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I. INTRODUCTIO N



L INTRODUCTION

A n e x p e r im e n ta l  p r o g r a m  h a s  b e e n  c o m p le te d  during  the p e r io d  of the in it ia l  

t e s t in g ,  s ta r t -u p ,  s e a  t r i a l s ,  and a c c e p ta n c e  t e s t s  of the N. S. Savannah in  w hich  the  

r a d io a c t iv ie s  in  the p r im a r y  co o la n t  s y s t e m  of the r e a c to r  p lant w e r e  c h a r a c te r iz e d  

q u a n t ita t iv e ly .  T h is  p r o g r a m  w a s  p e r f o r m e d  for  the N ew  Y ork  Shipbuild ing C orp o

r a t io n  under S u b c o n tr a c t  5 2 9 -2 0 8 2  w ho had o v e r a l l  r e s p o n s ib i l i t y  for  the bu ild ing  

and t e s t in g  of the r e a c t o r  p lan t  and the v e s s e l  for  the U. S. M a r it im e  A d m in is tr a t io n ,  

U. S. D e p a r tm e n t  o f  C o m m e r c e ,  in  c o o p e r a t io n  w ith  the U. S. A to m ic  E n e r g y  C o m 

m i s s i o n .

T he p r in c ip a l  o b je c t iv e s  of th is  p r o g r a m  w e r e  the c h a r a c te r iz a t io n  of the 

im p o r ta n t  r a d io a c t iv e  s p e c i e s  in  the p r im a r y  co o la n t  of the r e a c to r  p lan t and the  

c o r r e la t io n  of th e ir  c o n c e n tr a t io n s  w ith  im p o r ta n t  r e a c to r  and p r im a r y  s y s t e m  

o p e r a t in g  p a r a m e t e r s  and w ith  r a d io lo g ic a l  s a f e ty  p r o c e d u r e s .  In p a r t ic u la r ,  the  

e x p e r im e n ta l  p r o g r a m  w a s  d e s ig n e d  to  d e te r m in e ,  or p r o v id e  data for the e v a lu a t io n  

of, the r e l i a b i l i t y  or p e r fo r m a n c e  o f  s p e c i f i c  co m p o n en ts  or s y s t e m s  of the sh ip board  

r e a c t o r  p lan t.  D ata  w e r e  r e q u ir e d  to  e v a lu a te  the in te g r i ty  of fue l e l e m e n t  c ladd ing ,  

to  e s t im a t e  the u ra n iu m  co n ta m in a t io n  of h e a t  t r a n s f e r  s u r f a c e s  in  the c o r e ,  

c o r r o s i o n  in  p r im a r y  s y s t e m  s u r f a c e s ,  and to  m o n ito r  the p e r fo r m a n c e  of the d e 

m in e r a l i z e r ,  o ff-  g a s ,  and w a t e r - p u r i f i c a t io n  s y s t e m s .  A dd itional in fo r m a t io n  w a s  

n eed ed  to  d e te r m in e  b a s e  l e v e l s  fo r  the r a d io a c t iv i ty  con ten t  of the p r im a r y  coo lan t  

to b e  u se d  in  e v a lu a t in g  data  a c q u ir e d  d u r in g  s u b se q u e n t  r e a c to r  operations^ to d e 

t e c t  any le a k a g e  o f  r a d io a c t iv i ty  f r o m  the p r im a r y  to s e c o n d a r y  co o la n t  sy stem s^  

and to a s  s u r e  that r a d io a c t iv i ty  c o n c e n tr a t io n s  in  l iq u id  w a s t e s  w ould  not e x c e e d  the  

m a x im u m  p e r m i s s i b l e  c o n c e n tr a t io n s  e s t a b l i s h e d  by F e d e r a l  and sta te  a g e n c ie s .

S u b sta n t ia l  in fo r m a t io n  for  p r im a r y  co o la n t  s y s t e m  tech n o lo g y  of p r e s s u r i z e d

w a te r  r e a c t o r s  w a s  a v a i la b le  p r io r  to the in c e p t io n  of th is  p r o g r a m . T h is  p r o g r a m
(1 2 )

w a s  fo r m u la te d  ’ on the b a s i s  o f  the e x i s t in g  t e c h n o lo g y  w ith in trod u ction  of th o s e

m o d if ic a t io n s  n o r m a l ly  r e q u ir e d  fo r  a sh ip board  r e a c to r  and by the s p e c i f i c a t io n s  s e t
(3)

forth  for  the N. S. Savannah



T h r e e  g e n e r a l  ty p e s  o f  r a d io n u c l id e s  c o m p r is e  the r a d io a c t iv i ty  con ten t  of 

the p r im a r y  coo lant:  (1) f i s s i o n  products^ (2) n e u tr o n -a c t iv a te d  c o r r o s io n  productSj, 

and (3) a c t iv a t io n  p r o d u c ts  fo r m e d  in  co o la n t  c o n s t i tu e n ts  and im p u r it ie so  F i s s io n  

p ro d u cts  a r e  in tr o d u c e d  in to  the  c o o la n t  e i th e r  a s  the r e s u l t  of d e fe c t iv e  fu e l  e l e m e n t s ,  

of  d ir e c t  f i s s io n - p r o d u c t  r e c o i l  f r o m  t r a c e s  of uran iu m  on s tr u c tu r a l  or fu e l c ladd in g  

s u r f a c e s ,  or o f  n e u tr o n - in d u c e d  f i s s i o n  in  t r a c e  q u a n tit ie s  of f i s s i l e  e l e m e n t s  in  the  

p r im a r y  co o la n t .  The a c t iv a te d  c o r r o s i o n  p r o d u c ts  r e s u l t  f r o m  the in te r a c t io n  of 

n eu tro n s  w ith  m in u te  q u a n t i t ie s  of s t r u c tu r a l  m a t e r i a l s  w h ich  a r e  t r a n s p o r te d  through  

th e  c o r e  by the p r im a r y  co o la n t .  O ther a c t iv a t i o n  p ro d u c ts  a r e  fo r m e d  a s  the r e s u l t  

of the in t e r a c t io n  o f  th e  n e u tr o n s  or of s e c o n d a r y  n u c le a r  p a r t i c l e s  (e .  g. , p ro to n s)  

w ith  t r a c e s  of im p u r i t i e s  in  the p r im a r y  co o la n t  or w ith  c o n s t itu e n ts  of the coo lan t  

i t s e l f .  T y p ic a l  r a d io n u c l id e s  of e a ch  typ e w h ich  a r e  e x p e c te d  to  be  p r e s e n t  in  

s ig n i f ic a n t  c o n e e n tr a t io n s  in  the p r im a r y  co o la n t  of a p r e s s u r i z e d  w a te r  r e a c to r  a r e  

sh o w n  in  T ab le  1. T h e s e  s o u r c e s  of p r im a r y  co o la n t  co n ta m in a t io n  a r e  d i s c u s s e d  

b e lo w .

A. F i s s i o n  P r o d u c ts

D ata  for  the c o n c e n tr a t io n s  of s e l e c t e d  f i s s i o n  p ro d u cts  m a y  b e  u t i l iz e d  to  d e 

t e r m in e  the am ount of u r a n iu m  c o n ta m in a t io n  on c o r e  s u r f a c e s ,  to d e te c t  any d e fe c t s  

in  fu e l c la d d in g ,  and to  e s t im a t e  the s e v e r i t y  of any fa i lu r e  of a fue l e le m e n t  c lad d in g .  

U nder n o r m a l  o p e r a t in g  c o n d it io n s ,  u ra n iu m  in  the p r im a r y  coo lan t  i s  at v e r y  low  

c o n c e n tr a t io n s ,  and thus i s  not e x p e c te d  to be a s ig n if ic a n t  s o u r c e  o f  f is s io n  p ro d u cts  

in  the co o la n t .  If the  u ra n iu m  c o n c e n t r a t i o n  i s  known, and s m a l l ,  the f i s s io n  p rod u ct  

c o n c e n tr a t io n s  a r i s i n g  f r o m  th is  s o u r c e  can  b e  com p u ted  w ith  an a c c u r a c y  s u ff ic ie n t  

for  u se  a s  c o r r e c t io n  fa c t o r s  in  the a p p l i c a t i o n  of the f i s s i o n  p ro d u ct  c o n c e n t r a t i o n  

data to  e v a lu a te  o th er  p la n t  p a r a m e t e r s .

The c o n c e n tr a t io n s  in  the p r im a r y  c o o la n t  of s h o r t - l iv e d  f i s s i o n  p ro d u cts  a r i s in g  

fr o m  r e c o i l s  f r o m  u ra n iu m  c o n ta m in a t io n  on c o r e  s u r f a c e s  a r e  g e n e r a l l y  p r o 

p o r t io n a l  to the m e a n  n eu tro n  f lu x  in  the c o r e .  T h e r e fo r e ,  at s t e a d y - s t a t e  r e a c to r  

o p e r a t io n s  (i. e . , the co n d it io n  e s t a b l i s h e d  w hen  the ra te  o f  r e c o i l  of a f is  s io n  p ro d u ct  

in to  the co o la n t  eq u a ls  i t s  ra te  o f  d e c a y  p lu s  the ra te  of r e m o v a l  by the d e m in e r a l iz e r ) ,  

the c o n c e n tr a t io n  o f  a g iv e n  s p e c i e s  i s  e x p e c te d  to be co n sta n t .  It i s  a l s o  in s e n s i t i v e

-  2 -



T A B L E  1

T Y PIC A L  R A D IO N U C LID E S P R E S E N T  IN PR E SS U R IZ E D  
W A T E R  R EA C TC R  COOLANT

C oolant -A ctiva tion F i s s i o n A ctiv a ted C o r r o s io n
P r o d u c t s P r o d u c t s P r o d u c ts

N -  16 7. 35 s e c o n d s 1-134 52. 5 m in u te s M n-56 2 . 5 7  h o u rs
N -  13 10. 0 m in u te s 1-135 6 . 7 5  h ou rs N i-6 5 2 .5 6  h o u rs
A r - 4 1 110 m in u te s I- 133 20. 8 h o u rs C u-64 1 2 .8  h o u rs
F -  18 112 m in u te s I- 131 8 . 0 5  days W -187 24t 0 h o u rs
N a - 2 4  1 5 .0  h o u rs C s -  139 9. 5 m in u te s C r-5 1 2 7 . 8  d ays

C s -  138 32. 2 m in u te s F e -5 9 45. 1 d ays
C s -  137 39., y e a r s Z r -9 5 * 65 d ays
B a -  139 83 m in u te s  . C o-58 7 1 .3  days
B a -  140 1 2 .8  d ays C o-60 5. 24 y e a r s
S r -9 1 9 . 6 7  h ou rs M n -5 4  , 308 days
S r -9 2 2 . 7  h ou rs
S r -8 9 § 0 .5  days
S r - 9 0 27. 7 y e a r s
Z r - 9 5 65 days
M o -9 9 66 h ou rs

■ X e -  133 5 . 2 7  days
X e -  135 9 . 2  h o u rs
X e -  I35m 15. 3 m in u te s
K r -8 5 1 0 .3  y e a r s

* fr o m  fo l lo w e r  rod a s s e m b l y

„  3 „
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to  o p e r a t in g  t im e  and to  r e a c t o r  p o w e r  t r a n s ie n t s  on ce  the s t e a d y - s t a t e  con d it ion  

h a s  b e e n  a c h ie v e d .  T h is  c o n d it io n  i s  e s ta b l i s h e d  a f te r  o p era t io n  of the r e a c to r  at  

a co n s ta n t  p o w e r  w ith  c o n s ta n t  c o o la n t  and le t - d o w n  flow  r a t e s  for  a p e r io d  of  

a p p r o x im a te ly  four h a l f - l i v e s  of the  f i s s i o n  p ro d u ct .  F u rth erm ore^  the c o n c e n tr a t io n s  

o f  s h o r t - l i v e d  f i s s i o n  p r o d u c ts  a r i s i n g  f r o m  th is  s o u r c e  a r e  ex p e c te d  to  b e  p r o 

p o r t io n a l  to  th e ir  f i s s i o n  y i e ld s .  The m eth o d  of c a lc u la t in g  the u ran iu m  co n ta m in a t io n  

o f  the c o r e  s u r fa c e  i s  d i s c u s s e d  in  A p p en d ix  I.

T he c o n c e n tr a t io n s  in  th e  p r im a r y  co o la n t  o f  f i s s i o n  p ro d u cts  r e s u l t in g  fr o m  

le a k a g e  through  a d e f e c t iv e  fu e l  e l e m e n t  c lad d in g  g e n e r a l ly  ex h ib it  d if fere n t  p a t te r n s .  

F o r  e x a m p le ,  the r e l e a s e  r a te  o f  a g iv e n  r a d io n u c lid e  m a y  b e  a fun ction  o f  i t s  

v o la t i l i t y  or so lu b i l i ty  in  the c o o la n t ,  o f  the v o la t i l i t y  or so lu b i l i ty  of a r a d io a c t iv e  

p r e c u r s o r ,  of the t e m p e r a tu r e  or burnup h i s t o r y  of the e x p o s e d  fu e l ,  or of the s i z e  

of  the b r e a c h  in  th e  c la d d in g . T he r a t io s  o f  th ese  c o n c e n tr a t io n s ,  t h e r e fo r e ,  g e n e r a l ly  

a r e  in s e n s i t iv e  to the f i s s i o n  y i e ld s .  A lthough  the c o n c e n tr a t io n s  w i l l  n o r m a l ly  v a r y  

w ith  r e a c t o r  p o w e r ,  p ro n o u n c ed  c h a n g e s  in  c o n c e n tr a t io n  freq u e n t ly  o ccu r  a s  a r e s u l t  

of  p o w e r  t r a n s ie n t s  or fo l lo w in g  s ta r t -u p  or shutdow n of the r e a c to r .

F i s  s io n  p r o d u c ts  w h ich  a r e  v o la t i l e  at fu e l  e le m e n t  t e m p e r a tu r e s  a r e  known to  

be r e l e a s e d  p r e f e r e n t ia l ly  f r o m  the fu e l .  T he n ob le  gas  f i s s io n  p r o d u c ts ,  or th e ir  

s h o r t - l i v e d  d e c a y  p r o d u c ts  ( e . g . ,  i s o t o p e s  o f  ru b id iu m , s tro n t iu m , c e s iu m ,  and  

b a r iu m ),  and i s o t o p e s  o f  v o la t i l e  e l e m e n t s  su ch  a s  io d in e  and b r o m in e  m a y  be  

e m p lo y e d  a s  s e n s i t iv e  in d ic a to r s  o f  a c la d d in g  d e fe c t  or fa i lu r e .  The b e h a v io r  o f  the  

c o n c e n tr a t io n s  of tw o o r  m o r e  of su c h  f i s s i o n  p ro d u cts  a s  a fun ction  of t im e  and 

r e a c t o r  o p e r a t in g  p a r a m e t e r s  can  thus be  u s e d  to d e te c t  ra p id ly  any s ig n if ic a n t  

c lad d in g  d e fe c t .

If the  c o n c e n tr a t io n  of t h e s e  f i s  s io n  p ro d u cts  in  the co o la n t  r e s u l t in g  fr o m  

u ran iu m  c o n ta m in a t io n  o f  c o r e  s u r f a c e s  h a s  b e e n  e s ta b l i s h e d ,  t h e s e  v a lu e s  m a y  be  

u se d  a s  a b a s e  l in e  fo r  n o r m a l  r e a c t o r  o p e r a t io n s .  S ig n if ica n t  d e v ia t io n s  fr o m  the  

b a s e  l in e  c o n c e n tr a t io n s  th en  in d ic a te  that a fu e l  e l e m e n t  c ladd in g  m a y  h ave  b e c o m e  

d e fe c t iv e .  One p h a se  of the e x p e r im e n ta l  p r o g r a m  w a s  p e r fo r m e d  to d e te r m in e  the  

’’n o r m a l” f i s s i o n  p ro d u ct  c o n c e n tr a t io n s  and th e  u ran iu m  co n ta m in a t io n  of c o r e  

s u r f a c e s .

- 4 -



T he s e l e c t io n  of the o p t im u m  f i s s i o n  p r o d u c ts  fo r  rou tin e  s u r v e i l la n c e  o f  the  

p r im a r y  c o o la n t  w a s  b a s e d  on s e v e r a l  c o n s id e r a t io n s .  It i s  d e s ir a b le  that th ey  be  

fo r m e d  in  h igh  y ie ld  in  th e  f i s s i o n  p r o c e s s . ,  that th ey  h a v e  sh o r t  h a l f - l iv e s y  and that  

the r e q u is i t e  a n a ly s e s  ca n  b e  p e r f o r m e d  ra p id ly  and a c c u r a te ly .  It i s  im p o rta n t  

that th e y  b e  p r e f e r e n t i a l l y  r e l e a s e d  f r o m  the fuel to  the coo lantj  and that th ey  be  

s o lu b le  in  the co o la n t  under p lan t  o p e r a t in g  co n d it io n s .  M any f i s s io n - p r o d u c t  

e le m e n tS j  su c h  a s  te llur ium ^  cerium ^ and z ircon iu m ,, tend  to  deposit^ in  v a r y in g  

d e g r e e s ,  on p a r t ic u la te  m a t t e r  in  the co o la n t  or on p r im a r y  s y s t e m  s u r f a c e s .  Such  

n u c l id e s  sh ou ld  thus not b e  s e l e c t e d  a s  s e n s i t i v e  in d ic a to r s  of c ladd ing  f a i lu r e s .

T h e r a d io i s o t o p e s  o f  io d in e  s a t i s f y  the p r in c ip a l  c r i t e r ia  fo r  c ladd in g  fa i lu r e  

in d ic a t o r s .  T h e r e f o r e ,  a s p e c ia l  rap id  m e th o d  of a n a ly s i s  for  io d in e  r a d io a c t iv i ty  

w a s  s e l e c t e d  fo r  ro u t in e  s u r v e i l la n c e  o f  f i s s i o n  p rod u ct  c o n c e n tr a t io n s  in  the p r im a r y  

coo lan t .

S o m e  r a d io a c t iv e  f i s s i o n  p r o d u c ts  a r e  im p o rta n t  a l s o  fr o m  a r a d io lo g ic a l  s a fe ty
90v ie w p o in t .  F o r  e x a m p le ,  Sr , by v ir tu e  o f  i t s  lon g  n u c le a r  and b io lo g ic a l  h a l f - l i v e s ,  

i s  of s e r io u s  c o n c e r n  i f  i t  i s  in tro d u ced  in to  th e  b io s p h e r e .  C ontro ls  m u s t  be  

e s t a b l i s h e d ,  t h e r e f o r e ,  to p r e v e n t  r e l e a s e  to  the e n v ir o n m e n t  of any p lan t e f f lu en ts  

w hich  m a y  co n ta in  a quantity  o f  a r a d io a c t iv e  s p e c i e s  le a d in g  to en v ir o n m e n ta l  c o n 

ta m in a t io n  l e v e l s  in  e x c e s s  o f  i t s  m a x im u m  p e r m i s s i b l e  c o n cen tra t io n .  F o r  a 

r e a c to r  p lan t ,  in fo r m a t io n  i s  a l s o  r e q u ir e d  to  ev a lu a te  the r a d io lo g ic a l  h a z a r d  w hich  

m ig h t  r e s u l t  f r o m  le a k a g e  or o th er  in a d v e r te n t  r e l e a s e s  of con ta ined  f lu id s .  T h e r e fo r e ,  

data fo r  the n o r m a l  c o n c e n tr a t io n s  o f  the l o n g e r - l i v e d  f i s s i o n  p ro d u cts  in  r e a c to r  

c o o la n ts  and in  l iq u id  w a s t e s  p r io r  to  d i s c h a r g e  a r e  r e q u ir e d .

B . A c t iv a te d  C o r r o s io n  P r o d u c ts

A t th e  n o r m a l  o p e r a t in g  t e m p e r a tu r e  r a n g e  o f  p r e s s u r i z e d  w a te r  r e a c t o r s ,  

c o r r o s i o n  o f  the  s tr u c tu r a l  m a t e r i a l s  of the p r im a r y  s y s t e m  p r o c e e d s  at a s lo w  but 

f in ite  r a te .  M inute q u a n t i t ie s  o f  t h e s e  m a t e r i a l s  en te r  the co o la n t  and a r e  p r e s e n t  

in  tr u e  s o lu t io n ,  or in  c o l lo id a l  or p a r t ic u la te  f o r m s .  The p a r t ic u la te  f r a c t io n  is  

c o m m o n ly  r e f e r r e d  to a s  cru d . T h e s e  c o r r o s i o n  p ro d u cts  a r e  c ir c u la te d  through the  

c o r e  by  th e  co o la n t .  A s  a r e s u l t ,  n e u tr o n -a c t iv a te d  c o r r o s i o n  p ro d u cts  a r e  fo r m e d .  

T h e s e  r a d io n u c l id e s  a l s o  m a y  b e  p r e s e n t  in  so lu t io n  or  a s  c o l lo id s ,  or th ey  m a y  be  

a s s o c ia t e d  w ith  the cru d  fr a c t io n .
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The cru d  f r a c t io n  ten d s  to d e p o s i t  on p r im a r y  s y s t e m  su rfaces^  w h e r e  the c o n 

ta in ed  l o n g e r - l i v e d  a c t iv a te d  c o r r o s i o n  p r o d u c ts  m a y  c o n s t i tu te  a r a d io lo g ic a l  

h a z a r d  in  the e v e n t  that a c c e s s  i s  r e q u ir e d  for  rou tin e  o r  e m e r g e n c y  m a in te n a n c e  

o p e r a t io n s .

T he d is tr ib u t io n  of the cru d  b e tw e e n  a l iq u id  s u s p e n s io n  and a d e p o s ite d  fo r m  

d ep en d s  on the  s i z e  o f  the p a r t ic u la t e s ,  the s p e c i f i c  m a t e r i a l s  fr o m  w hich  the s y s t e m  

i s  fa b r ic a te d ,  the t e m p e r a tu r e ,  and the f lo w  r a te  and pH of the coo lan t .  The la t t e r  

p a r a m e t e r  i s  a l s o  an im p o r ta n t  fa c to r  in  d e te r m in in g  the d is tr ib u t io n  o f  the a c t iv a te d  

c o r r o s i o n  p r o d u c ts  (and of s o m e  f i s s i o n  p r o d u c ts )  b e tw e e n  the l iq u id  and s o l id  p h a s e s  

in  the p r im a r y  co o la n t .  F o r  e x a m p le ,  in  the ty p ic a l  ra n g e  of pH v a lu e s  of p r e s s u r iz e d  

w a te r  r e a c t o r  c o o la n ts  (pH 7 -  11), the m a jo r  f r a c t io n s  of th e  a c t iv a te d  c o r r o s io n  

p r o d u c ts  g e n e r a l ly  a r e  a s s o c ia t e d  w ith  the  cru d  fr a c t io n .  T h e r e fo r e ,  it  i s  e s s e n t ia l  

to  d e te r m in e  the c o n c e n tr a t io n s  o f  t h e s e  r a d io n u c l id e s  in  both  p h a se s  of the coo lan t  

to  obtain  the  d e s i r e d  data  for  c o r r o s i o n  and fo r  p o ten t ia l  co n ta m in a t io n  of s y s t e m  

s u r f a c e s .

A f te r  s u s ta in e d  o p e r a t io n  o f  the  r e a c t o r ,  and in  th e  a b s e n c e  of a d e fe c t iv e  fuel  

e le m e n t  c la d d in g , the a c t iv a te d  c o r r o s i o n  p r o d u c ts  u s u a l ly  co n st itu te  the p red o m in a n t  

l o n g - l i v e d  r a d io a c t iv i t i e s  in  the  p r im a r y  co o la n t .  It i s  im p o rta n t  that the d e m in e r a l i z e r  

s y s t e m  b e  e f f e c t iv e  for  t h e s e  s p e c i e s  to  m in im i z e  the p o ten t ia l  con tam ination  of s y s t e m  

s u r f a c e s  and to  a s s u r e  that th e ir  c o n c e n tr a t io n s  in  l iq u id  e ff lu en ts  a r e  c o n s is t e n t  w ith  

r a d io lo g ic a l  s a fe ty  r e q u ir e m e n t s .  P e r i o d i c  m e a s u r e m e n t s  of a c t iv a te d  c o r r o s io n  

p r o d u c ts  in  th e  in f lu en t  and e f f lu e n t  of the d e m in e r a l i z e r  p r o v id e  t e s t s  of its  

p e r f o r m a n c e  in  r e m o v in g  t h e s e  im p o r ta n t  r a d io a c t iv e  s p e c i e s .

C. C o o la n t -A c t iv a t io n  P r o d u c t s

The th ird  type of r a d io a c t iv e  s p e c i e s  p r e s e n t  in the p r im a r y  co o la n t  r e s u l t s  f r o m  

in t e r a c t io n  of n eu tro n s  or g a m m a - r a y s  or  of s e c o n d a r y  p a r t  i d e s  ( i . e . ,  p r o to n s ,

a lp h a  p a r t i c l e s )  w ith  im p u r i t i e s  in  the co o la n t  or w ith  co o la n t  c o n s t i tu e n ts .  F o r  e x -
16 16 16 13

a m p le , ,  N  m a y  b e  p r o d u c e d  f r o m  the r e a c t io n  O (n, P)N J N i s  b e l i e v e d  fo r m e d
16 13 (4) 18 18 18 41

b y  the  r e a c t io n  O (p, a )N  |  F  by  the r e a c t io n  O (p, n )F  j A r by the r e -
40 41 24 23, 24a c t io n  A r (n, y  )A r J and N a  b y  the r e a c t io n  Na (n, y )Na . R a d io n u c lid e s  su ch

16 18
a s  N and F  a r e  thus in t r in s ic  to  a q u eou s  p r im a r y  c o o la n ts  or m o d e r a t o r s .
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41 24
D is s o l v e d  a ir  l e a d s  to  p r o d u c t io n  o f  A r   ̂ and Na is  fo r m e d  fr o m  so d iu m  i m 

p u r i t ie s  in  th e  p r im a r y  c o o la n t .  T h erefore^  t h e s e  la t t e r  two s p e c i e s  can  be  u se d

a s  in d ic a to r s ,  r e s p e c t i v e ly ,  of e x c e s s i v e  a ir  or ca t io n  im p u r it i e s  in the p r im a r y
41

s y s t e m .  A r i s  p a r t ic u la r ly  u s e fu l  in  d e te c t in g  a ir  le a k a g e  in to  the s y te m  or in*

ad eq uate  r e m o v a l  o f  a ir  d u r in g  p u r i f ic a t io n  of m a k e -u p  w a te r .  S in ce  o x y g en  h a s  a
41

s tr o n g ly  d e le t e r io u s  e f f e c t  on c o r r o s i o n  r a t e s  in  w a t e r - c o o le d  r e a c t o r s ,  A r  a n a ly s e s

s e r v e  an  e s p e c i a l l y  u s e fu l  p u r p o se  in  co o la n t  q u a lity  co n tro l .

N it r o g e n -  16 e m it s  v e r y  e n e r g e t ic  g a m m a  r a d ia t io n s  and i s  a p r im e  c o n s id e r a t io n
24

in r e a c t o r  s h ie ld in g .  E x c e s s i v e  c o n c e n tr a t io n s  of Na m a y  a l s o  in tro d u ce  s tr in g e n t  

r a d ia t io n -  s h ie ld in g  r e q u ir e m e n t s .  Cone en tr  a t ion s  o f  th e s e  s p e c i e s  a r e  thus of in 

t e r e s t  f r o m  a r a d io lo g ic a l  s a fe ty  v ie w p o in t .  E a r ly  in d ic a t io n  of g r o s s  i n c r e a s e s  in  

t h e ir  c o n c e n tr a t io n s  can  p e r m it  c o r r e c t i v e  a c t io n  to be  taken  to  r e d u c e  th e ir  c o n 

c e n tr a t io n s  b e fo r e  th ey  r e p r e s e n t  r a d io lo g ic a l  s a fe ty  or e n g in e e r in g  p r o b le m s .

The r a d io c h e m is t r y  s tu d ie s  p e r f o r m e d  during the s ta r t -u p  and in it ia l  o p er a t io n s  

of  the  r e a c t o r  p lan t ab oard  the N. S. S avannah  p r o v id e d  the data  to a s s i s t  in  

ev a lu a t in g  the v a r io u s  p a r a m e t e r s  c i te d  a b o v e .  The e x p e r im e n ta l  p r o g r a m  and 

e x p e r im e n ta l  r e s u l t s  a r e  p r e s e n t e d  in  the n e x t  two s e c t io n s ,  r e s p e c t i v e ly ,  and a 

d i s c u s s i o n  o f  the r e s u l t s  i s  g iv e n  in  the f in a l  s e c t io n .
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IL E X P E R IM E N T A L  PR O G RA M

A= G e n e ra l  M eth od s

The e x p e r im e n ta l  p r o g r a m  w a s  d e s ig n e d  to  m e e t  tw o o b je c t iv e s :  (1) d a ily  

s u r v e i l la n c e  o f  the r a d io a c t iv i ty  con ten t  of the p r im a r y  s y s t e m  of the r e a c to r  p lant,  

and (2) d e ta i le d  c h a r a c t e r iz a t io n  of the r a d io a c t iv i t ie s  at v a r io u s  s ta g e s  of the p lan t  

s ta r t -u p  and t e s t  o p e r a t io n s .  R outine  s u r v e i l la n c e  o p e r a t io n s  in v o lv e d  d a ily  m e a s u r e 

m e n ts  d e s ig n e d  to in d ic a te  r a p id ly  c h a n g e s  in  the g r o s s  quantity  of r a d io a c t iv i ty  in  

the p r im a r y  s y s t e m  and to  m o n ito r  the co o la n t  for  c r i t i c a l  c o n s t i tu e n ts .  T h r e e  ty p e s  

of m e a s u r e m e n t s  w e r e  p e r f o r m e d  on p r im a r y  coo lan t  s a m p le s  in t h e s e  o p era t io n s:

(a) a n a ly s e s  of " g r o s s  15-m in u te  d e g a s s e d  a c t iv i t ie s " ,  (b) g r o s s  o n e -h o u r  iod in e  

a n a ly s e s ,  and ( c) g a m m a -  s p e c tr u m  a n a ly s e s  of o n e - l i t e r  s a m p le s  of the u n f ilter ed  

p r im a r y  co o la n t .

The g r o s s  1 5 -m in u te  d e g a s s e d  a c t iv i ty  w a s  d e te r m in e d  by d e g a s s in g  a 2 - m l  

a liqu ot  o f  p r im a r y  co o la n t  and g a m m a  cou n tin g  it  e x a c t ly  15 m in u te s  a fter  s a m p lin g .  

A ll  g a m m a  r a d ia t io n s  h a v in g  e n e r g i e s  g r e a t e r  than 30 K ev w e r e  m e a s u r e d .  T h is  

m e a s u r e m e n t  s e r v e d  a s  a rap id  in d ic a to r  of the g r o s s  r a d io a c t iv i ty  in  the p r im a r y  

coo lant.

The g r o s s  one -h o u r  io d in e  a c t iv i ty  w a s  d e te r m in e d  in  d u p lica te  o n e - l i t e r  s a m p le s  

of f i l t e r e d  co o la n t  by  p e r fo r m in g  c h e m ic a l  s e p a r a t io n  of io d in e  and d e te r m in in g  the  

g a m m a  a c t iv i ty  in the io d in e  f r a c t io n  e x a c t ly  one hour a f ter  sa m p lin g .  This i s  a 

rap id  m eth o d  of e s t im a t in g  f i s s i o n  p rod u ct  co n cen tra t io n s  in  the p r im a r y  s y s t e m  and  

of d e te c t in g  fu e l  c la d d in g  fa i lu r e .

P e r io d ic a l ly ,  in te g r a l  d e c a y  c u r v e s  w e r e  obta ined  for  both ty p e s  of s a m p le s .

T h e s e  c u r v e s  r e p r e s e n t  the g r o s s  d eca y  of a l l  r a d io n u c l id e s  in  the s a m p le s  w h ich  

e m it  g a m m a  r a d ia t io n s  h a v in g  e n e r g i e s  g r e a t e r  than 30 K ev. The o b s e r v a t io n  of the  

g r o s s  g a m m a  s p e c tr u m  of the co o la n t  s e r v e d  as  an in d ica to r  of ch a n g e s  in the c o n 

c e n tr a t io n s  of i t s  p r in c ip a l  r a d io a c t iv e  c o n s t i tu e n ts .  T h is  s e r i e s  of a n a ly s e s  w as  

d e e m e d  to  be the m in im u m  r e q u ir e m e n t  fo r  s u r v e i l la n c e  of the o v e r a l l  p e r fo r m a n c e  

and r e l ia b i l i t y  of the p r im a r y  s y s t e m .

P e r io d ic a l ly ,  s a m p l e s  of s e c o n d a r y  and in te r m e d ia te  s y s t e m  f lu id s  w e r e
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a n a ly z e d  to d e te r m in e  that no r a d io a c t iv i ty  had le a k e d  into  t h e s e  s y s t e m s .  The liq u id  

w a s te  tanks w e r e  a l s o  a s s a y e d  to  a s s u r e  that d is c h a r g e d  l iq u id s  con ta in ed  no m o r e  

than the m a x im u m  p e r m i s s i b l e  c o n c e n tr a t io n  o f  r a d io a c t iv i ty .

D u r in g  p e r io d s  of s u s ta in e d  r e a c t o r  o p e r a t io n s  at r e la t iv e ly  co n sta n t  power., 

d e ta i le d  c h a r a c t e r iz a t io n s  of the r a d io a c t iv e  s p e c i e s  in  the p r im a r y  coo lan t  w e r e  

p e r fo r m e d .  T h e s e  c h a r a c t e r iz a t io n s  in v o lv e d  the qu antita t ive  d e te r m in a t io n s  of 

in d iv idu a l r a d io n u c l id e s  in  the c o o la n t  and of th e ir  d is tr ib u t io n s  b e tw e e n  the aqueous^  

so lid j  and gas  phasesj, i f  p o s s i b l e .  The d is tr ib u t io n  of t h e s e  r a d io n u c l id e s  b e tw e e n  

the aq u eou s  p h a se  ( s o lu b le s )  and s o l id  p h a se  ( c o r r o s io n  p ro d u ct  p a r t ic u la te s ,  or  

crud) w a s  d e te r m in e d  b y  m e a s u r e m e n t s  on o n e - l i t e r  s a m p le s  o f  f i l t e r e d  and d e 

gas  sed  co o la n t  and on p a r t ic u la t e  s a m p le s  r e m o v e d  fr o m  the co o la n t  durin g  the  

f i l t e r in g  o p e r a t io n .  U n fo r tu n a te ly ,  d i r e c t  m e a s u r e m e n t  of g a s - p h a s e  r a d io a c t iv i ty  

cou ld  not be  p e r f o r m e d  b e c a u s e  the sh ip b oard  g a s  - sa m p lin g  s y s t e m  w a s  in o p e r a t iv e  

for  the d u ra t io n  of th is  p r o g r a m .  E s t im a t e s  of th is  a c t iv i ty  w e r e  a ttem p ted ,  h o w 

e v e r ,  f r o m  data  ob ta in ed  in  o th er  s a m p l e s .  In addition , th e  e f f ic ie n c y  of the d e 

m i n e r a l i z e r  w a s  d e te r m in e d  p e r io d ic a l ly  by m e a s u r e m e n t  of s p e c i f i c  r a d io n u c lid e s  

in  s a m p le s  of in f lu en t  and e ff lu en t  coo lan t .

R a d io a c t iv i ty  b a la n c e s  w e r e  a l s o  p e r fo r m e d  du ring  p e r io d s  of co n sta n t  r e a c to r  

p o w e r .  T h e s e  m e a s u r e m e n t s  in v o lv e d  the s e a r c h  for  a ll  s ig n if ic a n t  r a d io a c t iv e  

c o n s t i tu e n ts  in  a s a m p le  of p r im a r y  c o o la n t  and the c o m p a r is o n  of the su m m a tio n  of  

the r a d io a c t iv i ty  in the c h e m ic a l ly  s e p a r a te d  f r a c t io n s  w ith  the g r o s s  g a m m a  r a d io 

a c t iv i ty  in  d e g a s s e d  s a m p le s  of co o la n t .  T h e s e  m e a s u r e m e n t s  a s s u r e d  that a l l  

g a m m a - e m it t in g  r a d io n u c l id e s  p r e s e n t  in  s ig n if ic a n t  q u a n t it ie s  of the p r im a r y  

co o la n t  w e r e  id e n t i f ie d  and m e a s u r e d .

A ll  s a m p le s  w e r e  r e m o v e d  fr o m  the r e a c t o r  s y s t e m  under the s u p e r v is io n  of  

an N SE C  r e p r e s e n t a t iv e  and of the sh if t  h e a lth  p h y s i c i s t .  The s a m p le s  of p r im a r y  

co o la n t  w e r e  tak en  a t  the d e m in e r a l i z e r  in f lu en t at a co n sta n t  f low  ra te  of one l i t e r  

p er  m in u te .  T h e s a m p le s  w e r e  im m e d ia te ly  f i l t e r e d  a n d /o r  d e g a s s e d ,  a s  req u ir e d ,  

in p r e p a r a t io n  for  a n a ly t ic a l  m e a s u r e m e n t s .

The a n a ly t ic a l  p r o c e d u r e s  u s e d  in  t h e s e  s tu d ie s  w e r e  b a s e d  on p r o v e n
(5 6> T 8)m e th o d s '   ̂  ̂ \  T h e s e  p r o c e d u r e s  w e r e  m o d if ie d ,  w hen  n e c e s s a r y ,  to m e e t  the
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s p e c i f i c  r e q u ir e m e n ts  of th is  p r o g r a m .

The b a s i c  e x p e r im e n t a l  p r o g r a m  m a y  b e  c o n v e n ie n t ly  d iv id ed  into  tw o s e c t io n s :

(1) o p e r a t io n s  a t  C am den , c o r r e s p o n d in g  to P h a s e s  III and IV -A  for  th e  c o n s tr u c t io n

and t e s t in g  of the v e s s e l ^ ^ \  and (2) o p e r a t io n s  at Y orktow n, c o r r e sp o n d in g  to
(2 )

P h a s e s  IV -B  and V. D e s c r ip t io n s  o f  the s tu d ie s  p e r fo r m e d  a r e  now p r e s e n te d .

B. O p era tio n s  at C am den

1. P r e -  C r i t ic a l i t y  A c t iv i t i e s  (P h a s e  III)

A t the In cep tion  o f  th is  p r o g r a m ,  the n eed  for  su ita b le  la b o r a to r y  s p a c e  and  

f a c i l i t i e s  ab oard  sh ip  w a s  r e c o g n iz e d .  Such f a c i l i t i e s  in c lu d ed  a la b o r a to r y  for  

r a d io c h e m is t r y  p r o c e s s i n g  and a s e p a r a te  a r e a  for  the  n u c le o n ic s  in s tr u m e n ts  u sed  

fo r  m e a s u r e m e n t  of the r a d io a c t iv i t i e s  in  p r o c e s s e d  s a m p le s .  The la c k  of such  

f a c i l i t i e s ,  e i th e r  ab oard  sh ip  or  in  the sh ip y a rd ,  n e c e s s i t a t e d  c o n s tr u c t io n  of su ita b le  

la b o r a to r y  s p a c e .  N SE C  p e r s o n n e l  m a d e  r e c o m m e n d a t io n s  for  the re q u ir e d  la b o r 

a to r y  f a c i l i t i e s  and eq u ip m en t.

R e c o m m e n d a t io n s  for  the r a d io c h e m is t r y  la b o r a to r y  w e r e  b a s e d  on the  

m in im u m  s p a c e  r e q u ir e m e n t s  of th e  fo u r - m a n  s ta f f  a s  s ig n e d  to p e r fo r m  the on- s i t e  

p r o g r a m  and on the n u c le o n ic s  eq u ip m en t  s p e c i f i e d  to conduct the e x p e r im e n ta l  

s tu d ie s .  Tw o hundred  sq u a r e  f e e t  of la b o r a to r y  s p a c e ,  con ta in in g  tw o fum e h o o d s ,  

a p p r o x im a te ly  tw en ty  l in e a r  f e e t  of la b o r a to r y  b en ch  s p a c e ,  n o rm a l la b o r a to r y  

u t i l i t i e s ,  and r a d io a c t iv e  w a s t e  d i s p o s a l  f a c i l i t i e s ,  w a s  ju d ged  to be a m in im u m  r e 

q u ir e m e n t  to  p e r f o r m  p r o p e r ly  the e x p e r im e n ta l  p r o g r a m . An add itiona l s p a c e  of  

at l e a s t  100 s q u a r e  f e e t  w a s  r e c o m m e n d e d  fo r  in s ta l la t io n  o f  the n u c le o n ic s  

in s t r u m e n ts  and for  d e s k  s p a c e  for  data  p r o c e s s in g .  A fter  the d e c i s io n  to c o n s tr u c t  

both the la b o r a to r y  and in s tr u m e n t  r o o m  in  t r a i l e r  b o d ie s ,  N SE C  p e r s o n n e l  p r e p a r e d  

d e s ig n  c r i t e r ia  c o n s i s t e n t  w ith  the ab ove  r e c o m m e n d a t io n s ,  s e le c t e d  the r e q u ir e d  

eq u ip m en t ,  a s s i s t e d  in  the c o n s tr u c t io n  and in s ta l la t io n  o p e r a t io n s ,  and p r o c u r e d  the  

n e c e s s a r y  la b o r a to r y  w a r e ,  s u p p l ie s ,  and r e a g e n t s .

T he fo l lo w in g  N S E C -o w n e d  r a d io a c t iv i ty  m e a s u r in g  eq u ip m en t w a s  p ro v id ed  

for th is  p r o g r a m :

(1) a fu l ly  t r a n s i s t o r i z e d  2 5 6 - ch an n e l,  p u ls e - h e ig h t  a n a ly z e r ,  w ith  a
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3 - in .  X 3~in. NalfTL) c r y s t a l ,  a n a lo g u e  data  d is p la y ,  and d ig ita l  r e a d -o u tj

(2) a s in g le - c h a n n e l ,  p u l s e - h e ig h t  a n a l y z e r - s c a l e r  a s s e m b l y ,  w ith  a l - 3 /4 ~ in .

X 2-in . N a l ( T l )  w e l l - t y p e  c r y s t a l ;  and

(3) a s c a l e r ,  p o w e r  su p p ly ,  and a r g o n - f i l l e d ,  h a lo g e n -q u e n c h e d  g e ig e r  tube  

fo r  b e ta  cou n tin g .

T h is  eq u ip m en t  w a s  in s t a l l e d  in  the in s tr u m e n t  t r a i l e r  and w a s  c a l ib r a te d  for  

i t s  in ten d ed  u s e .

D u r in g  th is  p o r t io n  o f  the p r o g r a m ,  a s e t  of s a m p le s  w a s  obta ined  and a n a ly z e d

to d e te r m in e  th e  e x ten t ,  i f  any, of r a d io a c t iv e  co n ta m in a t io n  o f  the r e a c to r  s y s t e m

p r io r  to in i t ia l  c r i t i c a l i t y .  Such  c o n ta m in a t io n  m ig h t  h a v e  r e s u l t e d  fr o m  f r e s h  fa llo u t

fr o m  the 1961 U. S. S .R . n u c le a r  w e a p o n s  t e s t  s e r i e s ,  or  fr o m  r a d io a c t i t iv e s  c r e a te d

in  the r e a c t o r  c o r e  d u r in g  p r e - in s t a l l a t io n  c r i t i c a l i t y  e x p e r im e n ts  and r e l e a s e d  to

the f r e s h  co o la n t  th rou gh  g r o s s  d e fe c t  in  the fu e l  c ladd in g .

S a m p le s  w e r e  w ith d ra w n  f r o m  the p r im a r y ,  s e c o n d a r y ,  in te r m e d ia te ,  and

oth er  a u x i l ia r y  s y s t e m s  a s  d e ta i le d  in  T a b le  III (p. 23 ) .  T h e s e  s a m p le s  w e r e  a n a ly z e d

in the N SE C  la b o r a t o r i e s  for  g r o s s  a lp h a , g r o s s  b e ta ,  and g r o s s  g a m m a  r a d io -  
40 90 ^ 137

a c t iv i t i e s ,  fo r  K , Sr , and Cs , u s in g  u l t r a -  s e n s i t iv e  r a d io a c t iv i ty  m e a s u r e 

m e n t  m e th o d s ,  and fo r  u r a n iu m  ( f lu o r im e t f  ic a l ly ) .

2. E a r ly  P o w e r  O p e r a t io n s  (P h a s e  IV -A )

I m m e d ia te ly  a f te r  in i t ia l  c r i t i c a l i t y  of the r e a c to r  w a s  a c h ie v e d ,  the e x p e r i 

m e n ta l  r a d io c h e m is t r y  p r o g r a m  w a s  in it ia te d .  R outine  s u r v e i l la n c e  of the p r im a r y  

s y s t e m  w a s  e s t a b l i s h e d  and con tin u ed  du rin g  a l l  p e r io d s  in  w hich  the r e a c to r  w a s  

c r i t i c a l .  The ro u t in e  a n a ly s e s  c i te d  p r e v i o u s ly  w e r e  p e r fo r m e d  throughout th is  

p h a se .

D u r in g  th is  p h a s e ,  the  r e a c t o r  o p e r a te d  fo r  a s u s ta in e d  p e r io d  at 9. 7% of

fu ll p o w e r .  * A  d e ta i le d  c h a r a c t e r iz a t io n  of the r a d io a c t iv i t ie s  in  the p r im a r y  co o la n t
13

w a s  p e r f o r m e d  at th is  p o w e r  l e v e l .  T h is  e x p e r im e n t  in v o lv e d  m e a s u r e m e n t  of N ,
^ 18  2 4  56  ̂ 91 , 92 133, 134, 135 ^ 138 1 3 9 .  ^
F  , N a J M n , Sr ' , I , Cs , and B a  in  a  f i l t e r e d  and d e 

g a s s e d  s a m p le  of p r im a r y  c o o la n t .  T he s e p a r a te d  crud  fr a c t io n  w a s  a s s a y e d  by

* F o r  p u r p o s e s  of t h e s e  s t u d ie s ,  fu ll p o w e r  w a s  tak en  to  be 69 M w (th).
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g a m m a  s p e c t r o m e t r y  and g r o s s  d e c a y  m e a s u r e m e n t s .

C. O p er a tio n s  at Y orktow n  ( P h a s e s  IV -B  and V)

T he N. S. Savannah w a s  r e m o v e d  to  the U .S .  C o a st  Guard R e s e r v e  T ra in in g  

C en ter  a t  Y orktow n, V ir g in ia ,  fo r  t e s t  o p e r a t io n s  at p o w e r  l e v e l s  in  e x c e s s  o f  10% 

o f  fu ll p o w e r .  T h is  m o v e  n e c e s s i t a t e d  p a r t ia l  d is m a n t l in g  of both  the la b o r a to r y  and 

in s tr u m e n t  t r a i l e r s .  W hen the m o v e  had b e e n  e f f e c te d ,  the t r a i l e r s  w e r e  r e s t o r e d  

to  o p e r a t in g  c o n d it io n s .

The r a d io c h e m is t r y  p r o g r a m  w a s  r e s u m e d  w hen  the r e a c to r  w a s  ag a in  at p o w e r .  

S u r v e i l la n c e  o f  the p r im a r y  s y s t e m  w a s  m a in ta in e d ,  a s  d e s c r ib e d  p r e v io u s ly ,  at a l l  

t im e s  w hen  th e  r e a c t o r  w a s  o p e r a t in g .  P e r io d ic  s u r v e i l la n c e  o f  in te r m e d ia te ,  

s e c o n d a r y ,  and w a s t e  d i s p o s a l  s y s t e m s  w a s  p e r fo r m e d .  D e ta i le d  s tu d ie s  of the r a d io 

a c t iv i t i e s  in  th e  p r im a r y  s y s t e m  w e r e  con d u cted  a t  a s e r i e s  of p o w e r  l e v e l s  during  

d o c k s id e  o p e r a t io n s  and d u rin g  p o w e r  t e s t s  at s e a ,  in c lu d in g  the s e a  t r ia l s ,  and 

the a c c e p ta n c e  t e s t s .  T h e s e  s t u d ie s ,  w h ich  in c lu d ed  r a d io a c t iv i ty  b a la n ce  m e a s u r e 

m e n t s ,  w e r e  p e r f o r m e d  at a v e r a g e  p o w e r  l e v e l s  c o r r e s p o n d in g  to  18%, 38. 9%, 53%,

77. 6%, and 88. 7% of fu ll  r e a c t o r  p o w e r .  At p o w e r  l e v e l s  b e lo w  38. 9%, a n a ly s e s
65 187

w e r e  p e r f o r m e d  for N i and W in  ad d it ion  to th o s e  r a d io n u c l id e s  sought in  the

e x p e r im e n t s  p e r f o r m e d  at 9- 7% of fu ll  p o w e r .  At h ig h er  p ow er  l e v e l s ,  a n a ly s e s  w e r e
, ,  , ,  ,  ̂  ̂ ^  51 , ^ 5 4  ^  59 58, 60 131 140con d u cted  for  lo n g e r  l i v e d  s p e c i e s  su ch  a s  Cr , Mn , F e  , Co , I , B a  ,

89 95
and, on o c c a s io n ,  Sr and Zr . T hus data w e r e  obta ined  for  im p o rta n t  f i s s io n  

p r o d u c ts ,  fo r  a c t iv a t io n  p r o d u c ts  r e s u l t in g  f r o m  co o la n t  c o n s t itu e n ts  or im p u r i t i e s ,  

and for a c t iv a te d  c o r r o s i o n  p r o d u c ts .

i *
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I I I .  E X P E R IM E N T A L  R E SU L T S

A. P la n t  S u r v e i l la n c e

The c o n c e n tr a t io n s  of g r o s s  g a m m a  r a d io a c t iv i ty  and of s h o r t - l iv e d  r a d io a c t iv e  

f is  s io n  p r o d u c ts  in  th e  p r im a r y  c o o la n t  d u r in g  e a r ly  r e a c t o r  o p e r a t io n s  w e r e  

e x p e c te d  to  be d ir e c t ly  p r o p o r t io n a l  to  the r e a c t o r  p o w e r  l e v e l .  T herefore^ a ll  

e x p e r im e n ta l  v a lu e s  fo r  t h e s e  p a r a m e t e r s  w ere n o r m a l iz e d  to fu ll r e a c to r  p ow er  to  

p r o v id e  a b a s i s  for  c o m p a r is o n  of data  ob ta in ed  in s eq u en t ia l  e x p e r i m e n t s .

T he c o n c e n tr a t io n  o f  the n o r m a l iz e d  g r o s s  1 5 -m in u te  d e g a s s e d  a c t iv i ty  w a s
-2

o b s e r v e d  to h a v e  an  a v e r a g e  v a lu e  o f  (5. 6±0. 8) x  10 I p c / m l  at p ow er  l e v e l s  under

10% of fu ll  p o w e r .  T h is  m ean v a lu e  in c r e a s e d  w ith in c r e a s in g  r e a c to r  p ow er  and
- 1 ,b e c a m e  e s s e n t i a l l y  co n s ta n t  at {1. 2±0. 2) x  10 p c / m l  at p o w e r  l e v e l s  g r e a te r  than  

18% of fu ll  p o w e r .  T h is  la t t e r  v a lu e  h a s  b e e n  taken  a s  the b a s e  o p era t io n a l l e v e l  for  

the g r o s  s 1 5 -m in u te  d e g a s  s e d  a c t iv i ty .  A ty p ic a l  d e c a y  cu rv e  of a g r o s s  15-m in u te  

d e g a s s e d  s a m p le  i s  sh ow n  in  F ig u r e  1.

D u r in g  o p e r a t io n  o f  the r e a c t o r  at l e s s  than 10% of fu ll power^ the a v e r a g e

n o r m a l iz e d  v a lu e  for  the c o n c e n tr a t io n  of the g r o s s  o n e -h o u r  iod in e  a c t iv i ty  w a s
_4

(1. 2±0. 2) X 10 p c / m l .  At h ig h e r  p o w e r  lev e ls^  the a v e r a g e  n o r m a l iz e d  v a lu e  w a s
- 4

(2. 0±0. 3) X 10 p c / m l .  T h is  la t t e r  v a lu e  h a s  b e e n  tak en  a s  the b a s e  o p era t io n a l

l e v e l  for the g r o s s  o n e -h o u r  io d in e  c o n c e n tr a t io n .  A ty p ic a l  d e ca y  c u rv e  obtained  

in  th is  m a n n e r  for a g r o s s  o n e -h o u r  iod in e  s a m p le  is  show n in F ig u r e  2.

The d a ily  g r o s s  g a m m a  s p e c tr u m  m e a s u r e m e n t s  on sam p les  of u n f i l ter ed  

p r im a r y  co o la n t  w e r e  u s e d  to  d e te r m in e  ra p id ly  the p r in c ip a l  r a d io a c t iv e  c o n 

s t i tu en ts  of the co o la n t .  F ig u r e s  3 and 4 show  ty p ic a l  s p e c tr a  obtained  at r e a c to r

p o w e r  l e v e l s  o f  9« 7% and 88. 7% of fu ll p o w e r ,  r e s p e c t i v e ly .  G e n e r a lly ,  du ring  lo w
13 18 41p o w e r  o p e r a t io n s ,  th e  p r in c ip a l  r a d io a c t iv i t e s  in the co o la n t  w e r e  N ‘ , F  , Ar ,

56
and Mn . S o d iu m -24 b e c a m e  in c r e a s i n g ly  im p o rta n t  w ith  in c r e a s in g  r e a c to r

o p era t io n ,  a s  i s  s e e n  by c o m p a r is o n  of F ig u r e s  3 and 4. The 1. 37-M ev photopeak
24 41

due to N a o b s c u r e d  the 1. 2 8 - M e v  p hotop eak  of A r at the h ig h er  p ow er  le v e l ,  e v en
24

though the Na co n tr ib u t io n  to the to ta l  g a m m a  r a d ia t io n  im m e d ia te ly  a f ter  sa m p lin g
13 18 56

w a s  s m a l l  r e la t iv e  to  that of N , F  , and Mn
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F IG U R E  1

T y p ic a l  in t e g r a l  g a m m a  d e c a y  c u r v e  of g r o s s  15 -m in u te  
d e g a s s e d  a c t iv i t y .  R e a c to r  at 53% of fu ll  p o w e r .
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F IG U R E  2

T y p ic a l  in te g r a l  g a m m a  d e c a y  cu rv e  of g r o s s  
o n e -h o u r  io d in e .  R e a c to r  at 5 3% of fu ll  p o w er .
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FIG U R E  3

T y p ic a l  g r o s s  g a m m a  s p e c tr u m  of p r im a r y  
c o o la n t .  R e a c to r  at 9 .7%  of fu ll  p o w e r .
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FIG U R E 4

T y p ic a l  g r o s s  g a m m a  s p e c tr u m  of p r im a r y  
co o la n t .  R e a c to r  at 88. 7% of fu ll p o w er .
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D u rin g  the c o u r s e  o f  the s u r v e i l la n c e  o p e r a t io n s ,  the s p e c tr a  of s e l e c t e d  un

f i l t e r e d  p r im a r y  co o la n t  s a m p le s  w e r e  o b s e r v e d  a s  a fu nction  of t im e  a f ter  sa m p lin g .

A n a ly s e s  of the d e c a y  c h a r a c t e r i s t i c s  of in d iv idu a l p h otopeaks  y ie ld e d  q u an tita tive
13

v a lu e s  fo r  the p r in c ip a l  r a d io n u c l id e s  in  the coo lan t.  S in ce  1 0 -m in u te  N and 
18112-m in u te  F  d e c a y  by p o s i t r o n  e m i s s i o n ,  com p on en t a n a ly s i s  of the c o m p le x  

d e c a y  of the 0. 5 1 -M e v  an n ih ila t ion  p h otop eak  w a s  r e q u ir e d .  The m eth o d  of a n a ly s i s  

i s  d e m o n s tr a te d  in  F ig u r e  5. D ata  fo r  the c o n c e n tr a t io n s  of N , F  and Ar  

a s  a fu n ct io n  of r e a c t o r  p o w e r  a r e  sh ow n  in  T ab le  II.

B . S tu d ies  of S p e c i f ic  N u c l id e s

1. P r e - o p e r a t io n a l  S a m p le s

R e s u l t s  o f  the a n a ly s e s  of a s a m p le  of p r im a r y  coo lan t ,  of f lu id s  fr o m  

a u x i l ia r y  s y s t e m s ,  and of w a te r  s o u r c e s  for  the N. S. Savannah a re  show n in  T ab le

III. In g e n e r a l ,  no s ig n i f ic a n t  c o n c e n tr a t io n s  w e r e  o b s e r v e d  for  the r a d io a c t iv e  

s p e c i e s  sought.

T a b le  IV c o n ta in s  the c o n c e n tr a t io n s  of two lo n g  l iv e d  f i s s io n  p ro d u cts
90 137

Sr and Cs , of g r o s s  a lpha  and b e ta  r a d io a c t iv i t ie s ,  and o f  uran iu m  in  p r im a r y  

c o o la n t  s a m p le s  tak en  j u s t  p r io r  to in i t ia l  c r i t i c a l i t y  and as  a fu nction  of e a r ly  

r e a c t o r  p o w e r  l e v e l s .  P r e  - c r i t i c a l i t y  s a m p le s  w e r e  taken  at v a r y in g  coo lan t  

t e m p e r a t u r e s  and f low  r a t e s .  No s ig n i f ic a n t  c o n c e n tr a t io n s  of the sought r a d io 

a c t iv i t i e s  w e r e  o b s e r v e d .  The u ra n iu m  c o n c e n tr a t io n  in the p r im a r y  coo lan t  p r io r
-5

to  in i t ia l  c r i t i c a l i t y  w a s  (12±2) x  10 m g / 1 .  The u ra n iu m  c o n cen tra t io n  ex h ib ited

a d e c r e a s i n g  tren d  w ith con tin u in g  r e a c t o r  o p era t io n .

2. A c t iv a t io n  P r o d u c t s

D ata  w e r e  ob ta in ed  at v a r io u s  r e a c t o r  p o w e r  l e v e l s  for  the c o n c e n tr a t io n s
13

in  f i l t e r e d  a n d /o r  d e g a s s e d  p r im a r y  c o o la n t  s a m p le s  of th r e e  r a d io n u c l id e s ,  N ,
18 24

F  , and Na , r e s u l t in g  fr o m  a c t iv a t io n  of co o la n t  c o n s t itu e n ts  or im p u r i t i e s .  The  
18 24

v a lu e s  fo r  F and Na w e r e  ob ta in ed  by g a m m a  s p e c t r o m e t r y  m e a s u r e m e n t s  on

the s e p a r a te d  f r a c t io n s .  T y p ic a l  g a m m a  s p e c tr a  of the r e s p e c t iv e  s e p a r a te d
13

fr a c t io n s  a r e  sh ow n  in F ig u r e s  6 and 7. The v a lu e s  r e p o r te d  for N w e r e  d e r iv e d

- '■ - 18 -



FIG U R E  5

C om pon en t A n a ly s i s :  0 . 5 1  M ev  P h o to p ea k  
d e c a y .  R e a c to r  at 18% of fu ll  p o w e r .

Pi
W
HI—I

W
H
P
S

2
w
H

O
U

10 m in .

2000 2 1001600 19001800170015001400

TIME (hou rs)
_ 1Q _



T A B L E  II

C ON CEN TR ATIO NS OF A C T IV A T IO N  P R O D U C T S  
IN THE PR IM A R Y  COOLANT

R e a c to r  P o w e r
13 1 b ) N C o n c en tra t io n s

18 . (b) 
F C o n c en tra t io n s

41 ^ . (b)A r  C o n c en tra t io n s
(% c£ F u ll  P o w e r ) d p m / m l fJLc/ml d p m / m l [jLc/ml d p m /m l p c / m l

9. 7 8. 0x10^ 3. 6x10
3

2. 2 x  10 9. 9x10 2. 1x10^ 9. 5x10"^

18. 0 9 .8 x 1 0 ^ 4 . 4 x 1 0 “ ^ 4. 8x10^ 2. I x l 0 ‘ ^
2

4. 1x10 1. 8 x 1 0 “^

38. 9 3. 2x10^ 1. 4x10
4

1. 1x10 5. 0x10 1. 9x10^ 8. 6 x  10

53. 0 5. 4x10^ 2. 4x10 1. 6xlo"^ 7. 2 x 1 0 '^ 2. 2x10^ 9. 9 x l 0 ”

77. 6 7. 1x10^
-2

3. 2x10
4

1. 9x10 8. 5 x 1 0 “ ^ 2. 5x10^ 1. IxlO"^

88. 7
4

9. 2x10 4. 1x10“^ 2. 5x10^ 1. I x i o ”^ 5. 0x10 2. 2x10"^

(a) C o n c en tra t io n s  d e te r m in e d  by a n a ly s i s  of g r o s s  g a m m a  s p e c tr a .

(b) D ata  c o r r e c t e d  for  d e c a y  to  t im e  of s a m p lin g .



T A B L E  III

C O N CENTRATIO NS O F RADIO A CTIV ITIES IN 
P R E -O P E R A T IO N A L  S A M P L E S

I
tv

S am p le
No.

D ate  of 
S am p lin g

(a)
G ros s A lpha  

(d p m / 1)

(a)
G r o ss  B e ta  

(d p m / 1)

40
K

(d p m / 1)
G r o s s  G am m a  

(d p m / 1)

(a)

S r ' °
(d p m /1 )

D P T -  1 1 1 -1 6 -6 1 1. 5±0. 8 0±2 0 0±0. 5

B S -  I 1 1 -2 7 -6 1 2. 5 ± 0 . 9 0±2 0 0±0. 5

P V -  1 1 1 -2 6 -6 1 1. 0±0. 5 12±3 0. 04 0 OiO. 5

DW M - 1 1 1 -1 6 -6 1 1. 9±0. 7 0±2 0 0±0. 5

B F T -  I 11- 16-61 1. 7±0. 9 0±2 0 0±0. 5

P S G -1 1 1 -8 -6 1 2. 0 ± 0 . 7 0±2 0 0±0. 5

YWW- 1 11- 15-61 3. 4±0. 9 20±3 0. 05 0 0±0. 5

CCW- 1 11- 15-61 4. 5±1. 1 20±3 0. 05 0 0±0. 5

P D W - 1 11- 15-61 1. 2±0. 9 1±2 0 0±0. 5

GCW -1 1 1 -1 5 -6 1 2. 2 ± 0 . 9 12±3 0. 04 0 0±0. 5

D E -  I 1 1 -8 -6 1 3. 6±0 . 8 0±2 0 0±0. 5

V H - 1 1 1 -8 -6 1 0. 7 ± 0 . 8 0±2 0 0±0. 6

SSG -I 1 1 -8 -6 1 3. 1 ± 0 .9 0±2 0 0±0. 5

(a) The e r r o r  d e s ig n a t e s  one s tand ard  d e v ia t io n  due to  cou n tin g  s t a t i s t i c s .

D F T = D e - a e r a t o r  f e e d - w a t e r  tank CCW = C am den  c i ty  w a te r
BS = B u ffe r  s e a l  b o o s te r  pump PD W _ P o w e r  h o u s e  d i s t i l l e d  w a te r
P V P r i m a r y  v e s s e l GCW = G lo u c e s t e r  c i ty  w a te r
DWM = D is t i l l e d  w a te r  m akeu p  tank D E = D e m in e r a l i z e r  e f f lu en t
B F T B o i l e r  f e e d - w a t e r  tank VH V ent on m a in  d i s c h a r g e  h e a d e r
P S G = P o r t  s t e a m  g e n e r a to r SSG = S ta rb o a rd  s t e a m  g e n e r a to r
YWW = Y ard w e l l  w a te r



T A B L E  IV

A N A L Y T IC A L  D A T A  FOR PR IM A R Y  COOLANT S A M P L E S  
DURING E A R L Y  R E A C T O R  OPERATIONS^^^

S a m p le
No.

D ate
S a m p lin g

(b)
G r o s s  A lpha  

(d p m / 1)

(b)G r o s s  B e ta  
(d p m / 1) (d p m / 1)

(b)
137'

Cs
(d p m / 1)

U ra n iu m
( m g / l )

P V - 2 1 2 -2 0 -6 1 0±0. 8 0*8 0*0 . 5 0*0 . 6 0. 00012

P V - 3 1 2 -2 0 -6 1 0±0. 8 0*8 0*0 . 7 0. 7 * 0 .7 0 .0 0 0 1 2

P V - 4 1 2 -2 1 -6 1 0±0. 8 0*8 0*0 . 6 1*1 0. 00010

P V - 5 1 2 -2 1 -6 1 0±0. 8 0*8 0 *0 . 6 0*0 . 9 0. 00018

P V - I I 1 2 -2 8 -6 1 0±0. 8 0*8 0*0 . 9 1*1 0. 00008

P V -  13 1 -3 -6 2 0±0. 8 0*8 0*0 . 8 1*1 0 .0 0 0 0 6

P V -  14 1 -1 0 -6 2 0*0 . 8 0*8 0*1 . 2 1*1 0 .0 0 0 0 8

P V -  15 1 -1 1 -6 2 0*0 . 8 0*8 0*0 . 7 0. 5*1 0 .0 0 0 0 4

(a) S a m p le s  tak en  at v a r y in g  co n d it io n s  o f  co o la n t  t e m p e r a tu r e  and f low  r a te  and o f  r e a c t o r  p o w e r .

(b) The e r r o r  d e s ig n a t e s  one s ta n d a rd  d e v ia t io n  due to  cou n tin g  s t a t i s t i c s .

(c) In it ia l c r i t i c a l i t y  w a s  a c h ie v e d  at 1945 h r s ,  12-2  1-6  1.



0. 51 M ev
f 18

FIGURE

T y p ic a l  g a m m a  s p e c tr u m  of s e p a r a te d  f lu o r in e  
f r a c t io n .  R e a c to r  at 5 3% of fu ll  p o w e r .
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FIG U R E 7

T y p ic a l  g a m m a  s p e c tr u m  (0 to 1. 6 Mev) of s e p a r a te d  
so d iu m  fr a c t io n .  R e a c to r  at 77. 6% of fu ll p o w er .
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fr o m  co m p o n en t  a n a ly s e s  of the g r o s s  d e c a y  c u r v e s  obta ined  fr o m  a liq u o ts  of d e g a s s e d  

co o la n t  s a m p le s  and thus r e p r e s e n t  on ly  th o s e  fr a c t io n s  w hich  w e r e  p r e s e n t  in  the  

c o o la n t  in  c h e m ic a l ly  c o m b in e d  f o r m s .  T a b le  V sh o w s  the c o n c e n tr a t io n s  of the 

a c t iv a t io n  p r o d u c ts  a s  a fu n ction  of r e a c t o r  p o w e r .

3. C o r r o s io n  P r o d u c t s

A n a ly s e s  w e r e  p e r f o r m e d  on a l iq u o ts  o f  the s a m e  s a m p le s  and on the

s e p a r a te d  cru d  f r a c t io n s  for  im p o r ta n t  r a d io n u c l id e s  r e s u l t in g  fr o m  n eu tron  a c t iv a t io n

of c o r r o s io n  p r o d u c ts .  The c o n c e n tr a t io n s  o f  th e s e  s p e c i e s  as  a function  of r e a c to r

p o w e r  a r e  show n in  T ab le  VI. A t r e a c t o r  p o w e r  l e v e l s  l e s s  than 38. 9% of fu ll power,
56Mn w a s  the on ly  a c t iv a te d  c o r r o s i o n  p r o d u ct  d e te c te d  in  e i th e r  the aq ueou s or s o l id

56
p h a s e s .  F ig u r e  8 sh o w s  a p o r t io n  o f  the Mn s p e c tr u m  obtained  fr o m  the c h e m ic a l ly

s e p a r a te d  m a n g a n e s e  fr a c t io n  at 77. 6% of fu ll  p o w er .

The f i r s t  in d ic a t io n  o f  a s ig n i f ic a n t  quantity  of another  a c t iv a te d  c o r r o s io n

p ro d u ct  w a s  the a p p e a r a n c e  of a 0. 51 - M ev  ph otopeak  in  the s e p a r a te d  crud fr a c t io n

ob ta in ed  at 38. 9% o f  fu ll p o w e r .  A c o m p o n en t  a n a ly s i s  of the d e ca y  c u r v e  for  th is

ph otopeak  y ie ld e d  tw o d is t in c t  co m p o n e n ts  h a v in g  h a l f - l i v e s  of a p p r o x im a te ly

12. 5 h o u r s  and 15 to  20 m in u te s ,  r e s p e c t i v e ly .  A  ty p ic a l  d e c a y  c u rv e  and com p on en t

a n a ly s i s  i s  show n in  F ig u r e  9> The h a l f - l i f e  and g a m m a  e n e r g y  of the lo n g e r  l iv e d
64

c o m p o n en t  in d ic a te d  that 12. 8 hou r Cu m ig h t  be the s o u r c e  of th is  r a d ia t io n .

R a d io c h e m ic a l  a n a ly s i s  o f  the d i s s o lv e d  cru d  sa m p le  ob ta in ed  at 53% of  fu ll p ow er
64

c o n f ir m e d  the p r e s e n c e  of Cu and y ie ld e d  a q u a n tita t iv e  v a lu e  for i t s  co n cen tra t io n .
64 ^

At th is  p o w e r  l e v e l ,  Cu co n tr ib u ted  l e s s  than 10% of the to ta l g a m m a  r a d io a c t iv i ty

in  the cru d  fr a c t io n .
51

A n a ly s e s  w e r e  a l s o  p e r f o r m e d  in  both  the aq u eou s and so l id  p h a s e s  for Cr ,
54 59 58 60 95 187

Mn , F e   ̂ Co ’ , Zr , and W . The a n a ly t ic a l  data a r e  show n in  T ab le  VI.

The c o n c e n tr a t io n s  of m o s t  of t h e s e  n u c l id e s  in ea ch  p h a se  w e r e  b e lo w  the l i m i t s  of

d e te c t io n  of the a n a ly t ic a l  m e th o d s  u t i l i z e d  for  a n a ly s e s  p e r fo r m e d  at m o s t  r e a c to r

p o w e r  l e v e l s .  In th o s e  in s t a n c e s  w h e r e  d e f in it iv e  c o n c e n tr a t io n s  of su ch  s p e c i e s  as
58 60 51 54

Co , Co , Cr , and Mn w e r e  o b s e r v e d ,  s a m p le  v o lu m e s  in  e x c e s s  of 10 l i t e r s

w e r e  ta k en  for a n a ly s i s .

- 25 -



T A B L E  V

C O N CENTRATIO NS OF A C TIV A TIO N  P R O D U C T S  
IN TH E PR IM A R Y  COOLANT

CMO'

R e a c to r  P o w e r 13 {  ̂1 N C o n c en tra t io n
^18  (b) 
F  C one en tr  a t ion 24  (b) 

N a C o n c en tra t io n
(% of F u ll  P o w e r ) fd p m /m l) ( p c /m l ) {d p m / m l) ( p c /m l ) ( d p m / m l ) p c /m l )

9= 7 8 .7 x 1 0 ^ 3. 9x10 2 .8 x 1 0 ^ 1. 3x10"^
2

3. 2x10 1 .4 x l0 " ^

18. 0 1. 6x10^ 7. 2 x l0 " ^ 7. 0x10^ 3. 2x10 9. 9x10^ 4. 4 x l0 " ^

38. 9 8. 5x10 3. 8x10"^ 1. 5x10 6. 8 x 10 ^ 3. IxlO^ 1. 4xlO "^

53. 0 9« 5x10^^ 4. 2 x 10 1, 9x10^ 8. 5x10 5. 9x10^ 2. 7 x 1 0 “ ^

77. 6 I. 6x10^ 7. 2x10 2. Oxlo"^ 9. Oxio"^ 7. 8x10^ 3. 5 x l 0 ‘ ^

88. 7 2. 0x10^
-2

9. 0x10
, 4 

3. 3x10 1 .5 x l0 " ^
4

1. 1x10 5. 0x10

(a)  D ata  c o r r e c t e d  fo r  d e c a y  to  t im e  o f  sa m p lin g .

(b) C o n c en tra t io n s  d e te r m in e d  by r a d io c h e m ic a l  a n a ly s e s .

(c) C o n c e n tr a t io n s  d e te r m in e d  by  co m p o n en t  a n a ly s i s  o f  in t e g r a l  d e c a y  c u r v e  o f  f i l t e r e d  and

d e g a s s e d  co o la n t  s a m p le .



T A B L E  V I

C O N C E N T R A T IO N S  O F  A C T IV A T E D  C O R R O S IO N ,, . 
P R O D U C T S  IN  T H E  P R IM A R Y  C O O L A N T  '  '

C R U D  F R A C T IO N

R e a c t o r  P o w e r  
(%  o f  F u l l  P o w e r )

M n
56 64

C u Co®®' F e
59 ^  51 C r M n®^ Z r ”

( d p m / m l ) ( p c / m l ) ( d p m / m l ) ( p c / m l ) ( d p m / m l ) ( p c / m l ) ( d p m / m l) ( p c / m l ) ( d p m /m l) ( p c /m l ) ( d p m / m l) ( p c / m l ) ( d p m / m l)  . ({jLc/ml)

4 .5 4 . 5 x 1 0 * 2 .0 x 1 0 " ® N . D . . _ _ _ „ , _

9 . 7 2 . 7 x 1 0 ^ 1 . 2 x l 0 " * N . D. N . D . - N . D . - N. D. - N . D . - -

18. 0 8 .0 x 1 0 ^ 3 . 6 x l 0 " N . D . - N . D . - N. D. - N. D. - N .D . - -

3 8 . 9 2 . 2 x 1 0 ^ 1. O xIO "^ 3. 7 x 1 0 * 1. 7x10"® N . D . - N . D . - N . D . - N. D. - N . D.

5 3 . 0 7 .6 x 1 0 ^ 3 . 9 x 1 0 '^ 5 . 2 x 1 0 * 2 . 3x10"® _ - _ -

7 7 .6 6 . 5 x 1 0 ^ 2 . 9 x 1 0 " ^ 7 .8 x 1 0 * 3 . 5x10"® 3 .7 1. 7x10"® 1 .2 5 . 4 x l 0 " ^ 1 .4 6. 3x10 2 . 6 x l 0 " * 1 .2 x l0 " ^ -

88. 7 1 .2 x 1 0 ^ 5 . 4 x l 0 “ * I . Ix IO ^ 5 . OxlO"® 5. 0 2 . 3 x l0 "® 1 .4 6 . 3 x l 0 " ^ I . 0 4 . 5 x l0 " ^ 3. 6 x 1 0 " * 1 .6 x 1 0 " ^ _

N 100. 0 - - - - 1. 3 x 1 0 * 5 . 9x10"® 3. 1 1. 4x10"® 3 . 9 1. 8x10"® 9 . Ix IO " * 4 . Ix lO " ^ 1 .2  5 . 4 x lO "

A Q U E O U S  F R A C T IO N

9 . 7 3 . 5x10® 1 .6 x 1 0 "® - _ - - - - - - " -

1 8 .0 1. 3x1 0 '^ 5 .9 x 1 0 " ® N . D . - N . D . - N . D. - N . D . - -

3 8 . 9 2 . 9 x 1 0 ^ 1. 3x10"® _ N . D . - N . D . - N . D. - N . D . - -

5 3 .0 1 .2 x 1 0 ® 5 .4 x 1 0 " ® N . D . - 1. 1 5 . O x io " ^ 7 .8 x 1 0 " * 3 .5 x 1 0 " ^ 2 . O xlO "* 9 . 0x10"® 2 .5 x 1 0 * 1. Ix io " ®  1 .2 x 1 0 " * 5 . 4 x l o ’ ®

7 7 .6 7. 9 x 1 0 ^ 3 .6 x 1 0 " ® N . D . - - - - - - - - N. D . -

8 8 . 7 1. 1x10® 5 .0 x 1 0 " ® _ - - - - - - - - - -

1 0 0 .0 - - 7 . OxlO"® 3. 2x10"® 8 .0 x 1 0 " * 3 . 6 x 1 0 " ’ 2 .4 x 1 0 " * 1. 1x10"’ 2 . 5x1 0 * 1. Ix lO "®  1 .6 x 1 0 " * 7 .2 x 1 0 "®

(a )  A l l  d a t a  c o r r e c t e d  t o  t i m e  o f  s a m p l in g .
(b ) N o  d e t e c t a b l e  c o n c e n t r a t i o n s  o f  '  w e r e  o b s e r v e d  i n  e i t h e r  f r a c t i o n  a t  a n y  p o w e r  l e v e l  c i t e d .
(p ) S p e c ia l  s a m p l e  o b ta in e d  f o r  d e t e r m i n a t i o n  o f  l o n g - l i v e d  a c t i v a t e d  c o r r o s i o n  p r o d u c t s .  P o w e r  l e v e l  h a d  b e e n  a t  100%  f o l lo w e d  b y  s h a r p  t r a n s i e n t  to  40% . 

(d ) N . D . -  N o t d e t e c t e d .



0. 85 M ev

A
FIG U R E 8

T y p ic a l  g a m m a  s p e c tr u m  (0 to  1. 4 M ev) of  
s e p a r a te d  m a n g a n e s e  fr a c t io n .  R e a c to r  at 

77. 6% of fu ll p o w e r
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FIG U R E  9

C om ponent a n a ly s i s  of 0 .5 1  M ev  p hotopeak  d e c a y  o b s e r v e d  
in s e p a r a te d  cru d  fr a c t io n .  R e a c to r  at 5 3% of fu ll  p o w e r .
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4. F i s s i o n  P r o d u c t s

The im p o r ta n t  f i s s i o n  p r o d u c ts  s e l e c t e d  for  in v e s t ig a t io n  in c lud ed  
j I 3 1 ,  133, 134, 135 ^^138^ ^ ^ 8 9 ,9 0 ,  91, 92^ and A n a ly s e s  w e r e  p e r fo r m e d

for  t h e s e  n u c l id e s  in  the cru d  a n d /o r  a q u eo u s  f r a c t io n s .  A ll  data e x c e p t  th o se  for  
89 90

Sr ’ w e r e  ob ta in ed  by g a m m a  s p e c t r o m e t r y  m e a s u r e m e n t s  and in te g r a l  g a m m a

cou n tin gs  on s e p a r a te d  f r a c t io n s  o f  the  r e s p e c t i v e  e l e m e n t s .  The b eta  r a d ia t io n  of 
89, 90

Sr w e r e  m e a s u r e d  w ith  end*-window, m e th a n e - f lo w  p ro p o r t io n a l  c o u n te r s .

Tw o m e th o d s  of data  t r e a tm e n t  w e r e  u se d  to d e te r m in e  the c o n c e n tr a t io n s  of

the  four io d in e  i s o to p e s ;  (a) g a m m a  s p e c t r o m e t r y ,  and(b) co m p o n en t  a n a ly s i s  of the

in te g r a l  d e c a y  c u r v e  of the m ix e d  io d in e  r a d io a c t i v i t i e s . A ll  four i s o to p e s  w e re
131 134

d e te r m in e d  by the f i r s t  m e th o d ,  w h i le  the v a lu e s  fo r  I and I w e r e  c o n f ir m e d  

by  the s e c o n d  m eth o d .  F ig u r e  10 sh o w s  a ty p ic a l  g a m m a  s p e c tr u m  of an iod ine  

sa m p le  s h o r t ly  a f te r  r a d io c h e m ic a l  p u r if ic a t io n ,  and F ig u r e  11 i s  a s p e c tr u m  of the

s a m e  s a m p le  at a l a t e r  t im e  sh o w in g  th e  d e c a y  of the iod in e  i s o t o p e s  and the grow th
 ̂ ^  133 135m  , 1 3 3  , 135 „  ,

of the X e  and X e d a u g h te r s  o f  I and I . F ig u r e  12 i l l u s t r a t e s  the  d e c a y

c u r v e s  o f  the in d iv idu a l p h o to p e a k s  sh ow n  in  F ig u r e s  10 and 11. A  ty p ic a l  in te g r a l  

d e c a y  c u r v e  for  the m ix e d  io d in e  r a d io a c t i v i t i e s ,  i l lu s tr a t in g  the m eth o d  of com p on en t  

a n a ly s i s ,  h a s  b e e n  p r e s e n t e d  in  F ig u r e  2. T he co n c e n tr a t io n  data for  t h e s e  r a d io 

n u c l id e s  a r e  show n  in  T a b le  VII a s  a fu n ct io n  of r e a c to r  p o w e r .
138

The 3 2 -m in u te  Cs w a s  the on ly  c e s iu m  is o to p e  o b s e r v e d  in  the p r im a r y

c o o la n t  d u r in g  th is  p r o g r a m .  It w a s  d e te r m in e d  b y  m e a s u r e m e n t  o f  it s  h a l f - l i f e  and

g a m m a  e n e r g y .  G am m a s p e c t r a  o f  the s e p a r a te d  c e s iu m  fr a c t io n s  ex h ib ited  no other

g a m m a  radiations^ and no e v id e n c e  o f  a lo n g e r  l iv e d  c e s iu m  is o to p e  e x i s t e d  in the '

in te g r a l  d e c a y  c u r v e s .  A  ty p ic a l  s p e c tr u m  of  the s e p a r a te d  c e s iu m  fr a c t io n  i s  show n
138in  F ig u r e  13, and a ty p ic a l  in te g r a l  d e c a y  c u r v e  in  F ig u r e  14. The data for  Cs

c o n c e n tr a t io n s  a s  a fu n ct io n  of r e a c t o r  p o w e r  a r e  show n in  T ab le  VIII.
139

The 9» 5 -m in u te  C s i s  n o r m a l ly  e x p e c te d  to b e  p r e s e n t  in  PW R  type
138

p r im a r y  c o o la n ts  a lo n g  w ith  Cs . M e a s u r e m e n t  of th is  n u c lid e  w a s  p r e c lu d e d  by  

th e  r e la t iv e ly  lo n g  f lo w  t im e  of the p r im a r y  co o la n t  in  the s a m p lin g  l in e  and the

n o r m a l  t im e  r e q u ir e m e n t  fo r  s e p a r a t io n  o f  the c e s iu m  fr a c t io n .
91 92T he s tr o n t iu m  i s o t o p e s ,  9* 2 -h o u r  Sr and 2. 7 -h o u r  Sr , w e r e  d e te r m in e d

in  the p r im a r y  co o la n t  by  g a m m a  s p e c t r o m e t r y  m e a s u r e m e n t s  of th e  s e p a r a te d

- 30 -



FIG U R E 10

T y p ic a l  g a m m a  s p e c tr u m  of s e p a r a te d  io d in e  fr a c t io n  63 m in u tes  
a f te r  s e p a r a t io n .  R e a c to r  at 88,7%  of fu ll  p o w e r .
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FIG U R E 11

T y p ic a l  g a m m a  s p e c tr u m  of s e p a r a te d  io d in e  f r a c t io n  14. 5 h o u rs  
a f te r  s e p a r a t io n .  R e a c to r  at 88 . 7% of fu ll p o w e r .
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FIG U R E  12

131, 133, 134, 135D e c a y  c u r v e s  of c h a r a c t e r i s t i c  ph otopeaks  of I 
R e a c to r  at 88. 7% of fu l l  p o w e r .

HhH
d

2
w
H

§

10
H
13
O
U

133 0 .5  3 M ev

134

0. 86 M ev

4 -

131 0 . 3 6  M ev

2

135

1. 14 M ev

1300 1700 2 100 0100 09000900 <0500 1300

TIM E (h ou rs)
33 -



~ k T A B L E  VII

CO N CENTRATIO NS O F IODINE ISO TO PES  
IN THE PR IM A R Y  COOLANT

R e a c to r  P o w e r C o n cen tra t io n R e a c to r  P o w e r C o n c en tra t io n

(jO
(4̂

N u c lid e  (% of F u ll  P o w e r ) (d p m /m l) ( p c /m l ) N u c lid e (% of Fu

j l3 1  (a) 9 . 7 N. D.
j l 3 4  (a)

9. 7
(a) (b) 18. 0 N, D. _ _  _ _ (a) 18. 0
(a) (b) 38. 9 N. D. _ _ _ _ (b)
(a) (b) 53. 0 N. D. „6 (a) 38. 9
(a) 77. 6 1, 0x10 4. 5 x 10 , (b)
(b) 3 . 3 1. 5x10" , (a) 53. 0
(a) 88. 7 1. 1x10 5. 0x10  , (b)
(b) 4 . 7 2 . I x io " (a)

(b)
(a)
(b)

77. 6 

88. 7

j l 3 3  (b)
9. 7 

18. 0
7 .0  j 
1. 7x10  
2 .4 x 1 0  
1. 6 x 1 0 .  
4 . 6 x 1 0 .

»6
3. 2x10  , 
7 . 7 x l0 "

j l 3 5  (b) 9 . 7  
18. 0

38, 9 
53. 0

1. IxlO ",  
7 .2 x 1 0 "

38. 9 
53. 0

77, 6 2. IxlO"^ 77. 6
88. 7 7. 5x10 3. 4 x l0 " 88. 7

3. 8x10  
5. 8x10  
7. 6x10  
1. 6x10 ,
1. 7 x l0 !
2. lxlO^ 
L 3x10^
3. 2x10 ,
2. 5 x lo !
4 . 0x10 ,
3. 7 x l0 '

N. D. 
N. D.
6 . 9x 10 
4 . 6x10
7. 0x10  
9. 7x10

( l i c /m l)

1. 7x10
2. 6x10
3. 4x10  
7. 2x10  
7. 7x10  
9. 5x10  
5. 9x10  
1. 4x10  
L 1x10 
1. 8x10  
1. 7x10

= 5 
-5  
-5
-5  
-5  
= 5 
-5  
- 4  
- 4  
- 4  
_4

3. 1x10 
2o 1x10
3. 2x10
4. 4x10'

-5  
-5  
= 5

(a) D ata  obta ined  fr o m  in te g r a l  g a m m a  d e c a y  of s e p a r a te d  io d in e  fr a c t io n .

(b) D ata  ob ta ined  fr o m  g a m m a  s p e c t r a l  a n a ly s i s  of s e p a r a te d  io d in e  fr a c t io n .
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FIG U R E  13

T y p ic a l  s p e c t r u m  of s e p a r a te d  c e s iu m  fr a c t io n .  
R e a c to r  at 88. 7% of fu ll  p o w e r .
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F I G U R E  14

I n t e g r a l  d e c a y  c u r v e  s e p a r a te d  c e s i u m  
f r a c t i o n .  R e a c t o r  a t  3 8 .9 %  of fu l l  p o w e r  .
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T A B L E  VIII

CONCENTRATICN S O F IN TH E PR IM A RY  COOLANT

R e a c to r  P o w e r  
(% of  F u ll  P o w e r )

C o n c en tra t io n  
(d p m /m l)  *

C o n cen tra t io n  
( p c /m l )  *

9=7 3. 1x10
1

1 .4 x 1 0 =  5

18. 0 5. 8x10
1

2. 6x  10
-5

38. 9 I. 4x10 6. 1x10 =  5

53. 0 1. 8x10 8. 0x10 -5

77. 6 2. 9x10 1. 3x 10
-4

8 8 . 7 3. 4x10 1. 5x10
=4

C o r r e c te d  to t im e  of s a m p l in g .
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s tr o n t iu m  f r a c t io n s .  F ig u r e s  15 and 16 show  ty p ic a l  s p e c t r a  of a s e p a r a te d  

s tr o n t iu m  fr a c t io n  a s  a fu n c t io n  of d e c a y  t im e .  T he c o n c e n tr a t io n  data a s  a function  

of r e a c to r  p o w e r  a r e  sh ow n  in  T ab le  IX.
91 92

A n a ly s e s  for  Sr and Sr w e r e  a l s o  p e r fo r m e d  on se p a r a te d  crud  fr a c t io n s  

at p o w e r  l e v e l s  ab o v e  18% of fu ll  p o w e r .  No s ig n if ic a n t  c o n c e n tr a t io n  w a s  o b s e r v e d  

in  th e s e  s a m p l e s .
89 90

A n a ly s e s  for  Sr and Sr w e r e  p e r fo r m e d  on p r im a r y  co o la n t  and
89 90s e p a r a te d  crud  fr a c t io n s  a t  9. 7%̂  18%, 53% and 100% of fu ll p o w e r .  No Sr or Sr 

a c t iv i ty  w a s  o b s e r v e d  in  any c ru d  fr a c t io n .  T h e s e  two s p e c i e s  w e r e  f i r s t  d e te c te d  

in the p r im a r y  co o la n t  s a m p le  ob ta in ed  at 53% of fu ll p o w e r ,  in  w h ich  th e ir  r e s p e c t i v e
-8  "9

c o n c e n tr a t io n s  w e r e  1. 1x10 p c / m l ,  and 1. 1x10 p c /m l .  The o b s e r v e d  co n -
- 8  -9

c e n tr a t io n s  at 100% of fu ll  p o w e r  w e r e  5. 9x10 p c / m l  and 1. 3x10 p c /m l ,  r e s p e c t iv e ly .
139 140

A n a ly s e s  o f  p r im a r y  co o la n t  w e r e  p e r fo r m e d  fo r  B a  and B a at the p ow er  

l e v e l s  c i te d  in  T a b le  IX. A  ty p ic a l  g a m m a  s p e c tr u m  of a s e p a r a te d  b a r iu m  fr a c t io n  i s
139

show n in  F ig u r e  17. The p r o m in e n t  0. 1 6 5 - M ev  p hotopeak  o f  the B a  is  c l e a r ly
140

v i s ib l e .  In d ica t io n s  of p h o to p ea k s  of B a  a r e  p r e s e n t ,  a lthough  th ey  a r e  too  s m a l l
139 140

fo r  u s e  in q u a n tita t iv e  m e a s u r e m e n t s .  T h e r e fo r e , th e  B a  and B a  w e r e  

d e te r m in e d  by co m p o n en t  a n a ly s i s  of the in te g r a l  d e c a y  c u rv e  of the b a r iu m  fr a c t io n .
139

A ty p ic a l  d e c a y  c u r v e  i s  sh ow n  in  F ig u r e  18. V a lu e s  w e r e  f i r s t  ob ta ined  for  B a  

at 18% of fu ll p o w e r .  B a r iu m -  140 w a s  d e te c te d  in i t ia l ly  at 38. 9% of fu ll p o w e r .  The  

v a lu e s  of the  c o n c e n tr a t io n s  of t h e s e  n u c l id e s  a s  a fu n ction  of r e a c to r  p ow er  a r e  show n  

in T ab le  IX. No b a r iu m  a c t iv i ty  w a s  o b s e r v e d  in  any crud  fr a c t io n  a n a ly ze d  during  

th is  p r o g r a m .
134 133 138 139

Fou r f i s s i o n  p r o d u c ts ,  I , I , Cs , and B a   ̂ w e r e  s e le c t e d  for

u se  in e s t im a t in g  the u ra n iu m  co n ta m in a t io n  on the r e a c to r  c o r e  s u r f a c e s .  The

o b s e r v e d  v a lu e s  of the c o n c e n tr a t io n s  of t h e s e  f i s s i o n  p ro d u cts  w e r e  d e te r m in e d  at

s t e a d y - s t a t e  r e a c t o r  o p e r a t io n s .  A f te r  n o r m a l iz a t io n  to 100% of fu ll p o w e r ,  the

m e a n  v a lu e s  w e r e  u s e d  to com p u te  the u ra n iu m  con ten t  of the c o r e  s u r f a c e s  u s in g

the m eth o d  d e s c r ib e d  in  the appendix . T he data  a r e  p r e s e n te d  in the n ex t  s e c t io n .

-  38 -



1#
FIG U R E  15

T y p ic a l  s p e c tr u m  of s e p a r a te d  s tr o n t iu m  fr a c t io n  20 m in u te s  
a f te r  s e p a r a t io n .  R e a c to r  at 8 8 . 7% of fu ll  p o w e r .
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FIG U R E  16

T y p ic a l  s p e c tr u m  of s e p a r a te d  s tr o n t iu m  fr a c t io n  6 , 2 h ou rs  
a f te r  s e p a r a t io n .  R e a c to r  a t  8 8 , 7% of fu ll  p o w e r .
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T A B L E  IX

CON CEN TR ATIO NS O F STR O N TIU M  AND  BA R IU M  ISO TO PES  
IN THE AQUEOUS F R A C T IO N  O F THE PR IM A R Y  C O O LA N t (^)

R e a c to r  P o w e r 5^91 (b) S ,9 2  (b) B a 139 (c) B a ' «  > = >
(% of  F u ll  P o w e r ) (d p m /m l) (p c /m l ) (d p m / m l) (hj3/m l ) (d p m / m l) (p c /m l ) (dpm / m l )  ( p c /m l )

9 . 7 N. D. N. D. N. D. .= N. D.

18. 0 N. D. N. D. =. 1. 8x 1 0 ^
-6

7. 9x10 N. D.

38. 9 6 . 0x 1 0 ^ 2. 7x10"^ 1. 2x 10^ 5. 0x 10“
5

9 . 0x 1 0 ^ 4. 1x10“^ 1. 8 8 . IxlO"^

53. 0 3. 1x10^ 1. 4 x l 0 “® 9. 3x 10 4. 2 x 10
5

8 . 1x 1 0 ^
-5

3. 7x10 2 . 9 1. 3 x l0 '^

77. 6 3. 4x10 1. 5x10 6 . 1x 10 2 . 6x 10
5 2

2 . 0x 10 9 . I x l 0 “^ 4. 2 I. 9 x l0 " ^

8 8 . 7 4. 1x10^ 1. 8x l 0 “ ^ 9 . 0x 1 0 ^ 4. 1x 10“
5 2

1. 6 x  10 7. 2 x l 0 ”^ 4. 8 2 . 2x 10"^

(a) N o s ig n i f ic a n t  c o n c e n tr a t io n s  of Sr or B a  w e r e  found in  the p a r t ic u la te  f r a c t io n s .

|b) C o n c en tra t io n s  d e te r m in e d  by p h otopeak  d e c a y  ob ta in ed  fr o m  g a m m a  s p e c t r a  of  

c h e m ic a l ly  s e p a r a te d  f r a c t io n s .

(c) C o n c en tra t io n s  d e te r m in e d  b y  co m p o n en t  a n a ly s i s  o f  in te g r a l  d e c a y  c u r v e s  of  

c h e m ic a l ly  s e p a r a te d  f r a c t io n s .
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FIG U R E  17

T y p ic a l  g a m m a  s p e c tr u m  of a s e p a r a te d  b a r iu m  
f r a c t io n .  R e a c t o r  at 8 8 . 7% of fu ll  p o w e r .
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FIG U R E  18

I n te g ra l  g a m m a  d e c a y  c u r v e  of s e p a r a te d  b a r iu m  
f r a c t io n .  R e a c to r  at 38. 9% of fu ll  p o w e r .
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140B a
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10
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C. R a d io a c t iv i ty  B a la n c e  S tu d ies

T he d e ta i le d  s tu d ie s  o f  s p e c i f i c  r a d io n u c l id e s  in  the p r im a r y  co o la n t  at r e a c to r  

p o w e r  l e v e l s  of 9. 7%̂  18%, 38. 9%, 53%, 77. 6 %, and 8 8 . 6 % of fu ll p ow er  in c lud ed  

t r e a tm e n t  of the data to  a s s u r e  that a l l  s ig n i f ic a n t  r a d io a c t iv e  s p e c i e s  in  the coo lan t  

had b e e n  d e te c te d  and m e a s u r e d .  C o m p a r is o n  of th e  s u m s  of the r a d io a c t iv i ty  c o n 

c e n tr a t io n s  of the c h e m ic a l ly  s e p a r a te d  and p u r if ie d  f r a c t io n s  w e r e  co m p a r e d  to  the  

c o n c e n tr a t io n s  o f  the g r o s s  g a m m a  r a d io a c t iv i ty  o b s e r v e d  in  the s a m e  s a m p le  (one  

hour a f ter  sa m p lin g ) .  T he r e s u l t s  of th e  r a d io a c t iv i ty  b a la n c e s  for  the r e s p e c t iv e  

p o w e r  l e v e l s  a r e  p r e s e n t e d  g r a p h ic a l ly  in F ig u r e s  19 through  24.

T h e v a lu e s  of the in d iv id u a l ly  d e te r m in e d  s p e c i e s ,  c o r r e c t e d  for  d e c a y  to

one h our a f te r  sa m p l in g ,  a r e  tab u la ted  in  T a b le s  X through  XV. In e a ch  c a s e ,  the

v a lu e  of the s u m m a t io n  of the r a d io a c t iv i ty  c o n c e n tr a t io n s  w a s  in  a g r e e m e n t ,  w ith in

e x p e r im e n ta l  e r r o r ,  w ith  the  v a lu e  o f  the g r o s s  g a m m a  r a d io a c t iv i ty  c o n cen tra t io n .

T h e s e  r e s u l t s  c o n f ir m e d  q u a li ta t iv e  o b s e r v a t io n s ,  m a d e  u s in g  g a m m a  s p e c tr a l  data,

in d ica t in g  that a l l  s ig n i f ic a n t  g a m m a  - e m it t in g  n u c l id e s  had b e e n  s tud ied . It m a y  be
56

s e e n ,  f r o m  the c i te d  t a b le s  and f ig u r e s ,  that Mn w a s  the p r in c ip a l  r a d io a c t iv e  

c o n s t i tu e n t  of the co o la n t  for  p e r io d s  on th e  o r d e r  of one hour a f te r  s a m p lin g .  Its 

co n tr ib u tio n  v a r ie d  fr o m  60% to  85% of the to ta l  r a d io a c t iv i ty  at ea ch  p o w e r  l e v e l  at 

th is  d e c a y  t im e .  T he f r a c t io n a l  c o n tr ib u t io n s  of the m a jo r i ty  of the r a d io n u c l id e s  

stu d ied  to  the to ta l  g a m m a  r a d io a c t iv i ty  r e m a in e d  fa ir ly  co n sta n t  at the p o w e r  l e v e l s  

at w h ich  s tu d ie s  w e r e  p e r fo r m e d .
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FIGURE 19

R ad io a ct iv ity  ba lance of p r im a ry  coolant 
R eactor  at 9.7% of full pow er.
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FIGURE 20

R a d ioactiv ity  b a lan ce of p r im a ry  coo lant  
R eactor at 18% of fu ll p ow er.
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FIGURE 21

R ad ioactiv ity  b a lan ce of p r im a ry  coolant 
R eactor at 38. 9% of fu ll p ow er.
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FIGURE 22

R ad ioactiv ity  ba lan ce of p r im a ry  coolant  
R eactor at 53% of fu ll p ow er.
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FIGURE 23

R ad ioactiv ity  b a lan ce of p r im a ry  coolant 
R eactor at 77 . 6% of fu ll p ow er.
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FIGURE 24

R ad ioactiv ity  b a lan ce of p r im a ry  coolant 
R eactor at 88. 7% of fu ll p ow er.
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T A B L E  X

R A D IO A CTIV ITY  B A L A N C E  IN
PR IM A R Y  COOLANT

D ate; 18 Jan u ary , 1962

T im e ;  0144  h o u r s

R e a c to r  P o w e r ;  9* 7%

T im e  at P o w e r :  300 m in u te s

C o n c en tra t io n  *
S a m p le  M e a s u r e d ( c p m /m l) P e r c e n t a g e  of T ota l

G r o ss  f i l t e r e d  d e g a s s e d L 9x10^

Mn^^ L 1x10^ 57. 5

2
7. 5x10 38. 2

24
Na L 1x10 5. 8

13
N  (n o n -d e g a s s a b le )

1
1. 6x10 0. 8

G r o s s  I 6 . 5x10 0. 3

G r o s s  Cs 2. 5 x 10 1. 3 

103. 9

^ C o r r e c te d  to a d e c a y  t im e  of one hour a f te r  s a m p lin g .
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T A B L E  XI

R A D IO A CTIV ITY  B A L A N C E  IN
PR IM A R Y  COOLANT

Date:

T im e:

16 M arch , 1962

1424 h o u rs

R e a c to r  P o w e r :  9* 7%

T im e  a t  P o w e r :  550 m in u te s

I

S a m p le  M e a s u r e d  

G r o ss  f i l t e r e d  d e g a s s e d

13N  (n o n -d e g a s s a b le )  

„ 1 8

Na

Cs

24

138

G r o s s  I

G r o s s  Crud

C o n c en tra t io n  * 
( c p m /m l)

7. Ik IO^

4. 1x10^

2. 4x10

1. 9x10

3. 5x10

L 7x10
1

3. 2x10

2. 5x 10

1

P e r c e n t a g e  of T ota l

57. 8 

3 . 4  

2 6 . 2 

4 , 9  

0 . 2 

0= 5

93. 0

^ C o r r e c te d  to  d e c a y  t im e  of one h ou r  a f te r  sa m p lin g .
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T A g L E  XII

R A D IO A CTIV ITY  B A L A N C E  IN
PR IM A R Y  COOLANT

D ate:

T im e:

18 M archj 1962 

1349 h o u rs

R e a c to r  P o w e r : 38. 9%

T im e  a t  P o w e r :  645 m in u te s

I

S a m p le  M e a s u r e d

G r o s s  f i l t e r e d  d e g a s s e d  
(to ta l a c t iv i ty )

13
N  (n o n -d e g a s s a b le )  

„ 1 8

Mn 56

Na^^

G r o s s  I 

138Cs

B a 139

G r o s s  Sr.

C o n c en tra t io n  * 
( c p m /m l)

2. 7x10

3 .4 x 1 0

4. 1x10'

2. 1x10

1. 1x10'

7. 4x10

3. 1x10

1

1

1. 0x10
1

1. 4x10
1

^ C o r r e c te d  to  d e c a y  t im e  of one hour a f te r  s a m p lin g .

P e r c e n t a g e  of T ota l

<

<

1. 3 

14. 9 

77. 6 

4. 0 

0. 3 

0 . 1 

0. 1 

0 . 1

98. 2
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T A B L E  XIII

RADIO A CTIV ITY  B A L A N C E  IN
PR IM A R Y  COOLANT

D ate: 2 4  M arch , 1962

T im e :  1415 h o u rs

R e a c to r  P o w e r :  53%

T im e  at P o w e r ;  497  m in u te s

C o n c en tra t io n  * ,

I

S a m p le  M e a s u r e d ( c p m /m l) P e r c e n t a g e  of

G r o s s  d e g a s s e d  *** 4
(to ta l a c t iv i ty ) 4 . 2x10

N  ̂ (n o n -d e g a s s a b le ) 4. 3x10^ L 1

5. 1x10 12. 2

3. 5x10 84. 4

Na"" 2. 1x10^ 5. 0

G r o s s  I 1. 1x10^ 0. 3

138 1
Cs 4. 4x10 0. 1

G r o ss  Crud 2. 3x10 0. 6

103. 7

* C o r r e c te d  to  a d e c a y  t im e  of one hour a f te r  sa m p lin g .

**A n a ly s e s  p e r f o r m e d  at s e a . U n c e r ta in ty  in  c h e m ic a l  y ie ld s due to  s e v e r e

v ib r a t io n s  of t r a i l e r s  and b a la n c e .

* * * T h is  sa m p le  a c t iv i ty  b a la n c e  w a s  p e r fo r m e d  on the b a s i s  of a g r o s s  d e 

g a s s e d  a liq u o t  of p r im a r y  c o o la n t  in  p la c e  of the g r o s s  f i l t e r e d  d e g a s s e d  

s a m p le .  With the ad d it ion  o f  the cru d  con tr ib u t io n  to  the ac tu a l a c t iv i ty  

b a la n c e  the s a m p le s  a r e  c o m p a r a b le .
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T A B L E  XIV

R A D IO A CTIV ITY  B A L A N C E  IN
PR IM A R Y  COOLANT

D ate: 4 A p r i l ,  1962

T im e :  1342

R e a c to r  P o w e r ;  77.6%

T im e  at P o w e r :  777 m in u tes

I

S a m p le  M e a s u r e d  

G r o s s  f i l t e r e d  d e g a s s e d

TV/TMn

18
F

13
N (n o n -d e g a s s a b le )

24N a

G r o s s  I 

138
Cs

B a 139

B a 140

C o n cen tra t io n
( c p m /m l)

3. 7x10^

2. 4x10^

5. 2x10

1. 0x10

2 .  8 x 1 0 '

1. 4x10

6. 5x10

2. 6x10

1. 0x10

1

1

0

P e r c e n t a g e  of T ota l

65. 2 

14 .2  

2. 7 

7. 5 

0. 4 

0 . 2

90 . 2

G r o s s  Crud 2. 1x10

^ C o r r e c te d  to  a d e c a y  t im e  of one hour a f te r  sa m p lin g .
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T A B L E  XV

R A D IO A CTIV ITY  B A L A N C E  IN
P R IM A R Y  COOLANT

D a te ; 5 A p r i l ,  1962

T im e :  0932 h o u rs

R e a c to r  P o w e r :  88 . 7%

T im e  at P o w e r :  5 12 m in u te s

I

S a m p le  M e a s u r e d

G r o s s  f i l t e r e d  d e g a s s e d  

56
Mn

24
Na

13
N (n o n -d e g a s s a b le )

G r o s s  I 

138Cs

B a 139

C o n c en tra t io n  * 
( c p m /m l)

5. 0x10^

3. 5x10^

3. 9x10'

8. 8x10'

1. 2x10 '

1. 9x10

1 .  2 x 1 0

2. 1x10
1

P e r c e n t a g e  of T ota l

68 . 8

7. 7 

1 7 .4

2. 5 

0. 4 

0 . 2

97. 0

G r o s s  Crud 3. 6x10

♦ C o r r e c te d  to  a d e c a y  t im e  of one h our a f ter  sa m p lin g .
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p .  W aste  Tank and D e m in e r a l i z e r  E ff lu en t  S tu d ies

At s e l e c t e d  in terva ls^  or at the r e q u e s t  of the sh if t  H ealth  P h y s ic is t^  m e a s u r e m e n t s

w e r e  m a d e  of the r a d io a c t iv i ty  in  the w a s t e  tank and the d e m in e r a l i z e r  e ff lu en t.  T r a c e s

of  r a d io a c t iv i ty  w e r e  o b s e r v e d  in  w a s te  tank s a m p le s  a s  the r e a c to r  a p p ro a ch ed  fu ll

p o w e r .  The o b s e r v e d  c o n c e n tr a t io n  o f  r a d io a c t iv i ty  w as  in e v e r y  c a s e  b e lo w  the

m a x im u m  p e r m i s s i b l e  c o n c e n tr a t io n  for  d is c h a r g e  of the con ta in ed  l iq u id s  to the
-7

e n v ir o n m e n t .  The to ta l  r a d io a c t iv i ty  c o n c e n tr a t io n s  w e r e  too  s m a l l  (< 10 p c /m l )  to

p e r m it  a c c u r a te  id e n t i f ic a t io n  and m e a s u r e m e n t  of s p e c i f i c  r a d io n u c l id e s .  However^
24it  i s  b e l i e v e d  that N a w a s  the  p r in c ip a l  r a d io a c t iv e  co n st itu en t .

A  c o m p a r is o n  o f  a g a m m a  s p e c tr u m  ob ta ined  w ith a o n e - l i t e r  s a m p le  of p r im a r y

coo lan t  ob ta in ed  at the  d e m in e r a l i z e r  e f f lu en t  to  that of a o n e - l i t e r  s a m p le  obtained

at  the d e m in e r a l i z e r  in f lu en t  i s  show n  in  F ig u r e  25. The p r in c ip a l  photopeak  in the
41

e ff lu en t  s a m p le  w a s  due to  the 1. 28 -M ev  ph otop eak  of A t  . It m a y  be seeu j  fr o m
41

F ig u r e  25 , that the A r  c o n c e n tr a t io n  w a s  id e n t ic a l  in the in flu en t and e ff lu en t  

s a m p le s .  S in ce  the d e m in e r a l i z e r  i s  not e f f e c t iv e  in  r e m o v a l  of nob le  g a s e s  fr o m  the  

p r im a r y  coo lan t ,  th is  b e h a v io r  i s  n o r m a l .
41

In ad d it ion  to  the p hotopeak  due to  the 1. 28 = M ev photon of A r , four o ther

p r o m in e n t  p h otop eak s  w e r e  o b s e r v e d  in  the in f lu en t  s a m p le .  T h r e e  of t h e s e  p e a k s ,  at
56

0. 86 M ev, 1 .8 1  M ev, and 2. 13 M ev, c o r r e s p o n d  to g a m m a  r a y s  e m it te d  by Mn
13 18

The photopeak  at 0 . 5 1  M ev  i s  a t tr ib u ted  to N and F  . C o m p a r iso n  of the s p e c tr a

in  F ig u r e  25 sh o w s  that the c o n c e n tr a t io n s  of t h e s e  la t t e r  th r e e  n u c l id e s  w e r e  red u ced

at l e a s t  a fa c to r  of t e n  by  the d e m in e r a l i z e r .

S e v e r a l  s m a l l  p h o to p ea k s  c o r r e s p o n d in g  to photon e n e r g ie s  l e s s  than 1. 28 M ev

w e r e  a l s o  p r e s e n t  in  the s p e c tr u m  ob ta in ed  for  the e ff lu en t  s a m p le .  The photopeak
13 5tti

at 0. 53 M ev i s  b e l i e v e d  to  be due to  X e . A lthough it i s  d if f ic u l t  to  id en t ify  the

s p e c i f i c  r a d io n u c l id e s  w h ich  ga v e  r i s e  to the o th er  p h o to p ea k s ,  e v id e n c e  e x i s t s  that
85m  88 135

th ey  m a y  be  due to  th e  n ob le  gas  f i s s i o n  p r o d u c ts ,  Kr , Kr , and Xe . The

e ff lu en t  sa m p le  w ith  w h ich  the s p e c tr u m  in  F ig u r e  25 w a s  ob ta ined  w a s  s u b seq u en t ly

d e g a s s e d  and th en  r e a n a ly z e d .  No s ig n i f ic a n t  g a m m a  r a d io a c t iv i ty  w a s  found in  the

d e g a s s e d  e f f lu en t  s a m p le .  T h is  b e h a v io r  w a s  ty p ic a l  of the g a m m a  r a d io a c t iv i ty  in

e ff lu en t  s a m p l e s .  T h e r e fo r e ,  it  i s  co n c lu d ed  that the e f f ic ie n c y  of the d e m in e r a l i z e r

for  r e m o v a l  of c a t io n ic  or a n io n ic  f i s s i o n  p r o d u c ts  fr o m  the p r im a r y  coo lan t  w as

g r e a te r  than  90%.
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FIGURE 25

C om parison  of gam m a sp ectra  of 
d e m in e r a l iz e r  influent and effluent sam p les  

R eactor  at 10% of full power.

--■-Influent Effluent

0 ,5 1  M ev

0. 86 M ev  
Mn56Pi

W

1. 28 Mev

S  .0  =
tn
H
^  8 

O
o  k

0. 25 Mev

0. 53 Mev

200 240

CHANNEL (10 Kev/channel)
58 -



IV, DISCUSSION



IV. DISCUSSION

The r a d io  c h e m is t r y  in v e s t ig a t io n s  p e r fo r m e d  during the s ta r t -u p  and in it ia l  

p h a s e s  o f  o p e r a t io n  of th e  N. S. Savannah r e a c t o r  p lan t h ave  p ro v id ed  data for  the  

r a d io a c t iv i ty  con ten t  of the p r im a r y  co o la n t  and o ther  p o r t io n s  of the r e a c to r  p lant  

(p r im a r y  and s e c o n d a r y  s y s t e m s ) .  T h e s e  data  m a y  be ap p lied  to the ev a lu a t io n  of  

p e r fo r m a n c e  of s p e c i f i c  co m p o n e n ts  and s y s t e m s  of the r e a c to r  and m a y  be u sed  

a s  a b a s i s  for  ev a lu a t in g  fu ture  r e a c t o r  p lan t  o p e r a t io n s .

U ltr a -  s e n s i t iv e  a n a ly s e s  for  r a d io a c t iv e  s p e c i e s  in s a m p le s  o f  the p r im a r y  

coo lantj  in  f lu id s  fr o m  s e c o n d a r y  c o o la n t  and a u x i l ia r y  sy s te m s^  and in  s o u r c e s  of  

m a k e -u p  w a te r  a t  the Cam denj N. J .  , lo c a t io n  sh ow ed  c o n c lu s iv e ly  that no s ig n i f i 

cant r a d io a c t iv i ty  w a s  p r e s e n t  in  any o f  t h e s e  f lu id s  p r io r  to  in it ia l  c r i t i c a l i t y  of 

the r e a c t o r .  On the b a s i s  o f  t h e s e  data  (T a b le  III)j it  h as  b e e n  con c lu d ed  that the  

e la b o r a te  p r e c a u t io n s  ta k en  d u r in g  c o r e  lo a d in g  o p er a t io n s  to  m in im iz e  in a d v erten t  

in tr o d u c t io n  of fo r e ig n  o b je c ts  in to  th e  r e a c t o r  w e r e  a l s o  e f f e c t iv e  in ex c lu d in g  r a d io 

a c t iv e  fa l lo u t  f r o m  the s y s t e m .  Therefore^, no s ig n if ic a n t  co n ta m in a t io n  of the  

p r im a r y  s y s t e m  r e s u l t e d  fr o m  r a d io a c t iv e  d e b r is  in tro d u ced  b y  the I9 6 I U. S. S. R. 

a tm o s p h e r ic  n u c le a r  t e s t s .

P r i o r  to  i t s  in s ta l la t io n  ab oard  the v e s s e l ,  the r e a c to r  c o r e  had b een  

su b je c te d  to  c r i t i c a l i t y  e x p e r im e n t s  w h ich  m ig h t  h ave  r e s u l t e d  in p rod u ction  of s m a l l  

q u a n t it ie s  of r a d io a c t iv i ty  in  the  c o r e  or  in r a d io a c t iv e  co n ta m in a t io n  o f  the c o r e  

s u r f a c e s .  D a m a g e  to a fu e l  e l e m e n t  d u rin g  c o r e  lo a d in g  o p e r a t io n s  could  have  

r e s u l t e d  in  the r e l e a s e  of r a d io a c t iv i t i e s  to the  f r e s h  coo lan t .  F u r th e r m o r e ,  r a d io 

a c t iv e  co n ta m in a n ts  on the c o r e  s u r f a c e  m a y  h ave  b e e n  le a c h e d  off  by the coo lan t.

The n e t  r e s u l t s  of the a n a ly s e s  of p r e - c r i t i c a l i t y  s a m p le s  sh ow ed  that no s ig n if ic a n t  

r a d io a c t iv i ty  had b e e n  in tro d u ced  in to  th e  p r im a r y  co o la n t  fr o m  any of t h e s e  s o u r c e s  

and that th e  p r o c e d u r e s  e s t a b l i s h e d  for  p r e -  c r i t i c a l i t y  o p er a t io n s  had not r e s u l t e d  in  

any d a m a g e  to th e  c o r e  d e te c ta b le  by the a n a ly t ic a l  m e th o d s  u se d .  S in ce  the p lant  

c o o la n ts  w e r e  sh ow n  to be f r e e  fr o m  s ig n i f ic a n t  c o n c e n tr a t io n s  of r a d io a c t iv i ty  p r io r  

to  c r i t i c a l i t y ,  any  r a d io a c t iv i ty  o b s e r v e d  s u b se q u e n t  to c r i t i c a l i t y  can  b e  a ttr ib u ted  

to  r e a c to r  o p era t io n .
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A  m e a s u r a b le  c o n c e n tr a t io n  fO. 12 M.g/1) of u ra n iu m  w a s  p r e s e n t  in the  

p r im a r y  c o o la n t  at in i t ia l  c r i t i c a l i t y .  T he s o u r c e  o f  th is  u ran iu m  h a s  not b e e n  

estab lish ed ; ,  but i t  i s  b e l i e v e d  to  be a c h e m ic a l  im p u r ity  in the m a k e -u p  w a te r .

P e r i o d i c  m e a s u r e m e n t s  sh o w ed  that th e  v a lu e s  of the c o n c e n tr a t io n  d e c r e a s e d  w ith  

con tin u ed  r e a c t o r  o p e r a t io n s .  T h is  d e c r e a s e  i s  b e l i e v e d  to  be due to the r e m o v a l  

of  the u ra n iu m  by the d e m in e r a l i z e r  or b y  d e p o s it io n  on p r im a r y  s y s t e m  s u r f a c e s .  

T h e s e  t r a c e  c o n c e n tr a t io n s  of u ra n iu m  in  the co o la n t  e s t a b l i s h e d  a m in im u m  v a lu e  

fo r  the c o n c e n tr a t io n s  of f i s s i o n  p r o d u c ts  in  the  co o la n t .  T h is  s u b je c t  is  d i s c u s s e d  

b e lo w  in  co n ju n c t io n  w ith  o th er  a s p e c t s  o f  the f i s s i o n  p ro d u ct  s tu d ie s .  It is  

r e c o m m e n d e d  that p e r io d ic  m e a s u r e m e n t s  of the u ran iu m  c o n c e n tr a t io n  in  the p r im a r y  

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

D ata  ob ta in ed  d u rin g  d a ily  s u r v e i l la n c e  of the p r im a r y  co o la n t  sh ow ed  that  

no u nusua l or  a b n o r m a l  ch a n g e  in the c o n c e n tr a t io n  o f  g r o s s  g a m m a  r a d io a c t iv i ty  

o c c u r r e d  at any t im e  th ro u g h o u t  t h e s e  s tu d ie s .  The grad u a l in c r e a s e  in  th is  c o n 

c e n tr a t io n  a f te r  n o r m a l iz a t io n  to  100% of fu ll  p o w e r  a s  the r e a c to r  o p era ted  at in 

c r e a s i n g  p o w e r  l e v e l s  w a s  not u n e x p e c te d .  A s  the r e a c t o r  contin ued  to  o p e r a te  n e a r

i t s  ra ted  m a x im u m  p o w e r  output^ the m e a n  v a lu e  of the n o r m a l iz e d  c o n c e n tr a t io n  of
-  1

the  g r o s s  15-m in u te  d e g a s s e d  r a d io a c t iv i ty  w a s  f l . 2 ± 0 . 2 ) x l 0  p c / m l .  T h is  v a lu e  

i s  e s t a b l i s h e d  a s  th e  b a s e  o p e r a t io n a l  l e v e l  for  su b seq u en t  p lant o p era t io n .

It i s  a n t ic ip a te d  that th e  c o n c e n tr a t io n s  of g r o s s  1 5 -m in u te  d e g a s s e d  r a d io 

a c t iv i t y  m a y  i n c r e a s e  g r a d u a l ly  w ith  i n c r e a s e d  r e a c to r  o p era t io n .  Such an in c r e a s e  

m ig h t  b e  due to  su ch  f a c t o r s  a s  the n o r m a l  gradu al i n c r e a s e  in  the co n tr ib u t io n  of  

lo n g e r  l i v e d  r a d io n u c l id e s  to  the  to ta l  g a m m a  r a d io a c t iv i ty  or an i n c r e a s e  in  the c o n 

c e n tr a t io n s  o f  s o lu b le  or p a r t ic u la te  c o r r o s i o n  p r o d u c ts .  However^ a p r e c ip i to u s  

i n c r e a s e  in  the  c o n c e n tr a t io n  o f  th e  g r o s s  g a m m a  r a d io a c t iv i ty  i s  u s u a l ly  an  

in d ic a t io n  o f  a p o te n t ia l  h a z a r d  due to  a fau lty  c o r e  c o m p o n en t  or a ch an ge  in  the  

c h e m ic a l  c o m p o s i t io n  of c h a r a c t e r i s t i c s  o f  the p r im a r y  co o la n t .  If any sudden  in 

c r e a s e  sh ou ld  o c c u r j  im m e d ia te  s t e p s  sh ou ld  be  tak en  to  d e f in e  q u a n t ita t iv e ly  the  

co n tr ib u tin g  s p e c i e s .
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T h e  r e s u l t s  of  t h e  r o u t i n e  m e a s u r e m e n t s  of  t h e  c o n c e n t r a t i o n  of g r o s s  o n e -  

h o u r  i o d i n e  r a d i o a c t i v i t y  in  t h e  p r i m a r y  c o o l a n t  s h o w e d  t h a t  no  p r e c i p i t o u s  i n c r e a s e  

in  f i s s i o n  p ro d u ct  c o n c e n tr a t io n s  had o c c u r r e d  e i th e r  d u rin g  s t e a d y - s t a t e  o p e r a t io n s  

or a s  a r e s u l t  o f  r e a c t o r  p o w e r  t r a n s ie n t s .  The c o n c e n tr a t io n  o f  g r o s s  o n e -h o u r

io d in e  r a d io a c t iv i ty  r e m a in e d  b e lo w  th e  m a x im u m  p e r m i s s i b l e  co n c e n tr a t io n  for
I S)

d is c h a r g e  to th e  s e a  \  The m e a n  v a lu e  o f  the n o r m a l i z e d  c o n c e n tr a t io n s  o b s e r v e d
- 4

at r e a c t o r  p o w e r  l e v e l s  i n  e x c e s s  of  10% of fu ll  power w a s  (2. 0±0. 3 )x l0  p c / m l .

T h is  v a lu e ,  w h ich  is  d e f in ed  a s  the b a s e  c o n c e n tr a t io n  for  su b se q u e n t  r e a c to r  

o p e r a t io n s ,  i s  c o n s i s t e n t  w ith  v a lu e s  for  the c o n c e n tr a t io n s  o f  g r o s s  o n e -h o u r  

iod in e  r a d io a c t iv i ty  o b s e r v e d  in  o th er  p r e s s u r i z e d  w a te r  r e a c to r  c o o la n ts  in w h ich  

the in t e g r i ty  o f  the fu e l  c lad d in g  h a s  b e e n  m a in ta in e d .

I t  i s  p o s s i b l e  that the c o n c e n tr a t io n  of g r o s s  o n e -h o u r  io d in e  r a d io a c t iv i ty  

m a y  i n c r e a s e  s lo w ly  o v e r  the f i r s t  s e v e r a l  th ou sand  eq u iv a le n t  f u l l -p o w e r  h o u r s ,

and then  r e m a in  e s s e n t i a l l y  co n s ta n t .  T h is  p o s s i b l e  fu ture  in c r e a s e  cou ld  r e s u l t
2 3 g 2 3*9

fr o m  the c o n v e r s io n  o f  U on the c o r e  s u r fa c e  to  P u  . H o w e v e r ,  any sudden

in c r e a s e  in  the c o n c e n tr a t io n  of the g r o s s  o n e -h o u r  io d in e  r a d io a c t iv i ty  w ould  be  

a s p e c i f i c  in d ic a to r  of a s ig n i f ic a n t  in f lu x  of f i s s i o n  p ro d u cts  fe .  g. , through  a fu e l  

e le m e n t  c lad d in g  fa i lu r e )  and w a r r a n ts  im m e d ia te  in v e s t ig a t io n .

If su ch  an i n c r e a s e  o c c u r s  c o n c u r r e n t ly  w ith  an i n c r e a s e  in  the g r o s s  r a d io 

a c t iv i ty  c o n e e n tr a t io n ,  f i s s i o n  p r o d u c ts  w i l l  h a v e  b e e n  e s t a b l i s h e d  a s  the p r in c ip a l  

co n tr ib u to r s  to the  i n c r e a s e .  F u r th e r  d e ta i le d  id e n t i f ic a t io n  of the p a r t ic u la r  

f i s  s io n  p ro d u cts  and d e te r m in a t io n s  of th e ir  c o n c e n tr a t io n s  can  then  be  m a d e  

e i th e r  by g a m m a  s p e c tr u m  o r  r a d io c h e m is t r y  m e th o d s .  H o w e v e r ,  i f  no in c r e a s e  

in  the g r o s s  o n e -h o u r  io d in e  c o n c e n tr a t io n  o c c u r s  in  con ju n ction  w ith  a s e r io u s  

i n c r e a s e  in  g r o s s  g a m m a  r a d io a c t iv i ty ,  f i s s i o n  p r o d u c ts  m a y ,  in  g e n e r a l ,  be  

e x c lu d e d  a s  p r in c ip a l  c o n tr ib u to r s  to  the o b s e r v e d  i n c r e a s e .  In su ch  an ev en tu a li ty ,  

atten t io n  m a y  th en  b e  fo c u s e d  on a c t iv a t io n  p r o d u c ts  or a c t iv a te d  c o r r o s i o n  p ro d u cts  

to  d e te r m in e  the e v e n ts  w h ich  gave  r i s e  to  the in c r e a s e d  r a d io a c t iv i ty .

The a b s e n c e  of su dd en  i n c r e a s e s  in  the g r o s s  o n e -h o u r  io d in e  c o n c e n tr a t io n  

d urin g  a s u s ta in e d  p e r io d  o f  r e a c to r  o p e r a t io n s  d o e s  not n e c e s s a r i l y  p r e c lu d e  the
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e x i s t e n c e  o f  a s l ig h t ly  d e f e c t iv e  fue l e l e m e n t  in  the core.. F r e q u e n t ly  su ch  i n c r e a s e s  

o ccu r  at p lan t  s ta r t -u p  or shutdown^ or a s  a r e s u l t  of p o w e r  t r a n s ie n t s .  T h rou gh 

out th is  program ^ m e a s u r e m e n t s  w e r e  m a d e  o f  the g r o s s  o n e -h o u r  iod in e  r a d io 

a c t iv i ty  im m e d ia te ly  fo l lo w in g  r e a c t o r  p o w e r  t r a n s ie n t s .  In no in s ta n c e  w a s  any  

e v id e n c e  ob ta ined  for  a s ig n i f ic a n t  fu e l  c la d d in g  d e fe c t .  It i s  r e c o m m e n d e d  that th is  

in d ic a to r  o f  fu e l  c lad d in g  fa i lu r e  be u s e d  r o u t in e ly  aboard  the v e s s e l ,  e s p e c ia l ly  

du rin g  p e r io d s  of p o w e r  transients^, to  con tin u e  s u r v e i l la n c e  o f  fue l c ladd in g  in te g r i ty .

In a d d it ion  to the d a i ly  s u r v e i l la n c e  o p e r a t io n s ,  e x te n s iv e  s tu d ie s  w e r e  p e r 

fo r m e d  to  ob ta in  d e ta i le d  c h a r a c t e r iz a t io n  of th e  im p o rta n t  r a d io a c t iv e  co n st itu en ts  

of the p r im a r y  co o la n t .  A  to ta l  of 22 r a d io n u c l id e s  w e r e  m e a s u r e d  q u a n tita t iv e ly

d u r in g  t h e s e  s tu d ie s .  F ou r  o f  the r a d io n u c l id e s  w e r e  a c t iv a t io n  p r o d u c ts ,  two of
18 13w h ich  ( F  and N  ) a r e  in t r in s ic  to any w a te r -c o o le d  r e a c t o r .  Due to the sh o r t

h a l f - l i v e s  o f  t h e s e  tw o s p e c i e s ,  th e ir  c o n c e n tr a t io n s  a r e  p ro p o r t io n a l  to r e a c to r
18

p o w e r .  The m e a n  v a lu e  o f  the c o n c e n tr a t io n  o f  F  o b s e r v e d  at the v a r io u s  r e a c to r

p o w e r  l e v e l s ,  a f te r  c o r r e c t io n  for  d e c a y  and n o r m a l iz a t io n  to  100% of fu ll p o w e r ,  w a s
- 2

(1. 6±0. I ) x l0  p c / m l .  S in ce  th is  v a lu e  e x h ib it s  a s tandard  d e v ia t io n  of l e s s  than 10%,
18

it  i s  c o n c lu d ed  that the F  c o n c e n tr a t io n  ex h ib ite d  n o r m a l b eh a v io r  during the p e r io d

in  w h ich  t h e s e  m e a s u r e m e n t s  w e r e  p e r fo r m e d .
13

A n a ly s i s  for  N  in  the p r im a r y  co o la n t  i s  so m e w h a t  m o r e  c o m p le x ,  s in c e

it  m a y  b e  p r e s e n t  both a s  a f r e e  g a s  (N„) and in  a c h e m ic a l ly  co m b in ed  fo r m , such  a s
+

a m m o n iu m  ion  (NH^) . M e a s u r e m e n t s  of the c h e m ic a l ly  co m b in ed , or n o n -d e g a s s a b le ,

n itr o g e n  in s a m p le s  of the p r im a r y  c o o la n t  r e s u l t e d  in  a m e a n  v a lu e  for  the n o r m a l iz e d
13 , “2 ,

N c o n c e n tr a t io n  of (9- 5±0. 9 )x I 0  p c / m l .  A t te m p ts  to m e a s u r e  q u a n tita t iv e ly  the
13

c o n c e n tr a t io n  o f  th e  d e g a s s a b le  N in  t h e s e  s a m p le s  w e r e  not s a t i s fa c to r y .  H ow 

e v e r ,  the a p p a ren t  v a lu e s ,  w h ich  w e r e  v e r y  s m a l l ,  m a y  not be  r e p r e s e n ta t iv e  of the
13

a c tu a l c o n c e n tr a t io n  of v o la t i l e  N in  the p r im a r y  co o la n t  b e c a u s e  of p o ten t ia l  l o s s e s

r e s u l t in g  f r o m  the d e p r e s s u r iz a t io n  o f  the co o la n t  u p s tr e a m  of  the co o la n t  sa m p lin g
13

fa c i l i t y .  D ir e c t  m e a s u r e m e n t  o f  the to ta l  N cou ld  not be  m a d e  b e c a u s e  the s h ip 

b o a rd  g a s  s a m p l in g  s y s t e m  w a s  in o p e r a t iv e  d u rin g  the p e r io d  in  w hich  th e s e  m e a s u r e -
13

m e n ts  w e r e  d e s i r e d .  T h e r e f o r e ,  the data for  the N r e p r e s e n t  lo w e r  l i m i t s  for  its  

c o n c e n tr a t io n  in  the p r im a r y  s y s t e m .
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13
A n a p p a ren t  p r e f e r e n t ia l  d is t r ib u t io n  of N into  the c h e m ic a l ly - c o m b in e d  

s ta te  in  the p r im a r y  co o la n t  of the N. S. Savannah m ig h t  b e  p o s tu la te d  a s  fo l lo w s:

S in ce  the pH of  the c o o la n t  is  a p p r o x im a te ly  6. 5, an e x c e s s  o f  h y d ro g en  io n s  e x i s t s .

In addition , a s ig n i f ic a n t  c o n c e n tr a t io n  of h y d r o g e n  r a d ic a ls  r e s u l t in g  f r o m  r a d io ly s i s

of the co o la n t  m a y  b e  p r e s e n t .  T h e s e  tw o  s p e c i e s  m a y  r e a c t  w ith  the r e c o i l  n itr o g e n
16 13

io n s  p r o d u ced  a s  a r e s u l t  o f  O (p, a)N  to  fo r m  a m m o n ia  or a m m o n iu m  io n s .  T h is  

c h e m ic a l  r e a c t io n  m a y  c o m p e te  fa v o r a b ly  w ith  the r e a c t io n s  in  w hich  the n itr o g e n  

io n s  r e c o m b in e  to fo r m  e le m e n ta l  n i tr o g e n .
24 41

The o ther  tw o s ig n i f ic a n t  a c t iv a t io n  p r o d u c ts ,  N a and A r , r e s u l t  fro m  

a c t iv a t io n  o f  so d iu m  and a r g o n  im p u r i t i e s  in  the p r im a r y  co o la n t .  S in ce  the c o n 

c e n tr a t io n s  of t h e s e  im p u r i t i e s  a r e  not n e c e s s a r i l y  co n sta n t ,  a d ir e c t  p r o p o r t io n a li ty

b e tw e e n  r e a c t o r  p o w e r  and th e ir  c o n e e n tr a t io n s  m a y  not be o b s e r v e d .  With r e f e r e n c e
24

to T ab le  V, it  i s  s e e n  that the N a  co n ce n tr a t io n  ex h ib ite d  an in c r e a s in g  tren d  w ith  

con tin u ed  r e a c t o r  o p e r a t io n s  . The o b s e r v e d  c o n c e n tr a t io n s  w e r e ,  h o w e v e r ,  c o n 

s i s t e n t  w ith  c o n c e n tr a t io n s  o b s e r v e d  in  s im i l a r  r e a c t o r s .  S in ce  s e a - w a t e r  i s  u sed
24

a s  a s o u r c e  o f  m a k e -u p  water fo r  th is  r e a c t o r ,  the c o n c e n tr a t io n s  of N a o b s e r v e d  

a r e  ju d ged  to b e  n o r m a l .

A r g o n  i s  n o r m a l ly  p r e s e n t  in  t r a c e  c o n c e n tr a t io n s  in the p r im a r y  coo lan t ,  

s in c e  it  h a s  a f in ite  s o lu b i l i ty  in  w a te r .  T h e r e f o r e ,  i t s  co n c e n tr a t io n ,  a f te r  n o r m a l

iz a t io n  to  m a x im u m  r e a c t o r  p o w e r ,  i s  e x p e c te d  to  be co n sta n t  under n o r m a l  o p era tin g
41

c o n d it io n s .  T he o b s e r v e d  v a lu e s  of th e  c o n c e n tr a t io n  of A r in the p r im a r y  co o la n t

s a m p le s  w e r e  v e r y  s m a l l ,  and w e r e  subj e c t  to the s a m e  u n c e r ta in t ie s  a s  the data
13 41

for N . A t te m p ts  w e r e  m a d e  to  e s t im a t e  th e  A r l o s s e s  due to the d e p r e s  s u r iz a t io n

in the s a m p l in g  l in e  by c o m p a r in g  data  fo r  d e g a s s e d  and n o n - d e g a s s e d  coo lan t  s a m p le s .

The r e s u l t s  of t h e s e  c o m p a r i s o n s  w e r e  in c o n c lu s iv e .  It is  b e l ie v e d ,  t h e r e f o r e ,  that  

t h e s e  data  a r e  not tr u ly  r e p r e s e n t a t iv e  

p r im a r y  co o la n t  o f  the N. S. Savannah.

41
t h e s e  data  a r e  not tr u ly  r e p r e s e n t a t iv e  o f  the a c tu a l  c o n c e n tr a t io n s  of A r in  the

In ad d it ion  to  i t s  n o r m a l  co n ten t  in  the p r im a r y  coo lan t ,  a rg o n  can  be  

in tr o d u c e d  in to  the p r im a r y  s y s t e m  b y  a ir  l e a k a g e .  S in ce  an in c r e a s e d  c o n c e n tr a t io n  

of f r e e  o x y g en  in  the s y s t e m  can  a d v e r s e l y  a f f e c t  c o r r o s io n  r a te s  and crud  fo r m a t io n  

and d e p o s it io n ,  the e x i s t e n c e  and a p p l ic a t io n  of a rap id  in d ic a to r  for  s ig n if ic a n t
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i n c r e a s e s  in  a ir  c o n c e n tr a t io n s  in  the s y s t e m  i s  d e s ir a b le .  The Ar"^  ̂ co n ce n tr a t io n
41

in  the co o la n t  p r o v id e s  su ch  an in d ic a to r .  H o w e v e r ,  the v a l id  m e a s u r e m e n t  of A r  

r e q u ir e s  a c q u is i t io n  o f  a tr u ly  r e p r e s e n t a t iv e  s a m p le  of the p r im a r y  s y s t e m .  The  

a v a i la b i l i ty  o f  an o p e r a b le  p r e s s u r i z e d  s a m p l in g  fa c i l i t y  for  th is  p u r p o se  i s ,  t h e r e 

fo r e ,  d e e m e d  n e c e s s a r y  for  c o m p le te  m o n ito r in g  o f  th is  im p o rta n t  p lan t p a r a m e te r .
16

T he v e r y  s h o r t - l i v e d  (9. 7 - seco n d )  i s o to p e  N , i s  a l s o  a n o r m a l a c t iv a t io n

p rod u ct  in  p r e s s u r i z e d  w a te r  r e a c t o r s .  A n a ly s i s  for  th is  s p e c ie s  a s  a p a r t  of t h e s e

s tu d ie s  w a s  d e e m e d  d e s ir a b le .  H o w e v e r ,  th e  t r a n sp o r t  t im e  of the co o la n t  fr o m  the

r e a c to r  c o r e  to  the co o la n t  s a m p l in g  f a c i l i t y  w a s  c l o s e  to 80 h a l f - l i v e s  of th is  s p e c i e s .

The r e s u l t in g  e x t e n s iv e  in - t r a n s i t  d e c a y  p r e c lu d e d  it s  m e a s u r e m e n t .

D u r in g  the c o u r s e  of th is  w ork , a n a ly s e s  w e r e  p e r fo r m e d  for e ig h t  a c t iv a te d
56

c o r r o s io n  p r o d u c ts .  T he c o n c e n tr a t io n  o f  Mn o b s e r v e d  at ea ch  p o w e r  l e v e l

r e p r e s e n t e d  th e  p r in c ip a l  f r a c t io n  of the g r o s s  g a m m a  r a d io a c t iv i ty .  It w a s  o b s e r v e d

to b e  the m o s t  im p o r ta n t  r a d io a c t iv e  c o n s t i tu e n t  in  both the aq ueous  and s e p a r a te d

crud  fr a c t io n s  of p r im a r y  co o la n t .  N o o th er  a c t iv a te d  c o r r o s io n  p ro d u ct  w a s  o b s e r v e d

in  s ig n i f ic a n t  c o n c e n tr a t io n s  at p o w e r  l e v e l s  b e lo w  38. 9% of fu ll p o w e r .  A t th is  p o w e r ,
64Cu w a s  a l s o  p r e s e n t  in  the crud  f r a c t io n  in  m e a s u r a b le  c o n c e n tr a t io n s .  A n a ly s e s  for

oth er  n u c l id e s  in  th is  c a t e g o r y  sh o w ed  that t h e ir  c o n c e n tr a t io n s  in  the co o la n t  and

crud  w e r e  e i th e r  in s ig n i f i c a n t  or e x t r e m e ly  s m a l l .  The v a lu e s  fo r  the lo n g - l i v e d  s p e c i e s

(T ab le  VI) w e r e  d e r iv e d  fr o m  s e n s i t iv i t y  m e a s u r e m e n t s  and a r e  subj e c t  to ra th er  la r g e

s t a t i s t i c a l  e r r o r s  due to  th e  lo w  counting  r a t e s .  In m o s t  of th e s e  a n a ly s e s ,  p r e c i s i o n s

of on ly  ± 30% w e r e  a c h ie v e d .

T u n g s te n -  187, a r a d io a c t iv e  c o n s t i tu e n t  c o m m o n  to the p r im a r y  s y s t e m s  of

m o s t  p r e s s u r i z e d  w a te r  r e a c t o r s ,  w a s  not o b s e r v e d  in e i th e r  the aq ueous  or p a r t ic u la te

fr a c t io n  o f  the co o la n t  at any p o w e r  l e v e l .  T he a b s e n c e  of s ig n if ic a n t  q u a n t it ie s  of  
187W i s  c o n s i s t e n t  w ith  the r e s u l t s  of a c h e m ic a l  a n a ly s i s  of p a r t ic u la te  s a m p le s  

obta ined  p r io r  to  in i t ia l  cr it ica l ity ^  No e v id e n c e  for the p r e s e n c e  of tu n g ste n  w a s

obta ined  in  t h e s e  a n a ly s e s .

The d is tr ib u t io n  of the a c t iv a te d  c o r r o s i o n  p ro d u cts  b e tw e e n  the a q u eou s  and  

p a r t ic u la te  p h a s e s  of the p r im a r y  c o o la n t  i s  sh ow n  in  T ab le  VI. The m a n g a n e s e  

i s o t o p e s  w e r e  o b s e r v e d  to  b e  a s s o c ia t e d  p r im a r i ly  w ith the aqueous  fr a c t io n .  At ea ch

-  64  -



59
at 100% of fu ll p o w e r .  A p p r o x im a te ly  80% of  the F e  w a s  o b s e r v e d  to  be in the

54 56
p o w e r  l e v e l  at w h ich  s tu d ie s  w e r e  p e r fo r m e d ,  90% or m o r e  o f  the Mn and Mn 

w a s  found in  the a q u eo u s  f r a c t io n .  A t p o w e r  l e v e l s  l e s s  than  20% of fu ll p o w e r ,

90% to 95% of the o b s e r v e d  m a n g a n e s e  i s o t o p e s  w e r e  p r e s e n t  in  the aqueous fr a c t io n .
59T he F e  w a s  found to b e  a s s o c ia t e d  p r e f e r e n t ia l l y  w ith  the crud  fr a c t io n ,  a s  w e r e  

58 60 5 1Co  ̂ , and Cr . T he c h r o m iu m  and c o b a lt  i s o t o p e s  e x h ib ite d  a p ron ou n ced

a ff in ity  fo r  th e  p a r t ic u la te  f r a c t io n  in  the s a m p le  taken  w hen the r e a c to r  w a s  o p era t in g  

at 100% of fu ll p o w e i  

p a r t ic u la te  fr a c t io n .
64

The 12. 8 -d a y  Cu , w h ich  f i r s t  w a s  d e te c te d  in the crud  fr a c t io n  at 38. 9% 

of fu ll p o w e r ,  w a s  not g e n e r a l ly  sou ght in  the a q u eou s  fr a c t io n .  A n a n a ly s i s  for  th is  

n u c l id e ,  p e r f o r m e d  on the a q u eo u s  f r a c t io n  ob ta in ed  at 53 .8%  of fu ll  p o w e r ,  sh ow ed  

that no s ig n i f ic a n t  c o n c e n tr a t io n  w a s  p r e s e n t  at that t im e .

The c o n c e n tr a t io n s  o f  the  a c t iv a te d  c o r r o s i o n  p ro d u cts  in  the p r im a r y  

c o o la n t  ex h ib ite d  an  in c r e a s i n g  tren d  w ith  in c r e a s in g  r e a c to r  p o w e r .  T h e s e  in c r e a s e s  

in  c o n c e n tr a t io n s  g e n e r a l ly  p r o c e e d e d  at a r a te  f a s t e r  than can  be a ttr ib u ted  to  in 

c r e a s e d  p o w e r  or e q u iv a le n t  f u l l - p o w e r  h o u r s  of o p era t io n .  T h is  la r g e r  i n c r e a s e  is  

not u n e x p e c te d ,  s in c e  c o r r o s i o n  p r o d u c ts  w e r e  co n t in u a lly  in trod u ced  into the coo lan t

d u rin g  th is  p e r io d .  The c o n c e n tr a t io n s  w e r e  generally  v e r y  s m a l l .  The c o n c e n tr a t io n s  
56of  Mn w e r e  s o m e w h a t  la r g e r  than th o s e  w h ich  h a v e  b e e n  o b s e r v e d  in  s im i l a r  r e a c t o r s .  

56
H o w e v e r ,  Mn d o e s  not a p p ear  to  c o n s t i tu te  any p o ten t ia l  h a za rd .

N o a b n o r m a l v a r ia t io n s  in  a c t iv a te d  c o r r o s i o n  p rod u ct  c o n c e n tr a t io n s  w e r e

o b s e r v e d  d u rin g  th is  p r o g r a m .  No e v id e n c e  w a s  obta ined  for r a d io a c t iv i ty  t r a n s ie n t s

su ch  a s  th o s e  a s s o c ia t e d  w ith  su d d en  r e l e a s e s  of c o r r o s io n  p ro d u cts  or p a r t ic u la te s

to  the co o la n t  (crud  b u r s t s ) ,  or fo r  a b n o r m a l ch a n g es  in  p r im a r y  s y s t e m  c o r r o s io n .

D ur in g  the c o u r s e  of th is  w o rk , a n a ly s e s  w e r e  p e r fo r m e d  on p r im a r y  coo lan t

s a m p le s  for 10 f i s s i o n  p r o d u c ts .  The c o n c e n tr a t io n s  of the iod in e  i s o t o p e s ,
X 3 X X 3 3 X 34 X 3 5

I ’ ’ ’ , in c r e a s e d  s l ig h t ly  w ith  r e a c t o r  p o w e r  a s  i s  show n  in  T ab le  VII,

T he i n c r e a s e s  w e r e  c o n s i s t e n t  w ith , or  so m e w h a t  l e s s  than, the in c r e a s e s  in  r e a c to r
138

p o w e r .  The v a r ia t io n  in the c o n c e n tr a t io n  o f  3 2 -m in u te  Cs in the p r im a r y  co o la n t  

w a s  p r o p o r t io n a l  to the r e a c t o r  p o w e r  w ith in  e x p e r im e n ta l  e r r o r .
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9 1The c o n c e n tr a t io n s  o f  th e  s h o r t - l i v e d  s tr o n t iu m  i s o t o p e s ,  9« 7 -h o u r  Sr
92and 2. 7 -h o u r  Sr , in  the  f i l t e r e d  s a m p le s  of p r im a r y  co o la n t  (T ab le  IX) ex h ib ited

139
l i t t l e  c o r r e la t io n  w ith  r e a c t o r  p o w e r .  The c o n c e n tr a t io n  of B a  in  the aqu eous

fr a c t io n  of the p r im a r y  c o o la n t  a l s o  e x h ib ite d  f lu c tu a t io n s  not r e a d i ly  c o r r e la t e d  w ith

r e a c t o r  p o w e r .  T he f lu c tu a t io n s  fo r  t h e s e  th r e e  s p e c i e s  a r e  b e l i e v e d  to  be due in

p a r t  to  th e ir  lo w  cou n tin g  r a t e s  in  the s e p a r a te d  f r a c t io n s .  A ls o ,  u n c e r ta in t ie s  w e r e

in tro d u ced  into  the c h e m ic a l  y ie ld s  fo r  th o s e  f r a c t io n s  s e p a r a te d  f r o m  s a m p le s  taken

at the h ig h e r  r e a c t o r  p o w e r  l e v e l s  by d i f f ic u l t ie s  e n co u n tered  in  u s in g  the a n a ly t ic a l
140b a la n c e  at s e a .  H o w e v e r ,  the  data fo r  B a  c o n c e n tr a t io n s  ap p ear  to be c o n s is t e n t

w ith  c h a n g es  in  r e a c t o r  p o w e r .

No s ig n i f ic a n t  c o n c e n tr a t io n s  of b a r iu m  or  s tro n t iu m  is o to p e s  w e r e  o b s e r v e d
( 11)

in  the crud  f r a c t io n s .  It h a s  b e e n  sh ow n  p r e v io u s ly  that the d is tr ib u t io n  of b a r iu m  

and s tr o n t iu m  i s o t o p e s  b e tw e e n  the a q u eou s  and p a r t ic u la te  fr a c t io n s  of the p r im a r y  

co o la n t  of a p r e s s u r i z e d  w a te r  r e a c t o r  i s  l a r g e ly  dep endent upbn the pH of the  

p r im a r y  co o la n t .  A s  the v a lu e  of the co o la n t  pH i n c r e a s e s  above 8, the b a r iu m  and 

s tr o n t iu m  is o t o p e s  ten d  to  be a s s o c ia t e d  in c r e a s in g ly  w ith  the p a r t ic u la te  f r a c t io n  of  

the co o la n t .  S in c e  the p r im a r y  co o la n t  of the N. S. Savannah w a s  m a in ta in ed  b e tw e e n  

p H - 6 and p H - 7 at p o w e r  l e v e l s  ab ove  18% of fu ll  p o w e r ,  the p r e fe r e n t ia l  d is tr ib u t io n  

o f  b a r iu m  and s tr o n t iu m  into  the a q u eou s  p h a se  i s  not u n ex p ected .

An e s t im a t e  w a s  m a d e  of the c o n c e n tr a t io n s  of the above f i s s i o n  p ro d u cts  

w h ich  w ould  r e s u l t  f r o m  f i s s i o n  o f  the o b s e r v e d  t r a c e  c o n c e n tr a t io n s  of u ran iu m  in  

the  p r im a r y  co o la n t .  A m a x im u m  co n tr ib u t io n  of the o r d e r  of 1% of t h e s e  c o n 

c e n tr a t io n s  i s  a t tr ib u ted  to  th is  s o u r c e .  S in ce  th is  con tr ib u tion  i s  n e g l ig ib le ,  and 

s in c e  the data  for g r o s s  o n e -h o u r  io d in e  r a d io a c t iv i ty  in d ica te d  that th e r e  w a s  no  

s ig n if ic a n t  d e fe c t  in a fu e l  e le m e n t  c lad d in g ,  th e  f i s s i o n  p ro d u cts  o b s e r v e d  in the  

p r im a r y  co o la n t  w e r e  a s  s u m e d  to  h a v e  r e s u l t e d  fr o m  f is  s io n  p ro d u ct  r e c o i l s  fr o m  

n atu ra l u ra n iu m  c o n ta m in a t io n  on r e a c t o r  c o r e  s u r f a c e s .  On the b a s i s  of th is  

a s  su m p tion , th e  e x p e r im e n t a l ly  d e te r m in e d  v a lu e s  of the c o n c e n tr a t io n s  of our p r e 

s e l e c t e d  f is  s io n  p r o d u c ts  h a v e  b e e n  u s e d  to  e s t im a t e  the uran iu m  co n ta m in a t io n  on 

th e  c o r e  s u r f a c e s .
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133 134 138 139
T he four f i s s i o n  products^  I j, I , Cs , and B a  , w e r e  s e le c t e d  on

the b a s i s  o f  the c r i t e r i a  d e l in e a te d  in  S e c t io n  I. T h e ir  c o n c e n tr a t io n s  w e r e  m e a s u r e d

at n e a r ly  s t e a d y - s t a t e  conditions^  as  r e a c t o r  o p e r a t io n s  at s e v e r a l  r e a c to r  p ow er

l e v e l s  p e r m it te d .  The e x p e r im e n ta l  v a lu e s  w e r e  c o r r e c t e d  to  the s t e a d y - s ta te d

c o n c e n tr a t io n s  and w e r e  n o r m a l iz e d  to  the m a x im u m  ra ted  r e a c to r  p o w e r .  The

s u r fa c e  d e n s i ty  o f  u r a n iu m  on the  c o r e  h e a t  t r a n s f e r  s u r f a c e s ,  a s s u m in g  natural

u ran iu m , w a s  co m p u ted  u s in g  eq u ation  (11),  A pp en d ix  I. The data a r e  p r e s e n te d  in

T ab le  XVI. T he m e a n  v a lu e  of the s u r f a c e  d e n s i ty  o f  n a tu ra l uran iu m  con tam in an t
, - 2 , 2

on the h e a t  t r a n s f e r  s u r f a c e s  o f  the c o r e  w a s  (5. o i l .  l )x  10 (J.g/cm . If th is  co n -
235

ta m in a t io n  w e r e  due e n t ir e ly  to f u l ly - e n r ic h e d  (93% U ) u ran iu m , the ap p aren t
- 4  2

s u r fa c e  d e n s i ty  w ould  be 4 .  3x10 p g / c m  . T h is  l e v e l  of u ran iu m  co n ta m in a t io n

d o e s  not a p p ear  to  r e p r e s e n t  any p o te n t ia l  d if f ic u l ty  in  p lant o p er a t io n s .

In the r a d io a c t iv i ty  b a la n c e  s tu d ie s j  m e a s u r e m e n t s  of the c o n c e n tr a t io n s  of  

the g a m m a  r a d io a c t iv e  s p e c i e s  in  the c h e m ic a l ly  s e p a r a te d  f r a c t io n s  a g r e e d ,  w ith in  

e x p e r im e n ta l  e r r o r ,  w ith  th e  to ta l  g a m m a  r a d io a c t iv i ty  c o n c e n tr a t io n s  in the s a m p le .  

T h e s e  r e s u l t s  c o n f ir m  that a l l  s ig n i f ic a n t  r a d io n u c l id e s  in  t h e s e  s a m p le s  h ave  b e e n  

id en t if ied  and m e a s u r e d  q u a n t i ta t iv e ly .  It i s  r e c o m m e n d e d  that s im i la r  s tu d ie s  be  

p e r fo r m e d  p e r io d ic a l ly  d u r in g  su b se q u e n t  r e a c t o r  o p e r a t io n s  to c o n f ir m  the r e s u l t s  

of the m o r e  rou tin e  s u r v e i l la n c e  of th e  r e a c t o r  p lant.
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.r T A B L E  XVI

A P P A R E N T  U RANIUM  CONTAM INATION OF  
R E A C T O R  CORE H E A T  T R A N SF E R  SU R FA C E S

N u c lid e
F i s s i o n  Y ie ld  

(%)

R e a c to r  P o w e r  
(% of F u ll  P o w e r  )

T im e  at P o w e r  
(m in . )

S u r fa ce  D e n s i ty  
U ran iu m
(fxg/ cm^)

134 7. 8 9 . 7 
18. 0 
38. 9 
53. 0 
77. 6 
88. 7

300
550
645
497
777
512

6. 0x10
5. 6x10
6. 0x10  
5. 4x10  
5. 4x10  
6 . 4 x 10

-2
-2
-2
-2
-2
-2

133
6. 9 9. 7 

38. 9 
53. 0 
77. 6 
88. 7

300
645
497
777
512

5. 1x10 
5. 5x10  
3. 0x10  
3. 4x10
8. 2x10"

-2
- 2
- 2
-2

Cs
138

5. 6 9. 7 
18. 0 
38. 9 
53. 0 
77. 6 
88. 7

320
550
645
497
777
512

6. 3x10  
6. 3x10  
6. 7x10
6. 6x10
7. 5x10  
7. 5x10

-2
-2
-2
- 2
-2

B a 139 6 . 6 18. 0 
38. 9 
53. 0 
77. 6 
88. 7

550
645
497
777
512

4. 6x10  
3. 7x10
5. 1x10 
5. 1x10 
3. 6x10

-2
- 2
- 2
-2
- 2

O v e ra ll  a v e r a g e  (5. 6±1. l )x  10
-2
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V. SUM MARY

T h is  p r o g r a m  h a s  d e m o n s tr a te d  that the  r a d io a c t iv i ty  conten t of the p r im a r y  

s y s t e m  of the N. S. Savannah r e a c t o r  p lan t w a s  s m a l l  and n o r m a l du ring  the p e r io d

of in it ia l  c r i t i c a l i t y  and s ta r t -u p ,  and d u rin g  the s e a  t r ia l s  and a c c e p ta n c e  t e s t s .
56 4 1 1 3  18 ^

T he p r in c ip a l  r a d io a c t iv e  c o n s t i tu e n ts  (Mn , A t  , N and F  ) a r e  e i th e r

in tr in s ic  to  the p r im a r y  s y s t e m  of the p r e s s u r i z e d  w a te r  r e a c to r  or a r e  n o r m a lly

found in  the co o la n t  in  c o n c e n tr a t io n s  c o m p a r a b le  to  th o se  o b s e r v e d  in  th is  p r o g r a m .
56

The Mn c o n c e n tr a t io n s  o b s e r v e d  at the v a r io u s  r e a c to r  p ow er  l e v e l s  w e r e  s l ig h t ly  

h ig h e r ,  r e l a t iv e  to  th o s e  fo r  the o th er  n u c l id e s ,  than th o s e  o b s e r v e d  in  s im i la r  

r e a c to r  p la n ts .  T h is  s l ig h t ly  i n c r e a s e d  c o n c e n tr a t io n  i s  a ttr ib u tab le  to the fa c t  that 

the co o la n t  of th is  r e a c t o r  w a s  g e n e r a l ly  m a in ta in e d  b e tw e e n  pH6 and pH7, w h e r e a s  

the p r im a r y  c o o la n ts  o f  th e  o th er  p la n ts  w e r e  m a in ta in e d  at so m ew h a t  h ig h er  pH 

v a lu e s .

D ata  for  f i s s i o n  p ro d u c t  c o n c e n tr a t io n s  in  the p r im a r y  co o la n t  in d ica te  that  

th e ir  on ly  s ig n i f ic a n t  s o u r c e  i s  u ra n iu m  c o n ta m in a t io n  of the r e a c to r  c o r e  s u r f a c e s .

The o b s e r v e d  c o n c e n tr a t io n s  do not r e p r e s e n t  any s ig n if ic a n t  h a z a r d  or p o ten t ia l
- 2  2

d if f ic u lty  in  p lant o p e r a t io n .  The s m a l l  v a lu e  of 5 .6 x 1 0  p g /c m  for the s u r fa c e  

d e n s ity  of u ra n iu m  in d ic a te s  that no s ig n i f ic a n t  co n ta m in a t io n  o f  t h e s e  s u r fa c e s  

o c c u r r e d  d u r in g  c o r e  fa b r ic a t io n .  No s ig n i f ic a n t  d e fe c t  in  a fue l e le m e n t  c ladd in g  

w a s  d e te c te d  d u rin g  the p e r io d  in  w h ich  t h e s e  m e a s u r e m e n t s  w e r e  p e r fo r m e d .

The e f f i c i e n c y  o f  the d e m in e r a l i z e r  for  r e m o v a l  of an ion ic  and c a t io n ic  r a d io 

n u c l id e s  f r o m  the p r im a r y  co o la n t  w a s  sh ow n  to  e x c e e d  90%. V o la t i le  r a d io n u c l id e s  

w e r e  the on ly  r a d io a c t iv e  c o n s t i tu e n ts  found in  the d e m in e r a l i z e r  eff lu en t .

D ata  ob ta in ed  for  the c o n c e n tr a t io n s  of g r o s s  r a d io a c t iv i ty  in the w a s te  tanks  

w e r e  m a in ta in e d  b e lo w  the m a x im u m  p e r m i s s i b l e  c o n c e n tr a t io n s  for  d is c h a r g e  to the  

e n v ir o n m e n t .

On the b a s i s  o f  t h e s e  r a d io c h e m is t r y  s tu d ie s ,  it  m a y  be co n c lu d ed  that the  

N. S. Savannah p r im a r y  co o la n t  s y s t e m  e x h ib ite d  a n o r m a l con ten t and d is tr ib u t io n  of  

r a d io n u c l id e s  and that th o se  p lan t c o m p o n e n ts  for  w hich  r a d io a c t iv i ty  in d ic a to r s  or  

m o n ito r s  w e r e  o b s e r v e d  ex h ib ite d  sa fe  and n o r m a l  o p era t io n  b e h a v io r .
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A P P E N D I X  I

C A L C U L A T IO N  O F T H E  URANIUM  CONTAM INATION  
ON R E A C T O R  CORE SU R FA C E S

The quantity , N (t),  o f  a r a d io a c t iv e  f i s s io n  p rod u ct  in  the p r im a r y  s y s t e m  

of a p r e s s u r i z e d  w a te r  r e a c t o r  at a p a r t ic u la r  t im e ,  t, i s  a function  of i t s  r a te  of  

in tr o d u c t io n  in to  the co o la n t ,  i t s  r a te  o f  d e c a y ,  and the r a te  at w hich  it is  r e m o v e d  

by the p u r i f ic a t io n  s y s t e m .  T h e r e f o r e ,  the r a te  equ ation  d e s c r ib in g  the b u ild -u p  of  

the s p e c i e s  in  the co o la n t  i s  g iv e n  by eq u ation  (1).

dN(t) F, N(t)
—  = R - X N ( t ) - _ b ---------------------------- (1)

P

w h e r e  N(t) = th e  n u m b e r  of a to m s  of the f i s s i o n  p rod u ct  in  the

p r im a r y  coo lant;

R = the r a te  of in tro d u ct io n  in to  the coo lan t ,  s e c -  1;

X = th e  d e c a y  co n sta n t ,  s e c -  1;

F_ = the  b y p a s s  f low  ra te  at o p era t in g  t e m p e r a tu r e
3 ,th rough  the d ec o n ta m in a t io n  s y s t e m ,  c m  / s e c . ;  

V = th e  v o lu m e  of p r im a r y  coo lan t ,  at o p era tin g
P 3te m p e r a tu r e ,  cm  ; and

F / V  = po the p lan t  p u r if ic a t io n  con stan t ,  s e c -  1. 
b

In te g ra t io n  of eq u ation  (1) y ie ld s :

At s te a d y  s ta te  co n d it io n s  (i. e. , t  = oo).,

i x f p )  ' <̂ >

and the d is in te g r a t io n  r a te  of the f i s s i c n  p rod u ct ,  in  t e r m s  of a to m s  d is in te g r a t in g  

p e r  se c o n d ,  at s te a d y  s ta te  i s
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r ( x +  p )
= V , (4)

V  p

w h e r e  D °°  i s  the  s t e a d y - s t a t e  c o n c e n tr a t io n  o f  the f i s s io n  p rod u ct  in  the p r im a r y
V 2

co o la n t ,  ( d p s / c m  ).

T h e r e fo r e ,

R  ̂ (>̂ „+ P--)--------  d “  V . (5)
X V p

If the s o u r c e  of the f i s s i o n  p r o d u ct  i s  u ran iu m  c o n ta m in a t io n  on c o r e  

s u r f a c e s ,  the  r a te  of in tr o d u c t io n  i s  the  r a te  at w hich  the f i s s i o n  p rod u ct  r e c o i l s  

a r e  r e l e a s e d  to  the co o la n t .  T h is  ra te  i s  a fu n ction  of the quantity  of e f f e c t iv e  

u ran iu m , the m e a n  n eu tro n  f lu x  to w h ich  the u ran iu m  is  e x p o s e d ,  and the f i s s io n  y ie ld  

of the p a r t ic u la r  n u c lid e .  The e f f e c t iv e  u ra n iu m  i s  that u ran iu m  con ta in ed  w ith in  a 

d is ta n c e  f r o m  the s u r fa c e  equal to  one r e c o i l  ran ge .

If it  i s  a s s u m e d  that o n e - fo u r th  of the f i s s i o n  r e c o i l s  r e a c h  the coo lant,  

the r e c o i l  r a te  i s  g iv e n  by:

R  =  ^235 ^ “" f  ( 6 )
4

2 2
w h e r e  6 = the m e a n  n eu tro n  f lu x  (=7. 15x10 n / c m  - s e c  atm

100% of fu ll p ow er);
2 35

U235 -  the  n u m b e r  of e f f e c t iv e  a to m s  of U ;

Y = the  f r a c t io n a l  f is  s io n  y ie ld  of the rad ion u c lid e ;  and
235cr  ̂ -  the  th e r m a l  n eu tro n  f i s  s io n  c r o s s - s e c t i o n  of U

(5. 8 2 x 1 0 ” ^cm ^).

S u b st itu t io n  of eq u ation  ( 6 ) in to  (5) y ie ld s :

~  A  \T  T>°°
^235" ^ ^ -^v ( X + P) . (7)

rm Of Y X
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E q uation  (7) m a y  be  e x p r e s s e d  in  t e r m s  of n a tu ra l  u ra n iu m  by:

9  (T 1 X
m  f

T he q u an tity  of e f f e c t iv e  u ra n iu m  m a y  b e  e x p r e s s e d  in  t e r m s  of m i c r o 

g r a m s  p e r  unit a r e a  o f  c o r e  surface^  or

m ^  = 3 ,9 6 x 1 0   ̂ (n^)
(9)

T h e r e fo r e ,

Z . Z x 1 0 ' ‘ \ d ”  (  X t p )  . , 1 0 )

6 a- Y A X
m  f

If the m e a s u r e d  v a lu e s  of a r e  n o r m a l iz e d  to 100% of fu ll  r e a c to r  p o w e r ,

and i f  the c o r r e s p o n d in g  v a lu e s  o f  and of cr̂  a r e  su b st itu ted  in  eq u ation  (10), the

r e s u l t in g  r e la t io n s h ip  m-,T = 5. 3 5 x 1 0 ” ® (V D y) ( X -t- p) (11) m a y  be u se d  to
A Y X

c a lc u la te  the qu antity  of n a tu r a l  u ra n iu m  p er  unit a r e a  of c o r e  w ith in  one r e c o i l  

ra n g e  of th e  s u r fa c e .  T h is  v a lu e  i s  t e r m e d  the u ra n iu m  s u r fa c e  co n ta m in a t io n .
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