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ABSTRACT 

Thirty-three test elements were irradiated in the Peach Bottom high- 

temperature gas-cooled reactor (HTGR) as part of  the testing program for 

advanced HTGRs. Extensive postirradiation examinations and evaluations of 

21 of these irradiation experiments were performed. 

The test element irradiations were simulated using HTGR design codes 

and data. Calculated fuel burnups, power profiles, fast neutron fluences, 

and temperatures were verified via destructive burnup measurements, gamma 

scanning, and in-pile thermocouple readings corrected for decalibration 

effects. Analytical techniques were developed to improve the quality of 

temperature predictions through feedback of nuclear measurements into thermal 

calculations. 

Dimensional measurements, pressure burst tests, diametral compression 

tests, ring-cutting tests, strip-cutting tests, and four-point bend tests 

were performed to measure residual stress, strain, and strength distri- 

butions in H-327 graphite structures irradiated in the test elements. 
Results were compared with unirradiated control specimens to estimate 

irradiation-induced changes in material properties. Experimental results 

were compared with design code predictions when available. 

Detailed examination of fuel rods and loose fuel particles 

irradiated in the test elements added significantly to the data bases 

for outer pyrolytic carbon structural stability, fission product attack on 

Sic coatings, kernel migration, fission product release, and fuel rod 

performance. Extensive dimensiona1,measurements on Peach Bottom test 

element fuel rods established a large body of irradiation strain data 

suitable for use in verifying fuel rod strain models. 
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Diffusion samples irradiated i n  several of the test elements were 

analyzed, providing important information on the diffusion of metal l ic  

f i s s ion  products in  H-327 graphite. 
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1 .  INTRODUCTION 

The Peach Bottom Atomic Power S t a t i o n ,  Uni t  No. 1 ,  w a s  t h e  f i r s t  

h igh- tempera ture  gas-cooled r e a c t o r  (HTGR) i n  t h e  United S t a t e s .  Power 

o p e r a t i o n  began i n  January  1967 and commercial o p e r a t i o n  on June  1 ,  1967. 

The p l a n t  w a s  ope ra t ed  through October  31, 1974, when i t  w a s  s h u t  down f o r  

decommissioning. I n  a d d i t i o n  t o  producing commercial power [over  1 .2  

m i l l i o n  MW(e)-hr f o r  t h e  P h i l a d e l p h i a  Elec t r ic  Company g r i d ] ,  t h i s  pro to-  

t y p e  n u c l e a r  power s t a t i o n  w a s  used as a tes t  f a c i l i t y  f o r  HTGR f u e l s  and 

materials. 

T h i r t y - t h r e e  tes t  e lements  w e r e  i n s t a l l e d  and i r r a d i a t e d  i n  t h e  Peach 

Bottom HTGR as p a r t  of t h e  t e s t i n g  program f o r  advanced HTGRs.  Ex tens ive  

p o s t i r r a d i a t i o n  examinat ions (PIES) and e v a l u a t i o n s  of 21 of t h e s e  i r r a d i a t i o n  

exper iments  w e r e  performed..  P a r t i c i p a n t s  i n  t h e  Peach Bottom tes t  element 

program inc luded  GA Technologies  Inc. (GA), Oak Ridge N a t i o n a l  Labora tory  

( O W L ) ,  t h e  United S ta tes  Department of Energy (DOE, former ly  ERDA and AEC), 

Kernforschungsanlage J d l i c h  GmbH (KFA) , Hochtemperatur Brennelement 

G e s e l l s c h a f t  (HOBEG, former ly  NUKEM),  t h e  United Kingdom Atomic Energy 

Authority (UKAEA), and the Electric Power Research Institute (EPRI). Table 

1-1 prov ides  a n  overview of t h e  program.* 

The Peach Bottom tes t  elements encompassed s e v e r a l  f u e l  concep t s  and 

f u e l  e lement  d e s i g n s .  These are d e s c r i b e d  i n  S e c t i o n  2 .  Through c o n t r o l  

of c o r e  l o c a t i o n ,  i r r a d i a t i o n  t i m e ,  f u e l  l o a d i n g s ,  and test element d e s i g n ,  

t h e  d e s i r e d  i r r a d i a t i o n  c o n d i t i o n s  w e r e  ob ta ined  f o r  each experiment .  

V a r i a t i o n  of t h e s e  parameters  pe rmi t t ed  f u e l  and g r a p h i t e  performance 

t o  be observed over  a wide range  of i r r a d i a t i o n  cond i t ions .  The tes t  

e lements  exper ienced  f a s t  neu t ron  f l u e n c e s  up t o  4.2 x loz5  n/m 

[(E > 29 fJ )HTGR] and t ime-averaged f u e l  tempera tures  as h igh  as 164OOC. 

2 

"Tables and f i g u r e s  appear  a t  t h e  end of each s e c t i o n .  
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Maximum fuel burnups were 60% and 3.1% for fissile and fertile fuel, 

res p ec t ivel y . 

The test element irradiations were simulated using HTGR design codes 

and data (Section 3 ) .  Calculated burnups, power profiles, fast neutron 

fluences, and temperatures were verified via destructive burnup measurements, 

gamma scanning, and in-pile thermocouple readings corrected for decali- 

bration effects (Sections 4 and 5). Analytical techniques were developed 

to improve the quality of temperature predictions through feedback of nuclear 

measurements into thermal calculations. Extensive data on irradiation- 

induced strain in fuel rods and H-327 graphite structures (Section 6), 

residual stress and strength distributions in irradiated H-327 graphite 

structures (Section 71, fuel performance (Section 8), and the transport 

of metallic fission products in H-327 graphite (Section 9) were obtained 
from postirradiation examinations of the test elements. 

One of the test elements for which temperature predictions were 
improved through feedback of nuclear measurements into thermal calculations 

was FTE-18. Irradiation temperatures based on gamma spectrometric measure- 

ments performed by KFA are included as an appendix to this report 

to satisfy a GA commitment under PWS-FD-14 of the Umbrella Agreement between 

the United States and the Federal Republic of Germany (FRG). 

Because of the massive scale of the Peach Bottom test element program, 

this document cannot address all aspects of the program, nor can it present 

data in as much detail as might be desired for certain purposes. Therefore, 

reports containing detailed data for specific test elements have been refer- 

enced. Table 1-1 provides a directory of the documentation f o r  the Peach 

Bottom test element program. 
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TABLE 1-1 
SUMMARY OF PEACH BOTTOM TEST ELEMENT PROGRAM 

El.ement 
I . D .  

FTE- 1 

FTE-2 

FTE-5 

FTE-3 

FTE-4 

FTE-6 

S p o n s o r e d  
BY 

GA 

GA 

GA 

GA 

AEC 

AEC 

r r a d i a  t i o n  
T i m e  

(EFPD) 

252 .4  

385.4 

8 9 7 . 3  

133 .0  

4 4 8 . 8  

6 4 4 . 9  

Temp. 
(C")  

1316 

1212 

1379  

1167  

1261 

1409  

Maximum T e s t  Con( 

Burnup -- 
F i s s i l e  

(%) 

20 

2 8  

56 

10  

36 

4 6  

Tertile 
(%) 

0 . 2  

0 . 4  

2 . 3  

<o. 1 

0 . 7  

1 . 6  

i o n s  

F a s t  F l u e n c e  
x 1025 n/m2) 

1 . 2  

1 . 8  

3 . 8  

0 . 6  

2 . 0  

2 . 9  

F u e l  P a r t i  
F i s s i l e  

(Th,U)C2 BISO 
(Th,U)C2 TRISO 
UC2 BISO 

(Th,U)C2 BISO 
(Th,U)C2 TRISO 
UC2 BISO 

UC2 BISO 
(Th,U)C2 B I S O  
UC2 TRISO 
(Th,U>C2 TRISO 

(ThU) C2 TRISO 
UC2 TRISO 
U02 TRISO 

UC2 TRISO 
U02 TRISO 
(Th,U)C2 TRISO 

UC2 TRISO 
U02 TRISO 
(Th,U)C2 TRISO 

.es 
F e r t i l e  

ThC2 BISO 
ThC2 TRISO 

ThC2 BISO 
ThC2 TRISO 

ThC2 BISO 

Thc2 TRISO 

ThC2 TRISO 
ThC2 BISO 
Tho2 BISO 

ThC2 BISO 
Tho2 B I S O  
ThC2 TRISO 

ThC2 BISO 
Tho2 BISO 
ThC2 TRISO 

O b j e c t i v e s  

E v a l u a t e  l a r g e  HTGR 
f u e l  p a r t i c l e s  u n d e r  
r e p r e s e n t a t i v e  con-  
d i t i o n s .  Conduc t  
c o n t r o l l e d  e x p e r i -  
m e n t s  on  t h e r m a l  
s t a b i l i t y ,  d i f f u s i o n  
f i s s i o n  p r o d u c t  
release, e t c . ,  as 
f u n c t i o n s  o f  t e m -  
p e r a t u r e  a n d  f a s t  
f l u e n c e .  

E v a l u a t e  large HTGR 
f u e l  r o d s  u n d e r  r e p -  
r e s e n t a t i v e  HTGR 
c o n d i t i o n s .  Conduc t  
c o n t r o l l e d  e x p e r i -  
m e n t s  o n  f u e l  t h e r -  
m a l  s t a b i l i t y  as 
f u n c t i o n  o f  t emper -  
a t u r e  a n d  f a s t  
f l u e n c e .  

- 

P I E  

Yes 

- 

Yes 

Yes 

Y e s  

Y e s  

Y e s  

Document a t  i o n  
( R e f .  ) 
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1-2 
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TABLE 1-1 (Con t inued)  
- 

PIE - 

Yes 

Yes 

Yes 

No 

No 

No 

No 

No 

- 

Maximum T e s t  C o n d i t i o n s  

BurnuD I r r a d i a t i o n  
Time 

(EFPD) 
E lemen t  

I . D .  
Sponsored  

BY 
Fast F l u e n c e  
(x 1025 n/rn2) 

F u e l  P a r t i c l e s  l o c u m e n t a t i o n  
( R e f . )  

Temp. 
(C") 

F e r t i l e  
( X )  Obi e c  t i v e s  F i s s i l e  F e r t i l e  

FTE- 1 4 

FTE- 1 5  

FTE- 1 8 

FBTE- 1 

FBTE-2 

FBTE-3 

FBTE-4 

FBTE-5 

AEC 

AEC 

GAINUKEM 

GA 

GA 

GA 

GA 

GA 

315.8 

511.9 

511.9 

897.3 

897.3 

897.3 

252.4 

897.3 

0 . 4  

1 .0  

1 .3  

2 . 3  

3.1 

2.8 

0 .2  

2 .4  

1.5 U02 TRISO 
UC2 TRISO 
(Th,U)02TRISO 

Tho2 TRISO 
ThC2 BISO 
Tho2 BISO 
ThC2 TRISO 

E v a l u a t e  l a r g e  HTGR 
f u e l  r o d s  u n d e r  
r e p r e s e n t a t i v e  HTGR 
c o n d i t i o n s .  Conduct 
c o n t r o l l e d  e x p e r i -  
men t s  on  f u e l  therm- 
a l  s t a b i l i t y  as f u n c  
t i o n  of t e m p e r a t u r e  
and f a s t  f l u e n c e .  

1-4 

1-4 

1-5 

1574 

1624 

1487 

1352 

1366 

1326 

1219 

NA 

25 

38 

39 

54  

54 

58 

17 

57 

2 ..o U 0 2  TRISO 
UC2 TRISO 
(Th,U)OZ TRISO 

Tho2 TRISO 
ThC2 BISO 
Tho2 BISO 
ThC2 TRISO 

None 3.4 (Th,U)02 BISO E v a l u a t e  L r r a d i -  
a t i o n  p e r f o r m a n c e  
o f  f u e l  b o d i e s  
molded f rom f u e l  
p a r t i c l e s  t o  form 
s i n g l e  m o n o l i t h i c  
s t r u c t u r e s .  

D e m o n s t r a t e  p e r f o r -  
mance o f  HTGR f u e l  
on l a r g e  scale. 
De te rmine  i n - p i l e  
f i s s i o n  gas release 
of v a r i o u s  f u e l s  
u n d e r  r e p r e s e n t a t i v e  
HTGR c o n d i t i o n s .  
E v a l u a t e  pe r fo rmance  
o f  unbounded f u e l  
p a r t i c l e  b e d s .  

3.7 (Th,U)C2 BISO ThC2 BISO 

3.7 

3.7 

1.1 

4.1 

UC2 BISO 

UC2 TRISO 

(Th,U)C2 TRISO 

(Th,U)C2 BISO 
(Th,U)C TRISO 

uc2 B I S ~  

ThC2 BISO 

ThC2 BISO 

ThC2 TRISO 

ThC2 BISO 
ThC2 TRISO 



~ 

Element  
I . D .  

FBTE- 6 

FTE- 7 

FTE- 8 

FTE- 9 

FTE-12 

RTE- 1 
4 (FTE- 11: 
I 
a\ 

RTE-2 

RTE-4 

RTE-5 

Sponsored  
BY 

GA 

GA 

GA 

GA 

GA 

AEC 

AEC 

AEC 

AEC 

. r r a d i a t i o n  
Time 

(EFPD) 

252 .4  

644.9 

644.9 

644.9 

644.9 

644 .9  

701.2 

385.4 

8 9 7 . 3  

TABLE 1-1 (Con t inued)  

- 

emp . 
(C") 

A 

481 

I283 

1257 

1311 

I640 

I392 

1327 

1393 

Maximum T e s t  C o n d i t i o n s  

Burnup 

' i s s i l e  
( X I  

20 

47 

49 

45 

4 6  

50 

46 

32 

59 

T e r t i l e  
( W )  

0 .2  

1 . 2  

1 . 8  

1 .4  

1 . 2  

1 . 8  

1.7 

0 . 6  

2 . 7  

7ast F l u e n c e  
:x 1025 n/m2) 

1 .2  

2 . 7  

2 . 6  

2.8 

2 . 8  

3.0 

3.1 

'1 . 9 

4.1 

Fue l  Par  
F i s s i l e  

(Th,U)C2 BISO 

U02 TRISO 

UC2 TRISO 

(Th,U)C2 TRISO 

(Th,U>O2 BISO 

U02 TRISO 
(Th,U)Og BISO 
UC2 BISO 
UC2 TRISO 
U02 BISO 

UC2 TRISO 
UC2 BISO 
(Th,U)Op BISO 

UC2 TRISO 
UC BISO- 
(T&,U)Oq BISO 

U02 BISO 
(Th,U)O2 BISO 
UC2 BISO 
UC2 TRISO 

s l e s  
F e r t i l e  

ThC2 BISO 

Tho2 BISO 

ThC2 BISO 

ThC2 BISO 

Tho2 BISO 

Tho2 BISO 
ThC2 BISO 
ThC2 TRISO 

ThC2 BISO 

ThC2 BISO 

ThC2 BISO 
ThC2 TRIS( 
Tho2 BISO 

O b j e c t i v e s  

l e m o n s t r a t e  p e r -  
!ormance o f  
U G R  f u e l  on  l a r g e  
scale. D e t e r m i n e  
i n - p i l e  f i s s i o n  g a s  
celease of  v a r i o u s  
Euels  u n d e r  r e p r e -  
s e n t a t i v e  HTGR 
: o n d i t i o n s .  

P r o v i d e  i ; r a d i a t e d  
f u e l  f o r  HTGR f u e l  
r e p r o c e s s i n g  demon- 
s t r a t i o n s  a t  ORNL. 
Test v a r i o u s  o x i d e  
f u e l s  p roduced  w i t h  
t h e  s o l - g e l  p r o c e s s  
unde r  HTGR 
c o n d i t i o n s .  

- 

PIE 

No 

No 

No 

No 

N o  

Y e s  

Yes 

Yes 

o cumen t a  t i o n  
(Ref .  ) 

1-6 

1-6 

1-6 



TABLE 1-1 (Cont inued)  

Element 
I . D .  

RTE-6 

RTE-7 

RTE-8 

PTE-2 

FTE- 1 0 

FTE- 1 6 

FTE-.l 7 

Sponsored 
BY 

AEC 

AEC 

AEC 

GA/AEC 

GA 

GA 

GA 

I r r a d i a t i o n  
T i m e  

(EFPD) 

897.3 

252.4 

897.3 

404.4 

644.9 

511.9 

511.9 

remp. 
(C") 

1378 

1299 

1413 

1182 

1320 

1397 

1107 

Maximum Test Condi t ions  

Burnup 

60 

20 

60 

%18 

47 

40 

42 

Fer t i le  
( X )  

3.1 

0 . 2  

3.1 

%O. 3 

1 . 7  

1 .o 

1 . 1  

iast Fluence 
(x  1025 n/m2) 

4 . 2  

1 . 2  

4 . 2  

1.9 

2 .8  

2 .3  

2.3 

Fuel  Par 
F i s s i l e  

UO2 BISO 
UC2 TRISO 
(Th,U)02 BISO 
UC2 BISO 

(Th,U)OZ BISO 
UC2 TRISO 
U02 BISO 
UC2 BISO 

UC2 TRISO 
(Th,U)O BISO 
uc2 B I S ~  

(Th,U)C2 TRISO 

(Th,U)C2 TRISO 

(Th,U)C2 TRISO 

[Th,U)C2 TRISO 

i c l e s  
F e r t i l e  

Tho2 BISO 
ThC2 B I S O  

ThC2 BISO 
Tho2 BISO 
ThC2 TRISO 

ThC2 BISO 
ThC2 TRISC 

ThC2 TRISC 

ThC2 TRISC 

ThC2 TRIS( 

ThC2 TRISO 

O b j e c t i v e s  

Provide  i r r a d i a t e d  
f u e l  f o r  HTGR f u e l  
r e p r o c e s s i n g  demon- 
s t r a t i o n s  a t  OWL. 
T e s t  v a r i o u s  oxide  
f u e l s  under HTGR 
c o n d i t i o n s .  

P r o o f - t e s t  F o r t  
S t .  Vrain (FSV) 
f u e l  p a r t i c l e s  and 
H-327 g r a p h i t e  
under r e p r e s e n t a -  
t i v e  HTGR con- 
d i t i o n s .  

P r o o f - t e s t  FSV f u e l  
p a r t i c l e s  and rods  
under represen-  
t a t i v e  HTGR con- 
d i t i o n s .  

P I E  

Yes 
- 

Yes 

Yes 

Yes 

No 

Yes 

No 

- 

ocumentat ion 
(Ref .) 

1-6 

1-6 
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TABLE 1 - 1 ( C o n t i n u e d )  

E 1 emen t 
I.D. 

FPTE- 1 

-.L FPTE-3 
I 
03 FTE-13 

S p o n s o r e d  
BY 

GA/ UKAFA 

GA/UKAEA 

GA/EPRI 

I r r a d i a t i o n  
T i m e  

(EFPD) 

2 5 2 . 4  

6 4 4 . 9  

5 1 1 . 9  

Maximum T e s t  C o n d i t i o n s  

Temp 
(C")  

1184 

979  

1 4 9 0  

Bu 

F i s s i l e  
( X I  

up 

( X I  
F e r t i l e  

NA 

NA 

F a s t  F l u e n c e  
(x 1 0 2 5  n/m2) 

1.1 

2 . 9  

2 . 3  

F u e l  P a r t  
F i s s i l e  

(U-238)02 TRISO 

(U-238)02 TRISO 

PuO2 TRISO 
(Th,Pu)OZ TRISO 
(Th,U)C2 TRISO 

c l e s  
F e r t i l e  

Yone 

Yone 

Tho2 BISO 
ThC2 TRISO 

O b j e c t i v e s  
~~ 

T e s t  a l t e r n a t i v e  
d e s i g n  f o r  GA f u e l  
e l e m e n t s  a t  
e x p e c t e d  r e a c t o r  
d e s i g n  c o T d i t i o n s .  

O b t a i n  f a b r i c a t i o n  
e x p e r i e n c e  w i t h  Pu 
f u e l s ,  test  f u e l  
r o d  c o n t a i n i n g  Pu 
p a r t i c l e s  a n d  r o d s  
a t  r e p r e s e n t a t i v e  
c o n d i t i o n s ,  a n d  
e v a l u a t e  a n a l y t i c a l  
m e t h o d s  f o r  p r e -  
d i c t i n g  i s o t o p e  
r e a c t i o n  rates f o r  
p h y s i c s  m o d e l s  
i n i t i a l l y  a n d  a t  
e n d  o f  l i f e  f o r  Pu 
f u e l s .  

P I E  

Yes 

Yes 

Yes 

- 

) o c u m e n t a t i o n  
( R e f . )  

1-7 

1-7 

1-8 



2 .  DESCRIPTION OF TEST ELEMENTS 

. 

A 

2 . 1 .  FUEL TEST ELEMENTS (FTEs), FUEL BED TEST ELEMENTS (FBTEs), RECYCLE 
TEST ELEMENTS (RTEs) 

The FTEs,  FBTEs, and RTEs c o n s i s t e d  of a bottom connec to r ,  a bottom 

r e f l e c t o r ,  a s t a c k  of t h r e e  o r  s i x  f u e l  b o d i e s ,  and a t o p  r e f l e c t o r ,  a l l  

p a r t i a l l y  o r  e n t i r e l y  enc losed  i n  a g r a p h i t e  s l e e v e  (Fig.  2-1) .  The test 

e lements  had t h e  s a m e  e x t e r n a l  appearance  and dimensions as t h e  s t a n d a r d  

Peach Bottom f u e l  e lements .  The FTEs and FBTEs con ta ined  t h r e e  787-rmn 

(31-in.)  long f u e l  bod ie s .  The RTEs con ta ined  s i x  f u e l  b o d i e s ,  each  of 

which w a s  394 mm (15.5 i n . )  i n  l e n g t h .  All of t h e  f u e l  b o d i e s ,  w i t h  t h e  

excep t ion  of t h o s e  con ta ined  i n  FTE-18, w e r e  f a b r i c a t e d  from Great Lakes 

Carbon Corpora t ion  H-327 nuclear -grade  g r a p h i t e .  

The f u e l  bod ie s  had e i g h t  (Fig.  2-2), s i x  (Fig.  2-3), o r  t h r e e  (F ig .  

2-4) f u e l  h o l e s  a r r anged  i n  a " te lephone  d i a l "  c o n f i g u r a t i o n .  Except i n  

FTE-18,* t h e  f u e l  h o l e s  con ta ined  f u e l  rods** o r  blended beds of f u e l  

p a r t i c l e s .  F u e l  p a r t i c l e s  and o t h e r  ' ' spine samples ,"  i n c l u d i n g  t h e  m e t a l l i c  

f i s s i o n  p roduc t  d i f f u s i o n  samples ( S e c t i o n  9 > ,  w e r e  i r r a d i a t e d  i n  the c e n t e r  

h o l e  of many of t h e  f u e l  bod ie s .  S e v e r a l  t y p e s  of f u e l  par t ic les  w e r e  

t e s t e d  i n  t h e  test e lements .  Tab le s  2-1 and 2-2 i d e n t i f y  t h e s e  f u e l  pa r -  

t i c l e  t y p e s  and t h e  test e lements  i n  which they were i r r a d i a t e d .  

Each FTE and FBTE w a s  ins t rumented  w i t h  a Chromel/Alumel (C/A) thermo- 

coup le  and a t u n g s t e d r h e n i u m  (W/Re) thermocouple. (FTE-18 had two W/Re 

thermocouples.)  The l o c a t i o n s  of t h e s e  thermocouples i n  t h e  e lements  a r e  

* In  FTE-18, f u e l  p a r t i c l e s  and g r a p h i t e  were molded t o g e t h e r  i n  t h r e e  
f u e l  zones.  Each f u e l  body w a s  a imonolithic s t r u c t u r e .  

**Fuel p a r t i c l e s  bonded t o g e t h e r  by a carbonaceous m a t r i x .  

2-1 



shown in Figs. 2-2 through 2-4. 

core locations equipped with purge gas sampling lines. These elements were 

monitored for fission gas release. 

Some of the test elements were located in 

2.2. FORT ST. VRAIN PROOF TEST ELEMENT 2 (PTE-2) 

PTE-2 consisted of seven graphite components. From bottom to top, 

these included a bottom connector, a bottom reflector, four fuel bodies, 

and a top reflector. Fuel bodies one, three, and four were made from H-327 

nuclear-grade graphite. Fuel body two was fabricated from Speer 9567 

nuclear-grade graphite. The bottom portion of the test element was cylin- 

drical. The remainder of the element had a hexagonal geometry. Figure 2-5 

shows the completed assembly. 

Figure 2-6 shows a cross-sectional view of PTE-2. The arrangement of 

coolant and fuel holes in PTE-2 approximated the geometry of a FSV fuel 

block. The fuel irradiated in PTE-2 was similar, but not identical, to the 

fuel being irradiated in the FDrt St. Vrain reactor. 

. 

PTE-2 included a C/A thermocouple and a W/Re thermocouple for 

monitoring irradiation temperatures. The locations of these thermocouples 

are shown in Fig. 2-6. 

2.3. FUEL PIN TEST ELEMENTS (FPTEs) 

The fuel element contained a single stack of four fuel pins keyed 

together within a standard Peach Bottom graphite sleeve. 

at the bottom end were a connector and a reflector. Above the pins at the 

Below the pins 

top was a reflector with a handling knob. The fuel pins were maintained 

concentric in the graphite sleeve by three longitudinal ribs. Each fuel 

pin consisted of a series of annular fuel compacts stacked around a central 

graphite tube and surrounded by an outer graphite fuel tube. 

The designs of FPTE-1 and FPTE-3 were somewhat different. In FPTE-3, 

cooling was accomplished by two independent gas streams inside the element 

2-2 
1 



s l e e v e .  Coolant e n t e r e d  t h e  element i n  t h e  r eg ion  of t h e  lower r e f l e c t o r  

v i a  two groups of gas  p o r t s  d r i l l e d  through t h e  s l e e v e .  The lower group 

supp l i ed  c o o l a n t  t o  a c e n t r a l  c o o l i n g  channel  i n s i d e  t h e  i n n e r  g r a p h i t e  

t ube ,  and t h e  upper p o r t s  supp l i ed  coo lan t  t o  an annu la r  coo lan t  channel  

formed by t h e  s l e e v e  and t h e  e x t e r i o r  of t h e  f u e l  p i n s .  

f low i n s i d e  t h e  element w a s  through an  annu la r  channel  on ly .  I n  a d d i t i o n ,  

t h e  f u e l  p i n s  i n  FPTE-1 w e r e  s h o r t e r  than  i n  FPTE-3, r e s u l t i n g  i n  a s h o r t e r  

f u e l e d  l eng th .  The des igns  of FPTE-1 and FPTE-3 are shown i n  F igs .  2-7 

through 2-9. 

I n  FPTE-1, c o o l a n t  

The f u e l  compacts f o r  t h e  elements c o n s i s t e d  of low-enriched U02 

The par t ic les  were 800-um- p a r t i c l e s  d i s p e r s e d  i n  a g r a p h i t e  ma t r ix .  

d i ame te r  U02 k e r n e l s  of 80% t o  90% t h e o r e t i c a l  d e n s i t y ,  coa ted  w i t h  l a y e r s  

of p y r o l y t i c  carbon (PyC) and S i c  t o  g i v e  a f i n a l  coa ted  p a r t i c l e  s i z e  of 

1200 un. The element conta ined  no thorium. 

Both e lements  w e r e  instrumented w i t h  two thermocouples.  Ne i the r  

element w a s  purged. 
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TABLE 2-1 
FUEL  TYPES(^) IRRADIATED IN THE PEACH BOTTOM TEST ELEMENTS 

(4.2 Th,U)02 
(4 .0  Th,U)O2 
uo2 
(2.0 Th,U)O2 
(2.0 Th,U)O2 
uc 2 
UC2 TRISO 

uo2 
uc2 
UC2 TRISO 
(2.0 Th,U)O2 TRISO 
(2.0 Th,U)C2 
(2.0 Th,U)C2 TRISO 
(2.75 Th,U)C2 TRISO 
(1.0 Th,U)C, TRISO 
(2.75 Th,U)02 
(2.75 Th,U)C2 TRISO 
U02 TRISO 
U02 TRISO 
UC2 TRISO 

U02 TRISO 
U02 TRISO 
Pu02 TRISO 
(3.0 Th,Pu),02 TRISO 
(1.0 Th,U)O2 
U02 TRISO 

(1.0 Th,U)O2 TRISO 

Fertile 

-- 
ThC2 
ThC2 
ThC2 
Tho2 
ThC2 

ThC2 

Tho2 
Tho2 
ThC2 TRISO 
ThC 2 
ThC2 
ThC2 TRISO 
ThC2 
ThC2 TRISO 
Tho2 
ThC2 TRISO 
Tho2 
ThC2 
Tho2 TRISO 
ThC 2 
Tho2 TRISO 
ThC2 TRISO 
Tho2 
Tho2 
None 
None 

Test Elements 

RTE-1, -5, -7 
RTE-2, -4 
RTE-5, -7 
RTE-1, -2, - 4 ,  -5, -6, -7, -8 
RTE-1 , -5, -7 
FTE-1, -2, -5, FBTE-2, -5, RTE-1, -2, 

FTE-3, - 4 ,  -5, -6, -8, -14 ,  -15, FBTE-3, 
- 4 ,  -5, -6, -8 

RTE-1, -2, - 4 ,  -5, -6, -7, -8 
RTE-1 , -5, -6 ,  -7 
RTE-1, -5, -7 
FTE-14, -15, RTE-1, -5, -7, -8 

FTE-1, -2, -5, FBTE-1, -5, -6 
FTE-1, -2, -5, FBTE-4, -5, PTE-2 
FTE-3, - 4 ,  - 6 ,  -9 
FTE-10, -16, -17 
FTE-12 
FTE-3, -4, -6, -13 
FTE-3, -4, -6, -7, -14, -15, RTE-1 
FTE-14, -15 
FTE-14, -15 
FTE-14, -15 
FTE-14, -15 
FTE-14, -15 
FTE-13 
FTE-13 
FTE-18 
FPTE-1 , -3 

(a)All particles are BISO except where noted. 

(b) (x.x Th,U) : 

See Fig. 2-10 for a 
description of BISO and TRISO particles. 

x.x = thorium/uranium ratio. 

2-4 



TABLE 2-2 
FUEL TYPES(a) IRRADIATED IN PEACH BOTTOM TEST ELEMENT SPINE SAMPLES 

uc2 

uo2 
UC2 TRISO 

(4.1 Th,U)C2 
(1 .O Th,U)C2 
(4.1 Th,U)C2 TRISO 
(18.0 Th,U)C2 TRISO 
(1.0 Th,U)C2 TRISO 
(1.0 Th,U)O2 
U02 TRISO 
-- 
-- 
-- 
-- 
U02 TRISO 
(1.0 Th,LJ)C, TRISO 

UC2 TRISO (VSM) 
UC2 TRISO (WAR) 
(1 .O Th,U)O2 TRISO 
(2.0 Th,U)O2 TRISO 
UCO TRISO (WAR) 

uo2 

Fertile I Test Elements 
~ 

FTE-1, -2, -3, -4, -5, -6 
FTE-1, -2, -3 ,  -4, -5, -6, -14, -15 
FTE-1, -2, -3, -4, -5, -6, -14, -15 
FTE-1, -2, - 3 ,  -4, -5, -6 
FTE-1, -2, -3, -4, -5, -6 
FTE-1, -2, - 3 ,  - 4 ,  -5, -6 
FTE-1, -2, -3, -4, -5, -6 
FTE-1, - 2 ,  -3, -4, -5, -6 
FTE-1, -2, -3, -4, -5, -6 
FTE-1, -2, -3, -4, -5, -6, -14, -15 
FTE-1, -2, -3, - 4 ,  -5, -6, -14, -15 
FTE-1, -2, -3, -4, -5, -6 
FTE-1, -2, -3, -4, -5, -6, -14, -15 
FTE-14, -15 
FTE-1, -2, - 3 ,  -4, -5, -6 
FTE-1, -2, - 3 ,  - 4 ,  -5, -6 
FTE- 5 
FTE-14, -15 
FTE-14, -15 
FTE-14, -15 
FTE-14, -15 
FTE-14, -15 

(a)All particles are BISO except where noted. 

(b) (x.x Th,U) : 

See F i g .  2-10 for a 
description of BISO and TRISO particles. 

x.x = thorium/uranium ratio. 
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THERMOCOUPLE 

LES 

FUEL ELEMENT 

J 660.4 (26 IN.) M M  - 
F i g .  2-1 . '  FTE, FBTE, and RTE design 



PURGE GROOVE 
2.79 WIDE 

CH R 0 ME L-A LUM E L THE R MO CO UPLE 
HOLE 3.175 DIA. 5 0.102 
ON 29.21 RADIUS 

12.45 DIA. 5 0.102 
49.276 LENGTH I.D. 69.90 i0.051 

CENTER SRINE SAMPLE 
25.400 DIA. MAXIMUM 4.674 DEEP 

TUN GSTEN - R H E N I UM 
THERM 0 CO UPLE SLOT 

FUEL BODY 

FUEL HOLE 
12.700 DIA. f 0.025 
ON 45.720 BOLT CIRCLE 

ALL DIMENSIONS 
IN MILLIMETERS 

Fig. 2-2. Radial cross-sectional view of an eight-hole telephone dial element 



FU 

n 

BODY 

0.0. 69.60 

(2.740 

1.0. 20.32 

(0.80 

+o.ooo 
-0.51 

'_",) CHROMEL-ALUMEL 
THERMOCOUPLE 

\ / 
t0.25 
-0.000 

PURGE GROOVE: 3.56 (0.14) WIDE / BY 1.40 (0.055) DEEP 

FUEL R O D  15.62 f 0.08 
(0.615 f 0.003) 

to.01 ) 
-0.00 / 

\ 
\ 

\ 

/ i 
i U E L  HOLE 15.88 f 0.03 (0.625 k 0.001) 
ON 47.65 (1.876) BOLT CIRCLE / '  TUNGSTEN- R H EN I UM \ D.D. 88.52 * 0.13 

1.0. 69.90 f 0.051 
(3.485 f 0.005) 

\ (2.752 +' 0.002) / THERMOCOUPLE 

SPINE O R  CENTER SAMPLE 
19.05 (0.75) DIA. MAX. 

\ 
SLOT: 2.26 (0.089) WIDE 
BY 2.16 (0.085) DEEP 

DIMENSIONS IN MM (IN.) 

Fig. 2-3. Radial cross-sectional view of a six-hole telephone dial 
test element 
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S I M U L A T E D  COOLANT HOLE 
1.0. 0.480 k 0.004 F U E L  PARTICLE 

F U E L S L E E V E  

1.0. 2.752 k 0.002 THERMOCOUPLES 
0.0. 3.485 f 0.005 TUNGSTEN - R H EN I U M 

-I- 0.010 HOLE 1.0. 0.197 - o.ooo F U E L  BODY 
+ 0.000 0.0. 2.740 - o.oo2 A L L  DIMENSIONS 

IN INCHES 

Fig .  2-4. R a d i a l  c r o s s - s e c t i o n a l  v i e w  of FTE-18 
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Fig. 2-5. Completed PTE-2 assembly 
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N 
I 
P 
P 

TUNGSTEN RHENIUM 
TYPE A THERMOCOUPLE 

ANNULAR FUEL RODS (TYP) 
13.06rnrn (0.514 IN.) DIA 

FUEL RODS (TYP) 
11.86rnrn (0.467 IN. ) DIA 

COOLANT CHANNELS (TYP) 
11.53rnrn (0.454 IN.) DIA 

COOLANT CHANNEL 
15.90rnrn (0.626 IN.) DIA 

CHROMEL ALUMEL 
TYPE B THERMOCOUPLE 18.80mm (0.740 IN.) TRIANG 

PITCH (TYP) 

IN rnrn (IN.) 

U LAR 

Fig. 2-6. Radial cross-sectional v i e w  of PTE-2 
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3 .  IRRADIATION CONDITIONS 

3.1. COMPUTER SIMULATION OF TEST ELEMENT IRRADIATIONS 

Computer simulations of the test element irradiations were performed 

using the GAUGE, FEVER, TREVER, and TAC-2D computer codes. A brief descrip- 

tion of these codes is given below. 

GAUGE (Ref. 3-1) is a two-dimensional, four-group diffusion-depletion 

code which collapses a reactor core into one layer and calculates nuclide 

densities as a function of time and radial core location. The GAUGE code 

was used to calculate radial power distributions for the Peach Bottom core. 

FEVER (Ref. 3 - 2 )  is a one-dimensional, multigroup diffusion-depletion 

code which calculates nuclide densities in fuel regions or subregions as 

a function of time and axial core location. The FEVER code was used to 

calculate axial power profiles for the Peach Bottom core. 

TREVER (Ref, 3-3 )  is a one-dimensional heat transfer code for calcula- 

ting radial temperature profiles in HTGR fuel elements. The code repeats 

these calculations at any number of specified axial locations, thereby 

generating axial temperature profiles as well. The TREVER versions used 

for the thermal analyses of Peach Bottom test elements were modified 

versions of the large HTGR (LHTGR) TREVER code, which has since been 

replaced by the SURVEY (Ref. 3-4) code for core performance evaluations. 

Several Peach Bottom TREVER versions were required to model the various 

test element geometries. 

TAC-2D (Ref. 3 - 5 )  is two-dimensional, finite difference heat transfer 

code which calculates the radial or axial heat transfer characteristics 
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f o r  s p e c i f i c  geometr ies .  TAC-2D w a s  used t o  g e n e r a t e  t h e  tempera ture  

shaping  f a c t o r s  r e q u i r e d  by TREVER t o  account  f o r  t h e  i n f l u e n c e  of 

geometry on t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  t es t  elements .  

The r e a c t o r  o p e r a t i n g  h i s t o r y  f o r  Peach Bottom Core 2 i s  d e t a i l e d  

i n  R e f .  3-6. For t h e  computer s i m u l a t i o n  of Core 2 ,  t h e  i r r a d i a t i o n  

h i s t o r y  w a s  d i v i d e d  i n t o  22 p e r i o d s  of s t e a d y  s ta te  o p e r a t i o n .  

3-1 and 3-2 show t h e  c o r e  o p e r a t i n g  parameters  used i n  t h e  TREVER thermal 

a n a l y s e s .  

F igu res  

3.2.  FEEDBACK OF NUCLEAR MEASUREMENTS INTO THERMAL CALCULATIONS 

A s  d i s c u s s e d  i n  S e c t i o n  4 . 1 . 2 ,  measured f i s s i o n  product  d i s t r i b u t i o n s  

can be  used t o  e s t a b l i s h  a x i a l  power and f l u e n c e  p r o f i l e s  f o r  i n d i v i d u a l  

f u e l  e lements .  S ince  power p r o f i l e s  can vary  s i g n i f i c a n t l y  from element t o  

element and s i n c e  phys ic s  c a l c u l a t i o n s  do n o t  e x a c t l y  p r e d i c t  a x i a l  power 

d i s t r i b u t i o n s  ( S e c t i o n  4.5 and Ref. 3-7 ) ,  measured power p r o f i l e s  should 

be  f e d  back i n t o  thermal  c a l c u l a t i o n s  t o  o b t a i n  more r e l i a b l e  t empera tu res .  

T h e o r e t i c a l l y ,  thermal  c a l c u l a t i o n s  could  b e  f u r t h e r  improved by c o r r e c t i n g  

element average  power p r e d i c t i o n s  u s i n g  f a c t o r s  ob ta ined  from comparison of 

measured ( S e c t i o n  4.2) and p r e d i c t e d  f u e l  par t ic le  burnup. A b r i e f  d i s c u s s i o n  

of a method f o r  f e e d i n g  back n u c l e a r  measurements i n t o  thermal  c a l c u l a t i o n s  

is  p r e s e n t e d  below. 

P r e d i c t e d  a x i a l  power p r o f i l e s  can be c o r r e c t e d  u s i n g  f a c t o r s  

ob ta ined  from a comparison of p r e d i c t e d  and measured time-averaged a x i a l  

power p r o f i l e s :  

x f  - 
(APF.z, t )  c o r r .  - (APFz, t’pred. z ’  

where APF i s  t h e  a x i a l  power f a c t o r  a t  a x i a l  l o c a t i o n  z and t i m e  t and 
2, t 

(APFz, t’meas 

(APFz, f ) pred 
f =  
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In addition, measured end-of-life (EOL) power distributions can be 

directly substituted for predicted EOL distributions. 

Element average power predictions can be corrected using factors 

obtained via comparison of measured and calculated fuel burnup and time- 

averaged axial power profiles. The correction factor is given by the 

equation 

CF = (CPF),eas - - (Fz)meas X (ApFz,f)pred 

(CPF)pred (Fz)pred (APFz, ;)meas 
9 

where CPF = element average power, 

F = composite fuel burnup at axial location z, 
Z 

APF - = time-averaged axial power factor at axial location z. 
z,t 

The above equation is based on the direct proportionality of fuel particle 

burnup and power, which at a given axial location is equal to the product 

of the element average power and the local axial power factor. 

Successful application of the concept described above requires that the 

uncertainty in the nuclear measurements be less than the uncertainty in the 

predictions, which has been established to be approximately + I O %  ( la)  (Ref. 

3-7). 

3 - 8 ) ,  the last of the Peach Bottom test elements to undergo extensive PIE 
and evaluation. In FTE-14, for which an 8% underprediction in the element 

average power was established and corrected, the agreement between the pre- 

dicted and measured temperatures for the W/Re thermocouple (Section 5) was 

within 1°C on a time-averaged basis and within 214°C (la) for all TREVER time 

intervals. Unfortunately, the other three thermocouples in FTE-14 and FTE-15 

failed, preventing further comparison of calculated and measured temperatures. 

This concept was applied to the analyses of FTE-14 and FTE-15 (Ref. 

FTE-18 represents a second case in which feedback of nuclear measure- 

ments improved the quality of temperature calculations. 
performed by KFA (Ref. 3-9)  on PTE-18 confirmed the conclusion of the thermal 

analysis by GA (Ref. 3-10) that the power for the element had been under- 

predicted. 

spectrometric data and are presented in Appendix A of this report. 

Gamma spectrometry 

Temperatures for FTE-18 have been recalculated using the gamma 
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3.3. SUMMARY OF IRRADIATION CONDITIONS 

Key parameters for the Peach Bottom test element irradiations are 

summarized in Tables 3-1 and 3-2. Temperature and neutron fluences are 

presented in Table 3-1, and fuel particle burnups are given in Table 3-2. 

Figures 3-3 through 3-8 show typical radial temperature profiles for each 

of the test element geometries irradiated in Peach Bottom Core 2. 
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TABLE 3-1 
IRRADIATION TEMPERATURES AND FAST NEUTRON EXPOSURES FOR PEACH BOTTOM TEST ELEMENTS 

153 
36 
50 

148Cf: 

129 
38 
44 

130 

125 
29 
42 

114 

136 
39 
53 

138 

127 
50 
63 

145 

132 
42 
57 

142 

161 
38 

741 
978 
962 
894(' 

679 
889 
882 
817 

661 
839 
828 
776 

692 
906 
911 
836 

684 
922 
917 
841 

713 
930 
949 
864 

763 
1020 

134 
32 
47 

132 

125 
35 

689 
905 
884 
826 

663 
874 

149 
29 
50 

136 

133 
32 
48 

132 

130 
85 
43 

150 

731 
1019 

903 
884 

693 
908 
888 
830 

690 
955 
888 
844 

Temperature  ("C) 

e l o o e  
i m e  A\ - 
m 

Average ,aged 

- 
re 

- 
F 

(x  1 - 
Fas t  

0.9 
1 . 1  
0 .7  
0 .9  

1 .3  
1 . 7  
1 .o 
1 .3  

0.4 
0 . 5  
0 .3  
0.4 

1.4 
1.9 
1.3 
1.5 

2.6 
3.7 
2.5 
2.9 

2.1 
2.8 
2.0 
2.3 

1.7 
2 .5  
2.3 
2.2 

1.7 
2.4 
2.2 
2.1 

2.0 
2.7 
2.0 
2.2 

1 .8  
2.6 
2.4 
2.2 

1.8 
2.6 
2.4 
2.2 

1.6 
2.2 
1.6 
1.8 

- 

F u e l  
le6 

i n .  

488 
81 9 
819 
488 

458 
737 
748 
748 

471 
740 
728 
471 

498 
851 
846 
498 

464 
633 
607 
464 

482 
753 
747 
482 

486 
808 
71 9 
486 

448 
699 
041 
448 

474 
752 
743 
474 

477 
886 
793 
477 

473 
798 
757 
473 

491 
709 
787 
491 

- 
- 

e 

m 
n t  

F 
Ext  

Peak 
I 

1167 
1316 
1251 
1316 

1077 
1212 
1157 
1212 

1096 
1167 
1103 
1167 

1146 
1280 
1236 
1280 

1185 
1379 
1272 
1379 

1196 
1382 
1429 
1429 

1333 
1481 
1374 
1481 

1154 
1283 
1209 
1283 

1108 
1257 
1252 
1257 

1202 
1320 
1287 
1320 

1166 
1311 
1277 
1311 

1146 

1234 
1490 

1490 

F 

m - 
959 

1272 
1161 

882 
1163 
1066 

91 4 
1 1  34 
1016 

947 
1219 
1137 

959 
1297 
1167 

1021 
1302 
1347 

1089 
1446 
1279 

954 
1253 
1138 

946 
1216 
1180 

1004 
1289 
1215 

978 
1273 
1204 

864 
1154 
1031 

B 

ax.(e7 
FUI x coo 

7 
687 
891 
875 

627 
802 
795 

651 
808 
785 

727 
938 
931 

61 2 
752 
779 

660 
832 
81 1 

679 
878 
826 

604 
763 
743 

653 
826 
820 

681 
955 
866 

671 
875 
824 

763 
1041 
945 

761 
1018 

998 

719 
948 
926 

735 
922 
886 

757 
984 
968 

757 
1046 
1022 

800 
1044 
1130 

849 
1 134 
1089 

762 
1010 

989 

740 
973 
999 

792 
1136 
1027 

774 
1032 
1025 

704 
970 
901 

668 
865 
858 

612 
782 
782 

599 
749 
746 

657 
867 
871 

541 
669 
712 

600 
761 

' 763 

597 
780 
755 

542 
689 
691 

584 
759 
777 

610 
904 
80 7 

603 
795 
777 

676 
941 
876 

623 
850 
900 

597 
7 86 
820 

601 
767 
794 

619 
81 7 
858 

61 8 
862 
909 

657 
857 
978 

688 
945 
969 

626 
851 
888 

61 7 
808 
874 

647 
753 
894 

637 
850 
897 

583 
725 
796 

537 
710 
761 

501 
651 
700 

495 
630 
668 

509 
679 
760 

436 
542 
614 

487 
630 
677 

464 
5 96 
644 

438 
551 
604 

474 
626 
693 

493 
582 
707 

487 
648 
6 90 

530 
673 
757 

851 
1118 
1052 
1007 (e; 

769 
1004 

956 
91 0 

7 70 
970 
909 
883 

822 
1067 
1021 

970 

824 
1095 
1033 

984 

858 
1103 
1075 
1012 

91 9 
1213 
1096 
1076 

814 
1058 

985 
952 

789 
1028 

998 
939 

872 
1115 
1019 
1002 

818 
1062 

990 
95 7 

81 4 
1098 

988 
967 

124 
35 
33 

1 33 ( f )  

105 
34 
30 

118 

97 
28 
26 

101 

105 
39 
33 

123 

98 
43 
40 

129 

103 
42 
36 

127 

124 
36 
40 

136 

105 
32 
29 

117 

97 
35 
34 

121 

118 
26 
30 

139 

105 
32 
30 

117 

1 03 
85 
26 

138 

594 
801 
851 
749(e: 

554 
733 
784 
690 

542 
702 
740 
661 

554 
737 
798 
896 

553 
741 
798 
697 

568 
750 
81 9 
712 

601 
805 
837 
748 

557 
735 
779 
690 

54 1 
718 
783 
681 

587 
658 
7 84 
676 

56 1 
739 
779 
693 

566 
699 
7 76 
677 

89 
37 
16 

1 2 5 ( f )  

75 
34 
17 

110 

71 
31 
16 
97 

74 
40 
19 

115 

66 
43  
23 

115 

7 3  
42 
21 

117 

84 
37 
20 

118 

72 
60 
1 7  

107 

68 
37 
21 

112 

82 
26 
17 
96 

72 
35 
1 7  

106 

73 
32 
16 

102 

405 
5 70 

:::(e 

400 
544 
667 
537 

385 
51 4 
625 
508 

385 
526 
658 
523 

399 
536 
662 
532 

385 
521 
656 
521 

403 
551 
681 
545 

399 
536 
656 
531 

392 
527 
653 
524 

409 
530 
640 
526 

398 
531 
650 
526 

401 
534 
655 
530 

42 
48 
30 

124(f)  

36 
42 
27 

115 

32 
38 
24 

103 

33 
43 
30 

117 

33 
42 
29 

113 

33 
43  
32 

116 

36 
45 
29 

119 

33 
41 
27 

110 

32 

%f 
112 

39 
28 
32 

100 

32 
40 
26 

108 

35 
37 
30 

109 

1.1 
1.4 
0.9 
1 . 1  

1 .2  
1 .6  
1 .o 
1 . 3  

0.4 
0.6 
0.4 
0.5 

1 .9  
2.8 
1 .8  
2.1 

3.6 
5.3 
3.5 
4.1 

2.6 
3.8 
2.5 
3.0 

2.8 
4.1 
2.7 
3.2 

2.9 
4 . 2  
2.7 
3.2 

2.5 
3.8 
2.4 
2.9 

2.6 
3.9 
2.6 
3 . 0  

2.4 
3.7 
2.4 
2.8 

2.2 
3.4 
2.2 
2.6 

FTE-1 

Element peaklmin. ,  mean,Se) 

I :  FTE-2 

I 3 
Element peaklmin., mean, RMS 

FTE-3 l a  
Element peaklmin.. mean, RMS 

FTE-4 

Element peaklmin. ,  1 :  mean, RMS 

w Element peaklmin., mean, RMS 

Element peaklmi?., mean, RMS 

I :  FTE-7 

I 3 
Element peaklmin., mean, RMS 

63 968 
158 I 917 

FTE-8 I :  
Element peaklmin., mean, RMS 

3 I Element peaklmin., mean, RMS 
54 891 

134 I 809 

FTE-10 I :  
Element peaklmih., m e a n ,  RMS 

FTE-12 I 1 

I :  
Element peaklmin. ,  mean, RMS 

FTE-13 I . a  
Element peaklmin., mean, RMS 



RTE-2 1 
2 
3 
4 
5 
6 

RTE-4 1 
2 
3 
4 
5 
6 

RTE-5 1 
2 
3 
4 
5 
6 

TABLE 3-1 (Continued)  

' ("C) Temperat 

ve lope  
Time Averaged Average 

Fue l  
1 

- 
689 
997 

1036 

678 
958 
980 

689 
877 
793 

591 
759 
750 

719 
891 
983 

1020 
1015 
992 

674 
865 
979 

1016 
982 
875 

534 
806 
765 
891 
780 
800 

638 
743 
837 
969 
951 
825 

601 
756 
801 
858 
865 
84 1 

e 

m - 
530 
719 
782 

471 
618 
678 

505 
580 
668 

445 
583 
644 

477 
572 
662 
742 
784 
803 

453 
548 
636 
6 96 
720 
71 1 

4 30 
567 
609 
677 
659 
683 

474 
578 
662 
740 
76 1 
745 

426 
505 
563 
628 
662 
688 

F 
( x  11 - 
?as t 

1 . 1  
I . 4  
I .o 
1 . 1  

1 .5  
2.0 
I .6 
1 . 7  

I . 5  
2.2 
I .6 
I . 8  

1.4 
2.0 
2.0 
1.8 

1 .6  
2 . 1  
2 .3  
2.3 
2.0 
1.3 

- 

1.7 
2.7 
3.0 
3.0 
2.6 
1.7 
2.4 

1.7 
2.8 
3.1 
2 .9  
2.4 
1.5 
2.4 

1.1 
1.8 
1.9 
1 . 8  
1.4 
0.9 
1 .5  

2.3 
3.7 
4.1 
4.0 
3.4 
2.1 
3.3 

- 
SI m - 

575 
783 
840 
733 

562 
763 
805 
710 

576 
659 
759 
665 

500 
654 
71 1 
622 

536 
658 
757 
833 
883 
908 
762 

539 
701 
809 
868 
873 
85 1 
774 

490 
653 
714 
794 
80 1 
802 
709 

519 
646 
751 
835 
86 1 
831 
740 

494 
630 
713 

804 
81 0 
7 06 

7 a2 

- 
Fu 

p - 
842 

1199 
1196 
1079 

846 
1193 
1153 
1064 

848 
1067 

974 
963 

686 
884 
853 
808 

900 
1129 
1251 
1295 
1280 
1224 
1180 

823 
1131 
1271 
1291 
1202 
1062 
1130 

664 
1045 
1016 
1167 
1044 
1005 

990 

762 
931 

1066 
1188 
1158 

976 
1014 

729 
987 

1077 
1131 
1089 
1016 
1005 

- 
RMso - 

138 
62 
56 

192 

137 
59 
58  

181 

142 
40 
48 

127 

97 
30 
31 

106 

87 
110 
126 
133 
136 
127 
121 

102 
56 
34 
33 
48 
20 

158 

78 
50 
29 
30 
34 
29 

162 

106 
52 
30 
27 
38 
19 

154 

79 
49 
29 
35 
35 
31 

141 

- 
B, 

3 - 
717 

1037 
1074 
943 

700 
1020 
1038 
91 9 

723 
970 
875 
856 

592 
772 
7'81 
715 

795 
988 

1101 
1152 
1153 
1120 
1052 

676 
91 7 

1048 
1086 
1035 

955 
953 

592 
835 
887 
978 
940 
905 
856 

647 
81 1 
931 

1017 
1005 

913 
886 

601 
798 
885 
948 
937 
909 
846 

- 
ve 

RMSO 
- 

co< - 
\V&. - 
398 
548 
681 
542 

390 
526 
648 
521 

407 
525 
632 
521 

3 94 
519 
629 
514 

-376 
446 
532 
618 
696 
756 
570 

369 
436 
521 
607 
681 
733 
558 

369 
429 
502 
576 
641 
689 
534 

372 
444 
531 
616 
688 
74 1 
565 

366 
426 
501 
579 
649 
703 
537 

es 

lin. 

533 
896 
942 
533 

519 
84 8 
855 
519 

496 
784 
740 
496 

440 
688 
6 95 
440 

644 
837 
957 
013 
006 
984 

540 
751 
877 
934 
896 
826 
540 

451 
730 
722 
861 
745 
7 75 
451 

519 
668 
788 
939 
900 
805 
51 9 

471 
654 
7 20 
759 
812 
786 
471 

- 
- 

Ext 

Peak 

I278 
I574 
1480 
1574 

I337 
I624 
I491 
I624 

I229 
I397 
I259 
I397 

978 
1107 
I054 
1107 

I229 
1448 
I546 
I562 
1571 
I558 

- - 

I140 
I480 
I640 
I640 
I449 
I230 
I640 

888 
I276 
I260 
I392 
1377 
I234 
I392 

988 
111.8 
1262 
I327 
I307 
1075 
I327 

946 
I240 
1314 
1393 
1322 
I225 
1393 

P1 zm - 
1037 
1432 
1393 

1071 
1481 
1373 

1029 
1241 
1150 

832 
1074 
1005 

1090 
1372 
1515 
1559 
1567 
1514 

942 
1334 
1505 
1505 
1351 
11 76 

777 
1221 
1223 
1352 
1326 
11 82 

842 
1063 
1226 
1297 
1262 
1052 

825 
1143 
1242 
1291 
1230 
1134 

s1 
G m  - 

657 
886 
934 

669 
899 
905 

672 
760 
863 

575 
I60  
803 

61 1 
764 
885 
972 

1024 
1042 

587 
781 
905 
957 
948 
91 1 

537 
726 
804 
876 
920 
887 

544 
683 
794 
889 
905 
869 

533 
694 
784 
849 
860 
854 

B 

a 
797 

1146 
1179 

806 
1170 
1158 

832 
1089 
993 

679 
896 
886 

909 
1140 
1 ?SO 
1337 
1351 
1322 

722 
1013 
1170 
1199 
1115 
1017 

636 
91 4 
968 

1065 
1084 
1008 

663 
842 
981 

1054 
1037 

940 

640 
869 
968 

1025 
999 
962 

Element + FTE-14 

Element peaklmin.. mean, RMS 

rn - 
652 
94 2 
992 

612 
878 
928 

633 
836 
751 

531 
691 
707 

68 1 
834 
920 
960 
965 
952 

583 
740 
848 
894 
871 
806 

524 
716 
744 
81 8 
766 
762 

584 
722 
81 3 
892 
881 
81 4 

526 
650 
690 
747 
768 
781 

108 
62 
45 

178 

104 
60 
45 

172 

113 
39 
29 

125 

7 7  
32 
19 

100 

65 
87 

103 
1 1 1  
114 
107 
99 

74 
48 
31 
26 
34 
14 

140 

62 
41 
26 
24 
27 
20 

131 

76 
44 
28 
23 
27 
15 

136 

56 
41 
26 
29 
25 
21 

126 

76 
41 
19 

125 

73 
38 
19 

117 

79 
31 
16 
90 

56 
34 
16 
97 

25 
37 
48 
58 
67 
72 
54 

48 
36 
28 
22 
22 
14 

122 

41 
31 
24 
21 
20 
14 

115 

51 
35 
27 
22 
20 
14 

126 

37 
32 
24 
25 
20 
15 

1 1 7  

36 
45 
29 
21 

32 
41 
27 
11 

39 
26 
31 
97 

30 
38 
24 
01 

7 
10 
19 
28 
38 
47 

I35 

15 
23 
25 
24 
18  
12 

I31 

1 3  
20 
21 
20 
16 
11 

114 

16 
24 
25 
23 
18  
12 

I32 

13 
21 
22 
22 
18 
13 

120 

1.2 
1 .8  
1.1 
1 . 4  

1 . 9  
3.1 
1.9 
2 . 3  

2.1 
3.2 
2.1 
2.5 

2.2 
3 .4  
2.2 
2 .6  

1 .9  
3.0 
3.4 
3 . 3  
2.7 
1 .8  

2.2 
3.8 
4.4 
3.3 
3.5 
2.2 
3 .4  

1.9 
3 . 2  
3.6 
3.5 
2.7 
1.8 
2 .8  

1.2 
2.0 
2.2 
2.1 
1.6 
1 . 1  
1.7 

2 .8  
5 .0 
5.7 
5 .5  
4 .5  
2 . 9  
4.4 

FTE-15 I :  
Element peaklmih. ,  mean, RMS 

FTE-16 

Element peaklmin. .  mean, RMS 

FTE-17- I 1  
Element peaklmin. ,  mean, RMS 

RTE-1 I 1  



Time 

I 

U4S(d) 

56 
38 
29 
23 
25 
21 

131 

68  
43  
27 
21 
24 
15 

122 

60 
40 
26 
25 
24 
19 

133 

99 
37 
37 

120 

104 
38 
38 

124 

103 
36 
31 

123 

110 

Element peaklmin., mean, RMS 

RTE-7 I 1 

Averaged 

S1 

Avgcc) 

490 
624 
746 
748 
814 
828 
716 

498 
641 
730 
786 
808 
803 
711 

498 
615 I 
710 
806 
812 
821 
710 

556 
732 
785 
691 

563 
746 
797 
702 

553 
735 
795 
694 

570 

1 5 6  
Element peaklmin. ,  mean, RMS 

RTE-6 

I :  RTE-8 

1 
2 

3 

1 3  

866 
1118 
1341 
1260 
1227 
1161 

I 6 
Element peaklmin., mean, RMS 

FBTE-1 I :  
I z  
I i  
I i  
I .  

Element peaklmin. ,  I 1  mean, RMS 

Element peaklmin.. mean, RMS 

FETE-2 

Element peaklmin., mean, RMS 

FBTE-3 

Element peaklmin. ,  mean, RMS 

FBTE-4 

Element eeaklmin. ,  mean, RMS 
FPTE-1 

2 

Element peaklmin. ,  mean, RMS 

FPTE-3 
2 

I 

614 
743 
846 
804 
811 
860 

TABLE 3-1 (Continued)  

792 
1095 
1200 
1234 
1164 
1040 

Temverature ( " C )  

606 
798 
878 
902 
879 
825 

Envelope 

807 
1114 
1253 
1374 
1192 
1126 

Fuel 

568 
697 
796 
894 
796 
820 

Exti 

Peak 

944 
1173 
1378 
1293 
1266 
1209 
1378 

952 
1198 
1286 
1299 
1222 
1091 
1299 

937 
11 70 
1287 
1413 
1225 
1164 
1413 

1147 
1334 
1352 
1352 

1220 
1366 
1335 
1336 

1177 
1326 
1260 
1326 

1088 
1219 
1142 
1219 

1031 
1184 
1168 
1039 
1 184 

852 
969 
979 
957 
979 

- 
- 

907 
1189 
1065 

le8 - 
f in .  

505 
701 
808 
766 
782 
830 
505 

496 
716 
826 
867 
828 
797 
496 

481 
654 
766 
847 
771 
790 
481 

667 
714 
942 
667 

478 
685 
678 
478 

442 
663 
651 
442 

479 
779 
737 
479 

586 
818 
804 
716 
586 

441 
637 
705 
854 
441 

- 

666 
844 
796 

Fuel  

l a ~ . ( ~ ) l  Min.(b) 

31 
29 

116 

42 
17 
1 1  
15 
64 

49 
28 
13 
i o  
91 

751 
781 
701 

394 
469 
532 
566 
490 

386 
459 
531 
592 
492 

891 
1142 
1123 

954 

676 
841 
842 
754 

989 I 649 

1% 1 
1190 741 

714 545 
930 I 674 
975 7 1 7  

908 I 696 

B a - 
669 
872 

1041 
1024 
1014 
983 

623 
839 
942 
982 
964 
906 

656 
875 
986 

1086 
1016 

972 

756 
991 

1049 

770 
1035 
1030 

778 
1057 
1048 

732 
963 
920 

628 
774 
793 
737 

565 
727 
796 
792 

Iln.0 - 
551 
651 
729 
720 
740 
803 

550 
712 
7 90 
822 
81 7 
785 

550 
629 
687 
772 
739 
760 

581 
738 
746 

572 
707 
751 

528 
643 
681 

618 
781 
758 

534 
644 
667 
637 

438 
523 
574 
591 

s1 
Max.(a) 

560 
697 
824 
855 
879 
873 

51 7 
672 
763 
81 6 
832 
820 

' 552 
699 
802 
881 
889 
883 

629 
81 9 
91 8 

627 
841 
892 

635 
885 
937 

597 
787 
807 

402 
476 
538 
572 

403 
491 
581 
646 

ve 

- 
442 
505 
593 
615 
646 
699 

454 
568 
642 
689 
712 
712 

438 
490 
559 
644 
647 
675 

475 
61 6 
664 

460 
581 
663 

429 
527 
597 

503 
642 
671 

376 
440 
4 94 
526 

354 
399 
445 
493 

- 
FI rn - 

732 
956 

1141 
1108 
1084 
1041 
1010 

717 
979 

1083 
1107 
1060 
973 
986 

681 
921 

1072 
1187 
1067 
1020 
991 

831 
1084 
1029 
981 

849 
1103 
1044 
999 

81 2 
1064 
1014 
963 

820 
1067 
976 
955 

783 
993 
987 
862 
906 

658 
852 
908 
857 
81 9 

- 
1 

RHso - 
78 
46 
32 
26 
34 
30 

145 

94 
53 
29 
25 
33 
21 

140 

75 
46 
29 
29 
31 
24 

165 

132 
60 
67 

143 

137 
58  
68 

144 

132 
37 
49 

138 

141 
31 
46 

134 

72 
19 
30 
40 
99 

81 
30 

5 
33 

106 

- 
e - 

,"g(C) - 
606 
790 
938 
946 
950 
932 
860 

606 
806 
903 
942. 
932 
888 
846 

607 
775 
883 
988 
945 
920 
853 

685 
898 
899 
827 

698 
920 
916 
844 

683 
903 
904 
830 

706 
920 
887 
838 

586 
717 
741 
700 
686 

51 7 
654 
725 
733 
657 

- 
ve 

RnSO - 
36 
31 
27 
22 
20 
15 

121 

46 
35 
25 
20 
19 
13 

115 

40 
31 
24 
23 
20 
16 

123 

68  
37 
24 

109 

71 
38 
24 

111 

69 
38 
21 

113 

78 
33 
15 

106 

18 
21 
15 
6 

68 

18 
22 
19 
14 
79 

- 
coo - 

,,g(C) - 
366 
4 26 
505 
587 
656 
712 
542 

368 
435 
51 5 
593 
659 
707 
546 

367 
426 
500 
582 
657 
71 3 
54 1 

397 
526 
648 
524 

398 
531 
655 
528 

400 
539 
66 7 
535 

399 
535 
652 
529 

390 
456 
522 
572 
485 

369 
426 
494 
559 
462 

- 
n t  

RMs(a) - 
13 
20 
25 
21 
18 
14 

124 

15 
22 
23 
21 
16 
11 

121 

13 
20 
22 
24 
18 
13 

124 

31 
40 
28 

108 

32 
41 
28 

110 

33 
43 
29 

115 

34 
41 
25 

109 

17 
20 
17 
12 
71 

13 
19 
19 
18 
74 

A. 
F: 

:x 1( - 
:as t 

2.4 
3.8 
4.1 
4 . 0  
3.5 
2.3 
3.4 

0.7 
1.1 
1 . 1  
1 . 1  
0 . 8  
0.5 
0.9 

2.4 
3.8 
4.2 
4.1 
3.6 
2.4 
3.4 

2.5 
3.6 
3.0 
3.1 

2.5 
3.6 
3.0 
3.0 

2.5 
3.6 
3.0 
3.0 

0.8 
1.1 
0.7 
0.8 

0.9 
1.1 
1 .o 
0.7 
0 . 9  

1.8 
2.8 
2.6 
1 . 7  
2.2 

- 

-age 
)rice ' n/&) 

h e r m a l  

3.0 
5 .2  
5.9 
5.7 
4 .6  
3.0 
4.6 

0.7 
1 . 1  
1.2 
1.2 
0.9 
0.6 
1 .o 
3 .0  
5.2 
5.9 
5 . 8  
4.7 
3.0 
4.6 

3.1 
4.2 
3.1 
3.6 

3.3 
5.0 
3.2 
3.8 

3.8 
5 . 5  
3.6 
4 .3  

0.7 
1 .o 
0.6 
0.8 

0.8 
1.2 
1 .o 
0.6 
0.9 

2.3 
3.8 
3.6 
2.2 
3 .0  



TABLE 3-1 (Continued) 

I I Temperature ("C) 1 

Fuel 
Extremes 

Peak Min. 

638 458 
909 643 

1007 894 
1018 9 8 8  
1018 4 5 8  

PTE-2 1 1 
2 

Fuel Body Sleeve 
Max.(a) Max.(a) Min.(b) Max.(a) Min.(b) 

6 7 0  541 573 477 
998 759 853 661 

1166 878 1041 804 
1149 875 1073 834 

w 
I 
\o Element peak/min., mean, RMS 

(a)Maximum time-averaged temperature. 
(b)Minimum time-averaged temperature. 
("Average time-averaged temperature for fuel body. 
(d)Root mean square deviation of all calculated temperatures f o r  fuel body. 

(e)Average time-averaged temperature for fuel element. 
(f)Root mean square deviation of all calculated temperatures f o r  the fuel element. 
(g)NC = not calculated. 

Time Averaged 
1 

Avg(c: 

627 
91 5 

1068 
1059 

942 

- 
- 

964 
998 

647 
74 t 0 . 9  
560 134 1 . 4  NC 



Element 
I . D .  

FTE- 1 

T o t a l  

FTE-2 

T o t a l  

FTE-3 

T o t a l  

FTE-4 

T o t a l  

FTE-5 

T o t a l  

FTE-6 

T o t a l  

FTE-7 

T o t a l  

FTE-8 

T o t a l  

FTE-9 

T o t a l  

TABLE 3-2 
FUEL PARTICLE BURNUPS FOR PEACH BOTTOM TEST ELEMENTS 

Body 
N o .  

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

F i s s i l e  

Mean 
(% FIMA) 

15.37 
19.49 
13.03 
15.96 

21.39 
26.89 
17.85 
22.04 

7.83 
9.87 
6.51 
8.07 

28.25 
35.25 
25.11 
29.54 

43.63 
54.94 
41.91 
46.83 

36.14 
44.60 
33.86 
38.20 

36.99 
45.65 
34.66 
39.10 

31.37 
47.84 
40.18 
39.79 

35.54 
43.86 
33.30 
37.57 

RMS 
(% FIMA) 

4.91 
0.92 
2.56 
4.20 

6.81 
1.38 
3.43 
5.82 

2.06 
0.44 
1.38 
2.00 

6.34 
1 . I 3  
4.60 
6.26 

12.06 
1 . 2 4  
6.58 
9.84 

7.42 
0.97 
5 .53  
7.09 

7.59 
1 .oo 
5.66 
7 .25  

12.35 
0.93 
5.44 

10.31 

7.29 
0.96 
5.44 
6.97 

Burnup 

F e r t i l e  

Mean 
(% FIMA) 

0.09 
0.15 
0.05 
0.10 

0.23 
0.37 
0.12 
0.24 

0.03 
0.04 
0.02 
0.03 

0.43 
0.68 
0.24 
0.45 

1.32 
2 .17  
1 .05 
1.52 

0.89 
1.47 
0.72 
1.03 

0.69 
1.15 
0.56 
0.80 

0.78 
1.75 
1 . I 2  
1 ..22 

0.79 
1 .31 
0.64 
0.92 

RMS 
(% FIMA) 

0.05 
0.02 
0.03 
0.06 

0.13 
0.05 
0.08 
0.14 

0.01 
0.00 
0.01 
0.01 

0.21 
0.07 
0.15 
0.24 

0.63 
0.13 
0.48 
0.66 

0.42 
0.08 
0.33 
0.45 

0.33 
0.07 
0.26 
0.35 

0.52 
0.07 
0.36 
0.55 

0.38 
0.08 
0.29 
0.40 

~~~ ~ 

Compos i t  e 

Mean 
(% FIMA) 

1.88 
2.41 
1.57 
1.95 

2.35 
3.03 
1.89 
2.42 

1.42 
1.80 
1 .18 
1.47 

4.69 
5.97 
4.05 
4.91 

7.94 
10.42 

7 .44  
8.60 

8.10 
10.29 

7.50 
8.63 

5.64 
7.22 
5.21 
6.02 

8.65 
13.62 
11 .18  
1 1  . I 5  

5.56 
7.15 
5.13 
5.95 

RMS 
(% FIMA) 

0.62 
0.12 
0.33 
0.54 

0.80 
0.18 
0.41 
0.70 

0.38 
0.08 
0.25 
0.37 

1 . I 6  
0 .23 
0.83 
1.16 

2.40 
0.31 
1 .43  
2.08 

1.85 
0.27 
1.39 
1.80 

1.32 
0.19 
0.99 
1.29 

3.55 
0.28 
1.67 
3.04 

1 .32  
0.20 
1 .oo 
1.30 
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Element 
I . D .  

FTE- 1 0 

Total 
FTE-12 

Total 
FTE-13 

Total 
FTE- 1 4 

Total 
FTE-15 

Total 
FTE- 1 6 

Total 
FTE-17 

Total 
FTE-18 

Total 

FBTE- 1 

Body 
N o .  

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 
4 
5 
6 

1 
2 
3 

TABLE 3-2 (Continued) 

Fissile 

Mean 
(% FIMA) 

30.30 
46.22 
38.81 
38.44 
29.29 
44.67 
37.52 
37.16 
ND (a) 
ND 
ND 

18.70 
23.86 
16.93 
19.83 

29.20 
36.66 
27.52 
31 .13 
31.23 
39.18 
29.45 
33.28 
32.42 
40.68 
30.57 
34.56 
28.61 
36.86 
39.27 
38.46 
34.57 
27.21 
34.16 

41.47 
52.25 
37.39 
43.69 

RMS 
( X  FIMA) 

11.93 
0.90 
5.26 
9.96 
11.53 
0.87 
5.08 
9.63 
ND 
ND 
ND 

4.34 
0.73 
3.22 
4.30 
6.17 
0.69 
4.71 
6.00 
6.61 
0.75 
5.03 
6.41 
6.86 
0.78 
5.22 
6.65 
4.12 
1.09 
0.26 
0.59 
1.65 
0.42 
5.14 

11.49 
1.18 
8.96 
10.25 

Burnup 
Fertile 

Mean 
(% FIMA) 

0.70 
1.58 
1.01 
1.10 

0.51 
1.16 
0.74 
0.80 
ND 
ND 
ND 

0.21 
0.35 
0.16 
0.24 

0.57 
0.97 
0.47 
0.67 
0.55 
0.93 
0.46 
0.65 

0.63 
1.07 
0.53 
0.74 
0.57 
1.08 

1.19 
0.89 
0.48 
0.92 

1.30 
2.14 
0.93 
1.46 

1.28 

FWS 
(% FIMA) 

0.47 
0.06 
0.33 
0.49 
0.34 
0.04 
0.24 
0.36 
ND 
ND 
ND 

0.10 
0.02 
0.08 
0.11 

0.28 
0.05 
0.22 
0.30 
0.27 
0.05 
0.21 
0.29 

0.31 
0.06 
0.24 
0.33 
0.17 
0.10 
0.01 
0.05 
0.10 
0.13 
0.32 

0.62 
0.13 
0.48 
0.63 

Compos it e 

Mean 
( X  FIMA) 

6.57 
10.44 
8.51 
8.51 
4.07 
6.54 
5.29 
5.30 
ND 
ND 
ND 

1.86 
2.45 
1.66 
1.99 
3.19 
4.23 
2.94 
3.45 
4.24 
5.54 
3.98 
4.58 
3.77 
4.98 
3.49 
4.08 
5.72 
7.72 
8.26 
8.04 
7.08 
5.39 
7.03 

7.10 
9.37 
6.18 
7.55 

RMS 
(% FIMA) 

2.72 
0.22 
1.31 
2.35 
1.71 
0.14 
0.84 
1.49 
MD 
ND 
ND 

0.48 
0.09 
0.36 
0.48 
0.81 
0.11 
0.63 
0.82 

1.03 
0.14 
0.79 
1.02 

0.95 
0.13 
0.73 
0.95 
0.90 
0.35 
0.06 
0.15 
0.38 
0.55 
1.21 

2.17 
0.28 
1.68 
2.08 
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~~ 

Element 
I.D. 

FBTE-2 

Total 

FBTE-3 

Total 

FBTE-4 

T o t a l  

FBTE-5 

Total 

FBTE-6 

Total 

RTE- 1 

Total 

RTE-2 

Total 
RTE-4 

Total 

Body 
No. 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

TABLE 3-2 (Continued) 

Fissile 

Mean 
(% FIMA) 

41.76 
52.57 
40.10 
44.81 
44.43 
55.97 
42.67 
47.69 
12.93 
16.38 
10.94 
13.42 

44.07 
55.48 
42.37 
47.31 
15.61 
19.68 
15.02 
16.77 

32.82 
45.82 
49.32 
47.81 
42.17 
31.59 
41.59 

27.43 
42.68 
45.28 
43.01 
36.78 
27.19 
37.06 
18.09 
30.19 
31.88 
29.43 
23.97 
16.97 
25.09 

RMS 
(% FIMA) 

11.55 
1.19 
6.29 
9.45 

12.31 
1.27 
6.69 
10.04 
4.15 
0.79 
2.14 
3.54 
12.13 
1.23 
6.65 
9.91 

0.44 
2.35 
3.51 
6.52 
1.69 
0.34 
0.96 
2.50 
3.26 
7.71 

8.76 
1.49 
0.24 
1.10 
2.47 
2.87 
8.36 

6.76 
1.15 
0.24 
1 .ll 
2.05 
1.86 
6.62 

4.29 

Burnup 
Fertile 

Mean 
(% FIMA) 

1.76 
2.88 
1.40 
2.01 
1.59 
2.61 
1.26 
1.82 

0.09 
0.15 
0.05 
0.10 

1.33 
2.18 
1.06 
1.52 
0.10 
0.16 
0.08 
0.11 

0.60 
1.46 
1.78 
1.64 
1.17 
0.50 
1.19 

0.53 
1.41 
1.70 
1.51 
1.01 
0.38 
1.09 

0.16 
0.49 
0.58 
0.48 
0.28 
0.07 
0.34 
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RMS 
(X FIMA) 

0.83 
0.18 
0.63 
0.88 
0.75 
0.16 
0.57 
0.80 

0.05 
0.02 
0.03 
0.06 

0.63 
0.13 
0.48 
0.66 
0.04 ' 

0.01 
0.03 
0.05 
0.29 
0.17 
0.03 
0.09 
0.18, 
0.19 
0.52 

0.29 
0.17 
0.02 
0.09 
0.18 
0.17 
0.52 

0.10 
0.07 
0.01 
0.04 
0.06 
0.05 
0.20 

C om1 

Mean 
(% FIMA) 

13.52 
17.49 
12.78 
14.60 
10.19 
13.33 
9.58 
11.03 
2.63 
3.36 
2.20 
2.73 
6.10 
8.13 
5.67 
6.64 

1.60 
2.05 
1.52 
1.72 
7.01 
10.28 
11.23 
10.82 
9.32 
6.68 
9.22 

6.08 
9.93 
10.69 
10.07 
8.39 
5.91 
8.51 

2.63 
4.59 
4.90 
4.47 
3.55 
2.41 
3.76 

)site 

RMS 
(% FIMA) 

3.96 
0.48 
2.30 
3.37 
3.05 
0.38 
1.80 
2.63 
0.86 
0.17 
0.45 
0.74 
1.89 
0.25 
1.17 
1.68 

0.45 
0.05 
0.26 
0.38 
1.53 
0.47 
0.08 
0.26 
0.64 
0.80 
1.95 

2.03 
0.44 
0.06 
0.30 
0.65 
0.73 
2.13 

1.02 
0.22 
0.04 
0.19 
0.33 
0.30 
1.08 



Element 
I.D. 

RTE-5 

Total 

RTE-6 

Total 
RTE- 7 

Total 

RTE-8 

Total 

FPTE- 1 

Total 

FPTE-3 

Total 

PTE-2 

Body 
No. 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 

1 
2 
3 
4 

TABLE 3-2 (Continued) 

Fissile 

Mean 
( X  FIMA) 

35.89 
55.17 
58.43 
56.38 
49.90 
37.86 
48.94 

36.51 
56.19 
59.49 
57.35 
50.68 
38.47 
49.78 
11.35 
18.86 
19.87 
18.30 
14.89 
10.56 
15.64 
36.58 
56.40 
59.78 
57.69 
50.97 
38.66 
50.01 
1.43 
2.08 
1.85 
1.22 
1.64 

6.20 
8.20 
7.84 
5.78 
7.01 
ND 

(a)ND = not determined. 

RMS 
(% FIMA) 

11.30 
1.90 
0.30 
1.03 
2.90 
3.72 
10.27 
11.51 
1.93 
0.30 
1.06 
2.98 
3.72 
10.47 
4.23 
0.71 
,0.16 
0.70 
1.27 
1.15 
4.12 
11.53 
1.97 
0.31 
1.07 
3.00 
3.76 
10.54 
0.50 
0.03 
0.13 
0.19 
0.43 
1.29 
0.17 
0.32 
0.81 
1.30 

ND 

Burnup 
Fertile 

Mean 
(% FIMA) 

0.92 
2 . 2 2  
2.71 
2.47 
1.76 
0.77 
1.81 
1.03 
2.49 
3.03 
2;76 
1.96 
0.85 
2.02 
0.05 
0.16 
0.19 
0.15 
0.09 
0.02 
0.11 

1.04 
2.53 
3.09 
2.82 
2.00 
0.88 
2.06 

RMS 
( X  FIMA) 

0.43 
0.26 
0.04 
0.13 
0.27 
0.29 
0.79 

0.48 
0.29 
0.05 
0.15 
0.30 
0.32 
0.88 
0.03 
0.02 
0.01 
0.01 
0.02 
0.02 
0.06 

0.49 
0.30 
0.05 
0.15 
0.31 
0.33 
0.90 

Compos it e 

Mean 
( X  FIMA) 

6.05 
9.99 
10.88 
10.38 
8.82 
6.21 
8.72 
7.00 
11.54 
12.54 
11.95 
10.16 
7.19 
10.06 
1.49 
2.55 
2.70 
2.47 
1.98 
1.37 
2.10 

7.16 
11.80 
12.85 
12.26 
10.43 
7.37 
10.31 

RMS 
( X  FIMA) 

2.02 
0.50 
0.08 
0.26 
0.65 
0.79 
2.16 

2.34 
0.56 
0.09 
0.30 
0.75 
0.89 
2.48 
0.57 
0.11 
0.02 
0.10 
0.18 
0.16 
0.58 
2.39 
0.58 
0.10 
0.31 
0.77 
0.92 
2.54 

Element did not contain fertile fuel. 

Element did not contain fertile fuel. 

ND ND ND ND 
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4. NUCLEAR MEASUREMENTS 

Gamma spectroscopic and destructive burnup measurements were performed 

on many of the Peach Bottom test elements to better define irradiation 

conditions and verify nuclear design calculations. Improvement of temperature 

predictions via feedback of nuclear measurements into thermal calculations 

was discussed in Section 3 . 2 .  This section discusses the nuclear measurements 

and compares them with design code predictions. 

4.1. GAMMA SPECTROSCOPIC MEASUREMENTS 

Gamma spectroscopic measurements were made at Peach Bottom for nearly 

all the test elements irradiated in Core 2. Test elements which were 

removed from the core and gamma scanned prior to final shutdown of Core 2 

were scanned only for total activity using a sodium-iodide detector. 

Elements scanned after final shutdown were scanned for individual fission 

products using a high-resolution Ge(Li) detector. The Peach Bottom gamma 

scanning is described in Ref. 4-1.  In addition to these measurements, 

gamma spectroscopic measurements on fuel and graphite components from 

many of the test elements were performed during PIE at GA, OWL, and KFA. 
A gamma spectroscopic examination of the Peach Bottom test elements 

provided data on fuel stack length, axial power and neutron flux profiles, 

power generation, and fission product mobility. 

4.1.1. Fuel Stack Length 

A 

Fuel stack lengths were determined for each gamma scanned fuel element 

using the strip charts of total activity or of single nuclide activities. 

A typical strip chart is shown in Fig. 4-1. A comparison of fuel body stack 

lengths determined from the destructive PIE and from the EOL gamma scanning 
of FTE-6 (Ref. 4-2)  was performed to qualify the validity of the gamma scanning 

4-1 



method. Th i s  comparison, shown i n  Table  4-1, i n d i c a t e d  no s ta t i s t ica l  

d i f f e r e n c e s  between s t a c k  l e n g t h s  determined v i a  t h e  two t echn iques .  

4 . 1 . 2 .  Ax ia l  Power and Thermal F lux  P r o f i l e s  

S ince  Cs-137 is  a f i s s i o n  product  of b o t h  U-235 and U-233 and has a 

h a l f  l i f e  (30.1 y r )  which is  much longe r  than  t h e  i r r a d i a t i o n  pe r iod  f o r  

t h e  t es t  e l emen t s ,  t h e  a c t i v i t y  of Cs-137 measured f o r  a g iven  sample i s  

p r o p o r t i o n a l  t o  t h e  number of f i s s i o n s  which occur red  i n  t h e  sample. The 

normalized a x i a l  d i s t r i b u t i o n  of Cs-137 w i t h i n  an element is  t h e r e f o r e  

r e p r e s e n t a t i v e  of t h e  time-averaged a x i a l  power p r o f i l e  provided t h a t  t h e  

Cs-137 w a s  con ta ined  i n  t h e  f u e l .  The a x i a l  d i s t r i b u t i o n s  of t h e  s h o r t -  

l i v e d  i s o t o p e s  Ba-La-I40 (12.8 days) and Zr-95 (65.5 days) w i t h i n  an element 

are r e p r e s e n t a t i v e  of  t h e  EOL a x i a l  power p r o f i l e .  

Cs-134 i s  formed i n d i r e c t l y  from f i s s i o n  through t h e  decay of Xe-,l33 

t o  Cs-133, fo l lowed by neu t ron  a c t i v a t i o n  via  c a p t u r e  of n e u t r o n s  p r i m a r i l y  

i n  t h e  0.38 t o  2.82 J (2.38 t o  17.6 eV) energy range.  The q u a n t i t y  of 

Cs-134 formed i n  a g iven  f u e l  rod i s  dependent on bo th  t h e  f i s s i o n  ra te  

and t h e  neu t ron  f l u x .  These are n o t  n e c e s s a r i l y  synonymous s i n c e  t h e  

f i s s i o n  r a t e  i s  d i c t a t e d  by heavy metal atom d e n s i t i e s  and f i s s i o n  c r o s s  

s e c t i o n s ,  as w e l l  as by n e u t r o n  f l u x .  The dependence on t h e  f i s s i o n  rate 

can be removed by d i v i d i n g  t h e  measured a c t i v i t y  of Cs-134 by t h e  measured 

a c t i v i t y  of Cs-137. 

r e p r e s e n t a t i v e  of t h e  time-averaged thermal  f l u x  ( o r  t h e  thermal  f l u e n c e )  

d i s t r i b u t i o n  provided t h a t  t h e  Cs-137 and Cs-134 are  con ta ined  i n  t h e  

f u e l  and t h e  Cs-134 a c t i v i t y  i s  c o r r e c t e d  f o r  decay (762.9-day h a l f  l i f e )  

du r ing  i r r a d i a t i o n ,  I n  t a k i n g  t h e  Cs-134/Cs-137 p r o f i l e  t o  be  e q u i v a l e n t  

t o  t h e  thermal  f l u e n c e  d i s t r i b u t i o n ,  i t  i s  assumed t h a t  t h e  a x i a l  

d i s t r i b u t i o n  of neu t rons  i n  t h e  ep i the rma l  range  has  approximate ly  t h e  

same shape as t h e  a x i a l  d i s t r i b u t i o n  of thermal  neu t rons  (<0.38 a J ) .  
normalized Cs-134/Cs-137 p r o f i l e  i s  a l s o  r e p r e s e n t a t i v e  of t h e  t i m e -  

averaged a x i a l  p r o f i l e  f o r  e lements ,  o r  f u e l  s t a c k s ,  i n  which t h e  f u e l  
l oad ings  are  uniform over  t h e  l e n g t h  of t h e  element. 

The normal ized  Cs-134/Cs-137 a x i a l  p r o f i l e  i s  t h e r e f o r e  

The 
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The r e l a t i o n s h i p s  between t h e  Cs-134/Cs-137, Cs-137, t ime-averaged 

power, and thermal  f l u e n c e  d i s t r i b u t i o n s  a r e  i l l u s t r a t e d  i n  F ig .  4-2. High 

thorium load ings  i n  f u e l  body 1 of FTE-14 r e l a t i v e  t o  f u e l  bod ie s  2 and 

3 caused t h e  p r e d i c t e d  t ime-averaged power p r o f i l e  f o r  f u e l  s t a c k s  1 and 

2 t o  peak i n  f u e l  body 1. This  i s  r e f l e c t e d  i n  t h e  Cs-137 p r o f i l e  b u t  

n o t  i n  t h e  Cs-134/Cs-137 p r o f i l e .  The Cs-134/Cs-137 p r o f i l e  resembles  

t h e  p r e d i c t e d  thermal  f l u e n c e  p r o f i l e ,  which i s  n o t  pe r tu rbed  by t h e  non- 

uni form thorium load ings  s i n c e  s i n g l e  f u e l  s t a c k s  c o n t a i n  t o o  l i t t l e  f u e l  

t o  d i c t a t e  t h e  shape  of t h e  l o c a l  f l u x  d i s t r i b u t i o n .  

The h o t  c e l l  g a m a  scans  of i n d i v i d u a l  f u e l  s t a c k s  w e r e  p a r t i c u l a r l y  

u s e f u l  i n  e s t a b l i s h i n g  power and f l u x  p r o f i l e s  f o r  t h e  f u e l  e lements .  

The Peach Bottom scans  were of more l i m i t e d  use  because of t h e  complicated 

scanning  geometry. The geometry f o r  t h e  Peach Bottom s c a n s  i s  shown 

i n  F ig .  4-3. The geomet r i ca l  c o n f i g u r a t i o n  w a s  ve ry  s e n s i t i v e  t o  t h e  

e x a c t  p o s i t i o n  of  t h e  c o l l i m a t o r  w i th  r e s p e c t  t o  t h e  f u e l  e lement .  A 

s l i g h t  t i l t  o r  e c c e n t r i c i t y  of t h e  c o l l i m a t o r  a x i s  o r  any r o t a t i o n a l  o r  

pendulum t y p e  movement of t h e  element would g i v e  s i g n i f i c a n t l y  d i f f e r e n t  

f r a c t i o n a l  f u e l  areas, Except f o r  t e s t  e lements  which had a z i m u t h a l l y  

uniform f u e l  l oad ings  and no s p i n e  samples ,  t h e  u n c e r t a i n t y  a s s o c i a t e d  

w i t h  t h e  scanning  geometry and t h e  n o n r e p r e s e n t a t i v e n e s s  of t h e  area under 

s u r v e i l l a n c e  prec luded  t h e  use  of t h e  Peach Bottom scans  f o r  de te rmining  

power and f l u x  p r o f i l e s .  H o w e v e r ,  t h e  Peach Bottom scans  f o r  e lements  such 

as FTE-6, which conta ined  power-producing and neut ron-absorb ing  s p i n e  

samples ,  demonstrated t h e  n e c e s s i t y  of c o n s i d e r i n g  t h e  e f f e c t  of s p i n e  

samples  on power p r o f i l e s  i n  o r d e r  t o  a c c u r a t e l y  c a l c u l a t e  t empera tu res .  

The p e r t u r b a t i o n  of t h e  a x i a l  power p r o f i l e  by s p i n e  samples i n  FTE-6 

i s  c l e a r l y  seen  from t h e  

4.1.3. Absolu te  Power 

The power gene ra t ed  

of Cs-137 atoms produced 

Cs-137 p r o f i l e  shown i n  F ig .  4-4. 

w i t h i n  a sample can  b e  c a l c u l a t e d  from t h e  number 

du r ing  i r r a d i a t i o n  u s i n g  t h e  e q u a t i o n  
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where P = power, W ,  

N = number of Cs-137 atoms produced du r ing  i r r a d i a t i o n ,  

y = e f f e c t i v e  f i s s i o n  y i e l d  f o r  Cs-137 from U-233 and 
U-235, 

t = i r r a d i a t i o n  t i m e ,  s,  

3.2 x 10-l '  = W - s /  f i s s i o n .  

The number of Cs-137 atoms produced du r ing  i r r a d i a t i o n  i s  o b t a i n e d  by 

conve r t ing  t h e  measured Cs-137 a c t i v i t y ,  i n  coun t s  p e r  minute (CPM), 

t o  Cs-137 atoms and then c o r r e c t i n g  f o r  decay du r ing  and a f t e r  i r r a d i a t i o n  

( see  S e c t i o n  3 . 4 . 2 . 4 .  of  R e f .  4 - 3 ) .  The conversion of CPM t o  a t o m s  i s  

achieved  u s i n g  a c a l i b r a t i o n  f a c t o r  ( o r  f a c t o r s )  which accoun t s  f o r  

t h e  e f f i c i e n c y  of t h e  d e t e c t o r ,  t h e  geomet r i ca l  sp read ing  of t h e  gamma 

r a d i a t i o n ,  and a b s o r p t i o n  of gamma r a d i a t i o n  w i t h i n  t h e  sample and between 

t h e  sample and t h e  d e t e c t o r .  

C a l i b r a t i o n  of t h e  h o t  c e l l  gamma scanning  performed a t  GA w a s  

accomplished u s i n g  f u e l  rods of known burnup from c a p s u l e s  P13R (Ref 4-4) 

and P13Q (Ref. 4-5) f o r  12.7-mm (0.5- in . )  and 15.9-mm (0.625-in.)  

d iameter  r o d s ,  r e s p e c t i v e l y .  The Peach Bottom scanning  c o n f i g u r a t i o n  

was c a l i b r a t e d  v i a  c r o s s - c a l i b r a t i o n  of Peach Bottom scans  w i t h  c a l i b r a t e d  

h o t  c e l l  s cans  f o r  FTE-6 and FTE-15 (Ref. 4-1). 

4 .1 .4 .  Determina t ion  of Nucl ide  Mobi l i t y  

The r a t i o  of f i s s i o n  product  i n v e n t o r i e s  i s  approximate ly  c o n s t a n t  

a long  a f u e l  element f o r  a n  u n f a i l e d  and r e t e n t i v e  f u e l  v a r i e t y  such as 

TRISO-coated f u e l .  A l t e r n a t i v e l y ,  f o r  f a i l e d  o r  non- re t en t ive  f u e l ,  t h e  

r a t i o  of mobi le  t o  non-mobile f i s s i o n  product  i n v e n t o r i e s  w i l l  va ry  w i t h  

t h e  amount of mobile f i s s i o n  p roduc t s  t h a t  e scapes  from t h e  f u e l .  The 

fo l lowing  method is  o u t l i n e d  f o r  de t e rmin ing  f i s s i o n  product  
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m o b i l i t y  w i t h i n  a f u e l  e lement .  

d e s c r i b e d  f o r  Cs-137, i t  is  e q u a l l y  a p p l i c a b l e  t o  cerium, ruthenium, and 

o t h e r  mobile  s p e c i e s  which do n o t  d i f f u s e  through i n t a c t  TRISO c o a t i n g s .  

Although t h e  method is  s p e c i f i c a l l y  

1 .  Determine t h e  average  Cs-137/Zr-95 r a t i o  f o r  a 

r e t e n t i v e  f u e l  v a r i e t y  having  no d e t e c t a b l e  f u e l  

f a i l u r e  ( a s  determined by meta l lography and f i s s i o n  

gas  release measurements).  Determine t h e  v a r i a n c e  

i n  t h e  Cs-137/Zr-95 r a t i o s  and tes t  f o r  s i g n i f i c a n c e  

us ing  t h e  a x i a l  v a r i a b i l i t y  t es t .  

2. I f  t e s t i n g  f u e l s  w i t h  d i f f e r e n t  thorium and uranium 

i n v e n t o r i e s  t han  t h e  r e f e r e n c e  f u e l ,  c o r r e c t  t h e  

r e f e r e n c e  Cs-137/Zr-95 r a t i o  us ing  t h e  equa t ion  

N x 0  3 f , 3  

'L 5 f , 5  

f , 5  

y 
' C S , ~  + N x 0 c s , 3  

N 3  x 0 
f , 3  x Y ' ~ r , 5  + N x 0 Z r ,  3 5 

where (Cs-137/Zr-95) = c o r r e c t e d  Cs-137/Zr-95 r a t i o  
S f o r  f u e l  w i t h  no cesium l o s s ,  

0 = f i s s i o n  c r o s s  s e c t i o n  for U-235 
f ,  5 (580 b a r n s ) ,  

'3  (525 b a r n s ) ,  

N = a tomic  c o n c e n t r a t i o n  f o r  U-23j 

0 = f i s s i o n  c r o s s  s e c t i o n  f o r  U-233 

j 
= f i s s i o n  y i e l d  f o r  i s o t o p e  i from 

f i s s i o n  of U-23j. 'i, j 

3. C a l c u l a t e  t h e  Cs-137 l o s s  from t h e  Cs-137/Zr-95 

r a t i o  f o r  t h e  r e f e r e n c e  f u e l  and t h e  Cs-137/Zr-95 
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r a t i o  f o r  t h e  f u e l  w i t h  suspec ted  cesium l o s s  

assuming a l i n e a r  r e l a t i o n s h i p  between t h e  

Cs-137/Zr-95 r a t i o  and cesium l o s s .  

4.2. BURNUP MEASUREMENTS 

D e s t r u c t i v e  and non-des t ruc t ive  t echn iques  i n c l u d i n g  r ad iochemis t ry  

(Refs .  4-6 and 4-7),  m a s s  spec t romet ry  (Refs.  4-7 and 4-8),  i s o t o p e  d i l u -  

t i o n  mass spec t romet ry  (Ref.  4-9), and gamma spec t romet ry  (Refs.  4-10 and 

4-11) w e r e  employed t o  measure t h e  f u e l  burnup i n  Peach Bottom tes t  

e lements .  A summary of t h e s e  methods and a s s o c i a t e d  e r r o r  a n a l y s e s  is  

g iven  i n  Ref .  4-3. The f i r s t  t h r e e  methods w e r e  a p p l i e d  t o  l o o s e  f u e l  

p a r t i c l e s  from s p i n e  samples and t h e  las t  w a s  a p p l i e d  t o  f u e l  rods .  One 

o r  m o r e  of these methods w e r e  used t o  measure f u e l  burnup i n  t es t  e lements  

FTE-3, FTE-4, FTE-5, FTE-6, FTE-13, FTE-14, FTE-15, FTE-18, and FPTE-1. 

The measurements f o r  FTE-13, FTE-18, and FPTE-1 were performed a t  ORNL, 

KFA, and S p r i n g f i e l d s  Nuclear  Power Development L a b o r a t o r i e s ,  r e s p e c t i v e l y .  

A l l  o t h e r  measurements were performed a t  GA. 

4 .2 .1 .  F i s s i l e  and F e r t i l e  P a r t i c l e  Burnup 

n 

D e s t r u c t i v e l y  measured burnups f o r  f i s s i l e  and f e r t i l e  f u e l  from 

Peach Bottom test e lements  are  p resen ted  i n  Tables  4-2 and 4-3, respec-  

t i v e l y .  

metal a tom).  Table  4-2 i n c l u d e s  a comparison of f i s s i l e  p a r t i c l e  burnups 

determined v i a  t h e  s p e c t r o m e t r i c  methods (mass spec t romet ry  and IDMS) 

and t h e  rad iochemica l  method. App l i ca t ion  o f  t h e  group agreement test 

t o  t h e  d a t a  i n d i c a t e s  t h a t  t h e  p r o b a b i l i t y  i s  less than  0.05 t h a t  t h e  

d i f f e r e n c e s  between t h e  burnups determined via  t h e  d i f f e r e n t  t echn iques  

are due t o  measurement e r r o r s  a lone .  It i s  concluded t h a t  t h e r e  i s  a 

s t a t i s t i c a l l y  s i g n i f i c a n t  b i a s  of -3.21 i- 1.29% (la) i n  t h e  rad iochemica l  

method re la t ive  t o  t h e  s p e c t r o m e t r i c  methods,  a t  l eas t  f o r  t h i s  sample 

popu la t ion .  

A l l  burnups are expres sed  i n  p e r c e n t  FIMA ( f i s s i o n s  p e r  i n i t i a l  
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Table 4-4 compares measured fissile and fertile fuel burnups with 
the corresponding burnup predictions. The measured fissile burnups given 

in Table 4-4 are averages of the burnups determined via mass spectrometry 

and IDMS. These methods have the lowest measurement errors, and the average 

of the two is believed to provide the most accurate estimate of the burnup 

in fissile fuel. The measured burnups for fertile fuel were determined via 

radiochemistry using Cs-137 as a burnup monitor. This comparison indicates 

that both the fissile and fertile burnup predictions are significantly biased 

as a group on the low side relative to measured burnups. 

shows that the relative differences between the measurements and predictions 

for individual samples vary significantly with axial core location. These 

differences are plotted as a function of axial position for fissile and 

fertile burnup in Figs. 4-5 and 4-6, respectively. Linear regression lines 

have been calculated for the data and included in both figures. 

case, the relative difference between measurements and predictions was 

negatively correlated with axial position. The burnup was overpredicted in 

fuel body 1 and underpredicted in fuel bodies 2 and 3 for both fissile and 

fertile fuel. The element average bias in predicted burnup relative to 

actual burnup was -4.1% for fissile fuel and -3.0% for fertile fuel, as 

determined from the regression lines presented in Figs. 4-5 and 4-6. 

Table 4-4 also 

In each 

4.2.2. Composite Burnup 

The composite (combined fissile and fertile) burnups in fuel rods 

from test elements FTE-4, FTE-6, FTE-14, and FTE-15 were determined from 

gamma spectroscopic measurements as described in Ref. 4-3. In order to 

verify these data, composite burnups were derived from the fissile and 

fertile burnups determined from the more accurate destructive measure- 

ments on spine sample fuel. The composite burnups determined from des- 

tructive measurements on spine samples are compared with the corresponding 

gamma spectroscopically determined burnups in Table 4-5. The comparison 
is made in two groups. 

elements, FTE-4 and FTE-6, are compared as one group, and the burnups 

for the six-hole teledial elements, FTE-14 and FTE-15, are compared as 

a second group. 

The composite burnups for the eight-hole teledial 

This was done because a different calibration was used 
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*Although t h e  c r i t e r i o n  f o r  s i g n i f i c a n c e  i s  n o t  s a t i s f i e d  w i t h  
& = 1.8 < 1.96, s i g n i f i c a n c e  a t  t h e  95% conf idence  leve l  is  assumed 
based on t h e  o b s e r v a t i o n  t h a t  t h e  RMS v a r i a t i o n  i n  t h e  group of re la t ive  
d i f f e r e n c e s  i n d i c a t e s  t h a t  t h e  e r r o r s  e s t ima ted  f o r  t h e  gamma spec t ro -  
s c o p i c a l l y  determined burnups are conse rva t ive .  

4-8 

f o r  t h e  s ix -ho le  and e igh t -ho le  t e l e d i a l  e lements  t o  o b t a i n  a b s o l u t e  

f i s s i o n  product  i n v e n t o r i e s  from CPM (Sec t ion  4 .1 .3) .  

The comparison of  t h e  Group I burnups i n d i c a t e s  t h a t  t h e  gamma 

s p e c t r o s c o p i c a l l y  determined burnups have a s t a t i s t i c a l l y  s i g n i f i c a n t *  

b i a s  of +8.1% r e l a t i v e  t o  t h e  burnups e s t a b l i s h e d  by d e s t r u c t i v e  methods. 

Although t h e  gamma s p e c t r o s c o p i c a l l y  determined burnups f o r  bo th  FTE-14 

and FTE-15 appear  t o  b e  b i a s e d  re la t ive  t o  d e s t r u c t i v e l y  measured burnup, 

they  are n o t  s i g n i f i c a n t l y  b i a s e d  as a group. S ince  t h e  d e s t r u c t i v e  

measurements are cons idered  t o  be  t h e  most r e p r e s e n t a t i v e  of t h e  t r u e  

burnup, t h e  c a l i b r a t i o n  f o r  t h e  scanning  of f u e l  rods  from e igh t -ho le  

t e l e d i a l  tes t  e lements  i s  concluded t o  be  8.1% too  h igh .  No e r r o r  could 

be  concluded f o r  t h e  c a l i b r a t i o n  of  t h e  s ix -ho le  element f u e l  rod scans  

as a group. 

Table  4-6 compares t h e  gamma s p e c t r o s c o p i c a l l y  measured composi te  

burnups f o r  FTE-4, FTE-6, FTE-14, and FTE-15 w i t h  t h e  cor responding  pre-  

d i c t i o n s .  

r e c t e d  t o  account  f o r  t h e  8.1% e r r o r  i n  t h e  c a l i b r a t i o n  f o r  t h e  gamma 

scanning  of e ight-hole-element  f u e l  rods .  

and FTE-15 w e r e  a l s o  c o r r e c t e d  f o r  t h e i r  b i a s e s  re la t ive t o  d e s t r u c t i v e l y  

measured burnups as shown i n  Table  4-5. 

rods  cons ide red ,  t h e  p r e d i c t e d  burnups w e r e  b i a s e d  by -3.6 t 0.9% ( l a )  

re la t ive t o  measured burnups.  Th i s  b i a s  i s  c o n s i s t e n t  w i t h  t h e  b i a s e s  

e s t a b l i s h e d  f o r  f i s s i l e  (-4.1%) and f e r t i l e  ( - 3 . 0 % )  f u e l  i n  F igs .  4-5 

and 4-6. The RMS v a r i a t i o n  i n  t h e  disagreement  between measurements and 

p r e d i c t i o n s  w a s  29.4%. T h i s  v a l u e  i s  i n t e r p r e t e d  t o  b e  t h e  la u n c e r t a i n t y  

a s s o c i a t e d  w i t h  l o c a l  p o i n t  burnup p r e d i c t i o n s  f o r  t h e  f u e l  test  elements .  

The measured burnups f o r  FTE-4 and FTE-6 f u e l  rods  w e r e  cor -  

The measured burnups f o r  FTE-14 

For  t h e  e n t i r e  popu la t ion  of f u e l  



4.3. ISOTOPIC ANALYSIS 

Uranium isotopic concentrations in relative atom percent for both 

fissile and fertile particles were determined from mass spectrometric 

measurements on loose  particles from test elements FTE-3, FTE-4, FTE-5, 

FTE-6, FTE-14, and FTE-15 and were compared with predictions based on 

GAUGE and FEVER code simulations of Peach Bottom Core 2. The measurements 

and predictions are compared in Table 4-7. The relative differences are 

expressed in terms of a bias which is defined as 

% Bias = [(Calc/Meas) - 1 3  x 100 . 

The error for each bias is the progressed uncertainty for the measure- 

ments. Usually two to four independent measurements (individual particles) 

were made at a specific core location and combined into a single value. 

The ranges of the observed differences are summarized in Table 4-8 .  

Figures 4-7 through 4-10 show the relative differences between predicted 

and measured isotopic concentrations as a function of axial core location 

for fissile and fertile fuel. The results of the comparisons of predicted 

and measured isotopic concentrations are summarized below. 

1. The U-235 concentration in fissile fuel was slightly 

overpredicted at the top of the core and slightly 
underpredicted at the bottom. The U - 2 3 5 ,  U - 2 3 6 ,  and 

U-238  concentrations were overpredicted in the bottom 

of the core and underpredicted at the top. These trends 

suggest that the calculated thermal flux profile was 

skewed toward the bottom of the core, since higher fluxes 

would result in more fissions (and therefore less U-235) 

and increased fbrmation of U-236  via neutron activation. 

Underprediction of neutron fluxes in the top part of the 

core would result in less fissions (more U-235)  and 

decreased formation of U-236.  

4-9 



2. The U-233 concentration in fertile fuel was overpredicted 

by a few percent at the bottom and center of the core and 

underpredicted at the top. The U-234 and U-235 concentra- 

tion predictions for fertile fuel were biased in the oppo- 

site direction from the U-233 concentration predictions. 

This suggests that the capture cross section for U-233 was 

underestimated at the bottom and middle of the core and 

overestimated at the top. 

3. The U-234 concentrations in fertile fuel were less under- 

predicted in FTE-15 than in FTE-14. The concentrations 

of bred U-235 were less underpredicted in FTE-14 than in 

FTE-15. (The fuel burnups in FTE-15 were higher than in 

FTE-14.) This suggests that the assumed capture cross 

section for U-234 was too small. 

It is concluded that the fissile material was fairly well modeled 

by GAUGE/FEVER, although some difficulty in calculating the U-236 

inventory is apparent. 

modeled. The effectiveness of GAUGE/FEVER calculations in predicting 

burnup for fissile and fertile fuel in the Peach Bottom test elements 

is quantified in Section 4.2.2. The data provided in this section help 

identify the reasons for the errors in the predictions. 

The burnup in fertile fuel was not as well 

4 . 4 .  URANIUM LOADING MEASUREMENTS 

In order to obtain an estimate of the uncertainty in the historically 

reported uranium loadings for the Peach Bottom test elements, delayed 
neutron activation analysis (DNAA) uranium measurements were made on 

historical fuel rods representing the fuel rods irradiated in several 

test elements. 

historically reported uranium loadings in Table 4-9. Various statistical 

tests have been applied to check for significance in the relative 

differences between measured and reported values. 

The results of these measurements are compared with 
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The r e l a t ive  d i f f e r e n c e s  between measured and r e p o r t e d  uranium 

l o a d i n g s  i n  14 of 23 rod ba tches  could n o t  be  a t t r i b u t e d  a t  t h e  0.05 

s i g n i f i c a n c e  l e v e l  t o  measurement e r r o r .  For t h e  e n t i r e  group of rods ,  

t h e  r e p o r t e d  uranium l o a d i n g s  are  b i a sed  by -2 .0  2 0 .2% (10) r e l a t ive  

t o  t h e  measured v a l u e s .  The RMS v a r i a t i o n  i n  t h e  re la t ive  d i f f e r e n c e s  

is  23.2%. The RMS v a r i a t i o n  i s  i n t e r p r e t e d  as t h e  l a  u n c e r t a i n t y  i n  

t h e  f u e l  t e s t  element uranium load ings .  It is  d o u b t f u l  whether  t h e  

-2.0% b i a s  i n  t h e  h i s t o r i c a l l y  r e p o r t e d  uranium load ings  r e p r e s e n t s  an  

a c t u a l  2% ove r load ing  of uranium i n t o  t h e  t e s t  e lements .  This  may i n s t e a d  

be  i n d i c a t i v e  of a n  i n h e r e n t  b i a s  i n  t h e  measurement technique .  

The load ing  of thorium i n t o  t h e  f u e l  rods  w a s  n o t  c o n t r o l l e d  as 

s t r i n g e n t l y  as t h e  load ing  of  uranium. Consequent ly ,  t h e  u n c e r t a i n t y  

i n  t h e  thorium load ings  can be assumed t o  be  g r e a t e r  than  23.2% ( la ) .  

A 25% u n c e r t a i n t y  on heavy m e t a l  l oad ings  w a s  assumed i n  c a l c u l a t i n g  t h e  

e r r o r s  a s s o c i a t e d  w i t h  gamma s p e c t r o s c o p i c a l l y  determined burnups t o  a l l o w  

f o r  thorium load ing  v a r i a t i o n s .  

4.5.  NUCLEAR DESIGN VERIFICATION 

The p r e d i c t i v e  accuracy  f o r  l o c a l  p o i n t  GAUGE/FEVER burnup c a l c u l a t i o n s  

f o r  t h e  Peach Bottom tes t  e lements  i s  e s t ima ted  t o  be 29.4% ( l a )  based 

on a comparison o f  p r e d i c t i o n s  and gamma spec t roscopic  burnup measurements 
f o r  a group of 153 f u e l  r o d s  from test e lements  FTE-4, FTE-6, FTE-14, and 

FTE-15 (Sec t ion  4 . 2 . 3 .  and Table  4 - 6 ) .  C o r r e c t i o n s  based on burnups 

determined v ia  t h e  more a c c u r a t e  d e s t r u c t i v e  measurement t echn iques  ( i . e . ,  

m a s s  spec t romet ry  and IDMS f o r  f i s s i l e  f u e l  and r ad iochemis t ry  f o r  f e r t i l e  

f u e l ) . w e r e  a p p l i e d  t o  t h e  gamma s p e c t r o s c o p i c  burnup measurements t o  

improve t h e  accuracy  of t h e  d a t a .  

e lements  involved  i n  t h e  comparison, t h e  - 3 . 6  2 0.9% ( la )  b i a s  determined 

i n  t h e  p r e d i c t i o n s  r e l a t ive  t o  t h e  measurements is  n o t  cons ide red  t o  

r e p r e s e n t  a b i a s  i n  t h e  p r e d i c t i o n s  f o r  a l l  test e lements .  

accu racy  e s t ima ted  f o r  test  element l o c a l  p o i n t  burnup c a l c u l a t i o n s  i s  

c o n s i s t e n t  w i t h  t h e  210% ( l a )  p r e d i c t i v e  accuracy  concluded f o r  l o c a l  p o i n t  

power c a l c u l a t i o n s  f o r  Peach Bottom r e g u l a r  f u e l  e lements  (Ref.  4-12). 

Because o f  t h e  r e l a t i v e l y  few tes t  

The p r e d i c t i v e  
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The bias in predicted burnups relative to measurements was observed 

to vary systematically as a function of the axial core location. A s  a 

group, the predictions for FTE-4, FTE-6, FTE-14, and FTE-15 were biased 

by +4.5 _+ 1.7% (la), -7.6 2 1.2% ( la) ,  and -7.9 t 1.6% (la) in fuel bodies 
1 ,  2, and 3, respectively. This trend of overprediction at the bottom of  

the core and underprediction at the middle and top of the core was also 

seen in the burnup predictions for both fissile and fertile fuel. For 

fissile fuel, the bias in the predictions relative to destructively 

measured burnup varied from about +6% at the bottom of the core to -15% 
at the top, with a mean bias of -4.1% (Fig. 4-5). For fertile fuel, the 

bias varied'from about +24% at the bottom of the core to -30% at the top, 

with a mean bias of -3.0% (Fig. 4-6). 

A semi-independent* estimate of the accuracy of burnup predictions 
for the test elements was obtained using the Peach Bottom gamma scans. 

The element average burnups for eight test elements which had uniform axial 

fuel loadings were derived from the total Cs-137 inventory in each element 

as determined from the Peach Bottom scans. These element average burnups 
are compared with GAUGE predictions in Table 4-10. For this group of test 

elements, the accuracy in the burnup predictions was determined to be 

212.2% (la) with an apparent bias of -12.5 2 2.2% (la) in the predictions 
relative to measurements. However, if the measured burnups are reduced by 

8.1% to account for the error (Section 4.2.3 and Table 4-8) in the Cali- 

bration for the hot cell scanning of fuel rods from eight-hole teledial 

test elements, the bias becomes -5.4 2 2.2% (la), which is supportive of 

',he -3.6% bias obtained from the hot cell scans of fuel rods in FTE-4, 

FTE-6, FTE-14 and FTE-15. 

It should be noted that the statements about the test element burnup 

predictions in the above paragraphs are not necessarily indicative of the 

*The estimate is not completely independent of the first estimate 
since the Peach Bottom test element scanning geometry was calibrated using 
the hot cell scanning results (Section 4.1.3.). 
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overall accuracy of the nuclear predictions for Peach Bottom Core 2, nor 

should they be considered indicative of the accuracy of nuclear design 

calculations in general. The reason is that the GAUGE/FEVER codes used 

to simulate Peach Bottom Core 2 were not set up to explicitly model the 

test elements (they were assumed to be regular Peach Bottom fuel elements 

having the appropriate fuel loadings). References 4-1 and 4-12 should be 
referred to for discussions concerning nuclear design verification in 

Peach Bottom. 
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Fue l  
Body 

TABLE 4-1 
COMPARISON OF FUEL STACK LENGTHS DETERMINED FROM 

GAMMA SPECTROSCOPY AND METROLOGY 

Compos it  e 
Fue l  S tack  

Length 
( i n .  1 

x1 

26.7653 

26.6527 

26.6349 

s(B) 
0.1070 

0.1181 

0.1224 

Length 
from Gamma 

Scanning 
( i n .  1 

x2 

26.6678 

26.7290 

26.6546 

so 
0.1296 

0.1092 

0.0874 

Re l a  t i v e  
Di f f e rence  
2 = X 2 / X l  - 1 

(XI 
z 

0.37 

-0.29 

-0.07 

s z  

0.63 

0.60 

0.56 

Test 
1 = 1 Z I S Z  

0.58 

-0.48 

0.13 

I 
T e s t  

2 
D 2  

T e s t  
R e s u l t s  

0.33 

0.22 

0.02 

Not 
significant 

Not 
significant 

Not 
significant 

(a)20 e r r o r .  
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FTE 
No. 

S p i n e  
Sample 
I.D. 

3 
4 
4 
5 
6 

14 
14 
14 
1 5  
1 5  
1 5  
2, 

TS5-5 
TS4-5 
TS28-5 
TS3-5 
TS6-5 
TS4-6 
TS2-6 
TS7-3 
TS5-6 
TS5-6 
TS813 
E, d 

TABLE 4-2 
FISSILE PARTICLE BURNLIP MEASUREMENTS FOR PEACH BOTTOM FUEL TEST ELEMENTS 

R a d i o c h e m i s t r y  Mass Spect rc  

ASTM 
Eq. 2 

( a t .  %) 

i e t r y  + IDMS 

ASTM 
Eq. 3 

(at .  %) 

Burnup Comparison 

z=(R/M)-I  

2 E ( ? l a )  

ASTM 
Eq. 1 

( a t .  %) 

Chemical  U IDMS U 

Average 
( a t .  %) 

Avg . t l a  

7.34 0 .22  
25.48 0 . 5 3  
25 .78  0 . 5 3  
55.25 0 . 9 1  
34 .96  0 .27  
25.31 0 . 3 5  
23.11 0.31 
22.77 0 . 3 0  
38.61 0 .36  
34.04 0 .35  I 33.49 0 . 3 5  

Average  
( a t .  %) 

CS-1 37 CS-1 37 Core 
L o c a t i o n  

(mm) 
- 

Avg 

7.28 
26.49 
26.24 
56.99 
35.17 
25.04 
2 3 . 2 3  
22.74 
38.62 
34.12 
33.47 

- + l a  l a  d=z/E 

-2.76 
-0.18 

4 .28  
2.29 

-0.83 
-3.80 
-1.95 
-2.39 
-1.63 
-1.44 
-0.88 
-0.84 

Avg 

7.44 
24.09 
25.10 
53.41 
34.71 
25.69 
22.94 
22.79 
38.58 
33.94 
33.52 

Avg 

7.31 
25.86 
25.94 
55.36 

25.21 
23.15 
2 2 . 7 8  
38.61 
34.06 
33.48 

34.98 

2676 
2669 
2638 
2027 
2684 
1642 
1164 
2377 
1854 
1166 
2424 

0.47 
0.70 
0.19 
0 . 2 4  
0 .35  
0 .48  
0.46 
0 .48  
0 .45  
0 .47  
0 .49  

0 .26  
0 .49  
0 .74  
0 .88  
0.61 
0.71 
0 . 6 6  
0 .66  
0 . 8 7  
0 . 8 3  
0 .83  

0 .37  
0 .55  
0 .24  
0 . 4 3  
0.31 
0 .39  
0 . 3 8  
0 .39  
0.42 
0.41 
0.42 

0 .30  
1 .44  
0 . 9 3  
1 . 3 3  
1 . 8 8  
0.51 
0 . 7 4  
0.96 
1 . 3 3  
1.41 
1.35 

- 

6.36 
26.84 
31.37 
59.01 
35.81 
23.21 
2 1 . 3 3  
21 ..36 
36.28 
32.06 
32.75 

- 

0.30 -- 
1.53  26.61 

1.33 -- 
1.72 30.69 
0 .67  -- 
1.12 -- 
1.20  -- 
1.70 -- 
2.00 -- I 1.69 -- 

0.93  29 .78  

6. 36 
25 .20  
30.58 
59.01 
33.38 
23 .02  
2 1 . 5 6  
20.39 
36.38 
31.95 
32.26 

-- 
0 . 6 3  
-- 
-- 

1.32 
0 . 7 3  
0 .90  
0 . 6 3  
2 .05  
1 .97  
2 .00  

3.71 33.64 
22.84 
21.80 
19 .42  
36.49 
31.84 
31.78 



FT E 
No. 

4 

5 

6 

14 
1 4  

15 
15 
15 

TABLE 4-3 
FERTILE PARTICLE BURNUP MEASUREMENTS 

FOR PEACH BOTTOM FUEL TEST ELEMENTS 

Spine 
Sample 

I . D .  

TS16-3 

TS18-3 

TS2-5 
TS7-2 

TS2-5 
TS7-2 
TS6-6 

Core 
Loca t ion  

(mm) 

2574 

2589 

1164 
2387 

1166 
2392 
1937 

~~ 

Number 
of 

Samples 

Radiochemistry 

CS-137 I 

0.39 0.06 -- 

0.88 0 .03  0.71 

0.25 0.02 -- 
0.29 0 .01  -- 

0.68 0.06 -- 
0.68 0.03 -- 
0.85 0.03 -- 
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.b 
I 
P 
03 

FTE 
No. 

4 
5 
6 

14 
1 4  
15 
15 
15 

- -  

TABLE 4-4 
COMPARISON OF MEASURED AND CALCULATED F I S S I L E  AND FERTILE BURNUPS 

% FIMA 
C o r e  

L o c a t i o n  
Meas. I 

(m) A v g  

2574 0 . 3 9  
1933 2 . 3 6  
2589 0 . 8 8  
1164 0.25 
2387 0 .29  
1166 0 . 6 8  
2392 0 . 6 8  
1937 0.85 

F i s s i l e  FIMA 

-28.21 
-7 .20  

-15.91 
0 

+22.06 

+1.18 

-27 .59  

-2.94 

C o r e  

No. 

211.04 
21.18 
22.87 
28.00 

210.77 

23.57 

22 .50  

24.28 
2377 
1854 
1166 

15 2424 
2, E, d 

RMs;, s, 

% FIMA 

Meas. I 
Avg I 21u I C a l c .  ' 

7 . 3 4  1 0 .22  I 6 .32  
25.48 0 .53  23.38 

23 .76  
53 .34  
30.35 
24.09 
23.13 
19.37 
36.82 
35.63 
30.25 

-13.90 k2 .58  
-8.24 21.91 
-7.84 21.90 
-3.46 21.59 

-13.19 t 0 . 6 7  
-4 .82  21.32 
+0.09 21.34 

-14.93 21.12 
-4.62 20.89 
+4.66 21.08 

---P= -6 .90 21.49 
5.78 1 2 0 . 4 5  

-5.39 
-4.31 
-4.13 
-2 .18  

-19.69 
-3.65 
+0.07 

-13.33 
-5.19 
+4.31 

-10.31 
-5.80 

I F e r t i l e  FIPIA 

I 

Z= (C/M) - 1 

T z q T z -  

-7 .33  26.60 
15.53 I 22 .33  

d=z /E  

-2.56 
-6.10 
-5.54 

0 
-11.04 

+2.05 

+O.  33 
-0.69 

-2 .94  



FTE 
No. 

FIMA 

4 
4 
4 
4 

4 

6 
6 
6 

6 

4 , 6  

14 

14 

15 

15 

14.15 

(a) 

TABLE 4-5 
COMPARISON OF COMPOSITE BURNUP DETERMINED 

FROM DESTRUCTIVE METHODS (a) AND GAMMA SPECTROSCOPY 

2565 
2615 
2565 
2615 

3 5 . 2 9  
3 4 .99  
7 6 .68 
7 6.31 

(mm) I Stack I % FIMA 

2684 
2684 
2684 

3 , 4  9.17 
5 , 6  1 9 . 5 3  
7, 8 13.24 

1166 
1854 
2424 

1164 1 1 .80  
1642 I I 3.24 
2387 3.20 
- - 

1 2 .94 
1 5 .73  
1 4.92 

t l a  (%) 

0 .05  
0 .05  
0 .06  
0 .06  

0 .10  
0 .10  
0 . 1 3  

0 . 0 3  
0.04 
0 .04  

0 .06  
0 .05  
0 .05  

Gamma 
Spectroscopy 

FIMA 
% FIMA 

~ 

6.14 
5 .57  
6.67 
6 .76  

10.33 
10.37 
13.30 

2.01 
4.08 
3.37 

2.66 
5 .67  
4 .70  

?la (% 

0 .65  
0 .59  
0.70 
0.71 

1 . 1 1  
1 .05  
1 . 5 8  

0 . 1 8  
0 . 2 8  
0 . 2 5  

0 .27  
0 . 4 6  
0 .48  

Relative Difference 
z = ( Y / D ) - l  (%) 

? E Z  ( l a )  

. .  

Z 

16.1 
11 .6  
-0.1 

7 . 1  
8 . 7  

r 6 . 0  

1 2 . 6  
8.8 
0 .4  

7 . 3  
25.1 

8.1 
25.7 

11.7 
25.9 

5 . 3  

1 4 . 3  
28.6 

-9 .5  
-1 . 0  
-4.5 

-5.0 
23.5 

4.6 
211.7 

1 2 . 3  
1 1 . 9  
10 .5  
1 1 . 3  
11 .5  

5 . 8  

12.2 
1 1 . 1  
12 .0  

11 .8  
6 . 8  

11 .6  
4 .4 .  

1 0 . 2  
8 . 8  
7 . 9  

9 . 0  
5 . 2  

9 . 4  
8.1 
9 . 8  

9 .1  
5 . 3  

9.1 
3.7 

1.31 
0 .97  

-0.01 
0 .63  
0 .72  
1 .45  

1 . 0 3  
0 .79  
0 . 0 3  

0 .62  
1 .07  

0 . 6 8  
1.80 

1 .15  
2.95 
0 .67  

1 .59  
2.75 

-1.01 
-0 .12  
-0.46 

-0.53 
0 .92  

0 . 5 3  
1.30 

(a)Composite FIMA calculated from fissile FIMA determined by mass spectrometry 
and IDMS and fertile FIMA determined by radiochemistry using Cs-137 as a burnup monitor. 

(b)If & d > 1.96,  there is a 95% prob'ability that there is a real bias between 
the parameters being compared (group agreement test). The best estimate of the bias 
is z .  

- 
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Axial C o r e  
L o c a t i o n  

(mm> 

Bias i n  I s o t o p i c  C o n c e n t r a t i o n s  [ (Ca lc /Meas ) -1  ] 

U-236 U-238 U-233 U-2 34  U-235 

Bias 1 0  Bias 1 0  Bias la Bias la Bias la Number o f  F u e l  P a r t i c l e  
( X )  ( X )  (%I  ( X )  ( X )  ( X I  ( X )  ( X )  ( X )  ( X )  Samples  Type 

I 

TABLE 4-7 
RELATIVE DIFFERENCES BETWEEN CALCULATED AND MEASURED NUCLIDE 

CONCENTRATIONS I N  PEACH BOTTOM FUEL TEST ELEMENTS 

FTE 
No. 

- 

20 .2  

20 .5  
2 0 . 3  
20.2 
20.4 
20.8 
20 .8  
20.7 

2672 
2 640 
2669 
2638 
2027 
2684 
1164 
1642 
2377 
1166 
1854 
2424 

-21.4 
-18.7 
-16.0 
-15.4 
+24.9 
-26.8 

+5.5 
+11.5 

-1.6 
+12.3 
+15.3  

-7.4 

UC2 TRISO 
UO2 TRISO 
UC2 TRISO 
U02 TRISO 
UC2 T R I S O  
UC2 TRISO 
UCxOy TRISO 
UC,O, TRISO 

-1 8 . 2  
-18.4 
- 5 . 3  
-7.1 
-1 .o 

-14 .8  
+9.6 
+1 .6  

-11 .6  
+12.7 

-2 .0  
-9.4 

+1.3 
+1.2 
-0.1 
+1 .2  
+o. 9 
+3.3 
-0 .9  
-0 .2  
+ 1 . 3  
-2 .5  
+0 .4  
+1 .8  

-9 .7  
-7.6 
-3 .0  
-3.1 
-5.1 
-5 .5  

0.0 
-1 . o  
-3.2 
+2 .5  
-1.9 
-3.1 

2 
2 
4 
2 
2 
2 
1 
1 
1 
1 
1 
1 

3 
3 
4 
4 
5 
6 

.P 14 
14  
14  
15 
1 5  
1 5  

I 
to 
P 

20. 2 

20. 3 
20 .2  
20.4 
20. 3 
2 0 . 5  

2 0 . 5  
20 .4  

2 0 . 3  

20.4 
20.5 
t o .  6 
2 1 . 3  
21 .1  
21 .o 
2 0 . 5  

0.0 

20 .1  
0.0 
0.0 

20.1 
t o .  1 
20.1 
20. 1 

UCiO; TRISO 
UCxOy TRISO 
UC,O, TRISO 
UCiO; TRISO 

F e r t i l e  F u e l  
1 

+O. 3 
-1 .o 
+1.5 
-1.3 
21 .o 
+0.8 
+l .  1 
+3.7 
+ 1 . 3  

+8.7 
+22.2 

-1 .9  
+16.0 
-19.5 
-12.4 

+1.5 

+1.5 
-13 .5  

3 
4 
5 
6 

14  
1 4  
1 5  
1 5  
1 5  

2577 
2574 
1930  
2589 
1164 
2377 
1166 
1937 
2392 

-84 .5  
+37 .6  

+34.6  
-28.9 
-33.8 
-52.4 
-80.0 
-54.0 

-52.1 
0.0 20 .5  210 .2  ThC2 TRISO 

ThC2 TRISO 
ThC2 TRISO 
ThC2 BISO 
ThC2 BISO 
ThC2 BISO 
ThC2 BISO 
ThC2 BISO 

0.0 
0.0 
0.0 

to. 1 
20.8 
2 0 . 2  

20. 6 
20 .2  
2 0 . 3  
2 0 . 2  
2 0 . 7  
20 .4  

27 .4  
27.9 
20.3 
2 5 . 2  
2 6 . 0  
25 .4  

( a ) M e a s u r e d ,  b u t  no p r e d i c t i o n  a v a i l a b l e .  



' TABLE 4-8 
MAXIMUM AND M I N I M U M  RELATIVE 

DIFFERENCES BETWEEN CALCULATED 
AND PREDICTED ISOTOPIC CONCENTRATIONS 

U-233 

NA 

+3.7 
- 1 . 3  

~ ~ 

I s o t o p i c  C o n c e n t r a t i o n  Bias 
[ (Ca lc /Meas ) -1  ] (%) 

U-234 U-235 U-236 U-238 

+ 1 5 , 6  +3 .3  +12.5  +1 .9  
-26 .8  -2.4 -14 .8  -5.5 

+22.2  +37 .6  M e a s u r e d ,  b u t  
-19 .5  -80.0 no p r e d i c -  

t i o n s  avai l -  

F u e l  Type 

F i s s i l e ,  max. 
F u e l  p a r t i c l e ,  min.  

F e r t i l e ,  max. 
F u e l  p a r t i c l e ,  min.  

( a ) ~ ~  = n o t  a p p l i c a b l e .  
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Element 
I . D .  

CO2-01 (FTE-6) 
D14-08 (FTE-8) 
C14-08 (FTE-5) 
A02-01 (FTE-17) 
E05-04 (FBTE-1) 
F14-08 (FTE-7) 
A 1  1-1 1 (FBTE-2) 
F06-01 (FTE-12) 

- -  
Mean x, S, 

T e s t  
RMS, sx 

Test 1 
D = z / S z  

1.220 
-1.732 
-3.057 
-4.094 
-1.000 
-3.474 
-7.714 
-0.4 60 

-2.539 
22.545 

TABLE 4-10 
BURNUP COMPARISON FOR TEST ELEMENTS 

SCANNED D U R I N G  PHASE I OF PEACH BOTTOM EOL PROGRAM 

Tes t  2 
D2 

1.490 
3.000 
9.343 

16.760 
1 .ooo 

12.066 
59.509 

0.211 

12.922 
r i a .479  

GAUGE 
P o s i t i o n  

(Patch/Hex. ) 

6 / 5  
881 1 
8811,8311 
415 
1716 

3415 
22/5 

681 1 

GAUGE 
(%) 

a .  25 
9.32 
9.31 
4.11 

10.22 

10.17 
5.39 

7.824 
t2.225 

5.82 

T o t a l  FIMA 

I 

R e l a t i v e  
Di f f e rence ,  
[(C/M)-l]=z 

Z 

+O.  103 
-0.106 
-0.155 
-0.244 
-0.063 
-0.183 
-0.316 
-0.032 

-0.125 
20. 122 

+o.oa4 
20.061 
r0.051 
20. 060 
k0. 064 
+ O .  053 
20.041 
20.070 

20.062 
20. 022 

8- 
4-24 
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Fig.  4-1. Typical  gamma scan s t r i p  

c h a r t  (FTE-14) 
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Fig. 4-2. Compar ison  of Cs-137 and  Cs-134/Cs-137 p r o f i l e s  f o r  FTE-14 w i t h  p r e d i c t e d  t i m e - a v e r a g e d  power  
and  t h e r m a l  f l u e n c e  p r o f i l e s  



PHASE I 
COLLIMATOR (17.47 MM X 0.254 MM) 
ORIVER COMPACT 

PHASE It 
COLLIMATOR (6.35 MM X 1.27 MM) 
DRIVER COMPACT 

PHASE I 
COLLIMATOR (17.47 MM X 0.254 MM) 
TEST ELEMENT BODY (8  HOLE) 

HOLE 1 - 100% 
HOLE 5 - 100% 
HOLE 8 - 59% 
H O L E 4 -  35% 

PHASE I (FTE-15) 
COLLIMATOR (22.86 M M  X 0.254 MM) 
TEST ELEMENT BOOY (6 HOLE) 

H O L E I -  50% 
H O L E 4 -  39% 

Fig .  4 - 3 .  E f f e c t i v e  scanning p a t h s  of  Peach Bottom EOL gamma scanning  
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Fig .  4-4. FTE-6 normalized,  p r e d i c t e d ,  and measured f l u e n c e  p r o f i l e s  determined from f u e l  s t a c k  
3 and 5 gamma scans  
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5. THERMAL DESIGN VERIFICATION 

5 .1 .  TEMPERATURE MEASUREMENTS 

Twenty-five of t h e  33 test  e lements  conta ined  thermocouples f o r  

moni tor ing  i n - p i l e  tempera tures :  

t h e  o u t e r  pe r ime te r  of t h e  f u e l  body, where tempera tures  w e r e  g e n e r a l l y  

less than  11OO"C, and a W/Re t ype  s i t u a t e d  i n  a s l o t  i n  t h e  i n n e r  s u r f a c e  

of t h e  a n n u l a r  f u e l  body, where tempera tures  c l o s e  t o  f u e l  c e n t e r l i n e  

tempera tures  were exper ienced .  The l o c a t i o n s  of t h e s e  thermocouples a r e  

shown i n  F igs .  2-4, 2-5, 2-6, and 2-9. I n  a few of t h e  tes t  e lements ,  a 

second W/Re t ype  thermocouple w a s  s u b s t i t u t e d  f o r  t h e  less  tempera ture  

r e s i s t a n t  C / A  t ype  and p o s i t i o n e d  t o  monitor  f u e l  tempera tures .  

j u n c t i o n s  of t h e  thermocouples were g e n e r a l l y  p o s i t i o n e d  a t ,  o r  n e a r ,  

1918 mm t o t a l  c o r e  h e i g h t ,  t h e  a x i a l  l o c a t i o n  a t  which peak f u e l  tempera- 

t u r e s  w e r e  expec ted .  

i n  most cases, a C / A  t ype  l o c a t e d  n e a r  

The h o t  

,Tempera tu re  r ead ings  were recorded  on a weekly b a s i s  and had t o  be  

c o r r e c t e d  f o r  t h e  fo l lowing :  

1 .  Changes i n  co ld  j u n c t i o n  tempera ture  ( s t andof f  p i n  t empera tu re ) .  

Th i s  c o r r e c t i o n  w a s  done a u t o m a t i c a l l y  a t  t h e  r e a c t o r  s i t e .  

2. Adjustment i n  c a l i b r a t i o n  equipment f o r  t h e  W/Re t ype ,  f o r  which 

r e a d i n g s  were 22°C too  h igh  because of change from t h e  W-5% 

Re/W-26% type  t o  t h e  W-3% Re/W-25% R e  t ype  between Core 1 and 

Core 2. 

D e c a l i b r a t i o n  of t h e  W/Re t y p e  due t o  e f f e c t  on emf o u t p u t  of 

neu t ron  bombardment and t r ansmuta t ion .  

3 .  

The d e r i v a t i o n  of t h e  r e c a l i b r a t i o n  formula used on Peach Bottom W/Re 

thermocouples  - i s  d i scussed  i n  S e c t i o n  5.2.  
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The performance of each thermocouple is summarized in Table 5-1. 

Reliable readings have been defined as measurements from the axial location 

where the thermocouple hot junction was supposed to be located. Although 

a thermocouple was considered to have failed once it stopped giving 

reliable readings, many thermocouples did not fail entirely but apparently 

short circuited and continued to give measurements from an axial location 

lower in the core. It is not always clear when a thermocouple malfunctioned, 

and there is no way to know for certain whether the thermocouple hot junction 

was exactly at the axial location where it was supposed to be. In evaluating 

the thermocouple data, it was assumed that all readings were reliable 

unless thermocouple failure was clearly indicated. Indications of obvious 

failure include sudden and unexpected large reductions in recorded temper- 

ature followed by continuous low readings, marked deviation from the 

temperature trend established by the other thermocouple in the element (if 

functional) and by thermocouples in other elements having a similar environ- 
ment, and temperature readings so far below expected temperatures that they 

are unbelievable. Some likely reasons for thermocouple failure are: 

1 .  Structural defectiveness or improper installation. 

2. Thermal shock resulting from rapid and large changes in 

temperature, such as those caused by startup and shutdown 

or by sudden changes in local or total core power. 

3 .  Excessive temperature. 

The temperature levels at which thermocouple performance is 

jeopardized are indicated by the following observations: 

1. The highest temperature recorded by a CIA thermocouple in the 

Peach Bottom core was approximately 1 1 8 0 ° C  (in E05-OI), and the 

thermocouple failed immediately afterward. The highest tem- 

perature recorded by a C I A  thermocouple in a test element was 

approximately 1 1 0 0 ° C  in FTE-9 and FBTE-2. 
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2. Uncorrected W/Re thermocouple readings between 1300" and 1350°C 

were recorded for FTE-13, FTE-14, and FTE-18. The actual 

temperatures were 50" to 150°C higher as determined from recali- 

bration (see Section 5.2). Barring failure for reasons 1 or 2 

cited above, the CIA thermocouples and the W/Re thermocouples 

should perform dependably up to temperatures of about 1100" and 

1400"C, respectively. 

5.2. THERMOCOUPLE RECALIBRATION 

Thermocouple recalibration has been carried out on a group of six 

thermocouples recovered from Peach Bottom test elements, including two 

each from FTE-5, FTE-18, and FPTE-3. Five of these were W-3% Re/W-25% Re 

(Type W) thermocouples and one was a C/A (Type K) thermocouple. The 

CIA thermocouple, for which no decalibration was expected, was included as 

a control test for the recalibration experiment. Resistance measurements 

for the thermocouples were consistent with preirradiation values, indicating 

that all were intact after irradiation. Each thermocouple was inserted 

into a furnace at known temperatures ranging from 680" to 980"C, and the 

actual and indicated temperatures were recorded (Ref. 5-1). The recali- 

bration results are shown in Fig. 5-1, which plots the actual temperature 

T versus the indicated temperature T The recalibration results for each 

thermocouple have been analyzed via linear regression by the method of 

least squares under the assumption of  0 ° C  as the cold junction temperature: 

a i' 

a = T  0 + K x T i  

with the regression constants being 

T = l/n Ta - K/ncTi 
0 

and 

El'. i a  T - (ETi xTa)/n 
K =  n 

, 5- 3 



The correlation coefficients are in all cases very close or equal to 

1.0 (see Fig. 5-1), indicating a strong linear correlation for the covered 

temperature range. This temperature range corresponds to irradiation 

temperatures from 1020" to 1320°C based on a cold junction temperature of 

340°C and encompasses the irradiation temperatures experienced by the 

majority of the thermocouples. An additional measurement at an actual 

furnace temperature of 420°C made with thermocouple FPTE-3B shows that the 

linear correlation also holds at lower temperatures. It is therefore 

concluded that the recalibration results can be extrapolated to higher 

temperatures as well. 

recalibration because of a furnace limitation.) The standard deviations 

along the regression lines range from ? l o  to t8"C and average _+4"C, which 

is within the estimated 28°C error associated with the test equipment. The 

nearly identical decalibration experienced by the two identical thermo- 
couples from FTE-18 shows decalibration to be a systematic effect for the 

Type W thermocouples. 

decalibration effect. This represents about 1% of the cold junction to 

hot junction temperature rise for the test element thermocouples. As 

(These temperatures were not achievable during 

A reproducibility of ?8OC is concluded for the 

expected, no decalibration was found for the CfA thermocouple, which 

supports the validity of the recalibration exercise. 

The regression constants T and K are correlated with the thermal 
0 

fluence I/J in Figs. 5-2 and 5-3, respectively. A second-order fit was used 

for the intercept T and a first-order fit was used for the slope K. A s  

can be seen, the thermocouples from FTE-5 and FTE-18 follow a certain 

pattern, but the FPTE-3 thermocouples are somewhat different. The 

dissimilar decalibration of the thermocouples can be attributed to the 

following factors. First, the hot junctions of the FPTE-3 thermocouples 

were inserted about 7 mm directly into fuel compacts, while the FTE-5 and 

FTE-18 thermocouples were surrounded by graphite and about 7 mm away from 

the nearest fuel zone. The lower thermal neutron microflux in the fuel 
compacts resulted in less decalibration in the FPTE-3 thermocouples. Second, 

the active core lengths of the FPTE-3 thermocouples (648 mm and 1210 mm) 

were different from those of the FTE-5 and FTE-18 thermocouples (1257 mm). 

0 
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. 

Since the decalibration resulting from thermal neutron bombardment is 

accumulated over the thermocouple length, the thermocouple with the shortest 

active core length experienced the least calibration. 

The following recalibration formula has been developed for all Type W 

Peach Bottom thermocouples: 

2 
Ta = a(@ + b@ + (1 + c@>(Ti - Ts> + Ts, 

where a = -1.303 x 10 -4  gh1'667 (see Fig. 5-4), 

b = -0.0669, 

c = 2.916 x gh0'4544 (see Fig. 5-5), 

g = geometry factor to account for location of thermocouple 

hot junction in fuel (g = 1.0) or in graphite (g - 1.64), 

h = thermocouple length within the active core (mm), 

= indicated temperature ("C), Ti 
Ts = standoff pin temperature (cold junction) 

T = actual temperature ( " C ) ,  

( " C ) ,  

2 a 
@ = thermal neutron fluence in n/m [(E < 382 J)]. 

In developing the above equation, it was assumed that fluence and 

temperature gradients were similar for all Peach Bottom regular fuel 

elements and test elements and would correlate with the thermocouple length 
within the active core. Under this assumption, the effect of these factors 

on thermocouple decalibration is accounted for by the h term in the recali- 

bration formula. In instrumented regular fuel elements, the thermocouples 

were situated within slots in the graphite spine directly adjacent to fuel 

compacts. Because of this geometrical configuration, the geometry factor 

for regular fuel element thermocouples was taken to be 1.32, the average 

of the geometry factors for thermocouples surrounded by graphite (g = 1.64) 
and those surrounded by fuel (g = 1.0). 
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The error ( lo)  associated with the recalibration formula is given by 

the equation 

2 2 2 s = s  + s  + s  + s  $ 2 3 4  7 

where S I  = [a + 2 b$ + C(Ti - Ts)] S $ ,  - 
S2 = 0.8$, 

-3 S 3  = 1 .09  x 10 (Ti - Ts),  - s4 = 0 .4$ ,  

S = O.O96$ or 0.076$. 
$ 

The error terms S I ,  S 2 ,  S3 ,  and S 4  are the errors resulting from the 

uncertainties on the thermal neutron fluence, regression for terms a and 

b, the term K - 1 + c$, and the geometry factor g, respectively. A 6.8% 

(la) error on the thermal fluence was determined from calibrated gamma 
spectroscopy on 48 standard Peach Bottom fuel elements (Ref. 5-2). This  

error applies to FPTE-3 as well. For elements like FTE-5 and FTE-18 for 

which burnup and gamma spectroscopic measurements have been fed back into 

the nuclear calculations, the uncertainty on the thermal neutron fluence 

can be reduced to 3 . 4 %  (1  >. Consequently, the error of the fluence 
term s is 9.6% and 7.6% when applied to non-recalibrated thermocouples 

from elements without and with burnup measurements, respectively. 
4J 

5.3. COMPARISON OF CALCULATED AND MEASURED TEMPERATURE 

A comparison of calculated and measured temperatures was performed 

for Peach Bottom test elements and is summarized in Table 5-2. Measured 

temperatures were obtained by time averaging the readings for individual 

thermocouples over each TREVER time interval (Section 3 ) .  

261 measured temperatures obtained from 28 thermocouples in 20 fuel 

elements were compared with predictions. 

A total of 

The agreement between measured and calculated temperature is within 

k82OC (la) with no significant bias between measurements and predictions. 
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These results are in close agreement with the results for regular Peach 

Bottom fuel elements (Ref. 5-3). The agreement between measured and 

calculated temperatures for these elements was within +78"C ( l a )  with an 

apparent bias of +27"C (predicted - measured) 27°C ( la ) .  

As another check on thermal calculations, measured and calculated 

temperature differences (AT) between the CIA thermocouple and W/Re thermo- 

couple positions were compared. This comparison is shown in Table 5-3. 

Unfortunately, the large number of thermocouple failures (particularly 

failure of the CIA type) limited the quantity of data available for compar- 

ison with predictions to 34 measurements in five test elements. The dis- 

agreement between measurements and predictions was fairly high, t42"C (la). 
However, no significant bias was found, which indicates that there was no 

systematic underprediction or overprediction of the heat flux or effective 

conductance. 
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T e s t  The rmocoup le  Hot J u n c t i o n  L o c a t i o n  
E l  emen t Type  [ T o t a l  C o r e  H e i g h t  (mm)] 

FTE- 1 

FTE-2 

FTE-3 

D u r a t i o n  o f  R e l i a b l e  
R e a d i n g s  

(EFPD) Remarks 

FTE-4 cn 
I 
00 

FTE- 5 

FTE- 6 

FTE- 7 

FTE-8 

FTE- 9 

FTE- 10 

C I A  
W/Re 

C I A  
Wf R e  

C I A  

W/Re 

C /A 
Wf R e  

C /A 

W/Re 

C /A 

W/Re 

C I A  
W/Re 

C / A  
Wf R e  

C/A 
W/Re 

W/Re 

W/Re 

1918 
1918 

1918 
1918 

1918 

1918 

191.8 
1918 

1918 

1918 

1918 

1918 

1918 
1918 

1918 
1918 

1918 
1918 

1918 

2388 

0 
0-252 

0-385 
0- 3 85 

252-262 

0 

0 
252-70 1 

0 

0 

0 

252-897 

0 
252-897 

0 
252-897 

252-897 
252-897 

0 

32 8-89 7 

B e g i n n i n g  of  l i f e  (BOL) f a i l u r e .  
OK t h r o u g h o u t  l i f e .  

OK t h r o u g h o u t  l i f e .  
OK t h r o u g h o u t  l i f e .  

F u n c t i o n a l  b u t  a p p e a r s  t o  h a v e  s h o r t -  
c i r c u i t e d  s h o r t l y  a f t e r  262 EFPD. 

F u n c t i o n a l  b u t  a p p e a r s  t o  h a v e  s h o r t -  
c i r c u i t e d  a t  BOL. 

BOL f a i l u r e .  
OK t h r o u g h o u t  l i f e .  

F u n c t i o n a l  b u t  a p p e a r s  t o  h a v e  s h o r t -  

Very e r r a t i c  f rom 0-250 EFPD a n d  t h e n  
c i r c u i t e d  i m m e d i a t e l y  a f t e r  BOL. 

f a i l e d  c o m p l e t e l y .  R e a d i n g  o f  1337°C 
o b t a i n e d  a t  228 EFPD. 

R e a d i n g  of  941°C a t  BOL a n d  t h e n  s h o r t -  

OK t h r o u g h o u t  l i f e .  

F u n c t i o n a l  b u t  s h o r t - c i r c u i t e d  a t  BOL. 
OK t h r o u g h o u t  l i f e .  

F u n c t i o n a l  b u t  s h o r t - c i r c u i t e d  a t  BOL. 
OK t h r o u g h o u t  l i f e .  

OK t h r o u g h o u t  l i f e .  
OK t h r o u g h o u t  l i f e .  

R e a d i n g s  o b t a i n e d  b u t  c l e a r l y  i n c o r r e c t .  

No r e a d i n g s  f o r  f i r s t  75 EFPD b u t  t h e n  OK. 

c i r c u i t e d .  F u n c t i o n a l  t h r o u g h o u t  l i f e .  

A p p a r e n t l y  BOL f a i l u r e .  



TABLE 5-1 (Cont inued)  

T e s t  
Element  

FTE- 1 2 

FTE-13 

FTE- 14  

ul FTE- 1 5 
I 
\o 

FTE- 1 6  

FTE- 1 7 

FTE- 1 8 

FBTE- 1 

Thermocouple 
Type 

~ 

C /A  
W/Re 

W/Re 
W/Re 

C I A  
W/Re 

C /A  

W/Re 

W/Re 
W/Re 

W/Re 
W/ R e  

W/Re 
W/Re 

C I A  

W/Re 

Hot J u n c t i o n  L o c a t i o n  
T o t a l  Core  Height  (mm) ] 

2009 
2009 

1918 
1918 

1766 
1766 

1766 

1766 

1918 
1918 

1918 
1732 

1918 
1918 

1918 

1918 

D u r a t i o n  of  R e l i a b l e  
Readings  

(EFPD) 

252-? 
300-426 

385-81 8 
385-897 

0 
385- 70 1 

0 

0 

385-897 
385-750 

0 
385-897 

385-897 
0 

0-? 

252-? 

Remarks 

Readings  a f t e r  460 EFPD n o t  a v a i l a b l e .  
Readings  somewhat e r r a t i c  p r i o r  t o  300 

EFPD b u t  t h e n  s t a b i l i z e d .  Reading of  
1402°C o b t a i n e d  a t  426 EFPD f o l l o w e d  
by thermocouple  f a i l u r e .  

OK u n t i l  818 EFPD and t h e n  s h o r t - c i r c u i t e d .  
OK t h r o u g h o u t  l i f e .  

BOL f a i l u r e .  
OK t h r o u g h o u t  l i f e .  

F u n c t i o n a l  b u t  s h o r t - c i r c u i t e d  a t  BOL. 
Complete f a i l u r e  a t  700 EFPD. 

F u n c t i o n a l  b u t  v e r y  e r r a t i c  u n t i l  780 
EFPD and t h e n  f a i l e d .  Reading  of 
1300°C o b t a i n e d  a t  600 EFPD. 

OK t h r o u g h o u t  l i f e .  
Readings  a v a i l a b l e  a t  r e g u l a r  i n t e r v a l s  

u n t i l  436 EFPD. S u b s e q u e n t  r e a d i n g s  only  
a t  667 EFPD and 750 EFPD. 

F u n c t i o n a l  b u t  s h o r t - c i r c u i t e d  a t  BOL. 
OK t h r o u g h o u t  l i f e .  

OK t h r o u g h o u t  l i f e .  
BOL f a i l u r e .  

OK t h r o u g h  422 EFPD. Readings  a f t e r  

Apparent  m a l f u n c t i o n  p r i o r  t o  252 EFPD. 
422 EFPD n o t  a v a i l a b l e .  

Then r e c o v e r e d  and  OK t h r o u g h  422 EFPD. 
Readings  a f t e r  422 EFPD n o t  a v a i l a b l e .  



TABLE 5-1 (Continued) 

T e s t  
Element 

FBTE- 2 

FBTE- 3 
VI 
I 
0 FBTE-4 A 

FBTE- 6 

FPTE- 1 

FPTE- 3 

PTE- 2 

rhermo coup l e  
Type 

C I A  
W/Re 

C / A  
W/Re 

C / A  
W/Re 

C I A  
W/Re 

C I A  
W/Re 

W/Re 
W/Re 

C I A  
W/Re 

Hot J u n c t i o n  L o c a t i o n  
T o t a l  Core He igh t  (mm)]  

1-918 
1918 

1918 
1918 

1918 
1918 

1765 
1765 

1869 
1308 

Dura t ion  of R e l i a b l e  
Readings 

(EFPD) 

0-407 
0-252, 

385-897 

0-318 
0-897 

0-252 
0-252 

0 
0 

0-252 
0-252 

2 52-89 7 
0 

0-252 
0 

Remarks 

F a i l e d  comple t e ly  a f t e r  407 EFPD. 
OK excep t  from 252-385 EFPD when e lement  

w a s  a t  c o r e  l o c a t i o n  A02-01. Shor t -  
c i r c u i t  o r  poor  c o n t a c t  between thermo- 
c o u p l e  l e a d s  and s t a n d o f f  p i n  r e s u l t e d  
i n  e r roneous  r e a d i n g s  d u r i n g  t h i s  t i m e  
i n t e r v a l .  

Complete f a i l u r e  a f t e r  318 EFPD. 
OK th roughou t  l i f e .  

OK th roughou t  l i f e  b u t  somewhat e r r a t i c .  
OK th roughou t  l i f e .  

F u n c t i o n a l  b u t  s h o r t - c i r c u i t e d  a t  BOL. 
Reading of 1377OC o b t a i n e d  a t  1 EFPD and 

t h e n  r e a d i n g s  dropped d r a s t i c a l l y  
i n d i c a t i n g  d e t e r i o r a t i o n  of thermocouple.  

OK th roughou t  l i f e .  
OK th roughou t  l i f e .  

OK th roughou t  l i f e .  
F u n c t i o n a l  b u t  l i k e l y  s h o r t - c i r c u i t  a t  

OK th roughou t  l i f e .  
Reading o f  136OOC o b t a i n e d  a t  BOL 

BOL. Complete f a i l u r e  a f t e r  378 EFPD. 

fo l lowed  by thermocouple  d e t e r i o r a t i o n .  
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TABLE 5-2 (Continued) 

Predicted Temperature - Measured Temperature (“C) 
la1 (E __ 
564.1- 
510.2 

L 
510.2- 
701 .2  

- 
0- 

396.9 

1 8  

- 

- 
385.4-  
4 9 9 . 6  

le Int 

t99.6- 
~ 6 4 . 1  

- - 
0- 
7 . 0  

- 
27.0-  
6 2 . 7  

- 
62.7-  
6 8 . 6  

- 
68.6-  

102.1 
Thermo- 
couple 

!02.1 
i 5 2 . 4  

252.4-  
298 .0  

298 .0 -  
3 4 2 . 9  

42 .9 -  
8 5 . 4  

701 .2-  
748 .0  

748.0-  
788.0 

788 .0-  
318.0 

8 1 8 . 0 -  
8 3 5 . 0  

335.0-  
358.0 

8 5 8 . 0 -  
8 8 9 . 7  - 

70 

5 

1 3  

-38  

t 7 8  

189.7- 
169.9 - 

70 

10 

1 3  

-27 

+8 1 

FBTE-2 
C I A  

WjRe 

CIA 

W/Re 

CIA 

W/Re 

W/Re (A 

FBTE-3 

FBTE-3 

FBTE-4 

FBTE-4 

FPTE- 1 

FPTE-3 

- 9  

5 9  

42 

78  

56 

44 

11 

9  

:62 

7 

9 

70 

-36 

-16 

-71 

11  

5  

t 4 0  

-44 
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TABLE 5-3 
COMPARISON OF MEASURED AND PREDICTED TEMPERATURE RISES 

I N  PEACH BOTTOM FUEL TEST ELEMENTS 

P r e d i c t e d  AT - Measured  AT ("C) 

T e s t  
E l e m e n t  

FTE-2 

FTE-9 
FBTE- 1 

FBTE-2 

FBTE-3 

No. of 
Measure -  
ments 

Mean 

m 
RMSI /n 

Time  In te rva l  (EFPDI - 
0- 

27.0 

29 

4 
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-17  

t 4 8  
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l 5 2 . 4  
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-36  

3 

-14  

t 1 8  
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62 .7  
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37 108  ' 

-20 3 
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4 3 

11  2 8  
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3 3  

54 
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3 
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6.  MATERIAL STRAIN EVALUATION 

n 

T h i s  s e c t i o n  r e p o r t s  t h e  r e s u l t s  of t h e  material s t r a i n  e v a l u a t i o n  

f o r  t h e  Peach Bottom t e s t  e lements .  These r e s u l t s  w e r e  ob ta ined  

from a s y s t e m a t i c  computer ized a n a l y s i s  of t h e  dimensional  measurements 

f o r  t h e  test  e lements  u s ing  STAT, STRAIN, GAPS, and DRWDIM, a series of 

computer codes developed s p e c i f i c a l l y  f o r  t h i s  t a s k .  These codes employ 

t h e  s t a t i s t i c a l  methods d e s c r i b e d  i n  Ref. 6-1 t o  reduce  t es t  element 

d imens iona l  d a t a  and compare t h e  r e s u l t a n t  s t r a i n s  w i t h  TREVER (Sec t ion  3) 

code p r e d i c t i o n s .  A schemat ic  showing t h e  f l o w  of i n fo rma t ion  through 

t h e s e  codes and p rov id ing  a b r i e f  d e s c r i p t i o n  of each i s  g iven  i n  F ig .  6-1. 

The STAT, STRAIN, GAPS, and DRWDIM codes are  desc r ibed  i n  Ref. 6-2. 

6 . 1 .  GRAPHITE 

6.1.1.  T o t a l  Element and Sleeve  

T o t a l  element l e n g t h  changes f o r  a number of Peach Bottom tes t  

e lements  are  g iven  i n  Table  6-1. These d a t a  i n d i c a t e  t h a t  t h e  element  

l e n g t h  i n i t i a l l y  expanded and then  began s h r i n k i n g  w i t h  a d d i t i o n a l  

exposure.  N e t  r e d u c t i o n s  i n  l e n g t h  were observed f o r  a l l  e lements  i r r a d i -  

a t e d  longe r  t h a n  500 EFPD. 

Sleeve s t r a i n s  were determined from p o s t i r r a d i a t i o n  measurements 

of t h e  i n n e r  and o u t e r  sleeve d iame te r s  and nominal p r e i r r a d i a t i o n  

dimensions ob ta ined  from r e p e a t e d  measurements on a r c h i v e  material .  

D i a m e t r a l  s t r a i n s "  ranged from about  +0.1% a d j a c e n t  t o  t h e  top  and bottom 

r e f l e c t o r s  t o  approximate ly  -0.7% n e a r  t h e  midpoint  of t h e  element  having  

*Material s t r a i n s  p re sen ted  i n  t h i s  r e p o r t  are  de f ined  as fo l lows :  

' p o s t i r r a d i a t i o n  

'p r e i r r ad i a t i o n  
E(%)  = 

6- 1 

\ 



sleeve strains are scattered around the predicted strain profiles obtained 

from the TREVER code. 

strains is shown in Fig. 6-2. Because of the relatively large uncertainties 

in measured sleeve strains resulting from the absence of preirradiation 

measurements, a systematic comparison of measured and predicted strains 

was not performed. 

A typical comparison of measured and predicted 

6.1.2. Fuel Bodies 

A large body of H-327 graphite axial and radial strain data for 

irradiation temperatures between 650" and 1150°C and fast neutron fluences 

from 0.3 x to 4.2 x n/m [(E > 29 fJ>HTGR] has been assembled 
from measurements on 50 irradiated fuel bodies from 13 Peach Bottom test 
elements. These data are compared with the design curves for irradiation- 

induced strain in H-327 graphite in Figs. 6-3 through 6-8: 

axial strains in fuel bodies which experienced average irradiation tem- 

peratures less than I O O O " C ,  radial and axial strains in the large H-327 

graphite fuel bodies are systematically lower than the design data. 

Discrepancies between measurements and design data are particularly apparent 

at fast neutron fluences greater than 2.5 x 

decrease with temperature rather than increase. However, the measure- 

ments are generally within the 95% confidence intervals of the design 

curves. 

2 

Except for 

2 
n/m [(E > 29 fJ)HTGR ] and 

*Some liberty has been taken in comparing the measured strains with the 
design curves for irradiation-induced strain. The measured strains include 
creep strains and elastic strains as well as irradiation-induced strains. 
However, the creep strains and elastic strains for the test elements were 
relatively small, so the measured strains should be approximately equal to 
the irradiation-induced strains (at room temperature). 
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6.2. FUEL RODS 

Postirradiation fuel rod dimensional measurements were performed 

by ORNL and GA on 1666 fuel rods from 16 Peach Bottom test elements. Pre- 

irradiation measurements were performed on 1166 of these rods. Postirradi- 

ation characterization consisted of diameter measurements at the top, middle, 

and bottom of the rod and one length measurement. These measurements were 

performed at two rotational positions, 90 deg apart, resulting in eight 
measurements per rod. 

similar manner but at only one rotational position, resulting in four 

measurements per rod. Fuel rod strains were computed from these pre- 
irradiation and postirradiation measurements using the STAT code. 

Preirradiation measurements were performed in a 

In order to reduce the data into a manageable and presentable form, 

the strains for all fuel rods consisting of the same fuel blend in a given 

fuel body were averaged and correlated with fuel stack average temperatures 

and fast neutron fluences. These data are presented in Table 6-2. 

Anisotropy results, strain predictions, and comparisons of measured and 

predicted strains are also given in Table 6-2. 

based on strain-fluence correlations developed using the SHRINK and FSVROD 

codes. The calculations performed by these codes are based on models which 

assume the dimensional change in a fuel rod to be isotropic and controlled 
by dimensional changes in the constituent fuel particles. TRISO particle 

volume changes are calculated based on the assumption that the Sic layer 

is dimensionally stable under normal HTGR operating conditions and that 
particle dimensional change is the result of irradiation densification 

effects in the OPyC layer. BISO particle volume changes are calculated 

with models which account for an OPyC layer shrinking against an internal 

buildup of fission gas pressure. 

Strain predictions are 

The dimensional change of a fuel rod during irradiation is dependent 

on the irradiation conditions and the properties of the fuel rod constituents. 

Of primary importance among the latter are the relative quantities of TRISO, 

BISO, and shim particles in the rod. Also important are the size of the 

particles, the thickness and density of the OPyC layers in the particles, 

6 - 3  



and t h e  composi t ion of t h e  ma t r ix .  

e lements  were manufactured bo th  a t  GA and a t  OWL.  

a l l  o t h e r  t e s t  e lements  w e r e  manufactured a t  GA. 

made by GA w a s  a b lend  of 27% t o  30% n a t u r a l  f l a k e  6353 g r a p h i t e  f i l l e r  and 

73% t o  70% A l l i e d  Chemical Company 15V c o a l  tar p i t c h  (FSV m a t r i x ) .  

m a t r i x  f o r  t h e  rods  f a b r i c a t e d  a t  ORNL w a s  a b lend  of 35 w t  % f i n e  Poco 

g r a p h i t e  i n  15V p i t c h .  

m a t r i x  had a somewhat h ighe r  d e n s i t y  than  t h e  m a t r i x  used i n  t h e  GA rods .  

None of t h e  tes t  element f u e l  rods  con ta ined  shim p a r t i c l e s .  

Fue l  rods  used i n  t h e  r e c y c l e  tes t  

The f u e l  rods  used i n  

The m a t r i x  f o r  t h e  rods  

The 

Because of t h e  h i g h e r  f i l l e r  c o n t e n t ,  t h e  OWL 

Material p r o p e r t i e s ,  i r r a d i a t i o n  c o n d i t i o n s ,  and measured s t r a i n s  

f o r  f u e l  rods  c o n t a i n i n g  a l l  TRISO o r  a l l  B I S O  coa ted  f u e l  are l i s t e d  i n  

Tab les  6-3 and 6-4. These t a b l e s  were prepared  i n  o r d e r  t o  i d e n t i f y  

groups of f u e l  r o d s  having t h e  s a m e ,  o r  s i m i l a r ,  m a t e r i a l  p r o p e r t i e s  so  

t h a t  t h e  i n f l u e n c e  of i r r a d i a t i o n  c o n d i t i o n s  ( i . e . ,  f a s t  neu t ron  exposure  

and tempera ture)  on f u e l  rod s t r a i n  could be  i s o l a t e d .  

s t r a i n  v e r s u s  f a s t  neu t ron  f l u e n c e  f o r  t h r e e  such  groups are shown i n  

F igs .  6-9, 6-10, and 6-11. The i r r a d i a t i o n  s t r a i n  f o r  each of t h e s e  groups 

of f u e l  rods  i s  observed t o  i n c r e a s e  i n  t h e  n e g a t i v e  d i r e c t i o n  w i t h  f a s t  

n e u t r o n  f l u e n c e ,  r a p i d l y  a t  f i r s t  and t h e n  more and more s lowly  wi th  

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

and t h e  absence  of d a t a  a t  f l u e n c e s  g r e a t e r  t han  4 . 2  x 

d i f f i c u l t  t o  b e  c e r t a i n ,  t h e  s t r a i n  appea r s  t o  r e a c h  a maximum and then  

t o  s t a r t  d e c l i n i n g  a t  a f l u e n c e  of about  3.0 x 

s t r a i n  i s  a l s o  observed t o  i n c r e a s e  w i t h  i r r a d i a t i o n  tempera ture ,  as 

i n d i c a t e d  by t h e  d a t a  i n  t h e  700" t o  900°C and 900" t o  llOO°C t empera tu re  

ranges .  However, t h e  d a t a  i n  t h e  900" t o  1100°C and 1100" t o  1300°C ranges  

sugges t  t h a t  t h i s  tempera ture  dependence i s ,  a t  l eas t  f o r  t h e  f u e l  rods  

under  o b s e r v a t i o n  i n  F igs .  6-10 and 6-11, r e s t r i c t e d  t o  tempera tures  of 

less t h a n  about  1000°C. 

P l o t s  of i r r a d i a t i o n  

Although t h e  scat ter  i n  t h e  a v a i l a b l e  d a t a  

n/m2 make i t  

n/m2. The i r r a d i a t i o n  

25 
Within t h e  range  of f a s t  neu t ron  f l u e n c e  (0 .3  x loz5  t o  4.2 x 10 

2 n/m ) and s t a c k  ave rage  i r r a d i a t i o n  tempera tures  (700" t o  1300°C) exper ienced  

by Peach Bottom tes t  element  f u e l  rods ,  maximum s t r a i n s  were approximate ly  

-2.0% f o r  r o d s  c o n t a i n i n g  a l l  TRISO f u e l  p a r t i c l e s  and -3.5% f o r  rods  
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c o n t a i n i n g  a l l  R I S O  f u e l  p a r t i c l e s  w i th  d i ame te r s  i n  t h e  550- t o  1000-pm 

range .  Fue l  rods  c o n t a i n i n g  small-diameter  ( . ~ 3 5 0 - ~ m ) ,  BISO-coated UO and 

UC p a r t i c l e s  exper ienced  unusual ly  h igh  s t r a i n s ,  w i th  some rods  s h r i n k i n g  

as much a s  7.5%. 

e lements .  

conta ined  110 p a r t i c l e s  w i th  p r o p e r t i e s  s i m i l a r  t o  those  of t h e  UO and UC 

p a r t i c l e s  i n  t h e  GA rods  d i d  n o t  e x h i b i t  such l a r g e  s t r a i n s .  

i n  d imens iona l  s t a b i l i t y  i s  most l i k e l y  a r e s u l t  of d i f f e r e n c e s  i n  t h e  

i r r a d i a t i o n - i n d u c e d  behavior  of t h e  m a t r i x  phases  i n  t h e  GA and ORNL r o d s .  

However, no exp lana t ion  account ing  f o r  such l a r g e  b e h a v i o r a l  d i f f e r e n c e s  i s  

immediately obvious.  

% 

2 

2 
These rods  w e r e  f a b r i c a t e d  by GA € o r  t h e  r e c y c l e  t e s t  

It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f u e l  rods  f a b r i c a t e d  by ORNL which 

2 2 2 
This  d i s p a r i t y  

A 

Fuel  rod d imens iona l  changes were g e n e r a l l y  observed t o  be  s l i g h t l y  

a n i s o t r o p i c ,  w i t h  t h e  r a d i a l  s t r a i n  exceeding t h e  a x i a l  s t r a i n  i n  most of 

t h e  rods  f a b r i c a t e d  by GA and v i c e  v e r s a  i n  rods  f a b r i c a t e d  by ORNL. With 

s t r a i n  a n i s o t r o p y  expressed  a s  a x i a l  s t r a i n  d iv ided  by r a d i a l  s t r a i n ,  t h e  

average  s t r a i n  a n i s o t r o p i e s  f o r  GA and ORNL rods  w e r e  93 .5% 2 9.6% and 

1 1 8 . 7 %  2 11.4%, r e s p e c t i v e l y .  

, P y r o l y t i c  carbon c o a t i n g s  on f u e l  p a r t i c l e s  a re  s t r u c t u r a l l y  

symmetric and cannot  c o n t r i b u t e  t o  f u e l  rod a n i s o t r o p y .  However, t h e  

m a t r i x  phases  w i t h i n  a f u e l  rod a r e  composed of i n h e r e n t l y  a n i s o t r o p i c  

g r a p h i t e  p a r t i c l e s .  P r e f e r e n t i a l  a l ignment  of t h e s e  p a r t i c l e s  du r ing  

f u e l  rod f a b r i c a t i o n  i s  t h e  most p robab le  e x p l a n a t i o n  f o r  t h e  s t r a i n  an i -  

s o t r o p y  observed i n  t h e  t e s t  element f u e l  r o d s ,  The s y s t e m a t i c  d i f f e r e n c e  

i n  t h e  s t r a i n  a n i s o t r o p i e s  e x h i b i t e d  by t h e  GA and t h e  ORNL rods  can be 

a t t r i b u t e d  t o  t h e  use  of d i f f e r e n t  mater ia l s  and f a b r i c a t i o n  t echn iques ,  

which r e s u l t e d  i n  p r e f e r e n t i a l  a l ignment  of a n i s o t r o p i c  c o n s t i t u e n t s  

w i t h  r e s p e c t  t o  t h e  r a d i a l  d i r e c t i o n  i n  one case and i n  t h e  a x i a l  d i r e c t i o n  

i n  t h e  o t h e r .  An a l t e r n a t i v e  exp lana t ion ,  which cannot  be  r u l e d  o u t ,  i s  

t h a t  t h e  d i f f e r e n c e  i n  s t r a i n  a n i s o t r o p i e s  i s  a n  a r t i f a c t  of a b i a s ,  o r  

b i a s e s ,  i n  t h e  f u e l  rod measuring t echn iques  employed by GA and ORNL. 

Whereas most of t h e  t es t  element  f u e l  rods  w e r e  on ly  s l i g h t l y  

a n i s o t r o p i c ,  a number o f  f u e l  rods  f a b r i c a t e d  by GA f o r  t h e  Phase 3 tes t  
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element  (FTE-14, FTE-15, and FTE-16) w e r e  cons ide rab ly  a n i s o t r o p i c  ( s e e  

Tab le  6-2). A survey  of t h e  material  p r o p e r t i e s  f o r  t h e s e  rods  provided 

no c l u e s  as t o  t h e  reason  f o r  t h e  extreme a n i s o t r o p i e s .  These f u e l  rods  

w e r e  omi t ted  i n  c a l c u l a t i n g  t h e  ave rage  s t r a i n  a n i s o t r o p y  f o r  t h e  GA f u e l  

rods .  

A comparison of measured and p r e d i c t e d  f u e l  rod s t r a i n s  w a s  performed 

and i s  summarized i n  Table  6-5. T h i s  comparison i n d i c a t e s  t h a t  f u e l  rods  

c o n t a i n i n g  a l l  T R I S O  f u e l  g e n e r a l l y  sh rank  more than  p r e d i c t e d  and f u e l  rods  

c o n t a i n i n g  a l l ,  o r  most ly ,  BISO f u e l  g e n e r a l l y  sh rank  less t h a n  p r e d i c t e d .  

These r e s u l t s  and t h o s e  from numerous c a p s u l e  i r r a d i a t i o n  exper iments  

performed by GA (Refs .  6-3 through 6-7) p o i n t  o u t  t h e  need f o r  improved 

models t o  b e t t e r  p r e d i c t  f u e l  rod d imens iona l  changes.  
e f f o r t s  have a l r e a d y  been m a d e  ( R e f s .  6-8, 6-9) and are c o n t i n u i n g  i n  

t h i s  area. The s t r a i n  d a t a  f o r  t h e  Peach Bottom tes t  element  f u e l  rods  

c o n s t i t u t e  a l a r g e  body of  d a t a  ob ta ined  under  a c t u a l  o p e r a t i n g  c o n d i t i o n s  

t h a t  can be  used t o  v e r i f y  t h e s e  new models. 

Cons iderable  
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TABLE 6-1 
PEACH BOTTOM TEST ELEMENT LENGTH DATA 

I +0.07 

+O.  07 

+O. 35 

-0.79 

-0.19 

-0.19 

-0.62 

-0.50 

-0.39 

-0.48 

-0.52 

-0.17 

Fuel  
E l  emen t 

I 

S t r a i n  
(%I 

FTE- 3 

FTE- 1 4 

FTE-4 

FTE- 15 

FTE- 1 3 

FTE- 1 8 

FTE- 6 

.RTE- 1 

FTE-5 

RTE- 5 

RTE- 6 

RTE-8 

E r r o r  ( 0 )  

(%I  

_+O. 08 

20.08 

20. 08 

k 0 . 0 8  

kO. 08 

20.08 

20.08 

20.08 

20.08 

20.08 

20.  08 

20.08 

Exposure 
(EFPD) 

Mean 
Fas t  

F1 uenc e 
(1025 n/m2> 

133 

31 7 

44 9 

512 

512 

512 

645 

645 

897 

89 7 

897 

89 7 

0.43 

1.15 

1.53 

1.68 

1.81 

1.94 

2.30 

2.44 

2.99 

3.28 

3.37 

3.41 

Mean 
Sleeve 
Temp. 
("0 

661 

730 

696 

709 

677 

683 

712 

773 

686 

706 

716 

710 
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TABLE 6-2 
PEACH BOTTOM FUEL ROD STRAIN DATA 

1: I cmen 
1.1). 

FTE-J 

FTE-4 

FTE-5 

FTE-6 

FTE- 1 3 

FTE- 14 

FTE- 15 

- 

Uod: 
No. 

1 

- 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

2 

1 
2 
3 
2 
3 
2 
3 
1 
2 
3 
2 
3 
2 
3 

1 
2 
3 
2 
3 - 

I I o  1 e 
No. 

No. o f  
Rods 

10 
6 
6 
9 

11 
7 
7 

10 

6 
6 
6 
6 

5 
5 
5 
5 

15 
6 
5 

1 5  

5 
5 
4 
5 

24 
22 
15 
12 

27 
1 8  
27 
16 

17 
10 
12 
15 

21 
21 
21 
21 

28 
28 
28 
25 

21 
20 
21 
12 

28 
28 
13 

3 
5 
3 
5 
3 
5 
3 
3 
5 
3 
5 
3 
5 
3 

11 
11 
11 
10 

7 

Fns  t 
F l u r n c e  

(1025 n/m2 

0.41 

0.54 

0.34 

1 .40  

1.94 

1 .26  

2.73 

3 . 6 7  

2.58 

2.10 

2 .83  

1.98 

2.24 

1 .05  
1.42 
0.97 
1.42 
0.97 
1.42 
0.97 
1.05 
1.42 
0.97 
1.42 
0.97 
1.42 
0 . 9 7  

1.47 
2.00 
1 .55  
2.00 
1.55 

Avg. Fue 
Rod Temp 

("C) 

772 
769 
768 
772 

971 
968 
967 
972 

909 
908 
908 
910 

831 
823 

812 

1079 
1068 

1055 

1028 
1022 

1014 

825 
845 
810 
815 

1088 
1135 
1075 
1082 

1032 
1.057 
1022 
1020 

870 
855 
850 
858 

1117 
1099 
1094 
1103 

1084 
1072 
1068 
1074 

1091 
1091 
1091 

847 
1206 
1198 
1182 
1200 
1210 
1196 
840 

1185 
1181 
1207 
1198 
1206 
1201 

854 
1195 
1160 
1 I82 
1154 

'"el Vol 

( X I  
TRISO 

24 
8 5  

100 
74 

24 
85  

100 
74 

24 
85  

100 
74 

22 
78 
64 

100 

22 
78 
64 

100 

22 
78 
64 

100 

0 
0 

64 
100 

0 
0 

64 
100 

0 
0 

64 
100 

26 
93  

100 
80 
26 
9 3  

100 
80 

26  
93 

1 0 0  
80 

2 3  
14 
20 

23 
2 3  
2 3  

100 
100 
25 
25  
22 
55 
5 5  
21 
21 

100 
1 DO 

2 3  
27 
27 

100 
100 

~ 

Conten 

B I S O  
(%) 

76 
15 
0 

26 

76 
15 
0 

26 

76 
15 
0 

2 6  

78 
22 
36 

0 

78 
22 
36 
0 

78 
22 
36 
0 

100 
100 
36 
0 

100 
100 
36 
0 

100 
100 
36 
0 

74 
7 
0 

20 

74 
7 
0 

20 

74 
7 
0 

20 

77 
86 
'80 

77 
77 
77 
0 
0 

75 
75 
78 
45 
45 
79 
79 
0 
0 

77 
73 
73 

0 
0 __ 

-1.357 
-0.849 
-0.724 
-1.311 

- 1.66C 
-1.01: 
-0.845 
-1.545 

- 1.030 
-0.683 
-0.595 
- 1 .075 

-3.087 
-1.968 

-0.947 

-3.727 
-2.331 

-1.170 

-3.077 
-1.964 

-0.940 

-4.407 

-3.049 
-1.677 

-4.837 

-3.450 
-1.924 

-4.436 

-3.020 
-1.741 

-3.359 
-1.635 
-1.328 
-1.983 

-3.981 
-1.785 
-1.559 
-2.153 

-3.520 
-1.664 
-1.350 
- 1 980 

-3.406 
-3.672 
-3.414 

-2.274 
-2.443 
-1.875 
-1.007 
-0.084 
-2.54 1 
-1.931 
-1.919 
-2.355 
-1.852 
-2.881 
-2.147 
-0.734 
-0.841 

-2.864 
-2.900 
-2.461 
-1.127 
-1.032 - 

S t r a i n  

-1.221 
-0.751 
-0.627 
-0.840 

- 1.909 
-1.279 
-1.086 
-1.333 

-1.446 
-0.951 
-0.863 
-1,084 

-2.107 
-1.475 

-1.063 

-2.810 
-2.077 

-1.597 

-2,482 
-1.914 

-1.488 

-4.52 1 

-2.975 
-1.228 

-6.421 

-3.331 
-1.688 

-6.670 

-3.440 
-1 .830  

-2.297 
-1.541 
-1.486 
-1.764 

-2 .875  
- 2 , 0 8 3  
-1.917 
-2.362 

-3.112 
-2.078 
-1.988 
-2.240 

-2.358 
-2.828 
-2.655 

-1.869 
-2.271 
-2.107 
-1.274 
-1.413 
-2.076 
-1.775 
-1.807 
-2.299 
-1.990 
-2.773 
-2.410 
-1.226 
-1 ,210  

-2.429 
-2.398 
-2.226 
-0,877 
-0,979 
~ 

12.97 
20.47 
18.91 
64.51 

-12.54 
-20.64 
-21.69 

15 .91  

-30.44 
-29.21 
-31.58 
-1.67 

46.83 
38.26 

-4.71 

32 .86  
12.46 

-26.59 

23.09 
2.65 

-37.17 

-0.12 

3 .65  
51.50 

-24.54 

3.66 
15.24 

33.49 

.12.21 
-4.86 

47.94 
10.49 
-9.61 
15.02 

38.70 
13.67 
18.15 
-8.69 

13.10 
-19.70 
-32.19 
11.62 

50.23 
30.62 
32.65 

22.71 
7.90 

-11.83 
-20.74 
-40.64 
22.48 

7.67 
7 .83  
2.78 

-7.56 
4.23 

.11.81 

.39.79 
-30.25 

18.12 
20.93 
10.06 
72.05 
21.28 
- 

n i s o  t r o p )  
Ax./Knd. 

(%) 

108.5 
86 .8  
95 .5  
73.4 

97.9 
92.1 
98.7 
81.1 

105.2 
93.7 
84 .7  
73.8 

99.2 
86 .1  
84.2 

107.8 

95.7 
82 .1  
8 4 . 3  

102.0 

103.4 
96. 1 
78.4 
91.2 

97.3 
106.7 
93.4 
73 .3  

91.7 
108.2 
8 1 . 0  
76.8 

NA 
N A  
N A  
N A  

93.2 
92.6 
96 .3  
88 .6  

92.4 
93.7 
91 .5  
8 2 . 8  

91.0 
96.3 
96.2 
90 .5  

114 .8  
114.9 
115.6 

159.3 
95.4 

102.7 
90.5 
73.7 

100.0 
101.1 
153.8 
108.9 
102.9 

99.0 
90.7 
62.5 
50 .5  

144.1 
98.3 
94.2 

105.2 
107.8 

Comnien t s 
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TABLE 6-2 (Continued)  

Element 
I . D .  

FTE- 1 5 
(cont'd 

FTE- 16 

RTE- 1 

RTE-2 

RTE-4 

RTE-6 

RTE-5 

- 

lod] 
N o ,  
- 

1 
2 
3 
1 
2 
3 
1 
2 
3 
2 
3 

2 
2 
2 
2 
2 
3 
2 
2 
2 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

2 
4 
6 

5 

1 

2 
4 
5 

3 
6 

5 
6 

1 
2 
3 
4 

5 
6 
5 
6 

1 
2 
3 
4 
5 - 

__ 

4". of  
Rods 

2 
11 
6 
5 
5 
7 
6 
3 
6 

11 
11 

14 
14 
14 
14 14 

14 14 

14 
1 4  

6 
6 
6 
6 
6 
6 

6 
7 
7 
6 
7 
7 

6 
6 
6 
6 
7 
7 

6 
6 
6 
6 
7 
I 

24 
6 
6 

24 

7 

7 
7 
7 

24 16 

7 
7 

6 
6 
6 
6 

7 
7 
6 
6 

7 
7 
7 
7 
7 

1 .47 
2.00 
1.55 
1.47 
2.00 
1.55 
1.47 
2.00 
1.55 
2.00 
1.55 

2.33 
2.23 
2.23 
2.23 
2.23 
1.64 
2.23 
2.23 
2.23 

1.70 
2.70 
3.00 
2.96 
2.59 
1.66 

1.70 
2.70 
3.00 
2.96 
2.59 
1.66 

1.70 
2.70 
3.00 
2.96 
2.59 
1.66 

1.70 
2.70 
3.00 
2.96 
2.59 
1.66 

2.83 
2.94 
1.49 

1.43 

2.42 

3.79 
4.00 
3.50 

4.15 
2.34 

3.40 
2.14 

2.33 
3.73 
4.11 
3.98 

3.40 
2.14 
3.40 
2.14 

2.33 
3.73 
4.11 
3.98 
3.40 

Avg. Fuel 
Rod Temp. 

("C) 

842 
1207 
1167 

837 
1171 
1144 
848 

1199 
1165 
1204 
1130 

1008 
1059 
1083 
1046 
1086 
990 

1103 
1103 
1049 

777 
1060 
1193 
1218 
1181 
1055 

823 
1118 
1258 
1282 
1197 
1067 

835 
1156, 
1289 
1308 
1198 
1065 

858 
1190 
1342 
1356 
1230 
1080 

1045 
1167 
1005 

1158 

732 

956 
1108 
1084 

1141 
1041 

1088 
1020 

736 
1009 
1104 
1160 

1073 
1014 
1115 
1031 

70 7 
94 2 

1028 
1083 
1080 

:uel  vel. Content1 

TRISO 
(%) 

22 
25 
25 
22 
55 
55 
23 
21 
21 

100 
100 

100 
100 
100 
100 
100 
100 
100 
100 
100 

0 
0 
0 
0 
0 
0 

69 
69 
69 
69 

0 
0 

0 
0 
0 
0 
0 

100 

0 
0 
0 
0 

26 
26 

0 
0 

75 

0 

0 

65 
65 
65 

0 
0 

0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

65 
65 
65 
65 
0 

78 
75 
75 
78 
45 
45 
7 7  
79 
79 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

100 
100 
100 
100 
100 
100 

31 
31 
31 
31 

100 
100 

100 
100 
100 
100 
100 

0 

100 
100 
100 
100 

74 
74 

100 
100 
25 

100 

100 

35 
35 
35 

100 
100 

100 
100 

100 
100 
100 
100 

100 
100 
100 
100 

35 
35 
35 
35 

100 

-2.465 
-3.08E 
-2.647 
-2.415 
-2.92: 
-2.575 
-2.56C 
-3.23E 
-2.71t 
-0.937 
-0.854 

-1.825 
-1.825 
-1.825 
-1.825 
-1.825 
-1.689 
-1 .825 
-1.825 
-1.825 

-2.932 
-3.562 
-3.574 
-3.594 
-3.909 
-3.341 

-2,205 
-2.632 
-2.712 
-2.721 
-4.285 
-3.647 

-3.130 
-3.827 
-3.850 
-3.870 
-4.369 
-1.373 

-2.923 
-3.605 
-3.626 
-3.644 
-3.865 
-3.198 

-4.094 
-4.127 
-2.212 

-3.122 

-3.724 

-3.175 
-3.210 
-3.132 

-3.901 
-3.694 

-4.058 
-3.679 

-3.433 
-3.757 
-3.663 
-3.720 

-4.187 
-3.826 
-3.993 
-3.626 

-2.631 
-3.225 
-3.275 
-3.278 
-4.004 
I 

S t r a i n  

Meas (a: 
( X )  

-2.042 
-2.103 
-1.988 
-2.169 
-2.210 
-1.976 
-2.050 
-2.576 
-2.083 
-0.946 
- 1.209 

-2.004 
-1.456 
-1.612 
-1.748 
-1.407 
-1.818 
-1.315 
-1.234 
-1.574 

-2.310 
-3.039 
-2.764 
-3.021 
-2.813 
-2.682 

-1.655 
-2.673 
-2.802 
-2.876 
-5.324 
-3.481 

-1.994 
-2.589 
-2.852 
-2.830 
-4.217 
-2.397 

-2.161 
-2.809 
-3.006 
-2.407 
-3.217 
-2.330 

-2.810 
-7.734 
-3.244 

-2.584 

-3.294 

-3.000 
-3.406 
-3.472 

-3.267 
-1.943 

-4.486 
-4.281 

-2.286 
-2.586 
-2.653 
-2.801 

-7.361 
-6.224 
-3.274 
-3.000 

-2.441 
-3.797 
-2.625 
-4.239 
-6.716 

'C/M)-l 
(%) 

23.34 
46.99 
33.08 
13.10 
32.68 
30.84 
24.61 
25.72 
36.63 
0.85 

28.54 

-7.21 
28.18 
13.82 

5.50 
32.77 
-6.55 
40.59 
49.52 
20.51 

27.76 
17.75 
30.44 
19.05 
39.11 
24.26 

35.37 
-0.91 
-1.89 
-3.92 
-1.11 
30.00 

57.74 
48.52 
35.16 
37.63 
22.83 
27.93 

38.60 
28.86 
24.25 
52.14 
35.23 
38.42 

47.20 
46.50 
31.83 

20.95 

17.17 

6.30 
-5.62 
-9.57 

19.70 
01.30 

-9.38 
14.07 

50.08 
47.14 
38.96 
33.93 

43.06 
38.38 
22.27 
21.20 

11.54 
14.93 
26.47 
22.54 
40.30 - 

n i s o t r o p y  
A x .  f Rad. 

(%I  

150.1 
104.7 
105.4 
161.1 
102.7 

92.4 
154.6 
102.7 
85.0 
63.7 
79.8 

156.5 
145.8 
119.9 
153.7 
157.8 
157.0 
151.8 
100.5 
149.1 

111.8 
111.6 
110.2 
117.3 

114.7 
128.4 

NA 
NA 
NA 
NA 
NA 
NA 

106.9 
114.2 
111.8 
119.1 
NA 
NA 

132.3 
110.0 
134.1 
118.4 
NA 
NA 

107.9 
NA 
NA 

NA 

NA 

NA 
NA 
NA 

112.0 
96.0 

NA 
NA 

112.1 
122.5 
134.8 
128.7 

NA 
NA 

120.2 
132.0 

NA 
NA 
NA 
NA 
NA 

:omments 

A 
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TABLE 6-2 ( C o n t i n u e d )  

E l  emen t 
I . D .  

RTE-5 
( c o n t  ' d :  

RTE- 7 

RTE-8 

Lody 
No. 

1 
2 
3 
4 
6 

1 
2 
3 
4 

3 
5 
6 

3 
5 
6 

1 
3 
5 

1 
3 
5 
6 

2 
5 

3 
4 
6 

H o l e  
N o .  

N o .  of  
R o d s  

6 
6 
6 
6 
7 

6 
6 
6 
6 

7 
6 

12 

6 
6 

1 2  

12 
6 
7 

7 
5 
6 

12  

19 
21 

21 
24 
20 

F a s t  
F l u e n c e  

(1 025 n/m2)  

2.33 
3.73 
4.11 
3.98 
2.14 

2.33 
3 .73  
4.11 
3.98 

1.15 
0.85 
0.51 

1.15 
0.85 
0.51 

0.66 
1.15 
0.85 

0.66 
1.15 
0.85 
0.51 

3,83 
3.55 

4.20 
4.06 
2.38 

Avg. F u e l  
Rod Temp. 

( " C )  

747 
1024 
1112 
1164 
997 

727 
9 74 

1062 
1116 

1081 
1062 
974 

1077 
1053 
967 

7 30 
1106 
1053 

709 
1066 
1073 
981 

92 1 
1067 

1072 
1187 
1020 

Tue l  Vol. 

TRISO 
( X I  

0 
0 
0 
0 

100 

0 
0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 

62 

100 
100 

0 
0 

100 
100 

0 
0 

65 

C o n t e n t  

B I S O  
(%) 

100 
100 
100 
100 
0 

100 
100 
100 
100 

100 
100 
100 

100 
100 
100 

100 
100 

38 

0 
0 

100 
100 

0 
0 

100 
100 
35 

-3.479 
-3.949 
-3.899 
-3.940 
-1.638 

-3.392 
-3.741 
-3.680 
-3.724 

-2.725 
-2.215 
-1.492 

-2.719 
-2.173 
-1.459 

-1.587 
-2.888 
-1.799 

-0.882 
-1.31 3 
-2.260 
-1.51 7 

-1.817 
-1.814 

-4.088 
-3.929 
-2.738 

S t r a i n  

M e a s ( a  
(%) 

-1.522 
-2.127 
-1.885 
-2.239 
-2.454 

-2.243 
-2.762 
-2.484 
-2.446 

-3.500 
-2.029 
-1.324 

-2.598 
-2.042 
-1.535 

-0.823 
-2.284 
-2.700 

-0.972 
-2.473 
-1.997 
-1.468 

-1.932 
-2.026 

-6.11 8 
-3.325 
-2.886 

60.67 
87.38 
13.74 
77.59 
32.95 

51.19 
37.83 
48.97 
54.49 

22.06 
9.76 

13.20 

5.80 
8.66 

-3.33 

16.40 
30.45 
33.60 

11.10 
46.82 
24.84 
10.19 

-5.67 
10.36 

32.98 
18.28 
-4.91 

h i s  o t r o  p y 
Ax./Rad. 

( % I  

94.9 
123.2 
133.7 
116.4 

NA 

109.3 
123.8 
124.3 
146.7 

NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
1 1 8 . 7  
NA 

Comments  

( a ) U n l e s s  o t h e r w i s e  i n d i c a t e d ,  m e a s u r e d  s t r a i n  i s  t h e  a v e r a g e  of  t h e  a x i a l  a n d  r a d i a l  s t r a i n s .  
( b ) N o r n i n a l  p r e i r r a d i a t i o n  d a t a .  
( C ) D i a m e t r i c a l  s t r a i n  only. 
( d ) F u e l  w a s  c u r e d  i n  p l a c e  ( C I P  p r o c e s s ) .  
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TABLE 6-3 
MATERIAL PROPERTIES, IRRADIATION CONDITIONS, AND MEASURED STRAIN FOR FUEL 

RODS C O N T A I N I N G  TRISO-COATED FISSILE AND FERTILE FUEL PARTICLES 

F e r t i l e  P a r t i c l e s  (TRISO) F i s s i l e  P a r t i c l e s  (TRISO) 

P a r t i c l e  OP,C C o a t i n g  P a r t i c l e  0PyC L 

Thick .  
(urn) 

T e s t  
Element  

I . D .  

e r  

Dens i ty  
(g/cm3) 

I r r a d .  
Temp. 
("C) 

F u e l  
Body 

F u e l  
Holes  

% of  
iod  Vol. 

D i a .  
(wd 

D e n s i t y  
(81  cm3) 

% of 
:od Vol .  

S t r a i n ,  
ax/x (%)  

-0 .627(a)  
- 1  . 0 8 6 ( a )  
-0. 8 6 3 ( a )  

- 1 .  0 6 3 ( a )  

-1 .  488(a)  

-1 . 4 8 6 ( a )  
-1. 917(a)  
-1. 988(a)  

-1.274 
-1.226 
-1.443 
-1.210 

-0.877 
-0.979 
-1.209 
-0.946 

- 1 . 5 9 7 ( a )  

- 1 .544 (a) 
-1 .  a i  8 ( a )  

-2 .397 

-2.454 

-0.972 
-2 .473  

-1.932 
-2.026 

FTE- 3 1 
2 
3 

1 
2 
3 

1 
2 
3 

2 
2 
3 
3 

2 
3 
3 
2 

2 
3 

6 

6 

1 
3 

2 
5 

9 

I 
I 
I 

I 

14 

5 

46 
47 

44 
44 
47 
36 

21 
21 

26 

22 

I 

0.41  
0 . 5 4  
0 . 3 4  

1 . 4 0  
1.94 
1 .26  

2 . 1 0  
2 . 8 3  
1 . 9 8  

1 . 4 2  
1.42 
0 . 9 7  
0 .97  

2 .00  
1 . 5 5  
1 . 5 5  
2 .00  

2 . 2 3  
1 .64  

1 .66  

2 . 1 4  

0 . 6 6  
1 .15  

3 . 8 3  
3 . 5 5  

768 
967 
908 

812 
1055 
1014 

850 
1094 
1068 

1182 
1206 
1200 
1201 

1182 
1154 
1130 
1204 

1067 
990 

1065 

997 

709 
1066 

92 1 
1067 

FTE-4 48 

J 
I 
1 

5 7  

16 
15 

16 
16 
15 
14 

44 
44 

46 

40 

I 

FTE-6 

cn FTE- 14 
I 

FTE- 15 

FTE- 16 

RTE- 1 

RTE- 5 

RTE- 7 

RTE-8 

(a )Data  p l o t t e d  i n  F i g .  6-9. 



TABLE 6-4 
MATERIAL PROPERTIES, I R R A D I A T I O N  CONDITIONS, AND MEASURED STRAIN FOR FUEL 

RODS CONTAINING BISO-COATED FISSILE AND FERTILE FUEL PARTICLES 
- 

F u e l  
Body 

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

2 
4 

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

1 
3 
6 

- 

~ ~ 

Test  
Elernen t 

I . D .  

F i s s i l e  ? a r t i c l e s  (BISO) F e r t i l e  P a r t i c l e s  ( B I S O )  

? a r t i c l e  O?yC Laye r  P a r t i c l e  OPyC Layer  I r r a d .  
Temp. 
("C) 

777 
1060 
1193 
1218 
1181 
1055 
835 

1156 
1289 
1306 
858 

1190 
1342 
1356 
1197 
1067 
1198 

1045 
1167 

1158 

72 7 
974 

1062 
1116 
1088 
1020 

736 
1009 
1104 
1 1  60 
1073 
1074 
1115 
1031 

747 
1024 
1 1  12 
1164 

72 3 
1141 
1041 

- 
Dia. 
(urn) - 

7jl 
806 7ji 

7r 371 

340 'i 

3r 340 

806 
32 8 

i 
331 

793 
340 

754 

371 

340 
75 1 
751 

75 1 
328 

r h i c k .  
(um) - 
129 

1 

i 
li  

I 

'$ 141 

141 
60 

128 
74 

122 

135 

60 
60 

"i 7 4  

74 
123  
123 

60 I 
74 

123 
60 

% of  
cod Vol .  

Th ick .  
(m) 

S t r a i n ,  
A X I X  ( X )  

% of 
lod Vol 

RTE- 1 

RTE-2 

RTE-4 

RTE-5 

RTE-6 

_ _  
_ _  
_ _  
_ _  
1 1  

1 
I 
9 
9 

21 

2l 26 

16 

2 8  
-- 
_ _  
_ _  
_ _  
27 
27 
27 

1 
22 
22 
30 
30 
32 

i 
32 

22 
31 
30 

1.70 
2 .70  
3 .00  
2 .96  
2 . 5 9  
1 .66  
1 .70  
2 . 7 0  
3 .00  
2 .96  
1 . 7 0  
2 .  70 
3 .00  
2 . 9 6  
2 . 5 7  
1 .66  
2 . 5 9  

2 . 8 3  
2 .94  

1 . 4 3  

2 . 3 3  
3 .73  
4 .11  
3 .  98 
3 . 4 0  
2 .14  
2 . 3 3  
3 . 7 3  
4 . 1 1  
3. 98 
3 .40  
2 . 1 4  
3 .40  
2 .14  
2 . 3 3  
3 . 7 3  
4 .11  
3 .98  

2 .42  
4 .  15 
2 .34  

-2 ,  310(a)  
-3 .039(a)  
-2.  764(a)  
-3 .021  ( a )  
-2 .813  
-2 .682  
-1.994 
-2 .589  
-2.852 
-2 .830  
-2. 161 
-2 .809  
-3 .006  
-2 .407  
-5.324 
-3.481 
-4 .217  

-2 .810  
-7 .734  

-2 .  584(b )  

-2 .  243(a)  
-2. 762(a) 
-2 .484(a )  
- 2 .  446(a)  
-4 .486  
-4.281 
-2.  286(b)  
-2. 586(b)  
-2.  653(b)  
-2 .801(b)  
-7.361 
-6.224 
-3 .274(b )  
-3.000(b) 
-1.522 
-2 .127  
-1 .885  
-2.239 

-3.294 
-3.2 6 7(b)  
-1 .943  

56  4 
56 
44 

I 
i" 

i 

1 

i 

39 
49 

37 

65 

37 
37 
37 

40 
40 
35 
35 
36 

40 
35 
35 

1 . 8 6  

i 
I 

I .  a5 
1 .85  
1 .89  

1 .86  'i" 
1.84  

1 . 9 1  

1 .92  

1 
1 

NA 
NA 

1 . 9 1  

1 . 8 4  
1.84. 
1 .91  
1 . 9 1  
1 . 8 9  

1 
1 . 8 4  
1 .91  
1 .89  



Dia. 
( u d  

614 
-- 
_ _  
580 
645 
645 

NA 

633 

614 
580 

T h i c k .  
(urn) 

71 _ _  
_ _  
66 
62 
62 
66  

70 

71 
66  

TABLE 6-4 (Cont inued)  

F i s s i l e  P a r t i c l e s  (BISO) F e r t i l e  P a r t i c l e s  (BISO) 

P a r t i c l e  I O P ~ C  Layer  e r  

D e n s i t y  
(g/cm ) 

I r r a d .  
Temp. 
("C) 

T e s t  
Element  

I . D .  
F u e l  
Body 

F u e l  
H o l e s  

% of 
od V o l .  

D i a .  
( u m )  

Thick .  
(urn) 

D e n s i t y  
(g /  cm3) 

% of  
iod Vo l .  

'ast F l u e n c e  
: I  1 0 2 5 ~ 1 ~ 2 )  

S t r a i n ,  
A x / x  (%) 

-3 .500 
- 2 .  0 2 9 ( a )  
-1. 3 2 4 ( a )  
-2 .  5 9 8 ( h )  
- 2 .  0 4 2 ( h )  
-1 .535(b)  
-0 .823 
-2.284 
-1.997 
-1.468 

-6 .118  
-3. 3 2 5 ( b )  

RTE- 7 

RTE-8 

ITE-5 

3 
5 
6 
3 
5 
6 
1 
3 
5 
6 

3 
4 

1 
2 
3 - 

37 
65 
65 
35 
37 
37 
36 

40 
35 

25 

371 
783 
783 
75 1 
754 
754 
328 

340 
75 1 

60 
135 
135 
123 
122 
122 

60  

74 
123  

NA 
1.92  
1.92 
1 . 9 1  

1.89 

1 .84  
1.91 

27 _ _  
_ _  

' 31 
28 

32 
32 
2 2  
31 

37 

ThC2 _ _  
_- 

ThC2 
Tho2 

Tho2 
Tho2 

ThC2 
ThC2 

1 .88  _ _  
_ _  

1 . 8 8  
1 .94  
1 .94  
1 .99  

1.91 

1.88 
1.88 

1081 
1062 
974 

1077 
1053 

967 
730 

1106 
1073 

981 

1072 
1187 

82 5 
1088 
1022 

1 .15  
0 . 8 5  
0 .51  
1 .15  
0 . 8 5  
0 . 5 1  
0.66 
1 . 1 5  
0 .85  
0.51 

4.20 
4 .06  

2 . 7 3  
3 .67  
2 . 5 8  I 

::;Data p l o t t e d  i n  F i g .  6-10. 
Data p l o t t e d  i n  F i g .  6-11. 



TABLE 6-5 
SUMMARY COMPARISON OF MEASURED AND 

CALCULATED FUEL ROD STRAIN 

Fuel  Rod 
Compo s i t i o n  

A l l  TRISO- 
coa ted  f u e l  
(GA matr ix)  

BISO-  and 
TRISO-coated 
f u e l  : 
TRISO f u e l  
c o n s t i t u t e s  
>50% of 
f u e l  volume 
(GA matrix) 

BISO- and 
TRISO-coated 
f u e l  : 
B I S O  f u e l  
c o n s t i t u t e s  
>50% of  
f u e l  volume 
(ORNL matr ix)  

Temp era t u r  E 

("C) 

700-900 

900- 1 100 

1100- 1300 

700- 900 

900- 1 100 

11  00- 1300 

700-900 

900-1 100 

1100-1 300 

F a s t  Fluence 
(1025 n/m2> 

0.0-1 . o  
1 .o-2.0 
2.0-3.0 
3.0-4.0 
0.0-1.0 
1 .o-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1 .0-2.0 
2.0-3.0 
3.0-4.0 

0.0-1.0 
1 .o-2.0 
2.0-3.0 
3 .O-4.0 
0.0-1 . o  
1 .o-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1.0-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1 .o-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1 .o-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1.0-2.0 
2.0-3.0 
3.0-4.0 

Number o f  
Rods 

13 
5 

33 
0 
13 
53 
50 
56 
6 
49 
0 
0 

15 
16 
64 
0 

36 
58 
60 
62 

3 
12 
43 
14 
10 
35 
21 
0 
17 
48 
69 
0 
9 

63 
35 
0 

Measured 
S t r a i n  

( % I  

-0.800 
-1.063 
-1.357 

N D  (a)  
-0.9 74 
-1.989 
-2.067 
-1.882 
-1.31 1 
-1.085 

ND 
ND 

-0.689 
-1.565 
-2.180 

ND 
-1.469 
-2.31 2 
-2.803 
-3.411 
-1 - 9 9 0  
-2.137 
-2.530 
-3.104 
-1.221 
-2.071 
-2.297 

ND 
-1.677 
-2.683 
-3.497 

-2.097 
-2.277 
-3.046 

ND 

ND 

S t r a i n  Comparison, 
(Calc/Meas)-I 

( % >  

15.0 
-4.7 
20.9 

ND 
-26.6 
-34.1 
-18.7 
-0.3 
-35.4 
0.8 
ND 
ND 

19.7 
36.8 
10.2 

ND 
- 1  3.8 
-9.6 
-10.3 
-1.8 
-7.6 
16.8 
4.8 

-3.7 
12.9 
22.4 
47.9 

ND 
-21.5 
26.9 
37.8 

ND 
-5.3 
23.1 
37.0 

ND 

6-15 



TABLE 6-5 (Continued) 

Fue l  Rod 
Composition 

A l l  BISO- 
coa ted  f u e l :  
Rods con ta in -  
i n g  small  
( z3  5 Opm) 
B I  SO- coa t ed 
UC2 and U 0 2  
p a r t  i c l e s  
made by GA 
a re  n o t  
i nc luded .  
(OWL matrix: 

A l l  BISO- 
coa ted  f u e l :  
Rods con ta in -  
i n g  smal l  
(z 3 5 0 pm) 
BISO-coated 
UC2 and U02 
p a r t i c l e s  
made by GA. 
(GA m a t r i x )  

Temperature 
("C) 

700-900 

900- 1 100 

1 100- 1300 

700-900 

900- 1 100 

1 100- 1300 

F a s t  Fluence 
(1 025 n/m2> 

0.0-1 . o  
1 .o-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1 .o-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1 .o-2.0 
2.0-3.0 
3.0-4.0 

0.0-1 .o  
1.0-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1.0-2.0 
2.0-3.0 
3.0-4.0 
0.0-1 . o  
1.0-2.0 
2.0-3.0 
3.0-4.0 

Number of 
Rods 

12 
18 
18 
0 

54 
12  
52 
24 

0 
30 
54 
84 

0 
0 

53  
0 
0 

1 4  
41 
80 

0 
0 

20 
0 

Mea s u r  e d 
S t r a i n  

( % I  

-0.823 
-2.155 
-2.017 

ND 
-1.732 
-2.640 
-2.698 
-2.490 

-2.434 
-2.788 
-2.736 

ND 

ND 
ND 

ND 
ND 

-3.907 

-3.490 
-5.725 
-6.096 

ND 
ND 

ND 
-5.758 

S t r a i n  Comparison, 
(Calc/Meas)-1 

(%> 

116.4 
41.4 
87.3 

ND 
10.6 I 

15.0 
46.9 
55.3 

ND 
25.7 
35.0 
47.4 

ND 
ND 
8 . 5  
ND 
ND 
4 .0  

-28.6 
-27.5 

ND 
ND 

ND 
-8 .3  

(a)ND = n o t  determined.  

6-16 



STAT 
Calculates test element 
component dimensions, 
material strains, and 
fuel rod anisotropy and 

Catalogue file 
containing all 
metrology data 

Predicted 

I I I the associated errors 

D 

DRWDIM 
Plots measured and 

I 
b 

predicted strains 
and gaps 

and fuel body strain 
and compares them 

D 

DRWDIM 
Plots measured and 

I 
b 

predicted strains 
and gaps 

Fuel rod and fuel 
body dimensions 
1 

Predicted GAPS 
Calculates fuel rod - 
fuel hole and fuel 
body - sleeve gaps and 

I compares the former h- 
I with predictions I - Fuel rod, 

fuel body 
and sleeve 
dimensions 1 

J I 

Fuel hole 
dimensions 

Fig. 6-1. Flow of information through metrology data reduction system 

6-1 7 
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-24 

0 FROM I.D. O F  SLEEVE 

0 FROM O.D. OF SLEEVE 

1 +20 
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n 

AXIAL POSITION (loL MM) 

F i g .  6-2. T y p i c a l  c o m p a r i s o n  of m e a s u r e d  and  c a l c u l a t e d  sleeve s t r a i n  for 
a P e a c h  Bo t tom test element 
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0 

-0.1 

-0.8 

- -0.3 -Oa2 I 

* 

FUEL BODY TEMPERATURES ARE 
TIME AND VOLUME AVERAGED. 

RTE-1 
A RTE-5 

RTE-6 
RTEB 

0 FTE-14 

0 FTE-6 DESIGN STRAIN 

A FTE-15 

V FTE-5 
O FTE-4 
0 FTE-3 
V FTE-2 

FTE-1 
FTE-16 

1 1  00"Cf 

FAST FLUENCE (1025 N/M*) - 
Fig .  6-3. R a d i a l  s t r a i n  v e r s u s  f a s t  neutron f l u e n c e  f o r  H-327 g r a p h i t e  f u e l  b o d i e s  i r r a d i a t e d  i n  Peach 

Bottom test e lements  



m 
I 
h, 
0 

-1.4. 

-1.5 

-1.6 

0 

-0.1 

- 
- 
- 

0 FTE-3 
V FTE-2 

FTE-1 
4 FTE-16 \ l loooc  gf \ 

I I I I I 1 I 
4.5 

I +20 
-1.7 ' 

0.1 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 

FAST FLUENCE (1025 - 
Fig.  6 - 4 .  Axial s t r a i n  v e r s u s  f a s t  neu t ron  f luence  f o r  H-327 g r a p h i t e  f u e l  bod ie s  i r r a d i a t e d  i n  Peach 

Bottom test  elements  



0 

-0.1 s 
5 
Y 

2 -0.2 
k! 

a 

J a x -0.3 

-0.4 

-0.5 

0 

- -0.1 2 

f a 
CT -0.2 
L 
a 
a 

I 

-I 

- 
o -0.3 
a 

-0.4 

-0.5 

T 

CURVE, 7OO0C \ DESIGN 
STRAIN 

I 1 I I 1 I I 

CURVE, 7OO0C \ DESIGN 
STRAIN 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

25 2 FAST FLUENCE (10 n/m ) 

NOTE: SEE FIG. 6-3 FOR SYMBOL DEFINITIONS 
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7. STRESS ANALYSIS 

7.1. RESIDUAL STRESS CALCULATIONS 

A 

The methods and material properties used in the stress analysis are 

described in previous fuel test element PIE and evaluation reports (Refs. 

7-1, 7-2, 7-3, 7-4). Stress calculations were performed for 10 test 

elements to determine: 

1. The distribution of thermal and irradiation-induced operating 

stresses as a function of time, fluence, and axial position. 

2. The maximum operating and shutdown stresses at BOL, during 
irradiation, and at EOL. 

Four fuel body configurations were analyzed: 

A .  Eight-hole teledial (FTE-1,-2 ,-3 ,-4 ,-5 , -6)  (Fig. 7-11. 

B. Six-hole teledial (FTE-14 ,-E4 (Fig. 7-2). 

C. Twelve-fuel-hole hexagonal (PTE-2) (Fig. 7-31. 
D. Three-fuel-zone molded teledial (FTE-18) (Fig. 7-4). 

The finite element model for each configuration was a sector of unit 

thickness taken at the midplane of a fuel body. The sector angle of each 

finite element mesh and the number of nodes and elements are tabulated 

below. 

Sector 

Configuration (deg) Nodes Elements 
Angle - 

Eight-hole teledial 22.5 334 524 
Six-hole teledial 30 450 713 
Twelve-hole hexagonal 30 515 7 58 
Three-fuel-zone teledial 60 30 1 495 
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Temperature and stress distributions at the midplane of each fuel body 

were calculated using GTEPC-2D (Ref. 7-5),  a computer program for visco- 

elastic analysis of graphite. GTEPC uses a standard viscoelastic solid for 

stress calculations in which the coefficients of springs and dashpots are 
functions of temperature and fluence. Thermal boundary conditions were 

determined from the one-dimensional TREVER (Ref. 7-6) calculations. GTEPC 

temperature field calculations were verified wi'th TAC 2D (Ref. 7-7) and with 

TREVER calculations to within t 4 0 ° C .  Temperatures calculated with TREVER 

were determined to be within k82'C ( l u )  of measured temperatures (Section 

5 ) .  

All elements were made of E 3 2 7  graphite except FTE-18, which was made 

from NUKEM A3-3 matrix material. Material properties data used in the 

stress and thermal analysis of H-327 graphite bodies were obtained from 
Refs. 7-8 and 7-9, and irradiation-induced creep data were taken from Ref. 
7-10. The material properties data used in the analyses of FTE-18 were 

obtained from Ref. 7-11. The coefficient of irradiation-induced creep for 

the A3-3 matrix material is described in Ref. 7-4. 

7 . 1 . 1 .  Initial Thermal Stress 

A summary of initial thermal stresses is given in Table 7-1 for 

midplane locations of fuel bodies for each element. Except in RE-18,  which 

contained six fuel bodies, and in FTE-1, maximum initial thermal stresses 
occurred in fuel body 2.  The location of maximum stress varied with the 

configuration of the fuel body. This stress was located at the central 

spine sample hole (element 1 ,  Fig. 7-1) in FTE-1 and FTE-2, at the fuel hole 

surface adjacent to the slot (element 288) in the remaining eight-hole ele- 

ments, at the outer fuel hole surface in PTE-2 and FTE-14 and -15 (elements 

669 and 230, respectively), and at the outer edge of the simulated coolant 
hole (element 1 )  in RE-18. 

Comparison of the 

(UTS) values for H-327 

stresses are less than 

stress results with the ultimate tensile strength 

graphite in Table 7-2 shows that initial thermal 

the ultimate strength values. For example, the 
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in-plane tensile stress for RE-1 is 7% of the corresponding strength. The 

strength is obtained by correcting the initial strength at room temperature 
for the effects of temperature and fast fluence according to Ref. 7-8: 

where n = 0.4 for radial orientation, 
n = 0.67 for axial orientation, 

Eo = elastic modulus for unirradiated H-327 graphite at room 

temperature (Table 7-21, 

UTSo = LlTS of unirradiated H-327 graphite at room temperature (Table 

7-21 , 
Ei = elastic modulus of irradiated H-327 graphite at room 

temperature (Table 7-3, Fig. 7-51, 

ET = elastic modulus at elevated temperature T, 

= E, ( 1  + 1.5 x 10-4 AT), 
AT = temperature - 298 K, and 

UTSi = UTS of irradiated 8-327 graphite at temperature T. 

The initial tensile strength of test elements made of H-327 graphite 

was assumed to be the strength at the midlength edge of the log. The mid- 
length edge location was selected because the test element bodies were gen- 

erally machined from the outer portion of the log (Ref. 7-12). This may 

slightly overestimate the strength, since some bodies were taken from a 

point midway between the outer portion of the log (designated as edge) and 
the central portion of the log (Fig. 7-6). On the other hand, the teat ele- 

ments were machined from logs with strengths greater than the mean (Table 

7-4). 
center of each log measured 12.0 to 17.9 ma, well above the mean strength 
of 11.2 MPa for all logs. In suaunary, the midlength-edge strength is 

believed t o  be the best estimate of tensile strength at the midplane of test 
element fuel bodies. For the initial compressive strength, which was not 

characterized as a function of position in the log, a conservative minimun 

For example, tensile strengths of specimens taken from the midlength- 
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va lue  of 27.6 MPa w a s  used.  Ca lcu la t ed  compressive stresses were found t o  

be small i n  comparison w i t h  t h e  UCS v a l u e  and were not  inc luded  i n  t h e  

t a b l e s  . 
The t e n s i l e ,  compressive,  and bending s t r e n g t h s  of FTE-18 f u e l  bodies  

are g iven  i n  Table  7-5. The t e n s i l e  s t r e n g t h s  of t h e s e  molded b locks  were 

1 / 3  t h o s e  of H-327 g r a p h i t e  bodies .  This  low t e n s i l e  s t r e n g t h  is t h e  p r i -  

mary reason  f o r  t h e  h igh  stress f a c t o r s  noted f o r  FTE-18 i n  Table  7-1 and 

Tables  7-6 through 7-9. 

7.1.2. Peak Stress During L i f e  

The stress d i s t r i b u t i o n  changed r a p i d l y  w i t h  t i m e  owing t o  i n c r e a s i n g  

i r r a d i a t i o n  s t r a i n  i n  h o t t e r  areas of t h e  f u e l  body. The higher - tempera ture  

a r e a s  nea r  t h e  c e n t e r  of t h e  body r eve r sed  from i n i t i a l  compressive stress 

t o  a state of t e n s i l e  stress a t  EOL, whi le  c o o l e r  areas nea r  t h e  element 

s l e e v e  went i n t o  compression. This stress r e v e r s a l  was p r e d i c t e d  by t h e  

GTEPC-2D code a t  t h e  midplane of a l l  test element f u e l  bodies .  

down a t  EOL, both  t e n s i l e  and compressive stresses i n c r e a s e d  s i g n i f i c a n t l y  

r e l a t i v e  t o  o p e r a t i n g  stresses at  EOL. During shutdown, t h e  h o t t e r  areas of 

t h e  f u e l  body, which were i n  t e n s i o n ,  wanted t o  s h r i n k  more than  t h e  body as 

a whole but  were r e s t r a i n e d , T h i s  r e s u l t e d  i n  h i g h e r  t e n s i l e  s t r e s s e s .  

c o o l e r  areas, which were i n  compression, wanted t o  s h r i n k  less than  t h e  body 

as a whole. This r e s u l t e d  i n  i n c r e a s e d  compressive stresses i n  t h e s e  

a r e a s .  

During shu t -  

The 

Peak o p e r a t i n g  and shutdown stress v a l u e s  du r ing  t h e  i r r a d i a t i o n  l i f e  

of t h e  test elements  are g iven  i n  Tables  7-6 and 7-7, r e s p e c t i v e l y .  

t a b u l a t e d  stresses are peak stresses exper ienced  du r ing  i r r a d i a t i o n  

( i n c l u d i n g  EOL) of t h e  t e s t  e lements ,  as ob ta ined  from stress p r e d i c t i o n s .  

Peak EOL stresses are s i m i l a r l y  p re sen ted  i n  Tables  7-8 and 7-9.  

The 

Except i n  FTE-5, - 6 ,  -15, and -18, peak o p e r a t i n g  and shutdown stresses 

occurred  a t  EOL. 

t h e  e lements  and were always less than  t h e  s t r e n g t h .  

Peak o p e r a t i n g  stresses g e n e r a l l y  occurred  I n  body 2 of 

- 
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A 

Tensile shutdown stresses f o r  FTE-1 and FTE-2 were higher than those in 

all other H-327 graphite fuel elements. The maximum in-plane stress- 

strength ratios were 1.69 and 1.77 for body 2 of FTE-1 and FTE-2, respec- 

tively. For some eight-hole elements (FTE -1, -2, and - 4 )  during operation 

and for all six of the elements of this type during shutdown, maximum in- 

plane tensile stresses were located at the inner safety slot (element 359). 

The slot was a safety feature designed to confine graphite breakage, caused 

by swelling of fuel rods o r  loose beds, to the inside diameter of the ele- 

ments. It should be noted, however, that the stresses were not properly 

calculated. The applied elasticity model contained a theoretical singular- 

ity of infinite stress at the notch, which should have been evaluated by 

another method, such as fracture mechanics. 

Because of this inherent error in the analysis, stress distributions 

for the eight-hole elements (except FTE-1) were reviewed to identify other 

locations having high stresses. In every case, the next-highest stress was 

found at the fuel hole surface adjacent to the central spine (element 10, 

Fig. 7-1). These stresses were generally 30% to 40% less than calculated at 

the notch, but in some cases were still greater than the UTS. Stress- 

strength ratios in excess of 1.0 were calculated at this location in body 2 
of FTE-2 (1.30), FTE-4 (1.04), and FTE-6 (1.13). These results suggest that 

the calculations are slightly conservative or that the UTS is a conservative 
criterion for failure, since cracks were only observed in body 2 of FTE-2. 

The stress-strength ratio of 4.28 in body 4 of FTE-18 was the highest 
calculated for any of the test elements. One reason for the high stress- 

strength ratios calculated for FTE-18 is that the unirradiated UTS values at 

room temperature reported in Ref. 7-4 were used (the other nine elements 
were compared with the irradiated UTS at operating temperatures). 

is dependent on the (Ef*ET/E,) factor in Eq. 7-1. 

increase in the elastic modulus is assumed for the material (this is the 
approximate increase for H-327 graphite at the irradiation temperature and 
neutron exposure for FTE-18), the maximum in-plane stress-strength ratio 

would be about 3.0. Indirect evidence indicates that no major cracking of 

the fuel bodies occurred. The locations of these high tensile stresses 

The UTS 

If a factor of two 
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were near the inner surface of the thermocouple and coolant holes, which 

were not accessible for detailed visual examination. However, no cracks or 
severe deformations were found at the outer surface of the fuel bodies, nor 
was evidence of increased fuel particle failure (e.g., because of matrix 

particle interaction) found from fission gas release measurements. Possible 

conclusions are that the stress calculations are conservative, the blocks 

displayed exceptional structural performance, or the UTS failure criterion 
is conservative. 

Since residual stresses in irradiated fuel bodies represent a bending 

type stress field of inner tensile stresses and outer compressive stresses, 

the ultimate bending strength (UBS) is perhaps a better criterion for fail- 

ure of the graphite fuel bodies. If the UBS given in Table 7-5 is substi- 
tuted for the UTS, the maximum stress-strength ratio for FTE-18 is reduced 

to 1.27, a ratio more in line with the fact that no cracks were detected in 

the element. The UBS/UTS ratio for H-327 graphite is approximately 1.7 for 

the radial orientation (Ref. 7-13). Maximum stress-strength ratios calcu- 

lated using the UBS would be less than 1.0 for all H-327 graphite elements. 
Except in FTE-2, this is consistent with the absence of structural damage. 

The maximum axial stress-strength ratio for the H-327 graphite fuel 
bodies occurred in body 2 of FTE-2. 
was calculated at the fuel hole surface nearest the center of the fuel body 

(element 20). The maximum stress-strength ratio in FTE-18 was 3.28. The 

A maximum stress-strength ratio of 0.82 

discussion concerning the high in-plane stress-strength ratios is also 

pertinent to the axial stress-strength ratios. 

7.1.3. Graphite Failure in FTE-2 

No structural damage was observed for any of the test element fuel 
bodies except body 2 of FTE-2. 

shown in photographs taken by the Kollmorgan periscope in the GA Hot Cell 
(Figs. 7-7 through 7-14). One external crack was observed along hole 1 in 

Figs. 7-7 and 7-8. Internal cracks in holes 1, 2, and 8 are shown in Figs. 
7-9 through 7-12. 

The various cracks in this fuel body are 

Figures 7-13 and 7-14 show the failure at the safety slot 
- 
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a d j a c e n t  t o  f u e l  ho le s .  

Fig.  7-15. 

The l o c a t i o n s  of i n t e r n a l  c r acks  are diagrammed i n  

FTE-1 and FTE-2 were p r e d i c t e d  t o  exper ience  t h e  h i g h e s t  in-plane 

t e n s i l e  stresses of any H-327 g r a p h i t e  f u e l  bodies .  In  a d d i t i o n ,  t h e s e  two 

e lements  were unique among t h e  ana lyzed  Peach Bottom test e l emen t s ,  having  

l o o s e  p a r t i c l e  f u e l  beds i n s t e a d  of f u e l  rods .  It has  been p o s t u l a t e d  t h a t  

l o o s e  p a r t i c l e  beds can d e n s i f y ,  forming s o l i d  b r idges  a c r o s s  t h e  f u e l  h o l e  

d iameter .  Thermal c y c l i n g  can r e s u l t  i n  d i f f e r e n t i a l  thermal  s t r a i n s  

between t h e  f u e l  bed and g r a p h i t e ,  producing stresses i n  excess  of ca lcu-  

l a t e d  g r a p h i t e  stresses. Although FTE-1 was p r e d i c t e d  t o  have stresses 

n e a r l y  as h igh  as t h o s e  i n  FTE-2, no g r a p h i t e  f a i l u r e  occurred .  The reason  

f o r  t h i s  is  no t  known. 

7.1.4. S t r e s s  Analys is  Conclusions 

The conclus ions  from t h e  stress a n a l y s i s  are as fo l lows :  

1. 

2 .  

3.  

Visual  examinat ion of f u e l  bodies  and slices t aken  du r ing  each  

element P IE  r evea led  no s t r u c t u r a l  damage of g r a p h i t e  due t o  

r e s i d u a l  stresses, excep t  i n  FTE-2. 

Ne i the r  s ix-hole  te ledlal  e lements  FTE-14 and FTE-15 nor hexagonal 

element PTE-2 can be cons idered  a h igh - s t r e s s  exper iment ,  s i n c e  

t h e  h i g h e s t  stresses In each  element  reached on ly  -50% of t h e  

UTS . 
Each of  t h e  e igh t -ho le  t e l e d i a l  f u e l  test elements  was p r e d i c t e d  

t o  ach ieve  a s t r e s s - s t r e n g t h  r a t i o  - >1.0 dur ing  i t s  i r r a d i a t i o n  

h i s t o r y .  ETE-1 and FTE-2 were h i g h e s t ,  w i t h  p r e d i c t e d  EOL 

shutdown stresses at  the s a f e t y  s l o t  of 169% and 177% of t h e  

c a l c u l a t e d  UTS a t  EOL. However, t h e s e  h i g h  stresses were 

c a l c u l a t e d  a t  t h e  r o o t  of a notch ,  where t h e  models are known t o  

be i n c o r r e c t .  S t r e s s e s  - >1.0 were a l s o  c a l c u l a t e d  a t  t h e  i n n e r  
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f u e l  h o l e  s u r f a c e s  i n  FTE-I, -2 ,  -4, and -6. These h igh  

s t r e s s - s t r e n g t h  r a t i o s ,  combined wi th  t h e  o b s e r v a t i o n  of no 

f a i l u r e  excep t  i n  FTE-2, sugges t  t h a t  t h e  c a l c u l a t i o n s  and /o r  u s e  

of t h e  UTS as t h e  f a i l u r e  c r i t e r i o n  i s  c o n s e r v a t i v e .  

4. R E - 1 8  w a s  t h e  h i g h e s t  c a l c u l a t e d  stress exper iment ,  w i th  stresses 

e q u i v a l e n t  t o  t h o s e  exper ienced  by FTE-2. However, because t h e  

FTE-18 g r a p h i t e  material had a UTS t h a t  was on ly  1 / 3  t h e  UTS of 

t h e  H-327 g r a p h i t e  used i n  a l l  o t h e r  test element f u e l  b o d i e s ,  t h e  

s t r e s s - s t r e n g t h  r a t i o  w a s  ex t remely  h i g h ,  i .e.,  4.28. However, no 

g r a p h i t e  f a i l u r e  was observed. The UBS i s  perhaps a b e t t e r  f a i l u r e  

c r i t e r i o n  s i n c e  r e s i d u a l  stresses i n  i r r a d i a t e d  f u e l  bod ie s  r ep re -  

s e n t  a bending type  stress f i e l d  of  i n n e r  t e n s i l e  and o u t e r  com- 

p r e s s i v e  stresses. S u b s t i t u t i n g  t h e  UBS f o r  FTE-18 reduces  t h e  

maximum s t r e s s - s t r e n g t h  r a t i o  t o  1.27. 

5. Axial c r a c k s  found i n  t h e  c e n t e r  body of FTE-2 are p o s t u l a t e d  t o  

have r e s u l t e d  from d i - f f e r e n t i a l  thermal  s t r a i n s  between d e n s i f i e d  

l o o s e  p a r t i c l e  f u e l  beds and su r round ing  g r a p h i t e ,  superimposed on 

h i g h  in-p lane  r e s i d u a l  stresses ( p a r t i c u l a r l y  a t  t h e  s a f e t y  s l o t  

and i n n e r  f u e l  h o l e  s u r f a c e ) .  

7.2. DESTRUCTIVE STRESS EXAMINATION 

An expe r imen ta l  program measured r e s i d u a l  stress and s t , r a i n  d i s t r i b u -  

t i o n s  and a d d i t i o n a l  l oad -ca r ry ing  c a p a c i t y  i n  21 H-327 g r a p h i t e  f u e l  

bodies .  The t e l e d i a l  f u e l  bod ie s  r e p r e s e n t  e i g h t  test e lements  i r r a d i a t e d  

t o  f a s t  neu t ron  f l u e n c e s  up t o  4.2 x lo25 n/m2 (E > 29 fJ)HTGR i n  t h e  Peach 

Bottom r e a c t o r .  The t echn iques  employed inc luded  dimensional-change mea- 

surements ,  r i n g  c u t t i n g ,  and fou r -po in t  bend tests. A d i s c u s s i o n  of t h e s e  

t echn iques  is presen ted  i n  Ref. 7-14. The r e s u l t s  ob ta ined  from i r r a d i a t e d  

samples were compared wi th  t h e  measurements on u n i r r a d i a t e d  c o n t r o l  s p e c i -  

mens t o  estimate i r r a d i a t i o n - i n d u c e d  changes i n  material p r o p e r t i e s .  
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I r r a d i a t i o n  c o n d i t i o n s  were ob ta ined  from computer s i m u l a t i o n s  of t h e  

r e a c t o r  o p e r a t i n g  h i s t o r y  and were v e r i f i e d  by gamma-spectroscopic measure- 

ments and thermocouple r ead ings  (Ref .  7-15) .  Where p o s s i b l e ,  t e s t  r e s u l t s  

were compared wi th  a n a l y t i c a l  p r e d i c t i o n s  (Ref.  7-16 and 7 - 1 7 ) ,  u s i n g  f i n i t e  

element methods and material  p r o p e r t i e s  d a t a  (Ref.  7-8).  Test r e s u l t s  were 

averaged over  i n d i v i d u a l  t e l e d i a l  bodies  f o r  comparison w i t h  p r e d i c t i o n s  

based on body-average i r r a d i a t i o n  c o n d i t i o n s .  

7.2.1. Ring Cut ,  P r e s s u r e  B u r s t ,  and Diametral  Compression Tes ts  

S l i c e s  of 20-mm t h i c k n e s s  were c u t  from 19 i r r a d i a t e d  and n i n e  u n i r r a -  

d i a t e d  f u e l  bodies  and s u b j e c t e d  t o  r a d i a l - r i n g - c u t ,  h y d r a u l i c  b u r s t ,  and 

d i a m e t r a l  compression tes t s  t o  determine in-plane stress and load -ca r ry ing  

c a p a c i t y  (Table  7-10) .  

A t o t a l  of 33 u n i r r a d i a t e d  and 100 i r r a d i a t e d  s l i ce s  were s u b j e c t e d  t o  

r a d i a l  r i n g  c u t  tes ts .  As expec ted ,  t h e  d i ame te r  of t h e  t e l e d i a l  r i n g  and 

t h e  d i s t a n c e  between grooves on o p p o s i t e  s i d e s  of t h e  c u t  were observed t o  

d e c r e a s e  owing t o  re lease of compressive hoop stresses a t  t h e  o u t e r  f i b e r  

and t e n s i l e  hoop stresses a t  t h e  i n n e r  f i b e r .  I n  Figs .  7-16 and 7 -17 ,  

r e s u l t s  o b t a i n e d  from eight-hole-element s l i ce s  are p r e s e n t e d  and compared 

w i t h  p r e d i c t i o n s  ob ta ined  from a l i n e a r  r e g r e s s i o n  a n a l y s i s .  Apparent ly ,  

i n -p l ane  stresses b u i l d  up a t  a f a s t e r  r a t e  than  p r e d i c t e d ,  r e a c h i n g  a peak 

a t  a f l u e n c e  of approximately 0.5 x 1025 n/m2 [ ( E  > 29 ~JIHTGRI. 

t i o n a l  f a s t  n e u t r o n  exposure ,  the in-plane s t resses  d e c r e a s e ,  p o s s i b l y  a t  a 

f a s t e r  r a t e  t h a n  p r e d i c t e d ,  a l though  t h e  sca t te r  i n  t h e  d a t a  makes i t  impos- 

s i b l e  t o  be c e r t a i n .  The ave rage  o v e r p r e d i c t i o n  of in-plane stress ove r  t h e  

f a s t  f l u e n c e  range 

t h e  s l ices  c u t  from e i g h t - h o l e  e l emen t s  was 30%. Although t h e  r e s u l t s  f o r  

s l ices  from s ix -ho le  e l emen t s  were i n s u f f i c i e n t  i n  q u a n t i t y  t o  permit  a s i m -  

i l a r  a n a l y s i s ,  t h e  in -p l ane  stress f o r  t h e s e  specimens w a s  found t o  be over- 

p r e d i c t e d  by a n  ave rage  of 50%. These s l ices  expe r i enced  f a s t  f l u e n c e s  of 1 

t o  2 x 1025 n/m2 [(E > 29 ~ J > H T ~ R ] .  

With addi-  

0.4 t o  3 . 6  x 1025 n/m2 [E > 29 fJ)"J-GR] expe r i enced  by 

n 
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Hydraulic burst and diametral compression tests were performed on 111 

irradiated and 100 unirradiated slices. The results of these tests are pre- 

sented in Figs. 7-18 and 7-19, respectively. The observed failure modes for 

both the six- and eight-hole teledial configurations agreed with the pre- 

dicted failure modes for both tests. The six-hole slices failed at the 

outer fuel hole surface, which was predicted to be in compression. Conse- 

quently, the observed increase in burst pressure and failure load with neu- 

tron exposure is anticipated because of the irradiation-induced increase in 

graphite strength. 

fuel hole, which was predicted to be in tension. 

margin should decrease with neutron exposure until the irradiation-induced 

increase in graphite strength overcomes the irradiation-induced in-plane 

The eight-hole slices failed at the inner surface of the 

Consgquently, the strength 

stress. 

about 0.5 x 
plane stress, as determined from ring cutting (Figs. 7-16 and 7-17). 

This was observed, with the lowest in-plane strength occurring at 

n/m2 [E > 29 ~J)HTGR]. This coincides with the peak in- 

7.2.2. Four-Point Bend Tests 

Thin strips from five eight-hole fuel bodies and thick strips from 14 

six- and eight-hole bodies were subjected to four-point bend tests. In all, 

208 tests were performed on irradiated strips and 88 on unirradiated samples 

(Table 7-11). The relative increases in Young's modulus and rupture modulus 
of thin strips with irradiation are compared in Fig. 7-20 with design data 

established by UTS tests on small graphite samples irradiated under acceler- 

ated conditions (Ref. 7-8). A similar presentation of the bend-test results 

for thick strips from eight different eight-hole bodies is shown in Fig. 
7-21. Except for the rupture modulus of thick strips, which underwent a 

marginal increase of 5% compared with predictions of 45%, the observed 

increases are in line with design data. The good agreement for thin strips 

and the apparent overprediction of the maximum fiber strength for thick 

strips suggest that these strips contained nonlinear stress gradients. 

resulted in net tensile stresses at the outer fiber after strip-cutting and 

an apparent reduction in rupture modulus. Nonlinear stress gradients can be 

deduced from the stress contour plots (Ref. 7-17) and from bowing differen- 

ces between thick and thin strips. Thin strips showed smaller positive bow 

This 
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and stress gradients, which is consistent with net tensile stresses at the 

outer fiber of adjacent thick strips. 

7.2.3. Strip-Cutting Tests 

About 230 irradiated strips and 25 control samples were cut from 14 
irradiated and two unirradiated graphite fuel bodies. 

bow were measured to determine the release of axial stresses (Table 7-12). 

Thick strip elongation was quite small (Figs. 7-22 and 7-23), while thin 

strip elongation peaked at a fast fluence of about 1.7 x n/m2 [E > 29 
fJ)mc~] (Fig. 7-24) and was strongly correlated with irradiation tempera- 

ture (Fig. 7-25). These observations agree with predictions. However, the 

results also reveal thin strip elongation to be overpredicted by about 50%. 

This suggests a reduction in residual compressive stress at the neutral 

fiber . 

Strip elongation and 

Differential bow (i.e., before and after cutting) in thin and thick 

strips is shown in Figs. 7-26 through 7-29. Differential bow measurements 

for thin and thick strips were less than half of predicted values, and bow 

inversions relative to predictions were observed for all strip types. The 

onset of bow inversion ranged from fast fluences of 1.3 x 

~J)HTGR] for the thinnest strips to 3.6 x n/m2 for the thickest strips. 
Strips with larger cross-strip temperature gradients (18OOC) towards EOL had 

somewhat higher differential bow than strips with lower (-12OOC) gradients. 

This is expected, since shutdown stresses are higher for larger temperature 
gradients. The maximum differential bow was observed at a fast fluence of 

about 1.7 x 

measured strip elongation. 

n/m2 [E > 29 

n/m2 [(E > 29 ~J)HTGR], which coincides with the maximum 

It is hypothesized that the unexpected behavior of the strips can, at 

least in part, be attributed to creep-induced gradients in the coefficient 

of thermal expansion (CTE) (see Section 7.2.4). In the presence of cross- 
strip CTE gradients, the smaller the temperature gradient across the strip, 

the lower the fast fluence at which the bow inversion relative to 

predictions should occur. This was observed. The consequence of this 
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effect would be a reduction, relative to predictions, in residual stresses 

and stress gradients. This is consistent with ring-cutting results and thin 

strip elongations, as well as the strip-bowing results. 

Perturbations originating from the cutting process were also 

investigated as a possible explanation €or the behavior of the strips. A 
parameter study of saw-cutting feed rate and rotational blade speed yielded 

no significant variations in strip elongation and bowing, indicating that 

the cutting process was probably not the cause of the unexpected behavior. 

7.2.4. Thermal Expansivity Measurements 

Representative unirradiated control samples and 77 thin strip samples 
from four irradiated fuel bodies were subjected to thermal expansivity mea- 
surements (Fig. 7-30). The thermal expansivity was observed to vary system- 

atically with azimuthal position on the body, being a maximum on the convex 

side of the bowed body and a minimum on the concave side, as shown in Figs. 

7-31 through 7-34. 

An initial hypothesis to explain the CTE variation (rejected later) was 
that the denser material had a lower CTE. An alternative hypothesis that 
CTE was influenced by creep strain was proposed after studying the anomalous 
bowing deformations of thin strips, which typically bowed in a direction 

opposite to that predicted. It was suspected that this was related to a 

spatial variation of CTE, so several of the bowed thin strips were heated 

uniformly to 1000°C. It was observed that the bow increased in the same 

inverted direction upon heating (Ref. 7-18). This indicated that the con- 

vex inner side of the thin strips had a higher CTE, resulting in even higher 

compressive stresses on the convex surface at operating temperatures than 

the already significant compressive stress which was relieved, as 

observed, by the inverted bowing of thin strips. 

Attempts t o  reproduce the residual bowing behavior using stress 

analysis codes proved unsuccessful, although the codes included models for 

the variation of CTE with irradiation, which necessarily included the effect 
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n 
of densification due to stress-free irradiation strain. The only obvious 

difference between these thin strip specimens and typical irradiation speci- 

mens was that the thin strips had been subjected to a spatially varying 

stress field (hence, creep) during their life, and the residual strain con- 

sisted, in part, of the spatial variation of creep strain. From these con- 

siderations it is conjectured that creep strain, rather than density, was 

the governing factor that influenced the unexpected behavior of the CTE. 

Further evaluation revealed that the creep strain hypothesis is quali- 

tatively consistent with inverted thin strip bowing. 

thin strips relieved a residual bending stress, so the convex side of the 

strips was under compression before cutting. The fuel bodies were in con- 

tact with the surrounding sleeves, which restrained the overall bowing, 

again putting the convex side of the body in compression. 

total creep strain had the same sign as the final stress state, the convex 

side would have had a compressive creep strain in both cases. As a result, 

the increase of CTE is correlated with an increase of compressive creep 

strain. This observation has been reported for a variety of graphites 

(Refs. 7-19 through 7-22), including H-327. A reduction of thermal expan- 

sivity under tensile creep strain has also been observed (Refs. 7-19 through 

7-23). These sources indicate that 1% creep strain changes the thermal 
expansivity by about 15%. 

The cutting of the 

Assuming that the 

These conjectures do not, by themselves, explain the inverted bowing of 

the thin strips, but they do indicate that a complete material model of 

graphite should probably include the observed CTE versus creep strain 

effect. 

creep calculation, might reconcile the calculations with the experiments. 

Further effort will be required to modify the computer programs and test 

this theory. 

It is possible that such a model, if employed in a time-dependent 

7-13 



The 

follows : 

1. 

2. 

3 .  

4 .  

5. 

7.2.5. Conclusions 

conclusions from the destructive stress examination are as 

Ring-cutting tests show in-plane stress to peak at a higher level 

and a lower fluence than predicted. A reduction in residual 

stress relative to predictions was observed at higher fluences 

from the more precise groove change measurements. 

Pressure burst and diametral compression tests qualitatively 

verify predicted in-plane stress fields at the location of initial 

failure and the predicted net increase in graphite strength with 

irradiation. 

Four-point bend test results show an increase in Young's modulus 

and rupture modulus with irradiation. Except for the rupture 

modulus in thick strips, observed increases are in line with the 

design data. The small increase in rupture modulus for thick 

strips is hypothesized as being due to the presence of residual 

tensile stress at the outer fiber after strip-cutting. 

Strip elongation results confirm the release of compressive stress 

along the neutral fiber for both thin and thick strips. A s  pre- 

dicted, strip elongation increased with temperature and reached a 

peak at a fast fluence of 1.7 x 1025 n/m2 [E > 29 fJ) HTGR]. The 

thin strip results indicate a reduction i n  residual stress 

relative to predictions. 

Differential bow measurements for thin and thick strips were less 

than half of predicted values, and bow inversions relative to pre- 
dictions were observed for all types. The fluence levels at 

which bow inversion began ranged from 1.3 x 

~J)HTGR] for thin strips to 3.6  x 

n/m2 [E > 29 
n/m2 for thick strips. 
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6 .  Strips cut from graphite body sections suspecter.! of contacting the 

surrounding graphite sleeve show systematic reductions in residual 

bow and increased CTE compared with neighboring strips. These 

observations suggest the presence of additional axial stress 

fields caused by restrained bow, which would result in greater 

than usual creep strain. 

7. Increases in the CTE under compressive creep and decreases under 

tensile creep are hypothesized to be partially responsible for 

discrepancies between measurements and predictions at higher flu- 

ence levels. The effect of creep on CTE, which has been observed 

by several experimenters, was not included in the analytical model 

for graphite used for predicting residual stresses. Its inclusion 

could, at least partially, resolve the discrepancies at higher 

fluence levels noted in conclusions 1,  4, and 5. 

8. The effects of compressive creep strain in increasing CTE are 

consistent with the higher CTE values measured in specimens taken 

from graphite body sections believed to have been compressed by 

restrained bow, as noted in conclusion 6. 
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TABLE 7-1 
INITIAL THERMAL STRESSES FOR PEACH BOTTOM TEST 

-. - __I_ 

T e s t  Element 

FTE-1 (element 1) 
F'rE-2 (element 1) 
FTE-3 (element 288) 
FTE-4 (element 288) 
FTE-5 (element 288) 
FTE-6 (element 288) 
FTE-14 (element 230) 
FTE-15 (element 230) 
PTE-2 (element 669) 
FTE-18 (element 1) 

FTE-1 
FTE-2 
FTE-3 
FTE-4 
FTE- 5 
FTE-6 
FTE- 14 
FTE- 15 
PTE-2 
FTE- 18 

FTE-1 (element 270) (e) 
FTE-2 (element 297) 
FTE-3 (element 297)( f )  
FTE-4 (element 297) 
FTE-5 (element 297) 
FTE-6 (element 297) 
FTE-14 (element 446)(g) 
FTE-15 (element 446)(g) 
PTE-2 (element 758) 
FTE-18 (element 1) 

In-1 

0.71 
0.65 
2.14 
3.24 
3.81 
2.32 
3.63 
3.35 
3.78 
4.85 

Lane 

- O F  
i 0.62 

1.62 
2.73 
2.88 
1.76 
2.96 
2.39 

3.69 
-- 

-__I_ 

Stress-Strength Ratio 

0.07 
0.06 
0.23 
0.33 
0.39 
0.24 
0.39 
0.36 
0.41 
1.07 

0.06 
0.06 
0.17 
0.28 
0.29 
0.18 
0.32 
0.25 

0.79 
-- 

Axial 

0.28 
0.34 
1.46 
2.30 
2.86 
1.59 
3,23 
3.00 
2.95 
3.00 

0.22 
0.31 
1.07 
1.92 
2.11 
1.17 
2.29 
2.06 

2.29 
-- 

I- 

+O .07 
20.03 
t0.37 
.to. 37 
20. 66 
20. 40 
*O. 48 
t0.74 

21.03 
-- 

-__I 

20.01 
to.00 
20. 04 
20. 04 
20.07 
k0.04 
20.05 
t0.08 

20.22 
-- 

20 .04 
S . 0 3  
k0.28 
+O. 28 
20. 54 
20.31 
k0.76 
20.76 

20.63 
I- 

-.--- 

ELEMENT 

Fuel Body 
Sequence 

(Max.-Min. Stress) 

~~~~ ~- 

123 

213 
23 1 
23 1 
23 1 
213 

23(c) 

23 1 
2(d) 

342561 

123 

213 
23 1 
23 1 
231 
213 
23 1 

2 
342561 

23(c) 

123 

23 1 
23 1 
23 1 
23 1 
231 
23 1 

2 
342651 

23('=) 
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T e s t  Element 

FTE- 1 
FTE-2 
FTE-3 
FTE-4 
FTE-5 
FTE-6 
FTE-14 
FTE- 15 
PTE-2 
FTE- 18 

Fuel Body 
Sequence 

(Max.-Min. Stress) 

Init€al Thermal Stress(a) (MPa) 

Peak I Mean(b) I RMS(b) - 

0.01 
0.02 
0.08 
0.13 
0.16 
0.16 
0.18 
0.17 
0.17 
0.85 

0.01 
0.01 
0.06 
0.11 
0.12 
0.12 
0.13 
0.11 

0.52 
-- 

+o . 00 
to. 00 
20.02 
f0.02 
to  .03 
f0.03 
3 . 0 4  
20.04 

20.14 
-- 

123 
23(c) 

23 1 
23 1 
231 
23 1 
23 1 
23 1 

2 
342561 

( a)The exposure sequence was noticeably different from the numerical 
order: 

FTE 3 2 14 1 PTE-2 4 15,18 6 5 
EFPD 133 252 316 385 404 449 512 645 897 

(b)The mean and RMS are used to describe the variation of calculated peak 
stresses between the three fuel body positions and are not a representative 
statement for mean body stresses or of uncertainties in calculations. 

at the time (Ref. 7-15). 

stress analyses of other fuel test elements as the position of maximum 
stress. 

(c)No stress analysis was done for body 1 of FTE-2, which was not available 

(d)Stress analysis was done for body 2 only of PTE-2, demonstrated by 

(e)Element 297 for body 1. 
(f)Element 1 for body 2. 
(g)Element 349 for body 1. 

A 
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Ul t ima te  T e n s i l e  S t r e n g t h  

End c e n t e r ,  a x i a l  

End edge,  a x i a l  

Midlength c e n t e r ,  a x i a l  

Midlength edge, a x i a l  

End c e n t e r ,  r a d i a l  

End edge, r a d i a l  

Midlength c e n t e r ,  r a d i a l  

Midlength edge,  r a d i a l  

(b )  

(C) 

(b)  

( c )  

( C >  U l t i m a t e  Compressive S t r e n g t h  

U l t i m a t e  S t r e n g t h ( a )  

TABLE 7-2A 
ULTIMATE TENSILE STRENGTH OF H-327 GRAPHITE AT ROOM TEMPERATURE 

Block P o s i t i o n ,  O r i e n t a t i o n  p s i  

2180 

2395 

1530 

2 395 

1350 

1350 

940 

1290 

>4000 - 

Mean 

MPa 

15.031 

16.514 

11.239 

16.514 

9.308 

9.308 

6.481 

8.895 

>27,580 

Standard  Dev ia t ion  

p s i  

4 35 

4 80 

325 

480 

2 70 

2 70 

190 

2 60 

M Pa 

3,000 

3.310 

2.240 

3.310 

1.862 

1.862 

1.310 

1.793 

("'Ref. 7-9. 

(b)End edge v a l u e s  w e r e  ob ta ined  by t a k i n g  t h e  midlength  edge 
v a l u e  f o r  a x i a l  and t h e  end c e n t e r  v a l u e  f o r  r a d i a l  o r i e n t a t i o n s .  The 
s t a n d a r d  d e v i a t i o n  w a s  c a l c u l a t e d  from 20% of t h e  mean UTS v a l u e  based 
upon c h a r a c t e r i z a t i o n  and q u a l i t y  a s su rance  r e s u l t s .  

(C)Used f o r  u n i r r a d i a t e d  s t r e n g t h  a t  room tempera ture  i n  computing 
s t r e s s - t o - s t r e n g t h  r a t i o s .  
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TABLE 7-2B 
ELASTIC MODULUS OF H-327 GRAPHITE AT ROOM TEMPERATURE 

Po i n  t w i s  e 
Block P o s i t i o n ,  O r i e n t a t i o n  

End c e n t e r ,  a x i a l  

End edge,  a x i a l  

Midlength c e n t e r ,  a x i a l  

Midlength edge,  a x i a l  

End c e n t e r ,  r a d i a l  

End edge, r a d i a l  

Midlength c e n t e r ,  r a d i a l  

Midlength edge ,  r a d i a l  

( a )  

(b )  

( a >  

(b)  

E l a s t i c  Modulus 

M e  
6 10 p s i  

1.42 

2 .02  

1.42 

2 . 0 2  

0 . 7 5 4  

0 .669  

0.571 

0 . 7 7 4  

1 

3 10 MPa 

9.79 

13.93 

5.79 

13 .93  

5 . 2 0  

4.61 

3.94 

5 . 3 4  

Standard  

10 p s i  6 

0 . 3  

0 . 6  

0 .4  

0 . 6  

0 . 3  

0 . 3  

0 .2  

0 . 3  

) e v i a t  i o n  

l o 3  ma 

2.07  

4.14 

2 .76  

4 .14  

2 .07  

2 .07  

1 .38  

2.07 

(a)End edge v a l u e s  ob ta ined  by t a k i n g  t h e  midlength edge v a l u e  f o r  
a x i a l  and t h e  end c e n t e r  v a l u e  f o r  r a d i a l  o r i e n t a t i o n s .  

(b)LJsed i n  stress c a l c u l a t i o n s .  
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TABLE 7-3 
PERCENTAGE CHANGE I N  ELASTIC MODULUS OF H-327 

GRAPHITE DURING NEUTRON IRRADIATION 

0 
0.25 
0.50 
0.75 
1 .oo 
1.25 
1.50 
1.75 
2 .oo 
2.25 
2.50 
2.75 
3 .00 
3.25 
3.50 
3.75 
4 .OO 
4.25 
4.50 
4.75 
5 .OO 
5.25 
5.50 
5.75 
6.00 
6.25 
6.50 
6.75 
7 .OO 
7.25 
7.50 
7.75 
8 .OO 

~ ~~ 

C h a n g e  i n  E l a s t i c  Modulus a t  
I r r a d i a t i o n  T e m p e r a t u r e  

1 .  

673 K 

0 
84 .O 
94.0 
97.3 

100 .o 
101.4 
102.7 
103.0 
103.5 
104 .O 
104.4 
104.8 
105 .O 
105.5 
106.1 
106.6 
107.2 
108 .O 
108.7 
109.4 
110.3 
111.2 
112.2 
113.3 
114.3 
115.4 
116.6 
117.8 
119.6 
121.1 
122.6 
124.2 
126 .O 

a73 K 

0 
64 .O 
75 .O 
82.3 
89 .O 
93.0 
95.7 
97.5 
98.8 
99.6 

100.3 
100.9 
101.5 
102.2 
102.9 
103.6 
104.3 
105 .O 
105.6 
106 .O 
106.5 
107.3 
108 .O 

109.4 
110.1 
111 .o 
111.9 
112.8 
113.7 
114.6 
115.5 
116.4 

108.7 

1173 K 

0 
58 .O 
66 .O 
72.0 
76 .O 
77.5 
78.4 

78.6 
78.7 
78.8 
78.9 
79 .O 
79.1 
79.3 
79.5 
79.7 

80.0 
80.5 
80.8 
81.1 
81.4 
81.7 
82 .O 

82.6 
82.9 
83.2 
83.5 
83.8 
84.1 
84.4 

78.4 

80.0 

82.3 

1473 K 

0 
54.0 
58 .O 
59 .o 
59 .O 
59 .O 
59 .O 
59 .O 
59.3 
59.9 
60.2 
60.5 
60.8 
61.2 
61.8 
62.4 
63.1 
63.8 
63.8 
65.2 
66.0 
66.8 
67.6 
68.4 
69.2 
69.9 
70.5 
71.1 
71.8 
72.4 
73 .O 
73.6 
74.2 
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TABLE 7-4 
TENSILE STRENGTHS FOR 

PEACH BOTTOM TEST ELEMENT FUEL BODIES 

Fue 1 
Body 

FTE-1-1 
-2 
-3  

FTE-2- 1 
-L 
-3 

FTE-3- 1 
-2 
-3 

FTE-4- 1 
-2 
-3 

FTE-5- 1 
-2 
-3 

FTE- 6- 1 
-2  
- 3  

FTE- 1 4- 1 
-2 
-3  

FTE- 15- 1 
-2 
-3 

FTE- 1 6- 1 
-2 
-3  

FTE- 1 8- 1 
-2 
-3 
-4 
-5 
-6 

PTE-2-2 
-3 

FTE- 1 8- 1 

-3 
-4 
-5 
-6 

-2 

Sample 
I . D .  

721-10 
954/0050-11 
909/004-18 

909/0041-12 
194 7/0050- 7 
909/0041-16 

251 3-32-3 
72 1-42- 10 
7 3 8- 39-2 

2 181-31-3 
738-33- 10 
738-30-2 

2 124-35 
2 182-34 
738-26 

251 3-44-3 
738-43- 10 
7 38- 37-2 

4959- 12 7 
4959-129 
1146-125 

21 72-128 
4959- 130 
4959-1 26 

2 172- 123 
1146-122 
2172-1 16  

None 
None 
None 
None 
None 
None 

None 
None 

None 
None 
None 
None 
None 
None 

T e n s i l e  S t r e n g t h  

p s i  

22 70 
2190 
1940 

1940 
1740 
1940 

2150 
22 70 
1830 

1880 
1830 
1830 

1985 
1880 
1830 

2150 
1830 
1830 

2040 
2040 
2590 

201 5 
2040 
2040 
2015 
2520 
201 5 

64 1 
64 1 
512 
512 
764 
64 1 

None 
None 

641 
64 1 
512 
512 
764 
641 

MPa 

15.7 
15.1 
13.4 

13 .4  
12 .0  
13.4 

1 4 . 8  
15 .7  
12 .6  

13 .0  
12 .6  
12 .6  

13 .7  
13 .0  
12 .6  

1 4 . 8  
12 .6  
12 .6  

14.1 
14 .1  
17.9 

13 .9  
14 .1  
14 .1  

13 .9  
17 .4  
13.9 

4 .4  
4 . 4  
3.5 
3 . 5  
5 . 3  
4 .4  

None 
None 

4.4 
4.4 
3.5 
3.5 
5 . 3  
4.4 
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TABLE 7-5 
FTE-18 ULTIMATE TENSILE AND COMPRESSIVE STRENGTH OF UNIRRADIATED 

MOLDED FUEL BODIES AT ROOM TEMPERATURE 

Fuel 
B o d y  

U1 t lmat e Ultimate 
Tensile Strength Compressive Strength 

UTSl UTS 1 U C S l  UCS II 
(psi) (psi) (psi) (psi) 

1 Bottom 
2 
3 
4 
5 
6 Top 

Mean( a) 
SD( a) 

593 
59 3 
660 
660 

593 
a3 1 

639 I -2;; I -"t"3;; 67 5 
2116 k176 

64 1 
64 1 
512 
512 
764 
64 1 

-405 1 
-4051 
-4324 
-4324 

-405 1 
-4822 

-4210 
-4210 
-4381 
-438 1 

-4210 
-4864 

U1 t ima t e 
Bending Strength 

1693 
1693 

1678 
1778 
1693 

1678 

1337 
1337 
1536 
1536 
145 1 
1337 

2255 :::; I 
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TABLE 7-6 
PEAK OPERATIONAL STRESSES D U R I N G  LIFE FOR 

PEACH BOTTOM TEST ELEMENTS 

0.52 : 0.41 
0.10 
0 .43  
0 .53  
0.64 
0.39 
0.36 
0.06 
2.26 

Opera t iona l  S t r e s s  ( m a )  Fuel  
Body 

Sequence 
T e s t  

Element 

FTE-1 (element 359) 
FTE-2 (element  359) 
FTE-3 (element  288) ( b )  
FTE-4 (element 359) 
FTE-5 (element  288) 
FTE-6 (element  288) 
FTE-14 (element 230) 
FTE-15 (element  230) 
PTE-2 (element  598) 
FTE-18 (element  33) 

T e n s i l e  S t r e s s  

In-Plane 

5.71 
4.78 
1.14 
5 .18  
6. 37 
7.64 
3.63 
3.35 
0.66 

10.27 

FTE- I 
FTE-2 
FTE-3 
FTE-4 
FTE-5 
FTE-6 
FTE- I 4 
FTE- 15 
PTE-2 
FTE- 1 8 

4.09 
4.62 
0 .83  
4.16 
5.13 
6. 11 
2.96 
2.39 
-- 
-- 

S t r e s s - S t r e n g t h  R a t i o  

0 .36 
0.39 
0.07 
0.34 
0 .43  
0.50 
0.32 
0.25 
-- 
-- 

FTE-1 (element  20) 
FTE-2 (element 20) 
FTE-3 (element  20) ( e >  
FTE-4 (element  20) 
FTE-5 (element  297) 
FTE-6 (element  297) 
FTE-14 (element  446) ( f )  
FTE-15 (element 12) ( f )  
PTE-2 (element  72) 
FTE-18 (element  8) 

21.25 
2 0 .  16 
20.42 
+O.  80 
21.51 
2 1 . 1 1  
20.48 
20.74 

-- 
-- 

Axial 

4.97 
6.23 
2.55 
7.10 
9.36 
9.28 
3.23 
3.45 
1.91 
2.98 

20. 12 
20.01 
2 0 .  04 
20.07 
20.13 
20.10 
+ O .  05 
k0.08 

-- 

4.73 
6.01 
1.56 
5.89 
7.03 
7.26 
2.49 
2 . 7 8  

2.12 
-- 

32 1 
23 

123 
231 
231  
231 
21 3 
231 

2 (c) 
4 ( c )  

32 1 
23 

123 
231 
231 
231 
21  3 

20.17 
20.22 
20.81 
20. 86 
22.02 
51.44 
20.54 
20.75 

+O. 70 
-- 

2 3 1 ( d )  
2 3  

2 1 3  
231 
231 
231 
231 
231 

143526 
2 (c)  
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TABLE 7-6 (Continued) 

Test 
Element 

Fuel 
Body Operational Stress (ma) 

Peak Mean 2RMS Sequence 

FTE- I 
FTE-2 
FTE- 3 
FTE-4 
FTE-5 
FTE-6 
FTE- I 4 
FTE- 15 
PTE-2 
FTE- I 8 

S t r ess-S t 

0.20 
0.24 
0.10 
0.28 
0.37 
0.37 
0 .18  
0.14 
0 .07  
0.67 

ength Ratio 

0.19 
0 .23  
0.06 
0.23 
0.28 
0 .28  
0.13 
0.11 

0.48 
-- 

20.01 
20.01 
20.03 
20.03 
20.08 
20.06 
-10.04 
-10.03 

20.16 
-- 

32 1 (d) 
23 

213 
231 
231 
231 
231 
231 

1 4352 6 
2 (c) 

(a)The mean and RMS are used to describe the variation of 
calculated peak stresses between the three fuel body positions 
and are not a representative statement for mean body stresses or 
of uncertainties in calculations. 

(b)Element 359, body 2. 

("The stress analysis of PTE-2 and principal in-plane stresses 
in FTE-18 were determined only for the fuel body with the highest 
stress field, bodies 2 and 4 ,  respectively. 

(d)Body 3 of FTE-1 has a lower stress (4.66 MPa) but also a 
lower increase in elastic modulus because of lower fluence exposure, 
which results in a higher stress-strength ratio (0.196) than for 
body 2 (0.194) .  

(e)Element 297, body 1 , and element 1 , body 3. 

(f)Element 349, body 1 .  

, 
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TABLE 7-7 
PEAK SHUTDOWN STRESSES D U R I N G  LIFE FOR 

PEACH BOTTOM TEST ELEMENTS 

F u e l  
Body Shutdown S t r e s s  ( m a )  T e s t  

E l e m e n t  1 P e a k  lMean(a )  I 2RMSCa) I S e q u e n c e  

FTE-1 ( e l e m e n t  359)  
FTE-2 ( e l e m e n t  359)  
FTE-3 ( e l e m e n t  359)  
FTE-4 ( e l e m e n t  359)  
FTE-5 ( e l e m e n t  359)  
FTE-6 ( e l e m e n t  359)  
FTE- 14 ( e l e m e n t  2 1 6 )  
FTE-15 ( e l e m e n t  216)  
PTE-2 ( e l e m e n t  5 6 2 )  
FTE-18 ( e l e m e n t  33)  

FTE- 1 
FTE-2 
FTE- 3 
FTE-4 
FTE-5 
FTE-6 
FTE- 1 4 
FTE- 15  
PTE-2 
FTE- 1 8 

T e n s i l e  S t r e s s  

I n -  

18 .27  
19 .42  
11 .91  
15 .82  
1 4 . 7 0  
16 .44  
5 . 8 2  
5 . 7 8  
5 .88 

1 9 . 5 0  

l a n e  

1 7 . 4 8  
1 8 . 7 9  

8 . 8 5  
1 4 . 3 7  
1 3 . 2 0  
1 5 . 5 7  

4 .50  
4 . 5 9  
-- 
-- 

21.  l o  
2 0 . 6 4  
22 .46  
21 .41  
21 .75  
2 1 . 1 7  
2 0 . 9 4  
2 0 . 8 5  

-- 
-- 

S t r e s s - S t r e n g t h  R a t i o  

1 . 6 9  
1 . 7 7  
1 . 1 1  
1 .42  
1 . 3 2  
1 . 5 3  
0 . 5 4  
0 . 5 4  
0 . 5 2  
4 . 2 8  

FTE-1 ( e l e m e n t  20)") 
FTE-2 ( e l e m e n t  2 0 )  
FTE-3 ( e l e m e n t  1 0 )  
FTE-4 ( e l e m e n t  2 0 )  
FTE-5 ( e l e m e n t  2 0 )  
FTE-6 ( e l e m e n t  2 0  
FTE-14 ( e l e m e n t  1 2 )  
FTE-15 ( e l e m e n t  1 2 )  
PTE-2 ( e l e m e n t  72)  
FTE-18 ( e l e m e n t  329)  

(d)  

21 3 
2 3  

2 1 3  
1 2 3  
1 2 3  
2 1 3  
231 
21 3 

2 (b)  
4 (b)  

1 . 6 0  
1 .71  
0 . 8 1  
1 .27  
1 .21  
1 . 4 3  
0 .41  
0 .42  
-- 
-- 

20. 12  
20.  06 
20 .25  
2 0 . 1 8  
20 .16  
t o .  1 0  
20 .09  
20 .08  

-- 
-- 

Axial 

17 .85  
19 .22  
11 .44  
15 .69  
14 .61  
1 6 . 3 8  
1 0 . 5 5  
1 0 . 8 4  

8 .51  
1 1 . 9 3  

16 .72  
18 .59  

7 . 7 8  
1 4 . 4 6  
12 .92  
15 .36  

8 . 4 0  
8 .72  
-- 

8 . 9 4  

21 .51  
2 0 . 6 3  
22 .65  
21 .34  
21 .35  
2 0 . 8 2  
21 .55  
21 .50  

22 .52  
-- 

2 1 3  
2 3  

21 3 
1 2 3  
1 2 3  
2 1 3  
231 
2 1 3  

2 (b )  
4 (b )  

1 2 3  
2 3  

2 1 3 ( e )  
2 1 3  
2 1 3  
2 1 3  
231 
213(e )  

435261 
2 (b)  
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TABLE 7-7 (Continued) 

Test 
E l  emen t 

Fue l  
Body Shutdown Stress ( m a )  

Peak Mean 2RMS Sequence 

FTE- I 
FTE- 2 
FTE- 3 
FTE-4 
FTE-5 
FTE- 6 
FTE- 1 4 
FTE- 1 5 
PTE-2 
FTE- I 8 

0.78 
0.82 
0.51 
0.69 
0.65 
0 .73  
0.47 
0 .48  
0.35 
3.38 

0.72 
0.80 
0.34  
0.61 
0.56 
0.67 
0.36 
0.38 

2 .03  
-- 

20.08 
20.03 
20.12 
20.08 
20.07 
t0 .04  
20.08 
20. 07 

20.57 
-- 

123 
23 

213 
213 
213 
213 
231 
2 1 d e )  

2(b) 
435261 

(a)The mean and RMS are used t o  d e s c r i b e  t h e  v a r i a t i o n  of 
c a l c u l a t e d  peak stresses between t h e  t h r e e  f u e l  body p o s i t i o n s  and 
are n o t  a r e p r e s e n t a t i v e  s t a t emen t  f o r  mean body stresses o r  of 
u n c e r t a i n t i e s  i n  c a l c u l a t i o n s .  

(b)The stress a n a l y s i s  of PTE-2 and p r i n c i p a l  in -p lane  stresses 
i n  FTE-18 were determined o n l y  f o r  t h e  f u e l  body w i t h  t h e  h i g h e s t  
stress f i e l d ,  bod ie s  2 and 4 ,  r e s p e c t i v e l y .  

("Element 10,  body 3 .  

(d)Element 20, body 2 .  

(e)Body 3 of  FTE-15 h a s  a lower stress (7.53 MPa) b u t  a l s o  a 
lower i n c r e a s e  i n  e l a s t i c  modulus because of lower f l u e n c e  exposure ,  
which r e s u l t s  i n  a h i g h e r  s t r e s s - s t r e n g t h  r a t i o  (0.33) than  f o r  
body 1 (0 .32) .  
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TABLE 7-8 
PEAK OPERATIONAL STRESS AT EOL FOR 

PEACH BOTTOM TEST ELEMENTS 

T e s t  
Element 

Fuel  
Body 

Opera t iona l  S t r e s s  ( m a )  

Peak IMean(a) 1 +RMS (a) Sequence 

T e n s i l e  S t r e s s  

In-Plane 

FTE-1 (element  359) 
'FTE-2 (element  359) 

FTE-4 (element  359) 
FTE-5 (element  359) 
FTE-6 (element  359) 

FTE- 15 (element  2 1 6) 
PTE-2 (element  12) 
FTE-18 (element 33) 

FTE-3 (element  288) (b  1 

FTE- 1 4  (e lement  2 16) (c)  

3.90 
4.78 
1 . 1 4  
5 .18  
4.33 
5.42 
1.04 
1 . 7 4  
0.51 
8.27 

2.23 
4.62 
0 .83  
4.16 
3.40 
4 . 3 7  
0 .68 
1 .  14 

5.14 
-- 

St re s s -S t r eng th  Ra t io  
t 

FTE- 1 
FTE-2 
FTE- 3 
FTE-4 
FTE-5 
FTE-6 
FTE- 14 
FTE- 15 
PTE-2 
FTE- 1 8 

0.34 
0.41 
0.10 
0 .43  
0.36 
0.45 
0.09 
0.15 
0.04  
1.82 

0.19 
0.39 
0.07 
0.34 
0 .28  
0.36 
0.06 
0.10 

1 . 1 1  
-- 

Axia l  

FTE-1 (element 20) 
FTE-2 (element  20) 

FTE-4 (element  20) 
FTE-5 (element  20) 
FTE-6 (element  20) 
FTE-14 (element  12) 
FTE-15 (element  12) 
PTE-2 (element  72) 
FTE-18 (element  33) 

FTE-3 (element  20) (e>  

4.97 
6.23 
2.55 
7 .10  
8.08 
7.69 
1.54 
3.41 
1.91 
2.79 

3.61 
6.01 
1.56 
5.89 
5.98 
6.20 
1.23 
2.51 

I .  85 
-- 

+ I .  57 
20.  16 
20. 42 
20. 80 
2 1 . 2 1  
20.81 
20.39 
20.57 

k 2 . 1 4  
-- 

TO. 14 
20.01 
20.04 
20.07 
+o. 10 
20.07 
20.03 
+ O .  05 

20.46 
-- 

21.65 
20.22 
20.81 
20. 86 
+ I .  97 
21.05 
20.38 
k1.06 

20. 67 
- 

213 
23 

123 
231 
32 1 
231 
231 
231 

435216 
2 (d)  

21  3 
23 

123 
231 
32 1 
231 
231 
231 
2 (d)  

4352 16 

213 
23 

213 
231 
231 
21 3 
231 
231 

2 (d)  
142531 
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TABLE 7-8 (Continued) 

Test 
Element 

Fue 1 
Body Operational Stress (ma) 

1 Peak Mean 2RMS Sequence 

Stress-Strength Ratio 

FTE- 1 
FTE-2 
FTE- 3 
FTE-4 
FTE- 5 
FTE-6 
FTE- 1 4 
FTE- 15 
PTE-2 
FTE- 1 8 

0.19 
0.24 
0.10 
0 . 2 8  
0.33  
0.30 
0.06 
0.14 
0.07 
0.63 

0.14 
0.23 
0.06 
0.23 
0.24  
0.24 
0.04 
0.10 
-- 

0.42 

20.07 
20.01 
20. 03 
20.03 
20.08 
20. 04 
20.02 
20.04 

20.15 
-- 

213 
23 

21 3 
231 
231 
213 
231 

14253 1 

(a)The mean and RMS are used to describe the variation of 
calculated peak stresses between the three fuel body positions 
and are not a representative statement for mean body stresses or 
of  uncertainties in calculations. 

(b)Element 359 , body 1.  

("Element 445 , body 1 .  

(d)Stress analysis was done for body 2 only of PTE-2, 
demonstrated by stress analyses of other fuel test elements 
as the position of maximum stress. 

(e)Element 2 9 7 ,  body 1 ,  and element 1 , body 3 .  
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T e s t  
E lemen t  

FTE-1 ( e l e m e n t  359)  
FTE-2 ( e l e m e n t  359)  
FTE-3 ( e l e m e n t  359)  
FTE-4 ( e l e m e n t  359)  
FTE-5 ( e l e m e n t  359)  
FTE-6 ( e l e m e n t  359)  
FTE- 14  ( e l e m e n t  2 1 6 )  
FTE-15 ( e l e m e n t  216)  
PTE-2 ( e l e m e n t  562)  
FTE-18 ( e l e m e n t  33 )  

EOL Shutdown S t r e s s  ( m a )  

F u e l  
Body 

P e a k  Mean(a) 2RMS ( a )  S e q u e n c e  

18 .27  
19 .42  
1 1 . 9 1  
15 .82  

8 .77  
1 4 . 3 3  

5 .82  
4 . 6 8  
5.88 

1 5 . 6 9  

FTE-1 ( e l e m e n t  2 0 )  (c)  
FTE-2 ( e l e m e n t  20 )  
FTE-3 ( e l e m e n t  IO) (d) 
FTE-4 ( e l e m e n t  2 0 )  

FTE-6 ( e l e m e n t  20 )  
FTE-14 ( e l e m e n t  1 2 )  
FTE-15 ( e l e m e n t  1 2 )  
PTE-2 ( e l e m e n t  72)  
FTE- 1 8  ( e l e m e n t  2 9 6 )  

FTE-5 ( e l e m e n t  2 0 )  

FTE- 1 
FTE-2 
FTE- 3 
FTE-4 
FTE-5 
FTE- 6 
FTE- 1 4 
FTE- 15 
PTE-2 
FTE- 1 8 

17 .85  
19 .22  
11 .44  
1 5 . 6 9  
10 .10  
13 .98  
1 0 . 5 5  

8 .62  
8 . 5 1  

1 0 . 0 7  

17 .48  
1 8 . 7 8  
8.85 

14 .37  
7 . 5 3  

1 2 . 1 8  
4 . 5 0  
3 . 8 7  
-- 

9 . 7 3  

S t r e s s - S t r e n g t h  R a t i o  

? 1 . 1 0  
20 .64  
k2 .46  
21.41 
k1 . 0 7  
21 .52  
20 .94  
k 0 .  60 

24 .99  
-- 

2 1 3  
2 3  

2 1 3  
123  
132 
132 
231 
231 

2 ( b )  
435612 

1 . 6 9  
1 . 7 7  
1 .11  
1 . 4 2  
0 . 7 8  
1 . 2 8  
0 . 5 4  
0 . 4 4  
0 .52  
3 .45  

1 . 6 0  
1 .71  
0 . 8 1  
1 . 2 7  
0 . 6 8  
1 . 1 1  
0 .41  
0 . 3 5  

2 .09  
-- 

20.12  
+O.  0 6  
20 .25  
20 .18  
20 .09  
2 0 . 1 2  
20 .09  
20 .06  

21 .07  
-- 

Axial 
~~ 

1 6 . 7 2  
18 .59  

7 . 7 8  
1 4 . 4 6  

9 . 3 8  
13 .05  

8 . 4 0  
7 . 1 5  

7 .45  

-- 

21. 51 
20.63 
22 .65  
2 1 . 3 4  
20. 72 
20. 86 
2 1 . 5 5  
21 .29  

22 .17  

-- 

~~~~ 

2 1 3  
2 3  

2 1 3  
1 2 3  
132 
132 
231 
231 

2 (b)  
435612 

1 2 3  
2 3  

21 3 
2 1 3  
231 
123(e )  
231 
231 

2(b) 

453261 

7-31 



EOL Shutdown Stress ()Pa) 

Test 
El emen t Peak Mean 2RMS 

ia)The mean and RMS are used to describe the variation of 
calculated peak stresses between the three fuel body positions 
and are not a representative statement for mean body stresses or 
of uncertainties in calculations. 

(b)Stress analysis was done for body 2 only of PTE-2, 
demonstrated by stress analyses of other fuel test elements 
as the position of maximum stress. 

(C)Element 10 , body 3. 

(d)Element 20, body 2. 

(e)Body 2 of FTE-6 has a lower stress (1 3.26 MPa) , but also a 
lower increase in elastic modulus because of higher irradiation 
temperature, which results in a higher stress-strength ratio (0.581) 
than for body 1 (0.578) .  

Fue 1 
Body 

Sequence 

7-32 

FTE- 1 0 .78 
FTE- 2 0.82 
FTE- 3 0.51 
FTE- 4 0.69 
FTE-5 0.44 
FTE- 6 0.58(e)  
FTE- 1 4 0 .47 
FTE- 15 0.38 
FTE- 2 0.35 
FTE- I8 2.85 

0.72 to. 08 123 
0.80 20.03 23 
0.34 20.12 213 
0.61 20.08 213 
0.40  20.04 231 
0.56 20. 03 213(e) 
0.36 20.  08 231 
0.31 ?0.07 231 

1 .69  20.49 453261 
-- -- 2(b)  
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- . rad ia ted  T e s t s  

9 .58  
9.58 

12.00 
15.65 
12.62 
17.86 
13.89 

12.00 
15.65 
12.62 
12.96 
12.62 
14.82 
12.62 
12.62 
17.86 
13.89 

14.07 
13.89 
14.07 
14.07 

121 
2 .36  x lo3 

121 
121 
12 1 
121 
121 

2.36 103 
2.36 x l o 3  
2.36 x lo3 
2.36 x l o3  
2.36 x lo3  
2.36 x l o3  
2.36 x lo3  
2.36 x l o3  
7.07 x lo3 
7.07 x l o3  

1.67 x I O 4  
1.67 x lo4 
1.67 x l o4  
1.67 x l o4  

TABLE 7-11 , FOUR-POINT BEND TEST RESULTS FOR STRIPS CUT FROM PEACll BOTTOF TEST ELEMENTS 

I r r a d i a t i o n  Condi t ions  I Modulus o f  Ruuture  Time W t .  
S t r i p  Avg. 

l r r .  Temp. 
("C) 

s Modulus Youn S i n g l e  
FTE 
Body 
I . D .  

F a s t  
Fluence 
1 0 2 5 ~ 1 ~  ) 

Mean 
103 m a )  

I r r .  11 
' r e d i c t e d  

i r r .  

Measured 
No. o f  

Samp 1 es 

U n i r r a d i a t e d  C o n t r o l  T e s t s  

P r e d i c t e d  Measured 

6-Hole 

1-Thin 
1-Thick 

8-Hole 

8-Thin 
8-Thick 

NA 
NA 

NA 
NA 

1.72 
0 .52  
1.87 
2.23 
1.26 

1.72 
0.52 
1 .87  
3.71 
2.39 
2.28 
2.79 
1.77 
2.23 
1.60 

1.42 
1.61 
2 .03  
1.36 

NA 
NA 

NA 
NA 

14 
11 

20 
16 

19 
19 
20 
14 
16 

8 
8 
8 
8 
8 
8 
8 
8 

16 
16 

6 
6 
6 
6 

22.62 
14.75 

2.36 
1.54 

NA 
NA 

NA 
NA 

1.48 
1.42 
1 .46  
1.45 
1.48 

1.44 
1.41 
1.44 
1.45 
1.46 
1.50 
1 .43  
1.44 
1 .44  
1.47 

1.42 
1.49 
1.40 
1.41 

NA 
NA 

NA 
NA 

1 .44 
1.35 
1.44 
1.28 
1.31 

0 .88  
0 .98  
1.12 
0 .88  
1.19 
1.19 
1.07 
1.13 
(a )  
(a) 

(a) 
( a )  
( a )  
(a) 

5.97 
4.82 

5.09 
7.03 

10.19 
8.57 

10.09 
7.75 
9 . 2 8  
9.26 

10.69 
9.75 

11.57 
11.29 
13.36 
13.02 
11.84 
10.86 
9.42 
9.20 

7 .28  
8 . 3 8  
8. 70 
7.63 

0.67 
0 .51  

0.44 
0 .78  

3. 36 
0 . 7 0  
1 .  16 
0.81 
0.67 

2.60 
0.96 
2.76 
2.82 
1 . 9 3  
0.79 
0.92 
0.87 
0.84 
1.09 

0.52 
0.57 
0.48 
0.25 

NA 
NA 

NA 
NA 

1.78 
1.68 
1.77 
1.74 
1.80 
1.78 

1.72 
1.66 
1.72 
1.75 
1.76 
1.82 
1 .  71  
1 .73 
1.71 
1.77 

1.68 
1.81 
1.65 
1.68 

NA 
NA 

NA 
NA 

2 .00  
1 . 6 8  
1.98 
1.52 
1.82 
1.82 

1.52 
1 .39  
1.65 
1.61 
1.90 ' 

1.85 
1.60 
1.55 
( a )  
( a )  

( a )  
( a )  
( a )  
(a)  

21.31 
21.01 

1.94 
2.10 

Thin 8-Hole 

2-2 
3-2 
4-2 
16-2T 
16- 3T 
Mean 

T h i c k  8-Hole 

2-2 
3-2 
4-2 
5-2 
5-3 
6- 1 
6- 2 
6-3 
16-2 
16-3 
Mean 

Thick  6-Hole 

14-2 
15-1 
15-2 
15-3 
Mean 

909 

929 
993 
849 

a5 8 
30.64 
28.75 
30.73 
27.25 
27.80 

18.39 
20.60 
23.44 
18.38 
24.94 
25.02 
22.45 
23.75 
22.29 
19.70 

28 .80  
24.99 
29.61 
24.12 

2.93 
2.18 
3.51 
2.64 
3.41 

3.23 
1.64 
3.28 
3 . 4 7  
3.11 
2.91 
1.91 
1.19 
2.51 
4.25 

2.22 
3.27 
2.49 
2.02 

< 
w I 

959 
917 

1000 
1027 
966 
866 

1055 
985 

1010 
915 

1148 
82 0 

1132 
1099 

( a ) D i f f e r e n t  c r o s s - s e c t i o n  c o n f i g u r a t i o n  t h a n  u n i r r a d i a t e d  c o n t r o l  i t r i p s .  



Mean 
(m) 

+0.04 

ffl .08 

NA 
m . 0 6  

NA 

NA 

NA 

NA 

cO.06 

+0.06 

m . 0 6  
m . 0 1  

+0.08 
+0.11 
+0.17 

+0.09 

+0.02 
+0.06 

m . 0 3  

NA 

NA 
+0.14 

m . 0 1  
+0.07 
+0.07 

Measured 

?R\S 
(mm) 

0 . 0 6  

0 . 1 0  

NA 
0.05 

NA 
0.03 

NA 

NA 
0.04 

NA 

0.04 
0 . 0 3  

0 . 0 4  
0 . 1 0  
0 . 1 3  

0 . 0 7  

0.04 
0 . 0 2  

0 . 1 1  

NA 

NA 
0 . 0 3  

0 . 0 6  
0.02 
0.04 

T 
'C) 

NA 

NA 

NA 
28  

NA 
24 
NA 

NA 
1 5  
NA 

1 6  
21 

34 
1 9  
22 

25 
24 
29  
18  

NA 
22 
NA 

LO 
2 1  
1 1  

Mean 
('C) 

NA 

NA 

NA 
950 

NA 
923 

NA 

NA 
9 5 6  

NA 

701 
730 

771 
971 
9 7 1  

942 
1017 

936 
894  

NA 
1160 

NA 

659 
9 2 6  
956 

TABLE 7-12 
ELONGATION AND BOW RESULTS FOR STRIPS CUT FROM PEACH BOTTOM TEST ELEtCHTS 

Thin Strin I Thio ; t r i p  

R"" 
I r r a d i a t i o n  Condi t ions  I r r a d i a  c i o n  

~ T i m e  Ut. BOV 

P r e d i c t e d  2 Measured 

NO. of  Mean fRMS Mean Mean 

I 
Unirrad ia ted  Contro l  Tests 

- 0 . 5 5  1 . 0 1  NA NA 

+0.12 0 .21  NA NA 

I r r a d i a t e d  T e s t s  

m d i t i o n s  

EOL 
Temp. 

1035 202 

1 5 1  130 
773  103  

8 4 3  185  
1048 198 
1027 135  

985  1 1 1  

991 149  
934 106 

1059  1 1 6  

1248 205 

128  159 
994 157 

1004 108  

.. 
s t r i p  

F a s t  

NA 

NA 

NA 
1 .72  

NA 
0 . 5 2  

NA 

NA 
1 . 8 7  
NA 

3 .  71 
2 . 3 9  

2 . 2 8  
2 . 7 9  
1 . 7 7  

2 . 2 3  
2 . 2 1  
1.94 
1 .26  

NA 
1.42 
NA 

1 .61  
2 . 0 3  
1 .36  

No. of 
amples 

P r e d i c f  Measured 

NO. of h! 2; 
iamples 

- 
AT 
"C) - 

NA 

N A  

N A  
15 

N A  
36  
N A  

N A  
4 4  
NA 

2 5  
1 6  

4 1  
45  
2 7  

10 
30  
3 9  
2 6  

NA 
2 8  
NA 

21 
21 
1 4  - 

- 
AT 
( "C )  - 

NA 

NA 

NA 
129 

NA 
141 
NA 

NA 
179 
NA 

195  
120 

184 
196 
119 

111 
106 
132 

87 

NA 
172 

NA 

172 
184 
112 - 

' r e d i c t e d  
Mea" 
(m) 

NA 

NA 

NA 
+ 0 . 1 7  

NA 
+o. 1 1  

NA 

NA 
to. I h 

NA 

m. 1 I 
NA 

+o. 10 
+O. 16  
+ 0 . 1 1  

NA 
NA 
NA 
NA 

NA 
+ 0 . 2 2  

NA 

+o .n i  
+n. 18  
+ 0 . 1 5  

- 
Mea" 
( " 0  - 

NA 

NA 

NA 
909 

NA 
858 

NA 

NA 
929 

NA 

94 7 
917 

791 
976 
916 

942 
9 9 3  
8 9 6  
849  

NA 
0 7 3  

NA 

743 
052 
0 4 9  - 

No. of 
iamp1es ~- 

6 

8 

NA 
1 

NA 
8 

NA 

NA 
7 

NA 

8 
8 

8 
6 
8 

8 
8 
8 
8 

NA 
6 

NA 

6 
6 
5 

FIE-Body 

Unirrad ia ted  Contro l  Tests 

- 0 . 5 5  1 . 0 1  NA 

+0.12 0 .21  NA 

I r r a d i a t e d  T e s t s  

6 - H o l e  

1 

8 - H o l e  

6 

8 - H o l r  

2 -  I 
' - 2  

3- I 
3-2 
I- 1 

4 -  I 
5 - 2  
4 -  1 

5- 2 
5- 3 

6- 1 
6-2 
6- 3 

16-28 
16-2T 
16-38 
16- IT 

6 - H a l e  

14-1 
14-2 
14-3 

15-1 
15-2 
15-3 

5 

7 

NA 
8 

NA 
8 

NA 

NA 
8 

NA 

5 
7 

8 
7 
8 

8 
8 
8 
8 

NA 
5 

N A  

6 
5 
5 

NA 

NA 

NA 
+n.w 

NA 
e0.03 

NA 

NA 
f 0 . 0 4  

NA 

m.03 
NA 

+ 0 . 0 1  
f 0 . 0 4  
+ 0 . 0 3  

NA 
NA 
NA 
NA 

NA 
+ 0 . 0 2  

NA 

0 
+ 0 . 0 2  
+ 0 . 0 1  

NA 

1 

NA 
8 

NA 
8 

NA 

NA 
8 

NA 

8 
8 

8 
8 
8 

8 
8 
8 
8 

NA 
6 

NA 

6 
6 
6 

NA NA 

1 0 . 0 6  0 . 0 7  

NA NA 
+ 0 . 9 9  (1 .11  

+ 0 . 8 1  NA 0.07 NA 
NA NA 

NA NA 

NA NA 

- 0 . 6 7  0.48 
+0.25 0 . 2 3  

+ 0 . 9 7  0 . 1 2  
+ 0 . 2 1  0 . 2 1  

CO.15 0 . 1 1  
+ 0 . 2 0  0 . 1 2  
+ 0 . 2 5  0.05 
+ 0 . 2 3  0.05 

f n . 6 6  0 . 2 8  

+ n . ~  0 . 1 1  

NA NA 
c o . 7 4  0 . 1 0  

NA NA 

m.58 0.07 
+0.53 m . 3 2  0.14 0.0s 

NA 

NA 

NA 
+4 .01  

NA 
+ 2 . h 3  

NA 

NA 

NA 

+ 2 . 1 6  
+ 1 . 8 5  

+ 2 . 4 9  
+3.l% 
+ 2 . 7 1  

NA 
NA 
NA 
NA 

c 2 . 9 0  

NA 
+ 2 . 6 4  

NA 

+ 1 . 0 9  
+ 2 . 1 9  
+ l .  19  

6 

8 

NA 
7 

NA 
8 

NA 

NA 
8 

NA 

6 
7 

8 
7 
8 

8 
8 
8 
8 

NA 
5 

NA 

6 
5 
5 

+0.09 

f f l . 11  

NA 
+O . 0 6  

NA 

NA 

NA 
-0.03 

NA 

-0.0: 
+o . 0: 

+0.01 
+0.01 
cO.0' 

+O.Ol 
+o.o 

+n.m 

m.0: 

n.01 

NA 
+O.Ol  

NA 

+o.o 
-0.0 

0 

0.08 

0 . 0 6  

NA 
0.08 

NA 
0 . 0 7  

NA 

NA 

NA 

0 . 0 7  
0 . 0 7  

0 . 0 4  
0 . 0 6  
0 . 0 6  

0 . 0 4  
0.05 
0.02 
0.01 

0.02 

NA 
0.03 

NA 

0 . 1 0  
0.08 
0 . 0 6  

NA NA 
+ 0 . 8 9  0 . 2 0  

NA NA 
f f l . 5 8  0 . 2 3  

NA NA 

NA NA 
- 0 . 1 6  0 . 7 0  

NA NA 

-3 .17 1 .20  
+ 0 . 2 1  0.15 

t0.47 0 . 4 6  
-2.04 0 . 1 2  
- 0 . 9 5  0 . 1 8  

-0.40 0 . 2 9  
- 1 . 2 9  0 . 1 5  
+ 0 . 0 5  0 . 1 4  
t 0 . 1 4  0 . 0 9  

NA NA 
- 1 . 5 0  0 41 

NA 1 NA 

NA NA 
c 1 . 0 1  959 

NA NA 
+ 1 . 9 6  917 

NA NA 

NA NA 
f 2 . 4 9  1000 

NA NA 

+ 1 . 7 9  1021 
+ 1 . 4 8  966 

+1.69 8 6 6  
+ 1 . 2 1  1055  
+ 2 . 1 5  981  

NA 985 
NA 1014 
NA 947 
NA 8 8 1  

NA NA 
C3.72 1148 

NA NA 

+ 0 . 6 8  820 1 + 0 . 5 6  1 0 . 1 8  
+ 1 . 2 2  1132 
+ 2 . 4 4  I 1099 

( = ) I r r a d i a t e d  S t r i p  e l o n g a t i o n s  were c o r r e c t e d  by a bias from t h e  mean e l o n g a t i o n  of a l l  u n i r r a d i a t e d  s t r i p s ,  e x c e p t  for FTE-16 s t r i p s .  



Fig. 7-1. Finite element model for eight-hole teledial configuration: 
(a) for thermal analysis; (b) for residual stress analysis 
(FTE-1, - 2 ,  -3 ,  - 4 ,  -5, - 6 )  
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Fig.  7 - 2 ( a ) .  F i n i t e  element model f o r  thermal  a n a l y s i s  of  s ix -ho le  
t e l e d i a l  c o n f i g u r a t i o n  (FTE-14, -15) 

X 

Fig .  7-2(b).  F i n i t e  element model f o r  r e s i d u a l  stress a n a l y s i s  of six- 
h o l e  t e l e d i a l  c o n f i g u r a t i o n  (FTE-14, -15) 
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FUEL HOLES 

Fig .  7-3. F i n i t e  element model f o r  12-fuel-hole hexagonal f u e l  element 
conf igu ra t ion  (PTE-2) 
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Fig. 7-4. F i n i t e  e lement  model for molded b l o c k  c o n f i g u r a t i o n  (FTE-18) 
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18 F T  DIA H-327 ,4 IN. X 4 IN. RAW 
GRAPHITE LOG STOCK GRAPHITE 

CENTER SECTION 

TENSILE STRENGTH 
SAMPLE ( F  R EQU E N CY 

\ = 100% B Y  G LCC) 

I I  
I 

-T-r I I  

4 
1520 

2395 
u =  255 

-,yo I I I 
6 - 1 4 0 0 4  ' u =  1380 180 

PARALLEL TO 
EXTRUSION AXIS 

-2000 TxRl EN D I C U LA R 
TO EXTRUSION 

STRENGTH VALUES 
I N  PSI 

u =  ONE STANDARD 
DEVl AT1 ON 

SECTION A-A 
A 

F i g .  7-6. T e n s i l e  s t r e n g t h  of H--327 g r a p h i t e  ( p s i )  
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Fig .  7-7. E x t e r n a l  c r a c k  i n  f u e l  body 2 of FTE-2; ev idence  t h a t  c r ack  
propagated through bottom of body 

Fig .  7-8. Close-up of e x t e r n a l  c r a c k  shown i n  F ig .  7-7 

7-42 



Fig .  7-9. I n t e r n a l  c r a c k s  i n  f u e l  body 2 of FTE-2. Crack i n  h o l e  1 ( c e n t e r  
f a c e )  i s  c l e a r l y  e v i d e n t ,  w h i l e  c r a c k s  i n  h o l e s  2 and 8 are some- 
what obscure .  

F ig .  7-10. I n t e r n a l  c r a c k  i n  h o l e  8 of FTE-2 f u e l  body 2 ( c e n t e r  f a c e )  

7 - 4 3  



Fig.  7-11. I n t e r n a l  c r a c k  i n  h o l e  1 of FTE-2 f u e l  body 2 ( c e n t e r  f a c e )  

F i g .  7-12. I n t e r n a l  c r a c k  i n  h o l e  2 of FTE-2 f u e l  body 2 ( c e n t e r  f a c e )  
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n 

Fig. 7-13. Transve r se  s e c t i o n  showing " f a i l - s a f e "  c racks  i n  h o l e  5 
fue l  body 2 a t  6 in .  from bottom 

0 f FTE-2 

Fig.  7-14. D i f f e r e n t  view of c racks  shown i n  Fig. 7-13 demonstrat ing s i z e  
of c racks  
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F ig .  7-21. I n c r e a s e  i n  Young's modulus (E/Eo)  and 
r u p t u r e  modulus (cT/c0) wi th  i r r a d i a t i o n  
as determined from four -po in t  bend 
tests of t h i c k  s t r i p s  from e igh t -ho le  
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8. FUEL EXAMINATION 

Fuel testing in the Peach Bottom reactor was an important part of the 

irradiation testing program for candidate HTGR fuels. Accelerated irradiation 

experiments (irradiation capsules) (Ref. 8-1) have extended the fuel perform- 

ance data base to peak HTGR irradiation conditions but have not verified fuel 
performance under real-time HTGR operating conditions. The Peach Bottom test 

elements provided real-time fuel performance data at fast fluences up to 

4.2 x 1025 n/m2 [(E > 29 ~J)~TGRI and time-averaged temperatures between 

600" and'1600"C. Table 8-1 lists the test elements that were destructively 
examined at GA and ORNL. The fuel performance data obtained from these 

examinations are discussed below. 

8.1. PYROLYTIC CARBON PERFORMANCE ON COATED FUEL PARTICLES . 
Dense outer pyrolytic carbon (OPyC) coatings are deposited on TRISO and 

BISO fuel particles to retain fission products and to protect and support 
the Sic layer (on TRISO particles). Harmon and Scott (Ref. 8-1) have summa- 
rized the performance of PyC coatings irradiated in capsule experiments 

conducted by GA and in other experiments. They concluded that the structural 
characteristics that affect OPyC failure are crystalline anisotropy and size, 

microporosity, and coating volume: 

1. High OPyC anisotropy causes stress concentrations from differential 

shrinkage of the coating. 

2.* Large crystal sizes increase the probability of failure because of 

high local anisotropy. [All OPyC coatings examined in the Peach 

n 

*These attributes are related to the bulk density and intrinsic strength 
of the coating. 

8-1 



B o t t o m  test  e lements  w e r e  low-temperature i s o t r o p i c  (LTI) c o a t i n g s  

which had s m a l l  c r y s t a l  s i z e s . ]  

3 ."  Microporos i ty  a l l o w s  t h e  m a t r i x  t o  impregnate  and adhe re  t o  t h e  

OPyC c o a t i n g .  

and m a t r i x  s h r i n k  away from each  o t h e r  d u r i n g  i r r a d i a t i o n .  

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

4 .  The volume of OPyC c o a t i n g  under stress i s  d i r e c t l y  r e l a t e d  t o  t h e  

p r o b a b i l i t y  of a c r i t i c a l  f law t h a t  w i l l  c ause  f a i l u r e .  

d e f i n e d  i n  Weibull  f a i l u r e  s ta t i s t ics  (Ref. 8-2). 

This  i s  

The e f f e c t s  of  a n i s o t r o p y ,  m i c r o p o r o s i t y ,  and Weibul l  s ta t i s t ics  on OPyC 

performance i n  t h e  Peach Bottom test  e lements  were c o n s i s t e n t  w i t h  r e s u l t s  

from t h e  a c c e l e r a t e d  i r r a d i a t i o n  tests (Ref. 8-1). 

8.1.1. OPvC Performance on B I S O  P a r t i c l e s  

The OPyC c o a t i n g s  on BISO p a r t i c l e s  from 120 Peach Bottom f u e l  r o d s  and 

l o o s e  p a r t i c l e  b a t c h e s  had l o w  i r r a d i a t i o n - i n d u c e d  f a i l u r e  ( < 1 % ) ,  as summa- 

r i z e d  i n  Tab les  8-2 and 8-3. No BISO p a r t i c l e s  from t h e  c a p s u l e  tests o r  

Peach Bottom tests had s i g n i f i c a n t  OPyC c o a t i n g  f a i l u r e  below a f a s t  f l u e n c e  

of 5 x 1 025 n/m2 [ (E  > 29 fJ)HTGR] and a t empera tu re  of 1600" C .  

8.1.2. OPyC Performance on TRISO P a r t i c l e s  

8.1.2.1. OPyC Aniso t ropy .  Harmon and S c o t t  (Ref. 8-1) i d e n t i f i e d  a n  an i so -  

n u 

t r o p y  v a l u e  (BAFo** = 1.03) above which OPyC c o a t i n g  f a i l u r e  on TRISO p a r t i c l e s  

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

i n  t h e  Peach Bottom test e lements .  TRISO p a r t i c l e  b a t c h e s  w i t h  OPyC BAFo 

v a l u e s  below 1.03 had l i t t l e  o r  no OPyC c o a t i n g  f a i l u r e  ( s e e  Fig.  8-1 and 

Th i s  t r e n d  w a s  a l s o  observed 

*These a t t r i b u t e s  are r e l a t e d  t o  t h e  b u l k  d e n s i t y  and i n t r i n s i c  s t r e n g t h  

**BAF = Bacon a n i s o t r o p y  f a c t o r .  
of  t h e  c o a t i n g .  
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n 

Tables  8-4 and 8-5),  excep t  b a t c h  4000-307 ( s e e  S e c t i o n  8 .1 .2 .2) .  TRISO 

par t ic le  b a t c h e s  w i t h  OPyC BAF, v a l u e s  above 1.05 f r e q u e n t l y  e x h i b i t e d  h i g h  

OPyC c o a t i n g  f a i l u r e .  

The c o a t i n g  f a i l u r e  w a s  more s t r o n g l y  c o r r e l a t e d  w i t h  BAF, t h a n  w i t h  

f a s t  f l uence .  F i g u r e  8-2 shows t h a t  s i g n i f i c a n t  f a i l u r e  occur red  a t  f a s t  

f l u e n c e s  as low as 1 x n/m2 [E > 29 f J )HTGR] .  

8-1) had sugges t ed  t h a t  f a i l u r e  began above 3 x 

obse rvab le  f a i l u r e  of OPyC c o a t i n g s  below a f a s t  f l u e n c e  of 1 x 

even f o r  TRISO p a r t i c l e  b a t c h e s  w i t h  OPyC BAFo v a l u e s  g r e a t e r  t h a n  1.03. 

Harmon and S c o t t  (Ref. 

n/m2. There w a s  no 

n/m2 

There d i d  n o t  appear  t o  be  any c o r r e l a t i o n  between OPyC performance and 

i r r a d i a t i o n  t empera tu re  ( s e e  F igs .  8-1 and 8-2). 

8.1.2.2. Microporos i ty .  Mat r ix-coa t ing  i n t e r a c t i o n  due t o  h igh  OPyC micro- 

p o r o s i t y  w a s  a source  of OPyC c o a t i n g  f a i l u r e  i n  t h e  Peach Bottom test  

e lements  and i n  i r r a d i a t i o n  c a p s u l e s  (Ref. 8-1). The e f f e c t  of  h igh  micro- 

p o r o s i t y  on OPyC c o a t i n g  performance w a s  obvious  i n  b a t c h  4000-302, which 

w a s  i r r a d i a t e d  i n  s e v e r a l  test e lements .  From p r e i r r a d i a t i o n  meta l lography 

of  b a t c h  4000-302, i t  w a s  ev iden t  t h a t  t h e  m i c r o p o r o s i t y  w a s  v e r y  h igh  (Ref. 

8-3).  Blended b a t c h  4000-307* a l s o  con ta ined  b a t c h  4000-302. Mat r ix-coa t ing  

i n t e r a c t i o n s  w e r e  obvious  i n  b o t h  of t h e s e  b a t c h e s  (Fig.  8-3). F igu re  8-4 

shows t h e  c o a t i n g  f a i l u r e  f r a c t i o n  v e r s u s  f a s t  f l u e n c e  f o r  t h e s e  two b a t c h e s ,  

which were i r r a d i a t e d  i n  b o t h  f u e l  r o d s  and l o o s e  p a r t i c l e  beds.  No OPyC 

f a i l u r e  occur red  i n  t h e  l o o s e  p a r t i c l e  beds  because  t h e r e  w a s  no m a t r i x  t o  

i n t e r a c t  w i t h  t h e  c o a t i n g s .  

obvious  f a s t  f l u e n c e  dependence. The f a i l u r e  began a t  1.5 x n/m2 [ (E > 

29 ~ J ) H T G R ]  and i n c r e a s e d  w i t h  i n c r e a s i n g  f l u e n c e .  Twenty t o  t h i r t y  p e r c e n t  

of  t h e  c o a t i n g s  f a i l e d  comple te ly  a t  f a s t  f l u e n c e s  of  >2 x l o z 5  n/m . 
c r a c k s  propagated  s lowly  as t h e  stresses caused  by d i f f e r e n t i a l  ma t r ix -  

c o a t i n g  s h r i n k a g e  i n c r e a s e d .  

th rough t h e  c o a t i n g s  and c i r c u m f e r e n t i a l l y  around t h e  p a r t i c l e s  (Ref. 8-41, 

The c o a t i n g  f a i l u r e  i n  t h e  f u e l  rods  had an 

2 The 

The c r a c k s  i n  some c o a t i n g s  propagated  r a d i a l l y  

*Blend o f  b a t c h e s  4000-302, 4000-303 4000-305, and 4000-306. BAFO = 1.02 
t o  1.05 and d e n s i t y  = 1.68 t o  1.79 kg/m 3 . 

8-3 



The c i r c u m f e r e n t i a l  c r a c k s  were a s s o c i a t e d  w i t h  low-density bands seen  i n  

t h e  p r e i r r a d i a t i o n  meta l lography (Ref. 8-3). 

8.1 .2 .3 .  Coat ing  Volume. S e v e r a l  a u t h o r s  have d i s c u s s e d  Weibull  s ta t is t ics  

i n  r e l a t i o n  t o  OPyC f a i l u r e  (Refs.  8-1, 8-2). The b a s i s  of Weibull  s ta t is t ics  

i s  t h a t  t h e  p r o b a b i l i t y  of f i n d i n g  a c r i t i c a l  f l aw  t h a t  w i l l  cause  f a i l u r e  i n  

a b r i t t l e  material i s  p r o p o r t i o n a l  t o  t h e  volume of mater ia l  under stress. 

The mathemat ica l  fo rmula t ion  i s  

F = 1 - exp [ - l k -  dV] , 

where F = f a i l u r e  p r o b a b i l i t y ,  

V = volume under stress, 
CT = u n i a x i a l  stress, 

oo = norma l i z ing  material  p r o p e r t y  parameter ,  

M = Weibull  modulus. 

Fue l  ba t ch  0R1694, i r r a d i a t e d  as l o o s e  p a r t i c l e s  i n  FTE-14 and FTE-15, 

w a s  an e x c e l l e n t  example o f  t h e  e f f e c t  of f u e l  p a r t i c l e  s i z e  on f a i l u r e .  

Th i s  b a t c h  w a s  un ique  i n  t h a t  i t  had a wide range  of p a r t i c l e  d i ame te r s  

(450 t o  850 m). 
i n  t h e  c o a t i n g s  are t h e  same r e g a r d l e s s  of p a r t i c l e  s i z e  because  of  s imi la r  

c o a t i n g  c o n d i t i o n s  and i r r a d i a t i o n  exposures ,  Eq. 8-1 can  be  reduced to 

Eq. 8-2: 

I f  i t  i s  assumed t h a t  t h e  material p r o p e r t i e s  and stresses 

where C1 and C2 = c o n s t a n t s ,  

d = p a r t i c l e  d i a m e t e r ,  

1 - F = s u r v i v a l  f r a c t i o n ,  

t = OPyC c o a t i n g  t h i c k n e s s  = 40 urn. 
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The s u r v i v a l  f r a c t i o n ,  l o g  (1 - F), and t h e  term p r o p o r t i o n a l  t o  t h e  

volume, d3 - (d - 2 t I 3 ,  are p l o t t e d  i n  Fig.  8-5 a t  p a r t i c l e  d i ame te r  

i nc remen t s  of 25 pm. Equation 8-2 i n d i c a t e s  t h a t  t h i s  p l o t  should  be a 

s t r a i g h t  l i n e .  A l i n e a r  l e a s t - s q u a r e s  f i t  of  t h e  d a t a  where f a i l u r e  occur red  

i n d i c a t e d  a s t r o n g  c o r r e l a t i o n  between OPyC and f a i l e d  p a r t i c l e  s i z e .  

8 .2 .  S i c  PERFORMANCE ON COATED FUEL PARTICLES 

S i l i c o n  c a r b i d e  c o a t i n g  f a i l u r e  observed du r ing  meta l lography 

of f u e l  rods  and l o o s e  p a r t i c l e s  i s  always s u s p e c t  because  of  p o l i s h i n g  

damage. The S i c  f a i l u r e  f r a c t i o n  from meta l lography w a s  t h e r e f o r e  assumed 

t o  b e  s i g n i f i c a n t  on ly  when i t  w a s  coupled w i t h  a h i g h  f i s s i o n  gas  release 

( a s  measured i n  TRIGA a t  1100°C). 

Only t h r e e  of t h e  examined samples from t h e  Peach Bottom t e s t  e lements  

Two of  t h e  samples were had h i g h  S i c  f a i l u r e  and h igh  f i s s i o n  gas release. 

U02 p a r t i c l e s  from FTE-6 (Ref. 8-5),  i n  which t h e  S i c  w a s  a t t a c k e d  by 

m i g r a t i n g  k e r n e l s .  The o t h e r  w a s  f u e l  rod 2-2-5 from FTE-15 (Ref. 8-6),  i n  

which t h e  ThC2 p a r t i c l e s  had 44.9% OPyC f a i l u r e  and 23.9% S i c  f a i l u r e .  The 

release of f i s s i o n  p roduc t s  from t h e s e  cases i s  d i s c u s s e d  i n  S e c t i o n  8.6.  

8.3. CHEMICAL ATTACK OF COATINGS 

8.3.1. F i s s i o n  Product - S i c  Reac t ions  

Degrada t ion  of  t h e  S i c  c o a t i n g  as a r e s u l t  of f i s s i o n  product  - S i c  

r e a c t i o n s  i s  a p o t e n t i a l  f a i l u r e  mechanism i n . i r r a d i a t e d  f u e l  p a r t i c l e s .  

P o s t i r r a d i a t i o n  o p t i c a l  me ta l log raphy  and e l e c t r o n  microprobe d a t a  show t h a t  

pa l l ad ium and rare e a r t h  f i s s i o n  p roduc t s  are among t h e  s p e c i e s  t h a t  react 

w i t h  t h e  S i c  l a y e r .  Smith (Refs. 8-7 and 8-8) has  s t u d i e d  t h e  k i n e t i c s  of  

f i s s i o n  product  - SIC r e a c t i o n s  i n  ou t -o f -p i l e  exper iments .  The Peach Bottom 

test e lements  are t h e  l a r g e s t  s o u r c e  of i n - p i l e  d a t a  on t h i s  phenomenon. 

A 
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Thirty-three cases of palladium attack on Sic coatings were found during 

the microprobe examination of FTE-13 (the plutonium test element) at ORNL 

(Ref. 8-9). 
attributed to the high yield of palladium from fissioning of Pu-239 (13 
times higher than from fissioning of U-235). 

are shown in Fig. 8-6. 

ticles and were generally associated with large white phases at the IPyC-Sic 

boundary. 
particle from FTE-5 (see Fig. 8-7). Concentrations of a palladium-rich 

phase at, or near, reaction zones were also observed in an HEU UC2 TRISO 

particle irradiated in capsule P13Q (Ref. 8-10). 

The high incidence of palladium attack in this element is 

Two examples of this attack 

The attack zones were randomly oriented in the par- 

This large white phase was also observed in a denatured uranium 

In addition to the palladium attack in FTE-13, 24 cases of fission 

product attack on Sic coatings were found in 1 1  other Peach Bottom test 
elements. Cerium, praseodymium, neodymium, and lanthanum were identified 

in several cases as being the fission products in the reaction zones (Ref. 

8-4). These zones were located on the cold side of the particles and were 
accompanied by graphitization of the IPyC and buffer coatings (Fig. 8-8). 

The Sic attack data for FTE-13 and for the other Peach Bottom test 

elements are presented in Tables 8-6 and 8-7. 

8.3.2. Kernel Attack 

Migrating U02 and PuO, kernels were observed to have attacked the Sic 

coating in FTE-6 and FTE-13 (Figs. 8-6, 8-9, and 8-10). (Th,U)C2 that had 

been dispersed during manufacturing also mildly attacked the SIC coating in 

FTE-16 (Fig. 8-9). The dispersed kernels attacked the inner Sic layer 

uniformly, but the reaction zone never penetrated more than a few microns 

into the Sic. 

n 
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8.3.3.  Contamination 

n 

Contamination i n  f u e l  r o d s  a t t a c k e d  b o t h  S i c  and OPyC l a y e r s  i n  several 

i s o l a t e d  cases. 

contaminant i n  one case from RTE-2 (Ref. 8-4). F igu re  8-11 shows examples of 

con tamina t ion  a t t a c k  observed i n  FTE-5. Th i s  t y p e  of  a t t a c k  w a s  most preva- 

l e n t  i n  Phase I* test element f u e l  rods.  These rods were n o t  c leaned  w i t h  an 

a c i d  l each .  

Microprobe work done a t  ORNL i d e n t i f i e d  i r o n  as a reactive 

8.4.  KERNEL MIGRATION 

Kernel m i g r a t i o n  is  ano the r  p o t e n t i a l  f u e l  f a i l u r e  mechanism. All 
p a r t i c l e  c o a t i n g s  t h a t  come i n t o  c o n t a c t  w i t h  a m i g r a t i n g  k e r n e l  are chemi- 

c a l l y  degraded ( s e e  S e c t i o n  8.3.2) .  Ex tens ive  ou t -o f -p i l e  and i n - p i l e  d a t a  

have been c o l l e c t e d  on t h e  m i g r a t i o n  of  f u e l  k e r n e l s .  

ThC2, and (Th,U)C2] m i g r a t e  by t h e  d i f f u s i o n  of  carbon through t h e  k e r n e l  

(Refs.  8-11, 8-12). The rate of m i g r a t i o n  i s  expressed  as a k e r n e l  m i g r a t i o n  

c o e f f i c i e n t  (KMC): 

Carb ide  f u e l s  [UC2, 

where T = a b s o l u t e  t empera tu re  ( K ) ,  

dT/dx = linear temperature gradient across the coated particle (K/cm), 

d x / d t  = k e r n e l  m i g r a t i o n  rate (cm/s) ,  

dx = k e r n e l  m i g r a t i o n  d i s t a n c e ,  c m ,  
6 = preexponent i a l  c o n s t a n t  ( cm2-~ / s  ) , 
R = gas c o n s t a n t ,  

AH = a c t i v a t i o n  energy  f o r  t h e  s e l f - d i f f u s i o n  of  carbon i n  t h e  f u e l  

phase  (kcal /mol) .  

*Phase I = PTE-2; a l l  FBTES; FTE-1, FTE-2, FTE-5; and a l l  RTEs excep t  
RTE-1 (FTE-11) . 
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Migra t ion  of U02 and (Th,U)O2 f u e l  k e r n e l s  has  a l s o  been observed. The 

mechanism f o r  ox ide  k e r n e l s  is  n o t  w e l l  understood. 

t h a t  t h e  m i g r a t i o n  i s  due t o  gas phase  t r a n s p o r t  (Ref. 8-13). I n  t h e  absence  

of a n  accep ted  t h e o r e t i c a l  model, U02 and (Th,U)O2 m i g r a t i o n  i s  a l s o  charac- 

t e r i z e d  i n  t h e  l i t e r a t u r e  i n  terms of  KMC v a l u e s  (Eq. 8-3). 

It has  been sugges ted  

The k e r n a l  m i g r a t i o n  d a t a  ob ta ined  from t h e  Peach Bottom test e lements  

are provided  i n  Tables  8-8 and 8-9. (The k e r n e l  m i g r a t i o n  d a t a  f o r  t h e  plu- 

tonium f u e l  i r r a d i a t e d  i n  FTE-13 are p resen ted  and d i s c u s s e d  i n  Ref. 8-9.) 

The p r e d i c t e d  m i g r a t i o n  d i s t a n c e s  g iven  i n  t h e s e  t a b l e s  w e r e  c a l c u l a t e d  w i t h  

t h e  TREVER code u s i n g  t h e  KMCs l i s t e d  i n  Table  8-10. These KMCs are based 

on k e r n e l  m i g r a t i o n  d a t a  from ou t -o f -p i l e  and c a p s u l e  ( a c c e l e r a t e d )  expe r i -  

ments. The k e r n e l  m i g r a t i o n  i n  a l l  f u e l  t y p e s  excep t  (Th,U)C2 w a s  g e n e r a l l y  

o v e r p r e d i c t e d .  

i n  a few i n s t a n c e s .  These r e s u l t s  i n d i c a t e  t h a t  k e r n e l  m i g r a t i o n  d i s t a n c e s  

c a l c u l a t e d  u s i n g  d a t a  from out -of -p i le  and c a p s u l e  exper iments  are conserva- 

t i v e  . 

The k e r n e l  m i g r a t i o n  i n  (Th,U)C2 p a r t i c l e s  w a s  u n d e r p r e d i c t e d  

8.4.1. UC2 - 
N o  UC2 k e r n e l  m i g r a t i o n  w a s  observed  i n  t h e  Peach Bottom test e lements .*  

8.4.2. U02 - 
Widespread m i g r a t i o n  of U02 k e r n e l s  w a s  observed i n  f u e l  rods  i r r a d i a t e d  

i n  FTE-4, FTE-6, and several of t h e  RTEs. The observed k e r n e l  m i g r a t i o n  w a s  

always accompanied by l a r g e  gas bubbles** t h a t  deformed and d i s p e r s e d  t h e  

k e r n e l s  (Fig.  8-10). Occas iona l ly  t h e r e  were d e p o s i t s  of carbon behind t h e  

k e r n e l ,  which i s  t y p i c a l  of d i f f u s i o n  of  carbon i n  c a r b i d e  k e r n e l s .  

t o  p r e d i c t i o n s ,  no k e r n e l  m i g r a t i o n  w a s  observed  i n  U02 p a r t i c l e s  i r r a d i a t e d  

Cont rary  

*Only measured m i g r a t i o n  d i s t a n c e s  g r e a t e r  t h a n  5 pm were cons ide red  t o  
b e  s i g n i f i c a n t  (5 pm i s  cons ide red  t o  b e  t h e  minimum r e s o l u t i o n  f o r  metal- 
l o g r a p h i c  measurements). 

It  h a s  been d i s c u s s e d  i n  d e t a i l  i n  t h e  l i t e r a t u r e  (Refs.  8-14 through 8-20). 
**The format ion  and s w e l l i n g  of f i s s i o n  gas  bubb les  is  n o t  a new phenomenon. 
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i n  FTE-14 and FTE-15, even though t h e  i r r a d i a t i o n  t empera tu res  i n  t h r e e  of  

t h e  s i x  examined f u e l  rods were c l o s e  t o  1400°C. The k e r n e l s  i n  t h e s e  

p a r t i c l e s  had smaller gas bubbles  t h a n  t h o s e  i n  t h e  FTE-4, FTE-6, and RTE 

samples and w e r e  n o t  deformed (Fig.  8-12). The r eason  f o r  t h i s  i s  n o t  

known. 

8.4.3. (Th,U)C2 

Kerne l  m i g r a t i o n  i n  (Th,U)C2 particles was observed i n  FTE-5, FTE-6, 

and FTE-16. I n  some cases, t h e  observed m i g r a t i o n  w a s  c h a r a c t e r i z e d  by 

movement i n  s e v e r a l  d i r e c t i o n s .  F igu re  8-13 shows two such cases. Nodules 

formed on t h e  k e r n e l s ,  and r e j e c t e d  carbon c o l l e c t e d  between nodu les .  

Th i s  behav io r  is  n o t  w e l l  unders tood .  One p o s s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  

t empera tu re  g r a d i e n t s  s h i f t e d  d u r i n g  i r r a d i a t i o n .  

been caused by changes i n  p a r t i c l e  morphology o r  by s h i f t s  i n  t h e  i n t r a - r o d  

Such s h i f t s  cou ld  have 

power d i s t r i b u t i o n s .  P a r t i c l e  

t empera tu re  g r a d i e n t s  were t h e  

b u f f e r  boundar i e s  ( s e e  Fig.  8- 

t i o n s  may have occurred  d u r i n g  

p a r t i c l e s  were non-homogeneous 

morphology changes t h a t  could  have s h i f t e d  t h e  

development of  v o i d s  a t  t h e  IPyC-Sic and IPyC- 

3 ) .  S h i f t s  i n  t h e  i n t r a - r o d  power d i s t r i b u -  

i r r a d i a t i o n  i f  t h e  f i s s i l e  and t h e  f e r t i l e  

y d i s t r i b u t e d  w i t h i n  t h e  rods .  

(Th,U)C2 k e r n e l  movement from s w e l l i n g ,  c r a c k i n g ,  and d i s p e r s i o n  w a s  

a l s o  observed .  

observed i n  several cases ( s e e  Fig.  8-14). Th i s  i s  c o n s i s t e n t  w i t h  t h e  

t e s t i n g  o f  (Th,U)C2 i n  c a p s u l e  F-30 (Ref. 8-21). Cracking of t h e  k e r n e l s  

w a s  widespread i n  f u e l  rods from FTE-5. The c r a c k s  w e r e  i n i t i a t e d  i n  t h e  

b u f f e r .  and s lowly  propagated  i n t o  t h e  k e r n e l s  ( s e e  F ig .  8-14). (Th,U)C2 

k e r n e l s  from FTE-16 were d i s p e r s e d  owing t o  improper h e a t  t r e a t m e n t  d u r i n g  

manufac tur ing  ( s e e  F ig .  8-1 4) .  

Swe l l ing  and e x t r u s i o n  of t h e  k e r n e l  i n t o  b u f f e r  c r a c k s  were 

Migra t ion  of  (Th,U)C2 k e r n e l s  w a s  a l s o  observed  i n  Peach Bottom d r i v e r  

e l emen t s  and i s  d i s c u s s e d  i n  Refs.  8-22 and 8-23. Q u a n t i t a t i v e  comparisons 

of  p r e d i c t e d  and measured m i g r a t i o n  d i s t a n c e s  were n o t  made. 

k e r n e l s  had r e j e c t e d  carbon behind them, which i s  c h a r a c t e r i s t i c  of t h e  carbon 

d i f f u s i o n  d i s c u s s e d  i n  Refs. 8-12 and 8-13. 

All t h e  m i g r a t i n g  
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Kernel  m i g r a t i o n  i n  (Th,U)O2 p a r t i c l e s  w a s  observed  i n  f u e l  rods  from 

FTE-14 and some of t h e  RTEs. ' I n  a l l  cases t h e  m i g r a t i o n  w a s  less than  15 

pm. The m i g r a t i o n  i n  each  case w a s  c h a r a c t e r i z e d  by m i g r a t i o n  up t h e  

t empera tu re  g r a d i e n t  and by g r a p h i t e  d e p o s i t s  on t h e  c o o l  s i d e  of t h e  k e r n e l  

( s e e  Fig.  8-15). 

8.4.5. Tho2 - 
No Tho2 k e r n e l  m i g r a t i o n  w a s  observed  i n  t h e  Peach Bottom test e lements .  

8.4.6. ThC2 - 
ThC2 k e r n e l  m i g r a t i o n  w a s  observed i n  f u e l  rod 2-1-5 from FTE-15. The 

m i g r a t i o n  w a s  accompanied by d e p o s i t s  of carbon behind t h e  k e r n e l  (Fig.  8-15). 

No ThC2 k e r n e l  m i g r a t i o n  w a s  observed i n  any of t h e  o t h e r  64 f u e l  r o d s  (from 

14 f u e l  e l emen t s )  t h a t  w e r e  examined. 

8.5. KERNEL MORPHOLOGY 

The Tho2 and ThC2 k e r n e l s  i r r a d i a t e d  i n  t h e  Peach Bottom test  e l emen t s  

underwent l i t t l e  s t r u c t u r a l  change because  of t h e i r  low burnups.  F i s s i o n  gas  

bubbles  w e r e  observed i n  a l l  of  t h e  f i s s i l e  k e r n e l  t ypes .  U 0 2  and UC2 k e r n e l s  

i r r a d i a t e d  at r e l a t i v e l y  l o w  t empera tu res  tended t o  have l a r g e r  f i s s i o n  gas 

bubbles  t h a n  U 0 2  and UC2 k e r n e l s  i r r a d i a t e d  a t  h i g h e r  t empera tu res  (F igs .  

8-10, 8-12, and 8-16). UC2 and (Th,U)02 k e r n e l s  r e t a i n e d  t h e i r  shapes  

(F igs .  8-15 and 8-16), w h i l e  U 0 2  and (Th,U)C2 k e r n e l s  were observed  t o  have 

undergone e x t e n s i v e  de fo rma t ion  i n  some cases (Figs .  8-10 and 8-14). Some 

c r a c k i n g  w a s  a l s o  observed i n  (Th,U)C2 k e r n e l s  (Fig.  8-14). 
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8.6. FISSION PRODUCT RELEASE 

F i s s i o n  gases  and metallic f i s s i o n  p roduc t s  are r e l e a s e d  from f u e l  

par t ic les  upon f a i l u r e  of t h e  r e t e n t i v e  c o a t i n g s  o r  by d i f f u s i v e  release 

through t h e  c o a t i n g s .  D i f f u s i v e  release from i n t a c t  BISO f u e l  w a s  e v i d e n t  

i n  some of  t h e  Peach Bottom test e lements  and i n  t h e  r e g u l a r  Peach Bottom 

f u e l  e lements  (Ref. 8-23). 

Myers, et a l .  (Refs.  8-24 and 8-25), have done e x t e n s i v e  work t o  e s t a b -  

l i s h  t h e  f r a c t i o n a l  release of f i s s i o n  g a s e s  from f a i l e d  f u e l  p a r t i c l e s .  

Only t h r e e  of t h e  examined f u e l  r o d s  from t h e  Peach Bottom test e lements  

had h i g h  enough c o a t i n g  f a i l u r e  t o  a l low t h e  f r a c t i o n a l  release of K r - 8 5 m  

t o  b e  de te rmined:  

from FTE-6 w i t h  h igh  U02 f a i l u r e  due t o  k e r n e l  mig ra t ion .  

releases c a l c u l a t e d  f o r  t h e s e  t h r e e  f u e l  r o d s  are g iven  i n  Table  8-11. The 

f r a c t i o n a l  release v a l u e  f o r  t h e  f u e l  rod geometry g iven  i n  Ref. 8-25 i s  

0.0053 5 0.0027 ( l a ) .  The v a l u e s  i n  Table  8-11 and t h e  l i t e r a t u r e  v a l u e  

are i n  good agreement. 

a rod from FTE-15 w i t h  h i g h  ThC2 f a i l u r e  and two r o d s  

The f r a c t i o n a l  

An estimate of t h e  l o s s  of Cs-137 from f a i l e d  TRISO p a r t i c l e s  w a s  d e t e r -  

mined from t h e  measured f a i l u r e  f r a c t i o n s  and mis s ing  Cs-137 d a t a  ( a s  d e t e r -  

mined u s i n g  t h e  method d e s c r i b e d  i n  S e c t i o n  4.1.4) f o r  t h e  two f u e l  r o d s  from 

FTE-6 which had h igh  U 0 2  f a i l u r e .  The average  Cs-137 l o s s  p e r  f a i l u r e  w a s  

81%. Th i s  i s  c o n s i s t e n t  w i t h  t h e  h igh  Cs-137 l o s s  p e r  f a i l u r e  measured i n  

f u e l  samples from P13R and P13S (Ref. 8-26). D i f f u s i v e  release of Cs-137 

from BISO p a r t i c l e s  i s  d i s c u s s e d . i n  t h e  r e p o r t  on t h e  r e s u l t s  of  t h e  Peach 

Bottom gamma scann ing  (Ref. 8-23). 

8 .7 .  FUEL ROD PERFORMANCE 

The f u e l  rod performance was s a t i s f a c t o r y  i n  a l l  of  t h e  Peach Bottom 

test e lements .  Some m a t r i x  c r a c k i n g  and p a r t i c l e  debonding were observed ,  

bu t  t h e s e  w e r e  minor. F i g u r e s  8-17 and 8-18 show r e p r e s e n t a t i v e  

n 
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n 
examples of f u e l  rods  i r r a d i a t e d  i n  t h e  Peach Bottom test elements .  Fuel  

rod d imens iona l  changes are  d i s c u s s e d  i n  S e c t i o n  6.  

I s o l a t e d  cases of unusua l  f u e l  rod peri'ormance are l i s t e d  below: 

1 .  Fue l  rods  from s t a c k s  4 and 5 i n  FTE-15 had h igh  f u e l  rod c r a c k i n g  

because of  low f u e l  rod m a t r i x  load ings  (Ref. 8-6). 

2. Gross f u e l  p a r t i c l e  inhomogeneity i n  FTE-6 f u e l  rods  caused t h e  

rods t o  bow. The d i s p r o p o r t i o n a t e  c o n c e n t r a t i o n  of  TRISO and 

BISO p a r t i c l e s  i n  d i f f e r e n t  p a r t s  of t h e  f u e l  rods  caused r e g i o n a l  

d i f f e r e n c e s  i n  i r r a d i a t i o n  sh r inkage  (see Ref. 8-5). 

3 .  The cured-in-place f u e l  r o d s  i n  each of  t h e  e i g h t  f u e l  h o l e s  i n  

body 3 o f  FTE-5 were found t o  be bonded t o g e t h e r .  

4 .  High OPyC f a i l u r e  of TRISO ThC2 p a r t i c l e s  i n  FTE-15 f u e l  r o d s  

caused t h e  f u e l  rod s h r i n k a g e  t o  b e  less a n i s o t r o p i c  t h a n  i n  

companion f u e l  rods t h a t  had no OPyC f a i l u r e .  

8.8. FUEL PERFORMANCE SUMMARY 

The examinat ions  of  115 f u e l  r o d s  and 59 l o o s e  p a r t i c l e  samples from 1 7  

Peach Bottom test  e lements  i n c r e a s e d  t h e  d a t a  b a s e  f o r  OPyC and S i c  c o a t i n g  

performance, chemical a t t a c k  of  SIC c o a t i n g s ,  k e r n e l  m i g r a t i o n ,  k e r n e l  mor- 

phology, f i s s i o n  p roduc t  release from f a i l e d  f u e l  p a r t i c l e s ,  and f u e l  rod 

performance. The r e s u l t s  of t h e  examinat ions  are summarized below: 

1. OPyC c o a t i n g s  on TRISO p a r t i c l e s  w i t h  p r e i r r a d i a t i o n  BAF v a l u e s  

above 1.03 f a i l e d  r a p i d l y  a t  f a s t  f l u e n c e s  >1 .O x 

[ ( E  > 29 fJ)HTcR] and time-averaged t empera tu res  between 640" and 

n/m2 

8-1 2 



1530°C. 

f a s t  f l u e n c e s  of approximate ly  3 . 0  x 1025 n/m2 [ ( E  > 29 ~J)HT(.R]. 

OPyC c o a t i n g s  w i t h  BAF v a l u e s  below 1.03 were s t a b l e  t o  

2. OPyC c o a t i n g s  w i t h  h igh  m i c r o p o r o s i t y  f a i l e d  through i n t e r a c t i o n  

w i t h  t h e  m a t r i x  phase. Crack i n i t i a t i o n  began a t  1.5 x 

[ ( E  > 29 ~ J ) H T G R ] ,  and 20% t o  30% of  t h e  c o a t i n g s  f a i l e d  comple te ly  

a t  f a s t  f l u e n c e s  >2 x 1025 n/m . 

n/m 2 

2 

3. OPyC c o a t i n g s  on BISO p a r t i c l e s  performed w e l l  o v e r  t h e  e n t i r e  
range  of  f a s t  f l u e n c e s  exper ienced  by t h e  e lements  [<4.2 x 10 25 

n/m2, ( E  > 29 fJlHTGR1. 

4 .  UC 0 (WAR) p a r t i c l e  b a t c h  OR1694 showed i n c r e a s i n g  QPyC c o a t i n g  
X Y  

f a i l u r e  w i t h  i n c r e a s i n g  c o a t i n g  volume, as i s  p r e d i c t e d  by Weibull  

s ta t i s t ics .  

5. Pa l lad ium and rare e a r t h  f i s s i o n  product  a t t a c k  on S i c  c o a t i n g s  

w a s  observed i n  f u e l  from s e v e r a l  of t h e  test e lements .  Pa l lad ium 

a t t a c k ,  which w a s  observed p r i m a r i l y  i n  t h e  Pu02 f u e l  p a r t i c l e s  

i r r a d i a t e d  i n  FTE-13, w a s  randomly o r i e n t e d  around t h e  p a r t i c l e s .  

Rare e a r t h  f i s s i o n  p r o d u c t s  a t t a c k e d  t h e  S i c  on t h e  c o o l e r  s i d e  

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

and U02 p a r t i c l e s .  

Rare e a r t h  a t t a c k  w a s  observed p r i m a r i l y  i n  UC2 

6 .  I r o n  contaminat ion  a t t a c k e d  bo th  t h e  OPyC and S i c  c o a t i n g s  i n  some 

f u e l  p a r t i c l e s .  These p a r t i c l e s  were from f u e l  r o d s  t h a t  d i d  n o t  

undergo c h l o r i n e  l e a c h  p r i o r  t o  i r r a d i a t i o n .  

7. No k e r n e l  m i g r a t i o n  w a s  observed  i n  any UC2 o r  Tho2 p a r t i c l e s  

i r r a d i a t e d  i n  t h e  Peach Bottom test e lements .  

d i s t a n c e s  up t o  15 pm were observed  i n  some ThC2 and (Th,U)02 

p a r t i c l e s  i r r a d i a t e d  a t  time-averaged t empera tu res  above Q125O"C. 

Widespread k e r n e l  m i g r a t i o n  ( o r  k e r n e l  d i s p e r s i o n )  w a s  observed i n  

U02 and (Th,U)C2 par t ic les .  

Kerne l  m i g r a t i o n  
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8 .  

9. 

10. 

1 1 .  

Kernel m i g r a t i o n  w a s  g e n e r a l l y  o v e r p r e d i c t e d  f o r  U02, UC2, (Th,U)02, 

Th02, and ThCz p a r t i c l e s .  The k e r n e l  m i g r a t i o n  i n  (Th,U)C2 par t ic les  

w a s  unde rp red ic t ed  i n  a few cases. 

Ex tens ive  k e r n e l  deformat ion  accompanied by f i s s i o n  gas bubble  

fo rma t ion  w a s  observed i n  U 0 2  p a r t i c l e s .  The k e r n e l  deformat ion  

and f i s s i o n  gas bubble  format ion  tended  t o  be more severe i n  U02 

p a r t i c l e s  i r r a d i a t e d  a t  t empera tu res  below Q1250"C than  a t  tempera- 

t u r e s  above Q1250"C. Kerne l  deformat ion  and c r a c k i n g  were observed 

i n  (Th,U)C2 p a r t i c l e s .  No s t r u c t u r a l  changes ( o t h e r  t h a n  f i s s i o n  

gas bubble  fo rma t ion )  w e r e  observed i n  UC2, (Th,U)02, Th02,  and 

ThCz p a r t i c l e s .  

The f r a c t i o n a l  release of Kr-85m from f a i l e d  f u e l  i n  t h r e e  test  

element f u e l  rods was measured and found t o  be i n  good agreement 

w i t h  t h e  f r a c t i o n a l  release determined from p rev ious  exper iments :  

0.0053 ? 0.0027 (lo).  

w a s  a l s o  measured. The f r a c t i o n a l  release p e r  f a i l e d  p a r t i c l e  w a s  

approximate ly  0.8. 

The Cs-137 release from f a i l e d  U 0 2  p a r t i c l e s  

The i r r a d i a t i o n  performance of t h e  examined f u e l  r o d s  w a s  satis- 

f a c t o r y .  
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TABLE 8-1 
SUMMARY OF THE PIE PROGRAM FOR THE PEACH BOTTOM TEST ELEMENTS 

Irradiation Conditions 

Time Samp 1 e s 
Avg . Max. 
Max. Max. 
Fuel Fissile Fluence, Fission 

Fast Fuel Rod 

Time Temp. FIMA E > 29 fJ Gas Metal- Loose 
(EFPD) (a) ("C) ( X )  (x n/m2) Release(b) lography Particles(c) 

Test 
Element 

C omp an i o n  
Accelerated 

Test Purpose Test 

FTE- 1 
FTE-2 

FTE-3 

FTE-4 

FTE-5 

03 FTE-6 
I 
P 
03 

FTE- 1 3 (e) 

FTE-I 4 

FTE- 1 5 
FTE- 1 6 

252.4 

385.4 

133.1 

448.8 

897.3 

644.9 

315.8 

511.9 

511.9 

644.9 

701.2 

385.4 
897.3 

897.3 
252.4 

897.3 

1277 
1143 

1057 

1187 

1263 

1232 

1414 

1401 

1236 
- 

- 
1495 

1282 

1303 

1291 

1259 

1230 

1297 

56.3 3.8 

49.6 

45.6 
32.2 

58.7 

59.8 

20.0 

60.1 

3.0 

3.1 

1.9 

4.1 
4.2 
1.2 

4.2 

0 

0 

1 1  

12 

9 

8 
0 

10 

14 

23 

0 
2 

2 

0 

0 

0 
0 
- 

Fuel Test Elements 

9 

6 

1 1  

1 

4 

2 

10 

0 

Recycle Test Elements 

0 

0 

0 

0 

0 

0 

0 
- 

I 101 I115 I 59 

BISO vs TRISO, OPyC properties 

BISO vs TRISO, OPyC properties 

Demonstrate TRISO UC2 and U02 fissile particles 

Demonstrate TRISO UC and U02 fissile particles 

Demonstrate BISO and TRISO 
U fissile particles, cure-in-place vs 
cure-in-bed 

Demonstrate TRISO UC2 and U02 fissile particles 

Demonstrate plutonium fuel' 

Demonstration test of  UC2 ( V S M ) ,  UCxOy (WAR), 

and Tho2 BISO, Large HTGR fuel rods 

Demonstration of FSV production fuel 

2 

Reprocessing fuel source 

I 

Reprocessing fuel source 

P13L,P13M 

P13L,P13M 
P13K 

P13L,P13M 
None 

P13N,P13P 

PI 3N,P13P 

F-30 

(a) EFPD: effective full power days. (d) Loose bed. 
(b) Kr-85m at 1100°C in TRIGA. (e) Examined at ORNL. 
( c )  Spine samples. (f) Two fuel rods examined at GA. 



4 

F u e l  
Rod/ 

S p i n e  
Sample  

I d e n t . ( a )  

3-TS-5-1 
3-TS-5-2 
3-TS-5-6 

3-TS-17-6 
3-TS-23-1 
3-TS-23-2 

3-TS-11-6 

TABLE 8-2 
OPyC FAILURE I N  BISO PARTICLES IRRADIATED I N  PEACH BOTTOM FUEL TEST ELEMENTS 

P a r t i c l e  
B a t c h  No. Type 

4000-246 UCZ 
4000-300 UCz  
4503-59 UO2 

4493-149 Tho2 
4423-33 (Th,U)C2 
4423-35  (Th,U)C2 

4503-53 (Th . W 0 2  

P a r t i c l e  I d e n t .  

e n s i t y  
gIcm3) 

1 .84  
1.85 
1 .83  
1.64 
1 .85  

N A  
NA 

1 . 7 8  
1 .78  
1 . 8 1  
1 .81  

1 . 7 8  
1 . 7 8  
1.81 
1.81 

1 .88  
1 . 8 8  
1 . 8 8  
1.88 
1.88 
1.88 
1 . 8 8  
1 .88  

2.02 
2.00 
2 .00  
1 .96  

2.02 
2.00 
2.00 
1 .96  

1.96 

BAF 

NA(b) 
NA 
N A  
NA 
NA 
N A  
NA 

1 .027  
1 .027  
1 . 0 4 3  
1 . 0 4 3  

1 .027  
1 .027  
1 .043  
1 . 0 4 3  

1 .025  
1 . 0 2 5  
1 . 0 2 5  
1 .025  
1 .025  
1.025 
1 .025  
1 . 0 2 5  

1 . 0 4 6  
1.041 
1 .041  
1 . 0 3 8  

1 .046  
1 . 0 4 1  
1 .041  
1 . 0 3 8  

1 .038  

4-2-1-7 
4-2-2-7 
4-2-3-8 
4-2- 8- 7 

: o a t  i n g  
Raw 

vm/min) 

NA 
NA 
NA 
NA 
N A  
N A  
NA 

N A  
N A  
NA 
NA 

NA 
NA 
NA 
NA 

NA 
N A  
NA 
NA 
NA 
N A  
NA 
NA 

1 . 5 8  
2 .49  
2.40 
3.20 

1 . 5 8  
2.49 
2.40 
3.20 

3.20 

6-2-1-7 
6-2-2-7 
6-2-3-7 
6-2-8- 7 

03 5-1-5-3 
I 5-2-1-7 

5-2-1-2 P 
\D 

5-2-3-1 ' 

5-2-5-7 
5-3-1-2 
5-3-3-2 
5- 3-5-2 

T h i c k n e s s  
(urn) 

66 
74 
70 

124 
70 
N A  
NA 

81 
81 
69 
69 

81 
81 
69 
69 

66 
6 6  
6 6  
6 6  
66 
6 6  
66 
66 

72.0 
9 3 . 0  
70.0 
64 .0  

72.0 
93 .0  
70.0 
64 .0  

6 4 . 0  

14-TS-6- 
14-2-1-7 
14-2-3-6 
14-2-4-7 

15-TS-6- 
15-2-1-5 
15-2-3-9 
15-2-4-3 

15-2-5-2 

4000-339 
4000-339 
4000-345 
4000-345 

4000-339 
4000-339 
4000-345 
4000-345 

4000-225-009 
4000-225-009 
4000-225-009 
4000-225-009 
4000-225-009 
4000-225-009 
4000-225-009 
4000-225-009 

4252-01-070 
4251-00-031 
4252-00-011 
4251-01-021 

4252-01-070 
4251-00-031 
4252-00-011 
4251-01-021 

4251-01-021 

Tho2 
Tho2 
Tho2 
Tho2 

Tho2 
Tho2 
ThC2 
ThC2 

ThC2 
ThC2 
ThC2 
T h C z  
ThC2 
ThC2 
ThCZ 
ThC2 

Tho2 
ThC2 
Tho2 
ThC2 

Tho2 
Tho2 
Tho2 
ThC2 

ThC? 
I I -  

i ame t e  1 

(pm) 

31 5 
346 
472 
788 
607 
N A  
NA 

690 
690 
629 
629 

690 
6 9 0  
629 
629 

5 80 
580 
580 
5 8 0  
580 
5 80  
5 80 
5 80  

765 
71  1 
714 
721 

765 
711 
714 
721 

721 

OPyC C h a r a c t e r i s  t i c s  

(a )4-2-1-7 :  

(b)NA: n o t  a v a i l a b l e .  

FTE-4 - body 2 - h o l e  1 - rod 7. 
7-TS-5-1: FTE-3 - t h e r m a l  s t a b i l i t y  - t y p e  5 - l o c a t i o n  1. 

I r r a d i a t i o n  
C o n d i t i o n s  

F a s t  
F l u e n c e ,  

E > 29 fL 
io%/,$ 

0 . 3 2  
0.32  
0 . 3 2  
0 . 3 1  
0.37 
0 . 3 6  
0 . 3 6  

1 . 9 7  
1.97 
1 .% 
1 . 9 7  

2 . 8 8  
2 . 8 8  
2 . 8 8  
2 . 8 8  

1.66 
3 .78  
3.74 
3.78 
3 . 7 8  
3.27 
3 .27  
3 .27  

1 .42  
1.44 
1 .45  
1.44 

2 .02  
2.01 
2.02 
1 .98  

1 .96  

- 
Time 
Avg . 
Max 

Fuel  
remp . 
(oc) 

925 
9 2 5  
925 
915 
952 
9 4 4  
944 

1 1  74 
1174 
1169 
1 1 6 3  

1210 
1210 
1191 
1195 

6 9 9  
1195 
1111 
1299 
1165 
1154 
1192 
1150 

1325 
1347 
1383 
1323 

1303 
1386 
1264 
1239 

1253 

- 

3urnup 
FIMA 

( Z )  

5 . 9 4  
5 . 9 4  
5.94 
2 .87  
0 .02  
3 .19  
3 .19  

0 . 6 9  
0 . 6 9  
0 .68  
0 .69  

1 .54  
1 .54  
1 .54  
I . 54  

0 . 5 9  

2 . 2 5  
2 . 2 7  
2.27 
1.70 
1 . 7 0  
1 . 7 0  

0 . 2 5  
0 .35  
0 . 3 6  
0 .35  

0 . 8 6  
1.02 
0 . 9 3  
1.01 

1 .oo 

2 . 2 i  

OPyC 

( X  t 20) 
F a i l u r e  

0 < 0 < 0.15  
0 < 0 < 0.11  
0 < 0 < 0.20  
0 < 0 < 0 . 9 9  
0 < 0 < 0 . 3 5  
0 < 0 < 0 . 6 9  
0 < 0 < 0 . 9 0  

0 < 0 < 9.2  
0 < 0 < 2 . 0  
0 < 0 < 2 . 2  
0.4  < 1 . 2  < 3.5 

0.1 < 0 . 4  < 2.1 
0 .0  < 0.0 < 1.8 
0.0 c 0.0 c 5.7  
0 .0  0.0 < 2 . 2  

0 . 1  0 . 5  < 2 . 8  
0.0 < 0.0 C 0 . 9  
0 . 2  < 0.7 < 2 . 7  
0.0 < 0.0 c 1.9  
0 . 2  < 0 . 8  c 2 . 8  
0.1 < 0 . 4  < 2.0  
0 . 2  < 0.9 < 3.2  
0 . 3  < 2 . 1  < 8 . 9  

0.0 < 0.0 < 9 . 0  
0 .0  < 0.0 < 1.8  
0 .0  < 0.0 < 1.4 
0.0 < 0.0 < 3.1 

0.0  < 0 .0  < 1 0 .  
0.0 < 0.0 < 1 . 6  
0 .0  < 0.0 < 1.6  
4 .7  < 8.3  < 1 4 .  

0 . 5  < 1 . 6  < 4.4 

Remarks 

P r o d u c t i o n  f a i l u r e  

P r o d u c t i o n  f a i l u r e  

P r o d u c t i o n  f a i l u r e  
P r o d u c t i o n  f a i l u r e  
P r o d u c t i o n  f a i l u r e  
P r o d u c t i o n  i a i l u r e  

Ca'rbide h y d r o l y s i s  
d u r i n g  e x a m i n a t i o n  
P r o d u c t i o n  f a i l u r e  

R e f e r e n c e  

GA-A13004 o r  FTE-3 
D a t a  P a c k a g e  

1 
GA-A13004 o r  FTE-3 
D a t a  P a c k a g e  

GA-Al3452 and  FTE-4 
D a t a  P a c k a g e  
GA-Al3452 and FTE-4 
D a t a  P a c k a g e  

FTE-6 D a t a  P a c k a g e  

1 
FTE-6 D a t a  P a c k a g e  

FTE-5 D a t a  P a c k a g e  

FTE-5 D a t a  Package  

FTE-14 D a t a  P a c k a g e  

I 
FTE-14 D a t a  P a c k a g e  

FTE-15 D a t a  P a c k a g e  

1 
FTE-15 D a t a  P a c k a g e  



ement 5 _ _ ~  
1 1 . 0  
lIi.0 

1 1 2 . 2  
66.0 
128.6 
128.6  
NA 
NA 

11 n 

74.0 
1 1 . 0  
11.0 

1 2 8 . 6  
NA 
128.6 
NA 

66.0 
134.6 

11.0 
122.2 
69.8 
1 1 . 0  
6 0 . 0  
62.2 
60.0 
6 6 . 0  
14.0 
11 . o  
74.0 
75.0 

1 2 J . 2  
66.0 
74.0 
7 I i . O  
71.0 
7 1 . 0  
1 1 . 0  
13.2 

60 
b2.2 
71.0 
74.0 
1 1 . 0  
123.2 
66.0 
129.' 

1 1 . 0  
NA 
141, I 
60-14 

60 
60-14 

31.0 
73.0 
81.0 

NA 

__ 

1 2 . 0  
66.0 
6 6 . 0  
12.0 
66.0 
12.0 
6 0 . 0  
88.0 
60.0 
88.0 
66.0 
72.0 
59.0 
88.0 
-0 .0  
70.0 
'16.0 
7 0 . 0  

i A  
IA 

12.0 
66.0 
6 6 . 0  
12.0 
60.0 
88.0 
66.0 
70.0 
63.0 
69.0 

I A  
I* 

- 
1 .802 
1.024 
1 .024 
5.411 
1.47' 
2.688 
3.029 
7.688 
3.029 
3.065 
3.065 
1.980 
1 . 5 4 5  
2.545 
2.545 
1 . 5 4 5  
3.011 
4.125 
4.125 
4.125 
4 . 1 2 5  
4.125 
4 . 1 2 5  
4.125 
1.720 
3 . 1 2 0  
1 .  120 
3.720 
3.720 
4.720 
1.720 
1 . 7 2 0  
2.965 
3.222 
4.043 
4 . 1 3 4  
1.829 
1.909 
1.909 
2.912 
2.912 
2.959 
4.217 
4.217 
3.904 
1 . 9 1 6  
2.815 
2.815 
3.031 
2.875 
2.815 
2.815 
2.815 

Rcc 

1.01: 
1 . om 
1 .OlS 
NA 
7 . 0 2 5  
NA 
NA 
NA 
NA 
1.008 
1.019 
1.019 
NA 
NA 
NA 
NA 
1.025 
NA 
1.019 
NA 
NA 
1.019 
NA 
NA 
1.021 
1.025 
1.008 
1.019 
1 .a08 
1.027 
NA 
1.025 

1.008 
l . 0 1 9  
1.019 
1 ,019 
NA 
NA 
NA 
NA 
1.079 
1.008 
1.019 
NA 
1 . O L 5  
NA 
1.019 
1 ,010 
NA 
NA 
NA 
NA 
1.22 
1.041 
1.021 

- 

1.008 

- 
1 - 

NA 
1.02 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
1 .o: 
NA 
NA 
NA 

NA 
1 .o :  
NA 
NA 
NA 
NA 
NA 
1.2: 
NA 
1.0: 
NA 
NA 
- 

e res, 
~ 

NA(C 1 
NA 
NA 

NA 
6.983 

1.349 
1.349 

NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

NA 

7 . 3 4 9  

7.349 

1.736 

6.983 
1.505 

NA 
15.294 
6.688 

NA 
NA 
NA 
NA 
NA 
7.861 
1 . 2 4 1  

NA 
NA 
NA 
NA 
NA 
NA 
1.176 

NA 
35.294 

6.688 
NA 
NA 
NA 

NA 

NA 
67.0 
10.065 
NA 
15.291 
NA 
NA 
NA 
NA 

1.247 

7.420 

~ 

Test E 
~ 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

PA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

~ 

4000-226 
4000-309 
4000-226 
PR-61 
1000-225 
PR-66 

- 
1303 
789 
189 
1261 
1261 
1098 
1145 
IO98 
1145 
1223 
1223 
1071 
1021 
1021 
1021 
I021 
1069 
1117 
1111 
1164 
1164 
1085 
I l l 1  
1111 
1146 
1146 
1128 
1128 
1137 
1131 
1111 
1171 

8 b b  
883 
1054 
1145 
1111 
1185 
1185 
1114 
1114 
1013 
1121 
1121 
1221 
1216 
1231 
1237 
1337 
1321 
1327 
1318 
1378 
1331 
1292 
1292 - 

~ 

0.49 
16.12 
0.11 
8.43 
0.30 
14.10 
15.92 

1 . 2 1  
1.62 
84.45 
1.63 
0 . 6 3  
8.92 
1.12 
8.92 
1 . 1 2  
1.61 

13.81 
2.10 
21.22 
2.10 
2.10 
58.26 
2.10 
53.72 
2.14 

53.72 
2.14 
53.72 
2.14 
19.33 
2.14 
46.84 
50.16 
2.85 
2.96 
2.23 

11.01 
0.58 
43.94 

1 .31  
1.34 

59.63 
3.08 
20.39 
2.68 
10.46 

1.50 
1.78 
10.46 

1 . 5 0  
46.29 
1.50 

45.41 
45.41 
1.42 - 

614 
340 
6 1 4  
154.2 
580 
79?.5 
193.5 
NA 
NA 
140 
614 
610 
1 9 3 . 5  
NA 
193.5 
NA 
580 
183.5  
614 
154.2 
6 3 3 . 3  
614 
213 
645.2 
311.0 
580 
340 
614 
340 
670.0 
751.0 
500 
340 
340 
614 
614 
6 1 4  
656.3 
NA 
213 
645.2 
614 
340 
614 
151.0 
580 
7 1 2 . 5  
614 
597 
805.8 
NA 
213 
NA 
481 
311 

1.88 
1.84 
1.88 
1.91 
1.88 

4-4-1-3 
I-1-1-1 
4.1-1-3 
&-I-  1 - 3  
4 - 5 - 1 - 3  
2-2-1-2 
2-2-1-6 
2.2-1-2 
2-2-1-6 
2-4- I -  I 
2-4-1-1 
2-6-1-1 
2-2-5-1 
2-2-5-1 
2-2-1-1 
2-2-1- I 
2-3-  1 - 1 
5-3-1-6 
5-3-1-6 
5-3 -3 -6  
5-3- 3-  6 
5-3-5-6 
5-3- 1 -  6 
5-3-1-6 
5-5-1- 1 
5 - 5 -  1- I 
5-5-3-1 
5-5-3-1 
5-5-5-1 
5-5-5-1 
5-5-7-1 
5-5-1-1 
6-1-1-5 
6-1-1-6 
6-2-1-6 
b-i . - I - i  
6-5-5-2 
4-1-89 
4-3-88 
6-6- 1 - 1 
6-6-1- 1 
8-6-1-1 
8-3-1-6 
8-3-1-6 
8-4- 1 -6 

1-4-1-6 
1-4-1-6 
1-3-6-6 
1-4-3-6 
1-4-3-6 
1-4-8-6 
1-4-8- 6 
1-5-8-1 
1-5-3-1 
1-5-3-1 

8-4-1.5 

Fuel rod 0 
0 
0 
0 
0 

1 .86  
I .86 
NA 
NA 
1 . 8 4  

1.88 
1.86 
NA 
1 .86 
NA 
1.88 
1.92 
1.88 
1.91 
1 .91 
1 . 8 8  
1.89 
1.94 
NA 
1 .88 
1.84 
1.88 
1.84 
1.94 
1 .91 
1 . 8 8  
1.84 
1.84 
1.88 

1.88 
1.94 
NA 
1.89 
1.94 
1.88 
1.84  
1.88 
1.91 
1.88 
1.91 
1.88 
1.85 
1.85 
1.99 
1.89 
1.99 
1.80 
1.78 
1.18 

1 . 8 8  

I - 8 8  

__ 

0 
0 
0 
0 

PR-66 

9T-980-BL 
4000- 309 
4000-226 
4000-226 

9r-980-8~ 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

PR-66 
91-980-BL 
P R - 6 6  
9T-980-BL 
4000-225 
PR-57-1 
4000-226 
PR-61 
PR-51 
4000-226 
Nixed I 
PR-48 
4000-214 
4000-225 
4000-?09 
4000-226 
4000-309 
4000-213 ( P R -  
PR-60 

0 &000-225 
4000-309 
4000-309 
4000- 2 2  6 
4000-226 
4000-226 
PR-54 
97-980-81 
Mixed 1 
PR-48 
4000-226 
4000-309 
4000-226 
PR-60 
4000-225 
PR-56 
4000-226 
4000-323 
PR-67 
Mixed A 
Mixed 1 
Mixed A 
4000-355 
4000-340 
4000-339 

4000-244 
4000-225 
4000-246 
4000-231 
4000-246 
4000-231 
4000-241 
4000-308 
4000-241 
4000-308 
4000-229 
4000-23: 
4000-239 
4000-308 

0 
0 
0 
0 
0 
0 
0 

2.812 
2.812 
2.812 rod 

1.19 
1.88 
1.84 
1.79 
1 .84  
1.19 
1.60 
1 . 5 1  
1.60 
1.57 
1.84 
1.19 
1.58 
1.51  

1.83 
1.84 
1.88 
1.85 
NA 
NA 

1.79 
1.88 
1.84 
1.79 
I ,  60 
1.51 
1 . 8 4  
1.80 
1.60 
1.84 

NA 
NA 

0 . 8 6 3  
0.863 
1.105 
1 .  IO5 
1.105 
1.105 
1.105 
1.105 
1.105 
1.105 
3.679 
C . 6 1 9  
0.679 
9.674 
I . 1 I C  
1.093 

1,093 
1.079 
1.019 

1.318 
1.318 
1.691 
1.691 
1.691 
1.691 
1.039 
1.039 
1.039 
1.039 
1 ,  654 
1 .65L 

1.09? 

0 < 0 < 0.84 
0 < 0 < 1.6 
0 < 0 < 0.2 
0 < 0 0.44 
0 < 0 < 0.2 
0 < 0 < 0.44 
0.01 < 0.07 < 0.2 
0.0 < 0.0 < 0 . 5 8  
0.0 < 0.0 0.27 
0.0 < 0.0 0.58 
0.0 < 0.0 < 0.71 
0.0 < 0.0 0.36 
0.0 < 0.0 c 0.71 
0.0 < 0.0 < 0.16 

0 .0  < 0.0 0.24 
0 . 0  < 0.0 < 0 . 3 3  
0.0 < 0.0 < 0.29 
0.0 < 0.0 < 0.35 
0.0 < 0.0 < 0.74 
0.0 ' 0.0 0.13 

Loose bed 950 5.18 
950 0.09 
1239 19.48 
1239 0.15 
1239 19.48 
1219 0.15 
1244 19.48 
1244 0.15 
1244 19.48 
1244 0.15 
1130 4.31 
1130 0.05 
1131 4.37 
1131 0.05 

1262 18.54 
1210 0.14 
1210 0.14 
1210 0.14 
1269 3.91 
1269 3.91  

1 - 1 - 1 -90 
I-1-1-09 
1-2-1-80 
1-2-1-09 
1-2-I-RB ~ ~~ 

1-2-2-89 
1-2-5-00 
1-2-5-88 
1-2-5.09 
1-2-5-89 
1-3-1-98 
1-3-1-89 
1-3-5-98 
1-3-5-98 

I-IS-2-6 
I-TS-14-1 
I-IS-14-2 
1-IS-14-6 
I-IS-20-1 
1-IS-20-2 
2-1-1-99 
2- 1- 1 -88 
2-2-1-08 
2-2-1-08 
2-2-5-00 
2 - 2 - 5 - 0 0 
2-3-1-00 
2-3-1-80 
2-3-5-80 
2-3-5-80 
2-IS-19-1 
2-TS-19-2 

Loose  bed 

spine sample 4503-598 
4000-238 
4000-225 
4493-149 
4423-33 
4423-35 

4000-244 
4030-225 
4000-246 
4000-231 
4000- 24 7 
4000-308 
4000-229 

Spine sample 
Loose bed 

1 
0.0 < 0.0 < 0.31 
0.0 < 0.0 < 0.22 
n n < n.0 < 0.80 

435 
580 
315 
626 
103 
668 
428 

853 7.28 
853 0.23 
1102 26.89 
1102 0.37 
1104 26.89 
1104 0.31  

... . 
0.0 < 0.0 < 0.24 
0.0 < 0.0 < 0.80 
0.0 < 0.0 < 0.24 
0.0 < 0.0 < 0.41 
0.0 < 0.0 < 0.29 

I021 6 .03  
1021 0 . 1 2  
1023 6.03 
1023 0.12 

1136 5.51 
1136 5 . 5 1  

4000-321 
4000-230 
4000-330 

4423-33 
4423-35 

1 
Loose bed 

Spine  sample 
spine sample 

ThC2 
0.0 < 0.0 0.74 
0.0 < 0.0 < 0.68 :K:E;l :; 

- 
(a) 4-4-1-3: FTE(RTE1-4 - body 4 - hole 1 - rod 3. 

1-15-2-6: FIE-I - thermal stability - type 2 - l o c a t i o n  6. 
2-1-1-88: FTE-2 - body 1 - hole 1 - blended bed. 

(b) Only three digita are significant. 
( c )  Iu - not rvsilabla. 
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Spine  
Sample 

I d e n t . ( a )  

3-TS-5-1 
3-TS-11-6 
3-TS-23-3 
3-TS-23-4 
3-TS-29-6 

4-TS-4-5 

6-TS-18-3 
6-TS-6-5 

5-TS-15-3 
5-TS-3-5 
5-TS-27-4 
5-TS-27-5 

14-TS-1-4 

I 14-TS-5-6 
+, 10 14-TS-4-6 

14-TS-8-3 

15-TS-1-4 
15-TS-8-2 
15-TS-3-6 
15-TS-4-6 
15-TS-5-6 

1-1-8-BB 
1-1-8-BB 

1-TS-14-3 
1-TS-14-5 
1-TS-26-6 

2-1-5-BB 
2-1-5-BB 

2-TS-19-5 
2-TS-19-6 
2-TS-25-3 
2-TS-25-4 

( a )  3-TS-5-1: 

00 14-TS-3-6 

TABLE 8-4 
OPyC FAILURE OF TRISO PARTICLES FROM LOOSE PARTICLE SAMPLES IRRADIATED I N  PEACH BOTTOM TEST ELEMENTS 

OPyC F a i l u r e  P a r t i c l e  Iden t .  OPyC P r o p e r t i e s  I r r a d i a t i o n  Condit ions 
Time 
Avg . 
Max. S t e r e o  Metallography F a s t  

0.95 < Y < C  0.95 '0.05 < Y < C  P a r t i c l e  P a r t i c l e  Coat ing Fluence,  Fuel Burnup 
Type Diameter Densi ty  Rate Thickness  E > 29 f J  Temp. FIMA '0.05 

Batch No. (w) (urn) (kg/m3) BAF, (ud rn in )  (urn) n/m2) ( "c )  ( X )  (%) ( Z )  

4000-302 UC2 344 1.71 1.014 N A ( ~ )  36 0.32 925 5.94 0 < 0 < 0.15 NA 
4505-53 (Th, U) 02 NA NA N A  NA NA 0.31 915 2.87 0 < 0 < 0.99 NA 
4423-41 (Th ,U) C2 N A  NA NA 5.5 33 0.36 944 3.19 0 < 0 < 1.04 NA 

344 1.75 1.011 6.77 22 0.34 935 6.14 0 < 0 < 0.54 NA 

4000-302 UC2 344 1 .71  1.016 NA 36 1.19 1051 22.55 0 NA 

4000-302 UC2 344 1 . 7 1  1.016 N A  36 1.87 1115 31.42 0 

4423-53 (Th, U) C2 NA NA NA 9.33 28 0.36 944 7.19 0 < 0 < 0.7 NA 
4413-67 uo2 

4000-242 ThC2 650 1.71 1.014 NA 42 2.08 1152 0.73 0 0 < 0 < 5.7 

4000-242 ThC2 650 1.71 1.014 NA 4 2  3.70 1.1100 2.13 0 
4000-302 UC2 344 1.71 1.015 N A  36 3 .63  1.1219 53.42 0.1 0 < 0 < 5.5 
4423-3 uc2 

4161-01-030 UC2 1.31 1095 22.43 0 0 < 0 < 4.5 

4161-01-030 UC2 524 1.80 1.033 3.53 38 1.20 1534 19.82 0 0 < 0 < 4 .5  

4161-01-020 UC2 1 . 8 7  1468 31.88 0 0 < 0 < 4 .7  

4161-01-030 UC2 524 1.80 1.033 3.53 38 2.02 1338 36.96 0 0 < 0 < 7.9 

4000-245 (2Th,U)C2 459 1.74 1.016 N A  39 0.5 639 2.88 0 < 0 < 0.46 NA 

0 < 0 < 2.0 

0 < 2 .5  < 9.1 

N A  NA NA NA NA 3.66 1.1100 53.89 6.6 5.4 < 9.2 < 15.4 
NA NA NA N A  NA 3.66 1.1100 53.89 0 0 < 0 < 3 .3  4413-137 UC2 

0 < 0 < 4 .2  4161-01-020 UC2 524 , l i80 1.,033 3i53 3,8 1.26 1282 21.76 

4161-01-030 UC2. 1.44 1 4 1 8  24.13 0 
4161-01-030 UC2 1.45 1364 24.59 0 

4161-01-020 UC2 524 , l j80 1 j033 3j53 i 1.73 1294 33.55 0 0 < 0 < 4 .0  

4161-01-030 UC2 1.80 1086 34.54 0 1 .0  < 5.7 < 16.0 
4161-01-030 UC2 1.99 1355 37.34 0 0.3 < 4 . 8  < 16.6 

0 < 0 < 4.2 
0 < 0 < 2 2  

4000-306 ThC2 656 1.78 1.016 NA 42 0.5 639 0.02 0 < 0 < 0.54 NA 

4000-242 ThC2 662 1.70 1.014 NA 42 1 . 1  1.1100 0.17 0.0 < 0.0  < 0 .38  NA 
4503-25 ThC2 6 32 1.84 NA NA 39 1.1 1.1100 0.17 0.0 < 0.0 < 0.34 NA 

34 0 1.75 1.006 NA 22 1.1 1.1100 20.0 0.0 < 0.0 < 0.7 NA 

4000-245 (2Th,U)C2 459 1.74 1.016 NA 39 0.8  591 4.06 0 .0  < 0.0 < 0.26 NA 
4000-306 ThC2 656 1 . 7 8  1.016 NA 42 0.8  591 0.05 0.0 < 0.0 < 0.25 NA 

4000-211 (1.8Th,U)C2 485 1 . 7 7  1.011 NA 39 1 . 7  1.1030 10.11 0.0 < 0.0 < 0.98 NA 
4000-220 (3Th,U)C2 456 1.86 1.035 NA 39 1.7 1.1030 7.20 0.0 < 0.0 < 0.40 NA 

3592-35 (2Th, U) C2 310 2.00 NA N A  10 1 . 7  1.1030 9.46 0.1 < 0.2 < 0.8 NA 

4413-67 uo2 

n A  1.92 1.006 N A  N A  1.7 1.1030 22.61 0.7 < 1 .5  < 3.32 NA 4423-3 uc2 

FTE-3 - thermal s t a b i l i t y  - t ype  5 - l o c a t i o n  1 



2 2-8 

> 8'0 
> 0'0 

> Z'8 
> 5'21 
> 0'71 
, 0'21 
> 6'21 
> 0'61 
> 1.2 

- 
5.<7 
7'67 
6'2 
Z'I 
C'P 
2'85 
0'51 
7'11 
0'82 
B'h2 
U'62 
1'0 
2'0 
L'Cl 
L'OZ - 
-. 
1'0 
('11 

2'0 
1'12 
0'1 
*'lC 
O'LC 
1'61 
2'9C 
0' 1 
7'Lt 
7'LC 

7'0 
0'72 
2'21 
C'72 
('72 
0'7Z 

1'1 
1'92 

L.56 
0'67. 
L'SE 
O'OC 
7'57 
5'1 
1'01 
1'01 
7.51 
1.57 

1.St 
1'0 
2'81 
0'81 
"5C 
1'5C 
1'01 

5'0s 

- 

=J-T O'C 

6901 
1101 
8LOI 
EOEI 
C0E1 
1601 
6111 
1601 
891 I 

0.C 
I 0'1 

10.1 
10.1 
10'2 
10'2 
96' 1 
86'1 
20'2 
10'2 
10'2 
ir'z 
77'1 
17': 
71' 1 
S7.1 
17'1 
77.1 

89'1 
89'C 
89'L 
7L.E 
7L.C 
7L'C 
06.1 

88'2 

BU'L 
88'2 
88'2 
88'2 
16'1 
16'1 
L6'l 
96' 1 
16' 1 
16'1 
96'0 

n8.z 

18'2 110'1 
6n'C ,ZZO'I 
6Y'L ~70'1 

11'7 im'i 

cs'c rcn'i 
c5.r CEO'L 

b8'C 720'1 
18'2 170'1 

VN 170.1 

VR 970'1 
VN IhO'! 

VN 1zn.i 

VN 1110'1 
YN ! Lin'! 

__ 
08' 1 
61'1 

1e.1 
E8'1 
18'1 
C8'1 
99' 1 
Li'l 
(8.1 
1H'l 
68'1 
08'1 

18'1 
i8'l 
51.1 
19'1 
09'1 
OF' i 

3.1-1:-1 
>'$-69.~ 

CZ'I 
3'!-11'1 
3' 1-6Y'i 

(1'1 
El'l 

6L.l 
6L.l 

U'L 
8'1 
8' L 
P' 1 

6L'I 
6L.I 
8'1 
8' 1 
8'1 
8'1 
8'1 

ssc-ono? 
SLC-fJOO7 
901-f~OO7 
Y OC -g007 

L:II -0007 
Lor-ooov 
1 OC-0007 
LoL-ocu7 
Loc-uon? 
LUC-i1007 
Lor-0001 

9OE-0007 
!0<.-0007 
LOE-COO? 

90c-crioh 

___- 

77') 
051 
17< 
799 
05 7 
171 
1% 

28C 
(99 
605 
605 
le+ 
I87 

28C 
(99 
605 
605 
IS* 
18: 
187 

110-10-I927 

li0-00-29Z7 
ILU-le-7.917 
120-IC-2017 

1CO-10-7.917 
iio-on-~~~n 

110-00-1911 1CO-Id-1911 

ico-'n-iyi? 

ico-n~-zqi? 110-00-191? 
150-00-7927 

lCo-oo-2?l'i 
lt0-10-1911 
1CO-lO-I917 

901 -0031 
~vz-0007 
~or-non? ~~ 

901-0301 
L?i-UoOf 
Loc-olJo7 

85C-0007 
((1-0001 
LSL-0001 
L5c-oco7 
55c-0001 
SSC-0001 

85:-ooc* 
SIC-0007 

151-0001 
S5L-0001 
SLC-0007 

Lcr -0007 

i~c-nno~ 

s~c-oon~ 

1-85-1 
9-9-(-1 
L-L-z-0 
!-L-95 
1-1-9-E 
L-S-C-Z 
1-1 -c-2 
1-1-9-2 
E-1-9-2 
E-1-7-7 
E-L-7-P 
s-5-s-L 
E -1 -c -1 
s-5-s-L 
E-1-E-L 

7-E-(-91 
1-S-(-91 

I-9-(-51 
1-')-c-s1 
5-?-2-51 
E -9-7-21 
L-E-Z-51 
L-7-2-St 
6-C-2 -5 1 
5-2-L-11 
5-z-z-s1 
5-1-z-s1 

c-9-2-11 
1-9-2-71 
f-7-2-71 
9-(-2-1 1 
9-2-2-11 
1- 1 -:-?I 

2-1-c-s 
z-L-E-5 
z-s*-S 
L-L-Z-5 
1-L-2-5 
1-5-2-5 
c-5-1-5 

L-8-23 
L-9-2-9 
1-9-i-9 
1-1-2-9 
1-2-79 
1-1-7-9 

L-B-2-9 
I-E-2-7 
1-s-2-7 
8-(-2-1 
1-2-2-v 
L-1-2-9 
i-2-2* 



TABLE 8-6 
SUMMARY OF SIC ATTACK BY PALLADIUM IN FTE-13 

Fuel 
Rod 

Ident .(a) 

2-2-2 
2-2-6 
2-2-6 
2-2-9 
2-2-12 
2-2-1 2 
2-2-12 
2-5-3 
2-5-3 
2-5-6 
2-5-6 
2-5-9 
2-5-9 
2-5-9 
2-5-12 
2-5-12 
2-5-12 
2-5-12 
2-5-12 
2-6-2 
2-6-6 
2-6-6 
2-6-9 
2-6-12 
2-7-6 
2-7-9 
2-7-9 
2-7-9 
2-8-6 
2-8-6 
2-8-9 

m 
I 
h) 
w 

Photo 
Ident. 

R71649 
R71656 
R71659 
R71639 
R71624 
R71620 
R71631 
R71677 
R71675 
R71707 
R71703 
R71715 
R71713 
R71711 
R71690 
R71685 
R71682 
R71681 
R71683 
R71585 
R71573 
R71567 
R71562 
R71580 
R71594 
R71599 
R71602 
R71605 
R71754 
R71746 
R71739 

2800 I 1528 
1200 1725 
Rod center 1725 
950 1873 
1800 2021 
On 0.d. 2021 
1000 . 2021 
900 1577 

1577 1500 
On 0.d. 1725 

1725 3000 
2300 1873 
2100 1873 
Rod center 1873 
1200 202 1 
1700 202 1 
Location unknown 2021 
Location unknown 2021 
800 2021 

1528 Rod center 
Rod center 1725 
650 1725 
Rod center 1873 
On 0.d. 2021 
Rod center 1725 
3800 1873 
1150 1873 
O n  0.d. 1873 
On 0.d. 1725 
900 1725 
Rod center 1873 

Total 
?article 
Photo 
Ident . 
R71647 
R71654 
R71657 
R71637 
R7 1622 
Same 
R7 1628 
Same 
Same 
Same 
Same 
Same 
Same 
Same 
Same 
Same 
Same 
Same 
Same 
R7 1585 
R71571 
R71565 
R71560 
R71578 
R71592 
R71597 
R7 1603 
Same 
R7 1752 
Same 
R71737 

2.0 
3.0 
23.0 
10.5 
3.0 
18.0 
23.5 
2.0 
4.0 
2.0 
6.0 
2.0 
2.0 
4.0 
2.0 
2.0 
2.0 
3.0 
2.0 
4.0 
14.0 
12.0 
6.0 
4.5 
4.5 
4.5 
3.5 
3.0 
2.0 
2.0 
3.0 

Particle 
Identification 

PUO, 6 
puo; 
PUO 
Puo2-x 
Puo2-x 
puo2-x 
Puo2-x 
pu02-x 
Puo2-x 
puo2-x 
pu02-x 
puo2-x 
puo2-x 
pu02-x 
Puo2-x 
pu02-x 
pu02-x 
pu02-x 
Puo2-x 

3Th0 - P U O ~ - ~  

3Th6ih1O 
3Th02-Pu02-X 
3Th02 - P U O ~ - ~  

~T~O;-PUO~-~ 
3Th02-Pu02-X 
3Th02-PuO~~~ 

6 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
4 
4 
4 
4 
4 
2 
2 
2 
2 
5 
5 
5 

1 

Distam1)from I 1 1 Flz::te, 
Rod Center Height Attack E > 29 fJ 

(1025 n/m2) 

2.22 
2.26 
2.26 
2.26 
2.22 
2.22 
2.22 
2.24 
2.24 
2.26 
2.26 
2.26 
2.26 
2.26 
2.22 
2.22 
2.22 
2.22 
2.22 
2.22 
2.26 
2.26 
2.26 
2.22 
2.26 
2.26 
2.26 
2.26 
2.26 
2.26 
2.26 

I 1 I 

Linearcb) 
Time 
Average 

remperature 

K 

1414 
1533 
1579 
1391 
1322 
1322 
1322 
1408 
1408 
1506 
1506 
1366 
1366 
1408 
1300 
1300 
1300 
1300 
1300 
1459 
1579 
1533 
1435 
1322 
1552 
1367 
1367 
1367 
1508 
1508 
1410 
- 

: RMS 
(K) 

98 
107 
121 
92 
82 

82 
102 
102 
110 
110 
92 
92 
103 
81 
81 
81 
81 
81 

1 1 1  
121 
107 
103 
82 
127 
93 
93 
93 
112 
112 
104 

a2 

- 

Burnup 
FIMA 

(%) 

Sic Thinning 
Rate 

(x Umm/h) 

1.6 
2.4 
18.7 
8.5 
2.4 
14.7 
19.1 
1.6 
3.3 
1.6 
4.9 
1.6 
1.6 
3.3 
1 .6 
1.6 
1.6 
2.4 
1.6 
3.3 
11.4 
9.8 
4.9 
3.7 
3.7 
3.7 
2.8 
2.4 
1.6 
1.6 
2.4 

(a)2-2-2: 

(b)Volume-averaged fuel temperatures are provided for all samples except those located at the center of the rod. 

(C)The burnup is estimated to be 43% FIMA for Pu02 and 10% FIMA for 3Th0 -PuO 

body 2 - hole 2 - rod 2. 

Maximum fuel 
temperatures are given for these samples. 

2 2-x' 



TABLE 8-7 
SUMMARY OF S i c  T H I N N I N G  RATES I N  PEACH BOTTOM TEST ELEMENTS 

Test 
Element 

FTE-5 
FTE-5 
FTE-5 
FTE-6 
FTE-14 
FTE-14 
FTE-14 
FTE-14 
FTE-15 
FTE-15 
FTE-15 
FTE-15 
FTE-15 
FTE-15 
RTE-2 
RTE-4 

F u e l  
Rod/ 

Sp ine  
Sample 
1dend.a 

TS 3-5 
2-5-7 
3-5-2 
TS 6-5 
TS 4-6 
TS 5-6 
TS 8-3 
2-1-7 
TS 4-6 
TS 5-6 
TS 8-3 
2-1-5 
2-2-5 
2-1-9 
6-1-3 
4-7-3 

I r r a d i a t i o n  Cond i t ions (b )  

( b )  i n e a r  
T i m e  
Teight ed 

Temp.  
e C) 

; i C  Th inn ing  
Ra te  Mean 

Core 
Height  
(mm) 

F a s t  
F luence ,  
E >  29 f J  

(n/m2) 

Max. 
S i c  

4 t t a c k  
(IJm) 

Real 
T i m e  

) p e r a t i o n  
( h )  

FMB 
Batch  

I d e n t  . 
Burnup 
F IMA 
( Z )  

(x lo-[ 

qeas .  

d h )  

Ca lc .  

NA 
1 . 1 4  
0 .75  
NA 

44 .83  
93 .63  

305.93 
39 .73  
63 .10  
87 .90  

170.00 
92.46 
70.86 
17 .68  
0 .84  
6 .20  

4000-302 
4000-307 
4000-307 
4000-302 
4161-01-030 
4161-01-030 
41 61-01-030 
4161-01-031 
4161-01-030 
41 61-01-030 
41 61 -01-030 
41 61 -01-031 
4161-01-031 
41 61-01 -031 
4000-307 
4000-307 

2028 
1776 
2318 
2684 
1636 
1844 
2423 
1865 
1645 
1845 
2424 
1733 
1733 
1987 
2772 
1982 

3 .63  
3.78 
3.27 
1 .87  
7.45 
1.44 
1.20 
1.44 
1.99 
2.02 
1 .87  
2.01 
2.01 
2.02 
1.64 
1 .80  

NA(') 
1110 
1101 
1105 
1364 
1418 
1534 
1275 
1355 
1338 
1468 
1319 
1299 
11  85 
1041 
1237 

4 .0  
1 . 7  
1 . 6  
4 . 0  
4 . 5  

10 .0  
10 .0  

5 .0  
5 .0  

15 .0  
2 .0  
9 .0  

12 .0  
4 .0  
2 .5  
5 . 0  

24,832 
24,832 
24,832 
18 ,358  

8 ,712  
8 ,712  
8 ,712  
8 ,712  

14,901 
14,901 
14,901 
14 ,901  
14,901 
14,901 
18,641 

9 ,931  

1.6 
0 .7  
0.7 
2 . 2  
5 .2  

' 11 .1  
1 1 . 1  

5.7 
3.4 

10 .1  
1 . 3  
6 . 0  
8 . 0  
2.7 
1 . 3  
5 . 0  

53.4 
55 .7  
50 .5  
31.4 
24.6 
24.1 
19 .8  
24 .O 
37 .3  
36.9 
31 .9  
37.4 
37.4 
36.2 
28.0 
29.8 

ORNL PIE Data  
7- I 

RTE- 1 
RTE-2 
RTE-2 
RTE-4 
RTE- 5 
RTE-6 
RTE-7 
RTE-8 

3-6-6 
6-1-1 
(d)  
4-1-3 
3-5-6 
4-1-1 
5-5-5 
5-7-1 

4000-325 
4000-307 
4000-307 
4000-309 
4000-307 
4000-307 
4000-307 
4000-307 

3 .03  
1.98 
3.06 
1.80 
4.12 
4 .13  
0.78 
3.93 

5 . 0  
1 .o  
5 . 0  
5.0 
5 . 0  
5 .0  
1 . 5  
5 . 0  

33.76 
0.81 
0 .22  
6 . 2 0  
0.22 
0 .95  
0.17 
0 .55  

1267 
1036 
1044 
1237 
1034 
1072 
1056 
107.2 

49.4 
31.4 
44.9 
29.8 
58 .3  
58 .8  
13.7 
54.9 

18 ,358  
18,641 
18,641 

9,931 
24 ,832  
24,832 

6 ,474  
24,832 

2.7 
0 .5  
2 .7  
5 .0  
2.0 
2.0 
2.3 
2.0 

1752 
2664 
1460 
1982 
1747 
1875 
2483 
2267 

(a)TS-3-5: 

(b )Tempera tu res  are volume ave raged .  

("NA = n o t  a v a i l a b l e .  

(d)Body 3 ,  100 SF, 2329. 

Thermal s t a b i l i t y  - t y p e  3 - l o c a t i o n  5 .  2-5-7: Body 2 - h o l e  5 - rod  7. 
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TRISO 
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TRlSO 
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TRISO 
TRlSO 
m1so 
BISO 
also 
T R l S O  
lis0 
T R l S U  
TRiSU 
BISO 

T R l S O  
BISO 

TRISO 
TRlSO 
T R l S O  
T*ICIl 
TfilSO 
m1so 
BISO 
TRISO 
B1SO 

a l s o  

also 

-- 

- 
%2-8-7 
0-2-6-  7 
6-2-b-7 
5 -1 -5 -1  
5-2-1-2 
5-:-1-7 
5-2-5-7 
5-1-; ..2 
5-3-5-1 
4-?-1-7 
1-2-2-6 
5-2-1-5 
5-2-1-9 

15-2-2-5 . . _- 
__ 
1-1-1-3 
7-5-5-5 
4-4-1-3 
4-1-1-1 
2-4-1-1 
2-6-1-1, 
2-2-1-1 

5-1-5-6 
5-I- 3- 1 
5-5-5-1 
5-6-1-1 
6-1-1-5 
6- 1 - 1 4  
6-2-1-0 
6-4-1-1 
6-I -I-  I 
e - 2 - 1 4  
8-5-1-1 
8-6-1-1 
8 - 3 - 1 4  
f-j-6-t 
1-5-1-1 

Z . - I - I - B B  

_- 

3.065 122J 
l . i l h  I1011 

3.1140 1099 
2.565 I1021 

C.122 1085 
3.710 ! 1128 
1:lX ! I t 1 3  
2.814 I 1 0 6 4  
2 . 9 5 1  566 
i.:z: 883 
4 . 3 i J  1011 

I I 1 4  

18158 
10.1 ilB3: 
55.8 :id12 
55 .7  ZL832 
55.1 2 1 R I 7  
50.5  24832 
53.5  24831 I 
21.0 8721 I 

!C"ClC 

23.0 
11.1 
29.8 
16.7 
44.5 
t 6 . 3  
"0.1 
es.0 
58.1 
51.1 
51.1 
41.1 

50.8 
5d.5  

51.4 
58.9 
S'r.9 
1 4 . 2  
59.6 
i P . 4  
4 5 . 5  

_. 

46.8 

1n.0 

- 
Fuel - 

10.1 
35.; 
35.7 
15.1 
45.4 
21.1 
26.0 
96.2  
37.0 
37.1 
21.1 - 

e s t  E 

6L71 
6 1 3  
9910 
9910 

18641 
186L1 
18641 
1864 1 
24911 
:48J2 
2 L U J Z  
24012 
2L8IL 
2481:  
24812 
21832 

2L832 
2481: 
24812 
2L812 
I8358 
18158 

e s t  E 
J816 
1816 

12858 

18158 
8 ? 2 1  
8721 
I5901 
14901 
:4901 
14901 

TC9 t 

- 

z ~ a i ?  

-- 
- 

miss 

- 

__ 
0 . 0  < 0.1 < 0 . 4  
NUCC) 
0.1 ' 2.9 ' l ! . 4  
0 
0.a < 1.6 ' b . 3  
1.5 < 6.1 < 21.0 
1.0 ' 3.9 < 1 5 . 4  
0 . 5  1.8 < 7.1 
0 . )  < 1.8 ' 7.1 
1.4 ' 11.3 < 5 2 . 4  
0.1 < 19.8  < 116.8 
1.1 < 44 < 113.4 
2 . 0  ' a .1  < 31.9  
a .8  . 1 4 , s  1 1 2 . 1  

0.1 < 0.4 < l . ,  
0.0 ' 0.1 < 0.1 
1.5 ' 4 . 2  ' 12.0 
0.0 
1.5 ' 4 . 1  ' 11.4 
0.0 0.1 < 0.3 
2.8 * 8.1 ' 21.1 
2.0 ' s.7 < 16.2 
0.2  ' 0.7 < 2 . 0  
5.4 < 1.1 < 3 . 1  
0 . 5  < 1 . 1  < 1.1 
0.1 < 0.1 ,. d.9 
0.0 
0.0 
0.1 < 0.4 < 1.6 
0.7 ' 2.0 < 7.9 
G.8 < 2 .4  < 9.5  
0.1 < 0.2 0.8 
0.4 < 1.0 < 1.9  
0.1 < 0.1 < 1.7 
0.6 < 1.6 ' 6.1  
2.7 < 30.2  < 142.6 
4.1 < 11.1 < 46.1 C S  

-. - rncf) .  till? Kern.; 

'O S i c .  Flartlc deformation 15.1 < 6 1 . 9  < 200.b  

' ;5 1 3.4 < 1J .5  < 41.7 
___ 
'D SIC, plastlc deformarton 

'O SIC. p l a s t l c  deformation bl .9  L 165.0 < 535.C 
1 1 . 9  < 161.0 < 515.c 'O 51C. pias t i c  defo-[Ion 

c5 19.) < 1 6 . 0  < 245.2  
14.1  < 56.3 < 182.1 
20.2 < 79.4 < 257 .2  
24 .2  < 95.1 < 108.1 
10.1 < 121.0 ' 192.c 
!1.3 < 44.1 < 1 4 2 . 5  

115.7 < 61.9 < ZW.6 

i 
q 5  
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nurnuo I I 

B l S O  I 6-2-2-7 I 2.8?5 I 1210 I 1.5 1 lP358 I 1 

1 4 - 3 4  
1-5-0-1 
1-5-3-1 
.-4-0-6 

- 
8lSO 
T R I S O  
0lSO 
B'SO 
IUISO 
BISO 
B l S O  
'IRIS0 
BISO 
BISO 
BISO 
BISO 
BISO 
B I S O  
T R I S O  
BiSO 
BISO 
BISU 
I K I S O  
BISO 
T R I S O  
BISO 
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UISO 
TRISO 
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BISO 
B I S O  
mrso 
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- 

BISO 
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BISO 
BISO 
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BISO 
BlSO 
0ISO 
BISO 
BISO 
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dI50 
BTSO 
BISO 
BlSO 
BISO 
TRISO 
BISO 
0ISO 
BISO 
BISO 
BISO 
BIW 
IRLSO 
IRIS0 
BISO 
B150 
BISO 
DISO 
BISO 
BISO 

3-2-1-7 
32-8-7 
3-2-8-7 
4-2-1-8 
4-2-5-7 

6-2-3-7 
6-2-6-7 
6-2-8-7 
5-1-5-3 
5-2- 1-2 
5-2-1-1 
5-2-3-7 
5-2-5-7 
5-2-7-7 
5-1-1-2 
5-1-1-2 
5-3-5-2 
5-3-7-2 
14-2-1-7 
14-2-2-6 
14-2-4-7 
15-2-1-5 
15-2.-1- 9 
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15-2-5-2 
15-3-6-10 
16-1-2-11 
16-2-7-10 
16-2-8-6 
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16-3-5-4 

4-2-8-7 

___ 
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1-5-5-5 
4-4-1-3 
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2-2-1-2 
2-2-1-6 
2-4-1-1 
2-6-1-4 
2-2-5-1 
2-2-1-1 
2-3-1-0B 
5-1-1-6 
5-3-5-6 
5-5-1-1 
5-5-3-1 
5-5-7-1 
5-b-7-1 
6-1-1-5 
6-1-1-6 
6-2-7-6 
6-4-1-1 
6-5-5-2 
6-1-1-6 
8-2-14 
8-5-7-1 
8-6-7-1 

b 4 - 1 - 6  
8-4-5-1 
1-1-1-6 
1-3-6-6 

8-3-1-6 

n ___ 
4 . 1 2 5  
4.125 

2.912 
2.875 
2.812 

1.720 

2.112 
2 . n ~  ~- 

0.159 
0.559 
0.559 
1.958 
1.967 
1.967 
2.825 
2.02s 
2.a.5 
1.662 
3.715 
3.785 
3.785 
3.785 
3.785 
3.266 
3.266 
3.266 
3.Lbb 
1.438 
1.44? 
1.438 
2.009 
2.021 
2.009 
I .984 
1.962 
1.017 
2.235 
2.244 
2.259 
2.244 
1.966 

I - ~ 

1.160 
0.785 
1.802 
1.024 
1.471 
2.688 
3.029 
3.065 
1.436 
2.545 
2.545 
1.099 
4.125 
4.125 
3.720 
1.720 
3.72" 
2.824 
2.965 
3.222 
4.043 
4.114 
1.829 
4.151 
4.093 
3.915 
2.989 
4.211 
1.904 
4.191 
2.875 
3.031 

R 

.<le T 
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1191 
1073 
10iY 
1 3Yl 
1331 
1292 
1485 

le1 re 
l 0 5 J  
1052 
3057 
1:'.9 
I150 
1161 
1191 
11Rb 
1195 

; ,5 
1 1 1 1  
1 I95 
1249 
I165 
1174 
1154 
1193 
1150 
1147 
1347 
1321 
1122 
1386 
1251 
1167 
1239 
1253 
113s 
1146 
1 I85 
1036 
1-41 
1083 

;le L 

1168 
1097 
1303 
789 
1267 
1098 
1145 
1223 
1077 
1021 
1021 
I069 
1 1  16 
lU85 
1146 
1128 
:177 
1064 
066 
883 
1054 
1145 
1177 
I162 
10:0 
1120 
1061 
1127 
1221 
1228 
1299 

.- 

__ 
__ 

._ 
- 

1355 
__ 

E l r w n r s .  Tho; 

:lem" 

0.4 
0.4 
0.4 
0.7 
0.7 
0.7 
1.5 
1.5 
1.5 
0.6 
2 . 2  
2.3 
2.3 
2 . 3  
2.1 
1.7 
1.7 
1.7 
1.7 
0.4 
0.1 
0 . 4  
I .o 
1.0 
1 .o 
1 .o 
1 .o 
0.2 
0.9 
0.9 
1.0 
0.9 
0.7 

E k - 3  

0.2 
0.1 
0.5 
0.1 
0.3 
1.3 
1.6 
1.6 
0.1 
1.1 
1.1 
1.7 
2.1 
2.7 
2.1 
2.1 
2.1 
1.2 
1.5 
1.1 
2.9 
3.0 
2.2 
2.9 
4.1 
2.4 
1.3 
3.1 
2.6 
1.0 
1.5 
1.8 

I_ 

~ 

~ 

18318 

2% 
J816 
1816 
381 6 

I2850 
12858 
18358 

12858 

111358 
18358 
24832 
24812 
2h832 
24832 
24832 
24832 
24832 
24832 
24812 
24832 
8721 
8721 
8721 
14901 
14901 
14901 
14901 
14qo1 
14901 
14901 
14901 
14901 
14901 
14901 - 2 
6473 
6 6 7 3  

9930 
9910 
lHhL1 
18641 
1864 1 
18541 
1864 1 
1864 1 
18641 
248J2 
2483) 
24812 
24812 
24012 
24832 
24832 
24832 
2i8J2 
24632 
24812 
24832 
24R32 
24832 
24812 
.4812 
248J2 
2-832 
18358 
18358 

9930 

rne1 

1 P r e d i c t e d t d )  
co.05 i .. co .95 - 
0.0 < r. i ' u.4 
0.1 < 1.0 < 4.2 
0.2 < 1.0 < 4 . 2  ~.~ .~ .~ 
1.5 < .4.6 < 61.6 
3.5 ' 14.6 61.6 
6.9 i8.7 121.1 
J.4 11.0 < 59.1 

11.0 < 4 8 . 4  < 201.2 
2.0 n . 4  ' 354 

1.1 < 4 , 4  < 18.6 
1.2 < 5.0 < 21.1 
0.6 2.5 < 10.5 
0.4 ' 1.6 6.8 
6.6 27.6 115.6 
5.9 24.4 < 102.9 
3.6 14.9 < 62.9 
11.6 i 49.i < 208.5 

0.0 0.1 ' n.* 
0.0 e 9.1 ' 0.1 
0.0 < 0.1 < 0.1 ! ! 0.6 2.0 L , . I  

$ 0.4 < 1.5 < 5.4 I "?ea)' 6.4 < 21.0 
2.0 7.2 ' 25.6 

I i.9 < 
6.7 < 24.1 

1.0 < 3.6 < 12.9 
3.9 < 14.1 < 50.6 
6.5 21.1 < 82.9 
2.5 < 9.0 * 32.3 

1 . 1  < 4.1 < 14.7 
1.9 < 6.8 2 L . 4  

1 I 2.5 8.a 31.5 

8.9 ' 11.6 < 114.2 
v 5.9 21.2 < 76.1 
<5 0.6 ' 23.4 < 8 4 . 0  

s.3 , :9 < 61.2 

8.5 < 30.2 < iop.4 

23.3 83 .1  i 299.0 
4.5 16.1 51.7 

0.3 ' 1.0 -- J.6 
0.6 < 1 . 3  < 8 . 3  
1.8 < 6.5 < 2 3 . 3  
0.1 < 0.3 < 1 . 1  
0.6 ' 2.1 < 1 . 5  

I 

- 
0.3 < 1.0 < 3.6 
0.1 0.3 1.1 
2.7 9.8 35.2 
0 
2.1 < 7.5 < 26.9 
0.4 < 1.5 < 5.4 
0.7 < 2.5 < 8.9 
3.0 < lU.O < 38.8 
0.1 < 0.1 1.1 
0.1 < 0.3 < 1.1 
J.l < 3.3 < 1.1 
0.3 , i.2 6.: 
0 
0.4 3 6 5.7 
1.0 3 . 4  < 12.2 
0.7 2.4 < 8.6 
2.0 < b.9 2 4 . 8  
0.2 0 . b  2.2 
0 
0 
C.2 0.8 * 2.9 
1.3 4 . 6  < 16.5 
1.9 5.3 < 19.0 
3.7 < 11.3 < 47.12 
0.2 < 0.6 ' 2.2 
0.7 < 2.5 < 8.9 
0 . 2  < 0.7 ' 1 . 5  
1.C < 1.6 < 12.9 
3.8 < 13.7 < 49.2 
1.1 < la.2 < 65.3 
ID 
14.2 < B6.b < 310.9 
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Kernel 

u02 

uc2 

ThC 

ThoZ 

TABLE 8-10 
KERNEL MIGRATION COEFFICIENTS 

USED IN CALCULATIONS 

ICMC 
(m2 k / s > ( a )  

-7 exp (-6.78 lo4) 
8.313'3: 0.265 x 10 

0.172 x exp (-1.55 8.313T lo5) 

-2 exp (-2.61 lo5) 
8.31311 1.6 x 10 

0.39 exp ( -2 *g6  8.313T lo5) 

(a> Multiply by lo4 to get an2 k/s. 
\ 

Correlation 
Coefficient 

c5 

0.254 

0.351 

0.204 

0.30 

0.28 

0.24 

c95 

3.94 

2.85  

4.9 

3.32 

3.59 

4 . 2 2  
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TABLE 8-11 
FRACTIONAL RELEASE OF K r - 8 5 m  FROM PEACH BOTTOM 

TEST ELEMENT FAILED FUEL RODS 

FTE/Rod 

6/2-1-7 

6/2-2-7 
15/2-2-5 

(a) F a i l u r e  Meta l lography 
(RIB) c o r r 

P 2a < P < 2a la < P < l a  
(%I ( n  (x 10-3) 

21.1  1 4 . 6  < P < 2 9 . 4  0 . 7 1  < P < 6 . 3 4  

8 . 1  4 . 6  < P < 1 3 . 9  0 .77  < P < 6 . 9 1  
19.7 10.6 < P < 29.8 0 .20  < P < 1.78 

(a )Represents  R / B  f o r  ThC2 p a r t i c l e s  on ly  i n  FTE-15 and U 0 2  p a r t i c l e s  

(b) (R/B) f = f r a c t i o n a l  f i s s i o n  gas release f rorn f a i l e d  p a r t i c l e  : 

only  i n  FTE-6. 

c a l c u l a t e d  u s i n g  upper  and lower bounds on f a i l u r e  and R/B.  

8-28 

0 .0024  - 0 . 0 4 3 4  

0.0055 - 0 . 1 5 0 2  

0.0007 - 0.0168 

. 
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FAST FLUENCE = 0.8 - 4.1 x l o z 5  n/m2 
TEMPERATURES: 

0 591' - 900'C 
A 900' .- 1 2OO0C 
0 1200' - 1534'C 

A 
A 

A 

A 

0 

A 

A 
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A 
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A 
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I A 4 R I A 1 

0 A A 
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1.01 1.02 1.03 1.04 1.05 

BA F 

Fig .  8-1. TRISO p a r t i c l e  OPyC coating f a i l u r e  v e r s u s  BAF 
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BAF = 1.03 - 1.055 

TEMPERATURES: 

0 693°-9000C 
A 900' - 1200'c 

1200' - 1534OC 
BAF = 1.05 
A 

BAF = 1.02 
BUT PARTICLES DAMAGED 

T R I N G  UNLOADING 

A 

BAF = 1.04 
A 

BAF = 1.05 
A 

BAF = 1.03 
A 

BAF = 1.05 
A BAF = 1.01 

A BAF = 1.02 
A 

BAF = 1.01 
A 

A\ 
A k B A F  = 1.04 

BAF = 1.05 BAF = 1.02 
A A- 

BAF = 1.04 
A 

A 
A 

AA €I 
O A  

A * u u  ,s 
1 2 3 

FAST FLUENCE (1025 n / J )  
4 

A 

Fig. 8-2. TRISO part ic le  OPyC coating fa i lure  versus f a s t  fluence 
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Fig. 8-4. OPyC fa i lure  of batches 4000-302 and 4000-307 versus f a s t  fluence 
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\67% 
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3 7 3  d3 - (d - 2tJ (10 Pm 

Fig.  8-5. Coat ing volume e f f e c t  on OPyC s u r v i v a l  
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MICRONS 2 4 0  280 

0.002 0.004 INCHES 0.008 0.010 
R71703 

20 40 60 MICRONS (00 
t I I 

0.001 INCHES 0.005 

R71573 

Fig.  8-6. Pa l lad ium a t t a c k  of S i c  i n  FTE-13 PuO, part ic les :  (a) PuOl.8 p a r t i c l e  from rod 2-5-6 w i t h  
pa l lad ium a t t a c k  on e n t i r e  i n n e r  s u r f a c e  of S i c  c o a t i n g ,  and (b) PuOl.65 p a r t i c l e  from f u e l  
rod 2-6-6 w i t h  l o c a l i z e d  pa l lad ium a t t a c k  
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L7537-28 
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L7537-29 

( C) 

Fig. 8-7. Pa l lad ium a t t a c k  of SIC i n  dena tured  f u e l  p a r t i c l e  b a t c h  4423-3; i r r a d i a t e d  i n  FTE-5 
s p i n e  sample TS27-4 t o  3 . 6  x loz5  n/m2 [(E '29 fJIHTGRI a t  1180°C: ( a )  b r i g h t  f i e l d ,  
(b) dark  f i e l d ,  and ( c )  h i g h  magn i f i ca t ion  of f i s s i o n  p roduc t s  a t  S i c  i n t e r f a c e  
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Fig. 8-8. Lanthanide  a t t a c k  
b a t c h  4161-01-030 

of SIC a t t a c k .  
[(E ’ 29 f J>HTcR]  

L7437-64 (b) L7437-22 (c>  

of SIC i n  dense  UC2 par t ic le ;  FTE-15 UC2 (VSM) TRISO f i s s i l e  p a r t i c l e  
from s p i n e  sample TS5-6. I r r a d i a t i o n  c o n d i t i o n s :  2.0 x n/m2 
a t  1340°C; ( a )  b r i g h t  f i e l d ,  (b) d a r k  f i e l d ,  and ( c )  h i g h  m a g n i f i c a t i o n  
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L7519-117 

(a) 

L7519-127 

(b) 

L7519-133 

(c) . 

Fig. 8-10. U02 kernel migration in fuel rod 2-2-6 from FTE-6. Irradiation conditions: 
2.9 x 1025 n/m2 [(E > 29 fJ)HrGR] at 121U'C. 
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L7537-291 L7519-36 I L7537-47 

(a) 

Fig. 8-13. (Th,U)C2 kernel migration: (a) FTE-6 fuel rod 2-3-7, irradiation conditions 
2.9 x 
conditions 3.8 x 
irradiation conditions 3.3 x 1025 n/m2 [(E > fJ)HTGR] at 1147°C 

n/m2 [(E > 29 ~J)HTGR] at 1191°C; (b )  FTE-5 fuel rod 2-3-7, irradiation 
n/m2 [(E > 29 ~J)HTGR] at 1249°C; and (c) FTE-5 fuel rod 3-7-2, 



L7537-302 

Fig. 8-14. (Th,U)C2 kernel deformation and cracking: (a) fuel rod 3-7-2 from FTE-5, irradiation 
conditions 3.3 x 
FTE-16, irradiation conditions 2.0 x 1025 n/m2 [E > 29 ~JHTCR] at 1093°C 

Ti/m2 [E > 29 ~J)HTGR] at 1147°C ; and (b) fuel rod 3-5-4 from 

c 
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L7359-188 

(a) 

L7431-80 

(C) 

Fig. 8-15. (Th,U)O2 and ThC2 kernel migration: 
irradiation conditions 1.4 x 
fuel rod 2-1-5 in FTE-15, irradiation condition 2.0 x 
1386°C; and (c) high-magnification dark field of rejected carbon in ThC2 particle 

(a) (Th,U)O2 kernel from fuel rod 2-4-7 in FTE-14, 
n/m2 [(E > 29 ~J)HTGR] at 1244°C; (b)  ThC2 kernel from 

n/m2 [(E > 29 ~J)HTGR] at 



L7537-188 

(a) 

L7537-187 

(b) 

L7537-269 

(C) 

Fig. 8-16. UC2 kernel morphology of TRISO particles from FTE-5 fuel rod 1-5-3 and comparison of 
UC2 kernel structure with particles from rod 3-5-2. Irradiation conditions: rod 
1-5-3, 1 .9  x 1025 n/m2 [ ( E  > 29 fJ)HTGR] at 7 5 5 " ~  and rod 3-5-2, 3 .3  x 1025 n/m2 
[ ( E  > 29 ~J)HTGR] at 1150°C: 
1-5-3, (b) high magnification of UC2 kernel in fuel rod 1-5-3, and (c) high 
magnification of UC2 kernel in fuel rod 3-5-2. 

(a) bright field of three typical UC2 particles in rod 



S7437 ( 1  23-1 2 5 )  

Y 

,57437 (1  27-1 2 9 )  

S7437-122 S7437-121 
Fig. 8-17. Visual examination of FTE-6 fuel rod 2-6-7. Irradiation 

conditions: -2.8 x n/m2 [(E > 29 ~J)HTGR] at 1186°C 
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S7519 (33-34) 

0.5 cm 

S7519 (35-36) 

S7519-32 S7519-31 

Fig. 8-18. Visual examination of FTE-15 fuel rod 2-1-4. Irradiation 
conditions: -2.0 x 1025 n/m2 [(E > 29 fJ)HTGR] at 138OOC 
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9.  METALLIC FISSION PRODUCT TRANSPORT 

n 

This  s e c t i o n  i s  a rev iew of and commentary on t h e  r e s u l t s  from t h e  

m e t a l l i c  d i f f u s i o n  s p i n e  samples i n  t h e  tes t  elements .  R e s u l t s  and a n a l y s e s  

have been p resen ted  i n  p rev ious  r e p o r t s ,  as i n d i c a t e d  below, and some 

f u r t h e r  a n a l y s e s  are  p resen ted  h e r e .  

The major conc lus ions  deduced from t h e  d i f f u s i o n  exper iments  on t h e  

tes t  e lements  are:  

1. Cesium d i f f u s i o n  i n  H-327 g r a p h i t e  occur s  by a non-Fickian 

d i f f u s i o n  p rocess  under i r r a d i a t i o n  c o n d i t i o n s .  

2 .  The d i f f u s i o n  c o e f f i c i e n t s  f o r  cesium and s t r o n t i u m  d e c r e a s e  

s t r o n g l y  w i t h  i n c r e a s i n g  f a s t  neu t ron  f l u e n c e .  

The l a t t e r  conc lus ion  i s  deduced from t h e  a n a l y s e s  p re sen ted  he re .  

9 .1 .  METALLIC DIFFUSION SPINE SAMPLES 

9.1.1.  T e s t  D e s c r i p t i o n  

S ix ty- four  f i s s i o n  metal d i f f u s i o n  samples  were i r r a d i a t e d  i n  t h e  

c e n t e r  s p i n e s  of tes t  e lements  FTE-1, FTE-2, FTE-3, FTE-4, FTE-5, and 

FTE-6. These d i f f u s i o n  samples w e r e  des igned  t o  p rov ide  d a t a  on: 

1 .  The t r a n s p o r t  p r o p e r t i e s  of s e l e c t e d  metal f i s s i o n  p roduc t s  

i n  H-327 g r a p h i t e  under  HTGR i r r a d i a t i o n  c o n d i t i o n s  as a 

f u n c t i o n  of tempera ture ,  f a s t  neu t ron  exposure,  and metal con- 

c e n t r a t i o n .  

The d i s t r i b u t i o n  of metal f i s s i o n  p roduc t s  between matrix 

material  and H-327 g r a p h i t e  ( p a r t i t i o n  c o e f f i c i e n t ) .  

2 .  
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3 .  The e f f e c t  of d i f f e r e n t  m a t r i x  materials on m e t a l  m ig ra t ion .  

4 .  The e f f e c t  of c e r t a i n  g e t t e r  materials on metal mig ra t ion .  

5 .  The e f f e c t  of t h e  presence  of  f i s s i o n  product  metals on t h e  

m i g r a t i o n  r a t e  of i n d i v i d u a l  metals ( e s p e c i a l l y  s t r o n t i u m ) .  

The samples con ta ined  i s o t o p e s  of barium, s t ron t ium,  samarium, and 

cesium, o r  mix tu res  of  t h e s e  i s o t o p e s ,  i n  va ry ing  c o n c e n t r a t i o n s .  Several 

of t h e  mixed i s o t o p e  samples con ta ined  t h e  p o t e n t i a l  g e t t e r  material ,  

magnesium f l u o r i d e .  Two t y p e s  of matr ix  material, f u r f u r y l  a l c o h o l  r e s i n  

coke and c a l c i n e d  petroleum coke, w e r e  used.  The l a t t e r  material i s  of 

p a r t i c u l a r  i n t e r e s t  s i n c e  i t  c l o s e l y  resembles  t h e  c u r r e n t  HTGR r e f e r e n c e  

m a t r i x  material. 

An overview of t h e  m e t a l l i c  d i f f u s i o n  s p i n e  s a m p l e  program i s  given 

i n  Tab le  9-1. 

9 . 1 . 2 .  Experimental  Procedure  

The s p i n e  sample i n  which d i f f u s i o n  occur red  c o n s i s t e d  of an  H-327 

g r a p h i t e  c y l i n d e r  w i t h  an a n n u l a r  w e l l  f o r  t h e  sou rce  material .  

s e c t i o n a l  view of t h e  s p i n e  sample i s  shown i n  F ig .  9-1. The g r a p h i t e  

which i s  i n t e r i o r  t o  t h e  a n n u l a r  w e l l  i s  termed t h e  c e n t e r  p o s t  and t h a t  

e x t e r i o r  t o  t h e  a n n u l a r  w e l l  i s  termed t h e  c r u c i b l e  w a l l .  The a n n u l a r  

w e l l  h e l d  t h e  matrix m a t e r i a l  which con ta ined  t h e  metal d i f f u s a n t s .  

A c ros s -  

The meta l l ic  s o u r c e  materials were i n i t i a l l y  loaded  as c a r b i d e s  i n t o  

p r e v i o u s l y  outgassed  H-327 g r a p h i t e  c y l i n d e r s  (F ig .  9-1) i n  a g love  box 

w i t h  an  i n e r t  atmosphere.  The c a r b i d e s  w e r e  formed by s o r b i n g  t h e  m e t a l  

i s o t o p e s  on matrix material  and conve r t ing  t o  t h e  c a r b i d e  a t  1 6 7 3  K i n  a 

vacuum fu rnace .  The convers ion  w a s  accomplished by h e a t i n g  t h e  loaded  

m a t r i x  mater ia l  i n  a t an ta lum c r u c i b l e  l i n e d  w i t h  g r a p h i t e  f o i l  t o  

minimize contaminat ion  of t h e  mat r ix  w i t h  tan ta lum.  A f t e r  l oad ing ,  t h e  

g r a p h i t e  c y l i n d e r s  w e r e  s e a l e d  w i t h  screw-top l i d s  and coa ted  w i t h  poly- 

s t y r e n e  t o  p r o t e c t  t h e  metals from exposure  t o  moi s t  a i r ,  t he reby  pre-  

v e n t i n g  h y d r o l y s i s  o r  o x i d a t i o n  p r i o r  t o  i n s e r t i o n  i n t o  t h e  r e a c t o r .  

n 

n 
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n 
A f t e r  i r r a d i a t i o n  and a s u i t a b l e  coo l ing  p e r i o d ,  s e l e c t e d  c y l i n d e r s  

w e r e  removed from t h e  t e s t  e lements ,  t h e  m a t r i x  m a t e r i a l s  w e r e  s e p a r a t e d  

from t h e  c y l i n d e r s  and gamma-counted, and t h e  samples w e r e  s e c t i o n e d  by 

t u r n i n g  t h e  c r u c i b l e  w a l l s  and c e n t e r  p o s t s  i n  a glove-box-enclosed l a t h e ,  

un i formly  removing a l a y e r  of g r a p h i t e  w i t h  each s e c t i o n .  The s e c t i o n s  

of known weight  w e r e  gamma-counted us ing  a Ge(Li) d e t e c t o r  and a 4096- 

channel  p u l s e  h e i g h t  a n a l y z e r .  F i s s i o n  product  c o n c e n t r a t i o n  p r o f i l e s  of 

Cs-134, Sr-85, Ba-133, and Eu-154 i n  bo th  t h e  c r u c i b l e  c e n t e r  p o s t s  and 

o u t e r  w a l l s  were ob ta ined  from t h e  gamma scanning  of t h e s e  r a d i a l  s e c t i o n s .  

Th i r ty -n ine  of t h e  6 4  i r r a d i a t e d  samples were s u b j e c t e d  t o  a n a l y s i s .  

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

FTE-3, FTE-4, and FTE-6 are p resen ted  i n  Refs .  9-1, 9-2, and 9-3, 

r e s p e c t i v e l y .  

9 .1 .3 .  Ana lys i s  

The c o n c e n t r a t i o n  p r o f i l e s  and m a t r i x  c o n c e n t r a t i o n  d a t a  w e r e  ana lyzed  

t o  o b t a i n  d i f f u s i o n  c o e f f i c i e n t s ,  permeat ion c o e f f i c i e n t s ,  and p a r t i t i o n  

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

9.1.3.1.  D i f f u s i o n  C o e f f i c i e n t s ,  D i f f u s i o n  c o e f f i c i e n t s  w e r e  deduced by 

a n a l y s i s  of t h e  c o n c e n t r a t i o n  p r o f i l e s  of Cs-134, Sr-85, Ba-133, and Eu-154. 

Examination of t h e  p r o f i l e s  i n d i c a t e d  t h a t  many of them were more 

complex t h a n  w a s  t o  be expected from a s i n g l e  d i f f u s i n g  component t h a t  obeys 

F i c k ' s  l a w .  S p e c i f i c a l l y ,  a l l  t h e  cesium p r o f i l e s  showed a component 

which d i d  n o t  correspond t o  a F i c k ' s  l a w  d i f f u s i o n  behav io r .  On t h e  o t h e r  

hand, t h e  s t r o n t i u m  and barium p r o f i l e s  were of t h e  c l a s s i c a l  ( F i c k ' s  law) 

type .  The europium p r o f i l e s  were predominant ly  of t h e  c lass ica l  type ,  b u t  

showed i n  some cases an  i n d i c a t i o n  of a non-Fickian behav io r  s imi l a r  t o  t h a t  

of cesium. I n  a few cases, a minor non-Fickian component f o r  s t r o n t i u m  

and barium w a s  e v i d e n t .  
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9.1 .3 .1 .1 .  F i ck ian  D i f f u s i o n  

The a n a l y s i s  of t h e  p r o f i l e s  which were i n  accordance w i t h  F i c k ' s  

l a w  w a s  performed w i t h  t h e  fo l lowing  equa t ions .  I n  t h e  c e n t e r  p o s t  of 

t h e  g r a p h i t e  c y l i n d e r ,  t h e  c o n c e n t r a t i o n  of d i f f u s a n t ,  C s ,  i s  g iven  by 

2 

32a r 

+ (9a - 7r2  - 2ar)Dt  2. a - r  i e r f c  - 312 512  2 J E  9 

where  r = r a d i a l  d i s t a n c e  measured from t h e  c e n t e r  l i n e  of  t h e  g r a p h i t e  

s p i n e  sample (m), 

a = r a d i u s  of c e n t e r  p o s t  (m) ( s e e  F ig .  9 - l ) ,  

Co = c o n c e n t r a t i o n  of  d i f f u s a n t  a t  r = a ,  
S 

D = d i f f u s i o n  c o e f f i c i e n t  (m2/s),  

t = t i m e  (s ) .  

Equat ion  9-1 i s  a good approximation provided r / a  i s  n o t  t o o  s m a l l  and 

t h e  t i m e  i s  s m a l l .  S ince  t h e  pe r iod  of  tes t  element  runs  i s  s h o r t  r e l a t i v e  

t o  t h e  c h a r a t e r i s t i c  F i ck ian  d i f f u s i o n  t i m e ,  t ( t D  = a /4D), d i f f u s i o n  

e q u a t i o n  s o l u t i o n s  f o r  s h o r t  t i m e s  are t h e  most a p p r o p r i a t e  (Ref.  9-41. 

2 
D 

I n  t h e  case of t h e  c r u c i b l e  w a l l ,  two approximate s o l u t i o n s  apply :  

1 .  For dep ths  of p e n e t r a t i o n  ( r  - b) n e a r  t h e  i n n e r  r a d i u s  b where 
0 

Cs = c o n c e n t r a t i o n  of t h e  d i f f u s a n t  a t  r = b,  

r-b 
2 f i  - e r f c  - -  cS 

C0 
S 

9- 4 
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2 .  For dep ths  of p e n e t r a t i o n  ( c  - r )  n e a r  t h e  o u t e r  w a l l ,  

S c - r  - e r f c  - 
C 
- -  
"L 2 f i  9 

L 
S 

where CL = c o n c e n t r a t i o n  of t h e  d i f f u s a n t  a t  r = c. 
S 

9.1.3.1.2. Non-Fickian D i f f u s i o n  

(9-3) 

The a n a l y s i s  of t h e  cesium p r o f i l e s ,  which w e r e  n o t  i n  accord  w i t h  

F i c k ' s  l a w ,  w a s  performed by us ing  a model i n  which t h e  d i f f u s a n t  i s  con- 

s i d e r e d  t o  m i g r a t e  on s u r f a c e s  i n  t h e  g r a p h i t e  and t o  undergo s o r p t i o n  

on o r  i n  t h e  g r a p h i t e .  This  model could be  d e s c r i p t i v e l y  termed t h e  

d i f f u s i o n - t r a p p i n g  model. 

The model is r e p r e s e n t e d  by t h e  fo l lowing  equa t ions :  

2 - = DsV C - KC , 
a t  

- as = KC , a t  

(9-4) 

(9-5) 

where C = c o n c e n t r a t i o n  of d i f f u s a n t  on s u r f a c e s  (m-3), 

S = concentration of diffusant s o r b e d  o r  t r a p p e d  (m-3), 

K = f requency  of s o r p t i o n  o r  t r a p p i n g  (l./s) (assumed c o n s t a n t ) ,  

= s u r f  ace d i f f u s i o n  . c o e f f i c i e n t  (m2/s) . 
DS 

The s o l u t i o n s  t o  Eqs. 9-4 and 9-5 are as fo l lows .  For  t h e  c e n t e r  p o s t ,  

and f o r  t h e  c r u c i b l e  w a l l ,  
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K (OC) (Or) - (8c)K (Or) 
0 0 

0 0 
C f  = ( 1  + Kt) bi K (Oc) I (Ob) - Io (8c)Ko (Ob) 

I (Ob)Ko ( 0 r )  - K (Ob)Io (Or) 

-I- ‘f K ( 0 c ) I  (0b) - Io (Oc)Ko (Ob) 
L o  0 

0 0 

where C f  = c + s ,  
0 

‘f = c o n c e n t r a t i o n  of d i f f u s a n t  a t  r = a and r = b ,  

CL = c o n c e n t r a t i o n  of d i f f u s a n t  a t  r = c ,  f 
0 = K / D ~ ,  

I ( y ) ,  Ko(y) = modif ied Bessel f u n c t i o n s  of o r d e r  zero .  
0 

(9-7) 

The v a l u e s  of 8 w e r e  t r e a t e d  as fo l lows .  The f l u x  of atoms, J ,  due t o  

s u r f a c e  d i f f u s i o n  i s  a f u n c t i o n  of p o s i t i o n  r ;  i t  is independent  of t i m e  

once t h e  quas i - s teady  s t a t e  i s  reached .  

g iven  by 

With c y l i n d r i c a l  geometry,  i t  i s  

I n  terms of t h e  t o t a l  c o n c e n t r a t i o n  (which is  determined by a n a l y s i s  

of t h e  exper imenta l  d a t a ) ,  D e f f  i s  de f ined  so  t h a t  

J = -D ef  f (2) 
Then from Eqs. 9-8 and 9-9 and t h e  r e l a t i o n  C f = C + S = C(l  + K t ) ,  

9-6 

(9-9) 

(9-10) 



which, f o r  K t  >> 1 ,  becomes 

= i / e t  . Def f  (9-1 1) 

A 

There is an  u n c e r t a i n t y  a s s o c i a t e d  w i t h  s e l e c t i n g  t h e  proper  v a l u e  of t i m e  

t o  be used i n  E q .  9-11 s i n c e  t h e  power l e v e l  of t h e  r e a c t o r  varied i n  t i m e .  

Several d e f i n i t i o n s  and t h e  cor responding  v a l u e s  of t i m e  a re  g iven  i n  

Table  9-2 a long  w i t h  t h e  cho ices  made i n  t h e  p rev ious  a n a l y s e s  (Refs.  9-1 

through 9-3). F u r t h e r  a n a l y s i s  i n  t h i s  m a t t e r  i s  d e s i r a b l e ,  bu t  i n  any 

e v e n t ,  t h e  e r r o r  i n t roduced  by t h e  r e fe renced  cho ices  w i l l  be  less  than  

about  20%. 

9.1.3.1.3.  I n g r e s s  Ana lys i s  

I n  some FTE d i f f u s i o n  s p i n e  samples ,  f i s s i o n  product  metals from f u e l  

rods  a d j a c e n t  t o  t h e  s p i n e  samples e n t e r e d  t h e  s p i n e  sample,  m i g r a t i n g  as 

f a r  i n t o  t h e  sample as t h e  c e n t e r  p o s t .  I n  t h e s e  cases, estimates of t h e  

d i f f u s i o n  c o e f f i c i e n t ,  made on ly  f o r  cesium, were de r ived  from t h e  appa ren t  

t ime- in t eg ra t ed  f l u x  of cesium through t h e  c r u c i b l e  w a l l  i n t o  t h e  matrix 

m a t e r i a l .  S ince  t h e  m a t r i x  is  h i g h l y  s o r p t i v e ,  i t  ac t s  as a s i n k  f o r  

d i f f u s a n t  permeat ing t h e  c r u c i b l e  w a l l .  Therefore ,  t h e  cesium l o a d i n g  i n  

t h e  m a t r i x  w a s  assumed t o  be  a measure of t h e  i n t e g r a t e d  f l u x  through t h e  

c r u c i b l e  w a l l  (assuming i n s i g n i f i c a n t  cesium l o s s  t o  t h e  c e n t e r  post 

g r a p h i t e ) ,  

from t h e  m a t r i x  load ing  u s i n g  t h e  fo l lowing  a n a l y s i s .  

d e n s i t y  w a s  c a l c u l a t e d  us ing  

The d i f f u s i o n  c o e f f i c i e n t  of cesium i n  g r a p h i t e  was d e r i v e d  

The l i n e a r  m a t r i x  

(9-12) 

where 0 = mass of m a t r i x  p e r  m i l l i m e t e r  of c r u c i b l e  l e n g t h  (mg/mm), 
ml 

b = r a d i u s  a t  c r u c i b l e  w a l l  l i n e r  s u r f a c e  (7 .6  mm),  

a = r a d i u s  a t  c e n t e r  p o s t  o u t e r  s u r f a c e  (5.6 mm), 
0 3 

m = m a t r i x  d e n s i t y  (-0.82 mg/mm ). 
S 
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Using t h e s e  v a l u e s ,  a l i n e a r  m a t r i x  d e n s i t y  of 68.0 mg/mm w a s  c a l c u l a t e d .  

The f l u x  of cesium i n t o  t h e  m a t r i x  w a s  computed us ing  

2 where 5 = mean f l u x  (Ug/mm x s) , 
= Cs-134 c o n c e n t r a t i o n  i n  t h e  m a t r i x  material (Ug/mg), ‘m 

t = rea l  t i m e .  

The computer v a l u e  of 5 i s  used t o  c a l c u l a t e  D 

hol low c y l i n d e r  as fo l lows  (Ref.  9-3): 

f o r  t h e  c a s e  of a e f f  

(9-13) 

(9-14) 

where D = e f f  
- 
- 

c =  

a =  
g 

2 e f f e c t i v e  d i f f u s i o n . c o e f f i c i e n t  (m / s ) ,  

e x t r a p o l a t e d  c o n c e n t r a t i o n  of cesium a t  t h e  o u t e r  c r u c i b l e  

w a l l  boundary (yg/mg), 

o u t e r  r a d i u s  of c r u c i b l e  (12.7 mm), 

g r a p h i t e  d e n s i t y  (1.75 mg/mm ). 3 

9.1.3.1.4.  C a l c u l a t i o n s  

D i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  f i s s i o n  metals i n  t h e  v a r i o u s  s p i n e  

samples were ob ta ined  by us ing  t h e  CPROFIT (Concent ra t ion  P r o f i l e  F i t )  

computer code.* CPROFIT employs a n o n l i n e a r  l e a s t - s q u a r e s  f i t t i n g  tech-  

n ique  s imilar  t o  t h a t  sugges ted  by Bevington (Ref.  9-5). It is  des igned  

so t h a t  c o n c e n t r a t i o n  p r o f i l e s  are d iv ided  i n t o  two o r  more r e g i o n s  and 

components a re  s e q u e n t i a l l y  ana lyzed  so  t h a t  l e a s t - s q u a r e s  f i t s  are ob ta ined  

w i t h  t h e  c o n c e n t r a t i o n  equa t ions  deemed a p p r o p r i a t e .  The o p t i o n a l  f u n c t i o n s  

used by t h e  CPROFIT code f o r  c u r v e - f i t t i n g  are  d i s c u s s e d  i n  d e t a i l  i n  Ref. 9-1. 

- - - 

*The CPROFIT code w a s  devised  by L. R. Zumwalt; see Ref.  9-1. 

9-8 



n 

Spine sample tempera tures  w e r e  ob ta ined  from TREVER thermal  a n a l y s e s  

and have been weighted by t h e  a c t i v a t i o n  energy f a c t o r  

where T = t empera ture  (K), i 

1 i’ 
Q = a c t i v a t i o n  energy (J /mol) ,  

R = gas  c o n s t a n t  (8.3147 J/K.mol). 

A t .  = t i m e  a t  tempera ture  T 

(9-15) 

Th i s  f a c t o r  w a s  used because changing tempera tures  b r i n g  about  d i s s i m i l a r  

changes i n  t h e  ra te  of d i f f u s i o n  of metals having d i f f e r e n t  a c t i v a t i o n  

e n e r g i e s .  For s t r o n t i u m ,  barium, and europium, Q = 267 J /mol  (Ref. 9-6) 

w a s  used ,  and f o r  cesium, Q = 144 kJ/mol (Ref ,  9-7) w a s  used.  

9.1.3.2.  Permeat ion C o e f f i c i e n t s .  From t h e  r e s u l t s  of t h e  d i f f u s i o n  

s p i n e  sample a n a l y s e s ,  a permeat ion c o e f f i c i e n t  can be de r ived .  The 

p e r m e a b i l i t y  c o e f f i c i e n t  w a s  de f ined  as 

where C, is  t h e  d i f f u s a n t  c o n c e n t r a t i o n  i n  t h e  ma t r ix .  

Ci/cm = @ f  i s  t h u s  needed t o  o b t a i n  K 

de r ived  v i a  E q .  9-1 1 o r  9-1 4.  

The q u a n t i t y  
- from t h e  d i f f u s i o n  c o e f f i c i e n t s  m 

(9-16) 

9.1.3.3.  P a r t i t i o n  C o e f f i c i e n t s .  The p a r t i t i o n  c o e f f i c i e n t  can b e  

c a l c u l a t e d  from t h e  c o n c e n t r a t i o n  d a t a  obctained i n  t h e  meta l l ic  d i f f u s i o n  

s p i n e  samples.  The p a r t i t i o n  c o e f f i c i e n t ,  4, i s  d e f i n e d  as fo l lows:  

c o n c e n t r a t i o n  of metal i n  m a t r i x  material C 

C c o n c e n t r a t i o n  of metal i n  g r a p h i t e  
@ =A = 

g 

(9-1 7) 
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a t  e q u i l i b r i u m  i n  a system c o n s i s t i n g  of a m a t r i x  material specimen, a 

g r a p h i t e  specimen, and a q u a n t i t y  of  metal .  Such a system i s  approximated 

by t h e  r e g i o n  of t h e  d i f f u s i o n  s p i n e  samples on bo th  s i d e s  of t h e  boundary 

between t h e  m a t r i x  material  s o u r c e  ( con ta ined  i n  t h e  annu la r  w e l l  as 

shown i n  F ig .  9-1) and t h e  g r a p h i t e .  I n  d e r i v i n g  t h e  p a r t i t i o n  c o e f f i c i e n t  

from t h e  metal  c o n c e n t r a t i o n s  i n  t h e  sou rce  and g r a p h i t e  a t  t h e i r  boundary, 

t h e  assumption of e q u i l i b r i u m  has  t o  be made. Th i s  assumption i s  g e n e r a l l y  

a c c e p t a b l e  i n  ana lyz ing  t h e  meta l l ic  d i f f u s i o n  s p i n e  samples ,  as i s  

s u b s t a n t i a t e d  by comparing t h e  so-der ived p a r t i t i o n  c o e f f i c i e n t s  w i t h  

those  ob ta ined  under known e q u i l i b r i u m  c o n d i t i o n s .  

I n  t h e  a n a l y s i s  of t h e  me ta l l i c  d i f f u s i o n  s p i n e  samples,  Sec t ion  

9 .1 .3 .2 . ,  a d i f f e r e n t  p a r t i t i o n  c o e f f i c i e n t  w a s  de f ined  as 

c o n c e n t r a t i o n  of m e t a l  i n  m a t r i x  mater ia l  
'f = surface-diffusion-dependent c o n c e n t r a t i o n  of metal i n  g r a p h i t e  

(9-18) 

The denominator of @ f  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  of m e t a l  a t  t h e  boundary 

of t h e  g r a p h i t e  nex t  t o  t h e  m a t r i x  material t h a t  would have r e s u l t e d  from 

only  s u r f a c e  d i f f u s i o n  and t h e  accompanying s o r p t i o n  on t h e  g r a p h i t e .  Thus, 

@f depends on t h e  adop t ion  of a p a r t i c u l a r  t r a n s p o r t  model and does n o t  t a k e  

i n t o  account  t h e  a c t u a l  ( t o t a l )  c o n c e n t r a t i o n  of m e t a l  i n  t h e  g r a p h i t e  a t  

t h e  boundary nex t  t o  t h e  m a t r i x  material. 

permeat ion c o e f f i c i e n t  f o r  t r a n s p o r t  of metal through t h e  g r a p h i t e  by t h e  

mechanism of s u r f a c e  d i f f u s i o n  w i t h  accompanying s o r p t i o n .  

$f i s  u s e f u l  f o r  d e f i n i n g  a 

The f a i l u r e  i n  subsequent  a n a l y s e s  (Refs.  9-2, 9-3) t o  ma in ta in  t h e  

d i s t i n c t i o n  between @ and @ has  l e d  t o  e r roneous  conc lus ions  (Ref. 9-2). 

T h i s  w i l l  b e  r e c t i f i e d  below. 
f 

9.1.4. R e s u l t s  

9.1.4.1. Cesium. 
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Q 9.1.4.1.1.  D i f f u s i o n  C o e f f i c i e n t s  

A r e p r e s e n t a t i v e  p r o f i l e  f o r  Cs-134 f o r  t h e  c e n t e r  p o s t  is  shown i n  

F ig .  9-2. The p r o f i l e  i s  seen  t o  c o n s i s t  of two r e g i o n s .  

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

beginning  a t  a boundary c o n c e n t r a t i o n  of about 0.003 mg C s / g  g r a p h i t e  a t  

a - r 'L 0.0.  The l a t t e r  c o n c e n t r a t i o n  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  of 

cesium i n  t h e  g r a p h i t e  i n  e q u i l i b r i u m  w i t h  t h e  c o n c e n t r a t i o n  of cesium i n  

t h e  a d j a c e n t  m a t r i x  m a t e r i a l ,  as w i l l  be  d i scussed  i n  S e c t i o n  9.1.4.1.2. 

I f  t h e  d i f f u s i o n  were F ick ian ,  then t h e  p r e d i c t e d  p r o f i l e  would be  t h e  

dashed l i n e  i n  F ig .  9-2. C l e a r l y ,  t h i s  accounts  on ly  f o r  t h e  r e g i o n  of  

s h a r p  d e c l i n e .  

H-327 g r a p h i t e  i s  non-Fickian. 

% 

There fo re ,  t h e  main mechanism f o r  t r a n s p o r t  o f  cesium i n  

The second r eg ion ,  c o n s i s t i n g  of t h e  b a l k  of  t h e  p r o f i l e  d a t a  i n  

F ig .  9-2, can,  however, b e  f i t  acco rd ing  t o  t h e  d i f f u s i o n - t r a p p i n g  model. 

T h i s  is  shown by t h e  s o l i d  l i n e  i n  F ig .  9-2. 

I n  p a s t  a n a l y s e s  (Refs.  9-1, 9-2, 9-3), t h e  f i r s t  r e g i o n  h a s  been 

a t t r i b u t e d  t o  F i c k i a n  d i f f u s i o n  of cesium. However, t h e  f i r s t  r eg ion  is 

n o t  always prominent ,  and t h e r e  i s  some i n d i c a t i o n  t h a t  t h e  tempera ture  

dependence of t h e  d i f f u s i o n  c o e f f i c i e n t s  d e r i v e d  by assuming F ick ian  

d i f f u s i o n  i n  t h i s  r e g i o n  i s  weak i n  c o n t r a s t  t o  t h a t  f o r  normal b u l k  

d i f f u s i o n  p rocesses .  

Another p o s s i b l e  i n t e r p r e t a t i o n  of t h e  f i r s t  r e g i o n  could invo lve  

t h e  e q u i l i b r a t i o n  between t h e  c o n c e n t r a t i o n  of cesium i n  t h e  matrix 

material  a d j a c e n t  t o  t h e  g r a p h i t e  boundary and t h e  c o n c e n t r a t i o n  of 

cesium vapor  over  t h e  m a t r i x  material. The area of t h e  g r a p h i t e  s u r f a c e s  

d i r e c t l y  a c c e s s i b l e  t o  cesium vapor  would b e  expec ted  t o  d e c l i n e  r a p i d l y  

w i t h  dep th  of p e n e t r a t i o n  i n t o  t h e  g r a p h i t e .  

The i n t e r p r e t a t i o n  of t h e  f i r s t  r e g i o n  as a d i f f u s i o n  phenomenon i s  

n o t  c e r t a i n .  I n  t h e  p r e s e n t  summary and a n a l y s i s ,  d i f f u s i o n  c o e f f i c i e n t s  
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der ived  from t h e  d a t a  of t h i s  r e g i o n  f o r  cesium as w e l l  as o t h e r  elements 

w i l l  n o t  be t r e a t e d  f u r t h e r .  However, s i n c e  a t t r i b u t i o n  of  d i f f u s i o n  t o  

t h e  f i rs t  r e g i o n  has  been made i n  p r i o r  a n a l y s e s  (Refs.  9-1, 9-2, 9-3),  t h e  

r e s u l t s  of t h e s e  a n a l y s e s  are  p resen ted  i n  t h e  t a b l e s  of t h i s  r e p o r t .  I n  

t h e s e  p r i o r  a n a l y s e s  of t h e  cesium d a t a ,  t h e  f i r s t  r e g i o n  has  been termed 

t h e  ' 'slow component" and t h e  second r eg ion  has  been te rmed t h e  " f a s t  

component" of d i f f u s i o n .  

An example of t h e  cesium p r o f i l e s  observed i n  s p i n e  samples which 

were dominated by cesium i n g r e s s  from t h e  a d j a c e n t  f u e l  rods  i s  shown 

i n  F ig .  9-3. Bes ides  t h e  modera te ly  s t e e p  p r o f i l e  i n  t h e  c r u c i b l e  w a l l ,  

as shown i n  F ig .  9-3, a much f l a t t e r  p r o f i l e  w a s  found i n  t h e  c e n t e r  p o s t .  

T h i s  k ind  of d a t a  w a s  ana lyzed  by t h e  method of Sec t ion  9.1.3.1.3.  

The r e s u l t s  of t h e  a n a l y s e s  of t h e  Cs-134 c o n c e n t r a t i o n  p r o f i l e s  

i n  t h e  d i f f u s i o n  s p i n e  samples are summarized i n  Tab les  9-3 and 9-4. The 

d a t a  i n  t h e s e  t a b l e s  are t aken  from Refs .  9-1 through 9-3. The e f f e c t i v e  

d i f f u s i o n  c o e f f i c i e n t s ,  D e f f ,  from Tab le  9-3 are  p l o t t e d  v e r s u s  r e c i p r o c a l  

tempera ture  i n  F ig .  9-4. A l s o ,  t h e  r e f e r e n c e  curve  (Ref. 9-6) and t h e  

a s s o c i a t e d  95% conf idence  bands are shown i n  F ig .  9-4. 

The v a l u e s  of i n  F ig .  9-4 show a ve ry  l a r g e  sca t te r .  There are 

two f a c t o r s  which s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h i s  sca t te r .  A s  w i l l  

now be demonstrated,  t h e s e  are t h e  e f f e c t  of neu t ron  f l u e n c e  and t h e  e f f e c t  

of sou rce  c o n c e n t r a t i o n .  The d a t a  t o  b e  used i n  demonst ra t ing  t h e s e  

e f f e c t s  w i l l  i n c l u d e  t h o s e  from ou t -o f -p i l e  tests on H-327 g r a p h i t e  and 

from t h e  FTE-3 and FTE-6 experiments .  

FTE-5 have n o t  been ana lyzed  f o r  t h e s e  e f f e c t s .  

A t  p r e s e n t ,  t h e  d a t a  from FTE-4 and 

The l e a s t - s q u a r e s  f i t s  t o  t h e  v a l u e s  of D 

+ s o u r c e  c o n c e n t r a t i o n ,  C,, f o r  t h e  d a t a  of Ref. 9-8 and of Tab le  9-3 f o r  

FTE-3 and FTE-6, are shown i n  F i g ,  9-5. This  f i g u r e  c l e a r l y  i l l u s t r a t e s  

t h a t :  

as a f u n c t i o n  of t h e  e f f  

1. The D e f f  v a l u e s  d e c r e a s e  w i t h  d e c r e a s i n g  source  c o n c e n t r a t i o n ,  C,. 
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2.  The D e f f  v a l u e s  dec rease  w i t h  i n c r e a s i n g  f a s t  neu t ron  f l u e n c e ,  

a t  a f i x e d  source  c o n c e n t r a t i o n .  

3. The f u n c t i o n a l  dependence of D on C i s  independent  of f a s t  
m 2 5  2 e f f  

neu t ron  f l u e n c e ,  a t  l eas t  up t o  2.2 x I O  n/m . 

For F ig .  9-5, a l l  d a t a  used i n  t h e  l e a s t - s q u a r e s  a n a l y s i s  were 

normal ized  t o  a tempera ture  of 1233 K by use of t h e  f a c t o r  exp[14.525 

(1233/T - I ) ] .  

148.9 kJ/mol, which i s  t h e  v a l u e  deduced i n  Ref. 9-7. 

Th i s  f a c t o r  cor responds  t o  a n  a c t i v a t i o n  energy of 

A clear  p o r t r a y a l  of t h e  e f f e c t  of neu t ron  f l u e n c e  is g iven  i n  

F ig .  9-6, where t h e  r a t i o  D / D  i s  p l o t t e d  v e r s u s  f a s t  f l u e n c e .  Here 

D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  a t  ze ro  f a s t  f l u e n c e  and D i s  t h e  

d i f f u s i o n  c o e f f i c i e n t  a t  f a s t  f l u e n c e ,  f .  

by which t h e  t r a n s p o r t  c o e f f i c i e n t  i s  reduced.  I n  a d d i t i o n  t o  t h e  d a t a  

on H-327 g r a p h i t e  from ou t -o f -p i l e ,  FTE-3, and FTE-6 exper iments ,  F ig .  9-6 

i n c l u d e s  a datum based on exper iments  w i th  H-451 g r a p h i t e  a t  a f a s t  f l u e n c e  

of about  4 .5  x n/m . The combinat ion of a l l  t h e  d a t a  i n  F ig .  9-6 

i n d i c a t e s  t h a t  t h e  dependence of D / D  on f a s t  f l u e n c e  i s  roughly  l i n e a r .  o f  

o f  

0 f 
The r a t i o  D o / D f  i s  t h e  f a c t o r  

2 

9 .1 .4 .1 .2 .  P a r t i t i o n  C o e f f i c i e n t s  

A r e a n a l y s i s  of t h e  cesium d a t a  from t h e  d i f f u s i o n  s p i n e  samples i n  

FTE-3, FTE-4, and FTE-6 t o  de te rmine  t h e  p a r t i t i o n  c o e f f i c i e n t ,  0 ( s e e  

Eq. 9-17) has  been performed. The r e s u l t s  a re  p resen ted  i n  Table  9-5. 

The v a l u e s  of c w e r e  t aken  from Tab le  9-3, and t h e  v a l u e s  of C w e r e  

ob ta ined  by e x t r a p o l a t i n g  nea r - su r face  cesium c o n c e n t r a t i o n  d a t a ,  such as 

t h o s e  shown i n  Fig.  9-2, t o  t h e  g r a p h i t e  boundary ( e q u i v a l e n t  t o  ze ro  

p e n e t r a t i o n  dep th ) .  

m 8 

From t h e  d a t a  of Table  9-5, t h e  fo l lowing  cond lus ions  can be  drawn: 

1 .  The p a r t i t i o n  c o e f f i c i e n t s ,  0, from t h e  FTE-3 d a t a  have v a l u e s  

of t h e  o r d e r  of 200 f o r  t h o s e  cases i n  which t h e  m a t r i x  mater ia l  
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2. 

3.  

4 .  

i s  r e s i n  based.  These v a l u e s  are  c o n s i s t e n t  w i t h  t h o s e  

p r e v i o u s l y  found f o r  tests invo lv ing  u n i r r a d i a t e d ,  res in-based  

m a t r i x  materials (Ref .  9-9). 

The p a r t i t i o n  c o e f f i c i e n t s ,  @, f o r  t h e  FTE-3 d a t a  f o r  t h o s e  cases 

i n  which t h e  m a t r i x  i s  based on pe t ro leum coke have v a l u e s  i n  

t h e  range  7 t o  20, which i s  c o n s i s t e n t  w i t h  r e s u l t s  p r e v i o u s l y  

found (Ref.  9-7) i n  tests invo lv ing  petroleum-coke-based m a t r i x  

material  . 
The p a r t i t i o n  c o e f f i c i e n t s  f o r  t h e  res in-based  m a t r i x  m a t e r i a l  

d e c r e a s e  w i t h  i n c r e a s i n g  f a s t  f l u e n c e  exper ienced  by t h e  d i f f u s i o n  

s p i n e  samples.  Th i s  behavior  i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  

(Ref. 9-7) t h a t  t h e  s o r p t i v i t y  of t h e  g r a p h i t e  i n c r e a s e s  w h i l e  

t h a t  of t h e  m a t r i x  material remains unchanged as t h e  f a s t  f l u e n c e  

increases. 

There i s  on ly  a s l i g h t  t empera tu re  dependence f o r  @ i n  t h o s e  

c a s e s  invo lv ing  res in-based  m a t r i x  material .  A s  t h e  tempera ture  

i n c r e a s e s ,  (I dec reases .  

The v a l u e s  of t h e  r a t i o  (I ( s e e  E q .  9-18) have been p r e v i o u s l y  f 
c a l c u l a t e d  and are g iven  i n  Table  9-3. These r a t i o s  show t h e  same r e l a t i o n -  

s h i p  between res in-based  and petroleum-coke-based m a t r i x  materials as t h e  

v a l u e s  of @ d i scussed  above. Otherwise,  t h e  i n t e r p r e t a t i o n  of  (I is  n o t  

s imple  and w i l l  n o t  be  t r e a t e d  f u r t h e r  he re .  (See d i s c u s s i o n  i n  S e c t i o n  

9.1.3.3. )  

f 

F i n a l l y ,  t h e  p re sence  of t h e  g e t t e r  material ,  MgF2, i n  t h e  m a t r i x  

material  of c r u c i b l e  55 i n  FTE-3 a p p a r e n t l y  had no s i g n i f i c a n t  e f f e c t  on 

t h e  s o r p t i v i t y  of cesium i n  t h e  ma t r ix .  

9.1.4.2.  S t ront ium.  

9.1.4.2.1.  D i f f u s i o n  C o e f f i c i e n t s  

An example of a p r o f i l e  f o r  Sr-85 f o r  t h e  c e n t e r  p o s t  i s  p resen ted  

i n  F ig .  9-7. A s  shown, t h e  b u l k  of t h e s e  d a t a  can be . r e sonab ly  f i t  w i th  
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a model based on F ick ian  d i f f u s i o n .  This  i s  found t o  be  t r u e  f o r  a l l  

s t r o n t i u m  p r o f i l e s .  However, some p r o f i l e s  from FTE-3 exper iments  w i t h  

h i g h e r  c o n c e n t r a t i o n s  g i v e ,  i n  a d d i t i o n ,  a h i n t  of  a non-Fickian c o n t r i -  

b u t i o n  t o  t h e  d i f f u s i o n ;  most p r o f i l e s  g i v e  no such i n d i c a t i o n .  

The p r o f i l e  i n  F ig .  9-7 e x h i b i t s  t h e  e f f e c t  of a "dep le t ion"  of 

s t r o n t i u m  n e a r  t h e  m a t r i x  boundary. This  h a s  been a t t r i b u t e d  (Ref. 9-1) 

t o  a lower ing  of t h e  tempera ture  du r ing  t h e  l a t t e r  p a r t  of t h e  i r r a d i a t i o n .  

S ince  t h e  p a r t i t i o n  c o e f f i c i e n t  (Eq. 9-17) f o r  s t r o n t i u m  is  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  tempera ture  (Ref.  9-6),  a lower t empera tu re  r e s u l t s  

i n  a smaller s t r o n t i u m  g r a p h i t e  c o n c e n t r a t i o n  re la t ive  t o  t h e  approximate ly  

c o n s t a n t  s t r o n t i u m  m a t r i x  material c o n c e n t r a t i o n .  

The r e s u l t s  f o r  a l l  d a t a  on s t r o n t i u m  a r e  g iven  i n  Tab le  9-6 and 

p l o t t e d  i n  F ig .  9-8. The r e f e r e n c e  curve  (Ref.  9-6) i s  a l s o  shown. 

A s  i n  t h e  case of t h e  cesium d i f f u s i o n  c o e f f i c i e n t s ,  t h e  d a t a  f o r  t h e  

s t r o n t i u m  d i f f u s i o n  c o e f f i c i e n t s  i n  F ig .  9-8 show a l a r g e  s ca t t e r .  The 

f a c t o r  t h a t  s i g n i f i c a n t l y  c o n t r i b u t e s  t o  t h i s  i s  t h e  e f f e c t  of neu t ron  

f l u e n c e .  The e f f e c t  of sou rce  c o n c e n t r a t i o n ,  which w a s  impor tan t  i n  t h e  

case of cesium, i s  n o t  impor tan t  f o r  t h e  s t r o n t i u m  d a t a  because  Cm v a l u e s  

f o r  s t r o n t i u m  i n  t h e  FTE-3 ,  - 4 ,  and -6 exper iments  w e r e  low. To demonst ra te  

t h e  e f f ec t  of  neu t ron  f l u e n c e  on s t r o n t i u m  d i f f u s i o n  c o e f f i c i e n t s ,  t h e  

d a t a  of Tab le  9-5 w i l l  be  used w i t h  one excep t ion ,  as d i scussed  below. 

The e f f e c t  of n e u t r o n  f l u e n c e  i s  shown i n  F ig .  9-9, where t h e  r a t i o  

f D / D  is  p l o t t e d  v e r s u s  t h e  f a s t  f l uence .  

i s  t h e  f a c t o r  by which t h e  t r a n s p o r t  c o e f f i c i e n t  i s  reduced. The r a t i o s  

p l o t t e d  i n  Fig.  9-9 r e p r e s e n t  ou t -of -p i le  d a t a  (Ref. 9-6) and d a t a  from 

FTE-3, - 4 ,  and -6 exper iments .  Inc luded  i n  F ig .  9-9 is  t h e  cu rve  f o r  t h e  

cor responding  d a t a  f o r  cesium from Fig .  9-6. Based on Fig .  9-9, t h e  

fo l lowing  conc lus ions  are e v i d e n t :  

A s  i n  F ig .  9-6, t h e  r a t i o  Do/D o f  

1. The dependence of D o / D f  on f a s t  neu t ron  f l u e n c e  i s  roughly  

l i n e a r .  
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2. The dependence 

is essentially 

fluences up to 

of D / D  on fast neutron fluence for strontium 

the same as that for cesium, at least for fast 
o f  

2.2 x n/m2. 

For Fig. 9-9, all data used were normalized to a temperature of 1233 K 

by use of the factor exp[26.143(1233/T - l ) ] .  

to an activation energy of 268 kJ/mol, which is the value deduced in Ref. 
This factor corresponds 

9-6. 

The data from crucible 55 of FTE-3 were excluded from the analysis 

because of the unusually high, total-metal source loading, which apparently 

increased the diffusion rate. 

9.1.4.2.2. Partition Coefficients 

The partition coefficients obtained from the analyses of the strontium- 

loaded samples in FTE-3 are quite small (-2.0) and independent of 

temperature. They are smaller than the reference design data. The 
partition coefficients for sample 55, which contained the getter material 
MgF2, were much larger than for other samples. 

total-metal matrix loading of this sample may have had an influence on 

the partition coefficient. 

is not clear. Determination of partition coefficients for the strontium 

samples in FTE-4 and FTE-6 was precluded'by the inability to establish the 
Sr-85 concentration in the matrix. 

However, the unusually high, 

Thus, the interpretation of the large @ values 

There are no other data with which the partition coefficients for 
strontium given in Table 9-6 may be directly compared. The data from 

Table 9-6 show an increase of @ with increase in the matrix concentration 

of strontium. This dependence is not found for the cesium partition 

coefficients. 

9 . 1 . 4 . 3 .  Barium. The Ba-133 concentration profiles in the diffusion 

spine samples can be analyzed in terms of diffusion according to Fick's 

law. A s  with strontium, the higher-concentration profiles suggest a 
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minor c o n t r i b u t i o n  froin a non-Fickian d i f f u s i o n  p rocess ,  and t h e r e  i s  
ev idence  i n  many samples of a d e p l e t i o n  e f f e c t  n e a r  t h e  m a t r i x  boundary. 

The r e s u l t s  of t h e  a n a l y s e s  of Ba-133 c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  

d i f f u s i o n  s p i n e  samples are  summarized i n  Table  9-7. It should  b e  no ted  

t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t s  f o r  c r u c i b l e  55 of FTE-3 are h igh  because 

of a h igh ,  t o t a l  metal l oad ing  of t h e  ma t r ix ,  and t h e  d i f f u s i o n  c o e f f i -  

c i e n t  from t h e  c e n t e r  p o s t  of c r u c i b l e  45 of FTE-3 is  h igh  because  of a 

back-d i f fus ion  c o n t r i b u t i o n  t o  t h e  p r o f i l e  (Ref.  9-1). The d i f f u s i o n  

c o e f f i c i e n t  r e s u l t s  from FTE-4 amd FTE-5 are s u s p e c t ,  s i n c e  only  d a t a  

n e a r  t h e  g raph i t e -ma t r ix  boundary were used i n  d e r i v i n g  them (see S e c t i o n  

9 .1 .4 .1 .1) .  Because of t h e s e  i r r e g u l a r i t i e s ,  t h e  barium d i f f u s i o n  

c o e f f i c i e n t s  have no t  been f u r t h e r  ana lyzed .  

9 .1 .4 .4 .  Europium. The Eu-154 c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  d i f f u s i o n  

s p i n e  samples e x h i b i t e d  predominant ly  F ick ian  d i f f u s i o n ,  bu t  a number of 

them had wel l -developed p r o f i l e s  which r e s K l t e d  from a non-Fickian d i f f u -  

s i o n  p rocess  s i m i l a r  t o  t h a t  f o r  cesium. An example of t h i s  behav io r  i s  

shown i n  F ig .  9-10. A s  i n  t h e  case of s t r o n t i u m  and cesium, a d e p l e t i o n  

e f f e c t  i n  t h e  g r a p h i t e  n e a r  t h e  sou rce  m a t r i x  w a s  observed.  Evidence of 

europium i n g r e s s  through t h e  o u t e r  w a l l  of t h e  d i f f u s i o n  s p i n e  c r u c i b l e s  

i s  provided  by a number of t h e  p r o f i l e s .  

The r e s u l t s  of t h e  a n a l y s i s  of Eu-154 c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  

d i f f u s i o n  samples i s  summarized i n  Tab le  9-8. Again, as i n  t h e  case of 

barium, t h e  d a t a  from c r u c i b l e  55 of FTE-3 are  cons ide red  t o  b e  h igh ,  and 

t h e  d a t a  from FTE-4, -5, and -6 are d i f f i c u l t  t o  e v a l u a t e  s i n c e  t h e  concen- 

t r a t i o n  d a t a  used i n  d e r i v i n g  t h e  d i f f u s i o n  c o e f f i c i e n t s  i n  Tab le  9-8 a r e  

from g r a p h i t e  l o c a t i o n s  n e a r  t h e  g raph i t e -ma t r ix  boundary. 

t h e  c r u c i b l e  w a l l  d a t a  from c r u c i b l e  24 of FTE-3 y i e l d  a p a r t i t i o n  c o e f f i -  

c i e n t  which is  lo2  t o  I O 3  t i m e s  l a r g e r  t h a n  t h e  p a r t i t i o n  c o e f f i c i e n t s  

ob ta ined  from o t h e r  europium d a t a .  I n  view of t h e s e  i r r e g u l a r i t i e s ,  f u r t h e r  

a n a l y s i s  of t h e  europium d a t a  i s  n o t  p re sen ted  he re .  

I n  a d d i t i o n ,  
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9.1.5.  Summary 

The r e s u l t s  from t h e  a n a l y s e s  of t h e  Cs-134, Sr-85, Ba-133, and Eu-154 

c o n c e n t r a t i o n  p r o f i l e s  on t h e  me ta l l i c  d i f f u s i o n  s p i n e  samples i r r a d i a t e d  

i n  Peach Bottom f u e l  tes t  e lements  are summarized below. Inc luded  are t h e  

r e s u l t s  p re sen ted  above and i n  p rev ious  r e p o r t s  (Refs.  9-1 through 9-3). 

1 .  Cesium d i f f u s i o n  i n  H-327 g r a p h i t e  occur s  by a non-Fickian 

d i f f u s i o n  p rocess .  The cesium c o n c e n t r a t i o n  p r o f i l e s  can be  

r easonab ly  d e s c r i b e d  by a model, f i r s t  a p p l i e d  t o  t h e s e  d a t a  

by Zumwalt (Ref.  9 - l ) ,  i n  which cesium i s  cons ide red  t o  m i g r a t e  

on s u r f a c e s  i n  t h e  g r a p h i t e  and t o  undergo s o r p t i o n  on t h e  

g r a p h i t e .  

of cesium from t h e  g r a p h i t e  has  y e t  t o  b e  e s t a b l i s h e d .  

The v a l i d i t y  of t h i s  model f o r  p r e d i c t i n g  release 

2 .  The d i f f u s i o n  of  s t ron t ium,  barium, and europium through H-327 

g r a p h i t e  proceeds  p r i m a r i l y  acco rd ing  t o  F i c k ' s  l a w ,  a l t hough  
i n d i c a t i o n s  of a minor non-Fickian c o n t r i b u t i o n  w e r e  s een  i n  a 

few s t r o n t i u m  and barium p r o f i l e s  and were more s t r o n g l y  

i n d i c a t e d  i n  a number of europium p r o f i l e s .  

3. The d i f f u s i o n  c o e f f i c i e n t s  f o r  cesium and s t r o n t i u m  dec rease  

s t r o n g l y  w i t h  i n c r e a s i n g  f a s t  neu t ron  f l u e n c e .  For bo th  cesium 

and s t r o n t i u m ,  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  w a s  reduced 

by a f a c t o r  of 20 f o r  each  i n c r e a s e  of 

i n  f a s t  f l u e n c e .  The d a t a  f o r  bar ium and europium were t o o  

u n c e r t a i n  t o  permi t  a similar conclus ion .  

n/m2 [ ( E  > 29 ~ J ) H T ~ R ]  

4 .  The d i f f u s i o n  c o e f f i c i e n t  f o r  cesium increases w i t h  i n c r e a s i n g  

cesium c o n c e n t r a t i o n  i n  t h e  m a t r i x  material. The r e l a t i o n s h i p  

between t h e  d i f f u s i o n  c o e f f i c i e n t  and t h e  cesium m a t r i x  concen- 

t r a t i o n  i s  independent  of f a s t  neu t ron  f luence .  T h i s  e f f e c t  

w a s  n o t  observed f o r  s t r o n t i u m ,  barium, and europium. However, 
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t h i s  may b e  more i n d i c a t i v e  of a l a c k  of d a t a  than  an  absence  

of t h e  e f f e c t .  

5. The i n t e r p r e t a t i o n  of c o n c e n t r a t i o n  p r o f i l e  d a t a  i n  t h e  g r a p h i t e  

n e a r  t h e  graphi te -mat r ix  m a t e r i a l  boundary i s  ambiguous. 

were v a r i o u s l y  i n t e r p r e t e d  as ev idence  of b u l k  d i f f u s i o n ,  

s u r f a c e  e f f e c t s ,  s e c t i o n i n g  t echn ique ,  o r  e q u i l i b r a t i o n  o f  d i f -  

f u s a n t  between m a t r i x  material  and g r a p h i t e .  

They 

6. I n  many of t h e  s t ron t ium,  barium, and europium p r o f i l e s ,  t h e  

c o n c e n t r a t i o n  p r o f i l e  passed through a maximum as t h e  depth  of 

p e n e t r a t i o n  inc reased .  The i n i t i a l  r ise  w a s  termed a d e p l e t i o n  

e f f e c t  and w a s  a t t r i b u t e d  t o  back-d i f fus ion  r e s u l t t n g  from a 

d e c r e a s e  i n  tempera ture  i n  t h e  l a t t e r  p a r t  of t h e  i r r a d i a t i o n  

p e r i o d .  

7 .  The p a r t i t i o n  c o e f f i c i e n t s  de r ived  from t h e  cesium d a t a  are  

c o n s i s t e n t  w i t h  v a l u e s  p r e v i o u s l y  found f o r  bo th  res in-based  and 

petroleum-coke-based m a t r i x  materials,  

f o r  t h e  res in-based  m a t r i x  material  decrease w i t h  i n c r e a s i n g  f a s t  

neu t ron  f l u e n c e  as expec ted .  

matri.x m a t e r i a l  w e r e  t oo  few t o  ana lyze  i n  t h i s  way. 

The p a r t i t i o n  c o e f f i c i e n t s  

Data on t h e  petroleum-coke-based 

8. P a r t i t i o n  c o e f f i c i e n t s  f o r  s t r o n t i u m ,  barium, and europium 

invo lv ing  res in-based  m a t r i x  m a t e r i a l s  were d e r i v e d .  

9 .  The g e t t e r  material ,  MgF2, had a p p a r e n t l y  no e f f e c t  on t h e  

behav io r  of cesium, bar ium, and europium. 

s t ron t ium,  no deduc t ion  could  be  made. 

I n  t h e  case of 

10. No i n d i c a t i o n  t h a t  t h e  p re sence  of o t h e r  f i s s i o n  product  metals 

a f f e c t s  t h e  m i g r a t i o n  of a p a r t i c u l a r  f i s s i o n  m e t a l  w a s  found. 
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n 

~ Real  Time(a) 
(days)  Element 

T i m e  a t  S i  n i f i c a n t  
Power 7b 1 
(days)  

FTE-3 

FTE-4 

FTE-5 

FTE- 6 

t (d) 
E f f e c t i v e  F u l l  Eq.  (9-11) 

Power Days (c )  (days)  

TABLE 9-2 
FTE IRRADIATION TIMES 

159 

I 1 1 

144 1 133 1 133 

536 

1068 

792 

50 7 

1035 

765 

44 9 

897 

645 

536 

1034 

792 

(a)Real  t i m e  i s  t h e  t i m e  r e a c t o r  power w a s  non-zero. 

(b)Time a t  s i g n i f i c a n t  power i s  t h e  real  t i m e  minus t h e  t i m e  a t  

( "Ef fec t ive  f u l l  power day (EFPD) i s  a r e a c t o r  day e q u i v a l e n t  

( d ) t  i s  t h e  t i m e  used i n  e v a l u a t i n g  E q .  9-11 i n  Refs .  9-1 

ve ry  low power. 

t o  a day a t  115.0 MW(t). 

th rough 9-3. 

9-22 



TABLE 9-3 

PEACH BOTTOM DIFFUSION SPINE SAMPLES 
RESULTS OF ANALYSES OF CESIUM CONCENTRATION PROFILES (FAST COMPONENT) IN 

Test 
?lement 

F I  3 

4 

6 

.5 

- 

Activation Energy 
Weielited TemD. 

Y 

K 

1039 
1039 
1209 
1155 
1155 
1198 
1198 
1175 
1175 
1187  
1187 
1330 
1200 
1200 
1180 
1180 
1305 
1305 
1415 
1415 
1159 
1159 
1136 
1208 
1367 
1367 
1380 
1122 
1122 
1184 
1184 
1088 
1088 
1123 
1 I23 
1151 
1151 
1 I78 
1178 

104/T(K) 

9.62 
9.62 
8.27 
8.66 
8.66 
8.35 
8.35 
8.51 
8.51 
8.42 
8.42 
7.52 
8 .33  
8 .33  
8.47 
8.47 
7.66 
7.66 
7.07 
7.07 
8.63 
8.63 
8.80 
8.28 
7.32 
7.32 
7.25 
8.91 
8.91 
8.45 
8.45 
9.20 
9.20 
8.90 
8.90 
8.69 
8.69 ' 
8.49 
8.49 

Fast (') 

0.35 
0.35 
0.33 
0.45 
0.45 
0.32 
0.32 
0.30 
0.30 
0.31 
0.31 
0.65 
1.95 
1.95 
1.85 
1.85 
2.55 
2.55 
2.79 
2.79 
1.74 
1.74 
1.64 
2.37 
3.46 
3.59 
3.54 
1.90. 
1.90 
2.22 
2.22 
2.85 
2.85 
3.08 
3.08 
3.34 
3.34 
3.51 
3.51 

0.40 
0.40 
0.28 
0.48 
0.48 
0.26 
0.26 
0.22 
0.22 
0.24 
0.24 
0.60 
1.48 
1.48 
1.42 
1.42 
1.80 
1.80 
1.94 
1.94 
1.36 
1.36 
1.30 
2.04 
2.63 
2.70 
2.67 
1.70 
1.70 
1.95 
1.95 
2.35 
2.35 
2.50 
2.50 
2.66 
2.66 
2.75 
2.75 

9.5-2(i) 
9.5-2 
4.0-3 
5.3-1 
5.3-1 
2.8-2 
2.8-2 
4.0-1 
4.0-1 
1.2-2 
1.2-2 
1.3-2 
1.86-2 
1.86-2 
1.14-2 
1.14-2 
1.52-2 
1.52-2 
5.01-4 
5.01-4 
1.19-2 
1 .  19-2 
6.68-2 
3.32-3 
1.31-3 
1.78-3 
1.22-3 
6.85-2 
6.85-2 
3.99-2 
3.99-2 

~ 

_ _  
-_ 

5.0-10 -- 
-- 
_- 
_ _  
_ _  
_- 
_- 
_ _  
- _  
-- 

6.83-10 

4.1R-10 

5.78-10 

1.84-1 1 

4.37-10 

6.9-1 1 
2.7-1 1 
3. 7-1 1 
2.5-1 1 

_ _  

-_ 

-- 

_ _  
-- 
_ _  
-- 

= center post; w = crucible wall. 

(b)Thermal fluence: 0 < E < 0.35 fJ. 

("Fast fluence: 

(d)Matrix concentration of cesium. 

E > 29 fJ. 

(e)Time-averaged cesium flux at outer boundary of crucible wall. 

(f)Extrapolated cesium concentration at outer boundary of crucible wall. 

(g)Extrapolated cesium concentration i n  graphite crucible wall adjacent to matrix. 

(h)Calculated according to Eq. 9-18. 
(i)9.5-2 = 9.5 x lo-'. 
("Established from graph rather than CPROFIT code fit. 

9.2-13 
1.3-13 
1.5-13 
2.3-12 
2.2-12 
4.2-12 
6.7-13 
2.8-12 
1.1-12 
2.7-12 
N.D. 

1.3-12 
4.5-13 
3.6-12 
5.3-13 
1.6-12 
7.3-13 
5.0-12 
1.b-12 
2.4-13 
4.7-13 
2.9-12 
3.3-13 
7.6-13 
2.1-13 
3.9-13 
2.6-13 
2.7-13 
5.8-14 
3.8-13 
3.7-13 
4.4-13 
6.0-14 
1 .O-13 

2.7-13 

7.6-13 
7.5-13 

8.3-6 
3.2-5 
5.0-6 
3.9-4 
4. 1-4 
3.3-5 

1.2-3 
1.3-3 
3.2-4 

9.2-4 
3.0-5 

6.8-6 

5.0-5 

4.0-5(j 

3.0-4(j 

9.0-6 

7.5-6 

1.7-5 
1.5-5 
3.0-5 
3.0-5 
3.0-5 
3.0-4 

1.0-3 

3.4-6 
1.9-3? 
1.8-6 

1.7-7 

6.5-6 
1.8-4? 

11,400 
3,000 

800 
1,360 
1,290 

850 
700 
350 
310 

38 
40 
14 

620 

1.670 

304 

56 

1,590 

3,930 
22 1 
44 
59 
41 

228 

40 

9-23 
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C r u c i b l  
No. ( 3 

I 

TABLE 9-5 
REANALYSIS OF -PARTITION COEFFICIENTS, 4 ,  FROM CESIUM DATA 

Test 
E l  emen t 

FT 

F? 

- 

-4 

-6 

- 

Act iva t ion  Energy 
Weighted Temp. 

(0 

1039 
1039 
1209 
1209 
1155 
1155 
1198 
1198 
1175 
1175 
1187 
1187 
1330 
1200 
1200 
1180 
1305 
1415 
1159 
1159 
1136 
1136 
1208 
1208 
1367 
1367 
1367 
1367 

Mean F a s t  Neutror 
Fluence (b )  

(x 1025 n/m2> 

0. 4 

1.57 

2. 7 

9.5(-2) 
9.5 (-2) 
4.0(-3) 
4 . 0  (-3) 
5 .3(-1)  
5 .3(-1)  
2 .8  (-2) 
2 . 8  ( -2 )  
4.0(-1) 
4.0(-1) 
1 . 2  (-2) 
1 .2(-2)  
1.3(-2) 
1 .9(-2)  
1 .9(-2)  
1 .1( -2)  
1 .5(-2)  
5 .0(-4)  
1 .2(-2)  
1.2 (-2) 
6.7(-2) 
6 .7(-2)  
3 . 3  (-3) 
3.3(-3) 
1 .3(-3)  
1 .3(-3)  
1.8(-3) 
1.8(-3) 

4 .0  (-4) 
3.0(-4) 
2.0(-5) 
2 .0(-5)  
2 .0  (-3) 
3.0(-3) 
1 .2(-4)  
2.0(-4) 
2.0(-3) 
5.0(-3) 
6.0(-4) 
8.0(-4) 
2.0(-3) 
2 .0(-4)  
1 .0(-4)  
6 .0  (-5) 
2 .0(-4)  
1 .5( -5)  
7.0 (-5) 
7.0(-5) 

-1.O(-3) 
-6.0(-4) 
4.0(-5) 
8 .0(-5)  
5.0(-5) 
4 .0(-5)  
2.0(-4) 
1.5 (-4) 

238 
317 
200 
2 00 
2 65 
1 7 7  
2 33 
140 
2 00 

80 
20 
15 

7 
93 

186 
190 

76 
33 

170 
170 

67 
1 1 1  
83 
41 
26 
33 
89 

118 



qT N o .  (a)  Element 
A c t i v a t i o n  Energy 

Weighted Temp. 
(K) 

FTE- 6 
FTE- 6 
FTE-6 
FTE-6 
FTE- 6 
FTE-6 

Mean Fas t  Neutron 
Fluence(b)  

(x 1025 n/rn*> 

I 

Cg(d) 
(I-ldmg) 

2 . 0 ( - 4 )  
8 . 0 ( - 5 )  
2 . 0  (-3) 
8 . 0 ( - 4 )  
2 . 0 ( - 3 )  

~ 1 .O(-3) 

TABLE 9-5 (Continued) 

1 I I 

1380 
1380 
1122 
1122 
1184 
1184 

2 .17  
2 . 1 7  
2 . 1 7  
2 . 1 7  
2 . 1 7  
2 . 1 7  

cm(C) 
(I-lg/mg 1 

1 . 2 ( - 3 )  
1 . 2  (-3) 
6 .9 ( -2 )  
6 .9  (-2) 
4 . 0 ( - 2 )  
4 .0( -2)  

= c e n t e r  p o s t ;  w = c r u c i b l e  w a l l .  

( b ) F a s t  fluence: E 2 2 9  fJ. 
( 

(d)Cesium c o n c e n t r a t i o n  i n  g r a p h i t e  a t  g raph i t e -ma t r ix  boundary. 

( e )Ca lcu la t ed  acco rd ing  t o  Eq .  9-1 7. 

Mat r i x  conc en t ra t i o n  o f c es  ium . 

61 
1 5 3  

34 
86 
2 0  
40  

, 



W 
I 
N 
U 

TABLE 9-6 
RESULTS OF ANALYSES OF STRONTIUM CONCENTRATION PROFILES I N  

PEACH BOTTOM DIFFUSION SPINE SAMPLES 

A c t i v a t i o n  Energy 

T e s t  

F1 

F1 

-3 1 1086 

I 

1183 
1183 

-4 1211 

218 
21 8 
166 
166 
207 
207 

121 1 
1190 
1316 
1316 
1427 

1 1427 
FTE-6 1226 

1226 
1385 
1385 
1385 1 1385 

104 /T (K) 

9.21 
8.21 
8.21 
8.58 
8.58 
8.29 
8.29 
8.45 
8.45 
8.26 
8.26 
8.40 
7.60 
7.60 
7.01 
7 .01  
8.16 
8.16 
7.22 
7.22 
7.22 
7.22 

Neut ron  F l u e n c e  
( x  1025 n/m2> 

0.37 
0 .33  
0.33 
0.45 
0.45. 
0.32 
0.32 
0.30 
0.30 
1.95 
1.95 
1.85 
2.55 
2.55 
2.79 
2.79 
2.37 
2.37 
3.46 
3.46 
3.59 
3.59 

0 .43  
0.28 
0.28 
0.48 
0.48 
0.26 
0.26 
0.22 
0.22 
1.48 
1.48 
1.42 
1.80 
1.80 
1.94 
1.94 
2.04 
2.04 
2.63 
2.63 
2.70 
2.70 

0.83 
0 .83  
0 .83  
6.55 
6.55 
0.46 
0.46 
5.48 
5.48 
0.83 
0.83 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
1.59 
0.83 
0.83 
1.59 
1.59 

D i f f u s i o n  
C o e f f i c i e n t ,  D 

4.6-16 
8 .2 -14  
1.1-13 
8.1-15 
6.3-15 
2.9-14 
2.5-14 
4.1-13 
1.6-13 
5.8-16 
2.6-16 
1.1-15 
2.1-14 
1.3-14 
1.9-13 
1.0-13 
7.9-16 
8.8-16 
6.3-15 
5.0-15 
4.7-14 
6.1-14 

= c e n t e r  p o s t ;  w = c r u c i b l e  w a l l .  

( b )Therma l  f l u e n c e :  0 < E < 0.35 f J .  

("Fast  f l u e n c e :  

( d ) M a t r i x  c o n c e n t r a t i o n  of  s t r o n t i u m .  

( e ) E x t r a p o l a t e d  s t r o n t i u m  c o n c e n t r a t i o n  i n  g r a p h i t e  c r u c i b l e  w a l l  a d j a c e n t  t o  m a t r i x .  

( f ) U n d e t e c t a b l e  above background. 

E > 29 f J .  

1.53-4 
7.4-5 
6.5-5 
4.0-4 
3.9-4 
8.0-5 
1.0-4 
1.4-5 
1.9-5 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

1.5-4 
1.9-4 
1.9-4 
1.9-4 
7.5-5 
7.1-5 



TABLE 9-7 
RESULTS OF ANALYSES OF BARIUM CONCENTRATION PROFILES I N  

PEACH BOTTOM DIFFUSION SPINE SAMPLES 

C r u c i b l e  T e s t  
NO.  Element 

FTE- 3 1166 
1166 
1207 
1207 
1183 
1183 
1170 
11 70 
1159 
1159 
1186 
1186 

1 
FTE-4 
FTE-4 
FTE-5 

8 . 5 8  0 . 4 5  
8 . 5 8  0 . 4 5  
8 . 2 9  0 .32  
8 . 2 9  0 .32  
8 . 4 5  0 . 3 0  
8 .45  0 . 3 0  
8 .55  1 . 7 4  
8 . 5 5  1 . 7 4  
8 . 6 3  3.34 
8 . 6 3  3 .34  
8 . 4 3  3.51 
8 . 4 3  3 .51  

F a s t  (dl 

0 . 4 8  
0 . 4 8  
0 . 2 6  
0 . 2 6  
0 .22  
0 .22  
1 .36  
1 .36  
2 .66  
2 .66  
2 . 7 5  
2 .75  

Cm(e) 
(I-lg/mg) 

6.0-4 
6.0-4 
3.0-4 
3.0-4 
5.0-4 
5.0-4 
6.9-4 
6.9-4 

-- 
-- 
-- 
-- 

Dif fus ion  
C o e f f i c i e n t  , D 

( m 2 / s >  

4.2-15 
4.5-15 
1 .3-13  
2.6-14 
2 .1 -13  
7.6-14 
3.2-1 6 
5.7-16 
1 .3-16  
3.9-17 
6.6-1 7 
1.8-16 

P a r t i t i o n  
F a c t o r ,  4 

(Cm/Cg> 

9.2-6 
7.1-6 
1.3-5 
1.6-5 
5.8-6 
1.0-5 

-- 
-- 

1.9-5 
4.9-5 
9.0-5 
2.1-5 

(a), = c e n t e r  p o s t ;  w = c r u c i b l e  w a l l .  

(b)No barium w a s  d e t e c t e d  i n  t h e  matrix o r  g r a p h i t e  of samples  33 ,  40 ,  and 60. 

(C)Therna l  f l uence :  

(d )Fas t  f l uence :  

(e)Barium c o n c e n t r a t i o n  i n  ma t r ix .  

( f ) E x t r a p o l a t e d  barium c o n c e n t r a t i o n  i n  g r a p h i t e  c r u c i b l e  a d j a c e n t  t o  m a t r i x  (from CPROFIT code f i t  

This  w a s  p robably  
due t o  t h e  h igh  background a c t i v i t y  of o t h e r  i s o t o p e s  p r e s e n t  i n  t h e  sample. 

0. < E < 0 . 3 5  f J .  

E > 29 fJ. 

of c o n c e n t r a t i o n  p r o f i l e ) .  

4 - 3 4  



Crucit3 No. 
Test 

E 1 emen t 

TABLE 9-8 
RESULTS OF ANALYSES OF EUROPIUM CONCENTRATION PROFILES I N  

PEACH BOTTOM DIFFUSION SPINE SAMPLES 

A c t i v a t i o n  Energy 
Weighted T e m D .  

K 

1114 
1114 
1166 
1166 
1207 
1207 
1183 
1183 
11 36 
1136 
1140 
1140 
1202 
1202 
1186 
1186 

I O ~ / T ( K )  

8.98 
8.98 
8. 58 
8.58 
8.29 
8.29 
8. 45 
8.45 
8. 80 
8. 80 
8. 77 
8. 77 
8.32 
8.32 
8.43 
8.43 

Neutron Fluence 
(x10 2 5 n / m 2 )  

Thermal (b; 

0.40 
0.40 
0.45 
0.45 
0.32 
0.32 
0.30 
0.30 
1.64 
1.64 
1.90 
1.90 
2.22 
2.22 
3.51 
3.51 

F a s t ( c )  

0 .45 
0.45 
0.48 
0.48 
0.26 
0.26 
0.22 
0.22 
1.30 
1.30 
1.70 
1.70 
1 .95  
1 .95  
2.75 
2.75 

1.2-1 
1.2-1 
1.1-1 
1.1-1 
2.6-3 
2.6-3 
1 .a-2 
1.8-2 
2.4-2 
2.4-2 
2.3-2 
2.3-2 
1.2-1 
1.2-1 

-- 
-- 

D i f f u s i o n  
C o e f f i c i e n t ,  D 

(m2/s> 

1.2-15 
3.8-15 
1.8-15 
1.9-15 
1.2-14 
1.2-14 
1.1-13 
7.6-14 
1.5-16 
1.3-16 
5.7-17 
4.4-17 

-- 
-- 

8.5-17 
5.4-17 

1.3-2 
8.3-5 
9.6-2 
6.1-2 
3.1-3 
2.6-3 
1.7-3 
1.9-3 

-- 
-- 

1.7-2 
1.1-2 

-- 
-- 

1.5-3 
1 . O - 3  

P a r t  i t  i o n  
F a c t o r ,  4 

(Cm/Cg> 

9 . 5  

1.2 
1.8 
0 .8  
1 . o  

10.6 
9 . 3  

1500 

-- 
-- 
1.4  
2.1 
-- 
-- 
-- 
-- 

(a)€' = c e n t e r  p o s t ;  w = c r u c i b l e  w a l l .  

(b)Thermal f luence :  

("Fast f l uence :  

(d)Europium concen t r a t ion  i n  m a t r i x .  

Ce)Ext rapola ted  europium c o n c e n t r a t i o n  i n  g r a p h i t e  c r u c i b l e  a d j a c e n t  t o  m a t r i x  (from CPROFIT 

0 < E < 0.35 f J .  

E > 29 f J .  

code f i t  of c o n c e n t r a t i o n  p r o f i l e ) .  
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APPENDIX A 

RE-EVALUATION OF TEMPERATURES FOR FTE-18 

Gamma s p e c t r o m e t r i c  measurements performed by KFA (Ref. A-1) f o r  Peach 

Bottom test element FTE-18 confirm t h e  conc lus ion  of Ref.  A-2 t h a t  t h e  

power f o r  FTE-18 w a s  unde rp red ic t ed .  

c u l a t e d  burnup i n d i c a t e s  t h e  element average  power w a s  14.3% h i g h e r  than  

p r e d i c t e d .  The time-averaged a x i a l  power p r o f i l e  w a s  a l s o  e s t a b l i s h e d  

from t h e  gamma s p e c t r o m e t r i c  measurements. Temperatures f o r  FTE-18 have 

been r e c a l c u l a t e d  based on t h e  measured element average  power and t i m e -  

averaged a x i a l  power p r o f i l e .  

A comparison of measured and cal- 

The measured and c a l c u l a t e d  burnup p r o f i l e s  f o r  FTE-18 are shown i n  

F ig .  A-1. The measured p r o f i l e  i s  a l e a s t - s q u a r e s  f i t  of t h e  d a t a  provided 

i n  Table  4 of Ref. A-1. The burnups r epor t ed  i n  Ref.  A-1 were inc reased  

by a f a c t o r  of 1.044 t o  account  f o r  t h e  7-mm dec rease  (from 9.7 t o  2 . 7  mm) 

i n  t h e  r e p o r t e d  (Ref. A-3) f u e l  f r e e  zone a t  t h e  ends of each f u e l  body. 

A comparison of measured and c a l c u l a t e d  burnups i s  shown i n  Table  A-1. 

The normalized Cs-134/Cs-137 p r o f i l e  measured by KFA i s  shown i n  F ig .  A-2. 

T h i s  p r o f i l e  i s  r e p r e s e n t a t i v e  of t he  time-averaged a x i a l  power d i s t r i b u t i o n  

The c a l c u l a t e d  time-averaged ax ia l  power d i s t r i b u t i o n  i s  a l s o  shown i n  

F ig .  A-2. 

Time-averaged i r r a d i a t i o n  tempera tures  c a l c u l a t e d  f o r  FTE-18 based 

on KFA gamma s p e c t r o m e t r i c  measurements are p resen ted  i n  Table  A-2 and 

Fig .  A-3. Envelope tempera tures  are provided i n  Table  A-3 and Fig .  A-4, 
The tempera ture  h i s t o r y  f o r  t h e  element is  provided i n  F ig .  A-5 through 

F ig .  A-15. 

FTE-18 con ta ined  two thermocouples of t h e  W/Re type .  These thermo- 

couples  were l o c a t e d  i n  t h e  center h o l e  a t  a t o t a l  c o r e  h e i g h t  of 1918 nun. 

A- 1 



However, only one of the thermocouples produced a signal in-pile. When 

corrected for decalibration due to the effects of neutron bombardment 

(Section 5.2), the thermocouple readings represent actual irradiation 

temperatures and can be compared with calculated temperatures to provide 

an indication of the validity of the thermal analysis. A comparison of 

calculated and measured temperatures is provided in Fig. A-16 and Table 

A-4. The accuracy of the calculated temperatures at the location of the 

thermocouple was found to be 248.9"C ( lo)  with a bias (Calc. - Meas.) 
of 28.6"C. This is a considerable improvement over the temperatures 

previously calculated for the element and reported in Ref. A-2. The 

accuracy for these temperatures was +64.5"C (la) with a bias (Calc. - 
Meas.) of -78.CPC. 

REFERENCES 

A-1.  Schrb'der, R., et al., "PBR-B1 Gammaspektrometrische Nachunterguchungen," 

Kernforschungsanlage Jiilich, Institut fur Reaktorwerkstoffe, 

IRW-TN-23/79, February 13, 1979. 
. 

A-2. Wallroth, C. F., et al., "Postirradiation Examination and Evaluation 

of Peach Bottom Molded Fuel Test Element FTE-18," ERDA Report 

GA-A13699, June 1 , 1976. 
A-3. Holzgraf, J. F., et al., "Gama Spectroscopic Examination of Peach 

Bottom HTGR Core Components," DOE Report GA-A13453, April 1978. 
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Q 
TABLE A-1 

COMPARISON OF MEASURED AND CALCULATED FIMA FOR FTE-18 

T o t a l  Core 
Height 

(mm) 

7 92 
860 
928 
996 
1065 
1142 
1210 
1278 
1346 
1415 
1492 
1560 
1628 
1696 
1765 
1842 

1978 
2046 
21 15 
21 93 
2260 
2328 
2396 
2465 
2543 
261 0 
2678 
2746 
281 5 

191 O ( b )  

Element Average 

M e  as u r  ed 
FIMA (a) 

(KFA) (%) 

5.04 
5.72 
6.33 
6.87 
7.36 
7.85 
8.22 
8.53 
8.78 
9.00 
9.18 
9.28 
9.35 
9.39 
9.38 
9.32 
9.24 
9.12 
8.99 
8.82 
8.60 
8.39 
8.16 
7.92 
7.60 
7.35 
7.08 
6.79 
6.49 
6.20 

Calcu la t ed  

( W  (%I  
FIMA 

4.59 
5.27 
5.95 
6.40 
6.88 
7.22 
7.49 
7.69 
7.87 
8.00 
8.15 
8.24 
8.31 
8.31 
8.30 
8.23 
8.16 
8.04 
7.95 
7.80 
7.60 
7.35 
7.09 
6.90 
6.52 
6.13 
5.84 
5.37 
5.01 
4.59 

Measuredl 
Ca lcu la t ed  

1 . I O  
1-09 
1.06 
1.07 
1.07 
1.09 
1.10 
1 . l l  
1.12 
1.12 
1.13 
1.13 
1.13 
1.13 
1.13 
1 .13 
1.13 
1.13 
1.13 
1.13 
1 .13 
1.14 
1 .I5 
1 .15 
1.17 
1.20 
1.21 
1.26 
1.30 
1.35 

1.14 

(a)Obtained from l eas t - squa res  f i t  of KFA d a t a .  
KFA d a t a  inc reased  by a f a c t o r  of 1.044 t o  account  
f o r  dec rease  (from 9.7 t o  2.7 nun) i n  t h e  r epor t ed  
(Ref. A-3) f u e l - f r e e  zones a t  t h e  ends of each f u e l  
body. 

(b)Axial location of thermocouple hot junction. 
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