
..i 

c 

ORNL/TM-7103 
D i s t .  Category UC-86 

I 

C o n t r a c t  No. W-7405-eng-26 

CONSOLIDATED FUEL REPROCESSING PROGRAM 

COMPARISON STUDIES OF HEAD-END REPROCESSING U S I N G  THREE LWR FUELS 

J. H.  Goode 
R. G .  S t a c y  
V .  C .  A.  Vaughen 

Chemical Technology D i v i s i o n  

Date Published: June 1980 

NOTICE: T h i s  document c o n t a i n s  i n f o r m a t i o n  of a p r e l i m i n a r y  n a t u r e .  
It i s  s u b j e c t  t o  r e v i s i o n  o r  c o r r e c t i o n  and t h e r e f o r e  does 
n o t  r e p r e s e n t  a f i n a l  r e p o r t .  

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

o p e r a t e d  by 
UNION CARBIDE CORPORATION 

f o r  t h e  
DEPARTMENT OF ENERGY 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



CONTENTS 

Page 
.; 
c 

. . . . . . . . . . . . . . . . . . . . . . . . . .  1 ABSTRACT 

1 1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  
2. EXPERIMENTK 3 . . . . . . . . . . . . . . . . . . . . .  

3 
4 

2 .1  Equipment and Procedures  . . . . . . . . . . . . .  
2.2 F u e l  D e s c r i p t i o n  . . . . . . . . . . . . . . . . .  

5 3. RESULTS AND DISCUSSION . . . . . . . . . . . . . . . .  

5 
6 

3 . 1  Shear ing  . . . . . . . . . . . . . . . . . . . . .  
3 . 2  Voloxida t ion  . . . . . . . . . . . . . . . . . . .  

6 

6 
9 

. . . . . . . . . . . . . . . . . . .  9 f u e l s  
13  

3.2.6 Release of from Z i r c a l o y  c l a d d i n g  . . .  1 6  
18 
28 

3 .2 .9  Actinide and f i s s i o n - p r o d u c t  accumulat ion . 31 

3 . 2 . 1  General  . . . . . . . . . . . . . . . . . .  
3.2.2 Material b a l a n c e s  and weight  g a i n s  d u r i n g  

v o l o x i d a t i o n  . . . . . . . . . . . . . . .  
3.2 .3  F u e l  comminution . . . . . . . . . . . . .  
3.2.4 F i s s i o n  product  c o n t e n t s  of power r e a c t o r  

3 .2 .5  Release of aseous  f i s s i o n  p r o d u c t s  . . . .  
3.2.7 Off-gas c o n c e n t r a t i o n  p r o f i l e s  . . . . . .  
3.2.8 F i s s i o n  product  d i s t r i b u t i o n  . . . . . . .  

. . . . . . . . . . . . . . . . . . .  34 3.3 D i s s o l u t i o n  

34 3 .3 .1  Material b a l a n c e s  . . . . . . . . . . . . .  
34 3 . 3 . 2  Insoluble residues . . . . . . . . . . . .  
34 3.3.3 D i s s o l u t i o n  of P,u02 . . . . . . . . . . . .  

3.3.4 I s o t o p i c  a n a l y s e s  of f u e l  s o l u t i o n s  . . . .  42 
3.3 .5  T r i t i u m  i n  c l a d d i n g  . . . . . . . . . . . .  42 

4 .  ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . .  42  

. . . . . . . . . . . . . . . . . . . . . .  45 5. CONCLUSIONS 

. . . . . . . . . . . . . . . . . . . . . .  46 6 .  REFERENCES 



-1- 

COMPARISON STUDIES OF HEAD-END REPROCESSING USING THREE LWR FUELS 

.. 
i 

J .  H .  Goode 
R .  G .  S t acy  
V.  C .  A .  Vaughen 

AB S TRACT 

3 The removal of H by v o l o x i d a t i o n  and t h e  d i s s o l u t i o n  
behav io r  of  two PWR and one BWR f u e l s  were compared i n  h o t - c e l l  
s t u d i e s .  
i n  t h e  i r r a d i a t e d  U02 w a s  v o l a t i l i z e d  by o x i d a t i o n  i n  a i r  a t  
753 K ( 4 8 0 ° C ) .  The o x i d a t i o n  d i d  n o t  a f f e c t  t h e  d i s s o l u t i o n  
of  t h e  uranium and plutonium i n  7 HN03 (0.02 t o  0.03% i n s o l u b l e  
plutonium) b u t  d i d  create a f i s s i o n - p r o d a c t  r e s i d u e  t h a t  w a s  
two t o  t h r e e  times more i n s o l u b l e .  From 4 0  t o  69% of t h e  
t e r n a r y  f i s s i o n - p r o d u c t  3H w a s  found i n  t h e  Z i r c a l o y  c l a d d i n g  o f  
t h e  f u e l  rods .  Vo lox ida t ion  had l i t t l e  e f f e c t  on t h e  3H he ld  i n  
t h e  Z i r c a l o y  c l a d d i n g ;  o x i d a t i o n  f o r  6 h a t  753 K r e l e a s e d  o n l y  
0.05% of  t h e  3H. 

The experiments showed t h a t  >99% of  t h e  3H contained 

1. I N T R O D U C T I O N  

Ho t -ce l l  tes ts  a re  b e i n g  conducted a t  Oak Ridge N a t i o n a l  Labora tory  

(ORNL) on d i f f e r e n t  phases  of t h e  head-end s t e p s  - t h a t  is, pre-so lvent  

e x t r a c t i o n  - of proposed r e p r o c e s s i n g  f lowshee t s  f o r  l i g h t  

water-moderated n u c l e a r  r e a c t o r  (LWR) f u e l s .  Two ser ies  of ea r l ie r  

h o t - c e l l  tests were conducted w i t h  U 0 2  t h a t  had been i r r a d i a t e d  t o  an  

ave rage  burnup of 2 . 4 1 9  E+03 GJ/kg heavy meta l  (28 ,000  MWd/ton) 

i n  t h e  H .  B.  Robinson-2 r e a c t o r  of t h e  C a r o l i n a  Power and L igh t  

Company. Those t e s t s  examined t h e  e f f e c t s  of t empera tu re  and t h e  

r a t e  of  oxygen supp ly  on t h e  release of  gaseous  and s e m i v o l a t i l e  f i s s i o n  

p roduc t s  w h i l e  t h e  f u e l  f ragments  were tumbled a t  1 2  rpm d u r i n g  v o l o x i d a t i o n  - 

t h e  h igh- tempera ture  o x i d a t i o n  of  U02 t o  U 3 0 8 .  

t h a t  >99.9% of t h e  t r i t i u m  ( H) i n  t h e  i r r a d i a t e d  U 0 2  w a s  r e l e a s e d  t o  

t h e  o f f -gas  stream a t  t empera tu res  o f  753 and 8 2 3  K ( 4 8 0  and 550°C) 

and a t  oxygen f e e d  ra tes  r ang ing  from 0 . 1  t o  1 . 2  moles/h.  

of 85Kr  v a r i e d  from 2 t o  7% of t h e  f u e l  i nven to ry .  The U 0 product  

w a s  e a s i l y  d i s s o l v e d  i n  7 - M HN03. 

smaller t h a n  44 pm.) 

The exper iments  showed 
3 

The release 

3 8  
(Grea te r  t h a n  99% of t h e  p roduc t  was 

One 2-h l e a c h  i n  7 - M 3X93 d i s s o l v e d  >99.5% of t h e  



n -L - 

heavy m e t a l s ;  a second 2-h l e a c h  i n  7 

>99.98%. V o l o x i d a t i o n  d i d  n o t  a f f e c t  t h e  d i s s o l u t i o n  of  t h e  uranium 

and plutonium b u t  d i d  i n c r e a s e  t h e  weight  of  t h e  i n s o l u b l e  f i s s i o n  

product  r e s i d u e  from 0.18% of t h e  i r r a d i a t e d  U 0 2  t o  %0.62%. 

HN03 b rought  t h e  t o t a l  t o  

I n  o r d e r  t o  make t h e  s t u d i e s  more g e n e r a l ,  w e  examined t h e  

2 v o l o x i d a t i o n  and d i s s o l u t i o n  of  UO from a second p r e s s u r i z e d  water 

r e a c t o r  (PWR), Oconee-1, and from a b o i l i n g  water r e a c t o r  (BWR), 

Dresden-3, i n  our  h o t  c e l l s .  These t h r e e  r e a c t o r s ,  each  d e s i g n e d ,  

f a b r i c a t e d ,  and f u e l e d  by d i f f e r e n t  s u p p l i e r s  (Table  l), r e p r e s e n t  

a c r o s s  s e c t i o n  of t y p i c a l  f u e l s  from t h e  U . S .  n u c l e a r  i n d u s t r y .  They 

should  t h u s  r e p r e s e n t  t h e  t y p i c a l  f u e l  supply  f o r  a r e p r o c e s s i n g  p l a n t .  

Table  1. L i g h t  water r e a c t o r  f u e l s  t e s t e d  i n  h o t  c e l l s  

~~ 

U t i  l i t  y - O w n e r  Commonwealth Duke Power C a r o l i n a  Power 
Edison Company and L i g h t  

Locat i o n  M o r r i s ,  Ill .  Seneca,  S.C. H a r t s v i l l e , S . C .  

Reac t o  r Dresden -3 Oconee-1 H. B. Robinson-2 

N e t  MW(e) 800 871 665 

Type BWR PWR PWR 

S u p p l i e r  GE B &W Westinghouse 

End of c y c l e ,  
GJ/kg M 

3 2 3 
1.538 E+03 2.046 E+03 2.678 E+03 

Peak burnup,  MWd/ton 17 ,800  23,680 31,000 

Discharge d a t e  4/75 2 / 7 6  5/74 

L i n e a r  h e a t  r a t i n g ,  'L44.0 
kW/m (kW/ft) (Q13.4) 

'L18.1 %18.1 
('L5.5) ('L5.5) 

L 
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2 .  EXPERIMENTAL 

2.1 Equipment and Procedures  .. 

¶ 

The o p e r a t i o n  of t h e  v o l o x i d i z e r ,  t h e  feed  and o f f - g a s  sys tems,  and 

t h e  sampling a p p a r a t u s  w a s  p r i m a r i l y  t h e  same as t h a t  of t h e  ear l ie r  

b a s e l i n e  experiments. '  The g r e a t e s t  changes t o  t h e  sys tem were i n  d a t a  

l o g g i n g  and r e d u c t i o n .  A Hewlett-Packard 3 0 5 0 B  d a t a  a c q u i s i t i o n  system 

w i t h  a 9 8 2 5 A  automated c a l c u l a t o r  w a s  brought  on- l ine  f o r  t h e  s imul taneous  

r e c o r d i n g  and p r o c e s s i n g  o f  oxygen consumption and gaseous release 

ra te  i n f o r m a t i o n .  Flow i n s t r u m e n t a t i o n ,  thermocouples ,  t h e  oxygen a n a l y z e r ,  

and t h e  m u l t i c h a n n e l  a n a l y z e r  (MCA) were monitored a t  s e l e c t e d  s h o r t  

(1-, 2 - ,  5-, o r  10-min) i n t e r v a l s ,  depending on t h e  ra te  a t  which t h e  

ox ida t ion  r e a c t i o n  was proceeding. During t h e  paramet r ic  experiments and 
d u r i n g  most of t h e  supplemental  v o l o x i d a t i o n s ,  f lowing-stream g a s  samples 

w e r e  e x t r a c t e d  from t h e  of f -gas  l i n e  and counted f o r  85Kr  a s  a c a l i b r a t i o n  

check f o r  t h e  MCA measurements. To e n s u r e  completeness  of r e a c t i o n  under 

t h e  chosen v o l o x i d a t i o n  c o n d i t i o n s ,  e a c h  experiment  w a s  cont inued  beyond 

t h e  p o i n t  a t  which oxygen consumption had ended and t h e  85Kr c o n c e n t r a t i o n  

i n  t h e  o f f - g a s  had r e t u r n e d  t o  near-system background levels .  

The v o l o x i d a t i o n s  were conducted i n  a purged,  r o t a t i n g  s t a i n l e s s  

s t ee l  chamber t h a t  w a s  equipped w i t h  s i n t e r e d  s t a i n l e s s  s tee l  f i l t e r s  

(35-pm p o r o s i t y )  a t  t h e  g a s  i n l e t  and o u t l e t .  S e v e r a l  t h i n ,  removable 

s t a i n l e s s  s t ee l  s h e e t s  were i n s e r t e d  between t h e  f l i g h t s .  Each covered 

about  one-s ix th  of  t h e  v o l o x i d i z e r  i n t e r i o r .  One w a s  p e r i o d i c a l l y  

removed t o  measure t h e  amounts of  s e m i v o l a t i l e  f i s s i o n  p r o d u c t s  t h a t  had 

been d e p o s i t e d .  A s t a i n l e s s  s t ee l  t u b e  w a s  i n s e r t e d  downstream of t h e  

s i n t e r e d  metal f i l t e r s  i n  t h e  o f f - g a s  t u b e  t o  measure t h e  d e p o s i t i o n  of 

s e m i v o l a t i l e s  i n  t h e  o f f - g a s  c o o l i n g  zone. Beyond t h a t  p o i n t ,  h e a t e d  

t u b i n g  c a r r i e d  t h e  o f f - g a s  t o  a h e a t e d  f i l t e r  pack ( c o n t a i n i n g  f i l t e r s  

t o  t r a p  p a r t i c u l a t e s  and c h a r c o a l  beds  f o r  1291). 

a h i g h - e f f i c i e n c y  p a r t i c u l a t e  (HEPA) f i l t e r ,  a 3H o x i d i z e r  ( h e a t e d  CuO), 

s i l i c a  g e l  beds f o r  s o r p t i o n  of  t r i t i a t e d  water vapor ,  a MCA f o r  gamma 

s p e c t r o s c o p y  ( 

of t h e  t o t a l  o f f - g a s  f low t o  a s p e c i a l  p l a s t i c  bag f o r  a cumula t ive  

measurement. 

were c o n t i n u o u s l y  monitored.  

T h i s  w a s  fol lowed by 

85 K r  release r a t e . ) ,  and a f low s p l i t t e r  t o  d i v e r t  one- ten th  

Purge f low r a t e s  and oxygen c o n c e n t r a t i o n s  i n  t h e  of f -gas  
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The pr imary d i s s o l u t i o n  equipment c o n s i s t e d  of a series of Pyrex 

vessels a r r a n g e d  such t h a t  a stream of purge  a i r  c a r r i e d  t h e  

d i s s o l u t i o n  o f f - g a s e s  from t h e  d i s s o l v e r ,  th rough a r e f l u x  condenser ,  

a NaOH s c r u b b e r ,  and an i n - l i n e  HEPA f i l t e r  b e f o r e  t h e  g a s  passed o u t  

of t h e  h o t  c e l l .  

m u l t i c h a n n e l  gamma s p e c t r o m e t e r  f o r  d e t e r m i n a t i o n  of t h e  8 5 K ~  c o n t e n t .  

The t o t a l  o f f -gas  w a s  c o l l e c t e d  i n  a bag as a cumula t ive  sample.  The 

f lows  of  t h e  g a s e s  i n t o  and o u t  of t h e  d i s s o l u t i o n  and t r a p  systems 

were a l s o  recorded .  

Outs ide  t h e  h o t  c e l l ,  t h e  g a s e s  flowed through a 

A c l i n i c a l  c e n t r i f u g e  w a s  used t o  s e p a r a t e  t h e  i n s o l u b l e  r e s i d u e s  

from t h e  l e a c h  s o l u t i o n s ;  t h e  r e s i d u e s  w e r e  thoroughly  washed w i t h  3 - M 

HN03 a f t e r  each l e a c h .  The second and t h i r d  l e a c h e s  were conducted i n  

t h i s  c e n t r i f u g e  cone which w a s  f i t t e d  w i t h  a r e f l u x  condenser .  The 

r e s i d u e  w a s  d r i e d  i n  t h e  c e n t r i f u g e  cone f o r  d e t e r m i n a t i o n  of i t s  

w e i g h t ;  t h e  r e s i d u e  w a s  t h e n  f u s e d  w i t h  N a  CO f o r  a n a l y s i s .  2 3  
D i s s o l u t i o n  of t h e  f u e l  i s  made so  t h a t  t h e  heavy-metal and 

f i s s i o n - p r o d u c t  i n v e n t o r y  c a n  b e  determined b e f o r e  and a f t e r  v o l o x i d a t i o n .  

The U02  i s  a l s o  d i s s o l v e d  t o  de te rmine  whether  t h e  head-end p r o c e s s i n g  

s t e p s  have changed t h e  s o l u b i l i t y  c h a r a c t e r i s t i c s  of t h e  uranium and 

plutonium i n  7 - M H N 0 3  ( t h e  p r o c e s s  d i s s o l v e n t ) .  

w e r e  t o  a n  a r b i t r a r y  f i n a l  c o n c e n t r a t i o n  of 200 g U / R .  

exper iments ,  a series of t h r e e  2-h l e a c h e s  i n  b o i l i n g  7 - M HN03 w a s  used 

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

f r e s h  a c i d .  I n  a few exper iments ,  however, o n l y  one t o  two l e a c h e s  w e r e  

used ,  p r i m a r i l y  t o  de te rmine  t h e  f i s s i o n  p r o d u c t  c o n t e n t s .  

The f i r s t  d i s s o l u t i o n s  

I n  most of t h e  

2 . 2  F u e l  D e s c r i p t i o n  

Each of  t h e  f u e l s  t e s t e d  i n  t h e  h o t  c e l l  w a s  f u r n i s h e d  t o  ORNL 

a f t e r  p o s t - i r r a d i a t i o n  examinat ions  a t  o t h e r  f a c i l i t i e s .  The Dresden-3 

f u e l  r o d s  w e r e  o b t a i n e d  from t h e  Battelle-Columbus Laboratory a f t e r  

examinat ion by Genera l  E l e c t r i c  and Argonne N a t i o n a l  Labora tory  i n  a n  ,. L 

EPRI program;’ t h e  Oconee-1 r o d s  came from 

and Wilcox Company l o c a t e d  i n  Lynchburg, V i r g i n i a ;  and t h e  Robinson-2 r o d s  

were from a n  EGhG-Idaho h o t - c e l l  f a c i l i t y  a t  Idaho  N a t i o n a l  Engineer ing  

Labora tory  (INEL). The d i f f e r e n t  f u e l s  are  d e s c r i b e d  i n  Table  2 .  The 

a f a c i l i t y  of t h e  Babcock 



React o r  

Rod No. 

Assembly 

Average burnup,  
MWd/ton) 

C l a d d  i n g  t y p e  

O . D . ,  i n .  

Wall t h i c k n e s s ,  
i n .  

U 0 2  p e l l e t  OD, i n .  

Length,  i n .  

-5 - 

Table 2 .  Fue l  d e s c r i p t i o n  

D r  e sden - 3 

KE-3038 

DD-710 

%13,900 

Z r - 2  

0.563 

0.032 

0.487 

Oconee-1 

32028 

1C56 

1 8 , 7 1 1  

Zr-4 

0.430 

0.026 

0.370 

0.717 

H .  B .  Robinson-2 

G - 1 0  

B O 5  

Q28,OOO 

Zr -4  

0.423 

0.024 

0.367 

0.600 

I n i t i a l  enr ichment ,  
% U-235 1.69-2.44 2.00 (av)  1.83-3.10 

Cladding,  g / i n .  5.82 3.61 3 .31  

12- f t - long  r o d s  w e r e  c u t  i n t o  4 - f t  segments a t  t h e  d i f f e r e n t  s i tes  

and t h e n  f u r t h e r  c u t  i n t o  1 - f t  l e n g t h s  a t  t h e  ORNL High-Radiat ion 

Level Examination Labora tory  (HRLEL) b e f o r e  b e i n g  t r ans fe r r ed  t o  o u r  

h o t  c e l l s  f o r  t h e  exper iments .  

3. RESULTS AND DISCUSSION 

3 . 1  Shear ing  

The d a t a  t a k e n  d u r i n g  t h e  s h e a r i n g  of l i g h t  water r e a c t o r  (LWR) 

D e t a i l e d  s h e a r i n g  i n f o r m a t i o n  f u e l s  have been p r e s e n t e d .  

(such as t h e  f o r c e s  r e q u i r e d  t o  s h e a r  t h e  r o d s ,  t h e  releases from 

c l a d d i n g ,  t h e  s i z e  d i s t r i b u t i o n s  of d i s l o d g e d  materials,  e t c . )  f o r  a 

v a r i e t y  of  i r r a d i a t e d  r e a c t o r  f u e l s  i s  g i v e n  i n  ORNL/Tl~l-6835.~ 

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

from s h e a r e d  i r r a d i a t e d  and u n i r r a d i a t e d  LWR f u e l s  i s  d e s c r i b e d  i n  

A 

5 ORNL/NUREG-60. 
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3.2 Voloxida t ion  

3.2.1 General  

A series of e x p l o r a t o r y  v o l o x i d a t i o n  tests w a s  r u n  t o  c h a r a c t e r i z e  

f u e l  from t h e  Oconee-1 (PWR) and Dresden-3 (BWR) r e a c t o r s  and t o  

de te rmine  f i s s i o n  product  b e h a v i o r  d u r i n g  t h e  o x i d a t i o n  p r o c e s s .  The 

p r i n c i p a l  o b j e c t i v e  w a s  t o  s c o u t  t h e  e f f e c t s  of f u e l  f a b r i c a t i o n  and 

r e a c t o r  t y p e  on t h e  U 0 2  o x i d a t i o n  r a t e  and t h e  rate of e v o l u t i o n  and 

y i e l d  of 3H, 8 5 K r ,  

were compared t o  t h o s e  o b t a i n e d  from s e l e c t e d  testsl '2 w i t h  f u e l  from 

t h e  H.  B.  Robinson-2 r e a c t o r  (PWR). A summary of  t h e  r u n  c o n d i t i o n s  

i s  shown i n . T a b l e  3. 

1 4  
C ,  and s e m i v o l a t i l e  f i s s i o n  products .  The r e s u l t s  

S e v e r a l  v o l o x i d a t i o n s  were r u n  under  s t a n d a r d i z e d  c o n d i t i o n s  (unclad 

f u e l ,  48OoC, a i r ,  12 rpm) t o  d e t e r m i n e  b a s e l i n e  r e s p o n s e s  f o r  each  r e a c t o r  

f u e l .  V o l o x i d a t i o n s  w e r e  a l s o  made on c l a d  p i e c e s  of f u e l  t o  tes t  t h e  

e f f e c t s  of c l a d d i n g  coverage.  The smal le r -d iameter  (0.42-in.  OD) PWR 

f u e l s  were v o l o x i d i z e d  i n  1- in .  sheared  l e n g t h s .  L e s s  t h a n  15% of t h e  

Robinson U 0 2  w a s  d i s l o d g e d  d u r i n g  s h e a r i n g ;  however, %55% of t h e  Oconee 

f u e l  had become d i s l o d g e d  from t h e  1-in.-long p i e c e s  p r i o r  t o  t h e  

v o l o x i d a t i o n  r u n  (LWR-17). S i n c e  none of t h e  Dresden BWR f u e l  remained 

i n  1- in . - long s h e a r e d  h u l l s  (0 .56-in.  OD), 2-in.-long c l a d  f u e l  p i e c e s  

w e r e  s e l e c t e d  f o r  t h a t  t es t  (LWR-19). One a d d i t i o n a l  f u e l - i n - c l a d d i n g  

v o l o x i d a t i o n  (LWR-15) w a s  made w i t h  t h e  Robinson U 0 2  u s i n g  a p u r e  

oxygen purge  t o  s t u d y  t h e  e f f e c t s  of oxygen f e e d  ra te  on t h e  f u e l  

~ x i d a t i o n - ~ H  release p r o c e s s .  

of a i r .  The a d d i t i o n a l  C02  s e r v e d  as a carr ier  f o r  t h e  1 4 C  t h a t  w a s  

r e l e a s e d  t o  t h e  v o l o x i d i z e r  o f f - g a s  ( S e c t .  3 .2 .5) .  

During r u n s  LWR-16 t o  1 9 ,  an  a i r - 5 %  C 0 2  purge g a s  w a s  used i n s t e a d  

3.2.2 Material b a l a n c e s  and weight  g a i n s  d u r i n g  v o l o x i d a t i o n  

The h i g h  y i e l d s  (99.5 t o  100.2%) of  v o l o x i d i z e d  p r o d u c t s  i n d i c a t e d  

t h a t  t h e  U 0 2  w a s  o x i d i z e d  i n  each case w i t h  r e l a t i v e l y  l i t t l e  d i f f i c u l t y ,  

and t h a t  n o t  much mater ia l  w a s  l o s t  by s p i l l a g e ,  en t ra inment  i n  t h e  gas  

phase ,  etc.  (Table  4 ) .  

seven  exper iments  i n d i c a t e d  an  average  convers ion  of  o n l y  94.6% (based 

on o x i d a t i o n  of  t h e  U 0 2  t o  U308), t h e  a p p a r e n t  low convers ion  might be 

Although t h e  measured o x i d e  weight  g a i n s  f o r  

. ?  



. .  '. .', , - # 

Table  3. Vo lox ida t ion  o f  l i g h t  water r e a c t o r  f u e l  

Run No. Charged t o  v o l o x i d i z e r  Vo lox ida t ion  c o n d i t i o n s  
Fue l  u + PU,? Temperature  Timeb Purge  02 f eed  ra te  R o t a t i o n  

(g)  ( " 0  (min) f l o w  rate (moles/h)  (rPm> 
(ml/min) 

H .  B.  Robinson-2 

LWR- 2 

LWR-3 

LWR- 15' 

Oconee-1 

LWR- 1 6  

LWR-17 

Dresden- 3 

LWR-18 

LWR- 1 9 

1 - in .  c l a d  

Unclad 

1 - in .  c l a d  

Unclad 

1 - in .  c l a d  
+ unclad  

Unclad 

2- in .  c l a d  

86.09 480 2 70 200-220 'Lo.10 12  

64.07 480 180 300 0.15 12  

78.20 480 180 300 0.75 12 

91.59 480 240 %3 00 0.15 12  

110 .73  480 240 %300 0.15 12 

88.66 480 240 %300 0.15 12 

131.57 480 240 S300 0 ,15  1 2  

I 

I 

a 

bTime  a t  t empera tu re .  
Based on r e c o v e r i e s  of  d i s so lved  p roduc t .  

Pu re  oxygen purge ;  a l l  o t h e r  r u n s  made i n  a i r  o r  i n  a i r -5% C 0 2 .  C 
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Table  4.  Material b a l a n c e s  f o r  v o l o x i d a t i o n  o f  LWR f u e l s  

Run No. I n p u t  o u t p u t  Weight Yie lda  Oxide conve r s ion  (%) 
t o t a l  t o t a l  g a i n  (%) Measureda C a l c u l a t e d b  

(g)  (8)  (g)  
~~ 

LWR-2 120.6' 124.7' 4 . 1  100.2 106 .0  115 .0  

LWR-3 72.7 75.2 2.5 99.5 87 .1  80.0 

LWR- 1 5  115.8' 119 .  lC 3.3  99.8 92.9 127.0 

LWR-16 102 .1  105 .9  3.8 99.9 96.2 124 .9  

LWR- 1 7 152.2' 156.8' 4.6 99 .8  94.7 107 .2  

LWR-18 100 .2  103 .8  3.6 99.7 92.6 127.7 

LWR-19 196.1' 201.6' 5 .5  99.7 92.9 97.0 

a Based on 3.95% i n c r e a s e  i n  U02 weight  ( exc lud ing  f i s s i o n  
p r o d u c t s  and i n s o l u b l e s )  f o r  100% t h e o r e t i c a l  y i e l d .  

bDetermined from oxygen consumption measurements. 
C T o t a l s  i n c l u d e  c l a d d i n g  weight :  LWR-2, 22.9 g ;  LWR-15, 23.3 g ;  

LWR-17, 26.4 g ;  and LWR-19, 43.4 g .  
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. 

e x p l a i n e d  by h a n d l i n g  losses on t h e  order  of 0.2 w t  %. Measured 
o x i d e  c o n v e r s i o n s  f o r  t h e  PWR r u n s  tended t o  h e  s l i g h t l y  g r e a t e r  

t h a n  t h o s e  f o r  t h e  BWR r u n s  (95.4% vs 92 .8%);  however, t h e  d i f f e r e n c e  

is  probably  i n s i g n i f i c a n t  s i n c e  each 0.1% weight  l o s s  i s  e q u i v a l e n t  

t o  %2.5% convers ion .  

C a l c u l a t e d  c o n v e r s i o n s  based on t h e  amount of oxygen consumed 

w e r e  g e n e r a l l y  h i g h e r ;  an average  convers ion  v a l u e  o f  111.3% w a s  

o b t a i n e d  f o r  t h e  same exper iments .  T h i s  was probably  due t o  small 

e r r o r s  i n  o n - l i n e  f l o w  r a t e  and c o n c e n t r a t i o n  measurements i n t r o d u c e d  

o v e r  t h e  r u n ;  however, one cannot  comple te ly  exc lude  o t h e r  oxygen s i n k s  

( Z i r c a l o y  c l a d d i n g ,  f i s s i o n  p r o d u c t s ,  e t c . ) .  

3 . 2 . 3  F u e l  comminution 

S i z e  d i s t r i b u t i o n s  f o r  t h e  unc lad  f u e l  charged t o  and recovered  

from t h e  v o l o x i d i z e r  d u r i n g  t h e  comparison exper iments  are  l i s t e d  i n  

Table  5. 

shown t h a t  o x i d a t i o n  of  t h e  f u e l  r e s u l t e d  i n  e s s e n t i a l l y  complete  

p u l v e r i z a t i o n  of t h e  o x i d e ,  r e g a r d l e s s  of whether  t h e  U 0 2  f e e d  w a s  i n  

c l a d d i n g  o r  n o t .  The same r e s u l t s  were observed i n  t h e  tests w i t h  Oconee 

(LWR-16 and -17) and Dresden (LWR-18 and -19) f u e l s .  Less t h a n  0.2% 

of  t h e  f u e l  remained 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  f o l l o w i n g  each 4-h 

v o l o x i d a t i o n .  

s i z e d  i n  f r a c t i o n s  <44 um,  more d e t a i l e d  sieve a n a l y s e s  on t h e  

p r o d u c t s  from t h e  o t h e r  U 0 2  f u e l s  showed t h a t  >99% was s i z e d  smaller t h a n  

20 pm. S e v e r a l  hours  of  s i e v i n g  were r e q u i r e d  t o  a t t a i n  c o n s t a n t  weight  

v a l u e s  i n  t h e  smallest s i z e  f r a c t i o n s .  T h i s  x i g h t  i n d i c a t e  some tendency 

f o r  t h e  v e r y  f i n e  powders t o  agglomera te  o r  s t i c k  t o g e t h e r  l i g h t l y .  

Agglomerated p a r t i c l e s  c o n s i s t i n g  of c r y s t a l l i t e s  s i z e d  between 2 and 

5 u m  are v i s i b l e  i n  s c a n n i n g  e l e c t r o n  microscope photographs t a k e n  of  

t h e  v o l o x i d i z e d  Oconee f u e l  ( F i g .  1 ) .  

I n  t h e  e a r l i e r  Robinson experiments2 (LWR-1 t o  -15),  i t  was 

Although the’  Robinson v o l o x i d i z e d  p r o d u c t s  were n o t  

3.2.4 F i s s i o n  product  c o n t e n t s  of power r e a c t o r  f u e l s  

The i n v e n t o r y  of f i s s i o n  p r o d u c t s  i n  t h e  f u e l s  from t h e  H.  B .  

Robinson-2, Oconee-1, and Dresden-3 r e a c t o r s  w a s  de te rmined  by t h e  

d i s s o l u t i o n  of  unvoloxid ized  and v o l o x i d i z e d  segments and f ragments  nf 

f u e l  and by a n a l y z i n g  t h e  s o l u t i o n s ,  i n s o l u b l e  r e s i d u e s ,  and g a s  streams. 

The b e s t  v a l u e s  f o r  t h e  f i s s i o n - p r o d u c t  c o n t e n t  are l i s t e d  i n  Table  6; 



T a b l e  5 .  F u e l  comminution d u r i n g  v o l o x i d a t i o n  

S i z e  d i s t r i b u t i o n  ( X  of f u e l  remaining on i n d i c a t e d  s c r e e n )  Mesh Opening 
s i z e  (pm) Unoxidized feeda Voloxidized product  

Robinson Oconee Dresden LWR-2 LWR-3 LWR-15b LWR-16 LWR-18 

14 1400 
18 1000 
20 840 
35 500 
50 300 
100 150 
200 75 

<75 
325 44 

<44  
400 38 
635 20 

<20 

6 4 . 3  

23.0 
6 .0  
6.7 

62 .3  
6 .5  
3 . 6  
8 . 9  
6 . 1  
5 .5  
3 . 3  

1 . 5  

0.5 
0.7 
1.1 

56.8 
8 . 2  
4 .6  

1 0 . 3  
6.6 
5.4 
3 . 0  

1.1 

0.7 
1 . 3  
2 . 0  

0.2 0 . 1  0.4 
99.8 99.9 99.6 

0 . 1  

0 . 1  

0.2 I 
P 
0 
I 

99.8 99.8 

a 

bLWR-19 feed  w a s  i n  Z-in.-long c l a d  p i e c e s ;  f e e d  f o r  t h e  o t h e r  r u n s  w a s  i n  l - in . - long  p i e c e s  

Unclad U 0 2  i n  approximate  100-g s i z e d  b a t c h e s  f o r  runs LWR-3, -16, and -18. 

e x c e p t  f o r  LWR-17, where 56% of t h e  f u e l  had become d is lodged  from t h e  c l a d d i n g  p r i o r  t o  b e i n g  
v o l o x i d i z e d .  
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Fig. 1. Agglomerated fuel particles in OcoAee voloxidizer product 
(1 cm = 10 pm). 



Table 6 .  Experimental and ca l cu la t ed  f i ss ion-product  conten ts  of l i g h t  water r e a c t o r  f u e l s  
( ca l cu la t ed  values i n  parentheses)  

-1 d i s  s g(U + Pu)-l 

3H l4c  8 5 ~ r  Io6Ru 125Sb 1291 a 134cs 137cs 1 4 4 ~ e  

H.  B .  Robinson-2 1.02 E+07 2.15 E+04 3.44 E+08 2.37 E+09 9.87 E+07 157 1.76 E+09 3.30 E+09 2.55 E+09 
(1.76 E+07)b(1.97 E+04) (2.66 E+08) (3.08 E+O-9)(10.9 E+07) (187) (3.10 E+09) (3.62 E+09) (3.13 E+09) 

I 

10 Oconee-1 0.83 E+07 1.54 E+04b 2.18 E+08 1.56 E+09 9.73 E+07 188 1.15 E+09 2.55 E+09 2.36 E+09 t-l 
(0.99 E+07) (1 .54  E+04) (1.57 E+08) (1.68 E+09)(16.5 E+07) (108) (0.86 E+09) (2.03 E+09) (1.83 E+09) I 

Dresden- 3) 0.25 E+07 1 . 4 8  E+04 1.46 E+08 0.56 E+09 5.83 E+07 217 0.51 E+09 1.98 E+09 0.59 E+09 
c C C C C C C C C 

a 

bORIGEN ca l cu la t ed .  

'Not c a l c u l a t e d .  

1 J d g  ( U  + PU). 
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these concentrations form the  bas i s  of t h e  c a l c u l a t e d  releases of  

f i s s i o n  p r o d u c t s .  The e s t i m a t e d  f i s s i o n - p r o d u c t  c o n c e n t r a t i o n s  

c a l c u l a t e d  by t h e  ORIGEN code are a l s o  t a b u l a t e d .  

3 .2 .5  Release of gaseous f i s s i o n  p r o d u c t s  

A comparison w a s  made of "H r e c o v e r i e s  d u r i n g  v o l o x i d a t i o n  and 

d i s s o l u t i o n  exper iments  w i t h  UO f u e l  from t h e  f o l l o w i n g  t h r e e  2 
r e a c t o r s :  H .  B.  Robinson-2 (PWR), Oconee-1 (PWR), and Dresden-3 (BWR). 

Shown i n  Table  7 are  t h e  H c o n t e n t s  o f  t h e  v o l o x i d i z e r  o f f - g a s  and 

t h e  d i s s o l v e r  s o l u t i o n s  from v o l o x i d i z e d  and unvoloxid ized  f u e l s .  The 

3H decontaminat ion  f a c t o r s  (DFs) and t h e  p e r c e n t  removal f o r  each 

r e a c t i o n  c o n d i t i o n  were a l s o  c a l c u l a t e d .  The d a t a  are complete  f o r  t h e  

tests w i t h  t h e  Oconee and Dresden f u e l s ;  s e l e c t e d  c o n d i t i o n s  from 

t h e  H .  E .  Robinson e x p e r i m e n t a l  series2 are p r e s e n t e d  f o r  comparison. 

3 

3 The H r e l e a s e d  from t h e  U 0 2  d u r i n g  voloxidat i .on w a s  c o l l e c t e d  

and measured on s i l i c a  g e l  t r a p s  l o c a t e d  i n  t h e  v o l o x i d i z e r  o f f - g a s  

system. Improvements made t o  t h e  sampling system over  a p e r i o d  of t i m e  

a p p a r e n t l y  had a f a v o r a b l e  e f f e c t  on "H material b a l a n c e s .  Recover ies  

ranged from Q70% of t h e  'H i n v e n t o r y  f o r  t h e  H.  B.  Robinson U 0 2  up to 

Q 92% of the  H contained by the Dresden U02. 

t h e  ear l ie r  Robinson f u e l  exper iments ,  t h e  h i g h e s t  3H c o n c e n t r a t i o n s  

found i n  voloxid ized  f u e l  (U308)  were on t h e  o r d e r  of 1 . 0  x 1 0  

d i s  s g (U+Pu) , which i n d i c a t e d  t o t a l  releases of 99.8% o r  b e t t e r  

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

nor  t h e  use  of p u r e  oxygen r a t h e r  than  a i r  as  t h e  o x i d a n t  had a major 

e f f e c t  on t h e  t o t a l  amounts of 3H r e l e a s e d ,  h u t  b o t h  do have a m a j o r  

e f f e c t  on +he  release ra te .  I n  f a c t ,  d u r i n g  t h e  c l a d  f u e l  exper iments ,  

3H c o n c e n t r a t j o n s  i n  t h e  d i s s o l v e r  s o l u t i o n s  were s l i g h t l y  lower.  

These r e s u l t s  i n d i c a t e  t h a t  3 t o  4 h of v o l o x i d a t i o n  i n  a i r  a t  480"C, 

w i t h  a g i t a t i o n ,  should  b e  s u f f i c i e n t  t o  q u a n t i t a t i v e l y  remove t h e  3H 

from unclad U 0 2  f u e l .  A t  least  4 h a t  t e m p e r a t u r e  might b e  r e q u i r e d  

f o r  c l a d  f u e l  segments ( i n  1- o r  2- in .  l e n g t h s ) .  L e s s  t i m e  would be 

r e q u i r e d  i n  a p u r e  oxygen atmosphere.  

3 However, even d u r i n g  

4 
-1 -1 

Gaseous f i s s i o n - p r o d u c t  releases from t h e  U 0 2  d u r i n g  v o l o x i d a t i o n  

are p r e s e n t e d  i n  T a b l e  8 as p e r c e n t a g e s  of t h e  t o t a l  measured f u e l  

c o n t e n t s .  T r i t i u m  r e l e a s e  f r a c t i o n s  were o b t a i n e d  by d i f f e r e n c e s  i n  t h e  



Tab le  7 .  D i s t r i b u t i o n  of 3H d u r i n g  v o l o x i d a t i o n  o f  l i g h t  water r e a c t o r  f u e l  

Fuel 3H removed by v o l o x i d a t i o n  - -1 -1 3H r ecove red  [ d i s  s g(.U + Pu) ] 
V o l o x i d i z e r  D i s s o l v e r  T o t a l  1 % of t o t a l  H 

C o n d i t i o n s  

o f f - g a s  

H.  B .  Robinson-2 Unclad 
(PWR) 48OoC, a i r  7.20 E+06 1 . 1 0  E+04 7 . 2 1  E+06 6 5 6  
28,000 MWd/tonb Unoxidized 1 .04  E+07 1.04 E+07 

Clad 
48OoC, a i r  6.70 E+06 < l . O  E+04 6.71 E+06 >67 1 
48OoC, O2 6.70 E+06 Q1.03 E+03 6.70 E+06 6700  

Oconee-1 Unclad 
(PWR) 48OoC, a i r  5.60 E+06 5 . 8 0  E+03 5.61 E+06 9 6 7  
18,000 MWd/ton Unoxidized 8.33 E+06 8.33 E+06 

Clad 
48OoC, a i r  6.70 E+06 1.10 E+03 6.70 E+06 6 0 9 0  

Dresden-3 Unclad 
( BWR) 480°C, a i r  2.20 E+06 5 . 0  E+02 2.20 E+06 4 4 0 0  
13,900 MWd/ton Unoxidized 2.50 E+06 2.50 E+06 

Cladd 
48OoC, a i r  2.30 E+06 2.02 E+02 2.30 E+06 1 1 , 5 0 0  

99.8 

>99.9 
>99.9 

99.9 

>99.9 

>99.9 

>99.9 

a 

bAverage burnup. 

1- in . - long pieces.  

d2-in .- long p i e c e s .  

DF = t h e  r a t i o  of 3H i n  t h e  v o l o x i d i z e r  f e e d  t o  t h e  amount of 3H ,contained i n  t h e  v o l o x i d i z e r  p roduc t .  

C 

I . . 4' . 



T a b l e  8. Gaseous  r e l e a s e  t o t a l s  d u r i n g  v o l o x i d a t i o n  

Gaseous r a d i o n u c l i d e  r e l e a s e  from U02 
3Ha 14Cb 

-1 
d i s  s g(u + PU)-' % o f  d i s  s-'g(u + PU)-' % of  d i s  s-lg ( u  + p U ) - l  % of 

i n v e n t o r y  i n v e n t o r y  i n v e n t o r y  

H .  B.  Robinson-2 
6.1 

5.4 

LWR-2 1 - i n .  c l a d  -1.02 E+07 99.9 ' 1.12 E+04 5 2 . 0 ;  2.10 Et07 

1.86 E+07 LWR-15' 1 - i n .  c l a d  -1.02 E+07 >99.9 2.45 E+03 11.4 
LWR- 3 Unclad . -1.02 E+07 >99.9 1.74 E+04 81.0 1.48 E+07 4.3 

Oconee-1 
LWR-16 
LWR-17 

Dresd en-3 
LWR-18 
LWR- 19 

Unclad 8.32 E+06 99.9 1.74 E+03 11.3 1.30 E+07 6.0 
5.9 1 - i n .  c l a d  s8.33 E+06 299.9 9.12 E+02 5.9 1.29 E+07 

+ u n c l a d  

Unclad s2.47 E+06 '99.9 2.58 E+O3 17.4 6.67 E+06 4.6 
2 - i n .  c l a d  s2.41 E+06 >99.9 3.69 E+03 24.9 6.78 E+06 4.6 

aBas.ed on r e s i d u a l  c o n t e n t  o f  v o l o x i d i z e d  o x i d e .  

bDetermined from c o l l e c t e d  v o l o x i d i z e r  o f f - g a s .  

'Pure oxygen p u r g e  a t  0.75 m o l e s / h .  

I r 
VI 
I 
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d i s s o l v e r  s o l u t i o n s  w i t h  o r  w i t h o u t  p r i o r  v o l o x i d a t i o n .  A s  s t a t e d  

above, the recoveries of 
from 70 t o  90% of  t h e  t o t a l  amount t h a t  w a s  found by d i s s o l v i n g  t h e  

Tuntreated f u e l .  

3 H i n  t h e  v o l o x i d a t i o n  tests g e n e r a l l y  ranged 

Krypton releases were t y p i c a l l y  l o w j  r a n g i n g  from 4.3 t o  6.1% of  

t h e  amounts i n  t h e  f u e l .  

v o l o x i d a t i o n  of  t h e  PWR f u e l s  w e r e  two t o  t h r e e  t i m e s  t h e  amounts 

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

a p p a r e n t l y  had l i t t l e  e f f e c t  on t h e  krypton  release t o t a l s .  Although 

t h e  l a r g e s t  85Kr release w a s  from 1- in .  c l a d  segments of t h e  Robinson 

f u e l ,  r u n  LWR-2 w a s  a l s o  t h e  l o n g e s t  i n  d u r a t i o n  (4 .5  h a t  t e m p e r a t u r e ) .  

The q u a n t i t i e s  of 85Kr  r e l e a s e d  d u r i n g  

Releases of  1 4 C  from t h e  U02 f u e l s  d u r i n g  v o l o x i d a t i o n  w e r e  q u i t e  

v a r i a b l e ,  r a n g i n g  from %6 t o  81% o f  t h e  f u e l  i n v e n t o r y  v a l u e s .  Much 

of t h e  sca t te r  i n  t h e  1 4 C  release t o t a l s  can b e  a t t r i b u t e d  t o  

d i f f i c u l t i e s  w i t h  r e c o v e r y  and a n a l y s i s  of t h e  gaseous  carbon,  p a r t i c u l a r l y  

d u r i n g  t h e  ear l ie r  (H. B .  Robinson f u e l )  r u n s .  An %5% C 0 2  ca r r ie r  w a s  

used i n  t h e  v o l o x i d i z e r  purge  gas :  and improved a n a l y t i c a l  t e c h n i q u e s  

were adopted f o r  t h e  exper iments  w i t h  Oconee and Dresden f u e l .  The 

r e s u l t s  are s t i l l  somewhat v a r i e d ;  however, t h e  LVR-17 might b e  excluded 

a long  w i t h  t h e  ear l ies t  Robinson r u n s  s i n c e  i t  used a smaller amount 

( 2 %  C02) of car r ie r  g a s .  

o f f - g a s  r a n g e  from %ll t o  25% of  t h e  f u e l  c o n t e n t s ,  and a p p a r e n t l y  t h e  

g r e a t e s t  1 4 C  r e c o v e r i e s  [up t o  3.69 E+03 d i s  s 

d u r i n g  v o l o x i d a t i o n  of  t h e  Dresden (BWR) f u e l .  A d d i t i o n a l  exper iments  

would b e  needed t o  v e r i f y  t h i s .  

3 .2 .6  

* 

Hence, t h e  releases of I 4 C  t o  t h e  v o l o x i d i z e r  

-1 -1 
g(U + Pu) ] o c c u r r e d  

Release of 3H from Z i r c a l o y  c l a d d i n g  

The t o t a l  amount of 3H c o n t a i n e d  i n  t h e  U02 from t h e  two PWR f u e l s  

w a s  g r e a t e r  t h a n  t h a t  c o n t a i n e d  by t h e  l u v e r  burnup BWR f u e l  (Table  9) 
3 by a f a c t o r  of  3 t o  4. I n  f a c t ,  d e t e r m i n a t i o n s  of  t h e  H c o n t e n t  i n  

t h e  Z i r c a l o y  c l a d d i n g  i n d i c a t e d  t h a t  %40% of  t h e  t o t a l  3H g e n e r a t e d  by 

*The u s e  of C02 i n  t h e  purge  g a s  a f f e c t e d  t h e  m a s s  f low r a t e  measurements 
d u r i n g  t h e s e  r u n s  and caused s l i g h t  e r r o r s  i n  t h e  oxygen consumption 
c a l c u l a t i o n s .  These e r r o r s  w e r e  compensated f o r  a f t e r  each experiment .  

I n s u b s e q u e n t  r u n s ,  t h e  C02 carr ier  g a s  w a s  added s e p a r a t e l y  t o  t h e  
o f f - g a s  c o l l e c t i o n  bag ( p r i o r  t o  sampl ing) ,  and t h e  g a s  f l o w  
measurements were n o t  a f f e c c e d .  



T a b l e  9 .  Removal of 3H f rom UO2 f u e l  and  Z i r c a l o y  c l a d d i n g  d u r i n g  v o l o x i d a t i o n  

Removed by v o l o x i d a t i o n  F u e l  Burnup L i n e a r  Weigh t  p e r  3H c o n t e n t s  
i n c h  - -1 

d i s  s - ' i n . - l  P e r c e n t  d i s  s ' i n .  P e r c e n t  (MWd/ton) h e a t  
By w e i g h t  

o f  t o t a l  o f  t o t a l  r a t i n g  
( k W / f t )  

Rob inson  28,000 1.5.5 3.31 g Zr 
(PWR) 

14.86 g(U+Pu) 

23,000 1.5.5 3.61 g Z r  

14.21 g(U+Pu) 

Dresden  18,000 213.4 5.82 g Zr 
(BWR) 

24.92 g(U+Pu) 

2.85 E+07 d i s  s- l  

1 .02  E+07 d i s  s-' 

-1 2.25 E+07 d i s  s 

8.33 E+06 d i s  s-' 

1.37 E+07 d i s  s-' 

2.47 E+06 d i s  s-l 

g(Zr1- l  9.43 E+07 

g(U+Pu)- l  1.52 E+08 
2.43 E+08 

g ( 2 d - l  8 . 1 2  E+07 

1.18 E+08 
1.99 E+08 
-~ g (U+PU) 

g ( Z r ) - l  7.97 E+07 

6.16 E+07 
1.41 E+OG 

g (U+Pu) -l 

38.4 1.09 E+05 0.045 

61.6 21.52 E+08 1.61.6 

40.7 6.79 E+04 0.034 

59.3 $1. 18 E+08 -59.3 

56.4 a a 

43.6 $6.16 G3.6 

aNot d e t e r m i n e d .  
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f i s s i o n  i n  t h e  PWRs w a s  c o n t a i n e d  i n  t h e  c l a d d i n g ,  w h i l e  as much as 

56% of t h e  t o t a l  g e n e r a t e d  3H w a s  l o c a t e d  i n  t h e  c l a d d i n g  from t h e  

BWR f u e l  r o d .  T h i s  v a r i a t i o n  i s  probably  due t o  t h e  l i n e a r  h e a t  r a t i n g s  

of t h e  two t y p e s  of r e a c t o r s  - 1.5.5 kW/ft f o r  t h e  PWRs and 'L13.h 

kW!ft f o r  t h e  Dresden-3 r e a c t o r .  

The q u a n t i t i e s  of  3H r e l e a s e d  from t h e  Z i r c a l o y  c l a d d i n g  w e r e  

measured d u r i n g  v o l o x i d a t i o n  of  f u e l  h u l l  segments from t h e  two PWRs. 

Cladding specimens from t h e  Oconee-1 and t h e  H. B. Robinson-2 r e a c t o r s  

w e r e  f i r s t  l eached  i n  HN03 t o  remove a d h e r e n t  U 0 2  and t h e n  o x i d i z e d .  

V o l o x i d a t i o n s  of t h e  c l a d d i n g  segments w e r e  conducted under t h e  same 

c o n d i t i o n s  ( 6  h a t  480°C i n  a i r )  as t h o s e  used f o r  t h e  o x i d a t i o n  of 

t h e  unc lad  o r  c l a d  U 0 2  samples.  

t o t a l  3H recovered  when c l a d  U 0 2  vas v o l o x i d i z e d .  

cmvP-s i n d i c a t e d  t h a t  %75% of t h e  evolved 3H w a s  r e l e a s e d  d u r i n g  t h e  

i n i t i a l  hea tup  and f i r s t  hour a t  tempera ture .  The recovery  of 851Zr 

from t h e  Occnee c l a d d i n g  amounted t o  %1.,5% of t h e  amnunt found when 

c l a d  Oconee f u e l  w a s  v o l o x i d i z e d .  Oxygen consumption peaks i n d i c a t e d  

t h a t  up t o  a maximum of 50% of t h e  oxygen i n  t h e  a i r  feed-gas was be ing  

consumed w i t h i n  about  a 30-min p e r i o d  d u r i n g  each  run.  The measured 

weight  gabs of  Zircaloy-4 c l a d d i n g  w e r e  %0,5%. C a l c u l a t e d  weizht  

g a i n s  based nn oxygen consumption w e r e  s l i g h t l y  h i g h e r  a t  %1.0%. 

3 I n  each case, t h e  H evolved frzm t h e  c l a d d i n g  w a s  <0.05% s f  t h e  

Off-gas c o n c e n t r a t i o n  

3.2.7 Off-gas c o n c e n t r a t i o n  p r o f i l e s  

The c o n c e n t r a t i o n  p r o f i l e s  and consumption-release c u r v e s  f o r  

v o l o x i d a t i o n s  of  unclad f u e l  f ragments  from e a c h  r e a c t o r  - Robinson 

(LWR-3), Oconee (LT.JR-16), and Dresden (LWR-18) - are  shown i n  F i g s .  2-7, 

r e s p e c t i v e l y .  Each s e t  of c u r v e s  shows a ger?eral  c l o s e  correspondence 

be tvee2  oxygen u t i l i z a t i o n  rates and t h e  release rates  tc! t h e  gas  frcm 

t h e  U 0 2 .  

o f f - g a s  c u r v e s  d u r i n g  r u n s  LWR-16 and LWR-18 r e s u l t e d  from t h e  seq iuent ia l  

a d d i t i o n s  of  t h e  a i r  c o n t a i n e d  i n  t h e  3H t r a p s  t o  t h e  oxygen-depleted 

o f f - g a s  1-s t h e  t r a p s  were s e q u e n t i a l l y  switched on- l ine .  The 

computer ized d a t a  s c a n s  a t  2-min i n t e r v a l s  p icked  up t h e  momentary 

c o n c e n t r a t i o n  changes.  These c c n c e n t r a t i o n  changes c o n l d  p o t  b e  

o b t a i n e d  d u r i n g  t h e  LWR-3 experiment  when samples vere taken  manually 

and less f r e q u e n t l y .  

The s h a r p  s p i k e s  a t  15-min i n t e r ~ r a l s  i n  t h e  oxygen and 8 5 K r  
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The c o l l e c t i o n  of 3H on t h e  t r a p s  p a r a l l e l e d  t h e  u t i l i z a t i o n  of 

oxyger. and t h e  release of 85Kr  b u t  lagged  behind  i n  t h e  l a t e r  s t a g e s  

of e a c h  exper iment ,  i n d i c a t i f l g  e i t h e r  a s lower  release ra te  o r  a 

s lower  t r a n s p o r t  th rough t h e  h e a t e d  l i n e s .  The expe r imen t s  u s i n g  a i r  

(oxygen r a t e s  of 0.1 t o  0.15 moles lh )  showed i n d i c a t i o n s  of  double-  

peaked oxygen consumption p a t t e r n s .  T h i s  w a s  e s p e c i a l l y  t h e  case 

dur ing  t h e  v o l o x i d a t i o n  of t h e  H. B. Eobinson f u e l ,  when t h e r e  w a s  a 

v e r y  Frozounced co r re spond ing  double-peaked release of K r  ( F i g .  2 ) .  

T h i s  phenomenor! i s  thought  t o  b e  r e l a t e d  t o  t h e  two-stage o x i d a t i o n  

of U02 t o  I! 0 

i n  a i r  under  t h e s e  c m d i t i z n s .  

85 

and then  U 0 which a p p a r e n t l y  o c c u r s  d u r i n g  o x i d a t i o n  4 4 '  3 5y2 

No donble-peaked conscmption o r  release p a t t e r n  w a s  s e e n  d u r i n g  t h e  

o x i d a t i o n  of  unc lad  Robicson f u e l  i n  p u r e  oxygen ( f e e d  rate = 0.75 

moles 0 2 / h ) .  

c h a r a c c e r i z e d  by v e r y  sha rp  s p i k e s  (F ig .  8 ) .  A second sp ike  i n  t h e  

3H release w a s  observed  d u r i n g  t h e  LWR-15 experiment  when c l a d  f u e l  w a s  

o x i d i z e d .  A s  seen  i n  Table  10,  100% n t i l i z a t i o n  of t h e  oxygen w a s  

a t t a i n e d  d u r i n g  t h e  LWR-15 r u n ,  and oxygen consunpt ion  vas completed 

t r i t h i n  an hour  a f t e r  s t a r t - u p .  IQ each  of t h e  a i r  r u n s ,  no more thaE 

70 t o  85% of t h e  oxygen i n  t h e  f eed  gas  w a s  u t i l i z e d  a t  t h e  t i m e  of 

peak consumpticn,  and oxygen consumTticn occur red  o v e r  a 2- t o  4-h 

p e r i o d ,  deper.ding on whether  c l a d d i n g  w a s  p r e s e n t .  

The Gxygen u t i l i z a t i c n  and gaseous releases were 

3 The H and krypto:: peak h e i g h t s  (maximum c o n c e n t r a t i o n s  i n  t h e  

o f f - g a s )  w e r e  r e l a t e d  t o  t h e  rate of cxygen consumption: t h e  o f f -gas  

c o n c e n t r a t i o n s  w e r e  s e v e r a l  t i m e s  g r e a t e r  i n  t h e  pu re  oxygen 

experiment  t han  t h e y  were d u r i n g  t h e  a i r  expe r imen t s  ( s e e  Tab le  1 0 ) .  
5 A comparison of t h e  

shown i n  F ig .  9, i n d i c a t e s  t h a t  t h e  r e l a t i v e  peak h e i g h t s  are i n  about  

t h e  same r a t i o  as  t h e  i n i t i a l  3H c o n t e n t s  of t h e  f u e l s .  

for  t h e  Oconee f u e l  w a s  ex tended  30 t o  40 min beyond t h a t  o f  t h e  

o t h e r  f u e l s ,  s u g g e s t i n g  t h a t  3H release from t h a t  f u e l  w a s  somewhat 

i n h i b i t e d  (>99.9% release w a s  a t t a i n e d  w i t h i n  4 h ) .  

c l a d d i n g  w a s  d e f i n i t e l y  an  i n h i b i t i n g  f a c t o r  on t h e  3H r e l e a s e s ,  as 

shown i n  F ig .  10 (Oconee), F ig .  11 (Dresden) ,  and F i g .  9 (Robinson) .  

H release p r o f i l e s  from t h e  t h r e e  f u e l s ,  

The p r o f i l e  

The p resence  of 

Release p r o f i l e s  f o r  'H were ex tended  from 30 min t o  60 min when 

t h e  f u e l  w a s  c l a d  i n  1- and 2-in.  l ong  p i e c e s .  However, even f o r  t h e  
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Table 10. Gaseous release and oxygen consumption dur ing  vo lox ida t ion  

Fuel Run No. Condi t ions  Gxygen u t i l .  
Timea (min) Cladding 02 feed  rate peak ra te  Max. conc. of Max. conc. of 

85Kr i n  off-gas 38 i n  of f -gas  Cumulative 02 3H release 
( d i s  s-l cm-3) ( d i s  s-l cm-3) 50% 100% 50% 90% 99% 

l e n g t h  (moles/h) (moles/h) 

Robinson LWR-2 1 i n .  0 .1  0.07 5.55 E+04 4.07 E+04 135 290 120 200 280 

95 125 180 LWR- 3 Unclad 0.15 0.07 5.66 E+04 

LWR-15 1 i n .  0.75 0.75b 3.06 E4-05 9.98 E+04 46 60 66 74 170 

2.95 E+04 85  140 
I 

CI 
ra 

Oconee LWR-16 Unclad 0.15 0.125 8.70 E+04 2.79 E+04 92 189 96 149 230 I 

107 160 240 

Dresden LWR-18 Unclad 0.15 0.13 4.96 E+04 1.56 E+04 73 165 88 126 225 

LWR-19 2 i n .  0.15 0.12 5.57 E+04 1 .49  E+04 99 180 108 158 260 

88 205 LWR-17 1 i n .  + unclad 0.15 0.12 7.81 E+05 3.14 E+04 

a A l l  t i m e s  i nc lude  an  approximate 40-min hea tup  t o  ope ra t ing  tempera ture  o f  480'C 

b A t  maximum u t i l i z a t i o n ,  ou tpu t  flow from v o l o x i d i z e r  w a s  equa l  t o  0 .  
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Dresden f u e l  ( w i t h  2-in.  c l a d d i n g ,  t h e  most s e v e r e  c l a d d i n g  c a s e ) ,  t h e  

t i m e  r e q u i r e d  t o  r e a c h  99% release of t h e  3H from t h e  U 0 2  w a s  on ly  %35 

min l o n g e r  t h a n  when no c l a d d i n g  w a s  p r e s e n t  ( s e e  Table  10) .  The 

l o n g e s t  t i m e  r e q u i r e d  t o  a c h i e v e  99% release occur red  w i t h  t h e  l - i n .  

c l a d  Robinson U 0 2  (280 min) ;  however, t h e  lower purge  ra te  (0 .1  moles 

02 /h )  d u r i n g  t h a t  run  (LWR-2) a l s o  slowed t h e  t r a n s p o r t  of 3H th rough 

t h e  o f f -gas  system. 

3 .2 .8  F i s s ion -p roduc t  d i s t r i b u t i o n  

The amounts o f  f i s s i o n  p r o d u c t s  remain ing  on t h e  v o l o x i d i z e r  w a l l s  

and on samples  l o c a t e d  i n  t h e  o f f -gas  sys tem were de termined  f o l l o w i n g  

t h e  compara t ive  v o l o x i d a t i o n  tes ts .  A f t e r  each  expe r imen t ,  t h e  

samples  ( o r  HN03 l e a c h e s  o f  t h e  samples)  were ana lyzed  by gamma 

spec t romet ry ;  s e l e c t e d  samples  underwent a c t i v a t i o n  a n a l y s i s  t o  de t e rmine  

the presence  of 1291. 

c l a d  Oconee-1 f u e l  run  (LWR-17) were n o t  ana lyzed  immediately b u t  were 

reused  d u r i n g  t h e  c l a d  Dresden-3 f u e l  v o l o x i d a t i o n  (LWR-19) b e f o r e  b e i n g  

ana lyzed .  S e l e c t e d  f i s s i o n  p roduc t  r e c o v e r i e s  are shown i n  Table  11 

as p e r c e n t a g e s  of t h e  i n v e n t o r i e s  l i s t e d  i n  Table  6. 

The d e p o s i t i o n  and en t r a inmen t  samples  f o r  t h e  

Genera l ly ,  0 .1  t o  0.2% of  t h e  t o t a l  '06Ru, 125Sb, 134-137Cs, and 

144Ce w a s  r e l e a s e d  from t h e  f u e l  and w a s  found i n  t h e  sys tem a f t e r  

v o l o x i d a t i o n  i n  a i r  o r  oxygen. Apparen t ly ,  t h e r e  w a s  g r e a t e r  f i s s i o n -  

p roduc t  v o l a t i l i t y  from t h e  Oconee f u e l ,  p a r t i c u l a r l y  w i t h  r e g a r d  t o  

t h e  amounts r ecove red  from i n s i d e  t h e  v o l o x i d i z e r .  I n  a t  l ea s t  one c a s e  

(Robinson, LWR-15), t h e  l e a c h  s o l u t i o n  f o r  t h e  v o l o x i d i z e r  s h e e t  sample 

w a s  p robab ly  contaminated  by f u e l .  

t h e  sample  p r i o r  t o  l e a c h i n g .  

s h e e t s  u s u a l l y  p r o v i d e s  adequa te  p re -c l ean ing .  

Perhaps  some f u e l  d u s t  remained on 

Brushing  o r  u l t r a s o n i c  washing of t h e  

With t h e  e x c e p t i o n s  of and ,  t o  some e x t e n t ,  lo6Ru, most of t h e  

recovered  f i s s i o n  p r o d u c t s  were d e p o s i t e d  on sample s u r f a c e s  w i t h i n  t h e  

v o l o x i d i z e r .  Amounts of cesium, cer ium,  and antimony t r a n s f e r r i n g  

from t h e  o f f -gas  sys tem were most ly  <0.001% of t h e  amounts i n  t h e  f u e l  

( S e c t .  3 . 2 . 9 ) .  

Recover ies  o f  v o l a t i l i z e d  i o d i n e  w e r e  u s u a l l y  on t h e  o r d e r  of 1 t o  

5% of t h e  t o t a l  f u e l  i n v e n t o r i e s  ( h i g h e s t  f o r  t h e  Dresden f u e l ) ,  n e a r l y  

a l l  of which w a s  l o c a t e d  on downstream c h a r c o a l  beds hea ted  t o  125°C 

(Tab le  1 2 ) .  

e f f e c t i v e  a t  i o d i n e  r e t e n t i o n  as t h e  c h a r c o a l  beds .  Most of t h e  o t h e r  

The c h a r c o a l  f i l t e r  pape r s  used i n  LWR-2 were n o t  as 
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, 

Robinson 
Oconee 
Dresden 

Robinson 
Rob i n s  on 
Dresden 

Robinson 
Oconee 
Dresden 

Robinson 
Rob i n  son  
Dresden 

Robinson 
Oconee 
Dresden 

Robinson 
Robinson 
Dresden 

Robinson 
Oconee 
Dresden 

Rob in son 
Rob i n  son 
Dresden 

Rob i n s  on  
Oconee 
Dresden 

Robinson 
Robinson 
Dresden 

Robinson 
Oconee 
Dresden 

Robinson 
Robinson 
Dresden 

LWR-3 
LWR-16 
LWR-18 

LWR-2 
LWR-15 
L W R - ~ ~ '  

LWR- 3 
LWR-16 
LWR-18 

LWR-2 
LWR-15 
L W R - ~ ~ '  

LWR-3 
LWR-16 
LWR-18 

LWR-2 
LWR-15 
LWR-19' 

LWR-3 
LWR-16 
LWR-18 

LWR-2 
LWR-15 
LWR-EF 

LWR-3 
LWR-16 
LWR-18 

LWR-2 
LWR-15 
LWR-19' 

LWR-3 
LWR-16 
LWR-18 

LWR-2 
LWR-15 
LWR-19' 

Table  11. Recoveries  of  s e l e c t e d  f i s s i o n  p roduc t s  from t h e  v o l o x i d i z e r  w a l l s  and t h e  o f f -gas  system 

Nucl ide Fue l  Run No. Condi t ionsa D i s t r i b u t i o n  ( 4 6  of inven to ry  i n  U O 2 1  T o t a l  recovered 
Vo lox id ize r  w a l l s  Off-gas system [ d i s  s-l g(U+Pu)-' 1 

Unclad 
A i r  0.007 0 .003  2.30 E+05 
A i r  
A i r  

Clad 
A i r  

A i r  

Unclad 
A i r  
A i r  
A i r  

Clad 
A i r  
02 
A i r  

Unclad 
A i r  
A i r  
A i r  

Clad 
A i r  

A i r  

Unclad 

A i r  
A i r  
A i r  

Clad 
A i r  

A i r  

Unclad 
A i r  
A i r  
A i r  

Clad 
A i r  

A i r  

Unclad 
A i r  
A i r  
A i r  

Clad 
A i r  
02 
A i r  

02 

0 2  

0 2  

__ 

0 2  

0.089 
0.029 

0.007 
0. 03ab 
0.066 

0.025 
0.197 
0.070 

0.026 

0.128 
0.119b 

0.22 
0.147 
0.044 

0.22 
21.2b 

0.086 

0.017 
0.160 
0.034 

0.017 
0.246b 
0.097 

0.021 
0.165 
0.039 

0.021 
0.323b 
0.100 

0.014 
0.154 
0.033 

0.014 
0.233b 
0.116 

0.026 
0.037 

(0.001 
0.080 
0.087 

0.091 
d 
d 

<o. 001 
<0.001 

d 

1.08 
1 . 0 8  
4.56 

0.04f 
1 .17 
0 .60  

<o. 001 
d 
d 

<o. 001 
<0.001 

d 

0.002 
d 
d 

<o. 001 
<o. 001 

d 

<o. 001 
d 
g 

<0.001 
<0.001 

d 

1.90 E+06 
3.67 E+05 

1 . 6 1  E+05 
2 . 7 1  E+06 
8 .48  E+05 

2.52 E+04 
1 .91  E+05 
4.07 E+04 

2 . 5 2  E+04 
1.15 E+05 
7.47 E+04 

1. 98e 
2 .  30e 

10.0e 

0.40e 

1.48e 
34. Oe 

3.10 E+05 
1.85 E+06 
1 . 7 2  E+05 

3.10 E+05 
4.23 E+06 
4.91 E+05 

7.64 E+05 
4.21 E+06 
7.77 E+05 

6 .97  E+05 
1.07 E+07 
1 .98  E+O6 

3.56 E+05 
3.65 E+06 
1.92 E+05 

3.56 E+05 
5.92  E+O6 
6.76 E+05 

a A l l  r un  a t  480°C. 

bThese r e s u l t s  appear  t o  be i n  e r r o r  ( s e e  t e x t ) .  

'LWR-19 d e p o s i t i o n  and en t r a inmen t  specimens were a l s o  i n - l i n e  d u r i n g  t h e  LWR-17 run wi th  Oconee f u e l .  

dTrace q u a n t i t i e s .  

fCharcoal  paper  used i n s t e a d  of c h a r c o a l  bed. 

%lot d e t e c t e d .  

elJg/g (U+PU). 



T a b l e  1 2 .  D i s t r i b u t i o n  of s e l e c t e d  f i s s i o n  p r o d u c t s  i n  t h e  v o l o x i d i z e r  o f f - g a s  sys t em 

Nuc l ide  Run No. System d i s t r i b u t 5 o n  ( X  of  t o t a l  r e l e a s e d  from v o l o x i d a t i o n )  T o t a l  found i n  
D e p o s i t i o n  Graded f i l t e r  p a p e r s  Charcoa la  HEPA f i l t e r  o f f - g a s  s y s t e m  

t u b i n g  - >5 pm 0 . 3  u m  bed [ d i s  s-1 g(U+Pu)-l] 

LWR- 3 
LWR-16 
LWR-18 
LWR-2 
LW R- 1 5 
LWR- 1 9  

LWR-3 
LWR-16 
LWR-18 
LWR- 2 
LWR-15d 
LWR-19 

LWR- 3 
LWR-16 
LWR-18 
LWR- 2 
LWR- 1 5d 
LWR- 1 9  

99.86 
99.87 
98 .71  
87 .23  
99 .96  
99.99 

5 . 7 5  
f 
f 

57 .6  
f 
f 

99.59 
86 .25  
98.49 
82 .48  
96 .83  
85 .02  

0 .03  
0.07 
1 .24  
5.23 
0 .02  
0.01 

0.10 
10 .98  

0 .87  
7 .38  
1 . 0 3  
8.18 

0 .01  
0 . 0 3  
0 .05  

b 
0.01 

C 

0.01 
0 .96  
0 .15  

b 
0.27 
1 . 9 9  

0.07 
0 .02  
0 .01  
7.54 

C 

C 

94.25 
100.0 
100.0 

100.0 
100.0 

42.4 

0 .19  
0 . 4 0  
0.19 

10 .15  
1 . 4 5  
2 . 2 1  

0.04 
0.01 

b 
b 
C 

C 

0.11 
1 . 4 1  
0 .30  

b 
0.42 
2.59 

5.76 E+04 
4.27 E+05 
2.08 E+05 
1 . 4 1  E+03 
1.83 E+06 
4.82 E+05 

1. 63e 
2. 03e 

0. 06e 
1. 78e 
1. 2ge 

9 .  goe 

6.52 E+04 
3 .61  E+02 
7.74 E+02 
1 . 6 6  E+03 
3.59 E+02 
4.14 E+02 

a 

bNot d e t e c t e d .  

LWR-2 used  c h a r c o a l  p a p e r s .  

c Trace q u a n t i t i e s .  

dSample spec imens  used  f o r  two r u n s .  
e 

f ~ o  a n a l y s i s .  

v g / g ( u  + PU). 

I 
W 
0 

I 

I .  
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f i s s i o n  p r o d u c t s  r e p o r t i n g  t o  t h e  o f f - g a s  system were d e p o s i t e d  on 

t u b i n g  specimens immediately beyond t h e  e x i t - g a s  f r i t .  

A s  s e e n  i n  t h e  ear l ie r  exper iments  w i t h  Robinson f u e l , 2  d u r i n g  

t h e  v o l o x i d a t i o n s  of Oconee and Dresden f u e l ,  t h e  ruthenium r e l e a s e d  

from t h e  U02  e v i d e n t l y  a c t e d  somewhat d i f f e r e n t l y  from t h e  o t h e r  

f i s s i o n  p r o d u c t s .  

o f f - g a s  system samples as w a s  recovered  from i n s i d e  t h e  v o l o x i d i z e r .  

Most of t h e  v o l a t i l i z e d  ruthenium w a s  r e t a i n e d  on t u b i n g  specimens,  

where s u r f a c e  t e m p e r a t u r e s  ranged from above 400°C down t o  Q I O O ° C  ( F i g .  

1 2 ) .  

t h e  ruthenium v o l a t i l i t y  and d e p o s i t i o n .  During v o l o x i d a t i o n s  a t  48OOC 

i n  a i r ,  more Io6Ru was recovered  on specimens when t h e  Oconee f u e l  w a s  

v o l o x i d i z e d  t h a n  when t h e  Dresden o r  Robinson f u e l s  were v o l o x i d i z e d .  

An i n c r e a s e  i n  v o l o x i d a t i o n  t e m p e r a t u r e  t o  550°C i n c r e a s e d  t h e  Io6Ru 

d e p o s i t i o n  from t h e  Robinson f u e l  by a n  o r d e r  of magnitude. V o l o x i d a t i o n  

i n  p u r e  oxygen (LWR-15) f u r t h e r  i n c r e a s e d  t h e  amount of v o l a t i l i z e d  

ruthenium d e p o s i t e d  i n  t h e  o f f - g a s  t r a i n .  T h i s  could i n d i c a t e  t h a t  

o x i d a t i o n  t o  t h e  more v o l a t i l e  RuO w a s  o c c u r r i n g  under  t h e  more severe 4 
o x i d i z i n g  c o n d i t i o n s .  An a l t e r n a t e  e x p l a n a t i o n  c o u l d  be t h e  g r a d u a l  

accumula t ion  o f  f i s s i o n  p r o d u c t s  i n  t h e  v o l o x i d i z e r ,  l e a d i n g  t o  h i g h e r  

releases t o  t h e  of f -gas  system. 

Approximately t h e  same amount of lo6Ru w a s  found on 

Higher  tempera tures  and h i g h e r  oxygen purge  rates tended t o  i n c r e a s e  

3 .2 .9  A c t i n i d e  and f i s s i o n - p r o d u c t  accumulat ion 

The cumula t ive  amounts of p l a t e d - o u t  and en t rapped  s p e c i e s  recovered  

from i n s i d e  t he  v o l o x i d i z e r  a f t e r  each experiment  ( o r  series of 

exper iments )  are  shown i n  F i g .  13 as a f u n c t i o n  of  t h e  t o t a l  amounts 

of  f u e l  processed .  The g r e a t e s t  b u i l d u p  o f  f i s s i o n  p r o d u c t s  and heavy- 

metal o x i d e s  o c c u r r e d  d u r i n g  v o l o x i d a t i o n s  of H. B.  Robinson U 0 2  i n  

p u r e  oxygen and a t  h i g h e r  (55OOC) t e m p e r a t u r e s .  Those exper iments  

w e r e  r u n  d u r i n g  t h e  i n i t i a l  th roughput  of  8 0 0  g (U + Pu) .  

v o l o x i d a t i o n s  of Robinson, Oconee, and Dresden U02 i n  a i r  added 

s i g n i f i c a n t l y  less t o  t h e  accumula t ion  t o t a l s .  A f t e r  4 1  h of  

o p e r a t i o n  and a throughput  of 1270 g ,  t h e  t o t a l  a c t i n i d e  r e c o v e r i e s  were 

on t h e  o r d e r  of 1 0  g/m2 i n s i d e  t h e  v o l o x i d i z e r  ( i n s i d e  s u r f a c e  area = 

Subsequent 

0.037 m'), which amounts t o  %0.03% of t h e  cumula t ive  amount processed .  
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v o l o x i d i z e r  w a l l s .  
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F iss ion-product  d e p o s i t i o n  w a s  a l s o  minimal,  p a r t i c u l a r l y  d u r i n g  t h e  

p e r i o d  when a i r -purged  v o l o x i d a t i o n s  were b e i n g  r u n .  

f o r  Io6Ru d e p o s i t i o n  i s  a n  i n d i c a t i o n  t h a t  t h e  ruthenium had a g r e a t e r  

tendency t o  b e  v o l a t i l i z e d  t o  t h e  o f f - g a s  system. G e n e r a l l y ,  t h e  

c o n c e n t r a t i o n s  of  f i s s i o n  p r o d u c t s  on t h e  w a l l s  a re  i n  t h e  same r a t i o  

as t h e y  are  i n  t h e  LWR f u e l s ,  a l t h o u g h  t h e r e  a p p e a r s  t o  be some 

enrichment  w i t h  r e s p e c t  t o  t h e  C s  c o n c e n t r a t i o n .  

The f l a t t e r  s l o p e  

137 

3.3 D i s s o l u t i o n  

3 .3 .1  Material b a l a n c e s  

Material b a l a n c e s  and t h e  e x p e r i m e n t a l  c o n d i t i o n s  f o r  t h e  d i s s o l u t i o n  

of  t h e  Dresden, Oconee, and Robinson f u e l s  are shown i n  Tables,13-15, 

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

a l lowed f o r  each  l e a c h ,  and t h e  s o l u t i o n s  were h e l d  j u s t  a t  t h e  b o i l i n g  

tempera ture .  M u l t i p l e  l e a c h e s  of t h e  i n s o l u b l e  r e s i d u e s  w e r e  made i n  

most cases; some of  t h e  ear l ie r  d i s s o l u t i o n s ,  however, had o n l y  one 

l e a c h ,  made s o l e l y  t o  de te rmine  t h e  r e s i d u a l  t r i t i u m - t o - f u e l  r a t i o .  The 

The d i s s o l v e n t  used w a s  7 - M HN03, a p e r i o d  of 2 h w a s  

material b a l a n c e s  ranged from 98 .8  t o  1 0 4 . 8 % ,  and averaged 102%. 

3.3.2 I n s o l u b l e  r e s i d u e s  

The q u a n t i t i e s  of HN03-insoluble f i s s i o n  product  r e s i d u e s  i n c r e a s e d ,  

as e x p e c t e d ,  w i t h  i n c r e a s i n g  burnup and v o l o x i d a t i o n  (Table  1 6 ) .  

Voloxida t ion  i n c r e a s e d  t h e  t o t a l  weight  of  r e s i d u e  o v e r  unvoloxid ized  

f u e l  by f a c t o r s  of >2. The weight  g a i n  w a s  p r i m a r i l y  due t o  t h e  g r e a t e r  

i n s o l u b i l i t y  of Ru, Rh, Pd, Mo, and Tc .  

3 . 3 . 3  D i s s o l u t i o n  of Pu02 

The o v e r a l l  s o l u b i l i t y  of t h e  Pu02 i n  t h e  t h r e e  f u e l s  w a s  n o t  

a f f e c t e d  by t h e  v o l o x i d a t i o n ,  a l t h o u g h  t h e  r a t e  of d i s s o l u t i o n  of a 

small amount may be slowed. The d i s s o l u t i o n s  of plutonium i n  o x i d i z e d  

and unoxid ized  Robinson, Dresden, and Oconee f u e l s  i n  s u c c e s s i v e  l e a c h e s  

are  summarized i n  Table  '17. T a b l e s  1 8  and 1 9  t y p i c a l l y  summarize t h e  

d i s s o l u t i o n  of t h e  o t h e r  n u c l i d e s .  

The ra te  of d i s s o l u t i o n  o f  t h e  f u e l s  i s  r a p i d  and e s s e n t i a l l y  

complete  w i t h i n  a few h o u r s ;  >99% d i s s o l v e d  i n  <30 min, as determined 

by t h e  ra te  of 85Kr  e v o l u t i o n  d u r i n g  t h e  f i r s t  l e a c h  and by t h e  plutonium 

a n a l y s e s  of t h e  second and t h i r d  l e a c h  s o l u t i o n s  (F ig .  1 4 ) .  
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Table  13.  Summary of Dresden-3 d i s s o l u t i o n s a  

V o l o x i d a t i o n  

Run No. 

S t a r t i n g  w t ,  g 

F i r s t  l e a c h :  v01, ml 

U d i s s o l v e d ,  % 

Pu d i s s o l v e d ,  % 

Second l e a c h :  v01, m l  

U d i s s o l v e d ,  % 

Pu d i s s o l v e d ,  % 

T h i r d  l e a c h :  vo1, m l  

U d i s s o l v e d ,  % 

Pu d i s s o l v e d ,  % 

\ 

Residue:  w t ,  g 

U u n d i s s o l v e d ,  % 

Pu u n d i s s o l v e d ,  2 

Recoverv : 

None 

1 8 A  

30.0 

133  

99.99 

99.97 

30 

0 .001  

0.012 

30 

<o.  001 

0.005 

0.0078 

<o. 001 

0.016 

48OOC 

1 8 B  

30.0' 

132 

99.93 

99.84 

30 

0.070 

0.131 

30 

0.001 

0.003 

0.0670 

0.002 

0.025 

480°C 

19Ab 

30.0 

135 

99.99 

99.72 

- 

0.1223 

0.01 

0 .28  

U O y  g 

puo2, g 

Residue,  g 

S o l u b l e  f i s s i o n  
p r o d u c t ,  g 

T o t a l ,  g 

% s t a r t i n g  w t  

T o t a l  (U+Pu), g 

T o t a l  Pu/ (U+Pu) r a t i o  

W t  R-1,  % (U,Pu)02 
d i s s o l v e d  

Average w t  r e s i d u e ,  % 

29.86 

0.20 

0.0078 

0.75 

30.82 

103  

26.45 

0.0062 

0.026 

0.026 

28.82 28.14 

0.17 0.17 

0.0670 0.1223 

0.72 0.50 

29.78 28.93 

103  1 0 1  

25.54 24.95 

0.0060 0.0060 

- 

0.128 0.432 

0.280 

a Procedure :  7 M "03, 2 h ,  b o i l i n g  f o r  e a c h  l e a c h  shown (- i n d i c a t e s  
t h a t  leach w a s  o m i t t e d ) .  

bVoloxidized w i t h  c l a d d i n g  p r e s e n t ;  d i s s o l v e d  s e p a r a t e l y .  
C U308;  U 0 2  'L28.89 g.  



-36- 

Table 14. Summary of Oconee-1 dissolutionsa 

Voloxida t ion 

Run No. 

Starting wt, g 

First leach: vol., ml 

U dissolved, % 

Pu dissolved, % 

Second leach: v01, ml 

U dissolved, % 

Pu dissolved, % 

Third leach: vol., ml 

U dissolved, % 

Pu dissolved, % 

Residue, wt, g 

U undissolved, % 

Pu undissolved, % 

Recovery, 9 ,  g 

puo2, g 

Residue, g 

Soluble fission 
product, g 

Total, g 

% starting wt 

Total (lJ+Pu>, g 

Total Pu/(U+PU) ratio 

Wt R-1, % (U,Pu)02 
dissolved 

Average wt residue, % 

None 

16A 
20.6 

61 

99.99 

99.89 

30 

0.005 

0.055 

30 

<o. 001 
0.009 

0.0349 

<o. 001 
0.049 

19.76. 

0.15 
0.0349 

0.50 

20.44 

99.2 

17.53 

0.0074 

0.175 

0.175 

48OOC 

16B 
29.9' 

134 

99.91 

99.81 

30 

0.085 

0.165 

30 

<o. 001 

48OOC 

17A 
30.1 

134 

99.92 

99.80 

30 

0.074 

0.172 

30 

<o. 001 
0.004 0.005 
0.1053 0.1102 

0.003 0.004 

0.022 0.026 

29.12 28.79 

0.22 0.22 
0.1053 0.1102 

0.74 0.73 

30.19 29.85 

104.8 103.0 

25.86 25.56 

0.0077 0.0076 

0.359 0.380 

0.370 

480°C 

17Bb 
26. gd 
100 

%9 9 
%9 9 

- 
0.16 

0.01 

0.17 

Procedure: 7 M HNO3, 2h, boiling for each leach shown (- indicates a 

that leach was omitted). 

bVoloxidized with cladding present; dissolved separately. 
C u3O8; uo2 = 0.963 u308. 

dEight 1-in. pieces of cladding. 
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Table  15. D i s s o l u t i o n  o f  s e l e c t e d  H.  B .  Robinson-2 s a m p l e s a  

Voloxida t ion  

S t a r t i n g  w t ,  g 

Run N o .  

1st l e a c h :  v01, m l  

U d i s s o l v e d ,  % 

Pu d i s s o l v e d ,  % 

2nd l e a c h :  v o l . ,  m l  

U d i s s o l v e d ,  % 

Pu d i s s o l v e d ,  % 

3rd l e a c h :  v o l . ,  m l  

U d i s s o l v e d ,  % 

Pu d i s s o l v e d ,  % 

Residue:  w t ,  g 

U u n d i s s o l v e d ,  % 

Pu u n d i s s o l v e d ,  % 

Recovery : U 0 2 ’  g 

p 9 ,  g 

Res idue ,  g 

S o l u b l e  f i s s i o n  
p r o d u c t ,  g 

X s t a r t i n g  w t  

T o t a l  (U+Pu>, g 

T o t a l  Pu/ (U+Pu) r a t i o  

d i s s o l v e d  

Average w t  r e s i d u e ,  % 

W t  R-1,  % (U,Pu)02 

None 

29.6 

3 B  

80 

99.76‘ 

99.97 

50 

0.02 

0.02 

50 

<o. 01 

0 .01  

0.0572 

0.144‘ 

0.004 

2 8 . 4 1  

0.26 

0.0572 

0.52 

98.8 
25.26 

0.0091 

0.200 

0.200 

48OOC 

19.  ob 
2A 

50 

99.99 

99.97 

0.1064 

0.012 

0.017 

18.36 

0.16 

0.1064 

0 .33  

104  
1 6 . 3 1  

0.0086 

0.575 

48OOC 

75. 2b 

3 A  

230 

99.98 

99.97 

0.5300 

0.018 

0.026 

7 2 . 8 7  

0.50 

0.5300 

1 . 3 1  

104 
64.64 

0.0068 

0.722 

0.590 

4800c 
250b 

15A 

100 

99.95 

99.85 

30 

0.04 

0.13  

0.1111 

0.007 

0.013 

23.28 

0.19 

0.1111 

0.42 

99.8 
20.32 

0.0084 

0.473 

Procedure:  7 M HN03, 2 h ,  b o i l i n g  f o r  each l e a c h  shown (- i n d i c a t e s  a 

t h a t  l e a c h  w a s  o m i t t e d ) .  

u308; uo2 = 0.963 u308. b 

C These v a l u e s  r e j e c t e d  on s t a t i s t i c a l  b a s i s .  



T a b l e  1 6 .  N i t r i c  a c i d - i n s o l u b l e  r e s i d u e  

D r e  sden-3 O c  one e- 1 Rob i n s  on- 2 D i f f e r e n c e  due t o  
burnup 

Reac tor  burnup,  MWd/ton 18 ,000  

Oxid ized ,  w t  % (U,Pu)02 
d i s s o l v e d  0.280 

Not o x i d i z e d ,  w t  % (U,Pu)02 
d i s so 1 ved 0.026 

23,000 

0.370 

0.175 

31,000 

0.590 

0.200 

1 3 ,  OOOa 

0.310 

0.174 

D i f f e r e n c e  due t o  o x i d a t i o n ,  
w t  % (U,Pu)02 d i s s o l v e d  0.254 0.195 0.390 0.242 (av)  

a 31,000 - 18,000 MWd/ton. I w 
QJ 

I 

Table  17 .  Plutonium i n  i n s o l u b l e  r e s i d u e  

Dresden- 3 Oconee-1 Robinson-2 D i f f e r e n c e  due t o  
burnup 

Reac tor  burnup,  MWd/ton 18,006 23,000 31,000 

Oxid ized ,  % of  t o t a l  0. 025a 0.024 0.019 

Not o x i d i z e d ,  % of t o t a l  0.016 0.049 0.004 0 

D i f f e r e n c e  due t o  o x i d a t i o n ,  
% of t o t a l  0.009 0.0 0.015 

a One e x p e r i m e n t a l  v a l u e  o f  0.28% w a s  d i s c a r d e d .  

.. ' .  . 



. .  
L, 

Table  18. D i s t r i b u t i o n  of  s e l e c t e d  nuc l ides  du r ing  d i s s o l u t i o n  of  ox id ized  Dresden-3 f u e l  (Run No. LWR-18B: 30.0 g U308)  

Locationa Volume % found 

U Pu 3H 85Kr  lo6Ru 125Sb 134cs 137cs 1 4 4 ~ e  

DS- 1 132 m R  99.93 99.84 99.99 

DS-2 29.5 m R  0.07 0.13 b 

DS-3 25.0 m R  0.01  0 .01  

Residue .0.0670 g 0.01 0.03 

76.9 5 8 . 3  99.94 99.92 99.95 

1 . 2  3 . 5  0.04 0.05 0.05 

1 . 0  1 . 8  C C 

20.8 36 .6  0.02 0 .02  C 

I 
w 
\o 
I 

a 

bBlank i n d i c a t e s  no ana lys i s .  

See t e x t  f o r  d e s c r i p t i o n .  

C Below l i m i t s  of d e t e c t i o n  by gamma spec t roscopy.  



T a b l e  1 9 .  D i s t r i b u t i o n  o f  s e l e c t e d  n u c l i d e s  d u r i n g  d i s s o l u t i o n  of  u n v o l o x i d i z e d  Oconee-1 f u e l  (Run No. LWR-16A: 2 0 . 6  g UOz)  

L o c a t i o n a  Volume % found 

U Pu 3H l 4 C  5 K r  106RU l Z 5 S b  134cs 137cs 1 4 4 ~ e  

D S - 1  61  mR 9 9 . 9 9  99 .99  99 .90  b 7 1 . 2 1  92.42 >99.9  >99.9 >99.9 

DS-2 30  m!?, 0 . 0 1  0 . 0 6  1 2 . 4 2  4.24 C C C 

DS-3 30 mR <o . 01 < 0 . 0 1  7 .07  1 . 2 1  C C C 

R e s i d u e  0.0349 g < 0 . 0 1  0.05 9 . 2 9  2 . 2 1  C C C 

S c r u b b e r  504 mR 0.10 C C C C C 

G g s  b a g  1 2  R 99.9 99.9 C C C C C 0 

I c 
I ............................................................................................................................. 

T o t a l ,  mg 1 7 , 4 0 4  1 3 4  

T o t a l ,  d i s l s  1.46E+08 8.25E+04 3.70E+09 2.91E+10 1.47E+09 1.92E+10 4.33E+10 4.00E+10 

T o t a l ,  d i s  s-l g(U)- l  8.33E+06 4.71E+03 2.11E+08 1.66E+09 8.36E+07 1.09E+09 2.47E+09 2.28E+09 

aSee  text  f o r  d e s c r i p t i o n .  

bBlank  i n d i c a t e s  n o  a n a l y s i s .  

'Below l i m i t s  o f  d e t e c t i o n  by g a m a  s p e c t r o s c o p y .  

I , . ,, 
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3.3.4 I s o t o p i c  a n a l y s e s  of  f u e l  s o l u t i o n s  

Mass s p e c t r o m e t r i c  a n a l y s e s  of t h e  uranium and plutonium i s o t o p i c  

composi t ion are r e p o r t e d  i n  Table  20. 

3 .3 .5  T r i t i u m  i n  c l a d d i n g  

The 'H c o n t e n t  of  t h e  Z i r c a l o y  c l a d d i n g  w a s  determined by 

d i s s o l v i n g  leached  segments of  t h e  Z i r c a l o y  i n  Z i r f l e x  r e a g e n t 6  (6  

NH4F-1 

hydrogen) through a h o t  CuO t r a p  and a b s o r b i n g  t h e  ammonia and 

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

d i s t r i b u t i o n  of H found w a s  %4% i n  t h e  Z i r f l e x  s o l u t i o n ,  %95% i n  t h e  

a c i d i c  s c r u b b e r ,  and 1% i n  t h e  b a s i c  s c r u b b e r  (Table  21) .  The a n a l y s e s  

i n d i c a t e d  (Table  22) t h a t  t h e  BWR c l a d d i n g ,  which o p e r a t e d  a t  a h i g h e r  

power level  and h i g h e r  t e m p e r a t u r e s  t h a n  t h e  PWR, c o n t a i n e d  a 

s i g n i f i c a n t l y  g r e a t e r  f r a c t i o n  (64%) of t h e  3H g e n e r a t e d  i n  t h e  f u e l  

from t h e  PWR c l a d d i n g  ( 4 0 % ) .  

NH4N02) and p a s s i n g  t h e  of f -gases  (a mixture  of  ammonia and 

3 

The I 4 C  c o n t e n t  of t h e  c l a d d i n g  w a s  a l s o  measured i n  t h e  Z i r f l e x .  
1 4  s o l u t i o n  and t h e  two s c r u b b e r s .  E s s e n t i a l l y  a l l  of  t h e  C found w a s  

i n  t h e  NaOH s o l u t i o n  (Table  23) .  
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Table  20. I s o t o p i c  a n a l y s e s  of i r r a d i a t e d  U 0 2  (wt X )  

H.  B .  Robinson-2 Oc one e- 1 Dresden-3 
EOC-3a EOC-2a EOC-3a 

C a l c u l a t e d  Found C a l c u l a t e d  Found Found 

MWd 1 t o n  
2 33u 

2 34, 

235u 

236u 

2 38u 

238€u 

239Pu 

240Pll 

241Pu 

242Pu 

31,000 

<0.001 

0.013 

0.607 

0.349 

99.03 

1 . 3 0  

56.91 

24.10 

12.23 

5.46 

23,680 

0.001 0.001 

0.014 0.012 

0.628 0.786 

0.354 0.232 

'99.00 99.08 

1 . 6 5  0.789 

54.81 63.363 

26.19 20.343 

11 .50  11.949 

5.86 3.556 

0.001 

0.011 

0.739 

0.253 

98.997 

0.854 

63.747 

22.883 

9.202 

3.264 

17,800 

C 

C 

C 

C 

C 

0.777 

66.447 

22.226 

8.176 

2.373 

a 

bPeak burnup of  f u e l  rod .  

EOC = end of c y c l e .  

C Not de te rmined .  

. =  
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Table  21. D i s t r i b u t i o n  of  3H d u r i n g  Z i r f l e x  d i s s o l u t i o n  of  Z i r c a l o y  
c l a d d i n g  

- 
Reactor  'H found (% of t o t a l )  

D i s s o l u t i o n  s o l u t i o n  HN03 sc rubbera  NaOH s o l u t i o n  

Dresden 4.2 94.8 0 .9  

Oconee 3.6 95.6 0.8 

Rob i n  son 3.4 94.7 2.0 

a Preceded by h o t  CuO. 

Table  22. T r i t i u m  c o n t e n t  of  f u e l  and Z i r c a l o y  c l a d d i n g  

Oconee-1 Robinson-2 Dresden-3 

2.47 E+06 (36%) 8.33 E+06 (61%) 3.87 E+07 (60%) 

2.25 E+07 (39%) 2.58 E+07 ( 4 0 % )  

-1 F u e l ,  d i s  s g(U)-' 

Cladding,  d i s  s - l g ( Z r ) - l  1 .32 E+07 (64%) 

1 4  
Table  23. D i s t r i b u t i o n  of  C d u r i n g  Z i r f l e x  d i s s o l u t i o n  of Z i r c a l o y  

c l a d d i n g  

Reac t o r  I 4 C  found (% of  t o t a l  r e l e a s e d )  
D i s s o l u t i o n  s o l u t i o n  HN03 sc rubbera  NaOH s o l u t i o n  

Dresden-3 <5 <11 >84 

Oconee-1 <3 <8 >89 

Robinson-2 <1 <1 >9 8 

Preceded by h o t  CuO. a 
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5. CONCLUSIONS 

1. 

2 .  

3 .  

4.  

5.  

6.  

7. 

8.  

The release o f  3H d u r i n g  t h e  v o l o x i d a t i o n  of  t h e  U 0 2  f u e l  from 

two PWR r e a c t o r s  and one BWR r e a c t o r  w a s  e s s e n t i a l l y  q u a n t i t a t i v e  

( i . e . ,  >99.9% over  4 h u s i n g  oxygen f eed  ra tes  i n  t h e  r ange  of 

0.1 t o  0.75 moles /h ) .  

During v o l o x i d a t i o n  a t  480°C i n  a i r ,  from 2 t o  3 h was r e q u i r e d  

t o  complete  t h e  o x i d a t i o n  of unc lad  U 0 2 ,  and from 3 t o  4 h w a s  

r e q u i r e d  when u s i n g  1- o r  2- in . - long segments  of c l a d  U 0 2 .  

o x i d a t i o n  of c l a d  U 0 2  a t  a t empera tu re  of 480°C i n  pu re  oxygen, 

t h e  r e a c t i o n  w a s  comple te  i n  1 t o  1 . 5  h .  

The release of 85Kr i n  t h e  t h r e e  f u e l s  w a s  %4 t o  6% of i n v e n t o r y .  

A temporary r e d u c t i o n  i n  t h e  rate of oxygen consumption (and 85Kr 

r e l e a s e )  a t  low purge ra tes  w a s  seen  d u r i n g  v o l o x i d a t i o n  of each  

LWR f u e l .  T h i s  phenomenon w a s  most pronounced w i t h  t h e  H .  B .  

Robinson U 0 2  and i s  a p p a r e n t l y  r e l a t e d  t o  t h e  fo rma t ion  of  

U 0 

The weight  g a i n s  and oxygen consumption d u r i n g  v o l o x i d a t i o n  

i n d i c a t e d  good c o n v e r s i o n s  t o  U 0 i n  each  case. The f u e l  w a s  
3 8  

d i s l o d g e d  from t h e  c l a d d i n g ;  t h e  o x i d e  p roduc t  w a s  a f i n e  powder 

(more than  99% w a s  <20 pm). 

F i s s ion -p roduc t  v o l a t i l i z a t i o n  d u r i n g  o x i d a t i o n  i n  a i r  o r  oxygen 

a t  480°C w a s  no t  e x t e n s i v e  f o r  any of t h e  U 0 2  f u e l s .  G e n e r a l l y ,  

less t h a n  0 .1  t o  0 .2% of t h e  i n v e n t o r i e s  of ru thenium,  cesium, 

and cer ium w a s  d e p o s i t e d  on t h e  i n t e r i o r  s u r f a c e s  of t h e  equipment. 

Except f o r  lo6Ru and '"1, q u a n t i t i e s  r e p o r t i n g  t o  t h e  o f f -gas  

sys tem were minimal (<0.001% of t h e  f u e l  i n v e n t o r i e s ) .  Up t o  Q O . 1 %  

of t h e  t o t a l  Ru w a s  r ecove red  on s u r f a c e s  i n  t h e  v o l o x i d i z e r  o f f -  

g a s  system, which s u g g e s t s  t h a t  ru thenium may have a h i$he r  v o l a t i l i t y ,  

p a r t i c u l a r l y  under  more s e v e r e  o x i d i z i n g  c o n d i t i o n s .  

The amount of a c t i n i d e  accumulated i n  t h e  v o l o x i d i z e r  w a s  %0.03% of 

t h e  cumula t ive  amount processed  [1270 g (U+Pu)] a f t e r  4 1  h of o p e r a t i o n  

The v o l o x i d a t i o n  o f  t h e  t h r e e  d i f f e r e n t  U 0 2  f u e l s  d i d  n o t  s i g n i f i c a n t l y  

a f f e c t  t h e  s o l u b i l i t y  of t h e  uranium and plutonium i n  7 - M HN03 bu t  d i d  

During 

as an  i n t e r m e d i a t e  p roduc t .  
4 9  

106 
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create a f i s s i o n - p r o d u c t  r e s i d u e  t h a t  w a s  two t o  t h r e e  t i m e s  

more a c i d - i n s o l u b l e .  About 0.02 t o  0.03% of t h e  plutonium w a s  

n o t  d i s s o l v e d  by t h r e e  2-h l e a c h e s  i n  b o i l i n g  7 HN03. 
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