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D .  L .  R e i d ,  G .  MI H e s s o n  a n d  J .  E .  H a m m o n d  

A B S T R A C T  

The f i r s t  expe r imen ta l  d a t a  o b t a i n e d  on t h e  m e t a l - w a t e r  

r e a c t i o n  o f  mass ive ,  i r r a d i a t e d ,  Z i r c a l o y - 2  c l a d  uranium 

t u b u l a r  f u e l s  a t  t empera tu res  between c l a d d i n g  r u p t u r e  &d t h e  

uranium m e l t i n g  p o i n t  a r e  r e p o r t e d .  Analyses  o f  t h e  d a t a  

showed t h a t  p h y s i c a l  changes produced an a p p a r e n t  r e a c t i o n  

r a t e  law o t h e r  than  p a r a b o l i c  and t h e  r e a c t i o n  r a t e  c o n s t a n t  

and t r a n s l o c a t i o n  o f  uranium were i n v e r s e l y  r e l a t e d  t o  i r r a -  

d i a t i o n  l e v e l  f o r  t h e  range  i n v e s t i g a t e d .  A l l  d a t a  c o r r e l a t e d  

t o  w i t h i n  210% w i t h  the  f u n c t i o n  Q = A t 7 2  where Q i s  t h e  

volume o f  hydrogen,  t i s  t ime a f t e r  c l a d d i n g  r u p t u r e  i n  minutes  

and A i s  t h e  r a t e  c o n s t a n t  r e l a t e d  t o  t h e  e f f e c t i v e  s u r f a c e  

a r e a .  Photographs  of  t h e  t y p i c a l  p h y s i c a l  changes i n  t h e  f u e l  

a r e  i n c l u d e d .  An e q u a t i o n  was developed f o r  r e a c t o r  - 

a p p l i c a t i o n .  
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D .  L .  R e i d ,  G .  M. H e s s o n  a n d  J .  E .  H a m m o n d  

I N T R O D U C T I O N  

Hazards a n a l y s e s  f o r  n u c l e a r  r e a c t o r s  r e q u i r e  an a s s e s s -  

ment o f  t h e  consequences of  c e r t a i n  h y p o t h e t i c a l  a c c i d e n t s ,  

one o f  which i s  a  l o s s - o f - c o o l a n t  a c c i d e n t .  The a n a l y s i s  

r e q u i r e s  knowledge o f  t h e  f i s s i o n  p r o d u c t  r e l e a s e  from t h e  

r u p t u r e d  f u e l ,  knowledge o f  t h e  p h y s i c a l  b e h a v i o r  o f  t h e  

f u e l  f o l l o w i n g  t h e  r u p t u r e ,  and knowledge o f  t h e  r a t e  o f  t h e  

me ta l -wa te r  r e a c t i o n  f o r  t h e  r e a c t o r  sys tem.  

The Fuel  Meltdown Study Uni t  o f  B a t t e l l e - N o r t h w e s t  i s  
i n v o l v e d  i n  an o u t - o f  - r e a c t o r  expe r imen ta l  program f o r  

Douglas Un i t ed  Nuclear  u s i n g  massive i r r a d i a t e d  f u e l  e l emen t s  

t o  p r o v i d e  i n f o r m a t i o n  b e a r i n g  on t h e s e  unknowns f o r  t h e  

N-Reactor .  The f i r s t  n i n e  m e t a l - w a t e r  r e a c t i o n  exper imen t s  

a t  t empera tu res  below t h e  uranium m e l t i n g  p o i n t  have been 

ana lyzed .  This  r e p o r t  p r e s e n t s  t h e  t e n t a t i v e  c o n c l u s i o n s  drawn 

from t h e s e  d a t a .  

SUMMARY A N D  C O N C L U S I O N S  

Five O u t e r  and f o u r  I n n e r  N-Reactor i r r a d i a t e d  b l K - I  f u e l  

e l emen t s  each  7 . 4  i n .  l o n g ,  were h e a t e d  induc-  
-- . --- 

t i v e l y  i n  a  s team atmosphere a t  a  t e m p e r a t u r e  somewhat above 

t h e i r  r u p t u r e  p o i n t .  The hydrogen e v o l u t i o n  r a t e  r e s u l t i n g  

from t h e  m e t a l - w a t e r  r e a c t i o n  was measured f o r  each  o f  t h e  

f u e l s  f o r  p e r i o d s  o f  t ime  rang ing  from 11 t o  80 min. T e n t a t i v e  

c o n c l u s i o n s  conce rn ing  t h e  m e t a l - w a t e r  r e a c t i o n  r a t e s  drawn 

from t h e s e  t e s t s  a r e :  

1. The hydrogen e v o l u t i o n  was found t o  be c o r r e l a t e d  t o  510% 

by t h e  g e n e r a l  e q u a t i o n  where 



where Q i s  t h e  t o t a l  hydrogen evo lved  i n  l i t e r s ,  and t i s  

t h e  t ime i n  minutes  a f t e r  r u p t u r e .  The i n s t a n t a n e o u s  r a t e  

i s ,  t o  + 3 0 % ,  t h e  d i f f e r e n t i a l  o f  t h i s ,  o r ,  

where dQ/dt i s  t h e  i n s t a n t a n e o u s  hydrogen e v o l u t i o n  r a t e  

i n  l i t e r s  p e r  minu te .  

2 .  Exper imenta l  v a l u e s  f o r  t h e  c o e f f i c i e n t ,  A ,  ranged from 

0.84 t o  4.06 f o r  t h e  O u t e r  f u e l s  and from 1 . 1 0  t o  1 .60  f o r  

I n n e r  f u e l s ,  and were b a s i c a l l y  a  f u n c t i o n  o f  t h e  e f f e c t i v e  

me ta l  s u r f a c e  a r e a  exposed t o  t h e  s team a tmosphere .  For 

Outer  e l emen t s  n e a r  2300 and 3400 MIQd/ton, t h e  t o t a l  

m e t a l - w a t e r  r e a c t i o n  was i n v e r s e l y  r e l a t e d  t o  t h e  exposure  

l e v e l  as  was t h e  amount o f  uranium e x p e l l e d  from t h e  

c l a d d i n g .  

3 .  For t h e  t u b e - i n - t u b e  f u e l  a s sembl i e s  i n  t h e  r e a c t o r  w i t h  

exposure  l e v e l s  n e a r  2000 Mlird/ton and a t  t e m p e r a t u r e s  n e a r  

1075 O C  t h e  recommended e q u a t i o n  f o r  c a l c u l a t i n g  t h e  

hydrogen e v o l u t i o n  i s  

where Q i s  t h e  t o t a l  volume o f  hydrogen evo lved  i n  c u b i c  

f e e t  p e r  f o o t  of  f u e l  and t i s  t h e  t ime a f t e r  r u p t u r e  i n  

minu tes .  

HISTORICAL 

Cor ros ion  r a t e s  f o r  uranium and Z i r c a l o y - 2  i n  a  s team 

atmosphere have been o b t a i n e d  u s i n g  s m a l l  coupons,  cubes ,  o r  

w a f e r s  under  c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s .  Uranium r e a c t i o n  

r a t e s  under  i s o t h e r m a l  c o n d i t i o n s  a t  t empera tu res  above 500 " C  

were measured independen t ly  by Wilson e t  a l ,  ~emmon,  and 



~ c o t t ' ~ )  w i t h  r e a s o n a b l e  agreement .  The r e a c t i o n  k i n e t i c s  

were p a r a b o l i c  f o r  t e m p e r a t u r e s  above 500 " C .  

The g e n e r a l l y  a c c e p t e d  r a t e  law f o r  t h e  Z i r c a l o y - 2  

s team r e a c t i o n  i s  t h a t  g iven  by Baker and J u s t .  ( 4 )  This  

r e a c t i o n  fo l lowed  t h e  p a r a b o l i c  r a t e  law above about  800 " C .  

For t h e  p a r a b o l i c  r a t e  law t o  a p p l y ,  two c o n d i t i o n s  must 

p e r s i s t :  (1) t h e  s u r f a c e  a r e a  remains c o n s t a n t ,  and (2) t h e  

d i f f u s i o n  r a t e  i s  c o n t r o l l e d  by an e v e r  i n c r e a s i n g  t h i c k n e s s  

o f  ox ide  o f  uniform composi t ion .  Exper ience  w i t h  massive 

i r r a d i a t e d  Z i r c a l o y - 2  c l a d  uranium f u e l  above 800 " C  showed 

t h a t  p h y s i c a l  changes would have a  marked i n f l u e n c e  on t h e  

o x i d a t i o n  r a t e  and an a p p a r e n t  r a t e  law o t h e r  t h a n  p a r a b o l i c  

would be  obse rved  a t  l e a s t  i n  t h e  e a r l y  p a r t  o f  an i s o t h e r m a l  

t e s t .  A t  f u e l  t empera tu res  l e s s  t h a n  r u p t u r e ,  growth due t o  

the rma l  expans ion  and i n t e r n a l  gas p r e s s u r e  d i s t o r t  t h e  Z i r c a -  

loy-2  c o n t i n u o u s l y .  T h i s  t h e n  s h o u l d  produce an a p p a r e n t  r e a c -  

t i o n  r a t e  o t h e r  t h a n  p a r a b o l i c  o r  a t  l e a s t  produce  a  r a t e  

c o n s t a n t  o t h e r  than  t h a t  r e p o r t e d  f o r  t h e  s m a l l  spec imens .  

A t  t empera tu res  above t h e  c l a d d i n g  r u p t u r e ,  e x p u l s i o n  and 

t r a n s l o c a t i o n  o f  t h e  uranium a s  w e l l  a s  d i s t o r t i o n  o f  t h e  

Z i r c a l o y - 2  c l a d d i n g  and secondary  r u p t u r e s  s h o u l d  produce an 

a p p a r e n t  r a t e  h i g h e r  than  p a r a b o l i c .  The obse rved  p h y s i c a l  

changes i n d i c a t e  t h a t  p a r a b o l i c ,  l i n e a r ,  and c o n s t a n t  r e a c -  I 

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

o f  t ime  and b e  s u b j e c t  t o  change w i t h  t ime a t  t e m p e r a t u r e .  I t  

i s  t h e  summation o f  a l l  t h e  o x i d a t i o n  r e a c t i o n  r a t e s  a s  a  

f u n c t i o n  o f  t ime and t empera tu re  w i t h  t y p i c a l  r e a c t o r  f u e l s  t h a t  

r e q u i r e s  d e f i n i t i o n  f o r  t h e  t o t a l  f u e l  i n v o l v e d  i n  a  l o s s -  

o f  - c o o l a n t  a c c i d e n t .  



E X P E R I M E N T A L  E Q U I P M E N T  A N D  C O N D I T I O N S  

GENERAL 

The N-Reactor f u e l  e lement  assembly c o n s i s t s  o f  an I n n e r  

and Oute r  Z i r c a l o y - 2  c l a d  f u e l  t u b e .  The g e o m e t r i c a l  d i f f e r -  

ences and c l a d d i n g  t h i c k n e s s  p r e c l u d e  s i m i l a r i t y  i n  t h e  phys i -  

c a l  changes o f  t h e  two f u e l s  s u b j e c t e d  t o  t h e  r a p i d  thermal  

t r a n s i e n t s  a s s o c i a t e d  w i t h  l o s s  o f  c o o l a n t  t o  t h e  r e a c t o r .  

S ince  e a r l y  t e s t s  showed p h y s i c a l  changes might b e  one o f  

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

r e l e a s e  and m e t a l - w a t e r  r e a c t i o n  r a t e s ,  t e s t s  w i t h  b o t h  f u e l s  

were e s s e n t i a l  and t h e  f u r n a c e  sys tems were s i z e d  a c c o r d i n g l y .  

I n d u c t i o n  h e a t i n g  w i t h  a  10 kHz, 50 kW u n i t  was found t o  b e  

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

p rov ided  t h e  n e c e s s a r y  h e a t i n g  r a t e s .  By p r o p e r  c h o i c e  o f  

t h e  a i r  gap ,  coup l ing  was p r i n c i p a l l y  t o  the  uranium r a t h e r  

t h a n  t h e  c l a d d i n g  a t  t empera tu res  above 400 O C .  Hea t ing  

r a t e s  used  fo l lowed  t h e  c a l c u l a t e d  t empera tu re  t r a n s i e n t  f o r  

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

T E S T  F U E L S  

The f u e l s  used  i n  t h e  t e s t  were t y p i c a l  r e a c t o r  g rade  

e lements  e x c e p t  f o r  t h e  s h o r t e r  7 . 4  i n .  l e n g t h .  The I n n e r  

e l emen t s  c o n t a i n e d  about  4 l b  o f  uranium and t h e  O u t e r  e l e -  

ments c o n t a i n e d  8 l b .  The m e l t i n g  p o i n t  o f  t h e  uranium a l l o y  

was about  1090 O C .  The f u e l s  were i r r ' a d i a t e d  i n  t h e  r e a c t o r  

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

r e l a t i v e l y  a c c u r a t e  exposure  l e v e l s  under  t y p i c a l  o p e r a t i n g  

c o n d i t i o n s .  

FURNACE S Y S T E M  

For a l l  b u t  t h e  f i r s t  t e s t  r e p o r t e d  h e r e i n ,  t h e  f u e l s  

were h e a t e d  i n s i d e  q u a r t z  tubes  t h a t  approximated e i t h e r  t h e  

ID o f  t h e  p r o c e s s  tube  f o r  t h e  O u t e r  f u e l s  o r  t h e  ID o f  t h e  
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Outer  f u e l  f o r  t h e  Innek~ec~u~~,;:-Tbffs::system approximated t h e  

r a d i a l  geometry i n  t h e  r e a c t o r  e x c e p t  f o r  a s i m u l a n t  o f  t h e  

I n n e r  f u e l  d u r i n g  an O u t e r  f u e l  t e s t .  The e f f e c t  o f  an i n f i -  

n i t e  f u e l  column c o n s t r a i n t  on l o n g i t u d i n a l  growth d u r i n g  

h e a t i n g  was s i m u l a t e d  by s p l i t  Z i r c a l o y - 2  tubes  b u t t e d  up 

a g a i n s t  t h e  ends of  t h e  Z i r c a l o y - 2  b o a t .  The b o a t  p o s i t i o n e d  

t h e  f u e l  i n  t h e  c e n t e r  of  t h e  h o r i z o n t a l  q u a r t z  f u r n a c e  and 

su r round ing  h e a t i n g  c o i l .  

The i n i t i a l  h i g h  power i n p u t  r e q u i r e d  t o  produce t h e  

d e s i r e d  h e a t i n g  r a t e  p r e c l u d e d  a  uni form a x i a l  t empera tu re  

below t h e  3-y  phase change. This  n e c e s s i t a t e d  ad jus tmen t  

i n  t h e  s p a c i n g  o f  t h e  16 t u r n  i n d u c t i o n  c o i l  and t h e  p r o -  

grammed power i n p u t  t o  produce  a uni form t empera tu re  between 

800 O C  and r u p t u r e .  The t empera tu re  d i f f e r e n c e  a long t h e  f u e l  

neve r  exceeded 40 O C  a t  any t ime below 800 O C .  

The t empera tu re  was measured w i t h  a  P t - P t - 1 3 %  Rh thermo- 

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

The q u a r t z  f u r n a c e  cap had p e n e t r a t i o n s  f o r  a i r  o r  he l ium,  

thermocouple and s team i n j e c t i o n .  The f i s s i o n  p r o d u c t  sampl-  

i n g  sys tem was used t o  s t r i p  t h e  gas  o f  f i s s i o n  p r o d u c t s  

b e f o r e  e n t e r i n g  t h e  hydrogen measuring equipment .  This  was a  

t r i p l i c a t e d  sys tem f o r  s e q u e n t i a l  sampl ing  d u r i n g  t h e  t e s t s  

and downstream o f  t h e  f u r n a c e  c o n s i s t e d  o f  a  t h r e e  tubed  w a t e r  

coo led  condenser  w i t h  each  o u t l e t  a t t a c h e d  t o  a  condensa te  

f l a s k  fo l lowed  by a  v e r t i c a l  condense r ,  a  Maypack sample r ,  

a  rough and f i n e  -70  O C  c o l d  t r a p  and t h r e e  - 7 0  O C  c h a r c o a l  

t r a p s  i n  s e r i e s .  A f r a c t i o n  o f  t h e  gas  downstream o f  t h e  

l a s t  t r a p  was shun ted  through a  thermal  c o n d u c t i v i t y  me te r  t o  

measure t h e  p e r c e n t  hydrogen i n  t h e  h y d r o g e n - a i r  m i x t u r e .  For  

t h o s e  t e s t s  n o t  r e q u i r i n g  f i s s i o n  p r o d u c t  n o b l e  gas  a n a l y s i s ,  

t h e  -70 O C  c h a r c o a l  t r a p s  were exc luded .  Sweep a i r  was i n t r o -  

duced i n t o  t h e  sys tem a t  t h e  condensa te  f l a s k s  by e s t a b l i s h i n g  

a  s l i g h t  vacuum on t h e  e n t i r e  sys tem.  Flow r a t e s  and sys tem 

p r e s s u r e s  were measured w i t h  s t a n d a r d  f low mete r s  and gages .  
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F i r s t  t h e  e n t i r e  sys tem was t e s t e d  f o r  l e a k s  w i t h  t h e  

s team i n l e t  l i n e  plugged o f f .  The d e s i r e d  f low r a t e  was s e t  

and t h e  sampl ing  t r a i n s  checked f o r  i d e n t i c a l  f l o w s .  The 

vacuum was d i sconnec ted  and t h e  f u e l  brought  s l o w l y  t o  400 O C  

i n  a  s t a g n a n t  a tmosphere.  Steam was then  i n t r o d u c e d  a t  a  f low 

r a t e  of about  5 l i t e r s / m i n ,  s u f f i c i e n t  t o  p r e c l u d e  a  s team 

l i m i t e d  r e a c t i o n ,  and t h e  system a l lowed t o  s t a b i l i z e  b e f o r e  

s t a r t i n g  t h e  t empera tu re  t r a n s i e n t .  Heat ing  r a t e s  were p r o -  

grammed t o  produce r u p t u r e  o f  t h e  f u e l  about  3 min a f t e r  t h e  

s t a r t  o f  t h e  h e a t i n g  c y c l e  and a  p r e s e l e c t e d  i s o t h e r m a l  tempera-  

t u r e  h e l d  f o r  t h e  d u r a t i o n  o f  t h e  t e s t .  

R E S U L T S  

D E S C R I P T I O N  O F  I N D I V I D U A L  E X P E R I M E N T S  

The g e n e r a l  b e h a v i o r  o f  t h e  f u e l s  i n  t h e s e  expe r imen t s  i s  

f o r  some degree  o f  s e p a r a t i o n  a t  t h e  c l ad -u ran ium bond s t a r t -  

i n g  a t  t empera tu res  r ang ing  from 790 t o  1000 O C .  The degree  o f  

s e p a r a t i o n  was l e s s  and i t s  o n s e t  a t  a  h i g h e r  t e m p e r a t u r e  f o r  

t h e  f u e l s  w i t h  lower exposure  l e v e l s .  Rupture was c h a r a c t e r i z e d  

by a  f o r c e f u l  smokey gas e x p u l s i o n .  With f u e l s  o f  lower expo-  

s u r e  l e v e l s ,  t h e  i n i t i a l  gas  b u r s t  was fo l lowed  immediately 

by t h e  e x p u l s i o n  o f  a  mass o f  foamy p l a s t i c  uranium through 

t h e  r u p t u r e .  L i t t l e  o r  no uranium was e x p e l l e d  from t h e  f u e l s  

w i t h  t h e  h i g h e s t  i r r a d i a t i o n  l e v e l .  The b e h a v i o r  of  t h e  f u e l s  

i n  each  o f  t h e  exper iments  was a  v a r i a t i o n  w i t h i n  t h i s  g e n e r a l  

b e h a v i o r .  A summary o f  t h e  t e s t  c o n d i t i o n s  and r a t e  c o n s t a n t s  

f o r  a l l  t h e  exper iments  i s  g iven  i n  Table  1. 

O U T E R  F U E L  E L E M E N T S  

The f i r s t  f i v e  exper iments  d e s c r i b e d  a r e  t h o s e  w i t h  O u t e r  

f u e l  e l emen t s  o f  t h e  assembly.  



TABLE 1. Summary of T e s t  Condi t ions  
and Reaction R a t e  C o e f f i c i e n t s  

Exper iment  

SNH- 3  

SNH- 4 

SNH-6 

SNH- 10 

SNH-11 

SNH- 7  

SNH- 8  

SNH-9 

SNH-12 

Exposure  R u p t u r e  I s o t h e r m a l  C o n d i t i o n s  
T e m ~ e r a t u r e .  T e m ~ e r a t u r e .  Time. F u e l  

k ( a >  O C min Type 

1010  1025 35 O u t e r  

1010 1060 11 O u t e r  

940 1060 55 O u t e r  

1035 1080 80 O u t e r  

1040 1080 65 O u t e r  

1075  1070 60 I n n e r  

1060 1070 60 I n n e r  

1060 1080 65 I n n e r  

1080 1080 60 I n n e r  

( a )  Time from 4 0 0  O C  t o  r u p t u r e  is a b o u t  3 min .  

SNH- 3  

R a t e  
C o e f f i c i e n t  
A f o r  t o .  7 2  

This  exper iment  was unique i n  two r e s p e c t s .  F i r s t ,  t h e  

i s o t h e r m a l  t empera tu re  was 1025 O C  r a t h e r  t h a n  t h e  1060 t o  

1080 O C  used  w i t h  t h e  o t h e r  e i g h t .  Secondly ,  no q u a r t z  

r e t a i n e r  t u b e  was used .  The f u e l  e l emen t s  used  f o r  t h e  

r e s t  o f  t h e  runs  were p l a c e d  i n  q u a r t z  tubes  w i t h  i n t e r n a l  

d i amete r s  t o  s i m u l a t e  t h e  r a d i a l  r e s t r a i n t  o f f e r e d  by t h e  

p r o c e s s  t u b e  t o  Ou te r  f u e l s  o r  t h e  O u t e r  f u e l  p i e c e  t o  t h e  

I n n e r  f u e l s .  

S e p a r a t i o n  a t  t h e  c l add ing- -u ran ium d i f f u s i o n  bond s t a r t e d  

s h o r t l y  a f t e r  p a s s i n g  th rough  B-y phase  change t empera tu re  

( abou t  830 O C )  and a  major  r a d i a l  expans ion  and complete  

c l a d - f u e l  s e p a r a t i o n  o c c u r r e d  p r i o r  t o  r u p t u r e  a t  1010 O C .  

P o s t h e a t i n g  examinat ion  showed t h a t  t h e  i n n e r  c l a d  had c o l -  

l a p s e d  and t h a t  r u p t u r e  was by s e p a r a t i o n  o f  t h e  i n n e r  c l a d -  

d ing  from t h e  end c a p .  P r e r u p t u r e  c l a d d i n g  expans ion  p r e c l u d e d  

t h e  e x p u l s i o n  o f  uranium from t h e  r u p t u r e .  O x i d a t i o n  was 

UNCLASSIFIED 
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p r i n c i p a l l y  on the  Z i r c a l o y  s u r f a c e s  exposed t o  t h e  f lowing  

s team and from d i f f u s i o n  o f  s team through t h e  r u p t u r e  h o l e  t o  

t h e  uranium. 

This  exper iment  was i d e n t i c a l  t o  SNH-3 e x c e p t  f o r  t h e  

use  of  t h e  q u a r t z  r a d i a l  r e s t r a i n i n g  tube  and t h e  i s o t h e r m a l  

t empera tu re  o f  1060 O C .  S e p a r a t i o n  o f  c l a d d i n g  and uranium 

s t a r t e d  a t  approximate ly  830 O C .  Rupture o c c u r r e d  a t  1010 O C .  

No uranium was f o r c e d  from t h e  r u p t u r e  excep t  a  v e r y  minor 

amount d u r i n g  a  b r i e f  t empera tu re  e x c u r s i o n  t o  1075 O C  which 

o c c u r r e d  w h i l e  t h e  t empera tu re  was b e i n g  l e v e l e d  a t  1060 O C .  

Th is  t e s t  was t e r m i n a t e d  e a r l y  when i t  appeared  t h a t  f u r t h e r  

r a d i a l  expans ion  would f r a c t u r e  t h e  q u a r t z  f u r n a c e .  Th i s  was 

l a t e r  found t o  b e  an i l l u s i o n  c r e a t e d  by t h e  a b e r r a t i o n s  i n  t h e  

q u a r t z  t u b i n g  and f u r n a c e .  Pos t h e a t i n g  examinat ion  r e v e a l e d  

t h a t  t h e  i n n e r  c l a d  had  c o l l a p s e d  and t h e  r u p t u r e  was by 

s e p a r a t i o n  o f  t h e  i n n e r  c l a d  from t h e  end cap .  The o u t e r  c l a d  

had  expanded t o  comple te ly  f i l l  t h e  a n n u l a r  gap between t h e  

f u e l  e lement  and t h e  q u a r t z  tube  e x c e p t  n e a r  t h e  end c a p s .  

Ox ida t ion  o c c u r r e d  on t h e  i n n e r  Z i r c a l o y  tube  and t o  a  l e s s e r  

degree  by d i f f u s i o n  o f  s t eam t o  t h e  o u t e r  Z i r c a l o y  s u r f a c e s  

n e a r  t h e  end caps .  

SNH- 6  

Experiment SNH-6 was a  d u p l i c a t e  o f  SNH-4 e x c e p t  f o r  t h e  

s l i g h t l y  h i g h e r  i r r a d i a t i o n  l e v e l .  The f u e l  u sed  i n  t h i s  t e s t  

had  two gouges i n  t h e  weld bead o f  t h e  end cap ,  p r o b a b l y  

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

s t a r t e d  s h o r t l y  a f t e r  p a s s i n g  through t h e  8-y t r a n s f o r m a t i o n  

t empera tu re  (790 OC). Rupture o c c u r r e d  a t  940 O C  by  s e p a r a t i o n  

o f  t h e  u t e r  c l a d  from t h e  end cap a t  t h e  p o i n t  o f  t h e  obse rved  

weld damage. The low r u p t u r e  t empera tu re  and l o c a t i o n  o f  t h e  

r u p t u r e  were a p p a r e n t l y  caused  by t h e  end cap damage. No 



uranium was e x p e l l e d  from t h e  c l a d d i n g .  The i n n e r  c l a d  had  

p a r t i a l l y  c o l l a p s e d  and t h e  o u t e r  c l a d  had  expanded t o  f i l l  

t h e  a n n u l a r  gap between t h e  f u e l  and q u a r t z  t u b e  f o r  a p p r o x i -  

mate ly  o n e - h a l f  i t s  l e n g t h .  O x i d a t i o n  was p r i m a r i l y  by t h e  

f lowing  s t eam on t h e  i n n e r  c l a d d i n g  s u r f a c e .  O x i d a t i o n  t o  a  

l e s s e r  d e g r e e  o c c u r r e d  by d i f f u s i o n  o f  s team t o  t h e  o u t e r  c l a d  

s u r f a c e  which was n o t  i n  c o n t a c t  w i t h  t h e  q u a r t z  t u b e .  

F i g u r e  1 i s  pho tographs  t a k e n  o f  t h i s  f u e l  a f t e r  t h e  t e s t .  

The m o t t l e d  l i g h t e r  c o l o r e d  s u r f a c e  s e e n  i n  t h e  top  view i s  

t h e  o u t e r  c l a d  s u r f a c e  which was i n  c o n t a c t  w i t h  t h e  q u a r t z  

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

c l a v e d  o x i d e  i n t o  t h e  b a s e  m e t a l .  The t i g h t  c o n t a c t  between 

t h e  c l a d  and t h e  q u a r t z  t u b e  p r e v e n t e d  s t eam from r e a c h i n g  

t h i s  s u r f a c e  t o  cause  f u r t h e r  o x i d a t i o n .  The end view o f  t h e  

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

The r a t e  c o e f f i c i e n t s  o f  expe r imen t s  SNH-3, SNH-4, and 

SNH-6 (Tab le  1 )  show t h a t  t h e  r a d i a l  r e s t r a i n t  o f  t h e  q u a r t z  

t u b e  s i g n i f i c a n t l y  r educed  t h e  m e t a l - w a t e r  r e a c t i o n .  A l l  

subsequen t  expe r imen t s  were made u s i n g  q u a r t z  r a d i a l  r e s t r a i n t  

t ubes  t o  p r o v i d e  a  c l o s e r  s i m u l a t i o n  t o  c o n d i t i o n s  i n  t h e  

r e a c t o r .  

SNH- 1 0  

Experiment  SNH-10 was a  d u p l i c a t e  o f  SNH-4 and SNH-6 

e x c e p t  i t s  exposure  l e v e l  was a  t h i r d  l e s s  and i t s  i s o t h e r m a l  

t e m p e r a t u r e  20 O C  h i g h e r  (1080 OC). A few i s o l a t e d  s p o t s  o f  

c l a d - u r a n i u m  s e p a r a t i o n  were obse rved  a t  a  t e m p e r a t u r e  o f  

900 " C ,  b u t  t h e  complete  f r a c t u r e  o f  t h e  bond d i d  n o t  o c c u r  

as  n o t e d  w i t h  t h e  more h i g h l y  i r r a d i a t e d  m a t e r i a l .  Rupture 

o c c u r r e d  a t  1035 O C  a t  t h e  j u n c t u r e  o f  t h e  downstream end 

cap and c l a d d i n g .  A l a r g e  amount o f  p l a s t i c  uranium foam 

.& 
was f o r c e d  o u t  t h r o u g h  t h e  r u p t u r e  and n e a r l y  f i l l e d  t h e  

-. f-F W;'Ja+.ongitudinal I-',: .. r e s t r a i n i n g  tube  a t  t h e  end o f  t h e  f u e l .  The 
2: .""- y ~ g p ~ , u m  e x t r u s i o n  o c c u r r e d  ~p;-spth#an e x t e n t  t h a t  a  s m a l l  
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TOP VIEW END VIEW 

TEST SNH-6 

OUTER ELEMENT 
TEMP = 1 0 6 0  C  TIME AT TEMP = 55 M I N  

FIGURE 1. P o s t h e a t i n g  P i c t u r e  of F u e l  T e s t  SNH-6 

TOP CLADDING REMOVED TO SHOW INTERIOR 

TEST SNH-10 

OUTER ELEMENT 
TEMP = 1 0 8 0  C FOR 8 5  M I N  THEN 1 2 0 0  C  FOR 1 0  P l I N  

FIGURE 2.  P o s t h e a t i n g  P i c t u r e  of F u e l  T e s t  



amount was f o r c e d  o u t  o v e r  t h e  end o f  t h e  1 4  i n .  l o n g  

Z i r c a l o y - 2  b o a t  which c o n t a i n e d  t h e  f u e l .  The e x t r u d e d  

uranium i n  t h e  end r e s t r a i n i n g  r i n g  p rov ided  a  r e l a t i v e l y  

l a r g e  exposed uranium s u r f a c e  a r e a  f o r  o x i d a t i o n - - a t y p i c a l  

w i t h  r e s p e c t  t o  r e a c t o r  geometry where a d j a c e n t  f u e l  assem- 

b l i e s  would s e v e r e l y  r e s t r i c t  t h e  e f f e c t i v e  uranium s u r f a c e  

a r e a .  No o x i d a t i o n  o c c u r r e d  a t  t h e  i n t e r f a c e  o f  uranium and 

m e t a l  o r  q u a r t z  s u r f a c e s .  

A p i c t u r e  of t h e  f u e l  from SNH-10 i s  shown i n  F i g -  

u r e  2 .  This  i s  p r e s e n t e d  t o  show t h e  l a r g e  amount of  

uranium which was e x t r u d e d  i n t o  t h e  end r e s t r a i n i n g  r i n g  and 

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

t u r e  i s  somewhat m i s l e a d i n g  i n  two r e s p e c t s .  F i r s t ,  t h e r e  

was more uranium a t  t h e  f u e l  end than  t h e  p i c t u r e  shows-- the  

uranium had o x i d i z e d  e x t e n s i v e l y  i n t o  a  l o o s e  powdery o x i d e  

which f e l l  o f f  du r ing  f u e l  removal .  Secondly ,  t h e  tempera-  

t u r e  was r a i s e d  t o  1200 O C  f o r  s e v e r a l  minutes  a f t e r  t h e  

me ta l -wa te r  p o r t i o n  of  t h e  t e s t  was completed t o  p r o v i d e  some 

i n s i g h t  i n t o  problems which might be  encoun te red  i n  f u t u r e  

t e s t s  a t  molten t e m p e r a t u r e s .  Consequent ly ,  t h e  uranium 

remaining  i n  t h e  c l a d d i n g  i s  n o t  t y p i c a l  o f  t h a t  o f  f u e l s  

whose t empera tu re  d i d  n o t  exceed t h e  uranium m e l t i n g  p o i n t .  

SNH-11 was a  d u p l i c a t e  o f  SNH-10. Spo t s  o f  c l a d d i n g  

s e p a r a t i o n  appeared  a t  930 O C .  Rupture (1040 O C )  o c c u r r e d  

a t  t h e  top  o f  t h e  end cap c l a d d i n g  j u n c t u r e  w i t h  o n l y  a  s m a l l  

amount o f  gas  and uranium e x p e l l e d .  Apparent ly  t h e  uranium 

s e a l e d  t h e  o r i g i n a l  b r e a c h ,  f o r  about  5 s e c  l a t e r  a  second 

r u p t u r e  o c c u r r e d  n e a r  a  downstream s u p p o r t .  An e s t i m a t e d  

10 t o  1 5 %  o f  t h e  uranium was f o r c e d  from t h e  second  r u p t u r e  

f i l l i n g  t h e  a n n u l a r  s p a c e  between t h e  f u e l  and q u a r t z  tube  

f o r  about  t h e  lower  h a l f .  Even though t h i s  f u e l  had a  



s i g n i f i c a n t  uranium e x t r u s i o n  i t s  hydrogen e v o l u t i o n  r a t e  was 

on ly  a  t h i r d  t h a t  o f  SNH-10. The d i f f e r e n c e  r e s u l t s  from 

e x t r u s i o n  o f  t h e  uranium i n t o  t h e  a n n u l a r  gap between t h e  f u e l  

and q u a r t z  t u b e  r a t h e r  t h a n  i n t o  t h e  open Z i r c a l o y - 2  r e s t r a i n -  

i n g  t u b e ,  a s  i n  SNH-10. This  s i g n i f i c a n t l y  r educed  t h e  e f f e c -  

t i v e  s u r f a c e  a r e a  s i n c e  o x i d a t i o n  d i d  n o t  occur  a t  t h e  

i n t e r f a c e s  of  uranium and t h e  o t h e r  m a t e r i a l s  b u t  o n l y  on t h e  

r a t h e r  l i m i t e d  exposed uranium s u r f a c e  and t h e  Z i r c a l o y - 2  

c l a d d i n g .  

I N N E R  F U E L  E L E M E N T S  

The o t h e r  f o u r  expe r imen t s  were w i t h  Inne r  f u e l  e l e m e n t s .  

T h e i r  d e s c r i p t i o n  is  a s  f o l l o w s :  

SNH- 7 

The f u e l  e lement  f o r  Experiment SNH-7 was h e a t e d  t o  rup -  

t u r e  a t  1075 O C  fo l lowing  which t h e  t empera tu re  was l e v e l e d  a t  

1070 O C .  Rupture o c c u r r e d  i n  t h e  o u t e r  c l a d  n e a r  t h e  l o n g i -  

t u d i n a l  c e n t e r  o f  t h e  f u e l  which i s  t y p i c a l  o f  I n n e r  f u e l  

e l emen t s  when t h e  end caps  a r e  r e s t r a i n e d .  An e s t i m a t e d  1 5 %  

of t h e  p l a s t i c  uranium e x t r u d e d  th rough  t h e  r u p t u r e  and f i l l e d  

t h e  bottom t h i r d  o f  t h e  annulus  between t h e  f u e l  and t h e  q u a r t z  

t u b e  f o r  a  l e n g t h  o f  about  2 1 / 2  i n .  Ox ida t ion  o c c u r r e d  on 

t h e  Z i r c a l o y  c l a d d i n g  and t h e  exposed s u r f a c e  o f  t h e  uranium 

i n  t h e  a n n u l a r  s p a c e  between t h e  f u e l  and t u b e .  

P i c t u r e s  o f  t h e  f u e l  used  i n  SNH-7 a r e  shown i n  F i g u r e s  3 

and 4 .  F i g u r e  3 shows t h e  uranium which was e x t r u d e d  i n t o  t h e  

lower p a r t  o f  t h e  a n n u l a r  gap between t h e  f u e l  and q u a r t z  

t u b e .  The s h i n y  s u r f a c e  o f  th is  uranium i s  i n d i c a t i v e  o f  t h e  

l a c k  of o x i d a t i o n  a t  t h e  u ran ium-quar t z  i n t e r f a c e .  The s p l i t s  

i n  t h e  c l a d  ups t ream and downstream o f  t h e  e x t r u d e d  uranium 

a r e  secondary  r u p t u r e s  t h a t  o c c u r r e d  a f t e r  t h e  i n i t i a l  r u p t u r e .  

These secondary  r u p t u r e s ,  p r e v a l e n t  f o r  I n n e r  f u e l s ,  a p p a r e n t l y  
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r e s u l t e d  from a  b u i l d u p  o f  i n t e r n a l  gas  p r e s s u r e  a f t e r  t h e  

o r i g i n a l  b r e a c h  was s e a l e d  by t h e  e x p e l l e d  uranium. The 

o r i g i n a l  r u p t u r e  i s  q u i t e  s m a l l  and g e n e r a l l y  i s  s e a l e d  

s h o r t l y  a f t e r  decay of t h e  o r i g i n a l  p r e s s u r e  p u l s e  by  t h e  

s o l i d  uranium packed between t h e  q u a r t z  tube  and t h e  c l a d d i n g .  

The s i z e  o f  t h e  secondary  r u p t u r e s  appea r s  t o  b e  i n v e r s e l y  

r e l a t e d  t o  t h e  amount o f  uranium e x p e l l e d .  T h i s  r e l a t i o n s h i p  

would be  expec ted  i f  t h e  secondary  r u p t u r e s  were a  f u n c t i o n  of  

i n t e r n a l  gas  p r e s s u r e s .  I n t e r n a l  uranium o x i d a t i o n  i n  t h e  

neighborhood o f  t h e s e  secondary  r u p t u r e s  i s  n o t  e x t e n s i v e ,  

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

was n o t  l a r g e ,  b u t  i t  was enough t o  b e  r e c o g n i z e d  on t h e  

hydrogen t r a c e  a s  an i n c r e a s e  i n  t h e  H 2  c o n c e n t r a t i o n .  F i g -  

u r e  4  is  a  c r o s s  s e c t i o n  of  t h e  f u e l  c u t  t h rough  t h e  r u p t u r e  

p o i n t  and shows t h e  spongy porous  n a t u r e  o f  t h e  uranium due 

t o  c o a l e s c e n c e  and expans ion  o f  t h e  f i s s i o n  g a s .  

The f u e l  e lement  f o r  SNH-8 was h e a t e d  t o  r u p t u r e  a t  

1060 O C  and h e l d  a t  1080 O C  f o r  t h e  d u r a t i o n  of  t h e  t e s t .  

Rupture o c c u r r e d  i n  t h e  o u t e r  c l a d  n e a r  t h e  l o n g i t u d i n a l  cen-  

t e r  o f  t h e  f u e l .  The p l a s t i c  uranium e x t r u d e d  th rough  t h e  rup-  

t u r e  was e s t i m a t e d  t o  b e  2 5  t o  30% of  t h e  t o t a l .  The e x t r u d e d  

uranium f i l l e d  t h e  lower  t w o - t h i r d s  o f  t h e  annulus  between 

t h e  f u e l  and tube  f o r  a l e n g t h  o f  a b o u t  3  i n .  ( F i g u r e  5 ) .  

O x i d a t i o n  o c c u r r e d  o n l y  on t h e  f r e e  s u r f a c e  o f  t h i s  e x t r u d e d  

uranium and on t h e  Z i r c a l o y  c l a d d i n g  n o t  cove red  by uranium. 

SNH- 9 

The f u e l  e l emen t  f o r  SNH-9 was h e a t e d  t o  r u p t u r e  a t  

1065 O C  and h e l d  a t  1080 " C .  The uranium e x t r u d e d  th rough  

t h e  r u p t u r e  was 40 t o  50% of  t h e  t o t a l .  The uranium com- 

p l e t e l y  f i l l e d  t h e  annu lus  between t h e  f u e l  and q u a r t z  tube  
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FIGURE 5. P o s t h e a t i n g  P i c t u r e  o f  F u e l ,  T e s t  SNH-8 

and b l o c k e d  f r e e  s team f low th rough  t h e  a n n u l u s .  The o n l y  s i g -  

n i f i c a n t  o x i d a t i o n  was on t h e  ups t r eam and downstream ends o f  

t h e  uranium i n  t h e  a n n u l a r  r i n g ,  w i t h  l e s s  o x i d a t i o n  down- 

s t r e a m  t h a n  ups t ream,  on t h e  s u r f a c e s  exposed by t h e  secondary  

c l a d d i n g  r u p t u r e s  and on t h e  Z i r c a l o y - 2  c l a d d i n g .  The p i c t u r e s  - 
( F i g u r e  6 )  show t h e  complete  r i n g  o f  e x t r u d e d  uranium around 

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

b r i g h t  u n o x i d i z e d  uranium s u r f a c e ,  and t h e  p o r o s i t y  o f  t h e  

uranium c r e a t e d  by t h e  expans ion  o f  f i s s i o n  gas  b u b b l e s .  

The f u e l  f o r  t h i s  expe r imen t  was h e a t e d  t o  r u p t u r e  a t  

1080 O C  and h e l d  a t  t h a t  t e m p e r a t u r e .  Rupture o c c u r r e d  i n  t h e  - - 

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

e x p e l l e d  th rough  t h e  r u p t u r e  f i l l e d  t h e  lower h a l f  o f  t h e  I A 

annulus  between t h e  f u e l  and t h e  q u a r t z  tube  f o r  abou t  h a l f  

t h e  f u e l  l e n g t h .  I n  a d d i t i o n ,  t h e  uranium formed a  r i n g  a c r o s s  

t h e  top  o f  t h e  f u e l  1 / 4  t o  1 / 2  i n .  w i d e - - s u f f i c i e n t  t o  b l o c k  

t h e  s t eam f low th rough  t h e  annu lus .  Subsequent  o x i d a t i o n  





, 
c r e a t e d  two s m a l l  h o l e s  th rough  t h e  r i n g  sometime p r i o r  t o  t h e  

end o f  t h e  t e s t .  O x i d a t i o n  was on t h e  f r e e  s u r f a c e  o f  t h e  

uranium i n  t h e  annulus  and t h e  Z i r c a l o y - 2  c l a d d i n g .  

A p i c t u r e  o f  t h e  f u e l  from t h i s  expe r imen t ,  F i g u r e  7 ,  

shows t h e  complete  r i n g  around the f u e l  a t  abou t  i t s  a x i a l  

midpo in t .  The b r i g h t  Z i r c a l o y  s u r f a c e s  immedia te ly  ups t r eam 

and downstream o f  t h e  r i n g  a r e  a t t r i b u t e d  t o  d i s s o l u t i o n  o f  

t h e  a u t o c l a v e d  o x i d e  i n t o  t h e  b a s e  m e t a l .  T h i s  i n d i c a t e s  t h a t  

t h e  r i n g  b l o c k e d  s team f low through t h e  annulus  and t h e r e  was 

i n s u f f i c i e n t  r e a c t i o n  a t  t h e s e  l o c a t i o n s  t o  r e - e s t a b l i s h  o r  

m a i n t a i n  an o x i d i z e d  Z i r c a l o y - 2  s u r f a c e .  
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FIGURE 7. P o s t h e a t i n g  P i c t u r e  o f  Fue l ,  T e s t  SNH-12 

TREATMENT OF THE DATn  

The raw d a t a  f o  m e t a l - w a t e r  r e a c t i o n  ; i s  i s  a 

s t r i p  c h a r t  o b t a i n e d  from a  the rma l  c o n d u c t i v i t y  me te r  c a l i -  

b r a t e d  t o  g i v e  t h e  p e r c e n t a g e  hydrogen i n  t h e  e x i t i n j  

s t r e a m .  I t  can  be  shown t h a t  f o r  t h e  f i x e d  sys t em used  i n  

t h e s e  t e s t s  b o t h  t h e  t o t a l  gas  f low r a t e  and t h e  f low r a t e  o f  

t h e  hydrogen produced a r e  f u n c t i o n s  o n l y  o f  t h e  p e r c e n t a g e  

hydrogen i n  t h e  g a s .  The e x p e r i m e n t a l  sys tem was c a l i b r a t e d  t o  

g i v e  t h e  hydrogen f low r a t e  a s  a  f u n c t i o n  o f  t h e  p e r c e n t a g e  

hydrogen.  



A problem i n  t h e  t r e a t m e n t  o f  t h e  d a t a  was encoun te red  

when r e l a t i n g  t h e  hydrogen e v o l u t i o n  a s  measured a t  t h e  

thermal  c o n d u c t i v i t y  me te r  w i t h  e a r l i e r  e v e n t s  a t  t h e  t ime 

t h e  hydrogen was g e n e r a t e d  i n  t h e  f u r n a c e .  The peak hydrogen 

g e n e r a t i o n  s h o u l d  occur  immediately a f t e r  f u e l  r u p t u r e  and 

r e l a t e d  e x p u l s i o n  o f  p l a s t i c  uranium. The the rma l  conduc- 

t i v i t y  r e c o r d i n g s ,  however,  show a  peak  hydrogen r a t e  some 

2 t o  6 min a f t e r  t h e  r u p t u r e  r a t h e r  t h a n  t h e  normal t h r e e -  

f o u r t h s  o f  a  minute t r a v e l  t ime i n  t h e  sys tem.  I t  was 

e s t a b l i s h e d  t h a t  t h i s  a d d i t i o n a l  t ime de lay  was caused ,  

p r i n c i p a l l y ,  by t h e  c o l d  c h a r c o a l  t r a p s  i n  t h e  sample t r a i n s  

and was a  f u n c t i o n  o f  t h e  p a r t i a l  p r e s s u r e  o f  a i r  i n  t h e  gas  

s t r e a m .  I n v e s t i g a t i o n s  showed t h a t  each  t r a p  absorbed  abou t  

8 l i t e r s  of  a i r  and no hydrogen when cooled  t o  t h e  o p e r a t i n g  

t empera tu re  o f  - 7 0  O C .  Fol lowing t h e  r u p t u r e  o f  t h e  f u e l  

when t h e  hydrogen e v o l u t i o n  was h i g h e s t ,  t h e  p a r t i a l  p r e s s u r e  

of  t h e  a i r  i n  t h e  gas  s t r e a m  would b e  c o n s i d e r a b l y  l e s s  t h a n  

i n i t i a l l y .  During t h i s  p e r i o d  t h e  a i r  i n  t h e  c o l d  t r a p s  would 

desorb  and d i l u t e  t h e  hydrogen.  Once t h e  i n i t i a l  peak hydro -  

gen p a s s e d ,  t h e  i n c r e a s i n g  a i r  c o n c e n t r a t i o n  i n  t h e  gas  

s t r e a m ,  a s s o c i a t e d  w i t h  t h e  d e c r e a s i n g  hydrogen e v o l u t i o n ,  

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

e f f e c t i n g  a  c o n c e n t r a t i o n  of  hydrogen downstream o f  t h e  t r a p s .  

Somewhat l a t e r ,  t he  hydrogen e v o l u t i o n  r a t e  r eached  a  p o i n t  

where i t s  change w i t h  t ime was s m a l l  and t h e  a i r  l o a d i n g  on 

t h e  c o l d  c h a r c o a l  c l o s e l y  approached e q u i l i b r i u m  w i t h  t h e  gas 

s t r eam.  Quasi  s t e a d y - s t a t e  c o n d i t i o n s  were t h e n  e s t a b l i s h e d  

and t h e  hydrogen c o n c e n t r a t i o n  l e a v i n g  t h e  c o l d  c h a r c o a l  t r a p s  

c l o s e l y  approximated t h a t  e n t e r i n g .  The q u a s i  s t e a d y - s  t a t e  

c o n d i t i o n s  were reached i n  abou t  6 t o  8 min a f t e r  t h e  f u e l  

r u p t u r e d .  

T h e o r e t i c a l l y ,  i f  t h e  e q u i l i b r i u m  a i r  l o a d i n g  c h a r a c -  

t e r i s t i c s  o f  t h e  c o l d  c h a r c o a l  and t h e  dynamics o f  i t s  l o a d i n g  
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and r e l e a s e  were known, i t  shou ld  be p o s s i b l e  t o  d e v i s e  c a l c u -  

l a t i o n a l  t e c h n i q u e s  t o  de te rmine  t h e  hydrogen i n p u t  t o  t h e  c o l d  

t r a p s  from knowledge o f  t h e  hydrogen o u t p u t  from them. Before  

embarking upon t h e  l e n g t h y  program n e c e s s a r y  t o  p r o v i d e  t h e  

needed i n f o r m a t i o n  f o r  c a l c u l a t i o n a l  t e c h n i q u e s ,  t h e  v a l i d i t y  

of  t h e  s i m p l e s t  assumption concern ing  hydrogen e v o l u t i o n  r a t e s  

d u r i n g  t h e  f i r s t  6 min was i n v e s t i g a t e d .  The assumption i s  t h a t  

t h e  hydrogen e v o l u t i o n  d u r i n g  t h i s  p e r i o d  conforms t o  t h a t  a t  

l a t e r  t i m e s ,  and t h a t  r e l a t i o n s  developed f o r  t h e  l a t e r  p e r i o d s  

could  be e x t r a p o l a t e d  back t o  zero  t ime t o  d e s c r i b e  t h e  e a r l y  

b e h a v i o r .  To check t h i s ,  two exper iments  were made i n  which 

c o l d  c h a r c o a l  t r a p s  were n o t  used .  I n  b o t h  c a s e s ,  t h e  d a t a  f o r  

t h e  f i r s t  6 min conformed q u i t e  c l o s e l y  t o  t h a t  p r e d i c t e d  by 

back e x t r a p o l a t i o n  of t h e  d a t a  from t imes  beyond 6 min. Q u a l i -  

t a t i v e l y ,  i t  can  be argued t h a t  t h i s  agreement s h o u l d  be 

expec ted  s i n c e  most o f  t h e  major r a p i d  p h y s i c a l  changes a s s o -  

c i a t e d  w i t h  an exper iment  o c c u r r e d  w i t h i n  a  few seconds  a f t e r  

r u p t u r e .  A f t e r  t h e  f i r s t  10 t o  15 s e c  t h e  sys tem remained 

r e l a t i v e l y  s t a b l e  p h y s i c a l l y  f o r  t h e  d u r a t i o n  o f  t h e  run and 

t h e r e  was no r e a s o n  t o  e x p e c t  b e h a v i o r  f o r  t h e  f i r s t  6 min t o  

d i f f e r  from t h a t  a t  g r e a t e r  t imes .  Also any s i g n i f i c a n t  e r r o r  

produced by t h e  c h a r c o a l  beds would be i n  t h e  i n s t a n t a n e o u s  

r a t e  f u n c t i o n  and n o t  i n  t h e  t o t a l  hydrogen measured f o r  t h e  

t e s t .  

The a n a l y s i s  of  t h e  d a t a ,  t h e n ,  proceeded by u s e  o f  c a l i -  

b r a t i o n  c u r v e s  t o  r e l a t e  t h e  thermal  c o n d u c t i v i t y  m e t e r  - d a t a  

i n t o  hydrogen f low r a t e  d a t a .  T y p i c a l  hydrogen f low r a t e  d a t a  

a r e  shown i n  F i g u r e  8 f o r  two f u e l s  under  s i m i l a r  t e s t  c o n d i -  

t i o n s  w i t h  and w i t h o u t  t h e  -70 O C  c h a r c o a l  t r a p s  i n  t h e  

sampling sys t em.  A comparison of  Run SNH-8 and 1 2  shows t h e  

t ime d e l a y  and s u p p r e s s i o n  e f f e c t s  t h e  c h a r c o a l  t r a p s  have 

on t h e  i n i t i a l  hydrogen peak .  SNH-12 shows t h e  normal t ime 

d e l a y  from p o i n t  o f  r e a c t i o n  t o  p o i n t  o f  measurement--about 

t h r e e - f o u r t h s  o f  a  minute .  
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FIGUFG3 8. Typical  Hydrogen Evolution Rate Curves 

The n e x t  s t e p  i n  t h e  t r e a t m e n t  o f  t h e  d a t a  was t o  pe r fo rm 

a  numer ica l  i n t e g r a t i o n  o f  t h e  hydrogen r a t e  v e r s u s  t ime d a t a  

t o  g i v e  t h e  t o t a l  hydrogen evolved  as a  f u n c t i o n  o f  t i m e .  

T y p i c a l  c u r v e s  from t h i s  o p e r a t i o n  a r e  shown i n  F igure  9 .  

The f i r s t  approach  t o  an i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  

a s  each  exper iment  was completed was t o  f i t  e q u a t i o n s  t o  t h e  

d a t a .  In  g e n e r a l ,  a  r e a s o n a b l e  approximat ion  was o b t a i n e d  by 

f i t t i n g  two e q u a t i o n s  t o  t h e  d a t a  f o r  e a c h  r u n .  A p l o t  o f  t h e  

s q u a r e  o f  t h e  t o t a l  hydrogen v e r s u s  t ime showed t h a t  a  
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FIGURE 9 .  Typ ica l  T o t a l  Hydrogen Evolved Curves,  L inea r  P l o t  

p a r a b o l i c  e q u a t i o n  would approximate  t h e  d a t a  f o r  t h e  f i r s t  a .  

s e v e r a l  minutes  and a  l i n e a r  e q u a t i o n  f o r  t h e  b a l a n c e  o f  t h e  

expe r imen t .  This  p l o t  was e x t r a p o l a t e d  back t o  ze ro  hydrogen 

t o  t r a n s l o c a t e  ze ro  t ime t o  o b t a i n  a  more r e a l i s t i c  e s t i m a t e  

o f  t h e  hydrogen g e n e r a t i o n  r a t e  p r i o r  t o  a t t a i n i n g  q u a s i  

s t e a d y - s t a t e  c o n d i t i o n s  i n  t h e  sys t em u n t i l  a l l  t h e  expe r imen t s  

were completed and a  more comprehensive a n a l y s i s  c o u l d  be 

conducted .  The e q u a t i o n s  s o  d e r i v e d  f o r  each  o f  t h e  ' exper iments  - .  

a r e  summarized i n  Tab le  2 .  



TABLE 2 .  Hydrogen E v o l u t i o n  Equa t ions  f o r  I n d i v i d u a l  Runs 

Experiment 

SNH- 3  

SNH- 4 

SNH- 7 

SNH- 8  

SNH- 9 

SNH- 10 

SNH- 1 2  

Equat ions  

Q = 2.35 t 1 / 2  

E f f e c t i v e  
Time P e r i o d s ,  

min 

0 - 8  
8-35 

There i s  no r eason  t o  e x p e c t  t h e  summation p o s s i b l y  o f  

many d i f f e r e n t  o x i d a t i o n  r a t e s  o f  t h e s e  exper iments  t o  conform 

t o  t h a t  of  a  s i n g l e  s imple  r a t e  law th roughou t  t h e  o x i d a t i o n  

p e r i o d .  R a t h e r ,  an a p p a r e n t  r a t e  law r e g a r d l e s s  o f  t h e  f u n c t i o n  

d e s c r i b e d  i s  more r e a l i s t i c  due t o  t h e  major  i n f l u e n c i n g  

p h y s i c a l  changes t h a t  o c c u r  d u r i n g  a  t e s t .  I t  i s  obvious from 

t h e  e q u a t i o n s  i n  Table 2 ,  developed a s  each  s p e c i f i c  t e s t  was 

completed,  t h a t  a p p l i c a t i o n  t o  an a n a l y s i s  f o r  t h e  t o t a l  

r e a c t o r  would b e  l a b o r i o u s  and r a t h e r  s p e c u l a t i v e  a t  b e s t  and 

might  be  l e s s  a c c u r a t e  t h a n  a  s i n g l e  a p p a r e n t  r a t e  law. Also 

t h e  e q u a t i o n s  from t h e  Outer  and I n n e r  f u e l  t e s t s  cou ld  n o t  

e a s i l y  be  combined t o  produce  a  s i n g l e  e q u a t i o n  r e p r e s e n t i n g  

t h e  m e t a l - w a t e r  r e a c t i o n  r a t e  f o r  a  f u e l  assembly.  



The s i m p l e s t  a l t e r n a t e  i s  t h e  assumption o f  an a p p a r e n t  

b e h a v i o r  somewhere between a  c o n s t a n t  and a  p a r a b o l i c  r a t e .  I f  

t h i s  assumption i s  v a l i d ,  p l o t s  o f  t h e  l o g a r i t h m  o f  t h e  t o t a l  

hydrogen evo lved  a g a i n s t  t h e  l o g a r i t h m  of  t h e  t ime o f  o x i d a t i o n  

would have s l o p e s  between one f o r  a  c o n s t a n t  r a t e  and o n e - h a l f  

f o r  a  p a r a b o l i c  r a t e .  Such p l o t s  produced s i n g l e  s t r a i g h t  

l i n e s  w i t h  s l o p e s  between o n e - h a l f  and one t h a t  approximated  

t h e  d a t a  f o r  each  exper iment  t o  w i t h i n  5 % ,  e x c e p t  f o r  t h e  p o i n t s  

a t  t imes  l e s s  t h a n  about  6 min f o r  t h o s e  runs i n  which t h e  c o l d  

c h a r c o a l  t r a p s  were used .  Examples of  t h e  p l o t s  a r e  shown i n  

F i g u r e  1 0 .  SNH-8 and SNH-12 Icere used  as  examples t o  p r o v i d e  

1 0  

T I M E  A F T E R  RUPTURE,  M I N  

FIGURE 1 0 .  Typical Total  Hydrogen Evolved Curves, Log-Log P l o t  



L "  ;..; 
ano the r  comp &%fs.~,k,- $@"_?I'atf +:$hkj .- i n f l u e n c e  o f  t h e  c o l d  c h a r c o a l  

t r a p s  on t h e  observed hydrogen e v o l u t i o n  i n  t h e  f i r s t  few 

minutes  of  a t e s t .  Equat ions  of  t h e  form, 

where Q i s  t o t a l  hydrogen i n  l i t e r s  and t i s  t ime o f  o x i d a -  

t i o n  were developed f o r  each  p l o t .  The v a l u e s  of  t h e  c o e f f i -  

c i e n t ,  K ,  and t h e  exponent ,  n ,  a r e  shown i n  Table  3 .  The 

s l o p e s ,  exponent  n ,  ranged from 0.59 t o  0.82. The average  

weighed on a t ime b a s i s  was 0 . 7 2 .  

TABLE 3 .  Cons tan t s  f o r  t h e  Hydrogen E v o l u t i o n  
Equa t ion ,  Q = K tn 

Experiment 

SNH-3 

SNH- 4 

SNH-6 

SNH- 7 

SNH- 8 

SNH-9 

SNH-10 

SNH- 11 

SNH-12 

C o e f f i c i e n t ,  K 

1 . 2 5  

Exponent,  n 

0.82 

0.59 

0.75 

0.70 

0.64 

0 . 7 4  

0.70 

0.66 

0 .71  

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

e v o l u t i o n ,  t h e  assumption t h a t  t h e  average  s l o p e  o f  0:72 would 

apply  t o  a l l  c a s e s  was i n v e s t i g a t e d .  This  was done by p l o t -  

t i n g  t h e  t o t a l  hydrogen evolved a g a i n s t  t h e  t ime o f  o x i d a t i o n  

r a i s e d  t o  t h e  0.72 power. A l l  t h e  d a t a  f e l l  w i t h i n  1 0 %  o f  a 

s t r a i g h t  l i n e  f o r  each  exper iment  e x c e p t  f o r  t imes  l e s s  t h a n  

6 min f o r  t h o s e  runs  i n  which c o l d  c h a r c o a l  t r a p s  were used .  

The r e s u l t i n g  curves  showing t h e  measured s l o p e s  f o r  a l l  

t h e  exper iments  a r e  p r e s e n t e d  i n  F igures  11 through 13.. 
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F igure  14 i s  a  l o g - l o g  p l o t  o f  t h e  l i n e s  i n  F i g u r e s  11 th rough  

13.  The numbers a r e  t h e  r a t e  c o n s t a n t s  (A) of Equat ion  (1). 

Also i n c l u d e d  i s  a  l i n e  r e p r e s e n t i n g  t h e  e q u a t i o n  developed f o r  

a  f u e l  assembly ( t u b e - i n - t u b e  c o n f i g u r a t i o n )  a s  d i s c u s s e d  l a t e r .  

The i n f o r m a t i o n  from F i g u r e s  11 through 1 3  shows t h a t  t h e  

m e t a l - w a t e r  r e a c t i o n  b e h a v i o r  f o r  t h e  f u e l s  i n  t h e s e  t e s t s  was 

c o r r e l a t e d  by t h e  e q u a t i o n  

where Q = t o t a l  hydrogen evolved  i n  l i t e r s  

t = t ime a f t e r  r u p t u r e  i n  minutes  

A = p r o p o r t i o n a l i t y  c o n s t a n t  de termined f o r  each 

exper imen t .  

The c o e f f i c i e n t ,  A ,  is a  measure o f  t h e  e f f e c t i v e  s u r -  

f a c e  a r e a  o f  o x i d a t i o n  f o r  t h e  b a s i c  r e a c t i o n  r a t e  a t  t h e  

i s o t h e r m a l  t empera tu re .  The v a l u e s  f o r  A c o r r e l a t e d  w i t h  t h e  

i n f o r m a t i o n  o b t a i n e d  from p o s t h e a t i n g  examinat ion  o f  t h e  

m a t e r i a l - - t h e  h i g h e r  t h e  v a l u e  t h e  g r e a t e r  t h e  e f f e c t i v e  s u r -  

f a c e  a r e a  and o x i d a t i o n  p r o d u c t s .  The exponent ,  0 .72 ,  i s  a  

measure o f  t h e  e f f e c t  o f  t h e  p h y s i c a l  changes on t h e  b a s i c  - 

p a r a b o l i c  r a t e  law d i s c u s s e d  p r e v i o u s l y .  

I t  must be  emphasized t h a t  t h e  above c o r r e l a t i o n ,  even  

though t h e r e  a r e  q u a l i t a t i v e  arguments t h a t  t h e  form of  t h e  

e q u a t i o n  might  be e x p e c t e d ,  i s  an emper i ca l  approximat ion  

which r e p r e s e n t s  an ave rage  o f  two o x i d a t i o n  mechanisms and 

p o s s i b l y  s e v e r a l  r a t e s  p roceed ing  more o r  l e s s  s i m u l t a n e o u s l y .  

Evidence of  t h e  a v e r a g i n g  embodied i n  Equat ion  (1) i s  g iven  

by t h e  b e h a v i o r  o f  t h e  i n s t a n t a n e o u s  hydrogen e v o l u t i o n  r a t e .  

The i n s t a n t a n e o u s  r a t e  would be  t h e  d i f f e r e n t i a l  o f  Equa- 

t i o n  (1) o r :  
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Log-Log P l o t  of a l l  T e s t s  



Comparisons o f  t h e  exper imen ta l  d a t a  w i t h  v a l u e s  c a l c u l a t e d  

w i t h  Equat ion  (2) show agreement t o  w i t h i n  30%.  While t h i s  

agreement i s  r e a s o n a b l e ,  i t  i s  n o t  a s  good a s  t h e  10% found 

f o r  t h e  t o t a l  hydrogen g e n e r a t i o n .  The improvement i n  t h e  

accuracy  o f  t h e  c o r r e l a t i o n  when used  f o r  t h e  t o t a l  hydrogen 

is  p robab ly  due t o  t h e  summing o p e r a t i o n  t o  o b t a i n  t h e  t o t a l  

g e n e r a t i o n  which,  i n  e f f e c t ,  ave rages  t h e  b e h a v i o r  ove r  t h e  

t o t a l  t ime.  

S ince  Equat ions  (1)  and (2)  were e m p e r i c a l l y  developed,  

t h e i r  use f o r  c o n d i t i o n s  o t h e r  t h a n  and f o r  t imes  l o n g e r  t h a n  

t h o s e  of  t h e s e  exper iments  may n o t  be  w a r r a n t e d ,  b u t  i f  u sed  

would produce i n  g e n e r a l  a  more c o n s e r v a t i v e  e s t i m a t e  o f  t h e  

volume o f  hydrogen produced t h a n  would be shown by e m p i r i c a l  

d a t a  c o l l e c t e d  f o r  l o n g e r  t ime p e r i o d s .  

DISCUSSION 

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

ments and i n  Table  1 a l l o w  some g e n e r a l i z a t i o n s  t o  be  made. 

F i r s t ,  t h e  e x t e n t  o f  t h e  m e t a l - w a t e r  r e a c t i o n  r a t e  a s  

measured by hydrogen e v o l u t i o n  is  r e a s o n a b l y  c o r r e l a t e d  by 

Equat ion  (1) , namely, 

For  t h e s e  exper imen t s ,  which  were m o s t l y  done a t  n e a r l y  t h e  

same t empera tu re ,  t h e  r a t e  c o e f f i c i e n t ,  A ,  is  a  measure o f  t h e  

e f f e c t i v e  o x i d i z i n g  s u r f a c e  a r e a .  The i n f o r m a t i o n  o b t a i n e d  i n  

t h e s e  exper iments  is t h e r e f o r e  i n t e r p r e t e d  i n  terms o f  an 

e f f e c t i v e  a r e a  r a t h e r  t h a n  a  b a s i c  me ta l -wa te r  r e a c t i o n  r a t e  

law. 
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EFFECT OF R A D I A L  RESTRAINT 

An i n d i c a t i o n  o f  t h e  s i g n i f i c a n c e  o f  r a d i a l  r e s t r a i n t  on 

t h e  meta l -water  r e a c t i o n  r a t e  is ob t a ined  by comparing Tes t  SNH-3 

wi th  SNH-4 and 6 ,  which were e s s e n t i a l l y  i d e n t i c a l .  The major 

d i f f e r e n c e s  i n  t h e  t e s t  cond i t i ons  were t h a t  SNH-3 had a  lower 

i so the rmal  temperature  and was t h e  on ly  f u e l  no t  h e a t e d  i n  a  

q u a r t z  tube  s imu la t i ng  t h e  r a d i a l  geometry o f  t h e  r e a c t o r .  

The q u a n t i t a t i v e  e f f e c t  o f  t h e  lower temperature  (1025 O C  

versus  1060 O C )  i s  no t  s p e c i f i c a l l y  known, bu t  i t  shou ld  p r o -  

duce about  a  30% lower r e a c t i o n  r a t e ,  a l l  o t h e r  t h i n g s  be ing  

equa l .  The lower r a t e  c o e f f i c i e n t s  f o r  SNH-4 and 6 (Table 1) 

compared t o  SNH-3 was due t o  t he  on ly  major observed d i f f e r e n c e - -  

t h e  reduc t ion  o f  t h e  e f f e c t i v e  s u r f a c e  a r e a  by expansion o f  t h e  . 
o u t e r  c ladd ing  t o  t h e  d iamete r  o f  t h e  qua r t z  t ube .  Assuming 

no ox ida t i on  on t h e  o u t e r  can wa l l  f o r  SNH-3, an approximation 

o f  what occur red  f o r  SNH-4 and 6 ,  t h e  e f f e c t i v e  s u r f a c e  a r e a  

would be 60% l e s s .  This  reduces  t h e  r a t e  cons t an t  from 1 . 7 1  t o  

about  0.68 which compares f avo rab ly  w i th  t he  1.1 and 0.84 r a t e  

cons t an t s  f o r  SNH-4 and 6 which were a t  t h e  h i g h e r  i so the rma l  

temperature  and accrued some o x i d a t i o n  on t h e  o u t e r  can w a l l  i n  

t h e  r eg ion  o f  t h e  end caps .  This agreement shows t h e  Z i rca loy-2  

wa t e r  r e a c t i o n  a s  t h e  p r i n c i p a l  source  o f  hydrogen f o r  t h e s e  

three f u e l s .  

To d a t e ,  o n l y  t h e  Oute r  f u e l s  i n  t h e  3500 t o  4100 MFld/ton 

exposure have e x h i b i t e d  thZs expansion t o  t h e  d iamete r  o f  t h e  

p roce s s  t ube  p r i o r  t o  r u p t u r e .  The f u e l s  below 2000 MWd/ton and 

and t hose  above 5000 MWd/ton r u p t u r e  be fo r e  any g r e a t  expansion 

o f  t h e  o u t e r  c l add ing - - t he  f i r s t  due t o  a  l e s s  f r i a b l e  bond and 

i n t e r n a l  p r e s s u r e ,  t h e  l a t t e r  due t o  a  lower r u p t u r e  t empera tu re  

through an e a r l y  c o l l a p s e  o f  t h e  i n n e r  c ladd ing .  



EFFECT OF EXPOSURE LEVEL 

A comparison o f  O u t e r  f u e l  e l emen t s  from T e s t s  SNH-3, 4 ,  

and 6 ,  w i t h  10 and 11 p r o v i d e s  i n f o r m a t i o n  r e l a t i v e  t o  t h e  

e f f e c t  o f  exposure  l e v e l  on t h e  a p p a r e n t  m e t a l - w a t e r  r e a c t i o n  

r a t e .  The f u e l  w i t h  t h e  h i g h e s t  exposure  l e v e l  ( T e s t  3 ,  4 ,  

and 6) had a  much h i g h e r  degree  o f  c l a d  s e p a r a t i o n ,  a  lower  

r u p t u r e  t e m p e r a t u r e ,  and a  v e r y  much s m a l l e r  e f f e c t i v e  uranium 

s u r f a c e  a r e a  than  d i d  t h e  lower  exposure  f u e l .  P r i m a r i l y  a s  a  

consequence o f  t h e  minimal exposure  o f  uranium t o  t h e  s t e a m  

a tmosphere ,  t h e r e  was l e s s  m e t a l - w a t e r  r e a c t i o n  o f  t h e  h i g h e r  

exposure  f u e l s .  

The absence  of  uranium e x t r u s i o n  from t h e  more exposed  

f u e l s  i s  a s s o c i a t e d  w i t h  two c o n d i t i o n s - - a  h i g h e r  f i s s i o n  gas  

i n v e n t o r y  and a  more f r i a b l e  Z i r c a l o y - 2  uranium d i f f u s i o n  bond. 

The r e s u l t  o f  t h e s e  two e f f e c t s  i s  a  complete  f r a c t u r e  o f  t h e  

c l ad -u ran ium bond soon a f t e r  t h e  t e m p e r a t u r e  p a s s e s  through 

t h e  B-y phase  change which f r e e s  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  

f i s s i o n  g a s .  The s p a c e  between t h e  c l a d  and uranium a c t s  a s  a  

f i s s i o n  gas  r e s e r v o i r  and p r o v i d e s  a  f r e e  p a t h  f o r  v e n t i n g  

through t h e  r u p t u r e  w i t h o u t  uranium e x p u l s i o n .  For t h e  lower  

exposed m a t e r i a l ,  bond s e p a r a t i o n  i s  a t  i s o l a t e d  s p o t s  and does 

n o t  p r o p a g a t e  o v e r  t h e  e n t i r e  f u e l  l e n g t h  p r i o r  t o  r u p t u r e .  

Thus, more f i s s i o n  gas  remains w i t h i n  t h e  c racked  uranium 

s t r u c t u r e  and upon r u p t u r e ,  t h e  i n t e r n a l  p r e s s u r e  i s  r e l i e v e d  

by e x p u l s i o n  o f  some f r a c t i o n  of t h e  foamy p l a s t i c  uranium 

c r e a t e d  by expans ion  o f  t h e  f i s s i o n  g a s e s .  Another  p o s s i b l e  

i n f l u e n c i n g  f a c t o r  e n t e r i n g  i n t o  t h i s  phenomenon is t h a t  t h e  

h i g h e r  exposure  m a t e r i a l  r u p t u r e s  a t  a lower  t e m p e r a t u r e  where 

t h e  uranium h a s  l e s s e r  p l a s t i c i t y .  These c o n c l u s i o n s  a p p l y  t o  

Ou te r  f u e l  e l emen t s  on ly .  The two l e v e l s  i n v e s t i g a t e d  a r e  

i n s u f f i c i e n t  t o  f u l l y  d e f i n e  t h e  exposure  l e v e l  e f f e c t ;  how- 

e v e r ,  t h e  obse rved  e f f e c t s  s u g g e s t  t h a t  t h e  m e t a l - w a t e r  
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r e a c t i o n  f o r  O u t e r  f u e l s  up t o  4100 hlltld/ton i s  i n v e r s e l y  

r e l a t e d  t o  exposure  l e v e l  f o r  t e m p e r a t u r e s  below t h e  uranium 

m e l t i n g  p o i n t .  I n n e r  f u e l  e lements  a t  exposures  g r e a t e r  t h a n  

2000 MWd/ton have n o t  been t e s t e d .  

E a r l i e r  t e s t s  des igned  t o  de te rmine  on ly  t h e  r u p t u r e  

t empera tu re  o f  f u e l  i n  t h e  2000 blWd/ton range  showed a  d i r e c t  

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

t h e  f a s t e r  t h e  r a t e  t h e  g r e a t e r  t h e  amount o f  uranium e x p e l l e d  

which r e l a t e d  i n d i r e c t l y  t o  t h e  e q u a l i z a t i o n  o f  i n t e r n a l  gas  

p r e s s u r e  due t o  e x t e n s i v e  bond f r a c t u r e .  This  s u g g e s t s  t h a t  

t o  some degree  t h e  l e n g t h  of  t ime between t h e  8-y phase  change 

t empera tu re  and r u p t u r e  o f  t h e  c l a d d i n g  i n f l u e n c e s  t h e  amount 

o f  uranium e x p e l l e d  from t h e  c l a d d i n g ,  a t  l e a s t  f o r  f u e l s  o f  

e q u a l  exposure  a t  t empera tu res  below t h e  uranium m e l t i n g  p o i n t .  

T h i s  e f f e c t  h a s  n o t  been e x p l o r e d  i n  s u f f i c i e n t  d e t a i l  t o  produce  

q u a l i t a t i v e  o r  q u a n t i t a t i v e  answers ,  b u t  i t  might  s i g n i f i c a n t l y  

a l t e r  t h e  magnitude o f  t h e  r e a c t i o n .  

R E L A T I O N S H I P  OF P H Y S I C A L  CHANGES 

Since  f o r  mass ive  specimens o x i d a t i o n  and,  t o  some unknown 

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

p h y s i c a l  changes i n  t h e  f u e l ,  a p p l i c a t i o n  o f  t h e s e  e f f e c t s  t o  

r e a c t o r  geometry i s  i m p o r t a n t .  The q u a n t i t a t i v e  t r a n s l o c a t i o n  

o f  uranium was e s t a b l i s h e d  a s  an i n v e r s e  f u n c t i o n  o f  i r r a d i a -  

t i o n  l e v e l ,  s o  a r e a c t o r  a n a l y s i s  o f  t h e  p h y s i c a l  syndrome must 

b e  based  on t h e  t u b e  exposure  and on a  f u e l  assembly.  S i n c e  no  

I n n e r  f u e l s  i n  t h e  h i g h  MWd/ton r ange  have been t e s t e d  o n l y  . 

t h o s e  f u e l s  i n  t h e  2000 MWd/ton r ange  o r  l e s s  can b e  a n a l y z e d  

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

Two d e f i n i t e  r u p t u r e  p a t t e r n s  were e s t a b l i s h e d -  -one f o r  t h e  

I n n e r  f u e l  and one f o r  t h e  Outer  f u e l  o f  t h e  assembly.  The O u t e r  

f u e l s  r u p t u r e d  i n i t i a l l y  a t  t h e  j u n c t u r e  o f  t h e  i n n e r  can w a l l  

+ 7 rc. ,' % - < . - , - 1-.' ' t L !. 
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and t h e  end cap and I n n e r  f u e l s  n e a r  t h e  l o n g i t u d i n a l  c e n t e r  

o f  t h e i r  o u t e r  c l a d d i n g .  There was one e x c e p t i o n  t o  t h i s  

r u p t u r e  p a t t e r n .  Of t h e  twenty O u t e r  f u e l s  r u p t u r e d  t o  d a t e ,  

o n l y  one produced a  secondary  r u p t u r e  t h a t  e x p e l l e d  uranium 

t o  t h e  a n n u l a r  space  between t h e  f u e l  and t h e  p r o c e s s  t u b e  

(SNH-11). I n  t h i s  t e s t  t h e  o x i d a t i o n  o f  t h e  e f f e c t i v e  

uranium s u r f a c e  a r e a  abou t  equa led  t h a t  w h i c h  would have 

o c c u r r e d  on t h e  Z i rca loy-2  s u r f a c e  covered  by t h e  uranium and 

t h e  n e t  e f f e c t  o f  t h e  secondary  r u p t u r e  was i n s i g n i f i c a n t .  

T h i s  type  o f  r u p t u r e  would have a  much lower p r o b a b i l i t y  

o f  o c c u r r i n g  i n  t h e  r e a c t o r  s i n c e  t h e  i n n e r  can  w a l l  o f  t h e  

Oute r  f u e l  would be  a t  a  s i g n i f i c a n t l y  h i g h e r  t e m p e r a t u r e  

t h a n  t h e  o u t e r  c l a d d i n g  due t o  r a d i a n t  h e a t i n g  by t h e  i n n e r  

e lement  and a  lower  h e a t  t r a n s f e r  r a t e .  

With b o t h  f u e l s  o f  an assembly r u p t u r i n g  and d i s c h a r g i n g  

uranium t o  t h e i r  common a n n u l u s ,  t h e  p h y s i c a l  changes would 

b e  a d d i t i v e .  I t  i s  obvious  from t h e  amount o f  uranium e x p e l l e d  

t h a t  t h e  annulus  between t h e  I n n e r  and Oute r  f u e l  w i l l  b e  

p lugged b o t h  ups t ream and downstream o f  t h e  c e n t r a l  zone o f  

t h e  r e a c t o r .  Any c i r c u l a t i o n ,  t h e n ,  would b e  through t h e  

c e n t e r  h o l e  o f  t h e  I n n e r  f u e l  and th rough  t h e  a n n u l a r  s p a c e  

between t h e  O u t e r  f u e l  and p r o c e s s  t u b e .  The secondary  r u p -  

t u r e s  o b s e r v e d  w i t h  t h e  I n n e r  e l emen t s  would o n l y  compound t h e  

p lugg ing  due t o  t h e  a d d i t i o n a l  expans ion .  I t  i s  n o t  improba- 

b l e  t h a t  uranium might  b e  f o r c e d  i n t o  t h e  .Outer-Process  Tube 

Annulus th rough  s p a c e s  between t h e  ends  o f  t h e  f u e l s . .  How- 

e v e r ,  t h e  s e a l  between f u e l  a s s e m b l i e s  c r e a t e d  by a x i a l  

growth d u r i n g  t h e  t e m p e r a t u r e  t r a n s i e n t  s h o u l d  b e  s u f f i c i e n t  

t o  p r e v e n t  f o r c i n g  an amount o f  uranium i n t o  t h e  a n n u l a r  s p a c e  

t h a t  would s i g n i f i c a n t l y  a l t e r  t h e  t o t a l  m e t a l  - w a t e r  r e a c t i o n .  

Thus, a f t e r  t h e  i n i t i a l  r u p t u r e s ,  t h e  p r i n c i p a l  s o u r c e  o f  

hydrogen i s  from t h e  Z i r c a l o y - 2 - w a t e r  r e a c t i o n  and t o  some 

e x t e n t  from t h e  exposed uranium ups t ream and downstream o f  
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t h e  p l u g s .  The l a t t e r  s h o u l d  be  a s m a l l  f r a c t i o n  o f  t h e  t o t a l  

o x i d a t i o n  s i n c e  t u r b u l e n t  d i f f u s i o n  o f  t h e  s team would be 

r e q u i r e d  and a  s team l i m i t e d  c o n d i t i o n  would p r o b a b l y  p r e v a i l .  

Although t h e  o r i g i n a l  p r e s s u r e  p u l s e s  from r u p t u r i n g  o f  

t h e  c e n t r a l  f u e l  passed  p r i o r  t o  f o r m a t i o n  o f  any p l u g s ,  some 

b u i l d u p  i n  p r e s s u r e  between t h e  two p l u g s  s h o u l d  o c c u r .  How- 

e v e r ,  s i n c e  t h e  uranium i s  i n  t h e  p l a s t i c  s t a t e ,  i t  i s  n o t  

i n c o n c e i v a b l e  t h a t  t h e  p l u g s  would be  pushed outward .  \+%ether 

o r  n o t  one p l u g  would be  d e s t r o y e d  comple te ly  would be  dependent  

on t h e  l e n g t h  o f  movementrequired t o  e q u a l i z e  t h e  p r e s s u r e  

a c r o s s  t h e  uranium p l u g .  T h i s  t o  some e x t e n t  s o u l d  be dependent  

upon t h e  f r e e  volume between t h e  p l u g s  and t h e  a v a i l a b l e  f r e e  

g a s ,  b o t h  o f  which a r e  unknown a t  t h e  p r e s e n t  t ime .  However, 

one p l u g  s h o u l d  remain,  b l o c k i n g  f r e e  f low th rough  t h e  annu lus .  

A P P L I C A T I O N  TO R E A C T O R  USE 

The i n f o r m a t i o n  from t h e s e  expe r imen t s  shows t h a t  t h e  

o x i d a t i o n  medhanism f o r  a l l  c a s e s  i s  abou t  t h e  same and remains  

about  t h e  same f o r  t h e  d u r a t i o n  o f  e a c h  exper imen t .  D i f f e r e n c e s  

i n  t h e  m e t a l - w a t e r  r e a c t i o n  between t h e  expe r imen t s  depends 

p r i m a r i l y  upon t h e  d i f f e r e n c e s  i n  t h e  e f f e c t i v e  a r e a  a v a i l a b l e  

f o r  o x i d a t i o n .  An a r e a  f a c t o r  term was de termined from t h e  

d a t a  o f  e a c h  exper imen t .  There i s ,  however,  abou t  a  f i v e - f o l d  

v a r i a t i o n  between t h e  minimum and maximum a r e a  f a c t o r  te rms.  

The problem i s  t o  s e l e c t  an a p p r o p r i a t e  ave rage  a r e a  f a c t o r  

t e rm w i t h i n  t h i s  range f o r  r e a c t o r  u s e .  

Based on t h e  obse rved  a d d i t i v e  p h y s i c a l  changes f o r  f u e l s  

i n  t h e  2000 MWd/ton r ange  a t  t e m p e r a t u r e s  around 1075 O C  t h e  

a p p l i c a b l e  hydrogen a r e a  c o e f f i c i e n t  i s  t h e  sum o f  t h e  Inner  

and Oute r  t e s t s  most r e p r e s e n t a t i v e  o f  a  p lugged Inne r -Oute r  

annu lus  and a f r e e  Outer  t o  P r o c e s s  Tube Annulus.  Although 

back  d i f . f u s i o n  t o  t h e  downstream end o f  t h e  uranium p l u g  



was s i g n i f i c a n t ,  T e s t  SNH-9 c o n s e r v a t i v e l y  a p p r o x i m a t e s  t h e  

p l u g g e d  I n n e r - O u t e r  a n n u l u s  c o n d i t i o n .  S e l e c t i n g  a  t e s t  t h a t  

would  t y p i f y  t h e  expand ing  o u t e r  c l a d d i n g  i s  more d i f f i c u l t ,  

b u t  compar i son  o f  T e s t s  SNH-3, and  11 p roduced  a  r e a s o n a b l e  

e s t i m a t e .  The r a t e  c o n s t a n t  o f  SNH-3 (1 .71 )  a d j u s t e d  f o r  

r e a c t i o n s  o f  t h e  i n n e r  c l a d d i n g  becomes a b o u t  1 . 0 .  The r a t e  

c o e f f i c i e n t  f o r  SNH-11 was 1 . 2 7 .  S i n c e  t h e  t e m p e r a t u r e  f o r  

SNH-3 was a b o u t  50 O C  l o w e r  t h a n  SNH-11, t h e  a d j u s t e d  r a t e  

c o e f f i c i e n t  o f  1 s .hould  be  l ow- - f rom Baker  and J u s t s '  ( 4 )  work 
' 

by a b o u t  a  f a c t o r  o f  1 . 3 4 .  A c o r r e c t i o n  f o r  t h e  s u r f a c e  a r e a  

s h o u l d  b e  a p p l i e d  t o  n o r m a l i z e  f o r  t h e  e x c e s s i v e  e x p a n s i o n  o f  

SNH-3 c l a d d i n g  beyond t h e  d i a m e t e r  o f  t h e  p r o c e s s  t u b e .  T h i s  

a r e a  d i f f e r e n c e  was c a l c u l a t e d  t o  b e  n e a r  5% and t h e  c o r r e c t e d  

v a l u e  f o r  SNH-3 becomes A = 1 x 1 . 3 4  x 0 . 9 5  = 1 .273- -cornpar -  

a b l e  t o  t h a t  o b t a i n e d  f o r  SNH-11. Summing, SNH-9 ( 1 . 1 )  and  

SNH-3 . (1 .27)  would g i v e  an a r e a  f a c t o r  o f  a b o u t  2 . 37  and  t h e  

hydrogen  g e n e r a t i o n  e q u a t i o n  would t h e n  b e :  

Q = 3.84 t 7 2  l i t e r s / f t  o f  f u e l  o r  

f o r  a  f u e l  a s s emb ly  of  ~ 2 0 0 0  Mlzrd/ton n e a r  t h e  u ran ium m e l t i n g  

p o i n t .  S i n c e  t h e s e  e q u a t i o n s  were  e m p i r i c a l l y  d e v e l o p e d ,  

t h e y  s h o u l d  b e  a p p l i e d  o n l y  t o  t h a t  p o r t i o n  o f  t h e  f u e l  i n  

t h e  r e a c t o r  t h a t  a p p r o x i m a t e s  t h e  t e s t  c o n d i t i o n s  w i t h  

r e s p e c t  t o  t e m p e r a t u r e  (1060 t o  1080 O C )  e x p o s u r e  l e v e l  

( ~ 2 3 0 0  MWd/ton) and t i m e  a f t e r  l o s s  of c o o l a n t  ( 3  t o  60 min)  

and  w i t h  t h e  a s s u m p t i o n  t h a t  t h e  r e a c t i o n  was n o t  s t e a m  
*-*; ; , , .- . I . '  f ' . . lim<%%$!d?<* ;,;.:: . :*; .. .;; , 
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