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Summary 1» Conclusion*
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Previou* result* from the Pebble Bed Reactor Fuel Element 
Development Program had shown the excellent promise of vapor-deposited 
AI2O3 coatings on UO2 particles as a lew permeability high temperature 
fission product barrier. However, since the matrix me .erial for the PBR 
fuel element is a graphite sphere, carbonaceous coatings on the dispersed 
fuel particles might be of more interest because of improved particle 
coating-matrix compatibility and no displacement of neutron moderating 
material* Since a pyrolytic carbon coating also appeared to be a low 
permeability high temperature material, emphasis was placed on the 
development of pyrolytic carbon coated UC£ particles dispersed in a graphite 
sphere as the reference PBR fuel element.

Alpha assays of these particles showed surface uranium contaminations 
of 10“5 to 10 * of the uranium contained in each particle. These values 
are somewhat higher than the typical values found for AI2O3 coated UOj. 
The PyC/UC2 particle* were coated in a single step with no opportunity 
to rinse free uranium contamination at intermediate coating thicknesses 
as was done with the AI2O3/UO? particles. Acid leaching indicated that 
in some cases the uranium contamination was within the coating surface 
and could not be reduced by leaching. In other cases, the leach test showed 
that a nimber of faulty particles must have been present since a large 
increase was noted in uranium contamination after leaching due to uranium 
in solution being deposited back on the coating surfaces. It is expected that 
process improvements could reduce the problem of internal uranium 
contamination of the coating but it is not clear whether the exposed uranium

Pyrolytic Carbon Coated UC2 Particles. Two types of commercially 
prepared pyrolytic carbon coated UC2 particles were obtained for evaluation. 
They are identified as Batch PyC-7 (Minnesota Mining 1< Mfg. Co.) and 
Batch PyC-8 (High Temperature Materials, Inc.). The average coating 
thicknesses were 80 microns and the spherical UCj particles ranged from 
IOS to 149 microns in diameter. The Batch PyC-8 particles were seen to 
have bumpy surfaces. Metallographic examination under polarised light 
showed a conical carbon growth structure typical of coatings deposited at 
about 3600* F. The Batch PyC-7 particles were seen to be smooth and 
the conics! growth structure was not evident under polarised light indicating 
a coating deposited below 2900*F.
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jff

'i».* due to poorly coated UC2 particles or cracks which may have 
developed in the coating due to subsequent handling.

in-Pile Loop. The installation of an In-Pile Loop in the Brookhaven 
Graphite Reactor had been completed just prior to thio quarter. The 
purpose of this Loop wan to study the behaviour of fission products released 
from a PBR fuel element specimen into a recycled helium stream. 
Irradiation was started using an unfueled electrically heated graphite sphere 
in place of a fueled specimen in order to complete shakedown testing prior 
to fueled sphere operation. However operations were curtailed when it 
was discovered that a leak had developed in the vacuum insulation annulus 
of the in-pile section which appeared to have occurred during the exceptionally 
difficult insertion prior to start up. The effect of this leak was to limit

Alj>O^ Coated UO?. One batch of commercially prepared coated
UO2 made by the Nuclear Materials and Equipment Corp, was examined 
during this quarter. The coating wae applied by the vapor deposition technique 
ai 1830’F. However, a rotating kiln was used in coating the particles rather 
than a fluidised bed as in previous Al^Oj/UOi under this contract.
105/149 micron UO2 shot was coated with -40 microns of AI2O3 in eight 
steps. A 5 gm sample •iperioncad only a .0024 gm weight gain after a 
5 hr exposure to 12OO*F air. There was no detectable surface uranium 
contamination on the as-received particles using the alpha assay technique. 
The total exposed uranium (>«e. residual surface contamination plus 
uranium in solution) after leaching in hot nitric acid was IO-5 of the 
contained uranium. The integrity of these coatings appears excellent 
and neutron activation tests are planned for next quarter.

Fueled Spheres. One type of graphite sphere fueled with PyC/UC2 
particles (Type FA-25) was examined during this quarter. The coated 
particles were uniformly dispersed throughout the FA-25 spheres. There 
was no evidence of coated particle damage in the region where the molding 
flash was removed. The FA-25 spheres were designed to have a subsequent 
protective coating of eiliconised silicon carbide on their surfaces. A neutron 
activation test of one specimen showed a Xe 133 release fraction of 1. 1x10“* 
over a 3 hr. heating period at 1650*F, 2100’F, and 2400*F. Similar data 
oa spheres fueled with AI2O3 coated UO2 had shown Xe 133 release fractions 
of about 10" in a 4 hr heating period. Subsequent evaluation of the FA-25 
specimens produced no clear evidence that the PyC/UC2 particles had been 
damaged in fabrication and appeared to indicate that there were faulty 
particle coatings prior to sphere fabrication. Further work is planned in 
this area during the next quarter.
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It is planned to dismantle the Loop during th* next quarter and retrieve 
•elected portion* of the Loop eo ’hat they could be available for subsequent 
deposition and decontamination studies.

operating temperatures tn about 500* F gas outlet and 800* F in the specimen. 
Instead of the design values of 125O"F and 1800*F. in order to avoid over
heating the graphite in the BNL Reactor. The leak could not be repaired 
because the in-pile section was too highly activated. Consequently, a new 
in-pile section was fabricated and, concurrently. a graphite sphere fueled 
with Al^Oj coated UOj irradiated in the defective in-pile section.

Prior to concluding operations, samples of the recirculating helium 
stream were taken to permit analysis for both the longer-lived fission 
products and the non-volatile daughter products of the shorter lived fiseion 
products. A number of gamma surveys were taken during operation, at 
shutdown, and after shutdown. During operation, the gamma activity 
levels were 1.5 r/hr at the pipe coming from the in-pile section and 7 r/hr 
at the primary flowmeter located at the most distant point from the in-pile 
section. The high reading at the flowmeter io believed to be due to a fission 
product accumulation at a damping orifice located at the flowmeter outlet. 
21 hrs. after shutdown, the activity levels had decreased to 180 mr/hr at 
the outlet pipe and 2 r/hr at the flowmeter. A complete scan of the out- 
of-pile section after shutdown revealed a definite decrease in deposited 
activity as a function of distance from the in-pile section.

After the new in-pile section was fabricated, it was installed in the 
BNL Reactor together with a "high release" graphite sphere fueled with 
uncoated UO^ shot. During operation with this specimen, it became 
apparent that in addition to the expected increase in gamma activity in the 
Loop. a significant neutron flux was appearing in the out-of-pile section of 
the Loop. This results from the presence of delayed neutron emitters such 
as 55s Br 87 and 22s I 1 37 in the Loop. Attempts to reduce the delayed 
neutron flux by installing a special paraffin-cadmium-lead shield top 
of the loop were not entirely successful. Because of this interference 
with adjacent experiments. BNL ruled out further operation with this 
specimen.

The R/B (i.e. release rate/product rate) values from this specimen 
for the longer lived fission product gases were found to range from 3x10*7 
to 1x10“^, at about 900*F specimen temperature, with very little dependency 
on isotope half-life. These data are consistent with previous capsule 
irradiation data on "low release" fuel elements.



1.0 Introduction

The program during the present quarter emphasixed the evaluation 
of reference fuel element specimens and commercially available coated 
particles, principally pyrolytic carbon coated UCj. In addition, both a 
"low release" and a "high release" PBR fuel element specimen were 
irradiated in an in-pile loop in order to study the behavior of fission prod
ucts in a recycled helium stream.

This report summarises the work done during the seventh quarter of 
a two-year program to develop fuel elements for the Pebble Bed Reactor. 
This reactor is a high temperature, all-ceramic, helium cooled reactor, 
consisting of a rauidomly packed static bed of fueled graphite spheres. Fuel 
element diameter is of the order of 1-1/2". A major factor in the PBR 
Fuel Element Development Program is the objective of fission product 
retention within the fuel element at temperatures up to 2100*F by the use 
of ceramic coatings.

Three locations for ceramic coatings have been considered. These 
included (1) a coating on the outside surface of the graphite sphere, (2) a 
coating located beneath an unfueled shell of the graphite sphere, and (3) 
coatings on individual fuel particles dispersed in a graphite sphere. The 
materials tested and the results obtained have been described in the Phase I 
Progress Report < l> and the Phase II Progress Report (2).

The most significant results to date were obtained with coated fuel 
particles. Numerous batches of vapor deposited Al^Oj coated UO^ were 
made which appeared to have uniformly good coating integrity A capsule 
experiment was conducted in which a graphite sphere fueled with Al^Oj 
coated UO^ was irradiated to 6 a/o U 235 burnup. Although some significant 
fission product release occurred during the latter part of the irradiation, 
thia material wu deemed most promising. Also, work was started on pyro
lytic carbon coated UC^ particles and preliminary screening tests showed 
this material to be promising. As a result, a graphite sphere fueled with 
a dispersion of coated fuel particles was selected as the reference fuel 
element for the Pebble Bed Reactor.



2.0 Fuel Element Evaluation

2.1 Pyrolytic Carbon Coated UCz Particles
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Three types of commercially available coated particles were evaluated 
during this quarter. Two of these consisted of pyrolytic carbon coated 
UC2 particles made by Minnesota Mining It Mfg. Co. (Batch PyC-7) 
and High Temperature Materials, Inc. (Batch PyC-8). The third type 
was vapor deposited AI2O3 coated UO2 particles made by the Nuclear 
Materials It Equipment Corp. (Batch 12H). Two types of fueled bodies 
were evaluated. These were 1 1 /2"graphite spheres (Type FA-25) 
made by 3M and fueled with Batch PyC-7 material and some 3/4" cylindrical 
pellets made by Speer Carbon Co. and fueled with AI2O3 coated ThOj/UOj 
particles.

The primary interest in pyrolytic carbon as a fuel particle coating is 
that it removes the temperature limit imposed on a graphite fuel element 
due to the chemical reaction which could occur between a metal oxide 
particle coating and the graphite matrix. Also, a pyrolytic carbon coating 
does not effectively displace moderator atoms in the graphite matrix.

The first pyrolytic carbon coated UC£ particles were made for the 
PBR Fuel Program in an exploratory study at Battelle. Carbon deposition 
temperatures up to 1400*C utilising a fluidised bed of UCz particles were 
explored. It was found that continuous uniform coatings could be applied 
to the UCz particles. Neutron activation tests showed that the fission 
product retention of pyrolytic carbon was comparable to the retention 
found in early tests on AI2O3 coatings.* There was a marked tendency 
for pyrolytic carbon coatings to rupture when the particles were heated 
above their coating deposition temperature due to higher thermal expansion 
of the UCz compared with the pyrolytic carbon. Following this work, two 
batches of pyrolytic carbon coated UCz particles were procured from 
commercial sources.

Both batches utilised 177/250 micron spherical UC2 shot supplied 
by 3M and were coated with 80 microns of pyrolytic carbon. Fig. 1 
shows sections of several of the coated particles from batch PyC-8 under 
normal light and Fig. 2 shows one of these particles under polarised light. 
The conical growth patterns can be seen which is typical of pyrolytic carbon 
deposited near 3600“F. The outer surface of the coating is irregular



FIG. 2
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Pyrolytic Carbon Coated UCj from Batch 
PyC-8. Polarized light at 250X.
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Pyrolytic Carbon Coated UC£ from Batch 
PyC-8. Bright field at 100X.
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TABLE 1

Uranium Contamination of Carbon Coated UC£ Particles

Condition

1.65
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As Rec'd 
Leached 
As Rec'd 
Leached 
As Rec'd 
Leached 
As Rec'd 
Leached

9.7 2.4
37.6 + 3.3

. 013

. 050

Sample 
No.

U in leach 
solution 
mg/gm particles

PyC-7(Lot
PyC-7(Lot
PyC-7(Lot
PyC-7(I.ot

1) 
1) 
3) 
3)

PyC-7(Lot 5) 
PyC-7(Lot 5) 
PyC-8(Lot 1) 
PyC-8(Lot 1)

Macrophotographs at 33 1/3X of both of these coated particles are shown 
in Fig. 5 (Batch PyC-8) and Fig. 6 (Batch PyC-7). The irregular surfaces 
due to the conical carbon growths in Batch PyC-8 and the smoother surfaces 
of Batch PyC-7 can be clearly seen.

due to the protrusions of the conical growths. Fig. 3 shows sections of 
several of the coated particles from batch PyC-7 under normal light and 
Fig. 4 shows one of these particles under polarised light. The coatings 
are smooth and continuous. The layered strvcture is similar to the structure 
noted in coatings prepared at Battelle at 2450*F. The absence of the conical 
growth patterns under polarized light indicated that these coatings were 
deposited at less than 2900*F.

Portions of these batches were subjected to an alpha assay to measure 
the uranium contamination at the surface of the particles. Following this 
assay, the particles were rinsed in a 200*F 1:1 nitric acid solution to 
determine whether the uranium contamination could be reduced Following 
the acid rinse, an alpha assay of the particles was again made and the rinse 
solution was analyzed for uranium. The results of these tests are summarized 
in Table 1.

Net Alpha Surface U,
Count Rate, mg/gm of
cpm/gm particles particles

Very little uranium was found in the rinse solutions of Lots 1 and 3 
of Batch PyC-7 indicating that most of the uranium contamination was 
within the coating surface. The results on the other two coatings 
indicate that relatively more exposed uranium had been present in these
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FIG. 4
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Pyrolytic Carbon Coated UC^ from Batch 
PyC-7. Polarised light at 2 50X.

■1, 
3

Pyrolytic Carbon Coated UC£ from Batch 
PyC-7. Bright field at 100X.
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X
Particles from Batch PyC-8, at 33 1/3X.FIG. 5

I I

FIG. 6 Particles from Batch PyC-7, at 33 1/3X.
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Alumina. Coated UOj> Particles2. 2
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The«e particles were subjected to the usual screening tests for 
AI2O3 coated UO_>. A 5 gm. sample of this material was subjected to the 
coating integrity test by heating in 1200"F air for 5 hrs. A weight increase 
of 0,0024 gms was noted after this test indicating that only a very small 
fraction of the coatings had cracks. Another sample from Batch 1 2H was 
alpha assayed, both before and after leaching with nitric acid. The results 
are shown in Table 2. The slight increase in alpha count after leaching is 
probably due to some cracks in a few of the particles which would not be 
indicated by the alpha assay but which would permit some uranium to be 
leached out and dispersed on^ther coating surfaces. Very little of the 
exposed uranium was found ir* Trfie'leach solution which indicates that most 
of it was redistributed over the surfaces of the particles. Since the integrity 
of these Al^Oj coatings appears excellent, this material will be subjected 
to a neutron activation test next month.

Since it appeared that these batches may have contained some coating 
shells, possibly only partly depleted of UC^, work was started on a 
technique for separating shells from whole coated particles. A float-sink 
technique will be employed, using heavy liquids of several different densities. 
Results will be available during the next quarter.

two batches, possibly due to some cracked coatings. No significant change 
in the apparent surface contamination before and after leaching was noted 
for each of the Batch PyC-7 lots. The increase noted for Batch PyC-8 
may have been due to incomplete rinsing caused by the irregular surface 
on these particles as seen in Fig. 5.

The major effort on coated particles had been with AI2O3 coatings 
on UO2 particles. All particles had been coated by Battelle using the 
’’vapor deposition” process at 1830*F in a fluidized bed (3) . During 
this quarter, a batch of AI2O3 coated UO2 particles was obtained from 
the Nuclear Materials & Equipment Corp. This material, designated batch 
12H, was also made by the vapor deposition technique at 1830*F, however a 
rotating kiln was used rather than a fluidized bed. 105/149 micron UO2 
shot was coated with 40 microns of AI2O3 in eight steps. Fig. 7 shows 
sections of the particles from batch 12H. The coatings appear dense and 
continuous with no evidence of gaps between successive layers of the 
coatings.
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Aa-Received 
After Leaching 
Uranium in Leach 

Solution

Vapor Deposited AJ2O3 Coated UO2 from 
Batch 12H. at 100X.

1.
2.
3.

Net Alpha Count
Rate, cpm/gm particle*

0.0 ♦ 1.3
3.2 ♦ 1.2

mg U/gm particles

0.0000
0.0042
0.0001

VJ 1

Uranium Contamination of Al^O^ Coated UO7 
from Batch 12 H,

5 •< jj



Fueled Graphite Bodies2. 3

-12-

Prior to this quarter, a number of graphite spheres had been success
fully fueled with Al^Oj coated UO^. Screening tests on these spheres, such 
as alpha assays of the sphe re surface and fission product release tests, in
dicated that very little, if any, damage to the Al^Oj coatings was caused by 
the sphere fabrication process. These spheres contained a uniform dispersion 
of the coated particles throughout the entire sphere and the molding flash 
was not machined off of the sphere in order to avoid any question about damage 
to the fuel particle coatings.

During this quarter, two types of fueled graphite bodies were evaluated. 
Speer Carbon Co. incorporated some AI2O3 coated fuel particles into 
3/4" x 3/4" graphite cylinders. These cylinders were originally procured 
for a further study of Al^Oj-graphite reactions but this study was subsequently 
curtailed. The coated fuel particles from batch 7H consisted of 105/149 
micron particles of an 11:1 solid solution of ThO2-UO2 which were coated 
with 40 microns of vapor-deposited AI2O3. The other type of fueled graphite 
body was a type FA-25 fuel element specimen consisting of a molded 1-1/2" 
diameter graphite sphere containing a uniform dispersion of pyrolytic carbon 
coated UCj. These specimens were prepared with the objective of minimising 
molding flash and for the eventusd application of a protective Si-SiC coating 
on its surface. The FA-25 specimens were prepared by the Minnesota 
Mining It Manufacturing Co. utilising their pyrolytic carbon coated UC2 
specimens from Batch PyC-7.

The surfaces of the graphite cylinders were subjected to an alpha 
assay to determine the amount of exposed uranium. Of the twelve cylinders 
examined, six were prepared with a synthetic graphite filler and a coal tar 
pitch binder (Group A) and the other six were prepared with a natural graphite 
filler and a Bakelite 3115 resin binder (Group B). Each cylinder was fueled 
with 2.0 gms of coated fuel particles which contained 0.7 gms. of ThO2-UO2- 
The results of the alpha assay on these cylinders is shown m Table 3. 
Two regions of each cylinder were counted and the results normalised to the 
whole surface of the cylinder. The count rates were found to be very close 
to background and the apparent surUce contamination was of the order of 
10"^ to 10~5 of the total ThO2~UO2 in each cylinder. A previous alpha assay 
of these coated particles showed a contamination on the surface of the coated 
particles of 9 x 10~° of the contained TI1O2-UO2. Thus, essentially no 
additional fuel contamination appeared at the surface of these fueled graphite 
cylinders.



TABLE 3

(b)

1.0B 1

B-2 0.0 4 0.8 0.0

B 3

1.2

0.4 *0.8 0.0013B 5

B-6 0.4♦ 0.8 0.0013

Each cylinder fueled with 2.7 gms ThO2-UO2(a)

Weight Of ThO2-UO2 *» 11:1 ratio(b)
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1.0
1.4

Group and 
Cylinder No.

0.4 4 0.8
2.0 4 1.2

4.4 ♦ 1.6
1.2 ♦ 1.0

2.8 ♦ 1.4
2.0 ♦ 1.2

2.0 * 1.2
1.6 4 1.2

1.2 4
2.4 4

0.0 * 0.0
2.8 ♦ 1.4

Surface Fuel 
Contamination, mg

0.0091
0.0065

0.0078
0.0078

0.0065
0.0052

0.0013
0.0065

0.014 
0.0039

0.00 39 
0.0078

0.0039
0.0039

0.0013
0.0052

0.0 
0.0091

0.4 ♦ 0.8
1.6 r

1.2 4
1.2 4 1.0

Alpha Assay of Graphite Cylinders Fueled with Al^Ot Coated 
ThO2/UO? Particles U)

Net Count State, Normalised to
Total Cylinder Surface, Cpm

2.4 4 1.4
2.4 4 1.4



Neutron ActivtUon T«t of Sp«cimen FA-25<N1)
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s

This neutron activation teat indicated that either the pyrolytic carbon 
coating* on the fuel particles were damaged during sphere fabrication 
or susequent handling, that the original batch of pyrolytic carbon coated

Fraction of
Xe 1 33 Released 

3.3x10-* 
4.2x10-* 
3.0x10 4

Test
Temp, *F 

1450 
2100 
2400

Time at 
Temperature, Min 

60 
70 
50

Slope of Release
Curve, min' 1

2x10-5 
IxlO-4 
4x1 O'4

Since a surface alpha assay does not give a quantitative evaluation of 
the condition of the coated particles in the center of the sphere, a neutron 
activation test was next performed on specimen FA-25(N1). The specimen 
was £5ret irradiated to an integrated thermal flux of 2.3 x 10l5nvt. The 
specimen was then heated to 1650*F, 2100*F and 2400* F. The results are 
given in Table 5 where the quantity of Xe 133 released at each temperature 
is expressed as a fraction of the Xe 133 in the specimen at the beginning of 
the test.

Eight FA-25 specimens fueled with pyrolytic carbon coated normal 
enrichment UCj from Batch PyC-7(l~ot 5) were received for evaluation. 
An alpha assay was performed on each sphere with particular attention 
to the "equatorial** region where the molding flash had been removed. The 
results are summarised in Table 4. As can be noted, the uranium 
contamination is uniformly spread over the entire surface with no noticeable 
increase in the equatorial region where the molding flash had been 
removed. The average surface uranium contamination is 0.02 3 mg U 
which is equivalent to 5 x 10*4 of the total uranium in a single sphere.

At each temperature, the release rate at the start of the run was 
higher than the terminal release rate (a.e. slope of the release-time curve) 
shown in Table 5. The release rates at the end of approximately 1 hr 
showed a definite increase with increasing temperature. The Xe 133 
release from this specimen was higher than the release found for previous 
specimens fueled with coated particles. Typical values had been of the 
order of 10*4 fractional Xe 133 release in a 4 hr. period.

TAB LX 5



61.6+9
26.6 £ 6
21.0 ♦ 5
7.0 7 3

0.081
0.035
0.028
0.0092

16.8 ♦_ 5.6
53.2 7 9.2
36.4 7 7.7
33.6 ♦ 7.0

7.0 ♦ 4.2
12.6 ♦ 5.6
4.2 ♦ 3.1

15.4 ♦ 5.6

18.2 ♦ 4.9
11.2 7 4.2
11.2 + 4.2
12.6 7 4.2

0.030
0.020
0.0019
0.020

0.0092 
0.020 
0.0092 
0.015

0.020 
0.017 
O. 0056
0.022

0.0092
0.017
0.0056
0.020

0.024
0.015
0.015
0.017

7.0 ♦ 4.9
15.4 7 5.6
7.0 ♦ 4.9

11.2 7 5.6

15.4 ♦ 4.9
12.6 7 4.2
4.2 ♦. 2.8

16.8 7 4.9

0.022
0.070
0.048
0.044

22.4 ♦ 7.0
15.4 7 5.6
1.4 ♦ 3.5

15.4 7 5.6
rcfioe, E denotes equatorial region.
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21.0 ♦ 5.6
12.6 7 4.2
23.8 7 5.6
7.0 + 3.5

Surface Uranium 
Contamination, mg

0.026
0.017
0.031
0.0092

Alpha Assay of FA-25 Specimen*

TABLE 4

Net Count Rate. Normalised 
to Total Sphere Surface, cym

Sphere No. and 
Position Counted^*) 
FA-25(N1)

Area 1 (P)
Area 2 (P)
Area 3(E)
Area 4 (E) 

FA-25<N2)
Area 1 (P)
Area 2 (P)
Area 3 (E)
Area 4 (E) 

FA-254N3)
Area 1 (P) 
Area 2 (P) 
Area 3 (E) 
Area 4 (E)

FA-254N4)
Area I (P)
Area 2 (P)
Area 3(E)
Area 4 (E)

FA-2 54 N 5)
Area 1 (P>
Area 2 (P)
Area 3 (E>
Area 4(E) 

FA-254N6)
Area 1 (P)
Area 2 (P>
Area 3(E)
Area 4(E)

FA- 25<N7)
Area 1 (P)
Area 2 (P)
Area 3(E)
Area 4 (E) 

FA-254N8)
Area 1 (P)
Area 2 (P)
Area 3<E» 
Area 4(E)

(a) P denotes polar

N « 4 (A



6TABLE

Acid L«>ch T««t on Specimen FA-25{N6)

(a) P denote* polar r«gioa, E denote* equatorial region.
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1

Table 7 ha* been prepared in order to compare the amount* of exposed 
uranium in pyrolytic carbon coated particles and fueled spheres which 
were found by alpha assay, acid leaching, and a neutron activation test. 
The exposed uranium data for Batch PyC-7 (Lot 5) particle* and the FA-25 
specimens fueled with this material are expressed a* fractions of the uranium 
contained in the samples.

Position**)
Area 1 (P)
Area 2 (P)
Area 5 (E)
Area 4 (E)

0. 194
0.490
0.205
0.612

Surface 
Uranium, mg 

0.020 
0. 017 
0.0056 
0.022

particle* contained some cracked coatings, or that the pyrolytic carbon 
coatings were not good barriers to fission product leakage. In order to 
further investigate these possibilities, a number of acid leach teets were 
performed, on samples of the coated particles and no another FA-25 
specimen. One of the purposes of these acid leach testa was to determine 
whether there were cracks in the particles which were of a nature that 
they would not be detected by an alpha assay but yet would yield to an acid 
leach. The result* of the acid leach test on the particle* is given in 
Section 2.1.

A significant amount of uranium was removed from the specimen 
indicating that some of the coating* on the fuel particles were cracked, thus 
exposing uranium. The increase in sphere surface contamination is due 
to deposition of uranium from the acid solution on th* large graphite surface 
area.

Specimen FA-25CN6) was selected for the whole ball acid leach test. 
This sphere was leached 1:1 nitric acid at 200*F. The leach solution was 
analysed for uranium content and the surface alpha assay was repeated 
after leaching. The alpha assay results are shown in Table 6. Analysis 
of the nitric acid showed that 0. 4 mg of uranium were present in the 
leach solution.

__________Before Leaching 
Total Surface 
Count Rate, cpm 

15.4 ♦ 4.9 
12.6 ♦ 4.2 
4.17 2.1 

16.* * 4.9

__________After Leaching
Total Surface Surface
Count Rate, cpm Uranium, mg.

147 4 15
371 7 23
155 7 15
464 7 26



Amounts of Exposed Uranium in PyC/UCg Material*.

Total

2.1 x IO'4

64. 5 x 10'
- 3(b)1.1 x IO
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5

A*-Fab 
Leached

As-Fab
Neut. Act.

2.9 x 1 G
7.9 x 10

-6 
-5

(a)
(*»)

Sphere FA-25(N1) 
ft

Sphere FA-25(N6)
It

Condition
As-Fab
Leached

1.3 x 10"4

In all case* where the samples were leached, the amount of uraniun 
which was removed by leaching far exceeded the apparent amounts of surface 
uranium found by the alpha assays. This indicates the presence of cracks 
through the coatings of a type which expose very little uranium surface area 
in the alpha counter.

The total exposed uranium fraction (i.e. leached uranium plus residual 
surface uranium) for sphere FA-25(N6) is an order of magnitude lower than 
either the coated particle sample or the neutron activated sphere FA-25(N1). 
Obviously, a surface alpha assay on the sphere surface does not account 
for exposed uranium in the center of the sphere. However, it is also 
apparent that the acid leach did not bring all of the exposed uranium out in 
solution, leaving most of it behind on the internal surfaces of the graphite.

U Removed 
by Leaching

The neutron activation test cannot be considered a quantitative test 
because the time period during which the released Xe 133 accumulates in 
the trap is arbitrarily selected and because Xe 133 diffusion through the 
coating can be a contributing factor. However, it is interesting to note the 
rather close agreement in Table 7 between the total exposed uranium fraction 
in the coated particle sample and Xe 133 release fraction from the fuel 
sphere. This suggests that no further damage occurred to the coated particles 
during sphere fabrication and that the relatively high Xe 1 33 release found in 
the neutron activation test was due to the initial condition of the coated 
particles.

Specimen
Batch PyC-7(Lot 5) 

ft

Expressed as fraction of contained uranium, except where noted.
Amount of Xe 133 released in 3 hours, expressed as fraction of contained 
Xe 133, taken from Table 5.

Apparent Surface 
Contamination 
(by Alpha Assay) 

1.6 x 10-4 
1.4 x 10-4 3.2 x 10'3 3. 3 x IO'3

TABLE 7



3. 0 In-Pile Loop
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Tbe loop was designed for irradiation in the Brookhaven Graphite 
Reactor. An 18 ft. long x 3-3/4” OD in-pile section will be inserted in 
the 4” square Hole W-ll. On the adjacent floor space, the blowers, heat 
exchange equipment and auxiliaries are located within a concrete-block- 
shielded ecnlosure. The in-pile section is of the re-entrant type and in
cludes an outermost vacuum insulation jacket to prevent overheating of the 
graphite in the BNL Reactor.

The design, construction and operation of an in-pile loop to study 
the behaviour of fission products escaping from a PBR fuel element is 
being performed by the Nuclear Science Engineering Corp. The purposes 
of this loop are to study the equilibrium activity levels in a recycle helium 
stream; methods of lowering gas stream activity level; the amount, loca
tion and nature of deposited fission products; and methods of decontamin
ating equipment surfaces* In addition to testing low-release PBR fuel 
element specimens, an uncoated uranium-graphite specimen will be tested 
to simulate problems of a contaminated primary loop.

During this quarter, it was planned to operate with the in-pile section, 
still containing the unfueled electrically heated sphere, in the BNL reactor 
for 1 cycle (i.e. 2 weeks) in order to complete the shakedown test require
ments. Next, a "low release'* specimen would be tested. An FA-22 speci
men (i.e. fueled with vapor deposited AI2O3 coated UO^) was selected for

A schematic diagram of the loop is shown in Figure 8. The design 
of the loop has been described in a previous progress report (2). Briefly, 
a full scale PBR fuel element (i.e. a 1-1/2” graphite sphere containing 
4.75 gms. of fully enriched uranium) operates at 1800*F and 0.25 KW. 
Subatmospheric helium in recirculated past the specimen by a canned 
blower. Heaters and coolers are provided such that a 1250*F hot-test-leg 
and a 550*F cold-test-leg can be maintained. An analytical train is pro
vided to measure radioactivity levels in the helium stream and it is planned 
to measure deposited radioactivity on hot-leg and cold-leg coupons and on 
various removable sections of the loop

Prior to this quarter, the loop had been assembled at BNL and out- 
of-pile shakedown testing was completed. During these tests, an unfueled 
graphite sphere contsining a miniature 0.25 KW electric heater was in
stalled in the in-pile section to simulate the nuclear heating of a fueled 
specimen.
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Loop Operation3. 1

Cycle 3

Dec.

-20-

23

The loop was operated throughout thia quarter. A diagram schedule 
of the operating cycles and the shutdown periods is shown below.

Due to the insertion difficulties, only a cursory check of the vacuum 
annulus integrity was made before start-up After start-up. it was found 
to be impossible to obtain a vacuum in the insulation annulus No leaks 
were found in accessible portions of the vacuum system and conclusive 
evidence was found that no leak existed between the primary helium system 
and the vacuum annulus. During the remainder of Cycle 1, it was found 
that the in-ptle section could not operate at design temperature without 
exceeding the 4B2*F limit on skin temperature imposed by BNL to protect 
the reactor graphite. It was experimentally determined that the safe gas

~|cyc dH Cycle —

3 12 14 26
Jan.

this run. Finally, a’’high-release” specimen would be tested. An FA-1 
specimen (i.e. fueled with uncoated 105/149 micron high-fired UOj shot) 
was selected for this run.

During the shutdown prior to Cycle 1, the tn-pile section containing 
the unfueled electrically heated specimen was installed in Hole W - 11 
Exceptional difficulty was encountered in fitting the in-pile section into the 
experimental hole. A previous trial insertion and withdrawal during the 
shakedown period had been successfully completed. However, during the 
subsequent testing , temporary external electrical heaters had been applied 
to permit high temperature degassing of vaccum insulation annulus. During 
the November 4th installation, the in-pile section was found to be slightly 
warped, probably due to the relief of strains in the tubing by annealing 
during the high temperature degassing. Numerous attempts were made to 
straighten and insert the in-pile section and the installation was finally 
made just before the scheduled Reactor start-up



21-

temperature in the in-pile section could be about 500*F and the safe fuel 
temperature could be about 800*F with the akin temperature limitation

During Cycle 1, a procedure was devised to locate the leak and 
provision was made to repair the leak if it were found in an accessible 
location. The leak detection procedure consisted of a long tube of cali
brated length to pass helium over discrete portions of the outside of the 
in-pile section. This procedure was carried out on November 18th during 
the reactor shutdown and the leak was found to be within 2 inches of the 
innermost end of the in-pile section. It was concluded that the leak was a 
result of the difficulties associated with insertion of the in-pile section. 
Due to the extensive neutron activation of this region, repair was not 
feasible at BNL.

The defective in-pile section and the unfueled specimen were left in 
place during Cycle 2. On November 22nd. it was decided that the best 
course of action would be to fabricate a new in-pile section and in the 
meantime operate the Loop with a "low release" FA-22 specimen during 
Cycle 3. Approval was recsived on November 30th and immediate stepe 
were taken to procure and fabricate the necessary parts so that the new 
in- pile section could be installed during the extended reactor shutdown at 
the end of Cycle 3. Several minor design changes were incorporated in 
the new in-pile section. The stainless steal foil thermal radiation shields 
in the vacuum insulation annulus were replaced by a Flexible Min-K (Johns 
Manville) insulating blanket and a larger vacuum manifold was added, 
primarily to enhance pre-ope rational outgassing of the insulation.

Meanwhile. the unfueiod specimen was discharged from the reactor 
during December 1st shutdown and specimen FA-1 (55OE) was inserted tn 
its place. During the first two days of full power reactor operation, teste 
were performed to determine the extent of temperature iransisnit in the 
fuel element and the in-pile section surface due to a lose of flow incident 
and to establish the minimum emergency helium purge flow required to 
maintain safe operating temperatures. Those tests were requested by 
BNL as a result of the partial loss of thermal insulation in the m-pile 
section. The tests showed that the fuel temperature rose to a temperature 
in excess of 1100*F. At this temperature, the skin temperature approached 
the limiting value of 4*2 *F at which the loop emergency shutdown system 
will scram the reactor. The tests established that a purge flow of 1 - 2 
scfm helium was required to limit the skin temperature to a value that would 
insure no unnecessary reactor scram incident. After these feasts were con
cluded, continuous flow operations were initiated at a helium flow rate of
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At scheduled. the defective ta-pile section wm replaced with the aww 
in-pile section durum the eat ended «bu(4ovn pur tod after Cjrcl* 1 and "high 
r»l«u«" specimen FA-I (9OE) was inserted Initial operation during 
C/cle 4 was with 4 acfrn helium How and no external heal applied to th* 
system.

5. 1 scfm The temperature of the in-pile eaction and the hot lag and inter
mediate lag of the out-of-pile auction ware raised to between 5OO*F and 
550*F, the maximum temperature permiaaible without danger of Inducing 
a reactor scram Sampling procedures for fission product gaeea were 
initiated after steady state temperatures were achieved.

Reactor operations were interrupted on December 12. duo to highly 
inclement weather. No interruption in helium flow in the Loop occurred, 
but the temperatures of the fuel were seriously decreased. After full 
power reactor operation and steady state loop operation were again achieved, 
the gas sampling procedures were again initiated. Several samples were 
tahen throughout the remainder of the reactor cycle. The fuel temperature 
reached a maximum value of 90O*F at a reactor power of 19 MW. This 
temperature then dropped to about »OO’F at the same power level on 
December 20 It is believed that this reduction waa due to a aeries of 
reactor control rod pattern shifts which occurred during this period

A total of four gas samples were tahen during Cycle ) in order to 
measure the concentrations of certain gaseous fission products in the 
helium stream The results of the analysis of these samples are shown in 
Table •. The release rates are calculated from the measured Isotope con
centrations on the assumption that equilibrium has been achieved (i.o. that 
the escape rate of the isotope into the recirculating helium stream is equal 
to the decay rate of the isotope tn the helium stream). The values of R/’B 
(1 s. the ratio of isotone release rate to isotope production rate) ars seen 
to range from > a ICT' to I a MT* with very little dependency on ls«Aope 
half-life These results are consistent with previous results from Capsule 
Irradiations on specimens fueled with AlgOj coated UOj. The Bach of 
half-life dependency indicates that the fission product "reBeaae" is actually 
due to slight amounts of uranium contamination eats real to the Al^Oj 
particle coatings
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Since the background level M tbe eaqaerimenta located above tbe Loop 
was still not entirely satisfactory. BNL ashed that the Loop be operated 
(i.e that helium ba circulataMl) only during the second ball of Cycle ft,

Production rate.

Inotallatioa of tbe aide concrete shielding blocba was completed by 
January ft External beat was applied on January 0, rat a tag tbe hot-leg and 
intermediate-leg portions of tbe ayatem to ftO0*F Over tbe weebend of 
January ?-•. experiments located on tbe concrete balcony above tbe Loop 
reported a significant rise ba their bacbgrotaaad count. A review of this 
situation resulted tn tbe conclusion that delayed neutron emitters. arising 
from such isotopes as ftfts. Br •?, 22s and I IS?, were present la tbe out- 
of-pile portion of tbe Loop since tbe high count app aared only when helium 
was being circulated tbrough tbe Loop Steps were immadiMaly taihea to 
add a paraffin-cadmium-lotMl shield on top of tbe Loop JBy tbe end of Cycle 
4, a major reduction la background had boea achieved. During thia cycle, 
four gas samples were laian to measura the long-lived gaseous fission 
product activity in the belium stream

Fuel

•F Nuclide

i>>ftftft Xe

<• 0*10* <» 0*10*•so IM12/1* Xe2

MO12/14 Xe>

Date

12/4

I. b«IO7 
ft >*IO7

2. 4*|0»® 
ft 1*10*

Fission Product Release Data from Specimen FA-22 (SSOE) 
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During Cycle 1.

Cone. , 
Atoms/ft5 
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During th* fir*t half of thi* cyclo. attempt* were mad* to further lower th* 
background by plugging gap* at th« upper edge* of th* *ht*ld However, 
thee* attempt* etill did not meet th* background requirement* of th* 
adjacent experiment*.

Helium wa* circulated through th* Loop at 6 ecfm during the period 
of January 41 to January 26. Pipe temperature* were held to 900*F and 
no attempt wm made to operate the specimen above 1000*F so that safe and 
reliable operation could be assured during thi* period Five *ampl** for 
long-lived fission product ga*** and three sample* for short-lived flasion 
product gase* were obtained during thi* time The result* of th* analyse* 
of th*** sample* and th* sample* taken during Cycle 4 will be reported 
next quarter

A thorough review of future u*e* of the loop wa* mad* to determine 
bow the maximum amount of information could be most economically 
obtained from th* Loop. A 10* long by 2** diameter charcoal trap had been 
fabricated for installation a* a byp*** trap acres* th* blower in order to 
study it* effect i ven* •• in lowering gaseous radioactivity level* However, 
in view of the interference with adjacent e^eriment* during Cycle* 4 and 9. 
further operation* with the “high release** specimen FA-1(904) was ruled 
out. la view of the fi**ion product deposition which bad already occurred 
in the Loop, no significant data could bo obtained from further operation 
with specimen* having a lower fisoioa product release.

A number of gamma survey* were made both before, during and 
after loop ehutdown on January 26-2? One location, near the outlet pipe 
from the in-pile section, read 1.9 r/hr when helium was circulating. Thi* 
reading dropped to >90 mr/hr 49 minute* after helium flow was stopped. 
At thi* point, th* helium wa* diecharged from the system and it was nec
essary for gas from the in-pile section to pa** thi* survey point la order 
to leave th* loop. Consequently the reading roe* to I. 9 r/hr when helium 
discharge was started and dropped back to >90 mr/hr three hour* later. 
Eighteen hours after th* helium circulation wm stepped, the reading was 
down to IOO mr/hr A scan of the entire out-of-pile section twenty-on* 
hours after shutdown showed a definite relationship between r**idud activity 
and time-of-flight from the fuel element Typical contact reading* were 
I r/hr at the primary heat exchanger. SOO mr/hr at th* heat exchanger out
let and 40 mr/hr at th* blower inlet. A reading of 2 r/hr wa* noted at th* 
flowmeter which was bolls wed du* to an accumulation of fission product* 
on th* flowmeter orifice.
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On* of the major objectives of the Loop has been to study fission 
product deposition and decontamination Since the condition of the loop 
presented many excellent opportunities to study this area, it was concluded 
that no further efforts should be made to operate the loop. Consequently, 
it is planned to dispose of the fueled specimen and to retrieve selected 
portions of the Loop prior to it* dismantling and ultimate dispose! during 
the nest quarter
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