has 
been made among them, and those with the best 
characteristics have been chosen. 

All steam generators now studied are once-
through, single-wall tubes, of counter flow and vertical 
type. The points that required particular attention 
during the design have been: 

sodium-water reaction; 
good flow distribution; 
vibration; 
transient thermal stresses; 
tube-to-tube and tube-to-tube-sheet welded joints; 
structural material. 

2.5.2. Straight-tube-bundle Steam Generator 

The straight-tube steam generator was designed 
for 153 MWt and 306 MWt (see Table 2 and Fig. 
2). 
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TABLE 2, STU.UGHT-TIJBE STEAM GENERATORS 

Shell Side 
Sodium flow, ton/hr 
Inlet temperature, °C 
Outlet temperature, °C 
Pressure, kg/cm^ 
Sodium velocity between tubes. 

m/sec 
Pressure drop, kg/era^ 
Total height, mm 
Outside diameter, mm 
Material 

Tubes Side 
Heat-transfer surface, m^ 
Steam flow, ton/hr 
Inlet temperature of feed 

water, °C 
Outlet temperature of super

heated steam, °C 
Steam pressure at outlet 

superheater, kg/cm^ 
Steam velocity at outlet 

superheater, m/sec 
Pressure drop, kg/cm^ 
Number of tubes 
Size of tubes, mm 
Material 

Weights 
Weight of tube bundle, kg 
Total weight of empty unit. 

of 

of 

kg 

306 MWt 

4.28 X 10' 
580 
375 

3 
0.42 

0.0041 
17,500 
2,340 

2H Cr-l Mo 

1,567 
0.528 X 10' 

293.5 

540 

172 

19.30 

1.6 
2,940 

13.5 X 3 
Incoloy 800 

47,700 
158,300 

153 MWt 

2.14 X 10" 
580 
375 

3 
0,4 

0.0041 
17,500 
2,000 

2K Cr-l Mo 

842 
0.263 X 10" 

293.5 

540 

172 

20 

1.6 
1,530 

13.5 X 3 
Incoloy 800 

23,000 
68,000 

The sodium and water paths are the same for both 
powers. Sodium entering the shell through a nozzle 
at the top of the component flows over a circular 
weir in order to distribute the fluid around the full 
area of the unit, passes through the helical-coil tube 
bundle, and leaves through the nozzle at the bottom of 
the shell. Water enters the heater at the bottom of 
the shell, flows upward in the straight tube bundle 
in counter flow with sodiura, changes to steam, and 
leaves the steam generator through the superheater 
outlet nozzle. 

These designs have the following advantages: 
First, because of the small diameter of the tubes 

adopted, they have a sufiicient length to provide for 
evaporation of the water and superheating without 
the need for intermediate tube-to-tube welding; this 
removes the possibility of water leakages into the 
sodium from this source. 

The problem of differential expansion between tubes 
and between tubes and shell is accomplished by sine-
wave bends incorporated in the upper ends of the 
tubes. In the central part of the unit there is a large 
pipe which backs up the tube guide system. At the 
bottom of the shell there is a hole for the rapid 
draining of the unit in an emergency. 

A very important feature is the elimination of the 
tube sheet. This is possible because every tube passes 
through the bottom of the shell and delivers the 
steam to a toroidal header. In this way the tube 
sheet has to withstand only the sodium pressure; 
therefore the plate is thin and has a greater resist
ance to thermal stress. The differential expansion be
tween the headers and the shell is taken care of by 
elastic elements. 

The design for the 306-MWt unit highlights a struc
tural difficulty. Increase of power requires an in
crease of the number of the tubes. Thus, the diameter 
of the dummy tube sheet, and hence its thick
ness, is now considerable. In addition this presents 
particularly difficult problems of tube maintenance 
because they are close packed and not easily ac
cessible. I t is also difficult to make the tube bundles 
which connect the tube sheet to the toroidal header. 

In a new design not yet flnished, the tubes will 
be arranged in groups of seven, connected to smaU 
heads at each end of the tubes; this reduces the 
number of the holes through the dummy tube sheet, 
and the tubes are more readily accessible for main
tenance and repair. The differential expansion be
tween tubes is negligible; that between tubes and 
shell with probably be improved by a bellows placed 
in the shell. I t is expected that the bellows would 
make it difficult to extrapolate this design. 

2.S.3. Helical-coiled Tube-bundle Steam Generator 

The helical-coiled tube-bundle steam generators 
(see Table 3 and Fig. 3) in the same way as those 
with coil tube bundles illustrated in next section, 
employ a tube diameter larger than that in the 
straight-tube steam generators. For the same fluid 
velocity with such a tube diameter, the heat-transfer 
area of each tube increases and in consequence its 
length; this permits the adoption of coil and heh-
coidal tubes. 

Moreover, for the same power, the number of 
the tubes is reduced, as is the tube-to-tube-sheet 
joints. On the other hand, bending of the tubes in
creases the cost. 

In this design, the sodium flow path is particu
larly good. In fact, the sodium enters at the top of 
the vessel through a nozzle, flows downward through 
the sodium-distribution system, which uniformly 
distributes it to each bundle (which are separated 
by the supports), and finally leaves the unit at the 
bottom of the shell. 

Feedwater flows downward in downcomer tubes 
arranged in a central space without heat exchange, 
then turns and flows upward in the helical-coil tube 
bundle, where steam is produced. The superheated 
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FIG. 2. Straight-tube Steam Generators. 
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TABLE 3. HELICOIDAL-TUBE STEAM GENERATORS 

Shell Side 
Sodium flow, ton/hr 
Inlet temperature, °C 
Outlet temperature, "C 
Pressure, kg/cm' 
Sodium velocity between tubes, 

m/sec 
Pressure drop, kg/cm^ 
Total height, mm 
Outside diameter, mm 
Material 

Tubes Side 
Heat-transfer surface, m^ 
Steam flow, ton/hr 
Inlet temperature of feed 

water, "C 
Outlet temperature of super

heated steam, °C 
Steam pressure at outlet 

superheater, kg/cm* 
Steam velocity at outlet 

superheater, m/sec 
Pressure drop, kg/cm^ 
Number of tubes 
Size of tubes, mm 
Material 

Weights 
Weight of tube bundle, kg 
Total weight of empty unit 

of 

of 

kg 

306 MWt 

4.28 X 10' 
580 
375 

3 
1.2 

0.492 
14,300 
2,400 

2U Cr-l Mo 

1,500 
0.528 X 10' 

293.5 

540 

172 

30 

5.2 
390 

25.4 X 2,95 
Incoloy 800 

51,000 
112,000 

153 MWt 

2.14 X 10' 
580 
375 

3 
1.2 

0.533 
12,700 
1,760 

2,ii Cr-l Mo 

750 
0.263 X 10' 

293.5 

540 

172 

30 

5 
195 

25,4 X 2.95 
Incoloy 800 

25,000 
57,000 

steam is collected in heads placed at the outside of 
complex, but is justified by the necessity to keep 
the thick tubes away from the sodium in order to 
eliminate the danger of thermal stresses. However, 
there are disadvantages in that the straight-tube 
bundle is not utilised for heat exchange and drain
ing is difficult. 

The particular form of helical-coil tube bundle 
leaves a central space that is occupied by the down
comer tubes without increasing the dimensions of 
the unit. 

In the helicoidal-tube steam generator knowledge 
of the mode of heat exchange is important. 

Of particular importance are the operational be
haviour of the steam generator and the design of 
the water and steam heads. In this design it is very 
difficult to locate damaged tubes, and there are some 
points where stress analysis is particularly difficult. 

2.S.4. Coiled-tube-bundle Steam Generator (see Table 
4 and Fig. 4). 

This design is particularly interesting because, un
like the helical tube bundle, it is possible to change a 
damaged group of tubes for a new one. 

The sodium enters the shell at the top of the 

vessel and flows downward through a system that 
distributes the sodium into every tube row. The flow 
then continues downward through the tube bundle and 
leaves the unit at the bottom. 

Water enters the shell at the top of the unit 
through the pipe that is connected with a header and 
flows down inside the tubes. Water leaves the unit 
through the pipe connected to the other header. 

The water and steam header are joined together 
by means of a structure that rests on brackets on 
the vessel wall. The tube bundle, welded to the 
header, is removable for inspection and repair after I 
cutting the inlet and outlet pipe. | 

Because of the sodium pressure drop when it flows 
through the tube bundle there are two different so
dium levels in the vessel. That is a disadvantage be
cause sodium pressure acts on flat walls. Another 
disadvantage of this solution is the bad utilisation 
of the cross-sectional area of the vessel. 

2.4. Reheater 

Only helical-tube-bundle reheaters (see Table 5 
and Fig. 5) have been developed. This unit is com
pletely derived from the helical-tube-bundle steam 
generator, so it will be possible to translate the 
know-how obtained during the study of the steam 
generators to this component. 

The reheater has been designed only for plant-cost 
evaluation. 

3. Supporting Work for the Heat-exchangers De
sign 

Supporting experimental work for the heat ex
changers design is or will be conducted at the follow
ing installations: 

sodium-water reaction loops (see Fig. 6 and 7); 
1-MW sodium-water loop; 
50-MWt sodium-components test installation (see 

Fig. 8 ) ; 
sodium-purity-control loop; 
tube-bundle hydraulic tests loop. 
.\ brief description of the principle activities is 

given below. 

3.1. Sodium-Water Reaction Experiments 

Beginning January 1968 some sodium-water ex
periments were run in a preliminary facility to study 
the effect of large leaks. Such tests have been run in 
an experimental area where a laboratory was built, 
consisting of a 250-m^ support building wdth a con
trol room, as well as a mechanical and an electronic 
workshop, a 6-m-high test hut, and a 50-m' con
crete cubicle for sodium disposal. 

The facility consists of a 50-1 buffer tank, a 15-1 
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306 MWT 153 MWT 

3. Helicoidal-tube Steam Generators. 

tet section, a 50-1 disposal tank for sodium recoveo', 
and a 2-m' disposal tank for sodium-water reaction 
products. 

Sodium has been handled under gravity and pres
sure. 

Sodiuni, solidified in the test-section inlet pipe, 
provides tightness during reaction. 

In the test section, up to 1.5 kg of water were in-
jtcted in 10 kg of sodium. Water was injected at room 
temperature at a pressure of 200 atm in 0.2 sec. 

Specific instrumentation consists of four piezo
electric pressure tranducers, type 701 H Kistler, and 
four thermocouples, Conax K SS6 G T3 MK 062-.\-
44. Response time of the pressure transducer system 
was calibrated with detonators and found faster than 
the rise time of sodium-water reaction-pressure peaks 
rise time. 

Data were recorded by a Galileo RS 14b photo
graphic recorder with a 2-m sec paper speed. 

In the future tests will be run with strain-gauge 
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TABLE 4. 153-MWt COIL-TCBE STEAM GENERATOR 

Shell Side 
Sodium flow, ton/hr 
Inlet temperature, °C 
Outlet temperature, °C 
Pressure, kg/cm* 
Sodium velocity between tubes 
Pressure drop, kg/cm* 
Total height, mm 
Outside diameter, mm 

Material 
Tubes Side 

Heat-transfer surface, m' 
Steam flow, ton/hr 
Inlet temperature of feedwater 

m/sec 

°C 
Outlet temperature of superheated steam, "C 
Steam pressure at outlet of superheater. 

kg/cm^ 
Steam velocity at outlet of s 

m/sec 
Pressure drop, kg/cm* 
Number of tubes 
Size of tubes, mm 
Material 

Weights 
Weight of tube bundle, kg 
Total weight of empty unit, kg 

uperheater, 

2.14 X 103 
580 
375 

3 
0.4 

12,460 
2,550 

2H Cr-l Mo 

770 
0.263 X 103 

293.5 
540 
172 

30 

200 
25.4 X 2.95 
Incoloy 800 

26,000 
86,000 

pressure transducers. Data will be recorded by a 
FR 1300 Ampex magnetic recorder. 

This facility has allowed work to begin on the 
main problems connected with the study of sodium-
water reaction, such as water injection, fast instru
mentation, hydrogen-oxygen explosive mixtures, dis
posal system for sodium-water reaction products, and 
facility recovery procedures. 

The small quantities of reactants involved is not 
amenable to the use of the mathematical models 
available. 

Necessary data for the design of steam-generator 
prototypes being studied at the present time by the 
Italian fast reactor program and the national in
dustry are not obtainable from the present facility. 
During recent months, short- and medium-range 
programs were compiled. By the end of 1969 there 
are anticipated a substantial increase of the ex
perimental area and the construction of steam-
generator models with maximum dimensions of 15-m 
height and 1-m diameter, in which to simulate the 
effects of large leaks corresponding to the rupture 
of at least one tube. 

Models of tube bundles will be located in the test 
sections. Sodium will be mostly stagnant, but foi' 
smaller models provision will be made for sodium 
circulation. Inside the tubes there will be gas or 
naturally circulating water. Another major point of 

the program will be the study of local wastage con
nected with small leaks. 

In a stainless steel loop with a sodium flow of 
20 mVbr and a sodium inventory of 3 m^ the effects 
of parameters considered relevant to the wastage of 
the tube bundle will be studied: flow and shape of 
leak, duration of leak and distance between leak 
and surrounding tubes, temperature and velocity of 
sodium, and tube material. In the loop experiments 
detection of very small leaks will be attempted by 
means of a plugging meter, hydrogen detectors (both 
in the sodium and in the cover-gas system), and 
other methods. 

Problems connected with the recovery of large 
volumes of sodium contaminated by the products of 
the reaction and with cleaning operations will be 
faced. Eight tanks with a total volume of 48 m ,̂ trans
fer pumps, filters, cold trap, and automatic plugging 
meter will provide a common sodium utility for all 
experiments. 

F I G . 4. 153-MWt Coil-tube Steam Generator. 
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To simulate small and large leaks properly an 

accumulating plant will provide steam and water 

having the same characteristics as obtained from 

the reference design of steam generators: 200 atm 

and 3.')0°C for water, and 170 atm and 540°C for 

lupi'i'heated steam. 

3.t l-.MW Sodium-water Loop 

This loop is actually in construction and will oper

ate in the second part 1969. Main scopes of the 

facility are: 

verification of some technological details of test 

sections; 

verification of calculations concerning heat-ex

change surfaces in all operating conditions, pres

sure drops, thermal-hydraulic instability, stress 

analysis; 

plant experience of a sodium-water loop with 

special reference to safety conditions. 

The main characteristics of this plant arc: 

Rddiuni nomitiiit Hnw 
[ninimurn iidet toiiipor it lire 

" maxirimm inlet tt'ni|M'niture 
" inininunn mil lot teini>< 
" inwxiiimm Miillct t(rrn|M 
" drsign j)ro.4.sure 

wuli'r iinmiual flow 
feedwiiter inh't temperature 
maxinuini outlet temperature 

from wuLor preheater 
wilier design pressure 

ratiire 
nilurc 

12.500 kg/hr 
250°C 
45()^C 
350n' 
(i50°C 

10 kg/rm» 
1750 kg/hr 

25°C 
350°C 

200 kg / rm ' 

TAHLE 5. 29 MWt HEUCOIDAL-TUIIE R E H E V I E R 

Shell Side 
Sodium flow, ton/hr 
Inlet temperature, "C 
Outlet temperiiture, "C 
Pressure, kg/em* 
Sodium veloeity between ti 
Pressure drop, kg/em' 
Total height, nun 
Outside diaiueter. mm 
Material 

TuU's Side 
Ilciit-transfer surfiice, m* 
Steam fli>w, tnii/hr 
Inlet temperature, "C 
Outlet temperature, *C 

lio.'i, m/sec 

Steam pressure at outlet of reheater, 
Steiuii velocity at outlet of 
Pressurt' drop, kg/cm' 
Nunil>er of tubes 
Slip of tubes, intn 
Material 

HViiiht.s 
Weight of tube bundle, kg 
Tolal weight of empty unit 

reheater 

kK 

kg/cm* 
, m/sec 

0.400 X IO" 
580 
400 

3 
0.3 
0.02 

10,300 
1.840 

2 i i Cr-l .Mo 

360 
0.214 X 10" 

332 
540 
40 
00 
5.2 

234 
25.4 X 1.47 
iVi Cr- l Mo 

6.000 
25.000 

^^° r S T B A M 
:'7«r,<^'' O O T L B T 

KIG. 5. 2<t.MWt llelirm.iiil uil.e U.liealer. 

1 SODIUM TANK 

J ! i$T SICI IOH 

3 O I A I M A G E I A H R 

4 lEACTION nODUCtS I l l l l r t *H« 

5 WATtI INJICTOI 

F I G . t). Sodium-Water Reaction Preliminary Test Loop. 
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F I G . 7. Pressure and Temperature Proliles for Sodium-Water Reaction. 

S.S. Sodium-component Test Installation 

The sodium-component test installation is an oil-
or gas-fired test station with 50-MW design capacity 
and with the capability to test the prototypes of 
intermediate heat exchangers and steam generators 
in a sodium system. The installation basically will 
consist of primary and secondary sodium system, a 
sodium-heated intermediate heat exchanger, and steam 
generator. 

The work connected with the sodium-component 
test station is the following: 

become more familiar with the operation and test 
capabilities of the prototype models selected for 
testing; 

evaluate the temperature and mechanical strain 
data to determine the stress levels arising from 
both static and dynamic conditions; 

evaluate all thermal and hydraulic performance ^ 
and data, both steady-state and dynamic, result- ,, 
ing from the test programs. ( 

Construction of this station will begin in 1970. [, 

3.4. Other Problem .Areas 

Other areas of interest are as follows: 
material selected must be suitable for both the 

sodium and water-steam environments, while 
resisting stress corrosion attack on the water 
side and mass transport on the sodium side; 

heat transfer, effect on heat transfer and two-
phase flow of coiled tubes; 

procedure for welding tubes to the sodium face of 
the tube sheet and inspection of these welds; 

distribution of sodium over tube bundles; 
system stability and control. 
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F I G . 8. 50-MWt Sixliiim-rnmpnnent Te.st Installation. 

The research 
ward solving 

very short time. 

I ne researcn and development program directed 
toward solving these |)robleins will be initiated in a 

DiscusHion 

.Mr. Chamberlain (APD.\): In your sodium-water 
reaction work, were you doing large or small leak-
testing? 

jlfr. Tarantini: Up to this time we have done only 
large leaktesting. In 1969 tests will be performed in a 
unified facilities building with both large and small 
leaks. 

Mr. Chamberlain: Was there any wastage of ma
terial observed in the large leaktesting that you have 
done? 

Mr. Tarantini: In the preliminary test we have 
not sought to examine wastage of materials. The 
•im of this preliminary test was to gain experience 
wth instrumentation and equipment operation. It 
''as only a preliminary test that had no mathematical 
study or material-testing aim. 

Mr. Dickinson (LMEC): What is the status of 

your sodium-component test installation? Have you 
purchased any of the parts yet, such as the heater? 
Ha\e you ordered parts or is it still under design? 

.Mr. Tarantini: .\t this stage we have only a study 
contract of design. The scheduled construction is now 
delayed because we are engaged in a study program 
on steam generators and other components. In our 
program we will have to choose one of the three 
types of steam generators we chose in 1964. We 
will have 3 years to perform our tests and make a 
selection of the best steam generator. It is foreseen 
that we can test both IHX and steam generator to
gether, and separately, in this facility. 

.Mr. Dickinson: What thennal shock and transient 
capabilities are you planning? 

Mr. Tarantini: We have foreseen the necessity to 
have a thermal shock capability. .\ study is now start
ing which considers two possible methods. One is to 
bypass the sodium to the furnace in order not to 
have available cold sodium. The other method would 
store cold sodium in a large tank for introduction into 
the loop. 
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Mr. Dickinson: What are the criteria? How many 
degrees per second and for how long? 

Mr. Tarantini: The specification of the study con
tract states about 20 degrees per second. As the loop 
design is completed the transient condition will be 
reevaluated and will probably be reduced. 

Mr. Pfahler (LMEC): You mentioned a transient 
of 20 degrees per second; for what range of tempera
ture does this apply? 

Mr. Tarantini: The temperature was 590° at the 
sodium exit from the furnace and was reduced 
about 150° before entering the furnace. 

Mr. Pfahler: You are only talking about the nega
tive change? 

Mr. Tarantini: Yes, negative change. There is a 
small positive change of 6 degrees per second for 4 
or 5 seconds. The stream shock is negative. 
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1, Introiluction 

Detailed knowledge of Ihe belia\'ior and distributirui 
of li.s.sion and corrosion jiroducts relea.sed to reactor 
coolants during operation is needed for the design, 
operation, maintenance, and safety evaluation of 
nuclear plants. Heeause of this imjiortance, the distribu
tion of lissiou products in .sodium sy.stems has been a 
subject of analytical anil experimental .study at .\tomics 
International for a number of years. The lirst section of 
this pajier describes siinie highlights of earlier work, 
while the latter pni-tion describes nur current activities. 

2. Syalem Depletion Concept 

Karly data on iission product distribution in sodium 
gyatcnis were obtained by Hart fnllowing the fuel 
cladding failure incident which occurred in the Sodium 
licaclor l'",xperiiiient."' Some of his data arc shown in 
Tabic I. The ccilumn headed August 2, lO.il) gives the 
measured speciiic activities in the sodium as uf that 
date. The column labeled "predicted" indicates the 
activity le\els that would have been expected on 
October HI, lO.jO ba.sed on removal of the indicated 
isotopes exclusix'ely by radioacti\'e decay. The column 
labeled "actual" indicates the activity levels which were 
mrasuretl on Oclnher :il. Since the values iuthe.M' latter 
two columns are dilferent, it is apparent that mecha
nisms iu addition to radioactive decay were operative 
in reducing the contaminatiou levels in the .•sodium. 
These inechanisnis are evidently related to piiicesses 
occurring within the primarj' loop, .•iince circulaticui and 
cold-trapping of the luiniary sochum were maintained 
during this three niiinth iiiter\'al. 

Kuiikel and Herger''-' postulated that this added 
lemoval could be represented by an exiKUiential 
system depletion factor, analogous and in addition to 
the radioactive decay constant. The luimerical \'alue of 
the system depletion factor was estimated by taking the 
difference between the tot:d depletion constant and the 
radioactive decay constant !vs shown in Table '-'. 

If the system depletion ciuistant were dependent on 
chemical and physical properties, one would expect it 
to be the same for all isotopes of a given element. For 

•Based on studies cnndueted for the V. S. .\tuniir EnerRy 
Comniissiuu under Contract AT((M-;i)-701. 

the limited data available for prepanition of Table 2, 
this, indeed, seems to be the ciLse (e.g., cesium, .strtin-
tium, and cerium). 

I'.sing these system depletion ciuu.-tants and lussuming 
that isotopes removed fnmi the coolant are uniformly 
deposited on jiriniarj'-.-^y.-.tem surfaces, Kuiikel and 
Berger de\elciped a preliminan,', and as yet unverified, 
method for estimating the post-shutdown radiation 
levels of primary-sy.stem piping and iniuipmeiit. It is 
one of our presiuit objectives to improve upon this 
method. 

It should be notetl parent bet ically that all lis**ion 
product data from the SUK fuel-failure incident should 
be accepted with reservations, beeau.<e the failure \va.s 
causetl by the pre.'^'nce of large ciuantities of car
bonaceous materials in the aiolaiil. This carbonaceous 
material, wliicli was intniduceil by a tetralin leak, 
could lia\'e greatly ni<Klilie<l the bi'haviiir of the fission 
products in the coolant by acting as a "getter." This is 
shown by Table :t. 

3. Early Experiments 

\ considerable number of investigations of the be
havior of lissiou products in sodium have been jier
formed at .Vtomics International in the pa.st, and the 
results from most of these have been rejiorted by 
Kuiikel et al.'' " More recent work, however, includes 
investigations of cesium and iodine va|xirizatioii fnim 
sodiuni and prelimiiuiry .scoping ex|)erimeiits cm cold-
trapping cif cesium. The work on cesium and icxline 
vaporization is reported in another paper' ' presented 
at this eonference. The scoping cxix'riments on cesium 
cold-trapping will be briefly described here. 

Thc^e experiments were intended to investigate 
the apparent high elliciency of cold traps in removing 
cesium from the .•sodium coolant, a.s observed in the 
Slil '^ '" One [Kistulated mechanism was the adsorption 
of the cesium on deposited .<odium oxide. To investi
gate this, experiments were performed in the small 
.stainless sieel loop .shown in Fig. 1 u.siiig a '"Ce tracer 
in slable cesium. The cold trap, which was air-cooled, 
is at the lower left corner of the loop. .\ shielded sodium 
iochde scintillation detector wits u.sed to monitor the 
radiation level in the cold trap. 

S27 
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DECREASE OF FISSION PRODUCT CONTAMINATION 

IN PRIMARY SODIUM 

Isotope 

•"Cs 
••'Cs 
••Sr 
" S r 
I31J 

•'•Ce 
•"Ce 

• 'Zr-"Xh 
'• 'Ru 

Fission 

August 2, 1959 

1.26 
0.02 
0.97 

19.0 
0.42 
3.7 
5.1 

13.0 
0.85 

Product Contamination 
(cCi/g Na) 

October 31 
(Predicted) 

1.26 
0.02 
0.97 
5.8 
0.00019 
0.54 
3.9 
5.2 
0.19 

October 31 
(Actual) 

0.46 
0.006 
0.060 
0.25 
0.00012 
0.000088 
0.00031 
0.0067 
0.0045 

TABLE 2. TOTAL AND SYSTEM DEPLETION CONSTANTS FOR 

SRE SYSTEM 

Isotope 

•"Cs 
••'Cs 
••Sr 
"Sr 
I3IJ 

•"Ce 
•"Ce 

»»Zr-«Nb 
•••Ru 

Total Depiction 
Constant 
(days-') 

1.16 X 10-= 
1.35 X 10-' 
3.14 X 10-' 
6.05 X 10-' 
9.07 X 10-' 
1.18 X 10-' 
1.08 X 10-' 
8.40 X 10-' 
5.81 X 10-' 

Radioactive 
Decay 

Constant 
(days-') 

6.3 X 10-» 
9.1 X 10-' 
0.6 X 10- ' 

1.37 X 10-' 
8.61 X 10-' 
2.13 X 10-' 
2.43 X 10-' 
1.07 X 10-' 
1.73 X 10-' 

System 
Depletion 
Constant 
(days-') 

1.16 X 10-' 
1.26 X 10-' 
3.13 X 10-' 
3.68 X 10-' 
0.46 X 10-' 
9.67 X 10-' 
10.6 X 10-' 
7.33 X 10-' 
4,08 X 10-' 

TABLE 3. RADIOACTIVITY ANALYSIS OF TYPICAL SAMPLE OF 

CARBONACEOUS MATERIAL FROM PRIMARY-SODIUM S.A.MPLB 

Isotope 

•"Cs 
•"Ca 
' "Ce 
' "Ce 

Z r - " , \ b 

Activity of 
Carbonaceous 

Material'"' 
(MCi/g of particles) "'> 

1.1 X 10' 
2.9 X 10' 
2.3 X 10' 
2.9 X 10' 
2.2 X 10' 

Activity of 
Filtered Sodium 

(cCi/g Na""') 

0.45 
0.006 
0.0007 
0.00039 
0.018 

'•' Obtained from Reactor 10-31-69. 
<>•> As of 7-26-59. 
(From Reference 1) 

The results obtained for a cesium concentration of 
65 ppm and three different oxygen concentrations 
are shown in Fig. 2. The theoretical solubility hmits 
for the three oxide concentrations are also shown. 
Thus, for temperatures above (that is, to the left of) 
these limits there should be no oxide precipitation. 
Inspection of the data, however, reveals that there 
is cesium deposition -with decreasing temperature 

even before the limits of oxide solubility are reached. 
To explain this, one might postulate that cesium ad
sorption on stainless .steel occurs in this temperature 
region. In this case, the validity of the assumption 
of cesium adsorption on precipitated sodium oxide 
•nould require an increase in the slope of the curves 
in Fig. 2 when the sodium temperature fell below the 
oxide solubility limit. Such a change in slope is not 
discernible, however. There is, nevertheless, sufficient 
scatter in the data points that this mechanism cannot 
be ruled out. What is clearly apparent from the data 
is that cesium deposition is not exclusively dependent 
on precipitated Na20, though increased concentration 
of the oxide does appear to enhance deposition. 

The scoping experiments with this small loop were 
useful in providing basic qualitative information on 
cesium behavior, and in providing operational informa
tion useful in the design of the AI Fission Product 
Behavior Loop (FPBL), which has recently commenced . 
operation. 

4. Current E.vperimental Studies t 

The Fission Product Behavior Loop which is pres
ently in operation is shown in Figures 3 and 4. The 
loop consists of two deposition test sections in series 
with associated heating and cooling units at the ends 

F I G . 1. Schematic Diagram of Cold-trapping Apparatus. 
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of each test .scctifni. It also includes a pump, a surge 
tank, tl nowmetcr, a level Rauge, a bypass cold trap, 
ami three bypass sani])liiiK lines. The looj) is constructed 
entirely <if Type .̂ 04 ,-tainless .steel except the valve>, 
which are of Type HIO .stainless steel. The hiop tubing 
diameter is ;*« in. A detailed view of a depo.sition te.st 
iiectinii and the adjacent heating and cooling units 
is pveil in I'ig. 5. Here it is seen that the te.st section 
('nn.sî l> of an cniaiged annular regicm ulneli for llir 

LUCAIIUN HlK ' 1.1 f l 
INSTALLAOOhO* U H n . t N ^ 
METtR 

HEAT EXCHANGER 

Fill. 4. Fis pHKliirt Uehnvior Lotjp in HCKMI. 

Hi. 3. Kissiiiii rroiiiu-l lichiwior Loop. 

first series of experiments is packed with T>'pe 304 
stainless steel mesh. The integral electrical heating 
and air-cooling units at the entrance and exit ()f the 
test sections permit wide flexibility in the operation 
of the loop so that the test sections may be operated 
in a variety of modes. 

Scintillation detectors capable of traversing the 
lengths of the test sections are used to measure in situ 
deposition or removal. A scintillation detector also 
monitors the radioactivity level in the surge tank. 
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9 HEATER COIL 

O AIR COOLING COIL 

1 in. CD X 0.035 WALL 

3/8 in. ODx 0.035 WALL 

TEST SECTION 

FIG. 5. Deposition Test Section of Fission Product Be
havior Loop. 

Both single and multichannel spectrum analyses can 
be performed. 

The sample bypass lines are used for withdrawing 
coolant samples for laboratory analysis and for the 
introduction of radioactive tracers into the loop. 

Some of the design parameters of the FPBL are 
given in Table 4. 

The objectives of the FPBL tests are to provide 
information on: 

1) the plating tendencies of various fission products 
on Type 304 stainless steel; 

2) the effect of fission product and oxygen concen
tration on deposition; 

3) suitable materials and conditions for the trapping 
of fission products. 

It is planned that this program will be carried out in 
four phases: 

Phase I loop characterization and calibration; 
Phase I I deposition tests (including the effect of 

oxygen) in an all-staiiJess steel system; 
Phase I II trapping studies u.sing a variety of trap

ping materials and surfaces; 
Phase IV interaction studies to determine if any 

synergisms exist. 
Phase I has been completed, with the loop perform

ance, i.e., flow, temperatures, etc., found to be very 
close to their predicted values. Phase I I has recently 
been initiated. 

To reduce the analytical and experimental effort, 
fission products have been grouped as to their predicted 
chemical beha'vior in sodium. The considerations which 
entered into the organization of these analogue groups 
are shown in Table 5. 

The resulting analogue groupings are .shown in 
Table 6. Also shown are the selected representative 
isotopes for each group and the expected fate of the 
isotope in the Phase I I tests. 

Calculations have been performed to determine the 
specific activities of the radioisotopes required for 
various detection levels. Based on these, the lower 
limit of radioisotope concentration in the sodium for 
adequate counting statistics is about 100 ppb. Because 
of several simplifying, pessimistic assumptions used 
in these calculations, the actual lower limit may be 10 
ppb. This is roughly the .same level as produced by 
the release to the coolant of 10"' of the fission product 
inventory of a 1000-MWe Liquid Metal Fast Breeder 
Reactor (LMFBR) after one year of operation. 

TABLE 4. DESIGN PAKAMBTERS FOR 

BEHAVIOR LOOP 

FISSION PRODUCT 

Loop temperature (°F) 
Test section temperature*'^' (°F) 
Sodium volume (cc) 
Sodium flow rate (ft/sec) 

Loop tubing 
Annular region of test section 
Unpacked test section 
Pump throat 

Material of construction'*'' 

300 to 1200 
300 to 1200 

2000 

0.15 to 1.5 
0.15 to 1.5 
0.02 to 0.2 
0.3 to 3 

304 stainless steel 

<̂* Independently variable. 
(>>' Except for valves, which are of Type 316 stainless steel. 

TABLE 5. FACTORS CONSIDERED IN ORG.\NIZ-\TION OF 

AN.\LOGUE GROUPS 

Similarity of behavior in solvent systems other than sodium 
Tendency to form oxides that are stable relative to sodium 

oxide 
Tendency to form intermetallic compounds with the major 

constituents of Type 304 stainless steel 
Volatility 
Solubility in sodium 
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lixperimeiits with cesium in Phase II are currently 
under Hay. When these are completed, the next iso
tope planned for study is barium. 

3, Current Analytical Studies 

The final activity to be described is tlic' develoj)-
meiit of a computer program to aid in Ihc prediction 
of fission iiiid corro.-^ioii jiroduct distributions through
out the primiiry sy.stem of an LMFBR. .\s indicated 
earlier, such |)redicti<uis are needed for safety evalua
tion, ecoiKunics .studies, sy.stem design, and o|ieratiiuial 
and maintenance phinning. 

liy means of this com|iuler code, calculations are )ier-
(ormed to determine individual isotope inventories in 
the fuel, in the coolant, in de[H>sils on system walls, in 
ili'liri.sils ill colli or hot tnips, and in cover-gas spaces. 
Ill pcrforining these calculations, the code has been 
pnigranimed to con.sider up to ."lO fission product ma.ss 
oliiiuis consisting of up to ,5 members per chain. ."> corro
sion juiiducts, and -*Xa and ^'Xa. 

The coiTosiiui iiroducts considered in the calculation 
along with their production reactions are listed in 
Table?. Iiiconipuliiigthesecornision product activities, 
the .system is assumed to be coii.structed of Type 304 
stainless steel of nominal composition and containing 
0.0.') wl ''.' cobalt impurity. In each case, the cross sec
tions for each prodiiclion reaction are weighltHl by a 
"typical" LMFBU iieiilnin spi'ctruni having a mean 

T.VHLK 11. A N A U K U E (l i ioir iNu .\.\i> D.M-ECTEn FATE OF 
VAKIOUS FISSION PHODVCTS 

.\naliiKuc (Irnuping 

Cs 

H», Sr 
Mn, Uu, Sb, AR 

C>, La.Nd. Y,Zr 

XI. 

11*. I. Tc 

Reprr-
scntntivu 

Radio
isotope 

Cs-134 

Ba-133 
R u l 0 3 
Sb-124 
Ce-141 

Ta-182 

Se-75 

Kxpi'ctcd I-ate in Stainless 
Steel System 

Volatilixation or deposition as 
complex oxide 

Deposition as oxide 
DifTusion into stainless steel 

Deposition as oxide or difTusion 
into stalnlesa steel 

Deposition as oxide or diffusi<)n 
into stainless steel 

\ 'aporization or difTasitm into 
stainless steel 

TABLE 7. CoKHosioN/EROSION P R O D I T T S C \ I . I I I . vrti> i s 
THE Soi 'HrE-TEHM P R O G R . K M 

Radioisotope 

27.8-d »'Cr 
3(K)-d »*Mn 

t.Vl-d " F e 
72-d "Co 

5.3-v " O l 

Production Reactions 

" C r ( n . 7 ) , **Fe(n,o), wCr(n,2n) 
»Fe(n ,p ) . "Mn(n ,2n) 
"Fein,")) 
"N i (n .p ) . ••Co(n.2n) 
"Co(n.- j) . "N i (n ,p ) 

(1) A"; = . '( /?!/ ' + X'-KV, ') + X - ' A V - (X' + L).v; 

-Vi = Atoms of isotope i available for release to coolant 
A f = Atoms of isotope i in fuel 
X' = Decay constant of i 
/- = Fractional leakage rate 
• ' = Fuel escajje and availability factor 
If = Total fisMittn rate 
y = Fission yield 

i — 1 = Isotope precedinn i in nia.ss chain 

(2) Ml) = f,. + U,l + f,aexp ((/f,.) + f,*(/ - /,) 

f,i to fc4 = Constants 
f,» = 0 for / < (r 
fei = Ul for / > (, 

Fi<;. n. E<piatinns I'srd fur Fi.-wimi PrcKinct Itclensr to 
C u l a n t . 

Hs.sinn ciKTKy of 170 kcV. lii (li>cu>.-<inK ct»rru>i<»ii pnni 
ucts, it shouUl be iinti'<l that twci tyi«'s arr b«'iiig ccm-
sidtTed: (1) c«»n' materials which arc artivattil and 
which .- îiKxccnicntly cdrnnlc into the coolant >trcam. and 
(2) matcrial.s wliicli cornidc from priniar>' sy.Mcm sur
faces and are .subse<|iiently activate*! as they puss 
through the reactor core. 

In appljing the pn)Kram to an 1-MI BU the foUowinK 
regions are considered in computing nidiujsotope 
inventories: 

1) fuel; 
2) fuel-ro<i gas space; 
3) coolant; 
4) primar>*-](>op surfaces, up to 10 regions; 
">} bypass trapping l(K)ps, up to .j in number; 
0} cover gaii volumes, up to 5 in number. 
In a<l<iitinn, the CIHIC is desigiie<l to accomnuHJate a 

variable reactor-power histor>' coiLsisting of up to 3 
different con.stant-i)ower levels, and a Hnal .shut-down 
level. Printout of .selecttnl i(uantities may b** pn)vide<I 
at up to 20 specifietl times. 

The fission product inventor>' in the fuel is calculate<i 
using the genenil (H|uatioiis <ievelo|MHi by Harris^ for 
fission product chains with direct fi.ssion yield plus 
generation by parent decay for each member of the 
chain. To simplify calculations, the short-lived pre
cursors {Tl 2 < 20 min) were eliminate*! fnmi the 
chains and their cumulative yields were added to the 
lirst relatively long live*l membiT of the chain. Fission 
pnuiuct yields were b:Lsed on fast fi.ssion in plutonitmi 
as given by Andenaui.**' 

Fission product relejise to the primar>- system is 
based on a two-factor model. The first factor i.*j the 
total inventor>* of an i.sotope available for release 
to the coolant in the event of cladding failure, and the 
second is the fraction of the cladding that is defected. 
The inventor>- a\'ailable for release to the coolant is 
calculated from the differential Eq. 1 in Fie. •>. The 

file:///naliiKuc
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products) 
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Parent decay 
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Deposition 

Precipitation 
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structure 

Removal 
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Deposition 
Trapping 
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Vaporization 

Decay 
Corrosion 

Decay 

Decay 

Deposition 
Trapping 
Decay 

FIG. 7. Processes Used in Calculating Inventories. 

fraction of cladding failed at a given time is pro
grammed by means of Eq. 2 of Fig. 6. 

Once fission products have been released from the 
fuel cladding, the code accounts for the inventory of the 
various isotopes in other parts of the reactor system. 
The processes that are considered in calculating these 
various inventories are summarized in Figure 7. 

The basic forms of the equations used for treating 
some of these processes are show-n in Fig. 8. Directing 
our attention to Eq. 1, we see that the rate of loss of 
atoms of isotope i from the coolant by deposition is 
proportional to the difference between the chemical 
activity of i in the coolant in region k, namely, N'„{V„irlt), 
and the surface activity of i in region k, namely, 
/Sk/Ak. The unknowns are IvI, and At, and in a number 
of cases, Ok as well. The quantity Ak is the surface 
concentration of i in region k when the surface is 
saturated with i. I t is a function of the chemical species, 
temperature, and deposition reaction involved. The 
rate constant Kk is a function both of the deposition 
process involved and of the temperature, flow, and, 
perhaps, surface conditions in that region. We hope to 
obtain estimates of the values of Kk and AL from the 
experiments performed in the Fission Product Be
havior Loop and elsewhere. 

It should also be noted that the concentration of 
isotope i in the coolant, N'c, is assumed constant 
throughout the loop during a given time step. This 
imphes that the fractional removal of i from the coolant 
is relatively small during such an interval. Although 
this assumption is probably not correct for some 
elements (e.g., the corrosion product chromium), it is 
considered a necessary simplification if the code is to 
accommodate long periods of reactor operation effici

ently. At the same time, the exceptional elements can 
be treated by judicious assignment of reaction rates 
Kk to the various regions. 

Equation 2 shows the general form of the trapping 
relationships. Two specific mechanisms are shown: (1) 
trapping by exceeding the solubility hmit and (2) 
deposition by adsorption. As indicated in Fig. 8, the 
first term is operative only when the concentration of 
isotope i, namely, N'JVc, exceeds its solubility at the 
trap conditions. The second term, intended to represent 
the depasition process, is similar to Eq. 1 except that 
in the interest of mathematical simplification the 
surface-concentration effect is neglected. Because 
significant surface concentrations will be developed on 
trap surfaces, however, the validity of this simplifica
tion is currently being reviewed and alternative formu
lations are being studied. In this simplified model, 

(I) Deposition: Nl\ dtp = IZ — Kk ( 77-^ ;• I A âL 
\rcffk Ak/ 

N'c = Atoms of isotope i in coolant 
Vc = Coolant volume 
a'k - Solubility of isotope i in region k 
Sk = Surface concentration of isotope i in region k 
Ak = Surface concentration of isotope i in region k at 

saturation 
Kk = Deposition rate constant in region k 
Ak = Area of region k 

(2) Trapping: A'i -^"l(f:--) 
- ^ :)]| 

[(iVi/F.) 

Fm = Flow rate in t rap m 
ffm = Solubility of isotope i in trap m 
Pn, = Surface area per unit length of trap 
Kin = Deposition rate constant in trap m 
Zro = Length of t rap 

- fflnl is restricted to positive values 

(3) Vaporization: ATj | yap 

JVv.. 

1 
(A^. ivi) 

Atoms of isotope i in vapor spaces at equilibrium 
(based on atoms of isotope i in coolant) 

iVv = Average no. of atoms of isotope i in vapor spaces 
during preceding time interval 

Ai = Time interval used in calculation 
A''v, cq is derived from distribution coefficient kn 

(4) Corrosion: iv; Z ^c,kAtSL 

Xc,k = Corrosion constant for monolayer in region k 
Afc = Surface area of region k 
5k = Surface concentration of isotope i in region k 

F I G . 8. Forms of Equations Used in Computing Inven
tories. 

file:///rcffk
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however, the exponential form of the term reflects the 
effect of trap surface area and flowrate on completeness 
of trapping. 

One problem that arises in several of these equations 
a8 presently formulated is that element-dependent 
(i.e., chemical) proces.se.s are being treated ou the 
individual isotofw level. This is particularly apparent 
and important in connection with the trapping model 
ba.'<cd on .solubility. Solubility, of course, refers to the 
aggregate concentration of an element, based on all 
isotopes, radi<ia(;tive and stable. To treat this process 
rigorously, then, would re()uire computing the inventory 
for all the isotopes of an element, both stable and un
stable. Since this would add to an already large compu
tational effort, we are treating this problem through the 
use of partial solubilities as.signed to each i.sotope on 
thp basis f)f its estimated relative abundance in the 
rnolaiit. 

A similar problem is potentially pre.sent in the case 
of surface dejHKsition, but only in case that the surface 
reaction or adsori)tion sites become saturated. So long 
as that <ioes not occur, the individual i.sotopes of a 
given element may be expected to deiHisit approxi
mately in proportion to their activity in the coolant, 
and this behavior will be provideil by the current 
analytical model. 

The method of accounting for vaporization in the 
computer code is rather involved and arbitrary. This is 
necessary because of the limited data ()n vaixirization 
properties of fission product s<»lutes in sodium and 
beciuisc of the even more limited data on rates of 
vajiorization. ivpiation 3 shows the presently IIS^KI 
basic relationship. Since A/ is the calculational time 
increment, this equation states that enough atoms of 
isotope i will reach the \n\x^r spaces during the time 
inter\-al to produce an eipiilibrium concentration. 
ActuiUly, Kq. 3 says that even more atoms will leave 
the coolant. This is because the subtraction is made 
using the avenige mmiber of atoms of i in the vapor 
space during the preceding time interval rather than 
thceiiuilibrium value. The purpose of tliis construction 
is to account for the decay of atoms already in the 
vapor space; thus, more atoms nuist leave the coolant 
to achieve the assumed equilibrium concentration. 

Finally, corrosion is accounted for by Eq. 4. Here 
we are concerned with the corn>sion of isotopes which 
have preWou-sly been deposited on a surface. To treat 
this problem we have a.ssumed that the deposit exists in 
an atomic monolayer. We have then introducetl the 
concept of the corrosion constant, which Ls analogous 
to the radioactive decay constant and indicates the 
fraction of the thickness of monolayer that is removed 
per unit time. This, then, produces a corresponding 
introduction of isotopes back into the coolant s-tream. 

The foregoing models for treating deposition, tmp-
ping, vaporization, and corrosion have been combined 
into a computer code which will significantly simplify 
the prediction of disiributions of fission and corrosion 
products in LMFHR sys-tems. The present limitation 
is the availability of the necessarj' chemical-behavior 
data. The code, by being applied to current exjM'ri-
niental loops, however, may assist in the development of 
these data. 

At the time of preparation of this paper, the computer 
program has been written, pimched on cards, and 
compiled. We are now in the pn>cess of running our 
first test problem and de-bug^ng the code. 
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ABSTRACT 

Tr.insport and deposition of radioisotopes released 
to flowing sodium from corrosion of irradiated stain
less steel has been studied. Quantitative measurements 
of deposition can be made with sensitive counting 
techniques. The results of the study indicate that 
='Cr and '"Co are transported primarily by isotopic 
exchange and do not rapidly migrate to lower-tempera
ture regions of loop systems. However, ^*Mn is re
leased in larger quantities to deposit throughout the 
test loops. Preferential deposition sites are (1) im
mediately downstream from the source, (2) at min
imum-temperature locations, and (3) in oxygen cold 
traps. These results indicate ^^Mn is transported both 
by exchange and by solution-and-precipitation. De
posited =*Mn migrated rapidly to the cold t rap; de
posited ^'Cr and °°Co migrated slowly by exchange. 

The rapid transport of large amounts of ^*Mn to 
low-temperature locations can create serious problems 
for reactor maintenance. Work is continuing better 
to define the factors which affect this deposition, and 
to develop methods for trapping out radioisotopes in 
preselected shielded low-maintenance locations. 

Introduction 

In a sodium-cooled fast reactor such as the FFTF, 
material will be lost from the stainless steel fuel 
cladding by the corrosive action of the flowing sodium 
coolant. Under ultimate operating conditions (1200°r 
bulk coolant temperature, 25-ft/sec sodium velocity, 
10 ppm oxygen in sodium) the rate of metal loss is 
approximately 0.0005 in. (0.0013 cm) per y e a r . ' ' - ' 
For Type 300 series stainless steel at 1200''F, this 
rate of metal loss is acceptable from considerations 
of cladding integrity. More detailed information of all 
factors affecting metal loss rate is available.'^"** 

However, the material removed from the core will 
contain large amounts of radioisotopes produced from 
irradiation of the cladding. A typical inventory is the 
following:'^' 

"Cr, 27.8-day half-life—2 Ci/cm'; 

'"Co, 71-day half-life—31 Ci/cm'; 

""Co, 1913-day half-life—2 Ci/cm'; j 

'"Mn, 313-day half-life—10 Ci/cm'. 1 

.4 study based on typical F F T F operation under .( 
the conditions described above has shown that about | 
1100 cc of material will be lost from the core and trans- i 
ported to other parts of the heat-removal circuit in , 
one year of operation. The isotope inventory will be ) 
approximately 10,000 Ci, and the radiation level near „ 
heat-removal-system components may exceed 100 R/ 
hr depending upon deposition conditions.'"" Previous 
studies of transport and deposition of irradiated ^ 
stainless steel in flowing sodium have shown that j 
activity transport is not necessarily coincident with , 
gross mass transport, and these data are very mea- j 
ggr (T. 8) 

Our experimental objective is to study the effect of 
various reactor operating variables such as tempera
ture, system temperature gradient (AT), velocity, 
flow perturbations, and impurity level on the trans
port and deposition of these isotopes in test loops. 
The ultimate aim of the program is to identify the 
mechanisms of transport and deposition, and to make 
a quantitative model to predict deposition behavior 
in a reactor system. A necessary byproduct of this 
study will be development of methods to control or 
trap the isotopes in a shielded preselected location (s). 

Experimental Proceedings 

Two types of sodium loop arc used: a pumped loop 
called the Radioisotope Transport Loop (RTL), and 
small thermal convection (TC) loops. The RTL, con
structed of Type 304 stainless steel, has a 2-gal/min 
capacity in the primary flow circuit. The primary 
contains a 40-kW direct-resistance heater, shielded 
specimen-loading port, isothermal velocity-change sec
tion in the hot leg, and air-blast heat exchanger, .in 
0.2-gal/min secondary circuit contains cold trap, plug
ging meter, and sample-removal lines. .\ schematic 
of the RTL is shown in Fig. 1. The sodium velocity in 
the primary varies from 0.5 ft/sec in the heat ex
changer to 40 ft/sec at the irradiated specimen loca
tion. 
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The thermal convection loops are also made of Type 
304 stainless steel, and are 15 in. high and 8 in. wide. 
Heat is supplied with a clamshell furnace and trace 
heating. An irradiated specimen is hung from a wire 
(aetened to the loop cap. Typical velocity estimates 
are 0.2 to 0.8 ft/sec. A schematic TC loop is shown in 
Fig. 2. 

Various irradiated stainless steel specimens are used. 
They fall into two categories: material irradiated 
in a thermal flux, containing "Or , ""Co, ™Fe; and 
stock from EBR-U (fast flux), containing ^*Mn and 
«mall amounts of ""Co. Typical specimen inventories 
are given in Table 1. 

The use of radioactive specimens and the counting 
teliiiii|ues give us a very powerful tool for obser\-ing 
migration of various elements in test loops. The loops 
are scanned either in place with a portable lead-
ihiclded Nal ciystal, or sections are cut from the 
loops and counted in a shielded well with a Nal 
crystal or a 20-cc lithium-drifted germanium diode. 
Counts are analyzed in a 4096-channel analyzer. 
Caliliration by the first (in-place) method has been 
achieved by counting radioactive solutions of known 
invcntoiy in pipes of the same size as loop piping; 
thus absolute quantities of radioactive material can 
he measured in many instances. Fui'thcr advantages 
of the in situ method are these: counting can be done 
quickly and without elaborate preparations, the 
method is nondestructive, anil loop tests can quickly 
be resumed. Disadvantages include low sensitivity 
(about 1500 disintegrations count), poor resolution 
(10 keA'/channel), and Bremsstrahlung generated 
in the pipe that interferes with low-energ>' gamma-ray 
detection. Counting in the well eliminates these prob
lems, especially when the diode is used, but is more 
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FIG. 2. Schematic Diagram of Thennal CoDvertion Loop. 

TABLE 1. TvpiiAL SPECIMEN LWENTORIES 

IlHiironl-irrudiatpd sttirk 
7) day "Cn. fiO ^Ci/gram 

1913-day "Co, 5<» *Ci/g 
278-day "Cr, 2 X 10' ^Ci/g 
45-day "Fe, 3 X 10< <iCi/g 

EBU-II stock. r>iit of reactor 18 months 
"Co, 1000 pCi/g 
"Co. (iOO ^Ci/g 
313-d»y "Mn, 3 X 10< wCi g 

time consuming and requires either a tab specimen in 
the loop or a part of the loop which must then be re
placed. Counting in the well is usually done to supple
ment and clarify the data from the more rapid in-
place scanning. 

ResullB and ^ifiruBsion 

The first tests were run in llie ItTL and TC loops 
with a thennal-irrailiated specimen. The results were 
similar; " C r and " ^ o were released from the specimen 
but migrated only a short distance downstream, as 
shown in Fig. 3. No "'Cr or ""Co was found in the 
heat exchanger or cold trap of the RTL. The data of 
Figure 3 are not decay-corrected; the original chro
mium level was higher by two orders of magnitude. 
This is an example of radioisotope transport by 
isotopic exchange, .\nalysis of loop sodium showed 
*°Co, "Cr . and traces of "'Mn, indicating higher 
">In solubility. No " F c has ever been identified on 
loop piping even though substantial amounts of " F e 
are present in the source tab. 

The first RTL run with an EBR-II irradiated speci
men gave quite different results: the amount of man
ganese released was about 10 times the amount of 
chromium released in the other test, and " M n was 
found all over the loop. High counting rates were 
obtained in the following regions immediately down
stream of the specimen: the crossover pipe from heat-
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D I S T A N C E F R O M E N T R A N C E . I N C H E S 

F I G . 3. Counting Rate in Original Radioisotope Loop Run. 

1 3 0 0 F. 3 5 1 H O U R S 
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D I S T A N C E D O W N S T R E A M . I N C H E S 
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I D. I , D. I . D. 

F I G . 4. Counting Rate of "Mn in Velocity Sections. 

exchanger outlet to surge tank, and in the cold trap. 
This shows that some ''•'Mn is transported by ex
change, but the preferential deposition at lower-
temperature regions suggests transport also occurs by 
solution and precipitation, possibly assisted in the cold 
trap by chemical reaction with the Na20 to form 
NaMnOi •"" Specimens showed weight losses that 
were in approximate agreement with weight losses 
previously reported.'^' 

Effect of Velocity on Deposition 

Deposition of =*Mn in the velocity-change section 
of the RTL varied as shown in Fig. 4. Note that the 
abscissa of the graph is dpm/in.= ; these measurements 

can be made with our calibrated counting technique. 
This part of the loop is isothermal at 1300°F, so the 
deposition is taking place by exchange. The higher 
deposition rate at the higher velocity suggests the 
rate-limiting step for deposition is diffusion through 
a boundary layer that decreases in thickness with in
creasing velocity. Similar indicative results were ob
tained in the cold leg of the R T I J . ^ 'CO was not found. 

Effeet of Temperature and Delta-T (AT) 

Tests in thermal convection loops with °*Mn-bear-
ing specimens gave the following indicative results. 

In the absence of large temperature gradients (less 
than 200°F difference between maximum and mini
mum temperatures) in a TC loop, °''Mn is also trans
ported chiefly by isotopic exchange. However, at a 
larger AT (400°F) the segregation of =*Mn to the cold 
side of the loop occurred (1400°F specimen tempera
ture and a 1000°F minimum temperature). A com
parison of the two cases is shown in Fig. 5. The ratio 
of counts at the minimum-temperature location to 
counts at maximum-temperature location in TCL iŜ 5 
was 5.6; the ratio in another loop with 1230°F maxi
mum and 1050°F minimum was 1.4. More than three 
times as much activity was released from the speci
men at 1400°F as at 1225°F. These results show that 
both specimen temperature and loop AT affect the 
transport ot ' 'Mn . Work is in progress to attempt 
to define the affect of each variable separately. 

Activity Migration 

One of the most interesting aspects of our work 
concerns the migration ot deposited activity. When 
the irradiated specimen is removed from the loop and 
sodium flow resumed, transport of the deposited radio
active material can be analyzed without the un
certainty as to whether the atoms in question migrated 
from a previous deposition site or whether they were 
released from the source. Such measurements are 
difficult to make with nonradioactive material. 

Limited information available shows that ^'Cr mi
grates very slowly (in thermal convection loops) by 
isotopic exchange. Figure 6 shows the results of one of 
these tests. A similar test in which the loop was cut up 
and well-counted showed a similar profile for '°Co. In 
this latter test, small amounts of ' ' M n were found on 
the pipe walls. Since only trace amounts of °*Mn are 
produced in thermal irradiations, this result shows 
both the sensitivity of the counting technique and 
the preferential solubility of manganese in sodium. 
Chromium has also been reported to have preferen
tial (with respect to iron and cobalt) solubility in 
sodium, but chromium migration similar to that ob
served has also been reported.'"" 
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FIO. 5. Conipiirison of .\ctivities in I..onpe 4 and 5. 

The migration ot '̂ •'Mn in the RTL for two more 
runs produced a steady decrease in °'.Mn activity 
throughout most of the primaiy system, and an in
crease in activity in the cold trap. Tliese results are 
presented in Table 2. .\ graph of " M n migration in 
the hot leg is shown in Fig. 7. The peak near 31 in. in 
the restart data (0|)IMI circles) is probably the result 
of some of the atoms migrating from their original 
deposition location near the source to that location by 
isotopic exchange. However, note that everywhere else 
there has been a decrease in activity. 

Some of the deposited radioactive atoms difluse 
into the pipe wall. Diffusion of "'Cr and " M n has 
been observed. The rate of penetration is roughly 
that which would be predicted by diffusion theory. 

Conclusions 

The obvious conclusions one can draw from this 
work are that different isotopes are transported in 
sodium loops by difl'erent processes, and each process 
is dependent on flow, temperature, and chemistri,-. 
.Much more to the point, however, is a consideration 
of the implications the results of this work will have on 
reactor operation. The heat exchanger in the RTL has 

320 HOURS WITH SOURCE TAB 
IN PLACE 

520 HOURS WITH SOURCE TAB 
IN PLACE < 840 HOURS WITH 
TAB REMOVED 

0 3 16 

DOWNSTREAM DISTANCE FROM SOURCE. INCHES 

FIG. 6. Comparison of Activity Distribution in TC Loop 
Ht 1 before and after Running Loop without Source Tab. .Active 
species—*'Cr, 30-min counts. 
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a radiation field ot about 2 luR/hr from deposited 
=̂ ''Mn (remember that it is not the major deposition 
site). The irradiated specimen lost about 15 mg of 
material in one month. Predicted weight loss for one 
year in the F F T F core under ultimate operating 
conditions is 3 cc/day or about 8000 g/yr.«" This 
material will have a specific activity 100 times that 
used in our test. If one ssumes that the F F T F reac
tor vessel has 1000 times the surface area of the loop, 
and also assumes that deposition is proportional to 
surface area for consant-temperature profiles, then a 
crude extrapolation can be made: 

X 100 (factor for specific activity) 
8000 g in FFTF 
0.015 g in loop 

X jKK^ (factor for area) = 53,333 factor increase. 

This factor increases the radiation level to 106 R/hr, 
completely intolerable for contact maintenance. 

Taken in this light, one can see that either the 
F F T F heat-removal systems must be designed for re
mote maintenance (core and probably closed loops) 
or transport and deposition mechanisms must be iden
tified so that preferential deposition sites can be iden
tified. An ideal situation would be to design the heat-
removal loops such that areas that may need 
maintenance would not be preferential deposition sites, 
and that deposition could be enhanced in low-main
tenance areas that could be adequately shielded. 

The results of our study show that ^^Mn would be 
trapped just downstream of the heat exchanger and in 
the cold trap, especially if high-velocity, high-turbu-

TABLE 2. COUNTING RATES AT SELECTED AREAS IN 

RADIOISOTOPE TRANSPORT LOOP AS FUNCTION OF T I M E 

Isotope; ^%In. Test conditions; (1) Irradiated specimen in 
place for ;i51 hr; (2) Exposure (1) plus 41G hr without speci
men; (3) Exposure (2) plus 384 additional hr. 

Location 

Specimen holder 
Hot leg 20 in. dcjwn-

stream 
Cold-side IHX 
Crossover between 

IHX and Rvirge tank 
On surge tank 
On cold trap 1 in. 

above entrance 
On cold trap 5 in. 

above entrance 
On heater 

T,°F 

1300 
1300 

-850 
- 8 0 0 

—800 
250-300 

250-300 

1300-1350 

Counts per Minute 
(Decay Corrected) 

(1) 

6218 
944 

3078 
7482 

4084 
13771 

3697 

812 

(2) 

3102 
704 

2859 
S047 

5016 
15416 

13503 

715 

(3) 

897 
589 

3051 
Not 

counted 
4621 

27951 

• 
12112 

Not 
counted 

5 . 7 9 

1 

V^ 

-

V E L O C I T Y C H A N G E J 

1 * — S E C T I O N ^ 

A C T I V E S P E C I E S - ^ ^ M f i 

T = 1300 " f 

• 3 5 1 HOURS W I T H 

S O U R C E IN PLACE 

O A S A B O V E PLUS 

800 HOURS WITH 

SOURCE REMOVED 

D O W N S T R E A M D I S T A N C E FRO' . l S O U R C E , INCHES 

Fir.. 7. Migration of "Mn in Radioisotope Loop. 

lence flow conditions are present there. '''Cr would 
probably be plated out on the top of the fuel pins just 
above the core, and may possibly have decayed away 
by the time the chromium atom is "exchanged" off the 
top of the fuel pin. ^*Co and °"Co should behave simi
larly to ='Cr; not enough data are available to really 
tell. 

Future Work 

The future work on this study will involve redesign 
of the RTL and TC loops for insertion of more tab 
and ring specimens to take advantage of the strong 
points of both counting techniques. The RTL redesign 
will incorporate coplanar tubing for better detector 
positioning, and series-flow exchanger and cold trap 
for better determination of isotope concentration vs. 
temperature profiles. A high-cobalt stainless steel is 
being irradiated to introduce enough °"Co into the 
loops for easier detection. 
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Sule added in Proof: Radiochemical analysis of our 
sodium gave mangancse-54, no iron-59, very little 

cobalt-60, some chromium-51. This is when the co
balt and chromium were present. We also found silver-
110 and antimony-124. which could have come from 
the fact that the EBR-U material was not completely 
cleaned out of the fission products. The antimony 
might have come from the fact that the material was 
used in a solder joint at one time. It just goes to show 
when you use radioactive material you find all kinds 
of strange things in your sodium. There was some dis
cussion yesterday which prompted me to think of this. 
Everybody finds antimony and silver in their sodium, 
and the initial spectroscopy yielded manganese, 
iron, cobalt, chromium, and nickel, all in the Icss-
than-one-part-per-million range. 
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1. Introduction 

A knowledge of the factors governing the rate and 
e.xtent of fission product vaporization from liquid 
sodium is important in both operational and safety 
considerations of fast reactors. As regards normal 
reactor operation, this information is needed to de
termine the distribution in the coolant, on surfaces, 
and in cold traps of the fission products either inten
tionally or accidentally released to the primary system. 
Thermochemieal data are also required in the design 
of coolant-stream cleanup systems emplojed during 
reactor operation. In considering the consequence of 
a reactor accident, the rate and extent of fission prod
uct release has a direct bearing on the engineered safe
guard devices to be deployed in the event of a release 
as well as on the siting criteria which form a basis 
for reactor location with respect to populated areas. 

The results of both analytical and experimental 
studies of the thermodynamic properties and trans
port behavior of some fission products in sodium are 
presented in this paper. Since the chemical states and 
relative volatility of the fission products are related 
to their thermochemieal properties, this aspect of the 
work is covered first. Next, the transport properties 
are considered together with the hmiting case of maxi
mum release. Finally, the application of these results 
to the calculation of fission product partial pressures 
above sodium, as well as their relative extent of vapor
ization, is discussed. 

Generally, only the limiting concentration region 
of infinite dilution is of interest since the total quan
tity of fission products dissolved in the sodium coolant 
is usually very small. However, because of the poten
tial buildup of fission products in the sodium thermal 
bond of high-burnup fuel elements, regions of higher 
concentration are also of practical interest. Therefore, 
thermodynamic data are given for regions of high fis
sion product concentration as well as those approach
ing infinite dilution. 

2. Thermodynamics 

The chemical potential or the "escaping tendency" 
of a solute from a solution is directly related to its 

* Work performed under the auspices of the U. S. Atomic 
Energy Commission. 

fugacity / . At moderate pressures, the fugacity may 
be equated to the partial pressure of the solute, P, 
bj- the expression 

Sl^Pi = PhtXi, (1) 

where subscript i denotes the particular solute under 
consideration, P" the vapor pressure of the pure solute, 
7 its activity coefficient in solution, and x its mole 
fraction. The activity coefficient is, in tiu-u, related 
to the partial molar excess free energy of mixing, AF"̂ , 
via the usual equation 

AFf = A f f - R T In Xi = R T In 71, (2) 

where A F " is the partial molar free energy of mixing, 
R the gas-law constant, and T the absolute tempera
ture. 

The free energy of mixing is needed not only in 
calculating the fission product partial pressures but 
also in determining the states of the fission products 
in .solution. This follows from the fact that the stand
ard free energy change of a reaction, AF, , is given by 

IIOj 

AF! = RT In -
Ilai 

(3) 

where a is the activity of a component in solution, 
and subscripts j and k refer to the products and reac
tants, respectively. The activities of the components 
of the solutions are related to their activity coefli
cients and compositions by the equation 

a, = yix, , (4) 

where the pure liquids are chosen as the standard 
state. 

Consequently, the main task at hand is to deter
mine, either experimentally or analytically, the partial 
molar excess free energies of nuxing. This section is 
primarily concerned with deducing these values. 

Excess free energies of mixing are difficult to measure 
in very dilute systems and few methods are apphca-
ble. We have employed both a Rayleigh distillation 
technique and Knudsen cell vaporization experiments 
during the course of this work. In the absence of ex
perimental data, there are several calculational methods 

540 
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available for estimating the excess free energies of 
mixing from a phase diagram."'" These methods were 
uged to obtain many of the values given in this paper. 

II. Iodine 

As a result of its relatively high fission yield and 
itc biological significance, the behavior of fi.ssion prrxl-
uct iodiiK^KU is of great concern to reactor safetj' 
engineers. I'revious s tud ies" ' " by the present au
thors have shown that at the low concentrations ex
pected in n^actor coolant streams, iodine will react 
irith sodium instead of fLssion product cesium. Conse
quently, considerable elTfirt hits been devoted to a 
measurement of the partial molar excess free energies 
of nnixing of .sodium iodide in sodium solutioiLs. 

Kxperimental measurements of the thermfidynamic 
values at infinite tlilutifui were made fiver the tempera
ture range from 7!)(i lo 1 IO.'S°K employing the Rayleigh 
methfid. A value of 1.").9 kcal/mfile was obtained for 
the heat of mixing, AH, and 0.8 eu for the partial 
molar excess entropj' of mixing, A.S^. These values 
are in good agreement with an experimental meiLsure-
ment made at one temperature by Clough'^' and thf>se 
calculiilcd from the pha.se diagram'" using various 
empirical methods. 

Pitzer" employed a one-parameter expressitm to 
relate free energies across the Nal-Na immiscibility 
gap. His expres.sion for AF'' in terms of composition 
leads to values for All and AS" at infinite dilutifui 
of 14.2 kcal/mole and 0.0 eu, respectively. I'lxtending 
his procedure with a two-pnrumeter series expression, 
we deduced the corresponding \'alues of \~>.'.] kcal/ 
mole and 7.0 eu. 

Various power series can be ti.sed tfi obtain estimates 
of the AF'' values at higher concentrations from the 
phase diagram. .\ combination of the two-jiarameter 
fxprcssion with the experimental values obtained at 
infiiiite dilution leads to a .self-eoii.si,steiit set of thermo-
dyiiiimic values. This is acconiplisbed in the following 
manner. 

.\s,suming that component 1 (the sodium) obeys an 
«|uation of the form 

AFl 
RT 

.Kxl + BxJ, (5) 

where subscript 2 refers to the sodium ioditle, and A 
and B are constants which depend on temperature. 
The Gibbs-Iluhem equation can be employed to ob
tain the correspoiuling power series for the other com
ponent : 

= Ax? - F B ^ I J T ! - i ! ) = InT, . (6) 

Since equilibrium exists along each solubihty tie-

AFf 
RT 

THERMODTN.\UIC PROPERTIES or 
Nal-Na SOLUTIONS 

»K.I 

0 
0.001 
0.002 
0.005 
0.01 
0.02 

o.ot 
0.06 

SBs^ , kcal/mole 

15.95 
15.65 
15.45 
15.00 
14.35 
13.32 
11.25 
n.7c 

-iSSj.eu 

6.8 
6.6 
6.5 
6.2 
5.8 
5.2 
4.0 
3 '.' 

line, it follows that 

0 1 = 0 , , {<) 

where I and II represent the two pha.ses in <f|uilibrium 
acro.ss the immiscibility gap. Combination of Kqs. (4), 
(0), and (7) leads to the fi>tlowing expression relating 
constants A and B: 

AxS-fB 
/3 , 

= \AXI + B 

j) + In X,]' 

zl + In X: 
• ] ' • • 

(8) 

Another equation invoUing .\ and B is obtained by 
combining the experimental values with Eq. (6). This 
leads to the equation 

AFf/ur A + ' B = ? ° ^ - 3 . 4 2 . (9) 

The constants A and B are evaluated by solving these 
two equations simultaneously. By u.se of these con
stants, AF? can lie calculated at sjiocified values of 
composition as a function of temperature, from which 
A// and AS^ can be deduced for each comiiosition. 
These values are tabulated in Table 1. 

S.£. Cesium 

Due to the relatively high volatility of metallic 
cesium, as well as the long half-life (30 yr) and the 
relatively high fission yielil of the isotope of mass 
number L!7, the thermodynamic properties of sodium-
cesium solutions are of cfULsiderable interest. Earlier, 
Castleman, Tang, and Mackay'" deduced the free 
energj- of mixing of an infinitely dilute solution of 
cesium in sodium by assuming the solutions to be 
regular, i.e., A "̂̂  = 0. In this paper, the cesium-sodium 
system is reconsidered over the entire range of con
centrations without the a.ssumption of a regular solu
tion. 

The cesium-sodium phase diagram'" shows the pres
ence of a simple eutectic at a composition of 75 mole % 

http://pha.se


542 Castleman and Tang 

TABLE 2. P.ARTiAL MOLAR QrANrniEs FOR LIQUID 
Na-Cs ALLOYS 

-VNa 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.0 
1.0 

A « s . , 
cal/mole 

518 
515 
498 
464 
411 
340 
253 
191 
126 
48 

0 

asS.,eu 

- 1 . 2 4 
- 0 . 6 7 
- 0 . 2 9 
- 0 . 1 1 
- 0 . 0 3 

0.00 
- 0 . 0 2 
- 0 . 0 1 

0.02 
0.02 
0 

A//c. , 
cal/mole 

0 
0.3 
3.4 

15 
44 

103 
209 
325 
525 
987 

2019 

aSc , , eu 

0 
- 0 . 0 3 
- 0 . 0 9 
- 0 . 1 5 
- 0 . 2 0 
- 0 . 2 2 
- 0 . 2 0 
- 0 . 2 3 
- 0 . 3 0 
- 0 . 2 6 

0.15 

TABLE 3. PARTIAL MOLAR QUANTITIES FOR LIQUID 
Na-Ba ALLOYS 

^ ' N B 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

AFĵ „ , cal/mole 

1010 
1010 
1010 
1010 
1010 
1010 
1000 
915 
600 
120 

0 

A^Ba ' cal/mole 

^ 0 
• - 0 
~ 0 
^ 0 
~ 0 
~ 0 

10 
85 

275 
615 

1700 

cesium aud a temperature of —29°C. Since the phase 
diagram shows that there is no solid solubility, the 
activity of each of the pure components is readily 
calculated by equating free energies along the tielines 
between the pure component and the respective liq
uidus curve. The resulting equation expresses the 
activity of either component i from the pure state up 
to the eutectic point or the first intersection of the 
pure component-liquidus tieline: 

- (Hi" - Hi) - (Hi'' - Ht) In (2i = / 
Rr 

-d r , (10) 

where Hi" - H° and HI'^ - H° are the enthalpy 
functions for the liiiuid and solid component i, respec
tively. Here the integration is carried out between 
the melting point of component i and temperature T 
at composition Xi on the liquidus curve. The partial 
molar free energies of mixing, computed from these 
data, are corrected to a reference temperature using' 
available enthalpy data as discussed below. 

Yokokawa and Kleppa"" have reported heats of 
mixing for several alkah-metal systems. Guggenheim'"" 
has stated that a four-parameter power series is prob

ably sufficient for representing the thermodynamic ' 
properties of all solutions. We found that the heats ' 
of mixing for the cesium-.sodium sy.stem, expressed 
as AH/X1X2, were best represented by a four-parameter 
equation for sodium conceiitratioiLS greater than 50 ' 
mole %; a three-parameter equation was sufficient ' 
for lower concentrations. The continuity of the slopes 
of the two functions for heat of mixing was assured 
by also requiring that their fir.st derivatives be equal 
at 50 mole %. 

Utilizing the relationship 

AF"" = AH - TAS'^ (11) 

and the heats of mixing at each composition deduced 
from the above expressions, we evaluated a AS^ using 
the free energies evaluated from the phase diagram, 
employing Eq. (10). These thermodynainic values are 
tabulated in Table 2. An extrapolation of the partial 
molar excess free energ>' for cesium to infinite dilution 
was accomplished using the power-series method dis
cussed above for the correlation of the heats of mixing. 
The AF'^ value obtained bj' tliis method was 1963 
cal/mole, which compares favorably with the value 
2050 cal/mole reported earher."' 

S.S. Rubidium 

The rubidium-sodium phase diagram'^' is very simi
lar to that of the cesium-sodium system, showing a 
simple eutectic at 75.5 mole percent rubidium. Similar 
methods were used to deduce the thermodynamic 
properties of the rubidium-sodium system. A AF^ 
of 1715 cal/mole was obtained at infinite dilution 
assuming the solutions to be regular. Yokokawa and 
Kleppa's heat of mixing data, '" correlated with the 
power series discussed above, was used to calculate 
the free energies over the entire region of concentration 
without the simplifying assumption of a regular solu
tion. A tabulation of the AH and AS^ values as a 
function of composition is given in Table 3. 

^..^. Allcaline Earth Elements 

Among the alkaline earth elements, strontium and 
barium are the most important. Roberts"" reported 
a complex phase diagram showing several solid phases 
in equihbrium with different hquid compositions and 
pure strontium. In contrast, the diagram reported by 
Elliott"' ' indicates the system to be a simple eutectic. 
No heats of mixing have been reported for this system, 
and the assumption of a regular solution was required 
to obtain AF"̂  v.alues from the phase diagram. However, 
the AF^ values deduced from Roberts' phase diagram 
did not show a regular trend with compositions read 
along the liquidus curve, indicating that A S ^ r^ 0. 
Since an assumption of a regular solution was required. 
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ire uwd tho phjwe dijigram reported by Klhott"^' to 
obtain a vi^ry crude estimate"^ of AF^ for .strontium 
at infinite dilution (288') cal/mole). Clearly, further 
experimental work is needed to obtain accurate th<'rmo-
dytiamie vahu'.s for this .system. 

The barium-Hodium phase diiigram reported by 
Kanda et al.'"' was used to calculate the excess 
free energy of mixing for this system. The .solid solu
bilities of barium and sodium were considered in 
calculating thê  appropriate a<-tivities fr<»m tlie phjise 
diiigram. Again, the soluti<)n WJIS assumed to be regu
lar due to the ab.sence of data on heat of mixing. \'alues 
uf the A/'"'" for sodium and barium were deduced 
from the j)h!i.se di:igram using the Hjerrum function. 
These are tabidated ;LS ;i function of composition in 
Table '.i. The AF^' value for infinitely dilute bariimi 
concentrations is 1700 cal/mole. 

2.6. Antinumy and Tellurium 

Kcgarding the elements of groups V and VI, antimony 
mid telluri\im are the fission products of major im
portance. The antimony-sodium phjise diagram shows 
the existence of the stable compounds \a3Sb and XaSb. 
Using K(|. (10) and the lifpiidus curve above 60.6 
mole % antimony, we deduced AF^' values for the 
antimony. Thesc^ were divided by J*N» and ph)ttcd 
vs. temperature. 'J'he resulting line, shown in Kig. 1, 
ptiabled us to calculate tlie temperature dependence 
of the free energy values so that it wii-s not necessary 
tn ius.sinue the solutions to be regular. A AF^' of —6740 

TABLK 4. PARTIAL MOLAR QTANTITIES FOR LiqtiD 
Na-St) ALL*̂ »V.S 
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0.0 
0.1 
0.2 
0.3 
0 4 
0.5 
0.6 
0 7 
O.S 
0.9 
1.0 

cal/mole 

-10845 
-8790 
-6945 
-5310 
-390S 
-2710 
-1736 

- 9 7 6 
-434 
-lOS 

« 

A S J . ,eu 

- 1 1 . 1 
- 8 . 9 9 
- 7 . 1 0 
- 5 . 4 4 
- 4 . 0 0 
- 2 . 7 8 
- 1 . 7 8 
- 1 . 0 0 
- 0 . 4 4 
- 0 . 1 1 

0 

cal/mole 

0 
-108 
-434 
-976 

-1738 
-2710 
-3905 
-5310 
-6045 
-8790 

-10S45 

^ f „ • ™ 

0 

-o.u 
- 0 . 4 4 
- 1 . 0 0 
- 1 . 7 8 
- 2 . 7 8 
- 4 . 0 0 
- 5 4 4 
- 7 . 1 0 
- 8 . 9 9 

- 1 1 1 

700 
T. 'K 

Flo. 1. EvuluHtioii of .ifll. frmn Na-Sl. Phase Di,HKrnm. 

cal/mole WILS obtained for the infinitely dilute s<ilutioiis 
of antimony. The therni(Klyiiamic values at higher 
composition are given in Table 4. 

The tellurium-siKlium pba.se diagram shows the 
existence of the compounds Na^Te and N'aTej. \'aliies 
of AF'^ were again calculated from the pha.se diagram, 
employing Eq. ( 10). I'or this .system, it WILS fouml that 
a plot of AF^', J"N, vs. JT., 'J .N. gave a straight line which 
could be extrapolated to zero mole iK'reent tellurium 
(sec Kig. 2) . This is tantamount to correlating Ihe data 
with a two-parameter ixiwer .series in com|>ositi(iii. 
The excess fnn' einTg.v at intiiiite dilution is —40.'>0 
cal/mole, iLssuming the solutions to \n' regular. Values 
of AF^' for tellurium an' given ILS a function of comixui-
tion in Table .'». 

These therr»<Hl>'iiainic proiMTties have a Iwariiig 
oil the transport of the li.s.si(ui products, their partial 
pressure, and extent of va|Mirization from solution, 
as well as their chemical .states. Kach of these aspects 
will be coveretl in the following sectioiLs. 

3 . Transport Considerations 

In coiLsidering fission pniduct transport, we concern 
ourselves with noiief|uilibrium vaporization, which is 
usually governed by diffusional resistances. Although 
the releiLse of a sjiecies from a liquid solution int^i the 
vapor phiLse is often largely governed by a controlling 
resistance in one pha.se or the other, in some cases 
diffusion in both phiLses is important. 

Consider the general case of release from a liquid of 
depth (. through a gas film of thickness b. and into a 
bulk gas phase. Kick's law ciui be solved for the fi.ssion 
product concentration gradient in each phase with 
appropriate boundary conditioiLS. Kirst, we assume 
the mass flux at the interface is continuous and that 
interfacial e<|uilibrium exists. The partial pres.sure of 
the fission product adjacent to the interface is given 
by Eq. (1), where Ji is here taken to represent the 
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328 y , - t4050 

AF^ =RTIn y =-328 «,x,-4050 X 
T« ' 2 1 2 

F = 1 
^2L'expl-fflDt/f] 
h ll(M+ i-' + ^) 

FIG. 2. Evaluation of Af le froin Na-Te Phase Diagram. The 
equation is only applicable for the concentration range 0.025 < 
Xi < 1. 

TABLE 5. PARTIAL MOL.\R QUANTITIES FOR LIQUID 

Na-Te ALLOYS 

XNI. 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

^F^^ > cal/mole 

-3475 
-2648 
-1989 
~144t 
-994 
-632 
-354 
-156 
- 3 9 

0 

Af T. ' cal/mole 

- 7 0 
-214 
-433 
-727 

-1095 
-1537 
-2053 
-2645 
-3310 
-4050 

composition at the liquid surface. Next, the concentra
tion in the bulk gas phase is assumed to be negligible 
compared to that at the gas-liquid interface. Solution 
of the differential equation for the case of a linear con
centration gradient in the gas film leads to the following 
equation for the fractional fission product release, F: 

where 

[b)[pRT)-

(12), 

(13) 

p is the molar density of sodium, Dy is the diffusivity 
of the fission product in the gas phase, and D is the 
corresponding diffusivity in the hquid phase. The 
/3„'s are the positive roots of 

(3 tan /3 = L, (14) ' 
t 

where L = l/aD. i 
The release of cesium from liquid sodium into an F 

inert gas stream was studied experimentally. Radio- i 
active cesium-137 was dissolved in sodium to form -
an alloy with a very low cesium concentration. To carry 
out the transport experiment, the resulting alloy was 
melted in a crucible of known dimensioas to form a 
liquid phase of known depth and a well-defined gas 
path above the liquid. The crucible was then heated 
to 730°K, and the rate of cesium release into a flowing 
gas was monitored continuously using a scintillation 
counter. The experimental details are given else
where."* 

Both hquid depth and the molecular weight of the 
carrier gas were found to affect the release rate. The 
release into helium was faster than into argon, which 
may be expected since gas-phase diffusivities are in
versely proportional to the square root of the reduced 
mass of the system. However, as seen in Fig. 3, the 
differences in rate are considerably less than expected 
on the basis of a gas-phase resistance alone. Evidently, 
diffusional resistances in both phases are important 
for this system. 

In principle, therefore, the time dependence of the 
fractional release of any fission product can be calcu
lated from Eq. (12) provided that all of the constants 
are known. Although the gas-phase diffusivities may be 
estimated from existing equations,"" only order-of-
magnitude estimates are presently available for liquid 
systems. Obviously, experimental data are needed 
for more accurate calculations. 

In large-scale systems in which nonisotbermal con
ditions exist, convection will result in greater release 
than that expected with molecular diffusion alone. 
Therefore, a question arises regarding the maximum 
extent of fission product release. 

In considering the case of maximum release, it is 
apparent that complete mixing in the liquid phase will 
lead to a greater release rate than that expected in 
cases in which diffusion operates in both phases. 
Therefore, consider the case in which both the solvent 
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(Xa) and the solute (fi8.sion product) diffu.se through 
t gas film of constant thickness. It follows from the 
lolution to Kick's law with appropriate boundary 
conditions that 

In (1 - F , ) = - Dn,Pi t 
RTbp l 

anil 

In (1 - F2) = -
Dv-aP2'y21 

wTbp r 

(lo) 

(101 

where the subscripts 1, 2, and 3 refer to .solvent, .solute 
at infinite dilution, and carrier gas, respectively. Here 
Fis the fraction vaporized, P' the vapor pressure, D.. 
the gas-phase diffusivity, p the molar deiLsity, and / 
the vaporization time. 

Dividing the .second equation by tlic lirst, one ob
tains 

In (1 - F;) 
l n ( l - F , ) 

Ph. 
Aip (17) 

F . = 1 (1 - F , )* (18) 

When the ratio tp of the gas-phase diffusivities is 
unity, this equation reduces to the familiar Rayleigh 
equation"' for the limiting case of ei|uilibriiini vaporiza
tion. Since gas-phase dilTusivily is inversely propor
tional to the scjuare root of the retluced mass of the 
system, in fission product-sodium systems the above 
diffusivity ratio is less than uiiit.X'. Therefore, it is 
concluded that the Ua.\'leigli eijuation reiirescnts an 
upper limit for the fractional fission product release as 
a fimction of the fraction of sodium vaporized. The 
latter quantity ma,\' often be estimated by making a 
heat balance for the system under consideration. 

4. .'\ppliration to Reactor Systems 

It is cviilcnl from the above discussions that the 
partial molar excess frw energies can be converted to 
fissiim product activity coefficients and used to esti
mate (|uaiititatively the partial pressures of the fission 
products in the primary vessel and in the plenum of a 
vciitcdfuci element. In addition, these values can be 
U.<cd to calculate the maximum e.xtent of release in the 
event of sodium vaporization into the containment 

rtilizing the tliermod\namic data presented in this 
paper, together with appropriate vapor pressure 
data, '" ' ' " we calculated the equilibrium partial pres
sures for infinitely ililute .solutions of the fis.sion prod
ucts cesium, rubidium, tellurium, iodine, strontium, 
and barium in sodium. The partial pressure of these 
fission products, per mole fraction, are plotted vs. 

2 0 0 4 0 0 
HEATING TIIME . min 

FIG. 3. Effect of Carrier-gas Molecular Weight on the Re
lease Rate of Cesium from Liquid Sodium at 730°K. 

reciprocal absolute temiH'rature in I'ig. 4. The solid 
curves were calculatiMl using the AF'' values given in 
this paper; the dotted curves, shown here for compari
son, were calculated assuiniiig ideal .solution Ix'havior. 
In some ca,ses, the actual and ideal partial pressures 
differ by more^han an order of magnituile. Krom the 
data given in Tables 1 to 0. one can readil>' calculate the 
partial pressures of Xal, Ca, Kb, Te, .Sb. and Ha at 
higher fi.ssioii product concentrations as well. 

-Vlthough the chemical states of the other fi.ssioii 
products are relatively well-establi.shed, the states of 
strontium and barium in solution are less certain. .\t 
high fission product concentratioiLs .strontium and 
barium are probabl>' elemental and the above calcula
tions are valid. However, at very low coneentratioiLS, 
the elements likely react with the di.s.s<ilvcd oxygen 
present in reactor-grade sixlium. Since the nature of 
even the oxygen .species dis.solved in .sodium is not well-
known, their interactions with the alkaline earth metals 
in solution is even less certain. 

The equihbrium distribution of the potentially reac
tive species in a solution depends on their activities as 
shown by Eq. (3) . Consequently, the free energies of 
naixing have a direct bearing on the extent of the in
dividual species formed. Unfortunately, these quantities 
are unknown for sodium solutions of oxygen, SrO, 
BaO. and the respective alkaline earth hydroxides. 
However, since the vapor pressure of the alkaline earth 

http://diffu.se
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ratio of their partial pressures:' 

F I G . 4. Fission Product Partial Pressures over Liquid So
dium. The dotted curves, shown here for comparison, were 
calculated assuming ideal solution behavior. 

TABLE I PARTIAL MOL.VK QUANTITIES FUR LIQUID 

Na-Rb ALLOYS 

XK. 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

ca l /mole 

843 
781 
699 
602 
494 
381 
290 
191 
98 
27 
0 

^ N a ' eu 

- 0 . 3 7 
0.15 
0.36 
0.37 
0.27 
0.14 
0.08 
0.03 
0.00 
0.00 
0.00 

AffRb, 
cal/mole 

0 
4 

18 
51 

no 
203 
315 
500 
784 

1188 
1722 

A5^b . ^u 

0 
- 0 . 0 2 
- 0 . 0 6 
- 0 . 0 6 

0.00 
0.10 
0.17 
0.27 
0.37 
0.39 
0.19 

elements is higher than that of the respective oxides or 
hydroxides, the partial pressures given here probably 
represent the maximum values under practical condi-' 
tions. 

I t is a well-known fact that the ratio of the differen
tial vaporization of one component of a solution to that 
of another component is directly proportional to the 

d/ii 

dn. 
Pi 

P.' 
(19) 

Here, dn represents a differential vaporization in terms 
of moles. Substituting from Eq. (1) and integrating 
leads to the Rayleigh Eq. (15) with ip = 1. Conse- '• 
quently, the fraction of a fi.s.sion product vaporized as a 
function of the sodium vaporized, for the limiting case 
of equilibrium vaporization, can be calculated with a '' 
knowledge of the A values. For any particular fis.sion i 
product, the constant A can be calculated from the > 
vapor pres.sure and the data given here. 

For dilute solutions, A is only a function of tempera
ture: 

A = a e x p ( b / r ) . 

Values of the appropriate constants a and b are given 
in Table 7 for Cs, Rb, Sr, Nal, Ba, Te, and Sb. A plot ( 
of the predicted fraction of Cs vaporized as a function i 

TABLE 7. CONSTANTS FOR CALCULATING THE EXTENT OF 

FISSION PRODUCT V.\PORIZATION AS A FUNCTION OF THE 

SODIUM VAPORIZED 

Fission Product 

Cesium 
Rubidium 
Strontium 
Iodine'"' 
Barium 
Tellurium 
Antimony 

Temperature 
Range'i" °K 

700-900 
700-900 
700-1000 
700-1200 
700-1100 
725-1100 

1000-1100 

a 

0.121 
0.213 
5.41 
0.37 
1.73 
2.81 

2227 

b 

5,073 
4,184 

-5,270 
-150 

-7,003 
-10,150 
-21,989 

'^' Present as N a l . 
t^' a and b were evaluated employing vapor pressure data 

within this temperature range, but are not necessarily re
stricted to this range for practical use. 

IOO 

% Na VAPORIZED 
F I G , 5. Equilibrium A'aporization of Cesium from Sodium 

Solutions. 
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of the SiKlium vaporized is HHOWII in Kig. 5. Also shown 
are winie experimental points, which are .seen to he in 
fairly «O(K1 jiKreement with the theoretical predictions. 
The small discrei)ancieH are uiidouhtedly due to the 
fact that the liquid-pha-sc dilTusional resistances were 
not completely absent in the vaporizaliitn cell employed 
in lliis study. 
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DUcuseion 

^fr. Geiwo ( B M I ) : I thought that wiis a very fine 
piece of work, but I would IK" very interested in your 
rationale in the s()dium-sodium iodide system when you 
con.sider PriKogine's average jxitential nuKlel. What 
wan your rationale for .selecting this nKnlel and exiK*ct-
ing this to work, since it a*<es a I<«'<>nard-Jones 0-12 
potential? 

Mr. Castleman: If you l(M)k into what is now fitsh-
ionuhle in solid state-liquids work, jx'ople an' going 
into the pseudo-potential nnHiel fnr atoms in li(|uid 
metals. I think that if you would sit down :i.s we did and 
calculate some Coulombic potentials in s4ilution you 
would fiiul the scn-ening of the fn-o electrons in .Milution 
will make this obey a |>seud<»-i)otential m<Klel, whieh is 
now what is becoming fjL-<hionabIc in .Milid-state physics. 
It is a p.s('udo-treatment. but we did tind that it worked. 
Uoughly what hapiK'ns is that the free eleetroiLs screen 
the long-range Coulombic forces .so that the atom ;iet.s 
like a pseutio-potential in a sea of electron-s lo .screen <»ut 
the long-range potential. Vou get something like a 
p.seudo-Leonard-Jones jxitential even thnugh that is 
probably not a very accurate iMtlential in li(iuid metals. 
There isn't a better one available. 

^fr. Stwti^n (CKNMOI. ) : M<»st of your released 
data were for frtH' elements; when there are comp*iund 
formations, how should the relexse be alTected then? 

Mr. Cnntlemau: As I stated at the iM'giiuiing of the 
talk, we have iJ^iblishtnl eU-wliere that the cesium and 
s(Klium iodide will exist ILS .sinlium i^niide in cesium, that 
there will not be an interaction to form cesium iodide 
and sodium; in <»ther words, even though the free energy 
of cesium iodide is more negative (l>ecau.'<o of the ac
tivities of the fi.ssion pr<Miucts in solution, their low 
concentration, and their activity ciieffieient). the 
equilibrium is shifted in the other direction so that there 
woidd Ix* free cesium and sodiimi imlide. As I also 
meiitione<i for the case of strontium and barium, we 
plotted it :is the free elements l)ecau.se it is the rnxximum 
c:use. It ma\' end up a*; Ix'ing h\dnixide <tr r)xides in 
solution, but we don't think there is really enough data 
to jussess this accurately. 

.1/r. Johnson (HNWLl; I would gather from your 
data that even though you are talking abfmt regular 
solutions you are not approaching ideal .sr)lutic»ns in 
liquid metals; at what concentration might you expi^ct 
that you w<mld approach ideal solutions? 

.1/r. Castleman: Actually, the ideal solution in the 
strict sense of the worti is one where the acti\-ity co
efficient is unity. Really you want to get that in a con
centrated solution. It is the concentrated component 
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whose activity approaches a mol fraction. Sometimes reason we are not at a sodium iodide-sodium system is 
people loosely call an ideal solution one which obeys a that the solubilities are so very low that probably you 
constant gamma and that is the Hem-y's law region, would have to be quite low in concentration before you 
which would be extremely dilute. Probably for most of approach the Henry's law region. It's probably only 
the systems we should be approaching that. I think the valid right along the solubility line. 
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1, Inlroduclion 

Fission products rch-asctl to tlic coolant during the 
operation of a Li(|ui(l Metal l''a.st Hrccdcr Reactor 
I.MFIiR) will be distributed between the .s(idium 

fooliint, reactor cover gas, jjrimary-.system surfaces, 
and trapping devices in the system. Some volatile 
lis«i(in-|)roduct elements may be transported to the 
cover gas by vaporization from the litjuid sodium. The 
presence of these radioisotopes in the cover gas may lead 
to subse(|uent problems in cover-gas .stonige, eflluent 
(lLsp().sHl, or personnel exposure in the event of leak:ige 
from the top shield. The fission-product elements 
Inther than the noble gases} which may vaporize 
significantly from sodium at l-MFHIi coolant tempera
ture include: cesium, rubidium, iodine, and perhaps 
tolluriuni and strontium. 

The ])urpose of this paper is to jiresent the results of 
vaporlzation-e(|uilibrium studies which were conducted 
t(iobtain relative volatility data for (wo volatile (i.ssion 
priHiiicts. namely, cesium and iodine (present as Na l ) . 

2. Anulylical Sluilios 

The e(|uilibriuni vaporization behavior of a binary 
system is conveniently described by the relative 
volatility (or distribution coeflicient), designated here 
by the symbol K,i ami defined as the ratio of the mole 
fniotloii of the solute in the vapor, Y3, to its mole 
fraolion in the liriuid, -Y., or Ka = Yi/Xs. K.xperi-
nientally this ratio may be determined using tracer 
torhiiiqnes by determining the ratio of specific activity 
in the vapor to that in the liquid: 

Ka = IV-V2 = -U/.-li (1) 

«here . 1 , and -h are the specific activities 1 dpm of 
solute per gram of solvent) of the vapor and litpiid, 
fcipectively. 

We nia\- note that at low solute concentrations 

5". = 
P . P i . 

P , + P°N.= P°N.' 
(2) 

where 

• Work iierformeci uiuler V. S. .\tomic Energy Commission 
Contact AT(04-:t)-701. 

Pi = pjirtial prcs,surc of the solute (fission product 
i ) ; 

P N . = vapor pressure of pure sodium. 
We may expres.s Pi as a function of concentration; 

Pi = 7-Y,P°, (3) 

where 
7 = activity coefficient; 

Pi = vapor pre.ssure of pure fission product i; 
Xi = mole-fraction of fi.s.sion prcnluct i in sodiimi. 
Substituting Ktiuatiinis 2 and 3 in lu|Uation 1. we 

obtain 

^ -Y, .YiP;. PS.-
(4) 

2.1. Cesium in Sodium 

The derivation of an analytical expression for Kd 
for cesium in sodium retpiires literature data for the 
vapor pressures of cesium and of sodium, and the 
activitv coeflicient f<)r cesium in .sodium, so that 

Kd = 

and 

Log Ka = Log Tc. + Log P°c. - Log P i . . (5) 

B.\- use of the data for monatomic cesium from Stall 
and Sinke,'*' it is possible to obtain the expression 

L o g P j , = (-.•579.5/7') + 3.900. (6) 

The vapor pres,sure of liquid s<xlium is taken from Stull 
and Sinke. 

To evaluate the activity coefficient (which incorpo
rates departures from ideal solution behavior), one may 
express the actiWty coefficient in terms of the excess 
free energy of mixing: 

AF" A//„ TA.S'^ = R r i n ^ . (7) 

Yokokawa and Kleppa ' have measured heats of mix
ing of cesium and sodiuni over the composition range 
by calorimetrie means, at 111°C, and have stated that 
for cesium mole fractions less than about 0.5 the excess 
entropy of mixing is zero (i.e., the solutions are "regu-
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ARGON TRANSPIRATION 

NJ-TRANSPIRATION 

F I G . 1. Distribution Coefficients for Sodium Iodide-Sodium 
System. 

lar"). Au extrapolation of their data to zero mole 
fraction (infinite dilution) for cesium gives for the 
partial molar heat of mixing of cesium a value of ap
proximately 1900 cal/mole. The activity coefficient 
for cesium should therefore be given by 

LogTc. = 1900/4..576r = ilo/T. (8) 

Combining the expressions for Pc. , P N . , and y gives 

LogKa(Cs) = (1945/r) - 0.668. (9) 

(A plot of this relation is shown later in Fig. 2.) 

S.2. Sodium Iodide in Sodium 

Determinations of excess free energy of mixing of 
Nal in sodium (AP^) have been made by Pitzer"' 
and Castleman."' Both evaluated the value of AP^ai" 
when the temperature of the solution was above the 
melting point of sodium iodide. Castleman'" also de
termined the value of AF'^ for Nal from measurements 
of the vaporization of Xal and sodium. He predicts 

on the basis that A P 5 , I is constant with temperature 
and equal to 9100 cal/mole. 

Pitzer proposed the expression 

APS 14,200 - %T 

from solubility data for Nal in sodium obtained from 
Ref. 0. Curves A and B in Fig. 1 show how Ka varies 
with temperature if it is computed from these two 
sources. 

The vapor-pressure data for Nal and sodium was 
obtained from data of K. K. Kelley"" and Stull and 
Sinke,'" and the activity coefficient of Eq. 4 was com
puted from the relation y = exp (APS.i/Ry) = 

, to obtain curve B of Fig. 1. (l4,200-6r)/Rr 

Vapor-pressure data for Nal below the melting point 
has been measured by Cogin and Kimball.'" If their 
data are used with Pitzer's determination of Af^ one 
obtains curve C shown in Fig. 1. 

One other estimation of Kd can be made from exist
ing experimental data it one assumes that y = l/Xl, 
i.e., the activity coefficient is inversely proportional to 
the saturation solubility of Nal in sodium. Bredig, 
Johnson, and Smith'" measured the solubility of Nal 
in sodium at temperatures both above and below the 
melting point of Nal. Their data combined with vapor-
pressure data of Kelley and of Cogin and KimbaU were 
used to compute K^ which is shown in curves D and E 
of Fig. 1. Thus as can be seen from Fig. 1, considerable 
variation exists in the estimation of Kd at temperatures 
above and below the Nal melting point. 

3. Experimental Method 

With the exception of a few trial experiments con
ducted with a very simple vapor-density apparatus, all 
vaporization experiments were performed with what 
proved to be a simplified version of a transpiration 
apparatus. 

The transpiration apparatus used in both Cs-Na and 
Na-Nal studies is illustrated in Fig. 2. In this work, one 
ot the concerns was that the solutions be adequately 
stirred in order to maintain uniform concentration. 
Otherwise, concentration gradients would be established 
which would give rise to a diffusion-limiting effect on 
one or another of the solution components and thus 
invahdate the results. The bubbler-tube design was 
therefore adopted in order to maintain good mixing. 

The carrier gas was 99.999% argon. Volume meas
urements could be made by the combination of the 
calibrated 3-liter stainless .steel ballast tank and cali
brated pressure gauge, or by the gas-collector burette; 
the results of both methods were in good agreement. A 
NaK bubbler was in the line to ensure carrier-gas purity. 
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To ensure establishment of the equilibrium vapor 
concentration in the carrier gas, the usual procedure 
was folKiwed of making a series of runs at various flow 
rates. These runs showed that saturation with srdium 
occurred at least between 20 and 160 ml/min. . \ t 
higher flow rates (260 ml/min). .saturation also occurred 
but mechanical entrainment became a problem. In 
practice, flow rates between about 20 to 100 nil/miii 
were used. 

,3./. Cesium-Sodium System 

In this work, the transpiration apparatus of Kig. 2 
VHI operated with the furnace in a jjosition slightly 
tilted from the horizontal. To agitate the liquid, the 
fiirniicî  was slightly rocked manually at frequent in
tervals. 

To p<'rmit addition of a reasonably well-define<l, but 
ruther small, concentration of cesium (usually at mole 
fraction levels of 1.0 X H r ' ) , a few grams of a "master 
hatch" of cesium-sodium alloy in the atomic ratio of 1 
to 10 was made np ami stored in a plastic vial within an 
iriert-atniospliere glovebox. This allowed use of pieces 
fiufficiently large to permit ea.sy handling and weighing 
on a small semi-micro balance kept within the glovebox. 
These small weighed samples, sufficient to dope abiait 
175 to 2IM) g of sodium solution, were transported in 
sealed polyetliylene vials and irrailiated in the .Shield 
Test and Irradiation lieactor (STIR) to a level cor-
irsporiding to abmit I .\l\Vt-hr of reactor operation. 
The Na was then allowed to decii.v over a period of 
several days before being bronglit back to the labora
tory for incorporation in the main batch of sodium. 
.VfliT the activated alloy wa.s added to the .sodiuni. a 
sample was removed for analysis and determination of 
specific activity. Several transpiration cells were loaded 
with charges of about 2:) g eacli. About o mg Na-jO: 
were addtnl to provide an ox\gen concentration of 125 
ppm. Kacli cell was used for oiil.\- a single run. to reduce 
concentration changes and to have welldefiiHxl specific 
activities t)( the li<piid from run-to-run in a given .series. 

The rniis were made in the temperature range from 
t>.tO to 900°K to simulate the expected range of reactor 
ctnilnnt temi>eratures. Carrier-gas volumes were .selected 
to give approximately the same amount of condense<I 
sodium in each run, i.e., 10 to 25 mg. The traiisportetl 
vapor was conden.stHl in a water-cooled collector tube, 
and the amount of sixlium content was determined by a 
titrimetric or flame photometric metlnKl. The cesium 
activity was determined with a scintillation-detector, 
pulse-lieiglit-analyzer .system using the same geometry 
*s for the liipiid metal reference solution. Carrier-ga« 
volumes were meastired and thcH>retical sodium trans
ports cali'uhited for comparison with measured quanti-

rpOM HIGH PURITY .̂  i X l 
(99.999 lARCOH * ^ ^ 

^ CONTACTOR 

CAUBRATED 
VOLUME 
BALLAST TUBE 

FURNACE 

1 
L̂ : 

"̂  , 1 
Q . , 0 

WATER CCWLEO , 
TABULAR VAPOR 
COLLECTOR 

TOCALIBMTCO 
GAS-VOLUME 
DISPLACEMENT 

F I G . 2. Schematic of Tratispiration Experiment. 

tics lis a check for gross ex|)erinuMitaI errors. The agree
ment wiu> usually fairly giKxi. 

S.2. Sodium fodiilc-Sttdium System 

The furnace shown in Fig. 2 was u-ed in a vertical 
position in runs with the .MKliuni ii«ii<ie stKliuin system. 
To reduce the elTect of surf:iee ahxtrplion and exchange. 
a small (|uantity of carrier i<Kline, of tlie unler i>f 1 tn 2 
atomic i)pm. wius added. Since sinlium iinhde is only 
slightly soluhk' in .siMlium. esiMrially at the .sampling 
temperatures that could he .safely us*"*! in the glovebox. 
the f<illowing pri)cedure WILS u.sed to provide a sample 
that would he typical of a reactor C(K)lant. About 10 
mC'i of I. in the f()rm of I ml acpieous .sodium i<Kiide. 
were wjished into a small beaker using O.o mg of sinlium 
iodide carrier and sufficient deionized water to give a 
total volume of about 2o ml. One ml W:LS pii)etted into a 
100-ml volumetric fljtsk. together with a few mg of 
s<Kiium iodide, and WILS then diluted to the mark. Of 
the remjiining iodide activity. 20 ml were then pipetted 
directly into the bubbler part of the traiLspiration 
apparatus; a drop uf o'i'f NaOH wa.s added to prevent 
loss due to oxidation, and the solution was then evajw*-
rated to dryness. Tlie chamber (tr bubbler was then 
transferred to the glovebox, a weighed amount of 
sodium metal wa.s added, and the apparatus was then 
;ussembled. In this way a known concentration of iodine 
was added to the sodium (usually 1 atom ppm). 

In perfttrming the iodine traiLspiration runs, the fur
nace was first brought to temjierature. the bubbler was 
inserted, and. as soon as the sodium melted, a ver>- low 
flowTate of gas was begun in order to prevent backflow 
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RELATIVE VOLATILITY OF CESIUM AT LOW 

CONXENTRATION IN SODIUM 

Series E 
E-l 
E-2 
E-4 
E-5 

Tem
pera
ture 
(°K) 

731.8 
776.0 
868.6 
680.0 

Calcu
lated 

Sodium 
Carried 

(mg) 

18.2 
16.5 

Ob
served 

Sodium 
Carried 

(me) 

19.8 
21.3 
34.7 
14.7 

Vapor 
(cpm/g Na) 

6.45 X 10* 
6.18 X 10' 
3.66 X 10' 
7.60 X 10' 

Liquid 
(cpm/g 
N a ) „ , 

tlj-O O&U.O H . / / . D U X lU^ l . U U X 

After loading sample 6, 500 ppm normal Cs was addi 
A' = 8 X 10"', and another specific-activity detei A' = 8 X 10"', and another spec 
made, giving 0.92 X 10' cpm/g. 

0.99 X 10' 65 
1.00 X 10' 52 
0.99 X 10' 37 
1.00 X 10' 76 

'as added to give 
irmination 

E-6 
E-7 
E-9 
E-10 

736.6 
773.6 
868.5 
684.0 

18.9 
15.1 
30.1 
16.3 

28.0 
18.4 
31.8 
19.1 

6.16 X 10' 
5.85 X 10' 
3.82 X 10« 
9.1 X 10' 

0.98 X 10' 
1.00 X 10' 
0.99 X 10' 
0.99 X 10' 

• 

' ^ " " " [ T ' ' 

^~'' 
' 
B 9 2 , 5 ' ' K 8 6 3 . S ' ' K 

I / . 

' 
.,K. =JaS--0.66S 

\ 

- ' ' * • ' - ^ 

A 60 ppm Cs 
* 500 ppm Cs 

7 6 9 ' ' K 

' - ' ' 

(exp) 

' 
- • ^ 

^̂  

693°K 

1 

k 

' 

F I G . 3. Distribution Coefficient for Cesium-Sodium Sys
tems. 

of sodium and resultant plugging. When the sodium 
reached the desired experimental temperature, the 
flowrate was increased to 20 to Ih ml/min, until an 
estimated quantity of about 10 to 25 mg of sodium had 
volatilized. The flowrate was then reduced to the earlier 
value. The bubbler was then removed from the furnace 
and allowed to cool. When the system had cooled 
enough to handle, gas flow was stopped, and the cell 
with its collector and lead-in tube was removed. Sodium 
transport was determined with .standard HCl, and the 
specific activity of the iodine counted and compared 
against the reference. 

4. Experimental Results 

^.I. Cesium-Sodium System 

One of the difficulties encountered during much of 
the work with cesium was inconsistent liquid-metal 
specific-activity data. For example, on occasion the 

specific activity of the residue from a run might show a 
very substantially higher .specific activity than found 
for the (apparent) initial specific activity. Part of the 
difficulty m.ay have been due to inadequate mixing of 
the tracer batch; however, one definite source of trouble 
was traced to .segregation during the freezing with the 
resultant appreciable inhomogeneities existing in the 
cesium-distribution activities. This effect was corrected 
by di.ssolving the entire sodium sample in butyl alcohol 
and taking an aliquot (instead of cutting and weighing 
a piece of the residue as before). When residues from a 
number of the runs were corrected for cesium-activity 
transport, the calculated initial activities agreed well 
(1 to 2%) with the measured initial activities. 

Results of the transpiration runs at nominal oxygen 
levels of 125 ppm and cesium mole fractions of 1 X 10~' 
and S X 10~ are summarized in Table 1 and Fig. .3. 

In computing the Kd values, the measured sodium 
transport was used in calculating specific activity of 
the vapor in order to reduce effects of gas-measuring 
and temperature errors. In addition, it should be noted 
th.at, although rather small fractional .sodium transports 
were used, i.e., about 0 .1%, the resulting changes in 
cesium activity (or concentration) in the liquid were 
sometimes iis high as 15 to 20%. Accordingly, the 
average liquid-metal specific activity was calculated, 
based on the initial .specific activities of the batches 
and transports during the run. 

Least-squares treatment of the data in Fig. 3 gave 
the following relationship for relative volatihty of 
cesium: Log K,, = ( + 9 8 7 / r ) + 0.490. Figure 3 shows 
the agreement between the two groups of runs, that is, 
the group with Xc, = 1 X 10~° and the group with 
Xc. = S X 10~^ The latter fact is evidence that 
Henry's law is obeyed, as was expected. 

4.2. Sodium Iodide-Sodium System 

The results of the transpiration series, designated here 
as the iodine Series F, are summarized in Table 2 and 
plotted in Fig. 1. The temperatures listed in the second 
column of Table 2 are average temperatures estimated 
from visual inspection of temperature-time data and 
are subject to uncertainty of 6 to 7°C. The difference 
between the observed and calculated sodium transports 
is in part the result of the temperature and gas-volume 
uncertainties, and in part the result of extraneous 
transport due to diffusion during the heating and coohng 
phases of the experiments. Such differences do not 
affect the results since the effects would apply to both 
sodium and iodide and would thus cancel each other. 
Because of the short half-life of 1-131 .as compared to 

' Curve F . 
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TAMI.K 2. R E L A T I V E V O L A T I L I T Y O F S O D I U M I O I U H E 

IN HoDir .M {^.SEKIES F ) 

Run 
No. 

F-2 

r-3 
F-l 

Average 
Temper

ature 
CK) 

7.54 

696 

Sodium Transport 
(mg) 

Calcu
lated 

9 . 1 

3 1 . 8 
6.9 

By 
Titra

tion 

16.2 
41.0 
10.4 

By 
Flame 
Photo
meter 

10 
44 
11 

Measured 
Con

densate 
(cpm) 

82,720 
166,800 
123,400 

cpm/47.5 
mg Liquid 

Sodium 

229,200 
229,200 
224,600 

Kd 

1.0(i 
0.79 
2.50 

C'ulIM, it wiw necessary to count the reference solution 
at the same time as the experimental transports, and 
the* counts .are .shown in Ihe table. The values of Kj 
wcrcculciilated using the experimental values of sodium 
Ir!in.spnrts, for the same reasons as for the cesium W()rk. 

Some additional di.stribution coefficients were de-
Icrniiried in another transpirati^>ri apjjaratu.s in this 
lalKiratorj.'"' In this apparatus nitrogen gas was swept 
acrnw the svirface ()f a l-in.-diameter jHit. Flowrates f)f 
2.'> to IOO cc/niin were used. In this series of experi
ments the specific activity of the sodium (dpm Xal /g 
Na) wa-̂  measured before and after an experiment. All 
of the material release<l into the gas stream was col-
IccU'd (lin-ing a slutrt time interval (le.ss than 10 min). 
The collected material was than monitored f<tr dpm of 

1 atul sodium content. The sodivnn temperature was 
varied from 700 In 12(K)°F. The change in the specific 
activity of the li(|uid sodium dui'ing a .series uf tests was 
iilways le.ss than lO'.c. .\ run at any one temperature 
involved onl>' a very small fraction uf sudiinn being 
viiporized and eolleeled. 

The It.-iyleigli eciualiun /x„, = 1 — (1 — .fx,)K,i , 
wliicli relates the fract ion/of the stilvent sodium and 
Sfilute Nal vaporized, can be expanded to show that 
when/.v. « 1, then fs.i.'Jx. = Ivi • This is also con
sistent with a transpiration exi)erinient for the meas
urement of vapor pressure when ec|uilibrium is reached. 

The adequacy of mixing is not known, but there is a 
heater on the bottom of the pot that creates convective 
currents and therefore causes stirring. The apparatus 
cin jilso be rocked gentl>' tluring the test. 

The data obtained with this apparatus are shown in 
Fig. 1, Curves G and G'. They can be compared to that 
obtained in the first apparatus when argon was iLsed 
as the swiH'p giis (Curve F ) . 

It was also observed that ns sweep-gas flowrate is 
inoi-eased there is an increase in the value of Kd. 
•^though it may not be correct to define the me;isure-
uieiit at nonequilibrium condition as a distribution 
feellicient. it clearly shows that more acti\nty is re-
lea.'ied .is the flow is increased. 

5. Conclusions 

The computed distribtition coefficients for cesium 
vaporization from sodium and those mcasuretl with the 
transpiration apparatus compare favorably. It is clear 
that Kd increa.ses «itli decreasing temperature for this 
system. 

The distribution c<M'lficierits for Xal in liquid s<HlJum 
are not well-defined either ex|xTimentally or theoreti
cally at temix'ratures below the melting point of Nal, 
and need further studw The need for such stud,\- is 
based on the f.act that the maximum temperatures cur
rently planned for the L.MFHH are less than 1200°F, 
which is below the melting point of Nal . 
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Discussion 

.1//'. Casttenian (HXLl: 1 feel obligated to comment 
on the sodium-s(Hlium i(Klide .svstem. .\.s we have said 
before, we Iwlifve that ix'rhaps part of the reason for 
observation of higher di.stribution ciK'fficients for the 
sodium-sodium iodide system is that the solubility 
limits are exctn-detl at the very low temix'ratures. 

Mr. Silberberg: For our runs with carrier we thought 
so, too, and that is wh\' we were concerned. 

Mr. Castleman: .\lso, we do not see any break at Ihe 
melting point of sodium iodide. I'nfortunately, I 
didn't have my plot extending Ix'low the melting jxiint. 
I think .\ou did receive a report from us showing that it 
is continuous through the melting point. I still feel 
your problem is one of excee«ling the solubility, in which 
case the chemical activit>' increases. 

.1/r. .^ilbertierg: What about carrier-free runs? You 
will note that curve G in Fig. 1 was actually done 
carrier-free. I might mention that, although it hasn't 
been completely published. I understand from Cleff'a 
results at .300°F that he varied the iodine crmcentration 
from carrier all the way up to 100 ppm, which is con
siderably below saturation. 

Mr. Castleman: This is still below saturation. In
cidentally, his point is plotted on that report I sent 
you and fell right on our line for the free energ?'. 
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Mr. Silberberg: He didn't mention the vapor pressure. 
Mr. Castleman: We don't see a break at the melting 

points. 
Mr. Silberberg: This is a good point. I thought orig

inally, from your previous recommendations, that at 
the lower temperatures we had been getting a httle bit 
outside of the dilute regime. That is why we have gone 
back and taken a look at some of the carrier-free data 
and still obtained a similar dependence. It has just 
confused us. We hoped that it would fall in the other 
direction and that would solve it, but for some reason 
it didn't. I might say that we had about 2.5 ppm of 
oxygen in the sodium iodide runs. Some work that has 
been done in England .showed that the effect of oxygen 
was varied over a range up to 100-200 ppm and in .some 
of these runs they found no dependence of the distribu
tion coefficient on oxygen. 

Mr. Genco (BMI) : Could you tell me what is the 
precision in your experiments? On your carrier-free data, 
if your precision wasn't too good, you could have 
equally as well included that last point in your regi-es-
sion line. 

Mr. Silberberg: Our precision is such that we do not 
want to do much least-squares work. We are really 
looking at something more than a trend, something 
which I think is definitive; the slopes, I think, are 
definitive. The accuracy is another ({Uestion. 

Mr. Brehm (BNWL): To get back on the oxygen-
cesium business, could you expand on the effect of 
oxygen and the stainless steel container on the cesium-
sodium partition? 

Mr. Silberberg: We are doing some screening experi
ments at AI in which we have a full-flow cold trap in a 
very small loop. The loop was a forerunner of the loop 
that w.as described in Mr. Zwetzig's paper this morning. 
We had oxygen concentrations in sodium varying from 
5 to 150 ppm, and we had about 00 ppm of cesium in 
solution. We found that as one decreased the tempera
ture in the cold trap from 900°F, which is the isothermal 
condition at the start of the run, in general the activity 
in the cold trap increased. This occurred even though, 
according to our understanding of what the oxygen 
concentration was in the sodium at that time based 
upon the solubihty data for oxygen and sodium, we 
believe we had not precipitated any oxygen in the cold-
trap section. This would indicate that cesium was 
coming out in the cold trap even though we were really 
not depositing oxide. Whether there was a reaction 
between oxygen and cesium and the metal, etc., as other 
people have said at this meeting, we can only speculate. 
Until you really know the answer it is very nice to 
speculate, because you feel happy about it and no one 
can really prove to you that such is not the case. I 
think the real situation here certainly, as was explained 
yesterday, is not really known, but there appears to be 
a tendency for cesium to go to cold surfaces in a system 
containing oxygen without, shall we say, a precipitator 
or another phase of the oxide, solid phase. So I would 
think that this being the case, there is a possibility 
that as we decreased the temperature in succesive runs 
at 150 ppm oxygen, we could have been losing cesium 
from the solution to the walls, lowering its effective ac
tivity. 
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I. Introduction 

The different safety requirements which must be 
catiî ru'd by a containment building for a nuclear re
actor make it necessarj' to know all the consetjuences 
which might follow an accident occuiring to the reac
tor. Different types of accidents can be considered. 
Xcvertheless, it is usual to study the most credible 
accident in order to set up the basic parameters of 
thecoiitaiiinient building. 

Wc have followed the same method on an experi
mental basis, that is to say, we have simulated on a 
small scale a major accident of a sodium-cooled fast 
reactor. In such a reactor the most likely major acci
dent is the rupture of fuel elements with simultaneous 
melting of the uranium oxide. This molten ur:inium 
oxide is brought into contact with the sodium coolant, 
which might be vai)or'ized and, in case of rupture of the 
main cireuit. violently react with the oxygen in the 
;iliiio.sphere of the containment building. 

It is important to know the dilTerent consequences 
nf Ihe explosion resulting reaction from [U'essure. tem-
imaturc, and contamination standpoints. 

In fact, the object of the experimental tests re-
poitiil hereafter was to study the behavior of sev
eral fission products in the aerosols formed tluring 
llie suililen oxidation of sodium at high temperature 
ill contact with molten irradiated uranium oxitle. 
Previous studies in this field have been performed by 
our team ami presented last year at the iiitern:itioiial 
conference at .\ix-en-Provence. 

During the first experiments the simulation was 
simplified by the fact that the irradiated uranium 
osiile and its spectrum of fission prodticts was simply 
"placed by iodine, and it was the beliavior of iodine 
in sodium oxide aerosol which was studied. 

The results obtaineil during these experiments can 
he hrielly summarized: 

* Work performed within the framework of the research pro-
Kniiiis of the Euratt)ni/HelgoiiurU'airp .\ssoeiation. 

The temperature attained was between 1100 and 
1300°C. 

.\ maximum pre.s.sure of 2.6 kg/cm^ absolute waa 
K-acheil ill our vessel 2 sec after the start of the 
reaction. 

There was practically no iodine in the gaseous 
phase of the vessel after the explosion. 

In our present experiments we have approximated 
the siinulatetl accident by using a real source of fis
sion products, i.e.. irradiated uranium oxide. 

2. Experimental Conilitions 

(>ur work can be summarized the following way: 
We want to simulate a major accident resulting from 

a sudden contact of sotlium vapor contaminated 
by fission products with atmosphere. 

This is achieved by breaking (by percu.ssioni a 
capsule containing preheated sodium into a large 
vessel filled with atmospheric air, the released 
sodiuiu being put at the same time in contact 
with molten irratliat^-d uraiiiiiin oxide. 

For such an exi»eriment the following conditions 
are required: 

a I stidium heating in a s<-aled capsule; 
bl melting of uranium oxide; 
cl quick contact of sodium vaiior, uranium oxide, 

and air; 
d I collecting the evolved aerosols. 
Three series of experiments have been performed. 

In each case the atmosphere of the vessel was ordinary 
air with a relative humidity of 505i. The aerosols 
produced came: 

in the first series, from the reaction of air with 
r.adioactive sodium alone l-*Na: 5-6 g l ; 

in the second series, from the reaction of air with 
natural sodiuni plus molten irradiated UO; (Xa: 
5 - « g ) ; 

in the third series, from the reaction of air with 
natural sodium plus unniolten irradiated UOj 
(same quantities as abovei. 
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3 . Experimental Device 

The experimental device in which the explosions 
are produced (see Figures 1 and 2) is constituted 
of three parts: 

a steel vessel containing the atmospheric air which 
reacts with the sodium vapor; 

a sodium container in which the sodium is heated 
before put into contact with the air; 

an uranium oxide melting device (see Fig. 3) . 
The steel vessel itself is made of three parts: 
a) A steel cylinder (270 mm high, 250 mm in diam

eter, and 5 mm thick), clad on the inside with a toil of 
AISI 304 stainless steel. A 10-mm-thick glass scuttle 
allows us to make sure that the UO2 is molten and to 
observe the explosion inside the cylinder. This cylinder 
is further fitted with: 

a small-diameter tube for helium supply; it may 
be closed by a valve; 

a Bourdon-type manometer to measure pressure 
variations (scale: -1,000 to -1-2,000 g/cm=); 

the uranium oxide melting device; 
a high-flow valve (of '/2-in. diameter) for evacua

tion and rapid air supply or sampling of the 
aerosols. 

A deflector inside the cylinder prevents sudden 
cooling of the crucible by incoming cold air. 

b) The stainless steel bottom (of 10-mm thickness). 
c) The stainless steel cover bearing a tube (35 mm 

in diameter and 370 mm high) surrounded by a fur
nace to heat the sodium. The temperature of the fur
nace is read by means of two thermocouples placed 
outside the steel tube. The heating power required 
to reach 1,000°C is 750 W. 

-A punching device is fixed at the base of the tube; 
it is a bevel-edged tube of hardened steel that, 
at the moment of explosion, penetrates into the cap
sule. I t is mounted on a strap and placed 25 mm 
above the crucible with molten UO2, so that the 
stream ot vaporized and liquid sodium is directed 
towards the crucible. 

The device provided for moving the sodium con
tainer onto the punching rod is fixed on top of the 
tube. 

Tightness is ensured by 0-rings. The container-
securing device is made of two parts, to avoid having 
0-rings placed in hot areas of the tube. 

The cover and capsule-securing seals are cooled 
by water flowing through a copper spiral tube placed 
on top of the cover and extending over the upper part 
of the tube. 

The sodium container is made ot AISI Type 316 
stainless steel. The bottom of the container has the 
shape of a cone frustum in order to ensure the com

plete ejection of sodium. The central part is 1 mm 
thick. Capacity is 25 ml. The container is closed by 
welding. The upper part of the container is fitted 
with a tube (of 2-mm inside diameter), the purpose 
of which is to counteract the excess pressure during 
welding and to ensure the clamping of the furnace. 

The uranium oxide melting device is a crucible 
made of a spiral-shaped tungsten wire {it> 1 mm); the 
bottom of this crucible is made of alumina. The cruci
ble is heated by passing electric current in the tung
sten wire. The uranium oxide is brought to melting 
temperature by passing about 50 A at 20 V, which 
gives a power of about 1 kW. The melting of UO2 is 
controlled visually through the scuttle. 

In order to avoid oxidation of the tungsten at these 
high temperatures, melting is achieved under a 40-Torr 
pressure of helium, the current-supply connection 
being gastight. 

4. Experimental Procedure 

The experiment properly said is realized in four 
stages: 

first stage: filling of the sodium capsule; 
second stage: melting of UO2; 
third stage: explosion of sodium with air; 
fourth stage: samplingof the aerosols for analysis. 
Some details of the different stages of the experi

ments are as follows: 
Filling the sodium container. Sodium (for analysis) 

purified by filtration under vacuum is admitted 
into the steel container under a slight helium pres
sure. After cooling under helium atmosphere the cap
sule is closed and welded. 

Melting of U O . . Natural uranium oxide irradiated 
in the BR-1 reactor to a neutron dose of about 
5'10'* nvt is introduced in the crucible. The cover 
of the chamber is replaced and the sodium furnace 
is heated to 1,000°C. When this temperature is 
reached, the sodium capsule is placed into the furnace 
and, the apparatus being leaktight, the air is evacu
ated. After several flushings with helium, a pressure 
of 40 mm helium is maintained, and the crucible is 
slowly heated by an electric current flowing through 
the tungsten wire which acts as a crucible for UO2. 
Melting of the oxide is checked (above 2,700°C) 
through the scuttle; the current at that time is 50 A. 

Explosion. Once the uranium oxide has melted, the 
current is brought to 70 A. Air is suddenly admitted 
into the apparatus and the air intake is closed. At 
the same time the capsule is perforated (by the per
cussing device) and the spiral tungsten wire is ex
tended by means ot an alumina rod. This provides a 
sound contact between the components. The jet of 
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FIG. 2. < leneral \ iew of the Explo I Device. Flu :i. tfraiiitiin Melliiij^ Device. 

sodium licks the molten oxide remaining on the wire, 
reacts with the air (producing a yellow flame), and 
carries the reaction products along into a cone-
shaped container located on the bottom of the appara
tus. 

Sampling. The solid deposits along the walls of 
the vessel have not been analysed. The aerosols are 
collected in a 20-1 Pyrex vessel (see Fig. 4) containing 
600-800 ml of water and from which air has been 
evacuated (internal pressure of 20 mm Hg). 

Immediately after the explosion, or 1, 2, 5, and 10 
min later, the gas of the a])paratus together with the 
aerosols is suddenly admitted into the Pyrex vessel 
and a determination of radioisotopes is carried out. 
Pressure measurements have shown that 65% of the 
gas is transferred into the glass enclosure. 

5. Experimental Results 

In our first series of experiments the aerosols 
produced by the contact of air with sodium alone have 

been studied. Table 1 shows the percentages of sodiuni 
in the aerosols versus the time after the explosion. 

To obtain better precision, similar tests with radio
active sodium (-^Na) have been carried out. The so
dium was irradiated in stainless steel capsules of 
slightly smaller diameter than the standard capsules, 
so as to fit into the irradiation channel of the re
actor. They were irradiated in the BR-1 reactor at 
Mol for about 1 hr in a flux close to 5-10" n/cm-/sec. 

The explosions were performed in the same ap
paratus as described above. The capsules were punched 
with an ungrooved point. 

Analyses were performed by y-counting the solu
tions. The activity of the aerosols was compared to 
the total initial activity measured after rinsing the 
apparatus. The results are shown in Table 2. 

The second series of experiments was performed in 
presence of molten uranium oxide. The tests have been 
carried out with about 6 g of sodium. The tracked 
isotopes successively determined were: ' " I , ''-Te, 
""Ba, '"Sr, » ' + i " C e , and M-I+IOSRU. 
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The activities in aerosols of '°Zr not released from 
melting UO2 have been measured in order to deter
mine the amount of V0-. particles carried with the 
gases. The main results are summarized in Table 3. 

On the other hand, several tests of melting UO2 
have been performed without soilium in order to deter
mine the amount of fission products being present in 
the gaseous phase of the vessel during melting. The 
tet procedure, apart from the capsule punching, 
Ws the same as the one described before, .\fter ad
mission of air into the vessel, 10 to 15 sec elapsed 
before gas sampling, this being the time required for 
fapsule punching during normal tests. The results, 
as may be seen in Table 4, show that the quantities 
of radioisotopes in the atmosphere are much lower 
than those traced in the sodium oxide aerosols. By 

T.\BI.E 1. 

Time after E.xpkeion, min 

0 
2 
.1 

9c Sodium Initially Involved 
Recovered in .Aerosol 

5.6 
1.5 
0 47 

TABLE 2. SoDiiM C INTENT IN AERO&OL8, 

1 ACTIVITT 

MEASL'BED BT 

Time after e.\pl«>sion. niin 
Activitv of the aeros^.ls 
Total sodium activity 
c^ in aerosols 
Weight of SiKlium involved g 
Weight of siKliutn in the aerw^ols. mg 

0 
3.571(F 
1.2710» 

2.8 
5.5 

115 

10 
2 .9410 ' 
1.17-10' 

0.025 
5.1 
1 3 
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TABLE 3. CONTENT, IN % , OF FISSION PRODUCTS IN THE 

AEROSOLS (see Fig. 5). 

\ Time of 
\ Sampling, min 

Isotope \ 

Na 
i"I 
' "Te 
"«Ba 
" S r 
' "Ce 
' "Cs 
i"Ru 
»'Zr 

0 

5.6 
9.4 
0.6 
0.012 
0.066 
0.005 
0.45 
0.16 
0.0075 

2 

1.5 
2.5 
0.1 
0.008 
0.018 
0.007 
0..34 
0.046 
0.0005 

5 

0.47 
0.54 
0.02 
0.001 
0.005 
0.003 
0.19 

0.0002 

MinurcS AFTCO eiO-USSlOH 

F I G . 5. Fission Products in Gases. 

comparing the results of both series of test« (with 
and without sodium) it can be stated that the par
ticles of sodium oxide capture the fission products 
and keep them in the gaseous phase, thus preventing 
their deposition on the walls of the vessel. 

Finally, a third series of experiments was carried 
out. The single difference with those preceding was 
that the uranium oxide was not molten when in con

tact with sodium. The UO2 was introduced directly in 
the sodium container, which was heated for 15 to 30 
min (temperature: 1000°C, i.e., below the melting 
point of UO:: 2700°C). After heating, the capsules 
were punched and the aerosols immediately sampled. 
The quantities of " ' I and "^Te were measurable. 
Results showed the influence of the time of contact 
between UO2 and sodium at 1000°C on the content of 
fission products in the aerosols. Table 5 gives the re
sults obtained and a comparison with the experiments 
when the UO2 was molten. Under our test conditions 
the other fission products are at the limit ot detecta-
bility, and the values indicated are probably higher 
than in reality. 

6. Conclusions 

The results of these tests give an idea of the be
havior, in the atmosphere, of fission products and of 
the aerosols which are formed in case of accidents 
occurring under the following conditions: melting of 
UO2, contamination of sodium, and subsequent re
action, at high temperatures, with air. 

The following conclusions may be drawn from the 
experiments: 

Due to the presence of sodium aerosols, a certain 
amount of fission products released from UO2 is kept 
in suspension in the air. In the course of tests carried 
out without sodium, 2 min after admission of air 
there were no more fission products in suspension. On 

T.\BLE 4. FISSION PRODUCTS COXT.\I . \ED I.V THE GASES 

AFTER UO2 MELTING 

Isotopes 

131J 

" ' T e 
"•Ba 
" S r 
">Ce 
' "Cs 
»sZr 

% in the Gases 
without Sodium 

3.7 
0.75 
0.10 
0.05 
0.013 
0.06 
0.008 

In Presence of Sodium 

9.4 
0.5 
0.012 
0.066 
0.005 
0.45 
0.0075 

TABLE 5. PERCENT.VGE OF FIS.SION PRODUCTS IN THE 

SODIUM AERO.SOLS PRODUCED FROM SOLID UO2 AND FROM 

MOLTEN UOa 

Isotopes 

» ' I 
' "Te 
"»Ba 
" S r 
" 'Ce 

Without UO; Melting 

15-min 
Heating 

0.012 
0.019 
0.001 
0.003 
0.001 

30-min 
Heating 

0.052 
0.022 
0.001 
0.00" 
0.002 

With UOi Melting 

9.4 
0.5 
0.012 
0.066 
0.005 
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the other hand, 2.5% iodine was detected 2 min after 
admission of air when there was production of 
N'ajO aerosols. The isotopes released from solid UO2 
by heating at 10(X)°C in sodium are detected in the 
aerosols of sodium oxides. The measured activities 
are lower than those observed with melting UO2. 
The amounts of fission products in the aerosols of 
Milium oxides depend on the diffusion processes. The 
temperature and the time of contact play a very 
import ant part in the release of volatile fission prod
ucts under these conditions. 

The quantity of fission products in suspension in 
the air decreased by 75% 2 min after the explosion 
unil by 95% 5 inin after it. The determinations per
formed on aerosols sampled 10 min after the explosion 
(lid not allow fission products to be traced in the 
gases except for fission rare gases. The amounts of 
fission proilucts in the aerosols are reported in Table 
3. 

Till' ;iiiiounts of aerosols versus the deposition times 
are smaller than those previously reported.""" This 
coulii be attributed to the small ilimensions of our 
reaction vessel; it was observeii that when sampling 
the aerosols immediately after the explosion, the oxide 
particles were deposited on the walls of the tube cany-
ing the gases to the sampling flask. It would thus 
seem that the walls have a great influence on the 
deposition time of the oxide particles in suspension. 

The differences observed during the tests made with 
a normal punch and with a grooved punch show that 
the quantity of collected aerosols increases with the 
length of the travel of sodium vapours. 

Furthermore, it has been observeii that the walls of 
Ihe flask have a tendency to precipitate the aerosols 
in suspension even in a gas stream. 

The influence of the walls must therefore be studied 
in order to complete this series of works. Tests should 
he carried out in a greater apparatus with a view to 
detemiiiie: 

I) the distance covered by the sodium vapours in 
the atmosphere before being cooled and col
lected by interposing a wall on their travel; 
these test* could be performed by increasing the 

height of the apparatus used for the tests de
scribed in the present report and by varj-ing 
the travel of the sodium vapours by displacing 
the reception cone; 

2) the influence of the wall surface, by increasing 
it artificially by the addition of baffles inside the 
vessel. 
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Discussion 

.Mr. I.indsey ( . \PD. \ ) : I know it is not your major 
iiiteiest. but what about the decontamination after
wards? Did you use orilinar>' decontamination of 
your apparatus or were you interested in driving off 
these things with heat afterwards? 

.Ul. \'an Dievoet: Xo. we used ordinary methods. 
On the walls of the ajiparatus there was a solid mix
ture of sodium and the aerosols which was not too 
iliflicult to scrape out first: then a full cleaning opera
tion was suflrcient to decontaminate the equipment. 
Of course, working with fission products made it very 
easy for the analysis. 

.Mr. l)wk»nson ( I .MIX'i : Were these lightly ir
radiated fission product*? 

.Mr. Van Dievoet: They had a short time of irra
diation in order not to have too intense an activity. 

.Mr Dickinson: Did you make any effort to scale 
in your volumes the relative volume of a reactor 
vessel and the core when you made your motlel of the 
center? 

Mr. Van fJievoet: No, not yet. The reason for that 
is that wc are working on the SXR project, and we 
will wait until we have the proper volumes to take 
into consideration. 
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General Discussion 

Mr. Draley: Your presence this afternoon is testi
mony to your dedication and also to the strength of 
your constitutions. Summarizing a meeting is interest
ing and potentially valuable, but I thought it might 
be more valuable, and perhaps more interesting, if 
inntead of summarizing only the meeting, we would 
try to be a little broader in our scope, and a little 
more ambitious, and address ourselves to the prob
lems in sodiuni technology. 

I've broken part of the subject of .«odium technology 
into four areas: A) materials compatibility; B) analy-
ais and monitoring; C) purification and control; D) 
basic chemistry. If you reflect, you will decide that 
that is not all of sodium technology but is a good bit 
of it, and these are the matters to which we have been 
addressing ourselves the most during the past three 
days. In order to find a way that the various speakers 
will address themselves to the same sorts of things, 
1 have itemized a couple of questions. They are not 
really independent subjects, because they are related 
lo each other. 

1. Where are we with respect to LMFBR needs; 
how do we need to improve or what remains to be 
done? 

2. How applicable to design needs are our present 
experimental results? 

I have asked five people to serve as discussion 
initiators. I have asked each of them to talk no longer 
than 10 min. I will then solicit discussion addressed to 
the general topics. You may be critical of the discus
sion initiator; in fact, he has been encouraged to be a 
little controversial, but you may also address yourself 
to the general question. 

The first discussion initiator will be Dr. Prodyot 
Hoy, of the General Electric Co., on the topic, 
".Materials Compatibility." Then i l r . K. E. Horton, 
.^EC-Washington will talk on the same topic before 
We Imve general discussion. 

.1/r. Roy i G E ) : The effect of long-term sodium ex
posure on the mechanical properties of reactor mate
rials is not well established. Short-term tests carried 
out in both static pots and dynamic loops under iso
thermal conditions indicate that sodium has no effect 
on mechanical properties of materials. This observa
tion is not too surprising, as one should not expect 
too much mass transport and microstructural changes 
under these conditions. Consequently, mechanical 
properties are not drastically affected. 

However, relatively short-term experiments in a 
d.vnamic sodium loop with a AT have revealed that 
selective leaching of alloying elements in the hot leg 

causes serious changes in microstructures of materials. 
For example, it has been observed that carbon is 
transferred from the hot to the cold section of the 
loop. This observation implies that materials in the 
hot section will lose their strength and the materials in 
the colder regions will become brittle. This will create 
serious problems in actual reactor system. 

I want to emphasize, therefore, that we must estab
lish long-term mechanical-property behavior in dy
namic loops with a AT. I would also like to point out 
that short-term tests of, say, 1000 to 3000 hr cannot 
be expected to establish that behavior, since it would 
be very difficult to predict the changes that would take 
place after 5 or 10 yr of operation from such tests. 

.\s I stated earlier, carbon movement is perhaps 
the most important transport phenomenon to be con
sidered in a dynamic system with a AT. In the last 
three days, we have heard much speculation about the 
mechanism and mode of carbon transport. At the 
present state of the art, it is unlikely that we will be 
able to control carbon movements in reactors in the 
near future. It seems to me that, apart from carrj'iDg 
out carbon-transport experiments with unstabiliied 
materials, we should seek to use the most stable 
(carbon) materials. There are indications, for ex
ample, that carbon movement in stabilized alloys is 
lower than in similar but unstabilized alloys. Hence. 
I am proposing to introduce stabilized materials in our 
long-term test programs. 

So far, I have stressed the importance of mechanical-
properties testing, but we should not de-emphasize 
the study of an equally important effect of sodium ex
posure, that of corrosion and deposition. I definitely 
believe that carefully designed long-term mass-transfer 
experiments should be continued. The effect of solium 
velocity, temperature, and apparent oxygen level in 
sodium on corrosion of stainless steel is not well estab
lished. Very little is known, for example, about the 
physicochemical properties of depositing materials. 
The effects of oxygen level and temperature on the 
nature and mode of deposition in a dynamic system 
have yet to be established. 

The problems associated with these studies are 
not simple. For example, study of corrosion and deposi
tion patterns based on plugging or cold-trap tempera
ture is not sufficient to provide an imderstanding of 
the mass transport in a multicomponent system. On 
the other hand, none of the other oxygen-monitoring 
devices have been sufficiently developed for in-reactor 
use. We must therefore direct our attentions to per
fecting these devices in small-scale dynamic systems. 
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concurrent with our studies of the fundamental effect 
of oxygen activity on corrosion and deposition. 

The same thing, of course, applies to carbon activity 
and mode of carbon transport. These phenomena are 
even less clearly understood, yet are perhaps the most 
important from the standpoint of materials behavior 
in flowing sodium. 

In conclusion, I would like to say that we are 
severely pressed for time. We are forced by the reactor 
designers to predict long-term materials behavior 
from the short-term experiments. So, let us coordinate 
and utilize the basic knowledge obtained from these 
experiments and, at the same time, design proper long-
term experiments in reactor mock-up systems. Re
sults from such carefully designed experiments will 
enable us to predict materials behavior during the 
lifetime of the reactors with more certainty. Further
more, if we continue these efforts, we will eventually 
develop actual performance behavior of materials 
under conditions similar to that of a reactor. 

Mr. Horton (AEC): This Thursday, .John McKee 
addressed himself to the first question, when he said 
we were about 150 million dollars away from our 
LMFBR needs. I'm not going to go further in that 
area. I'm not going to try to give you a state of the 
art in two minutes. I have also found that if I ask 
the question "What remains to be done?" in a mixed 
audience like this, people are reluctant to part with 
ideas. They like to do so in the form of proposals. 
We've asked this question a number of times such that 
now I say, "Don't answer me now, send me a pro
posal." That's about the only way to get anj' ideas in 
that respect. 

I would like to try to focus this discussion on sodium 
technology. These last three days you've been listen
ing to papers on purification, solubility measurements, 
analytical techniques, and all sorts of scientific details. 
I'd like to tell you what the primary goal is in sodium 
technology. We are trying to develop the technology 
needed for LMFBR systems to assure long-term 
materials compatibility. I will state categorically 
that I don't care what the corrosion rate is, just as 
long as the sodium system remains structurally intact 
and I don't plug up my heat exchanger or transfer too 
much radioactive material downstream. Therefore, I 
could care less about the analysis and monitoring 
techniques, unless lack ot monitoring, etc., resulted 
in loss of structural integrity. I really think the 
chemists, in particular, get confused as to what our true 
goal is. What I'd like to use this discussion period for-
is to have you people help me out with the question of 
loop sizing, since most of our contractors have sodium 
loops. Incidentally, it seems that our contractors 
believe they haven't made the big time until they 

have a forced-circulation loop. Now, I've noticed 
that our results at any given contractor are changing 
as a function of time. This may mean that the sodium 
itself is changing as a function of time. I've also 
noticed that results differ or conflict at various con
tractors, and between various countries for that 
matter. There may be many reasons for this, but one 
of the reasons may actually be the loops themselves, 
particularly the geometry of the loops. So the ques
tions I want to ask are "Are we building the right 
kind of sodium loops? How big should we make our 
loops, or how small can we make them?" This morn
ing Milton Shaw made the statement that we must 
demonstrate reliability in our test loops. He wasn't 
really talking about the sodium technology program. 
He was talking, I think, more about the sodium pump 
test facility, and things of that nature. But the state
ment is valid for our sodium program. 

What I'd really like to know is how big should we 
make a loop such that we are fairly well assured that 
when we actually go in a large reactor we are going to 
get results that we predicted from our tests. 

I've always believed (although I've gotten a lot of 
argument on this) that as long as we are going to be 
generating data in sodium technology, it may as well 
be useful data. It should be data that the designers 
can use. I say this over and over again, and I guess 
people are getting tired ot hearing it. But I repeat, 
I'm firmly convinced that we can generate design data 
in our basic technology program. Therefore, I am most 
intent on generating data in sodium loops that produce 
effects similar to actual reactor environments. 

May I have your comments? 
Mr. Weeks (BNL): Since the question was just 

asked, and I'm sure there are a number of us who 
have various ideas on the interpretation, I question 
very strongly whether it is the size of the loop that 
is important, but rather whether or not the areas of 
the various materials and the temperature profiles are 
realistic in comparison with the overall reactor. I 
think this is what's important, not so much the size 
or the number of dollars spent, but how realistically 
can a loop be designed to j'ield the various surface area 
relationships which we suspect to be important, the 
various compositions of the materials which we expect 
to be important, the various temperature cycles and 
sodium purity aspects of the sodium which we expect 
to be important. 

Mr. Horton: Does this mean then that it doesn't 
make any difference if we're going to study refractory 
alloys, whether or not we make our loop out of stabi
lized stainless? 

Mr. Weeks: If we sincerely believe, and there is 
evidence to do so, that there is carbon transfer from 
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the unstabilized stainless steels to the refractory 
alloys, then we have to have the information for the 
designers to make this decision. If the designers make 
a decision that a refractory alloy fuel cladding is 
needed in the LMFBR then they have to know—can 
they avoid embrittlement of this alloy by using a 
stabilized stainless and therefore by reducing the 
carbon transfer? 

Mr. Horton: Wouldn't it be nice if they also know 
if they could get away without using a stabilized stain
less? 

Mr. Weeks: Certainly. But, there is evidence that 
carbon does go quantitatively on a mass-balance 
ealeulation at the comparable temperatures. 

Mr. Hiltz (.MSA): Mr. Roy and I and some other 
people have been rather concerned about carbon mass 
transfer. The General Electric group have expressed 
this concern at this meeting; others of us are suddenly 
becoming aware that it may be real. However, General 
Electric and, I know, Babcock and Wilcox have talked 
aiiout using downgraded 214 chrome on the ferritic 
side, which means you are now going to be transferring 
rarlion in the other direction for some length of time. 
It's impossible to have both mechanisms operable, but 
wliere ran you draw the line? The ferritic steel is not 
going to deliver carbon forever, and the cladding is 
going to come in and go out. It becomes rather difficult 
to try to design anything for a dynamic or an actual 
system. The only thing you can do is attempt to look 
at the possible combination. Designing a test loop which 
may combine all the things you expect to .see over the 
lifetime of a reactor may be extremely difficult. 

Mr. E. N. Pearson (LMEC) : .lust to address to the 
question of the size of a test loop, presumably there are 
two extremes one can go to: a full-scale developing test 
where one is interested in mechanics, and also a capsule 
test or screening type of operation that's a micro-minia
ture type of test. I think it depends upon the function 
that one wants to perform as to size of a test loop. 

What I'd like to do is address myself to two general 
iilciis that I've had regarding materials compatibility. 
Number one is corrosion testing; it's been interpreted 
also as erosion testing. Generally, all such tests have 
been somewhat limited in the sense that the flow 
direction in relation to the material sample has been 
parallel. Controlled experiments are needed, I believe, 
in which the flow is normal to the metal surface. I'm 
ferainded of two events of the past six years in which a 
high rotational velocity resulted in a material loss that 
was quite severe. I t was a vortex type of phenomenon 
that wasn't completely appreciated until after the 
Pvent. Secondly. I think material-property tests ought 
to be expanded to include thermal-fatigue and thermal-
shock tests. We heard a description yesterday about 

a proposed installation in Japan that was to do this. 
This is a unique characteristic of LMFBR plants be
cause of the coolant. Water is not the same type of 
animal, nor are the temperature requirements, and 
temperature extremes in the hot and cold legs that 
we expect of these plants. Furthermore, there should 
be some attempt at setting specimen sizes that are 
comparable to pipes and valves and heat exchangers, 
etc., in other words, thermal fatigue compared to 
mechanical fatigue, thermal shock compared to im
pact. 

.Mr. Shannon (BXWL): I should comment that I'm 
working on the F F T F sodium technology development 
so my comments are in this context. With regard to 
the test loops that are being used to generate data, 
I'm reminded of a study that was done by one of the 
foremost management consultation firms in the CS— 
it looked into what was good and what was bad about 
the research output of industrial concerns, and I think 
it's equally true here. The finding was that most re
search projects that failed did not fail due to technical 
ability, but failed because the output, the end prod
uct, wasn't relevant to the objectives of the corpora
tion. I think it is true that in many cases we may have 
a loop generating ver>' good scientific information 
which will produce a lot of verj' interesting results but 
will not be applicable to the LMFBR. which is their 
ultimate objective. Xow. how does one design a loop 
such as this consistent with the objectives? There is a 
fair amount of effort and money being put into the 
1000-MWe studies, and I want to examine ver>' care
fully all theiriocumcntation of those various reactors. 
Shortly after the lirst of the year the FFTF conceptual 
design will probably be fixeil into preliminary design, 
and this will be another good example of the kind of a 
piping system that an LMFBR will represent for the 
first time. FFTF can be a very good example for all 
of you who are working in corrosion and materials to 
examine, see what velocities, surface-to-volume ratios, 
and temperature distributions are in tho.ic plants, and 
consider your research programs in that light. Is your 
loop relevant to those particular plants? If we ean 
conclude that it is, then we're probably on the right 
track. 

Mr. Draley: Thank you. That's very close to the 
kind of direction I wanted to use. I'd like for us not to 
be too specific about any one detail of the possible 
weakness in our testing, but to address ourselves to 
what are the things we have to do in order to be 
relevant. I would like to have you consider, for ex
ample, can you build a reactor on the basis of loop-
test information? Do you have to know more than 
that about compatibility before you can build a reac
tor? Can vou simulate irradiation effects? Can vou 



568 General Discussion 

scale up? Are there size effects described quite differ
ently than has been done in the words used today? 
There are sizes of sources and sinks, and these ought 
to be very important. I'd like to solicit statements rele
vant to what Don Shannon said. I want us to think out 
loud. What things do we have to do and which things 
can we not do without? Does anybody have any com
ment to make on that? 

Mr. Young (GE): We have some observations that 
have been made and reiiorted in this meeting that go a 
long way toward answering the question, "What kind 
of tests do we need, and what can't we do without?" 
I think we can't do without an environment for testing 
that in the best way we know how to make it simulates 
the reactor environment, both from physical and 
chemical standpoints. We've tried a couple ot ways of 
getting at this, e.g., mocking up a 1000-MW design in 
terms of the corrosion products. The point is that 
you've seen examples ot structural changes that have 
occurred in the materials over fairly short periods of 
time: 3, 4, and 5000 hours, although mostly 3000-hr 
tests. The point was made, I think by Jack DeVan 
yesterday, that you can see structural changes occur 
and you know that the long-term mechanical property 
must be affected by those changes that are produced 
by the sodium environment and we're just beginning 
to learn how to describe this environment. I t may take 
a long time to describe it sufficiently so that you can 
mock up a really true environment or one that could 
be said to bo representative of the full-size system. 
But until you do, you must at least pay attention to 
the material ratios between, for instance, a cold por
tion and a hot portion. .Along with that you should pay 
attention to a mockup of a sodium environment that 
puts impurities in the system that are characteristic of 
the particular alloys you are testing and then proceed 
with long-term mechanical tests that are going to tell 
whether these materials will last in the reactor. The 
objective is to enter the stage of committing mate
rials for construction with the highest level of con
fidence in the materials that you can possibly get in 
the time remaining. The only way of doing it is to do 
the compatibility tests and the mechanical-property 
tests in as long a period of time as you can with the 
best possible mockup of the environment. That's a 
corrosion mockup until we can get adequate tools to 
measure or detect types of impurities and enough 
chemistry work done to be able to precisely describe 
the environment. 

Mr. Draley: I'd like to ask you a question pertinent 
to that. Can you be satisfied without demonstration 
that you mock up sufficiently well that you will see 
the right answer rather than the wrong answer in 
terms of success versus failure of materials? The 

alternative is that you would have to learn the effects 
of influential parameters; that the mockup will never 
do the job for you. 

Mr. Young: I t we can predict and begin to see some 
failures or bad performance in compatibility testing, 
then I'd say yes, we would have a fairly good idea or 
good confidence that the environment was OK. If we 
do not find anything failing in the sodium environ
ments under which tests are run then this is a signal 
that the tests are not definitive. 

Mr. McKee (ANL): You asked for general com
ments on what we need or don't need to satisfy the 
needs of the LMFBR in sodium technology. I think 
you know what my answer would be to that—it's 
written in WASH-1105. There is a program plan to 
accomplish these needs, and it has been agreed to by 
R D T as what's necessary, but it still needs the sup
port of everybody who's going to do the work. If people 
here feel that, in fact, the plan is off the target and 
has called for work that isn't needed or doesn't call for 
work that is needed in sodium technology, I would 
like to hear about it. Aside from that, a more or less 
obvious comment. Dr. Roy brought up one point I 
thought we'd touch on a little bit. He called for intro
ducing stabilized steels into the research program and 
Horton has talked about this several times. I cer
tainly agree with him when he says that the only 
people we hear about this from are the National 
Laboratories, up until today when we heard from GE. 
Of course, who we would really like to hear this sort of 
suggestion from are the people who were going to make 
the steam generators or actual components out of these 
steels. What I'm wondering is: how does one go about 
introducing a new class of materials into the program 
in such a way that it really is meaningful and has 
everybody's support? I really don't know how to do 
that. 

Mr. Shively (AI); I was sitting here thinking about 
Young's comments, and I think that what he had to 
say has a lot of merit, particularly with regard to large 
components in reactors, which in this country appear 
to be neglected. The other point I wanted to make is a 
plea from a metallurgist who is interested in sodium 
effects. I want to be sure that we understand that we 
should have a good control system upon which to make 
comparisons. So often the mistake has been made that 
the control test was the thing that was causing the 
effect and not what we were studying. In the sodium 
compatibility work I think we have to choose some 
baseline against which to compare, whether it be corro
sion or some other effect. 

Mr. Weeks: I think then the point is to ask your
self not what are these results after 1000 hr in sodium 
as against non-sodium environment, but what will 
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they be after 25 yr in a sodium and non-sodium en
vironment. 

Mr. Draley: The next topic is certainly an important 
part of the answer to the question about materials 
compatibility. That question will have to be answered 
in terms which include the requirement for proper and 
good analysis and monitoring. But the real basis on 
which I meant to develop this subject, and I hope 
that will turn out to be the one that our discussion 
initiator will employ, has to do with the development 
of analytical capability and monitoring capability as 
can be applied to systems. 

Mr. Kovacic (APDA): If I could direct myself to 
a comment Ken Horton made about his interest being 
materials compatibility and that all these other aspects 
of sodium technology are support to it, I suggest that 
there are other problem areas that sodium technology 
is very much involved in that are not just related to 
materials compatibility: for example, fission product 
transport after fuel failure, sodium fires and aerosols, 
thennal and hydraulic aspects of sodium coolant sys
tems, impurity behavior in cover-gas systems, leak 
detection for steam-generator leaks, to name just a 
lew. I can see that if your main concern is for mate
rials compatibility, you might begin to think that every
thing is directed in support of that activity. I doubt 
you meant that. 

I am also going to take a speaker's prerogative and 
make a statement about a rather impassioned remark 
I made yesterday after Vince Rutkauskiis gave his 
|)apcr on vacuum distillation, .\fler talking to .>ieveral 
people in the corridors, I think I misled them and was 
in error. The point that was under discussion was the 
validity of the vacuum distillation analysis in report
ing oxygen content in the sample as it is removed for 
the loop. In the amalgamation technique, if the oxygen 
is indeed there as hydroxide, and you titrate for the 
sodium and then report it as monoxide, you are going 
to be in error on the oxygen content by a factor of 2. 
In the vacuum distillation analysis I can see that if 
indeed the hydroxide tliat might be present is con
verted to monoxide during the distillation process, and 
you do the calculation on the basis it is monoxide, you 
do indeed get the right number of ox-ygen atoms. 
Another point I made which also ought to be clarified 
a bit: I said that we know in the Fermi system and in 
our loops we have sodium hydroxide in our cold-
trapped sodium. We do know that sodiuni hydroxide is 
in the frozen samples, but in a cold-trapped .system at 
600°F, the hydroxide is not stable and is possibly dis
sociated as monoxide and hydride. Xow I will get on 
with the topic I'm supposed to talk about. 

I have a couple of observations which I'm going to 
make, just reall.v to initiate discussion. They're not 

things that I feel really positive on. but I have ques
tions on them. In the past two or three years there 
has been an extensive effort, three separate and inde
pendent efforts, to establish the status of sodium tech
nology in the LMFBR program and to map out the 
direction in which we have to go. The most extensive 
and comprehensive effort, of course, is the one just 
completed by the Program Office at . \XL. There are 
two other efforts, one of which is tho Edison Electric 
Institute task force report which was published in 
.\pril. The other was sponsored by the .\nalysis Branch 
in RDT, in which an industrial and Xational Labora
tory group looked at the same thing; that report is not 
yet published. In all studies it was concluded that 
there is a real need in the LMFBR program to improve 
sampling and analysis methods anil techniques, and to 
develop on-line purity-monitoring devices, tine thing 
that has troubled me ever since I've been in this work, 
and I ask myself this about once a day, is what arc 
we doing and why are we doing it? Some of the things 
I have been olxserving in the last year or two, and 
certainly have seen here again in this meeting, lead 
me to raise the question about what should lie the 
proper near-term and intermediate-term priority on 
the development of improved analytical techniques 
and development of on-line monitoring devices. To 
me it's very noteworthy that we have operated a lot 
of sodium-cooled reactors in the past, and there are 
many being operated in the world now. By and large, 
there have not been any real serious problems that 
have come about because we don't have these im-
pro\'cd dcvites and techniques that we say we will 
need in the long tcnn. I can think of a couple of ex
ceptions; I think the SRE meltdown might have been 
avoided if the tetralin leak could have been detected 
instantaneously by an on-line device. I know in Fermi 
the graphite out-gassing might have been detected 
and prevented some extensive damage, and the steam-
generator leak might have been detected before it got 
as bad as it did. But I will emphasize might have been 
only if the devices had been so reliable and the operat
ing procedure so stringent that when the meter regis
tered, action would have been taken. I'm not sure that 
action would have been taken even if the devices had 
been there, because faith in the devices is an important 
consideration. 

.•Vnother point that to me is very significant is this. 
.\s I hear the reports coming out from the various 
vendors on their demonstration plants and out of the 
European countries on the next generation of fast re
actors, and hear what the development programs are, 
I fail to see at all. except in one or two cases, any ef
fort going into the development of the chairman's 
.\rea B. To me that seems to indicate that the people 
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who are designing these plants and who hope to sell 
them must be quite confident that the present-day 
technology is going to be satisfactory for the condi
tions under which these plants have to operate. I have 
to give a lot of weight to that observation. Also, 
especially during the last couple of days, listening to 
the papers on the materials-compatibility properties 
and mass transfer, and reading tho quarterly progress 
reports that come tlirough, I get the distinct impression 
that for the conditions that we're going to see in the 
present reactors and in the next-generation demonstra
tion plants the corrosion rates are going to be quite 
insignificant as far as fuel-clad performance is con
cerned, perhaps a mil per year under cold-trapped so
dium conditions. In terms of mechanical properties, 
the diminution in the mechanical properties due to the 
sodium environment is really going to be insignificant 
compared to the change in properties due to the neu
tron environment. We really have to ask ourselves 
what priority should be put on area B considering the 
tremendous budget squeeze and the tremendous amount 
of problems. 

The second observation I want to make has to do 
with the first point to which we were supposed to di
rect ourselves. It has to do with vendor participation 
in instrument development and sampling and analysis 
development as part ot the industrial environment 
consistent with the American free enterprise system. 
Mr. Shaw, a couple of weeks ago here at Argonne, 
reiterated RDT's intention to fulfill the mandate that 
the LMFBR is to be developed within the industrial 
framework, and he said that there was a long way to 
go. I remember he specifically mentioned instrument 
development as an area where we hadn't even started. 
I make the observation that with one or two exceptions, 
notably with the exception of United Nuclear who has 
been in on the development end, I don't see any par
ticipation of the established instrument companies of 
the United States in this area. I think it's up to those of 
us who are in the development end to start getting 
these people involved, even if it means we stop doing 
some of the work we like to do. That's another ob
servation. 

The last point I'd like to make, and it's directed to 
the second question, is applicable to the evaluation ot 
present experimental results. I find the status in our 
instrument development quite a "mish-mash." There's 
an awful lot of overlapping, and while at APDA we're 
saying the rhometer is looking good, reports are com
ing out of other facilities saying the rhometer is dead. 
It shows there's no communication or poor communi
cation. I also see a lot of facilities working on the 
same devices. There seems to be a lot of duplication of 
effort, and the worst thing I see is that the evaluation 

ot the performance of these devices is very qualitative 
and subjective in nature, i.e., "it's good," "it's not so 
good," "it's bad," etc. It 's tough enough in hfe to have 
to believe in the things you have to have faith in be
cause you can't prove them; but when we are dealing 
with technical things we shouldn't be believing and 
guessing; instead we should be finding out and know
ing. I think in the area of instrument development 
we've got to do the same thing we've been doing in 
mass transfer and materials compatibility: tie it right 
down to quantitative things. What is the signal-to-
noise ratio; what is the base-line drift; what is the 
response coefficient, today, next week, a year from 
now; what are the sodium temperature effects; what 
are the ambient temperature effects; what are the 
radiation effects, etc.? Let's list the number of tests, 
the average values, the standard deviation. Let's re
port the data in our quarterly reports, and let's get 
together once in a while and lay the data on the table. 

Mr. Shannon: I think one major area of sampling, 
analysis, and monitoring work is hardly being looked 
at at all, and it may well be the most important one 
that we can consider. The objective of the LMFBR is 
to run reliably for 30 yr. For my money, the analysis 
and monitoring method that is needed the worst is the 
technique that you would apply to the plant after year 
1, year 5, year 10, year 20, and year 30 to determine 
whether the plant is in its original condition, or at what 
rate it is degrading. Then you could have some advance 
warning of when you would have to replace a com
ponent. This is what I would call plant surveillance. I 
have personally had to go into two reactors after they 
were designed and built when something broke due to 
corrosion or metallurgy or some other effect, and then 
try to figure out ways to keep tabs on this particular 
phenomenon, to determine rates and magnitudes of the 
problems for future decisions. I would ask that we 
consider developing ways to monitor acceptable per
formance of materials in the plant. 

Mr. Kovacic: I still am convinced that for long 
term, where we are talking about 1200°F sodium and 
possibly use of refractory metal clads, we definitely 
are going to have a need for this type of instrumenta
tion. Also, in special situations like the F F T F closed 
loops. But I still question whether the people who are 
talking about demonstration plants believe they need 
this technology. 

Mr. Draley: For area C, Purification and Control, 
I've asked Ross Humphreys to serve as a discussion 
initiator. 

Mr. Humphreys (ANL): The main area of purifi
cation and control covered in these meetings concerned 
examination of precipitated residues, and the chemical 
states, interactions, and effects of carbon species in 
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sodium. In addition, the programs from . \ I . BXL, and 
BXWL investigating fis.sion products distribution were 
rcfiorted in meetings this morning. 

.\ number of [lapers touched on reaction processes 
which will be needed to develop purity-control levels. 
There is a great deal of study in the laboratory of 
sodium iniiiurity effects which will further define 
allowable levels. 

I think it can be concluded by surveying the ex
perimental programs reported that the cold tra]i is con
sidered sufficient at this stage to give the necessary 
control of system impurities. 

There is one problem area that is being directly at
tacked in this area: basic nucleation and precipitation 
studies for the purpose of leading to optimization of 
cold-trap design. This work is being done at LASL, 
and was reported this morning in a paper by Mc-
I'liectcrs and Biery. 

The fission product studies have not yet reached the 
purilication design stage. We are still developing the 
iiiee.><sary information about general beliavior. 

.Mtogether, with the exception of the L.-\SL work, 
purilication areas in sodium technology arc being 
treated inaiiily by programs having other objectives 
which iieeil caiiability in the area to implement their 
oilier program objectives. 

I think it is time we took an integrated look at the 
purifieation-.system interactions and overall plant re-
ipiireiiients. The present efforts are largely directed to 
meeting the needs of the LMFBR RAD program. We 
iiecil programs directed to satisfy the design and 
oprraliiMial reiniirenients of large. railioacti\"it.v-con-
laniinaleil L.MFHH systems. 

Xow to answer the questions—where are we with 
respect to LMFBH needs; how do we need to improve; 
what reinains to be done? First, a discussion of what 
these needs are. 

The impurity-level requirements will be largely 
established in the materials-compatibility area. The 
types of impurities with which the LMFBR must deal 
fall into two general categories: 

1) Bulk impurities—tbo.se wilh significant chemical 
eoneeiitrations and for whose removal the volume 
rapacity of the removal device is a significant engi
neering and design consideration. These include, ba
sically, the (a) atmospheric impurities: 0 , C, N, and 
H; (b) particulate impurities Icarbon. Fe, Cr, Ni com-
I'ounds, refractory metal oxide, alkaline earth oxides); 
Ic) dissolved structural materials and their reaction 
products. 

The second impurity category is: 
2) Trace-concentration radioactive species. Here 

volume considerations in cold-trap design or reaction 
capacities for reaction removal methods are secondary 

to the shielding and heat-generation requirements for 
removal systems involving high concentrated collec
tions of radionuclides. This class of impurities includi* 
various spectra of fission products and radioactive 
corrosion products from the core region. Here, for 
L.MFBR systems, I think we must assume vented fuel 
operation or operations permitting a small fraction of 
"defected" fuel elements to remain in the core as nor
mal operations, say maybe up to I ' t or some such 
number. 

.\t the present stage it appears that LMFBR puri
fication systems for both priinar\' anil secondary 
coolant systems will be ba.sed on the much used 
forced-convection cold trap, operating continuously 
and Iiossibly supplemented by selective hot-trap or 
ad.sorption units to control specific impurities either 
unaffected by cold trapping or to lc\'els below those 
corres|ioiiiling to eohl-trap .saturation. These latter 
would be used for control of C, O, X, and H levels as 
needs for extended control of these impurities are de
veloiied and for fission product removal us the methotls 
are developed. 

The use of soluble getters for the chemical "trap
ping'' of impurity species offers attractive economic 
and technological advantages. They are cheap; they 
maintain getter materials at the source of impurity 
contaniination: they [H'tmit the control of certain im
purities to much lower levels than cold trapping, or 
hot trapping too for that matter, if a discrete impurity 
source is present. However, sodium with dis.-olved ma
terials is no longer soilium, and a verj' large and ex
tensive nialrrials program with such new media would 
be required before the requircil degree of confidence 
for LMFBR utilization could be met. This, coupled 
with the lack of a presently demonstrated clear need, 
make> the developnient of such .systems for earlv 
LMFBRs unlikely. 

The cold trap will probably remain the workhorse 
of purification systems. Design-limiting parameters 
may cliange from those we have been using. In the 
case of exposed-fuel operations it is likely that han
dling and shielding requirements may dictate geome
tries. Capacities in such cases will be limited by 
radiation and heat-generation level rather than bulk 
imptirity capacities. Thus, traps will tend to be smaller, 
and designed for remote removal and replacement. In 
very large systems for which high flowrates are re
quired, a multi-unit m!»nifolded sy.stem of cold traps 
could be employed, with each unit being routinely re
placed when given radioactivity levels are reached. 

The most likely use of hot trapping, or more prop
erly, solid-liquid reaction control, will be in the area 
of earbon control. In mixeil austenitic-ferritic second-
api- .systems, the maintenance of a critical carbon po-



572 General Discussion 

tential in the sodium may be required to maintain 
acceptable carbon activities in both classes ot struc
tural material. A carbon sink may protect the austen
itic steel in the IHX from carburizing, but it would 
tend to decarburize the ferritic steam generator with a 
significant effect on the mechanical properties of ma
terials. Thus, a level control, one which won't carbu
rize the austenitic steel too much or decarburize the 
ferritic steel, may be required. 

The development of control systems for fission 
products is in a rather primitive stage. We know that 
some will plate out on metal surfaces, that some will 
wind up in the cold trap, and some in the cover-gas 
area; a tew will stay in the sodium. Methods must be 
developed for the control ot each ot these groups, pro
viding removable surface-adsorption and exchange 
columns. 

Purification control of a cover gas includes the need 
to treat xenon, krypton, and their alkali-metal daugh
ters. Possibly nitrogen and hydrogen control will also 
be needed. 

Methods could include high-efficiency processes or a 
combination of dilution-low efficiency systems involv
ing the additions ot inactive xenon and krypton fol
lowed by a low-efficiency removal system. Fractional 
condensation, delay beds, membrane diffusion, adsorp
tion, exchange columns, and decay storage are all 
methods under consideration for the removal of gaseous 
fission products. High heat-generation rates will prob
ably necessitate the use of a dilution step in any proc
ess, such as fractional condensation, that tends to iso
late relatively pure noble gas fractions. System designs 
will be limited by heat transfer and radiation level, 
and must be designed for ease of replacement and 
transportability. 

In the area ot cold traps, our present state of 
technology still leaves much to be done. We need more 
and better precipitation nucleation, as well as crystal
lization data for cold-trapped species in sodium. In 
addition to the oxides, this also includes the consider
ation of other dissolved interstitials, as well as metals 
and corrosion products. We need better system-design 
criteria to utilize crystallizer tank volume in nonra
dioactive systems and to prevent inlet plugging. We 
need to know more of what the effects are to a reactor 
system ot a temperature excursion in the cold trap. 
We need to establish purification procedures for clean
ing a system following a maintenance or other opera
tion resulting in significant system contamination. We 
need to know more about fission products interaction 
in the heat economizer and crystallizer tank sections 
ot a cold trap, as well as about coprecipitation or 
adsorption processes. 

In hot-trap technology we need both technology 
development and the establishment ot design criteria. 
Hot-trap systems will be needed in LMFBR R&D 
programs in which specific impurity levels are treated 
as independent variables. Materials interaction data 
and system kinetics are needed for getters specific to 
0 , C, H, and N. For carbon traps which may be used in 
large, mixed-materials systems information on 
possible regeneration methods for trap material would 
be helpful. 

Mr. Horton: The reason why the diffusion cold traps 
in Russia look so good, in fact look as good as our 
flow'-through cold traps, is that we are probably run
ning our flow-through cold traps completely opposite 
to the way they should be run. Los Alamos is studying 
cold-trap kinetics; they show that the driving force 
for precipitation of sodium oxide increases with sodium 
velocity. We are running flow-through cold traps with 
very low sodium velocity, and that's opposite to the 
way we should be running them. 

Mr. Draley: Perhaps instead of precipitation, you 
meant precipitation and deposition. 

Mr. Zitek (ComEd): I would like to commend 
Humphreys for his evaluation ot the problems from an 
operational standpoint. I think you hit things on the 
head. I had come to the conclusion trom listening to 
all the papers the last tew days that we should just 
run the cold traps at their maximum capacity and take 
what we get. This might not be adequate for materials 
compatibility if we have ferritic and stainless steels in 
the overall system; we probably would have to main
tain a certain carbon level to eliminate or minimize 
the decarburization and carburization. I would like 
some opinion as to whether my feeling is correct that 
if we put in more cold-trap capacity than is calculated 
and run continuously we might not need monitoring as 
close as we are attempting. 

Mr. Humphreys: Until we develop more skill and 
more knowledge of the requirements, that is the only 
method available to us. I feel it will be preferable to 
run some things at controlled levels, after we learn to 
optimize. 

Mr. Draley: Gentlemen, thanks very much. I would 
like to address our attention to the last area. It we 
didn't have any problems which would not yield 
quickly to short-term experimental tests, we probably 
wouldn't care about basic chemistry. I t seems very 
important to know something about the basic chemistry 
of these systems, and Hal Feder will address himself 
to that. 

Mr. Feder (ANL): I will right away violate the 
chairman's precept to stick to the subject. I think the 
subject should have been basic chemistry and physics. 
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Listening to the results of these three days, I was a 
little bit appalled because some of the physical proper
ties of extreme importance haven't even been dis
cussed; for exaniple, the compression isotherms of 
sodium at pressures up to 200 megabars and tempera
tures up to 2000"C, which are essential kinds of in
formation for the reactor safety people. .Such measure
ments obviously haven't been reported, and I don't 
even know if they're being worked on. I cannot stress 
too much the importance of the physics of sodium; we 
should not be having sessions like this without any in
put in this area. 

One further point about the physics of sodium. Be
cause it's a rather unusual solvent, its physical prop
erties—electrical conductivity, electronic and atomic 
structure—are very important to us and to the chem
istry of the situation. I would venture to say that if 
we understood more in this area we would have less 
chemistry to do. For example, one of the symposium 
speakers reported on a physical model for the solu
bihty of the inert gases in sodium; it would seem fairly 
obvious that we should test and apply the model. At 
this point I will issue a challenge to the gentleman who 
has proposed the physical model for the solubility of 
inert gases. Dr. Veleckis of this Laboratory, to predict 
the solubility of helium (which I believe he's going to 
measure), put the prediction in a sealed envelope, and 
see later it he has, in fact, got the right answer. I'm 
very hopeful that he will. If this kind of approach suc
ceeds, then we can be hopeful that the solubility of 
zirconium, for example, or some other diffictilt-to-
mensure material in sodium, may yield more rapidly 
or more clearly or more completely to theoretical 
analysis than to the awful difficulties of measurement. 
Of course, this doesn't mean we shall not need to verify 
the predictions—we'll have to verify them—but I be
lieve there's a great and important future in this area. 

Now, with regard to the question Ken Horton 
raised, are we doing basic chemistry in a vacuum, so 
to speak, without regard to materials compatibility? 
Certainly, trom the papers I heard these last three 
days, I'd say that is not the case. .\ll the papers re
porting in this area have a connection with the ques
tion of materials compatibility. Sometimes the con
nections seems a bit tenuous; but it may seem tenuous 
only because the experimenter is looking for phenomena 
which m.ay become materials-compatibility-controlling 
upon long-term exposure. This is a perfectly reason
able and normal kind of research to do—and if we 
don't do it, in fact, we'll be in considerable trouble. 

Xext, let me address the questions that the chairman 
posed. How are we with respect to LMFBR needs, and 
what do we need to impro\e? If we consider the period 

since about 1951 as the period of modern, solid investi
gations in sodium technology and chemistry. I think 
we have moved to a verj' good position relative to 
where we were only in the past few years. In par
ticular, I think that the acceleration of effort and the 
acceleration of obtention of useful results in the past 
two years has been remarkable. I think we need to 
maintain this accelerated pace for some time in order 
to meet the scheduled needs of LMFBR. Emphasis, it 
would seem to me, will have to shift from generalities 
to details. I t is clearly not going to be desirable in the 
future to talk about total carbon in systems and to 
wave one's hands with respect to carburization po
tentials; rather, I believe, we will need to know pre
cisely the rates at which various carbon-bearing siiecies 
are formed from steels, precisely the rates at which 
they diffuse or transport through systems, precisely the 
rate at which the various species react with steels and 
carburize them or interact with other impurities, and 
so forth. The point I'm making is that we are in a pe
riod of breakthrough from the general to the specific in 
many areas, and this is an important notion to follow 
through on. 

I would also make a special plea at this point for 
more qualitative observ'ations. This may seem contra
dictory, but it's not meant to be, for occasionally it 
pays to give less attention to quantitative measure
ments and a great deal more attention to phenome
nology. I think sodium technologists have been remiss 
in this area. It is a remarkable fact that after 18 years 
of looking at plugging meters, only this year has it 
been establi.iiied that it's not always sodium oxide that 
plugs. There's pure phenomenologv'. It's a remarkable 
fact that after nearly 20 years of measuring the car
bon content of sodium, we found only two years ago 
that when liquid sodium is sampled into a pipette its 
carbon content segregates. It's a remarkable fact that 
only recently have we become significantly aware that 
metallic mass transfer might be due to phenomena 
other than simple solution-crystallization cycles—that, 
in fact, film breakaways, oxide-particle transfers, 
surface diffusion and other things may be important. 
Phenomenology! I cannot stress enough how important 
it is that we examine all the possibilities, not just the 
naive and simplistic ones, in order to see what's going 
on, before we hasten to make measurements. Finally, 
insofar as there is a demand for data for design needs, 
all I can say is that we'll respond to the design needs 
only to the extent we understand the system. If we 
overlook important phenomenology, many of our 
measurements will have no bearing on design needs. 
If we understand the phenomena that the designers 
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are going to encounter in real systems, we can make 
the appropriate measurements. 

Mr. Draley: I found those remarks valuable and 
thought-provoking, and as I listened to them I thought 
that they probably hit home to us quite a bit in sodium 
technology. 

Mr. Zitek: I was glad to hear you make the state
ment that, considering that we have been looking at 
sodium since 1951, the technology has not moved as 
well as one would expect. I made this statement at a 

meeting in Cincinnati this spring, and there were quite 
a tew people that sort of hit me on the head for doing 
it, but you have confirmed my feeling on the subject. 

Mr. Draley: Since there is no further enthusiasm 
for discussion, let me thank you all for your participa
tion in the meeting, tell you all how glad we have been 
to have you come and contribute to what has ap
peared to me a very valuable meeting (I hope you feel 
that way, too). The Conference on Sodium Technology 
is adjourned. 
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