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A T E C H N I C A L  D E S C R I P T I O N  O F  THE NRC 

LONG-TERM WHOLE ROD AND CRUD PERFORMANCE T E S T  --- 

R.E. E i n z i g e r  
R.L. F i s h  

R.L. K n e c h t  

ABSTRACT 

Westinghouse Hanford Company (WHC) and EG&G-Idaho are 
jointly conducting a long-term, low-temperature, spent- 
fuel, whole rod and crud behavior.test to provide the 
Nuclear Regulatory Commission (NRC) with information to 
assist in the licensing of light water reactor (LWR) 
spent-fuel, dry storage facilities. 

Readily available fuel rods from an H. B. Robinson Unit 2 
(PWR) fuel assembly and a Peach Bottom-I1 (BWR) fuel assem- 
bly were selected for use in the 50-month test. Both intact 
and defected rods will be tested in inert and oxidizing 
atmospheres. A 230°C test temperature was selected for the 
first 10-month run. Both nondestructive and destructive 
examinations are planned to characterize the fuel rod behav- 
ior during the 5-yr test. Four interim examinations and a 
final examination will be conducted. Crud spallation behav- 
ior will be investigated by sampling the crud particulate 
from the test capsules at each of the four interim exdmina- 
tions and at the end of the test. 

The background to whole rod testiny, description of rod 
breach mechanisms, and a detailed description of the test 
are presented in this document. 
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A TECHNICAL DESCRIPTION OF THE NRC 

LONG-TERM WHOLE ROD AND CRUD PERFORMANCE TEST 

I. SUMMARY. 

Westinghouse Hanford Company (WHC) and EG&G-Idaho are j o i n t l y  conduc- 

t i n g  a  long-term, low-temperature, spent - fue l ,  whole r o d  and c rud  behavior  

t e s t  t o  p rov ide  the  Nuclear Regulatory Commission (NRC) w i t h  i n fo rma t ion  t o  

a s s i s t  i n  t he  1  i cens ing  o f  1  i g h t  water r e a c t o r  (LWR) spent - fue l ,  d r y  s torage 

f a c i l i t i e s .  

Readi ly  a v a i l a b l e  f u e l  rods from an H. B. Robinson U n i t  2 p ressur ized 

water r e a c t o r  (PWR) f u e l  assembly and a  Peach Bottom-I1 b o i  1  i n g  water r e a c t o r  

(BWR) f u e l  assembly were se lec ted  f o r  use i n  t h e  50-month t e s t .  Both i n t a c t  

and defected rods w i l l  be tes ted  i n  i n e r t  and o x i d i z i n g  atmospheres. A 230°C 

t e s t  temperature was se lec ted  f o r  t h e . f i r s t  10-month run  because of  t h e  

repo r ted  u n c e r t a i n t y  i n  temperature (250 +lO°C) requ i red  f o r  t he  fo rma t ion  

of t h e  U308 o x i d a t i o n  product  f rom U02 coupled w i t h  the  temperature c o n t r o l  

ins t rumenta t ion  u n c e r t a i n t i e s  o f  - +lO°C. The i n t e n t  i s  t o  t e s t  j u s t  below t h e  

temperature where s i g n i f i c a n t  q u a n t i t i e s  o f  U308 form i n  an u n l i m i t e d  a i r  

atmosphere. The t e s t  t e m p e r a t u r e w i l l  be r a i s e d  j u s t  below 250°C f o r  sub- 

sequent runs i f  t h e  r o d  examination a f t e r  t h e  f i r s t  run  i nd i ca tes  t h a t  t h i s  

i s  f eas ib le .  

Both nondest ruc t ive  (NDE) and d e s t r u c t i v e  examinations (DE) a re  p l  anned 

t o  cha rac te r i ze  t h e  f u e l  r o d  behavior  d u r i n g  the, 5-year t e s t .  Four i n t e r i m  

examinat ions and a  f i r i a l  examiriakiun w i  11 be conducted. Crud spa1 1  a t  i o n  

behavior  w i l l  be i nves t i ga ted  by sampling t h e  c rud  p a r t i c u l a t e  f rom t h e  t e s t  

capsule a t  each o f  t h e  f o u r  i n t e r i m  examinations and a t  t he  end o f  t h e  t e s t .  

The background t o  whole rod  t e s t i n g ,  d e s c r i p t i o n  o f  r o d  breach mecha- 

nisms, and a  d e t a i l e d  d e s c r i p t i o n  o f  t h e  t e s t  a re  presented i n  t h i s  document. 
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11. OBJECTIVE --- 

The o b j e c t i v e  o f  t h i s .  p r o j e c t  i s  t o  p r o v i d e  t h e  NRC w i t h  i n f o r m a t i o n  t o  

con f i rm o r  es tab i sh  spen t - f ue l ,  d r y  s to rage  l i c e n s i n g  p o s i t i o n s  r e l a t i v e  t o :  

1 )  long-term, low-temperature (<250°C) behav io r  of  spen t - f ue l  r ods  i n  d r y  

s to rage  and 2 )  r a d i o a c t i v e  con tamina t ion  p o t e n t i a l  of  c rud  f rom c l a d d i n g  f o r  

d r y  s torage.  The b a s i c  need f o r  t h i s  da ta  i s  t o :  

1  ) Conf i rm long-term, low- temperature (<250°C), spen t - fue l  , d r y  s to rage  

performance p r e d i c t i o n s  based on t h e o r e t i c a l  analyses and on r e s u l t s  

f r o m  h igh- temperature,  sho r t - t e rm  l a b o r a t o r y  t e s t s  

2 )  Determine t h e  n a t u r e  and behav io r  o f  c r u d  l a y e r s  as a  f u n c t i o n  o f  d r y  

s to rage  t i m e  

3 )  Determine t h e  p o t e n t i a l  r a d i o a c t i v e  c r u d  con tamina t ion  (e.g., spa1 1  ing ,  

c h a r a c t e r i s t i c s )  f o r  d r y  s to rage .  

A. LONG-TERM, LOW -TEMPERATURE PERFORMANCE -- - 

Dry s to rage  of  spent  f u e l  i n  u n l i m i t e d  a i r  below 250°C i s  t hough t  t o  be  

v i a b l e .  Th is  i s  based on a  number o f  cons ide ra t i ons :  

1 )  I f  t h e r e  i s  an u n l i m i t e d  a i r  atmosphere, l e s s  than 10% o f  t h e  c l a d d i n g  

w a l l  would be expected t o  o x i d i z e  i n  a 100-year s to rage  p e r i o d  

2) Analyses and t e s t i n g  have indi 'cated t h a t  below 250°C t h e r e  a r e  no  

expected c l a d d i n g  breach mechanisms f o r  normal rods  

3)  For v e r y  conse rva t i ve  worst -case analyses, s t r e s s  c o r r o s i o n  c r a c k i n g  

(SCC) o f  t h e  c l a d d i n g  i s  a  p o s s i b i l i t y ,  b u t  t h e  o n l y  consequence shou ld  

be a  r e l e a s e  o f  f i s s i o n  gas w i t h  no p a r t i c u l a t e  f u e l  r e l e a s e  due t o  t h e  

1  ow temperature 

4 )  Since r o d  breaches o c c u r r i n g  i n - r e a c t o r  a re  n o t  r o u t i n e l y  i d e n t i f i e d  

and s o r t e d  ou t ,  i t  i s  assumed t h a t  some r o d s  w i t h  p i n  h o l e  breaches 

3 



w i l l  e n t e r  d r y  storage; below 250°C the, U02 p e l l e t ,  i f  i n  contac t  w i t h  

a i r ,  o x i d i z e s  t o  U307 w i t h  l i t t l e  d e n s i t y  change and, as a  r e s u l t ,  

t h e  f u e l  pe l  l e t  ( o r  p ieces)  s t r u c t u r e  i s  mainta ined and no s t ress  i s  

imposed on t h e  c ladd ing  

Therefore, any s tudy  o f  t he  long-term, spent- fuel  performance below 

250°C should concentrate on th ree  po in t s :  

. Determining if any unforeseen c ladd ing  breach mechanisms appear 

R e l a t i n g  f u e l  performance t o  t h e  l i f e t i m e  p r e d i c t i o n s  based on 
SCC models 

Determining t h e  long-term behavior  o f  breached f u e l  rods 

Both BWR and PWR spent f u e l  a re  be ing  t e s t e d  i n  t h e  program because they  

represent  t h e  two major gener ic  f u e l s  i n  t he  spent f u e l  popu la t ion .  

B. BEHAVIOR 0F.CRUD 

The quest ions o f  concern regard ing  c rud  du r ing  d r y  s torage are: 

6 W i l l  i t  spa11 from t h e  rods? 
Huw IIILJCII crud w i l l  spa11 f rom t h e  rods'! 

W i  11 r e s p i r a b l e - s i z e  p a r t i c u l a t e  occur?  

How r a d i o a c t i v e  i s  t h e  crud'? 

To exper imenta l l y  address th.ese quest ions, t h e  t o t a l  d r y  s to rage c y c l e  o f  

l oad ing  the  storage f a c i l i t y ,  t h e  storage per iod,  and t h e  decommissioning 

must be considered. For  t he  f o u r  gener ic  types o f  s to rage (cask, s i l o ,  d r y  

w e l l  and v a u l t ) ,  t h e  t ime  frame o f  importance w i l l  be d i f f e r e n t .  The pro-  

gram w i l l  at tempt t o  answer t h e  f o u r  ques t ions  about c rud  by  de termin ing  

c rud  contaminat ion p o t e n t i a l  f rom specimens subjected t o  t h e  environments 

seen du r ing  t h e  t h r e e  stages o f  t h e  d r y  s to rage cyc le .  Both PWR and BWR 

rods  w i l l  be inc luded i n  the  program. 



111. BACKGROUND 

I The WHC i s  p r o v i d i n g  t h e  t e c h n i c a l  l ead  f o r  a  low-temperature,  long-  

t e rm  r o d  and c r u d  per-formance program u s i n g  PWR and BWR spent  f u e l  rods.  

T e s t i n g  i s  b e i n g  conducted b y  EG&G-Idaho a t  t h e  U.S, government f a c i l i t i e s  

operated a t  t h e  Idaho Na t i ona l  Engineer ing Labora to ry  ( INEL).  T h i s  t ask  i s  

b e i n g  performed f o r  t h e  NRC. 

A. STORAGE CONCEPTS AND LICENSING 

There a r e  f o u r  main containment systems f o r  d r y  s to rage  o f  spent  f u e l  

p r e s e n t l y  under c o n s i d e r a t i o n  b y  u t i  1  i t  i es :  1  ) v a u l t ,  2 )  cask, 3 )  d r y  we1 1, 

and 4 )  s i l o .  These s to rage  containment systems may have e i t h e r  a c t i v e  

o r  pass ive  c o o l i n g  and p r o v i d e  f o r  s t o rage  o f  r ods  e i t h e r  as i n t a c t  assemb- 

l i e s  o r  disassembled and conso l ida ted ,  c lose-packed r o d  a r rays .  The two 

main d i f f e r e n c e s  between i n t a c t  assembl ies and close-packed r o d  con f i gu ra -  

t i o n s  r e l a t i v e  t o  f u e l  r o d  performance a re  a  h i g h e r  hea t  l oad  per  u n i t  

volume and t h e  p o s s i b i l i t y  o f  r o d  damage due t o  t h e  c o n s o l i d a t i o n  process.  

Proper des ign o f  t h e  containment system cou ld  ensure t h a t  maximum tempera- 

t u r e  l i m i t s  w i l l  n o t  be exceeded f o r  t h e  c o n s o l i d a t e d  rods. The amount o f  

c  1  adding damage caused b y  consol  i d a t  i o n  i s  ~ r e s e n t l ~  unknown, b u t  should be 

e s t a b l i s h e d  i n  t h e  f u t u r e .  Whi le i n  s torage,  t h e  f u e l  performance depends 

o n l y  on t h e  temperature and, t h e  atmosphere. The atmospheric compos i t ion  and 

temperature l i m i t s  i n  a  p a r t i c u l a r  s t o rage  mode w i l l  be governed t o  a  g r e a t  

e x t e n t  by  t h e  need t o  s t o r e  breached f u e l  and t h e  n e c e s s i t y  t o  use a  secon- 

dary  c a n i s t e r .  The economic p e n a l t y  o f  t h e  c a n i s t e r  f a b r i c a t i o n  may be 

o f f s e t  b y  t h e  r e l a x a t i o n  o f  t h e  temperature and atmospheric requi rements.  

The NRC i n d i c a t e s  t h r e e  t ime  p e r i o d s  o f  i n t e r e s t  f o r  these  systems: 

f u e l  emplacement, s torage,  and decommissioning. ( * )  Dur ing  t hese  per iods ,  

t h e  f o l l o w i n g  c o n d i t i o n s  r e l a t e d  t o  f u e l  performance must be s a t i s f i e d :  ( 2  



The f u e l  c l a d d i n g  must be p r o t e c t e d  a g a i n s t  degrada t ion  and gross 
r u p t u r e .  

There must be  s u r v e i l l a n c e  t o  ensure l i m i t i n g  c o n d i t i o n s  a r e  met. 

There s h a l l  be  adequate s a f e t y  under normal and acc i den t  
c o n d i t i o n s .  

Releases t o  t h e  env i ronment  s h a l l  be w i t h i n  accep tab le  l i m i t s .  

P o t e n t i a l  f u e l  c l a d d i n g  deg rada t i on  and breach mechanisms need t o  be  

e v a l u a t e d  and unders tood under a  range o f  d r y  s t o rage  env i ronmenta l  cond i -  

t i o n s  f o r  these  l i c e n s i n g  requ i rements  t o  be met. 

0 .  ANALYSIS OF CLADDING DEGRADATION MtUHHNlSMS -- 

Four degrada t ion  mechanisms have been i d e n t i f  i e d ( ' j )  t h a t  ,,I i y t ~  t m u s e  

c l a d d i n g  breach d u r i n g  d r y  s to rage :  1 )  s t r e s s - r u p t u r e ,  2 )  SCC, 3 )  h y d r i d i n g ,  

and 4 )  e x t e r n a l  o x i d a t i o n .  Wh i le  each o f  these  p o t e n t i  a1 breach mechanisms 

c o u l d  be a c t i v e  under c e r t a i n  s t o rage  c o n d i t i o n s ,  c o n t r o l  o f  t h e  spen t  f u e l  

env i ronment  d u r i n g  s t o r a g e  can ensure t h a t  c l a d d i n g  breach w i l l  n o t  occur .  

Spent f u e l  r o d s  a re  p o t e n t i a l l y  s u s c e p t i b l e  t o  f a i l u r e  b y  s t r e s s -  

r u p t u r e  s i n c e  t h e  i n t e r n a l  p ressure  i n  t h e  r o d  produces a  t e n s i l e  hoop s t r e s s  

i n  t h e  c l a d d i n g  w a l l .  Fac to r s  g e n e r a l l y  c o n t r i b u t i n g  t o  s h o r t e r  r o d  l i f e -  

t i m e s  due t o  s t r e s s - r u p t u r e  a r e  h i y h  l e ~ ~ i p e r a t u r e s ,  h i g h  i n t e r n a l  gas p ress l l re  

and, i n c i p i e n t  c racks  i n  t h e  c l a d d i n g  w a l l  t h a t  m igh t  be p rod i~ced  i n - r s e a i t 6 r .  

Wh i le  t h i s  mechanism was o r i g i n a l l y  t hough t  t o  be t h e  most p robab le  cause o f  

breach,  (3)  h igh- tempera tu re  t e s t i n g ( 4 )  has i n d i c a t e d  t h a t  t h i s  may n o t  be  

t h e  case. A t  t h e  tempera tu res  be. i r~y cons idered  f o r  d r y  s to rage ,  addi t . iona1 

d a t a  a r e  r e q u i r e d  t o  c o n f i r m  t h a t  l i f e t i m e s  based on s t r e s s - r u p t u r e  exceed 

t h e  a n t i c i p a t e d  100-year s to rage  pe r i od .  

SCC, as an a c t i v e  degrada t ion  mechanisln i n  Z i r c a l o y e - c l a d  f u e l  rods ,  

i s  n o t  w e l l  unders tood.  ) The c o r r o s i v e  env i ronment  r e s p o n s i b l e  f o r  SCC 

@ Z i r c a l o y  i s  a  r e g i s t e r e d  trademark o f  Westinghouse E l e c t r i c  Corp., 
S p e c i a l t y  Me ta l s  D i v i s i o n ,  B l a i r s v i l l e ,  PA. 



i n  f u e l  r o d s  comes f rom t h e  f i s s i o n  p roduc t s  generated d u r i n g  i r r a d i a t i o n .  

The s p e c i f i c  agent caus ing  SCC has n o t  been p o s i t i v e l y  i d e n t i f i e d ,  a l t hough  

i o d i n e  i s  t hough t  t o  be  t h e  p r ime cand ida te .  ( 5 )  Gamma r a d i o l y s i s  o f  s o l i d  

CSI(~) t o  produce l o c a l i z e d  i o d i n e  vapor [ t hough t  t o  be r e s p o n s i b l e  f o r  i n -  

r e a c t o r  S C C ( ~ ) ]  may n o t  be a c t i v e  d u r i n g  s to rage ,  t h u s  r e d u c i n g ,  SCC e f f ec t s .  

P r e s e n t l y  a v a i l a b l e  da ta  seem t o  i n d i c a t e  t h a t  SCC w i l l  n o t  be an a c t i v e  mecha- 

n i sm  a t  t h e  temperatures and c l a d d i n g  hoop s t r esses  expected i n  d r y  s to rage .  

Z i r c a l o y  h y d r i d i n g  has been a  m a t t e r  o f  concern f o r  i n - r e a c t o r  f u e l  r o d  

and thus  deserves a t t e n t i b n  w i t h  r e g a r d  t o  s to rage .  The 

p r ima ry  s t o rage  concern r e l a t e s  t o  t h e  o r i e n t a t i o n  o f  t h e  h y d r i d e s  formed 

i n - r e a c t o r .  Proper p rocess ing  o f  t h e  Z i r c a l o y  d u r i n g  f a b r i c a t i o n  o f  t h e  

t u b i n g  and q u a l i t y  c o n t r o l  o f  t h e  m o i s t u r e  l i m i t s  i n  t h e  f u e l  p e l l e t s  r e s u l t  

i n  t h e  i n - r e a c t o r  f o r m a t i o n  o f  an accep tab le  c o n c e n t r a t i o n  o f  hyd r i des ,  which 

a re  c i r c u m f e r e n t i a l l y  o r i e n t e d .  R e o r i e n t a t i o n  o f  t h e  h y d r i d e s  d u r i n g  s to rage  

t o  a  r a d i a l  d i r e c t i o n  ( pe rpend i cu l a r  t o  t h e  hoop s t r e s s )  c o u l d  r e s u l t  i n  

severe degrada t ion  o f  t h e  c l a d d i n g  mechanical  p r o p e r t i e s .  However, r e o r i e n -  

t a t i o n  o f  hyd r i des  u s u a l l y  r e q u i r e s  h i g h  t e n s i l e  s t resses( ' )  and i s ,  t h e r e -  

f o r e ,  n o t  l i k e l y  t o  be act'ive under expected s to rage  c o n d i t i o n s .  

Ox ida t i on  o f  Z i r c a l o y  r e s u l t s ' i n  a  b r i t t l e  f i l m ,  wh ich i s  c r e a t e d  a t  

t h e  expense o f  t h e  r e l a t i v e l y  d u c t i l e  base meta l .  The deg rada t i on  o f  t h e  

c l a d d i n g  mechanical  p r o p e r t i e s ' w i l l  d i c t a t e  temperature and oxygen l e v e l s  

a l lowed d u r i n g . s p e n t  f u e l  s torage.  C ladd ing  o x i d a t i o n  may l i m i t  t h e  maximum 

s to rage  temperature i n  an u n l i m i t e d  a i r  atmosphere. Whole r o d  t e s t s  conduc- 

t e d  i n  a i r  w i l l  a u t o m a t i c a l l y  in ' co rpora te  t h e  e f f e c t s  o f  o x i d a t i o n  on s t r e s s -  

r u p t u r e  b e t ~ a v i o r  f o r  t h e  t e s t  t i m e  and temperatures.  However, o x i d a t i o n  da ta  

must be generated f o r  l onge r  t imes  t o  f u l l y  account f o r  c l a d d i n g  o x i d a t i o n  

e f f e c t s .  

 lackb burn(^) analyzed each o f  t h e  mechanisms d iscussed  above and 

determined t h a t  s t r e s s - r u p t u r e  was t h e  most l i k e l y  breach mode, a l t hough  

t h e r e  was u n c e r t a i n t y  about SCC. B lackbu rn ' s  s t r e s s - r u p t u r e  a n a l y s i s  was 

based on t h e  95% t o l e r a n c e  l e v e l  o f  s t r e s s - r u p t u r e  p r o p e r t i e s  f o r  u n i r r a -  

d i a t e d  Z i r c a l o y  and assumed t h a t  t h e  cumu la t i ve  damage f r a c t i o n  (CDF) 



t echn ique  i s  v a l i d .  It d i d  n o t  a l l o w  f o r  c l a d d i n g  crack development o r  
s y n e r g i s t i c  o x i d a t i o n  e f f e c t s .  The model p rov i ded  conserva t i sm b y  assuming 

an i n t e r n a l  r o d  p ressu re  app rox ima te l y  two t o  t h r e e  t imes  t h a t  o c c u r r i n g  i n  

a  normal  PWR f u e l  r o d  and an eng inee r i ng  s a f e t y  f a c t o r  o f  about 1.5 on t h e  

c l a d d i n g  s t r e s s .  

Based on h i s  a n a l y s i s ,  ( 3 )  B l  ackburn recommended a  maximum a1 lowab le  

c l a d d i n g  tempera tu re  o f  380°C f o r  spen t  f u e l  s t o rage  i n  a  n o n o x i d i z i n g  atmos- 

phere.  The 1  i m i t  i s  based e n t i r e l y  on s t r e s s - r u p t u r e  c o n s i d e r a t i o n s  f o r  

spen t  PWR f u e l  assembl ies;  h i g h e r  temperatures c o u l d  be  a l lowed u s i n g  s t r e s s -  

r u p t u r e  c o n s i d e r a t i o n s  o n l y  f o r  BWR f u e l  assembl ies.  Est imates o f  r e l i a b l e  

maximum a1 lowab le  temperatures based on S C C  c o n s i d e r a t i o n s  were n o t  p o s s i h l  e 
because o f  t h e  l i m i t e d  SCC da ta  base and r . esu l t i ng  u n c e r t a i n t i e s  i n  t h e  

a n a l y s i s .  F u r t h e r  work t o  v e r l f y  p o t e n t i a l  S C C  e f f e c t s  was resomm~nded. 

C.  WHOLE ROD TESTING ..- 

B l a c k b u r n ' s  p r e d i c t i o n ~ ( ~ )  a r e  dependent on t h e  v a l i d i t y  o f  t h e  under-  

l y i n g  assumptions w i t h  r e g a r d  t o  t h e  breach mechanisms, as w e l l  as t h e  c l a d -  

d i n g  m a t e r i a l  p r o p e r t i e s  and f u e l  r o d  p h y s i c a l  c o n d i t i o n .  D i r e c t  v e r i f i c a t i o n  

o f  these  p r e d i c t i o n s  i s  n o t  p o s s i b l e  i n  a  l a b o r a t o r y  t i m e  frame. However, t h e  

p r e d i c t i o n s  can be shown t o  be  c o r ~ s e r v a t i v e  b y  v a r y l n g  t h e  if-~.ter-1781 r o d  p r cs -  

s u r e  and/nr temperature.  Exper imenta l  l y ,  temperature i s  l t ~ e  e a s i e s t  t o  va ry ;  

t h i s  a l s o  a l l o w s  t h e  i n t e r n a l  env i ronment  o f  t h e  i n t a c t  i r r a d i a t e d  r o d  t o  be 

preserved.  

O r i q i n a l  l y ,  t h e  c l a d d i n g  was cons idered  p a r t  o f  t h e  mu1 t i b a r r i e r  system 

f o r  t h e  d i sposa l  o f  spen t  f u e l .  A t  380°C c l a d d i n g  temperature,  t h e  package 

des ign  was such t h a t  t h e  tempera tu re  l i m i t s  on t h e  geology were n o t  exceeded. 

Economical ly, i t  was f e a s i b l e  t o  use t h e  h i g h c s t  p o s s i b l e  geo logy  tempera- 

t u r e ;  t he re fo re ,  t e s t s  were conduc,ted l u  determine t h e  ~r~aximlrln a l l o w a b l r  

c l a d d i n g  temperature f o r  spent  f u e l .  Acce le ra ted  h i g h  tempera tu re  (480°C t o  

570°C) t e s t s  were conducted(4)  on i n t a c t  PWR r o d s  (normal i r r a d i a t e d  r o d  

p ressu re  o f  3SU p s i )  t o  d e t e r . ~ ~ ~ i ~ . ~ e  t h e  dominant mode o f  c l a d d i n g  h reach  and 

degree o f  c l a d d i n g  degrada t ion .  S ince i n - r e a c t o r  i r r a d i a t i o n  harden ing  



anneals q u i c k l y  above 350°C, t h e  r e s u l t s  ob ta ined  a t  t h e  h i ghe r  temperatures 

would have t o  be conf i rmed a t  t h e  lower  s to rage  temperatures where t h e  

c l add ing  would r e t a i n  t h e  i r r a d i a t i o n  hardening. 

Test temperatures i n  t h e  acce le ra ted  h i g h  temperature t e s t s  f o r  ' t h e  

Of f i ce  o f  Nuclear Waste I s o l a t i o n  (ONWI) were d i c t a t e d  b y  t h e  d e s i r e  t o  o b t a i n  

c l a d d i n g  breaches i n  reasonable t imes (21 yea r ) .  We1 1  cha rac te r i zed  rods  

were used so t h a t  i f  breach d i d  n o t  occur,  t h e  e x t e n t  o f  t h e  degrada- 

t i o n  c o u l d  be determined. The d e t a i  1s o f  t h e  t e s t s  have been p r e v i o u s l y  des-  

c r i b e d .  ( 4 )  Normal ly,  i n  a  p ressu r i zed  tube  t e s t ,  t h e  p ressure  w i l l  remain 

cons tan t  and t h e  c l a d d i n g  hoop s t r e s s  w i l l  i nc rease  as t h e  c l a d d i n g  creeps.  

I n  t h i s  t e s t ,  t h e  p ressure  and, hence, t h e  c l a d d i n g  s t r e s s  dropped as t h e  

c l add ing  s t r a i n e d .  Th i s  i s  due t o  t h e  sma l l  volume o f  gas p resen t  and t h e  

f u e l  p e l l e t s  occupying most o f  t h e  i n t e r n a l  r o d  volume. Cladding breach d i d  

n o t  occur 'because o f  creep s t r a i n  up t o  15% and t h e  r e s u l t i n g  d rop  i n  s t r e s s .  

 n number o f  p h y s i c a l  changes o r  absence o f  phys i ca l  changes were observed 

t h a t  u l t i m a t e l y  a f f e c t  c l a d d i n g  l i f e t i m e .  These are:  

. No d e t e c t a b l e  r e l e a s e  o f  f i s s i o n  gas 

. Crack ing  o f  t h e  e x t e r n a l  o x i d e  l a y e r  

. Formation o f  oxygen -s tab i l i zed  a lpha  Z i r c a l o y  l a y e r  between 
t h e  c l a d d i n g  and t h e  Zr02 

. Pene t ra t i on  b u t  b l u n t i n g  o f  c racks  i n  t h e  oxygen -s tab i l i zed  
a1 pha Z i r c a l o y  

. Large amounts o f  c l a d d i n g  c reep  

When these  observa t ions  a r e  f a c t o r e d  i n t o  B lackburn 's  models, (3)  , 
100-year c l a d d i n g ' l i f e t i m e  based on t h e  s t r e s s - r u p t u r e  mechanism can be 

ob ta i ned  b y  e x t r a p o l a t i o n  u s i n g  t h e  Larson-Mi 1  l e r  4, techn ique  f o r  s to rage  

temperatures as h i g h  as 425OC. Th i s  p r e d i c t i o n  i s  s t i l l  based on u n i r r a d i -  

a t e d  s t r e s s - r u p t u r e  p r o p e r t i e s ,  which a r e  p robab l y  r e p r e s e n t a t i v e  above 

370°C. Below 350°C, t h e r e  w i l l  be incomple te  annea l ing  o f  t h e  i r r a d i a t i o n  

damage d u r i n g  t h e  s to rage  l i f e t i m e ;  t h e r e f o r e ,  t h e  use o f  u n i r r a d i a t e d  

s t r e s s - r u p t u r e  p r o p e r t i e s  and e x t r a p o l a t i o n  o f  t h e  h i g h e r  temperature whole 

r o d  t e s t  r e s u l t s  may be i napp rop r i a te .  



The Un i t ed  S ta tes  Department o f  Energy (U. S. DOE) th rough  t h e  Comner- 

c i a 1  Spent Fuel  Storage Program i s  i n i t i a t i n g  a  whole r o d  t e s t  under t h e  

t e c h n i c a l  d i r e c t i o n  o f  WHC a t  B a t t e l  l e  Columbus Labo ra to r y  (BCL) t o  s t u d y  

performance be low 350°C where min imal  c l a d d i n g  annea l i ng  i s  expected t o  

occur .  F i v e  c h a r a c t e r i z e d  PWR f u e l  r ods  f r om Turkey P o i n t  U n i t  3  a r e  b e i n g  

t e s t e d  f o r  s i x  months a t  325OC. The rods  a re  b e i n g  p r e s s u r i z e d  p r i o r  t o  

t e s t i n g  t o  %I300  p s i a .  The t e s t  w i l l  be used t o  p rov i de  a  p a r t i a l  b a s i s  f o r  

e s t a b l i s h i n g  a  minimum t ime/ tempera tu re  r e l a t i o n s h i p  t o  d e s c r i b e  spent  f u e l  

c l a d d i n g  i n t e g r i t y  i n  terms o f  t h e  c l a d d i n g  hoop s t r e s s  f o r  f ue l  s t o rage  i n  

an u n l i m i t e d  a i r  atmosphere. The L a r s o n - M i l l e r  method ( I 4 )  w i l l  be  used t o  

r e l a t e  t h e  t e s t  d a t a  t o  l o n g e r  t i ~ r ~ e s  and d i f f e r e n t  s t o rage  temperatures.  

Whi le  t h e  t e s t  a t  325OC w i l l  g i v e  bounding Informmal;~iun concern ing  c l  sd- 

d i n g  i n t e g r i t y  w i t h  r e s p e c t  t o  t h e  SCC and s t r e s s - r u p t u r e  mechanisms, i t  w i l l  

n o t  be geared t o  s t u d y  t h e  o v e r a l l  r o d  performance over  t h e  wide range of  

a tmospher ic  and r o d  c o n d i t i o n s  i n c l u d e d  i n  t h e  p resen t  t e s t .  

D. RELATED DEMONSTRATION PROJECTS --- 

Whi le  o t h e r  t ypes  o f  f u e l  [meta ls ,  ( I 5 )  carb ides ,  ( I 6 )  H T G R " ~ ) ]  have been 

t e s t e d  under d r y  s t o r a g e  curldi t i o n s  i n  1  arge numbers, t h e r e  have o n l y  been 

two  s m a l l - s c a l e  ' 1 7 y 1 8 )  demonst ra t ions o f  LWR spent  f u e l  d r y  s t o rage  i r ~  Ll~r  U.S. 

These a r e  b o t h  b e i n g  conducted a t  t h e  Nevada Tes t  S i t e  (NTS) using PWR f u e l  

f r o m  Turkey P o i n t  U n i t  3. The f u e l  was ex tens ' i ve ly  c h a r a c t e r i z e d  (10-13) prior 

t o  i n s e r t i o n  i n t o  t h e  t e s t s .  The decay hea t  r a t i n g  ranged from 1 t o  2  kW/ 

assembly. The d r y  s u r f a c e  s to rage  demons t ra t ion  (DSSD) ( I 7 )  c o n s i s t e d  o f  two 

assembl i e s  i n  d r y w e l l  s and one assembly i n  a  c o n c r e t e  sedlecl s t o rage  ca i sson .  

The t e s t  was s t a r t e d  i n  e a r l y  1978. Storage temperatures were i n  t h e  range 

o f  150°C. The Cl imax ( I 8 )  spen t  f u e l  t e s t  c o n s i s t e d  o f  e leven  assembl ies i n  

t h e  Cl imax mine. The t e s t  temperature was Q50°C when t h e  t e s t  s t a r t e d  i n  

e a r l y  1979. 

Major t e s t  parameters  of demonst ra t ion and whole r o d  t e s t s  a r e  g i ven  i n  

Tab le  1. The DSSD and Cl imax t e s t s  w i l l  demonstrate ,the f e a s i b i l i t y  o f  d r y  

s t o rage  o f  spen t  f u e l  r o d s  i n  i n t a c t  assembl ies.  The NRC t e s t s  have a  w ide r  



range o f  c o n d i t i o n s  and expand t h e  source o f  r o d s  used t o  e s t a b l i s h  a  d a t a  

base. Demonstrat ion and whole r o d  t e s t s  a re  d i f f e r e n t  ways of o b t a i n i n g  pe r -  

formance i n f o rma t i on .  Both a re  expected t o  y i e l d  s i g n i f i c a n t  r e s u l t s  

a l though  t h e  whole r o d  t e s t s  a r e  somewhat more c o n t r o l l a b l e .  

E. STATUS OF FUEL OXIDATION STUDIES .---- --- 

If a  breached f u e l  r o d  i s  unknowing ly  p l aced  i n  d r y  u n l i m i t e d  a i r  s t o r -  

age o r  i f  a  breach occurs  i n  a  f u e l  r o d  w h i l e  i n  d r y  s to rage ,  f u e l  o x i d a t i o n  

r a t h e r  than c l a d d i n g  degrada t ion  may become t h e  c o n t r o l l i n g  mechanism f o r  t h e  

r e l e a s e  o f  con tamina t ion .  Th i s  con tam ina t i on  can r e s u l t  f r om  t h r e e  sources: 

. P a r t i c l e s  o f  f u e l  brea.king away f r om t h e  p e l l e t  . Gases r e l e a s e d  f rom t h e  o x i d i z e d  f u e l  . Crud f l a k i n g  o f f  c l a d d i n g  

To de te rmine  t h e  p r o p e n s i t y  f o r  con tamina t ion ,  o x i d a t i o n  r a t e s  and 

o x i d a t i o n  p roduc ts  must be known. 

It i s  i n a p p r o p r i a t e  t o  s t a t e  t h a t  t h e r e  i s  some temperature above which 

UO2 o x i d i z e s  i n  a i r .  U02 o x i d i z e s  a t  a11 temperatures b u t  t h e  o x i d a t i o n  r a t e  

and f i n a l  o x i d a t i o n  p roduc t  a re  s t r o n g l y  tempera tu re  dependent. Numerous s t u d -  

i e s ( 1 9 - 2 7 )  i n d i c a t e  t h a t  below about 250°C, t h e  U02 o x i d i z e s  t o  U307, which 

has approx imate ly  t h e  same density as UO Abovc ?50°C, t h e  U02 u x l d l z e s  t o  2 ' 
U308, which has a  much lower  d e n s i t y .  Th is  lower  d e n s i t y  r e s u l t s  i n  f u e l  

s w e l l i n g  and a  d i s r u p t i o n  o f  t h e  f u e l  m a t r i x .  The m a j o r i t y  o f  f u e l  o x i d a t i o n  

s t u d i e s  l ~ d v e  been conducted on v e r y  f i n e  powders w i t h  a  h i g h  su r f ace  area,  
2  SA 1 1  m /g. P e l l e t s  were used o n l y  a t  h i g h  temperatures.  The measurements 

on i r r a d i a t e d  U02 a r e  n o t  d e f i n i t i v e  enough t o  say whether o x i d a t i o n  r a t e s  

a r e  h i g h e r  o r  lower  (28)  t han  f o r  u n i r r a d i a t e d  UO,. The most r e c e n t  work on 
L 

U02 o x i d a t i o n  b y  Boase and Vandergraaf (29)  con f i rmed e a r l i e r  work. Oxida- 

t i o n  s t u d i e s  be low 350°C i n c l u d e d  i n v e s t i g a t i o n  o f  b o t h  powder and p e l l e t  f r a g -  

ments. The i r r a d i a t e d  powders d i d  n o t  t end  t o  show a  h i g h e r  o x i d a t i o n  r a t e  t han  

t h e  u n i r r a d i a t e d  U02. 



TABLE 1 

MAJOR TE5.T PARAMETERS OF U.S. LWR SPENT =UEL STORAGE 
DEMONSTRATIONS AND WHOLE ROD TESTS 

Reactor Rod , Temp Burnup Dura t ion  
Sponser Rod Type JYe!L Reactor* Cond i t ion  Atmosphere - ("C) (GWdIt) ( y r  Status 

ONW I ~ ~ ~ ~ 1 1 7 1  PWR TP I n t a c t  Enert ~ 1 5 0  30 4 Ongoing 

ONW I CI im8:x ( I 8 )  PWR ' P I n t a c t  I n e r t  s250 3 0 3 Ongoing 

ONW 1 Who12 fIod('l) PWR 
+ 
Kl 

DOE Whole Eod PWR 

NRC Whola Rod PWR 

NR C Whole Rod BWR 

*TF = Turkey Po in t  
HBR = H. B. 2obinson U n i t  2 

P6 = Peach Bottom-I1 
**To Be I n i t i a t e d  

TP I n t a c t  I n e r t /  480 30 113 t o  1 Complete 
L imi ted  A i r  510 

570 

TP Pressur ized I n e r t 1  325 3 0 112 9/82** 
Un 1 im i  t ed  A i r  I 

I 

HBR I n t a c t /  I n e r t 1  2 30 30 5 9/82** 
Defected Un l im i ted '  A i r  

P B I n t a c t 1  I n e r t 1  2 30 12 5 9/82** 
Defected Un l im i ted  A i r  



Boase and V andergraaf  (29)  i n v e s t i g a t e d  t h e  r e s u l t s  o f  f u e l  o x i d a t i o n  i n  

a  ~ a n a d i a n  f u e l  element. Holes o r  s l i t s  were p laced  i n  t h e  c l a d d i n g  o f  b o t h  

i r r a d i a t e d  and u n i r r a d i a t e d  rods.  The rods  were then  p laced  i n  an o x i d i z i n g  

atmosphere between 250 and 375°C. As expected, t h e  f u e l  o x i d i z e d  t o  U308, 

p u t  a  s t r e s s  on t h e  c l a d d i n g  due t o  t h e  lower  U308 dens i t y ,  and t h e  h o l e  i n  

t h e  c l a d d i n g  extended. The v e l o c i t y  o f  t h e  f u e l  o x i d a t i o n  f r o n t  was d e t e r -  

mined m e t a l l o g r a p h i c a l l y .  At  300°C, t h e  o x i d a t i o n  f r o n t  v e l o c i t y  and c rack  

ex tens ion  v e l o c i t y  a re  approx imate ly  equal .  Once again ,  i r r a d i a t e d  f u e l  

tended t o  o x i d i z e  f a s t e r  and t h e  c racks  extended f a s t e r .  Boase and Vander- 

g r a a f ' s  data,  shown i n  F i g u r e  1, a r e  n o t  s u i t a b l e  f o r  spen t  f u e l  per formance 

p r e d i c t i o n s .  F i r s t ,  t h e  da ta  a r e  f i t  w i t h  a  b i l i n e a r  f o rm  w i t h  a  break o f  

s l o p e  a t  %300°C. The s c a t t e r  i n  t h e  d a t a  a l l ows  i t  t o  be f i t  e q u a l l y  we1 1  

w i t h  a  s i n g l e  l i n e a r  f i t  s i n c e  t h e r e  i s  no p h y s i c a l  reason t o  expec t  a  break 

i n  t h e  a c t i v a t i o n  energy a t  300°C. Second, w h i l e  t h e r e  i s  no da ta  below 

250°C, t h e  h i g h e r  temperature d a t a  a r e  e x t r a p o l a t e d  th rough  t h i s  tempera tu re  

where o x i d a t i o n  p roduc ts  a r e  known t o  change i n  o rde r  t o  make p r e d i c t i o n  

about lower  tempera tu re  behav io r .  T h i r d ,  t h e  h o l e s  and s l i t s  i n  t h e  s t u d y  

were v e r y  l a r g e  compared t o  t h a t  which would be  expected i n  an undetected,  

i n - r e a c t o r  breach o r  i n - s t o rage  SCC breach; thus,  a  con t inuous  supp l y  o f  

oxygen t o t h e  f u e l  p e l l e t s  i s  assumed. Whi le  t h e  s i z e  o f  t h e  d e f e c t  shou ld  

n o t  m a t t e r  a t  temperatures be low 250°C, above 250°C t h e  a b i l  i t y  o f  t h e  

d e f e c t  t o  l i m i t  oxygen i ng ress  would b i a s  any r e s u l t s  on f u e l  r o d  p e r f o r -  

mance. The Boase and Vandergraaf d a t a  p r o v i d e  a s t a r t i n g  p o i n t  f o r  c a l -  

~ u l d l i ~ r ~ ~  o f  pOSsible performance o f  d e f e c t e d  rods.  Such c a l c u l a t i o n s  a re  

made i n  Appendix C. A d d i t i o n a l  da ta  need t o  b e  generated t o  d e s c r i b e  i n  more 

d e t a i l  t h e  f u e l  o x i d a t i o n  behav io r  be low 250°C and i n  f u e l  r o d s  t h a t  have 

t i g h t  s t r e s s - c o r r o s i o n  c r a c k i n g  t y p e  breaches. 
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1 A. WHOLE ROD PERFORMANCE 

I V .  PHILOSOPHY OF TESTING 

The whole r o d  t e s t s  r ep resen t  an i n t e r m e d i a t e  p o s i t i o n  between l a b o r a -  

t o r y  t e s t i n g  o f  sma l l  segments and demons t ra t ion  t e s t i n g  o f  whole  assembl ies  

o r  groups o f  assembl ies.  I n  some ins tances ,  such as s t u d y i n g  rod/hardware 

i n t e r a c t i o n ,  demons t ra t ion  t e s t i n g  i s  c l e a r l y  p r e f e r r e d .  I n  o t h e r  ins tances ,  

such as w e l l  c o n t r o l l e d  breach inducement, l a b o r a t o r y  t e s t i n g  i s  p r e f e r r e d .  

S ince s to rage  programs l ook  f o r  t h e  weak l i n k  i n  r o d  performance, whole r o d  

t e s t i n g  o f f e r s  some d i s t i n c t  advantages: 

It i s  more economical  than  demons t ra t ion  t e s t i n g ,  which r e q u i r e s  
e x t e n s i v e  f a c i l i t i e s .  

One whole r o d  i s  e q u i v a l e n t  i n  m a t e r i a l  volume t o  ~ 2 4  l a b o r a t o r y  
sampl es . 
The complete rod ,  which has m a t e r i a l s  p r o p e r t i e s  g r a d i e n t s  a l ong  
i t s  l e n g t h  due t o  i n - r e a c t o r  tempera tu re  and f l u e n c e  g rad ien t s ,  
i s  t e s t e d .  

The i n t e r n a l  atmosphere t h a t  c o n t r o l s  many o f  t h e  b,reach 
mechanisms i n  t h e  r o d  i s  n o t  d i s t u r b e d .  . The t e s t  c o n d i t i o n s  can be c o n t r o l l e d  and v a r i e d  more p r e c i s e l y  
than  i n  a  demonst ra t ion.  

S i x  whole  r ods  a re  s t a t i s t i c a l l y  e q u i v a l e n t  t o  a  whole  
assembly. (30) 

Fo r  t hese  reasons, WHC views t h e  whole r o d  t e ' s t  as t h e  p r e f e r r e d  method 

t o  s t u d y  f u e l  rod p e r f o r ~ ~ ~ a r ~ c t !  f o r  t h e  s t a t e d  o b j e c t i v e s .  

BWR r o d  segments have been t e s t e d  i n  t h e  l a b o r a t o r y  b u t  have never  been 

p a r t  o f  a  whole r o d  o r  demons t ra t ion  t e s t .  T h i s  t e s t  w i l l  p r o v i d e  t h e  f i r s t  

t e s t i n g  o f  BWR rods ,  which r ep resen t  4 0 %  o f  t h e  spen t  f u e l  popu la t i on .  

A l though BWR r o d s  ope ra te  w i t h  much l owe r  i n t e r n a l  p ressu re  ( 2  t o  10 atm)  

and havc a t h i c k e r  c l a d d i n g  (0.032 i n .  t o  0.045 i n . )  t h a n  PWR rods  (20  t o  

30 atm and 0.022 i n .  t o  0.030 i n .  c l a d d i n g ) ,  t h e  BWR r o d s  have app rox ima te l y  



t h e  same breach s t a t i s t i c s  as PWR rods .  (31)  The BWR rods  a l so  tend t o  

r e l e a s e  more f i s s i o n  gas; (32)  hence, more c o r r o s i v e  f i s s i o n  products 

accumulate i n  t h e  r o d  gap, a t  l e a s t  i n  t h e  unpressur ized BWR v in tage,  than  

i n  t h e  PWR rods.  Thus, t h e  BWR f u e l  rods  have some a t t r i b u t e s  t h a t  make 

them more s u s c e p t i b l e  t o  breach and o t h e r  a t t r i b u t e s  t h a t  make them l e s s  

s u s c e p t i b l e  t o  breach. This  t e s t  w i l l  compare BWR and PWR r o d  performance 

d i r e c t l y  i n  b o t h  i n e r t  and o x i d i z i n g  atmospheres. It i s  impor tan t  t o  know 

t h e  i n i t i a l  c o n d i t i o n  of t h e  m a t e r i a l  be ing  tes ted .  Both NDE and DE may be 

necessary. The t y p e  o f  i n f o r m a t i o n  gained f rom each o f  these examinat ions 

i s  g iven  i n  Tables 2  and 3. The NDE p rov ide  i n fo rma t i on  on gross changes i n  

t h e  r o d  c o n d i t i o n  w h i l e  DE enables t h e  d e t e c t i o n  and ~~leasurement o f  smal le r  

o r  slow, s u b t l e  changes t h a t  migh t  be t a k i n g  place. For example, examining 

rods  f o r  gross changes o c c u r r i n g  i n - reac to r ,  NDE i s  most o f t e n  used ~ u r ~ s i r t -  

i n g  o f  o n l y  an eddy c u r r e n t  examinat ion o r  a  v i s u a l .  O r ,  f o r  example, i n  

whole r o d  t e s t i n g ,  NDE i s  u s e f u l  where gross changes such as excessive creep 

a r e  expected; b u t  t h e  more s i g n i f i c a n t  i n fo rma t i on  i s  expected t o  be t h a t  

determined by DE, e  .g., meta l  lography, ceramography, hardness t e s  t i n y ,  e t c  . 

Examinations t o  be used on t h e  rods  i n  t h i s  t e s t  were se lec ted  on t h e  

b a s i s  o f  t he  resources a v a i l a b l e  and how b e s t  t o  meet t h e  t e s t  o b j e c t i v e s  

(each o f  which r e q u i r e s  a  d i f f e r e r i l  i r i i t i a l  f u e l  r o d  c h a r a c t e r i z a t i n n ) :  

1 ) To determine the  contaminat ion p o t e n t i a l  and performance o f  
defected rods 

2 )  To determine t h e  degradat ion p o t e n t i a l  o f  i n t a c t  whole rods  

3 )  To determine t h e  contaminat ion p o t e n t i a l  due t o  s p a l l a t i o n  o f  
c rud  f rom t h e  c ladd ing  su r face  

Contaminat ion f rom a  de fec ted  r o d  can o r i g i n a t e  f rom t h r e e  sources: 

Ox ida t ion  o f  t h e  f u e l  p e l l e t ,  which d i s r u p t s  t h e  g r a i n  s t ruc tu rbe  
and re leases  f i s s i o n  gas r e s i d i n g  on t h e  g r a i n  boundary 

. S p l i t t i n g  o f  t h e  c ladd ing  due t o  s t r e s s  imposed by t h e  o x i d i z i n g  
f u e l  and f a l l o u t  o f  t he  f u e l  p a r t i c u l a t e  from t h e  s p l i t  c l a d d i n g  

S p a l l a t i o n  o f  c rud  due t o  t h e  c ladd ing  s t r a i n  o r  o the r  f a c t o r s  



TABLE 2 

NONDESTRUCTIVE EXAMINATION USES 

V i sua l  

Gross Cracks 

Crud C o n d i t i o n  

General Rod C o n d i t i o n  

Rod ~ e n g t h  

P r o f i l o m e t r y  

C ladd ing  D i l a t i o n  

P e l l e t / C l a d d i n g  Mechanical  
I n t e r a c t i o n  

Edd Cu r ren t  Y- 
Large I n c i p i e n t  Cracks 

Breaches i n  U02 Water- Inundated Rods 

Gross P e l l e t  C ladd ing  I n t e r a c t i o n  

Oxide Thickness w i t h  S p e c i a l i z e d  EC 

Gamma Scan 

F l  uence P r o f  i l e  

Gross P e l l e t  C o n d i t i o n  

Fuel  Column He igh t  

Fue l  P e l l e t  Gap 

Crud P r o f i l e s  w i t h  Some Scanners 

TABLE 3 

DESTRUCTIVE EXAMINATION USES 

F i s s i o n  Gas Analyses Ceramogr aphy 

F i s s i o n  Gas Release Gra in  and Vo id  S i z e  P e l l e t  

C ladd ing  S t ress  P e l l e t  Crack ing  

I n t e r n a l  Rod Volume Fue l  C ladd ing  Chemical I n t e r a c t i o n  

Meta l  1  ography 

Hydr ide  U r i e n t a t i o n  

Cracks i n  C ladd ing  

Oxide Thickness 

Fuel  C ladd ing  Chemical I n t e r a c t i o n  

D i f f u s i o n  Zones 

Crud Thickness 

Gra in  S ize 

Mechanical  P r o p e r t y  

Hardness-Anneal i n g  

S t reng th  

D u c t i l i t y  

Embr i t t l ement  

Fus ion  Ana l ys i s  . - 

Gas Content  i n  C ladd ing  

Burnup Ana l ys i s  

Burnup 
17 



Hence, information is needed on three rod features: 

. Physical condition of the fuel pellet . .Extent of cladding splitting . Crud spallation 

The condition of the pellet can be measured by using gamma scanning to 

look for loss of the pellet-to-pellet interface peaks. Since the absence of 
interface peaks on the gamma scan output is a gross change in the fuel, a 

pretest gamma scan is not needed. Splitting of the cladding requires visual 

knowledge of the breach site prior to testing, hence, a visual examination is 

required. Tt~e excessive spallation of the crud is a cnmparative result with 

the spallation from intact rods and, as described in a later section, wi 1 1  
be n~easured at each interim test. Therefore, to accomplish Objective 1, 
" D e t e r m i n e  the c o n t a m i n a t i o n  p o t e n t i a l  a n d  p e r f o r m a n c e  o f  d e f e c t e d  r o d s , "  

the only necessary pretest examination is visual inspection of defected 

rods. 

To determine the degradation potential of intact rods requires assur- 

ance that the rods are intact. Although the individual test rods from the 

H. B. Robinson Unit 2 assembly have not been eddy current examined, over 

20 companion rods have beer1 exd1llil7ed and only one of those rods showed any 
suspect area; hence, while it would be preferable to have eddy current on 

the H. B. Robinson Unit 2 rods, there is sufficient characterlzaLion o f  the 
assembly to preclude the need for eddy current examination of the actual 

test rods. All of the Peach Bottom-I1 rods have undergone both ultrasonic 
testing and eddy current testing, and General Electric has confirmed in 

writing that a1 1 the test rods are sound. 

Since the resu1t.s frnm higher temperature whole rod tests indicate that 

the performance at 230DC should be and the amount of expected 

cladding creep (33-37) is below the detectable limits of present profilo- 

meters, profilorr~etry is not needed. Eddy current examinations will not be 

conducted during the first interim examination but will be conducted during 

the second and subsequent examinations to detect possible crack growth. An 



I unbreached r o d  should  have no mechanism f o r  gross f u e l  p e l l e t  o x i d a t i o n  

t o  U308; hence, t h e r e  shou ld  be no g ross  changes i n  t h e  gamma spect rum 

r e c e i v e d  f r om t h e  f u e l  p e l l ' e t  i t s e l f .  A v i s u a l  examina t ion  shou ld  be con-  

duc ted  t o  ensure t h a t  t h e  genera l  c o n d i t i o n  of t h e  r o d  i s  n o t  changing. 

As i n d i c a t e d  i n  Tab le  3, t h e  DE g i v e  u s e f u l  i n f o r m a t i o n  about sma l l  

changes i n  t h e  c l a d d i n g  and f u e l  behav io r .  Therefore,  t h e r e  should  be a  

good DE d a t a  base p r i o r  t o  t e s t i n g .  T h i s  d a t a  base a l r e a d y  e x i s t s  f o r  t h e  

H. B. Robinson U n i t  2  f u e l  r ods  and no f u r t h e r  p r e t e s t  DE i s  needed. The 

Peach Bot tom-I  I d e s t r u c t i v e  c h a r a c t e r i z a t i o n  i s  weak and shou ld  be enhanced 

w i t h  a d d i t i o n a l  metallography/ceramography, f u s i o n  a n a l y s i s  and hardness 

t e s t i n g ,  which can be done a f t e r  t h e  f i r s t  d e s t r u c t i v e  i n t e r i m  examina t ion  

on samples s e t  as ide  f o r  t h i s  purpose i n  an i n e r t  atmosphere. To s a t i s f y  

O b j e c t i v e  2, "Determine the degradation potential of intact whole rods," a 

v i s u a l  examina t ion  o f  t h e  r o d s  i s  necessary  a long  w i t h  t h e  a d d i t i o n a l  DE o f  

Peach Bot tom-I1  f u e l .  

To accompl ish O b j e c t i v e  3, "Determine the contamination potential due 

to spallation of crud from the cladding surface," knowledge concern ing  t h e  

c r u d  c o n d i t i o n  on t h e  r o d s  i s  r e q u i r e d .  T h i s  w i l l  be e s t a b l i s h e d  w i t h  a  

comb ina t ion  o f  v i s u a l  examinat ions and DE. The v i s u a l  w i l l  p r o v i d e  an ove r -  

v iew o f  t h e  c r u d  on t h e  rod .  The DE w i l l  i n c l u d e  me ta l l og raphy  t o  l ook  a t  

c r u d  adherence and c r u d  removal t o  e s t a b l i s h  b o t h  t he  chemica l  compos i t i on  

and volume o f  c rud .  Resu l t s  o f  t h e  c r u d  removal  w i l l  a l l o w  a  p r e t e s t  gamma 

scan spectrum t o  be determined so t h a t  t h e  c rud  can be f o l l owed  s t a r t i n g  a t  

t h e  f i r s t  i n t e r i m  examinat ion,  

A f t e r  c h a r a c t e r i z a t i o n ,  each r o d  i s  p l aced  i n  an i n d i v i d u a l  capsule .  

By p roper  c h o i c e  o f  t h e  atmosphere and p ressu re  i n  t h e  capsule ,  t h e  whole 

assembly performance can be s imu la ted  and t h e  breach d e t e c t i o n  enhanced. 

Th i s  i s  d i f f i i u l l ,  i f  n o t  imposs ib le ,  i n  whole assembl ies  where t i g h t  

breaches many t imes  go undetec t r i l .  I n  t h e  p resen t  case, s i n c e  t h e  i n t e r v ~ d l  

capsule  p ressure  i s  n o t  be ing  c o n t i n u o u s l y  moni tored,  argon w i t h  1% he l i l rm 

was chosen as t h e  capsule  f i l l  gas t o  p r o v i d e  an i n e r t  atmosphere and t o  



a l l ow  leak de tec t i on .  S u f f i c i e n t  a i r  pressure w i l l  be placed i n  t h e  o the r  

capsules t o  s imu la te  an u n l  i m i t e d  a i r  atmosphere. 

Based on t h e  r e s u l t s  of o ther  whole r o d  t e s t s ( 4 )  and l a b o r a t o r y  s tud-  

i e s ,  (24,38) t h e  performance o f  whole i n t a c t  rods i n  e i t h e r  an i n e r t  o r  o x i -  

d i z i n g  atmosphere i s  expected t o  be benign a t  230°C. No c ladd ing  creep, 

(33-37) gas re lease  f rom t h e  p e l l e t s ,  (39,40) o r  breaches are  expected. It i s  

n o t  a n t i c i p a t e d  t h a t  any changes w i l l  be observed i n  t h e  t e s t s ;  b u t  t o  v e r i f y  

t h a t  t h i s  i s  t h e  case, i n t e r i m  examinat ions w i l l  be conducted each year on 

t h e  rods.  These w i l l  i nc lude:  

, Gas analyses u f  Lhe capsule atmosphere t o  determinp I f  brbeaches 
occurred 

Crud c o l l e c t i o n  and v i s u a l  examinat ion t o  assess crud s p a l l a t i o n  

. Gamma scanning f o r  changes i n  t h e  c rud  s t r u c t u r e  and pe l  l e t  
s t r u c t u r e  

. After  t h e  second and f i f t h  year,  a  DE o f  one r o d  f o r  any c ladd ing  
anneal ing, excessive c ladd ing  o x i d a t i o n  o r  o the r  changes i n  t h e  
c l a d d i n g  o r  p e l l e t s  t h a t  would i n d i c a t e  no t i ceab le  o r  conceivable 
degradat ion o f  the  f u e l  r o d  over a  100-year s torage pe r iod  

I n  whole r o d  t e s t s  designed t o  f o l l o w  s p e c i f i c  expected phys i ca l  

phenomena, t h e  t e s t  d u r g t i o n  i s  s e t  so t h a t  t h e  phenomena w i l l  be measurable 

based on c u r r e n t  knowledge. F i ve  years prov ides a reasonable t e s t i n g  t ime 

frame f o r  a  number o f  reasons: 

1 )  Four i n t e r i m  examinat ions and a  f i n a l  examinat ion should prov ide  a  

s u f f i c i e n t  number o t  measurernenls l u  determine t h c  rate o f  any d e t e c t e d  

changes t a k i n g  place. 

2 )  A 5-yr LcsL covers the  p c r i n d  of  greatest.  t.emperature drop. Spent 

f u e l  s t i  11 generates 4 . 2  kWlassembly ' (PWR) o r  1.4 kW/assembly (BWR) 

one year  a f t e r  removal f rom t h e  r e a c t o r .  (41 ) 1 f  an assembly was p laced 

i n t o  s to rage a t  t h i s  t ime, a f t e r  5-years s torage t h e  same assembly would 

generate 20% o f  t h e  i n i t i a l  power. (41)  Since t h e  temperature o f  t h e  



rods  w i l l  be p r o p o r t i o n a l  t o  t h e  hea t  genera t ion ,  t h e  tempera tu res  

shou ld  have dropped s u b s t a n t i a l l y  f r om  t h e  i n i t i a l  s to rage  drop. 

3) Very s low r a t e  phenomena s i g n i f i c a n t  r e l a t i v e  t o  100 yea rs  shou ld  b e  

d e t e c t a b l e  i n  5 years .  Con t i nua t i on  o f  t h e  t e s t  i s  p o s s i b l e  shou ld  

t h a t  be des, i rab le .  

A l though t h e  optimum way t o  d e s c r i b e  t h e  behav io r  f o r  100 yea rs  i s  t o  

s t o r e  o r  t e s t  f o r  100 years ,  t h i s  i s  n o t  p r a c t i c a l .  The 5 -y r  t e s t  p r o v i d e s  

d a t a  i n  a  reasonab le  t i m e  frame and c o u l d  p r o v i d e  l e a d  t e s t  r ods  f o r  f u t u r e  

s u r v e i l l a n c e  i f  t h e  t e s t  r e s u l t s  d i c t a t e  t h e  n e c e s s i t y .  

B. CRUD CONTAMINATION 

The NRC requ i rements  i n  10 CFR 72(') t h a t  , r e 1  a t e  t o  spent  f u e l  behav- 

i o r  f o r  d r y  s t o rage  system l i c e n s i n g  a re  summarized i n  t h e  background s e c t i o n  

o f  t h i s  r e p o r t .  Each requ i rement  o r  c o n d i t i o n  has been s p e c i f i e d  t o  m in im i ze  

r e l e a s e  o f  r a d i o a c t i v e  con tamina t ion  f r om t h e  f u e l  r od .  Release o f  r a d i o -  

a c t i v e  c r u d  f r om t h e  su r f ace  o f  t h e  f u e l  r o d  b y  s p a l l a t i o n  o r  o t h e r  mecha- 

nisms is, t h e r e f o r e ,  o f  concern and shou ld  be addressed as an i n t e g r a l  p a r t  

o f  t h e  whole r o d  performance program. I n f o r m a t i o n  generated w i t h  r e g a r d  t o  

t h e  q u a n t i t y  and n a t u r e  o f  c r u d  re l eased  f r om f u e l  r o d s  under c o n d i t i o n s  

a n t i c i p a t e d  f o r  d r y  s t o rage  f a c i l i t i e s  w i l l  p r o v i d e  needed i n f o r m a t i o n  f o r  

t h e  des iqn  and l i c e n s i n g  of  these f a c i l i t i e s .  

Crud i s  l a r g e l y  a m i x t u r e  o f  hemat i  t e  (Fe203) and magne t i t e  (Fe304) 

t h a t  depos i t s  fr.un~ I h e  c o o l a n t  wa te r  on t h e  e x t e r i o r  o f  t h e  c ladd ing .  It may 

c o n t a i n  some f i s s i o n  p roduc ts  o r  a c t i n i d e s ,  which were r e l e a s e d  t o  t h e  c o o l -  

a n t  due t o  gross,  i n - r e a c t o r  breaches and f r om r e s i d u a l  f u e l  i n  t h e  c o o l a n t /  

f u e l  system. Crud t he reby  poses a  p o t e n t i a l  source o f  r a d i o a c t i v e  contamina- 

t i o n  f r om  spent  f u e l  th roughou t  t h e  s t o rage  cyc l e .  Crud d e p o s i t s  range f r om 

a  dense adherent  l a y e r  t o  a  f l a k y  porous l a y e r .  



To assess c r u d  r e l e a s e  d u r i n g  s to rage ,  s p e c i f i c  knowledge o f  t h e  f u e l  

r o d  c r u d  p r i o r  t o  emplacement i n  t h e  f a c i l i t y  i s  r e q u i r e d .  S tud ies  t o  

assess t h e  n a t u r e  o f  c r u d  on b o t h  PWR and BWR f u e l  r o d s  have been conduc- 
t e d .  (42-45)  These s t u d i e s  w i l l  p r o v i d e  a  p a r t i a l  b a s i s  and guidance f o r  

t h e  e lements  t h a t  shou ld  be p resen t  i n  t h e  c r u d  on t h e  t e s t  r ods .  S p e c i f i c  

q u a n t i t a t i v e  measurements and analyses o f  t h e  cha rac te r  and r a d i o a c t i v i t y  o f  

t h e  c r u d  w i l l  be  conducted on companions t o  t h e  t e s t  r o d s  t o  p r o v i d e  an i n i -  

t i a l  c o n d i t i o n  f o r  t h e  c r u d  behav io r  aspect o f  t h e  t e s t .  I n  a d d i t i o n ,  f o u r  

i n t e r i m  examina t ions  and a  f i n a l  examina t ion  over  a  5-year p e r i o d  w i l l  
p r o v i d e  i n f o r m a t i o n  on t h e  c r u d  s p a l l a t i o n  behav io r  o f  t h e  t e s t  rods  as a  

f u n c t i o n  o f  t ime .  The examina t ions  w i l l  i n c l u d e  c o l l e c t i o n  o f  c r u d  from t h e  

t e s t  capsules as w e l l  ds From f i l t e r s  p l s c c d  i n  l i n e  w i t h  a gaz sampl ing 

b o t t l e .  Q u a n t i t a t i v e  de te rm ina t i ons  on t h e  c o l l e c t e d  p a r t i c u l a t e  w i l l  b e  

made i n c l u d i n g  r a d i o a c t i v i t y  measurements. The s p a l l a t i o n  r a t e  as d e t e r -  

mined b y  these examina t ions  w i l l  p r o v i d e  a  b a s i s  f o r  e x t r a p o l a t i o n  o f  t h e  

c r u d  behav io r  t o  l o n g e r  s t o rage  pe r i ods .  The e x t r a p o l a t i o n  o f  c r u d  q u a n t i -  

t i e s  and c a l c u l a t i o n  o f  r a d i o a c t i v i t y  l e v e l s  w i l l  p r o v i d e  needed i n f o r m a t i o n  

f o r  des ign  and l i c e n s i n g  o f  spen t - f ue l ,  d r y  s t o rage  f a c i l i t i e s .  

C. DEFECTIVE ROD PERFORMANCE 

It i s  a n t i c i p a t e d  t h a t  even w i t h  i n - r e a c t o r  pool  s i pp i ng ,  some assem- 

b l i e s  t h a t  c o n t a i n  r o d s  w i t h  p i n h o l e  SCC b redc t~es  w i l l  be p l aced  i n  d r y  

s t o rage .  The behav io r  o f  t hese  breached rods  w i l l  depend on t h e  s i z e  o f  t h e  

breach,  s t o r a g e  atmosphere, and s to rage  temperature.  

If t h e  r o d s  a r e  s t o r e d  i n  an i n e r t  atmosphere c o n t a i n e r  t h a t . d o e s  n o t  

leak,  t h e  behav io r  shou ld  be ben ign  (whether  t h e  breach i s  l a r g e  o r  sma l l  ) 

s i n c e  t h e r e  i s  no mechanism t o  change t h e  c h a r a c t e r i s t i c s  o f  t h e  f u e l  p e l -  

let;. A la r -ye cr,aik can be d e f i n c d  as one which  allow^ t h e  f r e e  i n g r e s s  o f  

oxygen and ou tg ress  o f  f , i s s i u n  gases b u t  does nu1 d l l u w  p e l l e t  p a r t i c l c c  o r  

f ragments t o  l eave  t h e  rod .  A g ross  breach can be  de f ined  as one t h a t  would  

a l l o w  p e l l e t  p a r t i c l e s  o r  f ragments t o  mechan i ca l l y  d i s l o d g e  f r o m  t h e  rod .  
/ 



I f  t h e  r o d s  a re  s t o r e d  i n  an o x i d i z i n g  atmosphere, t hen  t h e  s to rage  

temperature and p o s s i b l y  t h e  s i z e  o f  t h e  breach becomes i m p o r t a n t  t o  d e t e r -  
mine r o d  behav io r .  P e r t i n e n t  ques t i ons  r e l a t i v e  t o  t e s t  and s to rage  a t  a  

temperature <250°C a re  g i ven  i n  F i g u r e  2. The u l t i m a t e  q u e s t i o n  i n  each 
case i s :  " W i l l  t h e  c l a d d i n g  s p l i t  open r e l e a s i n g  f u e l  p a r t i c u l a t e  contami-  

nan ts  and how f a s t ? "  Even if o x i d a t i o n  t o  U308 occurs  a  l o n g  t i m e  a f t e r  

stor.age i n i t i a t e s ,  t h e  U308 has a  lower  d e n s i t y  t han  U02 and, hence, w i l l  

r e s u l t  i n  f u e l  p e l l e t  expans ion and s t r e s s i n g  o f  t h e  c l add ing .  The Cana- 

d ians( " )  found i n  CANDU f u e l  t h a t  above 250°C a  r e l a t i v e l y  l a r g e  (I-mm) i n i -  

t i a l  d e f e c t  propagated t o  expose more f u e l .  D i f f e r e n c e s  between t h e  Canadian 

f u e l  ,rods and t h e  U.S. LWR f u e l  rods  a re  g i ven  i n  Table  4. The LWR f u e l  has a  

c l a d d i n g  w a l l  approx imate ly  t w i c e  t h e  t h i ckness  o f  t h e  Canadian f u e l ,  so t h e  

c l a d d i n g  s t r e s s  w i l l  be h a l f .  I n  any f u e l  though, a  cons ide rab le  c l a d d i n g  

s t r a i n  would r e s u l t  f r om  f u e l  o x i d a t i o n  f r om  U02 t o  U308 and t h e r e  i s  a  d i s -  

t i . n c t  p o s s i b i l i t y  t h a t  above 250°C, t h e  c l a d d i n g  w i l l  s p l i t  if o2 c o n t a c t s  

t h e  f u e l  p e l l e t .  

For a  l a r g e  crack,  O2 w i l l  come i n  c o n t a c t  w i t h  t h e  f u e l .  Above 250°C, 

U02 w i l l  o x i d i z e  t o  U308. The major  q u e s t i o n  i s  whether o r  n o t  t h e  c l a d d i n g  

s t r e s s  i s  s u f f i c i e n t  t o  s p l i t  t h e  c l add ing .  Below 250°C, t h e  l i t e r a t u r e  

seems t o  i n d i c a t e  t h a t  t h e  s t a b l e  r e a c t i o n  p roduc t  i s  U 3 0 7  There i s  some 

q u e s t i o n  as t o  whether U307 i s  t h e  f i n a l  r e a c t i o n  p roduc t  below 250°C o r  if 

t h e  r e a c t i o n  k i n e t i c s  f o r  t h e  2  U307 + O2 - 2  U308 a re  so s low t h a t  t e s t s  have 

n o t  been c o n d u ~ l a d  fur- 1i111e pe r l ods  l o n g  enough t o  observe U308. I f  U307 

i s  t h e  s t a b l e  r e a c t i o n  p roduc t ,  then  t h e r e  shou ld  be  no d e t r i m e n t a l  r o d  beha- 

v i o r ,  s i n c e  t h e  d e n s i t y  o f  U307 and U02 a re  n e a r l y  t h e  same and t h e r e  would 

be  l i t t l e  i f  any s t r e s s  on t h e  c l add ing .  

I f  t h e  breaches a r e  SCC-type t i g h t  c racks ,  t h e r e  a r e  a d d i t i o n a l  ques- 

t i o n s .  Can t h e  O2  pene t ra te  t h e  breach? W i l l  c o r r o s i o n  p roduc t s  c l o s e  

t h e  opening? I f  t h e  answer i s  yes, t h e n  s t o r a g e  o f  r o d s  w i t h  SCC-type 

breaches i n  an o x i d i z i n g  atmosphere above 250°C m igh t  be p o s s i b l e .  



FIGURE 2. Quest ions  Concerning Breached Rod Behavior i r ~  U r ~ l  im-i  tecl A i r -  
Storage Test a t  230°C. 

Storage 
Temp 

T<250°C 

TABLE 4 

COMPARISON OF LWR AND CANDU FUEL 

Fuel C h a r a c t e r i s t i c  

Fuel de11s.i t y  (g /cc )  

Pel l e t  d iameter  (mm) 

Breach Size 

Gap (mm) 

Wall thlclcness (mil) 

Large 

1 ) I s  U307 f i n a l  reac-  
t i o n  p roduc t?  

2 )  Rate o f  r e a c t i o n ?  

3)  W i l l  c l add ing  s p l i t ?  

- -  -* -.-. -- 

BWR PWR 

10.3 10.3 

12.4 9.29 

Small 

1  ) W i l l  02 penet ra te  
SCC-type crack? 

2) I s  U307 f i n a l  
r e a c t i o n  produc t?  

3)  Rate o f  r e a c t i o n ?  

4)  W l l l  c ladd i r ig  s p l i t ?  

CANDU 

10.6 

14.25 

Smear d e n s i t y  0.07 0.87 0.35 

Cladding s t r a i n  necessary t o  10.1 10.0 12.4 
accommsdate f u e l  swe l l  i i ~ g  (%)  



I 
The c u r r e n t  s tudy  w i l l  examine t h e  behav io r  o f  rods  w i t h  l a r g e  de fec ts  

( l a r g e  de fec t s  a re  used s i n c e  p l a c i n g  SCC-type c racks  i n  a  whole r o d  i s  

i m p r a c t i c a l  a t  t h e  p resen t  t i m e )  i n  i n e r t  and o x i d i z i n g  atmospheres. As 

descr ibed  p rev ious l y ,  t h e  t e s t  i n  ar'gon i s  expected t o  be benign. The r o d  

w i l l  be examined v i s u a l l y  t o  l ook  f o r  cr,ack growth and gamma scanned t o  l ook  

f o r  f u e l  r e l o c a t i o n  i n d i c a t i v e  o f  t h e  UOp t o  U 0  convers ion.  Gas r e l e a s e  
3. 8  

f rom t h e  p e l l e t s  w i l l  a l s o  be used as a  method o f  d e t e c t i n g  p e l l e t  geometr ic  

d i s r u p t i o n .  F i l t e r s  w i l l  be p laced  a t  t h e  end o f  each capsule t o  c o l l e c t  

t h e  a i r b o r n e  ox ide  p a r t i c l e s  t h a t  m igh t  e x i t  t h e  r o d  if U308 forms. Weight 

change measurements have a l s o  been suggested, based on Canadian work, t o  

measure t h e  r a t e  o f  f u e l  o x i d a t i o n .  Weight change measurements a r e  ana- 

l y zed  i n  Appendix D and 'a re  shown n o t  t o  be s u i t a b l e .  The Canadian (29 )  

measurements may have been p o s s i b l e  due t o  t h e  much sma l l e r  rods,  which 

a l l o w  a  more s e n s i t i v e  i n - c e l l  balance t o  be used. 

I n  summary, t h e  p r ima ry  t h r u s t  o f  breached whole r o d  performance i s  t o  

de te rmine  over  a  t ime  frame account ing  f o r  t h e  l a r g e s t  temperature drop i n  

t h e  f u e l  rod :  

. Any unforeseen degrada t ion  d u r i n g  s to rage  i n  an i n e r t  atmosphere 

. Amount o f  c l a d d i n g  degrada t ion  due t o  f u e l  o x i d a t i o n  (i .e., 
c l add ing  s p l  i t t i n g )  . Dispersa l  of p a r t i c u l a t e ,  e s p e c i a l l y  r e s p i r a b l e  p a r t i c u l a t e ,  if 
c ladd ing  s p l  i t t i n g  occurs 





V.  SCOPE OF WORK 

E i g h t  r o d s  c o v e r i n g  t h e  e i g h t  c o n d i t i o n s  encompassed b y  t h e  combina- 

t i o n s  o f  r o d  t ype  (BWR o r  PWR), atmosphere ( i n e r t ,  u n l i m i t e d  a i r )  and r o d  

c o n d i t i o n  ( i n . t a c t ,  d e f e c t e d )  a re  t o  be t e s t e d  (see Table  5 ) .  Two a d d i t i o n a l  

r o d s  were chosen f o r  i n i t i a l  c r u d  analysis. The cho ice  was based on i n i t i a l  

e v a l u a t i o n  o f  c h a r a c t e r i z a t i o n  data.  The r o d s  w i l l  be t e s t e d  acco rd i ng  t o  

t h e  s p e c i f i c a t i o n s  i n  Table  6  and p e r i o d i c a l l y  examined - f o r  r o d  and c rud  

performance. Th i s  s e c t i o n  p rov i des  t h e  b a s i s  f o r .  r o d  s e l e c t i o n  and t e s t  

s p e c i f i c a t i o n s  a long  w i t h  a  d e s c r i p t i o n  o f  t h e  assoc ia ted  h o t  c e l l  work. 
r 

A. CHOICE OF TEST RODS 

The c o s t  o f  o b t a i n i n g  LWR f u e l  f r om  r e a c t o r  s i t e s  i s  h i g h  due t o  t r a n s -  

p o r t a t i o n  cos ts .  A su rvey  o f  a v a i l a b l e  f u e l  s t o r e d  a t  EG&G i n d i c a t e s  t h a t  

adequate f u e l  i s  a v a i l a b l e .  There a r e  p r e s e n t l y  f i v e  assembl ies i n  t h e  EG&G 

TAN F a c i l i t y  s t o rage  poo l .  P e r t i n e n t  d a t a  f o r  these  assembl ies a re  g i v e n  i n  

Table  7.  H. B. Robinson U n i t  2 f u e l  appears t o  be a  "normal"  PWR assembly 

as borne o u t  b y  r o d  c h a r a c t e r i z a t i o n .  ( 46 )  The Dresden f u e l  d i d  n o t  undergo 

any unusual  r e a c t o r  ope ra t i ons ,  b u t  i t  i s  a  v e r y  o l d  f u e l  des i gn  n o t  a t  a l l  

t y p i c a l  o f  p resen t -day  BWR f u e l .  Two o u t  o f  n i ne teen  Peach Bo t tom- I1  assem- 

b l  i e s  were found l e a k i n g  v i a  s i p  t e s t i n g .  Pe l  l e t - t o - c l a d d i n g  i n t e r a c t i o n  

(PCI)  and h y d r i d i n g  breaches were found  i n  t h e  assembl ies w i t h  t h e  PC1 be ing  

much more severe i n  t h e  unimproved f u e l  t ype .  The breaches were appa ren t l y  

caused b y  c o n t r o l  r o d  m a n i p u l a t i o n  n o t  i n  accordance w i t h  t h e  f u e l  vendor ' s  

f u e l  p r e c o n d i t i o n i n g  recommendations. The c h a r a c t e r i z a t i o n  d a t a  on r o d s  

f r om these  assembl ies,  was gathered and rods  s e l e c t e d  f o r  t h e  t e s t  a f t e r  

a n a l y s i s .  No c h a r a c t e r i z a t i o n  was done on Assembly E-00161. 

The H. B. Robinson U n i t  2 assembly i s  w e l l  c h a r a c t e r i z e d  i n  a l l  aspects  

(see F i g u r e  3 ) .  Genera l l y ,  t h e r e  i s  l i t t l e  v a r i a t i o n  i n  c h a r a c t e r i s t i c s  

ove r  t h e  c ross  s e c t i o n  o f  t h e  assembly. Ex tens ive  eddy c u r r e n t  t r a c e s  showed 

no i n d i c a t i o n  o f  any c l a d d i n g  i n c i p i e n t  c racks.  Based on t h e  c h a r a c t e r i z a -  

t i o n  i n  t h e  l i t e r a t u r e ,  any o f  t h e  r ods  would p robab l y  be  s u i t a b l e  f o r  t h e  



React o r  
T y p e  

PWR 

PWR 

BWR 

EWR 

PWR 

I'WK 

BWR 

BWR 

PWR 

BWR 

TABLE 5 

RODS FOR THE LOW-TEMPERATURE, WHOLE-ROD TEST 

Reactor*  

HBR 

HBR 

PB2 

P B 2 

HBR 

Hbk 

PB2 

PB2 

HBR 

PB2 

Assembly 
& Rod No. 

80-5-08 

BO-5-G7 

PH 462-E5 

PH 462-D6 

€30-5-B8 

80-5-E7 

PH 462-E4 

PH 462-E3 

80-5- 57 

PH 462-E6 

Rod 
Cond i t ion* *  

I n t a c t  

Defected 

I n t a c t  

Defected 

I n t a c t  

De fec ted  

I n t a c t  

Defected 

Crud 

Crud 

Capsu 1 e 
Atmosphere 

Ar  + 1% He 

A r  + 1% He 

A r  + 1% He 

A r  + 1% He 

A i r  

A i r* 

A i r  

A i r  

- - -  
- - - 

Capsule 
Pressure  

@ 23°C 
( p s i  a b s o l u t e )  

15 + 1 - 
15 - + 1 

15 + 1 - 
15 - + 1 

15 + 1 - 
Ope11 ~ a p b u l t :  
w i t h  f i l t e r s  

15 + 1 - 
Open capsu le  
w i t h  f i l t e r s  

- 
*HBR = H.B. Robinson U n i t  2 

PI32 = Peach Bottorn-I1 
* * I n t a c t  = No t h rough -c l add ing  c racks  

De fec ted  = W i  19 have m e c h a n i c a l . 1 ~  machined b reach  
Crud = Rod t o  be c u t  f o r  c r u d  examina t ion  



TABLE 6  

TENTATIVE TEST SPECIFICATIONS 

Parameter S p e c i f i c a t i o n  

Test  Temperature F i r s t  Run 
Tes t  Temperature La te r  Runs 
Test Dura t i on 
Rate o f  Temperature R i se  
Rate o f  Temperature Drop 
Temperature M o n i t o r i n g  

E l e c t r o n i c a l l y  
Manual l y  

Defec t  S i ze  

230" C*  
230 - 245"C** 
50 mo ( 5  r u n s  a t  10 mo each)  

<50°C/h 
<50°C/h 

Cont inuous ly  
Once each work ing  day 
0.030-in. d iameter  h o l e  th rough  
c l a d d i n g  w a l l  a t  t h e  f u e l  c e n t e r -  
l i n e  & a t  one end o f  f u e l  column 

*Tes t  temperature b f  230°C was a r r i v e d  a t  c o n s i d e r i n g  t h e  range o f  
u n c e r t a i n t y  (240 t o  260°C) assoc ia ted  w i t h  t h e  U02 + U3O8 conve rs i on  
and u n c e r t a i n t i e s  i n  t h e  tempera tu re  con.tro1 equipment (+lO°C). 

**Exact tempera tu re  depends on r e s u l t s  o f  f i r s t  r u n  i n t e r i m  r o d  NDE. 

TABLE 7  

AVAILABLE FUEL ASSEMBLIES 

Reactor* 
TY pe 
A r ray  
Discharge Date 
Burnup (GWd/t ) 
Power Leve l  

(W/cm) 
C ladd ing  
Rod Pressur i zed  
EG&G C o f f i n  
I n i t i a l  

Enr ichment (%) 
Rods A v a i l a b l e  
Fuel  Column 

L e r ~ y t h  ( i n .  ) 
Other 

Assembly 
BO-5 PH 462 PH 006 E-00161 UN0064 

HBR PB2 PB2 D r l  D r l  
PWR BWR BWR BWR BWR 
15x15 7x7 7x7 6x6 6x6 
5 / 7 4  3/76 3/76 2/73 9/75 
30.5 12.9 9.5 19.8 23.8 
230 t o  . 330 330 --- --- 
175 
Zry-4. Zry -2  Z ry -2  Zry-2 Z r y -2  
Yes N o  N  o  N  o  No 
C A B  D H 
1.9 t o  2.5 a v g ,  1.1 avg 1 .83 ,  1.79 t o  
3.1 2.34 
138 3  3  ' 37 28 11 

144 144 144 108 108 _ _ _  . Improved ---  --- --- 
Design 

*HBR = H. B. Robinson U n i t  2  
PB2 = Peach Bo t tom- I1  
D r l  = Dresden 1  

2 9 



= CONTROL ROD = NRC TEST ROD 

BU = BURNUP ANALYSIS EC = EDDY CURRENT 

FIGURE 3. C h a r a c t e r i z a t i o n  o f  H. B. Rob inson U n i t  2 Assembly 80-5. 



NRC t e s t i n g  purposes. The f i v e  rods  p i cked  f o r  t h e  t e s t  a re  shown by  l o c a -  

t i o n  i n  t h e  assembly i n  F i g u r e  3. Rods, which a re  t o  remain i n t a c t  were 

p i cked  from p o s i t i o n s  away f r om c o n t r o l  rods  and bounded b y  w e l l  c h a r a c t e r -  

i z e d  rods.  The r o d  t o  be c u t  f o r  i n i t i a l  c rud  a n a l y s i s  was chosen c e n t r a l  

t o  t h e  assembly where i t  would n o t  r e c e i v e  c o o l a n t  edge e f f ec t s .  

Al though t h e  Dresden assembl ies represen ted  t h e  h i g h e r  burnup BWR f u e l ,  

no f u e l  was chosen f r om t h e  two Dresden assembl ies.  Th i s  was f o r  a  number 

o f  reasons: 

The assembl ies a re  e i t h e r  n o t  c h a r a c t e r i z e d  o r  o n l y  m i n i m a l l y  
cha rac te r i zed  .' 
Only  edge rods  a re  a v a i l a b l e  i n  t h e  assembly w i t h  some 
c h a r a c t e r i z a t i o n .  

Th i s  i s  a  v e r y  o l d  f u e l  des ign  w i t h  shor tened f u e l  rods .  

The f u e l  r ods  a r e  1  t o  3 yr  o l d e r  than  t h e  Peach Bo t tom- I1  f u e l .  

The amount o f  c h a r a c t e r i z a t i o n  on bo th  Peach Bo t tom- I1  assembl ies i s  

approx imate ly  equal .  Two r o d s  have had f i s s i o n  gas analyses, and meta l  1  o- 

graphy was done on one o r  two rods  (see F igu re  4 ) .  A l l  t h e  r ods  have under-  

gone eddy c u r r e n t  i n s p e c t i o n  a t  poo l s i de .  General E l e c t r i c  has s t a t e d  t h a t  

eddy c u r r e n t  i n s p e c t i o n  showed no i n c i p i e n t  c rack i n d i c a t i o n s  i n  any rods  

except  those t h a t  breached. Assembly PH 462 was chosen t o  supp l y  t h e  r o d s  

s i nce  i t :  1 )  had t h e  h i g h e r  burnup o f  t h e  two Peach f3ottotn-I1 assembl ies,  

2 )  con ta ined  imp roved , f ue l  more s i m i l a r  t o  t h e  s tandard  8 x 8 f u e l  now used, 

and 3 )  had a h i g h e r  enr ichment .  .The lower  burnup (12 GWd/t vs  25 GWd/t 

burnup p r e s e n t l y  a t t a i n e d )  o f  t h e  Peach Bo t tom- I1  f u e l  i s  n o t  o f  ma jo r  

concern s ince :  

1  ) I r r a d i a t i o n  hardening,  y i e l d  s t r e n g t h ,  and u l t i m a t e  s t r e n g t h  o f  t h e  

c l a d d i n g  has sa tu ra ted ;  hence, a d d i t i o n a l  burnup shou ld  n o t  change t h e  

mechanical  p r o p e r t i p s  of t h e  c l add ing .  
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CONTROL ROD 

1 [ Gd203 - Contains Gd203 i n  t he  rod 

FG - F i s s i o n  Gas Analys is ,  

MET - Meta l lography 

Bottom number i s  i n i t i a l  enrichment. 

FIGURE 4. C h a r a c t e r i z a t i o n  o f  Peach B o t t o m - I 1  Assembly P H  462. 



2 )  Gas release is already higher than would be the case for a modern vin- 

tage 8 x 8 rod. Modern pressurized BWR fuel has a gas release of ~ 1 %  
up to 25 GWd/t. The Peach Bottom-I1 fuel had a gds release of almost 
3%. Since the fission product release is approximately proportional to 
the burnup, if one considers the volume of the fuel and surface area of 

the cladding, the Peach Bottom-I1 rods have an internal fission product 

concentration that is nearly the same as a pressurized rod from an 
8 x 8 assembly. 

3 )  The in-reactor breach of rods is usually associated with power transi- 

ents, not burnup. The Peach Bottom-I1 assemblies underwent reactor 

operations that are unusually severe for BWR assemblies. 

Care was taken not to choose tie rods, spacer rods, or gad01 inium rods 

for.testing. Tie rods and spacer rods, while identical to other rods in fuel 

configuration, are either too long or too wide for testing purposes. Gado- 

1 inium rods are different than normal fuel rods due to a mixture of Gd203 

with the U02. Since these assemblies had in-reactor problems due to control 

rod insertions, test rods were picked from the region of the assembly away 
from the control rod blade. Since the assembly has a multizoned enrichment, 

the test rods were chosen to have the same enrichment as the characterized 
rods. Within these constraints, there are only eight rods available. There 

is no particular justification for the five picked from the group of.eight. 
The position of t h e  five rods i s  shown in Figure 4. 

A summary of the characterization examinations performed on fuel rods 

from assemblies selected for the dry storage test is presented in Table 8. 

Initial characterization recommendations are also summarized in Table 8. 

B. TEST SPECIFICATIONS 

Test specifications include test temperature, rate of rise-to- 

temperature, rate of drop-from-temperature, monitoring of test, capsule 
atmosphere and pressure, and defect sizes. The rate of rise-to-temperature, 



TABLE 8 

SUMMARY OF EXAMINATIONS CONDUCTED ON FUEL FROM H. 8. ROBINSON UNIT 2 
ASSEMBLY BO-5 AND PEACH BOTTOM-I1 ASSEMBLY PH 462 

No. o f  I n  i t i  a1 Recommended 
Reactor  Assembly Type o f  Test  -- Tests C h a r a c t e r i z a t i o n  

HBR BO- 5 NDE - 
V i s u a l  
Eddy Cu r ren t  
P r o f i l o r n e t r y  
Gamma Scan 

18 V i sua l  on Each T e s t  Rod 
18 
18 
2  2  

F ~ S S ~ O I * I  Gas Ana l ys i s  2 6 Cruel C h a r a c t e r i z a t i o n  
Burnup Analys i s 2  
Fuel  Ceramography 3 
C ladd inq  Me ta l l og raphy  7 

PB2 PH 462 - NDE 

Eddy .Current  4 9 V i sua l  on Each T e s t  Rod 
V i s u a l  2  

F i s s i o n  Gas A n a l y q i ~  2  Rurnup Ana lys is ,  C ladd ing  
C ladd ing  Me ta l l og raphy  2 Meta l log raphy  & Fuel  

Cermography, Crud Charac- 
t e r i z a t i o n  



rate of drop-from-temperature, and monitoring of the test are the same as 

was used in the successful high-temperature, whole-rod test. ( 4 )  The rest 

of the specifications were set after analyses of the following concerns: 

. Breach detection sensitivity . Cladding oxidation . Fuel oxidation . Cladding annealing . Effects of possible excursions . Measurement tolerances 

The conclusions of the analyses of these concerns are presented here. 

Further details are found in the appendices. 

1. Test Tem~erature 

It is desirable to operate the test at the highest possible temperature 

yet have some assurance that the UO will not convert to U308 during the 

test. A general literature survey (z9-27) indicates that U02 converts to U308 

above 250 - + 10°C. Be,,ow this temperature, U02 converts to U307 The errors 

on the temperature control 1 ing system are: controllers (+5"C), - thermocouples 

(+2.5"C), - and zero point compensators (+0.5"C). - Combining these possible 

temperature errors with a lower bound on the U308 formation temperature leads 

to a test temperature of 230°C. If the first interim NDE indicates satisfac- 
tory rod performance, the temperature for subsequent runs will be raised but 

still remain (250°C. 

Defect Size 

Four rods will be defected with a 0.030-in. diameter hole drilled at 

the centerline and at one end of the fuel column in the fuel rod. Care will 
be taken to just penetrate the cladding. The defect will be photographi- 

cal ly characterized prior to testing. These holes wi 11 represent large 

defects in the cladding as compared to SCC-type cracks., 



3. I n t e r n a l  Atmosphere and Pressure 

Four  r ods  w i l l  be t e s t e d  i n  a  d r y  i n e r t  atmosphere and four  r o d s  i n  an 

u n l i m i t e d  c e l l  a i r  atmosphere. The i n e r t  atmosphere was chosen based on 

l e a k  d e t e c t i o n  c a p a b i l i t i e s .  The u n l i m i t e d  a i r  t e s t s  were d i v i d e d  i n t o  two 

groups: 1 )  i n t a c t  r o d s  enc losed i n  capsu les  w i t h  s u f f i c i e n t  a i r  supp l y  so 

t h e  oxygen won ' t  be d e p l e t e d  b y  c l a d d i n g  o x i d a t i o n  and 2 )  d e f e c t e d  rods  i n  

open capsules w i t h  f i l t e r s  on b o t h  ends. 

There a re  no p r o v i s i o n s  f o r  o n - l i n e  m o n i t o r i n g  o f  t h e  capsu le  p ressu re  

o r  gas compos i t i on ;  t h e r e f o r e ,  i f  a  breach uccurs ,  i t  w i l l  n o t  be de tec t cd  

1.1nt.il t . h ~  ~ n d  n f  a r u n .  There a r e  t h r e e  d e t e c t a b l e  gases i n  t h e  f u e l  rods :  

xenon, k r y p t o n  and he l ium.  I f  he1 ium i s  used as t h e  capsu le  gas, v r ~ l y  X ~ I I U I I  

and k r y p t o n  can be used as leak  d e t e c t o r s .  Wi lh  d 1-atm capsu le  pressure,  

a  1.8% gas l e a k  would be d e t e c t a b l e  i n  t h e  H. B. Robinson U n i t  2  rods .  A 

s m a l l e r  breach would be  d e t e c t a b l e  i n  t h e  Peach Bo t tom- I1  r ods  due t o  t h e  

l owe r  i n i t i a l  f i l l  pressure.  I f  argon i s  used f o r  a  capsu le  gas and h e l i u m  

as t h e  leak  d e t e c t i o n  gas, t h e  s i z e  o f  a  d e t e c t a b l e  l eak  i s  decreased b y  two 

o r d e r s  o f  magnitude. For t h i s  reason,  argon i s  used as fill gas w i t h  1% 

h e l i u m  i n  t h e  i n e r t  capsules.  See Appendix A  f o r  d e t a i l s  o f  l eak  d e t e c t i o n .  

Two i n - 1  i n e  f i l t e r s  w i l l  be connected i n  s e r i e s  a t  b o t h  e r~ds  o f  each 

t e s t  capsu le  open t o  t h e  c e l l  atmosphere. S e l e c t i o n  o f  p a r t i c u l a t e  f i l t e r s  

was based on observed f u e l  p a r t i c l e  s i z e s  u f  8  t o  11 ~m t h a t  were e j e c t e d  

f r o m  r u p t u r e d  f u e l  r ods .  ( 4 7 )  A 15-pm f i l t e r  w i l l  be used t o  ca t ch  l a r g e  

p a r t i c u l a t e  and a l l o w  f u e l  p a r t i c l e s  s i m i l a r  t o  t hose  observed b y  Lorenz t o  

pass through.  A 2-pm f i l t e r  w i l l  be p l aced  a t  t h e  e x i t  t o  c o l l e c t  a l l  of 

t h e  p a r t i c l e s  t h a t  pass th rough  t h e  15-pm f i l t e r .  

The two i n t a c t  r o d s  need t o  be p l aced  i n  a  c l osed  Capsule, o t h e r w i s e  

t h e r e  i s  no way o f  d e t e c t i n g  a  breach. As c a l c u l a t e d  i n  t h e  appendix, even 

a t  an upper t e s t  tempera tu re  o f  250°C, o n l y  ~ 1  atm o f  a i r  i s  needed t o  accom- 

modate c l a d d i n g  o x i d a t i o n  i n  t h e  c l o s e d  a i r  w i t h o u t  s i g n i f i c a n t l y  d e p l e t i n g  

t h e  oxygen. Du r i ng  t h e  course  o f  t h e  t e s t ,  ~ 0 . 0 2 %  o f  t h e  clarlcl ir .~y shou ld  be 

o x i d i z e d .  Should a  breach occur  i n  a  c l o s e d  capsu le  c o n t a i n i n g  a i r ,  t h e  



maximum poss ib le  extension o f  t he  f u e l  o x i d a t i o n  f r o n t  should be no more than  

1  inch.  Whether a l l  t h e  oxygen i s  depleted d u r i n g  the  remainder of t h a t  r u n  

depends on the  t ime i n  t h e  r u n  when breach occurs and the  k i n e t i c s  o f  f ue l  

ox ida t i on .  

4. Crud Sampling 

One Peach Bottom-11 (BWR) fue l  rod  and one H. B. Robinson U n i t  2 (PWR) 

f u e l  rod  t h a t  were companions t o  t h e  t e s t  rods  w i l l  be c u t  i n t o  t h r e e  equal 

segments each, ma in ta in ing  l o n g i t u d i n a l  o r i e n t a t i o n  and i d e n t i f i c a t i o n .  

These f u e l  r o d  segments w i l l  be shipped t o  t h e  EG&G Test React0.r Area (TRA) 

f o r  c rud  ana lys is .  

A t  t h e  TRA ho t  c e l l s ,  8 - i n .  sec t ions  w i l l  be designated and c u t  f rom 

each o f  the two f u e l  rods. The remaining f u e l  r o d  segments should be s t o r e d  

i n  an i n e r t  atmosphere f o r  subsequent examinat ion needs. The crud w i l l  be 

e i t h e r  scraped, chemica l ly  removed, o r  machined f rom a  known area over t h e  

e n t i r e  sur face a long a t  l e a s t  3 i n .  o f  each sec t ion .  A l l  o f  t he  c rud  w i l l  

be c o l l e c t e d  f rom t h i s  operat ion.  The f o l l o w i n g  measurements and examina- 

t i o n s  w i l l  be conducted on the  crud from each sec t i on :  

Radioact ive measurement (gamma-beta and a1 pha ) 

Weight and volume determinaFion 

Physical  c h a r a c t e r i s t i c s ,  e.g., adhesion, p a r t i c l e  s ize,  c o l o r ,  
composit ion, e tc ,  

C o l l e c t i o n  o f  a l l  p a r t i c u l a t e  f rom t h e  t e s t  capsules a t  each i n t e r i m  

examinat ion and a t  t he  end o f  t he  t e s t  w i l l  be used t o  e s t a b l i s h  t h e  quan- 

t i t y  and r a t e  o f  c rud  s p a l l a t i o n .  Care w i l l  be taken t o  c o l l e c t  a l l  par-  

t i c i l l a t e  from the  t e s t  capsules. Th ls  w i l l  be accomplished by  dumping t h e  

capsule contents ( a f t e r  r o d  removal) i n t . u  a c lean conta iner  and w i p i r ~ y  the  

i n s i d e  o f - t h e  capsule w i t h  a  swab. C o l l e c t i o n  o f  t he  p a r t i c u l a t e  from t h e  

capsule f i l t e r s  w i l l  ensure t h a t  a l l  o f  t h e  p a r t i c u l a t e  i s  accounted f o r  i n  



t h e  a n a l y s i s .  The r a d i o a c t i v i t y  measurement, we igh t  and volume determina-  

t i o n ,  and Ge(L i )  gamma a n a l y s i s  f o r  composi t ion w i l l  be conducted on each o f  

t h e  c r u d  samples f r om t h e  capsules and f i l t e r s .  

Based on t h e  da ta  generated f r om t h e  measurements on t h e  c rud  samples, 

c a l c u l a t i o n s  w i l l  p r o v i d e  a  q u a n t i t a t i v e  assessment o f  t h e  t o t a l ,  i n i t i a l  

amount o f  c rud  on each t ype  o f  f u e l  r o d  (PWR and BWR), i t s  chemical  compo- 

s i t i o n ,  and r a d i o a c t i v i t y  l e v e l .  I n  a d d i t i o n ,  c r u d  s p a l l a t i o n  q u a n t i t i e s  

measured a t  each i n t e r i m  w l l l  p rov ide  t h e  bas i s  f o r  e s t a b l i s h i n g  s p a l l a t i o n  

r a t e s  and a  p r e d i c t i v e  model f o r  e x t r a p o l a t i o n  purposes. Together w i t h  t h e  

r a d i o a c t i v i t y  measurements and c a l c u l a t i o n s ,  t h e  model can be used t o  assess 

t h e  impact  o f  s p a l l a t i o n  d u r i n g  t h e  d r y  s to rage  o f  spent  f u e l  i n  l i g h t  o f  

rqdd i o a c t i v c  con tamina t inn .  

C. HOT CELL SPECIFICATIONS 

The genera l  h o t  c e l l  t e s t  s p e c i f i c a t i o n s  and some of t h e  s p e c i f i c  t e s t  

s p e c i f i c a t i o n s  a r e  g i ven  i n  t he  f o l l o w i n g :  

1  . General S p e c i f i c a t i o n s  

. The whole r o d  t e s t i n g  program w i l l  be conducted by  EG&G i n  t h e  TAN 

F a c i l i t y  h o t  c e l l s  under t h e  t e c t ~ r ~ i c a l  d i r c c t i o n  o f  WHC t o  determine t h e  

1  ong-term, 1  ow-temperature behav i u r  of  b o t h  i n t a c t  a r~d  braeached rods  i n  s i r  

and i n e r t  atmospheres. I n  a d d i t i o n ,  t h e  behav io r  o f  c r u d  i n  a s t a t i c  s i t u -  

a t i o n  w i l l  be determined. I n t a c t  r ods  p r e s e n t l y  i n  t h e  EG&G TAN F a c i l i t y  

s t o rage  pool  [H. B. Robinson U n i t  2 (PwR) and Peach Bot tom- I1  (BWR)] w i l l  b e  

moved i n t o  t h e  TAN Rul shop. E l g t ~ L  rods  w i l l  be p recha rac te r i zed  by a  v i s u a l  

examinat ion.  Two PWR rods  d r~d  two BWR r o d s  w i l l  be de fec ted  w i t h  sn la l l  

ho les .  These rods  p l u s  two i n t a c t  PWR rods  and two i n t a c t  BWR r o d s  make up 

t h e  t e s t  l o a d i r ~ y .  Thp r n d s  w i l l  t hen  be p laced  i n  i n d i v i d u a l  capsules o f  a 

whole r o d  f u rnace  t e s t  rack ,  b a c k f i l l e d  w i t h  a i r  o r  a r g o n l l X  h e l i u m  to a  

s p e c i f i e d  pressure,  and leak  checked o r  capped w i t h  f i l t e r s ,  t hen  i n s e r t e d  

i n t o  t h e  furnace,  The fu rnace  w i l l  be b rought  t o  a  s p e c i f i e d  temperature 



(230°C) over  a  two-day s t a r t u p  p e r i o d  and c o n t r o l l e d  t o  w i t h i n  - +5'C f o r  t h e  

d u r a t i o n  o f  t h e  t e s t .  Dual and independent over- temperature shutdown p r o -  

t e c t i o n  w i l l  be prov ided.  Manual m o n i t o r i n g  o f  t h e  t e s t  rack  temperatures 

w i l l  be conducted every  work ing  day. Whi le  a t  temperature,  t e n  even l y  

spaced a x i a l  ther~nocouples w i l l  be moni tored.  

F i v e  l0:month t e s t  runs  w i l l  be conducted. A t  t h e  end o f  each run,  gas 
samples w i l l  be taken from each capsule and analyzed f o r  xenon and/or he l i um 

as a  double check f o r  sma l l  r o d  leaks.  Between runs,  t h e  rods  w i l l  be 

removed f o r  v i s u a l  i n s p e c t i o n  of  t h e  rods  i n  genera l  and de fec t s  i n  p a r t i c -  

u l a r  and Y-scanning o f  s e l e c t e d  rods; smears and c rud  c o l l e c t i o n  w i l l  be con- 

ducted on t h e  encapsu la t ion  tubes. The r a d i o a c t i v e  spec ies p resen t  i n  t he  

c r u d  and an approximate measure o f  t h e  c rud  q u a n t i t y  w i l l  be determined. A t  

t h e  complet ion o f  two years  o f  t e s t  t ime,  t h e  i n t a c t  BWR r o d  i n  an i n e r t  

environment w i l l  be wi thdrawn f o r  metallographic/microstructural a n a l y s i s  t o  

determine any change i n '  f u e l  r o d  m a t e r i a l s  c o n d i t i o n s .  Such DE f o r  d e t e r -  

m in ing  a c t i v e  degrada t ion  mechanisms i s  a b s o l u t e l y  necessary t o  use these  

t e s t s  as p r e d i c t i n g  t o o l s  f o r  l o n g e r ,  t e rm  r o d  performance. I t  i s  expected 

t h a t  t h e r e  w i l l  be no s i g n i f i c a n t  degrada t ion  mechanisms d iscovered  b y  t h e  

examinat ions, and t h e  seven remain ing  rods  w i l l  con t i nue  under t e s t .  T h i s  

w i l l  i n c l u d e  t h e  y e a r l y  v i s u a l  i n s p e c t i o n  o f  t h e  r o d  and d e f e c t  s i t e s ,  gamma 

scanning and c rud  e v a l u a t i o n  tasks ,  and t h e  comple t ion  o f  t h e  t e s t s  w i t h  DE 

of s e l e c t e d  rods.  Should a  s i g n i f i c a n t  degrada t ion  mechanism be found a t  

any t ime, WHC w i l l  make an e v a l u a t i o n  and recommendations f o r  program 

m o d i f i c a t i o n  t o  t h e  NRC. 

Concurrent w i t h  t h e  f i r s t  whole r o d  run,  l a b o r a t o r y  analyses w i l l  be con- 

ducted on two companion rods  t o  e s t a b l i s h  t h e  i n i t i a l  s t a t e  o f  t h e  crud. 

Samples w i l l  be taken a long  t h e  l e n g t h  o f  t h e  r o d .  These segments w i l l  be 

abraded over  a  known area t o  d i s l o d g e  a l l  t he  crud. The c r u d  w i l l  be 

c o l l e c t e d  and counted i n  a  Ge (L i )  d e t e c t o r  t o  determine t h e  q u a n t i t i e s  of  

r a d i o a c t i v e  spec ies present .  These da ta  w i l l  be  used t o  e s t a b l i s h  t h e  t o t a l  

amount o f  c r u d  on t h e  rods  a t  t h e  s t a r t  o f  t h e  whole r o d  t e s t .  



2. S p e c i f i c  Test S p e c i f i c a t i o n s  

Dur ing  t h e  course o f  t h e  experimentat ion, examinat ion and operat ion,  

s p e c i f i c a t i o n s  f o r  t he  f o l l o w i n g  work w i l l  be issued: 

I - P r e t e s t  Rod Examination and Capsule Prepara t ion  

I 1  - Furnace Q u a l i f i c a t i o n  Loading: Cycle 1  Operat ion 

I I1  - TKA Crud Removal and Examination 

- F i r s t  I n t e r i m  NDE 

- Cycle 2 Operat ion 

- Second Interim NDE 

- Replacement Rod Pre tes t  Characterization 

- F i r s t  DE 

- Cycle 3 Operat ion 

- T h i r d  I n t e r i m  NDE 

- Cycle 4 Operat ion 

- Four th  I n t e r i m  NDE 

- Cycie 5 Operat ion 

- F i n a l  NBE 

- F i n a l  DE ,, 

- F i n a l  Crud Removal and Examination 

a Waste D i s p o s a l  

Whenever poss ib le ,  techniques used i n  o ther  whole r o d  t e s t s  and 

standard ho t  c e l l  procedures w i l l  be fol lowed. 

The c u r r e n t  s p e c i f i c  t e s t  s p e c i f i c a t i o n s  issued are: I - Pre tes t  Rod 

Examination and Capsule Prepara t ion  and I 1  - Furnace Q u a l i f i c a t i o n  Loading: 

Cyc,le 1  Operation. 



V I .  EXPECTED RESULTS AND APPLICATIONS 

The most l i k e l y  f i r s t  mode o f  spen t  f u e l  s t o rage  w i l l  be i n  an i n e r t  

atmosphere a t  a  r e l a t i v e l y  low temperature,  200 t o  250°C. There may be some 

undetected breaches p laced  i n  s to rage .  There i s  a  des i re -o .n  t h e  p a r t  o f  a  

number o f  u t i l i t i e s  t o  r e l a x  t h e  requ i r emen t  o f  an i n e r t  atmosphere and use  

u n l i m i t e d  a i r  s to rage .  The p resen t  t e s t  was designed t o  a l l o w  t h e  NRC t o  

assess t h e  f e a s i b i l i t y  and l i c e n s a b i l i t y  o f  spent  f u e l  d r y  s t o rage  under such 

c o n d i t i o n s .  C r i t i c a l  t o  t h i s  assessment i s  t h e  measurement o f  c r u d  s p a l l a -  

t i o n  and t h e  o b s e r v a t i o n  o f  c l a d d i n g  o r  f u e l  deg rada t i on  o r  no deg rada t i on  

b y  NDE and DE. Other t e s t s  have been des igned t o  a c c e l e r a t e  p o s s i b l e  degra-  

d a t i o n  mechanisms b y  t h e  use o f  i nc reased  tempera tu re  and p ressu re  ( I 4 )  o r  t o  

s t udy  t h e  behav io r  o f  casks and d r y w e l l s  (14-18) w i t h  min imal  m o n i t o r i n g  o f  

t h e  f u e l  behav io r .  

The p resen t  t e s t  w i l l  f i l l  t h e  v o i d  between t h e  acce le ra ted  t e s t s  and 

demonst ra t ion t e s t s  b y  p e r i o d i c a l l y  ( 1 - y r  i n t e r v a l s )  examin ing t h e  c o n d i t i o n .  

o f  spent  f u e l  s t o r e d  under expected o r  p o s t u l a t e d  c o n d i t i o n s  f o r  a  p e r i o d  o f  

t i m e  l o n g  enough t o  a l l o w  t h e  s to rage  tempera tu re  t o  d rop  s i g n i f i c a n t l y  a f t e r  

emplacement ( 5  y r ) .  P a r t i c u l a r  a t t e n t i o n  w i l l  be p a i d  t o  con tam ina t i on  t h a t  

m igh t  be caused b y  f u e l  and f i s s i o n  p roduc t  l o s s  th rough  d e f e c t s  and s p a l l i n g  

of t h e  e x t e r i o r  c r u d  l a y e r .  

Pas t  s t u d i e s ( 3 )  and t e s t s ( 4 )  i n d i c a t e  t h a t  a f t e r  t h e  5 - y r  pe r i od ,  t hose  

r o d s  t h a t  were i n i t i a l l y  i n t a c t  shou ld  rema in  i n t a c t  w i t h  e i t h e r  t h e  a i r  o r  

i n e r t  atmosphere. The DE o f  t h e  & s t  r o d s  shou ld  c o n f i r m  t h a t  immeasurable 

degrada t ion  o f  t h e  c l a d d i n g  o r  f u e l  p e l l e t  has t aken  p lace .  Anneal ing o f  t h e  

i r r a d i a t i o n  hardness, c l a d d i n g  g r a i n  growth,  h y d r i d e  , r e o r i e n t a t i o n ,  s t a b i -  

1 i z e d  a lpha  Z i r c a l o y  growth,  o r  excess i ve  o x i d a t i o n  a r e  n o t  expected t o  t a k e  

p lace.  No a d d i t i o n a l  gas o r  f i s s i o n  p roduc t s  a r e  expected t o  be  r e l e a s e d  

f r om t h e  p e l l e t  t o  t h e  r o d  plenum. 



It i s  a l s o  expected t h a t  those  de fec ted  rods  s t o r e d  i n  t h e  i n e r t  atmos- 

phere w i l l  have ben ign  performance. No f a l l o u t  o f  t h e  f u e l  o r  o x i d a t i o n  o f  

t h e  f u e l  i s  expected. The expected r e s u l t s  f rom t h e  de fec ted  r o d s  i n  t h e  

u n l i m i t e d  a i r  atmosphere a r e  somewhat more t e n t a t i v e .  S i g n i f i c a n t  l i t e r a -  

t u r e  (19-21)  i n d i c a t e s  t hese  rods  shou ld  a lYo  have benign performance, b u t  

t h e r e  i s  u n c e r t a i n t y  c a s t  on t h e  expected performance b y  t h e  u n c e r t a i n t y  

i n  t h e  o x i d a t i o n  k i n e t i c s  o f  U02 and some r e c e n t  Canadian work.  ( 29 )  Whi le  

t h i s  t e s t  i s  n o t  des igned t o  s t udy  t h e  o x i d a t i o n  k i n e t i c s  o f  U02, t h e  v i s u a l  

and gamma-scan examina t ions  shou ld  g i v e  i n s i g h t  i n t o  t h e  r a t e  a t  which U02 

c o n v e r t s  t o  U308, i f  indeed i t  does. 

The h ~ h a v i o r  o f  t h e  e x t e r n a l  c rud  on f u e l  rods  has n o t  been c o r ~ s i d e r ~ e d  

i n  d e t a i l  i n  p rev i ous  t e s t s .  Wi th  t h e  use o f  f 4 l t e r s  and srnedras, L t ~ e  pres- 
e n t  t e s t  shou ld  determine a t  what r a t e  c r u d  s p a l l s  from t h e  r o d  and if 

r e s p i r a b l e  p a r t i c u l a t e s  a re  formed. Because o f  t h e  u n c e r t a i n t i e s  and l a c k  

o f  p e r t i n e n t  da ta ,  no p r e d i c a t i o n s  a re  made w i t h  r e g a r d  t o  t h e  r e s u l t s  o f  

t h i s  aspec t  o f  t h e  t e s t .  

The f u e l  r o d  decay h e a t  drops b y  80% d u r i n g  t h e  f i r s t  5  y r  o f  s to rage .  

The p resen t  t e s t  w i l l  a l l o w  NRC t o  de te rmine  i f  s a t i s f a c t o r y  performance can 

be  accompl ished f o r  t h i s  p e r i o d  o f  t ime.  The combina t ion  o f  NDE and DE w i l l  

a l l o w  p r o j e c t i o n s  o f  p robab le  performance p a s t  t h e  5 -y r  t i m e  frame. The work 

on t h e  de fec ted  rods  w i l l  h e l p  t h e  NRC s p e c i f y  t h e  degree o f  s u r v e i l l a n c e  

t h a t  m i g h t  be necessary  d u r i n g  d r y  s t o rage  t o  de te rmine  t h e  n e c e s s i t . ~  of 

secondary  c a n i s t e r i z a t i o n  below 250°C. 
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LEAK DETECTION 

There a r e  two ways t o  d e t e c t  i f  a  l e a k  occurs  i n  a. r o d  d u r i n g  a  r un :  

Pressure r i s e  i n  t h e  capsule  

Mass spec t rog raph i c  a n a l y s i s  o f  t h e  capsu le  gas 

S ince  t h e  capsu le  p ressu re  i s  go ing  t o  be moni t o r e d  o n l y  a t  t h e  beg inn ing  and 

end o f  each r u n , a n d  since, t h e  mass spec t rog raph i c  method i s  more accura te ,  o n l y  

t h e  mass spec t rog raph i c  method w i l l  be cons idered  f u r t h e r .  

L e t  y be t h e  volume of  gas i n  t he  capsu le  and M be t h e  f r a c t i o n  o f  t r a c e r  gas 

i n  t h e  rod.  If V r  i s  t h e  t o t a l  gas i n  t h e  r o d  o f  which a  f r a c t i o n  ( f )  l e a k s  

o u t ,  then  t h e  t o t a l  gas i n  t h e  capsu le  a f t e r  t h e  l e a k  i s  y + f V r .  The t o t a l  

amount o f  t r a c e r  gas i n  t h e  capsule  i s  f M V r .  Therefore,  t h e  percentage o f  

t r a c e r  gas i n  t h e  capsules 

has t o  be g r e a t e r  than  t h e  d e t e c t i o n  l i m i t  o f  t h e  mass spec t romete r  (D) ,  i f  

a  l e a k  i s  t o  be de tec ted .  Th i s  i m p l i e s  t h a t  t o  d e t e c t  a  t r a c e r  gas, t h e  

f r a c t i o n  o f  gas leaked  ( f )  must s a t i s f y  t h e  equa t i on :  

P e r t i n e n t  r o d  and capsu le  c h a r a c t e r i s t i c s  a r e  g i v e n  i n  Tab1 e  A-1 , and based on 

Table  A-1, t h e  f r a c t i o n  o f  t r a c e r  gas (M) can be c a l c u l a t e d  as shown i n  

Tab le  A-2. 

For  a  d e t e c t i o n  l i m i t  o f  1  x lo-'%, D  = 0.01. S ince  t h e  capsules a r e  f i l l e d  

t o  1  atm, t h e  i n t e r n a l  n e t  capsu le  volume i s  equal  t o  t h e  capsu le  gas volume 

( y ) .  The da ta  i n  Tables A-1 and A-2 can be used t o  c a l c u l a t e  t h e  minimum 

d e t e c t a b l e  l e a k  f o r  each t r a c e r  gas u s i n g  Equa t ion  (A-1) .  Th i s  i s  shown i n  

Tab le  A-3. 
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TABLE A-1 

ROD AND CAPSULE CHARACTERISTICS 

C h a r a c t e r i s t i c s  H. B. Robinson Peach Bottom 

Rod Volume (cc)  25 + 1 - 73. 7(A4) 
V r  = Gas Volume (cc )  370 - + 10 (A1 -A3) 127. o ( ~ ~ )  

Xenon Volume ( c c )  3.5 + 0.8 (A3) 4 2 . 0 ( ~ ~ )  - 

Krypton Volume ( c c )  0.37 + 0.03 (A31 5.53 (A5) - 

I n t e r n a l  Rod Pressue ( p s i a )  220 + 14 (A1 -A3) - 25. 3(A5)  
Net Csps1.11~ Vn111rne ( c c )  632* 376. Q* 

Capsule Pressure ( p s i a )  15* 15.0* 

*See Appendix l3. 

TABLE A-2 

FRACTION OF TRACER GAS ( M )  

A2.L- H. B. Robinson -- Peach Bottom -. .- 
I ( ~ ~ ~ ~  lull I 10-3 4.35 x 19 -2 

TABLE A-3 

DETECTION LIMITS ( f )  

Reactor Krypton Xenon He1 i urn 

H. B, Robinson 0.19 (19%) 1.8 x (1.8%) 1.7 (0.02%) 

Peach Bottom 0.006 (0.6%) 7.8 X.IO-~ (0.08%) 4 (0.04%) 



If he l i um i s  used as a  capsule f i l l  gas, then  k r yp ton  o r  xenon shou ld  be used 

as t h e  t r a c e r  gas, and d e t e c t i o n  s e n s i t i v i t y  would be decreased. An argon 

i n e r t  atmosphere was chosen so t h a t  he l i um cou ld  be detected,  thus decreas ing 

t h e  s i z e  o f  t h e  s m a l l e s t  l e a k  t h a t  can be de tec ted .  

I n  o rder ,  though, t o  l e a k  check t h e  swageloka sea l s  on t h e  capsules,  i t  i s  

necessary t o  p u t  some he l i um i n  t h e  argon f i l l  gas. Once aga in ,  i f  t h e  amount 

o f  gas i n  t he  capsules i s  y and t he  f r a c t i o n  o f  t r a c e r  gas i n  t he  capsule i s  x, 

then  the  volume o f  t r a c e r  i s  y x .  A f t e r  a  l e a k  f rom t h e  r o d  occurs,  t h e  amount 

o f  t r a c e r  i n  the  capsule w i l l  be y x  + V r M f .  L e t  t h e  mass spect rometer  d e t e c t  

a  f r a c t i o n a l  change o f  z ( i . e . ,  10% inc rease  means z  = 1 .1 ) .  The f i n a l  f r a c t i o n  

o f  t r a c e r  i n  t he  capsule w i l l  be: 

y x  + VrMf 
y + V r f  

Th i s  must be ' g r e a t e r  than zx o r :  

y x  + V r M f  > zx 
y + V r f  

t h e r e f o r e ,  

f > YX(Z - 1 )  
Vr(M - zx )  

One pe rcen t  he l i um i n  t h e  argon i s  s u f f i c i e n t  f o r  swageloka l e a k  check ing so 

x  = lo-'. Using t h e  va lues i n  Table A-1 , t h e  l e a k  s e n s i t i v i t i e s  i n  Table A-4 

a r e  generated f rom Equat ion (A-2) .  These l i m i t s  a r e  approx imate ly  an o r d e r  o f  

magnitude h i g h e r  than  those g i v e n  i n  Table A-3 where no he1 ium t r a c e r  was i n  

t h e  argon gas. Th i s  would i n d i c a t e  t h a t  xenon shou ld  he t h e  p r ima ry  r o d  l e a k  

d e t e c t i o n  gas f o r  t h e  Peach Bottom rods, and he l i um w i l l  con t i nue  t o  be t h e  

p r ima ry  l e a k  d e t e c t i o n  gas i n  t h e  H. B. Robinson f u e l .  

%wagelok i s  a  r e g i s t e r e d  trademark o f  Crawford F i t t i n g  Co. , Solon, OH. 
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TABLE A-4 

LEAK DETECTION LIMITS ( f )  FOR HELIUM GAS WITH 
1% HELIUM I N  ARGON COVER GAS 

Reactor  

H. B. Robinson 

Peach Bottom 

A2. A. A. Bauer, L. M. Lowry and J .  S.  P e r r i n ,  E v a l u a t i n g  S t reng th  and 
D u c t i l i t y  o f  I r r a d i a t e d  Z i r c a l o y ,  BMI-NUREG-1976, B a t t e l  l e  Memorial 
I n s t i t u t e ,  Columbus, OH, Ju l y .  1977. 

A3. S. J .  Daybjar tsson,  B. A. Murdock, D. E. Owens and P. E .  MacDonald, 
A x i a l  Gas Flow i n  I r r a d i a t e d  PWR Fuel Rods, TREE-NUREG-1158, EG&G-Idaho, 
Idaho F a l l s ,  ID, September 1977. 

A4.  K .  A. Lorenz, J .  L. C o l l i n s ,  M. F. Osborne, R. L. Towns and A. P.  Mal insuqkas, 
F i s s i o n  Produc t  Release f r u ~ r ~  BWR Fuel Under LOCA Cond i t i ons  NUREG/CR-1773, 
Nuc lear  Regu la to r y  Commission, Washington, DC, J u l y  1981. 

A s .  V .  W. Storhok. "Dresden-1 Fuel Rod Cover Gas Ana lys is , "  EG&G-ldaho, 
Idaho F a l l s ,  ID, November 1379. 
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CLADDING OXIDATION 

O x i d a t i o n  r a t e s  o f  Z i r c a l o y  i n  a  d r y  a i r  atmosphere must be used t o  s e t  t h e  a i r  

p ressure  i n  t h e  t e s t  capsule and t o  determine t h e  e f f e c t  o f  o x i d a t i o n  on t h e  

u l t i m a t e  f u e l  r o d  l i f e t i m e .  There have been many o x i d a t i o n  s t u d i e s  i n  wate r  and 

steam, mos t l y  a t  temperatures i n  excess o f  500°C, b u t  r e l a t i v e l y  few s t u d i e s  i n  

a  d r y  atmosphere. The d r y  o x i d a t i o n  s t u d i e s  a r e  a l s o  a t  temperatures above 500°C 

and were conducted f o r  a  s h o r t  t ime  (700 days was l o n g e s t ) .  (B1)  Thus, t h e  e x t e n t  

t o  which c l a d d i n g  w i l l  o x i d i z e  d u r i n g  t e s t i n g  o r  a c t u a l  d r y  s to rage  below 250°C 

i s  based on e x t r a p o l a t i o n  o f  data.  

S tud ies  by H i l l n e r  i n  s team(B2 ) i nd i ca te  t h a t  Z i r c a l o y  o x i d a t i o n  i s  a  two s t e p  

process. The f i r s t  step, p r e - t r a n s i t i . o n ,  f o l l o w s  a  "t 'I3' dependence w h i l e  t h e  

second s tep ,  p o s t - t r a n s i t i o n ,  f o l l o w s  a  "t" dependence. Th i s  same two s t e p  

behav io r  and  t ime  dependence was observed by   at son(^' ) f o r  o x i d a t i o n  o f  Z i r c a l  oy-2 

i n  a i r  between 500 and 700°C. I n  f a c t ,  b o t h  s tud ies  i n d i c a t e d  approx imate ly  t h e  

same t ime  o f  t r a n s i t i o n  as a  f u n c t i o n  o f  temperature.  Th i s  t r a n s i t i o n  t ime  can 

be expressed as: 

tt = 6.73 x  l o m 7  exp[11 ,975/T("K)] days 

A t  r e a c t o r  o p e r a t i n g  c o n d i t i o n s  (approx imate ly  350°C c l a d d i n g  temperature)  t r a n -  

s i t i o n  occurs i n  approx imate ly  150 days. Thus, when t h e  rods  e n t e r  d r y  s to rage  

o r  i n  t h i s  case t e s t i n g ,  t h e  e x t e r i o r  su r f ace  should have an o x i d e  l a y e r  which 

i s  a l r e a d y  growing as a  p o s t - t r a n s i t i o n  ox ide .  It i s  n o t  known whether t h e  o x i d e  

w i l l  con t i nue  t o  grow as p o s t - t r a n s i t i o n  o x i d e  o r  r e v e r t  t o  p r e - t r a n s i t i o n  o x i d e  

growth r a t e s  a t  t h e  lower  s to rage  temperatures. S ince t h e  o x i d e  growth r a t e  i s  

f a s t e r  i n  p o s t - t r a n s i t i o n ,  t h a t  r a t e  w i l l  be used t o  determine l i f e t i m e s  and t o  

s e t  atmospheres. 

Boase and ~ a n d e r ~ r a a f ( ~ ~ ) c o m ~ a r e d  p o s t - t r a n s i t i o n  o x i d a t i o n  r a t e  da ta  above 500°C 

and found c l o s e  agreement between o x i d a t i o n  i n  steam, wate r  and a i r .  The da ta  

f i t  a  s t r a i g h t - l i n e  Ar rhen ius  p l o t  g i ven  by t h e  equat ion :  

Rate (g/dn2h) = 9.46 x  l o 5  exp[-15810/T("K)] (8 -2 )  



Equat ion  (8 -2 )  was used t o  e x t r a p o l a t e  t o  t h e  d r y  s to rage  and t e s t i n g  tempera- 

t u r e  range, assuming t h a t  t h e r e  i s  no mechanism change a t  t h e  lower  temperature.  

1  . O x i d i z i n g  Atmosphere 

A t  230°C, t h e  t ype  304 capsule m a t e r i a l  w i l l  have an immeasurably smal l  ox ida-  

t i o n  r a t e ;  t h e r e f o r e ,  o n l y  Z i  r c a l o y  o x i d a t i o n  need be cons idered t o  determine 

t h e  oxygen supp ly  i n  t h e  capsule.  The we igh t  g a i n  o f  t he  r o d  w i l l  be AtF, 

where A i s  t he  s u r f a c e  area,  t i s  t he  t e s t  t ime  and F i s  t h e  o x i d a t i o n  r a t e  

g i v e n  by Equat ion (B-2 ) .  Thus t he  amount o f  oxygen consumed (N)  i s  g i v e n  by: 

The p a r t i a l  fill pressure  of  oxygen a t  room temperature ( P )  necessary t o  f eed  

t h e  o x i d a t i o n  process can then be c a l c u l a t e d  f r om t h e  i d e a l  gas law PV = NRTRT, 

where V i s  t h e  n e t  capsu le  volume and TRT i s  t h e  temperature when t h e  capsule 

i s  f i l l e d .  Note t h a t  t h e  a i r  i s  %20% oxygen, t h e  f i l l  p ressure  o f  a i r  r e q u i r e d  

t o  supp ly  t h e  necessary oxygen i s  5P. Dur ing  t h e  exper iment,  i n  o r d e r  n o t  t o  

d e p l e t e  the  oxygen l e v e l  i n  t he  a i r  comple te ly  b u t  o n l y  t o  drop i t  t o  15%; t h e  

a i r  p ressure  has t o  be f u r t h e r  inc reased  by a f a c t o r  o f  4  o r :  

A ~ F  R T ~ ~  , 

Pd i t* 
(atm) = 20 x x  

Combining Equat ions (B-2 )  and ( 8 - 4 ) ,  t h e  necessary f i l l  p ressure  o f  a i r  j s :  

The necessary p h y s i c a l  parameters o f  t h e  system a r e  g i v e n  i n  Table B-1. 

S ince  every r o d  w i l l  n o t  be de-encapsulated a t  each i n t e r i m  eva lua t ion , '  t h e r e  
4 must be enough oxygen t o  l a s t  f o r  a t  l e a s t  a  2 - y r  p e r i o d  o r  t = 1.752 x  10 h r .  

The ne'cessary a i r  p ressure  i n  t h e  capsules as a f u n c t i o n  o f  t e s t  temperature 

i s  g i v e n  i n  Tab1 e B-2. 



TABLE 0-1 

FUEL ROD AND CAPSULE CHARACTERISTICS 

C h a r a c t e r i s t i c s  H. B. Robinson Peach Bottom 
2  Rod Sur face  Area (dm ) 1 3 . 0 7 ' ~ ~ )  1 8 . 3 8 ' ~ ~ )  

Capsule Vol ume ( 1  i t e r )  

TABLE B-2 

CAPSULE AIR PRESSURE ( p s i a )  

Temperature 
("0 H. B. Robinson Peach Bot tom 

200 0.24 0.64 

210 0.48 1  .28 

Based on t h e  above c a l c u l a t i o n s ,  one atmosphere o f  a i r  shou ld  be s u f f i c i e n t  t o  

supp ly  t h e  necessary  nxygen i n  t h e  closed capsules.  O f  course,  i n  t h e  open 

f i l t e r e d  capsules,  t h e r e  i s  a  con t inuous  supp ly  o f  a ' i r .  

O x i d a t i o n  Du r i ng  T e s t i n g  

The Z i r c a l o y  c l a d d i n g  w i l l  o x i d i z e  t o  Zr02. There fo re ,  f o r  every  mole o f  O2 

we igh t  ga in ,  t h e r e  i s  a  mole o f  Z r  o x i d i z e d .  I f  t h e  we igh t  g a i n  pe r  u n i t  area 

of  Z i r c a l o y  i s  d i v i d e d  by t h e  d e n s i t y  o f  Z i r c a l o y  ( p ) ,  then  t h e  t h i c k n e s s  o f  t h e  

oxygen l a y e r  can be c a l c u l a t e d .  T h i s  t h i c k n e s s  can be expressed u s i n g  Equa t ion  

(C-2) as :  



For  a  50-month t e s t ,  t h e  t o t a l  o x i d e  l a y e r  expected i s  1.34 x  m i l  a t  230°C 

and 4.45 x  a t  2 5 0 " ~ .  Even f o r  t h e  h i g h e r  temperature,  t h e  t h i nne r -wa l  l e d  

H. B. Robinson c l a d d i n g  w i l l  have o n l y  0.02% o f  t he  w a l l  o x i d i z e d .  Th i s  should 

be an i n d i s c e r n i b l e  amount and n o t  a f f e c t  t h e  c l add ing  s t r esses .  I t  i s  i n t e r -  

e s t i n g  t o  no te  t h a t  f o r  a  50-year s to rage  pe r i od ,  t h e  expected c l a d d i n g  ox ida -  

t i o n  shou ld  o n l y  be 0.24% o f  t he  c l a d d i n g  w a l l  and once aga in  n o t  a f f e c t  t h e  

c l a d d i n g  s t r e s s .  
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FUEL OXIDATION 

Two ques t ions  were addressed concern i  ng f u e l  o x i d a t i o n :  

• I n  an u n l i m i t e d  a i r  s i t u a t i o n ,  how f a r  w i l l  t h e  o x i d a t i o n  
f r o n t  extend? 

I n  a  c l osed  capsule,  i f  a breach occurs,  how much f u e l  w i l l  
o x i d i z e  be fo re  t h e  O 2  i s  dep le ted?  

Boase and Vandergraaf g i v e  an a c t i v a t i o n  energy f o r  t he  p rog ress ion  o f  t h e  

o x i d a t i o n f r o n t  below 275°C. The da ta  i s  o f  such a q u a l i t y  t h a t  a second e x t r a p -  

o l a t i o n  cou ld  be made us ing  a l l  o f  t h e  Canadian data,  which g i ves  a h i g h e r  o x i -  

d a t i o n  r a t e .  For  t he  moment, i t  i s  assumed t h a t  t h e  h i g h e r  temperature da ta  

(T  > 250°C) can be e x t r a p o l a t e d  below 250°C. The two o x i d a t i o n  r a t e s  a r e :  

V,, (cmlmin) = 338 exp[-7612/T("K)] a l l  T  (c-2 

I t  i s  n o t  c l e a r  f rom Boase and Vandergraaf, whether t h e  o x i d a t i o n  f r o n t  i s  

d e f i n e d  i n  one d i r e c t i o n  f rom t h e  breach o r  t h e  t o t a l  l e n g t h  o f  t h e  o x i d i z e d  

m a t e r i a l .  For  conservat ism,  assume t h a t  t h e  da ta  i s  t h e  f r o n t  movement i n  

o n l y  one d i r e c t i o n ,  and hence v e l o c i t i e s  i n  Equat ions (C-1 ) and (C-2) ' m ~ ~ s t  be 

doubled. There fo re ,  t he  l e n g t h  o f  f u e l  o x i d i z e d  ( L )  i n  a  t ime  ( t )  w i l l  beg in  

from Equat ions (C-1) and (C-2) by: 

L~ ( i n )  = 5.81 x  1014 t ( h r ) e x p [ - 2 0 9 3 3 / t ( 0 ~ ) ]  (c -3a)  

L,, ( i n )  = 1.6 x  l o 4  t ( h r ) e x p [ - 7 6 1 2 I T ( O ~ ) ]  

Making t h c  assumption t h a t  t he  de fec ted  rods  w i l l  be examined a t  l e a s t  once a 
3 year ,  i . e . ,  t = 8.74 x  10 h r ,  t h e  expected l e n g t h  o f  t h e  o x i d a t i o n  f r o n t  or 

c ladd ing  opening i s  g i v e n  i n  F i g u r e  C 1 .  



TEMPERATURE lDCl 
M I I l  -=I 

FIGURE C1. Ox ida t i on  F ron t  Length f o r  l - y e a r  Per iod  a t  Temperature Based on 
Two D i f f e r e n t  Ox ida t i on  Rate P red i c t i ons .  

Based on Boase and Vandergraaf da t * ,  i f  i n  f a c t  below 250°C the  U02 con- 

v e r t s  t o  U308, t h e r e  should be s p l i t t i n g  o f  the  c ladd ing .  A t  230°C f o r  a  year,  

t h e  two e x t r a p o l a t i o n s  o f  t h e  o x i d a t i o n  r a t e s  p r e d i c t  a  37- in .  d i f f e r e n c e  i n  

t h e  l e n g t h  o f  t h e  s p l i t .  If no spl i t . t . ing i s  seen, then one o f  two p o s s i b i l -  

i t i e s  e x i s t s :  

I .  I he o x i d a t i o n   rat.^ o f  i s  n o t  1  i nea r  bu t  drops o f f  precipitously 
below 250°C. A curve through t h e  Boase and Vandergraaf da ta  migh t  
i n d i c a t e  t h i s .  

7 .  O x i d a t i o n  o f  UO below 250°C r e s u l t s  i n  U3O7 nu1 U308 and no s t r e s s  i s  f p laced on t h e  c adding. 

Should no c ladd ing  c rack ing  occur,  which i s  t h e  w r i t e r ' s  p r o j e c t i o n ,  d e l i n e a t i o n  

between these two cases can o n l y  be determined by p o s t - t e s t  meta l lography and 

x - ray  examinat ion o f  t h e  rod.  



Dur ing  a  p e r i o d  o f  d u r a t i o n  t, t h e  l e n g t h  o f  f u e l  o x i d i z e d  w i l l  be V t .  I f  A  i s  

t h e  area o f  t h e  p e l l e t ,  t h e  volume o f  f u e l  o x i d i z e d  i s  V A t .  The we igh t  (W) o f  

t h e  U02 o x i d i z e d  can be w r i t t e n  as: 

W = VAtpf ( c -4  

where p i s  t h e  t h e o r e t i c a l  d e n s i t y  o f  U02 and f i s  t h e  f r a c t i o n  o f  t h e o r e t i c a l  

d e n s i t y  o f  t h e  p e l l e t .  The number o f  moles o f  U02 t h a t  a r e  o x i d i z e d  (N ) i s  

g iven  by NUO = W/267. 
Uo 2  

2  

As d iscussed i n  t h e  main t e x t ,  t h e r e  i s  some u n c e r t a i n t y  as t o  whether U02 o x i d i z e s  

t o  U307 o r  U308 i n  t h e  temperature regime o f  i n t e r e s t  a l t hough  most da ta  says 

U307 i s  t h e  c o r r e c t  o x i d a t i o n  p roduc t .  The two r e a c t i o n s  a re :  

I f  t h e  r e a c t i o n  p roduc t  i s  U3O7; then  t h e  moles o f  O2 consumed (No 2  ) i s  NUO2/6. 

On t he  o t h e r  hand, i f  i t  i s  U 0 - ,  t h e  moles o f  U02 consumed i s  NuO2/3: There- 
3 8 

f o r e ,  t h e  we igh t  o f  t h e  U02 o x i d i z e d .  (W) i s  g i ven  by:  

3  where ( 6 )  i s  a  m u l t i p l i c a t i o n  f a c t o r  depending on t h e  o x i d a t i o n  r e a c t i o n .  

S ince  t he  f r o n t  propagates i n  two d i r e c t i o n s ,  t he  l e n g t h  o f  t h e  U02 o x i d i z e d  i s  

2Vt = L.  Combining Equat ions (C-4) and (C-6),  t he  l e n g t h  o f  t h e  U02 o x i d i z e d  i s :  



The oxygen p a r t i a l  p ressure  i n  a  capsule i s  P = ' a i r  /5 ,  where Pair i s  t he  
a i r  p ressure  i n  t h e  capsule.  Us ing t h e  idea lO$as  law, t h e  number o f  moles o f  

oxygen i n  t h e  capsu le  a r e  g iven  by :  

N (mole)  = Pair(psia)V ( l i t e r )  x 5.53 x  
O 2  cap 

Equat ion  (C-8) i s  based on t he  assumption t h a t  t h e  c l a d d i n g  i s  n o t  d e p l e t i n g  

t h e  O2 supply .  Th i s  i s  n o t  s t r i c t l y  c o r r e c t ,  b u t  t h e  assumption does a l l o w  

t h e  r e s u l t  t o  be made independent o f  when i n  t h e  s to rage  c y c l e  t h e  breach 

Occurs.  Combining Equat ions ( c -7 )  and (C-8),  t h e  o x i d i z e d  f u e l  l e n g t h  i s :  

. - -  . -  .-  

0.3 Pair(psia)Vca ( l i t e r )  
L = -  -. 

AP 1' ( 6 )  

Using  t h e  i n p u t  f r om Tab le  C - 1  , the  a x i r l i 7 r r l  1 ~ n g t h  f o r  t h e  H.  B ,  Kobinson 

f ue l  ranges f rom 0.5 t o  1.0 i n . ,  and t h e  o x i d i z e d  f u e l  l e n g t h  i n  t . h ~  Peach 

Bot tom fue l  ranges f rom 0.14 t o  0.3 i n .  S u b s t i t u t i n g  L  = 2Vt  i n t o  Equat ion 

(C-9) ,  i t  i s  determined t h a t  i f  breach occurs w i t h i n  t h e  f i r s t  7  months o f  

t e s t i n g  a t  2 1 0 " ~  o r  above, t he  r e a c t i o n  should have gone t o  comple t ion  and 

Lhe oxygen dep le ted .  

FUEL AN9 STORAGE CHARACTERISTICS TO 
CALCULATE FUEL OXIDATION LENGTH 

C t l d ~ ' d ~  (;t!rl S ~ ~ C S  -- . - H. 8. Kobinson 

Vcap( l  i t e r )  0.632 0.326 



Due t o  t h e  u n c e r t a i n t i e s  i n  t he  o x i d a t i o n  r a t e s  o f  U02 and t h e  f i n a l  o x i d a t i o n  

s t a t e  of  uranium, t h e  o x i d a t i o n  f r o n t  c o u l d  extend anywhere f rom 0  t o  37 i n .  

a t  2 3 0 ' ~ .  I t  i s  ou r  f e e l i n g  t h a t  t he  f u e l  o x i d a t i o n  s t a t e  w i l l  be U307 and 

w h i l e  t h e r e  may p o s s i b l y  be a  l a r g e  o x i d a t i o n  f r o n t ,  no c l a d d i n g  s p l i t t i n g  

due t o  t he  o x i d a t i o n  i s  expected. I n  t h e  c losed  capsule,  t h e  o x i d a t i o n  f r o n t  

should extend no more than 1  inch .  Whether a l l  t h e  oxygen i s  dep le ted  depends 

on t h e  t ime  i n  t he  r u n  when breach occu.rs. I f  breach occurs a t  t he  s t a r t  of 

t he  run,  t h e r e  i s  ample t ime  f o r  complete oxygen d e p l e t i o n .  
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WEIGHING AS A MEANS TO STUDY 
FUEL OXIDATION I N  WHOLE ROD TESTS 

Weight change was a l s o  suggested as a  p o s s i b i l i t y  f o r  de te rm in ing  o x i d a t i o n  behav- 

i o r  b u t  was r e j e c t e d  due t o  i t ' s  i n s e n s i t i v i t y .  Two cases can occur :  ( 1 )  t h e  

c l a d d i n g  breach does n o t  extend, o r  ( 2 )  t h e  breach does extend. Breach ex tens ion  

can be e s t a b l i s h e d  v i s u a l l y .  I f  t h e  breach does n o t  extend, t h e r e  a r e  two sub- 

events  which migh t  have occur red :  ( 1 )  U307 formed, o r  ( 2 )  U308 formed, b u t  d i d  n o t  

impose enough s t r e s s  t o  c rack  t h e  c l add ing .  These t h r e e  p o s s i b i l i t i e s  were con- 

s i de red  i n  some d e t a i l .  

The parameters f o r  t h e  case where no s p l i t t i n g  occurs and U307 i s  formed a r e  g i ven  

i n  Tab le  D l .  D i s rega rd ing  we igh t  losses  due t o  c r u d  s p a l l a t i o n ,  t h e r e  should be 

a  we igh t  g a i n  due t o  U02 o x i d a t i o n  t o  U  0  I f  c e l l  balances f o r  rods  have an 3 7 '  
accuracy o f  0.05 1  b  , then  t h e  min imal  d e t e c t a b l e  we igh t  change i s  0.1 l b .  

The complete H. B. Robinson r o d  would have t o  o x i d i z e ,  and 38 i n .  of  t h e  Peach 

Bottom r o d  would have t o  o x i d i z e  t o  be de tec tab le .  From t h e  Boase and Vandergraaf 

da ta (D4 )on l y  between 2  and 37 inches o f  o x i d a t i o n  a r e  expected. There fo re ,  

we igh t  change i s  n o t  a  p r a c t i c a l  method i f  no c l a d d i n g  s p l i t t i n g  i s  observed and 

U307 i s  formed. 

I f  no c l a d d i n g  s p l i t t i n g  i s  observed and U308 forms, then  t h e r e  i s  an a d d i t i o n a l  

cons ide ra t i on .  S ince U308 has a d i f f e r e n t  l a t t i c e  s t r u c t u r e  t han  t h e  U02 f i s s i o n ,  

gas bubbles on t h e  g r a i n  boundar ies,  r e p r e s e n t i n g  t h e  m a j o r i t y  o f  t h e  gas 

rema in ing  i n  t h e  p e l l e t ,  w i l l  be l i b e r a t e d .  Th i s  w i l l  l e a d  t o  a  n e t  decrease 

i n  t h e  r o d  we igh t .  The we igh t  l o s s  c a l c u l a t i o n s  due t o  f i s s i o n  gas r e l e a s e  a r e  

g i ven  i n  Table D2a. I f  t h e  c a l c u l a t i o n s  t h a t  l ead  t o  Table D'l were repea ted  

f o r  t h e  U02 2 U308 r e a c t i o n ,  Tab le  D2b would be generated. It i s  observed t h a t  

t h e  we igh t  l o s s  due t o  f i s s i o n  gas r e l e a s e  i s  o n l y  a  smal l  p e r t u r b a t i o n  on t h e  

we igh t  g a i n  f rom f u e l  o x i d a t i o n  t o  U308. For  t h e  H. B. Robinson rod,  h a l f  o f  

t h e  r o d  would have t o  be o x i d i z e d  f o r  a  we igh t  change t o  be measurable, Detec-  

t a b l e  we igh t  changes should be measurable f o r  t h e  Peach Bottom case i f  t h e  r a t e  

i s  a t  t h e  upper end o f  t h e  expected range, b u t  t h e  rrleasurement i s  u n i n t e r p r e t a b l e .  



TABLE D-1 

WEIGHT CHANGE MEASUREMENTS FOR U307 FORMATION 
(No Cladding Spl i t t i n g l  

Measurements - H. B. Robinson Peach Bottom 

U02/Rod ( 1  b )  5.37(02)  9. 53(03) 

UO; (mole) 9.06 . 16.1 

O2 Consumed f o r  Complete 
2od Ox ida t i on  (mole) 1.51 2.68 

02 Consumed ( 1  b)  0.11 0.38 

!.linimal Detec tab le  Oxida- 
t i o n  Length ( i n . )  130.0 

txpec ted  Ox ida t i on  Length* 
Based on Ref D4 ( i n . )  2 t o  37 2 t o  37 

*Based on 20-month ope ra t i on .  

The ques t i on  would remain: " I s  t h e  we igh t  change due t o  19 i n .  o f  U308 forrna- 

t i o n ,  38 i n .  o f  U307 fo rmat ion ,  o r  a  combinat ion o f  reac t i ons? "  There i s  no 

way o f  t e l l i n g  except  by a  s t r u c t u r e  d i s r u p t i o n  n o t i c e d  i n  t h e  Y-scan. Bu t  i f  

r -scann ing  i s  used; .why measure we igh t  change i n  t he  f i r s t  p lace? Once again, 

t h e  method i s  n o t  recommended. 

The t h i r d  p o s s i b i l i t y  i s  c l add ing  s p l i t t i n g  due t o  U308 f o r ~ n a t i o n .  I n  t h i s  

case, t he re  i s  going Lo be we igh t  g a i n  f rom t h e  U308 t h a t  fornis and remains 

i n  t h e  rod, and a  we igh t  l o s s  f rom t h e  U308 t h a t  f a l l s  o u t  o f  t h e  rod. U308 
has d Cletisity o f  8i3 CJ/CC. The minlmum l e n y l t ~  of f u e l  t h a t  would have t o  f a l l  

o u t  f o r  we igh t  d e t e c t i o n  i s  1.4 i n .  f o r  H. B. Robinson and 0.75 i n .  f o r  Peach 

Bottom. This  s i z e  crack opening i s  very easy t o  observe. Since i n  a l l  l i k e l i -  . 
hood t h e  f a l l o u t  w i l l  be incomp'l'ete (I .e., p ieces w i l l  adhere and remain i n s i d e  

t h e  c ladd ing ) ,  t h e r e  i s  no way t o  c o r r e c t  t h e  we igh t  nieasurer~~ent t o  d e t ~ r m i n e  

how f a r  i n t o  t h e  uncracked c ladd ing  t h a t  t he  U308 f r o n t  penetrates.  Once again, 

we igh t  measurements a re  n o t  s a t i s f a c t o r y .  



TABLE D-2 

WEIGHT CHANGE MEASUREMENTS FOR DETERMINING U308 FORMATION 

a )  F i s s i o n  Gas Release Weight Loss - U02 - U308 Reactor 

H.B. Robinson Peach Bottom 

386. O(  D2) Rod Gas Volume (cc  @ s t p )  120.0 

0 . 1 ( ~ ~ )  % K r  i n  Gas 4.5 

0.9 (D2) % Xe i n  Gas 34.5 

0.2 (D5) % F i s s i o n  Gas Release 3.0 

195.0 Volume K r  Produced 180.0 

1735.0 Volume Xe Produced 1380.0 

0.009 Mol es K r  ' Produced 0.008 

0.077 Moles Xe Produced 0.062 

1 bs ' ~ r  Produced 

I b s  Xe Produced 

To ta l  Weight o f  Gas ( l b )  

b )  Ox ida t i on  Weight Gain - U02 + U308 

02 Consumed f o r  Complete Rod 
Ox ida t i on  (mole) 

02 Consumed ( l b )  

M i t i - i l l ~ d l  Detectable i e n g t h  ( i n  j 

Expected Ox ida t i on  Lengt * 
on Boase and Vandergraaf 1 ~ 4 )  

* Based on 20-months ope ra t i on .  
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