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1. INTRODUCTION 

A s  p a r t  of t h e  o v e r a l l  f u e l  e lement  r e s e a r c h  and development program 

f o r  t h e  P u b l i c  S e r v i c e  Company of Colorado F o r t  S t .  Vra in  Nuc lea r  Genera t ing  

S t a t i o n ,  U n i t  One Reac to r ,  one o r  more p r o t o t y p e  proof  tes t  f u e l  e lements  

are t o  be i r r a d i a t i o n  t e s t e d  i n  a h igh - t empera tu re  gas-cooled r e a c t o r  (HTGR) 

environment .  Th i s  r e p o r t  d i s c u s s e s  t h e  d e s i g n  d e t a i l s ,  f u e l  c h a r a c t e r i s t i c s ,  

and assembly of t h e  second proof  tes t  e lement  (PTE-2) i n  a series of f i v e  

p r o t o t y p e  proof  test  e lements  b u i l t  f o r  t h e  F o r t  S t .  Vra in  Nuclear  Genera t ing  

S t a t i o n .  

The purpose  of t h e  f u e l  e lement  i r r a d i a t i o n  program is  t o  demons t r a t e  

t h a t  t h e  F o r t  S t .  Vra in  (FSV) f u e l  e lement  w i l l  meet i t s  d e s i g n  o b j e c t i v e s .  

Th i s  w i l l  b e  demonst ra ted  by i r r a d i a t i n g  a t es t  e l e m e n t ( s )  i n  t h e  Peach 

Bottom HTGR a t  t empera tu re  g r a d i e n t s  t y p i c a l  of t h a t  expec ted  i n  FSV t o  a t  

least one - th i rd  of t h e  d e s i g n  l i f e t i m e  f u e l  burnup.  PTE-2 w i l l  a c h i e v e  t h e  

d e s i r e d  t o t a l  burnup i n  approximate ly  300 fu l l -power  days of i r r a d i a t i o n  i n  

Peach Bottom. 

P 
? 

I t  s h o u l d  be  no ted  t h a t  PTE-2 w a s  built i n  1968 ,  p r i o r  t o  t he  in t roduc -  

t i o n  of pi tch-bonded,  n a t u r a l - f l a k e  g r a p h i t e  m a t r i x  which w a s  e v e n t u a l l y  

chosen f o r  u s e  i n  t h e  FSV i n i t i a l  c o r e .  

1 



2. GENERAL COMPARISON OF PTE-2 TO THE FSV FUEL ELEMENT 

PTE-2 w a s  des igned  t o  model t h e  FSV f u e l  e lement  wherever  p o s s i b l e  w i t h i n  

t h e  l i m i t a t i o n s  of t h e  Peach Bottom r e a c t o r .  I n  Tab le  2-1 a comparison i s  

made of v a r i o u s  c r i t e r i a  f o r  PTE-2 and t h e  FSV f u e l  e lement .  Because of  t h e  

o b j e c t i v e s  of t h e  tes t  and t h e  Peach Bottom n e u t r o n i c s ,  i t  w a s  n o t  p o s s i b l e  

t o  u s e  t h e  r e f e r e n c e  Th/U r a t i o  of  4.25 t o  1. R a t h e r  a r a t i o  of 0.58 t o  1 

w a s  used t o  a c h i e v e  b o t h  t h e  d e s i r e d  f u e l  t e m p e r a t u r e s  and t h e  o b j e c t i v e  

of o n e - t h i r d  FSV peak f u e l  p a r t i c l e  burnup i n  300 e q u i v a l e n t  f u l l  power 

days of  i r r a d i a t i o n .  The h o l e  p a t t e r n  i n  PTE-2 i s  c o n s i s t e n t  w i t h  a d u p l i c a t e  

of t h e  p a t t e r n  i n  t h e  FSV f u e l  e lement  as shown i n  F ig .  2-1. 
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TABLE 2 - 1  
PTE-2 AND FSV FUEL ELEMENT C R I T E R I A  COMPARISON 

Element t y p e  

Body g r a p h i t e  

F u e l  - c o o l a n t  h o l e  p i t c h ,  i n .  

F u e l  h o l e  d i a m e t e r ,  i n .  

Fue led  l e n g t h ,  i n .  

Coolant  h o l e  d i a m e t e r ,  i n .  

Width a c r o s s  f l a t s ,  i n .  

F u e l  bed t y p e  

F u e l  rod  d i a m e t e r ,  i n .  

F u e l  r o d  l e n g t h ,  i n .  

F u e l  p a r t i c l e  type :  F i s s i l e  

F e r t i l e  

F i s s i l e  p a r t i c l e  Th/U r a t i o  

F u e l  rod  matr ix  t y p e  

Average f u e l  rod  l i n e a r  h e a t  
r a t i n g ,  w a t t l i n .  of f u e l  rod  

Maximum f u e l  rod  l i n e a r  h e a t  
r a t i n g ,  w a t t l i n .  of  f u e l  rod  

Maximum f u e l  rod  c e n t e r l i n e  
t e m p e r a t u r e ,  O F  

F u e l  rod  AT, O F  

L 
S 

PTE-2 

Hex b lock  w i t h  
i n t e r n a l  c o o l a n t  
p a s s a g e s ,  no 
purge f low 

GLCC H-327 and 
Speer  9567 

0.740 

0 .474 ,  0 .521 

28.63 (Zones 2 
and 3 on ly )  

0 .454 ,  0 .626  

3.540 

Rods 

0 .467 ,  0 .514  

1 . 0 0 ,  5 .93 ,  11 .53 ,  
1 4 . 3 1  

(Th, U) C 2  T R I S O  

ThCZ T R I S O  

0 .58 

Res in  mix b i n d e r  
and g r a p h i t e  f l o u r ,  
c o l d  i n j e c t e d  

2 20 

2 88 

2 2  70 

2 35 

3 

FSV Reac to r  

Hex b l o c k  w i t h  
i n t e r n a l  c o o l a n t  
p a s s a g e s ,  no 
purge  flow 

GLCC H-327 

0.740 

0.500 

29.10 

0.625 

14.172 

Rods 

0.490 

1 .94  

(Th ,U) C 2  TRISO 

ThCz TRISO 

4.25 

P i t c h  b i n d e r  and 
n a t u r a l  f l a k e  
g r a p h i t e  f i l l e r ,  
h o t  i n  j e c  t ed 

99 

257 

2 300 

2 10 



TABLE 2-1 (Continued)  

Maximum g r a p h i t e  AT between f u e l  
s u r f a c e  and a d j a c e n t  c o o l a n t  h o l e  
s u r f a c e ,  O F  

Maximum ax ia l  t e n s i l e  stress, p s i  

Maximum a x i a l  compressive stress, 
p s i  

Maximum r a d i a l  t e n s i l e  stress, p s i  

Maximum r a d i a l  compressive stress, 
p s i  

Average f u e l  rod  burnup,  Mwd/Tonne 
i n i t i a l  U + Th(a) 

Maximum f u e l  rod  burnup,  Mwd/Tonne 
i n i t i a l  U + T h ( a )  

Average f a s t  f l u e n c e  (E > 0.18 MeV) 
n v t  x 1021(a)  

Maximum f a s t  f l u e n c e  (E > 0.18 MeV) 
n v t  x 1021(a )  

PTE-2 

200 

900 

1100 

370 

4 10 

26,000 

34,000 

1.15 

1 . 5  

FSV Reac to r  

130 

450 

450 

200 

300 

100 , 000 

120 , 000 

5.5 

8.0 

(a)Assumes 300 e q u i v a l e n t  ful l -power days i n  Peach Bottom. 
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3. PTE-2 DESCRIPTION 

3.1.  GENERAL D E S I G N  DESCRIPTION 

The proof  test e lement  w a s  des igned  t o  r e p l a c e  a s t a n d a r d  in s t rumen ted  

e lement  i n  t h e  Peach Bottom co re .  The test e lement  c o n t a i n s  an  a r r a y  of 

f u e l  beds  and c o o l a n t  channe l s  w i t h i n  a hexagonal  g r a p h i t e  s t r u c t u r e  

having  an e x t e r n a l  w i d t h  a c r o s s  t h e  hexagonal  f l a t s  e q u a l  t o  t h e  o u t e r  

d i ame te r  of a Peach Bottom e lement .  F i g u r e  3-1 shows t h e  hexagonal  tes t  

e lement  sur rounded by a n  a r r a y  of  c y l i n d r i c a l  Peach Bottom e l emen t s ,  A 

comparative view of the  test  element and a s tandard element i s  shown i n  

F ig .  3-2. 

3 .2 .  ARRANGEMENT OF COPPONENTS 

The t e s t  e lement  assembly c o n s i s t s  of  s even  g r a p h i t e  s e c t i o n s  j o i n e d  

t o g e t h e r .  The s e c t i o n s  are,  from bot tom t o  t o p ,  a bot tom c o n n e c t o r ,  a bot tom 

r e f l e c t o r ,  f o u r  f u e l  zones ,  and a top  r e f l e c t o r .  An assembly view of  t h e  

e lement  i s  shown i n  F i g .  3-3. The bot tom p o r t i o n  o f  t h e  e lement  i s  c y l i n -  

d r i c a l ,  w i t h  a t r a n s i t i o n  t o  a hexagonal  shape  i n  t h e  bot tom r e f l e c t o r  

s e c t i o n .  The act ive f u e l  zones are hexagona l ,  and t h e  wid th  a c r o s s  t h e  f l a t s  

i s  e q u a l  t o  t h e  d i ame te r  of t h e  i n t e r m e d i a t e  s p a c e r s  of t h e  r e g u l a r  e l emen t s .  

The wid th  a c r o s s  t h e  f l a t s  of t h e  hexagonal  t op  r e f l e c t o r  i s  e q u a l  t o  t h e  

d i ame te r  of t h e  t o p  s p a c e r  of  a r e g u l a r  e l emen t ,  The l e n g t h  o f  t h e  t e s t  

e lement  i s  t h e  same as a r e g u l a r  f u e l  e l emen t  e x c l u d i n g  t h e  h a n d l i n g  knob, 

The e l emen t ,  i n  c r o s s  s e c t i o n ,  c o n t a i n s  12 f u e l  beds  and 7 c o o l a n t  

channe l s ,  as shown i n  t h e  p l a n  view i n  F i g .  3-4. The f u e l  and c o o l a n t  h o l e  

c e n t e r l i n e s  are l o c a t e d  on a 0.740-in.  t r i a n g u l a r  p i t c h ,  t h e  same as t h e  FSV 

f u e l  e l emen t ,  The h o l e  p a t t e r n ,  f rom t h e  c e n t e r  o u t ,  c o n s i s t s  of  a c o o l a n t  

channe l ,  a r i n g  of f u e l  beds ,  a r i n g  of c o o l a n t  channe l s ,  and a n o t h e r  r i n g  

6 
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Fig .  3-1. Second proof  t e s t  f u e l  e lement  o r i e n t a t i o n  i n  t h e  Peach Bottom 
c o r e  
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F i g .  3-2. Comparative view of the proof test fuel element and Peach Bottom fuel element 
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of  f u e l  beds  l o c a t e d  n e a r  t h e  c o r n e r s  of  t h e  hexagon. The f u e l  and c o o l a n t  

h o l e s  are a r r anged  i n  t h e  same manner as t h o s e  i n  t h e  FSV e lemen t ,  as s e e n  

i n  F i g .  2-1. 

The t es t  e lement  i s  coo led  b o t h  by t h e  seven  i n t e r n a l  c o o l a n t  channe l s  

and t h e  s i x  mod i f i ed  t r i c u s p i d a l  channe l s  a d j a c e n t  t o  t h e  e l emen t .  The 

c o o l a n t  e n t e r s  t h e  i n t e r n a l  c o o l a n t  channe l s  j u s t  below t h e  r e g i o n  where t h e  

element  undergoes  t h e  t r a n s i t i o n  from a c y l i n d r i c a l  t o  a hexagonal  shape .  

The c o o l a n t  f l ows  up through t h e  act ive f u e l  s e c t i o n  and d i s c h a r g e s  o u t  of  

t h e  top  r e f l e c t o r .  

The act ive p o r t i o n  of  t h e  f u e l  e lement  i s  composed of  t h e  f o u r  f u e l  

zones j o i n e d  t o g e t h e r  a x i a l l y  by cemented t h r e a d e d  j o i n t s .  Each f u e l  zone 

c o n t a i n s  twelve b l i n d  f u e l  h o l e s  d r i l l e d  from t h e  top  of  t h e  zone t o  w i t h i n  

0 . 4  i n .  o f  t h e  bot tom. The d e t a i l s  of t h e  f u e l  zones are shown i n  F i g .  3-5.  

The d i a m e t e r  o f  each  o f  t h e  r e g u l a r  f u e l  h o l e s  i s  0.474 i n .  The f u e l  h o l e  

t h a t  w i l l  c o n t a i n  t h e  a n n u l a r  f u e l  r o d s  i s  0.514 i n .  i n  d i a m e t e r .  A thermo- 

couple  w i l l  b e  p l a c e d  through t h e  c e n t e r  of  t h e s e  r o d s .  The seven  c o o l a n t  

channe l s  are con t inuous  from t h e  top  t o  t h e  bot tom of t h e  zone and are 

a l i g n e d  w i t h  t h e  channe l s  i n  a d j a c e n t  zones t o  form con t inuous  i n t e r n a l  

c o o l a n t  channe l s  o v e r  t h e  f u l l  l e n g t h  o f  t h e  f u e l  e l emen t .  The a l ignmen t  

of  t h e  c o o l a n t  channe l s  i s  ma in ta ined  by c o n t r o l l i n g  t h e  h o l e  l o c a t i o n  d u r i n g  

machining,  and by p r e c i s e  a l ignmen t  of  t h e  f l a t s  o f  t h e  hexagons d u r i n g  

assembly.  The 

d i ame te r  of  each  of  t h e  s i x  o u t e r  c o o l a n t  channe l s  is  0.454 i n .  

The d i ame te r  of  t h e  c e n t e r  c o o l a n t  channe l  i s  0.626 i n .  

The test  e lement  i s  n o t  purged  and t h e r e f o r e  does not  p r o v i d e  a f low of  

he l ium t o  t h e  purge  l i n e  i n  t h e  r e a c t o r  s t a n d o f f  p i n .  

The tes t  e l emen t  g r a p h i t e  ( exc lud ing  t h e  bot tom connec to r )  is  composed 

of h i g h - d e n s i t y ,  h i g h - s t r e n g t h ,  e x t r u d e d ,  nuc lea r -g rade  needle-coke g r a p h i t e ,  

Two s i m i l a r  t y p e s  o f  needle-coke g r a p h i t e  were used  i n  t h e  test e lement  and 

r e p r e s e n t  t h e  two l e a d i n g  c a n d i d a t e s  of  material  f o r  t h e  FSV r e a c t o r .  F u e l  

zones one,  t h r e e ,  and f o u r ,  p l u s  t h e  t o p  and bot tom r e f l e c t o r s ,  are made 

from H-327 g r a p h i t e  s u p p l i e d  by t h e  Great Lakes Carbon Corpora t ion  (GLCC). 

n 
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Fuel zone two is made from Grade 9567 graphite supplied by the Speer Carbon 

Company. Physical and mechanical properties of the two types of graphite 

are listed in Table 3-1. The bottom connector graphite is made of highly 

impregnated stock to minimize helium inleakage to the standoff pin and is 

the same type of material as that used for the standard fuel element bottom 

connectors. 

The test element is instrumented with two thermocouples, as shown in 

Figs. 3-3 and 3-6. 
and the other is in the graphite structure between two inner fuel holes. The 

thermocouple junctions are about 53 in. above the bottom of the active core 
at the plane of expected maximum fuel temperatures. The thermocouple con- 

tained within the annular fuel rod is the W-25% Re/W-3% Re type with a 

molybdenum sheath and niobium cladding. 
the graphite is a Chromel-Alumel type with an Inconel sheath and niobium 

cladding, 

Chromel-Alumel are designated type B. The type B thermocouple is on the 
side of the element containing the loading mark. This loading mark faces 

reactor north after installation. 

One thermocouple is in the center of an inner fuel rod 

The thermocouple contained within 

The tungsten-rhenium thermocouples are designated type A and the 

An identification number is imprinted on the top reflector of each 

element. Also, a horizontal orientation groove from the center coolant 

hole to the corner of the hex is machined on the top face of the top 

reflector. The groove is aligned with the type B thermocouple and faces 

reactor north after installation, as shown in Fig. 3-1. 

The fuel for the test elements is composed of close-packed coated fuel 

particles bonded into cylindrical fuel rods, 

particles and fuel rods are discussed in Sections 5 and 6 of this report. 
The details of the fuel 

3.3. PTE COMPOSITION 

The as-built composition of the test fuel element over the active core 

section is as follows: 

14 



TABLE 3-1 
NEEDLE-COKE GRAPHITE PROPERTIES 

Parameter 
~~ ~~ ~ ~ ~ 

T e n s i l e  s t r e n g t h ,  p s i  

p a r  a1  l e  1 

p e r p e n d i c u l a r  

Compressive s t r e n g t h ,  p s i  

p a r a l l e l  

p e r p e n d i c u l a r  

C o e f f i c i e n t  of t h e r m a l  
expans ion ,  / O F  

p a r a l l e l  

p e r p e n d i c u l a r  

3 Dens i ty  , gm/ c m  

Modulus of e l a s t i c i t y ,  p s i  

p a r a l l e l  

p e r p e n d i c u l a r  

~ 

GLCC 
H-327 

1600 

900 

4700 

4200 

1 . 1 7  x 

2.22 x 

1 . 7 3  

6 

6 
1.86 x 10 

0.66  x 10 

Spee r  
9567 

1310 

1125 

s4500  

1.16 x 

2.43 x 

1.76 

6 1.75  x 10 
6 1 .0  x 10 
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CHROMEL ALUMEL 

TUNGSTEN RHENIUM 
TYPE A THERMOCOUPLE 

ANNULAR FUEL RODS 
0 . 5 1 4  I N .  D I A  

\ 

TYPE B THERMOCOUPLE 

GRAPHITE' 

Y\ FUEL RODS (TYP) 
'0.467 I N .  D I A  

COOLANT CHANNELS (TYP) 
'0.454 I N .  D I A  

\COOLANT CHANNEL 
0.626 I N .  D I A  

P I T C H  (TYP) ........ 
.AR 

Fig. 3-6. Radial thermocouple locations 
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Uranium ( 9 3 . 1 5 %  U-235) , . , , . . 4 5 0 . 1 8  g 

Thorium. . , , , . . . . . , . . , 2 , 1 5 3 . 4 1  g 

Particle coatings (carbon plus 
silicon) and matrix carbon . 3 , 2 6 1 . 1 2  g 

Fuel zone structural graphite. . . 2 0 , 6 9 2 .  g 

Two thermocouples. . , . , , . . . 260.0 g 
Thermocouple contactor . , , . , . 9 3 . 0  g 

Top reflector. . , , . . . . , . . 5 , 6 8 7 . 0  g 

Bottom reflector . , , . , . . . , 3 , 3 9 5 . 0  g 
Bottom connector . . . . , , , . . 2 , 7 5 3 . 0  g 

Latch block. . . . . . . , , , , . 1 , 2 1 8 . 0  g 

Total, . , , . , , , . , , , , , , 3 9 , 9 6 2 . 7 1  g ( 8 8 . 1 0  lb) 

Handling tool. . . . , . , , . . 4 , 9 1 7  g (10.84 lb) 

Total element weight with 
handling tool. . . . . . . , . . 4 4 , 8 7 9 . 7 1  g ( 9 8 . 9 4  lb) 

3 . 4 .  FUEL ELEMENT HANDLING 

The test elements are inserted and removed from the core with a special 

handling tool and the fuel transfer machine. It is necessary to use a 

special handling tool because the test elernent does not have a handling 

knob on the top of  the element as does the standard Peach Bottom element. 
After insertion of  the handling tool, the fuel transfer machine handles 
the test element in essentially the same manner as the standard fuel and 

hexagonal reflector elements. 

The handling tool assembly is shown in Fig. 3-7.  The main components 

of the tool are the handling knob, compression spring, extension rod, and 

lifting tee. The handling knob, compression spring, and a part of the ex- 

tension rod are shown in Fig. 3-8.  The tool engages a metal lifting block, 

which is built into the lower reflector of the test element as seen in Fig. 
3-3.  

The handling tool is latched to the test element in the following 

manner. The fuel transfer machine lowers the tool into the element through 

1 7  
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Fig. 3-7. Handling t o o l  assembly 

18 

\ 

I 
CENTER 
LINE 

V 



c .I I 

HT665 2 1 
Fig. 3-8. Upper p o r t i o n  of handling t o o l  within PTE-2 



t h e  c e n t e r  c o o l a n t  h o l e .  A s  t h e  t o o l  becomes f u l l y  i n s e r t e d  w i t h i n  t h e  ele- 

ment ,  t h e  s p r i n g  assembly s tar ts  t o  compress a g a i n s t  t h e  t o p  of t h e  f u e l  

e lement .  When t h e  t o o l  i s  f u l l y  i n s e r t e d ,  i t  i s  r o t a t e d  90 deg and t h e n  

r a i s e d  t o  a l l o w  t h e  l i f t i n g  tee on t h e  bot tom o f  t h e  t o o l  t o  engage t h e  

r e c e s s e d  s l o t  i n  t h e  l i f t i n g  b l o c k ,  A t  t h i s  p o i n t  t h e  t o o l  i s  i n  t h e  

l a t c h e d  p o s i t i o n  and t h e  e lement  i s  ready  t o  b e  hand led .  The l a t c h i n g  

sequence  between t h e  tee  and l i f t i n g  b l o c k  i s  shown i n  F i g .  3-9. With t h e  

t o o l  i n  t h e  l a t c h e d  p o s i t i o n ,  t h e  s p r i n g  assembly i s  compressed and e x e r t s  

a compression f o r c e  of  abou t  70 l b  on t h e  e l emen t .  

The f u n c t i o n  of t h e  s p r i n g  assembly i s  t o  keep t h e  t o o l  f i r m l y  l a t c h e d  

t o  t h e  test e lement  d u r i n g  h a n d l i n g  o p e r a t i o n s .  When t h e  t o o l  i s  i n  t h e  

l a t c h e d  p o s i t i o n ,  t h e  l i f t i n g  tee i s  pushed a g a i n s t  t h e  t o p  o f  t h e  r e c e s s e d  

s l o t  of t h e  l i f t i n g  b l o c k  w i t h  a f o r c e  of about  70 l b .  To u n l a t c h  t h e  t o o l  

from t h e  e l emen t ,  t h e  s p r i n g  must  b e  compressed w i t h  a minimum f o r c e  of 

approx ima te ly  110 l b ,  and t h e  t o o l  r o t a t e d  90 deg.  

ward f o r c e  e x e r t e d  by t h e  s p r i n g ,  t h e  weight  of  t h e  e lement  (approximate ly  

88 l b )  w i l l  b e  b e a r i n g  on t h e  l i f t i n g  tee. Thus,  a n  upward f o r c e  of  a t  

l eas t  200 l b  i s  r e q u i r e d  t o  ra ise  t h e  e lement  seat  from t h e  l i f t i n g  tee t o  

a p o i n t  where i t  can  b e  r o t a t e d  and d e l a t c h e d  from t h e  t es t  e l emen t .  

I n  a d d i t i o n  t o  t h e  down- 

The e lement  f i t s  i n t o  a s t a n d a r d  c a n i s t e r ,  and a f t e r  i r r a d i a t i o n  can b e  

t r a n s f e r r e d  t o  t h e  s p e n t  f u e l  s t o r a g e  p i t  i n  t h e  same manner as a s t a n d a r d  

e lement .  

I n  t h e  u n l i k e l y  e v e n t  of a f a i l e d  proof  t es t  e l emen t ,  a d e s i g n  a r r ange -  

ment and s t u d y  l a y o u t  of  a f a i l e d  PTE removal t o o l  was p repa red  and e v a l u a t e d  

and t h e  f e a s i b i l i t y  of t h e  t o o l  e s t a b l i s h e d .  
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1 t I 2 IN. 
I 

U 

CENTER LINE CENTER LINE 

POSITION I POSITION I I  

T O O L  I N  NORMAL 
UNLATCHED POSITION. -110 LB. T O O L  IN 

SPRING COMPRESSED T O  

POSITION FOR ROTATION. 

CENTER LlNE CENTER LINE 
POSITION I l l  POSITION I V  

T O O L  ROTATED 90" READY T O O L  IN FULL LATCHED 
T O  G O  INTO LATCHED POSITION. SPRING 
POS IT1 ON. COMPRESSED -70 LB. 

Fig. 3-9. Handling tool latching sequence 
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4 .  PTE PERFORMANCE ANALYSIS 

4 .1 ,  ELEMENT POWER AND FUEL LOADING 

The tes t  element  w i l l  produce 225 kW of the rma l  energy a t  c o r e  

l o c a t i o n  E10-01 which h a s  an  i n i t i a l  l o c a l  t o  c o r e  ave rage  power r a t i o  of 

1 .61.  The power produced i n  t h e  r e p l a c e d  Peach Bottom element  i s  145 kW. 

Thus, t h e  power produced i n  t h e  t es t  e lement  is  1 .55  times g r e a t e r  t han  i n  

t h e  r e p l a c e d  element  and 1 . 6 1  times g r e a t e r  t h a n  i n  an  ave rage  element .  

ave rage  l i nea r  h e a t  r a t i n g  f o r  t h e  test element  i s  220.0 W/in. With an axial  

peaking factor of 1.31, the element maximum linear heat rating is 288.0 W/in. 

The 

The a s - b u i l t  f u e l  l o a d i n g  i n  t h e  test element  is  450.18 g of f u l l y  en- 

r i c h e d  uranium (93.15% U-235) and 2153.41 g of thor ium.  T h i s  compares t o  

312 g of e n r i c h e d  uranium and 1563 g of thorium i n  t h e  t y p i c a l  core-1  Peach 

Bottom element  and 250 g of e n r i c h e d  uranium and 1374 g of thorium i n  t h e  

t y p i c a l  core-2 Peach Bottom e lement .  The Th:U r a t i o  i n  t h e  test element  i s  

4 .78 : l  as compared t o  5 : l  i n  t h e  r e g u l a r  core-1  e l emen t s  and 5 . 5 : l  i n  t h e  

r e g u l a r  core-2 e lements .  The test e lements  do n o t  c o n t a i n  any rhodium o r  

boron po i sons  as do some of t h e  r e g u l a r  f u e l  e l emen t s .  The h i g h e r  f u e l  

l o a d i n g s  i n  t h e  test element  are r e q u i r e d  t o  meet t h e  test element  ob jec -  

t i v e s  as s t a t e d  i n  S e c t i o n  1. 

The t o l e r a n c e  on t h e  uranium l o a d i n g  i n  t h e  tes t  element  was as f o l l o w s .  

I d e a l l y ,  a l l  t h e  f u e l  r o d s  have a c o n s t a n t  v a l u e  of 0.45 g uranium per i n .  

However, c e r t a i n  v a r i a t i o n s  are expec ted  d u r i n g  f a b r i c a t i o n  of t h e  f u e l  r o d s  

and t h e r e f o r e  uranium l o a d i n g  t o l e r a n c e s  were set f o r  each f u e l  zone of t h e  

tes t  e lement ,  

i s  67 .1 ,  157 .4 ,  157 .4 ,  and 65 .1  g ,  r e s p e c t i v e l y .  

The nominal uranium l o a d i n g  f o r  f u e l  zones one through f o u r  

The uranium l o a d i n g  t o l e r a n c e  

o f  each  

l o a d i n g  

f u e l  zone was set  a t  +5% of t h e  nominal d e s i g n  v a l u e .  The uranium 

f o r  t h e  assembled test element  was 447 g *3%. The thorium l o a d i n g  
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.c3 
was al lowed t o  v a r y  i n  o r d e r  t o  accommodate v a r i a t i o n s  i n  f u e l  p a r t i c l e  and 

f u e l  rod  parameters d u r i n g  f a b r i c a t i o n .  

e lement  was s e t  a t  1660 g.  It  was expec ted  t h a t  t h i s  v a l u e  would n o t  v a r y  

more t h a n  t15% i n  t h e  e l emen t .  I n  PTE-2 t h e  d e s i g n  v a l u e  was, however, ex- 

ceeded by 29.7%. 

The nominal thorium l o a d i n g  f o r  t h e  

The e f f e c t  of t h e  g r e a t e r  thorium l o a d i n g  on t h e  performance of PTE-2 

was q u a n t i t a t i v e l y  e v a l u a t e d ,  

l e n t  ful l -power days (EFPD), t h e  e x t r a  thorium w r l l  have v e r y  l i t t l e  e f f e c t  

on t h e  power d e n s i t y .  

t e s t  e lement  power d e n s i t y  due t o  t h e  e x t r a  thorium i s  about  2% a f t e r  300 

days of i r r a d i a t i o n ,  

d u r i n g  t h e  i r r a d i a t i o n  p e r i o d .  

due t o  t h e  h i g h e r  thorium l o a d i n g ,  i f  f u l l y  decayed t o  U-233, cou ld  o n l y  i n -  

c r e a s e  t h e  subsequen t  s t a r t u p  power d e n s i t y  by a maximum of 0 . 3 % .  The 

e q u i l i b r i u m  s t e a d y - s t a t e  c o n c e n t r a t i o n  of Pa-233 i n  t h e  c o r e  i s  o b t a i n e d  

a f t e r  about  300 fu l l -power  days .  The c o n c e n t r a t i o n  a f t e r  abou t  150 f u l l -  

power days  i s  abou t  9 7 %  of t h e  e q u i l i b r i u m  v a l u e .  T h e r e f o r e ,  i f  t h e  p l a n t  

i s  s h u t  down f o r  an extended p e r i o d  of time a f t e r  approx ima te ly  150 days of  

o p e r a t i o n ,  t h e  i n c r e a s e  i n  U-233 c o n c e n t r a t i o n  from decayed Pa-233 cou ld  o n l y  

i n c r e a s e  t h e  power d e n s i t y  of  t h e  t e s t  element  a maximum of 0 .3% when t h e  

p l a n t  i s  b rough t  back t o  power. T h i s  i s  an i n s i g n i f i c a n t  change. 

During i r r a d i a t i o n  f o r  t h e  planned 300 equ iva -  

The maximum i n c r e a s e  i n  t h e  p r e d i c t e d  e n d - o f - i r r a d i a t i o n  

A s  p r e v i o u s l y  s t a t e d  t h e  t o t a l  e lement  power d e c r e a s e s  

The e x t r a  Pa-233 produced i n  t h e  t es t  element  

The a d d i t i o n a l  c o n v e r s i o n  of  thorium t o  U-233 from t h e  e x t r a  thorium 

w i l l  not c a u s e  t h e  t e s t  element  power t o  i n c r e a s e  w i t h  t i m e ,  The f i s s i l e  

uranium burnup i n  t h e  element  w i l l  c a u s e  t h e  power t o  d e c r e a s e  a minimum of 

3% o v e r  300 days .  Expected c o n t r o l  rod  motions shou ld  produce an a d d i t i o n a l  

3% t o  6% d e c r e a s e  i n  t h e  t e s t  e lement  power o v e r  300 days of ful l -power opera-  

t i o n .  T h e r e f o r e ,  t h e  expec ted  l i m i t  on t h e  power d e c r e a s e  of t h e  t es t  element  

o v e r  a p e r i o d  of 300 days i s  from 1% t o  7 % .  

4 . 2 .  NUCLEAR ANALYSIS 

The e f f e c t  on o v e r a l l  c o r e  r e a c t i v i t y  of  i n s e r t i n g  t h e  t es t  element  

i n t o  t h e  Peach Bottom c o r e  i s  n e g l i g i b l e ,  The c a l c u l a t e d  c o r e  r e a c t i v i t y  
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i n c r e a s e  due t o  t h e  h i g h e r  f u e l  l o a d i n g s  i s  0.00012 Ap p e r  e lement .  

d imens iona l ,  x-y geometry d i f f u s i o n  c a l c u l a t i o n s  show t h a t  no measurable  

t i l t i n g  of c o r e  f l u x  o r  power i s  produced w i t h  t h e  test e l emen t s  i n  t h e  c o r e .  

Two- 

The a x i a l  f i s s i o n  power p r o f i l e  f o r  t h e  tes t  e lement  i s  v e r y  similar t o  

t h e  Peach Bottom e lement  excep t  f o r  t h e  v e r y  l o c a l i z e d  power peaks  a t  t h e  

un fue led  j o i n t s  between t h e  f u e l  zones .  The ax ia l  power shape  f o r  t h e  t es t  

e l emen t s  i s  shown i n  F i g .  4-1.  The tes t  e lement  h a s  a n e g l i g i b l e  e f f e c t  on 

t h e  f i s s i o n  power g e n e r a t i o n  i n  t h e  a d j a c e n t  Peach Bottom e l emen t s .  

f i s s i o n  power g e n e r a t e d  by t h e  tes t  e lement  i n c r e a s e s  a lmos t  l i n e a r l y  w i t h  

t h e  a d d i t i o n a l  f u e l  l o a d i n g .  The power produced by t h e  t e s t  e l emen t ,  com- 

pa red  t o  a d j a c e n t  e l e m e n t s ,  is  1 . 5 5  times g r e a t e r  f o r  t h e  h e a v i e r  U-235 f u e l  

l o a d i n g  of 1 . 6 1  t i m e s  t h e  average-power s t a n d a r d  e lement  l o a d i n g .  

The 

Burnup c a l c u l a t i o n s  show t h a t  t h e  conve r s ion  r a t i o  i n  t h e  test e lement  

i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  a Peach Bottom e l emen t ,  even f o r  t h e  

lower Th:U r a t i o ,  and t h e  e lement  power p r o d u c t i o n  o v e r  a 300-day i r r a d i a t i o n  

p e r i o d  w i l l  b e  e s s e n t i a l l y  c o n s t a n t .  

U-233 d u r i n g  t h e  i r r a d i a t i o n  p e r i o d  i s  v e r y  low. Thus,  t h e  f i s s i o n  power 

produced i n  t h e  t es t  e lement  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  any v a r i a t i o n  i n  

t h e  thor ium l o a d i n g  i n  t h e  tes t  e lement  d u r i n g  t h e  300-day i r r a d i a t i o n  p e r i o d .  

I f  one of t h e  t e s t  e l emen t s  i s  l e f t  i n  t h e  r e a c t o r  f o r  a n  ex tended  p e r i o d  of  

t i m e ,  i t s  f i s s i o n  power w i l l  d e c r e a s e  w i t h  con t inued  i r r a d i a t i o n  because  t h e  

lower thor ium l o a d i n g  w i l l  n o t  produce  s u f f i c i e n t  U-233 t o  r e p l a c e  t h e  con- 

sumed U-235. 

The conve r s ion  of  thor ium t o  f i s s i o n a b l e  

During t h e  300-day fu l l -power  i r r a d i a t i o n  p e r i o d ,  t h e  t e s t  e lement  w i l l  
2 1  r e c e i v e  an  a v e r a g e  f a s t - n e u t r o n  dose  P 0 . 1 8  MeV) of  1 .15 x 1 0  n v t  and a 

peak dose  of 1 . 5 0  x 10 n v t .  For  a n  800-dayY fu l l -power  i r r a d i a t i o n  p e r i o d ,  

t h e  tes t  e lement  w i l l  receive a f a s t - n e u t r o n  dose  of  3.07 x 1021  n v t  and a 

peak dose  of 4.00 x 10 n v t .  * T h i s  compares t o  a maximum dose  of  about  

4.5 x 1 O 2 I  n v t  f o r  t h e  r e g u l a r  e l emen t s  a t  t h e  end o f  3 y r  of  fu l l -power  

o p e r a t i o n .  

2 1  
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The test elements contain no boron or rhodium as do some of the regular 

elements. Detailed nuclear analyses have shown that the absence of boron 

and rhodium in the test elements will have no measurable change on the total 

core reactivity or the core negative temperature coefficient. 

4 . 3 .  THERMAL AND COOLANT FLOW ANALYSIS 

A detailed thermal and flow analysis of the test element shows that 

the temperatures of the fuel, graphite, and coolant are less than the cal- 
culated maximum temperatures for the hottest element in the Peach Bottom 

reactor. The maximum coolant exit temperature from the modified tricuspidal 

channels around the element is about 135°F greater than in the Peach Bottom 

reactor. However, this increase in local coolant exit temperature does not 
produce excessive fuel or graphite temperatures. Also, the small streams 

leaving these channels will be well mixed with other coolant a short distance 
above the core and before flowing over any internal reactor component struc- 

tures or into ducts. 

The following reactor operating conditions were used for the thermal 

analysis of the second test element: 

Reactor vessel inlet temperature . . . . . .  598°F 
Average core inlet temperature . . . . . . .  616°F 

Average core outlet temperature, . . . . . .  1327°F 
Vessel outlet temperature. . . . . . . . . .  1300°F 

Core pressure drop . . . . . . . . . . . . .  2.76 psi 
System pressure. . . . . . . . . . . . . . .  350 psia 

The actual plant operating conditions during irradiation of the test 

elements may vary some nominal amount from the assumed design conditions. 

Because the calculated maximum temperatures are conservative and represent 

an upper limit, variations in plant operating conditions will have no 

significant effect on the performance of the test element. 
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The maximum c a l c u l a t e d  f u e l  sod c e n t e r l i n e  t e m p e r a t u r e  i s  2270°F and 

occur s  i n  t h e  lower end of f u e l  zone t h r e e  i n  t h e  i n n e r  row of  f u e l  h o l e s .  

Th i s  compares t o  a maximum f u e l  compact t e m p e r a t u r e  of 2428°F i n  t h e  h o t t e s t  

r e g u l a r  f u e l  e lement  (Ref.  1). The 2270°F f u e l  t e m p e r a t u r e  i s  based on a 

c o n s e r v a t i v e  the rma l  c o n d u c t i v i t y  v a l u e  f o r  t h e  f u e l  rod of 1 . 2  Btu/hr-ft-OF. 

Th i s  i s  t h e  measured v a l u e  f o r  an u n i r r a d i a t e d  bed of  l o o s e ,  c o a t e d  f u e l  par- 

t i c l e s .  The u n i r r a d i a t e d  the rma l  c o n d u c t i v i t y  f o r  a bonded rod  i s  around 

4.0 Btu/hr-ft-OF. The loose-bed v a l u e  w a s  used f o r  t h e  c a l c u l a t i o n s  t o  

accoun t  c o n s e r v a t i v e l y  f o r  any p o s s i b l e  f a s t - n e u t r o n  i r r a d i a t i o n  e f f e c t s  on 

t h e  bonded-bed c o n d u c t i v i t y  d u r i n g  o p e r a t i o n .  I f  t h e  u n i r r a d i a t e d  bonded- 

rod v a l u e  i s  r e t a i n e d  d u r i n g  i r r a d i a t i o n ,  t h e  peak f u e l  t e m p e r a t u r e s  w i l l  be 

s i g n i f i c a n t l y  lower than  t h e  c a l c u l a t e d  v a l u e  g iven  above.  A c o n d u c t i v i t y  

v a l u e  of 1 6  Btu/hr-ft-OF was used f o r  t h e  s t r u c t u r a l  g r a p h i t e .  T h i s  i s  t h e  

e x p e c t e d  c o n d u c t i v i t y  v a l u e  of  needle-coke g r a p h i t e  a f t e r  s i g n i f i c a n t  f a s t -  

n e u t r o n  i r r a d i a t i o n .  

g r a p h i t e  of t h e  a d j a c e n t  f u e l  e l e m e n t s .  

A c o n d u c t i v i t y  v a l u e  of 1 5  Btu/hr-ft-OF w a s  used f o r  t h e  

The a x i a l  d i s t r i b u t i o n  of t e m p e r a t u r e s  i n  t h e  t es t  element  i s  shown i n  

F i g s .  4-2 and 4-3 .  The o u t e r  r i n g  of f u e l  r o d s  runs  s l i g h t l y  c o o l e r  t han  

t h e  i n n e r  r i n g ,  as s e e n  i n  F i g .  4-2. The maximum f u e l  rod  AT i s  approx ima te ly  

640°F based on t h e  c o n s e r v a t i v e  loose-bed the rma l  c o n d u c t i v i t y  v a l u e .  T h i s  

would r e d u c e  t o  approx ima te ly  235°F f o r  t h e  u n i r r a d i a t e d  bonded-rod conduc- 

t i v i t y  v a l u e ,  The g r a p h i t e  AT v a l u e s  between t h e  f u e l  and a d j a c e n t  c o o l a n t  

h o l e s  are  modest ,  w i t h  a v a l u e  o f  abou t  200°F. F i g u r e  4-4 shows t h e  r a d i a l  

t e m p e r a t u r e  p r o f i l e s  i n  t h e  element  a t  t h e  p l a n e  of maximum f u e l  t e m p e r a t u r e .  

The c a l c u l a t e d  o v e r a l l  m a x i m u m  g r a p h i t e  AT a c r o s s  t h e  g r a p h i t e  c r o s s  s e c t i o n  

i s  280°F. A maximum g r a p h i t e  t e m p e r a t u r e  of 1740°F o c c u r s  a t  t h e  t o p  of t h e  

f u e l  e l emen t .  T h i s  coinpares t o  a maximum s l e e v e  t e m p e r a t u r e  of  abou t  1950°F 

p r e d i c t e d  f o r  t h e  h o t t e s t  r e g u l a r  f u e l  e l emen t .  

The above l i s t e d  f u e l  and g r a p h i t e  t e m p e r a t u r e s  are  based  o n  conserva-  

t i v e  c o n d u c t i v i t y  v a l u e s  t h a t  may occur  a f t e r  a s i g n i f i c a n t  (>1 x 1 O 2 I  n v t )  

f a s t - n e u t r o n  dose .  The tes t  element w i l l  n o t  accumulate  t h i s  g r e a t  a f a s t -  

n e u t r o n  dose u n t i l  n e a r  t h e  end of 300 days of i r r a d i a t i o n .  Beyond 300 d a y s ,  

t he rma l  c o n d u c t i v i t y  changes are smal l  w i t h  f u r t h e r  accumula t ion  of fas t -  

n e u t r o n  exposure .  
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The c a l c u l a t e d  c o o l a n t  f low ra tes  f o r  t h e  c e n t e r  and o u t e r  c y l i n d r i c a l  

and mod i f i ed  t r i c u s p i d a l  c o o l a n t  changes a re  49 .5 ,  1 3 9 ,  and 149 l b / h r ,  r e s p e c -  

t i v e l y ,  The a x i a l  p r o f i l e s  of c o o l a n t  t e m p e r a t u r e s  i n  t h e  t h r e e  t y p e s  of  

c o o l a n t  c h a n n e l s  a re  shown i n  F i g .  4-5. The h o t t e s t  c o o l a n t  t e m p e r a t u r e s  

occur  i n  t h e  mod i f i ed  t r i c u s p i d a l  channe l s  w i t h  a n  e x i t  t e m p e r a t u r e  of 1650°F. 

The 0.454-in.-diameter  c o o l a n t  channe l  h a s  a n  e x i t  t e m p e r a t u r e  of 1440°F and 

t h e  c e n t e r  channe l  an e x i t  t e m p e r a t u r e  of 1330°F. The maximum e x i t  g a s  t e m -  

p e r a t u r e  of 1650°F i s  about  50°F less t h a n  t h e  maximum c a l c u l a t e d  ho t - channe l  

e x i t  c o o l a n t  t e m p e r a t u r e  i n  t h e  Peach Bottom c o r e  (Ref ,  1). 

For t h e  Peach Bottom e l emen t s  n e x t  t o  t h e  t es t  e l e m e n t ,  t h e  t r i c u s p i d a l  

c o o l a n t  channe l s  on t h e  s i d e s  away from t h e  tes t  element  r u n  c o o l e r  t h a n  t h e  

mod i f i ed  t r i c u s p i d a l  c h a n n e l s .  

t e m p e r a t u r e s ,  t h e  t empera tu re  of t h e  g r a p h i t e  s l e e v e  i n  t h e  a d j a c e n t  Peach 

Bottom element  v a r i e s  around i t s  c i r c u m f e r e n c e .  The s l e e v e  s i d e  n e x t  t o  

t h e  t es t  element  i s  t h e  h o t t e s t  s i d e ,  and can b e  a maximum o f  250°F above 

t h e  c o o l e r  s i d e .  T h i s  maximum o c c u r s  a t  t h e  top  of  t h e  a c t i v e  c o r e .  The 

t empera tu re  d i f f e r e n c e  produces a the rma l  bending stress i n  t h e  s l e e v e  of  

approx ima te ly  330 p s i  and c a u s e s  t h e  a x i a l  midspan of t h e  a d j a c e n t  e l emen t s  

t o  bow toward t h e  t e s t  e l emen t .  T h i s  bending s t ress  i s  q u i t e  moderate  and 

p r e s e n t s  no problems.  

Because of t h e  d i f f e r e n c e  i n  t h e  c o o l a n t  

The maximum f u e l  compact t e m p e r a t u r e  i n  t h e  a d j a c e n t  e l emen t s  i s  

i n c r e a s e d  abou t  120°F because  of t h e  h i g h e r  c o o l a n t  t e m p e r a t u r e  i n  t h e  

c h a n n e l s  s u r r o u n d i n g  t h e  t es t  e l emen t .  The maximum f u e l  t e m p e r a t u r e  i s  

2150"F, less t h a n  t h e  c o r e  maximum of 2428°F. 

The maximum s t e a d y - s t a t e  o p e r a t i n g  t e m p e r a t u r e  of  t h e  metal  engagement 

b l o c k  i n  t h e  lower  r e f l e c t o r  i s  c a l c u l a t e d  t o  be 690°F.  

4 . 4 .  STRESS ANALYSIS 

A n a l y s i s  of t h e  stresses i n  t h e  g r a p h i t e  s t r u c t u r e  w a s  made f o r  t h e  

t e s t  element  assuming t o t a l  i r r a d i a t i o n  times of b o t h  300 and 800 EFPD. 
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S t r e s s e s  i n  t h e  g r a p h i t e  s t r u c t u r e  are  caused by the rma l  g r a d i e n t s  and 

d i f f e r e n t i a l  g r a p h i t e  c o n t r a c t i o n  due t o  f a s t - n e u t r o n  i r r a d i a t i o n .  The 

maximum stresses occur  n e a r  t h e  bottom o f  f u e l  zone t h r e e ,  which has  t h e  

l a r g e s t  t e m p e r a t u r e  d i f f e r e n c e s  a c r o s s  t h e  g r a p h i z e  s t r u c t u r e  and t h e  maxi- 

mum f a s t - n e u t r o n  dose .  The g r a p h i t e  p r o p e r t i e s  l i s t e d  i n  Tab le  3-1 were 

used f o r  t h i s  a n a l y s i s .  

The ma jo r  a x i a l  stresses are  produced by temperature-dependent  f a s t -  

n e u t r o n  i r r a d i a t i o n  c o n t r a c t i o n  of  t h e  s t r u c t u r a l  g r a p h i t e .  The amount 

of  c o n t r a c t i o n  w i l l  va ry  a c c o r d i n g  t o  t h e  l o c a l  t e m p e r a t u r e  and w i l l  r e s u l t  

i n  t e n s i l e  stresses i n  some areas and compressive stresses i n  o t h e r  areas.  

The a x i a l  s t resses  i n c r e a s e  w i t h  i r r a d i a t i o n  and r e a c h  a maximum a t  

t h e  end of t h e  800-day i r r a d i a t i o n  p e r i o d .  The maximum a x i a l  t e n s i l e  stress 

under  o p e r a t i n g  c o n d i t i o n s  i s  780 p s i  and o c c u r s  a d j a c e n t  t o  t h e  i n n e r  r i n g  

of f u e l  h o l e s ,  For 300 days t h i s  s t ress ,  under  t h e  same c o n d i t i o n s ,  i s  5 4 0  

p s i .  The maximum a x i a l  compressive stresses under o p e r a t i n g  c o n d i t i o n s  a r e  

350 p s i  and o c c u r  n e x t  t o  t h e  o u t e r  t r i c u s p i d a l  c o o l a n t  s u r f a c e .  When 

t h e  r e a c t o r  i s  s h u t  down, t h e  l o c a l  e l a s t i c  t h e r m a l  s t r a i n s  add t o  t h e  l o c a l  

r e s i d u a l  e l a s t i c  c o n t r a c t i o n  s t r a i n s  and ac t  t o  i n c r e a s e  t h e  r e s i d u a l  s tress.  

A t  shutdown t h e  maximum t e n s i l e  stresses are 1080 p s i  f o r  800 EFPD and 900 

p s i  f o r  300 E F P D ,  and t h e  compressive stresses a re  620 p s i  f o r  800 E F P D  and 

1100 p s i  for 300 EFPD. These s t r e s s e s  occur i n  t h e  GLCC H-327 g r a p h i t > ,  

which h a s  a nominal  t ens i l e  s t r e n g t h  of 1600 p s i .  

i n  t h e  Type I1 g r a p h i t e  used i n  f u e l  zone two are less t h a n  t h e  c a l c u l a t e d  

maximum stresses i n  t h e  Type I g r a p h i t e  because  of  t h e  lower t h e r m a l  power 

and accumulated f a s t - n e u t r o n  d o s e  f o r  zone two. The stresses were c a l c u -  

l a t e d  w i t h  c o n s e r v a t i v e  u n i d i r e c t i o n a l  models and r e p r e s e n t  an upper l i m i t  

f o r  t h e  expec ted  stresses. 

The maximum a x i a l  s tresses 

The n o s t  s i g n i f i c a n t  stresses i n  t h e  r a d i a l  d i r e c t i o n  a r e  thermal  s t r e s s e s  

s i n c e  f a s t - n e u t r o n  c o n t r a c t i o n  ra tes  a re  lower i n  t h i s  d i r e c t i o n .  The maximum 

the rma l  stresses a r e  4 6 0  p s i  compression f o r  800 EFPD and A10 p s i  compression 
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f o r  300 EFPD n e x t  t o  t h e  inner f u e l  h o l e ,  and 180  p s i  t e n s i o n  f o r  800 EFPD 

and 370 p s i  t e n s i o n  f o r  300 EFPD n e x t  t o  t h e  o u t e r  c o r n e r  of t h e  hexagon. 

The test elements w i l l  b e  l o c a t e d  i n  r e g i o n s  of uniform thermal  and 

f a s t - f l u x  d i s t r i b u t i o n s .  No s i g n i f i c a n t  bowing d e f l e c t i o n s  o r  stresses 

are p r e d i c t e d  f o r  t h e  test  e lements .  

4.5. FISSION-PRODUCT CONTROL 

The r e t e n t i o n  of f i s s i o n  p roduc t s  w i t h i n  t h e  test  element  is  c o n t r o l l e d  

p r i m a r i l y  by t h e  h i g h l y  r e t e n t i v e  c o a t i n g  on each  i n d i v i d u a l  f u e l  p a r t i c l e .  

The a d s o r p t i o n  and r e t e n t i o n  p r o p e r t i e s  of t h e  carbon bonding m a t r i x  and 

t h e  g r a p h i t e  are an  e f f e c t i v e  secondary  c o n t r o l  sys tem,  e s p e c i a l l y  f o r  t h e  

metall ic f i s s i o n - p r o d u c t  s p e c i e s .  The h i g h l y  r e t e n t i v e  c o a t i n g s  on t h e  

f u e l  p a r t i c l e s  are of two types .  One t y p e ,  which i n c l u d e s  t h e  m a j o r i t y  of 

t h e  p a r t i c l e s ,  is  a h igh -dens i ty  i s o t r o p i c  p y r o l y t i c  carbon c o a t i n g .  The 

o t h e r  type  is  s imilar ,  b u t  a l s o  i n c l u d e s  a c o a t i n g  of h igh -dens i ty  s i l i c o n  

c a r b i d e .  

Because of t h e  h i g h l y  r e t e n t i v e  c h a r a c t e r i s t i c s  of t h e  f u e l  p a r t i c l e s ,  

t h e  element  is  n o t  purged and does n o t  r e q u i r e  low-permeabi l i ty  g r a p h i t e .  

I r r a d i a t i o n  performance of r e t e n t i v e - t y p e  coa ted  f u e l  p a r t i c l e s  (Refs .  

2 , 3 )  and t h e  i n v e s t i g a t i o n  of f i s s i o n - p r o d u c t  t r a n s p o r t  and r e t e n t i o n  (Ref.  4 )  

i n  f u e l  e lement  g r a p h i t e  have demonstrated t h e  r e t e n t i o n  c h a r a c t e r i s t i c s  of  

t h i s  t ype  of f u e l  e lement  f o r  bo th  gaseous and nongaseous f i s s i o n - p r o d u c t  

s p e c i e s .  Under t h e  General Atomic I n - P i l e  Loop (GAIL) i r r a d i a t i o n  program, 

two e lements  of t h e  Peach Bottom t y p e ,  GAIL 1 1 1 - A  and GAIL 1 1 1 - B  (Ref.  5 ) ,  

and a n  advanced element, GAIL I V  (Refs .  6 , 7 ) ,  were i r r a d i a t e d  f o r  l o n g  

p e r i o d s .  

f u e l  e lement  des ign  f o r  t h e  Peach Bottom r e a c t o r .  

hel ium t empera tu res  were similar t o  t h e  Peach Bottom des ign  v a l u e s  f o r  t h e  

GAIL 111-B and GAIL I V  e lements .  Heat f l u x  and power d e n s i t y ,  comparable 

f o r  GAIL 1 1 1 - B  and GAIL-IV elements, were about  twice t h e  cor responding  

The GAIL 111-B e lement  was r e p r e s e n t a t i v e  of t h e  s t a n d a r d  purged 

F u e l ,  g r a p h i t e ,  and 
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Peach Bottom d e s i g n  v a l u e s .  The G A I L  I V  e lement  c o n t a i n e d  r e t e n t i v e - t y p e  

f u e l  p a r t i c l e s  and w a s  i r r a d i a t e d  p a r t  of t h e  t i m e  w i t h o u t  pu rge  f l o w .  

The GAIL I V  o p e r a t i o n  w a s  f o r  a t o t a l  of  9700 h r  a t  f u l l  power, producing 

a t o t a l  of 670 MJh the rma l  ene rgy .  

A s  p a r t  of t h e  Gulf General  Atomic f u e l  development i r r a d i a t i o n  program, 

coa ted  p a r t i c l e s  of t h e  same g e n e r a l  t y p e s  as t h o s e  t o  b e  used i n  t h e  t e s t  

element  have been i r r a d i a t e d  a t  high t e m p e r a t u r e  t o  h i g h  burnup.  Both t y p e s  

of p a r t i c l e s  have demons t r a t ed  e x c e l l e n t  i n t e g r i t y  t o  h igh  burnup a t  tempera- 

t u r e s  comparable t o  t h e  maximum f u e l  t empera tu res  i n  t h e  t e s t  e lement  ( R e f s .  

8-11). 

The c a l c u l a t e d  gaseous f i s s i o n - p r o d u c t  releases from t h e  t e s t  e l emen t s  

are l i s t e d  i n  T a b l e  4-1.  Inc luded  were a l l  i s o t o p e s  w i t h  f i s s i o n  y i e l d s  

g r e a t e r  t h a n  0.1% and w i t h  h a l f - l i v e s  g r e a t e r  thaii one minute  and less t h a n  

10 y r .  The i m p o r t a n t  s h o r t - l i v e d  n o b l e  g a s e s ,  33s Kr-90, 10s  Kr-91, 

41s Xe-139, and 16s Xe-140, have a l s o  been i n c l u d e d .  The f i s s i o n - p r o d u c t  

release is  c a l c u l a t e d  u s i n g  t h e  measured s t e a d y - s t a t e  release f r a c t i o n s  

from t h e  GAIL I V  i r r a d i a t i o n  expe r imen t .  The c a l c u l a t e d  c o n t r i b u t i o n  o f  

gaseous f i s s i o n  p r o d u c t s  t o  t h e  pr imary r e a c t o r  c i r c u i t  from each  t es t  

element  b e i n g  i r r a d i a t e d  i s  less  than  0.25% of t h e  c a l c u l a t e d  beginning-of-  

l i f e  (BOL) (Ref .  1 2 )  gaseous a c t i v i t y  i n  t h e  pr imary r e a c t o r  c i r c u i t .  The 

gaseous f i s s i o n - p r o d u c t  releases from t h e  t es t  e l emen t s  are  t h e r e f o r e  w e l l  

w i t h i n  t h e  e s t a b l i s h e d  l i m i t s  f o r  s a f e  o p e r a t i o n  of t h e  p l a n t .  Nongaseous 

me ta l l i c  f i s s i o n  p r o d u c t s  w i l l  be  r e t a i n e d  w i t h i n  t h e  t es t  element  g r a p h i t e  

t o  t h e  same h i g h  d e g r e e  as t h e  s t a n d a r d  Peach Bottom f u e l  e l e m e n t s .  

4 

I n  a d d i t i o n ,  gaseous f i s s i o n - p r o d u c t  release from t h e  second t e s t  

element w a s  c a l c u l a t e d  u s i n g  measured i n - p i l e  f u e l  rod release d a t a .  

Release measurements were made of  one  specimen f u e l  rod t a k e n  from each 

p r o d u c t i o n  b a t c h .  The rods  were i r r a d i a t e d  i n  t h e  TRIGA r e a c t o r  a t  a 

t empera tu re  of  1000°C f o r  t h e  gaseous f i s s i o n - p r o d u c t  release measurement. 
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The c o n t r i b u t i o n  of gaseous f i s s i o n - p r o d u c t  a c t i v i t y  from PTE-2 t o  

t h e  Peach Bottom r e a c t o r  c i r c u i t ,  as c a l c u l a t e d  u s i n g  a s - b u i l t  measurements 

of f u e l  rod b a t c h e s  used i n  t h e  e lement ,  is summarized i n  Table  4-2 f o r  

t h e  s i g n i f i c a n t  gaseous f i s s i o n - p r o d u c t  i s o t o p e s .  The e s t i m a t e d  t o t a l  

a c t i v i t y  c o n t r i b u t i o n  from t h e  second test element a t  f u l l  power i s  calcu-  

l a t e d  t o  b e  <0.1 C i  as i n d i c a t e d  by t h e  Cary e l e c t r o m e t e r .  

1 

0.14 

0.046 

0.00009 

TABLE 4-1 
COMPARISON OF CALCULATED GASEOUS FISSION-PRODUCT RELEASE 

108.6 4224.6 

36.7 615.6 

0.07 3 . 4  

C a l c u l a t e d  Coolant  
Gaseous F i s s i o n -  
Product  A c t i v i t y  

from One PTE 
(Ci)  

I O a 2 1  
T o t a l  

K r  and X e  

1-131 

0.17 

0.00004 

Reac tor  T o t a l  Coolant  
,Gaseous A c t i v i t y  ( 1 2 )  Coolant  Gaseous 

Ac t iv i ty  from 
One Peach Bottom 

(Ci)  
F u e l  Element (12) Design 

TABLE 4-2 
FULL-POWER PRIMARY COOLANT 

CONTRIBUTION FROM 

I s o t o p e  

GASEOUS A C T I V I T Y  
PTE-2 

A c t i v i t y  
(Ci )  

K r  85m 

K r  87 

K r  88 

Kr 89 

Xe 133 

X e  135 

Xe  138 

I 1 3 1  

0.002 

0.006 

0.005 

0.024 

0.0003 

0.004 . 

0 .021  

2 x 
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5.  COATED FUEL PARTICLES 

5.1.  REQUIREMENTS AND TYPES OF PARTICLES 

The f u e l  p a r t i c l e s  used i n  t h e  t e s t  e lement  are of T R I S O  d e s i g n ,  and 

are of two g e n e r a l  t y p e s :  a f i s s i l e  p a r t i c l e ,  c o n t a i n i n g  a mix tu re  of  

thor ium and uranium c a r b i d e  i n  t h e  k e r n e l  i n  a Th:U r a t i o  of  0.58:1, and 

a f e r t i l e  p a r t i c l e ,  c o n t a i n i n g  o n l y  thor ium c a r b i d e  i n  t h e  k e r n e l .  The 

nominal  s i z e s  are d e t a i l e d  i n  Table  5-1. A l l  p a r t i c l e s  were f a b r i c a t e d  by 

t h e  F u e l  Opera t ions  Department (FOD). 

The p a r t i c l e s  were f a b r i c a t e d  t o  t h e  p a r t i c l e  s p e c i f i c a t i o n  l i s t e d  

i n  S e c t i o n  11. Forty-two i n d i v i d u a l  b a t c h e s  of  material  were e v a l u a t e d  

f o r  u s e  i n  t h e  e l e m e n t ;  twenty- three  of t h e s e  were i n c l u d e d  i n  t h e  f i n a l  

assembly.  

5.2.  BATCH IDENTIFICATION NUPIBERS 

The 2 3  i n d i v i d u a l  b a t c h e s  of  f u e l  p a r t i c l e s  were i d e n t i f i e d  d u r i n g  

t h e i r  f a b r i c a t i o n  w i t h  an FOD Batch I d e n t i t y ,  which i s  l i s t e d  i n  Table  5-2. 

Batches w e r e  t h e n  a s s i g n e d  a Data R e t r i e v a l  Number ( a l s o  l i s t e d  in T a b l e  

5-2) f o r  subsequen t  e v a l u a t i o n  and rod  f a b r i c a t i o n .  Table  5-3 l i s t s  t h e  

b l e n d i n g  program t h a t  was u s e d ,  and t h e  b a t c h e s  t h a t  were used  f o r  f u e l  

rod  f a b r i c a t i o n .  

5.3. CHARACTERIZATION OF FUEL CORES 

The c o a t e d  p a r t i c l e s  of f i s s i l e  material  were made u s i n g  t h r e e  b a t c h e s  

of s u b s t r a t e  material .  A l l  k e r n e l s  were s c r e e n e d  t o  be i n  t h e  s i z e  range  

of  150 t o  250 micrometers  i n  d i a m e t e r .  The c o a t e d  p a r t i c l e s  of f e r t i l e  

material  were made u s i n g  s i x  b a t c h e s  of s u b s t r a t e  mater ia l ,  which were 

sc reened  t o  b e  300 t o  500 micrometers  i n  d i a m e t e r .  Table  5-4 c o n t a i n s  

r e l e v a n t  d a t a  on t h e  f u e l  k e r n e l  s u b s t r a t e  material .  
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TABLE 5-1 
NOMINAL DIMENSIONS OF COATED FUEL PARTICLES 

~ 

Kernel  d i a m e t e r ,  pm 

B u f f e r  t h i c k n e s s ,  pm 

I n n e r  Is0 t h i c k n e s s ,  pm 

S i l i c o n  c a r b i d e  t h i c k n e s s ,  pm 

Outer  Is0 t h i c k n e s s ,  pm 

T o t a l  c o a t i n g  t h i c k n e s s ,  pm 

F i s s i l e  

150-250 

50 

20 

20 

30 

120 

F e r t i l e  

300-500 

50 

20 

20 

40 

130 
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TABLE 5-2 
BATCHES USED I N  FUEL TEST ELEMENT 

FOD Batch I d e n t i t y  

1. 

2 .  

3. 

4. 

5 .  

6 .  

7 .  

8. 

9 .  

10 .  

11. 
1 2 .  

13.  

14.  

15 
16 .  

17 .  

18. 

19.  

20. 

2 1 .  

2 2 .  

23. 

T-103 AL - High Dens i ty  

T-103 CL - High Dens i ty  

T-105 BH 

ET-109 CL - Low Dens i ty  

T-161 BL - High Dens i ty  

T-169 AH 

ET-170 A(2)H 

ET-170 BH 

ET-170 CL - High Dens i ty  

E T - 1 7 1  BL - High Dens i ty  

ET-171 CL - Low Dens i ty  

T-176 AL - Low Dens i ty  

T-176 BL - High Dens i ty  

T-176 CH 

T-212 BL - Low Dens i ty  

T-213 AL - Low Dens i ty  

T-213 BL - Low Dens i ty  

T-229 BL - Low Dens i ty  

T-236 BL - High Dens i ty  

T-237 BL - High Dens i ty  

T-253 BL - Low Dens i ty  

T-253 CL - Low Dens i ty  

ET-255 AL - Low Dens i ty  

Number f o r  
Data R e t r i e v a l  

4000-711 

4000-713 

4000- 715 

4000-745 

4000- 720 

4000- 725 

4000-729 

4000-730 

4000-731 

4000- 732 

4000-744 

4000- 7 4 1  

4000-733 

4000-734 

4000-739 

4000- 737 

4000- 738 

4000- 740 

4000- 752 

4000-742 

4000-750 

4000- 751 

4000-747 

NOTE: An "ET" p r e f i x  d e s i g n a t e s  f i s s i l e  mater ia l  
and a "T" p r e f i x  i n d i c a t e s  f e r t i l e .  An 
"H" s u f f i x  d e s i g n a t e s  H T I  mater ia l  and an 
"L" s u f f i x  d e s i g n a t e s  L T I  m a t e r i a l .  
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TABLE 5-3 
COATED PARTICLE BATCHES USED I N  FUEL ROD FABRICATION 

- 

F i s s i l e  H T I  

F e r t i l e  H T I  

F i  s i l e  L T I  - h i g h e r  d e n s i t y  

F e r t i l e  L T I  - h i g h e r  d e n s i t y  

F i s s i l e  L T I  - lower  d e n s i t y  

F e r t i l e  L T I  - lower d e n s i t y  

Batches  Used 
f o r  F u e l  Rod 
F a b r i c a t i o n  

4000- 70 1 

4000-702 

4000- 7 34 

4000-703 

4000-704 

4000- 733 

4000-752 

4000- 742 

4000-745 

4000-744 

4000-747 

4000-706 

4000- 707 

I n d i v i d u a l  
Batches  From 

Which a Blended 
Batch Was Made 

4000-729 

4000-730 

4000-715 

4000-725 

4000-7 3 1  

4000-732 

4000-711 

4000-713 

4000-720 

4000-7 38 

4000-740 

4000-741 

4000- 739 

4000-750 

4000-751 



F e r t i l e  

F i s s i l e  

TABLE 5-4 
FISSILE AND FERTILE SUBSTRATE MATERIAL 

Batch Number 

XTS-35 48 

XT S - 35 6 4 

XT S- 35 9 6 

XT S- 36 0 2 

X T S i Z t Z  

XT S- 35 4 3 

PT-3003 ETS 

PT-3004 ETS 

PT-3005 ETS 

Th/U 

- 

- 

- 

- 

- 

- 

0.585 

0.587 

0 ,590  

Carbon 
( X I  

10 I 39 

10 .53  

10.60 

10.50 

10.37 

10.37 

9.75 

9 . 4 9  

9 . 7 4  

8.72 

8 . 6 7  

8 .51  

8.64 

8 .63  

8.58 

9.82 

10.10 

10.06 

Average 
Di ame t e r 

( w >  

39 3 

390 

387 

378 

39 2 

400 

1 9  4 

202 

19 8 
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5 . 4 .  CHARACTERIZATION OF FUEL COATINGS 

The c o a t i n g s  are o f  t h e  TRISO d e s i g n :  b u f f e r ,  PyC, S i c ,  and PyC. The 

measurements made on t h e  v a r i o u s  c o a t i n g s  are l i s t e d  i n  T a b l e  5-5 .  I n  t h e  

t a b l e ,  t h e  t e r m  h i g h  d e n s i t y  r e f e r s  t o  t h e  f o u r t e e n  b a t c h e s  w i t h  a n  o u t e r  

i s o t r o p i c  PyC d e n s i t y  of  between 1.90 and 1 . 9 8  g/cm . 
r e f e r s  t o  t h e  n i n e  b a t c h e s  w i t h  a n  o u t e r  i s o t r o p i c  PyC d e n s i t y  of between 

1.80 and 1 . 9 0  g/cm . 

3 The t e r m  low d e n s i t y  

3 

5.5.  CHEMICAL COMPOSITION 

A chemica l  a n a l y s i s  o f  t h e  23 c o a t e d - p a r t i c l e  b a t c h e s  used is  inc luded  

i n  Tab le  5-6 .  I t  can b e  s e e n  t h a t  f o r  f i s s i l e  p a r t i c l e s ,  t h e  heavy metal 

con ten t  i s  34 w t  %, t h e  S I C  i s  22 w t  %, and t h e  f r e e  carbon i s  44 w t  %. 

For  f e r t i l e  p a r t i c l e s ,  the  co r re spond ing  v a l u e s  are 50 w t  %, 13 w t  %, and 

37 w t  %. 

5 . 6 .  DEFECTIVE FUEL PARTICLE EVALUATION 

Each o f  t h e  23 b a t c h e s  used  i n  t h e  e lement  w a s  e v a l u a t e d  by a r a d i o -  

g r a p h i c  t echn ique  f o r  d e f e c t i v e  p a r t i c l e s .  For  each  f i s s i l e  b a t c h ,  7000 

p a r t i c l e s  were examined; f o r  each  f e r t i l e  b a t c h ,  3500 p a r t i c l e s  were examined. 

Var ious  c l a s s i f i c a t i o n s  were used f o r  t h e  e v a l u a t i o n  i n  a n  a t t e m p t  t o  deve lop  

a s t a n d a r d  format  f o r  r e p o r t i n g  t h e  d a t a .  Table  5-7 c o n t a i n s  a r e c e n t  i n t e r -  

p r e t a t i o n  of t h e  d a t a .  

w i t h  any one c o a t i n g  l a y e r  mis s ing .  

S i c  l a y e r ,  which would a l l o w  t h e  e scape  of f i s s i o n - p r o d u c t  gases .  

d e f e c t s  s e e n  were of  a minor n a t u r e  and are n o t  t a b u l a t e d ;  t h e s e  i n c l u d e d  

k e r n e l  d i f f u s i o n  and c o a t e d  d e b r i s .  

The c a t e g o r y  o f  s e r i o u s  d e f e c t s  i n c l u d e s  p a r t i c l e s  

A l so  i n c l u d e d  i s  a d e f e c t  of a c racked  

Othe r  

5 . 7 .  FISSION-PRODUCT-RELEASE EVALUATIONS OF FUEL PARTICLES 

F i s s i o n - p r o d u c t - r e l e a s e  measurements on material  f o r  F o r t  S t .  Vra in  

Proof  Test Element No. 2 were a p a r t  o f  t h e  f u e l  e v a l u a t i o n  and q u a l i t y  

42 



D*t. 
m e t r i r v n  
Number 
(4000-) 

-711 

-713 

-715 

-720 

-725 

-729 

-730 

-731 

-732 

-733 

-734 

-737 

-742 

-739 

-738 

-740 

-741 

-744 

-745 

-747 

-750 

-751 

-752 

( a l l )  

(fissile) 

( f e r L l l e )  

( n i g h  
density) 

( l o w  
d e n s i t y )  

Batch Hmnbcx 

T-103-A 

1-103C 

T-1058 

1-161-8 

1 - 1 6 9 4  

ET-170-A-2 

ET-170-8 

E?-170-C 

ET-171-8 

1- 176-8 

1-176-C 

T-213-A 

1-237-B 

1-212-8 

1-213-8 

1-229-8 

7 - 1 7 6 4  

ET-171-C 

ET-109-C 

ET-155-A 

1-253-8 

1-253-C 

1-236-B 

Prcserl 
Ihicknn. 

(Id 

2 

2 

5 

5 

3 

2 

2 

2 

1 

2 

2 

2 

3 

3 

2 

2 

1 

5 

1 

1 

1 

2 

53 
2 3  

2 . M  

Buffer 
l h i C t n u 1  

(Lm) 

41 

41 
39 

38 

39  

42 

42 

42 

43 
38 

38 

44 

46 

40 

46 

47 

38 

4 3  

38 

45 

4 4  

44 

4 1  

95 7 
2 3  
4 1 . 6 1  

- 
Buffer 
D e n s i t y  
(g/cp)) - 

1 . 0 5  

1.05 

1.16 

1.13 

1.14 

1 . 1 6  

1 . 1 6  

1.18 

1 . 3 1  

1 .12  

1 .12  

1 .12  

1.05 
1 . 0 3  

1.12 

1 . 1 2  

1 .12  

1.31 
1 . 2 0  

1.03 

1.00 

1.00 

1.13 

!5.81 
3 
1 . 1 2  

seal no. 
hlcheS .  

( 'in) 

1 

1 
4 

1 

1 

1 

1 

1 

1 

5 

5 

1 

6 

1 

1 

3 

5 

1 

4 

1 

3 .  

3 

1 

5 2  
2 3  

2 . 2 6  

Lmer 
I.otropic 
I h i h S S  

( un) 

18 

18 
20 

1 6  

23  

16 

1 6  

1 6  

15 

20 

20  

1 7  

22 

20  

1 7  

1 9  

20  

Ls 
25 

1 7  

2 1  

21  

26 

6% 
23  
18 .96  

sic 

(Lm) 

20  

20 

21  

25 

1 9  

2 1  

20 

20  

20 

1 9  

1 9  

20 

1 9  

1 9  

20 

2 1  

18 
21  

20 

2 1  

2 3  

2 1  

11 

hickmast 

- 

064 
23  
20.11 

s ic  
knsit: 
g i c d :  - 
3 .19  

3 .16  

3.17 

3 .20  

3 . 1 9  

3 . 1 9  

3 . 2 3  

3 .21  

3.20 

3.17 

3.1a 

3.18 
3 . 2 1  

3.22 

3 .18  

3.20 

3 . 2 0  

3 . 1 7  

3.21 

3 . 2 3  

3.21 

3.21 

3 .20  

3 . 5 1  
3 
3 .20  

Out e.? 
!eotropic 
Ihickneaa 

( Lm) 

4 5  

44 

4 1  

39 

46 

33 

33 

32 

32 

36 

44 

44 

37  

41  

4 5  

43 

45 

34 

27 

29 

34 

36 

37  

220 
7 

31 .43  

657 
1 6  
41.06 

- 
Outer 

m t r o p i i  
)Ln.ity cs/c2, 
1 . 9 0  

1 . 9 1  

1.94 

1 . 9 2  

1 .92  

1 . 9 3  

1 . 9 2  

1.97 

1 . 9 7  

1 . 9 8  

1 . 9 1  

1 . 9 1  

1 .97  

1 .87  

1 .87  

1 . 8 1  

1 . 9 0  

1.88 

1.83 

1 . 8 7  

1.87 

1 .84  

1 . 9 3  

13.82 
!3 
1 . 9 1  

21.08 
14 

1 .93  

16.74 
9 
1.86 

1.otropic 
o a r i n g  Typs 

LTl 

LI  I 

H I 1  

LTI 

HTI 

HTI 

HTI 

LT I 

LTI 

LT I 

HTI 

LTI 
LT 1 

11 I 

LT I 

L I I  

LTI 

LT I 

LTI 

LTI 

LTI 

LT1 

111 

B M  

1.01 

1.10 

1.04 

1 .07  

1.08 

1 . 0 0  

1.02 

1 .10  

1.11 

1.03 

1 .07  

- 

_ _  
1.12 

1.08 

1 .10  

1 .09  

1 . 0 3  

1 . 1 3  

1 .08  

1 . 1 0  

1 3 5  

1 . 0 3  

1.10 

3 . 4 9  
2 
1 . 0 7  

T o t a l  
costing 
hicknesa 
(Lm) 

1 2 4  

1 2 1  

12 7 

1 2 3  

128 

112 

112 

108  

1 0 i  

122 

128  

119 

128  

115 

124  

126  

132 

116 

112 

113 
120 

118  

1 1 9  

780 
7 

1 1 1 . 4 3  

1974  
1 6  

1 2 3 . 3 8  
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Data 
R e t r i e v a l  
Number 
(4000-) 

-711  

-713 

-715 

-720 

-725 

-729 

-730 

-731 

-732 

-733 

-734 

-737 

- 742 

-739 

-738 

-740 

-741 

-744 

-745 

-747 

-750 

-751 

-752 

F i s s i l e  

F e r t i l e  

TABLE 5-6 
CHEMICAL COMPOSITION OF BATCHES USED I N  TEST ELEMENT 

Batch No. 

T- 10 3-A 

T- 10 3-C 

T-105-B 

T- 16 1-B 

T-169-A 

ET - 1 7  0-A-2 

ET-170-B 

ET-170-C 

ET- 1 7  1-B 

T-176-B 

T-176-C 

T-2 13-A 

T-237-B 

T-2 12-B 

T-2 13-B 

T-229-B 

T-176-A 

ET- 1 7  1-C 

ET-109-C 

ET-255-A 

T-253-B 

T-2 5 3-C 

T-236-B 

T o t a l  
Number 
Average 

Tot a1 
Number 
Average 

% U  

Chemical Composition 

% Th 

52.27 

52.81 

49.77 

49.86 

49.26 

12.80 

12 ,90  

12 .58  

13 .27  

51.45 

51 .13  

51.30 

48.97 

50.55 

48.82 

48.51 

49.75 

12.63 

11.99 

11.84 

49.75 

51.16 

49.60 

88.01 

12.57 

804.96 
16 
50 .31  

7 

% S i c  

11.70 

11.25 

12.20 

13.97 

12.09 

21.30 

21 .17  

20.47 
21.64 

12.09 

11.35 

11.20 

12.97 

12.74 

15.29 

13.32 

12.45 

20.86 

22.96 

23.68 

14.70 

13 .73  

13 .61  

152.08 
7 

21.73 

204.66 
16 
12.79 

% C  

36.13 

35.57 

38.33 

35.92 

39.37 

44.80 

43.77 

45.79 

43.50 

35.43 

38.06 

37.54 

38.07 

36.11 

36.07 

37.95 

37.07 

45.80 

43.92 

44.29 

35.75 

35.47 

36.40 

311.87 
7 

44.55 

589.24 
16 
36.83 

100.10 

99.63 

100.30 

99.75 

100.72 

100.64 

100.32 

100.52 

101.20 

98.97 

100.54 

100.04 

100.01 

99.40 

100.18 

99.78 

99.27 

100.46 

100.06 

100.35 

100.20 

100.36 

99.61 

100 .51  

99.93 
Q 
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TABLE 5-7 
PERCENTAGE OF PTE-2 FUEL PARTICLE 

BATCHES WITH SERIOUS DEFECTS 

0.2 0.1 
Type of  
Par  t i  c l  e CO.05 

F i s s i l e  

Fer  t i l e  

Numb e r 
of  

Batches  

7 

16 

Note: The c a t e g o r y  o f  s e r i o u s  d e f e c t s  
i n c l u d e s  p a r t i c l e s  w i t h  any one  
of t h e  f o u r  c o a t i n g  l a y e r s  m i s s i n g .  
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c o n t r o l  program. 

were c a r r i e d  ou t  on samples  of c a n d i d a t e  b a t c h e s  of f u e l  mater ia l ,  and 

f i s s i o n  gas  release exper iments  were c a r r i e d  o u t  on specimens of f u e l  r o d s  

prepared  a long  w i t h  each  p r o d u c t i o n  l o t  of r o d s .  

p r o d u c t - r e l e a s e  measurements on f u e l  p a r t i c l e s  are r e p o r t e d  i n  t h i s  s e c t i o n ,  

and t h e  gas  release exper iments  on f u e l  rods  are r e p o r t e d  i n  S e c t i o n  6 . 3 . 4 .  

M e t a l i i c  f i s s i o n - p r o d u c t - r e l e a s e  a n n e a l i n g  exper iments  

The m e t a l l i c  f i s s i o n -  

The purpose  of t h e  metal l ic  f i s s i o n - p r o d u c t - r e l e a s e  exper iments  ( a l s o  

c a l l e d  p o s t a c t i v a t i o n  release a n n e a l i n g  expe r imen t s )  i s  t o  de t e rmine  t h e  

r e l a t i v e  q u a l i t y  of t h e  f u e l  p a r t i c l e  l o t  by measurement of i t s  m e t a l l i c  

f i s s i o n - p r o d u c t  release from a l l  s o u r c e s ,  w i t h o u t  de t e rmin ing  t h e  release 

from each  i n d i v i d u a l  sou rce .  

The release of f i s s i o n  p r o d u c t s  from TRISO-coated f u e l  p a r t i c l e s  under 

r e a c t o r  c o n d i t i o n s  arises from t h r e e  s o u r c e s :  

1. The release of f i s s i o n  p r o d u c t s  born  i n  t h e  f i s s i o n  of  uranium 

con tamina t ion  i n  t h e  o u t e r  p y r o l y t i c  carbon c o a t i n g .  

metall ic f i s s i o n  p r o d u c t s  s t r o n t i u m  and bar ium, t h e  s t e a d y - s t a t e  

f r a c t i o n a l  release from t h i s  s o u r c e  i s  assumed t o  b e  u n i t y  s i n c e  

t h e  p y r o l y t i c  carbon does  no t  c o n s t i t u t e  a b a r r i e r  t o  t h e  metals. 

For  t h e  

2 .  The release of f i s s i o n  p r o d u c t s  born  i n  d e f e c t i v e  p a r t i c l e s .  

For t h e  metall ic f i s s i o n  p r o d u c t s  t h i s  i n c l u d e s  n o t  o n l y  t h o s e  

p a r t i c l e s  w i t h  broken o r  incomple te  c o a t i n g s ,  bu t  a l s o  t h o s e  

w i t h  b roken ,  t h i n ,  o r  t o t a l l y  a b s e n t  s i l i c o n  c a r b i d e  l a y e r s .  

Iiowever, s i n c e  t h e  k e r n e l  of  such  p a r t i c l e s  s t i l l  re ta ins  t h e  

metal l ic  e lements  t o  some e x t e n t ,  i t  i s  assumed t h a t  t h e  s t eady-  

s t a t e  f r a c t i o n a l  release from t h i s  s o u r c e  i s  abou t  0.5. (Th i s  i s  

p robab ly  a minimum v a l u e  under  s t e a d y - s t a t e  c o n d i t i o n s . )  

3 .  The i n t r i n s i c  release of f i s s i o n  p r o d u c t s  from i n t a c t  high-  

q u a l i t y  p a r t i c l e s .  

s o u r c e  i s  thought  t o  be  v e r y  low (perhaps  < l o  
The s t e a d y - s t a t e  f r a c t i o n a l  release from t h i s  

9 -7 1. 
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P o s t a c t i v a t i o n  f i s s i o n - p r o d u c t - r e l e a s e  measurements d e t e c t  m e t a l l i c  

n u c l i d e s  r e l e a s e d  from a l l  of  t h e s e  s o u r c e s ,  b u t  cannot  d i s c r i m i n a t e  

between them w i t h o u t  s p e c i a l i z e d  t e c h n i q u e s .  The measurement i s ,  t h e r e -  

f o r e ,  a r e l a t i v e  s c r e e n i n g  p rocedure  des igned  t o  d e t e r m i n e  whether  l o t s  o f  

manufactured p a r t i c l e s  meet c e r t a i n  s t a n d a r d s  of q u a l i t y  w i t h o u t  b e i n g  a b l e  

t o  s p e c i f y  why a g iven  l o t  f a i l s  t o  meet t h e  s t a n d a r d s .  

The t e c h n i q u e  of  p o s t a c t i v a t i o n ,  f i s s i o n - p r o d u c t - r e l e a s e  a n n e a l i n g  

measurement h a s  been d e s c r i b e d  p r e v i o u s l y  (Ref s .  13,  14), and a d e t a i l e d  

p r e s e n t a t i o n  of  t h e  method and i t s  r a t i o n a l e  i s  i n  p r e p a r a t i o n  (Ref.  1 5 ) .  

I n  t h e  s t u d i e s  r e p o r t e d  h e r e i n ,  t h e  releases of Sr-91 and Xe-135 were 

measured. The c o a t e d - p a r t i c l e  s p e c i f i c a t i o n s  f o r  material i n  t h i s  t e s t  

e lement  (Ref.  1 6 )  p r e s c r i b e  a l i m i t  f o r  t h e  Sr-91 re lease o n l y .  The 

release of Xe-135 i s  r e p o r t e d  o n l y  as  a n  i n d i c a t i o n  of t h e  l e v e l  of s u r f a c e  

c o n t a m i n a t i o n ,  b u t  i s  n o t  used as a c r i t e r i o n  f o r  r e j e c t i o n  o r  a c c e p t a n c e .  

P o s t a c t i v a t i o n  a n n e a l i n g  expe r imen t s  f o r  p a r t i c l e  e v a l u a t i o n  were 

c a r r i e d  o u t  f o r  5 h r  a t  1400°C a f t e r  a c t i v a t i o n  i n  t h e  TRIGA r e a c t o r  a t  

room t e m p e r a t u r e .  The s p e c i f i c a t i o n  (Ref.  1 6 )  l i m i t s  t h e  release o f  

a c c e p t a b l e  f i s s i l e  par t ic les  t o  5 x and a c c e p t a b l e  f e r t i l e  p a r t i c l e s  

t o  5 x under  t h e s e  c o n d i t i o n s .  S i n c e  t h e  measurement w a s  i n t e n d e d  t o  

r e p r e s e n t  t h e  q u a l i t y  of t h e  p a r t i c l e s  used i n  rod f a b r i c a t i o n ,  t h e s e  

limits a p p l i e d  to unleached s a m p l e s .  (S ince  some samples  were i n a d v e r t e n t l y  

l e a c h e d  p r i o r  t o  t h e i r  i r r a d i a t i o n ,  t h e s e  d a t a  are  a l s o  r e p o r t e d . )  

5 .7 .1 .  F i s s i l e  Par t ic les  

Seven l o t s  of f i s s i l e  p a r t i c l e s  were used i n  PTE-2. Two blended b a t c h e s  

were p r e p a r e d  from f o u r  of t h e s e  l o t s .  The r ema in ing  l o t s  were used 

i n d i v i d u a l l y .  No release expe r imen t s  were c a r r i e d  o u t  on t h e  blended l o t s .  

The d e t a i l e d  release d a t a  f o r  t h e  f i s s i l e  p a r t i c l e s  are g iven  i n  T a b l e  5-8. 

The d e t a i l e d  d a t a  are  t h e n  surmnarized i n  T a b l e  5-9, where t h e  t o t a l  

f r a c t i o n a l  release v a l u e s  a t  5 h r  a re  given.  
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n 

_ .  . -  

U'lt a 
Kth t r i  e v a l  

No. 

4000 - 7 2 9 

__ 

4000- 729 

4000- 730 

4000- 730 

4000-731 

~ 4000- 7 31 

'I'AULE 5-8 
I;I<AC'I'lONAJ, KKI,EASI< FROM FISSILE TRISO-COATED 

l:UEL, PAliTlCLES FOK W E - 2  AT 140OOC 
~ 

F01) No. 
- _ _  _ - -  

E'L'170 (A) 

ET170 (A2) 

ET170 (B)  

E T 1  70 ( B )  

ET170 ( C >  

ET170 ( C )  

___-- 
Leached  

o r  
Unleached 

L 

U 

L 

U 

L 

U 

Anneal 
T i m e  
( h r )  

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

F r a c t i o n a l  Release 

135 X e  

2 . 3  x 

_ _ _ _ ~  

6.7 

1 . 2  x 

4 . 8  x 

5 .4  

5.0 x 

4.4 

5 .6  

1 .9  x 

1.8 

2 . 1  x 

2.4 x 

91 
S r  

9 .5  

3.5 

4 . 1  

1.9 x 

6.6 x 

1.3 

4 .8  x 

1 . 2  

1.8 

7.0 x lom6 
1.1 
1 . 4  

1 . 7  

7.5 

1 . 4  x 

9.9 

2 . 3  x 

6 .4  x 
n 
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TABLE 5-8 (Continued)  

Data 
Re t r i eva l  

No. 

4000- 7 32 

4000-732 

4000-744 

4000- 745 

4000- 747 

FOD No. 

E T 1  7 1  (B) 

ET171(B) 

ET171(C)SL 

ET109 (C) SL 

ET255PBIL(A) SL 

Leached 
o r  

Un leached  

Anneal 
T i m e  
( h r )  

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

R e c o i l  

1 

3 

5 

F r a c t i o n a l  Release 

135 X e  

6 . 3  x lo-’ 

1 .6  x 

8 . 3  x 

1.8 x 

2.6 x 

1 . 2  x 

6 .6  x lo-’ 

2 . 3  x 

2 .3  x 

1 . 5  

9 1  S r  

3.9 

1.8 x 

5 .7  x 

3.4  x 

1 . 2  

1 .9  

1 . 7  

5 . 6  

1 .6  x 

2 .3  x 

2 . 8  x 

4.7 x 

-6 1.1 x 10 

2 . 2  x 

4.9 x 
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Data 
Retrieval 

No. 

4000- 729 

4000-730 

4000- 7 3 1  

4000- 732 

4000- 744 

4000-745 

4000- 7 4 7 

TABLE 5-9 
SUMMARY OF FISSION-PRODUCT RELEASE DATA 

ON FISSILE PARTICLES USED I N  PTE-2 

FOD 
Batch No. 

ET170A2H 

ET170A2H 

ET170CL 

ET171BL 

ET171CL 

ETL09CL 

ET2 55AL 

FH 

FH 

FLHD 

FLHD 

FLLD 

FLLD 

FLLD 

(b ) F r a c t i o n a l  Release 

Xe-  135 

Le ached 

6.7 

5.0 x 

1.8 

1 . 6  x loe8 

Un lea che d 

4 .8  x 

5.6  

2.4 x low8 
1.8 x 
1 . 2  x 

2 . 3  x 

1.5  

(a) FH = F i s s i l e  p a r t i c l e ,  H T I  c o a t i n g  
FLHD = F i s s i l e  p a r t i c l e ,  LTI h igh -dens i ty  c o a t i n g  
FLLD = F i s s i l e  p a r t i c l e ,  LTI low-densi ty  c o a t i n g  

( b ) T o t a l  f r a c t i o n a l  release i n  5 h r  a t  1400°C 

Sr-91 

L e  ached 

4 . 1  

1.8 

1 . 4  x 

5.7  x 

Unleached 

1 . 3  

1 . 4  

1.9 

6.4 x 

1.6  x 

4.7 x 

4.9 x 
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Examinat ion of t h e  d a t a  i n  Tab les  5-8 and 5-9 shows t h a t  a l l  sample 

l o t s  of  f i s s i l e  p a r t i c l e s  e a s i l y  m e t  t h e  m e t a l l i c  f i s s i o n - p r o d u c t - r e l e a s e  

s p e c i f i c a t i o n .  

s p e c i f i c a t i o n ,  i n d i c a t i n g  material o f  v e r y  h i g h  q u a l i t y .  I f  t h e s e  d a t a  are  

i n t e r p r e t e d  i n  terms of  t h e  p r e s e n c e  o f  BISO-coated p a r t i c l e s  o r  t h e i r  

e q u i v a l e n t  i n  terms of  S r - 9 1  release (5 x 10  f r a c t i o n  i n  5 h r ) ,  t h e n  

several of  t h e  f i s s i l e  sample l o t s  i n  PTE-2 have rough ly  t h e  e q u i v a l e n t  of  

two BISO-coated p a r t i c l e s  p e r  10 p a r t i c l e s .  

S e v e r a l  l o t s  were 2 t o  2-112 o r d e r s  of  magni tude below t h e  

-2  

5 

Four of t h e  f i s s i l e  sample l o t s  were s t u d i e s  of bo th  l eached  and 

unleached  p a r t i c l e s .  A n a l y s i s  of t h e  d a t a  i n  Tab le  5-9 shows t h a t  i n  two 

cases t h e  l eached  samples had a lower Sr-91 release t h a n  t h e  unleached  

samples  by f a c t o r s  of  3 t o  5.  I n  t h e  o t h e r  two cases, t h e  unleached  

samples  e x h i b i t e d  a iower release by f a c t o r s  of  approx ima te ly  10  and 30. 

While no f i r m  c o n c l u s i o n s  concern ing  t h e  re la t ive  amounts of s u r f a c e  

con tamina t ion  on t h e  p a r t i c l e s  o r  t h e  e f f e c t  of l e a c h i n g  can  b e  drawn from 

t h e s e  i s o l a t e d  f o u r  p i e c e s  of datum, t h e  i n d i c a t i o n s  a r e  t h a t  t h e  s t a t i s t i c a l  

v a r i a t i o n s  from sample t o  sample e x e r t  a s t r o n g e r  e f f e c t  on t h e  measured 

release t h a n  does  t h e  s u r f a c e  con tamina t ion .  Leaching appeared  t o  have 

l i t t l e  e f f e c t  on t h e  Xe-135 r e l e a s e .  

One r a t h e r  f i r m  c o n c l u s i o n  t h a t  can b e  drawn from t h e  d a t a  i n  

Table  5-9 i s  t h a t  f i s s i l e  p a r t i c l e s  w i t h  h igh - t empera tu re  i s o t r o p i c  (HTI) 
o u t e r  p y r o l y t i c  carbon c o a t i n g s  have a h i g h e r  Sr-91 r e l e a s e  t h a n  t h o s e  

w i t h  low- tempera ture  i s o t r o p i c  (LTI) c o a t i n g s .  

5.7.2.  F e r t i l e  P a r t i c l e s  

S i x t e e n  l o t s  of f e r t i l e  p a r t i c l e s  were used i n  PTE-2. Four blended 

b a t c h e s  were p repa red  from 11 of t h e s e  l o t s ,  each  of  t h e  b lended  l o t s  

r e p r e s e n t i n g  one  o f  t h e  t y p e s  of  c o a t i n g  pa rame te r s  used  ( s e e  S e c t i o n  5 . 2 ) .  

The remain ing  sample l o t s  were used i n d i v i d u a l l y .  

were c a r r i e d  o u t  on t h e  b lended  l o t s .  The d e t a i l e d  release d a t a  f o r  t h e  

No release exper iments  

f e r t i l e  p a r t i c l e s  a r e  g iven  i n  T a b l e  5 - 1 0 ,  and t h e  r e l e a s e  d a t a  a t  5 h r  

are summarized i n  Tab le  5-11. 
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Data 
R e  t r i eva 1 

No. 

4000-711 

4000- 7 1 1  

4000-713 

4000- 713  

4000-715 

4000- 715 

4000- 72 1 

4000-721 

TABLE 5-10 
FRACTIONAL RELEASE FROM FERTILE TRISO-COATED 

FUEL PARTICLES FOR PTE-2 AT 140OOC 

FOD No. 

T103PBIL (A) 

T103PBIL (A) SH 

T103PBIL (C) SH 

T103PBIL(C)SH 

T105PBIL (B) SH 

T105PBIL(B) SH 

T161(B) SH 

T16 1 (B) SH 

L e  ached 
o r  

Un l eached  

L 

U 

L 

U 

L 

U 

L 

U 

Anneal 
T i m e  
( h r )  

1 

3 

5 

1 

3 

5 

1 
3 

5 

8 

1 

3 

5 

1 

3 

5 

1 

3 

5 

1 

3 

5 

1 

3 

5 

F r a c t i o n a l  Re lease  

135 X e  

1 .5  x 

2.5 

1 .6  x 

N.D. 

2 . 4  x 

2.8 

3 .3  x 

4.5 

9 1  S r  

2.8 x 

1 . 4  

2.6 

1 .6  

5 . 1  

9 . 3  

1 .5  
3.0 

4.8 

4.9 

1.0 
4 . 1  

6.5 

5 . 1  

1.0 

1 .5  

1.8 

1 . 2  

1 . 3  

5 . 3  

2 . 1  

3.6 

1 .3  

3.2 

5.5 
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TABLE 5-10 (Continued) 

Data 
Re t r i eva 1 

No. FOD No. 

Leached Anneal 
o r  T i m e  

Unleached ( h r )  

3 

5 

4000-741 

4000-741 

4000- 742 

4000-750 

T176 (A) SL 

T176 (A) SL 

T237PBIL(B) SL 

T253(B) SL 

F r a c t i o n a l  Release 5 
3.8 

1 .3  

1 . 5  

3.6 

5.4 

4.8 

9 .3  

6.6 x 

1 6.5  10-4 

7.7 

5.5 

6 . 8  x 

6 . 8  x 

1 .4  

2.2 

1.1 

2 . 6  

3.2 

1.8 

2 . 7  

4 . 1  

3.6 

8.3 ,. 
1.2 x 10- 

3.6 

8 . 3  

1 . 2  
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TABLE 5-11 
SUMMARY OF FISSION-PRODUCT RELEASE DATA ON FERTILE PARTICLES USED I N  PTE-2 

Data 
Retr ieval  

No. 

4000- 711 

4000-713 

4000-715 

4000- 72 1 

4000-725 

4000-733 

4000-734 

4000- 7 37 

4000-738 

4000-739 

4000-740 

4000-741 

4000- 742 

4000- 750 
4000- 75 1 

4000- 752 

FOD 
Batch No. 

T103A 

T103C 

T105B 

T 16  1 B  

T169A 

T176BL 

T176CH 

T213AL 

T213B 

T212B 

T229B 

T176A 

T237BL 

T253B 

T25 3 C  

T236BL 

C o a t i n  
Type (8 

FLHD 

FLHD 

FH 

FLHD 

FH 

FLHD 

FH 

FLLD 

FLLD 

FLLD 

FLLD 

FLLD 

FLHD 

FLLD 

FLLD 

FLHD 

(b )  F r a c t i o n a l  Release 

Xe-135 

Leached 

1 . 5  x 

1 . 6  x 

2 .4  x 

3.3 x 

6.0  
-- 
-- 

2.0 I O - ~  

3 .3  x 
-- 

3.9 x 

1 . 3  
-- 

-- 
-- 
-- 

Unleached 

2 .5  
-- 

2 .8  x 

4 .5  

3.1 

9 .2  

8 .4  x 

5.9 x 

4.4 

7.7 

3 .8  

7.7 

5 . 5  x 
-- 

6 .8  x 

1 . 8  

(a) FH = F e r t i l e  p a r t i c l e ,  HTI c o a t i n g  
FLHD = F e r t i l e  p a r t i c l e ,  LTI h igh -dens i ty  c o a t i n g  
FLLD = F e r t i l e  p a r t i c l e ,  LTI low-density c o a t i n g  

( b ) T o t a l  f r a c t i o n a l  release i n  5 h o u r s  a t  1400°C 

Sr-91 

Leached 

2 .6  

4 . 8  

1 . 5  

3.6 

2.9 
-- 

-- 
3.2 I O - ~  

3 .6  

2.5 I O - ~  

9 . 3  

-- 

-- 

-- 
-- 

-- 

Un lea  ch e d 

9 . 3  

6 .5  

1 . 3  

5 . 5  

4.5 

1.1 

1.0 

1 . 2  

5 .4  

2.2 

3.2' 

4 . 1  

1 . 2  

8.8 x 

5.6 x 

9 .6  x 
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Examinat ion of t h e  d a t a  i n  Tab les  5-10 and 5-11 shows t h a t  a l l  of t h e  

sample l o t s  of f e r t i l e  p a r t i c l e s  m e t  t h e  meta l l ic  f i s s i o n - p r o d u c t - r e l e a s e  

s p e c i f i c a t i o n  (<5 x 1 0  ) ,  b u t  r a r e l y  by more t h a n  one o r d e r  of  magni tude,  

and i n  no case w a s  t h e  release <1 x 10 f r a c t i o n . *  

-3  

-4 

Nine o f  t h e  f e r t i l e  p a r t i c l e  l o t s  were s t u d i e d  i n  b o t h  t h e  l e a c h e d  and 

unleached c o n d i t i o n .  I n  a l l  b u t  two cases, t h e  l e a c h e d  sample e x h i b i t e d  a 

lower  Sr-91 release f r a c t i o n ,  and i n  one of t h e s e  cases, t h e  release was 

e s s e n t i a l l y  t h e  same f o r  b o t h  t h e  l eached  and t h e  unleached  samples .  

Xe-135 release a p p e a r s  t o  have been  markedly reduced  by t h e  l e a c h i n g  p r o c e s s ,  

i n d i c a t i n g  t h a t  s i g n i f i c a n t  amounts of uranium w e r e  on t h e  s u r f a c e .  

The 

I n  t h e  d i s c u s s i o n  of t h e  Sr-91 release c h a r a c t e r i s t i c s  o f  f i s s i l e  

p a r t i c l e s  i t  w a s  p o i n t e d  o u t  t h a t  sample l o t s  w i t h  h igh- tempera ture  

i s o t r o p i c  (HTI) c o a t i n g s  g e n e r a l l y  e x h i b i t e d  h i g h e r  Sr-91 releases than 

t h o s e  w i t h  low-temperature  i s o t r o p i c  (LTI) c o a t i n g s .  T h i s  b e h a v i o r  w a s  a l s o  

found t o  b e  t r u e  f o r  t h e  l o t s  of f e r t i l e  p a r t i c l e s  used  i n  PTE-2. 

*The r a t h e r  h i g h  v a l u e  o f  t h e  f r a c t i o n a l  Sr-91 release f o r  f e r t i l e  
p a r t i c l e s  compared t o  f i s s i l e  p a r t i c l e s  shou ld  n o t  b e  t aken  as a n  i n d i c a t i o n  
t h a t  t h e  f e r t i l e  p a r t i c l e s  are o f  lower  q u a l i t y .  R a t h e r ,  i t  i s  a r e f l e c t i o n  
on t h e  manner i n  which t h e  f r a c t i o n a l  release i s  c a l c u l a t e d  ( i . e . ,  Sr-91 
r e l e a s e d / t o t a l  Sr-91 produced)  and t h e  f a c t  t h a t  uranium con tamina t ion  has 
been found i n  t h e  c o a t i n g  of  f e r t i l e  p a r t i c l e s .  Thus,  t h e  f r a c t i o n a l  
number of f i s s i o n s  o c c u r r i n g  i n  t h e  c o a t i n g s  of f e r t i l e  p a r t i c l e s ,  re la t ive  
t o  t h e  number of f i s s i o n s  i n  t h e  k e r n e l ,  i s  h e a v i l y  weighted by t h e  p r e s e n c e  
of t h e  h i g h - c r o s s - s e c t i o n  uranium i n  t h e  c o a t i n g ,  whereas t h e r e  i s  no 
compensat ing uranium i n  t h e  k e r n e l .  
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6 .  BONDED FUEL RODS 

6 .1 .  REQUIREMENTS AND TYPES OF N E L  RODS 

The f u e l  r o d s  b a s i c a l l y  c o n s i s t  of  columns of  b o t h  f e r t i l e  and f i s s i l e  

coa ted  f u e l  p a r t i c l e s  packed t o  a h igh  d e n s i t y  and bonded t o g e t h e r  by a 

carbon m a t r i x .  A bond between t h e  coa ted  p a r t i c l e s  i s  d e s i r a b l e  t o  p r e v e n t  

t h e  p a r t i c l e s  from l e a v i n g  t h e  e lement  i n  t h e  even t  of s t r u c t u r a l  damage t o  

t h e  g r a p h i t e  f u e l  b lock .  The f u e l  rod i s  no t  bonded t o  t h e  g r a p h i t e  con- 

t a i n e r  w a l l .  I n  f a c t ,  t h e  d e s i g n  of t h e  element  ca l l s  f o r  a 1- t o  2 - m i l  

r a d i a l  gap between t h e  f u e l  rod and t h e  g r a p h i t e  f u e l  body w a l l .  The 

m a t r i x  c o n t a i n s  ca rbon ized  r e s i n  b i n d e r  and carbon f i l l e r .  I n  a d d i t i o n  t o  

a c t i n g  as a bonding a g e n t ,  t h e  carbon m a t r i x  a l s o  serves t o  s o r b  metal l ic  

f i s s i o n  p r o d u c t s  t h a t  may e scape  from t h e  coa ted  p a r t i c l e s .  

The proof  tes t  element  d e s i g n  r e q u i r e d  approx ima te ly  994 i n .  of f u e l  

rod  c o n t a i n i n g  a t o t a l  of 447 g of e n r i c h e d  uranium o r  0 . 4 5  g of uranium 

p e r  i n .  of f u e l  rod .  A t o t a l  thor ium c o n t e n t  of  approx ima te ly  1670  g w a s  

a l s o  s p e c i f i e d ,  a l t h o u g h  t h i s  number cou ld  v a r y  depending on t h e  p a r t i c l e  

l o a d i n g s  o b t a i n e d .  The f e r t i l e  c o a t e d  f u e l  p a r t i c l e s  c o n t a i n e d  a l l  thorium 

c a r b i d e ,  whereas  t h e  f i s s i l e  p a r t i c l e s  c o n t a i n e d  b o t h  e n r i c h e d  uranium and 

tho r ium c a r b i d e  w i t h  a Th:U r a t i o  o f  0 . 5 8 : l .  The d e s i g n  burnup f o r  t h e  

f u e l  r o d s  i n  t h e  tes t  element  a f t e r  800 f u l l  power days  i s  s l i g h t l y  less 

t h a n  75,000 MWd/tonne. Capsule  i r r a d i a t i o n  t es t s  of t h e  t e s t - e l emen t - type  

f u e l  p a r t i c l e s  have s u c c e s s f u l l y  demonst ra ted  t h e  c a p a b i l i t y  of t h e s e  

p a r t i c l e s  t o  accommodate bo th  t h e  h igh  burnups a t  t h e s e  d e s i g n  t empera tu res  

and t h e  f a s t - n e u t r o n  dose  w i t h o u t  l o s s  of i n t e g r i t y  (Ref .  17 ,18 ) .  A com- 

p a r i s o n  o f  PTE-2 f u e l  rods  w i t h  o t h e r  i r r a d i a t i o n  tests i s  covered i n  S e c t i o n  

10. A t o t a l  of 124 i n d i v i d u a l  f u e l  rods  hav ing  nominal  l e n g t h s  of 1 .00,  5 .93 ,  

11 .53 ,  and 14.31 i n . ,  were used i n  t h e  e lement .  The m a j o r i t y  ( 1 1 2 )  of t h e  

rods  were s o l i d  and had a d i ame te r  of 0 , 4 6 7  i n , ;  t h e  remain ing  1 2  rods  had 
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an a n n u l a r  d e s i g n  t o  a l low i n s e r t i o n  of  a thermocouple .  These r o d s  had an 

0.d.  of 0 .514-in. ,  an i . d .  of  0.210 i n . ,  and were 5.93 i n .  l o n g ;  t h e y  

con ta ined  a g r a p h i t e  t u b e  w i t h  a 0.025-in.- thick w a l l .  

The f u e l  rod  composi t ion  v a r i a b l e s ,  i n c l u d i n g  f o u r  t y p e s  of  coa ted  

p a r t i c l e s ,  two t y p e s  of b i n d e r ,  two t y p e s  of f i l l e r ,  and two f a b r i c a t i o n  

methods,  are l i s t e d  i n  Tab le  6-1. 

TABLE 6-1 
FUEL ROD VARIABLES 

Coated P a r t i c l e  Type : 

L T I  - Low-Temperature I s o t r o p i c  p y r o l y t i c  ca rbon  o u t e r  c o a t i n g  

H T I  - High-Temperature I s o t r o p i c  p y r o l y t i c  ca rbon  o u t e r  c o a t i n g  

L T I  Dens i ty :  
3 

L - Low d e n s i t y  (1.80 t o  1 . 9 0  g/cm ) 
3 

H - High d e n s i t y  (1 .90 t o  1 .98  g/cm ) 

H T I  Dens i ty :  
3 

A l l  H T I  p a r t i c l e s  were h i g h  d e n s i t y ,  1 .90  t o  1 . 9 8  g/cm . 
L o c a t i o n  of  F u e l  Rod When Carbonized:  

E - F u e l  r o d s  ca rbon ized  i n  t e s t  e lement  g r a p h i t e  f u e l  s e c t i o n  

S - F u e l  r o d s  ca rbon ized  i n  s p e c i a l  g r a p h i t e  h o l d e r s  

F u e l  Rod Length:  

F u e l  r o d s  were made i n  l e n g t h s  of 1 .00 ,  5 .93,  11 .53 ,  and 14 .31  i n .  

F u e l  Rod Diameter: 

F u e l  r o d s  were made i n  d i a m t e r s  o f  0.467 and 0.514 i n .  

A l l  of t h e  FSV i n i t i a l  c o r e  f u e l  w a s  made u s i n g  L T I  Coa t ings  w i t h  t h e  
3 L T I  o u t e r  c o a t i n g  d e n s i t y  r a n g i n g  from 1 . 6 0  t o  2.00 gm/cm . 

of t h e  s ix -yea r  service l i m i t  f u e l  ranged from 1.70 t o  1.90 gm/cm . A l l  of 

t h e  FSV f u e l  r o d s  were 0.490 i n .  diam by 1.94 i n .  l o n g  and a l l  were carbon- 

i z e d  i n  a lumina  i n  s p e c i a l  g r a p h i t e  h o l d e r s  r a t h e r  t h a n  i n  s i t u  i n  t h e  f u e l  

b lock .  

The L T I  d e n s i t y  
3 

n 

58 



6.2. FABRICATION OF BONDED FUEL RODS BY I N J E C T I O N  M O L D I N G  

There are f o u r  main s t e p s  t o  t h e  f u e l - r o d  f a b r i c a t i o n  i n j e c t i o n -  

molding p r o c e s s :  

1. 

2. 

3 .  

4 .  

The f i s s i l e  and f e r t i l e  coa ted  p a r t i c l e s  are  b l ended  and loaded 

i n t o  t h e  metal  mold c a v i t i e s  t o  form columns of l o o s e ,  c l o s e l y  

packed p a r t i c l e s .  

A t h e r m o s e t t i n g  l i q u i d  r e s i n  b i n d e r  mix i s  i n j e c t e d  under  p r e s s u r e  

i n t o  t h e  columns of p a r t i c l e s .  

The t h e r m o s e t t i n g  r e s i n  i n  t h e  mix i s  t h e n  hea t - cu red  t o  a h a r d ,  

g r e e n  s t a t e .  

The g reen  rods  are ca rbon ized .  

I n  g e n e r a l ,  t h e  materials and p r o c e s s  o u t l i n e d  i n  s p e c i f i c a t i o n  

X-18-U-7, I s s u e  B ,  were used i n  f a b r i c a t i n g  t h e  r o d s  f o r  PTE-2. The rods  

were f a b r i c a t e d  by b o t h  t h e  F u e l  Materials Branch (FMEi) and t h e  F u e l  

O p e r a t i o n s  D i v i s i o n  (FOD). The f u e l  rods  f a b r i c a t e d  by FOD r e p r e s e n t  r o d s  

made i n  p r o d u c t i o n  f u e l  manufac tu r ing  equipment w h i l e  t h e  r o d s  f a b r i c a t e d  

by FMB r e p r e s e n t  f u e l  rods  made under l a b o r a t o r y  c o n d i t i o n s .  

I n  t h e  f u e l  rod f a b r i c a t i o n  p r o c e s s ,  a b i n d e r  f o r m u l a t i o n  i s  used which, 

a f t e r  c a r b o n i z a t i o n ,  r e s u l t s  i n  a porous m a t r i x  material  t h a t  e x h i b i t s  

p a r t i a l  bonding t o  t h e  f u e l  p a r t i c l e  s u r f a c e s .  The p a r t i a l  bonding was 

i n t e n d e d  t o  r e d u c e  t h e  s t ress  imposed on t h e  f u e l  p a r t i c l e  c o a t i n g s  by t h e  

matrix material .  I f ,  under  i r r a d i a t i o n ,  stresses are se t  up by t h e  s h r i n k a g e  

of t h e  matr ix ,  t h e  p a r t i c l e - t o - m a t r i x  bond o r  t h e  matr ix  material  i t s e l f  

s h o u l d  f a i l  b e f o r e  t h e  p a r t i c l e  c o a t i n g .  However, t h i s  d i d  n o t  p rove  t o  b e  

t h e  case, as e x p l a i n e d  i n  S e c t i o n  10. 
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6.2.1.  Molds and A c c e s s o r i e s  Used i n  t h e  P r o c e s s  

The g reen  f u e l  r o d s  are formed i n  Type 304 s t a i n l e s s - s t e e l  molds having  

s i x  rod c a v i t i e s  i n  a t e l e p h o n e - d i a l  arrangement .  The s u r f a c e  f i n i s h  i n  

t h e  mold c a v i t i e s  i s  less t h a n  16 u i n . ,  and t h e  c a v i t y  bow i s  less than  

0.003 i n .  p e r  f t .  

A s chemat i c  diagram of a mold assembly used by t h e  FMB i s  shown i n  

F ig .  6-1; t h e  d e t a i l e d  assembly i l l u s t r a t e d  i n  F i g .  6-2 shows b o t h  t y p i c a l  

s o l i d  rod and a n n u l a r  rod cavi t ies .  For  t h e  a n n u l a r  r o d s ,  g r a p h i t e  t u b e s  

of 0 .025-in.  w a l l  t h i c k n e s s  were i n c l u d e d  as shown i n  F ig .  6-2. The POD 
mold assembly c o n t a i n e d  s i x  f u e l  t u b e s ,  each  of  which w a s  0.464 i n .  i n  

d i ame te r  by 15  i n .  l ong  as shown i n  F igs .  6-7 and 6-11. 

Other a c c e s s o r i e s  used w i t h  t h e  FMB m o l d  i nc lude  b r a s s  r i n g  i n s e r t s ,  

f o r  forming a 1/16-in.  r a d i u s  on t h e  r i m  of t h e  rod a t  each end ,  and 

numbered p l a s t i c  d i s c s .  These d i s c s  are i n s e r t e d  i n  t h e  top  of a f i l l e d  

and i n j e c t e d  mold c a v i t y  t o  e x t r u d e  e x c e s s  b i n d e r  and t o  mold t h e  i d e n t i f i -  

c a t i o n  number on t h e  top  of t h e  rod.  Three  FMB molds,  1.120, 6.179, and 

11.650 i n .  i n  l e n g t h ,  are shown i n  Fig.  6-3 a long  w i t h  a c c e s s o r i e s  and 

completed f u e l  rods .  

Before  l o a d i n g  t h e  coa ted  p a r t i c l e s ,  t h e  mold cav i t ies ,  end c a p s ,  and 

o t h e r  a c c e s s o r i e s  are c o a t e d  w i t h  a release a g e n t  (RAM-225) which i s  d r i e d  

f o r  30 min a t  65OC. 

A b r a s s  i n s e r t  r i n g  i s  p l a c e d  i n  t h e  bot tom of each FMB mold c a v i t y  

w i t h  t h e  r a d i u s  s i d e  f a c i n g  inward i n  t h e  h o l e .  The bot tom p l a t e  w i t h  t h e  

O-ring i n  p l a c e  i s  assembled and s e c u r e d .  The mold i s  t u r n e d  u p r i g h t  and 

t h e  bot tom r a d i u s  i n s e r t  r i n g  tamped i n  p l a c e .  The mold i s  now ready t o  be 

loaded  w i t h  t h e  f u e l  p a r t i c l e s .  The t o p  p l a t e  and r a d i u s  i n s e r t  r i n g  are 

n o t  assembled u n t i l  t h e  p a r t i c l e  l o a d i n g  and i n j e c t i o n  are complete .  
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TYPE MOLD LENGTHS HOLD D l A M  SPECIFICATIONS FOR ALL MOLDS 

MATERIAL: 304 STAINLESS STEEL 

C A V I T Y  FINISH: 16 P I N .  

C A V I T Y  BOW PER FT: 0.001 I N .  

OUTSIDE DIAMETER: 2 - 1 / 2  I N .  

ROD 0.005 IN. 0.0005 IN. 

SOL I D  1.120 0.4675 

SOLID 5.700 0.4675 

ANNULAR 6.179 0.5150 

SOL I D 11.650 0.4675 

Fig.  6-1. Schematic drawing of metal molds f o r  t h e  f a b r i c a t i o n  of bonded- 
bed fuel r o d s  by i n j e c t i o n  molding 
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P L A S T I C  NUMBER 
D I S C  
RAD I US I N S E R T  - 
R I N G  

BLENDED F U E L  
P A R T I C L E S  W I T H  
MATR I X 

STANDARD ANNULAR 
F U E L  ROD F U E L  ROD 
MOLD MOLD 

TOP P L A T E  

P L A S T I C  NUMBER D I S C  
W I T H  RECESS FOR 
C E N T E R I N G  THERMOCOUPLE 
TUBE 

G R A P H I T E  TUBE W I T H  
HOLE FOR THERMOCOUPLE 

BLENDED F U E L  PART I C L E S  
U l T H  MATRIX 

MOLD BODY 

R A D I U S  I N S E R T  R I N G  

0 - R  I NG 

BOTTOM P L A T E  

CAP SCREW \ 

Fig .  6-2. D e t a i l  o f  assembly of mold f o r  t h e  f a b r i c a t i o n  of bonded-bed f u e l  
r o d s  by i n j e c t i o n  molding 
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6 . 2 . 2 .  Blending  and Loading of  F u e l  P a r t i c l e s  

The b l e n d i n g  and l o a d i n g  of  t h e  f i s s i l e  and f e r t i l e  p a r t i c l e s  i n  t h e  

mold c a v i t i e s  are done w i t h  a double-hopper - d o u b l e - o r i f i c e  me te r ing  

system. 

c o n t r o l l e d  o r i f i c e s  i n t o  a b l e n d i n g  f u n n e l  and t h e n  i n t o  t h e  mold c a v i t y .  

The mold i s  v i b r a t e d  t o  a c h i e v e  c l o s e  pack ing  as t h e  p a r t i c l e s  are loaded .  

The two t y p e s  of p a r t i c l e s  are f e d  s i m u l t a n e o u s l y  through two 

The double-hopper - d o u b l e - o r i f i c e  d e v i c e ,  as shown i n  F ig .  6 - 4 ,  

c o n s i s t s  of two t r i a n g u l a r  cav i t ies  w i t h  one s i d e  of  each  c a v i t y  a d j u s t a b l e  

t o  c o n t r o l  t h e  o r i f i c e  opening  a t  t h e  bot tom. A micrometer  on each  s i d e  

i s  used t o  de t e rmine  t h e  o r i f i c e  opening .  The f low rate  through each  

o r i f i c e  can  b e  a d j u s t e d  independen t ly  of t h e  o t h e r .  The o r i f i c e s  are 

opened and c l o s e d  s i m u l t a n e o u s l y  by a t imed,  s o l e n o i d - o p e r a t e d  o r i f i c e  

g a t e  v a l v e .  

t h e  two streams of f lowing  p a r t i c l e s  from e a c h  o r i f i c e  on i t s  wide o u t e r  

r i m ,  c a u s i n g  t h e  p a r t i c l e s  t o  d e f l e c t  i n t o  t h e  t a p e r e d  lower end of  t h e  

f u n n e l .  Using t h i s  t e c h n i q u e ,  an  i n t i m a t e  m i x t u r e  of t h e  two t y p e s  of 

p a r t i c l e s  i s  o b t a i n e d  w i t h  t h e  d e s i r e d  p a r t i c l e  d i s t r i b u t i o n .  

The t a p e r e d ,  c o n i c a l  b l e n d i n g  f u n n e l  i s  des igned  t o  a c c e p t  

The lower end of t h e  b l e n d i n g  f u n n e l ,  which i s  t h e  same d iame te r  as 

a mold c a v i t y ,  i s  a l i g n e d  w i t h  t h e  c a v i t y  by means of an a d a p t e r  p l a t e .  

The FMl3 b l e n d i n g  f u n n e l  and a mold w i t h  t h e  a d a p t e r  p l a t e  a t t a c h e d  

are shown i n  F ig .  6-5. 

F ig .  6-6. 

b l e n d i n g  f u n n e l  w i t h  t h e  a d a p t e r  p l a t e  a t t a c h e d  t o  an 11.65-in.  mold. 

mold i s  r e s t i n g  on a v i b r a t o r .  

g a t e  v a l v e  i s  a l s o  shown. 

F ig .  6-7. 

The comple te  FMB l o a d i n g  assembly can be  s e e n  i n  

T h i s  i n c l u d e s  t h e  double-hopper  - d o u b l e - o r i f i c e  d e v i c e  and t h e  

The 

The t i m e r  f o r  t h e  s o l e n o i d - o p e r a t e d  o r i f i c e  

The FOD b l e n d i n g  d e v i c e  and mold are shown i n  

I n  o p e r a t i n g  t h e  l o a d i n g  assembly ,  t h e  r e q u i r e d  amount of  f i s s i l e  

p a r t i c l e s  f o r  a g i v e n  uranium l o a d i n g  i s  weighed and loaded  i n t o  t h e  hopper ;  
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1 HOOPER-ADJUSTING MICROMETER 
2 A D J U S T A B L E  S I D E  OF HOPPER 
3 HOPPER S I D E  P L A T E  
4 HOPPER S L l D E  V A L V E  
5 A D J U S T A B L E  O R I F I C E  O P E N I N G  

F i g .  6-4.  D e t a i l e d  assembly of  t h e  double-hopper - d o u b l e - o r i f i c e  apparatus  
f o r  t h e  s imul t aneous  me te r ing  of f i s s i l e  and f e r t i l e  c o a t e d  f u e l  
p a r t i c l e s  i n t o  t h e  b l end ing  f u n n e l  
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F i g .  6-5. Blending f u n n e l  f o r  b l e n d i n g  and l o a d i n g  f i s s i l e  and f e r t i l e  
coa ted  f u e l  p a r t i c l e s  i n t o  a f u e l - r o d  mold; a mold w i t h  a d a p t o r  
p l a t e  a t t a c h e d  i s  a l s o  shown 
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F i g .  6-6. Complete f i s s i l e  and f e r t i l e  c o a t e d - p a r t i c l e  m e t e r i n g ,  b l e n d i n g ,  
and l o a d i n g  assembly w i t h  fue l - rod  mold 
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F i g .  6-7. FOD PTE-2 p a r t i c l e  b l e n d i n g  d e v i c e  and f u e l - r o d  mold 
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t h e  t o t a l  f low t i m e  through t h e  o r i f i c e  i s  t h e n  measured. ( I n  s e t t i n g  t h e  

f low r a t e ,  u s u a l l y  about  2 g / s e c ,  o r i f i c e  open ings  of less t h a n  3 p a r t i c l e  

d i a m e t e r s  shou ld  n o t  be  used because  o f  t h e  p o s s i b i l i t y  of p a r t i c l e  

b r i d g i n g . )  The r e q u i r e d  amount of f e r t i l e  p a r t i c l e s  i s  t h e n  loaded  i n t o  

t h e  o t h e r  hopper  and t h i s  o r i f i c e  a d j u s t e d  t o  g i v e  a t o t a l  f l ow t i m e  e q u a l  

( t o  w i t h i n  0 . 1  s e c )  t o  t h a t  of t h e  f i s s i l e  p a r t i c l e s .  Once t h e  s e t t i n g s  

are de te rmined ,  weighed amounts of b o t h  t y p e s  of p a r t i c l e s  can  b e  loaded  

i n t o  each c a v i t y  w i t h o u t  making changes.  A s  t h e  p a r t i c l e s  f a l l  i n t o  t h e  

mold c a v i t y ,  a h i g h  pack ing  f r a c t i o n  (60 t o  65 v o l  %) i s  o b t a i n e d  by 

v i b r a t i n g  t h e  mold. An FMB mold w i t h  two c a v i t i e s  f i l l e d  w i t h  l o o s e  

p a r t i c l e s  and t h e  b l e n d i n g  f u n n e l  are shown i n  F i g .  6-8. 

From ea r l i e r  developmental  work, t h i s  method of b l e n d i n g  and l o a d i n g  

t h e  f u e l  p a r t i c l e s  w a s  de t e rmined  t o  b e  t h e  most s u c c e s s f u l  and r e s u l t e d  

i n  p a r t i c l e  d i s t r i b u t i o n s  which d e v i a t e d  from t h e  i d e a l  by on ly  24% 

maximum (Ref.  1). 

Three b a s i c  t y p e s  of TRISO c o a t e d  p a r t i c l e s  were used i n  t h e  f u e l  

rods .  These were p a r t i c l e s  w i t h  H T I  c o a t i n g s ,  L T I  low-densi ty  c o a t i n g s ,  

and L T I  h i g h - d e n s i t y  c o a t i n g s .  The p a r t i c l e s  used c o n s i s t e d  of b l e n d s  of 

s e v e r a l  b a t c h e s  of t h e  same type  as d e s c r i b e d  i n  S e c t i o n  5. A s  i n d i c a t e d  

i n  S e c t i o n  6 . 1 ,  t h e  FSV i n i t i a l  c o r e  was made e n t i r e l y  from T R I S O  coa ted  

LTI f u e l  p a r t i c l e s ,  w i t h  t h e  p y r o l y t i c  o u t e r  c o a t i n g  r a n g i n g  from 1 .60  t o  

2.00 gm/cm . 3 

6.2.3.  Fo rmula t ion  and I n j e c t i o n  of M a t r i x  >fix 

One t y p e  of m a t r i x  mix f o r m u l a t i o n  w a s  used f o r  a l l  of t h e  rods  i n  t h e  

proof  t es t  e l emen t .  T h i s  l i q u i d  t h e r m o s e t t i n g  mix c o n s i s t e d  of t h e  

f o l l o w i n g :  

47.4 w t  % Rezo l in  R-72s  p h e n o l i c  r e s i n  

15.8 w t  X Male ic  anhydr ide  

15 .8  w t  2 Nadic methyl  anhydr ide  

21.0 w t  % GP-38 g r a p h i t e  powder s i z e d  t o  ( 3 0  microns 

69 



HT59113 

F i g .  6-8. Blending f u n n e l  and fue l - rod  mold w i t h  two cavi t ies  c o n t a i n i n g  
l o o s e  f i s s i l e  and f e r t i l e  coa ted  f u e l  p a r t i c l e s  

n 
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I n  b l e n d i n g  t h e  preweighed components, t h e  maleic anhydr ide  w a s  f i r s t  

d i s s o l v e d  i n  t h e  n a d i c  methyl  anhydr ide  w i t h  h e a t i n g  ( approx ima te ly  100°C). 

The anhydr ide  mix w a s  cooled t o  room t empera tu re  and t h e  p h e n o l i c  r e s i n  

added. The g r a p h i t e  powder w a s  t h e n  s t i r r e d  and t h e  whole mix tho rough ly  

blended w i t h  a motor-dr iven s t i r rer .  The g reen  m a t r i x  w a s  used w i t h i n  

4 h r  a f t e r  mixing. A s  i n d i c a t e d  i n  S e c t i o n  1 0 ,  t h i s  m a t r i x  w a s  n o t  used i n  

FSV. R a t h e r ,  a pi tch-bonded,  n a t u r a l  g r a p h i t e  f l o u r  m a t r i x  w a s  e v e n t u a l l y  

chosen f o r  use.  

Fo r  FMB m a t r i x  i n j e c t i o n ,  t h e  l i q u i d  mix i s  loaded  i n t o  t h e  r e s e r v o i r  

of t h e  grease-gun i n j e c t i o n  a p p a r a t u s .  T h i s  a p p a r a t u s  c o n s i s t s  b a s i c a l l y  

of a l i q u i d  mix r e s e r v o i r ,  a p r e s s u r e  chamber w i t h  two check v a l v e s  t o  

d i r e c t  t h e  f low of t h e  m a t r i x ,  a doub le -ac t ing  a i r  c y l i n d e r  t o  deve lop  

i n j e c t i o n  p r e s s u r e s  of up t o  1280 p s i ,  a s e t  of m u l t i p l e - i n j e c t i o n  l o a d i n g  

o r i f i c e s  w i t h  a mold seal  s u r f a c e ,  and a mold s u p p o r t  s t r u c t u r e .  A 

s c h e m a t i c  diagram of t h i s  a p p a r a t u s  i s  shown i n  Fig.  6-9. The whole 

as,sembly and a 6-in.-long mold b e i n g  loaded are shown i n  F i g .  6-10. A f t e r  

t h e  r e s e r v o i r  i s  f i l l e d  w i t h  m a t r i x  mix, t h e  mold c o n t a i n i n g  t h e  l o o s e  

coa ted  p a r t i c l e s  i s  p l a c e d  i n  t h e  mold s u p p o r t  s t r u c t u r e  and t h e  t o p  

t i g h t e n e d  a g a i n s t  t h e  mold sea l  s u r f a c e .  The doub le -ac t ing  a i r  c y l i n d e r  

is then  a c t i v a t e d  and cyc led  t o  b e g i n  pumping t h e  matr ix  mix down through 

t h e  column of p a r t i c l e s .  The m u l t i p l e - l o a d i n g  i n j e c t i o n - m o l d i n g  o r i f i c e s  

a l low a l l  s i x  c a v i t i e s  of a mold t o  b e  i n j e c t e d  s i m u l t a n e o u s l y .  Completion 

of t h e  i n j e c t i o n  i s  i n d i c a t e d  by  a s t o p p i n g  of t h e  a i r  c y l i n d e r  a c t i o n  

and t h e  appea rance  of mat r ix  mix a t  t h e  edge of t h e  bot tom-end mold p l a t e .  

A f t e r  i n j e c t i o n  i s  completed and t h e  mold removed from t h e  a p p a r a t u s ,  t h e  

t o p  b r a s s  r i n g  i n s e r t s  and p l a s t i c  d i s c s  are p u t  i n  p l a c e .  The top mold 

p l a t e  is assembled and t i g h t e n e d  down t o  f o r c e  t h e  r i n g s  and d i s c s  i n t o  

p l a c e ;  t h i s  a l s o  d i s p l a c e s  any e x c e s s  m a t r i x  r ema in ing  a t  t h e  t o p  of t h e  

mold c a v i t y .  

The p r o c e s s  used t o  f a b r i c a t e  f u e l  rods  by FOD w a s  t o  f i l l  t h e  d i e  

(mold) c a v i t y  w i t h  t h e  s p e c i f i e d  f i s s i l e  a n d  f e r t i l e  p a r t i c l e s  u s i n g  t h e  

d o u b l e - o r i f i c e  b l e n d i n g  d e v i c e .  Adjustment f o r  t h e  s p e c i f i e d  l e n g t h  w a s  

made by u s i n g  s p a c e r s  i n  t h e  d i e  c a v i t y .  S i x  14.31-in.  f u e l  r o d s  could be  
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Fig, 6-9. Fuel-rod injection-molding apparatus (grease gun) 
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F i g .  6-10. Complete assembly of  f u e l - r o d  in j ec t ion -mold ing  a p p a r a t u s  

( g r e a s e  gun) with 6- in .  mold i n  p l a c e  
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made a t  one t i m e ;  however,  f o r  t h i s  proof  tes t  e l emen t ,  f i v e  f u e l  rods  were 

made t o  t h e  s p e c i f i e d  l e n g t h  and a 1 - i n ,  rod  was made i n  t h e  s i x t h  c a v i t y  

f o r  f i s s i o n - p r o d u c t - r e l e a s e  measurements,  

Temp era t u r  e 
( " C )  

Room (250) 

250 t o  500 

500 t o  1000 

Hold a t  1000 

F i g u r e  6-11 shows an FOD d i e  b e i n g  i n j e c t e d  w i t h  b i n d e r  mix ( c e n t e r  of 

F ig .  6-11) whereby 1200-psi  p r e s s u r e  i s  a p p l i e d  on t h e  m a t r i x  b i n d e r  i n  an 

a u x i l i a r y  d i e  a t t a c h e d  t o  t h e  f u e l  rod d i e .  A f t e r  t h e  f u e l  r o d  d i e  i s  

i n j e c t e d ,  i t  i s  s e a l e d  2nd h e a t e d  t o  100°C f o r  1 h r  and cooled  t o  room 

t empera tu re .  The rods  are t h e n  e a s i l y  e j e c t e d  from t h e  d i e .  Some f u e l  

r o d s ,  as they  appea r  coming o u t  of t h e  d i e ,  are shown on t h e  l e f t  s i d e  of  

F i g .  6-11. 

T o t a l  
Hea t ing  

T i m e  
( h r )  

3 

1 0  

5 

1 
1 

6 . 2 . 4 .  Curing and C a r b o n i z a t i o n  o f  t h e  F u e l  Rods 

To c u r e  t h e  p h e n o l i c  r e s i n  and harden  t h e  FMB f u e l  r o d s ,  t h e  loaded  

molds were p l a c e d  i n  a c i r c u l a t i n g - a i r  oven a t  105°C f o r  1 h r .  

p l e t e d  t h e  g r e e n  o r  t h e r m o s e t t i n g  c u r e .  

t h e  g reen  cu red  r o d s ,  which were q u i t e  s t r o n g  a t  t h i s  s t a g e ,  w e r e  pushed 

o u t ,  examined, and measured.  They were t h e n  p l a c e d  l o o s e l y  i n  a g r a p h i t e  

c o n t a i n e r  f o r  c a r b o n i z a t i o n .  The c o n t a i n e r  used f o r  many of  t h e  r o d s  w a s  

t h e  a c t u a l  g r a p h i t e  t e s t  e lement  s e c t i o n .  C a r b o n i z a t i o n  of  t h e  FMB f u e l  

r o d s  w a s  accomplished i n  a r e s i s t a n c e - h e a t e d  f u r n a c e  w i t h  n i t r o g e n  pu rge  

us ing  t h e  f o l l o w i n g  h e a t i n g  c y c l e :  

T h i s  com- 

The mold w a s  t h e n  d i sa s sembled  and 

Hea t ing  
R a t e  

(OC/hr) 

100 

25 

100 

7 4  



HT63545 

F i g .  6-11. FOD mold b e i n g  i n j e c t e d  w i t h  m a t r i x  b i n d e r  mix 

.* 
7 5  



The c a r b o n i z a t i o n  f u r n a c e ,  used f o r  bo th  FMB and FOD f u e l  r o d s ,  i s  

shown i n  F i g .  6-12. 
i n  a r e s i s t a n c e - h e a t e d  f u r n a c e  w i t h  n i t r o g e n  purge  u s i n g  t h e  f o l l o w i n g  

h e a t i n g  c y c l e :  

C a r b o n i z a t i o n  of  t h e  FOD f u e l  r o d s  was a l s o  performed 

Temperature  
( "C)  

Room (200) 

200 t o  500 

500 t o  1000 

Hold a t  1000 

- 

T o t a l  Hea t ing  T i m e  
( h r )  

,. 

1 

These programs w e r e  des igned  t o  g i v e  t h e  s l o w e s t  h e a t i n g  r a t e  w h i l e  

t h e  maximum amount of  v o l a t i l e  material was b e i n g  r e l e a s e d  from t h e  r o d s .  

A f t e r  c a r b o n i z a t i o n  and cooldown, t h e  r o d s  were removed and a g a i n  examined 

and measured,  They were t h e n  s t o r e d  u n t i l  gamma scann ing  and f i n a l  assembly 

were performed.  

6 .3 .  EVALUATION OF FUEL RODS PRODUCED FOR PTE-2 

A t o t a l  of 9 7  s o l i d  rods  1.00 i n .  l o n g ,  24  a n n u l a r  rods  5 .93  i n .  l o n g ,  

and 70 s o l i d  rods  11 .53  i n .  l ong  were f a b r i c a t e d  by t h e  FMB f o r  PTE-2 u s i n g  

t h r e e  b a s i c  t y p e s  of f u e l  p a r t i c l e s .  A t o t a l  of 1 7  s o l i d  l.OO-in.-long and 

79 s o l i d  14.31-in.-long f u e l  rods  were made by FOD f o r  PTE-2. These r o d s  

were e v a l u a t e d  by v i s u a l  i n s p e c t i o n  ( f o r  broken  p a r t i c l e s  on t h e  s u r f a c e  

and g e n e r a l  rod i n t e g r i t y ) ,  di.mensiona1 measurements,  me ta l log raphy ,  gamma 

s c a n n i n g ,  and f i s s i o n  p roduc t  release t e s t i n g .  The FMB and FOD rods  t h a t  

were r e j e c t e d  because  of broken  p a r t i c l e s  on t h e  s u r f a c e  and h i g h  f i s s i o n -  

p roduc t  release are l i s t e d  i n  Tab le  6-2 by p a r t i c l e  type .  The FMB and FOD 

rods  s e l e c t e d  f o r  i n s e r t i o n  i n  t h e  e lement  are l i s t e d  by p a r t i c l e  t y p e ,  b a t c h  

number, and rod i d e n t i f i c a t i o n  number i n  Tab les  6-3 and 6-4 r e s p e c t i v e l y .  

The FMB and FOD f u e l  rods  used  i n  each  f u e l  zone are shown i n  t h e  f u e l  zone 
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F i g .  6-12.  Res i s t ance -hea ted  fu rnace  and atmosphere t u b e  f o r  c a r b o n i z i n g  f u e l  r o d s  ( n o t e  f u r n a c e  c o n t r o l s  
and cam f o r  g i v i n g  programmed heat-up c y c l e )  



Type of Fuel 
P a r t i c l e s  i n  Rods 

24 

32 

Length of Fuel 
Rods ( i n . )  

Rods made by 

To ta l  number of 
rods f a b r i c a t e d  

Number of rods 
requi red  f o r  element 

Number of rods accepted  
f o r  use i n  e lement (a)  

Number of rods  r e j e c t e d  
because of broken p a r t i c l e s  

Number of rods  r e j e c t e d  
because of  high FPR(b) 

Number of rods used 
i n  F P R ( ~ )  t e s t  

12 

22 

TABLE 6-2 
FUEL RODS PRODUCED FOR PTE-2 ACCEPTED AND REJECTED 

HTI  Coatings 

-- 11 1 1 
5 1 -- 

LTI Low-Density 

1.00 

FMB __ 

2 3  

11 

1 4  

1 

5 

3 

FQD 

Coat i n f  

5.93 

FMB 

24 

1 2  

14  

4 

6 

-- 

11.53 14.31 

FOD 

40 

22 

23 

4 

1 3  

0 

LTI  High-Density 

1.00 

Coatings 
~ 

11.53 

FMB 1 FOD 

~ 

26 9 

10 

14 

FMB 

28 

11 

1 7  

9 

2 

-- 

~- 

14.31  

FOD 

39 

1 6  

19 

1 3  

7 

0 

(a)Some rods  were accepted  which d i d  n o t  meet a l l  of t h e  FPR requirements and some were accepted  which i n i t i a l l y  

(b )F i s s ion  product  r e l e a s e  

had one or two v i s i b l e  broken p a r t i c l e s  which were subsequent ly  removed. 
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TABLE 6-3 
IDENTIFICATION NUMBERS OF l3IB RODS SELECTED FOR INSERTION I N  PTE-2 

Type of  
Coated F u e l  
P a r t i c l e s  

H T I  

HTI  

LTI  
Low d e n s i t y  

L T I  
Low d e n s i t y  

L T I  
Low d e n s i t y  

L T I  
Low d e n s i t y  

L T I  
Low d e n s i t y  

LT I 
Low d e n s i t y  

L T I  High 
d e n s i t y  

L T I  High 
d e n s i t y  

L T I  High 
d e n s i t y  

L T I  High 
dens  i t  y 

F i s s i l e  
P a r t i c l e  
Batch No. 

E T 1  7OB-17OA2 

E T 1 7 1 C  

ET171C 

ET171C 

ET-255A 

ET-2 55A 

ET-255A 

ET170C,171B 

ET170C,171B 

ET173C,171B 

ET170CY171B 

F e r t i l e  
P a r t i c l e  
Batch No. 

T169A-105B 

T169A-105B 

T-213B,229B 
1 7 6 A  

T2 13B, 2 2 9B 
176A 

T-2 1 3 B ,  22 9 B  
176A 

T212B,253B 
253C 

T212B,253B 
253C 

T212B,253B 
253C 

T103A,103C 
1 6 1 B  

T103AY103C 
1 6 1 B  

T-237B 

T-236B 

Fue l  Rod 
Length 
( i n . )  

1.00 

11 .53  

1.00 

5 .93  
( a n n u l a r )  

11 .53  

1.00 

5 . 9 3  
( a n n u l a r )  

1 1 . 5 3  

1.00 

1 1 . 5 3  

1.00 

11.53  

I d e n t i f i c a t i o n  Numbers 
o f  Rods Used i n  PTE-2 

2A, 4A,  823, 824, 825 
826, 827,  828,  829,  
830,  831,  832,  833,  

845, 846,  847, 848,  

7A,  9 A ,  835,  836,  838, 
840,  853,  854,  855, 
856, 857,  858 

9 1 9 ,  920, 9 2 2 ,  931,  
932, 935 

4 9 ,  51 ,  53 ,  54 ,  55 ,  5 6 ,  

925 

841,  842, 843,  844, 

850,  851,  852 

57,  58 

943, 944,  945, 946, 
943 

61 ,  62 ,  63 ,  64 

937, 938, 940, 941,  
942 

890,  892,  894,  902, 
903, 9 0 4 ,  905,  906 

907, 908, 909,  910,  
911,912 

949,  952 

1 9 A ,  20A, 2 1 A ,  22A, 
2 3A 
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TABLE 6-4 
IDENTIFICATION NUMBERS OF FOD RODS SELECTED FOR INSERTION I N  PTE-2 

F e r t i l e  
P a r t i c l e  
Batch No. 

T-103A-103C-161B 

T-103A-103C-16lB 

T-103A-103C-161B 

T-176B 

T-237B 

T-213B-229B-176A 

T-213B-229B-176A 

T-213B-229B-176A 

T-213B-229B-176A 

T-212B-253B-253C 

Type of  
Coated F u e l  

P a r t i c l e s  

F u e l  Rod 
Length 
( i n . )  

14 .31  

1 4 . 3 1  

14 .31  

1 4 . 3 1  

14 .31  

14 .31  

14.31 

14 .31  

14 .31  

14.31 

L T I  
High d e n s i t y  

LT I 
Low d e n s i t y  

LT I 
High d e n s i t y  

FOD 
Load 
No. 
- 

2 

3 

4 

5 

6 
- 

7 

8 

9 

10 

11 

16 
- 

F i s s i l e  
Pa r t i c l e  
Batch No. 

ET-170C-171B 

ET-170C-17 1 B  

ET-170C-17 1 B  

ET-170C-17 1 B  

ET-17 OC- 17 1 B  

ET-171C 

ET-17 I C  

ET-171C 

ET- 1 7  1C 

ET-255A 

ET-170C-171B T-2 36B 14 .31  

I d e n t i f i c a t i o n  No. 
o f  Rods used i n  

PTE-2 

526 ,  568, 464, 556 

560, 562, 553 

566 

549, 552 

551, 584, 586, 546 

582, 587, 573, 577, 
578 

571, 572, 585, 583, 
5 79 

581, 588, 574, 576 ,  
5 75 

983, 985, 9-chipped 
9 7 8 ,  980 

986, 996 

960, 957 

80  
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assembly drawings l i s t e d  i n  S e c t i o n  8 and i n  Tab les  6-5, 6-6, 6-7, and 6-8 

which c o r r e l a t e  t h e  r e p r e s e n t a t i v e  T R I G A  f i s s i o n - p r o d u c t  release rods w i t h  

t h e  f u e l  r o d s  i n s e r t e d  i n t o  PTE-2. 

A l l  of t h e  14.31-in.-long f u e l  rods  used i n  PTE-2 w e r e  f a b r i c a t e d  by 

FOD, w h i l e  a l l  of t h e  1.00-, 5.93-, and 11.53-in.- long f u e l  rods  were made 

by FMB. (FOD d i d  make some 1.00-in.-long rods  which were used as f i s s i o n  

g a s  samples  and n o t  p l a c e d  i n t o  PTE-2.) There w a s  no s i g n i f i c a n t  d i f f e r e n c e  

between t h e  methods used by t h e  two groups i n  f a b r i c a t i n g  t h e  PTE-2 f u e l  

r o d s .  There were t h i r t y - e i g h t  14 .31 - in . - long  f u e l  r o d s  f i n a l l y  used i n  PTE-2 

and t h i s  r e p r e s e n t s  55% of t h e  t o t a l  f u e l  i n  PTE-2. All of t h e s e  r o d s  were 

p l a c e d  i n  f u e l  zones 2 and 3 where b o t h  t h e  f l u x  and t e m p e r a t u r e  are maximum. 

A l l  of t h e  r ema in ing  f u e l  i n  PTE-2 (45%) w a s  f a b r i c a t e d  by FMB. 

6.3.1. Dimensional Measurements of  F u e l  Rods 

The d imens iona l  r equ i r emen t s  f o r  t h e  d i f f e r e n t  t y p e s  of  f u e l  r o d s  are 

shown i n  T a b l e  6-9. A f t e r  f i n a l  c a r b o n i z a t i o n ,  d imens iona l  measurements 

were made on a l a r g e ,  r e p r e s e n t a t i v e  number of r o d s  by b o t h  M e t a l l u r g y  and 

Q u a l i t y  Assurance p e r s o n n e l .  The rod d i a m e t e r  was measured i n  s i x  p l a c e s :  

two a t  t h e  t o p ,  midd le ,  and bot tom, each 90 deg from t h e  o t h e r .  One l e n g t h  

measurement was made. A l l  measurements were reco rded  i n  e n g i n e e r i n g  l o g  

books. The group of rods which w e r e  ca rbon ized  i n  p l a c e  i n  t h e  a c t u a l  

g r a p h i t e  t es t  element s e c t i o n  were l e f t  u n d i s t u r b e d .  A l l  of  t h e  measured 

r o d s  s e l e c t e d  f o r  i n s e r t i o n  i n  t h e  element met t h e  d imens iona l  r e q u i r e m e n t s .  

The FOD f u e l  r o d s  were ca rbon ized  i n  t h e i r  r e s p e c t i v e  f u e l  b l o c k s  and 

d a t a  f o r  r e p r e s e n t a t i v e  ca rbon ized  f u e l  r o d s  are  shown i n  Tab le  6-10. 

f u e l  r o d s  were n o t ,  however, used i n  t h e  tes t  e l emen t .  

These 
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TABLE 6-5 
CORRELATION BETWEEN TRIGA ROD NUMBERS AND RODS USED I N  PTE-2, ZONE 1 

Rep re s e n t  a t  i ve  
TRIGA Rod No. 

889 

2 4A 

9 36 

9 47 

924 

953 

14.31-in. 
Rods 

None 

PTE-2, Zone 1 
Rod Numbers 

11.5 3-in. 
Rods 

19A 
22A 
2 0 A  
2 3A 
2 1 A  

925 

9 37 
9 4 1  
9 38 
9 42 
9 40 

5.93-in. 
Rods 

64 
6 3  

1.00-in. 
Rods 

890 
89 2 
89 4 

9 31 
9 32 
9 35 

9 19 
9 20 
922 

952 
9 49 
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TABLE 6-6 
CORRELATION BETWEEN T R I G A  ROD NUMBERS AND RODS USED I N  PTE-2, ZONE 2 

Rep res en t a t  i v e  
TRIGA Rod No. 

456 

550 

849 

834 

3A 

924 

901 

5 70 

14.31-in.  
Rods 

526 
556 
568 
464 

5 49 
552 

551 
5 86 
5 84  
546 
960 
957 

PTE-2, Zone 2 
Rod Numbers 

11.53-in.  
Rods 

85 6 
85 7 
85 3 
85 8 

7A 
9A 

5.93-in.  
Rods 

56 
57 
58  

1.00-in.  
Rods 

845 
848 
84 7 
842 
85 1 
85 2 
843 
8 4 1  
850 
846 
844 

82 3 
825 
829 
824 
831 
8 30 
833 
8 32 
2A 
4A 

905 
904 
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Represent  a t  i v e  
TRIGA Rod No. 

947 

559 

569 

TABLE 6-6 (Continued) 

PTE-2, Zone 2 
Rod Numbers 

14.31-in.  11.53-in.  
Rods I Rods 

None 

566 
560 
562 
553 

5.9 3-in. 1.00-in . 
Rods I Rods 

I 
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TABLE 6-7 
CORRELATION BETWEEN T R I G A  ROD NUMBERS AiqD RODS USED I N  PTE-2, ZONE 3 

PTE-2,  Zone 3 
Rod Numbers 

R e p r e s e n t a t i v e  
T R I G A  Rod No. 

9 79 

5 80 

924 

947 

9 7 7  

589 

994 

14.31- in .  
Rods 

575 
581 
574 
588 
5 76 

5 82 
577 
587 
578 
573 

9-chipped 
9 7 8  
9 83 
9 80 
9 85 

571  
583  
572 
5 85 
579 

9 86 
996 

11.53-in.  
Rods 

None 

5.93-in.  
Rods 

55 
54 
5 3  
5 1  
49 

1.00-in.  
Rods 

948 
9 46 
943 
945 
9 44 
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TABLE 6-8 
CORRELATION BETWEEN TRIGA ROD NUMBERS AND RODS USED I N  PTE-2, ZONE 4 

R e p r e s e n t a t i v e  14.31-in.  
TRIGA Rod No. I Rods 

834 

849 

901 

3A 

None 

PTE-2, Zone 4 
Rod Numbers 

11.53 - in .  
Rods 

835 
836 
838 
840 

85 4 
855 

9 11 
909 
907 
9 10  
908 
9 12 

5.9 3-in. 
Rods 

None 

1.00 - in .  
Rods 

826 
8 2  8 

903 
902 
906 

5A 
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TABLE 6-9 
D I M E N S I O N A L  REQUIREMENTS OF PTE-2 FUEL RODS 

Loading 

4 after cure 

After 
carbonization 

4 after cure 

After 
carbonization 

Type o f  Rod 

Fue 1 
Rod 

555 

557 

S o l i d  

00 

0.464 

0.464 

0 .465  

Annular 

goo  0" 

0 .464  0.464 

0 .463  0.463 

0 .464  0.464 

S o l i d  

S o l i d  

Diameter ( i n . )  

+o. 001 
46 7-o. 003 

H.001 
Oa5I4 -0.003 

0.210 k 0.002 
( i n s i d e  d i ame te r )  

+o. 001 
46 7-o. 003 

+o. 001 
0 0 4 6 7 - ~ .  003 

Length ( i n . )  

1.00 2 0.05 

5.93 2 0.05 

11.53 t 0.07 

14.31 k 0.07 

TABLE 6-10 
DIMENSIONAL CHANGES DUE TO CARBONIZATION OF FUEL RODS 

Length 

14.325 

14.367 

14 .324  

14.372 

Gross 

105 .8  

9 6 . 0  

106 .O 

96 .2  

eight ( 5  

Fissile 

29.32 

29.32 

1 _- 
Fertile 

57 .98  

57 .98  

O 0  

0 .464  

0 .464  

0.464 

0 .464  

90 

0.465 

0 .464  

0.465 

0 .464  

90 

0.464 

0.463 

0 .464  

0 .464  
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6 .3 .2 .  Fue l  Rod Meta l lography 

M e t a l l o g r a p h i c  s e c t i o n s  were made of several r e p r e s e n t a t i v e  FNB and 

FOD l.OO-in.-long r o d s .  Three  samples  r e p r e s e n t i n g  t h e  t h r e e  b a s i c  p a r t i c l e  

t y p e s  (HTI, L T I  h i g h - d e n s i t y ,  and L T I  low d e n s i t y )  are shown i n  F i g s .  6-13, 

6-14, and 6-15. A l l  of t h e  samples  showed a g e n e r a l l y  homogeneous m a t r i x  

w i t h  a l a r g e  amount of p o r o s i t y .  There  a l s o  appeared  t o  b e  a f a i r l y  sub- 

s t a n t i a l  amount of bonding of m a t r i x  t o  t h e  p a r t i c l e  s u r f a c e .  A few c r a c k s  

i n  t h e  o u t e r  PyC l a y e r  of t h e  low-dens i ty  L T I  p a r t i c l e s  c o u l d  b e  no ted  i n  

t h a t  sample ,  b u t  t h e s e  were e s t i m a t e d  t o  be  less t h a n  1%. 

broken c o a t i n g s  were no ted  i n  t h e  o t h e r  samples .  The f i s s i l e - f e r t i l e  

p a r t i c l e  d i s t r i b u t i o n  appeared  t o  be  good. 

No c racked  o r  

6 . 3 . 3 .  Fue l  Rod Gamma Scanning 

The t o t a l  e n r i c h e d  uranium c o n t e n t  and l o a d i n g  v a r i a t i o n s  o f  a number 

of r e p r e s e n t a t i v e  f u e l  r o d s  were checked by a gamma-scanning t e c h n i q u e .  

rods  were p o s i t i o n e d  i n  t h e  a p p a r a t u s  i n  a r o t a t i n g  and i n d e x i n g  f i x t u r e  

modi f ied  t o  a c c e p t  d u a l  d e t e c t o r  p robes  l o c a t e d  d i a m e t r i c a l l y  o p p o s i t e  

each  o t h e r .  Glass t u b e s  w e r e  used t o  c o n t a i n  t h e  r o d s  f o r  c o u n t i n g  t o  

p r e v e n t  any p o s s i b l e  damage t o  t h e  r o d s  and c ross -con tamina t ion ,  

a p p a r a t u s  w a s  c a l i b r a t e d  w i t h  s t a n d a r d s  o f  known e n r i c h e d  uranium c o n t e n t  

f o r  14.31- ,  11.53- ,  and l .OO-in.-long f u e l  r o d s ,  and t h e  uranium l o a d i n g  

i n  t h e  r o d s  de te rmined  from t h e  c o u n t s  from each  r o d .  The l o a d i n g s  from 

5.93-in.- long r o d s  were n o t  compared t o  any  s t a n d a r d  s i n c e  none i s  a v a i l a b l e  

f o r  t h i s  t ype .  

count  of a l l  t h e  r o d s  i n  t h i s  group.  

The 

The 

Uranium l o a d i n g s  l i s t e d  are d e v i a t i o n s  from t h e  a v e r a g e  

All b u t  18 o f  t h e  1 2 4  r o d s  loaded  i n t o  t h e  e lement  were scanned ,  A l l  

of t h e s e  m e t  t h e  t o t a l  uranium requi rement  of 25% of t h e  nominal  l o a d i n g .  
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M31819-1 

Fig .  6-13. F u e l  r o d  No. 6 A ,  1 . 0 0  i n .  l o n g ;  TRISO HTI c o a t e d  f i s s i l e  and 
f e r t i l e  p a r t i c l e s  i n  an  i n j e c t i o n  molded f u e l  r o d  w i t h  a 79% 
p h e n o l i c  r e s i n  binder-21% g r a p h i t e  powder f i l l e r  m a t r i x  

M3 1817- 1 

F i g .  6-14.  F u e l  r o d  No. 933, 1 .00  i n .  l o n g ;  TRISO low-dens i ty  LTI c o a t e d  
f i s s i l e  and f e r t i l e  p a r t i c l e s  i n  a n  i n j e c t i o n  molded f u e l  rod  
w i t h  a 79% p h e n o l i c  r e s i n  binder-21% g r a p h i t e  powder f i l l e r  
m a t r i x  
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n 

M31818-1 7 5x 

Fig .  6-15. F u e l  rod  No. 891, 1 .00 - in .  l o n g ;  TRISO h igh -dens i ty  L T I  c o a t e d  
f i s s i l e  and f e r t i l e  p a r t i c l e s  i n  a n  i n j e c t i o n  molded f u e l  rod  
w i t h  a 79% p h e n o l i c  r e s i n  binder-21% g r a p h i t e  powder f i l l e r  
m a t r i x  
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Nine ty  of t h e  1 2 2  r o d s  m e t  t h e  210% p e r  i n .  r e q u i r e m e n t .  The d a t a  a re  i n  

T a b l e  6-11 and t h e  r e s u l t s  o b t a i n e d  from t h e  PTE-2 f u e l  r o d s  a r e  g iven  i n  

T a b l e  6-12. 

T a b l e s  6-13 and 6 - 1 4  l i s t  t h e  f u e l  r o d s  made by FOD f o r  PTE-2. These 

t a b l e s  g i v e  t h e  p e r c e n t a g e  of uranium l o a d i n g  d e v i a t i o n ,  as  compared t o  

s t a n d a r d s ,  I n  some c a s e s ,  t h e  t10% homogeneity r equ i r emen t  was n o t  m e t  i n  

t h e  l a s t  1 i n .  of t h e  numbered end. T h i s  was t o  b e  expec ted  because  a l l  

r o d s  were loaded  w i t h  p a r t i c l e s  i n  a manner such t h a t ,  when t h e  d i e  c a v i t y  

was f i l l e d ,  t h e  f e r t i l e  p a r t i c l e s  were t o  f low a f r a c t i o n  of a second l o n g e r  

t h a n  t h e  f i s s i l e  p a r t i c l e s .  

D i f f e r e n c e s  i n  t h e  t o t a l  uranium l o a d i n g  from t h e  e x a c t  nominal v a l u e  

can b e  a t t r i b u t e d  t o  two p o s s i b l e  c a u s e s :  t h e  f i r s t  would b e  an e r r o r  i n  

t h e  chemica l  a n a l y s i s  of t h e  p a r t i c l e s  i n  t h e  s t a n d a r d  rod  o r  t h e  p a r t i c l e s  

i n  t h e  p r o d u c t i o n  r o d ;  t h e  second would be  an e r r o r  i n  t h e  gamma-counting 

equipment which cou ld  cause  i t  t o  r e a d  u n r e p r o d u c i b l y ,  

The r equ i r emen t  of 210% U / i n .  was n o t  met i n  32 of  t h e  1 2 2  r o d s .  I n  

a l l  c a s e s  t h e  d e v i a t i o n  w a s  a t  t h e  t o p  end of  t h e  r o d ,  as  f a b r i c a t e d ,  and 

i n  t h e  -10% d i r e c t i o n ,  t h a t  i s ,  less  than  nominal uranium. T h i s  d e v i a t i o n  

is n o t  unexpected s i n c e  i n  rod f a b r i c a t i o n  t h e  l o a d i n g  p r o c e s s  i s  des igned  

t o  avo id  an e x c e s s  of uranium a t  t h e  top  end .  

6 . 3 . 4 .  Fis s ion -Produc t -Re lease  E v a l u a t i o n  

Measurement of  t h e  release of i n e r t  f i s s i o n  g a s e s  from f u e l  r o d s  d u r i n g  

i r r a d i a t i o n  i n  t h e  TRIGA King f u r n a c e  f a c i l i t y  was adopted as  a q u a l i t y  c o n t r o l  

p rocedure  d u r i n g  f a b r i c a t i o n  of f u e l  r o d s  f o r  t h e  PTE-2. S i n c e  b o t h  BISO and 

TRISO c o a t i n g s  a re  e x c e l l e n t  b a r r i e r s  t o  t h e  release of  f i s s i o n  g a s e s ,  t h e  

measured f r a c t i o n a l  releases (R/B>* from f u e l  r o d s  are a measure of t h e  amount 

of exposed uranium i n  t h e  f u e l  r o d s ,  T h i s  exposed uranium may be  p r e s e n t :  

* R / B  i s  t h e  r a t i o  of t h e  release r a t e  t o  t h e  b i r t h r a t e  from each i s o t o p e .  
I t  i s  t h e  i n s t a n t a n e o u s  v a l u e  of t h e  f r a c t i o n a l  release norma l ly  measured 
under  s t e a d y - s t a t e  c o n d i c i o n s .  
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No. o f  r o d s  f a b r i -  
c a t e d  

No. o f  r o d s  meet ing  
t h e  t o t a l  uranium 
requ i r emen t ,  +5% 

N o .  of r o d s  m e e t i n g  
t h e  u r a n i u n  p e r  

?z 10% 
i n c h  r equ i r emen t  , 

9 2  

Rod Length ( i n . )  

1.00 5 .93  11 .53  1 4 . 3 1  T o t a l  

45 12 29 38 1 2  4 

4 4 ( a )  12(b) 29 37(c)  122 

44 (a)  23 16") 90 7 (b)  



Rod No. 

526 

5 46 

5 49 

551(a)  

552 

553(a)  

556 

560 (a) 

562 (a) 

566(a)  

568(a)  

571  

572 

573 

574(a)  

5 75 (a) 

576(a)  

577 

578 

579 

581(a)  

582 

583(a)  

584(a)  

5 85 

586 (a) 

587 

5 88 (a) 

957(a)  

960(a)  

978(a)  

9 80 (a) 

TABLE 6-12 
PTE-2 FUEL ROD GAPlbIA SCAN RESULTS 

Nominal Length 
F u e l  Rod ( i n . )  

14 .31  

1 4 . 3 1  

14 .31  

1 4 . 3 1  

1 4 . 3 1  

14 .31  

1 4 . 3 1  

14 .31  

1 4 . 3 1  

1 4 . 3 1  

1 4 . 3 1  

14 .31  

14 .31  

14 .31  

1 4 . 3 1  

14 .31  

1 4 . 3 1  

14 .31  

14 .31  

1 4 . 3 1  

14.31 

14 .31  

1 4 . 3 1  

14 .31  

14 .31  

14 .31  

1 4 . 3 1  

1 4 . 3 1  

14 .31  

14 .31  

14 .31  

1 4 . 3 1  

P e r c e n t  U r an i urn 
Loading Devi a t  i o n  

- 2 . 7  

+0.8 

-3.6 

- 0 . 1  

- 4 . 1  

- 2 . 8  

-3 .5  

-3 .6 

- 2 . 9  

-1 .8  

-2 .3  

+2 .3  

+2 .O 

+ 2 . 7  

+3.7 

+ 2 . 9  

+3 .1  

+3.6 

+ 4 . 1  

+2.7  

+ 2 . 1  

+4.0 

+3.6 

+0 .3  

+3.5 

+o . 2  

+3.0 

+3.6 

-4.9 

- 4 . 3  

+2.9 

+3 .1  
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TABLE 6-12 (Continued)  

Rod No. 

983(a)  

985 ( a )  

9 86 

996 

9-chipped 

7A(a) 

9A 

19A(a) 

20A 

(a 

2 d a )  

22A 

23A(a) 

925 

937 

938 

9 40 

941  

942 

49 

5 1  

5 3  

54 

55 

56 (a )  

57(a)  

58 (a )  

61(a)  

62 

63(a)  

64 

2A 

4A 

Nominal Length 
F u e l  Rod ( i n . )  

14 .31  

14 .31  

14 .31  

14 .31  

14 .31  

11 .53  

11.53 

11 .53  

11.53 

11 .53  

11 .53  

11 .53  

11 .53  

11.53 

1 1 . 5 3  

11.53 

11 .53  

11 .53  

5.93 

5.93 

5 .93  

5 .93  

5.93 

5.93 

5 .93  

5 .93  

5 .93  

5 .93  

5.93 

5 . 9 3  

1 .00  

1.00 

P e r  cen t U r a n i  urn 
Loading Dev ia t ion  

+3.3 

+3.6 

+2.3 

+2 .4  

+3.7 

+1.5 

+1.5 

-1.3 

+l. 8 

-0 .4  

+ 2 . 7  

+1.0 
+3.4 

+1.0 

+l. 3 

+2 .o 
+O. 8 

-0.2 

+0.3 

0.0 

+0.1 
+1.9 

-0 .3  

+l. 8 

0.0 

+1 .2  

+0.6 

-0.4 

f 1 . 3  

-0.6 

-0.9 

0 .0  
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TABLE 6-12 (Continued)  

Rod No. 

89 0 

89 2 

89 4 

9 0 2  

90 3 

9 0 4  

905 

906  

82 3 

82 4 

82 5 

82 6 

82 8 

82 9 

830 

8 3 1  

832 

8 3 3  

84 1 
842 

8 4 3  

844  

845 

846 

84  7 

84  8 

850  

85 1 

85 2 

9 19 

920 

9 2 2  

Nominal Length 
Fuel Rod ( i n . )  

1.00 

1.00 

1.00 

1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 
1.00 

1 .oo 
1.00 

1.00 

1.00 

1.00 
1.00 

1.00 
1.00 

1.00 

1.00 

1.00 
1.00 

.- 

95 

P e r c e n t  Uranium 
Loading D e v i a t i o n  

-2 .9  

-2.9 

-2 .0  

-2 .5  

-2 .9  

-3 .0  

- 2 . 4  

-2 .5 

+0.1 
+0.7 

+0.7 

+l. 3 

+1.9 

+1.0 

+0.4 

- 0 . 2  

+1.7 

+1.6 
H.6 
+l. 2 

M.2 

+1.2 

+l. 7 

+0.1 

-0 .5 

M.5 

+0.4 

-0.1 

+O. 3 

+2.9 

+3.8 



TABLE 6-12 (Continued)  

Rod No. 

9 31  

9 32 

9 35 

943 

944 

9 45 

9 46 

948 

9 49 

952 

Nominal Length 
F u e l  Rod ( i n . )  

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

P e r c e n t  Uranium 
Loading D e v i a t i o n  

+l. 7 

+2 .8  

+1.2 

4-0.3 

+3 .4  

+2.9 

+3.6 

+3.5 

-1.4 

-1.5 

The f o l l o w i n g  PTE-2 f u e l  r o d s  w e r e  not g a m m a  scanned:  

46 4 

835 

836 

838 

840 

85 3 

85 4 

85 5 

85 6 

85 7 

85 8 

90 7 

908 

909 

9 10  

9 1 1  

912 

5A 

1 4 . 3 1  

11 .53  

11 .53  

11 .53  

11 .53  

1 1 . 5 3  

11.53 

11 .53  

11 .53  

11 .53  

11 .53  

11 .53  

11 .53  

11 .53  

11 .53  

11 .53  

11 .53  

1.00 

(a)The l a s t  1 i n .  of t h e  numbered end d i d  
n o t  m e e t  t h e  *lo% homogeneity r equ i r emen t .  
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TABLE 6-13 
FUEL OPERATIONS L T I  HIGH-DENSITY RODS 

USED I N  PTE-2 

I 
Loading 1 

2 

F u e l  Rod 

526 
568 
556 
464 

3 560 
562 
553 

4 I 566 

5 549 I 552 

6 551  
584 
586 
546 

16 957 I 960 

Z U Loading 
D e v i a t i o n  

-2.7 
-2.3 
-3 .5 
-- 

-3.6 
-2 .9  
-2.8 

-1.8 
-3.6 
- 4 . 1  

- 0 . 1  
H . 3  
H.2 
H.8 

-4.9 
-4.3 
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TABLE 6-14 
FUEL OPERATIONS LTI LOW-DENSITY RODS 

USED I N  PTE-2 

Loading 

7 

8 

9 

1 0  

11 

F u e l  Rod 

582 
587 
573 
577 
578  

5 7 1  
572 
5 85 
583 
5 79 

581 
588 
5 74 
5 76 
575 

983 
985 

978 
980 

986 
996 

g--(a> 

% U Loading 
D e v i a t i o n  

+4.0 
+3.0 
+2.7 
+3.6 
+4.1 

+2.3 
+2 .o  
+3.5 
+3.6 
+2.7 

+2.1 
+3.6 
+3.7 
+3.1 
+2.9 

+3.3 
+3.6 
+3.7 
+2.9 
+3.1 

f 2 . 3  
+2.4 

("'Fuel rod  ch ipped ,  l a s t  t w o  
d i g i t s  unknown. 
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1. 

2 .  

3 .  

4 .  

On t h e  s u r f a c e  of t h e  c o a t i n g s  of t h e  f u e l  p a r t i c l e s  ' 

Within a r e c o i l  d i s t a n c e  of t h e  s u r f a c e  of t h e  c o a t i n g  (approxi-  

m a t e l y  15 urn) 

I n  t h e  ca rbon ized  m a t r i x  

I n  p a r t i c l e s  cracked o r  broken d u r i n g  rod f a b r i c a t i o n  

The s p e c i f i c a t i o n  f o r  PTE-2 f u e l  rods  (Ref. 1 9 )  l i s t s  t h e  f o l l o w i n g  

maximum a c c e p t a b l e  s t e a d y - s t a t e  release v a l u e s  (R/B) f o r  t h e  f i s s i o n  g a s  

n u c l i d e s  : 

These v a l u e s  were based on d a t a  o b t a i n e d  from t h e  G A I L  I V  i r r a d i a t i o n  c a p s u l e  

and were used t o  c a l c u l a t e  expected a c t i v i t y  l e v e l s  i n  t h e  F o r t  S t .  Vra in  

p l a n t .  It was t h e r e f o r e  one of t h e  o b j e c t i v e s  of PTE-2 t o  e q u a l  t h e  perform- 

ance expec ted  of t h e  F o r t  S t .  Vra in  f u e l .  

Th i r ty -one  f u e l  r o d s ,  16  from t h e  Fuel  O p e r a t i o n s  D i v i s i o n  (FOD) and 1 5  

from t h e  F u e l  Materials Branch (RIB), were i r r a d i a t e d  i n  t h e  King f u r n a c e ,  and 

t h e  f i s s i o n  gas  release ra te  was measured as p a r t  of a q u a l i t y  c o n t r o l  program 

t o  e v a l u a t e  f a b r i c a t i o n  t e c h n i q u e s  and t o  d e t e r m i n e  t h e  a c c e p t a b i l i t y  of  t h e  

f u e l  r o d s  f o r  u se  i n  F o r t  S t .  Vra in  PTE-2. These 31 t e s t  r o d s  r e p r e s e n t  one 

sample from each p r o d u c t i o n  l o t  of f u e l  r o d s .  

The r o d s  were i r r a d i a t e d  a t  approx ima te ly  f i s s i o n s  f o r  1 h r  a t  

1000°C and t h e  f i s s i o n  gases  were c o l l e c t e d  and counted as d e s c r i b e d  p r e v i o u s l y  

(Ref.  20) .  
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C o r r e c t i o n s  t o  compensate f o r  t h e  nona t t a inmen t  of s t e a d y - s t a t e  

(Ref ,  20)  c o n d i t i o n s  f o r  t h e  l o n g e r - l i v e d  n u c l i d e s  were n o t  a p p l i e d  t o  t h e  

e x p e r i m e n t a l  d a t a . "  These c o r r e c t i o n s ,  which had been used i n  ea r l i e r  

s t u d i e s ,  were found t o  b e  i n a p p l i c a b l e  t o  t h e  c u r r e n t  measurements.  The 

c o r r e c t i o n s  are  based  on a model which assumes t h a t  t h e  g a s  release from 

t h e  f u e l  p a r t i c l e s  i s  a d i f f u s i o n - c o n t r o l l e d  p r o c e s s  which would b e  ex- 

pec ted  t o  show a marked dependence on t h e  h a l f - l i f e  of  t h e  n u c l i d e .  D e t a i l e d  

s t u d i e s ,  r e p o r t e d  e l sewhere  (Ref .  211, have shown t h a t  t h i s  h a l f - l i f e  depen- 

dence w a s  a b s e n t  and t h a t  under  the test c o n d i t i o n s  of  t h e  T R I G 0  King f u r n a c e  

expe r imen t ,  t h e  release of f i s s i o n  g a s e s  i s  p r i m a r i l y  due t o  r e c o i l s  from 

con tamina t ion  i n  t h e  PyC c o a t i n g  r a t h e r  t han  b e i n g  a d i f f u s i o n - c o n t r o l l e d  

p r o c e s s .  A r e c o i l - c o n t i - o l l e d  phenomenon shou ld  n o t  be  h a l f - l i f e  dependent .  

The d a t a  o b t a i n e d  f o r  specimen r o d s  f a b r i c a t e d  by FOD are  g i v e n  i n  

Tab le  6-15 and f o r  t h o s e  f a b r i c a t e d  by FMB i n  T a b l e  6-16. 

The f u e l  r o d s  t e s t e d  were f a b r i c a t e d  from L T I  l ow-dens i ty ,  L T I  high-  

d e n s i t y ,  o r  H T I  p a r t i c l e s .  

E igh t  of t h e  16  r o d s  f a b r i c a t e d  by FOD were made from L T I  h i g h - d e n s i t y  

p a r t i c l e s ,  of which seven  exceeded t h e  s p e c i f i e d  release v a l u e  f o r  t h e  

s h o r t - l i v e d  i s o t o p e s .  Four of t h e  remaining e i g h t  FOD r o d s ,  f a b r i c a t e d  

from L T I  low-densi ty  p a r t i c l e s ,  met a l l  t h e  release s p e c i f i c a t i o n s  (Ref.  

1 9 ) .  Only f i v e  of t h e  1 6  r o d s  f a b r i c a t e d  met t h e  release s p e c i f i c a t i o n  

f o r  a l l  t h e  s h o r t - l i v e d  i s o t o p e s ;  a l l  b u t  one r o d  met t h e  release s p e c i -  

f i c a t i o n  f o r  t h e  l o n g e r - l i v e d  k ryp ton  i s o t o p e s .  Of t h e  11 b a t c h e s  of f u e l  

rods  ( r e p r e s e n t e d  by s a m p l e  f u e l  r o d s  No. 456, 569, 5.59, 550, 570, 958,  580, 

587,  979,  977, and 994) used i n  PTE-2, s i x  d i d  n o t  meet some p a r t  of t h e  

release s p e c i f i c a t i o n  - g e n e r a l l y  t h e  s h o r t e r  l i v e d  X3-138 and Xe-139 l i m i t s .  

A11 11 b a t c h e s  m e t  t h e  Kr-85m s p e c i f i c a t i o n .  

on ly  release s p e c i f i c a t i o n  t o  be  m e t  w a s  t h e  Kr-85m s p e c i f i c a t i o n .  The six 

b a t c h e s  n o t  meet ing t h e  s p e c i f i c a t i o n  were used because  no a d d i t i o n a l  b a t c h e s  

could be f a b r i c a t e d  i n  t i m e  t o  meet t h e  schedu led  d a t e  of PTE-2 i n s e r t i o n  

i n t o  t h e  Peach Bottom r e a c t o r .  

( A l l  p a r t i c l e s  were of t h e  TRISO-I1 d e s i g n . )  

I n  t h e  FSV i n i t i a l  c o r e ,  t h e  

)kKr-85m, Kr-88, Kr-87,  and Xe-138 do n o t  r e a c h  a s t e a d y  s t a t e  i n  1 h r .  
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TABLE 6-15 
FISSION GAS RELEASE FROM PROOF TEST FUEL RODS FABRICATED BY 

THE FUEL OPERATIONS D I V I S I O N  

Sample No. 

LTI Hinh Dens i ty  

Sample 1 
Loading 1 

456 Loading 2 

569 Loading 3 

559 Loading 4 

550 Loading 5 

570 Loading 6 

963 Loading 15 

958 Loading 1 6  

LTI Low Densi ty  

580 Loading 7 

589 Loading 8 

979 Loading 9 

977 Loading 10 

994 Loading 11 

976 Loading 1 2  

993 Loading 13 

972 Loading 14 

Fuel  Rod Leaching 
Exuerimen t 
25A 

3 3 A  

K r  5m 

3 x 

2 x 
3 x 10-6 

3 x 

2 x 

4 x 1G-6  

2 

2 x 

2 x 

3 x 

3 

5 x 1 8  

3 

3 x 

2 x 
, 10-5(a; 

4 x 

3 x 

88 Kr 

4 x 

3 x 

4 x 

3 x 

3 x 

7 x 

3 

4 x 

1 x 

3 x 

3 

6 x 

3 x 

3 

2 
10-5(a; 

4 x 

4 x 

Release F r a c t i o n  

89 K r  8 7  1 K r  

4 x 

3 x 

4 x 

1 x 

2 x 

3 x 

2 

2 x 

7 

2 

2 x 

3 x 

1 x 
10-5(a; 

10-5(a; 
2 

3 x 

3 x 

10-5(a: 

3 x 

3 x 

3 x 

3 x 

5 x 10-6(a)  

3 1 0 - ~ ( ~ )  

7 x 

1 x 

3 x io-6 
9 x 10-6(a) 

3 x 

2 x 

2 x 10 -5(a)  

10-5(a) 
2 1 0 - ~ ( ~ )  

i x 
-6 3 x 10 

138 Xe %139 

7 x 10-6(a)  

9 

3 x 10-6(a) 

3 x 10-6(a) 

2 x 10-6(a) 

2 x 10-6(a) 

1 1 0 - ~ ( ~ )  

3 x 10-6(a) 

1 x 

1 x 

4 x 10-6(a) 

4 

5 x 10-6(a) 

2 1 0 - ~ ( ~ )  

6 x 
5 x 

5 x 

4 x 

(a)Denotee v a l u e  uceede epecification. 
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TABLE 6-16 
FISSION GAS RELEASE FROM PROOF TEST FUEL RODS FABRICATED BY 

THE FUEL MATERIALS BRANCH 

89 Kr 87 K r  88 Kr Sample No. 

L T I  H i g h  Dens i tv  

139 X e  %138 

877 

889 

901 

918 

953 

24A 

2 x 

6 x 
-6 1 1 ::-5 

3 x 

3 x 

7 x 

3 x 

6 x 

LTI Low D e n s i t y  

5 2 4  

9 36 

947 

13A 

1 x 
6 x 
3 

2 10-5 

1 x 
1 x 

8 x 

2 x 
3 x 

HTI 

834 

849 

870 

3A 

51A 

- 

8 5m K r  

1 

2 x 

2 x 

2 x 

2 x 

5 

1 x 

6 x 

2 x 

2 

2 x 

2 x 

9 x 

3 x 

4 x 

1 

2 x 

3 x 

1 x 

2 x 

6 x 

8 x lo-’ 

1 x 

3 

3 

1 x 

I 

7 x 10-6(a) 

1 x 

1 x 

3 

3 

2 x 
2 x lo-’ 

3 

1 x 

I I I I 1 

(a)Denotee v a l u e  exceeds spec i f i ca t ion ,  
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Of t h e  15 FMB rods  t e s t e d ,  s i x  were f a b r i c a t e d  from L T I  h i g h - d e n s i t y  

p a r t i c l e s ,  f o u r  from L T I  low-densi ty  p a r t i c l e s ,  and f i v e  from H T I  p a r t i c l e s .  

S i x  of t h e  15 r o d s  exceeded t h e  maximum a c c e p t a b l e  release v a l u e s ;  one of  t h e  

s i x  w a s  f a b r i c a t e d  from L T I  h igh -dens i ty  , two from L T I  low-densi ty  , and t h r e e  

from H T I  p a r t i c l e s .  In none of t h e  cases d i d  t h e  release f o r  t h e  l o n g e r - l i v e d  

k r y p t o n  i s o t o p e s  exceed s p e c i f i c a t i o n s .  S i n c e  b o t h  FTlG and FOD used t h e  same 

f u e l - p a r t i c l e  b a t c h e s  i n  rod f a b r i c a t i o n ,  i t  a p p e a r s  t h a t  f u e l  rods  f a b r i c a t e d  

by FMB are of a s l i g h t l y  h i g h e r  q u a l i t y  than  t h o s e  f a b r i c a t e d  by FOD. Of 

t h e  10 b a t c h e s  of f u e l  r o d s  ( r e p r e s e n t e d  by s a m p l e  f u e l  r o d s  889, 901, 953,  

24A,  9 2 4 ,  9 3 6 ,  9 4 7 ,  8 3 4 ,  8 4 9 ,  and 3A) used i n  PTE-2, two d i d  n o t  meet t h e  

release s p e c i f i c a t i o n .  Again,  a l l  10  b a t c h e s  d i d  meet t h e  Kr-85m s p e c i f i c a t i o n  

which w a s  t h e  o n l y  s p e c i f i c a t i o n  used f o r  t h e  FSV i n i t i a l  c o r e  f u e l  r o d s .  

The two b a t c h e s  n o t  mee t ing  t h e  s p e c i f i c a t i o n  were a l s o  used because  no 

a d d i t i o n a l  b a t c h e s  cou ld  b e  f a b r i c a t e d  i n  t i m e  t o  meet t h e  d a t e  o f  PTE-2 
i n s e r t i o n  i n t o  t h e  Peach Bottom r e a c t o r .  
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7 .  PIGGYBACK IRRADIATION SPECIFTENS 

Piggyback samples  of v a r i o u s  f u e l  and g r a p h i t e  materials were p repa red  

f o r  i r r a d i a t i o n  i n  t h e  F o r t  S t .  Vra in  Proof Test Element No. 2 (PTE-2) s o  

t h a t  t h e  behav io r  of t h e  component materials can  be  compared w i t h  t h a t  of 

t h e  composi te  f u e l  r o d s  and g r a p h i t e  e l emen t s .  A l s o ,  t h e  per formance  of 

t h e s e  materials can  be de te rmined  i n  an  HTGR f l u x  spec t rum r a t h e r  t han  i n  

a water test r e a c t o r  spectrum. 

The samples  b e i n g  t e s t e d  are:  

1. Loose coa ted  p a r t i c l e s  from each  of  t h e  1 4  b a t c h e s  o r  b l e n d s  

b e i n g  used i n  t h e  f u e l  r o d s  

2. HTI  PyC and S i c  c o a t i n g  s t r u c t u r e s ,  b o t h  r e s t r a i n e d  and  u n r e s t r a i n e d .  

3 .  Matr ix  material of t h e  t y p e  be ing  used  i n  t h e  f u e l  r o d s  

4 .  G r a p h i t e  samples  of i n t e r e s t  t o  HTGR 

7 . 1 .  DESCRIPTION OF SPECIMENS 

7 . 1 . 1 .  Coated P a r t i c l e s  

Coated p a r t i c l e  samples  from each  of t h e  14 b a t c h e s  used  i n  t h e  proof  

tes t  e lement  f u e l  r o d s  are b e i n g  t e s t e d  i n  piggyback l o c a t i o n s  as l o o s e  

p a r t i c l e s  con ta ined  i n  i n d i v i d u a l  g r a p h i t e  c r u c i b l e s .  E igh t  samples  were 

t aken  from i n d i v i d u a l  b a t c h e s  and t h e  remain ing  s i x  were t a k e n  from com- 

p o s i t e  b l e n d s  of  15 i n d i v i d u a l  b a t c h e s ,  j u s t  as they  were used i n  t h e  

e lement .  D e s c r i p t i o n s  of t h e  samples  are g iven  i n  Tab le  7-1 .  Photographs  

of t h e  loaded  c r u c i b l e s  are i n  F i g .  7-1. 
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MC38570-10 

MC 38 5 7 0-9 

F i g .  7-1. Photographs  of l o o s e  coa ted  p a r t i c l e  piggyback samples  ( i n  
g r a p h i t e  c r u c i b l e s )  i n c l u d e d  i n  PTE-2. F i s s i l e  c o a t e d  p a r t i c l e  
samples  are c o n t a i n e d  i n  c r u c i b l e s  1 through 5 ;  f e r t i l e  c o a t e d  
p a r t i c l e  samples  are con ta ined  i n  c r u c i b l e s  6 through 14 

n 
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7 . 1 . 2 .  P y r o l y t i c  carbon and S i l i c o n  Carb ide  S t r i p s  

P y r o l y t i c  carbon (HTI) and S i c  c o a t i n g  s t r u c t u r e s  a re  i n c l u d e d  a s  

piggyback samples  i n  t h e  proof  t e s t  e l e m e n t .  The HTI-PyC c o a t i n g s  a re  

b e i n g  t e s t e d  as b o t h  r e s t r a i n e d  and u n r e s t r a i n e d  samples ,  w h i l e  t h e  S i c  

c o a t i n g s  are b e i n g  t e s t e d  as u n r e s t r a i n e d  s t r i p s  o n l y .  

t h e s e  samples  i s  g iven  i n  Tab le  7-2. F i g u r e  7-2 c o n t a i n s  a photograph of 

t h e  loaded  c r u c i b l e s .  

A d e s c r i p t i o n  of 

7 .1 .3 .  Matrix Material 

Four samples  o f  t h e  m a t r i x  material used i n  PTE-2 f u e l  r o d s  a re  b e i n g  

t e s t e d  as piggyback specimens.  The samples  w e r e  a l l  made by t h e  i n j e c t i o n -  

molding p r o c e s s  u s i n g  m a t r i x  f o r m u l a t i o n  D-38 (Descr ibed i n  S e c t i o n  6 ) .  

A d e s c r i p t i o n  of  t h e  samples  i s  g i v e n  i n  T a b l e  7-3. F i g u r e  7-3 c o n t a i n s  a 

photograph  of t h e  f o u r  specimens.  

7 . 1 . 4 .  G r a p h i t e  Samples 

F i v e  g r a p h i t e s  of i n t e r e s t  t o  HTGR (H-327B, RC4, TS688, TS814, and 

9567) are b e i n g  t e s t e d  as piggyback sarnples.  Samples c u t  from b o t h  t h e  

p a r a l l e l  and p e r p e n d i c u l a r  e x t r u s i o n  d i r e c t i o n s  are  b e i n g  t e s t e d  f o r  

d imens iona l  change i n f o r m a t i o n .  The samples  are l o c a t e d  i n  zone t h r e e  of  

t h e  element (See S e c t i o n  7 . 2  below). The samples  i n  f u e l  h o l e  7 ,  w i t h i n  

f u e l  r o d s  54 and 55, are r o d s  approximate ly  118 i n .  i n  d i ame te r  and 112 i n .  

l o n g ;  t h o s e  i n  t h e  o t h e r  f u e l  h o l e s  are d i s c s  approximate ly  112 i n .  i n  

d i ame te r  and 118 i n .  t h i c k .  A d e t a i l e d  d e s c r i p t i o n  of t h e  g r a p h i t e  samples  

i s  g i v e n  i n  T a b l e  7 - 4 .  Photographs of r e p r e s e n t a t i v e  samples  of  each  of 

t h e s e  two specimen t y p e s  are c o n t a i n e d  i n  F i g .  7-4 . .  

7.2.  LOCATION OF SPECIPENS 

The piggyback samples  are l o c a t e d  i n  several f u e l  ho les  i n  zone t h r e e  

o f  t h e  p roof  t e s t  e lement .  The m a j o r i t y  of  t h e  samples  a re  i n  f u e l  h o l e  7 
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TABLE 7-2 
DESCRIPTION OF PyC AND S i c  STRIPS B E I N G  TESTED AS PIGGYBACK 

SAMPLES W I T H  PTE-2 

Specimen 
Number 

R- 1 

Coat ing  

Number (g/cm3> Remarks 

4174-137 1 .55  1 .18  R e s  t r a i n e d  HTI PyC 

Run Dens i t y 

Sample  
Number 

R- 3 

1 

2 

3 

--- 

R- 2 

4174-137 1 .55  1 .18  

4174-137 1 .55  1.18 HTI-PyC s t r i p s  , 
4174-137 1 .55  1.18 

4174-137 1 .55  1 .18  

3662-111 -- -- 8 S i c  s t r i p s ,  

40-mil wide 

4 0 - m i  1 wide 

4174-137 

Matrix (a )  

D-3 8 

D-3 8 

D-3 8 

D-38 

1 .55  

D i  ame t e r 
( i n . )  

0.1510 - 0.1512 

0.1513 - 0.1517 

0.1510 - 0.1513 

0.1502 - 0.1503 

1.18 specimens 

GA3963-60-2 
(2-60) 

GA3963-60-4 
(4-60) 

GA3963-60-5 
(5-60) . 

GA3963-60-6 
(6-60) 

TABLE 7-3 
DESCRIPTION OF MATRIX MATERIALS B E I N G  TESTED AS PIGGYBACK 

SAMPLES WITH PTE-2 

I 

Length 
( i n . )  

0.4910 

0.4895 

0.4930 

0.4850 

Weight 
(g)  

0.1488 

0.1508 

0 .1521 

0.1496 

Method of 
Manufacture  

I n j e c t i o n  molded 

I n j e c t i o n  molded 

I n j e c t i o n  molded 

I n j e c t i o n  molded 

(a)D-38 fo rmula t ion :  21.0 w / o  <30 pm GP38 g r a p h i t e  
4 7 . 4  w/o r e z o l i n  R-72s p h e n o l i c  r e s i n  
15 .8  w/o male ic  anhydr ide  
1 5 . 8  w/o n a d i c  methyl  anhydr ide  

108 



MC 38 5 7 0- 8 

F i g .  7-2.  Photograph of  pyrocarbon and s i l i c o n  c a r b i d e  piggyback samples  
i n  g r a p h i t e  c r u c i b l e s  i n c l u d e d  i n  PTE-2. The t o p  c r u c i b l e  
c o n t a i n s  u n r e s t r a i n e d  PyC and S i c  s t r i p s  and t h e  o t h e r  two 
c r u c i b l e s  c o n t a i n  r e s t r a i n e d  PyC samples  

2-60 

3-60 

1 .  5-60 
” . . , .,. ., . .  ? 

: ....  I -  
- _ , . :  , .  

c i _ -  . . .  , .  
. .  

i 

M27453-1 

F i g .  7-3. Photograph o f  f u e l  rod m a t r i x  piggyback samples  i n c l u d e d  i n  PTE-2. 
Four specimens (numbers 2 -60 ,  4 - 6 0 ,  5-60, and 6 -60)  were used i n  
t h e  e l e m e n t ;  two specimens (numbers 1-60 and 3 -60)  were h e l d  as 
c o n t r o l  samples 
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TABLE 7-4 
DESCRIPTION OF GRAPHITE SAMPLES B E I N G  TESTED AS PIGGYBACK 

SAMPLES WITH PTE-2 

Specimen 
Number ( a )  

Rod 1 
Rod 2 
Rod 3 
Rod 4 
Rod 5 
Rod 6 
Rod 7 
Rod 8 
Rod 9 
Rod 10 
Rod 11 
Rod 1 2  

Disk F 
Disk I 
Disk H 
Disk J 
Disk B 
Disk N 
Disk P 
Disk A 
Disk D 

E x t r u s i o n  
D i r e c t i o n  

P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  
P e r p e n d i c u l a r  

P a r a  11 e 1 
P a r a l l e l  
P e r p e n d i c u l a r  
P a r a l l e l  
P a r a l l e l  
P a r a l l e l  
P e r p e n d i c u l a r  
P a r a l l e l  
P e r p e n d i c u l a r  

Type of 
G r a p h i t e  

9567 
TS814 
H32 7 
TS688 
H327 
TS814 
9567 
TS814 
H32 7 
TS688 
H32 7 
TS814 

H327 
TS688 
H327 
TS688 
RC 4 
956 7 
9567 
RC4 
RC 4 

Weight 
(g) 

0.2321 
0.2546 
0.2255 
0.2207 
0.2306 
0.2482 
0.2283 
0.2316 
0.2172 
0.2337 
0.2307 
0.2542 

0.5733 
0.5524 
0.5687 
0.5520 
0.5554 
0.5659 
0.5626 
0.5569 
0.5540 

D i a m e t e r  
( i n . )  

0.1465 
0.1456 
0.1457 
0.1460 
0.1460 
0.1456 
0.1456 
0.1461 
0.1458 
0.1456 
0.1460 
0.1455 

0.4409 
0.4410 
0.4410 
0.4409 
0.4401 
0.4405 
0.4403 
0.4401 
0.4401 

Thickness  
( i n . )  

0.5005 
0.5150 
0.4608 
0.4767 
0.4613 
0.5034 
0.5021 
0.4740 
0.4346 
0.5049 
0.4696 
0.5240 

0.1292 
0.1299 
0.1289 
0.1293 
0.1287 
0.1291 
0.1285 
0.1286 
0.1286 

(a)Rod samples are i n  zone 3, f u e l  r o d s  numbered 54 and 55. Disk 
samples are i n  zone 3 ,  bot tom of  f u e l  h o l e s  2-6 and 9-12 (samples r e p l a c e d  
push p l u g s ) .  
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K37779 

F i g .  7 - 4 .  Photographs  of t y p i c a l  g r a p h i t e  rod  samples  ( t o p )  and t y p i c a l  
g r a p h i t e  d i s c  samples  (bot tom) i n c l u d e d  i n  PTE-2 
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and are  l o c a t e d  i n  t h e  c e n t e r  of a n n u l a r  f u e l  r o d s .  Th i s  f u e l  h o l e  c o n t a i n s  

a l l  f o u r  t y p e s  of samples  d e s c r i b e d  above.  The samples  are 1 / 8  i n .  i n  

d i ame te r  and occupy a t o t a l  l e n g t h  of 1 7  i n .  They w i l l  b e  i r r a d i a t e d  a t  

a t empera tu re  of  

coup le ,  and they  

(E > 0.18 MeV). 

1150 t o  12OO0C, which w i l l  b e  moni tored  by a nea rby  thermo- 
2 w i l l  receive a f a s t - n e u t r o n  dose  of  about  1 . 3  x 1 O 2 I  n/cm 

A l o a d i n g  map of samples  i n  t h i s  h o l e  i s  g i v e n  i n  F i g .  7-5. 

The piggyback samples  i n  o t h e r  f u e l  h o l e s  i n  zone t h r e e  (numbers 2 ,  3 ,  

4 ,  5 ,  6, 9,  1 0 ,  11, and 1 2 )  are g r a p h i t e  d i s c s  i n s e r t e d  i n  t h e  bot tom of  

t h e  h o l e s ,  i n  p l a c e  of t h e  s t a n d a r d  g r a p h i t e  push p l u g s .  These d i s c s  are  

made of t h e  v a r i o u s  g r a p h i t e s  d e s c r i b e d  i n  S e c t i o n  7 . 1 . 4  above,  and each  

i s  nominal ly  1 / 2  i n .  i n  d i ame te r  and 118 i n .  t h i c k .  They w i l l  b e  i r r a d i a t e d  

a t  approx ima te ly  t h e  same t e m p e r a t u r e  and t o  t h e  same f a s t  d o s e  as t h o s e  i n  

f u e l  h o l e  7 .  

n 
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F U E L  ROD NO. 55 F U E L  ROD NO. 54 F U E L  ROD NO. 53 

w 
t- 
W 

c 

C O A T E D - P A R T I C L E  SAMPLES 
SAMPLES 1 THROUGH 5 :  F I S S I L E  
SAMPLES 6 THROUGH 1 4 :  F E R T I L E  

MATRIX+- GRAPHITE SAMPLES 
M A T E R I A L  A L L  P E R P E N D I C U L A R  

SAMPLES SAMPLES T O  E X T R U S I O N  A X I S  

BOTTOM OF ELEMENT- 

RES = R E S T R A I N E D  

F i g .  7-5. Loading niap f o r  piggyback samples  con ta ined  i n  zone tliree, F u e l  Hole No. 7 of PTE-2 
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8. LOADING AND ASSEllBLY 

The Capsule  Group of t h e  F u e l s  and Materials D i v i s i o n  w a s  r e s p o n s i b l e  

f o r  t h e  d e t a i l  assembly p rocedure ,  d e s i g n  and manufac ture  of  j i g s ,  f i x t u r e s ,  

and o n - s i t e  s h i p p i n g  c o n t a i n e r s ,  procurement  of a l l  p a r t s  l i s t e d  on t h e  

t es t  e lement  drawings ,  comple te  assembly of f u e l  b o d i e s  and  test  e l e m e n t s ,  

and d e l i v e r y  t o  t h e  O f f i c e  of Nuclear  Materials C o n t r o l  f a c i l i t y  f o r  

i n s e r t i o n  i n  a s h i p p i n g  c o n t a i n e r .  

8.1. IDENTIFICATION OF FUEL SECTIONS 

Each e lement  h a s  a n  i d e n t i f i c a t i o n  number i m p r i n t e d  on t h e  t o p  r e f l e c t o r .  

A l s o  a h o r i z o n t a l  o r i e n t a t i o n  groove  from t h e  c e n t e r  c o o l a n t  h o l e  t o  t h e  

c o r n e r  of  t h e  hex  i s  machined on t h e  t o p  f a c e  o f  t h e  t o p  r e f l e c t o r .  The 

groove i s  a l i g n e d  w i t h  t h e  t y p e  B thermocouple .  

n o r t h  a f t e r  i n s t a l l a t i o n ,  as shown on F i g .  3-1. I n  a d d i t i o n ,  on each  of  

t h e  f o u r  f u e l  zones ,  on t h e  t o p  r e f l e c t o r ,  bo t tom r e f l e c t o r ,  and bot tom 

c o n n e c t o r ,  t h e  d i g i t  2 h a s  been engraved a d j a c e n t  t o  t h e  o r i e n t a t i o n  groove .  

The t o p  and bot tom r e f l e c t o r s  and t h e  bottom connec to r  have  been  marked a t  

t h e  t o p  end of each  s e c t i o n ,  w h i l e  t h e  f o u r  f u e l  zones are marked a t  t h e  

bot tom of  each  s e c t i o n .  I n  F ig .  8-4 t h e  d i g i t  2 i s  shown on t h e  t o p  r e f l e c t o r .  

The groove  is  f a c i n g  r e a c t o r  

8 .2 .  FUEL LOADING 

To p r e c l u d e  hand l ing  damage t o  t h e  f u e l  r o d s  two i n i t i a l  ground r u l e s  

were e s t a b l i s h e d  r e g a r d i n g  t h e  l o a d i n g  o f  t h e  f u e l :  

l oaded  o n l y  when t h e  e n t i r e  f u e l  h o l e  l o a d i n g s  were a v a i l a b l e ,  and (2)  t h e  

(1) h o l e s  would b e  

f u e l  r o d s  would n o t  b e  hand led  u n l e s s  a b s o l u t e l y  n e c e s s a r y .  For  t h i s  

l a t t e r  r e a s o n ,  two double  t roughs  of  t h e  r e q u i r e d  h e i g h t  t o  s l i p - f e e d  a 

f u e l  rod  i n t o  i t s  h o l e  were made. A h a n d l i n g  sequence  w a s  a l s o  adopted  

minimize t h e  p o s s i b i l i t y  of a c c i d e n t a l l y  d ropp ing  o r  o t h e r w i s e  damaging 

t o  

t h e  

n 
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f u e l  r o d s .  

hand le  t h e  e n r i c h e d  f u e l .  The uncarbonized  (g reen )  f u e l  r o d s  were emptied 

from t h e  g l a s s  t u b e s  i n  which they  were r e c e i v e d  by s l i d i n g  them d i r e c t l y  

i n t o  t h e  t r o u g h s .  S e l e c t e d  g reen  r o d s  were t h e n  i d e n t i f i e d  by s t i c k i n g  a 

numbered t a g  c o n t a i n i n g  t h e  rod number molded i n t o  each  f u e l  rod  o n t o  t h e  

t rough a l o n g s i d e  t h e  f u e l  rod .  Once i d e n t i f i e d ,  t h e  t rough  w i t h  t h e  f u e l  

w a s  moved t o  a mass l in-covered  pan and p o s i t i o n e d  f o r  photography.  

f u e l  r o d s  were n o t  photographed s i n c e  t h e  i n t e n t i o n  w a s  t o  photograph t h e  

w o r s t  end and t o  i n c l u d e  a r e p r e s e n t a t i v e  s u r f a c e  c o n d i t i o n .  Tab le  8-1 

l ists  t h e  g r e e n  f u e l  r o d s  t h a t  were photographed;  examples of  t h e s e  r o d s  

are shown i n  F ig .  8-1. After t h e  f u e l  rod w a s  photographed ,  t h e  t rough  

w a s  moved t o  a n o t h e r  mass l in-covered  t a b l e  p r e p a r e d  f o r  l o a d i n g  t h e  f u e l  r o d  

i n t o  t h e  tes t  e lement .  

Several areas were p repa red  w i t h  a m a s s l i n  c l o t h  c o v e r i n g  t o  

E n t i r e  

Each f u e l  h o l e  w i t h i n  t h e  g r a p h i t e  s e c t i o n s  w a s  v i s u a l l y  examined and 

then  c l e a n e d  w i t h  a s p e c i a l  a d a p t e r  a t t a c h e d  t o  a p o r t a b l e  vacuum c l e a n e r .  

A f l a t  area, 114 i n .  wide  by 2 i n .  l ong  t o  be  used as an o r i e n t a t i o n  

mark f o r  h o l e  numbering, w a s  made by f i l i n g  away a s e l e c t e d  p o i n t  between 

two f l a t s  of t h e  hexagonal  c o n f i g u r a t i o n  of t h e  g r a p h i t e  f u e l  zone.  A t  

t h e  end o p p o s i t e  of  t h i s  mark, 3116-in.  by 3116-in.  f l a t s  w e r e  f i l e d  i n  

s u i t a b l e  numbers t o  deno te  t h e  zone number. Cutof f  marks were s c r i b e d  

c i r c u m f e r e n t i a l l y  f o r  p o s t t e s t  s e p a r a t i o n  of  t h e  zones i n  t h e  Hot Ce l l  

F a c i l i t y .  Two c u t s  w i l l  b e  r e q u i r e d ,  one t o  open up t h e  h o l e s  a t  t h e  bot tom 

of each  f u e l  s t a c k  and t h e  o t h e r  above each  f u e l  s t a c k .  

A s  each zone w a s  p repa red  f o r  l o a d i n g ,  t h e  p e r t i n e n t  drawing i l l u s -  

t r a t i n g  t h e  k ind  of rod makeup r e q u i r e d  w a s  p o s t e d  on t h e  w a l l .  The 

numbers of  t h e  f u e l  r o d s  and t h e i r  materials were l i s t e d  and p u b l i s h e d  as 

t h e  r o d s  were made up. The numbers from t h e s e  l i s t s  were a s s i g n e d  t o  t h e  

p r o p e r  p o s i t i o n s  by l o c a t i n g  them on t h e  drawing.  

Be fo re  each  f u e l  rod  w a s  l o a d e d ,  a g r a p h i t e  pushe r  p l u g  approximate ly  

0.250 i n .  long  was i n s e r t e d  i n  each  of t h e  f u e l  rod h o l e s .  The u l t i m a t e  

use  of t h i s  p l u g  i s  t o  ass is t  i n  t h e  removal of  t h e  f u e l  r o d s  f o r  p o s t -  

i r r a d i a t i o n  examinat ion .  
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TABLE 8-1 
LISTING OF THE PTE-2 FUEL RODS I N  THE UNCARBONIZED (GREEN) 

CONDITION THAT WERE PHOTOGRAPHED 

Fuel Zone No. 

4 

Hole No. 

6 
1 0  

6 
10  

3 
6 

10 
12 

11 
1 2  

Fuel  Rod No. 
Photographed 

894, 21A 
920, 941 

568, 552 
857, 830, 832, 831, 833, 562 

576, 983 
582, 572 
577 585, 943 

855 
912, 906 

+ ta )  

(a )Fuel  rod chipped, l as t  two d i g i t s  unknown. 
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The l o a d i n g  of a f u e l  rod  i n t o  i t s  a s s i g n e d  p l a c e  was performed by one 

i n d i v i d u a l  and w i t n e s s e d  by a n o t h e r ,  

rod  number was w r i t t e n  on t h e  drawing t o  document t h e  l o a d i n g ,  An ar row 

was p laced  a d j a c e n t  t o  t h e  rod  number and p o i n t e d  t o  t h e  d i r e c t i o n  i n  which 

t h e  numbered end of  t h e  f u e l - r o d  f a c e  was i n s e r t e d  i n t o  t h e  f u e l  zone 

g r a p h i t e .  F i g u r e s  8 - 2 ,  8 - 3 ,  8 - 4 ,  and 8-5 l o c a t e  each  f u e l  rod  w i t h i n  each  

of  t h e  f o u r  f u e l  zones  and i n d i c a t e  t h e  o r i e n t a t i o n  of each  f u e l  rod .  The 

void-space  gap above each  f u e l  s t a c k  i s  a l s o  i n d i c a t e d  on t h e s e  drawings ,  

A s  each  rod  was i n s e r t e d  i n  p l a c e ,  t h e  

A l l  of t h e  h o l e s ,  w i t h  t h e  e x c e p t i o n  of t h e  12  a n n u l a r  f u e l  rods  

i n  f u e l  zones one ,  two, and t h r e e  and t h e  1.00-in.- long f u e l  rod  i n  

h o l e  11 of f u e l  z o n e i f o u r ,  were loaded  w i t h  g r e e n  f u e l  rods .  All of  t h e  

r o d s  were t h e n  ca rbon ized  i n  p l a c e  w i t h i n  t h e  f u e l  zone as d t s c u s s e d  f n  

S e c t i o n  6 . 2 . 4 .  

n 

A f t e r  c a r b o n i z a t i o n ,  s e l e c t e d  f u e l  r o d s  were c a r e f u l l y  pushed o u t  of 

Again,  e n t i r e  f u e l  r o d s  were n o t  photo-  each  f u e l  zone and photographed .  

graphed--only t h e  wors t  end and a s e c t i o n  t o  r e p r e s e n t  t h e  g e n e r a l  s u r f a c e  

c o n d i t i o n ,  Tab le  8-2 l i s t s  t h e  ca rbon ized  f u e l  r o d s  t h a t  were photographed .  

Examples of t h e s e  r o d s  are  shown i n  F i g .  8-6. 

A f t e r  t h e  p o s t c a r b o n i z a t i o n  photographs  were t a k e n ,  t h e  s e l e c t e d  f u e l  

r o d s  were r e t u r n e d  t o  t h e i r  r e s p e c t i v e  f u e l  zones .  

The a n n u l a r  f u e l  r o d s ,  above t h e  t e r m i n a t i o n  p o i n t  of  t h e  thermocouple ,  

were loaded  w i t h  t h e  piggyback samples  d e s c r i b e d  i n  S e c t i o n  4 .  

h o l e  was f u l l y  loaded ,  a p o l y e t h y l e n e  foam p lug  was f i t t e d  i n  t h e  v o i d  

between t h e  fue l - rod  s t a c k  and t h e  g r a p h i t e  t o p  p l u g .  The t o p  p l u g s  were 

cemented i n  p l a c e  w i t h  carbon cement Grade P-514.k Any e x c e s s  cement was 

c a r e f u l l y  removed. A t y p i c a l  view of a f u e l  zone w i t h  t h e  f u e l  h o l e  p l u g s  

cemented i n  p l a c e  i s  shown i n  F i g .  8 - 7 .  

A f t e r  each  

*Great Lakes Carbon Corpora t ion .  
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T H I R D  L E n E R  
UXATloN OFNELRDD WHEN 

E *  FUEL RODS CARBONIZED IN TEST ELEMENT 
GRAPHITE FUEL SECTION 

5.  FUEL RODS CARBONIZED IN SPECIAL GRAPHITE HOLDERS 

N O T E S  : 
I - SEE DWG. W /  5U.-1976 F O R  D I M I N S I O G .  

2- TU€ GRAPHITE P L U G S  A R E  T O  BE 
CEMENTED LNTO PLRCE W I T H  P-514 
GRAPHITE CEWCNT. 

ION 
FUEL . H O L E  
I 0 E NT IF I CAT I 
N U M B E R  

T O P  UEW 

L O A D I N G  T A B U L A T I  O N  
T A  B L E  - O N E  

/. LLE 941 - 1/53 

I 

I - ~ _- . _ _  T O R  COMPOSITION CODING 
I L *  LOW TEMP ISGTffOPIC 7J/I?OCARJ30d 

.. . . I I  I I I 
I I I 

TYPICAL IDENTIFICATION 
O F  FUEL R O D 5  

ARROW INDICATES THE NUMBERED 
END O F  THE FUEL ROD.  

- - 
.. . . .  
._ - - BASE RESIN MIX FORMULATION - 

- f5& PARTS MALEIC ANHYDRIDE 

_ _  - 
h y  PARTS REZOLIN R 725 

- - - .- 
.- __- 

~ ___ - ~ - __ - __ __ 

Fig. 8-2. Fuel zone one assembly 
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F U E L  HOLE 
IDENT I F I  CAT I O  N r- 

" E  

X H  5 

r 

6 I / .  53 , SOL/D 7 / .  / e 
2 I .  00 

I 1. 00 SOLID I 1.00 

4UMBER 

FIRST LETTER 
TYPE OF OUTER COATING ON PARTICLE 

SECOND LETTER 

oRI€UT~7lO# F L I T  

T O P  V IEW 

L 3 L 0 W TEmP /SOTTOP/C PYK 0 CARS O d  

t i  i H16H TEmP /SO TROPIC PYROCRR60N 

L i LOW DENSITY 

REFERENCE DIAMETERS 

~ma8Ta'e 
W ~ L  m a  FU& noLn 

7 4 : . 0 0 1  A 6 7  f o& 

-. 
9 IO 
/ I  
,a 1 I 

DEMlrYCfOUTER COATING ON PARTICLE 

THIRD LETTER 
UKATION OF FUEL ROD WEN CARBONIZED 

i" 

H :  H/6HDENS/TY 
E= FUEL RODS CARBONIZED IN TEST ELEMENT 

GRAPHITE FUEL SECTION 
s= FUEL RODS CARBONIZED IN SPECIAL GRAPHITE HOLDERS 

L 
L- - 

F U E L  H O L E  
NUMBER 

L H E  I I 53 -- 909 

L O A D  I N G  T A B U L A T I O N  
T A B L E  - O N E  

I 3  I 1.00 I *"L'y 

T Y P I C A L  IDENTI  Fl CAT1 ON 
O F  FUEL R O D S  

~ A R R O W  I N D I C A T E S  THE N U M B E R E D  
END O F  THE F U E L  ROO.  

N O T E S :  
I- SIZE DWG SO/ SK-1979 F O R  DIMEN510N5. 

2- THE GR4PHITE P L U G S  ARE T U  Be 
GRAPHITE CEMENTED CEMENT.  INTO P L A C E  W I T H  P-514 

F i g .  8-5. F u e l  zone f o u r  assembly I 
I 
I 





T A B L E  8-2 
L I S T I N G  OF THE PTE-2 FUEL RODS I N  THE C A R B O N I Z E D  C O N D I T I O N  
THAT W E E  PHOTOGRAPHED A I D  DIblEENSIONED PRIOR TO I R R A D I A T I O N  

Fuel Zone No. 
Fuel Rod N o .  

Hole No. Photographed 

1 

2 

3 

6 
7 

10  

3 
6 
7 
10 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

894, 21A 
64 ,  63 
920, (a) 9 4 1  (a) 

568,  552 
5 6 ,  5 7 ,  5 8 ,  61,  62 
857,  830,  832,  831,  833,  562 

576 ,  983 
582,  572 
55 ,  5 4 ,  53 ,  5 1 ,  49 
577, 585,  943 

9 1 1  
907 
835 
836 
838 
908 
903, 909 
910, 902 
826, 840 
854,  828 
855, 5A 
912, 906 

(a)Rod 920 and 941 were photographed but not dimensioned. 
In addition, rod 940 in hole 9 of fuel zone 1 was dimensioned 
but not photographed. 
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Fig. 8-6. 

MC30570-3 

MC38570-2 

Typical examples of carbonized fuel rods; one-in.-long fuel rods 
No. 830, 831, 832, and 833 were placed in fuel zone two, hole No. 
10; 14.31-in.-long fuel rod No. 577 was placed in fuel zone three, 
hole 10 
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ORIENTATION 

MARK \ 

. 

MC 3 8 5 7 0-1 

F i g .  8-7. End view o f  f u e l  zone f o u r  w i t h  t h e  f u e l  h o l e  p l u g s  cemented i n  
p lace  

1 2 9  



8 . 3 .  PTE-2 ASSEMBLY 

Immediately prior to assembly of the element, the handling-tool lifting 

block was placed on the top of the bottom copnector. 

had been loaded with fuel and capped off by cementing the plugs in place, 

the threaded portions of the graphite element components were brushed and 

vacuum cleaned to remove dust and particles. All of the threads were coated 

with primer, and P-514 cement was applied to both male and female threads 

just prior to assembling the individual sections. 

bling any two sections together, a wooden dowel with a cheesecloth-covered 

end was passed through the gas holes of each joint to remove any cement that 

had extruded into them. The gas passages were then examined visually as 

each section was added. The thermocouple holes were checked for alignment 

after each addition was made by inserting a rod of approximately the same 
diameter as the thermocouple. 

When all of the zones 

Immediately after assem- 

The assembly was started by joining the bottom connector to the bottom 
reflector and was continued by using the assembly fixture (Dwgs. No. 90-SK-2071 

and 90-SK-2209) until fuel zones one, two, and three were in place. At that 

point, the tungsten-3% rhenium/tungsten-25% rhenium and Chromel/Alumel thermo- 

couples were installed in the element. Thermocouple response, resistance, 

and thermoelement identification were determined prior to installation. The 

installation was made so that the positive and negative leg of the elements 
aligned with the proper contacts. Joining of the thermoelements and the 

contacts was made by tungsten inert-gas welding. The screws holding the 

contact assembly were firmly seated and tack-welded to prevent loosening. 

The bottom of the element, together with the thermocouple contactor assembly, 

is shown in Fig, 8-8. The element area at the thermocouple hot junction 

was gently heated with a heated-air blower and the thermocouple response 

checked with a potentiometer. After ensuring that both thermocouples were 

operating properly, fuel zone four and the top reflector were added to com- 

plete the unit, The completely assembled PTE-2 is shown in Fig. 8-9. 
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F i g .  8-8. V i e w  o f  t h e  bot tom o f  PTE-2 showing t h e  thermocouple c o n t a c t o r  
assembly 
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F i g .  8-9. Completed assembly of PTE-2 

. 
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8 . 4 .  CEMENTED J O I N T  C U R I N G  

The cement recommended f o r  assembly of  t h e  proof  t es t  e lement  s e c t i o n s  

was Grade P-514 carbon cement.  The recommended c u r i n g  t o  260°F a t  i n c r e a s e s  

of  1 5 " F I h r  c o u l d  n o t  b e  a p p l i e d  because  t h e  p o l y e t h y l e n e  p l u g s  i n s e r t e d  on 

t o p  of  each  of  t h e  f u e l - r o d  s t a c k s  as a motion r e s t r a i n e r  l o s e  t h e i r  i n t e g r i t y  

a t  a t empera tu re  of 210°F. Thus,  t h e  c u r i n g  c y c l e  used  f o r  PTE-2 was l i m i t e d  

t o  175°F a t  g r a d u a l  i n c r e m e n t s  of 1 5 " F I h r .  

f o r  1 1 2  h r .  F i n a l  c u r e  and c a r b u r i z a t i o n  of t h e  cement w i l l  occur  when t h e  

e lement  r e a c h e s  o p e r a t i n g  t empera tu re  i n  t h e  r e a c t o r .  

The 175°F t empera tu re  was h e l d  

8 . 5 .  LOADING OF PTE-2 I N T O  SHIPPING CONTAINER 

The foam s h i p p i n g  s u p p o r t  f o r  PTE-2 c o n s i s t e d  of  f o u r  l e n g t h s  of  1 - i n .  

aluminum Schedule  40 p i p e  equipped w i t h  3-1/4- in . - long aluminum s p a c e r s  

made of  1-114-in.  Schedule  40 p i p e .  P o l y e t h y l e n e  foam pads d i e  c u t  t o  t h e  

p r o p e r  c o n f i g u r a t i o n  were i n s e r t e d  between t h e  s p a c e r s .  The s u p p o r t  was 

c o n s t r u c t e d  i n  two h a i v e s .  One h a l f  of  t h e  foam s h i p p i n g  s u p p o r t  (Dwg. No. 

90-SK-2354) w a s  p o s i t i o n e d  t o  r e c e i v e  t h e  e lement .  The h a n d l i n g  t o o l ,  as 

shown i n  F i g .  8-10, was i n s e r t e d  i n t o  t h e  e lement  and l a t c h e d .  The e lement  

was t h e n  l i f t e d  by f o u r  i n d i v i d u a l s  and p l a c e d  i n  t h i s  c r a d l e .  A p r o t e c t i v e  

cap (Dwg. No, 90-SK-2314) w a s  p l a c e d  o v e r  t h e  thermocouple  c o n t a c t  p o i n t s  

and s e c u r e d  t o  t h e  c r a d l e  w i t h  g l a s s - r e i n f o r c e d  t a p e .  The second h a l f  o f  

t h e  c r a d l e  w a s  p laced  i n  p o s i t i o n  and t h e  two h a l v e s  were bound t o g e t h e r  

w i t h  g l a s s - r e i n f o r c e d  t a p e .  PTE-2 c o n t a i n e d  w i t h i n  t h e  s h i p p i n g  s u p p o r t  

c r a d l e s  i s  shown i n  F i g .  8-11. 

The s h i p p i n g  c o n t a i n e r  (Dwg. No. 90-SK-2309) i s  c o n s t r u c t e d  from a 

p i e c e  of  8- in ,  Schedule  40 p i p e  t h a t  i s  t h r e a d e d  on b o t h  ends  and equipped 

w i t h  f o r k - l i f t  b r a c k e t s ,  s u p p o r t s ,  and e y e  b o l t s  f o r  h o r i z o n t a l  and v e r t i c a l  

l i f t i n g .  The PTE-2 s h i p p i n g  c o n t a i n e r  i s  shown i n  F i g .  8-12. 
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HT665 22 
Fig. 8-10. Handling tool latched within PTE-2 
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A l e n g t h  of  3-ft-wide K r a f t  pape r  was f e d  through t h e  8 - in .  p i p e  and 

an e q u a l  l e n g t h  was al lowed t o  ex tend  o u t  one end. 

foam s u p p o r t ,  was wrapped i n  t h e  p r o t r u d i n g  p i e c e  of  p a p e r ,  

r e a d y ,  one i n d i v i d u a l  p u l l e d  on t h e  K r a f t  pape r  a t  one end of t h e  8 - in .  

p i p e  w h i l e  f o u r  i n d i v i d u a l s  l i f t e d  and s l i d  t h e  c r a d l e  i n t o  t h e  p i p e  a t  t h e  

o t h e r  end. 

The e l e m e n t ,  i n  i t s  

When a l l  was 

Once t h e  element  was i n  p l a c e ,  t h e  excess pape r  was removed and d i s c a r d e d ,  

t h e  padded p i p e  caps  were a t t a c h e d ,  w i re - lock  h o l e s  were d r i l l e d ,  and t h e  

c a p s  were wire- locked i n  p l a c e .  Both ends of t h e  p i p e  were enc losed  w i t h  a 

p o l y e t h y l e n e  bag and s e a l e d  w i t h  tape .  

137 



n 

9.  QUALITY ASSURANCE 

Q u a l i t y  Assurance P l a n  90-48 d e s c r i b e s  t h e  QA t a s k s  t o  b e  accomplished 

t o  a s s u r e  t h a t  r equ i r emen t s  of t h e  drawings and s p e c i f i c a t i o n s  f o r  PTE-2 

are m e t .  

S tandard  Peach Bottom materials and p a r t s  were used ,  whenever a v a i l a b l e ,  

and mod i f i ed  t o  conform t o  PTE-2 r equ i r emen t s .  C e r t i f i c a t i o n s  were o b t a i n e d  

on t h e s e  materials f o r  t h e  PTE-2 QA f i l e .  

A l l  o f  t h e  p iece  par ts  w e r e  i n s p e c t e d  t o  PTE-2 drawings and t h e  d e v i a t i o n s  

approved by t h e  F u e l  Element Design Branch. 

and f u e l  s e c t i o n s  were checked i n  numerous l o c a t i o n s  and t h e  d imens ions  

r eco rded  f o r  e v a l u a t i o n  of expans ion  c h a r a c t e r i s t i c s  d u r i n g  t h e  p o s t i r r a d i -  

a t  i o n  examin a t  i o n .  

The h e x  f l a t s  on t h e  r e f l e c t o r s  

F u e l  p a r t i c l e  e v a l u a t i o n  d a t a  were o b t a i n e d  and compared from FOD and 

FMB. Each d e v i a t i o n  w a s  c a r e f u l l y  weighed and f i n a l  a c c e p t a n c e  w a s  made by 

FIB. T h i s  f i n a l  a c c e p t a n c e  h inged  t o  a l a r g e  e x t e n t  on t h e  metal l ic  f i s s i o n  

p r o d u c t  release v a l u e s  f u r n i s h e d  by t h e  F u e l  Chemistry Branch.  

a c c e p t a n c e  v a l u e s  of  t h e  f i s s i o n - p r o d u c t - r e l e a s e  tests were somewhat a r b i t r a r i l y  

s e l e c t e d  from p r e v i o u s  i r r a d i a t i o n  tests.  It i s  n o t  known how v a l i d  t h e s e  

c h o i c e s  are. 

The t h r e s h h o l d  

Fue l  r o d s  were made by b o t h  FOD and FNB and were d i m e n s i o n a l l y  i n s p e c t e d  

by them. 

Branch f o r  gaseous f i s s i o n - p r o d u c t  release. Due t o  s c h e d u l e  p r e s s u r e s ,  s t e a d y -  

s t a t e  c o r r e c t i o n s  were i n f e r r e d  on  many o f  t h e  r e s u l t s ;  t h e r e f o r e ,  t h e  same 

comments a p p l y  h e r e  as f o r  t h e  f u e l  p a r t i c l e s .  

One sample from each  mold r u n  w a s  e v a l u a t e d  by t h e  F u e l  Chemistry 

n 
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S p e c i f i c  d a t a  were u n a v a i l a b l e  f o r  t h e  thermocouples  used i n  PTE-2. 

T y p i c a l  d a t a  on s imi l a r  thermocouples  s e n t  t o  GGA w e r e  s u p p l i e d  by C o n t i n e n t a l  

Sens ing  and used  t o  e v a l u a t e  expec ted  performance f o r  t h e  thermocouples  used .  

The assembly w a s  made and t e s t e d  t o  t h e  FSV Proof  Test Element Assembly 

S p e c i f i c a t i o n  X-18-U-8. 

Book. C h e c k l i s t s  were fo rmula t ed  and used by OA t o  a s s u r e  t h a t  a l l  t h e  

checks  c a l l e d  f o r  i n  X-18-U-8 were performed.  These l i s t s  a s  w e l l  as a l l  

o t h e r  p e r t i n e n t  QA data o b t a i n e d  f o r  PTE-2 w i l l  b e  r e t a i n e d  i n  t h e  PTE-2 

QA f i l e .  

S p e c i f i c  d a t a  were r eco rded  i n  t h e  Eng inee r ing  Log 
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10. COMPARISON OF PTE-2 WITH OTHER IRRADIATION TESTS 

I 

F u e l  rods  of t h e  t y p e  c o n t a i n e d  i n  PTE-2 have been  t e s t e d  i n  a ser ies  

of GGA c a p s u l e  i r r a d i a t i o n  exper iments .  These i r r a d i a t i o n  tests commenced 

a t  about  t h e  same t i m e  as PTE-2, however,  because  of t h e  a c c e l e r a t e d  n a t u r e  

of  c a p s u l e  tes ts ,  t h e  i r r a d i a t i o n  r e s u l t s  became a v a i l a b l e  a t  a much ear l ie r  

d a t e .  A b r i e f  summary of t h e s e  i r r a d i a t i o n  r e s u l t s  i s  p r e s e n t e d  below. 

j 

A t o t a l  of 15  p h e n o l i c - r e s i n  bonded f u e l  r o d s  were i r r a d i a t e d  i n  f o u r  

t h e i r  c o n d i t i o n s  were f r a g i l e  and they  began t o  crumble when handled  d u r i n g  

GGA c a p s u l e  tests t o  peak exposures  of  up t o  5 . 3  x lo2' n/cm2 ( E  > 0.18 MeV) 

a t  1175OC. These c a p s u l e  exper iments  were FR-1, FR-2, FR-3, and P23 (Ref s ,  

2 1 ,  2 2 ) .  F u e l  r o d s  i r r a d i a t e d  in these expe r imen t s  w e r e  0.50 i n .  i n  d i a .  

x 1.0 i n .  l o n g  and a l l  r o d s  w e r e  f a b r i c a t e d  u s i n g  t h e  c o l d - i n j e c t i o n  mold- 

i n g  t e c h n i q u e ,  The rod m a t r i x  w a s  composed of a p h e n o l i c  r e s i n  b i n d e r  and 

GP-38 g r a p h i t e  f i l l e r .  F i l l e r  c o n t e n t s  were v a r i e d  between 18 and 2 4  w t  % 

GP-38. Coated p a r t i c l e  t y p e s  were (Th,U)C2 TRISO f i s s i l e s  and ThC TRISO 

f e r t i l e s .  Coa t ing  v a r i a b l e s  were s imi l a r  t o  t h o s e  t e s t e d  i n  PTE-2. Both 

H T I  and L T I  i s o t r o p i c  p y r o l y t i c  c o a t i n g s  w e r e  i n v e s t i g a t e d ,  and o u t e r  PyC 

d e n s i t i e s  i n  t h e  range  of  1 .74 t o  1.95 gm/cm3 were i n c l u d e d .  

and 6 of t h i s  r e p o r t  g i v e  d e t a i l e d  d e s c r i p t i o n s  of PTE-2 samples .  

2 

S e c t i o n s  5 

A summary of t h e  c a p s u l e  f u e l  rod  samples  i s  p r e s e n t e d  i n  Tab le  10-1. 

P o s t i r r a d i a t i o n  examina t ions  showed t h a t  t h i s  t y p e  of rod remained r easonab ly  

i n t a c t  up t o  t h e  peak exposure  of t h e s e  tests. Rods i r r a d i a t e d  i n  c a p s u l e s  

FR-2, FR-3, and P23 t o  - (2 x 10  

de termined  t o  have  shrunk b o t h  r a d i a l l y  and a x i a l l y .  The measured s h r i n k -  

ages  c o r r e l a t e d  w i t h  t h e  t empera tu re  f l u e n c e  c o n d i t i o n s  of t h e  i r r a d i a t i o n s .  

The h i g h e r  exposure  r o d s  i r r a d i a t e d  i n  c a p s u l e  FR-1 were i n t a c t ,  however,  

2 1  2 n/cm were i n  good c o n d i t i o n  and were 
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t h e  p o s t i r r a d i a t i o n  examinat ion .  These r o d s  were i r r a d i a t e d  t o  f l u e n c e s  of 

3.8 t o  5 . 3  x lo2' n/cm2 a t  approximate ly  1175OC. 

expanded bo th  r a d i a l l y  and a x i a l l y  and expans ions  of  up t o  2% were measured 

f o r  t h e  r o d s  w i t h  t h e  h i g h e s t  exposure .  

A l l  of t h e  FR-1 r o d s  

M e t a l l o g r a p h i c  examinat ion  of rods  from each  of t h e s e  tests r e v e a l e d  

a h igh  p e r c e n t a g e  o f  t h e  o u t e r  PyC c o a t i n g s  had f a i l e d ,  even a t  t h e  lowes t  

exposures .  

m a t r i x  and t h e  o u t e r  PyC c o a t i n g s .  Also t h e  p h e n o l i c  r e s i n  GP-38 m a t r i x  

sh rank  c o n s i d e r a b l y  under  i r r a d i a t i o n .  T h i s  combina t ion  of c o n d i t i o n s  

r e s u l t e d  i n  t h e  o u t e r  PyC c o a t i n g s  b e i n g  broken-off f rom t h e  p a r t i c l e s .  

With i n c r e a s i n g  exposure ,  t h e  broken  c o a t i n g s  w e r e  d i s t o r t e d  by a d h e r i n g  

m a t r i x  which a p p a r e n t l y  caused  t h e  s l i g h t  expans ions  observed  i n  t h e  high-  

exposure  r o d s  from capsule  FR-1. It shou ld  b e  n o t e d ,  t h a t  a l t h o u g h  t h e r e  

was complete  f a i l u r e  o f  t h e  o u t e r  PyC c o a t i n g s  i n  many o f  t h e  r o d s ,  a 

maximum of  0.8% S i c  c o a t i n g s  were observed  t o  have  f a i l e d .  Most of t h e s e  

were on t h e  l a r g e r  f e r t i l e  p a r t i c l e s .  

It w a s  observed  t h a t  a v e r y  s t r o n g  bond e x i s t e d  between t h e  

. 

Cons ide rab le  improvements have  been  made i n  f u e l  rod matrices s i n c e  

t h e s e  tests. E x t e n s i v e  i r r a d i a t i o n  t e s t i n g  of rods  w i t h  p i t c h - n a t u r a l  

f l a k e  g r a p h i t e  matrices have  demonst ra ted  t h e i r  e x c e l l e n t  i r r a d i a t i o n  

s t a b i l i t y  t o  exposure  c o n d i t i o n s  which exceed t h o s e  i n  t h e  FSV r e a c t o r  

(Refs .  23,  2 4 ) .  This  t y p e  of m a t r i x  has  been  s e l e c t e d  f o r  t h e  F o r t  S t .  Vra in  

r o d s  (Ref.  25) .  
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11. DRAWINGS AND SPECIFICATIONS FOR PTE-2 

The f o l l o w i n g  i s  a complete  l i s t  o f  a l l  drawings used f o r  PTE-2. 

Drawing N o .  

90-SK-1972 

90-SK-1971 

9 0- SK-19 7 0 

9 0- SK-2003 

9 0- SK-200 4 

90-SK-1974 

90-SK-1975 

90-SK-19 76 

9 0- SK-19 7 7 

9 0- SK-19 7 8 

90-SK-197 9 

9 0- SK- 1 9  80 
9 0- SK- 199  2 

9 0- SK-2 4 7 7 

9 0- SK-24 78 

90- SK-2 479 

90-SK-2480 

90-SK-1988 

9 0- SK-2 3 09 

9 0- SK-2 35 3 

9 0- SK-2 314 

90-SK-2354 

T i t l e  

F u e l  Element Assembly 

Comparative V i e w s  of Peach Bottom and 

PSC Proof Test F u e l  Elements 

Proof Test Element i n  Peach Bottom 

Core 

R a d i a l  Thermocouple L o c a t i o n  

R a d i a l  Re fe rence  Dimensions 

Proof Test Bottom Connector 

Bottom R e f l e c t o r  

F u e l  S e c t i o n  One 

F u e l  S e c t i o n  Two 

Fue l  S e c t i o n  Three  

F u e l  S e c t i o n  Four 

Top R e f l e c t o r  

Fuel Bed Details 

F u e l  Zone One Assembly 

F u e l  Zone Two Assembly 

Fue l  Zone Three  Assembly 

F u e l  Zone Four Assembly 

Handling Tool  Assembly 

Sh ipp ing  Cask Assembly 

A l i g n i n g  and Space r  P i p e  

Bumper f o r  Bottom Connector - Proof 

Test Element 

Proof Test F u e l  Element and Sh ipp ing  

Cask Assembly 
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Drawinn No. T i t l e  

90-SK-2320 

90-SK-2208 

90-SK-2073 

90-SK-2072 

90-SK-2071 

90-SK-2209 

SKPTE-1 

SKPTE- 2 

SKP T E - 13 

SKPTE-11 

SKPTE-7 

SKPTE-8 

SKPTE-9 

SKP T E- 10  

S KP T E - 1 2 

SKPT E - 1 4 

SKP T E- 1 5 

SKPTE-17 

SKPTE-18 

SKP T E - 1 G 

Shipping  Cushion f o r  Proof Test Element 

C o l l a r  Assembly and Details 

Assembly and Details f o r  Proof Test E l e -  

ment Assembly F i x t u r e  

Details - I B e a m  

Proof Test Element Assembly F i x t u r e  

J i g  Assembly f o r  Proof Test Element 

Thermocouple Cold J u n c t i o n  

L i f t  Block 

Proof Test Element Handl ing Tool  - 
Refe rence  Dimensions 

Handl ing Tool  L i f e  Knob and Thrus t  

Bear ing  D e t a i l s  

Handl ing Tool  L i f t i n g  Tee - Details 

Handl ing Tool  Spr ing  Rod and Ex tens ion  

Rod - Details 

Handl ing Tool  Guide Core - Detai ls  

Handl ing T o o l  Lower Spr ing  Cup - Details 

Handl ing Tool  Spr ing  

Handl ing Tool  Holder -Canis te r  I n s e r t  

Handl ing Tool  S t o r a g e  C a n i s t e r  

Handl ing Tool  Wrench 

L i f t  Block Dowel P i n s  - Details 

Handl ing Tool  Opera t ion  Sequence 

Schema t i c  

The f o l l o w i n g  i s  a comple te  l i s t  of  a l l  s p e c i f i c a t i o n s  used  f o r  PTE-2. 

T i t l e  S p e c i f i c a t i o n  No. -- 
X-18-U-3, I s s u e  - A Tungsten Rhenium F u e l  Element Thermo- 

coup le  

X-18-U-4, I s s u e  - A Chrome1 Alumel F u e l  Element Thermo- 

coup le  
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S p e c i f i c a t i o n  No. 

X-18-U-6, I s s u e  C 

X-18-U-7, I s s u e  B 

X-18-U-8, I s s u e  A 

X-18-U-9, I s s u e  A 

396-FO-lM, I s s u e  C 

33-R-3, I s s u e  C 

QA P l a n  90-48 

T i t l e  

Coated Fue l  Par t ic les  f o r  Second FSV 

F u e l  Test Element 

F u e l  Rods f o r  Second FSV Proof T e s t  

Element 

F o r t  S t .  Vra in  Proof Test Element 

Assembly 

F o r t  S t .  Vra in  Proof Test Element 

F a b r i c a t i o n  

F u e l  Element G r a p h i t e  and R e p l a c e a b l e  

R e f l e c t o r  G r a p h i t e  f o r  t h e  FSV Reac to r  

Low P e r m e a b i l i t y  S l e e v e  and Bottom 

Connectors  f o r  Peach Bottom F u e l  

E l  emen t . 

Q u a l i t y  Assurance P l a n  - Peach Bottom 

and PSC Proof  Test Element 
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