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ABSTRACT 

T h i s  t o p i c a l  r e p o r t  p r e s e n t s  t h e  p r e l i m i n a r y  r e s u l t s  a n 3  a n a l y s i s  of  
t h e  High  R a m p  Rate f u e l - d i s , c u p t i o n  e x p e r i m e n t  ser ies ,  These experi- 
m e n t s  were p e r f o r m e d  i n  t h e  A n n u l a r  C o r e  R e s e a r c h  R e a c t o r  a t  S a n j i a  
N a t i o n a l  Laboratories t o  i n v e s t i g a t e  t h e  t i m i n g  a n d  mode of f u e l  d i 3 -  
r u p t i o n  d u r i n g  t h e  p r o m p t - b u r s t  p h a s e  of d loss-of-flow a c c i d e n t .  
H i g h - s p e e d  c i n e m a t o g r a p h y  was u s e d  t o  o b s e r v e  t h e  t i m i n g  a n d  mode o f  
t h e  f u e l  d i s r u p t i o n  i n  a s t a c k  of f i v e  f u e l  p e l l e t s .  O f  t h e  four 
e x p e r i m e n t s  d i scussedr  one u a e d  f r e s h  m i x e d - o x i d e  f u e l ,  a n d  t h r e e  used 
i r r a d i a t e d  m i x e d - o x i d e  f u e l .  

A n a l y s i s  Qf t h e  e x p e r i m e n t s  i n d i c a t e s  t h a t  i n  a l l  c a a e ~ ,  t h e  et)serviic?<i 
d i s r u p t i o n  o c c u r r e d  vel1  b e f o r e  f u e l - v a p o r  p r e s s u r e  was h i g t l  e n o u f 3 h  t o  
cause t h e  d i s r u p t i o n .  The disruption a p p e a r e d  as 3 rapid spray-like 
c x p d n s i o n  and occurred near t h e  onset  of f u e l  m e l t i n g  in t h e  
i r r a d i a t e d - f u e l  a x p e c i n e n t s  and near t h e  t i n e  of e o m p l e t a  f a a l  m t . l t i n i  
i n  t h e  f r e a h - f u e l  exps r i  cnt. T h i s  e a r l y  a e c u r r e n c e  of  f u e l  j i s r u p -  
t i o n  i s  s i g n i f i c a n t  because i t  can p o t e n t i a l l y  lower t h e  v c ~ t k - e n r r i y  
relealse r e s u l t i n g  from a prompt-burst disassembiy a c c i f e n t .  
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1. INTRODUCTION AND SUMMARY 

Past a n a l y s i s  of h y p o t h e t i c a l  c o r a - d i o r u p t i v e  a c c i d e n t s  ( H C D A s )  i n -  
v o l v i n g  prompt-crit ical  power e x c u r s i o n s  shows t h a t  t h e  u l t i m a t e  
p o t e n t i a l  f o r  damage t o  t h e  reactor v e s s e l  is h i g h l y  dependen t  on t h e  
e n e r g y  deposited i n  t h e  f u e l  d u r i n g  t h e  e x c u r s i o n .  Several a u t h o r s  
have n o t e d  t h a t  s i g n i f i c a n t  r e d u c t i o n 8  i n  t h e  work p o t e n t i a l  c a n  o c c u r  
i f  t h e  f i s s i o n  p r o d u c t s  d i s p e r s e  t he  f u e l  n e a r  t h e  t i m e  of f u e l  melt- 
i n g ,  p r io r  t o  t h e  a c t i o n  of f u e l  vapor  p r e s s u r e t  t h e r e b y  l e a d i n g  t o  a n  
ear l ier  t e r m i n a t i o n  of t h e  power b u r s t . [ l r 2 ]  A number of e x p e r i m e n t s  
have  i n d i c a t e d  t h a t  t h i s  e a r l y  f u e l  d i s p e r s a l  may occur . [3]  
f a c t o r s  l e d  t o  t h e  d e s i g n  of a new series of f u e l - d i s r u p t i o n  e x p e r i -  
ments  t o  i n v e s t i g a t e  t h i s  phenomenon i n  more de t a i l .  

A aeries of s i x  e x p e r i m e n t s  was performed i n  t h e  Annular  Core Research 
Reactor (ACRR) a t  S a n d i a  N a t i o n a l  ’ L a b o r a t o r i e s ,  Albuquerque ( S N L A ) .  
These  “High-Ramp-Rate” ( H R R )  e x p e r i m e n t s  were cosponsored  by t h e  
Un i t ed  States N u c l e a r  R e g u l a t o r y  Cornmission (USNRC) and  t h e  U n i t e 3  
Kingdom A t o m i c  Energy A u t h o r i t y  (UKAEA) .  T h e i r  o b j e c t i v e  was t o  u s e  
h igh-speed  c inematography  t o  i n v e s t i g a t e  t h e  t i m i n g  and  mode of f u e l  
d i s r u p t i o n  u n d e r  c o n d i t i o n s  t y p i c a l  of a prompt-critical e x c u r s i o n  i n  
a l i q u i d - m e t a l  fast-breeder reactor (LMFBR) f o l l o w i n g  a n  u n p r o t e c t e d  
l O 8 S - O f - f l O W  (LOF)  a c c i d e n t .  I n  these e x p e r i m e n t s  a s tack of f i v e  
f u e l  p e l l e t s  was s u b j e c t e d  t o  a p rompt -bur s t  power t r a n s i e n t  t h a t  
s i m u l a t e d  t h e  c o n d i t i o n s  o f  p rompt -bur s t  HCDAs.  
e x p e r i m e n t s  ha8  p r o v i d e d  i n f o r m a t i o n  c o n c e r n i n g  t h e  s ta te  of t h e  f u e l  
a t  t h e  time of d i s r u p t i o n  (i.e.t s o l i d ,  s u b s t a n t i a l l y  mol t en ,  o r  a t  
t e m p e r a t u r e s  of s i g n i f i c a n t  f u e l - v a p o r  p r e s s u r e ) #  a s  w e l l  a s  informa-  
t i o n  c o n c e r n i n g  t h e  l i k e l i h o o d  of e a r l y  f u e l  dispersal .  

S i x  e x p e r i m e n t s  were per formed i n  t h e  summer a n d  f a l l  of 1980. T h i s  
report  describes f o u r  of these e x p e r i m e n t s  a n d  p r e s e n t s  t h e i r  pre- 
l i m i n a r y  r e s u l t s .  

These 

A n a l y s i s  of t h e  

A b r i e f  summary f o l l o w s .  

The power t r a n s i e n t s  f o r  t h e s e  e x p e r i m e n t s  c o n s i s t a d  o f  a s h o r t  pre- 
h e a t  followed by a r a p i d  t e m p e r a t u r e  ramp. The preheat# l a s t i n g  a b o u t  
2.5 s t  was d e s i g n e d  t o  s i m u l a t e  t h e  LOF a c c i d e n t  s e q u e n c e  pr ior  t o  t h e  
prompt b u r s t .  Real is t ic  t e m p e r a t u r e  p r o f i l e s  were a c h i e v e d #  and  t h e  
c l a d d i n g  was allowed t o  melt a n d  d r a i n  p r i o r  t o  t h e  power b u r s t .  F u e l  
t e m p e r a t u r e s  i n  t h e  u n r e s t r u c t u r e d  f u e l  zone ( r / R o  = 0 . 8 )  i n  t h e  ex-  
p e r i m e n t s  v a r i e d  between 2100 and  2500 K. F i s s i o n - g a s  r e d i s t r i b u t i o n #  
s imilar  t o  t h a t  expected d u r i n g  t h e  LOF a c c i d e n t ,  o c c u r r e d  d u r i n g  t h e  
p r e h e a t  phase. T h i s  p r e h e a t  was t h e n  followed by a g r o a p t - b u r s t  power 
t r a n s i e n t  t h a t  p roduced  h e a t i n g  ra tes  i n  t h e  r a n g e  of 5 0  t o  100 K / m 6 .  

Early s c o p i n g  f i s s i o n - g a a  c a l c u l a t i o n s  f o r  these e x p e r i m e n t s  were p c r -  
formed w i t h  t h e  TIGRS code.[4) T h i s  code  c a l c u l a t e d  t r a n s i e n t  i n t e r -  
and  i n t r a g r a n u l a r  g a s  release a s  w e l l  a s  t h e  p o t e n t i a l  f o r  f u e l  c r a c k -  

1-1 



i n g .  Tnes1~1 d e s i g n  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  most i m p o r t a n t  
p a r a m e t e r  f o r  d e t e r m i n i n g  t h e  p o t e n t i a l  f o r  e a r l y  ( s o l i d - s t a t e )  f u e l  
d i s r u p t i o n  w a s  t h e  f u e l - p r e h e a t ,  t e m p e r a t u r e .  F u r t h e r ,  i t  v a s  e x p e c t e d  
t h a t  f u e l  t y p e  (low power, h i g h  p o w e r r  f r e s h )  would a f f e c t  t h e  d i s -  
r u p t i o n  p o t e n t i a l .  A m a t r i x  o f  f o u r  e x p e r i m e n t s  w a s  d e v i s e d  t o  i n v e s -  
t i g a t e  t h e  d i s r u p t i o n  a s  a f u n c t i o n  o f  p r e h e a t  t e m p e r a t u r e  a n d  o f  f u e l  
t y p e .  Two e x p e r i m e n t s  h a d  p r e h e a t  t e m p e r a t u r e s  o f  2300 K I  a n d  t h e  
o t h e r  p a i r  of e x p e r i m e n t s  had p r e h e a t  t e m p e r a t u r e s  of 2 5 0 0  E ( .  F r e s h  
m i x e d - o x i d e  f u e l  was u s e d  i n  o n e  e x p e r i m e n t ,  w h e r e a s  t h e  o t n e r  t h r e e  
u s e d  i r r a d i a t e d  m i x e d - o x i d e  f u e l  (PNI, 11-18 a n d  PtIL 9 -44) .  F o r  t h e  
i r r a d i a t e d - f u e l  e x p e r i m e n t s ,  t h e  b u r n u p  was n e a r l y  c o n s t a n : :  a t  
4.6 atom p e r c e n t ,  h u t  t h e  l i n e a r  h e a t  r a t i n g  v a r i e d  between 16 a n d  
3 3  kW/m. Only . , I I " '  p a r d m e t e r  a t  a time was v a r i e d  b e t w e e n  e x p e r i m e n t s .  

The a n a l y s i s  of t h ~  e x p e r  m e n t s  c o n s i s t e d  of t h e r m o d y n a m i c  a n d  l i m i t e d  
f i s s i o n - g a s  c d l c u l a  L i o n s  - T h e  thermodynamic: c a l c u l a t i o n s  were p e r -  
formed w i t h  t h e  SANDPIN codr_. a n d  were u s e d  t o  d e t e r m i n e  t h e  f u e l  a n d  
c l a d  t e m p e r a t u r e s ,  y i v e n  the m e a s u r e d  r e a c t o r  power.  [.SI S i g n i f i c a n t  
e v e n t s  r e c o r d e d  by t he  f i l m  ( s w e l l i n g ,  f u e l  d i s r u p t i o n ,  a n d  g a s  re- 
l e a s e )  were t h e n  c u r r e l a t e d  w i t h  t h e  f u e l  t e m p e r a t u r e  t o  h e l p  i d e n t i f y  
phenomena t h a t  may h a v e  b e e n  r e s p o n s i b l e  f o r  t h e  o b s e r v e d  f i l e 1  be- 
h a v i o r .  T h e  e a r l y - d e s i g n  f i s s i o n - g a s  c a l c u l a t i o n s  w.-''' perEormed w i t h  
t h e  T I G R S  code ,  a:; n i e n t i o n e d  a b o v e .  P o s t k c s t  f i s s i , o n - q a s  c ? l c u l a t i o n s  
were p e r f o r m e d  u s i n g  t h e  S A N D P I N  code, w h i c h  i.s l a r g e l y  ba:j:>d on t h e  
'TICRS f o r m a l i s m  b u t  h a s  o IIIOTC? s o p h i s t i c a t e d  t r e a t m e n t  of i n t e r g r a n u -  
l a r  f i s s i o n  g a s .  

A n a l y s i s  o f  t h e  f i l m s  a n d  thermodynamic  c a l c u l a t i o n s  were . 3 e d  t o  
de te rmine  t h e  irivdij o f  f u e L  di: ;ruption arid t h e  s t a t e  of t h e  f . u e l  a t  t h e  
t i m e  of d i s r u p t i o r ~ .  Q u a l i t a t : i v c l y ,  t h e  d i s r u p t i o n  t h a t  o c c u r r e d  in 
e a c h  of  t h e  Eour e x p e r i m e n t s  w a s  much t h e  same i n  e a c h  ca se ,  wi . th  
r a p i d ,  s p r a y - l i k e  e x p a n s i o n  o c c u r r i n g  w e l l  i n t o  t h e  prompt  b u r s "  t h a t  
f o l l o w e d  t h e  p r e h e a t .  The t h e r m a l  a n a l y s e s  showed t h a t ,  i n  all c a s e s ,  
t h e  f ue 1 d i s r u p t i o n  occur  r e d  s i  y n i f i c a n  t. L y p r  i o r  t o  f U e I- V d  po r - p r  c? 5-  
s u r e  g e n e r a t i o n ,  n e a r  t h e  tirne of f u e l  r sc? l t ing .  F o r  t h e  i r r a d i a t e d  
fuel9 no S i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  mode o r  t imir ig  o f  d i s r u p t i o n  
c o u l d  bc a t t r i b u t e d  t o  t h e  p r e h e a t  t e m p e r a t u r e  oc t o  t -he f u e . 1  t y p e .  
However s i g n i E i c . 3 n t  clif f e r e n c e s  i n  t i m i n g  and c h a r a c t e r  of d i s r u p t i o n  
e x i s t e d  b e t w e e n  f r e s h  a n d  i r r a d i a t e d  f u e l .  

I n  t h e  fresh-fuc.1 e x p e r i m e n t  ( m i x e d - o x i d e  f u e l ) ,  t.he d i s r u p t i o n  
s t a r t e d  a s  a r a p i d  f u e l  s w e l l i n g  when t h e  f u e l - s u r f a c e  t e m p e r a t u r e s  
r e a c h e d  2 7 C O  t o  2800 K .  S w e l l i n g  c o n t i n u e d  u n t i l  t h e  o n s e t  of d i s -  
r u p t i o n ,  a t  w h i c h  t ime t h e  c h a n g e  i n  volume d u e  t o  s w e l l i n g  had  
r e a c h e d  20  t o  3 0 % ,  a n d  t h e  a r ea l  melt f r a c t i o n  ( a r e a  o f  f u e l  w i t h  
temperatures g r e a t e r  t h a n  t h e  s o l i d u s  t e m p e r a t u r e )  g a s  n e a r l y  100%. 
NO s w e l l i n g  o f  t h i s  t y p e  was s e e n  i n  a n y  o f  t h e  i r r a d i a t e d - f u e l  
e x p e r i m e n t s .  However,  i n  t h e  i r r ad ia t ed  e x p e r i m e n t s ,  t h e  d i s r u p t i o n  
o c c l - r r e d  e a r l i e r  a n d  w a s  more e n e r g e t i c .  The m e l t  f r a c t i o n s  i n  t h o s e  
cases  v a r i e d  f r o m  0 t o  44%. C o n s i d e r i n g  t h e  u n c e r t a i n t i e s  i n  t h i s  
c a l c u l a t e d  mel t  f r a c t i o n ,  i t  may b e  c o n c l u d e d  t h a t  i n  t h e s e  e x p e r i -  
m e n t s  t h e  o n s e t  of f u e l  d i s r u p t i o n  c o i n c i d e s  w i t h  t h e  o n s e t  o f  f u e l  
m e l t i n g .  A n a l y s i s  of  t h e  t r a n s i e n t  f i s s i o n - g a s  b e h a v i o r  s u g g e s t s  t h a t  
s o l i d - s t a t e  d i s r u p t i o n  of t h e  i r r a d i a t e d  f u e l  may h a v e  occurred. 
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However ,  a t  t h i s  t i m e ,  t h e  ceriter of t h e  f* ie l  s i n  was d l r e a d y  s t a r t i n g  
t o  melt. 

E a s e d  on t h e s e  o b s e r v a t i o n s  and t a e  p r e l i m i n a r y  t n c r m a l  a n d  fission- 
g a s  a n a l y s e s  d o n e  to date, t n e  foiloving i n t e r p r e t a t i o n s  h a v e  b?en  
made concerning t h e  c a u s e  of t h e  d i s r u p t i o n :  

T h e  most l i k e l y  cadses of t h e  abserved e a r l y  f u e l  d i s r u p t i o n  (I.+?.! 
p r i o r  t o  fuel-vapor-pressure g e n e r a t i o n  1 i n  t h e  C r e s t l - f u e l  e x p r -  - 
rnent a r e  i m p u r i t y  gases (possisly i m p u r i t i e ~  l e f t  i n  the  f u e l  a t  
t h e  t i m e  s €  f a b r i c a t i o n ) ,  a t iqmented DY t n e  v2lume expansion upon 
f u e l  r n e l t i n 3 .  

For t h e  i r r a d i a t e d  f u e l ,  t h e  most l i ~ e l ?  c a u s e s  f o r  
d i s r u p t i o n  a r e  fission p r s d u c t s ,  a.13-ented by ~ m p u r  
volume e x p a n s i z ~ n  u ~ z n  ~eltln?. 

e a r l y  f u e l  
t y  gases and  

I 



2. BACKGROUND , 
c S i n c e  t h e  i n c e p t i o n  o f  fast-reactor s a f e t y  a n a l y s e s ,  c o n s i d e r a b l e  

a t t e n t i o n  h a s  b e e n  focLlsed on HCDAs i n v o l v i n g  p r o m p t - c r i t i c a l  power 
e x c u r s i o n s .  Such  p r o m p t - c r i t i c a l  e x c u r s i o n s  a r e  a p o s s i b l e  o u t c o m e  of  
many LMFBR a c c i d e n t  i n i t i a t o r s  ( e . g . ,  l o s s  o f  f l o w r  t r a n s i e n t  o v e r -  
power, s t r u c t u r a l  f a i l u r e )  a n d  may, u n d e r  wors t  c o n d i t i o n s t  r e p r e s e n t  
a d i r e c t  t h r e a t  t o  t h e  i n t e g r i t y  of t h e  p r i m a r y  c o n t a i n m e n t  t h r o u g h  
t h e  m e c h a n i c a l  e n e r g y  released.[6] T h i s  m e c h a n i c a l  e n e r g y  c a n  come 
d i r e c t l y  f r o m  t h e  e x p a n s i o n  of t h e  h o t  core  mater ia ls  ( f u e l ,  c lad-  
d i n g ) /  f r o m  t h e  e x p a n s i o n  of  t h e  s u r r o u n d i n g  s o d i u m  f o l l o w i n g  h e a t  
t r a n s f e r  f r o m  h o t  core mater ia l s  t o  t h e  s o d i u m ,  or  f r o m  a miss i le  gen-  
erated by r a p i d  momentum t r a n s f e r  f rom f u e l  t o  u p p e r  i n t e r n a l  s t r u c -  
t u r e s ,  I n  a l l  t h r e e  cases ,  t h e  u l t i m a t e  work p o t e n t i a l  ( a n d  h e n c e  
damage t o  t h e  c o n t a i n m e n t )  is c l o s e l y  t i e d  t o  t h e  m a g n i t u d e  of t h e  
t h e r m a l  e n e r g y  r e l e a s e d  d u r i n g  t h e  power  e x c u r s i o n .  

The f i r s t  a t t e m p t  t o  es t imate  n u c l e a r - e x c u r s i o n  y i e l d s  i n  H C D A s  as-  
sumed t h a t  t h e  e x c u r s i o n  would be t e r m i n a t e d  o n l y  by core  d i s a s s e m b l y  
r e s u l t i n g  f r o m  h i g h  f u e l - v a p o r  p r e s s u r e .  [ 7 ]  Many i m p r o v e m e n t s  were 
made t o  t h i s  t y p e  o f  a n a l y s i s  ( s u c h  a s  t h e  m o d e l i n g  of D o p p l e r  reac- 
t i v i t y  f e e d b a c k ) ,  w h i c h  had t h e  e f f e c t s  o f  s l o w i n g  down t h e  e s t i m a t e d  
r a t e  o f  power  i n c r e a s e  a n d  h e n c e  o f  p r e d i c t i n g  d i s d s s e m b l y  a t  lower 
e n e r g y  d e p o s i t i o n .  However,  t h e  u l t i m a t e  mechanism f o r  d i s d s s e m b l y  
r e m a i n e d  f u e l - v a p o r  p r e s s u r e . [ 8 1  

More r e c e n t l y l  i t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  l a r g e  q u a n t i t i e s  o f  
f i s s i o n  p r o d l r c t s  p r e s e n t  e v e n  i n  low-burnup cores r e p r e s e n t  a d i s -  
p e r s i v e  p o t e n t i a l  t h a t  c o u l d  l e a d  t o  t h e  b e g i n n i n g  o f  core d i s a s s e m b l y  
a t  much lower e n e r g y  d e n s i t i e s  ( n e a r  t h e  time o f  f u e l  m e l t i n g  r a t h e r  
t h a n  f u e l  b o i l i n g )  a n d  s o  f A r t h e r  r e d u c e  t h e  n u c l e a r - e x c u r s i o n  
y i e l d . [ 9 1  T h i s  d i s p e r s i v e  p o t e n t i a l  was e x p l o r e d  i n  s e v e r a l  s e n s i -  
t i v i t y  s t u d i e s  t h a t  showed t h a t  u p  t o  a n  o r d e r  of m a g n i t u d e  d e c r e a s e  
i n  t h e  n u c l e a r  e x c u r s i o n  y i e l d  c o u l d  be r e a l i z e d  u n d e r  some c o n d i t i o n s  
( d e p e n d i n g  o n  f i s s i o n  g a s  c h a r a c t e r i z a t i o n ,  D o p p l e r  c o e f f i c i e n t ,  a n d  
imposed  r e a c t i v i t y  ramp r a t e s ) . [ 1 , 2 ]  La te r  s t u d i e s ,  h o w e v e r r  
i n d i c a t e d  t h a t  t h i s  r e d u c t i o n  m i g h t  n o t  b e  r e a l i z e d  € o r  a l l  a c c i d e n t  
s c e n a r i o s .  F o r  e x a m p l e ,  i n  a t r a n s i e n t  o v e r p o w e r  (TOP) a c c i d e n t  t h e  
r a d i a l  f ! i e l - t e m p e r a t u r e  p r o f i l e  i n t e r a c t s  u n f a v o r a b l y  w i t h  t h e  r a d i a l  
d i s t r i b u t i o n  o f  r e t a i n e d  f i s s i o n  g a s .  When f i s s i o n - g a s  p r e s s u r e  is 
S i g n i f i c a n t  n e a r  t h e  o u t e r  p a r t  o f  t h e  f u e l  p i n ,  f u e l - v a p o r  p r e s s u r e  
i S  a l r e a d y  s i g n i f i c a n t  a t  t h e  p i n  c e n t e r . [ 1 0 ]  

Most of t h e  s e n s i t i v i t y  s t u d i e s  r e f e r r e d  t o  a b o v e  u s e d  r o u g h  es t imates  
of t h e  q u a n t i t y  o f  g a s  r e m a i n i n g  i n  t h e  f u e l  a t  t h e  time o f  t h e  
P r o m p t - c r i t i c a l  e x c u r s i o n /  a s s u m e d  t h a t  t h i s  g a s  became a v a i l a b l e  t c  
p r e s s u r i z e  t h e  f u e l  a t  t h e  time o f  f u e l  m e l t i n g  ( o r  w i t h  a n  a r b i t r a r y  
time d e l a y  a f t e r  f u e l  m e l t i n g ) ,  a n d  a s s u m e d  t h a t  f i s s i o n - g a s  p r e s s u r e  

- 
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acted i n  zhe  same manner  a s  f u e l - v a p o r  p r e s s u r e  t o  d i s p e r s e  t h e  f u e l .  
To q u a n t i f y  a n d  j u s t i f y  t h e s e  estimates a n d  a s s u m p t i o n s ,  s e v e r a l  
u n c e r t s i n t i s s  n e e d  t o  b e  a d d r e s s e d .  T h e s e  i n c l u d e  

The q u a n t i t y  a n d  c h a r a c t e r i z a t i o n  ( i n t e r -  v e r s u s  i n t r a g r a n u l a r ,  
b u b b l e - s i z e  d i s t r i b u t i o n ,  i m p u r i t i e s )  o f  t h e  f i s s i o n  p r o d u c t s  a t  
t h e  s t a r t  of  t h e  p r o m p t  b i i r s t  ( a s  a f u n c t i o n  o f  t h e  re lease a n d  
r e d i s t r i b u t i o n  d a r i n g  t h e  i n i t i a t i n g  p h a s e  o f  t h e  a c c i d e n t )  

The t i m i n c  3f f i s s i o n - g a s  p r e s s u r i z a t i o n  d u r i n g  t h e  p r o m p t  b u r s t ,  
i.e.1 t h e  qas-bubhie d y n a m i c s  ( f i s s i o n - g a s  t e m p e r a t u r e  v e r s u s  f u e l  
t e m p e r a t u r e  a n d  d e g r e e  o f  o v e r p r e s s u r e  i n  g a s  b u b b l e s )  

The mode c f  f u e l  d i s p e r s a l ,  i . e . ,  d o e s  t h e  f u e l  d i s p e r s e  i n  t h e  
m o l t e n  s t a t i .  a s  a f r o t h  i n  w h i c h  t h e  f i s s i o n - g a s  p r e s s u r e  a c t s  i n  a 
m a n n e i  s i m i i a r  t o  fue l - ;Gpor  p r e s s u r e ,  o r  d o e s  t h e  f u e l  d i s p e r s e  
( e a r l i e r )  i . i  t n e  s o l i d  s t a t e  a s  a d u s t  c l o u d  i n  which  t h e  d i s p e r -  
s i v e  p o t e n t i a l  of t h e  33s m i g h t  be less e f f e c t i v e  

S e v e r a l  e x p e r i m e n t a l  ar,d t h e o r e t i c a l  s t u d i e z  h a v e  c o n t r i b u t e d  t o w a r d s  
c=. ' ) e t t e r  u n d e r s t a . n d i n g  sf f i s s i o n - p r o d u c t  b e h a v i o r  d u r :  ng t h e  i n i t i a t -  
i p h a s e  of  t h e  a c c i d e n t .  SQme o f  t h e  i m p o r t a n t  m o d e l i n g  e f f o r t s  
i luje t k t e  F R A S [ 1 1 ]  a n d  GRkSt[l2] codes a t  Argonne N a t i o n a l  Labora-  
to , . ' d L ) r  t h e  F'I.3"3ASI[13i code a t  S N L A ,  r icrk donG a t  t h e  U n i v e r s i t y  
; .  a l i . o r n i a  a t  LGS RngeiesL14j, anc: u o r k  d o n e  a t  H a r w e l l . [ l 5 ]  
E a r l l  - i  e f f o r t s  i n  t h i s  a r e a  c o n c e n t r a t e d  o n  i n t r a g r a n u l a r  b u b b l e  
d y n a m i c s  a n d  t h e  I s s o c i a t e d  s w e l l i n y  a n d  g a s  r e l e a s e .  However,  a t -  
t e m p t s  a t  c o m p a r i r q  model F r e . 3 i c t i o n s  to e x p e r i m e n t  r e s u l t s  demon- 
s t r a t e d  t h e  i m p o r t 3 n c e  of i n c l u d i n g  i n t e r g r a n u l a r  b u b b l e  d y n a m i c s  i n  
t h e  m o d e l s . C l 6 1  :bre  r e c e n t l y ,  t h e  e f f e c t  o f  r e t a i n e d  f i s s i o n  g a s  
b u b b l e s  on  p o s s i b l e  f u e l  f r a g m e n t a t i o n  d u r i n g  t r a n s i e n t s  h a s  been  
i n v e s t i g a t e d  at. A N L [ 1 7 ]  a n d  a t  SNLA.[4] The S N L A  e f f o r t  l e d  t o  t h e  
d e v e l o p m e n t  of ttie TIGRS f i s s i o n - g a s  c o d e ,  w h i c h  m o d e l s  j n t r a -  a n d  
i n t e r g r a n u l a r  gas d y n a m i c s  a s  w e l l  a s  f i s s i o n - g a s - i n d u c e d  f u e l  f r a g -  
m e n t a t i o n .  R e s u l t s  of c a l c u l a t i o n s  u s i n g  t h i c  c o d e  a r e  a n  i m p o r t a n t  
p a r t  of t h e  work discussed h e r e i n .  

Two s i g n i f i c a n t  e x p e r i m e n t a l  p r o g r a m s  t h a t  p r o v i d e d  much of t h e  e a r l y  
d a t a  on  f i s s i o n - g a s  r e l e a s e  a n d  s w e l l i n g  d u r i n g  t h e r m a l  t r a n s i e n t s  
were t h e  "Direct  E l e c t r i c a l  H e a t i n g "  (DEH) a n d  " F i s s i o n - G a s  Release" 
(FGR) e x p e r i m e n t s .  [ l 8 , l 9 ]  I n  b o t h  cases ,  h e a t i n g  o f  s h c r t  f u e l - p i n  
s e g m e n t s  was per for i r?ed  o u t - o f - p i l e  u s i n g  d i r e c t  ohmic  h e a t i n g  i n  t k  
D E H  prograrri a n d  ex :erna l  h e a t i n g  i n  t h e  FGR p r o q r a m .  A l t k o u q h  t h e s e  
p r o g r a m s  p r o v i d e d  v s l u a b l e  d a t a  on f i s s i o n - g a s  beha::iar f o r  v a l i d a t i n g  
f i s s i o n - g a s  models u n d e r  d e v e l o p m e n t ,  t h e y  h a v e  n o t  to d n t e  c o n s i d e r e d  
t h e r m a l  t r a n s i e n t s  i n  t h e  p r o m p t - b u r s t  r e g i m c . [ 2 0 1  

T h r e e  e x p e r i m e n t s  h a v e  b e e n  c o n d u c t e d  i n  t h e  T r a n s i e n t  Reactor T e s t  
f a c i l i t y  ( T X E A T ) ,  i n  w h i c h  i r r a d i a t e d  f u e l  p i n s  were s u b j e c t e d  t o  
" l o s s  o f  f l o w  d r i v e n  by t r a n s i e n t  o v e r p o w e r "  (LCF-d-TOP)-type h e a t i n g  
c o n d i t i o n s .  The L5 a n d  L 7  e x p e r i m e n t s  s i m u l a t e d  LOF-d-TOP power 
h i s t o r i e s  i n  w h i c h  a power ramp was i n i t i a t e d  f o l l o w i n g  c o o l a n t  v o i d -  
ing.  I n  t h e  L8 e x p e r i m e n t ,  t h e  power b u r s t  was i n i t i a t e d  p r i o r  t o  
c o o l a n t  vc,iding. 

. 
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F u e l - m o t i o n  d i a g n o s t i c s  were p r o v i d e d  b y  t h e  TREAT n e u t r o n  h o d o s c o p e  
i n  e a c h  case. The r e s u l t s  f r o m  t h e s e  t h r e e  e x p e r i m e n t s  a r e  n o t  c o n -  
c l u s i v e  b e c a u s e  o f  t h e  d i f f i c u l t y  i n  i n t e r p r e t i n g  t h e  h o d o s c o p e  data .  
E a r l y  a n a l y s i s  o f  t h e  e x p e r i m e n t s  s u g g e s t e d  t h a t  f u e l  d i s p e r s a l  oc- 
c u r r e d  s h o r t l y  a f t e r  f u e l  m e l t i n g  ( w e l l  b e f o r e  s i g n i f i c a n t  f u e l  v a p o r  
p r e s s u r e s  were g e n e r a t e d ) . [ 2 1 ]  However,  more r e c e n t ,  c a r e f u l  a n a l y s i s  
o f  t h i s  da ta  i n d i c a t e s  t h a t  f o r  t h e  L 7  e x p e r i m e n t ,  f u e l  d i s p e r s a l  
a c t u a l l y  o c c u r r e d  somewhat  l a t e r ,  n e a r  t h e  t i m e  when f u e l - v a p o r  p r e s -  

h a v e  d e m o n s t r a t e d  some p o t e n t i a l  f o r  e a r l y  f u e l  d i s p e r s a l ,  t h e y  h a - c  
n o t  p r o v i d e d  t h e  q u a n t i t a t i v e  d a t a  n e e d e d  t o  d e v e l o p  m o d e l s  t o  treaL 
t h e s e  phenomena. 

The VIPER se r i e s  c f  e x p e r i m c n t s r  c o n d u c t e d  a t  t h e  U n i t e d  Kingdom's  
Atomic E n e r g y  R e s e a r c h  E s t a b l i s h m e n t  (AERE) I h a s  a t t e m p t e d  t o  p r o v i d e  
more p h e n o m e n o l o g i c a l  d a t a  o n  f i s s i o n - g a s  p r e s s u r i z a t i o n  a n d  f u e l  
movement i n  i r r a d i a t e d  f u e l  s a m p l e s  s u b j e c t e d  t o  f a s t  h e a t i n g  r a t e s  
( w i t h  n o  p r e h e a t ) . [ 2 3 ]  so f a r ,  h o w e v e r ,  t h e  a n a l y s i s  o f  t h e s e  e x p e r -  
i m e n t s  h a s  b e e n  hampered  by t h e  p r e s e n c e  i n  t h e  f u e l  s a m p l e s  o f  con-  
t a m i n a n t  g a s e s  i n  a d a i t i o n  t o  t h e  f i s s i o n  g a s e s .  T h i s  ra i ses  t h e  
q u e s t i o n  o f  w h e t h e r  i n h e r e n t  C o n t a m i n a n t s  i n  reac tor  f u e l  c o u l d  a c t  i n  
t h e  same manner  a s  f i s s i o n  p r o d u c t s .  

F i n a l l y ,  o n e  e x p e r i m e n t  i n  t h e  f i r s t  ser ies  o f  f u e l - d i s r u p t i o n  e x p e r -  
i m e n t s  (FD I 6)1 c o n d u c t e d  i n  t h e  ACRR a t  S N L A ,  was p e r f o r m e d  u n d e r  
p r o m p t - b u r s t  h e a t i n g  c o n d i t i o n s . [ 2 4 ]  A d e t a i l e d  a n a l y s i s  of t h i s  
e x p e r i m e n t  showed t h a t  t h e  p r e i r r a d i a t e d  t e s t  f u e l  d i s r u p t e d  s i g n i f i -  
c a n t l y  p r i o r  t o  f u e l - v a p o r - p r e s s u r e  g e n e r a t i o n  a n d  p r o b a b l y  d i s r u p t e d  
n e a r  ( a n d  p o s s i b l y  p r i o r  t o )  t h e  time o f  f u e l  m e l t i n g . [ 3 ]  T h i s  a n a l y -  
sis s u g g e s t e d  t h a t  f i s s i o n  p r o d u c t s  were i n d e e d  r e s p o n s i b l e  f o r  t h e  
o b s e r v e d  e a r l y  d i s r u p t i o n .  However ,  i n  t h i s  e x p e r i m e n t ,  t h e  c l a d d i n g  
was s t i l l  o n  t h e  f u e l  a t  t h e  t i m e  o f  d i s r u p t i o n .  T h u s ,  f u e l - s u r f a c e -  
t e m p e r a t u r e  m e a s u r e m e n t s  were n o t  a v a i l a b l e  t o  u s e  a s  a c h e c k  on t h e  
a c c u r a c y  o f  t h e  t h e r m a l  a n a l y s i s  p e r f o r m e d .  

TO i n v e s t i g a t e  t h i s  q u e s t i o n  o f  f i s s i o n - g a s - i n d u c e d  f u e l  d i s p e r s a l  
u n d e r  r a p i d  h e a t i n g  c o r i d i t i o n s  i n  more d e t a i l ,  a ser ies  o f  s i x  f u e l -  
d i s r u p t i o n  e x p e r i m e n t s  was c o n d u c 3  e d  i n  t h e  ACRR f a c i l i t y  a t  S N L A .  
T h e s e  e x p e r i m e n t s ,  c a l l e d  t h e  " H i  h Ramp Rate"  ( H R R )  s e r i e s ,  were 
s p o n s o r e d  j o i p t l y  by t h e  U S N R C  a n d  t h e  U K A E A .  The o b j e c t i v e  o f  t h e s e  
e x p e r i m e n t s  was t o  u s e  h i g h - s p e e d  c i n e m a t o g r a p h y  t o  d e t e r m i n e  v i s u a l l y  
t h e  t i m i c g  a n d  mode ( s w e l l i n g ,  s o l i d - s t a t e  b r e a k u p ,  r -ap id  g a s - d r i v e n  
e x p a n s i o n ,  e t c . )  o f  f u e l  d i s r u p t i o n  a n d  tire s t a t e  o f  t h e  f u e l  a t  t h e  
t i m e  of  d i s r u p t i o n  d u r i n g  s i m u l a t e d  l o s s - o f - f l o w - i n d u c e d  p r o m p t - b u r s t  
d i s a s s e m b l y  t r a n s i e n t s .  A n a l y s i s  o f  t h e  e x p e r i m e n t s  c o u l d  t h e n  p r o -  
v i d e  i n s i g h t  i n t o  t h e  t i m i n g  a n d  l i k e l i h o o d  of e a r l y  f u e l  d i s p e r s a l ,  
e i t h e r  i n  t h e  s o l i d  s t a t e  o r  s h o r t l y  a f t e r  m e l t i n g .  

The HRR q x p e r i - m e n t s  were p e r f o r m e d  i n  t h e  summer a n d  f a l l  o f  1980. 
T h i s  r e p o r t  d e s c r i b e s  f o u r  o f  t h e  s i x  e x p e r i m e n t s  p e r f o r m e d  a n d  pre- 
s e n t s  a p r e l i m i n a r y  a n a l y s i s  o f  t h e  r e s u l t s .  It is  t h e  i n t e n t i o n  o f  
t h i s  report -0 p r e s e n t  e n o u g h  o f  t h e  e x p e r i m e n t a l  c o n d i t i o n s  a n d  
a n a l y - . s  to a l low o t h e r  i n v e s t i g a t o r s  t o  u n d e r t a k e  t h e i r  own a n a l y s i s  
a n d  i n i e r p r e t a t i o n  o f  t h e  r e s u l t s .  F u r t h e r  a n a l y s i s  is a l s o  c o n t i n u -  
i n g  a t  S N L A .  

c s u r e  may h a v e  b e e n  s i g n i f i c a n t . [ 2 2 ]  T h u s ,  w h i l e  t h e s e  e x p e r i m e n t s  
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3 .  HRR EXPERIMENT MATRIX AND FUEL CEARACTERIZATION 

Theoretical work on fission-gas behavior indicates the possibility of 
fission-gas-driven fuel disruption not only in the liquid state but 
also when the fuel is still solid. Such solid-state disruption is 
probably more difficult to achieve than liquid-state disruption. For 
this reasonr the HRR transients were optimized to maximize the likeli- 
hood of solid-state disruption while still maintaining the basic ex- 
periment objective of simulating LOF-d-TOP conditions. 
calculations of fission-gas effects were used to achieve these design 
objectives as well as to select the major parameters of the experiment 
matrix. 

Scoping 

In addition to the scoping calculations, this chapter also describes 
the major characteristics of the fuel used in the four experiments. 

3.1 Scoping Calculations 

The definition of the HRR experiment matrix (power historiesr fuel 
used) was motivated by the results and analysis of the Ft) 1.6 experi- 
ment. Posttest thermal analysis of that particular experiment indi- 
cated that the observed vigorous fuel dispersal occurred while the 
fuel sample was near the melting temperature and possibly in the solid 
state.[3] This resultr therefore, suggested that fission products 
wer- responsible €or the observed disruption, and led to the develop- 
ment of the TIGRS model of intra-and intergranular fission-gas beha- 
vior during transient heating conditions.[41 

The TIGRS code models the intra- and intergranular gas bubble dynamics 
(swelling and gas release) as well as the potential for fuel cracking. 
The fuel-cracking potential is evaluated using five crack-propagation 
criteria that deal with the interlinkage of intra- and intergranular 
bubbles. It should be noted that, when complete cracking is calcu- 
lated in TIGRSr this does not necessarily represent fuel disruption. 
Solid-state disruption requires not only severe cracking of the fuelt 
but also sufficient excess energy to disperse the fuel. This latter 
dispersion is not modeled in the TIGRS code. 

Using the TIGRS code with a suitable choice 0, no3el parameterst 1 E  
was possible to show that the five crack-propagation criteria in TIGRS 
were indeed satisfied for the FD 1.6 transient near the observed time 
of fuel disruption. Based on this apparent positive result, it Was 
decided to investigate further the likelihood of solid-state fuel d l s -  
ruption and to define the HRR power transients to maximize that like- 
li hood. 

Scoping calculations were performed using an updated version of the 
TIGRS code. These scoping calculations were carried out for a hypo- 
thetical heating transient that was assumed to pro-ride an idealized 
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f u e l - t e m p e r a t u r t  h i s t o r y  as  shown i n  F i g u r e  3-1. T h i s  t e m p e r a t u r e  
h i s t o r y  i n c l u d e d  a n  i n i t i a l  l i n e a r  h e a t u p  l a s t i n g  u n t i l  t l  = 0.25 t o  
0.50 s I  a p e r i o a  a t  c o n s t a n t  t e m p e r a t u r e  T = 2 0 0 0  t o  2700.K l a s t i n g  
f o r  A t  = 2.0 t o  2.5 s, a n d  a f i n a l  l i n e a r  R e a t u p  a t  r a t e s  T = 50 t o  
150 K / m s .  

The s c o p i n g  c a l c u l a t i o n s  were p e r f o r m e d  f o r  a s i n g l e  " g a s s y "  f u e l  n o d e  
f r o m  t h e  u n r e s t r u c t u r e d  f u e l  r e g i o n ,  a s s u m i n g  a c o n s t a n t  r ad ia l -  
t e m p e r a t u r e  g r a d i e n t  o f  1 x l o 5  K/m.  An i m p o r t a n t  p a r a m e t e r  i n  t h e s e  
a n a l y s e s  was t h e  c o n c e n t r a t i o n  a n d  d i s t r i b u t i o n  ( i n t e r -  v e r s u s  i n t r a -  
g r a n u l a r )  o f  f i s s i o n  g a s  a t  t h e  s t a r t  o f  t h e  t r a n s i e n t .  The  c a l c u l a -  
t i o n s  were p e r f o r m e d  f o r  PNL 11-18 f u e l ,  whic ' l  w a s  u s e d  i n  t h e  t e s t  
m a t r i x .  Bes t -es t imate  c a l c u l a t i o n s  u s e d  f i s s i o n - g a s  d i s t r i b u t i o n s  a s  
d e s c r i b e d  i n  S e c t i o n  4.2 a n d  Appendix  A.  For t h e  PNL 11-18 f u e l  p i n ,  
t h e s e  d i s t r i b u t i o n s  p r e d i c t e d  i n i t i a l  p e a k  g a s  c o n c e n t r a t i o n s  o f  
1.5 x 1 0 2 6  a t o ~ i s / m ~  i n t r a g r a n u l a r  a n d  3.7 x atoms/m3 i n t e r g r a n u -  
l a r .  However,  b e c a u s e  o f  t h e  l a r g e  u n c e r t a i n t i e s  i n  t h e s e  g a s  con-  
c e n t r a t i o n s ,  t h e  s c o p i n g  c a l c u l a t i o n s  were a l s o  r e p e a t e d  a s s u m i n g  a 
g a s  c o n c e n t r a t i o n  of 1.33 x notn ina l .  U s i n g  t h i s  a s s u m p t i o n ,  t h e  cal-  
c u l a t e d  p e a k  i n t r a g r a n u l a r  g a s  c o n c e n t r a t i o n  was 2.0 x atoms/m3. 
T h i s  l a t t e r  a s s u m p t i o n  i s  more c o n s i s t e n t  w i t h  t h e  e a r l i e r  F D  1.6 
c a l c u l a t i o n s . [ 3 1  

S e v e r a l  g e n e r a l  r e s u l t s  were i m m e d i a t e l y  o b t a i n e d .  Because most o f  
t h e  p h y s i c a l  p r o c e s s e s  i n  t h e  TIGRS model  h a v e  a n  e x p o n e n t i a l  d e p e n -  
d e n c e  on t e m p e r a t u r e ,  t h e  p r e h e a t  t e m p e r a t u r e  was c a l c u l a t e d  t o  be 
much more i m p o r t a n t  t h a n  t h e  l e n g t h  OE t h e  p r e h e a t .  T h e r e f o r e r  t h e  
l e n g t h  of t h e  p r e h e a t  w a s  c h o s e n  t o  be l o n g  e n o u g h  ( >  2 s) t o  e n s u r e  
t h a t  c l a d d i n g  m e l t i n g  would p r e c e d e  t h e  i n i t i a t i o n  o f  t h e  f a s t  h e a t i n g  
t r a n s i e n t .  T h u s ,  t h e  v i s u a l  d i a g n o s t i c s  were a s s u r e d  of observ i .n(d  t h e  
f u e l  b e h a v i o r  d u r i n g  d i s r u p t i o n .  

Fo; t h e  r a n g e  of  p r e h e a t  t e m p e r a t u r e s  a n d  t e m p e r a t u r e - r a m p  r a t e s  
i n v e s t i g a t e d ,  t h e  r e s u l t s  were s t r o n g l y  d e p e n d e n t  o n  t h e  i n i t i a l  g a s  
c o n c e n t r a t i o n .  I n  no  case were t h e  f i v e  c r a c k - p r o p a g a t i o n  c r i t e r i a  
s a t i s f i e d  when t h e  best-est imate  f i s s i o n - g a s  c o n c e n t r a t i o n s  were u s e d .  
However,  t h e  same c r i t e r i a  were s a t i s f i e d  i n  s e v e r a l  o f  t h e  cases 
a n a l y z e d  when t h e  N 33% h i g h e r  c o n c e n t r a t i o n  was a s s u m e d .  T o  d e t e r -  
mine more c l e a r l y  t h e  e f f e c t s  of t h e  t r a n s i e n t  t e m p e r a t u r e  h i s t o r y  o n  
t h e  l i k e l i h o o d  of s o l i d - s t a t e  d i s r u p t i o n ,  s u b s e q u e n t  s c o p i n g  c a l c u l a -  
t i o n s  were a l w a y s  p e f o r m e d  u s i n g  t h e s e  h i g h e r  c o n c e n t r a t i o n s .  

A n o t h e r  g e n e r a l  o b s e r v a t i o n  w a s  t h a t  t h e  TIGRS p r e d i c t i o n s  of c r a c k  
i n t e r l i n k a g e  were i n s e n s i t i v e  t o  t h e  m a g n i t u d e  of t h e  f i n a l  tempera- 
t u r e  rampp f o r  h e a t i n g  ra tes  i n  t h e  r a n g e  o f  50 t o  1 5 0  K / m s .  T h e r e -  
fo re ,  f o r  s u b s e q n e n t  s c o p i n g  c a l c u l a t i o n s ,  t h e  f i n a l  t e m p e r a t u r e  ramp 
was s e t  a t  1 0 0  K / m s .  

The p r e h e a t  t e m p e r a t u r e  was,  t h e r e f o r e ,  se lected a s  t h e  major  parame-  
t e r  o f  t h e  s c o p i n g  c a l c u l a t i o n s .  It. w a s  v a r i e d  f r o m  2000 t o  2600 K I  
b u t  t h e  p r e h e a t  time was f i x e d  a t  2 . 3 5  s. F i g u r e  3-2 s h o w s  t h a t  t h e  
p o t e n t i a l  f o r  c r a c k  p r o p a g a t i o n  i n c r e a s e s  w i t h  p r e h e a t  t e m p e r a t u r e  U p  

. 
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F i g u r e  3-1 I d e a l i z e d  t e m p e r a t u r e  h i s t o r y  o f  High-Ramp-Rate 

(HRR) e x p e r i m e n t s .  

t o  a b o u t  2500 K. A t  low p r e h e a t  t e m p e r a t u r e s  ( <  2100 K), i n t r a g r a n u -  
l a r  f i s s i o n - g a s - b u b b l e  m i g r a t i o n  t o  t h e  g r a i n  b o u n d a r i e s  a n d  coales-  
c e n c e  of t h e  b u b b l e s  o n  t h e  g r a i n  b o u n d a r y  d o e s  n o t  o c c u r  f a s t  enough 
to g e n e r a t e  s u f f i c i e n t l y  h i g h  p res  Jres t o  c a u s e  c r a c k  p r o p a g a t i o n ,  
At, h i g h  p r e h e a t  temperatures ( >  2500 K), power- law creep i n t e r v e n e s  t o  
e q u i l i b r a t e  f i s s i o n - g a s  b u b b l e s  a n d  s o  p r e v e n t  c r a c k  p r o p a g a t i o n .  For 
t h e  h e a t i n g  t r a n s i e n t s  i n  w h i c h  t h e  f i v e  c r a c k - p r o p a g a t i o n  c r i t e r i a  
a r e  s a t i s i f i e d ,  t h e  l a s t  c r i t e r i o n  t o  be s a t i s f i e d  is a l w a y s  t h e  
t o t a l - e n e r g y  c r i t e r i o n .  T h u s ,  T I G R S  p r e d i c t i o n s  of t h e  p o t e n t i a l  f o r  
c r a c k  p r o p a g a t i o n  a r e  most s e n s i t i v e  t o  t h e  model  p a r a m e t e r s  t h a t  
g o v e r n  t h e  t o t a l - e n e r g y  c r i t e r i o n  ( s u c h  as t h e  c r a c k - o p e n i n g  d i s p l a c e -  
m e n t ) .  I n  a l l  cases l  c r a c k i n g  was c a l c u l a t e d  t o  o c c u r  o n  t h e  g r a i n  
b o u n d a r i e s .  

Based on t h e s e  r e s u l t s ,  t h e  HRR power h i s t o r i e s  were d e s i g n e d  t o  
a c h i e v e  p r e h e a t  temperatures i n  t h e  r a n g e s  of 2100 t o  2500 K. A 
m a t r i x  o f  f o u r  e x p e r i m e n t s  w a s  p l a n n e d ,  v a r y i n g  o n l y  t h e  p r e h e a t  
t e m p e r a t u r e  a n d  f u e l  t y p e .  Wi th  t h i s  p a r t i c u l a r  m a t r i x ,  shown i n  
T a b l e  3-1, s e v e r a l  d i r ec t  c o m p a r i s o n s  of e x p e r i m e n z a l  r e s u l t s  a r e  
p o s s i b l e .  T h e s e  c o m p a r i s o n s  a r e  summar ized  i n  Table  3-2. 

F o r  t h e  HRR-6 v e r s u s  9 R R - 2  c o m p a r i s o n ,  t h e  m o t i v a t i o n  is  o b v i o u s :  t h e  
p r e s e n c e  o f  f i s s i o n  g a s  i n  t h e  i r r a d i a t e d  HRR-2 f u e l  sample b u t  n o t  i n  
t h e  f r e s h  H R R - 6  f u e l  sample. The e x p e c t e d  r e s u l t  is  t h a t  t h e  f u e l  
w i l l  d i s r u p t  e a r l i e r  ( e i t h e r  s o l i d  o r  l i q u i d  s t a t e )  i n  t h e  HRR-2 t e s t -  
The HRR-2 v e r s u s  BRR-3  c o m p a r i s e n  i n v e s t i g a t e s  t h e  r e s u l t s  of  t h e  
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T a b l e  3-1 HRR e x p e r i m e n t  m a t r i x :  d e s i g n  p z r a m e t e r s  

F u e l  C h a r a c t e r i z a t i o n  

L i n e a r  P r e h e a t  Tempera- 
E x p e r i m e n t  H e a t i n g  Tempera- P r e h e a t  t u r e  

Desig- Bornup Rate  t u r e  Time R a  rnp 
n a t i o n *  P i n  ( % I  (kW/m) (K) ( 5 )  (:</ms) 

-, 

HRR-6 (Fresh m i x e d - o x i d e  f u e l )  2300 - 2.5 - 100 

HRR-2 PNL l l - i 8  4 .67  33 .3  2300 - 2.5 - lOG 

H R R - 3  PNL 11-18 4.61 32 .9  2500 - 2 . 5  - 1 0 0  

HRR-5 PNL 9-44 4 . 7 5  15.9 2500 - 2.5 - 100 
* 

E x p e r i m e n t s  HRR-1 and HRR-4 a r e  n o t  i n c l u d e d  b e c a u s e  o f  
i n s t r u m e n t a t i o n  fai lure.  

Table 3-2 I n f o r m a t i o n  t o  be o b t a i n e d  f rom HRR e x p e r i m e n t s  

C o m p a r i s o n  Direct  I n f o r m a t i o n  O b t a i n e d  

H R R - 6  vs. HRH-2 D i f f e r e n c e  i n  b e h a v i o r  be tween f r e s h  
a n d  p r e i r r a d i a t e d  mixed-oxide  f u e l  
s u b j e c t e d  t o  t h e  same power h i s t o r y  

HRR-2 vS. HRR-3 D i f f e r e n c e  i n  b e h a v i o r  f o r  same f u e l  
t y p e  ( b u r n u p ,  l i n e a r  h e a t  rate:)  f o r  
similar t r a n s i e n t s  w i c h  d i f f e r e n t  
p r e h e a t  t e m p e r a t u r e s  

HRR-3 vs. HRR-5 D i f f e r e n c e  i n  b e h a v i o r  b e t w e e n  f u e l s  
o f  d i f f e r e n t  m i c r o s t r u c t u r e  ( l i n e a r  
h e a t  r a t e )  f o r  same b u r n u p  a n d  same 
power h i s t o r y  

,. 
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TIGRS s c o p i n g  c a l c u l a t i o n s .  T h e s e  c a l c u l a t i o n s  s u g g e s t  t h a t  e a r l y  
d i s r u p t i o n  i n  t h e  s o l i d  s t a t e  is more l i k e l y  i n  t h e  H R R - 3  t r a n s i e n t  
b e c a u s e  o f  t h e  h i g h e r  p r e h e a t  t e m p e r a t u r e .  The f i n a l  c o m p a r i s o n  
b e t w e e n  HRR-3 a n d  HRR-5 i n v e s t i g a t e s  t h e  e f f e c t  o f  micros t ruc ture  : id  
p o s s i b l y  t o t a l  i n i t i a l  g a s  c o n t e n t .  

3.2 F u e l s  C h a r a c t e r i z a t i o n  

As m e n t i o n e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  ,.Jur HRR e x p e r i m e n t s  u s e d  
f u e l  samples f r o m  a PNL 11-18 p i n r  a PNL 9-44 p i n ,  a n d  f r e s h  mixed-  
o x i d e  p e l l e t s .  The major c h a r a c t e r i s t i c s  o f  t h e s e  f u e l  t y p e s  a r e  
s u m m t r i z e d  i n  T a b l e  3-3. A p p r o x i m a t e l y  5.5 g of ( -  9 0 %  t h e o r e t i c a l  
d e n s i t y )  m i x e d - o x i d e  f u e l  w a s  u s e d  i n  a l l  e x p e r i m e n t s .  F o r  t h o  ir- 
r a d i a t e d  samplesr t h e s e  p i n  s e c t i o n s  came f rom n e a r  t h e  cen ter  of t h e  

E B R - I 1  p i n s  i n d i c a t e d .  The b u r n u p  a n d  l i n e a r  h e a t  r a t i n g ,  ob ta ined  
f rom t h e  N a n f o r d  E n g i n e e r i n g  Development  L a b o r a t o r y ' s  i r r a d i a t i o n  
h i s t o r y  r e p o r t ,  c o r r e s p o n d  t o  t h e  l o c a l  v a l u e s  f o r  t h e  samplc . [25-27]  
The b u r n u p  was n e a r l y  t h e  same, 4.7 atom p e r c e n t ,  f o r  a l l  t h r e e  sam- 
p l e s .  However ,  t h e  f u e l  e n r i c h m e n t  r a n g e d  f r o m  40 t o  7 0 % /  a n d  t h e  
l i n e a r  h e a t  r a t i n g  r a n g e d  f r o m  16  t o  33 kW/m. 

D e t a i l e d  a n a l y s i s  o f  s i b l i n g  p i n s  ( i n  t h i s  case ,  p e l l e t s  d i r e c t l y  ad- 
j a c e n t  t o  t h e  samples) h a s  n o t  y e t  b e e n  p e r f o r m e d .  T h u s ,  a n a l y s i s  o f  
t h e  e x p e r i m e n t s  w a s  b a s e d  o n  t h e  f u e l  m i c r o s t r u c t u r e  c h a r a c t e r i z a t i o n  
a s  o b t a i n e d  f rom t h e  s t e a d y - s t a t e  f u e l  p e r f o r m a n c e  code SIEX.[28] 
E r ro r s  i n  t h i s  a s s u m e d  m i c r o s t r u c t u r e  c h a r a c t e r i z a t i o n  c o u l d  h a v e  a 
s i g n i f i c a n t  e f f e c t  o n  t h e  c a l c u l a t e d  c l a d d i n g  t e m p e r a t u r e  (because of 
u n c e r t a i n t i e s  i n  t h e  f u e l - c l a d d i n g  g a p  s i z e ) .  

Of c o n s i d e r a b l e  i m p o r t a n c e  f o r  t h e  a n a l y s i s  is  t-he r e t a i n e d  f i s s i o n -  
g a s  d i s t r i b u t i o n  i n  t h e  f u e l  s a m p l e s .  The g a s  c o n t e n t  a s  o b t a i n e d  
from t h e  S I E X  c o d a  is  based on t h e  u s e  o f  t h e  D u t t  c o r r e l a t i o n . [ 2 9 1  
However,  r e c e n t  e x p e r i m e n t a s  work b y  R a n d k l e v [ 3 0 , 3 1 ]  a n d  by 
BandyopadhyayC321 h a s  shown t h a t  n e i t h e r  t h e  t o t a l  ( i n t e g r a t e d  ove r  
f u e l  r a d i u s )  g a s  c o n t e n t  nor t h e  r a d i a l  d i s t r i b u t i o n  is  descr ibed  v e r y  
w e l l  by t h e  D u t t  c o r r e l a t i o n .  T h i s  l a c k  o f  a g r e e m e n t  w i t h  t h e  D u t t  
c o r r e l a t i o n  is  a l s o  s e e n  i n  t h e  r e s u l t s  of t h e o r e t i c a l  d e s c r i p t i o n s  of 
s t e a d y - s t a t e  g a s  release.[33] U n f o r t u n a t e l y ,  r e s u l t s  o n  m e a s u r e d  g a s  
c o n c e n t r a t i o n s  p u b l i s h e d  t o  d a t e  h a v e  b e e n  v e r y  q u a l i t a t i v e ,  w i t h  
l a r g e  u n c e r t a i n t i e s  i n  t h e  a b s o l u t s  g a s - c o n c e n t r a t i o n  v a l u e s .  

The r e t a i n e d - f i s s i o n - g a s - c o n c e n t r a t i o n  v a l u e s  shown i n  T a b l e  3-3 a re  
based o n  a n  a n a l y s i s  o f  work p u b l i s h e d  b y  R a n d k l e v . [ 3 0 . 3 1 1  F o r  com- 
p a r i s o n ,  t h e  c o n c e n t r a t i o n s  a s  pred ic ted  b y  t h e  D u t t  c o r r e l a t i o n  a r e  
a l so  i n c l u d e d  i n  T a b l e  3-3. 
c o n c e n t r a t i o n  d i s t r i b u t i o n  is  g i v e n  i n  Appendix  A. U n c e r t a i n t i e s ,  
e s p e c i a l l y  i n  t h e  p e a k  c o n c e n t r a t i o n s ,  a r i s e  f r o m  u n c e r t a i n t i e s  i n  t h e  
t o t a l  amount  of r e t a i n e d  g a s ,  f r a c t i o n a l  s p l i t  b e t w e e n  i n t e r - a n d  
i n t r a g r a n u l a r  g a s ,  a n d  t h e  aesumed i n t e r -  a n d  i n t r a g r a n u l a r  d i s t r i b u -  
t i o n s .  
c o n c e n t r a t i o n  v a l u e s ,  t h e  s c o p i n g  c a l c u l a t i o n s  a n d  best-estimate 
c a l c u l a t i o n s  were a l s o  p e r f o r m e d  a s s u m i n g  a n  u n c e r t a i n t y  of 2 30% i n  
g a s  c o n t e n t .  

k d e t a i l e d  summary o f  t h e  a s s u m e d  g a s -  

R e c o g n i z i n g  t h e  r e s u l t i n g  l a rge  u n c e r t a i n t i e s  i n  p e a k  g a s -  

3 - 6  
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T a b l e  3-3 Suinmary of f u e l  ck r a c t  r i  i S 

HRR-6 HRR-2 HRR-3 HRR-5 

F a b r i c a t i o n  P a r a m e t e r s  

F u e l  Type 
E n r i c h m e n t  ( %  ) 
S i n t e r e d  D e n s i t y  

(103 kg/m 3 )  

FE-094 
70.3 

10 .01  

R e s u l t s  o f  E B R - I 1  I r r a d i a t i o n *  

L i n e a r  H e a t  R a t i n g  
(kW/m) -- 

Burnup  ( a t o m  p e r c e n t )  o*o  

F u e l  M i c r o P t r u c t u r e  t 

C e n t e r  Void (mm) -- 
Columnar R a d i u s  (mm) -- 
E q u i a x e d  R a d i u s  (mm) -- 
F u e l / C l a d  Gap (pm) 70 
I n n e r ,  C l a d d i n g  

C l a d d i n g  T h i c k n e s s  (mm)  0.381 
R a d i u s  (mm)  2 -  54 

* Gas C o n t e n t  

Peak i n t r a g r a n u l a r  
( 1 0 2 5  atoms/m3) 

Peak i n t e r g r a n u l a r  
( 1 0  2 5  a toms/m3) 

D u t t  correlat ion 
( 1 0 2 5  atoms/m 3 )  

PNL 11-18 PNL 11-18 P N L  9-44 
67.2 

9.96 

33.3 
4.67 

0 . 6  
1.8 
1 . 9 4  

1 3 . 5  

2.54 
0.381 

15.0 

3.70 

14.7 

67.2 

9.96 

32.9 
4 . 6 1  

0.6 
1.8 
1 .94  

13.5 

2.54 
0 .381  

15 .0  

3.70 

14.7 

40.0 

9.88 

15 .9  
4.75 

9.0 
0.0 
1 . 4  

37.0 

2.54 
0.381 

14 .6  

3.60 

1 5 . 5  

* A v e r a g e  v a l u e s  f o r  s a m p l e  u s e d .  
t Room t e m p e r a t u r e  v a l u e s .  + S e e  Appendix A fcr d e s c r i p t i o n  of r a d i a l  d i s t r i b u t i o n s .  
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4. EXPERIMENT DESCRIPTION 

4.1 E x p e r i m e n t  A p p a r a t u s  a n d  S e t u p  

The e x p e r i m e n t  p a c k a g e  c o n s i s t e d  of t h r e e  m a j o r  s e c t i o n s  ( see  F i g u r e  
4 -1 ) .  The f i r s t  s e c t i o n  c o n s i s t e d  o f  t h e  i n n e r  c a n i s t e r  a n d  c o n t a i n s  
t h e  f u e l r  i t s  moun t ing  b r a c k e t ,  a n d  a n  a s s o r t m e n t  of l i g h t s r  mirrors l  
and  p r i s m s  t h a t  t r a n s m i t t e d  t h e  f u e l - p i n  image  t h r o u g h  a q u a r t z  window 
i n  t h e  t o p  of t h e  c a n i s t e r .  The i n n e r  c a n i s t e r  a l s o  s e r v e d  a s  t h e  
p r i m a r y  c o n t a i n m e n t  v e s s e l .  T h e  s e c o n d  s e c t i o n  c o n s i s t e d  o f  a l a r g e  
c y l i n d r i c a l  c a n i s t e r  t h a t  c o n t a i n e d  t h e  i n n e r  c a n i s t e r  a n d  some i n -  

I s t r u m e n t a t i o n .  I t  a l s o  had a q u a r t z  window a t  t h e  t o p .  The t h i r d  o r  
I t o p  s e c t i o n  c o n s i s t e d  of a b o r a t e d  p o l y e t h y l e n e  ( IIpoly") a n n u l u s .  I t  

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

The e x p e r i m e n t  p a c k a g e  t r a n s m i t t e d  a s p l i t  image  of t h e  f r o n t  a n d  b a c k  
p o r t i o n s  o f  t h e  f u e l  p i n  s e c t i o n  t o  t h e  camera. F i g u r e  4-2 i l l u s -  
t r a t e s  t h e  s p l i t  image.  Note  t h a t  "down" is a l w a y s  t o w a r d s  t h e  c e n t e r  
o f  t h e  image.  P r i o r  t o  s i g n i f i c a n t  f u e l  h e a t i n g r  t h e  f u e l  p i n  w a s  
b a c k l i g h t e d ;  h o w e v e r r  a f t e r  t h e  c l a d d i n g  had m e l t e d  o f f r  t h e  f u e l  
g lowed  b r i g h t e r  t h a n  t h e  b a c k l i g h t .  P h o t o g r a p h s  of  t h e  i n n e r  e x p e r i -  
ment  c a n i s t e r  a n d  a t y p i c a l  v i ew o f  a t e s t - p i n  s e c t i o n  a r e  shown i n  
F i g u r e  4-3. 

F i g u r e  4-4 shows how t h e  f u e l - p i n  image  was t r a n s m i t t e d  o u t  o f  t h e  
e x p e r i m e n t  p a c k a g e  t h r o u g h  t h e  e x p e r i m e n t  t u b e  ( *  10 m )  a n d  t h e n  
r e f l e c t e d  o f f  a l a r g e  m i r r o r  t o  a C e l e s t r o n  t e l e s c o p e  a n d  h i g h - s p e e d  
camera. 

A p p r o x i m a t e l y  5 . 5  g of f u e l  was u s e d  i n  e a c h  e x p e r i m e n t .  The f u e l  
c o n s i s t e d  of  f i v e  f u e l  p e l l e t s  c l a d  i n  20% co ld -worked  316 s t a i n l e s s  
Steel .  The i r r a d i a t e d - f u e l  e x p e r i m e n t s  u s e d  t h r e e  i r r a d i a t e d  mixed-  
o x i d e  f u e l  p e l l e t s  mounted be tween  two f r e s h  UOg p e l l e t s  of t h e  same 
e n r i c h m e n t .  The f r e s h - f u e l  e x p e r i m e n t  u s e d  f i v e  f r e s h  mixed-ox ide  
f u e l  p e l l e t s .  The f u e l  was h e l d  i n  p l a c e  by a sFL . ing - load ing  mechan- 
i s m ,  wh ich  p l a c e d  a 56-g l o a d  on t h e  f u e l  p e l l e t  s t a c k .  T h i s  s imu-  
l a t e d  t h e  w e i g h t  o f  a 254-mm f u e l  s t a c k  r e s t i n g  on t o p  o f  t h e  p e l l e t s .  

4 .2  I n s t r u m e n t a t i o n  

A h i g h - s p e e d  camera  and  t h e  r e a c t o r - p o w e r  m o n i t o r s  were t h e  m a j o r  
d i a g n o s t i c  t o c l s .  O t h e r  t y p e s  of i n s t r u m e n t a t i o n  p r o v i d e d  f u e l -  a n d  
c l a d d i n g - s u r f a c e - t e m p e r a t u r e  and  g a s - p r e s s u r e  m e a s u r e m e n t s .  
l is ts  t h e  v a r i o u s  d i a g n o s t i c  d e v i c e s  a n d  g i v e s  some i m p o r t a n t  CharaC- 
t e r i s t i c s  o f  e a c h  d e v i c e .  

A Hi-cam camera  r e c o r d e d  t h e  d i s r u p t i o n  p r o c e s s .  T h i s  camera  v i ewed  
t h e  f u e l - p i n  s e c t i o n  t h r o u g h  a 200-mm-diameter C e l e s t r o n  t e l e s c o p e  a t  

T a b l e  4-1  

A b r i e f  d e s c r i p t i o n  o f  e a c h  d e v i c e  f o l l o w s .  
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Table  4-1 I n s t r u m e n t a t i o n  u s e d  i n  ERR e x p e r i m e n t s  

Detector 
Measurement  T i m e  

Loca t i o n  a n d  Range R e s p o n s e  

High-speed  Reactor roam 200 t o  l o  000 -- 
camera 'I H i - C a m "  f l o o r  irames p e r  s e c o n d  

Cadmium s e l f  - Reactor core 0 t o  40 000 MW 
powered  n e u t r o n  ( r e a c t o r  power)  
de tec tor  

F i s s i o n  chamber* O u t e r  c a n i s t e r  0 t o  40 000 MW 
( r eac to r  p o w e r )  

O p t i c a l  
p y r o m e t e r *  
" P r i  t c h a r d "  

Reactor room 2000 t o  3500 K 
f l o o r  f u e l - s u r f a c e  

t e m p e r a  t u  re  

P r e s s u r e  I n n e r  c a n i s t e r  o t o  3 x Pa 1 m s  
t r a n s d u c e r  ( f u e l - v a p o r  
" V a  1 i d  y n e  AP-15 '' p r e s s u r e )  

Thermocouple*  C l a d d i n g  
( W - R e )  

0 t o  1700 K 
( c l a l i  temp.  ) 

500 ms 

l w  

l l =  

1 ms 

* 
H R R - 6  e x p e r i m e n t  o n l y .  

a d i s t a n c e  of a p p r o x i m a t e l y  16 m .  T h e  image was f i l t e r e d  t h r o u g h  a 
# 2 5  g e l a t i n  Kodak f i l t e r  a n d  r e c o r d e d  on Kodak XR A S A  400 b l a c k - a n d -  
w h i t e  f i l m .  For t h e  H R R  e x p e r i m e n t s ,  t h e  f i l m i n g  r a t e s  were v a r i e d  
b e t w e e n  4000 a n d  10 000 frames p e r  s e c o n d .  

A cadmium s e l f - p o w e r e d  n e u t r o n  detector  (Cd-SPD) m e a s u r e d  t h e  r e a c t o r  
power. T h i s  d e t e c t o r  w a s  l o c a t e d  n e x t  t o  t h e  e x p e r i m e n t  c a v i t y  j u s t  
i n s i d e  t h e  reactor  core.  I t  had a l e n g t h  o f  300 mm a n d  a t i m e  re- 
s p o n s e  of 1 ks. T h e  o u t p u t  o f  t h e  detector w a s  a c u r r e n t  p r o p o r t i o n a l  
t o  t h e  n e u t r o n  f l u x  o v e r  t h e  l e n g t h  o f  t h e  d e t e c t o r .  

A f i s s i o n  c h a m b e r  was u s e d  i n  e x p e r i n e n t  HRR-6 t o  m e a s u r e  t h e  fission 
r a t e  a t  or v e r y  n e a r  t h e  f u e l - p i n  s e c t i o n .  A c h e c k  was made o f  t h e  
p r o p o r t i o n a l i t y  b e t w e e n  t h e  Cd-SPD a n d  t h e  f i s s i o n  chamber. 
n i f i c a n t  d i f f e r e n c e s  were o b s e r v e d .  The f i s s i o n  chamber u s e d  a 
3 0 - v o l t  power s u p p l y  a n d  prodllced a c u r r e n t  o u t p u t  p r o p o r r i o n a l  t o  t h e  
fission ra te  w i t h i n  t h e  detector .  

No Sig- 



Both  t h e  Cd-SPD a n d  t h e  f i s s i o n  c h a m b e r  were used  w i t h  reactor  COU- 
p l i n g  f a c t o r s  a n d  e n e r g y - d e p o s i t i o n  s h a p e  f u n c t i o n s  t o  de te rmine  t h e  
l oca l  e n e r g y  d e p o s i t i o n  i n  t h e  f u e l  p i n  (see S e c t i o n  4.3). 

A V a l i d y n e  AP-15 pressure t r a n s d u c e r  m e a s u r e d  t h e  i n n e r - c a n i s t e r  g a s  
p r e s s u r e .  B e c a u s e  of t h e  l a r g e  volume of t h e  c a n i s t e r  (6.3 l i t e r s ) t  
i t  is  f e l t  t h a t  t h e  t r a n s d u c e r  r e s p o n d e d  p r i m a r i l y  t o  f u e l - v a p o r  
p r e s s u r e .  

Two m e t h o d s  were u s e d  t o  d e t e r m i n e  t h e  f u e l  s u r f a c e  t e m p e r a t u r e .  Ir. 
t h e  f i r s t  m e t h o d l  o p t i c a l - d e n s i t o m e t e r  m e a s u r e m e n t s  of t h e  f i l m  e x -  
p o s u r e  were made t o  d e t e r m i n e  t h e  f u e l  r a d i a n c e  i n  a n a r r o w  band of 
w a v e l e n g t h s  a r o u n d  0.63 pm. The s u r f a c e  t e m p e r a t u r e  c o u l d  t h e n  b e  
d e t e r m i n e d  u s i n g  s i n g l e - c o l o r  o p t i c a l - p y r o m e t r y  t e c h n i q u e s . [ 3 4 ]  T h e  
u n c e r t a i n t i e s  were o n  t h e  o r d e r  of f 1 K. T h i s  p h o t o g r a p h i c  t e c h -  
n i q u e  was used i n  a l l  e x p e r i m e n t s .  

I n  t h e  s e c l > n d  m e t h o d l  a n  o p t i c a l  py: c e r  v i e w e d  t h e  f u e l  p e l l e t  
s t a c k  t h r o u g h  a telescope. T h i s  deLLce w a s  a m o d i f i e d  P r i t c h a r d  
t e l e p h o t o m e t e r r  1970-AI w h i c h  m e a s u r e d  t h e  f u e l  r a d i a n c e  w i t h  a n  S-11 
p h o t o m u l t i p l i e r  tube .  A g a i n l  s i n g l e - c o l o r  p y r o m e t r y  t e c h n i q u e s  were 
u s e d  t o  d e t e r m i n e  t h e  s u r f a c e  t e m p e r a t u r e .  T e m p e r a t u r e s  between 2000 
a n d  3500 K c o u l d  be m e a s u r e d  w i t h  a 1 - m s  t i m e  r e s p o n s e .  The a p p a r e n t  
P r e c i s i o n  v a r i e d  f r o m  f 100 K a t  t h e  lower t e m p e r a t u r e s  t o  ? 2 5  K a t  
t e m p e r a t u r e s  abolre 3000 K .  

A t u n g s t e n - r h e n i u m  t h e r m o c o u p l e  m e a s u r e d  t h e  c l a d d i n g  t e m p e r a t u r e  i n  
t h e  f r e s h - f u e l  e x p e r i m e n t .  The time r e s p o n s e  o f  t h e  t h e r m o c o u p l e  a n d  
its a m p l i f i e r  was 0.5 s .  

A Data A c q u i s i t i o n  a n d  D i s p l a y  S y s t e m  ( D A D S )  recorded t h e  d a t a  f r o m  
e a c h  o f  t h e  t h e s e  devices .  T h i s  s y s t e m  u s e d  a n  HP-3845 m i n i - c o m p u t e r  
c o u p l e d  t o  a n  a n a l o g - t o - d i g i t a l  c o n v e r t e r  a n d  a n  HP-1000 c o m p u t e r .  
The s y s t e m  p r o v i d e d  q u i c k  r e t r i e v a l  o f  i n f o r m a t i o n ,  p l o t t e d  a l l  
recorded s i g n a l s ,  c o n v e r t e d  a l l  m e a s u r e d  s i g n a l s  t o  p h y s i c a l  u n i t s l  
t r a n s f e r r e d  t h e  data  t o  o t h e r  c o m p u t e r  s y s t e m s l  a n d  p r o v i d e d  l o n g - t e r m  
s t o r a g e  o f  t h e  measured d a t a .  

4 . 3  Reactor C o u p l i n g  F a c t o r  and S h a p e  F u n c t i o n  

The reactor c o u p l i n g  f a c t o r  is d e f i n e d  a s  t h e  r a t i o  o f  t h e  a v e r a g e  
e n e r g y  d e n s i t y  o f  t h e  t es t  p i n  t o  t h e  t o t a l  e n e r g y  i n  t h e  reac tor  
core .  I ts  u n i t s  a r e  J / g  o r  J/cm3 ( i n  t h e  t e s t  p i n )  per MJ ( i n  t h e  
r eac to r ) .  An a c c u r a t e  k n o w l e d g e  of t h e s e  r a t i o s  i s  n e e d e d  t o  de te r -  
m i n e  t h e  desired reactor p u l s e  s h a p e  a n d  t o  p e r f o r m  p o s t t e s t  a n h l y s i s .  
I n  a d d i t i o n ,  t h e  a x i a l  a n d  r a d i a l  s h a p e  f u n c t i o n s  o f  t h e  e n e r g y  d e p o -  
s i t i o n  a r e  n e e d e d .  T h i s  s e c t i o n  descr ibes  t h e  c o u p l i n g  f a c t o r  a n d  t h e  
s h a p e  f u n c t i o n s  u s e d  f o r  t h e  HRa e x p e r i m e n t s .  

Both  e x p e r i m e n t a l  a n d  c o m p u t a t i o n a l  r e su l t s  were u s e d  t o  d e t e r m i n e  t h e  
reac tor  c o u p l i n g  f a c t o r  a n d  s h a p e  f u n c t i o n s .  The a v e r a g e  e n e r g y  d e p o -  
s i t i o n  i n  a f u e l  sample was d e t e r m i n e d  u s i n g  f i s s i o n - p r o d u c t  c o u n t i n g  
t e c h n i q u e s .  T h e s e  r e s u l t s  were t h e n  used  i n  normal ized  two-dimen- 
s i o n d l  n e u t r o n  t r a n s p o r t  c a l c u l a t i o n s  t o  g i v e  c o u p l i n g  f a c t o r s  a n d  
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s h a p e  f u n c t i o n s  f o r  o t h e r  f u e l  e n r i c h m e n t s .  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 s e  e x p e r i m e n t s  i s  g i v e n  i n  a n  u n p u b l i s h e d  memo.[35] Only a summary 
o f  t h e s e  r e s u l t s  is  p r e s e n t e d  h e r e .  

T a b l e  4-2 g i v e s  t h e  c o u p l i n g  f a c t o r s  u s e d  f o r  t h e  HRR e x p e r i m e n t s .  
T h i s  d a t a  is p r e s e n t e d  a s  a f u n c t i o n  o f  f u e l  e n r i c h m e n t  a n d  poly- 
e t h y l e n e  t h i c k n e s s .  The a x i a l  and radi.1 s n e r g y - d e p o s i t i o n  p r o f i l e s  
a r e  shown i n  F i g u r e s  4-5 a n d  4-6. I n  a a d i t i o n r  t h e  p r o f i l e  d a t a  is 
p r e s e n t e d  i n  t a b u l a r  form f o r  t h e  a x i a l  p r o f i l e  - - b l e  4-3) and i n  
p o l y n o m i a l  f o r m  for t h e  r a d i a l  p r o f i l e  ( T a b l e  4 . The same a x i a l -  
e n e r g y - d e p o s i t i o n  p r o f i l e  w a s  u s e d  f o r  a l l  types 3s f u e l ,  p i n  e n r i c h -  
m e n t s #  a n d  p o l y e t h y l e n e  t h i c k n e s s e s .  

T a b l e  4-2 ACRR c o u p l i n g  f a c t o i a  f o r  t h e  HRR e x p e r i m e n t s *  

E n r i c h m e n t  N e u t r o n  C o u p l i n g  F a c t o r  , 

J/g/MJ J / c m J / M J  E x p e r i m e n t  % M o d i f i e r  

HRR-2 67.2 n o n e  13.85 138 .70  
HRR- 3 67.2 n o n e  13.85 138.70 

13.3% 133.10 H R R - 5  40.5 3.18 mm p o l y  
HRR-6 70.3 n o n e  1 4 . 1 5  141 .64  

* 
Based o n  t h e  1980 reactor  power c a l i b r a t i o n .  

B e c a u s e  of l i m i t e d  e x p e r i m e n t a l  d a t a ,  o n l y  e s t i m a t e s  o f  t h e  e n e r g y -  
d e p o s i t i o n  u n c e r t a i n t i e s  arc? a v a i l a b l e .  Two major sources of u n c e r -  
t a i n t i e s  e x i s t .  The f i r s t  i s  t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  d e t e r -  
m i n i n g  t h e  m e a s u r e d  f i s s i o n  d e n s i t y  by t h e  f i s s i o n - p r o d u c t  c o u n t i n g  
p r o c e s s .  T h i s  u n c e r t a i n t y  is e s t i m a t e d  t o  be 2 7%. The o t h e r  un- 
c e r t a i n t y  is  i n  t h e  g e n e r a l i z a t i o n  o f  t h i s  m e a s u r e d  r e s u l t  t o  o t h e r  
g e o m e t r i e s  a n d  e n r i c h m e n t s .  T h i s  u n c e r t a i n t y  is e x p e c t e d  t o  be i n  t h e  
r a n g e  of 1 t o  3%. T h u s r  t h e  o v e r a l l  u n c e r t a i n t y  associated w i t h  t h e  
c o u p l i n g  f a c t o r  i s  c 7 t o  8%. 

In t h e  s p r i n g  o f  1981, t h e  ACRR power n o r m a l i z a t i o n  was m o d i f i e d .  
T h i s  m o d i f i c a t i c n  c o m p e n s a t e d  f o r  c h a n g e s  i n  t h e  f u e l  l o a d i n g .  I t  
a l s o  e q u a t e d  t h e  a v e r a g e  e n e r g y  i n  t h e  p u l s e  mode ( a s  m e a s u r e d  by t h e  
c o r e - t e m p e r a t u r e  c h a n g e )  t o  t h e  s t e a d y - s t a t e  z n e r g y  d e p o s i t i o n  (as 
m e a s u r e d  by t h e  change i n  p o o l - w a t e r  temperature) .  Thus ,  f u t u r e  
p u b l i c a t i o n s  may l i s t  d i f f e r e n t  c o u p l i n g  f a c t o r s  due  t o  t h e s e  c h a n g e s  
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Figure  4-5 A x i a l - e n e r g y - d e p o s i t i o n  p r o f i l e  c a l c u l a t e d  
by TWOTRAN-11: H R R  series ,  

Table 4-3 A x i a l - e n e r g y - d e p o s i t i o n  p r o f i l e  for a l l  HRR experiments  

z / z  o* 0.00 0 .07  0 . 2 2  0 . 3 1  0 . 3 4  0 . 4 6  0 .50  

Norm. Energy 
Depos i t ion'  1 .021  1 .021  0.987 0 . 9 6 3  0 .981  1 . 1 4 1  1 .141  

*Symmetric about  center o f  sample ( z / z o  = 0 )  
where z = d i s t a n c e  from c e n t e r  of sample 

z o  = 1/2  sample l e n g t h  

0 Z 

+Normalized such t h a t  1 E(z)dz = 1 
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Figure 4-6 Typical radial-energy-deposition profile calculated 
by TWOTRAN-I1 (HRR-5 shown). 

Table 4-4 Radial-energy-deposition profiles for HRR experiments 

E(r)* = a. + a l r  + a2r* + a3r3: (r in meters) 

ail a1 a 2  a3 Experiment 

0.58605 3.8328xio2 -3.4519~105 1.3401~108 

0.6850 2.563Qx10 2 -2.6920~10~ 1.1490~10~ 

HRR-6 0.49891 5.5309~102 -4.6528~105 1.6254~108 

HRR-2/3 

HRR-5 

* r ma x 
Coefficients normalized such that - 2 E(r)rdr = 1 
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5. EXPERIMENT RESULTS A N D  P R E L I M I N A R Y  A N A L Y S I S  

The e x p e r i m e n t a l  r e s u l t s  a n d  p r e l i m i n a r y  a n a l y s i s  f o r  e a c h  o f  t h e  HRR 
e x p e r i m e n t s  a r e  p r e s e n t e d  i n  t h i s  c h a p t e r .  The d i s c u s s i o n  b e g i n s  w i t h  
a b r i e f  summary o f  t h e  HRR t r a n s i e n t s  a n d  a c o m p a r i s o n  o f  t h e  a c t u a l  
h i s t o r i e s  w i t h  t h e  o b j e c t i v e s  a s  d e f i n e d  i n  S e c t i o n  3.1. A l i s t i n g  of 
t h e  m a j o r  e y e n t s  a b s e r v e d  d u r i n g  t h e  e x p e r i m e n t s  is a l s o  i n c l u a e d .  
Most o f  t h e  d i s c u s s i o n  o f  r e s u l t s  a n d  a n a l y s i s  c a n  b e  f o u n d  i n  t h e  
s e c t i o n  on t h e r m a l  a n a l y s i s ,  S e c t i o n  5-2. T h i s  s e c t i o n  a l so  i n c l u d e s  
t h e  m a j o r i t y  of t h e  p o s t t e s t  a n a l y s i s  d o n e  t o  d a t e .  Some p r e l i m i n a r y  
p o s t t e s t  f i s s i o n  g a s  a n a l y s e s  h a v e  l i k e w i s e  b e e n  p e r f o r m e d ,  a n d  t h e s e  
are d e s c r i b e d  i n  S e c t i o n  5.3. 

5.1 Summary o f  HRR T r a n s i e n t s  

The ACRR power h i s t o r i e s  u s e d  i n  t h e  BRR e x p e r i m e n t s  c o n s i s t e d  o f  two 
p u l s e s  s e p a r a t e d  by a b o u t  2 .5  s o f  n e a r  c o n s t a n t - p o w e r  o p e r a t i o n .  The 
f i r s t  p u l s e  a n d  t h e  s u b s e q e e n t  c o n s t h n t - p o w e r  o p e r a t i o n  were d e s i g n e d  
t o  m e l t  o f f  t h e  c l a d d i n g  a n d  r e s u l t  i n  a f u e l - t e m p e r a t u r e  d i s t r i b u t i o n  
p r o t o t y p i c  o f  t h e  LOF a c c i d e n t s  b e i n g  i n v e s t i g a t e d .  D u r i n g  t h e  t a i l  
e n d  o f  t h e  c o n s t a n t - p o w e r  p e r i o d ,  r a d i a t i v e  h e a t  l o s s e s  Erom t h e  f u e l  
s u r f a c e  t o  t h e  i n n e r  c a n i s t e r  w a l l  were v e r y  n e a r l y  b a l a n c e d  by t h e  
e n e r g y  i n p u t .  Thus ,  a q u a s i - e q u i l i b r i u m  f u e l - t e m p e r a t u r e  d i s t r i b u t i o n  
was a c h i e v e d  w i t h  a n  a v e r a g e  t e m p e r a t u r e  of 2100 t o  2500 K i n  t h e  
o u t e r ,  g a s - b e a r i n g  f u e l  r e g i o n .  D u r i n g  t h e  s e c o n d  p u l s e ,  f u e l  h e a t i n g  
r a t e s  on t h e  o r d e r  o f  100 K / m s  were a c h i e v e d ,  a n d  f u e l  d i s r u p t i o n  
o c c u r r e d .  

The a c t u a l  ACXR power h i s t o r i e s  u s e d  i n  e x p e r i m e n t s  HRR-6,  HRR-2, 
H R R - 3 1  a n d  H R R - 5  are  shown i n  F i g u r e s  5-1 t h r o u g h  5-4. 

The h i g h - s p e e d  c a m e r a ,  o p e r a t i n g  a t  4000 t o  10  000 f r a m e s  p e r  s e c o n d ,  
r e c o r d e d  t h e  f u e l  b e h a v i o r  b e g i n n i n g  a p p r o x i m a t e l y  1 s a f t e r  t h e  f i r s t  
p u l s e .  S e v e r a l  m a j o r  e v e n t s  were o b s e r v e d  i n  t h e  f i l m s  f o r  e a c h  
e x p e r i m e n t .  The t i m i n g  of t h e s e  e v e n t s  is i n d i c a t e d  i n  F i g u r e s  5-1 
t h r o u g h  5-4. T h e s e  e v e n t s  c o n s i s t  o f :  s t a r t  a f  c l a d d i n g  m e l t i n g  
(SCM), c l a d d i n g  m e l t o f f  ( C M O ) ,  f u e l  s w e l l i n g  ( F S ) ,  s t a r t  of f u e l  
d i s r u p t i o n  [ S F D ) ,  a n d  l o s s  o f  p i n  g e o m e t r y  (LPG). T h e s e  e v e n t s  a re  
d e f i n e d  a s  f o l l o w s :  

SCM: S t a r t  o f  c l a d d i n g  m e l t i n g  is t h e  t i m e  a t  w h i c h  c l a d  d r a i n i n g  is 
f i r s t  o b s e r v e d .  I -  

CMO: C l a d  meltoff is t h e  time when - 90% of t h e  f u e l  s u r f a c e  h a s  b e e n  
u n c o v e r e d  by d r a i n i n g  o f  t h e  m o l t e n  c l a d .  

p a n s i o n  ( i n  e x c e s s  o f  t h a t  w h i c h  c a n  b e  e x p l a i n e d  by t h e r m a l  
e x p a n s i o n )  s t a r t s .  

FS: The t i m e  of f u e l  s w e l l i n g  is t h e  t i m e  a t  w h i c h  g r o s s  f u e l  e x -  
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SFD: The s t a r t  of f u e l  d i s r u p t i o n  is t h e  t i m e  when t h e  p e l l e t  s t a c k  

LPG: Loss o f  p i n  g e o m e t r y  is t h e  time when t h e  f u e l  is n o  l o n g e r  

r a p i d l y  b e g i n s  t o  l o s e  i t s  c y l i n d r i c a l  geomet ry .  

r e c o g n i z a b l e  a s  a f u e l  p i n r  i .e.r i t  b e g i n s  t o  h a v e  s p h e r i c a l  
g e o m e t r y .  

A summary o f  t h e  o b s e r v e d  t i m i n g  f o r  t h e s e  e v e n t s  is  p r e s e n t e d  i n  
T a b l e  5-1. The t i m i n g  of che  e v e n t s  was d e t e r m i n e d  f rom t h e  f i l m s ,  
a n d  t h e  s e l e c t i o n  of a s p e c i f i c  f r a m e  t o  i d e n t i f y  e a c h  e v e n t  was 8ome- 
w h a t  s u b j e c t i v e .  C o n s e q u e n t l y r  t h e  t i m e a  g i v e n  i n  T a b l e  5-1 h a v e  an 
a a e o c i a t e d  u n c e r t a i n t y  of +- 200 ma f o r  CMO, t 2 ma f o r  FS, and f 1 m i  
fo r  SFD a n d  LPG. 

T a b l e  5-1 Summary o f  e v e n t  t i m i n g  i n  HRR e x p e r i m e n t s  

E x p e r i m e n t :  H R R - 6  BRR-2 HRR-3 H R R - ~  

Even t  T i m e  ( a )  

SCM 

50% CMO* 

CMO 

FS 

SFD 

LPG 

1 . 7 6  2.34 1.828 1.551 

2.062 2.95 2.128 1 .951  

2.479 t 2.341 2.430 

2.9225 * * * 
2.9255 2.959 2.9294 2.930 

2.9285 2.962 2.9304 2.933 

.I 
Clad  draining had e x p o s e d  50% o f  t h e  fue:  s u r f a c e .  

' F u e i  d i s r u p t i o n  o c c u r r e d  p r i o r  to c o m p l e t e  c l a d  mel tof f .  
'No s i g n i f i c a n t  fuel s w e l l i n g  was o b z e r v e d  prior t o  

d i s r u p t i o n .  

Became of  e n r i c h m e n t  d i f f e r e n c e s  be tween  e x p e r i m e n t s ,  and  b e c a u s e  of 
t h e  use of a p o l y e t h y l e n e  m o d e r a t o r  i n  e x p e r i m e n t  HRR-5 ( s e e  S e c t i o n  
4 . 3 j r  t h e  c o u p l i n g  f a c t o r s  v a r y  S l i g h t l y  between e x p e r i m e n t s .  T h e s e  
c o u p l i n g  f a c t o r s  are a g a i n  summar ized  i n  T a b l e  5-2. T a b l e  5-2 a l s o  
Lists t h e  p i n  power a t  t h e  peak  of t h e  f i r s t  pulse, a t  t h e  s t a r t  of 
t h e  s e c o n d  p u l s e  ( e n d  of p r e h e a t ) r  and  a t  t h e  peak  of t h e  s e c o n d  
P u l s e r  as  w e l l  a s  t h e  t i m e  be tween  f i r s t  a n d  s e c o n d  pulse. 
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T a b l e  5-2 P i n  p o w e r s  a n d  reactor-pJlse  summary 

E x p e r i m e n t :  HRR-6 HRR-2 HRR-3  HRR-5  

P a r a m e t e r  
- 

C o u p l i n g  F a c t o r  
(J/g/MJ) 14 .15  13 .85  13.85 13.38 

P i n  Power* a t  P e a k  
of P u l s e  1 1 9 . 2 1  16 .07  25.10 22.75 

FWHM? of P u l s e  3 
( m s )  

P i n  Power* a t  End 
o f  P l a t e a u  

28.5 30.3 24.3 25.8 

0.113 0.113 0.113 0.133 

P i n  Power* a t  Peak  
o f  P u l s e  2 71.25 59.03 48.17 3 8 , 8 6  

FWHM+ of P u l s e  2 
(ms) 17.8  20.0 21.8 23.9 

T i m e  Between P u l s e  1 
and P u l s e  2 ( 9 )  2.516 2.562 2.552 2 .543  

~ ~~ ~ 

* P i n  powers a r e  i n  kW/g. 
'FWHM = F u l l  Width  a t  Hal f  Maximum. 

Q u a l i t a t i v e l y ,  t h e  a p p e a r a n c e  o f  d i s r u p t i o n  was v e r y  s i m i l a r  i n  each  
of t h e  f o u r  e x p e r i m e n t s :  a v i o l e n t  s p r a y - l i k e  d i s p e r s a l  o c c u r r i n g  
w e l l  i n t o  t h e  second power p u l s e .  T h e r m a l  a n a l y s i s 1  h o w e v e r ,  i n d i . -  
cates t h a t  t h e  t i m i n g  o f  d i s r u p t i o n  r e l a t i v e  t o  t h e  time of f u e l  m e l t -  
i n g  w a s  d i f f e r e n t  f o r  t h e  f r e s h -  v e r s u s  t h e  i r r a d i a t e d - f u e l  e x p e r i -  
m e n t s .  T h e s e  d i f f e r e n c e s  w i l l  be d i s c u s s e d  i n  t h e  n e x t  s ec t ion .  

B e f o r e  g e t t i n g  i n t o  t h e  d e t a i l s  of t h e  t h e r m a l  a n a l y s i s ,  i t  is w o r t h  
c o m p a r i n g  t h e  a c t u a l  HRR p o w e r / t e m p e r a t u r e  h i s t o r i e s  t o  t h e  ob jec t ive  
a s  d e f i n e d  i n  T a b l e  3-1. The p a r a m e t e r s  o f  i n t e r e s t  a r e  t h e  g a s -  
b e a r i n g - f u e l  t e m p e r a t u r e  ( t a k e n  a s  t h e  t e m p e r a t u r e  a t  a r e l a t i v e  f u e l  
r a d i u s  o f  0.8) a t  t h e  e n d  of t h e  p r e h e a t ,  t h e  l e n g t h  of t h e  p r e h e a t r  
a n d  t h e  f i n a l  t e m p e r a t u r e - r a m p  r a t e  ( t a k . e n  a t  a f u e l  r a d i u s  of 0.8 a t  
SFD). T h e s e  p a r a m e t e r s  are s u m m a r i z e d  i n  Table 5-3. A s  c a n  be s e e n  
f r o m  t h e s e  r e s u l t s ,  t h e  t es t  o b j e c t i v e s  were g e n e r a l l y  a c h i e v e d  a l -  
t h o u g h  i t  was n o t  poss ib le  t o  e n s u r e  t h e  sane t e m p e r a t u r e  ramp r a t e  
d u r i n g  t h e  s e c o n d  p u l s e  f o r  e a c h  e x p e r i m e n t .  
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T a b l e  5-3 HRR e x p e r i m e n t  m a t r i x :  Key p a r a m e t e r s  

- 
P r e h e a t  P r e h e a t  T e m p e r a t u r e  

Tempera t u r  e* Time R a m p *  t 
Experirnen t (K) (SI (K/ms) 

HRR-6 2320 2.5 90 

HRR-2 2296 2.5 60 

H R R - 3  2478 2 .5  50 

HRR-5 2 4 8 0  2.5 45 

* 
A t  a r e l d t i v e  f u e l  r a d i u s  of 0.8. 

' I n s t a n t a n e o u s  ramp a t  t h e  time o f  d i s r u p t i o n .  

5 .2  T h e r m a l  A n a l y s e s  

D e t a i l e d  t w o - d i m e n s i o n a l  ( r a d i a l - a x i a l )  t h e r m a l  a n a l y s e s  were per- 
f o r m e d  f o r  e a c h  of  t h e  H R R  e x p e r i m e n t s ,  u s i n g  t h e  TAC-2D code .C36j  
The c y l i n d r ' i c a l  g e o m e t r y  modeled  i n  t h e s e  c a l c u l a t i o n s  is shown i n  
F i g u r e s  5-5 a n d  5-6. I n c l u d e d  a r e  t h e  f u e l - p i l i  s e g m e n t  w i t h  i t s  
a s s o c i a t e d  c l a d d i n g ,  t h e  d e p l e t e d  uo2 h o l d e r s  on e a c h  e n d  o f  t h e  p i n ,  
t h e  h e l i u m  f i l l  g a s ,  a n d  t h e  a luminum c a n i s t e r .  I n s p e c t i o n  of r h e  
TAC-2D r e s u l t s  i n d i c a t e d  t h a t  a x i a l  c o n d u c t i o n  had l i t t l e  e f f e c t  on 
t h e  c a l c u l a t e d  t e m p e r a t u r e  d i s t r i b u t i o n  n e a r  t h e  a x i a l  m i d p l a n e  O f  t h e  
t es t  p i n  s e g m e n t .  S i n c e  t h a t  r e g i o n  of t h e  p i n  was t h e  h o t t e s t  a n d  
f i r s t  t o  d i s r u p t ,  i t  was possible s i m p l y  t o  p e r f o r m  o n e - d i m e n s i o n a l  
( r a d i a l )  h e a t - c o n d u c t i o n  c a l c u l a t i o n s  f o r  t h e  c e n t e r m o s t  fuel p e l l e t  
o n l y .  T h e s e  o n e - d i m e n s i o n a l  c a l c u l a t i o n s  were p e r f o r m e d  u s i n g  t h e  
t h e r m a l  m o d u l e  f r o m  t h e  S A N D P I N  code.[53 B e c a u s e  o f  a more a c c u r a t e  
t r e a t m e n t  of f u e l  m o l t i n g ,  c l a d d i n g  m e l t i n g ,  a n d  t h e r m a l  r a d i a t i o n ,  
t h e s e  SANDPIN c a l c u l a t i o n s  form t h e  b a s i s  f o r  t h e  d i s c u s s i o n  t h a t  
f o l l o w s  . 
The S A N D P I N  c a l c u l a t i o n s  were p e r f o r m e d  u s i n g  t h e  power  h i s t o r i e s  
shown i n  F i g u r e s  5-1 t h r o u g h  5-4. The c o u p l i n g  f a c t o r s  a n d  e n e r g y -  
d e p o s i t i o n  p r o f i l e s  t h a t  were u s e d  were d i s c u s s e d  i n  S e c t i o n  4.3. The 
c a l c u l a t i o n s  u s e d  s t a n d a r d  t e m p e r a t u r e - d e p e n d e n t  mater ia l  p r o p e r -  
t i e s C 3 7 1  a n d  a g a p  m o d e l [ 3 8 ]  t h a t  a c c o u n t e d  fo r  t e m p e r a t u r e - d e p e n d e n t  
g a p - g a s  c o n d u c t i v i t y ,  g a p  o p e n i n g / c l o s u r e  c a u s e d  by r e l a t i v e  f u e l -  
c l a d d i n g  t h e r m a l  e x p a n s i o n ,  a n d  r a d i a t i o n  h e a t  t r a n s f e r .  The f u e l  
m i c r d s t r u c t u r e  u s e d  i n  t h e  c a l c u l a t i o n s  i s  a s  summar ized  i n  S e c t i o n  
3.2.  

I 
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Figure 5-6 Geometry for fuel p i n  and holder. 
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In e a c h  o f  t h e  t r a n s i e n t s l  t h e  g a s  b o t h  i n  t h e  f u e l - c l a d d i n g  g a p  a n d  
b e t w e e n  t h e  c l a d d i n g  a n d  c a n i s t e r  was i n i t i a l l y  h e l i u m  a t  0.03 MPa 
p r e s s u r e .  T h i s  was t h e  g a s  c o m p o s i t i o n  u s e d  f o r  e a c h  t r a n s i e n t  
t h r o u g h o u t  t h e  c a l c u l a t i o n s .  I n  r e a l i t y l  h o w e v e r r  t r t n s i e n t  f i s s i o n -  

, g a s  release o c c u r r i n g  i n  t h e  i r r a d i a t e d  e x p e r i m e n t s  (HRR-21 - 3 1  -5) 
c o n t a m i n a t e d  t h e  h e l i u m  g a s  a n d  l o w e r e d  t h e  e f f e c t i v e  g a s  c o n d u c t i v i -  
t y .  T h i s  t i m e - d e p e n d e n t  g a s  c o m p o s i t i o n  c h a n g e  is n o t  c u r r e n t l y  
modeled i n  t h e  SANDPIN code. 

B e f o r e  d e s c r i b i n g  t h e  d e t a i l e d  r e s u l t s  o f  t h e  h e a t - t r a n s p o r t  c a l c u l a -  
t i o n s /  i t  i s  i m p o r t a n t  t o  s u m m a r i z e  t h e  major u n c e r t a i n t i e s  i n  t h e s e  
c a l c u l a t i o n s  a n d  t h e i r  i n t e r p r e t a t i o n .  T h r e e  s o u r c e s  o f  u n c e r t a i n t y  
h a v e  b e e n  i d e n t i f i e d .  They r e s u l t  f r o m  t h e  d e t e r m i n a t i o n  of t h e  
c o u p l i n g  f a c t o r ,  t h e  a l i g n m e n t  o f  t h e  t i m i n g  b e t w e e n  f i l m s  a n d  power 
h i s t o r i e s ,  a n d  t h e  s e l e c t i o n  o f  t h e  f i l m  f r a m e  i n  w h i c h  a major e v e n t  
is s a i d  t o  o c c u r  ( e . g . l  t h e  s t a r t  o f  f u e l  d i s r u p t i o n ) .  B e c a u s e  t h e  
c a l c u l a t i o n s  i n d i c a t e  t h a t  f u e l  d i s r u p t i o n  i n  a l l  t h e  e x p e r i m e n t s  
o c c u r r e d  n e a r  t h e  time o f  f u e l  m e l t i n g ,  t h e  t h r e e  u n c e r t a i n t i e s  i d e n -  
t i f i e d  w i l l  b e  p u t  i n t o  p e r s p e c t i v e  by c o n s i d e r i n g  t h e i r  e f f e c t  on t h e  
c a l c u l a t e d  melt f r a c t i o n .  

The u n c e r t a i n t y  i n  t h e  c o u p l i n g  f a c t o r  is e s t i m a t e d  t o  be n o  more t h a n  
t 8 % .  T h i s  u n c e r t a i n t y  is a b s o l u t e  i n  t h e  s e n s e  t h a t  i t  does n o t  
c h a n g e  f r o m  e x p e r i m e n t  t o  e x p e r i m e n t .  C o n s e q u e n t l y ,  i t  n e e d  n o t  be 
g i v e n  much c o n s i d e r a t i o n  when c o m p a r i n g  e v e n t s  or  t i m i n g s  b e t w e e n  
d i f f e r e n t  e x p e r i m e n t s .  Howeverr  when t r y i n g  t o  e s t i m a t e  q u a n t i t i e s  
e u c h  a s  a v e r a g e  f u e l  e n t h a l p y  or m e l t  f r a c t i o n ,  i t  s h o u l d  be c o n -  
s idered.  A t  t h e  time o f  f u e l  m e l t i n g r  t h e  t o t a l  e n e r g y  d e p o s i t i o n  i n  
t h e  f u e l  is a p p r o x i m a t e l y  1 0 0 0  J / g .  An 8% u n c e r t a i n t y  i n  t h i s  v a l u e  
is 80 J/gl o r  a b o u t  30% o f  t h e  h e a t  o f  f u s i o n .  

The s e c o n d  s o u r c e  o f  u n c e r t a i n t y  o c c u r s  b e c a u s e  of a m i s m a t c h  i n  t h e  
a l i g n m e n t  o f  t h e  t i m i n g  i n  t h e  f i l m s  w i t h  t h e  t imir ig  of t h e  m e a s u r e d  
reactor power. F o r  a l l  e x p e r i m e n t s r  t h i s  u n c e r t a i n t y  i s  e s t i m a t e d  t o  
b e  1 m s ,  Near t h e  s t a r t  o f  f u e l  d i s r u p t i o n ,  t h e  e n e r g y  d e p o s i t i o n  
r a t e  i s  a p p r o x i m a t e l y  2.8 x l o 4  W/g. T h e r e f o r e f  a 1 - m i l l i s e c o n d  e r r o r  
i n  t h e  c i m i n g  a l i g n m e n t  r e s u l t s  i n  a 28 J / g  u n c e r t a i n t y  i n  t.he e n e r g y  
d e p o s i t i o n .  T h i s  c o r r e s p o n d s  t o  a p p r o x i m a t e l y  10% of t h e  h e a t  o f  
f u s i o n .  

The t h i r d  s o u r c e  o f  u n c e r t a i n t y  i s  i n  t h e  s e l e c t i o n  o f  t h e  frame t h a t  
c o r r e s p o n d s  t o  t h e  i n i t i a t i o n  o f  a n  e v e n t .  F o r  e x a m p l e t  s e l e c t i o n  of 
t h e  f r a m e  c o r r e s p o n d i n g  t o  t h e  s t a r t  of  f u e l  d i s r u p t i o n  o r  to t h e  
i n i t i a t i o n  o f  f u e l  s w e l l i n g  e n t a i l s  some j u d g m e n t  c o n c e r n i n g  when 
t h e s e  e v e n t s  b e g i n .  F o r  t h e  a n a l y s i s  h e r e f  i t  is es t ima ted  t h a t  t h i s  
u n c e r t a i n t y  is  a p p r o x i m a t e l y  5 1 m s .  

T h u s l  r e l a t i v e  c o m p a r i s o n s  b e t w e e n  e x p e r i m e n t s  (e .g . ,  m e l t  f r a c t i m  a t  
t h e  s t a r t  o f  f u e l  d i s r u p t i o n  b e t w e e n  f r e s h  a n d  i r r a d i a t e d  f u e l )  re- 
q u i r e  c o n s i d e r a t i o n  o€ o n l y  t h e  l a s t  two u n c e r t a i n t i e s .  I n  t h i s  s i t u -  
a t i o n /  t h e  u n c e r t a i n t i e s  combine  t o  g i v e  a t o t a l  u n c e r t a i n t y  of ? 14% 
o f  t h e  h e a t  of f u s i o n .  However,  when c h a r a c t e r i s t i c s  a r e  c o n s i d e r e d  
i n  a n  a b s o l u t e  s e n s e  ( e . g . /  t h e  a b s o l u t e  u n c e r t a i n t y  a t  SFD)/ a l l  
t h r e e  t y p e s  o f  u n c e r t a i n t i e s  m u s t  be c o n s i d e r e d .  Xn t h i s  c a se r  t h e  
t o t a l  u n c e r t a i n t y  is  33% of t h e  h e a t  o f  f u s i o n .  
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5.2.1 A n a l y s i s  of F r e s h - F u e l  E x p e r i m e n t  HRR-6 

The reac tor  power t r a n s i e n t  u s e d  i n  t h e  HRR-6 e x p e r i m e n t  is  shown i n  
F i g u r e  5-1. 
d u r i n g  t h e  t r a n s i e n t  a t  a f i l m i n g  r a t e  of 4000 f r a m e s  per s e c o n d .  
Photos (from t h i s  f i l m )  o f  t h e  major e v e n t s  d i s c u s s e d  i n  S e c t i o n  5.1 
a r e  shown i n  F i g u r e  5-7. T h e s e  e v e n t s  a r e  CMO ( t  = 2.479 s I  F i g u r e  
5-7a) ,  FS ( t  = 2.9225 s I  F i g u r e s  5-7b a n d  5-7C)1 SFD ( t  = 2.9255 s ,  
F i g u r e  5 - 7 d ) ,  a n d  LPG ( t  = 2.9285 s ,  F i g u r e  5 - 7 e ) .  A s  p r e v i o u s l y  
n o t e d ,  t h e r e  is a j u d g m e n t a l  u n c e r t a i n t y  of 200 m s  a s s o c i a t e d  w i t h  
CMO, 2 2 m s  w i t h  FS, a n d  4 1 m s  w i t h  SFD a n d  LPG. 

The h igh-speed ,  camera recorded t h e  e v e n t s  o c c u r r i n g  

The SANDPIN t h e r m a l  module  w a s  u s e d  t o  c a l c u l a t e  t h e  t i m e - d e p e n d a n t  
t e m p e r a t u r e  d i s t r i b u t i o n s  i n  t h e  f u e l - p i n  s e g m e n t .  F i g u r e  5-8 s h o w s  
t h e  c a l c u l a t e d  a n d  m e a s u r e d  f u e l - s u r f a c e  t e m p e r a t u r e  a s  a f u n c t i o n  of 
t i m e .  The o p t i c a l  p y r o m e t e r  was u s e d  t o  d e t e r m i n e  t h e  m e a s u r e d  f u e l -  
s u r f a c e  t e m p e r a t u r e .  U n f o r t u n a t e l y ,  t h i s  d e v i c e  was n o t  a c c u r a t e l y  
c a l i b r a t e d :  c o n s e q u e n t l y ,  a n  a d j u s t m e n t  o f  t h e  d a t a  had  t o  be made. 
F o r  b o t h  t h e  c a l c u l a t e d  a n d  m e a s u r e d  s u r f a c e - t e m p e r a t u r e  h i s t o r i e s ,  
t h e  c u r v e s  e x h i b i t  a p l a t e a u  a r o u n d  2.925 t o  2.927 s. The c a l c u l a -  
t i o n s  c l e a r l y  i n d i c a t e  t h i s  p l a t e a u  r e s u l t e d  f r o m  f u e l  m e l t i n g  n e a r  
t h e  f u e l  s u r f a c e .  T h e r e f o r e ,  i t  was c o n c l u d e d  t h a t  t h e  o b s e r v e d  
p l a t e a u  o c c u r r e d  n e a r  t h e  m e l t  t e m p e r a t u r e ,  a n d  t h e  t e m p e r a t u r e  mea- 
s u r e d  by t h e  p y r o m e t e r  a t  2.926 s w a s  s e t  a t  3 0 2 1  K ( h a l f w a y  b e t w e e n  
s o l i d u s  a n d  l i q u i d u s ) .  The c h o i c e  o f  3 0 2 1  K ( r a t h e r  t h a n  t h e  s o l i d u s  
t e m p e r a t u r e  o f  2998 K o r  t h e  l i q u i d u s  t e m p e r a t u r e  o f  3043 K )  w a s  
c o m p l e t e l y  a r b i t r a r y .  I n  f a c t ,  t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  
s u r f a c e - t e m p e r a t u r e  p l a t e a u  was c l o s e r  t o  - 3000 K .  

The t e m p e r a t u r e  a s  " s e e n "  by t h e  p y r o m e t e r  is  n o t  r e a l l y  t h e  s u r f a c e  
t e m p e r a t u r e  b u t  r a t h e r  some a v e r a g e  o f  t h e  t e m p e r a t u r e  i n  a t h i n  O u t e r  
c r u s t .  T h i s  is b e c a u s e  t h e  p y r o m e t e r  a c t u a l l y  sees i n t o  t h e  f u e l  a 
s h o r t  d i s t a n c e .  T h i s  e f f e c t  is c a u s e d  by t h e  p r e s e n c e  o f  numerous  
f u e l - s u r f a c e  c r a c k s  a n d  t h e  p a r t i a l  t r a n s p a r e n c y  of  U02 a t  h i g h  t e m -  
p e r a t u r e s . [ 3 9 ]  To i l l u s t r a t e  t h e  p o s s i b l e  e f f e c t  s u c h  p e n e t r a t i o n  
c o u l d  h a v e  on t h e  r e s u l t s ,  t h n  c a l c u l a t e d  t e m p e r a t u r e  i s  p l o t t e d  n o t  
o n l y  f o r  t h e  f u e l  s u r f a c e  b u t  a l s o  fo r  a p o i n t  0.035 mm i n t o  t h e  f a e l  
(see F i g u r e  5-8).  F o r  r e f e r e n c e ,  t h e  p i n  power is a l s o  shown. 

I n  g e n e r a l ,  t h e  a g r e e m e n t  be tween m e a s u r e d  a n d  c a l c u l a t e d  f u e l - s u r f a c e  
t e m p e r a t u r e  is e x c e l l e n t .  F o r  most of t h e  t r a n s i e n t  f r o m  2.900 S to 
2.927 s ,  t h e  d i s c r e p a n c y  b e t w e e n  t h e  p l o t t e d  p y r o m e t e r  d a t a  a n d  t h e  
c a l c u l a t e d  t e m p e r a t u r e  band  is 0 1 1  t h e  o r d e r  of 20 t o  4.) K. T h i s  c o u l d  
s i m p l y  be a r e s u l t  of t h e  a r b i t r a r y  c h o i c e  o f  3 0 2 1  K a t  2.926 s f o r  
t h e  p y r o m e t e r  d a t a ,  or a r e s u l t  o f  t h e  2 8% u n c e r t a i n t y  i n  c o u p l i n g  
f a c t o r . *  The i m p o r t a n t  t h i n g  t o  n o t i c e  is  t h a t  t h e  c d l c u l a t i o n  a n d  
t h e  measured d a t a  a g r e e  t o  w i t h i n  < 1 m s  o n  t h e  s t a r t  of  t h e  m e l t i n g  
p l a t e a u  n e a r  2 .925 s .  

*The t i m i n g  u n c e r t a i n t y  o f  1 m s ,  a n d  t h e  q u a l i t a t i v e  u n c e r t a i n t y  Of 

> 1 m s  a s s o c i a t e d  w i t h  d e f i n i n g  e v e n t  t imes,  d o  n o t  a f f e c t  t h e s e  = o m -  
p a r i s o n s  b e c a u s e  t h e y  a r e  s t r i c t l y  a s s o c i a t e d  w i t h  t h e  f i l m  t i m i n g -  
The t i m i n g  u n c e r t a i n t y  b e t w e e n  t h e  power h i s t o r y  ( c a l c u l a t e d  r e s u l t s )  
a n d  t h e  p y r o m e t e r  d a t a  is e s s e n t i a l l y  zero.  
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Clad neltoff (CMOI, 
t = 2.479 s .  

b. 

c. 

1 .  

e .  

Fuel swelling ( F S ) ,  
t = 2.923 s .  

Fuel s w e l . l i n q  (FS), 
t = 2 . 9 2 5  s .  

S t a r L  of fuel dlsruptlon fSFD), 
t = 2.925 s .  

LSSS of pin geometry i L ? G i ,  
t = 2.929 S .  
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i ’ i q u r e  5-7  Photos of malor events for experiment HFR-6. 
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Two a r e a s  of  d i s a g r e e m e n t  b e t w e e n  t h e  p y r o m e t e r  d a t a  a n d  t h e  m e a s u r e d  
t e m p e r a t u r e s  a r e  a p p a r e n t  i n  F i g u r e  5-8. The f i r s t  o f  t b e s e  o c c u r s  
a r o u n d  2 .920  s ,  when t h e  p y r o m e t e r  d a t a  seems 'io e x h i b i t  a n  o s c i l l a -  
t i o n .  Whi le  t h e  e x a c t  C a u s e  o f  t h i s  p e r c u r b a t i o n  h a s  n o t  b e e n  d e t e r -  
m i n e d ,  i t  is  s u s p e c t e d  t h a t  i t  r e s u l t e d  f r o m  v i b r a t i o n  i n  t h e  o p t i c a l  
s y s t e m .  The s e c o n d  a res  o f  l a r g e  d i s a g r e e m e n t  ( >  50 K) b e t w e e n  mea- 
s u r e d  a n d  c a l c u l a t e d  t e m p e r a t u r e  c a n  b e  s e e n  s t a r t i n g  a t  2 .928  s. 
However,  t h e  c o r n p a r i s o n  i s  no  l o n g e r  m e a n i n g f u l  h e r e  b e c a u s e  t h e  c a l -  
c u l a t i o n  s t i l l  assumes c y l i n d r i c a l  g e o m e t r y ,  w h e r e a s  i n  r e a l i t y  t h e  
f u e l  h a s  d i s p e r s e d  i n t o  a n e a r - s p h e r i c a l  " c l o u d " .  B e c a u s e  of t h i s  
f u e l  d i s p e r s a l ,  t h e  e f f e c t i v e  reac tor  c o u p l i n g  f a c t o r  i n c r e a s e s r  a n d  
more e n e r g y  is  b e i n g  d e p o s i t e d  i n  t h e  f u e l  t h a n  is a c c o u n t e d  f o r  i n  
t h e  c a l c u l a t i o n .  T h u s ,  o n e  would e x p e c t  t h e  c a l c u l a t e d  t e m p e r a t u r e  to 
l a g  b e h i n d  t h e  m e a s u r e d  p y r o m e t e r  d a t a .  I n  a d d i t i o n ,  i t  is  n o t  c l e a r  
a t  t h i s  p o i n t  e x a c t l y  w h a t  f u e l  t h e  p y r o m e t e r  i u  s e e i n g ,  b e c a u s e  o f  
t h e  l o w  d e n s i t y  o f  t h e  e x p a n d i n g  f u e l  c l o u d  a n d  t h e  n o n u n i f o r m i t y  3 f  
t h e  e x p a n s i o n .  

Aside from t h e  a r b i t r a r y  c a l i b r a t i o n  o f  t h e  p y r o m e t e r  d a t a r  t h e  2 0  t o  
40 K d i s c r e p a n c y  b e t w e e n  m e a s u r e d  a n d  c a l c u l a t e d  d a t a  may p a r t i a l l y  be 
a r e s u l t  of t h e  k 8% u n c e r t a i n t y  i n  p o w e r - c o u p l i n g  c o e f f i c i e n t .  T h e  
e f f e c t  o f  t h i s  u n c e r t a i n t y  c a n  be s e e n  i n  L"igiire 5-9. Plot ted  a r e  t h ~  
p y r o m e t e r  d a t a  a l o n g  w i t h  t h e  s u r f a c e  te rnpera t .u r i?  c a l c u l a L e t l  us . i . ny  t.he 
n o m i n a l  c o u p l i n g  f a c t o r ,  a v a l u e  t h a t  was 8% h i g h ,  and R vd.I.u@ that: 
was 8 %  low.  The t e m p e r a t u r e  p l a t e a u  a r o u n d  2 .926  5; occur::i at: t l l i i l  :Jdm;.? 

t e m p e r a t u r e  f o r  e a c h  v a l u e  o f  t h e  c o u p l i n g  f a c t o r .  u:.;ed. l ihe  primary 
e f f e c t  of t h e  8% v a r i a t i o n  i n  c o u p l i r l y  f a c t o r  i s  to ct-rancjr? t i c  f i i r ? !  

t e m p e r a t u r e  a t  t h e  e n d  o f  t h e  p r e h e a t  ( 2 . 9 0 0  s )  by i ~ p p r o X i . n ~ a t d y  
k 80 K a n d  t o  s h i f t  t h e  t i m i n g  o f  t h e  m e l t  p l a t e a i ~  a t  2,926 8 b y  abnul; 
.tr 1 m s .  I n s p e c t i o n  of t h e  c u r v e s  i n  F i g u r e  5-9 shows t h a t  t h e  b e s t  
q u a l i t a t i v e  a g r e e m e n t  b e t w e e n  p y r o m e t e r  d a t a  a n d  c a l . c u l ~  t e d  t t ? m p e r ' c i - -  
t u r e  i s  o b t a i n e d  u s i n g  t h e  n o m i n a l  v a l u e  of  the coup3.i. 
Based on t h e s e  c o m p a r i s o n s ,  i t  i s  c o n c l u d e d  t h a t  t h e  a 
f a c t o :  a p p l i c a b l e  t o  t h e  H R R - 6  t r a n s i e n t  is i n  f a c t .  v e r y  (:I.ose ( w i t h i n  
2 t o  3 % )  t o  t h e  n o m i n a l  v a l u e  of 1.4.15 J/g/K,J a s t i L l i I 1 e d  i n  i : l i e  C C I I C I J L A - -  
t i o n s .  

The s u r f a c e - t e m p e r a t u r e  d a t a  d i s c u s s e d  a b o v e  a r c  o f  l i t l l e  d i r ec t  u:sd  
i n  t h e  i n t e r p r e t a t i o n  o f  t h e  e x p e r i m e n t  r e s u l t s .  T h e  r a d i a l - t s m p e e a - -  
t u r e  d i s t r i b u t i o n s  a r e  n e e d e d  f o r  s u c h  i n t e r p r e t a t i o n ,  However I t h e  
e x c e l l e n t  a g r e e m e n t  b e t w e e n  m e a s u r e d  a n d  c a l c u l a t e d  s u r f a c e  t e m p e r a -  
t u r e s  d o e s  p r o v i d e  some a s s u r a n c e  o f  t h e  v a l i d i t y  of  t h e  t e m p e r a t . u r e  
p r o f i l e s  c a l c u l a t e d .  W i t h o u t  t h i s  c o m p a r i s o n  t h e r e  is  no  c h o c k  on t h e  
a c c u r a c y  of t h e  t h e r m a l  c a l c u l a t i o n s .  

The m a j o r  e v e n t s  o b s e r v e d  d u r i n g  t h e  t r a n s i e n t s  were s h o w n  i n  Figui:e 
5 - 7 .  The c a l c u l a t e d  r a d i a l - t e m p e r a t u r e  p r o f i l e s  c o r r e s p o n d i n g  Irci t.he 
t imes o f  t h e s e  e v e n t s  a r e  p l o t t e d  i n  F i g u r e  5-10. The r a d i a l  d i s -  
t r i b u t i o n  a t  t h e  e n d  o f  t h e  p r e h e a t  (EOP) i s  a l s o  Shawn .*  I l hese  
c a l c u l a t e d  t e m p e r a t u r e  p r o f i l e s  a r e  a n  i m p o r t a n t  p a r t  of  t h e  o v e u a l l  

$7 

Note t h a t  a f t e r  c l a d  m e l t o f f ,  t h e  c l a d  t e m p e r a t u r e s  were s t i l l  
p l o t t e d ,  b u t  t h e y  a r e  e q u a l  t o  t h e  f u e l - s u r f a c e  t e m p e r a t u r e s ,  
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i n t e r p r e t a t i o n  of ",he o b s e r v e d  b e h a v i o r .  
e v e n t s ;  several T i n o r  e v e n t s  were a l s o  o b s e r v e d .  T h e s e  a r e  v e r t i c a l  
f u e l  c r a c k i n g ,  gaseous r e l e a s e ,  end same s m a l l - s c a l e  s p u t t e r i n g ,  
b r i e f  d i s c u s . . i o n  of  all e v e n t s  i s  g l - ~ e n  beloir .  

The f i r s t  m a j o r  e v e n t  ossserved i n  t h e  f i l m  i s  f u e l  s w e l l i n g .  
5 - 8  s h o w s  t h a t  t h e  m e a s u r e d  start of f u e l  s w e l l i n g  coincldes w i t h  t h e  
o u t e r  p o r t i o n  o f  t h e  f u e l  r e a c h i n g  - 2 7 0 0  K .  T h i s  s w e l l i n g  may be d u e  
to r a p i d  h i g h - t e m p e r a t u r e  c r e e p ,  w h i c h  becomes  i m p o r t a n t  a t  f u e l  tem- 
p r ' r a t u r e s  a b o v e  - K.[4Q] The o b s e r v e d  fuel s w e l l i n g  n e a r  t h e  
' I [ I ~ ?  of f u e l  Jisruption is  shown i n  Figure 5-11. P r i o r  tc; 2 . 9 2 2 5  s, 
che i n c r e a s e  i n  f u e l - p e l l e t  d i a m e t e r  is m i n i m a l  a n d  c a n  b e  e x p l a i n e d  
by simple t h e r m a l  e x p a n s i o n .  4 v e r a g i n g  t h e  total 15 t o  208 d i a m e t r a l  
e x p a n s i o n  o v e r  t n e  - 3 ms s w e l l i n g  t i m e  gives a n  a v e r a g e  d i a m e t r a l  
" ' s t r a i n  r a t e "  of - 50 t o  7 0  S J s .  I n v e s t i g a t o r s  a r e  working o n  d e t e r -  
m i n i n g  the 1 i L e r n a 1  pressure s o u r c e  r e s p o n s i b l e  f o r  this o b s e r v e d  
s w e l l i n g .  C o n t a m i n a n t  and f a b r i c a t i o n  g a s e s  ( e . g . ,  C O  a n d  He) a r e  
c u r r e n t l y  t h o u g h t  t o  be t h e  most l i k e l y  e x p l a n a t i o n .  

I n  a d d i t i o n  to t h e  major 

A 

F i g u r e  

5 5  3 ,  f o l l ~ ~ w i - i g  - 3 m s  of r a p i d  f u e l  swalling, t h e  s t a r t  of  
s r u p t i o n  1 3  nosesved.  d p h o t 3  o f  t h e  f u e l  a t  t h i s  Lime 1s 

z i h ~ w i i  i n  F i g u r e  s-7a1. As c a n  be seen i n  F i g u r e  5-8, b o t h  t h e  pyrom- 
(?Ice d , a t ?  arrd the t h e r m a 4  cidcularion i n d i c a t e  t h a t  t h e  s u r f a c e  tern- 
peraLvr6. a t  t h a t  ~ i i w  % I ~ S  going t h r o u g h  a p l a t e a b  caused by m e l t i n g ,  
~ h 4 :  ca k c u l a t a r i  raiii??-temperatur~ profile a t  t h a t  t ime (Figure 5-10) 
ahow:3 t i i + L  thr.  r n i i t .  t ~ o n t  nad r e a c h e d  - 160% at t h e  fuel r a d i u s .  The 
t o L d l  r , i c? . l t  i r a  f i g t i  ' s r a c t l s n a i  e n t h a l p y  t h r o u g n  t h e  h e a t  5f f U s l O n ,  

V I ? '  3c:ed B V C C  IC:; *rSi :3s j  41- t h i s  t i m e  is  - 11%. A t  t h c  t ime o f  SFSt 
i i r?  1irre;ir ~ . i p n , 5 1 3 1 1  r a t e  3 f  the  e x p a n d ~ n g  Eue? "clot id"  is - 1.0 m / a t  
or a n  C t f @ C C I ' J @  d i 3 ~ i e ~ r 3 1  ' s t r a i n  r a t e ' *  o f  - 400 % / s .  

'k'rl(; v e ~ y  ~ u j a l i t d t i v c  "?os.;.. rit p i n  geometry ' '  o c c u r s  a t  - 2.9285 s .  A 

t ci i i ip<?r 3 1  117 ca p r  r) 
q 1 . 1 ~ 1  I ]  t r t l  i ' l " i ly  i - s z  r n  o ~ ~ - ~ ~ I ~ s c  1 he s e ~ e r e i y  d i s r u p t e d  g e o m e t r y  1s n o t  
n n u d c ? l r ~ d  t n  % l i s  #",+Lo tlrjp, L i r > w e j p f r  a t  t t y i s  talne tine o:lter p a r t  of 
 he i i i n l  n a s  pid*;c.j  tk ro i ig t?  t h e  hedt  r a f  t - s ~ o n  and i s  i n c r e a s i n g  i n  
r e ~ t i p ~ r s ? t l ~ r c  -1t 1 r-iLe o f  a~proximately i 5 C  K / m 3  ! s e e  F i g u r e  5-10). 
rice pedlc fuel t e n p s r a t ~ r e  0 6  3150 R nas now essentiaily r e a c i l e d  t h e  
.o: M P ~  b o i l a n g  ~ ' ~ ~ i i t  gf i z c 9  L L O G  x. T n d s ,  1: a 3  s u s p e c t e d  t h a t  t h e  
d i i r i i p : i o n  rnnc ' i3r1isn n a s  c h a n g e d  from phenomena a s s o c i a t e d  w i t h  melt- 

[ > f l O t < J  <>l t h o  t ' l  2 t  tt11.s t r rnz is shown in P L ~ J ' J ~ ~  5 - 7 ~ ~  a n d  t h e  radial 
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A v e r L i c a l  c r a c k  i n  t h e  f u e l  s u r f a c e  w a s  v i s i b l e  a f t e r  c l a d  r n e l t o f f  
o c c u r r e d .  A t  t h i s  time t h e  fi;el s u r f a c e  was s r i l l  coo l  ( i . e . ,  
N 2000 K), a n d  t h e  c r a c k  w a s  v i s i b l e  b e c a u s e  t h e  interior of t h e  f u e l  
w a s  much h o t t e r  t h a n  t h e  s u r f a c e .  The c r a c k  a p p e a r e d  a s  a b r i g h t  l i n e  
on t h e  s u r f a c e  a n d  r e n a i n e d  v i s i b l e  u n t i l  2 - 9 2  s, when t h e  s J r f a c e  
t e m p e r a t u r e  r e a c h e d  - 2700 I(. A t  t h i s  t ime t h e  c r a c k  may h a v e  c l o s e d ,  
or t h e  r a d i a l  f u e l  t e m p e r a t u r e  g r a d i e n t  may h a v e  b e e n  t o o  l o w  t o  
p r o v i d e  s u f f i c i e n t  c o n t r a s t  b e t w e e n  t h e  h o t  i n n e r  f u e l  a n d  t h e  c o o l  
o u t e r  s u r f a c e .  The t imes  of c r a c k  i n i t i a l  a p p e a r a n c e  a n d  f i n a l  d i s a p -  
p e a r a n c e  c o r r e s p o n d  r o u g h l y  t o  F i g u r e s  5-7a a n d  5 -75)  b u t  u n f o r t u n -  
a t e l y ,  t h e  c r a c k  i s  n o t  v i s i b l e  in t h e  r e p r c d u c t i o n s .  

The g a s  re l .easel  w h i c h  c a n  be s e e n  i n  F igu r i ?  5 - 7 ~ ~  i s  u n e x p l a i n e d  a t  
p r e s e n t .  I t  may ha:ie ~ e e n  q l o w i n g  n o n c o n d e n s a b l e  g a s e s  o r  possibly 
t h e  f o g  or c o n d e n s a t i o n  3 Z  a gas e m i t t e d  f -3rn  t h e  f u p l  j u s t  p r i o r  to 
SFD. 

The S p u t t e r i n g  of che  f s e l  o c c u r r e d  n e a r  t h e  t i n e  of SFD. The par- 
t i c l e  s p u t t e r e d  from t h e  suc fz l ce  h a d  d magis 3 f  sppraxinately 5 m g  and 
t r a v e l e d  w i t h  a cons tan^ v e l o c i t y  o f  3 . 2  m/s. ‘ r h i s  s m a l l  p a r t i c l e  was 
v e r y  n e a r  t h e  solidus t e m p e r a t u c e  a t  t n e  c i rne  of  e j e c t i o n  a n d  e v e n -  
t u a l l y  r e a c h e d  the melt  t empera ture  3 :os a f t e r  e ; ec t ion .  T h e  c .3~36 oi 
t h e  e j e c t i o n  h a i s  n o t  y e t  been d e t e r m i n e d .  

Among t h e  e v e n t s  ~ b s e r . ~ ’ & i ,  :ne nast i m p o r t a n t  observation i s  t h a t  the 
f r e s h  f u e l  u s e d  i n  the iia:i-6 e x p e s i n e n ~  d i s r u p t e d  n e a r  t h e  t i m e  o f  
1 0 0 %  f u e l  m e l t i n g r *  s i q n i f i c a n t L y  p r i o r  t o  f u e i - v a p o r - p r e s s u r e  g e n e r a -  
t i o n .  T h i s  i s  s e e n  '/cry : . : l sa r ly  i n  t h e  r a d i a l  ~ e m p e r a t u r e  d i s t r i b u -  
t i o n  a t  t h e  t i m e  o f  i n i t i a l  f u e l  d i s r u p ~ i o n    st.'^) i n  F i g u r e  5-10. The 
nraximuni f u e l  t cznp i :?ea tu re  a t  t h i s  time w a s  3612 K ,  which  occurrc ;  when 
t h e  f u e l  w a s  ori1.i t I i Z B  t h e  h n a t  3f L-”Si’-’’ d , l .   he f u e l - v a p o r  

ly G . O , 3 4  ‘‘IPa, w e L P  oelrjw t h e  9-02 MPa 

F u r t h e r  evidence f o r  t h e  absencs  ~f s i g n i f i z a : i t  t . ~ e ? - v a p o r  pressure d t  
t h e  time o f  f u e l  . j L ; r u ? t i o n  c a n  be obtained from t he  p r e s s u r e - t r a n s -  
d u c e r  m e a s u r e m e n t s  0: t h e  1 n n e ~  c a n i s t e r  p r e s s u r e ,  shown i n  F i g u r e  
5-12.  No e v i d e n c e  o f  any pressurizatian i i a s  cean i l n t i i  2.932 s ,  a b o u t  
6 m s  a f t e r  t h e  s t a r t  cif f u e l  d i s r u p t i Q n ,  .F..t t h a t  t i ~ e ,  t h e  peak 
c a l c u l a t e d  f i r p i  t e m p e r a t u r e  yas 3 7 ~ 0  X, a b o u t  560 x absve t h e  b o i l i n g  
p o i n t  of t h e  rnixe2-3xi3e fuel a t  0 . 0 3  H P ~ .  ?he r i s e  i r i  p r e s s u r e  s e e n  
a t  t h i s  later t i m 5  ‘~13s p r o b a b l y  c a u s e d  b y  fuel * ~ a c o r i z a t i o n .  

T h u s ,  i n i : . i a l  f i u e i  - j i s r u p r i c i n  o r c u r r p d  s b o * ~ :  2 3 s  5eEgze t r l e  tal-;' ,- la- 
t i o n s  i n d i c a t e  t h a t  ?%;el b o i l i n g  s t a r t s  a n d  ab.,ii’, 
s i g n i f i c c n t  f u e l - v a p o r  pres sg re  uas see3 by t i l e  pr  
However, at a h i g h e r  ambient ( c a ~ s u l e )  pressuze, 
b e t w e e n  S F D  a n d  t h e  ~ > n s e t  of r a p i d  f u e l  -1ap9riza: ian ( b o i l i r a g j  c o u l d  
b e  s i g n i f i c a n t l y  i n c r e a s e d .  I n  future exseriaents, n i g h e r  a?nSisnt  
p r e s s u r e s  w i l l  be  2 s e d  t3 s e p a r a t e  e f f e c t s  [ i n  tiae a n d  t e r n p “ r a t u r e )  
c a u s e d  by f u u i  m e l . t i n g  a n d  by fuel -~aporizatisn ( o o i l l n g )  s 

* F r a c t i o n a l  area t f i e  above t h e  s o ~ l j u s  <em;erati>re o f  2999 I;- 

t n i s  time diffPreI3C-e 

- 
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5 . 2 . 2  A n a l y s i s  of I r r a d i a t e d - F u e l  E x p e r i m e n t s  HRR-2, -3, -5 

A 8  d e s c r i b e d  i n  S e c t i o n  3 . i r  t h e  r eac to r  power t r a n s i e n t s  u s e d  € o r  t h e  
i r r a d i a t e d - f u e l  e x p e r i m e n t s  were v e r y  s i m i l a r  t o  t h e  o n e  u s e d  i n  t h e  
f r e s h - f u e l  e x p e r i m e n t .  The ACRR power h i s t o r i e s  u s e d  i n  e x p e r i m e n t s  
i i R R - 2 /  H R K - 3 1  a n d  HRR-5 a re  shown i n  F i g u r e s  5-2, 5-3, a n d  5-4. The 
o b s e r v e d  f u e l  b e h a v i o r  w a s  v e r y  s i m i l a r  f o r  e a c h  o f  t h e s e  t h r e e  e x p e r -  
i m e n t s ,  SQ a s e p a r a t e  d i s c u s s i o n  of e a c h  e x p e r i m e n t  is n o t  p r o v i d e d .  
U ~ \ s i c a l l y ,  t h e  o b s e r v e d  s e q u e n c e  o f  e v e n t s  was v e r y  s i m i l a r  to t h a t  of 
!IRK -5. T h e  major d i f f e r e n c e s  a r e  t h a t  s i g n i f i c a n t  f u e l  s w e l l i n g  prior 
1-0 d i s r u p t i q n  w a s  n o t  o b s e r v e ?  a n d  t h a t  t h e  o b s e r v e d  d i s r u p t i o n  oc- 
c u r r e d  ~ l . j h t l y  e a r l i e r  (at a lower fuel melt f r a c t i o n )  i n  t h e  ir- 
r a d i a t e d - f u e l  e x p e r i m e n t s .  The t i m i n g  of t h e  o b s e r v e d  major events 
(CMO! SFD, . ~ ? d  LPG) is s u m m a r i z e d  i n  Table  5-2. 

rrie ShPlUPIM t h e r m a l  mooule wa 3ed t o  c a l c u l a t e  t h e  t i m e - d e p e n d e n t  
t.elrrperature d i s t r i b u t i o n 8  fo i  t a c h  of t h e  e x p e r i m e n t s .  F i g u r e s  5-13, 
'J-14/ a n d  5 - 3 5  show t h e  m e a s u r e d  a n d  c a l c u l a t e d  f u e l  surface temper- 
df-~ires f o r  e x p e r i m e n t s  HRR-2, HRR-3/ a n d  H R R - 5 ,  r e s p e c t i v e l y .  Also 
shoxri a r e  t h e  r e a c t o r  p o w e r  t r a n a i e n t a  a n d  t ime m a r k e r s  i n d i c a t i n g  SFD 
;lrit3 LPG. As f o r  t h e  HRR-6 a n d l y s i s ,  t h e  m e a s u r e d  t e m p e r a t u r e  i s  s h o v n  
o o t h  fo r  t h e  f u e l  : ? u r f a c e  ds well a s  f o r  a p o i n t  0.035 mm i n t o  t h e  
i u e 1 .  The o p t i c a l  p y r o m e t e r  was n o t  a v a i l a b l e  i n  t h e  i r r a d i a t e d - f u e l  
I i I 4 1 {  ~?xperiments ,  su t h e  m e a a u r e d  t e m p e r a t u r e s  were o b t a i n e d  from 

1 'O:J 1Lrsm4lt e t  mcqaswrcrmc?nt,s wete n o t  c a l i b r a t e d  t o  t h e  c a l c u l a t i o n  a 5  
$ 4 3  i 1 1 $ ~ 1 1 * '  t i j r  t h c  o p t i c a l  pyrometer  d a t a  i n  ttie H R R - b  a n a l y s i s .  'ShUS,  
1 hest! mi. ~ : j u r . - e i i i c i l t Y  dice t h e  a c t u a l  d a t a  a n d  h a v e  a n  a s s o c i a t e d  UnCer- 

A i ~ . l l - d ~ ; . r i s i t o i n ~ ~ ~ r  m e a s u r e m e n t s  o f  the f i l m  e x p o s u r e .  T h e s e  p l o t t e d  

tLI:llry % > I  ' l f l c )  K, 

l i i  i j e i i c x r d  1 , t ne 3 g r e e m e n t  b e t w e e n  t h e  m e a s u r e d  a n d  c a l c u l a t e d  tampers- 
I I I T - ? ~ ~  1s ver .y  tjood. T h e  differorbee b e t w e e n  t h e  t w o  c u r v e s  is t y p i -  

1 illy w 1 ' 1  1 w i t t i i n  ttie t ~ )  K L i i ~ ( q f A r t a i n t y  of t h e  d e n e i t o m e t e r  da t a .  

' i , ~ c ?  i : r l c u l i t e d  C d d i a l  t e r n p e r a t i i r +  r ) r o f i i a s  n t  EOP, at SFD, and a t  LPGI  
I L I *  b ; h o w r i  i n  v i  j u r r ~  5-10, 5-17,  stid I:-18 f o r  each o f  t h e  s r rad ia ted-  

I r19i e x p e r i m e n t s  I I K R - 2 ,  HRfi-3 dnd  111i1i-5. As f o r  t h e  H R R - 5  a n a l y s i s ,  
f *lt.Se c ; a l c u l ~ t t ? d  r e s u l t s  torn tile t i . .~d is  t o r  the i n t e r p r e t a t i o n  of the 

x p c r l i n e r i t n .  

G n l j  mknimal  f u e l  s w e l l i n g  p r i o r  t o  d i s r u p t i o n  was o b s e r v e d  i n  the 
i r r a d i a t e d - f u e l  e x p e r i m e n t s  ( l e s s  t h a n  5 v o l u m e  p e r c e n t ) .  I n  the 
L r e s h - f u e l  HRR-6  t r a n s i e n t ,  t h e  s t a r t  cf  f u e l  s w e l l i n g  c o i n c i d e d  w i t h  
~ h e  s u r f a c e  t e m p e r a t u r e  r e a c h i n g  - 2700  K.. I n  t h e  i r r a d i a t e d - f u e l  
J x p . s r i m e i i i s ,  iiowevei , t h e  s t a r t  o f  f u e l  d i s r u p t i o n  o c c u r r e d  % h e n  the 
~;11rfdce t e m p e r a t u r e  was - 2 7 0 0  K .  

r ' h o t u s  of t he  f u e l - d i s r u p t i o n  process a r e  shown i n  F i g u r e s  5-19, 5-20, 
' , id  5 - 2 1  f o r  e x p e r i m e n t s  HRR-2, HRR-3, a n d  H R H - 5 ,  r e s p e c t i v e l y .  I n  
311 cases,  t h e  d i s r u p t i o n  a p p e a r e d  a s  a g a s - d r i v e n  e x p a n s i o n  of very 
.-mall ( <  0.1 m m )  p a r t i c l e s  moving  a t  s p e e d s  n e a r  5 m/s. QUalita- 
L L v e l y l  t h e r e  was l i t t l e  i f  a n y  d i f f e r e n c e  b e t w e e n  t h e  a p p e a r a n c e  Of 
t h e  d i s r u p t i o n  i n  t h e  f r e s h -  a n d  i r r a d i a t e d - f u e l  e x p e r i m e n t s .  The 

5 - 2 2  
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LEGEND 
i3 SCM, 2.342 

5 SFD. 2.859 
C* EOP, 2 920  

F i g u r e  5-16 H R R - 2  r a d i a l - t e m p e r a c u r e  ~ r o f i l e s ~  
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F i g u r e  5-17 HRR-3 radial-temperature profiles. 
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F i g u r e  5 - l a  WRR-5 r a d i a l - t e m p e r a t u r e  profiles. 
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a. 

h.  

c . 

535 c lad  me l to f f  ( 5 0 %  CMO) 
t = 2 . 9 5 0  S .  

Vue1 s p u t t e r i n q ,  
t = 2 . 9 5 6  s .  

: ; t a r t  o f  fuel d i s r i p t i o n  ( 
t = 2 . 9 5 9  s .  



b. 

C. 

d .  

e. 
I -.:- 

90% clad meltoff (90% CMO), 
t = 2.3410 S .  

Start of second pulse, 
t = 2.9214 s. 

Prior to start of fuel disruption, 
t = 2.9264 s. 

Start of fuel disruption ( S m ) ,  
t = 2.9294 S.  

Loss of pin geometry (LPS), 
t = 2.3304 s. 

1 .;ric.ci-ed frames from motion-picture film (HRR-3). 
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~ci meltoff (90% CXO), 
t = 2.430 s .  

riqure 5-21 Selected frames from motion-picture fllm IHPQ-5’ .  
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o n l y  r ea l  d i f f e r e n c e  was i n  t h e  f u e l - e x p a n s i o n  r a t e s  a t  SFD. 
5-22 t h r o u g h  5-24 show t h e  m e a s u r e d  f u e l  e x p a n s i o n  a s  a f u n c t i o n  O f  
t i m e  f o r  t h e  i r r a d i a t e d - f u e l  e x p e r i m e n t s .  I n  e a c h  caser t h e  e x p a n s i o n  
r a t e s  ( p a r t i c l e  v e l o c i t i e s )  w e n t  f rom z e r o  t o  4 o r  5 m/s w i t h i n  1 m s  
o f  t h e  s t a r t  o f  f u e l  d i s r u p t i o n .  T h e s e  v e l o c i t i e s  were about fou r  
times l a r g e r  t h a n  t h e  o b s e r v e d  e x p a n s i o n  r a t e s  i n  t h e  f r e s h - f u e l  
e x p e r i m e n t  HRR-6 (see F i g u r e  5-11) .  

A l t h o u g h  t h e  q u a l i t a t i v e  a p p e a r a n c e  o f  t h e  f u e l  d i s r u p t i o n  was v e r y  
s imi la r  f o r  f r e s h -  a n d  i r r a d i a t e d - f u e l  e x p e r i m e n t s r  t h e  t i m i n g  of SFD 
was c o n s i s t e n t l y  e a r l i e r  i n  t h e  i r r a d i a t e d - f u e l  cases. The c a l c u l a t e d  
r a d i a l  t e m p e r a t u r e  p r o f i l e s  i n  F i g u r e s  5-16 t h r o u g h  5-18 show t h a t t  
w i t h i n  t h e  2 1 - m s  t i m i n g  u n c e r t a i n t y ,  t h e  time of SFD c o i n c i d e d  
r o u g h l y  w i t h  t h e  o n s e t  o f  f u e l  m e l t i n g .  A t  t h e  t i m e  o f  SFDI f u e l -  
s u r f a c e  t e m p e r a t u r e s  were a b o u t  2700 K I  t h e  a r ea l  melt f r a c t i o n  r a n g e d  
f r o m  0 t o  45%, a n d  t h e  t o t a l  melt f r a c t i o n  ( f r a c t i o n a l  e n t h a l p y  
thi:ough t h e  h e a t  of f u s i o n ,  mass a v e r a g e )  r a n g e d  f r o m  0 t o  5%.  T h e s e  
v a l u e s  a r e  summar ized  i n  T a b l e  5-4. In  a n  a b s o l u t e  s e n s e r  t h e  u n c e r -  
t a i n t i e s  i n  t h e s e  c a l c u l a t e d  m e l t  f r a c t i o n s  were It 33%. 

F i g u r e s  

T a b l e  5-4 H R R  f u e l - m e l t - f r a c t i o n  summary a t  time o f  d i s r u p t i o n  

- 
HRR-6 HRR-2 HRR-3  HRR-5 

SFD 

T i m e  ( s )  2.9255 2.959 2.9294 2.930 

A r e a l  melt f r a c t i o n  ( % )  9 9  0 4 4  27 

- 

E n t h a l p y  m e l t  f r a c t i o n *  ( % )  1 2  0 5 4 

LPG 

T i m e  ( s )  
- 

2.9285 2.962 2 9304  2.933 

Areal melt f r a c t i o n  ( % )  100 20 9 6  9 0  

E n t h a l p y  mel t  f r a c t i o n  ( % )  76 1 1 2  1 4  

* 
A b s o l u t e  u n c e r t a i n t y  o f  t 38%, r e l a t i v e  u n c e r a i n t y  of -I- 1 4 % .  

The p e a k  t e m p e r a t u r e s  a t  t h e  s t a r t  o f  f u e l  d i s r u p t i o n  were o n l y  
s l i g h t l y  a b o v e  t h e  s o l i d u s r  and t h e  p e a k  f u e l - v a p o r  p r e s s u r e s  were 
less t h a n  0.004 MPa. F u e l - v a p o r  p r e s s u r e  could t h u s  b e  r u l e d  o u t  a s  
t h e  d i s p e r s a l  mechanism.  T h i s  is more c l e a r l y  shown i n  T a b l e  5-51 
w h i c h  g i v e s  t h e  times of SFD i n  comparison w i t h  t h e  times a t  w h i c h  t h e  
p e a k  f u e l  t e m p e r a t u r e  r e a c h e d  t h e  0.03 MPa b o i l i n g  p o i n t  ( -  3200  K) 
a n d  t h e  0.1 MPa b o i l i n g  p o i n t  ( -  3500  K ) .  Fo r  t h e  i r r a d i a t e d - f u e l  
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T a b l e  5-5 Time of f u e l - v a p o r - p r e s s u r e  g e n e r a  t i o n  
i n  H R R  e x p e r i m e n t s  

HRR-6  HRR-2 HRR-3  HRR-5 

Time of SFD ( s )  2.9255 2.959 2 .9294 2.930 

Time of  LPG (s) 2.9285 2.962 2 .9304 2 .933  

Time when 
v a p o r  p r e s s u r e  

= 0.03 MPa ( s )  2 .929  2.968 2 .9365 2.9415 

= 0.1 MPa ( s )  2.931 2.970 2.939 2.9445 

e x p e r i m e n t s ,  t h e r e  was a m a r g i n  o f  - 7 t o  10 m s  b e t w e e n  SFD a n d  t h e  
s t a r t  o f  r a p i d  t u e l  v a p o r i z a t i o n  ( b o i l i n g ) .  T h i s  m a r g i n  was much 
l a r g e r  t h a n  t h e  2 2-ms t i m i n g  u n c e r t a i n t y  i n  t h e  a n a l y s i s .  

As was m e n t i o n e d  a b o v e ,  t h e  i n i t i a l  r a t e  of f u e l  e x p a n s i o n  w a s  much 
h i g h e r  i n  t h e  i r r a d i a t e d - f u e l  e x p e r i m e n t s  t h a n  i n  HRR-6 .  F u r t h e r ,  i t  
was n o t  p o s s i b l e  t o  d i s c e r n  a n o t i c e a b l e  c h a n g e  i n  t h e  f u e l - e x p a n s i o n  
r a t e s  a s  was s e e n  i n  t h e  f r e s h - f u e l  H R R - 6  e x p e r i m e n t .  However,  l o n g  
a f t e r  LPGl when t h e  e x p a n d i n g  f u e l  had  f i l l e d  t h e  e n t i r e  v i e w  f i e l d ,  
t h e  c h a r a c t e r  oi t h e  f u e l  seemed t o  c h a n g e  f rom d i s c r e t e  ( t h o u g h  
s m a l l )  p a r t i c l e s  t o  a f o g .  T h i s  o c c u r r e d  n e a r  t h e  time o f  f u e l  b o i l -  
i n g  i n  e a c h  e x p e r i m e n t .  

T h e r e  a r e  s e v e r a l  i m p o r t a n t  c o n c l u s i o n s  t h a t  can b e  drawn f r o m  t h e s e  
r e s u l t s :  

e T h e r e  seemed  t o  b e  n o  d i f f e r e n c e  i n  t h e  o b s e r v e d  f u e l  d i s r u p t i o n  
b e t w e e n  h i g h -  a n d  low-power m i c r o s t r u c t u r e s  (HRR-3 v e r s u s  HRR-5). 

T h e r e  seemed  t o  be n o  d i f f e r e n c e  i n  t h e  o b s e r v e d  f u e l  d i s r u p t i o n  
b e t w e e n  p r e h e a t  t e m p e r a t u r e s  of 2300 K a n d  2500  K (HRR-2 v e r s u s  
H R R - 3 ) .  

e T h e r e  was no  e v i d e n c e  f o r  f u e l  d i s r u p t i o n  be low f u e l  t e m p e r a t u r e s  
o f  - 2 3 0 0  K ( a l t h o u g h  t h e  f u e l  may h a v e  f r agmen tc .3  p r i o r  t o  d i s r u p -  

e The i r r a d i a t e d  f u e l  d i s r u p t e d  e a r l i e r  t h a n  t h e  f r e s h  f u e l ,  b u t  i n  a 
q u a l i t a t i v e l y  s imi l a r  manner  (HRR-2 v e r s u s  H R R - 6 ) .  

B a s e d  on  t h e s e  a n a l y s e s ,  i t  a p p e a r s  t h a t  t h a t  o b s e r v e d  d i s r u p t i o n  
c o i n c i d e d  v e r y  n e a r l y  w i t h  f u e l  m e l t i n g  ( o r  n e a r  m e l t i n g )  i n  t h e  
i r r a d i a t e d - f u e l  s a m p l e s .  S o l i d - s t a t e  d i s r u p t i o n ,  a s  p r e d i c t e d  by t h e  
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T I G R S  p r e t e s t  c a l c u l a t i o n s ,  was n o t  o b s e r v e d .  S o l i d - s t a t e  d i s r u p t i o n  
may h a v e  occurred, b u t  o n l y  when t h e  c e n t e r  o f  t h e  p i n  was s t a r t i n g  t o  
m e l t .  

5.2.3 Compar i sons  b e t w e e n  F r e s h -  and  I r r a d i a t e d - F u e l  E x p e r i m e n t s  

The d i f f e r e n c e s  b e t w e e n  t h e  f r e s h -  a n d  i r r a d i a t e d - f u e l  e x p e r i m e n t s  
h a v e  b e e n  b r i e f l y  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n .  T h e s e  i m p o r t a n t  
d i f f e r e n c e s  a n d  Y i m i l a r F t i e s  a r e  a g a i n  summar ized  h e r e i n  t o  a i d  i n  t h e  
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 .  T a b l e  5-6 s u m m a r i z e s  t h e  major o b s e r -  
v a t i o n s  a n d  a n a l y s i s  f o r  a l l  t h e  HRR e x p e r i m e n t s .  

The d i s r u p t i o n  p r o c e s s  was q u a l i t a t i v e l y  v e r y  s imi l a r  f o r  b o t h  t h e  
f r e s h -  and  i r r a d i a t e d - f u e l  e x p e r i m e n t s ;  i t  a p p e a r r e d  a s  d r a p i d  g a s -  
d r i v e n  e x p a n s i o n  o f  v e r y  f i n e  p a r t i c l e s .  I n  a l l  cases,  d i s r u p t i o n  
o c c u r r e d  w e l l  b e f o r e  s i g n i f i c a n t  f u e l  v a p o r  p r e s s u r e  was g e n e r a t e d .  
I f  t h i s  o b s e r v e d  d i s r u p t i o n  p r o v e s  t o  b e  a x i a l l y  d i s p e r s i v e ,  i t  would  
be  a n  i m p o r t a n t  p o t e n t i a l  source o f  r e d u c t i o n  i n  work -ene rgy  release 
f o r  p r o m p t - b u r s t  d i s a s s e m b l y  a c c i d e n t s ,  e s p e c i a l l y  i n  e n d - o f - e q u i l i -  
b r i u m - c y c l e  ( E O E C )  cores. F u r t h e r ,  i f  t h e  o b s e r v e d  e a r l y  d i s p e r s a l  i n  
t h e  f r e s h  f u e l  c a n  be  d e m o n s t r a t e d  t o  be  p r o t o t y p i c ,  t h i s  r e d u c t i o n  i n  
work-energy  re lease c o u l d  b e  e x t e n d e d  t o  b e g i n n i n g - o f - l i f e  (BOL) c o r e s  
a s  w e l l .  

T h e  m a j o r  d i f f e r e n c e  b e t w e e n  f r e s h  a n d  i r r a d i a t e d - e x p e r i m e n t s  was t h e  
s t a t e  o f  t h e  f u e l  a t  t h e  time o f  d i s r u p t i o n .  T h i s  w a s  mos t  c l e a r l y  
s e e n  i n  t h e  m e l t  f r a c t i o n  a t  t h e  s t a r t  o f  f u e l  d i s r u p t i o n .  The f r e s h  
f u e l  was n e a r l y  1 0 0 %  m o l t e n ,  w h e r e a s  t h e  i r r a d i a t e d  f u e l  had  a lower 
melt f r a c t i o n  ( a v e r a g e  - 40%) .  T h i s  d i f f e r e n c e  w a s  e v e n  more p r o -  
n o u n c e d ,  s i n c e  t h e  m e l t  t e m p e r a t u r e  f o r  t h e  f r e s h  f u e l  ( 3 0 2 1  K) w a s  
h i g h e r  t h a n  f o r  t h e  i r r a d i a t e d  f u e l  ( 2 9 6 0  K ) .  Thus ,  g i v e n  t h e  same 
power  t r a n s i e n t ,  i r r a d i a t e d  f u e l  d i s r u p t e d  e a r l i e r .  T h i s  was con- 
s i s t e n t  w i t h  t h e  e x p e c t e d  r e s u l t  t h a t  f i s s i o n  g a s  i n  t h e  i r r a d i a t e d  
f u e l  c o n t r i b u t e d  t o  t h e  e a r l i e r  d i s r u p t i o n .  

F r e s h  and  i r r a d i a t e d  f u e l s  a l s o  d i s p l a y e d  d i f f e r e n c e s  i n  t h e  i n i t i a l  
e x p a n s i o n  r a t e s  ( i . e . ,  t h e  v e l o c i t y  of t h e  p a r t i c l e s  a t  t h e  s t a r t  o f  
f u e l  d i s r u p t i o n ) .  F o r  f r e s h  f u e l ,  t h i s  v e l o c i t y  was n e a r  1 .25  t 0.2 
m / s :  f o r  t h e  i r r a d i a t e d  f u e l ,  t h i s  r a t e  was n e a r  5.0 t 0.2  m / s .  
A g a i n ,  t h i s  d i f f e r e n c e  is  t h o u g h t  t o  be d u e  t o  t h e  p r e s e n c e  o f  f i s s i o n  
p r o d u c t s  i n  t h e  i r r a d i a t e d  f u e l .  

A f u r t h e r  d i f f e r e n c e  o b s e r v e d  b e t w e e n  f r e s h  a n d  i r r a d i a t e d  f u e l  was 
t h e  s w e l l i n g  o f  f r e s h  f u e l ,  w h e r e a s  t h e  i r r a d i a t e d  f u e l  e x p e r i e n c e d  
l i t t l e  or n o  s w e l l i n g .  T h i s  phenomenon p r o b a b l y  o c c u r r e d  b e c a u s e  t h e  
i r r a d i a t e d  f u e l  d i s r u p t e d  e a r l i e r ,  l e a v i n g  l i t t l e  o r  n o  time f o r  
s w e l l i n g  t o  o c c u r .  E v i d e n c e  f o r  t h i s  r e a s o n i n g  is  s e e n  i n  t h e  s t a t e  
o f  t h e  f u e l  a t  t h e  t i m e  o f  s w e l l i n g  i n  HRR-6 a n d  a t  t h e  t i m e  o f  d i s -  
r u p t i o n  i n  t h e  i r r a d i a t e d - f u e l  e x p e r i m e n t s .  The f r e s h  f u e l  s t a r t e d  
s w e l l i n g  a t  a s i g n i f i c a n t  r a t e  when t h e  f u e l - s u r f a c e  t e m p e r a t u r e  
r e a c h e d  2700  t o  2800 K. However, when t h e s e  c o n d i t i o n s  were r e a c h e d  
i n  t h e  i r r a d i a t e d  f u e l ,  d i s r u p t i o n  o c c u r r e d  ( s u g g e s t i n g  a l a r g e r  
i n t + r n a l  d r i v i n g  p r e s s u r e ) .  
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Table 5-6 Summary of o b s e r v a t i o n s  f o r  high-ramp-rate 
f u e l - d i s r u p t i o n  exper iments  

Observa t ion  HRR-6 HRR-2 HRR-3 HRR-5 

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

Fuel Type 
S , in te red  Densi ty  

( 1 0  kg/m 3, 

E n r i c h m e n t  ( % )  

Wurnup (atom p e r c e n t )  

Linear  Heat Rat ing 
(kW/m 1 

E v e n t  T i m e s  ( 8 )  

CMO 

FS 
SFD 

LPG 

Melt F r a c t i o n  a t  SFD ( 8 )  

Areal  

En t ha1 py 

Linear  Expansion Rate 
(m/s ?: . 2  m/s) 

T i m e  ( 8 )  a t  which 

= .03 MPa 

= .1 MPa 

Fuel  Vapor Pressure 

F u e l  Vapor Pressure 

Reactor  Condi t ions  

Prehea t  Temp (K) 
Prehea t  T i m e  ( 9 )  

Temp Ramp a t  SFD 
( K/ms 1 

FE-094 

10.0 
70.3 

0 

-- 

2.479 

2.9225 
2.9255 
2.9285 

99 

12 

1.25 

2.929 

2.931 

2320 

2.5 

90 

PNL 11-18 

9.96 
67.7 

4.67 

33.3 

2 950* 
t 

2.959 
2.962 

0 
0 

5.0 

2.968 

2.970 

2296 

2.5 

60 

PNL 11-18 

9.96 
67.7 

4.61 

3 2 . 9  

2.341 

t 
2.9294 
2.9304 

44 
5 

5.0 

2.9365 

2.939 

2478 

2.5 

50 

PNL 9-44 

9.88 
40 

4.75 

15. 9 

2.430 

t 
2.930 
2.933 

27 
4 

4.5 

2.9415 

2.9445 

2480 

2.5 

45 

* 50% CMO. 
t No s i g n i f i c a n t  f u e l  swel l ing .  
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An important o b j e c t i v e  o f  t h e  HRR e x p e r i m e n t s  was t o  d e t e r m i n e  t h e  
s o u r c e  a n d  m a 5 n i t u d e  o f  t h e  f o r c e s  c a u s i n g  t h e  d i s r u p t i o n .  S i n c e  
f u e l - v a p o r  p r e s s u r e  can be e x c l u d e d  as t h e  i n i t i a l  c a u s e  of f u e l  
d i s r u p t i o n  f o r  b o t h  f r e s h  a n d  i r r a d i a t e d  f u e l s ,  o t h e r  c a u a e s  m u s t  be 
c o n s i d e r e d .  The o t h e r  p o s s i b l e  sources are m o l t e n - f u e l  eXpanSiOnr 
f i s s i o r !  p r o d u c t s  ( e p p e c i a l l y  t h e  g a s e s ) ,  a n d  i m p u r i t y  g a s e s .  Each  of 
t h e s e  t h r e e  f a c t o r s  is  l i k e l y  t o  p l a y  a ro l e .  

I n  t h e  f r e s h - f u e l  H R R - 6  e x p e r i m e n t ,  o n l y  m o l t e n - f u e l  e x p a n s i o n  and  
i m p u - i t y  g a s e s *  c a n  be c o n s i d e r e d  as  c a n d i d a t e  d i s r u p t i v e  m e c h a n i s m s .  
A d e t a i l e d  a n a l y s i s  of t h e  r e l a t i v e  m a g n i t u d e  of t h e s e  t w o  s o u r c e s  a n d  
t h e i r  i n t e r d e p e n d e n c e  h a s  n o t  b e e n  p e r f o r m e d ,  b u t  some q u a l i t a t i v e  
o b s e r v a t i o n s  c a n  be made. A t  t h e  time of SFD i n  H R R - 6 ,  t h e  r a d i a l l y  
a v e r a g e d  m e l t  f r a c t i o n  ( f r a c t i o n a l  e n t h a l p y  t h r o u g h  t h e  h e a t  of 
f u s i o n )  was o n l y  a b o u t  l o % ,  a n d  t h e  p e a k  l oca l  m e l t  f r a c t i o n  was o n l y  
35%.  S i n c e  t h e  f r e s h  f u e l  h a d  a n  a s - f a b r i c a t e d  p o r o s i t y  Of 12%t a n d  
t h e  p e a k  volume e x p a n s i o n  a s s o c i a t e d  w i t h  complete m e l t i n g  was - 10% 
[ 4 1 ] 1  i t  is  u n l i k e l y  t h a t  t h e  volume e x p a n s i o n  a s s o c i a t e d  w i t h  o n l y  
35% p e a k  m e l t i n g  c o u l d  c a u s e  d i s r u p t i o n .  T h u s ,  i m p u r i t y  g a s e s  p r o b -  
a b l y  c o n s t i t u t e  t h e  d o m i n a n t  d i s r u p t i o n  mechanism.  

O t h e r  e x p e r i m e n t a l  e v i d e n c e  a l s o  i n d i c a t e d  t h a t  t h e  d i s r u p t i o n  was 
c a u s e d  b y  g a s e s .  The f i l m s r  a s  w e l l  a s  t h e  p h o t o s  shown i n  F i g u r e  
5-’, showed t h e  e m i s s i o n  of a g a s e o u s  h a l o  a r o u n d  t h e  f u e l  p r i o r  t o  
d i s r u p t i o n .  T h i s  g a s  e v o l u t i o n  m i g h t  be r e l a t e d  t o  t h e  e a r l y  d i s -  
r u p t i o n  i n  t h e  f r e s h - f u e l  e x p e r i m e n t .  

I f  i m p u r i t y  g a s e s  c a u s e d  t h e  d i s r u p t i o n ,  t h e n  w h a t  were t h e  gases  a n d  
u n d e r  w h a t  m e c h a n i s m s  d i d  t h e y  operate? Two p o s s i b l e  g a s e s  a r e  c U K -  
r e n t l y  u n d e r  c o n s i d e r a t i o n .  The f i r s t  p o s s i b i l i t y  i s  h e l i u m  g a s .  The 
f u e l  u s e d  i n  t h e  H R R - 6  e x p e r i m e n t s  was f a b r i c a t e d  a t  l e a s t  1 5  y e a r s  
a g o ,  so  s u f f i c i e n t  t i m e  had  e l a p s e d  t o  a l l o w  t h e  a l p h a  d e c a y  o f  Pu-240 
t o  g e n e r a t e  h e l i u m  i n  t h e  m i x e d - o x i d e  l a t t i c e .  I t  is  est imated t h a t  
t h e  maximum c o n c e n t r a t i o n  of h e l i u m  was 3 . 0  x atoms/m3. 

The o t h e r  i m p u r i t y  g a s  t h a t  m i g h t  h a v e  c a u s e d  t h e  d i s r u p t i o n  is 
CO.[42] The m i x e d  o x i d e  f u e l  was o r i g i n a l l y  f a b r i c a t e d  w i t h  a c a r b o n  
w a x  b i n d e r .  Most of t h e  c a r b o n  e s c a p e d  i n  t h e  s i n t e r i n g  p r o c e s s ,  b u t  
some r e m a i n e d .  The f a b r i c a t i g n  s p e c i f i c a t i o n s  i n d i c a t e  t h a t  t h i s  w a s  
less t h a n  1.12 x atoms/m . D u r i n g  normal s t e a d y - s t a t e  i r r a d i a -  
t i o n ,  t h e  c a r b o n  r e m a i n s  i n  t h e  o x i d e  l a t t i c e .  B u t  d u r i n g  t h e  a c i i -  
d e n t  t r a n s i e n t ,  t h e  carbon c o u l d  c h e m i c a l l y  reac t  w i t h  t h e  o x i d e  t o  
become CO a t  t e m p e r a t u r e s  g r e a t e r  t h a n  2000 K. I f  t h i s  r e a c t i o n  
process was f a s t  e n o u g h ,  t h e n  t h e  CO c o u l d  h a v e  p r e s s u r i z e d  t h e  i n t e r -  
i o r  of t h e  f u e l  a n d  cause i t  t o  d i s r u p t .  I n  a d d i t i o n ,  g a s e s  adsorbed 
d u r i n g  t h e  h a n d l i n g  of t h e  p i n  (water a n d  h y d r o c a r b o n  v a p o r s )  may h a v e  
also c o n t r i b u t e d  t o  t h e  o b s e r v e d  d i s r u p t i o n .  

* 
I m p u r i t y  gases  i n c l u d e  c o n t a m i n a n t s  i n t r o d u c e d  d u r i n g  h a n d l i n g  a s  
w e l l  a s  g a s e s  t h a t  may be i n h e r e n t  o r  formed f r o m  i n h e r e n t  mater ia l s  
i n c l u d e d  i n  t h e  f u e l  a t  t h e  t i m e  o f  f a b r i c a t i o n .  C a r b o n  a n d  h e l i u m  
a re  e x a m p l e s  of f a b r i c a t i o n  i m p u r i t i e s .  
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re o The h e l i u m  a n d  CO c o n c e n t r a t i o n s  q i v e n  t e s  ( t h e  CO 
c o n c e n t r a t i o n  may be h i g h e r ) .  H o i e v e r ,  t h e s e  c o n c e n t r a t i o n s  c a n  s t i l l  
be compared t o  a t y p i c a l  f i s s i o n - g a s  c o n c e n t r a t i o n  ( see  S e c t i o n  2 . 2 )  
o f  1.3 x l o z 6  atoms/m3. 
h e l i u m  a n d  i m p u r i t y  g a s e s  ( s u c h  as  CO) p l a y  o n l y  a m i n o r  role ,  if a n y t  
i n  t h e  d i s r u p t i o n  of i r r a d i a t e d  f u e l .  N e v e r t h e l e s s ,  a n a l y s i s  o f  t h e  
i m p u r i t y  gases  is n e e d e d  t o  b e t t e r  d e t e r m i n e  t h e  r o l e  t h e y  p l a y  i n  t h e  
HRR e x p e r i m e n t s  a n d  t h e i r  i m p o r t a n c e  u n d e r  p r o t o t y p i c  t r a n s i e n t  con-  
d i t i o n s .  

Based o n  t n i s  c o m p a r i s o n t  i t  wou ld  seem t h a t  

5.3 P o s t e x p e r i m e n t  F i s s i o n - G a s  C a l c u l a i i o n s  

T h e  p o s t e x p e r i m e n t  c a l c u l a t i o n s  were s i m i l a r  t o  t h e  p r e e x p e r i m e n t  
c a l c u l a t i o n s ,  e x c e p t  t h a t  t h e y  u s e d  t h e  a c t u a l  e x p e r i m e n t , - t e m p e r a t u r e  
h i s t o r i e s  a n d  were p e r f o r m e d  w i t h  t h e  SANDPIN c o d e  ra ther  t h a n  t h e  
TIGRS code. 

The SANDPIN c a l c u l a t i o n s  p r o v i d e d  a c o u p l e d  t h e r r n a l / f i s s i o n - g a s  a n a l y -  
sis of t h e  H R R  e x p e r i m e n t s .  The  a c t u a l  t e m p e r a t u r e  a n d  t e m p e r a t u r e -  
g r a d i e n t  h i s t o r i e s  were u s e d  i n  t h e  a n a l y s e s .  The b e s t - e s t i m a t e  
r a d i a l  d i s t r i b u t i o n s  ~f f i s s i o n - g a s  c o n t e n t r  a s  d e s c r i b e d  i n  Appendix  
A t  were u s e d .  Gas-bubble-dynamics  c a l c u l a t i o n s  a n d  p r e d i c t i o n s  o f  
f u e l  c r a c k i n g  were made a s  a f u n c t i o n  of r a d i a l  p o s i t i o n  i n  t h e  f l A e l -  
p e l l e t  s t a c k .  

The a c t u a l  f i s s i o n - g a s - d y n a m i c s  c a l c u l a t i o n s  i n  SANDPIN were s i m i l a r  
to t h o s e  i n  TJGRS. P r i m a r y  d i f f e r e n c e s  b e t w e e n  t h e  two c o d e s  l a y  i n  
t h e  t r e a t m e n t  of  g r a i n - b o u n d a r y  g a s .  SANDPIN d i f f e r e n t i a t e d  b e t w e e n  
i n t e r l i n k e d  a n d  c l o s e d - g r a i n  b o u n d a r y  p o r o s i t y  2 s  w e l l  a s  b e t w e e n  t h e  
i n i t i a l  i n t e r g r a n u l a r  gas ( t y p i c a l l y  i n  l a r g e  b u b b l e s )  a n d  t h e  i n t e r -  
g r a n u l a r  g a s  t h a t  a c c u m u l a t e s  d u r i n g  a t r a n s i e n t  a s  a r e s u l t  o f  i n -  
t r a g r a n u l a r  release, The c r a c k i n g  c r i t e r i a  u s e d  i n  S A N D P I N  were t h e  
Same a s  t h o s e  i n  T I G R S .  However ,  t h e  d i f f e r e n t  t r e a t m e n t  o f  i n k e r -  
g r a n u l a r  g a s  l e d  t o  d i f f e r e n t  p r e d i c t i o n s  o f  i n t e r g r a n u l a r  c r a c k i n g .  

The r e s u l t s  o €  t h e  SANDPIN f i s s i o n - g a s  c a l c u l 3 t i o n s  f o r  H R R - 2 r  -3, a n d  
-5 d r e  shown i n  T a b l e  5-7. Shown a r e  the p r e d i c t e d  times of s o l i d -  
s t a t e  d i s r u p t i o n  along w i t h  t h e  observed d i s r u p t i o n  t imes.  For H R R - 3  
a n d  EIRR-St d i s r u p t i o n  was p r e d i c t e d  t o  o c c u r  3 t o  5 m s  b e f o r e  t h e  
o b s e r v e d  d i s r u p t i o n .  F o r  i 3 R H - Z I  d i s r u p t i o n  was n o t  p r e d i c t e d  t o  
o c c u r r  a l t h o u g h  t h e  r a t i o  of t h e  e n e r g y  a v a i l a b l e  t o  t h e  e n e r g y  n e e d e d  
t o  c a u s e  c r a c k i n g  ( t h e  t o t a l - e n e r g y  c r i t e r i o n  i n  T I G R S  a n d  S A N D P I N )  
r e a c h e d  a v a l u e  o f  0.94, T h i s  e n e r g y  f r a c t i o n  was v e r y  c lose t o  1.01 
e s p e c i a l l y  when o n e  c o n s i d e r s  u n c e r t a i n t i e s  i n  model parameters s u c h  
a s  t h e  i n c i p i e n t .  c r a c k  size. I n  a l l  eases ,  t h e  p r e d i c t e d  d i s r u p t i o n  
was i n t e r g r a n u l a r  a n d  i n v o l v e d  t h e  o u t e r  1 5  t o  2 0 %  o f  t h e  f u e l  p e l l e t .  

Also shown i n  Table 5-7 a r e  t h e  p r e d i c t e d  d i s r u p t i o n  times f o r  ex- 
p e r i m e n t s  H R R - 2 ,  - 4 ,  a n d  - 5  when a 5 30% u n c e r t a i n t y  i n  i n i t i a l  g a s  
c o n t e n t  is c o n s i d e r e d .  As can be s e e n  from c h a s e  r e s u l t s t  f o r  t h e  HRR 
t r a n s i e n t s ,  p r e d i c t i o n s  o f  f i s s i o n - q a s - i n d u c e d  f u e l  c r a c k i n g  were 
s e n s i t i v e  t o  t h e  a s s u m e d  g a s  c o n t e n t .  When a 3 0 $ - l o w e r - t h a n - n o m i n a l  
g a s  c o n t e n t  was a s s u m e d ,  c r a c k i n g  w a s  n o t  p r e d i c t e d  t o  o c c u r  
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Table 5-7 Comparison of measure2 and predicted fuel-disruptioii 
times for experiments HRR-2, - 3 1  and -5 

HRR-2 HRR-3 HRR-5 

Measured Disruption 
Time ( 8 )  

Calculated Disruption 
Time ( 8 )  With Gas 
Con tent 

nominal 

+30% 

-30% 

2.959 2.9294 2.930 

(.94)* 2.9246 2.9297 

2.9597 2.913 2.9197 

(.76)* (.94)* (.88)* 

* 
No disruption predicted -- value in parentheses is peak of 
available-to-required-energy ratio at measured time of 
disrupt ion. 

in any of the three experiments. For the 30%-higher gas-content Cal- 
culations, cracking was predicted in all cases. In fact1 for HRR-3 
and HRR-5/ cracking was then predicted near the start of the fast 
heating ramp. 

Based on the analysis presented above we must include the possibility 
of some solid state fuel disruption occurring in the gas bearing fuel 
Howeverr the thermal analysis presented in Section 5.2.2 showed that 
fuel disruption occurred near the time of fuel melting in all experi- 
ments. Thus it appears that if solid-state disruption did occur it 
coincided with the onset of fuel melting. Because the fission gas 
bubbles are highly over pressurized when fuel melting occurs (i.e. 
they are not in hydrostatic equilibrium w i t h  the fuel matrixIr they 
Will expand causing the fuel to swell or disrupt. It i s  this 
mechanism that we feel is primarily responsible for the disruption 
since it has a much stronger potential for energy release. 
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6. SUMMARY AND CONCLUSIONS 

The f o u r  f u e l - d i s r u p t i o n  e x p e r i m e n t s  i n  t h e  HRR s e r i e s ,  d e s c r i b e d  i n  
t h i s  d o c u m e n t ,  h a v e  p r o v i d e d  v a l u a b l e  d a t a  c o n c e r n i n g  t h e  b e h a v i o r  of 
b o t h  f r e s h  a n d  i r r a d i a t e d  f u e l  u n d e r  r a p i d - h e a t i n g  c o n d i t i o n s  c h a r -  
a c t e r i s t i c  of a p r o m p t - b u r s t  d i s a s s e m b l y .  
r e s u l t s  c a n  b e  summar ized  as  f o l l o w s :  

The major e x p e r i m e n t a l  

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

I n  t h e  f r e s h - f u e l  e x p e r i m e n t ,  f u e l  d i s r u p t i o n  was c h a r a c t e r i z e d  by 
r a p i d  f u e l  s w e l l i n g  ( s t a r t i n g  when t h e  f u e l - s u r f a c e  t e m p e r a t u r e  
r e a c h e d  2700 t o  2800 K) f o l l o w e d  by a r a p i d  s p r a y - l i k e  d i s p e r s a l  o f  
t h e  f u e l  (when t h e  a r ea l  melt f r a c t i o n  r e a c h e d  - 1 0 0 % ) .  

I n  t h e  i r r a d i a t e d - f u e l  e x p e r i m e n t s ,  f u e l  d i s r u p t i o n  was s i m p l y  a 
r a p i d  s p r a y - l i k e  d i s p e r s a l  t h a t  o c c u r r e d  when t h e  f u e l - s u r f a c e  
t e m p e r a t u r e  r e a c n e d  2700 t o  2800 K .  A t  t h i s  time t h e  peak  f u e l  
t e m p e r a t u r e s  were n e a r  t h e  s o l i d u s  t e m p e r a t u r e .  

The  a p p a r e n t  c h a r a c t e r  and  t i m i n g  of t h e  d i s p e r s a l  i n  t h e  i r r ad i -  
a t e d - f u e l  e x p e r i m e n t s  was i n s e n s i t i v e  t o  f u e l  m i c r o s t r u c t u r e  a n d  
s t e a d y - 8 t a t e  o p e r a t i n g  ( p r e h e a t  t e m p e r a t u r e .  

The d i s p e r s a l  i n  t h e  i r r a d i a t e d - f u e l  e x p e r i m e n t s  was more e n e r g e t i c  
(more r a p i d )  t h a n  i n  t h e  f r e s h - f u e l  e x p e r i m e n t s ,  

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

B a s e d  on t h e s e  o b s e r v a t i o n s  a n d  t h e  p r e l i m i n a r y  t h e r m a l  and  f i s s i o n -  
g a s  a n a l y s e s  d o n e  t o  d a t e ,  t h e  f o l l o w i n g  i n t e r p r e t a t i o n s  have b e e n  
made c o n c e r n i n g  t h e  c a u s e  o f  t h e  d i s r u p t i o n :  

a The most l i k e l y  c a u s e  o f  t h e  o b s e r v e d  e a r l y  f u e l  d i s r u p t i o n  i n  t h e  
f r e s h - f u e l  e x p e r i m e n t  was i m p u r i t y  g a s  d r i v e n  e x p a n s i o n  o c c u r r i n g  
a t  t h e  o n s e t  o f  f u e l  m e l t i n g .  T h i s  was p r o b a b l y  augmen ted  by t h e  
vo lume  e x p a n s i o n  upon f u e i  m e l t i n g .  

The most l i k e l y  c a u s e  of t h e  o b s e r v e d  e a r l y  f u e l  d i s r u p t i o n  i n  t h e  
i r r a d i a t e d - f u e l  e x p e r i m e n t s  was f i s s i o n  p r o d u c t s  g a s  d r i v e n  
e x p a n s i o n  o c c u r r i n g  a t  t h e  o n s e t  of f u e l  m e l t i n g .  T h i s  may a l s o  be 
a u g m e n t e d  by i m p u r i t y  g a s e s  a n d  volume e x p a n s i o n  upon f u e l  melting, 
a n d  p o s s i b l e  s o l i d - s t a t e  d i s r u p t i o n  i n  t h e  o u t e r  gas b e a r i n g  
r e g i o n s  o f  t h e  f u e l .  

a 
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F u r t h e r  a n a l y s i s  is c o n t i n u i n g  t o  q u a n t i f y  t h e  d i s p e r s i v e  f o r c e s  de- 
s c r i b e d  a b o v e .  O f  p r i m a r y  i m p o r t a n c e  is  t h e  e v a l u a t i o n  of n o n p r o t o -  
t y p i c  f e a t u r e s  i n  t h e  HRR e x p e r i m e n t s  t o  d e t e r m i n e  w h e t h e r  t h e s e  re- 
s u l t s  a r e  a p p l i c a b l e  t o  a c t u a l  r e a c t o r  t r a n s i e n t s .  One p o t e n t i a l  
n o n p r o t o t y p i c  f e a t u r e  t h a t  mus t  be examined is t h e  i m p u r i t y - g a s  con-  
c e n t r a t i o n s  i n  t h e  HRR f u e l  s a m p l e s ,  compared  t o  t h o s e  e x p e c t e d  i n  
p r o t o t y p i c  ( c l e a n )  r e a c t o r  f u e l .  

If t h e s e  o b s e r v a t i o n s  and  c o n c l u s i o n s  c a n  be  g e n e r a l i z e d  t o  a c t u a l  
r e a c t o r - a c c i d e n t  t r a n s i e n t s ,  i t  mus t  s t i l l  b e  d e m o n s t r a t e d  t h a t  t h e  
o b s e r v e d  d i s r u p t i o n r  t o g e t h e r  w i t h  t h e  s t r e a m i n g  c o o l a n t  a n d  steel  
vapor, p r o v i d e s  t h e  n e g a t i v e  r e a c t i v i t y  f e e d b a c k  n e e d e d  t o  t e r m i n a t e  
t h e  a c c i d e n t  e x c u r s i o n .  T h u s ,  i t  must  be d e m o n s t r a t e d  t h a t ,  i n  a 
p r o t o t y p i c  b u n d l e  g e o m e t r y r  t h e  t y p e  o f  v i o l e n t  r ad i a l  f u e l  d i s p e r s a l  
s e e n  i n  t h e  HRR e x p e r i m e n t s  l e a d s  t o  a x i a l  d i s p e r s a l  of f u e l  away f rom 
t h e  h igh -wor th  r e g i o n s  o f  t h e  core. E x p e r i m e n t  p r o g r a m s  d e s i g n e d  t o  
i n v e s t i g a t e  t h i s  a x i a l  d i s p e r s a l  a r e  c u r r e n t l y  i n  t h e  p l a n n i n g  s t a g e s  
a t  SNLA. T h e s e  e x p e r i m e n t s  w i l l  be s imi l a r  t o  t h e  f u e l - d i s r u p t i o n -  
t y p e  e x p e r i m e n t s  b u t  w i l l  u s e  s i n g l e  p i n  a n d  m u l t i - p i n  b u n d l e s  i n  a 
f l o w i n g  g a s - c o o l e d  e n v i r o n m e n t .  
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A P P E N D I X  A , 
ASSUMED FUEL FISSION-GAS DISTRIBUTIONS 

E a r l y  c a l c u l a t i o n s  of f i s s i o n - g a s  b e h a v i o r  u s e d  f i s s i o n - g a s  c o n c e n -  
t r a t i o n s  d e r i v e d  f rom t h e  D u t t  c o r r e l a t i o n . [ 2 9 ]  R e c e n t  e x p e r i m e n t a l  
w o r k  b y  R a n d k l e v  and by Bandyopadhyay h a s  shown t h a t  n e i t h e r  t h e  t o t a l  
( i n t e g r a t e d  over f u e l  r a d i u s )  g a s  c o n t e n t  n o r  t h e  r a d i a l  d i s t r i b u t i o n  
is descr ibed v e r y  w e l l  b y  t h e  D u t t  c o r r e l a t i o n . [ 3 O 1 3 1 ]  T h i s  l a c k  o f  
a g r e e m e n t  w i t h  t h e  D u t t  c o r r e l a t i o n  is a l s o  s e e n  i n  the r e s u l t s  o f  
t h e o r e t i c a l  d e s c r i p t i o n s  o f  s t e a d y - s t a t e  g a s  release.[33] The pub- 
l i s h e d  work o f  R a n d k l e v  h a s  been u s e d  t o  d e s c r i b e  t h e  best-est imate  
d i s t r i b u t i o n :  o f  r e t a i n e d  i n t e r -  a n d  i n t r a g r a n u l a r  g a s .  T h e s e  d i s t r i -  
b u t i o n s  are d e s c r i b e d  below. 

R a n d k l e v ' s  work i n d i c a t e s  t h a t  t h e  r a d i a l  d i s t r i b u t i o n  of r e t a i n e d  
i n t r a g r a n u l a r  g a s  (shown i n  F i g u r e  A-1) is 

1 )  f l a t  o v e r  t h e  o u t e r  300 pm o f  t h e  f u e l  p e l l e t ,  
2 )  drops o f €  r a p i d l y  o v e r  t h e  n e x t  300 p m  of t h e  p e l l e t ,  a n d  
3 )  is a g a i n  r e l a t i v e l y  f l a t  o v e r  t h e  i n n e r  N 1900 pm. 

Most s i g n i f i c a n t l y ,  t h e  r a d i a l  d i s t r i b u t i o n  a s  shown i n  F i g u r e  A - 1  
appears t o  be e s s e n t i a l l y  i n d e p e n d e n t  of f u e l  m i c r o s t r u c t u r e  and  l o c a l  
l i n e a r  h e a t  r a t i n g .  F u r t h e r m o r e ,  t h e  p e a k  c o n c e n t r a t i o n  i n  t h e  ou ter  
p a r t  o f  t h e  f u e l r  C ~ I  a p p e a r s  t o  b e  i n d e p e n d e n t  o f  l o c a l  l i n e a r  h e a t  
r a t i n g  a n d  a f u n c t . i o n  o n l y  o f  l o c a l  f u e l  b u r n u p .  T h u s ,  PNC 9, PNL 1 0 1  
andl PNL 11 f u e l  p i n s  of  s i m i l a r  b u r n u p  h a v e  e s s e c t i a l l y  i d e n t i c a l  
r a d i a l  d i s t r i b u t i o n s  o f  r e t a i n e d  i n t r a g r a n u l a r  g a s .  

R a n d k l e v ' s  work a l s o  i n d i c a t e s  t h a t  a s i g n i f i c a n t  amount  o f  t h e  re- 
t a i n e d  gas is l o c a t e d  i n t e r g r a n u l a r l y .  H e  s t a tes  t h a t  " r e c e n t  mea- 
s u r e m e n t s  o f  r e t a i n e d  g a s  . . . i n d i c a t e d  - 20 t o  2 5  p e r c e n t  of t h e  
r e t a i n e d  g a s  w a s  located i n t e r g r a n u l a r l y . " [ 3 0 ]  M e a s u r e m e n t s  of r a d i a l  
d i s t r i b u t i o n s  o f  r e t a i n e d  i n t e r g r a n u l a r  g a s  h a v e  n o t  b e e n  made. 
R a n d k l e v  m e r e l y  s t a t e s  t h a t  t h e  i n t e r g r a n u l a r  g a s  'I . . . o c c u r s  p r i -  
m a r i l y  i n  t h e  r e g i o n  r a d i a l l y  i n w a r d  o f  - 0.75 KO a n d  most p r o b a b l y  
b e t w e e n  - 0.75 r o  a n d  0 . 2 5  r o ,  w h e r e  KO is t h e  [ o u t e r ]  f u e l  r a -  
d i u s . " [ 3 0 ]  Based on t h e s e  s ta tements ,  i t  is  a s s u m e d  a s  a f i r s t  ap-  
p r o x i m a t i o n  t h a t  t h e  r a d i a l  d i s t r i b u t i o n  o f  r e t a i n e d  i n t e r g r a n u l a r  g a s  
is a s  shown i n  F i g u r e  A-2.  

T h e r e  is n o  a c c o m p a n y i n g  d a t a  o n  t h e  a x i a l .  d i s t r i b u t i o n  o f  r e t a i n e d  
i n t e r g r a n u l a r  a n d  i n t r a g r a n u l a r  f i s s i o n - g a s  c o n c e n t r a t i o n s  i n  t h e  PNL 
9, PNL l o r  a n d  P N L  11 p i a .  The f u e l  p i n s  u s e d  i n  t h e  HRR e x p e r i m e n t s  
h a v e  p e a k  b u r n u p s  on t h e  Order of 4 t o  6 atom p e r c e n t .  F o r  t h i s  r a n g e  
o f  b u r n u p s ,  t h e  D u t t  c o r r e l a t i o n  p r e d i c t s  v e r y  l i t t l e  v a r i a t i o n  i n  
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Figure A-2  Initial intergranular fission-gas concentration 
(based on Randklev's work). 

A-2 



gas concentration. Since the peak-to-average burnup ratio in the PNL 
pins is only on the order of 1.1, it is assumed as a first approxima- 
tion that there is no axial variation in the retained fission-gas 
concentrations in the PNL 9, PNL 10, and PNL If pins. This approxima- 
tion will be revised as better data become available. 

Using the radial distributions given in Figures A-1 and A - 2 ,  the 
assumption of no axial variation in these distributionsr and a 25 /75  
split between intergranular versus intragranular gas, the concentra- 
tions Clt c2' L ' 3 t  and C,, can be calcclated knowino the total amount of 
retained gas in the pin. This quantity is normally backcalculated 
from the total amount of qas generated (simply a function of burnup) 
and the amount of gas released to the fission-gas plenum. Since the 
amount of plenum gas in the particular PNL pins m e 3  in the HRR e x -  
periments is not known, the average quantities o f  retained gas given 
by Randklev are used in analysis. He quoted average gas-retention 
values of 22.8 ccI 21.7 cc, and 23.4 cc (at STP) for  the PNL 9, P N L  
10, and PNL 11 pins, respectively. Using these values f o r  total gas 
retention, the intragranular cancentrationsr C1 and C 2 ,  and the in- 
tergranular concentrationsr C3 and Cqr can be calculated. These 
concentrations are listed in Table A - 1 ,  along with the concentration, 
C o t  that would be calculated using the Dutt correlation. 

Table A-1 Gas concentration* summary 

Fuel Dutt Intragranular Intergranular 
Pin Cor re la t ion Concentrations Concentrations 

co C 1  c2 c3 c4 

PNL-9 155  146 14.6 35.8 7.15 

is4 139 13.9 34.0 6.81 PNL-10 

PNL-11 147 150 13.0 36.7 7.34 

*All concentrations in lozL'  atoms/m3 at the axial midplane. 
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