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T - INTRODUCTION : 

The p'urpose of t h i s  paper  i s  t o  assess t h e  importance o f  

t h e  t r e a t n e n t  o f  l eakage  i n  f a s t  r e a c t o r s .  The f o l l o w i n g  i t e m s  

w i l l  be  cove red ,  i n  more or l e s s  d e t a i l s  : 

-. X a t e r i a l  b u c k l i n g ,  

0 - R e f l e c t o r  s a v i n g s .  

- Sodium v o i d ,  

- D i l u e n t  a s s e m b l i e s  

Tor t h e  f i r s t  three i t e n s ,  a t t e c t i c n  w i l l  h e  focused. on s t r e a m i n n ,  

i .e.  on t h e  e f f e c t  o f  h e t e r o q e n e i t y  on leakage .  For  t h e  i a s t  one ,  

it i s f o c u s e d  on t h e  d e f i n i t i o n  o f  a d i f f u s i o n  c o e f f i c i e n t  f o r  

t h e  d ' i l uen t  a s s e m b l i e s ,  where c l a s s i c a l  d i f f u s i o n  t h e o r y  does  

n o t  app ly .  

I1 - STREAMING : 

Streaming w i l l  b e  d i v i d e d  (somewhat a r b i t r a r i l y )  i n t o  

two e f f e c t s  : 

1. g e n e r a l  i n c r e a s e  of l e a k a g e  due t o  t h e  h e t e r o g e n e i t y  

o f  t h e  l a t t i c e ,  which w i l l  be  c a l l e d  " l ezkage  i n c r e a s e " .  

2.  p r e f e r e n t i a l  l e akage  i n  d i r e c t i o n s i n  which neu t -  -03s 

m a y . t r a v e l  i n  media of l e r g a  mean f r e e  p a t h s ,  which w i l l  be  c a l -  

led " l eakage  a n i s o t r o p y " .  

11-1) ThaoretJ  --- c a l  background -- : 
I n  a r e g u l a r  l a t t i c e ,  d i r e c t i o n n , a l  d i f f u s i o n  

\ 
c o e f f i c i e n t s  a r e  c a l c u l a t e d  acco rd ing  t o  t h e  c l a s s i c a l  B e n o i s t  

formula  A] . (x )  
x k  

4 2 v i  4; .zej /ztj = - r 
3 

(4 
4. 

( x )  t h e s e  d i f f u s i o n  c0ef f i~ : ien t . s  may be, a  p o s t e z i o r j . ,  c a r r e c t e d  

t o  t a k e  i n t o  accouz t  t h e  e f f e c t  o f  t h e  g r o s s  f l u x  shape .  
~ ' : 3  5 a ,, ., 
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where : Vi i s  t h e  volume o f  r e g i o n  i o f  t h e  l a t t i c e  , .:..:~ . . . . .- 

gi i g  t h e  average  f l u x  i n  r e q i o n  i 

ztrj is t h e  t r a n s p o r t  c r o s s  s e c t i o n  i n  r e q i o n  j 

I 

~ 3 . ~  i s  t h e  " t r a n s p o r t  p r o b a b i l i t y "  /'/, i n  d i r e c t i o n  k ,  
11 ., 

between r eg ion  i and j .  

To o u r  knowledae, eq. (1) i n  i t s  g e n e r a l  form i s  n e v e r  

used f o r  s t a n d a r d  c a l c u l a t i o n s .  One of t h e  f o l l o w i n s  a n n r o x i ~ a t i o n s  i s  
g e n e r a l l y  used : 

1. An i s o t r o p i c  d i f f u s i o n  c o e f f i c i e n t  Dh i s  c a l c u l a t e d  

a s  i f  t h e  l a t t i c e  were homogeneous. 

2. An i s o t r o p i c  'average" d i f f u s i o n  c o e f f i c i e n t  5 i s  c a l -  

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

j i n s t e a d  o f  P .  .". T h i s  i s  t h e  approach used f o r  s t a n d a r d  f a s t  
1 3  

r e a c t o r  c a l c u l a t i o n s  i n  CEA. 

3 .  D i r e c t i o n n a l  f i r s t  f l i a h t  c o l l i s i o n  p r o b a b i l i t i e s  

j " a r e  used i n s t e a d  of P i j  *' (which shou ld  i n c l u d e  a l l  c o l l i s i o n s ) . .  

Two d i f f u s i o n  c o e f f i c i e n k a r e  t h u s  o b t a i n e d  : D i n  t h e  d i r e c t i o n  

normal t o  t h e  c e l l - a x i s  ( c y l i n d r i c a l - f u e l  cells)  or t o  t h e  c e l l -  

*. p l a n e  ( p l a t e  c e l l s ) ,  and DH i n  t h e  o t h e r  d i r e c t i o n .  

The e f f e c t  of t h e s e  approximat ions  ,as w e l l  a s  t h e  imoor- 

t a n c e  o f  f u r t h e r  c o r r e c t i o n s  n o t e d  i n  BENOIST work "I ( secondary  

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

e f f e c t ,  a b s o r p t i o n  e f f e c t )  w i l l  b e  a s s e s s e d .  

11-2. EFFECT OF S T R E W I N G  ON VATERIAL BIICKLING ........................................ 

I n  t h e  i n t e r p r e t a t i o n  o f  m a t e r i a l  b u c k l i n g  measurements, 

t h e  measured b u c k l i n g  must b e  i n t e r p r e t e d  i n  coherence  w i t h  t h e  

c a l c u l a t i o n n a l  model. 



For  t h e  c a l c u l a t i o n  o f  m a t e r i a l  b u c k l i n g ,  an i s o t r o p i c  

model is used f o r  t h e  d i f f u s i o n  c o e f f i c i e n t ,  and l e a k a g e  i s  
2  r e p r e s e n t e d  g l o b a l l y  by t h e  p roduc t  DR,, where D is f o r  i n s t a n c e  - 

Dh o r  D.  

On t h e  o t h e r  hand, one measures  two g e o m e t r i c a l  b u c k l i n q s ,  
2  B2,, and BL . 

I f  t h e  l eakage  were i s o t r o w i c ,  t h e  measured m a t e r i a l  b u c k l i n g  would 

b e  : 

The l eakage  b e i n g  a n i s o t r o p i c ,  an e f f e c t i v e  m a t e r i a l  

b u c k l i n g  $2, t o  be  compared t o  t h e  c a l c u l a t e d  one ,  shou ld  be  d e f i n e d  

D// 
where t h e  r a t i o s  - DL 

D 
and - D 

must b e  c a l c u l a t e d .  

Thus, one g e t s  a  c o r r e c t i o n  t o  t h e  m a t e r i a l  b u c k l i n g  

d e f i n e d  by (2 )  : 

Column 3 of Table  1 shows t h e  " l eakage - inc rease"  e f f e c t  

( i . e .  t h e  use  of Dh i n s t e a d  o f  5) on  B2 f o r  a number o f  f a s t  l a t -  

t ices  s t u d i e d  e i t h e r  i n  hlASU9CA ( c r i t i c a l  expe r imen t s )  o r  i n  

HARMONIE ( e x p o n e n t i a l  e x p e r i m e n t s ) .  

Column 4 s h o w  t h e  " l e a k a g e - a n i s o t r o o ~ "  e f f e c t  ( i . e .  

u s e  o f  Dl and DL i n s t e a d  o f  5) on B~ , whi l e  column 5 n i v e s  t h e  

e f f e c t  o f  t h e  c o r r e c t i o n s  mentioned i n  paragraphe  11-1. 

t he  

. ./. . 



CONCLUSIONS 

1. The "leakage-increase" effect is important, since it 

is larger than the experimental uncertainty of the measured 

bucklings, and thus, it must be taken into account. I 

2. The "leakage-anisotropy" effect is small, especially 

in critical experiments. The reason for this is that 
2 

Dl/  
(- - D A R // 

1) and - - 1) are of op~osite sign, while - and 
9 D B 

B 21 
have the same sign, so that there is a compensation between 

?he two terms of eq. ( 4 ) * .  For exponential experiments, no such com- 

pensation occurs, and thus the "leakage-anisotropv' effect becomes 

more important. It should be noticed that this effect has explained 

part of the experimentally observed differences between material 
/3/  bucklings measured in critical and in exponential experiments . 

3."Higher-order" corrections (secondary collision, angu- 

lar distribution, flux-non uniformity, parallel buckling effect, 

absorption effect) prove to be, for fast lattices, individuallv 

small and to add up to a negligible total correction ( X * )  

4. These conclusions are not changed if uranium fuel is 

..replaced by plutoniu. fuel. 

5. For power reactors, it was evaluated that these 

effects should be divided by a factor of about 4, due to the 

reduction of both the fuel diameter and its density. 

2 2  h he ore tic ell^, perfect compensation occurs for B L = 2 Bp (this is 
approximately the case for the R2 lattice). 

** These correctionshave not been evaluated for plate-type lattices. 
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1'1-3. EFFECT OF STQEAVING ON REFLECT03 SXVINGS ........................................ i 7 I 
. . 

T h i s  e f f e c t  w a s  c a l c u l a - t e d  f o r  t h e  a x i a l  (deple ' ted 
1 

U 0 2  t- sodium) b l a n k e t  o f  MASURCA. fo r  R1 c o r e .  The t o t a l  e f f e c t ,  

i n c l u d i n g  " l eakage - inc rease"  and " l e akage -an i so t ropy"  was found 

t o  r e s u l t  i n  a - 1 . 3  % r e d u c t i o n  o f  t h e  a x i a l  r e f l e c t o r  s a v i n g s ,  
-5 51: - and t h u s  i n  - 50.10 . 

The same c a l c u l a t i o n  was made f o r  t h e  lower a x i a l  b l a n k e t  

(non- in t eg ra t ed )  o f  PHEWIX, and t h e  e f f e c t  on r e a c t i v i t y  w a s  
-5 54 found t o  be o f  t h e  o r d e r  o f  - 10.10 i; . 

1 1 - 4 .  ZFFZCT C F  STP,EAMING ON SODIUM-VOID .................................. 

Streaming  a f f e c t s  t h e  sodiun-void e f fec t  th rough  i t s  

l eakage  t e r m  which i s  p r o p o r t i o n n a l  t o  t h e  chanae  i n  t h e  d i f f u s i o n  

c o e f f i c i e n t .  C a l l i n g  C/, and C I  t h e  two components o f  t h e  l eakage  

term i n  t h e  p a r a l l e l  and normal, d i r e c t i o n s ,  e a r l i e r  s t u d i e s  14/ have  

shown t h a t  : 

- t h e  " l eakage - inc rease"  (5 i n s t e a d  o f  IS) r e s u l t s  i n  

an  i n c r e a s e  of t h e  t o t a l  l e akage  e f f e c t  (bo th  C,, and CL ) by 10  t o  

' 12 % (WASURCA assembly R2 and SNEAK assembly 9 B )  . - 
- t h e  " leakaae-an iso t ropy"  (Dl, and DL i n s t e a d  o f  5) 

r e s u l t s  i n  a r a t i o  C,( / CL of 1.07 (MASURCF R2) t o  1.15 (SNEkK 9B) . 
The e f f e c t  o f  t h e  c o r r e c t i o n s  t o  f irst  f l i g h t  Do and DL h a s  s i n c e  

been e v a l u a t e d  and was found t o  r e s u l t  i n  a small d e c r e a s e  ( -  3 % )  

of t h e  r a t i o  Cp / CL . 

Recent r e i n t e r p r e t a t i o n  15/ of Sodium-void measurements 

i n  MASURCA R2 and SNEAK 9 B  h a s  shown t h a t  t a k i n g  i n t o  accoun t  t h e  

s t r e a m i n g  e f f e c t  r e s u l t s  i n  a much b e t t e r  agreement between c a l c u -  

l a t i o n s  and exper iment .  \ . . ./. . . 
I 



I1 - DIFFUSION COEFFICIENT I N  DILUENT SUBASSEMBLIES - 

Due t o  t h e  importance o f  t h e  l eakage  t e rm f o r  d i l u e n t  i 

f o d s  (sodium o r  s t a i n l e s s  s t e e l ) ,  t h e  approximat ions  used f o r  

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

c a l c u l a t e d  rod  r e a c t i v i t y  wor ths .  

I n  p a r t i c u l a r ,  measurem.ents made i n  .MASURC.& f o r  sodium 

and S-S r o d s  16/ have shown t h a t  t h e  use  of t h e  c l a s s i c a l  d i f f u -  

s i o n  c o e f f i c i e n t  D = 1/35: i n  t h e  r o d  l e a d s  t o  l a r a e  0ver -es t iv .a -  cr 
t i o n s  05 t h e  rod  r e a c t i v i t y  wor ths .  

Much b e t t e r  r e s u l t s  have  been o b t a i n e d ,  u s i n q  an  e f f e c -  

t i v e  d i f f u s i o n  c o e f f i c i e n t  d e f i n e d  a c c o r d i n g  t o  t h e  SELEYGUT c r i -  

t e r i u m  ( e q u a l i t y  o f  t h e  f l u x  and of t h e  c u r r e n t  a t  t h e  rod /core  

i n t e r f a c e )  and c a l c u l a t e d  by t h e  code  DIFHET /7/ 

Tab le  2 shaws t h e  improvement o f  t h e  c a l c u l a t e d  r o d  wor ths  f o r  

c e n t r a l  d i l u e n t  r o d s .  The r e s u l t s  are q u a l i t a t i v e l y  t h e  same f o r  

o f f - c e n t e r  r o d s  : DIFHET d i f f u s i o n  c o e f f i c i e n t  d r a s t i c a l l y  r educes  

t h e  d i s p e r s i o n  o f  t h e  (E-C)/C r e s u l t s .  -. It  must b e  s t r e s s e d ,  however, t h a t  t h e s e  r e s u l t s  have - been o b t a i n e d  w i t h  a  ( t h e o r e t i c a l l v )  i m p r o ~ e r  u s e  o f  t h e  DIFHET 

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

c o e f f i c i e n t ,  b u t  it has  been used as w e l l  f o r  t h e  a x i a l  d i r e c t i o n ,  

assuming no a n i s o t r o p y  i n  t h e  r o d s .  

The v a l i d i t y  o f  t h e  l a t t e r  assumption i s  p r e s e n t l y  

under  i n v e s t i g a t i o n ,  i n  c o o p e r a t i o n  w i t h  i t a l i a n  CYEN p h y s i c i s t s .  
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TABLE 1 

HUG I1 

HUG I11 

HUG V 

EFFECTS O F  

leakage @ :  
inc rease  

leakage ( %  
anisotropq 

o the r  (% 
:or rec t ion:  

s f o r  t h e  desc r ip t i on  of t he se  l a t t i c e s ,  s ee  re fe rence  1-2  2. 
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TABLE 2 

SURFACE COEFFICIW 
, 

3 
(cm ) 

R2 --- 
Classical -15 ? 2 

28 

DIFHET - 6 

Exp - Calc 
. (%) 

' Colc. 


