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ABSTRACT

T h e  r e s u l t s  o f e x p o n e n t ia l  e x p e r im e n t s  w i th  g r a p h i t e - m o d e r a t e d  

l a t t i c e s  c o n ta in in g  m u l t i r o d  f u e l  c lu s t e r s  a r e  p r e s e n t e d .  T h r e e  l a t ­

t ic e s  of d i f f e r e n t  s p a c in g s  w h e r e  th e  f u e l  c lu s t e r s  f o r m  r e g u l a r  h e x ­

a g o n s ,  a n d  one s q u a re  la t t i c e  w e r e  s tu d ie d .  F u e l  c lu s t e r s  w e r e  of a 

u r a n iu m  m o ly b d e n u m  a l lo y .  S o m e  m e a s u r e m e n t s  w e r e  a ls o  m a d e

u s in g  a s in g le  u r a n i u m  c a r b id e  f u e l  c l u s t e r  and a u r a n i u m  m o ly b d e -
235

n u m  f u e l  e le m e n t  o f l o w e r  U  e n r ic h m e n t .  T h e  r e s u l t s  a r e  p r e ­

s e n te d  f o r  m e a s u r e m e n t s  of t h e r m a l  n e u t r o n  d i f f u s io n  le n g th  ( L )  of
2

th e  m o d e r a t o r  in  e a c h  a s s e m b ly ,  m a t e r i a l  b u c k l in g  (B  ) f o r  the v a r ­

io us  l a t t i c e s ,  d e t a i l e d  n e u t r o n  f lu x  d i s t r ib u t io n s ,  t h e r m a l  u t i l i z a t io n ,  

( f )  a n d  the  r a t io s  in v o lv e d  in  r e s o n a n c e  e s c a p e  p r o b a b i l i t y  ( r  ) an d  

f a s t  e f fe c t  ( r  ^). T h e  r e s u l t s  a r e  p r e s e n t e d  in  d e t a i l  in  th is  r e p o r t  

so th e y  ca n  be u s e d  as a c o m p a r is o n  f o r  t h e o r e t i c a l  c a lc u la t io n s  and  

t h e r e f o r e  a id  in  im p r o v in g  c a lc u la t io n a l  m o d e ls .
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I. INTRODUCTION

F o r  th e  f i r s t  f u e l  lo a d in g  o f the s o d iu m - c o o le d ,  g r a p h i t e - m o d e r a t e d  r e a c t o r  

in  the H a l l a m  N u c le a r  P o w e r  F a c i l i t y  ( H N F F ) , ^  a U - M o  a l lo y  is  to be u sed . B e ­

c a u s e  the  r e a c t o r  c o re  d e s ig n  d i f f e r s  s u b s t a n t ia l l y  f r o m  o th e r  s o d iu m  g r a p h i t e  

r e a c t o r s  f o r  w h ic h  e x p e r i m e n t a l  d e t a i ls  a r e  a v a i l a b le ,  e x p o n e n t ia l  e x p e r im e n t s  

w e r e  p e r f o r m e d  to  p r o v id e  s o m e  f i r m  d a ta  on w h ic h  to  b a s e  c a lc u la t io n s  f o r  the  

r e a c t o r  c o r e .  T h e  d e s ig n  o f  th e  r e a c t o r  in c lu d e s  m u l t i - r o d  fu e l  c lu s t e r s  lo a d e d  

a t  the v e r t i c e s  of r e g u l a r  h e x a g o n s  (h e x a g o n a l  l a t t i c e ) .  T h e  d is ta n c e  a c r o s s  the  

f l a t s  o f the  h e x a g o n s  f o r m e d  b y  th e  f u e l  c lu s t e r s  is  16 in . T h e  U - M o  a l lo y  fu e l  

is  c o n ta in e d  in  s ta in le s s  s te e l  tu b e s ,  a n d  the  c lu s t e r s  of f u e l  ro d s  a r e  i n s e r t e d  

in to  Z i r c a l o y  p r o c e s s  tu b e s .  T h e  m o d e r a t o r  c e l l  is a  g r a p h i te  lo g , h e x a g o n a l  in  

c ro s s  s e c t io n  w i t h  s c a l lo p e d  c o r n e r s ,  c o n ta in e d  in  ty p e  304  s ta in le s s  s te e l  c la d ­

d in g .  T h e  c o o la n t ,  s o d iu m ,  f lo w s  th r o u g h  th e  f u e l  c lu s t e r s  and b e tw e e n  th e  g r a p h ­

i te  m o d e r a t o r  lo g s .

B e c a u s e  of the  d i f f i c u l t y  in  m a k in g  c a lc u la t io n s  f o r  th is  ty p e  g e o m e t r y  and

o th e r  u n c e r t a in t i e s  such as the  v a lu e  of th e  re s o n a n c e  in t e g r a l  of m o ly b d e n u m ,

the  r e a c t o r  c o r e  w a s  m o c k e d - u p  as c lo s e ly  as p r a c t i c a l  in  an  e x p o n e n t ia l  l a t t i c e

an d  th e  l a t t i c e  p a r a m e t e r s  w e r e  m e a s u r e d .  M e a s u r e m e n t s  w e r e  a ls o  m a d e  in

a s s e m b l ie s  w h e r e  the l a t t i c e  s p a c in g  w as  d i f f e r e n t  f r o m  th a t  of the  H N P F  r e a c t o r .

T h is  in c lu d e d  m e a s u r e m e n t s  in  t h r e e  h e x a g o n a l  l a t t i c e s  and one s q u a re  la t t i c e .

T h e  p u rp o s e  w a s  to su p p ly  e x p e r i m e n t a l  r e s u l t s  f o r  s e v e r a l  fu e l  to m o d e r a t o r

r a t io s  as a c h e c k  f o r  t h e o r e t i c a l  c a lc u la t io n s  and to  c o m p a r e  th e  s q u a re  a r r a y  of

fu e l  c l u s t e r s  to th e  h e x a g o n a l  a r r a y .  S o m e  m e a s u r e m e n t s  w e r e  a ls o  m a d e  in  a
235

s in g le  U - M o  f u e l  c lu s t e r  o f lo w e r  U  e n r ic h m e n t  and  a s in g le  1 2 - r o d  U C  fu e l  

e le m e n t .  T h e  m e a s u r e m e n t s  u s in g  the U C  f u e l  e le m e n t  w e r e  m a d e  to s u p p o rt  

s tu d ie s  b e in g  c a r r i e d  out to d e t e r m in e  the r e q u i r e m e n t s  f o r  a second  c o r e  lo a d ­

ing  u s in g  U C  fu e l .

T h e  e x p e r i m e n t a l  m e a s u r e m e n t s  c o n s is te d  of d e t e r m in in g  the  n e u t r o n  f lu x  

d is t r ib u t io n s  f o r  e a c h  a s s e m b ly ,  w i t h  an d  w i th o u t  f u e l ,  in  b o th  h o r i z o n t a l  d i r e c ­

t io n s  an d  a lo n g  the v e r t i c a l  a x is .  F r o m  th e  a n a ly s is  of th e s e  r e s u l t s  the m a t e ­

r i a l  b u c k l in g  (B ^ )  f o r  e a c h  la t t i c e  lo a d e d  w i t h  U - M o  a l lo y  fu e l  w a s  o b ta in e d  an d  

the  t h e r m a l  n e u t r o n  d i f fu s io n  le n g th  ( L )  of the m o d e r a t o r  f o r  e ach  s o l id  g ra p h i te  

s ta c k  w a s  d e t e r m in e d .  D e t a i l e d  m e a s u r e m e n t s  w e r e  m a d e  of the  n e u t ro n  f lu x  

d is t r ib u t io n s  w i t h in  a l a t t i c e  c e l l ,  a n d  the  a v e r a g e  f lu x  in  e a c h  m a t e r i a l  of the
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c e l l  w a s  c a lc u la t e d .  T h e s e  d e t a i le d  i n t r a c e l l  m e a s u r e m e n t s  w e r e  m a d e  in  e ach

h e x a g o n a l  l a t t i c e  u s in g  th e  U - M o  a l lo y  f u e l  and  in  one l a t t i c e  u s in g  th e  s in g le  e l e -  
235

m e n t o f  lo w e r  U  e n r ic h e d  U - M o  f u e l  an d  the  U C  fu e l .  F r o m  th e s e ,  v a lu e s  of 

t h e r m a l  u t i l i z a t i o n  ( f )  w e r e  o b ta in e d .  A ls o  m e a s u r e m e n t s  w e r e  m a d e  in  th e  h e x ­

a g o n a l l a t t i c e s  to  d e t e r m i n e  the r a t io s  of r e s o n a n c e  to  t h e r m a l  c a p tu r e  p r o b a b i l i -
Z38 Z38 Z35

t ie s  (^p) U  , and  th e  U  f is s io n s  to  the U  f i s s io n s  ( r^  ) f o r  the H N P F

typ e  U - M o  f u e l  c lu s t e r s  an d  U C  f u e l  c lu s t e r .  T h e s e  r e s u l t s  a r e  h e r e w i t h  p r e ­

se n te d ,  t o g e t h e r  w i t h  g ra p h s  of t y p ic a l  n e u t r o n  f lu x  d is t r ib u t io n s .

T h e s e  r e s u l t s  h a v e  b e e n  u s e d  as a b a s is  f o r  c h e c k in g  c a lc u la t io n a l  m o d e ls  

u sed  to  d e t e r m i n e  the  e n r ic h m e n t  to be u s e d  f o r  the H N P F  r e a c t o r .  T h e  d e t a i le d  

i n t r a c e l l  n e u t r o n  f lu x  d is t r ib u t io n s  h a v e  b e e n  u sed  to a id  in  s o lv in g  s o m e  of the  

h e a t  t r a n s f e r  p r o b le m s .
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II. PHYSICAL DESCRIPTION OF THE EXPONENTIAL ASSEMBLIES

A  s k e tc h  o f th e  A E - 6  R e a c t o r  w i t h  an  e x p o n e n t ia l  a s s e m b ly  on th e  r e a c t o r  

t h e r m a l  c o lu m n  is  sho w n  in  F i g u r e  1. T h e  A E - 6  w a t e r  b o i l e r  r e a c t o r  and the

FUEL
CLUSTER

GRAPHITE
MODERATOR

WORKING
PLATFORM

VERTICAL  
FOIL HOLDER

HORIZONTAL 
FOIL HOLDER

SUPPORTING
FRAMEWORK

CADMIUM
SHEET

GRAPHITE
REFLECTOR

WATER 
BOILER REACTOR

REACTOR SHIELD

J

L J
/DO^
/o o o o \ooooo\o o q p J\po^

SECTION A-A 
19 ROD FUEL 

CLUSTER

F i g u r e  1. C u ta w a y  V i e w  of E x p o n e n t ia l  A s s e m b ly  and W a t e r  B o i l e r  R e a c to r

2
v e r t i c a l  t h e r m a l  c o lu m n  s u p p ly  the t h e r m a l  n e u tro n s  to  the  e x p o n e n t ia l  a s s e m ­

b ly .  T h e  t h e r m a l  c o lu m n  is  5 f t  in  d i a m e t e r .  T h e  t h e r m a l  n e u t r o n  f lu x  a t  the
5 2top  of th e  t h e r m a l  c o lu m n  is a p p r o x i m a t e l y  5 by 10 n / c m  - s e c - w  g iv in g  a m a x -

9 2i m u m  n e u t r o n  f l u x  of abo ut 10 n / c m  - s e c  f o r  th e  m a x i m u m  o p e r a t in g  p o w e r  of 

the  r e a c t o r .  A s  c a n  be s een  f r o m  the  s k e tc h ,  th e  a s s e m b l ie s  a r e  c o n ta in e d  b y  a 

c a d m iu m  s h e e t .  T h is  c a d m iu m  s h e e t  s e r v e s  as d e f in i te  b o u n d a r ie s  on th e  f o u r
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s id e s  f o r  t h e r m a l  n e u t r o n s .  G r a p h i t e  b lo c k s  and  f u e l  c lu s t e r s  ca n  b e  lo a d e d  

in to  o r  r e m o v e d  f r o m  the  a s s e m b ly  by use o f the  o v e r h e a d  c r a n e .

T h e  g r a p h i t e  m o d e r a t o r  b lo c k s  in  the a s s e m b l y  w e r e  69 in . h ig h . T h e  g r a p h ­

i te  w as  m a c h in e d  to  p r o v id e  c h a n n e ls  f o r  the f u e l  c l u s t e r s ,  th e s e  h o le s  b e in g  

4 .7 5  in . in  d i a m e t e r .  T h e  g r a p h i t e  d im e n s io n s  w e r e  d e s ig n e d  to  a l lo w  s ta c k in g  

a b a s ic  a s s e m b ly  w h e r e  f u e l  c h a n n e ls  a r e  a t  the  v e r t i c e s  of r e g u l a r  h e x a g o n s ,  

the  d is ta n c e  a c r o s s  th e  f l a t s  o f  th e  h e x a g o n s  be in g  13 in . B y  a d d in g  s p a c e r  

b lo c k s  the b a s ic  a s s e m b ly  c o u ld  be e x p a n d e d  to a l lo w  f o r  fu e l  c h a n n e ls  to  be at  

the  v e r t i c e s  of h e x a g o n s  e i t h e r  16 in . o r  19 in . a c r o s s  the  f l a t s .  T h e  l 6 - i n .  

sp a c in g  is  th e  s a m e  as  th a t  p r o p o s e d  f o r  the  H a l l a m  r e a c t o r .  F i g u r e  Z show s  

the top v i e w  of the a s s e m b ly  h a v in g  the  s p a c in g  th e  s a m e  as th a t  of the  H a l l a m  

r e a c t o r .  P r o v is io n s  w e r e  m a d e  to  c o n s t r u c t  one o th e r  ty p e  l a t t i c e .  B y  u s in g  

the b a s ic  b lo c k s  of th e  1 3 - in .  , h e x a g o n a l - t y p e  a s s e m b l y  w i t h  s p e c ia l  s p a c e r s ,  a n  

a r r a y  of s q u a re  l a t t i c e  c e l ls  c o u ld  be o b ta in e d  w h e r e  the  c e l ls  w e r e  9 .5  in .  on a 

s id e .  A  top v i e w  of th is  a s s e m b ly  is  sh ow n  in  F i g u r e  3. T a b le  1 l i s t s  the

HORIZONTAL FOIL 
.HOLDERS

/F U E L  CHANNEL 
\  ^VERTICAL FOIL
\  /^HOLDER

.-SPACER BLOCKS

o -Oo n--^
o ido o o-l

o O o ■O
; / 
b

o o O '

■Q-O'O-oio-t -o'O ■ 6
-o-

O u o u o o o
O o iO o

1̂16 in. —--64 in. —

64.652

F i g u r e  2. S ix t e e n - In c h  H e x a g o n a l -  
T y p e  A s s e m b l y

FUEL CHANNEL-

SPACER. 
BLOCKS

HORIZONTAL FOIL 
^HOLDERS

VERTICAL FOIL 
HOLDER \

o o llo O 'p
-O--O--O-p . Ip -O -

■0 “‘O"p - -Q-p -
o o o iO o o
-o- P i -Ojp -

"O' 'O'p " P "l-9.5in.-| 57 in

57in.

F i g u r e  3. N i n e - a n d - O n e - H a l f - 
In c h  S q u a r e - T y p e  A s s e m b l y

d im e n s io n s  o f e a c h  a s s e m b ly  and th e  n u m b e r  of fu e l  c h a n n e ls  a v a i la b le  f o r  each  

a s s e m b ly .  F o r  b r e v i t y ,  th e  d i f f e r e n t  a s s e m b l ie s  a r e  to  be r e f e r r e d  to as the  

9 - I / 2 - i n .  s q u a r e ,  1 3 - i n . ,  l 6 - i n ,  a n d  1 9 - in .  a s s e m b l ie s  o r  l a t t i c e s  th ro u g h o u t  

the  r e m a i n d e r  of th is  r e p o r t .  G r a p h i t e  f i l l e r  p lu g s ,  69 in . lo ng  b y  4 . 7 4 2 - in. 

d i a m e t e r ,  w e r e  p r o v id e d  to  f i l l  the  e m p t y  f u e l  c h a n n e ls .  W i t h  th e s e  f i l l e r  p lugs  

in  p la c e ,  a s o l id  g r a p h i t e  s ta c k  w as  o b ta in a b le  f o r  e a c h  a s s e m b ly .
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T A B L E  I

A S S E M B L Y  D I M E N S I O N S  A N D  N U M B E R  O F  F U E L  C H A N N E L S

A s s e m b ly X ,  W id th  
( in .  )

Y ,  W id th  
( in .  )

Z ,  H e ig h t  
( in .  )

N u m b e r  o f F u e l  
C h a n n e ls

13 in . h e x a g o n a l 5 2 .0 0 0 5 2 .5 2 8 69 36

16 in . h e x a g o n a l 6 4 .0 0 0 6 4 .6 5 2 69 36

19 in .  h e x a g o n a l 6 6 .5 0 0 6 5 .8 0 8 69 28

9 - 1 / 2  in . s q u a re 5 7 .0 0 0 5 7 .0 0 0 69 36

In  the a c tu a l  H a l l a m  r e a c t o r  c o re ^  the  fu e l  s lugs a r e  to be c o n ta in e d  in  s t a in ­

le s s  s te e l  tu b e s ,  and  s o d iu m  c o o la n t  w i l l  f lo w  th ro u g h  the  fu e l  c lu s t e r s .  A ls o  

z i r c o n i u m  an d  s ta in le s s  s te e l  a r e  to  be u sed  f o r  p r o c e s s  tu bes  and m o d e r a t o r  

c la d d in g .  B e c a u s e  i t  w a s  not p r a c t i c a l  to  m o c k u p  the  s t r u c t u r a l  m a t e r i a l s  f o r  

the e x p o n e n t ia l  e x p e r im e n t s ,  th e y  w e r e  o m i t t e d  e x c e p t  f o r  one m e a s u r e m e n t .

T h is  m e a s u r e m e n t  w i l l  be d is c u s s e d  in  S e c t io n  V I I .

T h e  s o d iu m  a r o u n d  th e  f u e l  e le m e n t s  w a s  m o c k e d - u p  u s in g  a lu m in u m  b e ­

c a u s e  the  tw o  m a t e r i a l s  h a v e  s i m i l a r  p r o p e r t i e s  f o r  t h e r m a l  n e u t ro n s ,  the a l u ­

m in u m  is  e a s i l y  o b ta in e d ,  h as  no l o n g - l i v e d  r a d io a c t iv e  p r o d u c ts ,  is  e a s i ly  m a ­

c h in e d ,  and  p r o v id e s  an  a d e q u a te  m o c k u p  f o r  the  s o d iu m  u sed  in  the a c tu a l  r e a c ­

t o r .  T h e  m a c r o s c o p ic  a b s o r p t io n  and  s c a t t e r in g  c r o s s  s e c t io n s  of the  a lu m in u m  

u s e d  a r e  0 .0 1 4 6  c m   ̂ an d  0 .0 8 3 4  c m   ̂ r e s p e c t i v e l y ,  c o m p a r e d  to v a lu e s  f o r  

s o d iu m  of 0 .0 1 3  c m   ̂ an d  0 .0 8 9  c m  F i g u r e  4 show s a p ic t u r e  o f the  fu e l  h o l d e r . 

T h e  fu e l  h o ld e r s  c o n s is t  o f I IO O F  a l u m i n u m  c y l in d e r s ,  4 - 3 / 4  in . in  d ia m e t e r  by 

66 in .  lo n g  w i t h  19 h o le s  d r i l l e d  p a r a l l e l  to  th e  a x is  of th e  c y l in d e r s .  T h e y  h ave  

I / 2 - i n .  b a s e  p la t e s  an d  l / 2 - i n .  cap s  w i t h  l i f t i n g  lu g s ,  b o th  m a d e  of a lu m in u m .

F o u r  d i f f e r e n t  f u e l  c l u s t e r s  w e r e  s tu d ie d .  T h e  m a j o r i t y  o f th e  m e a s u r e ­

m e n ts  w e r e  p e r f o r m e d  u s in g  a f u e l  c lu s t e r  w i t h  the d e s ig n  p ro p o s e d  f o r  the H a l ­

l a m  r e a c t o r .  T h a t  is  a 1 9 - r o d ,  3 - 1 / 2  w / o  e n r ic h e d  U  -  10 w / o  M o  c lu s t e r .  F i g ­

u r e  5 show s th is  f u e l  c lu s t e r .  T h e  3 - 1 / 2  w / o  e n r ic h e d  U  -  10 M o  a s - c a s t  s lugs  

w e r e  m a d e  in  1 2 - in .  le n g th s  and  6 - i n .  le n g th s .  T h e  s lugs  w e r e  c a s t  to a 0 .5 9 0  ± 

0 .0 0 5  in . d i a m e t e r  s p e c i f ic a t io n .  T h e  a v e r a g e  d ia m e t e r  of the s lugs  w a s  c h e c k e d

as  0 . 5 9 2 - i n .  T h e  f u e l  s lu g s  w e r e  lo a d e d  in to  th e  h o le s  of th e  a lu m in u m  h o ld e r s
2

to g iv e  a f u e l  h e ig h t  o f 66 ±  1 / 4  in .  an d  a f u e l  a r e a  of about 5 .2  in . . T h e  a v e r ­

age  c o m p o s i t io n  o f  the  s lug s  is  1 0 .1 5  w / o  M o  and 8 9 .8 5  w / o  U  w i t h  a n  e n r ic h m e n t  
235

of 3 ,4 4 8  w / o  U  . A  d e t a i le d  d e s c r ip t io n  o f  the  fu e l  s lugs can  be o b ta in e d  f r o m  

R e f e r e n c e  3.
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F i g u r e  4.  A l u m i n u m  F u e l  H o l d e r
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GRAPHITE
ALUMINUM

FUEL ROD

F i g u r e  5. C r o s s  S e c t io n a l  V i e w  of 
F u e l  C l u s t e r  W i t h  D im e n s io n s

F u e l  D e n s i t y

86,,75 w /  o U 2 3 8
3,,10 w /  o U 2 3 5

10.,15 w /  o M o
17.,12 g m / 3c m

2.,67 g m / c m ^
1,,685 g m / c m ^

a . f u e l  r o d ,  0 . 5 9 2 - i n .  d i a m e t e r
b . a lu m in u m  h o le ,  0 . 6 0 6 - i n .  d i a m e t e r
c. in n e r  r in g  lo c a t io n ,  1 . 6 5 4 - in . d ia m e t e r
d. o u t e r  r in g  lo c a t io n ,  3 . 3 2 0 - i n .  d ia m e t e r
e. a lu m in u m  c lu s t e r ,  4 . 7 4 2 - i n .  d i a m e t e r
f .  g r a p h i t e  m o d e r a t o r  f u e l  c h a n n e l  h o le ,

4 . 7 5 5 - i n .  d i a m e t e r

O t h e r  f u e l  c lu s t e r s  s tu d ie d  w e r e  a 1 9 - r o d ,  2 .7 7 8  w / o  e n r ic h e d  U  - 10 w / o

M o  w i t h  the  s a m e  d im e n s io n s  as the  one d e s c r ib e d  a b o v e ,  an  1 8 - r o d ,  3 - 1 / 2  w / o

e n r ic h e d  U  -  10 w / o  M o  id e n t i c a l  to  the  1 9 - r o d  fu e l  c lu s t e r  e x c e p t  th e  c e n t r a l

f u e l  r o d  is  r e m o v e d ,  le a v in g  a v o id  and  a 1 2 - r o d ,  3 - 1 / 2  w / o  e n r ic h e d  U C  fu e l

e le m e n t .  T h e  U C  f u e l  e l e m e n t  w a s  m a d e  of s lu g s  c a s t  to 0 . 7 9 8 - i n .  d i a m e t e r

lo a d e d  in to  th e  a l u m in u m  h o ld e r s  to g iv e  a f u e l  h e ig h t  of 6 6 - in . and  a f u e l  a r e a

o f  ab o u t  6 in .^ .  T h e  c o m p o s i t io n  o f th e  f u e l  is  4 .9 5  w / o  C and 9 5 .0 5  w / o  U  w i t h
235a n  e n r ic h m e n t  of 3 .4 4 8  w / o  U  . F i g u r e  6 shows the  U C  f u e l  c lu s t e r .

P e r t i n e n t  d e t a i ls  d e f in in g  th e  p r o p e r t i e s  of th e s e  f u e l  c lu s t e r s  a n d  the  m o d ­

e r a t o r  f o r  e a c h  a s s e m b ly  a r e  g iv e n  in  T a b le  I I ,  and in  F i g u r e s  5 and  6.
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GRAPHITE

ALUMINUM

FUEL

F i g u r e  6 . C r o s s  S e c t io n a l  V i e w  of  
F u e l  C l u s t e r  W i t h  D im e n s io n s

F u e l  C o m p o s i t io n  9 1 .7 7
3 .2 8
4 . 9 5

F u e l  D e n s i t y  13 .3
A l u m i n u m  D e n s i t y  2 .6 7  
G r a p h i t e  D e n s i t y  1 .6 8 !

w /  o U 2 3 8 a.
w /  o U 2 3 5 b.
w /  o C c.

g m / c m ^
d.

g m / c m ^ 0 •
f

g m / c m ^

g-

f u e l  r o d ,  0 . 7 9 8 - i n .  d i a m e t e r  
a lu m in u m  h o le ,  0 . 8 0 7 - i n .  d i a m e t e r  
i n n e r  r in g  lo c a t io n ,  1 . 2 3 0 - i n .  d i a m e t e r ,  
s e c o n d  r i n g  lo c a t io n ,  2 . 8 3 0 - i n . d i a m e t e r  
o u te r  r in g  lo c a t io n ,  3 . 0 9 0 - in . d i a m e t e r  
g r a p h i t e  m o d e r a t o r  f u e l  c h a n n e l ,
4 . 7 5 5 - i n .  d i a m e t e r
a l u m i n u m  c l u s t e r ,  4 . 7 4 2 - i n .  d i a m e t e r

T A B L E  I I

M A T E R I A L  D E N S I T I E S  A N D  M I C R O S C O P I C  C R O S S  
S E C T IO N S  F O R  E X P O N E N T I A L  L A T T I C E S

L a t t i c e
S p ac in g

G r a p h i t e
D e n s i t i e s

G r a p h i t e  
C r o s s  S e c t io n

A l u m i n u m
D e n s i t i e s

A l u m i n u m  
C r o s s  S e c t io n

( in .  )
3

( g m / c m  ) (m b ) ( g m /  c m ^ ) (m b )

1 3 h e x a g o n a l 1 .6 8 5  ±  0 .0 0 5 6 .8  ±  0 .4 2 .6 7 278

9 .5  s q u a re 1 .6 8 4  ±  0 .0 0 4 7 .9  ±  0 .4 2 .6 7 278

16 h e x a g o n a l 1 .6 7 9  ±  0 .0 0 4 8 .6  ±  0 .5 2 .6 7 278

19 h e x a g o n a l 1 .6 9 4  ±  0 .0 0 4 8 .6  ±  0 .5 2 .6 7 278
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III. MEASURING TECHNIQUES

A .  T H E R M A L  N E U T R O N  F L U X  M E A S U R E M E N T S

T h e  t h e r m a l  n e u t r o n  f lu x  d is t r ib u t io n s  u s e d  to d e t e r m in e  d i f f u s io n  le n g th ,  

m a t e r i a l  b u c k l in g ,  a n d  t h e r m a l  u t i l i z a t i o n  in  the  g r a p h i t e  a s s e m b l ie s  an d  the  

f u e le d  l a t t i c e s  w e r e  d e t e r m i n e d  b y  a c t iv a t in g  s m a l l  d e t e c t o r  f o i l s .  T h e  fo i ls  

w e r e  m a d e  in to  tw o  s e ts .  One ty p e  w a s  1 c m ^  b y  0 .0 0  5 in . t h ic k ,  and  th e  o th e r  

ty p e  w a s  1 c m  b y  2 m m  b y  0 .0 0 5  in . th ic k .  T h e i r  c o m p o s i t io n  is 15% by  w e ig h t '  

d y s p r o s iu m  o x id e  d is p e r s e d  in  a lu m in u m .  F o i l s  o f a  g iv e n  ty p e  w e r e  c a l ib r a t e d  

and  i n t e r c a l i b r a t e d  by  e x p o s in g  t h e m  on a r o t a t in g  d is c  to  n e u t ro n s  f r o m  th e  A E - 6  

r e a c t o r  and  th e n  m e a s u r in g  t h e i r  b e ta  a c t i v i t i e s .  T h e  r e p r o d u c i b i l i t y  o f the  c a l ­

ib r a t i o n  o f  a f o i l  w as  fo u n d  to be w i t h in  0 .1 5 % .  T h e  1 - c m ^  f o i l s  w e r e  e x p o s e d  in  

th e  g r a p h i t e  a s s e m b l ie s  in  the  v e r t i c a l  and  h o r i z o n t a l  d i r e c t io n s  in  w h ic h  th e s e  

f o i l s  w e r e  c o v e r e d  w i t h  e i t h e r  a lu m in u m  o r  c a d m iu m  b o x e s .  T h is  w a s  done to  

o b ta in  r e l a t i v e  t o t a l  ( a lu m in u m  c o v e r e d )  and  r e l a t i v e  e p i t h e r m a l  ( c a d m iu m  c o v ­

e r e d )  n e u t r o n  f lu x e s .  T h e  s m a l l  2 - m m  b y  1 - c m  f o i ls  w e r e  e x p o s e d  in  the g r a p h ­

i t e ,  a lu m in u m ,  and  f u e l  in  the  u n i t  c e l ls  to  o b ta in  i n t r a c e l l  r e l a t i v e  t h e r m a l  and  

r e l a t i v e  e p i t h e r m a l  n e u t r o n  f lu x e s .  A  m o r e  d e t a i le d  d e s c r ip t io n  o f the  p o s i t io n ­

ing  of th e s e  f o i l s  w i l l  b e  d is c u s s e d  in  th e  f o l lo w in g  s e c t io n s .

A f t e r  e x p o s in g  the  d e t e c t o r  f o i l s  in  th e  v a r io u s  a s s e m b l ie s ,  t h e i r  r e l a t i v e  

a c t i v i t i e s  w e r e  d e t e r m in e d  b y  m e a n s  of g r o s s  b e ta  c o u n t in g  w i t h  s c in t i l l a t io n  

c o u n te r s .  T h e s e  c o u n te r s  c o n s is t  o f  p h o t o m u l t i p l i e r  tu b e s  w i t h  2 - m m - t h i c k  

a n t h r a c e n e  c r y s t a ls  a n d  th e  o t h e r  n e c e s s a r y  in s t r u m e n t a t io n .  T h r e e  c o u n t in g  

c h a n n e ls  w e r e  in  o p e r a t io n  w h e r e  0 .1 %  c o u n tin g  s ta t is t ic s  w e r e  o b ta in a b le .

B .  M E A S U R E M E N T S  R E L A T I N G  T O  R E S O N A N C E  E S C A P E  A N D  F A S T  E F F E C T

M e a s u r e m e n t s  o f r  , the  r a t i o  o f  the r e s o n a n c e  c a p tu r e  p r o b a b i l i t y  to the
P 238  238

t h e r m a l  c a p tu r e  p r o b a b i l i t y  in  U  and r  the r a t io  of the  U  f i s s io n  p r o b a b i l -
235

i t y  to the  U  f i s s io n  p r o b a b i l i t y  w e r e  m a d e  in  the  h e x a g o n a l  l a t t i c e s  u s in g  the

1 9 - r o d  U  - 10 M o  f u e l  c lu s t e r  a n d  th e  1 2 - r o d  U C  fu e l  c lu s t e r .  T h e s e  m e a s u r e -
235m e n ts  c o n s is te d  o f e x p o s in g  u r a n i u m  d e t e c t o r  f o i ls  (d e p le te d ,  n a t u r a l  and  U  

A1 a l lo y  f o i l s )  an d  c o u n t in g  t h e i r  in d u c e d  r e l a t i v e  a c t i v i t i e s .  S o m e  d e t a i ls  of 

th e s e  m e a s u r e m e n t s  w i l l  be c o v e r e d  in  the f o l lo w in g  tw o  p a r a g r a p h s .

T h e  c o u n t in g  te c h n iq u e  e m p lo y e d  f o r  th e  d e p le te d  and th e  n a t u r a l  u r a n iu m  

d e te c t o r  f o i l s  in v o lv e d  d i f f e r e n t i a l  c o u n t in g  a t  the  1 0 3 - k e v  r e g io n  and in t e g r a l
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co u n tin g  a b o ve  500  k e v  f o r  th e  t h r e e  ty p e  f o i l s .  T h e  c o u n t in g  e q u ip m e n t  u s e d  f o r  

th e s e  e x p e r im e n t s  c o n s is te d  of s c i n t i l l a t i o n  c o u n te r s  w i t h  Z - l / 2 - i n .  d i a m e t e r  by  

2 - m m  N a  I  c r y s t a l s .  T h e  t h in  c r y s t a l s  w e r e  c h o s e n  to  r e d u c e  th e  b a c k g r o u n d  

f r o m  h ig h  e n e r g y  g a m m a  r a y s  (b e c a u s e  o f t h e i r  lo w  a t t e n u a t io n  in  th e s e  c r y s t a ls )  

a r is in g  f r o m  th e  f i s s i o n  p r o d u c ts  w h e n  c o u n t in g  the 1 0 3 - k e v  x - r a y s .  B e c a u s e  

f o i l s  o f a b o u t  0 .6  an d  0 .8  in .  d i a m e t e r  w e r e  u s e d  f o r  th is  e x p e r im e n t ,  an d  i t  w as  

d e s i r e d  to  co unt t h e i r  a c t i v i t i e s  w i th o u t  c u t t in g  the  f o i l s  in to  s m a l l  p ie c e s ,  the  

l a r g e r  f o i l s  w e r e  cu t in to  q u a r t e r s .  T h u s ,  c o u n te r s  w e r e  se t  up h a v in g  c o n ­

s ta n t  c o u n t in g  e f f i c i e n c y  as  a fu n c t io n  o f  r a d i a l  p o s i t io n  f o r  a  r a d iu s  of a t  le a s t  

0 .3  in . In  o r d e r  to  a c h ie v e  th is  c o n s ta n t  e f f i c i e n c y ,  a  l ig h t  p ip e  a r r a n g e m e n t  

w as  u s e d .

C o u n t in g  w a s  done a t  b o th  103 k e v  w i t h  a w in d o w  of s e v e r a l  v o l t s  to  m e a s u r e  
239the  P u  i n t e r n a l  c o n v e r s io n  x - r a y  a c t i v i t i e s  and a b o v e  500  k e v  to  d e t e r m in e  th e  

f i s s io n  p r o d u c t  a c t i v i t i e s  f o r  th is  c o r r e c t i o n .  T h e  c o u n t in g  e f f i c i e n c y  f o r  the  

h ig h e r  e n e r g y  is  p o o r  w i t h  th is  th in  c r y s t a l  s y s t e m  b u t en oug h  co u n ts  w e r e  o b ­

t a in a b le  to  h a v e  good c o u n t in g  s t a t i s t i c s .

C . S O M E  R E M A R K S  R E G A R D I N G  T H E  I N T R A C E L L  M E A S U R E M E N T S

I n t r a c e l l  m e a s u r e m e n t s  w e r e  m a d e  in  th e  t h r e e  h e x a g o n a l  l a t t i c e s  in  a c e n ­

t r a l l y  lo c a te d  1 9 - r o d  f u e l  e le m e n t ,  the 1 8 - r o d  f u e l  e le m e n t  and th e  U C  e le m e n t .  

F o r  th e  p u r p o s e  o f d o in g  i n t r a c e l l  m e a s u r e m e n t s ,  the  1 3 - in .  an d  l 6 - i n .  l a t t i c e s ,  

see F i g u r e  2, w e r e  r e d u c e d  to 31 f u e l  e le m e n t s  by  r e m o v i n g  one r o w  of e le m e n ts  

and  g r a p h i t e .  B y  d o in g  th is  th e  f u e l  e le m e n t  to be s tu d ie d  c o u ld  be  p la c e d  in  the  

g e o m e t r i c  c e n t e r  o f th e  l a t t i c e .  F o r  th e  1 9 - in .  l a t t i c e  th e  g e o m e t r i c  c e n t e r  of  

the l a t t i c e  w a s  the c e n t e r  o f th e  h e x a g o n  f o r m e d  by the  f u e l  e le m e n t s .  B y  h a v in g  

the  fu e l  e l e m e n t ,  in  w h ic h  m e a s u r e m e n t s  w e r e  to be  m a d e ,  n e a r  o r  a t  the c e n t e r ,  

the  b u c k l in g  c o r r e c t i o n  is  a m i n i m u m  and e r r o r s  in t r o d u c e d  b y  th is  c o r r e c t i o n  

a r e  t h e r e f o r e  m i n i m i z e d .  T h e  o b s e r v e d  d a ta ,  f r o m  m e a s u r e m e n t s ,  w e r e  d iv id e d  

b y  a f a c t o r  cosy ii^x  c o s ^ ^ y ,  w h e r e  x  a n d  y  a r e  the  h o r i z o n t a l  c o o r d in a t e s  of the  

d a ta  p o in t  w i t h  r e f e r e n c e  to  th e  l a t t i c e  a x is ,  an d  w h e r e  j j ^  is  th e  h o r i z o n t a l  l a t ­

t ic e  b u c k l in g .  T h is  b u c k l in g  c o r r e c t i o n  t r a n s f o r m s  th e  o b s e r v e d  d a ta  to th a t  

w h ic h  w o u ld  e x is t  in  a f u e l  e le m e n t  s i t u a t e d  in  a l a t t i c e  o f  in f in i t e  e x te n t .  A l l  

f o i l  a c t iv a t io n  d a ta  in c lu d e d  in  th is  r e p o r t  h a v e  b e e n  c o r r e c t e d  in  th is  w a y .
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IV. PROPERTIES OF THE MODERATOR

T h e  g r a p h i t e  u s e d  in  th e  H a l l a m  e x p o n e n t ia l  e x p e r im e n t s  w a s  a m o l d - g r a d e  

g r a p h i te ;  the s a m e  g r a d e  as p r o p o s e d  f o r  th e  a c tu a l  r e a c t o r .  B e c a u s e  the  t h e r ­

m a l  n e u t r o n  d i f f u s io n  le n g th  ( L )  is  h ig h ly  d e p e n d e n t  on th e  p u r i t y  o f the  g r a p h i t e ,  

a m e a s u r e m e n t  of th is  p a r a m e t e r  w a s  m a d e  f o r  e a c h  a s s e m b ly  c o n s t ru c te d .  F o r  

ea c h  a s s e m b ly ,  th e  e m p t y  f u e l  c h a n n e ls  w e r e  f i l l e d  w i t h  the  g r a p h i te  p lu g s  to o b ­

t a i n  a s o l id  g r a p h i t e  s ta c k .  T h e  h o r i z o n t a l  an d  v e r t i c a l  n e u t r o n  d is t r ib u t io n s  

w e r e  th e n  m e a s u r e d  by  f o i l  a c t i v a t io n  te c h n iq u e s  to o b ta in  th e  r e l a t i v e  t o t a l  n e u ­

t r o n  f lu x  and  th e  r e l a t i v e  e p i t h e r m a l  n e u t r o n  f lu x .  T h e  d i f f e r e n c e  b e tw e e n  th e s e  

tw o  w as  t a k e n  to  f in d  th e  t h e r m a l  n e u t r o n  f lu x  d is t r ib u t io n s .  I t  w a s  fo u n d  th a t  the  

e p i t h e r m a l  c o n t r ib u t io n ,  a f t e r  c o r r e c t i o n  of the  c a d m iu m  c o v e r e d  a c t i v i t i e s  f o r  

a t te n u a t io n  of th e  e p i t h e r m a l  n e u t r o n s  b y  the  c a d m iu m ,  w a s  le s s  th a n  0 .1 %  of the  

t o t a l  n e u t r o n  f lu x ,  so th e  m e a s u r e m e n t s  o f th e  t o ta l  n e u t r o n  f lu x  d is t r ib u t io n s  

w e r e  u s e d  f o r  a  v e r y  good  a p p r o x im a t io n  of th e  r e l a t i v e  v a lu e s  of the  t h e r m a l  

n e u t r o n  f l u x  d is t r i b u t io n s .  T h e s e  d is t r ib u t io n s  a r e  g iv e n  b y  s in h v ( z  - h) f o r  the  

v e r t i c a l  d i r e c t i o n  w h e r e  z is  the  h e ig h t  a b o v e  the  b o t to m  of the s ta c k  o f h e ig h t

h . and  c o s //  (x  -  w  ) c o s / /  (y  -  w  ) f o r  th e  h o r i z o n t a l  d i r e c t io n  w h e r e  x  and y  
’ r^ x  X  r^ y '- ' Y

a r e  h o r i z o n t a l  r e c t a n g u l a r  c o o r d in a t e s  m e a s u r e d  f r o m  th e  v e r t i c a l  a x is  of the  

s ta c k .  T h e  ^ ' s  d e f in e  th e  e f f e c t iv e  l a t e r a l  d im e n s io n s  of e a c h  a s s e m b ly  f r o m  

w h ic h  th e  e x t r a p o l a t e d  w id th s  a r e  g iv e n  by  i r j p . .

1/  is  a  m e a s u r e  of th e  a t te n u a t io n  o f the  t h e r m a l  n e u t r o n  d is t r ib u t io n  in  th e  

v e r t i c a l  d i r e c t io n .  T h e  v e r t i c a l  d i s t r i b u t i o n  w a s  m e a s u r e d  n e a r  the c e n te r  of  

e a c h  s ta c k .  T h e  h o r i z o n t a l  d is t r ib u t io n s  w e r e  m e a s u r e d  a t  f o u r  le v e ls  in  the x  

d i r e c t i o n ,  12, 21 , 30 , a n d  45  in .  f r o m  th e  b o t t o m  of the s tack ; and  a t  one l e v e l  

in  the  y  d i r e c t i o n ,  30 in .  f r o m  th e  b o t to m  of th e  s ta c k .  T h e r e  w a s  one e x c e p t io n  

to  th is .  In  th e  9 . 5 - i n .  s q u a r e  a s s e m b ly  p r o v is io n s  w e r e  not m a d e  to m e a s u r e  the  

h o r i z o n t a l  d is t r i b u t i o n  in  th e  y  d i r e c t io n .  T h is  w a s  o m i t t e d  in  th is  c a s e  b e c a u s e  

the  a s s e m b ly  w a s  s q u a re  a n d  th e  v a lu e  o b ta in e d  f o r  the  x  d i r e c t i o n  c o u ld  be used  

f o r  the  y  d i r e c t io n .

F o r  e a c h  m e a s u r e m e n t  o f th e  t h e r m a l  n e u t r o n  d i f fu s io n  le n g th ,  the  s q u a re  o r

r e c t a n g u la r  a s s e m b ly  th a t  w a s  p la c e d  on th e  c y l i n d r i c a l  t h e r m a l  c o lu m n  c a u s e d  a

g e o m e t r i c  m i s m a t c h  b e tw e e n  the  a s s e m b ly  b a s e  and th e  t h e r m a l  c o lu m n  top . D ue

to  th is  m is m a t c h ,  the  p r e s e n c e  o f  a t h i r d  h a r m o n ic  c o n t r ib u t io n  to th e  h o r i z o n t a l
4

d i s t r ib u t io n  w a s  d e te c te d .  T h e  t h i r d  h a r m o n ic  d e c r e a s e s  w i th  h e ig h t  m o r e
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r a p i d l y  th a n  does  the  fu n d a m e n t a l  t e r m .  F o r  th is  r e a s o n ,  the  h o r i z o n t a l  d i s t r i b u ­

t io n s  w e r e  m e a s u r e d  a t  s e v e r a l  le v e ls  to a l lo w  f o r  a  c o r r e c t i o n  to  th e  v e r t i c a l  

d a ta ,  b y  a c t u a l l y  d e t e r m i n in g  th e  a t te n u a t io n  of the  t h i r d  h a r m o n ic .  T h is  w as  

done in  th e  f o l lo w in g  m a n n e r .  T h e  h o r i z o n t a l  c o s in e  d is t r ib u t io n s  w e r e  m e a s u r e d  

a t  the f o u r  l e v e ls  12, 21 , 30 ,  and  4 5  in .  f r o m  th e  b o t to m  o f the  a s s e m b ly .  T h e  

f o u r  se ts  of d a ta  w e r e  n o r m a l i z e d  a t  a  d is ta n c e  X ,  o n e - t h i r d  o u t f r o m  th e  c e n t e r  

of the  s ta c k  to  the e x t r a p o la t e d  edge w h e r e  th e  t h i r d  h a r m o n ic  has  a z e r o  c o n t r i ­

b u t io n .  A t  th e  4 5 - in . l e v e l ,  w h ic h  is  a p p r o x i m a t e l y  t h r e e  d i f fu s io n  le n g th s  f r o m  

the  g e o m e t r i c  m i s m a t c h ,  th e  a m p l i t u d e  o f  th e  t h i r d  h a r m o n i c  w a s  a s s u m e d  to  be  

n e g l ig ib le .  So by  s u b t r a c t in g  th e  d a ta  p o in ts  a t  the  4 5 - i n .  l e v e l  f r o m  th e  d a ta  

p o in ts  a t  the  o th e r  l e v e l s ,  the  d i f f e r e n c e  r e p r e s e n t s  the  t h i r d  h a r m o n i c  c o n t r i ­

b u t io n  a t  e a c h  le v e l .  T h e  r e s u l t s  of th is  a n a ly s is  a r e  d is p la y e d  in  F i g u r e  7. T h e  

a m p l i t u d e  of th e  t h i r d  h a r m o n ic  a t  th e  1 2 - in .  l e v e l  w a s  fo u n d  to  be a b o u t  6% of  

the a m p l i t u d e  o f th e  f u n d a m e n t a l  f o r  the  c a s e  of th e  g r e a t e s t  m is m a t c h .  T o  a p p ly  

a s y s t e m a t ic  c o r r e c t i o n  to  th e  d a ta ,  th e  p r o c e d u r e  o u t l in e d  in  R e f e r e n c e  4 w as  

u s e d  to  d e t e r m in e  the  r a t i o  o f the  a m p l i t u d e  o f  the  t h i r d  h a r m o n i c  to  th e  a m p l i ­

tu d e  of th e  f u n d a m e n t a l ,  as  a fu n c t io n  o f z (h e ig h t )  u s in g  th e  e x p e r i m e n t a l l y  d e ­

t e r m i n e d  r a t i o  4̂  I I  1 2 - in .  l e v e l  as  a b a s e .

X

_ I
L .

EXTRAPOLATED
'EDGE

EXTRAPOLATED
EDGE

-6

-12

12-in. LEVEL DATA-45-in. LEVEL DATA 

30-in,LEVEL DATA-45-ln. LEVEL DATA

36 24 12 0 12 24 36

DISTANCE FROM CENTER OF ASSEMBLY (in.)

F i g u r e  7 . T h i r d  H a r m o n i c  a t  D i f f e r e n t  L e v e ls  in  T y p i c a l  
A s s e m b l y  ( A m p l i t u d e  of f u n d a m e n t a l  e q u a ls  ^^275 x  10^. )
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A f t e r  m a k in g  the  t h i r d  h a r m o n ic  c o r r e c t io n s  to  th e  d a ta ,  the  d a ta  p o in ts  f o r  

e a c h  d i s t r ib u t io n  w e r e  a n a ly z e d  u s in g  a le a s t  s q u a re s  f i t  to the s in h  fu n c t io n  f o r  

th e  v e r t i c a l  t h e r m a l  n e u t r o n  d is t r u b t io n  a n d  a l e a s t  s q u a re s  f i t  to  the c o s in e  f u n c ­

t io n s  f o r  the  h o r i z o n t a l  t h e r m a l  n e u t r o n  d is t r ib u t io n s .  F r o m  th e s e ,  v a lu e s  of 

V , jx , an d  ^  w e r e  d e t e r m i n e d  f o r  e a c h  g r a p h i t e  s ta c k .  V a lu e s  oi/J,  f o r  the
X y  X

d i f f e r e n t  le v e ls  w e r e  u s u a l ly  c o n s is te n t  w i t h in  s e v e r a l  te n th s  of a  p e r c e n t  as  

w e r e  v a lu e s  o f u f o r  r e p e a t  m e a s u r e m e n t s .

F r o m  th e  v a lu e s  of z/, n. , a n d  a. f o r  e a c h  a s s e m b ly  th e  t h e r m a l  d i f fu s io n
^  -  2 ^  Z 2 2

le n g th s  a r e  g iv e n  b y  the  r e l a t i o n  L  -  v -  -  fx_̂  . T h e  a v e r a g e  d e n s i ty  f o r

a g r a p h i t e  s ta c k  w a s  o b ta in e d  b y  s u m m in g  the  w e ig h ts  of p a r t s  and  d iv id in g  by

the g r a p h i te  a s s e m b ly  v o lu m e .  U s in g  the  d e t e r m in e d  d i f fu s io n  le n g th  an d  d e n s i ty ,

and  the  m i c r o s c o p i c  s c a t t e r in g  c r o s s  s e c t io n  ( 2  ) o f 4 .8  ±  0 .2  m b ,  a m ic r o s c o p ics
a b s o r p t io n  c r o s s  s e c t io n  w a s  c a lc u la t e d  f o r  e a c h  g r a p h i te  s ta c k  us in g  

2  = ‘

w h e r e

'Z. = Z  { I  -  IX. ) +  Zt r  S ' n ' ;

h e r e ,  j x ^  is  th e  a v e r a g e  c o s in e  of th e  s c a t t e r in g  an g le  in  the la b  s y s t e m ,  and  is

g iv e n  b y  = 2 / 3  A .  T h e  v a lu e  o f u s e d  f o r  g r a p h i te  is 0 .0 5 5 5 .

F r o m  th e  Z  's th e  m i c r o s c o p i c  a b s o r p t io n  c ro s s  s e c t io n s  ( a  ' s) w e r e  d e t e r -  
3. 3-

m in e d  f o r  the  m o l d - g r a d e  H a l l a m  e x p o n e n t ia l  g r a p h i t e .  T h e  a v e r a g e  v a lu e  of L  

is  3 8 .2  ±  0 .2  c m .  T h e  a v e r a g e  d e n s i t y  f o r  th e  g r a p h i te  s ta c k  is  1 .6 8 5  ±  0 .0 0 4
3

g m /  c m  . F r o m  th e s e  tw o  a v e r a g e s ,  th e  a v e r a g e  cr (2 2 0 0  m /  sec ) is  8 .0  ±  0 . 4 m b .  

T a b le  I I I  l i s t s  the  p r o p e r t i e s  o f th e  g r a p h i t e  in  e a c h  a s s e m b ly .  I f  the v a lu e s  of 

cr  ̂ a r e  c o m p a r e d  to  th e  a s s e m b l i e s ,  i t  can  b e  s een  th a t  as  the a s s e m b l ie s  a r e  e x ­

p a n d e d ,  th e  cr 's i n c r e a s e .  T h is  w o u ld  in d ic a t e  th a t  the s p a c e r  b lo c k s  m ig h t  be 

of p o o r e r  g r a d e  g r a p h i t e  th a n  th e  b a s ic  b lo c k s .
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T A B L E  I I I

T H E R M A L  N E U T R O N  D I F F U S I O N  L E N G T H  A N D  O T H E R  P R O P E R T I E S
F O R  E A C H  G R A P H I T E  A S S E M B L Y

A s s e m b ly  and  
N u m b e r  of 

F u e l  C h a n n e ls

^ x V
D if f u s io n  
L e n g th ,  L

D e n s  i ty ,

P

A b s o r p t io n  
C ro s s  

S e c t io n ,  cr , 
2200  m /  sec

(m b )( m ' S ( m ' ^ ( m “ ^ (c m ) ( g m /  c m ^ )

I  3 in .  
h e x a g o n a l (36 ) 2 .2 9 7  ± 0 . 0 0 2 2 .3 1 3  ± 0 . 0 0 5 4 . 0 6 4 ± 0 . 0 0 8 4 1 . 2 ± 0 . 2 1 . 6 8 5 ± 0 . 0 0 5 6 .8  ± 0 . 4

9 .5  in , 
s q u a re  (36) 2 .1 2 6  ± 0 . 0 0 3 3 .9 8 3  ± 0 . 0 1 4 3 8 . 2 ± 0 . 2 1 . 6 8 4 ± 0 . 0 0 4 7 . 9 ± 0 . 4

16 in .  
h e x a g o n a l (36 ) 1 .8 7 0  ± 0 . 0 0 2 1 .8 8 2  ± 0 . 0 0 4 3 .7 9 0  ± 0 . 0 0 4 3 6 .9  ± 0 . 1 1 .6 7 9  ± 0 . 0 0 4 8 .6  ± 0 . 5

16 in .  
h e x a g o n a l (31 ) 1 .8 7 5  ± 0 . 0 0 2 2 .1 4 4  ± 0 . 0 0 4 3 .8 7 1  ± 0 .0 1 1 3 8 . 2 ± 0 . 2 1 . 6 7 9 ± 0 . 0 0 4 8 . 0 ± 0 . 4

19 in.  
h e x a g o n a l (28) 1 .8 4 0  ± 0 . 0 0 2 1 .8 2 0  ± 0 . 0 0 3 3 . 7 6 9 ± 0 . 0 0 4 3 6 . 5 ± 0 . 1 1 . 6 9 4 ± 0 . 0 0 4 8 . 6 ± 0 . 5

2

1
•— ui

I

o
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00



V. MATERIAL BUCKLING

M e a s u r e m e n t s  s i m i l a r  to th o s e  p e r f o r m e d  in  the s o l id  g r a p h i t e  s ta c k s  w e r e  

m a d e  in  th e  f u e le d  l a t t i c e s  to d e t e r m i n e  t h e i r  m a t e r i a l  b u c k l in g s .  T h e  g ra p h i te  

f i l l e r  p lu g s  w e r e  r e m o v e d f r o m  th e  f u e l  c h a n n e ls  an d  the f u e l  e le m e n ts  w e r e  

lo a d e d  in to  the  l a t t i c e s .  T h e  h o r i z o n t a l  a n d  v e r t i c a l  c o m p o n e n ts  jJL an d  v ,

a n a lo g o u s  to th o se  d e s c r ib e d  in  th e  m e a s u r e m e n t s  of L ,  a r e  r e q u i r e d  f o r  the
2 2 2 2 2 

m a t e r i a l  b u c k l in g ,  B , g iv e n  b y  th e  e q u a t io n  B - f t  + j j .  - V  . F o r  a l l  l a t -
X y

t i c e s ,  th e  h o r i z o n t a l  c o m p o n e n ts  w e r e  t a k e n  f r o m  the  d e t e r m in a t io n  of and

in  th e  d i f f u s io n  le n g th  m e a s u r e m e n t s .  I t  is  k n o w n  th a t  the  e x t r a p o la t e d  w id th s  

a r e  d i f f e r e n t  f o r  a  p u r e  m o d e r a t o r  a s s e m b ly  as c o m p a r e d  to a lo a d e d  la t t ic e ;  bu t,  

b e c a u s e  the  l a t t i c e s  s tu d ie d  h e r e  d id  no t h a v e  eno ugh  r e p e a t in g  c e l ls  to a l lo w  f o r  

a m e a s u r e m e n t  o f /J-^ a n d  yU. , v a lu e s  o f th e s e  p a r a m e t e r s  o b ta in e d  f r o m  th e  p u r e  

m o d e r a t o r  w e r e  u s e d  in  th e  B ^  d e t e r m i n a t i o n .  I f  the v a lu e s  of jx and  a  a r e  not
z ^  y

g r e a t l y  in  e r r o r ,  th e  e r r o r  in t r o d u c e d  to  the  v a lu e s  o f  B s h o u ld  be  s m a l l .  In  

o r d e r  to  m a k e  an  e s t im a t e  of th is  e r r o r  th e  h o r i z o n t a l  t r a v e r s e  in  th e  9 - 1 / 2 - in .  

s q u a re  l a t t i c e  w a s  d e t e r m in e d  w h e r e  t h e r e  a r e  s ix  r e p e a t in g  c e l ls  a c r o s s  a w id th .  

T h e  r e s u l t s  of th is  w i l l  be  d is c u s s e d  l a t e r .  T h e  v e r t i c a l  d is t r ib u t io n  m e a s u r e ­

m e n t  w a s  m a d e  o v e r  a r e g io n  o f th e  l a t t i c e  w h e r e  the c a d m iu m  r a t i o  is  c o n s ta n t .  

T o  d e t e r m in e  th is  r e g io n ,  f o r  e a c h  l a t t i c e ,  in d iu m  d e t e c to r  f o i ls  w e r e  u s e d , bo th  

b a r e  a n d  c a d m iu m  c o v e r e d .  T h e  c a d m iu m  r a t i o  is  lo w e r  f o r  in d iu m  th a n  d y s p r o ­

s iu m  b e c a u s e  of th e  h ig h  in d iu m  r e s o n a n c e  a b s o r p t io n ,  t h e r e f o r e  in d iu m  is m o r e  

d e s i r a b le  f o r  th is  p u r p o s e .  H a v in g  d e t e r m in e d  th is  r e g io n ,  the  m e a s u r e m e n t  of 

the  v e r t i c a l  a t t e n u a t io n  w a s  p e r f o r m e d  as d e s c r ib e d  f o r  the  d e t e r m in a t i o n  of L .  

F o r  the  m e a s u r e m e n t  w i t h  the  f u e l  p r e s e n t ,  th e  e p i t h e r m a l  c o n t r ib u t io n ,  a f t e r  

c o r r e c t i o n  f o r  the  a t te n u a t io n  of the  e p i t h e r m a l  n e u tro n s  by the  c a d m iu m ,  us in g  

d y s p r o s iu m  f o i l s ,  w a s  a b o u t  2 o r  3% of the to ta l ;  so f o r  th e s e  m e a s u r e m e n t s  the  

e p i t h e r m a l  c o n t r ib u t io n s  w e r e  s u b t r a c te d  f r o m  the  r e l a t i v e  t o ta l  n e u t r o n  f lu x  d i s ­

t r ib u t io n s  to  o b ta in  th e  r e l a t i v e  t h e r m a l  n e u t r o n  f lu x  d is t r ib u t io n s .  T h e  v a lu e s  

o b ta in e d  f o r  B ^  f o r  th e  v a r i o u s  l a t t i c e s  a r e  sh o w n  g r a p h ic a l l y  in  F i g u r e  8 and a r e  

l i s t e d  w i t h  th e  v v a lu e s  in  T a b l e  I V .  T h e  r e s u l t s  w i l l  be d is c u s s e d  in  th e  f o l l o w ­

ing  p a r a g r a p h s .

2
T h e  v a lu e s  of B w i t h  1 9 - r o d ,  3 -  1 / 2  w / o  U  - 10 M o  f u e l  e l e m e n t s ,  as c a n  be

seen , in c r e a s e d  as th e  m o d e r a t o r - t o - f u e l  r a t i o  in c r e a s e d  w i t h  a p o s s ib le  m a x i m u m  
2

v a lu e  o f B b e tw e e n  the  l 6 - i n .  a n d  the  1 9 - in .  l a t t i c e s .  T h e  l 6 - i n .  l a t t i c e  is
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6.0

16-in. HEXAGONAL-TYPE 
LATTICE,31 ELEMENTS

19-in. HEXAGONAL-TYPE • 
LATTICE, 28 ELEMENTS

5.5

16-in. HEXAGONAL-TYPE 
LATTIC E,36  ELEMENTS

5.0

E

oz
_]

o
(XI

4.5

9 .5 -in. SQUARE-TYPE 
LATTICE, 36 ELEMENTS

O  19 r o d  3 i/2  w/o U-IO Mo FUEL 
ELEMENTS 

A  IB ROD 3 1/2 w/o U-IO Mo FUEL 
ELEMENTS

3.5

3.0
13-in. HEXAGONAL-TYPE 
LATTICE. 36 ELEMENTS

2.5
15 IB 2712 21 24

M O D E R A TO R -T O -F U E L RATIO

F i g u r e  8. L a t t i c e  B u c k l in g s  M e a s u r e d  in  H N P F  
E x p o n e n t ia l  E x p e r i m e n t s

T A B L E  I V

A N D  u IN  L A T T I C E S  S T U D I E D  C O N T A I N I N G
3 - 1 / 2  w / o U  -  10 M o  F U E L

L a t t i c e
N u m b e r  of 
F u e l  R ods

V

( m ' M

B^  

( m  )

1 3 - in . h e x a g o n a l 19 2 .7 7 2  ±  0 .0 0 5 2 .9 4  ±  0 .0 4

9 .5 - in .  s q u a re 19 2 .1 2 0  ±  0 .0 0 6 4 .5 4  ±  0 .0 7

1 6 - in . h e x a g o n a l  
w it h  36 e le m e n ts 19 1 .241  ±  0 .0 0 2 5 .5 0  ±  0 .0 7

1 6 - in . h e x a g o n a l  
w it h  31 e le m e n t s 19 1 .5 8 7  ±  0 .0 0 4 5 .6 0  ±  0 .0 8

1 6 - in .  h e x a g o n a l 18 1 .5 7 5  ±  0 .0 0 3 5 .6 4  ±  0 .0 7

1 9 - in .  h e x a g o n a l 19 0 .8 8 9  ±  0 .0 0 1 5 .9 1  ±  0 .0 9

s l ig h t ly  u n d e r - m o d e r a t e d .  T w o  m e a s u r e m e n t s  in  the  l 6 - i n .  l a t t i c e  w e r e  m a d e  

w h e r e  the o n ly  c h an g e  w as  the o v e r a l l  s iz e  of th e  l a t t i c e .  T h e  la t t i c e  w a s  r e ­

d u ced  f r o m  36 e le m e n t s  to 31 e le m e n ts  to p o s i t io n  a f u e l  c h a n n e l in  th e  g e o m e t r ic  

c e n t e r  of the  a s s e m b ly  in  o r d e r  to  do i n t r a c e l l  m e a s u r e m e n t s .  T h is  o p p o r tu n i ty  

w a s  t a k e n  to  c h e c k  th e  r e p r o d u c i b i l i t y  o f f o r  a  g iv e n  la t t i c e  s p a c in g  in  a s s e m ­

b l ie s  o f d i f f e r e n t  d im e n s io n s .  T h e  d i f f e r e n c e  o b s e r v e d  is  s m a l l  an d  m ig h t  be 

p a r t l y  due to th e  d i f f e r e n c e  in  m o d e r a t o r  p r o p e r t i e s .
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In  the  l 6 - i n .  a s s e m b ly ,  w i t h  3 1 - f u e I  c h a n n e ls ,  m e a s u r e m e n t s  of m a t e r i a l  

b u c k l in g  w e r e  m a d e  f o r  b o th  1 9 - r o d  and 1 8 - r o d  fu e l  e le m e n t s .  T h e s e  fu e l  e l e ­

m e n ts  w e r e  d e s c r ib e d  e a r l i e r  in  the  r e p o r t .  A f t e r  h a v in g  d e t e r m i n e d  th e  r e l a ­

t iv e  a v e r a g e  t h e r m a l  n e u t r o n  f lu x ,  to  be  d is c u s s e d  in  the n e x t  s e c t io n ,  f o r  ea c h  

of the 19 r o d s  of the  f u e l  e le m e n t ,  i t  w a s  s u g g e s te d  th a t  the  c e n t r a l  r o d  be o m i t ­

te d  and th e s e  m e a s u r e m e n t s  be r e p e a t e d .  T h is  sho w ed  th a t  by le a v in g  a v o id  in  

th e  c e n t r a l  p o s i t io n  of th e  f u e l  e le m e n t  the  p o w e r  lo s s  of the  1 8 - r o d  e le m e n ts  

c o m p a r e d  to  the  1 9 - r o d  e le m e n t s  w a s  s m a l l .  I t  w a s  th e n  d e s i r a b le  to  c o m p a r e
2

b u c k l in g s  u s in g  th e  d i f f e r e n t  fu e l  e l e m e n t s .  A s  can  be seen  f r o m  the r e s u l t s ,  B 

( 1 9 - r o d )  = 5 .6 0  ±  0 .0 8  m  ^ a n d  ( 1 8 - r o d )  = 5 .6 4  ±  0 .0 7  m  t h e r e  is  no s ig n i f ­

ic a n t  d i f f e r e n c e .

T h e  9 . 5 - i n .  s q u a re  la t t i c e  w a s  c o m p a r e d  to  the  h e x a g o n a l - t y p e  la t t i c e s .  A  

s q u a r e  l a t t i c e  w a s  c h o s e n  w h e r e  i ts  m o d e r a t o r  to  fu e l  r a t io  w o u ld  f a l l  w i t h in  the  

ra n g e  of the m o d e r a t o r - t o - f u e l  r a t io s  o f th e  h e x a g o n a l  l a t t i c e s  s tu d ie d .  T h e  m a t e ­

r i a l  b u c k l in g  v a lu e s  w e r e  c o m p a r e d  to d e t e r m i n e  w h e th e r  o r  n o t  the  m e th o d  of  

g ro u p in g  the  fu e l  e le m e n t s ,  f o r  a g iv e n  m o d e r a t o r - t o - f u e l  r a t i o ,  had  a m e a s u r ­

a b le  e f f e c t  on  th is  p a r a m e t e r .  I t  is c o n c lu d e d ,  the v a lu e  of the m a t e r i a l  b u c k l in g  

is  not v e r y  s e n s i t iv e  to  the  m e th o d  of g ro u p in g  the  f u e l  e le m e n t s  but r a t h e r  d e ­

pend s  o n ly  on  th e  f u e l - t o - m o d e r a t o r  r a t i o  f o r  a l a t t i c e  of u n i f o r m ly  sp aced  e l e ­

m e n ts  .

F o r  the  9 . 5 - i n .  s q u a r e  l a t t i c e ,  h o r i z o n t a l  n e u t r o n  f lu x  d is t r ib u t io n  m e a s u r e ­

m e n ts  w e r e  m a d e  to  t r y  to  d e t e r m i n e  th e  jj.^  v a lu e ,  w h ic h  le a d s  to  th e  e x t r a p o la t e d  

w id th .  T h is  la t t i c e  w a s  c h o s e n  b e c a u s e  i t  h as  s ix  r e p e a t in g  c e l ls  a c r o s s  a w id th  

as  can  be s e e n  in  F i g u r e  3. T h e  m e th o d  of a n a ly s is  o u t l in e d  in  the  s e c t io n  

d e s c r ib in g  d i f f u s io n  le n g th  m e a s u r e m e n t s  w a s  u s e d  w h e r e  p o in ts  w e r e  9 .5  in .  

a p a r t  to  be f i t  to  a c o s in e  d i s t r ib u t io n .  T h e  9 . 5 - in . i n t e r v a l  w a s  c h o sen  to  f i t  the  

f l u x  d e p r e s s io n s  due to  the  f u e l  e le m e n t s  w h ic h  a r e  9 .5  in . a p a r t .  T h is  w as  done

f o r  10 se ts  o f  p o in ts ,  th e  se ts  b e in g  ta k e n  a t  1 - in .  i n t e r v a l s .  T h e  a v e r a g e  v a lu e
-  2 -  2

of th e s e  c o s in e  f i t s  w a s  jx = 2 .0 9 7  m  . T h e  r a n g e  w a s  f r o m  2 .0 3 9  t o 2 . 1 4 5 m
^  -  2 T h e  v a lu e  u sed  f o r  the b u c k l in g  d e t e r m i n a t i o n  w a s  the j-L  ̂ = 2 .1 2 6  m  o b ta in e d

f r o m  the  s o l id  g r a p h i te  s ta c k .  T h is  f a l l s  w i t h in  the  r a n g e  of th o s e  m e a s u r e d

w h e r e  the f u e l  w a s  p r e s e n t .  I t  w o u ld  h a v e  b e e n  d e s i r a b le  to c h e c k  th is  w o r k

w h e r e  m o r e  th a n  6 r e p e a t in g  c e l ls  a r e  a v a i l a b l e ,  to im p r o v e  th e  a c c u r a c y  of the

m e a s u r e m e n t .  I t  is  c o n c lu d e d  th a t  the  m e a s u r e d  in  th e  p u r e  m o d e r a t o r  is

a c c u r a t e  w i t h in  1% as a v a lu e  of f o r  the lo a d e d  l a t t i c e .
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M e a s u r e m e n t s  w e r e  m a d e  to  d e t e r m i n e  the  v e r t i c a l  a t te n u a t io n ,  u , in  the  

I  6 - in ,  l a t t i c e  w i t h  s ix  of th e  f u e l  e le m e n t s  r e m o v e d ,  le a v in g  th e  f u e l  e le m e n t  

c h a n n e ls  v o id .  T h e  p u r p o s e  o f th is  w a s  to  su p p ly  s o m e  in f o r m a t i o n  ab out the  

r e a c t o r  w h e n  c o n t r o l  ro d s  a r e  r e m o v e d  le a v in g  v o id s .  T h is  w a s  done w i t h  tw o  

d i f f e r e n t  c o n f ig u r a t io n s .  A l s o ,  a  v a lu e  o f v w a s  c a lc u la t e d  f o r  a  s i tu a t io n  w h e r e  

th e  v o id s  d is t r ib u t e d  th ro u g h o u t  the  l a t t i c e  w o u ld  be f i l l e d  w i t h  g r a p h i te  to o b ta in  

a c o m p a r is o n  of v o id s  to  th e  g r a p h i t e - f i l l e d  s i tu a t io n .  T h is  w as  done b y  e x t r a p o ­

la t io n  of the  m e a s u r e d  b u c k l in g  c u r v e  to  th e  a p p r o p r ia t e  f u e l - t o - m o d e r a t o r  r a t i o .  

T h e s e  v a lu e s  of th e  m a t e r i a l  b u c k l in g  c a lc u la t e d  u s in g  th e  m e a s u r e d  v  f o r  the  

two c a s e s  o f the  v o id e d  c h a n n e ls  a r e  p r o b a b ly  not v a l i d  s in c e  t h e r e  a r e  not enough  

r e p e a t in g  c e l ls  in  th is  ty p e  of l a t t i c e ,  and  th e  e f f e c t s  o f n e u t r o n  s t r e a m in g  a r e  

i n v o lv e d  and w e r e  not in v e s t ig a t e d .  H o w e v e r ,  f o r  p u r p o s e s  of c o m p a r is o n  to the

f u l l y  lo a d e d  l a t t i c e ,  to  d e t e r m i n e  th e  e f fe c ts  of v o id s ,  th e s e  a p p a r e n t  b u c k l in g s
2 2 2 2 2 

ha v e  b e e n  d e t e r m i n e d  u s in g  B = jj. + jM  ̂ -  V . T h e  v a lu e s  of V a n d  B a r e

l is t e d  in  T a b le  V .
y

T A B L E  V
B ^  A N D  V I N  1 6 - I N .  L A T T I C E  W I T H  V O I D E D  F U E L  C H A N N E L S

L a t t i c e  C o n f ig u r a t io n
V

( m " S
B^

( m - 2 )

3 6 - e le m e n t  1 6 - in .  l a t t i c e 1 ,241  ±  0 .0 0 2 5 .5 0  ±  0 .0 7

A *  30 e le m e n t s ,  6 v o id s  in  1 6 - in .  l a t t i c e 1 .2 5 0  ±  0 .0 0 4 5 .4 6

B̂ '' 30 e le m e n t s ,  6 v o id s  in  1 6 - in .  l a t t i c e 1 .2 0 4  ±  0 .0 0 4 5 .6 5

E x t r a p o la t e d ,  3 0 - e le m e n t ,  v o id  f i l l e d  
w it h  g r a p h i t e l . I l 5 .8 8

^ L o c a t io n  o f v o id s  a r e  sh o w n  in  F i g u r e  9.
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VERTICAL FOIL 
HOLDER

16 in.

F i g u r e  9. L o c a t io n  o f V o id e d  F u e l  C h a n n e ls  (L o c a t io n s  
m a r k e d  A  an d  B sh ow  p o s i t io n s  of v o id e d  ch an n e ls .)
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VI. NEUTRON FLUX DISTRIBUTIONS WITHIN A LATTICE CELL

T h e  t h r e e  h e x a g o n a l  l a t t i c e s  w e r e  s tu d ie d  to d e t e r m in e  the  n e u t r o n  f lu x  d i s ­

t r ib u t io n s  w i t h in  l a t t i c e  c e l l s .  F o r  th e s e  t h r e e  la t t i c e  s p a c in g s  a u n it  c e l l  c o n ­

ta in in g  a fu e l  e le m e n t  of 19 r o d s ,  3 - 1 / Z  w / o  e n r ic h e d  U - 10 w / o  M o  as show n in  

F i g u r e  10 w as  s tu d ie d .  U s in g  the  l 6 - i n .  h e x a g o n a l  l a t t i c e ,  an  1 8 - r o d  f u e l  e l e ­

m e n t  o f  th e  s a m e  fu e l  c o m p o s i t io n ,  a 1 9 - r o d ,  2 .7 8  w / o  e n r ic h e d  U  - 10 w / o  M o  

fu e l  e le m e n t ,  an d  a U C ,  1 2 - r o d  f u e l  c lu s t e r  w e r e  s tu d ie d  in  a u n it  c e l l .  A ls o  the  

19 - r o d  3 - 1 / 2  w / o  e n r ic h e d  U  -  10 w / o  M o  f u e l  e le m e n t  w a s  s tu d ie d  in  th e  16 - in .  

h e x a g o n a l  l a t t i c e  w h e r e  i t  w as  s u r r o u n d e d  b y  a z i r c o n i u m  tu b e  to m o c k u p  the

m o d e r a t o r  c la d d in g  p r e s e n t  in  the a c t u a l  r e a c t o r .  See F i g u r e  11 f o r  a  d e s c r i p ­

t io n  of th is  c e l l .  In  a l l  c a s e s  the  l a t t i c e  c e l l  of i n t e r e s t  w a s  c e n t r a l l y  lo c a te d  

w ith  th e  r e m a i n d e r  of th e  la t t i c e  b e in g  lo a d e d  w i th  3 - 1 / 2  w / o  e n r ic h e d ,  1 9 - r o d ,

U - 10 M o  fu e l  c lu s t e r s .

T h e  l a t t i c e  c e l l  w a s  ta k e n  as an  

e q u i l a t e r a l  t r i a n g l e  c o n ta in in g  the f u e l  

e le m e n t  as show n in  F i g u r e  10. P r o ­

v is io n s  w e r e  m a d e  in  a l a t t i c e  c e l l  to

a l lo w  f o r  the p la c e m e n t  of the  s m a l l

d y s p r o s iu m  o x id e  d e t e c t o r  f o i l s .  F i g ­

u r e  12 shows a h o r i z o n t a l  c r o s s  s e c t io n  

of a t y p ic a l  c e l l  w i t h  the  lo c a t io n s  p r o ­

v id e d  f o r  f o i l  m e a s u r e m e n t s .  M e a s ­

u r e m e n t s  w e r e  a ls o  m a d e  in  th e  n e ig h ­

b o r in g  c e l ls  to c h e c k  the  r e s u l t s  of s i m ­

i l a r  p o in ts  in  d i f f e r e n t  c e l l s .  D e t e c t o r  

f o i l s  w e r e  p la c e d  in  the  g r a p h i t e ,  a l u m ­

in u m ,  and  f u e l  w h e r e  the f o i ls  w e r e  e x ­

p o s e d  b o th  b a r e  an d  c a d m iu m  c o v e r e d  

to a l lo w  f o r  the d e t e r m i n a t i o n  of the  r e l a t i v e  t h e r m a l  n e u t r o n  f lu x  d is t r ib u t io n s .  

T h e  f u e l  e le m e n t  of i n t e r e s t  w a s  p la c e d  in  th e  g e o m e t r i c  c e n t e r  of the  la t t i c e  in

the l 6 - i n .  and  1 3 - in .  l a t t i c e s .  In  th e  1 9 - in .  l a t t i c e ,  the c e n t e r  o f a h e x a g o n

f o r m e d  b y  the  f u e l  e le m e n t s  w a s  a t  the  g e o m e t r i c  c e n t e r  of the l a t t i c e .

FUEL ELEMENT

ALUMINUM

FUEL

ogo

GRAPHITE

EQUAL TO DISTANCE ACCROSS FLATS OF HEXAGONS------

F i g u r e  10. U n i t  C e l l  in  
H e x a g o n a l  L a t t i c e s
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ZIRCONIUM (0 .993 in. WALL 
THICKNESS)

,-ALUM INUM
FUEL

ELEMENTS

FUEL

: o 9

O q O
STAINLESS 
STEEL 

(0 .032  in.)
GRAPHITE

F i g u r e  11. U n i t  C e l l  in  l 6 - i n .  H e x a g o n a l  L a t t i c e  
W it h  S ta in le s s  S te e l  and Z i r c o n i u m  P r e s e n t

—  FOIL LOCATIONS

F i g u r e  IZ .  F o i l  L o c a t io n s  A v a i l a b l e  W i t h in  a U n i t  C e l l
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G ra p h s  a r e  in c lu d e d  to  sh ow  t y p ic a l  r e s u l t s  f o r  th e  1 9 - r o d ,  3 - 1 / 2  w / o  U  -  10 

w / o  M o  f u e l  e le m e n t  in  th e  l 6 - i n .  l a t t i c e .  T h e  d i f f e r e n t  a r r a n g e m e n t s  s tu d ie d  

w e re ;

a )  3 .4 4 8  w / o  e n r ic h e d  U  -  10 M o ,  1 9 - r o d  f u e l  e le m e n t  in  1 3 - in .  l a t t i c e .

b ) 3 .4 4 8  w / o  e n r ic h e d  U  -  10 M o ,  1 9 - r o d  f u e l  e le m e n t  in  l 6 - i n .  l a t t i c e .

c) 3 .4 4 8  w / o  e n r ic h e d  U  -  10 M o ,  1 8 - r o d  f u e l  e le m e n t  in  l 6 - i n .  l a t t i c e .

d) 3 .4 4 8  w / o  e n r ic h e d  U  -  10 M o ,  1 9 - r o d  f u e l  e le m e n t  in  1 6 - in . l a t t i c e  

w it h  s ta in le s s  s te e l  an d  z i r c o n i u m . t

e) 2 .7 8  w / o  e n r ic h e d  U  -  10 M o ,  1 9 - r o d  f u e l  e l e m e n t  in  l 6 - i n .  l a t t i c e .

f )  3 .4 4 8  w / o  e n r ic h e d  U  - 10 M o ,  1 9 - r o d  f u e l  e le m e n t  in  1 9 - in .  l a t t i c e .

g) 3 .4 4 8  w / o  e n r ic h e d  U  -  4 .9 5  C ,  1 2 - r o d  f u e l  e le m e n t  in  l 6 - i n .  l a t t i c e . §

In  th e  U  -  10 w / o  M o  f u e l ,  m e a s u r e m e n t s  w e r e  m a d e  a c r o s s  th e  d i a m e t e r s  

of th e  f u e l  r o d s .  F i g u r e  13 sh ow s tw o  s lo t te d  f u e l  s lugs  w i t h  i n s e r t s  f o r  c a d ­

m i u m - c o v e r e d  and b a r e  f o i l  m e a s u r e m e n t s .  T h e  b a r e  f o i l  m e a s u r e m e n t s  w e r e  

m a d e  w i t h  0 . 0 0 0 3 - i n .  a l u m i n u m  w r a p p in g s  to  e l i m i n a t e  a n y  p o s s ib le  f i s s io n  p r o d ­

uc ts  w h ic h  m ig h t  c o n t r ib u t e  to  th e  c o u n t in g  r a t e .  T h e  c a d m i u m - c o v e r e d  f o i ls  

w e r e  c o n ta in e d  in  0 . 0 2 0 - i n .  - t h i c k  c a d m iu m  b o x e s .  F o r  th e  c e n t r a l  r o d  w h e r e  th e  

d is t r ib u t io n  w a s  s y m m e t r i c a l  ab o u t  th e  r o d  a x is  w i t h in  th e  a c c u r a c y  of th e  m e a s ­

u r e m e n t s ,  f l u x  m e a s u r e m e n t s  a lo n g  one f u e l  r o d  d i a m e t e r  s u f f ic e d .  F o r  th e  in ­

n e r  and o u te r  r in g s  o f  f u e l  ro d s  w h e r e  the  d is t r ib u t io n s  w e r e  not a x i a l l y  s y m m e t ­

r i c a l ,  a  t w o - d i m e n s i o n a l  s u r v e y  of th e  f lu x  in  th e s e  ro d s  w a s  o b ta in e d  b y  m a k in g  

d i a m e t r i c a l  f lu x  t r a v e r s e s  a t  a n g le s  o f 0 ° ,  4 5 ° ,  a n d  9 0 °  to  a l in e  t h r o u g h  th e  

c e n t e r  of the  f u e l  r o d  to  th e  c e n t e r  o f  th e  c e l l .  T h e  lo c a t io n s  o f  th e s e  m e a s u r e ­

m e n ts  c a n  be s e e n  in  F i g u r e  12. B y  s tu d y in g  th e  f o u r  f u e l  r o d s  m a r k e d  1, 2, 8, 

and 9 in  F i g u r e  15, th e  a v e r a g e  f lu x e s  f o r  th e  19 r o d s  of the  e le m e n t  a r e  o b ta in e d  

b y  use of the  p h y s ic a l  s y m m e t r y  p r e s e n t .  T y p i c a l  d a ta  a r e  sh ow n  in  F i g u r e  15. 

T h e  a v e r a g e  r e l a t i v e  t h e r m a l  n e u t r o n  f lu x  in  the  v a r i o u s  f u e l  r o d s  f o r  th e  d i f f e r ­

en t s i tu a t io n s  s tu d ie d  w a s  d e t e r m i n e d  b y  g r a p h ic a l  in t e g r a t i o n  of th e s e  g r a p h s .

* T h e  l 8 - r o d  e le m e n t  is  th e  s a m e  as the  1 9 - r o d  e le m e n t  e x c e p t  th a t  the  c e n t r a l  
f u e l  r o d  has  b e e n  r e m o v e d ,  an d  a v o id  is  l e f t  in  i ts  p la c e .  

t F i g u r e  11 g iv e s  a d e t a i l e d  d e s c r i p t io n  of the  l a t t i c e  c e l l  w i t h  s ta in le s s  s te e l  and  
z i r c o n i u m  p r e s e n t .

§ F ig u r e  14 g iv e s  a d e t a i l e d  d e s c r ip t io n  of th is  l a t t i c e  c e l l .
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F i g u r e  13. F u e l  S l u g s  W i t h  I n s e r t s  f o r  D e t e c t o r  F o i l s  a n d  
6 - in .  A l u m i n u m  F u e l  H o l d e r  S e c t i o n
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F i g u r e  14. U r a n i u m  C a r b id e  F u e l  E le m e n t  
W i t h in  a L a t t i c e  C e l l

B e c a u s e  o f th e  d i f f i c u l t y  in  m a c h in in g  u r a n iu m  c a r b id e ,  a  d i f f e r e n t  t e c h ­

n iq u e  w a s  u s e d  to d e t e r m i n e  th e  r e l a t i v e  a v e r a g e  t h e r m a l  n e u t r o n  f lu x  in  th a t  

fu e l  c lu s t e r .  In  o r d e r  to d e t e r m i n e  th e  a v e r a g e  r e l a t i v e  t h e r m a l  n e u t r o n  f lu x  

in  e a c h  c a r b id e  f u e l  r o d  c i r c u l a r  d e t e c t o r  f o i l s ,  w i t h  th e  s a m e  d i a m e t e r  as th e  

fu e l  s lu g s ,  w e r e  e x p o s e d  b o th  b a r e  an d  c a d m iu m  c o v e r e d  in  the f u e l  ro d s .  T h r e e  

of th e  f u e l  ro d s  r e f e r r e d  to  as 1, 2, a n d  3 as sh o w n  in  F i g u r e  6 , w h ic h  r e p r e s e n t  

the e n t i r e  f u e l  e le m e n t  th r o u g h  s y m m e t r y ,  w e r e  s tu d ie d .  T h e  p la c e m e n t  o f  th e s e  

f o i l s  in  th e  f u e l  w i t h  an d  w i th o u t  c a d m iu m  c o v e r s  c a n  be s e e n  in  F i g u r e  16.

T h e  f o i ls  u s e d  to  d e t e r m i n e  the  r e l a t i v e  n e u t r o n  f lu x e s  in  th e  f u e l  w e r e
235

18 .7  w / o  U  w i t h  a n  e n r i c h m e n t  o f 9 3 .3 7  w / o  U  , the  r e m a i n d e r  b e in g  a lu m in u m .  

T h e  f i s s io n  p r o d u c t  a c t i v i t i e s  o f th e s e  f o i ls  w e r e  d e t e r m i n e d  b y  c o u n t in g  th e  g a m ­

m a  r a y s  o f e n e r g y  a b o v e  0 .5  M e v .  T h e s e  m e a s u r e m e n t s  w i l l  be  d is c u s s e d  in  

m o r e  d e t a i l  in  S e c t io n s  V I I I  an d  IX .  T h e s e  r e s u l t s  w e r e  n o r m a l i z e d  to the r e ­

s u lts  f r o m  th e  d y s p r o s iu m  o x id e  f o i l  m e a s u r e m e n t s  in  th e  g r a p h i t e  and a lu m in u m  

b y  m a k in g  m e a s u r e m e n t s  w i t h  b o th  ty p e  f o i l s  in  th e  g r a p h i t e .

T h e  m e th o d  of d e t e r m i n i n g  the  r e l a t i v e  t h e r m a l  n e u t r o n  f l u x  in  the U C  f u e l  

d e s c r ib e d  a b o v e  w a s  c o m p a r e d  to  th e  s m a l l  f o i l  t e c h n iq u e ,  w h e r e  f o i l s  a r e  p la c e d  

a lo n g  s e v e r a l  d i a m e t e r s ,  a ls o  d e s c r ib e d  a b o v e .  T h is  c o m p a r is o n  w a s  m a d e  in  a 

1 9 - r o d  U - M o  f u e l  e le m e n t .  T h e  r e s u l t s  w e r e  in  a g r e e m e n t  to w i t h in  ± 0 .2 %  f o r  

e a c h  r o d .
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F i g u r e  15, T h e r m a l  N e u t r o n  F l u x  D is t r ib u t io n s  in  F u e l  R ods f o r  the 19 -R od^  
3 - 1 / Z  w /  o E n r ic h e d  U -  10 M o  F u e l  E l e m e n t  in  the  1 6 - in . L a t t i c e
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CADMIUM BOXUC UC

0.005 in, 
DETECTOR 

FOILUC

UC 0.003 in. 
'A1 FOIL'

UC UC

A-A B-B

F i g u r e  16. V i e w  of th e  U C  F u e l  
E l e m e n t  A r r a n g e m e n t  f o r  
O b ta in in g  F o i l  A c t iv a t io n s

S e v e r a l  of the a lu m in u m  f u e l  h o ld e r s  

w e r e  d e s ig n e d  so th e y  c o u ld  be s p l i t  a t  the  

Z l - i n .  an d  3 0 - i n .  le v e ls  to a l lo w  f o r  th e  r e ­

m o v a l  of a 6 - i n .  s e c t io n  w h ic h  c o n ta in e d  the  

d e t e c t o r  f o i l s  f o r  the n e u t r o n  d is t r ib u t io n  

m e a s u r e m e n t s .  O ne 6 - i n .  s e c t io n  o f a l u m i ­

n u m  f u e l  h o ld e r  c a n  b e  s een  in  F i g u r e  17. 

F i g u r e  17 show s an  a lu m in u m  f u e l  h o ld e r  

w i t h  the  p r o v is io n  f o r  d e t e r m in in g  th e  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 in  the  a l u m in u m .  M e a s ­

u r e m e n t s  w e r e  a ls o  m a d e  a t  th e  s u r fa c e s  b e ­

tw e e n  the  a lu m in u m  an d  the  f u e l  r o d s .  T h e  

h o le s  show n in  F i g u r e  17 w e r e  e i t h e r  f i l l e d  

w i t h  a lu m i n u m  p lu g s  c o n ta in in g  d e t e c t o r  fo i ls  

o r  w i th  s o l id  a l u m i n u m  p lu g s .  T h e  s o l id p lu g s  

w e r e  u s e d  w h e n  m e a s u r e m e n t s  w e r e  n o t r e ­

q u i r e d  in  th a t  m a t e r i a l .  B y  m e a s u r in g  the  

t h e r m a l  n e u t r o n  f lu x  d is t r ib u t io n s  in  a 30°  

s e c t io n  o f th e  a lu m i n u m  fu e l  h o ld e r  f o r  the  

1 9 - r o d  e le m e n t  and a 6 0 °  s e c t io n  f o r  th e  U C  

e le m e n t ,  the t h e r m a l  n e u t r o n  f lu x  in  th e  e n ­

t i r e  a lu m in u m  h o ld e r  w as  r e p r e s e n t e d  th ro u g h

s y m m e t r y .  T h e  m e a s u r e d  v a lu e  of the  r e l a t i v e  t h e r m a l  n e u t r o n  f lu x  w as  p lo t te d  

f o r  e a c h  m e a s u r e d  p o in t  in  th e  a l u m i n u m  to  m a k e  a c o n to u r  m a p p in g  of the  r e l a ­

t iv e  f lu x e s  in  th e  a lu m in u m .  F i g u r e  18 show s a t y p ic a l  r e s u l t  of th is  w o r k .  B y  

g r a p h i c a l l y  in t e g r a t in g  the  s m a l l  a r e a s ,  u s in g  a c o m p e n s a t in g  p o la r  p l a n i m e t e r ,  

and f in d in g  th e  a v e r a g e  r e l a t i v e  f lu x e s ,  th e  a v e r a g e  r e l a t i v e  t h e r m a l  n e u t r o n f lu x  

in  the a lu m in u m  w as  d e t e r m in e d .

T o  o b ta in  th e  r e l a t i v e  a v e r a g e  t h e r m a l  n e u t r o n  f lu x  in  the  g r a p h i t e ,  n e u t r o n  

f l u x  d is t r ib u t io n  m e a s u r e m e n t s  w e r e  m a d e  in  th e  lo c a t io n s  sh ow n  in  F i g u r e  IZ .  

H o le s ,  5 / 8 - in . in  d i a m e t e r ,  w e r e  d r i l l e d  in  the  g r a p h i t e ,  in  th e  l a t t i c e  c e l l  b e ­

ing s tu d ie d ,  to a c c e p t  the  g r a p h i t e  f o i l  h o ld e r s .  T h e  g r a p h i t e  f o i l  h o ld e r s  had  

p r o v is io n s  f o r  f o i l s  to  be p la c e d  a t  1 - c m  i n t e r v a l s .  T h e  e q u i l a t e r a l  t r i a n g l e  

w h ic h  m a k e s  up a la t t i c e  c e l l  c a n  be d iv id e d  in to  6 s y m m e t r i c a l  30 °  -  6 0 °  - 90 °  

t r i a n g le s  w i t h  the  6 0 °  v e r t e x  in  th e  c e n t e r  of the  c e l l .  B y  d e t e r m in in g  the  a v e r ­

age r e l a t i v e  t h e r m a l  n e u t r o n f l u x  in  one o f th e s e  r ig h t  t r i a n g l e s ,  the  a v e r a g e  f lu x

N A A - S R - 6 1 18
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F i g u r e  17. S i x - I n c h  S e c t i o n  of  A l u m i n u m  F u e l  H o l d e r  W i t h  
P r o v i s i o n s  f o r  M e a s u r e m e n t s  i n  t h e  A l u m i n u m

N A A -  S R - 6 1 1 8  
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FUEL ELEMENT  

ALUMINUM  

U -IO  Mo FUEL ©  FOIL POSITIONS 

A  AVERAGE FLUX

o oo
SECTION
STUDIED

10.65

10.16

9 .3 2

10.06

8 .4 2
3 .4 6

4 .2 7
6 .4 34 .5 0 3.9! 10.16 © 1 0 .6 54 .2 4

l9.o;4.21
9.78 \  10.406.I8\7.I0 \

4.46 4 .2 8

8.124 .4 3
5 .0 8

2 .9 4 4 .5 5 MO .20
6.73

3 .2 6
3.01 4.36 ‘4 .2 43 .9 8 8 .8 42 .89 3 .35

4.18

3.0I\ 3.25 4.013.55 4.18
3.87

2.89 3 .2 0 10.26 10.653 .39 9.513.87 4 .2 6 4 .0 7  3 .43

F i g u r e  18. S e c t io n  of A lu m in u m  F u e l  H o ld e r  S how ing  R e la t i v e  A v e r a g e  T h e r m a l  N e u t r o n  F lu x e s  
( 1 9 - r o d ,  3 - 1 / 2  w / o  E n r ic h e d  U  -  10 w / o  M o  F u e l  E le m e n t  in  th e  l 6 - i n .  H e x a g o n a l

L a t t i c e  W i t h  SS and Z r )



in  th e  g r a p h i t e  is  k n o w n . T o  d e t e r m in e  the a v e r a g e  f lu x  in  the 30° -  60°  -  90°  

t r i a n g l e s ,  f l u x  p lo ts  w e r e  m a d e  a t  15° in t e r v a ls  th ro u g h  the 6 0 °  a n g le .  A  t y p ic a l  

g r a p h  sh o w in g  th is  p lo t  c a n  be s een  in  F i g u r e  19. F r o m  th is  p lo t  the a v e r a g e  

r e l a t i v e  t h e r m a l  n e u t r o n  f l u x  in  the  g r a p h i t e  w as  d e t e r m in e d  by g r a p h ic a l  i n t e ­

g r a t io n .  F i g u r e  ZO show s th e  r e l a t i v e  e p i t h e r m a l  n e u t r o n  f lu x  in  a l a t t i c e  c e l l  

and  c a d m iu m  r a t io s .

46

60°

40

O  32

.30'

2420 28
DISTANCE FROM CELL CENTER (cm)

F i g u r e  19. T h e r m a l  N e u t r o n  F l u x  D is t r ib u t io n s  in  the  
G r a p h i t e  f o r  th e  1 9 - r o d ,  3 - 1 / 2  w / o  E n r ic h e d  

U  -  10 w / o  M o  F u e l  E l e m e n t  in  the  
l 6 - i n .  L a t t i c e

F o r  th e  one c a s e  w h e r e  th e  f u e l  e le m e n t  w a s  s u r r o u n d e d  b y  s ta in le s s  s te e l  

and z i r c o n i u m .  F i g u r e  11, the  r e l a t i v e  a v e r a g e  t h e r m a l  n e u t r o n  f lu x e s  f o r  th ese  

m a t e r i a l s  w e r e  d e t e r m in e d  by  p la c in g  d e t e c to r  f o i ls  a lo n g  t h e i r  s u r fa c e s  and  

a v e r a g in g  th e  m e a s u r e d  v a lu e s  o b ta in e d .

T a b le  V I  g iv e s  a s u m m a r y  o f the  r e l a t i v e  a v e r a g e  t h e r m a l  n e u t r o n  f lu x  d e ­

t e r m i n e d  f o r  e a c h  m a t e r i a l  o f e a c h  c e l l  s tu d ie d .  T h e  r e s u l t s  in  T a b le  V I  f o r  

e a c h  c a s e  h a v e  b e e n  n o r m a l i z e d  so the  a v e r a g e  r e l a t i v e  t h e r m a l  n e u t r o n  f lu x  in  

a f u e l  ro d  o f th e  o u te r  r in g  of f u e l  ro d s  is e q u a l  to one.

N A A - S R - 6 1 1 8
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EPITHERMAL NEUTRON FLUX

IxJ 30

CADMIUM RATIO

A L U M IN U M  

m m  F U E L

G RAPHITE

<cr.

Q
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o

5 10 15 20

DISTANCE FROM CENTER OF CELL ALONG DIAGONAL (cm)
F i g u r e  ZO. E p i 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  an d  C a d m iu m  R a t io  f o r  th e  1 9 - r o d ,  3 - I / Z w / o  

E n r ic h e d  U  - 10 w / o  M o  F u e l  E l e m e n t  in  th e  1 6 - in . H e x a g o n a l  L a t t i c e



T A B L E  V I

R E L A T I V E  A V E R A G E  T H E R M A L  N E U T R O N  F L U X

F u e l
C e l l  S tudied Rod 1 Rod 2 Rod 3 Rod 8 Rod 9 Avg . G raph ite A lu m in u m SS Z r

3.448 w /o  e n r ic h e d  U - 10 
w /  o M o, 1 9 - ro d  fu e l  e le ­
m e n t in  1 3 - in .  la t t i c e

0.510
±0.003

0.606
±0.016

0.991
±0.012

1.009
±0.009

0.850
±0.006

3.596
±0.052

1.467
±0.012

3.448 w /o  e n r ic h e d  U - 10 
w /o  M o, 1 9 - ro d  fu e l  e le ­
m e n t in  1 6 - in. la t t i c e

0.464
±0.003

0.584
±0.012

1.000
±0.008

1.000
±0.007

0.840
±0.004

4.670
±0.060

1.516
±0.009

3.448 w /o  e n r ic h e d  U - 10 
w /o  M o, 1 8 - ro d  fu e l  e le ­
m e n t in  1 6 - in. la t t i c e

v o id 0.605
±0.009

1.000
±0.010

1.000
±0.010

0.868
±0.005

4.609
±0.060

1.496
±0.012

3.448 w /o  e n r ic h e d  U - 10 
w /  o M o, 1 9 - ro d  fu e l  e le ­
m e n t in  1 6 - in. la t t i c e  
w i th  SS and Z r

0.475
±0.004

0.608
±0.006

1.000
±0.011

1.000
±0.011

0.848
±0.005

4.833
±0.072

1.399
±0.012

3.381
±0.039

2.265
±0.014

2.78 w /o  e n r ic h e d  U - 10 
w /  0 M o , 1 9 - ro d  fu e l  e le ­
m en t in  1 6 - in. la t t i c e

0.522
±0.004

0.625
±0.010

0.994
±0.009

1.006
±0.010

0.856
±0.005

4.113
±0.052

1.438
±0.010

3.448 w /o  e n r ic h e d  U - 10 
w /o  M o, 1 9 - r o d fu e l  e le ­
m e n t in  1 9 - in. la t t i c e

0.441
±0.005

0.525
±0.012

1.000
±0.012

1.000
±0.013

0.821
±0.006

5.653
±0.076

1.651
±0.011

3 .4 4 8 w /o e n r ic h e d U  - 4.95 
w /o  C, 1 2 - ro d  fu e l  e le ­
m e n t in  1 6 - in. la t t i c e

0.607
±0.040

0.956
±0.050

1.000
±0.025

0.891
±0.032

3.439
±0.051

1.245
±0.015

oo



VII. THERMAL UTILIZATION

In  o r d e r  to d e t e r m i n e  the t h e r m a l  u t i l i z a t i o n ,  g iv e n  by

 ̂ _ ^ a  ( fu e l )  ^  ( fu e l )  ^ ( f u e l )

a. 1 ' 1

tV i
w h e r e  is  th e  m a c r o s c o p ic  a b s o r p t io n  c r o s s  s e c t io n ,  i  c o m p o n e n t  of a u n it

c e l l ,  cp)̂  is  th e  c o r r e s p o n d in g  a v e r a g e  t h e r m a l  n e u t r o n  f lu x ,  and is  the  c o r r e ­

spond ing  v o lu m e  f r a c t i o n .  T h e  r e l a t i v e  a v e r a g e  t h e r m a l  n e u t r o n  f lu x  w a s  m e a s ­

u r e d  f o r  e a c h  m a t e r i a l  in  th e  u n i t  c e l l .  T h e  v o lu m e s  a r e  t a k e n  f r o m  the  d i m e n ­

s io ns  of th e  m a t e r i a l s  in  th e  u n it  c e l l  s tu d ie d .  T h e  m ic r o s c o p i c  c ro s s  s e c t io n s  

an d  d e n s i t ie s  a r e  g iv e n  in  S e c t io n  11, T a b le  11. T h e  v a lu e s  u sed  f o r  the m a c r o ­

sco p ic  t h e r m a l  n e u t r o n  a b s o r p t io n  c r o s s  s e c t io n s  a r e  g iv e n  in  T a b le  V l l .  T h e s e  

r e s u l t s  h a v e  b e e n  u s e d  to  d e t e r m in e  th e  t h e r m a l  u t i l i z a t i o n  of e a c h  l a t t i c e .  T h e  

v a lu e s  of t h e r m a l  u t i l i z a t i o n  o b ta in e d  f o r  the  v a r io u s  la t t i c e  c e l ls  s tu d ie d  a r e  

g iv e n  in  T a b le  V l l l .

T A B L E  V l l l  

R E S U L T S  O F  T H E R M A L  U T I L I Z A T I O N

F u e l  E l e m e n t L a t t i c e f

3 .4 4 8  w / o  e n r ic h e d  U  -  10
w /  o M o ,  1 9 -  r o d 1 3 - i n . 0 .9 1 9  ±  0 .0 1 3

3 .4 4 8  w / o  e n r ic h e d  U  -  10
w /  o M o ,  1 9 -  r o d 1 6 - in . 0 .8 8 5  ±  0 .0 0 9

3 .4 4 8  w / o  e n r ic h e d  U  -  10
w /  o M o ,  1 9 -  r o d 1 9 - i n . 0 .8 3 2  ±  0 .0 1 2

3 .4 4 8  w / o  e n r ic h e d  U  -  10
w /  o M o ,  1 8 -  r o d 1 6 - in . 0 .8 8 4  ±  0 .0 1 1

2 .7 8  w / o  e n r ic h e d  U - 10
w /  o M o ,  1 9 -  r o d l 6 - i n . 0 ,8 7 6  ±  0 .0 1 0

3 .4 4 8  w / o  e n r ic h e d  U  -  10
w / o  M o ,  1 9 - r o d  w i t h  SS
and Z r 1 6 - in . 0 .8 5 9  ±  0 .0 1 0

3 .4 4 8  w / o  e n r ic h e d  U C ,
1 2 - r o d l 6 - i n . 0 .9 0 6  ±  0 .0 1 8

N A A - S R - 6 1 1 8
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T A B L E  V I I

V O L U M E S  A N D  M A C R O S C O P IC  T H E R IV L A L  N E U T R O N  C R O S S  S E C T IO N S

C e l l  S tud ied

3
V o lu m e  (c m  ) 2 a  ( c m ’

F u e l G ra p h i te A lu m in u m SS Z r F u e l G ra p h i te A lu m in u m SS Z r

3.448 w /o  e n r ic h e d  U - 10 
w / o  M o , 1 9 - r o d f u e l  e le ­
m e n t  in  1 3 - in .  la t t i c e

33.74
±0.13

357.80
±0.29

78.49
±0.60

0.9245
±0.0065

0 .5127X  10-3
± 0 .0 3 0 2 x  10-3

0.01461
±0.00035

3.448 w /o  e n r ic h e d  U -  10 
w / o M o ,  1 9 - r o d f u e l  e le ­
m e n t  in  1 6 - in .  la t t i c e

33.74
±0.13

600.84
±0.29

78.49
±0.60

0.9245
±0.0065

0 .5997X  10-3 
± 0 .0 2 9 9 x  10-3

0.01461
±0.00035

3.448 w /o  e n r ic h e d  U - 10 
w / o  M o , 1 8 - r o d f u e l  e le ­
m e n t  in  1 6 - in .  la t t i c e

31.96
±0.12

600.84
±0.29

78.49
±0.60

0.9245
±0.0065

0 .5997X  10-3 
± 0 .0 2 9 9 x  10-3

0.01461
±0.00035

3.448 w /o  e n r ic h e d  U -  10 
w /o  M o , 1 9 - r o d f u e l  e le ­
m e n t  in  1 6 - in .  la t t i c e  
w i t h  SS and Z r

33.74
±0.13

600.84
±0.29

67.25
±0.56

1.390
±0.020

9.404
±0.094

0.9245
±0.0065

0 .5997X  10-3 
± 0 .0 2 9 9 x  10-3

0.01461
±0.00035

0.230
±0.006

8 .154X  1 0 '3  
± 0 .1 7 9 x  10-3

2.78 w /o  e n r ic h e d  U - 10 
w /o  M o , 1 9 - r o d f u e l  e le ­
m e n t  in  1 6 - in . la t t i c e

33.74
±0.13

600.84
±0.29

78.49
±0.60

0.7679
±0.0056

0 .5997X  10’ ^ 
± 0 .0 2 9 9 x  10-3

0.01461
±0.00035

3.448 w /o  e n r ic h e d  U - 10 
w /o  M o , 1 9 - r o d f u e le l e -  
m e n t i n l 9 - i n .  la t t i c e

33.74
±0.13

894.21
±0.29

78.49
±0.60

0.9245
±0.0065

0 .6494X  10-3 
± 0 .0 3 7 7 x  10-3

0.01461
±0.00035

3.448 w /o  e n r ic h e d  U 4 .95  
w /o C ,  12 - r o d f u e l e l e ­
m e n t  in  1 6 - in .  la t t i c e

38.72
±0.18

600.84
±0.29

74.14
±0.61

0.7319
±0.0042

0 .5997X  10-3 
± 0 .0 2 9 9 x  10-3

0.01461
±0.00035
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Vlll. RATIO OF RESONANCE TO THERMAL CAPTURE PROBABILITIES IN

M e a s u r e m e n t s  h a v e  b e e n  m a d e  to  d e t e r m i n e  th e  r a t i o  o f  th e  r e s o n a n c e  c a p -
Z 3 8 5t u r e  p r o b a b i l i t y  to  the  t h e r m a l  c a p t u r e  p r o b a b i l i t y  in  U  . T h e  m e t h o d  u sed

to  d e t e r m in e  th is  r a t i o  is  b r i e f l y  d e s c r ib e d  b e lo w .  U r a n i u m - 2 3 8  d e t e c t o r  f o i l s

a r e  e x p o s e d  in  v a r io u s  p o s i t io n s  in  th e  f u e l  r o d s ,  a n d  the  a c t i v i t y  r e s u l t in g  f r o m
238  238the  U  (n , v )  r e a c t i o n  in  the  f u e l  is m e a s u r e d .  T h e  U  (n , v )  r e a c t io n  p r o ­

ceed s  as fo l lo w s ;

(B , V  IB , V  V
, , 2 3 8  ^ ^  , , 2 3 9  2 3 9 ---------2 -------------^  „  239______ ^

92 o 92  23 m i n  32 P 2 .3 4 6  d ays  9 4 ^ ^

T h e  1 0 3 - k e v  i n t e r n a l  c o n v e r s io n  X - r a y  a c t i v i t y  f r o m  p lu t o n iu m  w h ic h  f o l lo w s  the  

n e p tu n iu m  a c t i v i t y  is  m e a s u r e d .  T h is  a c t i v i t y  is  m e a s u r e d  f o r  b o th  b a r e  and  

c a d m iu m  c o v e r e d  f o i l s .  T h e  r a t i o ,  r p ,  o f  th e  r e s o n a n c e  c a p tu r e  p r o b a b i l i t y  to  

th e  t h e r m a l  c a p t u r e  p r o b a b i l i t y  in  is  g iv e n  b y

-red
49r  =

P _ A ^ ^
4 9  4 9

W h e r e  the  b a r s  in d ic a te  a v e r a g e  a c t i v i t i e s  f o r  th e  f u e l  in  the  f u e l  e le m e n t ,  cd  an d  b 

r e f e r  to  c a d m i u m - c o v e r e d  a n d b a r e  f o i l s  a c t i v i t i e s  r e s p e c t i v e l y ,  and 49  r e f e r s  to the  

p lu to n iu m  X -  r a y  a c t i v i t y .  M e a s u r e m e n t s  w e r e  m a d e  in  th e  t h r e e  h e x a g o n a l  la t t i c e s  

in  a  c e n t r a l l y  lo c a t e d  19 -  r o d  f u e l  e le m e n t  and in  th e  U C  f u e l  e le m e n t  in  th e  16- in .  l a t t i c e .

B o th  b a r e  an d  c a d m i u m - c o v e r e d  2 0 - f o l d  d e p le te d  u r a n i u m  f o i l s  w e r e  i r r a d i ­

a te d  in  en ou gh  p o s i t io n s  in  th e  f u e l  e le m e n t  th a t  the a c t i v i t i e s  o f th e s e  c o u ld  be  

a v e r a g e d  o v e r  a u n it  v o lu m e  of th e  f u e l .  T h e  fu e l  r o d  p o s i t io n s  s tu d ie d  an d  the  

a v e r a g in g  p r o c e s s  f o r  th e  f u e l  e le m e n t  is  the s a m e  as th a t  d is c u s s e d  in  S e c t io n  

V I .  C i r c u l a r  f o i l s  h a v in g  th e  s a m e  d i a m e t e r  as the  f u e l  r o d s  w e r e  e x p o s e d .  B y  

c o u n tin g  th e s e ,  the  a v e r a g e  a c t i v i t i e s  f o r  th e  v a r io u s  f u e l  ro d s  w e r e  o b ta in e d  

d i r e c t l y .  B y  p r o p e r  m a s s  and r u n  n o r m a l i z a t i o n  a n d  a v e r a g in g  o v e r  the  f u e l  e l e ­

m e n t ,  th e  r e l a t i v e  a c t i v i t i e s  f o r  the  tw o  ty p e  f o i ls  b o th  b a r e  and c a d m iu m - c o v e r e d  

w e r e  o b ta in e d .  F i g u r e s  16 a n d  21 sh o w  the  a r r a n g e m e n t s  u s e d  to o b ta in  b a r e  

and c a d m i u m - c o v e r e d  r e s u l t s .  F i g u r e  16 show s th e  p la c e m e n t  o f th e  f o i l s  in  the
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F i g u r e  21. U r a n i u m  M o l y b d e n u m  D i s c s ,  D e t e c t o r  F o i l ,  a n d  C a d m i u m  Box



f u e l  r o d s .  T h e  f u e l  r o d  d is c s  on e a c h  s id e  of th e  d e t e c t o r  f o i l s  w e r e  c a r e f u l l y  

m a c h in e d  to  a s s u r e  f l a t  s m o o th  s u r f a c e s  to  p r e v e n t  s t r e a m in g .  T h e  f o i l s  w e r e  

c o v e r e d  b y  0 . 0 0 0 3 - in .  a lu m in u m  f o i l  to  p r e v e n t  f i s s io n  p r o d u c t  c o n t a m in a t io n  

f r o m  th e  f u e l  s lug s  u p o n  i r r a d i a t i o n .  T o  o b ta in  th e  c a d m i u m - c o v e r e d  r e s u l t s ,  

the f o i l s  and th e  f u e l  in  th e  im m e d i a t e  n e ig h b o rh o o d  w e r e  s u r r o u n d e d  b y  c y l i n d r i ­

c a l  c a d m iu m  b o x e s  as sh o w n  in  th e  f i g u r e s .  T h e  f lu x  d e p r e s s io n  of f a s t  n e u t ro n s  

due to th e  c a d m iu m  b o x e s  has  b e e n  in v e s t ig a t e d  e ls e w h e r e .^  I t  has  b e e n  fo u n d  

th a t  th is  e f fe c t  is  n e g l ig ib le .

T h e  d e p le te d  u r a n i u m  f o i ls  a v a i l a b le  f o r  th e s e  e x p e r im e n t s  c o n ta in e d  a b o u t  
235

360 p p m  U  , 2 0 - f o l d  d e p le te d .  In  co u n t in g  th e  b u i ld u p  of p lu t o n iu m ,  th e  c o n ­

t r ib u t io n  due to  f i s s io n  p r o d u c t  d e c a y  g a m m a - r a y s  and u r a n iu m  X - r a y s  a p p e a r s  

in  the  e n e r g y  r e g i o n  o f 1 0 3 - k e v .  T h e  m e th o d  of c o r r e c t i n g  f o r  th e  u n d e s i r e d  f i s ­

s io n  p r o d u c t  a c t i v i t i e s  w a s  o b ta in e d  f r o m  r e f e r e n c e s  7 an d  8. T h e  m e th o d  u sed  

is  b r i e f l y  d e s c r ib e d  b e lo w .

B a r e  an d  c a d m i u m - c o v e r  ed  n a t u r a l  a n d  d e p le te d  u r a n i u m  f o i ls  a r e  co u n te d  

in  the 1 0 3 - k e v  w in d o w  o f th e  c o u n t e r s .  T h e  c o u n te r s  and c o u n t in g  te c h n iq u e s  

w e r e  d is c u s s e d  e a r l i e r .  T h e s e  a c t i v i t i e s  m a y  b e  r e p r e s e n t e d  by th e  f o l lo w in g  

e q u a t io n s :

A ^  -  D A ^
49 + *■28 + ' * * 2 5

A ^  - A ^
49 + ■*28 + * 2 5

A cd A cd  
"^49 + * 2 8 + - * * 2 5

N
cd
49 + * 2 8 + * 2 5

In  th e  e q u a t io n s  the  s u p e r s c r i p t s  and s u b s c r ip t s  r e f e r  to the  fo l lo w in g :

b to  b a r e  f o i l s ,  

cd  to  c a d m i u m - c o v e r e d  f o i l s ,

D  to  d e p le te d  f o i l s ,

49  to  1 0 3 - k e v  p lu to n iu m  X - r a y ,
2 3 5  235d to  d e p le t io n  f a c t o r  (U  d e p le te d  f o i l / U  n a t u r a l  f o i l ) ,

N  to  n a t u r a l  u r a n iu m  f o i l .
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23828 to  y - r a y s  f r o m  U  f i s s i o n  p r o d u c t  fe e d in g  in to  the  1 0 3 - k e v  w in d o w  

due to  a t t e n u a t io n  p r o c e s s e s ,  an d  

235
25 to y - r a y s  f r o m  U, f i s s i o n  p r o d u c t  fe e d in g  in to  the 1 0 3 -k e v  w in d o w  

due to  a t te n u a t io n  p r o c e s s e s .

T h e  a c t i v i t i e s  an d  a r e  r e q u i r e d  f o r  d e t e r m in in g  r ^  f r o m

A  ̂
49r  =

49  49

F r o m  th e  f i r s t  tw o  e q u a t io n s  a b o v e ,  the  r a t i o

A ^  -  A ^  A  ^ + dA ^  
b D  4 9  28 25r  =

A ^  + A ^
N  ■ 49  28 25

m a y  be f o r m e d .  T h e  r ig h t - h a n d  m e m b e r  of the e q u a t io n  is the  r a t io  of a t te n u a te d  

g a m m a  r a y s  f r o m  th e  d e p le te d  u r a n i u m  f o i l  to  th o s e  f r o m  the  n a t u r a l  u r a n iu m  

f o i l .  T o  d e t e r m i n e  th e  r a t i o  r ^ ,  the  c o u n t in g  e q u ip m e n t  w as  se t w i th  a b ia s  of

0 .5  M e v ,  an d  th e  f o i l s  w e r e  c o u n te d  i n t e g r a l l y  g iv in g  the  fo l lo w in g  a c t i v i t i e s

i . b  i . b  , , i . b  
D  ~ 28 25

= "a ^ + ' a ^
N  28 25

w h e r e  th e  s u p e r s c r i p t  i  r e f e r s  to  c o u n t in g  h a v in g  b e e n  done " i n t e g r a l l y . ” A  

r a t i o

. . " a ^ „  + d^A^^
l b  28 25r  = i . b  , i . b  

28 25

m a y  be f o r m e d .  I f  one a s s u m e s

b i b r  = r
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T A B L E  I X

M E A S U R E D  R E L A T I V E  1 0 3 - k e v  A C T I V I T I E S  A N D  R E L A T I V E  F IS S IO N  
P R O D U C T  A C T I V I T I E S  I N  T H E  U - 10 M o  F U E L

D e t e c t o r  F o i l L a t t i c e F  u e l
1 0 3 - k e v  A c t i v i t i e s  (A) F i s s i o n  P r o d u c t  A c t i v i t i e s  {^A)

R o d  1 R o d  2 R o d  3 R o d  8 R o d  9 A vg.  F u e l  (A) R o d  1 R o d  2 R o d  3 R od 8 R o d  9 A vg.  F u e l  (^A)

N a t u r a l  U 

D e p l e t e d  U

N a t u r a l  U, C d - c o v e r e d  

D e p l e t e d  U, C d - c o v e r e d

1 3 - in.

1 3 - in. 

1 3-  in. 

1 3 - in.

U - 10 Mo 

U - 10 Mo 

U - 10 Mo 

U - 10 Mo

6394

6050

5299

5291

6662

6395

5506

5726

8090

8037

7219

6968

8667

8014

6894

7011

7732 i  77 

7407 ± 63 

6474 ± 75 

6501 4 42

23190

7736

13718

6645

25416

7528

14384

6148

31521

7777

15297

5580

31954

7443

15092

5829

29291 ± 237 

7591 ± 83 

14861 ± 102 

5894 ±  47

N a t u r a l  U 

D e p l e t e d  U

N a t u r a l  U, C d - c o v e r e d  

D e p l e t e d  U, C d - c o v e r e d

1 6 - in .  

1 6 - in .  

1 6 - in .  

16 - in.

U - 10 Mo 

U - 10 Mo 

U - 10 Mo 

U - 10 Mo

5667

5305

4613

6295

5711

4928

7757

7496

6309

6164

7771

7412

6281

6139

7190 ± 83 

6790 4 52

5684 4  43

33635

13155

16952

10316

37428

13680

17309

10209

50518

14233

17561

8947

51041

14302

17472

8789

45661 ± 361 

14023 ± 98 

17421 ± 87 

9368 ± 121

N a t u r a l  U 

D e p l e t e d  U

N a t u r a l  C d - c o v e r e d  

D e p l e t e d  U, C d - c o v e r e d

1 9 - in. 

1 9 - in. 

1 9 - in .  

1 9 - in.

U - 10 Mo 

U - 10 Mo 

U - 10 Mo 

U - 10 Mo

4127

4168

3595

3533

4461

4334

3831

3706

5928

5741

4685

4824

5867

5767

4682

4824

5351 4  52 

5222 4 37 

4 357  4 33 

4403  4 40

10155

3879

5247

3094

10829

4036

5255

3103

15091

4431

5143

2796

15416

4282

5259

2618

13588 ± 101 

4 230  ± 107 

5231 ± 41 

2852 ± 58

N a t u r a l  U 

D e p l e t e d  U

N a t u r a l  U, C d - c o v e r e d  

D e p l e t e d  U, C d - c o v e r e d

1 6 - in .  

1 6-  in. 

1 6-  in. 

16- in.

UC

UC

UC

UC

3828

3769

3273

3150

4816

48 1 4

3814

3753

5116

4993

3921

3858

4719  4 71 

4642  4 68 

3732 4 63 

3655 4 59

17051

6412

6991

5107

22091

7342

8759

4520

23040

6938

8757

4545

21305 ± 422 

6908 ± 140 

8317 ± 167 

4679 ± 92

I
00 ta

I
O'



th e n  th e  r a t i o  r  can  in  e f f e c t  be m e a s u r e d .  T h is  g iv e s  the eq uatio n :

. .
l b  D  49r  = —;-----------:—

w h ic h  one c a n  s o lv e  f o r  A

s i m i l a r l y  to o b ta in  A cd
4 9 '

4 9 ‘

N  49

T h e  c a d m i u m - c o v e r e d  a c t i v i t i e s  ca n  be t r e a t e d

F r o m  th e s e  th e  r a t i o  r  is  o b ta in e d .
P

T h e  r e s u l t s  r e p o r t e d  a r e  r e l a t i v e  a c t i v i t i e s .  T h e y  h a v e  a l l  b e e n  m a s s  and  

r u n  n o r m a l i z e d  and h a v e  b e e n  c o r r e c t e d  f o r  b u c k l in g  f o r  the l a t t i c e  in  w h ic h  the  

m e a s u r e m e n t s  w e r e  m a d e .  T h e  v a lu e s  o f th e  a c t i v i t i e s  m e a s u r e d  f o r  th e  n a t u r a l  

an d  d e p le te d  u r a n i u m  f o i l s  b o th  b a r e  an d  c a d m iu m  c o v e r e d  a r e  l is t e d  in  T a b le  IX .  

T h e  r e s u l t s  a r e  sh ow n  f o r  e a c h  r e p r e s e n t a t i v e  fu e l  r o d  f o r  e a c h  la t t i c e  s tu d ie d  

and  the  a v e r a g e  f o r  th e  f u e l  is  g iv e n  in  e a c h  cas e .

U s in g  th e  c o r r e c t i o n  d is c u s s e d ,  the  v a lu e s  of A ^ q ( P u ^^^ X - r a y  a c t iv i t y )  
cd  239and (P u  X - r a y  a c t i v i t y  f o r  c a d m i u m - c o v e r e d  f o i l s )  w e r e  o b ta in e d .  H a v ­

in g  th e s e  r e s u l t s  th e  r a t i o

r  ='

cd
^49

P
4 9  49

w a s  d e te r m in e 'd .  T h e  r e s u l t s  f o r  th e  v a r io u s  l a t t i c e s  a r e  g iv e n  in  T a b le  X .

T A B L E  X

C O R R E C T E D  P u ^ 3 9  X - R A Y  A C T I V I T I E S  A N D  R A T I O S  
O F  R E S O N A N C E  T O  T H E R M A L  C A P T U R E S  I N  U 2 3 8

F u e l L a t t i c e s
cd
49

A ^
49

r
P

U -  10 M o 1 3 - in . 6501  ±  4 2 7 4 0 7  ±  63 7 .1 7  ±  0 .4 6
U  -  10 M o 1 6 - in . 5 6 2 7  ±  41 6601  ±  52 5 .7 8  ±  0 .3 2
U -  10 M o 1 9 - i n . 4 3 6 2  ±  40 5 1 6 0  ±  37 5 .4 6  ±  0 .3 6
U C 1 6 - in . 3 5 5 6  ±  64 4 6 0 8  ±  71 3 .3 8  ±  0 .3 2

T h e  f a i r l y  l a r g e  e r r o r s  in  r  a r e  due to  ta k in g  the  d i f f e r e n c e s  o f  n u m b e r s  

w h e r e  the  r e m a i n d e r  is  s m a l l  in  c o m p a r is o n  to the  n u m b e r s  t h e m s e lv e s .  In  

th is  c a s e ,  s u b t r a c t in g  m e a s u r e d  v a lu e s  w i t h  e r r o r s  of le s s  th a n  1% g iv e s  r e s u l t s  

w i t h  e r r o r s  o f ab o u t 6%.
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IX. RATIO OF THE FISSION PROBABILITY TO THE 0^35 FISSION PROBABILITY

238M e a s u r e m e n t s  h a v e  b e e n  m a d e  to  d e t e r m in e  th e  r a t io s  of the  U  f i s s io n
235  238p r o b a b i l i t y  to  th e  t o t a l  U  f i s s io n  p r o b a b i l i t y  an d  the  U  f i s s i o n  p r o b a b i l i t y

235to th e  t h e r m a l  U  f i s s i o n  p r o b a b i l i t y ,  r e f e r r e d  to  as  r  and  Tg r e s p e c t i v e ly .
235T h e s e  m e a s u r e m e n t s  h a v e  b e e n  m a d e  u s in g  U  a l lo y e d  w i t h  a lu m in u m  a n d  n a t ­

u r a l  u r a n iu m  d e t e c t o r  f o i l s .  M e a s u r e m e n t s  h a v e  b e e n  m a d e  f o r  b o th  b a r e  an d  

c a d m i u m - c o v e r  ed f o i l s  w h e r e  the  f i s s i o n  p r o d u c t  a c t i v i t i e s  w e r e  d e t e r m in e d  by  

c o u n tin g  the  g a m m a  r a y s  a b o v e  0 .5  M e v  e n e r g y .  T h e s e  m e a s u r e m e n t s  h a v e  b e e n  

m a d e  in  the  U  - 10 w / o  M o  f u e l  e le m e n t s  in  the  1 3 - ,  1 6 - ,  a n d  1 9 - in .  l a t t i c e s  and  

in  the  U C  e le m e n t  in  th e  1 3 -  a n d  1 6 - in . l a t t i c e s .

T h e  r a t i o s  to be d e t e r m i n e d  a r e  g iv e n  by

i - c d  i - c d
^^28  ̂ 28r  ,  , = ;—  and€1 i - b  € 2  i - b  i - c d
^ 2 5  25 “ 25

In  the  e q u a t io n  th e  s u p e r s c r ip t s  and  s u b s c r ip ts  r e f e r  to  the fo l lo w in g :

i in d ic a te s  th e  a c t i v i t i e s  w e r e  d e t e r m in e d  by  in t e g r a l  c o u n t in g  a b o ve

0. 5 M e v ,

cd  r e f e r s  to c a d m iu m - c o v e r e d  d a ta ,

b r e f e r s  to  t o t a l  a c t i v i t y  d a ta ,  and

A  in d ic a t e s  th e  a c t i v i t i e s  w e r e  a v e r a g e d  o v e r  the 19 f u e l  ro d s  in  a f u e l

e le m e n t .

T h e  a c t i v i t i e s  m e a s u r e d  u s in g  the  n a t u r a l  an d  e n r ic h e d  u r a n iu m  d e te c t o r  

f o i l s  h a v e  b e e n  c o r r e c t e d  to  g iv e  the r e s u l t s  th a t  w o u ld  be o b ta in e d  f o r  a f u e l  

s a m p le .

238T h e  m e a s u r i n g  te c h n iq u e s  u s e d  to d e t e r m i n e  th e  r a t i o  o f th e  U  f is s io n s  
2 3 5

to th e  U  f i s s io n s  in v o lv e s  c o u n t in g  th e  a c t i v i t i e s  a b o v e  0 .5  M e v  o f d e t e c to r

f o i ls .  T h e  c o u n t in g  te c h n iq u e s  h a v e  b e e n  d is c u s s e d .  T h e  m e th o d  u sed  to c o r r e c t

the  m e a s u r e d  d a ta  to a p p ly  to the  r a t io s  r e q u i r e d  w a s  s u g g e s te d  in  a p r i v a t e  c o m -
g

m u n ic a t io n .  T h e  fo l lo w in g  is  a  b r i e f  d e s c r i p t i o n  o f  th e  m e th o d  u s e d .
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B a r e  and c a d m i u m - c o v e r e d  e n r ic h e d  u r a n i u m  a l lo y e d  w i t h  a lu m in u m  an d  

n a t u r a l  u r a n iu m  f o i l s  w e r e  c o u n te d , a f t e r  b e in g  ex p o s e d  in  the l a t t i c e ,  to d e t e r ­

m in e  the r e l a t i v e  f i s s io n  p r o d u c t  a c t i v i t i e s .  T h e s e  a c t i v i t i e s  a r e  r e p r e s e n t e d  by

i cd i  b i  cd i  b
E  ’ E  ’ N  ’ N

w h e r e  the  N  an d  E  r e f e r  to n a t u r a l  and  e n r ic h e d  fo i ls .

238F i r s t  c o n s id e r  the  p r o b l e m  o f  d e t e r m in in g  the  r e l a t i v e  U  f i s s io n  p r o d u c t
238a c t i v i t y  f o r  a f o i l  o f th e  s a m e  U  a t o m  d e n s i t y  as the  fu e l  m a t e r i a l .  T h e  e p i -  

c a d m iu m  f i s s io n  p r o d u c t  a c t i v i t y  in  a n a t u r a l  u r a n iu m  f o i l  is  g iv e n  by

i . cd i  A cd  , i , cd 
* N  = ^ 2 8  + ^ 2 5  ■

T h e  h ig h ly  e n r ic h e d  u r a n i u m  a l lo y e d  w i t h  a lu m in u m  f o i l  a c t i v i t i e s  a r e  a lm o s t
235  238

e n t i r e l y  due to th e  U  . T h e  U  p r e s e n t  c o n t r ib u te s  le s s  th a n  0 .1 % , so th is

p a r t  has  b e e n  n e g le c te d .  T h e  c a d m i u m - c o v e r e d  a c t i v i t i e s  of th e s e  f o i l s  a r e  r e p -  
i  cdr e s e n t e d  b y  . F r o m  th e  e n r ic h m e n t  o f th e  U  in  th e  U - A l  f o i l s  an d  the p e r -

235c e n ta g e  o f A1 p r e s e n t ,  a  p e r  a t o m  a c t i v i t y  of th e  U can  be o b ta in e d

i . cd / - .E

T h e  a t o m  d e n s i ty  o f th e  n a t u r a l  u r a n i u m  f o i l  is  a ls o  k n o w n , , so a f t e r
238

v o lu m e  n o r m a l i z i n g ,  th e  r e l a t i v e  U  f i s s io n  p r o d u c t  a c t i v i t y  is g iv e n  by

28 I n

T h is  a c t i v i t y ,  ^A^^, is  c o r r e c t e d  by a f r a c t i o n ,  n / N ^ „ ,  to o b ta in  th e  r e l a -■' ’ 2 8 ’ ’ 2 8 ( fu e l )  2 8 ’
t iv e  a c t i v i t y  f o r  a  s a m p le  h a v in g  the  s a m e  U  a t o m  d e n s i ty  as the fu e l .

235
T o  d e t e r m i n e  the  t o t a l  a n d  r e l a t i v e  t h e r m a l  U  f i s s io n  p r o d u c t  a c t i v i t i e s ,  

the  r e s u l t s  f r o m  th e  e n r ic h e d  u r a n i u m  a l lo y e d  w i th  a lu m in u m  f o i ls  w e r e  used .

T h e  t o t a l  a c t i v i t i e s  a r e  r e p r e s e n t e d  b y  and the e p i t h e r m a l  by  so the

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

E  E  25  " 25 " 25 ’

w h e r e  the f o i l  a c t i v i t i e s  h a v e  b e e n  r u n  and m a s s  n o r m a l i z e d .
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T h e  a b o ve  r e s u l t s  f o r  , and ^A^^ a r e  th e n  c o r r e c t e d  to a p p ly  to
^33  ^38

the U  an d  U  a t o m  d e n s i t y  of th e  U - M o  f u e l .  T h e  e n r ic h m e n t  of the  u r a n iu m  

in  the U - A l  f o i l s  is  9 3 .3 7  w / o ,  a n d  th e  f o i ls  a r e  18 .7  w / o  u r a n iu m ,  the  r e m a i n d e r  

b e in g  a lu m i n u m .  T h e  v a lu e s  u s e d  f o r  the  a t o m  d e n s i t ie s  f o r  the  v a r io u s  m a t e r i ­

a ls  a r e  g iv e n  in  T a b le  X I ,

T A B L E  X I

A N D  A T O M  D E N S I T I E S  I N  T H E  V A R IO U S  M A T E R I A L S

M a t e r i a l ^^25 ^ 2  8

N a t u r a l  U r a n i u m 0 .3 4 2 7  X 10^^ 4 7 .2 3  X 10^^

U r a n i u m  A l u m i n u m 1 .4 3 8  X 10^^ 0 .1 0 0 8  X 10^^

U  -  10 w /  o M o  F u e l 1 .3 5 9  X 10^^ 3 7 .5 8  X 10^^

U C  F u e l 1 .1 0 8  X 10^^ 3 0 .6 4  X 10^^

T h e s e  r e s u l t s  a r e  th e n  u s e d  to  d e t e r m in e  r  a n d  r^

T h e  r e s u l t s  r e p o r t e d  a r e  r e l a t i v e  a c t i v i t i e s .  T h e y  h a v e  a l l  b e e n  m a s s  and  

r u n  n o r m a l i z e d  and h a v e  b e e n  c o r r e c t e d  f o r  b u c k l in g  f o r  the  l a t t i c e  in  w h ic h  the  

m e a s u r e m e n t s  w e r e  m a d e .  T h e  v a lu e s  o f  the  a c t i v i t i e s  m e a s u r e d  f o r  th e  n a t u r a l  

u r a n iu m  f o i l s ,  c a d m i u m - c o v e r  ed , an d  the  e n r ic h e d  u r a n iu m  f o i l s  b o th  b a r e  and  

c a d m i u m - c o v e r e d  a r e  l i s t e d  in  T a b le s  X I I  and  X I I I .  T h e  r e s u l t s  a r e  show n f o r  

e a c h  r e p r e s e n t a t i v e  f u e l  r o d  f o r  e a c h  la t t i c e  s tu d ie d .  A n d  the  a v e r a g e  f o r  the  

fu e l  is  g iv e n  in  e ach  c a s e .

U s in g  th e  c o r r e c t io n s  d e s c r ib e d  a b o v e ,  th e  v a lu e s  of an d  ^A^^

w e r e  o b ta in e d .  H a v in g  th e s e  r e s u l t s  th e  r a t io s

i . c d
28

25

and

i . c d
28

 ̂ 2 i
25

w e r e  d e t e r m in e d .  T h e  r e s u l t s  a r e  g iv e n  in  T a b l e  X I V .
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T A B L E  X I I
M E A S U R E D  R E L A T I V E  F IS S IO N  P R O D U C T  A C T I V I T I E S  

I N  U  - 10 M o  F U E L  U S E D  T O  D E T E R M I N E

D e t e c t o r  F o i l L a t t i c e

i cd
F i s  s io n  P r o d u c t  A c t i v i t i e s  A j  i  A 6and A

R o d  1 R o d  2 R o d  8 R o d  9 A v g .  F u e l  (^A)

N a t u r a l  U ,  
C d - c o v e r e d I 3 - i n . 13718 14381 15297 15092 14861 ± 102

U - A l 1 3 -  in . 66281 7 4 2 0 4 10037 9 10 434 8 9 1 5 7 2  ±  206

U - A l ,
C d - c o v e r e d I 3 - i n . 3 3 5 9 4 3 5 6 0 9 38749 4 0 0 0 1 37881  ± 83

N a t u r a l  U ,  
C d - c o v e r e d I  6 - in . 16952 17 3 0 9 17561 17472 17421  ± 87

U - A l 16 - in . 89 0 6 7 10 499 7 15621 8 15 732 2 1 3 6 8 5 7  ± 86

U - A l ,
C d - c o v e r e d 1 6 - in . 35641 3 6 9 2 0 4 1 7 8 0 4 2 3 5 1 4 0 5 0 3  ± 67

N a t u r a l  U ,  
C d - c o v e r e d I 9 - i n . 5247 52 5 5 5143 5259 5231 ± 41

U - A l 1 9 - in . 29511 3 4 2 6 9 531 2 9 55 3 1 8 4 6 6 2 2  ± 74

U - A l ,
C d - c o v e r e d 1 9 - in . 96 7 3 10 5 2 2 11330 11478 11035  ± 58

T A B L E  X I I I
M E A S U R E D  R E L A T I V E  F IS S IO N  P R O D U C T  A C T I V I T I E S  

U S E D  T O  D E T E R M I N E  I N  T H E  U C  E L E M E N T

D e t e c t o r  F o i l L a t t i c e F i s s i o n  P r o d u c t  A c t i v i t i e s  ^A^*^ and ^A^

R o d  I R o d  2 R o d  3 A v g .  F u e l  (^A)

N a t u r a l  U ,  
C d - c o v e r e d 16 - in . 6991 8759 8757 8 3 1 7  ±  167

U - A l 16 - in . 4 6 7 0 7 6 7 2 4 2 71 0 6 8 6 4 0 2 2  ±  827

U - A I ,
C d - c o v e r e d 16 - in . 16818 18 4 3 7 19236 18432  ± 301

N a t u r a l  U ,  
C d - c o v e r e d I 3 - i n . 3749 3668 3643 3676  ±  84

U - A l I 3 - in . 1 6 5 1 5 2 1 9 1 6 2 3 3 0 4 2 1 2 5 9  ±  271

U - A l ,
C d - c o v e r e d I 3 - in . 8513 9446 9 5 6 4 92 7 2  ±  140
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T A B L E  X I V
2 "2 Q ?  ̂^

R E L A T I V E  V A L U E S  O F  U A N D  U F IS S IO N  P R O D U C T  A C T I V I T I E S  A N D  T H E
2 2 f t  7 ft ft

R A T IO S  O F  U  F IS S IO N S  T O  U F IS S IO N S

L a t t i c e F  u e l i cd  
28 25

i th  
25 ^ ^ 1 2

1 3 - in. U - 10 M o 4 ,5 0 8  ±  24 8 6 ,5 4 0  ±  195 5 0 ,7 4 0  ±  222 0 .0 5 2 1  ±  0 .0 0 1 4 0 .0 8 8 0  ±  0 .0 0 2 5

1 6 - in. U  -  10 M o 6 ,0 7 8  ±  117 1 2 9 ,3 3 9  ±  104 9 1 ,0 6 0  ±  103 0 .0 4 7 0  ±  0 .0 0 0 9 0 .0 6 6 7  ±  0 .0 0 1 3

1 9 - in. U  -  10 M o 2 ,0 1 6  ±  61 4 4 ,0 6 0  ±  73 3 3 ,6 3 2  ±  97 0 .0 4 6 3  ±  0 .0 0 1 4 0 .0 6 0 2  ±  0 .0 0 1 8

1 3 - in. U C 932 ±  83 1 6 ,3 8 0  ±  288 9 ,2 3 6  ±  180 0 .0 5 7  ±  0 .0 0 5 0 .1 0 1  ±  0 .0 0 7

1 6 -  in . U C 2 ,5 0 8  ±  214 4 9 ,3 2 9  ±  743 3 5 ,0 5 0  ±  724 0 .0 5 1  ±  0 .0 0 4 0 .0 7 2  ±  0 .0 0 6

in
I
o

00



X. CONCLUSIONS

T h e  r e s u l t s  of th e s e  e x p e r im e n t s  h ave  b e e n  used  to  a id  in  s e t t in g  th e  e n r i c h ­

m e n t  o f th e  f u e l  to be u sed  in  the  H N P F  r e a c t o r  and to a id  in  e s ta b l is h in g  the d e ­

s ig n  of th e  U  -  10 M o  f u e l  c l u s t e r .  T h e  v a lu e s  of m a t e r i a l  b u c k l in g  w e r e  used  

as a b a s is  f o r  c h e c k in g  the c a lc u la t io n a l  m o d e ls  used  f o r  the  r e a c t o r .  One m e t h ­

od u sed  to  im p r o v e  the  a c c u r a c y  of the  c a lc u la t io n  of the r e q u i r e d  e n r ic h m e n t  of 

f u e l  f o r  th e  a c tu a l  r e a c t o r ,  w a s  to a d ju s t  the re s o n a n c e  i n t e g r a l  of m o ly b d e n u m  

to f o r c e  a g r e e m e n t  o f th e  c a lc u la t io n s  w i th  th e  m e a s u r e d  v a lu e s  of the  m a t e r i a l  

b u c k l in g  a n d  th e n  use  th is  a d ju s te d  v a lu e  in  the  c a lc u la t io n a l  m o d e l  f o r  the H a l -  

1am  r e a c t o r .  T h is  m e th o d  of f i t t i n g  the  v a lu e  of the  re s o n a n c e  in t e g r a l  of m o ly b ­

d e n u m  c h a n g e d  the p r e v i o u s l y  c a lc u la t e d  v a lu e  o f k^^^ by ^  1 - 1 / 2 %  and w as  t h e r e ­

f o r e  v e r y  h e lp fu l  in  th e  f i n a l  d e c is io n  of s e le c t in g  the fu e l  e n r ic h m e n t  n e c e s s a r y  

f o r  the H a l l a m  r e a c t o r .  E x p e r i m e n t a l  v a lu e s  o f the  re s o n a n c e  in t e g r a l  of m o l y b ­

d e n u m , r e p o r t e d  a f t e r  th is  w o r k ,  a g r e e  w i th  the  v a lu e  c h o s e n  f r o m  the b u c k l in g  

m e a s u r e m e n t s .  T h e r e f o r e ,  c o n s id e r a b le  c o n f id e n c e  w as  p la c e d  in  th is  p r o c e d u r e .  

B y  m a k in g  th is  a d ju s t m e n t  a l l  th e  m e a s u r e d  v a lu e s  of m a t e r i a l  b u c k l in g  w e r e  p r e ­

d ic te d  to w i t h in  0 .8 % . A ls o  the  c o m p a r is o n  of the  n e u t ro n  f lu x  d is t r ib u t io n  m e a s ­

u r e m e n t s  in  th e  1 9 - r o d  and 1 8 - r o d  U  - 10 M o  fu e l  e le m e n ts  a id e d  in  the d e c is io n  

to  ch a n g e  the  d e s ig n  o f th e  H a l l a m  fu e l  e le m e n t  f r o m  19 ro d s  to 18 r o d s .  T h is  

a l lo w e d  th e  n o w  e m p t y  c e n t r a l  s t a in le s s  s te e l  tu b e  to be u sed  as a s u p p o r t  m e m ­

b e r  and  p r o v id e d  a s t r u c t u r a l l y  im p r o v e d  f u e l  c lu s t e r .

T h e  o t h e r  l a t t i c e  p a r a m e t e r s ,  w h ic h  w e r e  m e a s u r e d ,  a r e  p r e s e n t l y  b e in g  

u s e d  to  c o m p a r e  to t h e o r e t i c a l l y  c a lc u la t e d  p a r a m e t e r s  and a d ju s tm e n ts  a r e  b e in g  

m a d e  to b r in g  th e  t h e o r y  a n d  e x p e r i m e n t  in to  a g r e e m e n t  and  t h e r e f o r e  im p r o v e s  

the  c a lc u la t i o n a l  m e th o d s .  T h e  r e s u l t s  of the  e x p e r i m e n t a l  w o r k  have  b een  p r e ­

se n te d  in  d e t a i l  in  th is  r e p o r t  so th e y  c a n  be u sed  to a id  in  f u tu r e  s o d iu m  g ra p h i te  

r e a c t o r  c a lc u la t io n s .
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