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SUMMARY 

When AFDA conducted the 1000 F h i ^ temperature tests on the 
primary system of the Enrico Fermi Atomic Power Plant, carbonaceous gases 
and vapors were evolved from the graphite in the reactor plug. The pur­
pose of this report is to summarize the efforts that have been expended 
to determine the amount of carbon evolved, the methods suitable for removing 
the carbon from the sodium, the possible problems that could be caused 
by the carbon, and methods of operational control of the carbon. Based 
upon the study conducted and reported in this summary report, there should 
be no further outgassing from the plug due to temperature. Some gas may 
be evolved each year due to radiation. However, these gases shoiild be 
mostly hydrogen. Any carbonaceovis gases that should be evolved can be 
readily dissolved into the sodium and removed in the carbon removal system 
thereby forming no crust. To date, the experiments on methods of removing 
carbon from sodivim are not complete. However, sufficient data are in to 
indicate that of the possible problems that could be postulated as being 
caused by the off-gases none appear to be serious. Additional experimental 
work is under way to provide hi^-power operating criteria for Fermi. 
The plugging indicator orifice plate at Fermi has been redesigned to 
provide orifices of 0.030 inches in diameter to indicate particle sizes 
that would be of the order of the pore size of the screens in the reactor 
subassemblies. 
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IIITIIODUCTION 

•̂'* Carbon in the Primaiy Sodium 

During the high temperature test (1000 F), v;hich APDA conducted 
on the primary sodium system of the Enrico Fenni /tomic Power Plant, 
carbonaceous cases and v£f)ors were evolved from the graphite in the 
reactor plug. Although the ĉ âphite is canned, it is vented to the 
argon cover gas system through small vent holes located in the top of 
each can. Seme of these gases may have been purged out of the primary 
gas system prior to reacting; however, a sufficient amount of them 
reacted with the primaary sodium to form a crust at the interface be­
tween the sodium and the arcon cover gas. 

Since the original evolution, considerable effort has been 
ejcpended to determine the amounts of carbon evolved, the methods suit­
able for raraoving the carbon from the sodium, the possible problems 
that could be caused by the carbon, and methods of operational control 
of carbon. The purpose of this report is to summarize the results of 
these efforts. 

B. Plug Design 

The ro t a t ing shield plug, shown in Figures 1 , 2, and 3 , 
serves as an in t eg ra l pa r t of the biological shield and as a pa r t of 
the subassembly handling equipment. I t consists of a l - l /32- inch- th ick 
s t a in l e s s s tee l she l l containing layers of shielding materials and in ­
su la t ion . The shielding mater ia ls consis t of 18 inches of s t a in less 
s t e e l , approximately 6 fee t of graphite of vfhich about 20^ i s borated 
to 1.5 w/o boron as boron carbide, and 2 feet of carbon s t e e l . The 
plug has a 12-inch-thick carbon s tee l cover p la te that car r ies the 
hold-down assembly and the of fse t handling equipment. 

The l8 inches of s t a in l e s s s tee l shielding consists of th in 
p la tes loceted at the bottom of the plug, above which are 7 l ^ e r s of 
graphite blocks, 2-5/8 inches square by 10-7/16 inches high, canned i n 
carbon s t e e l . The upper l aye r of cans as well as those adjacent to ttie 
hold-down column penetrat ion contains borated graphite . Each layer i s 
supported by a 2-inch-thick carbon s tee l p l a t e . Spaces between the cans 
and the penetra t ions of the plug are f i l l e d with cast boron (1 to \-\/2%) 
s t e e l ; other voids are f i l l e d with p la in carbon s t e e l , the remaining 
plug shielding consis ts of s ix 2-inch-thick carbon s t ee l p la tes located 
above the cans. A 12-inch-thiok layer of canned s ta in less s tee l wool 
insula t ion packed to a densi ty of 20 Ib/cu f t i s placed between the top 
carbon s tee l p l a t e and the 12-inch-tiiick plug cover p l a t e . 

t 3-inch hole i s provided through the center of the plug for 
alignment puiposes, and three 5-inch holes are provided for removing the 
lower guide tubes . All \x holes wi l l be plugged with shielding material 
during p lan t operat ion. 
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C. Can Desir,n 

As mentioned above, the g r ^ h i t e in the plug i s canned in 
carbon s t ee l cans. The dimensions of these cans are 3" x 3" x 1 1 " , 
made of l 6 gauge crrbon s t e e l . The graphite block inside each can i s 
2-5/8" X 2-5/8" X 10-7/16". The difference in dimensions allows space 
for any d i f f e r en t i a l expansion between the graphite said the s t ee l can. 

In the top of each can are three holes about 50 mils in 
diameter. The purpose of these holes was to prevent pressure build-up 
due to temperature changes and, in the case of the borated graphite, 
to allow for helium r e l ea se . I t was through these holes the carbonaceous 
gases escaped and entered the primary sodium. 

SOURCES OF chimm IH THE PRII:/\RY SODIISI. 

A, Gas Evolution 

The graphite shielding material in the rotating plug actually 
is a semigraphitic material (Reference 1). The material in its initial 
step of tlie manufacturing process consisted of graphite particles bound 
together by molding powder in the weight ratio of 3 parts graphite to ore 
part molding powder. The molding powder consisted of a phenol foimalde-
hyde resin blended with 10 per cent by weight of hexamethylenetetramine 
which was emplpj'-ed as a hardener. The raw (or green) mixture vias blended 
and was then press molded at 265 F into blocks. Next, the mrterial was 
kiln dried for 10 hours at 1000 F. The end product of this process con­
sisted of the graphite particles bound tocether by carbon particles and 
incompletely decomposed molding povrder. 

The gases and vapors i^ich were released from, the plug graphite 
during the 1000 F test are the products from the thermal decomposition of 
the remaining molding powder. These reaction products consist of CO, 
CO2, CHJi, H2, H2O, II2, O2, a trace of C2H6, and a complex mixture of 
higher boiling organic compounds called pyrolyzates. These reaction 
products were released from the plug graphite shielding cans into the 
reactor vessel cover gas through which they could diffuse or be trans­
ported to the sodium. 

B. Amount of Carbon Containing Gases Released 
ty ?lug Graphite During the 1000 F Tests 

A series of tests has been run on samples of the plug graphite 
to determine the outgassing characteristics of the material (Reference 3). 
The samples were obtained from bricks of plug graphite which were being 
held in storage and which had not been installed in the plug. The test 
specimens included some full size bricks and numerous smaller pieces. 
There is considerable variability in the data, but the difference between 
full size bricks and the smaller pieces is not statistically signiiicant. 
Using the results of the full brick tests (Reference U) and the informa­
tion on the temperature history of the plug (Reference 5), a calculation 
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has been made of the volume of carbon-containing £;ases evolved during 
the 1000 F isothermal. The results of ihe calculation are summarized 
as follows: 

Gas 

CO 

CO2 

CHi, 

C2H6 

Cubic Feet 

25 

78 

197 

3 

The tests showed that the quantity of pyrolyzate released 
during outgassing of the graphite was substantial (Reference 3). On 
the basis of the test results, it is estimated that the volume of 
pyrolyzate vapors released during the 1000 F test was equivalent to 3 
liquid gallons. 

Amount of Carbon Introduced into the Sodium 

!• Carbon in Sodium 

After tlie presence of the plug graphite offgases was de­
tected, purging of the cover gas with argon was begun. Some fraction 
of the offgases undoubtedly was removed from the system by this 
process and did not react with the sodium. The pyrolyzate vapors 
have a h i ^ boiling range and some fraction may have diffused upward 
into the cooler regions of the plug where condensation would have 
occurred. 

Assuming that all of the gases reacted with the sodium and 
that only reactions 2, 5, lU and l5 occurred (see Section Il-D), the 
quantity of gas given in the preceding tabulation would result in the 
introduction into the sodium of 10 pounds of carbon—of which 8 
pounds would be elemental form and 2 pounds would be combined as the 
carbonate. Also assuming that all of the pyrolyzate vapors reacted 
with the sodixom and were decomposed to the elanents (Equation 17, 
Section Il-D), tliis would have introduced into the sodium 23 pounds 
of carbon in elemental form. 

Using the above quantities, the total carbon introduced 
into the sodium is 31 pounds as elemental carbon and 2 pounds as 
carbonate. Considering that there was probably some effective purg­
ing of the cover gas and some condensation of the pyrolyzate vapors, 
the assumption of 100 per cent reaction idth the sodium undoubtedly 
biases the calculated carbon content on the high side. On the other 
hand, the calculations are based on data from outgassing tests run 
on only a few samples of the plug graphite and the test results 
showed considerable variability from one sample to another. Therefore, 
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the qucuitities of gases and vapors used in the calculation may not 
represent the true average for all the plug gr3)hite. However, 
judging from the available data it is believed that the calculated 
gas release values are within a factor of 2 of the actual values 
and that the calculated pyrolyzate release values are vri.thin a 
factor of 3 or U of the actual values. 

The canputed values for elemental cr.rbon and carbonate 
reported above are equivalent, respectively to 90 ppm and 6 ppm 
Carbon in the primary sodium. The average elemental carbon content 
of the sodium as received was reported by the supplier as 30 ppm. 
The supplier did hot report the carbonate content. After the plug 
graphite outgassing occurred, the sodium in the primary system was 
sampled 2k times for purposes of determining the carbon content, 
llultiple samples frequently were obtained during a single sampling 
operation. At least one sample from each sampling operation was 
utilized for an elemental carbon analysis and a total of 28 samples 
were thus analyzed. The average value of the 28 samples was 95 ppm. 
The standard deviation of the individual samples was U6 ppm. The 
range of values was l5 PPm to 192 ppm. The cause of the wide varia­
tion is not known, but it could be due to the presence of particulates 
in the sodium resulting in a nonhomogeneous sample; to sample con­
tamination during handling; or, to analytical scatter. Nevertheless, 
the analytical values are not inconsistent with the computed values. 
ilost of the samples also have been analyzed for carbonate. The 
average of all analyses is approximately 70 ppm equivalent carbon 
as carbonate. The scatter in the values initially was worse than 
for the carbon values, ranging from <10 >1000 ppm equivalent 
carbon. 

After the primary system was drained, samples of the sodium 
were taken directly from the storage tanks. Three samples were 
taken soon after the transfer of the sodium to storage, and the 
carbon and carbonate analyses whidi were obtained appeared to be 
somewhat hij^er than the values previously obtained -while the sodium 
x̂ as still in the primary system. Several months later four more 
samples were taken and the analyses shewed sutitantially lower values 
of elemental carbon aaid carbonate and greatly reduced scatter. The 
average analysis obtained from the four samples was 33 PPm elemental 
cai-bon and 11 ppm equivalent c rbon as carbonate. Substantially the 
same values were obtained from analysis of samples taken from stor­
age just prior to return of the sodium to the primary system. 

Since the sodium has been back in the primary system e:L[;ht 
samples have been removed from the primary systan. The average 
elemental carbon content is 19 ppm, and the average carbonate value 
is 10 ppm equivalent carbon. 

IXiring t.iis time, improved sampling techniques and anal.yti-
cal techniques were developed and used. Thers.'ore, the initial 
values may be very uncertain. The discrepanqr between the initial. 
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measured values could be attributed to this uncertainty and the 
improvement in measuring techniques. 

The lower values obtained for the carbon content cannot be 
evaluated in terms of known amounts of carbon removal during the 
cleanup operations. Little carbon was removed by either filtering cr 
hot trapping. However, the amounts removed by settling and by cold 
trapping are not known. However, there is some evidence that cold 
trapping will remove carbon.'•'•̂ •' 

In summary, then, there is a discrepancy between the 
analytical results obtained for the carbon content of the sodium 
prior to cleanup and subsequent to cleanup. The final measured 
values could be attributed to an improvement in measuring techniques, 
possible settling out of the carbon iidiile the sodium was in storage, 
and removal of carbon in the cold trap. 

Solubility of Carbon in Sodium 

The solubility of elemental carbon in sodium has been 
investigated at KAPL and the work is reported in IOiPL-l807 (Refer­
ence 10). The data show a strong dependence of solubility on the 
oxygen content of the sodium. The data are repiroiuced on the graph 
in Figure 6, The 10 ppm oasygen curve shoxm on the graph has been 
derived by a linear cross-plot of the ItO ppm and 2^0 ppm curves, 
both of which were determined e:xperimentally. Based on plugging 
temperature measurements, the oxygen content of the Fermi sodium has 
been jClO ppm. Taking the KAPL data at face value and assuming the 
data cross-plot is valid, the quantity of elemental carbon that could 
be maintained in solution has been calculated for the primaiy systan. 

500 F 35 ppm 11 lbs 

600 F 

700 F 

800 F 

900 F 

1000 F 

39 ppm 

k3 ppm 

U6 ppm 

k9 ppm 

53 ppm 

12 lbs 

13 lbs 

Ik lbs 

15 lbs 

l6 lbs 

The solubility of sodii;im carbonate in sodium is reported 
in the literature (Reference 11), The data are reproduced on the 
graph in Figure 7. The quantity of sodium carbonate that could 
be maintained in solution in the primary system is tabulated as 
follows: 
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300 F 20 ppm 6 lbs 

500 p 

600 F 

700 F 

800 F 

900 F 

1000 F 

100 ppm 

175 ppm 

280 ppm 

1K)0 ppm 

550 ppm 

750 ppm 

30 lbs 

53 lbs 

8U lbs 

120 lbs 

165 lbs 

225 lbs 

It is known that some elemental carbon in particulate form 
was present in the primary system following outgassing of the plug. 
About one pound of carbon particles have been recovered in the 
various cleanup operations (see Section V of this report). On the 
basis of the estimated carbon r elease to the sodium and based on 
the carbon solubility data, the presence of the particulate carbon 
is not surprising. 

Although carbonate has been found in the filter residues, 
it is not certain that the carbonate vras filtered from the sodium. 
The carbonate could have resulted from eaqposure of the residue to 
the air prior to analysis. On the basis of the estimates of input 
of carbonate into the system and based on the solubility of the 
carbonate, all of the carbonate should have been in solution. 

Crust Formation 

The possibility of crust formation due to plug graphite out­
gassing during operation will depend on the rate of gas release and 
the rate of reaction with the sodium. As stated previously, the rate 
of release is estimated to yield a maximum of 2 pounds of carbon per 
year. These quantities are equivalent to about 7 ppm carbon and 
Ik ppm carbonate per year in the primary ^stem. Tests conducted 
by Atomics International (AI) on the reaction rates of carbon 
dioxide and carbon monoxide with sodium show that above 753 F 
these gases react almost instantaneously (Reference l6). Other 
observers have reported the reaction of sodium with carbon monoxrde 
to proceed vigorously at much lower temperatures. 

In light of the very small quantities of carbon and carbon­
ate that will be released to the sodium and the veiy loii rate of 
release, it seems reasonably certain that there will not be a crust 
formed during plant operation. 
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Chemistry Involved 

The actual reactions into which the gases entered vrith the 
sociivim are not known. Based on a review of previous work and thenno-
dynamic considerations, num.erous reactions could have occurred, (Refer­
ence 2). A list of these is sh<3wn in the following table: 

TABLE I 

CHEMICAL FORMULAE 

1. 2Ha + CO = Na20 + C 

2 . 2Na + 3C0 = Na2C03 + 2C 

3 . laia + 3C0 = Na2C03 + Na2C2 

U. 6Ha + 6C0 = (NaC0)6 

5 . iilla + 3CO2 = 2Na2C03 + C 

6 . i4lla + CO2 = 2Na20 + C 

7 . k^a. + 02 = 2Na20 

8 . 2Na + 2H2O = 2NaOH + H2 

9 . ItlTa + Ka2C03 * 3Na20 + C 

1 0 , 2Na + NaOH = Na20 + IlaH 

1 1 , Na20 + CO2 = Na2C03 

1 2 . 2ila + H2 = 2NaH 

1 3 . KaOH + CO2 = NaHC03 

11;. CHî  = C + 2H2 

1 5 . C2H6 = 2C + 3H2 

1 6 . 2Na + 2C = Na2C2 

17. pyrolyzate + heat = nC + nH2 

There i s very l i t t l e information available on the k ine t i c s of 
these reac t ions . However, i t i s believed that react ions 2, 5, 7, 6, 
10, 12, Ik, 15, and 17 predominated, resu l t ing in the formation of C, 
Ka2C03, Na20, and NaH. There i s data and some evidence that rsact inns 
3 and k a l so may have occurred to some extent . 

An increase in the plugging temperature confirms the formation 
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of sodium oxide. Chemical analysis of the sodium and of solids recovered 
from the primary system have confirmed the formation of carbon and sodium 
carbonate. Qualitative tests which were made for NaH, Na2C2 and (NaCO)^ 
showed evidence of the hydride and carbide, but there was no positive in­
dication of the cairbonyl. 

Possible Outgassing of Plug Graphite Durin" Reactor Operation 

To evaluate the problem of plug graphite outgassing during 
reactor operation, a series of tests has been run to determine what 
additional quantity of gas î ill be released. Three possible causes of 
additional outgassing were recognized and were investigated; viz., 
temperature, thermal cycling, and radiation. 

1. Effect of Temperature and Thermal Cycling 

Samples of plug graphite were heated from room temperature 
to 1000 F in 100 F increments (Reference 3), The râ ê of gas evolu­
tion was measured as a function of time at each temperature level 
until gas evolution ceased. Following cessation of outgassing at 
1000 F, the samples were cooled to 500 F and the cycle was repeated 
twice. The results of these tests sliow that no further outgassing 
of the plug graphite will occur due to thermal effects (Reference 
6 and 7). During the recent heat-up of the primary system to 750 F, 
there was no evidence of plug graphite outgassing. 

2. Effect of I r r ad ia t ion 

In-p.ile i r r ad i a t i on t e s t s were run i n the temperature range 
700 F to 1000 F to determine i f i r r ad ia t ion would cause gas to be 
released from the plug graphite (Reference 8 ) . Based on the r e su l t s 
of these t e s t s , the upper l imi t for gas release from tlie plug graph­
i t e i s computed to be 188 scf/year a t 200 I'm Core A operation (Refer­
ence 6 ) , The i r r ad i a t i on effect i s d i rec t ly proportional to the ab­
sorbed dose, so a t 14.30 liw Core A operation the outgassing ra te would 
be approximately twice as much. These gases a re reported to be mostly 
hydrogen (Reference 9 ) . However, assuming the composition of the 
gases were similar to t ha t in the thermal outgassing t e s t s , the amount 
of carbon introduced into the sodium during 200 iiw Core A reactor 
operation could amount to 2 pounds per year. This estimate of the 
carbon i s probably very conservative because the composition of gp^3s 
resu l t ing from rad ia t ion ex^oosure of organic substances i s reported 
to be mainly hydrogen (Reference 9 ) . 
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IIETHODS p? CARBON. ̂ lEI'lOVAL 

To date, three methods have been used to remove the carbon from 
sodium. These are mechanical separction, cold trapping, and hot trapping. 
Some removal of carbon has been achieved -with these, but none has been com­
pletely successful. Other methods of removal such as distillation, using 
chemical additives, etc., have been considered but have not been tried. 
This section of this report is devoted to a discussion of the methods which 
have been attempted to date to remox'e the carbon. 

A, Ilechanical Removal 

1. Filters 

Diarany subassemblies containing f i l t e r screens were present 
in the core section during preoperational t e s t ing . The screens were 
of two grades, the "coarse" type with approximately a 10-mil opening 
and t h e "fine" f i l t e r s i-Jith approximately a 2-mil openJ.ngv About 50 
of each type were in s t a l l ed during most of the t e s t period. 

Figure 8 shows the arrangement of the component pa r t s of 
the f i l t e r subassemblies. The shroud aroiuid the screen i s designed 
to prevent the trapped material from fa l l i ng back in to the sodium 
system x-rhen the pumps are stopped. 

IJhen the f i l t e r s vere removed from the reactor , the residue 
from some was weighed and analyzed. On the basis of these data, the 
amount of carbon removed from the primary system by the f i l t e r s i s 
estimated as follows: 

l l a t e r i a l on each of the f ine screens - I4-5 grams 

l-Iaterial on each of the coarse screeris - 0.2-0. U grams 

Total material on a l l tiie screens - 235 grams 

These r e s u l t s showed t h a t some of the carbon in the sodium 
i s f i l t e r a b l e . Based upon th is premise, the primary sodium in the 
storage tanks was f i l t e r e d through a 6-mil f i l t e r and tlirough a 
1.5-mil f i l t e r . Only gram quant i t ies of residue were collected on 
the f i l t e r s , indica t ing the sol ids had se t t led out in the storage 
tanks. 

Tests were conducted on a ijOO-gallon sample of the sodium 
to determine the efficacy of 5-micron f i l t e r s to remove carbon from 
the sodium. Again, negl ig ib le quant i t ies of residue were col lected. 

Mien the work on 'the hold-down mechanism was completed, 
clean f i l t e r subassemblies and f i l t e r trap subassemblies were in ­
s t a l l ed i n the reac tor p r io r to f i l l i n g with sodium. Since then the 
sodium has been c i rcu la ted through these f i l t e r s . The fine f i l t e r 
subassemblies can f i l t e r and hold a l l pa r t i c l e s from about 2 mils to 
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1/8 inch. The filter trap subassemblies can trap ail larger particles 
which can enter the nozzles of the subassemblies. These larger 
particles could have dropped back into 1iie system from the original 
filter subassemblies. 

Since the primaiy system was refilled, two fine screen 
filter subassemblies and two filter trap subassanblies have been 
removed specifically for purposes of recovery arjl analyses of 
residues. Both of the filter trap subassemblies have bsen sub­
stantially clean—that is, one or two flakes of residue weighing 
only a fraction of a gram have been found. The two fine screen 
filter subassemblies contained 12 gn and l5 gta of residue of which 
23^ and 1% respectively vxas elemental carbon. The fraction of 
carbonate is not available. The quantities of residue found on 
these filters are not significantly different from what was re­
covered from filters removed folloTfri.ng the plug graphite outgassing. 
Apparently, during the draining of the primaiy system a small amount 
of undissolved material remained in the ^stera. Removal and examina­
tion of additional filters is scheduled prior to nuclear operation. 
Subsequent to the time the above information was obtained, a clean 
fine screen filter subassembly was placed in the core and was left 
t-here for several weeks during which time the sĉ dium was being cir­
culated. This filter has been inspected and was found to be com­
pletely free of particulates. 

2. Hydroclones 

A Dorr hydroclone unit was installed in the primary sodium 
service system and 6,700 gallons of sodium were passed through it. 
Under the conditions of operation, the hydroclone should have removed 
$S per cent of the carbon particles 5 microns or larger in diameter. 
Nevertheless, only one-half gram of solids was collected from the 
8,700 gallons. These solids were analyzed for carbon only and were 
found to contain 5l per cent carbon. 

Cold Trapping 

The cold trap can remove materials from sodium -which have a 
temperature-dependent solubility in sodium. Some reports indicate that 
both carbon and sodium carbonate have a temperature-dependent solubili+y 
in sodium (see Figures 6 and 7), For this reason, the cold trap was ru 
extensively in an effort to reduce the carbon content of the sodium. 
However, based upon the results of diemical analysis of the sodium for 
carbon and carbonate, it is not knovm whether this cold trapping had 
much effect on the concentration of these materials in sodium or not. 
The cold trap has been removed and its contents are being analyzed to 
determine, among other thinĵ s, whether ary carbon or carbonate is con­
tained in the residue. 

The curves of Figure 9 show the data obtained during plug out­
gassing and also show that the cold trap did reduce the plugging temper­
ature to acceptable limits subsequent to the outgassing. 
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Hot Trappinn; 

A hot trap utilizing stainless steel foil vras installed in the 
primary sodium service system. The temperature of the hot trap and the 
sodium flooring through it was maintained at 1200-1300 F. 

The amount of stainless steel foil in the trap was 1C80 lb 
having a surface area of I830 ft^. This area was divided about equally 
between 10-mil corrugated foil and 20-mil flat foil. The foil in the 
trap was in the form of coils built up of alternate layers of flat and 
corrugated foil. 

After about three hundred hours of operation of the hot trap at 
1200 F vjith a system temperature of about 600 F, the trap was cut open 
and the foil analyzed for carbon content. The results of these analyses 
are shown in Table II. 

Since no statistically significant carbon increase was found 
in the foil, considerable experimental work is being conducted to account 
for this and to develop means of removing carbon from sodium. These 
experiments are ciiscussed elsewhere in this report. 

It is pointed out that during operation of the primary system 
at 1000 F, the stainless steel components vjere carburized to varying 
degrees. For the most part, the depth of carburization was about 0.001" 
or less and represented a carbon increase in this case of about 0.10$2. 
Since this slight degree of carburization did occur, we know that at 
least some of the carbon in the system at that time was in a form capable 
of carburizing stainless steel. On this basis, it is assumed that the 
form of the carbon in the sodium was changed on lowering the sodium 
temperature to 500 F or, more likely, that on reheating the sodium to 
650 F for the hot trap operation, an insufficient amouiit of carbon was 
redissolved to cause carburization of the hot trap materials or that the 
carbon was reduced by the cold trapping which preceded hot trapping. 
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TABLE I I 

HOT UrUi? CARBON PICK-UP SllJL^RY 

O r i g i n a l carbon c o n t e n t of f o i l 

By m i l l r e p o r t 
By l a b 

.07 (10 

.08 (20 

.10 (10 

St 20 mil foil) 
mil foil) 
mil foil) 

Final carbon content of foil 

A. 10 mil samples from top section 

Tag Carbon 

01-TO-ii 
01-TO-E 
Ol-TO-C 

,12 
.08 
.09 

B. 20 mi l samples from top s e c t i o n 

Tag 

02-TO-A 
02-TO-B 
02-T0-C 
02-TI 

C. 20 mil samples from c e n t e r s e c t i o n 

Tag Carbon 

02-CO-A 
02-CO-B 
02-CO-C 
02-CI 

. 1 1 
.11 
.09 
.10 

D. 20 mi l sample from bottom s e c t i o n 

Tag Carbon 

02-BO-A 
02-BO-B 
02-BO-C 
02-BI 

.10 

.10 

.09 

.09 

Locat ion 

At circumference 

Carbon 

.09 

.09 

.09 

.10 

Location 

At Circumference 
It 11 

11 It 

At core 

Locat ion 

At circumference 
II It 

It It 

i i t Core 

Loca t ion 

At circumference 
II It 

II II 

At core 
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DISCUSSION OF i'OSSIBLE PROBLEMS 

^* Possible Problems Caused by Plup> Graphite Off-Gases 

The off-gases from the plug graphite possibly covild cause 
several problems; namely, 

1. Formation of a crust on the sodium surface that could interfere with 
operation of mechanical components, 

2. Carburization of stainless steel and other structural materials 
exioosed to carbon in the sodium, 

3. Formation of particulate material in the sodium, 

D. Crust Formation 

During and/or immediately follomng the hij^ temperature test 
conducted by AiDA, a crust formed on the surface of the primary sodium 
in the reactor. This crust, upon cooling, was such that it "froze" the 
rotating plug in position so that it could not be turned. This was freed 
later by "washing" the crust out of the annulus around the plug with 
sodiiOT. 

Several cjuestions arose concerning the crust material. Some 
of the most important questions were: 

1, Wiat is the crust? 

2, VJhat is its shear strength? 

3, Will it disperse or dissolve in sodium? 

To answer these questions, several analyses and tests were 
conducted. An analysis of scne of the crust material showed the composi­
tion to be: 

Sodium (Na) 13,1/^ 

Sodium Oxide (Na20) 13.7/5 

Sodium Carbonate (Na2C03) 66.2^ 

Carbon (0) 2.9̂ ^ 

Residue 0.1^ 

In tests at various temperatures, the shear strengtii was found 
to be: 

100 psi 

2k psi 

0 psi 

at 70 F 

at 190 F 

at 500 F 
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An experiment was conducted to determine qualitatively whether 
the crust material would disperse or dissolve in liquid sodium. It was 
foiind that at 500 F the material djd not disperse at all. At 600 F, it 
dispersed in about a week; t'Jhile at 75b F, it dispersed in about one day. 

As indicated in Section II of this report, sometliing less than 
200 cubic feet of gases per year may be evolved from the plug graphite 
during operation. Assuming uniform evolution, this is only about 0,55 
cubic feet per day. This quantity is low enough that it can be handled 
isy dissolution in the sodium followed by subsequent removal in the puri­
fication system. In other words, no crust should form. However, should 
a crust tend to form, it would present no safety problem since it would 
be dispersed and/or dissolved when the reactor sodium surface is above 
750 F during operation. Also, there would be no shear strength to 
restrict operation of mechanical components at this temperature. The 
control and safety rod latches are below the sodium level so they are 
unaffected, 

Carburization 

1, Carburization of Stainless Steel in Sodium 

Carburization of stainless steel in sodium is a tvro-step 
phenomena. First, there is a reaction between the carbon in the 
sodium and the steel which results in the formation of a carbide on 
or at the steel surface, undoubtedly in the fom of a chromium 
carbide. Secondly, the carbon diffuses into the base metal to form 
the carburized case consisting of carbon in solid solution and 
precipitated carbides. The rate at vSiich carburization proceeds 
depends on the follov?ing factors: 

a. Carbon Content in Sodium 

The single most important factor in carburization is 
the carbon content of the sodium. The carbon content will vary 
vdth temperature, and at each temperature there is undoubtedly 
an equilibrium concentration which will not result in carburiza­
tion. Reference 12 suggests that this is about 20 p̂ 3m at 1000 F, 
At increasingly higher levels, carburization will proceed at in­
creasingly faster rates due to the formation of higher steel 
surface carbon content. At lower levels, carburization viill not 
occur, 

b . System Temperature 

The system temperature i s iiaportant since i t affects 
carbon concentration i n the scsdium, the raite of surface carbide 
formation and the r a t e of carbon diffusion in to the s t e e l , 
VJhen sodium i s saturated with a contaminant and the temperature 
of the sodium i s lowered, the contajninant c rys t a l l i ze s out of 
solut ion quite r e a d i l y . This i s shown by the plugging indicator 
and cold t rap operation. In fac t , th i s i s the pr inciple upon 
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which the plugging indicator works. However, once the contam­
inant has precipitated out of solution, raising the temperature 
of the system does not immediately redissolve the contaminant. 
Dissolution is a very slow process and is quite temperature 
dependent. This appears to be true for carbonaceous materials 
as it is for other contaminants. Once the carbon has pre­
cipitated out of solution, it will require some time to re-
dissolve it. Reference 12 indicates that at temperatures less 
than about 850 F, the diffusion coefficient is so small that 
even if all other conditions are right for carburization, there 
would be no concern, since the carburized case would be extremely 
thin, even after many years of operation, 

c. Condition of Metal 

The condition of t he metal subjected to carbon con­
taminated scadium also appears to be a s ignif icant factor in 
carbur izat ion. The main effect here i s associated with the 
diffusion coeff icient ,of the carbon in the metal l ic l a t t i c e . 
As i n most diffusion processes, diffusion i s enhanced by s t ress 
conditions or by cold woricing. This effect has been shown in 
Reference 13 , 

d. Other Impurities in Sodium 

At the present time, there is very limited data on the 
effect of other impurities in the sodium. The fact that car­
burization of stainless steel components in the ^'stem during 
the 1000 F isothermal test proceeded at a slower rate than pre­
dicted in Reference 12, suggests that the carbon vras tied up in 
some form such that it lirould not react w ith the s teel or the 
carbon content was not as high as predicted. In Figure 6 it 
was shown that the oxygen content had a gross effect on the 
carbon solubility. It would appear that a carbonate complex 
is formed that is stable in the presence of stainless steol. 

It is also proposed that the presence of impurities 
such as oxygen, hydrogen or nitrogen may form a protective 
film on the metallic surfaces w hich is impervious to carbon, 

VJhat Ilaterials .̂re Affected 

The discussion thus far has been devoted to stainless steel, 
For the most part, the other metals in the system are not signifi­
cantly affected ty carbon. 

The nickel and cobalt base alloys, such as Colmonoy, 
Inconel, and Stellite do not have ar^ carbon solubility and, there­
fore, are not carbiirized. The active metals such as tantalum and 
zirconium apparently form a tight adherent carbide layer which 
prevents further carburization. 
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3 . -Effect of Carburization on Stainless S tee l . 

The effect of carbm-ization on some mechanical propert ies 
of s t a in l e s s s tee l i s reported i n Reference lk» In general , carbon 
tends to strengthen s t a in le s s s t e e l and reduce d u c t i l i t y . However, 
the reduction i n d u c t i l i t y i s small for carbon contents up to 0 ,5^ . 
For 1,3 w/o carbon, elongation of 12^ i s observed. 

A carburized case tends to increase the fat igue strength 
for s t r a i n s up to about 1%, From the standpoint of reactor vessel 
i n t e g r i t y , t h i s effect xTOuld appear to be benef ic ia l . 

D. Plugging of Core and Blanket Subassemblies by Carbon Par t ic les 

The e f fec t of approximately spherical p a r t i c l e s of various sizes 
on the operation of the subassemblies i s considered here for each type of 
subassembly. 

The s ta ted pa r t i c l e s izes are based upon geometry only. I t 
should be r e i t e r a t ed t h a t the sodium i d l l have been f i l t e r ed tiiorouglily 
pr ior to i n s t a l l i ng the core. Also, the c lear space for flow of primary 
sodium i n the IHX between the tubes i s 0,1875 inch ( 3 / l 6 " ) , Therefore, 
the l ikel ihood of plugging a subasserably i s very remote, 

1 . Core Subassembly 

Considerable e f for t has been expended to remove a l l par­
t i c u l a t e matter from the primary sodium system pr io r to loading 
fuel subassemblies. As mentioned in Section I I I , the sodium has 
been thoroughly f i l t e r ed during the preoperational t e s t ing per iod. 
Also, f i l t e r t rap subassemblies were used during th i s period to r e ­
move large pa r t i c l e s which could possibly be entrained by the sodium. 

I t i s now inconceivable t ha t pa r t i c l e s a re remaining i n the 
system la rge enough to completely plug the subassanbly. This would 
require a p a r t i c l e l,i |08 inches, the ID of the lower end of the sub­
assembly, •jach subassembly has a s t ra iner i n the lower port ion. 
The ID of t h i s s t r a ine r i s 1,2 inches, Although i t i s unl ikely, 
should a p a r t i c l e of t h i s size enter a subassembly, i t would greatly 
reduce the flow through the subassembly. However, tliere would s t i l l 
be a flow path through the conical portion of the s t ra ine r . 

Pa r t i c l e s of about 0,0i40 inches or la rger w i l l be retained 
by the s t r a ine r i n the subassemblies. These s t ra iners have holes of 
COliO" + 0,002" i n diameter. I t would require a large number of 
p a r t i c l e s to reduce flow i n t h i s area appreciably. 

A ce l l of the birdcage assembly holding a fuel pin i s 
shown in Figure 10. The maximum allowable diameter of a fresh fuel 
pin i s 0, l59 inclies. Under i r r a d i a t i o n the p in i s e3^ected to i n ­
crease in diameter to 0,172 inches at 0,8 per cent burnup. The mini-
mura in te rna l dimension of the ce l l i s 0,182 inches. 
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As shown in the upper portion of the sketch. Figure 10, 
particles smaller than OoOiii. inches would pass through the birdcages 
of a fresh subassembly. Particles of this size and larger should be 
stopped by the strainers, Svan after irradiation of the fuel to 0»8 
per cent burnup, particles 0,035 incdies and smaller would still pass 
through the subassembly. 

2, Inner Radial Blanket Subassembly 

The inner radial blanket (IRB) subassemblies have orifices 
in the entrances of 0,5 inches. Based upon the filtering -which pre­
ceded loading these and the improbability of entraining particles of 
this size or larger in tiie sodium it is unlikely that flow restric­
tions vrill occur here. Particles of 0.2 inches or smaller can pass 
completely through the inner radial blankets, • 

3. Outer Radial Blanket Subassembly 

For flow control, the lower support plate for the outer 
radial blanket is orificed. These orifices vary in size between 
0,250 inches and 1.2 inches. The sodium flov7 rate in the outer 
radial blanket area is very low and follows a very tortuous path 
prior to entering the plenum belov/ the support plrte. This pre­
cludes carrying particles large enougli to plug these orifices. As 
in the inner radial blanket subassemblies, parolcle s of 0,2 inches 
or smaller can pass through the outer radial blanket subassemblies. 

OPERi'lTIOM/'.L COIITROL OF CARBON 

A. 2xperimental Program 

1, Short Range Tests 

ii-i)A is conducting carburization tests on the primary 
sodium. These tests will establish some of the parameters of carbur­
ization such as: 

a. Is the carbon now in the primaiy sodium in a form capable of 
carburizing stainless steel 30!^ Based on preliminary results, 
it appears that there is a carburizing potential in the Fermi 
sodium, 

b. What effect does the bulk sodium tem,perature have on the carbur­
ization of stainless steel? This is still being studied, 

c. Does the oxygen concentration in the carbon-contaminated sodium 
have an effect on the composition of carbon and as a result on 
carbur­ization of the stainless steel? Bs'sed on preliminary re­
sults, it does not appear that the oD̂ ĝen content of the sodicmi 
exerts much inflaence on carburization. 
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Final answers to these questions will indicate whether it is feasible 
to clean carbon from the sodium with a hot trap and will define the 
operating parameters to be followed for efficient hot trapping and to 
prevent carburization of the primary system. 

In conducting the tests, sodium from the storage tanks at 
Fermi (primary sodium) was put into two pots. One of these pots 
had a known amount of ojqrgen (about 50 PPm Na20) added. The bulk 
sodium tenperature was held constant at three different temperature 
levels: about 600, 800, and 1000 F. At each temperature level, a 
tab of 30!| stainless steel was maintained at about 1200 F while 
immersed in the sodium for about 100 hours. After each r^m, the tabs 
were removed, new tabs were inserted, and the bulk temperature adjusted 
to the next level. The stainless steel tabs were analjrzed metallur-
gically for carbon content. The corrected results are shown in 
Table III. 

Refinements have been made both to the equipment and the 
operating procedures. New hot finger tests will be conducted using 
only two temperature parameters — 500 F and 800 F. Biese tests 
should provide more n»aningful data than the first tests. 

2. Longer Range Carbon-in-Sodium Program 

The tests described above are directed toward the immediate 
problem at hand; that is, removal of the carbon contaminants that 
were introduced into the sodium during the 1000 F preoperational 
testing. In addition to these tests, APDA is undertaking another 
testing program to study the carbon-in-socjium problem in relation 
to nuclear operation of the Fermi plant. The objective of this 
program is to provide an understanding of the problem that is suffi­
cient for establishing adequate operating procedures of monitoring 
and corrective actions with respect to carbon contamination. 

Hot Trap 

A permanent hot trap has been installed in the cold trap room. 
After some of the experimental work now going on is completed, decisions 
will be made concerning the optimum operating conditions for this hot 
trap» 

The first temporary hot trap was cut apart and analyzed for 
carbon content after about 300 hours of operation, on the asstmption 
that some carbon had been absorbed in the stainless steel foil. To im­
prove the permanent hot trap, surveillance tabs have been installed which 
will show the carbon content of the trap without the need for cutting up 
the trap. 

Plugging Indicator 

The plugging indicator originally installed in the primary 
sodium service system had orifices 0.052 inch in diameter. As indicated 
in Section IV-D, this is larger than the flow channels of the fuel, which 
are O.OliO Inch in diameter. Therefore, to preclude any possibility of a 
particle passing the plugging indicator and later lodging in the flow 
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TABLE H I 

SUMMARY OF EXPERIMENTAL RESULTS OF HOT FINGER TESTS 

(Corrected Values) 
(U) 

fJo, 

6 

3 

8 

r 

r 
1 

7 

2 

i SODIUM 

Relative 
Oxide 

L 

L 

L 

L 

H 

H 

H 

1 " 

Bulk 
Teittt) 

(F) 

600 

800 

800 

1000 

678 

815 

800 

1000 

1 HOT 
1 FINGER 

Temp 
(F) 

1100 

1200 

1130 

1200 

112U 

1200 

1200 

inU 

1 30U STAINLESS FOIL j 

Exposure 
(hrs) . 

95 

97 

100,3 

99.8 

95 

92 

100.3 

139.5 

1 Carbon Content (w/o) 

Original 

O.OU9J2) 
0.050^2) 

0.073[^j 
0.077^-''^ 

0.052 
0.063 

0.073^rl^^ 
0.077^^^ 

0.0U9 
0.050 

0.073 
0.077 

0.052 
0.063 

0.073 
0.077 

Top 

0.055 
O.OU6 

0.109 
0.162 

0.050 
0.068 

0.073 
0.098 

0.061 
0.052 

0.097 
0.127 

0.05U 
0.0U5 

0.116 
0.127 

Middle 

0,066 
0,0U6 

0.133 

0.052 
0.055 

0.09U 
0.073 

0.058 
O.OU6 

0.091 
O.IOU 

0.0li9 
0.05U 

0.100 

Bottom 

0.070 
0.029 

O.lOlt 
0.156 

0.052 
0.06U 

0.088 
0.109 

0.052 
0.058 

0.085 
0.075 

0.055 
0.06U 

0.103 
0.109 

Carbon 

1 "̂ P̂ 

12 
-8 

k9 
110 

-U 
8 

0 
27 

2U 
U 

33 
65 

k 
-29 

59 
65 

Pickup (w/o change) 

Middle 

35 
-8 

73 

0 
-13 

29 
-5 

18 
-8 

25 
35 

-6 
-lU 

30 

Bottom 

U3 , 
-U2 

U2 
103 

0 
1 

20 
U2 

6 
16 

16 
-3 1 

6 
2 

Ul 
U2 

(T) Tests ware run in this order: Pot No. 1 - 1 , 2, 5, 7J Pot No. 2 - 3, U, 6, 8. 
(2) Top values are Detroit Edison's results, bottom values are Detroit Testing Laboratory's results. 
(3) Assumed. 
(U) Raw data correc t ion: DE's r e s u l t s divided by 1.6U5j DTL's resu l t s multiplied by 1.155'» 
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channels of the fuel , the or i f ice p la te of the plugging indicator has 
been redesigned. The or i f ices in the new p la te .-re 0.030 inch in 
diameter, instead of 0,052 inch. Also, some conjideration i s being 
given to the possible i n s t a l l a t i o n of £ variable or i f ice plugging i n ­
d ica to r now undergoing t e s t s a t the Quarry. 

Ilonitoring Techniques 

1. Analysis 

The Fermi p lant has a perraan-nt sampling s t r t i on located on the 
primary sodium service system. Samples of radioactive sodium can be 
taken from the service system into a hold-up tank and be i so la ted 
from the system to permit decay of the radioactive sodium. The 
sodium sample can then be transferred to a sampler located in an 
area tha t i s accessible to operating personnel. The sampler can be 
removed and t ransferred to an analy t ica l laboratory. 

The metliods tha t are currently available for determining t h e 
quantity of carbon i n sodixom of the purity required for reactor 
appl ic ; t ions give the to ta l carbon, elemental carbon, and carbonate 
content. The avai lable carbon analysis methods are a l l chemical in 
nature . There are no physical metiiods developed such as emission or 
X-ray spectroscopy. The chemical methods require s t r ingent sample 
handling techniques, ul t rapure reagents , high-purity i ne r t cover gas, 
u l t rac lean apparatus, and extra careful procedure. 

I t i s axiomatic tha t an analysis can be no bet ter tlian the 
sample. The chemical analyses of carbon in sodium are carried out on 
samples of sodium that have been e^ctracted from the sodium systan. 
Due to inherent fac tors in the analy t ica l metliods, tiie quantity of 
solium sai.iple ac tua l ly analyzed i s l imited to several grams or l e s s . 
Samples of t l i is s ize can be biased to s ignif icant proportions by 
microgram quant i t ies of carbon contaminants introduced by the sample 
container , by the cover gas, or by handling. If large samples are 
taken to reduce the effect of t race contaminants, there i s the prob­
lem of nonhomogeniety due to segregation. Final ly , the presence of 
a so l id carbon phase in the sodium being sampled can cause random 
var ia t ion in the actual carbon content in the sample. During the 
recent high temperature clean-up operation at the Fermi p lan t , 29 
samples of sodium were extracted from the primary system and were 
analyzed. The elemental carbon values ranged from 10 to 750 ppm. 
The experience a t SIffi has been s imi lar . Atomics Internat ional (AI) 
reports t h a t in 20 samples of sodium taken from the SRE for elemental 
carbon determini t ion, the ana ly t ica l values ranged from 5 to 236 ppm. 
In a recent round-robin program SiX)nsored by the AEC on analysis of 
carbon in sodium, the carbon values reported by the s ix par t i c ipa t ing 
labora tor ies ranged from 3 to 91 ppm a t the 15-20 p.an l eve l ; from 
7 to 6o ppm a t the 60-70 pjm l e v e l ; and from l 6 to lUO ppm a t the 
90 ppm l e v e l . The pa r t i c ipa t ing laboratoi ' ies included GE-APED, AI, 
ML, duPont, NDA, and Ethyl . 
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Ai.DA will perform tests to establish operating procedures 
for Sample preparation, sample handling and transfer, and sarnie 
analysis—keeping in mind that there is a permanent plant sampling 
station already installed. The tests will be directed toward a 
procedure that is adaptable to sampling and analysis when the system 
is radioactive. In this regard, tests will be run to evaluate the 
feasibility of distilling the sodium out of the sample container 
before the container is removed from the sampling station so as to 
greatly reduce sodium activity and permit early loandling of the 
sample, 

2, Stainless Steel Tabs 

At the present time, it is planned to have at least one and 
î ossibly two surveillance subasser.iblies in the reactor core. The 
prime purpose for these subassemblies will be to monitor the effect 
of fast neutron irradiation on various structural materials used in 
the reactor. They will also be used to obtain information on the 
effect of sodium impurities on these materials. It is planned that 
after a given exposure period, specimens will be removed from the 
reactor and tested for the effects of irradiation on mechanical •--
properties of the materials. The riiaterials will include all the 
grades of stainless steel now incorporated in the reactor as well as 
the nonferritic materials that have been used. These specimens will 
also be examined to determine the effect of sodium ijnpurities on the 
material. This could include such things as metallographic examina­
tion for carburization, hydriding, et cetera. These specimens will 
be at about the same temperature as reactor components and would in-
diccte whether any carburization of these materials is occurring, 

CONCLUSIONS 

Some of the important conclusions of this report are that: 

1, There should be no further outgassing from tlie plug due to temperature. 
However, some gas (up to a maximum of 200 cu ft) may be evolved each 
year due to radiation >^ile operating at 200 megawatts. These gases 
are expected to be largely hydrogen with lesser amounts of CO and CO2. 

2, The primary sodium can dissolve about 20 pounds of carbon. Since the 
expected maxijaum gas evolution rate will produce only 2 pounds of 
carbon per year, tliere should be no cnist formed on the sodium. 

3, The experiments on methods of removing carbon fran stxiium are not 
complete, 

U, None of the possible problems tlis-t could be î ostulated as being caused 
by the offgases appear to be serious. 
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Experiments are under way to provide information needed to establish 
high-temperature, long-term operating criteria for Fermi. 

The plugging indicator orifice plate has been redesigned to provide 
orifices of O.O3O inch in diameter instead of the present 0.052 inch. 
The 0.030-inch hole is sraa?..ler than the O.OitO-inch openings in the 
fuel subassembly strainer. 
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