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ABSTRACT 

A review i s  made of t h e  v a r i o u s  p o t e n t i a l  l i f e - l i m i t i n g  e f f e c t s  o f  

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

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

bu t  r a t h e r  t o  d i s t o r t i o n s  w i t h i n  t h e  rod bundles .  F u e l  rod i n t e r n a l  f i s -  

s i o n  gas  i s  n o t  l i m i t i n g ,  a s  i t  is  i n  most f a s t  r e a c t o r s ,  because  o f  t h e  

GCFR p r e s s u r e - e q u a l i z a t i o n  system.  The l i f e - l i m i t i n g  bundle  d i s t o r t i o n s  

a r e  t h e  r e s u l t  of neutron-flux-enhanced c r e e p  and fas t - f luence- induced  

m e t a l  s w e l l i n g .  These e f f e c t s  a r e  somewhat unique t o  f a s t  r e a c t o r s  and 

a r e  m a t e r i a l  dependent .  The c u r r e n t  e v a l u a t i o n s  app ly  t o  t h e  use  o f  20% 

cold-worked t y p e  316 s t a i n l e s s  s t e e l  a s  t h e  c o r e  s t r u c t u r a l  m a t e r i a l .  

A l t e r n a t e  s t r u c t u r a l  m a t e r i a l s  hav ing  lower neutron-f luence- induced m e t a l  

s w e l l i n g  would reduce t h e  d i s t o r t i o n s ,  i n  which c a s e ,  t h e  most l i f e - l i m i t i n g  

e f f e c t  would l i k e l y  be  one of t h e  more t r a d i t i o n a l  e f f e c t s  such  a s  f u e l -  

c l a d  mechanical  i n t e r a c t i o n  (FCMI). 

INTRODUCTION 

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

i n  t h e  form of c y l i n d r i c a l  meta l -c lad  f u e l  r o d s  a r e  g e n e r a l l y  a s s o c i a t e d  

w i t h  o p e r a t i o n a l  e f f e c t s  which a p p l y  t o  i n d i v i d u a l  r o d s .  These opera-  

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

p r e s s u r e ,  and f u e l - c l a d  mechanical  i n t e r a c t i o n  (FCMI). For t h e  l i q u i d  

m e t a l  f a s t  b r e e d e r  r e a c t o r  (LMFBR);the b u l k  of t h e  f u e l  l i . f e t i m e  r e s e a r c h  

and development e f f o r t  h a s  been focused  upon e f f e c t s  a s s o c i a t e d  w i t h  

f i s s i o n  g a s  p r e s s u r e  b u i l d u p .  The rod  i n t e r n a l  f i s s i o n  g a s  p r e s s u r e  h a s  
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been c o n s i d e r e d  t h e  most l i m i t i n g  l i f e t i m e  c h a r a c t e r i s t i c  i n  t h e  LMFBR 

p r i m a r i l y  because  t h e  c o o l a n t  p r e s s u r e  i s  low, t h e  burnup is  h i g h ,  and 

t h e r e  i s  a lmos t  100% r e l e a s e  of  t h e  gaseous  f i s s i o n  p r o d u c t s .  

The f i s s i o n  g a s  p r e s s u r e  l i f e t i m e  l i m i t a t i o n  does  n o t  e x i s t  i n  t h e  . 

d e s i g n  of  t h e  gas-cooled f a s t  b r e e d e r  r e a c t o r  (GCFR)., The he l ium c o o l a n t  

sys tem used i n  t h e  GCFR p e r m i t s  t h e  u s e  of  a  p r e s s u r e  e q u a l i z a t i o n  sys tem 

(PES) which e q u a l i z e s  t h e ' p r e s s u r e  w i t h i n  t h e  f u e l  r o d s  t o  t h e  e x t e r n a l  

c o o l a n t  p r e s s u r e .  Consequent ly ,  t h e  pr imary l i f e - l i m i t i n g  c o n s i d e r a t i o n  

of LMFBR f u e l s  i s  e l i m i n a t e d  i n  t h e  GCFR. 

The q u e s t i o n  is , .  t h e r e f o r e ,  what a r e  t h e  l i f e  l i m i t a t i o n s  of t h e  GCFR 

c o r e  a s s e m b l i e s ?  The purpose  of t h i s  paper  is  t o  d e s c r i b e  t h o s e  l i f e -  

l i m i t i n g  c o n s i d e r a t i o n s  of c u r r e n t  concern  i n  t h e  GCFR. Many of  t h e  l i f e -  

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

i n t e r a c t i o n  w i t h i n  o r  be'tween bund le  a s s e m b l i e s .  These  e f f e c t s  a r e  

somewhat un ique  t o  f a s t  r e a c t o r s  and a r e ,  i n  g e n e r a l ,  t h e  consequence of  

neutron-flux-enhanced c r e e p  and fas t - f luence- induced  m e t a l  s w e l l i n g .  

For p r e s e n t a t i o n  of t h e  l i f e - l i m i t i n g  e f f e c t s  of c u r r e n t  concern  i n  

t h e  GCFR, t h e  f u e l  rod  performance c h a r a c t e r i s t i c s  a r e  f i r s t  r ev iewed;  

i n t r a a s s e m b l y  fo l lowed  by i n t e r a s s e m b l y  i n t e r a c t i o n  c o n s i d e r a t i o n s  a r e  

covered ;  and f i n a l l y ,  t h e  p o t e n t i a l  u s e  of a l t e r n a t e  s t r u c t u r a l  m a t e r i a l s  

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

u s r I u l  111 p r u v l d l ~ l g  solue guidance f o r  fucure GCFR research and development 

e f f o r t s .  

FUEL ROD CONSIDERATIONS 

T r a d i t i o n a l  E f f e c t s  

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

f u e l ' r o d s  is  b u i l d u p  o f  i n t e r n a l  f i s s i o n  g a s  p r e s s u r e .  Another p o t e n t i a l  

l i f e - l i m i t i n g  mechanism which h a s  g e n e r a l l y  r e c e i v e d  secondary  a t t e n t i o n  

i.s FCMI. I n  t h e  GCFR, t h e  b u i l d u p  of i n t e r n a l  f i s s i o n  gas p r e s s u r e  is  



e l i m i n a t e d  by t h e  PES (Ref.  1 ) .  I n  t h e  PES, t h e  f u e l  r o d s  are v e n t e d  i n  

a  f a s h i o n  t h a t  r e s u l t s  i n  e q u i l i b r a t i n g  t h e  rod i n t e r n a l  p r e s s u r e  t o  t h e  

c o r e  e x i t  p r e s s u r e .  

Compared t o  an LMFBR f u e l  r o d ,  t h e  f u e l  i n  a  GCFR rod  is s u b j e c t e d  t o  

a  h i g h  s t a t i c  p r e s s u r e  ( t h e  c o o l a n t  sys tem p r e s s u r e , o f  approx imate ly  8 5  atm) 

and t h e r e  i s  o n l y  a s m a l l  (<3  atm) p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  c l a d  

w a l l .  To e v a l u a t e  t h e  e f f e c t  of t h e  d i f f e r i n g  p r e s s u r e  c o n d i t i o n s  i n  a  

composi te  f u e l  r o d ,  two i r r a d i a t i o n  behav ior  a n a l y s e s  were  performed of 

b r e e d e r  r e a c t o r  f u e l  r o d s  c l a d  w i t h  20% cold-worked (CW) 316 s t a i n l e s s  

s t e e l  u s i n g  t h e  LIFE-3 f u e l  rod p e r f o r n ~ a n c e  code (Ref.  2 ) .  The f i r s t  

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

second a n a l y s i s  was i d e n t i c a l  t o  t h e  f i r s t ,  except  t h a t  t h e  f u e l  rod 

i n t e r n a l  p r e s s u r e  was a l lowed t o  b u i l d  up i n  a  f a s h i o n  r e p r e s e n t a t i v e  o f  

t h e  LMFBR s e a l e d  rod behav ior ;  t h e  pr imary c o o l a n t  sys tem p r e s s u r e  was a l s o  

s e t  e q u a l  t o  a  v a l u e  r e p r e s e n t a t i v e  of t h e  LMFBR. 

The p e l l e t - t o - c l a d  gap r e s u l t s  a r e  p l o t t e d  a s  a  f u n c t i o n  o f  burnup 

i n  F i g .  1 .  I n  t h e  s e a l e d  rod d e s i g n ,  t h e  i n i t i a l  open gap d e c r e a s e s  q u i t e  

r a p i d l y  t o  z e r o  and remains  c l o s e d  u n t i l  a  burnup of approx imate ly  3.5 a t  % 

i s  reached.  During t h i s  p e r i o d  of gap c l o s u r e ,  FCMI o c c u r s .  A f t e r  3 . 5  a t  % 

burnup, t h e  gap reopens  and c o n t i n u e s  t o  e n l a r g e  t o  t h e  end of l i f e .  I n  

t h e  ven ted  r o d ,  somewhat d i f f e r e n t  gap behav ior  is  obta ined. .  The i n i t i a l  

open gap t e n d s  t o  c l o s e ,  l i k e  t h a t  i n  t h e  s e a l e d  rod ;  however, i t  n e v e r  

c l o s e s  c u u ~ p l e t r l y  because  the h i g h  s t a t i c  g a s  p r e s s u r e  t e n d s  t o  r e s t r a i n  

t h e  gaseous  f i s s i o n  p roduc t  s w e l l i n g .  The ven ted  rod  gap b e g i n s  t o  e n l a r g e  

a t  about  t h e  same burnup a s  t h e  gap opened up i n  t h e  s e a l e d  r o d ,  b u t  a t  

lower r a t e s .  The r e s u l t s  i n d i c a t e  t h a t  t h e  ven ted  rod  h a s  l e s s  p o t e n t i a l  

f o r  PCMI and tlie rod expans ions  are l e s s  due t o  t h e  absence  of i n t e r n a l  

p r e s s u r e  b u i l d u p  a t  end of l i f e .  

To conf i rm t h e  r e s u l t s  p r e d i c t e d  by t h e  LIFE performance models ,  

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

f u n c t i o n  of s t a t i c  p r e s s u r e .  Argonne N a t i o n a l  ~ a b o r a t o r ~  (ANL) has  

r e c e n t l y  proposed s ~ e r i c c  of EER I1 i r r a d i a t i o n s  (Ref. 3 )  w l ~ l c l l  car1 



p o s s i b l y  be used t o  o b t a i n  t h e  r e q u i r e d  d a t a .  Although t h e  b e h a v i o r  pre-  

d i c t e d  by LIFE-3 i n  F i g .  1 r e q u i r e s  f u r t h e r  e x p e r i m e n t a l  v e r i f i c a t i o n ,  t h e  

q u a l i t a t i v e  t r e n d  can  b e  e a s i l y  e x p l a i n e d  by f u e l  s w e l l i n g  t h e o r i e s .  

Cesium Accumulations 

T e s t  i r r a d i a t i o n s  of f a s t  r e a c t o r  f u e l  r o d s  have shown t h a t  t h e r e  i s  

a tendency f o r  t h e  f o r m u l a t i o n  o f  low-densi ty  Cs-U-0 compounds a t  l o c a l  

s i t e s  w i t h i n  t h e  rods .  T h e o r e t i c a l  e v a l u a t i o n s  as w e l l  a s  t e s t  i r r a d i a -  

t i o n s  i n d i c a t e  t h e r e  is t h e  p o t e n t i a l  f o r  f i s s i o n  p roduc t  cesium t o  m i g r a t e  

co Llir  fue l -b lanker  i n t e r f a c e  and t o  r e a c t  l o c a l l y  w i t h  t h e  b l a n k e t  u r a n i a  

(Ref.  4 ) .  

There  a r e  a t  l e a s t  two concerns  a s s o c i a t e d  w i t h  l o c a l  cesium compound 

accumula t ions .  These a r e  ( 1 )  t h a t  volume expans ions  r e s u l t i n g  from t h e  

lower d e n s i t y  compounds can cause  e x c e s s i v e  c l a d  s t r a i n ,  and ( 2 )  t h a t  

a x i a l  g a s - t r a n s p o r t  p a t h s  w i t h i n  t h e  f u e l  rod can become blocked.  A g a s  

f low r e s t r i c t i o n  was,  i n  f a c t ,  observed i n  t h e  GCFR t e s t  i r r a d i a t i o n  

GB-10 sweep g a s  exper iment  (Ref.  5 ) .  The g a s  r e s t r i c t i o n  h a s  been t r a c e d  

t o  a  b lockage a t  t h e  f u e l - b l a n k e t  i n t e r f a c e .  Loca l  c l a d  s t r a i n s  have a l s o  

been observed i n  t e s t  i r r a d i a t i o n s  i n  t h e  r e g i o n  of t h e  f u e l - b l a n k e t  

i n t e r f a c e  (Ref.  6 ) .  

The e f f e c t  o f  l o c a l  cesium accumula t ions  w i t h i n  f u e l  r o d s  is  

cons idered  t o  be a  g e n e r i c  problem f o r  a l l  f a s t  o x i d e  r e a c t o r s .  Or.r.asi.on- 

a l l y ,  i t  i s  addressed  a s  be ing  a  p a r t i c u l a r  problem f o r  t h e  GCFR s i n c e  a 

g a s  v e n t i n g  system i s  used t o  p reven t  t h e  b u i l d u p  of p r e s s u r e  w i t h i n . t h e  

r o d s .  However, t h e  f i s s i o n  g a s  w i t h i n  a n  LMFBR rod must a l s o  communicate 

w i t h  an  end plenum t o  avo id  o v e r s t r a i n i n g  t h e  c l a d d i n g .  . 

Local  cesium accumula t ions  a r e  n o t  expec ted  - t o ' r e s u l t  i n  l i f e  

l i m i t a t i o n s .  We a n t i c i p a t e  t h a t  means can b e ' d e v e l o p e d  t o  a v o i d  o r  accom-' 

modate t h e  accumulations:  For example, i n  t h e  GCFR F-5 t e s t  i r r a d i a t i o n ,  

p r e s e n t l y  i n  p r o g r e s s ,  s p e c i a l  i n t e r f a c e  b l a n k e t  p e l l e t s  a r e  i n c l u d e d  which 



a r e  of a  low-density d e s i g n  t o  p r o v i d e  vo idage  t o  accommodate cesium com- 

pounds. Other  p o s s i b i l i t i e s  i n c l u d e  a d j u s t m e n t s  i n  t h e  oxygen/metal  r a t i o  
\ 

and smeak d e n s i t y  i n  t h e  f u e l .  I n  t h e  GB-10 e x p e r i m e n t , . w h e r e  a . g a s  f low '  

r g s t r i c t i o n  was found,  i t  was a l s o  no ted  t h a t  t h e  g a s  f low conductance 

was r e s t o r e d  w i t h  each power v a r i a t i o n .  Consequent ly ,  i f  f o r m u l a t i o n  of 

cesium compounds cannot  be  avo ided ,  i t  can p robab ly  be accommodated by 

d e s i g n  o r  o p e r a t i o n a l  p r o v i s i o n s ,  w i t h o u t  s i g n i f i c a n t  p e n a l t y .  F u r t h e r  

development e f f o r t s  a r e ,  however, r e q u i r e d .  

INTERASSEMBLY CORE DISTORTIONS 

There  a r e  b a s i c a l l y  two forms of c o r e  d i s t o r t i o n s  t h a t  can r e s u l t  i n  

l i f e  l i m i t a t i o n s :  t h e  f i r s t  i s : d u c t  d i l a t i o n ,  and t h e  second i s  assembly 

bow. 

Duct D i l a t i o n  

Duct d i l a t i o n  i s  t h e  expansion of t h e  hexagonal f low d u c t  due  t o  

o p e r a t i o n a l  e f f e c t s ,  a s  shown i n  F i g .  2 .  The two b a s i c  components of d u c t  

d i l a t i o n  a r e  uniform d u c t  expansion and b u l g i n g  of t h e  hexagonal  f l a t s .  

The g e n e r a l l y  uniform d u c t  d i l a t i o n s  a r e , c a u s e d  by the rmal  expansion and 

m e t a l  s w e l l i n g  induced by f a s t  f l u e n c e .  The bu lg ing  component of d i l a t i o n  

i s  caused by t h e  i n t e r n a l  pressure- induced s t r e s s e s  i n  t h e  p r e s e n c e  of 

neutron-flux-enhanced c r e e p .  

The pr imary l i f e - l i m i t i n g  a s p e c t  a s s o c i a t e d  w i t h  d u c t  d i l a t i o n  i s  

t h a t  i f  t h e  d u c t s  d i l a t e  t o o  much, i n t e r a c t i o n s  w i l l  occur  between a d j a c e n t  

a s s e m b l i e s  t o  t h e  e x t e n t  t h a t  t h e y  w i l l  b ind  with e a c h  o t h e r  d u r i n g  r e f u e l -  

i n g .  To a v o i d  b i n d i n g ,  t h e  c r i t e r i o n  has  been s e l e c t e d  f o f  ehe GCFR char 

t h e  i n t e r a s s e m h l y  gap and d11r.t wal.1 t h i c k n e s s  be s i z e d  . t o  p r e v e n t  d i a m e t r i -  

c a l l y  opposed d u c t  c o n t a c t  a t  t h e  most r e s t r i c t i v e  l o c a t i o n  ( e . g . ,  a t  t h e  . 

r e s t r a i n t  pads)  d u r i n g  assembly removal.  Contac t  on o n l y  one s i d e  is  per-  

m i t t e d ,  and c r e d i t  can b e  t aken  f o r  v a r i a t i o n  i n  a d j a c e n t  assembly l i f e -  

t imes .  The r e f e r e n c e  f u e l  management scheme r e s u l t s  i n  r e p l a c i n g  e v e r y  



t h i r d  assembly i n  t h e  a c t i v e  c o r e  e v e r y  y e a r .  A s  a  r e s u l t  t h e r e  are no 

two a d j a c e n t  a s s e m b l i e s  of t h e  same l i f e t i m e .  

F i g u r e  3 is  a  p l o t  of v a r i o u s  combinat ions  of i n t e r a s s e m b l y  gap and 

d u c t  w a l l  t h i c k n e s s e s  t h a t  s a t i s f y  t h e  above c r i t e r i o n  f o r  a  downflow GCFR 

c o r e .  The r e s u l t s  show t h a t  a  r e a s o n a b l e  d u c t  w a l l  t h i c k n e s s  and i n t e r -  

assembly gap can  be chosen f o r  t h e  g i v e n  d e s i g n  l i f e t i m e .  A 4-mm d u c t  w a l l  

t h i c k n e s s  and a  10-mm i n t e r a s s e m b l y  gap have t e n t a t i v e l y  been s e l e c t e d .  

S i m i l a r  a n a l y s e s  have n o t  y e t  been performed f o r  t h e  upflow c o r e ;  however, 

. F i g .  3 i l l u s t r a t e s  t h a t  a p p r o p r i a t e  pa ramete rs  can be s e l e c t e d  such t h a t  

d u c t  d i l a t i o n  i s  n o t  l i f e  l i m i t i n g .  

Assembly Bow 

A g e n e r a l  i l l u s t r a t i o n  of assembly bow f o r  t h e  GCFR upf low c o r e  

c o n f i g u r a t i o n  i s  shown i n  F ig .  4 ,  which h a s  been t a k e n  from Ref.  7 .  These 

d i s t o r t i o n s  a r e  caused by r a d i a l  the rmal  g r a d i e n t s  and d i f f e r e n t i a l  f l u e n c e -  

induced m e t a l  s w e l l i n g .  The t e n t a t i v e  d e s i g n  c r i t e r i a  s e l e c t e d  f o r  eva lua-  

t i o n  of t h e  GCFR upflow c o r e  d i s t o r t i o n s  a r e  a s  f o l l o w s :  

1 .  Assembly i n t e r a c t i o n  l o a d s  a t  r e f u e l i n g  ( i . e . ,  shutdown 
c o n d i t i o n s )  - <2200 N .  

2 .  Assembly t o t a l  d i s t o r t i o n  ( f o r  c o n t r o l  rod i n s e r t i o n  and d r i v e  
i n t e r f a c i n g )  w i t h i n  a n  envelope 10 mm l a r g e r  on each  s i d e  of 
assembly nominal s i z e .  

3.  Assembly i n t e r a c t i o n  a t  f u l l  power on a t  least one l o a d  pad 
th roughout  l i f e .  

4. Minimal p o s i t i v e  r e a c t i v i t y  i n t e r a c t i o n .  

Scoping s t u d i e s  of t h e  GCFR upflow c o n f i g u r a t i o n  by means of t h e  

NUBOW 2-D computer program (Ref.  8 )  have shown t h a t  t h e  above c r i t e r i a  

car1 be  s a t i s f  l e d  u s i n g  a nominal beg inn ing-of - l i f  e  cold ,  in te rassembly  

c l e a r a n c e  of 0 .8  mm a t  t h e  l o a d  pads  (Ref.  9 ) .  Cons iderab ly  more e f f o r t  

i s  r e q u i r e d  t o  conf i rm t h e s e  i n i t i a l  r e s u l t s .  However, p r e s e n t  i n d i c a -  

t i o n s  a r e  t h a t  d e s i g n s  can  be e s t a b l i s h e d  t h a t  w i l l  s a t i s f y  s e l e c t e d  

l i f e t i m e   requirement^ w i t h  r e g a r d  t o  acscmbly bow c o r c  d i s t o r t i o n s .  



INTRAASSEMBLY DEFORMATIONS 

There  a r e  s e v e r a l  i n t r a a s s e m b l y  o p e r a t i o n a l  e f f e c t s  t h a t  a r e  of 

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

They i n c l u d e  rod bowing; rod-spacer  f r i c t i o n  and wear ,  d i f f e r e n t i a l  

expans ion ,  and f r e t t i n g ;  and s k c l e t o n  s t r u c t u r e  c r e e p  r a t c h e t i n g .  A l l  of  

t h e s e  a r e  some form o f ,  o r  consequence o f ,  i n t e r a c t i o n  between components,  

p r i n c i p a l l y  t h e  f u e l  r o d s  and t h e  f u e l  rod  s p a c e r  g r i d s .  These e f f e c t s  a r e  

sometimes r e f e r r e d  t o  a s  composi te  bund le  e f f e c t s  o r ,  s i m p l y ,  bund le  

e f f e c t s .  These bund le  e f f e c t s  a r e  d i s c u s s e d  i n  f o l l o w i n g  s e c t i o n s .  

Rod Bowing 

The edge r o d s  on t h e . p e r i m e t e r  of t h e  r o d  bund le  a d j a c e n t  t o  t h e  f low 

d u c t  w a l l  are s u b j e c t e d  t o  t r a n s v e r s e  the rmal  g r a d i e n t s  due  t o  t h e  d i f f e r e n t  

c o o l a n t  c h a n n e l s  on t h e  d u c t  s i d e  and bund le  s i d e  of t h e  r o d s .  A s  a  r e s u l t  

of  t h e  the rmal  g r a d i e n t s ,  the rmal  bow o c c u r s ,  a n d ,  because  f luence- induced  

meta l  s w e l l i n g  i s  t e m p e r a t u r e  dependen t ,  a  m e t a l  s w e l l i n g  bow e v e n t u a l l y  

d e v e l o p s .  

A number o f  s t u d i e s  have been performed t o  e v a l u a t e ,  edge rod bowing 

i n  t h e  GCFR f u e l  a s s e m b l i e s .  The f o l l o w i n g  a r e  t h e  p r imary  c r i t e r i a  t h a t  

have been used i n  e v a l u a t i o n  of  t h e  r e s u l t s :  

1.  Rod-to-rod gap > 1 mm and rod- to-duct  gap > 0 . 5  mm (Ref .  1 0 ) .  
T h i s  c r i t e r i o n  Kas been s e l e c t e d  from t h e  r e s u l t s  g i v e n  i n  
F i g .  5. 

2. Rod-spacer i n t e r a c t i o n  f o r c e  - < 9 N.  

The r e s u l t s  of a r e c e n t  a n a l y s i s  a r e  g i v e n  i n  F i g .  6. Two d i f f e r e n t  

a n a l y s e s  a r e  shown, w i t h , a n d  wi thou t .  d u c t  d i l a t i o n .  The r e s u l t s  w i t h o u t  

d u c t  d i l a t i o n  s a t i s f y  t h e  a p p l i c a b l e  c r i t e r i a  th roughout  l i f e .  However, 

t h e  gap c l e a r a n c e  c r i t e r i a  a r e  n o t  s a t i s f i e d  when t h e  e f f e c t s  of  d u c t  

d i l a t i o n  a r e  i n c l u d e d  i n  t h e  a n a l y s i s .  To d a t e ,  no s a t i s f a c t o r y  s o l u t i o n  

h a s  been found f o r  s a t i s f y i n g  r o d  bow f o r  t h e  d e s i g n  l i f e t i m e  o f ' 1 0 0  MWd/kg 



u s i n g  t h e  r e f e r e n c e  20% CW 316 s t a i n l e s s  s t e e l  s t r u c t u r a l  m a t e r i a l  f o r  t h e  

c l a d d i n g .  Rod bow a p p e a r s  t o  be  l i m i t i n g  l i f e t i m e  t o  approx imate ly  

75 MWdIkg. 

Rod-Spacer F r i c t i o n  and Wear 

During o p e r a t i o n s  which i n v o l v e  change of power, t e m p e r a t u r e  l e v e l s  

w i t h i n  t h e  c o r e  a s s e m b l i e s  change.  D i f f e r e n t i a l  t e m p e r a t u r e  changes  between 

t h e  f u e l  r o d s  and s t r u c t u r a l  s u p p o r t s  c a u s e  a x i a l  mot ions  o f  t h e  r o d s  through 

t h e  s p a c e r  g r i d s .  S i n c e  t h e  rod s u r f a c e s  a r e  roughened t o  enhance h e a t  

t r a n s f e r ,  rod-spacer  i n t e r a c t i o n  t e s t s  i n v o l v i n g  l i f e t i m e  a x i a l  mot ions  were 

i n i t i a t e d  some t ime ago. I n  t h e  t e s t s  r u n  t o  d a t e ,  t h e  t r a n s v e r s e  f o r c e  

due t o  rod bowing has  been s imula ted .  F r i c t i o n  and wear d a t a  have been 

g a t h e r e d  which i n d i c a t e  a c c e p t a b l e  b e h a v i o r  throughout  l i f e t i m e .  

The e f f e c t  of rod- to-spacer  misal ignment  a n g l e  h a s  n o t  y e t  been e x p e r i -  

m e n t a l l y  i n v e s t i g a t e d .  Rod bow is  one e f f e c t  t h a t  c o n t r i b u t e s  t o  t h e  m i s -  

a l ignment  a n g l e ;  o t h e r  c o n t r i b u t o r s  a r e  t h e  r e s u l t  of f a b r i c a t i o n  t o l e r a n c e s .  

A d a t a  b a s e  on rod-spacer  f r i c t i o n ,  i n c l u d i n g  t h e  e f f e c t s  o f  misa l ignments ,  

i s  needed f o r  a s s e s s i n g  t h e  l i f e t i m e  c h a r a c t e r i s t i c s  of t h e  s p a c e r  g r i d s  

and g r i d  s u p p o r t  sys tems.  

Rod-Spacer D i f f e r e n t i a l  Expansion 

During o p e r a t i o n ,  t h e  f u e l  rod  c l a d d i n g  t e m p e r a t u r e s  are somewhat 

h o t t e r  t h a n  t h e  t empera tu res  of t h e  g r i d s  t h a t  a r e  used t o  m a i n t a i n  t h e  

rod l a t e r a l  spac ing .  The f luence- induced m e t a l  s w e l l i n g  i s  t e m p e r a t u r e  

dependent and,  i n  t h e  r e g i o n  of most impor tance ,  s w e l l i n g  i n c r e a s e s  w i t h  

i n c r e a s i n g  Lemperature. Consequent ly ,  d i f  f e r ' en t  i a l  s w e l l i n g  . between f u e l  

r o d s  and s p a c e r  g r i d s  i s  p r e d i c t e d .  F i g u r e  7 c o n t a i n s  r e p r e s e n t a t i v e  

r e s u l t s  f o r  a  nominal e n d - o f - l i f e  c a s e  where no account  h a s  been t a k e n  

of t h e  l o c a l  t e m p e r a t u r e  p e r t u r b a t i o n s  caused by t h e  p r e s e n c e  of t h e  

g r i d s .  The r e s u l t s  i n d i c a t e  t h a t  e x c e s s i v e  c l e a r a n c e  is  r e q u i r e d  t o  

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



Design a l t e r n a t i v e s  and performance a n a l y s e s  need f u r t h e r  e f f o r t  t o  avo id  

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

m a t e r i a l .  

Rod-Spacer F r e t t i n g  

To accommodate rod- to-spacer  misa l ignment  e f f e c t s ,  such  a s  rod  bow, 

and rod-spacer  d i f f e r e n t i a l  e x p a n s i o n s ,  t h e  c l e a r a n c e  between t h e  r o d  and 

s p a c e r  g r i d  c o n t a c t  pads needs  t o  b e  on t h e  o r d e r  of a t  l e a s t  0.25 rnm. 

A t  p r e s e n t ,  i n a d e q u a t e  e x p e r i m e n t a l  d a t a  a r e  a v a i l a b l e  on t h e  f low-induced 

v i b r a t i o n  c h a r a c t e r i s t i c s . o f  r o d s  i n  p a r a l l e l  g a s  f l o w  (Ref .  1 1 ) ;  t h e  

p r e s e n c e  of s m a l l  gaps  between t h e  r o d s  and t h e  rod  l a t e r a l  s u p p o r t s  is  a  

s o u r c e  of f u r t h e r  u n c e r t a i n t y .  Consequen t ly ,  f low-induced v i b r a t i o n  t e s t s  

a r e  needed,  and p l a n s  have r e c e n t l y  been i n i t i a t e d  t o  p r e p a r e  a  he l ium 

f low t e s t  r i g  t o  perform t h e  r e q u i r e d  t e s t s .  F r e t t i n g  between t h e  r o d s  

and rod  s u p p o r t  p o i n t s  i s  one a s p e c t  of  f low-induced v i b r a t i o n  t h a t  i s  

fundamental  f o r  l i f e t i m e  c o n s i d e r a t i o n s .  F r e t t i n g  t e s t s  c o n s e q u e n t l y  

w i l l  be c a r r i e d  o u t  i n  p a r a l l e l  w i t h  t h e  f low-induced v i b r a t i o n  t e s t s .  

S k e l e t o n  S t r u c t u r e  Creep R a t c h e t i n g  

A s  t h e  t r a n s v e r s e  rod  the rmal  g r a d i e n t s  deve lop  i n  go ing  up t o  power, 

i n t e r a c t i o n  f o r c e s  between t h e  r o d s  and s p a c e r  g r i d s  deve lop .  The t r a n s -  

v e r s e  f o r c e  i n  t h e  p r e s e n c e  of r o d  a x i a l  t h e r m a l  e l o n g a t i o n  and f r i c t i o n  

r e s u l t s  i n  a x i a l  as. w e l l  a s  t r a n s v e r s e  l o a d i n g  of t h e  s p a c e r  g r i d s .  The 

a x i a l  f o r c e s  a r e  a l s o  imposed upon t h e  s p a c e r  s t r u c t u r a l  s u p p o r t  t i e - r o d s .  

How l o n g  t h e  f r i c t i o n a l  l o a d  w i l l  b e  m a i n t a i n e d  once f u l l  power h a s  been 

reached  i s  q u e s t i o n a b l e  and s u b j e c t  t o  u n c e r t a i n  e f f e c t s  such  a s  v i b r a -  

t i o n  and power f l u c t u a t i o n s .  The t o t a l  a x i a l  f l e x i b i l i t y  of t h e  t i e - r o d s ,  

s p a c e r  g r i d s ,  and f u e l  r o d s  is  expec ted  t o  p l a y  a  major  r o l e  i n  t h e  

performance of  t h e  sys tem.  

I f  t h e  a x i a l  l o a d s  developed by f r i c t i o n  between t h e  r o d s  and g r i d s  i n  

go ing  t o  power a r e  s u s t a i n e d ,  f lux-enhanced c r e e p  can  r e s u l t  i n  s t r e s s  

r e l a x a t i o n s  and permanent d e f o r m a t i o n s .  Subsequent  shutdowns and s t a r t u p s  



would be expected to repeat the process. The result would be creep ratchet- 

ing of the loaded components, mainly the spacer grids and tie-rods. 

Depending on the degree of deformation per cycle, creep ratcheting could 

result in lifetime limitations. Additional development efforts are 

required before this potential lifetime limitation effect can be adequately 

quantified . 

ALTERNATE MATERIALS 

The most lifetime-limiting effects in the GCFR core assemblies are 

primarily a consequence of neutron-fluence-induced metal swelling and, to 

a lesser degree, neutron-flux-enhanced creep. The neutron-fluence-induced 

metal swelling of the reference 20% CW 316 stainless steel undergoes an 

incubation period; essentially no swelling occurs until approximately a 
2 fluence of 5 to 9 x 1 02* n/cm is reached. Consequently, a substantial 

lifetime, on the order of 50 MWd/kg, can be attained before significant 

metal swelling bccurs. Metal swelling effects for fluences > 1  x n/cm 2 

appear to limit achievable GCFR fuel lifetimes to approximately 75 MWd/kg. 

Alternate materials are currently under development which appear to 

have much more.favorable performance characteristics (Ref. 12). The pri- 

mary performance attribute which tends to characterize the alternate 

materials is lower neutron-fluence-induced metal swelling. Other properties 

of importance also appear to be satisfactory for the prime alternate material 

candidates. Present indications are that the GCFR goal burnup of 100 MWd/kg, 

or greater, is achievable by means of alternate structural materia'ls. 

SUMMARY 

There are many different operational effects that could result in 

lifetime'limitation of the GCFR core assemblies. Those of current concern 

include interassembly distortions (duct dilation and assembly bow) as well 

as intraassembly deformations (rod-spacer differential expansions and rod 

bow). Individual GCFEi fuel rod lifetimes, in the absence of assembly 



deformat ion  e f f e c t s ,  cou ld  b e  l i m i t e d  by FCMI and l o c a l  cesium accumula- 

t i o n s .  Other  l i f e t i m e - l i m i t i n g  c o n s i d e r a t i o n s  i n c l u d e  rod f r e t t i n g  and 

c r e e p  r a t c h e t i n g  of  t h e  rod bund le  s k e l e t o n  s t r u c t u r e .  

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

accommodated by s u i t a b l e  c h o i c e  of d u c t  w a l l  t h i c k n e s s  and i n t e r a s s e m b l y  

gap,  FCMI i s  l e s s  s e v e r e  t h a n  i n  e q u i v a l e n t  LMFBRs, and l o c a l  ces ium con- 

c e n t r a t i o n  e f f e c t s  can probably  be accommodated. There  a r e  n o t  y e t  

s u f f i c i e n t  d a t a  t o  f u l l y  e v a l u a t e  t h e  rod  f r e t t i n g  and rod-spacer  i n t e r -  

a c t i o n  a f f e c t s ,  n o r  h a s  s u f f i c i e n t  a n a l y s i s  been performed of t h e  s k e l e t o n  

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

w i l l  n o t  be l i m i t i n g .  For  20% CW 316 s t a i n l e s s  s t e e l ,  t h e  i n t r a a s s e m b l y  

d e f o r m a t i o n s ,  d i f f e r e n t i a l  rod-spacer  expans ion  and r o d  bow, a p p e a r  most 

l i m i t i n g ,  w i t h  assembly l i f e t i m e s  of a p p r o x i m a t e l y  75 MWd/kg a s  compared 

t o  t h e  d e s i g n  g o a l  of 100 MWd/kg. An a l t e r n a t e  s t r u c t u r a l  m a t e r i a l  hav ing  

l e s s  f luence- induced m e t a l  s w e l l i n g  cou ld  remove t h i s  l i m i t a t i o n .  For  

a l t e r n a t e  m a t e r i a l s  hav ing  lower s w e l l i n g  c h a r a c t e r i s t i c s ,  FCMI a n d / o r  

i n - p i l e  c r e e p  de fo rmat ion  a r e  expec ted  t o  become t h e  more l i f e t i m e - l i m i t i n g  

e f f e c t s .  
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Fig.  4 ,  Limited f r e e  bow co re  r e s t r a i n t  concept (from Ref. 7) 
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