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ABSTRACT 

Coolan t  v o i d  r e a c t i v i t y  i n  CANDU r e a c t o r s  can  be  r educed  o r  even e l i m i n a t e d  by 
a d d i n g  an  a p p r o p r i a t e  amount of  b u r n a b l e  p o i s o n  i n  t h e  i n n e r  e l ement s  of  CANDU 
f u e l  b u n d l e s .  The a d d i t i o n a l  amount of U-235 t h a t  i s  r e q u i r e d  t o  compensate 
f o r  t h e  b u r n a b l e  po i son  can  be  reduced by u s i n g  d e p l e t e d  uranium i n  t h e  i n n e r  
f u e l  e l e m e n t s .  

INTRODUCTION 

I n h e r e n t  i n  a l l  CANDU d e s i g n s  beg inn ing  wi th  t h e  NPD p l a n t ,  d e s i g n e r s  and 
p h y s i c i s t s  sought  t o  c o n t a i n  p o s i t i v e  r e a c t i v i t y  e x c u r s i o n s  f o l l o w i n g  d e s i g n  
b a s i s  los s -o f -coo lan t  a c c i d e n t s  (LOCA) and m i t i g a t e  i t s  consequences t h r o u g h  
s o p h i s t i c a t e d  d e s i g n  c o n c e p t s  i n v o l v i n g  e a r l y  d e t e c t i o n ,  r a p i d  r e sponse  a n d  
defense- in-depth  approaches .  

Because of t h e s e  d e s i g n  c o n c e p t s ,  p r e s e n t  CANDU r e a c t o r s  keep t h e  LOCA 
conseqences  w i t h i n  a c c e p t a b l e  l i m i t s .  However, t h e  d e s i r e  t o  improve t h e  
economics of t h e  CANDU p l a n t s  h a s  r e s u l t e d  i n  s i m p l e r  d e s i g n s  t h a t  e x p l o i t  t h e  
economy of s c a l e ,  i . e . ,  l a r g e r  r e a c t o r  c o r e s  and r e a c t o r s  wi th  more f l u x  and 
power f l a t t e n i n g .  These r equ i rement s  t e n d  t o  i n c r e a s e  v o i d  r e a c t i v i t y  
i n s e r t i o n  r a t e  on LOCA because  of t h e  h i g h e r  n e u t r o n i c  decoup l ing  of t h e  two 
Pr imary  Heat T r a n s p o r t  (PHT) l o o p s .  To a c h i e v e  such d e s i g n  s i m p l i f i c a t i o n  a n d  
s u p e r i o r  economics and y e t  keep t h e  LOCA consequences  w i t h i n  a c c e p t a b l e  
l i m i t s ,  a n  a l t e r n a t i v e  approach i s  r e q u i r e d .  Th i s  i n v o l v e s  a  r e d u c t i o n  i n  t h e  
v o i d  r e a c t i v i t y  holdup and  consequen t ly  a  r e d u c t i o n  i n  t h e  r e a c t i v i t y  
i n s e r t i o n  r a t e  f o r  a  f i x e d  v o i d i n g  r a t e .  

1.1 Void R e a c t i v i t y  a s  a  Desiqn Parameter  - 
Reduc t ion  i n  t h e  v o i d  r e a c t i v i t y  t h a t  i s  p o t e n t i a l l y  h e l d  up i n  t h e  c o o l a n t  
w i l l  l i m i t  t h e  r e a c t i v i t y  e x c u r s i o n  d u r i n g  a  LOCA. I f  low v o i d  r e a c t i v i t y  i s  
i n c l u d e d  a s  an  o p t i m i z a t i o n  parameter  i n  f u t u r e  CANDU p l a n t  d e s i g n ,  many of 
t h e  c o n c e p t s  which a r e  r e q u i r e d  i n  t h e  p r e s e n t  p l a n t  d e s i g n  i n  o r d e r  t o  
minimize  LOCA consequence can be s i m p l i f i e d .  The o v e r a l l  s i m p l i f i c a t i o n  i n  
p l a n t  d e s i g n  can  r e s u l t  i n  l a r g e  economic improvements by reduc ing  t h e  c a p i t a l  
c o s t  s i g n i f i c a n t l y .  Some of t h e  d e s i g n  a r e a s  t h a t  can  be  s i m p l i f i e d  a r e :  

s i n g l e  PHT l o o p  w i t h  u n i d i r e c t i o n a l  c o o l a n t  f low i n  a l l  channe l s ;  

no i n t e r l a c i n g  of f e e d e r s ;  

g r a v i t y - d r i v e n  i n s t e a d  of s p r i n g - a s s i s t e d  s h u t o f f  r o d s .  



The c o s t  r e d u c t i o n  a s s o c i a t e d  w i t h  t h e s e  s i m p l i f i c a t i o n s  w i l l  amount t o  
s e v e r a l  t e n s  of  m i l l i o n s  of d o l l a r s .  The c o s t  o f  r e d u c i n g  v o i d  r e a c t i v i t y  i s  
due  m a i n l y  t o  t h e  e x t r a  U-235 enr ichment  r e q u i r e d  t o  compensate f o r  t h e  
b u r n a b l e  p o i s o n  t h a t  i s  u s e d  i n  t h e  Low Void R e a c t i v i t y  F u e l  (LVRF) d e s i g n s .  
Th i s  i n c r e a s e  i n  f u e l l i n g  c o s t  shou ld  be  compared a g a i n s t  t h e  r e d u c t i o n  i n  
c a p i t a l  c o s t  i n  o r d e r  t o  a r r i v e  a t  a n  optimum l e v e l  o f  v o i d  r e a c t i v i t y  from 
t h e  c o s t  v i e w p o i n t .  

2 . 0  METHODOLOGY OF COOLANT VOID REDUCTION 

2 . 1  S i m u l a t i o n  Method - 
The s i m u l a t i o n  of t h e  l a t t i c e  n e u t r o n i c s  was c a r r i e d  o u t  wi th  t h e  WIMS-AECL 
code ( v e r s i o n  90-04-18) . The W i n f r i t h  ( v e r s i o n  90-06-09) l i b r a r y  was used  f o r  
t h e  n e u t r o n  c r o s s  s e c t i o n  d a t a b a s e .  The n e u t r o n  spec t rum was c a l c u l a t e d  i n  
t h i r t y - t h r e e  e n e r g y  g r o u p s .  The group s t r u c t u r e  was chosen a c c o r d i n g  t o  t h e  
ene rgy  bounds of ma jo r  r e a c t i o n  r a t e s  t h a t  a r e  e x p e c t e d  i n  t h e  CANDU l a t t i c e .  
The P I J  o p t i o n  was u s e d t o  model t h e  f u e l  e l e m e n t s  d i s c r e t e l y  i n  t h e  WIMS 
c a l c u l a t i o n s .  

The e f f e c t  of n e u t r o n  l e a k a g e  on t h e  n e u t r o n  s p e c t r u m  was c a l c u l a t e d  on t h e  
b a s i s  of  r e a c t o r  l e a k a g e .  T h i s  p rocedure  was u s e d  i n  o r d e r  t o  i n t e r p r e t  t h e  
WIMS r e s u l t s  a s  b e i n g  v a l i d  f o r  t h e  r e a c t o r .  The r e a c t i v i t y  o f  t h e  l a t t i c e  
t h a t  would produce  a  c r i t i c a l  r e a c t o r  was o b t a i n e d  from p r e v i o u s  a n a l y s i s  f o r  
t h e  CANDU 6 r e a c t o r .  The k - i n f i n i t y  of t h e  c r i t i c a l  l a t t i c e  was 1 .045 .  The 
e x c e s s  r e a c t i v i t y  o f  45 ink accounted f o r  t h e  r e a c t o r  l e a k a g e  a s  w e l l  a s  a l l  
t h e  a b s o r p t i o n s ,  o t h e r  t h a n  t h o s e  o c c u r r i n g  i n  t h e  f u e l  c h a n n e l s ,  i n  t h e  
r e a c t o r .  

Methods of Void R e a c t i v i t y  Reduction 

Most of  t h e  n e u t r o n i c  p r o c e s s e s  i n  CANDU t h a t  a r e  r e s p o n s i b l e  f o r  p roduc ing  
p o s i t i v e  r e a c t i v i t y  on v o i d i n g  a r e  b rough t  a b o u t  by a  change i n  n e u t r o n  
spec t rum.  The r o l e  of n e u t r o n  a b s o r p t i o n  i n  t h e  c o o l a n t  i s  n e g l i g i b l e ,  
however, c o o l a n t  v o i d  c a u s e s  a  s i g n i f i c a n t  r e d i s t r i b u t i o n  of f l u x  i n  t h e  f u e l  
c h a n n e l .  T h i s  f l u x  r e d i s t r i b u t i o n  can  have a  ma jo r  impact  on t h e  t h e r m a l  
r e a c t i o n  r a t i o  depending upon t h e  l o c a t i o n  o f  t h e  f i s s i l e  m a t e r i a l  i n  t h e  f u e l  
bund le .  The second  component of t h e  spect rum change i s  i n  t h e  e p i t h e r m a l  
r ange ,  i . e . ,  t h o s e  t h a t  i n c r e a s e  f a s t  f i s s i o n  i n  U-238 and d e c r e a s e  r e sonance  
a b s o r p t i o n  i n  U-238. A r e d u c t i o n  i n  t h e s e  p o s i t i v e  r e a c t i v i t y  components 
would t h e r e f o r e  r e q u i r e  e i t h e r ,  

a .  a r e d u c t i o n  i n  t h e  s i z e  o r  a  r e v e r s a l  of  t h e  spec t rum change upon 
vo id ing ,  o r  

b. r e d u c t i o n  i n  t h e  r e a c t i v i t y  e f f e c t  o f  t h e  spec t rum change i f  t h e  
s p e c t r a l  e f f e c t s  a r e  l e f t  unchanged, o r  

c .  c r e a t i o n  of n e g a t i v e  r e a c t i v i t y  t o  c o u n t e r a c t  t h e  p o s i t i v e  components. 

Approach ( a )  r e q u i r e d  a  change i n  t h e  n e u t r o n  s c a t t e r i n g  p r o p e r t i e s  of t h e  
c o o l a n t  which is e q u i v a l e n t  t o  r e p l a c i n g  t h e  heavy wa te r  c o o l a n t  wi th  a n o t h e r  
m a t e r i a l  of lower  s c a t t e r i n g  c r o s s  s e c t i o n .  To produce  a  r e v e r s a l  i n  t h e  
spec t rum change on v o i d i n g  would r e q u i r e  a s i g n i f i c a n t  r e d u c t i o n  i n  modera tor  
volume. T h i s  approach r e q u i r e s  a  change of t h e  b a s i c  CANDU l a t t i c e .  

Approach (b) r e q u i r e s  a  s i g n i f i c a n t  change i n  t h e  f u e l  bundle  geometry, i n  
p a r t i c u l a r ,  i n  t h e  surface-to-volume r a t i o  o f  t h e  f u e l  p i n s .  T h i s  approach 
w i l l  r e q u i r e  s i g n i f i c a n t  f u e l  development e f f o r t .  



Because b o t h  approach ( a )  and approach ( b )  r e q u i r e  s i g n i f i c a n t  development 
e f f o r t  beyond p resen t -day  CANDU technology,  approach  ( c )  i s  t h e  o n l y  c r e d i b l e  
method a v a i l a b l e  t o  CANDU r e a c t o r s  i n  t h e  n e a r  t e r m .  I n  approach ( c ) ,  r a t h e r  
t h a n  a t t e m p t i n g  t o  r educe  t h e  magnitude of t h e  p o s i t i v e  v o i d  r e a c t i v i t y  
components d e s c r i b e d  above,  t h e  f o c u s  i s  p l a c e d  on t h e  p r o d u c t i o n  of new 
n e g a t i v e  r e a c t i v i t y  components due t o  v o i d i n g .  T h i s  i s  ach ieved  by making u s e  
of  t h e  r e d i s t r i b u t i o n  of t h e  t h e r m a l  neu t ron  f l u x  t h a t  o c c u r s  a c r o s s  t h e  f u e l  
bund le  upon v o i d i n g .  The n e g a t i v e  r e a c t i v i t y  component i s  c r e a t e d  by p l a c i n g  
n e u t r o n  a b s o r b i n g  m a t e r i a l  i n  t h e  c e n t r a l  r e g i o n  of t h e  f u e l  bundle ,  where t h e  
t h e r m a l  n e u t r o n  f l u x  i n c r e a s e s  on v o i d i n g .  The p r o d u c t i o n  of n e g a t i v e  
r e a c t i v i t y  due t o  t h e  i n c r e a s e d  neu t ron  a b s o r p t i o n  i n  t h e s e  m a t e r i a l s  on 
v o i d i n g ,  caused  by an i n c r e a s e  i n  t h e  t h e r m a l  n e u t r o n  f l u x ,  can  be  made 
s u f f i c i e n t l y  h igh  t o  comple te ly  o f f s e t  t h e  p o s i t i v e  r e a c t i v i t y  component t h a t  
i s  produced on v o i d i n g .  

2 . 3  Choice of  Absorber M a t e r i a l  - 
The f o l l o w i n g  c r i t e r i a  were used  i n  c o n s i d e r i n g  t h e  s u i t a b i l i t y  of  a  b u r n a b l e  
p o i s o n  f o r  v o i d  r e d u c t i o n :  

a .  The burnout  r a t e  o f  t h e  a b s o r b e r  s h o u l d  be  such a s  t o  m a i n t a i n  t h e  
r e q u i r e d  v o i d  r e a c t i v i t y  r e d u c t i o n  th rough  t h e  l i f e  of t h e  f u e l .  

b .  The burnout  r a t e  s h o u l d  match t h e  r e d u c t i o n  i n  l a t t i c e  r e a c t i v i t y  such  
a s  t o  minimize t h e  p a r a s i t i c  l o a d  of t h e  a b s o r b e r  i n t e g r a t e d  o v e r  the 
l i f e  of t h e  f u e l .  

c .  The burnout  r a t e  s h o u l d  a l s o  minimize t h e  power of a  f u e l  channe l ,  o v e r  
t h e  f u e l  l i f e ,  r e l a t i v e  t o  neighbour ing f u e l  c h a n n e l s .  Th i s  i s  
n e c e s s a r y  i n  o r d e r  t o  o f f s e t  t h e  i n c r e a s e  i n  t h e  peak e lement  power 
d e n s i t y  by r e s t r i c t i n g  t h e  a b s o r b e r  t o  t h e  i n n e r  f u e l  e l ement s  of t h e  
bund le .  

d .  Absorbers  t h a t  a r e  known t o  be chemica l ly ,  p h y s i c a l l y  and n e u t r o n i c a l l y  
compa t ib le  wi th  t h e  f u e l  s h o u l d  be  g i v e n  p r e f e r e n c e .  I n  p a r t i c u l a r ,  
n a t u r a l l y  o c c u r r i n g  i s o t o p e s  of  f i s s i o n  p r o d u c t s  were used a s  t h e  f i r s t  
c h o i c e  f o r  e v a l u a t i o n .  

S e v e r a l  a b s o r b e r s  were e v a l u a t e d  a s  c a n d i d a t e s  f o r  u s e  i n  v o i d  r e a c t i v i t y  
r e d u c t i o n .  I t  was found t h a t  r e l a t i v e l y  low c r o s s  s e c t i o n  a b s o r b e r s  - such  a s  
n a t u r a l  c o b a l t ,  ha l fn ium and indium - d i d  n o t  burn  o u t  f a s t  enough t o  minimize  
t h e  p a r a s i t i c  l o a d  a t  h i g h  f u e l  burnups .  On t h e  o t h e r  hand, t h e  f a m i l i a r  
b u r n a b l e  p o i s o n s  such a s  gado l in ium and boron had unaccep tab ly  h igh  burnou t  
r a t e s .  The c l o s e s t  match t o  t h e  optimum burnout  r a t e  was o b t a i n e d  w i t h  
n a t u r a l  dysprosium, which i s  a l s o  p h y s i c a l l y  and chemica l ly  compa t ib le  w i t h  
t h e  uranium f u e l .  

2 . 4  Usinq Dep le ted  Uranium t o  Reduce Cost  of Void R e a c t i v i t y  Reduct ion - 
Because c o o l a n t  v o i d  r e a c t i v i t y  i n  CANDU r e a c t o r s ,  u s i n g  low v o i d  r e a c t i v i t y  
f u e l ,  can  b e  reduced t o  any d e s i r e d  va lue ,  even below ze ro ,  it becomes 
p o s s i b l e  t o  c o n s i d e r  c o o l a n t  v o i d  r e a c t i v i t y  a s  a  d e s i g n  parameter  which can  
be  used  f o r  t h e  o v e r a l l  o p t i m i z a t i o n  of t h e  CANDU power p l a n t .  The f u e l l i n g  
c o s t  i n  CANDU r e a c t o r s  u s i n g  LVRF depends on t h e  d e s i g n  d i s c h a r g e  f u e l  burnup 
a s  w e l l  a s  t h e  t a r g e t e d  v o i d  r e a c t i v i t y .  It i s  conven ien t  t o  e x p r e s s  t h e  c o s t  
o f  v o i d  r e d u c t i o n  a s  t h e  i n c r e a s e  i n  U-235 enr ichment  r e q u i r e d  t o  a c h i e v e  t h e  
t a r g e t e d  v o i d  r e a c t i v i t y  whi l e  m a i n t a i n i n g  t h e  d e s i g n  d i s c h a r g e  f u e l  burnup.  

The i n c r e a s e  i n  U-235 enr ichment  requirement  can b e  viewed a s  a  r e d u c t i o n  i n  
t h e  r e s o u r c e  u t i l i z a t i o n  advantage  t h a t  CANDU r e a c t o r s  have over  t h e  L i g h t  



Water R e a c t o r s  (LWRs) . T h e r e f o r e ,  t h e r e  i s  c o n s i d e r a b l e  i n c e n t i v e  t o  improve 
t h e  LVRF d e s i g n s  by r e d u c i n g  t h e  c o s t  of  v o i d  r e d u c t i o n .  The improvement can  
b e  a c h i e v e d  by:  

a .  d e c r e a s i n g  t h e  dyspros ium requirement  f o r  a  g i v e n  v o i d  r e a c t i v i t y  
r e d u c t i o n ,  

b .  d e c r e a s i n g  t h e  i n c r e m e n t a l  U-235 enr ichment  r e q u i r e d  f o r  a  g i v e n  amount 
of  dyspros ium.  

The dyspros ium requ i rement  can  b e  d e c r e a s e d  by r e p l a c i n g  some o f  it by a n o t h e r  
a b s o r b e r ,  U-238, i n  t h e  form of d e p l e t e d  uranium from t h e  t a i l i n g s ,  i . e . ,  
w a s t e  p r o d u c t ,  of  f u e l  en r i chment  p l a n t s  f o r  LWRs. Another advan tage  o f  u s i n g  
d e p l e t e d  uranium i s  t h e  e x p e c t e d  h igh c o n v e r s i o n  r a t i o  because  o f  t h e  
r e l a t i v e l y  h a r d  n e u t r o n  spec t rum i n  t h e  i n n e r  f u e l  p i n s .  F i s s i l e  p lu ton ium 
f o r m a t i o n  i n  t h e  d e p l e t e d  uranium would o f f s e t  t h e  l a c k  of U-235 i n  t h e  i n n e r  
f u e l  p i n s  and  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  o v e r a l l  ene rgy  produced by t h e  
f u e l  bund le .  

The u s e  of d e p l e t e d  uranium can  t h e r e f o r e  r educe  t h e  dyspros ium requirement  
f o r  a  r e q u i r e d  v o i d  r e d u c t i o n .  I t  a l s o  r educes  t h e  U-235 requ i rement  f o r  a  
g i v e n  f u e l  d i s c h a r g e  burnup s i n c e  t h e  e n e r g y  produced i n  t h e  d e p l e t e d  uranium 
i s  e s s e n t i a l l y  f r e e  . 
The e f f i c a c y  of t h e  dyspros ium t o  reduce  v o i d  r e a c t i v i t y  s h o u l d  a l s o  be  
i n c r e a s e d  i n  t h e  p r e s e n c e  of d e p l e t e d  uranium because  of t h e  l a c k  of f i s s i l e  
m a t e r i a l  i n  t h e  i n n e r  p i n s .  The f l u x  rise i n  t h e  i n n e r  p i n s  on v o i d i n g  w i l l  
n o t  r e s u l t  i n  a  s i g n i f i c a n t  i n c r e a s e  i n  f i s s i o n  r a t e .  T h i s  s h o u l d  reduce  t h e  
dyspros ium requ i rement  f o r  a  g i v e n  v o i d  r e a c t i v i t y  r e d u c t i o n .  

2 . 5  Low Void R e a c t i v i t y  F u e l  Bundle Designs - 
The f o l l o w i n g  f u e l  bund le  d e s i g n s  were used i n  t h e  WIMS s i m u l a t i o n s  t o  
e v a l u a t e  t h e  U-235 r e q u i r e m e n t s  f o r  s p e c i f i c  t a r g e t s  of  d i s c h a r g e  f u e l  burnup 
and  c o o l a n t  v o i d  r e a c t i v i t y :  

a .  s t a n d a r d  37-element f u e l  bundle  d e s i g n ,  

b .  s t a n d a r d  CANFLEX 43-element f u e l  bundle  d e s i g n ,  and 

c .  43-element f u e l  b u n d l e  d e s i g n  wi th  a  l a r g e  c e n t r a l  p i n .  

D e p l e t e d  uranium and dyspros ium were used i n  t h e  i n n e r  two r i n g s ,  i . e . ,  
inne rmos t  seven f u e l  p i n s  of  t h e  s t a n d a r d  37-element d e s i g n .  The amount of 
dyspros ium i n  t h e  i n n e r  seven p i n s  and t h e  U-235 enr ichment  i n  t h e  o u t e r  30 
p i n s  were a d j u s t e d  t o  g i v e  t h e  d e s i r e d  v o i d  r e a c t i v i t y  and d i s c h a r g e  f u e l  
burnup.  

The same p rocedure  was used  f o r  t h e  s t a n d a r d  CANE'LEX d e s i g n ,  where d e p l e t e d  
uranium and  dyspros ium were used i n  t h e  i n n e r  e i g h t  f u e l  p i n s .  The CANFLEX 
d e s i g n  i s  e x p e c t e d  t o  pe r fo rm b e t t e r  t h a n  t h e  s t a n d a r d  37-element d e s i g n  
because  it can  accommodate more d e p l e t e d  uranium i n  t h e  i n n e r  e i g h t  f u e l  p i n s ,  
which a r e  l a r g e r  t h a n  t h e  remaining f u e l  p i n s  i n  t h e  o u t e r  two f u e l  r i n g s .  
Also,  t h e  l a r g e r  number of  f u e l  p i n s  i n  t h e  o u t e r  f u e l  r i n g s ,  i . e . ,  35 i n  t h e  
CANFLEX d e s i g n  v s  30 i n  t h e  s t a n d a r d  37-element d e s i g n ,  r educes  t h e  Maximum 
L i n e a r  Heat G e n e r a t i o n  Ra te  (MLHGR) i n  t h e  f u e l  e l e m e n t s  f o r  a  g i v e n  bundle  
power o u t p u t .  

F i g u r e  1 shows a 43-element f u e l  des ign ,  which i s  s i m i l a r  t o  t h e  s t a n d a r d  
CANFLEX d e s i g n  e x c e p t  f o r  t h e  l a r g e  c e n t r a l  f u e l  p i n .  Deple ted  uranium i s  
used  i n  t h e  i n n e r  e i g h t  f u e l  p i n s .  However, t h e  s i z e  o f  t h e  c e n t r a l  p i n  



a l l o w s  t h e  dyspros ium t o  be  l o c a t e d  o n l y  i n  t h e  c e n t r a l  p i n ,  where t h e  v o i d  
r e d u c t i o n  e f f e c t  i s  maximum and t h e  p a r a s i t i c  l o a d  under  nominal c o n d i t i o n s  i s  
minimum. T h i s  f u e l  d e s i g n  i s  t h e r e f o r e  e x p e c t e d  t o  be  t h e  most c o s t - e f f e c t i v e  
low v o i d  r e a c t i v i t y  f u e l  d e s i g n .  

The above f u e l  d e s i g n s  were chosen because  t h e y  r e q u i r e  o n l y  minimum 
development e f f o r t  b a s e d  on present -day CANDU t e c h n o l o g y .  More advanced LVRF 
d e s i g n s ,  which have more t h a n  43 f u e l  p i n s  i n  o r d e r  t o  improve v o i d  r e a c t i v i t y  
r e d u c t i o n  and reduce  MLHGR, a r e  b e i n g  c o n s i d e r e d .  

WIMS SIMULATIONS LOW VOID REACTIVITY FUEL DESIGNS 

3 . 1  E f f e c t s  of Dep le ted  Uranium - 
The e f f e c t s  of  u s i n g  d e p l e t e d  uranium i n  t h e  LVRF d e s i g n s  were i n v e s t i g a t e d  
u s i n g  t h e  43-elements f u e l  d e s i g n  wi th  a  l a r g e  c e n t r a l  p i n .  Table  3 . 1  g i v e s  
t h e  U-235 c o n t e n t s  i n  t h e  f o u r  f u e l  r i n g s  f o r  two c a s e s :  

a .  d e p l e t e d  bundle ,  where d e p l e t e d  uranium ( 0 . 2 5  w t %  U-235) is  used i n  t h e  
i n n e r  two f u e l  r i n g s  and S l i g h t l y  Enr iched  Uranium (SEU) is used  i n  t h e  
o u t e r  two f u e l  r i n g s ,  and 

b .  r e g u l a r  bundle ,  where SEU i s  used i n  a l l  f u e l  r i n g s .  

Both f u e l  bund les  g i v e  t h e  same d i s c h a r g e  f u e l  burnup of 21,000 MWd/teU. 
However, t h e  bundle-averaged f u e l  enr ichment  f o r  t h e  d e p l e t e d  bundle  i s  1 .12  
w t %  U-235, which i s  lower  t h a n  t h e  1 .20  w t %  U-235 r e q u i r e d  f o r  t h e  r e g u l a r  
b u n d l e .  Also, t h e  v o i d  r e a c t i v i t y  f o r  t h e  d e p l e t e d  bundle  i s  1 3 . 3  mk, which 
i s  s i g n i f i c a n t l y  lower  t h a n  t h e  co r respond ing  v a l u e  of  1 5 . 7  mk f o r  t h e  r e g u l a r  
b u n d l e .  

F i g u r e  2  shows t h e  t h e r m a l  n e u t r o n  f l u x  d i s t r i b u t i o n  w i t h i n  t h e  two f u e l  
b u n d l e s .  The low f l u x  l e v e l  i n  t h e  c e n t r a l  p i n ,  i . e . ,  fuel-1, s u g g e s t s  t h a t  
p l a c i n g  an  a b s o r b e r  i n  t h e  c e n t r a l  p i n  w i l l  g i v e  t h e  l e a s t  U-235 enr i chment  
p e n a l t y  under  nominal  o p e r a t i n g  c o n d i t i o n s .  

F i g u r e  3  shows t h e  change i n  therma 
b u n d l e s  due t o  c o o l a n t  v o i d i n g .  It 
i n  a - 1  t h e  f u e l  r i n g s  upon v o i d i n g .  
less t h a n  1%, i n  t h e  ou te rmos t  r i n g  
i n  t h e  c e n t r a l  p i n  f o r  b o t h  bund les  
r e a c t i v i t y  r e d u c t i o n  e f f e c t  w i l l  be 
c e n t r a l  p i n .  

. n e u t r o n  f l u x  d i s t r i b u t i o n  w i t h i n  t h e  f u e l  
is  c l e a r  t h a t  t h e  the rmal  f l u x  i n c r e a s e s  
However, t h e  i n c r e a s e  i s  s m a l l e s t ,  i . e . ,  

The l a r g e s t  i n c r e a s e ,  abou t  12%,  o c c u r s  
Th i s  s u g g e s t s  t h a t  t h e  maximum v o i d  

ach ieved  by p u t t i n g  t h e  a b s o r b e r  i n  t h e  

3 . 2  D e t a i l e d  WIMS Reac t ion  Ra tes  - 

T a b l e  3 . 1  
U-235 ( w t % )  in D e p l e t e d  and i n  Regular Fuel B u n d l e  Designs 

Giving 21,000 MWd/te B u r n u p  

O p t i m i z a t i o n  of t h e  LVRF d e s i g n s  r e q u i r e s  an unders t and ing  of t h e  n e u t r o n i c  
b e h a v i o u r  of t h e  CANDU l a t t i c e  under nominal and vo ided  c o n d i t i o n s .  The 

Dep le ted  

Regu la r  

Ring 2 

0.25 

1 . 2 0  

Ring 1 

0.25 

1 - 2 0  

Ring 3 

1 .57  

1 .20 

Ring 4 

1 .57  

1 .20  

Bundle 
Average 

1 . 1 2  

1 . 2 0  



i n f o r m a t i o n  can  b e  o b t a i n e d  from t h e  r e a c t i o n  r a t e s  c a l c u l a t e d  by WIMS f o r  t h e  
d e p l e t e d  and  f o r  t h e  r e g u l a r  bund les .  

Table  3 . 2  shows t h e  n u * f i s s i o n  r a t e s  by f u e l  r i n g  i n  t h e  d e p l e t e d  uranium f u e l  
bund le .  Tab le  3 . 3  shows t h e  n u * f i s s i o n  r a t e s  i n  t h e  r e g u l a r  f u e l  b u n d l e .  I n  
t h e  r e q u l a r  f u e l  bund le ,  a s  compared w i t h  t h e  d e p l e t e d  uranium bund le ,  b o t h  
t h e  group 1 and g roup  2  r e a c t i o n  r a t e s  a r e  h i g h e r  i n  f u e l  r i n g s  1 and  2 .  The 
n u * f i s s i o n  r a t e s  a r e  c o n c e n t r a t e d  i n  t h e  o u t e r  f u e l  p i n s  i n  t h e  d e p l e t e d  
uranium b u n d l e .  

Table 3.2 
Nu*Fission Rates in 

a Depleted Uranium Fuel Bundle at Equilibrium Fuel Burnup 
1 

Table 3.3 
Nu*Fission Rates in 

a Regular Fuel Bundle at Equilibrium Fuel Burnup 
I 

Group # 

1 
2  

Group # I Nu*Fission R a t e s  (mk) 
I I I 

1 F u e l  1 1 F u e l  2  1 F u e l  3 1 F u e l  4 

Nu*Fission R a t e s  (mk) 

Table  3 . 4  shows t h e  a b s o r p t i o n  r a t e s  by f u e l  r i n g  i n  t h e  d e p l e t e d  uranium f u e l  
b u n d l e .  Tab le  3 . 5  shows t h e  a b s o r p t i o n  r a t e s  i n  t h e  r e g u l a r  f u e l  bund le .  The 
f a s t  g roup  r e a c t i o n  r a t e s  a r e  q u i t e  s i m i l a r  i n  t h e  two bund le  d e s i g n s .  A s  was 
t h e  c a s e  w i t h  t h e  n u * f i s s i o n  r a t e s ,  t h e  t h e r m a l  g roup  a b s o r p t i o n  r a t e s  a r e  
more c o n c e n t r a t e d  toward  t h e  o u t e r  f u e l  r i n g s  i n  t h e  d e p l e t e d  uranium f u e l  
bund le .  

F u e l  1 
** 

6.7  
4 1 . 6  

Table 3.4 
Absorption Rates in 

a Depleted Uranium Fuel Bundle at Equilibrium Fuel Burnup 

F u e l  2  

1 5 . 7  
107.7  

1 F u e l  1 1 F u e l  2 1 F u e l  3 1 F u e l  4 

Group # 

F u e l  3  

27 .7  
2 8 9 . 8  

Absorpt ion  R a t e s  (ink) 
I I . 

F u e l  4 

37 .1  
517 .1  



Table 3.5 
Absorption Rates in 

a Regular Fuel Bundle at Equilibrium Fuel Burnup 
I 

The r a t i o  of p r o d u c t i o n / a b s o r p t i o n ,  i . e . ,  e t a ,  i n  t h e  f u e l  r i n g s  i n  t h e  two 
b u n d l e s  i s  shown i n  Tab le  3.6. The v a r i a t i o n  of e t a  between f u e l  r i n g s  i n  t h e  
r e g u l a r  f u e l  bundle  r e f l e c t s  t h e  d i f f e r e n c e s  i n  t h e  f u e l  burnup between f u e l  
r incrs.  I n  t h e  d e p l e t e d  uranium f u e l  bundle ,  e t a  i s  less t h a n  1.0 i n  t h e  i n n e r  

Group # 

1 
2 

t w o d r i n g s .  I n  t h e  t h i r d  and f o u r t h  f u e l  r i n g s ,  e t a  i s  g r e a t e r  t h a n  1.0 
because  of t h e  r e l a t i v e l y  h i g h  enr ichment  l e v e l .  

Table 3.6 
ETA for the Regular and Depleted Uranium Bundles 

at Equilibrium Burnup 
I 

Absorpt ion  R a t e s  (mk)  

Bundle I ETA 
I I I I 

TYPe 1 Fue l  1 1 F u e l  2 1 F u e l  3 1 F u e l  4 1 Bundle-Averaged 
I I I I I 

Fue l  1 

13.6 
46.0 

Regula r  1 . 1 7 0 7  11.1523 I 1.1203 I 1.0545 1 1.0951 
Deple ted  0.9785 0.9778 1.1685 1.0962 1.0950 

Fue l  2 

32.9 
122 - 2  

F u e l  3 

48.9 
206.1 

Table  3 . 7  shows t h e  change i n  t h e  n u * f i s s i o n  r a t e s  i n  t h e  d e p l e t e d  uranium 
f u e l  bund le  due t o  v o i d i n g .  Table  3.8 shows t h e  change i n  t h e  n u * f i s s i o n  
r a t e s  i n  t h e  r e g u l a r  bund le  due t o  vo id ing .  I n  b o t h  b-.-idle d e s i g n s ,  t h e  f a s t  
g roup  p r o d u c t i o n  r a t e s  i n c r e a s e  on vo id ing  i n  a l l  f u e l  p i n s .  The i n c r e a s e s  
a r e  s i m i l a r  i n  t h e  two d e s i g n s .  The changes i n  t h e  the rmal  group n u * f i s s i o n  
r a t e s  show t h e  e f f e c t  of t h e  d i s t r i b u t i o n  of enr ichment  on v o i d  r e a c t i v i t y .  
I n  b o t h  bundle  d e s i g n s ,  t h e  n u * f i s s i o n  r a t e  d r o p s  i n  r i n g  4 ,  w i th  t h e  l a r g e s t  
d e c r e a s e  o c c u r r i n g  i n  t h e  r e g u l a r  bundle d e s i g n .  I n r i n g  3 ,  t h e  n u * f i s s i o n  
r a t e  i n c r e a s e s ,  w i th  t h e  l a r g e s t  i n c r e a s e  o c c u r r i n g  i n  d e p l e t e d  uranium 
b u n d l e .  I n  t h e  i n n e r  two f u e l  r i n g s  t h e  t r e n d  i s  r e v e r s e d .  The n u * f i s s i o n  
r a t e s  i n c r e a s e  more i n  t h e  r e g u l a r  bundle  d e s i g n .  The n e t  e f f e c t  o f  t h e  
changes  i n  t h e  n u * f i s s i o n  r a t e s ,  i n  t h e  two d e s i g n s ,  i s  t o  i n c r e a s e  t h e  
n u * f i s s i o n  r a t e  i n  t h e  r e g u l a r  bundle  s l i g h t l y  more t h a n  i n  t h e  d e p l e t e d  
uranium bund le .  

F u e l  4 

86.7 
396.1 

Mil 

Table 3.7 
Change in Nu*Fission Rates in a Depleted Uranium Fuel Bundle 

due to Voiding at Equilibrium Fuel Burnup 
m 1 G r o u p #  Nu*Fission Ra tes  (ink) 

i I I 

1 
2 

F u e l  1 

+ 0 . 5  
+ 3.4 

Fuel  2 

+ 1 . 4  
+ 4 . 6  

Fue l  3 

+ 2 . 0  
+ 8.9 

Fue l  4 

+ 2 . 5  
- 8 . 7  



Table 3 . 8  
Change i n  Nu*Fission Rates i n  a Regular Fuel Bundle 

due t o  Voiding a t  Equilibrium Fuel Burnup 

Group # 

Table  3 . 9  shows t h e  change i n  t h e  a b s o r p t i o n  r a t e s  i n  t h e  f u e l  r i n g s  of  t h e  
d e p l e t e d  uranium bund le  due  t o  v o i d i n g .  Tab le  3.10 shows t h e  change i n  t h e  
a b s o r p t i o n  r a t e s  i n  t h e  f u e l  r i n g s  of t h e  r e g u l a r  bund le  due  t o  v o i d i n g .  I n  
b o t h  bund le  d e s i g n s ,  t h e  f a s t  group a b s o r p t i o n  r a t e s  drop,  by s i m i l a r  amounts 
i n  a l l  f u e l  r i n g s .  The t h e r m a l  group a b s o r p t i o n  r a t e s  i n c r e a s e  i n  t h e  i n n e r  

~ u * ~ i s s i o n  R a t e s  (mk) 
I I i 

II 

t h r e e  r i n g s  a n d d r o p  i n  t h e  o u t e r  r i n g  i n  b o t h  d e s i g n s .  With t h e  e x c e p t i o n  of 
r i n g  3, t h e  changes i n  t h e  a b s o r p t i o n  r a t e s  a r e  l a r g e s t  i n  t h e  r e g u l a r  bundle  
d e s i g n .  The n e t  r e s u l t  of  t h e  changes i n  t h e  a b s o r p t i o n  r a t e s  i n  t h e  d e p l e t e d  
uranium bund le  i s  a  s l i g h t  i n c r e a s e  i n  t h e  a b s o r p t i o n  r a t e  i n  t h e  f u e l  on 
v o i d i n g .  I n  t h e  r e g u l a r  bund le  d e s i g n ,  t h e  n e t  change i n  t h e  a b s o r p t i o n  r a t e s  
i n  e a c h  f u e l  p i n  p roduces  a  d r o p  i n  t h e  a b s o r p t i o n  r a t e  i n  t h e  f u e l .  

Table 3 . 9  
Change i n  Absorption Rates i n  a Depleted Uranium Fuel Bundle 

due t o  Voiding a t  Equilibrium Fuel Bumup 
I 

F u e l  1 

! F u e l  1 ! F u e l  2 1 F u e l  3 1 F u e l  4 

Fue l  2 

Group # 

Table 3 . 1 0  
Change i n  Absorption Rates i n  a Regular Fuel Bundle 

due t o  Voiding a t  Equilibrium Fuel Burnup 

Absorpt ion  R a t e s  (ink) 
I i i 

F u e l  3 

1 F u e l  1 ! Fue l  2 ! F u e l  3 1 F u e l  4 

F u e l  4 

Group # 

The n e t  changes  i n  t h e  a b s o r p t i o n  and n u * f i s s i o n  r a t e s  i n  t h e  two d e s i g n s  l e a d  
t o  a  change i n  e t a  f o r  e a c h  f u e l  r i n g .  These changes  a r e  sho.wn i n  Tab le  3 . 1 1  
f o r  t h e  two d e s i g n s .  The changes i n  each f u e l  r i n g  a r e  s i m i l a r  i n  t h e  two 
d e s i g n s ;  however, t h e  bundle-averaged change i n  e t a  i s  lower  i n  t h e  d e p l e t e d  
uranium bund le .  The d i f f e r e n c e  between changes i n  t h e  bundle-averaged e t a ' s  
f o r  t h e  two d e s i g n s  r e f l e c t s  t h e  d i f f e r e n c e s  i n  t h e  impor tance  of t h e  i n n e r  
f u e l  r i n g s .  The lower  e t a  v a l u e s  of t h e  i n n e r  f u e l  r i n g s  i n  t h e  d e p l e t e d  
uranium bund le  l e a d  t o  a  s m a l l e r  i n c r e a s e  i n  t h e  bund le  averaged e t a .  

Absorpt ion  R a t e s  (ink) 
I I I 



Table 3 . 1 1  
Relative Change i n  ETA for the Regular and Depleted 
Uranium Bundles due t o  Voiding a t  Equilibrium Burnup 

I 
Bundle 1 ETA I I 

3 . 3  Summary of R e s u l t s  - 

Type 

Regular  
Dep le ted  

T a b l e s  3.12 and 3 . 1 3  g i v e  t h e  v o i d  r e a c t i v i t y  and MLHGR of t h e  d e p l e t e d  and 
r e g u l a r  bund les  f o r  t h e  43-element f u e l  d e s i g n  w i t h  l a r g e  c e n t r a l  p i n  f o r  
d i f f e r e n t  amounts of dyspros ium i n  t h e  c e n t r a l  p i n .  The U-235 enr ichment  was 
a d j u s t e d  t o  g i v e  a c o n s t a n t  d i s c h a r g e  f u e l  burnup of 21,000 MWd/teU. The 
s u p e r i o r  performance of t h e  bund le  d e s i g n  u s i n g  d e p l e t e d  uranium is  c l e a r l y  
shown i n  F igure  4 .  Void r e a c t i v i t y  c a n s i m p l y b e  c o n s i d e r e d  a s  a d e s i g n  

- 

p a r a m e t e r  which can be  a c h i e v e d  by u s i n g  an  adequa te  amount of U-235 t o  
compensate f o r  t h e  r e q u i r e d  amount of  dyspros ium.  For  t h e  LVRF d e s i g n  u s i n g  
d e p l e t e d  uranium, z e r o  v o i d  r e a c t i v i t y  can be a c h i e v e d  f o r  a bundle  ave raged  
U-235 enr ichment  of 1 .75  wt%.  Without d e p l e t e d  uranium, it i s  i m p o s s i b l e  t o  
a c h i e v e  z e r o  v o i d  r e a c t i v i t y  by adding dysprosium t o  t h e  c e n t r a l  p i n  a l o n e .  
The a d d i t i o n  of dyspros ium t o  t h e  second f u e l  r i n g s  w i l l  reduce  t h e  v o i d  

F u e l  3 

+ 1 . 8 %  
+ 1 . 8 %  

F u e l  4 

+ 0 .5% 
+ 0 . 6 %  

F u e l  1 

+ 2 . 7 %  
+ 2 . 5 %  

r e a c t i v i t y  t o  z e r o  b u t  w i l l  r e s u l t  i n  a much l a r g e r  U-235 enr ichment  
r e q u i r e m e n t .  

Bundle-Averaged 

+ 1 . 5 %  
+ 1 . 2 %  

Fue l  2 

+ 2 . 3 %  
+ 2 . 3 %  

Table 3 .12  
The Effect  of Dysprosium on Void Reactivity, 

Enrichment Ftequirements and Maximum Linear Heat Generation m t e  
i n  the  Depleted Uranium Fuel Bundle 

L a t t i c e  
Void 

D y  Content  
i n  

C e n t r a l  P i n  
MLHGR* 
( k w h )  

* based  on a bundle  power of  1000 kW. 

Bundle- 
Averaged 

Enrichment 

Enrichment 
i n  

Rinqs 3 & 4 



Table 3.13 
The Effect of Dysprosium on Void Reactivity, 

Enrichment Requirements and Maximum Linear Heat Generation Rate 
i n  the Regular Fuel Bundle 

Enrichment 
i n  

Rings 3  & 4 

1 .20% 
1 . 4 5 %  
1 . 6 5 %  
1 . 7 8 %  
1 . 9 2 %  

Dy Conten t  
i n  

C e n t r a l  P i n  

L a t t i c e  
Void 
(mk) 

Bundle- 
Averaged 

Enrichment 
MLHGR* 
(kw/m) 

* b a s e d  on a  bund le  power of 1000 kW. 

F i g u r e  5 shows t h e  r e l a t i o n s h i p s  between v o i d  r e a c t i v i t y  and U-235 requirement  
f o r  d i f f e r e n t  d i s c h a r g e  f u e l  burnups f o r  t h e  s t a n d a r d  CANFLEX f u e l  d e s i g n .  
D e p l e t e d  uranium and dyspros ium were used  i n  t h e  i n n e r  e i g h t  f u e l  p i n s .  The 
U-235 enr i chments  r e q u i r e d  t o  a c h i e v e  z e r o  v o i d  r e a c t i v i t y  a r e  1 . 1 2  w t % ,  1 . 4 4  
w t % ,  and  1 . 8 2  w t %  f o r  f u e l  d i s c h a r g e  burnups of 7,000 MWd/teU, 14,000 MWd/teU 
and 21,000 MWd/teU r e s p e c t i v e l y .  

S i m i l a r  r e s u l t s  a r e  shown i n  F i g u r e  6 f o r  t h e  s t a n d a r d  37-element f u e l  d e s i g n .  
The U-235 enr ichment  r e q u i r e d  t o  a c h i e v e  z e r o  v o i d  r e a c t i v i t y  a r e  1 .18  w t % ,  
1 .52  w t %  and 1 .92  w t %  f o r  d i s c h a r g e  burnups of 7,000 MWd/teU, 14,000 MWd/teU 
and 21,000 MWd/teU r e s p e c t i v e l y .  

4.  CONCLUSIONS 

The u s e  of  d e p l e t e d  uranium i n  t h e  i n n e r  p i n s  of  CANDU f u e l  b u n d l e s  
s i g n i f i c a n t l y  r educes  t h e  U-235 enr ichment  p e n a l t y  due  t o  c o o l a n t  v o i d  
r e a c t i v i t y  r e d u c t i o n  and improves uranium u t i l i z a t i o n .  The s u c c e s s f u l  
development of low v o i d  r e a c t i v i t y  f u e l  bund les  e n a b l e s  t h e  CANDU r e a c t o r  
d e s i g n e r s  t o  d e s i g n  a CANDU wi th  any t a r g e t e d  v o i d  r e a c t i v i t y ,  even n e g a t i v e  
v o i d  r e a c t i v i t y  . 
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FIGURE 4 

Void Reactivity vs Enrichment 
43-Element Design with Large Ce; tral Pin 

Effect of Depleted U in inner 8 Pins 

Void Reactivity (mk) 

Enrichment (wt% U235) 
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bundle averaged discharge fuel burnup 
is 21,000 MWd/teU for all cases 
void reactivity at critical k-infinity 



FIGURE 5 

Lattice Void Reactivity vs Enrichment 
43-elements CANFLEX Design for 

different exit fuel bumups 
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Void Reactivity at Critical k-infinity 
Uranium Tails & Dy in Central 8 pins 



FIGURE 6 

Lattice Void Reactivity vs Enrichment 
37-elements Design for 

different exit fuel bumups 
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+ 14000 MWd/te 

Void Reactivity at Critical k-infinity 
Uranium Tails & Dy in Central 7 pins 


