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Preface 

The Sodium Components Development Program (SCDP) is a 
Commission-wide effort to develop within the industrial 
complex of the United States competence for manufacturing 
safe, reliable, and economical components for advanced 
sodium-cooled nuclear power plants and the supporting 
technology to achieve this objective. 

One of the purposes of the SCDP is to coordinate and 
foster the exchange of information in the area of components 
for sodium-cooled reactors. This information meeting is 
one of the ways in which the exchange of information is 
accomplished. 

In accordance with the theme of the meeting, "Materials 
for Sodium-Cooled Reactors," the first day was devoted to 
development work in the area of materials and material experience 
from operating reactors. The second day included papers on 
current SCDP-sponsored work which had been completed since 
the last SCDP meeting in Hollywood, California on April 14-15, 
1964. Also included in the second day were papers from the 
United Kingdom, Euratom, and Interatom. 

Grateful acknowledgement is made of the services of the 
session chairmen, C. A. Pursel, R. J. Gariboldi, and 
R. H. Jones; and of the panel chairmen, D. Gurinsky and 
A. Amorosi. A special thanks to S. F. Burton, G. C. Gower, 
A. G. Hosier, D. I. Marshall, and C. L. Povalish for their 
assistance. 

JOHN J. PURCELL* 
Program Chairman 

* U. S. Atomic Energy Commission, Chicago Operations Office 
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Welcome 

M. E. Jackson 
U. S. Atomic Energy Commission 

It is a pleasure for me to welcome you on behalf of the 
Chicago Operations Office to this information meeting of 
the Sodium Components Development Program. The fine 
turnout for this meeting is evidence of the strong interest 
in sodium component development work. In this meeting 
emphasis will be placed on material considerations in sodium-
cooled reactor design. I have always taken a personal 
interest in material development, so I intend to use this 
meeting to bring myself up to date on material development 
for sodium-cooled reactors. 

There will be no formal lunch either day of the meeting. 
However, for those of you who wish to eat lunch here at 
the hotel, the Pompeian Room on the first floor will be open. 
There will be a formal dinner this evening in this room 
preceded by a half-hour cocktail session. 

At this time I would like to introduce to you Ralph Jones 
of the Liquid Metal Cooled Reactors Branch in Washington. 
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Introduction 

R. H. Jones 
U. S. Atomic Energy Commission 

Gentlemen, it's nice to again see so many people interested 
in the Sodium Components Development Program. I have 
assurances from John Purcell, who has handled all the 
arrangements for the meeting, that we are going to have 
some fine presentations. In accordance with our greater 
emphasis on quality control, we should have a most 
enjoyable meeting, since we have now standardized the 
sizes of slides which are acceptable for these meetings -
so let's look forward to everyone's slides being readable I 

The theme of our meeting here in Chicago is "Materials for 
Sodium Service." Instead of commenting on the problems 
associated with materials development, I would like to 
mention a few of the things which should be ground rules 
for our R&D programs: 

1. The experiments should be run in environments 
representative of large primary and secondary 
sodium systems. Eventually, the primary environment 
should include typical fission products concentrations. 

2. The levels of contamination in the test environment 
should be based on accurate measurements. 

Now, my reason for stressing the importance of the 
experimental sodium environment is that, no matter how 
much R&D work has been done, no matter how wonderful the 
results, this work is of little value until it can be 
translated into the language of the designer, fabricator, 
and operator. To assure that this translation can be 
accomplished, the environmental factors must be completely 
and accurately known. 

Hence, the goal of your materials development program will 
ultimately take the form of usable engineering data that 
can be used as a foundation for: 
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Introduction (Continued) 

1. Good design practice, 
2. Good experience application, 
3. Good fabrication procedures, and 
4. Good operating practices. 

These four requirements for successful sodium-cooled reactors 
must be fulfilled from our research and development activities. 
Each of our sodium projects has demonstrated our dependence 
on these four factors; as examples, I will cite several 
that you are well aware of: 

1. The Hallam IHX tube failures from excessive vibration, 
2. The EBR-II oscillator rod bearing failure, 
3. The SCTI secondary pump motor burn-out, and 
4. The Fermi steam generator tube failures. 

In each case, one or more of the four requirements were 
overlooked. To avoid these oversights, you will soon become 
aware of greater emphasis on: 

1. Design review, 
2. Quality control and inspection, 
3. Proof-testing, and 
4. Operating procedures. 

Now, just a few words on our fast reactor program and how 
materials will influence it. Our program objectives are to 
produce a fast breeder prototype reactor by 1973, having a 
bulk sodium outlet temperature of 1200 F and turbine throttle 
temperature of 1050 F. On the basis of present technology, it 
appears tha t fuel cladding hot spot conditions may require 
materials other than stainless steel. However, our optimization 
studies will determine the best overall plant economics for 
various temperatures and materials. These studies could 
result in our accepting a back-off temperature condition to 
avoid certain materials problems. If a lower temperature is 
selected, we want it to be for optimum economics - not lack 
of technology. Therefore, your work on materials in sodium 
during the next few years is of utmost importance to the 
fast reactor prototype design effort. 

On behalf of Dr. Wensch, I wish to convey his thanks to you all 
for participating in this meeting and his hope that you will 
find it of benefit to you and to your respective companies. 
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MECHANICAL PROPERTIES OF MATERIALS IN SODIUM 

By 

R. C. Andrews and F. Tepper 

MSA Research Corporation 

Gallery, Pennsylvania 

The Sodium Components Group sponsored the Mechan-'cal 
Properties Research Program at MSA Research Corporation for 
the purpose o£ determining the effect of sodium on the mechani
cal properties of austenitic and ferritic steels. The 
underlying basic philosophy of this program is to determine if 
the allowable stresses, as established by mechanical property 
tests in air and inert gases, are adequate for the design of 
long-time systems and equipment in sodium. 

The tests being employed are conducted in flowing air, 
static helium and flowing sodium. All of the liquid metal 
studies are being conducted at MSAR in two isothermal dynamic 
sodium loops of 316 ss containment material. A major portion 
of the air and helium tests are conducted at the University 
of Michigan under the direction of Dr. James Freeman. The 
tests being employed to compare the effects of the different 
environments include creep, creep-rupture and fatigue, plus 
tensile and impact on pre-exposed and original specimens. 
Appropriate chemical and metallographic analyses are used in 
evaluation of the effect of the environments on the composi
tion and microstructure of the structural alloys. 

The test materials selected for this program are 
Type 316 stainless steel at 1200 F, as representative of the 
austenitic steels, and 2-1/4% chromium-1% molybdenum steel 
at 1100 F, as representative of the ferritic steels. Type 
304 stainless steel is scheduled as the next material to be 
tested. In addition to "clean" sodium, the effects of con
taminated sodium on the mechanical properties are also being 
compared. The contaminants currently being studied are 
oxygen and carbon. 

The previous information meetings covered the 
mechanical property studies with 316 ss in air, helium and 
low oxygen sodium, and 2-1/4 Cr-1 Mc steel in air, helium 
and both high and low oxygen sodium. Since the last meeting, 
the program has been concerned with the mechanical properties 
of 316 ss at 1200 F in both carbon-rich and oxygen-rich 
sodium systems. To date the operation in the high carbon 
system alone has resulted in 27,000 hours of mechanical 
testing with the generation of over 600 test specimens and 
monitoring tabs of various types. During this same period 
approximately 470 sodium samples have been analyzed, of 
which 365 were analyzed for carbon with the remainder for 
oxygen and emission spectrograph. Therefore, this program 
has provided a wealth of information on the carburization 
phenomenon in a high carbon sodium system. During this same 
period the studies in the high oxygen sodium system have 
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provided similar data of equal interest. 

As reported at the time of the previous meeting, the 
effects of low oxygen sodium on the mechanical properties of 
316 ss under these conditions did not appear to be signifi
cantly detrimental. A very brief summation of results shows: 

1. The creep-rupture strength of 316 ss at 
1200 F to be equal in all three environ
ments (air, helium and low oxygen sodium) 
over the rupture times (100 to 4000 hours) 
covered by this program. 

2. The creep rates of 316 ss at 1200 F in 
helium and low oxygen sodium, as compared 
to air, show a 12% decrease in the stress 
necessary to produce a minimum creep rate 
of 1% in 10,000 hours. 

3. In comparison to air, the low strain 
fatigue life in helium and sodium increased 
by a factor of 4. 

In contrast, the current studies in carbon-rich and 
oxygen-rich sodium environments at 1200 F are showing signifi
cant effects on 316 ss mechanical test specimens as well as 
monitoring tabs of 304 ss and 2-1/4 Cr-1 Mo steel. Generally 
the effects are detrimental and would result in a downgrading 
of the usefulness of these materials under these conditions. 
Both of these studies are in the final stages of testing. 
The metallographic examination of the many test specimens 
generated is in progress. Therefore, final conclusions should 
not be made at this time. However, sufficient work has been 
completed to allow us to indicate what we believe to be the 
main conclusions at this time. 

EFFECT OF HIGH CARBON SODIUM ON MECHANICAL 
PROPERTIES OF 316 SS AT 1200 F 

Without going into details at this time, the opera
tion of the high carbon sodium environment can be stated as 
being centered around an instream carbon bed. A portion of 
the sodium flow at 1200 F is circulated as necessary through 
this bed to maintain a plugging temperature of 750-800 F. 
At the same time a circulating cold trap is used to maintain 
the oxygen level at less than 30 ppm. The operating pro
cedures were established during preliminary runs and were 
found to be effective in maintaining the carbon concentration 
in the sodium system at a sufficiently high level to assure 
the high carburization environment desired for this study. 
The mechanical tests (creep-rupture, creep and fatigue) took 
place in this system at 1200 F as well as the 4000 hour 
exposure of other specimens for further testing in air, 
helium and high carbon sodium environments. Tabs for meta)-
lurgical examinations were also exposed during each run. 
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The extensive carburization under these conditions of 
316 ss, 304 ss and l-l/\ Cr-1 Mo is clearly substantiated by 
the results of the carbon analyses of the specimens and tabs, 
as well as their weight changes, microhardness profiles and 
photomicrographs. For example, the average changes in carbon 
content of the monitoring tabs accompanying the 4000 hour 
creep tests are shown in Table 1. 

TABLE 1 - TOTAL CARBON CHANGE IN 4000 HOURS 
OF 65 MIL SHEET SPECIMENS 

Original Carbon Final Carbon Carbon Case 
Material ppm ppm Thickness-mils 

304 ss 667 9555 6.8 

316 ss 480 6115 5.6 

2-1/4 Cr-1 Mo 981 3334 None 

During the preliminary runs, prior to the mechanical 
tests, the carbon diffusion coefficient for carbon in 316 ss 
was calculated based on thin tabs. A comparison of the total 
carbon pickup of all the 316 ss specimens against the 
calculated diffusion rate based on the carbon diffusion is 
shown in Fig. 1. The calculated curve is based on Pick's Law 
in the form: 

Cm-Co 1.128 r>̂  

Where: Cm = mean concentration at t 
Co = original concentration 
Cs = surface concentration 
L = 1/2 specimen thickness (cm) 
D = diffusion coefficient 
t = time - sec. 

While there is considerable scatter, the overall agreement 
appears to be good. Some of the scatter can be attributed to 
the different positions of the specimens in the test units. 
The mechanical test specimens were in the main stream while 
the monitoring tabs were in an annular space between the inner 
and outer shell of the test units. The carbon sample from the 
specimen may also have contributed to the overall scatter due 
to difficulties involved in obtaining uniform samples without 
changing the ratio between the carbon case and the overall 
sample. The analyses of the specimens as well as statistical 
analyses of the data is continuing. 

As will be pointed out in the metallurgy section, 
extensive carburization resulted in the formation of a surface 
carbide case upon the 316 ss mechanical test specimens. This 
hard and brittle case directly influenced the mechanical 
properties of the specimens generally in the manner of losses 
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in ductility and increases in creep and rupture strengths. 
Specific results of the mechanical tests follow. 

Creep-Rupture of 316 ss 

Results of the six creep-rupture tests conducted in 
the high carbon sodium system at different stress levels, over 
times of 100 to 5000 hours, are shown in Fig. 2. The creep-
rupture curve from the air, helium ana low oxygen sodium 
environments is shown for comparison. The comparison dis
tinctly shows the increase in the creep-rupture strengthi after 
about 300 hours in the carburizing environment. The results 
of the mechanical tests in air and helium on 4000 hours pre-
exposed specimens are incomplete at this time. Specimens 
exposed for 4000 hours, unstressed^ in the high carbon sodium 
have been mechanically tested in the same environment and the 
data is included in Fig. 2. These results continue the trend 
of increased rupture strength with increased exposure times 
(increased carburization). A corresponding decrease in 
ductility was experienced in the high carbon-sodium environment. 
This is illustrated in Table 2 by comparison of the elongation 
and reduction of area data from the low oxygen-sodium with the 
high carbon-sodium runs at equal stress levels, 

TABLE 2 - COMPARISON OF DUCTILITY OF 316 SS DURING 
CRHEP-RUPTURE TESTS IN LOW OXYGEN-SODIUM 

AND HIGH CARBON-SODIUM ENVIRONMENTS 

Stress 
Psi 

27,500 

24,000 

21,500 

20,000 

Creep Rat 

Elong 

Low Oxygen-
Sodium 

74 

62 

70 

53 

B - 316 ss 

ation 

Hi 

. % 

gh Carbon-
Sodium 

i-N_J 37 

24 

20 

8 

Reduction 

Low Oxygen-
Sodium 

50 

49 

46 

36 

in Area - * 

High Carbon-
Sodium 

20 

17 

17 

0 

The influence of the high carbon-sodium environment on 
the creep rate of 316 ss was both significant and distinctive 
as compared to the other environments. Three creep runs at 
different stresses were conducted for 4000 hours. The change 
in the creep rate versus time is shown graphically in Fig, 3, 
The curves clearly show the influence of the carbide case 
being formed during the creep runs. The creep rates at the 
low stresses appear to pass through stages of varying rates 
as indicated by the inflections of the creep curves during the 
second stage. The final minimum creep rates were maintained 
for only a brief time. There did not appear to be character
istic second stage creep periods under these conditions. 
Without attempting to evaluate their meaningfulness at this 
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time the minimum creep rates obtainea during these runs are 
compared in Fig. 4 to those from the air, helium and low 
oxygen-sodium environments. 

The minimum creep rate reached under the highest 
stress shows substantial agreement with the minimum creep data 
from the creep-rupture runs. However, the two creep runs at 
the lower stresses do not appear to fit the other data. Be
cause of the markedly changing character of the material during 
test, interpretation of the creep data is complex and should 
not be regarded in the same light as creep properties of 
homogeneous material. 

Fatigue Tests 

The high temperature, cyclic strain fatigue tests 
consisted of triplicate specimens run at three different strain 
levels in the high carbon-sodium system. As previously re
ported, the fatigue life of 316 ss is increased in the low 
oxygen-sodium system as compared to air under these test 
conditions. This continued to be true in the high carbon-
sodium system but to a lesser degree. The change in fatigue 
life of 316 ss due to the high carbon-sodium system can be 
seen in Fig. 5 where the fatigue curve for the high carbon-
sodium runs is compared with the low oxygen-sodium system. A 
consistently shorter fatigue life was experienced in the high 
carbon-sodium system as compared to the low oxygen-sodium 
system. Considering the brittle nature of the carbide case, 
and knowing that fatigue failures are sensitive to surface 
effects, it might be reasoned that even greater differences in 
the fatigue life of carburized specimens might be observed at 
lower temperatures where materials are less ductile. The 
fatigue of specimens exposed only 270 hours showed scattered 
results ranging from 100 to 300 cycles when tested in air, 
helium and high carbon-sodium. 

EFFECT OF HIGH OXYGEN SODIUM ON MECHANICAL 
PROPERTIES OF 316 SS AT 1200 F 

The mechanical testing in the high oxygen-sodium 
system was identical to the low oxygen program with the ex
ception that the cold trap was operated at a temperature of 
700 F. The difference in the oxygen concentrations therefore 
was 300 ppm rather than 30 ppm. The results of the testing 
completed to date will be discussed, but the final conclusions 
must await the completion of the mechanical tests on exposed 
specimens and complete metallurgical examination of the 
numerous specimens. While the influence of the high oxygen-
sodium system on the mechanical properties may not appear as 
spectacular as the high carbon-sodium environment, the results 
may be more difficult to interpret. Some of the effects 
observed are: scattered weight changes of the test material; 
an increase in scatter of the mechanical test results; the 
formation of scale on the specimens; scattered carburization 
(although relatively low as compared to the high carbon 
environment); and, general mass transfer of metals. These 
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phenomena occurred in varying degrees during supposedly similar 
test runs. The data, therefore, offers a challenge in 
evaluating the significance of observed differences in test 
results. 

Creep Rupture 

The five completed runs and one run still in progress, 
each at different stress levels, are shown in Fig. 6. The 
creep-rupture of 316 ss in air, helium and low oxygen-sodium 
are also shown for comparison. Little difference is observed 
for short-time tests up to 1000 hours. However, the picture 
is not as clear for longer times. The 17,750 psi stressed 
specimen showed a rupture life in agreement with the former 
environments but with an unusually high loss in ductility. 
The succeeding two specimens revealed significant increases 
in rupture strength. This apparent scatter has not been 
resolved at this time. In general, the specimens exposed to 
this environment showed a small, but consistent, reduction in 
ductility. 

Creep Tests 

The primary and secondary creep rate curves appeared 
to be of normal character. However, no third stage creep 
rates were reached during the 4000 hour runs. The minimum 
creep rates, as shown in Fig. 7, show a good correlation with 
the values obtained from the creep-rupture tests. In the 
range of interest of this program (0.1% in 1000 hours) the 
minimum creep rate in high oxygen-sodium appears to be less 
than in either the low oxygen-sodium or helium environments, 
but higher than in air. 

Fatigue Tests 

Of all the mechanical tests completed to date, the 
most difficult to interpret at this time are the fatigue 
results for the high oxygen-sodium environment. As compared 
to the low oxygen-sodium environment a decrease in fatigue 
life was found at the low strain but an increase was apparent 
at the intermediate strain. Equal strengths were observed at 
the highest strains. When these two environments are there
fore compared with regard to fatigue life two entirely 
different shaped curves are obtained, as shown in Fig. 8. 
Final conclusions and analyses may be clearer upon completion 
of the metallurgical examinations. 

* * * 

These then are the highlights of tlie mechanical tests 
in the two current environments under study. Time does not 
permit a discussion of the many other observations and studies 
associated with this program. The analytical program alone is 
worthy of considerable attention. All of these will be in
cluded in the topical reports covering these programs. Howevei, 
in order to clarify the results as much as possible at this 
time, the overall broad results observed to date during the 
metallurgical studies are included in the following section. 
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EFFECT OF CARBON ON MICROSTRUCTURE 
AND COMPOSITION OF STRUCTURAL MATERIALS 

Post test evaluation of samples exposed to a carbon-
rich sodium environment included metallographic analysis, 
macro and microhardness measurements, weight change measure
ment, surface X-ray diffraction and microprobe analysis. The 
following generalizations describe the more important effects 
that were noted. 

A numbei of tabular materials were exposed to the 
carbon-rich sodium environment. Gains in carbon content by a 
number of alloys of unit thickness and exposed for a single 
exposure time (521 hours) are of the approximate order: 
321> 304> 309> 316> Incoloy 800 and 310 > 330> 2-1/4 Cr-1 Mo> 
Inconel 600>Nickel and Armco iron. The nickel and Armco iron 
did not absorb carbon in this test environment. The above 
relationship is likely to be altered at longer durations of 
exposure due to differences in carbon diffusion rates and 
differences in rate at which super-saturated carbides are 
precipitated from solid solution. 

The effects of carbon-rich sodium on 316, 304 and 
2-1/4 Cr-1 Mo were studied extensively. The study of 316 and 
304 corrosion tabs resulted in the following conclusions: 

1. For the first few days of exposure 316 and 
304 carburize at approximately the same rate 
(0.23 mgms/cm2/day). After this initial 
period, the carburization rate of 316 de
clines more rapidly than that of 304. Fig. 9 
compares the case thicknesses of carburized 
304 and 316. The more rapid carburization of 
the 304 is accompanied by a greater trans
formation rate from austenite to ferrite 
as evidenced by metallographic observations. 
Greater ferromagnetic behavior is also seen 
in exposed 304, even when the 304 has 
absorbed less carbon than the 316. 

2. Analysis of carbide residues from each alloy 
indicated that the more carbon-rich M7C3 
phase is more predominant in 304, while the 
M23C5 phase exists in carburized 316 even at 
equivalent carbon levels in the two alloys. 

3. Weight gain data tends to be less scattered 
than carbon analysis in indicating carbon 
absorption levels. This is due to difficulty 
in sectioning heavily carburized specimens, 
where cutting can occasionally result in loss 
of the brittle carbon-rich case. 

4. Microhardness profiles are instructive in 
characterizing the carbon diffusion wave. 
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Little effect of stain-inducing carbon dif
fusion was noted in this carbon-rich sodium 
environment. Previous examination suggested 
that in a carbon-poor environment, carburiza
tion may have been enhanced by strain, 

Microprobe analyses showed depletion of Cr and 
Ni from the surfaces of carburized 316 and 304 
after having been exposed 2000 hours, but de
pletion only occurred to shallow depths (<6 
microns). Longer term exposure (5380 hours) 
to the carbon-rich sodium environment showed 
a distinct difference between 304 and 316, 
Fig, 10 shows a microprobe profile of 304 that 
had been carburized in the carbon-rich sodium 
environment. The 304 had formed a chromium-
rich outer carbide layer, while the 316 still 
showed slight surface chromium depletion. The 
mass transfer of iron to nickel and Inconel 
was also noted (Fig. 11). An iron rich (̂ 5̂0%) 
layer was found on nickel to a depth of 
approximately one mil. 

Differences in carburization rates were noted 
in various portions of the loop. Carburiza
tion appears to be less rapid farthest from 
the carbon bed, or in a stagnant flow 
environment. Scatter in carburization rates 
were also noted where the specimens were 
masked by a massive metal sink, such as in 
fatigue testing where the mandrel tended to 
shield fatigue specimens. 

Thin austenitic structural components such 
as valve bellows were fully penetrated by 
carbon. With such carbon levels, these 
members were as friable as potato chips. 

The room temperature impact properties of 316 
and 304 were reduced almost 50% when aged in 
helium for 4000 hours. This reduction was a 
result of sensitization (carbide precipita
tion in the grain boundaries). When immersed 
in carbon-rich sodium, impact strength de
clined more sharply and reached a value only 
20% of the original material. A transition 
from ductile to a brittle mode of fracture 
occurred when 304 and 316 were carburized. 

No Sigma phase was noted in any of the 316 
specimens exposed to any of the environ
ments. This may have been partly due to 
the fact that the 316 heat was specifically 
chosen with a composition that would avoid 
or retard sigma formation. 
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11, The mass transfer of metallic constituents 
to the carbon bed was noted. Analyses of 
the carbon constituents transferred and 
the extent of such transfer is still under 
investigation. 

12. Specimens of 316 that were initially 0.060" 
thick swelled up to 1-2 mils in 5300 hours 
as a result of carburization. This swell
ing was approximately proportional to 
carbon pickup and is attributed to lattice 
expansion accompanying carburization. 

Tabular specimens of 2-1/4 Cr-1 Mo were also exposed 
to the 1200 F carbon-rich sodium environment. This alloy 
rapidly absorbed carbon to an equilibrium value of approxi
mately 0,5%, Chrome-moly specimens absorbed less carbon when 
in close proximity to stainless steel samples. 

Carburization did not reduce the room temperature 
impact properties of 2-1/4 Cr-1 Mo, since the carbon that was 
absorbed formed spheroidized carbide precipitates rather than 
a brittle carbide case. In fact, a slight increase in impact 
properties was noted, but was shown to be the result of long 
term thermal effects rather than environmental effects. 

The metallurgical observations described above^ as 
well as other effects that have not been mentioned, provide a 
number of explanations for effects observed in mechanical 
property tests. 

The formation of the carbide case upon the 316 
mechanical test specimen is no doubt responsible for loss in 
ductility and an increase in creep and rupture strength. The 
carbide layer with its higher modulus and strength must yield 
before elongation of the uncarburized stainless substrate 
occurs. With increasing time and resulting increase in 
thickness of the carburized layer, the character of the 
structural material changes to greater strengths, 

A similar explanation is evident for the unusual 
character of the creep curves. The initial creep properties 
are that of the virgin stainless but after sufficient time 
(greater than 2000 hours), the carburized material with its 
duplex character reduces creep rate during the second stage. 
Thus it would appear that the lowest creep rate just prior to 
tertiary creep is characteristic of the carburized material. 

The effect of carbon on cyclic tests is more complex 
and difficult to interpret, primarily since exposure times 
are short and carbide cases constitute but a small portion of 
the cross-sectional area. The reduction of life is likely 
the result of the low ductility of the case. Cracks initiated 
in the case are able to proceed into the unaffected stainless. 
In essence, the high activation energy necessary for crack 
initiation is circumvented by the presence of the non-ductile 
surface. 
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EFFECT OF OXYGEN IN SODIUM ON MICROSTRUCTURE 
AND COMPOSITION OF STRUCTURAL MATERIALS 

The effect of oxygen in sodium on the mechanical 
properties of 2-1/4 Cr-1 Mo were described at the Hollywood 
meeting. Since that time metallurgical evaluation of this 
study has been completed. 

Surface oxidation of 2-1/4 Cr-1 Mo steel in 1100 F 
air appears to be responsible for the lower fatigue life in an 
air environment as compared to those of helium, sodium or 
sodium containing 200-300 ppm oxygen. 

The results of carbon analysis show that decarburiza-
tion is occurring during exposure of 2-1/4 Cr-1 Mo steel to 
1100 F sodium, with higher decarburization rates resulting in 
the presence of added oxygen. Decarburization of Cr-Mo by 
sodium is thought to be partially responsible for a number of 
effects which were more prevalent in oxygen containing sodium 
than in pure sodium. These include: 

1. Reduction of stress-rupture life below 
that of air and helium environments. 

2. Increase of ductility. 

3. Reduction in hardness (both raacrohardness 
and micro-profile). 

4. Further reduction of stress-rupture life 
of specimens pre-exposed for 4000 hours. 

No compositional changes other than carbon depletion 
were noted after exposure of Cr-Mo to low oxygen-sodium. An 
oxide phase is formed on the surface of Cr-Mo exposed to high 
oxygen. Penetration of this corrosive phase into the matrix 
is increased by application of a stress. However, the observed 
corrosion has not measurably affected the mechanical properties 
within the limits of the tests. Such intergranular effects 
should be expected to ultimately affect mechanical properties,' 
with measurable changes evidenced in longer times. 

Metallurgical evaluation of the study on the effects 
of oxygen in sodium on 316 is not yet complete. However, pre
liminary analysis of this test series indicates that the 
effects of oxygen in sodium on microstructural and composi
tional changes are not as clear-cut as in the case of carbon 
contamination. This is a result of a number of factors 
including: 

1. Corrosion of stainless steels by oxidation 
process resulting in scale-like corrosion 
products. Weight gain data is highly 
scattered due to the loss of corrosion 
deposits either by mechanical or thermal 
effects. 
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2. Carbon transfer can occur and superimpose 
effects over that of oxidative corrosion. 

3. Mass transfer of metallic species occurs 
more readily with oxygen contamination. 

Preliminary observations on this test series are as 
follows: 

1. Stainless steels (304 and 316) are oxidized 
more readily in 1200 F sodium containing 
300 ppm oxygen than in 1200 F air. X-ray 
examination of surfaces reveals the presence 
of oxides of the form NaxMyOj. Microprobe 
results (Fig. 12) confirmed this layer to be 
rich in chromium, indicating that the oxide 
layer is sodium chromite. Extensive surface 
porosity was also indicated. Intergranular 
penetration of oxygen is not as rapid as 
with carbon. 

2. A number of stainless steel samples showed 
slight carbon increases to approximately 
0.1%. The source of this carbon is thought 
to be ingestion of trace quantities of CO2 
during opening and closing of test pots. 

3. The impact properties of 316 and 304 were 
reduced below that resulting from thermal 
effects alone. However, the reduction in 
impact strength was not as great as that 
caused by carburization. 

Tabular samples of 2-1/4 Cr-1 Mo were exposed to 
1200 f sodium containing oxygen. Decarburization was found to 
occur much more rapidly than at 1100 F. Weight gain data, 
although scattered, shows that chrome-moly oxidizes considerably, 
although concurrent weight loss due to mass transfer is sus
pected. Slight increases in impact properties were noted, and 
are probably due to decarburization. 
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GENERAL ELECTRIC SODIUM MASS TRANSFER PROGRAM 

R. S. .Young 

R. V .̂ Lockhart 
General Electric Company 
Atomic Products Division 

Advanced Products Operation 
San Jose, California 

PROJECT STATUS 

A study of mass transfer and corrosion of materials in flowing sodium 
has been in progress at General Electric since late 1959 as part of the 
AEC Sodium Components Development Program. The objective of this 
work has been to evaluate the use of candidate materials in sodium cool
ed reactors in non-nuclear loop tests and to develop a means of predicting 
corrosion or mass transfer rates in full sized systems. The initial phase 
of testing 316 stainless, 2^ Cr-1 Mo (2^ Cr) and 5 Cr-^Mo-^ Ti (5 Cr) 
steels in six pumped test loops is complete. This involved the determin
ation of the effects on mass transfer of three primary variables: loop 
maximum temperature, overall loop AT and oxide impurity level as 
measured by plugging temperature. The materials from which hot and 
cold legs of test loops were constructed and in which specimens of like 
materials were tested are shown in Table I. 

TABLE I 

MATERIAL COMBINATIONS IN MASS TRANSFER TEST LOOPS 

lOOp # 

1* 

2 

3* 

4* 

5* 

6* 

Hot Leg 

316 SS 

316 SS 

316 SS 

316 SS 

2i Cr 

5 Cr 

Cold Leg 

316 SS 

2\ Cr 

2\ Cr 

5 Cr 

2i Cr 

5 Cr 

Details of the design and construction of these loops have been 
reported in GEAP-3725. (1) 
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Five run types varying the p r i m a r y var iab les were made in each of five 

loops (*Table I) compris ing the var ious mate r ia l combinat ions. These 

tes ts r epresen ted the minimum combination for two levels of the v a r i 

ables with one interaction run . The run conditions for this five run frac

tional repl icate a r e l isted in Table II (run Types I through V ) . Two 

additional interact ion runs , Types VI and VIII, were a l so made in indi

vidual loops to strengthen the m a s s t ransfer data. The remaining run 

Type VII of the eight possible combinations was not made because of 

cold leg flow fouling due to higher corros ion and deposition r a t e s at high 

tempera ture and high oxygen conditions. Plugging of smal l cold leg pas 

sages was experienced in run Types I and V. 

TABLE II 

TEST LOOP CONDITIONS 

Run Type T max 

I 1200 

II 1200 

III 1100 

IV 1200 

V 1100 

VI 1100 
interaction 

runs VII 1200 

VIII 1100 

Degrees 

AT 

500 

500 

500 

250 

250 

500 

250 

250 

F 

ts* 

450 

305 

305 

305 

450 

450 

450 

305 

*t plugging t empera tu re 305 :^12 ppm oxygen 

450 ^ 50 ppm oxygen 
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Loop #2, a duplicate of Loop #3, was operated at constant run Type II 
conditions to test the validity of extrapolating mass transfer data from 
2800-hour runs (used in the fractional replicate program) to longer t imes. 
The longest run data obtained in Loop #2 was about 20, 000 hours and 
yielded linear mass transfer rates compatible with short-time data. 

Within the past year work has been concentrated in data analysis, com
plete metallurgical, electron microscope, and microprobe examinations 
of test loops, and the design and construction of two new corrosion mock-
up loops. A list of project reports available and forthcoming is attached. 

During the operation of the mass transfer loops, sodium has been ana
lyzed regularly for carbon and metallic impurities. It has not been pos
sible to establish any direct correlation between the level of impurities 
(other than oxygen) and the rates of mass transfer. Similarly, from the 
analysis of these elements and rates for calcium and hydrogen, it has not 
been possible to confirm any of several hypotheses which attempt to ex
plain the appearance of multiple breaks in plugging meter flow curves. It 
is tentatively concluded that these phenomena are related to complex equi
libria which involve compounds of the elements undergoing mass transfer. 
New techniques for obtaining and analyzing large sodium samples are needed 
to determine these effects, and such a program in sodium impurity separa
tions and identification was initiated in late 1964. The methods selected 
for evaluation include liquid ammonia dissolution, distillation, and amal
gamation. The processes are outlined in Figure 1. The chemical form 
of some impurity compounds present in the sodium may change during 
removal of sodium so methods that vary in temperature of operation and 
in chemistry are being used. Capacity for kilogram samples is being 
provided to insure high sensitivity and reliable identifications. 

Emphasis is being placed initially on non-destructive analytical methods 
such as X-ray and electron diffraction for identification of compounds. 
Gases evolved during separations will be collected and analyzed to deter
mine whether decomposition products of unstable compounds are present. 
Separated impurities will be encapsulated to prevent atmospheric contam
ination during identification procedures. 
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The amalgamation system hardware is complete and initial sodium 
samples have been successfully manipulated. Vacuum tweezers have 
worked well for removing residual materials from mercury surfaces. 
Assembly of the liquid ammonia system was completed in June. Filter 
materials for this system have been tested by X-ray analysis of res i 
dues. Duralon and polyethylene have been found sufficiently pure for 
use. Fabrication of the distillation system was completed in July. 

MASS TRANSFER RESULTS 

Statistical analysis of weight change data from the 25 loop runs in the 
five-run-fractional replicate plan, and from supporting runs yielded 
the following general empirical equation for metal loss in hot-leg regions: 

R . v^ '^^^ C^'^^^ exp /l2.845 - ^ M ? ! _ 0.00676 L/D + ^ ^ \ 
\ T+ 460 ^ t+ 1 / 

where 

R 

V 

c 
T 

L/D. 

t 

= 

= 

= 

= 

= 

-

metal loss rate. 

sodium velocity. 

oxide impurity c 

mg/dm -Mo 

ft/sec 

oncentration, ppm 

local sodium temperature, °F 

number of diame 
(L = length and 

time, months 

ters downstream in an 
D. = hydraulic diamete 

isothermal 

r ) 

region 

There is a similar equation for the cold leg. The statistical procedures 

and details of data analysis are contained in GEAP-4183 covering prelim

inary methods and resul ts . GEAP-4830 covers final correlation of the data. 

The empirical equation is most readily used to estimate steady-state 

loss rates at the beginning of an isothermal region at temperature T (°F) 
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by omitting the two last terms in the exponential containing diameters 
downstream and time in months. Effects of operating variables and the 
primary variables on mass transfer are separately listed below for 
clarity. 

Oxide - Rates varied directly in proportion to the oxide impurity 
level in the sodium. 

Velocity - Measured rates varied linearly with sodium velocity. 

Time - After an initial transient period of several hundred hours, 
the observed rate approached linearity. The reciprocal time term 
in the exponential of the empirical equation was inserted to account 
for an initial non-linear transient. This transient appeared to 
correspond to the establishment of a modified Fe-Ni-Cr composition 
layer on 316 SS. 

Sample temperature - An increase of 100°F produced approximately 
a three-fold increase in rate . 

Loop maximum temperature - Loop Tmax was found to have no effect 
on observed rates at locations other than the Tmax position. Local 
sample temperature remained the controlling factor. 

Loop AT - Varying AT between 250°F and 500°F produced no 
significant change in measured ra tes . 

Mass transfer data analysis showed no statistically significant difference 
in rates between 316 SS, 2^ Cr or 5 Cr steels. All were observed to 
undergo mass transfer to an equivalent extent within the accuracy of the 
weight change measurements obtained. An example of metal loss rates 
applicable to the three steels tested obtained from the derived empirical 
equation is shown in Table III. 
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TABLE III 

MASS TRANSFER RATES VERSUS OXYGEN AND TEMPERATURE 

Average Metal Loss in mils /yr at 20 ft/sec Sodium Velocity 

Oxide Impurity Content in Na 
Temperature °F 10-15 ppm 45-50 ppm 

1000 0.05 0.25 

1100 0.15 0.75 

1200 0.39 1.9 

1300 0.95 4.7 

The material loss rates given in Table III are average values. A factor 
of ~5 variation in the data is observed. Taking into account the statis
tical variations, the maximum values expected for 1200°F operation and 
at the low oxide level shows loss rates in the vicinity of 2 mils per year. 
This is prohibitive for some in-core components such as thin claddings. 
This implies that for bulk temperatures above 1100°F, very low oxygen 
contents must be maintained, for example < 5 ppm at 1200 °F. 

Of the initial primary variables the most significant is the oxide impurity 
level. A model of the downstream or saturation effect has been developed 
which correlates most of the existing data, but this remains to be fully 
confirmed. The present data do not permit unequivocal distinction be
tween local velocity and mass flow rate as a primary variable. Because 
of the complexity of the possible interactions in a loop system with a 
large AT, it has been concluded that reactor mock-up loops with appro
priate scaling of geometry and flow are necessary to improve the range 
of applicability of loop testing resul ts . 
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LOCALIZED CORROSION EFFECTS 

The occurrence of specific transport effects have been reported pre
viously. These effects involve the selective but not spatially localized 
transport of chromium and nickel in low oxide (~10 ppm) impurity runs, 
the selective transport of iron in high oxide (~50 ppm) impurity runs, 
and the release of carbon from 2\ Cr-1 Mo and subsequent uptake by 
316 SS in the same loop. 

Metallurgical examination of the four test loops has revealed localized 
corrosion effects. Loops that contained 316 SS piping in the entrance 
to the cold leg or "hot-to-cold-leg cross-over region" have invariably 
revealed an intergranular corrosion in this location. The attack rate is 
approximately 1. 7 mi ls /yr . Unless anticipated by design, such a rate 
might adversely affect the integrity of the primary system components 
corresponding to this region. 

An example of the metallographic appearance of 316 SS showing inter
granular attack is given in Figure 2. The observed distribution of this 
attack around the periphery of |-inch pipe sections is uniform. It has 
generally been found to begin in pipe walls several inches downstream 
of loop hot-leg exits where make-up heat is no longer being supplied to 
the system. Occurrence of the attack ceases near the entrance to the 
first cooler. No significant correlation has been observed between attack 
depth and sodium oxide impurity level (12 versus 50 ppm Ox) or tem
perature (1200 versus 1100°F Tmax). Measurements made of 316 SS 
intergranular attack in different loops with different program run condi
tions have remained consistent with a rate of ~1.7 mi ls /yr . 

Electron microscope fractographic examinations of pipe specimens from a 
corroded area have been made. Pipe specimens fractured at liquid nitro
gen temperature (to cause intergranular fracture) revealed the morphology 
of grain surfaces and carbide precipitates. Figure 3 shows a carbon ex
traction replica illustrating the differences between attacked and non-
attacked grain surfaces. The upper right hand corner of the photograph 
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shows the high density of particles identified primarily as CrgoCg that 
is characteristic of heavily sensitized 316 SS and is observed on grain 
surfaces where no intergranular attack had occurred. The remaining 
areas show chemical attack on crystal faces resulting in a stepped pat
tern on grain surfaces in areas of intergranular attack. Relatively few 
larger carbide particles remain in these areas and they maintain sharp 
angular configurations that indicate no attack on the particles themselves. 
Chemical attack of grain surfaces apparently loosened the smaller car
bide particles such that they were lost in the fracture process and only 
the larger particles remained pinned in place. 

Results of the examination can be summarized as follows: 

1. The stainless steel piping was heavily sensitized in the 
cross-over region. 

2. There is no attack of the grain boundary precipitates 
themselves. 

3. Chemical attack proceded by solution of metal at the 
interface with the grain boundary precipitate. 

A preliminary interpretation of this effect is that attack results from a 
high (effective) oxide impurity level created at the entrance to the cold 
leg. It is postulated that this region experiences the beginning of super-
saturation and subsequent nucleation of metal precipitates, with the 
accompanying liberation of oxygen to sodium oxide. This causes attack 
ingrain boundary areas which are suspected to be depleted in chromium 
by the precipitation of Cr^oC^. at the grain boundaries. 

Further tests to confirm the mechanism of this attack, and to determine 

differences in sensitivity of different alloys are in progress or scheduled. 
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CORROSION MOCK UPS FOR LARGE SODIUM SYSTEMS 

As described earlier in this paper and in previous project presentations, 
the exposure effect of flowing sodium on steel is dependent on location, 
geometry and upstream conditions in the system as well as on the tem
perature, flow rate and impurity level. The system designer has some 
options on the temperature distribution, location and velocity parts of the 
exposure effect. The experimental data to date are regarded as sufficient 
to establish the corrosion model and calculational methods, but insufficient 
to permit the designer to make reliable quantitative trade-offs between 
these effects. This uncertainty would be reflected by the requirement of 
considerable safety margins with respect to temperatures, velocities 
and oxygen levels. 

In order to obtain more complete exposure-effect data we are assembling 
two corrosion mock-up test loops, ^8 and #9, which are designed to simu
late the sodium exposure effect conditions in a large reactor system. These 
conditions include impurity levels (plugging temperatures), operating tem
peratures and temperature gradients, velocities and materials. 

The pertinent thermal-hydraulic and geometric characteristics of the 
sodium systems of four recent fast reactor 1000 MWe design studies* were 
determined and used as a basis for estimating the corrosion characteristics 
of each plant. 

The thermal, geometrical and flow characteristics of the corrosion mock-up 
test loops were designed so as to provide the same corrosion potential in 
the test loops as one of the reactor plants at the upstream end of each 
selected region of the complete system. This was accomplished by using 
the formula 

AS = CR (A/W) 

where AS is the change in impurity level of the sodium due to the corrosion 

* COO 279 - "An Evaluation of Four Design Studies of a 1000 MWe 
Ceramic Fueled Fast Breeder Reactor" 
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process, CR is the average corrosion rate of the region, A is the surface 
area of the component, and W is the flow rate of sodium through the 
component. 

The reactor plant regional impurity change, ASj, in ppt, was determined 
by utilizing the programs corrosion rate prediction equation* and the de
sign study plant dimensions and operating conditions. Figure 4 shows 
these predicted impurities changes in the primary system regions, com
pared to maximum impurities changes from existing test loop data. The 
prediction equation for this particular comparison was normalized so that 
the maximum impurity change calculated for the mock-up loops would 
agree with existing loop data. In the normalization the assumption was 
made that the same saturation in sodium impurities would result at core 
and blanket outlet conditions as indicated by test loop hot leg outlet data. 
The normalized equation was not used for the new loop designs; however, 
the validity of this comparison can be checked by subsequent new loop data 
analysis. The basic driving force for corrosion in the hot leg of the prim
ary system is the difference between the two curves in Figure 4. 

The design of the mock-up test loop components (corrosion samples) was 
determined by equating the reactor and test loop regional impurity change 

^ ^ i . Test loop " ^^ i . Reactor 

and calculating the dimensional characteristics using the reactor tempera
ture and cold leg impurity level (plugging temperature). For a given flow 
rate this procedure results in many combinations of cross-section and 
lengths that will satisfy the above requirements. Fortunately relatively 
small size test loops can be designed that will satisfy the AS equivalence. 
Our loop scale down factor is 1/30,000. This size ('-lOO kW-6 gpm) was 
chosen as a compromise between cost of the test facility and corrosion 

* See GEAP-4830 Sodim Mass Transfer XIV Statistical Analysis of 
1961-1964 Sample Weight Change Data 
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sample sensitivity. An example of the variations in pipe and sample sizes 
satisfying specific geometry and impurity conditions is given in Figure 5. 
This figure illustrates the dimensional choices available from which 1300°F 
isothermal loop regions of various lengths (shown on the ordinate) can be 
designed to result in a change in sodium impurity level of 11 ppt for the 
conditions given. Note that these given conditions state that a 1300°F 
region exists immediately upstream of this section with a L/D of 300. 

Since the core region of the plant contains the most corrosive region in 
the system and because it was most desirable to obtain realistic core con
ditions, Loop #9 was designed with the capability of accepting a three rod 
high heat flux heater to mock up, on a 1:1 basis a full scale unit cell sec
tion of the General Electric design study core. The test section is also 
designed to be able to accommodate any of the four "1000 MW Design 
Studies" issued in 1964. The characteristics of the General Electric core 
were most amenable to making an electrical heater mock-up due to the 
short length. The remainder of the primary system was designed by using 
the AS and the predicted corrosion rate equations. Loop #8 is identical to 
Loop #9 except that a low heat flux heater replaces the core "unit cell" 
heater. It was designed to have the same AS as the reactor core and the 
unit cell in Loop #9. 

Predicted corrosion rates and AS values in the target 1000 MWe primary 
system and the mock-up test loops are presented for comparison in Table IV. 
The similarity of conditions and magnitude of anticipated corrosion rates re 
flect the extent to which the mock-up can be made to simulate a large system. 

At present the new loops are being installed and the first developmental high 
heat flux heater unit for Loop #9 is being prepared for test . 

The anticipated results from the corrosion mock-up loops include 

1. More realistic exposure conditions 
2. Covers the range of conditions required for localized intergranular attack 
3. Verification of AS concept and corrosion rate formulas 

4. Improved sodium impurity monitoring 
5. Data to predict hot-channel flow-fouling. 
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TABLE IV 

AS VALUES AND PREDICTED CORROSION RATES 

Reactor 
Areas 

Core 

Blanket 

P + Pipe 

IHE 

Return 

Test 
Loop 

Areas 

Heater, HHF 
LHF 

Zone A 

Zone B-C 

Cooler 

Zone E-F 

T 
100°F 

8-13 
8-13 
8-13 

13 
13 

11 
13 

11-8 
13-8 

8 
8 

Na 
Velocity 

v 
fps 

12 
12 

0.1-9 

12 
12 

-17 
~1 

6 
3 

19 

1-15 

Residence 
Time 

e 
sec 
0.18 
0.16 

21.0 

0.39 
0.36 

2.7 
5.9 

8.6 
1.8 

3.2"^ 

19.0 

AS 
ppt 

226 
254 
300 

452 
442 

1.8 

3.8 

-398 

-650 

-5-^ 
-306 

Corrosion 

in 2 
mg/dm 

1.9 
1.7 
1.2 

87.0 
76.0 

1.0 
0.3 

-36.0 

-21.0 

-30.0 

-10.0 

Rates 

CRout 
mo 

110 
100 

70 

2.1 
1.5 

0.9 

0.2 

-17.0 
-7.0 

-29.0 

-0 .1 

These values do not include the tank flow region. 
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IRFtADIATION EFFECTS IN STAINLESS STEELS AT HIGH TEMPERATURES 

W. R, Martin and J. R. Weir, Jr. 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

Oak Ridge, Tennesse*̂  

ABSTRACT 

The effect of irradiation on the elevated-temperature mechanical 
properties of structural materials is described using type 30<̂  stainless 
steel as an example. The general result is that the grain boundary-
fracture process, but not the deformation process, is affected. All 
data suggest the primary cause to be helium generated from (n,a) 
reactions. Several metallurgical techniques for improving the 
ductilities of irradiated alloys are suggested, and experimental aata 
are given for type 304- stainless steel for which the degree of improve
ment is demonstrated. 

INTROnjCTION 

The effect of irradiation on the stress-strain behavior of 
structural austenitic stainless steels''" tested above 500°C is different 
from that observed for the alloys tested below 500°C, as illustrated in 
Fig. 1. Irradiating an alloy below 500°C produces a structure with a 
higher yield stress, a lower strain-hardening coefficient (and hence a 
lower uniform strain), and lower ductility in terms of total elongation 
than the unirradiated alloy when tested below 500°C. In many instances, 
no change in true fracture strain or stress is observed for stainless 
steels irradiated to less than 1 x 10 neutrons/cm . 

Above 500°C the effect of irradiation on these materials is dif
ferent; first, there are reductions in ductility in terms of uniform and 
fracture strains as well as total elongation, and the magnitude of 
these reductions is highly strain-rate sensitive. Generally, changes 
in yield stress and in the stress-strain relationship are not observed. 
Since the ductility is reduced, the ultimate tensile strengths and 
fracture strengths are also reduced, and the magnitude of this reduction 
is very sensitive to the work hardening capabilities of the alloy. The 
effects are schematically illustrated in Fig. 2. They are first noted 
at an homologous temperature of about 0.5, which represents the approxi
mate temperature at which self diffusion becomes important and high-
temperature creep becomes a consideration for reactor design. 

Research sponsored by the U.S. Atomic Energy Commission under 
contract with the Union Carbide Corporation. 
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ELEVATED-TEMPERATURE EMBRITTLEMENT BY HELIUM 

There are two very significant differences between the irradiation 
effects below and above 500°C. First, the radiation damage affecting 
the low-temperature properties can be eliminated by postirradiation 
heat treatment. Much of the damage is removed in situ if the irradiation 
temperature is above approximately 350°C. However, postirradiation 
annealing of iron- and nickel-base alloys at temperatures between 1050 
and 1300°C does not remove the damage effecting the low ductility at 
elevated temperatures. The thermal stability of the defect causing 
the low ductility has been illustrated previously. ̂-"-̂  A second signifi
cant difference is the dependence upon the neutron energy or the energy 
spectrum of the neutron flux. The low-temperature damage is due to the 
production of vacancies and interstitials by fast neutrons. The thermal 
neutrons contribute only a small fraction of the damage. However, the 
magnitude of the elevated-temperature embrittlement correlates best with 
thermal neutrons'̂  for normal iron- and nickel-base alloys. Table 1 
illustrates this for two stainless steels. 

Table 1. Dose Dependence of High-Temperature 
Ductility in Irradiated Stainless Steels 

Experi
ment 

a 

b 

Dose, neutrons/cm^ 

Thermal 
Neutrons 

0 
2.2 X 
2.2 X 
1.5 X 

0 
1.6 X 
1.6 X 
7 X 

10^5 
10-̂ ^ 
10^0 

101^ 
10^" 
10^° 

Fission 
Neutrons 

0 
3.8 X 
1.9 X 
7.4 X 

0 
3 X 
3 X 
5 X 

10^3 
10^^ 
lÔ '̂  

101^ 
10^9 
10^0 

Elonga
tion 

iio) 

55 
48 
29 
18 

47 
20 
14 
9 

A 20-25-Nb stainless steel tested at 
750°C by Roberts and Harries at Harwell. 

"Type 304 stainless steel tested at 
840°C by Martin at ORNL. 

Of all the thermal neutron reactions possible, the (n,a) reaction 
with "'•̂B appears to be the one capable of producing a defect structure 
with thermal stability previously noted. This reaction also produces a 
lithium isotope, but the work of Higgins and Roberts^ suggests that the 
helium produced is more embrittling than the lithium. It was not until 
recentlŷ '̂'' that the (n,Q;) reactions with other elements and fast 
neutrons were considered important (see Table 2). However, we emphasize 
that helium (alpha particles) can be produced from the reaction of fast 
neutrons with Fe, Wi, N, and other elements and that the quantities 
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produced will be significant for normal engineering alloys irradiated to 
a dose level above 1 x 10̂ """ neutrons/cm^. We believe then that the 
embrittlement at elevated temperatures is due to the production of helittm 
gas. The total amount of helium in the alloy can be calculated for a 
given alloy composition and neutron dose. A correlation of helium con
tent with short-time tensile ductilities is given in Fig. 3. This curve 
illustrates that as the deformation temperature is increased the amovnt 
of helium needed to initiate the embrittling process decreases. Curves 
such as the one shown in Fig. 3 are typical for most structxiral 
materials. The -"-̂B from which the majority of helium is generated in 
these commercial heats is segregated in grain boundaries. Thus the 
concentration of helium at the grain boundary can be several orders of 
magnitude greater than the average value calculated and presented in 
Fig. 3. The actual amount is dependent upon grain size, preirradiation 
heat treatment, etc. 

Table 2. Effect of Boron Content on High-Temperature 
Irradiation Damage to Type 304 Stainless Steel 

Irradiation 
Exposure 

At high levels of 
irradiation exposure 
(approx 5 X 10^° 
neutrons/cm^) 

At low levels of 
irradiation exposure 
(approx 5 X 10^^ 
neutrons/cm^) 

Boron 
Content 
(ppm) 

0.015 
0.023 
0.11 
0.13 
3.9 

0.11 
3.9 

Elor 

at 
704° 

19 
23 
22 
20 
13 

39 
40 

gation 
(̂ ) 

at 
C 842°C 

6 
6 
6 
6 
3 

41 
29 

Helivmi 
Concentrati 

10 B 

(n,a) 

0.015 
0.023 
0.091 
0.110 
3.3 

0.00004 
0.00150 

on, ppm 

Fast 
(n,a) 

0.3 
0.3 
0.3 
0.3 
0.3 

0.00006 
0.00006 

Total 

0.315 
0.323 
0.391 
0.410 
3.6 

0.0001 
0.0015 

Enhancement of the Intergranular Fracture Process 

The nature of the irradiation embrittlement is such that the 
nucleation and rate of propagation of wedge-type grain boundary cracks 
are affected. This is Illustrated in Fie. 4, which shows the variation 
In number and length of grain boundary cracks„at fracture. For examp'ie, 
the unirradiated material strained to 14^ would not have any grain 
boundary cracks visible at this magnificationt The mechanism by which 
helium affects the process of Intergranular fracture Is not known, 
although some have been proposed. 

The irradiation effects noted thus far for stainless steels are 
applicable for a number of structural materials. The variation in 
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ductilities of irradiated alloys at elevated temperatures is given in 
Table 3, illustrating that irradiation embrittlement at elevated tempera
tures is a general phenomenon and not one specific to one given class of 
alloys. Also, the effects described for short-time tensile tests are in 
general applicable to high-temperature creep. 

Table 3. Postirradiation Ductility of Materials 

Material 

Inconel 600 
Hastelloy N 
Hastelloy X 
Rene' 41 
Nimonic FE16 
A 286 
304 stainless 
steel 
20 Cr-25 Ni-Nb 
316 stainless 
steel 

Tensile 
at 
700 °C 

6-20 
2-5 

1-8 

11-30 

4-30 
15-20 

Ductility 
at 
800 °C 

5-11 
1 

3^0 

0-10 

Creep-Rupture 
Ductility 

at 
700 °C 

0.2-0.5 
4-20 
1-11 

1-3 
1-2 

0.4-10.0 

at 
800 °C 

0.7-10.0 

1-3 

14-22 

Reference 

9 
10,11 
2,11 
2 
12 
2 
1.9 

13,12 
12,14 

Dose = 10^° to lÔ-"- neutrons/cm ̂. 

METHODS FOR IMPROVING THE DUCTILITY 

Irradiation studies at the Oak Ridge National Laboratory with type 
304 stainless steel Indicate that the magnitude of irradiation embrittle
ment can be reduced by several metallurgical techniques. These methods 
are believed to be successful because the quantity of helium per unit 
length of the grain boundary is reduced and, in most cases, the stress 
necessary to nucleate and propagate a grain boundary crack is increased. 
A detailed discussion of the mechanism can be found elsewhere. "'"̂•'""-̂  

The influence of grain size on the ductility of irradiated stainless 
steel is illustrated in Table 4. Grain boundary precipitates"''̂  are 
important also The effect of increased carbon content is shown in 
Table 5. Note that at 900°C where all the carbon is in solid solution 
for both the low- and high-carbon steels the ductilities are equal The 
effect of carbon precipitate is illustrated for the higher carbon steel 
by the data in Table 6. These data show that aging at elevated tempera
tures to induce precipitation and spheroidization of carbides also 
improves the postirradiation ductility. We believe that the spheroidi
zation of grain boundary carbides may retard the propagation of grain 
boundary cracks in much the same way as proposed by Weaver .•'•''̂-"-̂  
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Table 4. Influence of Grain Size on 
Irradiation Embrittlement 

ASTM 
Grain 
Size 

3 
5 
8-10 

Total Elongation, ^ 

at 704°C 

Unirradiated Irradiated 

30 19 
39 23 
58 42 

at 842 

Unirradiated 

23 
36 
47 

°C 

Irradiated 

8 
11 
16 

To improve the ductility of irradiated materials, one must devise ways 
to reduce the helium concentration at the grain boundaries. It is only 
the helium bubbles at the grain boundary that are believed to be 
deleterious; that is, helium generated within the grains would not be 
as harmful if these atoms were unable to move to the grain boundaries. 
For many reactor applications, the preponderance of helium generated is 
due to the transmutation of B. Boron normally segregates to the 
grain boiindaries in the solid state and therefore a large quantity of 
helium is generated at these boundaries. If one could form a stable 
boron compound, insoluble either in the melt or at a very high tempera
ture after solidification, it would be possible to get a homogeneous 
distribution of this compound. Therefore, the helium generated would 
stay at the precipitate-matrix interface, and the quantity at the grain 
boundaries would be greatly reduced. The precipitate-matrix interface 
would also serve as a depository for helium generated from other elements 
and fast neutrons. Thus in principle this system should result in 
material with a lower susceptibility to elevated-temperature embrittle
ment in thermal and fast neutron environments. 

This approach for improving the ductility of irradiated alloys is 
currently being investigated using the 18-8 stainless steel. Among the 
most stable borides in this stainless steel are those of titanium. We 
have now accumulated data from two different irradiations, and typical 
data are given in Table 7. It is observed that additions of approxi
mately 0.3^ Ti in type 304 stainless steel are beneficial. These recent 
experiments illustrate that much can be done to improve the ductilities 
of irradiated materials. 
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Table 5. Elevated-Temperature Ductility of Unirradiated and Irradiated 
AISI Types 304L and 304 Stainless Steels 

Deformation 
Temperature 

(°C) 

650 

704 

775 

842 

a 
Irradiation 
Temperature 

(°C) 

700 
700 
800 
$00 
900 
900 

700 
700 
800 
800 
900 
900 

700 
700 
800 
800 
900 
900 

700 
700 
800 
800 
900 
900 

Carbon 
Content 
(vt %) 

0.02 
0.06 
0.02 
0.06 
0.02 
0.06 

0.02 
0.06 
0.02 
0.06 
0.02 
0.06 

0.02 
0.06 
0.02 
0.06 
0.02 
0.06 

0.02 
0.06 
0.02 
0.06 
0.02 
0.06 

True Uniform 

Unirradi
ated 

22.5 
20.9 
23.6 
22.2 

23.7 

17.7 
17.8 
18.0 
14.0 
17.8 
17.4 

10.2 
10.4 
10.0 
9.3 

14.1 

9.8 
7.0 
10.4 
10.4 
10.2 
10.8 

Strain^, % 

Irradi
ated 

15.1 
21.8 
13.1 
20.5 
10.5 
11.4 

11.2 
17.1 
11.2 
14.1 
6.1 
14.6 

7.1 
9.6 
5.0 
7.6 
2.5 
3.4 

4.8 
6.3 
2.8 
5.8 
1.8 
2.4 

Total Elong 

Unirradi-
ated 

42.2 
36.8 
39.8 
41.7 

37.4 

38.9 
41.5 
36.2 
36.6 
31.4 
28.0 

33.0 
40.7 
30.0 
40.0 

31.7 

38.4 
31.9 
36.8 
39.0 
24.5 
25.6 

;ation, ^ 

Irradi
ated 

16.9 
28.5 
17 6 
29.9 
11.3 
12.4 

13.1 
23.0 
13.3 
20.3 
6.4 

9.1 
15.7 
7.2 
12.6 
2.9 
4.0 

6.7 
10.6 
4.0 
8.8 
2.2 
3.0 

Alloys irradiated to a neutron dose of 3.5 x 10^° neutrons/cm^ (E > 1 Mev) and 
4..5 X 10^° neutrons/cm^ (thermal). 

Specimens strained at a rate of 0.2^ per min. 



Table 6, The Effect of Aging on the Postirradiation 
Ductility of Type 304 Stainless Steel^ 

Preirradiation 
Heat Treatment 

Deformation 
Temperature 

(°C) 
Elongation 

ii) 
1 hr at 1036°C 
1 hr at 1036°Cj 100 hr 
at 800°C 
1 hr at 1036°C 
1 hr at 1036°C; 100 hr 
at 800°C 

704 
704 

842 
842 

20 
30 

8 
14 

Dose - lÔ ""- neutrons/cm^ (thermal) 

Table 7. Effect of Titanium Content on the 
Postirradiation Ductility of Types 304 

and 304L Stainless Steel 

Element 
(wt ^) 

Titanium 

0 .3 
1.2 

0 .3 
1.2 

Carbon 

0.02 
0.02 
0.02 
0.06 
0.06 
0 .06 

D u c t i l i t y 

I r r a d i a t e d ^ 
a t 50°C 

13 
38 
14 
17 
29 
30 

Irr< 
a t 

adiated^ 
700 °C 

7 
29 
14 
11 
19 
15 

tensile tests conducted at 842 °C, 

Dose = 1 X 10^° neutrons/cm^. 

Dose = 5 X 10^° neutrons/cm^. 

SUMMARY 

In summary, irradiation damage at elevated temperatures is an 
effect on the process of intergranular fracture, and thus the degree of 
embrittlement is highly sensitive to strain rate and. temperature. The 
embrittlement is apparently due to helium, generated from thermal (n,Q;) 
and fast (n,Q;) reactions. We have illustrated several techniques for 
improving the ductility in in-adiated stainless steel alloys and suggest 
that similar techniques should be applicable to all structural alloys. 
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EVALUATION OF NON FUEL MATERIAL BEHAVIOR IN HNPF* 

R.K. WnGNER and J.D. STE\RNS 

ATOMCS IOTERNATION-1. 
INTRODUCTION 

The Hallam Nuclear Power Facility (HNPF) consists of a 240-l&rt sodivun 
graphite reactor and the associated equipment for generating electrical 
power. This facility, designed and built by Atomics International, is 
located near Lincoln, Nebraska. 

The reactor is soditim cooled, graphite moderated and initially used 
uranium-molybdenum alloy fuel. The graphite moderator logs are clad with 
0.0l6-in-thick, Type 304 stainless steel jackets. The sodiimi, which becomes 
radioactive as it is heated in the reactor core, is pumped through three 
separate primary loops. Each loop contains a heat exchanger where the heat 
is transferred from the radioactive primary loop to a non-radioactive 
secondary sodi\am loop. Each of the three secondary loops has a steam gen
erator in which feedwater is evaporated and the resulting steam is super
heated. The steam from the three generators is fed into a common header 
which serves the turbine generator. 

In the operation of HNPF, a few instances have developed which required 
evaluation of some of the non-fuel materials. This evaluation included: 
(A) the examination of a failed sodium expansion tank and, (B) the deter
mination of the swelling characteristics of graphite when impregnated by 
sodium. 

CORROSION ON SECONDARY EXPAI-ISION TANK 

The secondary sodium system at the Hallam Nuclear Power Facility contains 
three stainless steel pressure vessels. These vessels, one located in each 
of the three secondary hot legs, function as expansion tanks to accommodate 
the thermal expansion of the secondary sodium. In addition, the expansion 
tanks collect and recirctilate the sodium overflow from the pumps through 
an 8-in. line. These vessels, 7 ft. in diam. and 10 ft. high, were fabri
cated from 5-in-thick, Type 304 stainless steel plate. The top and bottom 
forged heads are 7/8-in-thick stainless steel. Type 405 stainless steel 
heater shields, heater brackets, and Incoloy sheathed heaters were located 
in a 1-in-thick gap between the tank shell and the insulation of hydrated 
calcium silicate. Aluminum sheet is wrapped directly over the insulation. 
Inside the vessel, a |-in-thick. Type 304 stainless steel baffle plate is 
positioned parallel to the tank axis. The baffle, slightly off the tank 
axis, extended across the vessel and half way up the tank wall. The baffle 
was joined to the shell by a series of continuous fillet welds between the 
baffle and either the tank wall or bottom head. Because this was not n sodium 
containment weld joint, special weld specifications were not applied. 

* Work done under contact AT(ll-l)-GEN-8 for the U.S.Atoad.c Energy Commission. 
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On October 18, 1964, a puddle of sodium was discovered on the floor 
under the expansion tank located in the secondary sodium loop No, 3. Following 
the normal precautionary measures to contain and absorb the leaking sodium, the 
sodium flow and the pressure in the tank were reduced and draining operations 
initiated. At the time the leak i>ras discovered, the loop v;as isothermal at 
415°F, The pressure in the expansion tank WHS 18,5 psig. During power generation 
at HNPF, the normal secondary hot leg temperature was 915°F with the pressure in 
the tank at 19 psig. It is estim̂ ated that the system had operated under the 
combined conditions for a period of 15,000 hours prior to the discovery of the leak, 

A model of an expansion tank connected to a model pump illustrated in 
Figure 1 shows the general piping configuration around the tank. The principal 
pipe lines attached to the tank include: an 8-in. overflow line connecting the 
pump and the left side of the tank; a 14-in, outlet line from the bottom of 
the tank and a 14-in, inlet line. The area where the leak h d developed woiild 
correspond to the lower left portion of the tank in the region around the 8-in, 
overflow line. 

In Figure 2 , the region of an expansion tank near the 8-in. overflow 
line and nozzle is shown. In addition the aluminum skin, the insiJ.ation blocks, 
the stainless steel heat shielding and brackets, and the tubular electricrl 
heaters can be identified. 

TANK APPEARANCE AFTER FAILURE 

After the affected expansion tank had been drcined, the alvmdnum skin 
covering the insulation was removed for examination of the vessel. The outside 
surfaces of the al\miinvmi skin did not show any evidence of sodium attack and covild 
provide no clue as to location or the leak size. After the aluminum skin was 
removed, however, it was quite apparent from the amount of reaction products 
present that a significant sodium leak had developed. Figure3 shows the 8-in, 
overflow line region of the tank No. 3 after removal of the aluminum skin and 
some of the insulation. The 8-in. overflow line is shown near the top of the 
photograph. The reaction products and the reacted insulation are evident. 

In the area of the leak, near the vessel to pump overflow nozzle, the in
sulation had been severely attacked. The stainless steel heat reflector shield, 
positioned between the insulation and the heater elements also showed evidence 
of severe attack. Figure 4 shows two sections of Type 405 stainless steel where 
dissolution was complete. The section on the left is a corner of the heat reflector 
showing the complete penetration through the 0.065-in, thick material. The section 
on the right is a portion of the heater bracket material. 

Before the vessel in the region of the overflow line could be examined for 
identification and location of the leak, the massive reaction products adhering 
to the tank wall required removal. Reaction products were found down the side of 
the vessel, on the bottom head and on the surfaces of the outlet pipe at the 
bottom of the vessel. Figures 5 and 6 . The reaction products appeared as a massive 
glacier-like deposit adhering to the walls of the vessel and the piping. The 
color of the products covered a wide range from white to gray and black. In some 
isolated areas, there appeared a green to yellow-green deposit superimposed on the 
main concrete-like mass. It was apparent that the deposits were hygroscopic in 
natiu'e since a slow reaction, prestmiably with the moisture in the air, continued 
throughout the cleanup effort. 
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The clean-up operation was conducted in three phases; the removal of 
soft putty-like deposits by scraping with suitable spatulas, the mechanical 
chipping of the hard and tenacious mass with portable jack hammers and 
finally, the rinsing, and removal of the small isolated deposits remaining 
with butyl alcohol and distilled water. 

During the final clean-up, using a fine spray of water from an atomizer, 
it was noticed that the dissolving residue would occasionally produce sparks 
suggesting the presence of unreacted sodium embedded in the deposits. The 
cleaned and rinsed section of the vessel and overflow nozzle is shown in 
Figure ?• Location of the deposit and the general shape and flow of the 
reaction products is evident. Much of the heater bracket material missing 
in the photograph had dissolved. 

FAILURE ANALYSIS 

To determine the cause of failure, a section of the vessel wall, the 
8" diameter nozzle and a section of the 8" diameter overflow line were 
removed from the tank. Figures Q and 9 show views of the failed expansion 
tank after the suspect areas had been cut out. The orientation of the baffle 
section, joined by fillet welds to the vessel wall and bottom head, is 
clearly evident. 

The sections removed from the expansion tank are shown in Figure 10 and 
11, On these sections, the severity of the corrosive attack, at the 

deposit-tank wall interface, is very apparent. In general, the gross attack 
was localized and took the form of grooves where in some areas the depth 
was half the vessel wall thickness, K of an inch deep. Figures 12andl3 
show the groove type of attack extending from the vessel wall on the left, 
through a very heavy fillet weld joining the vessel to the 8" diameter 
nozzle and on across the nozzle surface. The internal surfaces, vessel, 
nozzle and overflow pipe, were clesin. There was no evidence of either 
corrosive attack or built-up deposits. figuresi4 and 15 show the internal 
surfaces of the nozzle and overflow line. These are typical of all the 
surfaces examined. 

TESTS PERFORMED AND RESULTS 

A variety of non-destructive testing methods were employed to locate 
the sodium leaks. Before sectioning the tank, pressure testing quickly 
isolated the pinhole leak which had developed in the nozzle portion of the 
overflow line. During this effort, an internal helium pressure of 3)^ psig 
was maintained in the vessel. The helium leak detection equipment was 
useful in defining the general area of the leak. A soap solution sprayed 
over the surfaces in the suspect area readily showed the exact location of 
the pinhole. Figures l6and 17 show the general location of the secondary 
pinhole leak. This leak was found in the overflow nozzle at the 8 o'clock 
position. It was located yi inch away from the circumferential butt weld 
joining the nozzle to the overflow pipe. This was an area where the 
corrosion of the external surfaces appeared to be severe. A close-up 
of the pinhole leak. Figure 13 , shows the internal nozzle surface. 

Dye penetrant and radiographic examinations were performed on the 
section removed from the tank. The existence of the pinhole, previously 
defined, was confirmed. In addition, a series of cracks across the vessel 
wall, in the region of the baffle were revealed by dye penetrant. Figures 19 
through24 • Subsequent examination showed that these cracks radiated f'-om 
the primary leak which shows clearly in Figures 20 and 21 . 
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METALLOGRAPHIC EXAMINATION 

Sections for metallographic examination were taken from two major 
areas: the baffle to vessel weld joint (the suspected primary leak), 
and the pipe to nozzle joint (the suspected secondary leak). These areas 
were selected to determine the cause of the primary and secondary failures. 

During the sectioning and preparation of the metallurgical samples, the 
following observations were made: 

1, The visible cracks in the section containing the baffle, fillet 
welds, and the vessel wall increased in width suggesting high residual 
stresses, 

2. The cavity between the baffle and vessel wall contained a hard 
residue black in color. This residue when contacted with water or alcohol 
produced reactions typical of a sodium bearing deposit. Similar behavior 
was noted in those areas containing cracks. The residue filled cavity 
is shown in Figure 25, where a section through the fillet welded tee 
joints is represented. 

Examination of the section containing the baffle, vessel wall, and 
fillet welds. Figure 26 , revealed a massive network of cracks, principally 
transgranular in nature. The type of cracks discovered are typical of 
stress-corrosion cracking found in austenitic stainless steels. Figures 
27, 28, and 29 show typical cracked areas. Further sectioning and exeuni-
nations indicated that the entire area was riddled with this branch type 
cracking. All of the cracks originated at the surface of the previously 
described cavity and propagated from this cavity through the baffle, fillet 
welds and of greatest importance through the vessel wall. It was noted 
that sodium continued to leak from many of these cracks after metallurgical 
preparation and examination. 

Nothing unusual in the microstructure was found. The baffle and 
vessel wall exhibited a typical austenitic microstructure with grain coarsening 
in the heat affected zones. As expected, the structure showed grain boundary 
precipitation typical of a sensitized austenitic stainless steel exposed 
to temperatures over SOO'F for extended periods of time. A large quantity 
of non-metallic inclusions were found in the baffle and vessel material. 
However, their presence did not contribute to the failure, primarily 
because their orientation was normal to the direction of cracking. 

Sections taken in the nozzle to pipe weld clearly showed that gross 
external attack had occurred, (see Figures 30, 3I, and 32). The initial 
wall thickness of O.3IO in. was reduced to O.OO5 in, thick. In the thinned 
area, the pinhole shown in Figures 17 and I8 was clearly evident. 

CHEMICAL ANALYSES 

A variety of materials were submitted for chemical analyses, where 
the objectives were to establish material identity and the composition of 
deposits and residue. 

It was established that the vessel wall material was Type 304 stainless 
steel, the heat reflector shield and the heater bracket material was Type 
405 stainless steel and that the heater sheath material was Incoloy. All 
of these materials were consistent with the design requirements. Analyses 
performed on the insulation material defined its composition principally 
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as a hydrated calcium silicate with iron, aluminum, and magnesium also present. 

Samples taken from the mass of reaction products adhering to the vessel 
wall were analyzed. As expected, the principal constituent was sodium. Other 
major and minor constituents include: iron, chromium, nickel, manganese, silicon, 
altiminua, calciim, magnesium and slight quantities of molybdenimi. All of the 
metallic elements existed as oxides and complex oxides. 

The most revealing information was developed on that deposit taken from 
the cavity between the baffle and vessel wall. These resiiLts are shown in 
Table I along with the results of analyses performed on coatings taken from two 
welding electrodes. It will be noted that the composition of the coatings 
shovf a striking similarity. 

TABLE I 

CHEMICiiL COMPOSITIONS 

Deposit from Tank 

1. Qualitative Analysis 

Na (major), /si, Ca, Cr, Fe, Mn, Ni, Si, a.nd Zr. 

2. Quantitative Analysis 

Chlorine: 500 ppm. 

Fluorine: 5 wt ̂ . 

Coatings from Two Vfelding Electrodes 

1. Electrode #1 (Mfg A). 

a. Qualitative Analysis 

Major Constituents: Ca, Mn, Na, Si. 

Minor Constituents: .41, Fe, 

Trace: Or, Ti. 

b. Quantitative Analysis. 

Chlorine: 524 and 560 ppm. 

Fluorine: 17.4 wt^. 

2. Electrode #2 (Mfg M). 

a. Qualitative Analysis 

Major Constituents: Ca, Mn, Si, Ti. 

Minor Constituents: Al, Cr, Fe, Na. 

b. Quantitative Analysis 

Chlorine: 208 and 300 ppm. 

Fluorine: 5.8 wt^. 
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The most important elements found in the samples analyzed include 
chlorine and fluorine. Both of these elements are regarded as significant 
contributors to the stress corrosion of austenitic stainless steels. 

With the exception of zirconium and titanium, the compositions of the 
materials examined are comparable. Since it is expected that zirconium and 
titanium would behave similarly in a weld rod coating, the observed difference 
(deposit vs electrode coatings) may be attributed to manufacturers preference. 

STRESS ANALYSIS, HNPF EXPANSION TANK 

The shell stresses were calculated for that region of the shell near 
the 8-in-diam. overflow nozzle. Conditions considered included the basic 
design, the normal operating conditions, the stiffening effect of the baffle 
and the overflow pipe support condition existing during operation, A stress 
of 135»000 psi was calculated, assuming no shell flexibility due to the 
close proximity of the baffle to the nozzle. The magnitude of the calculated 
stress is sufficient to warrant consideration as a factor contributing to 
the stress-corrosion failure discovered in the vessel wall. 

CONCLUSIONS 

It is concluded that : 

1. The primary leak that developed in the HNPF Expansion Tank #3 was 
caused by stress-corrosion cracking. The cracking occurred in an area of 
high stress where a cavity, containing a highly corrosive deposit, existed. 
The deposit has been identified as residual flux from coated welding electrodes, 

2, A secondary leak developed in the wall of the overflow nozzle as a 
result of gross attack by the sodium reaction products produced from the 
sodium released through the primary leak. 
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OVERFLOW LINE 

INLET LINE 

OUTLET LINE 

Figure 1: Model of expansion tank connected to the pump 
with the tank on the right. Principal pipe lines 
attached to t?nk include: 8'' overflow line 
attaching piunp to left side of tank; 14" outlet 
line from bottom of tank and the 14" inlet line. 
The failed and corroded area would correspond 
to the lower left portion of the tank -round the 
8" overflow line. 

Figure 2: Region of expansion tank, near 8'' overflow 
line showing heaters, brackets, heat reflector, 
insulation and aluminum skin. 
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Figure 3: 

Tank No. 3 after removal of the aluminum skin and some 
of the insTilation, away from the leak area. The 8'' 
overflow line is shown near the top of the photograph. 
The reaction products and reacted insulation are 
evident. 

Figure 4: 

Sections of Type 405 stainless steel, heat 
reflector and bracket material, taken from 
the leak area. The highly corrosive attack 
resulted in the complete dissolution of the 
0.065'' thick material. 
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Figure 5: Reaction products built-up on the top portion of the over
flow line. The tank heaters and the heater brackets form 
the grid work on the vessel wall. 
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Figiire 6: Figure 7: 

3 showing the 14" outlet line Same view as shown in Figure 3 after removal of the reaction A bottom view of tank No. 
adhering reaction products, heaters, brackets, heat products. The overflow line is shown with a portion of the 
reflector shielding ?nd the tank supporting structure, insulation, heaters and aluminum skin removed. Much of the 

heater bracket material in this area had dissolved. 
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Figure 8: Tank No. 3 removed from HNPF secondary system. Failed area 
containing 8" overflow line has been removed, exposing end 
view of baffle. The 8" nozzle and overflow line were contained 
in that portion to the right of the baffle. Tank supports, 
14" inlet and outlet lines, are shown. 
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Figure 9: 

Baffle section exposed after removal of failed vessel wall 
area, reference Figure 8. 

Figure 10: 

Section taken from vessel wall, left of the baffle as 
shown in Figures 8 and 9. 



Figure 11, View of section removed from the center and right of baffle 
shown in Figures 8 and 9. This section shows the vessel wall, 
a portion of the baffle, and the 8" nozzle and pipe. 
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-'£î ^H 
JH|H 

.3^^Hr#.'̂ '̂  

•y 

* • • ^ ^ 

K* ' • • b %. 

Figure 12: Section of the vessel wall, 8" nozzle and pipe showing the deep 
grooves produced by the sodium reaction products. Note the 
localized reduction in the width of the shell to nozzle fillet 
weld, left center. 
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Figure 13: View of section removed from the center and right of baffle 
shown in Figtires 8 and 9. This section shows the vessel wall, 
a portion of the baffle, the 8" nozzle and pipe. 

Figure 14: View of section removed from the center and right of baffle shown 
in Figures 8 and 9. This section shows the vessel wall, the 
8" nozzle and pipe. 
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Figure 15: Pipe and nozzle interior surfaces showing inside surface 
of pipe, pipe to nozzle weld joint, tapered portion of 
nozzle containing circumferential tool marks and nozzle 
surfaces. These surfaces were uniform and clean. 
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Figure 16: Side view of vessel wall, 8" nozzle and pipe in failed area. 
Note square outlined on nozzle which locates the secondary 
pinhole leak. 
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Figure 1?: Closeup of area in Figure 16 where area in square shov/s 
slight pinhole and apparent crack. Area below shows 
deformation produced by the mechanical removal of reaction 
products. Nozzle to pipe weld is apparent. 

Figure 18: Closeup of pinhole and crack which developed 
in the 8'' nozzle. 
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Figure 19: 

Trinaned edge of vessel wall containing cracks; 
after addition of dye penetrant. Also note 
crack in baffle and fillet weld. 

Figure 20: 

Closeup of vessel wall containing primary leak. Shows 
outside surface and the cut edge of the vessel wall. 

Note cracks on cut edge. 



Figure 21: 

View of primary leak in vessel wall. Note 
cracks radiating to left edge. Mag; 2 X. 

Figure 22: 

Side view showing cracks throtigh vessel wall, in 
fillet weld and in baffle. This is same section 
as that shown in Figure 21, r'̂ tated 90° to examine 
left edge. Mag: 2 X. 
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Figure 23: 

View of section shown in Figure 21 after rotating 
180°, to examine baffle. Ifeg: 2 X. 

Figure 24: 

View of section shown in Figure 21 after rotating 
270°. Shows crack in baffle, (polished edge on 
right), through baffle into fillet weld. Note 
crack has not progressed to vessel wall, polished 
edge on left (this edge corresponds to the right 
edge of Figure 21). Mag: 2 X. 



Figure 25: Cross section through vessel wall and baffle, 
approximately 2" below primary leak. Shows section 
of vessel wall (curved section), baffle, fillet welds, 
and cavity (poix>us material). Mag: 2 X. 

Figure 26: Cross section through vessel wall and baflxe, 
approximately 1" below primary leak. Note 
severe cracking, particularly the large crack 
in baffle section. Mag: 1^ X. 
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Figure 27: Cracks in typical section of fillet weld. Note 
cracks originate from edge of cavity, dark zone, 
Mag: 50 X. 
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Figure 28: Typical cracks appearing at fillet weld/vessel wall 
joint. Cavity is black area in lower left. Mag: 50 X. 
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Figure 29: Typical stress-corrosion cracking pattern. Cracks are 
progressing through the vessel wall. The bottom edge 
corresponds with the edge of the cavity from where all 
cracks seem to originate. Mag: 50 X. 
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Figure 30: 

Metallurgical mount containing transverse section through 
pinhole. Figure 18; support clip to position sample is in 
top portion of photograph. The shorter section shows the 
radii at the root of the tapered nozzle. The longer section 
shows deformation produced during mounting. In area of 
maximum thinning, the remaining wall thickness was 0.005". 
The right edge represents the outside sxirface. Mag: 4 X. 

Figure 31: 

Photomicrograph of the thinned wall, 0.005" thick, 
shown in Figure 30. External wall surface is the 
right edge, shows smooth conrosion of surface grains. 
The slight deformation, hook, shown in the lower left 
was produced during specimen preparation. Note grains 
do not show evidence of distortion. Ifeg: 150 X, 



Figure 32: This section was taken from the nozzle/pipe weld joint area; 
180° around the joint from the pinhole. The outside stirface 
is the edge showing the maxirmnn width of weld bead. The 
opposite edge shows the multi-st«p radii at the root of the 
taper in the nozzle. The degree of attack which occurred 
on the external surfaces can be obtained by comparing this 
section, where the wall thickness on the nozzle side of the 
weld is 0.310", with the sections shown in Figure 30, where 
a minimum wall thickness of 0.005" exists. Ifeg: 4 X. 
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GRAPHITE DILATION 

INTRODUCTION 

The Speer mold grade graphite moderator in the Hallajn Nuclear Power 
Facility (HNPF) is clad with .016 inch thick Type 304 stainless steel to 
protect the graphite from interaction with the liquid sodium coolant 
(Figure 1). It has been established that graphite swells when contacted by 
liquid sodium, and the structural integrity of the graphite is lost due 
to intercalation and cracking of the graphite. From a neutron economy stand
point, a loss in reactivity would be experienced since the moderating 
efficiency of the graphite would be diluted by the presence of large quan
tities of sodium. 

Previous sodium-graphite interaction studies employing unirradiated 
graphite indicated that swelling of the order of 1% might be expected ^^^. 
Measurements performed on a Sodium Reactor Experiment (SEE) moderator element 
in which the cladding had ruptured revealed, however, that the graphite 
had swelled by more than 5^ in the radial direction (normal to the direction 
of extrusion). The S?£, is a sodium cooled, graphite moderated (clad with 
zirconium base alloys) reactor similar in design to the HNPF. A dimensional 
profile developed for the failed SRE element (Figure 2) suggested that the 
expansion of the graphite was dependent, at least in part, on previous 
neutron irradiation. If the HNPF elements swelled 5% or more after a 
cladding failure, a failed element might rupture or score neighboring 
elements as well as introducing moderator element and fuel element removal ' 
problems. 

When the SRE underwent modification for the Power Expansion Program (PEP) 
sodium logged type TS-163 graphite from an SRE element in which the cladding 
had ruptured was made available. Samples of irradiated TSP graphite from an 
\infailed SRE moderator element were also exposed to sodium in caps\ile ex
periments to determine the amount of expansion that might be expected when 
the irradiated graphite is contacted by liquid sodium. In addition, small 
samples of vinirradiated Speer mold grade and TSP graphite were exposed to sodium 
to confirm the earlier results. After exposure to sodium, irradiated TSP 
samples ̂ vere submitted for X-ray diffraction analysis to determine if a 
mechanism for the greater expansion could be established. The sodium logged 
TS-163 graphite samples were also submitted to X-ray diffraction for purposes 
of comparison. 

PROCEDURE 

For the static capsule tests for the unirradiated and Irradiated graphite 
sodium studies, a capsule, as illustrated in Figure 3, was employed. Zirconiimi 
tabs were added to the sodium bath to getter oxygen, reducing the oxygen content 
of the sodium to less than 25 ppm. 
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Each graphite sample (l x 3/^ x 1/2 inch) was placed in a JiOk SS 
capsule, sodium was added, and the capsule was then welded shut. Loading 
and unloading operations were performed in an argon filled glove box. 
The capsules were transferred to a furnace, exposed for the times and 
temperatures indicated in Tables I and II, returned to the glove box and 
opened (Figure 4). The capsules were then heated to melt the sodium, 
facilitating graphite removal. Adhering sodium was scraped off for post
exposure measurements. Dimensional measurements were made with a micrometer 
caliper (Figure 5)« 

RESULTS 

A, Unirradiated Graphite Dilatometry. 

The table below gives the changes in bulk dimensions of the unirradiated 
graphite after sodium exposure, 

TABLE I 

SPEER MOLD GRADE 

Exposure Exposure 
Time (hrs,) Temperature (°F) 

1 600 
100 600 
600 600 
100 8oo 
600 8oo 
1 1000 

65 1000 
600 1000 
100 1200 
600 1200 

TSP GRADE 

100 1000 1.1 0.9 0.8 
100 1200 1.0 0.1 1.0 

*Axis of Extrusion 

^Expansion 
a 

0 . 1 
1.0 
0 .5 
0 .9 
0 .8 
0 . 4 
1.0 
0 .4 
0 .8 
0 . 3 

b 

0 , 3 
1.0 
0 . 8 
1.0 
0 . 9 
0 . 8 
1.0 
0 . 8 
1 .0 
0 . 8 

c* 

0 . 1 
0 ,6 
0 . 5 
0 .5 
0 .7 
0 . 0 
1.0 
0 ,8 
1.2 
0 .8 
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B, Irradiated Grjphite Dilatometry 

The sodium logged irradiated TSP grâ ĥite data is given in Table II 
below and presented graphically in Figure 6. 

Accumulated 
Fast Neutron 
Flux (nvt) 

1.7x10"^^ 

1.7xlO-'-̂  

1.7xlO-'-̂  

6.7xlO-'-̂  

6.7x10^9 

7.3x10^^ 

5.5x10^0 

5.5xl020 

5.6x10^0 

5.6x10^0 

9.1xlo20 

Logxiô -"-

1.09xl0̂ "'' 

LllxlO^-*" 

LllxlO^-"-

1.11x10^-^ 

1.12xlÔ -'-

TABLE 11 

Exposure Time 
(hrs.) 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

500 

Exposure 
Temperature (°F) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

600 

800 

1000 

1200 

1000 

/o Ex 
a 

2.4 

1.2 

2.4 

1.8 

1.6 

2.2. 

2.4 

3.0 

1.6 

3.2 

4.2 

3.0 

2.2 

2.8 

4.3 
3.9 

3.8 

pansi 
b 

2.5 

2.6 

2,5 

1.9 

2.6 

2.5 

2.8 

4.4 

1.6 

3.1 

4.0 

3.1 

2.0 

4.0 

4.4 

3.9 
4.? 

on 
c* 

1.4 

1.6 

2.1 

0.9 

0.7 

1.3 

2.0 

2.1 

1.3 

2.2 

2.8 

2.0 

1.2 

2.0 

2.6 

2.0 

2.6 

Axis of extrusion 
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X-RAY DIFFRACTION 

Sodium logged samples of irradiated TSP and TS-163 graphite were 
subjected to X-ray diffraction analysis to determine changes in lattice 
structure as a result of neutron irradiation and sodium exposure. The 
TSP samples were irradiated in the SRE and exposed to sodium in laboratory 
capsule tests after removal from the reactor. The TS--163 graphite was 
exposed to sodium in-reactor due to a cladding failure. 

X-ray patterns from the sodium logged TS-163 graphite revealed a 
graphite cell that was expanded as much as 11.6^ along the c-axis (Figure 7), 
whereas there was a slight contraction (0.4^) along the a-axis. Since , v 
lamellar compoxmds of sodium and graphite have been observed in the past^ ' , 
the patterns obtained from the TS-163 graphite were compared with patterns 
of sodiimi-graphite lamellar compounds but no evidence of a lamellar compound 
could be found. ^̂ Then the sodium-logged TS-163 graphite was exposed to air, 
the c-spacing reverted to only 3.3% residual expansion. Sodium-oxygen 
compounds were found after exposure to air. Since it was found that the 
bulk expansion did not change significantly with exposure to air, it was 
postulated that the sodium-oxygen compounds formed in the pores of the 
graphite, therefore inhibiting bulk dimensional recovery of the graphite. 

The expansion of the graphite lattice along the c-axis was attributed 
to intercalation of sodium between the basal layers. Since the X-ray 
diffraction patterns exhibited a loss of intensity, it was postulated that 
the intercalation is probably random rather than systematic as is the case 
in lamellar compo\inds of graphite. 

Although the lattice expansion in this material is similar to that attributed 
to irradiation damage alone the subsequent (on exposure to air) reversion 
of c-axis expansion from 11,6^ to 3.3^ suggests that sodium intercalation contri
buted to the c-axis expansion. 

In order to compare irradiated graphite exposed to sodium in-reactor 
and irradiated graphite exposed to sodium in capsule tests, several samples 
of TSP graphite irradiated in the SRE and exposed to sodimn in the laboratory 
were subjected to X-ray diffraction before and after exposure to sodium. 
The diffraction pattern of these samples exhibited only about 6% expansion 
of the c-axis. Again, no lamellar compounds of sodiim and graphite were 
observed. 

DISCUSSION 

In Table I, it is shown that expansion of the order of 1^ may be 
expected when unirradiated Speer mold grade or TSP graphite is exposed to 
liquid sodiiun in the 600 to 1200°F temperature range. Although some 
anisotropic expansion was in evidence in the unirradiated graphite, it 
was not nearly so pronounced as with the irradiated graphite. Both irradiated 
and unirradiated samples were sectioned in air to insure that sodiim had 
permeated through the entire volume of the sample. The extent of sodium 
permeation was readily discernible when the samples were sectioned in air, 
as sodium could be seen bubbling forth from, the pores of the graphite from 
the hygroscopic reaction of sodium with moisture in the air. No cracking 
or chipping occurred when the unirradiated graphites were exposed to sodiiom. 
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The results reported in Table II show-that much larger expansion of 
the graphite was realized when the irradiated TSP graphite was exposed to 
sodium. Some cracking and comer chipping occurred in the irradiated 
samples during exposure. The cracking and chipping was attributed to 
the larger internal stresses developed during the greater expansion. A 
marked increase in expansion was noted in the irradiâ ted graphite with 
increasing neutron dose over the neutron dose range investigated (1.7 x 
10 ° nvt to 1.12 X lÔ -'- nvt). It was concluded that the expansion of 
graphite in liquid sodium is highly dependent upon the amount of previous 
neutron irradiation to which the graphite has been exposed, but not highly 
sensitive to temperature over the 800-1200°F. 

By referring to Table II or Figure 5, it may be seen that the expansion 
of the irradiated graphite is anisotropic, with expansion in the direction 
of extrusion less than expansion normal to the direction of extrusion. 
This is not unexpected since the greater expansion of the irradiated graphite 
is attributed to expansion of the c-axis, and since the extinision process 
tends to align the c-axis normal to the direction of extrusion. 

On the basis of both the bulk dimensional changes and the X-ray 
diffraction results, it appears that during exposure of unirradiated 
graphite to sodium, the sodium simply permeated the pores of the graphite 
resulting in relatively low expansion. In the case of the irradiated graphite, 
however, a greater expa.nsion in biolk dimensions occiirred due to random sodium 
intercalation of the basal layers. 

CONCLUSIONS 

1. Unirradiated extruded graphite expands about 1% when exposed to 
sodium in the 600 to 1200°F range. 

2. The expansion of irradiated graphite in soditmi increases with 
increasing accumulated neutron dose, but the expansion is not temperature 
dependent upon sodium exposure temperatures between 800 and 1200°F. 

3. Bulk expansion up to •^^y^ was found when highly irradiated 
( '^^ 10 nvt) TSP graphite was exposed to sodium. 

4. The greater expansion of the irradiated graphite upon exposure 
to sodium was attributed to sodium intercalation of the basal layers 
expanding the c-axis. 

5. The bulk dimensional expansion of the irradiated graphite in 
sodium is anisotropic, greater expansion being obseî red normal to the 
direction of extrusion. 

6. The c-spaoing lattice dimensions partially recover when sodium-
logged graphite is exposed to air, but the bulk expansion remains essentially 
constant due to the formation of sodiiun-oxygen compounds. 
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Figure 1. HNPF Moderator Element 
(from Left to Right, a Perspective, a Cutaway, and a Diagram 
Showing Relation of Moderator Element to Other Core Components). 
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Figure k. Removing Sodium Soaked Graphite From Test Capsule 
in Glove Box, 
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Figure 5. Post-exposure Measurements After Removing Adhering 
Sodivim. 
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FERMI MATERIALS EXPERIENCE 

By 

A. A. Shoudy, Jr. 
B, P, Brown 
L, R, Kovac 
W. E. McHugh 

Atomic Power Development Associates, Inc. 
Detroit, Michigan 

I, IMTRODUGTION 

A detailed description of the various Fermi coraponents, together with 
the materials used, has been presented elsewhere.^ Included in that paper was 
a discussion of the materials experience obtained as of that date. In this paper, 
an attenpt has been made to cover the Fermi experience since that time. In 
particular, ei^hasis is placed on sodium compatibility experience in the Fermi 
plant, under-sodlum bearing experience, and boronated graphite irradiation test 
work. 

H , S0DH3H COMPATIBILITr EXPERIEWCE 

A. SODIOM PORITY AMD TgERMAL HISTORY 

During the Reactor Con^jonents Test program the primary system of the 
Fermi reactor was filled with sodium on November 30, I960, The reactor vessel 
and primary system were maintained at an isothermal condition of 500 F through 
May 1, 1961, At that time, the system ten5)erature was heated over a period of 
10 days to 1000 F, maintained at that temperature for 7 days, and then decreased 
in steps to $^0 F« 

At the start of the 1000 F isothermal test, the sodium plugging tempera
ture was 2U0 F, When the system temperature reached 9̂ 0 F, the plugging ten5)era-
ture started rising and reached a peak of 560 F when the system temperature 
reached 1000 F. Continuous cold trapping subsequently reduced the plugging 
temperature to 21̂ 0 F, The plugging tei^erature increase was attributed to out-
gassing of the graphite in the reactor plug and subsequent reaction of the gases 
with the sodium to form free carbon and sodium carbonate. This reaction resulted 
in the formation of carbon and oxygen impurities in the sodium, as well as a 
surface layer of solid reaction products, A chemical analysis of the solid 
reaction products Indicated that it consisted primarily of carbon, sodium 
carbonate, and sodium hydroxide as shown in Table I, 
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TABLE I - ANALYSIS OF SOLID REACTION PRODUCIS 

Constituent 

Carbon 

Na2C0^ 

NaOH 

Per Gent, 
by W e i ^ t 

20.6 

U7.6 

31.7 

Analysis of the sodium cover gas, taken during the 1000 F run, showed 
high percentages of carbon dioxide and oxygen. Subsequent outgassing tests on 
graphite that was similar to that in the plug indicated that hydrogen in the 
form of methane and moisture was also present, indicating that the sodium also 
would have become contaminated with hydrogen. 

In J\ine 1962, the sodium was drained fron the primary system in order 
to affect repairs to several reactor components. The system was refilled in 
November 1962, and has been maintained at temperatures of UOO F and higher since 
that time. The thermal history of the primary sodium system is shown in Figure 1< 

The oxygen, carbon, and hydrogen iIr̂ 5û ities in the sodium for samples 
taken periodically since Deconber I963 are shown in Table H , 

TABLE H - AVERAGE ANALYSES OF FERMI SODIUM 
DECEMBER I963-MARCH 196$ 

Lab Sample 
Number 

86 
IOI4 
lh3 
Uk9 
151 
161 
200 
351 
U28 
503 

a . Oxygen 
b . Results 
c . The ace 

Fermi 
Coil No. 

6 
8 
9 

10 
11 
12 
13 
Ik 
15 
16 

ca lcula ted as 

Date of 
Sample 

12-63 
3-6I1 
6-61i 
7-6I1 
8-6U 
9-6U 

10-6U 
1-65 
2-65 
3-65 

Total^ 
Oxygen, 
ppm 

25 
27 
13 
12 
10 
15 
21 
16 
111 
12 

sodium monoxide. 

Total 
Carbon, 
ppm 

37 

la 
U3 
38 
59 
h3 
31 
50 
UO 
I18 

Carbonate 
Carbon, 
ppm 

8 
3 
6 
7° 
k 
7 
8 
3 
1 
2 

were obtained by alcohol d i s so lu t ion method and are too 
uracy of the method i s not ye t es stablished. and t o t a l ttvi 

b 
Total 

Hydrogen, 
ppm 

«H 

•^ 
11 

3 
7 
2 
3 
U 
8 
3 

h i ^ . 
flrogen 

is hydrogen exclusive of hydrogen in sodium hydroxide. Since the 
oxygen level is always low, the amount of hydrogen which could be 
present as hvdroxide hydrogen is not more than 0,5 ppm. 
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B. GENERAL CORROSION 

There has been no evidence of corrosion on any components examined to 
date that could be attributed to exposure to sodium. This is not surprising, 
however, due to the short times that the system has been at high temperatures 
and that the system has not been subjected to any temperature gradients. 

However, there has been evidence of carburization of the stainless 
steel in the primary system and of hydriding of the zirconium cladding on the 
fuel pins, 

C, CARBURIZATION 

During the shut-down period in 1962, several components were removed 
from the primary system and examined to determine whether carburization had 
occurred. These components were in the system throughout the nonnuclear test 
program. The results of these examinations are listed in Table III, 

TABLE n i - DEGREE OF CARBURIZATION OF 
FERMI PRIMARY SYSTEM COMPONENTS 

Component 

Check Valve 

Support Plate Orifice 
Retaining Ring 

Dummy Subassembly 

1, Stainless steel filter 
screen, 0,00U in, wire 

2, Backup screen 

3, Wrapper tube 

Depth of 
Carburization, in. 

0,005 

0.001 

Complete 

0.005 

0,0005 

Carbon 
Content, w/o 

Not analyzed 

It n 

0.5 

0.18 

0.3 

Surface sample - 0,003 inch th ick 

The microstructuT'e of the check valve i n shown i n Figure 2. This minimal degree 
of carbur izat ion i s not considered detr imental to any of the r eac to r system 
components. However, continued carbur izat ion i s undesirable , part icular!)y with 
respec t to t h in , h igh ly-s t ressed sect ions such as bel lows. For t h i s reason, a 
program for monitoring the carbur izat ion po t en t i a l of the system i s cur rent ly 
underway. 
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In this monitoring program, the sample exposure station is in the sodium 
inlet line to the hot trap, downstream of the economizer. The heating capability 
of the hot trap and the economizer is used to heat the sodium to the desired 
exposure temperature. Primary sodium is puniped from the overflow tank of the 
reactor through the exposure station at flow rates of 2 to 5 gpm. 

The monitoring specimens are type 30li, round stainless steel bars, 
3 A of an inch in diameter and 5 inches long, machined from conpletely annealed 
stock material. The bars are provided with nipples on the ends for machining 
after sodium exposure and for holding the saiiiple bars in the test section. 
Before exposure, the specimens are electrochemically polished (it mils removed 
on the diameter) to remove effects of cold working resulting from machiningj 
this step was first utilized after Run 1. Six of the test bars are held in the 
3-inch-diameter test section by spider supports which allow free flow of sodium 
around the bars. The test bars and sample station in various stages of assembly 
are shown in Figure 3» 

The exposure time of the runs is determined as the number of equivalent 
hours at 1200 F, as follows: 

ti200 - =-^ ^*T) 
^200 

where: . 

T.200 - equivalent time at 1200 F, hours 

*T = actual time at operating temperature, hours 

% « carbon diffusion coefficient st temperature T 

1200 » carbon diffusion coefficient at 1200 F 

2 
Carbon diffusion coefficients reported at AI are used. Only exposure 

times above 1000 F are used in this calculation because of the relatively small 
carbon diffusion coefficient below 1000 F, Temperature data are recorded approx
imately each k hours during a run. 

After exposure, the sodium is removed from the bars by alcohol immersion, 
and l-4nil samples are machined off the bars for chemical analysis. The first 
three samples are used to determine the surface carbon content. An additional 
3 mils are turned off the diameter to remove exposure effects and are discarded, 
A fourth 1-mil sample is then obtained which provides information on the carbon 
content of the bars before exposure. Samples are also taka:i from each bar for 
metallurgical examination. 

The bars are electrochemically polished and then reused in additional 
exposure tests. 
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The samples are analyzed chemically by a combustion technique using 
National Bureau of Standards samples of known carbon content for control purposes. 

The surface carbon content of the specimens is estimated from the results 
of the chemical analysis by both graphical and analytical methods. The graphical 
method consists of extrapolating the carbon content to the surface on a plot of 
the log of the carbon content versus average sample depth. The equation for 
undimensional diffusion^ is used as the analytical method. Mill rep carts of the 
stock material and results of chemical analysis of the unexposed bar material 
are used for the value of the initial carbon content in the diffusion equation. 

Results from the three runs completed to date are shown in Table TV, 

TABLE IV - SURFACE CARBON CONTENT OF TYPE 30U 
STAINLESS STEEL SPECIMENS EXPOSED TO 

FERMI PRIMARY SODIUM 
(INITIAL CARBON CONTENT: 0,06 PER GMT) 

Run 

1 

2 

3 

a, 
b. 

1 

No, 

Average 
Average 

Equivalent 
Time at 1200 F, 

hours 

of 
of 

77 

125 

lli8 

k bar specimens 
2 bar specimens 

Exposure 
Period 

June 196U 

Feb, 1965 

March 1965 

from Runs 1 
for Run 3 

Surface 
Wb, 

Carbon Content, 
Per Cent 

Graphical Method Difl 

0,16^ 

and 2 

0,22^ 

0.07^ 

'usion Equation 

0,12* 

0,19* 

-

The surface carbon content in all cases has been well below 0,5 per cent. The 
results from the third run indicate that essentially no carburization potential 
currently exists in the sodium. Since the exposiu'e tests require the use of the 
hot trap, carbon is removed during each test. Possibly, the carburization 
potential of the sodium has been lowered, although the carbon content in the 
sodium does not appear to have changed significantly. 

The highest surface carbon content of 0,19 to 0,22 weight per cent was 
observed during the second run. However, the maximum depth of carburization was 
only about 2 mils. 

Shown in Figure h are photomicrographs of specimens from the second 
and third runs. These figures show carburization to a depth of about 2 mils 
during the second run, and essentially no carburization occurring during the 
third run. 
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The results obtained to date with the 100-hour exposure tests indicate 
little carburization potential exists. However, a series of runs are now in 
progress for longer periods of exposure. Specimens from these runs will be 
removed after 300, 500, 800, and 1000 hours of exposure. Results from these 
longer tests should provide a positive assessment of the carburization potential 
of the primary sodium of the Fermi system. 

D. ZIRGONIUl̂ T HYDRIDING 

Prior to manufacture of the Fermi Gore A fuel, U-10 w/o Mo alloy fuel 
pins clad with 0,005-inch zirconium, two demonstration runs were made vdth 
depleted uranium metal. The first of these runs consisted of 500 pins, the 
second of 1000 pins. These 'oins were subsequently used to build two proof-test 
(PT) suba.ssemblies to be installed in the reactor core prior to loading the 
enriched fuel, for the purpose of monitoring the condition of the fuel after long 
time exposure to high sodi'jm flow conditions. These subassemblies were installed 
in the reactor in November 1962, 

PT-1 was removed in July 1963 after being exposed 5860 hours, Metallo
graphic examination of the cladding showed little or no effect resulting from 
the sodium exposure. The microstructure of pins from each of the trial runs 
showed only faint traces of zirconium hydride as shown in Figure 5* the hydrogen 
content being estimated at less than RO ppm. Vacuum fusion analysis of the 
zirconium end caps showed hydrogen concentrations of 32 and 75 ppm, again 
representing little or no increase. 

PT-2 was removed from the system in November 196U, after 17,500 hours 
of continuous sodium exposure. Examination of one pin from each of the trial 
runs has shown varied and extensive hydrogen pick-up, as shown in Figures 6 and 
7, On the pin from the first trial run, the hydrogen appears as zirconium 
hydride needles primarily orientated normal to the cladding (Figure 6), A 
vacuum fusion analysis showed a hydrogen content of 333 Ppm. The pin from the 
second trial run had a hydrogen content of 2070 ppm; the precipitate appearing 
as a nearly continuous grain boundary network. Figure 7. Examination of other 
pins from PT-2 subassembly is in progress, 

A review of the literature indicates that for hydrogen concentrations 
up to about 5000 ppm, the embrittling effect on Zircaloy-2 is not extensive at 
temperatures in excess of about 500 F,'̂  However, there is evidence of an in
crease in the nil-ductility temperature under impact conditions. For this 
reason, thermal shock tests were run in sodium. The fuel pin specimens used 
had hydrogen concentrations estimated to be 70, 250, 500, and 1000 ppm. The 
microstructure of the lower concentrations shoired the needle-like precipitate, 
whereas that of the higher concentration showed the grain boundary precipitate. 
In these tests, the fuel-pin specimens were heated in argon to 1000 ''̂  and 
quenched in ,500 F sodium. There were no adverse affects after 100 such thermal 
shocks. 

E. OTHER ASPECTS OF PROOF-TEST SUBASSgJBLY INSPECTIONS 

Visual examination of many pins from the PT-1 subassembly showed that 
the cladding had pitted at the region of contact T,ri.th the stainless steel support 
grids. These pits or indentations were oval in shape with their long axis in the 
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direction of the fuel pin axes. They ranged in size to a maximum of a 0,035-
inch-raajor axis and a 0.025-inch-minor axis. In some, there was evidence of 
zirconium metal pullout to a depth of O.OOl; inch, as shown in Figure 8, Such 
pitting and metal pullout has not been observed on pins from the PT-2 sub
assembly. 

It is now concluded that the pitting was primarily the result of a 
dimensional stability test that was run on the subassembly prior to insertion 
into the reactor system. In this test, the suba-ssembly was heated in vacuum 
for 10 hours at 800 F followed by 10 hours at 1100 F and subsequently checked 
for dimensional stability. It is believed that during this heating, diffusion 
occurred between the steel grid and the cladding that lead to the observed 
pitting. Were this not the case, PT-2, with its considerably longer exposure 
period, would most certainly have shown comparable or greater pitting. 

As a result of the long exposure to the hot sodium, some transformation 
of the U-10 w/o fuel alloy from the metastable gamma phase to the thermally 
stable alpha plus epsilon phases had occurred, as can be seen in Figures 6 and 
7, The different degree of transformation reflects the faster cooling achieved 
following the heat-treatment of the second trial pin run relative to that of the 
first run. 

III. PERFORMANCE OF OSCILLATOR ROD BEARING 

A, LOW-POWER OSCILLATOR ROD 

The oscillator rod assembly consists of two sections: the poison section 
located in the core, and the drive shaft section which extends from the top of 
the core up through the sodium, the cover gas, and through the plug, 

1, Poison Section 

The poison section has two bearings; an inverted pivot bearing at the 
lower end which supports the poison rotor (the pivot is stationary and the 
socket rotates) and an upper bearing (sleeve type) about 5l inches above 
the pivot bearing. 

The pivot bearing consists of a spherical socket, 1 inch in radius, 
made of Kenna-metal I38-A (Titanium Carbide Cermet) provided with '•oil" 
holes to permit the circulation' of sodium. The mating pivot, which has 
a 1 inch radius spherical contour (lapped fit to the socket) is made of 
Kenna-metal K-95 (Tungsten Carbide Cermet) provided with radial "oil" 
grooves to permit continuous flooding of the bearing surface with sodium. 
The rotation of the socket develops a pumping action which draws sodium 
across the surfaces of the pivot bearing during operation,'' 

The poison section sleeve bearing is 2 inches in diameter and 1 inch 
long. The sleeve is a fused Colmonoy No, 70 overlay on a Type 30U stain
less steel backing, and the joiu'nal is a fused Colmonoy No. h on the rotor 
shaft; the sleeve has a ground finish ~ 32-microinch RMS, and the journal 
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a turned finish - 6U-microinch WS, The journal has four grooves, 90° apart, 
for sodium flow. The diametral clearance between the sleeve and the journal 
is 0,005 to 0,007 inch, 

2, Drive Shaft Section 

The drive shaft section has four sleeve-type bearings supporting the 
shaft. The two lower bearings, l ike the poison section bearing, operate 
under sodium; and the two upper bearings operate in the argon sodium-vapor 
cover gas over the sodium in the reactor vessel. 

The sleeves of the two lower bearings are made from S te l l i t e 6B, and 
the journals are a Colmonoy No, U fused overlay on the drive shaft. Both 
the journal and the sleeve were machined to a finish finer than 125-microinch 
RMS, with a diametral clearance of 0.007 to 0.009 inch. 

The sleeves of the two upper bearings are made of aluminum bronze, 
Anf)co No, 22, and ihe journals are a Colmonoy No, 5 fused overlay on the 
drive shaft. The bearing surfaces were machined to a finish finer than 
125-microinch RMS and the diametral clearance of the sleeves and journals 
was 0,001+ to 0,005 inch and 0,009 to 0,010 inch, 

3, Test Performance 

After a toJ;al of 75 hours of test operation in sodium at rotational 
speeds of 300 to 600 rpm, with about equal times in 500 F and 750 F sodium, 
and an additional 10 hours at a reduced minimum speed of 0,06 rpm., the 
oscillator rod assembly was cleaned and disassembled for examination of 
the bearing. 

All the bearings were found to be in excellent condition. The 
socket of the pivot bearing had developed a bright burnished finish 
on the bearing area (as did, presumably, the matting pivot which was 
not removed from the assembly). The sleeve bearings also had developed 
a slight burnished finish on the bearing contact areas. No evidence of 
galling or scoring was found on any of the five sleeve bearings. The 
two Colmonoy No. 5 journals on the drive shaft did exhibit some short ̂  
hairline cracks, but no spalling of the hard facing material occurred. 

B. HIGH-POWER OSCILLATOR ROD 

The drive shaft section used for the low-power oscillator rod will also 
be used for driving the poison section of the high-power oscillator rod, 

1, Poison Section 

The poison section of the high-power oscillator rod differs mechanic
ally from the low-power section in that it has an additional sleeve bearing 
that gives lateral support, about 5 inches above the pivot bearing. 
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The sleeves of both the upper and lower sleeve bearings are fused 
Colmonoy No, h overlays on a Type 30li stainless steel backing, and the 
journals are fused overlays of Stellite 6 on the shaft. Both the sleeves 
and the journals were machined to a finish finer than 125-microinch RMS, 
The journals have three equally spaced grooves parallel to the axis to 
permit access of sodium to the bearing surfaces; the diametral clearance 
of the journals and sleeves are 0,00U to 0,005 inch. 

The pivot bearing is identical in design and material to that of the 
poison section of the low-power oscillator rod. 

Test Performance 

The poison section was test operated in sodium at 600 F for a total 
of 96 hours in accordance with the following sequential rotational velo
city cycles. 

Velocity, 
RPM 

6 

6 

12 

30 

60 

120 

300 

600 

6 

6 

6 

6 

Cycle Time, 
Min, 

60 

60 

15 

15 

15 

15 

15 

30 

60 

60 

60 

60 

There was a l-ininute stop interval between each of above cycles of 
rotation. The above series of cycles was repeated w-thout stopping until 
a total of 96 hours of test operation had been completed. 

The two sleeve bearings and the pivot bearings were found to be in 
excellent condition at the completion of the 96-hour test as shown in 
Figure 9, The pivot bearing surfaces developed a smooth, polished finish 
with no measurable wear, and the sleeve bearings became slightly burnished 
and showed no evidence of galling or scoring. 
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IV. IRRADIATION STUDIES ON BORONATED GRAPHITE 

The primary shield of Fermi was described previously and the function 
of the boronated graphite portion of the shield discussed in considerable detail. 
To briefly review, there is a 6-inch inner layer of nominally 5 w/o boronated 
graphite (boron added ag boron carbide (Bĵ C)) surrounding the reactor vessel. 
Its main function is to absorb low energy neutrons which escape from the reactor 
vessel. Considerable heat is generated in this inner boronated layer which is 
transferred back into the reactor by a layer of thermal insulation external to 
the 6-inch layer. An irregularly shaped region of unboronated graphite lies in 
areas outside of the thermal insulation. Piping, which passes through this region, 
is surrounded by rings of boronated graphite to decrease the neutron streaming. 
These graphite rings have a nominal boron concentration of 7 w/o. Surrounding 
the unboronated portion of graphite is another boronated graphite region which 
captures those neutrons lAiich are thermalized in the plain graphite region. 

The region of principal concern with regard to radiation stability is 
the inner, 6-inch boronated graphite region, although there is concern with the 
boronated rings which surround the reactor piping. The inner boronated layer 
was originally designed to accommodate an irradiation-induced nominal shrinkage 
of 2-1/1]./̂ , with a local maximum shrinkage of 6-3/W and an expansion of 1/2^, by 
using corrugated straps which serve as springs to hold the graphite blocks in 
tight contact. The as-fabricated system has been reviewed and it has been con
cluded that expansion values of ~ 2% can also be accommodated without detrimental 
effects to the reactor, the coolant piping, or the primary shield tank. Although 
the dimensional stability was of prime concern, another important criterion was 
the compressive strength of the material in that it is required to support itself 
during irradiation. 

Normally, the damage to graphite is primarily caused by fast neutron 
interactions with carbon nuclei; however, with boronated graphite the material 
is not only damaged in this manner, but also by recoiling helium and lithium 
nuclei. The nominal values for the helium generation rate in the inner boron
ated layer, at a reactor power of 200 Mw(t) has been calculated to vary from 
0,3 to 1,0 X lÔ -*- *<'s/om3-sec at the core axial centerline. The fast neutron 
flux (E >0.18 Mev) decreases somewhat from a value of ~ 2,0 x 10-^ nv at the 
inner boronated graphite surface as the neutrons pass through the blocks. The 
calculated temperatures are in the range of 600 F to 1000 F in the inner boron
ated graphite region at a reactor power of 200 Mw(t), 

To study the effect of irradiation on boronated graphite used, APDA 
and PPjJC initiated a program at the Hanford Atomic Power Laboratory (now Battelle-
Northwest) under the auspices of the USAEC, In this phase of irradiation testing, 
samples were irradiated in three long term capsules. Each capsule was temperature 
monitored and had two sections which operated at ~ 930 F and 700 F, respectively. 
Within each section there were about ll; samples or U2 per capsule. The samples 
were irradiated in a helium atmosphere. The tests were designed in a manner 
that would allow some samples from the first capsule to be irradiated in the 
subsequent capsules. Some new specimens were added after each irradiation to 
replace specimens removed for destructive testing. In this part of the program, 
samples were to be irradiated in an extremely high thermal neutron flux to 
enhance damage in the boronated graphites, since it was felt that there was con
siderable solid solution of boron in the boronated graphites caused by high 
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graphitlEatlon temperatures. In fact, it was found that during production, material 
of a given boronation appeared to have two different appearances, a "gray* metallic-
like appearance and a ••black" appearance, J. M. Davidson and 1, 0, Gates, ̂  have 
postulated that the gray material reached the melting point of the Bĵ C particles 
during graphitization, promoting recrystallization of the graphite and allowing 
more uniform dispersion of the boron within the graphite matrix. The black 
material, on the other hand, had the boron distributed as particles which retained 
much of the n, x damage produced within the particles, although it is suspected 
that there was some boron in solution even in the black material. 

The black 5 w/o boronated graphite samples exhibited length contraction 
after irradiation at 700 F and 930 F in a direction parallel to the extrusion 
direction; the gray 5 w/o boronated samples, which had \he same orientation, 
first contracted and then expanded. In the transverse direction the black 
samples expanded at 700 F; however, at 930 F some samples contracted while others 
expanded. The gray samples, on the other hand, initially contracted and then 
expanded at both irradiation temperatures, more at 700 F than at 930 F. At 930 F, 
the ten^jerature closest to which the maximum neutron exposure will occur in the 
IFFBR, the maximum length change for the black material after a thermal neutron 
exposure of 2,5 x lÔ -'- nvt^ (3,1 x 10^0 nvtf) was -0,7$% in the parallel direction 
and • •• 0,U5? in the transverse direction. At the same neutron exposure, the gray, 
5 w/o boronated material exhibited growth values of less than 0,5^ in the parallel 
direction and less than 1,5$ in the transverse direction. At the maximum exposure 
it is estimated that the B-10 burnout was greater than 50$. 

J, M, Davidson and L, 0, Gates' also report changes in thermal resist
ivity, coefficient of thermal expansion, and conqsressive strength properties. 
Summarizing their results at the same irradiation conditions given above, it 
can be stated that both 5 w/o boronated materials increase in compressive 
strength by greater than 100$ in both directions after irradiation. The thermal 
resistivity (measured at room temperature) increased by about a factor of 13 in 
the parallel direction and 17 in the transverse direction for both the gray and 
black material. The coefficient of thermal expansion between room temperature 
and UOO F also increases significantly in both orientations, although the scatter 
is quite large, J, M. Davidson and L. 0, Gates'̂  describe an auxiliary progran 
conducted on EFFBR materials which were irradiated in boron stainless steel 
thermal neutron shielded capsules in the ETR. In these tests, samples were 
exposed to a thermal neutron flux of up to 5.6 x 10l9 nvt^ and 1,2 x 1021 nvt 
(E >0,18 Mev) at temperatures similar to those described earlier. In these 
tests, the black and gray 5 w/o boronated graphites contracted in both directions. 
The black < 0,2$ in the transverse and < 0,9$ in the parallel direction, and the 
gray < 0,8$ in the transverse and < 1$ in the parallel direction. 

If one assumes a 100$ plant factor at 200 Mw(t) for 10 years, the 
maximum fast nvt (E >0,l8 Mev) is ~ 7 x 1020 nvt and the boron burnout is < 5$ 
in the six-inch-inner boronated graphite region. It, therefore, can be seen 
that in the first set of irradiations cited the thermal neutron exposure, or 
n, #t damage to the graphite far exceeded Fermi design conditions, while the 
fast neutron exposure was about one-half that anticipated for the EFFBR, In the 
shielded experiments described, the fast neutron exposure was about twice that 
anticipated in Fermi, while the thermal neutron exposure is assumed to be 
somewhat greater than expected in Fermi, Confirmation of this fact by chemical 
analysis is presently being done. 
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Since the dimensional changes observed in both irradiations were within 
design limitations and the compressive strength values increased, it has been 
tent^atively concluded that the Fermi design is adequate from a dimensional 
stability standpoint. This conclusion is tentative since theoretical studies 
are to be done to correlate n, •< damage and fast neutron damage obtained in 
these studies, and in the graphite for Fermi flux and spectrum conditions. 

V, NEUTRON SOURCE 

The neutron source for Fermi used to provide the necessary neutron flux 
for start up, is composed of a replaceable antimony rod that fits inside a 
beryllium assembly in the reactor. The antimony portion of the source must be 
irradiated in another reactor before use in Fermi, Thus far, considerable 
difficulty has been encountered with the fabrication and post-irradiation 
handling of the antimony section. It is the purpose of this section to describe 
the difficulties that have been encountered and in this way aid in future soditai-
cooled fast reactor neutron source design and operation. 

The antimony rod is about 0,7 inch in diameter and 25 inches long and 
is contained in a tantalum tube seal-welded in a helium atmosphere. Originally, 
the neutron source was designed for 300 Mw(t) operation and, conceivably, the 
antimony could have melted under abnormal reactor conditions. The choice of 
tantalum cladding for the antimony section was made on the basis of corrosion 
tests performed on readily available materials in a liquid-antimony environment. 
The tantalum also proved satisfactory for sodium operation. 

The initial difficulty arose after the first antimony section of the 
source had been irradiated in another reactor, l^on receipt at the Fermi site, 
the source was immersed in a water leak detection can. When antimony activi'ty 
was discovered in the water after allowing the section to remain in the water 
for several days, it was concluded that there might be a leak in the tantalum 
cladding. Originally, the tantalum specification required an arc-cast material 
1>o insure good weldability. The welds were suspected and, when checked, it 
was discovered that the vendor had used a powder meiiallurgy product that would 
be expected to have more inclusions and hence be more difficult to weld. Since 
it is extremely difficult to leak test the antimony section to the degree of 
accuracy needed prior to irradiation, all subsequent antimony enclosed tantalum 
sections were fabricated of either arc-cast or electron-beam melted stock. 
Since that time, difficulties of this nature have not been encountered with 
additional antimony sections. 

Another source of difficulty has been the post-irradiation handling 
of the antimony rod. Because of the highly radioactive state of the rod, a 
large amount of heat is generated and considerable time must be allowed and/or 
adequate provisions must be made for cooling the rod. One of the antimony 
rods was removed from the vendor's pool, where it was being cooled after irrad
iation, and placed in a cask for about 2 days. Subsequent examination in the 
vendor's hot cell facility showed that about 0.010 inch of the wall thickness 
apparently had been oxidized and removed from the tantalum cladding. Since the 
tantalum was extremely radioactive, the vendor's cask and hot cell were consider
ably contaminated. If sufficient cooling time or adequate cooling had been pro
vided, this problem would not have been encountered as it has since been establish
ed that the tantalum temperature was in the rapid oxidation range. 
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Fig. 2 CARBURIZATION ON THE OUTSIDE SURFACE 
OF THE PRIMARY SODIUM PUMP CHECK VALVE 

MAG. 2^0 X 



CARiURIZATION TEST SPECIMEN DISASSEMBLED CARBURIZATION TEST SPECIMEN ASSEMBLED 
BESIDE PIPE TEST SECTION I 

' * 

OARBURIZATION TEST SPECIMEN ASSEMBLED 
IN PIPE TEST SECTION 

Fig. 3 TEST SPECIMENS AND SAMPLE STATION USED 
IN OARBURIZATION MONITORING PROGRAM 



Run No. 2 - 125 hours a t 1200 F. 
Note s l igh t degree of surface 
Carburization 

Run No lli8 1200 hours 
Note complete absence of carburizat i on 

Fig. h MICROSTRUCTURES OF CARBURIZATION 
TEST SPECIMENS 

Mag. 250X 
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Fig. 5 CLADDING ON DEPLETED URANIUM 
FUEL PIN FROM PT-1 
Mag. 250X 

Fig. 6 CLADDING ON DEPLETED URANIUM FUEL PIN 
FROM PT-2 SUBASSEMBLY ̂ ^TER 17,500 
HOURS EXPOSURE TO FERMI SODIUM 
(PIN MADE IN FIRST TRIAL PIN RUN) 
Mag. 2$0X 
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Fig. 7 CLADDING ON DEPLETED UPANIUM FUEL PIN 
FROM PT-2 SUBASSEMBLY AFTER 17,^00 
HOURS EXPOSURE TO FFRMI SODIUM 
(PIN MADE IN SECOND TRIAL PIN RUN) 

Mag. 250X 

Fig. 8 METAL PULLOUT OF THE ZIRCONIUM CLAD 
ON A FUEL PIN FROM THE PT-1 SUBASSEMBLY 

Mag. lOOX 
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Fig. 9 PIVOT BEARING SHOWING POLISHED 
WEAR PATTERN IN SOCKET AND BALL 
(FULL SIZE) 
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EVALUATION OF THE PERFORMANCE OF MATERIALS IN SODIUM IN THE SRE* 

•By D.A. Mannas 

ATOMICS INTERNATIONAL 

The Sodium Reactor Experiment (SRE) is a sodium-cooled, graphite-moderated 
reactor power system constructed to provide technology for large sodium-cooled. 
systems. Detailed descriptions of the reactor are available in the literature ' 
^>3, Since the initial operation in March of 1957, the sodium system has 
acciomulated 44,000 hours of sodium flow at temperatures from 300°F to 1030°F. 
In July of 1959, foiJ-ing occxirred in the core when tetralin, an organic fluid 
used to cool the sodium pumps, leaked into the system and decomposed producing 
carbonaceous deposits. During a 12-month recovery period, several moderator 
cans were replaced, and the second SRE core (Core II) was installed. In 
February of I964, modification of the system was initiated to permit operation 
at higher temperature and power levels. Since then, the entire primary system 
has been replaced. An examination of the material removed is being conducted 
to determine the effect of a sodium environment on a large heat-transfer-system. 

The primary system is illustrated in Figure 1. Each line and component was 
examined visually as it was removed from the system. Most of the system was 
also visually examined after the residual sodiiom had been removed, A fevi typical 
items are shown in Figures 2,3, and 4. No evidence of erosion or wear has 
been observed. 

Several items from the system have been examined in detail. They are categorized 
into hot-leg and cold-leg groups with the reactor core and the main intermediate 
heat exchanger (MIHX) separating them. Although there were 56 reactor scrams 
on Core I and 43 on Core II which produced temperature transients in the system, 
the hot leg and the cold leg sections normally were run under essentially iso
thermal conditions. 

Hot Leg 

The general integrated thermal and flow history of the hot leg is outlined in 
Table I. A section of the main primary line, type 304 stainless steel, 6-in.-
diam., sched. 40 pipe, from the core outlet region is shown in Figure 5. 
The pipe wall in this area was heavily sensitized, exhibited fine grain size, 
and showed a light carbtirized case to a depth of 0.005 inch along the svirface 
exposed to the soditun. Figure 6. Slight pitting along the surface may indicate 
some corrosion has occurred, but it is clearly negligible. 

A saddle tee in the main primary line for the primary drain pit was subjected 
to thermal stresses because of the low temperature of the sodium in the connecting 
2-in.-diam. line. Dye penetrant examination did not reveal any cracks on 
the surfaces of the tee that had been exposed to the sodium. Analyses of the 
slight deposit along the line. Figure 7, are listed in Table II. Tj'pical cross 
sections of the main primary line and the vreld joint in the tee are shown in 

•Work performed as a part of Contract ESADA-IA vri.th the ESADA group of investor-
owned utilities companies in New York State. 
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Figure 2. One inch line (arrow) from a thermal stress 
reducing tee which extended into the sodixmi 
stream in the 6-in.-diam., main primary hot 
leg. No erosion has occurred. 

Figure 3: Ifein primary piunp impeller with original balancing, grinding 
marks, unaffected by service. 



o 
00 

Figure 4. Cross Section of I4IHX Tube Bundle where cold primary sodium was in tubes and cold 
secondarj^ sodium entered around outside of tubes. All tubes were essentially free 
of deposits except those in upper left section which was in vicinity of secondary 
cold-leg line inlet. 



TABLE : I 

Integrated Thermal and Flow History of 

Temperature Range 
(°F) 

300 

300 - 399 

400 - 499 

500 - 599 

600 - 699 

700 - 799 

800 - 899 

900 - 959 

960 -1030 

Flow Time 
Core I 

120 

4,080 

2,016 

576 

192 

520 

1,972 

512 

356 

SEE Hot Leg-; 

in Hours-''̂ "-
Core II 

180 

9,480 

3,288 

4,008 

6,408 

2,256 

1,056 

40 

0 

TOTAL: 10,344 26,716 

-"- Interval: Core I - l4ay 4, 1958 to November 10, 1959 
Gore II- July 22, I960 to February 15, 1964 

-;;- Flow: Mean Flow 1100 + 200 gpm (12.5 + 2 ft/sec in 
6-in. lines) v/ith 6000 hr of Gore II time at 
1450 to 1560 gpm (16 to 17.5 ft/sec in 6-in. 
lines). 
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Figure 5. Section of 6-in.-diam. hot leg line removed from adjacent 
to the core outlet. 

Figure 6. 

A longitudinal section of 
the line above. The 
lightly carburized case at 
the sTorface averaged 280 Khn 
(lOO gm. load) which dropped 
off to 180 Khn (100 gm- load) 
0.005-in. below the sodium 
exposed surface as indicated 
by the microhardness indents. 
Etch: Ferric Chloride 
Wag: 150 X 
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Figure 7. Sodixm exposed surface of 6-in.-diam. hot leg line with the 
thermally stressed tee connection (arrow) for the 2-in.-diam. 
line from the primary drain pit. The tee was at the top of 
the line in the system, and the film deposits were present 
after cleaning. 

TABLE II 

Analysis of Deposits from the Hot Leg at the Thermally 
Stressed Tee 

Carbon 
Analysis 

6.03 

X-Ray 
Diffraction 
Compound 

NaCO. .3 . H2O 

Emission Spectrographic Analysis 
(wt^) 

Ag Al Ca Cb Co Cr Cu Fe Mg Jfa 
0.05 0.4 0.2 <0.01 0.3 >1.0 0.5>1.0 0.1 1.0 

Mo Na Ni Pb Si Sn Ti V Zn Zr 
0.8 >1.0 >1.0 >1.0 >1.0 0.3 0.2 0.1 1.0 0.1 
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Figures 8 and 9. Carburization occurred to a slightly higher degree in the 
thermally stressed regions, i.e., the weld and the 2-inch diameter line, compared 
to the main primary line. Carbiirization has been shown to occur at a higher rate 
in stressed material^, and it is assumed that thermal stresses may have had an 
accelerating effect in this case. Except for the light carburized case, the tee 
was unaffected. 

The largest deposit in the main primary line was found along the top of the main 
primary pump outlet line. Figure 10. The deposit was composed primarily of 
amorphous carbon. Table III. Since the tetralin entered the system through the 
pump seals and is known to decompose rapidly (to hydrogen, free carbon, and 
aliphatic hydrocarbons ) in sodium above 675°F, particulate carbon probably 
formed in the sodium at the pump outlet. Apparently, the high turbulance and 
frothing in the pump outlet region caused the carbon to impinge and cake along 
the top of the line. The deposit terminated about 3 feet dovmstream from the 
pump outlet — a reasonable distance for high turbulance. 

To determine the effect of direct contact of the carbonaceous material on the 
Type 304 stainless steel line, sections of the line directly under the deposit 
and from the bottom of the line which were essentially free of deposits were 
examined metallographically. Typical microstructures of both sections. Figure 
11, do not indicate any significant difference caused by the direct contact of 
the high carbon deposit. The hardened case extends to a depth of 0.010 inch in 
both cases, and the grain boundaries are heavily sensitized to a depth of O.O3O 
inch, Figure 12. The high degree of sensitization is clearly indicated by the 
removal of whole grains from the structure, caused by the complete dissolution 
of the grain boundaries by the metallographic etchant. Similar attack by sodium 
has not been observed. 

Cold Leg 

The general integrated thermal and flow history of the cold leg is outlined in 
Table IV. The eductor, a jet pump used to provide coolant flow for the graphite 
moderators, vras installed at the time of Core II. The velocity of the sodivmi 
changed from 13 ft/sec in the main line to 60 ft/sec in the nozzle, shown in 
Figure 13. When the eductor was removed from the system, sodiimi was found to 
be trapped by the nozzle restriction. Figure 14. The soditmi was removed by hot 
oil (300°F) immersion followed by immersion in Dowanal, ethylene glycol butyl 
ether. After sectioning, the nozzle was easily removed from the suction shell. 
A film of powdery deposit was found on the surface of the nozzle, Figure 15. 
The standard procedure for decontamination (manually wiping the surface with a 
solution of Alconox detergent and water) restored a bright metallic finish to 
the nozzle except for some black staining on the inside of the reduced section 
of the nozzle, Figures I6 and 17. The concentration of the staining in the 
orifice of the nozzle—the highest velocity region—is believed to have been 
caused by impingement. Table V lists the analysis of both types of deposit. 
Dye penetrant examination of the nozzle did not indicate any surface defects. 
Despite the high velocity of the sodixim in this region, evidence of erosion was 
not foimd. 

Multiple sections of the eductor nozzle and the suction shell were examined 
metallographically. A hardened layer up to 0.001 inch thick was foxmd along all 
of the surfaces that were exposed to sodium. Figure 18. The hardness of the 
layer ranged from 290 to 325 Khn, compared to 160 Khn for the 304 stainless steel 
substrate; the inclusions found in the layer. Figure 19, indicate that it is a 
morphological change of the base metal, rather than a plating. Attempts to 
etch the layer have failed to reveal any grain structure. Figure 20. 
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Figure 8. 

Longitudinal section of the 
6-in.-diam. hot leg line 
adjacent to the drain pit line 
tee. The carburized case along 
the surface exposed to the 
sodium (top) averaged 307 Khn 
(100 gm. load) and decreased to 
an average of 198 Khn (100 gm. 
load) 0.006 in. below the sur
face. 
Etch: Ferric Chloride 
Mag: 150 X 

Figure 9. 
Longitudinal section of the weld 
between the drain pit line and 
the hot leg line. The carburi
zed case along the surface 
exposed to the sodium (top) 
averaged 350 Khn (100 gm. 
load) and decreased to 198 Khn 
(100 gm. load) 0.008 in. below 
the surface. 
Etch: Ferric Chloride 
Mag: 150 X 
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Figure 10. Carbonaceous deposit along the top of the 6-in-
diam. hot leg line at the outlet of the main 
primary pump present after cleaning. 

TABLE H I 

iinalysis of Deposit from the Hot Leg Line at 
the Ifein Primary Pump Outlet 

-Spectro-
graphic 

Analysis 
fac/CTi) 

Carbon 
Analysis 
(wt,j) 

Emission Spectrographic Analysis 
(wt^) 

Cs 
1.6 

137 C 
73.8 

Al Bi Ca Cr Cu 
0.5 0.05 0.1 2.0 0.3 

Fe Mg I-fti 
10.1 0.1 0,3 

Mo Na Ni Pb Si Sn Ti Zr 
0.05 5.0 2.0 0.3 4.0 0.1 0.05 0.03 
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Figure 11. Sections of Hot Leg Line, 30A Stainless Steel, at Main 
Primaiy Pump outlet. Surface Exposed to sodium is at top. 
Hardness averaged 307 Khn (100 gm. load) at surface, and 
decreased to an average of 142 Khn (100 gm. load) as 
indicated by increase in size of hardness indents. 
A - Surface below carbonaceous deposit, Figure 10. 
B - Surface along bottom of line that was free of deposits. 
Etch: Ferric Chloride Magt 150 X 

Figure 12. Typical transverse section of Hot Leg Line, 304 
Stainless Steel, at the main Primary Pump outlet. 
Surface exposed to the sodium is at top. A highly 
sensitized structure near surface is indicated by 
absence of whole grains caused by complete dissolu
tion of grain boundaries by etchant. 
Etch: Ferric Chloride 
Mag: 150 X 

115 



TABLE IV 

Integrated Thermal and Flow History of the SRE Cold Leg-'̂  

Temperature Range 
(°F} 

300 

300 - 399 

400 - 499 

500 - 599 

600 - 699 

TOTAL: 10,344 26,716 

Flow Time 
Core I 

120 

4,080 

3,024 

3,048 

72 

in Hours ^^ 
Core II 

180 

9,480 

7,848 

7,216 

1,968 

-"- Interval: Core I - May 4, 1958 to November 10, 1959 
Core II- July 22, I960 to February 15, 1964 

,, Flow: Mean Flow 1100 + 200 gpm (12.5 + 2 ft/sec in 
6-in. lines) with 6,000 hr. of Core II time 
at U50 to 1560 gpm (16 to 17.5 ft/sec in 
6-in. lines). 
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MAIN PRIMARY 
INLET L I N E -

MODERATOR COOLANT 
RETURN LINE 

Figure 13: Cross Section of Eductor Nozzle. 



Figure 14. The inlet to the eductor nozzle after removal from 
the system. The sodium (white mass) was prevented 
from draining by the restriction of the nozzle. 

Figure 15. The eductor nozzle section after cleaning and removal 
from the suction section. 
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Figure 16. The outside surface of the eductor nozzle after 
cleaning with detergent. 

Figure 17. Inside surface of the eductor nozzle after 
cleaning with detergent. The black stain is 
a thin film deposit. 
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TABLE V 

Analysis of Eductor Nozzle Deposits 
(Spectrographic wt/̂ ) 

Elements Eductor Nozzle 
ID CD Stain 

Al 
Ca 
Cb 
Co 
Cr 
Cu 
Fe 
Yig 

Vsn 

Mo 

Na 

Ni 

Pb 

Si 

Sn 

Ti 

V 

Zn 

Zr 

0.5 
0.02 
0.05 
0.03 
1.0 
0.02 
1.0 
0.1 
1.0 

0.05 
1.0 
1.0 

0.5 
1.0 

0.05 
0.1 
1.0 
0.1 

0.1 

0.5 
0.03 
0.05 
0.03 
1.0 
0.02 
1.0 
0.1 
1.0 
0.02 

1.0 
1.0 
1.0 
1.0 

0.05 

0.3 
1.0 
0.01 

0.2 

0.5 
0.05 

0.05 
8.0 
0.5 
8.0 
0.8 
2.0 

0.1 

2.0 

0.05 

3.0 

0.5 
0.1 

0.05 

Carbon Analysis in \-rt% 

12.89 18.64 

Compounds b.v X--ray Diffraction 

FeC 
NagCO 

120 



Etch: f e r r i c chloride Mag. 5OX 7633-1505 

Figure 18. Section of the outlet of the Eductor Nozzle illustrating 
the layer formed on all surfaces exposed to the sodium. 
The ID surface is along the bottom, and the OD surface is 
along the top. Etch: Ferric chloride Hag: 50X 

•f 

0.0067 in. 

. 1S0X 

u.. » 
Figure 19. Section of Educator Nozzle vdth layer on right, !̂iĉ o-

hardness of the layer is 327 I3in (100 gm. load) compared 
1'ri.th 160 Khn (100 gm. load) for base metal, as indicated 
by tv;o hardness indents at lower right. Inclusions 
present in layer indicate it is part of original base 
metal. Etch: Ferric chloride Mag: 150X 
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Electron microprobe scans for Fe, Cr, Ni, Zn, Wi, Zr, Mo, and Si failed to 
indicate any change in composition between the layer and the Type 304 stainless 
steel base material. Analyses by X-ray fluorescence and diffraction have also 
yielded the typical Type 304 stainless steel patterns. Analysis of chips and 
thin sections of the layer xvith a minimum amount of retained base metal are 
listed in Table VI. IMssion sepectrographic analysis of a thin section with 
the layer con̂ jared with a section of the base metal with the layer removeci 
indicated that molybdenimi was the only element with any significant variation 
in content. The base metal averaged 0.1^ Mo, and the thin section averaged 
1.0^ Mo. However, even a 3% Mo content would not account for the high hardness 
of the layer. 

A section of the main primary line from the core inlet region is shown in 
Figure 21. Other than a hardened layer, Figiu>e 22, on the surface exposed to 
the sodium similar to the one observed on the eductor, the material appeared to 
be unaffected. 

Liquid-Vapor Region 

A Type 304 stainless steel hanger rod from a temperature probe which had been 
in the core since the start of the SRE in 1957, was examined for effects at 
the sodiimi liquid-vapor interface. The surface of the rod had a rusty appear
ance which is attributed to the steam washing it received prior to being placed 
in storage. After the loose mst had been wiped off, a sharp change in colora
tion was observed in the central portion of a 20-inch long section taken from 
the liquid-vapor region. Figure 23. The line apparently marks the normal (at-
temperature) sodium level. 

Sections at several levels in the -vapor and licjuid regions were examined 
metallographically. The location, radiation levels, microstructiu-es, and hard
ness measurements of the sections along the rod are shown in Figure 24. /inalysis 
of thin sections (< 0.005 inch thick) of the surface of the rod in the liquid 
region averaged 0.64^C and in the vapor region, 0.69^C; confirming that the 
hardened case was caused by carburization. An indication of carburization in 
a sodium vapor has been reported4; however, gaseous hydrocarbons produced in 
the system by the decomposition of the tetralin probably contributed to the 
carburization. 

The slight corrosive attack along the svu-face of the sections that were immersed 
in the sodium is attributed to dissolution by the sodium of corrosion products 
produced during steam washings. The degree of penetration is insignificant. 

Summary and Conclusions 

Although the SRE sodium-heat-transfer system has been subjected to a vfide 
variety of operating conditions dirring the seven year period, no indication of 
an impending functional failure has been found. Evidence of cracking or erosion 
has not been observed. Detection of Fe, Cr, and Ni in thin film deposits and 
of slight surface irregularities in the hot- leg imply corrosion may have 
occurred, but the degree is apparently insignificant. 

The presence of appreciable carbonaceous deposits in the hot leg indicates that 
the sodium had been saturated ivith carbon since the introduction of tetralin 
into the system. Carburization in the main primary piping has not been signi
ficant either in terms of carbon content or of case thickness. 

The layer found in the cold leg appears to be a morphological change along the 
surface of the stainless steel. The characteristics of brittleness have not 
been observed in the layer, and the high hardness may have been beneficial in 

122 



Etch: f e r r i c chloride Mag. 500X 7633-1507 

Figure 20. Section of Eductor Nozzle with layer on 
left. Grain boundaries are not detectable 
in layer. Etch: Ferric chloride Mag: 500X 

TABLE VI 

Chemical Analysis of Machined Chips from the ID of a Cold Leg 
Section vfith the Layer 

Elements Fe Cr Ni IM Mo Si C N 

\rtfo 69.2 18.1 10.2 1.59 0.44 0.40 0.07 0.05 
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Figure 21. Section of 6-in.-diam. cold leg line removed from 
adjacent to the core inlet. 

Figure 22. 
A longitudinal section of 
the line above. The layer 
along the soditun exposed 
surface is similar to the 
layer on the eductor. The 
hardness of the layer 
averaged 290 Khn (100 gm. 
load) with an average of 
180 Khn for the base metal. 
Etch: Ferric chloride 
Mag: 150 X 
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Figure 23. Section of temperature-probe, 304 stainless 
steel hanger rod from sodium liquid-vapor 
interface region of core. Change in 
coloration (arrow) indicates location of 
liquid-vapor interface. Taped end on left 
was in vapor region. 

Figure 24. Carburized case observed along temperature probe, 
hanger rod. Type 304 stainless steel. 
Etch: Ferric chloride l-Iag: 150X 
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preventing erosion in the nozzle of the eductor. Assuming linearity, a comparison 
of the thickness of the layer on the eductor with the one on the original lines 
gives a growth rate of less than O.OOO3 inch a year. 

Considering the severest case of any of the material changes observed in the SRE 
sodium-heat-transfer system, large sodium systems operated under SRE conditions 
can be expected to have reliable life expectancies in excess of 30 years. 
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EBR-II Materials Experience 

C. H. Scheibelhut 

AEGOME NATIONAL LABORATORY 
Idaho Division 

During the I963 Winter Meeting of the Americaa Nuclear Society, A Symposium 
on materials for sodium-cooled reactors was held in conjimction with the 
Metallurgical Society of the AIME. The proceedings of this symposium have been 
published by the AIME in a book called "Nuclear Metallurgy, Volime IX." The 
Argonne National Laboratory presented a paper called "Materials for Argonne 
National Laboratory Sodium-Cooled Reactors." Since this paper described the 
materials and seme of the components in the EBR-II Reactor, I will refer you to 
this book for background material. In this paper we shall attempt to bring o\ir 
experience with these materials in the EBR-II Reactor up to date. 

First, I would like to describe the secondary sodiimi system. The EBR-II 
secondary sodium system is the heat transfer system carrying heat from the radio
active primary sodium system to the steam generator. It is ccmposed of the 
following major components: 

1. Intermediate primary sodium to secondary sodium heat exchanger. This 
is manufactured of 30^ stainless steel. 

2. Secondary sodium pump. This is a linear electromagnetic pump. The 
pump duct, which is in contact with the sodium, is fabricated from 
type 3^7 stainless steel. 

3. The surge tank. This is an 8OO gallon tank fabricated from 30̂ 1-
stainless steel. 

k. The storage tank. This is a l6,000 gallon tank fabricated from 
30^ stainless steel. 

5. Cold trap and recirculating pumps. These are fabricated from 30^ 
stainless steel. 

6. Steam generator. On the sodium side the evaporators and superheaters 
are identical. There are ten units in all and they are fabricated from 
2.25/0 Cr, 1/0 Mo, low alloy ferritic steel. 

7. Interconnecting piping. The piping system is ccmposed of 304 stainless 
steel and 2.25^ Cr, 1^ Mo, (P-22) ferritic steel. The stainless steel 
piping has an inside area of approximately I9OO sq. ft. and the P-22 
piping has an inside area of approximately 10,300 sq. ft. 

Unfortunately, the ferritic piping was installed without pickling to remove 
the mill scale. Based on chemical cleaning of the water side of the steam 
generator, it was estimated that the sodium piping contained approximately 400 lbs. 
of mill scale (Fê Oij.). Since sodium will reduce the mill scale it was necessary 
to go through a special cleaning program after the system -was filled with sodium. 
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This program took approximately four months and essentially consisted of filling 
the system, heating to 560°F, allowing the plugging temperature to rise to about 
54o°F, draining, heating the storage tank to 600°F, cold trapping until the 
plugging temperature was reduced to less than 250°F, cooling the sodium to 350°F 
(the filling temperature), and repeating the cycle. A total of five cycles was 
necessary before the plugging temperature stayed constant after fill and heatup. 

The original cold trap was completely filled during this operation and a 
temporary cold trap was then installed. This temporary cold trap was used until 
the end of the cleaning cycle. It was then removed and a new, pennanent cold 
trap was installed in the system. Because of the batch-type process used, it was 
rather easy to keep a close track of the amount of sodium oxide removed frcm the 
system. A total of I3O.6 lbs. of sodium oxide were removed which only accounted 
for approximately one-third of the total oxygen we had initially through to be 
present. Subsequent operation since this cleanup has shown that the system is 
not stable but that oxygen is slowly being picked up by the sodium. ¥e have 
operated the cold trap in a batch-type process allowing the plugging temperature 
to rise from approximately 25O to 300°F. Then we put the cold trap on the line 
and reduce the plugging temperature to 250°F. C\irrently, it takes about five 
days for the plugging temperature to rise from 250 to 300°r and two days of 
cold trapping will again reduce it to 250°F. 

During the cleaning procedure large amounts of particulate material were 
present in the sodium. It is thought that these were small pieces of mill 
scale which had broken off the surface of the piping as the piping expanded 
with temperature. These gave us a considerable amount of trouble in our plug
ging run determinations, and it was necessary to Install a micro-metallic filter 
in the line leading to the plugging meter so that meaningful plugging runs 
could be made. 

While the low alloy ferritic material is technically satisfactory for the 
piping, a careful analysis should be made to see if it is the most economical 
material. Because the P-22 material in schedule 20 is a specialty, the mill 
price is actually higher than the comparable schedule lOS 304 stainless steel 
price. To this must be added the cost of pickling and the added -welding expense 
brought on by preheat and stress relief requirements. These requirements are 
made more expensive by the necessity of providing an argon purge in the system 
to prevent formation of more scale. The use of stainless steel piping is compli
cated by the need for expensive transition welds where It joins ferritic material 
and cladding the piping with carbon steel if induction heating is to be used. 

The pimp duct of our secondary sodium EM pump failed early in 1964. The 
failure is believed to have been caused by a low npsh at the pump inlet which 
caused a vibration type of fatigue in the large flat duct. However, the choice 
of pump duct material is still believed to have been sound. 

In the primary system, both our pumps failed but these failures were again 
not due to choice of material but rather were design and fabrication problems. 

The EBR-II reactor oscillator functioned by moving a control rod up and down 
with a linear motion. Part of the assembly consisted of a ball bushing which 
had to operate submerged in sodium. This bushing ccmpletely disintegrated during 
operation, spilling in excess of 100 l/8-lnch ball bearings into the reactor. By 
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analysis of those parts that we have been able to recover we have found that the 
bushing was made of carbon steel rather than the stainless steel which was specified. 
While a suitable stainless steel bushing may have lasted much longer, the conse
quences of a failure precludes the use of this type of mechanical arrangement. 

The EBR-II reactor source is quite standard in that it consists of a hollow 
cylinder of beryllium metal canned in 304 stainless steel and an antimony metal 
slug canned in tantaliim which fits inside. Since it has been determined that 
the sources in EBR-II are self-renewing we have had some second thoughts on the 
tantalum clad material. Tantalum will, of course, reduce sodium oxide and become 
embrittled in time and it is feared that this cladding material will fall. Anti
mony tetroxlde (SbgOlj.), which has sufficient density and chemical stability to be 
a suitable source material has been tested in stainless steel containers to 1900°F 
and found to be compatible with the stainless steel. We therefore have a long 
range program to replace our antimony tantalum-clad sources with sources containing 
antimony tetroxlde contained in a 30^ stainless steel container. 

Aluminum bronze (Ampco Wo. 18-I3) versus stellite No. 6 is used as a laby
rinth seal and guide bushing where the control rod drive shafts penetrate the 
reactor cover as well as other places In the primary tank. The control rod 
labyrinth and bushings are approximately 2-| inches in diameter and have about 
0.020 Inches diametral clearance. Four of these control rod drive shafts have 
had to be removed for various reasons giving us an opportunity to Inspect the 
aluminum bronze surfaces. They were in excellent condition with practically no 
signs of wear. 

Figure 1 is a sectional view of an extremely important component in the 
reactor. It is the so-called gripper mechanism which Is used to grasp sub
assemblies that are removed and inserted in the reactor and also to grasp the 
fueled subassemblies that are the reactor control rods. There are twelve control 
rod grlppers and one fuel handling gripper. The gripper jaws and gripper funnel 
are held to the jaw and funnel support piece. The jaw actuator which is a hollow 
tube rides up and down the support piece and cams the gripper jaws open and 
closed. The support piece is hollow and a sensing rod rides up and down through 
the center of it to sense whether the top of the subassembly Is clear of the 
gripper jaws. The end of the sensing rod in the fuel handling gripper is shaped 
like a screw driver and fits into the slot on the top of a subassembly. This 
provides an orientation sense to the gripper. Since the control rod gripper 
does not need this sense, the end of the sensing rod is shaped like a hollow 
cone to fit over the end of the subassembly. We thus have an assembly which 
contains a number of rubbing surfaces and pivoted surfaces. The jaw actuator 
which is made of 304 stainless steel has a hard chrome-plated interior. This 
bears against four stellite Inserts in the jaw and funnel support piece. The 
gripper jaws and gripper funnel are machined from a 420 series stainless steel 
and hard chrome plated. The jaw cams on the jaw actuator are half-moon shaped 
pieces of stellite. These are moved across the earning surfaces of the gripper 
jaw to open and close the jaws. The total travel of the jaw actuator is approxi
mately 12- Inches. The jaw pivots which have to be very strong as well as hard 
are made of 18-4-1 tool steel which is hardened and chrome plated. The sensing 
rod is made of 420 stainless steel with a hard chrome plate. The top of the 
subassemblies are made of 30^ stainless steel having no protective coating on 
their surface. To engage a subassembly, the whole gripper assembly is lowered 
until the sensing rod seats in or on the slot at the top of the subassembly 
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and is forced upward. If the gripper assembly is at the right elevation showing 
the screw driver on the sensing rod went into the slot and is not crosswise to the 
slot, the jaws can be closed by driving down the jaw actuator. This motion cams 
the gripper jaws closed around the mushroom type head on the top of the subassembly. 
To disengage the grlppers frcm the subassemblies in the case of the control rod, 
the jaw actuator was moved upward caming the gripper jaws open. At this point 
the subassemblies would fall free approximately 3 Inches. The sensing rod would 
then fall downward 3/^ inch showing that the control rods were indeed released. 
The full weight of the subassemblies were on the gripper jaws while this 
operation was being done. Since the mating jaw faces are flat and the bottom 
of the mushroom is rounded, there is only line contact resulting in very high 
unit pressure. It has proven difficult in some Instances to perform this operation 
showing sticking between the gripper jaws and the mushroom head on the top of the 
subassembly. The procedure has recently been revised so that the subassemblies 
are sitting in the bottom position in the grid and the gripper jaws opened without 
the weight of the subassemblies on the jaws. After the jaws are opened, the 
entire gripper assembly is moved up approximately 3 Inches allowing the sensing 
rod to move downward and showing that the grlppers have Indeed released the top 
of the fueled control rod. 

In one Instance the jaw actuator mechanism got out of adjustment allowing 
the jaw actuator to move upward too far. When it was then pushed downward to 
close the jaws the upper most lip of the gripper jaw engaged one of the jaw 
cams and sheared it off the jaw actuator. When this happened the particular 
jaw could not be opened preventing the release of the subassembly from the 
gripper assembly. By shaking and raising the sensing rod it was possible to 
disengage the subassembly from the jaw. The gripper was removed from the tank, 
the cam found in the gripper, and the gripper rebuilt. In another instance, 
Interference developed between the jaw and funnel support piece and the jaw 
actuator making the movement of the jaw actuator very difficult. This assembly 
was also removed from the tank and it was found that presumably foreign material 
had deformed the cylindrical jaw actuator by l/32 inch; extremely high unit 
pressures must have been present to cause this deformation. However, where the 
stellite rubbing pieces mated with the jaw actuator, only moderate galling was 
evident. At present It is not known what this foreign material was which got 
between the support piece and jaw actuator. At present it Is estimated that these 
jaws have been actuated approximately 500 times. In the case of the gripper which 
takes fuel in and out of the core the construction is almost identical. We have 
had one mishap of this mechanism. An offset holddown device is positioned on 
the subassemblies surrounding the desired subassembly when it is removed from the 
reactor. The gripper was Improperly aligned with the holddown device and on 
lowering, the funnel interferred with the holddown and became bent. It was 
removed from the reactor and the funnel replaced. 

Except for this one Instance, the gripper has successfully made over 900 
transfers of fuel into and out of the EBR-II reactor core. In view of the problems 
we have had on the EBR-II reactor, it is gratifying to be able to report on one 
mechanism which works so well under such severe conditions. 

One item which is still causing some concern is the rotating seals for the 
reactor. These seals consist of a 304 stainless steel trough, 30^ stainless steel 
blade, and are filled with a tln-blsmuch eutectic alloy. During reactor operation, 
the top half of the alloy is frozen and the bottom is maintained in a molten con
dition. During fuel handling the alloy is completely melted to allow the plugs 
to rotate. It has beccme necessary to employ increasing higher temperatures to 
completely melt these seals and allow rotation of the plugs. Laboratory tests 
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have shown that even through this is a eutectic alloy, repeated freezing and meltin 
cycles cause a segregation of the alloy with the bismuth concentrating at the 
bottom of the container and the tin concentrating at the top of the container. 
There is also evidence of weld cracking in some of the heater holes in the blade. 
However, it is not known at this time whether this was caused by faulty welds or 
if it is characteristic of the system. 

Considering the canplexlty of the EBR-II reactor and associated equipment, 
we have had minimal troubles caused by materials selection. 
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THE UNITED KIHGDCai LIQUID METAL DEVELOBJEtTT PRCGRAmiE 

P . B . P . Evans 

United Kingdom Atomic Qiergy Authority 
Risley, Lancashire, Bigland 

Introduoticai 

In his paper to the Third Geneva Conference^ , Sir William Penney gave the 
status at that time of nuclear power developnent in the Iftiited Kingdom. The 
first phase of this programme is the installation of 5»000 M(e) of nuclear 
power l̂y 1970, these stations being of the "ma^ox" type. All these stations 
have now been ordered. 

A detailed economic study of the part which nuclesir power could play in our 
electricity generating system with stations to be conmissioned between 1970-75 
had jus-t been completed. The Government decision had been announced in a White 
Paper\2) in April of that year and was that the Central Electricity Generating 
Board should plan to conmission a further 5,000 MW of nuclear power in Ehgland 
and Wales in that period. This decision would be regularly reviewed and the 
possibility of another station in Scotland would also be examined. At that 
time, the choice of the type of station for the second phase was left open. 
The Central Electricity Generating Board had called for tenders for the first of 
these stations (Dungeness B) based not only on the advanced gas-cooled reactor 
system (A.G.R.), which is under development in the U.K., but also on water-
moderated systems. It has now been announced that Dungeness B will in fact be 
an A.G.R. station. 

It was stated in this paper that, even at that time, the largest single 
part of the Authority's development effort was devoted to fast reactor develop
ment. The immediate tasks seen were the development of fuel and cladding with 
an objective of a 5^ hum-upj a detailed design study of a large fast reactor 
and development of the associated engineering techniques; and the provision of 
the basic reactor physics information for which the Zebra zero energy facility 
had been designed and commissioned. The paper foresaw that a really major 
expansion of low-cost nuclear power would depend on the successful development 
of fast reactors. Initially, the main benefit from the introduction of fast 
reactors should be the raising of plutonium values due to the more efficient use 
of plutraiium possible in fast reactors than in thermal reactors, leading to a 
general lowering of nuclear power costs compared with those possible with only 
theimal reactors. Looking still further ahead, the contribution of the fast 
reactor could be in ensuring efficient utilisation of the uranium. The fast 
reactor has always been seen, therefore, as an essential part of the overall 
plan for nuclear energy developnent in the U.K. 

Since that paper was given, considerahle progress has been made in all the 
main areas. The Dounreay fast reactor (D.P.R.) played an essential role in the 
progress, especially in the area of fuel, cladding and sub-assembly development. 
The decision to build D.P.R. was taken in 1954? it first generated electricity 
in 1962 and reached full power in 1963'^'• It was designed as an experimental 
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metal-fuelled NaK-cooled fast reactor of 60 Mff(t). It has demonstrated the 
feasibility of fast reactors numing at a power of 60 M\ 4 ) . The reactor has 
now completed (mid I965) its eighth and longest full power run, with a full 
loading of experiments relating to future fast reactor fUel and cladding 
development. It is steadily accusrulating evidence on the irradiation behaviour 
of sub-assemblies of fuel pins in a fast flux enviroiment at projected fuel 
ratings and temperatures. 

Design studies of fast reactors have been made and, at the same time, 
aigineering development of canponents for fast reactors and our knowledge in the 
field of sodium technology has advanced at a similar pace. The successful 
operation of D.P.R. at full power and to a planned programme has been a major 
contribution to the build-up of ccaifidence in liquid-metal-cooled reactor 
engineering technology, as well as fuel element technology. The reactor 
physics work at Winfrith, using the Zebra facility, has also maintained its 
planned programme of work. The time, therefore, has now been reached where the 
next immediate objective can be set. This is the construction and operation of 
a fast reactor delivering some hundreds of megawatts of heat, which is sodiuia-
cooled and fuelled with uranium-plutonium oxide. Such a reactor would comprise 
a core made up of sub-assemblies of uranium-plutonium oxide fuel pins grouped 
around control and shut-off rod tubes placed in a diagrid which provides the 
coolant inlet header to the sub-assemblies. This core, with primary sodium 
coolant circuits would be entirely contained in a stainless steel tank. 
Secondaxy sodium circuits would transfer the heat to the steam raising units. 

The main components which therefore have to be developed are the fUel 
element sub-assemblies, the mechanical pumps, intermediate heat exchangers, 
steam generators, and reactor mechanisms such as re-fuelling machines and con
trol gear systems. In addition, it is necessary to establish the operational 
sodium technology at temperatures up to 65O C. Instrumentation to operate 
under these conditions is also a vital area for developnent in this programme. 

The Sodium Paoilities 

Although it is intended in this paper to outline the sodium facilities in 
order to indicate the programme, it is necessary to mention that they cannot be 
entirely considered in isolatiai. In the engineering development of a reactor 
system, as is conmon practice, the problems which can be solved by modelling out 
of sodium are done using air and water to avoid undue cost, complication and 
time. It is also a part of the general development philosophy that as much 
basic information is provided before design freeze to minimise the check out of 
actual reactor components. Finally, it has always been the policy, especially 
in fuel element and sub-assembly development, to obtain as much operational 
experience hy irradiation and operational use in the D.P.R. Hence, for example, 
D.P.R. can irradiate sub-assemblies designed to principles likely to be used in 
larger reactors. 

The facilities to be described are either in the Reactor Ehgineering 
Laboratory (R.E.L.) at Warrington (Pig. I), or in the Experimental Reactor 
Establishment at Dounreay (D.E.R.E. ). Materials problems are tackled at the 
Reactor Materials Laboratory, Culcheth, and there are eight sodium loops 
deployed on this work. The Reactor Materials Laboratory work will not be 
described in this paper. 
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Mechanical Pump Rig 

It was decided at an early stage that mechanical pumps should be used in 
the projected fast reactors. It was also judged necessaiy to obtain first-hand 
experience of the design and operation of this vital fast reactor component. 
The pump chosen for study is of the centrifugal type with a vertical shaft 
supported by an upper, oil-lubricated roller bearing and lower sodium-lubricated 
journal bearing.^ The size chosen for study was 6,000 gal/min with a pressure 
rise of 75 Ih/in . This pump will give enou^ technological and operational 
information to extrapolate to larger sizes which will be of the order of 
15,000 gal/min. The pump is being tested in a specially designed loop (Pig. 2). 
The loop consists of a stainless steel vessel housing the pump, and a re-entrant 
loop of 12 in. diameter containing suitable instrumentation for flow measuronent. 
The loop is constructed entirely of I8/8 stainless steel. The loop impurity 
level is controlled by a small, subsidiary, pumped clean-up loop comprising a 
1-in. electromagnetic pump and a cold trap. Impurity levels can be obtadned by 
sampling, with subsequent laboratory analysis, and operational performance is 
checked by a plugging meter. The amount of soditmi held up in the loop is about 
12 tons and the dump tanks are on the floor level. The loop operates at a 
temperature of 400 C. 

A careful programme was planned for commissioning this facility. This 
programme called for a check of impurity levels at all stages from initial 
sodium delivery to the final clean-up state of the pump. Attempts were made to 
assess the dirt burden which had to be dealt with when commissioning a facility 
of this type. Hence, as far as possible, an indication was obtained of the 
levels to be expected in a large reactor. In addition, the construction, 
inspection and initial cleaning of the facility were those which it was deemed 
could be used in future reactors. A newly-developed leak-rate measuring system 
was i;ised based on a helium isotope dilution technique. 

To study the detailed performance of the pump, special instrumentation had 
to be developed including transducers to monitor bearing clearances. The 
experimental programme is now under way and has reached the stage where the pump 
has been run at full power, and pump characteristics obtained. There is a 
further programme of experiments and tests necessaiy before a planned long 
endurance run as a final check out. 

Further experiments, when the pump tests are ccanplete, are now being 
planned. In particular, a study of gas entrainment problems and the special 
instrumentation necessary is at the mcanent being developed. It is expected 
that this will be the only very large sodium flow facility in the development 
programme• 

Fuel Element Thermal Test Facility 

Another vital canponent in the fast reactor is the fuel element sub
assembly. Again, at an early stage, the decisi<ai was taken that appropriate 
flow and tempera-bure conditions should be available for sub-assembly and other 
test work. To this end a 4-in. loop facility was designed and constructed 
(Fig. 3). 

The loop was designed around the electromagnetic pumps originally built for 
D.P.R. which can deliver 50 lb/sec of sodium at 35 Ih/in^ head and 220°C. ?y 
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fitting these pumps with a specially-developed high-temperature winding, the 
allowable metal temperature has been raised to 375 0, and two of these pumps are 
used in series to provide 350 gal/min at 70 Ib/in^. 

To provide sodium at 65O C at the test section, the loop is fitted with a 
10 MW heat exchanger, a 350 kW heater and a suitable cooler. An additional 
4-in. pipe is provided which allows cold sodium to by-pass the heat exchanger 
and heater and feed directly into the test section. Thus, thermal shocks of an 
amplitude of 25O C, and at rates of 50 C/sec, can be obtained. In commission
ing this loop, considerable difficulty was experienced with the iimiersicn heaters 
and an alternative induction-type heater has had to be designed and at present 
is being fitted. The standard cold trap and impurity monitor and sampling 
system is provided. A carefully-planned programme of commissioning has yielded 
valuable information on impurity levels and clean-up in sodium circuits. 

A subsidiary test section has now been fitted to this loop and contains an 
experiment to measure the eddy diffusivity of heat as a function of Reynolds 
number. The ratio of this value of the eddy diffusivity of mass in air is a 
necessary piece of information in the design and evaluaticai of hot spots in sub
assemblies. The experiment measures the decay of a spike of hot sodium along 
the axis of a large tube and, for its performance, the development of high-
precision thermocouple scanning equipment has been carried out. First results 
fron this test section are new available and shew that at Reynolds numbers 
around 6 x 104 fn/̂ M̂ass is of the order of 0.6. 

This loop is also heavily subscribed for instrumentation work, particularly 
the development of flowmeters and temperature measuring systems. An experiment 
in which a model sub-assonbly containing 70 heated pins, designed to study a.c. 
temperature measurement systems, has recently been successfully completed. The 
facility is heavily subscribed for the future for sub-assembly evaluation work 
and instrumentation development. 

General-purpose Rig 

The third facility in R.E.L. is a 1-in. loop which is an exact analogue in 
its circuit design to the 4-in. loop just described. It can supply 25 gal/min 
with pressures up to 10 Ib/in^ and temperatures of 65O C. It hsis been used on 
a wide range of mechanical development problems including sub-assembly engineer
ing problems, valves and joints, and for the development of various pieces of 
instrumentation. We are planning at the moment to extend the 1-in. facilities 
available in the laboratory because of the heavy conmitment. 

Small Sodium Rigs 

Generally supporting these major facilities are a number of minor rigs, 
some of them in fact in the laboratories rather than in the main experimental 
hall. These are listed below. 

1. A multi-headed rubbing-pair rig which allows basic investigations 
into friction and wear of materials in sodium environments of 
known impurity, and temperatures up to 600 C. Both rotating 
and reciprocating experiments can be performed. The results 
of sane of this work have already been described by Roberts\5). 
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2. A facility for producing mixtures of sodium vapour and inert 
gas to reproduce reactor cover gas conditions for the study of 
friction and wear of reactor materials. 

3. A laboratory ̂ in. loop which was designed for basic investiga
tions into sodium wetting of materials. It consists of a 
purified sodium supply system to a small, open rectangular pot 
enclosed in a glove box, in which the cover gas purity can be 
very carefully controlled. So far in this rig the field of 
sodium vapour mass transfer has been tackled, and the wetting 
work originally planned is yet to start. 

The next few facilities to be described are situated at our Doimreay 
establishment. 

D.E.R.E. 4-in« Loop 

This is a loop similar in concept to the R.E.L. loop previously described 
but differing in certain details. It uses but one 4-in. D.P.R. pump and can 
supply 90 gal/min of NaK at 600 C, with a pressure drop of the order of 
30 Ib/in^. This loop has been used for the check out on the sub-assemblies for 
operation in the D.P.R. It is also planned to do some cold trap development on 
this loop, and therefore it has glove box facilities. At the moment it is pro-
granmed for a study of boiling heat transfer in small rod clusters. As men
tioned by Matthews^J^, acoustic techniques aire being developed for the detection 
of the onset of boiling, and hence accident conditions, in fast reactors. 
These experiments are planned to give the necessary basic information far the 
design of such detection systems. A series of boiling experiments under 
various conditions will continue for some time. 

1-in. Facilit.y 

This facility is based on the same pump as the R.E.L. 1-in., and at the 
mcMent it is arranged to produce sodium at temperatures in the range of 65O C to 
700 C in the test section. The present programme of work is designed to study 
the problem of instrument design to detect hydrogen from the sodium/water reac
tion, especially in the cover gas space. 

NOAH Rig 

Study of the sodium/water reaction is obviously relevant to the use of 
liquid metal coolants, and work is in progress at Dounreay on the NOAH rig. 

The rig is a l/l6th-scale model of a 250 MW shell and tube steam generator 
(Fig. 4). The shell is filled with sodium which is circulated ty an electro
magnetic pump giving a downward flow. The tube section is contained in a 
square-section ducting within the main vessel. Because of the complexity of 
the tube assembly in the model, this is represented mainly by a number of per
forated metal plates packed loosely in the square duct to give approximately 
the same geometry. One water loop is provided and this is taken to the base of 
the duct assembly where it is looped in the design layout and surrounded by a 
group of wire dummy water tubes arranged in the same way. A leak into the 
vessel is simulated by using a special pipe fracturing device in this line. 
Termination of the leak is controlled hy a quick-acting shut-off valve. The 
loop is fed by a pressuriser vessel in which a reserve of water is maintained at 
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the correct test conditions. Temperature and pressure changes within the test 
vessel due to reaction are measured and recorded on a high-speed recorder unit. 
Excess pressure in the test vessel can be relieved by a bursting disc which 
allows the gaseous reaction products to vent into a large surge vessel. The 
rig is housed in a concrete vessel, and is remotely controlled. 

So far, a number of tube burst tests have been carried out and further work 
is planned. 

Future R.E.L. Facilities 

The future facilities will be those specifically designed to solve detailed 
design problems, especially those associated with reactor mechanisms. In 
general, the progranme calls for an experimental study of the component parts of 
these mechanisms to give design information before the whole design is frozen. 
For example, any fuel handling machine must contain a number of bearings, screws 
and grab mechanisms which will be studied as separate problems. Therefore, a 
new sodium facility is planned which will contain a number of test vessels in 
which these cranponents can be studied under the correct sodium environment and 
operating conditions. It is also planned that grab and sub-assembly raising 
and lowering mechanisms will be studied to full-scale in the same sodium test 
facility. 

In a similar way the various problems on control and shut-off rod 
mechanisms have been defined, and separate, individual experiments, and hence 
sodium test facilities, specified. Further, it has been decided that as full 
as possible a check-out on a canplete control rod mechanism will be necessary, 
and to this end a further large test section will be added on the mechanisms 
rig. 

As mentioned previously, an extension of our 1-in. facilities for both 
mechanical and instrument development is deemed to be necessary. 

Future Dounreay Facilities 

With a sodium pool operating in the region 600 C, the sodium fog, and hence 
mass transfer, problems can pose serious problems in certain design features. 
Dounreay are therefore planning to convert one of their existing facilities to 
provide a sodium pool at appropriate conditions and to study certain specific 
sodium mass transfer problems. In addition, the question of whether scum for
mation on the sodium surface is a serious problem or not will be examined. 

Instrumentation 

It is necessary to mention the significant amount of effort being put into 
the development of instrumentation for liquid-metal-cooled reactors. The main 
urge behind this instrumentation arises from two main causes. First, the 
development of a conprehensive core monitoring safety system of instrumentation 
especially to guard against the sub-assembly blockage problem. Secondly, 
instrumentation which now has to work in sodium temperatures up to 650 C and, 
under fault conditions, higher than this. At the moment, we have under 
development burst can detection systems, boiling detectors, flowmeters, level 
gauges, pressure transducers and, in addition, a comprehensive study of the 
performance of thermocouples at these temperatures in sodium. Finally, I 
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would like to mention the work we have done in the field of impurity analysis. 
Here, the view has been adopted that, to understand operational performance of 
our rigs, specific impurity information is essential. Therefore, an. all rigs 
there are extensive sampling facilities which are backed up by the appropriate 
analytical laboratory service. At the same time, the value las been recognised 
of continuously-indicating instruments of the rhoneter and plugging meter type. 
We have just completed an extensive development on plugging meters and are now 
satisfied that we have an automatic, continuously-recording meter of sufficient 
sensitivity and stability for the reactor application. D.E.R.E. are developing 
the Blake rhometer for operation in sodium. 
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Plgure A-NOAH Test VesseX. 
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A C E A - E U R A T O M C O N T R I B U T I O N T O 

T H E S O D I U M T E C H N O L O G Y 

- M . G . R O B I N -

C O M M I S S A R I A T A L ' E N E R G I E A T O M I Q U E 

S E C T I O N D E S M E T A U X L I Q U I D E S 
F o n t - ^ i i a y - a u x - R o s e s 

I - I N T R O D U C T I O N 

S o d i u m l ias b e e n s e l e c t e d a s a c o o l a n t f o r t h e r e a c t o r s 
f o r s e e n in o u r f a s t b r e e d e r p r o g r a m , a n d r e s e a r c h in t h e s o d i u m f i e l d w a s 
s t a r t e d , a b o u t e l e v e n y e a r s a g o , a t t h e F o n t e n a y N u c l e a r R e s e a r c h C e n t e r 
( f i g u r e 1 s h o w s t h e l o c a t i o n of t h e F r e n c h C e n t e r s w h e r e s o d i u m r e s e a r c h i s 
c a r r i e d o u t ) . 

O u r f i r s t f a s t r e a c t o r , a p l u t o n i u m f u e l e d ZO M W t p r o 
t o t y p e c a l l e d R a p s o d i e / l / , s h o u l d b e c r i t i c a l b y t h e e n d of 1 9 6 6 . It w i l l 
p r i m a r i l y b e u s e d a s a n i r r a d i a t i o n f a c i l i t y a n d w i l l n o t b e d e v o t e d t o e l e c t r i 
c i t y p r o d u c t i o n ( a t l e a s t d u r i n g t h e f i r s t y e a r s of o p e r a t i o n ) . C o n s e q u e n t l y 
u n t i l 1 9 6 3 , o u r f i r s t e f f o r t s i n s o d i u m t e c h n o l o g y w e r e c h i e f l y d e v o t e d to s u c h 
c o m p o n e n t s a s i n t e r m e d i a t e h e a t e x c h a n g e r s , p u m p s , v a l v e s , i n s t r u m e n t s , 
e t c . . . In 196 1 , a 1 M W t , a n d a 1 0 M W t l o o p w e r e e r e c t e d a t t h e C a d a r a c h e 
N u c l e a r R e s e a r c h C e n t e r a n d t h e n o p e r a t e d s u c c e s s f u l l y /Z/ ; t h e l a r g e s t o n e 
i s a fu l l s c a l e p r o t o t y p e of t h e t w o c o o l i n g l o o p s of R a p s o d i e w h i c h i s n o w 
u n d e r c o n s t r u c t i o n a t C a d a r a c h e . D u e t o t h e l i m i t e d t i m e a v a i l a b l e , a f t e r 
g i v i n g a f ew i n d i c a t i o n s on e x p e r i m e n t a l s o d i u m h e a t t r a n s f e r c o e f f i c i e n t s , I 
w i l l d i s c u s s o u r p r e s e n t e x p e r i e n c e o n s t e a m g e n e r a t o r s w h i c h w e c o n s i d e r 
a s a m a j o r p r o b l e m i n s o d i u m t e c h n o l o g y . 

II - S O D I U M H E A T T R A N S F E R C O E F F I C I E N T S 

T h e 10 MW i n t e r m e d i a t e h e a t e x c h a n g e r ( f i g u r e 2) w h i c h 
i s of t h e s h e l l a n d t u b e u n b a f f l e d t y p e ( s i n n i l a r t o t h e 10 M W t E F F B R h e a t 
e x c h a n g e r s a s f a r a s h e a t t r a n s f e r i s c o n c e r n e d ) h a s b e e n t e s t e d a n d t h e s h e l l 
s i d e N u s s e l t n u m b e r s , D ^ b e i n g t h e o u t s i d e t u b e d i a m e t e r , a r e s h o w n on 
f i g u r e 3 . F o r c o m p a r i s o n , e x p e r i m e n t a l p o i n t s o b t a i n e d f r o m t w o 2 00 k W t 
U - s h a p e d h e a t e x c h a n g e r s , t e s t e d a t F o n t e n a y i n 1 9 6 l , h a v e b e e n i n c l u d e d . In 
b o t h c a s e s t h e o v e r a l l h e a t t r a n s f e r c o e f f i c i e n t w a s m e a s u r e d a n d t h e t u b e s i d e 
N u s s e l t n u m b e r w a s c a l c u l a t e d a c c o r d i n g t o t h e L y o n ' s e q u a t i o n . 

T h e v a l i d i t y of t h i s e q u a t i o n , w i t h i n t h e P e c l e t n u m b e r 
r a n g e of i n t e r e s t , h a s b e e n c h e c k e d u s i n g a n e l e c t r i c a l l y h e a t e d c i r c u l a r t u b e 
a n d 56 w / o K s o d i u m - p o t a s s i u m a l l o y (f igure 4 ) . 

T h e e x p e r i m e n t a l r e s u l t s w h i c h w i l l b e p u b l i s h e d in o n e 
of t h e Viext i s s u e s of t h e I n t e r n a t i o n a l J o u r n a l of H e a t a n d M a s s T r a n s f e r » h o w 
t h a t t h e u s e of t h e c l a s s i c a l L u b a r s k y - K a u f m a n e q u a t i o n s h o u l d g i v e c o n s e r v a 
t i v e r e s u l t s a n d t h a t t h e L y o n e q u a t i o n m i g h t b e o p t i m i s t i c i n t h e 10"^ - 10-^ 
P e c l e t r a n g e . 
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Due to the n e c e s s i t y of eva lua t ing the NaK hea t t r a n s f e r 
coeff icient in our f i r s t s t e a m g e n e r a t o r p ro to type , r e s e a r c h was conducted a t 
F o n t e n a y on a t u b e - i n - t u b e e c o n o m i z e r , whose a n n u l a r c r o s s s ec t ion was s i m i 
l a r to tha t of the s t e a m g e n e r a t o r ( d i a m e t e r r a t i o of 2) . The useful P e c l e t r a n g e 
was e x p l o r e d and the e x p e r i m e n t a l r e s u l t s a r e g iven on f igure 5 . The Dwyer 

(annulus) and H a r r i s s o n and Menke ( p a r a l l e l p l a t e s ) c u r v e s a r e shown for 
c o m p a r i s o n . 

Ill - LIQUID M E T A L HEATED STEAM GENERATORS 

The second F r e n c h fas t r e a c t o r wi l l be a power p lan t 
p r o t o t y p e , ca l l ed P h e n i x , whose c o n s t r u c t i o n could s t a r t a t the beginning of 
1969. 

One of the m o s t i m p o r t a n t new p r o b l e m s a s s o c i a t e d 
with th i s second r e a c t o r i s the deve lopmen t of the s t e a m g e n e r a t i n g e q u i p 
m e n t , and we have dec ided to devote a l a r g e effort to th i s p r o b l e m . 

So fa r , the following s ingle r e h e a t s t e a m cyc le h a s 
been s e l e c t e d a s a r e f e r e n c e des ign cyc le : 

- s t e a m p r e s s u r e 163 b a r s (2400 p s i a ) 

- s u p e r h e a t e d s t e a m t e m p e r a t u r e 500 to 510 °C (930 to 950 F ) 

- feed w a t e r in le t t e m p e r a t u r e 280 °C (536 F ) 

- r e h e a t e d s t e a m t e r n p e r a t u r e 500 to 510 °C (930 to 950 F ) 

- r e h e a t e d s t e a m p r e s s u r e 3 3 . 5 b a r s (490 p s i a ) 

In o r d e r to c a r r y out a r e s e a r c h and deve lopmen t 
p r o g r a m on sod ium hea ted s t e a m g e n e r a t o r s , a 5 MWt fac i l i ty has been 
comple t ed in 1964 , on the Seine left b a n k , at G r a n d Q u e v i l l y , about 75 m i l e s 
wes t f r o m P a r i s . The s c h e m a t i c d i a g r a m of th i s fac i l i ty i s shown on f igure 6. 

It c o m p r i s e s an o i l - f i r ed sod ium h e a t e r , a cen t r i fuga l ly 
pumped 4 in . ID sod ium p r i m a r y c i r c u i t for heat ing the she l l s ide of a U bent 
i n t e r m e d i a t e hea t exchange r , a cen t r i fuga l ly pumped 4 in . ID s e c o n d a r y NaK 
c i r c u i t for hea t ing the she l l s ide of a bank of s ix p a r a l l e l t u b e - i n - t u b e , double 
wal l s t e a m g e n e r a t i n g e l e m e n t s , and s t e a m and w a t e r c i r c u i t r y . F i g u r e 7 
shows the g e n e r a l a r r a n g e m e n t of the double wal l s t e a m g e n e r a t o r ; s t a t i c 
NaK is u s e d a s a t h i r d fluid and i s a r g o n p r e s s u r i z e d a t a p p r o x i m a t e l y 90 p s i g . 
The s t a t i c NaK expans ion tank is f i t ted with a r u p t u r e d i sc connec ted to a 
d i s c h a r g e pipe and s e p a r a t i n g tank vented to the a t m o s p h e r e . Wa te r flows 
upward in the i n n e r m o s t tube c o n t e r c u r r e n t l y to the s e c o n d a r y NaK and e m e r g e s 
a s s u p e r h e a t e d s t e a m in the upper h e a d e r . This f i r s t s t e a m g e n e r a t o r des igned 
in 1959 and c o n s t r u c t e d in 1962 , is comp le t e ly m a d e of 321 s t a i n l e s s s t e e l which 
is exposed to both w a t e r and NaK. Af te r an in i t i a l s t a r t - u p on June 1964, the 
des ign s t e a m condi t ions w e r e ach i eved on D e c e m b e r 2 8 , 1964 and so far the 
fac i l i ty has unde rgone about 2 000 h o u r s of ope ra t i on de sp i t e t nechan i ca l 
t r o u b l e s in the b o i l e r feed pump and in i t i a l diff icul t ies wi th w a t e r pu r i f i c a t i on . 
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At the present t i m e , typical tes ts conditions at 100 % 
load a re : 

- Thermal power 

- Steam p re s su re 

- Steam temperature 

- Water inlet tempera ture 

- Water flow rate 

- Water steam p re s su re drop 

- NaK inlet tempera ture 

- NaK outlet t empera ture 

- NaK flow rate 

For the 100 % load, a typical tempera ture distribution 
along the steam generator length is shown on figure 8. The thermal balance 
is within 5 %. 

The following overall heat t ransfer coefficients have 
been obtained along the heat exchange a rea (total length per tube 183 ft , 
inside diameter = 20 mm or 0.787 in). 

2 
- Water preheating section (28 .7 ft) 472 Btu/hr-f t - F 

2 
- Nucleate boiling section (44.3 ft) 482 Btu/hr-f t - F 

/ 2 
- F i lm boiling section (15.8 ft) 393 Btu/hr-f t - F 

2 
- Superheat section (94.2 ft) 470 Btu/hr-f t - F 

Tests in steady state conditions have been car r ied out 
for 40 , 60 , 800 , 100 and 110 % loads. During all these tes ts the steam 
temperature was steady within + 1 F , and the steam p re s su re within + 1 ps i . 

The water t reatment system which is fed with city 
water consists of : 

- a filter (crushed pebble bed) 

- a cation exchange bed 

- a CO eliminator 

- an anion exchange bed 

- a mixed bed. 

25 % of the total boiler water flow is re t rea ted 
continuously in a mixed bed. Hydrazene and morpholine are added periodi
cally to the feed water in order to maintain the pH value between 8.9 and 9.2 
and to scavenge oxygen. 
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The following w a t e r p u r i t y i s c u r r e n t l y ach i eved : 

6 

o h m - c m 

m i c r o g r a m / l i t e r 

m i c r o g r a m / l i t e r 

m i c r o g r a m / l i t e r 

m i c r o g r a m / l i t e r 
The NaK pur i f i ca t ion s y s t e m is s imply an a i r - c o o l e d 

diffusion cold t r a p a t t a c h e d to the cold leg of the s e c o n d a r y s y s t e m . A NaK 
plugging t e m p e r a t u r e of 2 00 F is a c h i e v e d now af te r a few months of ope ra t i on 
(375 F a f te r the f i r s t s t a r t - u p ) . 

IV - SODIUM-WATER REACTION STUDIES 
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As p a r t of our s t e a m g e n e r a t o r p r o g r a m , N a K - w a t e r 
r e a c t i o n e x p e r i m e n t s a r e being conducted a t C a d a r a c h e (f igure 9 ) . The m a i n 
fecility for th i s p r o g r a m is a c i r c u l a t i n g N a K - w a t e r s y s t e m cons i s t ing of a 
50 kW e l e c t r i c a l l y h e a t e d loop including a o n c e - t h r o u g h t y p e , s i n g l e - w a l l e d , 
s ing le tube s t e a m g e n e r a t o r , a t h r o t t l e va lve , an a t t e m p e r a t o r , a c o n d e n s e r 
and a feed p u m p . The 0. 079 in . th ick 316 SS tube wal l is p e r f o r a t e d us ing an 
e l e c t r i c a r c dev ice which p r o d u c e s a 0. 08 i n - h o l e . Depending on the s e l e c t e d 
leak l o c a t i o n , w a t e r o r s t e a m r e a c t s with NaK ; the r e s u l t i n g p r e s s u r e b r e a k s 
the two r u p t u r e d i s c s and the r e a c t i o n p r o d u c t s a r e d i s c h a r g e d to the a t m o s 
p h e r e . At the s a m e t i m e the fa i led s t e a m g e n e r a t o r is a u t o m a t i c a l l y i so l a t ed 
f r o m the NaK loop and f r o m the w a t e r loop by a i r o p e r a t e d va lve s (in about 
50 m i l l i s e c o n d s ) . Dur ing the f i r s t t e s t s c a r r i e d out with s t e a m at 1800 ps ig 
and 1000 F , no NaK s ide peak p r e s s u r e above 25 b a r s (350 ps ig) h a s been 
r e c o r d e d ( r u p t u r e p r e s s u r e of the safe ty d i s c s was 100 p s i g ) . 

A second s t e a m g e n e r a t o r wi th a seven tube bundle h a s 
b e e n des igned : it wil l a l low the s tudy of the effect of a c o m p l e t e f a i lu re of the 
c e n t e r t u b e . 

We hope tha t the r e s u l t s of th i s s e v e r a l mon th e x p e r i 
m e n t a l p r o g r a m wil l r e i n f o r c e the c u r r e n t t r e n d in F r a n c e t o w a r d s i n g l e - w a l l e d 
un i t s , two of which a r e be ing c o n t e m p l a t e d for t e s t s at G r a n d Quevi l ly about the 
end of next y e a r . T h e s e two p r o t o t y p e s which a r e now under s tudy a r e p a r t of the 
s t e a m g e n e r a t o r p r o g r a m for P h e n i x and wil l be o p e r a t e d a t the p r e s s u r e and 
t e m p e r a t u r e ind ica ted for the P h e n i x r e f e r e n c e c y c l e . 
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INTERATOM Activities in the Field of Sodium Technology 

by R. Harde 

INTERATOM has been actively engaged in the field of sodium technology 

since about I96O, mainly in connection with the design and development 

of a 20 MWe sodium cooled power reactor experiment (KNK-Project), Con

struction of this plant is expected to be started within the next few 

months. When completed the system will serve both as a compact high 

thermal performance sodium reactor experiment and as an irradiation 

facility for fast reactor fuel pins. The reactor plant has been des

cribed in a Geneva Paper (1). Some additional information on heat trans

fer components and developmental sodium test facilities were included 

in a paper presented by J.J. Morabito and H.W. Savage during a recent 

ANS meeting on sodiiun technology in Detroit (2). 

This presentation will be limited to a discussion of some aspects of 

the use of carbon stabilized low alloy ferritic steel in high tempera

ture sodium systems and to steam generator safety problems. In particu

lar the experience gained at INTERATOM during the construction and start

up of a ferritic steel 5 MW Component Test Facility and an outline of 

the results of sodium-water interaction experiments will be reported. 

1. The use of ferritic steel in sodium systems 

The use of low alloy ferritic steel in high temperature sodium systems 

as a structural material has been contemplated at various places. In 

most cases a (2 I/4 Cr, 1 Mo)-type steel was considered which, however, 

had to be modified in order to overcome decarburization problems at 

higher sodium temperatures. The main incentives for the application 

of such a steel instead of an austenetic material are reduced compo

nent costs and the elimination of stress corrosion problems 
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in steam generators. Strength limitation at higher sodium tempera

tures may constitute a major disadvantage of such a material. 

In cooperation with the steel manufacturer Phoenix-Rheinrohr AG, 

Diisseldorf, Interatom has investigated in the last five years the 

properties of a (2 l/2 Cr, 1 Mo)-steel which contained Nb in quanti

ties about 10 times the carbon content (i.e. less than 1^). It could 

be shown that in thermal convection sodium loops essentually no carbon 

transfer to stainless steels of the types 18/8 and 16/l5 took place 

at temperatures up to 600 C and over a period of 15«000 hours (3)« Pre

cautions must, however, be taken to avoid surface carburization of pipes 

and sheets during manufacture. As the yield strength and ductility for 

material produced in large scale heats and under standard mill conditions 

was not completely satisfactory, a small amount of nickel (0,5^) was 

added to the alloy in order to improve these properties. Table I pro

vides a comparison of some of the more important properties of the 

standard (2 l/2 Cr, 1 Mo)-steel and its two carbon stabilized varieties. 

While it must be stressed that some of the data are still very prelimi

nary the beneficial effect of the nickel addition seems unquestionable. 

It should be noted that the fatigue life for inelastic strain was 

measured for shock loading of the samples. 

The very pronounced increase of the yield strength of the nickel con

tained steel is considered to be rather important because the design 

of at least the secondary sodium systems has also to take into account 

the potentially very high pressure transients that can occur after a 

steam tube failure in the steam generators for a short duration. 

Large scale manufacturing and welding experience for the carbon stabi

lized steel has been obtained during the construction of a 5 MW-Sodiiim 

Components Test Facility (2,5) which was taken into service in January 

1965 (Fig. 1). The quality rejection rate of the 100^ X-rayed welds 

amounted to less than 5?̂ . Also the postweld heat treatment could be 

shown to be no major cost item. 
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Table I: Properties of (2,25Cr; 1Ko)-type ferritic steels 

Type A: standard (2,25Cr; 1Mo)-steel 
Type B: C-stabilized (2,25Cr; IKo; lOxC Nb)-steel 
Type C: C-stabilized (2,25Cr; 1Mo; 1OxC Nb; 0,5Ni)-steel 

(some data are preliminary) 

property 

0,2% yield strength 
(l" sheet) 

10 hrs creep 
strength to rupture 

fatigue strength 
>107 elastic cycles 
to rupture 

fatigue life for 
inelastic 0,2% 
strain of 0,4% 

0,53% 
1,0% 

notch impact 
strength 

ductile-brittle 
transition temp. 

unit 

^ 2 
mm 

^ 2 
mm 

M2 
mm 

cycles 

mkg 2 
cm 

°C 

type 

A 
B 
C 

A 
B,C 

B,C 

C 

A 
B 
C 

B 

20°C 

27 
20 
40 

-

25 

400°C 

20 
14 
37 

-

21 

500°C 

18 
12 
34 

15 
12 

-

550°C 

10 
31 

7,5 
7 

17 

600°C 

27 

4 
(2,8) 

-

~25.000 
^2.000 

'v600 
A,100 

6 
6 
13 

•N̂ -f- 4 0 
^ - 4 0 
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A matter of concern when using a ferritic material for construction 

of large sodium systems is the problem of system purification espe

cially with regard to rust removal. During the construction of the 

5 MW-Pacility cleanliness and corrosion protection of pipes and com

ponents was maintained only to the degree that no major extra cost 

would be incurred. As a result after assembly all internal surfaces 

were covered with a thin layer of rust. The purification of the system 

was obtained in three phases. After filling and draining sodium at 250 C 

seven times,circulation of the sodium through mechanical filters was 

started at low rates gradually raising the sodium temperature to 550 C. 

Finally full flow was obtained with the 17 micron mesh size filter 

operated in a by-pass flow scheme. During the purification period one 

large cold trap (50 kg sodium oxide) was consumed. Details of sodium 

analyses carried out at the various purification steps are summarized 

in table II. The data are self explanatory and tend to indicate, that 

during the construction of a ferritic sodium system no expensive pre

cautions for cleanliness are required. No pipe plugging by sodium 

oxide (smallest pipe diameter: 0,5" ii auxiliary air cooler) was ob

served at any time. 

Some problems and results related to steam generator safety 

No representative operating experience of a highly rated single wall 

sodium heated steam generator is available or can be accumulated in 

the near future. Because of uncertainties with regard to long term 

corrosion and durability of protective magnatite layers on the water-

steam side, the possibility of tube failures cannot be excluded in-

spite of close quality control of tubes and welds during manufadure. 

After a small or large water leakage into the sodium the reduction 

in plant availability due to cleanup and repair time can be very se

vere for large vessel type steam generators. In addition the amount 

of sodium involved in a leakage accident can be uncomfortably large. 

For these reasons and because the overall behavior of very large steam 

generator systems can be predicted by tests on rather small units, mo

dular type steam generators are presently being preferred at INTERATOM. 

By proper design and application of mass production techniques the 

159 



Table II: 5 MW Components Test Facilit.y 

Initial system p-arification 

Sodixim inventory: 9 m 
540 m ferritic (l0CrMoNb9 10) steel surface; 
surface protection: components filled with dry N2, 

no protection for pipes 
full flow screen: conical sheets, 3 inm holes; 
by-pass screen: 6 m^, 17 m mesh size, tissue; 
Na velocity in pipes: 2 - 5 m/sec; 
purification method: Na fill and drain, cold trapping. 

Operating time 

Operating temper. 

Oxygen concentr. 

Carbon concentr. 

C in s.s.-sample 

Particulate matter 

part.comp.: Fe 

Si02 

C 

part.size:>1 mm 

0,1 - 1 mm 

10 - 100/u 

-c 10/u 

hrs 

°C 
ppm 

ppm 

w/o 

ppm 

w/o 

w/o 

w/o 

w/o 

w/o 

w/o 

w/o 

Na as 
supplied 

0 

-

245 

24 

0,051 

28 

56 

8,5 

<0,1 

28 

43 

28 

1 

after 
fill & 
drain 
(7 times) 

16 

250 

330 

23 

n.d. 

720 

95 

1,6 

0,46 

21 

40 

28 

11 

after 
full flow 
screen 
run 

51 

250-550 

350 

21 

n.d. 

65 

95 

1,7 

1,10 

n.d. 

after 
bypass 
screen 
run 

508 

550 

<:10 

24 

0,054 

36 

95 

2,2 

1,93 

5 

34 

48 

13 
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cost disadvantage of modules as compared to large vessel units ban 

be reduced to acceptable limits. Among the possible module concepts 

a concentric tube in tube design (2,3) was selected because of its 

simplicity and because it eliminates any danger of short term tube 

to tube interference after small water leakages. In addition such 

a system permits afterglow heat removal by passing air over the 

outer tubes. In this way the steam generators serve as a stable 

and effective emergency heat removal system even after a plant shut 

down as a result of a steam system failure. 

In case of a water leak into the sodium the reaction pressure is limit

ed by rupture discs which are connected to a pressure relief system. 

If the leakage is small causing however some pressure increase, the 

steam generator is separated from the rest of the sodium loop by fast 

acting shut off valves. A large water leak causes automatic isolation 

of the effected module or module group by non reversible shut off de

vices at the inlet and outlet end of each module or module group. In 

order to provide a rapid indication of small water leaks the sodivim 

outlet of each module or module group can be equipped with a sensitive 

but simple (hydrogen) gas bubble indicator. The working principles of 

the non reversible shut off device and the gas bubble indicator are 

depicted in Pig. 2. Both devices are inexpensive and have been suc

cessfully tested under representative experimental conditions (shut 

off time 10 msec; sensitivity of bubble indicator 1 vol%). 

The non reversible shut off devices are not fail safe; their proper 

response conveniently limits the amount of sodium involved in a water 

leak accident and permits - in principle - continued plant operation. 

If they fail to respond, protection of the loop until the pressure re

lief system becomes effective is achieved by a "single direction orific 

some distance upstream the sodium inlet, by an orificed sodium hold up 

vessel at the outlet and - by a high yield strength construction ma

terial. The term "single direction orifice" refers to a fixed orifice 

which is machined in such a way that it offers to a reversed flow a 

hydraulic resistance 5 to 4 times as large as under normal flow con

ditions. Since no flow reversal occurs at the sodium outlet a less 

effective orifice has to be combined with a sodium hold up tank. The 

latter prevents the reaction gas to enter the remainder of the sodium 
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system and eliminating thus the orifice effect while the pressure relief 

system is not yet fully effective. All protective devices have been de

signed according to results obtained in a series of sodium water inter

action experiments. 

Stable and controlled steam generation (510 C, 80 atm) has been achieved 

in a steam generator equipped with the aforementioned devices. 

Sodium - water interaction experiments 

A large number of sodium water interaction experiments in pipes have 

been carried out under various temperatures and pressure conditions. 

Fast quartz transmitters were used to record the pressure transients. 

The principles of the arrangement of the experimental set up and the 

location of main instruments (p pressure transducers, k spark plugs, 

thermocouples) can be taken from Fig.5 Each Experiment involves the 

reaction of 5 to 10 kgs of sodium. 

Typical recordings for saturated and subcooled water are given in 

Fig. 3 and Pig. 4. 

Pressure readings at the various transmitter locations indicate a 

travelling shock wave which is reflected at the end of the first test 

section several times. Peak pressures up to 1200 at lasting less than 

half a millisecond were recorded. After about 100 msec the test section 

pressure remains for some time near the initial water pressure if the 

leakage was sufficiently large ( e.g. complete tube rupture). 

If the initial sodium temperature is much higher than the temperature 

of the saturated water a delayed secondary pressure surge superim

posed on the primary reaction pressure can always be observed (Fig. 4)« 

This effect can be interpreted as steam flashing due to a sudden re

lease of heat stored in the hot steel pipe to the introduced saturated 

water. The high temperature difference between the pipe and the water 

causes initially steam blanketing of the pipe (film boiling), the 
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steam layer collapses some time later usually after a random pres

sure disturbance. 

All results could be interpreted fairly well by a theoretical model 

which is briefly explained in Fig. 5' 

(1) R. Harde, K.W. Stohr 

A Sodium Cooled Power Reactor Experiment Employing Zirconium 

Hydride Moderator 

Third Conference on the Peaceful Uses of Atomic Energy, 

Geneva I964, Paper A/537 

(2) I.I. Morabito, H.W. Savage 

Major Components and Test Facilities for Sodium Systems, 

ANS Fast Reactor Technology Meeting, Detroit, Mich., 

April 26-28, I965 

(3) R. Harde et al. 

A Contribution to the Advancement of Sodium Technology, 

VIII Nuclear Congress, Symposium on Fast Reactors, Rome, 

June 17-19, 1963. 
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SODIUM COMPONENT TEST INSTALLATION * 

by 

J. A. Leppard 

Atomics International 

Canoga Park, Calif. 

In prior meetings, papers have been given which described the 
Sodium Component Test Installation—its design, construction, safety 
aspects, operating organization, and proposed testing schedules. This 
paper will review very briefly some of the salient features of the 
plant, report activities of the last year, indicate the current status 
of the plant, and describe the activities planned for the next year. 

I. PLANT DESCRIPTION 

The Sodium Component Test Installation (SCTI) is a large liquid 
metal system designed specifically for the developmental and proof 
testing of the prototype sodium-heated steam generators. The plant has 
a maximum capability of 55 Mwt with sodium temperatures up to 130Q*'F 
for short periods and 1200°F continuously- Flow capability is such that 
any prototype steam generator or intermediate heat exchanger with 
reasonable thermal temperature differences can be tested. Figure 1 is 
a schematic diagram of the SCTI process systems. The primary sodium loop 
includes a 35 Mwt gas-fired heater, an 8.5 Mw air blast cooler, a free 
surface pump, and the shell side of the intermediate heat exchanger. 
There are both hot and cold bypasses in the primary loop which were in
cluded to make possible the performance of rapid thermal transients. The 
secondary loop is a very simple circuit including another free surface 
pump, the tube side of the IHX, and the shell side of the steam generator 
A single cold trap is provided for trapping both primary or secondary 
systems. Plugging meters and flow through sampling stations have been 
provided with each sodium loop. 

On the right hand portion of Figure 1 is shown the steam side of 
the plant. No useful work is done by the steam produced in testing; 
instead, high pressure steam passes through three pressure reducing 
stations and two desuperheating stations before being discharged to a 
surface condenser. Ultimate heat rejection from the system is through 
a forced-draft cooling system which supplies cooling water to the conden
ser. There are three stages of feedwater heating including a deaerator. 
There is also a complete water treatment system included to provide 
control of boiler feed water standards comparable to those of a conven
tional power plant. 

* Work performed under contract AT(ll-l)-GEN-8 for the U. S. Atomic Energy 
Commission. 
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Adequate control and instrumentation has been incorporated to permit 
conducting transient temperature changes' rapid as 35° per second for l4 
seconds—up or down. There is also adequate instrvunentation to record 
results of the testing progrsun. Various design types of steam generators 
can be tested with only minor changes in plumbing, power, or instrumen
tation hookup. 

Several figures included here afford a quick pictorial tour of the 
SCTI plant. Figure 2 shows the firing aisle side of the 35 Mw gas-fired 
heater, the forced air duct, heater-outlet sodium piping, and the primary 
fill/drain tank pit. An elevation view of most of the sodivun piping, 
the IHX, cold trap, surge tanks, pump drives steam piping, and the inert 
gas control panel as shown in Figure 3« The top of the steam generator 
pit is in the center of the picture. Figure k is an isometric view of 
the 8te£im generator pit with both ALCO and modular units shown installed. 
At the present, only the ALCO steam generator is in position. The two 
tanks mounted vertically are relief tanks connected to the rupture discs 
on the steam generator shell side. The horizontal tank is the secondary 
sodium fill and drain tank. Figure 5 is a general view of the feed and 
treated water piping. The main condenser is in the rear center of the 
picture, the larger pipe lines are circulating water for the condenser, 
the feedwater heaters and flash tanks are clustered at the right hand 
side of the photo. Next, Figure 6 shows the deaerating heater, the pre
heat boiler, sind the sodium cooler. 

II. ACTIVITY REVIEW 

One of the principal accomplishments during the last year was the 
installation of the ALCO/BLH steam generator. This unit was received 
late in August, 1964, and all construction connected with its install
ation was completed at the end of January of this year. Figure 7 shows 
the steam generator just after it was taken off the truck, and Figure 8 
shows it in a vertical position being lowered into the pit; these two 
pictures give an idea of the physical size of this unit—which is rated 
for 30 Mwt with outlet steam conditions of 2200 psig and 1050''F. 

During the installation of the ALCO/BLH steam generator, it was 
fovind that certain thermocouples had been broken and had to be replaced, 
and also that some internal thermocouples had been omitted by the manu
facturer. These situations have all been corrected. In connection with 
planning for the hydrostatic testing of the connecting piping, it was 
realized that both the stud bolts and the nuts for the head closures were 
made of stainless steel. This was, of course, undesirable because of the 
possibility of galling. Additionally, a calculation of bolting force 
required to maintain proper gasket loading indicated that the stud bolts 
were not strong enough. That is—the creep rate under initial loading 
would be high enough to unload the joint in less time than the length of 
the test program. As a result, the original studs were replaced with 
new ones made of high strength alloy, 19-9-DL. 

A primary accomplishment of the- staff during this last year has been 
the preparation of procedures and the performance of preoperational tests. 
Seventeen such procedures were outlined in our report of last year. 
Individual procedures were written for every major system and subsystem 
of the plant to provide a step-by-step process by which every piece of 
equipment, instrument, and control in the plant could be determined as 
properly installed and operable. Virtually all of these procedures have 
been completed. Performance of these detailed, step-by-step tests made 
manifest a number of problems, which if left uncorrected, would prevent 
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either proper operation or adequate control of the plant. Action 
required to rectify these problems has been completed. 

Typical of some of the modifications and changes that were insti
tuted as a result of the preoperational test program include the 
following: 

1. Addition of several safety relief and check valves 
in the steam and feedwater system which were deter
mined to be required. 

2. Addition of a cold trap system, with connections 
to both primary and secondary sodium systems, 
complete with a plugging meter smd an in-line 
ssunpling station for each loop. 

3. Change in location of existing, and placement of 
additional steam and feedwater sampling lines. 

k. Addition of sample holders for metallurgical deter
mination of impurities in the sodium system. 

5. Provisions of additional screen gates between the 
cooling tower and main circulating pump to permit 
cleaning the screens without shutting down the 
circulating water system. 

6. Installation of a jib crane adjacent to the cooling 
tower to facilitate handling of screens, pump parts 
or other heavy equipment. 

Construction work for all of these items has now been finished. 
Since last year, raw water conditioning equipment, a preheater for 
the sodium cooler in the primary system, and other equipment have 
been built into the plsmt, checked-out, and operated. 

During the first quarter of fiscal year I965, 88 barrels (36,600 
lbs) of sodium were melted and put into the primary fill and drain tank. 
The primary system was purged and preheated following preoperational 
test procedures in preparation for system filling. At this time it was 
determined that additional sodium storage capacity was required. Sev
eral piping design changes had been made which increased system volume -
after the original tanks were already installed. Therefore, a decision 
was made to purchase a new and larger tank for the primary system and 
to replace the existing secondary tank with the existing primary tank. 
The new tank has been installed, the old primary tank is in service as 
the secondary tank, and in addition, 100 drums (41,000 lbs) of sodium 
have been transferred into the new tank. 

In terms of advancing the "state of the art" of sodium systems, 
there are several items that may be of interest. First, level gages 
operating on the principle of gamma attenuation have been installed 
for the steam generator and both sodium expansion tanks. After some 
initial position and alignment problems, these devices appear to be 
satisfactory. Another level indicator utilizes a standard float device 
(manufactured by Fisher Governor) in which change in float position is 
transmitted by a torque arm. So far, operation of this unit has been 
satisfactory. A recent addition to the instruments has been a gas 
chromatograph, set specifically to detect hydrogen in the cover gas over 
the sodium in the steam generator; this instrument samples and analyzes 
cover gas every six minutes. There is also a nickle membrane type hydro 
gen detector located at the sodium outlet from the steam generator— 
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which will give continuous indication. One other item of interest is 
an air preheating system which is installed on the primary sodium 
piping. Stainless steel tubing was used to "trace" the lines. Air 
compressed to 100 psi is heated in a gas-fired heater and distributed 
through several manifolds to the pipe tracing. Initially, a fair 
amount of time was spent in balancing air flows to obtain a good 
temperature distribution, but once set, the system has been very 
satisfactory, and needs very little attention. One desirable feature 
of this preheating method is that there is no heater burnout—as occurs 
in electrical heaters. Another item of hardware newly applied to 
sodium systems is butterfly-type valve for throttling service. There 
are six of these valves in our plant. These valves are very compact 
for their pipe size, are freeze stem sealed, have pneumatic operators, 
and the butterfly vane is supported by a stellite sleeve pivot bearing. 
On the basis of a very meager experience to date, these valves function 
well and give a good control over the full flow range. 

III. STATUS AND FUTURE PROGRAM 

At the time of preparation of this paper, almost all of the 
preoperational testing has been completed. This means that we have 
circulated sodium in both primary and secondary systems and determined 
hydraulic characteristics of those two loops. The steam and feedwater 
systems and their associated components have been chemically cleaned, 
circulation established, and operating capabilities of the pumps deter
mined. The ALCO/BLH steam generator is preheated—prior to sodium 
filling—by circulating 350''F water through the tube side; this opera
tion has been successfully performed several times. A considerable 
amount of work has been done in affirming proper installation and opera
tion of the instrument and control systems. Although the preoperational 
phase of plant control check-out is finished, this work will continue as 
different tests are performed. 

Immediately upon the completion of the preoperational test phase, 
plant performance tests will be started and continued for a month or two. 
The major objectives of this phase of the program are to: (l) demonstrate 
that the SCTI can be operated safely and efficiently over the full 
operating range, (2) verify that the plant has the performance capabili
ties for which it was designed, (3) assure continued dependable operation 
of the plant so that testing of steam generators will proceed expedi
tiously and, (4) familiarize operating personnel with plant responses 
under controlled conditions. During this phase, the plant will be taken 
to full power rating of 30 Mw. The ALCO/BLH steam generator will be in 
service during this period, and much operating data will be recorded. 
However, specific tests of the ALCO/BLH steam generator will be started 
after completion of most of the plant performance testing. The total 
program for the ALCO/BLH testing is described in detail in APAE-122, 
"Test Program for 30 Megawatt Prototype Sodium Intermediate Heat Exchanger 
and Steam Generator." Most of the tests detailed in that report will be 
performed. Assuming that all goes well, and that no major failures 
occur, nine months will complete the testing of the ALCO/BLH unit. After 
that, it is planned that the modular steam generators, designed and 
built by AI, will be installed and tested. These units will in turn be 
followed by the generator now being built by B & W. 
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Figure 5 SCTI water treatment area from cooling tower 



Figure 6 SCTI deaerator, preheat boiler, and sodium cooler 
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MODULAR STEAM GENERATOR FABRICATION* 

L. T. Bogaert and D. F. Casey 

With advancement of the sodium cooled reactor concept and its output of high 
temperature sodium, it becomes necessary to develop equipment with the capability 
of generating high temperature steam efficiently and economically (Reference 1). 
To provide such equipment, tooling and fabrication equipment must be developed. 
Fabrication and inspection techniques must also be developed to assure workman
ship of very high quality. 

Under the Soditim Component Development Program, Atomics International has 
developed fabrication techniques for and fabricated two evaporator and two 
superheater modular steam generators (Figure 1). The following report pertains 
to the fabrication of the steam generators. The evaporators were fabricated 
from 5^Cr-0.5^o steel and the superheaters from type 321 stainless steel with 
a 304 shell. 

During the fabrication of the prototype steam generators, areas for change or 
improvement in the design, as pertinent to producibility, were demonstrated. 
Tooling requirements were defined, equipment needs established, and fabrication 
and inspection procedtires determined. This initial fabrication effort was 
planned around the use of existing equipment and fabrication processes. All 
shell welding was done manually. Tube-to-tube-sheet welding was done by the 
process and equipment as developed in an earlier program for use in this 
effort (Reference 2). 

All fabrication and assembly tooling was made rugged but as uncomplicated as 
possible. Tooling was made interchangeable for both the evaporator and 
superheater. 

A detailed Manufacturing Plan was prepared for guidance in the procurement of 
materials, components, design and fabrication of tooling equipment requirements, 
assembly, inspection, test, and shipment of the completed modules. 

All primary containment welding conformed to Section VIII of the ASME Boiler 
and Pressure Vessel Code. Tube-to-tube-sheet welding was done to a modified 
(more stringent) requirement of the ASME code. 

During fabrication, tooling, techniques, and processes were improved wherever 
possible. Records were made for future reference and further improvement of 
design, fabrication, materials, and test procedures. 

Jfaterials 

All materials and miscellaneous hardware items were purchased according to the 
specifications established by engineering. In some cases, such as the tube 
sheets where it was found that the specifications would not assure a satisfactory 
end product, the specification was supplemented to provide that assurance. 

* Work performed under contract AT(ll-l)-GEN-8 for the U. S. Atomic Energy 
Commission. 
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The tube sheets (Figiire 2) called for material to ASTM specifications, vacuum 
melted, and also ultrasonic inspection. This requirement, while being satis
factory in intent, did not specifically define the q-uality of material required. 
Arrangements were made with the supplier for ultrasonic inspection of the ingot 
and also an inclusion count with established limits for acceptability. Forging 
blanks were cut from the billet in areas that were found acceptable by ultra
sonic inspection. Since greater difficulty in welding was expected for the 
5^Cr-0.5^o alloy, these forgings were subjected to a magnetic particle inspec
tion prior to final machining operations. Nozzle sections, with less stringent 
specifications, were forged from the balance of the ingot, considered unacceptable 
for tube sheets. Since the highest impurity level is normally fovind at the 
center of the ingot, the center area was bored out of the forging in final 
machining operations to match the nozzle opening. 

The pipe for the shell sections was purchased with a requirement for a partial 
ASME code stamp. This provided assurance that the pipe would meet all the test 
requirements once the modules were completed. 

In cutting the 5^Cr-0.5^o pipe to length and making the weld joint preparations, 
small shallow checks and/or cracks were found in the inside surface of the pipe. 
These were probably caused in the drawing or sizing operations. Examination 
of samples showed that the depth of the defects were from 0.002 to 0.004 in. 
The pipe was pickled in a solution of 15^ nitric and 3% hydrofluoric acid to 
remove the defects and then thoroughly rinsed and dried. The pipe was 
reinspected both visually and dimensionally. The pipe was cut to lengths 
required and weld preparations machined. 

Examination of the type 304 stainless steel pipe showed that the pipe was not 
round, had not been checked using a "pass thru" gage, nor had partial ASME code 
stamped. The pipe was returned to the supplier for rework and completion. 

Inspection of both the 5^Cr-0.5^o axid type 321 SS pressure tubes revealed 
variation from -wall thickness, ovality, and straightness requirements at the 
tube ends. Such variations would be detrimental to tube-to-tube-sheet welding 
operations. The tubes were then finished in a lathe on each end, matching the 
I.D. to the bore of the tube sheets and finishing the O.D. concentric to the 
bore with a minimum wall of 0.095 in. This preparation was made for one inch 
of length, blending to the original I.D. and O.D. Since many of the tube ends 
were bowed they were also straightened at this time. 

Handling, machining of the ends, and the tendency of the 5̂ Cr-0.5/SMo tubes to 
show signs of rust and the accumulation of dirt and dust while -unwrapped neces
sitated a preliminary cleaning. Just prior to installation in the tube bundle, 
the tubes were flushed with acetone and then cleaned with cotton wads blown 
through them. 

Spacers (Figure 3) were investment cast, thereby avoiding costly machining 
operations. However, after a first article inspection at the source, it 
appeared that the pattern had been damaged. When the castings were positioned 
180° to each other, the opposing holes did not match. The holes were reworked 
in pairs in a fixture and the hole locations corrected. 
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Tube Bundle 

The tube bundle was assembled in a strong back fixture (Figure 4). It was 
designed around an I beam, quite simple but rugged and providing the assurance 
that the tube bundle would not be damaged in handling. 

The spacers were first positioned in the fixture and the support rods installed 
and welded. The upper tee to be used for a thermocouple outlet, a short pipe 
section, a cone reducer and diffuser were added at this time. Once the welds 
were inspected the inlet tee was fitted and welded (Figure 5). The tubes were 
now inserted and the thermocouples (on the evaporators) threaded into the 
biaidle and attached to the tubes by means of modified tube clamps. The 
bundle assembly completed, the upper tube sheet was fitted to the fixture 
in position, aligned with the tube bundle. 

A mobile crane rig was used to pick up the tube bundle assembly and the fixture 
and position it in the pit (Figure 6). The pit was immediately covered and 
p\irged with dry argon gas. The dew point of the gas was monitored periodically. 
No corrosion or rust stains were observed while any of the Cr-Mo assemblies 
were in the pit. The tube bundle assembly was handled on the fixture at all 
times to prevent bending the tubes. 

Tube-to-Tube-Sheet Welding 

During the design phase of this program, development of the internal tube-to-
tube-sheet welding was accomplished (Figure 7). V7elding procedures for 2.25^CP-
1^0, 5^Cr-0.5^o, type 347 and type 304 stainless steel were developed. Weld 
parameters were also established. A complete program of testing and evaluation 
was carried out. Details of this effort are reported in NAA-SR-8541.^^ 

Briefly, 1) the tube to be welded is brought to the tube stub on the tube sheet, 
2) the copper chill and external gas manifold, not shown, is positioned alignirg 
the tube to tube stub, 3) a ball of stainless steel wool, not shown, is inserted 
well below the weld to avoid intermixing of inert gas and air, 4) the weld head 
is positioned in the tube sheet bore to be welded, 5) the gas lines, power cables, 
and power supply are checked, 6) the weld cycle is initiated, 7) upon completioi 
of the entire weld cycle the weld head and chill are removed, and 8) the ball 
of stainless steel wool is removed. The weld is now complete. 

Tube-to-sheet welding was accomplished by use of a weld head similar to the one 
developed earlier for this program (Figure 8). This head was an improved model 
in that the drive motor was integrally mounted and the locating plate was sim
plified. Power was provided by the same power supply and programmer as used in 
the early development efforts. All tube-to-tube-sheet welding was performed 
with the units in a vertical position. This was accomplished by installing 
the units in a steel-lined pit approximately 50 ft. deep, in the assembly area 
floor. 

The procedure for setup was the same for both the evaporators (5^Cr-0.5^o) 
and the superheaters (type 321 SS). The welding parameters were determined 
and the welding procedure specified for each alloy (Figures 9 and 10). The 
weld procedures specified the equipment to be used, the type of shielding gas, 
gas flow, electrode description, all of the automatic programming parameters, 
and detailed step-by-step setup instructions, plus a sketch of the weld joint 
setup. 
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During the initial tube biindle assembly fifteen tube-to-tube-sheet welds were 
made on a mockup of the tube-sheet configuration. One mockup was made from 
5̂ Cr-0.5/SMo steel; the other from type 321 stainless steel. Welds were made 
using the same weld procedures, respectively, as those to be used on the 
modules. The samples made of Cr-Mo steel were post heat treated by the same 
procedure as intended for that tube sheet. These samples were x-rayed, dye 
penetrant and helium leak checked, and finally metallographically examined. 
When the procedures were satisfactorily checked out, the tube-to-tube-sheet 
welding operations were started. 

Of the first 37 tube-to-tube-sheet welds made, two were considered question
able because of pores or inclusions upon evaluation of the x-ray film. Both 
welds were rerun, reinspected, and found to be within the limits of the speci
fication. X-ray of the tube-to-tube-sheet welds (Figure 11) was done by the 
double wall exposure, shooting at a vertical angle of approximately 30°, 
imposing the weld image as an elipse on the film. Two shots were made from 
opposite horizontal angles so that the weld would be fully exposed on film. 
Should an area be questionable, additional shots were made to clearly define 
that area. Porosity and inclusion allowances were established by using a 
specially prepared comparison plate allowing approximately one-third the 
inclusions and/or pores of that allowed by Sect. VIII of the ASME Boiler and 
Pressure Vessel Code, for 1/4 in. material. Thinning, undercut, offset, or 
tvmgsten inclusions were not permissible. The x-ray machine enclosures were 
fabricated of lead, thus providing shielding for personnel to within 13 ft. 
when the equipment was in operation. 

By welding from the middle row of tubes outward, radiography was performed 
upon completion of every second row of welds. This permitted access to both 
rows of tubes. It also permitted dye penetrant inspection of the outside and 
inside of the welds. 

The tube bundle was then removed from the pit and the entire tube sheet and 
welds placed in a furnace for post heat treatment of the evaporator units 
(Figure 12). Post heat treatment was accomplished by heating at a maximimfi 
rate of 400° per hour to 1325-1375°F, holding for one hour and cooling at a 
rate of 250-500°? per hour to below 600°F. Heating was monitored by clamping 
six thermocouples in the tubes at the weld joints and four additional thermo
couples randomly placed aroiuid the tube sheet. Temperatures were recorded on 
tape for record. During heat treatment the entire heated area was purged with 
argon gas. 

The welds were cleaned, helivun leak tested, and dye penetrant inspected. The 
tube bundle •was assembled to the shell by placing the shell in pit, then picking 
up the tube bundle and lowering it into the shell in a vertical position, a 
costly and time-cons\jming operation. 

The tube ends were now faced to equal lengths by means of a spot facing tool 
in a drill press mounted over the end of the bvindle. The tube sheet was mounted 
in position for welding of the lower end. Welding and inspection both proceeded 
much more rapidly and without difficulty. Since the tubes were now fixed at 
the opposite end, welding and inspection required lateral springing of the 
tubes (Figure 13) for operator access. This proved to be no obstacle and 
caused no damage to the tubes. Three sets of spacers, a 32-in. shell section, 
a cone reducer, and the lower cross were left off the assembly for this purpose, 
thus allowing over 60 in. of free tube length. 
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The first major discrepancy occurred on the second evaporator module. The 35th 
weld on the second end had been completed; a setup was made for the 36th weld. 
The weld head •was erroneously replaced in the 35th position. Without the 
protection of the combination external chill and gas backup, the weld was 
burned through. 

After evaluation of the damage, it was decided to attempt a salvage operation. 
The tube stub on the tube sheet was back faced to remove all cast metal, 
approximately I/8 in. Two in. of the tube end was removed. The then existing 
end of the tube was prepared for welding and a 2-1/8 in. splice section also 
prepared for welding. The splice section was welded to the tube sheet using 
the original weld procedure. The tube was welded to the splice piece using a 
modified weld procedure (Figure 14). 

Later in making the tube-to-tube-sheet welds on the superheaters, a short tube 
was accidentally installed in a tube bundle. This tube was not discovered 
until after it had been welded. Rather than make a splice on the opposite 
tube sheet, it appeared advisable to cut off the short tube and replace it 
with a tube of correct length. A new tube was inserted in the tube bundle 
without removing it from the pit. The tube stub on the tube sheet was refaced 
and prepared for welding. In welding the weld joint •was "blown" into the gas 
annulus of the external chill. Examination revealed that a guide "bullet" 
used in inserting the tube had not been removed, causing excessive internal 
gas pressure during the welding operation. 

Salvage required reshaping of the tube stub to nearly its original configur
ation using specially ground cutters and preparing a new splice section. The 
splice section was welded to the tube sheet using the original weld procedure. 
A modified procedure (Figure 15) was used to weld the tube to the splice piece. 
To assure control of the internal gas flow a small loosely wadded ball of 
stainless steel wool is inserted several inches below the weld joint. At this 
weld, a second ball -was left in the tube and again caused excessive gas pressure 
causing a "blown" weld. This weld was also removed and a second splice section 
prepared and welded in place without incident (Figure 16). 

In any future tube-to-tube-sheet welding operations of this nature where the 
weld configuration is dependent on the Internal and external pressure of the 
shielding gas, a pressure control device will be utilized. Presently only 
flow control valves, actuated by the weld programmer, are being used. Pressure 
is established by orificing the gas exit ports on both sides of the weld. 
Various pressure control valves are being evaluated for application on this 
type of welding. 

While a slight thinning in wall thickness was expected at the weld joints, 
most welds showed a slight reinforcement on the outside of the tube (Figure 17). 
This reinforcement was apparently due to a slight restraint exerted by the 
tooling in welding. Boroscopic examination and also checks with a plug gage 
showed the welds to be generally flush with the I.D. of the tubes. 

Review of the assembly operations of the first evaporator and the cost of 
inserting the tube bundle in the shell showed that this operation should be 
changed. The spacers and support rods were assembled and inserted into the 
center shell section (Figure 18). The diffusers, cone reducers, and fittings 
were added, except for the lower cross and split shell section. The tubes were 
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now inserted. Assembly time was considerably reduced and radiography made 
easier with less possibility of damage to the tubes. 

Shell Welding 

Prior to any shell welding, several weldors were certified for welding both 
55oCr-0.55&Io and type 321 stainless steel under Section IX of the ASME Boiler 
and Pressure Vessel Code. Weld samples were prepared for both the shell 
section and the tube sheet to nozzle section. Those samples of 5^Cr-0.5^o 
were post heat treated per the recommended heat cycles for the sample thick
nesses. Additional samples were sectioned and examined by the Quality Control 
Laboratories and found satisfactory. 

Initial welding was done on the upper shell sections without consumable inserts. 
Early welds required an unusual amount of rework. Procedures were changed to 
use a consumable insert in making the root pass which helped considerably in 
controlling the "drop thru" in the inside of the shell sections. Several 
different weld rods were used as filler and 508-18 rod produced the cleanest 
weld deposit. Later as the weldors gained experience the rework required 
became consistently less. 

Fewer difficulties were encountered in welding of the shell assemblies for the 
superheaters. This material was type 304 stainless steel and all weldors had 
years of experience on this alloy. Due to the limited clearance between the 
inside diameter of the shell and the tube bundle, control of "drop thru" caused 
some problems. Weld shrinkage, particularly on the superheater shells, while 
within tolerance, caused interference in the insertion of the spacer and support 
rod assembly into the shell. However, once the spacers passed the girth welds 
they were free and without Interference from the shell. 

In both the evaporator and superheater the design of the cone reducer caused 
the most difficulty, the weld joint being located at the break point on both 
ends of the reducer. X-ray film showed a sharp line at the edge of the weld. 
Grinding to blend caused thinning in shell section. Alignment of the joint 
often proved difficult. Again interpretation of the film caused much disagree
ment. Often this line was interpreted to be lack of fusion or undercut. Visual 
examination of the weld was often impossible in final stages of assembly because 
the areas in question were hidden by the tube bundle. The only solution was 
to remove the area of weld in question and reweld. 

In the design of any future modular steam generators, the cone reducers should 
be changed to standard concentric reducers. This would allow welding and 
radiography in straight sections of equal diametric with no change in section. 

Post heat treatment of the evaporator shell welds was done by coiling the area 
with electrically insulated copper wire, and wrapping with insulation blanket. 
Each joint was monitored with calibrated thermocouples. Power was supplied 
with conventional welding power supplies. The heat cycle was manually con
trolled by varying the power output of the power supplies as required by the 
time-temperat'ure cycle. 

Closure Welding 

With completion of the tube-to-tube-sheet welding, the units were prepared for 
closure of the shell (Figure 19). The clam shell section was fitted and tack 
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welded in position between the shell and cone reducer. A root pass weld was 
made consuming the insert and fusing the edges of the weld preparation. All 
welds were now carefully inspected, using a horoscope and dental mirrors. Any 
questionable areas were reworked. Filler passes were now made completing the 
welds. On the evaporators, x-ray of the welds revealed unacceptable porosity 
and inclusions and also that the cover passes had caused "drop thru" and 
concavity. These sections were removed, refitted, and rewelded. With further 
minor rework acceptable welds were obtained. 

At this point, the remaining spacers were positioned using tubes as spacers 
on the support rod. The support bulk head was welded to the support rods. 
The lower cross was then added and positioned. The support bulkhead legs were 
welded to the cross. The cross was welded to the upper cone. This weld again 
caused difficulty because of the configuration. The lower cone was then fitted 
as a clam shell and welded into position, closing the entire shell side. The 
shells were then sealed and purged with dry argon gas. 

An attempt was made to ultrasonically inspect the welds prior to post heat 
treatment because it was less costly than x-ray. Due to weld head roughness 
and variation of internal reinforcement, this method proved insufficiently 
accurate. Therefore, an information x-ray inspection was made of each evapo
rator shell weld prior to heat treat. After heat treat each weld was x-rayed 
again, dye penetrant, and visually inspected. Only one shell weld required 
additional rewelding and consequently a reheat treat after approval by prelim
inary inspection. 

Closure of the shell indicated the need for elimination of the split shell 
section. It proved too costly and difficult to weld. Sufficient free length 
of the tubes could be gained by splitting only the reducers at the tube sheet 
ends of the assembly. Thus, the end cross and tee could be left off, plus two 
reducers. By sliding the shell down to the lower end of the bundle, the tubes 
could be bowed laterally as needed without damage. 

Manual welding resulted in considerable rework and proved to be too slow. The 
quality of the welds, while satisfactory to Section VIII of the ASME Boiler 
and Pressure Vessel Code, would have been better if a semi-automatic submerged 
arc process had been used. The time required for welding would also be reduced 
significantly. 

All tubes were carefully cleaned by flushing with acetone and cleaning by 
blowing cotton wads through them. The nozzle was fitted to the tube sheet with 
an insert and tacked in position. As on shell welding, the weld area of the 
evaporators was preheated to a minimum of 350°F. This preheat was maintained 
until completion of the weld. Following this, a 6 in. extension was welded 
to the nozzle to allow plugging for the final hydrostatic test. Information 
x-ray shots were made, the module head assembly was placed in the modified 
furnace for post heat treatment. Upon completion of the heat treat operation, 
it was submitted for final inspection. 

At all times when the units were not in work they were sealed and purged with 
dry inert gas. Since all radiographic inspection on the module heads was 
performed on week ends, thus avoiding shutdowns on other work for protection 
of personnel, each unî t was protected against corrosion internally while 
waiting for inspection. 
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Hydrostatic Test 

Preliminary planning included a hydrostatic test immediately after completion 
of the tube-to-tubesheet weld. It was intended to hold a closure plate over 
the tubesheet end by clamping to a collar below the neck of the tubesheet. 
The extreme torque required to seal the closure plate caused the collar to 
indent the sheet surface in the neck area. Rather than risk damage to the 
tubesheet, this method of test was abandoned. 

After completion of the entire unit, plugs were welded in the nozzle extensions 
and the shell sealed with closure plates. Î ydrostatic testing, rinsing, and 
drying was accomplished as shown by Figure 20. Test of the tube-to-tubesheet 
welds was monitored by observing shell side pressure while tube side was under 
test pressure. 

Upon completion of the hydrostatic test and acceptance by the State Inspector, 
the outside of the evaporator modules were wire brushed and given two coats of 
primer paint. 

The evaporators were originally sealed by clamping closure plates over the 
shell nozzles and then coating them with a fiberglass epoxy- Movement and 
temperature changes caused these seals to leak. Therefore, a plate was fitted 
over the nozzles and fused to the weld preparation of the nozzle. The units 
were then again purged with dry gas. 

All modules were then mounted on a shipping and storage fixture and shipped to 
the SCTI for storage until installation for test. 

Conclusions 

With the aforementioned changes in design and fabrication, it is felt that the 
modular steam generator concept lends itself very well to production techniques. 
The fact that production techniques can be applied, that all operations would 
be repetitive, the ease of handling and the simplicity of design, all indicate 
that a steam generator using the modular concept can be produced economically. 
This would become more apparent as the size of the installation becomes greater. 

Admittedly, the tube sheet weld configuration is slightly more costly; this 
cost can be overcome by production machining practices. Actual welding cost 
appears to be about the same as for a tube configuration. Inspection is more 
costly because of radiography. However, this cost is certainly justified in 
the greatly increased confidence in knowing the quality of the weld. It also 
provides other advantages in a crevice free Joint, improved tubesheet design, 
and reliability. 

Fabrication of the prototype modules has also demonstrated that this concept 
can be fabricated in almost any shop qualified to ASME code welding. No special 
facilities or equipment other than the use of a crane is required. 
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Figure 2 Modular steam generator tube sheet 
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Figure 3 Spacer casting 
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Figure 5 Tube bundle assembly with tube sheet in position 
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Figure 6 Installation of tube bundle in pit 
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Figure 7 Weld head and tube sheet section 
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Figure 8 Weld head in position for welding 
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Figure 12 Post heat treat of tube to tube sheet welds 



Figure 13 Tubes spread for welding, lower end 

197 



CO 
00 

HANI 

PIOJCCI 

pioass 
.ccov , 

POUCI 
SOOICC 

lOICH 

•OIZU 

SUCCOIK 
US 

ruii 

UCCIIOOC 

riLLii 
MCIU. 

ucio 
S C I I I K S 

HCLO POS 

ICAI 

lOOCIU 

iispccnoi 
ICQ 

ATVlMT/.-.q njTirnKiTTnNflr 

UFACTURING ENGINEERING PROCESS PROCEDURE 

v IOn . S T E A M G E N 
T . I . G . 1 
^ CR 5 MO 1 

SPEC 10. 
CLASS 

FACILIir 

* ' V I C K E R S 

WKCL D . C A R C W E L D E R 

SCI «0. 4 7 1 2 1 A 1 

W6 A . I . 

MOCl 

IIPE N O T R E Q U I R E D 

SIZE 

I'PE A I R C O 7 5 

8ACH0P C.F.H. 2 - 3 

COKI C.F.H. 1 1 - 1 2 

UPC N O T R E Q U I R E D 

SPEC 10. 

im 
OU 

2 % T 

1 / 1 6 ' 

ffi^ 
EII 

E W T H 

9 0 - B E N D 

SKAPC P O I N T E D 1 9 0 

AILOI 

spec M, 

OU 

FCEO I . P J I . 

O U I lEf 

S. OEUI ( s e c ) 

C . FILL (SEC) 

MP 

U.CE 

POIAIIK 

VOIIS 

D C S P 

2 G 

PIEHCAI 

POSIMEAI 

5 0 0 

1 3 2 5 

IWC 

IWC 

gJI^EAT 
1 H O U R 

KIHOO O V E N 

•0. T . 6 0 0 1 0 5 2 

I»PE A U T O M A T I C 

LAI n. 

IISUU. X 

one CHca X 

IJAI X 

LEAI lESI X 

ULIIASOIIC 

N 7 < ; q 3 - P E n o i 

«0. 1 1 2 0 R « » 
DWG 

wiLtint ;>{> " 

HFG OIIECIM 

OUALITV CDIlTtgi 

PIOCIAH OAIA 

PIEPOIGE IWC 

SIAII CtlllEII 

SIAII OUL R E F 

P8EHEAI TIME 

UPSLOPE IWE 

FlIIUIC OCLA) 

HCLO COUEII 

»£L0 OUL R E F . 

UELO IWC 

1 lEK IIMC 

OOMSLOPE IWE 

DOMSLOPC CUIIEm 

OOMSIOPC OIAt R E F . 

SEOUEICE Slop IWE 

POSmCAl IWC 

SIAII AlC CUUEII OUL 

SIAII AlC IWE OIAL 

POSIPUIGE IWC 

CAIIUGE SPEED I . P . H . 

CAIIUGE OIAL R E F 

HI! 

• 
HEAI 

6 0 

2 5 
30 

4 0 

3 0 

4 5 

5 8 

60 

50 

4 0 

10 

15 

2 0 

19 

4 0 

- 0 

- 0 

6 0 

7 4 

H I 

OPEIAIIOHAL SEOUEICE 

' . M A C H I N E P I P E E N D S T O S I Z E 

2. 

3. 

*. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

U . 

15. 

16. 

C L E A N W E L D S U R F A C E S W I T H A C E T O N E 

I N S T A L L A U T O M A T I C H E A D T O T U B E I . D . 

L O C A T E E L E C T R O D E F L U S H W I T H W E L D J O I N T 

R E M O V E A U T O M A T I C W E L D I N G H E A D 

I N S E R T G U I D E P I N F O R P R O P E R J O I N T A L I G N M E N T 

I N S E R T S T E E L W O O L W A D D I N G B E L O W T H E J O I N T 

F I N A L A C E T O N E C L E A N A L L M A T I N G P A R T S 

T N S T A I I . O . D . CHTI .T . /\^D G A S M A N I F O L D 

I N S E R T W E L D H E A D 

M A K E F I N A L P R O G R A M D A T A C H E C K 

W E L D C O M P L E T E 

W I R E B R U S H I . D . A N D O . D . 

R F M O V F S T F F I , W O O L W A D D T N G 

S U B M I T F O R I N S P E C T I O N 

R E P A I R P R O C E D U R E 

17. 

18. 

19. 

20. 

SIE CHCS (Edge prsparation, passas, jo in t s , ate) 1 ' i I I I 
1 ' 

• •' '1 u; 
- 0 2 0 - 1 —r 

r/r-

\ 
f-̂  

1 

i 1 

' 1 
• 1 

. 4 - -

1 r ' + T-

1 1 
^ E 

"... try 

t-•' 'iSi^ 

l^CTPJD 

\ 

-- --

4fn 
o 

^ - M M 

li. 
L' 
^ 

r 

., .-

• 1 

1 1 , 1 

1 
r 1 

L 

fi 

Kl 

,̂ o 

1 

-

Ill 

-

F 
•̂ 1 

5̂^ f 

r 

J 

m 
r T 

s ^ -

1 1 
FORM 725-K NEW 1-64 

Figure 14 



ATOMICS INTERNATIONAL 

MAHUFACTUSING ENGINEERING PROCESS PROCEDURE 

S T E A M G E N . 

^^T.PT. I .P . 
'in i^.a 

. S F C VIIT A.SME 

10. 1069 IE« 
OWt 7 5 9 3 - 4 4 9 3 0 6 "B" 

atLnnmar 
APPIOVALS 

OEV s o p n 

HFG oiiECToi 

ailALlIV CMTMl • 

OAlt 

OPEIAIIOUL SEOUEKE 

1. M A C H I N E P I P E E N D S T O S I Z E 

2. C L E A N W E L D S U R F A C E S W I T H A C E T O N E 

' • I N S T A L L A U T O M A T I C H E A D T O T U B E I D . 

1,. L O C A T E E L E C T R O D E F L U S H W I T H W E L D J O I N T 

POWCI 

somu 

Wi V I C K E R S 5. R E M O V E A U T O M A T I C W E L D I N G H E A D 

"Wtt D . e . P R O G R A M M E R 6. I N S E R T G U I D E P I N F O R P R O P E R J O I N T A L I G N M E N T 

SCI >0. 7. I N S E R T S T E E L W O O L W A D D I N G B E L O W T H E J O I N T 

8. F I N A L A C E T O N E C L E A N A L L M A T I N G P A R T S 

nOCL 9. I N S T A L L O . D . C H I L L A N D G A S M A N I F O L D 

irPC N O T R E Q U I R E D 10. I N S E R T W E L D H E A D 

U . M A K E F I N A L P R O G R A M D A T A C H E C K 

SaiaOUG 
GAS 

12. W E L D C O M P L E T E 

lACtUP C.F.H. A R G O N 2 - 3 WELD OUL R E F . " • W I R E B R U S H I . D . A N D O . P . 

COKEI C.F.H. A I R C O 7 5 1 1 - 1 2 » • R E M O V E S T E E L W O O L W A D D I N G 

15. S U B M I T F O R I N S P E C T I O N 

DOMSLOPC IWC 

Ttr 
10 9 

DOMSLOPC COUCH R E P A I R P R O C E D U R E 

1 / 1 6 EII 9 0 » B E N D DOMSLOPC OUL 

SHAPC P O I N T E D 1 9 0 SCOUEICE STOP IWC 

SIAII AlC CUUEII DIAL 

FILLCI 
KCIAl 

SIAII AlC IWC OUL 

POSIPUIGE IWC 

CAIIUGC SPECD I.P.N. 

CAIIUGE OUL R E F . 

C. FILL (SEC) 

WCLl 
SCIIIKS 

POUIIIT D C S P 

T 6 0 0 1 0 5 2 

UPC A U T O M A T I C 

FO«M 7Z5-K lew 1-64 

SHEICHCS (Cdga prsparatioii, passes, j o l n t ^ a te ) 

[ T [ i ; 
I t f ^ t- I _ 

0 2 0 

Figure 15 



TD
 

W
 

a 

•T3 

•O
 

a 

D
O

 
•r-l 

fa 

200 



Figure 18 Center shell section of modular steam generator 
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Figure 19 Clam sheild weld 



Figure 20 
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DRUMS (LINED) 

2 PERFORM COMBINED TESTS OF TUBE SIDE AND SHELL SIDE CON 
CURRENTLY AFTER MAKING CLOSURE AND NOZZLE WELDS THE TESTS 
ARE TO BE WITNESSED BV THE STATE CODE INSPECTOR 

2 \ TEST PROCEDURE TUBE SIDE 

1 INSTALL COVERS TUBE SIDE AND ASSEMBLE PLUMBING 
PER SKETCH 
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a INSTALL COVERS AND ASSEMBLE PLUMBING PER SKETCH 

b CONNECT PUMPS AND PLUMBING TO SHELL SIDE AND CON
DUCT TEST AS IN 2 I 1 THROUGHK 
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THE FINAL RINSE WATER IS 25 MICROMHOS OR LESS 

h DRY BY EVACUATING 
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e FLUSH WITH DISTILLED WATER UNTIL THE CONDUCTIVITY OF 
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6 THREADED RODS ASSEMBLY 
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Sodium Heated Steam Generator Design and Materials 
Examination of a Model Steam Generator 

By E. Fortner 
D. W. Koch 
P. J. Kovach 
P. B. Probert 

The Babcock and Wilcox Company 

ABSTRACT 

The completed Preliminary Designs of the Full-Slze Steam Gen
erator and the Prototype Steam Generator are described. A test 
program to assess the compatibility of Croloy 2-l/l\. and 316 SS, 
particularly with reference to the design parameters of the full 
size steam generator la described. Results of a metallurgical ex
amination of piping removed from a model sodium heated steam gen
erator during intermediate shutdown after 1000, 2000, and I|.000 
operating ho'urs are presented. 

A gradual decarburization of the commercial Croloy 2-l/L|. pip
ing exposed at lOOOP was detectable after ij.000 hours to about 10 
mils metallographically, and somewhat deeper by microhardness tech
niques. Tempering effects and gradients In the as-received material 
complicate assessment of the extent of the slight decarburization. 

Electron microprobe examination disclosed composition gradients, 
within about 0.3 mils of the sodium-steel Interface, in both the as-
received Croloy 2-I/I4. (attributed to oxidation during mill treatment) 
and the I).000 hour sample. Surface (at 1 micron) compositions indi
cate the following changes during exposure: 

Wt fo 

Cr 
Mo 
SI 
Nl 
Cu 

Original Surf 

0.80 
1.00 
0.10 
0.22 
0.39 

ace ij.00( 

Not 

D Hour Surface 

1.98 
1.00 
0.21; 
1.00 

Detectable 

Interior 

2.30 
1.00 
0.35 
0.12 
0.09 

No preferential mass transfer was detectable in the 316 SS 
samples, exposed at either lOOOP or H O O P , although some uniform 
loss is probable. The material is characterized by persistent band
ing of chromium, nickel, and molybdenum. 

Gradual sensitization, which is further advanced at the higher 
temperature, accounts for observed metallographic changes of the 
316 SS piping. Accelerated sensitization near the surface correlates 
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with artifacts of heavy deformation of the surface region. Carbide 
formation Is thus attributed to precipitation of carbon originally 
dissolved In the supersaturated austenite, not to carburization. 
OBJECTIVE; 

The objective of this Contract is to develop a large Sodium-
Heated Steam Generator of Improved design. This Steam Generator 
Design will be available for use in the Atomic Energy Commission 
Sodium Reactor Development Program which has the ultimate objective 
of developing reliable, economical, large central station nuclear 
power plants. 
SCOPE: 

The overall scope of work under this Contract is as follows: 
Phase I: 

A. Preliminary Design of Pull-Size Sodium-Heated Steam Gener
ator 

B. Supporting Research and Development Work 
C. Preliminary Design of Prototype Steam Generator 

Phase II; 
A. Detail Design of Prototype Steam Generator 
B. Fabrication of Prototype Steam Generator for Installation 

and Testing at SCTI 
C. Pinal Design Report Relating the Performance of the Proto

type Steam Generator to the Design of the Full-Size Steam 
Generator. 

Work was begun on this Contract on March 20, 1963j and the Pre
sent Status of the various projects is as follows; 
1. Design Work; 

The Preliminary Design of the Full-Size Steam Generator has 
been completed, and the Preliminary Design Report was issued July 1, 
1961;. 
2. The Preliminary Design of the Prototype Steam Generator has been 
completed and the Preliminary Prototype Design Report will be Issued 
soon. 
3. Fabrication; 

Fabrication has not yet begun on the Prototype Steam Generator, 
although some material has been ordered so that fabrication ca'n start 
without delay. It Is planned to begin fabrication on July 1, 1965. 

Figure 1 Is a simplified sectional side view of the Pull-Size 
Steam Generator. Sodium enters the steam generator through two 
sodium inlet nozzles only one of which is shown on the figure, flows 
downward through a distributor system that distributes the sodium 
out over the top of the colled superheater bundle. The sodium flows 
downward In crossflow over the coils of the superheater bundle and 
continues downward over the colls of the boiler bundle, and leaves 
through the sodium outlet nozzle at the bottom of the steam generator. 

Feedwater enters the steam generator through four feedwater in
let nozzles, one of which is shown on the figure, flows downward 
through annular rows of downcomer tubes and enters the boiler bundle. 
As the water flows upward through the colls of the boiler bundle it 
is heated to saturation temperature, boils, and is slightly super
heated. The steam continues upward through the boiler riser tubes 
and leaves through the four boiler outlet headers. External piping, 
not shown on the figure connect the boiler outlet headers and super
heater Inlet headers. In this piping is located the valves for the 
start-up system that Is commonly used on once-through boilers to 
allow warming up and rolling the steam turbine early and allows 
matching of the steam temperature at the turbine with the turbine 
nozzle block temperature after a turbine trip-out. Steam from the 
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interconnecting piping enters the four superheater inlet headers, 
flows downward through annular rows of superheated downcomer tubes 
to the bottom of the superheater coll bundle. The steam is super
heated as It flows upward through the coils of the superheater 
bundle and leaves through the superheater riser tubes and the super
heater outlet headers. The steam pressure at the superheater outlet 
is 2l;50 psig and lOOOP the feedwater temperature is 530P. 

The outer shell and liner of the steam generator is made of 
Croloy 2-1/1; material, as are the tubes in the boiler bundle. The 
tubes of the superheater are made of Type 3l6 Stainless Steel because 
of its superior strength at high temperatures. 

Figure 2 shows the Prototype Steam Generator. It was designed 
to model as closely as possible the performance and fabrication prob
lems of the Full-Slze Steam Generator. As one can see it has essen
tially the same general arrangement of heating surface. The tube 
diameters, thickness, material, and heated length are the same in 
the Prototype Steam Generator as the Full-Slze Steam Generator. 
Since the Prototype Steam Generator is approximately l/30th. the 
size of one of the Full-Slze Steam Generators it has proportionally 
fewer tubes. The Prototype Steam Generator has tvjenty-five tubes 
in the boiler bundle and forty-five tubes in the superheater bundle. 
It has only one each of the various tubesheets and nozzles. Because 
of the similarity of the heating surface the Prototype Steam Genera
tor should model the performance of the Pull-Size Steam Generator 
quite closely. 

It will be noted that the feedwater inlet header and tubesheet 
appeared to be larger than the other tubesheets. This tubesheet is 
an exact model of one of the four feedwater inlet tubesheets of the 
Pull-Size Steam Generator. This tubesheet was modeled full-size be
cause the feedwater inlet tubesheets undergo the most severe thermal 
stresses. Since the Prototype Steam Generator does not have enough 
tubes to completely fill this size of tubesheet the remaining tube 
holes in the full pattern are blind drilled to model the flexibility 
of the tubesheet. Thermocouples and strain gages will be Installed 
in this tubesheet and thermal sleeve where it attaches to the vessel 
to obtain steady state and transient data to verify the stress analy
sis calculations that have been made. 

Figure 3 is an outside view of the Pull-Size and Prototype 
Steam Generators drawn to the same scale to show the relative size. 
It will be noted that the Full-Size Steam Generator is roughly twice 
as large in diameter and twice as high as the Prototype Steam Genera
tor. 
Supporting Research and Development Work 

One of the projects being carried on under the R&D portion of 
this contract is the operation of a one-tube model steam generator 
simulating a Full Size plant including steam generator, intermediate 
heat exchanger, piping, and pump. The model is constructed of the 
same materials proposed for the full size unit, Croloy 2-1/1; (2-1/1; 
C r - 1 Mo) and AISI Type 3l6 stainless steel (l7Cr-12Nl-2.5Mo). In 
so far as possible, the surface to volume ratios, mass flow rate, 
temperatures, pressure, and other physical and operating parameters 
of the model have been selected to simulate the full size steam 
generator. 

The circulation of liquid metals at elevated temperature usually 
results in observable dissolution of the constraining walls at some 
positions and subsequent deposition of material at other positions. 
These phenomena may appear in many guises, all of which may be called 
mass transfer, if temperature gradients, composition (activity) In-
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homogeneities, or both are present. Dissolution may occur either 
as a rather uniform removal of metal or, more commonly, as a pre
ferential leaching of certain constituents. Grain boundaries may 
be preferentially attacked. Deposition may occur in several ways, 
including physical plugging. 

Mass transfer is fairly well understood, qualitatively. Dif
fusion rates, composition limits and activities within the various 
phases, possible Interface controls or diffusion barriers, and es
pecially the temperature dependence of the aforementioned are gen
erally recognized as being of critical importance in determining the 
type of extent of mass transfer. At present, however, both lack of 
basic information and the complexities of geometry, temperature dis
tribution, the large number of chemical species Involved, and so 
forth, make predictions of the extent of mass transfer in a realistic 
steam generator uncertain. 

Transfer of carbon from the ferritic Croloy 2-l/i; to the austen
itic 316 SS is of particular concern because this decarburlzation-
carburlzatlon reaction is expected, on the basis of previous work, 
to be the fastest and most extensive process to occur in the second
ary sodium system. Tube dimensions are not seriously changed by 
this process; carbon transfer resembles a leaching rather than uni
form dissolution. However, the properties of both materials may 
deteriorate, the decarburlzed Croloy 2-1/1; becoming weaker and the 
stainless steel becoming embrittled. If significant fractions of 
wall thickness experience this type of transfer, serious loss of 
structural integrity may result. Mass transfer Involving wall thin
ning can lead to premature failure because of increasing stresses 
associated with reduced cross sectional areas. 

Operation of the model sodium heated steam generator is a proof 
test for a proposed combination of materials and operating conditions. 
Following 8000 hours of operation, the model will be destructively 
examined to determine the extent of mass transfer. 

Small sections of piping have been removed during intermediate 
shutdown of the model to check the progress of any mass transfer at 
two positions. This paper presents the information derived from 
these samples. Pinal Interpretation of the model test program and 
the assessment of mass transfer must await the more extensive results 
of the final destructive examination. 
EXPERIMENTAL PROCEDURES 
Sample History 

The exposed samples discussed in this report are sections of 
seamless commercial l-l/l;" schedule 1;0 pipe removed from two iso
thermal U-bend sections of a model sodium heated steam generator 
during intermediate shutdowns following 1000, 2000 and 1;000 operating 
hours. The locations of the high temperature (HOOF) U-bends are 
indicated in the schematic plan. Figure l;a. Figure i;b is a photo
graph of the model steam generator. The HOOP U-bend was constructed 
of a single section of 316 SS. The lOOOF U-bend contained a welded 
juncture between 316 SS and Croloy 2-1/1;. The Croloy 2-1/1; sample 
was at the maximum temperature for this material. Similarly the 
HOOP 316 SS samples were from the maximum temperature zone for this 
material. Samples of the as-received pipe used In these sections 
have also been examined. 

During the schediiled shutdowns, the sodium was drained from the 
steam generator and replaced with an inert gas. The U-bends were re
moved and rinsed with alcohol. Sections of pipe, about 3" to 1;" long, 
were sawed off each leg of the U-bends. The remaining portion of the 
U-bends were welded In place and relnsulated. The hot and cold traps 
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have maintained the oxygen content of the sodium at less than 30 ppm, 
as Indicated by plugging temperature. 

Thus, four samples of piping were removed during each shutdown: 
two samples of 316 SS (which were essentially duplicates) from the 
HOOP U-bend and one sample each of 316 SS and Croloy 2-1/1; from the 
lOOOP U-bend. 

Two special 316 SS samples were prepared by heating pieces of 
the as-received pipe In air at 1250P for 16 and i;8 hours. These 
special samples demonstrated the susceptibility of the 316 SS to 
sensitization, thus accounting for observed carbide formation In the 
loop samples. Small samples of each of the four Croloy 2-1/1; con
ditions were given a special austenitlzlng heat treatment (1650P, 1^ 
minutes, rapid cool) In a vacuum furnace. The special Croloy 2-1/1; 
samples were prepared to minimize the tempering effects found in the 
loop samples but to maintain any carbon gradients. Tabtilated iden
tification of the samples is given in Table I. 
Specimen Preparation 

The inner surfaces (the sodium side) of all pipe samples were 
visually examined. Longitudinal and transverse sections of each 
sample were separately wrapped in silver foil and mounted in Bake-
llte. The mounted specimens were polished using standard procedures 
for metallographic preparation. 
Photomlcroscopy 

In general, standard etching and photomlcroscopy practices were 
followed. Except as noted, Croloy 2-l/l; specimens were etched in 
Nital, the 316 SS specimens in Marble's reagent. Although both 
transverse and longitudinal sections were examined, in most cases 
only the microstructures of the transverse sections were recorded 
at both lOOX and 500X. Additional photomicrographs were made when 
other magnifications, etches, or the recording of special features 
seemed appropriate. 
Hardness Measurements 

Diamond Pyramid Hardness measurements, using a 100 gram load 
and standard techniques, were made on the four Croloy 2-1/1; samples 
and the four 316 SS (HOOP) samples. Two traverses were made on 
each specimen from the inner surface to about 1;0 mils from the sur
face. About 30 Indents were made on each Croloy 2-1/1; specimen, 
about 15 on each of the 3l6 SS specimens. 

Several hardness transverses were also made across the special 
austenltlzed Croloy 2-1/1; specimens, using a Knoop indenter with a 
100 gram load. 

Microhardness measurements were made on polished and lightly 
etched surfaces so that microstructural features could be observed 
during testing. 
Microprobe Examination 

The as-received and 1;000 hour metallographlcal specimens of 
Croloy 2-l/i; and 316 SS (HOOF) were repollshed and examined by 
electron microprobe X-ray analysis.' Point counting was employed in 
one micron steps from the inner surface to roughly one mil from the 
surface. Several traces were made on each specimen, three elements 
being analyzed with each trace. Several continuous profile scans 
were made over much larger distances. In many cases extending from 
the Inner surface about 25 mils. Analyses were made on both mater
ials for iron, chromium, nickel, silicon, molybdenum, and copper. 
Backscattered electron traces were made with most point counting 
runs to pinpoint the surface position. Copper and nickel analyses 
of the Croloy 2-1/1; were also made near the outer surface. Copper 
and nickel contents of the Croloy 2-l/i; were determined from an 
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appropriate series of standards. Microprobe readings at the inter
ior of the tube were normalized to the bulk chemical analysis to 
determine percentages of other elements. 
OBSERVATIONS AND RESULTS 
Croloy 2-1/1; 

a) Summary 
A slight gradual decarburization of Croloy 2-l/i; exposed to 

lOOOP sodium in this system has been detected. Tempering effects 
and original gradients complicate exact assessment of the rather 
small carbon loss detected. Partial decarburization is metallo
graphically detectable to about 10 mils after i;000 hours. The 
greater affected depth indicated by microhardness measurements in
volves a very small carbon loss and may be considered of little sig
nificance. 

Microprobe results indicate pick-up of nickel (to about 1% at 
the surface) and copper depletion during exposure. Leveling out of 
Initial chromium and silicon gradients was also observed, part of 
which may be actual pick-up. 

b) Macroscopic 
Visual examination of the inner surfaces (sodium side) of the 

removed pipe samples did not reveal any signs of mass transfer. 
Neither deposits nor dendritic growths were apparent. 

c) Microstructure 
The microstructure of the ID surface region of the as-received 

Croloy 2-l/i; piping Is shown In Figure 5a. This can be compared 
with Figures ^h, ^c, and 5d, which show the microstructure after 
1000, 2000, and i;000 hours at lOOOF respectively. 

The carbides in the as-received mill processed piping are, for 
the most part, in colonies of poorly defined pearllte. The apparent 
area per cent carbides on the polished and etched surface slightly 
decreases between the interior and inner surface of the pipe, indi
cating a slight decarb-urlzatlon during manufacture of the pipe. 

The most obvious structural changes during loop operation are 
attributed to the tempering effects of exposure at lOOOP for long 
periods of time. Although these changes are visible in Figures 5a 
through 5d., Pig'ures 6a and 6b of the center of the as-received and 
i;000 hour specimens Illustrate the tempering effects more clearly. 
The carbide colonies have quite different appearances as carbides 
gradually spherodize and presumably change composition as well as 
size and number with increasing time at temperature. The develop
ment of a dot-like carbide in what was initially clear ferrite 
grains is noteworthy. Tempering changes are •unrelated to the en
vironment and must not be attributed to the sodium in the system. 
However, tempering may Influence the course of any decarburization 
and certainly complicates metallographic assessment of decarburiza
tion. 

No completely carbide free rim has developed even after l|.000 
hours exposure to sodium at lOOOP. The apparent progressive de
crease In area per cent of carbides on the metallographically pre
pared surface between unaffected interior and surface, as illustra
ted In Figure 5 does indicate partial decarburization. The actual 
carbon loss to account for these changes, which are detectable to 
about 10 mils after 1;000 hours (with questionable detection, in 
view of the complications, to perhaps l5 mils) and a lesser distance 
after 2000 hours, is small. Detection of carbon loss in the 1000 
hour specimen is uncertain. 

The microstructures of the briefly austenltlzed specimens 
consisted of ferrite in the surface regions and balnite in the in-
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terior, the transition region consisting of a mixed structure. The 
small ferrite rim on the as-received material Indicates that this 
material was initially decarburlzed. The exposed samples had, as a 
group, a larger ferrite rim although an Increased depth with increas
ing exposure time Is detectable. 

d) Microhardness 
The results of microhardness testing of the Croloy 2-1/1; series 

of loop specimens are summarized in Figure 7- The bar graphs were 
derived from envelopes of the original data, plotted as hardness 
versus distance. The large scatter for each specimen is for the 
most part real. The hardness depends on the structure, which may 
be viewed as a non-uniform dispersion of hard carbides in a soft 
ferrite matrix. In the immediate vicinity of the Indent. At almost 
any distance from the surface an Indent might fortuitously be made 
in a carbide free region or conversely might land on a local carbide 
colony. However, the probability of encountering carbides decreases 
as one approaches the decarburlzed surface. 

The extrapolated surface hardness of all exposed specimens is 
about the same (li;5 DPH) . This may be taken as the characteristic 
ferrite hardness. The tempering effects are shown by the decreasing 
hardness with increasing exposure time of the Interior of the pipe 
which Is not influenced by the presence of sodium. The decrease in 
width of the scatter band is another indication of tempering. The 
gradual drop in hardness between Interior and surface of the speci
mens is an indication of the extent of decarburization although the 
affected depth is difficult to exactly specify because of the scat
tered nature of the data and because no natural demerkation exists 
between unaffected material and decarburlzed material. 

The special austenltlzed specimens were prepared to minimize the 
hardness scatter resulting from the type of carbide distribution in 
the loop samples and to minimize the complicating tempering effects 
which are of only passing Interest. Results of microhardness tra
verses across these special specimens are summarized in Figure 8. 
As in Figure 'J, the results are shown in bar graph form, the enve
lopes of the original data being used to construct the bars. Some 
leveling out of carbon gradients may be expected during austertltlzing. 
However, the data show that carbon redistribution has been local, 
that is, the carblde-ferrlte aggregates of the untreated samples 
have been for the most part replaced by a more uniform structure, 
balnite, but gradients occurring over several mils are stfll detect
able. The hardness decrease near the surface of all specimens is a 
measure of decarburization. The area between curves on a hardness-
distance plot is a better measure of carbon loss than a distance of 
affected depth. Thus, although an almost constant hardness, for all 
samples; does not occur until some 2^ mils from the surface, clearly 
a progressive decrease, with time, of the area under the hardness-
distance curves does Indicate slight gradual carbon loss. It shoiild 
be noted that only differences between exposed and as-received ma
terial may be attributed to carbon loss during exposure. A signifi
cant part of the gradients must be attributed to the original de
carburlzed condition. Hardness differences at depths greater then 
20 mils are of little consequence, considering residual tempering 
differences and probable experimental data scatter. Small hardness 
gradients well away from the surface may be attributed to the small 
temperature gradient across the pipe wall during operation. This 
would cause a "tempering gradient" which would result in a slight 
hardness decrease between inner and outer pipe surfaces. Independent 
of other effects. 
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e) Microprobe 
Microprobe results of a point count examination of the sodium 

side of the as-received and 1;000 hour samples are summarized in 
Figures 9a and 9b respectively. The many scanning traces gave no 
more real Information than Is contained in Figure 9; that is, com
position throughout most of the material is quite uniform except 
within about 0.3 mils of the surface. Thus, the more accurate 
point counting results are given greater emphasis. The gradients 
in the surface region of the original material are attributed to 
diffusion which occurred during oxidation during some heat treat
ment in the manufacture of the pipe. The chromium and silicon 
would be expected to be preferentially oxidized depleting, as ob
served, the material next to the oxide. Nickel and copper would be 
rejected from the oxide, preferring to remain in the metallic con
stituent, and thus are piled up next to what was at one time an 
oxide-steel interface. Because of the vagaries of oxidation, exact 
reproduction of the data obtained on rather widely separated traces 
should not be expected. However, quite similar gradients were found 
near the outer surface of the as-received material. 

When examining the composition gradients In the i;000 hour spec
imen one must, as with the decarburization information, compare the 
final gradients with the pre-existing gradients. Thus, although the 
surface of the 1;000 hour sample Is depleted in chromium, substantial 
chromium enrichment (compared with the original surface) is nonethe
less indicated. A surface peak would normally be expected if chrom
ium were being picked up by the steel. The absence of such a peak 
may be indicative of a small availability of chromium in the sodium, 
indicating a rather low chromium activity. However, the contribution 
of a simple diffusion leveling out of the chromium gradient is un
certain and may account for the bulk of the observed changes. Simi
lar comments apply to the leveling out of the silicon gradient. The 
nickel peak and copper depletion are indications of mass transfer. 
However, the effects are certainly small, although in the direction 
anticipated. 

No indication of composition changes of a magnitude needed to 
cause austenite formation has been found. As in the as-received 
material, only slight variations from trace to trace were found, and 
this must Include any effects of the inherited differences in initial 
gradients. It is more appropriate to consider these differences be
tween traces over different regions as real and thus to study indi
vidual traces rather than the average of several separated traces. 
The data presented were obtained from repeated traces over the same 
area; incomplete coverage of other regions was made to check the 
typical aspect of the Information. The changes may be represented 
by comparing surface compositions (at a depth of 1 micron) with the 
average composition (at depths greater than 9 microns) as given in 
Table II. 
316 Stainless Steel 

a] Summary 
No preferential mass transfer effects have been found in the 316 

SS pipe, although some uniform removal of material Is probable. The 
steel does sensitize readily and is further characterized by banding, 
both phenomena being unrelated to the sodium environment. 

b) Microstructure 
The micro s t r u c t u r e s of the as - rece ived and i;000 hour specimens 

exposed a t HOOP are i l l u s t r a t e d in Figure 10 (lOOX) and Figure 11 
(500X.) The d i f f e r e n t e tches used on exposed and as - rece ived mater
i a l should be noted. The as - rece ived ma te r i a l was d i f f i c u l t to e t ch , 
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grain boundaries being outlined only after a relatively long etching 
time. On the other hand, the grain boundaries of all exposed speci
mens were easily delineated, although apparent width generally in
creased with increasing time. 

Note the banding effect persistently observed in all specimens 
and the change In surface profile shown in Figures 10a and lOb. The 
evidence of extensive deformation of the surface region in the as-
received material. Illustrated in Figure 11a, is especially note
worthy. The gradual precipitation of carbides during exposure is 
attributed to sensitization, not to carburization. This familiar 
process is the precipitation of carbon, as carbides, from the orig
inally supersaturated austenite, preferentially at grain boundaries 
and twin boundaries but also, in advanced stages, within the grains 
in a WidmanstStten pattern. Figure lib shows the typical appearance 
of the 316 surface regions after I;000 hours at HOOF when polished 
and lightly etched. Note that the thicker appearing grain boundaries 
occur to a depth similar to the depth of heavy distortion in the as-
received material. Figure H e , with a slightly heavier etch, shows 
a less typical but not rare area in which the Wldmanstatten effect 
is quite apparent. To substantiate the attributing of carbide for
mation to carbon present in the as-received material, specimens of 
as-received material were heated in air at 1250F for I6 hours and 
i;8 hours respectively. The structures of these two special speci
mens are shown in Figures 12a and 12b. Allowing for the effect of 
differences of temperature, the same microstructural features formed 
during exposure in the model steam generator are developed. Thus, 
carburization is not indicated, although the very first indication 
of carbon pick-up might be masked by the more obvious sensitization. 
That sensitization occurs throughout the pipe wall demonstration 
that this process can not be attributed merely to carburization. 

Especially noteworthy is the advanced sensitization near the 
surface of the special specimens as well as the loop specimens. 
This is attributed to the known accelerating effects of the deforma
tion observable near the inner surface of as-received material. 

The 1000 and 2000 hour specimens and all specimens exposed at 
lOOOP look rather similar. The grain boundaries etch quite readily. 
All specimens appear to be undergoing sensitization, the process be
ing more advanced in specimens exposed for longer times or at the 
higher temperature. 

No evidence of preferential mass transfer is metallographically 
detectable. However, changes in the surface profile during exposure 
Indicate that some uniform attack has probably occ\irred. This may 
be a non-recurring attack of the initial pickled surface. Once 
susceptible grains are removed, the attack stops. 

c) Microhardness 
Microhardness transverses of the 316 SS (HOOF) specimens are 

summarized in Figure 13. No data points were more than 5 micx-ohard-
ness units away from the curves. The initial high surface hardness 
substantiates the metallographic evidence of a cold worked surface. 
The gradual decrease in both surface hardness and interior hardness 
may be called a tempering effect. Carbon, originally dissolved In 
the austenite, contributes to grain hardness. Removal of carbon as 
rather ineffectual grain boundary carbides softens the steel. Re
covery in strained regions also contributes to the softening. Re
moval of the initially harder surface grains by mass transfer could 
contribute to the lower surface hardness of the exposed piping. 

d) Microprobe 
No mass transfer is indicated by the microprobe examination of 
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the 316 specimens, Pig-ure li; summarizes the results for the 1;000 
hoxir specimen obtained from repeated traces over the same path. 
The banding or segregation of nickel, chromium, and to a lesser ex
tent mDlybdenum is apparent. Averages of several traces would ob
viously obliterate the banding details, yielding only average per
centages. The maximum and minimum chromium and nickel contents 
were plus and minus about 1/2^ of the average concentration. Iron, 
of course, also shows segregation to make the total metal content 
remain constant. As observed metallographically, the banding occurs 
throug.hout the steel. However, small regions of a mil or so are 
apparent which do not have this characteristic. 

No probe traces indicated mass transfer effects, although 
naturally, because of the nature of the banding, different probe 
traces yielded slightly different surface compositions. Because of 
the gradients (from banding) extending to the surface the very ini
tial stages of preferential mass transfer (say within 0.1 mil) might 
be masked. 

The total metallic content of the as-received s-urface dropped 
off slightly in a region within some 0.1 mils from the surface, due 
to the appearance of small gradients in all constituents. A tenta
tive explanation is that a sub scale, formed d'uring mill treatment 
and remaining after pickling, is present. This effect is not de
tectable in the exposed specimen, substantiating the probability of 
a uniform removal of surface grains. 
DISCUSSION 
n Croloy 2-1/1; 

Detection and assessment of the small observed changes in car
bon content, attributable to mass transfer, is complicated by the 
obvious tempering effects and the initial composition gradients. 
After 1;000 hours, the affected depth is metallographically discern-
able to about 10 mils. The major hardness gradients also occur with
in this distance. Although distinct hardness differences are pre
sent to roughly 20 mils, slight differences at greater depths may be 
of little significance. Although the U-bends are described as "iso
thermal", a small radial temperature gradient may have resulted in 
lesser tempering with increased distance from the sodium side, thus 
contributing slightly to the apparent continued Increase of micro
hardness with depth. This partial decarburization, which represents 
only a small carbon loss, is perhaps better described by a measure 
such as the area between curves on a hardness distance plot if, as 
for the special specimens, the hardness at the unaffected Interior 
Is similar for all specimens, thus minimizing the tempering effects. 
Using this measure, only a fraction of the total carbon within the 
affected region has been removed, as also shown metallographically. 

Because of the scatter of the microhardness data expected in 
this type of microstructvire, designation of a depth of decarburiza
tion when no natural demarkation exists between unaffected and af
fected material is tenuous. The changes in visual appearance of 
the microstructure due to tempering induced changes in actual car
bide characteristics and etching behavior must be remembered when 
visually assessing the area per cent carbides, which is a measure 
of carbon content. Similarly, the usual analysis techniques for 
determining the percentages of various constituents are of little 
assistance. 

The loss of copper from Croloy 2-1/1; has not been, to our 
knowledge, previously reported although the small amounts of this 
trace element are not apt to be of engineering significance. Nickel 
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pick-up is also a mass transfer process. The Increase in chromium 
and silicon contents after i;000 hours must be Interpreted with cau
tion because the contribution of natural leveling out of the origi
nal gradients is difficult to determine. In any case, the amouiits 
of transferred material are not nearly enough to cause austenite 
formation and the affected depth is small. Although mass transfer 
of these heavier elements is not apt to change bulk properties of 
piping, such transfer may Influence the course of the more rapid 
carbon transfer and thus indirectly exert an influence of engineer
ing concern. Pick-up of the heavy elements is apparently controlled 
by the behavior of the source, 316 SS. The absence of detectable 
preferential depletion in the 3I6 SS pipe examined correlates with 
the small pick-up by Croloy 2-l/i; of nickel and chromium. However, 
a more extensive 316-sodlum interaction, caused by a rise in temper-
at-ure for instance, might very well change the behavior of Croloy 
2-1/1; at lOOOP. These comments are meant as a reminder that the 
system must be viewed as a whole, that events at one portion of the 
loop can control behavior at another portion. 

II. 316 SS 
The Interesting banding and sensitization effects are only in

cidental to the assessment of mass transfer in the model steam gen
erator. The differences between commercial pipe and carefully pre
pared laboratory samples may Influence observed mass transfer effects 
Susceptabillty of pickled surfaces to attack by sodium. Influence of 
a possible subscale, and the effects of a deformed surface are not 
commonly studied with prepared samples and are indeed generally con
sidered of only slight Importance. 

The absence of preferential mass transfer is significant be
cause material examined was at the highest temperature in the system. 
Possible down-stream effects and the indication of some uniform 
attack need to be further evaluated. 
III. General 

The examination of pipe samples has been made to monitor the 
mass transfer effects throughout the system. Results are encouraging 
from the view of confirming the compatibility of materials and over
all operating conditions, although larger changes would be easier to 
describe and numerically assess with confidence. The final destruc
tive examination should provide more definitive information, not 
only because of the more extensive changes probable after longer 
times, but also because the entire system can be examined with an 
aim of evaluating possible down-stream effects and perhaps even 
attempting a form of mass balance, although the latter would be a 
quite lengthy and tenuous procedure. 

The results must not be viewed simply as showing the behavior 
of Croloy 2-1/1; in lOOOP sodium or the behavior of 316 SS in HOOP 
sodium. The type of mass transfer at a local region depends on the 
nature of the sodium in contact with the steel as well as the char
acteristics of the steel. Although processes within the steel, such 
as diffusion with the associated strong dependence on temperatiire, 
may well be local rate determining steps; the direction of preferen
tial transfer and driving forces depend on the activity of the 
various constituents in the sodium as well as in the steel. It is 
this latter factor which accounts for the necessity of viewing the 
system as a whole because of the Interaction of processes occurring 
at widely separated positions. 

A continuing mass transfer obviously requires a source and a 
sink. Preferential transfer of carbon, for instance, requires many 
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steps. Carbide disintegration to feed carbon to a matrix, diffusion 
to the sodium-steel Interface, transfer across the Interface, trans
fer through the sodium and essentially the reverse processes of car
bon pick-up most of all occur. Over-all rates are commonly identi
fied with a slowest step. However, the relative surface and volumes 
of source and sink also are of critical importance; a small ferritic 
sample in an austenitic sodium loop will behave quite differently 
from the same ferritic material in the form of a similar loop, con
taining a small section of the austenitic material. Failure to 
identify copper and carbon sinks in the examined sections is not of 
great concern. The small amounts of material removed may either be 
residing in the sodium or may be discovered at other locations dur
ing the more complete destructive examination. 

These comments are meant as indication of the considerations 
to be made in interpreting the results presented and as a general 
rationale of the approach to the assessment of a particular system. 
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TABLE I 

Sample Identification 

Original Composition-"-

C Cr Ni Mo Si Cu Mn 

AISI 316 SS 0.05 17.30 13.72 2.30 0.1;7 O.li; .019 .007 1.67 
Croloy 2-1/1; 0.11 2.30 0.12 1.00 0.35 0.09 O.OI3 0.015 0.i;5 

Croloy 

16 

2-1/1; 

1 
2 
3 
1̂  
5 
6 
7 
8 

9 
10 
11 
12 
13 
Ih 
15 
16 
17 

Thermal History 

Temp. Time 
(op) (hoiirs) 

0 
1000 1000 
1000 2000 
1000 I;000 

0-;:-;;-
1000 1000-;:-;:-
1000 2000-;:-;:-
1000 1;000-::--;;-

0 
1000 1000 
1000 2000 
1000 i;000 
1100 1000 
1100 2000 
1100 i;000 
1250 16 
1250 i;8 

Special Examination 

Microhardness Microprobe 

/ 
/ 
/ 
/ 

/ 

/ 
/ 
/ 

/ 

/ 

/ 

•"-Mill analyses (except Cu and Ni is Croloy 2-l/i; which were micro
probe analyses). 

-;;-;c-Plus 1650P, l5 min, rapid cool 

Wt Cr 
Mo 
Si 
Ni 
Cu 

TABLE II 

Outline of Microprobe Results for Croloy 2 

1 Micron from 
1 Micron from Exposed Surface 
Original Surface (i;000 ho'urs, lOOOF) 

0.08 1.98 
1.00 1.00 
0.10 0.21; 
0.22 1.00 
0.39 Not Detectable 

-1/ij. 

Interior 

2.30 
1.00 
0.35 
0.12 
0.09 
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SODIUM INLET 

SUPERHEATER OUTLET 

BOILER OUTLET 

SUPERHEATER INLET 

FEEDWATER INLET 

Fig\ire 1 - P u l l - S i z e Steam Generator 
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SUPERHEATER OUTLET 

BOILER OUTLETo 

SODIUM INLET 

SUPERHEATER INLET 

FEEDWATER INLET 

.^^ 

Figure 2 - Prototype Steam Generator 
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FULL SIZE STEAM GENERATOR PROTOTYPE STEAM GENERATOR 

Figure 3 - Outside View of Pu l l -S i ze and Prototype Steam 
Generator Showing Relat ive Size 
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Figure 10 - Micro s t r u c t u r e of 316 SS Pipe to Show Change i n Surface 
P r o f i l e During Exposure to HOOP Sodium and P e r s i s t e n t 

Banding. lOOX 

a) 0 hours ( a s - r e c e i v e d ) 70% HNOo, E l e c t r o l y t i c 
b) liOOO hours Marble ' s Reagent 



PigTire 11 - Micro s t r u c t u r e of Surface Region of 316 P i p e . 500X 
a) 0 hoiirs ( a s - r ece ived ) Note Deformation Markings 

70% HNO3, Electrolytic 
b) î OOO hours Typical S e n s i t i z a t i o n Marble ' s Reagent 
c) l\.000 hoiirs Advanced Surface S e n s i t i z a t i o n Marble ' s 
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Figure 12 - Mlcrostructure of 316 Pipe After Special Sensitizing 
Treatment in Air at 1250P. 500X Marble's Reagent 
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REVIEW OF ATOMIC POWER DEVELOPMENT ASSOCIATES' 
SODIDM-WATER REACTION PROGRAM 

H . 0 . Mienchow 

INTRODUCTION 

The development of soditun-cooled reactors is hi^ly dependent on 
the development of reliable system con?)onents» Of these components, the 
steam generator is recognized by the AEC as the weakest link in the heat 
transport chain. The possible occurrence of a sodium-water reaction and 
the problem of designing a steam generator to accommodate such a reaction 
has always been a major concern of the design engineer. In the early sodium-
cooled reactors, the basic problem was avoided by attempting to minimize 
the possibility of a sodium-water reaction throu^ the use of dotible-walled 
tubes to separate •the reactants. EBR-I, EBR-II, SRE and Hallam all embody 
this principle. The lack of information available on the sodium-water 
reaction at the time these plants were designed certainly justified this 
action. However, it is clear that the double-walled tube does not answer 
the question for plants of the future irtiich must operate over long periods 
of time since it is conceivable that a failure can occur in a double-walled 
tube sometime during the life of the plant. The use of a double wall also 
leads to economic penalties that may znake sodium-cooled reactors uneconomical 
As the AEC has recognized, it is ijrportant, that the problem of sodium-water 
reactions be faced squarely, and early, in ai^ program to develop future 
sodium components. 

In the past the designers of sodLum-heated steam generators, as 
typified by the Fermi unit, have concentrated on the problem of a large 
reaction and the effects of h i ^ temperature and pressure for a relatively 
short period of time on the structural integrity of the unit. This led 
to the incorporation of reaction pressure relief devices, such as rupture 
disks, into -the systems. In December 1962, a Fermi steam generator under
went a sodium-water reaction due to tube failures produced by vibration. 
This failure served as an excellent proof test of the relief system, which 
functioned properly to protect the shell of the steam generator and limit 
the reaction effects to the steam generator proper. However, subsequent 
examination of the unit indicated that a general corrosion had occurred in 
the area of the sodium-water reaction, producing failure of some of the 
adjacent tubes. Also, it appeared that corrosion was not the only 
mechanism associated with this destructive phenomenon and, therefore, the 
tube damage in a sodium-heated steam generator was called "wastage". Since 
the failure of the tubes progressed from small to large leaks, it is not 
clear ̂ e n the tube wastage occurred. Investigation of the data available 
indicates that a small leak existed for a period of approximately iiO 
minutes, and the large leak existed for a period of approximately 1 
minute. 
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This occurrence has re-emphasized the interest in sodium-water 
reactions throughout the international sodium-cooled reactor community. 
MarQT European and American organizations now have experimental programs 
under way to investigate the effects of -these reactiotis. 

A review of tests performed by The Detroit Edison Company (DECo) 
and a preliminary s\immary of some work performed at Dounreay lend sup
porting evidence to the hypothesis made after examination of -the reaction 
in the Fermi generator^ that a small leak can produce severe tube wastage 
in a few minutes. 

It was clear that a comprehensive program should be conducted 
to investigate small leaks as well as large leaks, and that the program 
should have a scope sufficiently broad so that new tests would not have 
to be conducted every time a new steam generator was designed. 

OBJECTIVES 

The use of such generalized words and phrases as small leak, 
relative, wastage, evidence, and hypothesis point out the fact that the 
complete mechanism, the controlling parameters, or the limits of the 
parameters involved in sodium-water reactions occurring in steam generators 
are not known. Therefore, in support of the AEC's steam generator devel
opment program, APDA has been awarded a contract to conduct a series of 
sodium-water reaction tests which will: 

1. Establish a means of estimating the extent of tube wastage 
during a small leak of water into the sodium of a sodium-
heated steam generator. 

2. Determine the dominant parameters of tube wastage during 
a small water leak so that they may be applied to the 
design of a unit. 

ESTABLISHING THE TEST PROGRAM 

A re-view of the factors that probably affect wastage, i.e., 
corrosion rate, erosion rate, reaction products concentration, exposure 
time, reaction temperature, and tube wall temperature, indicated that 
the following independent variables were probably controlling. 

A. Rate of water leak 

B. Duration of water leak 

C. Distance of leak from in^iingement surface 

D. Velocity of bulk sodium 

E. Temperature and pressure of reaction water 

F. Initial temperature of sodium 
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G, Tube material 

H. Flow rate of tube-side coolant 

To restrict the number of tests (the operating cost per test is 
expected to be quite hi^) and still obtain sufficient data, a statistical 
approach to the program was taken. However, limiting a statistical program 
to two levels of each of the eight variables still results in 28 or 2^6 
tests. Therefore, the four variables that are probably most important were 
selected and set up as a statistical program based on two levels of each 
variable that results in 16 tests. The program was then reduced to a 
fractional factorial of l/2 for the initial series of tests. 

Initially, variables A through D will be studied at two levels, 
E and F will be held constant, while G and H will be considered in-run 
variables and studied at two levels during every run. The test program 
is tabvilated below: 

VARIABLE COMBINATIONS 

Run No. 

1 
2 
3 
1; 
$ 
6 
7 
8 
9 
10 
11 
12 

Water 
Leak Rate 

k 
16 
75 

(A) 

cc/min 
cc/sec 
cc/sec 
A 
A 
A 
A 
A 
a 
a 
a 
a 

Leak 
Duration, 
Minutes 
(B) 

10 
10 
10 
b 
b 
B 
b 
B 
B 
b 
B 
b 

Impingement 
Distance, 
Inches 
(c) 

1/li 
1/Ii 
1/U 
i/li 
i/U 
i/li 
1 
1 
1 
1 
i/U 
1/U 

Sodixun 
Velocity, 
ft/sec 
(D) 

1.5 
1.5 
1.5 
1.5 
1.5 
3.0 
3.0 
1.̂  
3.0 
1.5 
1.5 
3.0 

•«• Upper case letters indicate h i ^ level of variable, and lower case 
the low level. 

As shown in the table, during the first three rvins only the leak 
rate will be varied in order to establish the level of leak rate that -will 
give significant wastage. After the data from these runs are reviewed, the 
h i ^ and low levels of the leak rate and leak duration variables will be 
established for a statistically based program. Runs h and 5 should be the 
same as one of the first three runs. The data from these identical rims 
will be used to establish the confidence level or the degree of repro
ducibility of the test. 
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DISCUSSION OF TEST LOOP 

Figure 1 is a photograph of the support structure, which contains 
the test loop and conponents. The instrumentation and control room is 
located in the concrete building on top of the cliff to the ri^t side of 
the support structure. 

The test stand and flow directions are shown schematically in 
Figure 2. The test stand supports five main systems: (1) the sodium 
system, (2) the circulating water system, (3) the reaction water system, 
(li) -the reaction products system, and (5) the nitrogen cover gas system. 

During a small leak test, sodium will be circulated by a centrif
ugal pump from the bottom of the test unit through the filter tank and back 
to the test tinit. Large particles will be removed from the sodium by a 
fine mesh filter screen, designed to be removed through the top of the 
filter tank for cleaning. Figure 3 shows the top flange of the filter tank. 
The sodium system also contains a cold trap. Figure li, and dtunp tank, 
Figure 5. 

The circulating water loop is made of Schedule 160 steel pipe 
and contains a pressurizer, air-cooled heat d̂ ump, and three quick-acting 
valves for emergency isolation. The system is pressurized from a 6000-psi 
nitrogen station. High-purity boiler feedwater at 2650 psia and 600 F 
flows by natural circulation from the pressurizer down through the test 
coil where it is heated. The hot water passes through •the air-cooled heat 
dump and returns to the pressuri-zer. 

The reaction water supply is contained in a storage tank which 
is separate from the circulating water. The same high-purity water will 
be used as that used in the circulating system, and may be heated to 
600 F with electrical heaters. The system is pressurized from the same 
6000-psi nitrogen supply used to pressurize the circulating water system. 
The reaction water flows through a Schedule 160 steel pipe, which is flanged 
to the reaction water trigger tube. The line contains a quick-closing valve 
for emergency operation. 

The reaction products can be vented through two paths during a 
reaction. During the tests the hydrogen, with entrained sodium, will be 
vented through the hydrogen cooling tank to the atmosphere. In the event 
of an uncontrolled reaction, the products will be discharged through the 
2li-inch rupture disk, located in a 30-inch pipe, into a reaction products 
separator. Figure 6. 

The test unit. Figures 7 and 8, consists of a pressure vessel, 
3 feet in diameter ajid 16 feet long, containing a removable bundle of 
tubes, one of which is a natural circulation water coil. The remaining 
tubes have nitrogen sealed inside. The bundle is approximately 2 feet 
high and is positioned at the bottom of the vessel under 10 feet of sodium. 

The trigger tube assembly is installed and removed through the 
top flange of the test unit. This device is used to inject a controlled 
amo\mt of water into the sodium for the reaction tests. Ihe trigger tube 
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is approximately 16 feet long with the flow control orifice for the 
reaction water located at the lower end, and a set of valves and flange 
connections at the upper end that connect to the water and nitrogen supply 
vessels. 

The water flow orifice, located at the lower end, is isolated 
from the sodium prior to the reaction by a rupture disk set to burst at 
a maximum of 2500 psia (2300- to 2500-psia range). Nitrogen is used to 
pressurize the 600 F reaction water to 2650 psia in the storage vessel. 
The valve in the trigger tube supply line is opened and the pressure, 
transmitted through the water column in the tube, bursts the rupture disk. 

DATA ANALYSIS 

The following data will be taken during each test run: 

1. Sodium flow rate will be sensed with an EM flowmeter 
and will be recorded. 

2. Reaction zone tempera-feares will be sensed by 33 thermo
couples and will be recorded. Twenty-one rapid response 
thermocouples, capable of sensing 90^ of a temperature 
step change in less than 500 milliseconds, will be 
located in the test bundle on the tube walls and in the 
sodium between the tubes. These teoperatures will be 
recorded on a rapid response recording oscillograph. 
The remaining 12 sensors will be standard grounded 
l/8-inch QD sheath thennocouples placed on the tube 
bimdle in various sectors and elevations away from the 
immediate reaction zone. These will indicate differences 
in temperat\ire patterns among the various reactions. 

3. The gas temperature and pressure in the cover gas space 
above the reaction will be recorded. The hydrogen in 
the cover gas will be monitored by a thermal conductivity 
cell analyzer and the concentration of the hydrogen will 
be recorded. 

ii. Reaction water pressure, temperature, and flow rate will 
be recorded. 

5, The temperature and flow rate of the circulating water 
in a coil of the tube bundle will be recorded and the 
pressure will be indicated. 

6. After each run, the tube bundle •within the reaction vessel 
will be removed for inspection. The bundle is designed so 
that each ring and coil may be disassembled from the support 
merfsers for inspection. Photographs will be taken. Each 
tube •will be dimensionally checked, and diameters •will be 
measured with a micrometer. When significant wastage occurs, 
the tubes will be sectioned, wall -thickness measured, and 
photomicrographs will be made. 
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In analyzing the data, the prime objective is to define i^ich 
variables have the greatest effect on wastage and to attempt to establish 
the relative degree to iriiich they affect wastage. 

The temperature versus time traces for the 33 -thermocouples on 
the tube bundle will be analyzed. A correlation of the effects of leak 
rate, leak duration, and sodium velocity on the location of -the maximum 
reaction temperature and the general reaction zone will be attempted. 
Also, a definition of the general reaction zone will be made tlirou^ a 
comparison of reac-tion temperatures and wastage at specific locations. 

Comparisons of wastage on the nitrogen filled tubes with that 
of the water coil will be made to establish if tube cooling from -the 
inside has much effect on the degree of wastage. Also, wastage compar
isons will be made among the 2-l/Ii C r - 1 Mo, 5 Cr - 1 Mo, type 3l6 SS, 
and type 30li SS tubes in each test. 

Although the data will be limited, an attempt will be made to 
correlate the data from the hydrogen detector with the leak rates in these 
tests. However, hydrogen detection in -the cover gas may prove to be too 
slow a method of leak detection to be useful with high wastage rates. 
Response rates of o-ther leak detection methods may require investigation. 
In addition, the hydrogen detection data will be conpared with the data 
obtained by DECo in the Fermi steam generators to point out the effects 
of the different system geometries and dynamics. 

During the analysis of the test results from the initial series 
of tests, it is anticipated that new factors concerning wastage will be 
imcovered. In order to investigate these new factors, study the inter
action of the dominant parameters, and expand the test data concerning 
the dominant parajooeters additional tests will be required. With the 
additional data, correlations will be attenpted to establish the degree 
of wastage -which will occur for a particular leak rate with respect to 
time. Should -this correlation prove feasible, it might be combined with 
a leak detection versus leak rate plot to produce a correlation of leak 
detection, wastage, and time for a specific system. Then, at any leak 
detection level, a known time is established in which to effect a safe 
system shutdown. At a h i ^ leak detection le-vel the shutdown mi^t 
require scram action} however, at the lower levels normal shutdown pro
cedures could be followed -with varying degrees of urgency. 

CURRENT STATUS 

All of the test loop components have been erected. The loop 
piping and valves have been installed and the systems are presently being 
leak tested. 

Installation of the electrical components and instrumentation 
equipment started May lli. Vessel and piping heaters and the thermocouples 
that monitor the temperature of -the vessels and piping will be installed 
first. The loop will be insulated while the electrical work such as 
erecting cable trays and pxilling cable is completed. 
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According to the present schedule, loop check-out and shakedown 
should start the last week in July, The way the work is presently 
progressing the schedule should be met. 
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Fig. 2 Loop Support Structure 

240 



Fig. 3 Top of Fjlter Vessel 

Jfe : • 

|1 

b 
Fig. U Cold Trap Vessel, Without Cooling Duct 
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Fig. $ Top of Storage Tank 

Fig. 6 Reaction Products Separator 
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Fig. 7 Top of Reactor Vessel, Showing 2U-Inch Pipe Leading to the Separator 

Fig. 8 Bottom of Reactor Vessel 
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ESADA 

SODIUM-WATER REACTION 

TESTS 

By 

R. E. Douglas 

Atomics International 
Canoga Park, California 

The Empire State Atomic Development Associates (ESADA), in continuing 
support of reactor power plant related research and development, have 
contracted -with Atomics International to conduct a sodium-water test 
program. The primary purpose of this work is to study the effects of 
a sodium-water reaction resulting from a ruptured tube in a modular 
steam generator. Although a number of sodium-water experiments have 
been performed by others, the range of pressures and temperatures 
involved -with the modular design have not been attempted in prior 
work. The study is expected to yield information that will permit 
the design of a modular steam generator system in which damage to the 
system is minimized in case of a sodium-water reaction. 

The most important information needed from the test program is the 
shell, or sodium side, pressure-time relationship for a given mass 
flow rate of water and steam at operating conditions when reaction 
takes place. This information, correlated with performance charac
teristics of relief devices and the relief system, will provide the 
basis for the design of an integrated system in which pressure effects 
are minimized. In addition, data asstiring adequate structural design 
of the steam generator module -will be obtained. 

A program of testing has been devised in which a simplified test 
system is used to obtain relative pressure-time data. A tube is 
forced to rupture within the system and resulting pressure transient 
meas-urements are made. Extrapolation to a full-sized system -will be 
accomplished by mathematical model. It is expected that these exper
iments using the simplified test system will provide the basis for 
additional tests using the steam generator module. 

Construction of the test facility has been completed and testing is 
in progress. The test system. Figure I (7633-1512A) consists of the 
test section in which reaction takes place, the relief system and 
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receiver tank for the products of the reaction, a high press-ure steam 
supply system, a high pressure water supply, and a sodium storage and 
supply system. 

The electrically-heated steam supply system is designed to provide 
steam at 2400 psi at 1000°F. Flow is limited to approximately 4 lb/sec. 
The water supply, also electrically heated, is designed to provide water 
at average conditions of 2800 psi and 470°F. The rate of flow is approx
imately 6 - 8 lbs/sec. Capacity for 10 - 15 seconds flo-i'f is provided by 
each system. 

The relief system provides three locations for the installation of 
6-inch diameter burst diaphragms. Normally, two -will be used, one 
located at each end of the test section. They are rated at 125 psi. 
Upon rupture of the diaphragms, test section pressure and reaction 
products are discharged into the reaction products tank through 6-inch 
pipes. The tank is rated at 150 psi at 850°F. A l6-inch relief valve 
on top of the tank -will pass up to 100 cubic feet of vapor per second 
at 5 psi. During each test, low pressure steam flows into the tank to 
complete reaction of sodi-um received from the relief system. Following 
the test, the relief system, test section, and reaction products tank 
are flushed -with water and drained. 

The sodium supply tank is used for intermediate storage of sodium at 
approximately 300°F. It has sufficient storage capacity for 4 barrels. 
The test section is filled through the transfer line by means of 
pressurizing this tank with inert gas. At completion of the filling 
operation, two valves in the transfer line are closed and the line is 
allowed to cool. The sodium remaining in the line solidifies, and thus 
aids in isolating the sodiiim supply tank from the test section during 
tests. 

A photograph of the test facility, taken at completion of construction, 
is sho-wn in Figure 2 (7633-10202). The longer pipe colTimn in the center 
of the photo is the main test section. All auxiliary test sections 
have been assembled, as shovm, during construction to ensure proper 
assembly and fit-up. Those sections, not required for the first tests, 
were subsequently removed. 

A view of the reaction products relief tank -with the relief valve in 
place on top of the tank is sho-wn in Figure 3 (7633-10200). The valve 
cover is arranged to pivot upward to open, and the adjustable weights 
on the valve cover are such that 1-1/2 psi can be maintained in the tank. 
Unreacted sodium discharged from the test section and relief system is 
exposed to low pressure steam in the reaction products tank. This 
steam is supplied at 90 psi by a 30-h.p., gas-fired utility boiler. 
All sodi-um is thus reacted prior to flushing the system -with water and 
draining. 

The main test assembly in which initial reaction occurs is shown 
diagrammatically in Figure 4 (7633-15092). It consists of a tube 
bundle that surrounds a rupturable tube, all of which is enclosed in a 
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large hea-vy-walled pipe. The tube bundle is made of 36 stainless-steel 
tubes approximately 4-ft long that are sealed at both ends. Spacers of 
the same design and material as those used for the modular steam generator, 
space the tubes radially on approximately 1-in. pitch. This establishes 
three ro-ws of tubes radially around the center. The center is occupied 
by the rupturable tube. 

The shell is made of two sections of 8-in. sch. 80 stainless steel pipe. 
When assembled, the two sections have a total length of 16 ft. The 
lower section has four lateral nozzles, two of which are sho-wn closed 
with blind flanges. These two are provided for connection to auxiliaiy 
test sections when required. The remaining t-wo nozzles are connections 
to the relief system. The two flanged joints contain the 125 psi burst 
diaphragm assemblies. 

The upper section of the test assembly is an 8-in., sch. 80 stainless 
steel tee. The rupturable tube is secured in the center of the side 
outlet of the tee by means of a blind flange -with a hole machined to 
accept the tube. The upper and lower ends of the test assembly, sho-wn 
closed with blind flanges, are for connection to additional test 
sections that will increase length to 44 ft. 

The rupturable tube enters through the side outlet of the tee, passes 
centrally do-wn through the tube bxmdle and emerges through the lower 
blind flange. It is made of type 304 stainless steel tube of 5/8-in. 
outside diameter and .090-in. wall thickness, the same material as 
that used for tubes in the modular steam generator. A flat, 4 in. 
long, is machined on the tube to reduce wall thickness to 0.005 -
0.007 in. at a point tangent to the inside diameter of the tube. 
The flat is positioned vertically midway between the two burst dia
phragms as sho-wn in Figure 4. The tube is rupt-ured when steam or water 
pressure inside the tube reaches approximately 1100 psi. Shown on the 
right in Figure 4 is a cross section of the machined tube. 

Steam is admitted at the upper end of the rupturable tube: water at 
the lower end. Pressure is -withheld from the tube by means of a 
blocking disc inserted at either end of the tube. Iifhen flow is 
required, the disc is opened with a spring-driven pointed valve stem. 
Prior to use, the spring is compressed and held by a latching mechanism 
which, in turn, is secured by an explosive bolt. When the bolt is 
electrically fired, the spring is released, driving the pointed valve 
stem into the blocking disc. In this way, the rupturable tube is 
abruptly pressurized. A tube rupture caused by steam at 1575 psi is 
sho-wn in Figure 5. No sodium was present in the test section. 

Pressure transients occurring in the test section are detected by 
means of differential transformer type transducers using a 10 kc primary 
supply -with output demodulation and amplification sufficient to drive a 
1000 cps recording galvanometer. The linear differential transformers 
are suitable, vrith internal temperature compensation, for operation at 
temperatures up to i000°F. Natural frequency of the Inconel X, heat-
treated diaphragm is in the 600 - 1000 cps range, varying -with Individual 
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units. The transducers are rated at 5OO psi, and 1000 psi for short 
term overload. The pressure system is nominally response limited by 
the transducers to a minimum of 600 cps. Thus, pressure instrujnentation 
delay for step-function input is about O.b ms up to 90/b of final value. 
For an exponentially increasing function on a period of one ms, the 
delay is near 0.3 ms. 

Pressure transducers are installed on the test section shell by means 
of flanged nozzles such that the transducer diaphragm is in direct 
contact -with the sodium. One transducer is located on the shell at the 
point ̂ Ĵ•here tube rupture and initial reaction takes place. Two, the 
first 5 ft above the point of rupture, and the other, 5 ft below are 
provided as well as one on each of the two lateral nozzles leading to 
the relief system, for a total of five pressure transducers on the m.ain 
test section. Up to 11 transducers may be installed on the Z(4.-ft test 
assembly. By means of observing pressure occurrence at each location, 
pressure-time data can be obtained. 

Strain gages also are installed at each pressure transducer location 
to obtain strain information occurring in the shell. This is primarily 
for determining feasibility of using strain gages for obtaining structural 
data from later tests in which the steam generator module is used. The 
strain gage mionitorlng system consists of a standard 20 kc bridge 
excitation -with compatible demodulator-amplifier assembly. Recording 
of strain information is by means of an oscillograph ;id.th 5000 cps 
galvanometers. 

Thermocouples are affixed mechanically to the rupture tube, and are thus 
immersed in the sodium at the point of tube rupture, and at points 5 ft 
above and below conj-unctionai to pressure transducer locations. The 
thermocouples are l/8-in. sheathed chromel-alumel type -with the junction 
gro-unded. The sheathed junctions have time constants of approximately 
100 ms. Thermocouple recording is direct, -with no amplification. 
Galvanometers have 60 cps natural frequency. 

The different test assembly configurations possible to obtain with 
presently available components are shovjn in Figure 6 (7633-1511A). 
The asterisk denotes the location of tube rupture in each assembly. The 
sequence sho-wn is tentative, it is expected that development of the 
miathematical model -îrill dictate the order in which the different 
assemblies and conditions appear. The five different configurations 
sho-wn are achieved witti the use of interchangeable pipe spool sections. 
Flexibility is required to study the effects of distance from the point 
of tube rupture to the relief system on pressure-time data. Also, the 
effects of different column heights of sodium above and belo-w the point 
of tube rupture can be observed. 

Test conditions are tabulated below each configuration. Each series 
consists of three identical tests to check data repeatability. The first 
assembly, for test series A and B, is the simplest, requires 300 pounds 
of sodium, and is for the purpose of checking system perform.ance, test 
procedures, and instrumentation. Series C represents a tube rupture 
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occurring near the lower end of the superheater module where sodium at 
915°F v/ill react with water at 470°F. Series D conditions are for the 
case where tube rupture occurs near the lower end of the evaporator 
module. Sodi-um temperature is lowered to 675°E to react i-Jith water at 
470°F. Similarly, Series E through K represent tube failures at the 
center and at the top of the two modules, -with test conditions repre
sentative of operating conditions that vrould be expected at these 
locations. Test Series G through H require approximately 6OO pounds of 
sodium for each test. 

Series J tests are for the purpose of observing pressure effects on a 
parallel system. The test assembly is identical to that used for 
Series C and D except for a parallel test section added to the main 
assembly. Approximately 700 lb of sodium \d.ll be required for each 
of these tests. 

In all tests, the test assembly will be incompletely filled with sodium 
so that a space equal to 8 - 10^ of the sodi-um volume will rem̂ ain. This 
space t'd.ll be pressurized -with inert gas at 5O psi for the evaporator 
tests, and 75 psi for the superheater tests. These cover gas con
ditions are approximately those expected in the steam generator modules. 

Test No. 1 of Series A vras performed on April 29, I965. Three-hundred 
It of sodium at 750°F vrere used. The central tube was ruptured by 
steam at 2060 psi and 970°F. The steam control valve malfunctioned, 
interrupting the required sequence of events and delayed tube rupture 
and reaction approximately 30 min. Consequently, pressure transient 
measurements were not obtained, nor were photographic records secured. 
However, post test examination of the system verified structural 
adequacy. The relief system performed as desired, and the post test 
vrater flush was adequate to clean the system. Figure 7 is a photograph 
of the tube rupture shovm for comparison with the tube that was ruptured 
previously in the absence of sodium. 

Figure 8 is a photograph of the tube bundle after test. All tubes were 
deformed by bending in relation to the longitudinal axis. None were 
fractured or deformed circumferentially. A bend in one of the central 
tubes was about 1-in. from the normal axis. All deformation occurred 
adjacent to the central tube rupture location. 

Although little quantitative data were obtained from the first ESADA 
test, there appears little doubt that the test plan will deliver 
optiTmim information acquisition commensurate with cost and schedule. 
If development of the mathematical model for steam generator design 
based on data from early testing shov;s promise of success, consideration 
vd.ll be given to revising the test plan for inclusion of a typical steam 
generator module for tests in the present facility. Additionally, the 
feasibility of revising certain parameters such as flovd.ng sodi-um 
rather than static, closer simulation of pressure drop in parallel 
system sections, and revision of the relief system for collection and 
storage of reaction products will be studied. 
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SODIUM TECHNOLOGY LOOP 
EVALUATION OF IN-LINE INSTRUMENTS 

AND PURIFICATION DEVICES 

By 

Eugene F. Hill 
Atomic Power Development Associates, Inc. 

Detroit, Michigan 

I. INTRODUCTION 

Under the sponsorship of the AEC's Reactor Division, the sodium tech
nology loop has been operated by APDA since 1962 to evaluate in-line instruments 
and purification devices for sodium impurities. The program is designed to in
clude the following activities: 

1, Instrumentation for sodium systems, including the development and 
evaluation of in-line instruments for the detection and determina
tion of impurities in sodium, 

2, Sodium cleanup processes, including the development and evaluation 
of sodium purification techniques and devices, 

3, Chemical and physical behavior of sodium impurities, including the 
investigation of the chemical and physical behavior of impurities 
in sodium loop environment. 

4, Laboratory analysis, including complementary development and re
finement of analytical techniques for the determination of sodium 
contaminants. 

During the Sodium Components Meeting held at Hollywood during April 
1964, the available results of evaluations of a Rhometer, hydrogen meter, and 
plugging meter were presented. The recent additions to the loop and supporting 
facilities will be described, and the status of the instruments and devices being 
evaluated in the loop and the supporting chemistry program will be discussed. 

Since April 196'+, the sodium technology loop has been modified to in
clude two additional Rhometers, four oxygen meter cells, a filter cascade, a 
hydroclone, and improved sodium and cover gas sampling facilities. The acidi-
tion of these tools has not only increased the scope of the investigations which 
can be undertaken, but also has allowed a comparison of the relative behavior of 
these devices under controlled conditions. 

In order to undertake a meaningful program of development, a chemical 
laboratory program is required to provide an immediate eind accurate evaluation 
of the performance of the instrument or clean-up device during its development. 
Chemical techniques which are used are described. 
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II, SODIUM TECHNOLOGY LOOP MODIFICATIONS 

The loop, as now modified, is shown in Figure 1. The new circuits ex
tending from the original 4-inch loop are all type 304 stainless steel, and are 
designed to operate at temperatures up to 1000 F at an average flow rate of 7.5 
gallons per minute. 

The two new Rhometers are installed in a differential arrangement, so 
that it is possible to monitor the inlet and outlet streams from any of the clean
up devices installed in the circuit. An economizer is provided upstream of both 
meters to equalize the temperature at the two monitoring points. Oxygen cells 1 
and 2 are installed near RM-1 and cells 3 and 4 near RM-2. Thus it is possible 
to directly compare their readings with the Rhometer indications. 

The effluent header returns either to the pump surge taink directly, or 
to the plugging meter and original Rhometer installed in the 't-inch loop. The 
supply header and effluent header may be operated in series (with no clean-up 
devices across the line) passing through the differential Rhometers and through 
the two sample stations. 

The sample stations are U-bends of stainless steel tubing which can be 
isolated from the circuit when a sample is desired. Eventually they will be placed 
in a vacuum dry box to eliminate possible atmospheric contamination when sample 
tubes are removed or replaced. 

The extended loop and components are services by a 200-gallon auxiliary 
storage tank (not shown) into which the system drains by gravity. The loop is 
vented at all high points with lines connecting to the original loop vent system, 
and the new tanks are connected to the original loop pressure equalizing systems. 
The thermal decomposition tank is equipped with manual heaters so that its tempera
ture can be raised to 1200 F. 

The filter cascade is an arrangement of three progressively finer micro-
metallic filters in series with provision to drain and isolate the assembly for 
removal from the loop by means of grayloc fittings. When this assembly is trans
ferred to a dry box for disassembly and examination, each filter chamber is made 
accessible for examination by breaking open the 3-flange separators in the cascade 
assembly. Filter elements may also be removed and disassembled. 

The Doxie hydroclone installation consists of two Dorr-Oliver units 
mounted in parallel. This arrangement is designed to pass a 7.5 gal/min flow of 
sodium through the differential Rhometers with an anticipated 30 to 40 pound pres
sure, with a calculated ability to effect a 9551̂  separation of 2-micron particles 
or larger. To provide operating flexibility, the hydroclone units are provided 
with plugging rods to deactivate any number of the individual cyclone separators. 
These units were adopted for sodium service by sealing the removable high-pressure 
heads with a stainless steel Flexitalic ring gasket. The overflow, or clean dis
charge stream, empties into the effluent header; the underflow stream, which con
tains the removed contaminants, passes through a throttle control and a flow-meter 
to a run-off pot for accumulation and sampling. Figure 2 is a photograph of the 
loop as now modified. 

III. CHEMICAL PROCEDURES 

The Chemical Laboratory is equipped to analyze sodium for total carbon. 
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carbonate carbon, oxygen by mercury amalgamation, total hydrogen, hydroxide hydro
gen and nonhydroxide hydrogen. The analytical determinations for a given sample 
depends upon the investigation being undertaken. The chemical basis of the proce
dures are as follows, 

A, Determination of Total Carbon 

The analytical method used by APDA for the determination of total carbon 
in sodium metal is based on a stepwise conversion of the total carbon in the sodium 
sample to sodium carbonate followed by thermal decomposition of the sodium carbonate 
to carbon dioxide. The carbon dioxide is collected at liquid nitrogen temperature 
and subsequently measured by gas chromatography, 

A representative series of replicate sodium samples analyzed by this 
method had a standard deviation of +3 Ppm and a relative standard deviation of 
8.ISI0. This method is applicable to the determination of carbon in sodium in the 
concentration range of 10 to I50 ppm. 

The conversion of carbon (C) in sodium (Na) to sodium carbonate (NasCOj) 
and subsequent evolution and collection of carbon dioxide (CO2) is carried out in 
the apparatus shown in Figure 3, The analytical system consists of five sections: 
(1) gas metering and mixing, (2) gas purification, (3) sodium sample combustion, 
{k) CO2 collection, and (5) measurement, 

B, Determination of Carbonate Carbon 

The analytical method developed for the determination of carbonate in 
sodium is based on the carefully controlled dissolution of the sodium sample in 
water, the evolution and collection of carbon dioxide, and the measurement of the 
carbon dioxide by gas chromatography. An investigation of the relative merits of 
water-dissolution and alcohol-dissolution technique resulted in the selection of 
water as the solvent. Standard deviations of 0.2 to 0.26 ppm and relative stan
dard deviations of l̂̂l̂  to 7S6 were obtained on standard sample using the water-disso
lution technique. 

A gas chromatograph and a sample dissolution carbon dioxide evolution 
and collection assembly are the two essential components of the apparatus used for 
the determination of carbonate carbon in sodium metal. Figure 4 is a schematic of 
the apparatus. 

A three-necked distillation flask, is used for the dissolution and decom
position of the sample. The flask is fitted with connectors that facilitate the 
removal and assembly of the vessel in the apparatus. When assembled in the appara
tus, the three standard taper, ground glass joints of the flask are used as the in
let for the helium purge gas, the reagent addition tube and the outlet for the evolved 
CO2, A thermocouple is located near the bottom-center of the flask and a Sim-Ply-
Trol controller is used to regulate the reaction temperature. A magnetic stirrer is 
used to agitate the reaction. A water-cooled condenser and a dry ice-acetone trap 
are inserted between the reaction flask and the carbon dioxide collection loop to 
remove water vapor and acid fumes which may be carried over by the helium to the 
collection loop, 

C, Determination of Oxygen 

The Pepkowitz and Judd method for the determination of oxygen in sodium 
has been modified so that relatively low concentrations of oxyger? in sodium can 
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be determined with improved reliability. The APDA procedure is applicable to the 
determination of 10 to 100 ppm of oxygen with a relative standard deviation of ap
proximately 10 per cent. The separation of sodium carbonate and sodium hydroxide 
with the sodium monoxide in the amalgamation process has been demonstrated to occur. 

All sampling procedures and the extraction of the sodium metal from the 
insoluble residues are done in a dry box containing an inert argon atmosidiere. The 
argon is recirculated at the rate of 1500 cu ft/hr through a gas purifier which con
tains a bed of hot copper to remove oxygen and molecular sieves to remove moisture. 
The moisture level in the argon is maintained well below 1 ppm and is continuously 
monitored. 

In the APDA method, a clean, dry tubing cutter is used to remove a 1/2 in, 
to 2 in. section from the 1/2 in. stainless tube containing the sodium sample. This 
sample size should be in the 1 to 5 gram range. It is weighed to the nesurest mili-
gram in the glove box. The sample is then transferred in the glove box to the amal
gamation flask which contains 50 "il of triple-distilled mercury. The flask is then 
agitated to facilitate complete dissolution of the sample. 

After the amalgam has cooled, it is agitated for 5 minutes and allowed 
to stand for 3 minutes. The amalgam is drained into a stoppered bottle retaining 
a residue of 1 to 2 ml which contains the insoluble residue. Twenty-five milli
liters of new mercury is added to the 1 to 2 ml of amalgam, and the extractions 
repeated seven times. After the seventh extraction, a 1 to 5 ml sample of the eff
luent from the flask is collected in a 50 ml beaker and removed from the glove box. 
Five milliliters of deionized water and 1 to 2 drops of phenolphthalein solution 
are added and if a negative alkalinity test is obtained, as indicated by a color
less solution, the extraction of the sodium is complete. Additional extractions 
and tests are necessary if a pink color is obtained in the alkalinity test. 

Fifty milliliters of deionized water are added to the extraction flask, 
and the resulting solution is collected in a 50 ml beaker. The flask is rinsed 
with two separate 25 ml portions of deionized water. Modified methyl red indica
tor and exactly 1,000 ml of a standard 0,002 N sodium hydroxide solution are added 
to the solution. It is titrated with 0.002 N sulfuric acid solution until the end 
point is detected. 

The oxygen concentration is calculated using an expression which assumes 
the extracted oxide is in the form of sodium monoxide. 

D, Determination of Hydrogen 

k 
The determination of hydrogen in sodium is based on the principle that 

boiling mercury will displace the contained hydrogen. Thus, the sodium is heated 
with mercury to reflux temperature, and the hydrogen evolved is analyzed by gas 
chromatography. In determining hydrogen, the most difficult problem is to be sure 
that the reflux flask. Figure 5» is not a source of hydrogen. This is assured in 
APDA's procedure by pretreating, or conditioning, the reaction vessels which in
volves refluxing mercury and sodium in the vessel at the highest temperature attained 
during the analysis to remove any residual water. After refluxing, the atmosphere 
in the vessel is analyzed by gas chromatography. If no hydrogen is present, the 
vessel can be considered ready for use; however, if traces of hydrogen are present, 
another cycle is needed. 

After the hydrogen vessel is prepared it may be used for several analyses 
until the amalgam becomes solid at room temperature. 
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The actual analytical procedure is similar to that iised to cleam. the 
vessel. In determining nonhydroxide hydrogen the sodium sample is added to the 
mercury auad the cover gas pressure adjusted so that refluxing occurs at 400 F, 
Three refluxing cycles are generally required to remove the nonhydroxide hydrogen. 

To obtain hydrogen from NaOH the amalgam is heated to 680 F. It generally 
requires five cycles of refluxing to remove all hydroxide-hydrogen. 

After refluxing, the vessel is returned to the dry box and the sample 
tube removed and weighed. The hydrogen concentration can now be calculated, 

IV, LOOP INVESTIGATION 

The program planned for the loop will eventually include an investigation 
of the effects of various individual impurities of concern in fast reactor operation 
on instruments and purification devices. Since the April 196'f report, a study of 
sodium carbonate and water reaction products have been completed. 

The general procedure for adding impurities to the loop is to add an amount 
of impurity calculated to be equivalent to one-half the accepted solubility level at 
the temperature of the test, covering a temperature range of 'f50 to 900 F. After the 
addition of the impurity at constant temperature a temperature ramp is carried out 
to investigate the effect of temperature on the response of the instruments being eval
uated. At the end of each series of additions a maximum amount of impurity is present 
in the loop and at the time a purification device is cut into the loop and its perform
ance is evaluated, 

A. Sodium Carbonate Additions 

For this study a previously described 7-inch teabag was loaded with 11,17 
grams of granular Na2C03 (20-45 mesh), which was prepared by fusing primary standard 
Na2C03 in a platiniun crucible followed by crushing and screening. During this test, 
the teabag was immersed approximately k inches in the flowing sodium stream for k 
hours at a temperature of 450 F. Inspection of the teabag in the glove-box revealed 
that sodium had contacted the outside of the teabag but did not fully penetrate into 
the teabag through the 0,011-inch slots, A total of 11,05 grams of Na2C03 was re
covered from the teabag, indicating that no injection was obtained. 

Because the Na2C05 did not go into solution, the effectiveness of a teabag 
as a means of adding Na2C03 was evaluated at ^50 F loop temperature using 13-to 30-
mil Na2C03 particle size and 200-gal/min flow. Additional tests were run at 85O F, 
with the other conditions remaining the same. In this test the sodium did penetrate 
into the teabag, but an insignificant amount of Na2C03 was dissolved out of the tea-
bag. Results of the chemical analysis showed that 9.l8 grams of a total 9,97 grams 
remained in the teabag. 

It was concluded that this method of adding impurities is unsatisfactory 
imder the conditions tested and a new procedure should be developed. 

Several alternate methods for adding Na2C03 to the loop were then consi
dered: 

Building a side contamination loop 

A hot finger method 

The direct addition of Na2C0-i to the sodium in the surge tank 

Forced flow through Na2C0a in a retainer basket 
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A side contamination loop is now being designed and will be used for 
future work; however, it could not be fabricated in time for this test. 

The hot finger method consisted of a 1/2-inch pipe, which contained the 
Na2C03, The hot finger was coupled into the bottom of the flowing sodium line and 
was heated. The dissolved sodium carbonate was supposed to diffuse through the 
sodium in the finger into the flowing sodium streaun. The results of the test indi
cated that very little Na2C03, if any, had dissolved. 

To determine whether Na2C03 will dissolve in the presence of large amoimts 
of sodium, the direct addition of Na2C05 into the sodium was tried. In this test 
the sodium analyses showed that there was no increase in the carbonate carbon content. 
However, this method is not suitable for standard operation because there is no direct 
method of accounting for the residual Na2C0T, 

The last method evaluated involved the forced flow of sodium through a spe
cially designed container loaded with 10.82 grams of granular Na2C03, The flow rate 
through the unit was 7,5 gal/min for 28 hours. The temperature of the sodium was 
maintained at about 850 F, A chemical analysis of the material remaining after the 
container was removed from the loop showed that none of the sodium carbonate had dis
solved. 

It was then concluded that the sodium carbonate solubility data reported 
in the literature is greatly in error. To verify this, a solubility apparatus has 
been built which can be operated entirely in the laboratory dry box. This apparatus 
is shown in Figure 6, The equipment is constructed so that sodium can be distilled 
into the solubility vessel containing the sodium carbonate. The contents of the 
solubility vessel can be stirred until equilibrium is reached. When removing a sam
ple, the solubility container is pressurized with argon purified with hot copper, 
molecular sieves, and a hot sodium trap. The effluent line is heated to the same 
temperature as the main vessel to avoid precipitation. The entire sample is added 
directly to the analytical vessel to avoid a segregation effect upon cooling, 

B. Water Injection Program 

The recent program of injecting water into the loop sodium has provided 
extremely valuable information concerning the effect of water reaction products 
on the response of both the Rhometers and oxygen meters, and the relation of this 
response to the chemical interactions taking place subsequent to the injection. 

The program involved adding water in 5-ml increment to 320,000 grams of 
sodium contained in the loop, or the equivalent of about ik ppm of oxygen and about 
one ppm of hydrogen for each increment of water. A total of 11 such injections were 
made over a period of two weeks making a total added contamination equivalent to I70 
ppm of impurities. The starting oxygen concentration, by chemical analysis, was 
about 70 ppm making a final expected oxygen contamination of about 225 ppm. Chemi
cal analysis showed that this amount of contamination was not present in the sodium, 
and the instrumentation did not indicate that the oxygen was dissolving in the sodium. 
Since the water was injected below the level of the sodium, there can be little doubt 
that all the water added reacted with the sodium. However, because the hydrogen in 
the cover gas was rapidly absorbed by the sodium, the concentration of hydrogen in 
the cover gas cannot be used as an independent check on the amount of water actually 
entering the sodium. 

The conclusion was that some of the initial water reaction products are 
solids, and that most of these solids do not dissolve in the sodium under the 
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conditions investigated. These solids probably precipitate in the loop and remain 
there until a much higher temperature is reached. 

1, Rhometer Response to Water Additions 

The response of the loop Rhometers to water injec;tion is extremely-
interesting and the curves shown in the APDA Quau^terly Report for March-Jtiae 1965 
allow an interpretation of the effects of water injection, and hydrogen evolntloii 
and re-solution, which occur during actual water injection as well as during the 
subsequent temperature ramps. It is quite clear that the Rhometer responds imme
diately to am injection of water showing an increase of sodium resistivity with 
each injection. Further, a continued increase in resistivity seems to correspond 
to the subsequent absorbtion of hydrogen by the sodium. At 450 F, this latter 
effect on the Rhometer is greater than the effect of the water injection. However, 
when the injections are made at 675 F the effects are much smaller. When desorb-
tion of hydrogen occurs after a temperature ramp, the effect, on the Rhometer is 
also apparent. 

Although the response of the Rhometer to water injection is quite 
encouraging, it is important to note that as tne programs just described were 
getting underway, some fundamental defects were discovered in the Rhometers which 
required attention before a meaningful evaluation could be started. 

Shifts occurred in the zero reading of the Rhometer which were caused 
by movements of the loop during valve operation or other adjustments. It was found 
that a small movement of the winding assembly on the toroid transformer can produce 
a large upset in the meter reading, particularly if the coil is skewed relative to 
the core axis. As manufactured, the winding form is fitted loosely on the core 
leg, probably to allow air circulation, and about one-fourth inch of movement possi
ble. It was demonstrated that movements which occurred during valve adjustment 
caused resistance shifts of 0.1 to 0,123i. This caused an error in the range of 
100 ppm oxygen. In order to "fix" the winding in place, narrow wedges of Maranite 
were placed at the four corners inside the form window. This reduced the movement 
to a negligible volume; however, this approach is not a permanent solution to the 
problem. 

The large effect of temperature on the reading of the Rhometei ia 
illustrated by the equation which Blake? derived to express the effect of temp
erature and impurities on the resistivity of sodium; 

p • 5,17 Cl ••• 0,00263 (T-200) + COOOIW] 

p m resistivity in micro-ohms per inch 

T m temperature of sodium in "C 

W • concentration of oxygen in parts per million 

It will be quite obvious that temperature compensation is extremely importauit since 
a change in temperature of one degree centigrade produces an effect on resistivity 
equivalent to 25 ppm of oxygen. 
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2. Rhometer Temperature Compensation and "Noise" 

The three Rhometer units have been responsive, with apparently good 
correlation, to all eleven water injections made in the recent tests; however, plots 
of the Rhometer readings of all three instruments show a significant noisiness in 
the form of random excursions. The noise plus base-line shifts have complicated the 
tasK of extracting information from the plots. Except for differences in base-line 
readings and base-line shifts which occur when switching ranges, the three instru
ments are reasonably alike in performance, 

A base-line shift could certainly be caused by a change of resistance 
of the compensator. The degree of base-line shift exhibited by RM-3 and RM-2 is 
insignificant insofar as affecting temperature compensation. In the case of the 
BM-1 Rhometer, however, it is felt that some degradation of temperature compensa
tion has occurred as the result of the approximately 0,8St base-line shift of sev
eral months ago. 

The noise present in the Rhometer reading plots consists of occasional 
spikes to a level as high as perhaps 0,2?̂ , positive or negative, with relatively 
frequent smaller excursions below about 0,0551̂ . The spikes and excursions have been 
studied for simultaneity of occurrence with possible errors in dial setting and ab
normal flow; the latter would most likely occur during sample taking. Sensitivity 
of all three Rhometers was checked, with special attention given to the RM-2, by 
offsetting the decade dials and noting the correspondence (or lack of it) with the 
recorder reading. All three instruments were found satisfactory. 

Base-line shifts when ranges are switched, base-line shifts were 
definitely found for all three Rhometers, the greatest being that of the RM-1. 
Its base-line shift is about ••0,15/1̂  when going from range 1 to range 2, RM-2 
and RM-3 Rhometers exhibited base-line shifts of about -0,055̂  and -0,0656, respec
tively, when switching from range 1 to range 2. Direction or polarity of the shift 
is reversed in goingfrom range 2 back to range 1. 

A possible explanation of the noise in the Rhometer readings is the 
effect of small, variable deposits of impurities, perhaps NaOH, lodged on rough 
areas inside the toroid pipe. Welds in the "V" areas where the toroid pipes sep
arate appear to have been ground down but left rather rough. To account for an 
excursion of 0,2^, the amount of sodium displaced would have to be about 0.53 ml. 
To provide a basis of reasoning in this area, if 10 ml of water produce 8 ml of 
NaOH (20 grams with a density of 2.5), a reading of •f3.3% would be obtained if all 
of this material were deposited in the toroid. 

V, EVALUATION OF THE UNITED NUCLEAR OXYGEN METER 
g 

The oxygen meter has oeen previously described. Four electrolytic 
cells have been in service since early May at all times when the temperature of 
the loop sodium is below 65O F, a temperature limitation imposed by the objec
tives of the present evaluation program. 

The four loop cells have yielded extremely interesting information 
during the water injection series.° It will be noted that none of the cells 
showed any well-defined response during the injection of water and the chemi
cal analysis showed that the oxygen content of the sodium was not changing 
which is in agreement with the lack of response. The voltage of all cells in
creased in sodium temperature indicating that a different temperature correction 
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factor might be needed. However, all the increase in voltage noted may not be 
caused by temi)erature because the chemical analysis shows that the oxygen concen
tration is decreasing. This effect may be related to hydrogen absorbtion and sub
sequent chemical interactionV 

The most interesting data obtained to date is the decrease in voltage 
which occurs at about 655 F at exactly the same time the hydrogen in the cover 
gas shows' a rapid increase." The expulsion of hydrogen may relate to the conver
sion of sodium hydroxide to sodium monoxide which goes into solution and thus 
causes the oxygen meter to indicate an increase in oxygen concentration. This 
effect has been observed at the same temperature in another run. 

Additional studies are planned to investigate this effect since it may 
be important to the design of purification devices. 

VI. IN-LINE HYDROGEN METER 

The APDA in-line hydrogen meter is based on the principle that oxygen 
can be used to "pump" hydrogen through a metal wall by using it to catalytically 
oxidize the hydrogen to water as it emerges from the wall. Thus sodixim contain
ing hydrogen can be passed through a tube, for example, and the hydrogen diffusing 
through the tube wall is oxidized to water and the water concentration can be mea
sured. The rate of hydrogen diffusing through the tube wall is related to the 
hydrogen concentration in the sodium. 

The meter (Figure 7) has as its principle component a length of palla
dium tubing approximately 9 feet long wound as a 4-inch-diameter helix. The tubing 
has a 1/4-inch O.D. and a lO-mil wall thickness. The surfaces which will contact 
the sodium will be plated with electroless nickel (2 to 3 mils). The unit should 
be operable up to a temperature of 900 F; however, it must be maintained at iso
thermal conditions regardless of the loop temperature. Flow through the unit 
would be about 0,1 gal/min v^ich would give a residence term of approximately 1,5 
minutes in the detector. The oxygen throughput would be 200 cc/min which is the 
flow rate required by the present moisture monitor. The unit is calculated to 
have a diffusion rate high enough to detect 0,1-ppm hydrogen in sodium; however, 
its probable accuracy is not known. 
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THE LIQUID METAL OXYGEN METER 

B. Minushkin 

UNITED NUCLEAR CORPORATION 
Development Division 

White Plains , Ne-w York 

An on-line instrument for continuously monitoring the effective oxygen content in 
sodium has been developed at United Nuclear Corporation. The meter is rugged 
and suitable for use in sodium sys tems under field conditions. It is specific for 
oxygen, and useful at lo-w oxygen levels in the range from 1 ppm to 100 ppm. It 
is extremely sensit ive to smal l changes in oxygen concentration, par t icular ly at 
lo-w levels. Its response to changes in oxygen content is rapid, it is relatively in
sensit ive to changes in sodium tempera ture , and it is independent of sodium ve 
locity over reasonably large ranges . 

Development of the meter -was s ta r ted approximately 3 years ago as par t of the 
Atomic Energy Commiss ions ' s Sodium Component Development P rog ram. The 
initial phase of the program demonstrated the feasibility of the electrochemical 
approach on -which the meter operation is based. A subsequent r e sea r ch and labo
ra tory test phase determined the most satisfactory cell composition and its char 
ac te r i s t i c s . These tes ts -were performed in thermal convection loops and utilized 
experimental models. Details of the operating principles and of the feasibility and 
laboratory tes t s a re available in References l a through l e . 

The objectives of the -work during the past year -were directed to-ward the develop
ment, production, and testing of me te r s of improved design -which -would be p r a c 
t ical for use as on-line oxygen monitors under field conditions. These objectives 
have been met. The Liquid-Metal Oxygen Meter is no-w undergoing field tes t s at 
APDA. It is scheduled to be in operation at LASL and ANL shortly. 

The instrument developed in this program consists of t-wo components, a Sensor 
and an Indicator. These units a re sho-wn in Fig. 1. The Sensor is installed in a 
main or bypass line of the sodium system. The Indicator may be located either 
adjacent to the Sensor or in the system control center . 

The Sensor consists of an electrode assembly and a housing as sho-wn in Fig. 2. 
The housing provides an a l l - s ta in less s teel containment envelope for the electrode 
assembly. Its principal par t s a re a 1/2-in. s tandard pipe tee, a finned cooling 
section, and a Conoseal union„ 
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The key elements in the electrode assembly are a solid electrolyte, thoria yttria 
tube, and a copper-copper oxide reference electrode located inside the bottom of 
the tube. The electrode assembly is inserted into the housing and coupled by 
means of the Conoseal union. Sodium is allowed to freeze in the annular space 
between the electrolyte tube and the finned tube. The sodium in the annulus pro
vides a primary seal and protects the electrolyte tube from thermal and mechani
cal shock. The electrode assembly is easily installed and replaceable in the field. 

The lower end of the electrode assembly, which contains the reference electrode, 
projects into the sodium flowing through the tee. The electrode assembly in con
tact with flowing sodium forms a galvanic cell which develops a voltage that is a 
direct measure of the activity (or effective concentration) of oxygen in the sodi
um. ̂ '̂  

The Indicator measures the voltage developed by the Sensor. It is a specially de
signed differential voltmeter with a very high input impedance. The input circuit
ry is guarded and special precautions are taken with insulators, electrical connec
tions, and cables to eliminate error-causing leakage currents. The Indicator is 
provided with a recorder output and alarms to indicate malfunctions and high or 
low limit oxygen contents. 

The development and testing of this meter was performed in a forced circulation 
sodium loop built of type 304 stainless steel pipe. The loop contained an electro
magnetic pump and flowmeters, main heater, surge tank, cold trap, plugging meter, 
four parallel test sections, and provisions for sampling and injecting impurities. 
The loop contained approximately 100 lb of sodium. The flow past the oxygen 
meters could be varied between 0.2 and 3 gpm. Cold trap temperatures could be 
varied from 250 to 500°F. The cold trap was loaded with sufficient excess oxide 
to saturate the entire sodium inventory at all operating temperatures. Oxide con
tent was then controlled by adjusting the cold trap temperature. The loop was de
signed and operated to insure that no inadvertent diffusion cold traps existed in 
the circuit, and to insure that the lowest sodium temperature occurred in the cold 
trap. 

The electrochemical oxygen meters were tested by measuring the cell voltage vs 
oxygen content of the sodium. The oxygen content was varied by means of the cold 
trap and by injections of sodium oxide using a tea bag technique. The oxide con
tent was determined from cold trap or plugging temperature using published solu
bility data. In addition, tests were performed to determine the effects of cell tem
perature and flow rate on meter calibration. 

The response of the meters to changes in oxygen content is reproducible and in 
excellent agreement with theory. Evaluation of data indicates a linear relation
ship between the logarithm of oxygen concentration and cell voltage. The experi
mentally determined slope is reproducible and within 10% of the theoretical value. 
The absolute voltages are also within 10% of theoretical values, but are subject to 
somewhat greater cell-to-cell variability. 

272 



Because of the logarithmic relationship between oxygen concentration and voltage 
the meters are extremely sensitive to changes in oxygen content. Based upon 
measured response, a change in oxygen content of as little as 20% at any level 
(e.g., 0.4 ppm change at 2 ppm) produces the same voltage change of 5 mv as a 
change of 2 ppm at a 10 ppm level. This is easily detectable provided meter 
temperature is reasonably constant (see below). 

The response time of the meter appears to be as rapid as changes in oxygen con
tent of the sodium can be effected. In oxide injection tests, initial response was 
observed within one minute after oxide arrived at the meter. Part of this delay 
may be due to the time required for the oxide to dissolve in the sodium. 

Meter temperature coefficients have been determined in the range from 580 to 
655°F. The coefficient is 0.52 mv/°F, linear and reproducible for all meters with
in this temperature range. A temperature variation of 10°F (causing a voltage 
change of ~5 mv) corresponds to an equivalent oxygen concentration change of 
approximately 18%, Temperatures can be controlled easily to within 10°F, and 
the coefficient appears sufficiently reproducible to apply a correction. Test at 
sodium flow rates within the range from 1/4 to 3 gpm showed no apparent effect 
upon meter calibration or response to changes in oxygen concentration. 

The meter is presently limited to an operating temperature below 650°F, if stable 
calibration and cell life in excess of 3000 hr are to be assured. Meters have been 
operated at significantly higher temperature, but experience is limited and thus 
calibration and life are uncertain. The oxygen meter in its present form provides 
a means for monitoring oxygen content in full scale systems and laboratory loops. 
It can be used to follow cleanup operations as well as for continuously monitoring 
sodium purity during extended operation. The meter provides the only available 
means for measuring changes in dissolved oxygen activity in the sodium. 
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EXAMINATION OF THE FERMI COLD TRAP 

J. Herb 

Westinghouse Electric Corporation 
Atomic Power Di-vision 

Introduction 

Under AEC contract, Westinghouse sampled, analyzed, and evaluated the perfor
mance of the non-radioactive primary sodium cold trap from the Fermi Atomic 
Power Plant. The final report, WCAP-U321, is being reviewed prior to dis
tribution. The objectives of the program which follow, were met. 

1. Determination of the chemical and physical composition of the 
trap contents. 

2. Determination of the spatial distribution of the chemical 
species in the trap and their physical form. 

3. Evaluation of the operational performance of the trap with 
particular regard to maldistribution of flow and flow bypassing. 

k. Development of criteria for cold trap design. 

The Fermi primary sodium cold trap (Figure l) was a IlaK cooled, 500-gallon 
capacity stainless steel vessel containing 11 mil stainless steel mesh. The 
maximum flow rate was 100 gpm and the usual operating rate was 50 gpm. The 
cold trap was used for 3700 hours to purify the half-million pounds of 
sodium in the primary system. 

Results 

The difficulty of obtaining suitable sample cores of sodium and mesh was under 
estimated. Tools that worked well on either sodium or mesh alone failed on 
the mixture of sodium and mesh. The investigation of a variety of tools and 
techniques led to the successful sledge hammer method wherein a hole saw was 
first used to cut through the steel shells. A sharp-tipped, stainless steel 
tube was then hammered manually into the cold trap to take representative 
sample cores an inch in diameter and up to twenty-seven inches long. Fifty-
five samples were taken in this manner. Samples from the high-oxide region 
were dissolved in liquid ammonia, and microscopic examination revealed that 
the oxide coating on the wire mesh was about three rails thick. Metallurgical 
examination of the stainless steel mesh showed no evidence of surface 
corrosion or intergrannular attack. An experiment employing gamma radiation 
survey techniques to determine density gradients in the trap was unsuccessful. 

Based on the results of over ItOO analyses, it was estimated that the trap con
tained fifty pounds of oxygen, one pound of carbon, and lesser amounts of 
nitrogen, hydrogen and metallic impurities. Figure 2 shows that the con
taminants concentrated in the lower third of the mesh area. The horizontal 
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distribution of impurities was relatively flat. The carbonate carbon values 
were about half the total carbon values except in the upper mesh area, where 
the total carbon was unexpectedly high. The metallic impurities in the cold 
trap were examined by emission spectrography and are reported in Table I. The 
high copper content was surprising since there was no apparent explanation of 
its source. 

The fifty-pound value for oxygen was calculated by integrating the oxygen 
concentrations measured in all zones of the trap. This amount is in harmony 
with the 32-plus pounds of oxygen removed from the primary system based on 
plugging temperatures. Since the designed oxygen removal capability was 290 
pounds, less than 20^ of the expected life of the cold trap was achieved, the 
trap being prematurely removed from service. The low impurity level of the 
Fermi primary sodium system and the accumulation of contaminants in the cold 
trap demonstrated the suitability of the cold trap for general sodium purifi
cation. 

The inner wall of the cold trap was designed as an inverted cup with straight 
walls. Diiring examination it was noted that the wall was severely collapsed 
around half its circumference for almost all of its height (Figure l). The 
maximum deformation was about eight inches, and the lowest mesh area was 
displaced upwards from two to four inches, the most likely explanation of 
this condition is that a layer of sodium oxide accumulated in the lower mesh 
area and allowed more than 1 psi of pump pressure to be applied across the 
innermost wall of the cold trap, causing that wall to collapse. The pressure 
was then applied to the mesh and caked oxide, displacing them upwards until 
oxide-free areas opened up and allowed the sodiim to flow through. Based on 
the chemical analyses in the cold trap, flow maldistribution was not evident. 

Recommendations 

It is recommended that a radial flow design be used to avoid the collapsed 
wall problem and the biased oxide buildup encountered in the Fermi cold trap 
design. The inlet sodium would flow in the top and do-wn the sides as before, 
but would then travel radially into a vertical collection pipe at the center 
of the trap. The flow pattern is short-circuited at the top mesh area 
initially. Then, as the sodium oxide accumulates there, the flow pattern 
would move progressively down-ward. This would automatically result in a more 
uniformly loaded trap. 
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VERTICAL DISTRIBUTION OF CONTAMINANTS IN THE FERMI COLD TRAP 

1. CURVES SHOW MAXIMUM VALUES 
OBTAINED AT EACH ELEVATION 

2. .001 WEIGHT PERCENT = 10 PPM 

3. INLET SODIUM CONTAINED .34 PPM OXYGEN 

4 INLET SODIUM CONTAINED 5 PPM COPPER 

5. OUTLET SODIUM CONTAINED 26 PPM OXYGEN 

6. OUTLET SODIUM CONTAINED 3 PPM COPPER 
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METALLIC IMPURITIES IN SODIUM 
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Results are in ppm + 30°/o relative on the basis of sodiim metal. 

Blank spaces are less than minimum detectable limits. 

The following elements were not detected in any of the samples. Numbers in parentheses indicate 
detection limits in ppm. 

Ag(2), B(25), Ba(3), Be(8), Bi(3), Cd(50), Co(3), Cs(l5), In(50), Mo(8), Li(l), Nb(250), Pb(8), 
Rb(8), Sb(250), Sn(8), Sr(3), Th(250), V(8), W(250), Zn(80), Zr(l5). 

From Liquid Metals Handbook, Sodiian Na-K Supplement, TID-5277, July 1955. 
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