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ABSTRACT 

R e a c t i v i t y  t r e n d s  i n  t h e  Molten-Salt  Reac tor  Experiment w e r e  s t u d i e d  

from t h e  beginning  of  power o p e r a t i o n  by comparing p r e d i c t e d  e f f e c t s  of 

changes i n  t h e  c o r e  c o n d i t i o n s  w i t h  observed compensating e f f e c t s  asso- 

c i a t e d  w i t h  c o n t r o l  rod  motion. 

o p e r a t i o n  by us ing  an  a v a i l a b l e  d i g i t a l - c o m p u t e r  d a t a  I.ogger. The changes 

accounted f o r  i n c l u d e d  uranium d e p l e t i o n s  and a d d i t i o n s ;  plutonium produc- 

t i o n ;  ' 3 5 X e ,  samarium, and o t h e r  f i s s i o n  product  p r o d u c t i o n ;  tempera ture  

v a r i a t i o n s ;  and burnout  of  r e s i d u a l  6 L i  and 'OB ( i n  g r a p h i t e ) .  

The c a l c u l a t i o n s  were made on-l.ine, dur ing  

The e n t i r e  p e r i o d  of opera t i -on  w i t h  235U i n  t h e  f u e l  sa1.t was s t u d i e d ,  

and t h e  e s s e n t i a l  conclusi .ons w e r e  as f o l l o w s .  

1. I n  t h e  normal range of r e a c t o r  o p e r a t i n g  c o n d i t i o n s ,  t h e  magnitude 

of  r e s i d u a l  (unaccounted f o r )  r e a c t i v i t y  always remained less t h a n  0.1% 

6 k / k ;  i t s  ra te  of v a r i a t i o n  o v e r  t h e  sampling i n t e r v a l s  was s m a l l  and 

e s s e n t i a l l y  random (+0.01% 6 k / k )  and gave  no i n d i c a t i o n  of i n s t a b i l i t y  of 

t h e  f u e l  composi t ion.  

2 .  The l a r g e s t  "abnormal1r v a r i a t i o n s  observed  i n  t h e  r e s i d u a l  re- 

activity were less t h a n  0.2% 6 k / k  and appeared t o  b e  a s s o c i a t e d  w i t h  

changes i n  xenon poisoning  and t h e  e n t r a i n e d  c i r c u l a t i n g  gas  i n  t h e  c o r e  

a t  scheduled  off-normal  system o p e r a t i n g  c o n d i t i o n s .  Although n o t  ac- 

counted f o r  by t h e  on-l-ine c a l c u l a t i o n s ,  t h e s e  v a r i a t i o n s  were i n  accord  

w i t h  t h e  qualitative b e h a v i o r  expec ted  under t h e s e  c o n d i t i o n s  and hence 

were n o t  regarded  as ev idence  of m a l f u n c t i o n s .  A t  no t i m e  d i d  t h e  magni- 

t u d e  of r e s i d u a l  r e a c t i v i t y  approach t h e  a d m i n i s t r a t i v e  l i m i t  e s t a b l i s h e d  

a t  t h e  s t a r t  of o p e r a t i o n s  (0.5% 6 k / k ,  which i s  t h e  approximate v a l u e  of 

t h e  delayed-neutron f r a c t i o n  w i t h  t h e  f u e l  c i r c u l a t i n g ) .  

3.  The a p p a r e n t  s t a b i l i t y  of o t h e r  c o n d i t i o n s  i n  the c o r e  which 

could  p o t e n t i a l 1 . y  a f f e c t  t h e  r e a c t i v i t y  a l lowed t h e  r e a c t i v i t y  b a l a n c e  

t o  b e  used as an e f f e c t i v e  d i a g n o s t i c  t o o l  f o r  s t u d y i n g  t h e  behavior  

o f  1 3 5 X e  and e f f e c t s  of cover-gas e n t r a i n m e n t  i n  t h e  f u e l  s a l t .  

4 .  The long-term v a r i a t i o n  i n  r e s i d u a l  r e a c t i v i t y  duri.ng t h e  e n t i r e  

p e r i o d  of o p e r a t i o n  w i t h  

t h a t  t h i s  amount of v a r i a t i o n  c o u l d  b e  a s c r i b e d  t o  t h e  combined u n c e r t a i n -  

ti.es i n  t h e r m a l  power l e v e l ,  f i s s i o n  product  removal from t h e  system, 

and s l i g h t  s t r u c t u r a l  changes i n  t h e  g r a p h i t e  dur ing  i r r a d i a t i o n .  

5U was less t h a n  0.1% 6 k / k .  A n a l y s i s  showed 
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1. INTRODUCTION 

A f e a t u r e  of  the. n u c l e a r  o p e r a t i o n s  a n a l y s i s  of t h e  Yol ten  S a l t  Re- 

a c t o r  Experiment (MSRE) t h a t  i s  n o t  y e t  commonly used w a s  o n - l i n e  reac- 

t i v i t y  b a l a n c e  c a l c u l a t i o n s  t o  serve t h e  d u a l  purpose of mal func t ion  

d e t e c t j - o n  and a means of de te rmining  t h e  p r e d i c t a b i l i t y  of t h e  long-term 

nuclear performance of  t h e  r e a c t o r .  MSItE n u c l e a r  o p e r a t i o n s  w e r e  termi- 

n a t e d  a f t e r  about  f o u r  years  of s u c c e s s f u l  power operat i -on encompassing 

t w o  s u c c e s s i v e  f u e l  l o a d i n g s ,  one  wi.th 2 3 5 U  and t h e  o t h e r  w i t h  233U . 
r e p o r t  d e s c r i b e s  e.xperience w i t h  the r e a c t i v i t y  b a l a n c e  c a l c u l a t i o n  as a 

t o o l  of n u c l e a r  o p e r a t i o n s  a n a l y s i s .  

T h i s  

The MSRE was b u i l t  t o  demonst ra te  t h e  f e a s i b : i . l i t y  and o p e r a b i l i t y  of 

a h igh- tempera ture  r e a c t o r  w i t h  a m i x t u r e  of mol ten  f l u o r i d e .  s a l t s  as the. 

c i r c u l a t i n g  f l u i d  f u e l .  A inajor c o n s i d e r a t i o n  i n  t h e  s a f e t y  of any f l u i d -  

f u e l e d  r e a c t o r  i s  t h e  chemical  and p h y s i c a l  s t a b i l i t y  of t h e  f u e l  mix ture .  

Because o f  t h e  m o b i l i t y  of t h e  f u e l ,  a c o n s i d e r a b l e  e f f o r t  w a s  r e q u i r e d  

d u r i n g  all phases  of t h e  r e a c t o r  program t o  a s s u r e  p r o p e r  f u e l  b e h a v i o r  

and t o  a t t e n d  t o  t h e  p o s s i b i l i t y ,  consequences,  and d e t e c t i o n  of any sep-  

a r a t i o n  of f i s s i o n a b l e  m a t e r i a l  from t h e  mixture .  Although t h e r e  was no 

known mechanism f o r  f u e l  s e p a r a t i o n  w i t k i n  a wide range of c o n d i t i o n s  

around t h e  o p e r a t i n g  p o i n t ,  h y p o t h e t i c a l  consequences of uranium separa-  

t i o n  and r e d i s p e r s i o n  w e r e  s t u d i e d  e x t e n s i v e l y  i n  t h e  e a r l y  s a f e t y  ana ly-  

s is  of t h e  r e a c t o r .  These s t u d i e s  formed t h e  main o r i g i n a l  i n c e n t i v e  f o r  

s e t t i n g  u p  a program t o  inoriitor t h e  n u c l e a r  r e a c t i v i t y  o f  t h e  o p e r a t i n g  

sys tem f o r  v a r i a t i o n s  t h a t  might s u g g e s t  abnormal b e h a v i o r  of t h e  fuel. .  

An o p e r a t i n g  l i m i t a t i o n  of -t0.5% f i k / k ,  was a l s o  p l a c e d  on any r e a c t i v i t y  

anomaly. A s  time went on and operat i -ng e x p e r i e n c e  w a s  accumulated,  no 

e v i d e n c e  of any i n s t a b i l i t y  of f u e l  b e h a v i o r  ( p h y s i c a l  o r  chemical)  was 

a p p a r e n t ,  and i n t e r e s t  t ended  t o  s h i f t  toward t h e  use  of t h e  r e a c t i v i t y  

b a l a n c e  c a l c u l a t i o n  a s  an  a i d  i n  a n a l y s i s  of normal nuclear o p e r a t i o n s .  

The u s e  of  r e a c t i v i t y  t r e n d s  f o r  moni tor ing  and a n a l y z i n g  t h e  s t a t e  

of  t h e  r e a c t o r  a c t u a l l y  has  had a long h i s t o r y  i n  power r e a c t o r  develop- 

ment. Perhaps t h e  c l a s s i c  example i s  t h e  f i r s t  d e t e c t i o n  and i d e n t i f i c a -  

t i o n  of the r e a c t i v i t y  poisoning  by ' 3 5 X e  i n  t h e  IIanford r e a c t o r s  by Fermi,  

Wheeler,  and o t h e r s ,  as d i s c u s s e d  by Weinberg and Wigner. ' G e n e r a l l y ,  
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however, r o u t i n e  a p p l i c a t i o n s  of t h i s  t echn ique  tended  t o  remain dormant 

wh.i.le r e f inemen t s  i n  t h e  techni.ques of measurement and mathemat ica l  model- 

i ng  of  t h e  n u c l e a r  performance w e r e  be ing  devel-oped. With t h e  advent  of 

o n - l i n e  d i g i t a l  computers as a means o f  f a s t  d a t a  logging  and p r o c e s s i n g ,  

i n t e r e s t  i n  t h e  p o t e n t i a l  of t h e  r e a c t i v i t y  b a l a n c e  c a l c u l a t i o n  i s  i -ncreas-  

i n & .  

temporary a p p l i c a t i o n s .  

The r e c e n t  a r t i c l e  by Danfor th2  g i v e s  a good s t a t u s  summary of con- 

I n  t h i s  r e p o r t  of t h e  use  o.E r e a c t i v i t y  ba l ance  c a l c u l a t i o n s ,  t h e  

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

t i o n s  of t h e  t echn ique .  Study of t h e  l i t e r a t u r e  i n d i c a t e d  t h a t  el.ements 

o f  t h e  mathemat ica l  d e s c r i p t i o n  of t h i s  method e x i s t e d  l a r g e l y  i n  f ragments  

t h a t  emphasized o t h e r  a p p l i c a t i o n s .  Hence S e c t i o n  2 w a s  w r i t t e n  w i t h  t h e  

i n t e n t  o f  c l a r i f y i n g  tile r u l e s  f o r  us ing  the r e a c t i v i t y  concept  i n  a con- 

s i s t e n t  manner f o r  t h i s  a p p l i c a t i o n .  S e c t i o n  2 i s  e x p o s i t o r y  i n  c h a r a c t e r ,  

and r e a d e r s  who f e e l  s u f f i c i e n t l y  f a m i l i a r  w i t h  t h e  concept  of r e a c t i v i t y  

can omi t  t h i s  s e c t i o n  w i t h o u t  l o s s  of c o n t i n u i t y .  S e c t i o n  3 d e s c r i b e s  

r e a c t i v i t y  e f f e c t s  :in t h e  MSRE and t h e  p rocedures  used f o r  mathemat ica l  

modeling of them. The sources  of d a t a  and c a l c u l a t e d  pa rame te r s  t h a t  a re  

t h e  r e q u i r e d  i n p u t  i n  t h e  r e a c t i v i t y  b a l a n c e  model are  d i s c u s s e d  i n  S e c t i o n  

4 .  The f i n a l  s e c t i o n s  d e s c r i b e  t h e  resu1 .1 :~  of app ly ing  t h i s  t echn ique  i n  

t h e  MSKE n u c l e a r  o p e r a t i o n s  a n a l y s i s  and i n c l u d e  a d i s c u s s i o n  of the i.n- 

t e r p r e t a t i o n  of t h e  r e a c t i v i t y  ba l ance  d a t a  and a r e t r o s p e c t i v e  view of 

t h e  u s e f u l n e s s  and l i m i t a t i o n s  of  t h e  t echn ique  i n  a p p l i c a t i o n  t o  mol.ten- 

s a l t  r e a c t o r  a n a l y s i s .  
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2.  THEORETICAL FOUNDATIONS OF THE REACTIVITY BALANCE 

2 .1  General  C o n s i d e r a t i o n s  

Fundamental p r i n c i p l e s  r e q u i r e  t h a t  f o r  s t e a d y  power o p e r a t i o n  of a 

n u c l e a r  r e a c t o r  a b a l a n c e  be main ta ined  between t h e  ra tes  oi n e u t r o n  pro- 

d u c t i o n  and d i s a p p e a r a n c e  due t o  a b s o r p t i o n s  and leakage t o  t h e  surround-  

i n g s .  S t a t e d  l o o s e l y ,  r e a c t i v i t y  i s  a conceptua l  q u a n t i t y ,  in t roduced  t o  

d e s c r i b e  t r a n s i e n t  s i t u a t i o n s  i n  which t h e s e  ra tes  do n o t  ba lance .  I t  i s  

convenient  t o  e x p r e s s  t h i s  q u a n t i t y  as t h e  r a t i o  of n e t  t o  t o t a l  p roduct lon  

rates of n e u t r o n s  i n  t h e  e n t i r e  r e a c t o r ;  t h a t  i s  

t o t s 1  p r o d u c t i o n  ra te  - t o t a l  rate 
K e a c t i v i t y  = 

t o t a l  p r o d u c t i o n  ra te  

Thus r e a c t i v i t y  i s  a d e f i n e d  q u a n t i t y  t h a t  i s  s u s c e p t i b l e  t o  measurement 

o n l y  by i n d i r e c t  means, and o n l y  i n  t h i s  i n d i r e c t  s e n s e  does  i t  make "physi-  

cal" appearance  when t h e  neut ron  popul-at ion i s  changing.  

o r  power level is  a t  s t e a d y  s t a t e  i n  t h e  absence  of any n e u t r o n  source 

o t h e r  than  the f i s s i o n  cha.tn r e a c t i o n ,  t h e  r e a c t i v i t y  must be z e r o ,  and 

any a t t e m p t  t o  a s c r i b e  s e p a r a t e  r e a c t i v i t y  components t o  t h e  r e a c t o r  s t a t e  

a t  a given  i n s t a n t  o r  t o  changes d u r i n g  a n  i n t e r v a l  of s t e a d y  o p e r a t i o n  i s  

merely a convenient  bookkeeping d e v i c e .  However, i f  p rocedures  are  de- 

veloped € o r  c o n s i s t e n t  u s e  of t h i s  devi.ce t o  moni tor  r e a c t o r  o p e r a t i o n  and 

i t  i s  found t h a t  t h e  a l g e b r a i c  sum of t h e s e  component r e a c t i v i t i e s  d e v i n t e s  

from z e r o ,  thi .s  can mean e i t h e r  t h a t  t h e  c . a l c u l a t i o n s  o f  i n d i v i d u a l  kn0t.m 

e f fec ts  are i n  e r r o r  o r  t h a t  t h e r e  are unknosm o r  anomalous changes occur-  

r i n g  t h a t  are n o t  accounted f o r  i n  t h e  c a l c u l a t i o n s .  Power o p e r a t i o n  o f  

a r e a c t o r  i s  a complex s i t u a t i o n  :in which many e f f e c t s  s i m u l t a n e o u s l y  i n -  

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

a c c o r d i n g  t o  a r e a c t i v i t y  scale a l l o w s  i n d i v i d u a l  exper iments  o r  computa- 

t i o n s  t o  b e  used as an  a i d  i n  i n t e r p r e t i n g  t h e  whole p r o c e s s .  

If t h e  p o p u l a t i o n  

While r e a c t i v i t y  i s  3 c e n t r a l  concept  i.n n u c l e a r  o p e r a t i o n s  a n a l y s i s ,  

t h e  f a c t  t h a t  i t  is  an  i n f e r r e d  q u a n t i t y  can g i v e  r i se  t o  i n c o n s i s t e n c i e s  

i n  a p p l i c a t i o n s .  I n  t h e  r e a c t i v i t y  b a l a n c e ,  we are  concerned w i t h  t h e  
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t h e o r y  of compensating r e a c t i v i t y  changes t h a t  are g e n e r a l l y  n o t  small, 

i n  c o n t r a s t  t o  t h e  many r o u t i n e  a p p l i c a t i o n s  of  t h e  r e a c t i v i t y  concept  i n  

which only  s m a l l ,  uncompensated changes are  cons idered .  T h i s  r q u i r e s  a 

prec ise  examinat ion of t h e  s e n s e  i n  which r e a c t i v i t y  e f f e c t s  are a d d i t i v e .  

With t h e  p r e s e n t  s t a t e  of t h e  art, nei ther -  a n  approach based p u r e l y  

on t h e o r e t i c a l .  c a l c u l a t i o n s  nor  one based e n t i r e l y  on exper imenta l  measure- 

ments i s  p r a c t i c a l . .  I n s t e a d ,  an  o p e r a t i o n a l  r e a c t i v i t y  b a l a n c e  m u s t  con- 

s i s t  o f  a m i x t u r e  of t h e s e  t w o  t y p e s  of e v a l u a t i o n .  Thus t h e  construct!-on 

of  t h e  r e a c t i v i t y  b a l a n c e  al.so i n v o l v e s  r e l a t e d  problems of  i n t e r p r e t i n g  

i n d i v i d u a l  r e a c t i v i t y  measurements, 

A s p e c i f  i.c example, which actual.]-y h a s  p r a c t i c a l  a p p l i c a t i o n  i n  i n t e r -  

p r e t i n g  t h e  MSRE rod tal-ibration exper i rnrn ts ,  can  serve as a p r o t o t y p e  i n  

d i s c u s s i n g  t h e  t h e o r e t i c a l .  c o n s t r u c t i o n  of: t h e  r e a c t i v i t y  b a l a n c e .  111 

F i g .  1 t h e  paraiiieter r e g i o n  d e f i n i n g  a n  impor tan t  p a r t  o f  t h e  rod c a l i b r a -  

t i o n  measurements i s  shown s c h e m a t i c a l l y .  C o n s i d e r a t i o n  o f  v a r i a t i o n s  i n  

ORNL-DWG 71-9805 

Fig .  1. Parameter  r e g i o n  i n  zero-power r o d - c a l i b r a t i o n  experiments .  
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c o r e  t e m p e r a t u r e ,  shim rod p o s i t i o n s ,  xenon and samarium p o i s o n i n g ,  and 

o t h e r  n u c l i d e  changes d u r i n g  power o p e r a t i o n  have been t e m p o r a r i l y  sup- 

p r e s s e d ,  and we have shown o n l y  t h e  e f f e c t  o f  v a r y i n g  t h e  p o s i t i o n  of t h e  

r e g u l a t i n g  rod as t h e  f u e l  s a l t  is e n r i c h e d  w i t h  e x c e s s  f i s s i l e  uranium 

(beyond t h e  amount r e q u i r e d  f o r  c r i t i c a l i t y  w i t h  t h e  r o d s  f u l l y  wi.tt-drawn). 

The ver t ica l  dimension i n  t h i s  "three-dimensional." p l o t  i s  a r e a c t i v i t y  

scale.  The l o c u s  of poi-nts d e s c r i b i n g  t h e  change i n  c r i t i c a l  rod p o s i t i o n  

as excess f i s s i l e  uranium i s  added t o  t h e  r e a c t o r  i s  shown as t h e  s o l i d  

c u r v e  oc l y i n g  i n  t h e  h o r i z o n t a l  p l a n e  ( r e a c t i v i t y  = 0 ) .  T h i s  l o c u s  is  

a g r a p h i c a l  e x p r e s s i o n  of t h e  r e a c t i . v i t y  b a l a n c e  f o r  t h i . s  parameter  re- 

gion.  We may f u r t h e r  observe  t h a t  t h i s  cui-ve ( rod  p o s i t i o n  vs uranlum 

c o n c e n t r a t i o n )  i s  t h e  o n l y  r e l a t i o n  d i r e c t l y  accessib1.e t o  us from e x p e r i -  

ment provided w e  c o n f i n e  o u r s e l v e s  t o  c r i t i - ca l  s ta tes  of t h e  r e a c t o r .  

Suppose, now, t h a t  we wish t o  ex tend  t h i s  d e s c r i p t i o n  t o  t h e  case where 

o t h e r  parcme. ters  mentioned above may also v a r y  d u r i n g  r e a c t o r  o p e r a t i o n .  

This  would correspond t o  a. p a t h  of c r i t i c a l  s ta tes  i n  a mu1.ti.dimensional 

space  m a l o g o u s  t o  Fig.  1. En t h i s  s i t u a t i o n ,  changes i n  parameters  o t h e r  

t h a n  t h o s e  r e p r e s e n t e d  a l o n g  t h e  a x e s  of independent  v a r i a b l e s  of F i g .  1 

can bal-ance n u c l e a r  e f f e c t s  of changes a l o n g  t h e s e  axes i n  o r d e r  t o  produce 

a c r i t i c a l  s ta te .  T h i s  p r o v i d e s  a basi.c motive f o r  mapping t h e  effect:s 

of ind:i.vidual changes i n  rod p o s i t i o n  o r  uranium c o n c e n t r a t i o n  on t h e  re- 

a c t i v i t y  scale ,  even though o n l y  s t a t i o n a r y  s ta tes  of t h e  r e a c t o r  f l u x  a r e  

t o  be d e s c r i b e d  i.11 t h i s  a p p l i c a t i o n .  T h i s  would b e  r e p r e s e n t e d  by knowl- 

edge o f  t h e  complete  s u r f a c e ,  S, i n  F i g .  1. To o b t a i n  t h i s  i n f o r m a t i o n ,  

i t  i s  n e c e s s a r y  t o  "reach" i n t o  t h e  v e r t i c a l  dimension,  e i t h e r  by per-  

forming k i n e t i c  experiments  o r  by performing c a l c u l a t i o n s  f o r  t h e  o f f -  

e r i t i c a l  s t a t e s .  

* 

'r'ne s t a t i c  r e a c t i v i t y  concept  i s  o f t e n  used t o  descri-be t h e  o f f -  

c r i t i c a l  s ta te .  We s h a l l  s k e t c h  h e r e  o n l y  t h e  e s s e n t i a l  f e a t u r e s  of t h i s  

t h e o r e t i c a l  c o n s t r u c t i o n  as they r e l a t e  t o  t h i s  problem. En t h i s  concept  
-t . 

9: 
S e p a r a t e  mot ives  can  be a s s o c i a t e d  w i t h  t h e  needs  f o r  q u a n t i t a t i v e  

d e s c r i p t i o n  of t h e  k i n e t i c  behavior  of t h e  r e a c t o r  under independent  
parameter  v a r i a t i o n s .  

.'A much more thorough d e s c r i p t i o n  i s  g iven  i n  Chap. X I T  of r e f .  1. 
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t h e  s e t  of p h y s i c a l  c r i t - i . c a l  s t a t e s  ( t h e  cu rve  oc i n  F ig .  1 )  i s  embedded 

i.n a more g e n e r a l  set  of pseudocr i t ic -a1  s t a t e s  i n  which t h e  a c t u a l  neu t ron  

p roduc t ion  p e r  f i s s i o n ,  v ,  i s  m u l t i p l i e d  by a calcul .a ted f a c t o r  1 - 0 

determined t o  make t h e  neu t ron  p roduc t ion  and l o s s  rates ba lance .  The 

q u a n t i t y  p, i s  d e f i n e d  t o  be  t h e  s t a t i c  r e a c t i v i t y .  I f  t h e  b a s i c  theo-  

r e t i c a l  model d e s c r i b i n g  t h e  neu t ron  t r a n s p o r t  p r o c e s s e s  i n  t h e  r e a c t o r  

i s  s u f f i c i e n t l y  r e a l i s t i c  f o r  t h e  c r i t i c a l  s t a t e ,  use  of t h e  c a l c u l a t e d  

s t a t i c  r e a c t i v i t i e s  f o r  t h e  o f f - c r i t i c a l  s t a t e s  g i v e s  one p o s s i b l e  opera-  

t i o n a l  d e s c r i p t i o n  of t h e  s u r f a c e  S i n  F i g .  1. Leaving a s i d e ,  f o r  con- 

c e p t u a l  purposes ,  t h e  problems of de te rming  what i s  a s u f f i c i e n t l y  real- 

i s t ic  model f o r  computati-ons ( e .g .  , d i f f u s i o n  t h e o r y  v s  t r a n s p o r t  theory., 

e t c . )  and assuming t h a t  our  model g i v e s  an  exact d e s c r i p t i o n  o f  the c r i t i -  

ca l  s t a t e ,  i t  i s  p o s s i b l e  t o  re la te  t h e  s t a t i c  r e a c t i v i t y  f o r  an  o f f -  

c r i - t i c a l  s t a t e  i n  a p r e c i s e  way t o  t h e  r e a c t i v i t y  i n f e r r e d  from k l n e t i c  

measureaients [ v i a  Eq. (I .)] .  Th i s  re la t .Lon i s  non t i r iv i a l  and h a s  been t h e  

s u b j e c t  of several fundamental  pape r s  in t h e  r e a c t o r  phys i c s  l i t e r a t u r e .  

For t h e  purposes  of t h i s  review, w e  will merely s t a t e  t h a t  c e r t a i ~ n  k i n e t i c  

exper iments ,  such as  p e r i o d - d i f f e r e n t i a l  wor th  and rod-drop in t eg ra l -wor th  

exper iments  , can  be  des igned  and ana lyzed  ( i n t r o d u c i n g  calcul.ai:etl cox-rect ion 

f a c t o r s ,  i.f necessa ry )  so t h a t  d i f f e r e n c e s  i n  t h e  r e a c t i v i t i e s  are opera- 

t . i .onally i n s i g n i f i c a n t .  ( S p e c i f i c  d e t a i l s  r e l e v a n t  t o  t h e  appl. i .cation of 

MSRX measurements i n  t h e  r e a c t i v i t y  b a l a n c e  a re  d e s c r i b e d  l a t e r  i n  t h i s  

r e p o r t . )  The re fo re ,  as a framework f o r  mathemat ica l  d e s c r i p t i o n  of  t h e  

theo ry  of compensating r e a c t i v i t y  e f f e c t s  , we can  u s e  t h e  si:at:i.c r e a c t i v i t y  

concept .  

S’ 

k 

Two e x p r e s s i o n s  d e r i v e d  f o r  t h e  s t a t i c  r e a c t i v i t y  cor responding  t o  a n  

a r b i t r a r y  r e a c t o r  s t a t e  are g iven  i n  the  Appendix of  t h i s  r e p o r t ,  s t a r t i - n g  

w i t h  t h e  b a s i c  e q u a t i o n  d e s c r i b i n g  the b a l a n c e  o f  neu t ron  p roduc t ion  and 

l o s s  p rocesses .  Here, use  i s  made of l inear  o p e r a t o r  n o t a t i o n  i n  o r d e r  t o  

r e t a i n  t h e  basi-c mathemat ica l  s t r u c t u r e  d e s c r i p t i v e  of  t h e  p h y s i c a l  pro- 

cesses, w h i l e  avo id ing  cumbersome n o t a t i o n  a s s o c i a t e d  ~ 7 i t h  c h o i c e  of  a pa r -  

t i c u l a r  d e s c r i p t i o n  ( e .  g. , t h e  Bo1t:zrnaiin t ranspor t :  e q u a t i o n  o r  t h e  m u l t i -  

group d i f f u s i o n  e q u a t i o n s ) .  The f i r s t  e x p r e s s i o n  de r ived  i n v o l v e s  on ly  

* 
References  3 ,  4 ,  and 5 are judged c lass ica l  i n  t h i s  ca t egory .  



7 

t h e  q u a n t i t i e s  d e s c r i p t i v e  of p r o d u c t i o n  and l o s s  p r o c e s s e s  f o r  a ; s ing le  

s ta te  i n t e g r a t e d  o v e r  t h e  r e a c t o r  volume; namely, 

In t h i s  g e n e r a l  n o t a t i o n ,  L ,  A ,  and P r e p r e s e n t  l i - n e a r  o p e r a t o r s  governing 

t h e  n e u t r o n  l e a k a g e ,  a b s o r p t i o n  ( incLudlng energy t r a n s f e r  by s c a t t e r i n g )  , 
and p r o d u c t i o n  from f i s s i o n  r e s p e c t i v e l y .  The f u n c t i o n s  $ and 1) are t h e  

d i . r e c t  and a d j o i - n t  f l u x  f i e l d s  cor responding  t o  t h a t  r e a c t o r  s t a t e ,  and 

t h e  symbol, f o r  example, ( $ , f $ ) ,  r e p r e s e n t s  t h e  i n n e r  product  of t h e  func- 

t i o n s  $ and f @ .  (The i n n e r  product  of two f u n c t i o n s  is  d e f i n e d  h e r e  as t h e  

m u l t i p l i c a t i o n  of t h e  f u n c t i o n s  and i n t e g r a t i o n  o v e r  t h e  s p a t i . a l ,  energy ,  

and,  i n  cert:airi a p p l i c a t i o n s ,  t h e  d i . r e c t i o n a l  v a r i a b l e s  d e s c r i b i n g  t h e  

f l u x  f i e l d s . )  F u r t h e r  e x p l i c i t  u s e  of  E q .  ( 2 )  wi.11- n o t  b e  n e c e s s a r y  i n  

our  a p p l i c a t i o n ;  i t  i s  i n t r i n s i c a l l y  c o n t a i n e d  i n  t h e  r e l a t i o n s  f o r  reac- 

t i - v i t y ,  however, because  i.t d e f i n e s  i n  an a b s o l u t e  s e n s e  t h e  s t a t i c  reac- 

t i v i t y  cor responding  t o  some chosen r e f e r e n c e  s t a t e  o f  t h e  r e a c t o r .  

9c 

The second e x p r e s s i o n  i s  re la t ive  i n  c h a r a c t e r  and i n v o l v e s  q u a n t i t i e s  

d e s c r i p t i v e  of two s ta tes ,  which w e  w i l l  a r b i t r a r i l y  d e s i g n a t e  " i n i t i a l "  

and " f i n a l "  s ta tes .  If w e  u s e  s u b s c r i . p t  z e r o  t o  d i s t i n g u i s h  q u a n t i t i e s  

cor responding  t o  t h e  i n i t - i a l  s t a t e ,  t h i s  formula may b e  w r i t t e n  

An e q u i v a l e n t  e x p r e s s i o n  i s  u s e f u l  i n  t h o s e  s i t u a t i o n s  where t h e  p r o d u c t i o n  

o p e r a t o r  i s  a l t e r e d  & t h e  r e a c t i v i t y  i n  t h e  f i n a l  s t a t e ,  

s i d e r e d  t o  b e  an  unknown q u a n t i t y .  T h i s  i s ,  

i s  con- % 

* 
I n  a p p l y i n g  t h i s  n o t a t i o n  t o  t h e  formalism of t r a n s p o r t  t h e o r y ,  $ 

and $ m u s t  h e  thought  of as a n g u l a r  f l u x e s ,  and t h e  l e a k a g e  t e r m ,  f + ,  can  
b 2  t a k e n  as S l a v + .  However, t h e s e  o b s e r v a t i o n s  are n o t  c e n t r a l  t o  o u r  d i s -  
c u s s i o n ,  p a r t i c u l a r l y  i f  t h e  mul t igroup d i f f u s i o n  model i s  t o  b c  a p p l i e d ,  
where t h e  a n g u l a r  v a r i a b l e s  have been i n t e g r a t e d  o u t .  
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I n  t h i s  n o t a t i o n ,  f o r  example, 6P r e p r e s e n t s  t h e  change i n  t h e  n e u t r o n  

product ion  o p e r a t o r  between t h e  f i n a l  and i n i t i a l  s t a t e s ,  P -- Po. 
By r e s t r i c t i n g  Eq.  (3a )  t o  t h e  s p e c i a l  c a s e  where t h e  two s ta tes  

r e p r e s e n t  c r i t i c a l  states ( e .g .  two p o i n t s  a l o n g  1:he c u r v e  oc i n  Fig.  l), 

we may se t  p = = 0 t o  o b t a i n  ps 0 S 

This  e q u a t i o n  i s  one p o s s i b l e  mathematical  statement:  of t h e  r e a c t i v i t y  

b a l a n c e  contl:ition as t h e  r e a c t o r  changes from t h e  i n i t i a l  t o  f i n a l  s ta tes .  

From i t ,  s e v e r a l  observations may b e  d e r i v e d  t h a t  re la te  t o  t h e  problems 

of construc1:ing a c o n s i s t e n t  approximation f o r  u s e  i n  n u c l e a r  o p e r a t i o n s  

a n a l y s i s .  F i r s t ,  t h e  changes i n  t h e  l i n e a r  o p e r a t o r s  may b e  r i g o r o u s l y  

s e p a r a t e d  i n t o  a sum o f  component e f f e c t s  cor responding ,  f o r  example, t o  

movements of t h e  c o n t r o l  rod ,  ingrowth of samarium, d e p l e t i o n  of uranium, 

etc. However, s i n c e  the f l u x  f i . e l d  f o r  t h e  f i n a l  s t a t e  i n v o l v e s  t h e  c u m u -  

l a t i v e  e f f e c t  of t h e s e  coiiiponents, t h e s e  component r e a c t i v i t i e s  are s t r ic t -  

l y  a d d i t i v e  only  i f  i t  i s  assumed t h a t  t h e  f l u x  d i s t r i b u t i o n s  i n  b o t h  t h e  

i n i t i a l .  and t h e  f i n a l  s ta tes  are known q u a n t i t i e s .  We w i l l  e x a m h e  t h e  

e x t e n t  t o  which t h i s  i s  a real. problem later i n  t h i s  s e c t i o n .  

A second p o t e n t i a l  s o u r c e  o f  d i f f i c u l t y  :in c o n s t r u c t i n g  a c o n s i s t e n t  

approximation f o r  t h e  r e a c t i v i t y  b a l a n c e  re la tes  t:o t h e  mult i .pl . ic i ty  of 

p o s s i b l e  p a t h s  between i n i t i a l  and f i n a l .  states t h a t  may b e  used t o  a s s i g n  

magnitudes to t.he component r e a c t i - v i t i e s .  T h i s  may be i l l u s t r a t e d  by 

r e f e r e n c e  t o  F i g .  1. Cons ider ,  f o r  example, t:wo p a t h s  between t h e  o r i g i n  

( p o i n t  0) and t h e  s t a t e  cor responding  t o  t h e  control .  rod  ful.1.y i n s e r t e d  

~ i t h  maximum excess urani.um r e q u i r e d  t o  m a i n t a i n  c r i t i c a l i t y  (poi.nt e). 

L e t  p a t h  l c o n s i s t  f i r s t  o f  t h e  compI.ete i n s e r t i o n  of t h e  r o d ,  r e s u l t i n g  

i n  s t a t e  u, fo l lowed by a d d i t i o n  of excess uranium t o  arr ive a t  s t a t e  e .  

For p a t h  2 ,  l e t  t h e  o r d e r  of t h e s e  changes b e  r e v e r s e d ,  l e a d i n g  to t h e  
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motion obc. Each of t h e s e  changes be longs  t o  a c l a s s  f o r  which t h e  change 

i n  t h e  l eakage  o p e r a t o r  6 L  can be n e g l e c t e d .  

t h e  Appendix. 

t o t a l  neu t ron  l eakage  i s  n e g l i g i b l e ;  for t h e  l a t t e r ,  f $  can  d i f f e r  th rough 

changes i n  t h e  operand;  i . e . ,  t h e  f l u x  d i s t r i b u t i o n . )  By u s e  O E  Eq. ( 3 a ) ,  

with p = = 0 ,  t h e  motion of t h e  rod i n  p a t h  1 corresponds  t8 the 

s t a t i c  reac t iv i ty  change 

(See a l s o  t h e  d i s c u s s i o n  i n  

Th i s  i s  not e q u i v a l e n t  t o  t h e  s t a t e m e n t  t h a t  the  change i n  

so 'se 

and t h e  compensating r e a c t i v i t y  a s s o c i a t e d  wi.th t h e  uranium a d d i t i o n  i s  

I n  t h e s e  e x p r e s s i o n s ,  &Alf and 6 A U  a r e  t h ~  changcs i n  t h e  a b s o r p t i o n  

o p e r a t o r  a s s o c i a t e d  wi th  movement of t h e  c o n t r o l  rod and a d d i t i o n s  of 

uranium r e s p e c t i v e l y .  

6P = 0 a long  t h e  p a t h  oa. 

We have a l s o  used t h e  fact  t h a t  Po = P or a' 

For p a t h  2 ,  s i m i l a r  u s e  of Eq.  (3b)  shows t h a t  t h e  s t a t i c  r e a c t ; - v i t y  

change f o r  t h e  excess  uranium a d d i t i o n  i s  (P = P,), h 

The compensating r e a c t i v i t y  change in t roduced  by the  c o n t r o l  rod motion i s  

Comparison of E q .  ( 5 )  w i t h  (8) arid E q .  ( 6 )  w i t h  ( 7 )  s h o t ~ s  t h a t ,  even i f  w e  

i gnorc  the d i f f e r e n c e s  i n  t h e  f1iu-x f i e l d s  f o r  t h e  states 0 ,  a ,  b ,  c, t h e  

component r e a c t i v i t y  magni tudes s t i l l  d i f f e r  by t h e  n o r m a l i z a t i o n  of the 

p roduc t ion  o p e r a t o r .  (In mol t en - sa l t  r e a c t o r  a p p l i c a t i o n s ,  t h e  p roduc t ion  
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o p e r a t o r  i s  d i r e c t l y  propor t iona l .  t o  t h e  uranium c o n c e n t r a t i o n . )  Moreover, 

w e  can,  i n  p r i n c i p l e ,  develop s imi l a r  e x p r e s s i o n s  f o r  t h e s e  cornptsnents by 

u s i n g  an i n f i n i t e  v a r i e t y  of p a t h s ,  i n c l u d i n g  t h a t  of a l t e r n a t i n g  i n f i n i -  

tesimal motions i n  t h e  d i r e c t i o n s  of t h e  c o o r d i n a t e  a x e s ,  resu l t : ing ,  i n  

t h e  l i m i t ,  i n  a n e t  motion a long  t h e  CIITVP. uc i n  F i g .  1. In each  of t h e s e  

cases, t h e  r e a c t i v i t y  assi-gned t o  t h e  t o t a l  rod motion O K  uranium a d d i t i o n  

w i l l  have s l i g h t l y  d i f f e r e n t  magnitude. 

A s  a p r a c t i c a l  matter,  n e i t h e r  of t h e  problems mentioned above pre-  

s e n t  s e r i o u s  o b s t a c l e s  i n  c o n s t r u c t i n g  a r e a c t i v i  t y  b a l a n c e  model. !lowever, 

t h e i r  conceptua l  r e c o g n i t i o n  i s  inrportant  i.n deve loping  compat ib le  approxi-  

mat ions €or t h e  i n d i v i d u a l  components. For t h o s e  components t h a t  must be 

c a l c u l a t e d  from b a s i c  t h e o r y ,  t h e  p e r t u r b a t i o n  approximation f o r  t h e  f l u x  

d i s t r i b u t i o n  can be used w i t h o u t  s e r i o u s l y  r e s t r i c t i n g  t h e  accuracy  of t h e  

c a l c u l a t i o n s ,  as d e s c r i b e d  i n  Secti-on 2 - 3 .  The second d i f f i c u l t y  i s  c i r -  

cumvented by s e t t i n g  u p  a s p e c i f i c  convent ion  foi- the r e a c t i v i t l y  b a l a n c e  

c a l c u l a t i o n s .  Care should b e  t a k e n ,  however, t h a t  t h i s  convent ion  a l s o  

conforms t o  t h e  i n t e r p r e t a t i o n  g iven  t o  i n d i v i d u a l l y  measured components, 

p a r t i c u l a r l y  t he  c o n t r o l  rod r e a c t i - v i t y .  These c r i t e r i a  are  f u r t h e r  d i s -  

cussed i n  S e c t i o n  2 . 4 .  

2.2 S i m p l i f i c a t i o n s  

One impor tan t  a t t r i b u t e  of m o l t e n - s a l t  r e a c t o r s  t h a t  h a s  s i g n i f i c a n t  

consequences i n  c o n s t r u c t i n g  an approximate r e a c t i v i t y  b a l a n c e  i s  t h e  per-  

s i s t i n g  uniform d i s t r i b u t i o n  throughout  the s a l t  of t h e  most important  

n u c l i d e s  i n f l u e n c i n g  t h e  n e u t r o n i c  behavior .  T h i s  c h a r a c t e r i s t i c ,  more 

than any o t h e r ,  makes i t  p r a c t i c a l  t o  deve lop  a model s i m p l e  enough f o r  

u s e  i n  on- l ine  computat ion w i t h  a computer s e r v i n g  inany o t h e r  f u n c t i o n s  

and s t i l l  s u f f i c i e n t l y  r e a l i s t i c  f o r  use i n  long-term moni tor ing  of t h e  

r e a c t o r  n e u t r o n i c  behavior  (wi thout  t a k i n g  r e c o u r s e  t o  ad hoc renormal i -  

z a t i o n s ) .  S p e c i f i c a l l y ,  a? a f i r s t  consequence, t h e  changes i n  n u c l i d e  

c o n c e n t r a t i o n  t h a t  occur  i n  t h e  c o u r s e  of o p e r a t i o n  are  governed by t h e  

fo l lowing  e x p r e s s i o n  f o r  t h e  r e a c t i o n  rate:  

03 
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where 

Ri(t) = 

Wi(t) = 

The f a c t o r i n g  

t o t a l  r e a c t i o n  rate f o r  i t h  n u c l i d e  i n  s a l t  ( e v e n t s  p e r  
second)  , 
number d e n s i t y  of i t h  n u c l i d e  i n  s a l t  ( n u c l e i  F e r  cub ic  
c e n t i m e t e r  of s a l t )  , 
r e a c t i o n  c r o s s  s e c t i o n  f o r  i t-11 n u c l i d e  (cin’), 

neu t ron  f l u x  a t  p o i n t  r, energy E ,  and t i m e  t (neu t rons  
cm-’ s e c - l ) ,  

volume f r a c t i o n  of sa l t  a t  p o i n t  I r ,  

all. r e a c t o r  volume expe r i enc ing  n e u t r o n  f l u x  (cm”) . 
of t h e  n u c l i d e  c o n c e n t r a t i o n  from t h e  volume i - n t e g r n t  ion i n  

E q .  (9) p e r m i t s  3 e f i n i t i . o n  of a u s e f u l  microscopic  r eac to r -ave rage  c r o s s  

s e c t i o n  t h a t  i s  i n f l u e n c e d  by s a l t  composi t ion ,  b u t  o n l y  i n d i . r e c t l y ,  

through t h e  neu t ron  energy spectrum. I n  t u r n ,  u s e  of t h e s e  c r o s s  s e c t i o n s  

s i m p l i f i e s  t h e  c a l c u l a t i o n  of t h e  t ime-dependent n u c l i d e  changes and t h e i r  

a s s o c i a t e d  r e a c t i v i t y  e f f e c t s ,  These c a l c d a t i o n s  w i l l  b e  desc r ibed  i n  

Sect-i.ons 3 and 4 i n  s p e c i f i c  connec t ion  w i t h  t h e  MSRE reac . t i .v i ty  ba l ance  

model. 

As a second consequence, it becomes possibl-e  t o  f a c t o r  the concent ra -  

t i o n s  from several of t h e  terms i n  t h e  r e a c t i v i t y  b a l a n c e  and make use of 

r e a c t i v i t y  c o e f f i c i e n t s  de r ived  e i t . h e r  from c a l c u l a t i o n s  o r  from expe r i -  

menta l  measurements. (Ai1 excep t ion  t o  t h i s  i s  t h e  t r e a t m e n t  of t h e  reac-  

t i v i t y  e f f e c t  a s s o c i a t e d  w i t h  t h e  c o n t r o l  r o d s .  

e f f e c t s  i s  cons ide red  i n  S e c t i o n  2 - 4 . )  T o  i - l l u s t r a t e ,  c o n s i d e r  t h e  theo- 

re t ical  v a r i a t i o n  i n  t h e  s t a t i c  r e a c t i v i t y  as excess  uranium i s  added t o  

t h e  s a l t ,  s t a r t i n g  a t  t h e  minimum c r i t i c a l  l oad ing  and ma in ta in ing  t h e  con- 

t r o l  rods  withdrawn. This  i s  r e p r e s e n t e d  by t h e  cu rve  ob i n  F ig .  1. We 

w i l l  f i r s t  deve lop  th.i.s r e l a t i o n  i n  t e r m s  of t h e  g e n e r a l  n o t a t t o n  of t h e  

preceding  r e a c t i v i t y  formulas .  Foil-owing l:t).is, t h e  d i s c u s s i o n  w i l l  be  

s p e c i a l i z e d  t o  a part:Lcular n e u t r o n i c  model, i n  o r d e r  t o  s t u d y  t h e  problems 

of c a l c u l a t i n g  t h e s e  c o e f f i c i e n t s .  

The evalunt:i.on of t h e s e  

By u s e  of t h e  arguments t h a t  l e d  t o  E q .  ( 7 ) ,  t h e  s t a t i c  r e a c t i v i t . y  

f o r  an  a r b i t r a r y  p o i n t  on cu rve  ob is 
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Next,  we observe  t h a t  t h e  o p e r a t o r s  6P = P - Po and 6Au = AU - A U G  are  

rriac:-roscopic c r o s s - s e c t i o n - l i k e  q u a n t i t i e s  ( i a e . ,  t h e y  i n v o l v e  o n l y  products  

of n u c l i d e  c o n c e n t r a t i o n s  and microscopi.c c r o s s  s e c t i o n s ) ,  whose e x p l i c i t  

form depends on t h e  n e u t r o n i c  model. S i n c e  t h e  uranium remains uniformly 

d i s t r i b u t e d  i.n t h e  f u e l  s a l t  and the r e g i o n  geometr ies  and s a l t  volume 

f r a c t i o n s  remain f i x e d  i n  v a r i a t i o n s  of the uranium c o n c e n t r a t i o n ,  a 

s t r a i g h t f o r w a r d  a n a l y s i s  shows t h a t  the c o n c e n t r a t i o n  may b e  f a c t o r e d  from 

these o p e r a t o r s .  Thus 

where C and I: r e p r e s e n t  t h e  uranium C o n c e n t r a t i o n  i n  t h e  s a l t  a t  an  

a r b i t r a r y  p o i n t  a long  t h e  curve  and a t  t h e  o r i g i n ,  r e s p e c t i v e l y ,  and u and 

1~ are microscol3i.c c r o s s - s e c t i o n - l i k e  q u a n t i t i e s  a s s o c i a t e d  w i t h  n e u t r o n  

a b s o r p t i o n  and p r o d u c t i o n  i n  uranium and a l s o  l i n e a r  o p e r a t o r s .  

Equat ion (10) Chen has  t h e  form 

U UG 

U 

P 

o r  

As i n d i c a t e d ,  t h e  r e a c t i v i t y  c o e f f i c i e n t ,  K ( C  ) ,  depends i n  p r i n c i p l e  on 

t h e  uranium c o n c e n t r a t i o n .  I n  a p p l i c a t i o n ,  however, t h i s  dependence i s  

very  weak For reasons  d e s c r i b e d  i n  S e c t i o n  2 .3 ;  t h u s  K can b e  cons idered  

a c o n s t a n t  i n  t h e  c a l c u l a t i o n  of t h e  uraniiim r e a c t i v i t y  component i n  t h e  

r p a c t i v i t y  ba lance .  

U 
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2.3 &proximate Techniques i n  C a l c u l a t i o n  

The s i m p l e s t  t h e o r e t i c a l  model t h a t  i n c l u d e s  a l l  t h e  e s s e n t i a l  f ea -  

t u r e s  of t h e  c a l c u l a t i o n  of neu t ron  f lux  and r e a c t i v i t y  i s  t h e  I - ~ J o - ~ ~ o u ~  

d i f f u s i o n  model. Extens ion  t o  a l a r g e r  number of energy groups p r e s e n t s  

no d i f f i c u l t y ,  bu t  t h e  n o t a t i o n  t ends  t o  be cumbersome and obscure  t h e s e  

e s s e n t i a l  f e a t u r e s ;  a c c o r d i n g l y ,  w e  can  d i s c u s s  the c a l c u l a t i o n  of c e r t a i n  

r e a c t i v i t y  e f f e c t s  most c l e a r l y  i n  t e r n i s  of t h i s  model. 

The cor1  cspondence between t h e  p reced ing  g e n e r a l  r e a c t i v i t y  f ormu1a.c: 

and t h e  two-group model is  as f o l l o w s :  

The d i r e c t  and a d j o i n t  f lux  v e c t o r s  are s o l u t i o n s  of the e q u a t i o n s  
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V*D2V$, - C $ + (1- p,)wi: $ = 0 . (22) 
a2 2 $2 1 

and VC (j = 1, 2) r e p r e s e n t  t h e  d i f f u s i o n  fi I n  t h e s e  e x p r e s s i o n s ,  D C 

c o e f f i c i e n t ,  macroscopic  a b s o r p t i o n  c r o s s  s e c t i o n ,  and n e u t r o n  p roduc t ion  

c r o s s  s e c t i o n  f o r  the " f a s t "  (j = I )  and " thermal"  (j = 2)  groups respec-  

t i v e l y .  The slowing-dobm t r a n s f e r  cross  sect  ion f rom t h e  f as t - to- thermal  

group i s  C 1 2 .  I n  t h e  two-group model, t h e  i n i t i a l  s t a t e  will appear  as a 

s u p e r s c r i p i  t o  a i d  i n  s e p a r a t i n g  t h i s  d e s i g n a t i o n  from t h e  group i n d i c e s .  

The correspondence between t h e  p reced ing  i n n e r  product  n o t a t i o n  and t h i s  

model i s ,  f o r  example, 

j '  aj' 

By app ly ing  these cor respondences  i n  E q .  (3a )  [ o r  ( 3 h ) l  and c a r r y i n g  

o u t  t h e  m a t r i x  m u l t i p l i c a t i o n s ,  i t  is found t h a t  t h e  s t a t i c  r e a c t i v i t y  

change a s s o c i a t e d  w i t h  a change i n  c o n c e n t r a t i o n  of a p u r e l y  neutron-  

abso rb ing  mater ia l  ( s t a r t i n g  w i t h  t h e  s t a t e  0 )  i s  

Simi la r l .y ,  t h e  cor responding  formulas  f o r  t h e  r e a c t i v i t y  e f f e c t  of  a 

change i n  c o n c e n t r a t i o n  o f  f i s s i l e  ma te r i a l  are 

and 
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(2%) 

I f ,  as i n  t h e  p r e s e n t  a p p l i c a t i o n ,  t h e  change cons ide red  i s  t h a t  o f  a n u c l i d e  

uni formly  d i s t r i b u t e d  i n  t h e  f u e l  s a l t ,  i t  is  u s e f u l  t o  rewrite t h e s e  f o r -  

mulas d i r e c t l y  i n  terms of t h e  n u c l i d e  c o n c e n t r a t i o n s .  S e t t i n g  1" equal t o  

t h e  volume f r a c t i o n  of f u e l  sa l t  i n  t h e  r e g i o n  exposed t o  t h e  neu t ron  f l u x ,  

6 N  and (T 

c r o s s  s e c t i o n s  of t h e  added abso rb ing  material ,  and N and vu equal  t o  t h e  

c o n c e n t r a r i o n  and c r o s s  s e c t i o n  of f i s s i l e  material, r e s p e c t i v e l y ,  w e  may 

r e a r r a n g e  Eq. ( 2 4 )  as f o l l o w s  : 

S 

e q u a l  t o  t h e  atomic c o n c e n t r a t i o n s  and microscopic  a b s o r p t i o n  a a 

*f f 

P - - P  = - _ _  
0 

P - P  = -  
0 

9 

I n  t h e  las t  two forms above, K is a r e a c t i v i t y  c o e f f i c i e n t  for t h e  ab- 

s o r b i n g  material ,  and t h e  parameters  j and j are  d e f i n e d  by 
a 

1 2 

JX 
W e  assumed o n l y  a s i n g l e  f i s s i l e  material i n  w r i t i n g  t h e s e  formulas:  

e x t e n s i o n s  t o  account  f o r  a m i x t u r e  are ob ta ined  i n  a s t r a i g h t f o r w a r d  
manner e 
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and 

A similar rearrangement  of E q s .  (25a)  and ( 2 5 b )  y i e l d s  the fo l lowing:  

and 

N O  f 
0 

j lvosl t- vu f:! 

The second e x p r e s s i o n  above may a l s o  b e  r e w r i t t e n  i n  a form s i m i l a r  t o  

E q .  ( 1 4 ) ;  namely, 

$2 
j VCI -t- vu 
1 f1 

where E: is  a r e a c t i v i t y  c o e f f i c i e n t  f o r  t h e  f i s s i l e  mater ia l .  f 
I n  a l l  t h e  preceding  d e s c r i p t i o n s ,  w e  have t a k e n  care t o  dis t ingui .s 'n  

between t h e  f l u x  d i s t r i b u t i o n s  i n  t h e  i n i t i - a l  and f i n a l  stiates i n  a reac- 

t i v i t y  change. 

t h e  pract ical  c a l c u l a t i o n  w i t h  these formulas  i s  the f i r s t - o r d e r  p e r t u r -  

b a t i o n  a p p r o x i m a t h n .  

f i .nal ,  o r  p e r t u r b e d ,  s t a t e  is  set e q u a l  t o  (:he d i s t r i b u t i o n  i n  t h e  s t a r t i n g  

s t a t e  b e f o r e  c a r r y i n g  o u t  t h e  necessary  i n t e g r a t i o n s  t o  o b t a i n  t h e  reac- 

t i v i t y  c o e f f i c i e n t s .  

An approximation t h a t  a f f o r d s  a g r e a t  s i m p l i f i c a t i o n  i n  

H e r e  t h e  flux d i s t r i b u t i o n  cor responding  t o  t h e  

Although irhts approximation i s  o f t e n  employed i n  
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problems of  t h i s  general. t y p e P  t h e  b a s i s  of i t s  a p p l i c a b i l i t y  arid i t s  

l i m i t a t i o n s  are n o t  always d i s c u s s e d .  Toward t h i s  end,  we may f i r s t  ob- 

serve from any of t h e  preceding  r e a c t i v i t y  formulas  t h a t  t h i s  q u a n t i t y  i s  

independent  of t h e  n o r m a l i z a t i o n  (magnitude) of e i t h e r  t h e  f l u x  d : i s t r i b u -  

t i o n  f o r  t h e  f i n a l  s t a t e  o r  t h e  a d j o i n t  d i - s t r i b u t i o n  f o r  t h e  i n i t i a l  s t a t e .  

Hence t h e  r e a c t i v i t y  c a l c u l a t e d  w i t h  t h e s e  formulas  can conce ivably  vary  

w i t h  t h e  fi.nal f l u x  d i s t r i b u t l o n  o n l y  through changes i n  t h e  r e l a t i v e  

s p a t i a l  o r  energy d i s t r i b u t i o n  of t h e  f l u x .  Second, i n  t h e  t y p e  of reac- 

t o r s  w e  are c o n s i d e r i n g ,  most of t h e  n e u t r o n  r e a c t i o n s  occur  i n  t h e  energy 

r e g i o n  of n e u t r o n  t h e r i n a l i z a t i o n  and,  t o  a lesser e x t e n t ,  t h e  low-energy, 

e p i t h e r m a l  r e g i o n .  Expressed i n  t e r m s  of t h e  p r e c e d i n g  two-group formulas ,  

t h i s  means t h a t  t h e  terms i n v o l v i n g  t h e  ad jo in t -weighted  thermal  r e a c t i o n  

rates tend t o  dominate i n  t h e  e v a l u a t i o n  of t h e  r e a c t i v i t y .  I n  t1ii.s s i t u -  

a t . ion ,  an e a r l y  a n a l y s i s  by Wolfe6 p r o v i d e s  a u s e f u l  c r - i t e r i o n  f o r  d e t e r -  

mining when the thermal  f l u x  d i s t r i b u t i o n  can 3e expec ted  t o  remain e s s e n t i -  

a l l y  unchanged d u r i n g  prolonged o p e r a t i o n  of t h e  r e a c t o r .  I n  e s s e n c e ,  

Wolfe's t r e a t m e n t  shows t h a t  t h e  n e t  e f f e c t  of t h e  p e r t u r b a t i o n  on t h e  re- 

a c t o r  n e u t r o n  economy should  b e  s m a l l  compared w i t h  t h e  t o t a l .  n e u t r o n  leak-  

age from t h e  r e a c t o r ,  s o  o n l y  a s m a l l  change i n  t h e  f l u x  shape i s  r e q u i r e d  

t o  b a l a n c e  t h e  n e u t r o n  economy aga in . s t  t h e  p e r t u r b a t i o n .  ( T h i s  c - r i  t e r i o n  

w a s  c e r t a i n l y  f u l f i l l e d  i n  t h e  MSRE, as can b e  shown by a n a l - y s i s  of t h e  

n e u t r o n  b a l a n c e .  ) However, t h e  a p p l i c a b i  IHty of t h e  p e r t u r b a t i o n  approxi -  

mat ion i s  a c t u a l l y  n o t  as r e s t r i c t i v e  as t h i s  might i n d i c a t e ,  p a r t i c u l a r l y  

when appl i .ed t o  p e r t u r b a t i o n s  d i s t r i b u t e d  over  t h e  r e a c t o r ,  such  as burnup- 

r e l a t e d  e f f e c t s .  Here t h e  i n t e g r a l  n a t u r e  of t h e  computat ion has a ten-  

dency t o  smooth o u t  e r r o r s  i n  t h e  f l u x  d i s t r i b u t i o n .  As might b e  expec ted ,  

t h i s  approximat ion  is  g e n e r a l l y  least  a c c u r a t e  i n  a p p l i c a t i o n  t o  a s t r o n g  

and h i g h l y  l o c a l i z e d  p e r t u r b a t i o n  (such as a c o n t r o l  r o d ) .  

more e x a c t  f l u x  d i s t r i b u t i o n s  o r  r e s u l t s  of i n d i v i d u a l  r e a c t i v i t y  measure- 

ments (such as d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n )  should  be used.  

For t h e s e  cases, 

The i n c . e n t i v e  f o r  u s e  o f  t h e  p e r t u r b a t i o n  approximation i n  t h e  treat-  

ment of t h e  c a l c u l a t e d  r e a c t i v i t y  t e r m s  i s  con.si .derable,  f o r  i.t minimizes 

t h e  number of  d i r e c t - e i g e n v a l u e / f l u x  c a l c u l a t i o n s  t h a t  must b e  performed 

i.n t h e  course of r e a c t o r  o p e r a t i o n .  The f a c t  t h a t  i t  i s  a n  approximat ion ,  

however, i n d i c a t e s  t h a t  c i r c u m s p e c t i o n  should  accompany i t s  use i n  any 
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p a r t i c u l a r  i n s t a n c e ,  p o s s i b l y  i n  t h e  fonn of p o i n t  checks w i t h  r e s u l t s  from 

more e x a c t  a n a l y s i s .  Reference  7 p r o v i d e s  much v a l u a b l e  i n s i g h t  and 

background d i s c u s s i o n  concern ing  a p p l i c a t i o n s  of  t h e  p e r t u r b a t i o n  technique .  

2.4  R e x t  i - v i t y  Measurernents 

10 S e c t i o n  2 . 2 ,  mention w a s  made of t h e  n e c e s s i t y  f o r  s e t t i n g  up a n  

o r d e r i n g  convent ion  f o r  r e a c t i v i t y  changes t h a t  compensate one a n o t h e r  and 

f o r  a s s u r i n g  t h a t  the i n t e r p r e t a t i o n  of i n d i v i ~ d u a l  r e a c t i v i t y  measiirciiierits 

conforms t o  t h a t  convent ion.  O f  t h e  c lass  of measured components of t h e  

r e a c t i v i t y  b a l a n c e ,  t h e  c o n t r o l  rod r e a c t i v i t y  i s  of major importance,  par-  

t icu1arl .y  i f  t h e  riormal~ mode of power operation i n v o l v e s  s u b s t a n t i a l  i.n- 

s e r t i o n s  o f  t h e  r o d s  ( a s  was t h e  c a s e  w i t h  t h e  MSRE). The r o d s  r e p r e s e n t  

s t r o n g ,  l o c a l i z e d  a b s o r b e r s ,  and more e l a b o r a t e  and d i s p r o p o r t i o n a t e  e€- 

f o r t s  are  g e n e r a l l y  r e q u i r e d  t o  c a l c u l a t e  t h e i r  r e a c t i v i t y  r e l i a b l y  from 

b a s i c  t h e o r y ;  i n  any case, a b a s i s  of measureinent should be a v a i l a b l e  f o r  

c.ompar .i.son. 

The convent ion  used i n  L1ii.s work i s  based on t h e  concept  t h a t  t h e  in-  

s e r t i o n  of t h e  contlrol  r o d s  always ac t s  t o  f o l l o w  and compensate f o r  any 

n e t  e x c e s s  p o s f t i - v e  r e a c t i v i t y  r e l a t ive  t:i) t h e  o r i g i n  i n  F i g .  1. To see 

how t h i s  may be made t o  conform t o  t h e  i n t e r p r e t a t i . o n  of rod c a l i b r a t i o n  

exper iments ,  c o n s i d e r  t h e  s i t u a t i o n  d e p i c t e d  i n  F ig ,  2 .  Here a t y p i c a l  

p e r i o d d i f  f e r e n t i a l - w o r t h  measurement and a rod-drop i n t e g r a l - w o r t h  

measurement are i n d i c a t e d  ( s c h e m a t i c a l l y )  f o r  one p a r t i c u l a r  uranium con- 

c e n t r a t i o n .  The per iod  measurement d e t e r m i n e s  t h e  s l o p e  of  the  r e a c t i v i t y  

v e r s u s  rod p o s i t i o n  c u r v e  f o r  that  uranium c o n c e n t r a t i o n  and c r i t i c a l .  rod 

p o s i t i o n .  I n  F i g .  2 t h i s  i s  i n d i c a t e d  by t h e  s m a l l  t r i a n g l e  s t a r t i n g  a t  

p o i n t  p i n  t h e  p l a n e  perpcndi-cular  t o  the uranium m a s s  a x i s .  By v a r y i n g  

t h e  uranium conl:etit, and w i t h  i t :  t h e  i n i t i a l .  c r i t i c a l  p o s i t i - o n s  f o r  t h e  

p e r i o d  exper iments ,  i.t may be s e e n  t h a t  t h e  s l o p e  o f  t h e  r e a c t i v i t y  s u r -  

f a c e  S i n  t h e  neighborhood of t h e  c r i t i c a l  l i n e  can be o b t a i n e d .  

S i m i l a r l y ,  t h e  rod-drop experiment  i.s i n d i c a t e d  i n  F i g .  2 a s  the tr i-  

ang le  ped, where cd r e p r e s e n t s  t h e  t o t a l  negat i -ve r e a c t i v i t y  r e s u l t i n g  

from rod scram from t h e  i n i t i a l  c r i t i c a l  p o s i t i o n .  It  should  b e  noted t h a t  

t h e s e  exper iments  are  by n a t u r e  l i m i t e d  t o  the  s u b c r i t i c a l  domain, just as 
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F i g .  2 .  G r a p h i c a l  d e s c r i p t i o n  of r o d - c a l i b r a t i o n  measurements. 

t h e  p o s i t i v e  p e r i o d  measurements a p p l y  o n l y  t o  a s m a l l  r e g i o n  above t h e  

c r i - t i ca l  l i n e .  To g a i n  i n f o r m a t i o n  about  t h e  " s u p e r c r i t i c a l "  r e a c t i v i t y  

c u r v e  o h ,  which t h e  rod i n s e r t i o n s  must compensate t o  a r r ive  a t  t h e  c r i t i -  

ca l  l i n e ,  i t  i s  n e c e s s a r y  t o  proceed i n  an i n d i r e c t  manner. For th-i.s pur- 

pose,  we can make u s e  of t h e  d i s c u s s i o n  i n  S e c t i o n  2 . 2 .  T h i s  d i s c u s s i o n  

showed t h a t  t h e  r e s u l t  of " t r a n s l a t i n g "  a rod  r e a c t i v i t y  measurc!ment p a r a l -  

l e l  t o  t h e  uranium mass a x i s  i n t r o d u c e s  a c o r r e c t i o n  f a c t o r  p r o p o r t i o n a l  

t o  the urani.um c o n c e n t r a t i o n ,  t o g e t h e r  w i t h  minor c o r r e c t i o n s  assoc i -a ted  

w i t h  changes i n  t h e  f l u x  s p e c t r a .  Assume now t h a t  two rod-drop exper iments  

have been performed, one w i t h  t h e  minimum c r i t i c a l  uranium l o a d i n g  i n  t h e  

r e a c t o r  t o  measure t h e  r e a c t i v i t y  ab i n  F i g .  1 and t h e  second a t  an i n t e r -  

media te  urarii.um loadi.ng t o  measure cd as i n d i c a t e d .  I f  w e  c o r r e c t  t h e  re- 

a c t i v i t y  measured i n  t h e  f i r s t  experiment  t o  t h e  Loading c o n d i t i o n s  a t  t h e  

t i m e  o f  t h e  second experiment  by u s i n g  t h e  f o l l o w i n g  approximat ion ,  

i t  may be s e e n  t h a t  t h e  Ap'  

d i f f e r e n c e  between p o i n t s  f and d i n  F i g .  2 .  Hence, 

w i l l  be  approximate ly  e q u a l  t o  t h e  r e a c t i v i t y  
ab 
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In t h i s  i n d i - r e c t  manner, t h e  c u r v e  oh can be genera ted  from a number of 

rod-drop experiments  a t  v a r i o u s  uranium concent ra t i -ons  , From this a n  

exper imenta l  v a l u e  f o r  t h e  uranium c o n c e n t r a t i o n  c o e f f i c i e n t  o f  r e a c t i v i t y  

can be d e r i v e d  [Eq. (Ilc)]. A s i m i l a r  and obvious i n t e r p o l a t i o n  procedure 

can b e  a p p l i e d  t o  t h e  r e s u l t s  of p e r i o d  measurements t o  o b t a i n  an approxi-  

m a t e  diffcl .r-ential-wort~i curve  f o r  a s p e c i f i e d  uranium l o a d i q .  

A f i n a l -  ir0pi.c t h a t  should b e  mentioned b e f o r e  concludihg  t h i s  d i s -  

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

t h e  e f f e c t i v e  delayed-neutron f r a c t : i o n  i n  r e a c t i v i t y  measurements. The 

g e n e r a l  t h e o r e t i c a l  b a s i s  f o r  a n a l y z i n g  t h e s e  measurements i s  d e s c r i b e d  i n  

s e v e r a l  t ex tbooks  d e a l i n g  w i t h  r e a c t o r  k i n e t i c s  ( s e e ,  e .g .  Ref.  8 ) .  It 

will. s u f f i c e  t o  observe  h e r e  t h a t  t h e  measurements cons idered  i n  tihe pre-  

ceding  d i s c u s s i o n  are re la t ive  i n  c h a r a c t e r ,  and t h e i r  i n t e r p r e t a t i o n  d e -  

pends on t h e  n a t u r e  and dynamic behavior  of t h e  delayed-neutron p r e c u r s o r s .  

This  can g i v e  rise t o  a s o u r c e  of  i n c o n s i s t e n c y  i n  (:he r e a c t i v i t y  b a l a n c e .  

I n  p a r t i c u l a r ,  t h e  convers ion  of t h e  r e s u l t s  of measurement t o  an  a b s o l u t e ,  

r e a c t i v i t y  s c a l e ,  i n  t h e  s e n s e  used i n  t h i s  s e c t i o n ,  r e q u i r e s  knowledge of 

t h e  delayed-neutron s o u r c e  s t r e n g t h  r e l a t i v e  t o  t h a t  of prompt n e u t r o n s  

f r o m  f i s s i o n  i n  c o n t r i - b u t i o n  t o  t h e  n e u t r o n  c y c l e .  Ln a d d i t i o n ,  a n o t h e r  

c h a r a c t e r i s t i c  o f  de layed  neut rons  t h a t  must b e  t a k e n  i n t o  account  i s  t h e i r  

e n e r g i e s  of  emi-ssion, whi.ch a r e  lower t h a n  t h o s e  of t h e  prompt n e u t r o n s  

from € i s s i o n .  I n  a thermal  r e a c t o r  such as t h e  MSRE (which had a h i g h  

f r a c t i o n  of n e u t r o n  l e a k a g e  t o  t h e  s u r r o u n d i n g s ) ,  rile ilet resu1.t of t h i s  

d i f f e r e n c e  i n  emiss ion  energy spec t ra  i s  t h a t  t h e  de layed  n e u t r o n s  have 

I.ess l i k e l i h o o d  of  l e a k a g e  tlhan t h e  prompt n e u t r o n s ,  so t h e i r  c o n t r i b u t i . o n  

t o  t h e  c h a i n  r e a c t i o n  i s  enhanced. Hence, bo th  t h e o r e t i c a l  a n a l y s i s  and 

p h y s i c a l  i n t u i t i o n  l e a d  t o  a "delayed-neucron e f f e c t i v e n e s s ' '  f a c t o r  y 

~ 7 h i c h  t h e  d e l a y  f r a c t i o n  f3 

t o  o b t a i n  t h e i r  c o n t r i b u t i o n ,  r e l a t i v e  t o  t h e  prompt: n e u t r o n s ,  i n  promoti.ng 

the c h a i n  r e a c t i o n .  

by i 
f o r  t h e  i t 1 1  p r e c u r s o r  group must b e  m u l t i p l i e d  i 

Chapter  6 of Ref. 8 c o n t a i n s  an  e x t e n s i v e  d i s c u s s i o n  o f  t h e  problem 

of c a l c u l a t i n g  t h e  delayed-neutron e f f e c t i v e n e s s  f a c t o r s .  Although s e v e r a l  

measurements of t h e  delayed-neutron emiss ion  spec t r a  have been made, s u f -  

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

c a l c u l a e i o r i s  t o  t a k e  i n t o  account  t h e  shape  o f  t h e  delayed-neurron energy 
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s p e c t r a  are n o t  always warran ted .  For thermal  r e a c t o r s  i n  p a r t i c u l a r ,  an  

adequate  estimate of t h e  c o r r e c t i o n s  a r i s i n g  from t h e s e  di.f:Fer:ences i n  

energy s p e c t r a  may b e  o b t a i n e d  by assuming t h a t  d.1 delayed  n e u t r o n s  are 

e m i t t e d  w i t h  a s i n g l e  average  energy,  i-ndependent of  t h e  p r e c u r s o r  group. 

According t o  d a t a  t a k e n  from Ref.  8 ,  t h i s  average  energy i s  approximate ly  

0 . 4 3  MeV. Then y. = y can b e  computed f r o m  the approximate formula 
I 

2 

i n  which B' i s  t h e  geometr ic  b u c k l i n g  cor responding  t o  t h e  "nuclear"  s i z e  

of t h e  c o r e  and T and T are t h e  v a l u e s  of t h e  n.verage age to thermal  

energy f o r  prompt f i s s i o n  n e u t r o n s  and f o r  de layed  n e u t r o n s  r a p e c t i v e l y .  
P d 

I - These e f f e c t i v e  delayed-neutron f r a c t i o n s ,  f i i  - -- yBi, wi.th no ci.rcu- 

l a t i o n  of t h e  f u e l ,  form t h e  basi-s  f o r  n o r m a l i z a t i o n  of t h e  "measured" re- 

a c t i v i t y  components. 

f o r  t h e  MSRE are g iven  la te r  i n  t h i s  r e p o r t  ( S e c t .  4 . 5 )  a 

Details of the method of numerical  evaluat.i.on of '7 

The procedure  d e s c r i b e d  above i s  s t r i c t l y  s u f f i c i e n t  o n l y  f o r  r e a c t o r s  

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

p r e c u r s o r s .  For t h e  MSRE t h e  c a l i b r a t i o n  of t h e  c o n t r o l  r o d s  and t h e  re- 

a c t i v i t y  measurement.s d e r i v e d  from these exper iments  w e r e  performed w i t h  

t h e  c i r c u l a t i o n  s topped .  When t h e  f u e l  is  c i r c u l a t i n g ,  a d d i t i o n a l  corn-- 

p l e x i t i e s  arise from i . r i teract i .on between t h e  f l u i d  f low and p r e c u r s o r  dy- 

nami-cs. T h i s  delayed-neutron l o s s  is  b e s t  t r e a t e d  as a s e p a r a t e  ( n e g a t i v e )  

r e a c t i v i t y  component. e f f ec t  t h a t  can b e  p r e c - i s e l y  measured and normalized 

on t h e  b a s i s  d e s c r i b e d  above. For c o n d i t i o n s  of s t e a d y - s t a t e  c i r c u l a t i o n  

of f u e l ,  t h i s  e f f e c t  i s  c o n s t a n t  and t h e r e f o r e  e q u i v a l e n t  t o  a zero-poin t  

c o r r e c t i o n  i n  t h e  r e a c t i - v i - t y  bal.anc:e. 

The t h e o r e t i c a l  and e x p e r i m e n t a l  i n t e r p r e t a t i o n  of t h e  delayed-neutron 

l o s s  e f f e c t  :in t h e  MSI(E:, b o t h  under  s t e a d y - s t a t e  and t r a n s i e n t - s t a b l e  

p e r i o d  c o n d i t i o n s ,  w a s  t h e  s u b j e c t  of  an ear l ier  r e p o r t .  
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3 .  DESCRIPTION OF INDIVIDUAL KEACTIVITY EFFECTS IN THE MSRE 

3 . 1  Reference  Condj.tions 

The d i s c u s s i o n  given i n  t h e  remainder  of t h i s  r e p o r t  a p p l i e s  s p e c i f i -  

c a l l y  t o  t h e  MSIX. Some knowledge of t h e  b a s i c  r e a c t o r  d e s i g n  c h a r a c t e r -  

i s t ics  is assumed, and f u r t h e r  d e t a i l s  a r e  a v a i l a b l e  i n  Ref. 10. 

If changes rin component r e a c t i v i t y  e f f e c C s  d u r i n g  o p e r a t i o n  are t o  b e  

monitored,  i t  i s  advantageous t o  choose a s t a r t i n g ,  o r  r e f e r e n c e ,  c o n d i t i o n  

t h a t  can b e  d e f i n e d  by exper imenta l  measurements w i t h  r e l a t i v e l y  l i t t l e  

e r r o r  o r  ambigui ty .  The r e f e r e n c e  c o n d i t i o n s  chosen f o r  t h i s  work c o r r e -  

spond t o  t h e  j u s t - c r i t i c a l  r e a c t o r ,  isothermal.  a t  1200’F by use of t h e  ex- 

ternal .  e l e c t r i c  h e a t e r s ,  fuel.  c i r c u l - a t i n g  and f r e e  of f i s s i o n  p r o d u c t s ,  and 

a l l  t:hree c o n t r o l  r o d s  withdrawn t o  t h e i r  upper  l i m i t s  ( 5 1  i n . ) .  ‘rhe 

uranium c o n c e n t r a t i o n  f o r  t h e s e  c o n d i t i o n s ,  as w e l l  as t h e  i n c r e a s e  i n  

uranium c o n c e n t r a t i o n  r e q u i r e d  t o  compensat:e f o r  a range  of cont ro l - rod  

i n s e r t i . o n s  and is0 Lhermal tempera ture  changes,  w a s  e s t a b l i s h e d  d u r i n g  a 

program of zero-power n u c l e a r  experiments .  The experi-mental  program per-  

t i n e n t  t o  t h e  f i r s t  uranium l.oading,’’ a mix‘rerre o f  235U and 238U, were 

c a r r i e d  o u t  i n  t h e  suiiiiuer of 1965. I n  t h i s  program, independent  measure- 

ments of t h e  cont ro l - rod  r e a c t i v i t y  worth (per iod-d i f fe t re_nt ia l -wor t l - i  

experiments  and rod-drop i n t e g r a l - w o r t h  experiments)  wexe used t o  de te rmine  

r e a c t i v i t y  e q u i v a l e n t s  of uranium c o n c e n t r a t  ion  changes and i s o t h e r m a l  

tempera ture  v a r i a t i o n s .  

The zero-power experiments  p e r t i n e n t  t o  l o a d i n g  w i t h  2 3 3 U  were c a r r i e d  

o u t  i n  t h e  f a l l  of 1.968. Thi.s program e s t a b l i s h e d  t h e  n e c e s s a r y  b a s e - l i n e  

condi t - ions and i n f o r m a t i o n  f o r  r e a c t i v i t y  b a l a n c e  c a l c u l a t i o n s  d u r i n g  power 

o p e r a t i o n  w i t h  2 3 3 U .  A summary of t h e  r e s u l t s  wa.s g iven  i n  Ref.  1 2 ,  and 

f u r t h e r  d e t a i l s  w i l l  b e  i n c l u d e d  i n  subsequent  t :opical r e p o r t s  concerned 

w-i.tl.1 a n a l y s i s  of n u c l e a r  o p e r a t i o n  w i t h  3U. 

3.2 ‘I’he General  K e n c t i v i t y  Balance Equat ion  

The e q u a t i o n  d e s c r i b i n g  t h e  g e n e r a l  s i t u a t i o n  when t h e  r e a c t o r  i s  

o p e r a t i n g  a t  some s p e c i f i e d  power level  i n c l u d e s  t e r n s  r e p r e s e n t i n g ,  



2 3  

re la t ive  t o  t h e  r e f e r e n c e  s t a t e ,  (1) t h e  p o s i t i v e  e f f e c t  of t h e  t o t a l  ex- 

cess uranium added b e f o r e  t n c r e a s i n g  t h e  power, (2) t h e  p o i s o n i n g  e f f e c t  of 

t h e  rod i n s e r t i o n ,  and ( 3 )  t h e  power and t i m e - i n t e g r a t e d  power-dependent 

e f f e c t s  a s s o c i a t e d  w i t h  changes i n  f u e l  and g r a p h i t e  t e m p e r a t u r e  I .evels  and 

d i s t r i b u t i o n s ,  235TJ burnup, and f i s s i o n  product  bui.l.dup (135Xe, 11t9Sm, 

15’S3, and n o n s a t u r a t i n g  f i s s i o n  p r o d u c t s ) .  

impor tan t  d i r e c t  e f f e c t s  of s u b s t a n t i a l  power genera t i -on .  There arc ,  I10.w- 

ever, o t h e r  i n d i . r e c t  e f f e c t s  a r i s i n g  from i s o t o p i c  changes.  These i n c l u d e ,  

(1) t h e  burnout  of t h e  s m a l l  amount of ‘L i  p r e s e n t  i n  the c l e a n  f u e l  s a l t ,  

(2) burnout  of r e s i . d u a l  l 0 B  from t h e  u n i r r n d i - a t e d  grap€ii.te moderator ,  

( 3 )  p r o d u c t i o n  of plutonium from a b s o r p t i o n s  i n  238U, and ( 4 )  changes i n  

t h e  c o n c e n t r a t i o n s  of t h e  o t h e r  nonf issi.1.e i s o t o p e s  of uranium duri.ng opera-  

These t e r m s  i n c l u d e  t h e  most 

t i o n .  There are ,  i n  a d d i t i o n ,  o t h e r  known r e a c t i v i t y  e f f e c t s  t h a t  can  b e  

shown t o  b e  i n s i g n i f i c a n t  i n  t h e  MSRE, such  as photoneut ron  r e a c t i o a s  i.n 

t h e  b e r y l l i u m  i n  t h e  f u e l  s a l t ,  changes i n  r o d  worth due t o  gadol inium de- 

p l e t i o n ,  and several high-energy n e u t r o n  r e a c t i o n s .  These complete  t h e  

l ist  of component r e a c t i v i t y  e f f e c t s  o n l y  i f  w e  assume [:hat t h e  s t r u c t u r a l  

c o n f i g u r a t i o n  of t h e  g r a p h i t e  s t r i n g e r s  and t h e  a s s o c i a t e d  m a t r i x  of f u e l -  

sa1.t: channels  underwent no s i g n i f i c a n t  changes d u r i n g  t h e  power-generat ing  

h i s t o r y  of t h e  c o r e .  I f  changes i n  t h e  fuel-moderator  geometry w e r e  in-  

duced ~ for  example, by nonuniform temperature-expansion e f f e c t s  o r  ci.tmi~- 

l a t i v e  radiat ion-damage e f f e c t s  on t h e  g r a p h i t e ,  t h i s  could appear  as a n  

anomalous r e a c t L v i t y  e f f e c t  n o t  e x p l i c i t l y  accounted f o r  i.n t h e  rea.cti.vi.ty 

ba lance .  T h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  some r a d i a t i o n - i  rtduced 

geometr ic  changes may have o c c u r r e d ;  t h e s e  c a l c u l a t i o n s  and t h e i r  i n f l u e n c e  

on t h e  i n t e r p r e t a t i o n  of r e a c t i v i t y  b a l a n c e  d a t a  are  d e s c r i b e d  i n  

S e c t i o n  3.3. 

There i s  s u b s t a n t i a l  ev idence  t h a t  a n o t h e r  s p e c i a l  r e a c t i v i t y  e f f e c t  

w a s  of importance i n  t h e  o p e r a t i o n  o f  t h e  MSRE. T h i s  a r o s e  from t h e  en- 

t r a i n m e n t  of helium-gas bubbles  i n  t h e  c i r c u l a t i n g  f u e l  sa l t  through t h e  

a c t i o n  of t h e  x e n o n - s t r i p p i n g  s p r a y  r i n g  i n  t h e  fuel-pump tank .  These 

mi.nute, c i r c u l a t i n g  hel ium bubbles  would b e  expec ted  t o  a f f e c t  t h e  reac- 

t i v i t y  i n  two ways: (1) by modifying t h e  n e u t r o n  l e a k a g e  through a n  e f -  

f e c t i v e  r e d u c t i o n  i n  t h e  d e n s i t y  of  t h e  fuel. sa l t  and ( 2 )  by providir ig  a n  



a d d i t i o n a l  s i n k  f o r  

t o  t h e  g r a p h i t e  pores .  (These e f f e c t s  w i l l  be d i s c u s s e d  i n  g r e a t e r  d e t a i l  

i n  a la te r  sect ion.)  

3 5 X e  and thereby  r e d u c i n g  t h e  e f f e c t i v e  xenon m i g r a t i o n  

Me can summarize t h e  preceding  d i s c u s s i o n  i n  t h e  form of a g e n e r a l  

e q u a t i o n  f o r  the  r e a c t i v i t y  ba lance .  By u s i n g  t h e  symbol A p ( z )  t o  repre- 

s e n t  t h e  a l g e b r a i c  v a l u e  of t h e  r e a c t i v i t y  change due t o  component x, and 

grouping terms t h a t  can be t r e a t e d  s i m i l a r l y  i n  t h e  c a l c u l a t i o n s ,  we 

o b t a i n  

0 = Ao ( rods)  1- Ap (excess  735U)  C Ap ( tempera ture)  i- Ap (power) 

+- A p  (Sm) 4- Ap (135X3,) 4- Ap ( o t h e r  n u c l i d e  t r a n s m u t a t i o n  e f f c J c t s )  

-k Ap ( r e s i d u a l ) .  (36) 

The f i n a l  term on t h e  r ight-hand s i d e  o f  t h i s  e q u a t i o n  i n c l u d e s  e f f e c t s  

d i v i s i b l e  i n t o  t h r e e  b a s i c  c a t e g o r i e s :  (1) any r e s i d u a l  e f f e c t s  known t o  

normally occur  i n  t h e  r e a c t o r  c o r e  t h a t  are  n o t  expl . ic i . t ly  accounted €o r  

i n  t h e  c a l c u l a t i o n s ,  ( 2 )  r e s i d u a l  r e a c t i v i t y  c o r r e c t i o n s  due t o  any ~ K Y O I S  

i n  c a l c u l a t i n g  the o t h e r  t e r m s ,  and ( 3 )  changes that could be cons idered  

t o  c o n s t i t u t e  anomalous behavior  (such as uranium s e p a r a t i o n  from t h e  c i r -  

c u l a t i n g  f u e l  s a l t ) .  

F igure  3 i l l u s t r a t e s  d iagrammat ica l ly  how t h e  informat- ion r e q u i r e d  

f o r  o n - l i n e  c a l c u l a t i o n  of [:lie v a r i o u s  terms of E q .  ( 3 6 )  wi?s asseiiibIed. 

I n  t h e  f i g u r e  t h e  s o l i d  arrows are used t o  d e s i g n a t e  t h e  "primary" s o u r c e s  

of i n f o r m a t i o n  used t o  e v a l u a t e  t h e  r e a c t i v i t y  e f f e c t s .  The dashed arrows 

i n d i c a t e  where t h e  dependency on t h e o r e t i c a l  modeling i s  secondary.  This 

produces a rough s e p a r a t i o n  of t h e  t e r m s  i n t o  two groups (emphasized by 

t h e  double  l i n e )  , accord ing  t o  t h e  extent.  t o  which exper imenta l  measure- 

ments w e r e  s u f f i c i e n t  t o  e v a l u a t e  t h e s e  terms. The dependency of evalu-  

a t i o n s  of t h e  t o p  group on t h e o r e t i c a l  i n p u t  r e s i d e s  mainly i n  t h e  evalu-  

a t i o n  of t h e  e f f e c t i v e  delayed-neutron f r a c t i o n s  r e q u i r e d  t o  c o n v e r t  t h e  

r e s u l t s  of t h e  r o d - c a l i b r a t i o n  exper iments  t i l  a n  "absoI.ute" r e a c t i v i . t y  

scale. 

The b a s e s  of eva lua t i -on  of t h e  terms of E q .  (36) a r e  d e s c r i b e d  i n  

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

t h e  equat ion .  
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REACTIVTTY EFFECTS: 

RES1DLJA.L REACTIVITY I 
Fig. 3 .  Composition o f  MSPJ reactivity balance. 

Control-rod reactivity worth 

Quantitative determinations O €  the rod worth, the 235U reactivity 

worth, and the temperature reactivity effects were made during the zero- 

power experiments. Because the uranium and temperature reactivity e f f c , c t s  

are inferred from the control-rod calibration experiments, and also because 

the magnitude of other knotm power-dependent reactivity effects, described 

later, are evaluated empirically according t o  the changes in control-rod 

position following a change in power level, precise determination of rod 

worth is vital to the successful interpretation of the reactivity balance. 
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The control .  r o d s  w e r e  c a l i b r a t e d  by means of rod  bump-period measure- 

ments made wi th  t h e  r e a c t o r  a t  z e r o  power ( i . e . ,  w i t h  n e g l i g i b l e  tempera- 

t u r e  feedback e f f e c t s )  and t h e  f u e l  c i r c u l - a t i n g  pump stopped ' '  d u r i n g  a 

p e r i o d  of urani.im a d d i t i o n s  s u f f i c i e n c  t o  v a r y  t h e  i n i t i a l  c r i t i c a l  pos i -  

t l o n  of one rod ( t h e  r e g u l a t i n g  rod)  o v e r  i . t s  e n t i r e  l e n g t h  of  t r a v e l .  A t  

t h r e e  i n t e r m e d i a t e  2 3 5 U  c o n c e n t r a t i o n s  banked i n s e r t i o n s  o f  t h e  two shim 

r o d s  requi . red t o  b a l a n c e  s p e c i f i e d  increments  of wi thdrawal  of t h e  regu- 

l a t i n g  rod were measured, I n  t h i s  way, v a r i o u s  combinat ions of shiru- and 

.t.-egulating-rod i n s e r t i o n s  e q u i v a l e n t  i n  t h e i r  r e a c t i v i t y  poisoning  e f f e c t  

w e r e  o b t a i n e d .  Rod-drop exper iments  w e r e  a l s o  performed a t  t h r e e  i n t e r -  

mediate  235U c o n c e n t r a t i o n s .  I n  t h e s e  exper iments ,  the  e q u i v a l e n t  i n t - e g r a l  

n e g a t i v e  r e a c t i v i t y  i n s e r t i o n  o f  t h e  rod i n  f a l l i n g  from i t s  i n i t i a l .  c r i t i -  

c a l  p o s i t i o n  t o  i t s  scram p o s i t i o n  was measured. Agreement between t h e  

i - n t e g r a l  of t h e  d i f f e r e n t i a l - w o r t h  measurements and t h e  i n t e g r a l  r e a c t i v i t y  

o b t a i n e d  d i r e c t l y  from t h e  rod-drop exper iments  was found t o  be w i t h i n  5%.  

']'he r e a c  t:iv:ity v e r s u s  p o s i t i o n  c a l i b r a t i o n  c u r v e  for  t h e  r e g u l a t i n g  

r o d ,  and t h e  r e s u l t s  of  t h e  t h r e e  exper iments  measuring equivalenfr shim- 

and r e g u l a t i n g - r o d  combinat ions w e r e  n e x t  combined w i t h  an approximate 

t h e o r e t i c a l  formula f o r  t h e  r e a c t i v i t y  worth of an a r b i t r a r y  s h i r m e g u -  

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

ters t h a t  were a d j u s t e d  so t h a t  t h e  formula provided a l e a s t - s q u a r e s  f i t  

t o  t h e  exper imenta l  measurements. (DerivatiLon of t h e  formula f o r  rod worth 

and d i s c u s s i o n  of i t s  a p p l i c a t i o n  are  g iven  i n  Ref.  13 . )  The r e s u l t  of 

t h i s  a n a l y s i s  i s  shown i n  F ig .  4. The s o l i d  p o i n t s  are  d a t a  t a k e n  from 

smooth c u r v e s  drawn through t h e  exper  i h e n t a l  d a t a  and are  normalized t o  

t h e  uranium c o n c e n t r a t i o n  a t t a : i n e d  a t  t h e  end of  t h e  zero-power exper iments  

w i t h  2 3 5 U .  (As noted i n  S e c t .  2 . 2 ,  t h e  rod  r e a c t i v i t y  worth i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  235U c o n c e n t r a t i o n  w i t h i n  i t s  r a n g e  of v a r i a t i o n . )  

F igure  4 i n d i - c a t e s  t h a t  t h e  smoothed d a t a  could  b e  f i t t e d  v e r y  c l o s e l y  w i t h  

t h e  t h e o r e t i c a l  rod-worth forinmla, except  f o r  s m a l l  e r r o r s  a t  t h e  extreme 

p o s i t i o n s  of t h e  r o d s  ( f u l l  i n s e r t i o n  o r  wi thdrawal ) .  N o  impor tan t  re- 

s t r i c t i o n s  iIi t h e  u s e  of t h e  formula a r o s e  from t h e s e  e r r o r s ,  s i n c e  t h e  

purpose w a s  pri.rriarily i n t e r p o l a t i o n  o f  t h e  r e a c t i v i t y  worth of i n t e r m e d i a t e  

s h i m e g u l a t i n g - r o d  combinatlions n o t  s p e c i f i c a l l y  covered i n  t h e  t h r e e  

groups of experiments  d e s c r i b e d  above. The formula provided a convenient  
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POSITION O r  ROD MOVED ( i n .  WITHDRAWN) 

Fig .  4 .  Compariison of c o n t r o l  rod r e a c t i v i t y  from exper imenta l  
curves  and from t h e  l e a s t - s q u a r e s  formula.  

means of rapid1.y c a l c u l a t i n g  t h e  r e a c t i v i t y  e q u i v a l e n t  o f  t h e  rod conf ig -  

u r a t - i o n  d u r i n g  r e a c t o r  o p e r a t i o n  by means of t h e  o n - l i n e  computer. One 

p o t e n t i a l  r e s t r i c t i o n  i n  t h e  p r a c t i c a l  u s e  of t h e  formu1.a should  be  n o t e d ,  

however. I t  could  on ly  be a p p l i e d  i n  r e g i o n s  of rod t r a v e l  and excess  re- 

a c t i v i t y  covered i n  t h e  zero-power c a l i b r a t i o n  exper iments  ( i . e . ,  magnitude 

of r e a c t i v i t y  less than  o r  e q u a l  t o  the wor th  of a s i n g l e  rod  moving through. 

51 i n .  of t r a v e l ) .  M o d i f i c a t i o n s  of t h e  l e a s t - s q u a r e s  formula would have 

been r e q u i r e d  t o  cover  a l a r g e r  r e a c t i v i t y  range. S i n c e  t h e  r e a c t o r  f u e l  

l o a d i n g  never  exceeded t h a t  a t t a i n e d  i n  the i n i t i a l  c a l i b r a t i o n ,  t h i s  

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

Ctieclcs w e r e  made d u r i n g  power ope ra t - ion  of t h e  r e a c t o r  ( s e e  a l s o  t h e  

d i s c u s s i o n  i n  Chap. 5) t o  d e t e r m i n e  whether  u s e  o f  the approximate  formula 

wauld l e a d  t o  any s i g n i f i c a n t  e r r o r  i n  t h e  r e a c t i v i t y  e f f e c t  assi-gned to 

t h e  rod. ‘These w e r e  done by v a r y i n g  t h e  shim- and r e g u l a t i n g - r o d  conf igu-  

r a t i o n  r e q u i r e d  t o  m a i n t a i n  c o n s t a n t  r e a c t o r  o p e r a t i n g  c o n d i t i o n s  and com- 

p a r i n g  t h e  ca l - cu la t ed  r e a c t i v i t y  e f f e c t s .  These tests i n d i c a t e d  t h a t  t h e  



maximum r e a c t i v i t y  v a r i a t i o n  a t t r i b u t a b l e  t o  s y s t e m a t i c  e r r o r s  of t h i s  

t y p e  would b e  about  0.03% a k l k  and would g e n e r a l l y  b e  a s s o c i a t e d  wit.11 t h e  

l a r g e s t  changes i n  shim- and r e g u l a t i n g - r o d  c o n f i g u r a t i o n  o c c u r r i n g  d u r i n g  

r o u t i n e  power o p e r a t i o n s .  

Excess 2 3 5 U  r e a c t i v i t y  worth 

R e l a t i v e  t o  t h e  r e f e r e n c e  c o n d i t i o n s  d e f i n e d  i n  t h e  preceding  p a r t  o f  

t h i s  r e p o r t ,  t h e  tiot:al e x c e s s  2 3 s U  i s  e q u a l  t o  t h e  amount added d u r i n g  t h e  

zero-power experiments  ( i n  t h e  form of h i g h l y  e n r i c h e d  uranium) minus %he 

amount burned d u r i n g  power o p e r a t i o n  of t h e  r e a c t o r  p l u s  the+ amount added 

t o  r e e n r i c h  t h e  f u e l  s a l t  when t h e  burnup becomes s u f f i c i e n t .  C o r r e c t i o n s  

must: a l s o  b e  in t roduced  f o r  re lacive d i l u t i o n  e f f e c t s  each t i m e  t h e  r e a c t o r  

f u e l  l o o p  was d r a i n e d  and t h e  f u e l  mixed w i t h  the  f u e l  s a l t  "heel" re- 

maining i n  t h e  d r a i n  t a n k s  d u r i n g  o p e r a t i o n ,  as w e l l  as f o r  a b s o l u t e  di.lu- 

t i o n s  from r e a c t o r  f l u s h i n g  o p e r a t i o n s .  
7,; 

T h e  r e a c t i v i t y  e q u i v a l e n t  of  t h e  e x c e s s  uranium was determined froin 

t h e  zero-power experiments  by measuring t h e  amount of cont ro l - rod  i n s e r t i o n  

r e q u i r e d  t o  b a l a n c e  each  a d d i t i o n  of  2 3 5 U  and t h e n  u s i n g  Lhe independent  

c a l i b r a t i - o n  of r e a c t i v i t y  v e r s u s  p o s i t i o n  t o  de te rmine  t h e  i .ncremeata1 re- 

a c t i - v i t y  worth of t h e  235U. 

ment w e r e  d e s c r i b e d  i n  Chapter 2.  It w a s  shown t h a t  t h e  form o f  t h e  ex- 

pressi .on f o r  the e x c e s s  uranium r e a c t i v i t y  e f f e c t  w a s  

The t h e o r e t i c a l  f o u n d a t i o n s  of t h i s  measure- 

where C i s  t h e  c o n c e n t r a t i o n  of 2 3 5 U  i n  t h e  s a l t ,  C, i s  t h e  v a l u e  a t  t h e  

miximum c r i t i c a l  l-oading, and K i s  approximate ly  c o n s t a n t  o v e r  t h e  range  

of c o n c e n t r a t i o n s  encountered i n  o p e r a t i o n s .  The parameter  K i s  a l s o  e q u a l  

t o  t h e  c o n c e n t r a t i o n  c o e f f i c i e n t  of r e a c t i . v i t y  a t  t h e  r e f e r e n c e  condi t i .ons ,  

a s  can b e  shown by d i f f e r e n t i a t i n g  Eq.  ( 3 7 )  and s e t t i n g  t h e  c o n c e n t r a t i o n  

e q u a l  t o  t h a t  a t  t h e  minimum c r i t i c a l  l o a d i n g :  

..-__1___ 

* 
A nominal ly  uranium-free f l u s h  s a l t  w a s  normally used t o  r i n s e  t h e  

pr imary system p r i ~ o r  t o  and a f t e r  operat . ioris t h a t  involved  opening t h e  
system ( e . g .  replacement  of c o r e  i r r a d i a t i o n  specimens) .  F lush  salt-. l e f t  
i n  t h e  primary loop  a f t e r  d r a i n i n g  caused t h e  f u e l  d i l u t i o n .  
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R e s u l t s  of f i t t i n g  t h e  d a t a  ob ta ined  d u r i n g  t h e  zero-power exper iments  w i th  

an e x p r e s s i o n  of t h e  form of Eq. (37) are shown in Fig .  5. From t h i s  ana l -  

y s i s ,  a v a l u e  of K = 0.24 w a s  o b t a i n e d ;  co r re spond ing ly ,  t h e  ave rage  con- 

c e n t r a t i o n  c o e f f i c i e n t  of r e a c t i v i t y  over  t h e  t o t a l  v a r i a t i o n  i n  235U 

l o a d i n g  d u r i n g  t h e  zero-power exper iments  was 0.22.  

I n  o r d e r  t o  e v a l u a t e  t h e  changes i n  c o n c e n t r a t i o n  due t o  235U de- 

p l e t i o n  i n  power o p e r a t i o n ,  t h e o r e t i c a l  c a l c u l a t i o n s  of  the f i s s i o n  and 

r a d i a t i v e  c a p t u r e  c r o s s  s e c t i o n s ,  averaged ove r  t h e  r e a c t o r  spectrum, w e r e  

r e q u i r e d .  These c a l c u l a t i o n s  are d e s c r i b e d  i n  Chapter  4 .  The a n a l y s i s  

i n d i c a t e d  t h a t  t h e  235U would be  consumed a t  t h e  ra te  of 1.31 g/”TJd, o r  

a t  t h e  e q u i v a l e n t  rate of about  5% of t h e  c i r c u l a t i n g  i n v e n t o r y  p e r  f u l l -  

power yea r .  

T e m p e r a t u r e  r e a c t i v i t y  e f f e c t  

When t h e  c o r e  tempera ture  i s  main ta ined  s p a t i a l l y  uniform,  a change 

i n  t h i s  t empera tu re  can be r e l a t e d  bo th  expe r imen ta l ly  and t h e o r e t i c a l l y  
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t h e o r e t i c a l  cu rve  f i t .  
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t o  t h e  c o r e  r e a c t i v i t y  i n  an unambiguous manner. The method used t o  

measure t h e  i s o t h e r m a l  tempera ture  c o e f f i c i e n t  of r e a c t i - v i t y  d u r i n g  t h e  

zero-power experiments  c o n s i s t e d  i n  v a r y i n g  t h e  e x t e r n a l  h e a t e r  i n p u t s  and 

d l o w i n g  t h e  j u s t - c r i t i c a l  r e a c t o r  t o  c o o l  s lowly  and uni formly  w h i l e  

measuring t h e  change i n  r e g u l a t i n g - r o d  p o s i t i o n  r e q u i r e d  t o  m a i n t a i n  a 

c o n s t a n t  n e u t r o n  level.  I n  t h e s e  exper iments  . the fuel.  was c i r c u l a t i n g  and 

t h e  system tempera ture  was taken  t o  b e  t h e  average  o f  t h e  measurements made 

w i t h  p r e s e l e c t e d  thermocouples d i s t r i b u t e d  o v e r  t h e  c i r c d a t i n g  system. 

The change i n  rod pos i t : ion  cor responding  t o  tile tempera ture  change w a s  con- 

v e r t e d  t o  r e a c t i v i - t y  by a g a i n  u s i n g  t h e  rod c a l i b r a t i o n  ci.irve. The zero- 

power experiments  measured the combined e f f e c t  of a uniform change i n  f u e l  

and g r a p h i t e  tempera ture .  The v a l u e  of t h e  t o t a l  i s o t h e r m a l  tempera ture  

c o e f f i c i e n t  of r e a c t i v i t y  o b t a i n e d  by t h i s  means was -7.3 x 

* 

OFm1. 

___- Power c o e f f i c i e n t  of r e a c t i v L t 1  

A t  power l e v e l s  h i g h e r  t h a n  about  10 kW of h e a t ,  spat.i.al d i s t r i b u -  

t i o n s  of tempera ture  due t o  the nonuniform h e a t i n g  of t h e  c o r e  begin  t o  

become s i g n i f i c a n t .  The r e a c t i v i t y  change, r e l a t i v e  t o  a f i x e d  uniform 

tempera ture  l eve l ,  i s  no l o n g e r  s imply r e l a t e d  t o  a s i n g l e  p h y s i c a l l y  

measurable  tempera ture  ( o s  even t h e  average  of s e v e r a l  measured tempera- 

t u s e s )  i n  t h e  c i r c u l a t i n g  system. R a t h e r ,  the r e a c t i v i t y  i s  a curnulati-ve 

e f f e c t  of  t h e  e n t i r e  tempera ture  f i e l d  i n  t h e  c o r e .  T h i s  tempera ture-  

d i s t r i b u t i - o n  r e a c t i v i t y  e f f e c t ,  o r  s t e a d y - s t a t e  power c o e f f i c i e n t  of re- 

a c t i v i t y ,  i s  somewhat d i f f i c u l t  t o  estiiiiate r e l i a b l y  f o r  t h e  MSRE because 

i t  r e q u i r e s  a c c u r a t e  knowledge c f  t he  l o c a l  h e a t  depos i . t ion  and tempera- 

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

l o c a l  e f f e c t s  t o  t h e  n e u t r o n  r e a c t i o n  ra tes .  An approximate way of t r e n t -  

i n g  t h i s  problem i n v o l v e s  t h e  u s e  of a "nuclear  average  tempera ture ,"  a s  

? 

* 
I n t e r a c t i o n  e f f e c t s  ( i . e , ,  e f f e c t s  of t h e  ternperaturr  change on t h e  

t o t a l  rod worth) w e r e  e s t i m a t e d  from t h e o r e t i c a l  c o n s i d e r a t i o n s  t o  b e  
q u i t e  smal l .  

1. 
I 
The tempera ture  d i s t r i b u t i o n s  i n  fuel  and g r a p h i t e  are determined by 

t h e  t o t a l  power leve l  and t h e  mode of tempera ture  l eve l  c o n t r o l  ( t h e  r r n c -  
t o r  o u t l e t  f u e l  tempera ture  bras s e r v o - c o n t r o l l e d  i n  t h e  MSRE). S i n c e  t h e  
power level w a s  an  i n p u t  v a r i a b l e  t o  t h e  o n - l i n e  computer,  i t  was con- 
v e n i e n t  t o  r e l a l e  t h e  r e a c t i v i t y  e f f e c t  d i r e c t l y  t o  t h e  power l eve l .  
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d e s c r i b e d  i n  Ref. 1 4 .  I n  t h i s  method, t h e  l o c a l  tempera ture  changes are  

m u l t i p l i e d  by a w e i g h t i n g  ( importance)  f u n c t i o n  t h a t  measures t h e i r  e f f e c t  

on t h e  n e t  r e a c t i v i t y  and t h e n  i n t e g r a t e d  o v e r  the r e a c t o r  c o r e .  Even i f  

we  assume t h a t  t h e  t e m p e r a t u r e  d i s t r i b u t i o n s  in. t h e  f u e l  and c o r e  g r a p h i t e  

can  b e  c a l c u l a t e d  a c c u r a t e l y ,  i t  should  b e  noted  t h a t  t h e  w e i g h t i n g  pro- 

c e d u r e  d e s c r i b e d  i n  Ref.  1 4  i s  t h e o r e t i c a l l y  insuf f i . c i . en t  when a p p l i e d  t o  

a s m a l l  r e a c t o r  c o r e ,  such  as t h e  MSRE. Here t h e  pr inc ipa l .  t empcra ture  

r e a c t i v i t y  e f f e c t s  ar ise  from changes i n  t h e  n e u t r o n  l e a k a g e .  Although 

nonuniform t e m p e r a t u r e  changes i n d u c e  expansion i n  f u e l  s a l t  and g r a p h i t e  

t h a t  a f f e c t  t h e  r e a c t i - v i t y  a c c o r d i n g  t o  t h e  w e i g h t i n g  procedure  i n d i c a t e d  

above, t h e  complete  d e s c r i p t i o n  of t h e  e f f e c t s  would a l s o  r e q u i r e  ca lcu-  

I -a t ion  of n e u t r o n  t h e r m a l i z a t i o n  i n  a nonuni.foriii t empera ture  fie1.d. D i f -  

f i c u l t i e s  i n  t h e  p r a c t i c a l  computat ion of t h e s e  e f f e c t s  can b e  a s o u r c e  

of e r r o r  i n  t h e o r e t i c a l  e v a l u a t i o n s  of t h e  power c o e f f i c i e n t .  

The power c o e f f i c i e n t  of r e a c t i v i - t y  f o r  a f i x e d  r e a c t o r  o u t l e t  t e m -  

p e r a t u r e  w a s  measured d u r i n g  t h e  approach t o  power by h o l d i n g  t h e  r e a c t o r  

o u t l e t  t empera ture  a t  a p r e s e t  v a l u e  w i t h  t h e  s e r v o  c o n t r o l l e r  and m e a s -  

u r i n g  t h e  c o n t r o l - r o d  r e s p o n s e  t o  t h e  change i n  s t e a d y - s t a t e  power level. 

S i n c e  t h e  r e a c t i v i t y  response  t o  t h e  change i n  tempera ture  d i s t r i b u t i o n  i s  

essentia1.l .y i n s t a n t a n e o u s ,  t h i s  e f f e c t  can b e  s e p a r a t e d  from t h e  s lower  

power-dependent r e a c t i v i t y  e f f e c t s ,  such  as t h e  35Xe and I4'Sm e f f e c t s .  

The t o t a l  e f f e c t  w a s  q u i t e  s m a l . 1 ,  and the measured power c o e f f i c i e n t  w a s  

+0.001% r e a c t i v i t y  p e r  megawatt. T h i s  observed c o e f f i c i e n t  corresponded 

t o  a d i f f e r e n c e  of about  3'F/NW between t h e  n u c l e a r  a v e r a g e  tem-perature of  

t h e  g r a p h i t e  and t h a t  of t h e  f u e l .  The measured c o e f f i c i e n t  was appl i -ed 

t o  e v a l u a t e  t h e  t e r m  Ap (power) i n  Eq. (36).  

S a m a r  ium p o is  on i n  g 

The t e r m  in  Eq. ( 3 6 )  r e p r e s e n t i n g  t h e  p o i s o n i n g  e f f e c t  of 149Sm and 

51Sm cannot  b e  c o n v e n i e n t l y  s e p a r a t e d  i n  e x p e r i m e n t a l  measurements and i s  

b e s t  c a l c u l a t e d  from b a s i c  t h e o r e t i c a l  c o n s i d e r a t i o n s .  The d i r e c t  f i s s i o n  

product ion-decay schemes f o r  t h e s e  h igh-cross-sec t ion  n u c l i d e s  arc  shown 

i n  F ig .  6. The parameters  (p r e p r e s e n t  t h e  r e a c t i o n  ra te  c o n s t a n t s  f o r  

n e u t r o n  a b s o r p t i o n ,  normalized t o  u n i t  power l eve l  and c o r r e c t e d  f o r  t h e  

t i m e  t h e  f u e l  spends i n  t h e  p a r t  of t h e  c i r c u l a t i n g  l o o p  e x t e r n a l  t o  t h e  

a 
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Fig .  6 .  F i r s t - o r d e r  decay schemes f o r  product ion  o f  samarium poisons .  

r e a c t o r  c o r e  and t h u s  o u t  of t h e  n e u t r o n  f l u x .  The c a l c u l a t i o n  o f  tile f l u x  

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

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

I n  pr inc ip l .e ,  t h e  c h a i n s  show3 i n  Fig.  6 should  b e  connected by neu- 

t r o n  a b s o r p t i o n  i n  150Sm;  o t h e r  i n d i r e c t  r o u t e s  f o r  t h e  p r o d u c t i o n  of 1 4 9 S m  

can a l s o  b e  cons idered .  However, for- t h e  r e l a t i v e l y  low neut ron  f l u x  and 

f r a c t i o n  of  uranium burnup engendered i n  t h e  MSRE, t h e s e  c o r r e c t i o n s  can 

h e  n e g l e c t e d .  For p e r i o d i c  c-alculat i -on w i t h  t h e  o n - l i n e  computer,  the 

d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  t h e  p r o d u c t i o n  and decay schemes i n  

F i g ,  6 were conver ted  t o  f i n i t e  d i f f e r e n c e  form. The form of t h e  e q u a t i o n s  

used f o r  Computation i n  b o t h  decay c h a i n s  was 

Np(ti 3- At) .= lip(") (1 - A At) + Clg-( ti) At ( 3 9 )  

w h e r e  N(t.) i s  t h e  atomic c o n c e n t r a t i o n  of t h e  i s o t o p e  i n  t h e  f u e l  s a l t  a t  

t i m e  t., s u b s c r i p t s  P and S r e f e r  t o  promethium and samarium, A t  i s  t h e  
2 

2 
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t i m e  i n t e r v a l .  between c a l c u l a t i o n s  of t h e  c o n c e n t r a t i o n s ,  and Q i.s t h e  

average  power level  d u r i n g  this time in te rva l .  T h e  c o e f f i c i e n t  C i.s t h e  

product  of t h e  d i r e c t  f i s s i o n  y i e l d  and t h e  average  f i s s i o n  rate per u n i t  

volume of  f u e l  sa l t  normalized t o  1 Wd. 

1 

Conversion of t h e  1 4 9 S ~  and 151Srn c o n c e n t r a t i o n s  t o  r e a c t i . v i t y  e f f e c t s  

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

this t y p e  uni formly  d i s t r i b u t e d  i n  t h e  f u e l  s a l t .  The t h e o r y  f o r  t h e s e  

c a l c u l a t i o n s  was descri.becl i n  S e c t i o n  2 . 3  of t h i s  r e p o r t ;  s p e c i f i c  d e t a i l s  

on t h e  MSRE n u c l e a r  computat ions are g iven  i n  Chapter  4 .  

For t h e  s p e c i f i c  example of a s t e p  i n c r e a s e  i n  r e a c t o r  power from zero 

t o  7.25 MW (approximately t h e  m a x i m r i m  heat o u t p u t  of  t h e  MSRE) , t h e  magni- 

t u d e s  o f  t h e  sarnari.urn r e a c t i v i t y  e f f e c t s  are gi.ven i n  F t g .  7 .  d l t h o u g h  

t h e s e  i x d i c a t e  t h e  genera l  magnitudes and t i m e  c o n s t a n t s ,  i t  should  b e  

emphasized t h a t  t h e s e  magnitudes a p p l y  t o  t h i s  simp1.i.f i e d  power-time h i s -  

t o r y  o n l y ;  t h e  magnitudes i n  t h e  r e a c t j - v i t y  b a l a n c e  c a l c u l a t i o n s  d i f f e r e d  

somewhat, depending on t h e  a c t u a l  power-time history i n  r e a c t o r  o p e r a t i o n s .  

OR N I--D W G 7 1 - 4 9 4 1 
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F i g .  7. Samarium p o i s o n i n g  r e n c t i - v i t y  effect i n  MSRE for a step 
i n c r e a s e  from 0 t o  7 .25 MM a t  s t a r t  of power o p e r a t i o n .  
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Pri.or t o  n u c l e a r  o p e r a t i o n  of t h e  MSRE, estimates of [:he magnitude 

of 1 3 5 X e  po isoning  w e r e  based on t h e  assumption t h a t  a t  e q u i l i b r i u m  a rela- 

t i v e l y  l a r g e  f r a c t i o n  of t h e  xenon produced i n  [:tie r e a c t o r  would d i f f u s e  

i n t o  t h e  pores  of t h e  g r a p h i t e  moderator  and undergo r a d i o a c t i v e  decay and 

neut ron  a b s o r p t i o n  t h e r e .  Continuous removal of some 03 t h e  xenon from 

t h e  f u e l  s a l t   odd be accomplished by c i r c u l a t i o n  of a s m a l l .  bypass  stream 

of s a l t  through t h e  s p r a y  r i n g  i n  t h e  fuel-pump t a n k ,  whi.ch c o n t a c t e d  the 

s a l t  w i t h  a stream of hel.i.urn gas, E s t i m a t e s  o f  t h e  e f f i c i e n c y  of  removal 

of f i s s i o n  g a s e s  by t h i s  s t r i - p p i n g  a p p a r a t u s  and a l s o  of t h e  expected mass 

t r a n s f e r  of xenon t o  t h e  graphitic? p o r e s  were based on exper iments  w i - t h  

85Kr t racer  performed p r i o r  t o  n u c l e a r  operatZion of  t h e  MSXE, 

experiments  a model. was developed t o  d e s c r i b e  t h e  xenon behavior  i n  t h e  

r e a c t o r .  l 5  

v o i d s  (undisso lved  hel ium gas)  coi1J.d d r a s t i c a l l y  a f f e c t  the xenon b e h a v i o r ,  

and t h e s e  e f f e c t s  w e r e  cons idered  i n  t h e  model uJ.t imatcly developed i n  

Ref. 15.  The c i r c u l a t i - n g  gas  bubbles  are e f f e c t i v e  i n  reduci-ng t h e  po i son  

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

f a c i a l .  area f o r  mass t r a n s f e r  t o  the  bubbles  and t h e  l a r g e  xenon s t o r a g e  

c a p a b i l i t y  of t h e  bubbles  (because  of t h e  extreme i n s o l u b i l i t y  of xenon i n  

molten s a l t ) .  Thus n o t  o n l y  do  t h e  bubbles  compete e f f e c t i v e l y  w i t h  t h e  

g r a p h i t e  pores  f o r  removal of  xenon from t h e  l i q u i d ,  bu t  135Xe i n  t h e  c i r -  

c u l a t i n g  f l u i d  i s  a less e f f e c t i v e  poison  t h a n  that i n  t h e  g r a p h i t e  because 

about  two-thirds  of the  f l u i d  is o u t s i d e  t h e  c o r e  a t  any i n s t a n t .  

From t h e s e  

It was recognized  e a r l y  t h a t  t h e  p r e s e n c e  of any c i r c u l a t i n g  

When power o p e r a t i o n  of t h e  MSRE began, t h e  f i r s t  a t t e m p t  a t  on- l ine  

c a l c u L a t i o n  of t h e  1 3 5 X e  po isoning  t e r m  i n  t h e  r e a c t i v i t y  b a l a n c e  d i d  n o t  

account  for t h e  e f f e c t s  of c i r c u l a t i - n g  bubbles .  I n d i c a t i o n s  from d e n s i -  

tometer  measurements d u r i n g  p r e n u c l e a r  t e s t i n g  and exper iments  d u r i n g  

i n i t i a l  n u c l e a r  o p e r a t i o n  had been t h a t  p r a c t i c a l l y  no bubbles  would 

c i r c u l a t e  w i t h  t h e  f u e l .  A l s o ,  i n  t h e  e a r l y  experiments., s e v e r a l  tests 

had been performed t o  e v a l u a t e  t h e  r e s p o n s e  of t h e  r e a c t i v i t y  t o  changes 

i n  system o v e r p r e s s u r e .  The system p r e s s u r e  w a s  s lowly  i n c r e a s e d  by 

about  10 p s i  and t h e n  r a p i d l y  reduced t o  t h e  normal v a l u e .  I f  c i r c u l a t i n g  

bubbles  had been p r e s e n t ,  t h e i r  expansion when t h e  p r e s s u r e  w a s  reduced 



would have e x p e l l e d  some s a l t  from t h e  c o r e  and reduced t h e  n u c l e a r  reac- 

t i v i t y .  I n  a d d i t i o n ,  t h e  gas  expans ion  i n  t h e  e n t i r e  l o o p  would have 

r a i s e d  t h e  salt leve l  i n  t h e  fuel-pump tank.  There w a s  no ev idence  of 

u n d i s s o l v e d  gas  i n  t h e  tests performed w i t h  t h e  normal s a l t  l eve l  i n  t h e  

pump tank .  However, when t h e  s a l t  l e v e l  w a s  reduced t o  a n  abnormally low 

v a l u e ,  t h e  s a m e  exper iments  d i d  i n d i c a t e  some u n d i s s o l v e d  gas .  S i n c e  t h i s  

gas appeared o n l y  under o f f - d e s i g n  c o n d i t i o n s ,  w e  concluded t h a t  c i r c u l a t -  

i n g  bubbles  would n o t  b e  a f a c t o r  i n  t h e  xenon p o i s o n i n g  d u r i n g  normal 

power o p e r a t i o n .  

Soon a f t e r  power o p e r a t i o n  of t h e  r e a c t o r  w a s  s t a r t e d ,  i.t became ap- 

p a r e n t  t ha t  t h e  magni-tude of t h e  s t e a d y - s t a t e  

smaller t h a n  had been p r e d i c t e d  on t h e  b a s i s  of t h e  above c o n s i d e r a t i o n s .  

A t  t h i s  p o i n t  t h e  a t t e m p t s  a t  on- l ine  c a l c u l . a t i o n  of t h e  xenon poisoni.ng 

w e r e  suspended,  and t h e  r e a c t i v i t y - b a l a n c e  r e s u l t s  we-re used t o  measure 

t h e  a c t u a l  xenon poisoning .  Examination of  t h e  s t e a d y - s t a t e  r e s u l t s  

showed tha t  t h e  l o w  poison  leve l  could  n o t  b e  accounted f o r  w i t h  reason-  

a b l e  p a r a m e t e r  v a l u e s  w i t h i n  t h e  assumption of no c i r c u l a t i n g  bubbles .  

I n  a d d i t i o n  t h e  system response  t o  s m a l l  p r e s s u r e  changes now i n d i c a t e d  a 

s m a l l  c i r c u l a t i n g  v o i d  f r a c t i o n  a t  normal s a l t  levels  i n  t h e  pump t a n k .  

3 5 X e  po isoning  w a s  much 

I n  v i e w  of  new evidence  f o r  c i r c u l a t i n g  b u b b l e s ,  t h e  s t e a d y - s t a t e  

xenon e q u a t i o n s  were f i r s t  modifi-ed t o  i n c l u d e  bubbles ,  and t h e  r e a c t i v i t y  

e f f e c t  w a s  reeval-uated.  A s  expec ted ,  t h e  s t e a d y - s t a t e  xenon poisoning  w a s  

q u i t e  s e n s i t i v e  t o  b o t h  t h e  v o l u m e t r i c  v o i d  f r a c t i o n  and t h e  bubble- 

s t r i p p i n g  e f f i c i e n c y ,  d e c r e a s i n g  monotonica l ly  w i t h  i n c r e a s e s  i n  e i t h e r  

of t h e s e  parameters .  However, i t  was found t h a t  t h e  s t e a d y - s t a t e  xenon 

poisoning  as a f u n c t i o n  of reac . tor  power could  b e  d e s c r i b e d  by a v a r i e t y  

of combinat ions of  v o i d  f r a c t i o n  and b u b b l e - s t r i p p i n g  e f f i c i e n c y .  There- 

f o r e  t h e  a n a l y s i s  w a s  extended t o  i n c l u d e  t h e  t i m e  dependence t h a t  would 

p e r m i t  a comparison of c a l c u l a t e d  and observed t r a n s i e n t  1 3 5 X e  po isoning  

e f f e c t s  ( a s  determined by t h e  change i n  t h e  c r i t i ca l .  posi.t.:i.on of t h e  regu- 

l a t i n g  rod d u r i n g  t h e  f i r s t  40 h r  f o l l o w i n g  a change i n  t h e  s t e a d y - s t a t e  

r e a c t o r  power l e v e l ) .  The purpose w a s  t o  a t t e m p t  a s e p a r a t i o n  o f  t h o s e  

parameter  e f f e c t s  t h a t  could n o t  b e  s e p a r a t e d  i n  t h e  s t e a d y - s t a t e  c o r r e -  

l a t i o n s .  The mathemat ica l  model used t o  c .a lcul .a te  the. t i m e  behavior  of 

t h e  135Xe poisoning  i s  d e s c r i b e d  i n  R e f .  16.  

b r i e f  t1escr:iption of . the main a s p e c t s  and assumptions of  t h e  c a l c u l a t i o n .  

Here we w i l l  g i v e  only  a 



The model chosen w a s  p a t t e r n e d  a f t e r  t h a t  developed i n  Kef. 15. W e  

assumed t h a t  a l l  t h e  351 produced from f i s s i o n  would remain i n  c i r c u l a t i o n  

wi'ih t h e  s a l t  and t h a t  a f t e r  decay t o  1 3 5 X e ,  t h e  xenon would m i g r a t e  t o  t h e  

a c c e s s i b l e  p o r e s  of t h e  g r a p h i t e  a t  t h e  boundar ies  of t h e  f u e l  channels  

and a l s o  t o  minute  hel ium bubbles  d i s t r i b u t e d  throughout  t h e  c i r c u l a t i n g  

s a l t  stream. An e f f e c t i v e  m a s s - t r a n s f e r  c o e f f i c i e n t  was used t o  d e s c r i b e  

the t r a n s f e r  of xenon from s o l u t i o n  i n  t:he c i r c u l a t i n g  s a l t  t o  t h e  i n t e r -  

f a c e  between t h e  l i q u i d  and the g r a p h i t e  p o r e s  a t  the channel  boundar ies .  

Equi l ibr ium Henry's-law c o e f f i c i e n t s  were used f o r  t h e  mass t r a n s f e r  of 

xenon between t h e  l i q u i d  phase a t  t h e  i n t e r f a c e  and the gas  phase i n  t h e  

g r a p h i t e  pores .  The numer ica l  v a l u e  used f o r  t h e  mass- t ransfer  c o e f f i c i e n t  

between t h e  c i r c u l a t i n g  s a l t  and t h e  g r a p h i t e  w a s  based on t h e  krypton- 

i n j e c t i m i  experiments  w i t h  f l u s h  s a l t  c i r c u l a t i n g  i n  t h e  f u e l  loop .  

S i m i l a r  assumptions w e r e  made r e g a r d i n g  t h e  m a s s  t r a n s f e r  of  xenon 

from l i q u i d  s o l u t i o n  t o  t h e  gas  bubbles .  The c o e f f i c i e n t  of m a s s  t r a n s f e r  

from t h e  l i q u i d  t o  a smal.1. gas  bubble  of t h e  o r d e r  of 0.010 i n .  i n  d iameter  

moving through t h e  maih p a r t  of a fuel.. channel  w a s  e s t h a t e d  from theo- 

r e t i c a l  m a s s - t r a n s f e r  c o r r e l a t i o n s .  The e q u i l i b r i u m  5 X e  p o i s o n i n g  w a s  

shown t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  average  bubble  d i a m e t e r  and m a s s -  

t r a n s f e r  c o e f f i c i e n t  over  a r e a s o n a b l e  range  of v a r t a t i o n  ( u n c e r t a i n t y )  f o r  

t h e s e  parameters .  

D i f f e r e n t  e f f i c i e n c i e s  of removal by t h e  e x t e r n a l  s t r i p p i n g  a p p a r a t u s  

of xenon d i s s o l ~ v e d  i n  t h e  s a l t  and t h a t  conta ined  i n  t h e  gas  bubbles  were 

provided f o r  i n  the compurat i~onal  model. The e f f i c i e n c y  of removal. of 

xenon d i s s o l v e d  i.n t h e  s a l t  ( f r a c t i o n  of xenon removed p e r  un:i t  c i r c u l a t e d  

through t h e  s p r a y  r i n g )  w a s  e s t i m a t e d  t o  b e  between 1.0 and 1 5 % ,  based on 

some e a r l y  mockup experiments  f o r  e v a l u a t i n g  t h e  performance of t h e  x- onon 

removal a p p a r a t u s .  By c o n t r a s t ,  t h e  e f f i c i e n c y  of removal from t h e  gas  

bubbles  could b e  consi-derably h i g h e r ,  depending on t h e  p r o b a b i l i t y  of re- 

placement by f r e s h  sweep-gas bubbles  i.n passage  through t h e  s p r a y  r i n g  

i n t o  t h e  pump-bowl r e s e r v o i r .  

The convers ion  of the c a l c u l a t e d  1 3 5 X e  c o n c e n t r a t i o n s  i n  s a l t ,  gas  

bubbles ,  and g r a p h i t e  p o r e s  t o  t h e  cor responding  r e a c t i v i t y  poisoning  e€- 

f e c t  fol lowed from c o n s i d e r a t i o n s  s imi l a r  t o  t h o s e  d e s c r i b e d  i n  t h e  pre-  

ceding  s e c t i o n  f o r  t h e  samarium i s o t o p e s .  Here, however, t h e r e  was one 
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s p e c i a l  f e a t u r e  t h a t  had t o  b e  accounted f o r  which i s  n o t  p r e s e n t  i n  t h e  

case of samarium. T h i s  a r o s e  from t h e  nonuni-Eormity of the s p a t i a l  

d i s t r i b u t i o n  of  t h e  1 3 5 X e  i n  t h e  g r a p h i t e  p o r e s .  For t h e  g r a p h i t e  r e g i o n ,  

t h e o r e t i c a l  a n a l y s i s  i n d i c a t e d  that  t h e  1 3 5 X e  would tend  t o  assume a char- 

a c t e r i s t i c  shape  governed by t h e  burnout  of  t h e  xenon i n  t h e  n e u t r o n  f l u x .  

The c o n c e n t r a t i o n  would b e  l o w e s t  n e a r  t h e  c e n t e r  of  t h e  r e a c t o r  and liigh- 

est  n e a r  t h e  boundar ies  of  t h e  g r a p h i t e  r e g i o n .  T h i s  in f l i i enced  tht? n e t  

r e a c t i - v i t y  e f f e c t ,  s i n c e  t h e s e  r e g i o n s  assume d i . f f e r e n t  import.ances i n  de- 

t e r m i n i n g  r e a c t i v i t y  changes > and t h e r e f o r e  a "shape-cor rec t ion  factor" 

€ o r  t h i s  e f f e c t  was r e q u i r e d .  

To develop  a n  approximate model f o r  o n - l i n e  c a l c u l a t i o n s  of t h e  1 3 5 X e  

e f f e c t ,  a computa t iona l  s t u d y  based on t h e  t h e o r e t i - c a l  rnodel d e s c r i b e d  

above w a s  f i r s t  performed " o f f - l i n e , "  w i t h  t h e  a i d  of an I R M  7090 program. 

These t h e o r e t i c a l  c a l c u l a t i o n s  were compared w i t h  t h e  r e s i d u a l  r e a c t i v i t y  

d a t a  o b t a i n e d  froin o n - l i n e  c a l c u l a t i o n s  by u s i n g  Eq.  ( 3 6 ) ,  ~w:Lth Ap (135Xe)  

set e q u a l  t o  zero .  

by s u b t r a c t i n g  all o t h e r  known power-dependent r e a c t i v i t y  e f f e c t s  from the 

r e a c t i v i t y  change r e p r e s e n t e d  by movement af the r e g u l a t i n g  rod  d u r i n g  

t h e  f i r s t  40 hr  a f t e r  a s t e p  change i R  t h e  power level.  T h i s  o f f - l i n e  

a n a l y s i s  w a s  t h e  most e f f i c i e n t  method of  making a f i r s t - r o u n d  a n a l y s i s  

of t h e  t r a n s i e n t  1 3 5 X e  behavior  because t h e  many o t h e r  usage  requi rements  

of t h e  d a t a  logger l i m i t e d  us t o  a r e l a t i v e l y  s i m p l e  "point"  k i n e t i c  model 

f o r  o n - l i n e  computat ions and a l s o  because a wider  parameter  s t u d y  could 

b e s t  b e  performed on a l a r g e r  machine. 

The a p p a r e n t  t r a n s i e n t  1 3 5 X e  po isoning  w a s  determined 

A d e t a i l e d  account  of t h e  r e s u l t s  of comparing t h e  c a l c u l a t e d  be- 

h a v i o r  w i t h  r e a c t i v i t y  t r a n s i e n t s  observed d u r i n g  t h e  f i r s t  few power r u n s  

of t h e  MSRE was given  i n  Ref. 1 7 .  T h i s  ana1ysi.s showed t h a t  w h i l e  t h e  

a p p a r e n t  1 3 5 X e  po isoning  a t  s t e a d y  s ta te  could  be explai .ned by a l a r g e  void 

f r a c t i o n  (between 0.5 and 1.0 v o l  X )  and a low bubble  s t r i p p i n g  e f f i c i e n c y  

( ' ~ 1 0 % ) ~  t h e  t r a n s i e n t  b e h a v i o r  could  n o t  b e  c l o s e l y  f i t t e d  u s i n g  t h e s e  

assumptions.  T h e  o p p o s i t e  assumption of  a r e l a t i v e l y  h i g h  s t r i p p i n g  e f -  

f i c i e n c y  ( E  ) and lower bubble  f r a c t i o n  (a ) n o t  o n l y  f i t t e d  t h e  1 3 5 X e  

t r a n s i e n t s  b e t t e r  b u t  w a s  a l s o  c o n s i s t e n t  w i t h  t h e  ra tes  of excess gas 

removal observed i n  p r e s s u r e  release exper iments .  F i g u r e s  8 and 9 are 

r e p r e s e n t a t i v e  of  t h e  d a t a  comparisons o b t a i n e d  for a s t e p  i n c r e a s e  and 

b b 
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a s t e p  d e c r e a s e  i n  t h e  r e a c t o r  power r e s p e c t i v e l y .  The c a l c u l a t e d  cu rves  

f o r  t h e  r e d u c t i o n  i n  power level (F ig .  9) also r e v e a l  an impor tan t  chnr-  

a c t e r i s t i c  o€ t h e  t r a n s i e n t  xenon behav io r  t h a t  i s  due t o  v a r i a t i o n s  i n  

t h e  o v e r a l l  xenon d i s t r i b u t i o n  r e s u l t i n g  from c h o i c e  of t h e  parameters 

ab and F 

t h e  s t e a d y - s t a t e  poisoning e f f e c t  i s  due t o  1 3 5 X e  i n  t h e  g r a p h i t e ,  and 

o n l y  a s m a l l  amount of xenon i s  i n  t h e  c i r c u l a t i n g  f l u i d .  Xenon t h a t  i s  

produced i n  t h e  f l u i d  from i o d i n e  decay c o n t i n u e s  t o  m i g r a t e  t o  t h e  gra-  

p h i t e  f o r  a pe r iod  of t i m e  a f t e r  t h e  power has  been reduced.  T h i s  produces 

a shutdown peak i n  t h e  xenon poisoning .  

r educes  t h e  xenon c o n c e n t r a t i o n  i n  t h e  f l u i d  so t h a t  some o f  t h e  xenon i n  

t h e  g r a p h i t e  can  escape and be  s t r i p p e d  o u t .  T h i s  r e s u l t s  i n  a more r a p j d  

d e c r e a s e  i n  xenon poisoning  t h a n  s imple  r a d i o a c t i v e  decay.  Cf e i t h e r  t h e  

bubble  s t r i p p i n g  e f f i c i e n c y  o r  t h e  c i r c u l a t i n g  void  f r a c t i o n  i s  i n c r e a s e d  

( t h e  l a t te r  e f f e c t  is  n o t  shown e x p l i c i t l y  i n  F ig .  9 ) ,  the bubbles  become 

a more e f f e c t i v e  s i n k  f o r  the  a d d i t i o n a l  xenon produced from i o d i n e  decay,  

and t h e r e  is  less xenon m i g r a t i o n  t o  the g r a p h i t e .  In  t h i s  c a s e  t h e  shu t -  

down peak t e n d s  t o  d i s a p p e a r .  T h i s  e f fec t  makes t h e  shape of the shutdown 

t r a n s i e n t s  more s r n s i t i v e  t o  changes i n  t h e  v a l u e s  assumed f o r  t h e  bubble  

parameters  and t h u s  f a c i l i t a t e s  the p r o c e s s  o f  f i t t i n g  t h e  observed d a t a  

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

I f  t h e  c i r c u l a t i n g  void  f r a c t i o n  i s  r e l a t i v e l y  l o w ,  most of b' 

Event r ia l ly ,  t h e  s t r i p p i n g  p rocess  

T h e  parameter  s t u d i e s  i l l u s t r a t e d  by t h e  examples i n  F igs .  8 and 9 

i n d i c a t e d  t h a t  t h e  c i r c u l a t i n g  vo id  f r a c t i o n  and bubble  s t r i p p i n g  e f f i c i -  

ency might be  b racke ted  between 0 . 1  and 0.15 v o l  % and 50 t o  100% re- 

s p e c t i v e l y .  Within t h e s e  r a n g e s ,  the t r a n s i e n t  model appeared r easonab ly  

i n s e n s i t i v e  t o  t h e  c h o i c e  of parameters .  A combinat ion of c1 - 0.15 v o l  % 

and -- 50% w a s  chosen f o r  f u r t h e r  a p p l i c a t i o n  i n  t h e  on - l ine  c a l c u l a -  

t ions.  

h -  

Based on t h e  r e s u l t s  of t h e  o f f - l i n e  a n a l y s i s  d e s c r i b e d  above, approxi -  

mate e q u a t i o n s  and parameters  were de termined  f o r  nominal on - l ine  c a l c u l a -  

t i o n s  of t h e  135Xc r e a c t i v i t y  e f f e c t  d u r i n g  t h e  remainder  of  power opera-  

t i o n s  w i t h  235U. 
t h e s e  w e r e  f i n i t e  d i f f e r e n c e  e q u a t i o n s  of t h e  form g iven  below: 

S i m i l a r  t o  t h e  case of t h e  samarium poisoning  c a l c u l a t i o n ,  
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3- A t )  = 
2 2 

:C135(t.) (I - a. A t )  + al&(ti) Ai:  , 

X 1 3 5 ( t .  + At) = X 1 3 5 ( t . )  [ I  - a 2  At---a3(u ' ( t i )  A t ]  
S 2 S 2 

+ Q , , I ~ ~ ~ ( ~ . )  2 A t  -t- a5X135(ti) g A t  +- a ,G( t . )  2 At- , ( 4 3 )  

X135(ti + At) = X 1 3 5 ( t i )  [ l  - a,7 At -a8&(*,) A t ]  + a X 1 3 5 ( t i )  A t  , ( 4 4 )  c? Y 9 s  

( 4 5 )  XIf35(i:i + A t )  = al 0 X135(ti 3- At) , + al$(L;)  S 

a l  1 

I n  t h e s e  e q u a t i o n s ,  1135 i s  t h e  c o n c e n t r a t i o n  of 1351 i n  t h e  c i r c u -  

l a t i n g  s a l t ,  and X135 i s  t h e  c o n c e n t r a t i o n  of  1 3 5 X e ,  w i t h  s u b s c r i p t s  s ,  

g ,  and b r e p r e s e n t i n g  t h e  components i n  so l .u t ion ,  i n  t h e  g r a p h i t e  p o r e s  

0 and i n  t h e  c i r c u l a t i n g  hel ium bubbles  r e s p e c t i v e l y .  The parameters CI 

through a were determined a c c o r d i n g  t o  t h e  a n a l y s i s  d e s c r i b e d  i.n t h e  

preceding  pages and depend on t h e  f i s s i o n  y i e l d s ,  r a d i o a c t i v e  decay con- 

stants, mass- t ransfer  c o e f f i - c i e n t s ,  bubble  c h a r a c t e r i s t i c s ,  and e x t e r n a l  

s t r i p p i n g  e f  f i c i e n c i e s  e The f a c t o r  W i s  an import:ance-weighted shape- 

c o r r e c t i o n  f a c t o r  f o r  t h e  d i s t r i b u t i o n  of 1 3 5 X e  i n  t h e  g r a p h i t e  p o r e s  

mentioned above, A t  f u l l  P O W C + ~ ~  t h i s  parameter  w a s  approximate ly  e q u a l  

t o  0.8. 

12 

The approximate model evolved i n  t h e  manner out]-ined above (based on 

an assumed iivininal behavior  of t h e  c i r c u l a t i n g  gas  bubbles)  proved ade- 

q u a t e  t o  d e s c r i b e  the 1 3 5 X e  r e a c t i v i t y  b e h a v i o r  duiri-ng o p e r a t i o n  w i t h  235U 

i n  the s a l t ;  however, as power o p e r a t i o n  o f  the MSRE p r o g r e s s e d ,  eui.tlence 

w a s  accumulated f r o m  speci.al. experiments  des igned  t o  s t u d y  t h e  e f f  ec.trs o f  

o p e r a t i n g  c o n d i t i o n s  on e n t r a i n e d  gas  b e h a v i o r ,  and p a r t i c u l a r l y  from 

o p e r a t i o n  w i t h  2 3 3 U  i n  t h e  s a l t ,  which i n d i c a t e d  t h a t  t h e  behavior  of t h e  

e n t r a i n e d  gas was a c t u a l l y  more complex t h a n  impl ied  i n  t h e  preceding  
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model. T h i s  l a t te r  e v i d e n c e  s u g g e s t s  t h a t  t h e  g a s  bubbles  c i r c u l a t i n g  

under  norma1 o p e r a t i n g  c o n d i t i o n s  wi.th 235U may a c t u a l l y  have averaged 

o n l y  about  o n e - t h i r d  t h a t  i n d i c a t e d  by t h e  p r e c e d i n g  a n a l y s i s ;  f u r t h e r m o r e ,  

i.t s u g g e s t s  t h a t  cover-gas s o l u b i l i t y  e f f e c t s  may have been s i g n i f i c a n t  

w i t h  hel ium cover  gas  a t  t h e s e  low v o i d  f r a c t i o n s .  Some of t h i s  ev idence  

w i l l .  b e  d e s c r i b e d  l a t e r  i n  t h i s  r e p o r t  i n  c o n n e c t i o n  w i t h  t h e  d i s c u s s i o n  

of t h e  r e a c t i v i t y  b a l a n c e  d a t a .  Work i s  b e i n g  completed on a r e f i n e d  and 

extended model. t o  d e s c r i b e  t h e  b e h a v i o r  of en t ra i -ned  gas  and 1 3 5 X e  i n  t h e  

MSRE. * 
I n  a d d i t i o n  t o  i.ts i n d i r e c t  i n f l u e n c e  on t h e  r e a c t i v i t y  t.hrough re- 

3 5 X e  po isoning ,  t h e  e n t r a i n m e n t  of undisso lved  hel.ium i n  d u c t i o n  of t h e  

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

neut ron  l e a k a g e  from t h e  r e a c t o r  c o r e .  T h i s  " f u e l - s a l t  d e n s i t y  c o e f f i c i e n t  

of r e a c t i v i t y "  was c a l c u l a t e d  as p a r t  of t h e  a n a l y s i s  of c o r e  p h y s i c s  char-  

a c t e r i s t 3 c . s .  The v a l u e  o b t a i n e d  w a s  -0 .23% 6 k / k  f o r  I v o l  X c i r c u l a t i n g  

gas  bubbles .  

t h i s  would correspond t o  a r e a c t i v i t y  e f f e c t  i n  t h e  range.Q.023 t o  

-0.035% f i k / k .  I f  t h e  a c t u a l  gas c i r c u h t i n g  through t h e  c o r e  w e r e  less,  

as i n d i c a t e d  above, th1i.s r e a c t i v i t y  e f f e c t  may have averaged on1.y abou t  

one- th i rd  t h i s  amount d u r i n g  much of t h e  r e a c t o r  operat i .on.  

For a c i r c u l a t i n g  bubble  f r a c t i o n  between 0 .1  and 0.15 v o l  %, 

Because t h e  ac tua l .  amount of  gas i n  c i r c u l a t i o n  appeared t o  v a r y  

somewhat d u r i n g  o p e r a t  ion,  depending on c o n d i t i o n s  such  as t h e  1.iqu:i.d 

l e v e l  i n  t h e  fuel-pump bowl, t h e  t r a n s f e r  ra te  of s a l t  t o  t h e  over f low 

t a n k ,  and t h e  t e r n p e r a t u r e , l a  t?ie a b s o l u t e  magnitude of  t h i s  r e a c t i v i t y  

e f f e c t  was never  wel.1 enough e s t a b l i s h e d  t o  b e  e x p l i c i - t l y  incl.udet3. i n  t h e  

o n - l i n e  r e a c t i v i t y  b a l a n c e  c a l c u l a t i o n s .  The e f f e c t  i s  t h e r e f o r e  inc luded  

in t h e  r e s i d u a l  r e a c t i - v i t y  t e r m  i n  t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  

la ter  s e c t i o n s .  

Other  n u c l i d e  t r a n s m u t a t i o n  e f f e c t s  

The s e v e n t h  t e r m  on t h e  r igh t -hand s i d e  of  Eq.  (36) d e f i n e s  a c a t e -  

gory t h a t  includes.  t h e  e f fec ts  of changes i n  t h e  c o n c e n t r a t i o n s  of  F j L i ,  

2 3 4 3 2 3 6 9 2 3 8 U 9  2399240Pu, and n o n s a t u r a t i n g  f i s s i o n  product  p o i s o n s ,  a l l  

i n  t h e  f u e l  s a l t ,  and r e s i d u a l  ''I3 i n  t h e  g r a p h i t e .  ( T h e  t e r m  "nonsatu- 

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



42 

a b s o r p t i o n  c r o s s  s e c t i o n s  of the f i r s t  r e l a t i v e l y  s t a b l e  member of t h e s e  

f i s s i o n  product  c h a i n s  are s u f f i c i e n t l y  s m a l l  and t h e  MSRE € l u x  levels  

suffic.i.ent:ly low t h a t  burnout  and p r o d u c t i o n  of secondary p r o d u c t s  were 

negl i.gi.bl-e d u r i n g  MSRE o p e r a t i o n .  ) 

changes a s s o c i a t e d  with t h i s  c a t e g o r y  i s  i n  t h e  dependence on t h e  i n t e g r a l  

fl-ux-time, o r  exposure ,  r a t h e r  t h a n  t h e  d e t a i l s  of t h e  power l eve l  vart-  

a t i o n  d u r i n g  a s i n g l e  run.  T h i s  n e t  r e a c t i v i t y  e f f e c t  must b e  c a l c u l a t e d  

from b a s i c  t h e o r e t i c a l  c o n s i d e r a t i - o n s .  The purpose of t h i s  s e c t i o n  i s  t o  

provide  a summary of t h e  formulas  used i n  c a l c u l a t i n g  t h e  changes i n  i s o -  

t o p i c  c o n c e n t r a t i o n s  and i n  c o n v e r t i n g  t h e s e  changes t o  r e a c t i v i t y  e f f e c t s .  

A s  a by-product,  t h e  assumptions i n  t h e  c o m p u t a t i o n a l m o d e l  w i l l  be  

e x h i b i t e d ,  

The s i m i l a r i t y  of t h e  r e a c t i v i t y  

The d i f f e r e n C i a l  e q u a t i o n s  govern ing  t h e  changes i n  t h e  i s o t o p i c  

c o n c e n t r a t i o n s  o f  t h e  s a l t  c o n s t i t u e n t s  are as f o l l o w s :  

h 

- -  - --N 0 Q, f o r  6 L i ,  dt 6 6 s  

2 4  h f o r  234TJ, diV 
- -  - -+2LtO24@S dt 

- -  - --N @ f o r  238TJ, 
' " 2  8 
dt 2 8  2 8  s 

( 4 7 )  

( 4 8 )  

* 
C o r r e c t i o n s  due t o  t r a n s i e n t s  and n e u t r o n  l o s s e s  i n  239Np w e r e  s m a l l  

enough i n  t h e  MSRE t o  be n e g l e c t e d .  
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I n  t h e  p r e c e d i n g  e q u a t i o n s ,  l\l r e p r e s e n t s  t h e  n u c l i d e  c o n c e n t r a t i o n  i n  

t h e  s a l t ,  0 corresponds  t o  t h e  n e u t r o n  f l u x  averaged over  t h e  ent i re  c i r -  

c u l a t i - n g  f u e l  volume, F,, r e p r e s e n t s  t h e  2 3 5 U  f i s s i o n  d e n s i t y  i n  t h e  s a l t  

averaged over t h e  f u e l  volume, and a25 i s  t h e  rati.0 of  p r o d u c t i o n s  of 236U 

t o  f i s s i o n s  of  2 3 5 U .  

r e a c t o r  n e u t r o n  spectrum ( s u b s c r i p t  f r e f e r s  t o  t h e  component due t o  f i s -  

s i o n ) ;  t h e i r  p r e c i s e  d e f i n i t i o n s  and a d e s c r i p t i o n  of t h e  method of ca lcu-  

l a t i o n  are d e f e r r e d  t o  t h e  fol lowi.ng s e c t i o n .  

S 

The r e a c t i o n  c r o s s  s e c t i o n s ,  G ,  are averaged o v e r  t h e  

The b u i l d u p  of t h e  n o n s a t u r a t i n g  group of  f i s s i o n  product  po isons  w a s  

r e p r e s e n t e d  by t h e  approximate e q u a t i o n  (53).  I n  t h i s  e q u a t i o n ,  t h e  pro- 

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

s i o n  r a t e  i n  235LJ and t h e  y i e l d  from f i s s i o n . "  The removal ra te  due t o  

n e u t r o n  c a p t u r e  i s  equated  t o  zero .  Thus t h e  d i f f e r e n t i a l  e q u a t i o n  de- 

s c r i b i n g  b u i l d u p  of t h e  f i s s i o n  product  i n v e n t o r i e s ,  ignor i -ng  e f f e c t s  of 

e x t e r n a l  removal of t h e s e  p r o d u c t s  from t h e  c i r c u l a t i n g  f u e l  system, was 

A c t u a l l y ,  MSRE e x p e r i e n c e  indicatred that c e r t a i n  of t h e s e  f i s s i o n  p r o d u c t s  

w e r e  c o n t i n u o u s l y  removed d u r i n g  o p e r a t i o n ,  and c o r r e c t i o n s  needed t o  b e  

i n t r o d u c e d  i n t o  i n v e n t o r i e s  c a l c u l a t e d  according, t o  Eq.  (53) t o  account  

f o r  t h p s e  e f f e c t s .  Numerical r e s u l t s  o b t a i n e d  i n  t h e s e  c a l c u l a t i o n s  are  

d e s c r i b e d  la ter  i n  t h i s  s e c t i o n .  

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

l 0 B  i n  t h e  g r a p h i t e  w a s  exposed t o  t h e  l o c a l  n e u t r o n  f l u x  

burnout  ra te  w a s  p o s i t i o n  dependent th roughout  t h e  c o r e ,  

c o n c e n t r a t i o n  of l c ) B  i n  t h e  g r a p h i t e ,  t h e  a p p r o p r i a t e  d i f f e r e n t i a l  equa- 

t i o n  i s  

( r , t ) ,  s o  t h e  
g 

I f  N 1 0  i s  t h e  

2kCorrections c.orresponding t o  t h e  s m a l l  f i s s i o n  product  c o n t r i b u t i o n  
from fiss:i.cm of 239Pu w e r e  n e g l e c t e d .  
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The f l u x  leve l  and t h e  t o t a l  exposure  of  t h e  2 3 5 U  f u e l  c h a r g e  

(%70,000 MWhr) were s m a l l  enough t h a t  t h e  magnitude and energy spectrum 

of t h e  f l u x  cor responding  t o  a g iven  f i s s i - o n  r a t e  ( o r  power l e v e l )  w a s  

very  n e a r l y  independent  of exposure.  Consequent ly ,  t h e  spectrum-averaged 

r e a c t i o n  c r o s s  s e c t i o n s  cou1.d be r e a s o n a b l y  assumed t o  b e  i n v a r i a n t  d u r i n g  

o p e r a t i o n .  However, t h e  f l u x  i n  t h e  preceding  equat i -ons was a c t u a l l y  t i m e  

dependent ,  s i n c e  t h e  power level. v a r i e d  d u r i n g  r e a c t o r  o p e r a t i o n .  T h i s  

i s  commonly accounted f o r  by making t h e  change of v a r i a b l e .  t -> u, where 

t (t') dt' . 
u = I , ,  (55) 

The r e l a t i - o n  between t h e  t o t a l  number of f i - s s i o n s  d u r i n g  a n  o p e r a t i n g  

i n t e r v a l  and t h e  t i m e  i n t e g r a l  of t h e  f l u x  d u r i n g  t h a t  i n t e r v a l  i s  

A 

-0 u ' s 4 9  
0 Of25 

T o t a l  f i s s i o n s  = V,N,, ( 1  - e 

'2 5 

where No r e f e r s  co t h e  c o n c e n t r a t i o n s  a t  t h e  beginning  of t h e  i n t e r v a l  and 

V i s  t h e  t o t a l  volume of s a l t  i n  c i r c u l a t i o n .  Because t h e  t o t a l  fuel 

exposure w a s  s u f f i c i e n t l y  low, t h e  t i m e - i n t e g r a t e d  f l u x  i s  approximate ly  

p r o p o r t i o n a l  t o  t h e  t o t a l  f i s s i o n s ;  t h a t  i s ,  t o  t h e  t i m e  i n t e g r a l  of t h e  

power. Hence t h e  a d d i t i o n a l  s i m p l i f i c a t i o n  

S 

u - #IT ( 5 7 )  

could be used ,  where #I i s  t h e  volume-averaged f l u x  normalized t o  u n i t  

power l e v e l  and I' i s  t h e  t i m e - i n t e g r a t e d  power. Moreover, t h e  contrihbu- 

t i o n  from 2 3 9 ~ u  f i s s i o n s  w a s  q u i t e  s m a l l  ( i n c r e a s i n g  f r o m  z e r o  t o  l ess  

than 3 % ,  maximum) d u r i n g  t h e  e n t i r e  p e r i o d  of power o p e r a t i o n  w i t h  2 3 5 U ,  

so t h e  average  f i s s i o n  ra te  i n  235U p e r  u n i t  power w a s  e s s e n t i a l l y  con- 

s t a n t .  With t h e  above assumptions,  t h e  i n t e g r a t i o n  of t h e  preceding  d i E -  

f e r e n t i a l  equaLions i s  a s t ra ighLforward  e x e r c i s e ,  and t h e  r e s u l t i n g  

foriiiul as are t h o s e  l i s  Led below: 
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h 

-c7 $T 
f o r  2 3 %  , 2 8  = -q8 (1 - P 

8 

= Y .i. T for non-saturating F.P. ,  
4 . P .  7; 2 5 
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I n  Eqs. (60) and ( 6 4 )  t h e  q u a n t i t y  F 2 s  i s  t h e  volume-average f i s s i o n  

d e n s i t y  i n  t h e  s a l t  p e r  u n i t  power, and $ (r) i s  t h e  l o c a l  n e u t r o n  f l u x  

i n  t h e  g r a p h i t e ,  also normalized t o  u n i t  power l e v e l .  
g 

The t h e o r e t i c a l  c o n s i d e r a t i o n s  r e q u i r e d  t o  c o n v e r t  t h e  c o n c e n t r a t i o n  

changes t o  r e a c t i v i t y  e f f e c t s  were d e s c r i b e d  i.n S e c t i o n  2 , 3 ,  where f o r -  

mulas were developed i n  terms of t h e  two-group d i f f u s i o n  model.. For a 

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

was given by Eq. ( 2 7 ) .  Si-mi la r ly ,  f o r  a change in t h e  c o n c e n t r a t i o n  of  

a f i ~ s s i l e  m a t e r i a l ,  t h e  r e a c t i v i t y  e f f e c t  w a s  expressed  by E q .  (31b). 

* 

The s i n g l e  e x c e p t i o n  inc luded  i n  t h i s  n u c l i d e  c a t e g o r y ,  which re- 

q u i r e s  s p e c i a l  t r e a t i n e n t ,  i s  t h a t  of  t h e  ’OB burnout  i n  t h e  g r a p h i t e .  

t h i s  case, t h e  s p a t i a l  d i s t r i b u t i o n  of burnout  i s  of s i g n i f i c a n c e ,  I f  

6N, r e p r e s e n t s  t h e  l o c a l  change i n  c o n c e n t r a t i o n ,  t h e  r e a c t i v i t y  

e q u a t i o n  i s  ( s t i l l  u s i n g  t h e  two-group n o t a t i o n )  

Tn 

where V r e p r e s e n t s  a volume e n c l o s i n g  only t h e  moderated ( g r a p h i t e  

channeled)  r e g i o n  I 
rn 

To b e t t e r  e x h i b i t  t h e  s p a t i a l  e f f e c t s  i n  t h i s  c a l c u l a t i o n ,  i t  i s  

convenient  t o  s e p a r a t e  E q .  (66)  i n t o  t h e  product  o f  a s h a p e - f a c t o r  cor-  

r e c t i o n  and t h e  r e a c t i v i t y  change t h a t  would b e  a s s o c i a t e d  w i t h  uniform 

burnout  of t h e  boron a t  a ra te  determined by t h e  s p a t i a l - a v e r a g e  f l u x  i n  

t h e  g r a p h i t e ,  Def in ing  ST a s  t h e  change i n  c o n c e n t r a t i o n  i f  t h e  burn- 

o u t  i s  uniform,  we may r e w r i t e  Eq.  (66)  as f o l l o w s :  
1 0  

* 
The a c t u a l  n e u t r o n i c s  c a l c u l a t i o n s  w e r e  based on a four-group d i f -  

f u s i o n  model, a s  d e s c r i b e d  i n  Chap. 4 .  T h i s  g e n e r a l i z a t i o n  of t h e  re- 
q u i r e d  r e a c t i v i t y  formulas  i s  s t r a i g h t f o r w a r d ;  hence i n  t h i s  s e c t i o n  w e  
c o n t i n u e  t h e  use  of the two-group Formulas t o  t a k e  advantage of t h e  
a b b r e v i a t i o n  t h e r e o f .  
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where 

and 

jl i s  def i -ned by Eq. ( 2 9 ) ,  and t h e  shape f a c t o r  is d e f i n e d  by 

I n  Eq. (70), 6 N 1 0  i s  c a l c u l a t e d  acco rd ing  t o  Eq. (65) ,  and t h e  same equa t ion  

d e f i n e s  fiw,,, w i t h  t h e  s p a t i a l  f l u x  d i s t r i b u t i o n  r e p l a c e d  by t h e  volume- 

average  f l u x  i n  t h e  g r a p h i t e .  Expressed i n  t h i s  product  form, Eq. (67) i s  

a l s o  more s u i t a b l e  f o r  approximat ion  of t h e  s p a t i a l  f l u x  d i s t r i b u t i o n  and 

c a l c u l a t i o n  of S ( T )  by numer ica l  i n t e g r a t i o n  procedures .  R e s u l t s  of nu- 

merical c a l c u l a t i o n s  of t h i s  s p a t i a l  burnout  f a c t o r  are shown i n  Fig. 10. 

I n  o r d e r  t o  apply  t h e  t h e o r e t i c a l  formulas  of t h i s  s e c t i o n ,  i n f o r -  

mat ion is  r e q u i r e d  concern ing  i n i t i a l  c o n c e n t r a t i o n s  of t h e  v a r i o u s  nu- 

c l i d e s ,  t h e i r  r e a c t i o n  c r o s s  s e c t i o n s  averaged  ove r  t h e  MSRF, spectrum, and 

t h e  f l u x - a d j o i n t  f lux-product  i n t e g r a l s  e n t e r i n g  i n t o  t h e  r e a c t i v i t y  form- 

u l a s .  Br ie f  d e s c r i p t i o n s  of t h e  s o u r c e s  of t h i s  i n fo rma t ion  are t h e  t o p i c  

of Chapter  4 .  

The r e s u l t s  of c a l c u l a t i o n s  of t h e  i n d i v i d u a l  r e a c t i v i t y  e f f e c t s  * 
lumped i n  t h i s  c a t e g o r y  are shown i n  Fig.  11. These numer ica l  v a l u e s  

* 
The on- l ine  c a l c u l a t i o n s  of r e a c t i v i t y  e f f e c t s  d e s c r i b e d  i n  S e c t .  5 .2  

w e r e  a c t u a l l y  based on an earlier v e r s i o n  of P ig .  11. The numer ica l  v a l v e s  
i n  t h i s  f i g u r e  r e p r e s e n t  c u r r e n t  b e s t  estimates o f  t h e  a c t u a l  changes d u r i n g  
o p e r a t i o n  w i t h  235U, 
s i n c e  t h e  t e r n i n a t i o n  of o p e r a t i o n ,  m o d i f i c a t i o n s  f u r t h e r  d i s c u s s e d  i n  
Sec t .  5.3 i n  connec t ion  w i t h  r e f inemen t s  i n  e v a l u a t i o n s  of long-term re- 
a c t i v i t y  t r e n d s .  

They r e f l e c t  c r o s s - s e c t i o n  d a t a  improvements made 
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Fig.. 11. R e a c t i v i t y  changes due t o  long-term n u c l i d e  changes i n  
MSRE du r ing  o p e r a t i o n  w i t h  235U; no f i s s i o n  p roduc t  removal.  
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are a l s o  normalized t o  t h e  2 3 5 U  l o a d i n g  a t t a i n e d  a t  t h e  end of t h e  zero-  

power exper iments  and are s i m i l a r  t o  t h e  n o r m a l i z a t i o n s  of o t h e r  r e a c t i v i t y  

e f f e c t s  shown i n  F i g s .  4 and 7 .  The c u r v e  l a b e l e d  "net" i s  t h e  a l g e b r a i c  

sum of t h e s e  e f f e c t s  and would r e p r e s e n t  t h e  c o n t r i b u t i o n  from t h i s  cate- 

gory w i t h i n  t h e  o v e r a l l  r e a c t % - J i t y  ba lance .  A s  w a s  mentioned above, how- 

ever, one a d d i t i o n a l  e f f e c t  needs t o  b e  c o n s i d e r e d ;  namely, t h e  e x t e r n a l  

removal of  c e r t a i n  f i s s i o n  p r o d u c t s  from t h e  MSRE f u e l  s a l t .  The calcti- 

l a t i o n s  i n  F ig .  11 were based on t h e  assumption t h a t  a l l  f i s s i o n  products  

and t h e i r  d a u g h t e r s  remained i.n t h e  medium i n  which t h e y  w e r e  produced. 

Many of t h e s e  f i s s i o n  product  c h a i n s ,  however, i n c l u d e  n o b l e  g a s e s  (xenon 

and krypton)  w i t h  s u b s t a n t i a l  h a l f - l i v e s .  S i n c e  t h e s e  g a s e s  are l a r g e l y  

i n s o l u b l e  i n  t h e  f l u o r i d e  salt m e l t ,  t h e y  tended t o  e s c a p e  i n t o  t h e  o f f -  

gas  system. I n  a d d i t i o n ,  t h e r e  is  e v i d e n c e  t h a t  s i g n i f i c a n t  f r a c t i o n s  of 

some n o b l e  m e t a l s  ( n o t a b l y  Mo, T e ,  Ru, T c ,  and Nb) w e r e  a l s o  removed by t h e  

off-gas  sys tem,  e i t h e r  as v o l a t i l e  f l u o r i d e s  o r  as c o l l o i d a l  m e t a l  p a r t i -  

c les ,2"  

e x t e n t ,  w a s  t h e  p l a t e o u t  of f i s s i o n  p r o d u c t s  i.n s u r f a c e s  outs i .de t h e  c o r e  

r e g i o n . 2 1  

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

g r a p h i t e .  It is  clear from t h e  above t h a t  a q u i t e  d e t a i l e d  model of  f i s -  

s i o n  product  behavior  would b e  r e q u i r e d  f o r  a p r e c i s e  d e s c r i p t i o n  o f  Eis- 

s i o n  product  p o i s o n i n g  e f f ec t s  i n  t h e  MSKE. Although much i n f o r m a t i o n  w a s  

gained from a n a l y s i s  of MSRF o p e r a t i o n ,  such  a model i s  n o t  c u r r e n t l y  

a v a i l a b l e .  

Another mechanism f o r  l o s s  of p o i s o n i n g ,  which o c c u r r e d  t o  some 

A f a c t o r  t h a t  enhanced the poisoning  e f f e c t  of some f i ss - ion  pro- 

To o b t a i n  some i n d i c a t i o n  of  t h e  e f f e c t  of f i s s i o n  product  1.oss on t h e  

n e t  p o i s o n i n g ,  w e  made c a l c u l a t i o n s  f o r  two i d e a l i z e d  cases. In one case, 

we assumed removal of 100% of t h e  n o b l e  g a s e s  and i n  t h e  o t h e r ,  c o n c u r r e n t  

removal o f  b o t h  t h e  n o b l e  g a s e s  and t h e  n o b l e  metals. (The o n l y  members 

of t h e  l a t t e r  c a t e g o r y  t h a t  are s i g n i f i c a n t  n e u t r o n  poisons  are mo3.ybdenum, 

ruthenium, and t e l l u r i u m . )  F i g u r e  1 2  shows t h e  changes produced i n  t h e  

- n e t  r e a c t i v i t y  Curve of F i g .  11 when t h e s e  amounts of e x t e r n a l  removal of 

f i s s i o n  p r o d u c t s  are c o n s i d e r e d .  The l a r g e s t  change r e s u l t e d  from removal 

of t h e  n o b l e  gases .  

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

a n a l y s i s .  ) 

{Note t h a t  t h e  d i r e c t  po isoning  by 1 3 5 X c  i s  t r e a t e d  
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F i g .  1.2. E f f e c t  of E i s s i o n  product  removal on n e t  reac t - iv i - ty  change 
induced by long-term n u c l i d e  changes.  

I n  t h e  absence of d e t a i l e d  q u a n t i t a t i v e  i n f o r m a t i o n  on t h e  behavior  

of a l l  t h e  f i s s i o n  p r o d u c t s ,  we assumed € o r  t h e  r e a c t i v i t y  b a l a n c e  ca lcu-  

l a t i o n s  removal of a l l  t h e  n o b l e  g a s e s  and none of t h e  n o b l e  m e t a l s .  Thus 

t h e  middle  curve  i n  Fig.  1 2  was chosen t o  r e p r e s e n t  t h e  n e t  r e a c t i v i t y  e f -  

f e c t  of t h i s  c a t e g o r y  of long-term c o r e  changes,  

For t h e  on- l ine  c a l c u l a t i o n s ,  an  approximate formula w a s  used t o  ob- 

t a i n  t h e  n e t  r e a c t i v i t y  e f f e c t  of t h i s  group o f  changes.  T h i s  was of t h e  

form 

- b l T  -b T 
(71.j 2 

Ap = A 4- A,T + A2 e + A 3  e 
0 

Numerical v a l u e s  of t h e  parameters  i n  t h i s  formula w e r e  determined accord- 

i n g  t o  t h e  a n a l y s i s  d e s c r i b e d  i n  this s e c t i o n ;  renormal i z a t i o n  a d j u s t m e n t s  

were a l s o  made each t i m e  t h e  f u e l  was d r a i n e d  and mixed w i t h  t h e  r e s i d u e  

of s a l t  i n  t h e  f u e l  d r a i n  t a n k s ,  which had n o t  been exposed t o   he f l u x  

d u r i n g  t h a t  run.  

3.3 I n f l u e n c e  of Graphi Le L r r a d i a t i o n  Damage_ 
__ on t h e  MSRE R e a c t i v i t y  Balance  

One e f f e c t  t h a t  was expec ted  t u  occur  b u t  w a s  n o t  s p e c i f i c a l l y  in-  

c luded i n  t h e  r e a c t i v i t y  ba lance  c a l c u l a t i o n s  w a s  a s s o c i a t e d  w i t h  dimen- 

s i o n a l  changes i n  t h e  c o r e  g r a p h i t e  due t o  f a s t - n e u t r o n  i r r a d i a t i o n .  The 

type of g r a p h i t e  used i n  t h e  MSRE undergoes t h e  changes i n d i c a t e d  i n  

Fig.  13 (Ref.  22 ) .  The r e s u l t  is  t h a t  t h e  d i s t r i b u t i o n  and t h e  amount of 
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g r a p h i t e .  

f u e l  sa l t  i n  t h e  c o r e  can change b o t h  from g r a p h i t e  volume changes and 

from t h e  bowing and d isp lacement  of t h e  g r a p h i t e  s t r i n g e r s .  

changes can p o t e n t i a l l y  a f f e c t  t h e  c o r e  s t r u c t u r e  i n  t h r e e  ways: (1) a 

d i r e c t  change i n  t h e  l i n e a r  g r a p h i t e  dimensions t h a t  i s  dependent  on t h e  

n e u t r o n  f l u e n c e ,  (2) v a r i o u s  d e g r e e s  of bowing o f  i n d i v i d u a l  s t r i n g e r s ,  

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

ence ,  and ( 3 )  disp lacement  of t h e  lower end of  each  s t r i n g e r  by t h e  d i -  

mensional  changes of  t h e  lower h o r i z o n t a l  b a r s .  S i n c e  t h e  n e t  changes i n  

t h e  c o r e  s t r u c t u r e  as t h e  hundreds of  g r a p h i t e  b a r s  bow i n  v a r i o u s  modes 

due t o  t h e  nonuniform f l u x  d i s t r i b u t i o n  are q u i t e  complex, a computer pro-  

gram w a s  developed i n  an a t t e m p t  t o  d e s c r i b e  t h i s  s i t u a t i o n  i n  d e t a i l .  

Relative changes i n  t h e  volume f r a c t i o n  of s a l t  and g r a p h i t e  a t  each c o r e  

l o c a t i o n  w e r e  o b t a i n e d ,  and t h e  a s s o c i a t e d  r e a c t i v i t y  e f fec ts  w e r e  esti- 

mated as weighted averages  of t h e s e  changes o v e r  t h e  c o r e  volume. The 

e s s e n t i a l  f e a t u r e s  and r e s u l t s  of  t h e  c a l c u l a t i o n  are o u t l i n e d  below. 

The dimensional  
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C a l c u l a t i o n  of g r a p h i t e  d i sp lacement  

The i n d i v i d u a l  g r a p h i t e  s t r i n g e r s  i n  t h e  c o r e  are  bowed by changes i n  

t h e  d i f f e r e n t i a l  expansion ( o r  c o n t r a c t i o n )  t h a t  o c c u r  through t h e  t h i c k -  

n e s s  of t h e  s t r i n g e r  as a r e s u l t  of t h e  f l u x  gradicnir .  I f  t h e  s t r i n g e r s  

were u n r e s t r a i n e d  and t h e  n e u t r o n  f l u x  and g r a p h i t e  d i s t o r t i o n  curves  were 

l i n e a r  a c r o s s  t h e  t h i c k n e s s  of t h e  s t r i n g e r ,  t h e r e  would b e  110 stress, and 

t h e  d e f l e c t i o n  a t  any poinC could b e  c a l c u l a t e d  by c o n v e n t i o n a l  beam- 

d e f l e c t i o n  e q u a t i o n s .  We w i l l  c o n s i d e r  t h e  g e o m e t r i c a l  r e l a t i o n s h i p s  i n d i -  

c a t e d  i n  F ig .  1 4 ,  where t h e  r a d i u s  of c u r v a t u r e  i s  

C 
A L l L  

R =  - 

and 

:Cf dy/& i s  s m a l l  , (dy ldx )  7_ i s  n e g l i g i b l e ,  and 

The d e f l e c t i o n  is  

y = F d x O  dx , 
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F i g .  14.  S t r i n g e r  d e f l e c t i o n  geometry. 
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and s i n c e  t h e r e  are d imens iona l  changes a t  b o t h  p o s i t i o n s  1 and 2 ,  

The change i n  d i f f e r e n t i a l  expans ion  a c r o s s  a s t r i n g e r ,  and t h e r e f o r e  

t h e  d e f l e c t i o n  of t h e  s t r i n g e r ,  depends on t h e  s l o p e  of t h e  r a d i a l  f l u x  

p r o f i l e  and on t h e  s l o p e  of t h e  a x i a l  ( p a r a l l e l  t o  e x t r u s i o n )  d i s t o r t i o n  

curve  f o r  t h e  g r a p h i t e  shown i n  F ig .  14.  I f  t h e r e  were no c o n t a c t  w i th  

a d j a c e n t  s t r i n g e r s  and no l o c a l  f l u x  p e r t u r b a t i o n s ,  any z j t r i nge r  i n  t h e  

c o r e  would d e f l e c t  i n  a r a d i a l  p l ane  from t h e  r e a c t o r  c e n t e r  l i n e .  

A computer program w a s  w r i t t e n  t o  c a l c u l a t e  t h e  components of t he  

r a d i a l  d e f l e c t i o n  a t  2-in.  i n t e r v a l s  along t h e  l e n g t h  of each  s t r i n g e r  and 

t o  add t h e s e  t o  t h e  r e s p e c t i v e  d i sp lacemen t s  o f  t h e  lower l a t t i c e  liars. 

The g r a p h i t e  d i s t o r t i o n  d a t a  and t h e  r a d i a l  f l u x  p r o f i l e  w e r e  f i t t e d  t o  

cub ic  e q u a t i o n s  f o r  u s e  i n  t h e  computer program. Equat ions  were ob ta ined  

f o r  both t h e  upper and lower boundar i e s  of t h e  g r a p h i t e  d i s t o r t i o n  c u r v e s ,  

The a x i a l  f l u x  d i s t r i b u t i o n  was r e p r e s e n t e d  by a chopped c o s i n e  curve.  

When t h e  lower a x i a l  damage curve  w a s  u sed ,  t h e  d e f l e c t i o n s  w e r e  ou t -  

ward f o r  a l l  t h e  s t r i n g e r s ,  and t h e r e  w e r e  no i n t e r f e r e n c e s  i n d i c a t e d  un- 

t i l  an  i n t e g r a t e d  power of 150,000 MVhr w a s  reached.  However, when t h e  

upper cu rve  w a s  u sed ,  t h e  o u t e r  s t r i n g e r s  w i t h  lower neu t ron  exposure and 

w i t h  a p o s i t i v e  s lope  on t h e  d i s t o r t i o n  cu rve  d e f l e c t e d  inward a g a i n s t  t h e  

ne ighbor ing  s t r i n g e r s .  I n  t h i s  case t h e  outermost  s t r i n g e r s  w e r e  allowed 

t o  r e t a i n  t h e i r  c a l c u l a t e d  d e f l e c t i o n s ,  and ad jus tmen t s  were made pro- 

g r e s s i v e l y  inward on t h e  ne ighbor ing  s t r i n g e r s  t o  e l i m i n a t e  any i n t c r f e r -  

ence.  N o  a t t e m p t  w a s  made t o  c a l c u l a t e  t h e  e l a s t i c  d e f l e c t i o n s  t h a t  would 

occur  when two o r  more s t r i n g e r s  w e r e  i n  c o n t a c t  w i t h  each  o t h e r .  However, 

t h e  above method of a d j u s t i n g  t h e  d e f l e c t i o n s  w a s  found t o  be  u n r e a l i s t i c  

above 45,000 MWhr and caused s o l i d  packing o f  t h e  g r a p h i t e  over  a g r e a t e r  

f r a c t i o n  of t h e  c o r e  than  could a c t u a l l y  occur .  We d i d  n o t  a t t e m p t  f u r -  

t h e r  r e f inemen t s  i n  t h e  mathemat ica l  model t o  c o r r e c t  f o r  t h i s ,  s i n c e  

t h e s e  c a l c u l a t i o n s  w e r e  t o  be used on ly  as rough estimates of the p o s s i b l e  

magnitudes of r e a c t i v i t y  e f f e c t s  i n t roduced  by g r a p h i t e  i r r a d i a t i o n  damage. 
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A f t e r  t h e  d e f l e c t i o n s  w e r e  c a l c u l a t e d  and a d j u s t e d  as above, t h e  

changes i n  g r a p h i t e  and s a l t  volumes were c a l c u l a t e d  a t  each c o r e  l o c a r i o n .  

The g r a p h i t e  and s a l t  d e n s i t i e s  based on c o r e  volume w e r e  t h e n  c a l c u l a t e d  

a t  each l o c a t i o n  from t h e  volume changes.  T h e  r e l a t i v e  changes i n  s a l t  

and g r a p h i t e  d e n s i t y  a t  each c o r e  l o c a t i o n  were o u t p u t  on punched c a r d s  

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

Conversion t o  r e a c t i v i t y  e f f e c t s  

The r e a c t i v i t y  e f f e c t s  of t h e  re la t ive  d e n s i t y  changes d e s c r i b e d  above 

were determined by weight ing  t h e s e  changes a c c o r d i n g  t o  t h e  n u c l e a r  impor- 

t a n c e  of t h e  c o r e  l o c a t i o n  and i n t e g r a t i n g  o v e r  t h e  c o r e  volume. This  cal- 

c u l a t i o n  w a s  s i m i l a r  i n  form t o  t h a t  f o r  t h e  'OB burnout  r e a c t i v i t y  e f f e c t  

d e s c r i b e d  i n  S e c t i o n  3 . 2 ,  except t h a t  a d d i t i o n a l  terms were r e q u i r e d  t o  

account  f o r  t h e  e f f e c t s  o f  t h e s e  d e n s i t y  changes on t h e  moderat ing proper- 

t ies of t h e  core .  The t o t a l  r e a c t i v i t y  change was c a l c u l a t e d  from t h e  

f o l l o w i n g  e q u a t i o n s  ( i n  two-group t h e o r y ) :  

where t h e  importance-averaged d e n s i t y  changes i n  t h e  g r a p h i t e  (and s i m i -  

l a r l y  f o r  t h e  s a l t )  w e r e  

I n  t h e s e  e q u a t i o n s  N is  t h e  re la t ive  d e n s i t y ,  t h e  Ki j  a r e  r e a c t i v i t y  coef-  

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

r e f e r  t o  s a l t  and g r a p h i t e  r e s p e c t i v e l y .  A second computer program w a s  

w r i t t e n  t o  perform t h e  i n t e g r a t i o n s  and t o  tal-culate t h e  t o t a l  r e a c t i v i t y  

e f f e c t .  I n  t h i s  program, t h e  f l u x  p r o f i l e s  were i n p u t  as t a b u l a r  d a t a  

and i n t e r p o l a t e d  as necessary .  The v a l u e s  of 6N/N f o r  s a l t  and g r a p h i t e  

w e r e  read  from t h e  c a r d  o u t p u t  o f  t h e  g r a p h i t e  d i s t o r t i o n  program. 
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R e s u l t s  of c a l c u l a t i o n s  

The r e a c t i v i t y  changes p r e d i c t e d  by t h i s  model w e r e  c a l c u l a t e d  a t  

v a r i o u s  exposures  up t o  200,000 MWhr, well beyond t h e  a c t u a l  exposure  

d u r i n g  MSRE o p e r a t i o n  w i t h  235U. These r e s u l t s  are shown i n  F ig .  15.  

C a l c u l a t i o n s  w i t h  e i t h e r  t h e  upper  o r  lower l i m i t s  of g r a p h i t e  damage d a t a  

i n d i c a t e d  a long-term p o s i t i v e  t r e n d  i n  r e a c t i v i t y .  The i n i t i a l  d e c r e a s e  

i n  t h e  c u r v e s  o b t a i n e d  w i t h  t h e  upper  g r a p h i t e  damage l i m i t  i s  caused by 

t h e  p o s i t i v e  s l o p e  of t h e  g r a p h i t e  damage cu rve  a t  l o w  n e u t r o n  exposures .  

T h i s  i n d i c a t e s  t h a t  t h e  s t r i n g e r s  would t end  t o  d e f l e c t  inward a t  low 

v a l u e s  of i a t e g r a t e d  power and squeeze  fuel  o u t  of t h e  c o r e ;  t h e n ,  as t h e  

i n t e g r a t e d  power i n c r e a s e d ,  t h e  c e n t r a l  s t r i n g e r s  would b e g i n  t o  d e f l e c t  

outward,  b r i n g  f u e l  back i n t o  t h e  cen t r a l .  r e g i o n  of t h e  c o r e ,  and i n c r e a s e  

t h e  r e a c t i v i t y .  For t h e  uppe r - l imi t  damage c u r v e s ,  t h e r e  is  i n c r e a s i n g  

u n c e r t a i n t y  i n  t h e  s l o p e  of t h e  r e a c t i v i t y  change beyond about  45,000 MWhr 

because  of t h e  problem of a c c u r a t e l y  a s s e s s i n g  i n t e r f e r e n c e  e f f e c t s  between 

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

I n  a d d i t i o n  t o  t h e  r e a c t i v i t y  e f f e c t s ,  t h e  computer program a l s o  out -  

pu t  t h e  v a r i o u s  d imens iona l  changes w i t h i n  t h e  c o r e  g r a p h i t e  and t h e  magni- 

t u d e  of any i n t e r f e r e n c e s .  

t e r f e r e n c e s  a t  a l l  i n t e g r a t e d  powers, w h i l e  t h e  lower cu rves  produced 

i n t e r f e r e n c e s  a t  150,000 MWhr o r  above. A t  an  i n t e g r a t e d  power of 100,000 

PIWhr, t h e  maximum bowing w a s  0.036 i n . ,  and t h e  o v e r a l l  l e n g t h  change 

The upper  g r a p h i t e  damage curves produced in -  
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Fig .  15. R e a c t i v i t y  e f f e c t  of i r r a d i a t i o n - i n d u c e d  d imens iona l  changes 
in MSRE g r a p h i t e .  
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v a r i e d  from -0.076 i n .  a t  t h e  c e n t e r  l i n e  t:o -0.006 i n .  a t  t h e  p e r i p h e r y  

of t h e  c o r e .  'The maximum i n t e r f e r e n c e  between s t r i n g e r s  c a l c u l a t e d  from 

t h e  t o p  g r a p h i t e  d i s t o r t i o n  c u r v e s  w a s  0.049 i n .  c a l c u l a t e d  a t  150,000 MWhr. 

I f  a l l  t h i s  i n t e r f e r e n c e  w e r e  r e l i e v e d  by t h e  d e f l e c t i o n  of one s t r i n g e r ,  

t h e  c a l c u l a t e d  bending stress i n  t h a t  s t r i n g e r  would b e  920 p s i .  

Because of t h e  obvious d i f f i c u l t i e s  involved  i n  modeling t h e  a c t u a l  

c o r e  behavior- under prolonged g r a p h i t e  i r r a d i a t i o n ,  t h e  c a l c u l a t i o n s  de- 

s c r i b e d  should b e  viewed as a t t e m p t s  t o  b r a c k e t  t h e  p o s s i b l e  r e a c t i v i t y  

component a s s o c i a t e d  w i t h  t h i s  e f f e c t .  

cussed i n  connec t ion  w i t h  t h e  i n t e r p r e t a t i o n  of long-term r e a c t i v i t y  

t r e n d s  (Sect.  5.3). 

These r e s u l t s  w i l l  b e  f u r t h e r  d i s -  



57 

4 .  SOURCES OF DATA AND PAWETER ChLCUTAT1:ONS 

4 .1  I n i t i a l  Nucl ide  C o n c e n t r a t i o n s  

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

problem w a s  t h e  f u e l - s a l t  "book" i n v e n t o r y  and composi t ion r e c o r d s  at-  

t a i n e d  a t  t h e  beginning  of  t h e  power r u n s .  As r e p o r t e d  i n  Ref. 2 3 ,  t h i s  

w a s  LiF-BeF2-ZrF,+-UF4 (64.88-29.2G-5.04-0.82 mole X ) ,  i n  wliich t h e  uranium 

c o n t a i n e d  33.241. w t  % 235U.  The f u e l - s a l t  d e n s i t y  r e q u i r e d  t o  c o n v e r t  t h e  

chemic.31 composi t ion t o  n u c l i d e  c o n c e n t r a t i o n s  w a s  1 4 5  I . b / f t 3  a t  1200'F 

(based on e v i d e n c e  d i s c u s s e d  i n  Ref. 11). 

The s o u r c e  of d a t a  f o r  d e t e r m i n i n g  t h e  '1,i i s o t o p i c  c o n t e n t  i n  t h e  

i n i t i a l  f u e l  sa l t  w a s  a se t  of rnass-spectrographic  a n a l y s e s  of  t h e  L i O H  

b a t c h e s  from which t h e  L i F  f o r  t h e  f u e l  s a l t  w a s  p repared .  These a s s a y s  

gave a n  average  of 0.0074 a t .  % G L i . 2 4  

Data r e g a r d i n g  t h e  c o n c e n t r a t i o n  of  r e s i d u a l  boron i n  t h e  MSRE c o r e  

g r a p h i t e  w a s  t a k e n  from Ref. 25.  A s  r e p o r t e d  t h e r e ,  t h e  chem:ical p u r i t y  

a n a l y s i s  of g r a d e  CGB g r a p h i t e  w a s  9 x l o L 5  w t  % boron ( n a t u r a l  i s o t o p i c  

abundance, 19.8% l o B ) .  

w a s  assumed t o  be 1 .86  g/cm3 i n  a l l  c a l c u l a t i o n s .  

The a v e r a g e  dens i . ty  of t h e  MSKE g r a p h i t e  a t  1200'F 

The s o u r c e  of d a t a  f o r  t h e  2 3 4 U  and 2 3 6 U  c o n c e n t r a t i o n s  w a s  Ref. 26.  

The uranium use.d t o  p r e p a r e  the e n r i c h i n g  f u e l  c o n c e n t r a t e  c o n t a i n e d  a n  

average  of 0 . 9 8  w t  % 234U and 0.38 w t  % 236U. 

small t h a t  t h e  r e a c t i v i t y  b a l a n c e  c a l c u l . a t i o n s  f o r  t h e  23sU l o a d i n g  w e r e  

q u i t e  i n s e n s i t i v e  t o  t h e  i n i t i a l  c o n c e n t r a t i o n s  of  2 3 4 U  and 23GU. 

These were s u f f i c i e n t l y  

4.2 Average Reac t ion  Cross  S e c t i o n s  

For t h o s e  n u c l i d e s  uni formly  d i s t r i b u t e d  i n  t h e  f u e l  s a l t ,  a g e n e r a l  

e x p r e s s i o n  f o r  t h e  r e a c t i o n  ra te  i n  t h e  i t h  n u c l i d e  w a s  given as Eq. (9) 

i n  S e c t i o n  2.2. T h i s  c h a r a c t e r i s t i c  of un i form d i s t r i b u t z o n  is b a s i c  t o  

t h e s e  c i r c u l a t i n g  f u e l  sys tems and a p p l i e s  t o  a l l  t h e  impor tan t  c o n s t i t u -  

e n t  n u c l i d e s  i n  t h e  sa l t .  For our  c a l c u l a t i o n s  of t h e  time-dependent 

changes i n  t h e s e  n u c l i d e s ,  w e  have found i t  convenient  t o  d e f i n e  a rnict-o- 

scopic  reac tor -average  c r o s s  s e c t i o n  by r e w r i t i n g  E q ,  (9) as 
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where we have made t h e  d e f i n i t i o n s  

and 

I n  t h e s e  d e f i n i t i o n s ,  E i s  a convenient  c u t o f f  energy  chosen h i g h  enough 

t o  e f f e c t i v e l y  s e p a r a t e  t h e  slowing-down energy r a n g e  from t h e  thermal i -  

z a t i o n  range ,  (b i s  t h e  average  thermal  f l u x  t o  which t h e  s a l t  i s  exposed, 

and V i s  t h e  t o t a l  volume of s a l t  i.n c i r c u l a t i o n .  [Note t h a t  a s i m i l a r  

d e f i n i t i o n  could ,  i f  d e s i r e d ,  b e  made on t h e  b a s i s  of t h e  t o t a l  n e u t r o n  

f l u x  a t  a l l  e n e r g i e s ,  @, simply by r e p l a c i n g  E by and @ by @ i n  

E q s .  ( 7 9 )  through (81). 1 

e 

i;h 

S 

e t h  

A s  d e f i n e d  by Eq. (go), t h e  average  r e a c t i o n  c r o s s  s e c t i o n s  depend 

on t i m e  through t h e  rei-ative changes i n  t h e  neut:ron f l u x  spectrum; however, 

i n  t h e  MSRE t h e  v a r i a t i o n s  i n  sa l t  composi t ion d u r i n g  power o p e r a t i o n  w e r e  

s u f f i c i e n t l y  s m a l l ,  and t h e  f l u x  p e r t u r b a t i o n  due t o  c o n t r o l  rod movements 

s u f f i c i e n t l y  l o c a l i z e d ,  t h a t  t h e  changes induced i n  t h e  average  c r o s s  sec-  

t i o n s  were q u i t e  small ( s e e  T a b l e s  1. and 2 and r e l a t e d  d i s c u s s i o n  below). 

Hence, c l o s e  approximat:ion t o  the v a l u e s  of could  b e  o b t a i n e d  by ca lcu-  

l a t i n g  t h e  spectrum f o r  average  o p e r a t i n g  c o n d i t i o n s  d u r i n g  t h e  power runs .  

To apply  t h e  preceding  d e f i n i - t i o n s  t o  r e a c t i o n  ra te  c a l c u l a t i o n s ,  i t  

i s  n e c e s s a r y  t o  approximate t h e  n e u t r o n  spectrum @ ( r , E ) .  I n  o u r  work w i t h  

t h e  MSRE, we used t h e  GAM-I1 and THERMOS programs t o  produce f o u r  broad- 

energy-group average  n u c l i d e  c r o s s  s e c t i o n s ,  where t h e  a v e r a g i n g  i s  wit:h 
2 7 , 2 8  r e s p e c t  t o  an  approxiinate c o r e  spectrum c a l c u l a t e d  by t h e  programs. 

W e  t h e n  a p p l i e d  tht? l a t t e r  c r o s s  s e c t i o n s  i n  few-group d i f f u s i o n  c a l c u l a -  

t i o n s  w i t h  t h e  EXTERMI:NATQR programag t o  approximate t h e  v a r i a t i o n  i n  t h e  
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flux spectra in the peripheral, salt-containing regions of the core (ine., 

the upper and lower plenums and the radial downcomer). 

dimensional (R,Z geometry) representation of the MSRE core was used, with 

four broad energy groups (one group spanning most of the slowing-down 

range, two epithermal groups, and one thermal group), The geometric model 

is shown schematically in Fig. 16. 

Here, a two- 

Approximate expressions corresponding t o  the defining Eqs.  ( 8 0 )  and 

(81) can readily be obtained to describe the procedure of calculating 

average reaction cross sections. They are 

and 

where V and F are the volume and salt volume fraction f o r  the kth sub- 

region over which the volume fraction of s a l t  is constant and Qk is the 

EXTERMINATOR flux in broad group n averaged over subregion k (@ is the 

k k 

% 
th 

nuclide cross secti-ons average thermal flux in region k ) .  The broad-group 

are defined by: 

- n  cr i 

where (t, ( E )  is t h e  approximate neutron spectrum in the graphite-moderated 

core as obtained from multigroup calculations with the GAM-11 and THERMOS 

programs. The integrals in Eq.  ( 8 4 )  are a l s o  calculated in terms of fi- 

nite sums, with up to 99 energy groups used to span the slowing-down range 

0: 
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Fig .  16. Geometric r e p r e s e n t a t i o n  of MSKE core used  i n  four-group 
d i f f u s i o n  c a l c u l a t i o n s .  P o i s o n  e7.ements wi.thdrawn t o  uppe r  l i m i t s ;  no t  
t o  scale.  
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and 30 t o  span t h e  thermal. range .  The c u t o f f  energy ,  E s e p a r a t i n g  t h e s e  

r anges  w a s  chosen t o  be  0.876 e V  f o r  MSRE c a l c u l a t i o n s .  
e’ 

I n  Table  I., are l i s t e d  t h e  ave rage  c r o s s  sec. t ions c a l c u l a t e d  by t h e s e  

methods. Two sets of v a l u e s  are  gi.ven, w i t h  t h e  l e f t  column r e p r e s e n t i n g  

t h e  ave rages  ob ta ined  from c r o s s - s e c t i o n  l i b r a r i e s  i.n usage  e a r l y  i n  t h e  

cour se  of MSRE o p e r a t i o n s  and the r i g h t  column r e p r e s e n t i n g  ave rages  f r o m  

more r e c e n t  d a t a  l i b r a r i e s  (ENDFIB) c u r r e n t l y  i n  u s e  f o r  mol t en - sa l t  r eac -  

t o r  s t u d i e s .  A d i s c u s s i o n  of t h e  s i g n i . f i c a n c e  of t h e s e  and o t h e r  c ros s -  

s e c t i o n  comparisons i n  i n t e r p r e t i n g  n u c l e a r  o p e r a t i o n s  d a t a  f o r  t h e  235U 

l o a d i n g  i s  g iven  i n  Ref. 30. Most of t h e  on - l ine  c . a l c u l a t i o n s  d e s c r i b e d  

i n  t h e  n e x t  s e c t i o n  w e r e  based on t h e  o l d e r  d a t a  set g-i.ven i n  Table  1; 

however, a r e c e n t  r e e v a l u a t i o n  of t h e  long-term r e a c t i v i t y  t r e n d s  f o r  t h e  

2 3 5 U  l o a d i n g  w a s  made from v a l u e s  of based on t h e  newer d a t a ,  and t h e s e  

r e s u l t s  are d e s c r i b e d  i n  S e c t i o n  5.3. 

The c a l c u l a t i o n s  l i s t e d  i n  Table  1. w e r e  made f o r  t h e  r e a c t o r  s p e c t r u m  

cor responding  t o  t h e  minimum c r i t i c a l  l o a d i n g  condi - t ions  ( c o r e  i s o t h e r m a l  

a t  1200°F and a l l  c o n t r o l  r o d s  f u l l y  withdrawn).  These ave rage  cross 

s e c t i o n s  should be  c o r r e c t e d  f a r  changes caused by i n c r e a s i n g  t h e  uranium 

Table  1.. Ca lcu la t ed  ave rage  r e a c t i o n  c r o s s  s e c t i o n s  i n  
t h e  MSRE thermal  f l u x  w i t h  2 3 5 U  a t  minimum 

c r i t i c a l  l o a d i n g  c o n d i t i o n s  

Average c r o s s  s e c t i o n  (b) 

Nucl ides  
Pre-1965 d a t a  1969 c a l c u l a t i o n s  

6~ i 
OB 

1 3 5 ~ e  
1495, 
151sm 
2 3 4 u  

235U ( abs )  
235u ( f )  
2 3 6 ~  
238u 

239Pu (abs )  
239Pu (f) 
24OPu 

461.02 
1870.35 

1.18 x 106 
3.58 104 
2.63 103 

138.19 
340.53 
270.15 

52.76 
26.32 

1470.1  
874.5 

1267.9 

466.42 
1.881.13 

1.18 x 106 
3.58 104 
2.63 103 

333.88 
130.40 

267.88 
51.11 
27.67 

1456.1 
901.1 

1287.6 
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c o n c e n t r a t i o n  t o  r e a c t o r  o p e r a t i n g  c o n d i t i o n s  and a l s o  t h e  inser t i .ons  of 

t h e  c o n t r o l  rod t o  compensate f o r  t h e  e x c e s s  r e a c t i v i t y .  These changes 

i n c r e a s e  t h e  average  ep i thermal - to- thermal  n e u t r o n  f l u x  r a t i o  i n  t h e  re- 

a c t o r  and t h e r e b y  i n c r e a s e  t h e  reac tor -average  c r o s s  s e c t i o n s  [ s i n c e  they 

are d e f i n e d  by Eq.  

I n  Table  2 w e  have i n d i c a t e d  t h e  re la t ive  i n c r e a s e s  i n  c a l c u l a t e d  average  

c r o s s  s e c t i o n s  of t h e  most impor tan t  n u c l i d e s  cor responding  t o  t h e  maxi- 

mum 235U c o n c e n t r a t i o n  and rod poisoning  exper ienced  i n  t h e  2 3 5 U  run .  

T h i s  occurred  a t  t h e  end of t h e  zero-power exper iments  and b e f o r e  t h e  f u e l  

w a s  d r a i n e d ,  when t h e  235U c o n c e n t r a t i o n  had been i n c r e a s e d  by n e a r l y  10% 

and t h e  r e g u l a t i n g  rod w a s  n e a r  f u l l  inse- t - t ion.  Although f u r t h e r  uranium 

a d d i t i o n s  w e r e  made d u r i n g  t h e  235U r u n ,  a t  no t i m e  d u r i n g  o p e r a t i o n s  w e r e  

t h e s e  c o n d i t i o n s  exceeded. .In accord w i t h  t h e  r e l a t ive  i n c r e a s e  i n  e p i -  

thermal  f l u x ,  t h e  maximum changes i n  Table  2 may b e  seen t o  b e  a s s o c i a t e d  

w i t h  t h o s e  n u c l i d e s  w i t h  s t r o n g  resonance-capture  components. 

(80) on the b a s i s  of the thermal  component of t h e  f l u x ] .  

During t h e  a c t u a l  c o u r s e  of r e a c t o r  o p e r a t i o n ,  t h e  uranium concentra-  

t i o n  and t h e  rod i n s e r t i o n  v a r i e d  i n  accordance wi.t.11 t h e  f u e l  burnup and 

a d d i t i o n s  and w i t h  t h e  v a r i o u s  r e a c t i v i t y  changes i n  t h e  core .  The changes 

l i s t e d  i n  Table  2 tend  t o  b r a c k e t  t h e  ac tua l .  var ia t : i .on i n  G ,  and, for pur- 

poses  of c a l c u l a t i n g  t h e  r e a c t i o n  rates, t h e  a c t u a l  v a r i a t i o n s  can h e  

Table  2.  Relative changes i n  average  r e a c t i o n  
c r o s s  s e c t i o n s  f o r  a 10% i n c r e a s e  i n  2 3 %  

c o n c e n t r a t i o n ,  w i t h  compensating c o n t r o l  
rod i n s e r t i o n  

a Nuclide Cross-sec t ion  r a t i o  

2 3 4 ~  

23sU (abs)  
2 3 5 u  ( f )  
2 3 6 ~  
2 3 8 ~  

239P11 (abs)  
2 3 9 ~ 1 1  ( f )  

1.063 
1.018 
1.014 
1.089 
1.094 
1.004 
1 004 

a 
Cross s e c t i o n  a t  maximum uranium l o a d i n g  con- 

d i t i o n s  d i v i d e d  by c r o s s  s e c t i o n  a t  minimum crit ical .  
l o a d i n g  a 
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c l o s e l y  approximated either by 1 inea r l . y  i n t e r p o l a t i n g  t h e  r e s u l t s  i n  

Tab le  2 on t h e  b a s k  of t h e  235U c o n c e n t r a t i o n  o r  by assuming a f i x e d  

ave rage  composi t ion  d u r i n g  o p e r a t i o n .  

The s o u r c e  o f  d a t a  f o r  c r o s s  s e c t i o n s  of t h e  n o n s a t u r a t i n g  group of * 
f i s s i o n  p r o d u c t s  w a s  R e f .  31. T h i s  provided  a summary of f i s s i o n  y i e l d s ,  

c r o s s  s e c t i o n s  a t  2200 mlsec ,  and r e sonance -abso rp t ion  i n t e g r a l s  f o r  t h e s e  

n u c l i d e s .  These d a t a  are l i s t e d  i n  T a b l e  3 .  The group i n c l u d e s  a l l  f i s -  

S i O l l  p r o d u c t s  ( e x c l u s i v e  of 135Xe ,  14'Srn, and 151Srn) known t o  have  non- 

n e g l i g i b l e  c r o s s  s e c t i o n s .  

d i r e c t  p r o d u c t s  from f i s s i o n  (or daugh te r  p r o d u c t s  o f  p r e c u r s o r s  w i t h  

v e r y  s h o r t  h a l f - l i v e s )  are l i s t e d  i n  Tab le  3 .  A s  a l r e a d y  i n d i c a t e d ,  i t  

i s  r e a s o n a b l e  t o  n e g l e c t  t h e  secondary  p roduc t s  because  w e  w e r e  d e a l i n g  

w i t h  r e l a t i v e l y  small  f u e l  exposures .  The f i n a l  n u c l i d e  e n t r i e s  i n  

Tab le  3 are l lpseudonucl ides ,"  r e p r e s e n t i n g  groups of f i s s i . o n  p r o d u c t s  i n  

which s a t u r a t i o n  e f f e c t s  are  either n e g l i g i b l e  (NSFP) o r  q u i t e  s m a l l  f o r  

l ong  f u e l  exposures ,  as w e l l  as f o r  s h o r t  exposures  (SSFP). E x p l i c i t  tabu-  

l a t i o n s  of  t h e  n u c l i d e s  inc luded  i.n t h e s e  groups are  g iven  i-n lief, 31. 

Wi-th t h e  s i n g l e  e x c e p t i o n  of 147Pm, o n l y  t h e  

For t h e  purposes  of t h i s  work, w e  n e g l e c t e d  any non-l /v  behav io r  of 

t h e  a b s o r p t i o n  c r o s s  s e c t i o n s  ove r  t h e  the rma l  energy  r ange  e x h i b i t e d  by 

t h e  f i s s i o n  p roduc t  n u c l i d e s  o f  Tab le  3 .  These are g e n e r a l l y  s m a l l  cor- 

r e c t i o n s  t h a t  t end  t o  be  unimpor tan t  compared w i t h  u n c e r t a i - n t i e s  a s s o c i -  

a t e d  w i t h  t r a n s p o r t  and reinoval of f i s s i o n  p r o d u c t s  i n  t h e  MSRE f u e l  sys- 

t e m .  ( I n f l u e n c e  of t h e s e  l a t t e r  e f f e c t s  i s  di-scussed i n  t h e  next  s e c t i o n . )  

Thus, averaged  c r o s s  s e c t i o n s  f o r  t h e  the rma l  group w e r e  o b t a i n e d  by mul t i -  

p l y i n g  t h e  2200--m/sec c r o s s  s e c t i o n  by t h e  thermal-spectrum a v e r a g e  f o r  a 

l/u n u c l i d e  t h a t  had u n i t  c r o s s  s e c t i o n  a t  2200 m/sec. T h i s  l a t t e r  quan.- 

t i t y  w a s  c a l c u l a t e d  t o  be 0.435 i n  t h e  MSRE spectrum. The ave rage  e p i -  

t he rma l  c r o s s  s e c t i o n s  w e r e  o b t a i n e d  by d i v i d i n g  t h e  n u c l i d e  r e sonance  

i n t e g r a l  i n  Tab le  3 by t h e  l e t h a r g y  wid th  f o r  the e p i t h e r m a l  range .  

A s  a n  approximate  i n d i c a t o r  of t h e  s i g n i f i c a n c e  o f  s a t u r a t i o n  e f f e c t s  

i n  c a l c u l a t i n g  t h e  f i s s i o n  product  c o n c e n t r a t i o n s ,  one may estimate t h e  

* 
Reference  31 i s  l a r g e l y  based  on t h e  more e x t e n s i v e  d a t a  c o m p i l a t i o n  

i n  r e f .  3 2 ,  w i t h  emphasis g iven  t o  u s e f u l  s i m p l i f y i n g  approximat ions  f o r  
r e a c t o r  p h y s i c s  c a l c u l a t i o n s .  
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Table 3 .  Cross s e c t i o n  and y i e l d s  of s i g n i f i c a n t  
f i s s i o n  product  n u c l i d e s  

Resonance 
0 (2200) i n t e g r a l  Half  - l i f e  

above 0.414 e V  

Y i e l d  
Nucl ide  

( 2 )  a 
. 

8 2 K r  

3Kr  

1 0 3 a  

5Rh 

9Ag 

131xe 

1 3  3 ~ e  

143Nd 

5Nd 

147Pm 

52Sm 

153Eu 

55Eu 

NS FP 

SSFP 

0.28 

0.544 

3.0 

0.90 

0.03 

2.93 

6.59 

6.03 

3.98 

2.36 

0.281 

0 .169  

0.033 

126.0 

29.8 

45.0 

205.0 

149.0 

1 5 , 0 0 0  

87.0 

120.0 

180.0 

324 .0  

60.0 

235.0 

208.0 

450 .0  

14,000 

1.111 

1 3 , 9 8 6  

196.0 

189 .2  

1059.0  

7 2 6 1 . 0  

1447.0 

811.4 

92.33 

134.0 

314.6 

2279.0 

2242 0 

4 3 2 . 1  

6787.0  

7 .354  

76.744 

m 

03 

00 

36 h 

00 

W 

5.27 d 

00 

W 

2.65  y 

00 

1 6  Y 

1 . 7  y 

Decay product  oE I l * l - d  147Nd. 
a 

CKOSS s e c t i o n  r e q u i r e d  f o r  a 10% r e d u c t i o n  i n  t h e  o t h e r w i s e  l i n e a r  r ise 

i n  c o n c e n t r a t i o n  cor responding  t o  z e r o  a b s o r p t i o n .  For a maximum f u e l  

exposure e q u i v a l e n t  t o  7 0 , 0 0 0  MWhr a t  MSRE f l u x  l e v e l s  (somewhat l a r g e r  

t h a n  t h e  exposure of t h e  7 3 5 U  f u e l  l o a d i n g ) ,  t h e  a b s o r p t i o n  c r o s s  s e c t i o n  

f o r  t h i s  r e d u c t i o n  would b e  about  1000 b. Thus, of t h e  n u c l i d e s  l i s t e d  

i n  Table  3 ,  o n l y  Io5Rh and 1 5 5 E u  would be expected t o  e x h i b i t  s i g n i f i c a n t  

s a t u r a t i o n  e f f e c t s ,  Due t o  i t s  s h o r t  h a l f - l i f e  and h i g h  c r o s s  s e c t i o n ,  

l o  5Rh would q u i c k l y  s a t u r a t e  

about  -0.004% 6 k / k .  S i n c e  pr imary i n t e r e s t  w a s  i n  e f f e c t s  of l a r g e r  mag- 

n i t u d e ,  Lhis n u c l i d e  could be s a f e l y  excluded from t h e  f i s s i o n  product  

po isoning  concent ra t i -on .  Europium-155, on t h e  o t h e r  hand, d i d  n o t  r e a c h  

w i t h  an  a s s o c i a t e d  r e a c t i v i t y  e f f e c t  of 
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i ts  s a t u r a t i o n  c o n c e n t r a t i o n ,  bu t  n e u t r o n  a b s o r p t i o n  would have reduced 

t h e  o t h e r w i s e  l i n e a r l y  r i s i n g  c o n c e n t r a t i o n  by about  40% by t h e  end of t h e  

235U f u e l  exposure.  

& k / k  by t h e  end of t h e  exposure  p e r i o d ,  which w a s  s t i l l  q u i t e  s m a l l .  

Ra the r  t han  t rea t  t h i s  as a special  c a s e ,  w e  approximated t h i s  c o r r e c t i o n  

by i n c l u d i n g  t h e  n u c l i d e  w i t h  t h e  remainder  o f  t h e  group of n o n s a t u r a t i n g  

f i s s i o n  p r o d u c t s  and r educ ing  i t s  e f f e c t i v e  f i s s i o n  y i e l d  by 25%. 

T h i s  gave a t o t a l  r e a c t i v i t y  e f f e c t  of about  Q . 0 1 4 X  

4 . 3  Neutron F lux  Normal i za t ion  

The numer ica l  e v a l u a t i o n  of t h e  ave rage  n e u t r o n  f l u x  l e v e l  i s  b a s i c  

t o  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  of n u c l i d e  changes i n  t h e  r e a c t o r .  The 

p r i n c i p a l  d e t e r m i n a n t s  of t h i s  q u a n t i t y  are (1) t h e  mean energy recovered  

p e r  f i s s i o n ,  assumed t o  b e  200 M e V ; 3 3  (2) t h e  volume of s a l t  i n  c i r c u l a -  

t i o n ,  70.5 f t 3 ;  and ( 3 )  t h e  i n v e n t o r i e s  of 2 3 5 U  and 239Pu i n  t h e  loop  a t  

o p e r a t i n g  c o n d i t i o n s .  The ave rage  the rma l  f l u x  p e r  megawatt f o r  the c i r -  

c u l a t i n g  system i s  t h e n  d e f i n e d  by 

For t h e  mean f i s s i o n  energy g iven  above,  t h e  conve r s ion  f a c t o r  A i s  e q u a l  

t o  3.12 x fissions/MWsec. From t h i s  c a l c u l a t i o n ,  w e  ob ta ined  4 = 

6.4 x l o l l  n e u t r o n s  

t i o n s  with 235U.  

f l u x  averaged on ly  ove r  t h e  g r a p h i t e  w a s  2.0 x T h i s  f l u x  w a s  used 

i n  t h e  c a l c u l a t i o n  of t h e  l 0 B  burnout  e f f e c t .  

th 
sec - l  p e r  megawatt, n e a r  t h e  s t a r t  of power opera-  

The co r re spond ing  v a l u e  of the power-normali zed thermal 

4.4 Flux-Adjoint F lux  I n t e g r a l s  - _I and R e a c t i v i t y  Parameters  

The d i r e c t  and a d j o i n t  f l u x  d i s t r i b u t i o n  and t h e i r  volume i n t e g r a l s  

over  v a r i o u s  sub reg ions  of t h e  r e a c t o r  c o r e  r e q u i r e d  f o r  c a l c u l a t i o n  of 

r e a c t i v i t y  e f f e c t s  are s t a n d a r d  o u t p u t  of t h e  EXTERMINATOR program used 

f o r  t h e  n e u t r o n i c s  c a l c u l a t i o n s .  ILI accordance  w i t h  the. d i s c u s s i o n  i n  

S e c t i o n  3.2,  t h e  volume i n t e g r a l s  ove r  r e g i o n s  of t h e  c o r e  w i t h  f i x e d  s a l t  

f r a c t i o n s ,  t o g e t h e r  w i t h  t h e  broad-group cross s e c t i o n s  f o r  t h e  n u c l i d e s ,  

p rov ide  i n f o r m a t i o n  s u f f i c i e n t  t o  c o n v e r t  a l l  n u c l i d e  changes t o  r e a c t i v i t y  



e f f e c t s .  (For several n u c l i d e s ,  t h e  r e a c t i v i - t y  e f f e c t s  of u n i t  changes 

i n  c o n c e n t r a t i o n s  w e r e  d i r e c t l y  o u t p u t  from t h e  EXTERMINATOR program.) 

For t h e  numer ica l  computat ion of t h e  shape f a c t o r ,  S ( Y ) ,  i.n t h e  re- 

a c t i v i t y  e f f e c t  of boron burnout  [Eq.  (7011, w e  employed an  a d d i t i o n a l .  

s i m p l i f y i n g  approximation.  The n e u t r o n  f l u x  and a d j o i n t  d i s t r i b u t i o n  i n  

t h e  g r a p h i t e  r e g i o n  w e r e  r e p r e s e n t e d  by a fundamental  mode approximation 

w i t h  a "chopped" Bessel f u n c t i o n  v a r i a t i o n  i n  t h e  r a d i a l  d i r e c t i o n  and a 

"chopped" s i n u s o i d a l  v a r i a t i o n  i n  t h e  axlal. d i r e c t i o n .  S(T) was t h e n  cal-  

c u l a t e d  by numerical  i n t e g r a t i o n  wi.th a n  I B M  7090 program. The 1-argest  

d i s c r e p a n c y  between t h e  approximate f l u x  tl.i .stributi.on and r e s u l t s  of  t h e  

d e t a i l e d  d i f f u s i o n  model c a l c u l a t i o n s  occurred  i n  t h e  rad i .a l  f l u x  v a r i -  

a t i o n ;  however, t h e  l a t t e r  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  f l u x  p e r t u r b a -  

t i o n  caused by t h e  c o n t r o l  r o d s  remained f a i r l y  w e l l  l o c a l i z e d  n e a r  t h e  

c e n t e r  of t h e  r e a c t o r ,  and over  most of t h e  r e a c t o r  vo1.ume t h e  Ressel func- 

t i o n  approximation would be v a l i d .  Thus, t h i s  approximation w a s  judged t o  

be adequate  f o r  t h e  ca lcu l .a t ion  of  S(T). 

4.5  E f f e c t i v e  Delayed-Neutron F r a c t i o n s  

I n  accord w i t h  t h e  d i s c u s s i o n  g iven  i n  S e c t i o n  2 . 4 ,  numer ica l  eva1.u- 

a t i o n  of t h e  delayed-neutron e f f e c t i v e n e s s  i s  r e q u i r e d  f o r  t h e  i n t e r p r e -  

t a t i o n  of measured r e a c t i v i t y  e f f e c t s .  An approximate formula f o r  t h i s  

c a l . c u l a t i o n  w a s  g iven  as Eq. (35) .  

n e s s  f a c t o r ,  y ,  gave a v a l u e  of 1.04;  t h i s  value w a s  used f o r  all i n i t i a l  

i n t e r p r e t a t i o n s  of  MSRE r e a c t i v i t y  measurements and f o r  t h e  o n - l i n e  c a l -  

c u l a t i o n s  w i t h  the 2 3  5U l o a d i n g  sunmarized i.n Sect:i.on 5. More r e c e n t l y ,  

n e a r  t h e  t e r m i n a t i o n  of power o p e r a t i o n  w i t h  2 3  5U, we reexamined3 

e v a l u a t i o n  of v w i t h  a more s o p h i s t i c a t e d  c a l c u l a t i o n  ( n o t  a v a i l a b l e  a t  

t h e  t h e  o f  t h e  e a r l y  c a l c u l a t i o n s )  of t h e  d i f f e r e n c e  i n  average  age  of 

prompt and de layed  n e u t r o n s .  The age  t o  t h e  thermal  c u t o f f  energy  was ob- 

t a i n e d  through u s e  of t h e  GAM-I1 program. For a s a l t - g r a p h i t e  composi t ion 

e q u a l  t o  t h a t  of t h e  channeled r e g i o n  of t h e  c o r e  and a t e m p e r a t u r e  of  

1200°F, t h e  age  c a l c u l a t e d  f o r  t h e  prompt f i s s i o n  n e u t r o n s  w a s  251.9 c m 2 .  

The c a l c u l a t e d  age  d i f f e r e n c e  between prompt f i s s i o n  n e u t r o n s  and de layed  

n e u t r o n s  w a s  62.3 cin2. 

E a r l y  estimates34 of t h i s  e f f e c t i v e -  

t h e  

Based on a geometr ic  b u c k l i n g  cor responding  t o  a 
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c y l i n d e r  29 x 7 8  i n .  (KxT'I) , t h e  v a l u e  of c a l c u l a t e d  from Eq.  (35) w a s  

1.086. T h i s  i m p l i e s ,  f o r  example, t h a t  t h e  t o t a l  e f f e c t i v e  de layed-neut ron  

f r a c t i o n  f o r  u se  i n  i n t e r p r e t i n g  r e a c t i v i t y  measurement w i t h  235U w a s  0.71%, 

compared w i t h  t h e  a b s o l u t e  d e l a y  f r a c t i o n  o f  0.65% (Ref. 8 ,  p. 90 ) .  Hence, 

i t  i m p l i e s  t h a t  t h e  magnitudes of a l l  measured r e a c t i v i t y  e f f e c t s  should  be  

l a r g e r  by a f a c t o r  of about  1 .05  than  t h e  v a l u e s  based on ear l ie r  c a l c u l a -  

t i o n s  of 7. In t h e  r e s u l t s  r e p o r t e d  i n  Ref. 11, t h i s  would have t h e  e f f e c t  

of i n c r e a s i n g  t h e  different-e between the expe r imen ta l  and c a l c u l a t e d  wor ths  

of t h e  MSRE c o n t r o l  r o d s  b u t  would t end  t o  b r i n g  t h e  measured t empera tu re  

and 235U c o n c e n t r a t i o n  c o e f f i c i e n t s  of r e a c t i v i t y  i n t o  b e t t e r  agreement 

w i t h  c a l c u l a t e d  v a l u e s .  

We d i d  n o t  a t t e m p t  t o  r e v i s e  t h e  numer ica l  v a l u e s  from t h e  on- l ine  

c a l c u l a t i o n s  t o  account  f o r  t h i s  change b u t  d i d  i n c l u d e  i t s  e f f e c t  i n  re- 

c e n t  r e e v a l u a t i o n s  of t h e  long-term r e a c t i v i t y  t r e n d s  d u r i n g  t h e  235U op- 

e r a t i o n s  ( s e e  the d i s c u s s i o n  i n  Chap. 5).  
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5. EXPERLENCE WITH THE REACTIVITY BALANCE 

5.1 Br ie f  H i s t o r y  of Nuclear  OperaLkons w i t h  2 3 5 U  

A summary of s i g n i f i c a n t  d a t e s  i n  Lhe chronology of n u c l e a r  o p e r a t i o n s  

w i t h  2 3 5 U  i s  g iven  h e r e  L o  p rovide  p e r s p e c t i v e  f o r  t h o s e  r e a d e r s  l eas t  f a -  

m i l i a r  w i t h  t h e  d e t a i l s  of MSRE o p e r a t i o n .  The d a t e s  and evcnt-s a r e  l i s t e d  

i n  Table  4 .  I n  connec t ion  w i t h  t h e  i n t e r p r e t a t i o n  o f  long-term t r e n d s  i n  

r e a c t i v i t y  a s s o c i a t e d  w i t h  power o p e r a t i o n ,  i t  shoiil-d b e  noted  t h a t  t h e  

f i r s t  s u s t a i n e d  power o p e r a t i o n  r e a l l y  began w i t h  t h e  30-day r u n  s i d r t i n g  

011 December 1 4 ,  1966 ( run  10 ) .  A f u l l  account  of t h e  chronology of t h e  

MSRE test  program and o p e r a t i o n  i s  g iven  i n  R e f ,  36. 

5 . 2  R e s u l t s  of On-Line R e a c t i v i t y  Balaie C a l c u l a t i o n s  

The on- l ine  c a l c u l a t i o n s  d u r i n g  MSRE o p e r a t i o n  were made w i t h  a Bunker- 

Ram0 340 d i g i t a l .  computer connected d i r e c t l y  w i t h  s e n s o r s  i n  t h e  MSRE sys- 

t e m .  T h i s  w a s  used f o r  r o u t i n e  scanning  of v a r i o u s  i n p u t  s i g n a l s  and f o r  

comparisons w i t h  alarm l i m i t s ,  d a t a  s t o r a g e  o p e r a t i o n s ,  and s e v e r a l  r o u t i n e  

d a t a - r e d u c t i o n  o p e r a t i o n s ,  such as t h e  h e a t  b a l a n c e  and r e a c t i v i t y  b a l a n c e  

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

logger-computer may be found i n  Ref. 37. 

Table  4 .  S i g n i f i c a n t  d a t e s  and e v e n t s  i n  n u c l e a r  
o p e r a t i o n  of t h e  MSRE wit11 2 3 5 ~  

_-I_.I 

Event Date 

F i r s t  c r i t i c a l i t y  Jvne  1, 1965 

End of zero-power experiment  program J u l y  3, 1965 

F i r s t  o p e r a t i o n  i tx megawatt range Jan .  2 b ,  1966 

Reached f u l l  power May 23,  1966 

Completed 3 0-d ay  r u n  Jan .  1 4 ,  1967 

Completed 3-month r u n  Apr. 28, 1967 

Completed 6-month r u n  M a r .  20, 1968 

End of n u c l e a r  o p e r a t i o n  with 7 3 5 U  Mar. 26, 1968 

~ 



The r e a c t i v i t y  badance c a l c u l a t i o n s  were performed from t h e  s t a r t  of 

r e a c t o r  o p e r a t i o n  a t  s i g n i f i c a n t  power. During t h e  v e r y  e a r l y  s t a g e s  of 

t h e  o p e r a t i o n ,  many o f  t h e  c a l c u l a t i o n s  w e r e  done manually w h i l e  t h e  com- 

p u t e r  program was b e i n g  checked o u t .  Such c a l c u l a t i o n s  were q u i t e  S e a s i -  

b l e  a t  t h a t  t i m e  because t h e  terms which depended on i n t e g r a t e d  power w e r e  

n e g l i g i b l y  s m a l l .  Subsequent ly ,  t h e  o n - l i n e  computer w a s  used t o  e x e c u t e  

modif ied r e a c t i v i t y  b a l a n c e s  t o  p r o v i d e  d a t a  f o r  e v a l u a t i n g  t h e  xenon- 

poisoning  t e r m .  Once t h e  t e s t i n g  phase  d e s c r i b e d  below was complet.e, the 

complete  r e a c t i v i t y  b a l a n c e  w a s  c a l c u l a t e d  r o u t i n e l y  by t h e  computer every  

5 min, and t h e s e  r e s u l t s  were used w i t h o u t  f u r t h e x  m o d i f i c a t i o n s  d u r i n g  

normal operat ion. ,  I t  w a s  found con-venient ,  however, t o  manual.ly c a l c u l a t e  

t h e  d i l u t i o n  e f f e c t s  t .hat  o c c u r r e d  when t h e  f u e l  l o o p  w a s  d r a i n e d .  S i n c e  

shutdown o p e r a t i o n s  g e n e r d l y  involved  a v a r i e t y  of  f u e l -  and f l u s h - s a l t  

t r a n s f e r s ,  each shutdown needed t o  b e  t r e a t e d  as a s p e c i a l  case. 

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

d r a i n e d  i n  J u l y  1965. During t h e  zero-power n u c l e a r  exper iments  i n  t h e  

p e r i o d  preceding  t h i s  d r a i n ,  c a p s u l e s  of  e n r i c h e d  f u e l  had been added t o  

t h e  l o o p  w i t h  t h e  sampler -enr icher ,  and by t h e  end of  t h e  zero-power ex- 

per iments  t h e  235U c o n c e n t r a t i o n  i n  t h e  pr imary l o o p  w a s  about  10% g r e a t e r  

t h a n  t h a t  i n  t h e  sa l t  h e e l  remai-ning i n  t h e  d r a i n  t a n k s .  Thus moni tor ing  

of t h e  r e a c t i v i t y  changes i n  t h e  c o r e  a c t u a l l y  began w i t h  t h i s  d i l u t i o n  

i n  uranium c o n c e n t r a t i o n  f o l l o w i n g  t h e  J u l y  d r a i n .  

Low-power c a l c u l a t i o n s  

The f i r s t  o p e r a t i o n  of  t h e  MSRE a f t e r  t h e  zero-power exper iments  and 

hence t h e  f i r s t  o p p o r t u n i t y  t o  apply  t h e  r e a c t i v i t y  b a l a n c e  c a l c u l a t i o n  

occurred  i n  December 1965 and January-February 1966,  d u r i n g  a series of  

low-power exper iments .  (The i n t e r v e n i n g  p e r i o d ,  July-December 1965, w a s  

s p e n t  i n  complet ing t h o s e  p a r t s  of  t h e  sys tem t h a t  were r e q u i r e d  f o r  power 

o p e r a t i o n . )  The r e a c t o r  was o p e r a t e d  a t  powers up t o  1 NW, and a t o t a l  of 

36.5 MWhr of f i s s i o n  energy  w a s  produced. 

S i n c e  t h e  computer program f o r  t h e  o n - l i n e  c a l c u l a t i o n  w a s  n o t  ready  

f o r  s e r v i c e  d u r i n g  the  low-power tests, manual c a l c u l a t i o n s  w e r e  performed. 

However, t h e  a n a l y t i c  e x p r e s s i o n  f o r  c o n t r o l  rod poisoning  and t h e  v a r i o u s  
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r e a c t i . v i t y  c o e f f i c i e n t s  t h a t  were b e i n g  i n c o r p o r a t e d  i n  t h e  computer pt-a- 

gram were a p p l i e d .  S i n c e  v e r y  l i t t l e  i n t e g r a t e d  power w a s  produced, t h e  

xenon, samarium, burnup, and o t h e r  f i s s i o n  product  t e r m s  w e r e  n e g l e c t e d .  

The r e s i d u a l  r e a c t i v i t y  c a l c u l a t e d  under  t h e s e  low-.power c o n d i t i o n s  

w a s  v e r y  s m a l l  (+0.01 2 0,01% 6 k / k )  and could  e a s i l y  be  a t t r i b u t e d  t o  un- 

c e r t a i n t i e s  i n  t h e  p h y s i c a l  i n v e n t o r y  of t h e  system. Hence t h e  react i -vi . ty  

ba lance  appeared t o  b e  i n  c l o s e  accord  w i t h  t h e  system c o n d i t i o n s  j u s t  be- 

f o r e  t h e  start  of power o p e r a t i o n .  

Ln a d d i t i o n  t o  v e r i f y i n g  the zero-power r e a c t i v i t y  b a l a n c e ,  t h e  cal- 

cu la t i .uns  a t  l MW i n d i c a t e d  t h a t  t h e  power c o e f f i c i e n t  of r e a c t i v i t y  w a s  

less n e g a t i v e  t:han had been c a l c u l a t e d  and t h a t  t h e  xenon poisoning  would 

be less t h a n  expected ( s e e  also t h e  d i s c u s s i o n  i n  Sec t .  3 . 2 ) .  As a r e s u l t  

o f  t h e s e  and larer  f i n d i n g s ,  exper iments  w e r e  performed t o  e v a l u a t e  t h e s e  

tv7o t e r m s .  

I n t e r m e d i a t e  c a l c u l a t i o n s  

Opera t ion  of t h e  r e a c t o r  a t  powers and f o r  t i m e s  t h a t  produced - s i g n i f i -  

c a n t  f i s s i o n  product  terms began i.n April .  1966. T h i s  o p e r a t i o n  soon showed 

t h a t  t h e  xenon t e r m  w a s  i n a d e q u a t e l y  t r e a t e d  and t h a t  p a r t  of t h e  c a l c u l a -  

t i o n  w a s  temporar i.1.y d e l e t e d  from s u b s e q u t a t  computat ions The c a l c u l a t i o n  

r e s u l t s  from t h e  o t h e r  terms i n  t:he r e a c t i v i t y  b a l a n c e  w e r e  t h e n  used t o  

a i d  i n  t h e  development of an  adequate  r e p r e s e n t a t i o n  of t h e  xenon poisoning.  

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

i t  w a s  n e c e s s a r y  t o  assume t h a t  t h e r e  w e r e  no o t h e r  unaccounted-for reac- 

t i v i t y  e f f e c t s .  This  assumption was v a l i d  f o r  t h e  r e l a t i v e l y  s h o r t  t i m e s  

involved i n  t h e  xenon t r a n s i e n t s .  S i n c e  most of t h e  d a t a  f o r  t h e  xenon 

c a l c u l a t i o n  w e r e  developed from t h e  r e a c t i v i t y  t r a n s i e n t s  a f t e r  the reac- 

t o r  power w a s  r a i s e d  o r  lowered, s m a l l  e r r o r s  due t o  long-term r e a c t i . v i t y  

e f f e c t s  w e r e  of l i t t l e  consequence. 

F i g u r e  1 7  shows t h e  r e s u l t s  of r e a c t i v i t y - b a l a n c e  ca lcu l .a t ions  with-  

o u t  xenon f o r  a l l  power o p e r a t i o n  o f  t h e  r e a c t o r  between A p r i l  and J u l y  

1966. The r e a c t o r  power i s  shown w i t h  each  r e a c t i v i t y  p l o t  f o r  r e f e r e n c e  

purposes .  The r e a c t i v i t y  t r a n s i e n t s  a s s o c i a t e d  w i t h  t h e  b u i l d u p  and re- 

moval of xenon due t o  changes i n  power a re  c l e a r l y  d i s p l a y e d .  The appar-  

e n t  s t e a d y - s t a t e  xenon poisoning  a t  maximum power was 0.25  t o  0.30% 6 k / k .  
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F i g .  1 7 .  R e s u l t s  of modi f ied  r e a c t i v i t y  ba l ances  i n  MSRE riins 6 and 7.  

The l a r g e  n e g a t i v e - r e a c t i v i t y  t r a n s i e n t  on June  18-19 w a s  caused by 

t h e  development of c i r c u l a t i n g  gas  i n  t h e  f u e l  l oop  and i t s  e f f e c t  o n  t h e  

xenon poisoning .  Opera t ing  expe r i ence  had shown t h a t  i f  t h e  f u e l - s a l t  

l e v e l  i n  t h e  pump t ank  were al lowed t o  d e c r e a s e  below a g iven  v a l u e ,  the 

amount of gas  i n  c i r c u l a t i o n  would i n c r e a s e ;  hence t h e  observed r e a c t i v i t y  

d e c r e a s e  w a s  a t  f i r s t  a t t r i b u t e d  t o  a d e c r e a s e  i n  t h e  ave rage  f u e l  d e n s i t y .  

However, t h e  level changes i n  t h e  pump bowl and over f low t ank  d i d  not i n d i -  

c a t e  a void  f r a c t i o n  of s u f f i c i e n t  magnitude ( ' ~ 1 . 5  vo l  %> t o  account  f o r  

t h e  r e a c t i v i t y  change. The r e s o l u t i o n  of t h i s  appa ren t  paradox w a s  no t  
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o b t a i n e d  u n t i l  l a t e r  experiments  d u r i n g  o p e r a t i o n  wi-th 2 3 3 U .  These ex- 

per iments  demonstrated t h a t  w i t h  hel ium cover  gas  and a v e r y  low c i r c u -  

l a t i n g  void  f r a c t i o n ,  a small  i n c r e a s e  i.n t h e  void  f r a c t i o n  would produce 

a s i g n i f i c a n t  i n c r e a s e  i n  t h e  xenon poisoning.18y38 T h i s  w a s  i n  c o n t r a s t  

t o  t h e  behavior  p r e d i c t e d  by t h e  model d e s c r i b e d  i n  S e c t i o n  3 . 2 .  Thus t h e  

major p a r t  of t h e  r e a c t i v i t y  t r a n s i e n t  on June  18-19 w a s  a c t u a l l y  due t o  

v a r i a t i o n s  io t h e  xenon poisoning .  The r e a c t i v i t y  recovered  r a p i d l y  when 

t h e  normal pump-tank l e v e l  w a s  r e s t o r e d  and t h e  excess hel ium g a s  and 

xenon w e r e  s t r i p p e d  oul:. Although t h e  mechanism f o r  t h e  change was i n c o r -  

r e c t l y  i d e n t i f i e d  a t  t h e  t i m e ,  t h e  r e s p o n s e  of t h e  r e a c t i v i t y  b a l a n c e  i n  

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

anomalies  under  o t h e r w i s e  normal c i rcumstances .  

The r e a c t i v i t y  bal.ances c a l c u l a t e d  f o r  t h e  peri.od shown i n  Fig.  1 7  

had n o t  been c o r r e c t e d  f o r  all long-term n u c l i d e  change e f f e c t s  o r  f o r  

f l u s h - s a l t  d i l u t i o n .  Th.is is  i l l u s t r a t e d  by t h e  a p p a r e n t  i n c r e a s e  i n  t h e  

r e s i d u a l  r e a c t i v i t y  a t  z e r o  power when t h e r e  was no xenon p r e s e n t .  (Note 

e s p e c i a l l y  t h e  r e s u l t s  on A p r i l  11, May 9 ,  June  13, and J u l y  1 and 21-23.) 

C o r r e c t i o n s  f o r  t h e s e  f a c t o r s  w e r e  subsequent ly  a p p l i e d  t o  t h e  zero-power 

b a l a n c e s  t o  e v a l u a t e  t h e  long-term e f f e c t s  i n  t h e  r e a c t i v i t y  b a l a n c e ,  

Complete c a l c u l a t i o n s  

The complete r e x  t i v i t y  b a l a n c e  c a l c u l a t i o n ,  i .ncluding a l l  knobm e f -  

f e c t s ,  was f i r s t  a p p l i e d  t o  t h e  p e r i o d  of r e a c t o r  o p e r a t i o n  which began i n  

October 1.966. F i g u r e  18 shows t h e  power h i s t o r y  and r e s i d u a l  r e a c t i v i t y  

r e s u l t s  on a day-to-day b a s i s  f o r  t h e  n e x t  t h r e e  r u n s  ( t h e  r e a c t i v i t y  s c a l e  

i n  F ig .  18 i s  expanded from t h a t  of F i g .  1 7 ) .  During s t e a d y - s t a t e  opera- 

t i o n  t h e  r e s u l t s  show o n l y  minor v a r i a t i o n s  i n  t h e  r e s i d u a l  r e a c t i v i t y .  

However, i n  October and November t h e r e  w a s  s t i l l  some i n d i c a t i o n  of d i s -  

agreement hetween t h e  c a l c u l a t e d  and a c t u a l  xenon poisoning ,  b o t h  i n  t h e  

a b s o l u t e  magnitude o f  t h e  t e r m  and i n  t h e  t r a n s i e n t  b e h a v i o r .  S i m i l a r  re- 

s u l t s  w e r e  observed d u r i n g  t h e  December 1966-January 1963 o p e r a t i o n s .  

During t h i s  p e r i o d ,  WE a t tempted  t o  improve our  d e s c r i p t i o n  of t h e  t r a n s i -  

e n t  xenon behavior ,  as was d e s c r i b e d  i n  S e c t i o n  3 . 2 .  

The l a r g e r  "spikes"  i n  r e s i d u a l  r e a c t i v i t y  can a l l  b e  accounted f o r  

by abnormal r e a c t o r  c o n d i t i o n s ,  which were n o t  e x p l i c i t l y  t r e a t e d  i n  t h e  
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r e a c t i v i t y  b a l a n c e  model. For example, t h e  s p i k e s  on October  10 are as- 

s o c i a t e d  w i t h  speci-a1 exper iments  d u r i n g  which gas  bubbles  were c i r c u l a t i n g  

w i t h   he sa l t .  F u e l - s a l t  c i r c u l a t i o n  w a s  i n t e r r u p t e d  f o r  2 1 1 2  h r  on O c -  

t o b e r  1 6 ,  and no xenon s t r i p p i n g  o c c u r r e d .  Iblhen c i r c u l a t i o n  and power 

o p e r a t i o n  were. resumed, t h e  a c t u a l  xenon poison  level w a s  h i g h e r  t h a n  t h a t  

c a l c u l a t e d  i n  t h e  r e a c t i v i t y  b a l a n c e ,  which assumed c o n t i n u i n g  c i r c u l a t i o n  

and s t r i p p i n g  w h i l e  t h e  power w a s  low. On October 2 3 ,  t h e  s a l t  l eve l  i n  

t h e  pump tank  w a s  a t  an  abnormally h i g h  leve l  f o r  a b r i e f  per iod .  The 

xenon s t r i p p i n g  was much less e f f e c t i v e  i n  t h i s  c o n d i t i o n  (because  t h e  

pump-bowl s p r a y  r i n g  w a s  p a r t i a l l y  submerged),  and t h e  xenon poison  level  

r a p i d l y  b u i l t  up t o  a h i g h e r  v a l u e ,  When a more normal s a l t  l eve l  w a s  re- 

s t o r e d ,  t h e  xenon poisoning  r e t u r n e d  t o  t h e  normal v a l u e .  

The p e r t u r b a t i o n s  i n  r e s i - d u a l  r e a c t i . v i t y  d u r i n g  t h e  November operat- i~on 

r e s u l - t e d  from f a i l u r e  of t h e  c a l c u l a t i o n  t o  a d e q u a t e l y  d e s c r i b e  t h e  xenon 

t r a n s i e n t s .  During t h i s  run  i t  w a s  n e c e s s a r y  t o  reduce  t h e  power on sev- 

e ra l  o c c a s i o n s  because of c o n d i t i o n s  imposed by t h e  r e a c t o r  of f -gas  sys-  

t e m .  I n  each case t h e  observed xenon behavior  was about  t h e  same, i i idj-  

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

t h e  model. T h i s  d i s p a r i t y  i n  t h e  t i m e  c o n s t a n t s  produced t h e  c y c l i c  be- 

h a v i o r  t h a t  was observed.  

Cons iderable  d i f f i c u l t y  w a s  encountered  i n  t h e  o p e r a t i o n  o f  t h e  on- 

l i n e  computer d u r i n g  t h e  l a s t  p e r i o d  of 0 p e r a t i . m  shovm i n  F ig .  18. A s  

a r e s u l t ,  s u b s t a n t i a l .  gaps w e r e  produced i n  t h e  complete  r e a c t i v i t y  bal-ance 

r e s u l t s .  Howeve-r:, t h e  a v a i l a b l e  r e s u l t s  were i n  good agreement w i t h  ex- 

pec ted  behavior .  Agai.n, t h e  s p i k e s  on December 2 3  and 2 4  and January  1 2  

r e f l e c t  abnormal r e a c t o r  operac  i.ons which r e s u l t e d  i n  subs  t a r i t i d  c i r c u -  

l a t i n g  v o i d s .  The smaller v a r i a t i o n s  appeared t o  r e f l e c t  s l i g h t  changes 

i n  c i r c u l a t i n g  v o i d  f r a c t i o n  o r  n e t  xenon-s t r ipp ing  e f f i c i e n c y  assoc i -a ted  

w i t h  v a r i a t i o n s  o c c u r r i n g  i n  t h e  fue l - sys tem o v e r p r e s s u r e .  

The extended p e r i o d s  o f  ful l -power operarrion d u r i n g  r u n s  I1 and 1.2. 

provided more s t r i . n g e n t  tests o f  t h e  r e a c t i v i . t y  b a l a n c e  model. Runs 1-1- 

and 12 i n c r e a s e d  t h e  i n t e g r a t e d  power by 16,200 and 7650 bFWhr, r e s p e c t i v e -  

l y ,  t o  a t o t a l  logged o u t p u t  of 40,307 Mhr. I n  a d d i t i o n  t o  t h e  u s u a l  

c a l c u l a t i o n s  of power- and time-dependent f a c t o r s ,  c a l c u l a t i o n s  were re- 

q u i r e d  i n  each of t h e s e  r u n s  t o  compensate for  2 3 5 U  a d d i t i o n s  made w i t h  
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t h e  r e a c t o r  a t  f u l l  power. The c a l c u l a t e d  r e x t i v i t y  b e h a v i o r  w a s  h i g h l y  

s a t i s f a c t o r y ,  and no anomalous r e a c t o r  b e h a v i o r  (producing  a n  unexpl-ained 

v a r i a t i o n  i n  r e s i d u a l  r e a c t i v i t y )  w a s  i n d i c a t e d  a t  any time. H o w ~ v ~ ~ ,  dur- 

i n g  t h e s e  r u n s  w e  d e t e c t e d  some m o d i f i c a t i o n s  r e q u i r e d  i n  t h e  method of 

c a l c u l a t i o n  t o  e l i m i n a t e  some e r r o r s  t h a t  developed,  as e x p l a i n e d  below. 

F i g u r e s  19 and 20 summarize t h e  r e s u l t s  of the o n - l i n e  c a l c u l a t i - o n s  

d u r i n g  t h e s e  r u n s .  These r e s u l t s  are  reproduced e x a c t l y  as t h e y  were gen- 

e r a r e d  from t h e  computer c a l c u l a t i o n s .  The d e n s i t y  of t h e  p l o t t e d  d a t a  

p o i n t s  h a s  been reduced from t h e  p r e c e d i n g  f i g u r e s  (about  2% of t h e  data 

p o i n t s  recorded  are shown); however, each p l o t t e d  p o i n t  i s  t h e  r e s u l t  o f  

a n  i n d i v i d u a l  c a l c u l a t i o n ,  and scat ter  of the p l o t t e d  p o i n t s  i s  s t i l l  an 

........... ~- 1 - - -  I .....,. 0.io 1 , , , , r - - - r - i  , - 
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CHANGE CONTROL-ROD 
CCNC'SURATION ' ~~ 

F i g .  20. Res idua l  r e a c t i v i t y  dur ing  MSRE run 1 2 .  

i n d i c a t i o n  of the prec is i -on  of t h e  c a l . c u l a t i o n s  a t  c o n s t a n t  r e a c t o r  opera-  

t i n g  c o n d i t i o n s .  The p o i n t s  a t  which changes were made t o  c o r r e c t  e r r o r s  

r e f e r r e d  t o  above are indi .ca ted  by n o t e s .  

Except f o r  one n e g a t i v e  v a r i a t i o n  caused by i n c r e a s e d  en t ra inment  of 

c i r c u l - a t i n g  gas  bubbles  i iumediately a f t e r  a shutdown i n  r u n  11 ( F i g .  1 9 ) ,  

all t h e  c a l c u l a t e d  v a l u e s  of  r e s i d u a l  r e a c t i v i t y  were between -0.03 and 

C0.1.0% 6 k l k .  An apparent  g r a d u a l  d e c l i n e  i n  r e s i d u a l  r e a c t i v i t y  occurred  

d u r i n g  t h e  f i r s t  several weeks of r u n  11. D e t a i l e d  a n a l y s i s  of t h e  i n d i -  

v i d u a l  t e r m s  r e v e a l e d  t w o  s o u r c e s  of e r r o r .  One w a s  a g r a d u a l  downward 

d r i f t  i n  t h e  tempera ture  i n d i c a t e d  by two of t h e  f o u r  thermocouples used 

t o  calcu1at:e t h e  average  r e a c t o r  o u t l e t  t empera ture .  'These two thermo- 

couples  w e r e  el . i .ninated and r e p l a c e d  by one tha t  had not: d r i f t e d .  The 

second e r r o r  w a s  caused by l o s s  of s i . g n i f i c a n c e  i n  t h e  c a l c u l a t i o n  of t h e  

149Sm c o n c e n t r a t i o n .  I n  t h e  program, as d e s c r i b e d  i.n Chapter  3 ,  o n l y  t h e  

change i n  samarium c o n c e n t r a t i o n  was computed, and t h a t  change w a s  added 

t o  t h e  las t  v a l u e  t o  o b t a i n  t h e  c u r r e n t  v a l u e ,  A s  t h e  149Srn c o n c e n t r a t i o n  
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approached 85% of i t s  equili .Brium v a l u e ,  t h e  i n c r e m e n t a l  c o n c e n t r a t i o n  

change computed f o r  t h e  5-min t i m e  s t e p  between r o u t i n e  r e a c t i - v i t y  b a l a n c e s  

w a s  o u t s i d e  t h e  f ive-dec imal -d ig i t  p r e c i s i o n  of t h e  computer. A s  a r e s u l t ,  

t h e s e  increments  were 'host when t h e  c o n c e n t r a t i o n  w a s  updated. To avoi~d  

u s i n g  d o u b l e - p r e c i s i o n  a r i t h m e t i c ,  the program w a s  modif ied t o  ]update o n l y  

t h e  14qSm and the 151Sm c o n c e n t r a t i o n s  e v e r y  4 hr w h i l e  t h e  r e a c t o r  w a s  at 

steady power. 

adequacy of t h i s  change. 

Summary c a l c u l a t i o n s  made o f f - l i n e  were used til v e r i f y  t h e  

Idhen t h e s e  c o r r e c t  i.ons w e r e  introdi iced on March 1 7  t h e  a p p a r e n t  do1.m- 

ward d r i f t  i n  r e a c t i v i t y  d i s a p p e a r e d .  A t  t h e  same t i m e ,  minor changes w e r e  

made i n  some of t h e  135Xe s t r i p p i n g  parameters  t o  make t h e  c a l c u l a t e d  

s t e a d y - s t a t e  xenon p o i s o n i n g  agree more c l o s e l y  w i t h  t h e  observed v a l u e .  

Other  s m a l l  r e a c t i v 5 t y  v a r i a t i o n s  w e r e  observed i n  r u n  11; f o r  exam- 

p l e ,  from March 29 t o  A p r i l  9. These changes w e r e  d i r e c t l y  c o r r e l a t e d  t o  

changes . i n  t h e  hel ium o v e r p r e s s u r e  on t h e  f u e l  loop;  a p r e s s u r e  i n c r e a s e  

of 1 p s i  l e d  t o  a r e v e r s i b l e  r e a c t i v i t y  d e c r e a s e  of s l i g h t l y  less  t h a n  

0.01% & k / k .  The mechanism through which p r e s s u r e  and r e a c t i v i t y  were cou- 

p l e d  w a s  n o t  y e t  e s t a b l i s h e d ,  however. The d i r e c t  r e a c t i v i t y  e f fec t  of 

t h e  change i.n c i r c u l a t i n g  v o i d s  caused by a change i n  a b s o l u t e  p r e s s u r e  

w a s  a t  least  a f a c t o r  of 10 smaller t h a n  t h e  observed e f f e c t  of p r e s s u r e  

on r e a c t i v i t y .  The t i m e  c o n s t a n t  of t h e  pressure- reac t : i .v i ty  e f f e c t  w a s  

r e l a t i v e l y  l o n g ,  s u g g e s t i n g  a p o s s i b l e  connec t ion  w i t h  t h e  xeno'n poisoning .  

Fue l  a d d i t i o n s  w e r e  macle  f o r  t h e  f i r s t  t i m e  i n  r u n  11 w i t h  t h e  reac- 

t o r  a t  f u l l  power. Nine c ; q x u l e s  c o n t a i n i n g  a t o t a l  of 761 g of 2 3 5 U  w e r e  

added between A p r i l  18 and 21.  The r e a c t i v i t y  b a l a n c e  r e s u l t s  d u r i n g  t h i s  

t i m e  showed c l o s e  agreement between t h e  c a l c u l a t e d  and observed e f f e c t s  of 

t h e  a d d i t i o n s .  Also ,  t h e  t r a n s i e n t  e f f e c t s  of t h e  a c t u a l  f u e l  a d d i t i o n s  

w e r e  v e r y  mi ld .  F i g u r e  2 1  shows an  o n - l i n e  p l o t  of t h e  p o s i t i o n  csf t h e  

r e g u l a t i n g  c o n t r o l  rod  made d u r i n g  a t y p : i c a l  f u e l  a d d i t i o n  w i t h  t h e  r e a c t o r  

on s e r v o  c o n t r o l .  C o n t r o l  rod  movement t o  compensate f o r  t h e  a d d i t i o n a l  

uranium i n  t h e  c o r e  s t a r t e d  about  30 sec a f t e r  t h e  f u e l  c a p s u l e  reached t h e  

pump bowl, and t h e  e n t i r e  t r a n s i e n t  was complete  about  2 .min I-ater. T h i s  

i n d i c a t e d  r a p i d  m e l t i n g  of t h e  e n r i c h i n g  s a l t  and qu:i.ck, even d i s p e r s i o n  

i n  t h e  c i r c u l a t i n g  f u e l .  The weights  of t h e  empti.ed f u e l  c a p s u l e s  i n d i -  

c a t e d  t h a t  e s s e n t i a l l y  a l l  t h e i r  c o n t a i n e d  235U w a s  t r a n s f e r r e d  t o  t h e  f u e l  

loop. 
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TIME (min) 

014150 hr APRIL 20.1967 

Fig .  21.  Regula t ing  c o n t r o l  rod  p o s i t i o n  d u r i n g  f u e l  a d d i t i o n .  

The r e a c t i v i t y  bal-ance r e s u l t s  i n  r u n  1 2  ( F i g .  20) w e r e  e s s e n t i a l l y  

t h e  s a m e  as t h o s e  i n  t h e  preceding  run.  Minor v a r i a t i o n s  a s s o c i a t e d  with 

p r e s s u r e  -and power changes w e r e  a g a i n  observed.  

Another series of f u e l  a d d i t i o n s  a t  ful.1. power was made i n  s u n  1 2  he- 

tween J u l y  1 9  and 26. T h i s  seri.es c o n s i s t e d  of 18 capsu1.e.s c o n t a i n i n g  

1527 g of 235U.  

c i e n t  e x c e s s  uranium so  t h a t  a l a r g e  amount o f  i n t e g r a t e d  power could b e  

produced w i t h o u t  i n t e r m e d i a t e  fuel.  a d d i t i o n s  An e x p e r i m e n t a l  eva lua tkon  

of t h e  uranium iso topic-change  e f f e c t s  a s s o c i a t e d  w i t h  power o p e r z t i o n  w a s  

planned,  and s u b s t a n t i a l  burnup was r e q u i r e d  t o  make the a n a l y s e s  of i s o -  

t o p i c  composi t ion u s e f u l .  A secondary r e s u l t  of t h i s  l a r g e  f u e l  a d d i t i o n  

(%0.5% 6 k l k )  w a s  a d r a s t i c  change i n  t h e  c o n t r o l  rod c o n f i g u r a t i o n .  A t  the 

end of  t h e  a d d i t i o n s  the separa t . ion  between t h e  t i p s  of t h e  shim rods  and 

t h a t  of t h e  regulat:i.ng rod was 15.5 i n . ,  whereas t h e  normal s e p a r a t i o n  had 

been 4 t o  8 i n .  The v a r i . a t i o n  i n  a p p a r e n t  res idual .  r e a c t i v i - t y  a s  a fune- 

t i o n  of c o n t r o l  rod c o n f i g u r a t i o n  was re-examined, and an  apparent  decrmse  

of 0.02% 6 k l k  bras  observed when t h e  more usual. c o n f i g u r a t i o n  was e s t a b -  

l i s h e d .  T h i s  w a s  a lso c o n s i s t e n t  w i t h  an ear l ie r  eva1uat:ion of t h e  ac-- 

curacy of t h e  a n a l y t i c  e x p r e s s i o n  used i n  t h e  computer t o  caS.culate con- 

t ro l .  rod  poisoning  as a f u n c t i o n  of rod c o n f i g u r a t i o n .  (See d i s c u s s i o n  o f  

t h e  c o n t r o l  rod worth e v a l u a t i o n  i n  S e c t .  3 . 2 , )  

The purpose of t h i s  l a r g e  a d d i t i o n  was t o  p r o v i d e  s u f f i -  

On August  3 a c.omputer f a i l u r e  o c c u r r e d  whi.ch r e q u i r e d  r e c a l i b r a t i o n  

of the ana log-s igna l  a i i ip l i f ie rs  a f t e r  service was r e s t o r e d .  A s  a r e s u l t  
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of thi.s r e c a l i b r a t i o n ,  t h e r e  were s m a l l  s h i f t s  i n  t h e  v a l u e s  of s e v e r a l  of 

t h e  v a r i - a b l e s  used i n  t h e  r e a c t i v i t y  ba lance .  E r r o r s  i n  r e a c t o r - o u t l e t  

t empera ture  and r e g u l a t i n g - r o d  p o s i t i o n  caused a downward s h i f t  of 0.03% 

6 k / k  i n  t h e  r e s i d u a l  r e a c t i v i t y .  

Following t h e  end of run  1 2 ,  r o u t i n e  checks of a b s o l u t e  rod p o s i t i o n s  

u s i n g  t h e  f i d u c i a l  zero  i n d i c a t o r s  i.n t h e  r o d  th imbles  r e v e a l e d  an  a p p a r e n t  

upward s h i f t  of about  0.5 i n .  i n  rod 1 ( t h e  r e g u l a t i n g  r o d ) .  T h i s  s h i f t  

r e p r e s e n t e d  a r e a c t i v i t y  e f f e c t  of +0.02% 6 k l k .  The ev idence  i n d i c a t e d  

t h a t  t h i s  s h i f t  i n  pos i - t ion  was caused by s l i p p a g e  of t h e  rod d r i v e  c h a i n  

on one of t h e  s p r o c k e t s  a f t e r  a rod scram. The e x a c t  t i m e  t h e  s h i f t  oc- 

c u r r e d  i s  n o t  known, a l t h o u g h  i t  probably wou1.d have been d e t e c t e d  by an  

upward s h i f t  i n  t h e  r e s i d u a l  r e a c t i v i t y  had i.t o c c u r r e d  d u r i n g  a r u n ,  most 

l i k e l y  a t  t h e  beginning  o r  end of r u n  1 2 ,  when t h e r e  w e r e  r o u t i n e  rod 

scrams. C o r r e c t i o n s  were made f o r  t h i s  s h i f t  i n  p o s i t i o n  by t h e  s ta r t  of  

t h e  n e x t  run.  

Run 13 had b a r e l y  begun when an  o i l  l e a k  developed i n  one of t h e  com- 

ponent c o o l i n g  pumps. Rather  t h a n  s t a r t :  t h e  planned l o n g  r u n  wi thout  a 

s tandby pump, t h e  r e a c t o r  w a s  s h u t  down and t h e  pump r e p a i r e d .  A new r u n  

(No .  1 4 )  w a s  s t a r t e d  on September 20,  1967 ,  and t h e  r e a c t o r  was n o t  d r a i n e d  

agai-n unt i .1  March 26 ,  1968. 

F igure  22 siimmari.zes t h e  r e a c t i v i t y  b a l a n c e  d a t a  t a k e n  d u r i n g  r u n s  13 

and 14. P r i o r  t o  run 1 4 ,  t h e  r e a c t o r  had o p e r a t e d  o u t s i d e  a r e l a t i v e l y  

narrow range  of o p e r a t i n g  c o n d i t i o n s  f o r  o n l y  b r i e f  p e r i o d s  o f  t i m e .  The 

normal c o n d i t i o n s  were 1210°F a t  t h e  r e a c t o r  o u t l e t ,  5 p s i g  hel ium over-  

p r e s s u r e  a t  t h e  f u e l  pump, and a narrow r a n g e  of f u e l  s a l t  levels  i n  t h e  

pump bowl, Previ.ous d e v i a t i o n s  from t h e s e  c o n d i t i o n s  had shown t h a t  a t  

l eas t  tempera ture  and p r e s s u r e  a f f e c t e d  t h e  v a l u e  of  t h e  r e s i d u a l  reac- 

t i v i t y .  However, t h e  e f f e c t s  had n o t  been c l e a r l y  defi .ned. 

During r u n  1 4 ,  s y s t e m a t i c  tests were under taken  t o  e v a l u a t e  t h e  e f -  

f e c t s  of f u e l  system tempera ture  and o v e r p r e s s u r e  and fuel-pump-bowl l e v e l  

on r e s i d u a l  r e a c t i v i t y .  I n  t h e s e  tests t h e  r e a c t o r  o u t l e t  t empera ture  w a s  

v a r i e d  between 1180 and 1225°F and t h e  o v e r p r e s s u r e  between 3 and 9 p s i g .  

S i n c e  t h e  fuel-pump l e v e l  w a s  r e s t r i c t e d  by t h e  pump h y d r a u l i c  performance, 

only t h e  normal r a n g e  of variat: i .on was al lowed.  These tes ts  w e r e  performed 

a t  a r e a c t o r  power of 5 MW t o  p r o v i d e  t h e  r e q u i r e d  l a t i t u d e  f o r  the t e m -  

p e r a t u r e  changes e 
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Although a major p a r t  of run 14 w a s  devoted t o  exp l .o ra t ion  o f  t h e  e f -  

f e c t  of t he  s y s t e n  o p e r a t i n g  pa rame te r s  on r e s i d u a l  r e a c t i v i t y ,  t h e  ruzi 

w a s  s t a r t e d  w i t h  t h e  normal o p e r a t i n g  c o n d i t i o n s  a This  o p e r a t i o n  i n d i -  

cated t h a t  the xenon r eac t iv i ty  behav io r ,  which had been c l o s e l y  dup1icat:ed 

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

run  1 2 ,  w a s  now d i f f e r e n t .  It was appa ren t  t h a t  t h e  s t e a d y - s t a t e  xenon 

poisoni-ng was ~ Q W  l a r g e r  even though t h e r e  w e r e  no o b s e r v a b l e  d i f f e r e n c e s  

i n  the  rest of t h e  s y s t e m .  A l so  t h e  r e s i d u a l  r e a c t i v i t y  dec reased  as s a l t  

t r a n s f e r r e d  frclrn t h e  pu~np bowl t o  t h e  over f low t ank  and then  recovered  

a f t e r  the s a l t  w a s  r e t u r n e d  t o  t h e  pump bowl, p-roducing a s l i g h t  c y c l i c  

behavior  i.n the r e s i d u a l  r e a c t h i t y  h i s t o r y  (F ig .  22 ) .  Th i s  c y c l i c  be- 

h a v i o r  under  normal o p e r a t  i n g  c o n d i t i o n s  was observed on s e v e r a l  occas ions  

d u r i n g  t h i s  run  (September 23 t o  October 3 ,  October 27 t o  Movember 13 ,  

November 26 t o  December 15, and February 18 t o  February 26) .  I t  was a l s o  

superimposed on e f f e c t s  a s s o c i a t e d  w i t h  systemxtic: changes i n  t empera tu re  

and p r e s s u r e  c o n d i t i o n s  ( s e e  F ig .  22 ) .  A s  w a s  descr i -bed above i n  connec- 

t i o n  w i t h  o b s e r v a t i o n s  d u r i n g  r u n  7 (June l 9 6 6 ) ,  t h e  ev idence  now i n d i c a t e s  

t h a t  t h i s  behav io r  was due t o  i n c r e a s e s  i n  t h e  xenon poisoning  a s s o c i a t e d  

w i t h  d e c r e a s e s  i n  t h e  s a l t  level i n  t h e  fuel.-pump bowl. As t h e  s a l t  l e v e l  

w a s  lowered,  t h e  amount of und i s so lved  hel ium i n  c i r c u l a t i o n  i n c r e a s e d ;  i n  

t u r n ,  t h i s  l e d  t o  s1 igh . t  changes i n  t h e  d i s t r i b u t i o n  and t h e  e f f e c t i . v e n e s s  

of removal of t h e  xenon, t he reby  i n c r e a s i n g  i t s  po i son ing  e f f e c t .  The 

e a r l y  o b s e r v a t i o n  of t h i s  cyc l - i c  behavior  provided f u r t h e r  impetus  f o r  

a d d i t i o n a l  expe r imen ta l  i n v e s t i g a t i o n s  i n  t h i s  a r ea ,  which were c a r r i e d  

out  d u r i n g  o p e r a t i o n s  w i t h  233U i n  the  fuel. s a l t .  

Jt. 

C o r r e l a t e d  w i t h  t h e  s y s t e m a t i c  v a r i a t i o n s  i n  tempera ture  and pressure, 

s m a l l  b u t  s i g n i f i c a n t  vnr-i.at:kons i n  r e s i d u a l  r e a c t i v i t y  s7er-e observed T h e  

n o t e s  i n  F ig .  22 i n d i c a . t e  the o p e r a t i n g  parameter changes assot2:i a t e d  w i t h  

t h e  more prominent r e a c t i v i t y  v a r i . a t i o n s .  

Between t h e  i n t e r v a l s  of scheduled  off-normal  o p e r a t i n g  c o n d i t i o n s  

i n d i c a t e d  i n  t h e  f i g u r e ,  normal temper~- l ture-pressure  c o n d i t i o n s  were re- 

e s t a b l i s h e d  (1210°F, 5 p s i g )  . From t h e  d i r e c t i o n s  of t h e s e  react:i.v:i.ty v a r i -  

a t i o n s ,  t h e i r  magni tudes,  and t h e  approximate time c o n s t a n t s  i n  seeking new 

J( 
See ref .  1 9  f o r  a d e t a i l e d  d i s c u s s i o n  of s a l t  t r a n s f e r  t o  t h e  over-  

f low t a n k  and r e l a t e d  phenomena. 

. . -. . . , 



levels,  t h e s e  s y s t e m a t i c  v a r i a t i o n s  a l s o  appeared t o  b e  a s s o c i a t e d  w i t h  

changes i .n  l 3  5 X e  po isoning .  The maximum " s h i f t "  i n  r e s i d u a l  r e a c t i v i t y  

l eve l  observed d u r i n g  any extended t i m e  p e r i o d  was 0.15 t o  0.20% s k l k ,  and 

t h e  rates of v a r i a t i o n  w e r e  approx:i.mately r e p r o d u c i b l e  ( e .  g. , t h e  tempera- 

t u r e  r e d u c t i o n s  on December 1 9 ,  1967. ,  and March 2 ,  1968, caused t h e  reac-  

t i v i t y  t o  d e c r e a s e  by 0,0020 t o  0.0025% 6 k l k  p e r  hour).  

ses of ingest 'ing t h e  undisso lved  gas  and t h a t  of gas  s t r i p p i n g  o c c u r r i n g  

i n  t h e  fuel-pump howl as w e l l  as t h e  behavior  of  t h e  gas i n  c i r c u l a t i o n  

cou1.d b e  expected t o  h e  s e n s i t i v e  t o  tempera ture  and p r e s s u r e ,  t h e  secon- 

d a r y  changes induced i n  xenon d i s t r i b u t i o n  and g a s - s t r i p p i n g  e f f e c t i v e n e s s  

a g a i n  appeared t o  be producing tihe poi-soning v a r i a t i o n s .  The c a l c u l a t i o n  

model € o r  1 3 5 X e  poi-soning i n  t h e  r e a c t i v i t y  b a l a n c e  would not  have accounted 

f o r  such e f f e c t s  because t h e  model w a s  based on assumptions o f  a f i x e d  

c i r c u l a t i n g  void f r a c t i o n  and b u b b l e - s t r i p p i n g  e f f i c i e n c y  (Sect .  3 . 2 ) .  

S i n c e  t h e  proces-  

Although t h e  daca i n  F ig .  22 r e f l e c t  o n l y  t h e  d i f f e r e n c e s  between t h e  

nominal ly  c a l c u l a t e d  poisoning  and i t s  a c t t r a l  v a l u e s ,  t h e  t o t a l  a p p a r e n t  

1 3 5 X e  r e a c t i v i t y  could b e  e a s i l y  deri-ved from t h e s e  s p e c i a l  tests by sub- 

t r a c t i n g  t h e  calculat ied 1 3 5 X e  e f f e c t  from the r e a c t i v i t y  b a l a n c e  and  cor-  

r e c t i n g  f o r  known v a r i a t . i o n s  i n  t h e  r e s i d u a l  r e a c t i v i t y  such  as long-term 

d r i f t  e f f e c t s  (samari-um changes,  burnup-re la ted  e f f ec t s ,  e t c , )  and f u e l  

d e n s i t y - r e l a t e d  r e a c t i v i t y  e f f e c t s  caused by d i f f e r e n c e s  i n  c i r c u l a t i - n g  

void  f r a c t i o n .  The remaining changes were a s s i g n e d  t o  5Xe  po isoning ,  

I n  g e n e r a l ,  t h e s e  tests showed t h a t  reducing  t h e  f u e l  tempera ture  and 

i n c r e a s i n g  t h e  system o v e r p r e s s u r e  i n c r e a s e d  t h e  xenon poisoni-rig. 

ev idence  o f  t h e  p r e s s u r e  e f f e c t  i s  i n d t c a t e d  i n  F ig .  22 whe.n, on January  15, 

1968,  temporary loss i n  p r e s s u r e  occurred  foll .owing a p r e s s u r e  c o n t r o l l e r  

d i s t u r b a n c e ;  t h i s  w a s  r e g a i n e d  about  noon on January  1 6 ,  and t h e  h i g h e r  

p r e s s u r e  was r e e s t a b l i s h e d . )  A t  t h e  h i g h e s t  t empera tures ,  t h e  p r e s s u r e  

e f f e c t  v i r t u a l l y  d isappeared .  Conversely,  t h e  tempera ture  e f f ec t  was 

smaller a t  t h e  lower p r e s s u r e s .  The e f f e c t  of fuel-pump level  w a s  much 

less pronounced t h a n  t h e  tempera ture  and p r e s s u r e  e f f e c t s ,  h u t  d e c r e a s i n g  

l e v e l  always l e d  t o  h i g h e r  xenon poisoning  f o r  t h e  range  of levels i n v e s t i -  

ga ted .  A t  some of t h e  s p e c i a l  t empera ture-"pressure  c o n d i t i o n s ,  t h e  re- 

sponse ( i n c r e a s e )  of t h e  residual .  r e a c t i v i - t y  t o  s a l t  recovery  from t h e  

over f low t a n k  appeared exaggera ted  re la t ive t o  normal o p e r a t i n g  c o n d i t i o n s ;  

(Pur t l i e r  
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however, from about  J anua ry  30 t o  February  7 ,  1968, when t h e  lowes t  t e m -  

p e r a t u r e  and maximum o v e r p r e s s u r e  w e r e  ma in ta ined ,  t h e  r e s i d u a l  r e a c t i v i t y  

appeared q u i t e  s t a b l e .  The a v a i l a b l e  ev idence  now i n d i - c a t e s  t h a t  t h e  35Xe 

po i son ing  w a s  a t  or n e a r  its maximuu v a l u e  f o r  t h i s  p a r t i c u l a r  set of op- 

e r a t i n g  c o n d i t i o n s .  All t h e  tests conducted d u r i n g  r u n  14  ere n p r e l u d e  

t o  more e x t e n s i v e  s t u d i e s  made d u r i n g  o p e r a t i o n  w i t h  2 3 3 U ,  aimed a t  b e t t e r  

unde r s t and ing  of t h e  e f f e c t s  of r e a c t o r  o p e r a t i n g  c o n d i t i o n s  on cover-gas  

en t r a inmen t  and xenon t r a n s p o r t  and removal. Results of t h e s e  s t u d i - e s  w i l l  

be r e p o r t e d  e l sewhere .18  

A s i g n i f i c a n t  v a r i a t i o n  i n  t h e  amount of und i s so lved  g a s  i n  ci.rc:ula- 

t i o n  w i t h  t h e  f u e l  sa l t  w a s  a l s o  observed  d u r i n g  t h e s e  tests. 

w e r e  i n f e r r e d  from r e a c t i v i t y  e f f e c t s  a t  z e r o  power, w i t h  no 135Xe. i n  the 

system, by making u s e  of t h e  d e n s i t y  c o e f f i c i e n t  of r e a c t i v i t y  of t h e  f u e l  

sa l t .  A d d i t i o n a l  q u a l i t a t i v e  s u p p o r t  f o r  v a r i a t i o n s  i n  vo id  f r a c t i o n  w a s  

o b t a i n e d  d u r i n g  power o p e r a t i o n  from s p e c t r a l  measurements of t h e  i n h e r e n t  

n e u t r o n  f l u x  n o i s e 3 9  and a l s o  from t empera tu re  o b s e r v a t i o n s  a t  t h e  r e a c t o r  

a c c e s s  nozz le .  The r e a c t i v i t y  b a l a n c e  gave a l o s s  of 0.032% 6 k l k  between 

t h e  c o n d i t i o n  w i t h  t h e  least c i r c u l a t i n g  v o i d s  (1225'F and 3 y s i g  over -  

p r e s s u r e )  and t h a t  w i t h  t h e  most (1180'F and 9 p s i g ) ,  t he reby  implying a 

change of 0.15 t o  0.2 v o l  % i n  the vo id  f r a c t i o n  between t h e s e  two con- 

d i t i o n s .  

These changes 

It  now a p p e a r s  t h a t  the  f u e l  pump and spray-removal a p p a r a t u s  w e r e  

normal ly  o p e r a t i n g  n e a r  a t h r e s h o l d  where changes i n  t h e  amount of cover  

gas be ing  i n g e s t e d  i n t o  c i r c u l a t i o n  could  b e  r e a d i l y  induced by s m a l l  

changes i n  o p e r a t i n g  c o n d i t i o n s .  The t o t a l .  changes i n  c i r c u l a t i n g  gas  

volume. w e r e  q u i t e  s m a l l ;  i n  d e n s i t y - r e l a t e d  e f f e c t s  a l o n e ,  i t  could  o n l y  

account  f o r  r e a c t i v i t y  changes less than  0,4% 6k/k. The r e s t  appea r s  as- 

s o c i a t e d  with 1 3 5 X e  p o h o n i n g ,  i n  i n f l u e n c i n g  i t s  d i s t r i . b u t i o n  between l i q -  

u i d  sa1.t , bubb les ,  and g r a p h i t e  p o r e s ,  and i . t s  e f f i c i e n c y  of removal. 

The shutdown a t  t h e  end of run  1 4 ,  i n  March 1968, ended n u c l e a r  oper -  

a t i o n  w i t h  t h e  2 3 5 U  load ing .  

t h e  r e a c t i v i t y  b a l a n c e  c a l c u l a t i o n s  l e d  t o  t h e  f o l l o w i n g  conc lus ions :  

The e x p e r i e n c e  t h a t  had been a.ccumulated w i t h  

1, T n  t h e  normal r anges  of r e a c t o r  o p e r a t i n g  pa rame te r s ,  t h e  mag- 

n i t u d e  of r e s i d u a l  (unaccounted f o r )  r e a c t i v i t y  d w a y s  rerilai.ned less than  

0.1% 6 k j k ;  i t s  rate  of v a r i a t i o n  ove r  t h e  sampling i n t e r v a l s  w a s  small and 
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e s s e n t i a l l y  random (+LO. 01% 6 k / k )  , g i v i n g  no indicat:i.on of i n s t a b i l i L y  of 

t h r  f u e l  composi t ion.  

2 .  The l a r g e s t  "ahnormal." v a r i a t i o n s  observed i n  t h e  r e s i d u a l  reac- 

t i v i t y  were less t h a n  0.2% 6 k / k  and appeared t o  b e  a s s o c i a t e d  w i t h  changes 

i.n xenon poisoning  and t h e  e n t r a i n e d  c i r c u l a t i n g  gas i n  t h e  c o r e  a t  sched- 

u l e d  off-normal system o p e r a t i n g  c o n d i t i o n s .  Although n o t  accounted f o r  

by  t h e  on- l ine  c a l c u l a t i o n s ,  t h e s e  v a r i a t i o n s  w e r e  i n  accord  w i t h  t h e  qual-  

i t a t i v e  behavior  expec ted  under t h e s e  condi. t ions and hence W ~ T C ?  not  re- 

garded as ev idence  of mal func t ions .  

s i d u a l  r e a c t i v i t y  approach T h e  a d m i n i s t r a t i v e  l i m i t  e s t a b l i s h e d  a t  t h e  

s t a r t  of o p e r a t i o n s  (0.52 6 k / k ,  t h e  approximate v a l u e  of t h e  delnyed- 

neut ron  f r a c t i o n  w i t h  t h e  f u e l  c i r c u l a t i n g ) .  

A t  no t i m e  di.d t h e  magnitude of re- 

3. The a p p a r e n t  s t a b i l i . t y  of o t h e r  c o n d i t i o n s  i n  t h e  c o r e ,  which 

could p o t e n t i a l l y  a f f e c t  t h e  r e a c t i v i - t y ,  al.lowed t h e  r e a c t i v i t y  b a l a n c e  

t o  be used as an e f f e c t i v e  d i a g n o s t i c  t o o l  f o r  s t u d y i n g  t h e  behavior  of 

1 3 5 X e  and e f f e c t s  of cover-gas en t ra inment  i n  t h e  f u e l  sa l t .  

5.3 Long-Term R e a c t i v i t y  Trends 

Although t h e  r e c o r d s  o b t a i n e d  f r o m  t h e  o n - l i n e  c a l c u l a t i o n s  adequate-  

l y  d e p i c t  the shor t - te rm t r e n d s  i n  r e s i d u a l  r e a c t i v i t y  ( t i m e  scale r a n g i n g  

from t h e  sampl-ing i n t e r v a l ,  5 min, t o  several days)  some f u r t h e r  consid-  

e r a t i o n s  are n e c e s s a r y  i n  i n t e r p r e t i n g  t h e  long-term r e a c t i v i t y  t r e n d s  

( a s s o c i a t e d  w i t h  t h e  e n t i r e  p e r i o d  of o p e r a t i o n  w i t h  2 3 5 U ) .  P r i m a r i l y ,  

t h i s  i s  a consequence of t h e  f a c t  t h a t  e v a l u a t i o n s  of long-term e f f e c t s  

i.n t h e  on- l ine  c a l c u l a t i o n s  w e r e  based on n u c l e a r  d a t a  and s a l t  composi- 

t i o n  i n f o r m a t i o n  i n  u s e  e a r l y  i n  t h e  r e a c t o r  o p e r a t i n g  h i s t o r y ;  a l s o ,  a 

thorough a n a l y s i s  of t h e  i n t e r n a l  c o n s i s t e n c y  of t h e  v a r i o u s  component re- 

a c t i v i t y  e v a l u a t i o n s  (Sec t .  2 of t h i s  r e p o r t )  had sugges ted  c e r t a i n  changes,  

d e s c r i b e d  and expla ined  below, i n  several of t h e  c o e f f i c i e n t s  governing t h e  

convers ion  of c o n c e n t r a t i o n  changes t o  a s s o c i a t e d  r e a c t i v i t y  e f f e c t s .  

These re f inements  and r e v i s i o n s  i n  d a t a  and c a l c u l a t i o n  r u l e s  mot iva ted  a 

reexaminat ion  of t h e  long-term r e a c t i v i t y  t r e n d s  d u r i n g  2 3  5U o p e r a t  i.ons, 

a f t e r  t h e s e  o p e r a t i o n s  had been te rmina ted .  I n  o r d e r  to b e s t  e x h i b i t  t h e  

long-term t r e n d s ,  w e  have c o n s i d e r e d  o n l y  t h e  r e a c t i v i t y  b a l a n c e  d a t a  t a k e n  

at: v e r y  l o w  power, where any u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  the c a l c u l a t i o n  



of 13%e poisoning  o r  t empera tu re  d i s t r i b u t i o n  e f f e c t s  have minimum i n f l u -  

ence  on t h e  a n a l y s i s .  

The p a r t i c u l a r  m o d i f i c a t i o n s  i n  t h e  r e a c t i v i t y  ba l ance  c a l c u l a t i o n s ,  

sugges ted  by in fo rma t ion  and ev idence  accumulated s i n c e  t h e  c a l c u l a t i o n  

model w a s  f i r s t  developed,  are summarized as fo l lows :  

1. Revis ions  i n  n u c l e a r  c r o s s - s e c t i o n  d a t a  combined w i t h  s e l f -  

c o n s i s t e n t  c a l c u l a t i o n s  of t h e  ave rage  r e a c t i o n  rates over  a l l  f u e l  sa l t  

exposed t o  t h e  neu t ron  flux p r e d i c t e d  an  i n c r e a s e  of about  1% i n  t h e  burn- 

up ra te  of 235U per  megawatt-hour of f i s s i o n  energy  and a n  i n c r e a s e  of 

about 20% i n  t h e  n e t  r a t e  of d e p l e t i o n  of 238U (wi th  a cor responding  in -  

c r e a s e  i n  t h e  7-39Pu p roduc t ion  ra te ) ;  a d e c r e a s e  of n e a r l y  11% i n  t h e  

average  c a p t u r e - t o - f i s s i o n  r a t i o  f o r  239Pu w i t h  r e s p e c t  t o  t h e  ear l ie r  

c a l c u l a t i o n s  w a s  a l s o  p r e d i c t e d .  

2. All t e r m s  i n  t h e  r e a c t i v i t y  b a l a n c e  w i t h  magnitude based on e a r -  

l ier  e v a l u a t i o n s  of t h e  zero-power rod c a l i b r a t i o n  exper iments  l l should  be  

m u l t i p l i e d  by a f a c t o r  of 1.06. Th i s  accoun t s  f o r  bo th  a n  i n c r e a s e  i n  t h e  

c a l c u l a t e d  delayed-neutron e f f e c t i v e n e s s  and a l s o  a s m a l l  change i n  t h e  

a b s o l u t e  d e l a y  f r a c t i o n  f o r  235U t o  be c o n s i s t e n t  w i t h  c u r r e n t l y  accepted  

e v a l u a t i o n s . 8  

excess uranium r e a c t i v i t y  ( r e l a t i v e  t o  minimum c r i t i c a l  l o a d i n g ) ,  arid t h e  

The n e t  c o r r e c t i o n  w a s  a p p l i e d  t o  t h e  rod po i son ing ,  t h e  

t empera tu re  level r e a c t i v i t y  ( r e l a t i v e  t o  

3 .  A second c o r r e c t i o n  needed t o  be 

t i o n  c o e f f i c i e n t  of r e a c t i v i t y ,  by m u l t i p  

Th i s  c o r r e c t i o n  made t h e  t r ea tmen t  of t h e  

t h e  rod-poisoning term s e l f - c o n s i s t e n t  i n  

t i o n s .  

The s o u r c e s  of t h e  c r o s s - s e c t i o n  r e v  

1200'F). 

a p p l i e d  t o  t h e  2 3 5 U  concent ra -  

y ing  t h i s  c o e f f i c i e n t  by 1.072. 

excess  uranium r e a c t i v i t y  and 

t h e  r e a c t i v i - t y  b a l a n c e  c a l c u l a -  

s i o n s  l i s t e d  under  m o d i f i c a t i o n  1 

were f u l l y  d e s c r i b e d  i n  Ref. 30, The component a s s o c i a t e d  w i t h  basic .  d a t a  

and a s s o c i a t e d  neu t ron  spectrum r e e v a l u a t i o n s  w a s  shown by t h e  comparison 

of columns 2 and 3 i n  Table  1, Chapter  4 ,  of t h i s  r e p o r t ;  t h e  remainder  of 

t h e  changes are a r e s u l t  of r e f inemen t s  i n  t h e  methods o f  c a l c u l a t i n g  t h e  

r eac to r -ave rage  r e a c t i o n  c r o s s  s e c t i o n s .  The n e t  r e v i s i o n s  a f f e r t c d  t h e  

r e a c t i v i t y  ba l ance  mainly i n  t h e  c a l c u l a t i o n  of n u c l i d e  i n v e n t o r y  changes,  

w i t h  t h e  excep t ion  of t h e  r e v i s i o n  i n  t h e  c a p t u r e - t o - f i s s i o n  r a t i o  d a t a  f o r  

239Pu. 

t o  t h e  cor responding  r e a c t i v i t y  a d d i t i o n .  

The l a t te r  p r i m a r i l y  a f f e c t e d  t h e  conve r s ion  of inventory  changes 
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The s o u r c e  of m o d i f i c a t i o n  2 w a s  a r e c e n t  r e e v a l u a t i o n  of t h e  "delayed- 

neut ron  e f f e c t i v e n e s s  f a c t o r , "  d e s c r i b e d  i n  S e c t i o n  4 . 5 .  A s  d i s c u s s e d  

t h e r e ,  t h e  n e t  r e s u l t  of t h i s  examinat ion was a r e n o r m a l i z a t i o n  of a l l  

measured r e a c t i v i t y  c o e f f i c i e n t s  i n  tihe r e a c t i v i t y  b a l a n c e  model. 

M o d i f i c a t i o n  3 h a s  i t s  o r i g i n  i n  t h e  dependence of t h e  e x c e s s  235U 

r e a c t i v i t y  (and a l s o  t h e  c o n t r o l  rod worth)  on t h e  t o t a l  2 3 5 U  c o n c e n t r a t i o n .  

The needed r e v i s i o n  was t h e  r e s u l t  of u s i n g ,  f o r  t h e  ear l ie r  c a l c u l a t i o n s ,  

an average  c o n c e n t r a t i o n  c o e f f i c i e n t  of r eac t iv i ty  a p p r o p r i a t e  t o  t h e  maxi- 

mum range  of variation i n  t h e  235U l o a d i n g  r a t h e r  t h a n  t h e  more a c c u r a t e  

r e l a t i o n  expressed  by Eq.  (37 ) .  T h i s  c o r r e c t i o n  was independent  of t h e  

a d d i t i o n a l  c o r r e c t i o n  f o r  delayed-neutron e f f e c t i v e n e s s  d e s c r i b e d  above. 

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

above i n  t h e  i n t e r p r e t a t i o n  of t h e  r e a c t i v i t y  b a l a n c e  d a t a  are shown i n  

Fig.  23. T h i s  e v a l u a t i o n  w a s  based on an assumed ful l -power l eve l  of 

7.25 MW. I n  t h e  f i g u r e ,  w e  have a t tempted  t o  d i s t i n g u i s h  t h e  d a t a  p o i n t s  

based on measuremer,ts t a k e n  d u r i n g  s e p a r a t e  power runs .  T r a n s f e r  and mix- 

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

a t i o n s  i n  composi t ion of t h e  s a l t  which g e n e r a l l y  had l a r g e r  u n c e r t a i n t i e s  

a s s o c i a t e d  w:i.th them than  d i d  t h e  changes produced d u r i n g  t h e  r u n s .  It i s  

a l s o  l i k e l y  t h a t  t h e  approximate t r e a t m e n t  of t h e s e  e f f e c t s  produced some 

of t h e  sinall p o s i t i v e  s h i f t  i n  t h e  r e s i d u a l  r e a c t i v i t y  observed d u r i n g  t h e  

e a r l y  power r u n s  (PISRE r u n s  4 through 6 ) .  

A 

The d a t a  i n  F ig .  23 i n d i c a t e  t h a t  a s l i g h t  downward t r e n d  i n  r e s i d u a l  

r e a c t i v . i t y  occurred  d u r i n g  t h e  f i r s t  p a r t  of o p e r a t i o n s  w i t h  235U, fol lowed 

by a n  i n c r e a s e  d u r i n g  run  14. The s t a t i s t i c a l  s p r e a d  i n  t h e  d a t a  p o i n t s  

logged over  t h e  e n t i r e  per iod  p r e c l u d e s  assignment  of a p r e c i s e  shape t o  

* 
A r e c e n t  c r i t i c a l  review w a s  made o f  a l l  exper imenta l  ev idence  based 

on n u c l i d e  changes,  b o t h  from o p e r a t i o n s  w i t h  2 3 5 U  and 233LJ i n  t h e  f u e l  
s a l t ,  r e g a r d i n g  eval-uat ion o f  t h e  i n t e g r a t e d  power i n  t h e  MSRE." 
review recommended t h a t  t h e  r e c o v e r a b l e  f i s s i o n  energy w i t h  2 3  5U f u e l  
should  have been 203.2 I- 0.5, about  1.7% h i g h e r  t h a n  t h e  v a l u e  o r i g i n a l l y  
used f o r  c a l c u l a t i o n s .  With t h i s  f i s s i o n  energy,  t h e  nominal fu l l .  power 
i n d i c a t e d  by n u c l i d e  change measurements was 7.34 k 0.09 MW. T h i s  w a s  
s u f f i c i e n t l y  c l o s e  t o  t h e  7.25-MW v a l u e  t h a t  t h e  u n c e r t a i n t y  i n  power 
level  was comparable w i t h  o t h e r  u n c e r t a i n t i e s  i n  t h e  model and t h e r e b y  
d i d  n o t  modify t h e  c o n c l u s i o n s  f rom t h e  a n a l y s i s .  

The 



t h e  res idua l .  r e a c t i v i t y  v a r i a t i o n ;  however, t h e  d a t a  t a k e n  d u r i n g  the long- 

est u n i n t e r r u p t e d  power r u n  ( run  14) d e f i n i t e l y  i n d i c a t e  t h a t  a g r a d u a l  

increase i n  the r e s i d u a l  r e a c t i v i t y  o c c u r r e d  i n  t h i s  i n t e r v a l ,  

The magnitude and d i r e c t i o n  of  t h e s e  t r e n d s  are  q u i t e  c r e d i b l e  i n  

t e r m s  of t h e  b a s i c  model, because t h e  c a l c u l a t i o n s  of p o s s i b l e  r e a c t i v i t y  

e f f e c t s  a s s o c i a t e d  w i t h  d imens iona l  changes i n  t h e  g r a p h i t e  i n d i c a t e  t h a t  

t h i s  t y p e  of s low v a r i a t i o n  could have o c c u r r e d  ( S e c t .  3 . 3 ) .  Furthermore,  

t h e r e  is  s u f f i c i e n t  u n c e r t a i n t y  i n  t h e  d e g r e e  of removal of low-cross- 

s e c t i o n  f i s s i o n  p r o d u c t s  (Fig.  12) t h a t  d i f f e r e n c e s  between a c t u a l  poi-  

soning  and nominal v a l u e s  assumed f o r  c a l c u l a t i o n s  could have produced 

g r a d u a l  r e a c t i v i t y  changes of e i t h e r  s i g n  (downward t r e n d s  could  b e  a s s o c i -  

a t e d  w i t h  less e f f e c t i v e  removal,  arid v ice  v e r s a ) .  For b o t h  t h e s e  reasons, 

t h e  magnitudes of r e s i d u a l  r e a c t i v i t y  v a r i a t i o n s  i n  F i g ,  23 are w i t h i n  a 

r e g i o n  i n  which tlie basic c a l c u l a t i o n  model i s  judged t o  b e  v , l l i d .  

Those s o u r c e s  of s t a t i s t i c a l  v a r i a t i o n s  and u n c e r t a i n t i e s  i n  t h e  re- 

a c t i v i t y  ba lance  d a t a  which can be i d e n t i f i e d  i n c l u d e  ( I )  a component of 

about  + O , O l %  6 k l k  a s s o c i a t e d  w i t h  random e r r o r s  i n  r e a d i n g  rod p o s i t i o n s  

and t e m p e r a t u r e s  and w i t h  v a r i a t i o n s  between sampling i n t e r v a l s  i n  t h e  

amaunt of e n t r a i n e d  gas  c i r c u l a t i n g  w i t h  t h e  s a l t  d u r i n g  normal o p e r a t i o n s ,  

0 RNL.-DWG 7 4 - 60 26 
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TIME-INTEGRATED POWER (1000 MWhr) 

Fig .  23. Long-term v a r i a t i - o n s  i n  r e s i d u a l  r e a c t i v i t y  e v a l u a t e d  a t  
5U ope ra t ions  ; maximum r e a c t o r  power, 7 .25  MW. z e r o  power d u r i n g  
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and (2)  a component a s s o c i a t e d  w i t h  u n c e r t a i n t i e s  i n  f u e l  t r a n s f e r  d u r i n g  

fl.ush o p e r a t i o n s ,  i n c r e a s i n g  i n  magnit:ude from z e r o  n e a r  t h e  start: of power 

o p e r a t i o n  t o  about  ?0.02% 6 k / k  n e a r  t h e  end of o p e r a t i o n .  

s t a t i s t i c a l  v a r i a t i o n s  should a t  p r e s e n t  be regarded  as i n h e r e n t  i n  t h e  

technique  of r e c o r d i n g  and a n a l y z i n g  the r e a c t i v i t y  b a l a n c e  d a t a ,  r a t h e r  

than as evidence  of some anomalous p h y s i c a l  p r o c e s s  i.n t h e  reactor.  

Any remaining 

The d a t a  summarized i n  F ig .  23 r e p r e s e n t  measurements accuriiulated over  

During t h a t  L i m e ,  2 3 5 U  more t h a n  two years of power o p e r a t i o n  of t h e  MSRE. 

e q u i v a l e n t  t o  ~ 1 . 2 5 %  6k/k i n  r e a c t i v i t y  had been d e p l e t e d  i n  power opera-  

t i o n ;  235U e q u i v a l e n t  t o  ~ 0 . 7 2 %  6klk had been added t o  t h e  s a l t ;  po isoning  

due t o  149Sm and 15’Sm e q u i v a l e n t  t o  ~ 0 . 7 7 %  6k/k  had been formed; and 

changes i n  i s o t o p i c  c o n t e n t  of o t h e r  c o n s t i t u e n t s  of t h e  s a l t  had produced 

a n e t  r e a c t i v i t y  a d d i t i o n  of ~ 0 . 4 3 %  6 k l k .  The r e s i d u a l  r e a c t i v i t y ,  evalu-  

a t e d  a t  c o n d i t i o n s  of n e g l i g i b l e  power and xenon poisoning ,  d r i f t e d  by less 

than 0.1% 6 k / k  over  t h i s  p e r i o d ;  hence,  our  account ing  procedures  i n d i c a t e  

t h a t  t h e  r e a c t o r  behaved i n  a r e g u l a r  and p r e d i c t a b l e  manner. 



6. CONCLUSIONS 

The r e a c t i v i t y  b a l a n c e  o p e r a t i n g  h i s t o r y  proved q u i t e  usefu l .  as an  

a i d  i n  drawing i n f e r e n c e s  about  t h e  c o r e  behav io r  d u r i n g  s u s t a i n e d  power 

o p e r a t i o n  of t h e  r e a c t o r .  From t h e  concep tua l  s t a n d p o i n t ,  t h e  r e a c t i v i t y  

ba l ance  is  a means of viewing t h e  n u c l e a r  o p e r a t i o n s  as a process r a t h e r  

t h a n  a sequence of u n r e l a t e d  o p e r a t i n g  s t a t e s ,  

i.t prov ides  an independent  moni tor  of t h e  p rocesses  which have s i g n i f i c a n t  

i n f l u e n c e  on t h e  n u c l e a r  p r o p e r t i e s  of t h e  co re .  Thi.s may be  used i n  con- 

j u n c t i o n  w i t h  in fo rma t ion  ob ta ined  from o t h e r  t echn iques  such  as chemical  

o r  mass-spec t rographic  a n a l y s i s  of t h e  f u e l  composi t ion.  

of r e a c t i v i t y  ba l ance  moni tor ing  i s  t h a t  i t  i s  h i g h l y  i n d i r e c t ;  on ly  a d i f -  

f e r e n c e  i n  t h e  appa ren t  p o s i t i v e  and n e g a t i v e  compensating r e a c t i v i t y  

changes d u r i n g  any o p e r a t i n g  i n t e r v a l  i s  reco rded ,  and t h e  i n t e r p r e t a t i o n  

of t h i s  d i f f e r e n c e  i s  a separate problem i n  o p e r a t i o n s  a n a l y s i s .  An ob- 

se rved  r e s i d u a l  can be real and due t o  a s i n g l e  phenomenon i n  t h e  c o r e  o r  

i t  can be due t o  s imul taneous  s m a l l  e f f e c t s ,  i n c l u d i n g  e r r o r s  i n  t h e  b a s i c  

models f o r  c a l c u l a t i n g  i n d i v i d u a l  p r o c e s s e s .  I n  t h e  former e v e n t ,  o t h e r  

d a t a  gjven by t h e  r e a c t o r  i . n s t rumen ta t ion  are impor tan t  i n  i n t e r p r e t i n g  

t h e  s i g n i f i c a n c e  of t h e  r e s i d u a l .  I n  r ega rd  t o  t h e  l a t t e r  e v e n t ,  we  have 

g iven  c o n s i d e r a b l e  a t t e n t i o n  i n  t h i s  r e p o r t  t o  t h e  problem of ma in ta in ing  

c o n s i s t e n c y  among t h e  component r eac t iv - i - ty  e f f e c t s  c a l c u l a t e d  by t h e  model. 

The l a r g e s t  u n c e r t a i h t y  i n  t h e  model as developed f o r  t h e  MSRE i s  

l i k e l y  t o  be i n  c a l c u l a t i n g  t h e  f i s s i o n  p roduc t  t r a n s p o r t  and removal from 

t h e  core .  Th i s  model can and undoubtedly w i l l  b e  improved i n  f u t u r e  ap- 

p l i c a t i o n s  of t h i s  g e n e r a l  t echn ique  i n  n u c l e a r  o p e r a t i o n s  a n a l y s i s  f o r  

mol t en - sa l t  r e a c t o r s .  D e s p i t e  t h i s  u n c e r t a i n t y ,  however, t h e  r e a c t i v i t y  

ba l ance  se rved  i t s  in t ended  purposes. A s  a ma l func t ion  d e t e c t o r ,  r eac -  

t i v i t y  v a r i a t i o n s  less than  0.05% 6 k / k  w e r e  r e a d i l y  obse rvab le  over  s h o r t  

t i m e  i n t e r v a l s .  T,arger temporary v a r i a t i o n s  t h a t  w e r e  observed were i n  

accord  w i t h  expec ted  behav io r  of the r e a c t o r  under  o p e r a t i n g  c o n d i t i o n s  

then  o b t a i n i n g ;  a t  no t i m e  d i d  t h e  r e s i d u a l  r e a c t i v i t y  become suffi.c:i.ent 

t o  have brought  o p e r a t i n g  s a f e t y  l i m i t  c o n s i d e r a t i o n s  i n t o  pl.ay. A s  a 

As an a n a l y s i s  t echn ique ,  

The d i sadvan tage  
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long-term i n d i c a t o r  of t h e  p r e d i c t a b i l i t y  of t h e  r e a c t o r  n u c l e a r  perform- 

ance ,  t h e  r e s i d u a l  r e a c t i v i t y  remained w i t h i n  t h e  l i m i t s  of va1i.d pre-  

d i c t i o n  o f  the b a s i c  model. I n  sum, t h e  r e a c t i v i t y  b a l a n c e  w a s  a v a l u a b l e  

a d j u n c t  f o r  a n a l y s i s  of a new e x p e r i m e n t a l  r e a c t o r  t y p e  f o r  which no pre-  

ceding  e x p e r i e n c e  w a s  a v a i l a b l e .  
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APPEND1 X 

P e r t u r b a t i o n  t h e o r y  p r o v i d e s  a convenient  mathematical  a p p a r a t u s  f o r  

d e s c r i b i n g  t h e  r e a c t i v i t y  e f f e c t s  of a r b i t r a r y  changes i n  r e a c t o r  condi- 

t i o n s .  

cept of "static" r e a c t l v i t y ,  

Chapter 2 of t h i s  r e p o r t .  The mathemat ica l  t r e a t m e n t  w i l l  be  as b r i e f  as  

n e c e s s a r y  t o  s u p p o r t  the d i s c u s s i o n  f.n t h i s  r e p o r t ;  more complete  back- 

ground can  b e  o b t a i n e d  by c o n s u l t h g  any s t a n d a r d  r e f e r e n c e s  i n  t h e  sub- 

j e c t  ( e . g . ,  Refs .  1 and 7 ) .  

t o  any p a r t i c u l a r  n e u t r o n i c  model, and a t  the s a m e  t i m e  s i m p l i f y  some of 

the a l g e b r a i c  m a n i p u l a t i o n s ,  w e  w i l l  make use of a general operator nota-  

t i o n  f o r  t h e  n e u t r o n  b a l a n c e  e q u a t i o n .  Thus t h e  bas i s  f o r  t h e  mathematical  

d e s c r i p t i o n  :i.s provided by t h e  e q u a t i o n  govern ing  the s t a t i c  r e a c t i v i t y ,  

We w i l l  make use  of  t h i s  g e n e r a l  t e c h n i q u e ,  t o g e t h e r  w i t h  t h e  con- * 
t o  d e r i v e  t h e  g e n e r a l  r e l a t i o n s  used i n  

I n  o r d e r  t o  avoid  t h e  n e c e s s i t y  of r e f e r r i n g  

fo r  a p a r t i c u l a r  s ta te  of t h e  r e a c t o r :  
p, 

t o g e t h e r  w i t h  t h e  a d j o i n t  e q u a t i o n ,  

(A .  2 )  

i n  which $ and J1 r e p r e s e n t  t h e  d i r e c t  and a d j o i n t  f l u x  f i e l d s  and L ,  A ,  

and P are l i n e a r  o p e r a t o r s  governing t h e  n e u t r o n  l c a k a g c ,  a b s o r p t i o n  ( i n -  

c l u d i n g  energy t r a n s f c r  by s c a t t e r i n g ) ,  and p r o d u c t i o n  from F i s s i o n  re- 

s p e c t i v e l y .  Once a p a r t i c u l a r  t h e o r e t i c a l  model i s  chosen i n  which t o  

r e p r e s e n t  t h e s e  o p e r a t o r s  ( c . g . ,  m u l t i g r o u p  diffusion t h e o r y  or  t r a n s p o r t  

cheory) ,  t h e n  t h e  e x p l i c i t  i n f o r m a t i o n  d e f i n i n g  t h e  r e a c t o r  s t a t c b ,  such 

as c o r e  geometry,  material composi t ion ,  and t e m p e r a t u r e ,  completc?ly " f i x e s "  

t h e s e  o p e r a t o r s  e The remaining c o n d i t i o n s  comple t ing  t h e  mathematical  de- 

s c r i p t i o n  i n  E q .  ( A . l )  ar i se  from t h e  physical c o n d i t i o n s  f o r  t h e  r e t u r n  

* 
S e e  d i s c u s s i o n  i n  Chap. 2. 
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f l u x  a t  t h e  boundar ies  of  t h e  r e a c t o r  and ,  a l s o ,  p o s i t i v i t y  c o n d i t i o n s  € o r  

t h e  f l u x  f i e l d .  S i m i l a r  c o n d i t i o n s ,  c a l l e d  a d j o i n t  boundary c o n d i t i o n s ,  

apply  t o  tihe s o l u t i o n  of Eq. ( A . 2 )  f o r  the a d j o i n t  f l u x  f i e l d .  I n  Eq.  

(A.  2) t h e  o p e r a t o r s  w i t h  t h e  a s t e r i s k  r e p r e s e n t  t h e  a d j o i n t  o p e r a t o r s ,  

d e f i n e d  by t h e  i n n e r  product  r e l a t i o n s ,  

* 

(A .  4 )  

where t h e  symbol (f ,g) r e p r e s e n t s  t h e  i n n e r  product  of t h e  f u n c t i o n s  

and y ( t h e  m u l t i p l i c a t i o n  of t h e  f u n c t i o n s  and i n t e g r a t i o n  over  t h e  s p a t i a l ,  

energy ,  and,  i n  c e r t a i n  a p p l i c a t i o n s ,  t h e  d i r e c t i o n a l  v a r i a b l e s  d e s c r i b i n g  

t h e  f l u x  f i e l d ) .  f h e  s c a l a r  q u a n t i t y ,  

e i g e n v a l u e  of E q .  

e igenvalue  of  E q .  ( A .  2). 

is  t h e  a l g e b r a i c a l l y  l a r g e s t  
PS , 

(A.1) and can be shown t o  b e  i d e n t i c a l  w i t h  t h e  l a r g e s t  

For what f o l l o w s ,  i t  i s  u s e f u l  t o  n o t i c e  t h a t  t h e  s o - c a l l e d  b i l i n e a r  

i d e n t i t i e s  [ E q s .  ( A . 3 ) ,  ( A . 4 ) ,  and (A.5) ] are  i n  t h e  n a t u r e  of g l o b a l  rela- 

t i o n s ;  t h a t  i s ,  t h e y  apply  t o  t h e  r e a c t o r  c o n s i d e r e d  as a whole. In t h i s  

s e n s e ,  t h e y  are less r e s t r i c t ive  t h a n  t h e  e q u a t i o n s  d e s c r i b i n g  t h e  l o c a l -  

b a l a n c e s ,  E q s .  (A.1) and (A .  2) .  Thus, f o r  t h e s e  d e f i n i n g  r e l a t 2 - o n s  t o  ap- 

p l y  r e q u i r e s  o n l y  t h a t  t h e  d i r e c t  arid a d j o i n t  f l u x  f u n c t i o n s  b e  chosen from 

sets s a t i s f y i n g  a p p r o p r i a t e  boundary c o n d i t i o n s ,  t o g e t h e r  w i t h  c e r t a i n  phys- 

i c a l  r e s t r i c t i o n s  such as f lux  c o n t i n u i t y  ( s o  t h a t  a p p l i c a t i o n  of  t h e  opera-  

t o r s  on f u n c t i o n s  conta ined  i n  t h e s e  sets h a s  p h y s i c a l  meaning).  It f o l l o w s  

t h a t ,  i n  t h e  u s e  of r p l a t i o n s  ( A . 3 )  th rough ( A . 5 ) ,  t h e  f u n c t i o n s  $ and 4J 
do not have t o  correspond t o  t h e  same r e a c t o r  n e u t r o n i c  s t a t e ,  provided 

t h a t  t h e  boundary c o n d i t i o n s  remain f i x e d  

s a t i s f i e d .  

and t h e  above r e s t r i . c t i o n s  a r e  

w 
T h i s  l a s t  c o n d i t i o n  i s  necessary  t o  

h igher -order  e i g e n s o l u t i o n s  of E q s .  (A.1) 
e l i n i i n a t e  c o n s i d e r a t i o n  of 
and ( A . 2 ) .  
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I n  o r d e r  t o  derive E q .  (2)  of Chapter  2 of t h i s  r e p o r t ,  w e  may take  

the i n n e r  product  of t h e  neut ron  b a l a n c e  e q u a t i o n  

weight  f u n c t i o n  M ,  d e f i n e d  on t h e  s p a c e  of independent  v a r i a b l e s  of t h e  

n e u t r o n  p o p u l a t i o n  

[ E q .  ( A . l ) ]  w i t h  a 

o r ,  hy simp1.e a l g e b r a i c  rear rangement ,  

I n  t h i s  case, s i n c e  t h e  b a l a n c e  Eq .  ( A . 1 )  h o l d s  a t  e a c h  p o i n t  i n  the s p a c e  

of independent  v a r i a b l e s ,  t h e  choice of t h e  weight  f u n c t i o n  is a r b i t r a r y .  

D e l i b e r a t e  c h o i c e  of Q e q u a l  t o  $, t h e  s o l u t i o n  of t h e  a d j o i n t  Eq .  ( h . 2 )  

f o r  t h e  same r e a c t o r  s t a t e ,  l e a d s  t o  Eq.  (2)  of Chapter  2.  

Consi-der now two r e a c t o r  states,  one  a r b i t r a r i l y  designated as a ref- 

erence s ta te  and t h e  o t h e r  a p e r t u r b e d ,  o r  "opera t ing"  s t a t e .  

s c r i p t s  c1 and B t o  d e n o t e  t h e s e  t w o  s t a t e s ,  r e s p e c t i v e l y ,  w e  may write 

Using  sub- 

E x p l i c i t l y  r e p r e s e n t i n g  t h e  p e r t u r b a t i o n  i t 1  t h e s e  o p e r a t o r s  r e l a t i v e  t o  

t h e  chosen r e f e r e n c e  s ta te ,  w e  may p u t  

(A.  10) 

(A .  11) 

LB = La -4- 6 L  , (A.  12)  
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= A -k 6A , 
' 6  a 

(A.  13) 

Pg = Pa -k 6P . (A .  14) 

Next,  w e  form t h e  i n n e r  product  of t h e  a d j o i n t  f l u x  f o r  t h e  r e f e r e n c e  s t a t e  

$, wi th  t h e  o p e r a t i n g  s ta te  E q .  ( A . l O )  and u s e  t h e  d e f i n i n g  E q s .  ( 8 . 1 2 )  

through (h.14) f o r  t h e  p e r t u r b a t i o n s :  

(A .  15) 

where the f i n a l  form of  E q .  ( A . 1 7 )  f o l l o w s  from t h e  t h i r d  b i l i n e a r  

i d e n t i t y  (A. 5) .  

If w e  now combine E q s .  ( A . 1 5 ) ,  ( A . 1 6 ) ,  and ( A . 1 7 ) ,  w e  obtain 

which, a f t e r  s imple  a l g e b r a i c  rear rangement ,  y i e l d s  

(A .  18) 

(A. 19) 
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T h i s  e x p r e s s i o n  i s  e q u i v a l e n t  t o  Eq. (3a)  of Chapter  2. 

A s l i g h t l y  d i f f e r e n t  Eorm of t h e  above e x p r e s s i o n  is  u s e f u l  i n  t.hose 

a p p l i c a t i o n s  where t h e  p roduc t ion  o p e r a t o r  ( i .e .$  thcb f i s s i l e  material  con- 

c e n t r a t i o n )  is  a l t e r e d .  I n  t h i s  c a s e ,  i t  is  conven ien t  t o  move t h e  oper -  

a t i n g  s ta te  r e a c t i v i t y  p 

t h e  r i g h t  t o  t h e  l e f t  s i d e  of Eq. ( A . 1 9 ) .  By employing t h e  i d e n t i t y  

- - i n  t h e  p reced ing  d e r i v a t i o n ,  one can r e a d i l y  

(which i s  g e n e r a l l y  an  unknown q u a n t i t y )  from 
Si3 

B - PSB ps, + Osa 
o b t a i n  

(A. 20)  

e q u i v a l e n t  t o  Eq.  (3b)  of Chapter  2.  

F i n a l l y ,  w e  may n o t e  t h a t  E q s .  ( A . 1 9 )  and (A.20) arc e x a c t ,  i n  t h e  

s e n s e  t h a t  no assumpt ions  have been made concern ing  t h e  "smal lness"  of the  

change i n  t h e  r e a c t o r  state. Although we  are i n  some a p p l i c a t i o n s  a b l e  t o  

make what i s  u s u a l l y  termed t h e  f i r s t - o r d e r  y e r t u r b a t  i o n  npproximat:i.on 

(i.e.y t h a t  $a = $@),  i t  i s  o n l y  i n  c e r t a i n  i n s t a n c e s  t h a t  t h e  approxima- 

t i o n  is  j u s t i f i e d .  

d i f f e r e n t .  

The f l u x  f i e l d s  $a and 4 may i n  g e n e r a l  be  qisi-te 
6 

.In many c a s e s  of i n t e r e s t ,  such  as c e r t a i n  r e a c t i v i t y  cal ibrat : i .on 

measurements, f u e l  d e p l e t i o n s  and r e a d d i t i o n s ,  and f i s s i o n  p roduc t  poi-  

son ing ,  t h e  p e r t u r b a t i o n s  cons ide red  have  the p r o p e r t y  t h a t  t h e  changes  

induced i n  n e u t r o n  t r a n s p o r t  and slowing-down p r o p e r t i e s  of t h e  c o r e  are 

n e g l i g i b l e .  I n  mul t ig roup  d i f f u s i o n  t h e o r y  t h e  l e a k a g e  p e r t u r b a t i - o n  61. 

i n v o l v e s  o n l y  changes i n  t h e  group d i f f u s i o n  c o e f f i c i e n t s ,  and f o r  t11i.s 

c lass  of p e r t u r b a t i o n s  t h e  t e r m s  c o n t a i n i n g  6L may be  n e g l e c t e d  i n  Eqs. 

(A.19) and ( A . 2 0 ) .  A l s o  f o r  t h i s  c a s e ,  the t e r m  w i t h  bA i s  c l o s e l y  ap- 

proximated by c o n s i d e r i n g  o n l y  t h e  changes i n  n e u t r o n  a b s o r p t i o n  e v e n t s .  

Tht?!jEI o b s e r v a t i o n s  are q u i t e  u s e f u l  when c a r r y i n g  o u t  approximate  theo-  

r e t i ca l  c a l c u l a t i o n s  of r e a c t i v i t y  e f f e c t s ,  as d e s c r i b e d  i n  Secti.on 2.3, 

For t h e  class of s t r o n g  l o c a l i z e d  p e r t u r b a t i o n s ,  such  as r e p r e s e n t e d  

by c o n t r o l  rod mot ions ,  d i f f u s i o n  t h e o r y  i s  inadequa te ,  and more a c c u r a t e  

t r a n s p o r t  r e p r e s e n t a t i o n s  are needed f o r  t h e o r e t i c a l  descr i .pt i .on of 
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neutron scattering and absorption in the rod regions. In this case, it 

can be sliown that S L  = 0, but 6A must be understood to inc.I.ude changes i.n 

transfer probabilities in energy and direction for neutron scattering. 

Alternatively, recourse can be made to experimental measurements of the 

rod reactivity effects, as was described in Sect:ion 2 * 4 .  
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