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EMPLOYED I N  FFTF FUEL PIN 

AND SUBASSEMBLY CONCEPTUAL DESIGN 

A. FUEL ELEMENT AND SUBASSEMBLY STRUCTURAL BEHAVIOR* 

A . l  FUEL AND CLADDING SWELLING I R R A D I A T I O N  EFFECTS 

F u e l  S w e l l i n g  and temperature-burnup e f f e c t s  a r e  b e i n g  

i n v e s t i g a t e d  i n  t h e  I r r a d i a t i o n  Programs which i n c l u d e  f u e l  

s w e l l i n g  r a t e ,  g a s  r e l e a s e  r a t e ,  d i r e c t i o n  o f  s w e l l i n g ,  

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

i r r a d i a t i o n  exposures  and t e m p e r a t u r e s  i s  ex t remely  i m p o r t a n t  

and i s  d i s c u s s e d  i n  d e t a i l .  ( 1 , 2 )  P r e s e n t  d e s i g n  i s  p r e d i c a t e d  

on s w e l l i n g  b e i n g  accommodated i n t e r n a l l y  up t o  abou t  

40,000 MWd/tonne. A f t e r  40,000,  t h e  d i a m e t r a l  growth of  t h e  

p i n  i s  m a n i f e s t  e x t e r n a l l y  and must be  accommodated w i t h i n  

t h e  subassembly.  

The f u e l  p i n  d e s i g n  from d i a m e t r a l  growth v iewpoin t  

must be  concerned w i t h  i t s  r e l a t i o n s h i p  t o  t h e  subassembly.  

The f u e l  p i n s  a r e  s p i r a l l y  wrapped w i t h  s p a c e r  w i r e  and t h e n  

assembled i n t o  a  hexagonal  bund le ,  f i x e d  a t  one end w i t h  a  

g r i d  s p a c e r .  C l e a r a n c e s  between t h e  w i r e s  and t h e  a d j a c e n t  

f u e l  p i n s  a r e  s m a l l .  During i r r a d i a t i o n ,  t h e  f u e l  p i n  

d i a m e t e r  i n c r e a s e s .  I n  g e n e r a l ,  t h i s  d i a m e t e r  i n c r e a s e  may 

c o n s i s t  o f  two components: One component i s  c l a d  s w e l l i n g  

and t h e  o t h e r ,  i f  p r e s e n t ,  i s  mechanica l  s t r a i n  i n  t h e  c l a d  

r e s u l t i n g  from t h e  f u e l  s w e l l i n g .  T h i s  i n c r e a s e d  mechanica l  

s t r a i n  c a u s e s  an  i n c r e a s e  i n  s p a c e r  w i r e  t e n s i o n .  T h i s  i n  

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

Because a l l  p i n s  a r e  i n  a  s i m i l a r  envi ronment ,  t h e  p i n s  w i l l  

have a  s i m i l a r  s p i r a l  de fo rmat ion .  T h e r e f o r e ,  t h e  e n t i r e  

p i n  bund le  w i l l  have a  s p i r a l  de fo rmat ion  p a t t e r n .  T h i s  

* C o n t a i n s  U .  K .  CommerciaZ Data 



s p i r a l  de fo rmat ion  p a t t e r n  of t h e  bundle  c a u s e s  t h e  s p a c e r  

w i r e s  t o  move away from d u c t  w a l l  a t  t h e  p a r t i c u l a r  e l e v a t i o n  

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

T h e r e f o r e ,  t h e  i n c r e a s e d  mechanica l  s t r a i n  causes  a  n e t  d e c r e a s e  

i n  t h e  bund le  enve lope .  T h i s  i s  o f f s e t  s l i g h t l y  by t h e  c l a d  

s w e l l i n g  component which c a u s e s  an i n c r e a s e  i n  bund le  enve lope .  

The d u c t  a l s o  e x p e r i e n c e s  meta l  s w e l l i n g  and w i l l  i n c r e a s e  i n  

dimension w i t h  i n c r e a s i n g  f l u e n c e .  S i n c e  t h e  d u c t  w a l l  i s  

c o l d e r  t h a n  t h e  c l a d d i n g  and s p a c e r  w i r e s ,  t h e  d u c t  may s w e l l  

a t  a  s l o w e r  r a t e  t h a n  t h e  p i n  bund le .  I t  i s  p o s s i b l e  f o r  t h e  

p i n  bund le  enve lope  t o  g r a d u a l l y  use  up t h e  assembly c l e a r a n c e  

between t h e  p i n  bundle  and d u c t .  The p r e s e n t  s w e l l i n g  models 

p r e d i c t  t h i s  w i l l  o c c u r  a t  approximate ly  80,000 MWd/tonne 

burnup of  peak p i n s .  I f  c r e d i t  i s  t a k e n  f o r  t h e  d e f l e c t i o n  of  

t h e  p i n s ,  t h i s  pack ing  does  n o t  o c c u r .  A s  soon a s  t h i s  i n c r e a s e  

i n  bundle  enve lope  exceeds  t h e  c l e a r a n c e  between t h e  w i r e  and 

f u e l  p i n ,  t h e  f u e l  p i n  i s  f o r c e d  t o  move sideways.  S i n c e  t h e  

w i r e  wrap i s  s p i r a l ,  t h e  movement i s  s p i r a l  a l o n g  t h e  a x i s  

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

c l a d d i n g .  

F i g u r e  A . l - 1  shows t h e  FTR f u e l  p i n  d iamete r  i n c r e a s e  

a l o n g  t h e  f u e l  column l e n g t h  based  upon e m p i r i c a l  r e l a t i o n s h i p s  

from U . K .  d a t a  f o r  s o l u t i o n  t r e a t e d  c l a d .  I t  shou ld  be n o t e d  

t h a t  peak p i n s  may have d i a m e t r a l  growth of  3% and n o t  a t  t h e  

h o t t e s t  l o c a t i o n  on t h e  p i n  l e n g t h .  F i g u r e  A. l -2  shows t h i s  

bending on f u e l  p i n s  mocked up t o  i l l u s t r a t e  t h e  e f f e c t  of 

s p i r a l  bending from d i a m e t e r  i n c r e a s e  i n  a  t i g h t  d u c t .  These 

p i n s  were assembled i n t o  a  b u n d l e ,  h e a t e d ,  t h e n  i n t e r n a l l y  

p r e s s u r i z e d .  C a l c u l a t i o n s  i n d i c a t e  f i b e r  s t r e s s e s  from bend- 

i n g  of  %30,000 p s i  i f  no stress r e l a x a t i o n  i s  c o n s i d e r e d .  

I t  i s  assumed t h e  c o n d i t i o n  d e s c r i b e d  (bending i n  a  t i g h t  

d u c t )  can r e s u l t  i n  o r  c o n t r i b u t e  t o  f u e l  c l a d d i n g  f a i l u r e  and 

i s  t h e r e f o r e  u n d e s i r a b l e .  Consequent ly ,  t h e  l e s s  f u e l  c l a d d i n g  
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d i a m e t e r  i n c r e a s e ,  t h e  l e s s  t h e  p r o b a b i l i t y  of f u e l  p i n  bend- 

i n g  o c c u r r i n g .  The f o l l o w i n g  shows t h a t  cold-worked c l a d d i n g  

r e s u l t s  i n  l e s s  t o t a l  d i a m e t r a l  growth t h a n  does  s o l u t i o n  

annea led  c l a d d i n g .  T h i s  c o n s i d e r a t i o n  would i n d i c a t e  a  

p r e f e r e n c e  f o r  cold-worked c l a d d i n g  f o r  t h e  FTR. 

A . l . l  F u e l  I r r a d i a t i o n  E x ~ e r i e n c e  

Of a l l  e x p e r i e n c e  p e r t a i n i n g  t o  s t a i n l e s s  s tee l  c l a d d i n g  

i r r a d i a t e d  i n  f a s t  r e a c t o r  envi ronments ,  a t  p r e s e n t  t h e  most 

a p p l i c a b l e  t o  t h e  FTR a r e  t h e  UKAEA exper iments .  The French ,  

Russ ians  and t h e  U . S .  each  have had some a p p l i c a b l e  e x p e r i -  

ence .  However, t h e  French have merely fo l lowed t h e  l e a d  of  

t h e  B r i t i s h  and have n o t  completed exper iments  t o  t h e  p o i n t  

of  hav ing  r e p o r t e d  d a t a  a t  burnup o f  i n t e r e s t .  The Russ ians  

have n o t  r e p o r t e d  t h e  d e t a i l s  o f  t h e i r  c l a d d i n g  e x p e r i e n c e  

i n  s u f f i c i e n t  d e t a i l  t o  e n a b l e  o u r  e v a l u a t i o n .  U . S .  e f f o r t s  

have been s m a l l  and p r i m a r i l y  on Type 304. The B r i t i s h  

e x p e r i e n c e  h a s  been w i t h  M316, which,  w h i l e  modi f i ed ,  i s  s t i l l  

e s s e n t i a l l y  316, and major  emphasis  must b e  g i v e n  t o  t h e i r  

e x p e r i e n c e .  

The B r i t i s h  i r r a d i a t i o n s  program ( 3 )  c o n s i s t e d  o f  two 

b a s i c  p a r t s :  c l a d  f u e l  p i n s  and subassembl ies ,  and mechani- 

c a l  t e s t i n g  specimens.  R e s u l t s  o f  t h e  l a t t e r  were d i s c u s s e d  

under  t h e  s e c t i o n  i n  t h i s  r e p o r t  on mechanica l  p r o p e r t i e s .  

The B r i t i s h  f u e l  p i n  i r r a d i a t i o n  program c o n s i s t e d  of  

b o t h  s i n g l e  p i n s  and subassembl ies  of p i n s .  The s i n g l e  p i n  

i r r a d i a t i o n s  o c c u r r e d  f i r s t  i n  t h e  program, and r e s u l t s  were 

used t o  d e s i g n  t h e  subassembly e x p e r i n e n t s .  These c o n s i s t e d  

of  a  rhombus-shaped wrapper approximate ly  30 i n .  l o n g ,  con- 

t a i n i n g  7 7  f u e l  p i n s  i n  g r i d s  a t  2 - in .  i n t e r v a l s  a l o n g  t h e  

p i n s .  The p i n s  were 0.230 i n .  OD by 0.200 i n .  I D .  The 

c l a d d i n g  was M316 and M316-L,and b o t h  s o l u t i o n  annea led  and 



cold-worked c o n d i t i o n s  were r e p r e s e n t e d .  The f u e l  was mixed 

o x i d e  c o n t a i n i n g  e i t h e r  15 o r  25% plutonium o x i d e  w i t h  t h e  

remainder  uranium o x i d e .  Most o f  t h e  f u e l  was t h e  15% p lu ton ium 

o x i d e  v a r i e t y .  

C o o l a n t  i n l e t  t e m p e r a t u r e  was approx imate ly  520  OF w i t h  

most o f  t h e  subassembl ies  hav ing  o u t l e t  t e m p e r a t u r e s  a b o u t  

1100 OF, w i t h  some a s  h i g h  a s  1200 OF. 

E i g h t  subassembl ies  have been i r r a d i a t e d ,  b u t  d a t a  h a s  

been made a v a i l a b l e  on o n l y  t h e  f i r s t  f o u r  t o  d a t e .  These 

w e r e  d e s i g n a t e d  t h e  Mark I ,  I B ,  I1 and I I A .  Mark I I B  and I I C  

have been i r r a d i a t e d  b u t  no  d e t a i l s  of  t h e s e  i r r a d i a t i o n s  

have been made a v a i l a b l e .  No i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  

Mark I I D  and Mark I11 subassembl ies .  

The Mark I and I B  subassembl ies  c o n t a i n e d  b o t h  co ld -  

worked and annea led  c l a d d i n g .  Some of  t h e  cold-worked c l a d  

p i n s  had VIPAC f u e l ,  o t h e r s  a n n u l a r  p e l l e t s .  The same i s  t r u e  

f o r  t h e  a n n e a l e d  c l a d d i n g  p i n s .  M316L was used a s  t h e  c l a d d i n g  

m a t e r i a l .  The Mark I1 subassembly used a l l  M316 c l a d d i n g ,  

cold-worked, and c o n t a i n e d  b o t h  VIPAC and a n n u l a r  p e l l e t  f u e l .  

The Mark I I A  sul5assembly used cold-worked and annea led  M316 

and b o t h  VIPAC and a n n u l a r  p e l l e t  f u e l .  

I n  t h i s  d i s c u s s i o n ,  t h e r e  a r e  two key c h a r a c t e r i s t i c s  by 

which f u e l  p i n s  a r e  e v a l u a t e d :  (1) Did t h e  c l a d d i n g  f a i l  by 

s p l i t t i n g  o r  c r a c k i n g ?  ( 2 )  What was t h e  p a t t e r n  of  d i a m e t e r  

i n c r e a s e s ?  

There  have been s i x  r e p o r t e d  p i n  f a i l u r e s  on t h e  U . K .  

i r r a d i a t i o n  program (Table  A .  1-1) . Three o f  t h e  f a i l u r e s  

o c c u r r e d  i n  s o l u t i o n  t r e a t e d  c l a d d i n g ,  two i n  " a s  r e c e i v e d "  

c l a d d i n g ,  and one i n  cold-worked c l a d d i n g .  However, t h e s e  

p i n s  o p e r a t e d  under  such a  v a r i e t y  of  c o n d i t i o n s  t h a t  i t  i s  

i n v a l i d  t o  a t t e m p t  t o  draw c o n c l u s i o n s .  None o f  t h e s e  o p e r a t e d  

i n  t h e  f l o w i n g  sodium subassembl ies  b u t  were i n  s t a g n a n t  sodium 

t r e f o i l  a s s e m b l i e s .  



TABLE A . l - 1 .  F a i l e d  P i n  Summary,  DFR 

F u e l  P i n  
Number 

P i n  C l a d  Maximum % A  C l a d  
D e s c r i p t i o n ,  i n .  Material B u r n u p ,  % Diam Temp, OC F a i l u r e  

2 8  x 0 . 2  I D  M316L A R ( ~ )  8 . 0  1 . 9  5 7 0  1 T r a n s v e r s e  
VIPAC C a r b i d e  C r a c k  (b )  

5 L o n g i t u d i n a l  
C r a c k s  

2 8  x 0 . 2 7 5  I D  M316L AR(a )  5 . 8  1 . 4  6 2 0  2  L o n g i t u d i n a l  
A n n u l a r  C a r b i d e  C r a c k s  (b )  

2 8  x 0 . 2  I D  M316 C W ( ~ )  9 . 1  1 - 2 ( d )  6 2 5  3 P r o m i n e n t  
A n n u l a r  O x i d e  L o n g i t u d i n a l  

C r a c k s  (e )  

7  x 0 . 2  I D  M316L ST ( C )  7 . 1  %4 7 0 0  ( E s t  S h o r t  L o n g  
VIPAC O x i d e  750 -800  OC) C r a c k s  (e )  

2  i n .  L o n g  

7  x 0 . 2  I D  M316L ST ( C )  8 . 1  2  6 5 5  ( E s t  S e v e r a l  C r a c k s  
VIPAC O x i d e  6  (d )  H i g h  O p e r .  % 0 . 4  (e)  

Temp - 

2 8  x 0 . 2 0 0  I D  M316L S T ( C )  6 . 9  0 . 7  5 6 0  P o s s i b l e  
VIPAC Oxide F a i l u r e  ('1 

( a )  TRG 3 1 2 4 ,  T a b l e  I 
(b )  TRG 3 1 2 4 ,  p. 2  
(c)  TRG 2 9 4 2 ,  T a b l e  I1 
( d )  TRG 2 9 4 2 ,  T a b l e  V I I  
(e )  TRG 2 9 4 2 ,  p. 6  
( f )  TRG 2 9 4 2 ,  p. 1 8  



The d i a m e t e r  changes f o r  t h e  Mark I and I B  do show a t r e n d .  

F i g u r e  A.l-3 shows p e r c e n t a g e  i n c r e a s e  i n  d i a m e t e r  f o r  co ld -  

worked and  annea led  c l a d d i n g  and i n d i c a t e s  t h a t  cold-worked 

c l a d d i n g  r e s u l t e d  i n  less i n c r e a s e .  The i n d i c a t i o n s  a r e  

tempered somewhat by t h e  f a c t  t h a t  i n i t i a l  d i a m e t e r  r e a d i n g s  

were n o t  l o c a t e d  s o  p o s t i r r a d i a t i o n  v a l u e s  c a n n o t  be  compared 

p o i n t  by p o i n t .  N o n e t h e l e s s ,  t h e  t r e n d  appears  v a l i d .  T h i s  

i s  f u r t h e r  emphasized by t h e  d a t a  p l o t t e d  i n  F i g u r e  A . l - 4  

showing p e r c e n t  s t r a i n  ( a c t u a l l y  Ad/d) v e r s u s  burnup o r  c o l d -  

worked and a n n e a l e d  c l a d d i n g  from t h e  Mark I B  subassembly.  

The Mark I1 subassembly c o n s i s t e d  of a l l  M316 co ld -  

worked c l a d d i n g .  The p a t t e r n  of  d i a m e t e r  i n c r e a s e  was much 

more c o n s i s t e n t  i n  t h i s  subassembly t h a n  i n  t h e  p r e v i o u s  ones .  

There  w e r e  two s e p a r a t e  and d i s t i n c t  sets of  d a t a  r e s u l t s  from 

t h i s  subassembly.  The i n t e r i o r  p i n s  w e r e  somewhat h o t t e r  t h a n  

t h e  p e r i p h e r a l  p i n s  and e x p e r i e n c e d  h i g h e r  c l a d d i n g  s t r a i n .  

The range  o f  s t r a i n s  was around 0.8% d i a m e t r a l  i n c r e a s e  f o r  

i n t e r i o r  p i n s  and around 0.5% d i a m e t r a l  i n c r e a s e  f o r  t h e  

p e r i p h e r a l  p i n s .  These s t r a i n s  were a s s o c i a t e d  w i t h  a peak 

burnup o f  59,400 MWd/tonne i n  t h e  subassembly. 

For  t h e  Mark I I A  subassembly ,  F i g u r e s  A .  1-5 and A .  1-6 

r e s p e c t i v e l y ,  show d i a m e t e r  change v e r s u s  p o s i t i o n  a l o n g  t h e  

f u e l  p i n  f o r  s o l u t i o n  annea led  and cold-worked c l a d d i n g .  

Coo lan t  f low i s  downward i n  t h e  DFR r e s u l t i n g  i n  a t e m p e r a t u r e  

p r o f i l e  h o t t e r  a t  t h e  bot tom t h a n  a t  t h e  t o p .  I t  shou ld  be  

n o t e d  t h a t  t h e  plenum s t a r t s  a t  a b o u t  t h e  11 i n .  p o s i t i o n .  I t  

i s  r e a d i l y  obse rved  from t h e s e  p l o t s  t h a t  t h e  d i a m e t r a l  i n c r e a s e  

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

f o r  t h e  cold-worked c l a d d i n g ,  e x c e p t  a t  t h e  s p a c e r  b r a z e  a r e a ,  

a b o u t  2 i n .  from t h e  bottom. However, it must be  remembered 

t h a t  t h i s  a r e a  r e p r e s e n t s  a s o l u t i o n  annea led  c o n d i t i o n .  

The c o n c l u s i o n  from t h i s  B r i t i s h  e x p e r i e n c e  i s  t h a t  co ld -  

worked c l a d d i n g  h a s  performed b e t t e r  t h a n  s o l u t i o n - a n n e a l e d  t o  

t h e  i n d i c a t e d  i r r a d i a t i o n  l e v e l s  and t e m p e r a t u r e s .  
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A.2 CLAD AND PLENUM SIZING - THERMAL AND PRESSURE STRESS 

The f i s s i o n  g a s  plenum i s  s i z e d  such t h a t  it  can c o n t a i n  

1 0 0 %  o f  t h e  f i s s i o n  gas  g e n e r a t e d  i n  a  p i n  w i t h  an average  

burnup o f  64,500 ~Wd/ tonne .  T h i s  co r responds  t o  80,000 

MWd/tonne peak burnup.  The c r i t i c a l  pa ramete r  i s  t h e  

l i m i t e d  c l a d  d u c t i l i t y  f o r  mechanica l  s t r a i n  a t  e n d - o f - l i f e  

f l u e n c e .  The a l l o w a b l e  stress must be  compat ib le  w i t h  t h i s  

d u c t i l i t y  . 
Clad t h i c k n e s s ,  c l a d  t e m p e r a t u r e ,  and the rmal  g r a d i e n t s  

a l l  i n t e r a c t  and a f f e c t  t h e  plenum s i z e  r e q u i r e d .  A s l i g h t  

i n c r e a s e  i n  c l a d  t empera tu re  c a u s e s  a  s i g n i f i c a n t  i n c r e a s e  i n  

c r e e p  r a t e  a t  any p a r t i c u l a r  stress l e v e l .  T h e r e f o r e ,  t h e  

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

i n c r e a s e  i n  c l a d  t e m p e r a t u r e  because  of a  d e s i g n  l i m i t  on 

mechanica l  s t r a i n .  Also ,  t h e  gas  p r e s s u r e  i n c r e a s e s  w i t h  

t empera tu re .  I n c r e a s i n g  t h e  c l a d  t h i c k n e s s  d e c r e a s e s  t h e  

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

t h e r m a l  stress. The the rmal  stress i n  t h e  c l a d  i n c r e a s e s  

w i t h  an  i n c r e a s e d  t empera tu re  g r a d i e n t .  

A.2.1 Plenum S i z i n g  

The d u c t i l i t y  o f  c l a d  m a t e r i a l  s u b j e c t  t o  a  t o t a l  f l u e n c e  

i n  e x c e s s  o f  n v t  i s  expec ted  t o  be v e r y  low. Rupture 

d a t a  o b t a i n e d  on m a t e r i a l  exposed t o  a t o t a l  f l u e n c e  o f  

abou t  2 x n v t  i n d i c a t e  t h a t  t h e  d u c t i l i t y  l i m i t  may be  

approx imate ly  1%. Allowable d e s i g n  stresses a r e  t h e r e f o r e  

s e l e c t e d  t o  e n s u r e  t h a t  t h e  maximum c l a d  s t r a i n s  a r e  h e l d  t o  

a  low l e v e l  below t h i s  v a l u e .  Applying a s t r a i n  s a f e t y  f a c t o r  

of  f i v e  r e s u l t s  i n  an a l l o w a b l e  t o t a l  s t r a i n  o f  0.2%. 

T h i s  t o t a l  s t r a i n  can have seven s e p a r a t e  and d i s t i n c t  

components : 

1. E l a s t i c  S t r a i n  

2 .  P l a s t i c  S t r a i n  



3 .  Primary  Creep ( d i s t i n c t  from I tem # 2 )  

4 .  Secondary Creep 

5 .  R a d i a t i o n  T r a n s i e n t  Creep ( 4  1 5 )  

6 .  R a d i a t i o n  S t e a d y - S t a t e  Creep ( 4 , 5 )  

7 .  Thermal S t r a i n .  

I t e m s  1 th rough  6 r e s u l t  from 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 .  

I t e m  7 c o n s i s t s  of  t h e  e l a s t i c  s t r a i n  r e s u l t i n g  from the rmal  

g r a d i e n t s .  

R a d i a t i o n  Enhanced Creep 

The r a d i a t i o n  enhanced c r e e p  i s  broken down i n t o  two 

components hav ing  some s i m i l a r i t i e s  t o  pr imary  and secondary  

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

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

between approx imate ly  1018 and l o 2 '  n v t .  T h e r e f o r e ,  t h i s  would 

cause  c r e e p  which would r e s u l t  i n  r e l a x a t i o n  of t h e r m a l  stress 

i n  t h e  c l a d .  However, a t  t h e s e  f l u e n c e s  t h e r e  would be  

p r a c t i c a l l y  no f i s s i o n  g a s  p r e s s u r e .  A s  a  consequence t r a n -  

s i e n t  r a d i a t i o n  c r e e p  h a s  no e f f e c t  upon plenum d e s i g n .  The 

r a d i a t i o n  s t e a d y - s t a t e  c r e e p  a p p e a r s  t o  be o p e r a t i v e  o n l y  f o r  

stresses above 15,000 p s i .  Because t h e  p r e s s u r e  stress i n  t h e  

plenum i s  l e s s  t h a n  t h i s  v a l u e ,  t h e  r a d i a t i o n  s t e a d y - s t a t e  

c r e e p  h a s  no e f f e c t  upon t h e  f i s s i o n  gas  plenum d e s i g n .  

E l a s t i c  Hoop S t r a i n  

The e l a s t i c  hoop s t r a i n  i n  t h e  c y l i n d r i c a l  plenum due t o  

p r e s s u r e  of t h e  f i s s i o n  gas  i s  o b t a i n e d  a s :  

where 



6 
E = 19.32 x 10 p s i  a t  650 O C  

( 6 )  * 

and 

R i  = 0.102 i n .  (0.002 i n .  removed from i n s i d e  o f  

c l a d  due t o  Fuel-Clad c o r r o s i o n ,  s c r a t c h e s ,  and 

manufactur ing  t o l e r a n c e s )  

t = 0.010 i n .  

For  a  g a s  p r e s s u r e  o f  686.27 p s i ,  

a = 7,000 p s i  H 
a = 3,500 p s i  A 
a = -343 p s i  R 

T r e s c a  S t r e s s  I n t e n s i t y  = 7,000 - (-343) = 7,343 p s i  

S h o r t  T i m e  P l a s t i c  S t r a i n  

The s h o r t  t i m e  p l a s t i c  s t r a i n  e x i s t s  o n l y  i f  t h e  pro-  

p o r t i o n a l  l i m i t  i s  exceeded.  The p r o p o r t i o n a l  l i m i t  f o r  

316 SS ( a n n e a l e d )  a t  650 O C  i s  9,500 p s i  S i n c e  t h e  

e f f e c t i v e  stress w i l l  n o t  r e a c h  t h i s  l i m i t  t h e  s h o r t  t i m e  

p l a s t i c  s t r a i n  w i l l  be  z e r o .  

Creep 

Both pr imary  and secondary  c r e e p  a r e  a f f e c t e d  by s e v e r a l  

f a c t o r s .  

1. B i a x i a l l i t y  

2.  L i n e a r  i n c r e a s e  i n  stress through l i f e  

3. Composition p e r c e n t a g e s  of  carbon and n i t r o g e n .  

* Table  11 i n  Re fe rence  6 

1 5  



B i a x i a l l i t y  

The use  of  " e f f e c t i v e "  stress (7) v a l u e s  based on t h e  

Von Mises C r i t e r i o n  h a s  been shown ( 6 f  7, t o  be a p p r o p r i a t e  f o r  

c r e e p  c a l c u l a t i o n s  when b i a x i a l  s t r e s s e s  e x i s t .  

a a a a r e  t h e  p r i n c i p a l  s t r e s s e s .  1' 2 '  3 

P r i n c i p a l  s t r e s s e s  f o r  t h e  c l a d  w a l l  a r e  o b t a i n e d  a s  

when 

Thus t h e  s t r e s s  b i a x i a l l i t y  r educes  t h e  e f f e c t i v e n e s s  of  t h e  

peak stress i n  p roduc ing  c r e e p  s t r a i n .  

The E f f e c t  of  P r e s s u r e  I n c r e a s e  w i t h  L i f e  

The f i s s i o n  g a s  b u i l d u p  i n  t h e  plenum i s  assumed t o  be  

l i n e a r  w i t h  t i m e .  Thus t h e  c r e e p  r a t e  e a r l y  i n  l i f e  w i l l  b e  

v e r y  low, i n c r e a s i n g  t o  a maximum v a l u e  a t  t h e  end of t h e  l i f e .  

The normal r e p r e s e n t a t i o n  of  minimum (secondary)  c r e e p  r a t e  i s  ( 8  



- 
f o r  a  c reep  t e s t  a  cons t an t  s t r e s s ,  a ,  t h e  t o t a l  e longa t ion  

i s  : 

The l i n e a r l y  i n c r e a s i n g  s t r e s s  c reep  t e s t  y i e l d s  an e longa t ion  

of E: a t  t ime,  T ,  wi th  a  f i n a l  end-of tes t  s t r e s s  of o 
0' 

- 
The e f f e c t i v e  cons t an t  s t r e s s ,  a ,  which provides  t h e  same 

t o t a l  e longa t ion  a s  t h e  l i n e a r l y  i n c r e a s i n g  s t r e s s  t e s t  i s  

der ived  below: 

which r e s u l t s  i n  

The ASTM minimum c reep  r a t e  d a t a  on 316 s t a i n l e s s  s t e e l  

a t  650 O C  y i e l d s  a  va lue  f o r  B of 3.537. Thus: 



When t h e  secondary  c r e e p  r a t e s  a r e  c a l c u l a t e d ,  t h e  c r e e p  

r a t e  f o r  a  stress 0.652 t imes  t h e  maximum stress a t  t h e  end 

of  l i f e  w i l l  be  used .  T h i s  v a l u e  w i l l  be  used a s  though i t  

e x i s t e d  o v e r  t h e  e n t i r e  l i f e .  The a p p l i c a b i l i t y  of t h i s  t y p e  

of  a n a l y s i s  f o r  c r e e p  c a l c u l a t i o n s  has  been v e r i f i e d .  ( 8 )  

Although r e p e a t e d  b u r s t s  o f  pr imary  c r e e p  s t r a i n  were n o t  

n o t e d  i n  c r e e p  t e s t s  under  i n c r e a s i n g  l o a d s ,  t h e  pr imary  c r e e p  

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

e n s u r e  c o n s e r v a t i s m .  

E f f e c t s  of Composition 

I t  i s  known t h a t  carbon and o t h e r  t r a c e  e lements  have a  

s i g n i f i c a n t  e f f e c t  upon c r e e p  and s t r e s s  r u p t u r e  b e h a v i o r  o f  

a u s t e n i t i c  s t a i n l e s s  s t e e l .  A r e c e n t  s t u d y  (lo) of t h e  e f f e c t s  

of  carbon and n i t r o g e n  on 304 SS h a s  concluded t h a t  n i t r o g e n  

i s  s l i g h t l y  (25%)  more e f f e c t i v e  t h a n  carbon i n  a f f e c t i n g  t h e  

s t r e s s - r u p t u r e  p r o p e r t i e s .  The approximate composi t ion  of  

i n d u s t r i a l  316 SS ( i . e . ,  ASTM 1 2 2  m a t e r i a l )  h a s  been e s t i m a t e d  

t o  be  0.05% C p l u s  0.05% N .  However, t h e  r e f e r e n c e  m a t e r i a l  i s  

e x p e c t e d  t o  c o n t a i n  0.05% C p l u s  0.01% N .  The r e f e r e n c e d  

m a t e r i a l  i s  assumed t o  have somewhat h i g h e r  c r e e p  r a t e s  t h a n  

normal i n d u s t r i a l  m a t e r i a l .  I n c r e a s i n g  t h e  pr imary  and secon- 

d a r y  c r e e p  stress i n  i n v e r s e  p r o p o r t i o n  t o  t h e  stress t o  produce 

r u p t u r e  i n  a  g iven  t ime  based on t h e  carbon and n i t r o g e n  p e r -  

c e n t a g e s  a s  g i v e n  by Goodell  (lo) i s  c o n s i d e r e d  a  c o n s e r v a t i v e  

means of  e s t i m a t i n g  t h e  e f f e c t  of composi t ion  on t h e  c r e e p  

s t r a i n s .  

I n d u s t r i a l  M a t e r i a l  

c  = 0.05% N = 0.05% ( E s t i m a t e s )  

Pa ramete r  = 0.05 + 1 .25  x 0.05 = 0.1125 

= 9,000 p s i  f o r  l o 5  hr. l i f e  (10)  
'0.1125 



Reference  M a t e r i a l  

C = 0.05% N = 0.01% ( E s t i m a t e s )  

Parameter  = 0.05 + 1.25 x 0.01 = 0.0625 

S0.0625 = 7,300 p s i  f o r  l o 5  hr .  l i f e .  

The v a l u e  of K w i l l  b e  used t o  i n c r e a s e  t h e  stress v a l u e s  

(used  t o  c a l c u l a t e  pr imary  and secondary  c r e e p )  t o  accoun t  

f o r  t h e  e f f e c t  of reduced n i t r o g e n  l e v e l  i n  t h e  r e f e r e n c e  

m a t e r i a l  a s  compared t o  t h e  e s t i m a t e d  n i t r o g e n  l e v e l  i n  

i n d u s t r i a l  m a t e r i a l .  

Primary Creep S t r a i n  

The pr imary  c r e e p  s t r a i n  w i l l  b e  o b t a i n e d  from a l i n e a r  

i n t e r p o l a t i o n  of  t h e  d a t a  r e p o r t e d  ( 6 )  on M316 m a t e r i a l  which 

was 20% c o l d  worked. The f o l l o w i n g  d a t a  w e r e  e x t r a c t e d  from 

Reference  6 :  

a = 7,000 p s i , ~ p c  = 0.033% 

a = 10,000 p s i  ~ p c  = 0.087% 
? 

Thus t h e  f o l l o w i n g  c o n s e r v a t i v e  r e l a t i o n s h i p  i s  assumed. 

Cons ide r  t h e  f o l l o w i n g  example: 

P = 686.27 p s i  

a~ = 7,000 

a c c o u n t i n g  f o r  b i a x i a l l i t y ;  

a = 0.9088 (7 ,000)  = 6,361.6 

a c c o u n t i n g  f o r  carbon and n i t r o g e n  composi t ion;  

a = 1.25 (6 ,361.6)  = 7,952 p s i  

r e s u l t s  i n  E = 0.050% pr imary  c r e e p .  

Secondary Creep S t r a i n  

The secondary  c r e e p  r a t e  i s  t a k e n  from t h e  ASTM STP 124 ( 9 )  

d a t a .  B i a x i a l l i t y ,  i n c r e a s e d  l o a d  d u r i n g  l i f e ,  and composi t ion  

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



C o n s i d e r  t h e  f o l l o w i n g  example: 

P  = 686.27 p s i  

% = 7,000 p s i  

a c c o u n t i n g  f o r  b i a x i a l l i t y  

a = 0.9088 ( 7 , 0 0 0 )  = 6,362 p s i ,  

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

a = 0.652 ( 6 , 3 6 2 )  = 4,148 p s i  

a c c o u n t i n g  f o r  compos i t ion  

a = 1 .25  ( 4 , 1 4 8 )  = 5,185 p s i  

t h u s  f rom R e f e r e n c e  6 :  

; = 4.7 x i n . / i n . / h r .  

The s e c o n d a r y  c r e e p  s t r a i n  is :  

2  T = 1 yr,E = ( 4 . 7  x (8760)  (10 ) = 0.041% 
4  2 T  = l o 4  hr,,  E = (4 .7  x (10 ) (10 ) = 0.047%. 

T o t a l  S t r a i n  (Without  Thermal  AT S t r a i n )  

The t o t a l  s t r a i n  d u r i n g  l i f e  i s  t h e  sum o f  t h e  s i x  p r e s -  

s u r e  i n d u c e d  components.  F o r  t h e  example employed: 

E = 0 .031  + 0.0 + 0.050 +0.047 + 0.0  + 0.0 = 0.128% 

i n  l o 4  h r .  

E = 0.031 + 0.050 + 0.041 = 0.122% i n  1 y r .  

T a b l e  A.4-1 g i v e s  c a l c u l a t e d  t o t a l  s t r a i n  v a l u e s  f o r  several 

assumed end  o f  l i f e  plenum f i s s i o n  g a s  p r e s s u r e s .  

R a t c h e t i n q  

The s u p e r p o s i t i o n  o f  a  r a d i a l  t h e r m a l  g r a d i e n t  on  t h e  

p r e s s u r e  stresses i n  t h e  plenum may c a u s e  r a t c h e t i n g .  P a r a -  

g r a p h  N-417.3 o f  S e c t i o n  I11 o f  t h e  ASME B o i l e r  and P r e s s u r e  

V e s s e l  Code p r o v i d e s  a  l i m i t  t o  a v o i d  r a t c h e t i n g :  

Y ( 5 . 2  (1 - X )  

X = Membrane S t r e s s  Due t o  P r e s s u r e  
Y i e l d  S t r e n g t h  

Y =  Maximum Ranqe o f  Thermal S t r e s s  
Y i e l d  S t r e n g t h  



U - 
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0 0 0 0 0 0  



The maximum AT (100 OF) o c c u r s  a t  a l o c a t i o n  where t h e  

c l a d  t e m p e r a t u r e  d o e s  n o t  e x c e e d  1100 OF. 

The y i e l d  s t r e n g t h  o f  316 SS a t  1100 OF s h o u l d  n o t  b e  

less t h a n  12 ,000  p s i .  ( 6 r 8 r 9 )  The l i m i t  on t h e r m a l  stress t h u s  

i s :  

' ~ h e r m a l  = 5 .2  (12 ,000)  - 5.2  opressure . 

The t h e r m a l  stress due t o  a  l o g a r i t h m i c  t h e r m a l  d i s t r i b u t i o n  

i s  g i v e n  by Timoshenko. (11) 

z 
= 0 

0 - - 2b2 
a Thermal  Thermal 2 ( 1  - v )  b 2  - a  

b = o u t s i d e  r a d i u s  = 0.115 i n .  

a = i n s i d e  r a d i u s  = 0.100 i n .  
6 E = 19.32 x 10 p s i  

v = 0.3  
-6 a = 10 x 1 0  i n . / i n . / O F  

CJ = 144.42 x AT. 
Thermal  

F o r  a  100 OF AT a c r o s s  t h e  c l a d ,  

a 
Thermal  

= 1 4 , 4 4 2  p s i  

t h e r e f  o r e  

Y = 1.20  

X A l lowab le  = 0.7685 

Maximum Membrane S t r e s s  = 9,222 p s i  

Thus,  i f  a  AT o f  100 OF e x i s t s , t h e  membrane stress due  t o  

p r e s s u r e  must  be  less  t h a n  9,222 p s i  (P < 861 p s i )  t o  a v o i d  

r a t c h e t i n g .  

Thermal  S t r a i n  

The AT a c r o s s  t h e  c l a d  c a u s e s  compress ive  l o o p  (and  

a x i a l )  stresses (and s t r a i n s )  on t h e  i n s i d e  o f  t h e  c l a d .  

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



on t h e  i n s i d e  of t h e  c l a d .  A t  t h e  e x t e r i o r  of t h e  c l a d  t h e  

thermal s t r e s s e s  (due t o  t h e  r e s t r a i n t  of AT growth) cause  

s t r a i n s  which a r e  a d d i t i v e  t o  t h e  e l a s t i c  and c reep  s t r a i n s  

r e s u l t i n g  from f i s s i o n  gas  p re s su re .  The thermal  s t r e s s e s  a t  

t h e  o u t s i d e  of t h e  c l a d  a r e  (11) 

aEAT 2a 2 
- O e  = aZ - 

b [ . - b 2 - a  2  l o g  k] a  2 ( 1  - v )  l o g  , 
t h u s  

a Thermal = 131.58 AT. 

However, a t  t h e  t o p  of  t h e  c o r e  where t h e  i n s i d e  of t h e  c l a d  i s  

a t  1200 OF t h e  AT i s  on ly  50 OF, and t h e  r e s u l t i n g  thermal  

s t r a i n  i s :  

E Thermal = 131.58 (50.1 = o.034% 

19.32 x l o 6  

Table A . 4 - 1  and F igure  A . 4 - 1  have e n t r i e s  which inc lude  t h e  

e f f e c t  of thermal  s t r a i n .  

T o t a l  S t r a i n  Inc lud ina  Thermal (AT) S t r a i n  

Adding t h e  thermal  s t r a i n  (0.034%) t o  t h e  prev ious ly  c a l -  

c u l a t e d  s t r a i n s  r e s u l t s  i n  a t o t a l  end -o f - l i f e  s t r a i n .  The 

example g ives  : 
4 

E = 0.128% + 0.034% = 0.162% i n  1 0  h r  

E = 0.122% + 0.034% = 0.156% i n  1 y r .  

Table A . 4 - 1  g ives  t h e  c a l c u l a t e d  t o t a l  s t r a i n  va lues  f o r  

s e v e r a l  assumed e n d - o f - l i f e  plenum f i s s i o n  gas  p re s su re s .  

F igure  A .4 - lp lo t s  gas  p re s su re  ve r sus  t o t a l  c a l c u l a t e d  end-of-  

l i f e  s t r a i n .  

Allowable Plenum Pres su re  

To o b t a i n  a t o t a l  s t r a i n  a t  t h e  end of l i f e  ( i nc lud ing  

thermal  AT s t r a i n )  equa l  t o  O.Z%,Figure A . 4 - 1  shows t h a t  a f i s -  

s i o n  gas  p re s su re  of 772.5 p s i  must n o t  be exceeded. This  

p re s su re  avoids  r a t c h e t i n g .  





Fission Gas Pressure 

The fission gas plenum pressure was determined by 

assuming 100 percent of the generated fission gas is 

released. The peak burnup in the hot rod is 80,000 MWd/tonne 
with an average burnup of 64,500 MWd/tonne in this rod. The 

composition of the gases in the plenum include those left in the 

fuel and plenum during manufacturing as well as the released £is- 

sion gases. The volume of the various gaseous components are: 

Constituent Amount. cm 3 (a) 

Fission Gas (Avg. BU = 64,500 MWd/tonne) 15.67 

Water Vapor 7.3 

Absorbed Gas 9.7 

Helium in Voids 1.1 

Helium Back Fill in Plenum 1.0 

(a) cm3 of gas at STP/C~~ fuel 

The resultant pressure from these gases is shown in 

Figure A.4-2 as a function of effective plenum length. The 

effective plenum length is defined as the plenum volume 

divided by the plenum cross sectional area. This is shorter 

than the actual plenum length because of the internal hardware. 

From Figure 24.4-2 at P = 772.5 psi and maximum clad temperature 

of 1200 OF the required minimum effective plenum length is 

determined to be 36.8 in. 

Total Plenum Lenath Calculation 

The total plenum volume is: 

2 VT = IT Ri 2 LT = IT (0.1) LT = 0.031415 LT . 
The volume available for gas is 

v = VT - vs - vp - 
g 'tube. 





where 

VS = Volume of spring 

Vp = Volume of plug 

'tube = Volume of interior tube 

V = Volume available for gas. 
9 

The spring volume is: 

where 

NS = Number of spring coils = 112 

AS = Cross sectional Area of Spring = ~r (0.0125) 2 

= 0.00049 in. 2 

LS = Free length of spring = 7 in. 

DS = Coil Diameter (Mean) = 0.187 - 0.025 = 0.162 in. 

thus 

v~ = 112 (0.00049) 2 J(0.0625)~ + (0.5089)~ 
3 

= 0.02814 in. 

The plug volume is: 

3 0.00356 in. 

The tube volume is: 

- Tr 2 2 
'tube - Ltube X T L(0.187) - (0.177) ] = 0.0028588 x Ltube 

The tube length is: 

Ltube = LT - 6.0 - 0.187 = LT - 6.187 in. 
Thus, the gas volume is: 

3 V = 0.028557 LT - 0.014012 in. 
g 



The "effective" plenum length = plenum volume/plenum cross 

sectional area. 

Thus for an effective plenum length of 36.8 inches the 

required real plenum length would be: 

LT = 41 in. 

This design is based upon unirradiated material property 

data. A basic assumption regarding the allowable strain was 

made. Assumptions have also been made about the strength 

effect of changing chemical composition. 

In addition there is uncertainty about the effect of 

in-reactor creep enhancement. Therefore, it is prudent to com- 

pare this to design to any available fuel pin performance data. 

Table A.4-2 lists pertinent parameters associated with 

plenum design of selected fuel pins for which no strain 

occurred in the plenum region. Figure A.4-3 compares these 

data graphically. It can be noted that the FTR design pressure 

is somewhat higher than any of the others shown. It is 

emphasized that no problems occurred with any of these pins. 

However, because of the lack of experimental justification for 

the FTR design by operating pins this design must be reviewed 

in preliminary design. 
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