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SUMMARY

P r e d i c t i o n  o f  f u e l  e l e m e n t  b e h a v i o r  i n  h o t  c o n d i t i o n s  i s  q u i t e  
c o m p l i c a t e d ,  mainly  b e c a u s e  o f  t h e  t e m p e r a t u r e  dependence  o f  th e  m a t e r i a l  
p r o p e r t i e s .  To c a r r y  o u t  t h i s  t y p e  o f  c a l c u l a t i o n  the  FOURIER-I code was 
w r i t t e n  i n  ICL-FORTRAN.

1.  INTRODUCTION

The power o u t p u t  i n  n u c l e a r  r e a c t o r s  i s  l i m i t e d  by some c h a r a c t e r ­
i s t i c  t e m p e r a t u r e s  i n  t h e  s y s t e m .  The maximum t e m p e r a t u r e s  i n  t h e  c o r e  must  
be d e f i n i t e l y  e s t a b l i s h e d  so t h a t  we can make s u re  t h a t  the  c o o l i n g  sy s t e m  
w i l l  be a d e q u a te  u n d e r  s t e a d y  s t a t e  and t r a n s i e n t  c o n d i t i o n s .

The most i m p o r t a n t  p a r a m e t e r s  on a  c o r e ’ s t h e r m a l  p e r fo rm a n c e  a r e  
th e  f u e l  r o d  l i n e a r  p o w e r ,  the  f u e l ’ s s p e c i f i c  power ,  t h e  s u r f a c e  h e a t  f l u x  
and th e  h e a t  t r a n s f e r  r a t e .  The maximum v a l u e  o f  s u r f a c e  h e a t  f l u x  i s  d e t e r ­
mined by th e  h e a t  t r a n s f e r  r a t e ,  which i s  l i m i t e d  by t h e  b o i l i n g  c r i s i s .
For  a g i v e n  s u r f a c e  h e a t  f l u x ,  t h e  f u e l  r o d  s i z e  / d i a m e t e r /  i s . d e t e r m i n e d ,  

a s  a compromise be tween  f u e l  c e n t e r  t e m p e r a t u r e  and power d e n s i t y .

A h ig h  power d e n s i t y  i s  r e q u i r e d  t o  min imize  t h e  f u e l  i n v e n t o r y .
The c e n t e r  t e m p e r a t u r e  i s  l i m i t e d  to  a v o id  a s i g n i f i c a n t  m e e t in g  o f  f u e l ,  
c l a d  s w e l l i n g  and a h i g h  r e l e a s e  o f  f i s s i o n  g a s e s .

Once the f u e l  e l em en t  geometry  h a s  b een  d e t e r m i n e d ,  t o  c a l c u l a t e  
t e m p e r a t u r e  d i s t r i b u t i o n  the  c o n d u c tan ce  i n  t h e  p e l l e t - c l a d  gap o r  a t  th e  
c o n t a c t  s u r f a c e  has  t o  be e v a l u a t e d .
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The FOURIER-I p rogram c a l c u l a t e s  the  h o t  d i a m e t r a l  g ap s  between f u e l  

and c l a d ,  t h e r m a l  c o n d u c tan ce  in. t h e  g a p ,  c o n t a c t  p r e s s u r e  be tw ee n  f u e l  and

c l a d  and th e  c o n d u c ta n c e  and c h a r a c t e r i s t i c  t e m p e r a t u r e s  i n  th e  f u e l  e l e m e n t .  
The e m p i r i c a l  r e l a t i o n s  c o v e r  UC^ f u e l  o f  95 % T . D . ,  ZR-2 and s t a i n l e s s  
s t e e l  / S S - 3O4 /  c l a d .  The gap gas  can  be a i r ,  h e l i u m  o r  f i s s i o n  g a s .  Cold  
r o d  geometry  and h e a t  g e n e r a t i o n  r a t e  i s  to  be e n t e r e d  a s  i n p u t .

2. CALCULATION METHOD

2 . 1 .  Clad

Knowing th e  c l a d  s u r f a c e  t e m p e r a t u r e , t h e  av e ra g e  t e m p e r a t u r e  o f  
t h e  c l a d  can  be d e t e r m in e d  by

= Tc ,0 3 -  dc ,0 In c ,0
*С ,1

111

The v a l u e s  o f  th e  av e ra g e  t e m p e r a t u r e  Tc and th e  c o e f f i c i e n t s  kQ , a c , 
d and d . c an  be c a l c u l a t e d  by an i t e r a t i o n  p r o c e d u r e  u s i n g  e m p i r i c a l

C f  О C 9 1
e x p r e s s i o n s  f o r  th e  t e m p e r a t u r e  dependence  o f  t h e s e  p a r a m e t e r s .  Dependence
o f  к and  a on t e m p e r a t u r e  / f o r  b o th  SS-304 and ZR-2/  i s  i n c l u d e d  i n  c c
th e  code i n  p o ly n o m ia l  form.

2 . 2  Gap and f u e l

T e m p e ra tu re  d i f f e r e n c e  i n  t h e  f u e l  c l a d  gap i s  c a l c u l a t e d  by t h e  
f o l l o w i n g  e q u a t i o n :

ЛТ* -  • l n  + 1  ' ' 2 'g p
where к = к / Т / ; a = a / Т / ; and d = d / а  / Т / /  . To s t a r t  i t e r a t i o n  we

О  о  Jr Jr jr r  X7
can  g e t  a v a l u e  f o r  AT a c c o r d i n g  t os

ATg = Д .  , / 3 /
n t

where the  t o t a l  gap c o n d u c ta n c e  i s  g i v e n  by

ь = h
t _  1 + f

kg

T e m p e ra tu re  dependences  o f  t h e  gap c o n d u c ta n c e  / f o r  h e l iu m ,  a i r  
and f i s s i o n  g a s /  and o f  the  f u e l  e x p a n s i o n  c o e f f i c i e n t  a r e  ac c o u n te d  f o r ,  
a g a i n  i n  p o l y n o m i a l  form.
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2 .3  C o n t a c t  p r e s s u r e  and  c o n d u c ta n c e

The i t e r a t i o n  d e s c r i b e d  i n  2 . 2  may y i e l d  a v a l u e  f o r  dp , e x c e e d i n g
the  v a l u e  o f  d . , which means t h a t  the  f u e l  and t h e  c l a d  have come i n t o  c ,1
c o n t a c t .  As t h i s  r e s u l t s  i n  a change i n  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  
o f  th e  rod- and i n  t h e  m e c h a n ic a l  s t r e s s e s  upon f u e l  and c l a d ,  t h e  code 
c a l c u l a t e s  the  c o n t a c t  p r e s s u r e  and c o n d u c ta n c e  be tw ee n  the  f u e l  and c l a d ;  
the  l a t t e r  i s  e v a l u a t e d  as a f u n c t i o n  o f  t h e  former  a c c o r d i n g  t o  the  r e s u l t s  
o b t a i n e d  by Dean [ l ] .

I t  i s  e v i d e n t  t h a t  i f  c o n t a c t  o c c u r s ,  the  above c o n s i d e r a t i o n s  must be 
t a k e n  i n t o  a c c o u n t  when the i t e r a t i o n  2 . 2  i s  p e r f o r m e d ;  h^ b e i n g  r e p l a c e d  
by h c .

3 .  INPUT INSTRUCTIONS

I n p u t  d a t a  can  be punched  on p a p e r  tape o r  on c a r d .  The e x p r e s s i o n  
" c a r d ” i s  u sed  f o r  one r e c o r d  / o n e  l i n e /  o f  the p a p e r  t a p e .

Card No. 1 .  FORMAT / 7 1 2 /
c h a r .  1 -  2: IMR, c l a d d i n g  m a t e r i a l  i n d i c a t o r ,  d i m e n s i o n l e s s .

IMR = 0 ,  i f  c l a d  i s  o f  s t a i n l e s s  s t e e l ;
IMR = +1,  i f  c l a d  i s  o f  z i r c a l o y , .  

c h a r .  3 -  4s IGS, c o o l a n t  i n d i c a t o r ,  d i m e n s i o n l e s s .
IGS = 0 ,  i f  t h e r e  i s  l o c a l  b o i l i n g  i n  c o o l a n t »
IGS = +1,  i f  c o o l i n g  i s  by f o r c e d  c o n v e c t i o n ,  

c h a r .  5~ 6: INGP, number o f  gap g a s  ty p e s  to  be u sed  by t h e  p rogram,  
d i m e n s i o n l e s s .  /S ee  Card  No. 5 / .
INGP = 3

c h a r .  7~ 8s IQ 1 ,  number o f  l i n e a r  h e a t  f l u x  v a l u e s ,  d i m e n s i o n l e s s .

IQ1 = 9
c h a r .  9~10: IDP, number o f  p e l l e t  d i a m e t e r s ,  d i m e n s i o n l e s s .

I  DP = 9
c h a r .  11-12 :  IDE, number o f  c l a d  o u t e r  d i a m e t e r s ,  d i m e n s i o n l e s s .

IDE = 9
c h a r .  13 - 1 4 J IPO, number o f  gap g a s  p r e s s u r e s .

IPO = 9

Card No. 2.  FORMAT / З Е 1 4 . 8 /
c h a r .  1 -14Г  S ,  w a l l  t h i c k n e s s  o f  c l a d ,  i n c h e s .
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c h a r .  15-28:  TS,  c l a d  s u r f a c e  t e m p e r a t u r e  i f  t h e r e  i s  l o c a l  b o i l i n g  
i n  c o o l a n t ;
c o o l a n t  t e m p e r a t u r e  i f  c o o l i n g  i s  by f o r c e d  c o n v e c t i o n ?  
P ° .

c h a r .  29-42:  H, c l a d - c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t ,  i f  c o o l i n g  
i s  by f o r c e d  c o n v e n c t i o n ;
B t u / h r / f t 2 / ° P ?
l e f t  b l a n k  i f  t h e r e  i s  l o c a l  b o i l i n g .

Card No. 3- FORMAT / З Е 1 4 - 8 /
c h a r .  1 -14 :  RM1, s u r f a c e  ro u g h n e s s  o f  p e l l e t ,  minch.  
c h a r .  15-28:  RM2, s u r f a c e  ro u g h n e s s  o f  c l a d ,  minch .  
c h a r .  29-42:  TU02, p e l l e t  s u r f a c e  t e m p e r a t u r e  , ° P  .

Card  No. 4- FORMAT / 4 Е 1 4 - 8 /
c h a r .  1 -14 :  CNU, P o i s s i o n  modulus o f  c l a d ,  d i m e n s i o n l e s s ,  
c h a r .  15-28:  PNU, P o i s s i o n  modulus o f  p e l l e t ,  d i m e n s i o n l e s s ,  
c h a r .  29~42: EC, modulus  o f  e l a s t i c i t y  o f  c l a d ,  p s i .  
c h a r .  43- 5 6 : E P , modulus  o f  e l a s t i c i t y  o f  p e l l e t ,  p s i .

Card  No. 5* FORMAT / 3 1 3 /
NGAP/I / , I  = 1,  . . .  INGP, gap g a s  i n d i c a t o r s ,  d im ens ion  
l e s s .  The f o l l o w i n g  v a l u e s  s h o u l d  appea r :

+1 f o r  a i r ,
+2 f o r  h e l iu m ,
+3 f o r  f i s s i o n  g a s  i n  g ap .

Card No. 6. FORMAT / 5 Е 1 4 . 8 /
Q l / I / , I  = 1 ,  . . .  I Q 1 , v a l u e s  o f  l i n e a r  h e a t  f l u x ,  kW /f t

Card No. 7 .  FORMAT / 5 Е 1 4 - 8 /
D P F / I / ,  I  = 1,  . . i  ID P,  v a l u e s  o f  p e l l e t  d i a m e t e r ,  i n c h

Card  No. 8.  FORMAT / 5 Е 1 4 . 8 /  ,
I

D E F / I / ,  I  = 1 ,  . IDE, v a l u e s  o f  c l a d  o u t e r  d i a m e t e r s ,
i n c h .

Card  No. 9*
РО/ I / ,  I  = 1 ,  . . .  IPO, v a l u e s  o f  gap  gas p r e s s u r e ,  p s i a .
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OPERATING INSTRUCTIONS

The code u s e s  one i n p u t  and one o u t p u t  p e r i p h e r a l  u n i t  and r e q u i r e s  
8K words i n  t h e  c o re  memory o f  an  ICL 1905 com pu te r .

NOMENCLATURE

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

i n t e r f a c e s .  A v a lu e  o f  h = 1200 B t u / h r / f t 2/ ° P  i s  assumed 
i n  t h e  code .

h^ -  t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t  o f  gap .  = E + F T '
h -  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  p e l l e t -  c

c l a d  i n t e r f a c e  i n  c a s e  o f  c o n t a c t ,  
к -  c o e f f i c i e n t  o f  t h e r m a l  c o n d u c t i v i t y ,  
q -  h e a t  f l u x  on o u t e r  s u r f a c e  o f  c l a d .
T -  t e m p e r a t u r e
a -  t h e rm a l  e x p a n s i o n  c o e f f i c i e n t .

S u b s c r i p t s :

c c l a d
c , i  - i n n e r  s u r f a c e o f c l a d
C , 0  - o u t e r  s u r f a c e o f c l a d

g gap
p p e l l e t
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