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FISSION PRODUCT RELEASE FROM SIMULATED LWR FUEL 

R .  A .  Lorenz 
J .  L .  C o l l i n s  
S .  R .  Manning 

ABSTRACT 

A ser ies  of tests h a s  been conducted w i t h  s i m u l a t e d  LWR 
f u e l  as p a r t  of a program f o r  de te rmining  t h e  q u a n t i t i e s  and 
c h a r a c t e r i s t i c s  of r a d i o l o g i c a l l y  s i g n i f i c a n t  f i s s i o n  p r o d u c t s  
t h a t  can b e  r e l e a s e d  under p o s t u l a t e d  s p e n t - f u e l  t r a n s p o r t a t i o n  
a c c i d e n t  (SFTA) c o n d i t i o n s  and s u c c e s s f u l l y  te rmina ted  loss-of- 
c o o l a n t  a c c i d e n t  (LOCA) c o n d i t i o n s .  These tests w e r e  performed 
i n  e i t h e r  flowing-steam o r  d r y - a i r  atmospheres w i t h  Zircaloy-4- 
c l a d  fue l - rod  segments t h a t  conta ined  u n i r r a d i a t e d  U O 2  p e l l e t s  
coa ted  w i t h  r a d i o a c t i v e l y  traced C s O H ,  C s I ,  and T e 0 2 .  A b r i e f  
summary of t h e  t e s t  c o n d i t i o n s  and amounts r e l e a s e d  are g iven  
below. 

T e s t  P e r c e n t  of i n v e n t o r y  
Implant  Temp.  p e r i o d  r e l e a s e d  

t e s t  ("C) Atmosphere ( h r )  C s  I T e  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  

700 
700 
900 

1100 
7 00 
500 
700 

1100 
500 
700 

1300 
900 

steam 
steam 
steam 
steam 
steam 
steam 
a i r  
steam 
a i r  
steam 
steam 
steam 

1 . 0  1 0 . 8  22.5 
1 . 5  7 . 3  16 .5  
2.0 7 . 7  25.6 
1 . 0  25.2 32.9 
2 . 0  5 . 5  1 7 . 8  

20.0 - c0.4 0.65 
5 . 0  1.1 11.6 
1 . 0  35.9 65.8 

20.0 0.30 8.6 
5 . 0  0.07 1 . 8  
0.25 28.0 4.5 
2 .0  24.9 60.3 

- 
1 . 6  
0 . 1  
6.5 
0.50 

(0.015 
3 . 3  
0.003 
0.16 
1 . 0  
1 . 6  

Cesium release a s s o c i a t e d  w i t h  t h e  implanted CsOH appeared 
t o  b e  l i m i t e d  by t h e  format ion  of l o w - v o l a t i l i t y  u r a n a t e  com- 
pounds. I o d i n e  release w a s  observed p r i m a r i l y  as C s I ,  b u t  a l s o  
a s  1 2 ;  i n  a d d i t i o n ,  a t  tes t  tempera tures  of 900°C and above, 
s i g n i f i c a n t  m i g r a t i o n  of t h e  C s I  t o  t h e  c o o l e r  ends of t h e  f u e l -  
rod segments w a s  n o t e d .  Te l lur ium release w a s  markedly r e s t r i c t e d  
by r a p i d  r e a c t i o n  w i t h  t h e  Z i r c a l o y  c l a d d i n g .  The tests i n  a i r  
y i e l d e d  enhanced releases of cesium and i o d i n e ,  and c o n s i d e r a b l e  
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s w e l l i n g  of t h e  o x i d i z e d  U 0 2 .  A s  a n t i c i p a t e d ,  measured release 
f r a c t i o n s  w e r e  g r e a t e r  when t h e  tes t  r o d s  were r u p t u r e d  a t  t e m -  
p e r a t u r e  by i n t e r n a l  p r e s s u r e  t h a n  when t h e  c l a d d i n g  f a i l u r e s  
w e r e  machined i n  t h e  r o d s  p r i o r  t o  t e s t i n g .  

1. INTRODUCTION 

F i s s i o n  p r o d u c t s  t h a t  accumulate  i n  t h e  fue l - to-c ladding  gap r e g i o n  

of l i g h t  water r e a c t o r  (LWR) f u e l  r o d s  d u r i n g  t h e  s e v e r a l  y e a r s  of normal 

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

from d e f e c t e d  r o d s  under c o n t r o l l e d  loss -of -coolan t  a c c i d e n t  (LOCA) and 

s p e n t - f u e l  t r a n s p o r t a t i o n  a c c i d e n t  (SFTA) c o n d i t o n s .  A s  p a r t  of a pro- 

gram t o  c h a r a c t e r i z e  t h e  release of f i s s i o n  p r o d u c t s  from t h e  gap r e g i o n ,  

a series of experiments  w a s  performed i n  which t h e  gap i n v e n t o r i e s  of t h e  

v o l a t i l e  f i s s i o n  products--cesium, i o d i n e ,  and te l lur ium--were s imula ted  

by c o a t i n g  u n i r r a d i a t e d  UO 

amounts of C s O H ,  C s I ,  and T e 0 2 .  

d e s i g n a t e d  as t h e  Implant  T e s t  Se r i e s ,  fol lowed t h e  C o n t r o l  T e s t  Ser ies  

i n  which i n d i v i d u a l  s p e c i e s  were i n t r o d u c e d  d i r e c t l y  i n t o  t h e  t e s t  appa- 

r a t u s .  These two series were p r e l i m i n a r y  t o  release s t u d i e s  c u r r e n t l y  

be ing  conducted w i t h  low-burnup f u e l  c a p s u l e s  [QlOOO MWd/metric t o n  (MT)] 

i r r a d i a t e d  i n  t h e  Genera l  E l e c t r i c  T e s t  R e a c t o r ,  and w i t h  high-burnup f u e l  

segments (Q30,OOO MWd/MT) from t h e  H .  B .  Robinson r e a c t o r ,  a commercial 

p r e s s u r i z e d  w a t e r  r e a c t o r  (PWR). 

p e l l e t s  w i t h  s u i t a b l y  r a d i o t r a c e r - t a g g e d  2 
T h i s  series of exper iments ,  which i s  

1 

The pr imary o b j e c t i v e s  of t h e  exper imenta l  program are  t o  de te rmine  

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

from d e f e c t e d  f u e l  r o d s  i n  steam and a i r  a t  t e m p e r a t u r e s  c h a r a c t e r i s t i c  

of SFTA (7OO0C, max) and c o n t r o l l e d  LOCA (12OO0C, max c l a d d i n g  tempera- 

t u r e )  c o n d i t i o n s ,  and t o  i d e n t i f y  t h e i r  chemical  and p h y s i c a l  forms.  

(Most p r e v i o u s  f i s s i o n  product  work w a s  performed a t  h i g h e r  t e m p e r a t u r e s ,  

many i n c l u d i n g  t h e  m e l t i n g  of  UO w i t h  emphasis on mixed s team-air  atmo- 

s p h e r e s . )  The i n f o r m a t i o n  d e r i v e d  from t h i s  program w i l l  p r o v i d e  source-  

t e r m  d a t a  f o r  u s e  i n  computer models of a v a r i e t y  of a c c i d e n t  s c e n a r i o s  

c u r r e n t l y  b e i n g  assembled i n  t h e  F i s s i o n  Product  T r a n s p o r t  A n a l y s i s  Program 

2 ’  
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by Bat te l le  Columbus L a b o r a t o r i e s ,  a l s o  under t h e  sponsorsh ip  of t h e  

United S ta tes  Nuclear  Regula tory  Commission. The exper iments  i n  t h e  pro- 

gram are  n o t  in tended  t o  s i m u l a t e  any p a r t i c u l a r  p o s t u l a t e d  a c c i d e n t s ;  

r a t h e r ,  t h e  observed physicochemical  behavior  w i l l  be  t r a n s l a t e d  i n t o  

s p e c i f i c  a c c i d e n t  behavior  by means of t h e  computer models.  

The u s e  of f i s s i o n  product  s i m u l a n t s  h a s  p e r m i t t e d  f l e x i b i l i t y  i n  t h e  

parameters  under s t u d y  and e a s e  of post-experiment  a n a l y s i s  a t  less c o s t  

and g r e a t e r  s a f e t y  t h a n  w i t h  tests i n v o l v i n g  h i g h l y  i r r a d i a t e d  f u e l  r o d s .  

The parameters  i n v e s t i g a t e d  i n  t h e  Implant  Test Ser ies  i n c l u d e  n u c l i d e  con- 

c e n t r a t i o n ,  behavior  of i s o l a t e d  compounds, n a t u r e  of d e f e c t  opening 

( d r i l l e d  and ruptured) ,a tmosphere  (s team o r  a i r ) ,  and tempera ture .  More- 

o v e r ,  i f  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  ser ies  a r e  v a l i d a t e d  by t h e  i r r a d i a t e d  

f u e l  exper iments ,  s imula ted  s t u d i e s  can b e  r e a d i l y  extended a t  some f u t u r e  

d a t e ,  i f  needed,  t o  i n c l u d e  d e t a i l e d  examinat ion of t h e  f o l l o w i n g  a d d i t i o n a l  

parameters :  (1) fue l - rod  l e n g t h ,  ( 2 )  d e f e c t  s i z e  ( i n  more d e t a i l ) ,  

(3) p e l l e t - t o - c l a d d i n g  gap c l e a r a n c e ,  ( 4 )  r e a l i s t i c  thermal  g r a d i e n t s  and 

t h e i r  e f f e c t s  (which may b e  l o c a l l y  l a r g e  d u r i n g  emergency c o o l a n t  a p p l i c a -  

t i o n ) ,  and (5) t r a n s i e n t  ( tempera ture)  s t u d i e s .  

2 .  DEVELOPMENT OF AN IMPLANTATION TECHNIQUE 

Because of t h e  c o s t s  and exper imenta l  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  

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

most r e s e a r c h e r s  s e e k  t o  develop f u e l  p r e p a r a t i o n  methods and exper imenta l  

t e c h n i q u e s  which s i m u l a t e  as c l o s e l y  as p o s s i b l e  t y p i c a l  c o n d i t i o n s .  

Although t h e  e x t e n t  t o  which t h e  s i m u l a n t  a c c u r a t e l y  cor responds  t o  t h e  

a c t u a l  s i t u a t i o n  i s  open t o  examinat ion ,  a r e c e n t  review2 of t h e  u s e  of 

s i m u l a n t s  v i s -a -v is  i r r a d i a t e d  f u e l  h a s  concluded t h a t ,  i f  e s s e n t i a l  d i f -  

f e r e n c e s  i n  f i s s i o n  product  behavior  are indeed p r e s e n t ,  t h e s e  are i n s i g -  

n i f i c a n t  when viewed i n  terms of t h e  s e n s i t i v i t y  t o  e x p e r i m e n t a l  c o n d i t i o n s .  

It must b e  k e p t  i n  mind, however, t h a t  t h i s  c o n c l u s i o n  a p p l i e s  s t r i c t l y  t o  

c o n d i t i o n s  of meltdown, wherein t h e  h i g h  tempera tures  involved  tend  t o  

minimize t h e  importance of k i n e t i c s  i n  de te rmining  chemical  from. 
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S i m i l a r l y ,  f o r  r e a s o n s  of e x p e r i m e n t a l  convenience and economy, w e  

have developed a method of s i m u l a t i n g  f i s s i o n  product  behavior  i n  t h e  f u e l -  

c l a d  gap of u n i r r a d i a t e d  f u e l .  The o b j e c t i v e  w a s  t o  d i s t r i b u t e  t h e  f i s s i o n  

product  s i m u l a n t s  on t h e  s u r f a c e s  of t h e  UO 

release from t h e  p e l l e t  m a t r i x  i s  i n c o n s e q u e n t i a l  under t h e  p r e s e n t  s e t  of 

t e s t  c o n d i t i o n s .  

p e l l e t s ,  s i n c e  a d d i t i o n a l  2 

A t y p i c a l  f u e l  rod used i n  a n  Implant  T e s t  i s  ske tched  i n  F i g .  1, and 

t h e  method of implant ing  t h e  f i s s i o n  p r o d u c t s  i s  o u t l i n e d .  Note t h a t  t h r e e  

p e l l e t s  a t  each end of t h e  tes t  f u e l  rod  were n o t  t r e a t e d  so  t h a t  a x i a l  

m i g r a t i o n  w i t h i n  t h e  f u e l  rod could b e  examined. 

Only C s I  w a s  employed i n  Implant  Tests 1 and 2 ,  whereas t h e  remaining 

tests u t i l i z e d  cesium a s  b o t h  C s I  and C s O H .  Cesium i o d i d e ,  which conta ined  

%lo% 1291, w a s  f i r s t  i r r a d i a t e d  t o  p r o v i d e  t h e  134Cs and I 3 O I  r a d i o t r a c e r s .  

The crystalline CsI was then dissolved in a few drops of water and (for 

tests u s i n g  CsOH a l s o )  mixed w i t h  d i s s o l v e d  CsOH under an  a rgon  atmosphere 

t o  minimize exposure t o  CO A f t e r  p l a c i n g  t h e  UO p e l l e t s  on a l a r g e  

p e t r i  d i s h  and warming them w i t h  a h o t  p l a t e  t o  Q9O"C ( t h e  p e l l e t s  w i l l  

n o t  become wet ted  i f  c o o l ) ,  t h e  p e l l e t s  were coa ted  w i t h  t h e  s i m u l a n t  

aqueous s o l u t i o n .  I n  t h e  exper iments  i n  which w a t e r - i n s o l u b l e  TeO w a s  

employed, t h e  123mTe-traced powder w a s  d i v i d e d  i n t o  24 a l i q u o t s  t h a t  w e r e  

a p p l i e d  t o  t h e  concave ends of t h e  p e l l e t s  w h i l e  t h e  U 0 2  was c o o l .  

of t h e  T e 0 2  t o  t h e  f u e l  was accomplished by adding a drop of water  t o  t h e  

TeO w i t h i n  t h e  concave f a c e  of t h e  p e l l e t  and h e a t i n g  t h e  r e s u l t a n t  s l u r r y  

t o  d r y n e s s  on a h o t  p l a t e .  

2 '  2 

2 

Adhesion 

2 

The p e l l e t s  w e r e  t h e n  assembled i n  t h e  Z i r c a l o y  rod and,  a f t e r  be ing  

s u b j e c t e d  t o  a 1-hr h e a t  t r e a t m e n t  of 200°C under vacuum c o n d i t i o n s ,  t h e  

rod was f i l l e d  w i t h  argon.  Af te rwards ,  t h e  assembly was main ta ined  a t  

400°C f o r  1 6  h r  t o  p e r m i t  a n  approach t o  chemical  e q u i l i b r i u m  w i t h i n  t h e  

assembly p r i o r  t o  a c t u a l  e x p e r i m e n t a t i o n .  The amounts of f i s s i o n  product  

s i m u l a n t s  used g e n e r a l l y  correspond t o  a 3% r e l e a s e  t o  t h e  gap space  w i t h i n  

a spent - fue l - rod  segment of t h e  s i z e  employed i n  t h e  t es t .  



ORNL DWG 76-71 

I M P L A N T  T E S T  F U E L  ROD 

24 P E L L E T S  COATED WITH S I M U L A N T S  
I ZIRCALOY-4 

CLADDING 

CY L I N DR I C A L SU RFAC E \ 

COATED W I T H  CsI 
AND CsOHeH20 ( la4Cs 
AND 1301 TRACED) 

F U E L  P E L L E T  

0.430 in. O.D. 
I .092 cm O.D. 
0.380 in. I .D. 
0.965 cm 1.D 

CONCAVE END COATED 
WITH T e 0 2  (123mTe TRACED) 

L E N G T H  = 0.40" (1.016 cm) 
D I A M E T E R  = 0.37" (0.940 cm) 

F i g .  1. Implant t e s t  f u e l  rod .  



6 

3 .  EXPERIMENTAL APPARATUS 

The a p p a r a t u s  arrangement shown i n  F i g .  2 w a s  used i n  t h e  Implant  

T e s t  Series.  It w a s  developed on t h e  b a s i s  of t h e  e x p e r i e n c e  a c q u i r e d  

d u r i n g  t h e  conduct of t h e  C o n t r o l  T e s t  Series.' The a c t u a l  components 

of t h e  system are  shown i n  F i g .  3.  

I n  a t y p i c a l  Implant  T e s t ,  t h e  f u e l  specimen (5) was p laced  i n  a 

q u a r t z  l i n e r  ( 4 )  which w a s  p o s i t i o n e d  w i t h i n  t h e  q u a r t z  f u r n a c e  t u b e  (2)  

and h e a t e d  by a n  i n d u c t i o n  c o i l  (8) o r  r e s i s t a n c e  h e a t e r  (1) t o  t h e  d e s i r e d  

tempera ture .  The d e f e c t  opening w a s  provided by d r i l l i n g  a 1/16-in.-diam 

h o l e  through t h e  c l a d d i n g  a t  mid-capsule o r  by a p p l y i n g  i n t e r n a l  argon g a s  

p r e s s u r e  (6)  t o  t h e  c a p s u l e  ( a t  700 o r  900°C) t o  c a u s e  r u p t u r e .  A flowing- 

steam--argon m i x t u r e  [300 cm /min (STP) steam + 75 c m  /min (STP) argon]  w a s  

g e n e r a t e d  by bubbl ing  argon through a s t e a m  g e n e r a t o r  ( F i g .  2 )  a t  95.6"C. 

(Dry a i r  w a s  employed i n  Implant  T e s t s  7 and 9 . )  The f lowing g a s  swept 

away t h o s e  s p e c i e s  t h a t  w e r e  vented  from t h e  c a p s u l e .  Released m a t e r i a l  

t h a t  d i d  n o t  condense o r  react w i t h  t h e  q u a r t z  l i n e r  of t h e  f u r n a c e  t u b e  

w a s  t r a n s p o r t e d  t o  t h e  gold- l ined  q u a r t z  thermal  g r a d i e n t  t u b e  (lo), where 

r e l e a s e d  s p e c i e s  condensable  above 125°C w e r e  d e p o s i t e d .  P a r t i c l e s  c a p a b l e  

of b e i n g  t r a n s p o r t e d  by t h e  carr ier  g a s  beyond t h e  thermal  g r a d i e n t  t u b e  

w e r e  s e p a r a t e d  i n t o  f i v e  d e c r e a s i n g  p a r t i c l e - s i z e  f r a c t i o n s  (1 .3  t o  0 . 1  1-1 

aerodynamic diam) on T e f l o n  membranes on t h e  s t a g e s  ( 1 4 )  w i t h i n  an  a l l -  

aluminum low-pressure cascade  impactor  ( 1 3 ) .  The low p r e s s u r e  w a s  provided 

by a vacuum pump (see F i g .  2) and a n  aluminum o r i f i c e  p l a t e  ( 1 2 )  h e l d  i n  a 

s t a i n l e s s  s t e e l  housing ( 1 1 ) .  Downstream, a s t a i n l e s s  s t ee l  f i l t e r  pack 

assembly (15) c o n t a i n i n g  t h r e e  h i g h - e f f i c i e n c y  f i l t e r  p a p e r s  (16)  (Reeve 

Angel 934  AH p u r e  b o r o s i l i c a t e  g l a s s  f i b e r )  completed t h e  c o l l e c t i o n  of 

p a r t i c u l a t e s .  The assembly a l s o  conta ined  fine-mesh s i l v e r - p l a t e d  s c r e e n s  

(17) t o  c o l l e c t  t h e  r e a c t i v e  forms of i o d i n e  such as I and H I .  The n e x t  

component i n  t h e  a p p a r a t u s  t r a i n  w a s  an  aluminum a d s o r b e r  housing assembly 

(18) which conta ined  t h r e e  c h a r c o a l  c a r t r i d g e s  (19) ( f i n e  g r a i n ,  -12+16 

mesh, 5% TEDA-impregnated c h a r c o a l )  and one s i lver-exchanged z e o l i t e  

a d s o r b e r  c a r t r i d g e ,  -12+16 mesh, t o  c o l l e c t  t h e  l e s s - r e a c t i v e ,  more- 

p e n e t r a t i n g  chemical  forms of i o d i n e .  An ice-bath-cooled condenser (20 )  

3 3 

2 
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Fig. 2. Apparatus for studies of fission product release from LWR 
fuel-rod segments. 
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containing a Pyrex graduate (21) was used to condense and collect the 

steam. Also, the apparatus was equipped with a dry-ice-cooled freeze 

trap (Fig. 2) to remove the last traces of moisture, with two charcoal 

traps at dry-ice temperatures (which will be used to trap fission product 

noble gases in tests with irradiated fuel), with a thermal conductivity 

meter for monitoring hydrogen produced from the steam-Zircaloy reaction, 

and lastly, a wet-test meter for measuring effluent argon and monitoring 

large amounts of hydrogen. Other components identified in Fig. 3 are a 

blank end cap and steam inlet location ( 3 ) ,  connectors for thermocouples 

on the fuel rod (7), and the thermal gradient tube heater (9). 

A mobile NaI (T1 activated) gamma scanner, as shown in Fig. 2, was 

employed in Implant Tests 1 through 5 to monitor the iodine released. In 

Implant Tests 6 through 12, two stationary NaI(T1) crystals were used: 

one monitored the radiotracers as they were deposited on the thermal gradi- 

ent tube; the other monitored these species as they accumulated in the 

cascade impactor and filter-pack assemblies. 

4 .  IMPLANT TESTS 

A detailed description of each of the implant tests is presented in 

this section. The experimental operating conditions of each of the tests 

are summarized in Table 1. 

4.1 Cesium Iodide Behavior at High Concentration at 700°C 

(Implant Test 1) 

The primary purpose of this test was to determine the behavior and 

release of CsI implanted within the gap of the simulated LWR fuel-rod 

capsule. A s  is shown in Table 1, the test was conducted at 700°C for 

1 hr under a steam-argon atmosphere. A photograph of the ruptured capsule 

is shown in Fig. 4 .  The rupture, about 0.41 mm in size, was located in 

the midcapsule region where the wall had been thinned. Approximately 

330 psig of argon pressure was applied internally to the 700°C induction- 

heated capsule to cause the rupture. 

2 



Table 1. Suwnary of experimental operating conditions f o r  Implant Tests 1 t o  l Z a  

Implant t e s t  number 
1 2 3 4 5 6 7 8 9 10 11 1 2  

Mass C s ,  mg 
Mass I ,  mg 
Mass Te, mg 
Av heatuD r a t e ,  "C~s-c  

1.68 0.014 6.34 4.92 7.05 10.27 7.78 9.22 
1.60 0.033 0.63 0.44 0.61 0.9 0.64 0.61 
0.0 0.0 1.6810.47 3.97 3.40 2.56 3.12 2.75 
0.65 11.0 1.1 1.0 0.33 0.09 0.14 0.7 

j-700) (2.5-900) d e e (2.5-900) 

700.0 900.0 $300-1100 700.0 500.0 700.0 900-1100 

.o  . 250.0 d 500. og 425.0 
Rupture s i z e ,  me O.2Z1 0.81 d 2.60 le98i -24.0 7 
Temp. a f t e r  rup ture ,  "C 700.0 
Time a t  temp., h r  1 .0  1 . 5  2.0 o.zo-0.,80 2.0 20.0 5.0 0.04-0.$ 
Steam flow r a t e .  cn? STP/min 277.0 305.0 311.0 330.0: 310.0 347.0 0 1454.0 
Argon flow r a t e ,  cm3 STP/min 
Furnace tube pressure ,  t o r r  
Trnnactor nres911rc. t,orr 

52.0 56.0 56.0 58. oJ 59.0 59.0 k 274.0 
750.0 735.0 745.0 781.0 750.0 750.0 755.0 750.0 
186.0 186.0 191.0 711.0 186.0 186.0 186.0 760.0 _._.. r..___., .~~~ 

Claddine source.  tube No." 0001 coo1 0001 0001 iz 23 1223 1223 1101 

6.76 
0.49 
2.48 
0.26 

e ,  

f 
'.?a + 88 
500.0 
20.0 

0 
a 

740.0 
250.0 
1101 

7.07 8.29 
0.66 0.58 
2.22 1.79 
0.5 1.3 

C b 
e 3-900 
e h 

700.0 900-1300 
1.98 -4 

5.0 0.25 
339.0 1269.0 
48.0 322.0 

i86.0 760.0 
740.0 750.0 

1101 llo1 

1.06 
0.05 
0.26 
3.0 

b 
2.  1-900 
250.0 
-84.0 
900.0 
2.0 

305.0 
108.0 

212.0 0 
750.0 P 
0415 

:The implanted U02 assembles were dr ied  under vacuum f o r  30 min a t  200"C, then maintained under 1 atm argon f o r  16 h r  a t  400°C. 

'Resistance hea t ing  around the furnace tube.  
dA leak  due t o  overheating the  i n l e t  end cap prevented pressur iz ing  t o  obta in  a normal rupture.  

%our holes were d r i l l e d  through the  Zircaloy cladding p r io r  t o  t e s t ing .  
'A 5.1-cm l ength  of wa l l  was thinned on one s ide  by grinding a curved surface t o  leave a t h i n  " l ine"  of 0.019 cm (0.0076 i n . )  i n  wal l  th ickness .  
>ot  measured. 
jThe wa l l  was thinned by grinding a f l a t  spot  5.1 cm ( 2 . 0  i n . )  long; th innes t  points,0.023 cm (0.009 i n . ) .  

h r v  a i r  onlv (276 cm3 STP/min). 

Induction heating. 

ho le  was d r i l l e d  through the  Zircaloy cladding p r i o r  t o  t e s t ing .  

Twenty minutes a f t e r  reaching 990°C (8 min a f t e r  reaching 1 1 O O " C ) ,  the  o r i f i c e  t o  the  impactor region began t o  plug with pa r t i cu la t e  mater ia l .  
of t he  argon and steam flow r a t e s  t o  3% of the  r a t e s  c i t ed .  

This requi red  a reductj  .on 

"~ y . "  
Dry a i r  only (412 cm3 STijminj.  

a descr ip t ion  of tub ing ,  see  t h e  following reference: R. H. Chapman, Characterization of Z i r c a l o y - 4  Tubing Procured for Fuel Cladding Research Programs, 
ORNL/NUXEC/TM-29 ( J u l v  1976).  



11 

0
 
k
 

P
-

 
a
 I 

-
I 
z
 

l
x

.
 

0
 

. 
' 

-
1

 



12 

P o s t - t e s t  d i s t r i b u t i o n s  of t h e  two tracer n u c l i d e s  d e p o s i t e d  on t h e  

a p p a r a t u s  components a r e  p r e s e n t e d  i n  Table  2 .  These d a t a  i n d i c a t e  t h a t  

10.8% (181 1-18] of  t h e  cesium and 22 .5% (360 1-18) of t h e  i o d i n e  w e r e  r e l e a s e d  

from t h e  c a p s u l e .  The d i s p r o p o r t i o n s  of cesium and i o d i n e  a t  most l o c a t i o n s  

shown i n  Table  2 demonst ra te  t h a t  chemical  r e a c t i o n s  occurred  (decomposi t ion 

of CsI)  i n  t h e  U02-Zircaloy-steam-quartz environment .  

w i t h  e x c e s s  cesium are  t h e  UO p e l l e t s  and t h e  f i r s t  p a r t i c u l a t e  f i l t e r  

paper .  This  s u g g e s t s t h a t  C s I  r e a c t e d  w i t h  t h e  f u e l  p e l l e t s  t o  form a 

cesium u r a n a t e  and e l e m e n t a l  i o d i n e .  (Cesium u r a n a t e s  have low vapor  pres -  

s u r e s 3  compared t o  C s I  a t  700°C 

c a p s u l e .  ) 

The o n l y  l o c a t i o n s  

2 

4 
and would tend  t o  remain w i t h i n  t h e  tes t  

The d i s t r i b u t i o n s  of cesium and i o d i n e  w i t h i n  t h e  f u e l  r o d ,  a s  d e t e r -  

mined b e f o r e  and a f t e r  t h e  exper iment ,  are p r e s e n t e d  g r a p h i c a l l y  i n  F i g s .  5 

and 6. Release of material  from t h e  immediate v i c i n i t y  of t h e  r u p t u r e  i s  

unmis takable .  

Most of t h e  cesium and i o d i n e  t h a t  w a s  r e l e a s e d  from t h e  f u e l  rod 

d e p o s i t e d  on t h e  q u a r t z  f u r n a c e  t u b e  l i n e r .  I n  exper iments  u t i l i z i n g  

i n d u c t i o n  h e a t i n g ,  t h e  f u r n a c e  t u b e  w a s  h e a t e d  only  by h e a t  r a d i a t i o n  and 

convec t ion  from t h e  h e a t e d  f u e l  r o d ,  except  f o r  t h e  f u r n a c e  t u b e  i n l e t  

cap which was h e a t e d  t o  Q200"C w i t h  an  a u x i l i a r y  e l e c t r i c  h e a t e r .  

s e q u e n t l y ,  t h e  c o o l e r  s u r f a c e s  o f  t h e  q u a r t z  f u r n a c e  t u b e  l i n e r  (<500°C) 

probably  p e r m i t t e d  condensa t ion  of gaseous C s I  t h a t  d i f f u s e d  from t h e  

r u p t u r e  opening.  Excess i o d i n e  w a s  found i n  t h e  f u r n a c e  t u b e  l i n e r ;  pre-  

v i o u s  exper iments  w i t h  e l e m e n t a l  i o d i n e  i n  t h i s  s a m e  apparatus '  i n d i c a t e d  

t h a t  a f r a c t i o n  of t h e  I w a s  d e p o s i t e d  on (sorbed  o r  r e a c t e d  w i t h )  t h e  

q u a r t z  l i n e r  i n  s p i t e  of i t s  h i g h  v o l a t i l i t y  (bp ,  183°C).  

Con- 

2 

Data r e g a r d i n g  t h e  d e p o s i t i o n  of i o d i n e  s p e c i e s  on t h e  thermal  g r a d i e n t  

t u b e  and on t h e  impactor  and f i l t e r  a s s e m b l i e s  d u r i n g  t h e  tes t  a r e  p r e s e n t e d  

g r a p h i c a l l y  i n  F i g .  7 .  These d a t a  i n d i c a t e  t h a t  %30% of t h e  i o d i n e  found 

i n  t h e  thermal  g r a d i e n t  t u b e  w a s  d e p o s i t e d  immediately a f t e r  t h e  f u e l  rod 

w a s  r u p t u r e d .  

The c o n c e n t r a t i o n  p r o f i l e  of cesium i n  t h e  thermal  g r a d i e n t  t u b e  i s  

shown i n  F i g .  8 a long  w i t h  t h o s e  o b t a i n e d  f o r  cesium and i o d i n e  i n  C o n t r o l  

/- 

6 
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Table 2. Distributions of cesium and iodine in Implant Test 1 

Location 

Amount found in each location 
Temp. Percent of total 
(“c) Cs I Cs i 

Fuel rod, total 
U02 pellets 
Zircaloy cladding 

Quartz furnace tube 
Thermal gradient tube 
Orifice assembly 
Impactor assembly 

Impact o r  housing 
First-stage paper 
Second-stage paper 
Third-stage paper 
Fourth-stage paper 
Fifth-stage paper 

Filter housing 
First filter paper 
Second filter paper 
Silver screen No. 1 
Silver screen No. 2 
Silver screen Nos. 3 

Adsorber assembly 
Adsorber housing 
Charcoal No. 1 
Charcoal No. 2 
Charcoal No. 3 
A& 

Condenser housing 
Condens at e 

Filter assembly 

Condenser assembly 

Freeze trap 
Cold charcoal trap 

700 

%zoo to 500 
720 to 160 

145 
145 

140 

to 12 
13 5 

0 

-78 
-78 

(89.2) 
69.8 

9.4 
19.4 

1.04 
0.02 

0.117 
0.015 
0.0085 
0.0083 

0.0308 

0.062 

0.0071 

0.0035 

0.0007 
0.0 
0.0 
0.0 

0.0 
<o. 001 
0.0 
0.0 
0.0 

<o. 1 
0.0 
0.0 
0.0 

(77.5) 
43.7 
33.8 
19.7 
1.25 
0.14 

1 .21  
0.030 
0.013 
0.011 
0.0054 
0.037 

0 .022  
0.026 
0.0019 

0.013 
0.152 

0.024 

0.0 
0.021 

0.0 
0.0 

0.0003 

0.008 
0.0002 
0.0 
0 .0  

1173.0 
326.0 
158.0 
17.5 
0.34 

1.97 

0.14 
0.14 
0.12 
0.52 

0 .25  

0.06 
1.04 
0.01 

<0.02 

t2.0 

699.0 
541.0 
315.0 

20 .0  
2.7 

19.4 
0.48 
0 . 2 1  
0.18 
0.09 
0.59 

0.35 
0.42 
0.030 
2.43 
0 . 2 1  
0.38 

0.34 
0.005 

0.13 
0.003 
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F i g .  6 .  I o d i n e  d i s t r i b u t i o n s  i n  t h e  f u e l  rod  of Implant  T e s t  No. 1. 
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F i g .  8. Cesium and i o d i n e  p r o f i l e s  i n  t h e  thermal  g r a d i e n t  t u b e .  
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T e s t  10 ( s e e  r e f .  1) and Implant  T e s t  3 .  (Depos i t ion  i n  t h e  thermal  

g r a d i e n t  t u b e  i n  C o n t r o l  T e s t  10 w a s  C s I ;  t h e r e f o r e ,  t h e  p r o f i l e  i s  pro- 

v ided  i n  t h e  f i g u r e  f o r  comparison.)  Nearly e q u a l  masses of cesium and 

i o d i n e  were found i n  t h e  thermal  g r a d i e n t  t u b e  (Table  2 ) ;  t h i s  s u g g e s t s  

t h a t  t h e  chemical  form of t h e  d e p o s i t e d  cesium w a s  C s I .  

A sample of m a t e r i a l  t h a t  w a s  o b t a i n e d  from t h e  c o l l e c t o r  of t h e  

f i f t h  impactor  s t a g e  was examined by x-ray d i f f r a c t i o n .  

p a t t e r n  was observed.  

hygroscopic  n a t u r e  of C s I  and CsOH.  

No i d e n t i f i a b l e  

Our s e n s i t i v i t y  of d e t e c t i o n  w a s  hampered by t h e  

4 . 2  Cesium I o d i d e  Behavior a t  Low C o n c e n t r a t i o n  a t  7 O O O C  

( Implant  Test 2 )  

Implant  T e s t  2 w a s  i d e n t i c a l  t o  t h e  preceding  t e s t ,  except  t h a t  a 

50-fold lesser c o n c e n t r a t i o n  of C s I  w a s  employed, t h e  r u p t u r e  opening 

( 0 . 2 2  mm ) w a s  about  h a l f  t h e  s i z e ,  and t h e  d u r a t i o n  of t h e  t e s t  was 

30 min l o n g e r  ( c f .  Table  1). 

2 

I n  t h i s  t es t ,  7 . 3 %  of t h e  implanted cesium and 16.5% of t h e  implanted 

i o d i n e  were r e l e a s e d  from t h e  f u e l  rod .  The p o s t - t e s t  d i s t r i b u t i o n s  of 

cesium and i o d i n e  are  p r e s e n t e d  i n  Table  3 ;  and,  from t h e  d i s p r o p o r t i o n s  

of cesium and i o d i n e ,  w e  c a l c u l a t e  t h a t  a minimum of 21% of t h e  C s I  r e a c t e d  

i n  t h e  UO -Zr-H 0 - S i 0  environment t o  form s e p a r a t e  cesium and i o d i n e  com- 

pounds. The only  l o c a t i o n s  w i t h  a n  e x c e s s  of cesium r e l a t i v e  t o  i o d i n e  

were t h e  UO p e l l e t s  and t h e  q u a r t z  f u r n a c e  t u b e .  

2 2 2 

2 

Cesium n u c l i d e  d i s t r i b u t i o n s  i n  t h e  f u e l  rod p r i o r  t o  and a f t e r  e x p e r i -  

menta t ion  a r e  p r e s e n t e d  i n  F i g .  9 .  A s  i n  t h e  p r e v i o u s  t e s t ,  t h e s e  d a t a  

i n d i c a t e  l'oss of mater ia l  n e a r  t h e  r u p t u r e  p o i n t ,  14 .2  c m  ( 5 . 6  i n . )  a long  

t h e  f u e l  rod .  

a 

The cesium t h a t  was d e p o s i t e d  on t h e  f u r n a c e  t u b e  w a l l s  w a s  l a r g e l y  

conf ined  t o  an  area n e a r  t h e  l o c a t i o n  of t h e  r u p t u r e  of t h e  c a p s u l e  and 

was mainly i n  a form o t h e r  t h a n  C s I .  However, s i n c e  C s I  can r e a c t  w i t h  

quar tz '  t o  form l e s s - v o l a t i l e  cesium s i l i c a t e s  and e l e m e n t a l  i o d i n e ,  w e  

are u n c e r t a i n  of t h e  form i n  which t h e  cesium w a s  r e l e a s e d  from t h e  f u e l  

r o d .  Cesium hydroxide  vapor would a l s o  r e a c t  w i t h  t h e  q u a r t z  t o  form t h e  

s i l i c a t e .  

6 
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Table 3. Distributions of cesium and iodine in Implant Test 2 

Location 

Amount found in each location 
Temp. Percent of total Pg 
( " c )  Cs I Cs i 

Fuel rod, total 700 
UOz pellets 
Zircaloy cladding 

Quartz furnace tube %ZOO to 500 
Thermal gradient tube 720 to 220 
Orifice assembly 160 
Impactor assembly 16 0 

Impactor housing 
First-stage paper 
Second-stage paper 
Third-stage paper 
Fourth-stage paper 
Fifth-stage paper 

Filter housing 
First filter paper 
Second filter paper 
Third filter paper 
Silver screen No. 1 
Silver screen No.  2 
Silver screen Nos. 3 to 8 

A d s  orber housing 
Charcoal No. 1 
Charcoal No.  2 
Charcoal No. 3 
Charcoal Nos. 4 to 6 

Filter assembly 15 0 

Adsorber assembly 120 

A€% (2) 
Condenser assembly 0 

Freeze trap - 78 
Cold charcoal trap - 78 

Condenser housing 
Condensate 

(92.7) 
51.6 
41.1 
7.2 
0.16 
0.0049 

0.026 
0.0020 
0.0021 
0.0017 

0.00087 
0.0015 

0.00083 
0.00019 
0.0" 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

<0.005 

<0.005 
<0.005 

0.0 

(83.5) 
36.7 
46.8 
1.1 
1.39 
1.16 

6.37 
0.047 
0.0027 
0.064 
0.0062 
0.0022 

0.804 
0.091 
0.085 
0.028 

0.61 

3.84 
0.24 

0.007 
0.834 

0.0022 
0.0040 
0.0017 

0.015 

0.031 
0.0 
0.0 
0.0 

17.5 
14.0 
2.44 

0.0017 
0.036 

0.0088 

0.00058 
0.00051 
0.0003 0 

0.00028 
0.00065 

0.00068 
0.00071 

< 0.0017 

< 0.0017 
< 0.0017 

12.1 
15.4 
0.36 

0.38 

2.10 
0.0155 

0.0021 
0.0020 
0.0007 

0.46 

0.0009 

0.265 
0.030 
0.028 
0.0092 
1.27 
0.079 
0.020 

0.002 
0.275 
0.0005 
0.0007 
0.0013 
0.006 

0.010 

a Amounts <0.0031% are indicated by 0.0. 
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F i g .  9 .  Cesium d i s t r i b u t i o n s  i n  t h e  f u e l  rod  of I m p l a n t  T e s t  N O .  2 .  
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L e s s  t h a n  0.04% of t h e  o r i g i n a l  cesium and %13% of t h e  o r i g i n a l  

i o d i n e  w e r e  t r a n s p o r t e d  t o  t h e  impactor ,  f i l t e r ,  and a d s o r b e r  a s s e m b l i e s .  

The manner i n  which t h e  i o d i n e  w a s  accumulated by t h e s e  components i s  

d i s p l a y e d  i n  F i g .  10. The d a t a  show some d e l a y  i n  t h e  appearance of 

i o d i n e  i n  t h e  f i l t e r  pack assembly; t h i s  may b e  due t o  a holdup of i o d i n e  

on t h e  aluminum impactor  housing.  Most of t h e  i o d i n e  was found on t h e  

s u r f a c e s  of t h e  hous ings  and on t h e  f i r s t  s i l v e r  s c r e e n ;  t h i s  i s  a s t r o n g  

i n d i c a t i o n  of adsorbed and r e a c t e d  ( w i t h  s i l v e r )  e l e m e n t a l  i o d i n e .  We 

b e l i e v e  t h a t  a l l  of t h e  i o d i n e  w a s  de layed  t e m p o r a r i l y  i n  t r a n s i t  between 

t h e  f u e l  rod and t h e  i m p a c t o r - f i l t e r  assembly. According t o  t h e  a n a l y s i s  

d e t a i l e d  i n  Sec t .  8 ,  most of t h e  r e l e a s e d  i o d i n e  and cesium escaped from 

t h e  rod a t  t h e  t i m e  of r u p t u r e .  

The l a r g e r  f r a c t i o n a l  format ion  and r e l e a s e  of e l e m e n t a l  i o d i n e  

exper ienced  i n  t h i s  t es t  compared w i t h  Implant  T e s t  1 can probably b e  

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

S i m i l a r l y ,  a l a r g e r  p r o p o r t i o n  of i o d i n e  appeared as o r g a n i c  i o d i d e s  

( i . e . ,  c o l l e c t e d  on t h e  s o r b e r s  beyond t h e  s i l v e r  s c r e e n s )  i n  t h i s  t e s t  

a s  compared w i t h  t h e  p r e v i o u s  t e s t ,  a g a i n  probably  f o r  t h e  same r e a s o n .  

Such c o n c e n t r a t i o n  e f f e c t s  on t h e  format ion  of o r g a n i c  i o d i d e  have been 

noted  p r e v i o u s l y .  5 

4 . 3  Behavior of F i s s i o n  Product  Simulant  Mixture  a t  900°C 

(Implant  T e s t  3) 

Implant  Test 3 w a s  t h e  f i r s t  t es t  conducted i n  which t h r e e  f i s s i o n  

product  s i m u l a n t s  w e r e  employed. The e x p e r i m e n t a l  c o n d i t i o n s  are  l i s t e d  

i n  Table  1, and t h e  p e r t i n e n t  n u c l i d e  d i s t r i b u t i o n s  a t  t h e  c o n c l u s i o n  of 

t h e  tests are p r e s e n t e d  i n  Table  4 .  The r u p t u r e  area (%0.81 mm ) of t h e  

c l a d d i n g  i s  d e p i c t e d  i n  F i g .  11. 

2 

Cesium c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  f u e l  rod are d i s p l a y e d  i n  F i g .  1 2 ;  

t h e s e  d a t a  i n d i c a t e  some m i g r a t i o n  t o  t h e  c o o l e r  ends and t o  t h e  r u p t u r e  

area. ( I n  t h e  c l a d  r u p t u r e  r e g i o n ,  t h e  c l a d d i n g  d i s t o r t i o n  caused t h e  

induct ion-hea ted  segment tempera ture  t o  r ise t o  Q I O O O ° C ,  whereas t h e  

remainder of t h e  rod was main ta ined  a t  900°C--except f o r  t h e  c o o l e r  ends . )  
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Table 4. D i s t r i b u t i o n s  of cesium, iodine,  and t e l l u r i u m  i n  Implant Test  3 
L 

Amount found i n  each l o c a t i o n  
Pg Temp. Percent of t o t a l  

Location ( "C) C s  I Te C s  i Te 

Fuel  rod; t o t a l  
U02 p e l l e t s  
Zircaloy cladding 

Quartz furnace tube  
Thermal grad ien t  tube 
O r i f i c e  assembly 
Impactor assembly 

Impactor housing 
F i r s t - s t a g e  paper 
Second-stage paper 
Third-stage paper 
Fourth-stage paper 
F i f th-s tage  paper 

F i l t e r  housing 
F i r s t  f i l t e r  paper 
Second f i l t e r  paper 
Third f i l t e r  paper 
S i l v e r  screen No. 1 
S i l v e r  screen No. 2 
S i l v e r  screen Nos. 3 

Ads orbe r assembly 
Adsorber housing 
Charcoal No. 1 
Charcoal No. 2 
Other adsorbers  

Condenser as s embly 
Condenser housing 
Condensate 

F i  It e r  assembly 

Freeze t r a p  
Cold charcoa l  t r a p  

900 

-200 t o  700 
750 to 150 

150 
14 5 

140 

t o  8 
13 0 

0 

- 78 - 78 

(92.33) 
61.58 
30.75 

6.46 
1.08 
0.022 

0.051 

0.0029 

0.0085 
0.0051 

0.0051 

0.0099 

0.0024 

0.0018 

0.0 
0.0 
0.0 
0.0 
0.0 

C0.006 
0 . 0  
0.0 
0.001 

a.1 
0.002 
0.002 

(74.3 9) 
54.59 
19.80 
23.80 
0.86 
0.091 

0.61 
0.026 

0. 0015 
0.0014 

0.0104 
0.043 

0.050 
0.0046 
0. 0015 
0.0007 
0.128 
0.0021 
0.0017 

0.003 
0.007 
0.0 
0.0002 

0.0 
0.0 
0.0 
0.0 

(98.40) 
3.6 

1.6 
0.0003 
0.0005 

94.8 

0.01 
0.0 
0.0 
0.0 
0.0 
0.0 

0,001 

0.0 

0.0 
0.0 
0.0 

0.002 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

0.0005 

0.0003 

3904.0 
1950.0 
410.0 
68.0 
1-35 

3.23 
0.63 
0.18 
0.15 
0.54 
1.20 

0.11 
0.32 

~0.38 
0.0 
0.0 
0.06 

~5.0 
0.13 
0.13 

343.9 60.5 
124.7 1593.0 
149.9 26.9 
5.42 0.005 
0.57 0,008 

3.84 

0.009 
0.009 

0.27 

0.16 

0.066 

0.32 0.02 
0.029 0.008 
0.009 
0.004 0.005 

0.013 

0.02 0.03 

0.81 

0.011 

0.04 

0.001 
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ORNL DWG 7 6 - 7 5 R l  

DISTANCE ALONG FUEL ROD (cm) 

0 4 8 12 16 20 24 28 
140 

b 

A C s  IN FUEL ROD PRIOR TO 
EX PER I M ENT 

0 Cs IN FUEL R O D  AFTER 

Cs ON PELLETS AFTER 

0 Cs ON CLADDING AFTER 

EXPERIMENT 

EXPERIMENT 

EXPERIMENT 

DISTANCE ALONG FUEL ROD ( i n . )  

F i g .  1 2 .  Cesium d i s t r i b u t i o n s  i n  t h e  f u e l  r o d  of  I m p l a n t  T e s t  N o .  3 .  
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Moreover, c o n s i d e r a b l e  r e l o c a t i o n  of cesium from t h e  p e l l e t s  t o  t h e  

c l a d d i n g  occurred  w i t h i n  t h e  r u p t u r e  r e g i o n .  A x i a l  m i g r a t i o n  of cesium 

toward t h e  ends of t h e  c a p s u l e  w a s  s i g n i f i c a n t l y  less t h a n  t h a t  of i o d i n e .  

Corresponding p r o f i l e s  f o r  i o d i n e  are shown i n  F i g .  13.  A t  t empera tures  

of <95OoC, CsOH i s  s t a b i l i z e d  by u r a n a t e  format ion .  For t h i s  r e a s o n ,  

m i g r a t i o n  t o  t h e  c o o l e r  ends of t h e  rod occurred  p r i m a r i l y  as C s I .  A t  

1000°C, w e  p o s t u l a t e  s u f f i c i e n t  decomposi t ion of t h e  u r a n a t e  t o  permi t  

t r a n s p o r t  of cesium t o  t h e  c l a d d i n g ,  as i n d i c a t e d  by t h e  p r o f i l e s  i n  

F i g .  1 2 .  T h i s  p o s t u l a t e d  behavior  does n o t  appear  t o  be a t  v a r i a n c e  w i t h  

Knudsen c e l l  s t u d i e s  of cesium p a r t i a l  p r e s s u r e s  over  UO 
3 

2 '  

I o d i n e  a c t i v i t y  as monitored a t  two p o i n t s  a long  t h e  f u e l  rod  d u r i n g  

t h e  experiment  i s  d i s p l a y e d  g r a p h i c a l l y  i n  F i g .  1 4 ;  t h e s e  d a t a  i n d i c a t e  

cont inuous  t r a n s p o r t  of t h e  i o d i n e  n u c l i d e  throughout  t h e  t es t .  ( S i m i l a r  

p l o t s  of i o d i n e  a c t i v i t y  i n  t h e  thermal  g r a d i e n t  t u b e  and t h e  impactor  

assembly are  p r e s e n t e d  i n  F i g .  15.)  

D e p o s i t i o n  of i o d i n e  i n  t h e  thermal  g r a d i e n t  t u b e  probably occurred  

a s  CsI; t h i s  behavior  is  sugges ted  by t h e  correspondence of t h e  cesium 

and i o d i n e  p r o f i l e s  i n  t h e  thermal  g r a d i e n t  t u b e  as shown i n  F i g .  8 .  

Moreover, about  h a l f  of t h i s  ma te r i a l  w a s  c o l l e c t e d  w i t h i n  5 min of t h e  

t i m e  of r u p t u r e .  Less i o d i n e  w a s  c o l l e c t e d  by t h e  aluminum impactor  

housing a t  t h e  t i m e  of r u p t u r e ;  i t  i s  b e l i e v e d  t o  b e  e l e m e n t a l  i o d i n e .  

During t h e  t e s t ,  7 . 7 %  of t h e  implanted cesium, 25.6% of t h e  implanted 

i o d i n e ,  and 1 .6% of t h e  implanted t e l l u r i u m  w e r e  released. From t h e  d a t a  

p r e s e n t e d  i n  Table  4 ,  i t  w a s  determined t h a t  92.9% of t h e  r e l e a s e d  i o d i n e  

remained i n  t h e  q u a r t z  f u r n a c e  t u b e ,  probably as C s I .  About 84% of t h e  

r e l e a s e d  cesium w a s  found i n  t h e  f u r n a c e  t u b e ,  and an  e s t i m a t e d  62% of 

t h i s  cesium w a s  n o t  a s s o c i a t e d  w i t h  i o d i n e .  Most of t h e  t e l l u r i u m  r e l e a s e d  

w a s  a l s o  d e p o s i t e d  i n  t h e  f u r n a c e  tube .  

About 95% of t h e  implanted t e l l u r i u m  was found a s s o c i a t e d  w i t h  t h e  

c l a d d i n g ,  a s  i s  i n d i c a t e d  i n  Table  4 .  Scans of t e l l u r i u m  a c t i v i t y  t h a t  

were made a long  a segment of t h e  c l a d d i n g  r e v e a l e d  p r e f e r e n t i a l  d e p o s i t i o n  

on t h e  c ladding  a t  p e l l e t  i n t e r f a c e  l o c a t i o n s .  S i n c e  n e i t h e r  cesium nor  

i o d i n e  showed t h i s  b e h a v i o r ,  i t  was dec ided  t o  open t h e  c l a d d i n g  and examine 

6 
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t h e  i n t e r n a l  s u r f a c e .  A s  can b e  r e a d i l y  s e e n  from t h e  photographs i n  

F i g .  1 6 ,  t h e  a c t i v i t y  s c a n s  a c c u r a t e l y  i d e n t i f i e d  r e g i o n s  of p r e f e r e n t i a l  

d e p o s i t i o n ;  t h e  t e l l u r i u m  s p e c i e s  obvious ly  d i d  n o t  d i s t r i b u t e  uniformly 

a long  t h e  f u e l  rod .  

t e l l u r i u m - c l a d  i n t e r a c t i o n  e x h i b i t e d  x-ray d i f f r a c t i o n  p a t t e r n s  t h a t  w e r e  

i d e n t i f i e d  as T e 3 Z r 0  

through one such r e a c t i o n  zone i n d i c a t e d  t h a t  o x i d a t i o n  by steam was 

i n h i b i t e d  i n  t h i s  r e g i o n .  

r u p t u r e  opening; t h u s  steam w a s  a v a i l a b l e  t o  form t h e  t h i c k  o x i d e  l a y e r  

t h a t  i s  v i s i b l e  on t h e  r i g h t  s i d e  of t h e  photomicrograph.]  

a t h i n  l a y e r  of t i n  i s  p r e s e n t  i n  t h e  i n t e r f a c e  r e g i o n  between t h e  oxid ized  

(dark)  and nonoxidized ( l i g h t )  l a y e r s  of c l a d d i n g .  It was i d e n t i f i e d  by 

x-ray a n a l y s i s  u s i n g  a scanning  e l e c t r o n  microscope.  

h a s  between 1 .2  and 1 . 7 %  t i n . )  Zirconium i s  r e a d i l y  o x i d i z e d  by steam a t  

h igh  t e m p e r a t u r e s ;  however, t i n ,  i n  t h e  presence of the  m o r e  a c t i v e  z i r c o -  

nium, i s  n o t .  Consequent ly ,  t h e  molten t i n  t e n d s  t o  agglomerate .  

Samples of material  removed from t h e  r e g i o n s  of 

A s  i l l u s t r a t e d  i n  F i g .  1 7 ( a ) ,  a l o n g i t u d i n a l  c u t  5 '  

[The zone d i s p l a y e d  i n  F i g .  1 7 ( a )  w a s  n e a r  t h e  

I n  F i g .  1 7 ( b ) ,  

(Zircaloy-4 c l a d d i n g  

4 . 4  Behavior of F i s s i o n  Product  Simulant  Mixture  a t  1100°C 

(Implant  T e s t  4 )  

I n  Implant  Test  4 ,  t h e  f u e l  rod was main ta ined  a t  900°C f o r  12 min 

and a t  1100°C f o r  48 min i n  a flowing-steam-argon atmosphere.  I n  a n  

a t t e m p t  t o  minimize a n  a x i a l  t empera ture  g r a d i e n t  a long  t h e  f u e l  r o d ,  a 

lengthened  i n d u c t i o n  c o i l  w a s  u t i l i z e d .  However, t h i s  caused t h e  s t a i n -  

less s t e e l  f e r r u l e  f i t t i n g  a t  t h e  i n l e t  end of t h e  rod t o  become over- 

h e a t e d ;  t h i s  r e s u l t e d  i n  t h e  leakage  of t h e  a rgon  p r e s s u r i z i n g  g a s ,  so 

t h a t  r u p t u r e  of t h e  rod could  n o t  b e  e f f e c t e d .  Nonethe less ,  ~ 2 5 . 2 %  of 

t h e  cesium (1240 p g ) ,  32.9% o f  t h e  i o d i n e  (145 u s ) ,  and 0.1% of t h e  

t e l l u r i u m  (4 pg) were r e l e a s e d .  

d e p o s i t e d  on t h e  q u a r t z  l i n e r  of t h e  f u r n a c e  t u b e  n e a r  t h e  e n t r a n c e  t o  

t h e  thermal  g r a d i e n t  t u b e  ( F i g .  18) .  Approximately 24% of t h e  o r i g i n a l  

cesium d e p o s i t e d  on t h e  q u a r t z  l i n e r  of t h e  f u r n a c e  t u b e  and Ql .2% of 

t h e  o r i g i n a l  cesium d e p o s i t e d  i n  t h e  thermal  g r a d i e n t  t u b e .  

f r a c t i o n  a n a l y s i s  a l s o  r e v e a l e d  t h e  presence  of C s 0 H . H  0 i n  t h e  material  

c o l l e c t e d  on t h e  f i f t h  c o l l e c t o r  s t a g e  of t h e  cascade  impactor  ( F i g .  1 9 ) .  

Most of t h e  i o d i n e  t h a t  w a s  r e l e a s e d  

X-ray d i f -  

2 

6 



F i g .  16 .  V i e w  of t h e  c l a d d i n g  i n n e r  s u r f a c e  of Implant  Test N o .  3 
showing t e l l u r i u m  d e p o s i t i o n  r i n g s .  
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/- 

F i g .  1 7 .  ( a )  Photomicrographic  view of t e l l u r i u m  r e a c t i o n  zone (upper 
l e f t )  and steam-oxidized c l a d d i n g  (upper r i g h t )  of t h e  i n n e r  s u r f a c e  of t h e  
f u e l  rod  of Implant  T e s t  No. 3 .  (b) Enlarged view showing a t i n  l a y e r  i n  
t h e  i n t e r f a c e  r e g i o n  between t h e  o x i d i z e d  and nonoxidized l a y e r s .  
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c 

F i g .  1 9 .  F i f t h  c o l l e c t o r  s t a g e  from t h e  cascade  impactor  showing 
mater ia l  c o l l e c t e d  d u r i n g  Implan t  Test No. 4 .  Some of  t h i s  ma te r i a l  h a s  
been i d e n t i f i e d  as  Cs0H.H 0 .  2 
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Because t h e  s i z e  and darkness  of t h e  mater ia l  d e p o s i t e d  on t h e  impactor  

c o l l e c t i o n  p l a t e s  u s u a l l y  do n o t  c o r r e l a t e  w i t h  t h e  amount of a s s o c i a t e d  

r a d i o a c t i v i t y ,  t h e  e x i s t e n c e  of independent  a e r o s o l  s o u r c e s  i s  i n d i c a t e d .  

D e t a i l e d  d i s t r i b u t i o n s  of t h e  implanted s p e c i e s  are p r e s e n t e d  i n  Table  5 .  

C o n c e n t r a t i o n  p r o f i l e s  of t h e  cesium and i o d i n e  i n  t h e  thermal  g r a d i e n t  

t u b e  are  p r e s e n t e d  i n  F i g .  20.  The i o d i n e  peak a t  t h e  500°C l o c a t i o n  i s  

l i k e l y  C s I .  Large p a r t i c l e s ,  p robably  of c l a d d i n g  mater ia l ,  were found 

d e p o s i t e d  a long  t h e  e n t i r e  l e n g t h  of t h e  thermal  g r a d i e n t  t u b e .  These 

p a r t i c u l a t e s  most l i k e l y  conta ined  cesium and a r e  probably r e s p o n s i b l e  

f o r  t h e  l a c k  of s t r u c t u r e  i n  t h e  cesium p r o f i l e .  

Oxida t ion  of t h e  Z i r c a l o y  c l a d d i n g  a t  1100°C produced smoke-like 

d e p o s i t s  of Z r O  on t h e  f u r n a c e  t u b e  l i n e r ,  which ranged i n  c o l o r  from 

b l a c k  t o  w h i t e .  

began t o  accumulate  a t  t h e  o r i f i c e  a t  t h e  e n t r a n c e  t o  t h e  cascade  impactor ;  

t h i s  n e c e s s i t a t e d  a r e d u c t i o n  of t h e  steam-argon f low.  A s  a r e s u l t ,  a 

hydrogen-rich atmosphere developed i n  t h e  f u r n a c e  t u b e .  

2 
A f t e r  20 min of e x p e r i m e n t a t i o n ,  t h e s e  Zr02 p a r t i c u l a t e s  

A sample of t h e  c l a d d i n g  n e a r  t h e  c e n t e r  of t h e  rod w a s  found t o  

have a hydrogen c o n t e n t  of 0.27%. P o s t - t e s t  examinat ion of t h e  c l a d d i n g  

r e v e a l e d  i t  t o  b e  v e r y  b r i t t l e ,  and t h e  s u r f a c e  f l a k y .  Because some of 

t h e  p e l l e t s  were fused  t o  t h e  c l a d d i n g ,  and because t h e  c l a d d i n g  w a s  t o o  

b r i t t l e ,  n o t  a l l  of t h e  p e l l e t s  could be removed from t h e  c l a d d i n g .  T h i s  

prevented  t h e  d e t e r m i n a t i o n  of s e p a r a t e  n u c l i d e  c o n c e n t r a t i o n  p r o f i l e s  

f o r  t he  c l a d d i n g  and p e l l e t s .  Only the  i o d i n e  p r o f i l e s  f o r  t h e  f u e l  r o d  

b e f o r e  and a f t e r  t h e  t es t  were de termined;  most of t h e  i o d i n e  migra ted  

t o  t h e  c o o l  ends ( e s p e c i a l l y  t h e  o u t l e t  end) d u r i n g  t h e  t e s t .  From a few 

segments of f u e l  rod where t h e  p e l l e t s  could b e  c l e a n l y  removed, i t  w a s  

found t h a t  t h e  t e l l u r i u m  t h a t  had been p l a c e d  on t h e  p e l l e t s  had been 

t r a n s f e r r e d  almost  completely by v a p o r i z a t i o n  t o  t h e  c l a d d i n g ,  where i t  

r e a c t e d  t o  form a l e s s - v o l a t i l e  compound. The r e a c t i o n  r i n g s  observed 

on t h e  i n n e r  c l a d d i n g  s u r f a c e  i n  Implant  3 w e r e  n o t  e v i d e n t  i n  t h i s  t es t ,  

a l though t h e  c l a d d i n g  w a s  j u s t  a s  e f f e c t i v e  i n  p r e v e n t i n g  t e l l u r i u m  from 

be ing  r e l e a s e d  from t h e  r o d .  
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Table 5. Distributions of cesium, iodine, and tellurium in Implant Test It 

Location 

~ 

Amount found in each location 
I’ G Temp. Percent of total 

(“C) Cs I Te Cs i Te 

Fuel rod, total 
U02 pellets 
Zircaloy cladding 

Quartz furnace tube 
Thermal gradient tube 
Orifice assembly 
Impactor assembly 

Impactor housing 
First-stage paper 
Second-stage paper 
Third-stage paper 
Fourth-stage paper 
Fifth-stage paper 

Filter housing 
First filter paper 
Second filter paper 
Third filter paper 
Silver screen No. 1 
Silver screen No. 2 
Silver screen Nos. 3 

Ads orber assembly 
Adsorber housing 
Charcoal No. 1 
Charcoal No. 2 
Charcoal No. 3 
AgX 

Condenser housing 
Condensate 

Filter assembly 

Condenser assembly 

Freeze trap 
Cold charcoal trap 

900 to 1100 

-ZOO to 900 
750 to 190 

190 
145 

to a 
14 5 

0 

-78 
- 78 

(74.78 ) 
-47.13 
* 27.65 

23 * 93 
1.21 
0.010 

0.002 
0.0 
0.001 
0.0 
0.0 
0.001 

0.001 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

<0.04 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
<0. 004 
0.0 

(67.14) 
-35.49 
-31.65 
29.10 
1.43 
0.33 

1.29 
0. 008 
0.004 
0.0 
0.001 
0.0 

0.37 
0.010 
0.010 
0.003 
0.25 
0.006 
0.018 

0.005 
0.015 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

(99.90) 
-6.0 
-53.9 
0.1 
0.0 
0.0 

<0.001 
0.0 
0.0 
0.0 
0.0 
0.0 

<o. 001 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

<o .  001 

0.0 
0.0 
0.0 
0.0 

2319.0 
1360.0 
1177.0 
59.5 
0.49 

0.10 

0.05 

0.05 

0.05 

C2.0 

<0.2 

156.0 238.0 
139.0 3728.0 
128.0 4.0 

6.3  
1.5 

5.68 ~0.04 
0.04 
0.02 

0.004 

1.63 <o.oJt 
0. oh 
0.011 
0.01 
1.10 
0.03 
0.08 

0.02 
0.07 

<0.01: 
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Fig. 20. Iodine and cesium concentration profiles in the thermal 
gradient tubes used in Implant Tests 4 and 5. 
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/- 

4.5  Behavior of F i s s i o n  Product  Simulant  Mixtures  a t  7 O O O C  

( Implant  T e s t  5) 

T h i s  t e s t ,  which w a s  conducted over  a 2-hr p e r i o d ,  u t i l i z e d  a 

Z i r c a l o y  rod which w a s  t h i n n e d  i n  one r e g i o n  t o  e f f e c t  t u b e  r u p t u r e  a t  a 

b u r s t  p r e s s u r e  which would n o t  b e  d e t r i m e n t a l  t o  t h e  q u a r t z  f u r n a c e  t u b e .  

The method of t h i n n i n g  t h e  r o d ,  which involved  g r i n d i n g  p a r t  of t h e  s u r -  

f a c e  c i r c u m f e r e n t i a l l y  t o  e f f e c t  a uniform r e d u c t i o n  i n  c l a d d i n g  t h i c k n e s s ,  

r e s u l t e d  i n  a more e n e r g e t i c  r u p t u r e  t h a n  had been exper ienced  i n  p r e v i o u s  

tests.  Approximately 500-psi  a rgon  p r e s s u r e  w a s  r e q u i r e d  t o  b u r s t  t h e  r o d ,  

compared w i t h  a 330-psi  b u r s t  p r e s s u r e  t h a t  w a s  r e q u i r e d  i n  Implant  Tests  1 

and 2 ( a t  700°C), and 250 p s i  i n  Implant  T e s t  3 ( a t  9 0 0 ° C ) .  The r e s u l t i n g  

s l i t - l i k e  r u p t u r e  i n  t h e  th inned  r e g i o n  of t h e  rod i s  d i s p l a y e d  i n  F i g .  2 1 .  

A s  i n  a l l  of t h e  p r e v i o u s  implant  t e s t s ,  t h e  f u e l  rod w a s  induct ion-hea ted ,  

b u t  t h e  s t a n d a r d  l e n g t h  i n d u c t i o n  c o i l  was used t o  avoid o v e r h e a t i n g  t h e  

s t a i n l e s s  s t e e l  f i t t i n g s  a t  t h e  ends of t h e  r o d .  D e t a i l e d  d i s t r i b u t i o n s  

of t h e  implanted s p e c i e s  a re  l i s t e d  i n  Table  6 .  

Cesium c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  f u e l  rod p r i o r  t o  t e s t i n g  and 

i n  t h e  f u e l  rod  components a f t e r  t e s t i n g  are  p r e s e n t e d  g r a p h i c a l l y  i n  

F i g .  2 2 ;  cor responding  p r o f i l e s  f o r  i o d i n e  a c t i v i t y  are  g i v e n  i n  F i g .  2 3 .  

A x i a l  m i g r a t i o n  of t h e  i o d i n e  t o  t h e  c o o l e r  ends of t h e  rod w a s  n o t  e v i -  

d e n t .  However, i o d i n e  b u i l d u p  d i d  occur  a t  t h e  7-1/2-in.  l o c a t i o n ;  most 

of t h i s  b u i l d u p  w a s  a s s o c i a t e d  w i t h  t h e  c l a d d i n g .  A s imi l a r  b u i l d u p  of 

cesium OR t h e  c l a d d i n g  a l s o  occurred  a t  t h e  same l o c a t i o n .  

The p e r c e n t a g e s  o b t a i n e d  f o r  i o d i n e  on t h e  p e l l e t s  ( 4 8 . 9 % )  and on 

t h e  c l a d d i n g  ( 3 3 . 2 % )  were v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  f o r  i o d i n e  on 

t h e  p e l l e t s  ( 4 3 . 7 % )  and c l a d d i n g  ( 3 3 . 8 % )  i n  Implant  T e s t  1. Although 

t h e  e x t e n t  of C s I  d i s s o c i a t i o n  cannot  b e  de te rmined ,  a s  w a s  done i n  

Implant  Test 1 (about  4 0 % ) ,  i t  i s  l i k e l y  t h a t  C s I  w a s  s i m i l a r l y  d i s s o -  

c i a t e d .  [The p r e s e n c e  of t h e  C s O H  s i m u l a n t  ( a l s o  C s  t r a c e d )  compli- 

c a t e s  t h e  s i t u a t i o n . ]  Both t h i s  tes t  and Implant  T e s t  1 were conducted 

under s i m i l a r  e x p e r i m e n t a l  c o n d i t i o n s ,  except  i n  t h i s  t e s t  t h e  c a p s u l e  

was kept  a t  7OO0C f o r  2 h r .  

134 



. c 

F i g .  2 1 .  Photograph of t h e  f u e l  r o d s  from Implant  T e s t  5 ( lower  r o d )  
and Implant  Test  7 (upper  r o d ) .  
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Table 6 .  D i s t r ibu t ions  of cesium, iodine,  and t e l lu r ium i n  Implant Test  5 

Location 

Amount found i n  each loca t ion  
Temp. Percent of t o t a l  Pg 
( "C) C s  I Te C s  i Te 

Fuel rod, t o t a l  
UOz p e l l e t s  
Zi rca loy  cladding 

Quar tz  furnace tube 
Thermal grad ien t  tube 
Or i f i ce  assembly 
Impactor assembly 

Impactor housing 
F i r s t - s t age  paper 
Second-stage paper 
Third-stage paper 
Fourth-stage paper 
F i f th - s t age  paper 

F i l t e r  housing 
F i r s t  f i l t e r  paper 
Second f i l t e r  paper 
Third f i l t e r  paper 
S i l v e r  sc reen  No. 1 
S i l v e r  sc reen  No. 2 
S i l v e r  screen Nos. 3 

Adsorber assembly 
Adsorber housing 
Charcoal No. 1 
Charcoal Bo. 2 
Charcoal No. 3 

F i l t e r  assembly 

A@ 

Condenser housing 
Condensate 

Condenser assembly 

Freeze t r a p  
Cold charcoa l  t r a p  

700 

-200 t o  500 
770 t o  200 

14 0 
16 0 

120 

t o  8 
120 

0 

-78 
-78 

(94.54 1 
59.29 
35.25 

4.97 
0.32 

0 . 6 2  
0.0112 
0.067 
0.0074 
0.0088 
0.0020 

0.0078 

0.0007 
0.0027 
0.0004 
0.0 
0.0006 
0.0 
0.0004 

0.009 
0.0003 
o .0005 
0.0004 
o .0023 

0.0 
0.0 
0.0 
0.0 

(82.17) 
48.94 
33.23 
16.20 

0.65 

0.68 

0.074 

0.0625 
0.0087 
0.012 
0.021 
0.00% 

0.025 
0.0050 
0.0028 
0.0031 
0.064 
0.003 
0.010 

0.0 
0.06 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

93.50) 
50.4 
43.1 

0.0 
0.01 

6.3 

0.015 
0.025 

0.025 
0.016 

0.025 
0.0035 

0.0 
0.001 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

4178.0 
8485.0 
350.0 

22.56 

4.37 
0.79 
0.47 
0.52 
0.62 

0.55 

0.14 

0.05 
0.19 
0.03 

0.04 

0.03 

0.63 
0.02 
0.04 
0.03 
0.16 

298.5 1714.0 

98.8 214.0 
202.7 1465.0 

3.97 0.01 
0.45 0.34 

4.15 0.51 

0.053 0.54 
0.38 0.85 

0.07 0.85 
0.13 0.85 
0.032 0.10 

0.15 0.0 
0.030 0.34 
0.017 
0.019 
0.39 
0.02 
0.6 

0.04 
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F i g .  2 3 .  I o d i n e  d i s t r i b u t i o n s  i n  the  f u e l  r o d  of I m p l a n t  T e s t  No. 5.  
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A s  i s  r e a d i l y  e v i d e n t  from a n  examinat ion of t h e  d a t a  p r e s e n t e d  i n  

Table  6 ,  %5.5% of t h e  cesium (385 p g ) ,  17.8% of t h e  i o d i n e  (109 u g ) ,  

and 6.5% of t h e  t e l l u r i u m  (221 1-18) had been r e l e a s e d  from t h e  b u r s t  r o d .  

Because of t h e  manner i n  which t h e  r u p t u r e  o c c u r r e d ,  t h e  t e l l u r i u m  release 

w a s  l a r g e r  t h a n  t h e  r e l e a s e s  o b t a i n e d  i n  t h e  o t h e r  n i n e  implant  t es t s  t h a t  

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

Continuous scanning of t h e  c o l l e c t i o n  system i n d i c a t e d  t h a t  most of 

t h e  i o d i n e  release occurred  w i t h i n  6 min of t h e  t i m e  of r u p t u r e .  T h i s  i s  

r e a d i l y  s e e n  from t h e  r e s u l t s  p r e s e n t e d  i n  F i g .  24; %70% of t h e  i o d i n e  

t h a t  had been d e p o s i t e d  i n  t h e  impactor  and f i l t e r  assembly d i d  s o  s h o r t l y  

a f t e r  rod  r u p t u r e .  Note t h a t  on ly  %0.7% of t h e  o r i g i n a l  i o d i n e  appeared 

t o  b e  r e l e a s e d  i n  e l e m e n t a l  form ( i . e . ,  c o l l e c t e d  beyond t h e  thermal  

g r a d i e n t  t u b e ) .  

A d a r k  d e p o s i t  of smoke-like mater ia l  was observed on t h e  q u a r t z  l i n e r  

of t h e  f u r n a c e  t u b e  o p p o s i t e  t h e  rod r u p t u r e .  T h i s  m a t e r i a l  w a s  found t o  

c o n t a i n  CsOH.H20 ,  U 0 and Zr02. Moreover, c o n s i d e r a b l e  i o d i n e  a c t i v i t y  

(probably  C s I  and zirconium i o d i d e )  w a s  a l s o  d e t e c t e d  a t  t h a t  l o c a t i o n .  
4 9' 

A s  i n  Implant  T e s t  4 ,  t h e  cesium p r o f i l e  i n  t h e  thermal  g r a d i e n t  t u b e  

does n o t  show much s t r u c t u r e  ( F i g .  2 0 ) ,  except  t o  s u g g e s t  t h a t  t h e  i o d i n e  

peak around 450°C i s  probably due t o  C s I .  

4 . 6  Behavior of F i s s i o n  Product  Simulant  Mixture  a t  500°C 

( Implant  T e s t  6 )  

Implant  T e s t  6 w a s  conducted a t  500'C over  a 20-hr p e r i o d .  Unl ike  

t h e  p r e v i o u s  tests,  t h e  o p e r a t i n g  tempera ture  w a s  main ta ined  w i t h  an  

e l ec t r i c  r e s i s t a n c e  h e a t e r .  Because of d i f f i c u l t i e s  t h a t  were encountered  

w i t h  a t e n s i o n  s p r i n g  l o c a t e d  a t  t h e  f u r n a c e  i n l e t  end of t h e  f u e l  r o d ,  i t  

w a s  n e c e s s a r y  t o  employ o n l y  two uncoated p e l l e t s  ( r a t h e r  t h a n  t h r e e )  a t  

t h e  f u r n a c e  o u t l e t  end of t h e  r o d .  Consequent ly ,  29 r a t h e r  t h a n  30 p e l l e t s  

were used i n  t h e  assembly. Moreover, a 1.6-mm-diam h o l e  w a s  d r i l l e d  through 

t h e  c l a d d i n g  a t  t h e  c e n t e r  of t h e  rod p r i o r  t o  i n s e r t i o n  i n t o  t h e  a p p a r a t u s .  

(This  s i z e  opening p r o v i d e s  an  a r e a  t h a t  i s  approximate ly  e q u i v a l e n t  t o  

t h a t  o b t a i n e d  by r u p t u r i n g  t h e  r o d s  by i n t e r n a l  p r e s s u r i z a t i o n .  T h i s  method 
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of r u p t u r e  s i m u l a t i o n  p e r m i t s  a more c o n t r o l l e d  s t u d y  of t h e  release of 

vapor  s p e c i e s  from t h e  r o d . )  

Releases from t h e  rod over  t h e  e n t i r e  t e s t  p e r i o d  w e r e  q u i t e  s m a l l  

[0 .5% t e l l u r i u m  (Q14 p g ) , I p . 4 2 %  cesium (Q43 u g ) ,  and 0.65% i o d i n e  ( 5 . 8  p g ) ] ,  

as i s  a p p a r e n t  from t h e  d i s t r i b u t i o n s  which a r e  l i s t e d  i n  Table  7 .  

t h e  i o d i n e  w a s  d e p o s i t e d  i n  e l e m e n t a l  form, and %0.09% w a s  sorbed  by t h e  

f i r s t  c h a r c o a l  c a r t r i d g e .  T h i s  component, which p e n e t r a t e d  t h e  s i l v e r  

s c r e e n s ,  i s  probably an  o r g a n i c  i o d i d e  compound. 

Most of  

Release of t h e  i o d i n e ,  a s  deduced from measurements of  a c t i v i t y  i n  

t h e  i m p a c t o r - s i l v e r  s c r e e n  f i l t e r  assembly,  appeared t o  b e  v i r t u a l l y  

l i n e a r  w i t h  t i m e  over  t h e  20-hr tes t  p e r i o d  ( F i g .  25) .  R e d i s t r i b u t i o n  of 

i o d i n e  i n  t h e  a x i a l  d i r e c t i o n  w a s  n o t  observed ( F i g .  2 6 ) ;  s i m i l a r l y ,  no 

s i g n i f i c a n t  a x i a l  m i g r a t i o n  of cesium w i t h i n  t h e  rod w a s  d e t e c t e d  ( F i g .  27) .  

T h i s  behavior  w a s  n o t  unexpected i n  view of t h e  low o p e r a t i n g  tempera ture .  

Approximately 44% of t h e  implanted i o d i n e ,  33% of t h e  implanted cesium, 

and 45% of t h e  implanted t e l l u r i u m  d e p o s i t e d  on t h e  c l a d d i n g .  

The s m a l l  amounts of m a t e r i a l  which w e r e  d e p o s i t e d  a long  t h e  thermal  

g r a d i e n t  t u b e  w e r e  i n s u f f i c i e n t  f o r  c o n c e n t r a t i o n  p r o f i l e  d e t e r m i n a t i o n s .  

4 . 7  Behavior of F i s s i o n  Product  Simulant  Mixture  i n  Dry A i r  a t  7 O O 0 C  

( Implant  Tes t  7) 

Implant  T e s t  7 w a s  t h e  f i r s t  experiment  i n  t h i s  se r ies  t o  b e  conducted 

i n  a d r y - a i r  stream i n  s i m u l a t i o n  of SFTA c o n d i t i o n s .  A s  i n  t h e  case w i t h  

Implant  T e s t  6 ,  t h e  c l a d d i n g  w a s  p e r f o r a t e d  p r i o r  t o  t h e  experiment  by 

d r i l l i n g  a 1.6-mm-diam h o l e  a t  about  t h e  midpoin t  l o c a t i o n ,  and t h e  rod 

w a s  brought  t o  tempera ture  by a r e s i s t a n c e  h e a t e r .  

i o d i n e  and cesium which w e r e  determined a t  t h e  c o n c l u s i o n  of t h e  t e s t  are 

summarized i n  Table  8.  

The d i s t r i b u t i o n s  of 

A n o t a b l e  d i f f e r e n c e  i n  t h i s  tes t  w a s  t h e  appearance of a copper-to- 

p i n k  c o l o r a t i o n  on t h e  e x t e r i o r  s u r f a c e  of t h e  c l a d d i n g .  Unl ike  t h e  

f i n e l y  c racked ,  b l a c k  Z r O  s u r f a c e s  which w e r e  observed i n  t h e  p r e v i o u s  

implant  tes ts ,  t h i s  s u r f a c e  had a smooth, unbroken t e x t u r e .  (The c o n t r a s t  

i s  demonstrated p h o t o g r a p h i c a l l y  i n  F i g .  21.)  Furthermore,  as can b e  s e e n  

2 
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Table 7. D i s t r ibu t ions  of cesium, iodine,  and t e l lu r ium i n  Implant Test  6 

Amount found i n  each loca t ion  
Temp. Percent of t o t a l  i-16 

Location ("C) C s  I Te C s  i Te 

Fuel rod, t o t a l  
U02 p e l l e t s  
Zircaloy cladding 

Quar tz  furnace tube  
Therm1 gradien t  tube  
Or i f i ce  assembly 
Impactor assembly 

Impactor housing 
F i r s t - s t age  paper 
Second-stage paper 
Third-stage paper 
Fourth-stage paper 
F i f th - s t age  paper 

F i l t e r  housing 
F i r s t  f i l t e r  paper 
Second f i l t e r  paper 
Third f i l t e r  paper 
S i l v e r  screen No. 1 
S i l v e r  screen No. 2 
S i l v e r  screen Nos. 3 

Ads orber  a s  s embly 
Ads orber housing 
Charcoal No. 1 
Charcoal No. 2 
Charcoal No. 3 
A@ 

F i l t e r  assembly 

Condenser assembly 
Condenser housing 
Condensate 

Freeze t r a p  
Cold charcoa l  t r a p  

( 99.58 ) 
66.54 
33.04 
<o. 05 
<O, 40 
0.001 

0.012 
0.0 
0.0 
0.0 
0.0 
0.0 

<o. 001 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

(99.35) 
55.22 
44.13 
0.0 
0.15 
0.009 

0.069 
0.0 
0.0 
0.0 
0.0 
0.0 

0.02 
0.002 
0.001 
0.0 
0.100 
0.04 
0.14 

0.003 
0.094 
0.0 
0.0 
0.003 

0.0 
0.0 

0.0 
0.009 

( 99.50) 
54.8 6834.0 
44.7 3393.0 

0.3 <5.14 
0.15 ~41.08 
0.03 0.10 

0.0% 1.23 
0.011 
0.0 
0.0 
0.0 
0.0 

0.0 c0.10 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

497.0 1403.0 
397.0 1144.0 

7.7 
1.35 3.8 
0.08 0.77 

0.62 1.69 
0.28 

0.18 
0.02 

0.00 
0.36 
1.26 

0.03 
0.85 

0.03 

0.08 
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Table 8. Dis t r ibu t ions  of cesium, iodine, and t e l l u r i u m  i n  Implant Test  7 

Locat ion 

Amount found i n  each loca t ion  
Temp. Percent of t o t a l  IJ.g 
( "C) C s  I Te C s  i Te 

Amount found i n  each loca t ion  
Temp. Percent of t o t a l  IJ.g 
( "C) C s  I Te C s  i Te 

Fuel  rod ( t o t a l )  700 
U02 p e l l e t s  
Zircaloy cladding 

Quartz furnace tube 700 
Thermal gradien t  tube 
O r i f i c e  assembly 16 5 
Impact or assembly 13 0 

750 t o  165 

Impact or hous i n g  
F i r s t - s t a g e  paper 
Second-stage paper 
Third-stage paper 
Fourth-s tage paper 
F i f t h - s t a g e  paper 

F i l t e r  housing 
F i r s t  f i l t e r  paper 
Second f i l t e r  paper 
Third f i l t e r  paper 
S i l v e r  screen N o .  1 
S i l v e r  screen N o .  2 
S i l v e r  screen NOS. 3 t o  8 

Adsorber housing 
Charcoal No. 1 
Charcoal No .  2 
Charcoal No. 3 

F i l t e r  assembly 13 0 

Adsorber assembly 125 

A@ 
Condenser assembly 0 

Condenser housing 
Condensate 

Freeze t r a p  -78 
Cold charcoal  t r a p  -78 

(98.88 1 
62.30 
36.58 
0.66 
0.44 
0.0 

0.0057 
0.0 
0.0 
0.0006 
0.0006 
0.0 

0.0020 
0.0020 
0.0012 
0.0014 

0.0014 
0.0009 

0.0005 

0.010 
0.0006 
0.0 
0.0 
0.0013 

0.0 
0.0 
0.0 
0.0 

(88.42) 
41.03 
47.39 
0.017 
0.322 
0.008 

0.183 
0,008 
0.0 
0.0 
0.0 
0.004 

0.238 
0.066 
0.031 
0.051 
10.47 
0.053 
0.015 

0.001 
0.097 
0.007 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

(99.99) 
4847.0 

0.0 51.4 
<o. 013 34.2 

2846.0 

<o. 0003 

<o. 0006 0.44 
0.0 
0.0 
0.0 0.05 
0.0 0.05 

0.0 0.16 
0.0 0.16 
0.0 0.09 
0.0 0.11 
0.0 0.07 
0.0 0.11 
0.0 0.04 

0.0 

0.78 
<o .0003 0.05 
0.0 
0.0 
0.0 0.10 

0.0 
0.0 
0.0 
0.0 

262.6 3119.38 
303.3 
0.11 
2 . 0 6  ~0.41 
0.05 <o.oi 

1.17 (0.02 
0.05 

0.03 

1.52 
0.42 
0.20 
0.33 
67.0 
0.34 
0.10 

0.006 
0.62 0.01 
0.04 
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i n  F i g .  2 8 ,  t h e  s u r f a c e  f e a t u r e s  extended t o  p a r t  of t h e  i n t e r i o r  s u r f a c e  

n e a r  t h e  p e r f o r a t i o n .  An x-ray d i f f r a c t i o n  p a t t e r n  i n d i c a t e d  t h e  m a t e r i a l  

t o  b e  i d e n t i c a l  t o  t h e  b l a c k  Z r O  i d e n t i f i e d  from t h e  p r e v i o u s  t e s t s  b u t  

probably  was comprised of s m a l l e r - s i z e d  c r y s t a l l i t e s .  
2 

A s l i g h t  s w e l l i n g  of t h e  c l a d d i n g  i n  t h e  v i c i n i t y  of t h e  h o l e  i s  

r e a d i l y  s e e n  i n  F i g .  2 1 ;  t h i s  cor responds  t o  a maximum c i r c u m f e r e n t i a l  

change of 1.3 mm. The ends of t h e  two p e l l e t s  n e a r e s t  t h e  p e r f o r a t i o n  

and i n  t h e  expanded r e g i o n  of t h e  c l a d d i n g  were observed t o  b e  p u l v e r i z e d ,  

whereas t h e  o p p o s i t e  ends of t h e s e  p e l l e t s  were wedged t i g h t l y  a g a i n s t  

t h e  c l a d d i n g .  T h i s  behavior  i s  unques t ionably  due t o  o x i d a t i o n  of t h e  

U02, which i s  q u i t e  r a p i d  i n  a i r  a t  tempera tures  >4OO0C. 

The d i s t r i b u t i o n  of cesium i n  t h e  rod  p r i o r  t o  and a f t e r  t e s t i n g  are  

p r e s e n t e d  g r a p h i c a l l y  i n  F i g .  29; t h o s e  f o r  i o d i n e  a re  g i v e n  i n  F i g .  30.  

The i n i t i a l  d i s t r i b u t i o n s  of b o t h  s p e c i e s  w e r e  somewhat less uniform t h a n  

d e s i r a b l e .  A l a r g e r  p e r c e n t a g e  of i o d i n e  was found on t h e  c l a d d i n g  i n  

t h i s  tes t  (44%) t h a n  i n  Implant  T e s t  1 (34%) and 5 (33%),which w e r e  a l s o  

conducted a t  700°C (wi th  steam-argon m i x t u r e s  r a t h e r  t h a n  a i r ) .  The h i g h  

oxygen atmosphere i n  c o n j u n c t i o n  w i t h  h y p e r s t o i c h i o m e t r i c  f u e l ,  which had 

a n  oxygen-to-metal r a t i o  (O/M) of 2.0004,  provided improved c o n d i t i o n s  

f o r  i n c r e a s e d  r e a c t i v i t y  between t h e  C s I  and t h e  f u e l ;  t h i s  l i b e r a t e d  

a d d i t i o n a l  e l e m e n t a l  i o d i n e  which w a s  subsequent ly  a v a i l a b l e  f o r  r e a c t i o n  

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

be thermally and chemically stable in hypostoichiometric f u e l  (O/M < 2 . 0 )  

and t r a n s p o r t s  as C s I  w i t h o u t  i n t e r a c t i n g  w i t h  t h e  f u e l  o r  b l a n k e t  

~ n a t e r i a l . ~ ]  

on t h e  p e l l e t s .  I n  c o n t r a s t ,  %96% of t h e  implanted t e l l u r i u m  appeared 

on t h e  c l a d d i n g  ( t h e  vapor  p r e s s u r e 7  of Te02 a t  700°C is  4 x 10 

once a g a i n ,  t h e  t e l l u r i u m  d e p o s i t e d  on t h e  c l a d d i n g  i n  t h e  immediate 

v i c i n i t y  of t h e  p e l l e t  i n t e r f a c e s  on which i t  had been implanted.  

[CsI  h a s  been shown t o  

About 37% of t h e  cesium w a s  found on t h e  c l a d d i n g  and %62% 

-2 
t o r r ) ;  

. 
Less t h a n  0.015% (0 .4  vg) of t h e  t e l l u r i u m  i n v e n t o r y  w a s  r e l e a s e d  i n  

t h i s  t es t ,  whereas 1.1% of t h e  cesium (87 pg)  and 11.6% of t h e  i o d i n e  

(74 pg) w e r e  released. The i o d i n e  d e p o s i t i o n  c h a r a c t e r i s t i c s  i n d i c a t e  

t h a t  v i r t u a l l y  a l l  of t h e  i o d i n e  found was of t h e  e l e m e n t a l  form; as 
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F i g .  28.  V i e w  of t h e  i n t e r i o r  of t h e  c l a d d i n g  used i n  Implant  
T e s t  No. 7 .  
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s e e n  i n  Table  8 ,  %10.0% of t h e  i n i t i a l  i n v e n t o r y  was c o l l e c t e d  on t h e  

s i l v e r  s c r e e n .  The e l e m e n t a l  i o d i n e  probably  r e s u l t e d  as a p r o d u c t  of 

C s I  r e a c t i o n  w i t h  t h e  f u e l  and/or  t h e  q u a r t z  f u r n a c e  t u b e .  The e f f e c t  

of t h e  d r y - a i r  atmosphere as r e l a t e d  t o  t h e  d e p o s i t i o n  of cesium and 

i o d i n e  compounds i n  t h e  thermal  g r a d i e n t  t u b e  ( F i g .  31) i s  n o t  f u l l y  

unders tood .  More t h a n  h a l f  of t h e  cesium s p e c i e s  which w a s  d e p o s i t e d  i n  

t h e  thermal  g r a d i e n t  t u b e  appeared i n  t h e  high-temperature  r e g i o n  (Q65O"C). 

T h i s  s u g g e s t s  a l e s s - v o l a t i l e  s p e c i e s  of cesium. (Depos i t s  of more- 

v o l a t i l e  CsOH and CsI are  normally found i n  t h e  r e g i o n  of  300 t o  600°C.) 

The r a t e  of release of i o d i n e  from t h e  r o d ,  as determined by monitor-  

i n g  i o d i n e  a c t i v i t y  i n  t h e  i m p a c t o r - f i l t e r  assembly,  i s  p r e s e n t e d  graphi -  

c a l l y  i n  F i g .  32. 

4 . 8  Behavior of F i s s i o n  Product  Simulant  Mixture  a t  1100°C 

(Implant  T e s t  8) 

Implant  T e s t  8 was performed a t  1100°C over  a l - h r  p e r i o d .  The o r i -  

f i c e  p l a t e  i n  t h e  c o l l e c t i o n  system was n o t  u s e d ,  and t h e  steam f low r a t e  

was i n c r e a s e d  by a f a c t o r  of 4 over  normal i n  o r d e r  t o  e n s u r e  a s team-rich 

atmosphere.  (The r e a c t i o n  of steam w i t h  Z i r c a l o y  t o  form Z r O  and H i s  

v e r y  r a p i d  a t  1100°C.) The induct ion-hea ted  f u e l  rod was r u p t u r e d  a t  900°C 

upon a p p l i c a t i o n  of 425 p s i g  i n t e r n a l  argon p r e s s u r e ;  t h i s  caused a r u p t u r e  

opening of about  24 mm . The rod tempera ture  w a s  subsequent ly  ra i sed  t o  

1 1 0 0 ° C .  A photograph showing the post-test appearance of the fuel rod is 

2 2 

2 

p r e s e n t e d  i n  F i g .  33. The maximum c i r c u m f e r e n t i a l  change about  t h e  r u p t u r e  

area w a s  $7.5 mm. 

The d i s t r i b u t i o n s  of cesium i n  t h e  rod p r i o r  t o  and a f t e r  t e s t i n g  

are p r e s e n t e d  g r a p h i c a l l y  i n  F i g .  34; t h o s e  f o r  i o d i n e  are  g i v e n  i n  F i g .  35. 

It  can b e  s e e n  t h a t  t h e r e  was c o n s i d e r a b l e  a x i a l  m i g r a t i o n  of b o t h  cesium 

and i o d i n e  t o  t h e  c o o l  ends of t h e  f u e l  rod .  F i g u r e  36 shows t h a t  most of 

t h e  i o d i n e  migra ted  t o  t h e  c o o l  ends of t h e  f u e l  rod i n  t h e  f i r s t  8 min 

fo l lowing  t h e  r u p t u r e .  ( I t  took  4 min t o  ra ise  t h e  tempera ture  of t h e  f u e l  

rod from 900 t o  1100°C a f t e r  r u p t u r e . )  

t i o n  a t  t h e  r u p t u r e  l o c a t i o n  of t h e  f u e l  r o d ,  as can b e  s e e n  from t h e  d a t a  

The i n c r e a s e  i n  cesium concentra-  
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F i g .  31. Cesium and i o d i n e  c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  thermal  
g r a d i e n t  t u b e  from Implant  Test No. 7 .  
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/-- 

d i s p l a y e d  i n  F i g .  3 4 ,  w a s  probably caused by t h a t  area be ing  a t  a lower 

tempera ture  t h a n  t h e  res t  of t h e  rod (exc luding  t h e  c o o l  e n d s ) .  A f t e r  

t h e  f u e l  rod r u p t u r e d ,  t h e  r u p t u r e  l o c a t i o n  darkened ( i n  c o n t r a s t  w i t h  

t h e  r e s t  of t h e  glowing-red r o d ) ,  and t h e  darkened a r e a  s lowly  expanded 

d u r i n g  t h e  tes t .  Obviously,  t h e  darkened area was a t  a lower tempera ture  

t h a n  t h e  a d j a c e n t  r e g i o n s .  (An a x i a l  s p l i t ,  o r  o x i d a t i o n  of t h e  Z i r c a l o y ,  

would r e s u l t  i n  reduced e l e c t r o m a g n e t i c  coupl ing  w i t h  t h e  i n d u c t i o n  h e a t i n g  

c o i l .  1 

The d a t a  p r e s e n t e d  i n  Table  9 i n d i c a t e d  t h a t  35.9% of t h e  cesium 

(3312 1-18) , 65.8% of t h e  i o d i n e  (401 pg) , and 3.3% of t h e  t e l l u r i u m  ( 9 1  1-18) 

i n v e n t o r i e s  w e r e  r e l e a s e d  from t h e  f u e l  r o d .  I n  a d d i t i o n  t o  t h e  h i g h  f u e l -  

rod tempera ture  ( l l O O ° C ) ,  t h e  l a r g e  r u p t u r e  opening undoubtedly c o n t r i b u t e d  

t o  t h e  c o n s i d e r a b l e  r e l e a s e  of i o d i n e  and cesium. I n  t h e  exper iments  t h a t  

w e r e  conducted a t  lower t e m p e r a t u r e s ,  release of cesium was a p p a r e n t l y  

r e s t r i c t e d  by r e a c t i o n  of t h e  C s O H  s i m u l a n t  w i t h  t h e  f u e l  and c l a d d i n g .  

Such was n o t  t h e  c a s e  i n  t h i s  exper iment ,  however. On t h e  o t h e r  hand, 

r e a c t i o n  of t h e  t e l l u r i u m  w i t h  t h e  c l a d d i n g  a g a i n  l i m i t e d  t h e  release of 

t h i s  s p e c i e s .  About 91% of t h e  o r i g i n a l  t e l l u r i u m  was d e p o s i t e d  on t h e  

c l a d d i n g  i n  t h e  immediate v i c i n i t y  of t h e  p e l l e t  i n t e r f a c e s  on which i t  

had been implanted .  Approximately 24% of t h e  o r i g i n a l  cesium was d e p o s i t e d  

on t h e  q u a r t z  l i n e r  of t h e  f u r n a c e  t u b e .  P o s t - t e s t  s c a n s  of t h e  f u r n a c e  

t u b e  ( F i g .  37) r e v e a l e d  t h a t  t h e  i o d i n e  w a s  l o c a t e d  i n  t h e  c o o l e r  s e c t i o n  

of t h e  f u r n a c e  t u b e ,  between t h e  end of t h e  i n d u c t i o n  c o i l  and t h e  e n t r a n c e  

t o  t h e  thermal  g r a d i e n t  t u b e ;  most of t h e  cesium was l o c a t e d  a d j a c e n t  t o  

t h e  r u p t u r e  opening.  A t e l l u r i u m  peak w a s  a l s o  found o p p o s i t e  t h e  r u p t u r e .  

A s  shown by t h e  d a t a  p r e s e n t e d  i n  F i g .  38, ~ ~ 7 0 %  of t h e  i o d i n e  i n  

t h e  thermal  g r a d i e n t  t u b e  and 77% of t h e  i o d i n e  i n  t h e  impactor  and f i l t e r  

assembly d e p o s i t e d  w i t h i n  10  min fo l lowing  r u p t u r e .  Concent ra t ion  pro- 

f i l e s  of cesium and i o d i n e  i n  t h e  thermal  g r a d i e n t  t u b e  are  shown i n  

F i g .  39. The peaks of i o d i n e  and cesium a t  t h e  380°C l o c a t i o n  probably 

r e p r e s e n t  condensed C s I  and C s O H .  (The presence  of C s O H - H  0 w a s  determined 

by x-ray d i f f r a c t i o n . )  Only %20% of t h e  cesium i n  t h e  thermal  g r a d i e n t  

tube  w a s  cesium i o d i d e ,  based on t h e  amount of i o d i n e  p r e s e n t .  

2 

c 



63 

Table 9. Dis t r ibu t ions  of cesium, iodine, and te l lur ium i n  Implant Test 8 

Location 

Amount found i n  each l o c a t i o n  
Pg Temp. Percent of t o t a l  

("C) C s  I Te C s  i Te 

Fuel  rod,  t o t a l  
U02 p e l l e t s  
Zi rca loy  cladding 

Quartz  furnace tube 
Thermal grad ien t  tube 
O r i f i c e  assembly 
Impactor assembly 

Impactor housing 
F i r s t - s t a g e  paper 
Second-stage paper 
Third-stage paper 
Fourth-s tage paper 
F i f th-s tage  paper 

F i l t e r  housing 
F i r s t  f i l t e r  paper 
Second f i l t e r  paper 
Third f i l t e r  paper 
S i l v e r  screen No. 1 
S i l v e r  screen No. 2 
S i l v e r  screen Nos. 3 t 

Adsorber housing 
Charcoal No. l a  
Charcoal No. l b  
Charcoal No. IC 
Charcoal No. I d  
Charcoal No. 2 
Charcoal No .  3 
A a  

F i l t e r  assembly 

Adsorber assembly 

Condenser assembly 
C bndenser housing 
Condensate 

Freeze t r a p  
Cold charcoa l  t r a p  

1100 

-200 to 800 
750 t o  180 

15 5 
155 

155 

.o a 
115 

0 

-78 
-78 

(64.08) 
44.57 
19.51 
24.19 
6.80 
0.050 

2.04 
0.49 
0.20 
0.18 
0.29 
0 .21  

0 .12  
1 .07 
0.031 
0.034 
0.0068 
0.0084 
0.060 

0.062 
0.0064 
0.0027 
0.0032 

0.0092 
0.0066 

0.003 
0.018 

0.0043 
0.0157 

0.0 
4 . 0 4  

(34.25) 
22.46 
11.79 
15.86 
22.32 
0.26 

8.43 
2.49 
0.49 
0.68 
0.91 
2.66 

1 .15  
3.14 
0.17 
0.17 
5.52 
0.23 
0.41 

0.33 
0.105 
0.025 
0.019 

0.051 
0.038 

0.022 
0.081 

0.002 
0.18 
0.0 
0.0 

(95.68) 
6.07 

90.61 
0.87 
0.0 
0.04 

1 .31  
0.51 
0.06 
0.04 
0.07 
0.19 

0.03 
0.04 
0.02 
0.02 
0.10 
0.003 
0.006 

0.01 
0.0015 
0.0006 
0.0008 
0.0006 
0.003 
0.001 
0.001 

0.0 
0.0 
0.0 
0.0 

4109.0 
1799. 0 
2230.0 
627.0 

4.61 

188.0 
45.0 
18.0 
17.0 
27.0 
19.0 

11.0 
99.0 

2 . 9  
3 . 1  
0.63 
0.77 
5.5 

5.7 
0.59 
0.25 
0.30 

0.85 
0.61 

0.3 
1.66 
0.0 

< 3 . 7  

0.40 
1.45 

137.0 166.9 
71.9 2492.0 
96.7 

136.2 
1.59 

51.4 
15.19 
2.99 
4.15 
5.55 
16.23 

19.15 

33.7 

7.02 

1.04 
1.04 

1 .40  
2.50 

2 . 0 1  
0.64 
0.15 

0.13 
0.49 
0.31 
0.23 

0.17 

0.01 
1.10 
0.0 
0.0 

23.9 
0.0 
1.10 

36.0 
14.0 

1.65 
1 .10  
1.33 
5.73 

0.83 
1.10 
0.55 
0.55 
?.75 
0.08 
0.17 

0.78 
0.04 
0.07 
0.02 
0.02 
0.08 
0.03 
0.03 

0 . 0  
0.0 
0.0 
0.0 
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impactor-filter assembly during Implant Test No. 8. 
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F i g .  39. Cesium and i o d i n e  c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  thermal  
g r a d i e n t  t u b e  of  Implant  T e s t  No. 8 .  



Implant  T e s t  9 w a s  t h e  second experiment  i n  t h i s  series t o  b e  con- 

duc ted  i n  d r y  a i r ,  i n  s i m u l a t i o n  of p o s s i b l e  SFTA c o n d i t i o n s .  The c l a d d i n g  

w a s  p e r f o r a t e d  p r i o r  t o  t h e  experiment  by d r i l l i n g  f o u r  1.6-mm-diam h o l e s  

a t  t h e  midpoint  of t h e  r o d .  The rod w a s  h e a t e d  by means of a r e s i s t a n c e  

h e a t e r  t h a t  surrounded t h e  f u r n a c e  t u b e .  I n  o r d e r  t o  o b t a i n  meaningful  

release d a t a  from t h i s  experiment ,  t h e  t es t  w a s  performed over  a 20-hr 

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

c o n c l u s i o n  of t h e  t e s t  a r e  summarized i n  Table  10.  

67 

An u n u s u a l l y  heavy p a r t i c u l a t e  d e p o s i t i o n  w a s  observed on t h e  impactor  

2 f i l t e r  p a p e r s ;  t h i s  i s  r e a d i l y  v i s i b l e  i n  F i g .  4 0 .  The p r e s e n c e  of C s 0 H . H  0 

on t h e  f i r s t - s t a g e  paper  and of C s I  on t h e  f i f t h - s t a g e  paper  w a s  confirmed 

by x-ray d i f f r a c t i o n .  N o t i c e  t h e  l a c k  of c o r r e l a t i o n  between t h e  amount of 

d a r k  mater ia l  c o l l e c t e d  on each s t a g e  and t h e  amounts of r a d i o a c t i v e  m a t e -  

r i a l  ( c f .  Table  9 ) .  T h i s  l a c k  of c o r r e l a t i o n  between v i s i b l e  and r a d i o -  

a c t i v e  d e p o s i t s  occur red  w i t h  many implant  tes ts .  

Approximately 1 2 %  of t h e  o r i g i n a l  i o d i n e  i n v e n t o r y  d e p o s i t e d  a s  

r e a c t i v e  i o d i n e  ( I  a n d / o r  H I )  on t h e  s i l ve r  s c r e e n s  i n  t h e  f i l t e r  assembly 

and on t h e  metal s u r f a c e s  of t h e  impactor  and f i l t e r  assembly.  Corona a r c -  

i n g  i n  t h e  f u r n a c e  t u b e  around t h e  f u e l  rod f o r  a few seconds a f t e r  r u p t u r e  

(when t h e  atmosphere w a s  r i c h e r  i n  argon)  may have caused some d i s s o c i a t i o n  

of C s I ,  t h u s  c o n t r i b u t i n g  t o  some of t h e  e l e m e n t a l  i o d i n e .  Also ,  C s I  i n  

c o n t a c t  w i t h  h o t  q u a r t z  a t  tempera tures  >620°C l i k e w i s e  t e n d s  t o  d i s s o -  

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

i o d i n e  t h a t  e x i t e d  t h e  f u e l  rod i n  e l e m e n t a l  form. 

2 

I n  an  e f f o r t  t o  b e t t e r  d e f i n e  t h e  p e n e t r a b i l i t y  of i o d i n e  forms such 

3 a s  CH I through t h e  c h a r c o a l  c o l l e c t i o n  b e d s ,  t h e  f i r s t  c h a r c o a l  c a r t r i d g e  

w a s  s e c t i o n e d  i n t o  f o u r  e q u a l  u n i t s  u s i n g  s t a i n l e s s  s t ee l  s c r e e n s  (Table  9 ) .  

Note a l s o  t h a t  some of t h e  i o d i n e  p e n e t r a t e d  t h e  a d s o r b e r s  and d i s s o l v e d  

i n  t h e  condensa te ;  t h i s  behavior  i s  n o t  unders tood .  

4 . 9  Behavior of F i s s i o n  Product  Simulant  Mixture  i n  Dry A i r  a t  500°C 

(Implant  T e s t  9 )  
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Table 10. Distributions of cesium, iodine, and tellurium in Implant Test 9 

Location 

Amount found in each location 
Temp. Percent of total Pg 
("C) Cs I Te Cs i Te 

Fuel rod, total 
UOz pellets 
Zircaloy cladding 

Quartz furnace tube 
Thermal gradient tube 
Orifice assembly 
Impactor assembly 

Impactor housing 
First-stage paper 
Second-stage paper 
Third-stage paper 
Fourth-stage paper 
Fifth-stage paper 

Filter housing 
First filter paper 
Second filter paper 
Third filter paper 
Silver screen No. 1 
Silver screen No. 2 
Silver screen Nos. 3 

Adsorber housing 
Charcoal No. la 
Charcoal No. lb 
Charcoal No. IC 
Charcoal No. Id 
Charcoal No. 2 
Charcoal No. 3 

Filter assembly 

Adsorber assembly 

Condenser assembly 
Condenser housing 
Condensate 

Freeze trap 
Cold charcoal trap 

5 00 

500 
700 to 200 

120 
120 

120 

to 8 
125 

0 

- 78 
- 78 

99.70 

0.02 
0.27 
0.0 

0.0006 
0.0004 
0.0 
0.0005 
0.0 
0.0004 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

- 10. 004 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0007 

0.0 
0.0 
0.0 
0.0 

91.43 

0.11 

0.01 
0.31 

0.05 
0.0008 
0.0 
0.0004 
0.0 
0.0002 

0.70 
0.105 
0.095 
0- 033 
6.75 
0.30 
0.07 

0.0 
0.034 
0.001 
0.0 
0.002 
0.0 
0.0004 
0.0008 

0.0 
0.0 
0.06 
0.0 

99.997 

0.0 
0.0 
0.0004 

0.0004 
0.0 
0.0 
0.0 
0.0 
0.0 

0.001 
0.0 
0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.001 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

6740.0 448.0 2480.0 

1.35 0.54 
18.3 1.52 
0.0 0.05 0.01 

0.04 0.25 0.01 
0.03 0.004 
0.0 

0.0 
0.03 0.002 

0.03 0.001 

3.43 0.03 
0;52 
0.47 
0.16 
33.1 
1.47 
0.34 

- 10.27 0.0 
0.17 
0.005 

0.01 

0.002 
0.05 0.004 

0.03 

0.03 
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/- 
A s  can b e  s e e n  i n  F i g .  4 1 ,  e x t e n s i v e  s w e l l i n g  occurred  i n  t h e  per-  

f o r a t i o n  a r e a  due t o  o x i d a t i o n  of t h e  U 0 2 .  

p e r f o r a t i o n s  w a s  t o r n  a p a r t ,  c r e a t i n g  a n  opening of about  7 7  mm . The 

c o n s t r i c t i o n s  i n  t h e  swol len  area are  l o c a t e d  a t  t h e  p e l l e t  i n t e r f a c e s .  

(The ra te  of o x i d a t i o n  of s i n t e r e d  UO p e l l e t s  i n  a i r  h a s  been found t o  

b e  maximal n e a r  5OOOC.) 

The c l a d d i n g  between t h e  f o u r  
2 

2 9 

I n  F i g .  4 2 ,  t h e  m e t a l l o g r a p h i c  t r a n s v e r s e  ( a )  and l o n g i t u d i n a l  (b) 

s e c t i o n s  from t h e  swol len  r e g i o n  a t  midcapsule  reveal e x t e n s i v e  o x i d a t i o n .  

The t r a n s v e r s e  c r o s s  s e c t i o n  w a s  t aken  a t  t h e  d e f e c t  opening,  and t h e  

1 - i n .  l o n g i t u d i n a l  s e c t i o n  w a s  t a k e n  on t h e  downstream s i d e  of t h e  t r a n s -  

verse c u t .  The l o n g i t u d i n a l  s e c t i o n  shows t h e  a x i a l  p a t t e r n  of o x i d a t i o n .  

The c r a c k s  and channels  i n  t h e  f u e l  which are  formed d u r i n g  t h e  o x i d a t i o n  

p r o v i d e  avenues f o r  a i r  t o  r e a c h  unoxidized f u e l .  

by x-ray d i f f r a c t i o n  t o  b e  p r e s e n t  i n  t h e  p i t t e d  areas a long  t h e  i n n e r  

c l a d d i n g  s u r f a c e  s e e n  i n  t h e  t r a n s v e r s e  c r o s s  s e c t i o n  i n  F i g .  42a and 

a l s o  i n  t h e  photomicrographic  view i n  F i g .  4 3 .  

Only Zr02 was i d e n t i f i e d  

Pre- and p o s t - t e s t  c o n c e n t r a t i o n  p r o f i l e s  of cesium and i o d i n e  i n  

t h e  f u e l  rod are  p r e s e n t e d  i n  F i g s .  44 and 45  r e s p e c t i v e l y .  L i t t l e  move- 

ment of t h e s e  n u c l i d e s  w i t h i n  t h e  rod w a s  no ted .  The i o d i n e  t h a t  w a s  

r e l e a s e d  a p p e a r s  t o  have come from t h e  swol len  area i n  t h e  c e n t r a l  s e c t i o n  

of t h e  r o d .  

Approximately 8 . 6 %  ( 4 2  1-18) of t h e  o r i g i n a l  i o d i n e  was r e l e a s e d  i n  t h e  

c o u r s e  of t h e  exper iment ;  on ly  0.3% ( 2 0  1-18) of t h e  cesium and 0.003% of 

t h e  t e l l u r i u m  were r e l e a s e d .  T h i s  s u g g e s t s  t h a t  a t  l e a s t  h a l f  of t h e  i o d i n e  

w a s  r e l e a s e d  i n  e l e m e n t a l  form. However, v i r t u a l l y  - a l l  of t h e  i o d i n e  found 

i n  t h e  c o l l e c t i o n  system (%8% of t h e  o r i g i n a l )  was c o l l e c t e d  a s  e l e m e n t a l  

i o d i n e .  S i n c e  t h e  q u a r t z  f u r n a c e  t u b e  w a s  main ta ined  a t  500°C,  and s i n c e  

C s I  h a s  l i t t l e  tendency t o  r e a c t  w i t h  Quartz  below i t s  m e l t i n g  p o i n t  

(62 loC) ,  i t  i s  l i k e l y  t h a t  most of t h e  i o d i n e  had a c t u a l l y  been r e l e a s e d  

i n  t h e  e l e m e n t a l  form. The m a j o r i t y  of t h e  cesium r e l e a s e d  w a s  found t o  

d e p o s i t  i n  t h e  thermal  g r a d i e n t  tube .  

1 

C o n c e n t r a t i o n  p r o f i l e s  of cesium and i o d i n e  a long  t h e  thermal  g r a d i e n t  

t u b e  a r e  p r e s e n t e d  i n  F i g .  4 6 .  Ten times more cesium w a s  found d e p o s i t e d  
/- 
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Fig. 4 2 .  Metallographic transverse (a) and longitudinal (b) sections 
from the swollen region of the Implant Test No. 9 fuel rod. 
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Fig. 43. A high-magnification view of the pitted areas along the 
inner cladding surface seen in the transverse cross section in Fig. 42(a). 
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Fig. 4 4 .  Cesium distributions in the fuel rod of Implant Test No. 9. 
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ORNL DWG 76-1276 

IMPLANT TEST 9 
0 C E S I U M  
0 IODINE 

,001 I I I I 1 I 

TEMPERTURE ("C) 

Fig .  4 6 .  Cesium and i o d i n e  c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  thermal  
g r a d i e n t  t u b e  of  Implant  Test  No. 9 .  
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Grs a long  t h e  thermal  g r a d i e n t  t u b e  t h a n  i o d i n e .  A s  w i t h  Implant  7 ,  t h e  

o t h e r  d r y - a i r  experiment ,  much of t h e  cesium w a s  d e p o s i t e d  i n  t h e  h igher -  

tempera ture  r e g i o n .  Continuous moni tor ing  of t h e  thermal  g r a d i e n t  t u b e ,  

as i s  g r a p h i c a l l y  d i s p l a y e d  i n  F i g .  4 7 ,  i n d i c a t e d  t h a t  most of t h e  i o d i n e  

w a s  d e p o s i t e d  t h e r e  i n  t h e  f i r s t  hour of t h e  experiment;  l i t t l e  change 

i n  c o n c e n t r a t i o n  w a s  no ted  a t  l a t e r  t i m e  i n t e r v a l s .  

D e p o s i t i o n  of e l e m e n t a l  i o d i n e ,  a s  deduced from measurements of 

a c t i v i t y  i n  t h e  i m p a c t o r - s i l v e r  s c r e e n  f i l t e r  assembly,  appeared t o  be 

s e n s i b l y  l i n e a r  w i t h  t i m e  over  t h e  20-hr tes t  p e r i o d  ( F i g .  4 8 ) .  S i n c e  

%93% of t h e  i o d i n e  t h a t  w a s  r e l e a s e d  from t h e  f u e l  rod  w a s  d e p o s i t e d  i n  

t h e  i m p a c t o r - s i l v e r  s c r e e n  f i l t e r  assembly,  t h e  d a t a  p r e s e n t e d  i n  F i g .  48 

a l s o  p r o v i d e s  a good r e p r e s e n t a t i o n  of t h e  r a t e  of release of t h i s  s p e c i e s  

from t h e  f u e l  r o d .  

4.10  Behavior of F i s s i o n  Product  Simulant  Mixture  a t  7 O O O C  

( Implant  Test 10) 

The o p e r a t i n g  c o n d i t i o n s  of t h i s  t e s t  w e r e  s i m i l a r  t o  t h o s e  used i n  

Implant  Test 7 which w a s  conducted over  a 5-hr p e r i o d  a t  700°C; u n l i k e  

Implant  T e s t  7 ,  however, t h i s  t es t  w a s  made i n  a steam-argon atmosphere 

r a t h e r  t h a n  d r y  a i r .  A summary of t h e  o p e r a t i n g  c o n d i t i o n s  i s  provided 

i n  Table  1; t h e  d i s t r i b u t i o n s  of t h e  p e r t i n e n t  n u c l i d e s  a r e  l i s t e d  i n  

Table  11. 

The e x t e r i o r  c o l o r a t i o n  of t he  c l a d d i n g  w a s  copper-to-pink; moreover,  

t h e  s u r f a c e  t e x t u r e  w a s  smooth and unbroken. T h i s  appearance w a s  s imilar  

t o  t h a t  s e e n  i n  Implant  T e s t  7 .  I n  p r e v i o u s  t e s t s ,  t h e  c l a d d i n g  s u r f a c e s  

were b l a c k  and f i n e l y  c racked .  

C o n c e n t r a t i o n  p r o f i l e s  of cesium and i o d i n e  i n  t h e  f u e l  rod p r i o r  t o  

and a f t e r  t e s t i n g ,  and i n  t h e  f u e l  rod components a f t e r  t e s t i n g ,  a r e  pre-  

s e n t e d  g r a p h i c a l l y  i n  F i g s .  49 and 50. The c o n c e n t r a t i o n  of cesium and 

i o d i n e  a t  t h e  3-3/4-in. l o c a t i o n  may n o t  have been caused by a x i a l  tempera- 

t u r e  g r a d i e n t s .  Implant  T e s t s  6 and 9 (500°C) and 7 and 10 (700°C) were 

conducted w i t h  t h e  s a m e  r e s i s t a n c e - h e a t e d  f u r n a c e ,  so t h a t  a x i a l  tempera- 

t u r e  g r a d i e n t s  should  have been s m a l l  and e s s e n t i a l l y  i d e n t i c a l .  D e p l e t i o n  
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Table 11. Dis t r ibu t ions  of cesium, iodine, and te l lur ium i n  Implant Test  10  

Loca t i on 

Amount found i n  each l o c a t i o n  
Temp. Percent of t o t a l  I-lg 
( "C) C s  I Te C s  I Te 

Fuel  rod, t o t a l  
U02 p e l l e t s  
Zi rca loy  cladding 

Quartz furnace tube 
Thermal grad ien t  tube 
O r i f i c e  assembly 
Impact or as s embly 

Impactor housing 
F i r s t - s t a g e  paper 
Second-stage paper 
Third-stage paper 
Fourth-stage paper 
F i f th-s tage  paper 

F i l t e r  housing 
F i r s t  f i l t e r  paper 
Second f i l t e r  paper 
Third f i l t e r  paper 
S i l v e r  screen No. 1 
S i l v e r  screen No. 2 
S i l v e r  screens Nos. 

Adsorber housing 
Charcoal No. l a  
Charcoal No. l b  
Charcoal No. IC 
Charcoal No. I d  
Charcoal No. 2 
Charcoal N o .  3 

F i l t e r  assembly 

Adsorber assembly 

AgX 

Condenser housing 
Condensate 

Condenser assembly 

Freeze t r a p  
Cold charcoal  t r a p  

700 

700 
750 t o  120 

120 
120 

120 

3 t o  8 
120 

0 

- 78 
-78 

(99.93) 
42.02 
57. 91 
0.0 
0.063 
0.001 

0.004 
0 . 0006 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

(98.16 ) 

57.94 

0.25 
0.09 

0.66 
0.009 
0.001 
0.0 
0.0 
0.001 

40.22 

0.0 

0.19 
0.005 
0.01 
0.005 
0.59 
0.007 
0.01 

0.0 
0.015 
0.0005 
0.0 
0.0 
0.0 
0.0 
0.0 

LO. 002 
LO. 0004 
0.0 
0.0 

(99.84) 
18.05 

0.0 
0.085 
0.002 

0.018 
0.001 
0.0 
0.0 
0.0 
0.0 

0.002 
0.0 
0.0 
0.0 
0.0 
0.0 
0.016 

0.0 
0.023 
0.0009 

81.79 

0.0 
0.0 
0.0 
0.0 
0.0 

<O. 004 

0.0 
0.0 

- t0.0006 

2971.0 265.0 401.0 
4094.0 382.0 1816.0 

0.0 
4.45 1.65 1.89 
0.07 0.59 0.04 

0.28 4.36 0.40 
0.04 0.06 0.02 

0.01 0.0 
0.0 0.0 
0.0 0.0 
0.01 0.0 

1.25 0.04 

0.07 0.0 
0.03 0.0 

0.03 0.0 
3.89 0.0 
0.05 0.0 
0.07 0.36 

0.0 0.0 
0.10 0.51 
0.003 0.07 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

<o.o;: 50.08 - 
10.002 LO. 014 
0.0 0.0 
0.0 0.0 
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F i g .  4 9 .  Cesium d i s t r i b u t i o n s  i n  t h e  f u e l  r o d  of I m p l a n t  T e s t  No. 10 .  
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of cesium and i o d i n e  i n  t h e  v i c i n i t y  of t h e  d r i l l e d  h o l e  w a s  caused more 

by m i g r a t i o n  t o  and d e p o s i t i o n  a t  t h e  3-314-in. l o c a t i o n  t h a n  by release 

from t h e  h o l e .  

A s  i s  a p p a r e n t  from t h e  d a t a  i n  Table  11, releases of t h e  s i m u l a n t s  

were s m a l l  over  t h e  t e s t i n g  p e r i o d ;  0.07% of t h e  cesium (5 u g ) ,  1.84% of 

t h e  i o d i n e  ( 1 2  p g ) ,  and 0.16% of t h e  t e l l u r i u m  (3.5 ug) i n v e n t o r i e s  were 

r e l e a s e d .  

About 1 .5% of t h e  i o d i n e  i n v e n t o r y  was d e p o s i t e d  on t h e  impactor  

metal  s u r f a c e s  and s i l ve r  s c r e e n s  a s  e l e m e n t a l  i o d i n e ,  and %0.25% of t h e  

o r i g i n a l  i o d i n e  w a s  d e p o s i t e d  i n  t h e  thermal  g r a d i e n t  t u b e  as C s I .  The 

r a t e  o f  i o d i n e  d e p o s i t i o n  i n  t h e  impactor  and f i l t e r  assembly i s  p r e s e n t e d  

i n  F i g .  51. Unl ike  p r e v i o u s  tests,  i n  which some of t h e  r e l e a s e d  n u c l i d e s  

were found i n  t h e  q u a r t z  f u r n a c e  t u b e ,  none were found i n  t h e  f u r n a c e  t u b e  

i n  t h i s  exper iment .  

The c o n c e n t r a t i o n  p r o f i l e s  of t h e  cesium and i o d i n e  which d e p o s i t e d  

a long  t h e  thermal  g r a d i e n t  t u b e  a r e  p r e s e n t e d  i n  F i g .  52 .  Cont icuous 

moni tor ing  of t h e  thermal  g r a d i e n t  t u b e  d u r i n g  t h e  experiment  r e v e a l e d  

t h a t  most of t h e  i o d i n e  d e p o s i t i o n  occurred  i n  t h e  f i r s t  10  min; l i t t l e  

change i n  t h e  c o n c e n t r a t i o n  w a s  no ted  a t  l a t e r  t i m e  i n t e r v a l s .  

Again,  as i n  many of t h e  p r e v i o u s  implant  tests,  t e l l u r i u m  r i n g s  

were c l e a r l y  v i s i b l e  on t h e  i n n e r  c l a d d i n g  s u r f a c e  a t  t h e  p e l l e t  i n t e r -  

f a c e s .  Approximately 82% of t h e  o r i g i n a l  t e l l u r i u m  w a s  found on t h e  

c l a d d i n g .  

4.11 Behavior of  F i s s i o n  Product  Simulant  Mixture  a t  1300°C 

(Implant  T e s t  11) 

Implant  Test  11 was conducted a t  1300°C f o r  11 min; t h e  f u e l  rod w a s  

a c t u a l l y  a t  t empera tures  above 900°C f o r  a 15-min p e r i o d .  

l e a k  a t  t h e  fue l - rod  i n l e t  f i t t i n g ,  d i f f i c u l t y  w a s  encountered i n  o b t a i n -  

i n g  r u p t u r e  by a p p l i c a t i o n  of i n t e r n a l  a rgon  p r e s s u r e .  (The f u e l  rod w a s  

u n i n t e n t i o n a l l y  p o s i t i o n e d  w i t h i n  t h e  i n d u c t i o n  h e a t e r  i n  a manner t h a t  

a l lowed t h e  s t a i n l e s s  s t ee l  i n l e t  f i t t i n g  t o  become o v e r h e a t e d ,  t h u s  

Because of a 
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IMPLANT TEST 40 

0 CESIUM 

0 I O D I N E  
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Fig. 52. Cesium and iodine concentration profiles in the thermal 
gradient tube of Implant Test No. 10. 
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caus ing  t h e  l e a k . )  

e f f e c t  normally exper ienced  d i d  n o t  o c c u r ,  t h e r e f o r e ,  t h e  r u p t u r e  p r e s s u r e  

could n o t  b e  measured. The e x p e r i m e n t a l  c o n d i t i o n s  are  l i s t e d  i n  Table  1, 

and t h e  r e s u l t i n g  n u c l i d e  d i s t r i b u t i o n s  i n  t h e  c o l l e c t i o n  system are  g iven  

i n  T a b l e  1 2 .  

The r u p t u r e  opening w a s  4 mm2,  b u t  t h e  b a l l o o n i n g  

P o s t - t e s t  examinat ion of t h e  f u e l  rod i n d i c a t e d  t h a t  t h e  c ladding  w a s  

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

appeared fused  t o  t h e  c l a d d i n g .  A photomicrograph of a n  a f f e c t e d  r e g i o n  

i s  shown i n  F i g .  53. Three h o r i z o n t a l  l a y e r s  can b e  seen:  (I) t h e  d a r k  

o x i d i z e d  c l a d d i n g  a t  t h e  t o p ,  ( 2 )  t h e  unoxidized c l a d d i n g  ( t h e  l i g h t  l a y e r )  

i n  t h e  middle ,  and ( 3 )  t h e  d a r k  f u e l  a t  t h e  bottom. Such f u e l - c l a d d i n g  

i n t e r a c t i o n  behavior  h a s  been observed p r e v i o u s l y  b u t  a t  somewhat h i g h e r  

tempera tures .  T h i s  i s  n o t  n e c e s s a r i l y  i n c o n s i s t e n t  b e h a v i o r ,  however, 

because w i t h  i n d u c t i o n  h e a t i n g ,  u n d e s i r a b l e  tempera ture  i r r e g u l a r i t i e s  

f r e q u e n t l y  deve lop  a long  t h e  t e s t  c a p s u l e .  Thus i t  i s  q u i t e  p o s s i b l e  t h a t  

p o r t i o n s  of t h e  c l a d d i n g  w e r e  s i g n i f i c a n t l y  above 1300°C f o r  a t  l eas t  s h o r t  

p e r i o d s  of t i m e .  The v e r t i c a l  s t r e a k s  i n  t h e  o x i d i z e d  c l a d d i n g  l a y e r  i n  

F i g .  53 w e r e  i d e n t i f i e d  by x-ray a n a l y s i s  as t i n .  The t e l l u r i u m - c l a d d i n g  

r e a c t i o n  r i n g s  t h a t  have been s e e n  a t  t h e  p e l l e t  i n t e r f a c e s  i n  p r e v i o u s  

tests were n o t  v i s i b l e ;  however, a gamma s c a n  of a s e c t i o n  of c l a d d i n g  

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

10  

Cesium and i o d i n e  d i s t r i b u t i o n s  i n  t h e  f u e l  rod  are  d i s p l a y e d  i n  

F i g s .  54 and 55. A s  can b e  s e e n  from t h e  d a t a  p r e s e n t e d ,  b o t h  spec ies  

migra ted  t o  t h e  c o o l e r  o u t l e t  end of t h e  f u e l  r o d .  

The d a t a  l i s t e d  i n  Table  1 2  i n d i c a t e  t h a t  28% of t h e  cesium (2320 Ug), 

4.5% of t h e  i o d i n e  ( 2 6  F g ) ,  and 1% of t h e  t e l l u r i u m  (18.6 1-18) were r e l e a s e d  

from t h e  f u e l  rod .  The v a l u e s  f o r  i o d i n e  and cesium might have been s i g n i -  

f i c a n t l y  l a r g e r  had t h e  f u e l  rod been more c e n t r a l l y  l o c a t e d  w i t h i n  t h e  

i n d u c t i o n  h e a t e r .  The r e l a t i v e l y  s m a l l  r u p t u r e  opening probably  a l s o  

r e s t r i c t e d  r e l e a s e .  About 93% of t h e  implanted t e l l u r i u m  was found on t h e  

c l a d d i n g .  S i n c e  t h e r e  was n e i t h e r  a x i a l  m i g r a t i o n  nor  s i g n i f i c a n t  release 

(1%) of t h e  t e l l u r i u m ,  i t  a p p e a r s  t h a t  t h e  compound formed from t h e  

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

t e s t .  

/-- 
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Table 12. Dis t r ibu t ions  of cesium, iodine, and te l lu ium i n  Implant Test  11 

Location 

Amount found i n  each l o c a t i o n  
Pg Temp. Percent or' t o t a l  

("C) C s  I Te C s  i Te 

Fuel  rod,  t o t a l  
U02 p e l l e t s  
Zi rca loy  cladding 

Quartz  furnace tube 
Thermal grad ien t  tube 
O r i f i c e  assembly 
Impactor assembly 

Impactor housing 
F i r s t - s t a g e  paper 
Second-stage paper 
Third-s tage paper 
Fourth-stage paper 
F i f t h - s t a g e  paper 

F i l t e r  housing 
F i r s t  f i l t e r  paper 
Second f i l t e r  paper 
Third f i l t e r  paper 
S i l v e r  screen No. 1 
S i l v e r  screen No. 2 
S i l v e r  screen Nos. 3 

Adsorber housing 
Charcoal N o .  l a  
Charcoal No. l b  
Charcoal No. IC 
Charcoal N o .  I d  
Charcoal No. 2 
Charcoal No. 3 

F i l t e r  assembly 

Ads orber  assembly 

AgX 
Condenser assembly 

Condenser housing 
Condensate 

Freeze t r a p  
Cold charcoal  t r a p  

13 00 

-200 t o  900a 
750 t o  185 

140 
140 
140 

140 

t o  8 
115 

0 

-78 
-78 

(71.88 ) 
49.88 
22.13 
27.21 
0.44 
0.006 

0.19 

0.007 
0.007 
0.005 

0.025 
0.038 
0.0006 
0.0 
0.0 
0.0 
0.0 

0.043 
0.01 

0.003 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

(95.47) 

0.0 
3.24 
0.004 

0.86 
0.18 
0.027 
0.004 
0.002 
0.001 

0.08 
0.04 
0.01 
0.001 
0.06 
0.004 
0.01 

0.002 
0.002 
0.0006 
0.0004 
0.0004 
0.0009 
0.0007 
0.0002 

0.0 
0.0 
0.0 
0.0 

(98.96) 
5.63 
93.33 
0.38 
0.47 
0.005 

0.132 

0.003 

0.0005 

0.046 

0.001 

0.001 

0.0 
0.006 
0.001 
0.0002 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

4136.0 
1835.0 
2256.0 
36.5 
6.50 

15.8 

0.8 
3.6 

0.6 
0.6 
0.4 

2.1 
3.2 
0.05 

0.25 

553.7 
100.80, 
1671. o 

0.0 6.8 
18.8 8.4 

0.02 0.09 

4.99 2.36 
0.82 

0.16 0.05 
0.02 0.02 
0.01 0.01 
0.001 0.02 

0.46 0.0 
0.23 0.11 
0.06 0.02 
0.01 0.004 
0.35 
0.02 
0.06 

0.01 
0.01 

0.002 
0.002 

0.004 
0.001 

0.003 

0.005 

aOutlet end heated t o  minimize condensation of CsI. 
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100 200 MICRONS 600 700 

0.005 0.010 INCHES 0.020 0.025 
1- l O O X r {  

F i g .  53. A photmicrograph showing f u e l - c l a d d i n g  i n t e r a c t i o n .  The 
h o r i z o n t a l  l a y e r s  are: 
( 2 )  t h e  unoxidized l a y e r  ( t h e  l i g h t  l a y e r )  i n  t h e  middle ,  and t h e  d a r k  
f u e l  a t  t h e  bottom. 

(1) t h e  d a r k  o x i d i z e d  c l a d d i n g  a t  t h e  t o p ,  
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1-COATED P E L L E T S  -1 
IMPLANT TEST 11 
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0 I I N  ROD AFTER EXPERIMENT 

RUPTURE 
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DISTANCE ALONG FUEL ROD (in.) 

F i g .  55. I o d i n e  d i s t r i b u t i o n s  i n  t h e  f u e l  r o d  of  I m p l a n t  T e s t  No. 11. 
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c 

F i g u r e  56 i n d i c a t e s  t h a t  most of t h e  cesium r e l e a s e d  ( 2 7 %  of t h a t  

which was implanted)  w a s  d e p o s i t e d  i n  t h e  q u a r t z  f u r n a c e  t u b e ,  p r i m a r i l y  

on t h e  s u r f a c e  a d j a c e n t  t o  t h e  r u p t u r e  opening.  No i o d i n e  d e p o s i t i o n  

occurred  i n  t h e  f u r n a c e  t u b e .  The s e c t i o n  of f u r n a c e  t u b e  between t h e  

end of t h e  i n d u c t i o n  c o i l  and t h e  e n t r a n c e  t o  t h e  thermal  g r a d i e n t  t u b e  

w a s  h e a t e d  t o  a tempera ture  of 6OO0C w i t h  an  i n s u l a t e d  h e a t i n g  t a p e ;  t h i s  

minimized t h e  condensa t ion  of C s I  i n  t h a t  r e g i o n .  I n  a d d i t i o n ,  about  h a l f  

of t h e  t e l l u r i u m  t h a t  was r e l e a s e d  w a s  d e p o s i t e d  i n  t h e  same g e n e r a l  area 

of t h e  f u r n a c e  t u b e  as t h e  cesium. A s  i n d i c a t e d  by t h e  d a t a  i n  Table  1 2 ,  

about  7 2 %  of t h e  r e l e a s e d  i o d i n e  ( o r  3 .24% of t h e  implanted i o d i n e )  w a s  

condensed i n  t h e  thermal  g r a d i e n t  t u b e ,  p robably  as cesium i o d i d e .  How- 

ever, t w i c e  as much cesium a s  i o d i n e  (on a mass b a s i s )  w a s  d e p o s i t e d  t h e r e .  

T h i s  a d d i t i o n a l  cesium w a s  probably  cesium hydroxide.  

The c o n c e n t r a t i o n  p r o f i l e s  of cesium, i o d i n e ,  and t e l l u r i u m  a long  

t h e  thermal  g r a d i e n t  t u b e  are p r e s e n t e d  i n  F i g .  5 7 .  The i o d i n e  and cesium 

peaks a t  490°C a r e  probably  C s I  and C s O H .  

1301 Releases of i o d i n e ,  as deduced from s e p a r a t e  measurements of 

a c t i v i t y  i n  t h e  thermal  g r a d i e n t  t u b e  and i n  t h e  i m p a c t o r - f i l t e r  assembly,  

are p r e s e n t e d  g r a p h i c a l l y  i n  F i g .  5 8 .  L i t t l e  r a d i o a c t i v i t y  was noted  

d u r i n g  t h e  f i r s t  2 min a f t e r  r u p t u r e ,  b u t  as t h e  tempera ture  w a s  r a i s e d  

from 900 t o  1300°C d u r i n g  t h e  f o l l o w i n g  3 min, a r a p i d  i n c r e a s e  i n  t h e  

a c t i v i t y  w a s  no ted  i n  t h e  thermal  g r a d i e n t  t u b e .  Subsequent ly ,  a s l i g h t  

dec l ine  i n  a c t i v i t y  w a s  recorded f o r  t h e  remainder of t he  t e s t .  The 

i n c r e a s e d  a c t i v i t y  i n  t h e  i m p a c t o r - f i l t e r  assembly cor responds  w i t h  a 

decrease i n  a c t i v i t y  i n  t h e  thermal  g r a d i e n t  t u b e ;  t h i s  t y p e  of m i g r a t i o n  

t e n d s  t o  wash o u t  t h e  p r o f i l e  s t r u c t u r e  i n  t h e  thermal  g r a d i e n t  t u b e .  

Most of t h e  r e l e a s e d  i o d i n e  escaped from t h e  rod w i t h i n  2 min a f t e r  reach-  

i n g  1300°C. 

ev idence  e x i s t s  t o  s u g g e s t  t h a t  chemical  r e a c t i o n s  c o n t r i b u t e d  t o  t h e  

s t a b i l i t y .  Cesium, on t h e  o t h e r  hand, was much more s t a b l e ,  as i s  shown 

by t h e  f i n a l  d i s t r i b u t i o n  w i t h i n  t h e  rod ( F i g .  5 4 ) .  

The i o d i n e  s p e c i e s  w a s  b o t h  h i g h l y  v o l a t i l e  and mobi le ;  no 
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Fig. 56. Distributions of cesium and tellurium on the furnace tube 
liner of Implant Test No. 11. 
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O R N L  D W G  76-1235 400 1 I I 1 I I 

IMPLANT TEST 11 

0 CESIUM 
I O D I N E  

0 TELLURIUM 

0.01 I I I I 1 I 

TEMPERATURE ("C) 

F i g .  57. Cesium, i o d i n e ,  and t e l l u r i u m  c o n c e n t r a t i o n  p r o f i l e s  i n  
t h e  thermal  g r a d i e n t  t u b e  of Implant  Test  No. 11. 
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4 . 1 2  Behavior of F i s s i o n  Product  Simulant  Mixture  

of Low C o n c e n t r a t i o n  a t  900°C 

(Implant  Tes t  12)  

T h i s  t e s t  concluded t h e  Implant  Test  Ser ies .  The o p e r a t i n g  condi- 

t i o n s  w e r e  d i f f e r e n t  from t h o s e  of Implant  Test 3 o n l y  i n  t h e  amounts of 

s i m u l a n t s  used.  About ten- fo ld  d e c r e a s e s  i n  t h e  c o n c e n t r a t i o n s  w e r e  t o  

b e  p r e s e n t  i n  b o t h  t h e  p e l l e t - c l a d d i n g  gaps of t h e  low-burnup f u e l  c a p s u l e s  

t o  b e  used i n  t h e  Low-Burnup T e s t  Se r i e s  and i n  t h e  gaps of t h e  H .  B .  

Robinson 12-in.  fue l - rod  s e c t i o n s  t o  b e  used i n  t h e  High-Burnup T e s t  Ser ies .  

To minimize t h e  l i k e l i h o o d  of a n  a rgon  p r e s s u r i z a t i o n  l e a k  l i k e  t h e  

one t h a t  developed i n  t h e  p r e v i o u s  t es t ,  a s t a i n l e s s  s t ee l  " p e l l e t "  w i t h  

a 1 /16- in .  h o l e  through i t s  c e n t e r  w a s  s u b s t i t u t e d  f o r  t h e  uncoated UO 

p e l l e t  t h a t  normally would have been a t  t h e  i n l e t  end.  The i n l e t  p o r t i o n  

of c l a d d i n g  w a s  t h e r e b y  sandwiched between t h e  s t a i n l e s s  s t e e l  f e r r u l e  

f i t t i n g  and t h e  c l o s e - f i t t i n g  s t a i n l e s s  s t e e l  p e l l e t ,  t h u s  n e g a t i n g  a 

p o t e n t i a l  l e a k  t h a t  might  have been caused by thermal  expans ion .  The 

backup ' ' p e l l e t "  a l s o  prevented  creepdown of t h e  Z i r c a l o y  t u b i n g  t h a t  

l o s e s  s t r e n g t h  r a p i d l y  a t  h i g h  tempera tures .  

2 

Cons iderable  s w e l l i n g  of t h e  c l a d d i n g  occurred  when t h e  rod r u p t u r e d  

upon a p p l i c a t i o n  of 250 p s i g  of i n t e r n a l  argon p r e s s u r e  ( F i g .  5 9 ) .  The 

maximum c i r c u m f e r e n t i a l  change was 1 4 . 5  mm, and t h e  r u p t u r e  opening was 

%84 mm . A t h i c k  l a y e r  of f l a k y  w h i t e  z i rconium o x i d e  (probably  caused 

by breakaway o x i d a t i o n )  i s  v e r y  e v i d e n t  a long  t h e  i n l e t  h a l f  of t h e  f u e l  

rod .  

2 

D i s t r i b u t i o n s  of cesium and i o d i n e  i n  t h e  f u e l  rod b e f o r e  and a f t e r  

t e s t i n g  are  p r e s e n t e d  i n  F i g s .  60 and 61. Cesium m i g r a t i o n  toward t h e  

r u p t u r e  opening can b e  n o t e d ,  whereas i o d i n e  peaks appear  a t  t h e  c o o l  

ends of t h e  rod as w e l l  as i n  t h e  r u p t u r e  r e g i o n .  O p t i c a l  pyrometer 

measurements i n  t h e  r u p t u r e  l o c a t i o n  i n d i c a t e d  t h a t  t h e  tempera ture  ranged 

from a low of 760°C a t  t h e  ruptu , re  opening t o  a h i g h  of 12OOOC a t  h o t  

s p o t s  on b o t h  s i d e s  of t h e  r u p t u r e  opening.  Although most of t h e  rod w a s  

a t  900°C dur ing  t h e  t es t ,  t h e  tempera ture  v a r i a n c e  a t  t h e  r u p t u r e  opening 

compl ica tes  an  i n t e r p r e t a t i o n  of t h e  d a t a .  A s  mentioned p r e v i o u s l y ,  
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coupl ing  of t h e  i n d u c t i o n  h e a t e r  c o i l  t o  t h e  f u e l  rod i s  a f f e c t e d  l o c a l l y  

by a x i a l  s p l i t s  i n  t h e  tub ing  and by composi t ion changes,  such as conver- 

s i o n  of Z r  t o  Z r O  2' 

The p o s t - t e s t  d i s t r i b u t i o n s  of cesium, i o d i n e ,  and t e l l u r i u m  i n  t h e  

exper imenta l  a p p a r a t u s  are  summarized i n  Table  13. About 25% of t h e  

cesium, 6 0 %  of t h e  i o d i n e ,  and 1 . 6 %  of t h e  t e l l u r i u m  i n v e n t o r i e s  were 

r e l e a s e d .  Most of t h e  cesium r e l e a s e d  ( 2 1 %  of t h e  implanted cesium) w a s  

d e p o s i t e d  on t h e  q u a r t z  l i n e r  o p p o s i t e  t h e  r u p t u r e  opening,  as i s  d i s p l a y e d  

g r a p h i c a l l y  i n  F i g .  6 2 .  I f  i t  i s  assumed t h a t  a l l  of t h e  r e l e a s e d  i o d i n e  

w a s  C s I ,  about  88% of t h e  cesium r e l e a s e d  would have been c o l l e c t e d  as C s O H .  

However, s i n c e  some of t h e  i o d i n e  probably  e x i t e d  t h e  r o d  a s  e l e m e n t a l  

i o d i n e ,  t h i s  p e r c e n t a g e  of cesium as CsOH i s  a minimum v a l u e .  Tracer ana ly-  

s is  i n d i c a t e s  t h a t  515% of t h e  implanted i o d i n e  w a s  d e p o s i t e d  i n  t h e  c o l l e c -  

t i o n  system a s  e l e m e n t a l  i o d i n e .  

Approximately h a l f  of t h e  released i o d i n e  condensed i n  t h e  thermal  

g r a d i e n t  t u b e  a s  cesium i o d i d e ;  t h i s  can be i n f e r r e d  from t h e  n e a r l y  iden-  

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

t u b e  d i s p l a y e d  g r a p h i c a l l y  i n  F i g .  6 3 .  Moreover, a n  examinat ion of t h e  

amount of i o d i n e  d e p o s i t e d  i n  t h e  thermal  g r a d i e n t  t u b e  w i t h  t i m e  ( F i g .  6 4 )  

i n d i c a t e s  t h a t  most of t h e  i o d i n e  w a s  t r a n s p o r t e d  t h e r e  i n  t h e  f i r s t  4 min 

a f t e r  r u p t u r e .  The d a t a  p r e s e n t e d  i n  F i g .  6 4  a l s o  i n d i c a t e  t h a t  %64% of 

t h e  i o d i n e  found i n  t h e  i m p a c t o r - f i l t e r  assembly a r r i v e d  i n  t h e  f i r s t  

10  min of the t es t .  

Approximately 94% of t h e  o r i g i n a l  t e l l u r i u m  d e p o s i t e d  on t h e  c l a d d i n g  

a t  t h e  p e l l e t  i n t e r f a c e s .  Although t h e  t e l l u r i u m  c o n c e n t r a t i o n  was low, 

i t  was s u f f i c i e n t l y  h i g h  t h a t  t h e  r e a c t i o n  r i n g s  were a g a i n  v i s i b l e .  

5.  BEHAVIOR OF IMPLANTED CESIUM I O D I D E  

5 .1  General  Behavior of C s I  

Although C s I  i s  t h e  most s t a b l e  i o d i d e  known, i t  w a s  n o t  found t o  b e  

completely s t a b l e  i n  t h e  s i m u l a t e 2  LWR fue l - rod  environments  employed i n  

our  t e s t s .  I n  Implant  Tes t s  1 and 2 ( S e c t s .  4 . 1  and 4 . 2 ) ,  26 and 14% of 
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Table 13. D i s t r i b u t i o n s  of cesium, iodine, and t e l l u r i u m  i n  Implant Test  1 2  

Amount found i n  each l o c a t i o n  
Temp. Percent of t o t a l  Pg 

C s  I Te C s  I Te Locat ion ("C) 

Fuel  rod ,  t o t a l  
U02 p e l l e t s  
Zircaloy cladding 

Quartz  furnace tube  
Thermal grad ien t  tube 
O r i f i c e  assembly 
Impactor assembly 

Impact or housing 
F i r s t - s t a g e  paper 
Second-stage paper 
Third-s tage paper 
Fourth-stage paper 
F i f th-s tage  paper 

F i l t e r  housing 
F i r s t  f i l t e r  paper 
Second f i l t e r  paper 
Third f i l t e r  paper 
S i l v e r  screen No .  1 
S i l v e r  screen N o .  2 
S i l v e r  screen Nos. 

Adsorber housing 
Charcoal N o .  la 
Charcoal N o .  l b  
Charcoal No.  IC 
Charcoal No. I d  
Charcoal No. 2 
Charcoal No. 3 

F i l t e r  assembly 

Adsorber assembly 

A@ 
Condenser assembly 

Condenser housing 
Condensate 

Freeze t r a p  
Cold charcoal  t r a p  

900 (75.12 ) 
40.60 

-200 t o  TOOa 20.72 
34.52 

760 t o  200 3.34 
13 0 0.09 
13 0 

0.49 
0.08 
0.02 
0.01 
0.01 
0.05 

0.005 
13 0 

0.04 
0.001 
0.001 
0.01 
0.0 

0.002 
0.0009 
0.0008 
0.0006 
0.0002 
0.0001 

0.0 

0.0 
0.0 

0.0003 

0 

-78 0.0 
-78 0.0 

(39.67) 
16 .83 

5.61 

3.12 

1 1 . 2 5  
3.87 
0.08 
0.13 
0.24 
0.50 

2.30 
0.33 
0.24 
0 .12  
3 .a3 
0.48 
0.25 

22.84 

27.72 

0.04 
0.149 
0.011 
0.  008 
0.003 
0.007 
0.005 
0.004 

0.005 
0.003 
0.001 
0.0 

( 98.45 ) 
4.59 

0 . 0  
1.36 
0.02 

0.11 
0.007 
0.0002 
0.004 
0.004 
0.01 

0.01 

93 

0.003 
0.0005 
0.002 
0.002 
0 . 0  
0.0 

0.007 
0.0004 
0.0 

0,0017 
0.0 
0.0017 
0.002 

0.0 
0.0 
50.01 
0.0 

0.003~ 

430.0 
366.0 
220.0 
35.0 
1.0 

5 . 2  
0 .9  
0 . 2  
0 .1  
0 .1  
0 .? 
0.05 
0.4 
0 .01  
0.01 
0 .1  
0.0 
0.0 

0.02 
0.01 
0.008 
0.006 
0.002 
0.001 

0.0 

0.0 
0.0 
0.0 
0.0 

0.003 

8.4 
11.4 
2.8 

13 .9 
1 .6  

5.63 
1.94 
0.04 
0.07 
0.12 
0.75 

1.15 
0.17 
0.12 
0.6 
1.91 
0 .24  
0.13 

0.02 
0.07 
0.006 
0.004 
0.007 
0.004 
0.003 
0.002 

0.003 
0.002 
0.001 
0.0 

12.0 
244.0 

0 .0  
3 .5  
0.05 

0.29 
0.02 
0.001 
0.01 
0 .01  
0.03 

0.03 
0.008 
0.001 
0.005 
0.005 
0.0 
0.0 

0.02, 
0.001 
0 . 0  
0 . 0 1  
0.004 
0.0 
0.0O)t 
0 .01  

0.0 
0.0 
0.07 
0.0 

aOutlet  end hea ted  t o  minimize condensation of CsI. 
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t h e  implanted C s I  d i s p r o p o r t i o n a t e d  r e s p e c t i v e l y .  

v a l u e s  w e r e  i n f e r r e d  from t h e  p r e s e n c e  of excess  cesium on t h e  p e l l e t s .  

The most p l a u s i b l e  e x p l a n a t i o n  i s  t h a t  some of t h e  implanted C s I  r e a c t e d  

w i t h  t h e  h y p e r s t o i c h i o m e t r i c  f u e l  ( O / U  r a t i o  of 2.0004) t o  form a less- 

v o l a t i l e  cesium u r a n a t e  and e l e m e n t a l  i o d i n e .  ( I t  i s  p o s s i b l e  t h a t  t h e  

i m p l a n t a t i o n  procedure ,  Sec t .  2 ,  r e s u l t e d  i n  a n  even h i g h e r  O/U r a t i o  a t  

t h e  f u e l  s u r f a c e . )  

These d i s p r o p o r t i o n  

Approximately 55% of t h e  l i b e r a t e d  i o d i n e  i n  each of t h e s e  t e s t s  w a s  

found a s s o c i a t e d  w i t h  t h e  Z i r c a l o y  c l a d d i n g .  

experiments  r e v e a l e d  t h a t  i o d i n e  d i d  n o t  m i g r a t e  a x i a l l y  t o  t h e  c o o l e r  

ends of t h e  c a p s u l e s  i n  t h e s e  two exper iments .  S i n c e  e l e m e n t a l  i o d i n e  h a s  

a h i g h  vapor  p r e s s u r e  (bp = 183°C) a t  700"C, i t  i s  l i k e l y  t h a t  t h e  e x c e s s  

i o d i n e  on t h e  c l a d d i n g  probably  r e a c t e d  w i t h  t h e  c l a d d i n g  t o  produce 

zirconium iodides'' a n d / o r  oxyiodide  compounds. 

e l e m e n t a l  i o d i n e  would have been r e l e a s e d .  However, c o n s i d e r i n g  t h e  low 

c o n c e n t r a t i o n s  employed, some r e t e n t i o n  by s o r p t i o n  can b e  expec ted .  A 

sample of mater ia l  s c r a p e d  from t h e  i n n e r  s u r f a c e  ( i n  a r e g i o n  2 t o  3 i n .  

from t h e  i n l e t  end) of t h e  Z i r c a l o y  c l a d d i n g  used i n  Implant  T e s t  2 w a s  

found (by x-ray d i f f r a c t i o n )  t o  c o n t a i n  cesium zirconium i o d a t e ,  

Cs2(Zr(103)6) .  I n  a r e c e n t  review by E p s t e i n , 6  i t  w a s  r e p o r t e d  t h a t  C s I  

does  n o t  i n t e r a c t  chemica l ly  w i t h  t h e  f u e l  o r  o t h e r  f i s s i o n  product  com- 

pounds i n  h y p o s t o i c h i o m e t r i c  f a s t - r e a c t o r  f u e l  p i n s .  C e r t a i n l y  our  tes ts  

demonst ra te  t h e  importance of t h e  oxygen p o t e n t i a l  of t h e  f u e l  i n  d e t e r -  

mining t h e  s t a b i l i t y  of C s I  when p r e s e n t  a t  low c o n c e n t r a t i o n  levels .  

P o s t - t e s t  s c a n s  of t h e  700°C 

Otherwise,  t h e  l i b e r a t e d  

5 .2  Axial M i g r a t i o n  of C s I  Within t h e  F u e l  Rod 

A x i a l  m i g r a t i o n  of i o d i n e  s p e c i e s  t o  t h e  c o o l e r  ends of t h e  simu- 

l a t e d  f u e l  rod c a p s u l e s  w a s  s low a t  900°C b u t  w a s  r a p i d  a t  tempera tures  

of 21100°C. The a x i a l  t empera ture  g r a d i e n t  w a s  caused by i n d u c t i o n  hea t -  

i n g  of o n l y  t h e  c e n t e r  25 cm (10 i n . )  of t h e  tes t  specimen. For example, 

t h e  ends of t h e  c a p s u l e  i n  Implant  T e s t  8 ( S e c t .  4 . 8 )  were %800"C, w h i l e  

t h e  20-cm (8- in . )  c e n t e r  was a t  1100°C. By making use of a mobile  (NaI) 

gamma scanner  i n  Implant  Test 8 ,  i t  w a s  determined t h a t  t h e  i o d i n e  migra- 

t i o n  w a s  e s s e n t i a l l y  complete  w i t h i n  8 min a f t e r  t h e  tempera ture  of t h e  /- 
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c a p s u l e  reached 900°C ( 4  min a f t e r  i t  reached 1100°C).  Because of t h e  

m i g r a t i o n  of i o d l n e  t o  t h e  c o o l e r  o u t l e t  end of t h e  c a p s u l e  i n  Implant  

T e s t  11 ( S e c t .  4.11), a 1300°C t e s t ,  t h e  i o d i n e  r e l e a s e  w a s  s i g n i f i c a n t l y  

less.  L i t t l e  i o d i n e  w a s  found on t h e  c l a d d i n g  and p e l l e t s  i n  t h e  h o t  

zones of t h e  c a p s u l e s  i n  tests conducted a t  1100°C and h i g h e r .  

Our method of p r e s s u r i z a t i o n  probably  c o n t r i b u t e d  t o  t h e  movement 

of C s I  toward t h e  o u t l e t  end. I n t e r n a l  argon p r e s s u r e  was a p p l i e d  from 

t h e  i n l e t  end a f t e r  t h e  rod w a s  h e a t e d  t o  t h e  d e s i r e d  tempera ture  f o r  

r u p t u r e ,  t h u s  pushing vapor ized  material  toward t h e  c o o l  o u t l e t  end. 

Gamma scanning  of t h e  rod  w a s  n o t  r a p i d  enough t o  de te rmine  t h e  amount 

of r a d i o a c t i v e  i o d i n e  movement c o i n c i d e n t  w i t h  p r e s s u r i z a t i o n .  I n  a l l  

of t h e  experiments  i n  which t h e  rod r u p t u r e d  a t  900°C ( e x c e p t  i n  Implant  

Test 1 2 ) ,  l a r g e r  i o d i n e  peaks occurred  a t  t h e  o u t l e t  end.  Implant  Test 1 2 ,  

which used lower c o n c e n t r a t i o n s  of implanted s p e c i e s ,  exper ienced  r e l a t i v e l y  

l i t t l e  i o d i n e  m i g r a t i o n .  

We can estimate t h e  movement of vapor ized  implanted material  as f o l -  

lows: t h e  v o i d  space  a d j a c e n t  t o  t h e  24-cm l e n g t h  of c o a t e d  p e l l e t s  w a s  

Q1.2 cm ( i n c l u d i n g  d ished  ends and al lowance f o r  chipped p e l l e t s ) .  A t  

900°C t h e  vapor  p r e s s u r e  of C s I  i s  0.025 a t m ,  s o  t h e  v o i d  s p a c e s  would 

c o n t a i n  %40 1-18 of i o d i n e  vapor  as C s I  (assuming no C s I  decomposi t ion)  o r  

6 .5% of a t y p i c a l  620-pg i o d i n e  c o a t i n g .  T h i s  amount (and more i f  r e p l e n -  

ishment by v a p o r i z a t i o n  occurred  r a p i d l y )  could b e  pushed t o  t h e  o u t l e t  

end d u r i n g  the  high-temperature  p r e s s u r i z a t i o n  w h e r e  condensa t ion  w o u l d  

occur .  Both t h e  compression of t h e  g a s  and t h e  lower tempera tures  a t  t h e  

o u t l e t  end would promote condensa t ion .  Although t h i s  does n o t  account  

f o r  a l l  of t h e  i o d i n e  m i g r a t i o n ,  i t  i s  t r u e  t h a t  t h e  o u t l e t - e n d  peaks 

were c o n s i s t e n t l y  l a r g e r  t h a n  t h e  i n l e t - e n d  peaks.  

3 

I n  t h e  case of Implant  T e s t  11, m i g r a t i o n  a p p a r e n t l y  occurred  b e f o r e  
I 

r u p t u r e .  T h i s  t e s t  rod w a s  p r e s s u r i z e d  t h r e e  t i m e s  w i t h i n  1 .8  min w h i l e  

i n  t h e  900 t o  950°C tempera ture  range  because a l e a k  a t  t h e  i n l e t  Swagelok 

f i t t i n g  prevented  normal p r e s s u r i z a t i o n  and r u p t u r e .  (A l e n g t h  of r e s t r i c -  

t i ve  c a p i l l a r y  tub ing  between t h e  p r e s s u r e  gauge and tes t  rod w a s  used t o  

s i m u l a t e  p r e s s u r e  drop i n  t h e  p e l l e t - c l a d  gap s p a c e  of a f u l l - l e n g t h  f u e l  
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r o d ;  t h i s  made i t  i m p o s s i b l e  t o  de te rmine  t r u e  p r e s s u r e  w i t h i n  t h e  f u e l  

rod i f  a s i z a b l e  l e a k  e x i s t e d  a t  t h e  f u e l  rod end.)  This  m u l t i p l e  p r e s -  

s u r i z a t i o n  could have c o n t r i b u t e d  t o  "compression m i g r a t i o n . "  

I n  a d d i t i o n  t o  m i g r a t i o n  caused by p r e s s u r i z a t i o n  a f t e r  h e a t u p ,  

m i g r a t i o n  can r e s u l t  from d i f f u s i o n  a long  t h e  a x i a l  t empera ture  g r a d i e n t .  

The r a t e  of d i f f u s i o n  t o  t h e  c o o l  ends can b e  c a l c u l a t e d  from t h e  f o l l o w -  

i n g  e q u a t i o n :  

A 
d t  L 
_ -  d n - D - A C ,  

where 

_ -  dn - vapor  f low r a t e  ( m o l e s / s e c ) ,  
d t  

2 
D = d i f f u s i o n  c o e f f i c i e n t  ( c m  / s e c ) ,  

A = c r o s s - s e c t i o n a l  a r e a  normal t o  t h e  d i f f u s i o n  d i r e c t i o n  (cm ) ,  

L = l e n g t h  of d i f f u s i o n  p a t h  (cm), and 

2 

3 AC = change i n  c o n c e n t r a t i o n  a l o n g  t h e  d i f f u s i o n  p a t h  (moles/cm ) .  

The c o n c e n t r a t i o n  g r a d i e n t  can be c a l c u l a t e d  from t h e  C s I  vapor  pres -  

s u r e  and t h e  tempera ture  g r a d i e n t .  Measured tempera ture  d i s t r i b u t i o n s  a t  

t h e  i n l e t  end of implant  t es t  r o d s  are shown i n  F i g .  65.  A t  a rod t e m -  

p e r a t u r e  of 900°C, t h e  i n l e t - e n d  tempera ture  d r o p s  t o  675°C w i t h i n  2 i n .  

(L = 5.08 cm). Using t h e  i d e a l  g a s  l a w ,  t h e  c o n c e n t r a t i o n  of C s I  a t  900°C 

(0.025 a t m  vapor  p r e s s u r e )  i s  2.58 x 10 moles CsI/cm , and i s  0.16 x 10 

moles CsI/cm3 a t  675OC. 

and D i s  QO.89 cm /sec f o r  C s I  i n  a rgon  a t  900°C. I f  t h e s e  v a l u e s  are  

i n s e r t e d  i n t o  E q .  (l), t h e  r a t e  of t r a n s p o r t  i s  c a l c u l a t e d  t o  be equiva- 

l e n t  t o  1 2 . 1  ug/min. For a t y p i c a l  c o a t i n g  of 620 pg of i o d i n e ,  t h i s  

amounts t o  2.0%/min t o  each end (4.0%/min t o t a l ) .  The p o s s i b i l i t y  of 

n a t u r a l  convec t ion  enhancing m i g r a t i o n  a long  t h e  gap space  w a s  n o t  i n v e s t i -  

g a t e d .  

-7 3 -7 

2 The a r e a  i s  0.034 cm ( f o r  unexpanded c l a d d i n g )  
2 

These c a l c u l a t i o n s  s u g g e s t  t h a t  p r e s s u r i z a t i o n  w h i l e  hea ted  combined 

w i t h  a x i a l  d i f f u s i o n  may have caused s i g n i f i c a n t  m i g r a t i o n  of C s I  a t  900°C 

c e n t e r  tempera ture .  
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5 . 3  C h a r a c t e r i s t i c s  of Released I o d i n e  

Measurable q u a n t i t i e s  of i o d i n e  w e r e  r e l e a s e d  i n  each of t h e  1 2  e x p e r i -  

ments.  I d e n t i f i c a t i o n  of t h e  vapor  s p e c i e s  r e l e a s e d  from t h e  c a p s u l e s  i n  

some of t h e  experiments  w a s  complicated by t h e  tendency of t h e  r e l e a s e d  

C s I  t o  react ,  i n  t h e  p r e s e n c e  of steam, w i t h  t h e  h o t  s u r f a c e  of t h e  q u a r t z  

f u r n a c e  t u b e  l i n e r  t o  form cesium s i l i c a t e  and e l e m e n t a l  iodine.’  

problem of C s I  r e a c t i n g  w i t h  h o t  q u a r t z  and s ta inless  s t e e l  was a l s o  en- 

countered  by C o l l i n s  e t  a l . ,  

Compared w i t h  i n e r t  a tmospheres ,  they  found t h a t  C s I  w a s  more r e a d i l y  decom- 

posed by h o t  q u a r t z  and s t a i n l e s s  s t ee l  i n  t h e  presence  of steam. 

s p e c u l a t e d  t h a t  h y d r o l y s i s  played a p a r t  i n  t h e  r e a c t i o n  of C s I  w i t h  b o t h  

q u a r t z  and s t a i n l e s s  s tee l .  

The 

8 i n  t h e i r  t empera ture  g r a d i e n t  t u b e  s t u d i e s .  

They 

The p e r c e n t a g e  of r e l e a s e d  i o d i n e  which w a s  found d e p o s i t e d  beyond 

t h e  q u a r t z  f u r n a c e  t u b e ,  and w a s  i n d e n t i f i e d  a s  e l e m e n t a l  i o d i n e  i s  noted 

i n  Table  1 4 .  Because of t h e  h i g h  vapor  p r e s s u r e  of  elemetal i o d i n e ,  

l i t t l e  would have d e p o s i t e d  i n  t h e  L 2 O O 0 C  f u r n a c e  t u b e .  The v a l u e s  were 

o b t a i n e d  by assuming (1) t h a t  cesium found on a c o l l e c t i o n  component was 

C s I ,  and ( 2 )  t h a t  any e x c e s s  i o d i n e  w a s  e l e m e n t a l  i o d i n e .  S i n c e  C s O H  

could b e  p r e s e n t  a l s o ,  o n l y  minimum v a l u e s  a r e  provided  by t h i s  method. 

G e n e r a l l y , t h e  d a t a  reveal t h a t  l a r g e r  p e r c e n t a g e s  o f  e l e m e n t a l  i o d i n e  were 

o b t a i n e d  i n  t h e  experiments  conducted i n  a i r  and under  c o n d i t i o n s  where 

low m a s s  releases r e s u l t e d .  

A s  mentioned p r e v i o u s l y ,  ev idence  e x i s t s  f o r  f o r m a t i o n  of I from 2 
C s I  b o t h  w i t h i n  t h e  f u e l  rod  and on t h e  q u a r t z  s u r f a c e s .  For  exper iments  

7 and 9 conducted i n  a i r ,  t h e  enhanced r e l e a s e  of i o d i n e  ( 6  t o  1 2  t i m e s  

g r e a t e r )  over  comparable experiments  conducted i n  steam s u g g e s t  t h a t  t h e  

presence  of a i r  w i t h i n  t h e  f u e l  r o d s  c o n t r i b u t e d  t o  t h e  decomposi t ion of 

C s I ,  r e s u l t i n g  i n  t h e  format ion  of cesium u r a n a t e  and e l e m e n t a l  i o d i n e .  

For exper iments  conducted i n  s team, i t  i s  l i k e l y  t h a t  much of t h e  

format ion  of I occurred  a f t e r  t h e  release of C s I  from t h e  f u e l  r o d .  I f  

I format ion  occurred  p r i n c i p a l l y  w i t h i n  t h e  r o d ,  w e  would expec t  some cor-  

r e l a t i o n  w i t h  t h e  mass of C s I  implanted ;  such a c o r r e l a t i o n  i s  n o t  e v i d e n t  

i n  t h e  d a t a  p r e s e n t e d  i n  Table  1 4 .  A l s o ,  no tempera ture  c o r r e l a t i o n  i s  

2 

2 
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2 Table 14. Amount of i o d i n e  c o l l e c t e d  as I 

Implant  T e s t  Atmosphere Mass of i o d i n e  Mass of i o d i n e  Mass found as Pe rcen t  of r e l e a s e d  
T e  s t tempera tu re  of implant  e d r e  l e a s e d  e l e m e n t a l  i o d i n e  i o d i n e  found as 
No. ( " c>  t e s t  system (vg 1 ( P d  ( P d  e l e m e n t a l  i o d i n e  

9 
7 
2 

6 
10 

12 

8 
1 

4 
11 

3 
5 

5 00" 

700" 

700 
5 00" 

700" 

900 

1100 

700 
1100 

13 00 
900 

700 

a i r  

a i r  

steam 

steam 

steam 

s t eam 

steam 

steam 

steam 

steam 

steam 

steam 

490 

640 

33 
900 
660 
50 
610 
16 00 

440 

5 80 
63 0 
6 10 

42 .0  

74 .0  

5 .5  
5.8 

30.0 

360.0 

26.0 

12.0 

401.0 

145.0 

161.0 

109.0 

39.9 
70.3 
5.0 
3.2 
6.4 
8.6 
33 -3 
27.0 
9.0 

0 . 5  

1 . 9  
0.5 

b 

95.0 
95 .0  

90.3 
57.4 
53.1. 
28.8 
8.3 

6.2 
1.8 
1.2 

0 . 5  

7.5b 

Defec t  made by d r i l l i n g  0.0159-cm (0 .0625- in .  ) - d i m  h o l e ( s ) .  a 

bA l a r g e  s u r p l u s  of i o d i n e  over cesium was found d e p o s i t e d  i n  t h e  fu rnace  t u b e .  (See S e c t .  4 . 1  f o r  d e t a i l s . )  
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obvious.  ( I t  should b e  remembered t h a t  a t  1100°C and h i g h e r ,  t h e  C s I  

remaining i n  t h e  t e s t  rod  r a p i d l y  migra ted  t o  t h e  c o o l e r  ends ,  where t e m -  

p e r a t u r e s  w e r e  probably below 900°C.) 

The mass- re lease  d a t a  from Table  1 4  are  p l o t t e d  i n  F i g .  66 ;  t h e s e  

d a t a  i n d i c a t e  t h a t  7 of t h e  10 steam exper iments  e x h i b i t  a good c o r r e l a -  

t i o n  w i t h  release mass. The t h r e e  o f f - l i n e  p o i n t s  may b e  i n  e r r o r  because ,  

as d i s c u s s e d  above, our method of c a l c u l a t i o n  de te rmines  a minimum amount 

of I2 formed. 

c o n c e n t r a t i o n s  p r o v i d e s  a similar c o r r e l a t i o n .  

Conversion of t h e  mass-release d a t a  t o  average  gas-phase 

The h i g h  p e r c e n t a g e  convers ion  t o  I a t  low c o n c e n t r a t i o n  could b e  2 
t h e  r e s u l t  of r e a c t i o n  w i t h  gas-phase i m p u r i t i e s  o r  r e a c t i v e  s u r f a c e  si tes 

e i t h e r  a v a i l a b l e  i n  l i m i t e d  number o r  consumed by competing r e a c t i o n s  dur- 

i n g  t h e  experiment .  An example of t h e  l a t t e r  could b e  t h e  r e a c t i o n  of 

C s O H  w i t h  S i 0  t o  f o r m  a cesium s i l i c a t e .  I n  such a case, m o r e  react ive 

s i t e s  would b e  a v a i l a b l e  e a r l y  i n  t h e  r u n  t o  a l l o w  r e a c t i o n s  p e r m i t t i n g  

format ion  of I from C s I .  W e  do observe  more r a p i d  appearance of I 2 
e a r l y  i n  t h e  t e s t ,  even when no b u r s t  r e l e a s e  o c c u r s .  We a l s o  e x p e c t ,  

and u s u a l l y  observe ,  g r e a t e r  r e l e a s e  of C s I  ( appear ing  i n  t h e  thermal  

g r a d i e n t  tube)  e a r l y  i n  t h e  r u n .  

2 

2 

The l o s s  of s e v e r a l  micrograms of i o d i n e  from t h e  thermal  g r a d i e n t  

t u b e  d u r i n g  t h e  c o u r s e  of t h e  experiment  w a s  o f t e n  n o t i c e d .  T h i s  was 

probably  due t o  a l o s s  of adsorbed I2 ( e . g . ,  Implant  T e s t  l o ) .  

The amount of o r g a n i c  i o d i d e  formed ( c o l l e c t e d  i n  t h e  a b s o r b e r  c a r -  

t r i d g e s )  d i d  n o t  c o r r e l a t e  w i t h  any of t h e  experiment  p a r a m e t e r s ,  such a s  

t h e  m a s s  of i o d i n e  released, fue l - rod  t e m p e r a t u r e ,  experiment  d u r a t i o n ,  o r  

1 mass I on a d s o r b e r s  x 100 
m a s s  I r e l e a s e d  atmosphere (s team o r  a i r ) .  The median v a l u e  f o r  ( 

i s  0.5%, w i t h  v a r i a t i o n s  of more t h a n  a f a c t o r  of 10 .  This  i s  i n  agreement 

w i t h  t h e  amount of o r g a n i c  i o d i d e  found i n  o t h e r  exper iments ,  as d e s c r i b e d  

by Fostma and Zavadoski.  
5 

The d i s t r i b u t i o n  of i o d i n e  c o l l e c t e d  i n  t h e  f i l t e r  pack of several 

t es t s  i s  shown i n  F i g .  6 7 .  The d i s t r i b u t i o n  i s  s i m i l a r  t o  t h a t  o b t a i n e d  

d u r i n g  t h e  C o n t r o l  Test Series.’ 

papers  adsorb  some I i n  a d d i t i o n ,  t h e  f i r s t  f i l t e r  paper  c o l l e c t s  t h e  

A s  d i s c u s s e d  i n  t h a t  r e p o r t ,  a l l  f i l t e r  

2 ;  
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brs 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 .  A s  shown i n  F i g .  67, t h e  amount of p a r t i c u -  

l a t e  i o d i n e  i s  n o t  much g r e a t e r  t h a n  t h e  adsorbed i o d i n e  and i s  much s m a l l e r  

t h a n  t h e  amount of i o d i n e  t h a t  passed through t h e  p a p e r s  and was c o l l e c t e d  

on t h e  s i l v e r - p l a t e d  s c r e e n s .  For t h e  c o n d i t i o n s  of t h e  Implant  T e s t  Ser ies ,  

t h e  f r a c t i o n  of i o d i n e  adsorbed on t h e  f i l t e r  media a p p e a r s  t o  be s i g n i f i -  

c a n t  o n l y  when t h e  t o t a l  mass of i n c i d e n t  i o d i n e  i s  of t h e  o r d e r  of F1 vg. 

The f i r s t  f o u r  s i l v e r - p l a t e d  s c r e e n s  accomplished n e a r l y  complete 

c o l l e c t i o n  of t h e  r e a c t i v e  forms of i o d i n e  ( I  and probably  H I ) .  The 

s o u r c e  of i o d i n e  on t h e  remaining s c r e e n s  i s  b e l i e v e d  t o  b e  an  unknown 

(and l e s s  r e a c t i v e  toward s i l v e r )  i o d i n e  s p e c i e s .  No r e a s o n  i s  a p p a r e n t  

f o r  t h e  l a r g e r  amounts of i o d i n e  on t h e s e  s c r e e n s  i n  Implant  Test 8 .  

C o n t r o l  Tests 5 and 10 ( s e e  r e f .  1) l e v e l e d  o u t  a t  0 . 2  pg of i o d i n e  p e r  

s c r e e n ,  a v a l u e  s i m i l a r  t o  t h a t  of Implant  T e s t  8 .  

s i l v e r  "adsorbs"  a s i g n i f i c a n t  f r a c t i o n  of H O I .  

2 

Kabat reported' '  t h a t  

The d i s t r i b u t i o n  of i o d i n e  adsorbed i n  t h e  Implant  T e s t  Se r i e s  i s  

s imi l a r  t o  t h a t  of t h e  Cont ro l  Test  Ser ies , '  a l t h o u g h  t h e  amounts a r e  

somewhat lower.  The a d s o r b e r  bed used i n  b o t h  t es t  series was des igned  

t o  have h i g h  e f f i c i e n c y  of a d s o r p t i o n  of methyl  i o d i d e ;  t h e  s m a l l  g r a i n  

s i z e  (0.160-cm diam) and l o w  r e l a t ive  humidi ty  ( < 4 5 % )  ensured e f f i c i e n t  

o p e r a t i o n .  The l a r g e  c a r t r i d g e s  (Nos. 2 ,  3 ,  and 4 )  w e r e  1 .59  cm i n  diam 

and 1 . 9  c m  long and were f i l l e d  w i t h  1 . 9  g as - rece ived  c h a r c o a l  o r  3.4 g 

as - rece ived  t y p e  13X z e o l i t e ,  95% s i lver  exchanged. The s u p e r f i c i a l  

v e l o c i t y  w a s  %20 cm/sec € o r  o p e r a t i o n  b o t h  a t  low p r e s s u r e  (most exper i -  

ments) and a t  a tmospher ic  p r e s s u r e  ( T e s t s  8 and 11). Beginning w i t h  

Implant  T e s t  8 ,  c a r t r i d g e  No. 1 w a s  subdiv ided  i n t o  f o u r  p a r t s ,  each 

0 . 4 1  cm long (average  d e p t h ) ,  t o  p r o v i d e  g r e a t e r  d e t a i l  of i o d i n e  d i s t r i -  

b u t i o n  and t o  permi t  each s e p a r a t e  s u b d i v i s i o n  t o  b e  i r r a d i a t e d  i n  one 

exposure f o r  1271 and 12'1 a c t i v a t i o n  a n a l y s i s .  

9 

Under t h e  above c o n d i t i o n s ,  t h e  a d s o r p t i o n  e f f i c i e n c y  f o r  methyl  

i o d i d e  provided a one-tenth t h i c k n e s s  ( t h e  d e p t h  of t h e  bed r e s u l t i n g  i n  

a d e c r e a s e  i n  i o d i n e  n u c l i d e  c o n c e n t r a t i o n  of a f r a c t i o n  of 10) of approxi -  

mate ly  0.80 c m .  T h i s  i s  e q u i v a l e n t  t o  a s t a y t i m e  of 0.04 sec removing 90% 

of t h e  methyl  i o d i d e  (decontaminat ion  f a c t o r  of 10 ) .  A s  seen i n  F i g .  68,  

t h e  s i lver-exchanged z e o l i t e  and c h a r c o a l  a d s o r p t i o n  e f f i c i e n c i e s  f o r  t h e  

p o o r l y  sorbed  i o d i n e  s p e c i e s  w e r e  e q u i v a l e n t .  
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6. BEHAVIOR OF IMPLANTED CESIUM HYDROXIDE 

The chemistry of CsOH,as related to our test environment, has been 

discussed in a previous report. In our Knudsen cell-mass spectrometry 
3 work, it was found that CsOH reacted with hyperstoichiometric fuel to 

form a less-volatile fuel compound(s), probably a uranate. Notable decom- 

position of the uranate occurred only at temperatures 2925"C, and the pri- 

mary decomposition product observed with the mass spectrometer was Cs . 
Cesium from the decomposed uranate would rapidly react with steam in our 

Implant Test Series experiments to form CsOH in the steam-argon atmosphere 

flowing through the furnace tube liner. In the Implant and Control Tests, 

cesium hydroxide has been shown to be extremely reactive with the quartz 

furnace tube liner at temperatures over a broad range (between 125 and 

1000°C) forming less-volatile silicates. 

1 

+ 

Values for CsOH vapor pressure are given by the following equation 

(derived from JANAF data ) :  
12 

15315 + 12.23 (588 < T < 1263 K) . ( 3 )  - In P atm T 

In comparison with the vapor pressure of CsI, the vapor pressure of CsOH 

is between 10 to 30 times greater over the temperature range 700 to 1000°C. 

In Table 15, the percent of total cesium (implanted as CsOH) that was 

collected as CsOH, and the percent of total cesium (implanted as CsI) that 

was collected as CsI for each of the tests are provided for comparison. 

An assumption was made that all of the iodine released in each experiment 

was collected as CsI, which is not completely true. However, it does allow 

the minimum collection of cesium as CsOH to be determined. In each of the 

tests where the capsule was pressure ruptured, measurable CsOH was collected. 

However, very little CsOH was collected in tests where the simulated defect 

was a predrilled hole. The fraction of cesium collected as CsOH in Test 5 

was considerably larger than that collected in Test 10; both were conducted 

at 700°C. 

pressure experienced in Test 5. Table 15 also shows that the implanted 

CsOH was more stabilized by the fuel-rod environment than was CsI. 

This variance in collection was probably due to the high burst 



Table  1 5 .  Amounts of cesium and i o d i n e  c o l l e c t e d  as CsOH and C s l  

-- 
Time a t  P o r t i o n  of t o t a l  C s  P o r t i o n  of t o t a l  C s  

Implant  T e s t  t e s t  B u r s t  a ( implanted  as C s O H )  ( imp lan ted  as CsI) 
T e s t  t empera tu re  t empera tu re  p r e s  sure c o l l e c t e d  as CsOH c o l l e c t e d  as CsI 

Atmosphere ( p s i g )  (% 1 (% 1 ( PgJ 
_I_----- - ~ 1 _ _ 1 _ _ _  

No. ("0 (hr) 

8 1100 1 steam 425 33 -7 2 890 65.8 420 
steam n o t  measured 29.9 2 2 9 4  4.1! 27 
s team - 24.4 1088 33 -0 15 2 

11 13 00 1/4 
2 steam 250 23 .o  23 '2 63 .0 33 

4b 

8.6 488 25.5 168 
1 Z C  900 
3 900 2 steam 250 
5 700 2 s team 500 4.3 275 17.7 113 

1100 1 

6d 5 00 20 s team - 
steam 10d, e 700 5 - 

m 0.3 32 0.6  6 
- - 0.7 5 

a i r  - 0.1 sh 11.6 78 h 

- - - 3.9 20 
700 5 
5 00 20 a i r  

7d 9f, e; 
__- - 

T e s t s  8, 11, 4, 12, and  3 were each r u p t u r e d  a t  900°C by app ly ing  i n t e r n a l  a rgon  p r e s s u r e .  

Release  w a s  v i a  a l e a k  a t  i n l e t  capsu le  f i t t i n g .  

A f a c t o r  of about  7 t imes  l e s s  cesium w a s  employed i n  t h i s  t e s t .  

a 

b 

C 

d P r e d r i l l e d  (1 /16- in .  hole) t o  s i m u l a t e  a d e f e c t .  
e 

f P r e d r i l l e d  ( t h r e e - l / 1 6  i n .  h o l e s ) .  

gAbout 1 2  pg of i o d i n e  was r e l e a s e d  from t h e  capsu le  as e l e m e n t a l  i od ine .  

hBecause of t h e  d r y  a i r  atmosphere,  t h i s  cesium w a s  probably  c o l l e c t e d  as cS20- 

About 7 pg of i o d i n e  was  r e l e a s e d  from t h e  capsu le  as e l emen ta l  i od ine .  
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crs 

b 

T a b l e  16 i n d i c a t e s  t h a t  a t  t e s t  tempera tures  of 19OO"C, t h e  r a t i o  

of cesium on t h e  p e l l e t s  t o  cesium on t h e  c l a d d i n g  i s  about  2:1. Con- 

s i d e r i n g  t h e  v o l a t i l i t y  of C s O H ,  i t  a p p e a r s  t h a t  C s O H  i s  s t a b i l i z e d  by 

b o t h  t h e  f u e l  and c l a d d i n g  i n  t h i s  tempera ture  range .  ( I t  should  b e  

remembered t h a t  92% of t h e  cesium i n v e n t o r y  w a s  o r i g i n a l l y  CsOH.) I n  

tes ts  where t h e  tempera ture  i s  > 9 O O " C ,  such a s  i n  Tes ts  8 (llOO°C) and 

11 (13OO0C), t h e  r a t i o  of cesium on t h e  p e l l e t s  t o  cesium on t h e  c l a d d i n g  

w a s  about  2.3:l. 

Table  16. D i s t r i b u t i o n  of cesium between p e l l e t s  and c l a d d i n g  

Implant  
T i m e  a t  R a t i o  of 

test  P e r c e n t  of t o t a l  C s  C s  on p e l l e t s  
T e s t  Temperature tempera ture  exc luding  C s  a s  C s I  t o  C s  on 
K O .  ("C) ( h r )  on p e l l e t s  on c l a d d i n g  c l a d d i n g  

. 

6 500 20 61.55 29.02 2.12 

5 700 5 54.89 32.20 1.70 

7 700 5 58.84 32.52 1.80 

3 900 2 55.84 28.71 1.95 

8 1100 1 43.01 18.66 2.30 

11 1300 0.25 46.68 19.66 2.30 

12a 9 00 2 39.62 33.02 1.20 

a Low-concentration t es t .  

7 .  BEHAVIOR OF IMPLANTED TELLURIUM D I O X I D E  

T e l l u r i u m  d i o x i d e  i s  a s t a b l e  compound w i t h  a m e l t i n g  p o i n t  of 733°C 

and a b o i l i n g  p o i n t  of 1245°C. , V a l u e s  of TeO vapor  p r e s s u r e  are  g iven  

by t h e  f o l l o w i n g  e q u a t i o n s  : 
2 6 
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= 54.9 kca l /mole ;  2 (g)  ; AHsub = TeO 

= 8.067 - ___ 12000 (846 < T < 1006 K) . 
2 (SI TeO 

l o g  P a t m  T 

= T e O  AH = 51.7 kca l /mole ;  
Te02 ( R )  2 w ;  vap 

l o g  Patm = 7.367 - ___ 11300 (1006 < T < 1211 K)  . T 

(4)  

(5)  

A t  t empera tures  above l l O O ° C ,  t h e  d i o x i d e  d i s s o c i a t e s  i n  t h e  gaseous s t a t e  
1 3  t o  form t e l l u r i u m  monoxide. 

I n  each of t h e  exper iments  i n  t h i s  ser ies ,  a t  l eas t  h a l f  of t h e  i m -  

p l a n t e d  t e l l u r i u m  d i o x i d e  w a s  t r a n s p o r t e d  t o  t h e  Z i r c a l o y  c l a d d i n g  and 

w a s  d e p o s i t e d .  Furthermore,  s c a n s  of  t e l l u r i u m  a c t i v i t y  a long  t h e  c lad-  

d i n g  i n  each of t h e  experiments  r e v e a l e d  a p p a r e n t  r a p i d  r e a c t i o n  w i t h  t h e  

c l a d d i n g  a t  p e l l e t  i n t e r f a c e  l o c a t i o n s .  I n  most of t h e  experiments  con- 

duc ted  a t  700°C and above,  r e a c t i o n  r i n g s  w e r e  e v i d e n t  a t  p e l l e t  i n t e r f a c e s  

as shown i n  F i g .  16 .  The r e a c t i o n  r i n g s  a r e  a n  a r t i f a c t  of t h e  implanta-  

t i o n  technique .  I f  t h e  TeO had been i n i t i a l l y  d i s t r i b u t e d  uniformly on 

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

t h e  Z i r c a l o y  would a l s o  have been uniform.  The compound T e  Z r O  w a s  

i d e n t i f i e d  by x-ray d i f f r a c t i o n  i n  a sample of r i n g  m a t e r i a l .  The product  

of r e a c t i o n  between t h e  Zircaloy-4 and TeO proved t o  b e  s t a b l e  over  t h e  

tempera ture  range  covered i n  t h e s e  exper iments  (500 t o  1 3 O O 0 C ) .  

d i n a l  c u t  through one such r e a c t i o n  zone, shown i n  F i g .  1 7  ( S e c t .  4 . 3 ) ,  

r e v e a l e d  a d e c i d e d l y  t h i n n e r  oxide  l a y e r  i n  t h i s  r e g i o n .  

2 

3 5  

2 
A l o n g i t u -  

The r a t e  of t r a n s p o r t  of TeO from t h e  p e l l e t  d i s h e d  ends t o  t h e  

c l a d d i n g  w a s  found t o  i n c r e a s e  w i t h  tempera ture .  A f i r s t - o r d e r  r a t e  con- 

s t a n t  w a s  c a l c u l a t e d  f o r  t h e  f r a c t i o n  t r a n s p o r t e d  t o  t h e  c l a d d i n g  i n  each 

experiment .  The r e s u l t s  are  shown i n  F i g .  69. 

2 

It can be s e e n  from t h e  d a t a  l i s t e d  i n  Table  1 7  t h a t  <0.1% p e r  hour 

of t h e  t o t a l  t e l l u r i u m  i n v e n t o r i e s  w e r e  r e l e a s e d  i n  T e s t s  6 ,  10,  4 ,  9 ,  

and 7 ,  where t h e  c a p s u l e s  were p r e d r i l l e d  t o  p r o v i d e  t h e  s i m u l a t e d  d e f e c t .  

I n  a steam atmosphere,  t e l l u r i u m  d i o x i d e  can form an  oxyhydroxide t h a t  
14 i s  more v o l a t i l e  t h a n  t h e  d i o x i d e ,  accord ing  t o  t h e  fo l lowing  e q u a t i o n :  

2(g)  - + H 0 + TeO(0H) Te02(s) 2 (g)  

The dimer T e  i s  c o n s i d e r a b l y  more v o l a t i l e  t h a n  t h e  oxyhydroxide.  2 
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Table  17. Opera t ing  c o n d i t i o n s  a f f e c t i n g  r e l e a s e  of  t e l l u r i u m  

T e s t  c ondi t i ons Percen t  of 
Implant  Temperature ( " C )  Atmosphere Time a t  t e s t  B u r s t  t o t a l  Te 

T e s t  A t  During Steam Dry tem-ierature  p r e s s u r e  r e l e a s e d  
No. b u r s t  t e s t  a rgon  a i r  ( h r )  ( p s i g )  (% ) 

5 700 700 X - 5 5 00 6 .5  
8 900 1100 X - 1 425 3 -3 

900 X - 2 250 1.6 
3 900 900 X - 2 250 1.6 

13 00 X - 0.28  n o t  measured 1.0 

1 2  900 

11 900 

6 - 500 X - 20 P r e d r i l l e d  0 .5  

10 - 700 X - 5 P red r i l l ed  0.2 

4 - 1100 X - 1 Leak a t  i n l e t  0 . 1  

(1/16 -in.  h o l e  ) 

(1/16 - i n .  h o l e )  

f i t t i n g  

- 500 - X 20 P r e d r i l l e d  0 . 2  9 

7 - 700 - X 5 P r e d r i l l e d  0.02 

(3 ) 1/16 - in .  h o l e s  

(1 /16 - in .  h o l e )  



1 2 1  

The mode of release i n  t h e  p r e d r i l l e d  tests w a s  vapor  d i f f u s i o n .  

Table  1 7  i n d i c a t e s  t h a t  t h e  releases were l a r g e r  i n  t h e  tests (Nos. 5 ,  

8 ,  1 2 ,  3 ,  and 11) where t h e  c l a d d i n g  w a s  r u p t u r e d  by i n t e r n a l  a p p l i c a t i o n  

of a rgon  p r e s s u r e .  The fue:l-rod tempera ture  a p p e a r s  t o  have had l i t t l e  

i n f l u e n c e  on t h e s e  releases; r a t h e r ,  t h e  releases were more dependent  

upon b u r s t  p r e s s u r e .  The l a r g e r  t h e  b u r s t  p r e s s u r e ,  t h e  l a r g e r  t h e  release. 

I n  b o t h  Implant  Test 8 (1100°C) and 11 (13OO0C), t h e  d i s t r i b u t i o n  

p r o f i l e  of t e l l u r i u m  i n  t h e  q u a r t z  f u r n a c e  t u b e  l i n e r  w a s  s imi l a r  t o  t h a t  

o b t a i n e d  f o r  cesium, as shown i n  F i g s .  37 and 56. L i k e  cesium, t e l l u r i u m  

w a s  d e p o s i t e d  p r i m a r i l y  i n  .the r e g i o n  n e a r  t h e  r u p t u r e  opening.  A t  t e m -  

p e r a t u r e s  of 800°C and h i g h e r ,  t e l l u r i u m  reacts  w i t h  q u a r t z ;  

maximum tempera ture  of t h e  q u a r t z  l i n e r  i n  t h e s e  tests w a s  p robably  h i g h e r  

t h a n  800°C i n  t h e  h o t  r e g i o n ,  a l t h o u g h  t h e  l i n e r  tempera ture  w a s  lower a t  

t h e  t i m e  of fue l - rod  r u p t u r e .  

l3,I5 t h e  

Three s i d e  exper iments  were conducted i n  t h e  l a b o r a t o r y  t o  h e l p  e x p l a i n  

t h e  chemical  behavior  of t h e  t e l l u r i u m - Z i r c a l o y  system. These tes ts  were 

conducted a t  900°C f o r  1 h r  w i t h  a flowing-argon carr ier  g a s  provided .  I n  

t h e  f i r s t  exper iment ,  i t  w a s  found t h a t  TeO mixed w i t h  Z r O  r e a c t e d  t o  

form T e  Z r O  
2 2 

3 5: 

6 T e 0 2  + 2 Zr02 = 2 T e .  Z r 0 5  4- 3 O2 . ( 7 )  .3 

Agarwala e t  a1. , I6  prepared  T e  Z r O  by h e a t i n g  a m i x t u r e  of Zr02 and 

t e l l u r i u m  ( t a k e n  i n  a r a t i o  cor responding  t o  one atom of z i rconium t o  

t h r e e  atoms of t e l l u r i u m )  i n  a i r  a t  750°C f o r  48 hr: 

3 5  

I n  t h e  second experiment ,  T e O  w a s  mixed w i t h  m e t a l l i c  z i rconium i n  
2 

a n  a rgon  atmosphere a t  900°C; t h e  f o l l o w i n g  r e a c t i o n  p r o d u c t s ,  Z r 0 2  and 

e l e m e n t a l  t e l l u r i u m ,  were o b t a i n e d :  

TeO + Z r  = Z r 0 2  + T e  . ( 8 )  2 

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

condensed i n  a c o o l  q u a r t z  tube t h a t  w a s  downstream from t h e  f u r n a c e  t u b e .  

(The vapor  p r e s s u r e  of t e l l i i r i u m  i s  Q200 t o r r  a t  900°C. 17 
) 
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/--- 

Zirconium t e l l u r i d e  (ZrTe) w a s  o b t a i n e d  when e l e m e n t a l  t e l l u r i u m  

and zirconium w e r e  mixed and h e a t e d  t o  900°C i n  argon:  

Z r  + T e  = Z r T e  . (9) 

When e x c e s s  z i rconium i s  p r e s e n t ,  t h e  t e l l u r i u m  formed i n  accordance w i t h  

Eq. (8) could a l s o  react t o  form t h e  l e s s - v o l a t i l e  Z r T e .  I n  a l l  t h r e e  

exper iments ,  t h e  r e a c t i o n  p r o d u c t s  w e r e  determined by x-ray d i f f r a c t i o n .  

Based upon t h e  r e s u l t s  of t h e  Implant  Tests  and t h e  t h r e e  l a b o r a t o r y  

exper iments ,  i t  i s  a p p a r e n t  t h a t  t h e  " g e t t e r i n g ' l  a b i l i t y  of Z i r c a l o y  f o r  

t e l l u r i u m  i s  t h e  r e s u l t  of Eq. 

E q .  

( 7 )  when t h e  oxide  f i l m  i s  s u b s t a n t i a l  and 

(9)  when t h e  oxide  f i l m  i s  i n s i g n i f i c a n t .  

8 .  SUMMARY OF RELEASE DATA 

8 . 1  Comparison of  Amounts of Cesium and I o d i n e  Released 

S i n c e  t h e  exper iments  w e r e  o p e r a t e d  f o r  d i f f e r e n t  l e n g t h s  of t i m e ,  

comparisons of t h e  amounts of cesium and i o d i n e  r e l e a s e d  i n  t h e  v a r i o u s  

exper iments  cannot  b e  made d i r e c t l y .  The release of  t h e  h i g h  s p e c i f i c  

a c t i v i t y  I 3 O I  ( h a l f - l i f e ,  1 2 . 4  h r )  enabled e s s e n t i a l l y  cont inuous  monitor-  

i n g  of i o d i n e  r e l e a s e d  d u r i n g  most exper iments ,  t h u s  p e r m i t t i n g  a determi-  

n a t i o n  of release w i t h  t i m e .  

The amount of i o d i n e  r e l e a s e d  i n  t h e  f i r s t  hour of each experiment  

i s  d i s p l a y e d  g r a p h i c a l l y  i n  F i g .  70. L ines  are  drawn t o  show roughly  t h e  

d i f f e r e n c e  between r e l e a s e  of i o d i n e  from tes t  r o d s  w i t h  p r e d r i l l e d  h o l e  

d e f e c t s  and t h o s e  r u p t u r e d  by i n t e r n a l  a rgon  p r e s s u r e .  It i s  c l e a r  t h a t  

t h e  p r e s s u r e - r u p t u r i n g  caused much g r e a t e r  release of i o d i n e  t h a n  occurred  

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

release from p r e s s u r e - r u p t u r e d  r o d s  i s  p r e s e n t e d  i n  S e c t .  8 . 2 .  Release 

of i o d i n e  from t h e  p r e d r i l l e d  r o d s  was s i g n i f i c a n t l y  l ess  i n  t h e  steam 

atmosphere t h a n  i n  d r y  a i r .  A s  d i s c u s s e d  i n  Sec t .  5 ,  95% of t h e  i o d i n e  

r e l e a s e d  i n  d r y  a i r  w a s  i n  t h e  e l e m e n t a l  form (I ) when c o l l e c t e d .  A sum- 

mary of release by d i f f u s i o n  from t h e  t e s t  r o d s  i s  p r e s e n t e d  i n  S e c t .  8 . 3 .  
2 

The low s p e c i f i c  a c t i v i t y  134Cs ( h a l f - l i f e ,  2.06 y e a r s )  employed i n  

t h e s e  t e s t s  could n o t  b e  d e t e c t e d  u n t i l  t h e  I 3 O I  had decayed t o  a low l e v e l ,  
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u s u a l l y  several days a f t e r  t h e  exper iment .  T h e r e f o r e ,  i n t e r i m  release 

ra tes  f o r  cesium can o n l y  b e  i n f e r r e d  from t h e  i o d i n e  release ra tes .  

Using i o d i n e  release as a g u i d e ,  t h e  amounts of cesium r e l e a s e d  d u r i n g  

t h e  f i r s t  hour  of each experiment  have been e s t i m a t e d  and are  shown i n  

F i g .  7 1 .  

The e f f e c t s  of experiment  parameters  on cesium release are  similar 

t o  t h o s e  of i o d i n e .  I n  a l l  cases, however, t h e  p e r c e n t a g e  of cesium 

r e l e a s e d  w a s  less t h a n  f o r  i o d i n e .  (The o n l y  e x c e p t i o n  was Implant  Test  11, 

conducted i n  t h e  900 t o  1300°C range ,  i n  which i o d i n e  a p p a r e n t l y  migra ted  

t o  t h e  c o o l  ends of t h e  t e s t  rod b e f o r e  r u p t u r e .  S e e  S e c t .  5 . 2  f o r  a 

d i s c u s s i o n  of m i g r a t i o n  b e h a v i o r . )  Athough t h e  f r a c t i o n a l  release from 

cesium w a s  c o n s i s t e n t l y  less t h a n  f o r  i o d i n e ,  t h e  mass of cesium r e l e a s e d  

i n  t h e  h i g h e r  tempera ture  tests w a s  g r e a t e r  t h a n  t h e  m a s s  of i o d i n e .  T h i s  

i s  p o s s i b l e  because of t h e  h i g h e r  mass l o a d i n g  of cesium i n  a l l  t e s t s  

except  Nos. 1 and 2 .  The m a s s  r a t i o s  of cesium-to- iodine r e l e a s e  are  

p l o t t e d  i n  F i g .  7 2 .  Although t h e  d a t a  a re  s c a t t e r e d ,  a d e f i n i t e  t r e n d  

w i t h  tempera ture  e x i s t s .  The lower p e r c e n t a g e  releases of cesium are  a 

c lear  demonst ra t ion  t h a t  C s O H ,  more v o l a t i l e  t h a n  CsI, r e a c t e d  w i t h  t h e  

fue l - rod  components t o  form cesium compound(s) w i t h  s i g n i f i c a n t l y  lower 

v o l a t i l i t y .  (See S e c t .  6 f o r  a d i s c u s s i o n  of t h e  CsOH b e h a v i o r . )  

8 . 2  Release a t  Rupture  - "Burs t  Release'' 

I t  i s  clear  from F i g s .  70 and 7 1  t h a t  a l a r g e  amount of implanted 

material  i s  r e l e a s e d  upon r u p t u r e .  

release" i s  t h e  e v a p o r a t i o n  of implanted mater ia l  as t h e  p r e s s u r i z i n g  g a s  

(plenum g a s  i n  a r e a c t o r  f u e l  rod)  f lows  a long  t h e  p e l l e t - c l a d d i n g  gap 

s p a c e  and o u t  of t h e  r u p t u r e  opening.  

i s  p r o p o r t i o n a l  t o  t h e  p a r t i a l  p r e s s u r e  of t h e  s p e c i e s  and t h e  volume of 

g a s  f lowing o u t  of t h e  r u p t u r e  opening.  The p a r t i a l  p r e s s u r e  of each 

chemical  s p e c i e s  i s  determined by i t s  o r d i n a r y  vapor  p r e s s u r e  ( o r  p o s s i b l y  

a chemical  e q u i l i b r i u m  a s  w i t h  C s  over  C s  UO modif ied by adsorp-  

t i o n  ( a t  low c o n c e n t r a t i o n )  and mass t r a n s f e r  from t h e  s o l i d  t o  t h e  g a s  

phase  d u r i n g  t h e  blowdown. The volume of g a s  i s  a f u n c t i o n  of t h e  amount 

of g a s  i n  t h e  pelnum (and p e l l e t - c l a d  and p e l l e t - p e l l e t  v o i d s )  and t h e  

A l o g i c a l  mechanism f o r  t h i s  " b u r s t  

By t h i s  mechanism t h e  b u r s t  re lease 

(g)  2 4 ( s )  
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p r e s s u r e  a t  t h e  l o c a t i o n  where t h e  e v a p o r a t i o n  o c c u r s .  I t  must a l s o  b e  

recognized  t h a t  t h e  plenum g a s  u s u a l l y  sweeps through only  approximate ly  

h a l f  of t h e  rod l e n g t h .  

The c a l c u l a t e d  amounts of g a s  vented  a t  r u p t u r e ,  i o d i n e  and cesium 

mass r e l e a s e d  a t  r u p t u r e ,  and r e s u l t i n g  c o n c e n t r a t i o n s  of t h e s e  e lements  

i n  t h e  vented  g a s  are  l i s t e d  i n  Table  18. The g a s  "plenum" used i n  t h e s e  

t es t s  c o n s i s t e d  of small-diameter  t u b i n g ,  a p r e s s u r e  t r a n s d u c e r ,  and a 

f low r e s t r i c t o r  w i t h  a combined volume of 1 0 . 6  cm3 which remained a t  Q3O"C 

d u r i n g  t h e  t e s t .  The f u e l  rod conta ined  1 . 8  c m  volume, approximate ly  

h a l f  of which w a s  h e a t e d  t o  t:he r u p t u r e  tempera ture  w h i l e  t h e  remainder  

reached some i n t e r m e d i a t e  tempera ture .  The amount of g a s  vented  a t  r u p t u r e  

w a s  c a l c u l a t e d  from t h e  p r e s s u r e  a t  r u p t u r e  and t h e  above volumes and t e m -  

p e r a t u r e s .  A t  r u p t u r e  t h e  pl.enum g a s  blowdown l a s t e d  s e v e r a l  seconds 

because of t h e  i n s t a l l e d  f low r e s t r i c t o r  t u b i n g .  

3 

The gas  volumes and amounts of i o d i n e  and cesium r e l e a s e d  a t  r u p t u r e  

a r e  only  approximate.  Continuous gamma moni tor ing  of t h e  r a d i o i o d i n e  t h a t  

w a s  t r a n s p o r t e d  t o  t h e  thermal  g r a d i e n t  t u b e  and f i l t e r  pack w a s  in tended  

t o  d i f f e r e n t i a t e  between t h e  amounts of i o d i n e  r e l e a s e d  a t  r u p t u r e  and 

t h a t  r e l e a s e d  subsequent ly  by d i f f u s i o n .  However, holdup of i o d i n e  s p e c i e s  

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

conducted a t  700°C. T h e r e f o r e ,  t h e  amount of i o d i n e  r e l e a s e d  a t  r u p t u r e  

a t  700°C (and t h e  amounts of cesium l i k e w i s e  r e l e a s e d  a t  700 and 900°C) 

w e r e  c a l c u l a t e d  by s u b t r a c t i n g  d i f f u s i o n a l  release (Sec t .  8 . 4 )  from t h e  

t o t a l  release.  For  t h e  i o d i n e  b u r s t - r e l e a s e  a t  9OO0C, gamma moni tor ing  

of t h e  r e l e a s e d  i o d i n e  w a s  used.  

The r e s u l t a n t  c o n c e n t r a t i o n s  of i o d i n e  and cesium i n  t h e  vented  gas  

are p l o t t e d  i n  F i g .  73 as a f u n c t i o n  of t h e  t o t a l  e lement  implanted.  Four 

c o n c l u s i o n s  can b e  drawn from t h e  d a t a  as p l o t t e d  i n  t h i s  f i g u r e .  

1. There i s  a s t r o n g  dependence upon mass of implanted materials.  

2 .  There i s  n o t  much d i f f e r e n c e  between cesium and i o d i n e  r e l e a s e d  i n  

t h e  b u r s t .  Agreement i s  roughly  w i t h i n  a f a c t o r  of 2 .  

3 .  C o n c e n t r a t i o n s  a t  900°C are only  2 t o  6 t i m e s  g r e a t e r  t h a n  a t  700°C.  



Table 18. Iodine and cesium burst release 

Temper a - Total Total Estimated iodine Total Total Estimated cesium Gas relctased Implant ture at at rupture iodine iodine released at cesium cesium released at 
rupture Test rupture implanted released rupture implanted released - 

No. ( " C )  (cm3 He, STP) (pg )  (PSI (Pg) (1J-g/cm3 He, STP) (1J-g) (1J-8) (1J-g) (ug/cm3, He, STP) 

2 700 221 .'I 3 5.3 4.ga 0.022 34 2.49 2.45a 0.011 - -  
5 700 340 610 109 103.0; 0.30 7050 381 378. Oa 1.11 
1 700 221 1600 362 356.0 1.61 1680 180 179.Sa 0.81 

12 900 164 50 30 23b 0.14 1060 264 217a 1.32 
8" 900 285 610 401 240; 0.84 9220 3311 191Sa 6.73 
3 900 164 630 162 65 0.40 6340 486 290a 1.77 

a 

bObtained from gamma monitoring of released iodine 5 min after rupture. 

'Raised to 1100°C after rupture at 900°C. 

Obtained by subtracting diffusional release from total release. 
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/-- 4 .  The calculated concentrations are significantly lower than would 

occur with CsI vapor in equilibrium with CsI liquid, which are 
3 6.2 pg I (or 6.5 pg Cs)/cm (STP) at 700°C and 145 ug I (or 151 1-18 

Cs)/cm3 (STP) at 90O"C.f 

It must be emphasized again that the calculated experimental concen- 

trations of iodine and cesium in the vented gas are only approximate. 

Errors of a factor of 2 could easily occur since there was no accurate 

method for differentiating between amounts released at burst and later 

by diffusion. Even with this possible error, the calculated concentra- 

tions are well below those expected for CsI vapor at equilibrium with 

CsI liquid. Several mechanisms could explain why iodine implanted only 

as CsI would not behave as "ideal" CsI during the rupture blowdown: 

(1) at these low concentrations, sorptive forces can be quite strong, and 

the highest concentration of CsI implanted is equivalent to only several 
monolayers if one assumes equal distribution on pellet and cladding sur- 

faces (with a roughness factor of 10 for these surfaces); (2) mass transfer 

ineffi-ciency could inhibit the vaporization of the species present; and 

(3) chemical changes could have resulted in the formation of less-volatile 

species. 

8.3 Release from Gap by Diffusion in Steam 

Diffusion of fission products from the defect opening occurs follow- 

ing blowdown of the plenum gas. At this time, gas external to the fuel 

rod (usually steam) will diffuse into the gap space and may react chemi- 

cally with fission products in the gap space. 

significant amounts of hydrogen (0.01 to 20%) will be present in the steam 

outside of the fuel rod as a result of steam-zirconium reaction. Higher 

concentrations will be formed inside the gap space from steam diffusing 

into the rupture or drilled opening. Table 19 lists data from six tests 

for which diffusional release values were obtained. Tests 6 and 10 pro- 

vided diffusion rates from cladding with a drilled 0.159-cm (0.0625-in.)- 

diam hole. Tests 3, 8, and 12 provided diffusion rates from fuel rods 

which experienced clad expansion and rupture at 900°C. 

was attempted in Test 4 ,  but a leak that developed at the inlet-side 

When steam is employed, 

A similar rupture 



c b  Y, c 

4: 

Table 19. Diffusional release of iodine and cesium in steam 

Iodine Cesium 
Amount Diffusional Amount Diffusional 

Amount released by release Amount released by release 
Test Temperature Time implanted diffusion rate implanted diffusion rate 
No. ("C) (hr) (ug) ( U d  (1.1dhr) (1.18) (1.18) (ugh-) 

3 900 2.0 56Sa 97a 49 6050 196 98 

4 1100 0.8 440 145 181 4920 1237 1547 

6 500 20.0 900 5.76 0.29 10,270 <42 - 

8 1100 0.96 370a 161a 168 7300 1393 1451 P 
w 
P 

10 7 00 5.0 660 12.2 2.44 7070 4.84 0.97 

12 900 2.0 27a 7.0a 3.5 84 3 47 23.5 

a Amount obtained by subtracting estimated burst release from total release. 
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ferrule fitting prevented significant pressurization. Since it was 

observed that radioactive iodine was being released slowly, the test was 

continued and the results were treated as diffusional release. 

The calculated diffusional release rates were plotted as a function 

of implanted mass in Fig. 74. The tests covered a wide temperature range 

with relatively little variation in implanted mass, yet the dependence is 

apparent. From this limited data set, it appears that the cesium release 

may vary with temperature more than iodine release. 

Table 18 includes columns listing total release and estimated burst 

release. A s  noted in the table, the estimated burst release for most 

experiments was obtained by subtracting the estimated diffusional release 

(usually a small amount) from the total release (usually a much larger 

amount). The estimated diffusional release could only be obtained as very 

rough approximations from the data given i n  F i g .  68 .  

In spite of the limited amount of data, it is quite clear that the 

burst release, especially at 7OO0C, was much larger than release by 

diffusion at the same temperature. 

8 . 4  Modeling Iodine and Cesium Release 

Unfortunately, 12 experiments cannot supply sufficient data to formu- 

late a comprehensive model for fission product release. However, we believe 

that the data presented in Figs. 73 and 74, which summarize the separate 

components for burst release and diffusional release, provide a basis for 

establishing such a model. The data shown in these figures were obtained 

only from simulated fission product compounds implanted in the gap space 

on U02 pellets. 

junction with fission product release measurements from highly irradiated 

LWR fuel in order to obtain the desired release model. The data shown in 

Figs. 73 and 74 are plotted as a function of inventory in the gap space, 
so that when comparing these data with release from irradiated fuel rods, 

an estimate of the irradiated-rod gap inventory (amount of cesium or iodine 

in the pellet-to-clad gap space) is required. For rupture into pressurized 

vessels, the volume of vented gas must be calculated at the system pressure 

It is therefore recommended that these data be used in con- 
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and reduced t o  0°C i n  o r d e r  t o  compare w i t h  d a t a  shown i n  F i g .  73 .  The 

d i f f u s i o n a l  release ra tes  g i v e n  i n  F i g .  7 4  are  g i v e n  f o r  0 . 1  MPa (atmo- 

s p h e r i c  p r e s s u r e ) ;  t h e s e  release rates  should b e  i n v e r s e l y  p r o p o r t i o n a l  

t o  a b s o l u t e  p r e s s u r e .  

8 . 5  C h a r a c t e r i s t i c s  of Released Aerosol  

The cascade  impactor  and h i g h - e f f i c i e n c y  f i l t e r  m e d i a  w e r e  used t o  

c o l l e c t  and c h a r a c t e r i z e  t h e  a e r o s o l  released d u r i n g  t h e  implant  tests.  

Although a l l  of t h e  f lowing g a s  p a s s e s  through t h e  impactor ,  t h e  amount 

of p a r t i c u l a t e  m a t e r i a l  c o l l e c t e d  by t h e  impactor  s t a g e s  and f i l t e r  media 

i s  <loo%.  The l a r g e r  p a r t i c l e s  tend  t o  s e t t l e  o u t  i n  t h e  f u r n a c e  and 

thermal  g r a d i e n t  t u b e s ,  and t h e  s m a l l e r  p a r t i c l e s  tend t o  d e p o s i t  on 

equipment s u r f a c e s  b e f o r e  e n t e r i n g  t h e  impactor .  

The p a r t i c u l a t e  material  on t h e  impactor  c o l l e c t i o n  papers  and t h e  

f i r s t  f i l t e r  paper  w e r e  ana lyzed  f o r  s i z e  d i s t r i b u t i o n  f o l l o w i n g  t h e  method 

of P a r k e r  and Buchholz.18 

The s i z e  p a r t i c l e  c o l l e c t e d  by each s t a g e  depends upon p a r t i c l e  d e n s i t y .  

The aerodynamic s i z e  assumed p = 1 . 0  g/cm ; mass median s i z e s  were ca lcu-  

The r e s u l t s  are p r e s e n t e d  i n  Tables  20 and 2 1 .  

3 
n 
3 l a t e d  f o r  p = 3.6  g/cm ( t h e  d e n s i t y  of CsOH) as w e l l .  The mass median 

d iameter  (MMD) f o r  i o d i n e - c o n t a i n i n g  p a r t i c l e s  appeared l a r g e r  and more 

s c a t t e r e d  t h a n  f o r  cesium-containing p a r t i c l e s .  The cesium MMD f o r  t h e  

Implant  Tests was v e r y  c l o s e  t o  t h a t  found i n  t h e  C o n t r o l  T e s t  Ser ies ,  as 

shown i n  T a b l e  2 1 .  

Caut ion should  be taken  i n  making u s e  of t h e s e  s i z e  d a t a .  I n  a d d i t i o n  

t o  t h e  l a r g e  s ca t t e r ,  t h e s e  s i z e s  are  unique t o  our  a p p a r a t u s  and a re  n o t  

n e c e s s a r i l y  t h e  same as might b e  found i n  a LOCA where t h e  h o t  g a s  and t h e  

vapor  which vented  from a r u p t u r e d  f u e l  rod would rnix r a p i d l y  w i t h  a l a r g e r  

volume of r e l a t i v e l y  c o o l  steam. T h i s  would tend  t o  c a u s e  condensa t ion  of 

most cesium-containing s p e c i e s  i n  t h e  steam phase t o  form suspended p a r t i -  

c u l a t e s .  I n  our  t e s t  a p p a r a t u s ,  by c o n t r a s t ,  most of t h e  vapors  were 

f o r c e d  t o  condense on t h e  c o o l  w a l l s  of t h e  thermal  g r a d i e n t  t u b e .  A s  a 

t y p i c a l  v a l u e ,  on ly  one- ten th  of t h e  cesium i n  our  exper iments  passed 

through t h e  thermal  g r a d i e n t  t u b e  and i n t o  t h e  impactor  assembly. No 
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Table 20. Cha rac t e r i s t i c s  of p a r t i c u l a t e  ma te r i a l  

~ 

Implant Tes t  5 (700°C) Implant Test  3 (?OO"C) Implant Test  8 (900 t o  1100°C) Implant Test  11 (90 t o  1300"c) 
Aerodynamic Aerodynamic Aerodynamic Aerodynamic 

cu tof f  cutoff Amount a t  l oca t ion  cutoff Amount a t  loca t ion  I diam, D Amount a t  loca t ion  Location cutoff Amount a t  loca t ion  diam, 
I I diam, D 

I P cs P cs P cs 
d i m ,  D 

P c s  
( P I  (%I (% 1 (vm)  (%) (%) (w) (%) (% ) (vm) (%) (%) 

P 

Ln 
Stage 1 1.29 28.9 54.6 1.31 29.2 29.9 1.46 20.1 24.0 1.52 39.1 70.9 w 
Stage 2 0.67 17.3 7.6 0.68 8.6 1.6 0.87 8.2 4.7 0.91 9.1 10.6 
Stage 3 0.39 19.1 10.5 0.40 7.1 1.7 0.57 7.4 6.6 0.60 6.4 1.6 

Stage 5 0.10 5 .2  4.6 0.10 15.0 4?.5 0.20 8.6 25.6 0.21 4.6 0.8 
Stage 4 0.24 22.7 18.3 0.24 25.1 12.0 0.38 11.9 8.8 0.40 6.4 0.8 

F i r s t  f i l t e r  - 6.7 4 . 4  15.0 5.3 43 .9 30.3 34.6 15.7 
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obvious s i z e  d i f f e r e n c e  w a s  observed between p r e s s u r e - r u p t u r e  and p r e d r i l l e d -  

d e f e c t  exper iments .  

t o  c a r r y  more a e r o s o l  and vapor  through t h e  thermal  g r a d i e n t  t u b e .  

The h i g h e r  steam f low used i n  T e s t s  8 and 11 d i d  appear  

A s  mentioned p r e v i o u s l y ,  t h e  d i s t r i b u t i o n  of v i s i b l e  mater ia l  c o l -  

l e c t e d  on t h e  impactor  c o l l e c t i o n  p a p e r s  d i d  n o t  u s u a l l y  correspond t o  t h e  

d i s t r i b u t i o n s  of cesium and i o d i n e .  Cesium i o d i d e  w a s  i d e n t i f i e d  by x-ray 

d i f f r a c t i o n  o n l y  on t h e  f i f t h  s t a g e  of Implant  T e s t  8 and C o n t r o l  T e s t  10 

( s e e  r e f .  1); C s 0 H . H  0 w a s  found i n  a v a r i e t y  of s t a g e s  i n  many d i f f e r e n t  

exper iments  . 
2 

9 .  MATERIAL BALANCE 

Material b a l a n c e s  w e r e  c a l c u l a t e d  f o r  I 3 O I  ( t l / 2  = 12.4 h r )  and 134Cs 

= 2 .06  y e a r s )  f o l l o w i n g  each experiment .  The I3OI b a l a n c e  w a s  
%/2 
determined by comparing t h e  a c t i v i t y  of I 3 O I  i n  t h e  assembled f u e l  rod 

b e f o r e  t h e  experiment  w i t h  t h e  sum of I3OI found on t h e  system components 

a f t e r  t h e  experiment .  The r e s u l t s  are shown i n  Table  22. The mean v a l u e  

w a s  99.8% w i t h  a s t a n d a r d  d e v i a t i o n  (S.D.) of 5.6%. 

Table  2 2 .  Material b a l a n c e s  

~ ~~- 

Implant  T e s t  P e r c e n t  of implanted Es t imated  p e r c e n t  of 
N o .  i o d i n e  found implanted cesium found 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  

105 
104 
110 
102 

9 1  
100 
10 2 
100 

98  
99 
9 1  
95 

Mean = 99.75 
S.D. = 5.56  

8 7  
79 
74 
73 
87 

100 
10 1 

94 
93  
98 
96 
87 

Mean = 8 9 . 1  
S.D. = 9 .7  
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134 Determina t ion  of t h e  i n i t i a l  amount of C s  w a s  made i n d i r e c t l y .  AS 

d e s c r i b e d  p r e v i o u s l y ,  t h e  tracer i s o t o p e s  were prepared  by d i r e c t  n e u t r o n  

a c t i v a t i o n  of C s I  b e f o r e  each experiment ,  r e s u l t i n g  i n  a n  i n i t i a l  s p e c i f i c  

a c t i v i t y  of I 3 O I  approximately 70 t i m e s  g r e a t e r  t h a n  134Cs. 

could n o t  measure t h e  amount of 134Cs b e f o r e  t h e  experiment  w i t h  t h e  N a I  

s c i n t i l l a t i o n  c r y s t a l  b u t  o b t a i n e d  a c a l c u l a t e d  i n i t i a l  amount by determin-  

i n g  t h e  r a t i o  of 134Cs t o  I 3 O I  i n  a n  a l i q u o t  of t h e  i m p l a n t a t i o n  s o l u t i o n .  

The amount of 134Cs i n i t i a l l y  i n  t h e  f u e l  rod w a s  t h e n  determined by mul- 

t i p l y i n g  t h e  i n i t i a l  I 3 O I  by t h e  above r a t i o .  

Table  22 gave a mean v a l u e  f o r  t h e  cesium m a t e r i a l  b a l a n c e  of 89.1%, w i t h  

a S.D. of 9 .7%.  We b e l i e v e  t h a t  t h i s  s l i g h t l y  low number i s  t h e  r e s u l t  

of t h e  method f o r  c a l c u l a t i n g  t h e  i n i t i a l  amount of C s  and a s y s t e m a t i c  

e r r o r  i n  count ing  geometr ies .  

We t h e r e f  o r e  

The r e s u l t s  shown i n  

134 

S i m i l a r  b a l a n c e s  were performed f o r  t h e  123mTe t racer ,  b u t  t h e  sca t te r  

w a s  l a r g e  because of  t h e  low energy and l o w  s p e c i f i c  a c t i v i t y  of t h e  T e  

employed. The t o t a l  m a s s  of each implanted chemical  s p e c i e s  w a s  determined 

by weight .  Neutron a c t i v a t i o n  provided  an  independent  v e r i f i c a t i o n  of t h e  

mass i n  each exper iment .  

1 2 3 m  

The accuracy  of t h e  release v a l u e s  was a f f e c t e d  by t h e  count ing  

s t a t i s t i c s  and geometry.  For d a t a  shown i n  F i g s .  70 and 7 1 ,  w e  e s t i m a t e  

t h e  f o l l o w i n g  accuracy:  f o r  10% release,  fl%; f o r  1% r e l e a s e ,  3~0.2%; 

f o r  0.1% r e l e a s e ,  +0.05%, -0 .03%; and f o r  0.01% r e l e a s e ,  +0.02%, -0.01%. 

A d d i t i o n a l  sca t te r  occurred  because of l a c k  of r e p r o d u c i b i l i t y  i n  e x p e r i -  

ment parameters  such as r u p t u r e  h o l e  s i z e ,  amount of c l a d  expans ion ,  and 

a x i a l  thermal  g r a d i e n t s .  

rod behavior  would i n c r e a s e  t h e  p o s s i b l e  amount of e r r o r .  

A p p l i c a t i o n  of t h e s e  d a t a  t o  f u l l - l e n g t h  f u e l  

1 0 .  CONCLUSIONS 

10 .1  The E f f e c t  of t h e  F u e l  Rod Gap Environment on t h e  

V o l a t i l i t y  of Implanted CsOH and C s I  

The p a r t i a l  p r e s s u r e  of cesium-containing s p e c i e s  c a l c u l a t e d  t o  

e x i s t  i n  t h e  g a s  vented  a t  r u p t u r e  (Table  18) w a s  more t h a n  a f a c t o r  of 

100 lower t h a n  t h e  vapor  p r e s s u r e  of CSOH,~* t h e  chemical  form i n  which 
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3 

90% of t h e  cesium was implanted i n  Tests 3 ,  5 ,  8 ,  and 1 2 .  T h i s  d i f f e r e n c e ,  

shown g r a p h i c a l l y  i n  F i g .  7 5 ,  must b e  a t t r i b u t e d  p r i n c i p a l l y  t o  a chemical  

r e a c t i o n  between t h e  C s O H  and UO t o  form a l e s s - v o l a t i l e  cesium s p e c i e s  

such as C s  UO 
2 

2 4 '  

A similar  d e c r e a s e  i n  cesium v o l a t i l i t y  w a s  observed i n  t h e  Knudsen 

c e l l  tests3 when C s  CO w a s  mixed w i t h  UO powder. Furthermore,  a m i x t u r e  

of C s O H  and UO powder d i s p l a y e d  t h e  same low cesium v o l a t i l i t y  a s  f o r  t h e  

C s  CO -UO m i x t u r e .  

2 3  2 

2 

2 3  2 

When cesium w a s  implanted o n l y  as C s I  (Test  1 and 2 ,  Table  18), t h e  

c a l c u l a t e d  cesium p a r t i a l  p r e s s u r e s  were a f a c t o r  of 8 o r  more less  t h a n  

would occur  w i t h  C s I  ( s e e  F i g .  7 5 ) .  S i n c e  i o d i n e  w a s  implanted i n  a l l  

t e s t s  only  a s  C s I ,  t h e  c a l c u l a t e d  i o d i n e  p a r t i a l  p r e s s u r e  w a s  a f a c t o r  of 

4 o r  more lower t h a n  t h a t  f o r  C s I  vapor  i n  e q u i l i b r i u m  w i t h  condensed C s I .  

These modera te ly  lower exper imenta l  p a r t i a l  p r e s s u r e s  f o r  cesium and 

i o d i n e  implanted as C s I  should n o t  be i n t e r p r e t e d  as r e s u l t i n g  from chemi- 

ca l  changes.  A s  d i s c u s s e d  i n  S e c t s .  8 . 2  and 8 . 3 ,  t h e  v o l a t i l i t y  of cesium 

and i o d i n e  i n  t h e s e  t e s t s  w a s  found t o  depend upon t h e  amount of m a t e r i a l  

implanted ,  a n  o b s e r v a t i o n  which s u g g e s t s  t h a t  s o r p t i o n  f o r c e s  were impor tan t  

a t  t h e  low c o n c e n t r a t i o n s  employed. Mass t r a n s f e r  i n e f f i c i e n c y  and d i f f i -  

c u l t y  i n  d i s t i n g u i s h i n g  t h e  amounts r e l e a s e d  a t  r u p t u r e  might  a l s o  have 

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

23  

S o r p t i o n  and mass t r a n s f e r  l i m i t a t i o n s  would a l s o  c o n t r i b u t e  t o  t h e  

low cesium p a r t i a l  p r e s s u r e  observed when C s O H  w a s  implanted ,  b u t  most 

of t h e  l a r g e  r e d u c t i o n  must b e  a t t r i b u t e d  t o  compound format ion .  Although 

w e  d i d  n o t  p o s i t i v e l y  i d e n t i f y  any s p e c i f i c  Cs-U-0 compound, a r e c e n t  

thermodynamic a n a l y s i s  p r o v i d e s  grounds f o r  t h e  e x i s t e n c e  of C s  UO i n  t h e  

gap space  of LWR f u e l s .  
2 4  6 

1 0 . 2  Modeling Cesium a n d - I o d i n e  Gap Escape 

The 1 2  implant  tes ts  were i n s u f f i c i e n t  i n  number t o  develop a compre- 

h e n s i v e  release (gap escape)  model. The d a t a  as p r e s e n t e d  i n  F i g s .  7 3  and 

7 4  do p r o v i d e  the bas is  f o r  such a model. S e p a r a t e ,  a d d i t i v e ,  releases 

can b e  c a l c u l a t e d  f o r  b u r s t  release ( t h a t  amount c a r r i e d  o u t  w i t h  plenum 
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Q IODINE, C s I  ONLY IMPLANTED 
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F i g .  75 .  Comparison of t h e  p a r t i a l  p r e s s u r e s  of cesium and i o d i n e  
s p e c i e s  ven ted  from r u p t u r e d  f u e l  rods  w i t h  t h e  vapor  p r e s s u r e s  of CsI 
and CsOH.  



141 

g a s  vented  a t  r u p t u r e ) ,  and f o r  d i f f u s i o n a l  r e l e a s e  ( t h e  amount r e l e a s e d  

fo l lowing  t h e  blowdown of plenum g a s  w h i l e  t h e  f u e l  rod remains h e a t e d ) ,  

as d i s c u s s e d  i n  Sect .  8 . 4 .  

1 0 . 3  I o d i n e  Behavior i n  Steam-Atmosphere Tests 

A t  900°C and h i g h e r ,  s i g n i f i c a n t  a x i a l  m i g r a t i o n  of t h e  implanted 

C s I  w a s  observed ( S e c t .  8 . 2 ) .  When only  C s I  w a s  implanted ( T e s t s  1 and 

2,  Sec ts .  4 . 1  and 4 . 2 ) ,  chemical  changes occurred  a t  700°C so  t h a t  t h e  

UO p e l l e t s  became r i c h  i n  cesium and t h e  c l a d d i n g  r i c h  i n  i o d i n e .  It 

i s  b e l i e v e d  t h a t  t h e  h y p e r s t o i c h i o m e t r i c  f u e l  reacted w i t h  t h e  implanted 

C s I .  

t h e  r e l e a s e d  i o d i n e  i n  t h e  e l e m e n t a l  form was u s u a l l y  g r e a t e s t  when t h e  

r e l e a s e d  m a s s  was low, a s  shown i n  F i g .  66 .  The compound C s 2 ( Z r ( I 0  ) ) 

w a s  i d e n t i f i e d  on t h e  c l a d d i n g  of Tes t  2 by x-ray d i f f r a c t i o n .  

2 

Although I2 w a s  c o l l e c t e d  i n  every  experiment ,  t h e  p e r c e n t a g e  of 

3 6  

1 0 . 4  Cesium Behavior i n  Steam-Atmosphere Tests 

Cesium i n  t h e  f lowing s team, a f t e r  release from t h e  f u e l  r o d ,  e x i s t e d  

mainly i n  two chemical  forms: C s O H  and C s I  (any e l e m e n t a l  cesium o r  

cesium oxide  exposed t o  steam would form CsOH). 

w i t h  t h e  q u a r t z  f u r n a c e  t u b e  l i n e r  ( s e e  F i g .  56 f o r  a t y p i c a l  d i s t r i b u t i o n ) ,  

b u t  some was c a r r i e d  i n t o  t h e  thermal  g r a d i e n t  t u b e .  Some of t h e  C s I  sorbed  

o r  condensed on c o o l e r  p a r t s  of t h e  q u a r t z  f u r n a c e  t u b e  l i n e r  where a por- 

t i o n  may have r e a c t e d  w i t h  t h e  q u a r t z .  Beginning w i t h  T e s t  8, t h e  ou t -  

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

C s I  w a s  t r a n s p o r t e d  i n t o  t h e  thermal  g r a d i e n t  t u b e  where condensa t ion  

occurred  i n  t h e  300 t o  5 O O O C  t empera ture  range .  

The C s O H  r e a c t e d  r a p i d l y  

10.5 T e l l u r i u m  Behavior i n  Steam-Atmosphere Tests  

A s  d e s c r i b e d  i n  Sec t .  7 ,  t e l l u r i u m ,  implanted as TeO migra ted  t o  2 ’  
t h e  c l a d d i n g  where r e a c t i o n s  occurred  t h a t  minimized release from t h e  

d e f e c t e d  f u e l  rod .  The r e a c t i o n  p r o d u c t ( s )  proved t o  b e  s t a b l e  i n  t h e  

t e s t i n g  tempera ture  range  of 500 t o  1300°C. 

d i f f r a c t i o n  t h a t  t h e  major c o n s t i t u e n t  i n  a sample of t h e  r e a c t i o n  

I t  was determined by x-ray 
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material  w a s  T e  Z r O  Although n o t  i d e n t i f i e d ,  z i rconium t e l l u r i d e  could 

a l s o  have been formed. The r a t e  of t r a n s p o r t  of TeO from t h e  coa ted  

p e l l e t  i n t e r f a c e s  t o  t h e  c l a d d i n g  i n c r e a s e d  w i t h  tempera ture .  Te l lur ium 

release from t h e  f u e l  rod  appeared t o  b e  more a f u n c t i o n  of r u p t u r e  pres -  

s u r e  t h a n  tes t  tempera ture .  

2 5 '  

2 

10 .6  I o d i n e ,  Cesium, and Tel lur ium Behavior i n  

Dry-Air-Atmosphere Tests 

I o d i n e  release w a s  approximate ly  a f a c t o r  of 10  g r e a t e r  i n  d r y - a i r  

2 '  tests t h a n  i n  steam. The i o d i n e  w a s  c o l l e c t e d  almost  e x c l u s i v e l y  as I 

Cesium release w a s  a l s o  s i g n i f i c a n t l y  g r e a t e r  i n  d r y  a i r  a tmosphere,  b u t  

t h e  t e l l u r i u m  release w a s  less. 

11. REFERENCES 

1. R.  A .  Lorenz,  M. F.  Osborne,  J .  L .  C o l l i n s ,  and S .  R.  Manning, 

Behavior of I o d i n e ,  Methyl I o d i d e ,  Cesium Oxide,  and Cesium I o d i d e  

i n  S t e a m  and Argon, ORNL/NUREG/TM-25 ( J u l y  1976) .  

2. A. P.  Malinauskas,  "Use of S imulants  f o r  F i s s i o n  Product  Release," 

paper  p r e s e n t e d  a t  t h e  Second L i g h t  Water Reac tor  S a f e t y  Research 

I n f o r m a t i o n  Meet ing,  S e p t .  1 9 ,  1974. See Nucl.  S a f .  1 6 ,  1 9  (1975) .  

3 .  J .  L .  C o l l i n s ,  M. F. Osborne,  A .  P .  Malinauskas,  R .  A .  Lorenz,  and 

S .  R .  Manning, Knudsen Cell-Mass Spec t rometer  S t u d i e s  of Cesium- 

Urania  I n t e r a c t i o n s ,  ORNL/NUREG/TM-24 (June 1976) .  

4 .  J .  L .  Margrave, The C h a r a c t e r i z a t i o n  of High-Temperature Vapors,  

p .  503, Wiley, New York, 1967. 

5 .  A. K .  Postma and R .  W .  Zavadoski ,  R e v i e w  of  Organic  I o d i d e  Formation 

Under Accident  Condi t ions  i n  Water-cooled R e a c t o r s ,  WASH-1233 

(October 1972) .  

6 .  B .  D .  E p s t e i n ,  A Review of t h e  L i t e r a t u r e  P e r t i n e n t  t o  F i s s i o n -  

Product  M i g r a t i o n  and I n t e r a c t i o n  i n  F u e l  Rods, GA-A13423, UC-77, 

p.  1 3  ( June  1 9 7 5 ) .  



143 

7. J. R. Soulen, P. Sthapitanoda, and J. L. Margrave, "Vaporization of 

TeO and Mg N ' I  paper presented at the Inorganic Substances: 

Symposium on High-Temperature Chemical Reactions at the 126th Meeting 

of the American Chemical Society, New York, Sept. 15, 1954. 

B2°3' 2' 2 3' 

8. D. A. Collins, R. D. Collins, R. Taylor, A. E. McIntosh, and W. B. Roys, 
The Temperature-Gradient Tube Technique for Characterization of Released 

Fission Products, TRG Report 1332(W) (January 1967). 

9. V. J. Tennery, pp. 23-32 in Voloxidation-Removal of Volatile Fission 

Products from Spent LMFBR Fuels, ed. J. H. Goode, ORNL/TM-3723 

(January 1973). 

10. M. Fischer, paper presented at the Third Water Reactor Safety Informa- 

tion Meeting, Gaithersburg, Md., September 1975. 

11. Horst Feuerstein, Behavior of Iodine In Zircaloy Capsules, ORNL-4543, 

(August 1970). 

12. D. R. Stull, ed., JANAF Tables of Thermochemical Data, Dow Chemical Co., 

Midland, Mich., 1965. 

13. E. A .  Buketov, L. I. Mekler, E. G. Nadirov, A. S. Pashinkin, and 
L. D. Trofimova, "Investigation of the Tellurium-Tellurium Dioxide 

System," Russ. J. Inorg. Chem. - 9 ( 1 ) ,  123-24 (January 1964). 

14. A .  P. Malinauskas, J. W. Gooch, and J. D. Redman, "The Interaction 

of Tellurium Dioxide and Water Vapor," Nucl. Appl. Technol. - 8, 52 
(1970). 

15. J. Duchesne and B. Rosen, "Spectra of Bent Triatomic Molecules," 

J. Chem. Phys. 15, 641 (1947). 

16. R. P. Agarwala, E. Govindan, and M. C. Naik, Crystallographic Data 
32(6), 729 (May 1960). 

17. R. C. Weast, Handbook of Chemistry and Physics, 55th ed., p. D-166, 

CRC Press, Inc., Cleveland, Ohio, 1974. 

18. G. W. Parker and H. Buchholz, Size Classification of Submicron 

Particles by a Low-Pressure Cascade Impactor, ORNL-4226 (June 1968). 



1 4 4  

19 .  M. J .  Kabat ,  " S e l e c t i v e  Sampling of  Hypoidous Acid," p .  506 i n  

P roceed ings  of t h e  F o u r t e e n t h  ERDA A i r  Cleaning  Conference,  

Aug. 2-4, 1976, CONF-760822 (February  1977) .  

20. J .  G .  Wilhelm and J .  F u r r e r ,  "Head-end I o d i n e  Removal from a Repro- 

c e s s i n g  P l a n t , "  p .  464 i n  P roceed ings  o f  t h e  F o u r t e e n t h  ERDA A i r  

Cleaning  Conference,  Aug. 2-4, 1976,  CONF-760822 (February  1977) .  

21. R .  A. Lorenz ,  S .  R. Manning, and W .  J.  M a r t i n ,  "The Behavior of 

Highly  Rad ioac t ive  I o d i n e  on Charcoa l  i n  Mois t  A i r , "  pp. 323-52 

i n  P roceed ings  of  t h e  F o u r t e e n t h  ERDA A i r  Cleaning  Conference ,  

Aug. 2-4, 1976,  CONF-760822 (February  1977) .  

22. R .  L i d e ,  J r . ,  e d . ,  "JANAF Thermochemical T a b l e s ,  1974 Supplement," 

J .  Phys.  Chem. Ref .  Data - 3 ( 2 ) ,  416-17 (1974) .  

23. R .  C .  Febe r ,  Thermodynamic Data f o r  S e l e c t e d  Gas I m p u r i t i e s  i n  t h e  

Pr imary  Coolant  of High-Temperature Gas-Cooled R e a c t o r s ,  LA-NUREG- 

6635 ( A p r i l  1977) .  

c 



145 

a *-\, 

a 

1. R .  

5 .  D .  
6 .  T .  

2-4.  J .  

7-9.  R .  
10-19. A .  

20. F .  

24. G .  
25. H .  
26. C .  
27. D .  

21-23. M .  

E .  Blanco 
L .  C o l l i n s  
E .  Ferguson 
B .  Lindemer 
A.  Lorenz 
P .  Malinauskas 
R .  Mynatt 
F .  Osborne 
W .  Pa rke r  
Postma 
D .  S c o t t  
B .  Trauger  

40-44. 

45. 
46. 
4 7 .  
48. 
49. 
50. 

51-348. 
349-362. 

NUREG/CR-0274 

D i s t .  Category R3 
ORNL/NUREG/TM-154 

INTERNAL D I  STRI BUT I ON 

28. 
29. 
30. 
31. 
32. 
33 .  
34. 
35. 
36 .  
37. 
38. 
39 .  

R .  P .  Wichner 
R .  G .  Wymer 
Document Reference S e c t i o n  
C e n t r a l  Research L ib ra ry  
Laboratory Records - RC 
Laboratory Records Department 
ORNL P a t e n t  S e c t i o n  
E .  L .  Gaden (Consul tan t )  
L .  J .  Colby (Consu l t an t )  
L .  E .  Swabb (Consu l t an t )  
K .  D .  Timmerhaus (Consul tan t )  
G .  R .  Choppin (Consul tan t )  

EXTERNAL DISTRIBUTION 

D i r e c t o r ,  D iv i s ion  of Reac tor  S a f e t y  Research,  Nuclear  Regula tory  
Commission, Washington, DC 20555 
D i r e c t o r ,  Research and Technica l  Support  D i v i s i o n ,  DOE, O R 0  
J .  S i s l e r ,  D iv i s ion  of  Environmental  Control  Technology, DOE 
K .  Campe, O f f i c e  of Nuclear  Reactor  Regu la t ion ,  NRC 
W .  Lahs, O f f i c e  of  Nuclear  Regula tory  Research,  N R C  
D. Hopkins, O f f i c e  of S tanda rds  Development, NRC 
W .  B .  Murf in ,  G e s e l l s c h a f t  fcr Kernforshung, 7500 Kar ls ruhe  
Postfach 3640, West Germany 
Given distribution as shown in category R-3 
Special distribution by NRC 

a USGOVERNMENT PRINTING OFFICE: 1977-748-189/249 




