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A  " P O I S O N - F R E E "  L O A D I N G  O F  U 0 2  A N D  P u - A 1  

I N  T H E  P R C F  W I T H  - D 2 0 - M O D E R A T O R  

V .  0.  U o t i n e n  

I N T R O D U C T I O N  

The c o n t r o l  r o d s  t h a t  a r e  used  i n  t h e  

D20-moderated P lu tonium Recycle  C r i t i c a l  

F a c i l i t y  (PRCF) a r e  of  t h e  " s h u t t e r "  

t y p e  s o  t h a t ,  i n  t h e i r  normal "wi th-  

drawn" p o s i t i o n ,  t h e r e  i s  s t i l l  a  l a r g e  

amount of  cadmium i n  t h e  r e a c t o r .  ( 1  

Thus, under  normal  o p e r a t i n g  c o n d i t i o n s  

t h e  t h r e e  c o n t r o l  r o d s  c r e a t e  t h r e e  

l a r g e  f l u x  s i n k s  i n  t h e  r e a c t o r .  Th i s  

r e p o r t  d e s c r i b e s  an exper iment  t h a t  has  

been conducted  t o  e s t a b l i s h  a  c r i t i c a l  

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

r ods  and t h e i r  t h imb le s  removed from t h e  

r e a c t o r .  This  exper iment  de t e rmined  a  

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

" p o i s o n - f r e e "  c o r e .  

The PRCF c o n t a i n e d  f u e l  i n  a  two- 

zone l o a d i n g ,  an  i n n e r  zone of  n a t u r a l  

uranium o x i d e ( 2 )  and an o u t e r  zone of  

1 . 8  w t %  Pu-A1. ( 3 )  The f u e l  e l emen t s  

were 1 9 - r o d  c l u s t e r s  and were a r r a n g e d  

i n  a  hexagonal  l a t t i c e  w i t h  an 8  i n .  

p i t c h .  

S U M M A R Y  

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

a t i o n  c o n t a i n e d  24 U02 f u e l  e l emen t s  

and 16 Pu-A1 f u e l  e l e m e n t s .  With t h i s  

l oad ing  t h e  r e a c t o r  was c r i t i c a l  a t  a 

modera tor  h e i g h t  of 98.15 i n .  I n  t h i s  

c o n t r o l - r o d - f r e e  l o a d i n g ,  measurements 

were made of t h e  r a d i a l  d i s t r i b u t i o n  of  

t h e  r e a c t i o n  r a t e  of  g o l d  f o i l s .  The 

Wes t co t t  e p i t h e r m a l  i n d e x ,  r ,  was d e t e r -  

mined from a  cadmium r a t i o  measurement.  

A l so ,  t h e  r e a c t i v i t y  wor th  of  e ach  con- 

t r o l  r od  was measured a s  t h e  c o n t r o l  

r o d s  were r e i n s t a l l e d ,  one a t  a  t i m e .  

A c a l c u l a t i o n  has  been per formed w i t h  

t h e  one -d imens iona l  d i f f u s i o n - t h e o r y  

code H F N ( ~ )  t o  o b t a i n  a n a l y t i c a l  v a l u e s  

of t h e  e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r  

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

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

t i v e  m u l t i p l i c a t i o n  f a c t o r  i s  ~ 0 . 7 %  h i g h  

and t h e  c a l c u l a t e d  c r i t i c a l  r a d i u s  i s  

Q 2 %  low. 

D E S C R I P T I O N  O F  F U E L  

The U02 f u e l  e lements  c o n t a i n e d  

n a t u r a l  uranium d i o x i d e .  The p lu ton ium 

i n  t h e  Pu-A1 f u e l  e lements  c o n t a i n e d  

93.55 w t %  ~ u ~ ~ ~ ,  6.00 w t %  puZ4O, 0 .45  

w t %  and ~ 0 . 0 1  w t %  ~ u ~ ~ ~ .  Each 

f u e l  e lement  was a  c l u s t e r  of 19 r o d s .  

Each rod  was 88 i n .  long  and 0.500 i n .  

i n  d i ame te r  and sur rounded  by a  0 . 0 3  

i n .  t h i c k  Z i r c a l o y - 2  j a c k e t .  A Z i r c a l o y -  

2 w i r e  wrap,  0.072 i n .  diam, s e p a r a t e d  

t h e  rods  of a  c l u s t e r .  

D E S C R I P T I O N  O F  C O N T R O L  R O D  

Each c o n t r o l  r o d  c o n s i s t s  of two con-  

c e n t r i c  aluminum t u b e s .  The i n n e r  t ube  

(1.000 i n .  O D  w i t h  0.088 i n .  w a l l )  

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

(1.315 i n .  O D  w i t h  0.055 i n .  wall!.  Both 

t u b e s  a r e  e n c l o s e d  i n  an aluminum th im-  

b l e  w i t h  a  1 .660  i n .  O D  and a  0.140 i n .  

w a l l  t h i c k n e s s .  The o u t e r  s u r f a c e s  of 

b o t h  t u b e s  have a l t e r n a t e  6  i n .  long 

r e g i o n s  t h a t  a r e  c o a t e d  w i t h  0.025 i n .  

of cadmium. The r e a c t i v i t y  of  t h e  PRCF 

i s  i n c r e a s e d  by r a i s i n g  t h e  i n n e r  c y l i n -  

d e r  s o  t h a t  i t s  cadmium s e c t i o n s  a r e  

shaded  from the rma l  n e u t r o n s  by t h e  
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cadmium on t h e  o u t e r  c y l i n d e r .  The ( F i g u r e  1 ) .  The c o n t r o l  r o d s  were 

t o t a l  t r a v e l  o f  t h e  i n n e r  c y l i n d e r  from removed one a t  a  t ime  and t h e  l o a d i n g  

t h e  " s h u t t e r  c l o s e d "  p o s i t i o n  t o  t h e  was a d j u s t e d  a t  e ach  s t e p  t o  a c h i e v e  

" s h u t t e r  open" p o s i t i o n  i s  6  i n . ;  and c r i t i c a l i t y  w i t h  two, one ,  and f i n a l l y  

t h e  t o t a l  exposed a r e a  o f  t h e  cadmium w i t h  no  c o n t r o l  r o d s  i n  t h e  r e a c t o r  

s e c t i o n s  i s  c u t  app rox ima te ly  i n  h a l f  ( F i g u r e s  2,  3 ,  and 4) . 
i n  go ing  from "c lo sed1 '  t o  "open."  The c r i t i c a l  c o n f i g u r a t i o n s  a r e  

d e s c r i b e d  i n  Table  I .  L i s t e d  f o r  each  

E X P E R I M E N T A L  R E S U L T S  l o a d i n g  a r e  t h e  p o s i t i o n s  of  c o n t r o l  

C R I T I C A L  C O N F I G U R A T I O N S  r o d s ,  t h e  h e i g h t  o f  t h e  mode ra to r ,  t h e  

The PRCF was i n i t i a l l y  l oaded  t o  t e m p e r a t u r e  of t h e  mode ra to r ,  and t h e  

c r i t i c a l  w i t h  t h e  t h r e e  c o n t r o l  r o d s  a t  e x c e s s  r e a c t i v i t y .  A v a l u e  of  4 .631 x 

a  r a d i u s  of 24 i n .  i n  t h e  r e a c t o r  was used  f o r  t h e  e f f e c t i v e  f r a c t i o n  

0 "02 

@ PuAl 

0 D2° 

@ C o n t r o l  R O ~  

@ S a f e t y  R O ~  

FIGURE I .  PRCF L o a d i n g  D i a g r a m :  
L o a d i n g  N o .  E - 9  



of de l ayed  n e u t r o n s ,  B e f f ,  which was 

used  t o  o b t a i n  v a l u e s  o f  r e a c t i v i t y  i n  

te rms  of  Ak/k. The u n c e r t a i n t i e s  quo t ed  

i n  t h e  l a s t  column of Table  I a r e  due 

on ly  t o  e r r o r s  i n  measur ing  doub l ing  

t i m e s .  

@ Con t ro l  R O ~  

@ S a f e t y  R O ~  

FIGURE 2 .  PRCF L o a d i n g  b i a g r a m :  
L o a d i n g  No. E-12 

Three s a f e t y  r o d  c h a n n e l s ,  which 

c o n s i s t  o f  3 . 5 0  i n .  O D ,  3.115 i n .  I D  

aluminum t h i m b l e s  c o n t a i n i n g  a i r ,  were 

i n  a l l  of t h e  l o a d i n g s  d e s c r i b e d  i n  t h i s  

r e p o r t .  D i f f u s i o n - t h e o r y  c a l c u l a t i o n s  
~ r e d i c t  a  wor th  of 8 . 8  mk f o r  r e p l a c i n g  

t h e s e  t h r e e  channe l s  w i t h  D 2 0 .  

@ C o n t r o l  Rod 

@ S a f e t y  Rod 

0 uo- 

FITGURE 3 .  PRCF L o a d i n g  Diagram:  
L o a d i n g  No. E-14 



H o r i z ~ n t a l  @ C o n t r o l  Rod 
T r a v e r s e  Tube 

@ S a f e t y  R O ~  

FIGURE 4 .  PRCF L o a d i n g  D i a g r a m :  
L o a d i n g  N o .  E- 1 7  

R E A C T I O N  R A T E S  O F  G O L D  F O I L S  

The a c t i v a t i o n  of  g o l d  f o i l s  was 

de t e rmined  a s  a  f u n c t i o n  of  r a d i a l  p o s i -  

t i o n  i n  t h e  c o n t r o l - r o d - f r e e  r e a c t o r .  

Th i s  was done by i r r a d i a t i n g  g o l d  f o i l s ,  

0 .500 i n .  i n  d i ame te r  and 0.005 i n .  

t h i c k ,  i n  a  3 /4  i n .  OD aluminum t u b e  which 

s p a n s  t h e  r e a c t o r  h o r i z o n t a l l y  a t  a  

d i s t a n c e  o f  3  f t .  10 i n .  below t h e  t o p  

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

3 .5  i n .  of t h e  c e n t e r  o f  t h e  r e a c t o r .  

Two of  t h e  f o i l s  were cove red  w i t h  40 

m i l s  of cadmium. 

The r e s u l t s  o f  t h e  t r a v e r s e  a r e  com- 

p a r e d  i n  F i g u r e  5  w i t h  a  t r a v e r s e  t h a t  

was t a k e n  i n  a  l o a d i n g  t h a t  c o n t a i n e d  

t h r e e  c o n t r o l  r o d s .  The two c u r v e s  

have been no rma l i zed  a t  a  p o i n t  4 i n .  

SSW o f  c e n t e r .  The c u r v e  tha t .  was 

r ep roduced  from Refe rence  1 shows a  

g r e a t e r  d e p r e s s i o n  a t  t h e  c e n t e r  which 

i s  due t o  an  aluminum gu ide  t ube  i n  

t h e  c e n t r a l  c e l l ,  and a  hump on t h e  SSW 

s i d e  which i s  due t o  t h e  p r e s e n c e  of  a  

s a f e t y  rod  v o i d  i n  a  l a t t i c e  p o s i t i o n  

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

expe r imen t  t h i s  hump does  n o t  a p p e a r ,  

because  t h e  s a f e t y  rod  p o s i t i o n s  have 

been r o t a t e d  60".  I n s t e a d  t h e r e  i s  

T A B L E  I .  C r i t i c a l  C o n f i g u r a t i o n s  

P o s i t i o n s  o f  
Loading C o n t r o l  Rods Moderator  Moderator  ( b )  R e a c t i v i t y  , 
Number No. 1 No. 2 No. 3  H e i g h t ,  i n .  Temp. , O C  m i l l i - k  

E - 9  open open c l o s e d  105 .25  24.40 0.762 2 . 001  

E-12 removed open 4 .5  i n .  open 105 .25  24.50 1 .029  + .002 - 
E-14 removed removed open 105 .25  25.08 0 .831  + .001  - 
E-17 removed removed removed 100 .  O O ( ~ )  25.35 1 . 0 7 7  - + .004 

( " ~ a i s i n ~  t h e  m o d e r a t o r  f r o m  1 0 0 . 0 0  t o  1 0 5 . 2 5  i n .  i n c r e a s e s  t h e  r e a c t i v i t y  b y  
1 . 6 2  f . 0 6  m k .  

l b ) ~ h e  m o d e r a t o r  t e m p e r a t u r e  r e a c t i v i t y  c o e f f i c i e n t  i s  - 0 . 2 4 6  f .005 r n k / ' c  



SS1 H o r i z o n t a l  P o s i t i o n  ( i n c h e s  from c e n t e r )  N N E  -4 

FIGURE 5. Radial Traverse with Gold 
Foils. The two curves have been 
normalized at a position 4 in. SSW of 
center. 

now a  hump on t h e  NNE s i d e ,  which now c e n t e r  and  8 . 1 6  + 0 . 0 8  f o r  t h e  p o i n t  on - 
c o n t a i n s  a  s a f e t y  r o d  v o i d .  A l s o ,  t h e  t h e  NNE s i d e  o f  c e n t e r .  

hump on t h e  NNE s i d e  i s  enhanced  b e -  The W e s t c o t t  e p i t h e r m a l  i n d e x ,  r ,  was 

c a u s e  a  c o n t r o l  r o d  h a s  b e e n  removed d e t e r m i n e d  f rom t h e  f o r m u l a  (4) 

f rom t h e  NNE s i d e .  

The measured  cadmium r a t i o  f o r  t h e  C ~ R ( O )  = s + 7 
0 . 0 0 5  i n .  t h i c k  g o l d  f o i l s  i s  8 . 1 1  - + 

[ ,&I-' ( I )  

0 . 0 8  f o r  t h e  p o i n t  on t h e  SSW s i d e  o f  Here  g ,  r ,  and s a r e  t h e  q u a n t i t i e s  t h a t  



i e f i n e  t h e  e f f e c t i v e  c r o s s  s e c t i o n  o i n  

t he  W e s t c o t t  n o t a t i o n ,  i . e . ,  

a  = a o ( g  + r s )  

where a  i s  t h e  c r o s s  s e c t i o n  f o r  
0 

n e u t r o n s  w i t h  a  v e l o c i t y  of  2200 m/sec.  

The K i n  Equa t ion  1 i s  a  cadmium t r a n s -  

mi s s ion  f a c t o r  f o r  t he rma l  n e u t r o n s ,  T  

i s  t h e  n e u t r o n  t e m p e r a t u r e ,  and To i s  a  

r e f e r e n c e  t e m p e r a t u r e  (293 .6  OC) . As 

o b t a i n e d  from Refe rence  4, t h e  q u a n t i t i e s  

g ,  S ,  and K a r e  1 .005 ,  1 7 . 2 8 g o  and 

2.2931 r e s p e c t i v e l y .  The CdR(0) i n  

Equa t ion  1 i s  t h e  cadmium r a t i o  f o r  an 

i n f i n i t e l y  d i l u t e  f o i l .  

The CdR(0) was de t e rmined  from t h e  

measured cadmium r a t i o  CdR u s i n g  t h e  

formula  

The Q - f a c t o r  f o r  a  5 m i l  g o l d  f o i l  was 

o b t a i n e d  from measurements  by J a c k s  (5 )  

and  i s  0 .2288.  The F  i s  a  c o r r e c t i o n  

f a c t o r  which a c c o u n t s  f o r  e p i t h e r m a l  

n e u t r o n  a b s o r p t i o n  by t h e  cadmium. Using 

a  v a l u e  of 1 .02 f o r  F and a  v a l u e  of  

8 .14  - + 0.08 f o r  t h e  measured cadmium 

r a t i o ,  we o b t a i n  2 .65  - + 0.02 f o r  CdR(0). 

T h i s ,  i n  t u r n ,  r e s u l t s  i n  a  v a l u e  of  

0.0338 - + 0.0004 f o r  t h e  q u a n t i t y  rm0 

by us ing  Equa t ion  1. 

A p r e v i o u s  measurement of  a  g o l d  

cadmium r a t i o  i n  a  s i m i l a r  l o a d i n g  

i n  t h e  PRCF h a s  been r e p o r t e d  i n  

Re fe r ence  1. The cadmium r a t i o  of  

a  6 m i l  g o l d  f o i l  (40 m i l s  cadmium) 

was found  t o  be 8.2 2 0.2 a t  a  

r a d i u s  of 1 1 . 7  i n .  T h i s  r e s u l t s  i n  

a  v a l u e  of  0.0354 - + 0.0009 f o r  t h e  

q u a n t i t y  r Jw. 

The q u a n t i t y  r Y q  h a s  a l s o  

been deduced from l u t e t i u m  a c t i v a t i o n  

d a t a  which were a c q u i r e d  i n  an  

expe r imen t  i n  t h e  PRTR. ( 6 )  The PRTR 

d a t a  r e s u l t  i n  a  v a l u e  of 0.045 2 
0.004 f o r  r.J7/Th a t  a  p o i n t  i n  t h e  

modera tor .  Th i s  p o i n t  i s  between 

U02 c l u s t e r s  and i s  a s  f a r  a s  p o s s i b l e  

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

The PRTR measurement r e s u l t s  i n  

a  l a r g e r  v a l u e  of r t h a n  t h e  PRCF 

measurements .  The PRTR r e s u l t  i s  

c h a r a c t e r i s t i c  o f  t h e  spec t rum i n  

t h e  mode ra to r ;  whereas ,  t h e  PRCF 

r e s u l t  i s  c h a r a c t e r i s t i c  o f  t h e  s p e c -  

t rum i n s i d e  t h e  h o r i z o n t a l  aluminum 

tube  i n  which t h e  f o i l s  were p l a c e d .  

Another  d i f f e r e n c e  between t h e  two 

c a s e s  i s  t h a t  each  f u e l  c l u s t e r  i n  

t h e  PRTR i s  su r rounded  by an aluminum 

t u b e ;  whereas ,  t h e  c l u s t e r s  i n  t h e  

PRCF a r e  n o t .  The volume r a t i o  of  

DZO-to-UOZ i s  11 .8  i n  t h e  PRTR and 

13 .6  i n  t h e  PRCF. 

R E A C T I V I T Y  WORTH OF CONTROL RODS 

R e a c t i v i t y  wor th s  of  i n c r e m e n t a l  

movements of c o n t r o l  r o d  No. 3  were 

measured i n  l o a d i n g s  E-9 ,  E - 1 2 ,  and E-14 .  

( F i g u r e s  1 th rough  3  and Table  I ) .  

Assuming t h a t  t h e  shape  of t h e  i n t e g r a l  

worth cu rve  f o r  t h i s  c o n t r o l  r o d  remains  

unchanged a s  t h e  c o r e  s i z e  i s  v a r i e d ,  

we can  de t e rmine  t h e  wor th  o f  t h e  rod  

( f rom s h u t t e r - c l o s e d  t o  s h u t t e r - o p e n )  

i n  each  of t h e s e  l o a d i n g s .  C a l i b r a t i o n s  

of t h e  PRCF c o n t r o l  r o d s  have been 

r e p o r t e d  i n  Reference  1, where b o t h  

d i f f e r e n t i a l  and i n t e g r a l  wor th  c u r v e s  

a r e  p r e s e n t e d .  When t h e  p r e s e n t  

measurements a r e  compared w i t h  t h e  

r e s u l t s  r e p o r t e d  i n  Re fe r ence  1 ,  we 



f i n d  t h a t  t h e  wor th  of  c o n t r o l  r o d  No. C A L C U L A T I O N S  

3  from t h e  s h u t t e r - c l o s e d  p o s i t i o n  t o  The e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r  

t h e  s h u t t e r - o p e n  p o s i t i o n  i s  1 .76 ,  1 .53 ,  and t h e  c r i t i c a l  r a d i u s  have been 

and 1 . 3 1  mk i n  l o a d i n g s  E-9 ,  E-12,  c a l c u l a t e d  by u s i n g  t h e  one-d imens iona l  

and E-14 r e s p e c t i v e l y .  

A f t e r  t h e  c o n t r o l - r o d - f r e e  conf  i g u r -  N 
a t i o n  had been e s t a b l i s h e d ,  t h e  c o n t r o l  

r ods  and  t h e i r  t h imb le s  were r e i n s t a l l e d ,  

one a t  a  t ime ,  i n t o  t h e  PRCF; and 

measurements were made t o  de t e rmine  

t h e  change i n  r e a c t i v i t y  produced  by 

each  s u c c e s s i v e  a d d i t i o n .  The c o n t r o l  

r ods  were i n  t h e i r  " s h u t t e r s  open" 

c o n d i t i o n .  

O O Q O O  
905 907 909 911 913 

The r e s u l t s  a r e  shown i n  Table  11 .  O Q Q O 0 O 0 0 0  
Loadings E-25 and E-27 a r e  i d e n t i c a l  t o  501 503 505 507 509 511 513 515 517 

l o a d i n g s  E-12 and E-14, r e s p e c t i v e l y ,  

( F i g u r e s  2 and 3) ; and l o a d i n g  E- 2  3  i s  
0 0 0 0 0 0 0 0  
402 404 406 408 410 4 1 2  414 416 

shown i n  F igu re  6 .  The n e g a t i v e  wor th  

of a  c o n t r o l  r od  i n c r e a s e d  w i t h  each  
0 0 0 0 8 0 0  
303 305 307 309 311 313 315 

s u c c e s s i v e  a d d i t i o n  because  t h e  e n -  

vironment  i n t o  which t h e  c o n t r o l  r o d  
0 0 0 0 0 0  
204 206 208 2 1 0  2 1 2  214 

was p l a c e d  was d i f f e r e n t  f o r  each  

l o a d i n g .  The s u b c r i t i c a l  method of  

de te rming  r e a c t i v i t y  changes from 

changes i n  m u l t i p l i c a t i o n  i s  i n h e r e n t l y  

l e s s  a c c u r a t e  t han  t h e  s u p e r c r i t i c a l  

method whlcn i n v o l v e s  measur ing  p o s i -  

t i v e  p e r i o d s .  Th i s  f a c t  i s  r e f l e c t e d  

by t h e  r e l a t i v e l y  l a r g e  u n c e r t a i n t i e s  

i n  t h e  c o n t r o l  r o d  wor ths  t h a t  were 

de te rmined  s u b c r i t i c a l l y .  

O O Q O O  
105 107 109 111 113 

C o n t r o l  Rod 

S a f e t y  Rod 

u0 2 

PuAl 

D,O 

FIGURE 6 .  PRCF Loading Diagram: 
Loading No. E-23 

TABLE I I .  R e a c t i v i  t i e s  o f  PRCF C o n t r o l  Rods ( I n c l u d i n g  T h i m b l e s )  

I n i t i a l  ~ a t t i c e ( ~ )  Method of Nega t ive  
Loading P o s i t i o n  Measurement Worth, M i l l i - k  

E-23 515 P o s i t i v e  P e r i o d  3.7 - + 0 . 1  

E-25 806 S u b c r i t i c a l  6 .2  - + 0 .6  
M u l t i p l i c a t i o n  

E-27 206 S u b c r i t i c a l  7 .1  - + 0 . 5  
M u l t i p l i c a t i o n  

( a ) ~ h i s  i s  t h e  l a t t i c e  p o s i t i o n  i n t o  w h i c h  t h e  c o n t r o l  
r o d  was oZaced .  



d i f f u s i o n - t h e o r y  code H F N ( ~ )  and 

assuming f o u r  groups  o f  n e u t r o n  e n e r g i e s  

a s  d e s c r i b e d  i n  Tab l e  111 .  C e l l  a v e r -  

age c r o s s  s e c t i o n s  f o r  t h e  HFN c a l c u -  

l a t i o n s  were g e n e r a t e d  w i t h  t h e  codes 

THERMOS, ( 8 )  TEMPEST, and HRG. ( I 0 )  

For  THERMOS c a l c u l a t i o n s  i n v o l v i n g  

c l u s t e r e d  f u e l  e l e m e n t s ,  t h e  f u e l  was 

assumed t o  be i n  t h r e e  c o n c e n t r i c  r i n g s  

which were s e p a r a t e d  by r e g i o n s  o f  

c l a d d i n g  and D20 ( F i g u r e  7 ) .  The 

s c a t t e r i n g  model assumed f o r  D,O was a  

mod i f i ed  Ne lk in  model (I1) w i t h  i s o t r o p i c  

s c a t t e r i n g  i n  t h e  l a b o r a t o r y  c o o r d i n a t e  
sys tem.  The t e c h n i q u e  u sed  f o r  s p a t i a l  

c o r r e c t i o n  i n  t h e  s l owing  down c a l c u -  

l a t i o n  was t h e  same a s  d e s c r i b e d  i n  

Reference  12 .  Thermal c r o s s  s e c t i o n s  

TABLE I I I .  Group Boundary E n e r g i e s  

Group Lower Energy Upper Energy 

1 1 1 . 7  keV 10 MeV 

2  2.38 eV 1 1 . 7  keV 

f o r  a  s a f e t y  rod  c e l l  w i t h  cadmium 

removed were o b t a i n e d  from a  c a l c u l a -  

t i o n ( 1 3 )  u s i n g  t h e  code  TEMPEST. The 

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

were 0.8267,  0 .0358 ,  and 0 .1375 ,  r e s p e c -  

t i v e l y ,  f o r  D20, aluminum, and v o i d .  The 

r e g i o n s  u sed  i n  t h e  d i f f u s i o n  t h e o r y  

c a l c u l a t i o n  a r e  l i s t e d  i n  T a b l e  IV. 

The c a l c u l a t e d  e f f e c t i v e  m u l t i p l i -  

c a t i o n  f a c t o r  k  was 1 .0068  f o r  t h e  e f f  

ACTUAL GEOMETRY OF 19-ROI) FU1.L CI.USTLR 

FUEL ROD 
Diam = 0.500 in. 

ZIRCALOY-2 CLADDIYG 
Thickness = 0.030 in. 

OD = 0.568 in. 

ZIRCALOY-2 

FLIEL 

MODEL OF 19-ROD FUEL CLUSTER 

REGION NO. 

10 

Y 

8 

7 

MATERIAL 

Clad 

Fue 1 

Clad 

D2° 
Clad 

Fue 1 

Clad 

D2 O 
Clad 

Fue 1 

OUTER 
RADIUS, IN. 

FIGURE 7 .  Geometry  o f  19-Rod Fue l  
C l u s t e r  



T A B L E  I V .  Reg ions  Used i n  D i f f u s i o n -  
Theory CaZcuZat ion 

O u t e r  No. o f  E l e m e n t a r y  
M a t e r i a l  R a d i u s ,  cm C e l l s  i n  Reg ion  

U 0 2  F u e l  42.676 1 6  

S a f e t y  Void 46 .505  3  

U02 F u e l  55 .438  8  

Pu-A1 f u e l  6 9 . 9 6 1  1 6  

D2° 92.075 ( r e f  l e c t o r )  

A1 + Cd 92 .126  ( r e a c t o r  v e s s e l  
w a l l )  

j u s t  c r i t i c a l  c o n d i t i o n  of  t h e  l o a d i n g  

r e p r e s e n t e d  by F igu re  4. The c a l c u l a t e d  

c r i t i c a l  r a d i u s  was 68.78 cm; whereas ,  

t h e  "measured" c r i t i c a l  r a d i u s  was 

69.96 cm. The "measured" c r i t i c a l  

r a d i u s ,  R ,  was d e f i n e d  a s  R =E, 
where N i s  t h e  number of  l a t t i c e  

p o s i t i o n s  occup ied  by f u e l  o r  s a f e t y  

r o d  v o i d s ,  and A i s  t h e  a r e a  of a  

u n i t  c e l l .  The c a l c u l a t i o n s  were 

per formed assuming a  t empera tu re  o f  

20 "C and a  modera tor  h e i g h t  o f  105.25 

i n .  The c a l c u l a t e d  r e s u l t s  have been 

c o r r e c t e d  t o  a g r e e  w i t h  t h e  e x p e r i m e n t a l  

t empe ra tu re  (25.35 "C) and modera tor  

h e i g h t  ( 98.15 i n .  ) .  A t empera tu re  

c o e f f i c i e r t  o f  -0 .246  mk/"c(14)  was 

used  t o  c o r r e c t  f o r  t h e  d i f f e r e n c e  i n  

t e m p e r a t u r e ,  and p u b l i s h e d  modera tor  

r e a c t i v i t y  wor th  c u r v e s ( 1 5 )  were used 

t o  c o r r e c t  f o r  t h e  d i f f e r e n c e  i n  

modera tor  h e i g h t .  

R e l a t i v e  r e a c t i o n  r a t e s  of  b a r e  

g o l d  f o i l s  were o b t a i n e d  from t h e  

c a l c u l a t e d  f l u x e s .  The r e l a t i v e  

r e a c t i o n  r a t e ,  R ( r ) ,  was d e f i n e d  a s  

where 

The ' th ,  c  i s  t h e  t he rma l  f l u x  (0 t o  

0 .683  eV) a s  c a l c u l a t e d  w i t h  t h e  

code HFN, and @ i s  t h e  sum of  t h e  
F , c  

f l u x e s  of t h e  nonthermal  groups  

(groups  1, 2 and 3  i n  Table  111) a s  

c a l c u l a t e d  w i t h  HFN. The o t h e r  p a r a  

me te r s  a r e  d e f i n e d  a s  f o l l o w s :  

o = mic roscop ic  a c t i v a t i o n  c r o s s  
0 s e c t i o n  a t  2200 m/sec 

f  = n o n - l / v  c o r r e c t i o n  f a c t o r  

D t h  = ave rage  f o i l  d i s a d v a n t a g e  
f a c t o r  f o r  t he rma l  Maxwelliam 
n e u t r o n s  

Des = ave rage  f o i l  d i s a d v a n t a g e  f a c -  
t o r  f o r  ep i thermal -subcadmium 
n e u t r o n s  

RIec = e f f e c t i v e  epicadmium r e s o -  
nance  i n t e g r a l  

RIes = epi thermal -subcadmium r e s o -  
nance  i n t e g r a l .  

The c o n s t a n t  C was de t e rmined  

e x p e r i m e n t a l l y ,  and i t  r e l a t e s  t h e  

r a t i o ,  $ th /$F ,  o f  t h e  a c t u a l  t he rma l  

and e p i t h e r m a l  f l u x e s  t o  t h e  r a t i o  

c a l c u l a t e d  w i t h  HFN. The c a l c u l a t e d  

r a t i o ,  $ t h , c / $ F , c ,  i s  1 .624  a t  r = 

8.0 i n .  Thus, t h e  c o n s t a n t  C i s  

g iven  by 

where CdR i s  t h e  measured go ld  cad -  

mium r a t i o  a t  r = 8 .0  i n .  

I n s e r t i n g  Equa t ion  ( 7 )  i n t o  

Equat ion  ( 5 ) ,  and u s i n g  t h e  measured 

cadmium r a t i o ,  8 . 1 4 ,  we have 

The v a l u e s  used  f o r  D e s  (16)  (16) Y 

,,-\ R1es 
and RIeCL") a r e  1.0412,  52 b a r n s ,  



and 354 b a r n s ,  r e s p e c t i v e l y .  The 

r e l a t i v e  r e a c t i o n  r a t e  i s ,  t h u s ,  

g iven  by 

The R ( r )  i s  shown a s  t h e  s o l i d  

curve  i n  F igu re  8 ,  where i t  i s  

compared wi th  t h e  observed  go ld  a c t i -  

v a t i o n  d i s t r i b u t i o n .  The c a l c u l a t e d  

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

t h e  N N E  t r a v e r s e  t h a n  w i t h  t h e  SSW 

t r a v e r s e  because  t h e  geometry used 

i n  t h e  c a l c u l a t i o n  more c l o s e l y  r e -  

sembles t h e  geometry on t h e  NNE s i d e .  

C O N C L U S I O N S  

I t  i s  d i f f i c u l t  t o  a c c u r a t e l y  

r e p r e s e n t  d i s c r e t e  c o n t r o l  rods  i n  a  

one-d imens ional  d i f f u s i o n  t h e o r y  c a l -  

c u l a t i o n .  To a s s i s t  i n  t h e  e v a l u a t i o n  

o f  c a l c u l a t i o n a l  methods a  c o n t r o l - r o d -  

f r e e  c r i t i c a l  c o n f i g u r a t i o n  was assem- 

b l e d  i n  t h e  D20-moderated PRCF. 

A c a l c u l a t i o n  w i t h  t h e  d i f f u s i o n  

t h e o r y  code HFN, u s i n g  c e l l - a v e r a g e  

c r o s s  s e c t i o n s  g e n e r a t e d  w i t h  t h e  

codes  THERMOS, TEMPEST, AND H R G ,  

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

f a c t o r  t o  w i t h i n  0 . 7 %  o f  t h e  measured 

v a l u e  f o r  t h e  c o n t r o l - r o d - f r e e  

l o a d i n g  o f  U02 and Pu-A1 c l u s t e r s .  

R a d i u s ,  I n c h e s  

- 

- 

- 

- 
C y l i n d r i c i z e d  Core  

( 2 7 . 5  i n . )  

- 

- 

- 

FIGURE 8 .  Comparison Be tween  C a l c u Z a t e d  and Observed  
Gold A c t i v i t y  ( T h e  T i p s  o f  t h e  E r r o r  F l a g s  D e f i n e  
t h e  NNE and SSW Exper imen taZ  T r a v e r s e s .  The S o l i d  L i n e  
i s  t h e  CaZcuZated A c t i v i t y  from H F N .  The C u r v e s  Have 
Been N o r m a l i z e d  a t  t h e  C e n t e r . )  

I I I I I 



The calculational scheme of THERMOS, 4 .  C. H .  W e s t c o t t .  ~ f f e c t i v e  C r o s s  
S e c t i o n  V a l u e s  f o r  W e l l - M o d e r -  

HRG, TEMPEST, and HFN has been used a t e d  T h e r m a l  R e a c t o r  S p e c t r a ,  
to calculate the effective multipli- CRRP-960, N a t i o n a l  R e s e a r c h  

(18) C o u n c i l  o f  Canada,  A t o m i c  E n e r g y  cation factor of a Pu-A1-DZO loading P r o j e c t ,  C h a l k  R i v e r ,  O n t a r i o .  
the calculated keff is % 4 %  high. The November  1 ,  1 9 6 0 .  

same calculational method has been 5 .  G .  M .  J a c k s .  A  S t u d y  o f  T h e r m a l  

used to calculate infinite multipli- and  R e s o n a n c e  N e u t r o n  F l u x  

(19) D e t e c t o r s ,  DP-608, E. I .  d u  P o n t  cation factors for UOZ-DZO systems; d e  Nemours  & Co., A i k e n ,  S o u t h  
the calculated km are consistently C a r o l i n a .  A u g u s t  1 9 6 1 .  

a3% low. Thus, it appears that the 6 .  J .  R. T r i p l e t t ,  R.  E. Dunn, V .  W .  
good agreement that we obtain between G u s t a f s o n ,  R. E. P e t e r s o n ,  J .  J .  - - 

R e g i m b a l ,  J .  T .  R u s s e l l ,  a n d  the calculated and measured keff for L. C. S c h m i d .  P l u t o n i u m  R e c y c l e  
our two-zone loading may be the result T e s t  R e a c t o r  C r i t i c a l  T e s t  R e s u l t s ,  

HW-61900BA. G e n e r a l  E l e c t r i c  Co . ,  of compensating errors. R i c h l a n d ,  W a s h i n g t o n .  1 9 6 1 .  
The calculated gold activity is - 

7 .  J .  R. L i l l e y .  C o m p u t e r  Code H F N -  considerably greater than tl~e measured M u l t i g r o u p  M u l t i r e g i o n  N e u t r o n  
activity at radii greater than a20 in. = f u s i o n  T h e o r g  i n  One S p a c e  

D i m e n s i o n ,  HW-71545, G e n e r a l  This discrepancy may be caused in part E l e c t r i c  Co. .  R i c h l a n d .  W a s h i n a t o n .  
by the failure of diffusion theory to November  1 7 ,  1961 .  

adequately represent events near the 8 .  H .  C. Honeck .  THERMOS: A  T h e r -  
core-reflector boundary. Another m a l i z a t i o n  T r a n s p o r t  T h e o r y  Code 

f o r  R e a c t o r  L a t t i c e  C a Z c u l a t i o n s ,  
reason for the discrepancy may be BNL-5826, B r o o k h a v e n  N a t i o n a l  
because the calculational method con- L a b o r a t o r y ,  U p t o n ,  N .  Y. 

sistently overestimates the resonance 9.  R. H .  S h u d d e  and  J .  Dyer .  NAA 
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