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OUT-OF-PILE STUDIES OF FISSION-PRODUCT RELEASE FROM 

OVERHEATED REACTOR FUELS AT ORNL, 1955-1965 

G. W .  P a r k e r  C .  S .  Bar ton  
G. E. Creek W. J. Mar t in  

R .  A .  Lorenz 

ABSTRACT 

S t u d i e s  of f i s s i o n - p r o d u c t  release from over-  
h e a t e d  r e a c t o r  f u e l  materials s t a r t e d  a t  ORNL i n  
1955 as a two-man e f f o r t  t o  supp ly  d a t a  needed t o  
de t e rmine  t h e  haza rd  of  n u c l e a r  r e a c t o r  a c c i d e n t s .  
These s t u d i e s ,  which have c o n t i n u e d  and expanded 
s i n c e  t h a t  t i m e ,  have g e n e r a t e d  a great  dea l  of 
da ta  on a v a r i e t y  of  reactor f u e l s .  Much of t h i s  
i n f o r m a t i o n  w a s  r e p o r t e d  i n  documents t h a t  r e c e i v e d  
l i m i t e d  d i s t r i b u t i o n .  T h i s  r e p o r t  c o n t a i n s  a d i s -  
c u s s i o n  of f a c t o r s  a f f e c t i n g  f i s s i o n  product  release,  
a d e s c r i p t i o n  of t e c h n i q u e s  developed i n  t h e s e  s t u d i e s ,  
a c o m p i l a t i o n  of d a t a  o b t a i n e d  i n  t h e  11-year p e r i o d  
cove red  by t h e  r e p o r t ,  soine i l l u s t r a t i o n s  of t h e  use  
of t h e  d a t a ,  and some recsmmendations f o r  f u r t h e r  
r e s e a r c h .  O t h e r  a s p e c t s  s f  t h e  o u t - o f - p i l e  f i s s i o n  
p roduc t  release s t u d i e s ,  such  as t r a n s p o r t  behavior  
of  t h e  r e l e a s e d  f i s s i o n  p r o d u c t s ,  w i l l  be covered  
by f u t u r e  t o p i c a l  r e p o r t s .  

1 . 0  INTRODUCTION 

S t u d i e s  des igned  t o  p rov ide  in fo rma t ion  on t h e  haza rds  

of f i s s i o n  p r o d u c t s  r e s u l t i n g  from d e s t r u c t i o n  of reactor 

f u e l s  i n  a n u c l e a r  reactor a c c i d e n t  s ta r ted  as a pa r t - t ime  

e f f o r t  by a small  group i n  t h e  Chemistry D i v i s i o n  of t h e  Oak 

Ridge  N a t i o n a l  Labora tory  i n  1955. P r o t o t y p e  power r e a c t o r s  

were a l r e a d y  under  c o n s t r u c t i o n  a t  t h a t  t i m e  and t h e  on ly  

i n f o r m a t i o n  a v a i l a b l e  on t h e  release of  f i s s i o n  p r o d u c t s  
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f r o m  mel ted r e a c t o r  f u e l s  w a s  a by-product of e a r l y  e f f o r t s  

t o  deve lop  p y r o m e t a l l u r g i c a l  methods f o r  p r o c e s s i n g  f u e l  

materials .  ’, 2 7 3  

on f i s s i o n - p r o d u c t  release f r o  f u e l s ,  i t  w a s  n e c e s s a r y ,  i n  

o r d e r  t o  e v a l u a t e  the s a f e t y  of e a r l y  n u c l e a r  r e a c t o r s ,  t o  

assume4 t h a t  100% or a large percen tage  of the  f i s s i o n  p r o d u c t s  

would be r e l e a s e d  t o  the containment  sys tems i n  n u c l e a r  reactor 

a c c i d e n t s .  Results f r o m  e a r l y  exper iments  conducted a t  
ORNL” 6 ’  7 ’  

m i s t i c .  T h i s  program has  con t inued  and expanded over  t h e  

y e a r s ,  e s p e c i a l l y  s i n c e  1961, t o  i n c l u d e  i n - p i l e  release 

s t u d i e s  i n  t h e  ORR9 arid TREAT“ r e a c t o r s ,  as  r e p o r t e d  i n  a 

r e c e n t  symposium. I n t e r e s t  h a s  s h i f t e d  from d e t e r m i n a t i o n s  

of t h e  e x t e n t  of f i s s i o n - p r o d u c t  release from f u e l s  t o  ob- 

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

s i m u l a t e d  containment  s y s t e  s such  as t he  Containment Mockup 

Because of the s c a r c i t y  of u s e f u l  i n fo rma t ion  

showed tha t  such  assumptions w e r e  o v e r l y  p e s s i -  

F a c i l i t y , “  and t h e  Nuclear  S a f e t y  p i l o t  P l a n t .  I n t e r e s t  

e x t e n d s  a l so  t o  d e t e r m i n a t i o n s  of t h e  e f f e c t i v e n e s s  of 

t r a p p i n g  sys t ems l4  and t o  o- ther  proposed methods for diminish-. 

i n g  the l i k e l i h o o d  o f  escape  of f i s s i o n  p r o d u c t s  from r e a c t o r  

containment  s y s t e m s ,  as w e l l  as t o  e x t e n s i v e  i n v e s t i g a t i o n s  

of methods of c h a r a c t e r i z i n g  r e l e a s e d  f i s s i o n  p roduc t s .  

Even l a r g e r  scale exper iments  w i l l  be performed a.l; o t h e r  

i n s t a l l a t i o n s .  16p17  ~ u t u r e  t o p i c a l  r e p o r t s  from t h i s  labo-  

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

In fo rma t ion  on p a r t i c l e s  produced by overhea ted  f u e l s  w i l l  

be inc luded  i n  t h e  r e p o r t  011 ‘ t ranspor t  of f i s s i o n  p roduc t s .  

1 5  

The r e s u l t s  o f  t h e  s t u d i e s  i n  some of the  above-mentioned 

areas conducted at ORNL d u r i n g  the p a s t  11 years  under  t h e  

guidance  of one of the a u t h o r s  (G. W .  P a r k e r )  have been 

pub l i shed  i n  a number of r e p o r t s ,  some of which r e c e i v e d  

l i m i t e d  c i r c u l a t i o n ,  and w e r e  d e s c r i b e d  i n  speeches  at a 

v a r i e t y  of mee t ings .  (See Refs .  6 ,  1 2 ,  2 1 ,  5 0 ,  53,  5 4 ,  5 5 ,  

and 6 1 , )  T h i s  document w a s  p repa red  t o  g a t h e r  t o g e t h e r  t h e  
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scattered i n f o r m a t i o n  on out-Df-pi le  f i s s i o n - p r o d u c t  release 

developed  i n  t h i s  program, i n  o r d e r  t o  make it more r e a d i l y  

a v a i l a b l e .  T h i s  r e p o r t  deals w i t h  s t u d i e s  of f i s s i o n - p r o d u c t  

release r e s u l t i n g  from t h e  three primary release mechanisms, 

d i f f u s i o n ,  m e l t i n g ,  and o x i d a t i o n .  I n  o r d e r  t o  i n t e r p r e t  d a t a  

on release accompanying t h e  o x i d a t i o n  of i r r a d i a t e d  f u e l s ,  it 

w a s  a l s o  n e c e s s a r y  t o  d e t e r m i n e  o x i d a t i o n  ra tes  of t h e s e  f u e l s  

and t h e  r e s u l t s  of these s t u d i e s  a r e  a l s o  inc luded  i n  S e c t i o n s  

4-6 which are a r r anged  accord ing  to f u e l  t y p e .  

Fo r  a more g e n e r a l  coverage  of t h e  l i t e r a t u r e  i n  t h i s  
1 8 9 1 9  In f i e l d ,  t h e  reader is r e f e r r e d  t o  r e c e n t  r ev iews .  

t h i s  r e p o r t ,  data  p u b l i s h e d  by o t h e r  i n v e s t i g a t o r s  are con- 

s i d e r e d  on ly  f o r  comparison w i t h  i n f o r m a t i o n  r e p o r t e d  h e r e .  

2 . 8  THEORETICAL CONSIDERATIONS 

Nuclear  r e a c t o r  a c c i d e n t s  a r e  no t  s u s c e p t i b l e  t o  r i g o r -  

ous  t h e o r e t i c a l  a n a l y s i s  bu t  i t  is poss ib l e  t o  r ecogn ize  some 

of t h e  f a c t o r s  t h a t  a f f e c t  f i s s i o n - p r o d u c t  release. Mecha- 

nisms of release and t h e  e f f e c t  o f  f r e e  energy  of fo rma t ion  

of compounds and vapor p r e s s u r e  on t h e  e x t e n t  of r e l e a s e  are 

d i s c u s s e d  q u a l i t a t i v e l y  . 

2 . 1  Mechanisms of Release 

2 . 1 . 1  F u e l  Me l t ing  

The amount of a f i s s i o n  p roduc t  r e l e a s e d  as a f u n c t i o n  

of f u e l  m e l t i n g  t empera tu re  might be expec ted  t o  f o l l o w  a 

r e l a t i v e l y  s imple  r e l a t i o n  between t h e  f u e l  m e l t i n g  tempera- 

t u r e  and t h e  vapor  p r e s s u r e  of t h e  f i s s i o n  p r o d u c t ;  however, 

s i n c e  i d e n t i c a l  e x p e r i m e n t a l  c o n d i t i o n s  have r a re ly  been 

ma in ta ined  for d i f f e r e n t  m e t a l s  and a l l o y s  it has  been d i f f i -  

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

release of some f i s s i o n  p roduc t  e l emen t s  would no doubt  be 
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a f f e c t e d  by chemica l  r e a c . t i o n s  and by s o l u b i l i t y  i n  the f u e l  

or its e n v i r o n s  as well as by t h e  f u e l  t empera tu res  reached, 

Without f u e l  me l t ing  and subsequent  release of f i s s i o n  

p r o d u c t s ,  a n u c l e a r  r e a c t o r  a c c i d e n t  would invo lve  no more 

haza rd  t o  the-? g e n e r a l  p u b l i c  t h a n  army c o n v e n t i o n a l  power 

p l a n t  a c c i d e n t  of a s i m i l a r  n a t u r e .  Thus m e l t i n g ,  fo l lowed 

by the release of f i s s i o n  p r o d u c t s ,  is one of t h e  unique 

f e a t u r e s  of a s e r i o u s  n u c l e a r  r e a c t o r  a c c i d e n t .  The deg ree  

o f  melting is always d i f f i c u l t  t o  posLu la t e  s i n c e  much un- 

c e r t a i n t y  ex i s t s  concern ing  t h e  r a t e  of h e a t  l o s s  from the  

r e a c t o r  c o r e  and the p o s s i b i l i t y  of reassembly o f  a c r i t i c a l  

m a s s  in the bottom of t h e  pr imary v e s s e l .  The mel t ing  o f  

fi1eI.s with r e a s o n a b l e  burnup l e v e l s  i n v a r i a b l y  l e a d s  t o  h igh  

release r a t e s  for the v o l a t i l e  e l e r e n t s  (Xe, I ,  Te, C s ) .  

The I .owes t  m e l t i n g  f u e l s  may a l so  release rutlzenium and 

c e s i u m ,  i n  a d d i t i o n  t o  xenon, i o d i n e ,  and t e l l u r i u m ,  wh i l e  

the h i g h e r  m e l t i n g  ones may a l s o  release s o m e  s t r o n t i u m  and 

barium. 

I.- 2 . 1 . 2  F u e l  Ox ida t ion  

a lower oxide  (UO,) (Sec t ion  6.1.2)  g r e a t l y  enhances f i s s i a n -  

product  release by i n c r e a s i n g  s u r f a c e  area by many orders  of 

magnitude as w e l l  as by l o c a l  o v e r h e a t i n g  and gas e x p u l s i o n ,  

I'lilliard'' and P a r k e r  et a12' have no ted  that t h e  f r a c t i o n  of 

most f i s s i o n  p r o d u c t s  r e l e a s e d  from metall ic uranium was pro- 

p o r t i o n a l  to t h e  e x t e n t  of o x i d a t i o n .  They also observed 

that the r a t e  of release was n e a r l y  p r o p o r t i o n a l  to tempera- 

t u r e  up t o  1 5 0 0 ~ ~ .  

e x i s t  i n  most haza rds  summaries is lack of c o n s i - d e r a t i o n  of 

t h e  e f f e c t  that UOz burning may c o n t r i b u t e  to the t o t a l  re- 

lease of f i s s i o n  p r o d u c t s  fo l lowing  meltdown o r  c l a d d i n g  

r u p t u r e  and subsequent  exposure  of f u e l  to a i r  a t  tempera- 

t u r e s  below 1500°@. The c o r r e c t  procedure  w o u l d  be t o  sum 

t h e  e f f e c t  of me l t ing  or high- tempera ture  d i f f u s i o n  w i t h  the 

Burning of e i t h e r  a metallic f u e l  (Sec t ion  4.1) o r  of 

One s e r i o u s  o v e r s i g h t  which seems t o  
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e f f e c t  of o x i d a t i o n  on t h e  r s s i d u a l  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 .  

2 . 1 . 3  Gaseous  F i s s i o n  P roduc t  D i f f u s i o n  

Gas-phase d i f f u s i o n  by f i s s i o n  p r o d u c t s  a t  t empera tu res  

n e a r  or above t h e i r  b o i l i n g  p o i n t  is t h e  p r i n c i p a l  mode of 

e scape  from an u n a l t e r e d  f u e l  m a t r i x .  T h i s  p r o c e s s  is en- 

hanced by t h e  effect  of burnup. Bubbles o r  gas pocke t s  

become e v i d e n t  th rough s w e l l i n g  of t h e  f u e l  upon h e a t i n g  

j u s t  below t h e  m e l t i n g  t empera tu re .  When t h e  s t r e n g t h  of 

t h e  f u e l  is exceeded by i n t e r n a l  gas p r e s s u r e  (dissolved 
g a s e s  o r  e x c e s s  oxygen from UO,), t h e  bubbles  break th rough 

t h e  s u r f a c e  and sweep t h e  c o l l e c t e d  g a s e s  i n c l u d i n g  ha logens  

and o t h e r  volatile e lemen t s  o u t  of t h e  f u e l .  A t  t h e  tracer 

l e v e l ,  t h e  r e l e a s e  is o f t e n  de l ayed  and l i m i t e d  by s l i g h t  

s o l u b i l i t y  or by r e t e n t i o n  of f i s s i o n  p r o d u c t s  i n  l a t t i ce  

d e f e c t s .  A t  h igh  burnup t h e  r e l e a s e  may begin  below t h e  f u e l  

m e l t i n g  t empera tu re  as a r e s u l t  of c l a d d i n g  f a i l u r e  induced 

by t h e  i n c r e a s e  i n  p r e s s u r e  f r o m  accumulated rare g a s e s .  

The i n i t i a l  phase of t h e  d i f f u s i o n  p r o c e s s  (See S e c t i o n  

6 . 1 . 1 )  i n v a r i a b l y  cons i s t s  of a prompt-burst- type release 

which may account  f o r  more t h a n  h a l f  of t h e  t o t a l  v o l a t i l e  

release. 2 2  

a s t e a d y  r a t e  and t h e  t i m e  f o r  a g i v e n  f r a c t i o n  t o  be re- 

l e a s e d  can  be f i t t e d  t o  an e q u a t i o n  of t h e  t y p e :  

The r e s i d u a l  f r a c t i o n  is r e l e a s e d  more s lowly  a t  

- Q/RT D = D e  
0 

where Q is t h e  energy  of a c t i v a t i o n  f o r  t h e  ( d i f f u s i o n  of t h e  

p a r t i c u l a r  s p e c i e s  t h a t  e x i s t s  i n  t h e  t empera tu re  range of 

i n t e r e s t .  T h i s  L a t t e r  p r o c e s s  is of r e l a t i v e l y  l i t t l e  i m -  

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

h i g h  t e m p e r a t u r e s  r e q u i r e d  for  r a p i d  d i f f u s i o n ,  a n o t h e r  

mechanism such  as m e l t i n g  o r  o x i d a t i o n  is more l i k e l y  t o  be 

t h e  c o n t r o l l i n g  f a c t o r .  However, g r a i n  growth,  a p r o c e s s  
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0 
o c c u r r i n g  above 1900 C i n  UO,, r e s u l t s  i n  a large i n c r e a s e  

i n  d i f f u s i o n  ra te  ( S e e  F i g .  6 . 1 ) .  

2 . 1 . 4  Migra t ion  of Sol id-Phase F i s s i o n  I__ P r o d u c t s  

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

cance as  a mechanism a f f e c t i n g  release excep t  perhaps  a t  

t empera tu res  approaching t h e  f u e l  m e l t i n g  p o i n t .  Even p a r t i -  

a l l y  me l t ed  f u e l  p l a t e s  of aluminum a l l o y  from a f u e l  m e l t i n g  

a c c i d e n t  i n  t h e  Oak Ridge Research Reac to rz3  showed no s i g n i f i -  

c a n t  mig ra t ion  of f u e l  o r  c l a d d i n g  p e n e t r a t i o n  i n  a p a r t  o f  

the f u e l  p l a t e  v e r y  c l o s e  t o  t h e  m e l t e d  r e g i o n ,  presumably 

because s u c h  a process is s t r o n g l y  t i m e  dependent .  D i s t i n c t  

s imi la r i t i es  i n  p h y s i c a l  p r o p e r t i e s  of the  f u e l  and f i s s i o n  

p roduc t  phases  f a v o r  d i s s o l u t i o n .  For  example, e l e m e n t s  t h a t  

a l l o y  r e a d i l y ,  such as t e l l u r i u m ,  ruthenium, . t in ,  and antimony, 

m a y  d i s s o l v e  i n  me ta l l i c  f u e l  o r  c l a d d i n g  and t h u s  r e s u l t  i n  

an i n c r e a s e  i n  m i g r a t i o n  through t h e  c l a d d i n g .  S o l u b i l i t y  i n  

the s e n s e  of a l l o y  fo rma t ion  may t h e n  f a v o r  r e t e n t i o n  by t h e  

f u e l  u n t i l  the metallic f u e l  o r  c l a d d i n g  c o n t a i n i n g  t h e  a l l o y e d  

f i s s i o n  p r o d u c t s  is comple t e ly  d e s t r o y e d  by oxidation.  Oxides 

oE t h e  rare ear ths  or  a l k a l i n e  e a r t h s  w i l l  d i s s o l v e  i n  UOz a t  

v e r y  h igh  t empera tu res ,  t h e r e b y  g a i n i n g  a d d i t i o n a l  access t o  

the UO, s u r f a c e  and t o  t h e  fue l -vo id  volume. The a l k a l i n e  

e a r t h s ,  however, having  r e l a t i v e l y  u n s t a b l e  o x i d e s  a t  h i g h  

t empera tu re ,  w i l l  v o l a t i l . i z e  rapid3.y i f  t h e  system is ext remely  

low i n  free oxygen as ,  f o r  exampl.e, i n  the presence  of iiielted 

Z i r c a l o y  c l a d d i n g  (see Tab le  6 . 9 ) .  

- 
I n  he te rogeneous  f u e l  s y s t e m s ,  s o l u b i l i t y  of t h e  f i s s i o n  

7,. 1 - 5  Compound Formation 

Compound lo rma t ion  between f i s s i o n  p r o d u c t s  and f u e l  

components is normally n o t  s i g n i f i c a n t ;  however, i n  t h e o r y  it 

shou ld  occur  t o  some e x t e n t  between v o l a t i l e  e l emen t s  such  as 

cesium and the halogens  when f u e l  r o d s  are o p e r a t e d  a t  tempera- 

t u r e s  h igh  enough t o  permi t  d i s t i l - l a t i o n  of these f i s s i o n  
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p r o d u c t s  and condensa t ion  i n  t h e  c o o l e r  p a r t s  of t h e  can .  

Such compounds, however, have r e l a t i v e l y  low s t a b i l i t y  and 

t h e y  would probably  d i s s o c i a t e  i n  t h e  e v e n t  of h igh- tempera ture  

c l a d d i n g  r u p t u r e .  Experiments  on f i s s i o n - p r o d u c t  release from 

uranium-aluminum a l l o y Z 4  f a i l e d  t o  show a p p r e c i a b l e  compound 

fo rma t ion  when cesium and i o d i n e  w e r e  released s i m u l t a n e o u s l y  

by m e l t i n g ,  even though t h e  a e r o s o l  of i o d i n e  and cesium w a s  

allowed t o  age f o r  an ex tended  p e r i o d  i n  the same c o n t a i n e r .  

T h i s  w a s  demonst ra ted  by the  d i f f u s i o n  t u b e  method. 

Compound fo rma t ion  may be of somewhat more s i g n i f i c a n c e  

i n  t h e  case of pyrocarbon-based f u e l s .  The r a p i d  d i f f u s i o n  

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

barium may account  f o r  t h e  observed  high ra tes  of d i f f u s i o n  

of these e l emen t s .  The behav io r  of cesium, which a l so  d i f -  

f u s e s  r a p i d l y  i n  g r a p h i t e - m a t r i x  fuels, is a f f e c t e d  by t h e  

f i s s i o n  p r o d u c t s  ( e . g .  zirconium-niobium) are immobilized 

a s  c a r b i d e s  because of t h e  h igh  t empera tu re  s t a b i l i t y  of the  

compounds a I t  seems Pike Ily , however, t h a t  compounds which 

form when t w o  f i s s i o n - p r o d u c t  e l emen t s  are d e p o s i t e d  on t h e  

s a m e  s u r f a c e  may be of more importance t h a n  those  formed i n  

t h e  f u e l .  

fo rma t ion  of i n t e r l a m e l l a r  compounds, s u c h  as  CsCs . 2 5  Other  

I t  has been r epor t ed"  t h a t  there is ev idence  of for- 
mation of a uranium iodide compound when i r r a d i a t e d  uranium 

is melted i n  pu re  helium. S i n c e  f i s s ion -p roduced  i o d i n e  

atoms are sur rounded by uranium atoms, it appea r s  t h a t  

f a v o r a b l e  c o n d i t i o n s  f o r  r e a c t i o n  e x x s t .  Uranium i o d i d e s  

are e a s i l y  o x i d i z e d  and it is h i g h l y  u n l i k e l y  t h a t  f u e l  

m a t e r i a l s  w i l l  be sur rounded by pure :  non-oxid iz ing  gases 

i n  a r e a c t o r  a c c i d e n t ,  hence it seems probable that uranium 

i o d i d e  fo rma t ion  would n o t  s i g n i f i c a n t l y  a f f e c t  r e l e a s e  of 

f i s s i o n - p r o d u c t  i o d i n e  from uranium or  uranium a l l o y s  under  

a c c i d e n t  c o n d i t i o n s .  
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2 . 2  R e l a t i o n  of F r e e  Energy and Vapor P r e s s u r e  

t o  F i s s i o n  Product  Release 

--..I_ 2 . 2 . 1  Oxide F u e l  Systems and the E f f e c t  of Oxygen 
on Fiss ion-Producc  Release 

P r o c e s s e s  f a v o r i n g  release of f i s s i o n  p roduc t s  t o  t h e  

environment and t h o s e  f a v o r i n g  r e t e n t i o n  i n  t h e  f u e l  were 

d isc~ issed by P a r k e r  et alm8 D a t a  i n  this s a n e  r e p o r t  i n d i -  

c a t e d  a c o r r e l a t i o n  between release 01 rare gases o r  i o d i n e  

and f u e l  m e l t i n g  tempera ture .  The rcsu l t s  of  s k u d i e s  per-  

formed subsequent  t o  that  r e p o r t ,  e s p e c i a l l y  on t h e  release 

of f i s s i o n  p r o d u c t s  from h i g h  burmap Sue1 materials,  have 

al tered s o m e  of the  ear l ie r  b e l i e f s  on t h e  s u b j e c t  bulk there 

can  be l i t t l e  question t h a t  t h e  chemica l  form of f i s s i o n  

p r o d u c t s  has a profound ePfec.8; on t h e i r  release from f u e l  

d u r i n g  r e a c t o r  a c c i d e n t s  and on t h e i r  subsequent  behav io r .  

Methods of de te rmin ing  d i r e c t l y  t h e  chemica l  form of r e l e a s e d  

f i s s i o n  p r o d u c t s  remain t o  be devised bu t  i t  is p o s s i b l e  t o  

draw i n f e r e n c e s  as t o  t h e i r  p robab le  chemical  form based on 

o b s e r v a t i o n s  of the e f f e c t  of va ry ing  environments  on t h e  

e x t e n t  o€ f i s s i o n - p r o d u c t  release 

The ~ W Q  physical p r o p e r t i e s  most r e l e v a n t  Lo t h i s  

sub.ject are t h e  vapor  p r e s s u r e  o f  t h e  e l emen t s  and compounds 

t h a t  can  form uiider accident c o n d i t i o n s  and the f r e e  energies 

of fo rma t ion  of t h e  l a t t e r ,  which i n d i c a t e  t h e  s t a b i l i t y  of 

t h e  coinpounds a t  e l e v a t e d  t empcra tu res .  1% s h o u l d  be recog- 

n i z e d  that thermodynamic d a t a  a p p l y , s t r i c % l y  speak ing ,  o n l y  

t o  e q u i l i b r i u m  c o n d i t i o n s  w h i c h  seldom, i f  e v e r ,  e x i s t  i n  

r e a c t o r  a c c i d e n t s .  Consequent ly ,  i t  is n e c e s s a r y  t o  u s e  

c a u t i o n  i n  applying such d a t a  t o  p r e d i c t i o n  of t h e  behavior  

of f i s s i o n  p r o d u c t s  under  a c c i d e n t  c o n d i t i o n s ,  b u t  it seems 

p robab le  t h a t ,  a t  e l e v a t e d  t empera tu res  r e s u l t i n g  from loss- 

of-coolant  a c c i d e n t s  i n  r e a c t o r s  f u e l e d  w i t h  h igh-melt ing 

mater ia l s ,  e q u i l i b r i u m  w i l l  be a t  least  approached so t h a t  

c o n c l u s i o n s  based on thermodynamic c o n s i d e r a t i o n s  are of 
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some va lue .  

t a t i o n s  on thermodynamics w i t h  s p e c i a l  r e f e r e n c e  t o  ceramic 

mater ia ls .  The l o w  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  i n  

f u e l s  i r r a d i a t e d  t o  burnup l e v e l s  expec ted  t o  be a t t a i n e d  i n  

most power r e a c t o r s  makes t h e  assumption of ideal  behavior  

seem reasonab le .  D i s c u s s i o n  of f u g a c i t i e s  seems unwarranted 

because  t h e y  p rov ide  second order r e f i n e m e n t s  which are n o t  

s i g n i f i c a n t  c o n s i d e r i n g  t h e  large u n c e r t a i n t i e s  and un- 

c o n t r o l l e d  v a r i a b l e s  e x i s t i n g  i n  reactor a c c i d e n t s ,  

Ringery and WygantZ7 have d i s c u s s e d  o t h e r  l i m i -  

The free energy  of fo rma t ion  of o x i d e s  is of c o n s i d e r a b l e  

importance i n  p r e d i c t i n g  the form of released fission p r o d u c t s  

because  UO, and (U,’l”h)O, f u e l s  are being  used  or proposed for 

use  i n  a l a r g e  number of nuclear-power reactors  and,  a l s o ,  

because oxygen is l i k e l y  t o  be p r e s e n t  i n  t h e  environment of 

acc iden t - rup tu red  fuel materials e Glassne rZ8  h a s  assembled 

a u s e f u l  c o m p i l a t i o n  of thermodynamic da t a  on oxides a s  h a s  

C ~ u g h l i n . ’ ~  

by  S tu l l .  and Sinke” and by KePley and King. 3 1  

i t  is u s u a l l y  n e c e s s a r y  t o  e x t r a p o l a t e  a v a i l a b l e  data  con- 

s i d e r a b l y  t o  o b t a i n  f r e e  energy  va lues  a t  t h e  m e l t i n g  p o i n t  

of UO, (31Q0°K) or a t  h i g h e r  t e m p e r a t u r e s .  E x t r a p o l a t i o n s  

o r  estimates are u s u a l l y  s u f f i c i e n t l y  accurate t o  i n d i c a t e  

whether  or n o t  a f i s s i o n  product  ox ide  is s t ab le  a t  tempera- 

‘cures  of i n t e r e s t .  For example, the f r e e  ene rgy  of fo rma t ion  

of C s , O  is p o s i t i v e  a t  t e m p e r a t u r e s  above approximate ly  

lbQO°K showing t h a t  e l e m e n t a l  cesium is l i k e l y  t o  e x i s t  i n  

t h e  vapor  phase  a t  h i g h  t e m p e r a t u r e s  even i n  a i r  and t h u s  its 

release is l i k e l y  t o  be r e l a t i v e l y  u n a f f e c t e d  by t h e  p re sence  

of  oxygen. It w i l l  react r e a d i l y ,  of c o u r s e ,  with oxygen a t  

lower t e m p e r a t u r e s  so t h a t  its behav io r  subsequent  t o  its 

release may be a f f e c t e d  to a greater e x t e n t  by t h e  environment 

S i m i l a r  data f o r  t h e  e l emen t s  have been t a b u l a t e d  

U n f o r t u n a t e l y ,  

t h a n  is its release. 

F r e e  ene rgy  data  also i n d i c a t e  t h a t  Ru04 is s tab le  a t  

W i l l i a r d  and Reid32 p o s t u l a t e d  0 
t e m p e r a t u r e s  up t o  1700 K .  
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t h e  fo rma t ion  of t h i s  h i g h l y - v o l a t i l e  ox ide  (J3.P. 135OC)  t o  

account  f o r  ru thenium-re lease  v a l u e s  found when h igh -burnup  

u ran ium specimens were o x i d i z e d  i n  a i r .  These i n v e s t i g a t o r s  

say t h a t  Ru04 is a p p a r e n t l y  not  formed in the presence  01 

uranium metal o r  lower uranium ox ides .  The behavior  of moly- 

bdenum r e l e a s e d  from o x i d i z i n g  uranium appears32 t o  be s imi la r  

t o  that o f  ruthenium: although free energy  v a l u e s  show that 

its o x i d e s  are more sLable t h a n  t h e  ruthenium oxides.  The 

repor ted3 '  d e c r e a s i n g  release 01 tellbarium w i t h  i n c r e a s i n g  

t empera tu re ,  ascribed t o  the d e c r e a s i n g  stability of TeO, , 
w a s  n o t  coizfirmed by the r e s u l t s  of s i m i l a r  s t u d i e s .  

Recen t ly  r e p o r t e d  vapor  p r e s s u r e  data33 show tha t  tePPurium 

is more v o l a t i l e  t h a n  T e O , .  

2 1  

A compi l a t ion  oP vapor  p r e s s u r e  d a t a  s i m i l a r  t o  t h a t  

g i v e n  ear l ier '  is shown i n  F i g .  2.. 1 and F i g .  2 . 2 .  

t h e  in fo rma t ion  shown i n  these f i g u r e s ,  one could p r e d i c t ,  

f o r  example, t h a t  the release of barium and strontium w i l l  

be much g r e a t e r  i n  t h e  absence of oxygen t h a n  i n  i ts  presence ,  

s i n c e  t h e  e l emen t s  are more v o l a t i l e  than the oxides and t h e  

free energy va luesz8  a l s o  show that t h e  o x i d e s  are q u i t e  

s t ab le  a t  h i g h  tesaperatures. There i s  abundant  s u p p o r t  f o r  

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

Based on 

2 2 . 2  Graphite-Based I F u e l s  

Inkrest  i n  the u s e  of f u e l s  c o n t a i n i n g  uranium c a r b i d e  

i n  a g r a p h i t e  m a t r i x  i n  h igh- tempera ture  gas-cooled r e a c t o r s  

has prompted both t h e o r e t i c a l  and e x p e r i m e n t a l  s t u d i e s  of 

f i s s i o n - p r o d u c t  behavior  i n  fuel materials and c o o l a n t  streams. 

T w o  t h e o r e t i c a l  s t u d i e s  were r e p o r t e d  by Brewer, 34,35 

b r i e f  r e p o r t s ,  which were prepa red  p r i m a r i l y  f o r  i n t e r n a l  u se  

a t  Genera l  Atomics, u n f o r t u n a t e l y  do n o t  s p e c i f y  t h e  f u e l  

composition or the burnup level c o n s i d e r e d  and they a l so  g i v e  

no  in fo rma t ion  on the methods employed i n  the c a l c u l a t i o n  of 

r e s u l t s  r e p o r t e d  b u t  t h e y  c o n t a i n  some i n t e r c s t i r i g  conclus ions  

These 
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ORNL-DWG 63-6452 
TEMPERATURE ("C) 

io*ooo/~ ( O K )  

Fig .  2 . 1 .  Vapor Pressures of V o l a t i l e  E lemen t s  and 
Oxides .  
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F i g .  2 . 2 .  Vapor Pressures of L o w - V o l a t i l i t y  E lemen t s  
and Oxides .  
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h 

based on thermodynamic and vapor  p r e s s u r e  d a t a .  Thermodynamic 

d a t a  on carbides  compiled by B r e w e r p  e t  have been re- 

v i s e d  and ex tended  by Kr iko r i an .37 '38  Very l i t t l e  data on 

t h e  vapor  p r e s s u r e  of c a r b i d e s  e x i s t s  b u t ,  s i n c e  most of t h e  

f i s s i o n - p r o d u c t  c a r b i d e s  are u n s t a b l e  a t  h igh  t e m p e r a t u r e s ,  

t h e  vapor  p r e s s u r e s  can  be assumed t o  be t h o s e  of t h e  e lements .  

B r e w e r  34'  35 p o s t u l a t e s  t h a t  f i s s i o n - p r o d u c t  bromine and 

i o d i n e  w i l l  combine w i t h  f i s s i o n - p r o d u c t  cesium (or rub id ium) .  

Exper imenta l  ev idence  s u p p o r t i n g  t h i s  b e l i e f  is l a c k i n g  a t  

t h e  p r e s e n t  t i m e .  B r e w e r  p r e d i c t e d 3 5  t h a t ,  i n  a "runaway" 

reactor c o n t a i n i n g  f u e l  e l emen t s  brazed  w i t h  Z r C ,  t h e  upper 

t empera tu re  l i m i t  of f u e l - c a n  i n t e g r i t y  would probably  be 

set by t h e  m e l t i n g  t empera tu re  of t h e  ZrC-C e u t e c t i c  which 

h a s  been r e p o r t e d 3 9  t o  be 243OOC. 
i n t e r n a l  g a s  p r e s s u r e  ( 3 6  a t m  due t o  f i s s i o n  p r o d u c t s  a l o n e ,  

He a l so  i n d i c a t e d  t h a t  

, assuming no condensa t ion )  would p robab ly  c a u s e  can  f a i l u r e  

b e f o r e  it reached  t h i s  t empera tu re .  H e  s ta tes  t h a t  t h e  vapor  

p r e s s u r e  i n s i d e  t h e  f u e l  c a n ,  a f t e r  " ex tens ive"  burnup, w i l l  

be between 4 0  and 60  a tmospheres ,  i n c l u d i n g  t h e  hel ium 

p r e s s u r e ,  a t  t h e  m e l t i n g  t empera tu re  (25OOOC) of t h e  c a r b i d e s .  

.3.0 EXPERIMENTAL TECHNIQUES 

The equipment and t e c h n i q u e s  used i n  o u t - o f - p i l e  s t u d i e s  

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

be d i s c u s s e d  i n  t h e  approximate o r d e r  of h i s t o r i c a l  develop-  

ment. 

3 .1  Low-Frequency I n d u c t i o n  Heat ing  Apparatus  

An i n d u c t i o n  h e a t i n g  arrangement  u s i n g  g r a p h i t e  c y l i n d e r s  

as t h e  s u s c e p t o r  m a t e r i a l  w a s  used i n  e a r l y  f u e l  m e l t i n g  

exper iments8  t o  o b t a i n  h igh  t e m p e r a t u r e s ,  as shown i n  F i g .  3.1. 

The f i s s i o n - p r o d u c t  c o l l e c t i o n  t r a i n  d i f f e r e d  from t h a t  
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d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  Sodium hydroxide p e l l e t s  

and a sodium hydroxide s c r u b b e r  solution w e r e  u sed  p r i m a r i l y  

t o  c o l l e c t  released i o d i n e .  P a r t  of t h e  a i r b o r n e  cesium w a s  

c o l l e c t e d  by t h e  p e l l e t s  and t h e  remainder  w a s  t r a p p e d  i n  t h e  

M i l l i p o r e  f i l t e r s .  R a r e  gases  w e r e  collected i n  t h e  co ld  

c h a r c o a l  t r a p .  

Tempera tures  were measured by u s e  of a n  o p t i c a l  pyrometer 

and v a r i a t i o n s  i n  t h i s  parameter  w e r e  e f f e c t e d  by changing t h e  

t h i c k n e s s  of t h e  g r a p h i t e  s u s c e p t o r .  The power s o u r c e  used  

w i t h  t h i s  a p p a r a t u s  w a s  a F e d e r a l  Telephone and Radio Corpo- 

r a t i o n  Megatherm u n i t .  

3 . 2  Apparatus  f o r  I n d u c t i o n  Heat ing  

of Metallic Fuel i n  Steam 

I n d u c t i o n  h e a t i n g  of f u e l  specimens i n  steam w a s  ac- 

complished w i t h  t h e  same equipment d e s c r i b e d  i n  S e c t i o n  3 . 1 .  

A schemat i c  diagram of t h i s  appa ra tus8  is shown i n  F i g .  3 . 2 .  

The s team f low r a t e  w a s  c o n t r o l l e d  by t h e  g a s  f low ra te  and 

t h e  t e m p e r a t u r e  of t h e  b o i l e r  h e a t e r .  I n  t h i s  a r rangement ,  

the metall ic f u e l  s e r v e d  as t h e  s u s c e p t o r .  The potass ium 

permangate t r a p  was i n s e r t e d  ahead of t h e  hot  c h a r c o a l  t r a p  

f o r  t h e  purpose of o x i d i z i n g  any  gaseous  i o d i d e s  t o  produce 

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

3 . 3  Apparatus  f o r  Determining F i s s ion -Produc t  Release 

During O x i d a t i o n  and Mel t ing  of Uranium 

and O t h e r  Metall ic F u e l s  

21 Equipment used  i n  e a r l y  o x i d a t i o n  and release s t u d i e s  

is shown s c h e m a t i c a l l y  i n  F i g .  3 . 3 .  The p la t inum resistance 

f u r n a c e  w a s  p r e h e a t e d  t o  any d e s i r e d  t empera tu re  up t o  155OOC 

i n  t h e  p o s i t i o n  shown wi th  hel ium f l a w i n g  through t h e  Mullite 

f u r n a c e  t u b e  and,  t o  s t a r t  t h e  o x i d a t i o n ,  a i r  or o t h e r  ox i -  

d i z i n g  g a s  w a s  i n t r o d u c e d  s h o r t l y  a f t e r  t h e  f u r n a c e  was moved 
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F i g .  3 . 2 .  Induction Heat ing  Furnace and Fis s ion -  
Product Traps  for Melt ing  F u e l  Capsules  i n  Steam, 
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Fig. 3 . 3 .  Schematic  Diagram of F i s s i o n  Product  
Release Apparatus .  



18 

around the  sample.  A f t e r  a predeter inincd p e r i o d ,  the r e a c t i o n  

w a s  s topped  by s u b s t i t u t i n g  hel ium f o r  t h e  o x i d i z i n g  gas and 

r o l l - i n g  t h e  f u r n a c e  back t o  i ts  i n i t i a l .  p o s i t i o n  t o  permi t  

r a p i d  cooling of  the fuel, material .  To  de te rmine  the rate of 

o x i d a t i o n ,  t h e  unoxid ized  uranium was d i s s o l v e d  i n  BC1 and t h e  

u+' was t i t r a t e d  wi th  a s t a n d a r d  d ichromate  s o l u t i o n  to de- 

ternnine t h e  f r a c t i o n  of uranium o x i d i z e d ,  Airborne p a r t i c l e s  

were c o l l e c t e d  hy M i l l i p o r e  f i l t e r s ,  i o d i n e  i n  t h e  h e a t e d  

c h a r c o a l  t r a p ,  and rare gases i n  the l i q u i d - n i t r o g e n  coo led  

c h a r c o a l  t r a p .  

F i s s i o n - p r o d u c t  release was determined as f o l l o w s ,  The 

a p p a r a l u s  was d isassembled  aI ter  c o o l i n g  t o  rooin tcmperature .  

The f u r n a c e  tube  and t h e  t u b i n g  c o n n e c t i o n s  t o  Lhe M i l l i p o r e  

f i l t e r  h o l d e r ,  as ive'hl as  t h e  h o l d e r  i t s e l f ,  were leached 

with a sodium hydroxide  s o l u t i o n ,  d i l u t e  n i t r i c  ac id ,  and an 

ammonium f l u o r i d e  solution. The f u e l  r e s i d u e  w a s  d i s so lved  

a1o:ng w i t h  any released f i s s i o n  p r o d u c t s  t h a t  znay have 

remained i n  t h e  boa t  and the M i l l i p o r e  f i l l e r s  w e r e  l i k e w j s e  

d i s s o l v e d .  The volume of a l l  s o l u t i o n s  was measured and 

a l i q u o t s  were submi t t ed  for r ad iochcmica l  a n a l y s i s .  The 

amount of i o d i n e  c o l l e c t e d  by t h e  hot c h a r c o a l  beds was 

de termined  by a c o u n t i n g  t echn ique  and t h e  amount of rare 

g a s e s  c o l l e c t e d  b y  t h e  c o l d  c h a r c o a l  bed was compared t o  t h e  

amount. col lected d u r i n g  d i s s o l u t i o n  of t h e  fuel r c s i d u e  by 

i n s e r t i n g  t h e  t raps  i n  an i o n i z a t i o n  chamber. Radiochemical 

a n a l y s i s  of t h e  h o t  charcoal material  was performed when t h e r e  

w a s  reason t o  b e l i e v e  that f i s s i o n  products o the r  t h a n  i o d i n e  

o r  r a r e  gases had p e n e t r a t e d  t h e  Millipore filters. T h i s  

occur red  only r a r e l y  when t h e  f i l t e r s  w e r e  i n t a c t .  

3 .4  Thermobalance Apparatus  

R a t e  of o x i d a t i o n  da t a  could be o b t a i n e d  more c o n v e n i e n t l y  

than wi th  t h e  equipment shown i n  F ig .  3 . 3  by u s e  of t h e  therrno- 

ba lance  appara tus"  shown i n  Fig. 3.4, a r ranged  for o x i d a t i o n  
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w i t h  steam. A Mauer Recording Thermobalance (Niagara E l e c t r o n  

Labs,  Andover, N .  Y . )  was used  t o  weigh f u e l  specimens d u r i n g  

exposure  t o  o x i d i z i n g  atmospheres .  The suspens ion  wire fra~li 

t h e  ba l ance  passed  through a c o n s t r i c t i o n  between two p r e s s u r e  

gauges having  a range of 0 t o  1- in .  of water.  Helium was i n t r o -  

duced through the t o p  opening 2t a r a t e  of about  1 5 0  crn3/min t o  

g i v e  a p o s i t i v e  p r e s s u r e  of 0.4-in.  w h i l e  a vacuum a p p l i e d  t o  

t h e  e x i t  end  of t h e  f i s s i o n - p r o d u c t  c o l l e c t i o n  t r a i n ,  following 

t h e  co1.C-l c h a r c o a l  t r a p ,  gave a n e g a t i v e  p r e s s u r e  of approxi -  

ma te ly  0.1- in .  a t  t h e  lower opening.  Thus a c o n t r o l l e d  leak 

of hel ium i n t o  t h e  f u r n a c e  was main ta ined  t o  i n s u r e  c o n t a i n -  

ment of f i s s i o n - p r o d u c t  gases and exc l imion  of a i r  d u r i n g  

o x i d a t i o n  o r  melting exper iments .  'The p r i n c i p a l  problems i n  

operat i -ng t h i s  equipment were in o b t a i n i n g  the proper  a l i g n -  

m e n t  of t h e  f u r n a c e  tube  t o  avo id  c o n t a c t  w i t h  t h e  sample 

s u s p e n s i o n  w i r e  and t h e  n e c e s s i t y  of c l o s e  p rox imi ty  of the 

expe r imen te r  t o  the ra .d ioac t ive  f u e l .  w h i l e  i t  w a s  being t r a n s -  

ferred i n t o  o r  or2t of t h e  a p p a r a t u s .  The ba lance ,  f u r n a c e ,  

and f i ~ ~ i ~ n - p r o d u ~ t  c o l l e c t i o n  train w e r e  p l a c e d  i n  a shielded 

hood t h a t  minimized exposure to r a d i o a c t i v i t y  wh i l e  e x p e r i -  

ments w e r e  i n  progress .  Experiments  i n v o l v i n g  u s e  or" steam 

p r e s e n t e d  t h e  a d d i t i o n a l  d i f f i c u l t y  of avo id ing  condensa t ion  

before t h e  gas stream reached t h e  exit condenser .  The 

f i s s ion -p roduc t  c o l l e c t i o n  t r a i n  w a s  e s s e n t i a l l y  t he  same as  

i n  F ig .  3 . 3 ,  excep t  € o r  the condenser  and a d d i t i o n a l  cold t r a p  

r e q u i r e d  by the steam atmosphere.  The procedure  for determi- 

n i n g  t h e  amount o f  released f i s s i o n  p r o d u c t s  was t h e  same as 

t h a t  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  e x c e p t  t h a t  the 

condensa te  w a s  a k s  ana lyzed .  

3 .5  Arc-Image Furnace for Melt ing  UO, 
and O t h e r  Ceramic. F u e l s  

The arc-image f u r n a c e  (Arthur  D. L i t t l e  Co.) shown in 

F i g .  3 . 5  w a s  used  i n  e a r l y  f u e l  m e l t i n g  experiments40 w i t h  
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F i g .  3 . 5 .  Arc-Image Furnace. 
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uranium d i o x i d e  and BeO-UO, f u e l  materials.  The photograph 

w a s  made b e f o r e  t h e  f u r n a c e  w a s  e n c l o s e d  by a l e a d  s h i e l d  f o r  

work w i t h  high-burnup f u e l  material .  A s chemat i c  diagram of 

t h e  f u r n a c e  and t h e  f i s s i o n - p r o d u c t  c o l l e c t i o n  t r a i n  is shown 

i n  F i g .  3.6.  Very h i g h  t e m p e r a t u r e s  c o u l d  be achieved  i n  a 

s m a l l  (1-cm d i a m e t e r ) ,  v e r y  s h a l l o w  volume. Accurate  f o c u s s i n g  

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

p o s i t i o n .  The p o s i t i o n  of t h e  f u e l  h o l d e r  c o u l d  be changed 

whi l e  t h e  arc was on,  i n  o r d e r  t o  keep t h e  unmelted p o r t i o n  

of t h e  specimen i n  f o c u s .  T h i s  a p p a r a t u s  worked q u i t e  w e l l  

f o r  m e l t i n g  s m a l l ,  c y l i n d r i c a l  o r  o c t a g o n a l  shaped BeO-UO, 

specimens i r r a d i a t e d  t o  tracer l e v e l s  o r  f o r  m e l t i n g  2 5  t o  

60  mg samples  of h i g h  burnup UO, e n c l o s e d  i n  a Be0 c y l i n d e r  

which w a s  me l t ed  a long  w i t h  t h e  f u e l .  

3.6 I n d u c t i o n  Furnace and Apparatus  f o r  Release 

of F i s s i o n  P r o d u c t s  by D i f f u s i o n  

From UO, i n  a H e l i u m  Atmosphere 

Apparatus  f o r  h e a t i n g  30-g amounts of tracer-level- 

i r r a d i a t e d  UO, i n  f lowing  hel ium is i l l u s t r a t e d  by t h e  

schemat i c  diagram, F i g .  3 .7 .  The t an ta lum c r u c i b l e  c o n t a i n -  

i n g  UO, powder- s e r v e d  as t h e  s u s c e p t o r  i n  t h i s  arrangement  

and t h i s  w a s  sur rounded by an alumina r e f l e c t o r .  41 

t u r e s  were measured by s i g h t i n g  down i n t o  t h e  c r u c i b l e  w i t h  

an o p t i c a l  pyrometer .  H e l i u m  w a s  p u r i f i e d  by passage  over  

h o t  z i rconium r a t h e r  t h a n  h o t  copper  as i n  e a r l i e r  a p p a r a t u s .  

The e x i t  g a s  passed  through a t r a p  f i l l e d  w i t h  NaOH p e l l e t s ,  

a ho t  c h a r c o a l  t r a p ,  and t h e n  through c y l i n d r i c a l  chambers 

p a r t i a l l y  occupied  by Geiger  t u b e s  t h a t  gave a con t inuous  

i n d i c a t i o n  of t h e  amount of r a d i o a c t i v e  g a s  r e l e a s e d  from 

f u e l .  F i n a l l y ,  t h e  k ryp ton  and xenon g a s  w a s  c o l l e c t e d  by 

a l i q u i d - n i t r o g e n - c o o l e d  c h a r c o a l  t r a p .  The appearance of 

t h e  t u n g s t e n  c r u c i b l e  and mel ted  UO, specimens is shown i n  

F i g .  3 . 8 .  The thermocouple w e l l  a t  t h e  bottom of t h e  c r u c i b l e  

Tempera- 



Fig .  3 . 6 ,  Schematic Diagram of Arc-Image Furnace and 
F i s s ion -Produc t  C o l l e c t i o n  Train, 
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. 
accommodated a tungs t en - tungs ten  26% rhodium thermocouple i n  

some expe r imen t s .  Ox id iz ing  atmospheres  cannot  be used w i t h  

t h i s  a p p a r a t u s  because of t h e  t u n g s t e n  c r u c i b l e .  

3.7 Tungsten R e s i s t o r  Furnace f o r  Mel t ing  

Uranium Dioxide P e l l e t s  i n  Helium 

A c e n t e r e d  t u n g s t e n  resistor4' p a s s i n g  through hol low UO, 

f u e l  specimens is i l l u s t r a t e d  i n  F ig .  3.9. The copper  

e l e c t r o d e s  were connected  t o  a high-amperage, low-voltage 

power s o u r c e .  Tungsten h e a t  s h i e l d s  and t h e  alumina c o n t a i n e r  

he lped  t o  minimize r a d i a t i v e  h e a t  loss  from t h e  f u e l  material .  

T h i s  t y p e  of f u r n a c e  has  t h e  advantage  of h e a t i n g  t h e  i n n e r  

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

n u c l e a r  h e a t i n g  b e t t e r  t h a n  most of  t h e  o t h e r  o u t - o f - p i l e  

methods. I t  can  a l s o  be r e a d i l y  adap ted  t o  mul t i -p in  

a r rangements  as shown by t h e  photograph of a p a r t i a l l y  mel ted  

seven-p in  a r r a y  of f u e l  p i n s 4 2  (Fig.  3 . 1 0 ) .  

r ea l i s t ic  s i m u l a t i o n  of reactor core c o n f i g u r a t i o n  f o r  de- 

t e r m i n a t i o n  of f i s s i o n  p roduc t  d e p o s i t i o n  w i t h i n  t h e  c o r e .  

The p r i n c i p a l  d i sadvan tage  of t h i s  h e a t i n g  t echn ique  is t h e  

n e c e s s i t y  of per forming  expe r imen t s  w i t h  an i n e r t  a tmosphere 

because  of t h e  t u n g s t e n  rods. 

T h i s  p e r m i t s  

3 . 8  Dual  Frequency I n d u c t i o n  Hea t ing  Apparatus  

Equipment used i n  t h e  m o s t  r e c e n t l y  developed h e a t i n g  

t echn ique43  is shown i n  F i g .  3.11. 

deve lops  50  kw i n  t h e  k i l o c y c l e  range  and 25 kw i n  t h e  2 t o  

5 megacycle range .  The c o n t r o l  u n i t  is i n  t h e  foreground.  

The a p p a r a t u s  is a r ranged  f o r  tests w i t h  power l e a d s  of t h e  

l e n g t h  needed f o r  h o t  c e l l  o p e r a t i o n s  w i t h  t h e  o s c i l l a t o r  

located o u t s i d e  t h e  ce l l .  These tes ts  i n d i c a t e d  t h a t  it w a s  

d i f f i c u l t  t o  t r a n s m i t  t h e  r e q u i r e d  power w i t h  leads of t h e  

l e n g t h  shown and t h e  o s c i l l a t o r  u n i t ,  j u s t  behind t h e  c o n t r o l  

The i n d u c t i o n  h e a t e r  



2 ’7 

Po RC ELAl N 
TYPE CEMENT -- 

COPPER 
ELECTRODE-.. 

ORNL-LR-OWG 72980 

. 

I 

V’’ 

,..-- 
,.,’ 

,’ 
,’ /’ 

TUNGSTEN HEAT 
SHI ELCS 

-... 

---GAS OUTLET TUBE 

1 ___- 

IELIUM FLOW TO FILTER AND 
AND CHARCOAL TRAPS 

F i g .  3 . 9 .  S i n g l e  Element Tungsten Res i s to r  Furnace 
for Mel t ing  U02 P e l l e t s  i n  Helium. 



28 

PHOTO 67579 

i g .  3 . 1 0 .  Partially Melted U F u e l  Heated by t h e  
-Resistor Method. 
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F i g .  3 .11 .  High-Frequency (5-Mc) Induct ion-Heat ing  
Power Source  f o r  Mel t ing  Clad U02 by D i r e c t  Coupl ing.  
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u n i t  i n  F i g .  3.11, w a s  l a t e r  p l a c e d  i n s i d e  t h e  h o t  c e l l .  

The m o t i v a t i o n  f o r  pu rchase  of  t h e  dua l - f requency  i n -  

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

w i t h  t h e  metal c l a d d i n g  of UO, f u e l  specimens w i t h  t h e  low 

f r equency  u n i t  and t h e n  t o  c o u p l e  t o  t h e  UO, i t s e l f  w i t h  t h e  

h i g h  f r equency  heater a f t e r  t h e  c l a d d i n g  m e l t s  because UO, 
becomes conduc t ing  a t  h i g h  t e m p e r a t u r e s .  I n  p r a c t i c e ,  i t  

h a s  been found p r a c t i c a l  t o  c o u p l e  w i t h  t h e  c l a d d i n g  a t  h i g h  

f r e q u e n c i e s  s o  t h a t  t h e  k i l o c y c l e  u n i t  is n o t  a c t u a l l y  

r e q u i r e d .  

3 . 9  P r e s s u r i z e d  I n d u c t i o n  Hea t ing  Furnace 

The i n d u c t i o n  h e a t i n g  equipment d i s c u s s e d  i n  t h e  p r e v i o u s  

s e c t i o n  has been used  f o r  m e l t i n g  c l a d  UOz specimens i n  t h e  

p r e s s u r i z e d  fu rnace44  shown i n  F i g .  3 . 1 2 .  

have a p r e s s u r i z e d  f u r n a c e  because  r e l e a s e d  f i s s i o n  p r o d u c t s  

are c a r r i e d  i n t o  a t a n k  f i l l e d  w i t h  a m i x t u r e  of steam and 

a i r ,  u s u a l l y  a t  about  3 0  p s i g .  The i n n e r  q u a r t z  t u b e  s u p p o r t s  

a q u a r t z  b o a t  p a r t i a l l y  f i l l e d  w i t h  g r a n u l a r  UO, on which t h e  

c lad  UO, specimen rests. The o u t s i d e  of t h e  t u b e  is a i r  

c o o l e d  and t h e  chamber is a t  a h i g h e r  p r e s s u r e  s o  t h a t  i f  t h e  

i n n e r  t u b e  is r u p t u r e d ,  g a s  f low w i l l  be inward t o  p r e v e n t  

e s c a p e  of f i s s i o n  p r o d u c t s .  The f u r n a c e  is des igned  for 

remote l o a d i n g  of h i g h l y  r a d i o a c t i v e  f u e l  mater ia ls .  

I t  is n e c e s s a r y  t o  

4 . 0  INVESTIGATIONS WITH METALS AND ALLOYS 

4.1 O x i d a t i o n  of Metallic Uranium 

The impor tance  of  e x p e r i m e n t a l  s t u d i e s  of t h e  e x t e n t  of 

f i s s i o n - p r o d u c t  release accompanying t h e  o x i d a t i o n  of ir- 

r a d i a t e d  uranium i n  d i f f e r e n t  a tmospheres  w a s  demonstrated 

by t h e  h i s t o r i c  Windscale i n c i d e n t .  45’46 R e a c t o r s  f u e l e d  
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w i t h  m e t a l l i c  u ran ium occupy a minor 

t h e  Uni ted  S t a t e s ,  bu t  t h e y  c o n t i n u e  

plutonium-producing r e a c t o r s  i n  t h i s  

power-production r o l e  i n  

t o  be of importance i n  

c o u n t r y  and abroad,  a s  

w e l l  as i n  gas-cooled power reactors, p r i n c i p a l l y  i n  Grea t  

B r i t a i n .  L o s s  of c o o l a n t  i n  r e a c t o r s  of t h i s  t y p e  may r e s u l t  

i n  h o t  metall ic uranium coming i n  c o n t a c t  w i t h  a i r ,  steam, or 

CO,, c r e a t i n g  a r e a c t o r  a c c i d e n t  hazard from released f i s s i o n  

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

t h i s  haza rd  have been performed p r i n c i p a l l y  a t  H a r w e l l ,  

Hanford,  and Brookhaven. Some p u b l i c a t i o n s  from t h e s e  i n s t a l -  

l a t i o n s  are r e f e r e n c e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  S i n c e  it 

seems r e a s o n a b l e  t o  assume t h a t  ra tes  of f i s s i o n - p r o d u c t  

release w i l l  be p r o p o r t i o n a l  t o  r a t e s  of o x i d a t i o n ,  and ex- 

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

assumpt ion ,  a d i s c u s s i o n  of t h e  e f f e c t  of v a r i o u s  pa rame te r s  

on o x i d a t i o n  ra tes  is  impor t an t  f o r  an unde r s t and ing  of t h i s  

p o t e n t i a l  reactor haza rd .  The equipment and p rocedures  used 

i n  t h e  p r e s e n t  s t u d i e s  w e r e  d e s c r i b e d  i n  S e c t i o n s  3 .3  and 

3.4.  

Experiments  w i t h  uranium i r radiated a t  trace l e v e l  and 

a l l  of t h e  " incomple te -oxida t ion"  r u n s  were conducted i n  t h e  

h o r i z o n t a l  t u b e  f u r n a c e  (F ig .  3 .3 ) .  I n  expe r imen t s  where 

t h e  uranium w a s  no t  comple t e ly  o x i d i z e d ,  t h e  amount of metal 

remaining w a s  de te rmined  c h e m i c a l l y  by d i s s o l v i n g  it i n  HC1 

(which does  react r e a d i l y  w i t h  uranium o x i d e s )  and t i t r a t i n g  

U+4 w i t h  a s t a n d a r d  d ichromate  s o l u t i o n .  

The v e r t i c a l  f u r n a c e  (F ig .  3.4) r e q u i r e d  f o r  t h e  c o n t i n u -  

ous  r e c o r d i n g  thermo-balance,  comprised a "Mul l i t e "  t u b e  

1-1/4" O.D. and 20" long w i t h  Pyrex  f i t t i n g s  f u s e d  t o  t h e  

ends .  The a p p a r a t u s  i n  F i g .  3 .4  is t h e  arrangement  used  f o r  

o x i d a t i o n  of uranium i n  steam. 

I n  most of t h e  expe r imen t s  conducted i n  t h i s  a p p a r a t u s ,  

t h e  samples  were c o n t a i n e d  i n  a 2-1/4" long alumina e x t r a c t i o n  

th imble  and w e r e  a l lowed t o  o x i d i z e  comple t e ly  e x c e p t  i n  t h e  
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steam exper iments .  T h i s  is i n  c o n t r a s t  t o  those conducted 

i n  t h e  open b o a t  and h o r i z o n t a l  t u b e  f u r n a c e .  In p r a c t i c e ,  

i t  w a s  found t h a t  an  a i r  f low r a t e  of 300 cc/rnin or v e l o c i t y  

of 1 2 0  cm/min (STP) in the h o r i z o n t a l  f u r n a c e  produced an 

o x i d a t i o n  ra te  equal t o  or g r a a t e r  t h a n  t h a t  produced 

600  cc/'min i n  t he  v e r t i c a l  f u r n a c e  w i t h  the specimen c o n t a i n e d  

i n  t h e  deep  t h i m b l e ,  S i n c e  t h e  two s y s t e m s  d i f f e r e d  so w i d e l  

t h e  amount of s u r f a c e  af metal or o x i d e  directly expose 

t h e  flowing f u r n a c e  atmosphere,  i t  is n o t  s u r  r i s i n g  thaL ~ c ~ m e  

d i f f e r e n c e s  5.n r e s u l t s  w e r e  eneountered. 

I__ 4 . P . L  Ox ida t ion  of Uranium in A i r  

E l  S t u d i e s  of oxidation ra tes  of uranium w e r e  repsrte 

along wi th  t h e  r e s u l t s  of f i s s i a n - p r o d u c t  release determi- 

n a t i o n s  a 

E f f e c t  of S u r f a c e  Area t o  Weight R a t i o .  - S ? x d i e s  ma 

w i t h  small specimens ~ h s w e d  that even a small variation i n  

sur face- to-weight  r a t i o  produced a s i g n i  i ean t  change in 
o x i d a t i o n  r a t e  a These exper iments  w e r e  performed i n  appa- 

r a t u s  of t h e  t y p e  shown i n  F i g .  3 . 3 .  R e s u l t s  ob ta ined  with 

an a i s  t empera tu re  of 6 3 0  C are shown i n  F ig .  4 . 1  w h i l e  

r e s u l t s  of expe r imen t s  a t  1 0 0 0  atid a t  1 2 0 0 " ~  are d i s p l a y e d  

in F i g .  4 . 2 .  

0 

E f f e c t  of Furnace Temperature.  -- - Data on, t h e  v a r i a % i o n  

of o x i d a t i o n  r a t e  w i t h  f u r n a c e  t empera tu re  c o v e r i n g  t h e  range  

6 0 0  t o  l4OO06 are shown i n  F i g .  4 . 3 .  These data, o b t a i n e d  by 

u s e  of t h e  c o n t i n u o u s l y  weighing ba lance  w i t h  an a i r  v e l o c i t y  

af 220 c m / m i n ,  i n d i c a t e  t h a t  t h e  o x i d a t i o n  p r o c e s s  is r a t h e r  

compl i ca t ed ,  e s p e c i a l l y  i n  t h e  6 0 0  t o  900*C range ,  and t h a t  

t h e  ra te  of o x i d a t i o n  a t  each  t empera tu re  v a r i e s  over. a. w i d e  

1.ang;e. P o s s i b l e  e x p l a n a t i o n s  of the observed  o x i d a t i o n  be- 

havior are c o n s i d e r e d  below i n  the d i s c u s s i o n  on o x i d a t i o n  

of uranium i n  CO,, 
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Se l f -Hea t ing  E f f e c t s .  - I n  most of t h e  uranium o x i d a t i o n  

s t u d i e s ,  t h e  f u r n a c e  or f u r n a c e  g a s  t empera tu re  w a s  measured. 

The h e a t  of o x i d a t i o n  of uranium is q u i t e  l a r g e  (259  and 285 

kcal/gm-atm of uranium f o r  UO, and U308 f o r m a t i o n , 2 9  re- 

s p e c t i v e l y )  and t h e  ox ide  layer  formed s e r v e s  as an e f f e c t i v e  

h e a t  b a r r i e r  p e r m i t t i n g  t h e  t empera tu re  of t h e  unoxid ized  

m e t a l  t o  r i se  c o n s i d e r a b l y  above t h a t  of t h e  o x i d i z i n g  atmos- 

phe re .  I t  s h o u l d  be r ecogn ized  t h a t  uranium t empera tu res  i n  

much of t h e  pub l i shed  work on o x i d a t i o n  of uranium were 

h i g h e r  t h a n  f u r n a c e  t e m p e r a t u r e s  a t  t i m e s  because  of t h e  

s e l f - h e a t i n g  e f f e c t .  

The e x t e n t  of s e l f  h e a t i n g  of u n i r r a d i a t e d  uranium 

r e s u l t i n g  f r o m  its o x i d a t i o n  i n  a i r  and oxygen w a s  de te rmined  

a t  1100, 1200 and 140OOC i n  an e x p e r i m e n t a l  arrangement  compa- 

r a b l e  t o  t h a t  i n  which t h e  p a r t i a l - o x i d a t i o n  release e x p e r i -  

ments w e r e  carried o u t  (F ig .  3 . 3 ) .  A thermocouple j u n c t i o n  

w a s  p l a c e d  i n  a hole i n  t h e  specimen and both  gas and sample 

t e m p e r a t u r e s  w e r e  c o n t i n u a l l y  r eco rded  d u r i n g  h e a t i n g  i n  

hel ium and d u r i n g  admiss ion  of a measured f low of a i r  or 

oxygen. An o p t i c a l  pyrometer  w a s  used  t o  obse rve  t h e  tempera- 

t u r e  t r a n s i e n t s  beyond t h e  range  of t h e  platinum-rhodium 

thermocouple .  T y p i c a l  t empera tu re  rises observed are shown 

i n  Tab le  4 .1 .  

E f f e c t  of Burnue. - The o x i d a t i o n  ra te  of i r r a d i a t e d  

uranium (- 0 .1% burnup) was compared w i t h  t h a t  of s i m i l a r  

specimens of u n - i r r a d i a t e d  uranium under  t h e  same e x p e r i m e n t a l  

c o n d i t i o n s "  i n  -the v e r t i c a l  f u r n a c e  a p p a r a t u s  (F ig .  3 .4) .  

(Uranium c y l i n d e r s ,  0.25 i n .  idiameter x 0.7 i n .  c o n t a i n e d  i n  

porous  alumina t h i m b l e s .  The gas flow v e l o c i t y  w a s  220 cm/min 

measured a t  room t empera tu re  and wi thou t  a l lowance  f o r  t h e  

c r o s s - s e c t i o n a l  area of t h e  a lumina cup . )  R e s u l t s  o b t a i n e d  

a t  gas t e m p e r a t u r e s  of 8 0 0 ,  1000 ,  and 12OO0C a r e  shown i n  

F i g s .  4.4, 4.5,  and 4 .6 ,  a long  w i t h  a s i m i l a r  comparison of 

t h e  e f f e c t s  of i r r a d i a t i o n  on o x i d a t i o n  r a t e s  i n  CO, and steam 
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Tab le  4.1. S e l f  Heating of Uranium by H e a t  of Reac t ion  

i n  A i r  and Oxygen 

0 I n i t i a l  Temp. Max. Temp. Observed During Ox ida t ion ,  C 
of Uranium 400  cc/min 300 cc/min 3000 cc/min S amp le 

OC A i r  0 2  0 2  
No. 

1 1100 

2 1200 

3 1 2 0 0  

4 1400 

5 1400 

1250 - 
1375 - 

- 1450** 
1575* - 

2 6 5 0 * *  

* Smoke p a t t e r n  of  U308 o b t a i n e d  can t h e  f i l t e r .  

** Heavy p l a t e - o u t  of U308 o 3 t a i n e d  on f i l t e r s .  

which w i l l  be d i s c u s s e d  i n  subsequent  s e c t i o n s .  S i m i l a r  d a t a  

o b t a i n e d  i n  t h e  h o r i z o n t a l  fuznace  a p p a r a t u s  (Fig. 3 . 3 )  are 

shown i n  F i g s .  4 . 7  and 4.8. The d a t a  show t h a t  i r r a d i a t e d  

uranium o x i d i z e d  more r a p i d l y ,  a t  l e a s t  i n i t i a l l y ,  t h a n  un- 

irradiated uranium at all t h r e e  t e m p e r a t u r e s  bu t  t h e  d i f -  

f e r e n c e  w a s  most pronounced a t  1000°C. 

o x i d a t i o n  ra te  w a s  a lso  s t u d i e d  by H i l l i a r d  and Reid32 ove r  

a broad burnup r ange  a t  t e m p e r a t u r e s  of 1 0 0 0 ,  1 2 0 0 ,  and 144OOC. 

More data  on t h i s  effect  would be d e s i r a b l e  a t  h i g h e r  burnup 

l e v e l s ,  p a r t i c u l a r l y  w i t h  l a r g e r  specimens t h a t  would permi t  

e x t r a p o l a t i o n  t o  surface-to-volume r a t i o s  t h a t  e x i s t  i n  f u l l -  

s i z e  f u e l  rods. 

T h e  burnup e f f e c t  on 

4 . 1 . 2  O x i d a t i o n  of Uranium i n  Carbon Dioxide 

I n t e r e s t  i n  o x i d a t i o n  ra tes  of uranium i n  CO, r e s u l t s  

from t h e  u s e  of t h i s  g a s  as t h e  c o o l a n t  i n  r e a c t o r s  of t h e  

Calder  H a l l  t y p e  and t h e  p o s s i b l e  u s e  of t h i s  gas for ex- 

t i n g u i s h i n g  uranium f i r e s .  
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E f f e c t  o f  Temperature.  - The i n t e r e s t i n g  o x i d a t i o n  be- 

h a v i o r  of uranium i n  CO, a t  8OO0C is shown i n  F i g .  4.4. ] I t  

appea r s  t o  be due Lo fo rma t ion  of a m e t a s t a b l e  oxide  d u r i n g  

r a p i d  o x i d a t i o n .  The maxiinurn 0:U r a t i o  observed was approxi -  

m a t e l y  2.32. Comparison of d a t a  s h o ~ n  i n  F i g .  4 . 4  and F i g .  

4 . 6  i n d i c a t e s  t h a t  complete  o x i d a t i o n  is n o t  achieved  as 

r a p i d l y  a t  1 2 0 0  as a t  8OO0C i n  s p i t e  of the f a c t  t h a t  t h e  

i n i t i a l  o x i d a t i o n  ra te  w a s  h i g h e r  a t  t h e  higher ternperaturc. 

._I__ E f f e c t  of G a s  Flow Rate. - Data o b t a i n e d  by cxpssure  of 

uranium t o  u n d i l u t e d  commercial CO, a t  d i f f e r e n t  t empera tu res  

and flow ra tes ,  F i g .  4 . 9 ,  showed that t h e  o x i d a t i o n  ra te  in -  
a 0 

c r e a s e d  w i t h  i n c r e a s i n g  T l o w  ra te  a t  1 2 0 0  C b u t  n o t  a t  1400 C .  

I t  is probable  that the n a t u r e  of the p r o t e c t i v e  ox ide  coa t ing  

is more impor t an t  t h a n  t h e  g a s  f l o w  r a t e .  

E f f e c t  of Burnup. -. The e f f e c t  of i r r a d i a t i o n  of uranium 

on its o x i d a t i o n  r a t e  i n  C O , ,  shown i n  F i g s .  4 . 4 ,  4 . 5 ,  and 

4 .6  demonst ra te  t ha t  the hurnup e f f ec t  is more pronounced i n  

C O ,  t h a n  i n  a i r .  T h i s  e f f e c t  w a s  also i n v e s t i g a t e d  by D i f f e y  

and King4' a t  i r r a d i a t i o n  l e v e l s  of 1 2 5 0  t o  2350 Mwd/T. 

S c v e r a l  i n v e s t i g a t o r s  have d i s c u s s e d  p o s s i b l e  r e a s o n s  

f o r  t h e  i n c r e a s e d  o x i d a t i o n  ra te  01 i r r a d i a t e d  uranium and 

t h e  i n c r e a s e d  release of f i s s i o n  p r o d u c t s  a t  h i g h  burnups 

d i s c u s s e d  elsewhere i n  t h i s  document. M i l l i a r d  and Reid32 

a s c r i b e  t h e  i n c r e a s e d  o x i d a t i o n  r a t e  a t  t empera tu res  above 

t h e  m e l t i n g  p o i n t  of uranium (1133OC) under t h e i r  Exper i -  

men ta l  c o n d i t i o n s  t o  fo rma t ion  of f i s s i o n  gas  bubbles  which 

b u r s t  through t h e  t h i n  oxide l a y e r  c o v e r i n g  t h e  molten uranium 

a l lowing  it. t o  f l o w  and cove r  the battom of t h e  c r u c i b l e .  

D i f f e y  and King47 expres sed  the b e l i e f  t h a t  t h e  ve ry  h i g h  

o x i d a t i o n  ra tes  of i r r a d i a t e d  uranium i n  CO, a t  80O0C w e r e  

due t o  s w e l l i n g  c a u s e d  by release 01 f i s s i o n - p r o d u c t  gas wi th-  

i n  the  uranium. Buddery and Scott'' s t u d i e d  bubble  formation 

accompanying t h e  m e l t i n g  of i r r ad ia t ed  uranium i n  some d e t a i l  

and it seems reasonab le  t o  assume t h a t  i n c r e a s e d  access of 
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oxygen or CO, t o  unoxid ized  uranium eou ld  r e s u l t  from cracks 

or  holes  i n  t h e  oxide  c o a t i n g  produced by f i s s i o n  gas .  It 
h a s  a l s o  been sugges ted2 '  t h a t  imperfec i io l i s  in t h e  oxide  

c o a t i n g  of i r r ad ia t ed  uranium c o u l d  r e s u l t  from t h e  p re senee  

of f i s s ion -p roduc t  atoms arid tliat t h e s e  i m p e r f e c t i o n s  cou ld  

l e a d  t o  e r a e k i n g  and d iminished  p r o t e c t i v i t y  o f  t h e  oxide  

c o a t i n g .  Xxperimental  ev idence  s u p p o r t i n g  t h i s  e x p l a n a t i o n  

is l a c k i n g  a t  t h e  p r e s e n t  t i m e  and f u r t h e r  s t u d y  appea r s  t o  

be r e q u i r e d  in order t o  p rov ide  a more adequate  e x p l a n a t i o n  

of t h e  burnup e f f e c t .  

4. I ,  3 Oxida t ion  of Uranium i n  Steam ...- 

E f f e c t  of ..__. Temperature ... and Steam .._ Flow R a t e .  - Weight- 

i n c r e a s e  data  o b t a i n e d  by expos ing  uranium speci.mens t o  steam- 

he'lilirn mixtiares a t  d i f f e r e n t  t empera tu res  are i nc luded  i n  

F i g s .  4 . 4 ,  4 . 6 ,  and i n  4 . 1 0 .  T h e  o x i d a t i o n  r a t e  i n c r e a s e d ,  i n  

g e n e r a l ,  w i t h  i n c r e a s i n g  tempera ture  i n  t he  8 0 0  t o  140OoC 

range .  I t  may seem a bit s u r p r i s i n g ,  however, t h a t  the o x i -  

d a t i o n  r a t e  shown i n  Fig.  4 . 1 0  dec reased  w i t h  i n c r e a s i n g  s t e a m  

f l o w  r a t e .  

s i n t e r i n g  a c t i o n  o f  steam on U02 r e p o r t e d  i n  t h e  l i t e r a t u r e  

occiirs a t  a r a t e  p r o p o r t i o n a l  t o  t h e  steam-flow rate .  

T h i s  r e s u l t  was explained' '  on t h e  b a s i s  that the 

I n s p e c t i o n  of t h e  c u r v e s  i n  P i g s ,  4 . 4 ,  4 & 5 ,  and 4 . 5  show 
t h a t  t h e  i n i t i a l  o x i d a t i o n  ra te  w a s  She maxiinunn ra te  Gbserved.  

A f t e r  t h e  i n i t i a l  r a p i d  s t a g e  of oxidation w a s  completed,  the 

ra-tc became e s s e n t i a l l y  c o n s t a n t  f o r  some t i m e  and t h e n  gradu- 

a l l y  dec reased  i f  o x i d a t i o n  proceeded f o r  an ex tended  pe r iod .  

The h igh  i n i t i a l  r a t e  is due t o  t h e  r e a c t i o n  of e s s e n t i a l l y  

uiiprotec t e d  uranium w i t h  steam. 

E f f e c t  of Burnup. - A comparison of the o x i d a t i o n  ra tes  -.__I. 

o f  i r r a d i a t e d  and u n i r r a d i a t e d  uranium in steam a t  S O 0  t o  

1000°C, shown i n  F igs .  4 .4  and 4 . 5 ,  show t h e  s a m e  t ype  be- 

havior t h a t  w a s  observcd i n  t h e  tests made i n  a i r  and i n  eo2. 
The i r r a d i a t i o n  e f f e c t  was n o t  observed i n  the tests mado a t  
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120OoC (Fig .  4 . 6 )  becainse of t h e  h i g h e r  steam flaw employed 

w i t h  t h e  i r rad ia ted  specimens.  AB noted above, i n c r e a s e d  

steam-flow ra tes  produce lower o x i d a t i o n  rates i n  steam. 

4.1 4 Oxida t ion  i n  Steam-Air Mixtures  
_____I 

The s c a n t y  in fo rma t ion  t h a t  was obtained on o x i d a t i o n  01 

uranium i n  a steam-air mix tu re  ( l 2 : l .  v o l ~ m e  r a t i o )  is dis--  

p layed  i n  F i g s .  4 . 7 ,  and 4 . 8 ,  a long  with data on o x i d a t i o n  

of i r r ad ia t ed  and u n i r r a d i a t e d  uranium o b t a i n e d  under  compara- 

b l e  c m d i t  i o n s  i n  tlac h o r i z o n t a l  f u r n a c e  a p p a r a t u s  (Fig. 3 . 3 )  . 
These  da ta  s h o w  t h a t  t h e  oxidation ra te  i n  air was much f a s t e r  

t han  i n  an atmosphere t h a t  was l a r g e l y  steam. 

4.11.5 Comparison of Ox ida t ion  R ~ ; . e s  i n  Var ious  Atmospheres 

The d a t a  s h o w n  i n  F i g s .  4 .4  ? .  5 and 4 . 6  permi t  ready 

comparison of the o x i d a t i o n  ra tes  of both i r r a d i a t e d  and un- 
i r r a d i a t e d  uranium i n  t h r e e  d i f f e r e n t  a tmospheres .  The ra tes  

are i n  t h e  same d e c r e a s i n g  o r d e r ,  a i r ,  CO, and s t e a m  a t  a l l  

three t empera tu res  used i n  t h e s e  exper iments .  I t  is observed 

t h a t  complete  o x i d a t i o n  of i r r a d i a t e d  uranium occur red  about  

a s  f a s t  i n  CO, as  i n  a i r  a t  8 0 0  and ~ O O O ~ C  wh i l e  none of the 

specimens w e r e  comple te ly  o x i d i z e d  i n  stcam a t  these tempera- 

t u r e s .  These d a t a  would have p e r m i t t e d  p r e d i c t i o n  of t h e  

observed  i n e f f c c  liveness of @02 for quenching t h e  Windscale 

P i l e  N o .  1 f i r e  i f  t h e y  had been a v a i l a b l e  a t  t h a t  t i m e .  The 

d a t a  a l so  show t h a t  steam p r o v i d e s  t h e  minimum o x i d a t i o n  r a t e  

and, consequen t ly ,  t h e  s u c c e s s f u l  u s e  of water i n  quenching 

the Windscale f i r e  c o u l d  a l s o  have been p r e d i c t e d .  

4.7, Release of F i s s i o n  P r o d u c t s  

from Metallic Uranium 

Data i nc luded  i n  t h i s  s e c t i o i i  were r e p o r t e d  i n  Ref.  2 1 .  
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4 . 2 . 1  Uranium Melted i n  an I n e r t  G a s  

S t u d i e s  of t h e  r e l e a s e  of f i s s i o n  p r o d u c t s  accompanying 
1 t h e  m e l t i n g  of i r r a d i a t e d  uranium were carried o u t  a t  A m e s  

and a t  t h e  Argonne N a t i o n a l  Labora tory .  B u r r i s  e t  a l .  re- 

p o r t e d  v o l a t i l i z a t i o n  of a l a r g e  f r a c t i o n  of t h e  r a r e  gases, 

ha logens ,  and cesium. 

of t r a c e r - l e v e l - i r r a d i a t e d  uranium i n  hel ium and i n  a i r  and 

2 

B i l l i a r d "  h e a t e d  11.5-gm c y l i n d e r s  

gave a comparisorr of f i s s i o n  p roduc t  release. 

S e v e r a l  expe r imen t s  i n v o l v i n g  t h e  m e l t i n g  of i r radiated 

uranium ( 0 . 1  atom 70 burnup) i n  impure hel ium w e r e  performed. 

The d a t a  o b t a i n e d  are g i v e n  i n  Tab le  4 . 2 .  The l a c k  of c o r r e -  

l a t i o n  between t h e  amount of uranium o x i d i z e d  and t h e  f r a c t i o n  

of f i s s i o n  g a s e s  r e l e a s e d  i n d i c a t e s  t h a t  o x i d a t i o n  had a minor 

e f f e c t  on r e l e a s e  i n  t h e s e  expe r imen t s .  The d i s c r e p a n c y  

between t h e  h i g h  gas r e l e a s e  v a l u e s  and l o w  v a l u e  r e p o r t e d  i n  

e a r l y  s t u d i e s  by a n o t h e r  i n v e s t i g a t o r 2 '  can  probably  be 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  i n  g a s  c o n c e n t r a t i o n  i n  t h e  uranium 

used  i n  t h e  two i n v e s t i g a t i o n s  (approximate ly  1 0  g r e a t e r  

c o n c e n t r a t i o n  of xenon i n  t h e  ORNL expe r imen t s ) .  

6 

data32 o b t a i n e d  w i t h  h i g h e r  burnup f u e l  are more n e a r l y  i n  

agreement with ORNL r e s u l t s .  

T a b l e  4 . 2  F r a c t i o n  o f  R a r e  Gases Released on Mel t ing  Irradiated 

Uranium (0.1 a t m  70 burnup) i n  Impure H e l i u m  

Maximum Furnace P e r c e n t  of Uranium P e r c e n t  of Rare Gases 
Temperature  (OC) Oxidjzed  Released  

1 2 0 0  4.1 9 7 . 7  

1170  

118 0 

1250 

0 . 9  

3 . 9  

15.3  

9 8 . 9  

9 7 . 1  

9 9 . 6  

I n  some expe r imen t s  a s e n s i t i v e  in-s t ream y - d e t e c t o r  ahead 

of t h e  c o l d  c h a r c o a l  t r a p  p e r m i t t e d  o b s e r v a t i o n  of f i s sdon-gas  
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release i n  more d e t a i l  t h a n  was a f f o r d e d  by the  use  of t r a p s  

a l o n e .  The d a t a  shown i n  F i g ,  4 . 1 1  i n d i c a t e d  t h a t  a large 

f r a c t i o n  of t h e  f i s s i o n  gases was r e l e a s e d  v e r y  r a p i d l y  when 

t he  uranium mel ted .  The f r a c t i o n  r e l e a s e d ,  as  shown by t r ap -  

p ing  the r e l e a s e d  gas i n  r e f r i g e r a t e d  c h a r c o a l ,  o n l y  i n c r e a s e d  

from 98% i n  1 6  minutes  a f t e r  mel t i i ig  began t o  99.3% a l t e r  3 8  

minutes .  A s h a r p  peak i n  t h e  c o u n t e r  trace t h a t  r eco rded  t h e  

ra te  of gas release d u r i n g  t h e  c o o l i n g  p e r i o d  was noted  a t  t h e  

f r e e z i n g  p o i n t  of uranium. A smaller  peak wvas no ted  t h a t  

probably  corresponded t o  t h e  P-(Y i n v e r s i o n  p o i n t  (660°@) and 

a n o t h e r  large peak was noted  when the uranium was  coo led  

r a p i d l y  from 513OC t o  room t empera tu re .  

i n d i c a t e  t h a t  a parL of the f i s s i o n  gas n o t  r e l e a s e d  wh i l e  

i r r ad ia t ed  uranium is i n  t h e  mol ten  c o n d i t i o n  w i l l  be 

"squeezed" o u t  d u r i n g  t h e  c o o l i n g  pe r iod  b u t  the f r a c t i o n  

released b y  this p r o c e s s  is probably  too small t o  be ctf s i g -  

n i f i c a n c e  i n  hazards ana lyses .  

These o b s e r v a t i o n s  

4 . 2 . 2  Uranium Oxidized i n  A i r  

D a t a  a n  f i s s i o n - p r o d u c t  release from i r r ad ia t ed  u r a n i u m  

( 0 . 1  atom 70 burnup) ,  p a r t i a l l y  o x i d i z e d  i n  the h o r i z o n t a l  

furnace- tube  a p p a r a t u s  (Pig.  3.3) are shown i n  Tab le  4.3. 

The c y l i n d r i c a l  specimens,  with a d iame te r  of 0 , 2 5  i n ,  and 

a n  approximate l e n g t h  of 0 . 7 5  i n . ,  w e r e  c o n t a i n e d  in shallow 

b o a t s  i n s i d e  a q u a r t z  f u r n a c e  tube .  They were h e a t e d  and 

c o o l e d  i n  f lowing  hel ium and exposed t o  a i r  f o r  va ry ing  

l e n g t h s  o f  time a t  two f u r n a c e  t empera tu res .  The d a t a  con-  

f i r m  the r e s u l t s  of Mill iard 's ' '  s t u d i e s  made with s i m i l a r  

specimens i r r a d i a t e d  t o  2 . 4  x 1014 nvt  which showed i n c r e a s i n g  

release of t h e  more v o l a t i l e  f i s s i o n  p r o d u c t s  w i t h  i n c r e a s i n g  

fraction of ura i i ium ox id ized .  However, the release of i o d i n e  

and t e l l u r i u m  f r o r n  t h e  low-burnup uranium appeared t o  l e v e l  

o u t  a t  about  8'70 i n  h i s  exper iments  whereas t h e  release of 

these f i s s i o n  p r o d u c t s  from the o x i d i z e d  p o r t i o n  of h i g h e r  

burnup mater ia l ,  as  shown in .  T a b l e  4 . 3 ,  appeared t o  be 
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e s s e n t i a l l y  comple te .  I n  g e n e r a l ,  t h e  release of t e l l u r i u m  

w a s  somewhat lower t h a n  t h a t  of t h e  i o d i n e  and less cesium 

w a s  released t h a n  t e l l u r i u m .  Moderate releases of ruthenium 

and s t r o n t i u m  w e r e  no ted  a t  1200°C, bu t  ve ry  l i t t l e  of t h e  

ce r ium and z i r con ium v o l a t i l i z e d .  

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

by t h e  comple te  o x i d a t i o n  of i r r a d i a t e d  uranium ( 0 . 1  atom '% 
burnup)  i n  an a i r  stream are shown i n  Tab le  4.4. These d a t a ,  

which w e r e  o b t a i n e d  by u s e  of  t h e  v e r t i c a l  f u r n a c e  t u b e  

a p p a r a t u s  (F ig .  3.41, show t h a t  release of i o d i n e  and ruthenium 

w a s  q u i t e  h i g h  even  wi th  a f u r n a c e  t e m p e r a t u r e  of 800  C wh i l e  

t h e  release of cesium and t e l l u r i u m  w a s  r a t h e r  low. I n c r e a s -  

i n g  t h e  f u r n a c e  t empera tu re  t o  1000°C produced a moderate  

i n c r e a s e  i n  cesium release but a l a r g e  i n c r e a s e  i n  t h e  f r a c t i o n  

of i o d i n e  and t e l l u r i u m  r e l e a s e d .  A t  l2OO0C, t h e  release of 

i o d i n e ,  t e l l u r i u m ,  and ruthenium w a s  e s s e n t i a l l y  comple te  and 

a s u b s t a n t i a l  f r a c t i o n  of t h e  cesium a l s o  escaped .  Very small  

amounts of t h e  r e f r a c t o r y  e l e m e n t s  ce r ium,  z i rconium,  and 

s t r o n t i u m  w e r e  released. 

0 

' Iodine w a s  found most ly  i n  t h e  h o t  (200OC) c h a r c o a l  bed 

where it would be expec ted  t o  be if i t  w a s  l iberated i n  t h e  

molecu la r  form. Most of t h e  cesium remained i n  t h e  m u l l i t e  

f u r n a c e  t u b e ,  p o s s i b l y  i n  t h e  form of Cs,O.  The d i s t r i b u t i o n  

of t e l l u r i u m  v a r i e d  c o n s i d e r a b l y  i n  t h e  f o u r  expe r imen t s  bu t  

i t  a p p e a r s  t h a t  a large f r a c t i o n  of e l l u r i u m  released by 

uranium o x i d i z i n g  i n  a i r  w i l l  be i n  t h e  form of p a r t i c u l a t e  

mat te r ,  p robab ly  TeOz. Ruthenium w a s  undoubtedly  released as 

a v o l a t i l e  o x i d e ,  RuO, or R u 0 4 ,  b u t  i t  p robab ly  w a s  q u i c k l y  

c o n v e r t e d  t o  a l e s s - v o l a t i l e  lower o x i d e  which accoun t s  f o r  

t h e  f a c t  t h a t  a large f r a c t i o n  of this e lement  remained i n  t h e  

f u r n a c e  tube .  The p a r t  t h a t  w a s  a i r b o r n e  long  enough t o  r each  

t h e  f i l t e r s  s t o p p e d  there. 
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4 . 2 . 3  Uranium Oxid ized  i n  CO, 

There  is compara t ive ly  l f t t l e  i n f o r m a t i o n  i n  t h e  l i t e r -  

a t u r e  on t h e  release of f i s s i o n  p r o d u c t s  from uranium o x i d i z e d  

i n  CO,. Complete o x i d a t i o n  of i r rad ia ted  uranium (0.lOib burnup) 

a t  800 ,  1 0 0 0 ,  and 1200°C i n  commercial  grade CO, 

or i n  CO, d i l u t e d  w i t h  hel ium gave release data  recorded i n  

Tab le  4.5.  The data  show t h a t  cesium and ruthenium release 

v a l u e s  o b t a i n e d  i n  C O ,  w e r e  v e r y  much l o w e r  t h a n  t h e  corre- 

sponding  v a l u e s  o b t a i n e d  i n  a i r  (Table  4.4) e x c e p t  for t h e  

anomalous ruthenium release r e s u l t  i n  Experiment 84,  d i s c u s s e d  

below. I o d i n e  arid t e l l u r i u m  were released t o  about  t h e  same 

e x t e n t  i n  C O ,  t h a t  t h e y  were i n  a i r  a t  t h e  same t empera tu re .  

(1 t o  2 % 0 , )  

I n  Experiment N o .  84,  Tab le  4.5, a v e r y  large f r a c t i o n  

of t h e  ruthenium w a s  released under  unusua l  c i r cums tances .  

Approximately 104 of t h e  uranium was i n a d v e r t e n t l y  o x i d i z e d  

i n  air a t  t h e  beginning  of t h o  exper iment  and, a f t e r  o x i d i z i n g  

t h e  remain ing  uranium i n  CO,, a h i g h - v e l o c i t y  stream of hel ium 

w a s  pas sed  through t h e  a p p a r a t u s  for 3 0  minutes .  T h i s  combi- 

n a t i o n  of a tmospher ic  c o n d i t i o n s  produced h i g h e r  release 

v a l u e s  of s e v e r a l  n u c l i d e s  t h a n  r e s u l t e d  from o x i d a t i o n  i n  CO, 
a t  t h e  s a m e  t empera tu re  under  normal c o n d i t i o n s  (Experiment 

N o .  31), bu t  t h e  behav io r  of ruthenium i n  t h i s  exper iment  is 

e s p e c i a l l y  noteworthy.  A l l  t h e  f i l t e r  p a p e r s  u s e d  t o  co l lec t  

p a r t i c u l a t e  matter i n  t h i s  exper iment  c o n t a i n e d  ruthenium, 

i n c l u d i n g ,  i n  order, a 3.01 M i l l i p o r e ,  a 0 . 4 , ~  M i l l i p o r e ,  a 

c o a r s e  c e l l u l o s e  Whatman pape r ,  a 0,4p  M i l l i p o r e ,  and a n o t h e r  

Whatman c e l l u l o s e  paper .  T h i s  f a c t  i n d i c a t e s  t h a t  t he  ru-  

thenium w a s  i n  t h e  form of v e r y  s m a l l  p a r t i c l e s  o r  a gas and 

s u g g e s t s  t h a t  ruthenium probably  v o l a t i l i z e d  as RuO, or RuO, 

f o r  r e a s o n s  t h a t  are n o t  clear.  The e x i s t e n c e  of released 

ruthenium i n  t h e  form of an oxide  was sugges t ed  by t h e  f a c t  

t h a t  i t  d i s s o l v e d  e a s i l y .  Ruthenium ox ide  is much easier t o  

d i s s o l v e  t h a n  t h e  m e t a l .  
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4 . 2 . 4  Uranium Oxid ized  i n  Steam-Helium Mixtures  

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

p r o d u c t s  from i r r a d i a t e d  uranium o x i d i z e d  i n  s t e a m  a r e  t h o s e  

of S c o t t 4 9  and of P a r k e r  e t  al.21e The l a t t e r  i n v e s t i g a t o r s  

d i l u t e d  t h e i r  s team w i t h  hel ium End r e s u l t s  of t h e s e  s t u d i e s  

a r e  summarized i n  t h i s  s e c t i o n .  

Experiments  on t h e  release of f i s s i o n  p r o d u c t s  from ir- 

radiated uranium (0.17’0 burnup) o x i d i z e d  i n  steam were most 

c o n v e n i e n t l y  performed through u s e  of hel ium a s  t h e  c a r r i e r  

g a s .  I n  add i t ion  t o  s e r v i n g  as an i n e r t  carr ier  of steam, t h e  

hel ium swept f i s s i o n  g a s e s  i n t o  t h e  c o l d  c h a r c o a l  t r a p  a f t e r  

s t e a m  w a s  removed from t h e  f u r n a c e  e x i t  g a s  mixture  by conden- 

s a t i o n .  Release d a t a  o b t a i n e d  when i r r a d i a t e d  u r a n i u m  

specimens w e r e  exposed t o  a mix tu re  of steam and helium a t  

800 ,  1 0 0 0 ,  and l Z O O ° C  are d i s p l a y e d  i n  Table  4 .6 .  The slow 

o x i d a t i o n  rates a t t a i n e d  i n  t h i s  atmosphere made it i m -  

p r a c t i c a l  t o  o x i d i z e  t h e  uranium comple t e ly .  Consequent ly ,  

t h e  release v a l u e s  shown i n  Table  4 . 6  shou ld  be d i v i d e d  by 

t h e  f r a c t i o n  of uranium o x i d i z e d  b e f o r e  comparing them w i t h  

t h e  data i n  T a b l e s  4 .4  and 4 . 5 .  T h i s  c o r r e c t i o n  i g n o r e s  loss  

of f i s s i o n  p r o d u c t s  th rough d i f f u s i o n  from unoxid ized  p o r t i o n s  

of t h e  specimens which p robab ly  accoun t s  for t h e  f a c t  t h a t  

a d j u s t e d  v a l u e s  of more v o l a t i l e  e l emen t s  such  as i o d i n e  and 

t e l l u r i u m  exceeded 100% i n  soxe  cases. The d a t a  i n  Table  4 . 6  

show t h a t  t h e  dense ,  a d h e r e n t ,  c o a t i n g  of UO, formed around 

uranium specimens exposed t o  s t e a m  a t  t e m p e r a t u r e s  i n  t h e  

range  800  t o  1200OC r e s u l t e d  i n  marked r e d u c t i o n  of t h e  

f r a c t i o n  of f i s s i o n  p r o d u c t s  r e l e a s e d ,  e x c e p t  f o r  t e l l u r i u m .  

These data conf i rm Scott’s va lues49  showing t h a t  i o d i n e  and 

t e l l u r i u m  a r e  r e l e a s e d  t o  approximate ly  t h e  same e x t e n t  as 

t h e  rare g a s e s  i n  t h i s  environment .  The h igh  t e l l u r i u m  re- 

lease v a l u e  o b t a i n e d  i n  s team a t  120OoC,  as compared w i t h  

i o d i n e  release observed  a t  t h i s  t e m p e r a t u r e ,  s u g g e s t s  t h e  

p o s s i b i l i t y  t h a t  hydrogen r e l e a s e d  by t h e  uranium-steam 
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r e a c t i o n  may have combined w i t h  t e l l u r i u m  t o  farm h igh ly -  

v o l a t i l e  H,Te. However, no c o r r o b o r a t i n g  ev idence  f o r  t h e  

fo rma t ion  of such a compound was no ted  i n  t h e s e  exper iments  

and S c o t t ' s  data ,  which show t h e  same range  of i o d i n e  and 

t e l l u r i u m  release v a l u e s  a t  1215OC and h i g h e r  i o d i n e  t h a n  

t e l l u r i u m  release a t  144OoC, do  n o t  appea r  t o  s u p p o r t  t h i s  

h y p o t h e s i s .  The low cesium, ruthenium, and r a r e  g a s - r e l e a s e  

v a l u e s  observed  i n  a steam atmosphere are e s p e c i a l l y  note-  

worthy. 

4 .2 .5  Uranium Heated i n  Steam-Air Mix tu res  

The on ly  a v a i l a b l e  data on f i s s i o n - p r o d u c t  release from 

i r r a d i a t e d  uranium o x i d i z e d  i n  steam mixed w i t h  a i r  a r e  

c o n t a i n e d  i n  Table  4 . 7 .  

t r a c e r - l e v e l  (- n v t  o r  atom ($0 burnup) i r r a d i a t e d  

c y l i n d r i c a l  specimens weighing about  11 grams. The steam- 

t o - a i r  r a t i o  by volume was c a l c u l a t e d  $0 be 1 2  t o  1 a t  2OoC 

and t h e  a i r  f low v e l o c i t y  w a s  1 2 0  cm/min, measured a t  20 . 
H o r i z o n t a l  f u r n a c e  tube-open boa t  a p p a r a t u s  w a s  employed i n  

t h e s e  expe r imen t s .  The data,  when a d j u s t e d  f o r  f r a c t i o n  of 

uranium o x i d i z e d ,  are comparable t o  t h e  a i r  o x i d a t i o n  d a t a  

shown i n  Tab le  4 .4 ,  e x c e p t  f o r  t h e  ruthenium r e s u l t s .  

These d a t a  w e r e  obtained" w i t h  

0 

6 C o w  !d . - l e  e r o  r rad 'a  e 
Uranium i n  Var ious  Atmospheres a t  1200°C 

Release v a l u e s  o b t a i n e d  on h e a t i n g  i r r a d i a t e d  uranium 

(0.1% burnup, e x c e p t  f o r  one t e s t )  i n  v a r i o u s  a tmospheres  a t  

120OOC are compared i n  Tab le  4.8. 

o b t a i n e d  on comple t e ly  o x i d i z i n g  t h e  specimen i n  a i r ,  as 

compared t o  p a r t i a l  o x i d a t i o n  i n  CO,, is q u i t e  n o t i c e a b l e .  

The h i g h  ruthenium release 

4 . 3  Release of F i s s i o n  P r o d u c t s  

f r o m  Aluminum-Uranium Al loys  

Aluminum-uranium a l l o y s  clad w i t h  aluminum have been 

employed e x t e n s i v e l y  i n  r e s e a r c h  r e a c t o r s  (LPTR and ORR a t  
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Table  4 . 8 .  Comparison of F iss ion-Product  Release from I r r a d i a t e d  Uranium" 

Heated i n  Var ious  Atmospheres a t  12OO0C. 

Time P e r c e n t  of u P e r c e n t  of T o t a l  A c t i v i t y  Released 

cs Ru S r  Z r  Heated Oxidized Xe-Kr I Te (min) 
Atmosphere 

__ ~- 

Air 2 0  6 5  9 9 . 4  57 7 1  1 3  1.8 0 . 0 9  -0.05 

A i r  250 1 0 0  9 9 . 2  9 0  9 6  -14 8 5  - 0 . 0 1  

co2 6 3 0  100 -99  5 3  69 1 . 7  2 . 0  0.01 0 . 1  

CO, -helium 410 9 0  68 9 5  0 . 9 b  0.0Ib 0 . 6  

Steam-helium 1 2 3  65 1 5  79 0 . 2  0 . 0 1  0 . 0 2  0 . 2  

Helium 148 4 98  4 7  0 .6  2 . 0  0 . 9  

A i r C  50  9 2  8 1  9 2  6 6  -1.0 0.6 0 . 0 1  0,007 

S t e m  1 2 0  33  4 18 1 2  C 

0 . 1  atom % burnup, p rehea ted  i n  helium. a 

bRelease v a l u e s  probably low because of chemisorp t ion  i n  m u l l i t e  f u r n a c e  
t u b e  or alumina c r u c i b l e ,  

T r a c e r - l e v e l ,  i r r a d i a t i o n .  C 
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ORNL) and i n  mater ia l s  t e s t i n g  r e a c t o r s  (MTR and ETR a t  t h e  

NRTS). E a r l y  data  on f i ss ion-psoduc- t  release from f u e l  e le-  

r n e i i t s  of t h i s  t y p e  were obtained’ with low burnup f u e l  m a -  

t e r i a l s .  The release of f i s s i o n  p r o d u c t s  from i r r a d i a t e d  U - A 1  

a l l o y  specimens has  been r e c e n t l y  s t u d i e d  over  a wide range  of 

t e m p e r a t u r e s  i n  s e v e r a l  a tmospheres ,  u s ing  f u e l s  o f  s e v e r a l  

degrees of burnup. 43 ,50  i n  most; of the r e c e n t  expe r imen t s ,  

the f u e l  was he ld  a t  t h e  niaxinium t empera tu re  for two minutes  

b u t  t h e  specimens were molten for p e r i o d s  r ang ing  from about  

10 t o  1 7  minutes  d.ue t o  t h e  t i m e  r e q u i r e d  f o r  h e a t i n g  and 

c o o l i n g .  Some exper iments  w e r e  performed w i t h  l onge r  h e a t i n g  

p e r i o d s  because of t h e  p o s s i b i l i t y  t h a t  f i s s i o n - p r o d u c t  decay ~ 

h e a t  cou ld  m a i n t a i n  t h i s  low-melting f u e l  mater ia l  i n  t h r .  

molten s t a t e  f o r  c o n s i d e r a b l e  l e n g t h s  of t i m e  a f t e r  a l o s s .  

o f - coo lan t  acc iden t ,  

Data5’ showing t h e  e f f e c t  on f i s s i o n - p r o d u c t  release of 

s e v e r a l  v a r i a b l e s  i n c l u d i n g  t empera tu re ,  a tmosphere,  time a t  

t empera tu re ,  and a i r  f low ra te  are gi.wen i n  Table 4 . 9 .  These 

d a t a  w e r e  a l l  o b t a i n e d  w i t h  f u e l  specimens i r r a d i a t e d  t o  2 3 . 6  

atom O~’O 235U burnup. 

release of rare  gases is almost q u a n t i t a t i v e  at any tempera- 

t u r e  above t h e  me l t ing  p o i n t  of t h e  f u e l .  Release of  other 

e lemen t s  i n c r e a s e d ,  i n  g e n e r a l ,  wi.th i n c r e a s i n g  t empera tu re  

as  might be expec ted .  The e f f e c t  of atmcrsphere is most n o t i c e -  

a b l e  i n  t h e  t e l l u r i u m  and cesium r e s u l t s .  Release ~f Cesium 

w a s  much h i g h e r  t han  t h a t  of t e l l u r i u m  i n  helium whi le  the 

o r d e r  w a s  r eve r sed  i n  a i r  and steam-air atmospheres ,  a t  least  

a t  h igh  t empera tu res .  The release of i o d i n e  w a s  s l i g h t l y  

h i g h e r  i n  o x i d i z i n g  atmospheres  t h a n  i n  hel ium and, a t  900°C 

o r  h i g h e r  t empera tu res ,  more t h a n  9 0 %  of t h i s  impor tan t  f i s s i o n  

product  w a s  released i n  t h e  presence  of oxygen. Mixing steam 

w i - t h  a i r  had no s i g n i f i c a n t  e f f e c t  on f i s s i o n - p r o d u c t  release 

and t h i s  is i n  marked c o n t r a s t  t o  t h e  e f f e c t  of  steam on 

f i s s i o n - p r o d u c t  release from metall ic uranium, i n c r e a s i n g  

t h e  time a t  niaxinium tempera ture  i n  a i r  produced a moderate 

It is apparent tha- t ,  a t  t h i s  burnup l e v e l ,  



Tab le  4 . 9  E f f e c t  of Maximum Temperature,  Time a t  Temperature,  and Atmosphere" 
b 

on Fiss ion-Product  Release from U-A1 Alloy Specimens 

Maximum Time a t  Maximum Release (70) 
Temp. Temperature Atmospherea Gross Rare 
(OC) (min) Y Gases I Te C S  Ru 

800  

9 0 0  

1000 

1 1 0 5  

7 0 0  

8 0 0  

9 0 0  

1 0 0 0  

1 0 9  0 

1 1 4 5  

7 0 0  

8 0 0  

9 0 0  

1 0 0 0  

1 0 8 5  

700  

8 0 0  

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

60  

6 0  

Helium 

Helium 

Helium 

H e  1 ium 

A i r  

A i r  

A i r  

A i r  

A i r  

A i r  

S t e  a m - A i r  

S t e a m -  A i r  

S team-Air 

Steam-Air 

Steam-Air 

A i r  

A i r  

@ 
w 

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

1 3 . 5  -100 5 2 . 8  4 . 3  2 3 . 8  0 . 0 8  

2 3 . 5  -100  8 2 . 1  2 . 9  4 7 . 7  0 . 1 9  

4 0 . 7  -100 8 2 . 4  2 . 9  6 9 . 5  0 . 2 5  

3 . 1  0.02 2 . 3  9 7 . 9  3 7 . 8  0 . 3  

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

5 . 2  1 0 0 . 0  9 1 . 9  2 . 1  6 . 2  0 . 1  

6 . 7  c 9 . 8  9 7 . 3  K 9 . 7  8 . 8  0 . 2  

1 2 . 0  1 0 0 . 0  9 8 . 4  4 4 . 8  1 2 . 4  0 . 6  

16 .8  1 0 0 . 0  9 4 . 2  6 2 . 0  1 8 . 6  0 . 4  

0 . 9  9 8 . 3  2 7 . 0  < 0 . 0 3  0.6  cO.02 

2 . 5  9 9 . 5  7 6 . 8  0 . 3  1.1 0 . 1  

6 . 8  9 9 . 9  9 0 . 6  5 . 7  6 . 5  0 . 5  

1 0 . 6  -100 9 5 . 6  2 2 . 6  1 1 . 0  0 . 5  

2 5 . 5  -100 9 6 . 8  6 7 . 9  3 0 . 5  0 . 8  

- - -. 

3 . 3  9 7 . 7  5 8 . 0  cO.14 3 . 5  xO.02  

4 . 5  9 9 . 5  8 4 . 7  0 . 7  5 . 9  0 . 0 3  , 

2' 
(cont inued  n e x t  page) 



Table  4.9. (continued) 

Maximum Time a t  Maximum Release (10) 
Temp. Temperature ~ t m o s p b e r e ~  ~ross Rare 
(oc> ( m i l l >  Y Gases 1 Te cs Ru 

900 6 0  Air 6 . 3  9 5 . 9 5  9 5 . 3  2 . 9  9 . 2  0 . 2  

l0OG 6 0  A i r  18 .1  9 9 . 9 8  9 2 . 8  16.6 2 3 . 3  8. 

1 0 9  0 6 0  A i r  16 .1  9 9 . 9 8  9 8 . 3  7 8 . 4  37.8 0.03 

8406 40 A i r  5.3 -100 9 4 . 6  1 .5  6 . 5  0 . 1  
0 

870C 6 0  A i r  8 . 1  -100 95.8 4 . 0  6.9 0.7 cp 

a G a s  f l owing  a t  a ra te  of 2 5 0  cc/min (measured a t  room t empera tu re )  equiva-  
l e n t  t o  a gas v e l o c i t y  of approximate ly  34 cm/min. The steam f low r a t e  i n  
steam-air mix tu res  was four t i m e s  t h a t  of air. 

'Burnup l e v e l ,  2 3 . 6  atom 70 z35U. Specimens were i n  t h e  form of 5/16-%nch 
diameter disks punched from MTR-type f u e l  p l a t e s ,  re - i r rad ia ted  t o  build up  a 
s u i t a b l e  i n v e n t o r y  of s h o r t - l i v e d  f i s s i o n  p roduc t s .  

A i r  f l o w  s a t e  i n  these exper iments  w a s  increased t o  3000 cc/min or  about  c 

430 cm/min, measured a t  room tempera ture .  
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i n c r e a s e  i n  t e l l u r i u m  and cesium release b u t  t h e  r e l e a s e  of 

i o d i n e  and rare g a s e s  w a s  s o  h i g h  w i t h  a s h o r t  h e a t i n g  p e r i o d  

t h a t  no t i m e  e f f e c t  c o u l d  be observed  f o r  t h e s e  e l emen t s .  The 

release v a l u e s  o b t a i n e d  f o r  ruthenium i n  a i r  w e r e  so l o w  t h a t  

no t r e n d  wi th  e i ther  t i m e  o r  t empera tu re  c o u l d  be e s t a b l i s h e d  

from t h e  data o b t a i n e d .  The d a t a  i n  T a b l e  4.9 a l so  show t h a t  

a d r a s t i c  i n c r e a s e  i n  a i r  f low rate  had l i t t l e ,  i f  any, e f f e c t  

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

Data43 on t h e  e f f e c t  of burnup on f i s s i o n - p r o d u c t  r e l e a s e  

from U - A 1  a l l o y s  a t  d i f f e r e n t  t e m p e r a t u r e s  a r e  shown i n  Tab le  

4.10. T h e r e  is a n o t i c e a b l e  burnup e f f e c t  i n  t h e  release of 

a l l  t h e  f i s s i o n - p r o d u c t  e l emen t s  examined i n  these expe r imen t s  

b u t  t h e  l a r g e s t  and m o s t  impor t an t  e f f e c t  is i n  t h e  release of 

t h e  most v o l a t i l e  s p e c i e s ,  i o d i n e  and t h e  rare g a s e s .  These 

data  p rov ide  an e x p l a n a t i o n  for t h e  low r e s u l t s  p r e v i o u s l y  

r e p o r t e d 8  for f u e l  specimens i r r a d i a t e d  on ly  t o  trace l e v e l .  

The data show l i t t l e  i n c r e a s e  i n  release w i t h  i n c r e a s i n g  burn- 

1 - l ~  above 3 .2% e x c e p t  f o r  cesium r e l e a s e  a t  t h e  h i g h e s t  burnup 

l e v e l .  T h i s  f a c t  seems t o  i n d i c a t e  t h a t  t h e  burnup e f f e c t ,  

whatever  i ts e x p l a n a t i o n  may be, is s a t u r a t e d  a t  a compara- 

t i v e l y  low burnup l e v e l .  

4 .4  Release of F i s s i o n  P r o d u c t s  

from Zirconium-Uranium Al loys  

D a t a  ob ta ined8  on m e l t i n g  zirconium-uranium a l l o y  f u e l  

specimens i r r ad ia t ed  t o  a s i g n i f i c a n t  burnup l e v e l  (15  a t m  70 
235U) i n  a i r  and steam atmospheres  a r e  shown i n  Table 4.11. 

The a p p a r a t u s  u s e d  i n  m e l t i n g  expe r imen t s  i n  a i r  is shown i n  

F i g .  3 . 1  wh i l e  t h a t  used  w i t h  steam atmospheres  is shown i n  

F i g .  3 . 2 .  These d a t a  confirmed t h e  i n d i c a t i o n  i n  p r e v i o u s l y  

p u b l i s h e d  data t h a t  t h e  rare g a s e s  are  q u a n t i t a t i v e l y  re- 

leased but  t h e  i o d i n e  and c e s i u m  r e s u l t s  are much h i g h e r  on 

t h e  average  t h a n  t h o s e  o b t a i n e d  w i t h  low-burnup f u e l .  The 

5 1  
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Table  4 . 1 0 .  Effect of Temperature  and Burnup  on F i s s i o n  

Produc-t  R e  lease from Xrradiatecl Aluminum-Uranium Al loys  a 

BUI.%Up Release (7'0) 
Leve 1 

Ruthenium Rare G a s  Iodine Tel lu r ium ces ium 
( TO> 

A t  750°C 

T r a c e  
3 . 2  
9 . 0  

2 3 . 6  

3 . 7  
5 2 . 8  
5 4 . 2  
5 6  

- 0 . 0 1  
0 . 1 4  
0 . 0 5  

- 0 . 3  

- 1 . 2  

1 . 3  
-3 .6  

I 

a 

0 . 0 0 0 5  
0 . 0 0 4  
0 . 0 7  

4 . 3  
98.2 - 

-98 

A t  800°C 

1 6 . 7  

71.9 
7 8 . 6  

- 1 . 6  
1.1 
1.7 
3 , 8  

Trace 
3 . 2  
' 4 .0  

2 3 . 6  

0 . 0 2  

0 . 0 4  
- 0 . 3  

-0 .5  

- 0 -  002  
0 . 0 1  

W O .  0 1  
0 . 0 8  

3 7 . 2  
99. '  
9 9 .  
95. 

A t  9OO0C 

T r a c e  
3 . 2  
9 . 0  

2 3 . 6  

2 8 , s  
97.4 
9 5 . 0  
9 2  

0 . 0 3  
h .  1 
1 . 9  
2 , 0  

2 . 6  
2 .  7 
7 . 5  
6 , .  2 

-0.004 
0 . 0 0 2  

0 . 1  
- 

5 4 . 0  
>99.5 
>99.5 
>99.9 

Trace  
3 . 2  
9 .0  

2 3 . 6  

41,  2 
9 8 . 2  
9 7 . 2  
9 7 . 3  

0 .14  
5 . 3  
6 . 3  
9 . a  

- 
3 . 2  
3 . 5  
8 .8  

I 

0 . 0 4  
0 . 2  
0 . 2 5  

- 
-100 
-100 

99.8 

A t  l l O O o @  

( 3 4 . 3 )  
9 9 . 5  
93.5 
9 8 . 4  

T r a c e  
3 . 2  
9 .0  

2 3 . 6  

1 . 3  
31 ,7  
3 7 . 1  

-5 0 

-6 
9 . 5  

1 9 . 6  
1 2 . 4  

71.8 
-100 
.-loo 
100 

- 
0 . 0 3  
0 . 2 5  
0 . 6  

a Specimens were heated for 2 m i i i  a t  rnaxiiiium temperature  
i n  a i r  flowing a t  2.50 cc/min. 



T a b l e  4 . 1 1 .  Fiss ion-Product  V o l a t i l i z a t i o n  from Melted 

E n c a p s u l a t e d  Z i r c a l o y  Punched D i s k s ,  1 5 %  B u r n u p  

Atmosphere Heatigg Max P e r c e n t  of T o t a l  A c t i v i t y  Released 

I ,  cs S r  B a  C e  Run During  T i m e  Temp. Rare G r o s s  
No. Melt ing (set) (OC) Gases Y 

1 7 0 5  100  2 . 0  28  1 0  10 -10  A i r  1 2 . 5  

10-15  A i r  1 6  - 1 0 0  2 . 2  3 2  11 

10-16' A i r  1 2  1 7 5 0  1 0 0  6 .4  - 1 2  

11-25  A i r  3 0  1 7 0 5  1 0 0  2 . 5  14 7 . 3  0 . 9  0 . 1  0 . 0 0 5  

11-26 A i r  3 0  18 00  1 0 0  4 . 1  3 0  1 3  0 .8  0 . 3  0 . 0 0 4  

Av 2 0  1 7 4 0  1 0 0  3 .4  2 6  1 0 . 6  0 . 8 5  0 .2  0 . 0 0 4  0.. 
-4 

10-20  Steam 3 3  1 0 0  5 . 3  1 3  8 . 9  2 . 4  0 . 3  0 . 0 5  

10-22  Steam 3 2  1 7 7 5  1 0 0  5 . 5  52  23  3 . 1  1 . 2  0 . 0 1  

11-11 Steam 18 1 0 0  7 . 8  6 6  22 4 .8  

1 1 - 1 2  Steam 3 1  1 7 5 0  1 0 0  7 . 2  5 6  24 1 . 3  

11-14 Steam 35 1 7 5 0  1 0 0  4 .8  57 1 3  0 . 2  

1 1 - 2 1  Steam 3 0 . 5  1 7 5 0  1 0 0  8 . 0  4 5  1 9  0 . 2  0 . 0 5  

11 -24  Steam 3 1 . 5  1 7 3 0  1 0 0  5 . 7  3 6  2 0  0 . 8  0 . 2  

Av 30 1 7 5 0  1 0 0  6 . 3  4 7  1 9  1 .8  0 . 4  0 . 0 3  
~ 

S a m p l e  u s u a l l y  melted i n  a p p r o x i m a t e l y  1 2  sec. 

Punched d i s k  n o t  re-irradiated.  

boptical  p y r o m e t e r  t e m p e r a t u r e .  
a 
C 
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release of less v o l a t i l e  e lements  s u c h  as  s t r o n t i u m ,  barium, 

and cerium w a s  u n a f f e c t e d  by burnup, whieh is i n  l i n e  w i t h  

uranium-aluminum a l l o y  expe r i ence .  

I t  would be h i g h l y  d e s i r a b l e ,  i n  view of c o n t i n u i n g  u s e  

of zirconium-uranium a l l o y s  i n  r e a c t o r s ,  t o  supplement t h e  

e a r l y  release exper iments  and t o  examine t h e  d i s t r i b u t i o n  of 

t h e  v o l a t i l i z e d  f i s s i o r i  p r o d u c t s  i n  some d e t a i l ,  

5 . 0  INVESTIGATIONS WITH OXIDES DISPERSED 

I N  A METALLIC MATRIX 

5 . 1  IJrani-um Dioxide i n  Aluminum 

T h e r e  is ve ry  l i t t l e  d a t a  a v a i l a b l e  on the release of 

f i s s io i i  p roduc t s  f rom TJQ, dispersed i n  aluminum. Creek e t  

al. r e p o r t e d  r e s u l t s  o b t a i n e d  w i t h  t h r e e  t r a c e r - l e v e l  i r-  

r a d i a t e d  Geneva r e a c t o r  f u e l  samples .  An average  o f  5 . 6 %  of 

t he  rare g a s e s  and 0 .003% of the i o d i n e  was r e l e a s e d  on 

m e l t i n g  the samples  i n  a i r ,  The m e l t i n g  p a i n t  o f  aluminum 

( 6 5 9 O C )  is low enough so t h a t  d i f f u s i o n  of f i s s i o n  p roduc t s  

from UQ,, even i n  t h e  form of small. p a r t i c l e s ,  would r i o t  be 

expec ted  t o  be great  enough t o  be of s i g n i f i c a n c e  i n  reactor 

a c c i d e n t s  .I 

5 . 2  Uranium Dioxide i n  S t a i n l e s s  S t e e l  

S t u d i e s  of f i s s i o n - p r o d u c t  release from UO, d i s p e r s e d  

i n  s t a i n l e s s  s t ee l8  (Amy Power Package Reac to r  o r  S?d-1) f u e l  

coupons have been made with material  i r r a d i a t e d  a t  trace 

l e v e l  (Table 5 . 1 )  and w i t h  2 0  t o  30% burnup f u e l  (Tables  5 . 2 ,  

5 . 3 ,  and 5 . 4 ) u s i n g  a p p a r a t u s  of t h c  t y p e  shown i n  P i g s .  3 . 1  

arid 3 . 2 .  The data i n  T a b l e s  5 . 3  and 5.4 show a d e f i n i t e  

c o r r e l a t i o n  between f i s s ion -p roduc t  release and p r e h e a t  t i m e  

( t ime required t a  h e a t  t h e  f u e l  specimen from room tempera tu re  



6 9  

T a b l e  5 . 1 .  F i s s ion -Produc t  V o l a t i l i z a t i o n  f r o m  APPR 

Clad Coupons" Melted i n  A i r  or Steam 

P r e h e a t  P e r c e n t  T o t a l  A c t i v i t y  Released  
Run A t m o s -  Time  

Gross I o d i n e  cs S r  N o .  phe re  To Melt Rare 
( s e d  Gases Y 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

11 

A i r  

A i r  

A i r  

A i r  

A i r  

A i r  

Air 

A i r  

Air 

A i r  

Steam 

125 45 5 .4  49 

55  59 2 . 2  25  

42 38 

94 48 4 15 

137 40 1 . 5  34 

9 0  54 8 3 1  11 0 . 0 0 1  

144 6 1  6 4 1  13  0 . 0 0 1  

75 44 

1 5 1  5 0  4 .5  38 0.0001 

75 46 4 .4  3 5  3 .4  0 . 1  

9 . 1  0 . 0 3  Av 48 4 . 5  34 

1 1 . 2  0 . 3  0 .4  3 9  2 . 3  

~~ ~- __ ~ 

"Coupons i r r a d i a t e d  i n  g r a p h i t e  reactor for one week. 
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Tab le  5.3. V a r i a t i o n  i n  t h e  Amounts of I o d i n e  and R a r e  G a s e s  

Re leased  from APPR D i s k s  w i t h  D i f f e r e n t  P r e h e a t  Times 
a 

P r e h e a t  Pyrometer  P e r c e n t  of T o t a l  
Sample N o .  Time Reading A c t i v i t y  Released 

a t  m.p. 
Rare G a s e s  I o d i n e  (set) 

(OC 1 

4 

5 

6 

1 7  

20 

3 1  

59 

6 1  

7 2  

1300 

1565 

1500 

1618 

1550 

1521 

1 6  3 . 7  

31.3 5 .7  

19 .4  15 .2  

44 .6  15 .3  

4 1 . 0  15 .9  

50.7 17 .6  

A v  4 3 . 3  

- 

34.8 1 2 . 2  

a 
20% burnup. 



T a b l e  3.4.  V a r i a t i o n  i n  t he  Amount o f  C e s i u m  Released 

from APPR D i s k s  w i t h  D i f f e r e n t  P r e h e a t  Times 
a 

Thickness P r e h e a t  T i n e  P e r c e n t  of T o t a l  
(set) Ces ium Released  Sample No. B e a t e r  

( i n . )  

0 . 0 6 2  

0 . 1 2 5  

0 . 2 5  

0.31 

0.31 

6 

11 

20  

34  

4 2  

1 5 . 7  

18 " 7 

3 4 . 8  

64 .0  

72.7, 

Av 2 2 . 6  41.0 
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t o  t h e  m e l t i n g  p o i n t  of t h e  c l a d d i n g  and m a t r i x  m a t e r i a l ) .  

The rare gas and i o d i n e  d a t a  d i s p l a y  c o n s i d e r a b l e  s c a t t e r  b u t  

t h e  c o r r e l a t i o n  is somewhat better f o r  g ross  gamma and cesium 

d a t a  (F ig .  5 . 1 ) .  

l e c t i n g  t h e  h i g h e r  v o l a t i l i t y  of 

t h e  element  as  compared t o  t h e  ox ide .  A t  t h e  maximum tempera- 

t u r e s  a t t a i n e d  i n  t h e s e  expe r imen t s  (1575 t o  165OoC), Cs,O 

would be l a rge ly  d i s s o c i a t e d  bu t  t h e  f u e l  specimens were a t  

t h i s  t empera tu re  f o r  on ly  a f r a c t i o n  of t h e  t o t a l  h e a t i n g  

t i m e  . 

5 . 3  Uran ium Dioxide  i n  Nichrome 

F u e l s  c o n s i s t i n g  of uranium d i o x i d e  d i s p e r s e d  i n  

Nichrome V w e r e  c o n s i d e r e d  for u s e  i n  t h e  d i r e c t - c y c l e - r e a c t o r  

s y s t e m  a t  t h e  A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  a t  one t i m e  

and a few expe r imen t s  w e r e  performed8 t o  de te rmine  t h e  e x t e n t  

of f i s s i o n  p roduc t  release from f u e l  specimens of t h i s  t y p e .  

The d a t a  g i v e n  i n  Table  5 . 5  were o b t a i n e d  w i t h  t r a c e - l e v e l  

i r r a d i a t e d  f u e l  specimens and t h e  v a l u e s  a r e  n u t  s i g n i f i c a n t l y  

d i f f e r e n t  from t h o s e  o b t a i n e d  w i t h  t r a c e - i r r a d i a t e d  s t a i n l e s s  

s t e e l - u r a n i u m  oxide d i s p e r s i o n s  under  comparable c o n d i t i o n s .  

I o d i n e  and cesium r e l e a s e  v a l u e s  are lower t h a n  t h o s e  o b t a i n e d  

w i t h  high-burnup f u e l  m a t e r i a l s .  A more d e t a i l e d  examinat ion  

of release from t h i s  t y p e  of f u e l  may be r e q u i r e d  i f  u s e  of 

Nichrome-UO, d i s p e r s i o n s  i n  power r e a c t o r s  is contempla ted .  
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E 3 0  

-30% BURN-UP 

0 

LLl 
s. 

20  

10 

0 

Fig e 

APPR PUNCHED SAMPLES 
(MELTED IN A I R )  c 

- 
A 

- 

TI M E  (seconds) REQUIRED TO MELT SAMPLES 

5.1. C o r r e l a t i o n  of Per C e n t  Release of Cesium 
From SS-UO, D i s p e r s i o n  Fuel with T o t a l  Heating Time.  
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T a b l e  5 .5  Release off F i s s i o n  P r o d u c t s  From Nichrome 

V -Uranium Dioxide D i s p e r s i o n s  Heated i n  A i r  

H e a t i n g  P e r c e n t  of T o t a l  F i s s i o n  P roduc t  A c t i v i t y  Released 
Time Rare Gases I o d i n e  Cesium S t ron t ium 

3 0  sec 9 . 7  

3 2  sec 1 0 . 2  

4.2 0.7 

4.4 0.3 0.0001 

4 h r  7 7 9 9 . 1  1 . 7  0 . 0 1  

6 . 0  INVESTIGATIONS WITS OXIDE FUEL MATERIALS 

6 . 1  Uranium Dioxide ,  UO, 

F i s s i o n  p r o d u c t s  may be r e l e a s e d  from UO, f u e l s  d u r i n g  

a n  a c c i d e n t  by d i f f u s i o n ,  o x i d a t i o n ,  and m e l t i n g  i n  t h e  approxi -  

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

(see S e c t i o n  2 ) .  Each release mechanism is a f f e c t e d  by many 

pa rame te r s  and o b t a i n i n g  e x p e r i m e n t a l  data on a l l  pa rame te r s  

hna,-r  a l l  c o n c e i v a b l e  accident c o n d i t i o n s  would obv ious ly  re- 

q u i r e  a l a r g e  amount of e f f o r t .  Work i n  t h i s  f i e l d  has  been 

d i r e c t e d  toward de te rmin ing  t h e  r e l a t i v e  importance of t h e  

pa rame te r s  and toward e v a l u a t i n g  t h e i r  e f f e c t  an f i s s i o n -  

p roduc t  release under  most p robab le  a c c i d e n t  c o n d i t i o n s .  The 

v a r i o u s  release mechanisms w i l l  be c o n s i d e r e d  i n  t h e  o r d e r  

i n d i c a t e d  above. 

6 . 1 . 1  Release o f  F i s s i a n  P r o d u c t s  by D i f f u s i o n  

Re lease  of f i s s i o n  p r o d u c t s  from UO, by d i f f u s i o n  has  

been s t u d i e d  by more i n v e s t i g a t o r s  t h a n  of t h e  o t h e r  two 

mechanisms combined bu t  it is s t i l l  n o t  t ho rough ly  unders tood .  

S t u d i e s  5 2 ’  5 6  made by h e a t i n g  t r a c e - i r r a d i a t e d  PWR-type 

UO, p e l l e t s  i n  a f lowing  stream of p u r i f i e d  helium €or  5 .5  

h r  gave t h e  data  i n  Tab le  6 .1 .  Apparatus  shown i n  F ig .  3 . 7  
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w a s  used  i n  t h e s e  i n v e s t i g a t i o n s .  The smaller f r a c t i o n  of t h e  

sample v o l a t i l i z e d  i n  t h e s e  expe r imen t s ,  as compared t o  the  

B r i t i s h  r e s u l t s 5 7  o b t a i n e d  a t  comparable t i m e s  and t empera tu res ,  

is p o s s i b l y  due t o  t h e  d i f f e r e n c e  i n  sample s ize  ( 0 . 0 5  v s  7 

grams). I t  is clear from t h e s e  data t h a t  e scape  rates are 

h i g h  enough a t  t e m p e r a t u r e s  of 170OoC and above t o  permi t  re- 

lease of s i g n i f i c a n t  q u a n t i t i e s  of f i s s i o n  p r o d u c t s  ove r  a 

p e r i o d  of hour s .  

e l e m e n t s  as barium and z i rconium v o l a t i l i z e  t o  a s i g n i f i c a n t  

e x t e n t  i n  5.5 hours .  

A t  210OOC and above, even such  l o w - v o l a t i l i t y  

A p l o t  of d i f f u s i o n  c o n s t a n t  v s  1/OK for t h e  d i f f u s i o n  of 

rare g a s  (Xe) from t r a c e - i r r a d i a t e d  PWR-type UO, is shown i n  

F i g .  6.1.  The i n f l e c t i o n  p o i n t  a t  about  1800°C i n  t h i s  p l o t  

undoubtedly  is due t o  g r a i n  growth and s i n c e  t h i s  phenomenon 

is a f u n c t i o n  of both t i m e  and t e m p e r a t u r e ,  t h e  s l o p e  probably  

does n o t  change s h a r p l y .  

The release of v a r i o u s  f i s s i o n - p r o d u c t s  d u r i n g  5.5 hour s  

h e a t i n g  of t r a c e - l e v e l  UO, is compared i n  F ig .  6 . 2 .  T h i s  

shows t h a t  bo th  i o d i n e  and t e l l u r i u m  d i f f u s e  a t  a f a s t e r  r a t e  

t h a n  t h e  rare gases. S i m i l a r  p l o t s  f o r  UO, i r r a d i a t e d  t o  

h i g h e r  l e v e l s  are g i v e n  i n  F i g .  6 .3 .  

The e f f e c t  of burnup on release of f i s s i o n  p r o d u c t s  by 

d i f f u s i o n  a t  f o u r  t e m p e r a t u r e s  is shown by t h e  da ta  i n  Table  

6 . 2 .  D a t a  from Tab le  6 . 1  are i n c l u d e d  f o r  comparison a l though  

the  samples  w e r e  n o t  i d e n t i c a l  even f o r  PWR UO,. None of t h e  

h i g h  burnup UO, materials r e c e i v e d  t o  d a t e  have inc luded  i n t a c t  

p e l l e t s  such  as t h o s e  employed t o  o b t a i n  t h e  data i n  Table  6.1.  

Fragments of v a r i a b l e  s ize  were, of n e c e s s i t y ,  employed t o  

s t u d y  t h e  burnup e f f e c t .  These f r agmen t s  ranged i n  weight  

rough ly  from 0 . 1 t o  0 . 2  grams and sample we igh t s  v a r i e d  from 

about  1 t o  2 grams. There  is no  c l e a r - c u t  burnup e f f e c t  e v i -  

d e n t  a t  lower t e m p e r a t u r e s  (1400 or 1610) o r  a t  l o w  burnups 

(1000 Mwd/ton) b u t  o t h e r w i s e  i t  is q u i t e  p l a i n  t h a t  d i f f u s i o n  

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

p o s s i b l y  f o r  t he  l o w - v o l a t i l i t y  e l emen t s .  
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D' Calculated frsm f F* values anel Using 
A u s k e r n s  Formula ( W A P D - T M - 1 8 5 ) :  

\ 
x 

I 

-1.776 405 
D' = 4.262 x 409e RT 

xx 
\--------- 

X Q = 474.6 kcai 

X 

X 

X 

or 
I 

Log D ' =  -4.9627- 1.3321 x 

I 

2 3 4 5 6 7 8 9 40 

A- 7- 

F i g ,  6 .1 .  Rare G a s  D i f f u s i o n  from PWH UO, i n  Helium. 
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F i g .  6 . 2 .  Release of F i s s i o n  P r o d u c t s  by D i f f u s i o n  
f r o m  Trace-Level  I r r a d i a t e d  UO, Heated i n  Pure Helium for 
F i v e  Hours. 
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TEMPERATURE, 

4 4 - x 110 r 

Fig .  6 . 3 .  Release of F i s s i o n  Products  by D i f f u s i o n  
f rom H i g h l y - I r r a d i a t e d  PWR-Type UO, Heated 5 . 5  Hours  in 
P u r i f i e d  Flowing Helium. 



Tab le  6 .2 .  E f f e c t  of Burnup Level  and Temperature on D i f f u s i o n  of F i s s i o n  P roduc t s  

from UO, Heated 5.5 Hours i n  Pure  H e l i u m  

I r r a d i a t i o n  P e r c e n t  of I n d i v i d u a l  F i s s i o n  P r o d u c t s  Released" 

(Mwd/ton) Xe-Kr I Te C S  Ru S r  Ba 
Leve 1 Temperature 

(OC 1 

b 

1005; 

4000 
b 

1610 -1 

1400 -1 

1000b 

1005; 
1000b 

1000b 

lc 

1000b 

4000 
b 

1O0!jb 

4000 
b 

1005b 

4000 

178 0 

198  0 

0.02 0.8 4.0 3.9 0 .02  
0.8 0 .9  0 . 8  2 . 6  0.001 
0 . 5  1 . 6  1 . 2  0.5 0 . 0 0 1  
6 . 1  23 1 6  2 1  0.006 

2.7 6 . 5  1 2  1.7 1 .5  
2.6 3 .7  1 2  1 2  0 . 1  
6 . 0  5 .5  27 20 0.3 

14 25 48 43 0 . 2  

3 . 7  1 2  2 1  3.2 6.9 
1 2  24 67 27  0 . 4  
14  26 35 22 0.4 
4 2  59 60 4 0  5 .7  

1 2  4 1  75  1 5  1 3  
29 5 3  74 84  6 .0  
49 6 3  90 7 0  4 .8  
7 1  8 1  8 1  98 1 5  

0 . 0 0 1  
0 .1  
0 . 0 6  1 .8  
0 . 0 8  0 . 5  

0 . 1  
2.0 17  
0.2 1 2  
0 . 5  1 5  

1 .0  
9 .0  39 
3.7 2 1  
5.8 1 8  

4.2 8 . 7  
15  57  

-10 5 1  
3 3  60 

a I n c l u d e s  t h a t  p o r t i o n  adsorbed on c r u c i b l e  and r e f l ec to r  p a r t s .  

bPWR-type UO, (93 t o  94% of t h e o r e t i c a l  d e n s i t y )  - o n l y  t h e  1 Mwd/T p e l l e t s  
were f u l l  s i ze  (7  gm). The high-burnup samples were 0.1-0.2 g m  f ragments  w i t h  a 
t o t a l  weight of 1 t o  2 g m .  

EGCR-type UO, (97% of  t h e o r e t i c a l  d e n s i t y ) .  Samples w e r e  s imi l a r  t o  PWR C 

samples  i n  t o t a l  weight  and fragment s i ze .  
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0 Data on d i f f u s i o n  rates a t  t empera tu res  between 2260 I: 
0 and the me l t ing  p o i n t  of lpOz (2860 ) a r e  very  scarce. Release 

r e s u l t s  o b t a i n e d  i n  a t r a n s i e n t  zeactor experiment  5 8 9 5 9  where 
0 

t h e  specimen reached  a t empera tu re  above 2600  C Tor a ve ry  

short ,  t i m e  (seconds)  bu t  d i d  no t  melt, i n d i c a t e d  t h a t  release 

ra tes  of t h e  more v o l a t i l e  e l emen t s  a r c  ve ry  high i n  t h i s  

tempera ture  range  % 

One type  of release from UO, t h a t  has r e c e i v e d  cornpara- 

t i v e l y  l i t t l e  a t t e n t i o n  i n  comparison t o  o t h e r  release mecha- 

m i s m s  is the escape  of f i s s i o n  gases r e s u l t i n g  f r o m  r a p i d  

e oo 1 i n g  

55 P a r k e r  and co-workers compared t h e  g a s  release be- 

h a v i o r  of t r a c e - i r r a d i a t e d  and h i g h l y - i r r a d i a t e d  UO, specimens 

on h e a t i n g  t o  I 6 0 0  C and c o o l i n g .  The r e s u l t s  are shown i n  

F i g .  6 . 4 .  T h i s  t empera tu re  is probably t oo  low for informa- 

t io i l  of a p p r e c i a b l e  amounts of s u b s t o i c h i o m e t r i c  o x i d e ,  which 

probably  accoun t s  f o r  f a i l u r e  t o  observe  s i g n i f i c a n t  release 

on c o o l i n g  t h e  t r a c e - i r r a d i a t e d  material ,  bu t  t h e  r eason  f o r  

t h e  large c o o l i n g  release i n  t h e  h i g h l y  i r r a d i a t e d  specimen 

is n o t  c lear .  A s i m i l a r  release is  shown in F i g .  4 .11.  I t  

h a s  not  been e s t a b l i s h e d  whether  o t h e r  f i s s i o n  p r o d u c t s  show 

a c o a l i n g  b u r s t  e f f ec t  bu t  t h e  p o s s i b l e  c o n t r i b u t i o n  of t h i s  

e f f e c t  t o  t h e  o v e r a l l  hazard  of lo s s -o f -coo lan t  a c c i d e n t s  

needs  c o n s i d e r a t i o n  if r e a c t o r  a c c i d e n t  c o n d i t i o n s  permi t  

r a p i d  e o o l i n g  of ove rhea ted  f u e l .  

0 

- 6 . 1 . 2  Ox ida t ion  of Uranium Dioxide  

A cornparison of i n i t i a l  o x i d a t i o n  ra tes  of specimens 

d i f f e r i n g  only  s l i g h t l y  i n  d e n s i t y  is shown i n  F i g .  6 . 5 .  

Ox ida t ion  ra tes  w e r e  de te rmined  i n  t he  s a m e  a p p a r a t u s  (F ig ,  

3 . 4 )  used  f o r  o x i d a t i o n  of metall ic,  uranium. Sur face  areas 

p l o t t e d  are g e o m e t r i e a l  areas.  Agreement w i t h  data  ob ta ined  

by P e a k a l l  and A n t i l l  seems q u i t e  good. I t  is clear  from 

t h i s  f i g u r e  t h a t  o x i d a t i o n  r a t e s  are s t r o n g l y  dependent on 

d e n s i t y  and on s u r f a c e  a rea ,  which probably  e x p l a i n s  some of 

6 0  
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t h e  c o n f u s i o n  t h a t  h a s  a r i s e n  i n  r e g a r d  t o  o x i d a t i o n  rates.  

Data  on t h e  e f f e c t  of va ry ing  f u r n a c e  t empera tu re  on t h e  

r a t e  of o x i d a t i o n  of UO, i n  a i r  are shown i n  F i g s .  6 . 6 ,  6 . 7 ,  

and 6 . 8 .  

O x i d a t i o n  of UO, by steam a p p a r e n t l y  does  not  occur  a t  

s i g n i f i c a n t  rates. The s i n t e r i n g  e f f e c t  of s team on powdered 

UO, a t  modera te ly  h i g h  t e m p e r a t u r e s  (800 t o  1000°C) w a s  

mentioned ear l ier  i n  t h i s  r e p o r t  ( S e c t i o n  4 . 1 . 3 ) .  Data on 

ra tes  of oxida t ion  of UO, i n  steam-air mix tu res  seem t o  be 

l a c k i n g  a t  p r e s e n t .  

The complexi ty  of t h e  o x i d a t i o n  of UO, i n  a i r  makes i t  

d e s i r a b l e  t o  have o x i d a t i o n  rates wi th  f u l l - s i z e ,  h igh ly -  

i r r a d i a t e d  f u e l  e l emen t s  and t o  o b t a i n  f i s s ion -p roduc t  re- 

lease data  c o n c u r r e n t l y  w i t h  t h e  o x i d a t i o n  s t u d i e s .  Such 

i n v e s t i g a t i o n s  can  obv ious ly  be performed on ly  i n  w e l l  de- 

s i g n e d  and w e l l  s h i e l d e d  h o t - c e l l  f a c i l i t i e s .  

6 . 1 . 3  Fis s ion -Produc t  Release R e s u l t i n g  
from O x i d a t i o n  of UO, 

Fewer s t u d i e s  of f i s s ion -p roduc  t release accompanying 

t h e  o x i d a t i o n  of UOz have been made t h a n  of d i f f u s i o n  release. 

P a r k e r  and co-workers5’ f i r s t  s t u d i e d  release from trace- 

i r r a d i a t e d  PWR-type U02 p e l l e t s  of 94% of t h e o r e t i c a l  d e n s i t y  

and l a t e r 5 4  from t h e  same t y p e  of f u e l  i r r a d i a t e d  t o  d i f f e r e n t  

l e v e l s  of burnup t o  a maximum of 7000  Mwd/ton. Release v a l u e s  

de te rmined  w i t h  specimens i r r a d i a t e d  a t  trace l e v e l  (-1 Mwd/T) 

are p l o t t e d  i n  F ig .  6 . 9 9  whi le  data  o b t a i n e d  a t  t h e  h i g h e s t  

burnup l e v e l  are g iven  i n  Tab le  6 . 3 .  I t  is c lear  from t h e s e  

d a t a  t h a t  f i s s i o n  p roduc t  release is n o t  a s imple  f u n c t i o n  

of t empera tu re .  T h i s  complex behav io r  might be expec ted  from 

t h e  o x i d a t i o n  d a t a  shown i n  F i g s .  6.6,  6 . 7 ,  and 6 . 8 .  

The e f f e c t  of varyang the  h e a t i n g  t i m e  a t  d i f f e r e n t  

t e m p e r a t u r e s  is shown i n  Tab le  6.4.  Specimens employed t o  

o b t a i n  t h e s e  data  w e r e  PWR-type material w i t h  a d e n s i t y  of 
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F i g .  6 . 9 .  F i s s i o n  Product  Release by t h e  Ox ida t ion  
of UO, t o  U,O, i n  A i r ,  Showing D i s c o n t i n u i t y  Between 600° 
and 9 0 0 ' C .  



9
0

 

w
 
0
 

0
 

0
 

0
 

V
 r- 

0
 

0
 

0
 

0
 

V
 d
 

0
 

a
 
a
 

c, 
0

 

0
 

Ln 

0
 

V
 r-l d
+
 

d
 

m
 

0
 

0
 

1.0 

F
 

0
 

Q
 

Q
 

V
 Ln 

0
 

0
 
0
 

0
 

V
 

d
 

0
 

Ln 
0

 
6
 

Q
 

V
 co 
a
 

0
 

V
 Ln 

i-4 4
 

Q
 

0
 
0
 

I'- 



a 
Table  6.4. F iss ion-Product  Release from PWR-Type UO, 

b 
I r rad ia ted  t o  4000 Mwd/T and Heated i n  A i r  

Time a t  Temp. P e r c e n t  of I n d i v i d u a l  F i s s i o n  P r o d u c t s  Released 
(min. ) Temp. 

A i r  Rare Gases I Te cs Ru S r  Ba U (OC) H e  

5 0 0  

600 

700 

8 00 

9 0 0  

1000 

1100 

1200 

1 6  
18 

1 4  
15  

14 
13.5 
14 

1 3  
1 4  

1 4  
1 5  

16  
13.5 

14  
14  

14 
13  

23 
90 

18 
9 0  

12 
1 5  
90  

15  
90 

1 9  
90 

15  
9 0  

14 
3 0  

16.5  
9 0  

1 .5  
2.9 

4.4 
4 .5  

9 . 3  
7 . 0  
6.8 

14 
1 4  

2 1  
22 

4 0  
44 

66  
73  

7 1  
8 0  

3.6 <0.007 
3.2  <0.01 

1 0  CO. 006 
8 . 0  8.4 

9 . 6  0 . 0 1  
1 0  0.004 

6.5 <0,05 

7 . 1  0.007 
1 6  <O. 06 

49 0 .4  
47 6.0 

84 12 
7 5  32 

16  
79 39 8 4  

82 37 
9 5  66 

<0.0004 
<O. 0007 

0.002 
<o. 001 

0 , 0 0 1  
<o. 0 0 1  
<O. 0005 

0.015 
<o. 0 1  

0.009 
0.015 

0 .09  
0.37 

<o. 02 
0.2 

0.8 
6.4 

<0.005 <0.0004 
<o. 0 1  

0.08 
1 . 8  

1 .7  
0 .4  
2.3 

1.0 
1 2  

1 7  
53 

7 2  
9 2  

9 1  
99  

99 
99.6 

<o. 0004 

<o. 001 
<o. 0 0 1  

<o. 0002 
<O. 0003 
<O. 0004 

<O. 0004 
<O. 0004 

<o. 001 
<O. 0008 

<O. 0003 
0 . 1  

€0.05 
0.006 

<o. 01 
0.007 

<@. 0008 

<O.  004 

<O. 0004 
<O. 0006 
<o. 002  

<O. 0007 
<o. 001 

0 . 0 1  
<O. 004 

<o. 02 
0.08 0 . 0 6  

<o. 003 
0 .01  <O. 003 

<o. 001 
0.7 <O. 003 

Sample approximately 1 g of i n t e r m e d i a t e  d e n s i t y  ( 9 3  t o  94%) mater ia l  i n  porous a 

b A i r  flow, 1 0 0  cc/min. 

a lundum cups.  
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9 3  t o  94% of t h e o r e t i c a l ,  i r r a d i a t e d  t o  a burnup of 4000 Mwd/T. 

I n c r e a s i n g  exposure  t i m e  i n  a i r  i n  t h e  range  i n v e s t i g a t e d  seemed 

t o  have no s i g n i f i c a n t  e f f e c t  on f i s s i o n - p r o d u c t  release below 

800°C b u t  a t  t h i s  t empera tu re  and above, i n c r e a s i n g  release of 

some i s o t o p e s  w i t h  i n c r e a s i n g  exposurc w a s  observed as  might 

be expec ted .  S i m i l a r  d a t a  o b t a i n e d  w i t h  lower burnup mater ia l  

are c o n t a i n e d  i n  Table  6 . 5 .  

The e f f e c t  of burnup on o x i d a t i o n  release of t h e  more 

v o l a t i l e  f i s s i - o n  p r o d u c t s  is shown g r a p h i c a l l y  i n  F ig .  6 . 1 0  

f o r  two t empera tu res .  The l a r g e s t  e f f e c t  i n  . the  case of i o d i n e  

and ruthenium came i n  the f i r s t  1 0 0 0  Mwd/T o f  burnup and t h i s  

was a l s o  t r u e  of the rare gases at I.ZOOOC.  he release of 

t e l l u r i u m  appeared t o  i n c r e a s e  more or  less r e g u l a r l y  wit11 

i n c r e a s i n g  burnup i n  t h e  range tested. The release of cesium, 

even  a t  1 2 0 0  , w a s  t o o  law t o  e s t a b l i s h  an unequ ivoca l  c o r r e -  

l a t i o n  bu t  t h e  r e s u l t s  o b t a i n e d  i n d i c a t e  a slight i n c r e a s e  i n  

release w i t h  i n c r e a s i n g  burnup. 

0 

Tile outsLanding f e a t u r e  of t h e s e  r e s u l t s  is the h i g h  re- 

lease of i o d i n e  and ruthenium. C o n d i t i o n s  far Lhe release of 

t h e  l a t t e r  appear t o  be e s p e c i a l l y  f a v o r a b l e  i n d i c a t i n g  that, 

t h i s  e lement  is readily conver t ed  t o  a v o l a t i l e  ox ide .  

6.1.. 4 Fis s ion -Produc t  Release From Molten UO, 

Melt ing  of i r r a e l h t e d  UO, is t h e  most d r a s t i c  mechanism 

for r e l e a s i n g  f i s s i o n  p roduc t s  b u t ,  on account  of the v e r y  

h igh  m e l t i n g  p o i n t  of TJO,, it is a l s o  t h e  least l i k e l y  t o  

occur. The p r i n c i p a l  pa rame te r s  i n v e s t i g a t e d  were burimp, 

sample s i z e ,  t i m e  molten,  a tmosphere,  m e l t i n g  method, and 

t y p e  of c l a d d i n g .  Most of t h e  mel-king exper iments  w e r e  per-  

formed i n  he l ium because of r e a c t i v i t y  of c o n t a i n e r  o r  hea te r  

mater ia l s  w i t h  oxygen b u t  i t  seems probab le  t h a t  t h e  atmosphere 

su r round ing  molten UO, h a s  1 i t t I . e  e f f e c t  on t h e  exten-l; o f  re- 

lease. A few exper iments  were performed w i t h  eo,, a i r ,  and 

steam-air mix-Lures,  There can  be l i - t t l e  doubt ,  however, t h a t  

t h e  atmosphere w i l l  have a d ra s t i c  effect  on p o s t - r e l e a s e  



T a b l e  6.5. F i s s i o n  Product Release from UO, O x i d i z e d  i n  A i r  

Sample: I n t e r m e d i a t e  d e n s i t y  PWR UO, (93-9470) 
I r r a d i a t i o n :  1000 Mwd/ton 
Air flow: 1 0 0  cc/min 

Time a t  P e r c e n t a g e  of I n d i v i d u a l  F i s s i o n  P r o d u c t s  R e l e a s e d  
Tempera tu re  

(min) 
Temp. 
(OC) I Te cs Ru Sr Ba U Rare 

Gases He A i r  

500 9 
1 5  13  
1 5  9 0  

0.013 <O. 0 0 1  < O .  0009  

< O b  0008  

4 . 4  4.6 <0.014 0.02 <0.001 
2.5 ~ 0 . 0 0 3  <0.0008 <0.014 <0.004 

0.008 <0.002 0 . 3 6  <0.004 
4.0 
4 . 0  4.7 

6 0 0  11 
1 5  1 3  
1 2  9 0  

0.003 0.33 0.003 0.004 

0.005 0.003 

6 . 6  3.4 
6 . 0  5 . 6  <0.003 <0.0007 <0.23 <o. 0 0 1  0 . 0 0 0 9  

<O. 0 0 0 9  KO. 0009 5 . 5  6.0  0.9 

0 . 0 1  0.001 0 . 6 3  0 . 0 0 1  7 0 0  1 2  8 . 5  9 . 4  1 .25  <0.0009 < o . o o i  
1 0 . 1  <0.003 <0.003 
10.0 <0.003 0 .02  

15 1 2  7 . 2  <O. 0 0 0 8  <O. 0007 
13 9 0  8.3 3.8 
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1 4  1 1 . 9  
9 0  13 .7  

15.2 
14.4 
2 6 . 9  

<0.4  0.005 
<0.85 0.03 

0 . 4 1  <0.002 

18.9 
11.5 
30.3 

<o. 0 0 1  
<o. 002 
<o. 0 0 1  

1 0  
1 2 . 5  

KO. 0 1  
<O.  0015 

26  30.3 
18 22 .2  
9 0  30.5 

<7 .7  0 .07  
< O .  6 -0.03 
31.3 0.02 

81.5  
6 9 . 8  
9 7 . 9  

<o. 0 0 1  
<o. 001 

0.002 

55.2 
4 2 . 2  
73.3 

<O, 007 
0.002 0.007 
0.005 <o. 0012 

1 0  
1 2  

8 
12 .5  
1 2 . 5  

10 6 0 . 0  
11 49.9 
9 0  52.7 

70.4 
6 4 . 1  
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75.3 2 . 8  
28.0 <o, 0 1  
58 .0  C0.4 

85.7 
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<o. 0 0 1  
0 , 0 0 1  

<o. 2 

<o. 002 0.002 
<O.  0 1 6  
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17  
14.5 

1 5  7 9 . 6  
9 0  77.0 

8 6 . 6  
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59.4 <o. 1 
75.9 4.5 

9 7 . 8  
9 9 . 7  

<O.  03 
0.14 

0 . 1  
0 .14  0.142 



94 

100 

90 

80 

70 

9 60 

a 

cc 50  

cn 
I*J 
_I w 

k- z 
w 
c> 
$ 40 
fl. 

30 

20 

10 

0 

ORNL -LR-DWG 76485 

0 1000 2000 3000 4000 5000 6000 7000 
BIJRNUP LEVEL (Mwd/T) 

F i g .  6 . 1 0 .  E f f e c t  of Burnup on F i s s ion -Produc t  Release 
by O x i d a t i o n  at 1 0 0 0 ~  and 1 . 2 0 0 ~ ~ .  



9 5  

behav io r  of t h e  more r e a c t i v e  f i s s i o n - p r o d u c t  e lements .  During 

most of t h e  p e r i o d  covered  by t h i s  r e p o r t  t h e  on ly  r e p o r t e d  

expe r imen t s  on measurement of f i s s i o n - p r o d u c t  release from 

m o l t e n  UOz were performed a t  t h e  Oak Ridge N a t i o n a l  Labora tory  

and a v a r i e t y  of methods have been employed i n  t h e s e  i n v e s t i -  

g a t  i o n s .  

R e s u l t s  of t h e  f i r s t  m e l t i n g  exper imentss3  w i t h  s m a l l  

t r a c e - i r r a d i a t e d  UO, specimens melted i n  an arc-image f u r n a c e  

(F ig .  3 .5)  a l o n g  w i t h  its Be0 s u p p o r t  t u b e  a r e  g i v e n  i n  Table  

6.6.  The sample s u p p o r t  and t h e  f i s s i o n  p roduc t  c o l l e c t i o n  

t r a i n  u s e d  i n  t h e s e  expe r imen t s  a r e  shown i n  F i g .  3 . 6 .  The 

on ly  pa rame te r s  var ied were t h e  sample weight  and t h e  m e l t i n g  

t i m e .  The d a t a  show t h a t  f o r  t h e s e  s m a l l  specimens,  release 

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

and rare e a r t h s ,  w a s  ve ry  h i g h  when comple te  m e l t i n g  of t h e  

specimens w a s  ach ieved .  R e s u l t s  of o t h e r  expe r imen t s  w i th  

d i f f e r e n t  a tmospheres  and t h r e e  l e v e l s  of burnup a r e  shown i n  

Tab le  6 . 7 .  T h e r e  a p p e a r s  t o  be a d e f i n i t e  i n c r e a s e  i n  release 

between t r a c e - l e v e l  i r r a d i a t i o n  and 2800 Mwd/T b u t  t h e r e  were 

no s i g n i f i c a n t  d i f f e r e n c e s  between t h e  r e s u l t s  a t  2800 and 

1 1 , 0 0 0  Mwd/T. There  is no ev idence  i n  t h e s e  data t h a t  t h e  

atmosphere su r round ing  t h e  molten specimens a f f e c t e d  t h e  elt- 

t e n t  of release. 

D a t a 5 6  o b t a i n e d  w i t h  l a r g e r  samples  of trace-irradiated 

UO, h e a t e d  i n  t u n g s t e n  c r u c i b l e s  (F ig .  3 . 7 )  are g iven  i n  Table  

6 . 8 .  The t i m e  t h a t  t h e  UO, remained molten v a r i e d  t o  some 

e x t e n t  i n  t h e s e  expe r imen t s  and t h e r e  seems t o  be a p o s i t i v e  

c o r r e l a t i o n  between release and t i m e  molten f o r  t h e  more 

v o l a t i l e  e l emen t s .  Comparable release r e s u l t s  w e r e ,  i n  

g e n e r a l ,  o b t a i n e d  by t h e  t w o  m e l t i n g  t e c h n i q u e s  e x c e p t  for 

ruthenium. T h i s  e l e m e n t  is known t o  be q u i t e  oxygen s e n s i t i v e  

and it is q u i t e  p o s s i b l e  t h a t  its h i g h e r  release on m e l t i n g  

i n  t h e  arc-image f u r n a c e  c a n  be a t t r i b u t e d  t o  traces of oxygen 

i n  t h e  hel ium s u p p l y  and t h e  absence  of t h e  good oxygen g e t t e r  
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Table  6 . 7 .  E f f e c t  of I r r a d i a t i o n  and Atmosphere on F i s s i o n  Product  Release  

R e s u l t i n g  from t h e  Melt ing of  UOt a 

P e r c e n t  of I n d i v i d u a l  F i s s i o n  P r o d u c t s  Released I r r a d i a t i o n  W t .  of 
Atmosphere Leve 1 Sample 

(Mwd/T) (g 1 X e - K r  I Rare uo2 
Te cs Ru Ba E a r t h s  Vaporized 

H e  1 ium T r a c e r  0 . 2 2  9 9 . 5  90 9 2  9 1  6 1  2 . 1  4.5 2 . 2  
(Impure ) 2 8 0 0  0 .03  9 9 . 9  9 2  9 8  99 9 0  2 . 1  6.6  5 . 1  2 1  

A i r  T r a c e r  0 . 2  9 8  9 5  79 38 68 0 . 2  0 . 5  0 . 5  
28 00 0.04 100 9 9 . 7  9 4  9 3  9 5  0.4 1.8 3 . 0  

co 2 T r a c e r  0 . 2  8 1  7 7  71  6 1  4 5  0 . 3  1.1 0 . 9  1 4  
2 8 0 0  0 . 0 2  9 9 . 9  9 9  9 9  90 74  0.5  2 . 5  2 .8  
11000 0 . 0 5  9 9 . 9  99 .9  99  9 7  7 9  0 . 6  2 . 9  2 . 3  

EGCR TJO,, w i t h  O/U r a t i o  of 2.04  and d e n s i t y  95% of t h e o r e t i c a l  ( a v e r a g e ) ,  mel ted a 

i n  arc-image f u r n a c e ,  

bAverage of t w o  r e s u l t s ;  a l l  o t h e r s  are averages  of t h r e e  r e s u l t s .  
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( t u n g s t e n )  t h a t  w a s  a v a i l a b l e  i n  t h e  la ter  expe r imen t s  w i t h  

l a r g e r  samples .  

i n  5 6 , 6 1  R e s u l t s  of a t h i r d  t y p e  of m e l t i n g  exper iment  

which a t u n g s t e n  rod  resistor passed  through c o r e d  UO, p e l l e t s  

s e r v e d  as t h e  h e a t i n g  element  (See F i g .  3 .9)  are shown i n  

Tab le  6 .9 .  Both c l a d  and unc lad  e l emen t s  w e r e  employed i n  

t h e s e  expe r imen t s ,  but t h e y  w e r e  l i m i t e d  t o  a hel ium atmos- 

phere  and complete  m e l t i n g  of specimens c o u l d  n o t  be ac- 

complished b e f o r e  t h e  t u n g s t e n  r o d s  mel ted .  N e v e r t h e l e s s ,  

t h e  r e s u l t s  are q u i t e  u s e f u l  because t h e  h igh  i n t e r i o r  f u e l  

t e m p e r a t u r e  and c o o l e r  s u r f a c e  ach ieved  w i t h  t h i s  h e a t i n g  

method more n e a r l y  s i m u l a t e  n u c l e a r  h e a t i n g  t h a n  any o t h e r  

o u t - o f - p i l e  t echn ique .  

Release data o b t a i n e d  i n  s i n g l e - p i n  expe r imen t s  a r e  

compared i n  Tab le  6.10 w i t h  t h e  r e s u l t s  of t w o  expe r imen t s  

w i t h  c l u s t e r s  of seven  p i n s  (F ig .  3 . 1 0 ) .  The c e n t e r  p i n  w a s  

Table 6 .10 .  Release From Center -Res is tor -Heated  B a r e  UO, 

F u e l  P i n s  C o r r e c t e d  t o  100% of Mel t ing  

Re lease  ’% 
No. of F u e l  - 

uo, I Te C s  Ru Sr Ba C e  P i n s  

1 0.8  7 0  9 0  8 2  1.1 2 . 5  9 . 0  x1.0 

7 3 . 1  60 45 3 7  6 . 3  1.1 1.9 0.1 

i r r a d i a t e d  t o  t r a c e  l e v e l  f i s s i o n s / g r a m  of UO,). 

54 The r e s u l t s  i n  TabRe 6.9 o b t a i n e d  wi th  unc lad  specimens 

a f t e r  a d j u s t i n g  f o r  t h e  f r a c t i o n  of t h e  f u e l  me l t ed ,  are n o t  

d r a s t i c a l l y  d i f f e r e n t  from t h e  r e s u l t s  of t h e  o t h e r  me l t ing  

methods, e x c e p t  t h a t  release of s t r o n t i u m  and barium was 

r a t h e r  h i g h  and low ruthenium release w a s  observed ,  i n d i c a t i n g  

absence of f r e e  oxygen. The release from t h e  s t a i n l e s s - s t e e l  
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c l a d  specimen w a s  s imilar t o  t h a t  from unclad  f u e l  b u t  t h e  

z i rconium clad specimens gave q u i t e  d i f f e r e n t  r e s u l t s .  The 

d a t a  i n  Tab le  6 , 9 ,  coup led  w i t h  pos t -mel t ing  examina t ions ,  

i n d i c a t e  t h a t  t h e  molten z i rconium w e t  t h e  UO, and s p r e a d  

ove r  t h e  s u r f a c e .  I t  t h u s  s e r v e d  as an e f f e c t i v e  oxygen- 

g e t t e r ,  which accoun t s  for t h e  h i g h  s t r o n t i u m  and barium 

escape .  C e s i u m ,  i o d i n e ,  and rare g a s e s  w e r e  a p p a r e n t l y  un- 

a f f e c t e d  by t h e  c l a d d i n g .  

F i s s  ion-pruduc t re lease experiments '  i n  t h e  Containment 

Mockup F a c i l i t y  (CMF) l o c a t e d  i n  a h o t  c e l l  w e r e  performed 

w i t h  a 25-kw, 5-Mc i n d u c t i o n  h e a t e r  (Fig. 3 .11 ) .  S t a i n l e s s -  

steel-clad UO, specimens s u p p o r t e d  i n  z i r c o n i a  c r u c i b l e s  and 

sur rounded by a q u a r t z  f u r n a c e  t u b e  a r e  heated by i n d u c t i o n  

c o u p l i n g  t o  t h e  c l a d d i n g  material .  By t h e  t i m e  t h e  c l a d d i n g  

m e l t s ,  t h e  UO, is ho t  enough t o  become conduc t ing  and d i r e c t  

c o u p l i n g  by t h e  high-frequency g e n e r a t o r  is accomplished t o  

h e a t  t h e  UO, t o  its m e l t i n g  p o i n t .  The d u r a t i o n  of t h e  

p e r i o d  i n  t h e  molten s ta te  w a s  l i m i t e d  by t h e  t i m e  r e q u i r e d  

f o r  t h e  molten U02 t o  p e n e t r a t e  t h e  z i r c o n i a  c r u c i b l e  w a l l  

(approximate ly  one minu te ) .  R e s u l t s  o b t a i n e d  w i t h  two 

t r a c e r - l e v e l - i r r a d i a t e d  f u e l  specimens and one i r r a d i a t e d  

t o  7000 Mwd/ton 'are d i s p l a y e d  i n  Tab le  6 .11 .  

Tab le  6 .11 .  Release of F i s s i o n  P r o d u c t s  From S t a i n l e s s - S t e e l -  

Clad UO,(") Melted i n  A i r  by Direct Coupling I n d u c t i o n  Heat ing  

T o t a l  Release ("lo) 

I o d i n e  T e l l u r i u m  Cesium Plutonium 

A 3 C - A B C A B C A B C 

3 4  64 It2 1 2  55 29 37 37 0.005 

a Runs A and B w e r e  made w i t h  t r a c e r - l e v e l - i r r a d i a t e d  UO,. 
Run C w a s  made w i t h  20g of UO, i r r a d i a t e d  t o  7000 Mwd/ton. 
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A comparison of f i s s i o n - p r o d u c t  release r e s u l t s  o b t a i n e d  

by d i f f e r e n t  methods of mel t ing  UB, is g iven  i n  Table  6 . 1 2 .  

I t  is appa ren t  t h a t  a large f r a c t i o n  of t h e  rare gases,  i o d i n e ,  

t e l l u r i u m ,  and cesium w i l l  be r e l e a s e d  when UO, melts, e x c e p t  

t h a t  t e l l u r i u m  may he r e t a i n e d  by molten zirconium c ladding ,  

Ruthenium release w a s  l a r g e  only  i n  t h e  arc-image f u r n a c e  

exper imeats  and, t o  a niuch lesser e x t e n t ,  i n  t h e  ORR i n - p i l e  

exper iments .  6 3  

(Be0  and UO,) w e r e  p r e s e n t  i n  Lhe high- tempera ture  zone and 

consequen t ly  oxygen l i b e r a t e d  from t h e  UO, specimen may have 

c o n t r i b u t e d  t o  t h e  v o l a t i l i t y  of t h e  ruthenium r a t h e r  t han  

be ing  adsorbed by h o t  t u n g s t e n  o r  c l a d d i n g  mater ia l .  The 

release of s t r o n t i u m  and barium w a s  h i g h  on ly  i n  t h e  e x p e r i -  

men t s  with c e n t e r  r e s i s t o r - z i r c o n i u m  clad specimens (oxygen 

g e t t i n g  a c t i o n  of the c l a d d i n g  mater ia l ) .  

~n the former case,  o n l y  ceramic materials 

6 . 2  Uranium Oxide-Reryllium Oxide 

The e x c e l l e n t  nucI.ear and p h y s i c a l  p r o p e r t i e s  of Be0 

make i t  a t t r a c t i v e  f o r  u s e  as a d i l u e n t  for uranium d i o x i d e  

i n  ceramic f u e l  e l emen t s .  

Measurements of f i s s ion -p roduc t  release accompanying t h e  

m e l t i n g  of f u e l  specimens of t h i s  t ype  have been r e p o r t e d  by 

Conn e t  and by Parker and co-workers.  40 

A mare thorough i n v e s t i g a t i o n  of pa rame te r s  a f f e c t i n g  

t h e  release of f i s s i o n  p r o d u c t s  from s m a l l  t u b u l a r  samples  

of BeO-U0,-Y,03 f u e l  was made4' by use  of t h e  arc-image 

I u r n a c e  (Fig. 3 . 5 ) .  The f u e l  specimens were sur rounded by a 

g l a s s  envelope  d u r i n g  f i s s ion -p roduc t  release experimenls  

(see F i g ,  3 . 6 ) .  A i r  f lowing  through. t h i s  envelope  c a r r i e d  

p a r t i c l e s  and g a s e s  evolved  from t h e  h e a t e d  f u e l  t o  the c o l -  

l e c t i o n  t r a i n  (F ig .  3 . 6 ) .  The l e n g t h  of time molten was n o t  

well c o n t r o l l e d  w i t h  t h i s  h e a t i n g  arrangement .  The t u b u l a r  

fuel specimens were h e l d  in a h o r i z o n t a l  p o s i t i o n  w i t h  t h e  

image of the carbon arc focused  on i t s  front end i n i t i a l l y .  



Tab le  6.12. A Comparison of F iss ion-Product  Release 

by D i f f e r e n t  Methods of Melt ing UO, i n  Helium c .  

Method of 
Mel t ing  

Sample P e r c e n t  P e r c e n t  Release 

Gross X e - K r  I Te C S  Ru S r  Ba  C e  Weight uo2 
(grams) Vaporized Y 

a Arc-image 

Tungsteii 
c r u c  i ble 

Tungs t e n  resist or b 
(unc lad)  

Tungsten g e s i s t o r  
(SS c l a d )  

Tungsten r e s i s t o r  
(Zr c l a d ) d  

I n - p i l e  (ORR)~ 

I n - p i l e  (TREAT) 
f 

7 . 3  3 . 8  3 . 9  0.25  -2 .0 -3 0 99 .5  95.2  9 6 . 2  92.9 7 8 . 3  

2 9 . 0  0 . 1 6  15 .1  9 8 . 0  98.3  9 7 . 6  6 6 . 0  0.05 0 . 4 7  2 . 5 7  0 .07  

9 . 0  1 . 0  39 0.8 14 -100 7 0  9 0  8 2  1.1 2.5 

39  0 . 4  9 N l O O  9 3  55 8 3  0.9 

39  0 . 1 7  8 -100 83 0 .4  22 2 0  1 . 2  

6 1 

30  0 . 0 1  

90 7 5  77  4 1 .5  1 0 .3  

5.4 0 . 8  3 . 8  0 . 0 3  3 . 2  2 . 2  0.01 

Induc t ion  
a 

bAverage of t h r e e  r u n s ,  da ta  normalized t o  100% X e - K r  release. 
Impure helium atmosphere.  

Actua l  d a t a  normalized t o  10070Xe-Kr release. The numbers of release from f u e l  and c l a d -  C 

d ing .  The r e t a i n e d  Te was e q u a l l y  d i v i d e d  between c l a d d i n g  and f u e l .  

dAverage of two r u n s ,  d a t a  normalized t o  100% X e - K r  release. 
e 

f 
Release from high-temperature  zone. 

Release  from high-temperature  zone d u r i n g  -0.1 see t r a n s i e n t .  
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Wmn t h i s  p a r t  of t h e  specimen me l t ed ,  t h e  molten p o r t i o n  

dropped f a r  enough t o  be o u t  of t h e  h igh- tempera ture  zone and 

.the specimen w a s  advanced so  t h a t  a n o t h e r  p o r t i o n  was h e a t e d  

t o  t h e  m e l t i n g  p o i n t .  This was con t inued  u n t i l  all t h e  s p e c i -  

men and a small  p a r t  of t h e  solid bery l l i um ox ide  rod  used t o  

s u p p o r t  t h e  specimen were melted.  The ,tiiiie r e q u i r e d  t o  complete  

the o p e r a t i o n  v a r i e d  from abou-t $ 0  t o  9 5  seconds .  D a t a  o b t a i n e d  

with t h ree  t y p e s  of f u e l  are r eco rded  i n  Tab le  6.13.  M a o s t  of 

t h e  me l t ing  exper iments  were performed -8i.l-h f u e l  i r r a d i a t e d  t o  

0.4370 burnup sf 2 3 5 U  but two exper iments  were made w i t h  low- 

b u r n u p  ( O . 0 l o / o )  ma te r i a l ,  Most of t he  specimens w e r e  re- 

i r r a d i a t e d  t o  b u i l d  up an i n v e n t o r y  of s h o r t - l i v e d  isotopes, 

High release v a l u e s  for i o d i n e ,  t e l lu l - ium,  c e s i u m ,  and 

ruthenium are no ted  i n  Table  6.13 and a s i g n i f i c a n t  f r a c t i o n  

of t h e  uranium c o n t e n t  of t h e  f u e l  and a smaller amount of 

t h e  Be0  a l so  v o l a t i l i z e d .  T h i s  enhanced v o l a t i l i t y  of ba th  

uranium a.nd be ry l l i um c o u l d  have been an  e f f e c t  of t h e  h i g h  

surface/volume r a t i o  of  the ve ry  s m a l l  samples .  No s i g n i f i -  

c a n t  burnup e f f e c t  was shown over  t h i s  narrow range  of burnup 

and a 10-fold i n c r e a s e  i n  a i r  v e l o c i t y  l i k e w i s e  had 1.iI t le 

e f f e c t  on f i s s i o n  product  release although it had a. l a r g e  

e f f e c t  on f i s s i o n  product  t r a n s p o r t .  Maximum f u e l  m e l t i n g  

t empera tu res  measured hy means of an o p t i c a l  pyrometer i n  

t h e s e  exper iments  were 2550 f 30 C and f r e e z i n g  t empera tu res  

of 2450 f 25°C were recorded .  These v a l u e s  are somewhat 

h i g h e r  t h a n  t h e  v a l u e  r e p o r t e d  eI.sewherebl ( 2 3 1 5 O C )  f o r  this 

0 

t y p e  of f u e l ,  

Some d a t a  were a l s o  o b t a i n e d  on t h e  r a t e  of release of 

f i s s i o n  p r o d u c t s  from ceramic coated f u e l  e l emen t s  h e a t e d  f o r  

5-hr p e r i o d s  i n  f lowing  helium. The d a t a  are p r e s e n t e d  

g r a p h i c a l l y  i n  F ig .  6 .11  i n  a form t h a t  p e r m i t s  e x t r a p o l a t i o n  

t o  t empera tu re  o u t s i d e  t h e  measurement range (1015 t o  14OOOC) .  



T a b l e  6.13. Release of F i s s i o n  3 r o d u c t s  f rom BeO-U0,-Y,O, F u e l  Spec imens  - Melted i n  A i r  

Rare Gross Percent  of T o t a l  A c t i v i t y  o r  F u e l  Component Vapor i zed  
Type Gases  

I Te cs Ru Sr Z r  Ba C e  TRE Be u 

Uncoated 

LJrrcoated 

Uncoated 

Uncoateda 

Uncoated  

Uncoated 

UncoatedC 

Coat ede 

Coated 

Coated 

I n6 ide 

Only 
Coat ede 

75.7 

?1.3 

77.1  

73.8 

82.0 

69.7 

69.5 

53.4 

57.0 

d 

59.4 

59.2 

60.9 

1 1 . 6  56.2 62.7 61 .5  55.8 0.03 0.02 

11 76.7 5 6 . 2  62.0 6 3 . 7  6.15  0.02 

11 .6  79 .0  7 5 . 1  5 0 . 1  64.4 0 . 1 1  0.03 

7 .6  70.7 66.3 45 .7  54.2 0.02 0.42 

1 0 . 0  8 3 . 4  8 4 . 5  41 .4  61.9 0 . 1 1  0 . 0 1  

26.0b 72 .4  71.0 72 .9  66.9 0 .10  0 .02  

18.4b 78.8 71.7 49 .3  57.6 0 .05  0.03 

10.6b 73.5 63.2 44 .6  50 .0  0.08 0.004 

13.8b 77 .3  72.4 32 .3  58 .3  0.02 0.005 

4.9 d 64 .3  60 ,9  49.9 0.02 0.009 

3 .87  73 .5  68.4 33 .5  48.3 0.008 0.0034 

5.8 66.8 76.6 55.4 55.3 0.013 0.005 

5.7 63 .3  78.7 57.6 59.6 0 ,Ol  0 .004 

0 .3  0.6 0.26 0 .86  8 .9  

0 . 5 4  0 .5  o . i q  0.58 8 .2  

0 .56 0.4 0.45 1 . 6  7 . 8  

0.22 0 .5  0 .18 0.76 9 . 3  

0.13 0 .4  0.12 0 , 5 8  14-1 

0.39 0 .6  1 . 4  0.89 12 .6  

0.15 0.5 0.28 1 .23  7.8 

0 .5  0.9 0.19 0.60 9.8 

0 .5  0 , 4 2  0.29 0.69 10 .6  

0.16 0.48 0.27 0 .66  13 .0  

0.156 0.072 0.2 0.327 5 .91  

0.15 0.18 0.14' 0.339 5.76 

0.23 0.45 0 .2  0.366 6.66 

P 
0 
VI 

a O , O l %  bu rnup  of 235U. 

bHigh release of gross gamma due  t o  s h o r t  coo l ing  per iod af ter  re - i r rad ia t ion ,  r e s u l t i n g  

' A i r  f low v e l o c i t y  i n  t h i s  e x p e r i m e n t  w a s  5 c f m .  

dN o t re - i rr ad F a t e d . 
e 

A l l  o t h e r  spec imens  i r r a d i a t e d  t o  0.43% burnup.  

i n  presence of more v o l a t i l e  s h o r t - l i v e d  gamma emitters. 

I n  a l l  o t h e r  e x p e r i m e n t s  i t  w a s  0 . 5  cfm. 

Coat ings c o n s i s t e d  of a f e w  m i l s  of ZrO, or pure BO. 
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7.0 SUMMARY AND DISCUSSION 

V a r i o u s  t y p e s  o f  reactor f u e l  mater ia ls  have been o 

s u f f i c i e n t  i n t e r e s t  i n  d i f f e r e n t  AEC programs d u r i n g  t h e  

p e r i o d  cove red  by t h i s  r e p o r t  t o  w a r r a n t  i n v e s t i g a t i o n  of 

t h e i r  f i s s i o n  p roduc t  release characterist ics.  W e  have n o t  

e x h a u s t e d  t h e  list of p o s s i b l e  f u e l s  by any means and o n l y  a 

c u r s o r y  s t u d y  of f i s s i o n  p roduc t  release from some f u e l s  w a s  

made. N e v e r t h e l e s s  a f a i r l y  r e p r e s e n t a t i v e  group of f u e l s  

is cove red  by t h i s  r e p o r t .  The p r i n c i p a l  e x c e p t i o n s  are 

g r a p h i t e  f u e l s  which are c o n s i d e r e d  o n l y  i n  S e c t i o n  2. I n  

t h e  ear l ie r  y e a r s  of t h i s  s t u d y ,  uranium and uranium a l l o y s  

r e c e i v e d  major a t t e n t i o n  and t h e  amount of s p a c e  devoted  i n  

t h i s  r e p o r t  t o  such  f u e l s ,  e s p e c i a l l y  pure  uranium, is o u t  

of p r o p o r t i o n  t o  t h e i r  c u r r e n t  impor tance .  S i n c e  1 9 6 0 ,  UO, 
f u e l s  have assumed major impor tance  i n  t h e  power r e a c t o r  

f i e l d  and t h i s  t y p e  of  f u e l  h a s  been i n v e s t i g a t e d  tho rough ly  

i n  t h i s  program and e l s e w h e r e  and i t  c o n t i n u e s  t o  be t h e  

" s t anda rd"  f u e l  f o r  w a t e r  reactor i n v e s t i g a t i o n s .  

O x i d a t i o n  and m e l t i n g  are t h e  p r i n c i p a l  mechanisms t h a t  

r e s u l t  i n  f i s s i o n  p roduc t  release from o v e r h e a t e d  uranium. 

Uranium a l l o y s  s u c h  as U-A1 and U - Z r  o x i d i z e  less r e a d i l y  

t h a n  pure uranium, i n  g e n e r a l ,  b u t  t h e i r  l o w  m e l t i n g  p o i n t s  

make m e l t i n g  t h e  most l i k e l y  mode of release. The more 

v o l a t i l e  f i s s i o n  p r o d u c t s  i n c l u d i n g  rare g a s e s ,  i o d i n e ,  

t e l l u r i u m ,  and cesium are the  o n l y  s p e c i e s  released t o  any 

e x t e n t  when such  a l l o y s  m e l t .  

D i f f u s i o n ,  as w e l l  as o x i d a t i o n  on m e l t i n g ,  is an i m -  

p o r t a n t  mechanism of release from UO, f u e l s  because t h e r e  is 

a l a r g e  t empera tu re  r ange  ( approx ima te ly  1600 to 2800°C) i n  

which UO, n e i t h e r  m e l t s  n o r  o x i d i z e s .  The lower end of t h i s  

r ange  is above t h e  m e l t i n g  p o i n t  of s t a i n l e s s  s tee l  c l a d d i n g  

and t h e  o t h e r  common c l a d d i n g  mater ia l ,  Z i r c a l o y ,  m e l t s  a t  

abou t  185OOC. D i f f u s i o n  rates are accelerated by UO, g r a i n  
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growth which is a Iur ic t ion of both  t i m e  and tempera ture  but  

t h i s  e f f e e t  becomes s i g n i f i e a n L  a t  around 17OOOC. 

b u r s t  re lease? which o c c u r s  when f i s s i o n  p r o d u c t s  t h a t  d i f -  

f u s e  from t h e  f u e l  i n t o  c l a d d i n g  void space  e scape  on f a i l u r e  

of t h e  c l a d d i n g ,  is a release mechanism t h a t  remains t o  be 

i n v e s t i g a t e d .  Ox ida t ion  of UO, a f t e r  t h e  de-cladded material  

c o o l s  below 1 5 5 0  C should  n o t  bc overlooked a s  a p o t e n t i a l  

eause of f i s s i o n  product  r e l e a s e .  

Prompt 

0 

8 .  THE APPLICATION O F  FISSION PRODUCT RELEASE DATA 

TO REACTOR HAZARDS ANALYSES 

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

p r o d u e t  release d a t a  t o  r e a c t o r  haza rds  analyses: is beyond 

t h e  scope of t h i s  paper  b u t ,  i n  o r d e r  t o  p l a c e  t h e  numer ica l  

v a l u e s  of p e r c e n t  o f  f i s s i o n  p roduc t s  released from over-- 

heated r e a c t o r  f u e l s  i n  p rope r  p e r s p e c t i v e ,  i t  is perhaps  

w o r t h  w h i l e  t o  examine t h e  mechanics of the p r o c e s s  of formu-- 

l a t i n g  a haza rds  a n a l y s i s .  I n  i t s  s i m p l e s t  form t h e r e  a r e  

t h r e e  major s u b d i v i s i o n s  of t h e  a n a l y s i s  each  of which re- 

q u i r e s  t h e  b e s t  poss ib le  e v a l u a t i o n  of the numer ica l  da t a  

t h a t  apply s p e c i f i c a l l y  t o  the p a r t i c u l a r  r e a c t o r  under  con- 

s i d e r a t i o n  and t o  i ts  charac te r i s t ics  and environment .  T h e s e  

s u b d i v i s i o n s  are:  

I ,  The f i s s i o n - p r o d u c t  s o u r c e  term, t h a t  i s ,  t h e  amount 

of r a d i o a c t i v i t y  l e a v i n g  t h e  reactor c o r e  and r each ing  t h e  

containment  b a r r i e r ,  c a l c u l a t e d  with proper credit f o r  n a t u r a l  

d e p o s i t i o n  p r o c e s s e s  and eng inee red  s a f e g u a r d s .  

iI, The s a t e  of containment  leakage  t o  t h e  atmosphere 

w i t h  c r e d i t  for l eakage  r e d u c t i o n  t h a t  r e s u l t s  from d i -  

min i sh ing  p r e s s u r e .  

111. The r a d i o l o g i c a l  hazard  p r e s e n t e d  by t h e  r a d i a t i o n  

sous”ce (gainma a c t i v i t y  from fission products  w i t h i n  t h e  con- 

ta inment  s h e l l )  and t h e  a tmospher ic  d i s p e r s i o n  of r a d i o -  

a c t i v i t y  t h a t  e s c a p e s  from the containment  s y s t e m .  
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I n  t h i s  r e p o r t ,  w e  have c o n f i n e d  ou r  a t t e n t i o n  t o  t h e  

f i r s t  p a r t  of I ,  t h e  d e t e r m i n a t i o n  of t h e  amount of r a d i o -  

a c t i v i t y  l e a v i n g  t h e  f u e l .  

The AEC D i v i s i o n  of L icense  and Regu la t ion  i n  TID-14844, 

and i n  t h e  F e d e r a l  R e g i s t e r  ( P a r t  lOCFRlOO), s u g g e s t s  t y p i c a l  

(no t  a c t u a l )  v a l u e s  f o r  c i v i l i a n  power r e a c t o r s  f o r  t h e  s o u r c e  

t e r m  as a p p l i e d  t o  U02- fue led  w a t e r  reactors: 

1. 100% of t h e  rare g a s e s  (870 of t o t a l  gamma a f t e r  1 day) 

2 .  50% of t h e  ha logens  (4.570 of t o t a l  gamma a f t e r  1 day)  

3 .  17'0 of s o l i d s  (rare ear ths ,  and r e f r a c t o r y  e l e m e n t s ,  

Z r ,  Nb, Ba,  S r ,  e tc . )  ( 0 . 5 7 0  of t o t a l  gamma a f t e r  1 d a y ) .  

Growth i n  t h e  number and s i z e  of power r e a c t o r s  h a s  

r e s u l t e d  i n  i n c r e a s e d  emphasis  on t h e  use  of s p e c i f i c  v a l u e s  

r a t h e r  t h a n  t y p i c a l  v a l u e s .  I n  f a c t ,  wh i l e  t h e  b i o l o g i c a l  

s i g n i f i c a n c e  of o t h e r  f i s s i o n  p r o d u c t s  may not  be so pronounced, 

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

( t h r e s h o l d  m e l t i n g  of UO,)  expe r imen t s  s u g g e s t s  t h a t  t h e  t o t a l  

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

d i t i o n  t o  t h e  above: 

a .  5070 of cesium (0 .0570 of t o t a l  gamma a f t e r  1 day) .  

b .  5070 of t e l l u r i u m  ( o x i d i z i n g  atmosphere) ( 2 %  of t o t a l  

gamma a f t e r  1 day) .  

c .  570 of ruthenium (- 17'0 of t o t a l  gamma a f t e r  1 day)  and 

d .  0.0170 of plutonium. 

C a l c u l a t i o n  of t h e  f i s s i o n  p roduc t  s o u r c e  t e r m  is es- 

p e c i a l l y  d i f f i c u l t  when t h e  h a z a r d s  a n a l y s i s  i n d i c a t e s  t h a t  

t h e  c o r e  may be on ly  p a r t l y  me l t ed  w i t h  some r e g i o n s  under-  

go ing  lesser amounts of damage and t h e  mel ted  p o r t i o n  being 

r e d i s t r i b u t e d  t o  a c o n f i g u r a t i o n  t h a t  p e r m i t s  it t o  remain 

a t  a h i g h  t empera tu re  for a s i g n i f i c a n t  l e n g t h  of t i m e .  

Under such  c i r c u m s t a n c e s  it is n e c e s s a r y  to c o n s i d e r  t h e  

a c c i d e n t  t o  be a series of s e p a r a t e  c h r o n o l o g i c a l  e v e n t s  con- 

t r i b u t i n g  t o  f i s s i o n  p roduc t  r e l e a s e  from each  r e g i o n  of t h e  

c o r e .  These i n c l u d e :  
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1, P r o m p t  release on c l a d  r u p t u r e  (below 15OO0C f o r  

S S  c l a d  f u e l ;  185OoC f o r  Z i r c a l o y  c l a d d i n g ) .  

2 .  Release by h igh  t empera tu re  d i f f u s i o n  and g r a i n  

growth. 

3 .  Release and/or r e t e n t i o n  by c l a d d i n g  i n t e r a c t i o n .  

4. Release by me l t ing  and e u t e c t i c  fo rma t ion .  

5. Release by o x i d a t i o n  on c o o l i n g .  

The sairnmation 01 t h e  f i s s i o n  product  release r e s u l t i n g  

f r o m  each  of t h e s e  p r o c e s s e s  is n e c e s s a r y  t o  o b t a i n  a f i n a l  

release v a l u e ;  however, it is a l s o  necessa ry  t o  make such  a 

s u m m a t i o n  on a c h r o n o l o g i c a l  b a s i s  in o r d e r  t o  apply  t h e  

proper  containment  leakage  and a tmospher ic  d i s p e r s i o n  v a l u e s .  

I f  one es t imates  t h e  f r a c t i o n  of t o t a l  gamma energy  i n  

t h e  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 i s  v a l u e  may be a s  much a s  

1 5  t o  20%; however Lhe t r a n s p o r t  p r o c e s s  frorn the  pr iniary 

v e s s e l  is dependent on many v a r i a b l e s  sue11 a s  gas  d i s p l a c e -  

ment, t h e  o x i d i z i n g  or  r educ ing  n a t u r e  o f  t h e  f u e l  e n v i r o n -  

ment, maximum meta l  s u r f  ace t empera tu res  reassembly of f u e l  

f u r  r e h e a t i n g ,  so  t h a t  t h e  amoiint of wo la t i l e  f i s s i o n  p r o d u c t s  

(except  t h e  rare gases) a c t u a l l y  r e a c h i n g  ~ h c  containmen1 

s h e l l  should  be a t  least  an o r d e r  o P  magnitude less  than  t h e  

amount v o l a t i l i z e d  

I t  should  be c l ea r  from t h i s  d i s c u s s i o n  t h a t  i t  is much 

m o r e  impor tan t  t o  know an approximate va lue  of t h e  t r a n s p o r t  

e f f i c i e n c y  of c e r t a i n  f i s s i o n  products  t h a n  i t  is t o  k n o w  t h e  

p r e c i s e  v a l u e s  of release from t h e  f u e l .  

S ince  t h e  advent  of b e t t e r  eng inee red  s a f e g u a r d s ,  i t  is 

p o s s i b l e ,  t o o ,  t h a t  the wors t  a c c i d e n t  c o n d i t i o n  a r e a c t o r  

c o r e  w i l l  e v e r  expe r i ence  w i l l  be c l a d d i n g  r u p t u r e  a t  b l o ~ d ~ ~ i .  

In-core s p r a y  c o o l i n g  p r e v e n t s  f u r t h e r  o v e r h e a t i n g .  I n  t h i s  

case, t h e  prorript release of f i s s i o n  p r o d u c t s  from tine f u e l  

vo id  space  which v a r i e s  mainly w i t h  opem-a.ting h e a t  r a t i n g  

( c e n t e r - l i n e  f u e l  t empera tu re )  and burnup, would be the 
c o n t r o l l i n g  s o u r c e  t e r m .  
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Engineered  s a f e g u a r d s  such  a s  s p r a y s  and f i l t e r s  have 

improved i n  r e l i a b i l i t y  s o  t h a t  t h e  r e a c t i v e  forms of  i o d i n e  

and t h e  a i r b o r n e  s o l i d  p a r t i c l e s  a r e  r a p i d l y  removed from t h e  

conta inment  a tmosphere.  T h i s  r e s u l t s  i n  t h e  l i m i t i n g  hazard  

c o n d i t i o n  becoming t h e  amount of i o d i n e  conve r t ed  t o  t h e  

o r g a n i c  (methyl  i o d i d e )  form and t h e  amount of rare  g a s e s ,  

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

an  i n g e s t i o n  or i n h a l a t i o n  haza rd  h a s  been r a t e d  by B e a t t i e  

and o t h e r s  i n  t h e  f o l l o w i n g  o r d e r :  

1. I o d i n e  (most i m p o r t a n t ) .  

2 .  Te l lu r ium,  1 / 1 0  as s i g n i f i c a n t  as i o d i n e .  

3 .  St ron t ium and ces ium, l / lO  as s i g n i f i c a n t  as t e l l u r i u m  

There  is no s a f e g u a r d  f o r  removing ra re  gases a v a i l a b l e  

a t  t h e  p r e s e n t  t i m e  bu t  h igh -p res su re  s t o r a g e ,  b a r r i e r  d i f -  

f u s i o n ,  and i s o t o p i c  exchange o f f e r  p o s s i b l e  s o l u t i o n s  t o  

t h i s  problem. 

S i n c e  t h e  p r a c t i c a l  v a l u e  of s a f e g u a r d s  is now be ing  

demonst ra ted ,  c r ed i t  f o r  r e d u c t i o n  of f i s s i o n  p r o d u c t s  by: 

1. Removal of a i r b o r n e  f i s s i o n  p r o d u c t s  by s p r a y  and 

f i l t r a t i o n  sys t ems ,  

2 .  Removal of a i r b o r n e  f i s s i o n  p r o d u c t s  by d e p o s i t i o n  

i n  containment  v e s s e l ,  and 

3 .  Removal of p r e s s u r c  by s u p p r e s s i o n  d e v i c e s  ( coo l ing  

or p o o l  s u p p r e s s i o n ) ,  

may be of  such  v a l u e  thaL a r e d u c t i o n  by more t h a n  two orders 

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

be expec;ced. A t  a maximum conta inment  leakage  ra te  of 

0 . 1 %  p e r  day,  assumption of perhaps  two o r  three more o r d e r s  

of r e d u c t i o n  i n  t h e  amount of f i s s i o n  p roduc t s  e s c a p i n g  t o  

t h e  environment would be r e a s o n a b l e .  

I n  o r d e r  t o  promote c o n f i d e n c e  i n  such  large r e d u c t i o n  

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

f o r  a l l  t h e  v a r i o u s  forms of t h e  released f i s s i o n  p r o d u c t s  

w i l l  be r e q u i r e d .  
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I n  c o n c l u s i o n ,  we w i s h  t o  emphasize that t h e r e  are many 

f a c t o r s  affecting t h e  f i s s i o n  product source t e r n  and t h e  

amount, of f i s s i o n  p roduc t s  which a c t u a l l y  can  escape  t h e  

conta inment  system of power reactors  i n  reac l o r  a c c i d e n t s  

While t h e  amount of f i s s i o n  p r o d u c t s  evolved f r o m  overheated 

fuel .  is h i g h l y  u s e f u l  information, i t  is HOW recognized  t h a t  

t h e  hazard  o f  reactor a c c i d e n t s  can be f u l l y  e v a l u a t e d  on ly  

through s o p h i s t i c a t e d  a c c i d e n t  s i m u l a t i o n  exper iments  i n  

facilities such  as the Containment Research Tns taP la t ion  

(ORNL) , t h e  Containment Systems Experiment ( B a t t e P l e  Northwest)  , 
and t h e  Loss-of-Fluid Test ( P h i l 1  ips-Idaho)  . 
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