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i l l

A B STR A C T

T he P M -1  w a te r  c o o led  and  m o d e ra te d  c o re  c o n ta in s  741 h ig h ly  
e n r ic h e d  s t a i n le s s  s t e e l  c e r m e t  tu b u la r  fu e l e le m e n ts  and 90 lu m p ed  
b o ro n  s t a i n le s s  s t e e l  b u rn a b le  p o iso n  e le m e n ts ,  and  i t  i s  c o n tro l le d  
by  6 Y -s h a p e d  e u ro p iu m  t i ta n a te  m o v a b le  c o n tro l  ro d s . T he c o re  
h a s  a  l i f e t im e  of 1. 95 y e a r s  w hen  o p e ra te d  a t i t s  d e s ig n  p o w e r le v e l  
of 9 .3 7  mw of th e r m a l  e n e rg y . T he c o n tro l  of th e  c o re  is  d e s ig n e d  so  
th a t  th e r e  i s  a  p o s i t iv e  sh u td o w n  m a rg in  a t  a l l  t im e s  w ith  e i th e r  one 
ro d  s tu c k  c o m p le te ly  o u t of th e  c o re  o r  w ith  tw o ro d s  s tu c k  in  th e  
o p e ra t in g  c o n d itio n . T he  c o re  p o w e r  is  re m o v e d  by  2125 gpm  of 
p r e s s u r i z e d  w a te r  a t  a n  a v e r a g e  t e m p e r a tu r e  of 463® F  and  p r e s s u r e  
of 1300 p s ia .  In  r e a c t o r s  of th i s  ty p e , th e  c o re  is  s ta b le  w ith  a  n e g a ­

tiv e  te m p e r a tu r e  c o e f f ic ie n t  of a p p ro x im a te ly  2. 5 x  10 ^ A K /K /® F .
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I. IN TR O D U C TIO N

T h is  r e p o r t  p r e s e n t s  and  e v a lu a te s  th e  f in a l  d e s ig n  of th e  r e a c to r  
c o re  fo r  th e  P M -1  N u c le a r  P o w e r  P la n t .  T h e  d e s ig n  c r i t e r i a  r e q u ir e d  
a  p r e s s u r i z e d  w a te r  c o o led  an d  m o d e ra te d  c o re  w ith  a  tw o -y e a r  life  a t  
d e s ig n  p o w e r  an d  a  p o s i t iv e  sh u td o w n  m a rg in  u n d e r  a l l  c o n d itio n s  w ith  
e i th e r  one c o n tro l  ro d  s tu c k  c o m p le te ly  o u t o r  w ith  tw o  c o n tro l  ro d s  
s tu c k  in  th e  o p e ra t in g  c o n d itio n . A b r i e f  d e s c r ip t io n  of th e  c o re  d e ­
s ig n e d  to  s a t i s f y  th e s e  r e q u i r e m e n ts  is  g iv e n  h e r e ,  to g e th e r  w ith  a  
ta b le  of c o re  c h a r a c t e r i s t i c s .  A d e ta i le d  d e s c r ip t io n  of th e  c o re  and  
i t s  c h a r a c t e r i s t i c s  i s  c o n ta in e d  in  th e  body  of th e  r e p o r t .  T he r e s u l t s  
of s u p p o r tin g  s tu d ie s ,  t e s t s  and  a n a ly t ic a l  te c h n iq u e s  r e q u i r e d  to  
s u p p o r t  th e  d e s ig n  e f f o r t  a r e  a ls o  in c lu d e d  in  an  ap p en d ix .

T he  P M -1  r e a c t o r  ( r e f e r  to  D raw in g  3 72 -210500) is  d e s ig n e d  
to  p ro d u c e  9 .3 7  mw of th e r m a l  e n e rg y . A t th is  le v e l ,  th e  e n t i r e  P M -1  
p la n t  p ro d u c e s  th e  r e q u i r e d  1000 kw of n e t  e l e c t r i c  e n e rg y  and  7 m i l ­
lio n  B tu  of h e a t  e n e rg y .

T he s in g le - p a s s  r e a c t o r  o p e r a te s  a t  1300 p s ia ,  w ith  a  m ean  c o o lan t 
t e m p e r a tu r e  o f 463® F . S ing le  in le t  and  o u tle t  n o z z le s  a r e  lo c a te d  above 
th e  le v e l  of th e  c o r e ,  p ro v id in g  an  in h e re n t  s a fe ty  f e a tu re  in  th e  e v en t 
of a  le a k  in  th e  p r im a r y  c o o la n t s y s te m . T he v e s s e l  in te rn a l  s t r u c tu r e  
c o n s is t s  of tw o  m a jo r  a s s e m b l i e s - - t h e  c o r e  s h ro u d  an d  th e  u p p e r  
s k i r t  a s s e m b ly .  T he c o re  s h ro u d  s u p p o r ts  and  a lig n s  th e  c o re  b u n d le s . 
T he  u p p e r  s k i r t  f o r m s  th e  v e s s e l  u p p e r  p le n u m  and  g u id es  th e  c o n tro l 
r o d s  a s  th e y  a r e  w ith d ra w n  f r o m  th e  c o r e .

C o o lan t flow  e n te r in g  th e  r e a c t o r  i s  d is t r ib u te d  a ro u n d  th e  v e s s e l  
in s id e  p e r ip h e r y  by  a  p le n u m  h a v in g  a n  o r i f ic e d  p la te  on i t s  u n d e rs id e . 
T h is  p la te  d i s t r ib u te s  flow  d o w n w ard  a ro u n d  th e  th e r m a l  s h ie ld s  to  a  
p le n u m  in  th e  b o tto m  of th e  v e s s e l .  H e re  th e  flow  tu r n s  and  flow s 
u p w a rd  th ro u g h  th e  c o r e ,  w h ich  is  lo c a te d  in  th e  lo w e r h a lf  of th e  v e s ­
s e l .  C o o lan t le a v in g  th e  c o re  e n te r s  a n  u p p e r  v e s s e l  p le n u m  f ro m  
w h ich  i t  i s  a g a in  d i r e c te d  a ro u n d  th e  v e s s e l  p e r im e te r  and  in to  th e  
v e s s e l  o u tle t  n o z z le . Som e of th e  flow  f r o m  th is  u p p e r  p len u m  is  d i ­
r e c te d  to w a rd  th e  v e s s e l  h e ad  b e fo re  le a v in g  th e  v e s s e l ,  in  o r d e r  to  
p ro v id e  fo r  h e a d  c o o lin g .

T he r e a c t o r  c o re  c o n s is t s  of s e v e n  in d iv id u a l fu e l b u n d le s  c o n ta in in g  
a  to ta l  o f 741 fu e l e le m e n ts ,  90 b o r o n - s ta in le s s  s te e l  b u rn a b le  p o iso n  
e le m e n ts  an d  18 d u m m y  e le m e n ts .  A ll e le m e n ts  a r e  in  a  t r i a n g u la r  
a r r a y  o f 0 .6 6 5 - in c h  p i tc h  and  h av e  n o m in a l d ia m e te r s  of a p p ro x im a te ly  
l / 2  in c h . T he  fu e l e le m e n ts  a r e  tu b u la r ,  c o n ta in in g  an  a n n u la r  fu e l 
s e c t io n  w h ich  is  c la d  on i t s  in n e r  an d  o u te r  s u r f a c e s .  T he fu e l i s  a  
U O g -s ta in le s s  s t e e l  d is p e r s io n  c o n ta in in g  28 w t % of 93% e n r ic h e d  UOg.



S ix  id e n t ic a l  t r u n c a te d  p ie - s h a p e d  b u n d le s  m ak e  up  th e  c o r e  pe-1  
r ip h e r y .  T h e s e  s u r ro u n d  th e  s m a l l  c e n te r  b u n d le , w h ic h  w a s  d e s ig n e d  
to  be  r e p la c e d  e i th e r  w ith  th e  c o r e  o r  to  be re m o v e d  an d  re p la c e d  
th ro u g h  a  p o r t  in  th e  c e n te r  of th e  r e a c t o r  v e s s e l  h e a d . T h is  f e a tu r e  
p e r m i t s  a d d it io n a l  d e s ig n  f le x ib i l i ty  f o r  fu tu re  e x p e r im e n ta t io n .

T h e  s ix  c o n tro l  ro d s  a r e  o f Y -b la d e  c o n f ig u ra tio n  w ith  b la d e  w id th s  
of 3 . 5 in c h e s  an d  a c t iv e  a b s o r b e r  le n g th s  o f  32 in c h e s . T h e  a b s o r b e r  
m a te r i a l  i s  E u 2 0 g ’ 2 T i0 2  d i s p e r s e d  in  s ta in le s s  s t e e l  w h ic h , in  th e
f in ish e d  c o n tro l  ro d  e le m e n t ,  i s  e q u iv a le n t to  a p p ro x im a te ly  30 w t %
EUgOg.

A ll in t e r n a l  s t r u c t u r a l  m a te r i a l  i s  A ISI T y p e  304 o r  347 s ta in le s s  
s t e e l  m o d if ied  to  l im i t  th e  c o b a lt  an d  ta n ta lu m  c o n te n ts  of th e  m a te r ia l .

T h e  l i f e t im e  of th e  P M -1  c o re  w a s  d e te rm in e d  b o th  w ith  an d  w ith ­
o u t c o n tr o l  ro d s  in s e r t e d .  T h e  m o re  r e a l i s t i c  c a lc u la t io n ,  w h ich  
a c c o u n te d  f o r  c o n tro l  r o d  w ith d ra w a l, in d ic a te d  a  l i f e t im e  o f 17. 33 
m w -y r .  T o  p ro v id e  a  c h e c k  on th e  b u rn u p  c a lc u la t io n ,  th e  l i f e t im e  of 
th e  SM -1 c o r e  w a s  c a lc u la te d .  T he r e s u l t  w as  s l ig h tly  c o n s e rv a t iv e  
w ith  r e s p e c t  to  th e  r e p o r te d  v a lu e  of th e  a c tu a l  SM -1 l i f e t im e .  T h e r e ­
f o r e ,  th e  P M -1  c o r e  l i f e t im e  w a s  c o r r e c t e d *  to  c o m p e n s a te  f o r  th e  
c o n s e r v a t i s m .  T h e  r e s u l t a n t  b e s t  e s t im a te  o f th e  P M -1  c o r e  l i f e  i s  
1 8 .2  m w -y r .

T he  P M -1  c o r e  h a s  a  la r g e  in i t ia l  in v e n to ry  of fu e l w h ich  r e f l e c t s  
i t s e l f  in  h ig h  in i t ia l  r e a c t iv i ty .  T he h ig h  in i t i a l  r e a c t iv i ty  of th e  c o r e  
is  re d u c e d  th ro u g h  th e  u s e  of d i s c r e t e  b u rn a b le  p o iso n  in  b o ro n  a l lo y  
s t a in le s s  s t e e l  r o d s .  T h e  ro d s  a r e  0 .4 9 6  in c h  in  d ia m e te r  an d  c o n ta in  
0 .2794  w t % o f n a tu r a l  b o ro n . T h e s e  ro d s  in i t ia l ly  c o n tro l  a b o u t 10% 
r e a c t iv i ty .  T h e  r e s u l t a n t  in i t ia l  c le a n  r e a c t iv i ty  of th e  P M -1  is  0 .1327 
a t  68* F  a n d  0 .0908  a t  463" F . T h e  r e a c t iv i ty  v a lu e  a t  68" F  h a s  b e e n  
v e r i f ie d  e x p e r im e n ta l ly .

A s in  a l l  d e s ig n s ,  to le r a n c e s  m u s t  b e  c o n s id e r e d .  T h e  a llo w a b le  
2% v a r ia t io n  in  fu e l lo a d in g  co iild  r e s u l t  in  a n  in c r e a s e  o f r e a c t iv i ty  
of a s  m u ch  a s  0 .4 4 % ; th u s  e x c e e d in g  th e  sh u td o w n  m a rg in .  In  e v e n t 
o f s u c h  a  c o n d itio n , a d ju s tm e n t is  m ad e  by  r e p la c e m e n t  o f so m e  c e n te r  
b u n d le  fu e l e le m e n ts  by  d u m m y  e le m e n ts  a n d /o r  p o iso n  r o d s .  It h a s  
b e e n  d e te r m in e d  a n a ly t ic a l ly  th a t  th i s  m e th o d  is  a d e q u a te . T h e  f in a l  
d e te r m in a t io n  of sh u td o w n  m a rg in  is  m ad e  w ith  th e  fu lly  a s s e m b le d  
c o r e  and  c o n tro l  ro d s  in  a  'V e t  c r i t i c a l "  t e s t ,  w h ich  i s  a  f in a l  p ro o f  
t e s t  u n d e r  e x p e r im e n ta l ly  c o n tro l le d  c o n d itio n s .

*T he c o r r e c t io n  f a c to r  is  d e fin e d  a s
R e p o r te d  SM -1 lif e  P M -1  (u n ro d d ed ) _ 1 5 .0  m w -y r  685 d a y s

C a lc u la te d  SM -1  l i f e  (u n ro d d ed ) P M -1  (ro d d e d )  14. 5 m w -y r  875 d a y s



T h e  r e a c t iv i ty  of th e  P M -1  c o re  is  c o n tro l le d  th ro u g h  th e  u se  of 
s ix  Y -s h a p e d  c o n tr o l  ro d s  lo c a te d  s y m m e tr ic a l ly  in a  r in g .  T he c o n ­
t r o l  s y s te m  h a s  th e  c a p a b il i ty  of sh u ttin g  dow n th e  r e a c to r  a t  any  tim e  
w ith  one c o n tr o l  ro d  fu lly  w ith d ra w n  o r  w ith  tw o c o n tro l  ro d s  a t the  
o p e ra t in g  s ix - r o d  b a n k  le v e l .

T he  s ix - r o d  b a n k  r e a c t iv i ty  w o r th s  c a lc u la te d  a t  bo th  68° F  and  
463® F , a r e  20.22%  an d  23.05% , r e s p e c t iv e ly .  T he c a lc u la te d  s ix - r o d  
b an k  w o rth  v e r s u s  in s e r t io n  a t  68® F  w as  c o m p a re d  w ith  e x p e r im e n ta l  
d a ta . T he a g r e e m e n t  w a s  e x c e l le n t ,  le n d in g  c re d e n c e  to  th e  c a lc u la te d  
fu ll  in s e r t io n  w o r th  a t  68® F .

T he  sh u td o w n  c r i t e r i a  f o r  th e  P M -1  h a v e  b e e n  s ta te d  p re v io u s ly . 
B o th  c o n d itio n s  a r e  m e t in  th e  d e s ig n  c o r e .  T he shu tdow n re a c t iv i ty  
m a rg in  a t  68® F  fo r  th e  c o n d itio n  of one ro d  fu lly  w ith d raw n  is  0 .39% . 
W ith  tw o ro d s  s tu c k  a t  th e  h o t o p e ra t in g  s ix - r o d  b an k  p o s it io n  (14. 65 
in c h e s  w ith d ra w n ), th e  sh u td o w n  r e a c t iv i ty  m a rg in  a t  68® F  is  0. 10%.

T h e  r e a c t iv i ty  of th e  P M -1  c o re  d e c r e a s e s  o v e r  l i f e .  A s a  r e s u l t ,  
th e  sh u td o w n  m a rg in s  a r e  a  m in im u m  fo r  a  c le a n  c o re .  T h is  b e h a v io r  
a llo w s  a  c o m p le te  v e r i f ic a t io n  of shu td o w n  m a rg in  in  a  "w et c r i t i c a l "  
t e s t  (se e  A p p en d ix  D).

T h e  m a x im u m  p e a k - to - a v e r a g e  p o w e r d e n s ity  in  th e  P M -1  o c c u rs  
a t  r e a c t o r  s ta r tu p .  T he  v a lu e  i s  3. 56, of w h ich  1. 95 and  1. 83 a r e  the  
a x ia l  and  r a d i a l  c o m p o n e n ts , r e s p e c t iv e ly .  S h o rtly  a f te r  s ta r tu p ,  the  
p e a k - to - a v e r a g e  p o w e r  d ro p s  to  ab o u t 3 .4 2 ,  due to  c o n tro l  ro d  w ith ­
d ra w a l n e c e s s i ta te d  by  f i s s io n  p ro d u c t  b u ild u p . T he p o w e r p e ak in g  
d e c r e a s e s  n e a r ly  l in e a r ly  o v e r  th e  l i f e  of th e  c o re  to  a  v a lu e  of 1 .9 7  
a f t e r  1 8 .2  m w -y r  of e n e rg y  r e l e a s e .

T h e  te m p e r a tu r e  c o e f f ic ie n t  w as  e v a lu a te d  a n a ly t ic a l ly  a t  th e  b e ­
g in n in g  and  en d  o f c o r e  life  a t  68® F  and  463® F , r e s p e c t iv e ly .  In  e a c h  
c a s e ,  th e  c o n tr o l  ro d s  w e re  a t  th e  c r i t i c a l  b an k  p o s itio n . T he t e m p e r ­
a tu r e  c o e f f ic ie n t  i s  n e g a tiv e  o v e r  th e  o p e ra t in g  ra n g e  of the  r e a c to r  
and  d e c r e a s e s  s l ig h tly  w ith  c o r e  l i f e .

T he  9 .3 7  m w  of h e a t  d e v e lo p e d  in  th e  P M -1  c o re  is  re m o v e d  by 
in c r e a s in g  th e  t e m p e r a tu r e  of p r e s s u r i z e d  c o o lan t w a te r  f ro m  447° 
to  479® F . T he  a v e r a g e  flow  r a t e  in s id e  e a c h  e le m e n t is  1, 20 gpm , 
and  th e  a v e r a g e  flow  r a t e  o u ts id e  e a c h  e le m e n t is  1. 25 gpm . T he
a v e r a g e  h e a t  flu x  in  th e  c o re  i s  7 1 ,2 0 0  B tu /h r  f t^ . L o c a l b o ilin g  ( s u b ­
co o led  b o ilin g )  c o n d itio n s  e x i s t  in  so m e  h ig h  p o w e r re g io n s  of th e  c o re ;  
h o w e v e r , a d e q u a te  co o lin g  is  p ro v id e d  to  p re c lu d e  b u lk  b o ilin g  u n d e r  
a l l  e x p e c te d  o p e ra t in g  c o n d itio n s .



T h e  fu n d a m e n ta l  th e r m a l  c r i t e r io n  in  th e  d e s ig n  of th is  c o r e  w a s  
th a t  no  b u lk  b o ilin g  of th e  p r im a r y  lo o p  s h a l l  o c c u r .  T he  " h o t"  c h a n n e l, 
due to  v a r ia t io n s  in  c h a n n e l flow  r a t e s  an d  c h a n n e l p o w e rs ,  w il l  p r o ­
duce  th e  m a x im u m  c o o la n t o u tle t  t e m p e r a tu r e .  T he  B IT E  co d e  an d  th e  
r e s u l t s  of th e  flow  an d  p o w e r  d is t r ib u t io n  t e s t s  w e re  u s e d  to  d e te rm in e  
th e  h o t c h a n n e l. In d e te r m in a t io n  o f th e  m a x im u m  c o o la n t t e m p e r a tu r e ,  
c o n s id e ra t io n  w a s  a ls o  g iv e n  to  u n c e r ta in t ie s  due to  m a n u fa c tu r in g  
to le r a n c e s  an d  im p e r fe c t io n s  in  th e  a n a ly t ic a l  te c h n iq u e s  by  a p p ly in g  
ho t c h a n n e l f a c to r s .  A n a d d itio n a l f a c to r  o f 1. 2 to  th e  p o w e r  g e n e r ­
a tio n  w a s  in c lu d e d , s in c e  a c c id e n t  s tu d ie s  in d ic a te  th a t  th e  p e a k  p o w e r 
in c r e a s e s  a lm o s t  20% d u r in g  c e r t a in  p la u s ib le  t r a n s i e n t s .

T he  fo llo w in g  ta b le  l i s t s  th e  m a in  c h a r a c t e r i s t i c s  an d  p a r a m e te r s  
of th e  c o r e .

D e sig n  D a ta - - P M - 1  R e a c to r  C o re

O v e ra l l  p e r fo rm a n c e  d a ta :
R e a c to r  p o w e r , n o m in a l (m w ) 9 .3 7
R e a c to r  p o w e r , t h e r m a l  d e s ig n  (m w ) 1 0 .4

O p e ra t in g  p r e s s u r e ,  n o m in a l (p s ia )  1300
D e s ig n  p r e s s u r e ,  s t r u c t u r a l  (p s ig )  1485
D e s ig n  p r e s s u r e ,  t h e r m a l  (p s ia )  1200

C o re  l i f e ,  n o m in a l (m w -y r)  1 8 .2

C o re  d e s ig n  c h a r a c t e r i s t i c s :
G e o m e t r y - - r ig h t  c i r c u l a r  c y lin d e r  

(a p p ro x )
D ia m e te r  (m )

C o re  s h ro u d , o u ts id e  2 3 .6
F u e l  e le m e n t  e n v e lo p e  22. 8
E q u iv a le n t 2 2 .7 4

L e n g th  (m )
O v e ra l l  3 3 -1 /4
A c tiv e  3 0

S t r u c tu r a l  m a te r i a l  M o d ified  A ISI
T y p e  304 and  347



M o d e r a to r ,  c o o la n t and  r e f l e c to r

U -23  5 in v e n to ry  (kg)
B -1 0  in v e n to ry  (g)
U -2 3 5  b u rn u p  (kg)

3. F u e l e le m e n t  d a ta ;

Type
N u m b e r
D ia m e te r  (in . )

O u ts id e
In s id e

L en g th  (in , ) 
o v e ra l l

T o ta l  a c tiv e
C lad  th ic k n e s s  (in . )

A v e ra g e
M in im u m

M eat th ic k n e s s  ( i n , )

C lad  m a te r ia l

M ea t c o m p o s itio n  (wt %) 

UO2
T ype  304 s t a in le s s  s te e l  

L o ad in g  p e r  tu b e  (g) 
U -235  

L u m p ed  p o iso n  ro d s :

T ype

D ia m e te r  (in .)

L ig h t w a te r  a t  1300 
p s ia  and 463“ F
29. 14 i  0 .6 0
32. 16

9. 0

T u b u la r , c e r m e t  

741

0. 506 
0 .4 1 7

33-1/4
30

0 .0 0 8 5  
0. 0065 
0 .0 2 8 5

AISI T ype 347 s ta in le s s  
s te e l ,  m o d if ied , 0 .0 1  
w t % Co m a x im u m  and 
0. 03 w t % C o p lu s  T a  
m ax im u m

28
72

4 0 .1 3  ± 0. 80

B o r o n - s ta in le s s  s te e l  
a llo y  ro d , u n c lad

0 .470 - 0 .500 v a r ie s  to  
c o m p e n sa te  fo r  a c tu a l 
b o ro n - lo a d in g  o b ta in ed



M a t e r i a l - - s t a l n l e s s  s te e l

B -1 0  p e r  ro d  (g)

N u m b e r
P o is o n  (3 0 - in . le n g th )  

P o is o n  (2 0 - in . len g th ) 

C o n tro l r o d s :
T ype

N u m b e r
L e n g th  (a b s o rb in g )  ( i n . ) 

B lad e  w id th  ( i n . ) 
A b s o r b e r  

T o ta l
B la d e  th ic k n e s s  ( i n . ) 

A b s o r b e r

C la d  th ic k n e s s  ( i n . ) 
T o ta l  

C la d  m a te r i a l

A b s o r b e r  m a te r i a l

E u ro p iu m  c o n te n t o f e a c h  b la d e  (g) 

A v e ra g e  (p e r  b la d e )
M ax im u m  (p e r  b la d e )  
M in im u m  (p e r  b la d e )

AISI T y p e  304, m o d if ied  
0. 01 w t % C o m a x im u m  
an d  0. 03 w t % Co p lu s  
T a  m a x im u m  c o n ta in in g  
0. 27 w t % n a tu r a l  b o ro n  
(n o m in a l)

0 .3 8 3

72

18

Y , c e r m e t  c o n ta in e d , 
e u ro p iu m  t i ta n a te  d i s ­
p e r s e d  in  s t a in le s s  
s te e l
6
32

3 . 5 
3 .8 7 5

0 .2 5 0  

0. 030 
0 .3 1 0

A ISI T y p e  347 s t a in le s s  
s t e e l ,  m o d if ie d , 0 .0 5 w t  
% C o m a x im u m  an d  0 .1 5  w t 
% C o p lu s  T a  m a x im u m
E u ro p iu m  t i ta n a te  EUgOg,
2 TiO g d i s p e r s e d  in

s ta in le s s  s t e e l  (e q u iv a ­
le n t  to  25 w t % e u ro p iu m  
m e ta l)

790
828
752



6. F u e l  b u n d le  d a ta :

E le m e n t p i tc h  ( i n . ) 0 .6 6 5
E le m e n ts  in  p e r ip h e r a l  b u n d le

F u e l  121
P o is o n  (3 0 - in . le n g th )  12

P o is o n  (2 0 - in .  le n g th )  3

D um m y 3
E le m e n ts  in  c e n te r  b u n d le

F u e l  15

P o is o n  0
D um m y 0
S t r u c tu r a l  ro d s  3

C o n tro l  ro d s
P e r ip h e r a l  b u n d le  1
C e n te r  b u n d le  0

7. N u c le a r  c h a r a c t e r i s t i c s :

C o re  r e a c t iv i ty  (m ax ) (%) 1 3 .2 8
C o n tro l ro d  w o r th , 68® F  (%)

6 - r o d  b a n k  -2 0 .2 2
5 - r o d  b a n k  -1 3 .6 6

4 - r o d  b a n k , m in im u m  -8 .8 3
3 - r o d  b a n k , a l te r n a t in g  -9 .1 9

M in im u m  sh u td o w n  m a rg in ,  68® F (% )

One r o d  c o m p le te ly  w ith d ra w n  0 .3 8
Tw o r o d s  a t  o p e ra t in g  p o s i t io n  0 .1 0

C o re  r e a c t iv i ty  ( in i t ia l )  (%)

A t 68* F  1 3 .2 8

A t 463® F  9. 08

T e m p e r a tu r e  c o e f f ic ie n t

B eg in n in g  of l i f e  a t  68® F  -0 . 675 x  10 ^

A t 463® F  -2 .8 2 7  x  1 0 '^



E nd  of life  a t  68* F  
A t 4 63“ F  

B u rn u p
P e a k  U -2 3 5  (%)

P e a k  B -1 0
8. H e a t t r a n s f e r  c h a r a c t e r i s t i c s :

C o o la n t flow  r a t e  (gpm )
C o o la n t t e m p e r a t u r e  (®F)

A v e ra g e
In le t  (fu ll p o w e r)
O u tle t (fu ll p o w e r)

M ax im u m  c o o la n t t e m p e r a t u r e s  (®F)
W ithou t h o t c h a n n e l f a c to r s
W ith  h o t c h a n n e l f a c to r s

S u r fa c e  t e m p e r a t u r e s ,  m a x im u m  (“F )
W ith o u t h o t c h a n n e l f a c to r s
W ith  h o t c h a n n e l f a c to r s

F low  r a t e  (gpm )
In s id e  fu e l e le m e n t

F lo w  r a t i o ,  flow  in s id e  e le m e n t / to ta l  
flow

H e a t f lu x , B tu /h r - f t ^

A v e ra g e
M ax im u m , w ith o u t h o t c h a n n e l 

f a c to r s
M ax im u m , w ith  h o t c h a n n e l f a c to r s  

F r a c t io n  o f b u rn o u t h e a t  f lu x  
W ith o u t h o t c h a n n e l f a c to r s  
W ith  h o t c h a n n e l f a c to r s

-0 .6 5 0  X 10 
-2 .4 3 3  X 10

61. 7 

9 7 .9

2125

463 
447 

479

515 
555

588 
580

1.20  

0 .5 1

7 1 ,2 0 0

2 5 7 .0 0 0

3 6 6 .0 0 0

0 . 12 
0. 18

-4
-4



n .  M EC H A N IC A L DESIGN

T h is  c h a p te r  d e s c r ib e s  th e  P M -1  r e a c t o r  c o re  an d  e x p la in s  f e a tu r e s  
of th e  d e s ig n . In  re a d in g  th is  s e c t io n ,  r e f e r e n c e  shovild be m ade  to  
th e  d e s ig n  d ra w in g s  w h ich  a r e  l i s t e d  by  t i t l e  and  n u m b e r a t  th e  end  of 
th i s  c h a p te r  an d  in c lu d e d  in  th e  ap p en d ix  of th is  r e p o r t .  C o n c lu s io n s  
an d  r e s u l t s  of s u p p o r tin g  s tu d ie s  an d  t e s t s  th a t  w e re  co n d u c ted  fo r  
th is  d e s ig n  a r e  to  be found  in  th e  a p p en d ix .

T he s h ro u d , w h ich  r e s t s  on th e  p r e s s u r e  v e s s e l  o r i f ic e  p la te ,  m a in ­
ta in s  th e  a lig n m e n t o f e a c h  fu e l bxmdle r e la t iv e  to  th e  v e s s e l .  T he 
u p p e r  s k i r t  a s s e m b ly  d i s t r ib u te s  th e  p r im a r y  flow  f r o m  th e  c o re  to  th e  
e x i t  p le n u m  to  m in im iz e  any  r a d ia l  flow  p e r tu r b a t io n  w ith in  th e  c o re  
p r o p e r .  A p o r t io n  of th is  flow  i s  a l s o  d i r e c te d  to  th e  h ead  fo r  co o lin g . 
In  a d d it io n , th i s  a s s e m b ly  p ro v id e s  g u id a n ce  fo r  th e  c o n tro l  ro d s  a s  
th e y  a r e  w ith d ra w n  and  s u p p lie s  th e  n e c e s s a r y  ho lddow n fo rc e  to  each  
fu e l b u n d le .

T h e  o v e r a l l  r e a c t o r  c o re  s t r u c tu r a l  in s ta l la t io n  (D raw in g  372- 
2105002) sh o w s th e  u p p e r  s k i r t  and  c o re  s h ro u d  a s s e m b l ie s  p o s itio n e d  
w ith in  th e  p r e s s u r e  v e s s e l .  T h e  c o re  s h ro u d  (D raw in g  372 -2105009) 
i s  lo c a te d  a x ia l ly  an d  r a d ia l ly  a t  i t s  u p p e r  en d  by th e  p r e s s u r e  v e s s e l 's  
in le t  o r i f ic e  p la te .  T h is  a llo w s  f r e e  dow nw ard  th e r m a l  e x p a n s io n  of 
th e  s h ro u d  r e l a t iv e  to  th e  o r i f ic e  p la te .  T w o d ia m e tr ic a l ly  o p p osed  
g u id e  b a r s  w e ld e d  on to  th e  p r e s s u r e  v e s s e l  w a te rb o x  f i t  in to  s lo ts  in  
th e  c o re  s h ro u d  f la n g e . T h e s e  g u ide  b a r s  b r in g  th e  sh ro u d  in to  a p ­
p ro x im a te  angv ila r a l ig n m e n t a s  th e  s h ro u d  is  lo w e re d  in to  th e  v e s s e l .  
T h r e e  d o w el p in s ,  lo c a te d  on th e  s h ro u d , f i t  in to  s lo ts  on th e  o r if ic e  
p la te  to  p ro v id e  th e  e x a c t  o r ie n ta t io n  of th e  sh ro u d  (and su b se q u e n tly , 
th e  c o n ta in e d  fu e l b u n d le s )  r e la t iv e  to  th e  p r e s s u r e  v e s s e l  and  c o n tro l 
d r iv e  m e c h a n is m s . T h r e e  s u c h  p in s  a r e  p ro v id e d  to  a llow  th e  sh ro u d  
to  s i t  le v e l  w h ile  r o ta t in g  th e  s h ro u d  to  lo c a te  th e  a lig n m e n t s lo ts  d u r  - 
in g  a s s e m b ly .  Im p r o p e r  p o s it io n in g  of th e  sh ro u d  is  p re v e n te d  by  
a s y m m e tr ic a l  lo c a t io n  of th e  p in s .

T he u p p e r  s k i r t  a s s e m b ly  (D ra w in g  372 -2 1 0 5 0 0 4 ) is  su p p o rte d  on 
th e  c o re  s h ro u d  u p p e r  f la n g e . A h e av y  r in g  fo r m s  th e  lo w e r  b e a r in g  
s u r f a c e  of th e  s k i r t  a s s e m b ly  an d  c o n ta in s  th r e e  a lig n m e n t s lo ts  w h ich  
en g ag e  m a tin g  p in s  on  th e  s h ro u d  f la n g e . T h e  r in g  a ls o  h a s  a n  in te ­
g r a l ly  m a c h in e d  p i lo t  l ip  th a t  c e n te r s  th e  s k i r t  r a d ia l ly  on th e  sh ro u d . 
F o u r  in te g r a l  p a d s  a t  90® in te r v a ls  on th e  s k i r t  u p p e r  p la te  lo c a te  i ts  
to p  r a d ia l ly  w ith in  th e  th r o a t  o f th e  p r e s s u r e  v e s s e l .  O ne of th e s e  
p a d s  is  s m a l l e r  th a n  th e  re m a in in g  th r e e .  T he s m a l l e r  pad  is  u s e d  
d u r in g  r e fu e l in g  to  a n g u la r ly  o r ie n t  th e  s k i r t  a s s e m b ly  a s  th e  a s s e m b ly  
i s  lo w e re d  in to  p o s i t io n  in  th e  v e s s e l .  A dou b le  le a f  s p r in g , lo ad ed  
a g a in s t  th e  p r e s s u r e  v e s s e l  h e a d , s u p p lie s  th e  ho lddow n fo rc e  th ro u g h
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th e  s k i r t  an d  c o r e  s h ro u d  to  th e  o r i f ic e  p la te .  S u p p o rted  by  th e  c o re  
s h ro u d , th e  s k i r t  i s  f r e e  to  ex p an d  th e r m a l ly  u p w a rd  a g a in s t  th i s  
s p r in g .  T h e  lo a d  of a l l  th e  r e a c t o r  c o re  c o m p o n en ts  p lu s  th e  to ta l  
s p r in g  ho lddow n f o r c e  i s  ta k e n  ou t a t  a  s in g le  p la n e , to e  o r i f ic e  p la te .

T o  k eep  to e  o v e r a l l  s y s te m s  a c tiv a t io n  to  a  m in im u m , so m e  m a ­
t e r i a l s  h av e  t h e i r  c o b a lt  an d  ta n ta lu m  c o n te n ts  l im ite d .  B e c a u s e  of 
th e  h ig h  s u r f a c e  a r e a  an d  n e u tro n  flux  le v e l  w ith in  th e  c o re  r e g io n , 
th e  fu e l an d  p o is o n  e le m e n ts  h av e  th e i r  c la d d in g  an d  d ead  end  m a te r ia l  
c o m p o s itio n s  l im i te d  to  0. 01 w t % c o b a lt  and  0. 03 w t % c o b a lt  and  
ta n ta lu m . T he  r e m a in in g  in - c o r e  s t r u c tu r a l  s ta in le s s  s te e l  an d  th a t  
in  th e  c o re  s h ro u d  i s  l im ite d  to  0. 05 w t % c o b a lt  and  0. 15 w t % c o b a lt 
and  ta n ta lu m . T he  r e la t iv e ly  l a r g e r  a v e ra g e  d is ta n c e  b e tw e e n  th e  
s k i r t  a s s e m b ly  and  th e  a c t iv e  c o re  e lim in a te d  to e  n e ed  fo r  s u c h  l i m i ­
ta t io n s  in  th e  s k i r t  c o m p o n e n ts . T h e  m a te r i a l  c o m p o s itio n  l im i t s  
on to e  v a r io u s  c o m p o n e n ts  a r e  s p e c if ie d  on th e  a p p lic a b le  d e s ig n  d r a w ­
in g s  o r  s p e c if ic a t io n s .

T h e  b a s ic  P M -1  c o re  is  m a d e  up o f s ix  id e n t ic a l  p e r ip h e r a l  fu e l 
b u n d le s  and  one c e n te r  b u n d le . T he c e n te r  bun d le  w a s  d e s ig n e d  in to  
the  s y s te m  to  p e r m i t  e a s y  s u b s t i tu t io n  by  a n  in s tru m e n te d  b u n d le  (if 
d e s i r e d )  th ro u g h  a  s m a l l  a c c e s s  p o r t  in  th e  v e s s e l  h e a d .

A . C O R E SHROUD

T he c o re  s h ro u d  (D raw in g  372 -2 1 0 5 0 0 9 ) r e s t s  u p o n  to e  p r e s s u r e  
v e s s e l  o r i f ic e  p la te  w ith  i t s  p r im a r y  fu n c tio n  b e in g  to  h o ld  th e  fu e l 
b u n d le s  and  to  p o s it io n  th e m  r e la t iv e  to  to e  c o n tro l  d r iv e  m e c h a n is m s  
lo c a te d  in  th e  h e a d  of th e  p r e s s u r e  v e s s e l .  A s a  s e c o n d a ry  fu n c tio n , 
i t  p ro v id e s  th e  f i r s t  th e r m a l  s h ie ld  an d  d i r e c t s  to e  p r im a r y  c o o la n t 
f r o m  th e  p r e s s u r e  v e s s e l  o r i f ic e  p la te  to  th e  c o re  in le t .  A n a lig n m e n t 
s p id e r  i s  in c o rp o ra te d  in te g r a l ly  in to  th e  b o tto m  of th e  s h ro u d . E a c h  
of th e  s ix  p e r ip h e r a l  fu e l b u n d le s  c o n ta in e d  w ith in  th e  c o re  r e s t s  d i ­
r e c t ly  upon  th is  s p id e r .  A lig n m e n t o f th e  b o tto m  of e a c h  b u n d le  is  
a s s u r e d  th ro u g h  th e  u s e  of le g s  w h ich  f i t  in to  th e  a c c u r a te ly  p o s it io n e d  
h o le s  in  th e  s p id e r .  A lth o u g h  e a c h  b u n d le  s i t s  on th r e e  le g s ,  to  e a s e  
h a n d lin g  d u r in g  r e m o te  a s s e m b ly ,  on ly  th e  tw o  o u te rm o s t  a r e  u s e d  
fo r  r a d ia l  p o s it io n in g . T h e  c e n t r a l ly  lo c a te d  h o le  is  m ad e  s l ig h tly  
o v e r s iz e  to  p ro v id e  on ly  th e  s e a t  w ith o u t a c c u r a te ly  c o n tro l l in g  th e  
lo c a t io n . B undle  p o s it io n in g  a t  th e  to p  i s  a c c o m p lis h e d  by th e  f i t  of 
e a c h  b u n d le 's  a l ig n m e n t s t r u c tu r e  o v e r  tw o a lig n m e n t p in s  lo c a te d  
in  th e  to p  f la n g e  of th e  c o re  s h ro u d . T h is  fla n g e  a ls o  c o n ta in s  th e  
a lig n m e n t p in s  an d  s e a t  u s e d  in  p o s itio n in g  to e  s k i r t  a s s e m b ly  and  
s h ro u d  r e la t iv e  to  th e  o r i f ic e  p la te ,  a s  d is c u s s e d  p re v io u s ly .  E a c h  
of th e s e  p in s  i s  p r e s s e d  in to  p la c e  an d  i s  s e c u r e d  b y  a  s m a l l e r  lo c k  
p in . T h e s e  lo c k  p in s  a r e  h e ld  m e c h a n ic a l ly  and  h a v e  th e i r  m o tio n  
l im ite d  a t  a s s e m b ly  by  a d jo in in g  c o m p o n e n ts . T he  s h ro u d  fla n g e  h a s
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tw o  v e r t i c a l  s lo t s  a t  d ia m e tr ic a l ly  o p p o s ite  p o s it io n s  on i t s  o u te r  
d ia m e te r .  D u rin g  c o r e  in s e r t io n ,  th e s e  s lo ts  en g ag e  guide b a r s  on 
th e  p r e s s u r e  v e s s e l  w a te rb o x  to  p r e a l ig n  th e  sh ro u d  a n g u la r ly  a s  th e  
s h ro u d  a lig n m e n t p in s  a p p ro a c h  th e i r  s lo ts  in  th e  v e s s e l  o r i f ic e  p la te . 
T h e s e  s lo ts  an d  th e  v e s s e l  g u id e  b a r s  a s s u r e  p o s it iv e  a n g u la r  o r i e n ­
ta t io n  of th e  c lo s e - f i t  f in a l  a lig n m e n t p in s  b e fo re  th ey  a c tu a lly  r e a c h  
th e  o r i f ic e  p la te .

B . F U E L  B U N D LES

T h e  a c tiv e  c o r e  c o n ta in e d  w ith in  th e  s h ro u d  c o n s is ts  of s e v e n  fu e l 
b u n d le s : one hex  a g o n -s h a p e d  c e n te r  b u n d le  (D raw in g  372-2105003) 
and  s ix  id e n t ic a l  p ie - s h a p e d  b u n d le s  lo c a te d  a ro u n d  th e  p e r ip h e ry  
(D raw in g  3 7 2 -2 1 0 5 0 1 0 ). E a c h  of th e  p e r ip h e r a l  b u n d le s  is  in d iv id u a lly  
h e ld  and  p o s it io n e d  w ith in  th e  c o re  s h ro u d , a s  show n on th e  c o re  in ­
s ta l la t io n  d ra w in g  (D ra w in g  3 7 2 -2 1 0 5 0 0 5 ). T he c e n te r  b u n d le , in  t u r n ,  
r e s t s  u p o n  th e  lo w e r  g r id s  of th e  p e r ip h e r a l  b u n d le s  and  is  p o s itio n e d  
w ith in  t h e i r  s u p p o r tin g  g u ide  r a i l  s t r u c tu r e .

E a c h  p e r ip h e r a l  b u n d le  i s  c o n s tr u c te d  b a s ic a l ly  f ro m  th r e e  c o n tro l  
ro d  g u id e  r a i l s ,  a n  u p p e r  an d  lo w e r  g r id ,  a  gu ide  a lig n m e n t s t r u c tu r e  
an d  th e  n e c e s s a r y  c o r e  e le m e n ts  (fu e l, p o iso n  and  d u m m y ). T he 
c o n tro l  ro d  g u id e s  p ro v id e  th e  fu n d a m e n ta l s t r u c tu r a l  c o n n e c tio n s  fo r  
th e  b u n d le . T h e y  e x te n d  o v e r  th e  fu l l  le n g th  of th e  a s s e m b ly  and  fo rm  
a  c o n tin u o u s  t r a c k  f o r  th e  c o n tro l  ro d  w e a r  p a d s . P o s itio n in g  of th e  th re e  
gu ide  r a i l s  r e la t iv e  to  e a c h  o th e r  i s  a c h ie v e d  by  a  f i t  in to  th e  a l ig n ­
m e n t s t r u c tu r e  a t  t h e i r  to p  (D raw in g  3 7 2 -2 1 0 5 0 1 5 ) and  th ro u g h  th e  
lo w e r  g r id  a t  th e  b o tto m  (D raw in g  3 7 2 -2 1 0 5 0 1 2 ). S le e v es  th r e a d  o v e r  
th e  p o r t io n  of th e  g u ide  r a i l s  w h ich  e x ten d  th ro u g h  th e  lo w e r  g r id  to  
lo c k  i t  in to  p la c e .  T h e s e  s le e v e s  p ro v id e  th e  s e a t  upon  w hich  th e  bund le  
r e s t s ,  a s  w e ll  a s  th e  r e q u i r e d  s p a c in g  to  fo r m  a  p len u m  b e tw ee n  th e  
g r id  and  th e  a lig n m e n t s p id e r  f o r  flow  r e d is t r ib u t io n .  E ach  s le e v e  is  
m e c h a n ic a l ly  lo c k e d  in to  p la c e  by  d e fo rm in g  i t s  s id e  w a ll a t  tw o p la c e s  
in to  c o r re s p o n d in g  g ro o v e s . A p o r t io n  of th e  tu rn e d  d ia m e te r  on the  
gu ide  r a i l  e x te n d s  th ro u g h  th e  s le e v e  to  f i t  in to  th e  p o s itio n in g  h o le s  
in  th e  c o r e  s h ro u d  a l ig n m e n t s p id e r  d u r in g  a s s e m b ly .  C o r r e c t  u p p e r  
a lig n m e n t i s  a c h ie v e d  th ro u g h  th e  a l ig n m e n t s t r u c tu r e ,  w h ich  f i ts  
o v e r  tw o  a lig n m e n t p in s  in  th e  c o r e  s h ro u d  f la n g e , a s  d is c u s s e d  e a r l i e r .  
T h u s , e a c h  c o n tro l  ro d  g u id e  r a i l  in  a  p e r ip h e r a l  bund le  is  a lig n e d  a t 
i t s  to p  an d  b o tto m  an d  th e  c o m p le te  b u n d le  is  a llo w ed  f r e e  th e r m a l  
e x p a n s io n  ab o v e  i t s  s e a t  in  th e  c o re  s h ro u d .

T he  g u id e  r a i l s  f i t  th ro u g h  c u to u ts  in  th e  u p p e r  g r id  in  a  m a n n e r  
s im i l a r  to  th e  lo w e r  g r id .  T h e  u p p e r  g r id  i s  lo c a te d  v e r t ic a l ly  by  a 
s h o u ld e r  on  th e  g u ide  r a i l  an d  i s  s e c u r e d  b y  a  s le e v e  f it t in g  o v e r  the  
re d u c e d  p o r t io n  of th e  g u ide  r a i l  w h ic h  e x te n d s  above th e  g r id . W hen 
th e  a l ig n m e n t s t r u c tu r e  is  lo c k e d  in to  p la c e  a t  a s s e m b ly ,  th is  s le e v e
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ex ten d  a t  th r e e  p o in ts  f ro m  th e  c e n te r  b u n d le  lo w e r  g r id  to  r e s t  upon 
th e  p e r ip h e r a l  b u n d le  lo w e r  g r id s .  T h e  c e n te r  b u n d le  i s  f r e e  to  expand 
a x ia l ly  u p w a rd  f ro m  th is  p o in t w ith  top  r a d ia l  a lig n m e n t b e in g  o b ta in ed  
by  ta b s  b e a r in g  a g a in s t  th e  p e r ip h e r a l  b u n d le  u p p e r  g r id s .  T h r e e  so lid  
ro d s  ex ten d  a x ia l ly  a lo n g  th e  le n g th  of th e  c e n te r  bun d le  to  p ro v id e  
p o s itio n in g  fo r  th e  p ick u p  p la te  and th e  u p p e r  and lo w e r  g r id s .  E a c h  
b a r  th r e a d s  in to  th e  lo w e r  g r id ,  c a p tu r e s  th e  u p p e r  g r id  th ro u g h  th e  
u s e  of a  s le e v e  and s e c u r e s  th e  p ickup  p la te  in  p la c e  th ro u g h  th e  u s e  
of a  s p e c ia l  n u t. T h is  nu t, w h ich  c o m p le te ly  lo c k s  th e  a s s e m b ly ,  i s  
b o th  e n c a p su le d  and p re v e n te d  f ro m  ro ta t in g  by  th e  p o s it iv e  d i s p la c e ­
m e n t of i t s  h o u s in g  in to  g ro o v e s  in  th e  nu t. A s w ill  be d is c u s s e d  la te r ,  
th e  u p p e r  s k i r t  a s s e m b ly  a p p lie s  a  ho lddow n fo r c e  to  th e  p ick u p  p la te  
of th e  c e n te r  bun d le  and  th e  g u id e  r a i l  a lig n m e n t s t r u c tu r e  of e a c h  p e ­
r ip h e r a l  b u n d le .

C . SOURCE

T h e  p r im a r y  n e u tro n  s o u r c e  (D ra w in g  372-2105018) i s  lo c a te d  a t 
th e  m id d le  of th e  c e n te r  b und le , w h e re  a  c o r e  e le m e n t h a s  b e e n  d i s ­
p la c e d . I n s ta l la t io n  of th e  s o u r c e  in to  th e  c e n te r  bun d le  w ill be  m a d e  
ju s t  p r io r  to  lo ad in g  th e  c o r e  in to  th e  p r e s s u r e  v e s s e l .  B e c a u se  of th e  
r e la t iv e ly  low  s o u r c e  s t r e n g th  r e q u i r e m e n ts ,  th is  o p e ra t io n  i s  p e r ­
fo rm e d  w ith  tw o s im p le  to o ls  f ro m  a  d is ta n c e  of a p p ro x im a te ly  th r e e  
f e e t .  T h e  s o u r c e  i s  l i f te d  f ro m  th e  sh ip p in g  c a s k  and th re a d e d  in to  
th e  u p p e r  g r id  w ith  th e  s o u r c e  l if t in g  to o l. P o s i t iv e  lo c k in g  in to  th e  
u p p e r  g r id  b y  th r e a d  d e fo rm a tio n  i s  a c c o m p lis h e d  w ith  th e  s o u r c e  lo c k ­
in g  to o l. T h e  s o u r c e  e le m e n t i s  s u p p o r te d  and a lig n e d  a t th e  c e n te r  
b u n d le  u p p e r  g r id , w ith  r a d ia l  g u id a n c e  (bu t f r e e  a x ia l  ex p an s io n ) p r o ­
v id e d  by  th e  lo w e r  g r id .

D . C O R E E L E M E N T S

T h r e e  ty p e s  of c o r e  e le m e n ts  a r e  in c lu d e d  in  e a c h  fu e l bund le : 
fu e l, p o iso n  and d u m m y . T h e  g e n e r a l  c o n s tr u c t io n  and d im e n s io n s  of 
th e s e  e le m e n ts  a r e  show n  on D raw in g  372-210501  w h ile  t h e i r  lo c a ­
t io n s  w ith in  e a c h  fu e l b u n d le  a r e  g iv en  on  th e  b u n d le  d ra w in g s . A s 
m e n tio n e d  p re v io u s ly , th e s e  e le m e n ts  h av e  id e n tic a l  end c o n s tr u c t io n  
to  a llo w  c o m p le te  in te rc h a n g e a b i l i ty .

T h e  fu e l e le m e n t c o n ta in s  UOg d is p e r s e d  in  and  c la d  w ith  s ta in le s s
s t e e l .  I ts  m e a t  i s  n o m in a lly  0 .0285  in ch  th ic k  an d  i t  i s  san d w ic h e d  b e ­
tw e e n  c la d d in g  0 .0 0 8 - in c h  th ic k n e s s .  F a b r ic a t io n  and te s t in g  a r e  to  
th e  a p p lic a b le  d e s ig n  d ra w in g , a s  r e f e r e n c e d ,  and  to  P M - l- T y p e  R e a c to r  
F u e l  E le m e n t S p e c if ic a t io n  M N -7891 . W hen th e  e le m e n t i s  a s s e m b le d  
in to  a  fu e l b u n d le , th e  b eg in n in g  of th e  a c t iv e  fu e l r e g io n  l ie s  on e  in c h
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ab o v e  th e  top  s u r f a c e  of th e  lo w e r  g r id .  T h is  d is ta n c e  p ro v id e s  fo r  
e q u a liz a tio n  of flow  a f te r  i t  i s  o r i f ic e d  by  th e  lo w e r g r id , and i t  a lso  
a llo w s  th e  d ia m e te r  re d u c tio n  of th e  tu b e  end to  s t a r t  w e ll aw ay  f ro m  
th e  fu e l-d e a d  end in te r f a c e .

L u m p ed  b u rn a b le  p o iso n  e le m e n ts  a r e  s u b s ti tu te d  fo r  fu e l e le m e n ts  
a s  r e q u i r e d  to  p ro v id e  th e  d e s i r e d  n u c le a r  c h a r a c te r i s t i c s .  T h e se  
e le m e n ts ,  w h ich  a r e  u n c lad , c o n ta in  n a tu r a l  b o ro n  a llo y ed  in  s ta in le s s  
s te e l .  T h e  p o iso n  le n g th  m a y  be v a r ie d  e a s i ly  by th e  u se  of u n p o iso n ed , 
tu b u la r  "d ea d  en d s"  w h ich  a r e  m e c h a n ic a l ly  lo ck ed  to  th e  b o ro n  s te e l  
s e c t io n . Two p o iso n  le n g th s  a r e  u se d  in  th e  P M -1  r e a c to r .  T h e  18 
p o iso n  e le m e n ts  c lo s e s t  to  th e  c o n tro l  ro d  c e n te r l in e s  c o n ta in  b o ro n  
s te e l  o n ly  in  th e  lo w e r  20 in c h e s  of th e  3 0 - in c h  a c tiv e  c o re  le n g th . A ll 
o th e r  p o iso n  e le m e n ts  a r e  th e  fu ll a c tiv e  c o r e  len g th .

T h e  u s e  of an  u n c la d  p o iso n  e le m e n t a ls o  o f f e rs  a  n u c le a r  ad v an tag e  
in  a d d itio n  to  th e  m e c h a n ic a l  s im p lif ic a t io n  r e a l iz e d .  N o rm a lly  the  
m e lt in g  p r o c e s s  fo r  th e  b o ro n - s ta in le s s  s te e l  can n o t be c o n tro l le d  to 
p ro v id e  a  m a te r i a l  c o m p o s itio n  to le r a n c e  m u ch  t ig h te r  th an  ±10% of th e  
d e s i r e d  b o ro n  lo a d in g . W ith  th e  u n c lad  P M -1  e le m e n t, th e  f in a l m a ­
ch in ed  d ia m e te r  i s  v a r ie d  s l ig h t ly  on th e  b a s is  of th e  f in a l m a te r ia l  
a n a ly s is  to  m e e t  th e  p r e s c r ib e d  lo ad in g  w ith  to le ra n c e s  of " ap p ro x im a te ly  
±2%. T h e s e  e le m e n ts  a r e  m a n u fa c tu re d  to  th e  r e f e re n c e d  d e s ig n  d ra w ­
in g  and to  P M - l - T y p e  R e a c to r  B u rn a b le  P o is o n  E le m e n t S p e c if ic a tio n  
M N -7892 .

D um m y c o r e  e le m e n ts  a r e  in c o rp o ra te d  in to  e ac h  p e r ip h e r a l  bund le  
to  f i l l  in  a t th e  c o re  p e r ip h e r y  w h e re  th e  b a s ic  t r i a n g u la r  e le m e n t p a t ­
t e r n  ends and th u s  r e d u c e  th e  to ta l  c o r e  flow  r e q u i r e m e n ts .  T h e s e  
e le m e n ts  a r e  tu b u la r  w ith  sw ag ed  ends to  f i t  th e  u p p e r  and lo w e r g r id s  
in  a  m a n n e r  id e n t ic a l  to  th a t of th e  fu e l e le m e n ts .  A plug  is  e n tra p p e d  
w ith in  th e  tu b e  to  m a x im iz e  th e  flow  b lo c k a g e . H ow ever, a  s m a l l  b leed  
i s  p ro v id e d  to  e l im in a te  a  s ta g n a n t w a te r  a r e a .

E . C O N TR O L ROD

T h e  c o n tro l  ro d  (D ra w in g  372 -2105016) u t i l iz e s  a  Y -sh a p e d  c o n fig ­
u ra t io n  to  f i t  w ith in  th e  t r i a n g u la r  c o r e  e le m e n t p a t te rn .  I ts  p o iso n ed  
re g io n , c o n s is t in g  o f e u ro p iu m  t i ta n a te  (E ugO g” 2 T i0 2  d is p e r s e d  in  s t a i n ­

l e s s  s te e l ,  is  c o n ta in e d  w ith in  c la d d in g  of n o m in a l 0 .0 3 0 - in c h  th ic k n e s s . 
M a n u fa c tu re  o f th is  e le m e n t i s  to  th e  r e f e r e n c e  d e s ig n  d ra w in g  and to  
P M - l - T y p e  R e a c to r  C o n tro l Rod S p e c if ic a tio n  M N -7893.

E a c h  c o n tro l  ro d  i s  g u id ed  by  w e a r  p a d s  c o n ta in ed  on th e  lo w e r  edge 
of e a c h  b la d e  and a  w e a r  c a p  lo c a te d  a t i t s  u p p e r  hub. T h is  w e a r  cap  
a ls o  in te g r a l ly  in c o r p o r a te s  th e  p ick u p  b a ll  u t i l iz e d  in  la tc h in g  w ith  th e
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c o n tro l  ro d  d r iv e  m e c h a n is m . T h e  ro d  w e a r  p a d s  a r e  c o n ta in ed  w ith in  
th e  th r e e  c o n tro l  ro d  g u id e  r a i l s  th a t  ru n  th e  fu ll  le n g th  of e a c h  p e r ip h ­
e r a l  b u n d le . T h e s e  p ad s  p ro v id e  th e  lo w e r  r a d ia l  and  o v e r a l l  a n g u la r  
a l ig n m e n t fo r  th e  c o n tro l  ro d . U p p e r a lig n m e n t i s  o b ta in e d  th ro u g h  th e  
w e a r  c ap  w h ich  i s  e n c a p tu re d  w ith in  th e  g u id e  tu b e  of th e  u p p e r  s k i r t  
a s s e m b ly .  T h is  tu b e , w h ich  is  s p l i t  to  f i t  o v e r  th e  c o n tro l  ro d  d u r in g  
ro d  w ith d ra w a l, in te r lo c k s  w ith  th e  g u id e  a lig n m e n t s t r u c tu r e  c o n ta in ed  
in  e a c h  p e r ip h e r a l  b u n d le . A s d is c u s s e d  p re v io u s ly , th e  ro d  g u id e  r a i l s  
a ls o  te r m in a te  in  th is  s t r u c tu r e ,  th u s  p ro v id in g  a  co n tin u o u s  s t r u c tu r e  
fo r  g u id a n c e  and  a lig n m e n t. B o th  th e  w e a r  c ap  and p ad s  a r e  m a d e  f ro m  
h a rd e n e d  1 7 -4 PH  m a te r i a l  to  m in im iz e  w e a r  b e tw ee n  th e s e  a r e a s  and 
th e  g u id in g  s t r u c tu r e .  T he  1 7 -4 P H  w e a r  s u r f a c e s  a r e  h a rd e n e d  by  a 
h e a t t r e a tm e n t  p r o c e s s  w h ich  e n s u r e s  th a t  th e  d e s i r e d  te n s i le  s t r e n g th  
and  d u c t i l i ty  a r e  o b ta in e d  w ith o u t m ak in g  th e  m a te r ia l  s u s c e p t ib le  to  
s t r e s s  c o r r o s io n  in  th e  c o r e  o p e ra t in g  e n v iro n m e n t.

F .  U P P E R  SK IRT

T h e  u p p e r  s k i r t  a s s e m b ly  (D ra w in g  372 -2105004) i s  b o th  s u p p o rte d  
and  p o s itio n e d  a n g u la r ly  by  th e  c o r e  s h ro u d . I t s  p r in c ip a l  fu n c tio n s  a r e  
to  d i r e c t  th e  p r im a r y  flow  a f te r  i t  e x its  f r o m  th e  a c t iv e  c o r e  re g io n , to  
p ro v id e  p a r t i a l  g u id a n ce  to  th e  c o n tro l  r o d s ,  and  to  p ro v id e  th e  n e c ­
e s s a r y  ho lddow n f o r c e s  to  th e  fu e l b u n d le s  an d  th e  c o re  s h ro u d .

A s e r i e s  of 1 - 1 / 2 - in c h  d ia m e te r  h o le s  i s  u s e d  to  s e p a r a te  th e  fu e l 
e x it flow  a r e a  f r o m  th e  s in g le  p r e s s u r e  v e s s e l  o u tle t  p ip e . T h e s e  o r i ­
f ic e s  p ro v id e  s u f f ic ie n t p r e s s u r e  d ro p  to  p re v e n t  an y  lo c a l  r a d ia l  flow  
p e r tu rb a t io n s  w ith in  th e  fu e l r e g io n  w h ich  m ig h t be c a u s e d  by  th e  s in g le  
o u tle t .

T h e  s k i r t  a s s e m b ly  c o n ta in s  s e v e n  tu b e s  w h ich  su p p ly  th e  ho lddow n 
f o r c e s  to ,th e  fu e l b u n d le s . S ix s p l i t  tu b e s  a r e  u t i l iz e d  fo r  th e  p e r ip h e r a l  
b u n d le s  to  p ro v id e  g u id a n c e  fo r  th e  c o n tro l  r o d s ,  a s  p re v io u s ly  d is c u s s e d .  
A m u lt if ig u re d  le a f  s p r in g  (D raw in g  3 7 2 -2 1 0 5 0 1 7 ), d e f le c te d  by  th e  p r e s ­
s u r e  h ead , s im u lta n e o u s ly  lo a d s  e a c h  in d iv id u a l tu b e  and  th e  s k i r t .  Tw o 
s u c h  s p r in g s ,  o p e ra t in g  in  s e r i e s ,  a r e  u s e d  to  p ro v id e  m a x im u m  d e f le c ­
t io n  w h ile  k e ep in g  th e  w o rk in g  s t r e s s e s  w ith in  a llo w a b le  l im i t s .  A s an  
e x t r a  p re c a u t io n  in  th e  e v en t o f a  f a i lu r e ,  th e s e  s p r in g s  a r e  in s u la te d  
f r o m  th e  p r im a r y  s y s te m  by  th e  so lid  b a s e  p la te  and th e  r a i s e d  s e c t io n  
o r  fe n c e  a t i t s  p e r ip h e r y  and a t  e a c h  ho lddow n tu b e .

T h e  c e n te r  b u n d le  ho lddow n tu b e  u s e s  a  s l id in g  c o l l a r  lo a d e d  by  a  
c o m p le te ly  e n c lo s e d  s p r in g  to  o b ta in  th e  r e q u i r e d  lo a d s .  T h is  tu b e  
b e a r s  a g a in s t  a  p lug  ex ten d in g  dow n w ard  f r o m  th e  c e n te r  b u n d le  a c c e s s  
p o r t  lo c a te d  in  th e  p r e s s u r e  v e s s e l  h ead . T h is  d e s ig n  p ro v id e s  c o n ­
s id e r a b le  v e r s a t i l i t y  in  th a t  (1) th e  c o r e  m a y  be  re fu e le d  a s  a  u n it  in  
th e  c o n v e n tio n a l m a n n e r , o r  (2) by  m e a n s  of a  s u i ta b le  lo c k in g  to o l.
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th e  c e n te r  fu e l b u n d le , ho lddow n tu b e  an d  p lu g  m ay  be re m o v e d  th ro u g h  
th e  p r e s s u r e  v e s s e l  h ead  a s  a  s in g le  a s s e m b ly .  T h is  l a t t e r  i s  a  d e s i r ­
ab ly  f e a tu r e  in  th a t i n - c o r e  in s t ru m e n ta t io n  o r  i r r a d ia t io n  t e s t  b u n d les  
m a y  be in s e r te d  in to  th e  r e a c to r  w ith o u t re m o v in g  th e  p r e s s u r e  v e s s e l  
h ead . T h is  ho lddow n  tu b e  a ls o  p ro v id e s  a  p o s i t iv e  flow  of c o o lan t to  
th e  v e s s e l  h ead  by b y p a s s in g  a  p o r t io n  of th e  p r im a r y  flow  a ro u n d  th e  
m a in  s k i r t  o r i f i c e s .  R e s t r ic t io n s  w e re  a ls o  in c o rp o ra te d  in to  e ac h  of 
th e  p e r ip h e r a l  b u n d le  tu b e s  to  m a x im iz e  th e  c e n te r  tu b e  co o lin g  flow . 
A lth o u g h  in  o p p o s itio n  to  th is ,  an  a n n u la r - ty p e  o r i f ic e  w as in c lu d ed  a t 
th e  r a d ia l  s u p p o r t  p o in t b e tw een  th e  s k i r t  and th e  th ro a t  of th e  p r e s s u r e  
v e s s e l .  T h is  w as n e c e s s a r y  to  r e d u c e  th e  h y d ro d y n a m ic  fo r c e s  w hich  
te n d  to  l i f t  th e  s k i r t  f ro m  i t s  s e a t .

C O M PO N E N T  L IST  AND S P E C IFIC A T IO N S

M a r t in  N u c le a r  S p e c if ic a t io n s

M N -7890 P M -1  R e a c to r  C o re , S p e c if ic a tio n  fo r

M N -7891 P M - l - T y p e  R e a c to r  F u e l E le m e n ts ,
S p e c if ic a t io n  fo r

M N -7892 P M - l - T y p e  R e a c to r  B u rn a b le  P o iso n
E le m e n ts ,  S p e c if ic a tio n  fo r

M N -7893  P M - l - T y p e  R e a c to r  C o n tro l R ods,
S p e c if ic a t io n  fo r

DESIGN DRAWINGS

T i t le  D raw in g  N u m b er

R e a c to r  A s s e m b ly  372-2105000
R e a c to r  C o re  S t r u c tu r a l  I n s ta l la t io n  372-2105002
C o re  I n s ta l la t io n  372-2105005
C e n te r  B und le  A s s e m b ly  372-2105003
U p p e r S k ir t  372-2105004

C o re  D e ta i l s - - C e n te r  B und le  372-2105006
D e ta i ls ,  H o ld d o w n --C e n te r  B und le  372-2105007

S hroud  A s s e m b ly  372-2105009

P e r ip h e r a l  B und le  372-2105010
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T i t le

U p p e r G rid  

L o w e r G rid  
C o re  E le m e n ts  
G u ide  R a i ls

L o c k  S leev e  and  A lig n m e n t S t r u c tu r e  
C o n tro l Rod A s s e m b ly  
S p rin g , H o ld d o w n --U p p e r  S k ir t  
S o u rc e  (p r im a r y )
A lig n m e n t S tudy

P M -1  C o re  S h ro u d , C e n te r  B und le  
and  P e r ip h e r a l  B und le  (e n v e lo p e  
d im e n s io n s )

D raw in g  N u m b er

372-2105011

372-2105012
372-2105013
372-2105014

372-2105015
372-2105016
372-2105017
372-2105018

372-2105019

372-2105020
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III. PH Y SICS DESIGN

T h is  c h a p te r  d e s c r ib e s  th e  p h y s ic s  o f th e  P M -1  c o re .  I t i s  d iv id ed  
in to  s e v e r a l  s e c t io n s  f o r  e a s e  of p r e s e n ta t io n .  T h e  f i r s t  s e c t io n  d i s ­
c u s s e s  th e  c o r e  l i f e  and  c o r e  r e a c t iv i t i e s ;  th e  seco n d  s e c tio n  d is c u s s e s  
th e  c o n tro l  ro d s ,  th 6 i r  w o r th s  and  sh u td o w n  m a rg in s ;  th e  th i r d  s e c tio n  
d i s c u s s e s  p o w e r d is t r ib u t io n s ;  th e  f o u r th  s e c t io n  d is c u s s e s  te m p e r a tu r e  
c o e f f ic ie n ts .  S u p p o rtin g  d a ta , t e s t  r e s u l t s ,  a n a ly t ic a l  te c h n iq u e s  and 
in te r m e d ia te  c a lc u la t io n s  r e q u i r e d  to  s u p p o r t  th e  d e s ig n  a r e  to  be found 
in  th e  ap p en d ix .

T h e  c o r e  l i f e t im e  of th e  P M -1  w as  d e te rm in e d  by  tw o d if f e r e n t  bu t 
c lo s e ly  a ll ie d  m e th o d s . O ne m e th o d  c o n s is te d  of p e r fo rm in g  b o th  r a d ia l  
u n ifo rm  and  n o n u n ifo rm  b u rn u p  c a lc u la t io n s ,  d e te rm in in g  th e  r e a c t iv i ty  
d e fe c t  b e tw ee n  th e  tw o, th e n  p e r fo rm in g  a  n o n u n ifo rm  a x ia l  b u rn u p  w ith  
c o n tro l  ro d s  an d  i t e r a t in g  on th e  p o s i t iv e  v a lu e  of th e  r a d ia l  r e a c t iv i ty  
d e fe c t  to  d e te r m in e  th e  p o s i t io n  of th e  r o d s  w ith  b u rn u p . T h e  o th e r  
m e th o d  in v o lv ed  p e r fo rm in g  b o th  u n ifo rm  and  n o n u n ifo rm  a x ia l  b u rn u p  
c a lc u la t io n s ,  d e te rm in in g  th e  r e a c t iv i ty  d e fe c t  b e tw een  th e  tw o and 
ap p ly in g  i t  to  a  r a d ia l  n o n u n ifo rm  b u rn u p .

A . RADIAL U N IFO R M  AND N ONUNIFORM  BU RN U P

T h e  r a d ia l  n o n u n ifo rm  b u rn u p  c a lc u la t io n  w as p e r fo rm e d  u s in g  th e  
s ix  c o r e  re g io n  c o n f ig u ra tio n  and  th e  C ^ -F g  b u rn u p  p ro g r a m . T h e  p r o ­

g r a m  p e r f o r m s  a  r e g io n -w is e  b u rn u p , a s  d e s c r ib e d  in  th e  ap p en d ix . 
T im e  s te p s  of 100 d a y s  w e re  u s e d . T h e  th r e e - g r o u p  n u c le a r  c o n s ta n ts  
a t  t im e  z e r o  a r e  ta b u la te d  in  th e  ap p en d ix . T he  re s u l t in g  c o re  r e a c t i v ­
ity  v e r s u s  t im e  w ith  th e  r e a c t o r  o p e ra t in g  a t  a  p o w e r le v e l  of 9.37 m w  
is  show n  in  F ig . I I I - l .

T h e  r a d ia l  u n ifo rm  b u rn u p  c a lc u la t io n  w as p e r fo rm e d  in  a  s im i la r  
m a n n e r  to  th e  n o n u n ifo rm  b u rn u p , e x c e p t th a t  th e  r e a c to r  c o r e  w as 
h o m o g e n iz ed  in to  o n e  re g io n . T h e  h o m o g e n iz a tio n  p r o c e s s  c a u s e s  th e  
c a lc u la te d  r e a c t iv i ty  to  in c r e a s e  du e  to  th e  d is p la c e m e n t o f m a te r ia l s  
to  r e g io n s  w h e re  th e y  h av e  a  d i f f e r e n t  w o rth . T he in c r e a s e  in  c a lc u ­
la te d  r e a c t iv i ty  i s  c a u s e d  p r im a r i l y  be  s m e a r in g  ou t th e  b o ro n  in  th e  
L P R 's ;  h o w e v er, th e  s te e l  in  th e  ro d  g u id e s , L P R 's  and fu e l e le m e n ts  
a ls o  m a k e s  a  c o n tr ib u tio n . T o r e d u c e  th e  h o m o g en ized  c o r e  r e a c t iv i ty  
to  th a t  o f th e  s ix - r e g io n  c o re ,  b u rn a b le  b o ro n  p o iso n  w as added  u n i­
f o r m ly .

T h e  th r e e - g r o u p  c o r e  c o n s ta n ts  u s e d  in  th e  u n ifo rm  b u rn u p  c a lc u la ­
tio n  a r e  g iv e n  in  T a b le  I I I - l .
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0 . 10 No x en o n

0. 09 U n ifo rm  b u rn u p  ( r a d ia l)
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C o re  L ife  (d ay s)

F ig . I I I - l .  U n ifo rm  an d  N o n u n ifo rm  C o re  B u rn u p  L ife t im e s  (w ithou t ro d s )
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T A B L E  I I I - l
H o m o g en ized  C o re  C o n s ta n ts  (463® F , b eg in n in g  of life )

C o n s ta n ts G ro u p s

1 2 3

2 -2 B (a x ia l ,  c m  ) 1 .92437 X 10"^ 2 .29971 X 10‘ ^ 2 .40020 X 10~^

D (c m ) 1.85068 X 10° 5 .70307  X 1 0 '^ 2 .47739 X 1 0 '^

s L c m - ' ) 1 .14928 X 1 0 '^ 2 .96948  X 10"^ 1.80890 X 10"^

(cm  ^) 1 .48811 X 1 0 '^ 3 .93176 X 1 0 '^ 2.58534 X 10"^

5.67988 X 10"^ 4 .86415  X 1 0 '^

18♦ In c lu d e s  4 .8165  x 10 a to m /c c  o f B -1 0  to  c o m p e n s a te  
f o r  h o m o g e n iz a tio n .

T h e  r e s u l t in g  u n ifo rm  c o r e  b u rn u p  r e a c t iv i ty  v e r s u s  fu ll p o w er 
o p e ra t in g  t im e  i s  show n  in  F ig . I I I - l .  T h e  d if fe re n c e  in  c o r e  r e a c t iv i ty  
b e tw e e n  u n ifo rm  and  n o n u n ifo rm  r a d ia l  b u rn u p  a s  a  fu n c tio n  of c o re  
l i f e  i s  p re s e n te d  in  F ig . I I I -2 . D ue to  th e  d if f ic u lty  in  re a d in g  c u rv e s  
p r e c is e ly ,  th e  r e a c t iv i ty  d a ta  i s  a ls o  p r e s e n te d  in  ta b u la r  fo rm  in  T a b le  
I I I -2 .

T A B L E  I I I -2
R a d ia l U n ifo rm  and  N o n u n ifo rm  B u rn u p  R e a c tiv ity  

V e r s u s  C o re  L ife  (463* F , 9.37 m w )

D ays
P

(u n ifo rm )
P

(n o n u n ifo rm )

0 0.09080+ 0.09080+ 0.00000
100 0 .07346 0 .06267 0.01079
200 0 .07646 0.05789 0 .01857
300 0 .07744 0.05232 0.02512
400 0 .07629 0 .04540 0 .03089
500 0 .07290 0 .03653 0.03637

*No x en o n .
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C o re  L ife  (d ay s)

F ig . I I I -2 . R e a c tiv ity  D iffe re n c e  B e tw een  U n ifo rm  an d  N o n u n ifo rm  B u rn u p  V e rs u s  C o re  L ife
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T A B L E  III-2  (co n t in u e d )

P P
D ays (u n ifo rm ) (n o n u n ifo rm ) A a

600 0 .06709 0 .02506 0.04203

700 0 .05863 0 .01033 0.04830

800 0 .04726 -0 .0 0 8 2 5 0.05551

900 0 .03269

*N o x enon

B. AXIAL U N IFO R M  AND N O N U N IFO RM  B U RN U P

T h e  a x ia l u n ifo rm  b u rn u p  c a lc u la t io n  w as  p e r fo rm e d  in  a  m a n n e r  
s im i l a r  to  th e  r a d ia l  u n ifo rm  b u rn u p . T h e  s a m e  c o r e  c o n s ta n ts  w e re  
u s e d  a s  g iv e n  in  T a b le  I I I - l ,  e x c e p t th e  r a d i a l  b u c k lin g s  w e re  u se d ,
w h ich  h av e  v a lu e s  o f 4 .7 8 4 4  x  10 5 .7495  x 10 6.0092 x 10 ^ c m  ^
fo r  th e  f a s t ,  e p i th e rm a l  and th e r m a l  g ro u p s , r e s p e c t iv e ly .

T h e  a x ia l n o n u n ifo rm  b u rn u p  c a lc u la t io n  w ith  c o n tro l  ro d s  w ith d ra w n  
w as p e r fo rm e d  in  a  m a n n e r  id e n t ic a l  to  th e  u n ifo rm  b u rn u p  e x c e p t th a t 
th e  c o r e  w as d iv id ed  in to  12 e q u a lly  s p a c e d  a x ia l  r e g io n s .  T he  in i t ia l  
c o n s ta n ts  u s e d  w e re  id e n t ic a l  to  th o s e  g iv e n  in  T a b le  I I I - l ,  e x c e p t fo r  
th e  r a d ia l  b u c k lin g s  w h ich  a r e  g iv e n  a b o v e .

T h e  r e s u l t in g  a x ia l  u n ifo rm  and n o n u n ifo rm  b u rn u p  r e a c t iv i ty  v e r s u s  
c o r e  l i f e  i s  show n in  F ig . I I I - l .  T h e  d if f e r e n c e  b e tw ee n  th e  tw o b u rn u p  
r e a c t iv i t i e s  v e r s u s  c o r e  l i f e  i s  p lo tte d  in  F ig . I I I -2 . T h e  d a ta  i s  a ls o  
ta b u la te d  in  T a b le  I I I -3 .

T A B L E  III-3

A x ia l U n ifo rm  and N o n u n ifo rm  B u rn u p  R e a c tiv i ty  
V e r s u s  C o re  L ife  (463® F , 9 .37  m w , no ro d s )

P P
D ays (u n ifo rm ) (n o n u n ifo rm ) A fi-

0 0.09080 0 .09080 0.00000
100 0 .07350 0 .07303 0 .00047
200 0 .07665 0 .07597 0.00068
300 0.07779 0 .07619 0.00160
400 0.07682 0 .07354 0 .00328
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T A B L E  I I I -3  (co n tin u ed )

D ays (u n ifo rm ) (n o n u n ifo rm )

500 0 .07360 0 .06786 0 .00574
600 0 .06798 0 .05893 0 .00905
700 0 .05972 0 .04662 0 .01310
800 0 .04856 0 .03074 0.01782

900 0 .03423

C . T O T A L  N O N U N IFO RM  B U R N U P W ITH C O N TR O L RODS

T h e  a x ia l  n o n u n ifo rm  b u rn u p  w ith  c o n tro l  ro d s  w as  c a lc u la te d  by  th e  
"w indow  sh a d e "  m e th o d . T h is  m e th o d , w h ich  i s  u s e d  f re q u e n tly , in v o lv e s  
d is t r ib u t in g  a  u n ifo rm  p o iso n  o v e r  th e  ro d d e d  r e g io n  of th e  c o r e .  F o r  
th e  p r e s e n t  s tu d y , e u ro p iu m  w as u s e d  a s  th e  p o iso n  b e c a u s e  i t  c o r r e ­
sp o n d s  to  th e  m a te r i a l  in  th e  c o n tro l  r o d s .

T o  b u rn  o u t th e  c o r e  a c c u ra te ly ,  i t  i s  n e c e s s a r y  to  o b ta in  th e  p ro p e r  
p o w e r  g e n e r a t io n  s p l i t  b e tw e e n  th e  ro d d e d  and  u n ro d d e d  re g io n s  of th e  
c o r e .  A lso , th e  r a t i o  of th e  th e r m a l  to  e p i th e rm a l  w o r th  o f th e  p o iso n  
sh o u ld  h a v e  th e  p r o p e r  v a lu e . F r o m  th e  r e s u l t s  of th e  P M Z -1  c r i t i c a l  
e x p e r im e n ts ,  th e  n e c e s s a r y  d a ta  c o n c e rn in g  th e  c o n tro l  ro d s  w as a v a i l ­
a b le  and i s  g iv e n  in  T a b le  111-4.

T A B L E  111-4 
E x p e r im e n ta l  C o n tro l R od D ata*  (68® F )

T h e r m a l / e p i th e r m a l  w o r th  3.06

P o w e r  ( ro d d e d ) /p o w e r  ( to ta l)  0 .478
C r i t i c a l  b an k  p o s i t io n  (in . w ith d ra w n ) 8.25

♦ A d ju s te d  to  a c c o u n t fo r  th e  s m a l l  d if f e r e n c e  b e ­
tw e e n  th e  e x p e r im e n ta l  and  th e  P M -1  c o r e s .

T o o b ta in  a g r e e m e n t  w ith  th e  m e a s u r e d  c o n tro l  ro d  d a ta , i t  w as  
n e c e s s a r y  to  p e r f o r m  a  s m a l l  p a r a m e t r i c  s tu d y  in  w h ich  th e  am o u n t of 
p o is o n  and  th e  th e r m a l  s e l f - s h ie ld in g  of th e  p o iso n  w e re  v a r ie d .  T he  
c a lc u la t io n s  w e re  b a se d  on  an  a x ia l  tw o - c o r e  r e g io n  ( ro d d e d  and  u n ­
ro d d e d )  m o d e l, u s in g  th e  F ^  p r o g r a m  w ith  th e  ro d s  a t th e  c r i t i c a l  bank

p o s it io n . T h e  p o iso n  w as o n ly  a llo w ed  to  e ffe c t th e  th r e e - g r o u p  a b s o r p ­
t io n  c r o s s  s e c t io n s .  T h e  r a t io  of th e  e p i th e r m a l  to  th e  f a s t  c r o s s
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s e c t io n  of th e  p o iso n  w a s  h e ld  c o n s ta n t .  I t  had  b e e n  d e te rm in e d  p r e ­
v io u s ly  f r o m  a n  e ig h te e n -g r o u p , tw o - r e g io n  d iffu s io n  th e o ry  c e l l  c a l ­
c u la t io n . T he c a lc u la t io n  w a s  p e r f o r m e d  in  s la b  g e o m e try ;  one re g io n  
w a s  c o n tro l  ro d  m a te r i a l  and  th e  o th e r ,  h o m o g e n iz ed  c o re  m a te r ia l .

T he  r e s u l t s  o f th e  s tu d y  to  d e te rm in e  th e  p r o p e r  v a lu e s  of th e  t h r e e - 
g ro u p  p o is o n  c r o s s  s e c t io n s  a r e  p r e s e n te d  in  F ig . 111-3. T he p o iso n  
c r o s s - s e c t io n  v a lu e s  w h ich  w e re  u s e d  in  th e  a x ia l  b u rn u p  c a lc u la t io n  
w ith  c o n tro l  ro d s  a r e  g iv e n  in  T a b le  XU-5.

T A B L E  m-5
P o is o n  C r o s s  S e c tio n s  U se d  in  W indow  Shade C a lc u la tio n

C r o s s  S ec tio n  
G roup   (S p )

1 3 .6 4 6  X 1 0 “^

2 3 .7 0 5 5  x  10"^
3 5 .3 7 7 8  x 10"^

A lth o u g h  th e  u s e  o f th e  p o iso n  c r o s s  s e c t io n s  in  Ta,ble II I-5  f o r c e s  
a g r e e m e n t ,  th e  e x p e r im e n ta l ly  d e te r m in e d  p o w e r s p l i t  and  th e r m a l - to -  
e p i th e r m a l  ro d  w o r th  do  n o t p ro v id e  a  " ju s t  c r i t i c a l "  co n d itio n  w ith  th e  
c o n tr o l  r o d s  a t  th e  m e a s u r e d  c r i t i c a l  b a n k  p o s it io n . T he  r e a c t iv i ty  
b ia s *  i s  c a u s e d  b y  th e  in a d e q u a c y  of th e  m o d e l to  ta k e  in to  a c c o u n t su c h  
e f fe c ts  a s  c h a n g e s  in  p e r p e n d ic u la r  b u c k lin g  and  s m e a r e d - o u t  a b s o r b e r .  
H o w e v e r, s in c e  th e  p r im e  c o n c e rn  i s  to  b u r n  ou t th e  c o r e  p r o p e r ly ,  th e  
r e a c t iv i ty  b ia s  i s  n o t of m a jo r  im p o r ta n c e ,  a lth o u g h  i t  m u s t  be ta k e n  in ­
to  a c c o u n t. T h e  a x ia l  in i t ia l  r e a c t iv i ty  c a lc u la t io n s  w ith o u t th e  ro d s  
in s e r te d  d id  n o t h av e  an y  b ia s .  S ince  i t  i s  f e l t  th a t  th e  b ia s  i s  a s s o c i ­
a te d  w ith  th e  ro d d e d  r e g io n  a t  th e  en d  of l i f e ,  w hen th e  ro d s  a r e  c o m ­
p le te ly  w ith d ra w n , i t  w a s  a s s u m e d  th a t  t h e r e  w ou ld  n o t be an y  b ia s .  
T h e r e f o r e ,  th e  b ia s  w a s  a s s u m e d  to  v a r y  l in e a r ly  w ith  ro d  in s e r t io n ,  
b e in g  z e r o  w h en  th e  r o d s  a r e  fu lly  w ith d ra w n .

T h e  a x ia l  n o n u n ifo rm  b u rn u p  c a lc u la t io n  w a s  p e r fo rm e d  on a  12- 
r e g io n  c o r e ,  u s in g  a  m o d if ied  v e r s io n  of th e  C g -F g  p r o g r a m . T h is

p r o g r a m  v a r i e s  th e  c o n tro l  ro d  b a n k  p o s i t io n  on a  p o in tw ise  b a s i s  
th ro u g h o u t th e  c o r e  l i f e  to  o b ta in  a  d e s i r e d  r e a c t iv i ty  w h ic h  i s  n o t 
n e c e s s a r i l y  z e r o .  T he  v a lu e s  o f th e  r e a c t iv i ty  w h ich  w e re  i t e r a te d  on 
d u r in g  th e  b u rn u p  c a lc u la t io n  w e re  th e  s u m s  of th e  b ia s e s  d is c u s s e d  
in  th e  p r e v io u s  p a r a g r a p h  an d  th e  r a d ia l  b u rn u p  r e a c t iv i ty  d e fe c t p lo t ­
te d  in  F ig .  m -2 .

♦ C o n tro l ro d  r e a c t iv i ty  b ia s  i s  1 .406%  p a t  463® F .
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T he r e s u l t in g  c o r e  r e a c t iv i ty  b a s e d  on  b u rn u p  w ith  c o n tro l  ro d s  is  
show n  in  F ig . I I I -4 . T h e  d a ta  i s  a l s o  ta b u la te d  in  T a b le  I I I -6 . F o r  
c o m p a r is o n  p u r p o s e s ,  th e  n o n u n ifo rm  b u rn u p  c o re  r e a c t iv i ty  w ith o u t 
c o n tro l  r o d s  i s  a ls o  in c lu d e d  in  F ig . I I I -4 . It c an  be  s e e n  th a t  th e  
c a lc u la t io n  w ith  c o n tro l  r o d s  in d ic a te s  a  c o re  life  w h ich  is  e s s e n t ia l ly  
th e  s a m e  a s  th a t  o b ta in e d  by  a  n o n u n ifo rm  b u rn u p  w ith o u t c o n tro l  ro d s .  
H o w e v e r , th e  a to m  d e n s ity  d is t r ib u t io n  a t  th e  end  of life  i s  so m ew h a t 
d i f f e r e n t .

T A B L E  m-6
T o ta l  N o n u n ifo rm  B u rn u p  R e a c tiv ity  V e rs u s  

C o re  L ife  (463* F ,  9 .3 7  m w , ro d s  a t  c r i t i c a l  b an k  p o s itio n )

D ays R e a c tiv ity

0 0 .0 9 0 9 4
100 0 .0 6 6 9 1
200 0 .0 6 1 7 5
300 0 .0 5 3 9 7
400 0 .0 4 2 8 1
500 0 .0 2 9 0 0
600 0 .0 1 2 0 9
700 -0 ,0 0 6 6 1

D . E F F E C T  O F  U -2 3 5  T O L E R A N C E  LOADING

T h e  e f f e c ts  of th e  ±2% U -2 3 5  lo a d in g  to le r a n c e  p e r  fu e l e le m e n t on 
th e  in i t i a l  r e a c t iv i ty  o f th e  P M -1  w a s  d e te r m in e d . T h e  c a lc u la t io n  w as 
b a s e d  on  th e  s ix - r e g io n  c o r e  g e o m e try  u s in g  th e  C g -F g  (lin k ed ) p r o g r a m .
T h e  r e s u l t in g  h o t an d  c o ld  in i t ia l  r e a c t iv i t i e s  a r e  show n in  T a b le  n i - 7 .

T A B L E  m-7 
h i i t ia l  R e a c tiv i ty  f o r  T o le ra n c e  U -235  L o ad in g

A U -2 3 5 /E le m e n t  P (6 8 * F ) A P (6 8 *  F )  P (4 6 3 * F ) A P (4 6 3 * F )
-2,% 0 .1 2 8 2 -0 .0 0 4 5 0 .0 8 5 9 -0 .0 0 4 9

0 0. 1327 0. 0 0 .0 9 0 8 0 .0

+2% 0. 1371 0 .0 0 4 4 0 .0 9 5 5 0 .0 0 4 7
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E . DSriTIAL REACTrVITY WORTH O F  CHANGES 
TO THE CENTER BUNDLE

T h e  c e n te r  b u n d le  of th e  P M -1  c o r e  is  c o m p o se d  of 19 e le m e n ts .  
T h r e e  o f th e s e  e le m e n ts  a r e  0. 5 0 - in c h  OD s ta in le s s  s te e l  ro d s  r e ­
q u ire d  f o r  s t r u c t u r a l  p u r p o s e s ,  15 a r e  fu e l e le m e n ts  and  th e  c e n te r  
lo c a t io n  i s  o c c u p ie d  by  a  s ta in le s s  s te e l  tu b e  c o n ta in in g  th e  n e u tro n  
s o u r c e .

T h e  w o r th  in  r e a c t iv i ty  due to  v a r io u s  c h a n g e s  m ad e  to  th e  c e n te r  
b u n d le  w a s  d e te r m in e d  b o th  co ld  and  h o t. T he  c h an g e s  w e re  a s  fo llo w s:

(1) T h r e e  fu e l tu b e s  in  th e  c e n te r  b u n d le  w e re  r e p la c e d  by:

(a) T h r e e  lu m p e d  p o iso n  r o d s .

(b) T h r e e  s t a in le s s  s te e l  r o d s .

(c) T h r e e  s t a i n le s s  s t e e l  tu b e s .

(2) S ix  fu e l tu b e s  in  th e  c e n te r  b u n d le  w e re  r e p la c e d  by:

(a) S ix lu m p e d  p o is o n  r o d s .

(b) S ix s t a i n le s s  s t e e l  r o d s .

(c ) S ix s t a i n le s s  s t e e l  tu b e s .

R e a c tiv i ty  w o r th  due to  th e  c e n te r  b u n d le  c h a n g e s  i s  r e p r e s e n te d  in  
ta b u la r  f o r m  in  T a b le  I I I -8 .

T A BL E  m-8
R e a c tiv i ty  W o rth  of C h an g e s  in  C e n te r B undle

M a te r ia l F u e l  E lem e»xts C o ld  (68“ F ) H ot (463“ F )
e p la c e m e n t R e p la c e d P A P P A p

N one N one 0. 1327 0 .0 0 .0 9 0 8 0. 0

L P R 3 0. 1250 -0 .0 0 7 7 0 .0 8 1 6 -0 .0 0 9 2

L P R 6 0 .1 1 9 5 -0 .0 1 3 2 0 .0 7 4 5 -0 .0 1 6 3
SS ro d s 3 0 .1 2 8 6 -0 .0 0 4 1 0 .0 8 6 0 -0 .0 0 4 8
SS ro d s 6 0 .1 2 5 0 -0 .0 0 7 7 0 .0 8 1 6 -0 .0 0 9 2
SS tu b e s 3 0 .1 3 0 4 -0 .0 0 2 3 0 .0 8 8 2 -0 . 0026
SS tu b e s 6 0 .1 2 7 5 -0 .0 0 5 2 0 .0 8 5 0 -0 .0 0 5 8
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F . REACTrVTTY WORTH O F  L U M P E D  PO ISO N  RODS

A s tu d y  w a s  p e r f o r m e d  to  d e te rm in e  th e  r e a c t iv i ty  w o r th  o f th e  
b o ro n  an d  s t a i n le s s  s t e e l  c o n ta in e d  in  th e  lu m p e d  p o iso n  r o d s .  T he  
p u rp o s e  of th e  s tu d y  w a s  th re e fo ld :  (1) to  d e te r m in e  th e  w o r th  of 
b o ro n  p e r  ro d  in  d i f f e r e n t  r e g io n s  o f th e  c o r e ,  (2) to  in d ic a te  w h a t 
m a g n itu d e  of r e a c t iv i ty  in c r e a s e  co u ld  b e  e x p e c te d  i f  s t e e l  r o d s  w e re  
so m eh o w  in s e r t e d  in  p la c e  of L P R 's ,  an d  (3) to  show  th e  o v e r a l l  r e ­
d u c tio n  in  r e a c t iv i ty  due to  th e  s ta in le s s  s te e l  in  th e  r o d s .  T he  s lx -  
r e g io n  c o re  c o n f ig u ra tio n  w a s  u s e d  w ith  th e  C g -F g  p r o g r a m . T he
b o ro n  in  R e g io n s  3 , 4 an d  5 w a s  re m o v e d  in d iv id u a lly  to  d e te rm in e  
th e  w o r th  p e r  r e g io n . T h e  to ta l  b o ro n  in  th e  th r e e  r e g io n s  w a s  th e n  
re m o v e d , an d  f in a lly  th e  s ta in le s s  s te e l  in  th e  lu m p e d  p o iso n  ro d s  w as 
re m o v e d . T h e  v o lu m e  d is p la c e d  by  th e  s te e l  w a s  a s s u m e d  to  b e  r e ­
p la c e d  by  in e r t  m a te r i a l  a f t e r  r e m o v a l  o f th e  r o d s .  T h u s , th e  v o lu m e  
f r a c t io n  of w a te r  r e m a in e d  c o n s ta n t .

T h e  r e s u l t s  o f th e  p re c e d in g  s tu d y  a r e  show n  in  T a b le  IH -9 . R e ­
f e r r i n g  to  th i s  t a b le ,  i t  c a n  b e  s e e n  th a t  th e  a v e r a g e  w o r th  of th e  b o ro n  
in  a  lu m p e d  p o is o n  ro d  is  s l ig h tly  l e s s  th a n  0. 1% in  r e a c t iv i ty .  H ow ­
e v e r ,  i t  sh o u ld  b e  n o te d  th a t  th e  r e a c t iv i ty  w o r th  of th e  s t a in le s s  s te e l  
i s  a b o u t 1 /3  th a t  o f th e  b o ro n . S ince  s t e e l  is  a  n o n b u rn a b le  p o is o n , th e  
r e s u l t s  in d ic a te  th a t  th e  u s e  o f a  d if f e r e n t  c a r r i e r  f o r  th e  b o ro n  w ould  
be d e s i r a b le .  T h is  p o in t i s  d is c u s s e d  f u r th e r  u n d e r  th e  s e c t io n  on 
c o re  l i f e t im e .

G. R E L A T IV E  D ISTR IB U TIO N  O F  U -2 3 5  AND B -1 0  
DURING T H E  L IF E  O F  T H E  C O R E

T h e  b u rn u p  an d  b u ild u p  o f th e  v a r io u s  is o to p e s  in  th e  c o r e  w e re  
c a lc u la te d  a s  a  fu n c tio n  of c o r e  l i f e t im e  d u r in g  th e  n o n u n ifo rm  b u rn u p  
s tu d y . T h e  c o n c e n tra t io n s  of th e  tw o  m o s t  im p o r ta n t  is o to p e s ,  U -235  
a n d  B -1 0  h a v e  b e e n  c o n v e r te d  to  " f r a c t io n  p r e s e n t "  a s  a  fu n c tio n  of 
l i f e t im e  an d  p o s it io n . T h e  r e s u l t in g  d is t r ib u t io n s  f o r  b o th  th e  r a d ia l  
an d  a x ia l  d i r e c t io n s  a r e  show n  p lo tte d  in  F ig s .  I l l -5 th ro u g h  in - 8 .

T h e  m a x im u m  b u m u p  of th e  B -1 0  an d  U -2 3 5  w a s  o b ta in e d  f r o m  th e  
d a ta  in  th e  p re c e d in g  f ig u r e s  by:

w h e re
|3(t) »= F r a c t io n a l  b u rn u p  

a(t) -  F r a c t io n  re m a in in g
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T A B L E  m-9
R e a c tiv i ty  E f fe c t of B o ro n  an d  S ta in le s s  S te e l in  L u m p ed  P o is o n  R ods

M ateria l R em oved p(68* F) A p (68*  F) P (463“ F) A P(463" F) No. L P R 's A P /L P R  (68* F) A P /L P R  (463“ F)

B oron R egion  3 0 .15976 -0 .0 2 7 0 3 0. 12226 -0 .0 3 1 4 6 24 -0 .0 0 1 1 3 -0 .0 0 1 3 1
B oron  R egion  4 0. 16948 -0 .0 3 6 7 5 0. 13292 -0 .0 4 2 1 2 30 + 18* -0 .0 0 0 8 8 -0 .0 0 1 0 0
B oron  R egion  5 0 .14261 -0 .0 0 9 8 8 0 .1 0 2 5 8 -0 .0 1 1 7 8 18 -0 .0 0 0 5 5 -0 .0 0 0 6 5
B oron  R egion s 3 . 4  and 5 0 .20266 -0 .0 6 9 9 6 0.17216 -0 .0 8 1 3 6 72 + 18* -0 .0 0 0 8 3 -0 .0 0 0 9 7
B oron  and SS R eg ion s 3 , 4 eund 5 0 .2 3 3 3 0 -0 .1 0 0 5 7 0 .1 9 9 5 5 -0 .1 0 8 7 5 72 + 18* -0 .0 0 1 2 0 -0 .0 0 1 2 9
None 0 .13273 0 .0 0 .0 9 0 8 0 0 .0 72 + 18*

*  In d icates 2 /3  length  b oron  rod; rem ain in g  length  SS 
A p In d icates a v era g e  r e a c t iv ity  change o v er  reg io n  con sid ered

CO
CO
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T he v a lu e s  of th e  m a x im u m  b u rn u p  a f te r  6 75 d ay s  of c o re  life  a r e  
97, 9% an d  61, 7% fo r  th e  B -1 0  and  U -2 3 5 , r e s p e c t iv e ly .

H, XENON R EA C T IV IT Y  W ORTH

X enon , due to  i t s  h ig h  c r o s s  s e c t io n , s h o r t  h a lf  life  and  r e la t iv e ly  
h ig h  p ro d u c tio n  r a t e ,  i s  of p a r t i c u la r  c o n c e rn  o v e r  th e  life  of th e  c o r e .  
T h e r e f o r e ,  i t  is  t r e a te d  in  so m e w h a t m o re  d e ta i l  th a n  th e  re m a in in g  
f i s s io n  p ro d u c ts ,

1, C old  R e a c tiv i ty ,  No X enon  (E a r ly  L ife )

T he  m a x im u m  r e a c t iv i t i e s  e x p e r ie n c e d  in  th e  P M -1  o c c u r  a t  the  
b e g in n in g  o f l i f e ,  w ith o u t x en o n  p r e s e n t .  T he s tu c k  c o n tro l  ro d  c r i t e r i a  
i s  s u c h  th a t  th e  m a x im u m  r e a c t iv i ty  c a u s e d  by shu tdow n a f te r  a  few 
d a y s  of o p e ra t io n  is  a ls o  im p o r ta n t .  T h e r e f o r e ,  th e  co ld  (6 8“ F ) r e ­
a c t iv i ty  w ith  no x en o n  p r e s e n t  w as  c a lc u la te d  d u r in g  th e  e a r ly  p o r tio n  
of c o r e  l i f e .  T h e  r e s u l t s  a r e  show n p lo tte d  in  F ig , III-9  and a r e  t a b ­
u la te d  in  T a b le  I I I - 10,

T A B L E  ni-lO  
C old  C o re  R e a c tiv i ty , No X enon  (68“ F)

D ays B u rn u p  p

0 0 ,1 3 2 7 3

100 0 ,1 1 9 6 0
200 0 .1 1 4 5 0

300 0 ,1 1 0 1 4

2, H ot R e a c tiv i ty ,  X enon  B uildup  (B eg in n in g  of L ife )

D u rin g  th e  in i t ia l  p h a se  of th e  c o re  l i f e ,  th e  x en o n  c o n c e n tra t io n  is  
b u il t  up ra p id ly ,  a p p ro a c h in g  i t s  e q u il ib r iu m  v a lu e  a f te r  ab o u t fo u r  d a y s  
of fu ll  p o w e r o p e ra t io n .

T h e  ho t r e a c t iv i ty  of th e  P M -1  c o re  d u r in g  th e  f i r s t  few d ay s  of 
o p e ra t io n  w a s  c a lc u la te d  to  fo llow  th e  x en o n  b u ild u p . By e x tra p o la t in g  
b a c k  to  t im e  z e r o ,  th e  in i t ia l  r e a c t iv i ty  w o r th  of e q u il ib r iu m  x enon  c an  
be o b ta in e d . T h e  r e s u l t s  a r e  show n p lo tte d  in  F ig , I I I -9  and a r e  t a b ­
u la te d  in  T a b le  I I I - l  1,
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T A B L E  i n ~ l l  
R e a c tiv i iy  D u rin g  X enon  B u ild u p  (463® F ,  9 .3 7  m w )

H o u rs  p

0 (no x en o n ) 0 . 09080

8 0 .0 8 5 6 1
24 0 .0 7 5 9 4
0 (e q u il ib r iu m  x en o n ) 0 .0 7 2 1 7

F r o m  th e  r e s u l t s  in  T a b le  m - l l ,  i t  c a n  b e  s e e n  th a t  th e  w o r th  of 
e q u i l ib r iu m  x en o n  a t  t im e  z e r o  i s  1. 86% A p.  *

3. H ot R e a c tiv i ty ,  P e a k  X enon  (E nd o f L ife )

W hen th e  r e a c t o r  i s  sh u t dow n a f te r  s u s ta in e d  p o w e r o p e ra t io n , p e a k  
x e n o n  b u i ld s ,  c a u s in g  a  t e m p o r a r y  r e d u c t io n  in  th e  c o re  r e a c t iv i ty .  If 
th e  sh u td o w n  o c c u r s  v e ry  n e a r  th e  en d  of c o re  l i f e ,  th e  lo s s  in  r e a c ­
t iv i ty  c a n  p r e v e n t  th e  r e a c t o r  f r o m  b e in g  b ro u g h t up to  p o w e r  u n ti l  a  
p o r t io n  of th e  x en o n  h a s  d e c a y e d .

T h e  p e a k  x e n o n  a to m  c o n c e n tra t io n  w a s  c a lc u la te d  f o r  th e  P M -1  a f te r  
700 d a y s  o f fu ll  p o w e r  o p e ra t io n  (end  of l i f e ) ,  by E q . ( n i - 2 ) .

X.

^®max

( m - 2 )

and

y

♦ O b ta in ed  by  e x tra p o la t in g  d a ta  in  F ig . II I-9  b a c k  to  z e r o  t im e .
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w h e re ;
3

X e = M ax im u m  X e-1 3 5  a to m  d e n s ity  ( a t /c m  )m ax  •'
3

X e = E q u i l ib r iu m  X e-1 3 5  a to m  d e n s ity  ( a t /c m  )
3

= E q u i l ib r iu m  1-135 a to m  d e n s ity  ( a t /c m  )
3

Fp. = F is s io n  d e n s i ty  b e fo re  sh u td o w n  ( f i s s / c m  - s e c )

Xj = 1 -1 3 5  d e c a y  c o n s ta n t  (2 .8 7  x  10 ^ s e c
-5  -1

^ 2  = X e -1 3 5  d e c a y  c o n s ta n t (2. 09 x 10 s e c  )

Yj = 1-135 y ie ld / f i s s io n  (0. 061 a t / f i s s )

Yg = X e -1 3 5  y ie ld / f i s s io n  (0 .0 0 2  a t / f i s s )  (V alue u s e d  in
c a lc u la t in g  X e^)

T he r e a c t iv i ty  w o r th  of p e a k  x en o n  ab ove  th a t  fo r  e q u il ib r iu m , c a l ­
c u la te d  a f t e r  700 d a y s  of c o r e  life  i s  -0 .460%  A p. T h is  p o in t is  p lo tte d  
on F ig . i n - 13 fo r  c o m p a r is o n  p u rp o s e s .

4. R e a c tiv ity  W o rth  of H igh C ro s s -S e c tio n  F is s io n  P r o d u c ts  (End of L ife )

T he  f i s s io n  p ro d u c ts  u t i l iz e d  in  th e  c a lc u la t io n  of c o re  l i f e t im e  a r e  
d iv id ed  in to  tw o  g ro u p s : th e  h ig h  c r o s s - s e c t io n  and  th e  low c r o s s  s e c ­
t io n  f i s s io n  p r o d u c ts .  T h e  r e a c t iv i ty  w o r th  of th e  h igh  c r o s s - s e c t io n  
f is s io n  p ro d u c ts  w as  c a lc u la te d  a t  th e  en d  o f life  (700 d a y s )  and  found 
to  be  0. 891% p.

I. W ORTH O F  BORON AND STA IN LESS S T E E L  IN 
LU M P PO ISO N  RODS (EN D  O F  L IF E )

T he r e a c t iv i ty  w o r th  o f th e  b o ro n  and  s ta in le s s  s te e l  in  th e  lu m p ed  
p o iso n  r o d s  a t  th e  b eg in n in g  of life  h a s  b e e n  d is c u s s e d .  A s th e  c o re  
is  o p e ra te d  o v e r  i t s  l i f e ,  fu e l and  b o ro n  a r e  d e p le te d , r e s u l t in g  in  a  
d e c r e a s e  of c o re  b la c k n e s s  o r  o v e r a l l  n e u tro n  a b s o rp tio n  c h a r a c t e r i s ­
t i c s .  S in ce  th e  s te e l  in  th e  L P R 's  d o es  n o t b u rn  o u t, i t  sh o u ld  c o n ­
t r ib u te  a  l a r g e r  f r a c t io n  to  c o re  a b s o r p t io n  a t  th e  end  of life  and  th u s  
be w o r th  m o re  in  t e r m s  of r e a c t iv i ty .  T o  d e te rm in e  i t s  w o rth , the  
s te e l  in  th e  L P R 's  w as  re m o v e d  a f te r  700 d a y s  of o p e ra t io n  and  the  
in c r e a s e  in  c o re  r e a c t iv i ty  c a lc u la te d . T he  b a s ic  s ix - r e g io n  c o re  
m o d e l, w ith  a l l  th e  f i s s io n  p ro d u c ts  p r e s e n t ,  w a s  u se d . T he r e s u l t s  
a r e  g iv en  in  T a b le  111-12.
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In  any- c o r e  w h ic h  c o n ta in s  a  b u rn a b le  p o iso n  m a te r i a l ,  th e  o p tim u m  
c o n d itio n  a t  th e  en d  o f l i f e  i s  to  h av e  b u rn e d  a l l  th e  p o iso n  and  th u s  n o t 
h av e  th e  c o r e  life  s h o r tn e d  by  r e s id u a l  n e u tro n  c a p tu r e .  Of c o u r s e ,  
th i s  c o n d itio n  i s  u n a t ta in a b le ,  s o  th e  n e x t b e s t  th in g  is  to  co m e  a s  c lo s e  
to  th e  o p tim u m  a s  p o s s ib le .  In F ig . I I I-6 , i t  i s  show n  th a t  th e  p e r c e n t  
of B -1 0  r e m a in in g  a f t e r  700 d a y s  of o p e ra t io n  v a r i e s  b e tw ee n  ro u g h ly  
10% an d  30%. B e c a u se  of th e  r e la t iv e ly  h ig h  c o n c e n tra t io n  r e m a in in g , 
th e  B -1 0  r e a c t iv i ty  w o r th  a t  th e  en d  of life  w a s  a n a ly z e d . T he r e s u l t s  
a r e  show n  in  T a b le  111-12.

T A B L E  m-12
R e a c tiv i ty  W o rth  of B -1 0  and  S ta in le s s  S te e l in  th e  

L u n ip e d  P o is o n  R ods (463® F ,  9 .3 7  m w )

M a te r ia l A p D ays

S ta in le s s  s t e e l 0 .0 3 8 4 5 700
B o r o n - 10 0 .0 2 5 2 1 700
S ta in le s s  s t e e l 0. 02739 0
B o r o n - 10 0 .0 8 1 3 6 0

It i s  w o rth w h ile  to  n o te  th a t  a t  th e  en d  o f l i f e  th e  s t e e l  in  th e  I+PR ' s 
h a s  a  r e a c t iv i ty  w o r th  of o v e r  150% of th a t  of th e  b o ro n . T he d a ta  
in d ic a te s  th a t  a  s u b s ta n t ia l  in c r e a s e  in  c o r e  life  c o u ld  b e  o b ta in e d  if  
th e  s t e e l  in  th e  L P R 's  w e re  r e d u c e d  o r  e l im in a te d .

J .  R E A C T O R  C O N T R O L

T h e  a n a ly s is  of th e  e f f e c t  o f c o n tro l  ro d s  on th e  r e a c t iv i ty  of a  r e ­
a c to r  i s ,  in  g e n e r a l ,  a  f a i r ly  d if f ic u lt  p ro b le m ; an d  th e  r e s u l t s  u s u a lly  
c o n ta in  a  d e g re e  o f u n c e r ta in ty .  H o w e v e r, in  th e  P M -1 , a  s e r i e s  of 
c r i t i c a l  e x p e r im e n ts  w a s  p e r f o r m e d  on a  c o re  w h ic h  w a s  p r a c t ic a l ly  
id e n t ic a l  to  th e  f in a l  d e s ig n  c o r e .  T h e  c o n tro l  ro d  m e a s u r e m e n ts  w h ich  
w e re  m a d e  in  th e s e  e x p e r im e n ts  w e re  n o rm a liz e d  to  th e  p r e s e n t  c o re  
a n d  u s e d  a s  en d  p o in ts  in  th e  c a lc u la t io n s .  T h is  te c h n iq u e  le n t  c o n ­
s id e r a b le  c r e d e n c e  to  th e  a n a ly t ic  r e s u l t s .

1. M e a s u re d  C r i t i c a l  R od B an k  P o s i t io n

C o n tro l  r o d  b a n k  e v a lu a tio n s  w e re  p e r fo rm e d  e x p e r im e n ta l ly  on th e  
r e f e r e n c e  d e s ig n  m o ck u p  d e s c r ib e d  in  th e  a p p e n d ix . T h e  c o n tro l  ro d  
c o n f ig u ra t io n s  in v e s t ig a te d  a r e  p r e s e n te d  in  T a b le  111-13.



T A B L E  m -13
C o n tro l R od C o n fig u ra tio n  E x p e r im e n ta l  E v a lu a tio n s  

( r e f e r e n c e  d e s ig n  m ock u p , 68* F )

E x p e r im e n t  No.
N o. of R ods 
W ith d raw n

N o. of R ods in  
C r i t i c a l  B an k

L o c a tio n  of 
C r i t i c a l  B an k C o m m en ts

1 5 1 Any one ro d S tu ck  ro d  
c o n d itio n

3 2 4 A d ja c e n t ro d s S tuck  ro d  
c o n d itio n

4 1 5 A d ja c e n t ro d s S tuck  ro d  
c o n d itio n

5 0 6 A ll ro d s O p e ra tin g
c o n d itio n

E x p e r im e n t  N o.
N o. of R ods 

In s e r te d
N o. of R ods in  
C r i t i c a l  B ank

L o c a tio n  of 
I n s e r te d  R ods C o m m e n ts

6 1 5 Any one ro d S tu ck  ro d  
c o n d itio n

7 4 2 A d ja c e n t ro d s S tuck  ro d
co n d itio n

C a3
CO
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T h e  c r i t i c a l  b an k  p o s i t io n  w a s  d e te rm in e d  f o r  e a c h  o b ta in a b le  b an k  
c o n f ig u ra t io n . A t e a c h  of th e  r e a c t iv i ty  le v e ls  e s ta b l is h e d  d u r in g  th e  
m e a s u r e m e n ts  of c r i t i c a l  b a n k  p o s it io n , th e  to ta l  c o re  r e a c t iv i ty  w a s  
e v a lu a te d .

T he  r e s u l t s  of th e  s tu d y , c o r r e c t e d  fo r  th e  0. 14% r e a c t iv i ty  d i f f e r ­
e n c e  b e tw e e n  th e  m o ck u p  c o r e  and  th e  f in a l d e s ig n  c o r e ,  a r e  g iv e n  in  
F ig s .  II I-IO  an d  I I I - 11. T h e  m e a s u r a b le  c r i t i c a l  b an k  p o s i t io n s  
an d  th e  to ta l  ro d  w o r th s  a r e  ta b u la te d  in  T a b le s  I I I - 14 an d  H I - 15, r e ­
s p e c t iv e ly .

T A B L E  m-14
M e a s u re d  C r i t i c a l  B an k  P o s i t io n s  

(n o rm a liz e d  to  f in a l  d e s ig n  c o re ,  68“ F)

E x p e r im e n t  N o. B an k  D e s c r ip t io n
C r i t i c a l  P o s i t io n  
(in . w ith d ra w n )

4 5 ro d  b a n k - - l  fu ll  ou t 3 . 90

5 6 ro d  b a n k 8. 25

6 5 ro d  b a n k - - l  fu ll in 9 .2 5

7 2 ro d  b a n k - -4 fu ll  in 15. GO

T A B L E  in - 15

M e a s u re d  F u l l  I n s e r t io n  R od R e a c tiv ity  W o rth  
(n o rm a liz e d  to  f in a l  d e s ig n  c o r e ,  68® F )

N o. R o d s  I n s e r te d N o. R o d s  W ith d raw n W o rth  (%p)

1 5 - 2 .3 7

3* 3 -9 .  19

4 * 2 -8 .8 3

-1 3 .6 6

♦ C o n fig u ra tio n  a s  g iv e n  in  T a b le  in-13.
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T he d a ta  iil F ig .  I l l - 10 and  T a b le  I I I - 15 c le a r ly  show  th a t  th e  c r i ­
t e r io n  of s u b c r i t ic a l i ty  w ith  one ro d  s tu c k  in  th e  w ith d ra w n  p o s it io n  
w il l  be  m e t.  T h e  shu tdow n  m a rg in  of th e  fiv e  re m a in in g  ro d s  is  f ro m  
fu ll  in s e r t io n  to  3 . 9 in c h e s  w ith d ra w n . T he m a rg in  w as  m e a s u re d  by 
a d d in g  fu e l to  th e  c o re  ed g e  to  in c r e a s e  th e  c o re  r e a c t iv i ty  so  th a t  th e  
f iv e - r o d  b a n k  co u ld  be fu lly  in s e r te d .  P e r io d  m e a s u re m e n ts  f ro m  fu ll  
in s e r t io n  to  3. 9 in c h e s  w ith d ra w n  show ed  th e  m a rg in  to  be  0. 38% r e ­
a c t iv i ty .

2. C o n tro l  Rod W o rth  V e r s u s  I n s e r t io n

T he c o n tro l  r o d  w o r th  a s  a  fu n c tio n  of s ix - r o d  b an k  p o s it io n  w as 
c a lc u la te d  u t i l iz in g  th e  '*window s h a d e "  te c h n iq u e . T h e  d e ta i ls  o f th is  
c a lc u la t io n  w e re  d e s c r ib e d  u n d e r  " T o ta l  N o n u n ifo rm  B u rn u p  w ith  
C o n tro l  R o d s . "

T he  c a lc u la t io n  of th e  w o r th  v e r s u s  in s e r t io n  a t  463* F  w as  p e r ­
fo rm e d  in  th e  s a m e  m a n n e r  a s  fo r  68* F ,  e x c e p t th e  w o r th  of th e  ro d s  
a t  th e  h o t c r i t i c a l  b an k  p o s i t io n  w a s  in c r e a s e d  by  0. 45% r e a c t iv i ty  
o v e r  th e  c o ld  ro d  w o r th  a t  th a t  p o s it io n . T h e  in c r e a s e  w a s  n e c e s s a r y  
to  c o m p e n s a te  f o r  th e  ch an g e  in  b la c k n e s s  of th e  c o re  due to  t e m p e r a ­
tu r e .  T he  m a g n itu d e  of th e  in c r e a s e  w a s  b a s e d  on th e  ch an g e  in  th e  
e x p e r im e n ta l  ro d  w o r th s  of th e  tw o  P M Z  c o r e s  w h o se  ch an g e  in  b la c k ­
n e s s  g av e  th e m  a  d if fe re n c e  in  r e a c t iv i ty  s im i l a r  to  th e  c o ld - to -h o t  
ch an g e  in  r e a c t iv i ty  of th e  P M -1 , It w a s  r e a l iz e d  th a t  th e  e x t r a p ­
o la tio n  w a s  on ly  a p p ro x im a te ,  so  th e  r e s u l t s  w e re  c h ec k e d  u s in g  
b la c k n e s s  th e o ry  and  w e re  found  to  b e  c o n s e rv a t iv e .

T he  r e s u l t in g  ro d  w o r th s  v e r s u s  in s e r t io n ,  b o th  h o t and  c o ld , a r e  
p r e s e n te d  in  F ig , in - 1 3 .  T he  fu lly  in s e r te d  s ix - r o d  b a n k  w o r th s  a r e  
g iv en  in  T a b le  I I I - 16.

T A B L E  m - 1 6
S ix -R o d  B an k  R e a c tiv i ty  W oi^h , F u lly  In s e r te d

T e m p e r a tu r e  % R e a c tiv ity

68* F  -2 0 .2 2

4 63“ F  -2 3 .0 5

3 . C o m p a r is o n  of A n a ly tic  an d  M e a s u re d  R od W o rth  V e r s u s  In s e r t io n

E x p e r im e n ta l  ro d  w o r th  f ro m  th e  c r i t i c a l  s ix - r o d  b a n k  p o s it io n  
(8 .2 5  in c h e s  w ith d ra w n ) to  fu l l  w ith d ra w a l w a s  o b ta in ed  a s  o u tlin ed  
abo v e  f o r  th e  P M -1  r e f e r e n c e  d e s ig n  c o r e .  A n a n a ly t ic a l  ro d  w o r th -
v e r s u s - i n s e r t i o n  c u rv e  of th e  s ix - r o d  b a n k  w as o b ta in ed  o v e r  th e  fu l l
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c o re  le n g th  f ro m  a s e r i e s  of w indow  sh ad e  c a lc u la t io n s .  T he r e s u l t s  
a r e  c o m p a re d  in  F ig . I l l - 13, w h ich  sh o w s e x c e lle n t  a g re e m e n t  b e tw ee n  
a n a ly t ic a l  and  e x p e r im e n ta l  v a lu e s  o v e r  th e  m e a s u re d  p o r tio n  of the  
b an k .

4. H o t- to -C o ld  Rod W o rth  C hange

In g e n e r a l ,  th e  w o r th  of c o n tro l  ro d s  in c r e a s e s  a s  th e  te m p e r a tu r e  
of th e  c o re  is  r a i s e d .  T he in c r e a s e  is  due to  a  change  in  o v e ra l l  b la c k ­
n e s s  of th e  c o re  r e la t iv e  to  th a t  of th e  c o n tro l  ro d s .  T o  g a in  a  b e t te r  
in s ig h t in to  the  m a g n itu d e  of th e  ch an g e  in  ro d  w o rth  w ith  t e m p e r a tu r e ,  
a  s e r i e s  of c a lc u la t io n s  w e re  p e r f o r m e d  u t i l iz in g  B la c k n e s s  T h e o ry  
(R ef. 11).

T he  c a lc u la t io n s  c o n s is te d  of d e te rm in in g  th e  r e a c t iv i ty  of a  h o m o ­
g e n iz e d  P M -1  c o re  b o th  w ith  an d  w ith o u t a  0. 2 5 -in c h  th ic k  r in g  of e u ­
ro p iu m  a b s o r b e r .  * T h e  r in g  w a s  lo c a te d  a t  th e  r a d iu s  of s ix  in c h e s  
f ro m  th e  c e n te r  of th e  c o re  to  a p p ro x im a te  th e  c o n tro l  r o d s .  T he c a l ­
c u la t io n s  w e re  p e r f o r m e d  u s in g  th e  d iffu s io n  th e o ry  p r o g r a m , F ^ . The
c o n s ta n ts  fo r  th e  ro d  re g io n  w e re  o b ta in e d  f ro m  b la c k n e s s  th e o ry  and 
a r e  g iv e n  in  T a b le  111-17.

T A B L E  I I I - 17 
B la c k n e s s  T h e o ry  C o n s ta n ts  fo r  a  0. 2 5 -In ch  S lab  

(30 w t % Eu^ Og in  S3)

C o n s ta n ts *  T e m p e r a tu r e
68“ F  463° F

■̂ 1 1. 9030 X 1 0 '^ 1 .9 0 3 0 X 10“^

^2 6 .6 2 9 1 X 10“ ^ 6 .3 7 2 3 X 1 0 '^

3 2 .4 9 5 2 2 .4 6 1 5

^1 9 .5 8 1 5 X 10"^ 9 .5 8 1 5 X 10"^

° 2 2 .0 5 6 3 X 10“ ^ 2 .1 0 8 3 X 10” ^

^3 4 ,7 0 0 0 X 10"^ 1 .8 7 0 0 X 10-3

* B a se d  on one in te r n a l  m e sh  p o in t

* 30 w t % EUg Og in  s t a in le s s  s te e l
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T he ch an g e  in  th e  w o r th  of th e  a b s o r b e r  b e tw e e n  68® F  and  463® F  w as 
in f e r r e d  by d e te r m in in g  th e  h o t- to - c o ld  ch an g e  in  c o re  r e a c t iv i ty  w ith ­
out th e  a b s o r b e r  an d  s u b tr a c t in g  th is  f ro m  th e  h o t- to -c o ld  ch an g e  w ith  
th e  a b s o r b e r  in s e r te d .  T he w o r th  of th e  a b s o r b e r ,  h o t and  c o ld , and  
th e  p e rc e n ta g e  ch an g e  is  sh o w n  in  T a b le  II I - IB .

T A B L E  m-18
W o rth  o f a  Eug Og A b s o r b e r  I n s e r te d  in  th e  P M -1  C o re

T e m p e r a tu r e  (®F) R e a c tiv ity

463 -0 .1 6 6 4
68 -0 .1 3 1 2

H ot to  c o ld , A p  -0 .0 0 3 5 5

T he h o t- to - c o ld  ch an g e  in  r e a c t iv i ty  w o r th  of th e  e u ro p iu m  r in g ,  a s  
show n in  T a b le  111-18, i s  0. 1% g r e a t e r  th a n  th a t  d e te rm in e d  fo r  th e  
P M -1  w ith  th e  c o n tro l  ro d s  fu lly  in s e r te d .  A lthough  th e  r e s u l t s  a r e  
no t d i r e c t ly  c o m p a r a b le ,  th e y  te n d  to  in d ic a te  th a t  th e  ho t w o r th  of th e  
P M -1  ro d s  is  p ro b a b ly  c o n s e rv a t iv e .

5. C r i t i c a l  B an k  P o s i t io n  V e r s u s  C o re  L ife

D u rin g  th e  a n a ly s is  of th e  a x ia l  n o n u n ifo rm  b u rn u p  w ith  c o n tro l  r o d s ,  
th e  w ith d ra w a l of th e  ro d s  w ith  c o re  e n e rg y  r e l e a s e  w a s  c a lc u la te d .  T he 
above  d a ta  h a s  b e e n  p lo tte d  in  F ig . III-1 4  in  t e r m s  of s ix - r o d  b an k  i n ­
s e r t io n  v e r s u s  m e g a w a tt y e a r s .  T h is  in fo rm a t io n  is  of p a r t i c u la r  in ­
t e r e s t  b e c a u s e  i t  c an  b e  fo llo w ed  d u r in g  th e  b u rn o u t of th e  o p e ra t in g  
r e a c to r .  T h e r e f o r e ,  i t  g iv e s  a n  in d ic a tio n  of th e  a c c u ra c y  of th e  b u r n ­
out c a lc u la t io n  w ith in  th e  l im i ta t io n s  im p o se d  by e r r o r s  in  m e a s u r in g  
th e  c o re  e n e rg y  r e l e a s e .

T he in i t ia l  h o t c r i t i c a l  s ix - r o d  b a n k  p o s i t io n ,  b o th  w ith  an d  w ith o u t 
e q u i l ib r iu m  x e n o n , i s  g iv e n  in  T a b le  111-19.

T A B L E  n i - 1 9  
In i t ia l  S ix -R o d  B an k  P o s i t io n ,  463® F

N o x en o n  30. 5 c m  w ith d ra w n
E q u i l ib r iu m  x e n o n  3 7 .2  c m  w ith d ra w n

T he v a lu e  of th e  in i t ia l  b an k  p o s i t io n  w ith  e q u i l ib r iu m  x en o n  w a s  o b ­
ta in e d  by  e x tr a p o la t in g  b a c k  to  t im e  z e r o  f r o m  th e  f i r s t  t im e  s te p  in  
th e  b u rn u p  c a lc u la t io n .
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6. Shutdow n R e a c tiv i ty  V e r s u s  L ife

T he  a b il i ty  of th e  c o n tro l  s y s te m  to  m e e t  th e  s tu c k  ro d  r e q u ir e m e n ts  
w a s  e v a lu a te d  b y  u s in g  e x p e r im e n ta l  co ld  c o n tro l  ro d  w o r th s  and  c a l ­
c u la te d  r e a c t iv i t i e s  a s  a  fu n c tio n  of l i f e .

T he  one ro d  s tu c k  o u t c o n d itio n  w a s  e v a lu a te d  by u s in g  th e  e x p e r i ­
m e n ta lly  d e te r m in e d  f iv e - r o d  b an k  w o r th  of 13.66% . T he in i t ia l  co ld  
r e a c t iv i ty  o f 13. 28% y ie ld s  a  sh u td o w n  m a rg in  fo r  one ro d  s tu c k  ou t of
0. 38% a t  th e  b e g in n in g  o f l i f e .  T he  co ld  r e a c t iv i ty  of th e  c o re  a s  a  
fu n c tio n  of life  w a s  o b ta in e d  by  r e c a lc u la t in g  th e  n o n u n ifo rm  d e p le tio n  
c a s e  w ith  co ld  c o n te n ts ,  no x e n o n , and  e q u i l ib r iu m  f is s io n  p ro d u c ts  a t 
v a r io u s  t im e s  in  l i f e .  T a b le  III-2 0  s u m m a r iz e s  th e  r e s u l t s  o b ta in ed  in  
th is  s tu d y . F ig u r e  111-15 sh o w s th e s e  r e s u l t s  g ra p h ic a l ly . F r o m  the  
r e s u l t s ,  i t  i s  q u ite  c l e a r  th a t  th e  c o n d itio n  of one ro d  s tu c k  fu ll ou t is  
m e t a t  a l l  t im e s  in  l i f e 'w i th  th e  l e a s t  m a r g in  (0 . 38%) o c c u r r in g  a t  th e  
b eg in n in g  of l i f e .

T A B L E  m-20
C old  R e a c tiv i ty  Shutdow n M a rg in  fo r  One 

R od F u lly  W ith d ra w n , 68“ F

( f iv e - ro d  b a n k  w o r th , 0. 1366 p)

C o re  L ife  A p Shutdow n M arg in
(d a y s )  C o re  R e a c tiv i ty  (w ith  l i f e )  _______ (p)_______

0 0. 1328 0 -0 .0 0 3 8
100 0 .1 1 9 1  -0 .0 1 3 7  -0 .0 1 7 5

200 0 .1 1 3 8  -0 .  0190 -0 .0 2 2 8
300 0. 1085 -0 .0 2 4 3  -0 .0 2 8 1

T h e  sh u td o w n  m a r g in  f o r  th e  tw o  r o d s  s tu c k  co n d itio n  is  m o re  c o m p le x , 
s in c e  th e  s ix - r o d  b a n k  p o s it io n  fo r  th e  o p e ra t in g  c o n d itio n s  m u s t be  
d e te r m in e d ,  a s  w e ll  a s  th e  c o ld  n o -x e n o n  e q u il ib r iu m  f is s io n  p ro d u c t 
c o r e  r e a c t iv i ty ,  a s  a  fu n c tio n  o f l i f e .  T h e  m o s t s t r in g e n t  ro d  p a t te r n  
f o r  th i s  r e q u i r e m e n t  is  th e  m a x im u m  w o r th  of tw o  ro d s  (m in im u m  w o rth  
of fo u r  r o d s )  w h ic h  i s  o b ta in e d  w h en  th e  tw o  ro d s  a r e  a d ja c e n t .  T h is  
p r e s e n t s  th e  l a r g e s t  u n c o n tro lle d  r e g io n  to  th e  c o re  w ith  th e  m o s t s h a d ­
ow ing  o f th e  f o u r - r o d  b a n k . T h is  p a r t i c u l a r  p a t te r n  w a s  e v a lu a te d  e x ­
p e r im e n ta l ly ,  a s  show n  in  F ig . I l l - 11, an d  w as  u s e d  to  d e te rm in e  th e  
sh u td o w n  m a r g in  of th e  c o r e  f o r  th e  tw o  ro d  s tu c k  c o n d itio n . T a b le  
in - 2 1  sh o w s th e  r e s u l t s  o f th e  a n a ly s is ,  an d  F ig . m - 1 5  sh o w s th e s e  
r e s u l t s  g r a p h ic a l ly .
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TABLE m -21
C old  R e a c tiv ity  Shutdow n M a rg in  f o r  T w o 

R o d s S tu ck  a t  th e  O p e ra t in g  P o s i t io n ,  68® F

C o re
L ife

(d ay s)

O p e ra t in g  
B an k  P o s i t io n  

( in c h e s  w ith d ra w n )
C o re

R e a c tiv ity

C r i t i c a l  2 -R od  
B an k  P o s i t io n ,  

F o u r  R ods F u lly  
In s e r te d  ( in c h e s  

w ith d ra w n )

Shutdow n M a rg in
R e a c tiv ity  

In c h e s  of of th e  2 -  
th e  2 -R od  R od B an k  

B an k  (A p)

0 1 4 .6 5 0. 1328 1 4 .9 8 * 0 .2 5 -0 .0 0 1 0
100 1 4 .8 5 0 .1 1 9 1 1 7 .9 0 3. 05 -0 .0 1 4 0
200 1 5 .3 5 0. 1138 19. 50 4 . 15 -0 .0 1 7 0
300 1 6 .4 7 0 .1 0 8 5 20. 90 4 .4 3 -0 .0 1 7 0

* E x p e r im e n ta l  v a lu e

ui
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F r o m  th e  p re c e d in g  ta b le  i t  i s  c l e a r  th a t ,  w h ile  th e  m a rg in  a t  th e  
b e g in n in g  of life  ( -0 . 10%) is  s m a l l ,  i t  i s  n e g a tiv e  and  in c r e a s e s  w ith  
l i f e .

7. E f fe c t of U -2 3 5  T o le ra n c e  on th e  S tu ck  R od C r i t e r i a

T h e  e f fe c t  of an  in c r e a s e  o f '2% in  th e  U -235  lo a d in g  on th e  to ta l  
c o r e  r e a c t iv i ty  an d  life  w a s  e v a lu a te d  in  T a b le  in - 2 1 .

In  th e  p r e s e n t  s e c t io n ,  th e  e f fe c t  of th e  2% in c r e a s e  in  U -2 3 5  lo a d ­
in g  on  th e  a b il i ty  to  m e e t  th e  s tu c k  ro d  c r i t e r i a  is  e v a lu a te d . Tw o a s ­
su m p tio n s  w e re  m ad e  in  th e  fo llo w in g  a n a ly s is :  (1) th e  h o t- to -c o ld  
r e a c t iv i ty  ch an g e  of th e  c o re  w ith  th e  in c r e a s e d  lo a d in g  is  th e  s a m e  a s  
th a t  o f th e  f in a l  d e s ig n  c o r e ,  an d  (2) th e  ro d  w o r th  i s  u n ch an g ed  by  th e  
2% in c r e a s e  in  lo a d in g .

U sin g  th e  ab o v e  a s s u m p tio n s  an d  th e  m e th o d s  o u tlin e d  in  S e c tio n  6 , 
i t  w a s  found  th a t  th e  "one r o d  s tu c k  fu ll  o u t"  c o n d itio n  is  n o t m e t a t  th e  
b e g in n in g  of l i f e ,  b u t i s  m e t t h e r e a f t e r .  T he r e s u l t s  a r e  s u m m a r iz e d  
in  T a b le  m -2 2  an d  p lo tte d  in  F ig . m - 1 6 .

T A B L E  m - 2 2  
S hutdow n M a rg in  w ith  2% I n c r e a s e  in  U -2 3 5  L o ad in g  

(one ro d  s tu c k  fu ll  o u t, 68* F )

C o re  L ife  C o re  R e a c tiv i ty  Shutdow n M a rg in
(d a y s )  _______(p)  ip)________

0 0. 1376 + 0 .0 0 1 0

100 0 .1 2 4 2  -0 .0 1 2 4
200 0 .1 1 9 0  -0 .0 1 7 6
300 0 .1 1 3 9  -0 .0 2 2 7

T h e  c o n d itio n  of tw o  r o d s  s tu c k  a t  th e  o p e ra t in g  b an k  p o s i t io n  w a s  
t r e a t e d  a s  in  S e c tio n  6 . T h e  r e s u l t s  in d ic a te  th a t  th i s  sh u td o w n  c r i ­
t e r io n  i s  n o t m e t  a t  th e  b e g in n in g  o f l i f e  e i th e r ,  b u t i t  i s  m e t  s h o r t ly  
t h e r e a f t e r .  T h e  r e s u l t s  a r e  ta b u la te d  in  T a b le  m - 2 3  an d  a r e  in c lu d e d  
on  F ig . m - 1 6 .  If th i s  s i tu a t io n  sh o u ld  o c c u r ,  th e  in i t ia l  r e a c t iv i ty  w ill  
b e  d e c r e a s e d  a s  d e s c r ib e d  p r e v io u s ly .
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T A B L E  m - 2 3  

Shutdow n M a rg in  w ith  2% I n c r e a s e  in  U -2 3 5  L o ad in g  
(tw o r o d s  s tu c k  in  o p e ra t in g  p o s i t io n , 68® F )

C o re  L ife  O p e ra t in g  B an k  C o re  R e a c tiv ity
(d a y s ) P o s i t io n   C old______  Shutdow n M a rg in

0 14. 1 0 .1 3 7 6 + 0 .0 0 1 0
100 1 4 .3 0 .1 2 4 2 -0 .0 1 1 1
200 14. 8 0 .1 1 9 0 -0 .0 1 4 3
300 15. 8 0 .1 1 3 9 -0 . 0149

K . PO W E R  D ISTRIBU TIO N S

1. A x ia l an d  R a d ia l  P o w e r  D is tr ib u tio n s

T h e  a x ia l  an d  r a d ia l  p o w e r  d e n s ity  d is t r ib u t io n s  o v e r  th e  life  of th e  
P M -1  c o r e  w e re  d e te r m in e d  f r o m  th e  r e s u l t s  of th e  n o n u n ifo rm  b u rn u p  
c a lc u la t io n .  T he a x ia l  p o w e r  d is t r ib u t io n ,  w h ich  is  p lo tte d  in  F ig .
111-17 fo r  z e r o ,  400 a n d  600 d a y s  of l i f e ,  r e f l e c t s  th e  e f fe c t  of c o n tro l  
ro d  m o v e m e n t d u r in g  th e  l i f e  of th e  c o r e .  T he r a d ia l  p o w e r d i s t r i b u ­
t io n  i s  show n  in  F ig . 111-18 f o r  z e r o ,  400 an d  700 d a y s . R e f e r r in g  to  
th is  f ig u r e ,  i t  c a n  be s e e n  th a t  th e  p o w e r le v e l  p e a k s  a t  a  r a d iu s  of 
a b o u t 4 c e n t i m e te r s ,  th e n  d ro p s  s h a r p ly  to  a  low  le v e l  and  r i s e s  a g a in  
to  a b o u t a  7. 5 - c e n t im e te r  r a d iu s .  T he  low  le v e l  of p o w e r d e n s ity  in  
th is  r e g io n  is  c a u s e d  by  th e  la c k  of fu e l. T he s ix  in n e r  c o n tro l  ro d  
g u id e s  o ccu p y  m o s t  o f th e  s p a c e .  S ince  th e r e  is  l i t t l e  fu e l in  th is  r e ­
g io n , th e  n e u tro n  a b s o r p t io n  i s  low and  th e  n e u tro n  flux  q u ite  h ig h . T he 
h ig h  n e u tro n  flu x  o v e rf lo w s  in to  th e  a d ja c e n t  r e g io n s ,  c a u s in g  th e  p o w e r 
to  p e a k .

A x ia l p o w e r  p e a k in g  o c c u r s  ju s t  b e lo w  th e  end  of th e  c o n tro l  ro d s  
an d  a t  th e  v e r y  b o tto m  of th e  c o r e .

a .  F a s t ,  e p i th e r m a l  and  th e r m a l  p o w e r s p l i t

T he  P M -1  is  u s u a l ly  r e f e r r e d  to  a s  a  th e r m a l  r e a c to r ;  h o w e v e r , 
lik e  m o s t  c o m p a c t h e a v ily  lo a d e d  c o r e s ,  i t  h a s  a  l a r g e  p e rc e n ta g e  of 
e p i th e r m a l  f i s s io n s .

T h e  f r a c t io n s  of th e r m a l ,  e p i th e r m a l  an d  f a s t  f i s s io n s  o c c u r r in g  
o v e r  th e  l i f e  o f th e  c o r e  a r e  show n  in  F ig . 111-19. T he e p i th e r m a l  
g ro u p , w h ic h  e x te n d s  f r o m  ju s t  ab o v e  th e r m a l  to  a  le th a rg y  of s ix ,  a c ­
c o u n ts  f o r  a b o u t l / 3  o f a l l  f i s s io n s .  F is s io n s  in  th e  f a s t  g ro u p  a c c o u n t 
f o r  l e s s  th a n  tw o  p e r c e n t  o f th e  to ta l ,  th e  r e m a in d e r  b e in g  th e r m a l .
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b . M a x im u m - to -a v e ra g e  p o w e r d u r in g  b u rn u p

T he  m a x im u m - to -a v e ra g e  p o w e r  d e n s ity  o c c u r r in g  o v e r  th e  life  of 
th e  c o re  h a s  b e e n  d e te r m in e d  and  is  p r e s e n te d  in  F ig . 111-20. T he  h ig h ­
e s t  p o w e r p e a k s  o c c u r  a t  th e  b eg in n in g  o f l i f e .  T he  a x ia l  and  r a d ia l  
v a lu e s  a r e  1. 95 an d  1. 83 , r e s p e c t iv e ly .  T he lo c a t io n  of th e  p o w e r  p e a k  
c an  be s e e n  on th e  p o w e r d is t r ib u t io n  c u rv e s  show n  in  F ig s .  111-17 and
m -18 .

c . T e m p e r a tu r e  c o e f f ic ie n t

T o  a s s u r e  th a t  a  r e a c t o r  re s p o n d s  in  a  s ta b le  m a n n e r  to  c h a n g e s  in  
p o w e r  le v e l  o r  to  an y  ch an g e  w h ic h  a f fe c ts  th e  t e m p e r a tu r e  of th e  c o r e ,  
i t  i s  n e c e s s a r y  th a t  th e  t e m p e r a tu r e  c o e f f ic ie n t  be  n e g a tiv e . T h e  m a g ­
n itu d e  o f th e  t e m p e r a tu r e  c o e f f ic ie n t is  r e l a t e d  to  th e  s p e e d  of r e s p o n s e .

-4In  g e n e r a l ,  f o r  p r e s s u r i z e d  w a te r  r e a c t o r s ,  a  v a lu e  of a b o u t 10 is  
v e ry  a c c e p ta b le .

d . T e m p e r a tu r e  c o e f f ic ie n t ,  b e g in n in g  and  en d  of life

T h e  t e m p e r a tu r e  c o e f f ic ie n t  of th e  P M -1  w a s  e v a lu a te d  a t  b o th  th e  
b eg in n in g  an d  th e  en d  of c o re  life  (700 d a y s ) . T he  c a lc u la t io n s  w e re  
b a s e d  on a x ia l  g e o m e try ,  u s in g  a  12- r e g io n  c o r e .  T h e  c o n tro l  ro d s  
w e re  in s e r te d  to  t h e i r  c r i t i c a l  b a n k  p o s i t io n  th ro u g h  u s e  of th e  "w indow - 
s h a d e "  m o d e l, w h ic h  h a s  b e e n  d e s c r ib e d  in  p re v io u s  s e c t io n s .  T he a c ­
tu a l  c a lc u la t io n s  in v o lv ed  d e te rm in in g  th e  c o r e  r e a c t iv i ty  a t  30® F  above 
an d  b e lo w  th e  o p e ra t in g  te m p e r a tu r e  and  th e n  e v a lu a tin g  th e  t e m p e r a tu r e  
c o e f f ic ie n t  a t  th e  o p e ra t in g  t e m p e r a tu r e  f ro m  th e  ch an g e  in  r e a c t iv i iy  
w ith  t e m p e r a tu r e .

T h e  c a lc u la t io n s  w e re  p e r f o r m e d  a t  68® F  an d  463* F  a t  th e  b eg in n in g  
an d  en d  of l i f e  (700 d a y s ) . T h e  r e s u l t s  a r e  p r e s e n te d  in  T a b le  111-24.

T A B L E  m-24
T e m p e r a tu r e  C o e f f ic ie n t , B eg in n in g  an d  E nd  of L ife

T e m p e r a tu r e  (®F) A p /A T ( ° F )

468 , in i t ia l  - 2 .8 2 7  x l 0 " ^

468 , end  of l i f e  -2 .4 3 3  x  lO "^
6 8 , in i t i a l  -0 .6 7 5  x  10“^
6 8 , en d  of l i f e  -0 . 650 x  lO"'^
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F r o m  th e  r e s u l t s  in  T a b le  I I I -2 4 , i t  i s  s e e n  th a t  th e  t e m p e r a tu r e  
c o e f f ic ie n t  is  n e g a tiv e  an d  s l ig h tly  d e c r e a s in g  o v e r  th e  life  of th e  c o r e .

e . M e a s u re d  t e m p e r a tu r e  c o e f f ic ie n t

T he b e g in n in g -o f - l if e  t e m p e r a tu r e  c o e f f ic ie n t w a s  d e te rm in e d  e x ­
p e r im e n ta l ly  f o r  th e  P M -1  r e f e r e n c e  d e s ig n  c o r e  w ith  th e  s ix - r o d  b an k  
a t  th e  c r i t i c a l  p o s i t io n . T he te m p e r a tu r e  ra n g e  c o v e r e d  by  th e  e x p e r ­
im e n ts  w a s  f r o m  77“ to  158“ F .  T he t e m p e r a tu r e  c o e f f ic ie n t  w as 
found to  be  l in e a r  an d  n e g a tiv e  o v e r  th e  e n t i r e  r a n g e .  T he r e s u l t in g  
v a lu e s  f o r  77“ an d  158“ F  a r e  show n in  T a b le  in - 2 5 .  F ig u re  III-21  
sh o w s th e  r e s u l t s  o b ta in e d  e x p e r im e n ta l ly  o v e r  th e  e n t i r e  te m p e r a tu r e  
r a n g e .

T A B L E  m-25
M e a s u re d  T e m p e r a tu r e  C o e f f ic ie n ts ,  B eg in n in g  of L ife

T e m p e r a tu r e  (“F )  A p /  A T (“F )

77 - 0 .4 4  x  10“ '̂

158 - 1 .2 0  x  10“^

C o m p a rin g  th e  c a lc u la te d  t e m p e r a tu r e  c o e f f ic ie n t  a t  68“ F  (T ab le  
n i - 2 4 )  w ith  th e  m e a s u r e d  v a lu e s ,  i t  i s  s e e n  th a t  th e  c a lc u la te d  v a lu e  
is  h ig h  an d  c o r r e s p o n d s  to  th a t  m e a s u r e d  a t  a b o u t 100“ F  r a t h e r  th a n  
6 8 “ F .
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rV . T H E R M A L  AND H Y D RA U LIC DESIGN

T h is  c h a p te r  d e s c r ib e s  th e  t h e r m a l  an d  h y d ra u lic  d e s ig n  fo r  th e  
P M -1  c o r e .  S u p p o rtin g  d a ta ,  t e s t  r e s u l t s  an d  a n a ly t ic a l  te c h n iq u e s  
r e q u i r e d  to  s u p p o r t  th e  d e s ig n  a r e  to  be  found  in  th e  a p p en d ix ,

A . DESIGN C R IT E R IA

T h e  fu n d a m e n ta l th e r m a l  c r i t e r i a  in  th e  d e s ig n  of th i s  c o re  a r e  th a t  
no b u lk  b o ilin g  o f th e  p r im a r y  lo o p  s h a l l  o c c u r  an d  th a t  b u rn o u t h e a t 
flux  s h a l l  n o t be  e x c e e d e d . T he  f o r m e r  Is  found to  im p o se  th e  m o re  
s e v e r e  l im i ta t io n .

T o  p re c lu d e  th e  e x is te n c e  of b u lk  b o il in g , th e  m a x im u m  c o o la n t 
te m p e r a tu r e  m u s t  b e  lo w e r  th a n  th e  s a tu r a t io n  te m p e r a tu r e  c o r r e s p o n d ­
ing  to  th e  m in im u m  o p e ra t in g  p r e s s u r e .  T h e  p r e s s u r i z e r  i s  d e s ig n e d  
to  l im i t  th e  m in im u m  o p e ra t in g  p r e s s u r e  to  1200 p s ia ,  c o r re s p o n d in g  
to  a  s a tu r a t io n  t e m p e r a tu r e  of 567.2® F . T h u s , th e  m a x im u m  c o o lan t 
t e m p e r a t u r e ,  u n d e r  a l l  e x p e c te d  o p e ra t in g  c o n d itio n s , m ay  n o t e x c e e d  
567.2® F .

B . S E L E C T IO N  O F  T H E  "H O T " CH A N N EL

Due to  v a r ia t io n s  in  c h a n n e l flow  r a t e s  an d  c h a n n e l p o w e rs ,  th e  
s e le c t io n  o f th e  " h o t"  c h a n n e l, i .  e . , th e  c h a n n e l w ith  th e  h ig h e s t  e x it  
c o o la n t t e m p e r a t u r e ,  i s  n o t a n  in tu it iv e  p r o c e s s .  S im p lif ie d  hand  
c a lc u la t io n s  y ie ld e d  s u f f ic ie n t  in fo rm a t io n  to  r e d u c e  th e  s e le c t io n  to  
one o f th r e e  p o s s ib i l i t i e s ,  a l l  of w h ic h  l ie  in  th e  h ig h  p o w e r re g io n  of 
th e  c o r e .  T h e s e  w e re :  th e  e le m e n t  p ro d u c in g  th e  m o s t  p o w e r , th e  
h ig h e s t  p o w e r -p ro d u c in g  e le m e n t in  th e  " in f in i te "  a r r a y ,  an d  th e  e le m e n t 
r e c e iv in g  th e  l e a s t  c o o la n t flow . T h e s e  e le m e n ts ,  c h o se n  on th e  b a s is  
of th e  fu ll  s c a le  m o d e l flow  t e s t  an d  th e  z e r o  p o w e r t e s t ,  a r e  d e s ig n a te d  
A , B  an d  C , r e s p e c t iv e ly ,  in  F ig . I V - 1. T h e  p o w e r an d  flow  r a t e s  in  
e a c h  of th e s e  e le m e n ts  a p p e a r  in  T a b le  I V - 1.

C . HOT C H A N N EL FA C TO R S

In  th e  d e te r m in a t io n  of th e  m a x im u m  c o o la n t te m p e r a tu r e  in  th e  
c o r e ,  c o n s id e ra t io n  m u s t b e  g iv en  to  u n c e r ta in t ie s  in  p o w e r g e n e ra tio n  
an d  flow  r a t e  due to  m a n u fa c tu r in g  to le r a n c e s  and  im p e r fe c t io n s  in  the  
a n a ly t ic a l  te c h n iq u e s . T h e s e  e f fe c ts  a r e  a c c o u n te d  fo r  th ro u g h  th e  u se  
of th e  h o t c h a n n e l f a c to r s  F  and  F ^ , w h ic h  a r e  a p p lie d  a s  fo llo w s:
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F ig . I V - 1. L o c a tio n  of th e  P o te n t ia l ly  H ot F u e l  E le m e n ts
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Q = F q Q ’ (IV-1)

!

Wi = /F ^ , (IV-2)

I

/F ,  (IV -3)o o bo

w h e re

Q = m a x im u m  p o w e r  p ro d u c e d  in  e le m e n t 
-  m in im u m  flow  r a t e  in s id e  e le m e n t

W = m in im u m  flow  r a t e  o u ts id e  e le m e n t o

F  = h o t c h a n n e l f a c to r  to  a c c o u n t f o r  u n c e r ta in t ie s  
in  p o w e r  g e n e r a t io n

F, . “ h o t c h a n n e l f a c to r  to  a c c o u n t f o r  u n c e r ta in t ie s  
in  flow  r a t e  in s id e  e le m e n t

F, ® h o t c h a n n e l f a c to r  to  a c c o u n t fo r  u n c e r ta in t ie s  
°  ill flow  r a t e  o u ts id e  e le m e n t

' = d e n o te s  e x p e c te d  v a lu e  of p a r a m e te r  w ith o u t th e
h o t c h a n n e l f a c to r

T h e  u n c e r ta in t ie s  c o n tr ib u tin g  to  th e s e  h o t c h a n n e l f a c to r s  a r e  
i te m iz e d  in  T a b le  IV -2  (R ef. 7). C o n s e rv a t is m  i s  m a in ta in e d  by  a s ­
su m in g  th a t  a l l  o f th e s e  u n c e r ta in t ie s  a c t  s im u lta n e o u s ly  in  a  d e t r i ­
m e n ta l  fa s h io n , I . e . , th e  c o n tr ib u tin g  f a c to r s  a r e  m u ltip l ie d  to g e th e r  
to  d e te r m in e  th e  r e s u l t a n t  h o t c h a n n e l f a c to r .

T o  p re c lu d e  b u lk  b o il in g  d u r in g  p la u s ib le  t r a n s i e n t s ,  a n  a d d itio n  
f a c to r  o f 1 .2  is  a p p lie d  to  th e  p o w e r  g e n e r a t io n  in  th e  h o t c h a n n e l. 
T h is  i s  b a s e d  u p o n  a  r e a c t o r  c o n tro l  s y s te m  s c r a m  s e t t in g  of 120% of 
fu ll  p o w e r .

D . R E S U L T S  AND CONCLUSIONS

T h e  th r e e  p o te n tia l ly  " h o t"  e le m e n ts  (s e e  S ec tio n  B ) and  th e  a v e ra g e  
e le m e n t w e re  a n a ly z e d  w ith  th e  B IT E  c o d e . I t w a s  found  th a t  th e  h ig h ­
e s t  c o o la n t t e m p e r a tu r e  in  th e  c o r e  o c c u r r e d  a t  th e  e x i ts  of th e  in s id e  
flow  p a th  of th e  e le m e n t  r e c e iv in g  th e  l e a s t  flow  (E le m e n t C of F ig .
IV -1 ).

A x ia l d is t r ib u t io n s  of th e  c o o la n t an d  s u r f a c e  t e m p e r a tu r e s  fo r  th e  
" a v e r a g e "  an d  " h o t"  e le m e n ts  a r e  show n in  F ig s .  IV -2  and  IV -3 ,
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r e s p e c t iv e ly .  T h e  n e a r e s t  a p p ro a c h  to  b u m o u t h e a t  flu x  a ls o  o c c u r r e d  in ­
s id e  E le m e n t C , w h e re  th e  flu x  is  18. 2% of th e  b u rn o u t f lu x . I t sh o u ld  
be  n o te d  th a t  th e  **hot" e le m e n t  a n a ly s e s  in c o rp o ra te d  b o th  th e  h o t c h a n ­
n e l  f a c to r s  an d  th e  20% p o w e r o v e rs h o o t c o n d itio n .

T h e  m a x im u m  c o o la n t t e m p e r a tu r e  in  th e  c o r e ,  u n d e r  a l l  a n tic ip a te d  
o p e ra t in g  c o n d itio n s , i s  555 .3*  F . T M s c o m p a r e s  fa v o ra b ly  w ith  th e  
a llo w a b le  v a lu e  of 567, 2* F .  By s im p le  l in e a r  e x tra p o la t io n ,

. . .  , , 567. 2 -  446 . 7 x  9. 37 m w (t)
Allowable = -------- 555.3 - 446. 7-----------

A llo w ab le  = 1 0 .4  m w (t),

i t  i s  a p p a r e n t  th a t  th e  th e r m a l  a s p e c t  of th is  c o re  w ould  p e r m i t  o p e r a ­
tio n  a t  a  n o m in a l o p e ra t in g  p o w e r  of 1 0 .4  m w  (t) .

T he  h y d ra u lic  s ta b i l i ty  of th e  c o re  is  a s s u r e d  if ,  and  on ly  if , th e  
p r e s s u r e  d ro p  in c r e a s e s  w ith  r e s p e c t  to  flow  r a te  a t  a l l  t im e s  f o r  a l l  
of th e  c h a n n e ls  (R ef. 8). T h is  i s  c e r ta in ly  th e  c a s e  in  a l l  n o n b o ilin g  
c h a n n e ls .  F o r  th e  lo c a l  b o ilin g  e le m e n ts ,  a n  in c r e a s e  in  flow  r a t e  te n d s  
to  d e c r e a s e  th e  a m o u n t of lo c a l  b o il in g , th e re b y  d e c r e a s in g  th e  f r i c t i o n ­
a l  p r e s s u r e  d ro p . H o w e v e r, th e  c o o la n t te m p e r a tu r e  in  th e s e  c h a n n e ls  
is  d e c r e a s e d ,  an d  th is  r a i s e s  th e  a v e r a g e  c o o la n t d e n s ity . T he  l a t t e r  
e f fe c t  r e s u l t s  in  a n  in c r e a s e d  e le v a tio n  h e a d  lo s s .  A n a ly s e s , e m p lo y ­
ing  te m p e r a tu r e - d e p e n d e n t  c o o la n t p r o p e r t i e s ,  h a v e  show n th a t  th e  
p r e s s u r e  d ro p  d e c r e a s in g  e f fe c t  of th e  lo c a l  b o ilin g  is  l e s s  s ig n if ic a n t  
th a n  th e  p r e s s u r e  d ro p  in c r e a s in g  e f fe c t  of th e  d e n s ity  ch an g e  (R ef. 9). 
T h u s , th e  p r e s s u r e  d ro p  in c r e a s e s  m o n o to n ic a lly  w ith  flow  r a t e ,  and  
th e  c o re  i s  h y d ra u l ic a l ly  s ta b le .



T A B L E  IV " 1 

D e s c r ip t io n  of P o te n t ia l ly  "H o t"  E le m e n ts
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B 1 . 4 0 1 . 0 7 5 1 . 3 9 5 501.  1 531.  7

C 1. 77 1 . 2 0 8 1. 205 515.  2 555.  3
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T A B L E  IV -2  
Hot C h an n e l  F a c t o r s

q b i bo

U n c e r ta in ty  in  n e u t r o n  flux
d i s t r i b u t io n  1. 10

U n c e r ta in ty  in  r e a c t o r  p o w e r
le v e l  1 .01
V a r ia t io n  in  m e a t  th i c k n e s s  1 ,04

V a r ia t io n  in  fu e l  c o n c e n t r a t io n  1 ,02
P le n u m  c h a m b e r  flow v a r i a t i o n s  - -  1 ,0 7  1 ,0 7
F low  v a r i a t i o n  due to  d im e n s io n a l
u n c e r t a i n t i e s  — 1 ,01  1 ,03
R e s u l t a n t  h o t  c h a n n e l  f a c t o r  1, 18 1 ,0 8  1, 10
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A P P E N D IX  A

M EC H A N ICA L DESIGN STUDIES

D u r in g  th e  d e s ig n  o f th e  r e a c t o r  c o r e  an d  a s s o c i a t e d  i n - v e s s e l  c o m ­
p o n e n ts ,  s e v e r a l  g e n e r a l  s tu d ie s  w e r e  a c c o m p l i s h e d  in  o r d e r  to  p r o ­
v id e  a n a ly t i c a l  s u p p o r t  fo r  p e r t i n e n t  p h a s e s  of the  m e c h a n ic a l ,  t h e r m a l  
an d  h y d ra u l ic  d e s ig n .  T h e s e  s tu d ie s  r e s u l t e d  in  d e ta i l e d  r e p o r t s ,  w h ich  
a r e  s u m m a r i z e d  below .

1. S t r e s s  A n a ly s i s  S u m m a r y

T he  P M - 1 c o r e  s t r u c t u r e  i s  p r i m a r i l y  d e s ig n e d  f o r  th e  c o r e  dead  
w e ig h t  and  m e c h a n ic a l  lo a d s  f r o m  th e  h o ld -d o w n  s p r in g  a s s e m b ly .  
T h e r m a l  s t r e s s  p r e s e n t s  no p r o b l e m s ,  s in c e  the  s t r u c t u r e  c o n s i s t s  of 
th in  s e c t io n s ,  an d  t h e r m a l  g ro w th  is  a l lo w ed  to  ta k e  p la c e  w ithou t r e ­
s t r a i n t ,  T h e  s t r u c t u r a l  c o m p o n e n ts  h av in g  s ig n i f ic a n t  s t r e s s e s  o r  
d e f le c t io n s  a r e  d i s c u s s e d  be low .

a . C o re  s h r o u d  (D raw in g  372 -2105009)

T h e  c r i t i c a l  lo ad in g  on th e  lo w e r  s h r o u d  o c c u r s  d u r in g  l if t ing  of the  
core ( e s t im a te d  w e ig h t  of 1400 lb). A pply ing  an  u l t im a te  load  f a c to r  of 
3 g,  th e  r e s u l t i n g  b en d in g  s t r e s s  f r o m  e c c e n t r i c  lo a d in g  a ro u n d  the  
c i r c u m f e r e n c e  o f  th e  u p p e r  r in g  is  a p p r o x im a te ly  8000 p s i .  T he  c o r ­
re s p o n d in g  s h e a r  s t r e s s  i s  n e g l ig ib le .

T h e  lo w e r  a l ig n m e n t  s p i d e r  of th e  c o r e  s h ro u d  is  d e s ig n e d  to  c a r r y  
th e  d ead  w e ig h t  o f  th e  fu e l  b u n d le s  p lu s  h a l f  th e  to ta l  h o ld -d o w n  s p r in g  
lo ad . In  th e  d e s ig n  of th e  s p i d e r ,  s t i f f n e s s ,  r a t h e r  th a n  s t r e n g th ,  w as  
th e  p r i m a r y  c o n c e r n .  The e s t i m a t e d  d e f le c t io n  a lo n g  th e  in n e r  r in g  of 
th e  s p i d e r  is  0 .014  inch . T h is  d e f le c t io n  w a s  c o n s id e r e d  in  th e  o v e r a l l  
d e s ig n  of th e  c o r e  and  w a s  found  to  be  s a t i s f a c to r y .

b. U p p e r  a l ig n m e n t  s t r u c t u r e  (D raw in g  372-2105015)

T h e  bund le  u p p e r  a l ig n m e n t  s t r u c t u r e s  w e r e  d e s ig n e d  f o r  th e  load  
f r o m  th e  h o ld -d o w n  s p r in g  a s s e m b ly .  U n d e r  the  w o r s t  p o s s ib le  bu ildup 
of t o l e r a n c e s ,  th e  m a x im u m  s p r i n g  lo ad  a t  e a c h  c o n t r o l  ro d  is  a p p r o x i ­
m a te ly  230 lb . T h e  r e s u l t i n g  b en d in g  s t r e s s  and  t o r s i o n a l  s h e a r  s t r e s s  
a r e  8900 p s i  an d  3200 p s i ,  r e s p e c t iv e ly .  T h e  c o r r e s p o n d in g  m a x im u m  
p r in c ip a l  s t r e s s  i s  10,000 p s i .  T h e  m in im u m  a l lo w ab le  y ie ld  s t r e s s  
f o r  T ype  304 s t a i n l e s s  s t e e l  a t  500° F  is  19,000 p s i .  It sh o u ld  be no ted  
th a t  th e  1 9 ,0 0 0 -p s i  a l lo w ab le  s t r e s s  i s  th e  a b so lu te  m in im u m  g u a r a n te e d  
u n d e r  th e  ASTM  s p e c i f ic a t io n ,  an d  ty p ic a l  e x p e c te d  p r o p e r t i e s  of Type  
304 w ould  be s ig n i f ic a n t ly  h ig h e r ,  r e s u l t i n g  in  an  e v e n  g r e a t e r  m a r g in  
of s a f e ty .
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2. F u e l  E le m e n t D e f le c tio n  T h e r m a l ly  In d u ced

P o s s ib le  fu e l e le m e n t bow ing due to  th e  n e u tro n  flux  p e ak in g  in  th e  
c o n tro l  ro d  w a te r  g a p s  w a s  in v e s t ig a te d .  It w a s  found  th a t  th e  bow ing 
u n d e r  th e  w o r s t  e x p e c te d  c o n d itio n  w ou ld  am o u n t to  le s s  th a n  0 .011 in c h  
in  th e  d i r e c t io n  o f th e  c o n tro l  ro d  b la d e . It w a s  re c o g n iz e d  th a t flux  
p e ak in g  in  th e  c o n tro l  ro d  c h a n n e l w a te r  g a p s  w ou ld  c a u s e  an  u n ev en  
c i r c u m f e r e n t i a l  p o w e r  d is t r ib u t io n  in  th e  a d ja c e n t fu e l tu b e s . T h is  
u n ev en  p o w e r d is t r ib u t io n  w ould  o b v io u s ly  r e s u l t  in  a  s im i la r ly  v a ry in g  
te m p e r a tu r e  d is t r ib u t io n  in  th e  fu e l e le m e n t.  T he m a x im u m  th e r m a l  
g ra d ie n t  w o u ld  be a lo n g  a  tu b e  d ia m e te r  p e r p e n d ic u la r  to  th e  c o n tro l 
ro d  b la d e . Z e r o  p o w e r t e s t s  v e r i f i e d  th a t  th is  g ra d ie n t  w a s  g r e a te s t  
in  th e  e le m e n ts  a d ja c e n t  to  th e  c o n tro l  ro d  b la d e , w ith  th e  m a x im u m  
c i r c u m f e r e n t ia l  d is t r ib u t io n  b e in g  ±23%. D ue to  th e  p ro x im ity  o f th e  
c o n tro l  ro d  b la d e  an d  a d ja c e n t  fu e l e le m e n ts ,  a  d e ta i le d  a n a ly s is  o f 
fu e l e le m e n t  th e r m a l  d e f le c tio n  w as  c o n s id e re d  n e c e s s a r y .

A n a ly s is  o f th e  e x te n t of fu e l e le m e n t bow ing r e q u i r e d  th e  fo llo w in g  
g e n e r a l  s te p s :

(1) D e te r m in a t io n  o f th e  m o s t  c r i t i c a l  fu e l e le m e n t lo c a t io n  and  
c a lc u la t io n  o f i t s  t e m p e r a tu r e  d is t r ib u t io n  in  a  v e r t i c a l  p lan e  
th ro u g h  th e  tu b e  c e n te r l in e  an d  p e rp e n d ic u la r  to  th e  c o n tro l  
ro d  b la d e .

(2) A n a ly s is  o f th e  P M - 1 e le m e n t a s  a  f ix e d  end , s im p ly  s u p ­
p o r te d  b e a m  to  d e te r m in e  th e  am o u n t an d  d i r e c t io n  o f c u r v a ­
tu r e  r e s u l t in g  f ro m  th e  d i f f e r e n t ia l  e x p a n s io n  in d u c ed  by 
th e  c a lc u la te d  t e m p e r a tu r e  v a r ia t io n  a lo n g  th e  tu b e .

(3) T h e  e f fe c t  o f fu e l tu b e - to - lo w e r  g r id  a t ta c h m e n t on  th e  c a l ­
c u la te d  bow ing .

T h e  r e s u l t s  o f th e  ab o v e  a n a ly s is  sh o w ed  th a t  (1) m a x im u m  d e f le c ­
tio n  o f th e  c r i t i c a l  e le m e n t w a s  0 .013 in c h  in  th e  d i r e c t io n  aw ay  f ro m  
th e  c o n tro l  ro d , a n d  (2) th e  d e f le c t io n  to w a rd  th e  c o n tro l  ro d  w ould  be 
l e s s  th a n  0 .011 in c h  f o r  th e  w o r s t  p o s s ib le  c a s e .  B ow ing to w a rd  o th e r  
fu e l o r  p o iso n  e le m e n ts  i s  n o t c r i t i c a l  f ro m  a  t h e r m a l  s ta n d p o in t b e ­
c a u s e  of th e  n o m in a l 0 .159  c le a r a n c e  b e tw e e n  th e  e le m e n ts .  In  a d d i­
tio n , th is  m a x im u m  bow e x is t s  ab o v e  th e  c o n tro l  ro d  o p e ra t in g  p o s i ­
t io n , w h e re  p o w e r  p ro d u c tio n  i s  r e d u c e d  to  a  low  le v e l .  T h e  m a x im u m  
bow of 0 .011 in c h  to w a rd  th e  c o n tro l  ro d  is  n o t c o n s id e re d  s e r io u s  b e ­
c a u s e .

(1) W ith  th e  c o n tro l  ro d  d is p la c e d  f r o m  i ts  c e n te r l in e  by  th e
a m o u n t o f th e  c le a r a n c e  a t  th e  g u id e  r a i l s  o r  g u id e  tu b e , th e  
n o m in a l r e m a in in g  c le a r a n c e  b e tw e e n  c o n tro l  ro d  an d  fu e l 
e le m e n ts  is  a t  l e a s t  0 .100  in c h .
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(2) T h e  m a x im u m  bow to w a r d  th e  r o d  o c c u r s  on ly  7 in c h e s  above  
th e  lo w e r  end  of th e  a c t iv e  c o r e .  T h is  p o s i t io n  i s  5 in c h es  
be low  th e  c o n t r o l  r o d s  in  the  hot o p e ra t in g  p o s i t io n  a t  the  
s t a r t  of c o r e  l i fe .  At th e  o p e ra t in g  le v e l  of th e  c o n t r o l  r o d s ,  
t h e r e  a c tu a l ly  w ould  be  no d e f le c t io n  to w a rd  th e  ro d s .

F o r  th e  m a x im u m  tu b e  d e f le c t io n  of 0.013 in ch ,  th e  end  
r e s t r a i n t  im p o s e d  by th e  f ix i ty  o f  the  lo w e r  g r i d  c a u s e s  a  
m a x im u m  bend ing  s t r e s s  of on ly  6500 p s i .

C o n c lu s io n s  r e a c h e d  a s  a  r e s u l t  of th e  t h e r m a l  d e f le c t io n  a n a ly s i s  
w e r e ;

(1) B ow ing of th e  P M - 1 fu e l  e l e m e n t s ,  due to  an  u n ev en  c i r c u m ­
f e r e n t i a l  t e m p e r a t u r e  d i s t r ib u t io n ,  i s  no t of su f f ic ie n t  m a g n i ­
tu d e  to  c r e a t e  a l ig n m e n t  o r  w e a r  p r o b le m s  b e tw ee n  th e  bow ed 
e le m e n t  an d  a d ja c e n t  c o r e  c o m p o n en ts .

(2) S t r e s s  in d u c ed  in  th e  bow ed  e le m e n t  i s  low enough  to  p re c lu d e  
y ie ld in g  o r  c r e e p  r e l a x a t i o n  o v e r  th e  a n t ic ip a te d  c o r e  l ife .

3. F u e l  E l e m e n t  V ib ra t io n

B u r g r e e n 's  a n a ly s i s  and  e x p e r im e n t a l  w o rk  a t  NDCA (N u c leo n ic s ,  
A u g u st 1959, p 78) sh o w ed  th a t  th e  a m p l i tu d e  and  f r e q u e n c y  of v i b r a ­
t io n  of ro d s  in  p a r a l l e l  flow c a n  be  r e l a t e d  to  s e v e r a l  p h y s ic a l  con ­
s t a n t s  w h ich  a r e  known f o r  th e  P M -1  c o r e  e n v i ro n m e n t .  A pply ing  th is  
m e th o d  of a n a ly s i s  to  th e  P M -1  fu e l  e le m e n t ,  th e  m a x im u m  p o s s ib le  
v ib r a t io n  a m p l i tu d e  found w a s  0 .0001 inch . T h is  a m p l i tu d e  is  c o n s id e r e d  
in s ig n i f ic a n t  b e c a u s e :

(1) T h e  n o m in a l  c l e a r a n c e  b e tw e e n  n e ig h b o r in g  fu e l  e le m e n ts  
i s  0 .165  inch .

(2) T h e  in d u c ed  bend ing  s t r e s s  in  th e  tube  i s  on ly  100 p s i .  T h is  
s t r e s s  i s  no t s ig n i f ic a n t  f r o m  a  fa t ig u e  s ta n d p o in t ,  b e c a u s e  
a  c y c l ic  s t r e s s  of th is  l e v e l  im p o s e s  v i r t u a l ly  no l im i t  on 
e l e m e n t  l i f e t im e .

(3) S u c c e s s f u l ly  o p e ra t in g  fu e l  ro d s  in  e x is t in g  r e a c t o r s  in d ic a te d  
s i m i l a r  v ib r a t io n  a m p l i tu d e s  w hen  e v a lu a te d  by th i s  m e th o d .

4. F u e l  E l e m e n t - - U p p e r  G r id  C le a r a n c e

T he  s l id in g  f i t  b e tw ee n  fu e l  e l e m e n t  an d  u p p e r  g r i d  i s  n e c e s s a r y  f o r  
d i f f e r e n t ia l  t h e r m a l  e x p a n s io n  of th e  fu e l  e l e m e n t s  w ith  r e s p e c t  to  the  
s u r r o u n d in g  b und le  s t r u c t u r e .  S in ce  th e  d e g re e  o f  c o r r o s i o n  of the  
s u r f a c e s  a ro u n d  an d  in  th i s  s l id in g  c l e a r a n c e  f it  i s  d if f icu l t  to  p re d ic t .
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th e  n e c e s s i t y  of u s in g  a s  l a r g e  a  c l e a r a n c e  a s  p o s s ib le  to  p re v e n t  s e i z ­
ing is  a p p a r e n t .  H o w ev e r ,  a l ig n m e n t  r e q u i r e m e n t s  and  th e  n e c e s s i ty  
fo r  r e s t r i c t i n g  an y  v ib r a t io n  in d u c ed  by co o lan t  flow d ic ta te  a s  s m a l l  
a  s l id in g  c l e a r a n c e  a s  c a n  f e a s ib ly  be m a in ta in e d  th ro u g h o u t  th e  c o re  
l i fe .  T h e  d i a m e t r i c a l  c l e a r a n c e  of th e  P M -1  e le m e n t s  in  th e  bundle  
u p p e r  g r i d  is  n o m in a l ly  0 .005 in ch ,  w ith  t o l e r a n c e s  ex ten d in g  th i s  to
0 . 0 0 2  to  0 .008 inch .

T e s t  s a m p l e s  of tw o s e c t io n s  of g r i d  p la te  c a r r y i n g  10 tu b e s  w ith  
v a ry in g  c l e a r a n c e s  in  th e  p la te  w e r e  a u to c la v e d  in  d e m in e r a l i z e d  w a te r  
a t  P M -1  o p e r a t in g  t e m p e r a t u r e  an d  p r e s s u r e  fo r  90 d a y s .  C h eck s  on 
th e  c o n d it io n  of th e  s a m p l e s  w e r e  m a d e  e v e r y  30 d a y s .  No tu b e s  sh o w ed  
e v id en c e  of b ind ing  o r  s e iz in g  a f t e r  90 d a y s '  e x p o s u r e  in  th e  g r i d  p la te s ,  
e v en  th ough  tu b e s  and  p la te s  h ad  a c q u i r e d  th e  c h a r a c t e r i s t i c  b la c k  ox ide  
f o r m a t io n  found on  T ype  304 s t a i n l e s s  s t e e l  e x p o s e d  to  h igh  t e m p e r a t u r e  
w a te r .

Two tu b e s  a p p e a r e d  to  b in d  in  th e  h o le s  a f t e r  30 d a y s ,  but th e s e  tu b e s  
w e r e  f r e e  a g a in  a f t e r  90 d a y s '  e x p o s u r e .

T h e  tw o s e i z e d  tu b e s  co u ld  be a t t r i b u t e d  l a r g e l y  to  th e  p o o r  w a te r  
co n d i t io n s  and  to  th e  fa c t  th a t  i t  w a s  a  s t a t i c  a u to c la v e  t e s t .  No a t te m p t  
w as  m a d e  to  c o n t r o l  e i t h e r  th e  pH o r  th e  oxygen  c o n te n t  of th e  w a te r  
d u r in g  th e  t e s t .

U n d e r  r e a c t o r  c o n d i t io n s ,  t h i s  a r e a  of th e  g r i d  i s  e x p o se d  to  the  
p r i m a r y  c o o lan t  flow in  a  m a n n e r  w h ich  w ou ld  p ro h ib i t  th e  f o r m a t io n  
of lo c a l ,  s t a t i c  w a t e r  p o c k e ts  an d  t h e i r  att& ndant h ig h  c o r r o s i o n  r a t e s .  
T he  s m a l l  f lo w - in d u c e d  v ib r a t io n  an d  th e  c y c l ic  a x ia l  t h e r m a l  g ro w th  
of th e  e l e m e n t s  a r e  a l s o  e x p e c te d  to  c o n t r ib u te  to  m a in ta in in g  a  " c le a n ,"  
f r e e - s l i d i n g  f i t  b e tw een  tube  and  g r id .

S e iz u re  of th e  tube  d i a m e t e r  in  th e  g r i d  f r o m  d i f f e r e n t i a l  t h e r m a l  
e x p a n s io n  w a s  in v e s t ig a te d .  T o  c lo s e  e v en  th e  m in im u m  0 .0 0 2 - in c h  
d i a m e t r i c a l  c l e a r a n c e  w ou ld  r e q u i r e  a  d i f f e r e n c e  o f  a p p r o x im a te ly  
430® F  b e tw ee n  g r i d  an d  tu b e  o p e r a t in g  t e m p e r a t u r e s .  E v e n  if  th e  e l e ­
m e n t  d ead  end  o p e r a t e d  a t c e n t e r l i n e  fu e l  t e m p e r a t u r e s ,  a  d i f f e r e n t ia l  
of 120° F  co u ld  not be  a t ta in e d .

T h e  p o s s ib i l i ty  of i n t e r f e r e n c e  b e tw e e n  th e  sw a g e d  p o r t io n  of th e  
u p p e r  en d  of th e  fu e l  e le m e n t  an d  th e  lo w e r  s u r f a c e  of th e  u p p e r  g r id  
due to  a x ia l  t h e r m a l  g ro w th  of th e  fu e l  e le m e n t  w a s  in v e s t ig a te d .  The 
m a x im u m  a x ia l  d i f f e r e n t ia l  e x p a n s io n  b e tw e e n  th e  h o t t e s t  fu e l  e le m e n t  
and  th e  a d ja c e n t  c o re  s t r u c t u r e  w a s  c o n s e r v a t iv e ly  c a lc u la te d  to  be 0.050 
inch . S ince  th e  t a p e r e d  p o r t i o n  of th e  fu e l  e le m e n t  u p p e r  end  is  a t  l e a s t
0 .154  in c h  be low  th e  u p p e r  g r i d  a t a s s e m b ly ,  no i n t e r f e r e n c e  f r o m  t h e r ­
m a l  e x p a n s io n  w ould  o c c u r ,  e v en  u n d e r  th e  w o r s t  t r a n s i e n t  co n d i t io n s .
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5. A lig n m e n t

An o v e r a l l  a l ig n m e n t  s tu d y  (D raw in g  372-2105019) of th e  r e a c t o r  
v e s s e l  a n d  c o r e  c o m p o n e n ts  w as  c o m p le te d  to  v e r i fy  th a t  th e  f in a l  
a s s e m b l y  w ould  p r o v id e  c o m p le te  f r e e d o m  of m o v e m e n t  f o r  th e  c o n ­
t r o l  r o d s  o v e r  t h e i r  to t a l  le n g th  of t r a v e l ,  e v en  u n d e r  " w o r s t  c a s e "  
c u m u la t iv e  t o l e r a n c e  c o n d i t io n s .  It i s ,  of c o u r s e ,  r e a l i z e d  th a t  the  
p r o b a b i l i ty  th a t  a l l  c o m p o n e n ts  w ill  h av e  t h e i r  e x t r e m e  m cinu fac tu ring  
t o l e r a n c e s  a d d i t iv e  in  th e  m o s t  u n fa v o ra b le  m a n n e r  is  q u ite  r e m o te .

T he  r e s u l t s  of th e  s tu d y  w e r e  d ra w n  to  s c a l e  on the  r e f e r e n c e d  
d ra w in g ,  an d  th e  fo l lo w in g  r e s u l t s  w e r e  o b ta in e d  f r o m  th e  in fo rm a t io n :

(1) T h e  n o m in a l  e x p e c te d  o p e r a t in g  c l e a r a n c e  b e tw ee n  a  c o n t ro l  
ro d  b la d e  a n d  th e  a d ja c e n t  u p p e r  g r id  i s  0 .163 in c h .  T h e  
ru n n in g  c l e a r a n c e  b e tw e e n  th e  c o n t r o l  ro d  gu ide  cap  a n d  th e  
gu ide  tu b e  i s  a  n o m in a l  0 .062 in ch , go th e  c o n t ro l  ro d  would 
s t i l l  b e  0 . 1  in ch  a w ay  f r o m  th e  u p p e r  g r id  a n d  th e  fue l e l e ­
m e n ts  e v en  w ith  th e  gu ide  c ap  fu l ly  d e f le c te d  to  one s id e  of 
th e  gu ide  tu b e .

A s s u m in g  m a x im u m  c o n t r o l  ro d  d i s p la c e m e n t  and  " w o rs t  
c a s e "  m a n u f a c tu r in g  an d  a s s e m b l y  t o l e r a n c e s  of a l l  c o r e  
c o m p o n e n ts ,  a  m in im u m  c l e a r a n c e  of 0.024 inch  b e tw ee n  
a  c o n t r o l  ro d  b la d e  a n d  th e  a d ja c e n t  u p p e r  g r id  would r e s u l t .

(2) T he  m a x im u m  p o s s ib l e  m i s m a tc h  b e tw ee n  th e  c o n t ro l  d r iv e  
m e c h a n i s m  r o d  l a tc h  a n d  th e  c o n t r o l  ro d  p ickup  b a l l  c e n t e r -  
l in e  a t  th e  m o m e n t  b e f o r e  la tc h in g  i s  0.202 in ch . T he  la tc h  
i s  d e s ig n e d  to  p ic k  up a  b a l l  a s  m u c h  a s  0 .250 inch  off c e n te r .

T h e  a l ig n m e n t  s tu d y  sh o w e d  th a t ,  f o r  th e  p r o p e r  c o m b in a t io n  o f the  
a p p r o x im a te ly  30 v a r i a b l e  t o l e r a n c e s ,  s o m e  d r iv e  m e c h a n is m  sh a f t  
d e f le c t io n  co u ld  b e  in d u c ed  by  r e l a t i v e  m is a l ig n m e n t  of th e  m e c h a n is m  
a n d  c o n t r o l  ro d .  T h is  d e f le c t io n  co u ld  a p p ro a c h  a  m a x im u m  of a p p r o x i ­
m a te ly  1 /1 6  inch  a t  th e  fu l ly  e x te n d e d  s h a f t  len g th  and  w ould  r e d u c e  to  
z e r o  a s  th e  c o n t r o l  r o d  i s  w i th d ra w n  f r o m  th e  c o r e .  S ince  the  d r iv e  
m e c h a n i s m  s h a f t  i s  a c tu a l ly  a  s p l i t  b u n d le  of fo u r  s h a f t  s e g m e n ts ,  c a l ­
c u la t io n s  v e r i f i e d  th a t  th e  5 0 - in c h  s h a f t  (ex ten d ed  len g th )  cou ld  e a s i ly  
a b s o r b  th e  1 /1 6 - i n c h  s h a f t  d e f le c t io n  w ith  a  n e g l ig ib le  b e a r in g  r e a c t io n .

To  p ro v id e  a d d i t io n a l  v e r i f i c a t i o n  o f  th e  f l e x u r a l  p r o p e r t i e s  of th e  
d r iv e  m e c h a n i s m  s h a f t ,  th e  p ro to ty p e  a c t u a t o r  w as  t e s t e d  a t  M a r t in  
M a r ie t t a  to  d e t e r m in e  a l lo w a b le  s h a f t  d e f le c t io n  th a t  w ould  s t i l l  p e r m i t  
r e l i a b l e  o p e r a t io n  of th e  c o n t r o l  ro d .  T h e s e  t e s t s  in d ic a te d  th a t  th e  s m a l l  
d e f le c t io n  p o s s ib l e  in  th e  P M -1  c o r e  w ould not a d v e r s e ly  a f fe c t  th e  
o p e r a t io n  o f  th e  c o n t r o l  d r iv e  m e c h a n i s m .
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C o n c lu s io n ^  d ra w n  f r o m  th e  a l ig n m e n t  s tu d y  a n d  th e  d r iv e  m e c h a n is m  
t e s t s  w e r e ;

(1) T h e r e  a r e  no s ig n i f ic a n t  a l ig n m e n t  p r o b l e m s  a n t ic ip a te d  o r  
d e m o n s t r a t e d  th a t  w ould  a d v e r s e l y  a f fe c t  n o r m a l  c o n t ro l  ro d  
e x t r a c t i o n  a n d  in s e r t i o n .

(2) A c o n t r o l  r o d  o p e r a t in g  in  i t s  gu ide  r a i l s  w ould  h av e  no o p ­
p o r tu n i ty  to  c o n ta c t  th e  s t r u c t u r a l  c o m p o n e n ts  o r  a  n e ig h b o r ­
ing  fu e l  e le m e n t .
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A P P E N D IX  B

PHY SICS S U P P O R T IN G  D A TA

In p r e p a r i n g  th e  p h y s ic s  d e s ig n  of th e  P M -1  c o r e ,  v a r io u s  a n a ly t ic a l  
t e c h n iq u e s ,  e x p e r im e n t a l  s tu d ie s  and  i n t e r m e d ia t e  s tu d ie s  w e r e  p e r ­
f o r m e d .  F o r  th e  s a k e  of c l a r i t y ,  t h e s e  h a v e  a l l  b e e n  a s s e m b le d  in  th is  
a p p en d ix .

1. A n a ly t ic a l  T e c h n iq u e s

a .  N e u t ro n  d i f fu s io n  c a lc u la t io n s  (few- g ro u p )

In g e n e r a l ,  t h e  c o r e  r e a c t i v i t y  and  s p a t i a l  n e u t ro n  f lux  d i s t r ib u t io n s  
w e r e  o b ta in e d  f r o m  a t h r e e - g r o u p ,  m u l t i r e g io n ,  o n e - d im e n s io n a l  d i f ­
fu s io n  c a lc u la t io n .  T h e  b a s i c  e q u a t io n  is

( r )  + ( r )  + D j (r )  B ? ]  cf)  ̂ ( r )  ( B - l )

- V • [ d  ̂ ( r )  V i  ( i ') ]  = Sj ( r ) |

w h e r e  th e  s o u r c e  is  d e f in e d  a s ,

^ 3

Sj ( r )  ^  Y (r)  + ( r )  <j>j^ ( r )
f^ l

T h e  s y m b o ls  a r e  d e f in e d  a s  fo llow s:
2

B = p e r p e n d ic u l a r  b u c k l in g

2  =* n e u t r o n  c r o s s  s e c t i o n  f o r  a b s o r p t io n ,  d e g r a d a t io n  o r
f i s s io n ,  a s  n o ted  by  s u p e r s c r i p t

4> = n e u t r o n  flvix

D = d i f fu s io n  c o e f f ic ie n t

X =  f r a c t i o n  of f i s s i o n  n e u t r o n s  b o r n  in  g ro u p  i

V = n e u t ro n s  p ro d u c e d  p e r  f i s s io n

\  = eigenvEilue

i = g ro u p  in d ex .
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E q u a t io n  ( B - l )  h a s  b e e n  p r o g r a m m e d  f o r  a  d ig i ta l  c o m p u te r  and Is 
d e s ig n a te d  a s  p r o g r a m  F g .  A m o r e  d e ta i l e d  d e s c r ip t i o n  of th e  c o m p u te r
co d e  Is g iv e n  In (R ef .  1),

b .  N e u t ro n  t r a n s p o r t  c a lc u la t io n  ( f e w -g ro u p )

T o  o b ta in  a  m o r e  a c c u r a t e  r e p r e s e n t a t i o n  of th e  n e u t ro n  le a k a g e ,  
th e  c o r e  r e a c t i v i t y  w as  o b ta in e d  f o r  s o m e  s p e c i f i c  c a lc u la t io n s  f r o m  a 
t h r e e - g r o u p ,  m u l t i r e g io n ,  o n e - d im e n s i o n a l  t r a n s p o r t  c a lc u la t io n .  T h e  
c a lc u la t io n  e m p lo y e d  th e  a p p r o x im a t io n  to  th e  t r a n s p o r t  e q u a t io n  as
d e s c r i b e d  In (R ef .  2). T h e  b a s i c  e q u a t io n  Is

V T T ^  . / c o s  4> -  1  s in  (|) + 2  N = S ( r )  (B -2 )
\  o r  r  o(J) /

w h e r e  th e  s y m b o ls  a r e  d e f in e d  a s :

2  = t o t a l  t r a n s p o r t  c r o s s  s e c t io n .  In c lu d in g  In - g ro u p  s c a t t e r i n g ,
le a k a g e  and d e g r a d a t io n

N = a n g u la r  flux

S = s o u r c e .  In c lu d in g  f i s s io n ,  s c a t t e r i n g  and  d e g r a d a t io n

<t) = a n g u la r  v a r i a b l e  in  t h e  p la n e  p e r p e n d ic u l a r  to  th e  c y l in d e r

p =* c o s in e  of s c a t t e r i n g  a n g le  r e l a t i v e  to  th e  p o la r  a x is  of the
c y l in d e r .

F o r  d e t a i l s  on  th e  d e r iv a t io n  and  n u m e r i c a l  s o lu t io n  of E q  (B -2 ) ,  s e e  
R ef .  2.

T h e  a b o v e  t r a n s p o r t  e q u a t io n  h a s  b e e n  p r o g r a m m e d  f o r  a  d ig i ta l  
c o m p u te r  an d  Is I n c o r p o r a te d  In a  l a r g e r  c o m p u te r  co d e  d e s ig n a te d  
SY N FA R  (R e f .  3). T h e  co d e  Is w r i t t e n  to  u t i l i z e  up  to  8 th  o r d e r  a p ­
p r o x im a t io n  to  th e  t r a n s p o r t  e q u a t io n  In c y l in d r i c a l  g e o m e t r y  and  a  
16th o r d e r  a p p r o x im a t io n  In s la b  g e o m e t r y .  It a l s o  h a s  p r o v i s io n  fo r  
p e r f o r m in g  a  tw o - d im e n s io n a l  s y n th e s i s  by I t e r a t in g  on th e  b u ck l in g  
to  o b ta in  a  c o n s i s t e n t  v a lu e  of

c .  D y n a m ic  r e a c t i v i t y  c a lc u la t io n

R e a c t iv i ty  v a lu e s  b a s e d  on e x p e r im e n t a l  p e r io d  m e a s u r e m e n t s  and 
on  th e  I n - h o u r  e q u a t io n  c a n n o t  b e  c o m p a r e d  w ith  s t a t i c  r e a c t i v i t y  c a l ­
c u la t io n s .  T h is  In c o m p a t ib i l i ty  Is  c a u s e d  by  th e  r e l a t i v e  e f f e c t iv e n e s s
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of d e la y e d  n e u t r o n s  due  to  th e  d i f f e r e n c e  in  t h e i r  s p e c t r u m  c o m p a r e d  
to  th a t  of p r o m p t  n e u t r o n s .  H o w e v e r ,  t h e  e x p e r im e n t a l  r e a c t i v i t y  can  
b e  c o m p a r e d  w ith  d y n a m ic  r e a c t i v i t y  c a lc u la t io n s .  T he  d y n a m ic  r e a c t i v ­
i ty  e q u a t io n s  f o r  and  S w e re  o b ta in e d  by m o d ify in g  th e  s t a t i c  e q u a ­
t io n s  of S e c t io n s  an d  by  th e  m e th o d  d e v e lo p e d  by  G r o s s  and
M a r a b le  (Ref. 4). T he  t e r m s ,

w <t> / v  and  w N /v

w e r e  ad d ed  to  th e  le f t  s i d e  of th e  and  e q u a t io n s ,  r e s p e c t iv e ly ,
i . e . ,  E q  ( B - l )  and  (B -2 )

w h e r e

w “ i n v e r s e  s t a b l e  p e r io d

V  * v e lo c i ty .

T h e  f i s s i o n  s o u r c e  s p e c t r u m ,  n o r m a l i z e d  to  u n i ty ,  w as  m o d if ied  a s  
fo l lo w s ,

6 ^  ^
(u, . )  -  X ^ (u) 4- ^  • >  ( [ x ^  (u) -  X ;  (u)] • ^  (B -3 )

i= l i

w h e r e  «
V  ^ i

O ' (oo) = 1 -  >   ttT"Lj  CO +

i= l  ^

X  = s t a t i c  p r o m p t  p lu s  d e la y e d  s p e c t r u m  s
* s p e c t r u m  of d e la y e d  g ro u p  i

= n e u t r o n  f r a c t i o n  of d e la y e d  g ro u p  i

= d e c a y  c o n s ta n t  of p r e c u r s o r s  of g ro u p  i .

T h e  p r e c e d in g  m o d if ic a t io n s  to  th e  d i f fu s io n  an d  t r a n s p o r t  e q u a tio n s  
h a v e  b e e n  in c lu d e d  in  th e  SY N FA R  c o m p u te r  p r o g r a m  (R ef. 2).

d . C a lc u la t io n  of f a s t ,  e p i t h e r m a l  and  t h e r m a l  g ro u p  c o n s ta n ts

T h e  f a s t  and  e p i t h e r m a l  n u c l e a r  c o n s ta n ts  w e r e  d e te r m in e d  by a  
m u l t ig r o u p  (19 g ro u p s )  s lo w in g  dow n c a lc u la t io n  b a s e d  on "M odil’ied  
Age T h e o ry "  (R ef .  5). T h e  n e u t r o n  b a la n c e  c o n d i t io n  is  w r i t t e n  a s
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2  (E) <j) (E ) d E  =* S (E) d E  + M (E) d E  (B -4 )

w h e r e

2  (E) = t o t a l  c r o s s  s e c t i o n  in c lu d in g  s c a t t e r i n g  a b s o r p t io n  and  
l e a k a g e

<t> (E) = n e u t r o n  f lux  p e r  u n i t  e n e r g y  a t  E

S (E) =» f i s s i o n  s o u r c e  p e r  u n i t  e n e r g y  a t  E

M (E )  =» n e u t r o n s  m o d e r a t e d  to  e n e r g y  E  p e r  u n i t  e n e r g y .

T h e  n e u t r o n  f lu x  Is  e l im in a te d  f r o m  E q  (B -4 ) ,  a n d  It Is  so lv e d  In t e r m s  
o f s lo w in g  dow n. T h e  a n a ly t ic  e x p r e s s i o n  f o r  th e  s lo w in g  dow n Is :

^  a ----- 5-------------------  -  q  (u). (B -5 )
I 2 + 2 + DB̂ ̂ s  a

A f te r  t h e  s lo w in g  dow n d i s t r i b u t i o n  a s  a  fu n c t io n  of l e th a r g y  Is d e te r m in e d ,  
th e  n e u t r o n  f lu x  s p e c t r u m  Is  o b ta in e d  f r o m

^ (U) .  1  (“ ) +  S. W  ^  ( B - 6 )
I 2  + E + DB  ̂ s  a

w h e r e  t h e  s y m b o ls  In  E q s  (B -5 )  and  ( B - 6 ) a r e  d e f in e d  a s :

<j) (u) as n e u t r o n  f lu x  p e r  xmlt l e th a r g y

q (u) M s lo w in g  dow n p e r  u n i t  l e th a r g y

S (u) m s o u r c e  n e u t r o n s  p e r  u n i t  l e th a r g y

1 3 lo g  e n e r g y  d e c r e m e n t

u s le th a r g y

D s d i f fu s io n  c o e f f ic ie n t

T h e  d i f fu s io n  c o e f f ic ie n t  i s  r e p r e s e n t e d  by  th e  e x p r e s s i o n

1 (B -7 )
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T h e  t e r m  7  is  a  t r a n s p o r t  c o r r e c t i o n ,  w h ich  is  s e t  ecjual to  u n ity  if  th e  
c o n s ta n ts  a r e  to  b e  u s e d  in  a  t r a n s p o r t  c a lc u la t io n .

T h e  f a s t  and  e p i t h e r m a l  g ro u p  c r o s s  s e c t io n s  a r e  o b ta in ed  by flux 
w e ig h t in g  th e  m u l t ig r o u p  c r o s s  s e c t i o n s .

u „  u „
p  ^ n  ^

S ,  = \ Z , (u) 4> (u) du/ \ (u) du ( B - 8 )

T h e  t h e r m a l  n e u t r o n  c r o s s  s e c t io n s  w e r e  e v a lu a te d  o v e r  a  M ax w e ll ian  
s p e c t r u m  a t  an  e f fe c t iv e  h a r d e n e d  t e m p e r a t u r e .  T he  e f fe c t iv e  t e m p e r a ­
t u r e  w as  c a lc u la te d  f r o m  (R e f .  6 ).

T  = T e ff  o
/  Z (k T) \  ^
j l .O  + 0 . 7 5 . - y ^  j  (B -9 )

w h e r e  T ^  is  th e  t h e r m a l  t e m p e r a t u r e  in  *K, Z^ is  e v a lu a te d  a t  e n e rg y
k T , and | Z  is  th e  l a s t  e p i t h e r m a l  e n e r g y  l e v e l ,  s

T h e  p r e c e d in g  e q u a t io n s ,  w h ich  a r e  u s e d  to  o b ta in  th e  t h r e e - g r o u p  
n u c le a r  c o n s ta n t s ,  h av e  b e e n  p r o g r a m m e d  f o r  a  d ig i ta l  c o m p u te r  w hich  
is  g iv e n  th e  d e s ig n a t io n  of p r o g r a m  Cg. T h e  p r o g r a m  h a s  b e e n  lin k ed
w ith  bo th  th e  t h r e e - g r o u p  d i f fu s io n  and  t h r e e - g r o u p  t r a n s p o r t  c a l c u l a ­
t io n s  .

T h e  m u l t ig r o u p  l e th a r g y  le v e l s  and  c r o s s  s e c t io n s  u s e d  in  th e  c a l ­
c u la t io n s  a r e  g iv e n  in  T a b le s  B - l  th ro u g h  B - 8 .

e .  T h e  r e f l e c t o r  s a v in g s  a n d / o r  b u c k l in g  c a lc u la t io n s

T h e  r e f l e c t o r  s a v in g s  and  b u c k l in g  w e r e  d e te r m in e d  by tw o m e th o d s ;

(1) T h e  c o n s i s t e n t  m e th o d  w h ich  invo lved  p e r f o r m in g  bo th
a x ia l  and  r a d i a l  o n e - d im e n s i o n a l  d if fu s io n  o r  t r a n s p o r t  c a l ­
c u la t io n s  and  i t e r a t i n g  on  th e  r e f l e c t o r  s a v in g s  to  o b ta in  a  
c o n s i s t e n t  K eff

(2) T h e  a v e r a g e  r e g io n a l  b u c k l in g  m e th o d ,  w hich  c o n s i s t s  of 
i n t e g r a t in g  th e  g r a d ie n t  of th e  f lux  ( a n g u la r  f lu x e s  in  t r a n s p o r t  
th e o r y )  o v e r  th e  s u r f a c e  of th e  c o r e .
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T A BL E  B - l
M iiltigroup U -2 3 5  C r o s s  Section s

D e s ig n a t io n

O F  235 URAN
A to m ic
N u m b e r

F o r m u l a

U235 C F IN E
A to m ic
W eigh t

Code 
- 1 .0 8 2 0  

X I

D e n s i ty  
0 .0 0 0 0 0  

1-S

9 2 .0 0 0 0 0 2 3 5 .1 1 7 5 0 1 . 0 0 0 0 0 0 . 0 0 0 0 0

C r o s s  S e c t io n s

S ig m a X i S ig m a S ig m a S ig m a
L e v e l L e th a r g y S c a t t e r S c a t t e r T r a n s p o r t A b s o r p t io n

1 0 . 0 0 0 3 .4 3 7 4 6 1 4 0 .6 7 6 3 9 5 5 0 .69 1 0 0 8 1 2 .3 3 5 2 1 4 8
2 0. 500 5 .1 8 3 4 7 3 8 3 .2 8 0 1 9 9 8 2 .3 4 6 5 3 6 9 1 .71 2 9 4 9 4
3 1 . 0 0 0 6 .2 5 1 2 3 0 1 4 .0 6 1 5 4 2 1 3 ,4 9 8 2 1 9 0 1 .4451706
4 1. 500 5 .7 6 4 5 3 4 0 2 .6 0 0 8 0 1 2 3 .37 6 6 3 8 6 1. 5123018
5 2 . 0 0 0 5 .1 5 2 2 3 0 7 1 .7468553 3 .2 7 2 9 2 8 8 1 .46 8 1 9 2 1
6 2. 500 5 .3 5 9 0 5 1 5 1 .62 2 0 3 6 8 3 .7 6 0 1 0 8 1 1 .3 9 6 8 7 7 0
7 3. 000 6 .1 9 9 2 4 3 1 1 .34 7 6 9 2 8 4 .6 0 3 4 0 8 0 1 .44 0 4 7 2 4
8 3. 500 7 .4 2 3 4 4 7 1 1 .0129796 5 .8 5 3 4 2 0 4 1 .6 2 3 9 8 6 0
9 4 . 000 9 .2 6 2 9 8 5 8 0 .8 0 4 2 4 0 8 8 .1 9 1 0 0 8 7 2 .1 1 0 8 9 5 3

1 0 6 . 0 0 0 1 0 .352577 0 .0 9 8 5 5 5 7 10 .245376 3. 7301160
1 1 8 . 0 0 0 1 0 .1 9 9 9 8 4 0 .0 8 7 2 9 1 5 10 .170812 7 .3 6 9 2 2 9 8
1 2 1 0 . 0 0 0 13. 149161 0. 1125305 13 .111553 21. 010643
13 1 2 . 0 0 0 21. 319517 0 .1 8 2 4 5 2 4 2 1 .2 5 8 5 4 1 54 .8 7 3 7 5 2
14 1 4 .0 0 0 1 0 .675002 0 .0 9 1 3 5 6 7 10 .644471 79 .567306
15 15. 500 1 1 .171581 0. 0956064 11 .1 3 9 6 3 0 35. 867774
16 16. 500 1 2 .6 4 4 2 3 9 0 .1 0 8 2 0 9 4 12 .608076 85 .8 6 5 9 8 6
17 1 7 .5 0 0 13 .6 5 6 1 4 9 0. 1168693 13 .617092 221. 39245
18 1 8 .5 0 0 1 4 .2 0 9 1 8 5 0 . 1216022 14 .168546 3 2 6 .4 7 0 5 2
19 1 9 .7 9 5 14 .4 2 7 8 5 9 0 .1 2 3 4 7 3 0 1 4 .386597 5 2 0 .6 2 4 1 7

3000 1 7 .6 7 5 1 4 .0 0 0 0 0 0 0 .1 1 9 8 0 0 0 1 3 .9 6 0 0 0 0 2 1 4 .2 0 0 0 0
2500 1 7 .8 3 1 14. 000000 0 .1 1 9 8 0 0 0 1 3 .960000 2 3 4 .8 0 0 0 0
2 0 0 0 18 .016 1 4 .0 0 0 0 0 0 0 .1 1 9 8 0 0 0 1 3 .9 6 0 0 0 0 260. 70000
1500 18 .243 1 4 .0 0 0 0 0 0 0 .1 1 9 8 0 0 0 13 .9 6 0 0 0 0 2 9 4 .6 0 0 0 0
1 0 0 0 18 .5 3 7 1 4 .0 0 0 0 0 0 0 .1 1 9 8 0 0 0 1 3 .9 6 0 0 0 0 3 4 3 .4 0 0 0 0

500 1 8 .9 5 7 1 4 .0 0 0 0 0 0 0. 1198000 1 3 .9 6 0 0 0 0 4 2 9 .4 0 0 0 0
6 8 19 .5 5 5 1 4 .0 0 0 0 0 0 0. 1198000 13 .9 6 0 0 0 0 600. 39998



83

T A B L E  B - l  (con tinued )

D e s ig n a t io n  

C F  235 URAN
F o r m u l a  

U235 C F  INE
Code 
-1 .0 8 2 0

D en sity  
0 ,0 0 0 0 0

L e v e l L e th a r g y
Mu S igm a 

F i s s io n
F i s s io n

S p e c t ru m

1 0. 000 6. 9925210 0 .0 0 0 0 0 0 0
2 0. 500 4 .5 4 0 3 7 2 8 0 .00 0 0 0 0 0
3 1. 000 3 .6 3 4 5 9 8 8 0 .0 0 0 0 0 0 0
4 1. 500 3 .6 4 6 2 4 6 1 0 .00 0 0 0 0 0
5 2. 000 3 .41 4 6 5 7 6 0 .0 0 0 0 0 0 0
6 2. 500 3. 1485105 0 .0 0 0 0 0 0 0
7 3. 000 3 .1 5 7 1 2 4 3 0 .0 0 0 0 0 0 0
8 3. 500 3 .4 7 2 7 3 2 7 0. 0000000
9 4. 000 4 .3 4 1 1 7 3 6 0 .0 0 0 0 0 0 0

10 6. 000 7 .2096283 0 .0 0 0 0 0 0 0
11 8. 000 13 .321375 0 .0 0 0 0 0 0 0
12 1 0 .0 0 0 3 5 .4 3 3 3 4 3 0 .00 0 0 0 0 0
13 12 .0 0 0 8 8 .2 1 3 5 9 0 0 .00 0 0 0 0 0
14 1 4 .0 0 0 116 .75076 0 .0 0 0 0 0 0 0
15 15. 500 6 7 .5 4 3 4 7 0 0 .00 0 0 0 0 0
16 1 6 .5 0 0 1 8 0 .91095 0 .0 0 0 0 0 0 0
17 17. 500 4 5 4 .1 3 1 4 6 0 .0 0 0 0 0 0 0
18 1 8 .5 0 0 6 8 4 .5 4 8 0 9 0 .0 0 0 0 0 0 0
19 19 .7 9 5 1085. 1309 0 .0 0 0 0 0 0 0

3000 1 7 .6 7 5 4 3 6 .8 0 0 0 0 0 .0 0 0 0 0 0 0
2500 1 7 .8 3 1 4 7 8 .8 0 0 0 0 0 .0 0 0 0 0 0 0
2000 18 .016 5 3 2 .1 0 0 0 0 0 .0 0 0 0 0 0 0
1500 18 .243 6 0 2 .6 0 0 0 0 0 .0 0 0 0 0 0 0
1000 18. 537 7 0 5 .6 0 0 0 0 0 .0 0 0 0 0 0 0

500 1 8 .9 5 7 8 8 6 .8 9 9 9 9 0 .0 0 0 0 0 0 0
68 19 .5 5 5 1 2 4 2 .0 0 0 0 0 .0 0 0 0 0 0 0
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T A B L E  B -2
M u ltig ro u p  U -2 3 8  C r o s s  S e c tio n s

D e s ig n a t io n F o r m u l a Code D e n s i ty

C F  238 URAN U238 C F IN E  - 1 .0 8 4 0 0 .0 0 0 0 0

A to m ic A to m ic Xi 1-S
N u m b e r W eigh t
9 2 .0 0 0 0 0 2 3 8 .1 2 5 2 0 1 .0 0 0 0 0 0 .0 0 0 0 0

C r o s s  S e c t io n s

S ig m a X i S igm a S ig m a S ig m a
L e v e l  L e th a r g y S c a t t e r S c a t t e r T r a n s p o r t A b s o r p t io n

0 0. 000 4. 8740267 6 .6 9 4 4 6 0 7 3 .0 3 6 8 8 8 2 1 .0 1 5 0 0 0 0
1 0. 500 6 .2 3 0 2 0 2 9 5 .8 9 8 2 0 3 4 3 .1 7 8 8 6 3 8 0 .7 2 0 0 9 3 9
2 1. 000 7 .18 9 5 4 3 2 4 ,5 5 0 5 5 5 9 3 .3 6 7 0 9 3 3 0 .58 2 2 7 5 1
3 1. 500 6 .6 9 4 3 7 0 3 3 .2 8 8 4 8 4 3 3 .7 6 7 7 7 1 5 0. 5990790
4 2. 000 6 .5 5 3 0 6 0 5 2 .3 0 7 3 4 8 1 4 .4 8 4 9 0 3 5 0. 2665853
5 2. 500 6 .9 0 6 5 0 3 4 1 .3932751 5 .0 2 0 2 8 6 8 0. 1523061
6 3. 000 8 .0 3 4 4 1 0 7 0 .7 1 2 2 4 7 9 6 .1 5 4 0 1 5 2 0 .1270516
7 3. 500 9 .3 1 6 6 1 5 7 0. 3632919 7 .5 2 7 4 1 1 9 0. 1369370
8 4. 000 11 .4 7 2 3 6 0 0. 1656840 1 0 .174524 0 .23 9 7 2 1 7
9 6. 000 1 3 .264913 0. 1138595 13 .1 2 9 7 0 4 0 .47 0 4 3 2 6

10 8. 000 14 .2 9 8 4 8 7 0 .1201073 1 4 .2 5 8 4 5 0 1 .11 1 0 5 7 9
11 1 0 .0 0 0 2 3 .6 6 8 7 8 5 0 .1 9 8 8 1 7 8 2 3 .6 0 2 5 0 9 6 .0 9 7 1 2 0 5
12 1 2 .0 0 0 5 6 .9 1 9 1 7 4 0 .4 7 8 1 2 1 1 5 6 .7 5 9 8 0 0 3 7 .9 0 8 8 7 1
13 1 4 .0 0 0 24. 137062 0 .20 2 7 5 1 3 2 4 .0 6 9 4 7 9 111 .31363
14 1 5 .5 0 0 7 .9 8 5 5 2 5 7 0 .0 6 7 0 7 8 4 7 .96 3 1 6 6 3 0 .5 3 3 5 7 8 9
15 16. 500 8 .2 8 2 4 2 7 3 0. 0695724 8 .25 9 2 3 6 6 .0. 5906141
16 1 7 .5 0 0 8 .3 4 4 9 0 1 8 0 .07 0 0 9 7 2 8 .3 2 1 5 3 6 2 0 .8863046
17 1 8 .5 0 0 8 .3 6 6 3 1 1 1 0 .0 7 0 2 7 7 0 8 .34 2 8 8 5 3 1 .4152286
18 1 9 .7 9 5 8 .3 5 0 2 4 0 0 0. 0701420 8 .3 2 6 8 5 9 1 2 .0 5 7 0 7 0 1

3000 1 7 .6 7 5 8 .6 5 7 5 9 9 9 0 .07 2 7 2 3 8 8 .63 3 3 5 8 6 0 .9 5 2 5 0 0 0
2500 17. 831 8 .6 1 6 3 0 0 0 0 .0 7 2 3 7 6 9 8 .5 9 2 1 7 4 3 1 .02 9 8 0 0 0
2000 18 .016 8 .5 6 4 9 9 9 9 0 .0 7 1 9 4 6 0 8 .5 4 1 0 1 7 9 1. 1296000
1500 18 .243 8 .4 9 5 7 9 9 9 0 .0 7 1 3 6 4 7 8 .47 2 0 1 1 6 1. 2656000
1000 18 .5 3 7 8 .3 9 6 7 9 9 9 0 .07 0 5 3 3 1 8 .3 7 3 2 8 8 8 1 .4 6 6 4 0 0 0

500 18 .9 5 7 8. 2340000 0. 0691656 8 .2 1 0 9 4 4 7 1 .8 0 8 5 0 0 0
68 1 9 .5 5 5 7. 9182000 0 .0 6 6 5 1 2 9 7 .8 9 6 0 2 8 9 2 .4 3 8 9 0 0 0
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T A B L E  B - 2  (con tinued )

D e s ig n a t io n  

C F  238 URAN

F o r m u l a  
U238 C F  INE

C ode
- 1 .0 8 4 0

D en s i ty
0 .0 0 0 0 0

Nu S ig m a F i s s i o n
L e v e l L e th a r g y F i s s i o n S p e c t ru m

0 0 .0 0 0 3 .7 5 9 7 2 3 9 0 .00 0 0 0 0 0
1 0 .5 0 0 2 .4 0 3 2 9 5 0 0 .0 0 0 0 0 0 0
2 1 .0 0 0 1 .6 8 4 3 0 7 4 0 .0 0 0 0 0 0 0
3 1 .5 0 0 1 .5 5 2 9 8 6 4 0 .0 0 0 0 0 0 0
4 2 .0 0 0 0 .4 5 8 4 8 3 6 0 .0 0 0 0 0 0 0
5 2 .5 0 0 0 .0 1 9 0 0 0 8 0 .0 0 0 0 0 0 0
6 3 .0 0 0 0 .0 0 0 4 2 9 8 0 .0 0 0 0 0 0 0
7 3 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
8 4 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
9 6 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0

10 8 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
11 1 0 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
12 1 2 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
13 14 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
14 1 5 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
15 1 6 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
16 17 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
17 18 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
18 19 .795 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0

3000 17 .6 7 5 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
2500 1 7 .8 3 1 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
2000 18 .0 1 6 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
1500 18 .2 4 3 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
1000 1 8 .5 3 7 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
500 1 8 .9 5 7 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0

68 19 .555 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0
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T A B L E  B -3
M iiltig ro u p  O xygen  C r o s s  S e c tio n s

D e s ig n a t io n

C F  O xygen
A to m ic
N u m b e r
8 .00000

F o r m u l a

0 C F IN E

A to m ic
W eig h t
1 6 .0 0 4 0 0

Code
3 .6 0 1 0

X I

0 .1 2 0 9 0

D e n s i ty  

0. 00000 
1-B

0 .9 5 8 0 0

C r o s s  S e c t io n s

S ig m a X i S ig m a S ig m a S ig m a
L e v e l L e th a r g y S c a t t e r S c a t t e r T r a n s p o r t A b s o r p t io n

0 0. 000 0 .9 2 6 5 1 2 2 0 .4 3 4 2 5 6 5 0 .7 0 4 4 1 8 9 0 .2505446
1 0. 500 1 .24 8 0 4 0 9 0 .2 3 9 2 8 0 1 1 .0225726 0 .1 6 3 9 9 3 4
2 1. 000 2 .1 9 4 4 8 5 9 0 .2 3 2 1 6 6 5 1 .7079913 0 .0 2 6 3 1 5 3
3 1. 500 1 .3 5 7 5 2 5 0 0 .2 0 8 9 1 5 0 1 .2 6 2 9 5 2 8 0 .0 0 0 0 0 0 0
4 2. 000 2 .7 1 7 2 0 3 9 0 .4 1 6 9 6 9 9 2 .6 0 2 8 9 9 2 0 .0 0 0 0 0 0 0
5 2. 500 4 .0 7 6 8 0 8 5 0 .6 2 4 7 4 3 0 3 .8 2 6 6 1 9 8 0 .0 0 0 0 0 0 0
6 3. 000 6 .6 9 3 0 6 0 6 0 .8152686 5 .1 1 7 8 7 0 7 0 .0 0 0 0 0 0 0
7 3. 500 3 .7 2 1 9 4 1 2 0 .5 9 1 0 9 4 3 3 .8 9 8 3 9 0 1 0 .0 0 0 0 0 0 0
8 4. 000 3 .4 2 4 2 9 6 6 0 .4 1 4 2 2 4 0 3 .2 8 2 8 0 6 8 0 .0 0 0 0 0 0 1
9 6 .0 0 0 3 .4 7 7 0 6 0 0 0 .4 2 0 3 7 6 5 3 .3 3 1 0 2 3 4 0 .0 0 0 0 0 0 2

10 8. 000 3 .7 6 6 3 5 2 5 0 .4 5 5 3 5 2 0 3 .6 0 8 1 6 5 9 0 .0000006
11 1 0 .0 0 0 3 .7 9 9 9 9 6 3 0 .45 9 4 1 9 6 3 .6 4 0 3 9 6 2 0. 0000016
12 1 2 .0 0 0 3 .7 9 9 9 9 5 6 0 .4 5 9 4 1 9 4 3 .6 4 0 3 9 6 1 0 .0 0 0 0 0 4 2
13 1 4 .0 0 0 3 .7 9 9 9 8 8 9 0 .4 5 9 4 1 8 7 3 .6 4 0 3 8 9 4 0 .0 0 0 0 1 0 7
14 1 5 .5 0 0 3 .7 9 9 9 7 7 6 0 .45 9 4 1 7 3 3 .6 4 0 3 7 8 5 0 .00 0 0 2 2 3
15 1 6 .5 0 0 3 .7 9 9 9 6 1 0 0 .4 5 9 4 1 5 3 3 .6 4 0 3 6 2 6 0 .0 0 0 0 3 8 9
16 1 7 .5 0 0 3 .7 9 9 9 3 5 7 0 .4 5 9 4 1 2 2 3 .6 4 0 3 3 8 4 0. 0000641
17 1 8 .5 0 0 3 .8 5 1 3 5 3 9 0 .4 6 5 6 2 8 7 3 .6 8 9 5 9 7 0 0 .0 0 0 1 0 5 8
18 1 9 .7 9 5 4 .0 3 4 2 9 2 6 0 .4 8 7 7 4 6 0 3 .8 6 4 8 5 2 4 0 .0 0 0 1 5 5 0

3000 1 7 .6 7 5 3 .7 6 2 4 0 0 0 0 .4 5 4 8 7 4 2 3 .6 0 4 3 7 9 1 0 .0 0 0 0 7 0 0
2500 1 7 .8 3 1 3 .7 7 4 7 0 0 0 0 .4 5 6 3 6 1 2 3 .6 1 6 1 6 2 6 0 .0 0 0 0 7 0 0
2000 18. 016 3 .7 9 3 1 0 0 0 0 .4 5 8 5 8 5 8 3 .6 3 3 7 8 9 8 0 .0 0 0 0 8 0 0
1500 18 .2 4 3 3 .8 2 1 7 0 0 0 0 .4 6 2 0 4 3 5 3 .6 6 1 1 8 8 5 0. 0000900
1000 1 8 .5 3 7 3 .8 6 9 9 0 0 0 0 .4 6 7 8 7 0 9 3 .7 0 7 3 6 4 2 0 .0 0 0 1 1 0 0

500 1 8 .9 5 7 3 .9 6 3 4 0 0 0 0 .4 7 9 1 7 5 1 3 .7 9 6 9 3 7 1 0. 0001300
68 1 9 .5 5 5 4 .1 6 2 3 9 9 9 0 .5 0 3 2 3 4 1 3 .9 8 7 5 7 9 1 0 .0 0 0 1 8 0 0
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T A B L E  B -4
M u ltig ro u p  S S -304  C r o s s  S e c tio n s

D e s ig n a t io n  

C F  304 S3

F o r m u l a  C ode

C F  304 S3 4 . 1520
C o m p o s i t io n

C ode 3 .3 0 1 0  
D e s ig n a t io n  of c a r b o n  
W eigh t
F r a c t i o n  0. 000800

4 .0 0 2 0  
C F  i r o n  
0. 714200

D en s ity  

7 .9 4 0 0 0

4 .1 0 2 0  
C F  n ic k e l  
0 .0 9 5 0 0 0

C ode  4 .2 0 2 0  
D e s ig n a t io n  of c h r o m iu m  
W eig h t
F r a c t i o n  0. 190000

C F  33304

S ig m a XI S ig m a S ig m a S ig m a
L e v e l L e th a r g y S c a t t e r S c a t t e r T r a n s p o r t A b so rp t ic

0 0. 000 0 .2 8 2 3 2 2 0 .2 8 6 4 0 7 0 .1 4 1 1 5 7 0 .0 0 1 4 1 9
1 0. 500 0 .3 1 3 2 6 1 0 .2 6 2 3 4 5 0. 157981 0 .0 0 1 5 7 5
2 1. 000 0 .3 0 5 0 1 7 0 .2 1 2 9 6 8 0. 200323 0 .00 1 5 3 3
3 1. 500 0 .2 6 9 2 3 1 0. 138661 0. 209048 0. 001353
4 2. 000 0 .2 4 2 3 2 8 0 .0 6 3 5 1 5 0 .2 0 0 4 5 0 0 .00 1 2 1 6
5 2. 500 0 .2 4 2 6 3 5 0 .0 3 0 8 1 5 0 .2 0 4 0 4 5 0 .0 0 1 2 0 8
6 3. 000 0 .2 8 9 8 1 3 0. 019407 0 .2 5 9 2 4 2 0 .0 0 1 4 5 3
7 3. 500 0 .2 7 2 7 4 7 0 .0 0 9 5 4 6 0 .2 36502 0 .0 0 1 3 6 8
8 4. 000 0 .4 7 1 5 3 1 0. 016805 0 .4 5 7 9 5 5 0 .00 2 0 4 6
9 6. 000 0. 818129 0 .0 2 9 3 9 0 0. 808252 0. 004063

10 8. 000 1 .25 6 3 0 3 0 .0 4 5 0 3 6 1 .2 4 1 1 7 0 0 .0 0 5 2 1 8
11 10. 000 0. 834456 0 .0 2 9 9 7 6 0. 824379 0 .0 0 2 2 7 8
12 12. 000 0 .9 0 2 0 5 1 0 .0 3 2 3 9 0 0. 891164 0. 005663
13 1 4 .0 0 0 0 .8 9 7 6 6 6 0 .0 3 2 2 3 4 0. 886831 0 .013646
14 1 5 ,5 0 0 0 .8 9 0 9 2 5 0 .0 3 1 9 9 4 0. 880171 0. 029035
15 16. 500 0 .8 8 2 0 5 0 0. 031677 0 .8 71403 0 .0 4 9 2 4 0
16 17. 500 0. 876468 0. 031479 0. 865888 0. 080418
17 1 8 .5 0 0 0. 864004 0 .0 3 1 0 3 5 0 .8 5 3 5 6 8 0. 132047
18 19 .7 9 5 0 .8 5 5 3 7 0 0. 030721 0 .8 4 5 0 3 7 0 .1 9 2 7 8 1

3000 1 7 .6 7 5 0 .8 6 9 0 9 1 0. 030867 0 .8 58676 0 .08 5 3 9 6
2500 17. 831 0 .8 6 9 3 9 3 0 .0 3 0 8 8 0 0 .8 5 8 9 7 4 0 .0 9 2 4 4 1
2000 18 .016 0 .8 6 9 2 3 7 0. 030875 0 .8 5 8 8 2 2 0. 101531
1500 18 .243 0 .8 6 8 3 9 2 0 .0 3 0 8 4 6 0 .8 5 8 0 0 4 0 .1 1 3 5 9 0
1000 18. 537 0 .8 6 7 0 0 1 0 .0 3 0 7 9 6 0. 856611 0 .1 3 2 1 7 2

500 18. 957 0 .8 6 5 7 1 1 0 .0 3 0 7 5 1 0 .8 5 5 3 6 7 0. 162794
68 1 9 .5 5 5 0 .8 6 3 7 6 5 0. 030677 0 .8 5 3 4 1 8 0 .2 2 1 7 7 4
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T A B L E  B -5
M u ltig ro u p  B o r o n - 10 C r o s s  S e c tio n s

D e s ig n a t io n

C F  10 B o ro n
A to m ic
N u m b e r
5 .0 0 0 0 0

F o r m u l a
B-10 C F IN E

A to m ic
W eig h t
1 0 .0 1 6 1 2

Code
8 . 02 1 0

XI

0 .0 0 0 0 0

D e n s i ty
0 .0 0 0 0 0

1-B

0 .0 0 0 0 0

C r o s s  S e c t io n s

L e v e l L e th a r g y
S ig m a
S c a t t e r

XI S igm a 
S c a t te r

S igm a
T r a n s p o r t

S ig m a
A b s o r p t io n

0 0 .0 0 0 2 .0 7 9 0 5 4 0 .9 6 9 4 6 2 9 0 .8 9 3 4 7 6 4 0 .0 0 1 1 7 9
1 0. 500 1 .7 3 1 4 7 9 0 .8 6 2 0 3 2 3 1 .00 0 3 3 7 8 0 .0 0 1 6 4 7
2 1 .0 0 0 1 .8 9 8 6 9 4 0 .7 0 5 1 4 6 1 1 .0854042 0 .0 3 6 6 6 2
3 1. 500 1 .9 4 0 4 5 9 0 .5 4 7 0 2 7 6 1 .09 6 8 3 3 6 0 .2 5 9 1 2 1
4 2 .0 0 0 2 .2 2 2 8 5 3 0 .4 4 1 5 4 5 5 1. 2149479 0 .2 4 7 3 3 1
5 2. 500 3 .0 7 9 4 4 2 0 .5 3 5 9 5 5 8 2 .3 5 8 3 1 9 4 0 .3 1 3 2 0 9
6 3 .0 0 0 3 .5 5 8 2 5 9 0 .6 5 3 9 9 0 3 3 .4 2 1 4 2 1 4 0 .6 2 9 7 5 2
7 3. 500 5 .0 0 9 4 5 9 0 .7 0 3 0 2 5 8 3 .7 5 4 9 4 2 6 0 .8 9 8 9 8 5
8 4 .0 0 0 3 .9 6 9 9 2 6 0 .5 4 5 3 9 5 9 2 .9 1 3 0 2 3 1 1 .83 7 1 0 0
9 6 .0 0 0 0 .9 9 9 9 8 8 0 .2 9 0 7 1 7 7 1 .5 5 2 7 5 6 9 4 .4 6 8 3 6 8

10 8 .0 0 0 0 .6 0 8 0 8 4 0 .2 7 7 3 4 9 5 1 .48 1 3 5 5 8 11 .533301
11 1 0 .0 0 0 3 .9 5 0 8 9 7 8 0 .6 9 3 7 7 7 1 3 .7 0 5 5 4 5 6 3 1 .5 2 9 2 0 4
12 1 2 .0 0 0 4 .0 0 0 0 0 0 0 0 .7 0 2 3 9 9 5 3 .7 5 1 5 9 8 6 8 5 .7 3 9 1 9 3
13 1 4 .0 0 0 4 .0 0 0 0 0 0 0 0 .7 0 2 4 0 0 0 3 .7 5 1 6 0 0 0 2 1 6 .7 5 8 9
14 1 5 .5 0 0 4 .0 0 0 0 0 0 0 0 .7 0 2 4 0 0 0 3 .7 5 1 6 0 0 2 4 5 1 .8 7 5 0
15 1 6 .5 0 0 4 .0 0 0 0 0 0 0 0 .7 0 2 3 9 9 9 3 .7 5 1 5 9 9 8 7 8 8 .3 1 9 4
16 1 7 .5 0 0 4 .0 0 0 0 0 0 0 0 .7 0 2 4 0 0 0 3 .7 5 1 5 9 9 9 1299. 814
17 1 8 .5 0 0 4 .0 0 0 0 0 0 0 0 .7 0 2 4 0 0 0 3 .7 5 1 5 9 9 9 2 1 4 3 .2 3 9
18 1 9 .7 9 5 4 .0 0 0 0 0 0 0 0 .7 0 3 7 6 3 4 3 .75 1 0 7 3 2 3 1 4 3 .0 6 6

3000 1 7 .6 7 5 4 .0 0 0 0 0 0 0 0 .7 5 5 2 0 0 0 3 .7 3 1 2 0 0 0 1388 .9000
2500 1 7 .8 3 1 4 .0 0 0 0 0 0 0 0 .7 5 5 2 0 0 0 3 .7 3 1 2 0 0 0 1501 .7 0 0 0
2000 1 8 .0 1 6 4 .0 0 0 0 0 0 0 0 .7 5 5 2 0 0 0 3 .7 3 1 2 0 0 0 1647 .2000
1500 1 8 .2 4 3 4 .0 0 0 0 0 0 0 0 .7 5 5 2 0 0 0 3 .7 3 1 2 0 0 0 1845 .5000
1000 1 8 .5 3 7 4 .0 0 0 0 0 0 0 0 .7 5 5 2 0 0 0 3 .7 3 1 2 0 0 0 2 1 3 8 .3 0 0 0

500 1 8 .9 5 7 4 .0 0 0 0 0 0 0 0 .7 5 5 2 0 0 0 3 .7 3 1 2 0 0 0 2 6 3 7 .1 0 0 0
68 19. 555 4 .0 0 0 0 0 0 0 0 .7 5 5 2 0 0 0 3 .7 3 1 2 0 0 0 3 5 5 6 .4 0 0 0
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T A B L E  B -6

M u ltig ro u p  S lag  C r o s s  S e c tio n s

D e s ig n a t io n F o r m u l a Code D e n s i ty
S lag Slag 9. 0000 0. 00000
A to m ic A to m ic XI 1- B
N u m b e r W eig h t
0 .0 0 0 0 0 2 3 5 .1 1 7 0 0 0. 00000 0. 00000

C r o s s S ec tio n s

S igm a X I S igm a Sigm a S igm a
L e v e l L e th a r g y S c a t t e r S c a t t e r T r a n s p o r t A b so rp t io n

0 0 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 6 0 0 0 0
1 0. 500 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 2 3 5 0 0 0
2 1 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 4 6 5 0 0 0
3 1. 500 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 6 9 5 0 0 0
4 2 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 9 2 0 0 0 0
5 2. 500 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .1 1 6 5 8 0 0
6 3 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 ,1 4 3 5 0 0 0
7 3. 500 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .1 7 0 5 0 0 0
8 4 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .22 2 7 9 3 2
9 6 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .4 2 1 1 3 2 5

10 8 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 1 .6250000
11 1 0 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 7 .0 2 8 3 3 9 0
12 1 2 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 2 2 .5 3 7 8 7 5
13 1 4 .0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 42 .5 9 0 5 8 2
14 15 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 32 .851332
15 16 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 14 .859245
16 1 7 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 15 .980321
17 18 .5 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 2 7 .4 0 8 3 2 6
18 1 9 .7 9 5 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 4 2 ,5 9 6 1 9 7

3000 1 7 .6 7 5 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 18 .048666
2500 17 .8 3 1 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 19 .024478
2000 1 8 .0 1 6 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 20 .5 7 7 1 7 3
1500 1 8 .2 4 3 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 2 2 .9 2 2 6 3 9
1000 1 8 .5 3 7 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 2 6 .5 2 4 4 1 1

500 1 8 .9 5 7 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 32 .7 0 4 3 5 3
68 19. 555 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 44 .0 9 7 6 0 5
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T A B L E  B -7
M u ltig ro u p  X e -1 3 5  C ro s s  S e c tio n s

D e s ig n a t io n
C F  135 X enon
A to m ic
N u m b e r

5 4 .0 0 0 0 0

F o r m u la
C F  X e 135
A to m ic
W eig h t

134 .9 5 0 0 0

Code 
8 .6 0 1 0  

X I

0 .0 0 0 0 0

D e n s i ty
0 .0 0 0 0 0

1 -B

0 .0 0 0 0 0

C r o s s  S ec tio n s

L e v e l L e th a r g y
S igm a
S c a t t e r

X I S igm a  
S c a t te r

S igm a
T r a n s p o r t

S igm a
A b s o r p t io n

0 0 .0 0 0 4 .6 8 8 8 3 2 0 4 .3 7 3 7 5 2 5 1 .7120412 0 .0 0 5 2 6 3 9
1 0. 500 4 .6 1 8 6 8 7 5 4 .4 1 1 7 0 4 2 2 .5 9 5 7 2 1 6 0 .0 0 6 4 7 6 5
2 1 .0 0 0 5 .2 3 0 6 6 3 8 4 .4 1 5 9 4 7 4 3 .1 6 0 1 3 8 9 0 .0 0 8 4 9 7 5
3 1 .5 0 0 6 .5 6 0 4 8 4 3 3 .76 9 8 0 2 2 3 .4311806 0 .0 1 1 1 7 3 8
4 2 .0 0 0 7 .2 7 3 6 7 3 1 2 .6 3 2 0 0 6 6 4 .0 3 6 4 8 0 5 0 .0 1 4 6 6 7 2
5 2. 500 7 .4 5 9 4 8 3 4 1 .2804293 5 .29 0 7 3 7 5 0 .0 1 9 3 3 3 0
6 3 .0 0 0 7 .4 7 8 7 8 9 7 0 .5 0 2 5 0 0 2 5 .5 0 5 3 7 6 5 0 .0 2 5 6 3 5 6
7 3. 500 7 .4 8 4 0 1 7 1 0 .2 3 1 6 1 8 6 5 .9604051 0 .0 3 4 0 9 4 2
8 4 .0 0 0 7 .5 2 9 0 9 3 1 0 .1 3 3 9 7 7 5 7 .0 7 6 7 7 4 3 0 .0 5 5 5 9 0 2
9 6 .0 0 0 8 .1 7 5 0 4 1 2 0 .1 2 5 0 7 8 1 8 .13 3 3 4 8 2 0 .1 4 1 3 9 8 4

10 8 .0 0 0 8 .6 0 6 2 7 5 6 0 .1 3 1 6 7 6 0 8 .5 6 2 3 8 3 3 0 .4 1 2 1 0 3 3
11 1 0 .0 0 0 8 .2 7 5 6 7 2 6 0 .1 2 6 6 1 7 8 8 .23 3 4 6 5 2 1 .2584392
12 1 2 .0 0 0 8 .4 4 0 4 1 3 4 0 .1 2 9 1 3 8 3 8 .3973682 3 .9 9 5 3 9 8 1
13 14 .0 0 0 7 1 .3 2 2 2 2 4 1 .0912300 7 0 .9 5 8 4 7 5 22 .8 6 5 8 1 7
14 1 5 .5 0 0 1 0 4 3 .6 9 9 0 15 .9 6 8 5 9 5 1038 .3761 8 2 7 .9 3 3 7 8
15 16 .5 0 0 9 7 5 5 .8 0 5 5 149 .26382 9706 .0 5 0 5 12832 .087
16 1 7 .5 0 0 9485 3 .8 2 1 1451 .2 6 3 5 9 4370 .067 2 1 6 8 9 1 .0 2
17 1 8 .5 0 0 5 5 8 8 0 3 .1 3 8 5 4 9 .6 8 8 0 55 5 9 5 3 .2 3 1966054 .1
18 1 9 .7 9 5 5197 6 7 .3 1 7 9 4 8 .6 0 6 7 5 1 7 1 1 7 .3 9 2 4 8 9 3 0 5 .4

3000 1 7 .6 7 5 1190 4 0 .0 0 1771 .3152 118444 .80 5 6 7 2 0 0 .0 0
2500 17 .8 3 1 1431 2 0 .0 0 2 1 2 9 .6 2 5 6 1 4 2404 .40 6 9 7 6 6 0 .0 0
2000 1 8 .0 1 6 1750 7 0 .0 0 2 6 0 5 .0 4 1 6 1741 9 4 .6 5 87 8 1 6 0 .0 0
1500 1 8 .2 4 3 2 1 7 9 8 0 .0 0 3 2 4 3 .5 4 2 4 21 6 8 9 0 .1 0 1135900 .0
1000 1 8 .5 3 7 2 7 4 7 2 0 .0 0 4 0 8 7 .8 3 3 6 27 3 3 4 6 .4 0 1513 9 0 0 .0

500 1 8 .9 5 7 3 3 9 2 2 0 .0 0 5 0 4 7 .5 9 3 6 3375 2 3 .9 0 2 0 6 2 0 0 0 .0
68 1 9 .5 5 5 3 5 3 4 3 0 .0 0 5 2 5 9 .0 3 8 3 3 5 1 6 6 2 .8 5 2 6 2 3 4 0 0 .0
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D e s ig n a t io n  
C F  W ate r

C ode
D e s ig n a t io n  C F  EN D  H 
W eigh t 0. 1119005
F r a c t i o n

T A B L E  B -8
M u ltig ro u p  W a te r  C r o s s  S ec tio n s

F o r m u la  C ode D en sity
C F  H20 2. 512 0.99800

C o m p o s i t io n
2. 512 3 .6 0 1  

C F  Oxygen 
0 .8880995

C r o s s  S e c t io n s

L e v e l L e th a r g y
S ig m a
S c a t t e r

X i S ig m a  
S c a t t e r

S igm a
T r a n s p o r t

S igm a
A bsorp tic

0 0. 000 0 .1 0 0 6 0 1 0. 084175 0. 046704 0 .008362
1 0, 500 0. 136012 0 .1 0 2 3 5 0 0 .0 6 5 5 3 7 0 .005474
2 1. 000 0 .2 0 6 6 8 2 0. 141200 0 .10 1 4 2 2 0 .000880
3 1. 500 0 .2 2 6 4 9 2 0 .1 8 8 1 6 3 0 .10 2 4 6 4 0 .000002
4 2. 000 0 .3 2 7 5 3 4 0 .2 5 0 7 7 6 0. 165710 0 .000002
5 2. 500 0 .4 5 2 9 6 8 0 .3 3 7 7 7 3 0 .23 3 1 9 9 0 .000004
6 3. 000 0 .6 3 6 0 1 9 0 .4 3 9 8 7 6 0 .308162 0 .000005
7 3. 500 0 .6 5 2 8 4 2 0 .5 4 8 3 6 5 0 .30 6 0 7 4 0 .000006
8 4. 000 0 .8 8 6 1 3 8 0 .7 8 5 6 9 2 0 .366503 0 .00 0 0 1 0
9 6. 000 1 .2 6 3 2 3 0 1. 161230 0 .493059 0 .000023

10 8. 000 1 .4 4 6 1 8 0 1 .3 3 5 6 9 0 0 .559996 0 .000063
11 10. 000 1 .4 6 1 4 4 0 1 .3 4 9 9 6 0 0 .5 6 5 7 7 8 0 .000172
12 1 2 .0 0 0 1 .4 6 1 1 4 0 1 .3 4 9 6 6 0 0. 565680 0 .000469
13 1 4 .0 0 0 1 .4 6 8 1 5 0 1 .3 5 6 6 7 0 0 .568013 0 .001185
14 1 5 .5 0 0 1 .5 0 5 3 5 0 1 .3 9 3 8 8 0 0 .58 0 3 9 8 0 .002471
15 1 6 .5 0 0 1 .5 4 3 0 4 0 1 .3 3 7 7 0 0 0 .66 0 6 4 5 0 .004312
16 17. 500 1 .8 5 8 1 1 0 1 .4 3 5 5 4 0 0 .919276 0 .007109
17 1 8 .5 0 0 2 .3 6 8 5 9 9 1 .4 6 1 7 7 4 1 .431200 0 .011722
18 1 9 .7 9 5 2 .9 1 9 0 5 5 1 .4 1 7 5 1 2 2 .0 3 5 1 5 7 0 .0 17160

3000 1 7 .6 7 5 1. 903505 1 .4 2 0 7 2 3 0 .9 9 3 2 3 7 0. 007630
2500 17 .8 3 1 1 .973993 1 .4 3 1 4 5 2 1.057701 0 .008251
2000 18. 016 2 .0 6 5 0 6 0 1 .4 4 4 9 2 0 1 .142710 0 .009056
1500 18 .2 4 3 2 .1 8 5 6 2 0 1 .4 5 8 7 6 0 1 .257360 0 .010122
1000 18. 537 2 .3 6 4 5 7 0 1 .4 7 2 5 8 0 1 .434150 0 .011759

500 1 8 .9 5 7 2 .6 4 8 2 0 0 1 .4 8 0 7 6 0 1 .721500 0 .014429
68 19 .5 5 5 3 .1 5 8 1 2 0 1 .4 8 7 7 4 0 2 .2 4 9 9 6 0 0 .0 1 9 5 4 0
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f .  C o n s i s te n t  m e th o d  of o b ta in in g  b u c k l in g

In th e  t h r e e - g r o u p  f o r m u la t io n ,  th e  n e u t ro n  m u l t ip l ic a t io n  c a n  be  
d e f in e d  a s :

n = l  °  J  ̂ J

w h e r e

p = r e s o n a n c e  e s c a p e  p ro b a b i l i ty  

k  = m u l t ip l ic a t io n  f a c to r  ( in f in i te )

M = i n v e r s e  n o n le a k a g e  p ro b a b i l i ty  

n  = g ro u p  in d ex .

T h e  i n v e r s e  n o n le a k a g e  p r o b a b i l i ty  is  c a lc u la te d  f r o m  th e  e q u a t io n

2 , H 2

'j [ ( h  + 2 A H  + 26^ )  D + 2 i R + 2 5 ^ ^ ]

w h e re

r 2 = s lo w in g  dow n o r  d i f fu s io n  len g th  

AH, A R = a x ia l  o r  r a d i a l  r e f l e c t o r  s a v in g s

6. = e x t r a p o la t io n  d i s t a n c e .
A,

T h e  c o r e  r e f l e c t o r  s a v in g s  w e r e  d e t e r m in e d  by a s s u m in g  an  a x ia l  
r e f l e c t o r  s a v in g s  (A H ), and  using  th i s  v a lu e  in  a  f e w - g r o u p  m u l t i r e g io n  
r a d i a l  c o r e  c a lc u la t io n  of E q u a t io n  (B -10 ) w as  th e n  s o lv e d  f o r  A R

u s in g  c o r e  c o n s ta n ts ,  and th e  a s s u m e d  A H . The r a d i a l  r e f l e c t o r  s a v in g s

(A R ) a r e  th e n  u s e d  in  an  a x ia l  c o r e  c a lc u la t io n ,  and th e  r e s u l t i n g  u s e d

to  so lv e  f o r  a  new va lu e  of A H . The p r o c e d u r e  is  th e n  r e p e a te d  u n t i l  c o n s i s te n t  
v a lu e s  of A H  and A R  a r e  o b ta in e d  w hich  y ie ld  id e n t i c a l  r e s u l t s  f o r  ia
e i t h e r  a x ia l  o r  r a d i a l  o n e - d im e n s i o n a l  c o r e  c a lc u la t io n s .  The f in a l  v a lu e  of 
r e f l e c t o r  s a v in g s  w e r e  th e n  u s e d  to  d e t e r m in e  th e  b u ck ling .
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g . B u ck l in g  f r o m  th e  f lux  s h a p e

T h e  f e w - g r o u p  b u c k l ln g s  f o r  u s e  in  t r a n s p o r t  c a lc u la t io n s  w e r e  
o b ta in e d  f r o m  th e  f e w - g r o u p  t r a n s p o r t  a n g u la r  f lu x  s h a p e .  T h e  a v e r a g e  
b u c k l in g  c a n  b e  r e p r e s e n t e d  by  in t e g r a t i n g  th e  L a p la c ia n  o v e r  th e  r e g io n .

I V • V <l>j. d V
B  =>   (B -1 2 )

<t>r d V
V

By a p p ly in g  th e  D iv e r g e n c e  T h e o r e m ,  th e  b u c k l in g  c a n  b e  e x p r e s s e d  
in  t e r m s  of th e  g r a d ie n t  of th e  f lu x  in t e g r a t e d  o v e r  th e  r e g io n  s u r f a c e .

V <|>j. d S

B = - 2 -----------------------------------------------------  (B -1 3 )

J  <t>r d V
V

T h e  ab o v e  m e th o d ,  w h ich  i s  i n c o r p o r a t e d  in  th e  SY N FA R  (R ef .  3) 
c o m p u te r  c o d e ,  w a s  u s e d  on ly  w ith  t r a n s p o r t  t h e o r y  f lu x e s  b e c a u s e  
of th e  i n h e r e n t  e r r o r  in  d i f fu s io n  t h e o r y  f l t ix es  n e a r  b o u n d a r ie s .

h .  F in e - f lu x  C edcula tions

T h e  f in e - f lu x  c a lc u la t io n s  a r e  to  b e  d i s t in g u is h e d  f r o m  g r o s s  o r  
o v e r a l l  f lu x  c a lc u la t io n s  in  th a t  th e y  a r e  p e r f o r m e d  to  o b ta in  th e  d e ta i l e d  
s p a t i a l  n e u t r o n  f lu x  d i s t r i b u t io n  in  s m a l l  r e g io n s  w h e r e  r e l a t i v e l y  Isirge 
flvix p e r t u r b a t i o n s  o c c u r .  S in ce  th e  r e g io n s  a r e  g e n e rsd ly  s m a l l  b o th  
p h y s ic a l ly  and  in  t e r m s  of m e a n  f r e e  p a th ,  d i f fu s io n  t h e o r y  is  no t a p p l i ­
c a b le  and  t r a n s p o r t  t h e o r y  i s  r e q u i r e d .

T h e  c a lc u la t io n s  of th e  f in e  f lu x  w e r e  b a s e d  on  th e  u s e  of th e  S„n
a p p r o x im a t io n  to  th e  t r a n s p o r t  e q u a t io n  a s  d i s c u s s e d  in  S e c t io n  b . 
E q u a t io n  w a s  u s e d  in  a  o n e - g r o u p  m o d e l ,  w ith  th e  n e u t r o n  s o u r c e  
d i s t r i b u t i o n  a s  a n  in p u t  q u a n t i ty .  B e c a u s e  of th e  d i s c r e p a n c i e s  i n ­
v o lv e d  in  th e  z e r o  f lu x  g r a d ie n t  b o u n d a ry  c o n d i t io n  in  c y l in d r i c a l  
g e o m e t r y  t r a n s p o r t  t h e o r y ,  a l l  c a lc u la t io n s  w e r e  s e t  u p  s o  th a t  a  z e r o  
flvix b o u n d a ry  c o n d i t io n  w as  a p p l ic a b le .
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i. C o r e  b u rn u p  c a lc u la t io n s

T he  c o r e  b u rn u p  a n d  l i f e t im e  c a lc u la t io n s  w e r e  b a s e d  on a  r e -  
g i o n - b y - r e g io n ,  o n e - d im e n s io n a l ,  t h r e e - g r o u p  d e p le t io n  c a l c u l a ­
t io n .

T h e  f e w - g r o u p  d i f f u s io n ,p r o g r a m  F ^ ,  d i s c u s s e d  ab o v e ,  w as  u s e d
to  o b ta in  th e  a v e r a g e  t h r e e - g r o u p  n e u t r o n  f lu x  in  e a c h  of th e  r e a c t o r  
c o r e  r e g io n s .  T h e  a v e r a g e  f lu x e s  w e r e  th e n  u s e d  to  d e p le te  th e  
b u r n a b le  m a t e r i a l s  in  e a c h  r e g io n  o v e r  a  t im e  in c r e m e n t  w hich  w as  
u s u a l ly  ta k e n  to  be  100 d a y s .  T h e  a to m  c o n c e n t r a t io n s  r e m a in in g  
in  e ac h  r e g io n  a t  th e  end  o f e a c h  t im e  in c r e m e n t  w e r e  th e n  u s e d  to  
e v a lu a te  a  new s e t  of t h r e e - g r o u p  n u c l e a r  c o n s ta n t s .  T h e s e  new 
c o n s ta n t s  w e r e  u s e d  to  o b ta in  a  new f lu x  d is t r ib u t io n ,  and  th e  p r o ­
c e d u r e  w a s  r e p e a t e d  u n t i l  th e  c o r e  b e c a m e  s u b c r i t i c a l .

B u ildup  a n d / o r  d e p le t io n  w a s  a l lo w e d  f o r  B -1 0 ,  U -235 , U -238 
(and  c h a in ) ,  X e -1 3 5  and  f i s s io n  p r o d u c t s .

T h e  f i s s i o n  p r o d u c t s  w e r e  s e p a r a t e d  in to  tw o ty p e s ;  th o s e  w ith 
low  c r o s s  s e c t io n s  an d  th o s e  w ith  h ig h  c r o s s  s e c t i o n s .  M u lt ig ro u p  
c r o s s  s e c t io n s  f o r  th e  s t a b l e ,  low  c r o s s - s e c t i o n  f i s s io n  p r o d u c ts  
w e r e  o b ta in e d  f r o m  R ef. 7 a n d  a r e  id e n t i f ie d  a s  SLAG. T h e s e  a r e  
p r e s e n t e d  in  T a b le  B -6 .

T h e  f i s s io n  y ie ld s  a n d  t h e r m a l  c r o s s  s e c t io n s  of th e  h igh  c r o s s  
s e c t i o n  f i s s io n  p r o d u c t s  w e r e  o b ta in e d  f r o m  R ef. 8 an d  a r e  show n 
in  T a b le  B -9 .  W ith  th e  e x c e p t io n  of xen o n , w h ich  w a s  t r e a t e d  e x ac t ly ,  
th e  c o n c e n t r a t io n s  w e r e  a s s u m e d  to  b e  a t  e q u i l ib r iu m  a f t e r  th e  f i r s t  
t im e  s te p  (100 d a y s ) .

T h e  b u rn u p  o f B -1 0  a n d  U -235  w as  a l s o  r e f l e c t e d  in  th e  v a lu e s  
o f  th e  a p p l ie d  c e l l  c o r r e c t i o n s ,  w h ich  w e r e  v a r i e d  w ith  c o r e  l i f e ­
t im e .
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T A B L E  B -9
High C r o s s - S e c t io n  F i s s i o n  P r o d u c t  I s o to p e s  (R ef .  8)

Is o to p e a b s  F ) Y ie ld  / F is  s  ion  (%) H a lf  L t

X e -1 3 5 2 7 .2  X 10^ 6. 3 9. 2 h

S m -1 4 9 4 .0 8  X lO'^ 1 .1 3 S tab le

S m -151 1 .2 4  X lO'^ 0 .4 5 80 Y

G d-155 5 .6 2  X 10“̂ 0. 03 S tab le

E u -1 5 5 1 .4 0  X 10^ 0 .0 3 1 .9  Y

C d-113 2. 00 X 10^ 0 .0 1 S tab le

G d-157 2 .4 2  X 10^ 0 .0 0 7 8 S tab le

2. C e l l  C o r r e c t i o n s

T h e  locauL f lux  d i s t r i b u t io n  in  th e  P M -1  is  p e r tu r b e d  q u ite  s e v e r e ly  
due  to  t h e  h e te r o g e n e o u s  n a t u r e  of th e  c o r e .  T o  a cc o u n t  fo r  th i s  p h e ­
n o m en o n  in  th e  h o m o g e n iz a t io n  of v a r io u s  c o r e  m a t e r i a l s ,  it  w a s  n e c e s ­
s a r y  to  p e r f o r m  a  s e r i e s  of f ine  flux  c a lc u la t io n s .  T h e s e  c a lc u la t io n s  
th e n  y ie ld e d  c e l l  c o r r e c t i o n s  w h ich  w e r e  a p p l ie d  to  th e  a to m  d e n s i t i e s  
of th e  a p p r o p r i a t e  m a t e r i a l s .

S ince  th e  c o r e  is  c o m p o s e d  p r i m a r i l y  of fu e l  e l e m e n t s ,  th e  r e p r e ­
s e n t a t i v e  n e u t r o n  f lux  in  th e  c o r e  w ould  b e  th a t  in  a  fu e l  e le m e n t  c e l l .  
T h e r e f o r e ,  a l l  c e l l  c o r r e c t i o n s  w e r e  b a s e d  on  th e  r a t i o  of th e  a v e r a g e  
f lux  in  a  g iv e n  m a t e r i a l  to  th e  a v e r a g e  flxix in  a  fu e l  e le m e n t  c e l l .

T h e  c e l l  c o r r e c t i o n  c a lc u la t io n s  w e r e  b a s e d  on th e  m e th o d  d e s c r ib e d  
ab o v e  ( f in e - f lu x  c a lc u la t io n ) ,  and  c o n s i s t e d  of s u r r o u n d in g  th e  c e l l  to  be 
a n a ly z e d  w ith  h o m o g e n iz e d  c o r e  m a t e r i a l .  T h e  s o u r c e  w as  g iv en  a  z e r o  
o r d e r  B e s s e l  fu n c t io n  r a d i a l  d i s t r i b u t i o n  an d  w e ig h ted  by th e  v o lu m e  
f r a c t i o n  of m o d e r a t o r  in  e a c h  r e g io n .  A z e r o  f lux  g r a d ie n t  b o u n d a ry  
c o n d i t io n  w as  im p o s e d  a t  th e  c e n t e r  o f  th e  c e l l ,  and  a t  th e  o u te r  b o u n d a ry ,  
th e  fltix w as  f o r c e d  to  z e r o .

T h e  o b je c t  of u s in g  th e  ab o v e  g e o m e t r y  and b o u n d a ry  c o n d it io n s  w as  
to  avo id  th e  u s e  of a  z e r o - c u r r e n t  b o u n d a ry  c o n d i t io n  a t  th e  o u te r  r a d iu s  
of th e  c e l l .  In c y l in d r i c a l  g e o m e t r y ,  th is  c o n d it io n  y ie ld s  c e l l  c o r r e c t i o n s  
w h ich  a r e  c o n s i s te n t ly  low  (R e f .  9).
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T h e r m a l  n e u t r o n  s p e c t r u m  h a r d e n in g  w a s  in c lu d e d  in  a l l  c e l l  c a l ­
c u la t io n s  by  e v a lu a t in g  th e  t h e r m a l  c r o s s  s e c t io n s  o v e r  a  M a x w e l l -  
B o l tz m a n n  n e u t r o n  d i s t r i b u t io n  a t  a n  e f fe c t iv e  h a rd e n e d  n e u t r o n  t e m ­
p e r a t u r e  o b ta in e d  f r o m  E q  (B -4 ) .

a .  T h e r m a l  an d  e p i t h e r m a l  c e l l  c o r r e c t i o n s

T h e  c e l l  c o r r e c t i o n  c a lc u la t io n s  fo r  th e  L P R * s  w e r e  e x te n d e d  to  
in c lu d e  th e  lo w e r  five  e p i t h e r m a l  e n e r g y  g ro u p s  (to l e th a r g y  1 5 .5 ) ,  a s  
w e l l  a s  th e  t h e r m a l  e n e r g y  g r o u p .  E a c h  g ro u p  w a s  t r e a t e d  a s  a  s e p ­
a r a t e  o n e - g r o u p  c a lc u la t io n .  In th e  e p i t h e r m a l  c a lc u la t io n s ,  th e  n e u ­
t r o n  a b s o r p t io n  t e r m  w a s  m o d if ie d  to  in c lu d e  r e m o v a l  by n e u t ro n  
s lo w in g  dow n, an d  in - g r o u p  s c a t t e r i n g  w a s  a l lo w ed .

T h e  c o n f ig u ra t io n  f o r  th e  L P R  c e l l  c a lc u la t io n  c o n s i s t e d  of a  lu m p  
p o is o n  r o d  a t  th e  c e n t e r ,  w ith  i t s  a s s o c i a t e d  w a t e r ,  s u r r o u n d e d  by  a  
h o m o g e n e o u s  c e l l - c o r r e c t e d  m ix tu r e  of f ive  fu e l  e l e m e n t s .  T h e  c e l l  
w a s  th e n  s u r r o u n d e d  by h o m o g e n e o u s  c o r e  m a t e r i a l  a s  d e s c r ib e d  above  
and  sho w n  in  F ig .  B -1 .  T he  r a t i o  of one lu m p e d  p o iso n  ro d  to  five 
fu e l  e l e m e n t s  w a s  u s e d  b e c a u s e  i t  a p p r o x im a te s  th e  t r u e  r a t i o  in  th a t  
p o r t i o n  of th e  c o r e  in  w h ic h  th e  L P R ' s  a r e  lo c a te d .

T h e  r e s u l t s  of L P R  c e l l  c a lc u la t io n s  f o r  th e  b eg in n in g  of l i fe  a r e  
sh o w n  in  T a b le  B -1 0 ,  s t a i n l e s s  s t e e l  r o d s  a r e  a l s o  in c lu d e d ,  a s  th e y  
a r e  L P R ' s  w ith  z e r o  w e ig h t  p e r c e n t  b o ro n .

T A B L E  B -1 0
B eg in n in g -o f-L ife  C e l l  C o r r e c t i o n s  f o r  L u m p ed  P o i s o n  R ods

C e l l  C o r r e c t i o n  )
1 J  -Ci

68“ F  463“ F
f  G ro u p s 0 w t % B 0. 27 w t % B 0 w t % B 0. 27 w t % B

15 0. 9706 0 .8 8 5 8 0. 9686 0 .8 8 5 0
16 0. 9631 0 .8 2 5 0 0 .9 6 1 6 0 .8 2 5 3
17 0. 9626 0 .7 5 1 9 0. 9617 0 .7 5 3 6
18 0. 9408 0 ,6 3 8 9 0. 9411 0 .6 4 2 3
19 0. 9273 0 .5 5 3 2 0 .9 4 0 6 0 .6 2 3 2
68* F  * 0 .9 4 5 1 0. 5215

436* F  ** 0 .9 5 7 4 0 .6 1 0 4

T h e  t h e r m a l  f in e -f lu x  d i s t r i b u t io n  th r o u g h  th e  lu m p e d  p o is o n  c e l l  i s  
sh o w n  in  F ig .  B -2

*68“ F  c o r r e s p o n d s  to  a n  e f fe c t iv e  t e m p e r a t u r e  of 259“ F
♦ ’t463® F  c o r r e s p o n d s  to  a n  e f fe c t iv e  t e m p e r a t u r e  o f  779* F
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H o m o g e n ize d  c o r e

H o m o g e n ize d  fue l 
e l e m e n t  c e l l s

A s s o c ia te d  w a te r

L u m p e d  p o is o n  r o d

0. 50 in .

0. 70 in .

1 .7 2  in .

22. 74 in .

F ig .  B - 1 ,  L u m p e d  P o is o n  Rod C e l l
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•  •
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b .  C e l l  c o r r e c t i o n s  v e r s u s  b u rn u p

D u rin g  o p e r a t io n  of th e  PM -1>  th e  b o ro n  in th e  lu m p ed  p o iso n  r o d s  
is  d e p le te d ,  c a u s in g  a  c h an g e  in  th e  n e u t ro n  a b s o r p t io n  p r o p e r t i e s  of 
th e  r o d s .  T h e  r e s u l t  i s  a  change  in  the  c e l l  c o r r e c t i o n  w ith  c o r e  b u r n ­
up and  a  c o r r e s p o n d i n g  ch an g e  in  the  r a t e  of b o ro n  d e p le t io n .  In o r d e r  
to  a c c o u n t  f o r  th i s  c h a n g e ,  c e l l  c a lc u la t io n s  w e re  b a se d  on co n d it io n s  
e x is t in g  a t  th e  end  of c o r e  l i fe  (abou t 700 d a y s) .

T he  c o n d i t io n s ,  w h ich  w e r e  b a s e d  on the  r e s u l t s  of p r e v io u s  b u r n ­
up c a lc u la t io n s ,  a r e  th a t  w hen  th e  b o ro n  is  81% d e p le te d ,  the  a v e r a g e  
fue l b u rn u p  is  29%. U s in g  the  above  d a ta ,  c e l l  c a lc u la t io n s  w e r e  m ade  
in w h ic h  b o th  th e  b o r o n  and u r a n iu m  w e r e  p a r t i a l l y  d e p le te d .  The r e ­
s u l t s  of th e  c a lc u la t io n  a r e  show n  in T ab le  B -1 1 .

T A B L E  B -1 1
E n d - o f - L i f e  C e l l  C o r r e c t i o n s  fo r  L u m p ed  P o is o n  R ods 

(N (t) /N o  (U -235) = 0. 71, N ( t) /N o  ( B - 10) = 0. 192)

C e l l  C o r r e c t io n s  )1 r
68° F 463° F

•gy G ro u p s 700 D ays 100% B u rn u p  ♦♦ 700 D ays 100% B u rn u p ♦♦

15 0 .9 5 6 4 0 .9 7 4 8 0 .9546 0. 9728
16 0 .9 3 4 1 0. 9643 0. 9320 0. 9615
17 0 .9 0 8 8 0. 9560 0 .9 0 7 5 0. 9537
18 0 .8 5 4 4 0 .9 2 8 7 0 .8 5 4 5 0. 9270
19 0. 8062 0. 9043 0 .8 4 5 5 0 .9236
68° F ^ 0. 7963 0. 9097

463° F ^ 0 .8 4 4 8 0 .9 2 9 5

T he  d a ta  p r e s e n t e d  in  T a b le  B -1 1  f o r  700 d ay s  of r e a c t o r  o p e ra t io n  
w a s  c o m b in e d  w ith  th e  d a ta  in  T a b le  B -1 0  (0. 27 w t % B) and f i t te d ,  a t 
e a c h  e n e r g y  le v e l ,  w ith  th e  e x p r e s s io n

g ( t )  = h + y (1 -  (t) (B -14 )

♦ E v a lu a te d  a t  a n  e f fe c t iv e  t e m p e r a t u r e  of 259® F  and 779° F ,  r e ­
s p e c t iv e ly .

♦ ♦ E x tra p o la te d  to  100% b o r o n  b u rn u p .
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w h e re

g(t) = c e l l  c o r r e c t i o n  (w ith  t im e )

 ̂ ■ ^5(700) V grny “ g (7oo) )

 ̂ (t)= f r a c t i o n a l  b u rn u p  of b o ro n  (days)  
B

E q u a t io n  (B -1 4 )  w a s  u s e d  to  o b ta in  th e  v a r i a t i o n  in  th e  L P R  c e l l  c o r ­
r e c t i o n  a s  a  fu n c t io n  of b u rn u p  of b o ro n .  T he r e s u l t i n g  c e l l  c o r r e c t i o n s  
a r e  show n  in  F i g s .  B -3  and  B -4 .

T h e  s t a i n l e s s  s t e e l  in  th e  lu m p e d  p o is o n  r o d s  is  s u b je c te d  to  th e  
s a m e  n e u t r o n  fliix d e p r e s s i o n  a s  th e  b o ro n ,  so  i t  w a s  g iv en  the  s a m e  
c e l l  c o r r e c t i o n .  H o w e v e r ,  s t a i n l e s s  s t e e l  in  o th e r  p o r t i o n s  of the  
c o r e  w a s  t r e a t e d  d i f f e r e n t ly ,  i . e .  , s t e e l  in  th e  fu e l  e l e m e n t s  w a s  g iven  
the  c e l l  c o r r e c t i o n  o b ta in e d  f r o m  a fu e l  c e l l  c a lc u la t io n .

c .  L u m p e d  p o is o n  r o d  c e l l  c o r r e c t i o n s - - c o m p a r i s o n  w ith  e x p e r im e n t

A d e f in i t iv e  s e r i e s  of e x p e r im e n t s  to  d e te r m in e  th e  e f fe c t s  of lu m p e d  
p o is o n  r o d s  h a s  b e e n  p e r f o r m e d  a t  th e  M a r t in  M a r i e t t a  c r i t i c a l  f a c i l i ty .  
The e x p e r i m e n t s  c o n s i s t e d  of a  s e r i e s  of r e p e a t in g  c e l l s  c o n ta in in g  one 
lu m p e d  p o is o n  r o d  s u r r o u n d e d  by  s ix  fu e l  t u b e s .  T he  lu m p e d  p o iso n  
r o d s  s tu d ie d  w e r e  f r o m  0 .3  to  0 .5  in c h  in  d i a m e t e r  and  f r o m  0 w t % 
( s t a in l e s s  s t e e l  r o d s )  to  0. 84 w t % n a t u r a l  b o r o n  in  s t a i n l e s s  s t e e l .

T h e r m a l  f in e - f lu x  d i s t r ib u t io n s  w e r e  m e a s u r e d  f o r  e a c h  c o re  
th ro u g h  th e  c e n t r a l  c e l l ,  u s in g  l / l 6 - i n c h  d i a m e t e r  by  0. 0 0 2 - in c h  th ic k  
10% d y s p r o s i u m  in  a lu m in u m  f o i l s .  T he  m e a s u r e m e n t s  w e r e  m a d e  
th ro u g h  a  l / 16- in c h  h o le  in  th e  lu m p e d  p o iso n  r o d ,  th ro u g h  the  w a te r  
c h a n n e l  b e tw e e n  th e  lu m p e d  p o is o n  r o d  and  th e  fue l tu b e ,  and  in s id e  
the  in n e r  fu e l  tube  w a te r  h o le .  M e a s u r e m e n t s  in  th e  w a te r  w e re  
e f fe c te d  by  a  p l a s t i c  fo i l  h o ld e r  w ith  a  1 / 1 6 - in c h  ho le  d r i l l e d  th ro u g h  
i t .  In b o th  th e  lu m p e d  p o is o n  r o d  and  p la s t i c  fo il  h o ld e r ,  s lu g s  l / l 6  
in c h  in  d i a m e t e r  by 1 /16  in ch  lo n g  of e i t h e r  lu m p e d  p o is o n  ro d  m a t e r i a l  
o r  p l a s t i c  w e r e  u s e d  to  s p a c e  th e  fo i l s  and  p ro v id e  a  c o n s ta n t  c r o s s  
s e c t io n  o f  th e  p a r t i c u l a r  m a t e r i a l .

F ig u r e  B -5  sh o w s  th e  r e s u l t s  o b ta in e d  fo r  tw o d i f f e r e n t  r u n s  f o r  
the  0. 5 - in c h  d i a m e t e r ,  0. 27 w t % b o ro n  ro d  s i m i l a r  to  th a t  u s e d  in  
the  P M -1  c o r e .  T he  c o m p u te d  a c c u r a c y  f o r  a n  in d iv id u a l  d a ta  po in t 
i s  a p p r o x im a te ly  ±2%. T he o b s e r v e d  s p r e a d  in  d a ta  p o in ts  w as  a l s o  
found to  be  ±2%. T he  e r r o r s  a r e  p r i m a r i l y  due to  co u n tin g  s t a t i s t i c s ,  
fo il  p o s i t io n in g  and  n o r m a l i z a t io n .
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F ig u r e  B -5  a l s o  c o n ta in s  the  r e s u l t s  of a SYNFAR S -6  t r a n s p o r t  
c a lc u la t io n .  T he a n a ly t i c a l  m o d e l  c o n s i s t e d  of a lu m p ed  p o iso n  ro d  
r e g io n ,  w a te r  r e g io n ,  f u e l - b e a r in g  r e g io n  and th e  h o m o g e n iz e d  c o r e  
r e g io n  a s  d e s c r ib e d  p r e v io u s ly .  E x p e r im e n ta l  and  a n a ly t i c a l  v a lu e s  
w e r e  n o r m a l i z e d  so  th a t  th e  a r e a s  u n d e r  th e  tw o c u r v e s  a r e  e q u a l .  A 
c o m p a r i s o n  of th e  tw o c u r v e s  sh o w s  a  s t e e p e r  a n a ly t ic  flux g r a d i e n t ,  
y ie ld in g  a m a x im u m  d i f f e r e n c e  of ab o u t  9% b e tw e e n  th e  tw o  c u r v e s .
T he d i f f e r e n c e  is  b e l ie v e d  to  be  c a u s e d  by i n c r e a s e d  s p e c t r u m  h a rd e n in g  
in  th e  lu m p e d  p o is o n  ro d  r e l a t i v e  to  th a t  u s e d  in  the  c a lc u la t io n .  T he 
c a lc u la t io n  w a s  b a s e d  on an  a v e r a g e  c o r e  h a rd e n in g  a n d ,  t h u s ,  did no t 
a c c o u n t  f o r  d i f f e r e n c e s  b e tw e e n  th e  s p e c t r u m  in  the  w a t e r  an d  th a t  in 
the  ro d .

T h e  r e l a t i v e  a v e r a g e  f lux  in  th e  lu m p e d  p o is o n  ro d  in  the  e x p e r i ­
m e n ta l  m e a s u r e m e n t  w a s  found to  be  ab o u t 0. 50 c o m p a r e d  to  0. 46 
d e t e r m in e d  a n a ly t ic a l ly .  H o w e v e r ,  th e  n e t  e f fe c t  on c o r e  r e a c t i v i t y  
w ould  be  v e r y  s m a l l .  S p e c t r u m  h a rd e n in g  w ould  r e d u c e  the  c r o s s  
s e c t io n ,  w h e r e a s  h ig h e r  f lux  w ould  i n c r e a s e  th e  c e l l  c o r r e c t i o n ;  th u s ,  
th e  p r o d u c t  w ould  r e m a i n  n e a r ly  c o n s ta n t .

d. T h e r m a l  c e l l  c o r r e c t i o n s  f o r  fu e l  e l e m e n t s

T h e  c e l l  c o r r e c t i o n  c a lc u la t io n  f o r  th e  fu e l  e l e m e n t s  w a s  p e r f o r m e d  
fo r  th e  t h e r m a l  n e u t r o n  e n e r g y  g ro u p  on ly . P r e l i m i n a r y  c a lc u la t io n s  
h av e  sh o w n  th a t  e p i t h e r m a l  c o r r e c t i o n s  a p p r o a c h  u n i ty .

T h e  c o n f ig u ra t io n  f o r  th e  fu e l  e l e m e n t  c e l l  c a lc u la t io n  w a s  th a t  of 
a  c y l in d r i c a l  c o r e  h a v in g  a  fu e l  e l e m e n t  a t  th e  c e n t e r ,  w ith  i t s  
a s s o c i a t e d  w a t e r ,  s u r r o u n d e d  by h o m o g e n eo u s  c o r e  m a t e r i a l .  T h is  is  
show n in  F ig .  B -6 .

T he  r e s u l t s  of th e  fu e l  e l e m e n t  c e l l  c a lc u la t io n s  f o r  th e  b eg in n in g  
of l i fe  a r e  g iv e n  in  T a b le  B -1 2 .

T A B L E  B -1 2
B eg in n in g  of L ife  C e l l  C o r r e c t i o n s  f o r  F u e l  E le m e n ts

C e l l  C o r r e c t i o n s  

M a t e r i a l  68° F *  463° F *

UOg 0 .8 2 8 8  0 .8 7 7 2
SS 0 .8 4 9 4  0 .8 9 2 8

HgO 1 .0316  1 .0 2 2 5

*68° F  and  463° F  c o r r e s p o n d  to  e f fe c t iv e  t e m p e r a t u r e s  of 25 9° F  and 
779° F ,  r e s p e c t iv e ly .
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T he  c e l l  c o r r e c t i o n s  a r e  b a s e d  on a n  a v e r a g e  n e u t r o n  flux of one in  
a  fu e l  e l e m e n t  c e l l .  T h e  v a lu e s  f o r  SS a r e  b a s e d  on th e  a v e r a g e  v o lu m e  
w e ig h te d  flux in  th e  s t e e l  in  th e  m a t r i x  and in  bo th  th e  in n e r  an d  o u te r  
c la d .  T h e  v a lu e s  f o r  w a te r  a r e  b a s e d  on th e  v o lu m e  w e ig h ted  a v e r a g e  
f lux  in  b o th  w a t e r  r e g io n s .

The f in e - f lu x  d i s t r ib u t io n  th ro u g h  th e  fu e l  e l e m e n t  c e l l  i s  show n in  
F ig .  B -7 .

e .  C e l l  c o r r e c t i o n  v e r s u s  b u rn u p

As th e  fu e l  i s  d e p le te d  w ith  l i f e t im e ,  the  c e l l  c o r r e c t i o n s  fo r  th e  
m a t e r i a l s  in th e  fu e l  c e l l  i n c r e a s e .  S ince th e  fu e l  e l e m e n t  w a l l s  a r e  
r e l a t i v e l y  th in ,  i t  w a s  a s s u m e d  th a t  w hen  th e  u r a n iu m  is  c o m p le te ly  
r e m o v e d ,  th e  c e l l  c o r r e c t i o n s  a r e  u n i ty .  On th i s  b a s i s ,  the  fu e l  e l e ­
m e n t  c e l l  c o r r e c t i o n s  a s  a  fu n c t io n  of u r a n iu m  b u rn u p  w e r e  f i t te d  w ith

" 1 + y (1^- (B -1 5 )

w h e re

g (o) -  1

j32g(t) = f r a c t i o n a l  b u rn u p  of U -235

T he  c e l l  c o r r e c t i o n s  o b ta in e d  f r o m  Eq (B -1 5 )  a s  a  fu n c t io n  of fu e l  
b u rn u p  a r e  p r e s e n t e d  in  F ig s .  B -8  and  B -9  f o r  68® F  and 463® F ,  r e ­
s p e c t iv e ly .

f. E f fe c t  of U -235  lo a d in g  t o l e r a n c e

T he  m a n u fa c tu r in g  t o l e r a n c e  on th e  U -235  lo ad in g  p e r  fu e l  e le m e n t  
a l lo w s  a  d i f f e r e n c e  of ±2% f r o m  th e  n o m in a l  lo ad in g . F u e l  e l e m e n t  c e l l  
c o r r e c t i o n s  w e r e  d e t e r m in e d  f o r  the  end  p o in ts  of the  t o l e r a n c e  th ro u g h  
u s e  of the  t im e - d e p e n d e n t  c e l l  c o r r e c t i o n  f o r m u l a s ,  E q  (B -1 5 ) .  B o th  
ho t and  co ld  c e l l  c o r r e c t i o n s  w e r e  d e te r m in e d  by  s e t t in g  the  b u rn u p ,  
^ 2 5 * in  E q  (B -1 5 )  e q u a l  to  ±0. 02. T h e  r e s u l t s  a r e  g iv en  in  T a b le  B -13 .
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T A B L E  B -13
F u e l  E le m e n t C e l l  C o r r e c t io n s  fo r  T o le ra n c e  U -2 3 5  L o ad in g

C old (6 8 “ F ) H ot (463° F )»

U -235
r u e i  i_,oaaing 

(gm  U -2 3 5 /F E ) gCUOg) g(SS) gCHgO) gCUOg) g(SS) gCHgO)

- 2 % 3 9 .3 2 8 8 5 0 .8 3 1 6 0. 8520 1. 0309 0 .8 7 9 4 0. 8947 1 . 0 2 2 0

0 40. 13148 0 . 8288 0 .8 4 9 4 1 .0316 0 .8 7 7 2 0 .8 9 2 8 1 .0 2 2 5

+2 % 4 0 .9 3 4 1 1 0 .8 2 6 0 0 .8 4 6 8 0 .0 3 2 2 0 .8 7 5 0 0. 8909 1 .0 2 3 0

g . C o m p a r is o n  of a n a ly t ic a l  and  e x p e r im e n ta l  r e s u l t s

In  th e  s e r i e s  o f e x p e r im e n ts  d e s c r ib e d  a b o v e , m e a s u r e m e n ts  w e re  
m ad e  of th e  f in e - f lu x  d is t r ib u t io n  th ro u g h  a  fu e l tu b e  w a te r  ho le  and  a t  
b o th  th e  in n e r  an d  o u te r  s u r f a c e s  of th e  tu b e . N o m e a s u r e m e n ts  w e re  
m ad e  th ro u g h  th e  m a tr ix  of th e  fu e l tu b e  b e c a u s e  of th e  d if f ic u l t ie s  i n ­
v o lv ed  in  m o ck in g  up th e  m e a t  an d  c la d  s t r u c tu r e .  W hile  th e  m e a s u r e ­
m e n ts  a r e  n o t d i r e c t ly  c o m p a tib le  w ith  th e  a n a ly t ic a l  r e s u l t s ,  due to  
th e  d if f e r e n c e s  in  g e o m e try ,  th e y  do s e r v e  to  in d ic a te  w h e th e r  g e n e r a l  
a g re e m e n t  e x i s t s .  T he  m e a s u re m e n ts  w e re  m ad e  u s in g  p la s t ic  h o ld e r s  
w ith  1 /1 6 - in c h  d ia m e te r  by 0 . 0 0 2  in c h  th ic k  1 0 % d y s p r o s lu m - a lu m i-  
nu m  f o i l s .  T h e  a c c u r a c y  of th e  e x p e r im e n ta l  d a ta  i s  ±2%. T he  a n a ­
ly t ic a l  and  e x p e r im e n ta l  r e s u l t s  a r e  show n in  F ig .  B -1 0 , w ith  th e  
n o rm a l iz a t io n  a c c o m p lis h e d  by e q u a tin g  th e  a r e a s  u n d e r  th e  c u rv e s  
in  th e  in n e r  fu e l tu b e  w a te r  h o le . T he d a ta  sh o w s good a g re e m e n t  
(a p p ro x im a te ly  ±5%) in  th e  w a te r ,  and  th e r e f o r e  le n d s  c re d e n c e  to  th e  
r e s u l t a n t  flu x  s h a p e s  w ith in  th e  fu e l tu b e .

3. R e a c tiv i ty  D e te rm in a t io n s  and  L ife t im e  C a lc u la tio n s

a . R e f le c to r  s a v in g s  and  b u c k lin g

T h e  P M -1  a x ia l  and  r a d ia l  th r e e - g r o u p  r e f l e c to r  s a v in g s  and  
b u c k lin g s  w e re  o b ta in e d  by  th e  c o n s is te n t  m e th o d . T he t h r e e -
g ro u p  c o re  c o n s ta n ts  fo r  u s e  in  th e  above  c a lc u la t io n  w e re  c a lc u la te d  
by th e  m u ltig ro u p  s lo w in g  dow n c o d e , p r o g r a m  C g . T h e  c o n s ta n ts
fo r  th e  r e f l e c to r  r e g io n s ,  w h ich  in c lu d e  w a te r ,  s t a in le s s  s te e l  and  
d e ad  e n d s ,  w e re  a ls o  d e te rm in e d  by C g j h o w e v e r , th e  c o re  n e u tro n
e n e rg y  s p e c t r u m  w a s  u s e d  a s  a  s o u rc e  r a t h e r  th a n  a  f is s io n  s p e c tr u m .

*6 8 ® F  an d  463® F  c o r r e s p o n d ,  r e s p e c t iv e ly ,  to  e f fe c tiv e  t e m p e r a t u r e s  
of 259® F  an d  779® F .
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T he th e r m a l  n e u tro n  c o n s ta n ts  w e re  e v a lu a te d  a t  a n  e f fe c tiv e  t e m ­
p e r a tu r e  to  a c c o u n t f o r  s p e c tr u m  h a rd e n in g .

T he  r e s u l t in g  r e f l e c to r  c o n s ta n ts  a r e  show n in  T a b le  B -1 4 .

T he  g e o m e t r ic a l  c o n f ig u ra tio n  u s e d  to  c a lc u la te  th e  b u c k lin g  c o n ­
s i s te d  of a  h o m o g e n iz e d  c o re  r e g io n , and

(1) In  th e  a x ia l  d i r e c t io n ,  a  r e g io n  c o n ta in in g  s ta in le s s  s te e l  
an d  w a te r  (dead  e n d s )  and  a  w a te r  re g io n .

(2) In th e  r a d ia l  d i r e c t io n ,  a  w a te r  r e f l e c to r  p lu s  a  s e r i e s  of 
fo u r  s ta in le s s  s te e l  r e g io n s  w ith  w a te r  in  b e tw e e n .

T he a x ia l  an d  r a d ia l  r e f l e c to r  s a v in g s , b u c k lin g  an d  e x tra p o la t io n  
le n g th  o b ta in e d  u s in g  th e  r e f l e c to r  c o n s ta n ts  show n in  T a b le  B -1 4  and  
th e  g e o m e t r ie s  l i s te d  above  a r e  g iv e n  in  T a b le  B -1 5 .

b . R a d ia l  s ix - r e g io n  c o r e  r e a c t iv i ty

T he  r a d ia l  c o m p o s itio n  o f th e  P M -1  r e a c t o r  c o re  i s  e x t r e m e ly  
h e te ro g e n e o u s .  T he lu m p e d  p o is o n  ro d s  a r e  n o t d is t r ib u te d  e v e n ly , 
b u t te n d  to  be  c lu s t e r e d  in  a b o u t 67% of th e  c o r e .  T h is  m e a n s  th a t  th e  
r e la t iv e  c o n c e n tr a t io n  of fu e l  e le m e n ts  in  th e s e  a r e a s  is  r e d u c e d .
F a i r l y  m a s s iv e  p ie c e s  of s t a in le s s  s t e e l  u s e d  f o r  c o n tro l  ro d  g u id e s  
a l s o  d is p la c e  fu e l e le m e n ts  an d  f u r th e r  c o n tr ib u te  to  th e  n o n u n ifo rm ity  
o f th e  c o r e .  T h e r e f o r e ,  in  o r d e r  to  a n a ly z e  th e  c o re  w ith  a  re a s o n a b le  
d e g re e  of a c c u r a c y ,  i t  is  n e c e s s a r y  to  u s e  a  m u lt i r e g io n  r a d ia l  m o d e l.

A good a p p ro x im a tio n  to  th e  r a d i a l  c o re  g e o m e try  c a n  be o b ta in e d  
by  u s in g  a  s ix - r e g io n  c o re  m o d e l. T he s ix - r e g io n  c o re  m o d e l w a s  
a d o p te d  an d  u s e d  in  a l l  th e  r a d i a l  c a lc u la t io n s ,  e x c e p t w h e re  a  o n e -  
r e g io n  c o re  w a s  r e q u i r e d  b e c a u s e  of o th e r  c o n s id e r a t io n s .  A d ia g ra m  
sh o w in g  th e  c o re  r e g io n s  an d  th e  n u m b e r  of e le m e n ts  in  e a c h  r e g io n  
i s  p r e s e n te d  in  F ig . B -1 1 . T he  v o lu m e  f r a c t io n  an d  a to m  d e n s i t ie s  
of th e  m a te r i a l s  in i t ia l ly  p r e s e n t  in  e a c h  r e g io n  a r e  g iv e n  in  T a b le  
B -1 6 .

T he  in i t ia l  r e a c t iv i ty  of th e  P M -1  w a s  c a lc u la te d ,  u s in g  p r o g r a m  
Cg to  o b ta in  re g io n w is e  g ro u p  c o n s ta n ts  an d  p r o g r a m  Fg to  p e r f o r m
th e  th r e e - g r o u p  m u lt i r e g io n  d if fu s io n  c a lc u la t io n .  T he  m o d e ra tio n  
c a lc u la t io n  te n d s  to  u n d e r e s t im a te  th e  n e u tro n  ag e  and  th u s ,  th e  c o re  
le a k a g e . T h e r e f o r e ,  th e  p e r p e n d ic u la r  c o r e  b u c k lin g  w a s  m o d if ied  
th ro u g h  a  ch an g e  in  c o r e  h e ig h t to  n o rm a l iz e  th e  c a lc u la te d  in i t ia l  c o re  
r e a c t iv i ty  to  th a t  m e a s u r e d  e x p e r im e n ta l ly .  * T he r e s u l t in g  h o t and
co ld  in i t ia l  r e a c t iv i t i e s  a r e  g iv e n  in  T a b le  B-17_^_________________________
♦The r e a c t iv i ty  b ia s  w a s  1. 8 %p



T A B L E  B -1 4

T h re e -G ro u p  R e f le c to r  C o n s ta n ts  
B a se d  on C o re  N e u tro n  S o u rce  S p e c tru m

M a te r ia l W a te r S ta in le s s  S te e l D ead E n d s

T em p  (®F) 

^ e f f

6 8

7 8 .4

463

4 7 6 .8
6 8

268
463

663
6 8  

106. 9
463

5 2 2 .4

D1
D2
D3

1. 39434E&0 

3 .4 9 7 7 9 E -1  
1 .4 6 8 5 0 E -1

1. 67686E&0 

4 .8 1 4 2 3 E -1  
2 . 31459E -1

8 . 71515E -1  

3 .6 0 3 3 1 E -1  
3. 18812E -1

8 . 73629E -1  

3 .6 2 2 1 7 E -1  
3 . 30601E -1

1. 26475E&0 

3 .4 7 4 4 7 E -1  

1 .6 7 7 3 1 E -1

1.44793E& 0

4 .4 7 8 7 9 E -1

2 .5 1 2 7 3 E -1

S
^ 1

1 . 3 3 3 2 6 E -4 1 .0 4 0 2 6 E -4 2. 37670E -3 2 .3 7 2 7 3 E -3 4. 7 4 4 8 3 E -4 4 .5 7 5 7 8 E -4

2
^ 2

9. 1 0 8 10E -3 5 . 6 8 1 1 3 E -3 4. 91786 E -2 4 . 28148 E -2 2 .5 8 6 6 6 E -2 1 . 89203E -2

S
^3

1. 95390 E -2 1 . 19930E -2 1 .8 9 5 8 4 E -1 1 .5 0 9 6 8 E -1 5 .6 4 9 0 5 E -2 4 .0 1 9 5 3 E -2

1 . 76689E -1 1 .4 5 3 4 3 E -1 6 .4 9 5 3 5 E -3 6 .4 7 5 7 9 E -3 1 .4 9 4 7 6 E -1 1. 23696E -1

4 .0 4 1 3 3 E -1 3. 37521E -1 3. 91771E -3 4. 37203 E -3 3. 22809E -1 2 .6 9 7 1 6 E -1



T A B L E  B -1 5
P M -1  R e f le c to r  S a v in g s , B u ck lin g  and  E x tra p o la t io n  L en g th

6 8 “ F 463“ F

A D /2 , A h /2  (CM )

R a d ia l 

4 .4 8 3 5  X 10

5 .2 3 6 6  X 10

5 .4 6 0 1  X 10‘

3 .3 1 1 6

-3

-3

A x ia l R a d ia l A x ia l

1 .3083  X 10-3 4 .0 8 7 6  X 10-3 1 .2 2 4 5  X 10-3

1 .4 8 6 3  X 10-3 4 .8 4 1 0  X 10-3 1 .4 0 9 7  X 10"3

1. 5377 X 10-3 5. 0410 X 10-3 1 .4 5 7 6  X 10"3

1 .6 0 0 0 4 .4 6 6 6 2 .5 1 5 0

6X  ̂ (CM ) 

6X2  (CM) 

6X3  (CM )

3 .7 2 8 3  

1 .0 4 4 7  

0 .3 5 7 4

4 .2 7 3 2  

1 , 2 2 1 0  

0 .5 2 8 0
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p ; ^ ^ o  
P q Q P

^ © ^ o g o g o g o ^ o ^ © ^

R eg io n 1 2 3 4 5 6

0 F u e l  e le m e n t 
L u m p ed  p o iso n  ro d s

15 6 126 156 180 258

•  F u l l  le n g th 0 0 24 30 18 0

© 2 /3  le n g th  

0  S ta in le s s  s t e e l  ro d s

0 0 0 18 0 0

( c e n te r  b u n d le  s t r u c tu r e ) 3 0 0 0 0 0

© S ta in le s s  s t e e l  tu b e s 1 0 0 0 0 0

C o n tro l ro d  g u id e s 0 6 0 0 1 2 0

S o u rc e 0 1 0 0 0 0

F ig .  B -1 1 . R a d ia l  S ix -R e g io n  C o re  C o n fig u ra tio n



T A B L E  B -16

R eg io n a l V olum e F r a c t io n s  (Nf) and A to m ic  D e n s it ie s  (N) 
fo r  th e  C o m ponen t M a te r ia ls  o f th e  P M -1  C o re

05

C o re Region 1 Region 2 Region 3 Region 4 R egion  5 Region 6

Volume f r a c t io n  UOg 1.65648 X 10-2 1 .73655 X 10-2 2 .82732  X 10-2 1.73891 X 10"2 1 .43246 X 10"2 1 .52864  X 10-2 2. 17979 X 10-2

Atom ic  d e n s i ty  U-235 3.81580 X 1020 4 .0 0 0 2 3  X 1020 6.51290  X 10^2 4 .00 5 6 8  X 1022 3 .29976 X 1020 3 .52132  X 1020 90
5 .02126 X 10

Atom ic  d en s i ty  U-238 2 .78406 X i o i 2 2 .91862  X 10^2 4 .7 5 1 9 0  X 10^2 2 .92260  X 10l2 2 .40755 X 10l2 2 .56920  X 10l2 3 .66358  X l o l 2

Atom ic  d e n s i ty  Oxygen 8 .18840 X 1020 8 .58420  X 1020 1 .39762  X 1022 8 .59589  X 1022 7 .08103  X 1022 7 .55645  X 1020 1 .07752  X lo21

Volume f r a c t io n  S S l^ 1,00673 X 1 0 '^ 1.02731 X 10"^ 1 .67259 X 10"2 1 .02870  X 10-1 8 .47417  X 10-2 9 .04314  X 10-2 1 .39076  X 10“1

Volum e f r a c t io n  SS2^^ 3.92149 X 1 0 '2 7.51191 X 10-2 2.65349 X 10"^ 0 0 9 .5 6 4 3 7  X 10-2 0

Volume f r a c t io n  SS3^^+ 4 .11 5 0 2 X 1 0 '2 0 0 7 .10094  X 10-2 8 .63485  X 10"2 3 .27720  X 10"2 0

N B -10 9 .70267 X lo ^ s 0 0 1 .71144 X 10l2 1 .99275 X 10l2 7 .89858  X 10l8 0

Volume f r a c t io n  H jO  (68° F) 7 .97678 X l o ' ^ 8 .00213  X 10-^ 7 .14354 X 10-1 8 .03524  X 10-1 8 .10081 X 10-1 7. 61553 X 10-1 8 .33389  X 10-1

Volume f r a c t io n  HgO (463 • F ) ^ ^ ^ ^ 6 .  51208 X 1 0 '^ 6 .53278  X 10-^ 5 .83184  X 10-1 6 .55981 X i o " i 6 .61334  X 10-1 6 .21717  X i o " i 6 .80362  X l O ' l

Volume f r a c t io n / r e g io n 1 .0 0.01931 0 .04744 0 .16198 0 .24345 0 .26323 0 .26459

Volum e (C C ) / r e g io n 1 .99642 X 10® 3.8550  X 10® 9.4710  X 10® 32.3380  X lo2 4 8 .6 0 2 8  X 1q2 52 .5518  X 10® 5 2 .8233  X 10®

♦SSI Includes SS in the fuel e lem en ts and SS tubes 
♦♦SS2 Includes SS in  the SS rods and contro l rod guides 

♦♦♦SS3 includes SS in  the lum ped poison  rods 
♦♦♦♦E ffective volum e fraction  accounts for therm al expansion
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T A B L E  B -1 7  

P M - 1  In i t i a l  C o r e  R e a c t i v i t i e s

T (°F) R,eactivity

68 0 .13273

463 0 .0 9 0 8 0

The  t h r e e - g r o u p ,  s i x - r e g i o n  c o r e  c o n s t a n t s  u s e d  to  o b ta in  the 
above  r e a c t i v i t i e s  a r e  l i s t e d  in T a b le  B - 1 8 .

c .  R e a c t iv i t y  v e r s u s  s t a b l e  p e r i o d

To u t i l i z e  the  r e s u l t s  of the  P M - 1  c r i t i c a l  e x p e r i m e n t s  ( P M Z - 1 ) ,  it  
w a s  n e c e s s a r y  to  c o n v e r t  the  p e r i o d  m e a s u r e m e n t s  to  r e a c t i v i t i e s .  To  
p e r f o r m  the  c o n v e r s i o n  p r o p e r l y ,  the  d i f f e r e n c e  in  the  e n e r g y  s p e c t r u m  
of d e l a y e d  n e u t r o n s  r e l a t i v e  to  p r o m p t  n e u t r o n s  m u s t  be c o n s i d e r e d .  
D e lay e d  n e u t r o n s  a r e  b o r n  a t  a  s o m e w h a t  l o w e r  e n e r g y  th a n  p r o m p t  
n e u t r o n s ;  t h u s ,  t h e i r  f a s t  c o n s t a n t s  a r e  d i f f e r e n t ,  p a r t i c u l a r l y  the 
n e u t r o n  a g e .  If we  def ine

= y .  (B-16)

^  eff
w h e r e ;

= m u l t i p l i c a t i o n  b a s e d  on a  d e la y e d  s p e c t r u m ,  i

g
K = m u l t i p l i c a t i o n  b a s e d  on r e g u l a r  p r o m p t  p lu s  de lay ed  

s p e c t r u m ,

t h e n  the  c o n v e r s i o n  f r o m  p e r i o d  to  r e a c t i v i t y  c an  be  r e p r e s e n t e d  by 
w e ig h t in g  the  d e l a y e d  f r a c t i o n ,  by  T h u s ,

P

w h e r e :
i  * = n e u t r o n  l i f e t i m e

Pg = s t a t i c  r e a c t i v i t y
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Region

1

Group

1
2
3

T ABLE B-18
Regional  3 -Group Constants  for  the P M -1  Core  

Beginning of L ife  (68® F)

Axial
Buckling

2 .0 9 143E -03
2 .46096E -03
2 .57138E -03

Diffusion
Coeff ic ient

1 .62833E-00
4 .88 3 5 7 E -0 1
1.66632E-01

Sigma
Absorption

1 .20993E-03
3 .33531E -02
2 .1 5548E-01

C r o s s  Sect ions

Nu Sigma  
F i s s io n

1.56031E-03
5 .11342E -02
3 .53471E-01

Sigma  
Slowing Down

6 .89377E -02
5 .81148E -02

1
2
3

2 .09143E -03
2 .4 6 096E -03
2 .57138E -03

1 .54298E-00
4 .6 5 2 3 2 E -0 1
1 .76309E-01

7 .44291E -04
1 .43939E-02
9 .86454E -02

2 .54269E -04
9 .81165E -03
6 .23950E -02

6 .43796E -02
6 .09976E -02

1
2
3

2 .09143E -03
2 .46096E -03
2 .57138E -03

1.63300E-00
4 .8 9 5 5 3 E -0 1
1 .66254E-01

1.20617E-03
3 .33524E-02
2 .1 5308E-01

1 .56239E-03
5 .12792E -02
3 .54278E-01

6 .91013E -02
5 .84256E -02

1
2
3

2 .0 9 143E -03
2 .46096E -03
2 .57138E -03

1.63763E-0D
4 .9 0 120E -01
1 .64990E-01

1 .07913E-03
2 .94768E -02
1.89148E-01

1.28705E-03
4 .4 0 0 5 9 E -0 2
2 .98482E -01

6 .95334E -02
6 .12195E -02

1
2
3

2 .09143E -03
2 .46096E -03
2 .57138E -03

1.59150E-00
4 .7 9 2 8 3 E -0 1
1 .71419E-01

1 .17343E-03
3 .1 0490E-02
2 .02583E -01

1 .37391E-03
4 .5 2 8 6 5 E -0 2
3 .11945E-01

6 .68228E -02
5 .57357E -02

1
2
3

2 .09143E -03
2 .46096E -03
2 .57138E -03

1.66440E-00
4 .9 7 5 5 8 E -0 1
1.63233E-01

1 .34544E-03
3 .84223E-02
2 .47361E-01

1 .95810E -03
6 .20053E -02
4 .3 5 282E -01

7 .06162E -02
5 .84767E -02



T ABLE B -1 8  (continued)

Regional 3 -Group Constants  for  the P M -1  Core  
Beginning of Life  (463® F)

C r o s s  Sections

Region Group
Axial

Buckling
Diffusion

Coeff ic ient
Sigma

Absorption
Nu Sigma  

F i s s io n
Sigma  

Slowing Down

1 1 1 .92437E -03 1 .85443E -00 1.16549E-03 1 .5 6000E-03 5 .69005E-02
2 2 .29 9 7 1 E -0 3 5 .71125E -01 2 .78736E-02 4 .22068E -02 5 .00238E-02
3 2 .4 0 020E -03 2 .45829E -01 1.66006E-01 2 .75097E -01

2 1 1 .92437E-03 1.72405E-00 7 .08182E -04 2 .54291E-04 5 .34475E-02
2 2 .29 9 7 1 E -0 3 5 .34220E -01 1.15919E-02 7 .98052E -03 5 .22408E -02
3 2 .40 0 2 0 E -0 3 2 .57893E -01 7 .34901E -02 4 .82 5 1 7 E -0 2

3 1 1 .92437E -03 1 .86106E-00 1 .17593E-03 1 .56205E-03 5.70151E-02
2 2 .2 9 9 7 1 E -0 3 5 .73620E -01 3 .07180E-02 4 .10 1 4 4 E -0 2 4 .85 5 4 1 E -0 2
3 2 .40020E -03 2 .48749E -01 1.83744E-01 2 .70954E-01

4 1 1 .92437E -03 1.86897E-00 1 .05063E-03 1 .28676E-03 5 .73565E-02
2 2 .2 9 9 7 1 E -0 3 5 .76091E -01 2 .79938E -02 3 .48453E-02 5 .04503E-02
3 2 .4 0 0 2 0 E -0 3 2 .48944E -01 1.66465E-01 2 .2 7270E-01

5 1 1 .92437E -03 1.79660E-00 1 .13969E-03 1.37378E-03 5.52869E-02
2 2 .29971E -03 5.55059E-01 2 .72571E -02 3 .68009E-02 4 .71673E -02
3 2 .40 0 2 0 E -0 3 2.51986E-01 1 .64180E-01 2 .40731E-01

6 1 1 .9 2437E-03 1 .9 1 0 8 7 E -0 0 1 .29760E-03 1 .95755E-03 5 .81477E-02
2 2 .29 9 7 1 E -0 3 5 .86945E -01 3 .22658E-02 5 .13087E -02 5 .03580E-02
3 2 .40 0 2 0 E -0 3 2 .41968E -01 1 .91420E-01 3.39261E-01

CD
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The  d y n a m ic  r e a c t i v i t y  c a l c u l a t i o n ,  w h ich  w a s  d e s c r i b e d  b e f o r e ,  
t a k e s  into a c c o u n t  the  e f fec t  of d e la y e d  n e u t r o n s  w h en  the  r e a c t o r  is  
on  a  s t a b l e  p e r i o d .  T h u s ,  the  r e l a t i o n s h i p  b e tw e e n  i n v e r s e  s t a b l e  
p e r i o d  and  d y n a m ic  r e a c t i v i t y  is

/3,

eff 
w h e r e :

= d y n a m ic  r e a c t i v i t y

E x p e r i m e n t  m e a s u r e m e n t s  a r e  u s u a l l y  m ad e  on a  r e l a t i v e l y  long 
s t a b l e  p e r i o d ,  s o  the  f i r s t  t e r m  on the  r ig h t  s ide  of bo th  E q s .  (B -17  
and  B -1 8 )  i s  n e g l ig ib l e .  T h e r e f o r e ,  th e  a v e r a g e  w e ig h t in g  f a c t o r ,  
y .  is

^  3i
C.  W +  X,

^ Y  (B -19)
1

w +X^

The  d y n a m ic  and  s t a t i c  r e a c t i v i t y  w e r e  c a l c u l a t e d  f o r  the  P M - 1  
c o ld  c o r e  p o i s o n e d  out to  n e a r  c r i t i c a l  w i th  e u r o p i u m .  The  c a l c u l a ­
t io n  w a s  b a s e d  on a  t w o - d i m e n s i o n a l  s y n t h e s i s  w h ic h  i t e r a t e d  on the  
b u c k l in g .  T he  Sg a p p r o x i m a t i o n  w a s  u s e d  in  the  a x i a l  d i r e c t i o n  and

in the  r a d i a l  d i r e c t i o n .  The  e x t r e m e  d e t a i l  u s e d  in  the  c a l c u l a t i o n  
i s  r e q u i r e d  f o r  d e t e r m i n a t i o n  of the  s m a l l  d i f f e r e n c e  b e tw e e n  and 
p^ ,  w h ic h  is  c a u s e d  p r i m a r i l y  by d i f f e r e n c e s  in n e u t r o n  l e a k a g e .  The  

r e s u l t s  a r e  g iv en  in T a b le  B - 1 9 .

T A B L E  B -1 9
R e s u l t s  of S ta t ic  and  D y n am ic  R e a c t iv i t y  C a l c u l a t i o n  

(C o re  P o i s o n e d  Out w i th  E u ,  6 8° F )

p^ -  0 .0 0 4 1 5

p = 0 .0 0 4 6 7s
Y = 1 .125

I, eff
13. = 0 .0 0 7 21

8 .  9 X  10“®
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By u s in g  the above delayed  n eu tro n  w eighting fa c to r  (y) and the 
de layed  n e u tro n  da ta  given in T ab le  B -20 , the r e a c t iv i ty  v e r s u s  p e r io d  
w as c a lc u la te d  fo r  p e r io d s  of 10 to  200 se c o n d s .  The r e s u l t s  a r e  
shown in  F ig . B -12 .

TA B LE B-20
Delayed N eu tron  Data (Ref. 10)

D elayed G roup (i) C onstan t { \ . )  Delay F ra c t io n  (/3.)

1 1. 24 X 1 0 - 2 2 . 1 1 2  X 1 0 " ^

2 3. 05 X 1 0 " 2 1.402 X 1 0 - 2

3 1. 11 X 1 0 " ^ 1. 255 X 1 0 - 2

4 3, 01 X 1 0 " ^ 2 .528  X 1 0 " 2

5 1. 13 7. 360 X 1 0 - ^

6 3. 00 2 .6 8 0  X 1 0 - ^

d. C o m p a r iso n  of e x p e r im e n ta l  and a n a ly t ic a l  r e a c t iv i t i e s

The to ta l  r e a c t iv i ty  of the r e fe r e n c e  des ig n  c o re  w as d e te rm in e d  
e x p e r im e n ta l ly .  The r e f e r e n c e  d es ig n  c o re  d if fe rs  s ligh tly  f ro m  the 
e x p e r im e n ta l  m ockup in th a t  the  c lad  th ic k n e ss  is  in c re a s e d  by 1 -1 /2  
m i l s ,  and the w eigh t of U-235 is  in c r e a s e d  by 0. 794 g ra m  p e r  fuel 
e le m e n t .  T ab le  B -21  s u m m a r iz e s  the m a jo r  d if fe re n c e s  in the two 
c o r e s .

TA BLE B-21
D if fe ren ces  in  E x p e r im e n ta l  and F in a l  D esign  C ore

E x p e r im e n ta l  C o re  F in a l  D esign C ore
UOg p e r  ac t iv e  e le m e n t  47. 989 gm 4 8 . 9-58 gm
U -235 p e r  ac t iv e  e le m e n t  39 .337  gm 4 0 . 131 gm
U-235 to ta l  c o re  29. 1 kg 29. 7 kg
S ta in le ss  s te e l  p e r  ac tiv e  

e le m e n t  192. 044 gm  209.631 gm
Volume of w a te r  p e r  ac tive  

fuel c e l l  158.567 cm  156.237 cm



0 .4 0

T e m p e r a tu r e  * 6 8 “ F
B eg in n in g  of l i f e  c o re  m a te r i a l  c o n c e n tra t io n s  

-  0 .0 0 7 2
0 .3 5

0 .3 0

0 .2 5

0 . 20
-fjo
at(U
05

0 . 15

0 . 10

0 .0 5

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

S ta b le  R e a c to r  P e r io d  (se c )

to
to

F ig . B -1 2 . P M -1  R e a c tiv ity  V e rs u s  S tab le  R e a c to r  P e r io d



123

The to ta l  c o re  r e a c t iv i ty  w as d e te rm in e d  ex p e r im e n ta l ly  by the 
po ison  su b s t i tu t io n  m ethod. B oron  p la s t ic  s t r ip s ,  un ifo rm ly  d is tr ib u ted  
th roughou t the c o re  by in s e r t in g  th e m  in the fuel tube w a te r  h o les ,  
w ere  u se d  to po ison  out the c o re .  The r e s u l ta n t  re a c t iv i ty  for the 
r e f e r e n c e  des ig n  m ockup w as 13.42 ± 0.41%  A K /K . An an a ly tica l  
ev a lu a tio n  of the d if fe re n c e s  in the m ockup fuel e lem en t and design  
fue l e le m e n t ,  a s  shown in T ab le  B -2 1 ,  r e s u l t  in a d e c re a s e  in the e x ­
p e r im e n ta l  to ta l  r e a c t iv i ty  of 0. 14% A K /K  o r  a c o r re c te d  re a c t iv i ty  of 
13. 28 ± 0. 41% A K /K . The to ta l  r e a c t iv i ty  d e te rm in e d  an a ly tica lly  
w as found to be 13. 273% A k /K . *

e. R ea c tiv i ty  v e r s u s  b o ro n  s t r ip  loading

The r e a c t iv i ty  m e a s u re m e n ts  c a r r i e d  out a t  the M art in  M a r ie t ta  
c r i t i c a l  fac i l i ty  w e re  p e r fo rm e d  with the r e a c to r  n e a r  c r i t i c a l .  The 
g r o s s  r e a c t iv i ty  of the c o re  is  s e v e ra l  o r d e r s  of m agnitude l a r g e r  
th an  th a t  w hich is  m e a s u re d  in c re m e n ta l ly  by boron  s t r ip  addition.
It i s  u su a lly  a s s u m e d  th a t  the r e a c t iv i ty  w o r th  p e r  boron  s t r ip  is  in d e ­
p enden t of the n u m b e r  of s t r ip s  in the c o re .  Since the m e a s u re d  
v a lu es  of r e a c t iv i ty  a r e  u sed  in s e v e r a l  a r e a s  of th is  r e p o r t ,  it was 
deem ed  n e c e s s a r y  to  check  the above a s su m p tio n  an a ly t ica l ly .

A c o m p a r iso n  w as m ade of the th e r m a l  flux d e p re s s io n  in a typ ica l
fue l e le m e n t  w ith  th a t  in an e le m e n t  con ta in ing  a boron  polyethylene
s t r ip .  The s t r ip  con ta ined  5. 09 wt % b o ro n ,  w hich is  equ iva len t to
0. 491 g r a m  of n a tu ra l  bo ron  p e r  s t r i p  p e r  30 inches  of length. S„

6
c e l l  c o r r e c t io h s  w ere  com puted  by the hom ogenized  c o re  m ethod by 
m ocking  up a  b o ro n  s t r ip  into an  equ iva len t c y l in d e r  a t  the c e n te r  of 
the  fuel tube . C e ll  c o r r e c t io n s  fo r  the fuel e lem en t w ith  and without 
the b o ro n  a r e  g iven  in Table  B -2 2 .  The th e r m a l  flux d is tr ib u tio n  
th ro u g h  both  fuel e le m e n ts  is  shown in F ig . B -13.

*This va lue  w as  ob ta ined  by c o r r e c t in g  the p e rp e n d ic u la r  buckling  to  
accoun t fo r  the 1.8% p b ia s .
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TA B LE B -22
F u e l E le m en t C e ll C o r re c t io n  w ith  and W ithout P la s t ic  

B o ro n  S trip  a t  C e n te r  of C e ll (68® F)

W ithout S tr ip  W ith S trip

(U O g )*  0 .8288  (B) = 0 .6 1 7 7

(SS) = 0 .8494  (UOg)* 0.7741

(HgO) « 1. 0316 (SS) = 0. 7942

(H20)= 0 .9509

S e v e ra l r a d ia l  s ix - r e g io n  c o re  c a lc u la tio n s  w e re  m ade w ith  v a ry in g  
am o u n ts  of b o ro n  added  to  th e  c o re  re g io n s  in  w hich the  b o ro n  p o ly ­
e th y len e  s t r ip s  a r e  p la ce d  d u rin g  th e  r e a c tiv ity  m e a s u re m e n ts . The 
am ount of b o ro n  added  to  e a c h  re g io n  w as a ssu m e d  to  be p ro p o rtio n a l 
to  th e  n u m b er of fu e l e le m e n ts  in th e  v a r io u s  re g io n s . The re a c tiv ity  
and n u m b er of s t r ip s  p e r  re g io n  fo r  th e  c a s e s  of 0, 200, 400 and 600
to ta l  s t r ip s  in  th e  c o re  a r e  g iven  in  T ab le  B -23 .

TA B LE B -23
R e a c tiv ity  and B o ro n  S trip  L oad  fo r  th e  P M -1  (68® F)

T o ta l S tr ip s R e a c tiv ity 1 2
S tr ip s  p e r  R egion

1  i  i 6

0 0 .13273 0 0 0 0 0 0

200 0.08671 4 2 34 42 48 70

400 0.04353 8 4 68 84 96 140

600 -0 .0 0 2 5 4 12 6 102 126 144 210

A p lo t of in i t ia l  co ld  r e a c t iv i ty  v e r s u s  n u m b er of b o ro n  s t r ip s  in  the 
c o r e ,  b a se d  on th e  p re c e d in g  a n a ly s is ,  is  shown in  F ig . B -1 4 . F ro m  
th e  r e s u l t s  show n in  F ig . B -1 4 , i t  can  be  seen  th a t  th e  a ssu m p tio n  of 
a  l in e a r  change in  r e a c t iv i ty  w ith  b o ro n  s t r ip  load ing  is  v a lid .

♦F lux n o rm a liz e d  a t  o u te r  b o u n d ary  of c e l l  to  th a t of a  fue l e lem en t 
c e l l  w ithou t th e  p la s t ic  b o ro n  s t r ip  in s e r te d .



126

Length of b o ro n  s t r ip  = 30 inches
0 .491  g ra m  n a tu ra l  boron

B eginning of life  
T e m p e ra tu re  =
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a(U
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N um ber of B oron  S trip s  

F ig . B -1 4 . C a lc u la ted  R eac tiv ity  V e rsu s  B oron  S trip  L oading
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f. F is s io n ,  flux and  slow lng-dow n sp e c tru m

The m o d e ra tio n  p ro g ra m  u tiliz e d  in the  a n a ly s is  of the  PM -1 p e r ­
fo rm s  a  19 -g ro u p  slow ing-dow n c a lc u la tio n . F ro m  th e  r e s u l ts  of the 
slow ing-dow n c a lc u la tio n , the  co n s ta n ts  fo r the  fa s t and e p ith e rm a l 
g ro u p s  a r e  o b ta in ed . T h e re fo re ,  it s e e m s  p e r tin e n t th a t the 19-group  
flux and slow ing-dow n  d is tr ib u tio n  shou ld  be a v a ila b le . T h ese  a r e  
p re s e n te d  in  F ig s . B -15  and B -1 6 .

The m u ltig ro u p  f is s io n  s p e c tru m  is  p re se n te d  in F ig . B -17  to  show 
th e  e ffec t of le th a rg y  on th e  f is s io n  d is tr ib u tio n .

A ll th r e e  of th e  above c u rv e s  a r e  b ased  on 463® F and e n d -o f- life  
(700 d ay s) co n d itio n s . The d a ta  w as ob tained  u s in g  th e  p ro p e r t ie s  of 
c o re  re g io n  f iv e , a s  th is  is  ty p ic a l of th e  w hole c o re .

g. C o m p ariso n  w ith  SM -1 burnup

To ch eck  the  a c c u ra c y  of the  c r o s s  se c tio n s  and m ethods u sed  to  
c a lc u la te  the  P M -1  c o re  l i fe t im e , it w as fe lt th a t th e  life tim e  of an 
e x is tin g  b u rn e d -o u t c o re  should  be c a lc u la te d . Since the SM -1 co re  
is  s im i la r  in  m any r e s p e c ts  to  th e  P M -1 , it w as dec ided  th a t th is  co re  
w ould s e rv e  a s  an  e x c e lle n t ch eck  on o u r  cap ab ility  to  p re d ic t  co re  
l i f e t im e .

The m a te r ia l  c o n c e n tra tio n s  of th e  SM -1 th a t w ere  u sed  in  the c a l ­
c u la tio n  a r e  g iven  in  T ab le  B -2 4 .

TA B LE B -24
M atericil C o n ce n tra tio n s  in  the SM -1

UOg (kg) 27 .54
U -235 (kg) 22 .5 0
B^C (gm ) 114.71
B -1 0  (gm ) 15. 75
SS (kg) 208.92
HgO (kg) 1 1 1 .08

The c e l l  c o r re c t io n s  u se d  in  th e  c a lc u la tio n  w ere  ob tained  fro m  a 
tw o -d im e n s io n a l s y n th e s is  of an  SM -1 fue l e le m e n t. An Sg a p p ro x i­
m atio n  in  s la b  g e o m e try  w as u se d . T he re s u lt in g  c e l l  c o r re c t io n s ,  
n o rm a liz e d  to  an  a v e ra g e  flux  of one in  the  fuel e lem en t c e ll ,  fo r  the 
beg inn ing  of l ife , a r e  p re se n te d  in  T ab le  B -2 5 .
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TA B LE B -25
SM -1 T h e rm a l C e ll C o r re c t io n s ,  B eginning of L ife (440® F) 

(N o rm alized  to  an  A verag e  C ell F lux of Unity)

M a te r ia l  C e ll C o rre c tio n

U 0 2 0 . 8 9 4 5

SS 1 . 0 9 7 2

HgO 1 . 0 0 1 5

The SM -1 c o re  life tim e  w as c a lc u la te d  in  the  ax ia l and r a d ia l  d i ­
re c t io n s  w ith  bo th  u n ifo rm  and n onun ifo rm  bu rnup . C o n tro l ro d s  w ere  
not in c lu d ed  in  the  c a lc u la tio n  b ec au se  th e i r  ne t e ffec t on c o re  life  is  
sm a ll  and , th e r e fo re ,  w as not c o n s id e re d  n e c e s s a ry  fo r co m p ara tiv e  
p u rp o s e s . The to ta l  no n u n ifo rm  c o re  life  w as ob ta ined  by su b tra c tin g  
th e  a x ia l n o n u n ifo rm  bu rnup  re a c t iv i ty  d e fec t f ro m  the  r a d ia l  nonuni­
fo rm  bu rnup  re a c t iv i ty .  T he r e s u l t s  of th e  c a lc u la tio n s  a re  show n in 
F ig . B -1 8  a s  p lo ts  of l ife tim e  v e r s u s  c o re  re a c tiv ity . The fin a l SM-1 
c o re  life  w as c a lc u la te d  to  be 14. 52 m w -y r.*  T his co m p a re s  v e ry  
fav o rab ly  w ith  the e x tra p o la te d  a c tu a l c o re  life  of 15 m w -y r  re p o rte d  
in  A PA E 65. The d iffe re n ce  b e tw een  the  ac tu a l and c a lc u la te d  c o re  
life  in d ic a te s  th a t the  a n a ly s is  is  c o n se rv a tiv e  by about 3%. If th is  
fa c to r  is  ap p lied  to  the  P M -1  c o re  l ife , i t  w ould y ie ld  an in c re a s e  of 
abou t 32 d ay s .

=*Normalized to  an  in it ia l  hot r e a c t iv i ty  of 10.37%  (APAE 42)
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A PPEN D IX  C 

THERM AL AND HYDRAULIC SUPPORTING DATA

In p re p a r in g  the th e r m a l  and h y drau lic  design, an a ly tica l  techniques 
w e re  developed, e x p e r im e n ta l  p ro g ra m s  w e re  conducted and supporting  
s tu d ie s  w ere  p e r fo rm e d .

1. A naly tica l T ech n iq u es

All s te a d y - s ta te  th e rm a l  and h y drau lic  an a ly ses  of the fuel e lem en ts  
w e re  p e r fo rm e d  with BITE, an IBM -7090 m ach ine  p ro g ra m .

BITE (Boiling in T u b u la r  E le m e n ts )  m ay  be used  fo r  the an a ly s is  
of tu b u la r  e lem en ts  o p e ra t in g  in  any com bina tion  of the nonboiling, 
lo ca l  boiling and bulk  boiling r e g im e s .  T he r e q u ire d  input d a ta  include: 
e lem en t and o r i f ic e  d im en s io n s ,  coolant in le t  conditions, flow d i s t r i ­
bution, r a d ia l  and ax ia l  pow er d is tr ib u t io n .  Among the output da ta  a re  
ax ia l  d is t r ib u t io n s ,  both in s id e  and ou ts ide  the e lem ent, of: coolant 
te m p e r a tu re ,  quality , void f rac t io n ,  s l ip  ra t io ,  p r e s s u re ,  s u r fa c e  t e m ­
p e r a tu r e ,  heat flux and burnout heat flux.

C a lcu la t io n s  of w all s u p e rh e a t  in lo ca l  boiling a r e  based  upon the 
J e n s  and L o tte s  c o r re la t io n ;  lo ca l  boiling f r ic t io n  fa c to rs  a r e  d e te rm in e d  
by m e a n s  of the M a rt in  M a r ie t ta  c o r re la t io n ;  and burnout h ea t  fluxes 
a r e  obtained f ro m  the  -33% lin e  of the G r if f i th  c o r re la t io n .

2. E x p e r im e n ta l  P r o g ra m s

The e x p e r im e n ts  p e r ta in in g  to the  th e r m a l  and hydrau lic  design  of 
the  c o re  a r e  the  fu ll s c a le  m odel flow te s t ,  heat t r a n s f e r  and burnout 
t e s t s ,  and the  z e ro  pow er te s t .

a. Fu ll  Sca le  Model Flow T e s t

C o re  flow d is t r ib u t io n s  w e re  obta ined  by hydrau lic  te s t in g  of a full 
s c a le  m odel of the  r e a c to r  (Ref. 1). Using w a te r  a t 100® F  as the 
c i rc u la t in g  m edium , d is t r ib u t io n s  w e re  obtained with the c o n tro l  ro d s  
fu lly  in s e r te d  at flow r a t e s  of 1750, 2125 and 2900 gpm, and, with the 
co n tro l  ro d s  fu lly  w ithdraw n, at 2125 gpm . A ctual o p era tin g  conditions 
involve a  m ean  coo lan t t e m p e r a tu r e  of 463® F. It has  been shown that 
th e  flow d is t r ib u t io n  is  r e la t iv e ly  in se n s i t iv e  to  Reynolds num ber  
(w ithin the  tu rb u len t  range); hence, app lica tion  of the  e x p e r im e n ta l  da ta  
is  ju s tif ied .
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A n a ly s is  of the  t e s t  d a ta  in d ica ted  th a t  the  m e a s u re d  flow a lloca tion  
in  the c o r e  w as v e r y  c lo se  to th a t  p re d ic te d  (a m ax im u m  negative  
d ev ia tio n  of 7% was an tic ip a ted ) .  No a p p re c ia b le  c i r c u m fe r e n t ia l  v a r i ­
a tions  w e re  o b se rv e d ;  how ever, s ig n if ican t v a r ia t io n s  in  v e lo c i ty  o c ­
c u r r e d  in  the  r a d ia l  d ire c t io n .  In th is  r e g a rd ,  th e  c o r e  m ay  be divided 
in to  t h r e e  a r e a s :  p e r ip h e ra l  e lem en ts ,  e le m e n ts  above the  lo w e r  a l ig n ­
m en t  sp id e r ,  and a ll  r e m a in in g  e le m e n ts .

The a v e ra g e  flow r a t e  in s id e  the  th r e e  ro w s  of tu b es  ad jacen t to the 
p e r ip h e ra l  boun d ary  was found to be 5.7% lo w er  than  the  m e a s u re d  c o re  
a v e ra g e ,  w ith  a m ax im u m  n ega tive  dev ia tion  of 13%. Since th is  i s  a 
r e la t iv e ly  low pow er r e g io n  of the  c o re ,  a re d u c t io n  in  flow r a t e  is  
d e s i r a b le ,  as  i t  p ro v id e s  add itional coo lan t fo r  the  h ig h e r  pow er re g io n s .

The flow r a t e s  in  the  tu b es  above th e  o u te r  r e g io n  of th e  lo w er  a l ig n ­
m en t s p id e r  w e re  found to be som ew hat lo w er  than the  c o re  a v e ra g e .
T he  r e s u l t s  of a  s e r i e s  of flow blockage  t e s t s  w e re  em ployed to d e m o n ­
s t r a t e  th a t  th is  flow r a t e  re d u c tio n  was, in  fact, due to the  p r e s e n c e  of 
th e  sp id e r .  Once again, the  pow er d e n s i ty  in th is  re g io n  of the  c o re  is  
r e la t iv e ly  low; hence, adequa te  hea t r e m o v a l  c a p a c i ty  i s  av a i lab le .

Only one tube in  the  r e m a in d e r  of the  c o r e  had a  flow r a t e  l e s s  than 
the  an tic ip a ted  m in im u m . T he flow r a t e  in  th is  tube  w as 8.6% lo w er  
th an  the  m e a s u re d  c o re  a v e ra g e .  S t ru c tu ra l  m e m b e r s  below th e  c o re  
could  account fo r  th is  dev ia tion ,

b. H eat t r a n s f e r  t e s t s

A s e r i e s  ol e x p e r im e n ts  w as p e r fo rm e d  to d e te rm in e  the  th e r m a l  
and h y d rau lic  c h a r a c t e r i s t i c s  of tu b u la r  fuel e le m e n ts  in  lo c a l  boiling  
o p e ra t io n  (Ref. 2). S in g le - tu b e  te s t  s e c t io n s ,  w ith  flow in s id e  the  tube 
only, w e re  em ployed  th roughou t. T he r a n g e s  of lo ca l  boiling  p a r a m e te r s  
in v e s t ig a te d  w ere : p r e s s u r e ,  800 to 1500 ps ia ; flow r a te ,  1.2 to 9.0

fi fi 2gpm ; hea t flux, 0.1 x 10 to  1.3 x 10 B tu /h r - f t  ; and in le t  coo lan t
te m p e r a tu re ,  445® F .

The m e a s u re d  v a lu e s  of w all s u p e rh e a t  w e re  c o n s is te n t ly  h ig h e r  
th an  th o se  p re d ic te d  by the  J e n s  and L o t te s  c o r r e la t io n  (Ref. 3)

1/4

w h e re

A t „ . = d if fe re n c e  betw een  s u r f a c e  t e m p e r a tu r e  and s a tu ra t io n
t e m p e r a tu re ,  ®F
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q = h e a t  flux , B t u / h r - f t ^

P  = p r e s s u r e ,  p s i a

T h e s e  d i f f e r e n c e s  w e r e  no t s u f f ic ie n t ly  l a r g e  to  w a r r a n t  m o d if ic a t io n  
of th e  r e l a t i o n s h ip .

L o c a l  bo il in g  f r i c t i o n  f a c t o r  d a ta  w e r e  c o r r e l a t e d  by

' / ' i s o  ’  * + + (C -2 )

and

^ N u  

R e  ^^Pr
(C -3 )

w h e r e

f / f .  = r a t i o  of lo c a l  b o i l in g  f r i c t i o n  f a c to r  to  i s o t h e r m a l
f r i c t i o n  f a c to r

a ,b ,c  = p r e s s u r e - d e p e n d e n t  c o n s ta n t s

j  = d im e n s io n le s s  h e a t  t r a n s f e r  f a c to r

= R ey n o ld s  n u m b e r

= N u s s e l t  n u m b e rNu

N t-, = P r a n d t l  n u m b e rP r

c . B u rn o u t  t e s t s

L o c a l  b o il in g  b u rn o u t  d a ta  w a s  o b ta in e d  w ith  a  s in g le - tu b e  t e s t  
s e c t io n ,  h av ing  c o o la n t  f low  b o th  in s id e  an d  o u ts id e  of an  e l e c t r i c a l l y  
h e a te d  tu b e  (R ef .  4 ). T o  o b ta in  th e  h ig h  h e a t  f lu x e s  r e q u i r e d  to  a ch ie v e  
b u rn o u t  c o n d i t io n s ,  i t  w a s  e s s e n t i a l  th a t  th e  d im e n s io n s  of th e  t e s t  
s e c t io n  tu b e  d i f f e r  f r o m  th o s e  of th e  a c tu a l  P M -1  e le m e n t .  T h e  tube  
d im e n s io n s  w e re :  0 .4 5 7 - in c h  in s id e  d i a m e t e r ,  0 .4 1 6 - in c h  o u ts id e  
d i a m e t e r ,  and a  15 - in c h  lo n g  s e c t io n  of s t a i n l e s s  s t e e l  w ith  a  4 - in c h  
n ic k e l  "A " e x te n s io n .  T h e  o u te r  d i a m e t e r  of th e  a n n u la r  f low  p a th  w as
0 .688  in c h .
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T h e  r a n g e s  of th e  p a r a m e t e r s  i n v e s t ig a te d  w e re :  f low  r a t i o  ( r a t io  
of flow in s id e  tu b e  to  to ta l  flow  r a t e ) ,  0 ,43  to  0 .56 ; p r e s s u r e ,  1100 and
1300 p s ia ;  m a s s  flux, 4 .2  x 10^ to  15.0 x 10^ I b / h r - f t ^ ;  and  o u t le t  s u b ­
co o l in g ,  20° to  165° F .  It w a s  found th a t  th e  r e s u l t a n t  b u rn o u t  d a ta  a g r e e d  
fa v o ra b ly  w ith  th e  -33%  l in e  o f th e  G r i f f i th  c o r r e l a t i o n  (Ref. 5),

d. Z e r o  p o w e r  t e s t s

T h e  z e r o  p o w e r  t e s t in g  o f  th e  P M -1  c o r e  h a s  b e e n  r e p o r t e d  in  
d e t a i l  (R ef .  6). I n s o f a r  a s  th e  c o r e  t h e r m a l  a n a ly s i s  i s  c o n c e rn e d ,  th e  
i t e m s  of i n t e r e s t  a r e  th e  r a d i a l  and  a x ia l  p o w e r  d i s t r ib u t io n s .

3. S u p p o r t in g  S tu d ies

S e v e r a l  t h e r m a l  and h y d ra u l ic  a n a ly s e s  h av e  b e en  p e r f o r m e d  in  
s u p p o r t  of th e  c o r e  d e s ig n .  Of p a r t i c u l a r  i n t e r e s t  in  th i s  a r e a  a r e  the  
a n a ly s e s  of o p e r a t io n a l  t r a n s i e n t s ,  s c r a m  c o n d it io n s  and d e c a y  h ea t  
r e m o v a l .

a .  O p e r a t io n a l  t r a n s i e n t s

T h e  r e a c t o r  c o o la n t  s y s t e m  w a s  s im u la te d  on an  a n a lo g  c o m p u te r .  
V a r io u s  t r a n s i e n t  m a n e u v e r s  w e r e  e x e c u te d  to  d e t e r m in e  th a t  w h ich  
c a u s e d  th e  m o s t  s e v e r e  t h e r m a l  p r o b l e m s .  T h is  w as  d e te r m in e d  to  be  
a n  in s ta n ta n e o u s  c lo s in g  of th e  m a in  s t e a m  v a lv e  w h ile  o p e r a t in g  at 
fu l l  p o w e r .  C o n t ro l  r o d s  w e r e  a s s u m e d  to  b e  lo c k e d  in  p la c e  and  p o w er  
to  th e  p r i m a r y  c o o la n t  pu m p  w as  c u t  off i n s t a n t a n e o u s ly  (a n a tu r a l  c o n ­
v e c t io n  f low  of 3% of r a t e d  flow  w a s  a s s u m e d ) .  C o m p u te r  t r a c e s  of 
r e a c t o r  p o w e r  and a v e r a g e  r e a c t o r  c o o la n t  t e m p e r a t u r e ,  a s  fu n c t io n s  
of t im e ,  a r e  sho w n  in  F ig .  C -1 .  T h e  p r e s s u r i z e r  s a f e ty  v a lv e  s e t  po in t 
i s  1500 p s ia ,  w h ic h  i s  a d e q u a te  to  a s s u r e  th a t  b u lk  bo il in g  of th e  p r i m a r y  
c o o la n t  d o e s  no t t a k e  p la c e .

b. S c r a m  c o n d i t io n s  and  d e c a y  h e a t  r e m o v a l

T h e  P M -1  c o n t r o l  s y s t e m  i s  d e s ig n e d  so  th a t  a  r e a c t o r  s c r a m  i s  
a lw a y s  a c c o m p a n ie d  by  a  p r i m a r y  c o o la n t  p u m p  s c r a m .  T h is  s a f e g u a r d  
r e d u c e s  th e  m a g n i tu d e  of th e  t h e r m a l  s h o c k  to  th e  fu e l  e le m e n ts  and 
p r e v e n t s ,  by  m e a n s  of an  in te r lo c k ,  i n a d v e r t e n t  w i th d ra w a l  of th e  c o n ­
t r o l  r o d s .

I n s o f a r  a s  th e  h e a t  r e m o v a l  a s p e c t s  of a  s c r a m  a r e  c o n c e rn e d ,  an  
an a lo g  c o m p u te r  s tu d y  h a s  show n th a t  th e  a f t e r  h e a t  r e m o v a l  c a p a c i ty  
i s  m o r e  th a n  a d e q u a te .  T h i s  s tu d y  is  d e s c r i b e d  be low .

A f te r  a  r e a c t o r  s c r a m ,  c o r e  h e a t  i s  p ro d u c e d  by two m e a n s ,  i . e . ,  
f i s s i o n  d e c a y  and f i s s io n  p ro d u c t  d e ca y .  T h e  f o r m e r  w as  d e t e r m in e d
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f r o m  a  tw o - d e l a y - g r o u p  a n a lo g  m o d e l  of th e  r e a c t o r  k in e t ic s .  T h i s  i s  
sh o w n  a s  C u r v e  A in  F ig .  C - 2 .  T h e  f i s s i o n  p ro d u c t  d e c a y  s o u r c e ,  
sh o w n  a s  C u rv e  B, w a s  d e t e r m in e d  th ro u g h  th e  u s e  of a n  IB M -7 0 9 0  co d e  
w h ic h  c o m p u te s  th e  i n v e n to r y  and e n e r g y  r e l e a s e  of th e  f i s s io n  p r o d ­
u c t s  a s  fu n c t io n s  of t i m e .  C u r v e  C i s  th e  to ta l  h e a t  p r o d u c t io n  r a t e  
( th e  s u m  of C u r v e s  A and  B), and  C u r v e  D i s  th e  an a lo g  c o m p u te r  
s im u la t io n  of C u rv e  C.

An e q u a t io n  d e s c r ib in g  th e  flow a f t e r  p u m p  cu to ff  w a s  d e r iv e d  and 
i n c o r p o r a t e d  in  th e  s im u la t io n  of th e  p o w e r  p la n t  (R ef .  10).

d
wm W <

( — \ =   s   A P +  y  p . Z .  - k ,

J

- k g W
(C -4 )

w h e r e

w = flow  r a t e

% = in i t i a l  f lo w  r a t e

L .
3

* le n g th  of th e  j th  s e c t io n

^3
= c r o s s - s e c t i o n a l  a r e a  of 

lo o p

A P o = in i t i a l  p u m p  h ead

P = d e n s i t y

Z = e le v a t io n

K 1 . K 2 = c o n s ta n t s

S u b s c r ip t s  1,2 an d  3 r e f e r  to  ho t le g ,  co ld  le g  and  c o r e ,  r e s p e c t i v e l y .  
T h e  f low  coafetdown o b ta in e d  f r o m  th e  s im u la t io n  i s  p lo t te d  in  F ig .  C -3 .  
C u r v e  A d e p ic t s  th i s  co as td o w n , n e g le c t in g  th e  e f fe c ts  of n a t u r a l  c o n -



0. i 4 r

§
Fh0>
o
Ph
■a
"S
•mO
co
1-1
-*->o
cdu

0 . 12 -

0 . 10 -

0.08

0.06 -

LEGEND:

A—fiss ion  decay
B —fiss ion  product decay
C—tota l decay power
D—analog computer approxi­

m ation of curve C

0. 04

0 . 0 2  -

10 100 

Tim e After Scram  (sec)

1000

F ig .  C -2 .  P M -1  R e a c to r  A f te rh e a t



142

o
plH
(U

Pi
o
co
ocd
£

0 .9 0  

0. 80 
0. 70

LE G E N D0. 60
A - - n o  n a t u r a l  c i r c u l a t i o n

0. 50
B - - n a t u r a l  c i r c u l a t i o n  w ith  

r e a c t o r  a f t e r h e a t .  R e ­
a c t o r  an d  p u m p  s c r a m m e d  
s im u l ta n e o u s ly .

0 .4 0

0. 30

0 . 20

0 . 10 
0. 09 
0. 08 
0 .0 7

0 .0 6

0. 05

0 .0 4

0 .0 3

0 . 0 2

T im e  A f te r  S c r a m  ( s e c )

F ig .  C -3 .  P M -1  F low  C o as td o w n



143

3

v e c t io n ,  v iz .,  th e  ^ j t e r m  in  E q  (C -1 ) .  C u rv e  B i s  o b ta in ed

1 = 1
w h en  th i s  e f fe c t  i s  in c lu d e d .

E v a lu a t io n  of th e  p o w e r  p ro d u c t io n  in  th e  hot c h an n e l  w as  b a se d  
upon  a  p o w e r  f a c t o r  of 2 .72, v iz .  T h e  p o w e r  p ro d u c e d  in  the  hot ch an n e l  
i s  2.72 t im e s  th a t  in  th e  a v e r a g e  c h a n n e l .  R e s u l t s  of th e  Z e r o  P o w e r  
T e s t  in d ic a te  th a t  th e  v a lu e  of th is  f a c to r  i s  2.16; hen ce ,  an ad d i t io n a l  
f a c to r  of c o n s e r v a t i s m  h a s  b een  in c lu d e d .  A s e r i e s  of r u n s  w as  p e r ­
fo r m e d  to  d e t e r m i n e  th e  hot c h an n e l  o u t le t  t e m p e r a t u r e  f o r  th e  l o s s -  
o f- f lo w  s c r a m .  In th e  low flow  r e g io n  (f low  l e s s  th a n  10% of n o rm a l) ,  
th e  p r e s s u r e  d ro p  th ro u g h  th e  r e a c t o r  c h a n n e ls  i s  a lm o s t  e n t i r e ly  due 
to  th e  e le v a t io n  h ead  lo s s .  S in ce  th e  p r e s s u r e  d ro p  a c r o s s  a l l  c h a n n e ls  
m u s t  be  equa l,  th e  flow  in  e a c h  c h a n n e l  t e n d s  to  be p r o p o r t io n a l  to  the  
p o w e r  p ro d u c t io n  in  th a t  c h an n e l .  F o r  t h i s  r e a s o n ,  th e  ex it  c o o lan t  
t e m p e r a t u r e s  of a l l  c h a n n e ls  a r e  v e r y  n e a r l y  e q u a l  and th e  co n cep t  
of a hot c h a n n e l  i s  not a p p l ic a b le .  T h e  m a x im u m  co o lan t  t e m p e r a t u r e  
i s  p lo t te d  a s  a  fu n c t io n  of s c r a m  s e t  p o in t  ( f r a c t io n  of r a t e d  flow) and 
i n s t r u m e n ta t io n  t im e  c o n s ta n t  in  F ig .  C -4 .

T h e  lo s s - o f - f l o w  s c r a m  po in t i s  s e t  a t  90% of p o w er  to  th e  pum p, 
w h ich  c o r r e s p o n d s  to  a p p r o x im a te ly  96% of r a t e d  flow; and  the  t im e  
c o n s ta n t  of th e  i n s t r u m e n t a t i o n  is  on ly  a few  m i l l i s e c o n d s .  T h u s ,  f ro m  
F ig .  C -4 ,  w ith  (W /W ^ = 0 .96 , t  = 0), it  c a n  be s e e n  th a t  th e  m a x im u m
co o lan t  t e m p e r a t u r e  i s  543° F .  T h is  c o m p a r e s  f a v o ra b ly  w ith  the  
567.2° F  b o il in g  p o in t o f  1 2 0 0 -p s ia  w a te r .  It m a y ,  t h e r e f o r e ,  be co n ­
c lu d ed  th a t  bu lk  b o il in g  w il l  no t o c c u r  u n d e r  th e s e  c o n d it io n s ;  h en ce ,  
th e  c o r e  i s  t h e r m a l l y  s a fe .

A d eq u a te  h e a t  r e m o v a l  c a p a c i ty  is  a v a i la b le  in  e v en t  of an  ex ten d ed  
shu tdow n  p e r io d .  Tw o m e th o d s  of d i s s ip a t in g  d ecay  h e a t  a r e :

(1) T h r o u g h  th e  s t e a m  g e n e r a t o r  an d  m a in  c o n d e n s e r ,  u s in g  
s e c o n d a r y  s y s t e m  w a t e r .  T h is  m e th o d  i s  e m p lo y e d  d u r in g  
i n i t i a l  coo ldow n.

(2) T h r o u g h  th e  co o lan t  p u r i f i c a t io n  d e m i n e r a l i z e r  c o o le r ,  w h e re  
th e  s h ie ld  w a te r  s e r v e s  a s  th e  h e a t  s in k .  T h is  m e th o d  is  u se d  
a f t e r  in i t i a l  coo ldow n is  a c c o m p l i s h e d .  T h e  s y s t e m  h a s  an  
8 5 -kw  c a p a c i ty .
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A P P E N D IX  D 

P R E S H IP M E N T  W E T  C R IT IC A L  T E ST S

A s e r i e s  of z e r o  p o w e r  t e s t s ,  r e f e r r e d  to  a s  W et C r i t i c a l  T e s t s ,  
w as  p e r f o r m e d  w ith  th e  P M -1  c o r e  to  d e m o n s t r a t e  the  a c h ie v e m e n t  of 
s e v e r a l  d e s ig n  c h a r a c t e r i s + ic s  in  the  a s - b u i l t  c o r e .  T h e s e  p r o p e r t i e s  
a r e  c o n c e rn e d  w ith  s a f e ty  and  o p e ra t in g  c h a r a c t e r i s t i c s  of the  c o re  
and  inc lude :

(1) A s s u r a n c e  th a t  the  c o r e  is  s u b c r i t i c a l  w hen  flooded  w ith  
a l l  c o n t r o l  r o d s  i n s e r t e d .

(2) T he  a b i l i ty  of the  c o r e  to  m e e t  s tu c k  ro d  c r i t e r i a .

(3) A c h ie v e m e n t  of th e  d e s ig n  l i f e t im e  a s  in d ic a te d  by th e  in i t ia l  
c o ld ,  c le a n  r e a c t i v i t y .

(4) The s i m i l a r i t y  b e tw e e n  th e  P M - 1  and the  P M Z  (d ev e lo p m en t)  
c o r e s .

E x te n s iv e  m e a s u r e m e n t s  of f lux  and p o w e r  d i s t r ib u t io n ,  t e m p e r a ­
t u r e  c o e f f ic ie n t  and  o th e r  c o r e  c h a r a c t e r i s t i c s  have  b e en  p e r f o r m e d  
in th e  P M Z  c o r e ,  w h ic h  i s  a  z e r o  p o w e r  e x p e r im e n t a l  a s s e m b ly .  *
The s i m i l a r i t y  b e tw e e n  th e  e x p e r im e n t a l  and  P M -1  c o r e  is  e s ta b l i s h e d  
so  th a t  th i s  d a ta  m a y  be a t t r i b u t e d  to  e i t h e r  c o r e .

T a b le  D -1  s u m m a r i z e s  th e  r e s u l t s  of th e  W et C r i t i c a l  T e s t s  and 
in c lu d e s  P M Z - b a s e d  p r e d ic te d  r e s u l t s .  C o n t ro l  ro d  and  bund le  w o r th s  
p r e s e n t e d  a r e  th e  a v e r a g e  d e v ia t io n s  f r o m  the  m o s t  r e a c t iv e  ro d  o r  
b und le  in  th a t  c o r e .  T h e  c r i t i c a l  f i v e - r o d  b an k  d a ta  i s  f o r  th e  c a s e  of 
m in im u m  shu tdow n . A ll d a ta  w e re  a d ju s te d  to  20° C.

♦ M N D -M -1858
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T A B L E  D -1 
S u m m a r y  of W et C r i t i c a l  T e s t  R e s u l t s

P r e d i c t e d  P M -1

A v e ra g e  d e v ia t io n  r e l a t i v e
bund le  w o r th  (% A K /K )  - -  - 0 .0 7 4

A v e ra g e  d e v ia t io n  r e l a t i v e
ro d  w o r th  (% A K /K )  - -  - 0 .0 1 4

C r i t i c a l  6 - r o d  b an k
( in c h e s  w ith d ra w n )  8 ,1 5  8 .5 9

C r i t i c a l  5 r o d s - - l  r o d  fu ll
out ( in c h e s  w i th d ra w n )  3 .0 8  5 .2 5

C r i t i c a l  2 r o d s - - 4  r o d s  fu ll
in  ( in c h e s  w i th d ra w n )  1 4 ,53  1 5 .3 7

Shutdow n m a r g i n - -1 s tu c k  ro d
( % A K /K )  - 0 .2 1  - 0 .7 3

T o ta l  c o r e  r e a c t i v i t y
(% A K /K )  1 2 .8 7  1 2 .32

T he  P M -1  c o r e  d i f f e r s  f r o m  th e  P M Z  c o r e  p r i m a r i l y  in  fue l e l e ­
m e n t  s iz e  and  U -2 3 5  lo a d in g .  T he  d im e n s io n s  and  lo a d in g  of th e s e  
fu e l  e l e m e n t s  a r e  l i s t e d  in  T ab le  D -2  be low .

T A B L E  D -2
C o m p a r i s o n  B e tw e e n  P M -1  and  P M Z  F u e l  E l e m e n ts

P M -1 P M Z

O u te r  d i a m e t e r ,  in . 0. 507 0. 500

In n e r  d i a m e t e r ,  in . 0. 417 0 .4 1 6

C lad d in g  th i c k n e s s ,  in . 0. 008 0. 006

M ea t  t h i c k n e s s ,  in . 0. 028 0. 030
A c tiv e  le n g th ,  in. 30. 14 30. 14

U -2 3 5  lo a d in g ,  g m 40. 43 39. 34
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C on clu sion s reach ed  a s  a r e s u lt  of the W et C r itic a l T e s ts  are:

(1) The P M -1  c o re  (w ith co n tro l rod s fu lly  in serted ) is  su b -  
c r it ic a l  when flood ed .

(2) W ith one rod stu ck  fu ll out, the co re  is  shut down by -0 , 73%
a k / k .

(3) F ro m  the c r it ic a l  p o s it io n s  of tw o adjacent rods w ith  four 
rod s in , the tw o stu ck  rod shutdown m argin  m ay be c a lc u ­
la ted ,

(4) The s im ila r ity  o f the P M -1  and PM Z c o r e s  w as dem on strated .

(5) The adequacy of the PM  so u r c e s  w as dem on strated .

The data in th is  appendix in d ica tes  that the d if feren ces  in the fuel 
and s ta in le s s  s t e e l  content of the fu e l tu b es are  la r g e ly  s e lf -c o m p e n ­
sa tin g  w ith  r e s p e c t  to  to ta l c o re  r e a c t iv ity . F tirth erm ore , data d e ­
velop ed  in  the ex p er im en ta l a s se m b ly *  in d icate  that the s m a ll d if ­
fe r e n c e s  l is te d  above have a n eg lig ib le  e ffe c t  on such  p a ra m eters  a s  
tem p era tu re  c o e ffic ien t of r e a c tiv ity  and pow er d istr ib u tion . F in a lly , 
the data p resen ted  h ere  in d ica te  that su ffic ien t shutdown is  ava ilab le  
in the rod s of the P M -1  co re  to  a s su r e  op eratin g  sa fety  under c o n ­
d ition s of the m o st s tr in g en t "stuck rod s"  req u irem en t.

The P M -1  co re  W et C r it ic a l T e s ts  w ere  conducted in T e s t  C e ll 1 of 
the M artin  M arietta  C r it ic a l E x p erim en ts  F a c ility  u sin g  the PM Z  
a sse m b ly * *  w ith  m in or m o d ifica tio n s. The a sse m b ly  is  shown in F ig . 
D -1 . The P M -1  c o re  shroud w as in s ta lled  on the PM Z co re  support 
stand . Both the inn er and ou ter PM Z th erm a l sh ie ld  m ockups w ere  
lo ca ted  in th e ir  p rop er p o s it io n s . T h ese  w ere  req u ired , s in ce  they  
in c r e a se  the r e a c tiv ity  of the co re  by 1. 83% A K /K . S p ecia l turnbuckle  
b ra ck ets  w e re  in sta lled  to  a s su r e  that the co re  shroud w as held  r ig id ly  
in p la c e . The only co n tro l rod s u sed  w e re  the s ix  P M -1 ro d s . To 
d rive  th e se  r o d s , four n o n scram m ab le  T e le f le x  actu ators w ere  u sed .
In tw o adjacent lo ca tio n s  (C ore L o ca tio n s I and VI, F ig . D -2 ) the rods  
w ere  d r iven  by scra m m a b le  L ear  a c tu a to rs . A ppropriate in ter lo ck s  
w ere  a s so c ia te d  w ith the L ea r  a c tu a to rs  to  a s su r e  that a m in im um  of 
2% A k /K  w as a lw ays a v a ila b le  for  fa s t  shutdown. The u se  of only two  
scra m m a b le  a c tu a to rs  im p o sed  lim ita tio n s  on p erform an ce  of the t e s t s ,  
but did not p reven t any req u ired  te s t  fro m  being conducted.

*M N D -M -1858.
**D escrib ed  in M N D -M -1858, "PM C r itic a l E xp erim en ts and Z ero  

P ow er Testing."
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The boron  p o lyeth y len e  s tr ip s ,  u sed  to  a s su r e  n u clea r  sa fe ty  of 
the fu e l bu ndles during the c lea n in g  p r o c e s s  a fter  fa b r ica tio n , w ere  
in  ea ch  fu e l tube w hen the fu e l bundles w ere  d e liv e r ed  to  the c r it ic a l  
fa c il ity . T h ese  s tr ip s  w e re  0. 25 inch  square and 32 in ch es long and 
conta in ed  10% natural boron  by w eigh t. The s tr ip s  w ere  p o sition ed  in  
the fu e l tu b es so  that the lo w er  end of ea ch  s tr ip  w a s lo ca ted  at the 
bottom  plane of the c o r e . T h ese  s tr ip s  w ere  not only rem oved  e x ­
p er im en ta lly  to  a s su r e  a sa fe  approach to  c r it ic a l ity , but w ere  a lso  
u sed  to  p o iso n  the co re  for  the eva lu a tion  m ea su rem en ts  m ade during  
the t e s t s .

The m ea su rem en ts  m ade in the W et C r it ic a l T e s t  P ro g ra m  co n ­
s is te d  of d eterm in in g  the d ev ia tio n s in  r e la t iv e  w orth  of the ind ividual 
bundles for  ea ch  c o r e , the d ev ia tion s in  r e la t iv e  w orth  of the ind ividual 
co n tro l rod s for each  c o r e , and the fo llow in g  c r it ic a l  rod bank p o s itio n s  
for  ea ch  core:

(1) C r it ic a l s ix -r o d  bank p o sitio n .

(2) C r it ic a l f iv e -r o d  bank p o s it io n  w ith  one rod fu lly  w ithdraw n.

(3) C r it ic a l p o s it io n  of tw o adjacent rod s w ith  the rem ain in g  
fou r rod s fu lly  in se r te d .

In ad d ition , m isc e lla n e o u s  m ea su rem en ts  w ere  m ade. One w as the 
eva lu a tio n  of the boron p o lyeth y len e  s tr ip s . The oth er w as an e v a l­
uation  to  d eterm in e  that the PM  so u r c e s  a re  su ffic ie n tly  s tro n g  that 
th ey  w il l  produce a m in im u m  of fiv e  counts p er  secon d  on the PM  
startup  ch a n n els .

A ll r e a c t iv it ie s  p re sen ted  in th is  appendix a re  b a sed  on an e ffe c t iv e  
d elayed  neutron  fra c tio n  of 0. 0069. T h is  va lu e w as obtained fro m  the 
la te s t  r e a c t iv it y -v e r s u s - s ta b le  r e a c to r  p er iod  c a lcu la tio n s  for the 
P M -1  c o r e .

1. Bundle and Rod E valuation

The r e la t iv e  r e a c tiv ity  w orth s of the bundles and the con tro l rods  
in ea ch  c o re  w ere  d eterm in ed  so  that rod s and bundles could  be

• m atch ed  to  m a x im ize  shutdown m a rg in s under the stu ck  rod con d ition s  
and to  en su re  that the m o st s tr in g en t shutdown c a s e s  w ere  te s te d .

a . R e la tiv e  bundle eva lu ation

The d ev ia tio n s in r e la t iv e  bundle w orth s w ere  obtained by peaking  
the neutron  flvix into the bundle b e in g  eva lu ated  to  m a x im ize  d iffe re n c e s  
and then  m ea su r in g  r e la t iv e  r e a c tiv ity  on the co n tro l rod op p osite  the 
bundle b ein g  eva lu a ted . P eak in g  the flux  into the t e s t  bundle d e p r e sse d
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the flux in  the m ea su r in g  rod bundle, thus in c r ea s in g  the s e n s it iv ity  
of the m ea su rem en t (m axim um  rod m otion  per unit change in r e ­
a c tiv ity ) , The flu x  w as peaked into the t e s t  bundle by p o ison in g  the 
rem a in in g  bundles w ith  a u n iform  d istr ib u tio n  of boron polyeth ylen e  
s tr ip s . C r it ic a lity  w as e s ta b lish e d  w ith  five  rod s fu lly  w ithdrawn and 
the s ix th  rod (in  the bundle op p osite  the one being eva lu ated ) p a rtia lly  
w ithdraw n. T h u s, the r e la t iv e  r e a c tiv ity  w orth  of the bundle w as d e ­
term in ed  by the p o sitio n  at c r it ic a lity  of the s ix th  rod . The re la tiv e  
rod p o s it io n s  w ere  tra n s la ted  into r e a c tiv ity  by p eriod  evalu ation .
F or th e se  m e a su r e m e n ts , s ix  PM Z co n tro l rod s w ere  u sed . In p r e ­
v io u s  w ork , the d if fe r e n c e s  in r e a c tiv ity  w orth s of th ese  rod s w ere  
found to  be e x tr e m e ly  sm a ll  in co m p a r iso n  to the rea c tiv ity  d iffe re n c e s  
b etw een  fu e l b u n d les.

The r e a c tiv ity  d if fe r e n c e s  had b een  m agn ified  by peaking the flux  
in to the bundle b e in g  eva lu a ted . F ro m  data obtained in the P M Z -1  
p ro g ra m * , it w as d eterm in ed  that peaked r ea c tiv ity  w orths under  
s im ila r  con d ition s to th o se  of th is  study w ere  ap p rox im ately  1, 5 t im es  
the unpeaked w orth .

T able D -3  p r e se n ts  the w orth s of the bundles of each  co re  re la t iv e  
to  th e m o st r e a c tiv e  bundle in that c o r e . A lso  l is te d  are  the average  
v a r ia tio n s  fro m  the m o st r e a c tiv e  bundle, both in the peaked flux co n ­
d ition  and c o r r e c te d  to  the unpeaked con d ition , as d escr ib ed  above.

T A BLE D -3
R e la tiv e  Bundle W orths

Bundle

R ea ctiv ity  
D ifferen ce  
(% A k /K )

1 -0 , 065
2 -0 ,1 1 0
3 -0 ,1 5 4
4 -0 ,1 7 5
5 -0 , 164
6 —

A verage -0 , 111
A v era g e  (unpeaked) -0 ,0 7 4

*M N D -M -1858 , "PM C r it ic a l E x p erim en ts  and Z ero  P ow er T estin g ,"
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In c o n s id er in g  the d ev ia tio n s in r e la t iv e  w orth  of the b u n d les, it
should  be reco g n ized  that the d ev ia tio n s  show n in  T able D -3 a re  v e ry
s m a ll ,  r ep re sen tin g  l e s s  than 0. 5% of the to ta l w orth  of the bundle.
T h is  a s su m e s  that 1 /6  of the K of the co re  (1. 1474, b ased  on P M Z -1eti
data) i s  contribu ted  by e a ch  bundle,

b. R e la tiv e  rod eva lu ation

The r e la t iv e  r e a c tiv ity  w orth s of the co n tro l rod s fo r  each  co re  
w e re  obtained by fu lly  in se r t in g  ea ch  rod s u c c e s s iv e ly  in the sam e  
lo c a tio n  in  the c o re  and eva lu a tin g  the r ea c tiv ity  w orth s on a PM Z  
rod  in the op p osite  bundle. The four rem ain in g  rod lo c a tio n s  w ere  
occu p ied  by PM Z r o d s . In ea ch  c a s e ,  the rod w as lo ca ted  in  the co re  
s o  that the p o iso n  w as one inch  above the top of the bottom  grid  at fu ll 
in se r t io n . T h is  lo ca ted  the bottom  of the p o ison  in the sam e plane a s  
the bottom  of the a c tiv e  c o r e . The p o iso n  lo ca tio n  u sed  for the rod w as  
the a v era g e  of the lo c a tio n s  of p o iso n  in the th ree  b la d es  of the rod .
The lo ca tio n  of the p o iso n  in ea ch  blade w as d eterm in ed  by X -r a y s  a s  
the d ista n ce  fro m  the end of the blade to  the fu rth est ex tr em ity  of the  
p o iso n  w ith in  the b lad e.

The m ea su rem en t w as p erfo rm ed  w ith  the rod b ein g  m ea su red  fu lly  
in se r te d  and the ev a lu a tion  m ade on the op p osite  rod . T h is approach  
w as taken  to a s su r e  eva lu ation  of the to ta l rod and to  in c r e a se  the s e n s i ­
t iv ity  o f the m ea su rem en t by u s in g  a rod in the m in im um  flux reg io n  
fo r  the eva lu a tion .

To e s ta b lish  c r it ic a l ity  w ith  one rod (the rod b ein g  m ea su red ) fu lly  
in s e r te d , the op p osite  rod p a r tia lly  in se r ted  and the rem a in in g  rod s  
fu lly  w ithdraw n, th e co re  w as u n iform ly  p o ison ed  w ith  126 boron  p o ly ­
e th y len e  s tr ip s  (21 p er  bundle) a s  show n in F ig , D -2 , The r e la t iv e  
w orth s of the ro d s b ein g  eva lu a ted  w e re  s e e n  a s  d iffe re n c e s  in p o s itio n  
of the op p osite  rod . T h ese  d if fe r e n c e s  w ere  re la ted  to  r ea c tiv ity  by 
p er io d  e v a lu a tio n s.

The w orth s of the ro d s in e a ch  c o re  r e la t iv e  to  the m ost e ffe c t iv e  
rod in that co re  a re  p resen ted  in T able D -4 , w hich  a ls o  sh ow s the 
a v era g e  v a r ia tio n  from  the s tr o n g e st  rod .

The a v era g e  d ev ia tio n  fro m  the m o st e ffe c t iv e  rod r e p r e se n ts  l e s s  
than 1% of the w orth  of the rod , w h ich  w as found in the P M Z -1  p rogram  
to  be 2, 27% A K /K .
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T A BLE D -4  
R ela tiv e  Rod W orths

Rod

R eactiv ity  
D ifferen ce  
(% A K /K )

15 -0 .0 1 2
16 -0 .0 2 7
18 -0 .0 1 2
19 -0 .0 1 6
20 -0 .0 1 8
22 - -

A verage -0 .0 1 4

c . B u n d le -ro d  m atch ing

To m a x im ize  the fo u r -ro d  shutdow n m arg in  under the two stuck  rods  
cond ition , the bundles and rod s w ere  m atched in the order of th eir  
r e la t iv e  w o r th s , i . e .  , the m o st e ffe c t iv e  rod w ith  the s tr o n g e st bundle, 
e tc . A lthough the d if fe r e n c e s  in the r ea c tiv ity  a s so c ia te d  w ith individual 
bundles are  s e e n  to  be too sm a ll to  produ ce a s ig n ifica n t am ount of flux  
t ilt in g , a co re  con figu ration  w as ch o sen  w hich  a ltern a te s  bundles of 
high and low r e a c tiv ity . T able D -5  show s the bundle and rod co n fig u ­
ra tio n s for the c o r e . The con figu ration  show n is  r e la t iv e , s in ce  the 
p o s itio n  of L oca tion  I in the p r e s s u r e  v e s s e l  is  a rb itra ry .

T A BLE D -5
Bundle and Rod C on figu ration s for  Shipm ent

L ocation Bundle Rod
I 6 22

n 3 19
m 2 18
IV 5 16
V 1 15

VI 4 20
Spare 7 21
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F igu re  D -3  sh ow s the co n fig u ra tio n s of the P M -1  c o r e . Included  
in th is  fig u re  a re  bundle lo c a tio n , rod lo ca tio n  and the blade o r ien ta tion  
for  ea ch  rod ,

2. C r it ic a l Bank P o s it io n s

C r itic a l p o s it io n s  w ere  d eterm in ed  for  th ree  d ifferen t rod bank  
co n fig u ra tio n s . The c r it ic a l  p o s itio n  of the s ix -r o d  bank g iv e s  an 
ap p rox im ate  m ea su re  of to ta l co re  r e a c tiv ity . W ith one rod fu lly  w ith ­
draw n, the c r it ic a l  p o s itio n  of the rem ain in g  fiv e  rod s y ie ld s  a m ea su re  
of the shutdown m arg in  for the cond ition  of one rod stu ck  fu ll out of the 
c o r e . The c r it ic a l  p o s itio n  of tw o adjacent rod s w ith the rem ain in g  
ro d s fu lly  in se r te d  p r e se n ts  the r e fe r e n c e  point fro m  w hich  the sh u t­
down m arg in  w ith  two rods stu ck  in the op eratin g  p o s itio n  m ay be c a lc u ­
la ted .

F or the c r it ic a l  bank p o sitio n  m e a su r em e n ts , the tw o m o st r ea c tiv e  
b u n d le-rod  co m b in a tio n s, a s  d e scr ib ed  in S ection  I c , w ere  loca ted  
under the adjacent scra m m a b le  L ear  a c tu a to rs . The two w ea k est  
b u n d le-rod  com b in ation s w ere  on the op p osite  s id e  of the c o r e . T h is  
p erm itted  the eva lu a tion  of the shutdown m arg in  for e ith er  of the two 
w o r st co n d ition s of one rod stuck  fu ll out and for the w o r st tw o -s tu c k -  
rod con d ition . A ll rod s w ere  adjusted  so  that the bottom  of the p o ison  
w as in the bottom  p lane of the a c tiv e  c o r e , a s  d e scr ib e d  in S ection  lb .

T able D -6  p r e se n ts  the b u n d le-rod  o r ien ta tio n  w hich  w as u sed  for  
the c r it ic a l  bank p o s itio n  d e term in a tio n s . L oca tion s I and VI w ere  
the adjacent bu ndles under the scra m m a b le  L ea r  a c tu a to rs .

TA BLE D -6
Bundle and Rod C onfigurations for  

C r itic a l Bank P o s it io n  D eterm in a tio n s

L ocation Bundle Rod

I 1 15
II 2 18

n i 3 19
rv 4 20
V 5 16

VI 6 l22
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T a b le  D -7  p r e s e n t s  th e  c r i t i c a l  b a n k  p o s i t io n s  a s  m e a s u r e d  a t  the  
t e m p e r a t u r e s  in d ic a te d  f o r  e a c h  c o r e  s tu d ie d ,  in c lu d in g  s p a r e  b u n d le s .  
T h e  s p a r e  b u n d le  w a s  e v a lu a te d  by  r e p l a c in g  s im u l ta n e o u s ly  th e  bund le  
in  L o c a t io n  I an d  th e  c e n t e r  b und le  w i th  th e  r e s p e c t i v e  s p a r e  b u n d le s  
a n d  d e te r m in in g  th e  c r i t i c a l  b a n k  p o s i t io n s .  O nly  th e  c r i t i c a l  5 - r o d  
b a n k  w ith  one r o d  o u t and  th e  c r i t i c a l  2 - r o d  b a n k  w i th  4 in  w e r e  r e ­
q u i r e d  to  d e m o n s t r a t e  t h a t  th e  c o r e  w i th  s p a r e  b u n d le s  w ould  m e e t  th e  
s tu c k  r o d  r e q u i r e m e n t s .

C r i t i c a l  p o s i t io n s  a r e  p r e s e n t e d  in  T a b le  D -7  a s  in c h e s  w i th d ra w n  
f r o m  th e  z e r o  p o s i t io n ,  d e f in ed  in  S e c t io n  lb .

T he  sh u td o w n  m a r g i n s  and  r e a c t i v i t i e s  w e r e  o b ta in e d  f r o m  P M Z - 1  
d a ta ,  a s  d e s c r i b e d  b e lo w .

T A B L E  D -7
C r i t i c a l  B an k  P o s i t i o n s  ( i n . )

P r e d i c t e d P M - 1 S p a re

T e m p e r a t u r e  (“C) 20. 0 13. 7 1 3 .4

C r i t i c a l  6 r o d s 8. 15 8. 55 8 .5 8

C r i t i c a l  5 r o d s  
R od  I  ou t 
R od  VI out

3. 08
5. 10 
5 .2 6

4 .9 6

R od in  P o s i t i o n  I 
Rod in  P o s i t i o n  VI

15
22

21

C r i t i c a l  2 r o d s 14. 53 1 5 .2 7 15. 13
Shutdow n m a r g i n  f o r  

w o r s t  c a s e  of 1 
s tu c k  r o d  (% A K /  K) - 0 .2 1 -0 .  73 - 0 .6 8

T o ta l  c o r e  r e a c t i v i t y  
(% A K /K ) 12. 87 1 2 .3 7

In T a b le  D -8 ,  th e  b a n k  p o s i t io n s  and  r e a c t i v i t i e s  h av e  b e e n  c o r r e c t e d  
to  20* C, u s in g  th e  t e m p e r a t u r e  c o e f f ic ie n t  of -0 .0 0 7 9 %  Ak /K  p e r  d e g r e e  
c e n t ig r a d e  o b s e r v e d  in  th e  t e m p e r a t u r e  r a n g e  of 20“ to  30“ C in  th e  P M Z - 1  
p r o g r a m .
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T A B L E  D -8
C r i t i c a l  B an k  P o s i t i o n s  C o r r e c t e d  to  20® C (in. )

P r e d i c t e d  P M -1  S p are
C r i t i c a l  6 r o d s  8 .1 5  8 .5 9  8 .6 2
C r i t i c a l  5 r o d s  3 .0 8

Rod I out 5. 25 5 .11
Rod VI out 5 .41

R od in  P o s i t io n  I 15 21
Rod in  P o s i t io n  VI 22
C r i t i c a l  2 r o d s  14 .53  1 5 .3 7  15 .23

Shutdow n m a r g in  
f o r  1 s tu c k  ro d
( % A K /K )  - 0 .2 1  - 0 .7 8  - 0 .7 3

T o ta l  c o r e  r e a c t i v i ty
( % A K /K )  1 2 .8 7  12 .32

T he sh u td o w n  m a r g in s  an d  r e a c t i v i t i e s  p r e s e n te d  in T a b le s  D -7 
and  D -8  w e r e  b a s e d  on e x t r a p o la t io n s  of d a ta  o b ta in ed  in  the  P M Z -1  
p r o g r a m .  In th e  P M Z  s tu d ie s ,  i t  w as  d e m o n s t r a t e d  th a t  c o n t ro l  ro d  
w o r th  w a s  no t a p p r e c ia b ly  a f f e c te d  by m in o r  c h a n g e s  in  m a t e r i a l  
c o m p o s i t io n  of th e  c o r e .  T h e  m a t e r i a l  d i f f e r e n c e s  b e tw ee n  the P M Z  
and P M  c o r e s  w e r e  s u f f ic ie n t ly  s m a l l  th a t  th e  P M Z - 1  d a ta  c an  be 
u s e d  f o r  the  e x t r a p o la t io n  c o n s id e r e d  h e r e in .  In th e  P M Z -1  w ith  one 
ro d  fu l ly  w i th d ra w n ,  c r i t i c a l i t y  w a s  e s t a b l i s h e d  w ith  the  r e m a in in g  
five  r o d s  w i th d ra w n  to  3. 17 in c h e s .  T h is  r e p r e s e n t e d  a  shu tdow n 
m a r g in  of -0 .  23% A K / K .  T he  shu tdow n m a r g in s  show n in T a b le s  D -7 
and  D -8  w e r e  o b ta in e d  by  d e te r m in in g  th e  r e a c t i v i t y  d i f f e r e n c e  b e tw ee n  
th e  f i v e - r o d  b a n k  a t  3.17 in c h e s  and  a t  th e  m e a s u r e d  p o s i t io n  fo r  e a c h  
of th e  P M  c o r e s ,  u s in g  the  P M Z - 1  c u r v e  f o r  the  w o r th  of five  r o d s  
w ith  one ro d  fu l ly  w i th d ra w n .  T he shu tdow n  m a r g in  p r e s e n t e d  is  the  
s u m  of th i s  d i f f e r e n c e  and  -0 .2 3 %  A K / K .  T he  to ta l  r e a c t i v i t y  of the 
P M Z - 1  c o r e  w a s  12. 85% A k /K ,  w i th  th e  c r i t i c a l  s i x - r o d  ban k  a t  8. 17 
in c h e s  w i th d ra w n .  T o ta l  r e a c t i v i t i e s  show n  in T a b le s  D -7  and D -8 
w e r e  o b ta in e d  by s u b t r a c t i n g  f r o m  12. 85% th e  r e a c t iv i ty  d i f f e r e n c e s  
b e tw e e n  8. 17 in c h e s  and  the  m e a s u r e d  c r i t i c a l  s i x - r o d  b an k  p o s i t io n s  
fo r  th e  P M  c o r e s ,  u s in g  the  s i x - r o d  b an k  w o r th  c u rv e  f r o m  P M Z - 1 .

3. M is c e l la n e o u s  M e a s u r e m e n ts

a .  B o ro n  p o ly e th y le n e  s t r i p  e v a lu a t io n

A s d e s c r i b e d  in  th e  b eg in n in g  of th i s  ap p en d ix ,  a l l  c o r e s  w e re  
d e l iv e r e d  to  th e  c r i t i c a l  f a c i l i ty  w ith  a  b o ro n  p o ly e th y le n e  s t r i p  in e a c h
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fu e l  tu b e .  T h e s e  s t r i p s  w e r e  r e m o v e d  e x p e r im e n ta l ly  to  a s s u r e  a 
s a fe  a p p r o a c h  to  c r i t i c a l i t y  and  w e r e  u s e d  to  p o iso n  the  c o r e  f o r  the  
bund le  and  ro d  w o r th  e v a lu a t io n s .

T he b o ro n  s t r i p s  w e r e  r e m o v e d  in c r e m e n t a l ly  f r o m  e a c h  c o r e ,  
u s in g  th e  s t a n d a r d  m u l t ip l ic a t io n  te c h n iq u e  in  w h ich  in v e r s e  m u l t i p l i ­
c a t io n  is  p lo t te d  a s  a  fu n c t io n  of n u m b e r  of s t r i p s  r e m o v e d  to  p r e d i c t  
th e  sa fe  n e x t  i n c r e m e n t a l  r e m o v a l .  T he  s t r i p s  r e m o v e d  fo r  e a c h  i n ­
c r e m e n t  w e r e  u n i fo r m ly  d i s t r i b u t e d  th ro u g h o u t  the  c o r e .  T he  end  p o in t 
of the  s t r i p  r e m o v a l  fo r  e a c h  c o r e  w a s  th e  a p p r o p r i a t e  s t r i p  lo a d in g  fo r  
th e  e v a lu a t io n  w h ich  fo l lo w ed . In th e  c a s e  of the  f i r s t  c o r e  s tu d ie d ,  
th i s  end  p o in t  w a s  w ith  a l l  s t r i p s  r e m o v e d .

As an  a id  in  d e te r m in in g  s t r i p  d i s t r ib u t io n  r e q u i r e m e n t s  fo r  the  
v a r io u s  e v a lu a t io n s  th a t  w e r e  m a d e ,  the  r e a c t iv i t y  w o r th  of an  a v e r a g e  
b o ro n  p o ly e th y le n e  s t r i p  w a s  m e a s u r e d .  B e c a u s e  of th e  h eav y  b o ro n  
lo a d in g  in  the  s t r i p s ,  th e y  w e r e  s u f f ic ie n t ly  " b la c k "  th a t  the  d i f f e r e n c e s  
in  s t r i p  w o r th  w e r e  a  fu n c t io n  of lo c a t io n  in  th e  c o r e  on ly . T he s t r i p s  
w e r e  e v a lu a te d  by lo c a t in g  10 s t r i p s  u n i fo r m ly  in  th e  c o r e ,  a s  show n 
in  F ig .  D -4 .  T he  w o r th  of th e  10 s t r i p s  w a s  d e te r m in e d  by p e r io d  
e v a lu a t io n .  F r o m  th i s  m e a s u r e m e n t ,  the  w o r th  of an  a v e r a g e  s t r i p  
w a s  d e t e r m in e d  to  be  0. 064% A K /K . T h is  i s  s l ig h t ly  l e s s  th a n  3 t i m e s  
th e  w o r th  ( a v e ra g e  of 0. 024% A K /K )  of the  s t r i p s  u s e d  in  th e  P M Z  
p r o g r a m .

F r o m  the  s t r i p  e v a lu a t io n  d a ta  c o m b in e d  w ith  th e  i n v e r s e  m u l t i p l i ­
c a t io n  d a ta  o b ta in e d  d u r in g  the  s t r i p  r e m o v a l ,  it  w a s  d e te r m in e d  th a t  
175 u n i fo r m ly  d i s t r i b u t e d  s t r i p s  w e r e  r e q u i r e d  to  c o n t r o l  th e  r e a c t i v i t y  
of the  c o r e  w ith  a l l  c o n t r o l  r o d s  ou t a t  20° C. A to ta l  of 300 u n i fo r m ly  
d i s t r i b u t e d  s t r i p s  w ould  m a in ta in  th e  c o r e  8% A K /K  s u b c r i t i c a l  w ith  
no c o n t r o l  r o d s  in  th e  c o r e .  T h u s ,  a  c o r e  w ith  300 u n i fo r m ly  d i s t r ib u te d  
s t r i p s  and  s ix  c o n t r o l  ro d s  fu lly  i n s e r t e d  w ould  h av e  a  K of a p p r o x i ­
m a te ly  0 .8. ^

b. P M  s o u r c e  e v a lu a t io n

To d e te r m in e  w h e th e r  the  P M  s o u r c e s  w i l l  be  a d e q u a te  to  p ro d u c e  
a m in im u m  of f ive  co u n ts  p e r  s e c o n d  on the  PM s t a r t u p  c h a n n e ls  a t  
in i t ia l  s t a r t u p ,  an  e v a lu a t io n  w as  o b ta in ed  in the  w e t  c r i t i c a l  a s s e m b ly  
w ith  o p e r a t in g  c o n d it io n s  m o ck ed  up a s  c lo s e ly  a s  p r a c t i c a l .  F ig u r e  
D -5  sh o w s  th e  lo c a t io n  of th e  s t a r t u p  c h a m b e r  w ith  r e s p e c t  to  th e  
s o u r c e  and  c o r e  fo r  b o th  th e  P M  s y s t e m s  and  th e  w e t  c r i t i c a l  a s s e m b ly  
m o ck u p . As F ig .  D -5  in d ic a te s ,  th e  only  d i f f e r e n c e  b e tw e e n  th e  g e ­
o m e t r i e s  of th e  P M  and  w e t c r i t i c a l  s y s t e m s  w a s  th e  m a t e r i a l  b e tw e e n  
the  p r e s s u r e  v e s s e l  and  the  c h a m b e r .  T he  w e t  c r i t i c a l  m o ck u p  had  9 
in c h e s  of w a te r  in s te a d  of th e  f i b e r g l a s ,  5 in c h e s  of le ad  and  2 - 1 / 4  
in c h e s  of w a te r  in  the  P M  s y s t e m .  S ince the  a t te n u a t io n  of n e u t ro n s
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is  g r e a te r  in  w a te r  th an  in  le a d , m e a s u re m e n ts  in  th e  w et c r i t ic a l  
m ockup w ould be  m o re  p e s s im is t ic  th an  th e  a c tu a l c a s e .  In add ition , 
th e  lead  is  p r im a r i ly  a  g am m a r a y  sh ie ld  fo r  th e  c h a m b e r , and a t the  
in it ia l  s ta r tu p ,  th e re  w ill be n eg lig ib le  g am m a p re s e n t .  The m e a s u re ­
m en t w as m ade u s in g  a  P o -B e  so u rc e  w ith  a  s tre n g th  of ap p ro x im a te ly  
1 .4  c u r ie s ,  co m p a re d  to  30 c u r ie s  fo r  the  PM  s o u rc e s .  The d iffe ren ce  
in  s o u rc e  s tre n g th  w as th e r e fo re  a  fa c to r  of 21, a ssu m in g  the  sam e  
e ffic ien cy  fo r  th e  two s o u rc e s .

F o r  th e  m e a s u re m e n t, a  BFg p ro p o rtio n a l c o u n te r  fro m  a PM
s ta r tu p  ch an n el w as u se d  w ith  th e  in s tru m e n ta tio n  f ro m  PM Z C hannel 
2. If a  p ro p o rtio n a l  c o u n te r  is  o p e ra te d  on i ts  p la te a u , the  e ffic ien cy  
of th e  ch annel w ill be independen t of th e  e le c tro n ic s  w hich  follow  the 
c h a m b e r . The o p e ra tin g  p la te a u  fo r  th e  s y s te m  u sed  w as m e a su re d  to  
ex tend  fro m  2200 to  2500 v o lts . T he te s t  w as ru n  w ith the ch am b er op­
e ra te d  a t 2300 v o lts .

M e a su re m e n ts  w e re  m ade in  a  P M  c o re  w ith  s ix  PM Z c o n tro l ro d s  
and no b o ro n  s t r ip s .  S ince p re v io u s  m e a s u re m e n ts  had  d em o n s tra te d  
th a t  th e  P M Z  ro d s  d iffe re d  f ro m  th e  PM  ro d s  by le s s  th an  2% of the 
to ta l  w o rth , th e  u se  of th e  P M Z  ro d s  did not p re ju d ic e  the  r e s u l ts  of 
th is  m e a s u re m e n t. The b ack g ro u n d  count r a te  w as m e a su re d  w ith  the 
P M Z  s o u rc e  in  the  s to ra g e  p ig , w hich  r e s u l te d  in a h ig h e r  th an  n o rm a l 
back g ro u n d  count r a te  (1 5 .1  coun ts  p e r  seco n d ). To re d u ce  counting 
s ta t i s t i c s ,  e ac h  m e a su re m e n t w as m ade fo r  su ffic ien t tim e  to  p ro d u ce  
a m in im u m  of 10, 000 co u n ts .

W ith th e  t e s t  so u rc e  in s ta l le d  in  th e  c o re  (and th e  PM Z so u rc e  in 
the  s to ra g e  p ig ), m e a s u re m e n ts  w e re  m ade w ith  a ll  ro d s  fu lly  in se r te d  
and w ith  th e  tw o ro d s  on s c ra m m a b le  L e a r  a c tu a to rs  (the ro d s  lo ca ted  
b e tw een  th e  s o u rc e  and the  P M  c h a m b e r)  w ithd raw n  to  10. 25 and 12. 50 
in c h e s . The r e a s o n  fo r  u s in g  d iffe re n t ro d  p o s itio n s  w as to  dem o n ­
s t r a te  th a t  ad eq u a te  count r a te s  w ould be se e n  a t  s ta r tu p  and to  show 
th a t  th e  c h a m b e r  w ould s e e  m u ltip lic a tio n  a s  th e  c o n tro l ro d s  w e re  
w ith d raw n . T ab le  D -9 p r e s e n ts  th e  m e a s u re d  count r a te s  a f te r  su b ­
t r a c t in g  b ack g ro u n d  and th e  an tic ip a te d  count r a te s  fo r  th e  PM  so u rc e  
fo r  the  v a r io u s  p o s itio n s  of th e  tw o c o n tro l ro d s  w ith  the o th e r  four 
ro d s  fu lly  in s e r te d .  The an tic ip a te d  P M  count r a te s  w ere  ob ta ined , 
u s in g  th e  fa c to r  of 21 d iffe re n c e  b e tw een  the  s o u rc e s  d e sc rib e d  above.

TA B LE D -9
S ource  Count R a te s

A n tic ip a ted  PM
Rod P o s itio n  M ea su re d  Count R a te s  Count R a tes

(in ch es  w ith d raw n ) (counts p e r  second) (counts p e r  second)
In 10 .5  220
10 .25  27 570
12 .50  57 1200
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T ab le  D -9 d e m o n s tra te s  th a t th e  P M  s o u rc e s  w ill be adequate  to  
p ro d u ce  m o re  th an  th e  m in im u m  re q u ire d  count r a te  a t s ta r tu p  and to  
p e rm it  the  P M  c h a m b e rs  to  see  m u ltip lic a tio n . The d iffe re n c e s  in 
count r a t e s  p re s e n te d  in T ab le  D -9 w e re  v e r if ie d  by c o m p a ra b le  d if f e r ­
e n c e s  s e e n  on the  PM Z  s ta r tu p  ch an n e l.

4 . W a te r  S am p les

To a s s u r e  th a t  the  P M  c o re s  w e re  no t co n tam inated  by the  w a te r  
of th e  P M Z  s y s te m s ,  s a m p le s  of the  w a te r  w e re  c h e m ica lly  an a ly zed  
p e r io d ic a lly  th ro u g h o u t th e  p ro g ra m . The p u rp o se  of the a n a ly se s  w as 
not to  d e m o n s tra te  th a t th e  PM Z w a te r  m et th e  sp e c if ic a tio n s  of r e ­
a c to r  g ra d e  w a te r .  S p ec ific a tio n s  fo r  r e a c to r  g rad e  w a te r  a r e  b a se d  
on o p e ra tio n  a t  e le v a te d  te m p e ra tu re s  fo r  ex tended  p e r io d s  of t im e . 
The w et c r i t i c a l  t e s t s  w e re  p e rfo rm e d  w ith  w a te r  below  20® C. E ach  
c o re  w as blow n d ry  p r io r  to  packag ing  fo r  sh ip m en t. T h u s, th e  r e ­
q u ire m e n ts  fo r  the  PM Z  w a te r  w e re  th a t i t  no t ex ceed  th e  r e a c to r  
g ra d e  w a te r  sp e c if ic a tio n s  by m o re  th an  a fa c to r  of about 10.

T ab le  D -10 p re s e n ts  th e  r e s u l t s  of the c h e m ic a l a n a ly se s  of the 
P M Z  w a te r  a t  s ig n if ic a n t t im e s  th ro u g h o u t the  W et C r i t ic a l  T e s t  p r o ­
g ra m . S p ec ific a tio n s  fo r  r e a c to r  g rad e  w a te r  a r e  included  fo r  r e f e r ­
en ce .

TA B LE D -10
W ate r A n a ly s is  

R e a c to r  G rade
W ate r Sam ple 4 Sam ple 9

T im e — In itia l ru n A fte r  fin a l 
ru n

P h 6 .8 6 .9 6. 1

R e s is t iv ity  ( fi) > 5 0 0 ,0 0 0 2 ,6 0 0 ,0 0 0 121 ,000
C h lo rin e  io n s  (ppm ) < 0 . 1 0 .2 0 .2 5
B o ro n  (ppm ) ★ none

d e te c te d
none
d e tec ted

S uspended  so lid s  
(ppm )

<2 0 .7

D isso lv ed  so lid s  
(ppm )

< 0 . 5 1. 1

T o ta l so lid s  
(ppm )

< 2 . 5 0. 15 1 .8

’’'irioron co n ten t w as hot a  r e a c to r  g rad e  w a te r  sp e c if ic a tio n . It w as
inc luded  in  th e  a n a ly s is  to  d e te c t any co n tam in a tio n  r e s u lt in g  f ro m  use  
of the  b o ro n  p o ly e th y len e  s t r ip s .
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