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EVALUATION OF VARIOUS METHODS OF FISSION PRODUCT 

AEROSOL SIMULATION 

B. F. R o b e r t s ,  S .  H.  F r e i d ,  G. W .  P a r k e r ,  
L. F. P a r s l y ,  and T. H.  Row 

ABSTRACT 

Although t h e  use  of s i m u l a t e d  f i s s i o n  p r o d u c t s  
is d e s i r a b l e  i n  c e r t a i n  e x p e r i m e n t s  of t h e  Nuc lea r  
S a f e t y  Program, s u c h  u s e  is j u s t i f i e d  on ly  i f  t h e  
s i m u l a n t s  behave l i k e  r e a l  f i s s i o n  p r o d u c t s  under  
s imi l a r  c o n d i t i o n s .  T h i s  r e p o r t  d e s c r i b e s  t h e  work 
done i n  t h e  major  n u c l e a r  s a f e t y  f a c i l i t i e s  a t  ORNL 
t o  e v a l u a t e  s i m u l a n t s  and d e t e r m i n e  whether  t h e i r  
u s e  is j u s t i f i e d .  Di rec t  comparison of s i m u l a t e d  and 
r e a l  f i s s i o n  p roduc t  a e r o s o l s  h a s  been performed i n  
t h e  Containment  Mockup F a c i l i t y  (CMF), t h e  Nuc lea r  
S a f e t y  P i l o t  P l a n t  (NSPP), t h e  Containment  Resea rch  
I n s t a l l a t i o n  (CRI) , and t h e  I n - P i l e  I n s t a l l a t i o n  
( I P I ) .  The r e s u l t s  of t h e s e  s t u d i e s  s u g g e s t  t h a t  
t h e  mechanisms c o n t r o l l i n g  t h e  r e l e a s e ,  t r a n s p o r t ,  
and a g i n g  b e h a v i o r  of  s i m u l a t e d  or r e a l  f i s s i o n  pro-  
d u c t  a e r o s o l s  is governed more by t h e  c o n d i t i o n s  of 
t h e  expe r imen t  t h a n  by t h e  n a t u r e  of t h e  a e r o s o l .  
Thus v a r i a t i o n  between d u p l i c a t e  e x p e r i m e n t s  is 
g r e a t e r  t h a n  between s i m u l a t e d  and r ea l  f i s s i o n  pro-  
d u c t s .  Accord ing ly ,  t h e  u s e  of s i m u l a n t s  i n  c e r t a i n  
e x p e r i m e n t s  of t h e  Nuc lea r  S a f e t y  Program a p p e a r s  t o  
produce  v a l i d  and r ea l i s t i c  r e s u l t s .  



2 

1 . 0  INTRODUCTION 

1.1 Reasons f o r  U s e  of S i m u l a n t s  

I n  t h e  case of a r e a c t o r  a c c i d e n t ,  f i s s i o n  p r o d u c t s  may 
be r e l e a s e d  from t h e  f u e l  and from t h e  p r imary  r e a c t o r  
chamber and be t r a n s p o r t e d  t o  t h e  l a r g e  s u r r o u n d i n g  v e s s e l  
des igned  t o  c o n t a i n  them. A major  o b j e c t i v e  of t h e  Nuc lea r  
S a f e t y  Program is t o  s t u d y  t h e  release,  t r a n s p o r t ,  and de-  
p o s i t i o n  b e h a v i o r  of f i s s i o n  p r o d u c t s  under  r e a c t o r  a c c i d e n t  
c o n d i t i o n s .  S i n c e  t h e  p h y s i c a l  s i z e  of t h e  e x p e r i m e n t a l  
f a c i l i t y  and t h e  c o n c e n t r a t i o n  of f i s s i o n  p r o d u c t s  may i n -  
f l uence  t h e  e x p e r i m e n t a l  r e s u l t s ,  l a r g e  scale  e n g i n e e r i n g  
tests u s i n g  h i g h l y  i r r a d i a t e d  f u e l  a r e  r e q u i r e d  i n  o r d e r  t o  
e v a l u a t e  b o t h  t h e o r y  and small-scale tests. 

When a l a r g e - s c a l e  e x p e r i m e n t a l  program r e q u i r e s  re- 
p e t i t i v e  tes ts  i n v o l v i n g  l a r g e  masses of f i s s i o n - p r o d u c t  
a e r o s o l ,  u s e  of i r r a d i a t e d  f u e l  t o  o b t a i n  t h e  a e r o s o l  is 
i m p r a c t i c a l '  because  t h e  f u e l  specimen would be t o o  large 
and t h e  i n t e n s e  r a d i o a c t i v i t y  would pose  i n o r d i n a t e  s h i e l d -  
i n g  and d e c o n t a m i n a t i o n  problems.  T h e r e f o r e  it is d e s i r a b l e  
t o  use  a s i m u l a t e d  f i s s i o n - p r o d u c t  a e r o s o l .  Such a n  a e r o s o l  
may be composed of i n a c t i v e  i s o t o p e s  of t h e  p e r t i n e n t  f i s s i o n  
p r o d u c t s  and traced w i t h  s m a l l  amounts of s u i t a b l e  r a d i o -  
a c t i v e  i s o t o p e s .  

S t u d i e s  which u t i l i z e  s i m u l a t e d  f i s s i o n - p r o d u c t  a e r o -  
s o l s  are  a p p l i c a b l e  t o  t h e  Nuc lea r  S a f e t y  Program o n l y  i f  
t h e  b e h a v i o r  of t h e  s i m u l a n t  a e r o s o l  is s imi la r  t o  t h a t  of 
a r ea l  f i s s i o n - p r o d u c t  a e r o s o l  unde r  s imi la r  c o n d i t i o n s .  
The s i m i l a r i t y  must e x i s t  f o r  b o t h  t h e  c o m p o s i t i o n  of t h e  
a e r o s o l  e n t e r i n g  t h e  con ta inmen t  v e s s e l  and f o r  t h e  a g i n g  
behav io r  of t h e  a e r o s o l  w h i l e  i t  is i n  t h e  v e s s e l .  I n  o r d e r  
t o  d e t e r m i n e  t h e  a p p l i c a b i l i t y  of u t i l i z i n g  s i m u l a n t s  severa l  
e x p e r i m e n t a l  programs have been performed.  H i l l i a r d ,  Coleman, 
and McCormack' have r e c e n t l y  r e p o r t e d  t h e  r e s u l t s  of 
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e x p e r i m e n t s  i n  t h e  Aeroso l  Development F a c i l i t y  (ADF) a t  t h e  
P a c i f i c  Northwest  L a b o r a t o r y  (PNL), and t h i s  r e p o r t  summarizes 
t h e  severa l  programs performed a t  Oak Ridge N a t i o n a l  Labora to ry  
(ORNL) . 

1 . 2  Methods of S i m u l a t i o n  

S imulant  a e r o s o l s  a re  u s u a l l y  g e n e r a t e d  by one of  two 
methods.  I n  t h e  f i r s t  method i n a c t i v e  i s o t o p e s  and t racers  
a r e  mixed w i t h  UO, and t h e n  c l a d .  The f u e l  compact is t h e n  
mel ted  t o  release t h e  s i m u l a n t  a e r o s o l .  I n  t h e  second method 
t h e  i n a c t i v e  i s o t o p e s  and t racers  are v a p o r i z e d  i n  a s e p a r a t e  
f u r n a c e  and t h e  v a p o r s  a r e  pas sed  i n t o  a second f u r n a c e  where 
t h e y  a r e  mixed w i t h  t h o s e  of mol ten  UO, and c l a d d i n g  material .  
Although t h e  f i r s t  method a p p e a r s  s i m p l e r  and more d i r e c t ,  
t h e  second method h a s  been c o n s i d e r e d  more p r a c t i c a l  for 
l a r g e - s c a l e  expe r imen t s  such  a s  t h e  Containment Systems Ex- 
per iment  (CSE) a t  PNL. The ORNL work d e s c r i b e d  i n  t h i s  r e p o r t  
u t i l i z e d  b o t h  methods b u t  t h e  second method w a s  emphasized 
because  of t h e  impor tance  of t h e  CSE i n  t h e  Nuclear  S a f e t y  
Program . 
1 . 3  I s o t o p e s  t o  be S t u d i e d  

Aeroso l  s t u d i e s  i n  n u c l e a r  s a f e t y  are g e n e r a l l y  d i r e c t e d  
toward d e t e r m i n i n g  t h e  amount of f i s s i o n  p r o d u c t s  which c o u l d  
be released from t h e  con ta inmen t  v e s s e l  under  r e a c t o r  a c c i d e n t  
c o n d i t i o n s .  T h i s  amount is l a r g e l y  de te rmined  by t h e  gasborne  
c o n c e n t r a t i o n  of t h e  i n d i v i d u a l  f i s s i o n  p r o d u c t s .  The s i t u -  
a t i o n  is f u r t h e r  s i m p l i f i e d  because  o n l y  c e r t a i n  c h e m i c a l  
e l e m e n t s  are h i g h l y  s i g n i f i c a n t  from a s a f e t y  s t a n d p o i n t .  
Thus,  i o d i n e  and t o  a much lesser e x t e n t  c e s i u m ,  t e l l u r i u m ,  
and ru thenium are t h e  f i s s i o n  p r o d u c t s  which are g e n e r a l l y  
emphasized.  
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1 . 4  Sampling Techniques  

S i n c e  f i s s i o n - p r o d u c t  i o d i n e  c a n  e x i s t  i n  v a r i o u s  forms 
and c a n  change form w h i l e  i n s i d e  a con ta inmen t  ~ e s s e l , ~  much 
e f f o r t  h a s  been devo ted  t o  t h e  s t u d y  of and t h e  
development of i o d i n e  c h a r a c t e r i z a t i o n  d e v i c e s .  6 9 7  

a e r o s o l s  are  g e n e r a l l y  d i v i d e d  i n t o  t h r e e  s p e c i e s :  p a r t i c u -  
l a t e  i o d i n e  is g e n e r a l l y  d e f i n e d  a s  t h a t  which is a s s o c i a t e d  
w i t h  p a r t i c l e s .  Molecular  i o d i n e  is t h a t  which r e a d i l y  re- 
a c t s  w i t h  meta l l ic  s u r f a c e s .  S i l v e r  is t h e  b e s t  s u r f a c e  for 
t h i s  purpose .  Organ ic  i o d i n e  is a m i x t u r e  of a l k y l  i o d i d e  
which c a n  o n l y  be c o n v e n i e n t l y  t r a p p e d  by  c h a r c o a l .  U n t i l  
r e c e n t l y  t h e  most w ide ly  used i o d i n e  c h a r a c t e r i z a t i o n  d e v i c e  
h a s  been t h e  May pack .6  T h i s  d e v i c e  g e n e r a l l y  c o n s i s t s  of 
f i r s t  a h i g h  e f f i c i e n c y  f i l t e r  t o  t r a p  p a r t i c u l a t e  i o d i n e ,  
t h e n  a series of s i l v e r  s c r e e n s  t o  a d s o r b  t h e  m o l e c u l a r  
i o d i n e ,  and f i n a l l y  cha rcoa l - impregna ted  f i l t e r  p a p e r s  and 
c h a r c o a l  beds t o  t r a p  t h e  o r g a n i c  i o d i n e .  Because t h i s  de-  
v i c e  d o e s  n o t  c l e a r l y  d i s t i n g u i s h  between p a r t i c u l a t e  and 
m o l e c u l a r  i o d i n e ,  t h e  honeycomb sample r7  h a s  r e c e n t l y  been 
developed .  T h i s  d e v i c e  c o n s i s t s  of f i rs t  a s i l v e r - p l a t e d  
honeycomb t o  p r o v i d e  adequa te  s u r f a c e  t o  t r a p  t h e  m o l e c u l a r  
i o d i n e ,  t h e n  a h igh  e f f i c i e n c y  f i l t e r  t o  t r a p  t h e  p a r t i c u l a t e  
i o d i n e ,  and f i n a l l y  c h a r c o a l  beds t o  t r a p  t h e  o r g a n i c  i o d i n e .  

I o d i n e  

1 . 5  Purpose  of P r e s e n t  V a l i d a t i o n  S t u d i e s  
The pu rpose  of t h e  p r e s e n t  v a l i d a t i o n  s t u d i e s  is t o  compare 

t h e  b e h a v i o r  of r e a l  f i s s i o n  p r o d u c t s  w i t h  s i m u l a t e d  ones  and 
t o  a s c e r t a i n  t h e  v a l i d i t y  of t h e  v a r i o u s  methods of s i m u l a t i o n .  

1 . 6  V a l i d a t i o n  Exper iments  
The e x p e r i m e n t a l  r e s u l t s  t o  be examined w i l l  c o n s i s t  of 

g r o u p s  of e x p e r i m e n t s  which used  impregnated  f u e l s ,  r e a l  
f i s s i o n  p r o d u c t s ,  and CSE s i m u l a n t s .  For p u r p o s e s  of compari-  
s o n  t h e  r e s u l t s  w i l l  be s u b d i v i d e d  a c c o r d i n g  t o  t h e  e x p e r i -  
m e n t a l  f a c i l i t y  i n  which t h e y  were o b t a i n e d :  t h e  CMF, t h e  C R I ,  
t h e  NSPP, and t h e  i n - p i l e  f a c i l i t y  i n  t h e  ORR. 

. 
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2.0 USE OF IMPREGNATED FUELS 

2 . 1  I n t r o d u c t i o n  

The s i m u l a t i o n  of r a d i o g e n i c  f i s s i o n  p r o d u c t s  i n  
metall ic f u e l s  w a s  f i r s t  u t i l i z e d  by ANL i n  c o n n e c t i o n  w i t h  
deve lopmen ta l  s t u d i e s  of r e c y c l e  f u e l s  i n  t h e  b r e e d e r  re- 
a c t o r  program. T h e i r  o b j e c t i v e s  were s a t i s f i e d  w i t h  t h e  
a d d i t i o n  of a few r e a d i l y  a l l o y e d  metals s u c h  a s  pa l l ad ium,  
ru then ium,  rhodium, t i n ,  ant imony,  e t c .  The a l l o y i n g  
p r o c e s s  l e a d s  t o  a homogeneous metal l ic  f u e l  a lmos t  un- 
d i s t i n g u i s h a b l e  from i r r a d i a t e d  uranium,  t h u s  t h e  o b j e c t i v e  
is accompl ished .  

The manufac ture  of s i n t e r e d - h i g h  d e n s i t y  UO, , however, 
d o e s  n o t  pe rmi t  d i l u t i o n  w i t h  most of t h e  f i s s i o n  p roduc t  
e l e m e n t s ,  e s p e c i a l l l y  t h e  v o l a t i l e  ones  of i n t e re s t  t o  
n u c l e a r  s a f e t y  work and t h e r e f o r e  o t h e r  means of  impregna- 
t i n g  or s i m u l a t i n g  f u e l s  had t o  be d e v i s e d .  

S i m u l a t i o n  of f i s s i o n  p roduc t  i o d i n e  i n  UO, a e r o s o l s  
8 h a s  been accompl ished  i n  d i f f e r e n t  ways. P a r k e r  e t  a l .  

r e l e a s e d  m o l e c u l a r  i o d i n e  i n  a UO, m e l t i n g  expe r imen t  by 
s e a l i n g  1271 ca r r i e r  and 1 3 1 ~  i n  a small  q u a r t z  c a p i l l a r y  
t u b e  t h a t  w a s  a r r a n g e d  i n  t h e  f u e l - m e l t i n g  f u r n a c e  t o  m e l t  
a f t e r  t h e  s t a i n l e s s  s t e e l  c l a d d i n g .  P a r s l y  e t  a l .  mixed 
N ~ ~ ~ ~ I  c o n t a i n i n g  l3lI w i t h  UO, powder and packed t h e  mix- 
t u r e  i n  t h e  c o r e  of EGCR-type UO, p e l l e t s .  Methods of 
i n c o r p o r a t i n g  o t h e r  f i s s i o n  p r o d u c t  s i m u l a n t s  i n  UO, f u e l s  
w e r e  d i s c u s s e d  by Rodgers9 and by B a r t o n  e t  a lY1*  who 
c o n s i d e r e d  t h e  p o s s i b i l i t y  of u s i n g  c o m p l e t e l y  i n a c t i v e  
s i m u l a n t s  and d e t e r m i n i n g  t h e i r  d i s t r i b u t i o n  i n  s i m u l a t e d -  
a c c i d e n t  e x p e r i m e n t s  by a c t i v a t i o n  a n a l y s i s .  While t h i s  
t e c h n i q u e  o f f e r s  promise  of p o s s e s s i n g  t h e  r e q u i s i t e  
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s e n s i t i v i t y ,  t h e  g r e a t  expense  of a c t i v a t i o n  a n a l y s i s ,  and 
t h e  problem of a v o i d i n g  sample c o n t a m i n a t i o n  h a s  d i s c o u r a g e d  
p u r s u i t  of t h i s  approach .  The p r e f e r r e d  method, a t  p r e s e n t ,  
is t o  i n c o r p o r a t e  i n  t h e  f u e l  t h e  amount of  i n a c t i v e  f i s s i o n  
p r o d u c t  e lement  c o r r e s p o n d i n g  t o  t h e  d e s i r e d  burnup,  b lended  
w i t h  j u s t  enough r a d i o a c t i v e  t racer  t o  f a c i l i t a t e  a n a l y s i s .  
T h i s  approach  w a s  a p p l i e d  i n  t h e  f i r s t  a t t e m p t  t o  s i m u l a t e  
f i s s i o n  p r o d u c t s  o t h e r  t h a n  i o d i n e  i n  e x p e r i m e n t s  i n  t h e  
Containment  Mockup F a c i l i t y  (CMF). 

2 . 2  F u e l  P r e p a r a t i o n  f o r  t h e  CMF 

P e l l e t s  were f a b r i c a t e d  c o n t a i n i n g  t h e  f o l l o w i n g  concen-  
t r a t i o n s  of f i s s i o n  p roduc t  e l e m e n t s  ( i n  m i l l i g r a m s  of 
e lemen t  p e r  100 g of UO,, c o r r e s p o n d i n g  t o  e q u i v a l e n t  con-  
c e n t r a t i o n s  for 1 0 , 0 0 0  Mwd/ton burnup) :  

Element 

I od i n e  
Te 1 l u r  ium 
Ruthenium 
S t r o n t  ium 
Cesium 
Molybdenum 
Barium 

Q u a n t i t y  
(mg ) 

7 . 2  

14.7 
51.3 
40 
96 
94 
36 

T r a c e r  I s o t o p e  Added 
or Induced 

8d '-added 
30d Te133-induced 
42d Rulo3-induced 
30y Sr9O-added 
2 3y Cs134 - induced 
67hr M ~ ~ ~ - i n d u c e d  
12d Ba14'-added 

A s l u r r y  of C s 2 C 0 ,  and SrCO, w a s  p r e p a r e d ,  and i o d i n e  w a s  
added as H I .  M i l l i c u r i e  amounts of 1 3 1 C s C 1 ,  9oSrC1,, and 
N a I 3 ' I  were added t o  t h e  s l u r r y ,  which w a s  e v a p o r a t e d  t o  
d r y n e s s  w i t h  a h e a t  lamp and mixed w i t h  1 0 0  g of d e p l e t e d  
UO, of s e l e c t e d  g r a i n  s i z e  (10070 11 p p a r t i c l e  d i a m e t e r ) .  
To t h i s  m i x t u r e ,  t h e  a b o v e - l i s t e d  q u a n t i t i e s  of ru thenium,  
t e l l u r i u m ,  and molybdenum w e r e  added as  t h e  powdered metals  
a f t e r  i r r a d i a t i n g  them i n  t h e  ORR f o r  abou t  t h r e e  d a y s  a t  a 
f l u x  of 3 x 1014 and a l l o w i n g  a week or more for decay  of 
t h e  s h o r t e r  l i v e d  a c t i v i t i e s .  The m i x t u r e  w a s  tumbled i n  
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. 

a screw-cap g l a s s  b o t t l e  t o  which severa l  5/8-in.  d i a m e t e r  
s t a i n l e s s  s t ee l  b a l l s  w e r e  added. Two 10-g p o r t i o n s  of t h e  
r e s u l t i n g  mix tu re  were formed i n t o  1 c m  d i a m e t e r  p e l l e t s  by 
c o l d  p r e s s i n g  i n  a h y d r a u l i c  p r e s s  t o  a maximum t o t a l  p r e s -  
s u r e  of 15 ,000  lb .  The d i e  p i e c e s  were c o a t e d  w i t h  s t e a r i c  
a c i d  t o  minimize s t i c k i n g .  The p e l l e t s  w e r e  t r a n s f e r r e d  
d i r e c t l y  from t h e  d i e  i n t o  a s t a i n l e s s  s t ee l  can  and s e a l e d  
w i t h  a p r e s s - f i t  l i d .  The p e l l e t  d e n s i t y  achieved  w a s  o n l y  
a b o u t  7 0%. 

2.3 Behavior  of Pe l l e t -Type  Simulant  i n  t h e  
Containment Mock-up F a c i l i t y  (CMF) 

Nuc lea r  S a f e t y  Program P r o g r e s s  R e p o r t s  8 j  " 9  l1 c o n t a i n  

more d e t a i l e d  i n f o r m a t i o n  on t h e  conduct  of t h e  f u e l  m e l t i n g  
e x p e r i m e n t s  i n  CMF. An ear l ier  ser ies  of release tes t s  were 
conducted  i n  a v e r t i c a l  f u r n a c e  t u b e  a t  a tmosphe r i c  p r e s s u r e  
i n  ambient  a i r .  Later a r e v i s e d  f u r n a c e  d e s i g n  (F ig .  2 .3 . l )was  
used  t o  pe rmi t  t h e  u s e  of steam a s  w e l l  a s  t h e  a d d i t i o n  of 
e x t r a  p r e s s u r e .  

The j a c k e t e d  f u r n a c e  arrangement  developed f o r  u s e  w i t h  
t h e  Containment Resea rch  I n s t a l l a t i o n  (CRI) w a s  used i n  t h e  
l a t e r  exper iment  and w a s  coupled  w i t h  t h e  CMF conta inment  
t a n k .  P r i o r  t o  h e a t i n g  t h e  f u e l  specimen,  t h e  CMF t a n k  w a s  
b rought  up  t o  a p r e s s u r e  of 1 5  p s i g  w i t h  steam, and t h e n  t h e  
p r e s s u r e  w a s  i n c r e a s e d  t o  2 9 . 5  p s i g  by adding  a i r .  Heaters 
on t h e  t a n k  he lped  t o  ho ld  t h e  p r e s s u r e  n e a r l y  c o n s t a n t  
d u r i n g  t h e  m e l t i n g  o p e r a t i o n .  

The m e l t i n g  p rocedure  u s u a l l y  fo l lowed a p r e h e a t  i n  a i r .  
When t h e  t e m p e r a t u r e  approached t h e  approximate  m e l t i n g  p o i n t  
of t h e  metal  c l a d d i n g ,  t h e  a i r  f low ove r  t h e  sample w a s  ad- 
j u s t e d  t o  1 .36  l i t e r s / m i n  measured a t  25OC and 30 p s i g .  An 
e q u a l  volume of steam a t  t h e  same t empera tu re  and p r e s s u r e  
w a s  mixed w i t h  t h e  a i r  a t  t h i s  t i m e  and f low w a s  c o n t i n u e d  
u n t i l  t h e  specimen me l t ed .  The specimen w a s  c o o l e d  by t h e  
a i r  f low bu t  remained a t  a t e m p e r a t u r e  of 1000°C o r  h i g h e r  
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f o r  abou t  1 0  min. The t a n k  f a n  w a s  s t a r t e d  1 . 5  min a f t e r  
t h e  specimen me l t ed  and it o p e r a t e d  f o r  1 / 2  min. Approxi- 
m a t e l y  5 minu tes  a f t e r  t h e  sample m e l t e d ,  t h e  a i r  f low w a s  
s h u t  o f f ,  t h e  main v a l v e  a t  t h e  bottom of t h e  conta inment  
t a n k  w a s  c l o s e d ,  and t h e  f u r n a c e  p r e s s u r e  reduced  t o  1 a t m .  
H e a t i n g  of t h e  con ta inmen t  t a n k  w a s  a l s o  d i s c o n t i n u e d  a t  
t h i s  t i m e  t o  allow t h e  p r e s s u r e  of t h e  t a n k  t o  d e c r e a s e  
s l o w l y  u n t i l  it reached  1 1 . 5  p s i g ,  t h r e e  h r  a f t e r  comple t ion  
of  f u e l  m e l t i n g .  Enough a i r  w a s  t h e n  added t o  t h e  t a n k  t o  
b r i n g  t h e  p r e s s u r e  back t o  1 5  p s i g ,  and t h e  f a n  w a s  o p e r a t e d  
f o r  a n o t h e r  1 / 2  minute  t o  mix t h e  c o n t e n t s  of t h e  t a n k .  D e -  
p r e s s u r i z a t i o n  of t h e  t a n k  s t a r t e d  a t  t h i s  t i m e  and w a s  
comple ted  abou t  4 h o u r s  a f t e r  t h e  f u e l  me l t ed .  

The c o n d i t i o n s  e x i s t i n g  i n  t h e  con ta inmen t  t a n k  d u r i n g  
a l l  t h e  e x p e r i m e n t s  l i s t e d  below i n  T a b l e  2 . 3 . 1  w e r e  n e a r l y  t h e  
same, e x c e p t  for t h e  a g i n g  t i m e s  which are somewhat 
d i f f e r e n t .  However, it is f e l t  t h a t  t h e  compar isons  w i l l  
be v a l i d .  

2 . 3 . 1  Runs 995H and 996H 

The t y p e  f u e l  and its c l a d d i n g  f o r  t h e s e  two r u n s ,  a s  
w e l l  a s  a d d i t i o n a l  i n f o r m a t i o n ,  c a n  be found i n  T a b l e  2 . 3 . 1 .  

The c o n d i t i o n s  used  i n  996H were q u i t e  c l o s e  t o  t h o s e  
p r e v a i l i n g  i n  995H. The t o t a l  p r e s s u r e  w a s  about  29 p s i g .  
H e a t i n g  of t h e  f u e l  w a s  s ta r ted  w i t h  a m i x t u r e  of steam and 
a i r  f l o w i n g  t h r o u g h  t h e  p r e s s u r i z e d  t u b e ,  b u t  steam f l o w  w a s  
d i s c o n t i n u e d  b e f o r e  t h e  f u e l  r eached  a n  es t imated tempera-  
t u r e  of 220OoC because  of e x c e s s  c o n d e n s a t i o n  and water 
accumula t ion .  Dry a i r  f l o w  c o n t i n u e d  d u r i n g  t h e  b a l a n c e  of 
t h e  h e a t i n g  p e r i o d  (10 rnin t o t a l )  and f o r  2 0  rnin t h e r e a f t e r .  
Dur ing  most of t h e  2 0  min c o o l i n g  p e r i o d ,  bu rn ing  of t h e  
specimen w a s  observed  a t  i r r e g u l a r  i n t e r v a l s  a s  is u s u a l  
w i t h  Z i r c a l o y  c l a d  UO, spec imens  me l t ed  and c o o l e d  i n  a i r .  



T a b l e  2.3.1 Exper imen ta l  C o n d i t i o n s  for Runs 990S, 991S, 992S, 995H and 996H 

Run Aging P r e s s .  Temp. 
Number Fue 1 C l a d d  i n g  Atmosphere ( h r )  (atm-abs) * ("C) * 

CMF 990s  S imulan t  S t a i n l e s s  Steam-air 5 .5  2.8 125 

CMF 991s S imulan t  Z i r c a l o y  Steam-ai r  6.4 2.8 125 

CMF 992s S imulan t  Zirca l o y  S team-a i r  5.25 2.8 116 

CMF 995H 1 0 0 0  MWD UO, S t a i n l e s s  S team-a i r  4 . 0  3 . 0  120 

CMF 996H 7 1 0 0  MWD UO, Z i r c a l o y  Steam-ai r  4 .5  3 . 0  125 

* 
P r e s s u r e s  and t e m p e r a t u r e s  are t h o s e  e x i s t i n g  i n  t h e  con ta inmen t  v e s s e l  

a t  t h e  s t a r t  of t h e  exper iment .  

. 



2 . 3 . 2  Runs 990S, 991S, and 9923 

Three  n e a r l y  i d e n t i c a l  p e l l e t  t y p e  s i m u l a n t  r u n s  w e r e  
performed i n  t h e  CMF i n  one ser ies ,  990S, 991s and 992s. 
Number 990s w a s  a s t a i n l e s s  c lad  c a p s u l e  w h i l e  t h e  l a s t  two 
were Z i r c a l o y  clad specimens.  I n  t h e s e  two Z i r c l o y  c lad 
r u n s ,  t y p i c a l  c o n t r a s t i n g  c o n d i t i o n s  e x i s t e d  d u r i n g  t h e  
m e l t i n g ,  i n  t h a t  s e v e r e  air-steam o x i d a t i o n  occur red  w i t h  
N o .  991s w h i l e  a r e l a t i v e l y  n o n o x i d i z i n g  steam-helium 
atmosphere p r o t e c t e d  t h e  m e l t  of Run 9923. T y p i c a l  Zr-UO, 
behav io r  on m e l t i n g  a p p e a r s  t o  i n v o l v e  t h e  molten Z r  w e t t i n g  
t h e  UO, s p r e a d i n g  ove r  t h e  s u r f a c e  and p e n e t r a t i n g  i n t o  t h e  
i n t e r i o r  or m e l t i n g  w i t h  t h e  UO,. C rack ing  of t h e  m e l t  
o c c u r s  on c o o l i n g  and s p a r k i n g  and bu rn ing  w i l l  occu r  i n  
a i r .  

I n  Run 990S, s i m u l a t e d  s t a i n l e s s  s tee l  c lad  UO, f u e l  
w a s  me l t ed  w i t h  a i r  i n  t h e  f u r n a c e  t u b e  and w i t h  a steam- 
a i r  atmosphere a t  27  p s i g  i n  t h e  conta inment  t a n k .  Aging 
t i m e  i n  t h e  t a n k  w a s  app rox ima te ly  5.5 hour s .  

I n  Run 991S, Z i r c a l o y  clad s i m u l a t e d  UO, f u e l  w a s  
t rea ted  t o  or n e a r  t h e  m e l t i n g  p o i n t  of UO, w i t h  a i r  i n  t h e  
f u r n a c e  t u b e  and w i t h  a steam a i r  m i x t u r e  a t  27 p s i g  i n  t h e  
conta inment  t a n k ;  comple te  o x i d a t i o n  of t h e  f u e l  t o  a 
ZrO,-UgOg m i x t u r e  o c c u r r e d  a s  t h e  f u e l  c o o l e d  below 1000°C. 

I n  Run 992S, Z i r c a l o y  c l ad  s i m u l a t e d  UO, f u e l  w a s  
me l t ed  w i t h  a steam hel ium atmosphere i n  t h e  f u r n a c e  and 
w i t h  a steam-air mix tu re  a t  27 p s i g  i n  t h e  conta inment  t a n k .  

2 .3 .3  D i s t r i b u t i o n  of F i s s i o n  P r o d u c t s  
Released i n  CMF 

I t  is i n t e r e s t i n g  t o  compare t h e  d i s t r i b u t i o n  of f i s s i o n  
p r o d u c t s  released from high-burnup f u e l  (Runs 995H and 996H), 
w i t h  t h e  d i s t r i b u t i o n  of s i m u l a t e d  f i s s i o n  p r o d u c t s  released 
i n  ea r l i e r  e x p e r i m e n t s  (Runs 990S, 991S, and 9923).  The 
f o l l o w i n g  T a b l e  2.3.2 shows a comparison of i o d i n e  d i s t r i -  

b u t i o n  da t a :  



T a b l e  2 .3 .2  D i s t r i b u t i o n  of I o d i n e  R e l e a s e d  f rom UO, w i t h  S i m u l a t e d  
F i s s i o n  P r o d u c t s  a n d  From High B u r n u p  UO, 

- ~~~ 

High-Burnup  UO, S i m u l a n t  E x p e r i m e n t s  

Run 995H Run 996H Run 9 9 0 s  Run 9 9 1 s  Run 9 9 2 s  
(1000  MWD) ( 7 1 0 0  MWD) 

I o d i n e  Released - 1 0 0 . 0  

I o d i n e  h e l d  i n  c o n t a i n m e n t  t a n k  
O n  t a n k  w a l l s  1 9 . 8  
O n  depos i t  i o n  samples 7 . 2  
I n  c o n d e n s a t e s  5 7 . 6  
T o t a l  r e t a i n e d  8 4 . 6  

Iod ine  removed from t a n k  a f t e r  
ag ing  by 

P res su re  release 2 .9  
Argon d i s p l a c e m e n t  4 . 8  
A i r  sweep 1 . 2  

T o t a l  i o d i n e  t r a n s p o r t e d  from 
t a n k  8 .9  

R e t e n t i o n  of a i rbo rne  i o d i n e  
from t a n k  

On f i l t e r s  0 .35  
O n  s i l v e r  o r  copper screens 5 . 6  
O n  charcoal papers  
O n  charcoal  c a r t r i d g e s  2 .2  

I o d i n e  i n  p e n e t r a t i n g  form 0 . 6  

9 0 . 2  -100 .0  

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

8 . 0  1 . 7  
1 2 . 3  4 . 4  

2 . 9  1 . 8  

23 .2  7 . 9  

0 . 7 1  0 . 0 5  
6 .4  4 . 6  

2 .4  
1 6 . 0  0 .9  

0 . 0 2  (?) 1 . 3  

1 0 0 . 0  

14 .6  
2 0 . 8  
5 5 . 4  
9 0 . 8  

2 .2  
3 . 0  
0 . 9  

6 . 1  

0 . 1  
1 . 6  
0 .7  
3 . 0  

0 . 7  

9 2 . 3  

8 . 1  
1 . 4  

7 1 . 6  
81 .1  

1.1 P 

5 . 0  
2 . 6  

N 

9 . 7  

0 .15  
6 . 0  
0 .16  
0 .8  

0 . 8  
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I n  a l l  of t h e  expe r imen t s ,  w i t h  t h e  e x c e p t i o n  of 996H, 
t h e  c o n d e n s a t e s  removed ove r  h a l f  of t h e  a c t i v i t y  from t h e  
conta inment  t a n k .  I n  t h e  p r e s s u r e  release, a rgon  d i s p l a c e -  
ment,  and a i r  s p a r g i n g  s t e p s  t h e  f r a c t i o n  of  t h e  t o t a l  
i o d i n e  a c t i v i t y  removed is v e r y  s imi l a r ,  w i t h  e x c e p t i o n  of 
t h i s  same Run 996H. I t  is e s p e c i a l l y  i n t e r e s t i n g  t o  f i n d  
t h a t  o n l y  abou t  1% of t h e  t o t a l  i o d i n e  w a s  c o n v e r t e d  t o  a 
p e n e t r a t i n g ,  presumably o r g a n i c ,  form i n  each  of t h e s e  
expe r imen t s .  

T a b l e  2.3.3 g i v e s  a comparison of t h e  d i s t r i b u t i o n  of 
ces ium,  t e l l u r i u m ,  ru thenium,  and s t r o n t i u m  i n  t h e  f i v e  r u n s .  
The e f f e c t  of a l o n g e r  f low p a t h  i n  t h e  h i g h  burnup r u n s  is 
shown by t h e  g r e a t e r  d e p o s i t i o n  i n  t h e  f u r n a c e  t u b e  and t h e  
d u c t  c o n n e c t i n g  t h e  f u r n a c e  tube t o  t h e  t a n k .  The re  w e r e  
few d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n  of f i s s i o n  p r o d u c t s  
r e a c h i n g  t h e  t a n k .  I t  is n o t  c lear  a t  p r e s e n t  whether  t h e  
c o m p a r a t i v e l y  l a r g e  amount of ru thenium i n  t h e  c o n d e n s a t e  
i n  t h e  f i r s t  s i m u l a n t  r u n  is s i g n i f i c a n t .  R e s u l t s  of t h e  
o t h e r  s i m u l a n t  e x p e r i m e n t s  s u g g e s t  t h a t  when t h e  t o t a l  
amount of ru thenium r e a c h i n g  t h e  t a n k  is smal l ,  most of t h e  
mater ia l  a d h e r e s  t o  t h e  t a n k  w a l l ,  b u t  when t h e  amount is 
h i g h e r  by a f a c t o r  of 5 o r  1 0 ,  a s i g n i f i c a n t  f r a c t i o n  may 
be found i n  t h e  condensa te .  

I n  t h e  g r a p h s  of t h e  a i r b o r n e  a c t i v i t y  i n  t h e  conta inment  
v e s s e l  w i t h  t i m e ,  F i g s .  2 .3 .2 ,  2 .3 .3 ,  and 2.3.4,  w e  f i n d  t h a t  
t h e  s t r a i g h t  l i n e  p o r t i o n s  of  t h e  ces ium and s t r o n t i u m  c u r v e s  
f o r  t h e  p e l l e t  s i m u l a n t  r u n  (F ig .  2 .3 .2)  and t h e  i r r a d i a t e d  
UO, r u n s  (F ig .  2.3.3 and 2.3.4)  have s i m i l a r  s l o p e s  or h a l f  
t i m e s .  A s  most of t h e  da ta ,  from which t h e  ruthenium c u r v e s  
were d e r i v e d ,  w a s  of t h e  " e q u a l  t o  or less than"  v a r i e t y ,  it 
is q u i t e  p o s s i b l e  t h a t  a l l  of t h e s e  p a r t i c u l a t e s  ( C s ,  Sr, Ru) 
f o r  any one run  have t h e  same s l o p e s  f o r  t h e i r  s t r a i g h t  
l i n e  p o r t i o n s .  These  s i m i l a r i t i e s  i n  t h e  s l o p e s  of t h e  
p e l l e t  s i m u l a n t  and "hot"  r u n s  would i n d i c a t e  t h e  p r e s e n c e  
of s i m i l a r  s i z e d  p a r t i c l e s .  
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I t  is an  a c c e p t e d  f a c t  t h a t  t h e  ra te  of c o n d e n s a t i o n  
of steam i n  a con ta inmen t  v e s s e l  g r e a t l y  i n f l u e n c e s  t h e  
d e p l e t i o n  r a t e  of t h e  a i r b o r n e  a c t i v i t i e s .  The s i m i l a r i t y  
i n  t h e  d e p l e t i o n  ra te  f o r  t h e  p a r t i c u l a t e  a c t i v i t i e s  i n  t h e  
p e l l e t  s i m u l a n t  and t h e  h o t  r u n s ,  a s  shown above ,  is r e f l e c t e d  
i n  t h e  s i m i l a r i t i e s  i n  t h e  h a l f - t i m e s  f o r  c o n d e n s a t i o n  ra tes  
as  shown i n  F i g s .  2 .3 .5  and 2.3.6. 

2 .3 .4  Behavior  of I o d i n e  i n  UO, F u e l  
Melted i n  A i r  

A s  an  a d d i t i o n a l  compar ison ,  some p r e t i o u s  e x p e r i m e n t s  
i n  a se r ies  conduc ted  i n  a i r  - i n s t e a d  of steam and a i r  - 
are  summarized i n  T a b l e  2.3.4. These  i n c l u d e  two a t  essen-  
t i a l l y  t race l e v e l  979-T and 980-T ( r e p r e s e n t i n g  v e r y  low 
i o d i n e  c o n c e n t r a t i o n )  and two a t  a h i g h e r  i o d i n e  concen-  
t r a t i o n  981-H (7000 MWD) and 982-S, a mixed p e l l e t - a n d -  
i o d i n e - t r a c e r  run .  

A s  shown i n  T a b l e  2.3.4 t h e  i o d i n e  r e l e a s e d  w a s  s l i g h t l y  h i g h e r  
f o r  t h e  Runs 98IH and 9823 where h i g h e r  i o d i n e  c o n c e n t r a t i o n s  
were p r e s e n t  i n  t h e  f u e l s .  These two r u n s  agree q u i t e  w e l l  
t h roughou t  t h e  t a b l e ,  w i t h  t h e  e x c e p t i o n  of t h e  i o d i n e  
s p e c i e s  found i n  t h e  f i l t e r s  t h r o u g h  which p a r t  of t h e  t a n k  
a tmosphere  w a s  ven ted  d u r i n g  t h e  p r e s s u r e  release s t e p s  a t  
t h e  end of t h e  r u n s .  The 49.4 v a l u e  f o r  Run 98lH f o r  
m o l e c u l a r  i o d i n e  ( r e t a i n e d  on s i l v e r  or copper  s c r e e n s )  is 
s u r p r i s i n g ,  a s  t h i s  t y p e  of i o d i n e  would be  e x p e c t e d  t o  be 
g r e a t l y  d e p l e t e d  by d e p o s i t i o n  on t h e  t a n k  w a l l s  d u r i n g  t h e  
a g i n g  p e r i o d ,  and w h i l e  some d e s o r p t i o n  from t h e  w a l l s  d o e s  
o c c u r ,  i t  is d i f f i c u l t  t o  imagine t h a t  d e s o r p t i o n  c o u l d  
accoun t  f o r  s u c h  an amount. 

The d i f f e r e n c e s  i n  i o d i n e  d i s t r i b u t i o n  is l i s t e d  i n  
T a b l e  2.3.4 for t h e  two trace i r r a d i a t e d  UO, r u n s  (979-T 
and 980-T), are  n o t  s u r p r i s i n g  and c o u l d  be e x p e c t e d  when 
v e r y  sma l l  c o n c e n t r a t i o n s  of i o d i n e  are i n v o l v e d .  



W 

z 
0 
V 

U 
0 

z 
h- 
V 

[L 
U 

n 

0 

a 

F i g .  2 . 3 . 5  Condensa t ion  R a t e s  for CMF Runs 9 9 5 H  and 9 9 6 H .  



20 

ORNL-OWG 69-6908 

I 

W m 
a 
r a 

r 

z 
t- 

$ w L  W ro-’ 
0 z 
8 
W 
I t- 

LL 
0 
z 
t- 

m 
lL 

0 

2 

I 

2 F 
I 

\ I  I I 

CMF 99OSP (0) 
T,,, = 65, min 

0 50 roo 4 50 200 250 300 350 
TIME (min) 

F i g .  2 . 3 . 6  Condensa t ion  Rates for P e l l e t  S imulan t  Runs 
i n  t h e  CMF. 



. 

T a b l e  2.3.4 D i s t r i b u t i o n  of  I o d i n e  Re leased  i n  UOz F u e l  Meltdown T e s t s  i n  A i r  

I r r a d i a t e d  U02 

Run 9791' Run 980T Run 98lH *Run 9823 
( t r a c e )  ( t r a c e )  (7000 MWD) 

I o d i n e  re l e a s e d  83.8 63.8 90.0 9 2 . 1  

I o d i n e  on t a n k  wa l l s  47.5 23.8 25. 2 34.2 

I o d i n e  removed from t a n k  a f t e r  a g i n g  29.5 26.7 61 .9  57.2 

R e t e n t i o n  of a i r b o r n e  i o d i n e  from t a n k  
On f i l t e r s  1 6 . 0  15.4 3.9 1.1 
On s i l v e r  of copper  screens 4 .8  8 . 1  49 .4  2 . 0  

O n  c h a r c o a l  c a r t r i d g e s  8 .7  3.2  4.5 39.4 

On c h a r c o a l  p a p e r s  - - 4 . 1  14.7 

* Run 9823 w a s  a 1311 tracer  s i m u l a n t  r e l e a s e d  by m e l t i n g  
u n i r r a d i a t e d  UO,. 



2 2  

I f  w e  examine t h e  amount of i o d i n e  which w a s  r e t a i n e d  
on c h a r c o a l  ( o r g a n i c  i o d i n e )  i n  t h e  v e n t i n g  f i l t e r s ,  w e  f i n d  
t h a t  i t  is s u r p r i s i n g l y  h i g h .  W e  a r e ,  however,  f u l l y  c o g n i -  
zan t  of t h e  r e l a t i v e l y  l a r g e  u n c e r t a i n t i e s  i n  some of t h e  
v a l u e s  f o r  " o r g a n i c  i o d i n e . "  The c r u d e  t e c h n i q u e s  i n  u s e  a t  
t h e  t i m e  t h e s e  e x p e r i m e n t s  were conducted  must be t a k e n  i n t o  
accoun t .  

2 .4  E v a l u a t i o n  of t h e  Pe l l e t -Type  S imulan t  i n  t h e  CMF 

The d i s t r i b u t i o n  of f i s s i o n  p r o d u c t s  r e l e a s e d  from h igh-  
burnup UO, and aged i n  a steam-air a tmosphere  i n  t h e  CMF 
compared f a v o r a b l y  w i t h  t h a t  of s i m u l a t e d  f i s s i o n  p r o d u c t s .  
Thus,  t h e  u s e  of p e l l e t  s i m u l a t e d  high-burnup f u e l  i n  f i s s i o n -  
p roduc t  release and t r a n s p o r t  e x p e r i m e n t s  a p p e a r s  t o  be j u s t i -  
f i e d  by t h e s e  few e x p e r i m e n t s .  

2.5 F u e l  P r e p a r a t i o n  f o r  t h e  Nuc lea r  S a f e t y  
P i l o t  P l a n t  

The f u e l  s i m u l a n t s  were p r e p a r e d  a s  m i x t u r e s  of UO, 
powder and s u i t a b l e  compounds of t h e  f i s s i o n  p r o d u c t s  t o  be 
s i m u l a t e d .  The s i m u l a n t  m i x t u r e  w a s  keyed t o  i t s  i o d i n e  
c o n t e n t  a c c o r d i n g  t o  p r o p o r t i o n s  t a b u l a t e d  e l s e w h e r e ,  
a s  a g u i d e  t o  i n d i c a t e  a p p r o p r i a t e  molar  r a t i o s  of t h e  
v a r i o u s  i s o t o p e s .  The f i s s i o n - p r o d u c t  e l e m e n t s  and t racer  
i s o t o p e s  used  w e r e  t h e  f o l l o w i n g :  

1 2  

Element ComDound 

S t  r o n t  ium 
Rut hen ium 
I od i n e  
Cesium 

SrCO, + S r I  
Ru ( e l e m e n t a l )  
S r I  + N a I  
csco, 

I s o t o p e  

5 ~ r  
Io6Ru 
1 3  l1 

134cs 
1 4 4 ~ e  
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I n  a l l  cases, t h e  tracer i s o t o p e  w a s  added w h i l e  t h e  e lement  
w a s  i n  s o l u t i o n .  I n s o l u b l e  compounds w e r e  washed by de- 

c a n t a t i o n  a f t e r  p r e c i p i t a t i o n  and r e s l u r r i e d  i n  water. Then 
abou t  1 0  g of UO, w a s  added and t h e  b a t c h  e v a p o r a t e d  t o  
d r y n e s s .  The f o u r  s i m u l a n t  b a t c h e s  (Sr  + I ,  Ru,  C s ,  and 
Ce) were t h e n  added t o  t h e  remainder  of t h e  UO, r e q u i r e d ,  
b lended  i n  a cone-type b l e n d e r ,  and co ld -p res sed  i n t o  p e l l e t s .  
The p e l l e t  d e n s i t y  t u r n e d  o u t  t o  be abou t  70% of t h e o r e t i c a l .  
The p e l l e t s  were t h e n  p l a c e d  i n  a s t a i n l e s s  s t e e l  c a n .  

S i g n i f i c a n t  d i f f e r e n c e s  between t h i s  form of doped UOz 
p e l l e t s  and r e a c t o r  g r a d e  UO, e s p e c i a l l y  i n  t h e  d e n s i t y  and 
t h e  oxygen t o  uranium r a t i o  and i n  t h e  c h e m i c a l  form a s  w e l l  
as  t h e  u n i f o r m i t y  of d i s p e r s i o n  of f i s s i o n  p r o d u c t s  i n  t h e  
f u e l  w e r e  a c c e p t e d  as  unavo idab le .  O t h e r  unknown e f f e c t s  
i n c l u d e  t h o s e  of r a d i a t i o n  and t h e  f i s s i o n i n g  p r o c e s s  and 
t h e  p r e s e n c e  of o t h e r  f i s s i o n  p r o d u c t s .  Depending p r i m a r i l y  
upon t h e  e x p e c t a t i o n  t h a t  t h e  u l t r a  h i g h  t e m p e r a t u r e  t o  which 
t h e  specimens are s u b j e c t e d  d u r i n g  m e l t i n g  c o u l d  o v e r r i d e  
a l l  t h e  u n c e r t a i n  e f f e c t s  mentioned above,  meltdown release 
e x p e r i m e n t s  were conducted .  I t  w a s  g r a t i f y i n g  t o  o b s e r v e  a 
r e a s o n a b l e  c o r r e l a t i o n  of t h e  release d a t a  w i t h  t h a t  ob- 
t a i n e d  i n  a high-burnup expe r imen t .  

F o r  s i m u l a t i o n  expe r imen t s  i n  t h e  Nuclear  S a f e t y  P i l o t  
P l a n t ,  s y n t h e t i c  h i g h  burnup s t a i n l e s s  c l a d  UOz f u e l  e l e m e n t s  
w e r e  p r e p a r e d .  S t a b l e  C s ,  I ,  C e ,  and Ru w e r e  added i n  a l l  
t h r e e  s i m u l a n t  expe r imen t s ;  S r  w a s  used i n  two and Ba and Te 
i n  a t h i r d .  The masses of t h e s e  s t ab le  i s o t o p e s  w e r e  main- 
t a i n e d  i n  t h e  r a t i o  c a l c u l a t e d  t o  e x i s t  i n  i r r ad ia t ed  f u e l .  
A gamma e m i t t i n g  i s o t o p e  of each  e lement  w a s  added s o  t h a t  
w e  c o u l d  u s e  gamma r a y  s p e c t r o m e t r y  t o  a n a l y z e  t h e  samples .  
The r a d i o i s o t o p e s  were c a r e f u l l y  homogenized w i t h  t h e  s t a b l e  
i s o t o p e s ,  and t h e  r e s u l t i n g  m i x t u r e  w a s  blended w i t h  t h e  UO, 
powder which w a s  t h e n  co ld -p res sed  i n t o  p e l l e t s .  The p e l l e t s  
were t h e n  p l a c e d  i n  s t a i n l e s s  s tee l  c a n s .  
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The s y n t h e t i c  f u e l  e l e m e n t s  p r e p a r e d  a s  descr ibed  above 
w e r e  t h e n  m e l t e d  i n  a c o n t r o l l e d  a tmosphere  u s i n g  a plasma 
t o r c h .  The plasma gas and s h i e l d  gas s e r v e d  t o  sweep t h e  
r e s u l t i n g  a e r o s o l  from t h e  f u r n a c e  i n t o  t h e  m o d e l  con ta inmen t  
v e s s e l  of t h e  p i l o t  p l a n t .  Release of t h e  f i s s i o n  p r o d u c t s  
from t h e  s i m u l a t e d  f u e l  o c c u r r e d  i n  a c h e m i c a l  envi ronment  
s i m u l a t i n g  t h a t  which would e x i s t  i n  a r e a c t o r  c o r e  meltdown. 

2 . 6  S imulan t  E v a l u a t i o n  Exper imen t s  i n  t h e  NSPP 

Seven of t h e  f i r s t  f i f t e e n  e x p e r i m e n t s  i n  t h e  Nuc lea r  
S a f e t y  P i l o t  P l a n t  were concerned  w i t h  e v a l u a t i n g  s i m u l a n t s .  
Runs 8 and 9 were made w i t h  t race- i r radiated s t a i n l e s s  c lad 
UO, f u e l  spec imens ,  Runs 10-12  u s i n g  s t a i n l e s s  c l ad  u n i r -  
r ad ia t ed  U02 c o n t a i n i n g  s i m u l a t e d  f i s s i o n  p r o d u c t s ,  and 
Runs 14 and 1 5  u s i n g  Z i r c a l o y  c l ad  UOz which had been ir-  
r ad ia t ed  t o  a p p r o x i m a t e l y  2 0 , 0 0 0  Mwd/tonne, s t o r e d  f o r  
a p p r o x i m a t e l y  5 y e a r s  and re- i r radiated immedia te ly  p r i o r  
t o  u s e  t o  r e p l e n i s h  t h e  r a d i o i o d i n e .  A l l  of t h e  e x p e r i m e n t s  
w e r e  done w i t h  t h e  model con ta inmen t  v e s s e l  c o n t a i n i n g  a 
m i x t u r e  of a i r  and steam s i m u l a t i n g  loss-of - c o o l a n t  a c c i d e n t  
c o n d i t i o n s .  

While w e  s a w  d i f f e r e n c e  i n  t h e  behav io r  of f i s s i o n  
p r o d u c t s  i n  t h e s e  e x p e r i m e n t s ,  w e  are conv inced  t h a t  t h e s e  
were n o t  due t o  whether  r ea l  o r  s i m u l a t e d  f i s s i o n  p r o d u c t s  
w e r e  p r e s e n t .  R a t h e r ,  s u c h  f a c t o r s  as t h e  chemical e n v i r o n -  
ment i n  which m e l t i n g  o c c u r r e d  and t h e  degree of m e l t i n g  
ach ieved  a p p e a r  t o  have had g r e a t  i n f  h e n c e .  

We concluded  t h a t  t h e  c h e m i c a l  envi ronment  i n  t h e  m e l t  
zone d e t e r m i n e s  t h e  c h e m i c a l  s t a t e  of t h e  f i s s i o n  p r o d u c t s  
i n  t h e  f u e l  and t o  a large e x t e n t ,  t h e  p e r c e n t a g e  of e a c h  
e l emen t  which is released. T h i s  envi ronment  is p r i n c i p a l l y  
i n f l u e n c e d  by t h e  compos i t ion  of t h e  g a s e s  p r e s e n t  and by 
t h e  n a t u r e  of t h e  c l a d d i n g  metal. 
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I n  Runs 8 and 9 w e  observed  t h a t  t h e  c l a d d i n g  r e s i d u e  
had a f r o t h y  appearance  which w e  s u s p e c t e d  i n d i c a t e d  t h a t  a 
metal-water r e a c t i o n  had occur red .  Subsequen t ly ,  w e  found 
t h a t  o t h e r  workers had observed t h e  f r o t h y  r e s i d u e  when 
s t a i n l e s s - s t e e l  water r e a c t i o n  had o c c u r r e d .  

13 

I n  t h e s e  two r u n s ,  w e  had p l aced  1 0 0  m l  of wa te r  i n  
t h e  boa t  c o n t a i n i n g  t h e  f u e l  specimen t o  be evapora t ed  as  
t h e  boa t  and f u e l  were passed  under  t h e  plasma t o r c h .  W e  
adopted t h i s  p rocedure  because w e  found t h a t  i n j e c t i n g  steam 
i n t o  t h e  f u r n a c e  d i s t u r b e d  t h e  plasma s o  much t h a t  w e  cou ld  
n o t  a c h i e v e  s a t i s f a c t o r y  t o r c h  o p e r a t i o n .  We b e l i e v e  t h a t  
a l l  of t h i s  water w a s  evapora t ed  a s  t h e  f i r s t  p a s s  of t h e  
f u e l  specimen under  t h e  t o r c h  w a s  made. A s  a consequence 
of t h e  metal-water  r e a c t i o n ,  f r e e  hydrogen undoubtedly  
e x i s t e d  i n  t h e  m e l t  a r e a  as  long a s  t h e  water w a s  p r e s e n t  
and t h e  atmosphere w a s  r educ ing .  La ter ,  w e  b e l i e v e  on ly  
i n e r t  g a s  w a s  p r e s e n t .  

A f t e r  t h e s e  r u n s ,  w e  concluded t h a t  it would be better 
t o  m a i n t a i n  t h e  same s o r t  of a tmosphere d u r i n g  t h e  e n t i r e  
m e l t i n g  p e r i o d  of a run .  

Accord ingly ,  w e  d e f i n e d  two o p e r a t i n g  c o n d i t i o n s :  
"Reducing" meant water w a s  s u p p l i e d  t o  e n a b l e  t h e  c l a d d i n g -  
water r e a c t i o n  t o  occur and t h a t  a m i x t u r e  of a rgon  and 
hydrogen w a s  used as  t h e  s h e a t h  g a s  f o r  t h e  plasma. Thus 
t h e  g a s  i n  c o n t a c t  w i t h  t h e  m e l t  a lways c o n t a i n e d  hydrogen. 
"Oxidizing" meant t h a t  water w a s  n o t  added t o  t h e  b o a t ,  t h e  

f u r n a c e  w a s  purged c o n t i n u o u s l y  as t h e  model conta inment  
v e s s e l  w a s  heated (by open steam) and t h e  plasma shea th  g a s  
w a s  a i r .  Thus metal-water  r e a c t i o n  c o u l d  n o t  occur  and t h e  

g a s  i n  c o n t a c t  w i t h  t h e  m e l t  c o n t a i n e d  oxygen. We main ta ined  
t h e  " reducing"  c o n d i t i o n  i n  Runs 1 0 ,  1 2 ,  and 14 and t h e  
" o x i d i z i n g "  c o n d i t i o n  i n  Runs 11 and 1 5 .  

The change from s t a i n l e s s  c l a d d i n g  i n  Runs 8-12 t o  
Z i r c a l o y  i n  Runs 14 and 15 a p p e a r s  t o  have c o n s i d e r a b l e  
i n f l u e n c e .  The z i rconium a p p e a r s  t o  have g e t t e r e d  a l l  of 
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oxygen from t h e  s h e a t h  g a s  and p r o b a b l y  t o  have reduced  some 
f i s s i o n  p r o d u c t  o x i d e s .  

T a b l e  2 .6 .1  shows t h e  p e r c e n t a g e s  of s e v e r a l  f i s s i o n  
p r o d u c t s  t r a n s p o r t e d  t o  t h e  MCV i n  Runs 8-15. I n  Runs 8 and 
1 4 ,  t h e r e  w a s  v e r y  l i m i t e d  m e l t i n g ,  and w e  b e l i e v e  t h e  l a c k  
of m e l t i n g  accounted  f o r  t h e  g e n e r a l l y  low t r a n s f e r  i n  t h e s e  
two e x p e r i m e n t s .  S t r o n t i u m  t r a n s f e r  w a s  low i n  a l l  r u n s  
e x c e p t  N o .  1 5 ,  and bar ium t r a n s f e r  w a s  low e x c e p t  i n  Runs 
14 and 15. 

Run 14 w a s  i n t e n d e d  t o  be  r educ ing .  Run 1 5  w a s  r u n  
unde r  i n t e n d e d  o x i d i z i n g  c o n d i t i o n s ,  b u t  t h e  z i r c o n i u m  i n  
t h e  c l a d d i n g  a p p a r e n t l y  consumed a l l  of t h e  oxygen. W e  
b e l i e v e  t h e  a l k a l i n e  e a r t h  o x i d e s  were reduced  i n  t h e s e  two 
r u n s .  The f r e e  e n e r g y  change f o r  t h e  r e a c t i o n :  

Z r ( c )  + 2M0 - Z r O ,  + 2M(g) 
(M s t a n d s  f o r  Sr or Ba)  is g i v e n  i n  T a b l e  2.6.2. 

duced above 2000°K and s t r o n t i u m  above a p p r o x i m a t e l y  2200O. 
Thus t h e  observed  h i g h  barium release i n  b o t h  r u n s  and h i g h  
s t r o n t i u m  release i n  t h e  second o n l y  is c o n s i s t e n t  w i t h  t h e  
a p p a r e n t  t e m p e r a t u r e  h i s t o r y .  

T h i s  i n d i c a t e s  t h a t  w e  s h o u l d  e x p e c t  barium t o  be re- 

T a b l e  2.6.  2 F r e e  Energy Change f o r  R e a c t i o n  Between 
Zirconium Metal and A l k a l i n e  E a r t h  Oxides  

AG, ca l /mol  a t  Tempera ture  
2000°K 2500°K 

Barium -373 -35,207 
S t r o n t i u m  +4427 -10,007 

The i o d i n e  d a t a  show t h a t  a maximum of 35yo of t h e  f u e l  
i o d i n e  i n v e n t o r y  w a s  t r a n s f e r r e d  i n t o  t h e  model conta inment  
v e s s e l  when r e d u c i n g  c o n d i t i o n s  e x i s t e d .  Except  i n  Runs 11 
and 1 2 ,  80-90% of t h e  i o d i n e  which w a s  n o t  t r a n s f e r r e d  w a s  
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T a b l e  2 . 6 . 1  Percentages of F u e l  I n v e n t o r y  of S e v e r a l  F i s s i o n  P r o d u c t  
Elements  T r a n s f e r r e d  t o  t h e  Model Conta inment  Vessel 

S t r o n t i u m  0.02 0. oa 0.025 0.021 0.19 15.17 

Barium 0.18 0.06 - 0.024 2.19 14.2 

I od i n e  2.3 3 5 . 1  24.0 8 4 . 0  8.0 2.4 27.3 

T e l l u r i u m  0.3 8.5 - - 2.6 

Cesium 0.12 10.5 19.0 26.0 4.2 0.8 43.0 

Cerium 0.02 0.2 0.22 0.008 0.05 0.17 1.28 

Ruthenium 0.02 1.9 1 . 2  11.7 0.086 0.12 0.58 

- - 

~~~ ~~ ~ 

* 
High burn-up spec imens .  

("Oxidizing c o n d i t i o n s .  

("Reducing c o n d i t i o n s .  
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found w i t h  t h e  f u e l  r e s i d u e .  I n  t h e s e  two r u n s  a major  p a r t  
of t h e  i o d i n e  which f a i l e d  t o  t r a n s f e r  w a s  found i n  t h e  

f u r n a c e .  
I n  Run 11, under  o x i d i z i n g  c o n d i t i o n s ,  96% of t h e  i o d i n e  

w a s  released from t h e  f u e l  and 8470 w a s  t r a n s f e r r e d  i n t o  t h e  
model con ta inmen t  v e s s e l .  Under t h e  r e d u c i n g  c o n d i t i o n s  i n  
Run 1 2 ,  7 4 %  of t h e  i o d i n e  w a s  released from t h e  f u e l  bu t  o n l y  
9% reached t h e  conta inment  v e s s e l ,  t h e  o t h e r  65% d e p o s i t e d  
i n  t h e  f u r n a c e .  

Cesium release w a s  markedly a f f e c t e d  by t h e  d e g r e e  of 
m e l t i n g  and v e r y  l i t t l e  by v a r y i n g  t h e  f u r n a c e  a tmosphere .  
A s  w a s  t h e  case f o r  i o d i n e ,  i n  Run 1 2  t h e r e  w a s  s i g n i f i c a n t  
d e p o s i t i o n  of t h e  ces ium i n  t h e  f u r n a c e .  E i g h t y - f i v e  p e r c e n t  
of t h e  ces ium i n v e n t o r y  was released from t h e  f u e l ,  b u t  81% 
d e p o s i t e d  i n  t h e  f u r n a c e  and o n l y  4% w a s  t r a n s f e r r e d  i n t o  
t h e  model con ta inmen t  v e s s e l .  The unique  f e a t u r e  of Run 1 2  

w a s  t h a t  it t o o k  3-1/2  h r  t o  h e a t  up  t o  s t a r t i n g  c o n d i t i o n s ,  
compared w i t h  3 /4  h r  i n  t h e  o t h e r  r u n s .  W e  s u g g e s t  t h a t  
c o n s i d e r a b l y  more c o n d e n s a t e  w a s  accumulated on t h e  f u r n a c e  
s u r f a c e s  ( t h e  f u r n a c e  body and l i d  a r e  w a t e r - j a c k e t e d ,  a l -  
though t h e s e  w e r e  ma in ta ined  a t  9OoC t o  minimize c o n d e n s a t i o n )  
t h a n  when t h e  v e s s e l  was h e a t e d  r a p i d l y .  An accumula t ion  of 
c o n d e n s a t e  would e x p l a i n  t h e  abnormal ly  h i g h  d e p o s i t i o n .  

r u n ,  3 5 %  w a s  released from t h e  f u e l ;  a l l  b u t  1 . 3 7 0  remained 
i n  t h e  f u r n a c e .  A s  w i t h  t h e  a l k a l i n e  ear ths ,  r e d u c t i o n  of 
ce r ium o x i d e  by t h e  z i r con ium metal i n  t h e  m e l t  a p p e a r s  t o  
be a p o s s i b l e  e x p l a n a t i o n  t h e  b e h a v i o r  observed .  

Cerium release w a s  ve ry  low e x c e p t  i n  Run 15. I n  t h a t  

Ruthenium behaved about  as e x p e c t e d .  We observed  l a r g e  
t r a n s f e r  i n t o  t h e  model con ta inmen t  v e s s e l  o n l y  for t h e  
o x i d i z i n g  c o n d i t i o n s  of Run 11. 

I t  is u n f o r t u n a t e  t h a t  w e  have no  s i m u l a n t  r u n  u s i n g  
Z i r c a l o y - c l a d  specimens.  Run 1 3  had been schedu led  t o  be 
such .  However, it had t o  be abandoned i n  o r d e r  t o  m e e t  a 
s c h e d u l e  commitment f o r  Run 14, and w e  w e r e  u n a b l e  t o  
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o b t a i n  s u p p o r t  f o r  a r u n  u s i n g  Z i r c a l o y - c l a d  s i m u l a t e d  f u e l  
a t  a l a te r  da te .  Such a r u n  would have conf i rmed or r e f u t e d  
o u r  o p i n i o n  t h a t  t h e  d i f f e r e n c e s  w e  have s e e n  between Runs 14 
and 15  and t h e  o t h e r s  are due t o  t h e  c h e m i c a l  e f f e c t  of t h e  
c l a d d i n g  r a t h e r  t h a n  t h e  i r r a d i a t i o n  h i s t o r y .  

T a b l e  2.6.3 i n d i c a t e s  t h e  maximum p e r c e n t a g e  of t h e  
i n v e n t o r y  i n  t h e  model conta inment  v e s s e l  r e p r e s e n t e d  by any 
of t h e  g a s  samples .  The data  show e r r a t i c  behav io r .  I n  
e v e r y  case where w e  have d a t a ,  t h e  i o d i n e  c o n c e n t r a t i o n  is a 
f r a c t i o n  of what i t  would be i f  a l l  of t h e  i o d i n e  r e a c h i n g  
t h e  con ta inmen t  v e s s e l  were d i s p e r s e d  un i fo rmly .  I n  Run 14 ,  
t h e  i o d i n e  data  from t h e  May packs  showed a p a t t e r n  of e r r a t i c  
behav io r  which w e  r ecogn ized  from p r e v i o u s  e x p e r i e n c e  w i t h  
s h o r t e r - l i v e d  i s o t o p e s  as  i n d i c a t i n g  t o o  much decay c o r r e c t i o n  
had had t o  be a p p l i e d .  T h e r e f o r e ,  w e  d i s c a r d e d  t h e  i o d i n e  
da t a  from t h i s  run .  

I t  is shown i n  Tab le  2.6.3 t h a t  t h e  maximum c o n c e n t r a t i o n  
is s u b s t a n t i a l l y  h i g h e r  t h a n  t h e  ave rage  i n v e n t o r y  v a l u e  f o r  
c e r t a i n  of t h e  a e r o s o l s  i n  p a r t  of t h e  r u n s .  W e  b e l i e v e  t h i s  
c a n  be e x p l a i n e d  a s  f o l l o w s :  when a f l u i d  c i r c u l a t e s  i n  a 
c l o s e d  t a n k  i t  is q u i t e  common f o r  s t a g n a n t  e d d i e s  t o  deve lop .  
W e  f e e l  t h a t  s u c h  a t h i n g  must have happened h e r e  and t h a t  
t h e  eddy w a s  l o c a t e d  s o  t h a t  t h e  a e r o s o l  e n t e r i n g  from t h e  
f u r n a c e  g o t  t r a p p e d  i n  t h e  eddy i n s t e a d  of be ing  d i s p e r s e d  
and d i l u t e d  as it  e n t e r e d  t h e  conta inment  v e s s e l .  

P o s s i b l y  it is s i g n i f i c a n t  t h a t  t h e  maxima t e n d  t o  be 
h i g h e r  f o r  Runs 8 and 14 where p r a c t i c a l l y  no m e l t i n g  oc- 
c u r r e d  t h a n  for o t h e r  r u n s .  The low c o n c e n t r a t i o n s  i n  t h e  
conta inment  v e s s e l  a tmosphere c o u l d  v e r y  w e l l  have led  t o  
smaller p a r t i c l e  s i z e  and t h u s  t o  less e f f e c t i v e  removal .  
I n  Run 14 w e  observed  t h a t  a maximum i n  c o n c e n t r a t i o n  of 
s e v e r a l  of t h e  f i s s i o n  p r o d u c t s  o c c u r r e d  a t  p r o g r e s s i v e l y  
l a t e r  t i m e s  a s  t h e  e l e v a t i o n  i n  t h e  v e s s e l  decreased. I t  
looked l i k e  a c l o u d  of p a r t i c l e s  w a s  s e t t l i n g ,  and t h e  
v e l o c i t y  w a s  t h a t  of approx ima te ly  3-p diameter water d r o p s .  
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T a b l e  2.6.3 Maximum P e r c e n t a g e  of t h e  Model Containment  
Vessel I n v e n t o r y  of t h e  Given F i s s i o n  P r o d u c t  

Found i n  G a s  Samples 

~~ ~ ~~ 

Run 8 9 1 0  11 1 2  14 15  

-- 13 0 -- -- S t r o n t  ium -- -- --- 
15 12 Barium 36 l o  

1 0  I od i n e  2 1  11 0.7 1 2  1 2  

Cesium 1 1 3 0  20 0 . 6  58 1 7  400 6 

300 68 Cerium 89 2 0  

Rut  hen ium 160 l o  77 24 17 

--- -- -- 
-- 

--- -- -- 
-- --- 

--- -- -- -- -- T e l l u r i u m  43 9 



3 1  

We s u g g e s t e d  t h a t  p a r t i c l e s  of 0 . 1  t o  0.5-p d i a m e t e r  a c t e d  
as  c o n d e n s a t i o n  n u c l e i  and t h a t  t h e  d r o p s  g r e w  t o  approx ima te ly  
3-p d i a m e t e r .  W e  s a w  no b e h a v i o r  of t h i s  t y p e  i n  t h e  rest of 
t h e  r u n s .  

A s  w e  have  d e s c r i b e d ,  w e  observed  many d i f f e r e n c e s  i n  
b e h a v i o r  of t h e  s e v e r a l  i s o t o p e s  d u r i n g  t h e s e  r u n s .  However, 
w e  are convinced  t h a t  t h e s e  c a n  be accoun ted  f o r  by t h e  t i m e -  
t e m p e r a t u r e  h i s t o r y  t o  which t h e  sample w a s  s u b j e c t e d  and t h e  
c h e m i c a l  environment  i n  which release of t h e  f i s s i o n  p r o d u c t s  
( r e a l  o r  s i m u l a t e d )  o c c u r r e d .  W e  observed  no e f f e c t s  which 
c o u l d  n o t  be accounted  f o r  by t ime- t empera tu re  h i s t o r y  and 
m e l t  env i ronmen t ,  and w e  have no  r e a s o n  t o  b e l i e v e  s i m u l a n t s  
behave i n  a d i f f e r e n t  way t h a n  r e a l  f i s s i o n  p r o d u c t s  i n  t h e  
NSPP. 
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3 . 0  CSE SIMULANT TESTS OUT-OF-PILE 

3 . 1  I n t r o d u c t i o n  

F i s s i o n - p r o d u c t  a e r o s o l s  s i m u l a t e d  i n  e x p e r i m e n t s  p e r -  
formed i n  t h e  Containment  System Experiment  (CSE) are 
g e n e r a t e d  by s e p a r a t e  v a p o r i z a t i o n  of t h e  s imulan t s .  
Rogers’ p o i n t e d  o u t  t h a t  i n  t h e  30 ,000- f t3  CSE con ta inmen t  
t a n k ,  u s e  of i r r a d i a t e d  f u e l  t o  f u r n i s h  r e a l i s t i c  f i s s i o n -  
p roduc t  l e v e l s  w a s  i m p r a c t i c a l .  N e i t h e r  w a s  it f e a s i b l e  t o  
u s e  s i m u l a t e d  high-burnup f u e l  p e l l e t s  of t h e  t y p e  used i n  
t h e  CMF and i n  t h e  NSPP. The s i m u l a t i o n  t e c h n i q u e  d e v i s e d  
f o r  t h e  CSE e x p e r i m e n t s ,  d e s c r i b e d  by H i l l i a r d  and McCormack, 
i n v o l v e s  v a p o r i z a t i o n  of s u i t a b l e  q u a n t i t i e s  of f i s s i o n -  
p roduc t  e l e m e n t s  c o n t a i n i n g  r a d i o a c t i v e  t racers  and p a s s i n g  
t h e  vapor  o v e r  mol t en ,  u n i r r a d i a t e d  UO, b e f o r e  it e n t e r s  t h e  
con ta inmen t  v e s s e l .  I n  o r d e r  t o  d e t e r m i n e  how w e l l  t h e  
a e r o s o l s  produced by t h i s  t e c h n i q u e  imitate  t h o s e  produced 
by o v e r h e a t e d  high-burnup f u e l ,  it w a s  n e c e s s a r y  t o  make 
d i r e c t  compar isons  of s i m u l a n t s  w i t h  high-burnup f u e l  
under  s imi l a r  c o n d i t i o n s  i n  t h e  CMF and C R I .  

1 

I n  o r d e r  t o  per form CSE-type s i m u l a t i o n  e x p e r i m e n t s  i n  
t h e  CMF, it w a s  n e c e s s a r y  t o  modify t h e  e x p e r i m e n t a l  a r r a n g e -  
ment d e s c r i b e d  by H i l l i a r d  and McCormack r a t h e r  e x t e n s i v e l y  
t o  a d a p t  i t  t o  t h e  CMF f u e l  meltdown a r r angemen t ,  b u t  t h e  
d i f f e r e n c e s  r e l a t e d  ma in ly  t o  methods of g e t t i n g  t h e  vapor-  
i z e d  materials i n t o  t h e  p r e s s u r i z e d  meltdown f u r n a c e .  I n  
a d d i t i o n ,  w e  c h o s e  t o  p r o v i d e  a steam-air envi ronment  i n  t h e  
v i c i n i t y  of  t h e  mol ten  UO, and i n  t h e  con ta inmen t  t a n k ,  a t  
30 l b  t o t a l  p r e s s u r e ,  r a t h e r  t h a n  a i r ,  because  o u r  r e c e n t  
e x p e r i m e n t s  w i t h  high-burnup f u e l  were a l l  c a r r i e d  o u t  w i t h  
a steam-air a tmosphere  i n  acco rd  w i t h  t h e  LOFT model. 
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3 . 2  D e s c r i p t i o n  of S imulan t  V a p o r i z e r  U n i t  

A s  shown i n  F i g .  3 .2 .1 ,  two r i b b o n  h e a t i n g  u n i t s  were 
i n s e r t e d  t h r o u g h  a g lass  enve lope  which w a s  f i t t e d  t o  t h e  
end of t h e  q u a r t z  meltdown t u b e  by means of a t a p e r e d  j o i n t .  
A p l a t i n u m  r i b b o n  f i l a m e n t  t h a t  o p e r a t e d  a t  a t e m p e r a t u r e  
between 1400  and 16OO0C i n  t h e  fu rnace - tube  a tmosphere  w a s  
used t o  v a p o r i z e  t e l l u r i u m  ( i n  t h e  form of TeO,), cesium 
( i n t r o d u c e d  as C s , C 0 3  ) ,  and ru thenium metal. Ces ium,  which 
is p r o b a b l y  v a p o r i z e d  a s  t h e  metal ,  w i l l  q u i c k l y  be re- 
o x i d i z e d  i n  t h e  f u r n a c e  atmosphere.  Ruthenium metal  un- 
d o u b t e d l y  is c o n v e r t e d  t o  a v o l a t i l e  o x i d e ,  RuO, or RuO,. 
The o t h e r  h e a t e r  f i l a m e n t ,  which w a s  a V-shaped t a n t a l u m  
r i b b o n  (1/8-in.  wide and 1/2- in .  l o n g ) ,  w a s  h e a t e d  i n  a 
he l ium a tmosphere  i n  a s m a l l  g l a s s  enve lope  w i t h  o n l y  a 
1/16-in.  -diam h o l e  t h r o u g h  which he l ium c a r r y i n g  t h e  v a p o r i -  
zed material  f l o w s  i n t o  t h e  f u r n a c e  t u b e .  A mix tu re  of 
BaCO, or SrCO, and f i n e l y  d i v i d e d  z i r con ium metal w a s  p l a c e d  
on t h e  t a n t a l u m  r i b b o n  t o  i n c r e a s e  t h e  v o l a t i l i t y  of barium 
as  t h e  metal. 

I o d i n e  i n  t h e  form of I ,  w a s  i n t r o d u c e d  t h r o u g h  a s i d e  
a r m  a t t a c h e d  t o  t h e  o u t s i d e  p r e s s u r i z e d - t u b e  e x t e n s i o n ,  a s  
shown i n  F i g .  3 . 2 . 2 .  A g las s  c a p s u l e  c o n t a i n i n g  c r y s t a l l i n e  
I, w a s  i n s e r t e d  i n  t h e  T e f l o n - l i n e d  s i d e  a r m ,  and it w a s  
c r u s h e d  w h i l e  a stream of h o t  a i r  w a s  i n t r o d u c e d  t o  c a r r y  
t h e  i o d i n e  i n t o  t h e  i n n e r  ( f u r n a c e )  t u b e .  

Steam w a s  added t h r o u g h  t h e  b a l l  j o i n t  a t  t h e  end of 
t h e  g l a s s  e n v e l o p e .  Water t h a t  is s u p p l i e d  under  p r e s s u r e  
a t  a c a r e f u l l y  c o n t r o l l e d  ra te  w a s  c o n v e r t e d  t o  steam by a 
m i n i a t u r e  water v a p o r i z e r  l o c a t e d  i n  t h e  o u t e r  p r e s s u r i z e d  
s h e l l  q u i t e  c l o s e  t o  t h e  b a l l  j o i n t  e n t r a n c e  t o  t h e  f u r n a c e  
t u b e .  

P r e l i m i n a r y  t e s t i n g  c e n t e r e d  on a c h i e v i n g  s a t i s f a c t o r y  
v o l a t i l i z a t i o n  of bar ium, t h e  least  v o l a t i l e  s p e c i e s  ex-  
p e c t e d  t o  be used i n  t h e s e  e x p e r i m e n t s .  W e  found t h a t  a 
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F i g .  3 . 2 . 1  Electrical ly  Heated CSE Simulant Vaporizer. 



F i g .  3 . 2 . 2  CSE Type UOz Furnace and Simulant Vaporizer.  
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t e m p e r a t u r e  of 180OoC w a s  needed t o  v o l a t i l i z e  h a l f  of t h e  
bar ium a c t i v i t y  from a B a C 0 3 - Z r  metal m i x t u r e  i n  a f l o w i n g  
he l ium a tmosphere  under  i d e a l  c o n d i t i o n s  and a p p l i c a b l e  
t i m e  p e r i o d s .  

3 . 3  F u e l  P r e p a r a t i o n  

Due t o  t h e  n e c e s s i t y  of h a n d l i n g  a n  u n u s u a l l y  smal l  
sample of f i s s i o n  p r o d u c t  e l e m e n t s  w i t h  t racers  added or 
induced ,  it became obv ious  t h a t  some method of compact ing 
t h e  s o l i d  t racer  t o  pe rmi t  h a n d l i n g  a s  a u n i t  w a s  r e q u i r e d .  

The re  were a l s o  some a d v a n t a g e s  t o  be g a i n e d  i n  t h e  
s e l e c t i o n  i n  c e r t a i n  cases of s e p a r a t e d  i s o t o p e s  i n  o r d e r  
t o  enhance  t h e  amount of induced a c t i v i t y .  T h i s  w a s  es- 
p e c i a l l y  t r u e  of t e l l u r i u m  f o r  which 124Te w a s  chosen  t o  
produce  t h e  58 d 125Te. 

With t h e  added l i m i t a t i o n  of hav ing  o n l y  a few m i l l i -  
grams of a t o t a l  s o l i d s  t o  p l a c e  on e a c h  f i l a m e n t ,  i t  w a s  
deemed p r a c t i c a l  t o  d e v i s e  m i n i a t u r e  p e l l e t  d i e s  as shown 
i n  F i g .  3 .3 .1 .  The smaller of t h e s e  w a s  c a p a b l e  of p r e s s i n g  
less t h a n  a m i l l i g r a m  of s o l i d s  i n t o  a s i n g l e  c y l i n d e r  which 
w a s  t h e n  i r r a d i a t e d  i n - p i l e  and r e c o v e r e d  i n t a c t  f o r  evapo- 
r a t i o n  on t h e  f i l a m e n t .  

T a b l e s  3 .3 .1 ,  . 2 ,  and . 3  show some t y p i c a l  r e s u l t s  of 
a c t i v a t i o n  of t h e  m i n i a t u r e  t racer  p e l l e t s .  T a b l e  3 . 3 . 1  
l ists  t h e  n u c l e a r  p r o p e r t i e s  of some of t h e  most u s e f u l  
n u c l i d e s  w h i l e  T a b l e  3 . 3 . 2  g i v e s  t y p i c a l  w e i g h t s  of materials 
used  i n  t h e  m i n i a t u r e  p e l l e t s  shown i n  t h e  photograph.  A 
1 0  m g .  p e l l e t  w a s  used  i n  CMF 1007s ( t o  s i m u l a t e  t h e  2000  
Mwd/T l e v e l )  w h i l e  a 50 m g .  p e l l e t  w a s  used i n  CMF 1008s 
( t o  s i m u l a t e  t h e  10,000 Mwd/T l e v e l ) .  I n  Tab le  3 .3 .3  t h e  
f r a c t i o n  of t h e  a r t i f i c i a l  f i s s i o n  p roduc t  v a p o r i z e d  is 
g i v e n  f o r  e a c h  r u n .  I n  Run CMF 1007s t h e  f a i l u r e  t o  f i n d  
t h e  t e l l u r i u m  a c t i v i t y  i n  t h e  a e r o s o l  is p r o b a b l y  t h e  r e s u l t  
of u s i n g  a n  unenr i ched  t e l l u r i u m  s o u r c e .  
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F i g .  3 . 3 . 1  Punch and D i e  Combinations for t h e  Production 
of P e l l e t s  t o  be Used i n  t h e  CSE Vaporizer U n i t .  
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T a b l e  3 . 3 . 1  N u c l e a r  Propert ies  of N u c l i d e s  
Used as F i s s i o n  P roduc t  S i m u l a n t s  

Thermal 
T a r g e t  Cross  P r o d u c t  H a  I f  Gamma 

Nucl ide*  S e c t i o n  Nuc l ide  L i f e  Energy 
( b a r n s )  (mev) 

133cs 26  134cs 2.3 y 0.605, 0 . 7 9 7  

124Te 6 125mTe 58 d 0 . 1 1 0  

128Te 0.015 129mTe 33 d 0 .106  

lo2Ru 1 . 2  lo3Ru 41 d 0.498 

84sr 1 . 0  8 5 ~ r  65 d 0.513 (85Rb) 

9 4 ~ r  0.08 9 5 ~ r  63 d 0.754, 0.722 

12.8 d 0.53 140Ba** 

1 . 6  (140La) 

* 
Some t a rge t  m a t e r i a l s  were n a t u r a l  abundances,  

o t h e r s  w e r e  e n r i c h e d  i n  t h e  t a rge t  n u c l i d e  and sup- 
p l i e d  by ORNL I s o t o p e s  D i v i s i o n .  

** 
F i s s i o n  p roduc t  o b t a i n e d  from I s o t o p e  D i v i s i o n .  



T a b l e  3.3.2 Composi t ion of S imula t ed  F i s s i o n  P r o d u c t  P e l l e t s  
(To s i m u l a t e  20g UO, i r r a d i a t e d  t o  2 , 0 0 0  o r  10 ,000  Mwd/T) 

Weight 7'0 i n  Mix Pe 1 let  We i g h  t s 
Method Of Element Compound 

Element Compound CMF 1007s CMF 1008s C R I  107s Type H e a t i n g  

A P t  F i l amen t  cs cs,co3 27 .4  33.6 
Te TeO, 1 4 . 1  17.6 5 . 5  m g  2 5  m g  24 .1  m g  
Ru Metal 48 .8  48.8 

(15 OOOC) 

B* Ta F i l amen t  Sr SrC03 36.1 61.6 
(>2000°C) S r  Metal 38.4 38.4 

C* Ta F i l amen t  Ba BaCO, 48 .6  68.4 5 .5  mg 
(> 2 0 O O O C  ) S r  Metal 31.6 31.6 

2 0  mg 

17.5 mg 

* 
Barium and s t r o n t i u m  were used a l t e r n a t i v e l y .  
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T a b l e  3 .  3.3 S imulant  S o u r c e s  and Release F r a c t i o n s  
i n  Aeroso l  CSE S i m u l a t i o n  Exper iments  

S imulan t  N u c l i d e s  
13 l1 134cs lo3Ru 5 ~ r  

Run No. 

CMF-1007s 
Source  A c t i v i t y ,  m c  45  0.85 0.016 0.26 -- 
7'0 Released  100 100 n o t  d e t e c t e d  23 

CMF- 1 0  0 8 s  
Source  A c t i v i t y ,  m c  5.4 2.7 0.052 0 .81  0.26 
7'0 Released  1 0 0  1 0 0  98 9 . 1  53 

CR I - 1 0 7 s  

Source  A c t i v i t y ,  m c  48 10.3 0.102 1 .46  0.87 
70 Released  1 0 0  97 84 6.6 1. o* 

* 
Sr-Zr  p e l l e t  i n  CRI-107s n o t  h e a t e d  t o  r e q u i r e d  

t e m p e r a t u r e  due t o  low e l e c t r i c a l  power. 
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3.4 Behavior  of S i m u l a n t s  i n  t h e  CMF 

W e  completed two r u n s  t h a t  s i m u l a t e d  f u e l  w i t h  burnup 
l e v e l s  of 1 0 0 0  and 7 0 0 0  Mwd/T. These a r e  l i s t e d  i n  Tab le  
3 . 4 . 1  as  CMF Runs 1007s  and 1008s.  T e c h n i c a l  d i f f i c u l t i e s  
have l i m i t e d  o u r  s u c c e s s  i n  g e n e r a t i n g  s u i t a b l e  f r a c t i o n s  
of e lements  o t h e r  t h a n  i o d i n e ,  ces ium,  and ru thenium;  how- 
e v e r ,  a f a i r  amount of d a t a  h a s  been accumula ted  w i t h  t h e s e  
t h r e e  e l emen t s .  W e  have compared t h e  r e s u l t s  of t h e  two 
r u n s  i n  F i g s .  3 . 4 . 1  and 3 . 4 . 2  and i n  T a b l e  3 .4 .2 .  The major  
d i f f e r e n c e s  i n  amount of r e a c t i v i t y  remain ing  a i rborne are 
a t t r i b u t e d  t o  t h e  e f f e c t  of hav ing  a d e l a y  i n  Run 1008s 
t h a t  a l lowed most of t h e  steam t o  condense  b e f o r e  t h e  a e r o s o l  
w a s  g e n e r a t e d .  

From t h e  c o n d e n s a t e  c o l l e c t i o n  r a t e  (summary i n  T a b l e  
3 . 4 . 3 ) ,  it w a s  p o s s i b l e  t o  e v a l u a t e  t h e  e f f e c t  of t h e  lower 
c o n d e n s a t i o n  ra te  i n  Run 1008s.  The r a t e  of steam conden- 
s a t i o n  which is i n f e r r e d  is a p p r o x i m a t e l y  e q u a l  t o  a 1-hr 
d e l a y  o r  abou t  1 ml/min i n i t i a l  c o n d e n s a t i o n  ra te  i n  1008s 
compared t o  a b o u t  5 m l / m i n  i n  1007s. T h i s  s u g g e s t s  t h a t  
t h e  s l o p e s  of t h e  two i o d i n e  d e p o s i t i o n  c u r v e s  i n  F i g .  
3 . 4 . 1  and 3.4.2 s h o u l d  be s i m i l a r  i f  t h e  f i r s t  hour  i n  
Run 1007s is ignored .  T h i s  is indeed  t h e  case and c l e a r l y  
i l l u s t r a t e s  t h e  s t r o n g  i n f l u e n c e  of  t h e  s t eam c o n d e n s a t i o n  
p r o c e s s  f o r  i o d i n e  removal .  

I n  F i g .  3 .4 .1 ,  showing t h e  a i r b o r n e  c o n c e n t r a t i o n  of 
a c t i v i t i e s  w i t h  t i m e  i n  t h e  con ta inmen t  v e s s e l  d u r i n g  Run 
CMF 1007S,  t h e  h a l f - t i m e s  f o r  ces ium and ru thenium are  
f a i r l y  c l o s e  t o  t h a t  f o r  t h e  s t r a i g h t  l i n e  p o r t i o n  of t h e  
i o d i n e  c u r v e .  I n  F i g .  3 .4 .2  which is a s imi l a r  p l o t  f o r  
CMF 1008S, t h e  h a l f  t i m e s  for t h e  ces ium and i o d i n e  are 
v e r y  s i m i l a r  w h i l e  t h a t  f o r  ru thenium w a s  i m p o s s i b l e  t o  
e v a l u a t e  because of t h e  ex t r eme  v a r i a t i o n  i n  v a l u e s .  

The h a l f - t i m e s  f o r  t h e  c o n c e n t r a t i o n  of a i r b o r n e  ces ium 
w i t h  t i m e  for t h e  s i m u l a n t  Runs 1007s and 1008s  (F igs .  3 . 4 . 1  



T a b l e  3 . 4 . 1  Exper imen ta l  C o n d i t i o n s  for Runs 995H, 996H, 1007s and 1008s 

Run 
Number Fue 1 Aging P r e s s u r e  Temp. 

( h r )  (atm a b s ) *  ("C)* C ladd ing  Atmosphere 

CMF 995H 1 0 0 0  Mwd UO, S t a i n  less S team-air 4 . 0  3 .  120 
I& CMF 996H 7100 Mwd UO, Z i r c a  l o y  S team-a i r  4 .5  3 .  125 tu 

CMF 1007s CSE S imulan t  (1000 Mwd) Z i r c a l o y  S t e am-a i r  4.7 3 .  9 7  

CMF 1008s CSE S imulan t  (7100 Mwd) Z i r c a l o y  S team-a i r  4 .7  3 .  1 0 1  

* P r e s s u r e s  and t e m p e r a t u r e s  are t h o s e  e x i s t i n g  i n  t h e  con ta inmen t  
v e s s e l  a t  t h e  s t a r t  of t h e  exper iment .  

. 
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Tab le  3.4.2 Comparisons of R a d i o a c t i v i t y  D i s t r i b u t i o n  Obta ined  i n  CMF Runs 

I od i n e  Cesium Rut hen ium 
Run Run Run Run Run Run Run Run Run Run Run Run 
995H 1007s 996H 1008s 995B 1007s 996H 1008s 995B 1007s 996B 1008s 

A c t i v i t y ,  
Tank washes and d e p o s i t i o n  

Condensa tes  
coupons 

T o t a l  

Ai rborne  a c t i v i t y  a t  end of 
a g i n g  p e r i o d ,  % * 

G a s  s amples  
Re leased  by ven t ing  
Recovered by argon sweep 

T o t a l  

22.0 26.0 51.6 38.9 6.4 64.3 63.8 67.9 64.2 88.5 88.0 78.5 
67.4 66.9 22.6 45 .1  80.0 31.0 28.7 15 .0  10.6 5.6 3 .5  8 . 9  
89.4 92.9 74.2 84.0 86.4 95.3 92.5 82.9 74.8 94 .1  91.5 87.4 I@ 

w 

0.5  3.0 0.17 1 .8  0.1 2 . 1  0.86 3.8 0.4 3 .1  0.8 5 .0  
3.2 0.57 9 .0  6 .0  2.9 0.03 1.1 8.4 4 . 5  0.04 1 .2  5.2 
5.7 4.25 1 3 . 1  7.9 9.8 0 . 6 1  5.9 5.5 19.8 0.65 6.7 4 .5  

10.6 6.52 25.8 16 .0  13.56 4 .4  7 .5  17.0 25.29 5.69 8 .4  12.7 

* P e r c e n t  of t o t a l  a c t i v i t y  i n  t h e  conta inment  t ank .  



T a b l e  3 .4 .3  Condensa t ion  D a t a  for CSE s i m u l a n t  Runs i n  t h e  CMF and T h e i r  C o u n t e r - P a r t s  

Run No. CMF 1007s  CMF 995B CMF 1008s  CMF 996H 
D a t e  of Run 3-22-67 10-29-65 4-20-67 4-11-66 

.. 

7100 Mwd UOz CSE, 7000 Mwd 
S imu l a n t  1000  Mwd UO, CSE, 1000 Mwd 

S imu l a n t  Fue  1 

T o t a l  T o t a l  T o t a l  T o t a l  
E l a p s e d  Conden- Av/At Conden- Av/At Conden- Av/At Conden- Av/At 

Time sa te  s a t e  sa te  s a t e  
(min)  (ml)  (cc /min> (ml)  (cc /min)  (ml)  (cc /min)  (ml)  ( c  c /m i n  ) 

9 
30  
33 

49 
50 
65 
79 

95 
9 7  

118 
13  7 
155  
168 
18 0 
215 

247 
275 

3 00 

48 5 .3  
129 4 . 3  

14  0 3 .8  
168  1 .8  

18  0 

2 04 

216 

0.4 

0.24 

206 

230 

24 1 
0.13 

1.1 

0.6 

48 

7 2  

92 

69 2.3 

0.96 
123  

0.53 

150  

19 7 

108 0.27 

0 . 1  2 14 
112  0.067 

115  0.006 

1 .5  

0.51 

0 .94  

0.22 

* 
TL (min)  26 57 

~ 

7 1  59 

*Obta ined  by p l o t t i n g  f r a c t i o n  of t o t a l  c o n d e n s a t e  i n  t a n k  a t m o s p h e r e ,  
v e r s u s  t i m e  . 

, 
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and 3 .4 .21 ,  and t h o s e  f o r  t h e  comparable  "hot"  UO, r u n s  
995H and 996H ( F i g s .  3 .4 .3  and 3 .4 .4 ) ,  are 1 . 0 ,  2 .4 ,  1 .4 ,  
and 2 . 1  h o u r s ,  r e s p e c t i v e l y ,  and t h e  c o r r e s p o n d i n g  conden- 
s a t i o n  h a l f - t i m e s  f o r  t h e s e  r u n s ,  as l i s t e d  i n  T a b l e  3 .4 .3 ,  
are 2 6 ,  7 1 ,  5 7 ,  and 59 m i n u t e s ,  r e s p e c t i v e l y .  The c o r r e -  
l a t i o n  between d e p l e t i o n  and c o n d e n s a t i o n  r a t e s ,  as shown 
by t h e s e  v a l u e s ,  a g a i n  p o i n t s  o u t  t h e  impor tance  of steam 
c o n d e n s a t i o n  on a i r b o r n e  a c t i v i t y  d e p l e t i o n ,  as w e l l  a s  t h e  
v a l i d i t y  of t h e  CSE s i m u l a n t s  as t h e y  f i t  w i t h  t h e  ir- 
r a d i a t e d  U02 r u n s  i n  t h e  series v e r y  w e l l .  

3 . 5  Behavior  of S i m u l a n t s  i n  t h e  C R I  

The e x p e r i m e n t a l  p rocedure  i n  t h e  C R I  w a s ,  w i t h  t h e  
e x c e p t i o n  of t h e  u s e  of t h e  v a p o r i z e r  u n i t  i n  107S, t h e  same 
f o r  t h e  i r r a d i a t e d  UO, i n  Run 114H. The a c t i v i t y  w a s  
l i b e r a t e d  from its source and blown i n t o  t h e  conta inment  
v e s s e l ,  and once t h e r e ,  w a s  i s o l a t e d  f o r  a p e r i o d  of a p p r o x i -  
ma te ly  twen ty  h o u r s .  Dur ing  t h i s  "aging p e r i o d , "  May pack  
t y p e  g a s  samples  were t a k e n  of t h e  t a n k  c o n t e n t s  a s  w e l l  as  
gas samples  f o r  p a r t i c l e  s ize  d e t e r m i n a t i o n s  w i t h  a low 
p r e s s u r e  c a s c a d e  impactor .  Dur ing  t h e  r u n ,  accumulated 
c o n d e n s a t e  w a s  drawn from t h e  con ta inmen t  v e s s e l  a t  v a r i o u s  
t i m e s .  A t  t h e  end of t h e  aging p e r i o d ,  t h e  e x c e s s  p r e s s u r e  
on t h e  con ta inmen t  v e s s e l  w a s  ven ted  t h r o u g h  f i l t e r s ,  and 
t h e n  t h e  con ta inmen t  v e s s e l s  a tmosphere  w a s  decontaminated  
by r e c y c l i n g  t h r o u g h  f i l t e r s .  

A f l o w  d iagram of t h e  C R I  sys tem is shown i n  F i g .  3 .5 .1 .  
The c y l i n d r i c a l  s e c t i o n  of t h e  con ta inmen t  v e s s e l  is 1 . 6 6  
meters i n  d i a m e t e r  and 1 .41  meters t a l l .  The a v e r a g e  h e i g h t  
f o r  t h e  con ta inmen t  v e s s e l ,  i n c l u d i n g  t h e  d i s h e d  head and 
c o n i c  s e c t i o n ,  is abou t  2 meters w i t h  a n  o v e r a l l  h e i g h t  of 

6 2.58 meters. The con ta inmen t  v e s s e l  volume is 4.62 x 1 0  
c m  , and t h e  s u r f a c e  area is 1.34 x l o 5  c m  . 
d i s c u s s i o n  of t h e  c o n s t r u c t i o n  and o p e r a t i o n  of t h e  C R I  c a n  
be found i n  a p r e v i o u s  r e p o r t .  

3 2 A more d e t a i l e d  

14 
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F i g .  3 . 4 . 3  Composi t ion of CMF Tank Atmosphere as  Determined 
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F i g .  3.4.4 Composi t ion of CMF Tank Atmosphere as Determined 
by Gas Samples i n  Run 996H. 
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F i g .  3 . 5 . 1  The C R I  F a c i l i t y  as  Modif ied  f o r  F i s s i o n  P r o d u c t  
S i m u l a t i o n  S t u d i e s .  . 

r 



5 1  

3 . 5 . 1  Run 1 0 7 s  

Run 107s  w a s  conducted  as  a CSE f i s s i o n - p r o d u c t  s i m u l a n t  
v a l i d a t i o n  t e s t .  The o b j e c t i v e  w a s  t o  p r o v i d e  t h e  s e p a r a t e l y  
v a p o r i z e d  f i s s i o n - p r o d u c t  tracer e l e m e n t s  i n  t h e  mixed a e r o -  
s o l  i n  t h e  manner used  a t  B a t t e l l e ' s  P a c i f i c  Northwest  
L a b o r a t o r y , 2  
i n  compar ison  w i t h  one t h a t  h a s  r ea l  f i s s i o n - p r o d u c t  a e r o s o l s  
from h i g h l y  i r r a d i a t e d  UOz (114H). I n  t h e  s i m u l a n t  r u n ,  
mol ten  Z i r c a l o y - c l a d  UO, w a s  used a s  t h e  a e r o s o l - g e n e r a t i n g  
s o u r c e ,  and t h e  g a s e o u s  i o d i n e ,  ce s ium,  and t e l l u r i u m  were 
v a p o r i z e d  and passed  o v e r  t h e  mol ten  m a s s  b e f o r e  t h e y  r eached  
t h e  c on t a inmen t v e s s e  1. 

and t o  u s e  t h e  d e p o s i t i o n  b e h a v i o r  d a t a  l a t e r  

3 .5 .2  Run 114H 

I n  Run 114H, 40 grams of i r r a d i a t e d  ( 6 0 0 0  Mwd/T)UOz w e r e  
c l a d  i n  Z i r c a l o y  and me l t ed  i n  a steam-air a tmosphere  w i t h  
i n d u c t i o n  h e a t i n g .  T h i s  run  w a s  performed f o r  comparison 
w i t h  t h e  s i m u l a n t  Run 107S, however t h e  i o d i n e  p r e s e n t  i n  
114H f u e l  w a s  c a l c u l a t e d  t o  be j u s t  o v e r  2 . 2  mg w h i l e  t h e r e  
w a s  9 mg p r e s e n t  i n  1 0 7 s .  I n  genera l ,  w i t h  t h e  e x c e p t i o n  of 
t h e  weight  of i o d i n e ,  t h e  c o n d i t i o n s  f o r  t h e  two r u n s  were 
v e r y  s i m i l a r .  

On examining  T a b l e  3 . 5 . 1  and F i g .  3 .5 .2 ,  it is e v i d e n t  
t h a t  t h e  c o n d i t i o n s  of t e m p e r a t u r e ,  p r e s s u r e ,  and humid i ty  
are p r a c t i c a l l y  i d e n t i c a l  f o r  t h e  s i m u l a n t  Run 107s  and t h e  
i r r a d i a t e d  UOz Run 114H. I n  F i g .  3 .5 .3 ,  t h e  c o n d e n s a t i o n  
ra tes  f o r  t h e  two r u n s ,  as  c a l c u l a t e d  from condensa te  volumes, 
are shown and t h e  h a l f - t i m e s  f o r  c o n d e n s a t i o n  are p r a c t i c a l l y  
i d  e n  t ic  a 1. 

I n  T a b l e  3 .5 .2 ,  t h e  d i s t r i b u t i o n  of f i s s i o n  a c t i v i t i e s  
is l i s t e d  f o r  t h e  s i m u l a n t  1 0 7 s  and t h e  "hot" 114H r u n s .  
I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  t o t a l  release of t h e  
l i s t e d  a c t i v i t i e s  is g r e a t e r  i n  t h e  s i m u l a n t  run  t h a n  i n  t h e  
"hot"  run .  I n  T a b l e  3 .5 .3 ,  t h e  d i s t r i b u t i o n  of t h e  i o d i n e  
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F i g .  3 . 5 . 2  Temperature  and P r e s s u r e  C o n d i t i o n s  E x i s t i n g  i n  
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F i g .  3 . 5 . 3  Condensa t ion  Versus  Time for C R I  Runs 107s and 
114H. 
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T a b l e  3 . 5 . 1  C o n d i t i o n s  for CSE F i s s i o n - P r o d u c t  
S imulan t  V a l i d a t i o n  T e s t  107s  and Experiment  

w i t h  I r r a d i a t e d  UO,, 114H 

Run 107s  Run 114H 
CSE 6000 Mwd/T 

S imu l a n t  UO, 

Atmosphere a i r  -steam a i r - s t e a m  

Aging t i m e ,  h r  20.6 20.2 

C o n d i t i o n s  i n  con ta inmen t  
v e s s e l  a t  zero t i m e  

P r e s s u r e ,  a t m .  abs. 
Tempera ture ,  "C 
R e l a t i v e  humid i ty ,  % 

3 . 3  
110.5  

64 

3 .6  
1 1 1 . 0  

72 

C o n d i t i o n s  i n  con ta inmen t  
v e s s e l  j u s t  p r i o r  t o  v e n t i n g  

P r e s s u r e ,  atm. a b s .  2 .2  2 . 1  

R e l a t i v e  h u m i d i t y ,  70 1 0 0  100 
Tempera turz ,  O C  61.5 62.2 

C ladd ing  on UO, p e l l e t s  Z i r c a l o y  2 Z i r c a l o y  2 



T a b l e  3 . 5 . 2  Observed R e l e a s e  of F i s s i o n  P r o d u c t s  i n  C R I  1 0 7 s  and C R I  1 1 4 H  

P e r c e n t  of T o t a l  I n v e n t o r y  

T o t a l  Release Depos i t ed  i n  
T r a n s p o r t  L ine  I n  C R I  Tank 

C R I  107s C R I  1 1 4 H  C R I  1 0 7 s  C R I  1 1 4 H  C R I  1 0 7 s  C R I  1 1 4 H  

I od i n e  6 2 . 0  5 9 . 0  3 4 . 3  1 4 . 5  9 6 . 3  7 3 . 5  

T e l l u r i u m  6 6 . 4  1 4 . 1  7 . 1  0 . 2  7 3 . 5  1 4 . 3  

Cesium 4 7 . 3  2 0 . 1  9 . 9  0.8 5 7 . 2  2 0 . 9  

Ruthenium 18 .5  2 . 4  7 . 9  0 . 2  2 6 . 4  2 . 6  



T a b l e  3 . 5 .  3 D i s t r i b u t i o n  of A c t i v i t i e s  i n  CSE S i m u l a n t  a n d  I r r a d i a t e d  UO, 

Run i n  t h e  C o n t a i n m e n t  R e s e a r c h  I n s t a l l a t i o n  

I o d i n e  C e s i u m  R u t h e n i u m  

C R I  C R I  C R I  C R I  C R I  C R I  
1 0 7 s  11413 1 0 7 s  114H 1 0 7 s  1 1 4 H  

Time i n  c o n t a i n m e n t  v e s s e l ,  h r  2 0 . 6  2 0 . 2  2 0 . 6  2 0 . 2  2 0 . 6  2 0 . 2  

A c t  i v i  t y , 70 
T a n k  washes a n d  d e p o s i t i o n  c o u p o n s  8 4 . 0  8 4 . 3  6 2 . 0  7 2 . 0  9 1 . 3  8 6 . 1  
C o n d e n s  a t  es 1 4 . 9  1 3 . 5  26 .7  2 1 . 3  0 . 3  1 2 . 9  

9 8 . 9  9 7 . 8  8 8 . 7  9 3 . 3  9 1 . 6  9 9 . 0  T o t a l  

A i r b o r n e  a c t i v i t y  a t  e n d  of a g i n g  
D e r i o d ,  9'0 

G a s  s a m p l e s  0 . 0 5  0 . 1 1  1 . 0  1 . 7  0 . 6 3  0 . 8 6  
R e l e a s e d  by  v e n t i n g  0 . 5 5  0 .77  4 . 4  2 . 4  6 . 3  0 .002  
R e c o v e r e d  by  c y c l i c  f i l t e r i n g  0 . 5 0  1 . 3 4  6 . 0  3 . 3  0 . 4  0 . 3 6  

T o t a l  1.1 2 . 2  1 1 . 3  6 . 7  8 . 4  1 . 0  

, 
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a c t i v i t y  i n  t h e  con ta inmen t  v e s s e l  is l i s t e d ,  and t h e  v a l u e s  
are v e r y  c l o s e  f o r  t h e  two r u n s .  F i g u r e s  3 . 5 . 4  and 3 .5 .5  
show t h e  d i s t r i b u t i o n  of i o d i n e  a c t i v i t y  w i t h  t i m e  i n  t h e  
con ta inmen t  v e s s e l  d u r i n g  t h e  two runs  and ,  a s  would be ex-  
p e c t e d  from t h e  d a t a  i n  T a b l e  3 .5 .3 ,  t h e  shape  of t h e  c u r v e s  
is s i m i l a r  f o r  t h e  two r u n s .  

I n  F i g s .  3 .5 .6  and 3 .5 .7 ,  t h e  d i s t r i b u t i o n  of a i r b o r n e  
a c t i v i t i e s  i n  t h e  con ta inmen t  v e s s e l  d u r i n g  t h e  r u n s  is shown, 
and t h e  i o d i n e  c u r v e s  f o r  t h e  f i r s t  600 minu tes  are ve ry  much 
a l i k e ,  however 1 0 7 s  shows a r i s e  i n  a i r b o r n e  i o d i n e  a c t i v i t y  
s h o r t l y  a f t e r  abou t  600 minu tes  of t h e  r u n ,  t h i s  r ise  is 
p r o b a b l y  due t o  d e s o r p t i o n  of i o d i n e  a c t i v i t y  from t h e  con-  
t a inmen t  v e s s e l  w a l l s .  On examining t h e  t e m p e r a t u r e  curve 
for 107S, a s  shown i n  F ig .  3 .5 .2 ,  w e  f i n d  t h a t  t h e  tempera-  
t u r e  of t h e  con ta inmen t  v e s s e l  showed an  u n u s u a l  rise from 
t h e  smooth decay a t  abou t  t h i s  t i m e ,  and t h i s  increase i n  t h e  
t e m p e r a t u r e  of t h e  w a l l s  c o u l d  c e r t a i n l y  c a u s e  a p o r t i o n  of 
t h e  d e p o s i t e d  i o d i n e  t o  d e s o r b .  A l s o  i n  F i g s .  3 .5 .6  and 
3.5.7,  w e  f i n d  a d i s c r e p a n c y  i n  t h e  h a l f - l i v e s  f o r  t h e  
s t r a i g h t  l i n e  p o r t i o n s  of t h e  p a r t i c u l a t e  a c t i v i t i e s  (Ru, 
Te ,  and C s ) .  I n  t h e  s i m u l a n t  Run 107s t h e  a v e r a g e  v a l u e  f o r  
t h e s e  a c t i v i t i e s  is approx ima te ly  8 h o u r s ,  w h i l e  t h e  a v e r a g e  
v a l u e  f o r  t h o s e  l i s t e d  f o r  C s  and Te i n  Run 114H is approx i -  
ma te ly  5 hour s .  The d i f f e r e n c e  i n  t h e  h a l f - l i v e s  f o r  t h e s e  
a c t i v i t i e s  i n  t h e  two r u n s  c a n n o t  be due t o  d i f f e r e n c e s  i n  
c o n d e n s a t i o n  ra tes ,  s i n c e  t h e s e  ra tes  w e r e  shown t o  be 
p r a c t i c a l l y  i d e n t i c a l  (F ig .  3 .5 .3 ) .  

F i g u r e s  3.5.8 and 3.5.9 show t h e  c o n c e n t r a t i o n  of i o d i n e  
s p e c i e s  i n  t h e  con ta inmen t  v e s s e l  a tmosphere  w i t h  t i m e  f o r  
107s and 114H, r e s p e c t i v e l y .  I t  s h o u l d  be no ted  t h a t  t h e  
shape  of t h e  c u r v e s  f o r  p a r t i c u l a t e ,  molecular,  and o r g a n i c  
i o d i n e  are v e r y  s i m i l a r  f o r  abou t  t h e  f i r s t  600 minu tes  of 
t h e  two r u n s .  I n  Run 107S, t h e  p a r t i c u l a t e  i o d i n e  is t h e  
major  p o r t i o n  of t h e  i o d i n e  a c t i v i t y  w h i l e  t h e  molecu la r  
i o d i n e  is t h e  g r e a t e r  p o r t i o n  i n  Run 114H. The d a t a  f o r  t h e  
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two g r a p h s  w a s  d e r i v e d  from gas  sample d a t a  u s i n g  t h e  common 
as sumpt ions  t h a t  i o d i n e  a c t i v i t y  on f i l t e r  components is 
p a r t i c u l a t e ,  on s i l v e r  components and exposed metal s u r f a c e s  
is m o l e c u l a r ,  and t h a t  r e t a i n e d  by c h a r c o a l  is o r g a n i c .  I n  
Run 107s  t h e  sample r  components were a r r a n g e d  i n  t h e  f o l l o w i n g  
sequence :  f i l t e r s ,  s i l v e r  membranes, and t h e n  c h a r c o a l .  I n  
114H gas s a m p l e r s  t h e  a r rangement  w a s  s i l v e r  honeycomb or 
s i l v e r  s c r e e n s ,  f i l t e r s ,  and c h a r c o a l .  S i n c e  t h e  f i l t e r s  
i n  1 0 7 s  s a m p l e r s  w e r e  not p receded  by s i l v e r  as w e r e  t h o s e  
i n  114H, t h e  h i g h e r  v a l u e s  f o r  p a r t i c u l a t e  i o d i n e  i n  107s  
c o u l d  be due t o  t h e  p a r t i a l  a d s o r p t i o n  of m o l e c u l a r  i o d i n e  
by t h e s e  f i l t e r s .  

The i o d i n e  a c t i v i t y  r e t a i n e d  on t h e  c h a r c o a l  p o r t i o n  
of t h e  gas s a m p l e r s ,  as shown i n  F i g s .  3 .5 .8  and 3.5.9,  would 
i n d i c a t e  t h a t  o r g a n i c  forms of i o d i n e  accoun t  f o r  0.73ojb and 
0 .4% of t h e  con ta inmen t  v e s s e l  i n v e n t o r y  i n  Runs 107s  and 
114H, r e s p e c t i v e l y .  Using an  e l u t i o n  t e c h n i q u e  t h a t  depends  
on t h e  a c c e p t e d  f a c t  t h a t  C H , I  c an  be e l u t e d  from c h a r c o a l  
w i t h  a f l o w  of m o i s t u r e  s a t u r a t e d  a i r ,  t h e  C H 3 1  w a s  found t o  
be a p p r o x i m a t e l y  0.3270 f o r  107s and 0.127'0 f o r  114H. These  
two v a l u e s  of 0.3270 and 0.127'0, w h i l e  c o n s i d e r a b l y  lower i n  

v a l u e  t h a n  t h o s e  found by c h a r c o a l  r e t e n t i o n  (O.73y0 and o.4ylo), 
i n d i c a t e  t h a t  t h e  s i m u l a n t  r u n  (107s)  h a s  abou t  3 t i m e s  as 
much o r g a n i c  i o d i n e  a s  t h e  "hot"  r u n  (114H). 

3 .6  E v a l u a t i o n  of CSE-Type S imulan t  

The s i m u l a n t  t es t  r e s u l t s  f o r  t h e  CSE v a p o r i z a t i o n  
p r o c e s s  l i k e  t h o s e  f o r  t h e  CMF p e l l e t - a d d i t i v e  method seem 
t o  g i v e  r e a s o n a b l y  s imi l a r  r e s u l t s  t o  t h o s e  o b t a i n e d  w i t h  
i r r a d i a t e d  f u e l .  The re  are p e r h a p s  more v a r i a t i o n s  between 
our  own i n d i v i d u a l  s i m u l a n t  r u n s  t h a n  between one of t h e s e  
and t h e  most n e a r l y  i d e n t i c a l  h o t  run.  

A s  a g e n e r a l  c o n c l u s i o n ,  it s h o u l d  be s t a t e d  t h a t  t h e  
e f fec t  which w e  t hough t  might be obse rved ,  t h a t  of a non- 
homogeneous f u e l  compos i t ion  and u n r e a l i s t i c  release of t h e  
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a e r o s o l  t o  produce  non-uniform s e t t l i n g  ra tes  for d i f f e r e n t  
a e r o s o l  s o l i d s  w a s  n o t  obse rved .  

I t  a p p e a r s ,  from t h e  e x p e r i m e n t a l  r e s u l t s ,  t h a t  re- 
g a r d l e s s  of s o u r c e  of a e r o s o l  ( s i m u l a n t  o r  h o t  r u n )  t h e  
c h a r a c t e r i s t i c s  of t h e  r e s u l t i n g  a e r o s o l  are s u c h  t h a t  t h e  
s e t t l i n g  t i m e s  d u r i n g  ag ing  are n o t  v e r y  d i f f e r e n t  p r o v i d i n g  
t h e  e n v i r o n m e n t a l  c o n d i t i o n s  are a l i k e .  For example,  it 
seems t h a t  t h e  r e s u l t s  are more s e n s i t i v e  t o  v a r i a t i o n s  i n  
c e r t a i n  e n v i r o n m e n t a l  p a r a m e t e r s  - s u c h  as r a t e  of steam 
c o n d e n s a t i o n  - t h a n  t o  t h e  o r i g i n  of t h e  a e r o s o l ,  s i m u l a n t  
or h o t  run .  Accord ing ly ,  from t h e  r e s u l t s  o b t a i n e d  i t  
a p p e a r s  t h a t  t h e  u s e  of s i m u l a n t  p roduces  v a l i d  and r ea l i s t i c  
r e s u l t s .  
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4 . 0  CSE SIMULANT TESTS IN-PILE 

4 . 1  I n t r o d u c t i o n  

The i n - p i l e  t e s t i n g  of a proposed s i m u l a t i o n  t e c h n i q u e  
is t h e  o n l y  method of d i r e c t  compar ison  between t h e  b e h a v i o r  
of r e a l  f i s s i o n  p r o d u c t s  and t h e i r  s i m u l a t e d  f i s s i o n  p r o d u c t s  
a n a l o g s .  Except  f o r  t h e  method of g e n e r a t i o n  ( i . e .  f i s s i o n i n g  
UO, v s  v a p o r i z a t i o n )  and r a d i o a c t i v e  decay ,  t h e  s i m u l a t e d  
f i s s i o n  p r o d u c t  a e r o s o l  and t h e  t r u e  f i s s i o n  p r o d u c t  a e r o s o l  
e x p e r i e n c e ,  s i m u l t a n e o u s l y  , i d e n t i c a l  envi ronmenta  1 c o n d i t i o n s  
th roughou t  t h e  e x p e r i m e n t a l  sys tem.  I n  a d d i t i o n ,  t h e  f i s s i o n  
p r o d u c t s  and t h e i r  a n a l o g s  are c o l l e c t e d  s i m u l t a n e o u s l y  on 
each  sampl ing  d e v i c e  t o  e l i m i n a t e  d i s c r e p a n c i e s  i n  sampl ing .  
Although b a s i c  a e r o s o l  p a r a m e t e r s  were n o t  measured i n  t h i s  
s t u d y ,  t h e  r e l a t i v e  b e h a v i o r  of t h e  two t y p e s  of a e r o s o l s  is 
an  i m p o r t a n t  i n d i c a t i o n  o f  t h e i r  d e g r e e  of s i m i l a r i t y .  

The method of s i m u l a t i o n  t h a t  w e  have i n v e s t i g a t e d  is 
t h a t  deve loped  f o r  t h e  Containment  Sys tems Experiment  (CSE) 
a t  Hanford.  T h e i r  method of a e r o s o l  g e n e r a t i o n  is t h e  
v o l a t i l i z a t i o n  of severa l  s e l e c t e d  e l e m e n t s  ( I ,  C s ,  Ru, and 
Te)  i n d i v i d u a l l y ,  t h e n  mixing these v a p o r s  w i t h  t h o s e  p ro -  
duced from 110, i n  a R.F. i n d u c t i o n  f u r n a c e .  The r e s u l t i n g  
a e r o s o l  is t h e n  passed  t h r o u g h  r e l a t i v e l y  long  l i n e s  i n t o  
t h e i r  con ta inmen t  v e s s e l .  I n  t h i s  s t u d y  w e  have t r i e d  t o  
d u p l i c a t e  as c l o s e l y  a s  p o s s i b l e  t h e  CSE method of s i m u l a n t  
v a p o r i z a t i o n  w i t h i n  t h e  r e s t r i c t i o n s  imposed by an  i n - p i l e  
expe r imen t .  The main d i f f e r e n c e s  i n  ou r  method of s i m u l a -  
t i o n  and t h a t  of t h e  CSE w a s  i n  t h e  l e n g t h  of l i n e  between 
t h e  v a p o r i z a t i o n  s e c t i o n  and t h e  UO,, t h e  method of h e a t i n g  
t h e  UO, ( i . e . ,  f i s s i o n  h e a t  v s  R.F. i n d u c t i o n  h e a t i n g )  and 
t h e  p r e s e n c e  of r ea l  f i s s i o n  p r o d u c t s  accompanied by t h e i r  
r a d i o a c t i v e  envi ronment .  



67 

Two expe r imen t s  w e r e  des igned  t o  e v a l u a t e  t h e  d e g r e e  of 
s i m i l a r i t y  between t h e  CSE s i m u l a t i o n  t e c h n i q u e  and r e a l  
f i s s i o n  p r o d u c t s .  The f i r s t  exper iment  employed a f u e l  
e lement  t h a t  had been i r r a d i a t e d  t o  a f a i r l y  h i g h  burnup and 
no  s i m u l a n t s .  The second exper iment  c o n t a i n e d  s i m u l a n t s  and 
f r e s h  f u e l .  The m a s s  of m a t e r i a l  t o  be t r a n s p o r t e d  i n  b o t h  
expe r imen t s  w a s  app rox ima te ly  e q u a l .  T r a c e  i r r a d i a t i o n  of 
t h e  f u e l  w a s  performed b e f o r e  meltdown i n  bo th  expe r imen t s .  
The d e t e c t i o n  of a s i m u l a t e d  f i s s i o n  p roduc t  i n  t h e  p r e s e n c e  
of r e a l  f i s s i o n  p r o d u c t s  w a s  accomplished by n e u t r o n  a c t i v a -  
t i o n  of t h e  s t a b l e  s i m u l a n t  n u c l i d e s .  I t  w a s  f e l t ,  t h e r e f o r e ,  
t h a t  w e  c o u l d  e v a l u a t e  t h e  behav io r  of r e a l  and s i m u l a t e d  
f i s s i o n  p r o d u c t s  i n  t h e s e  two expe r imen t s  and d e t e c t  any 
p o s s i b l e  i r r e g u l a r i t i e s  d u r i n g  t h e  second exper iment  by 
comparing t h e  r e s u l t s  of t h e  s i m u l a n t s  and f i s s i o n  p r o d u c t s  
from t h e  trace i r r a d i a t i o n  d i r e c t l y .  

4 . 2  E x p e r i m e n t a l  F a c i l i t i e s  

The s i m u l a n t  f i s s i o n  p roduc t  g e n e r a t o r  w a s  p a t t e r n e d  
a f t e r  t h e  one des igned  f o r  t h e  CSE expe r imen t s  i n  t h a t  e a c h  
i s o t o p e  w a s  i n d i v i d u a l l y  vapor i zed .  I n  a d d i t i o n ,  t h e  i o d i n e  
w a s  g e n e r a t e d  i n  a s e p a r a t e  chamber and mixed w i t h  t h e  o t h e r  
s i m u l a n t s  b e f o r e  be ing  passed  ove r  t h e  mol ten  UO,. The 
s i m u l a n t  g e n e r a t o r  is shown i n  f i g u r e  4.  2. 1. 

The main chamber c o n s i s t e d  of p l a t inum r e s i s t a n c e  w i r e  
i n  an a lumina  s u p p o r t .  The s i m u l a n t s  were p laced  i n  i n -  
d i v i d u a l  p l a t inum mesh b a s k e t s  which w e r e  t a c k  welded t o  a 
p l a t inum s h e a t h e d  thermocouple .  The s i m u l a n t s  i n  t h i s  
chamber w e r e  ru thenium as  (99.770) Ru metal ,  t e l l u r i u m  as  
(97% 127Te) TeO, and ces ium a s  (10070 133Cs) CsHC+O,. Cesium 
b i o x a l a t e  w a s  used  as s u g g e s t e d  by CSE p e r s o n n e l L J  i n  t h a t  
it is non-hygroscopic  and decomposes a t  f a i r l y  low tempera-  
t u r e s  t o  ces ium ox ide .  T h i s  chamber a t t a i n e d  a t e m p e r a t u r e  
i n  excess of 130OOC for f o u r  minu tes  and t h e n  w a s  pushed t o  
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o v e r  150OOC b e f o r e  t h e  h e a t i n g  e l emen t  burned o u t .  
The i o d i n e  chamber w a s  l o c a t e d  d i r e c t l y  o u t s i d e  t h e  

a lumina  s u p p o r t  and w a s  h e a t e d  by c o n v e c t i o n  and r a d i a t i o n  
from t h e  main chamber.  The i o d i n e  s i m u l a n t  as (1007’0 1 2 7 ~ )  

e l e m e n t a l  i o d i n e  w a s  s e a l e d  i n  a g lass  ampoule w a s  broken 
by i n t e r n a l  p r e s s u r e  as  t h e  t e m p e r a t u r e  of t h i s  chamber i n -  
c r e a s e d  t o  approx ima te ly  600 C d u r i n g  s t e a d y  o p e r a t i o n  and 
800°C b e f o r e  t h e  h e a t e r s  burned o u t .  

P r i o r  t o  f u e l  meltdown and d u r i n g  h e a t u p  of t h e  g e n e r a t o r ,  

0 

t h e  sweep g a s  c o m p l e t e l y  bypassed t h e  g e n e r a t o r .  Dur ing  t h e  
meltdown however,  t h e  g a s  e n t e r i n g  t h e  g e n e r a t o r  w a s  s p l i t  
a p p r o x i m a t e l y  6070 t o  t h e  main chamber and 407’0 t o  t h e  i o d i n e  
chamber.  These g a s  s t r e a m s  were recombined a t  t h e  e x i t  of 
t h e  s i m u l a n t  f u r n a c e  and t h e n  passed  down t o  t h e  f u e l  s e c t i o n .  
The s i m u l a n t  g e n e r a t o r  w a s  l o c a t e d  s u f f i c i e n t l y  d i s t a n t  from 
t h e  r e a c t o r  c o r e  d u r i n g  pre-meltdown i r r a d i a t i o n  t o  p r e v e n t  
s i g n i f i c a n t  a c t i v a t i o n  of t h e  s i m u l a n t s  d u r i n g  t h i s  p e r i o d .  

The f u e l  f o r  t h e s e  e x p e r i m e n t s  c o n s i s t e d  of p r e s s e d  UO, 
p e l l e t s  one i n c h  long  by 0 .21  i n c h e s  i n  diameter.  The 
o r i g i n a l  en r i chmen t  f o r  t h e  h i g h  burnup exper iment  w a s  
10.2470 and it was 6.4970 f o r  t h e  t r a c e  i r r a d i a t e d  expe r imen t .  
I n  b o t h  e x p e r i m e n t s  t h e  f u e l  p e l l e t s  were e n c a p s u l a t e d  i n  
Z i r c a l o y  4 t u b i n g .  The i n - p i l e  UO, f u r n a c e  is shown i n  F i g .  
4.2.2 T h i s  f u r n a c e  c o n s i s t e d  of t h e  e n c a p s u l a t e d  f u e l  s u r -  
rounded by a h i g h  d e n s i t y  t h o r i a  c y l i n d e r  and s a t  i n  a t h o r i a  
p e d e s t a l .  The t h o r i a  i n  t u r n  w a s  su r rounded  by a z i r c o n i a  
i n s u l a t o r .  The sweep gas w a s  a d m i t t e d  t o  t h e  f u r n a c e  area 
below t h e  f u e l .  I t  pas sed  ove r  t h e  f u e l  and o u t  t h e  t o p  of 
t h e  f u r n a c e  t h r o u g h  a t h o r i a  end-cap. 

The a g i n g  chamber,  F i g .  4 .2 .3  is a n  in s t rumen ted  55-gal 
(208 1 )  s t a i n l e s s  s t e e l  drum t h a t  c a n  be h e a t e d  and main- 
t a i n e d  a t  t e m p e r a t u r e s  i n  e x c e s s  of 100°C. 
f a c i l i t i e s  f o r  wi thdrawing  aqueous samples  and f o r  sampl ing  
a i r b o r n e  c o n s t i t u e n t s  d u r i n g  t h e  post-meltdown p e r i o d .  

T h i s  chamber h a s  
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HEATERS 8 INSULATION 
LIQUID RECOVERY TUBE 

F i g .  4 . 2 . 3  Aging Vessel f o r  F i s s i o n  P roduc t  Aeroso l s .  
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4 . 3  E x p e r i m e n t a l  P rocedure  

The e x p e r i m e n t a l  p r o c e d u r e s  f o r  t h e  two e x p e r i m e n t s  w e r e  
e s s e n t i a l l y  t h e  same, e x c e p t  f o r  t h e  absence  of t h e  s i m u l a n t  
g e n e r a t o r  i n  t h e  h i g h  burnup r u n .  A s  d i s c u s s e d  p r e v i o u s l y ,  
t h e  r e a s o n  f o r  t h e s e  two e x p e r i m e n t s  w a s  t o  compare t h e  
t r a n s p o r t  and a g i n g  b e h a v i o r  of r o u g h l y  s imi la r  amounts of 
material .  T a b l e  4 . 3 . 1  shows t h e  amounts of f i s s i o n  p r o d u c t  or 
s i m u l a n t  p r e s e n t  b e f o r e  trace i r r a d i a t i o n  i n  t h e s e  two ex-  
p e r  iment s . 

T a b l e  4 . 3 . 1  Amounts of F i s s i o n  P r o d u c t s  o r  S i m u l a n t s  
P r e s e n t  P r i o r  t o  F u e l  Meltdowna 

b E l e m e n t  High Burnup 
Experiment  

~ - 

Simulan t  
Experiment  

I od i n e  
Cesium 
Ruthenium 
T e l l u r i u m  

0 . 6 2  m g  

9.87 m g  
4 .63  m g  
1 .36 m g  

~ ~~~ 

8 . 1  m g  
40.3 m g  
25.0 m g  
17.8 m g  

?Does n o t  i n c l u d e  f i s s i o n  p r o d u c t s  produced 

% i g h  Burnup Exper iment :  1 2 7 ’ 1 2 9 1 ,  1 3 3 y 1 3 5 ’  

p r i o r  t o  or  d u r i n g  f u e l  meltdown. 

1 3 7 cs , 1 0 1 Y 1 0 2 9 1 0 3 9 1 0 4 9 1 0 6 R~ and 1 2 5 2 1 2 6 2 1 2 7 P 1 2 8 9 

130Te.  

and l Z 6 T e .  
S imulan t  Exper iment :  lZ7I, 133Cs, I o 4 R u ,  

The e x c e s s  amounts of s i m u l a n t  e lements  w e r e  deemed 
n e c e s s a r y  i n  o r d e r  t o  p r o v i d e  f o r  m a s s  l o s s e s  u p  t o  t h e  f u e l  
f u r n a c e  and t o  increase t h e  c h a n c e s  of t h e i r  d e t e c t a b i l i t y  
by a c t i v a t i o n  a n a l y s i s  i n  t h e  p r e s e n c e  of f i s s i o n  p r o d u c t s .  
Trace i r r a d i a t i o n  p r i o r  t o  e a c h  meltdown w a s  performed i n  
o r d e r  t o  p r o v i d e  s u f f i c i e n t  i d e n t i c a l  f i s s i o n  p r o d u c t s  i n  
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b o t h  e x p e r i m e n t s  f o r  r a d i o c h e m i c a l  a n a l y s i s .  The amounts of 
f i s s i o n  p r o d u c t s  produced d u r i n g  t race i r r a d i a t i o n  and m e l t -  
down w e r e  i d e n t i c a l  i n  b o t h  cases. 

P r i o r  t o  f u e l  meltdown, t h e  a g i n g  v e s s e l  w a s  e q u i l i -  
b r a t e d  a t  8OoC w i t h  a p o o l  of water on t h e  bot tom of t h e  
v e s s e l  s e v e r a l  d e g r e e s  w a r m e r  i n  o r d e r  t o  p r o v i d e  a conden- 
s i n g  steam envi ronment .  These  c o n d i t i o n s  were chosen  t o  
emula t e  t h e  CSE c o n d i t i o n s  a t  Hanford.  

F i g u r e  4.3.1 is a s c h e m a t i c  diagram of t h e  o p e r a t i n g  
sys tem f o r  t h e s e  expe r imen t s .  The a i r  a tmosphere pas sed  
t h r o u g h  t h e  s i m u l a n t - g e n e r a t o r ,  ove r  t h e  mol ten  f u e l ,  and 
t h e n  t h e  stream w a s  s p l i t ,  p a r t  t o  t h e  hood sample r  (10%) 
and t h e  rest i n t o  t h e  a g i n g  v e s s e l .  The hood a e r o s o l  s ample r  
is i n d i c a t i v e  of t h e  i n i t i a l  d i s t r i b u t i o n  of s p e c i e s  e n t e r -  
i n g  t h e  a g i n g  v e s s e l .  Seven a e r o s o l  samples  and f o u r t e e n  
water samples  w e r e  o b t a i n e d  d u r i n g  t h e  twe lve  hour  a g i n g  
p e r i o d  a f t e r  each  meltdown. 

The water samples  w e r e  t a k e n  by s e q u e n t i a l  v a l v i n g  of 
e v a c u a t e d  b o t t l e s  connec ted  t o  a t u b e  t h a t  d ipped  i n t o  t h e  
p o o l  of water on t h e  bottom of t h e  v e s s e l .  Samples of t h e  
v e s s e l  a tmosphere  were o b t a i n e d  by i n s e r t i n g  t h e  e n t r a n c e  
t u b e  of t h e  a e r o s o l  s ample r  t h r o u g h  a b a l l  v a l v e  d i r e c t l y  
i n t o  t h e  a g i n g  v e s s e l .  The e n t r a n c e  t u b e  w a s  ana lyzed  t o -  
g e t h e r  w i t h  t h e  rest of t h e  sample r  and e l i m i n a t e d  problems 
a s s o c i a t e d  w i t h  mani fo lded  sys t ems .  The a e r o s o l  sampling 
d e v i c e s  w e r e  of t h e  honeycomb d e s i g n ,  F i g .  4 . 3 . 2 .  B e n n e t t ,  
H inds ,  and A d a m 7  have shown t h a t  t h i s  s ample r  a d e q u a t e l y  
d i s t i n g u i s h e s  between m o l e c u l a r  and p a r t i c u l a t e  forms of 
i o d i n e .  
p r e v e n t  c o n d e n s a t i o n  of water vapor  d u r i n g  t h e  sampl ing  
p e r i o d .  The sampler  i t s e l f  c o n s i s t e d  of t h e  e n t r a n c e  t u b e  
and a s i l v e r  p l a t e d  aluminum honeycomb s e c t i o n  f o r  d e p o s i -  
t i o n  of molecu la r  s p e c i e s .  Then a n  a b s o l u t e  f i l t e r  s e c t i o n  
t o  t r a p  o u t  p a r t i c u l a t e  a s s o c i a t e d  s p e c i e s  and ,  f i n a l l y ,  two 
c h a r c o a l  beds  t o  t r a p  o u t  o r g a n i c  i o d i d e s .  

These s a m p l e r s  w e r e  e l e c t r i c a l l y  heated t o  100°C t o  
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HIGH EFFICIENCY FILTER 
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HEATER (L INSULATION 

F i g .  4 . 3 . 2  Heated Honeycomb Sampler. 
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The comple te  r i g  w a s  d i sa s sembled  i n  t h e  ho t  ce l l s .  
A l l  t r a n s f e r  l i n e s  and components were s e n t  f o r  f i s s i o n  prod-  
u c t  and s i m u l a n t  a n a l y s i s .  I n  b o t h  e x p e r i m e n t s  t h e  f i s s i o n  
p r o d u c t s  were assayed  by y - s t r i p p i n g  t e c h n i q u e s .  A n a l y s i s  
of t h e  s i m u l a n t  exper iment  w a s  more complex. I n i t i a l l y  a l l  
samples  w e r e  l eached  and t h e n  ana lyzed  f o r  f i s s i o n  p r o d u c t s  
by y - a n a l y s i s .  A f t e r  s u i t a b l e  decay  t i m e ,  a l i q u o t s  of t h e  
l e a c h  s o l u t i o n s  were ana lyzed  f o r  t h e  s i m u l a n t  c o n c e n t r a t i o n s  
by n e u t r o n  a c t i v a t i o n .  

4 .4  Exper imen ta l  R e s u l t s  

Due t o  problems i n  t h e  a n a l y t i c a l  d e t e r m i n a t i o n  of t h e  
s i m u l a n t s  C s ,  Ru, and Te,  w e  c a n  o n l y  r e p o r t  on t h e  r e l a t i o n -  
s h i p  between t h e  r e a l  and s i m u l a n t  i o d i n e  a e r o s o l s .  T a b l e  4. 
4 . 1  shows t h e  d i s t r i b u t i o n  of a l l  i o d i n e  s p e c i e s  a t  v a r i o u s  
l o c a t i o n s  i n  t h e  e x p e r i m e n t a l  r i g .  The v a l u e s  shown f o r  t h e  
r ea l  f i s s i o n  p r o d u c t s  are t h e  p e r c e n t  of t h e o r e t i c a l ,  based  
on t h e  f lux - t ime  h i s t o r y ,  w h i l e  t h a t  shown f o r  t h e  s i m u l a n t  
i o d i n e  is t h e  p e r c e n t  of t h e  i n i t i a l  i o d i n e  l o a d i n g  c o r r e c t e d  
f o r  p l a t e o u t  p r i o r  t o  t h e  UO, f u r n a c e .  

T a b l e  4.4.1 F i s s i o n  P roduc t  and S imulan t  I o d i n e  D i s t r i b u t i o n  

Exper imenta  1 High Burnup Comparison Experiment  
S e c t i o n  Experiment  F i s s i o n  P roduc t  S imulant  

UO, f u e l  f u r n a c e  34a 
T r a n s f e r  l i n e s  24 
Aging Chamber 1 0  

Hood Sampler 2 8  

T o t a l  96 

9a 
2 0  

64 
18 

111 
- 

g b  
1 7  

73 
5 

100 
- 

P e r c e n t  of t h e o r e  t ica 1. a 

bPercen t  of i n i t i a l  l o a d i n g  c o r r e c t e d  f o r  p l a t e o u t  p r i o r  
t o  UO, f u r n a c e .  
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I t  is a p p a r e n t  t h a t  t h e r e  is a greater  d i s p a r i t y  between 
t h e  r e a l  f i s s i o n  p roduc t  i o d i n e  d i s t r i b u t i o n s  i n  t h e  h i g h  
burnup and comparison expe r imen t s  t h a n  between t h e  s i m u l a n t s  
and r ea l  f i s s i o n  p r o d u c t s  i n  t h e  same expe r imen t .  These  re- 
s u l t s  show t h e  n e c e s s i t y  f o r  e v a l u a t i n g  a s i m u l a t i o n  t e c h n i q u e  
s i m u l t a n e o u s l y  w i t h  a r e a l  meltdown. Except  f o r  t h e  p e r c e n t s  
r ema in ing  i n  t h e  f u e l  f u r n a c e ,  t h e  d i s c r e p a n c i e s  between ex-  
p e r i m e n t s  c a n  be a s c r i b e d  t o  e x p e r i m e n t a l  v a r i a t i o n s .  The 
s m a l l  d i f f e r e n c e s  i n  p l a t e o u t  between t h e  two expe r imen t s  are 
p robab ly  due t o  t h e  e x i s t e n c e  of two c o l d  s e c t i o n s  i n  t h e  h i g h  
burnup e x p e r i m e n t s  t r a n s f e r  l i n e s .  The d i s p a r i t y  between t h e  
r e l a t i v e  amounts g o i n g  t o  t h e  hood s a m p l e r s  i n  t h e  two e x p e r i -  
ments  w a s  due t o  a v a l v i n g  problem w e  had on t h e  h i g h  burnup 
expe r imen t .  W e  c a n n o t ,  however, r e c o n c i l e  t h e  d i f f e r e n c e s  i n  
t h e  p e r c e n t s  of r ea l  f i s s i o n  p roduc t  i o d i n e  remain ing  i n  t h e  
f u e l  area between t h e s e  two e x p e r i m e n t s  i n  t h a t  t h e y  were 
o p e r a t e d  i n  an  i d e n t i c a l  manner. 

On t h e  o t h e r  hand,  d i f f e r e n c e s  between r e a l  and s i m u l a n t  
f i s s i o n  p roduc t  i o d i n e  can  o n l y  be due t o  i n h e r e n t  d i f f e r e n c e s  
i n  t h e i r  a e r o s o l  c h a r a c t e r i s t i c s .  Tha t  o n l y  h a l f  t h e  p e r -  
c e n t a g e  of s i m u l a n t  i o d i n e  compared t o  r e a l  f i s s i o n  p r o d u c t  
i o d i n e  remained i n  t h e  f u e l  f u r n a c e  a r e a  is c e r t a i n l y  a t t r i b -  
u t a b l e  t o  t h e  f a c t  t h a t  t h e  s i m u l a n t  i o d i n e  t o t a l l y  pas sed  
o v e r  t h e  mol ten  UO, w h i l e  most of t h e  f i s s i o n  p roduc t  i o d i n e  
had t o  d i f f u s e  from t h e  mol ten  mass. However, t h e  r e a s o n  
t h a t  t h e  r a t i o  between t h e  amounts t h a t  went t o  t h e  a g i n g  
chamber and t h e  hood sample r  is s o  d i f f e r e n t  for t h e  simu- 
l a n t s  ( 1 5 : l )  and t h e  r e a l  f i s s i o n  p r o d u c t  ( 4 : l )  i o d i n e  must 
be due t o  t h e  o v e r a l l  makeup of t h e i r  r e s p e c t i v e  a e r o s o l s .  
The hood sample r  w a s  t a k e n  i n  o r d e r  t h a t  w e  might assess t h e  
i n i t i a l  d i s t r i b u t i o n  of t h e  i o d i n e  s p e c i e s  e n t e r i n g  t h e  
a g i n g  chamber. T a b l e  4.4.2 shows t h e  d i s t r i b u t i o n  of t h e  hood 
sampler  a c c o r d i n g  t o  t h e  h y p o t h e s i z e d  s p e c i e s .  The v a l u e s  
shown are p e r c e n t s  of t h e  t o t a l  i o d i n e  l o a d i n g  i n  t h e  sample r .  
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T a b l e  4 .4 .2  I o d i n e  S p e c i e  D i s t r i b u t i o n  i n  Hood Sampler 

- 
Comparison Experiment 

S p e c i e  High Burnup F i s s i o n  P roduc t  S imulant  

Molecular  2 48 66  
P a r t i c u l a t e  9 6  49 32 
Organic  2 3 2 

C e r t a i n l y  p a r t  of t h e  e x p l a n a t i o n  f o r  t h e  overwhelming 
p e r c e n t  of p a r t i c u l a t e  a s s o c i a t e d  i o d i n e  i n  t h e  h i g h  burnup 
exper iment  must be due t o  t h e  p r e s e n c e  of t h e  t w o  c o l d  sec- 
t i o n s ,  one of which w a s  a t  t h e  e n t r a n c e  t o  t h e  hood sample r .  
The d a t a  i n  T a b l e  4.4.2 i n d i c a t e  t h a t  t h e r e  is a d i f f e r e n c e  i n  
t h e  forms of t h e  i o d i n e  s p e c i e s  between r ea l  and s i m u l a n t  
f i s s i o n  p roduc t  a e r o s o l s .  The d i f f e r e n c e  i n  t h e  r a t i o  of 
t h e  molecu la r  t o  p a r t i c u l a t e  a s s o c i a t e d  i o d i n e  forms f o r  t h e  
r e a l  f i s s i o n  p roduc t  i o d i n e  ( 1 : l )  and s i m u l a n t  i o d i n e  ( 2 : l )  

a g a i n  is p r o b a b l e  a t t r i b u t a b l e  t o  t h e  r e s i d e n c e  t i m e  of t h e  
i o d i n e  i n  i n t i m a t e  c o n t a c t  w i t h  t h e  mol ten  UO,. I t  is i n -  

2 t e r e s t i n g  t o  n o t e  t h a t  H i l l i a r d ,  Coleman, and McCormack 
found,  on t h e  a v e r a g e ,  t h e  s a m e  r e l a t i v e  d i s t r i b u t i o n  of 
molecu la r  and p a r t i c u l a t e  a s s o c i a t e d  s p e c i e s  between i r r a -  
d i a t e d  and s i m u l a n t  tests i n  t h e  ADF. 

The most c r i t i c a l  e v a l u a t i o n  of t h e  forms of t h e  simu- 
l a n t  and r ea l  f i s s i o n  p roduc t  a e r o s o l s  would have been t h e i r  
behav io r  i n  t h e  a g i n g  v e s s e l .  U n f o r t u n a t e l y ,  even w i t h  
f a i r l y  h i g h  s e n s i t i v i t y  f o r  i o d i n e  d e t e c t i o n ,  t h e  amounts of 
s i m u l a n t  i o d i n e  on t h e  v a r i o u s  components of t h e  honeycomb 
s a m p l e r s  were below t h e  l i m i t s  of d e t e c t i o n .  W e  are c u r -  
r e n t l y  t r y i n g  a n o t h e r  approach  t o  improve t h e s e  d e t e c t i o n  
l i m i t s  and g e t  some u s e f u l  d a t a  i n  t h i s  area. S i n c e  t h e  i n -  
p i l e  t e s t i n g  w a s  performed t o  e v a l u a t e  t h e  CSE method, w e  
have ana lyzed  t h e  a v a i l a b l e  f i s s i o n  p roduc t  d a t a  t o  see how 
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it compares w i t h  t h e  r e s u l t s  o b t a i n e d  a t  Hanford.  F i g u r e s  4 .  
4 . 1  and 4 .4 .2  show t h e  a i r b o r n e  f i s s i o n  p r o d u c t  i o d i n e  d i s -  
t r i b u t i o n s  d u r i n g  t h e  12-hour a g i n g  p e r i o d  f o r  t h e  h i g h  
burnup and comparison expe r imen t s .  F i g u r e  4 . 4 . 3  is a composi te  
of c e r t a i n  n o n - v o l a t i l e  f i s s i o n  p roduc t  a e r o s o l s  from b o t h  
expe r imen t s .  System p a r a m e t e r s  f o r  ou r  s e t  of e x p e r i m e n t s  
and t h e  Hanford expe r imen t s '  w e r e  t h e  same e x c e p t  f o r  t o t a l  
p r e s s u r e ,  steam f l u x ,  s u r f a c e  t o  volume r a t i o  of t h e  c o n t a i n -  
ment chambers ,  and a h i g h  r a d i a t i o n  envi ronment .  The f i r s t  
t h r e e  are e x p l i c i t  p a r a m e t e r s  i n  a l l  t h e o r e t i c a l  t r e a t m e n t s  
of con ta inmen t  behav io r  and shou ld  p r o v i d e  a good t e s t  of 
t h e  CSE developed  theory.16 The main d i f f e r e n c e ,  t h e r e f  o r e ,  
between t h e  i n - p i l e  tests and t h o s e  a t  Hanford w a s  t h e  
p r e s e n c e  of a r e a l  f i s s i o n  p roduc t  a e r o s o l .  

According t o  t h e  CSE t h e o r y  t h e  g a s  phase  m o l e c u l a r  
i o d i n e  c o n c e n t r a t i o n  s h o u l d  be of t h e  form: 

K HV 
e C 

+ (Kc+Ks) L 
C 

C O  

where C = t h e  gas phase  c o n c e n t r a t i o n  a t  t i m e  t 
g 

C o  = t h e  i n i t i a l  g a s  phase  c o n c e n t r a t i o n  

Kc = g a s  phase  mass t r a n s f e r  c o e f f i c i e n t  due 
t o  c o n c e n t r a t i o n  g r a d i e n t ,  cm/sec 

Ks = m a s s  t r a n s f e r  c o e f f i c i e n t  due t o  condens ing  
steam f l u x ,  cm/sec 

H = gas l i q u i d  e q u i l i b r i u m  c o e f f i c i e n t  

V = t o t a l  volume of c o n t a i n e d  g a s  phase c m  

L = l i q u i d  holdup i n  v e s s e l  c m  

3 

3 

wS Kf A 
L M1 = f i n a l  s l o p e  = - 

PLL + - 
M 2  = i n i t i a l  s l o p e  = (Kc+Ks) (A/V) 

A = i n t e r n a l  s u r f a c e  area of conta inment  
( c o n t i n u e d )  
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= steam r a t e  g/sec 

= d e n s i t y  of l i q u i d  
ws 

PL 
Kf = forward  r e a c t i o n  rate c o n s t a n t ,  cm/sec. 

We have t r i e d  t o  f i t  t h i s  e q u a t i o n  t o  t h e  d a t a  from t h e  
comparison expe r imen t  on ly .  Again,  u n f o r t u n a t e l y ,  t h e  h i g h  
burnup expe r imen t  w a s  p lagued  by h e a t e r  t r o u b l e s  i n  t h e  a g i n g  
v e s s e l  and t h e  shape  of t h a t  c u r v e  is n o t  a p p l i c a b l e  t o  
r i g o r o u s  i n t e r p r e t a t i o n .  

Although t h e  ma themat i ca l  form of t h e  t h e o r e t i c a l  equa- 
t i o n  s u g g e s t  two s i m u l t a n e o u s l y  o c c u r r i n g  e x p o n e n t i a l  p r o c e s s e s ,  
t h e  p h y s i c s  of t h e  s i t u a t i o n  demands t h a t  t h e  phenomenon t h a t  
l e a d  t o  t h e  f i r s t  and second terms are  d i s t i n c t  i n  t i m e .  W e  
have f i t t e d  o u r  d a t a  t o  two e q u a t i o n s .  A) t h e  i n i t i a l  p e r i o d  
where t h e  d e c r e a s e  i n  gasborne  c o n c e n t r a t i o n  is g a s  phase  
l i m i t e d  : 

where f is t h e  f r a c t i o n  of t o t a l  i o d i n e  e n t e r i n g  t h e  a g i n g  
v e s s e l  i n  t h e  molecu la r  form. B )  And t h e  f i n a l  p e r i o d  where 
t h e  g a s - l i q u i d  e q u i l i b r i u m  h a s  been e s t a b l i s h e d  and t h e  de-  
crease i n  g a s  phase  c o n c e n t r a t i o n  is due t o  d i l u t i o n  by steam 
and r e a c t i o n  w i t h  t h e  w a l l s .  

P 

The f i n a l  p e r i o d  s l o p e  h a s  o n l y  one undetermined p a r a m e t e r ,  
K f .  H i l l i a r d  s u g g e s t s  a v a l u e  of 2 . 5  x cm/sec 
( 3  x Using t h i s  v a l u e  and t h e  known 
steam ra te ,  l i q u i d  volume, d e n s i t y ,  and s u r f a c e  area,  w e  
p r e d i c t  a h a l f - l i f e  of 5 .4  hour s .  E x p e r i m e n t a l l y  w e  found 
5 . 3  h o u r s  which is f o r t u i t o u s  s i n c e  i n  o u r  case it is i o d i n e  
be ing  f i x e d  on s t a i n l e s s  s t ee l ,  w h i l e  i n  t h e  CSE it is i o d i n e  
on a p a i n t e d  s u r f a c e .  For t h e  i n i t i a l  p e r i o d  a g a i n  w e  have 
o n l y  one u n s p e c i f i e d  p a r a m e t e r ,  Kc. T h i s  p a r a m e t e r ,  i n  

1 6  

f t / h r )  f o r  K f .  
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p r i n c i p l e ,  c a n  be c a l c u l a t e d  from t h e  hydrodynamics w i t h i n  
t h e  v e s s e l .  We p r e d i c t e d  a v a l u e  of 9 x 
and f i n d  e x p e r i m e n t a l l y  a v a l u e  of 6 x l o e 4  cm/sec. 
o v e r a l l  i n i t i a l  r e d u c t i o n  r a t e  f o r  t h e  g a s  phase  m o l e c u l a r  
i o d i n e  c o n c e n t r a t i o n  is s l o w e r  t h a n  t h e o r e t i c a l l y  a n t i c i -  
p a t e d  due t o  a p o s i t i v e  c o n t r i b u t i o n  from i o d i n e  d e s o r b i n g  
from t h e  p a r t i c l e s  and p r o b a b l y  a l s o  t o  a n  i n c o r r e c t  formu- 
l a t i o n  of Kc for o u r  ve ry  s m a l l  t a n k  where t h e  boundary l a y e r  
is mos t ly  l amina r  and pe rhaps  f a i r l y  t h i c k .  Evidence  f o r  t h e  
d e s o r p t i o n  of i o d i n e  from t h e  p a r t i c l e s  is ev idenced  by t h e  
p a r t i c u l a t e  c u r v e  of F i g .  4 . 4 . 2  where t h e r e  is a n  i n i t i a l  
r a p i d  d e c r e a s e  i n  c o n c e n t r a t i o n  l e v e l i n g  o f f  t o  a s l o p e  
e q u a l  t o  t h o s e  shown i n  F i g .  4 .4 .3 .  I t  a p p e a r s  t h e n  t h a t  t h e  
a p p a r e n t  i n i t i a l  d e c r e a s e  i n  p a r t i c u l a t e  a s s o c i a t e d  i o d i n e  
is due t o  washout by t h e  steam and d e s o r p t i o n  of some of t h e  
i o d i n e .  

cm/sec f o r  Kc 
T h i s  

The v a l u e  of H ,  t h e  i o d i n e  p a r t i t i o n  c o e f f i c i e n t ,  t h a t  
s a t i s f i e s  t h e  i n t e r c e p t  i n  t h e  f i n a l  p o r t i o n  of m o l e c u l a r  
i o d i n e  c u r v e  is 6 . 6  x 1 0  which is w i t h i n  t h e  r a n g e  of 
e x p e c t e d  v a l u e s .  

-4 

F i g u r e s  4.4.4 and 4 . 4 . 5  show t h e  i o d i n e  c o n c e n t r a t i o n  i n  
t h e  l i q u i d  p o o l  d u r i n g  t h e  a g i n g  p e r i o d .  I f  t h e  fo rma l i sm 
is c o r r e c t ,  t h e  i o d i n e  c o n c e n t r a t i o n  i n  t h e  l i q u i d  s h o u l d  
m i r r o r  t h e  d e c r e a s e  i n  gas phase  c o n c e n t r a t i o n .  Due t o  t h e  
problem i n  t h e  h i g h  burnup expe r imen t  t h e  s o l i d  c u r v e  is 
n o t  based on any model. However, i n  F i g .  4 .10  t h e  s o l i d  
l i n e  is g i v e n  by: 

A - v  - (Kc+Ks)t 
- 1 - e  cL - -  * 

0 
L 

The f i t  is v e r y  good. 

4 . 5  E v a l u a t i o n  

The r e s u l t s  of t h e  i n - p i l e  e x p e r i m e n t s  s u g g e s t  t h a t  t h e  
mechanisms c o n t r o l l i n g  t h e  t r a n s p o r t  and d e p o s i t i o n  of e i t h e r  
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r e a l  o r  s i m u l a t e d  f i s s i o n  p r o d u c t s  is governed more by t h e  
c o n d i t i o n s  of t h e  expe r imen t  t h a n  by t h e  charac te r i s t ics  of 
t h e  a e r o s o l ,  The r e s u l t s  of t h e s e  e x p e r i m e n t s  and t h o s e  a t  
Hanford i n d i c a t e  t h a t  w h i l e  t h e r e  may be d i f f e r e n c e s  between 
r e a l  and s i m u l a t e d  f i s s i o n  p roduc t  a e r o s o l s ,  these do n o t  
appea r  t o  be s i g n i f i c a n t  i n  t h e  l i g h t  of t h e  l a r g e  v a r i a t i o n s  
encoun te red  i n  e x p e r i m e n t s  of t h e  s i z e  and complex i ty  a s  t h e  
i n - p i l e  meltdown expe r imen t s .  
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5 . 0  MEASUREMENT OF AEROSOLS WITH PORTABLE SAMPLER 

5 . 1  I n t r o d u c t i o n  

A p o r t a b l e  d e v i c e  was des igned  f o r  s ampl ing  i n  f a c i l -  
i t i e s  u s i n g  v a r i o u s  methods of f i s s i o n - p r o d u c t  a e r o s o l  
s i m u l a t i o n .  The u s e  of t h i s  s ample r  i n  t h e  v a r i o u s  f a c i l -  
i t i e s  a l l o w s  a d i r e c t  comparison of t h e  a e r o s o l  form and 
c o n c e n t r a t i o n .  The sample r  h a s  been used  i n  e x p e r i m e n t s  a t  
ORNL i n  t h e  Containment  Mockup F a c i l i t y  (CMF), Containment  
Resea rch  I n s t a l l a t i o n  (CRI) , and a t  B a t t e l l e  Nor thwes t  
Labora to ry  i n  t h e  S t a i n l e s s  S t e e l  Tank (SAT) a s s o c i a t e d  w i t h  
t h e  Containment  Systems Experiment  (CSE). Some of t h e  sample r  
components have been used  i n  e x p e r i m e n t s  a t  t h e  Nuc lea r  S a f e t y  
P i l o t  P l a n t  (NSPP) a t  ORNL. 

5.2 D e s c r i p t i o n  of Sampler 

The d e s i g n  of t h e  sample r  w a s  completed i n  J a n u a r y  1967 
w i t h  d e v i c e s  a v a i l a b l e  a t  t h a t  t i m e .  No changes  w e r e  made 
i n  t h e  u n i t  d u r i n g  t h e  sampl ing  program t o  a s s u r e  t h a t  t h e  
r e s u l t s  o b t a i n e d  i n  t h e  v a r i o u s  f a c i l i t i e s  i nvo lved  were n o t  
a f f e c t e d  by sample r  m o d i f i c a t i o n .  

The sampl ing  d e v i c e  had t o  be p o r t a b l e  so  t h a t  t r a n s -  
p o r t a t i o n  w a s  n o t  a major  problem and t h e  i n d i v i d u a l  u n i t s  
had t o  be r e l a t i v e l y  e a s y  t o  m a i n t a i n  and o p e r a t e  i n  t h e  
f i e l d .  With t h i s  i n  mind a sample r  w i t h  f o u r  components w a s  
assembled ,  F i g s .  5 . 2 . 1  and 5 . 2 . 2 .  

The s i x - t u b e  May pack sample r  w a s  used t o  p r o v i d e  t i m e -  
dependent  d a t a ,  and a s i x - t u b e  p a r t i c l e  s ample r  was used i n  
o b t a i n i n g  r e p r e s e n t a t i v e  e l ec t ron -mic roscopy  samples .  The 
two d e v i c e s  were des igned  o r i g i n a l l y  f o r  u s e  i n  t h e  NSPP a s  
o f f - g a s  or f i l t e r  t es t  loop  s a m p l e r s  and a s  s u c h  have ac- 
cumulated a large amount of o p e r a t i o n a l  and sampl ing  i n f o r -  
m a t  i o n ,  l7 The s i x - t u b e  May pack u n i t  is shown i n  F i g .  5 .2 .3 .  
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PHOTO 86516 

Fig.  5 . 2 . 1  Portable  Sampler (Front V i e w ) .  
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Fig. 5 . 2 . 2  P o r t a b l e  Sampler (Back View) .  
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These two d e v i c e s  are o p e r a t e d  s e q u e n t i a l l y  s o  t h a t  t h e  
mater ia l  d e p o s i t e d  on t h e  p a r t i c l e  f i l t e r s  is o b t a i n e d  a t  
abou t  t h e  same t i m e  a s  t h e  May pack sample.  

The sample t u b e s  c o n t a i n e d  i n  t h e  s i x - t u b e  May pack 
sample r  have f o u r  se ts  of sampl ing  components.  A s  t h e  sample 
gas p a s s e s  th rough  t h e  u n i t  i t  e n c o u n t e r s  i n  sequence :  one 
a b s o l u t e  f i l t e r  ( F l a n d e r s  F-7001,  f i v e  s i l v e r  s c r e e n s  (80 
mesh) ,  t h r e e  c h a r c o a l  loaded f i b e r g l a s s  f i l t e r s  (Whatman 
ACG/B), two c h a r c o a l  beds (Barnebey-Cheney MI),  and two i m -  
p r e g n a t e d  c h a r c o a l  beds  (MSA-85851). A f t e r  e x i t i n g  t h e  
sample r  t h e  g a s  p a s s e s  t h r o u g h  a m o i s t u r e  t r a p  ( D r i e r i t e ) ,  
s e q u e n t i a l  v a l v e ,  m o i s t u r e  t r a p ,  and a f i n a l  c h a r c o a l  t r a p  
(MSA-85851) b e f o r e  be ing  ven ted  t o  o f f - g a s .  

The s i x - t u b e  p a r t i c l e  s a m p l e r  t u b e s  are loaded w i t h  a 
s i n g l e  f i l t e r  and f o u r  c h a r c o a l  beds  (MSA-85851) i n  ser ies .  
The f i l t e r  is a t r i a c e t a t e  membrane (Gelman GA-6) w i t h  t h e  
i n l e t  f a c e  c o a t e d  w i t h  c a r b o n .  T h i s  s e r v e s  a s  a r eady  made 
e l ec t ron -mic roscopy  g r i d  by s imply  d i s s o l v i n g  t h e  t r i a c e t a t e  
membrane a f t e r  u s e .  

I n  a d d i t i o n  t o  the  s e q u e n t i a l  s a m p l e r s ,  a d i f f u s i o n  
18 19 t u b e  and f i b r o u s - f i l t e r  a n a l y z e r  are used as s i n g l e -  

sample d e v i c e s .  These two are o p e r a t e d  a t  a p r e s e l e c t e d  
t i m e  d u r i n g  t h e  expe r imen t  when t h e  a e r o s o l  form is of 
g r e a t e s t  i n t e r e s t .  S e l e c t i o n  of t h i s  t i m e  is based on p r e -  
v i o u s  e x p e r i m e n t s  i n  t h e  f a c i l i t y  t h a t  p o i n t  o u t  g e n e r a l  
a e r o s o l  b e h a v i o r .  

The d i f f u s i o n  t u b e  is a compos i t e  of f o u r  s e c t i o n s  en-  
c l o s e d  i n  a steam j a c k e t .  The f i r s t  8- in .  s e c t i o n  is 3/8-in.  
coppe r  t u b i n g  w i t h  s i l v e r  p l a t i n g  on t h e  i n t e r i o r  s u r f a c e .  
T h i s  is fo l lowed  by a s e c t i o n  of t u b i n g  c o n t a i n i n g  2 0  g of 
d e s i c c a n t  ( D r i e r i t e ) ,  a 12-in.  s e c t i o n  of ye l low gum r u b b e r  
t u b i n g ,  and a n  8- in .  s e c t i o n  of coppe r  t u b i n g  w i t h  t h e  
i n t e r i o r  s u r f a c e  c o a t e d  w i t h  f i n e l y  ground c h a r c o a l  (MSA- 
85851 a p p l i e d  o v e r  r u b b e r  cemen t ) .  
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The f i b r o u s  f i l t e r  a n a l y z e r  h a s  a two f o o t  i n l e t  mani- 

f o l d  of one i n c h  p i p e  t o  e s t a b l i s h  l amina r  f low b e f o r e  t h e  
f i r s t  f i l t e r  e lement .  The f i l t e r s  a r e  r a w  Dacron-polyes te r  
s t a p l e  f i b e r s  (99% w e r e  11 .3  f 0.8 microns)  which have been 
ca rded  and punched t o  g i v e  2.9 c m  d i a m e t e r  d i s c s  0.05 c m  
t h i c k .  Twelve of t h e s e  f i l t e r s  w e r e  loaded i n  t h e  s p e c i a l  
components used  w i t h  t h i s  sampler  and t h e  u n i t  fo l lowed  by 
a s i n g l e  t u b e  May pack - w i t h  t h e  same l o a d i n g  as  t h e  s i x -  
t u b e  sampler .  The downstream components f o r  b o t h  t h e  d i f -  
f u s i o n  t u b e  and f i b r o u s  f i l t e r  a n a l y z e r  a r e  i d e n t i c a l  t o  
t h e  s i x - t u b e  s a m p l e r s ;  d e s i c c a n t ,  r o t a m e t e r  and c h a r c o a l  
bed. 

The t e m p e r a t u r e  of t h e  sampler  r i g  from t h e  mani fo ld  
c o n n e c t i o n  t o  t h e  r o t a m e t e r  f o r  e a c h  sampler  w a s  c o n t r o l l e d  
by r e s i s t a n c e  h e a t i n g  and moni tored  w i t h  twe lve  thermo- 
c o u p l e s .  

5.3 Aeroso l  Measurements a t  V a r i o u s  F a c i l i t i e s  

5 .3 .1  Containment Mockup F a c i l i t y  (CMF) 

The f i r s t  exper iment  i n  which t h e  p o r t a b l e  sampler  w a s  
used w a s  CMF Run 1 0 0 7  conducted  on March 2 2 ,  1967. I n  t h i s  
r u n  t h e  s i m u l a n t  w a s  des igned  t o  r e p r e s e n t  a 1 0 0 0  Mwd/T 
burnup f u e l  and w a s  r e l e a s e d  i n t o  a steam-air atmosphere.  
The i s o t o p e s  inc luded  i n  t h i s  run w e r e  9 

Io3Ru, and 140Ba.  
one s m a l l  p e l l e t  and t h e  l4OBa i n t o  a second p e l l e t .  
t r a n s f e r  of t h e  i s o t o p e s  i n t o  t h e  CMF t a n k  w a s  accomplished 
by u s i n g  boa t  shaped r i b b o n  h e a t e r .  A p la t inum r i b b o n  w a s  
used f o r  t h e  Cs-Te-Ru p e l l e t  w h i l e  a hel ium purged t a n t a l u m  
r i b b o n  w a s  used f o r  t h e  Ba p e l l e t ,  F i g .  5.3.1.  

134cs, 1311 129Te, 

The C s ,  Te ,  and Ru were compacted i n t o  
The 

The vapor s  from t h e s e  p e l l e t s  and t h e  h e a t e d  i o d i n e  
sample were swept ove r  mol ten  UOz i n  an  i n d u c t i o n  f u r n a c e  
b e f o r e  e n t e r i n g  t h e  CMF t a n k .  
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F i g .  5 . 3 . 1  S i m u l a n t  Generator. 
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The c o n c e n t r a t i o n  of I3lI ,  134Cs, and lo3Ru d u r i n g  t h e  
exper iment ,  as de te rmined  by t h e  p o r t a b l e  sample r  and CMF 
s a m p l e r ,  are shown i n  F i g .  5 .3 .2 .  

The i s o t o p e  h a l f - l i v e s  as de te rmined  by May pack and 
p a r t i c l e  s ample r  were i n  v e r y  good agreement  and averaged  
7 2  min for lo3Ru, 95 rnin f o r  13'1, and 6 1  rnin f ~ r l ~ ~ C s .  
v a l u e s  of h a l f - l i f e  de t e rmined  by t h e  CMF s a m p l e r s  were 105 

The 

min f o r  Io3Ru, 1 2 0  rnin f o r  I3'I, and 57 rnin f o r  134cs. 
The d i f f u s i o n  t u b e  gave t h e  f o l l o w i n g  d i f f u s i o n  c o e f -  

f i c i e n t s  f o r  t h e  i o d i n e  forms t r a p p e d :  

S i l v e r  s e c t i o n  - 0.059 cm2/sec 
Rubber s e c t i o n  - 0.024 cm2/sec 
C h a r c o a l  s e c t i o n  - 0.0936 cm2/sec. 

The v a l u e  f o r  t h e  s i l v e r  s e c t i o n  is less t h a n  t h a t  e x p e c t e d  
f o r  molecu la r  i o d i n e ,  w h i l e  t h e  c h a r c o a l  s e c t i o n  v a l u e  is 
i n  r e a s o n a b l e  agreement  w i t h  p u b l i s h e d  v a l u e s .  l8 
used i n  t h i s  expe r imen t  w a s  

The t racer  
1 3  l1 

A v a l u e  of s i n g l e  f i b e r  e f f i c i e n c y ,  qT, of 7.3 x l o m 3  
f o r  i o d i n e  w i t h  t h e  c a l c u l a t e d  v e l o c i t y  of 1 . 0 5  cm/sec does 

n o t  f a l l  w i t h i n  t h e  t h e o r e t i c a l  o r  e x p e r i m e n t a l l y  de t e rmined  
v a l u e s  p u b l i s h e d  p r e v i o u s l y .  l9 The i o d i n e  a c t i v i t y  p robab ly  
r e f l e c t s  o n l y  a d e p o s i t i o n  of vapor  p a s s i n g  th rough  t h e  u n i t  
and is n o t  a s s o c i a t e d  w i t h  p a r t i c u l a t e  mater ia l .  The v a l u e s  
of qT f o r  lo3Ru and 134Cs are 3.4 x 
r e s p e c t i v e l y .  These v a l u e s ,  for a f l o w  of 1 . 0 5  cm/sec, 
i n d i c a t e  a p a r t i c l e  d i a m e t e r  of a b o u t  0 .3  microns .  

and 3.9 x 

E l e c t r o n  microscopy pho tographs  demons t r a t e  t h e  e x p e c t e d  
p a t t e r n  of b e h a v i o r ,  t h e  f i r s t  sample h a s  some ve ry  l a r g e  
agglomerates w h i l e  t h e y  decrease i n  s i z e  th rough  t h e  run .  
The pho tographs  i n d i c a t e  t h e  s i z e  of agg lomera te s  a t  t h e  t i m e  
of t h e  f i b r o u s  f i l t e r  a n a l y z e r  sample a s  approx ima te ly  0 . 5  
mic rons .  
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F i g .  5 . 3 . 2  Aeroso l  I s o t o p i c  C o n c e n t r a t i o n  i n  Run CMF-1007 as  
Determined by P o r t a b l e  Sampler  and CMF Samplers .  
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5 .3 .2  Containment  Research  I n s t a l l a t i o n  (CRI) 

. 

The p o r t a b l e  sampler  w a s  used i n  C R I  exper iment  1 0 7  on 
September 28, 1967 .  The meltdown t echn ique  was t h e  same as 
r e p o r t e d  i n  t h e  CMF experiment  , S e c t i o n  5.3.1.  The 7 1 0 0  
Mwd/T burnup f u e l  s i m u l a n t  
129Te, and 85Sr i s o t o p e s .  

c o n t a i n e d  134cs , 1 3  l1 
Y lo3Ru, 

The 13'1 and 134Cs i s o t o p e s  were t h e  only  ones where 
t r a n s f e r  was e f f i c i e n t  enough t o  g i v e  measurable  concen-  
t r a t i o n s .  A comparison of t h e  c o n c e n t r a t i o n  as determined 
by both  C R I  and p o r t a b l e  s a m p l e r s  is g i v e n  i n  F i g .  5.3.3.  
The f i r s t  t h r e e  samples  t aken  by t h e  p o r t a b l e  sampler  i n d i -  
c a t e d  c o n c e n t r a t i o n s  much lower t h a n  expec ted .  T h i s  may i n  
p a r t  be e x p l a i n e d  by t h e  i n l e t  mani fo ld  and i s o l a t i o n  v a l v i n g  
a t  t h e  i n l e t  t o  t h e  sampler .  These two i t e m s  p robably  con- 
densed a major  p o r t i o n  of t h e  sample d u r i n g  t h e s e  f i r s t  few 
samples  where steam w a s  p r e s e n t  i n  l a r g e  amounts. The i o d i n e  
c o n c e n t r a t i o n  as de termined  by bo th  sample r s  i n d i c a t e s  a 
c o n c e n t r a t i o n  i n c r e a s e  i n  t h e  l a t t e r  p a r t  of t h e  run. The 
cesium c o n c e n t r a t i o n  d e c r e a s e s  w i t h  a 458 min h a l f - l i f e  as  
measured by C R I  s ample r s  and 425 min a s  measured by t h e  

p o r t a b l e  sampler .  
The i o d i n e  d i f f u s i o n  c o e f f i c i e n t s  as  determined by t h e  

t h r e e  component d i f f u s i o n  t u b e  w e r e  0 . 0 7 2  cm2/sec f o r  t h e  
s i l v e r  s e c t i o n  and 0 . 0 2 6  cm2/sec f o r  t h e  c h a r c o a l  s e c t i o n .  
N o  i o d i n e  w a s  found on t h e  rubbe r  s e c t i o n .  The d i s t r i b u t i o n  
of t h e  i o d i n e  i n  t h e  d i f f u s i o n  t u b e  w a s :  

S i l v e r  s e c t i o n  - 277'0 
Des i ccan t  ( D r i e r i t e )  - 67% 
Rubber s e c t i o n  - 0.1770 
C h a r c o a l  s e c t i o n  - 5.870 

T h i s  would i n d i c a t e  t h a t  most of t h e  i o d i n e  w a s  p a r t i c u l a t e  

i n  form, be ing  removed by t h e  d e s i c c a n t  bed. 
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F i g .  5 . 3 . 3  C R I - 1 0 7  Gasborne C o n c e n t r a t i o n  a t  Containment  
C o n d i t i o n s .  

. 
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5.3.3 Containment  Systems Experiment  (CSE) 

The expe r imen t  a t  B a t t e l l e - P a c i f  i c  Nor thwes t  L a b o r a t o r y  
w a s  conducted  i n  t h e  A e r o s o l  Development F a c i l i t y  (ADF). 
The S t a i n l e s s  A e r o s o l  Tank (SAT) w a s  used f o r  t h e  r u n ,  S-85, 
which w a s  i s o t h e r m a l  a t  8OoC, 1 atmosphere  a b s o l u t e  which 
p rov ided  a 5070 steam-5070 a i r  by volume atmosphere.  The aero- 

1 0  mg ces ium traced w i t h  5 .0  m C i  137Cs, and 7.6 m g  ru then ium 
traced w i t h  9 . 2  m C i  lo3Ru. 
and passed  o v e r  an i n d u c t i o n  h e a t e d ,  z i r con ium c l a d ,  uranium 
o x i d e  f u e l  e lement  b e f o r e  e n t e r i n g  t h e  SAT. 

13  l1 s o l  m i x t u r e  w a s  1 . 2 2  m g  i o d i n e  t r a c e d  w i t h  4 .3  m C i  9 

The i s o t o p e s  were v o l a t i l i z e d  

The d a t a  i n d i c a t e  t h a t  t h e  g e n e r a l  b e h a v i o r  of t h e  a e r o -  
s o l  as moni tored  by t h e  ORNL sampl ing  d e v i c e  is v e r y  s imi l a r  
t o  t h a t  moni tored  by t h e  ADF d e v i c e s .  The ORNL v a l u e s  of 
c o n c e n t r a t i o n  are s l i g h t l y  lower which is e a s i l y  a t t r i b u t a b l e  
t o  i n l e t  man i fo ld  l o s s e s  i n  t h e  p o r t a b l e  sampl ing  d e v i c e .  
The b e h a v i o r  of t h e  i s o t o p e s  as a f u n c t i o n  of t i m e  is p r e s -  

2 0  e n t e d  i n  F i g s .  5.3.4-5.3.6. 
The f i b r o u s  f i l t e r  a n a l y z e r  d a t a  y i e l d  a p a r t i c l e  

d i a m e t e r  of 0.36 mic rons  f o r  134Cs a c t i v i t y  and 0 . 7  mic rons  
f o r  Io3Ru. 
exposed a t  a p p r o x i m a t e l y  t h e  same t i m e  show a g g l o m e r a t e s  of 
0.3 micron s i z e  f o r  t h e  p o r t a b l e  sample r  and 0.6 micron s i z e  
f o r  a SiO, g r i d  used by CSE e x p e r i m e n t e r s .  The larger s i ze  
a g g l o m e r a t e s  on t h e  SiO, g r i d  may be due t o  t h e  f a c t  t h a t  it 
is a g r a v i t y  s e t t l i n g  t y p e  sample r  a s  opposed t o  t h e  f l o w  
t e c h n i q u e  u s e  d by t h e  p o r t a b l e  sample r .  

The e l e c t r o n  microscope  pho tographs  from f i l t e r s  

5 .3 .4  N u c l e a r  S a f e t y  P i l o t  P l a n t  (NSPP) 

The sampl ing  d e v i c e s  used i n  t h e  p o r t a b l e  sample r  have 
been used  i n  e x p e r i m e n t s  a t  t h e  Nuc lea r  S a f e t y  P i l o t  P l a n t .  
The s i x - t u b e  s a m p l e r s  were developed  i n i t i a l l y  f o r  u s e  i n  
t h e  NSPP and were used  i n  t h e  e x p e r i m e n t s  r e p o r t e d  i n  S e c t i o n  
2 . 5 ;  t h e r e f o r e ,  t h e  i n f o r m a t i o n  g e n e r a t e d  i n  t h e s e  r u n s  is 
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d i r e c t l y  comparable  on a sample r  b a s i s  t o  t h e  above r e p o r t e d  
work. 

5 . 4  C o n c l u s i o n s  

The compar ison  of t h e  d i f f e r e n t  t e c h n i q u e s  of f i s s i o n  
p roduc t  s i m u l a t i o n  used by CMF, C R I ,  CSE and NSPP c a n  be 

made by d i r e c t  u s e  of t h e  d a t a  of e a c h  e x p e r i m e n t e r .  N o  
s i g n i f i c a n t  d i f f e r e n c e  t h a t  would t e n d  t o  b i a s  t h e  e x p e r i -  
m e n t a l  d a t a  h a s  been found between t h e  sampl ing  t e c h n i q u e s  
of t h e  v a r i o u s  f a c i l i t i e s .  

8 

. 
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6.0 GENERAL EVALUATION OF THE RESULTS OF SIMULANT 
VALID AT ION EXPERIMENTS 

6 . 1  C r i t e r i a  of V a l i d a t i o n  Exper imen t s  

A s  ment ioned i n  Chap te r  1, t h e  pu rpose  of t h e  v a l i d a t i o n  
s t u d i e s  is t o  compare t h e  behav io r  of s i m u l a t e d  f i s s i o n  p ro -  
d u c t s  w i t h  t h a t  of r e a l  f i s s i o n  p r o d u c t s  t o  a s c e r t a i n  t h e  
a p p l i c a b i l i t y  of s i m u l a n t s  t o  t h e  N u c l e a r  S a f e t y  Program. 
Such a d i r e c t  compar ison  c a n  be made l e g i t i m a t e l y  o n l y  i f  
t h e  e x p e r i m e n t a l  f a c i l i t y ,  t h e  o p e r a t i n g  c o n d i t i o n s  of t h e  
f a c i l i t y ,  sampl ing  t e c h n i q u e s ,  e t c . ,  are  t h e  same f o r  b o t h  
s i m u l a t e d  and r ea l  f i s s i o n - p r o d u c t  e x p e r i m e n t s .  The g r o u p s  
of e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  r e p o r t  were s e l e c t e d  i n  a n  
e f f o r t  t o  meet t h e s e  c r i t e r i a .  

6 . 2  R e l a t i v e  S i g n i f i c a n c e  of V a r i o u s  Types of D a t a  

The e x p e r i m e n t a l  d a t a  o b t a i n e d  i n  t h e s e  e x p e r i m e n t s  are 
g e n e r a l l y  c l a s s i f i e d  a s  e i t h e r  release and g r o s s  d i s t r i b u t i o n  
of  f i s s i o n  p r o d u c t s  and s i m u l a n t s  t h roughou t  t h e  sys tem or a s  
a g i n g  b e h a v i o r  of f i s s i o n  p r o d u c t s  and s i m u l a n t s  w i t h i n  t h e  
con ta inmen t  v e s s e l .  Release and g r o s s  d i s t r i b u t i o n  da t a  from 
v a r i o u s  e x p e r i m e n t s  w i t h i n  a r e l a t i v e l y  un i fo rm g roup  o f t e n  
e x h i b i t  c o n s i d e r a b l e  s ca t t e r  because  t h e y  are  q u i t e  s e n s i t i v e  
t o  e x p e r i m e n t a l  f l u c t u a t i o n s  and t o  t h e  somewhat d i f f e r e n t  
c o n d i t i o n s  which sometimes e x i s t  w i t h i n  t h e  f u r n a c e .  Conse- 
q u e n t l y  s u c h  sca t te r  o f t e n  leads t o  t h e  r a t h e r  n e g a t i v e  
c o n c l u s i o n  t h a t  t h e r e  seems t o  be no  r e a s o n  t o  s u s p e c t  t h a t  
s i m u l a t e d  and r e a l  f i s s i o n  p r o d u c t s  behave d i f f e r e n t l y  r a t h e r  
t h a n  t o  t h e  p o s i t i v e  c o n c l u s i o n  t h a t  s i m u l a n t s  e i t h e r  d o  or 
do n o t  behave l i k e  r e a l  f i s s i o n  p r o d u c t s .  

I n  c o n t r a s t ,  a g i n g  behav io r  a p p e a r s  less s e n s i t i v e  t o  
u n c o n t r o l l e d  e x p e r i m e n t a l  c o n d i t i o n s  and is more e a s i l y  
i n t e r p r e t a b l e .  T h i s  may be due t o  t h e  f a c t  t h a t  a f t e r  t h e  
s i m u l a n t s  or f i s s i o n  p r o d u c t s  e n t e r  t h e  con ta inmen t  v e s s e l  

. 
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and mix w i t h  t h e  l a r g e  m a s s  of gas w i t h i n  t h e  v e s s e l ,  t h e  
r e s u l t i n g  mass ive  a e r o s o l  moves r e l a t i v e l y  s l o w l y  toward 
e q u i l i b r i u m .  Consequen t ly  much of o u r  b e t t e r  d a t a  are a s s o -  
c i a t e d  w i t h  a g i n g  b e h a v i o r .  

Two a d d i t i o n a l  c o n s i d e r a t i o n s  emphasize t h e  impor tance  
of ag ing  b e h a v i o r  d a t a  f o r  t h e  e v a l u a t i o n  of s i m u l a n t  be- 
h a v i o r .  F i r s t ,  t h e  CSE e x p e r i m e n t s  a r e  p r i m a r i l y  s t u d i e s  
of v a r i o u s  p a r a m e t e r s  on a g i n g  b e h a v i o r .  Second, an  i n t e r -  
comparison between e x p e r i m e n t s  performed i n  d i f f e r e n t  ex- 
p e r i m e n t a l  f a c i l i t i e s  is d e s i r a b l e  i n  o r d e r  t o  i n s u r e  t h a t  
t h e  c o n c l u s i o n s  from t h e  r e l a t i v e l y  s m a l l - s c a l e  v a l i d a t i o n  
e x p e r i m e n t s  are a p p l i c a b l e  t o  t h e  CSE. Such an in te rcom-  
p a r i s o n  can be a t t e m p t e d  for o n l y  t h e  a g i n g  b e h a v i o r  s i n c e  
i n  t h i s  area t h e  t h e o r y  and models are more h i g h l y  deve loped  
and t h e  d a t a  are be t te r .  Consequen t ly ,  e x p e r i m e n t s  f o r  
which o n l y  l i m i t e d  a g i n g  d a t a  are a v a i l a b l e  t e n d  t o  have a 
reduced  s i g n i f i c a n c e  a s  v a l i d a t i o n  s t u d i e s .  

6 . 3  L i m i t a t i o n s  of V a l i d a t i o n  Exper iments  

Even a c u r s o r y  examina t ion  of t h e  p r e v i o u s  c h a p t e r s  
shows t h a t  e a c h  g roup  of e x p e r i m e n t a l  d a t a  s u f f e r s  r a t h e r  
s e v e r e  l i m i t a t i o n s .  P robab ly  t h e  most i m p o r t a n t  r e a s o n  f o r  
t h e s e  l i m i t a t i o n s  is t h e  f a c t  t h a t  t h e  amount of s i m u l a t e d  
or r e a l  f i s s i o n  p r o d u c t s  on many samples ,  i n c l u d i n g  most of 
t h e  a e r o s o l  s amples ,  w a s  o f t e n  e i t h e r  approach ing  o r  below 
t h e  a n a l y t i c a l  l i m i t  of s e n s i t i v i t y .  Although t h i s  e f f e c t  
w a s  g r e a t e r  f o r  t h e  n o n - v o l a t i l e  e l e m e n t s  i t  w a s  o f t e n  
s i g n i f i c a n t  even  f o r  t h e  v e r y  v o l a t i l e  i o d i n e .  

Another  r e a s o n  f o r  t h e s e  l i m i t a t i o n s  is t h a t  a e r o s o l -  
sampl ing  d e v i c e s  w e r e  be ing  developed  and improved d u r i n g  
t h e  t i m e  t h a t  t h e  v a r i o u s  series of e x p e r i m e n t s  were p e r -  
formed. Thus an expe r imen t  might  be r u n  u s i n g  one t y p e  of 
d e v i c e  o n l y  t o  be compared w i t h  a n  expe r imen t  u s i n g  a d i f -  
f e r e n t  t y p e .  A l s o  t h e  sampl ing  t e c h n i q u e s  of t h e  ear l ier  
e x p e r i m e n t s  w e r e  q u i t e  c r u d e .  All t o o  o f t e n  an  exper iment  
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must be compared w i t h  one performed under  somewhat d i f f e r e n t  
c o n d i t i o n s  because  no i d e n t i c a l  expe r imen t  is a v a i l a b l e .  
Sometimes t h i s  is due t o  e x p e r i m e n t a l  d i f f i c u l t i e s  b u t  some- 
t i m e s  it is due t o  t h e  f a c t  t h a t  s u p p o r t  f o r  a s i g n i f i c a n t  
expe r imen t  w a s  n o t  fo r thcoming ,  or  t o  an expe r imen t  hav ing  
m u l t i p l e  o b j e c t i v e s  which are i n c o m p a t i b l e  w i t h  each  o t h e r .  
F i n a l l y ,  even  w i t h o u t  t h e  above c o m p l i c a t i o n s ,  complex ex- 
p e r i m e n t s  s u c h  as  t h e s e  e x p e r i e n c e  u n c o n t r o l l e d  and even  
unknown f l u c t u a t i o n s  which c a u s e  c o m p l i c a t i o n s  when two or 
more e x p e r i m e n t s  are compared. 

6 . 4  F u e l  Compact Method of S imulan t  G e n e r a t i o n  

The d a t a  f o r  t h e  v a l i d a t i o n  of t h e  f u e l  compact method 
of s i m u l a n t  g e n e r a t i o n  are t h e  most l i m i t e d .  The a v a i l a b l e  
d i r e c t  comparison of a e r o s o l  a g i n g  b e h a v i o r  i n d i c a t e s  t h a t ,  
i n  one s i m u l a n t  r u n ,  ces ium and s t r o n t i u m  behave l i k e  rea l  
f i s s i o n  p r o d u c t s .  Although g r o s s  release and t r a n s p o r t  
d i s t r i b u t i o n s  e x h i b i t  c o n s i d e r a b l e  s ca t t e r ,  s i m u l a t e d  and 
r e a l  f i s s i o n - p r o d u c t  d a t a  d o  n o t  show s i g n i f i c a n t  d i f f e r e n c e s .  
F o r  c e r t a i n  e x p e r i m e n t s  performed under  d i f f e r e n t  c o n d i t i o n s ,  
t h i s  agreement  of release and t r a n s p o r t  d i s t r i b u t i o n s  w a s  
q u a l i t a t i v e l y  o b t a i n e d  by c o n s i d e r i n g  t h e  d i f f e r e n t  c h e m i c a l  
r e a c t i o n s  o c c u r r i n g  i n  t h e  f u r n a c e .  I n  c o n c l u s i o n ,  t h e r e  
a p p e a r s  t o  be no r e a s o n  t o  s u s p e c t  t h a t  s i m u l a t e d  f i s s i o n  
p r o d u c t s  g e n e r a t e d  by t h e  m e l t i n g  f u e l  compacts  behave d i f -  
f e r e n t l y  t h a n  r e a l  f i s s i o n  p r o d u c t s .  

6 . 5  Vapor ized  S imulan t  Method of S imulan t  G e n e r a t i o n :  
Ou t -o f -P i l e  S t u d i e s  

The two g r o u p s  of expe r imen t s  which compr i se  t h e  o u t -  
o f - p i l e  v a l i d a t i o n  s t u d i e s  of t h e  v a p o r i z e d  s i m u l a n t  method 
of s i m u l a n t  g e n e r a t i o n  produced d a t a  which d i f f e r  c o n s i d e r -  
a b l y  i n  amount and s i g n i f i c a n c e  b u t  l e a d  t o  s imi l a r  conclu- 
s i o n s .  The CMF d a t a  are  a g a i n  q u i t e  l i m i t e d .  The o v e r a l l  
d i s t r i b u t i o n  of s i m u l a t e d  and r e a l  f i s s i o n  p r o d u c t s  i n  t h e  
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con ta inmen t  v e s s e l  a t  t h e  end of t h e  e x p e r i m e n t s  agree w i t h i n  
t h e  l i m i t s  of t h e  s c a t t e r e d  data .  The a g i n g  behav io r  of 
s i m u l a n t  ces ium is f a i r l y  s i m i l a r  t o  t h a t  of t h e  rea l  f i s s i o n  
p r o d u c t .  A l s o  t h e  a g i n g  b e h a v i o r  of s i m u l a n t  ces ium and 
ru thenium is s i m i l a r  t o  t h e  b e h a v i o r  of t h e  s i m u l a n t  i o d i n e  
n e a r  t h e  end of t h e  a g i n g  p e r i o d .  T h i s  t y p e  of s i t u a t i o n  
h a s  been found t o  o c c u r  f o r  r e a l  f i s s i o n  p r o d u c t s  i n  t h e  
i n - p i l e  expe r imen t .  These d a t a  a g a i n  l e a d  t o  t h e  c o n c l u s i o n  
t h a t  w e  have s e e n  n o t h i n g  t o  c a u s e  u s  t o  s u s p e c t  t h e  e x i s t e n c e  
of d i f f e r e n c e s  between s i m u l a n t  and r ea l  f i s s i o n  p r o d u c t s .  

The C R I  d a t a  p r o v i d e  by f a r  t h e  most comple t e  d i r e c t  
comparison of s i m u l a t e d  and r e a l  f i s s i o n  p r o d u c t s .  The o n l y  
e x p e r i m e n t a l  l i m i t a t i o n  a p p e a r s  t o  be t h e  f ac t  t h a t  t h e  ex-  
p e r i m e n t s  w e r e  r u n  w i t h  d i f f e r e n t  ae roso l - sampl ing  d e v i c e s  
which c o m p l i c a t e s  t h e  i n t e r p r e t a t  i o n  of t h e  a g i n g  b e h a v i o r  
of p a r t i c u l a t e  and molecu la r  i o d i n e .  I n  a d d i t i o n ,  t h e  
behav io r  of s i m u l a n t  p a r t i c u l a t e  and m o l e c u l a r  i o d i n e  a t  
t h e  end of t h e  a g i n g  p e r i o d  show i n c r e a s e s  which c a n n o t  be 
s a t i s f a c t o r i l y  e x p l a i n e d  by e i t h e r  a e r o s o l  sampl ing  or by an 
unexp la ined  t e m p e r a t u r e  e x c u r s i o n  o c c u r r i n g  s e v e r a l  h o u r s  
ea r l i e r .  For  t h e  p r e s e n t ,  t h e r e f o r e ,  t h e  unexpec ted  p o s i t i v e  
s l o p e s  of t h e s e  c u r v e s  s h o u l d  be c o n s i d e r e d  as  a t y p e  of 
a r t i f a c t .  When t h e s e  e f f e c t s  are  c o n s i d e r e d ,  t h e  a g i n g  be- 
h a v i o r  of t h e  v a r i o u s  s p e c i e s  of s i m u l a t e d  and r e a l  f i s s i o n -  
p r o d u c t  i o d i n e  are q u i t e  s i m i l a r .  The a g i n g  behav io r  of  b o t h  
s i m u l a t e d  and r e a l  f i s s i o n - p r o d u c t  i o d i n e  is s i g n i f i c a n t l y  
d i f f e r e n t  t h a n  t h a t  of o t h e r  e l e m e n t s .  T h i s  is a t t r i b u t e d  
t o  i n i t i a l  r a p i d  a d s o r p t i o n  of i o d i n e  on t h e  s t a i n l e s s  s t ee l  
s u r f a c e s .  S i m u l a n t  ce s ium,  t e l l u r i u m ,  and  ru thenium e x h i b i t  
v e r y  s imi l a r  a g i n g  behav io r  and t h e  b e h a v i o r  of f i s s i o n -  
p r o d u c t  ces ium and t e l l u r i u m  is a l s o  s imilar .  Moreover,  
t h e s e  two g r o u p s  e x h i b i t  s i m i l a r  b e h a v i o r .  These f i s s i o n  
p r o d u c t s  and s i m u l a n t s  are p r o b a b l y  a l l  of t h e  p a r t i c u l a t e  
s p e c i e s  and t h e r e f o r e  behave a l i k e ,  I t  is a l s o  s i g n i f i c a n t  
t h a t  t h e  b e h a v i o r  of s i m u l a n t  and f i s s i o n - p r o d u c t  i o d i n e  i n  
t h e  condensed steam is q u i t e  s imi l a r .  
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I n  c o n c l u s i o n ,  t h e  C R I  d a t a  i n d i c a t e  t h a t  unde r  t h e  
c o n d i t i o n s  of t h e  e x p e r i m e n t s  and u s i n g  t h e  a v a i l a b l e  char- 
a c t e r i z a t i o n  d e v i c e s ,  s i m u l a n t s  behave l i k e  r ea l  f i s s i o n  
p r o d u c t s  . 

6 . 6  Vapor ized  Simulant  Method of S imulan t  G e n e r a t i o n :  
I n - P i l e  S t u d i e s  

The i n - p i l e  e x p e r i m e n t s  have t h e  p o t e n t i a l  of p r o v i d i n g  
t h e  most comple t e  and s i g n i f i c a n t  compar ison  of s i m u l a t e d  
and r ea l  f i s s i o n  p r o d u c t s .  U n f o r t u n a t e l y  t h e  amount of 
s i m u l a n t s  on t h e  a e r o s o l  s a m p l e r s  is below t h e  l i m i t s  of  
d e t e c t i o n  s o  i t  is i m p o s s i b l e  t o  d i r e c t l y  compare t h e  ag ing  
behav io r  of s i m u l a t e d  and r e a l  f i s s i o n  p r o d u c t s .  However, 
t h e s e  s t u d i e s  have p rov ided  t h r e e  t y p e s  of s i g n i f i c a n t  i n -  
f o r m a t i o n .  F i r s t ,  t h e  e x p e r i m e n t a l  c o n d i t i o n s  of t h e  two 
i n - p i l e  e x p e r i m e n t s  were i d e n t i c a l .  However, t h e  release 
and d i s t r i b u t i o n  d a t a  of f i s s i o n  p r o d u c t s  and s i m u l a n t s  
i n  t h e  same expe r imen t  a g r e e  much better t h a n  do t h e  f i s s i o n  
p roduc t  d a t a  of t h e  two i d e n t i c a l  e x p e r i m e n t s .  Fu r the rmore ,  
t h e  amount of s i m u l a n t  and f i s s i o n - p r o d u c t  i o d i n e  found i n  
t h e  steam c o n d e n s a t e  as  a f u n c t i o n  of a g i n g  t i m e  agree 
s i g n i f i c a n t l y  b e t t e r  t h a n  do  t h e  f i s s i o n - p r o d u c t  i o d i n e  da t a  
of t h e  two i d e n t i c a l  e x p e r i m e n t s .  These d a t a  s u b s t a n t i a t e  
t h e  t e n u o u s  h y p o t h e s i s  drawn from t h e  o t h e r  e x p e r i m e n t s  t h a t  
t h e  v a r i a t i o n  between d u p l i c a t e  e x p e r i m e n t s  is g r e a t e r  t h a n  
t h a t  between s i m u l a t e d  and r ea l  f i s s i o n  p r o d u c t s .  

The second t y p e  of s i g n i f i c a n t  i n f o r m a t i o n  produced by 
t h e  i n - p i l e  e x p e r i m e n t s  is t h a t  f r a c t i o n a l  amounts of molec- 
u l a r  and p a r t i c u l a t e  i o d i n e  e n t e r i n g  t h e  con ta inmen t  v e s s e l  
may be d i f f e r e n t  f o r  s i m u l a n t  i o d i n e  t h a n  f o r  f i s s i o n - p r o d u c t  
i o d i n e .  F i n a l l y ,  t h e  t h i r d  t y p e  of s i g n i f i c a n t  i n f o r m a t i o n  
i s  t h a t  a m a t h e m a t i c a l  model of i o d i n e  a e r o s o l  b e h a v i o r  de-  
ve loped  f o r  t h e  CSE h a s  been used  w i t h  modest success f o r  
r e a l  f i s s i o n - p r o d u c t  i o d i n e  i n  t h e  s m a l l  i n - p i l e  i n s t a l l a t i o n .  

. 
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I n  c o n c l u s i o n ,  t h e  i n - p i l e  s t u d i e s  i n d i c a t e  t h a t  t h e  
v a r i a b i l i t y  between expe r imen t s  is due more t o  f l u c t u a t i o n s  
of e x p e r i m e n t a l  c o n d i t i o n s  t h a n  t o  t h e  n a t u r e  of t h e  a e r o s o l .  
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7 . 0  CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  of t h e  s i m u l a n t  v a l i d a t i o n  program a t  ORNL 
s u g g e s t  t h a t  t h e  mechanisms c o n t r o l l i n g  t h e  release,  t r a n s -  
p o r t ,  g r o s s  d i s t r i b u t i o n ,  a g i n g ,  and d e p o s i t i o n  b e h a v i o r  of 
s i m u l a t e d  or r ea l  f i s s i o n  p r o d u c t s  is governed more by t h e  
c o n d i t i o n s  of t h e  exper iment  t h a n  by t h e  n a t u r e  of t h e  
a e r o s o l .  Thus,  t h e  v a r i a t i o n  between d u p l i c a t e  e x p e r i m e n t s  
is greater t h a n  t h a t  between s i m u l a t e d  and r ea l  f i s s i o n  
p r o d u c t s ,  and a l t h o u g h  d i f f e r e n c e s  between s i m u l a n t s  and 
r e a l  f i s s i o n  p r o d u c t s  may e x i s t  s u c h  d i f f e r e n c e s  are r a t h e r  
i n s i g n i f i c a n t .  Accord ing ly ,  t h e  u s e  of s i m u l a t e d  f i s s i o n  
p r o d u c t s  f o r  s t u d i e s  such  a s  t h o s e  conducted  i n  t h e  CSE 
a p p e a r s  t o  produce  v a l i d  and r e a l i s t i c  r e s u l t s  which are 
a p p l i c a b l e  t o  t h e  Nuc lea r  S a f e t y  Program. 

I t  h a s  been shown t h a t ,  e x c e p t  f o r  i o d i n e ,  a l l  f i s s i o n  
p r o d u c t s  and s i m u l a n t s  behave s i m i l a r l y  because  t h e y  are 
a l l  of t h e  p a r t i c u l a t e  s p e c i e s .  T h e r e f o r e ,  it a p p e a r s  
p r o f i t a b l e  t o  u s e  o n l y  i o d i n e  and one o t h e r  e l emen t  such  
a s  ces ium i n  s i m u l a n t  e x p e r i m e n t s .  

. 

. 
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