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SUMMARY 

r' 
b 

T h i s  r e p o r t  p resen ts  t h e  r e s u l t s  o f  s t u d i e s  address ing  seve ra l  aspec ts  o f  

t he  shear / leach p rocess ing  o f  N-Reactor f u e l  elements. 

addressed cen te red  on unders tand ing  and e x p l a i n i n g  t h e  undes i rab le  r e a c t i o n s ,  

" f i r e s " ,  observed i n  a few ins tances  d u r i n g  e a r l i e r  p rocess ing  o f  such f u e l  a t  

t h e  Nuc lear  F u e l s  Serv i ces  (NFS) p l a n t  a t  West Va l l ey ,  New York. 

The sa fe ty  aspec ts  

Cons ide ra t i on  o f  t he  d i s s o l v e r  f i r e s  t h a t  occu r red  a t  NFS leads  t o  t h e  

conc lus ion  t h a t  they  r e s u l t e d  f rom r a p i d  r e a c t i o n s  w i t h  uranium meta l ,  r a t h e r  

than w i t h  z i r con ium meta l  o r  w i t h  s e n s i t i z e d  we ld  beads. The f i r e s  observed 

a t  NFS d u r i n g  h u l l s  h a n d l i n g  o p e r a t i o n s  may have i n v o l v e d  s e n s i t i z e d  we ld  

beads as suggested by e a r l i e r  i n v e s t i g a t o r s ,  b u t  c u r r e n t  r e s u l t s  suggest t h a t  

these f i r e s  a l s o  c o u l d  have been caused by r e a c t i o n s  i n v o l v i n g  uranium 

meta l .  

Very l i t t l e  p y r o p h o r i c  a c t i v i t y  was observed i n  leached c l a d d i n g  h u l l s ,  

i n d i c a t i n g  a very  low p r o b a b i l i t y  f o r  s a f e t y  problems r e s u l t i n g  f rom t h e  U - Z r  

i n t e r m e t a l l i c  zone i n  N-Reactor f u e l .  Cons ide ra t i on  o f  t he  p o t e n t i a l  r o l e  o f  

hyd r ides  i n  the  f i r e s  observed a t  NFS i n d i c a t e s  t h a t  t hey  were a l s o  n o t  

i m p o r t a n t  f a c t o r s  . 
Cons ide ra t i on  was a l s o  g i v e n  t o  p r o t e c t i v e  atmospheres t o  he used d u r i n g  

A water  de luge shear ing  t o  p r e v e n t  excess ive  r e a c t i o n  d u r i n g  t h a t  ope ra t i on .  

d u r i n g  shear ing  w i l l  l i k e l y  p r o v i d e  adequate s a f e t y  w h i l e  meshing w e l l  w i t h  

o t h e r  process cons ide ra t i ons .  

S tud ies  on t h e  d i s s o l u t i o n  o f  m e t a l l i c  uranium i n  n i t r i c  a c i d  show an 

i n i t i a l  s lower  r e a c t i o n  f o l l o w e d  by a f a s t e r  r e a c t i o n  t h a t  proceeds a t  a 

sus ta ined  r a t e  f o r  a p ro longed p e r i o d  o f  t ime. 

t y p i c a l  o f  those encountered i n  p r a c t i c a l  uranium d i s s o l v e r  c o n d i t i o n s ,  t h i s  

sus ta ined  r a t e  i s  governed by an e q u a t i o n  such as: 

A t  s o l u t i o n  c o n c e n t r a t i o n s  

D i s s o l u t i o n  r a t e  = K ( s u r f a c e  a rea )  ( [HN03]+2[U1)2*6. 

L i t t l e  d i f f e r e n c e  was found i n  d i s s o l u t i o n  r a t e s  o f  a s - f a b r i c a t e d  and o f  

i r r a d i a t e d  f u e l .  

The t r a n s u r a n i c  e lement  c o n t e n t  o f  leached c l a d d i n g  h u l l s  was found t o  he 

-400 nCi/g. Th is  i s  t o o  h i g h  t o  a l l o w  d i sposa l  as l ow- leve l  waste. 
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r. 1.0 INTRODUCTION 

Fuel irradiated i n  the Hanford N-Reactor contains a metallic uranium core 
that  i s  c l a d  i n  Zircaloy-2.  Current processing of th i s  fuel employs chemical 
decladding ( the Zirflex process) followed by n i t r i c  a c i d  dissolution o f  the 
exposed core. 
t ha t  may also be d i f f i c u l t  t o  process t o  a waste form suitable for final 
disposal. Thus, a considerable incentive could ex i s t  f o r  processing th i s  fuel 
by a shear/leach process, in which the fuel i s  mechanically segmented, a n d  the 
core then dissolved by n i t r i c  acid so t h a t  t h e  cladding i s  l e f t  as a metallic, 
readily disposable waste form having a low volume. 

The decladding process produces a large volume waste stream 

Shear/leach processing o f  N-Reactor fuel i s  currently planned in the 
Process Facil i ty Modifications (PFM) ,  w h i c h  i s  being designed for addition t o  
the P U R E X  f ac i l i t y  a t  Hanford. Th i s , f ac i l i t y  was i n i t i a l l y  planned f o r  the 
processing of  Fast F l u x  Test Facil i ty (FFTF 

core and s ta inless  steel  cladding. 

Some N-Reactor fuel was processed by a 
1971 a t  the Nuclear Fuels Services p l a n t  i n  

t h i s  processing there were several observat 

fuel, which has a mixed U02-Pu02 

shear/leach technique from 1966 t o  
West Valley, Flew York. D u r i n g  
on s of  unde si r a b l  e rea c t i  on s , 

, 

Itfires", which have been described by Schulz ( 1 9 7 2 ) .  
occurred i n  on ly  a small fraction of the batches processed, were markedly 
reduced by empirical ly-deri ved modi f i  cations/addi ti on s t o  operating procedures 
a n d  conditions. 

the modifications/additions were successful i n  eliminating their  occurrence. 

Such reactions, which 

A major objective of t h i s  research project was t o  develop 
u n d e r s t a n d i n g  o f  t h e  causes o f  t h e s e  r e a c t i o n s  a n d  01' t h e  mechanisms by w h i c h  

Another objective o f  t h i s  project was t o  obtain data needed t o  better 
define process operating conditions i n  two areas. 
dissolution rate o f  uranium, where data were needed to  accurately predict 
dissolver time cycles and off-gas generation ra tes ,  and the other area was the 
transuranic element concentration o f  the leached cladding hulls, where d a t a  
were needed t o  define what  type of  disposal would be required for t h i s  waste 
stream. 

One area was the 

1.1 
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2.0 SUMMARY A N D  CONCLUSIONS 

This report presents the resu l t s  of  studies addressing several safety 
aspects of the shear/leach processing of  N-Reactor fuel elements and  also 
several process operating aspects. The safety aspects centered on 
understanding and explaining the undesirable reactions, " f i res" ,  observed i n  a 
few instances d u r i n g  ea r l i e r  processing o f  such fuel a t  the Nuclear Fuels 
Services (NFS) plant a t  West Valley, New York, as described by Schulz  ( 1 9 7 2 ) .  

Detailed consideration of  the mechanisms t h a t  might have led t o  the 
dissolver f i r e s  a t  NFS leads t o  the conclusion t h a t  they resulted from r a p i d  
reactions w i t h  uranium metal, rather t h a n  w i t h  z i rconium metal or w i t h  
sensitized (Zr-Be) weld beads. From t h i s  consideration, i t  appears t h a t  key 
factors i n  assuring the safety of plant-scale dissolution of  uranium from 
sheared N-Reactor fuel include controlling uranium par t ic le  size and 
m i n i m i z i n g  exposure o f  metallic uranium t o  reactive vapors, w h i c h  includes 
water vapor. Other important factors include those important t o  u ran ium 
dissolution ra te ,  principally n i t r a t e  concentration, a n d  the heat removal 
capacity o f  the dissolution equipment. 

The f i r e s  observed a t  NFS d u r i n g  hulls h a n d l i n g  operations may have 
involved sensitized weld beads as proposed by Schulz, b u t  our  studies suggest 
tha t  these hulls handling f i r e s  also could have been caused instead by 
reactions i n v o l v i n g  uranium metal. Our t e s t s  w i t h  sensitized Zr-Be weld beads 
fai led t o  show as h i g h  a degree of pyrophoricity as  was observed ea r l i e r  by 
Schu lz  (1972).  The reason f o r  t h i s  difference i s  n o t  k n o w n .  Passivation o f  

sensitized (Zr-Be) weld beads by rinsing w i t h  water o r  sodium h y d r o x i d e  

solution appears t o  s imply involve removal o f  n i t r a t e  i o n  from the residual Zr 
matrix, rather than an actual passivation of  a reactive Zr surface. 

Very l i t t l e  pyrophoric ac t iv i ty  was observed i n  leached cladding hulls,  
indicating a very low probability for  safety problems result ing from the U-Zr 
intermetall ic zone i n  N-Reactor fuel. This was true w i t h  i rradiated fuel as 
well as  as-fabricated fuel,  a n d  w i t h  ruptured as  well as i n t ac t  i r radiated 
fuel. 

2 . 1  



. . -  . 
Cons ide ra t i on  o f  t h e  p o t e n t i a l  r o l e  o f  hyd r ides  i n  t h e  f i r e s  observed a t  

NFS i n d i c a t e s  t h a t  they were n o t  i m p o r t a n t  f a c t o r s .  Z i rconium h y d r i d e  i s  

p r e s e n t  i n  t h e  c l a d d i n g  o f  a l l  i r r a d i a t e d  f u e l s ,  b u t  i t  i s  d i spe rsed  and n o t  

l i k e l y  t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  p y r o p h o r i c i t y .  Uranium h y d r i d e  i s  

formed by r e a c t i o n  w i t h  wa te r  i n  r u p t u r e d  elements. Yost  o f  t h i s  h y d r i d e  i s  

conve r ted  t o  uranium o x i d e  by f u r t h e r  r e a c t i o n  w i t h  water, b u t  some un reac ted  

h y d r i d e  may be p r e s e n t  i n  l o c a l i z e d  areas i n s i d e  t h e  f a i l e d  elements.  Bo th  

t h e  unreacted h y d r i d e  and t h e  f i n e l y  d i v i d e d  uranium ox ide  formed by f u r t h e r  V 

r e a c t i o n  w i l l  r e a c t  r a p i d l y  w i t h  HNO3, and c o u l d  thus  c o n t r i b u t e  t o  runaway 

r e a c t i o n s  i f  they a r e  p r e s e n t  i n  s u f f i c i e n t  q u a n t i t y .  

* 

Cons ide ra t i on  was a l s o  g i v e n  t o  p r o t e c t i v e  atmospheres t o  be used d u r i n g  

s h e a r i n g  t o  p r e v e n t  excess i ve  amounts o f  r e a c t i o n  d u r i n g  t h a t  o p e r a t i o n .  

D i f f e r e n t  atmospheres p r o v i d e  v a r y i n g  degrees o f  s a f e t y ,  t h e  problem l i e s  i n  

d e f i n i n g  how sa fe  i s  sa fe  enough. A water  deluge d u r i n g  shear ing  w i l l  l i k e l y  
p r o v i d e  adequate s a f e t y  w h i l e  w o r k i n g  w e l l  w i t h  o t h e r  process c o n s i d e r a t i o n s .  

S tud ies  on t h e  d i s s o l u t i o n  o f  m e t a l l i c  uranium i n  n i t r i c  a c i d  show an 

i n i t i a l  s lower  r e a c t i o n  f o l l o w e d  by a f a s t e r  r e a c t i o n  t h a t  proceeds a t  a 

s u s t a i n e d  r a t e  f o r  a p ro longed  p e r i o d  o f  t ime. T h i s  sus ta ined  r a t e  p r e v a i l s  

a f t e r  p e n e t r a t i o n s  o f  - 0.005 cm and t h u s  i s  t h e  r a t e  o f  p r imary  i n t e r e s t  i n  

complete d i s s o l u t i o n  p r e d i c t i o n s .  A t  s o l u t i o n  c o n c e n t r a t i o n s  t y p i c a l  o f  those 

encountered i n  p r a c t i c a l  uranium d i s s o l v e r  c o n d i t i o n s ,  t h i s  s u s t a i n e d  r a t e  i s  

governed by an equa t ion  such as: 

D i s s o l u t i o n  r a t e  = K ( s u r f a c e  area)  ( [HN03]+2[U])2*6. 

Wi th  t h e  u n i t s  o f  mg/h f o r  t h e  r a t e ,  o f  cm2 f o r  t h e  area, and o f  m o l a r i t y  f o r  

t h e  concen t ra t i ons ,  t h e  r a t e  c o n s t a n t  was found t o  be approx ima te l y  4.6 a t  

103°C based on t h e  c a l c u l a t e d  geometr ic  area. A more fundamental t r e a t m e n t  o f  

d a t a  o b t a i n e d  a t  low uranium c o n c e n t r a t i o n s  i n d i c a t e s  t h a t  uranium d i s s o l u t i o n  

r a t e  i s  p r o p o r t i o n a l  t o  t h e  f i r s t  power o f  t h e  f r e e  n i t r a t e  i o n  ( o r  hydrogen , 

i o n )  a c t i v i t y .  

q u a n t i f i e d ;  s lower r e a c t i o n s  were observed i n  exper iments where hydraz ine was 

added t o  e l i m i n a t e  o r  m in im ize  n i t r o u s  ac id ,  b u t  t h e r e  appeared t o  be l i t t l e  

v a r i a t i o n  o f  d i s s o l u t i o n  r a t e  when n i t r o u s  a c i d  was p r e s e n t  a t  d i f f e r e n t  macro 

concen t ra t i ons .  

The e f f e c t  o f  n i t r o u s  a c i d  on d i s s o l u t i o n  r a t e  was n o t  
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L i t t l e  p r a c t i c a l  d i f f e r e n c e  was found i n  d i s s o l u t i o n  r a t e s  o f  d i f f e r e n t  

batches o f  a s - f a b r i c a t e d  N-Reactor f u e l  o r  between a s - f a b r i c a t e d  and 

i r r a d i a t e d  f u e l ,  on a su r face  area  bas is .  However, i r r a d i a t e d  f u e l  may break 

i n t o  sma l le r  p ieces  d u r i n g  shear ing  than does u n i r r a d i a t e d  f u e l ;  t he  h i g h e r  

r e s u l t a n t  su r face  area  would g i v e  h i g h e r  i n i t i a l  r e a c t i o n  r a t e s .  

The t r a n s u r a n i c  e lement  c o n t e n t  o f  HN03-leached c l a d d i n g  h u l  Is w i  11 be 

t o o  h i g h  t o  a l l o w  d i s p o s a l  o f  these wastes a s  l ow- leve l  waste. A c o n t e n t  o f  

420 nC i /g  was found a f t e r  l each  c o n d i t i o n s  s i m u l a t i n g  those p lanned f o r  p l a n t  

ope ra t i on ;  an a d d i t i o n a l ,  more v igorous,  HN03 leach  reduced t h i s  amount, b u t  

o n l y  t o  280 nCi/g. 

Near t h e  end o f  HN03 l e a c h i n g  o f  N-Reactor f u e l  e lement  sec t i ons ,  b l a c k  

s o l i d s  f l a k e  o f f  t he  c l a d d i n g  a t  what had been the  U/Zr i n t e r f a c e .  

s o l i d s  appear t o  be a U/Zr i n t e r m e t a l l i c  mix tu re ,  b u t  e x h i b i t e d  l i t t l e ,  i f  

any, py rophor i c  a c t i v i t y .  

p r o v i s i o n s  f o r  d e a l i n g  w i t h  such m a t e r i a l  shou ld  be i n c l u d e d  i n  p l a n t  

design. 

These 

The q u a n t i t y  o f  s o l i d s  i s  low ( - l ~ l O - ~  g/g U),  b u t  

2.1 REFERENCES FOR SECTION 2.0 

Schu l r ,  W .  W .  1972. Shear-Leach Process ing  o f  N-Reactor Fue l  -- Cladd ing  
ARH-2351, A t l a n t i c  R i c h f i e l d  Hanford Company, Rich land,  Washington. F i r e s .  
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3.0 DISSOLUTION RATE OF URANIUM METAL I N  NITRIC A C I D  

r 

P 

E 

l t h o u g h  t h e r e  i s  an abundance o f  p r a c t i c a l  exper ience i n  d i s s o l v i n g  

uranium meta l  i n  n i t r i c  ac id ,  a l i t e r a t u r e  survey performed by A .  L. Pajunen, 

e t  a l .  (1984) f a i l e d  t o  p r o v i d e  s u f f i c i e n t  da ta  f o r  adequate model ing o f  

d i s s o l v e r  t ime  c y c l e s  and o f f - g a s  genera t i on  r a t e s .  

i n s u f f i c i e n t  f o r  seve ra l  reasons. Wi th  aluminum c l a d  r e a c t o r  f u e l s  the  common 

p r a c t i c e  has been t o  leave a hee l  o f  und isso lved  meta l  behind; thus  t h e  

r e a c t i n g  uranium su r face  area i s  unknown. When N-Reactor f u e l  i s  processed by 

dec ladd ing  i n  ammonium f l u o r i d e  s o l u t i o n ,  f o l l o w e d  by HN03 d i s s o l u t i o n  o f  t h e  

uranium, the  r e a c t i n g  uranium su r face  area i s  unknown because o f  u n c e r t a i n t i e s  

i n  the  e x t e n t  o f  c l a d d i n g  removal. Also, i n  t h i s  case, t he  d i s s o l v e n t  

c o n t a i n s  v a r i a b l e  concen t ra t i ons  o f  f l u o r i d e  c a r r i e d  ove r  f rom t h e  dec ladd ing  

o p e r a t i o n  p l u s  aluminum n i t r a t e  added t o  min imize  f l u o r i d e - i n d u c e d  c o r r o s i o n  

o f  t h e  d i s s o l v e r ;  t hus  t h e  d i s s o l v e n t  compos i t ion  i s  n o t  t h e  same as  w i l l  be 

used i n  shear / leach p rocess ing  o f  N-Reactor f u e l .  

d i s s o l u t i o n  r a t e  da ta  were measured as  p a r t  o f  t h i s  p r o j e c t .  

P l a n t  da ta  were a l s o  

Far these reasons, uranium 

3.1 DISSOLUTION RATE PROCEDURES 

Most  o f  t h e  p r e s e n t  d i s s o l u t i o n  r a t e  exper iments  were per formed i n  

However, one s e t  o f  
vesse ls  f i t t e d  w i t h  a s imple u p d r a f t  condenser, and w i t h  no a i r  sparge th rough 

t h e  s o l u t i o n  o r  a i r  sweep th rough the  vapor space. 

complete d i s s o l u t i o n  exper iments was per formed w i t h  a downdra f t  condenser and 
b o t h  a i r  sweep and sparge; these c o n d i t i o n s  a r e  c l o s e r  t o  those p lanned f o r  

use i n  the  p l a n t ,  and they l e a d  t o  a lower  consumption o f  HNO3. A l l  o f  t he  

exper iments employed magnet ic  s t i r r i n g  t o  keep t h e  s o l u t i o n  w e l l  mixed. 

I n  n e a r l y  a l l  o f  t he  d i s s o l u t i o n  r a t e  exper iments  w i t h  u n i r r a d i a t e d  

uranium, t h e  course o f  d i s s o l u t i o n  was f o l l o w e d  by l i q u i d  s c i n t i l l a t i o n  

coun t ing  o f  s o l u t i o n  samples taken as a f u n c t i o n  o f  t ime. The s p e c i f i c  

a c t i v i t y  was determined f o r  each exper iment  f rom c o u n t i n g  o f  t h e  f i n a l  

s o l u t i o n  coupled w i t h  s o l u t i o n  volume and specimen we igh t  loss measurements. 

The measured a c t i v i t i e s  e v i d e n t l y  i n c l u d e d  b e t a  a c t i v i t y  f rom daughter  

i s o t o p e s  as w e l l  as a lpha a c t i v i t y  f rom t h e  uranium i t s e l f  because measured 

va lues  were h i g h e r  than those c a l c u l a t e d  f o r  a lpha  a c : t i v i t y  a lone.  The 
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s p e c i f i c  a c t i v i t y  v a r i e d  somewhat f rom one f u e l  e lement  t o  another,  b u t  was 

q u i t e  c o n s t a n t  f o r  s e c t i o n s  c u t  f rom a g i v e n  f u e l  element. 

r e s u l t s  o b t a i n e d  i n  t h i s  manner were v e r i f i e d  i n  a few exper iments by 

measur ing uranium c o n c e n t r a t i o n s  d i r e c t l y  by pu l sed  l a s e r  f l u o r i m e t r y .  The 

s c i n t i l l a t i o n  c o u n t i n g  method was g e n e r a l l y  used because o f  i t s  s i m p l i c i t y .  

D i s s o l u t i o n  r a t e  

I r r a d i a t e d  uranium d i s s o l u t i o n  r a t e  exper iments were g e n e r a l l y  f o l l o w e d  

by p u l s e d  l a s e r  f l u o r i m e t r y  analyses f o r  uranium and by gamma c o u n t i n g  t h e  

f i s s i o n  p r o d u c t  137Cs content .  The d i r e c t  uranium analyses were g e n e r a l l y  

more r e l i a b l e ,  as they d i d  n o t  i n v o l v e  s e v e r a l  u n c e r t a i n t i e s  a t t e n d a n t  i n  t h e  

137Cs method (e.g., f i n a l  volume, w e i g h t  loss ,  and 137Cs c o n c e n t r a t i o n  

measurements). 

N i t r i c  a c i d  analyses were done by t i t r a t i o n  a f t e r  o x a l a t e  complexing o f  

uranium so t h a t  uranium h y d r o l y s i s  would n o t  i n t e r f e r e .  The samples f r o m  t h e  
f i r s t  complete d i s s o l u t i o n  exper imen t  ( S e c t i o n  3.2.8) were ana lyzed  u s i n g  

manual b u r e t  c o n t r o l  and end-po in t  de te rm ina t ion .  Samples f rom t h e  s e r i e s  o f  

f o u r  complete d i s s o l u t i o n  exper iments done w i t h  a downdra f t  condenser were 

analyzed u s i n g  a m o d i f i e d  procedure w i t h  an au tomat i c  t i t r a t o r  (Ryan e t  a l .  

1985). 

Because o f  t h e  i n s t a b i l i t y  o f  n i t r o u s  a c i d  i n  n i t r i c  a c i d  s o l u t i o n s ,  an 

i n d i r e c t  method was used t o  determine HN02 c o n c e n t r a t i o n s  i n  d i s s o l u t i o n  r a t e  

exper iments.  S o l u t i o n  samples were r a p i d l y  added t o  s o l u t i o n s  c o n t a i n i n g  a 

s u b s t a n t i a l  excess o f  hydraz ine;  t h e  HN02 i n  t h e  samples was thus  conver ted  

e s s e n t i a l l y  q u a n t i t a t i v e l y  t o  h y d r a z o i c  ac id :  

HN02 + N2Hq = HN3 + 2H20 

The h y d r a z o i c  a c i d  t h u s  formed was s t a b l e  f o r  a t  l e a s t  seve ra l  days, d u r i n g  

which t ime  i t s  c o n c e n t r a t i o n  was determined c o l o r i m e t r i c a l l y  as t h e  f e r r i c  

a z i d e  complex (Dukes and Wal lace 1961).  

The q u a n t i t i e s  o f  o t h e r  elements p r e s e n t  i n  t h e  uranium used i n  N-Reactor 

f u e l  i s  g iven i n  Table 3.1. 

h a l f - r i n g s  o f  p o r t i o n s  c u t  f rom a s - f a b r i c a t e d  N-Reactor f u e l  elements, 

a l t h o u g h  some o f  t h e  e a r l y  work was done w i t h  mounted and p o l i s h e d  specimens 

Most o f  t h e  d i s s o l u t i o n  r a t e  exper iments used 

r 

& 
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TABLE 3.1 Other Elements i n  N-Reactor Uranium Fue l  

Element Concentrat ion,  ppm 

A1 umi num 
Carbon 
I r o n  
S i  1 i c o n  
B e r y l  1 i um 
Boron 
Cadmi um 
Chromi um 
Copper 
Hydrogen 
Ma n ga ne s e 
Magnesium 
N i  cke 1 
N i t r o g e n  
Z i  r con i urn 

650 - 945 
330 - 735 
280 - 440 

60 - 130 
G 10 

0.25 
< 0.25 
G 65 
G 7 5  
c 2  
G 25 
G 25 

100 
G , 7 5  
G 65 

and some o f  t h e  l a t e r  work i n v o l v e d  whole r i n g s .  

two types o f  uranium sur faces,  "end g r a i n "  sur faces on t h e  faces  o f  t h e  r i n g s  

and " s i d e  g ra in ' '  su r faces  where t h e  r i n g s  were c u t  i n  h a l f .  

cm t h i c k  h a l f - r i n g  c u t  f rom an i n n e r  element, t h e  end g r a i n  uranium su r faces  

amounted t o  -73% o f  t h e  t o t a l  uranium s u r f a c e  area. L i t t l e  d i f f e r e n c e  was 

no ted  between t h e  d i s s o l u t i o n  r a t e s  o f  these two types o f  surface. 

example, i n  one case o f  e x t e n s i v e  d i s s o l u t i o n  t h e  p e n e t r a t i o n  on t h e  s i d e  

g r a i n  su r faces  was measured as b e i n g  -809, o f  t h a t  on t h e  end g r a i n  su r faces .  

These h a l f - r i n g s  c o n t a i n e d  

I n  a t y p i c a l  1.3- 

For 

Sec t i ons  c u t  f rom seve ra l  f u e l  e lements were used i n  t h i s  study. Many of  

t he  f i g u r e s  t o  be shown l a t e r  c o n t a i n  l e t t e r s  i d e n t i f y i n g  t h e  ba tch  o f  f u e l  

s e c t i o n s  used i n  t h e  comparison shown. 

d i f f e r e n t  i n n e r  elements and CL s e c t i o n s  were from an o u t e r  element.  

CF and CJ s e c t i o n s  were c u t  f r o m  

G r a i n  s i z e  i s  known t o  have a pronounced e f f e c t  on uranium d i s s o l u t i o n  

One o f  t h e  a s - f a b r i c a t e d  specimens r a t e  i n  HNO3 (Bement and Swanson 1957). 

used i n  t h i s  work was determined by UNC Nuclear  I n d u s t r i e s  personnel  t o  have 

an average g r a i n  diameter o f  0.17 mm. At tempts t o  measure g r a i n  s i z e  on 

mounted and p o l i s h e d  specimens were n o t  very  f r u i t f u l ;  no s i z e s  c o u l d  be 

p r e c i s e l y  determined, b u t  i t  d i d  appear t h a t  t h e  g r a i n  s i z e s  o f  i r r a d i a t e d  

(12% 240Pu) and u n i r r a d i a t e d  specimens were r o u g h l y  comparable. 
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Except  f o r  t h e  s e c t i o n s  c u t  f rom r u p t u r e d  f u e l  elements, no ev idence o f  

c rumb l ing  o r  c r a c k i n g  was observed i n  any o f  t h e  i r r a d i a t e d  f u e l  e lement  

sec t i ons .  

3.2 DISSOLUTION RATE RESULTS AND D I S C U S S I O N  

The e f f e c t s  o f  t h e  f o l l o w i n g  f a c t o r s  on t h e  d i s s o l u t i o n  r a t e  o f  N-Reactor 

f u e l  uranium i n  HN03 were i n v e s t i g a t e d :  i r r a d i a t i o n  l e v e l ,  n i t r i c  a c i d  

concen t ra t i on ,  u r a n y l  n i t r a t e  concen t ra t i on ,  n i t r o u s  a c i d  concen t ra t i on ,  

temperature,  and su r face  roughening d u r i n g  d i s s o l u t i o n .  Data were a l s o  

o b t a i n e d  on the  e x t e n t  o f  foaming d u r i n g  d i s s o l u t i o n  and on t h e  t imes  r e q u i r e d  

f o r  complete d i s s o l u t i o n  o f  specimens o f  d i f f e r e n t  s i zes .  

L i t t l e  i f  any e f f e c t  o f  i r r a d i a t i o n  on d i s s o l u t i o n  r a t e  was observed. A 

low c o n c e n t r a t i o n  o f  n i t r o u s  a c i d  i s  r e q u i r e d  t o  a t t a i n  r a p i d  d i s s o l u t i o n ,  b u t  

h i g h e r  c o n c e n t r a t i o n s  g i v e  l i t t l e  a d d i t i o n a l  r a t e  increase;  these r e s u l t s  

suggest a f i n i t e ,  b u t  low, dependence o f  d i s s o l u t i o n  r a t e  on n i t r o u s  a c i d  

concen t ra t i on .  N i t r i c  a c i d  concen t ra t i on ,  on t h e  o t h e r  hand, has a s t r o n g  

e f f e c t  on uranium d i s s o l u t i o n  r a t e ;  t h e  r a t e  i s  p r o p o r t i o n a l  t o  t h e  second 

power o f  HN03 c o n c e n t r a t i o n  f rom 3 t o  8 - M HN03, a t  l e a s t .  A p p l i c a t i o n  o f  HN03 

a c t i v i t y  c o e f f i c i e n t s  t o  these d a t a  i n d i c a t e s  t h a t  uranium d i s s o l u t i o n  r a t e  i s  

p r o p o r t i o n a l  t o  t h e  f i r s t  power o f  n i t r a t e  ( o r  hydrogen) i o n  a c t i v i t y .  

e f f e c t  o f  u r a n y l  n i t r a t e  c o n c e n t r a t i o n  on d i s s o l u t i o n  r a t e  appears t o  be one 

o f  c o n t r i b u t i n g  t o  t h e  t o t a l  n i t r a t e  c o n c e n t r a t i o n .  I n  n i t r i c  a c i d h r a n y l  

n i t r a t e  m i x t u r e s  t y p i c a l  o f  those encountered i n  p r a c t i c a l  uranium d i s s o l v e r  

c o n d i t i o n s ,  uranium d i s s o l u t i o n  r a t e  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  n i t r a t e  

c o n c e n t r a t i o n  r a i s e d  t o  t h e  2.6 power. 

The 

These r e s u l t s  i n d i c a t e  t h a t  t h e  b a s i c  mechanism o f  uranium d i s s o l u t i o n  i n  

n i t r i c  a c i d  can be expressed by an e q u a t i o n  such as: 

D i s s o l u t i o n  Rate = K ( s u r f a c e  a rea )  (NOi) f  (HN02)X 

where 

a c t i v i t y ,  and x i s  a smal l  number. On a l e s s  b a s i c  l e v e l ,  t h e  d a t a  o b t a i n e d  

a t  n i t r i c  a c i d  and u r a n y l  n i t r a t e  c o n c e n t r a t i o n s  t y p i c a l  o f  those o b t a i n e d  a t  

p r a c t i c a l  uranium d i s s o l v e r  c o n d i t i o n s  a r e  c o r r e l a t e d  q u i t e  w e l l  a t  a g i ven  

temperature by t h e  equa t ion :  

i s  t h e  f r e e  n i t r a t e  i o n  a c t i v i t y ,  (HN02) i s  t he  n i t r o u s  a c i d  
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D i s s o l u t i o n  Rate = K ( s u r f a c e  a rea )  (EHN031 + 2 [ U ] ) 2 * 6  

where [HN031 and [U] a r e  the  molar  s t o i c h i o m e t r i c  concen t ra t i ons .  

o f  K i n  t h i s  equa t ion  i s  -4.6 a t  103"C, w i t h  d . i s s o l u t i o n  r a t e  expressed as 

mg/cm2-h and u s i n g  the  i n i t i a l  geomet r ic  su r face  area. 

The va lue  

I- 

% 

'b 

-3 

Comparison o f  i n i t i a l  and sus ta ined  d i s s o l u t i o n  r a t e s  i n d i c a t e s  t h a t  

su r face  roughening d u r i n g  d i s s o l u t i o n  i nc reases  the  sur face  area  by a f a c t o r  

o f  approx imate ly  t h r e e  ove r  t h e  geomet r ic  su r face  area. Th is  degree o f  

roughening appears t o  remain e s s e n t i a l l y  cons tan t  a f t e r  a p e n e t r a t i o n  of  

- 0.005 cm has occurred.  

Uranium d i s s o l u t i o n  r a t e s  i nc rease  w i t h  temperature up t o  a temperature a 

few degrees below t h e  b o i l i n g  p o i n t ,  and then decrease s l i g h t l y .  

may be due t o  a marked decrease i n  n i t r o u s  a c i d  c o n c e n t r a t i o n  near  t h e  b o i l i n g  

p o i n t .  

105°C was found t o  be - 11 k c a l .  

Th is  e f f e c t  

The a c t i v a t i o n  energy f o r  uranium d i s s o l u t i o n  i n  7.8 - PI HN03 a t  7 1  t o  

3.2.1 E f f e c t  o f  Fuel  I r r a d i a t i o n  Leve l  on D i s s o l u t i o n  Rate 

The i n i t i a l  p o r t i o n s  o f  t h e  uranium d i s s o l u t i o n  r a t e  s t u d i e s  o f  t h i s  

p r o j e c t  employed mounted and p o l i s h e d  specimens so t h a t  t he  su r face  areas  

would be a c c u r a t e l y  known. 

f a c t  was n o t  a p p r e c i a t e d  u n t i l  a f t e r  seve ra l  exper iments had been per formed 

w i t h  such specimens. 

T h i s  t u r n e d  o u t  t o  be an unwise dec i s ion ,  b u t  t h a t  

Among these exper iments  were seve ra l  aimed a t  de te rm in ing  t h e  e f f e c t  ( i f  

any) o f  i r r a d i a t i o n  on the r a t e  a t  which uranium d i s s o l v e s  i n  HNO3. 

Q u a l i t a t i v e  s tatements have been made (Schulz  1972) t o  t h e  e f f e c t  t h a t  

i r r a d i a t e d  meta l  d i s s o l v e s  more r a p i d l y  than u n i r r a d i a t e d ,  b u t  no da ta  were 

presented. I n  our  s t u d i e s  we found l i t t l e  e f f e c t  o f  i r r a d i a t i o n  on 

d i s s o l u t i o n  r a t e .  

inc rease,  t h e  d i s s o l u t i o n  r a t e .  

I f  t h e r e  was an e f f e c t ,  i t  was t o  decrease, r a t h e r  than 

F i g u r e  3.1 c o n t a i n s  t h e  r e s u l t s  o f  exper iments  i n  wh ich  mounted and 

p o l i s h e d  specimens f rom f o u r  d i f f e r e n t  f u e l  e lements (two i r r a d i a t e d  and two 

u n i r r a d i a t e d )  were exposed t o  b o i l i n g  3.0 I1 HNO3 and t h e  i n i t i a l  d i s s o l u t i o n  

r a t e s  were measured. These r e s u l t s  i n d i c a t e  t h a t  t h e  d i s s o l u t i o n  r a t e  o f  

uranium i r r a d i a t e d  t o  an exposure g i v i n g  6% o f  t he  Pu as 2 4 0 P ~  i s  t h e  same as 

- 
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Polished Specimens 

Time in Boiling Solution, Minutes 

FIGURE 3.1. In i t i a l  Dissolution Rates of  Polished Specimens o f  
Irradiated and  Unirradiated Fuel 

tha t  o f  unirradiated uranium, while uranium irradiated t o  a higher exposure 
g i v i n g  12% of the P u  as  240Pu dissolves about 80% as  rapidly. 
comparison i s  of  questionable validity because o f  uncertainties i n  the actual 
reacting areas result ing from cracks i n  the p las t ic  material i n  which the 
specimens were mounted. For example, a crack was observed i n  the m o u n t  
holding the 6% 240Pu specimen shortly a f t e r  these data were obtained; the 
crack was such t h a t  the ends of  the c u t  section were also exposed t o  the 
solution, along w i t h  the polished surface. 
specimen was f i r s t  introduced into the solution, the dissolution ra te  of the 
6% 240Pu specimen was actually o n l y  a b o u t  50% o f  t h a t  indicated by the data o f  

Figure 3.1 (because the surface area o f  the ends was approximately equal t o  
the area of the polished surface).  This possibi l i ty  i s  substantiated by d a t a  
obtained l a t e r  w i t h  unmounted specimens. 
further studies were done w i t h  as-cut specimens rather than  mounted a n d  

polished specimens. 

However, t h i s  

I f  t h i s  crack occurred when the 

This uncertainty i s  one reason why 
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A d i s s o l u t i o n  r a t e  comparison o f  as -cu t  specimens f rom d i f f e r e n t  f u e l  

elements i n  b o i l i n g  3.0 M HN03 i s  shown i n  F i g u r e  3.2. 

240Pu i r r a d i a t e d  uranium specimen d i s s o l v e d  o n l y  about  h a l f  as f a s t  as d i d  two 

of  t he  u n i r r a d i a t e d  specimens; t h i s  suggests t h a t  the  crack i n  t h e  mount 

d iscussed i n  t h e  preced ing  paragraph d i d  indeed occur  e a r l y  i n  t h e  exper iment ,  

t o  g i v e  an e r roneous ly  h i g h  apparent  d i s s o l u t i o n  r a t e .  

t h i r d  u n i r r a d i a t e d  e lement  d i s s o l v e d  i n i t i a l l y  a t  about  the  same r a t e  as  the  

i r r a d i a t e d  element b u t  then d i s s o l v e d  more r a p i d l y .  

I n  t h i s  case, t he  6% - 

A specimen f rom a 

A comparison o f  t h e  d i s s o l u t i o n  r a t e s  o f  s e c t i o n s  f rom t h e  t h r e e  

u n i r r a d i a t e d  elements a t  a h ighe r  (7.8 M )  HN03 concen t ra t i on  i s  shown i n  

F i g u r e  3.3. 

t he  s lowest ,  showing t h a t  very  l i t t l e  d i f f e r e n c e  e x i s t s  a t  t h i s  h i g h e r  HN03 

concen t ra t i on .  No i r r a d i a t e d  uranium specimen was a v a i l a b l e  t o  i n c l u d e  i n  

- 
These sus ta ined  r a t e s  d i f f e r  by o n l y  16% between t h e  f a s t e s t  and 

t h i  s comparison. 

Boiling 3.0 M HNO, 
As-Cut Specimens 

t xm- 
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A 
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X 
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0 
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FIGURE 3.2. D i s s o l u t i o n  Rates o f  As-Cut specimens 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  Fue l  i n  3.0 M HNO3 - 
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FIGURE 3.3. D i s s o l u t i o n  Rates o f  Samples f rom Three 
U n i r r a d i a t e d  Fue l  Elements i n  7.8 - M HNO3 

Another comparison o f  t h e  d i s s o l u t i o n  r a t e s  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  f u e l  specimens was o b t a i n e d  d u r i n g  complete d i s s o l u t i o n s  

per formed p repara to ry  t o  measuring t h e  r a d i o n u c l i d e  c o n t e n t  o f  spent  f u e l  

c l a d d i n g  h u l l s  ( S e c t i o n  4.0). 

t h e  d i s s o l u t i o n s  i n  5.5 - M HN03 and then p e r i o d i c a l l y  add increments  o f  15.7 - M 

HN03 t o  supply  the  needed HNO3. The i n i t i a l  charge o f  5.5 - t4 HNO3 corresponded 

t o  1.05 mole HN03/mole U and t h e  t o t a l  HN03 used amounted t o  6.46 mole 

HN03/mole U. 

c o n c e n t r a t i o n  o f  1.87 - M had t h e  volumes been a d d i t i v e  and i f  no e v a p o r a t i v e  

l osses  occurred.  I n  a s i m i l a r  exper iment  done b e f o r e  t h e  h o t  c e l l  work was 

begun (see F i g u r e  3.221, a HN03 consumption o f  5 . 1  mole/mole U d i s s o l v e d  was 

measured; thus, t h e  t e r m i n a l  HNO3 c o n c e n t r a t i o n  i n  t h e  exper iments o f  F igu re  

3.4 i s  c a l c u l a t e d  t o  have been -2.5 - 1-1 had t h e  volumes been a d d i t i v e  and i f  no 

e v a p o r a t i v e  l osses  occurred.  

The procedure used i n  these r u n s  was t o  s t a r t  

The t o t a l  volume o f  s o l u t i o n  used would have g i ven  a uranium 
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F i g u r e  3.4 presents  a comparison o f  t h e  da ta  c o l l e c t e d  i n  these two 

experiments, one u s i n g  i r r a d i a t e d  u r a n i  um and the  o t h e r  u s i n g  u n i r r a d i a t e d  

uranium. Values o f  [ (mole HN03 added) / (L  added) ]  were c a l c u l a t e d  from t h e  

known volumes and concen t ra t i ons  added. 

c a l c u l a t e d  f rom t h e  uranium c o n c e n t r a t i o n s  (measured by pu lsed  l a s e r  

f l u o r i m e t r y ) ,  and the  t o t a l  volume o f  s o l u t i o n  t h a t  had been added a t  t h e  t ime  

the  samples were taken. 

Values o f  ( g  U d i s s o l v e d )  were 

Each o f  these exper iments employed two h a l f - r i n g s  o f  an i n n e r  e lement  and 
two h a l f - r i n g s  of  an o u t e r  element, g i v i n g  an i n i t i a l  su r face  area  o f  -45 cm 2 

f o r  t h e  nomina l l y  h a l f - i n c h  t h i c k  r i n g s  used. 

i r r a d i a t e d  and u n i r r a d i a t e d  uranium a r e  seen ( F i g u r e  3.4) t o  have been very  

comparable i n  these exper iments.  

temperature and t h e  added HNO3 c o n c e n t r a t i o n  were s l i g h t l y  h i g h e r  i n  t h e  

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

Dur ing  t h e  p e r i o d  o f  maximum r a t e ,  b o t h  the  

0 

1 0 6  

- 0 Unirradiated 

(6% 240Pu) 
1.3 crn Thick Specimens 

0 oo.",oo 0 
0 Irradiated 

1 1 0 - 0  00 0 
0 - 
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I 
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FIGURE 3.4. D i s s o l u t i o n  Rates 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 i n  Complete D i s s o l u t i o n  Experiments 
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u n i r r a d i a t e d  uranium experiment. H igher  HN03 c o n c e n t r a t i o n  r e s u l t s  i n  more 

r a p i d  d i s s o l u t i o n ,  b u t  i t  i s  n o t  c e r t a i n  what e f f e c t  t he  h ighe r  temperature 

would have had i n  t h e  s l i g h t l y  s u b - b o i l i n g  reg ime i n  which these r a t e  da ta  

were c o l l e c t e d .  \.le o b t a i n e d  ev idence ( S e c t i o n  3.2.5) t h a t  the  r a t e  decreases 

w i t h  i n c r e a s i n g  temperature i n  t h e  s l i g h t l y  s u b - b o i l i n g  regime even though i t  

inc reases  w i t h  i n c r e a s i n g  temperature a t  l ower  temperatures. 
4 

The t imes r e q u i r e d  f o r  complete d i s s o l u t i o n  were a l s o  comparable i n  these 
two experiments; approx imate ly  10 hours f o r  t h e  i r r a d i a t e d  specimens and 8 c 

hours f o r  t h e  u n i r r a d i a t e d  specimens. 

i r r a d i a t e d  specimens were about  12% t h i c k e r  than the  u n i r r a d i a t e d ,  wh ich  would 

account  f o r  about  h a l f  o f  t he  25% d i f f e r e n c e  i n  complete d i s s o l u t i o n  t imes.  

The f a s t e r  a d d i t i o n  o f  a c i d  would a l s o  c o n t r i b u t e  some t o  the  more r a p i d  

complete d i s s o l u t i o n  observed w i t h  u n i r r a d i a t e d  f u e l .  

Based on t h e i r  r e l a t i v e  weights ,  t h e  

The d i f f e r e n t  HN03 a d d i t i o n  p a t t e r n s  i n  these two exper iments r e s u l t e d  
because o f  a r a t h e r  severe foaming problem t h a t  occu r red  i n  t h e  i r r a d i a t e d  

f u e l  experiment. 

m a i n t a i n i n g  a h i g h  temperature, t he  HN03 a d d i t i o n  t ime was s t r e t c h e d  ou t .  

Conversely, i n  t r y i n g  ( u n s u c c e s s f u l l y )  t o  d u p l i c a t e  t h i s  problem i n  t h e  

u n i r r a d i a t e d  f u e l  exper iment ,  t h e  HNO3 a d d i t i o n  t ime  was shortened. 

though t  t h a t  t he  severe foaming i n  t h i s  i r r a d i a t e d  f u e l  experiment, and i n  t h e  

r u p t u r e d  i r r a d i a t e d  f u e l  exper iment  d iscussed i n  Sec t i on  3.2.8, was caused by 

the  water  s o l u b l e  o i l  used i n  the  c u t t i n g  opera t i on ,  wh ich  was n o t  r i n s e d  away 

b e f o r e  t h e  d i s s o l u t i o n  exper iment  was performed. 

suppor ted by the  r e s u l t s  o f  another  exper iment  where a smal l  amount o f  t h e  

c u t t e r  c o o l a n t  s o l u t i o n  was added d u r i n g  d i s s o l u t i o n  o f  u n i r r a d i a t e d  uranium; 

the  foam l e v e l  immedia te ly  i nc reased  d r a m a t i c a l l y .  

I n  t r y i n g  t o  keep t h i s  problem under c o n t r o l  w h i l e  

I t  i s  

T h i s  c o n t e n t i o n  was 

The conc lus ion  f rom t h i s  comparison o f  d i s s o l u t i o n  r a t e s  between 

d i f f e r e n t  uranium specimens i s  t h a t  t h e r e  i s  l i t t l e  p r a c t i c a l  d i f f e r e n c e  

between d i f f e r e n t  batches o f  a s - f a b r i c a t e d  !+Reactor f u e l ,  o r  between as-  

f a b r i c a t e d  f u e l  and i r r a d i a t e d  f u e l .  

s ta tement  i s  t r u e  on a sur face area bas i s .  I f ,  as  d iscussed i n  Sec t i on  7.0, 
i r r a d i a t e d  f u e l  breaks i n t o  sma l le r  p ieces  than u n i r r a d i a t e d  f u e l  d u r i n g  t h e  

shear ing  opera t ion ,  then markedly h i g h e r  r e a c t i o n  r a t e s  ( p e r  u n i t  we igh t )  

cou ld  indeed occur  w i t h  i r r a d i a t e d  fue l .  

I t  shou ld  be s t ressed  t h a t  t h i s  

Even then, however, t h e  t i n e s  
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r e q u i r e d  f o r  complete d i s s o l u t i o n  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  f u e l  would be 

comparable i f  the  l a r g e s t  i r r a d i a t e d  uranium sheared p ieces  a r e  comparable i n  

s i z e  t o  t h e  l a r g e s t  u n i r r a d i a t e d  uranium sheared p ieces.  

the  maximum dimension i n  d e f i n i n g  t h e  t ime r e q u i r e d  f o r  complete d i s s o l u t i o n  

i s  shown and d iscussed i n  Sec t i on  3.2.8. 

The impor tance of  

3.2.2 Foamina Dur ina  D i s s o l u t i o n  

r* 
4 

Knowledge o f  t h e  degree o f  foaming t h a t  occurs  d u r i n g  d i s s o l u t i o n  i s  

i m p o r t a n t  t o  the  des ign o f  d i s s o l u t i o n  equipment. Accord ing ly ,  c a r e f u l  

measurements o f  foam volume were made d u r i n g  t h e  complete d i s s o l u t i o n  r u n s  

i n v o l v i n g  i r r a d i a t e d  and u n i r r a d i a t e d  uranium d iscussed e a r l i e r  ( S e c t i o n  

3.2.1). The r e s u l t s  ob ta ined  i n  t h e  u n i r r a d i a t e d  uranium exper iment  a r e  shown 

i n  F i g u r e  3.5, a long  w i t h  the  uranium d i s s o l u t i o n  and temperature measurements 

g i ven  e a r l i e r  i n  F i g u r e  3.4. As was d iscussed e a r l i e r ,  t h e  foaming behav io r  
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FIGURE 3.5. Foam Volumes Dur ing  D i s s o l u t i o n  
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i n  the irradiated uranium experiments was apparently affected by c u t t i n g  o i l  
t h a t  adhered t o  the specimens. 

The foaming resu l t s  are  shown i n  the middle of Figure 3.5, as the r a t i o  
o f  the measured volume level to the volume of’ solution added. 
presented f o r  two measurements: the volume reading a t  the t o p  of  the foam 
level (solution i. foam) and the volume reading a t  the bottom of  the foam level 
(aerated solution).  
t o  1.56-times the volume o f  solution t h a t  had been added a t  t h a t  time, a n d  

1.24-times the volume o f  aerated solution. 

Results are  

The highest volume of solution + foam here corresponded 

The largest  volume of foam occurred a b o u t  the time the maximum 
dissolution ra te  began. 
t h r o u g h o u t  the period of constant, maximum dissolution. 
the temperature pattern may have affected t h i s  behavior; the temperature 
approached the maximum value attained a t  a b o u t  t h i s  same time. 
nitrous acid i s  less  stable a t  higher temperatures, perhaps HN02 produced 
d u r i n g  the early part  of the reaction was decomposing and thus increasing the 
foam volume. 

However, the foam volume d i d  n o t  remain constant 
I t  i s  t h o u g h t  t h a t  

Because 

Results of other experiments indicate foaming t o  be markedly less  severe 
a t  lower temperatures. In complete dissolution runs a t  a constant temperature 
o f  -103°C (Section 3.2.81, ra t ios  of the volume of solution i. foam t o  the 
volume of solution added were typically only 1.05 t o  1.10. Thus, the extent 
o f  foaming need n o t  be as h igh  a s  indicated by the d a t a  shown i n  Figure 3.5. 

I t  should be stressed t h a t  these r e su l t s  were obtained w i t h  re la t ively 
massive specimens (-1.3 cm thick half-rings c u t  from fuel elements). W i t h  
more finely divided material, the weight of uranium dissolved per u n i t  time 
will  i n i t i a l l y  be much higher, and  likewise the degree of  foaming. 

3.2.3 Effect of Nitric Acid Concentration on Uranium Dissolution Rate 

Results of dissolution ra te  experiments a t  three HN03 concentrations w i t h  
a single temperature are shown i n  Figure 3.6. These experiments employed as- 
cut specimens from a single fuel element. In each instance an i n i t i a l  slower 
reaction i s  followed by a more r a p i d  reaction t h a t  proceeds a t  a constant ra te  
f o r  a prolonged period o f  time. 
n o t  become established until  other factors (e.g., surface roughness) become 

I t  i s  assumed t h a t  th i s  sustained r a t e  does 
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FIGURE 3.6. Uranium D i s s o l u t i o n  a t  D i f f e r e n t  HNO3 Concen t ra t i ons  

r e l a t i v e l y  constant .  

t o  be t h e  case, t hen  a "s teady -s ta te "  roughness appears t o  become e s t a b l i s h e d  

I f  su r face  roughness i s  t he  i m p o r t a n t  f a c t o r ,  as appears 

by t h e  t i m e  -100 mg Ulcm' has been d i sso l ved .  

o f  t h e  uranium i n  a specimen of  any a p p r e c i a b l e  s i z e  i s  con ta ined  i n  t h e  o u t e r  

Because o n l y  a smal l  f r a c t i o n  

100 rng/crn2, i t  i s  t h e  sus ta ined  r a t e  t h a t  occu rs  a t  deeper p e n e t r a t i o n s  t h a t  

i s  o f  p r imary  i n t e r e s t  t o  t h i s  work. 

F i g u r e  3.7a i s  a l o g - l o g  p l o t  o f  these sus ta ined  r a t e s  ( F i g u r e  3.6) 
a g a i n s t  s t o i c h i o m e t r i c  HNO3 c o n c e n t r a t i o n  and F i g u r e  3.7b i s  a p l o t  o f  t h e  

r a t e s  a g a i n s t  f r e e  n i t r a t e  i o n  a c t i v i t y  (which i s  equal  t o  f r e e  hydrogen i o n  

a c t i v i t y  i n  these s o l u t i o n s ) .  

were c a l c u l a t e d  from t h e  degree o f  HN03 d i s s o c i a t i o n  va lues and t h e  mean i o n i c  

a c t i v i t y  c o e f f i c i e n t  va lues r e p o r t e d  by Davis  and deBru in (1964) f o r  25°C. \Je 

assume t h a t  comparable r e l a t i v e  va lues  e x i s t  a t  -97"C, which was t h e  

temperature o f  our  exper iments.  

The f r e e  n i t r a t e  i o n  a c t i v i t y  va lues used here 
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The c o r r e l a t i o n s  shown i n  F i g u r e  3.7 i n d i c a t e  t h a t  uranium d i s s o l u t i o n  

r a t e  i s  p r o p o r t i o n a l  t o . t h e  f i r s t  power o f  f r e e  n i t r a t e  i o n  ( o r  hydrogen i o n )  

a c t i v i t y  and, because o f  t h e  dependencies o f  HN03 d i s s o c i a t i o n  and mean i o n i c  

a c t i v i t y  c o e f f i c i e n t s  on HN03 c o n c e n t r a t i o n ,  t h e  r a t e  i s  p r o p o r t i o n a l  t o  t h e  

square o f  t h e  s t o i c h i o m e t r i c  HN03 c o n c e n t r a t i o n  i n  t h i s  c o n c e n t r a t i o n  range. 

The a c t i v i t y  c o r r e l a t i o n  has more b a s i c  i m p l i c a t i o n s ,  b u t  t h e  c o n c e n t r a t i o n  

c o r r e l a t i o n  i s  s i m p l e r  t o  use. 

These da ta  were o b t a i n e d  a t  r e l a t i v e l y  c o n s t a n t  HN03 c o n c e n t r a t i o n s  and 

a t  low uranium c o n c e n t r a t i o n s :  i n  t h e  7.8 bl HN03 exper iment  t h e  maximum U 

c o n c e n t r a t i o n  was 0.09 M; d i s s o l u t i o n  o f  t h i s  much U would have reduced t h e  

HN03 c o n c e n t r a t i o n  by -0.45 PI, o r  6%. A t  t h e  o t h e r  a c i d i t i e s ,  t h e  U 

c o n c e n t r a t i o n s  were l ower  b u t  t h e  percentage r e d u c t i o n s  i n  HN03 were a l s o  -6%. 

3.2.4 E f f e c t  o f  Uranyl  N i t r a t e  Concen t ra t i on  on Uranium D i s s o l u t i o n  Rate 

- 
- 

- 

Experiments were a l s o  performed w i t h  h i g h  uranium, low HN03 s o l u t i o n s  t o  

measure d i s s o l u t i o n  r a t e s  under c o n d i t i o n s  near  t h e  end o f  d i s s o l u t i o n  

cyc les .  These exper iments i n v o l v e d  w e i g h t  l o s s  measurements i n s t e a d  o f  
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c o u n t i n g  measurements because o f  t h e  h i g h  coun t  r a t e  f rom t h e  uranium t h a t  was 

a l r e a d y  i n  s o l u t i o n .  Separate specimens were used f o r  each exposure; a l l  were 

c u t  f rom t h e  same u n i r r a d i a t e d  f u e l  element. S o l u t i o n  compos i t i ona l  

ad justments were made between exposures t o  m a i n t a i n  reasonably  comparable 

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

i n  Table 3.2. 

R e s u l t s  o f  t h e  two exper iments o f  t h i s  t y p e  a r e  g i ven  

The d a t a  f rom these two exper iments a r e  p l o t t e d  i n  F i g u r e  3.8 a l o n g  w i t h ,  

As be fo re ,  e x t r a p o l a t i o n  o f  these l i n e s  

f o r  comparison, da ta  o b t a i n e d  a t  a s l i g h t l y  h i g h e r  temperature (-105°C) w i t h  

7.8 - M HNO3 c o n t a i n i n g  l i t t l e  uranium. 

t o  lower  p e n e t r a t i o n  i n d i c a t e s  t h a t  t h e  i n i t i a l  r e a c t i o n  r a t e  i s  l ower  than  

t h e  sus ta ined  r a t e s  shown here. 

F i g u r e  3.9 i s  a l o g - l o g  p l o t  o f  these s u s t a i n e d  r a t e s  a g a i n s t  t o t a l  

The l i n e  th rough  these t h r e e  da ta  s t o i c h i o m e t r i c  n i t r a t e  concen t ra t i on .  

p o i n t s  has a s lope  o f  2.6, as opposed t o  t h e  s lope  o f  2.0 found f o r  t h e  

dependence on s t o i c h i o m e t r i c  HN03 c o n c e n t r a t i o n  ( F i g u r e  3.7a) .  
c o r r e l a t i o n  was a l s o  found i n  complete d i s s o l u t i o n  exper iments t o  be d e s c r i b e d  

i n  Sec t i on  3.2.8. 
n i t r a t e  c o n c e n t r a t i o n  dependencies between r e s u l t s  i n  t h e  presence and absence 

Th is  

I t i s  though t  t h a t  t h i s  apparen t  d iscrepancy between t o t a l  

TABLE 3.2. D i s s o l u t i o n  Rate Data i n  High U S o l u t i o n s  

Tempera ture-104°C 

Exposure 
Time, h 

S t a r t  o f  
Exposure, - M 

mg U / I n i t i a l  cm2 u H N O ~  

1.0 32 6 1.80 2.27 

\le i g h t Lo s s , 

3.0 1300 1.90 2.36 
5.0 2060 1.91 2.25 

End o f  Average Dur ing  
Exposure, M Exposure, M - - 

U H N O q  U HNO, 

1.82 2.22 1.81 2.24 
1.97 2.08 1.94 2.22 
2.06 1.77 1.98 2.01 

Average 1.91 2.16 
-- 

1 .o 158 1.83 1.28 1.83 1.26 1.83 1.27 
3.0 690 1.82 1.38 1.86 1.24 1.84 1.31 

1.76 1.32 1.84 1.10 1.80 1.21 5.0 12 l o  

Average 1.82 1.26 
-- 
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FIGURE 3.8. D i s s o l u t i o n  Rate Data i n  Uranyl  N i t r a t e  + HNO3 S o l u t i o n s  

o f  h i g h  uranium c o n c e n t r a t i o n s  i s  due t o  n i t r a t e  complexing o f  t h e  u r a n y l  i o n  

so t h a t  t h e  f r e e  n i t r a t e  c o n c e n t r a t i o n  i s  a p p r e c i a b l y  l ower  than  t h e  t o t a l  

n i t r a t e  concen t ra t i on .  T o t a l  n i t r a t e  c o n c e n t r a t i o n  i s  made up o f  t h e  

c o n c e n t r a t i o n  o f  f r e e  n i t r a t e  i on ,  t h e  c o n c e n t r a t i o n  o f  u n d i s s o c i a t e d  HN03, 

and t h e  c o n c e n t r a t i o n s  o f  u r a n y l  n i t r a t e  complexes. 

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

a c t i v i t i e s  of  these s o l u t i o n s  and t h u s  cannot  say i f  t h e  f i r s t  o r d e r  

dependence o f  d i s s o l u t i o n  r a t e  on f r e e  n i t r a t e  a c t i v i t y  observed i n  HN03 

s o l u t i o n s  ( F i g u r e  3.7b) a l s o  p r e v a i l s  i n  u r a n y l  n i t r a t e / n i t r i c  a c i d  

s o l u t i o n s .  

We do n o t  have adequate 

Regardless of  t h i s  l ack ,  however, t h e  e f f e c t  o f  u r a n y l  n i t r a t e  

c o n c e n t r a t i o n  on uranium d i s s o l u t i o n  r a t e  appears t o  be one o f  c o n t r i b u t i n g  t o  

t h e  t o t a l  n i t r a t e  concen t ra t i on .  

presented i n  Sec t i on  3.2.8 as w e l l ,  t h e  d i s s o l u t i o n  r a t e  i n  u r a n y l  

n i  t r a t e / n i t r i c  a c i d  m i x t u r e s  t y p i c a l  o f  those r e s u l t i n g  d u r i n g  d i s s o l u t i o n  o f  

A s  i n d i c a t e d  here, and by r e s u l t s  t o  be 

3.16 



x 

i 

[HNO,I + 2 IU1, 

1 0 2  

FIGURE 3.9. Dependence o f  Uranium D i s s o l u t i o n  Rate on N i t r a t e  Concen t ra t i on  

uranium under t y p i c a l  p l a n t  c o n d i t i o n s  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  n i t r a t e  
c o n c e n t r a t i o n  r a i s e d  t o  t h e  2.6 power. 

a c t u a l  d i s s o l u t i o n  r a t e  p r e d i c t i o n s .  
T h i s  r e l a t i o n s h i p  i s  easy t o  app ly  i n  

3.2.5 E f f e c t  o f  Temperature on Uranium D i s s o l u t i o n  Rate 

The r e s u l t s  o f  a s e r i e s  o f  r u n s  i n  which d i s s o l u t i o n  r a t e s  i n  7.8 M HN03 - 
were measured a t  temperatures f rom 71  t o  112°C ( t h e  b o i l i n g  p o i n t )  a r e  shown 

i n  F i g u r e  3.10. An i n t e r e s t i n g  f e a t u r e  o f  these r e s u l t s  i s  t h a t  d i s s o l u t i o n  
i s  s lower  i n  the  b o i l i n g  s o l u t i o n  than i t  i s  a t  105°C. 

c l e a r l y  i n  F i g u r e  3.11 where t h e  l o g a r i t h m  o f  t h e  sus ta ined  r a t e s  a r e  p l o t t e d  

a g a i n s t  t h e  i n v e r s e  temperature.  

temperature dependence p l o t  ( F i g u r e  3.11) y i e l d s  an a c t i v a t i o n  energy o f  -11 

This  i s  shown more 

The s lope  o f  t h e  l i n e a r  p o r t i o n  o f  t h e  

k c a l  f o r  t h e  r a t e  o f  uranium d i s s o l u t i o n  i n  t h i c  r a n n o  n f  r n n d i t i n n c  

R e s u l t s  o b t a i n e d  a t  o t h e r  HNO3 c o n c e n t r a t i o n s  a r e  a l s o  shown i n  F i g u r e  

3.11. These a l s o  i n d i c a t e  t h a t  d i s s o l u t i o n  i s  s lower i n  b o i l i n g  s o l u t i o n  than 
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FIGURE 3.10. Uranium D i s s o l u t i o n  a t  D i f f e r e n t  Temperatures 

i t  i s  a t  s l i g h t l y  lower  temperatures.  

e a r l i e r  f o r  d i s s o l u t i o n  o f  U02 i n  HN03 ( T a y l o r  e t  a l .  1963). 

a t t r i b u t e d  the  e f f e c t  t o  a l o w e r i n g  o f  t he  n i t r o u s  a c i d  c o n c e n t r a t i o n  a t  t h e  

b o i l i n g  p o i n t .  

Such an e f f e c t  has been observed 

Those a u t h o r s  

T h i s  i s  d iscussed i n  more d e t a i l  i n  t h e  f o l l o w i n g  sec t i on .  

3.2.6 E f f e c t  o f  N i t r o u s  Ac id  Concent ra t ion  

Because o f  exper imenta l  d i f f i c u l t i e s ,  we were unable t o  o b t a i n  

q u a n t i t a t i v e  data on the  e f f e c t  o f  n i t r o u s  a c i d  c o n c e n t r a t i o n  on t h e  r a t e  o f  

uranium d i s s o l u t i o n  i n  n i t r i c  ac id .  However, we were a b l e  t o  show t h a t  t h e  

presence o f  a t  l e a s t  a smal l  amount of n i t r o u s  a c i d  i s  necessary t o  ach ieve  

t h e  maximum d i s s o l u t i o n  r a t e .  

d i s s o l u t i o n  r e a c t i o n ,  t h i s  i s  u s u a l l y  no problem. Low i n i t i a l  n i t r o u s  a c i d  

c o n c e n t r a t i o n s  may have c o n t r i b u t e d  t o  the  " i n d u c t i o n  p e r i o d "  observed i n  some 

o f  t he  r a t e  experiments, b u t  i t  i s  t hough t  t h a t  su r face  roughening was a more 

i m p o r t a n t  f a c t o r ,  as w i l l  be d iscussed i n  t h e  f o l l o w i n g  sec t i on .  

Because n i t r o u s  a c i d  i s  a p r o d u c t  o f  t h e  
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FIGURE 3.11. E f f e c t  o f  Temperature on Uranium D i s s o l u t i o n  Rate 

F i g u r e  3.12 p resen ts  two se ts  o f  da ta  i l l u s t r a t i n g  t h e  e f f e c t  o f  add ing  

hydraz ine  ( t o  p r e v e n t  HN02 accumula t ion)  on t h e  r a t e  o f  uranium d i s s o l u t i o n .  

I n  (a ) ,  a 7.8 - M HN03 + 0.01 E N2H5N03 s o l u t i o n  was heated t o  98"C, and 

a d d i t i o n a l  hydraz ine  was added p e r i o d i c a l l y  a f t e r  t h e  uranium specimen was 

in t roduced .  For the  f i r s t  30 minutes, these a d d i t i o n s  were made a t  10 minu te  
i n t e r v a l s  and each a d d i t i o n  r a i s e d  t h e  hyd raz ine  concen t ra t i on  by 0.03 M; a 

very  low uranium d i s s o l u t i o n  r a t e  was observed d u r i n g  t h i s  pe r iod .  

o f  hydraz ine  a d d i t i o n  was then decreased (and e v e n t u a l l y  stopped a t e r  87 
minu tes) ,  and n i t r o u s  a c i d  accumulated i n  s o l u t i o n ;  t h i s  r e s u l t e d  n an 

i nc reased  uranium d i s s o l u t i o n  r a t e ,  wh ich  e v e n t u a l l y  e q u a l l e d  t h a t  observed 

f rom near t h e  beg inn ing  o f  a s i m i l a r  exper iment  i n  wh ich  hydraz ine  was n o t  

added. 

- 
The r a t e  

F i g u r e  3.12(b) i l l u s t r a t e s  t h e  e f f e c t  o f  add ing  hydraz ine  t o  des t roy  

n i t r o u s  a c i d  a f t e r  r e a c t i o n  had proceeded f o r  an apprec iab le  t ime;  hyd raz ine  

e s s e n t i a l l y  stopped t h e  d i s s o l u t i o n  r e a c t i o n .  

exper iment  was i n i t i a l l y  3.0 - M, b u t  much h i g h e r  than normal evapora t i on  

The Him3 c o n c e n t r a t i o n  i n  t h i s  
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FIGURE 3.12. E f f e c t  o f  Hydraz ine  A d d i t i o n  ( t o  Destroy N i t r o u s  
Ac id )  on Uranium D i s s o l u t i o n  Rate 

occu r red  so t h a t  t h e  f i n a l  a c i d i t y  was -3.7 - M (minus t h a t  consumed i n  t h e  

r e a c t i o n ) .  

0.025 M i n  hydraz ine.  

0.005 - M were than made a t  15 minu te  i n t e r v a l s .  

The i n i t i a l  hydraz ine  a d d i t i o n  was s u f f i c i e n t  t o  make t h e  s o l u t i o n  

A d d i t i o n s  s u f f i c i e n t  t o  i n c r e a s e  t h a t  c o n c e n t r a t i o n  by 

I n  t h e  absence o f  n i t r o u s  a c i d  suppressors such as  hydraz ine,  t h e  n i t r o u s  

a c i d  c o n c e n t r a t i o n  i n  a uranium d i s s o l v e r  a t  any t ime w i l l  r e p r e s e n t  a ba lance 

between t h a t  be ing  formed by t h e  d i s s o l u t i o n  r e a c t i o n  and t h a t  b e i n g  l o s t  by 

decomposi t ion and v o l a t i l i z a t i o n .  N i t r o u s  a c i d  concen t ra t i ons  were measured 

i n  many o f  t h e  d i s s o l u t i o n  r a t e  experiments; F i g u r e  3.13 i l l u s t r a t e s  such 

concen t ra t i ons  (and U c o n c e n t r a t i o n s )  found i n  exper iments  w i t h  d i f f e r e n t  

a c i d i t i e s  a t  a c o n s t a n t  temperature, and F i g u r e  3.14 shows r e s u l t s  w i t h  

d i f f e r e n t  temperatures a t  a cons tan t  a c i d i t y .  

I n  t h e  i n i t i a l  p o r t i o n s  o f  these exper iments,  t h e r e  was c l o s e  c o r r e l a t i o n  

o f  n i t r o u s  a c i d  c o n c e n t r a t i o n  w i t h  uranium c o n c e n t r a t i o n  b u t  n i t r o u s  a c i d  
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3 

c o n c e n t r a t i o n  soon d i d  n o t  i nc rease  as  r a p i d l y  as  d i d  uranium concen t ra t i on ,  

i n d i c a t i n g  t h a t  n i t r o u s  a c i d  l o s s  became s u b s t a n t i a l ,  I n  F i g u r e  3.13, n i t r o u s  

a c i d  loss i s  seen t o  be more pronounced a t  7.8 M HN03 than a t  5.0 o r  3.0 M 

HN03; t h i s  i s  i n  accord w i t h  expec ta t i ons .  
n i t r o u s  a c i d  loss  i s  l e s s  pronounced a t  l ower  temperatures; t h i s  i s  a l s o  i n  

acco rd  w i t h  expec ta t i ons .  

- - 
F i g u r e  3,14 i l l u s t r a t e s  t h a t  

I n  t h e  exper iments shown i n  F i g u r e  3.14 a s teady -s ta te  n i t r o u s  a c i d  

c o n c e n t r a t i o n  was even tua l  l y  e s t a b l i s h e d .  

l ower  a t  h i g h e r  temperatures,  b u t  t h e  a v a i l a b l e  d a t a  do n o t  show a r e g u l a r  

c o r r e l a t i o n  between s teady -s ta te  c o n c e n t r a t i o n  and temperature.  N i t r o u s  a c i d  

c o n c e n t r a t i o n s  were n o t  measured i n  t h e  corresponding exper imen t  a t  t h e  

b o i l i n g  p o i n t ,  which gave slower U d i s s o l u t i o n  ( F i g u r e  3.10); however, a 

s i m i l a r  exper iment  a t  a 2 - f o l d  l ower  s o l u t i o n  volume-to-uranium s u r f a c e  area 

r a t i o  gave a steady s t a t e  n i t r o u s  a c i d  c o n c e n t r a t i o n  o f  -3 x L. Since 

t h e  steady s t a t e  n i t r o u s  a c i d  c o n c e n t r a t i o n  would be expected t o  be h i g h e r  a t  

a lower  volume-to-surface area r a t i o ,  t h i s  r e s u l t  suggests t h a t  t h e  steady 

T h i s  c o n c e n t r a t i o n  was genera l  1 l y  
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FIGURE 3.14. N i t r o u s  A c i d  and Uranium Concen t ra t i ons  D u r i n g  
D i s s o l u t i o n  a t  D i f f e r e n t  Temperatures 

s t a t e  n i t r o u s  a c i d  c o n c e n t r a t i o n  a t  t h e  b o i l i n g  p o i n t  w i t h  t h e  volume-to- 

s u r f a c e  area r a t i o  o f  t he  exper iments i n  F i g u r e  3.14 was no l e s s  than h a l f  

t h a t  a t  110°C. 

r a t e  observed a t  t h e  b o i l i n g  p o i n t ,  as  was d iscussed i n  Sec t i on  3.2.5, b u t  t h e  

HN02 c o n t r i b u t i o n  does n o t  appear t o  be s u f f i c i e n t  t o  account f o r  t h e  t o t a l  

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

T h i s  d i f f e r e n c e  may have c o n t r i b u t e d  t o  t h e  l ower  d i s s o l u t i o n  

The f a c t s  t h a t :  1)  t h e  presence o f  n i t r o u s  a c i d  i s  necessary t o  r a p i d  U 

d i s s o l u t i o n  ( F i g u r e  3.12) but,  2 )  U d i s s o l u t i o n  proceeds a t  a c o n s t a n t  r a t e  

w h i l e  n i t r o u s  a c i d  c o n c e n t r a t i o n  i n c r e a s e s  by a f a c t o r  o f  4 t o  5 ( F i g u r e  3.13) 

i n d i c a t e  t h a t  U d i s s o l u t i o n  r a t e  v a r i e s  w i t h  HN02 c o n c e n t r a t i o n  r a i s e d  t o  some 

low power o r  t h a t  t h e  e f f e c t  o f  n i t r o u s  a c i d  i s  a c a t a l y t i c  one and t h e r e  i s  

no c o n c e n t r a t i o n  e f f e c t  above a t h r e s h o l d  l e v e l .  Lacher, Salzman, and Park 

(1961) r e p o r t  a n i t r o u s  a c i d  dependence o f  0.5 f o r  t h e  i n i t i a l  d i s s o l u t i o n  

r a t e  i n  15.6 - M HN03 a t  25°C. Our sus ta ined  d i s s o l u t i o n  r a t e  da ta  do n o t  

suppor t  t h i s  dependence; a 4 - f o l d  i n c r e a s e  i n  n i t r o u s  a c i d  c o n c e n t r a t i o n  would 
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L 

i n c r e a s e  t h e  uranium d i s s o l u t i o n  r a t e  by loo%, and t h i s  would c e r t a i n l y  have 

been apparent  i n  our  r a t e  data ( F i g u r e  3.13). I f  t h e r e  i s  a c o n c e n t r a t i o n  

e f f e c t  above a t h r e s h o l d  l e v e l ,  a 0.1 power dependence, which g i v e s  a 15% 
d i s s o l u t i o n  r a t e  i n c r e a s e  f o r  a 4 - f o l d  i n c r e a s e  i n  n i t r o u s  a c i d  c o n c e n t r a t i o n ,  

appears t o  be more i n  acco rd  w i t h  our  r e s u l t s .  

3.2.7 Surface Roughening Dur ing  D i s s o l u t i o n  

V isua l  comparison o f  t h e  uranium su r faces  b e f o r e  and a f t e r  p a r t i a l  

d i s s o l u t i o n  showed t h a t ,  w h i l e  some s u r f a c e  roughening d i d  .occur d u r i n g  

d i s s o l u t i o n ,  t h e  depths o f  p e n e t r a t i o n  ove r  t h e  su r face  were r e l a t i v e l y  

constant .  

roughening. 

A few exper iments were done i n  an e f f o r t  t o  q u a n t i f y  t h e  e x t e n t  o f  

F i g u r e  3.15 compares uranium d i s s o l u t i o n  r a t e s  i n  success ive exposures o f  
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FIGURE 3.15. Uranium D i s s o l u t i o n  Rates i n  Successive Leachings 
o f  One Specimen 
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one specimen t o  5 - M HN03 a t  -97°C. 

specimen, the  d i s s o l u t i o n  r a t e  was i n i t i a l l y  slow b u t  then inc reased  t o  a r a t e  

t h a t  h e l d  cons tan t  f o r  a l o n g  t ime pe r iod .  When t h e  same specimen, a f t e r  

s tand ing  o v e r n i g h t  i n  the  f i r s t  s o l u t i o n  as i t  cooled, was p laced  i n  a f r e s h  

b o i l i n g  s o l u t i o n  t h e r e  was no i n d u c t i o n  p e r i o d  and t h e  d i s s o l u t i o n  r a t e  agreed 

w e l l  w i t h  t h e  sus ta ined  r a t e  i n  t h e  f i r s t  exposure. 

t h a t  su r face  roughening accounts f o r  t h e  apparen t  i n d u c t i o n  per iod ,  and t h a t  

t he  degree o f  roughening remains cons tan t  over  a p e n e t r a t i o n  cor respond ing  t o  

d i s s o l u t i o n  f rom -100 t o  a t  l e a s t  -2500 mg/cm2 (-0.005 t o  -0.13 cm). 

i n i t i a l  d i s s o l u t i o n  r a t e  i n  t h e  f i r s t  exposure was about  one - fou r th  as  g r e a t  

as  t h e  sus ta ined  r a t e ,  i n d i c a t i n g  t h a t  t h e  t r u e  su r face  area a f t e r  -0.005 cm 

p e n e t r a t i o n  was abou t  4 - f o l d  g r e a t e r  than t h e  su r face  area o f  t h e  as -cu t  

specimen . 

I n  the  f i r s t  exposure, u s i n g  t h e  as -cu t  

-1 These r e s u l t s  i n d i c a t e  

k- 

The 

A q u a l i t a t i v e l y  s im i  l a r ,  b u t  q u a n t i t a t i v e l y  d i f f e r e n t ,  p i c t u r e  was 

obta ined  i n  experiments employing both as-cut  and p a r t i a l l y  d isso lved  

specimens and b o i l i n g  3 - M HN03. 

as -cu t  specimens and two p a r t i a l l y  d i s s o l v e d  specimens. 

d i s s o l v e d  specimens had b o t h  been exposed t o  7.8 - M HN03 l o n g  enough t h a t  

p e n e t r a t i o n s  o f  -4000 mg/cm2 (-0.2 cm) had occur red .  

F i g u r e  3.16 shows t h e  da ta  o b t a i n e d  w i t h  two 

The p a r t i a l l y  

Comparison o f  t h e  i n i t i a l  and sus ta ined  d i s s o l u t i o n  r a t e s  w i t h  t h e  as -cu t  

specimens i n d i c a t e s  t h a t  p a r t i a l  d i s s o l u t i o n  i n  b o i l i n g  3 - M HNO3 inc reased  t h e  

su r face  area  by a f a c t o r  o f  -2.4, r a t h e r  than  t h e  f a c t o r  o f  -4.0 observed i n  5 

- M HN03. 

t h e  sus ta ined  r a t e  i n  b o i l i n g  3 - M HNO3 was -2.6- fo ld  g r e a t e r  than t h e  i n i t i a l  

r a t e  w i t h  as-cu t  specimens. 

approx imate ly  t h e  same a f t e r  d i s s o l u t i o n  o f  -4000 mg/cm2 (-0.2 cm p e n e t r a t i o n )  

i n  7.8 - M HN03 as a f t e r  d i s s o l u t i o n  o f  -300 mg/crn2 (-0.016 cm p e n e t r a t i o n )  i n  3 

- M HN03. Resu l t s  t o  be presented  l a t e r  ( S e c t i o n  3.2.8) suppor t  t h i s  i n d i c a t i o n  

a t  even deeper pene t ra t i ons .  

Wi th  t h e  specimens t h a t  had been p a r t i a l l y  d i s s o l v e d  i n  7.8 - M HN03, 

T h i s  i n d i c a t e s  t h a t  t he  degree o f  roughness was 

Rased on these l i m i t e d  data, i t  appears t h a t  d i s s o l u t i o n  o f  uranium t o  a 

smal l  p e n e t r a t i o n  produces a roughened sur face hav ing  an area  3- t o  4 - f o l d  

h i g h e r  than the  i n i t i a l  as -cu t  area. 

a d d i t i o n a l  p e n e t r a t i o n  depth and o f  a c i d  c o n c e n t r a t i o n  i n  the  d i s s o l v e n t .  

Th i s  f a c t o r  i s  r e l a t i v e l y  independent  o f  
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3.2.8 Complete D i s s o l u t i o n  Experiments 

To o b t a i n  da ta  t o  a l l o w  more c e r t a i n  p r e d i c t i o n  o f  d i s s o l u t i o n  r a t e s  

th rough  a complete d i s s o l u t i o n  cyc le ,  a s e r i e s  o f  complete d i s s o l u t i o n  r u n s  

sampling. 

charge r a t i o  and o f  specimen th ickness,  a t  a g i v e n  temperature (103°C) and 

t e r m i n a l  U c o n c e n t r a t i o n  (1.8 M). 

were performed u n d e r  c a r e f u l l y  c o n t r o l  l e d  c o n d i t i o n s  and w i t h  f r e q u e n t  

Four such r u n s  were performed t o  examine t h e  e f f e c t s  o f  HN03-to-U 

- 
T h i s  s e r i e s  o f  f o u r  exper iments was done i n  a vessel  f i t t e d  w i t h  a 

downdraf t  condenser, which was coo led  t o  below 10°C. The s o l u t i o n  was sparged 

w i t h  a i r  ( a t  0.04 ml/min, m l  o f  s o l u t i o n )  and a i r  was swept above t h e  s u r f a c e  

o f  t h e  s o l u t i o n  ( a t  -0.5 ml/min, m l  o f  s o l u t i o n ) .  These c o n d i t i o n s  i n c r e a s e  

t h e  reconvers ion  of  NO and NO2 t o  n i t r o u s  and n i t r i c  a c i d s  and thus  reduce t h e  

consumption o f  HNO3 i n  the  d i s s o l u t i o n  process. 

through room temperature water  b e f o r e  i t  e n t e r e d  t h e  vessel ;  t h i s  wa te r  

The a i r  sweep was bubbled 
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addition t o  the system apparently essent ia l ly  balanced water losses by 

evaporation, based on the observation t h a t  the f inal  solution volume was 
essent ia l ly  identical  t o  the i n i t i a l  volume (corrected for the volume removed 
i n  samples). 

. 

The uranium specimens used i n  these four experiments were whole rings cut  
from an as-fabricated inner element; t h u s  only end-grain attack occurred u n t i  1 
near completion of dissolution, when holes were dissolved t h r o u g h  the residual 
uranium. T h i s  d i d  not occur unt i l  the thickness of the residual uranium was 
-0.10 t o  0.15 cm. 

Some of the r e su l t s  o f  the f i r s t  of these experiments ( A ) ,  which employed 
9.5 - M HN03 and two fuel element sections ( g i v i n g  an i n i t i a l  u ran ium surface 
area of 25  cm ) are  shown i n  Figure 3.17. 
cm thick. 

2 Both of these sections were -1.27 
Holes through the uranium became apparent a f t e r  -10.5 h ,  a t  which 

Both U Sections - \  Q 1.27 c m  Thick 
(Run A )  

(HNO, x lo2) in 
Condensate Return 

HNO, in 
Condensate Return 

HNO, 
4 

Dissolution Complete 

Hours 

. 

. 
F I G U R E  3.17. Complete Dissolution Experiment w i t h  Two Uranium Sections 

a n d  9.5 - M HNO3 
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t ime -90% o f  t h e  uranium was d isso lved.  

d i s s o l u t i o n  t o  become complete. 

Another -4 h was r e q u i r e d  f o r  

F i g u r e  3.17 shows t h e  concen t ra t i ons  o f  U, HN03, and HN02 i n  t h e  

d i s s o l v e r  s o l u t i o n  and o f  HN03 and HN02 i n  the  condensate d r a i n i n g  f rom t h e  

bot tom o f  t he  downdra f t  condenser back i n t o  t h e  d i s s o l v e r .  The r a t e  o f  

uranium c o n c e n t r a t i o n  i nc rease  i s  seen t o  decrease g r a d u a l l y  as d i s s o l u t i o n  

proceeds; however, t h i s  decrease i s n o t  very  pronounced u n t i  1 d i s s o l u t i o n  i s 

n e a r l y  complete. These r a t e  da ta  w i l l  be t r e a t e d  q u a n t i t a t i v e l y  l a t e r  i n  t h i s  

sec t i on .  

D i s s o l v e r  s o l u t i o n  HN03 c o n c e n t r a t i o n  decreases r e g u l a r l y  as i t  i s  

consumed by t h e  d i s s o l u t i o n  r e a c t i o n ;  t h e  HN03 consumption i n i t i a l l y  was -4.0 

mole/mole U d i s s o l v e d  b u t  was -3.5 mole/mole o v e r a l l .  N i t r o u s  a c i d  

c o n c e n t r a t i o n  i n  the  d i s s o l v e r  s o l u t i o n  g r a d u a l l y  i nc reased  th roughou t  t h e  

d i s s o l u t i o n ,  e v e n t u a l l y  r e a c h i n g  0.026 M. 

condensate r e t u r n  was -0.08 M, b u t  the  f l o w  r a t e  o f  t h i s  s t ream was low so 

t h i s  accounted f o r  o n l y  a smal l  f r a c t i o n  o f  t h e  HN02 i n  t h e  system. N i t r i c  

a c i d  c o n c e n t r a t i o n  i n  the  condensate r e t u r n  remained s u b s t a n t i a l l y  h i g h e r  than 

i n  t h e  d i s s o l v e r  s o l u t i o n ;  t h i s  i s  n o t  i n  accord  w i t h  e x p e c t a t i o n s  based on 

HN03 vapor p ressure  data, and i s  q u a l i t a t i v e l y  a t t r i b u t e d  t o  convers ion  o f  

ox ides  o f  n i t r o g e n  t o  HN03 i n  t h e  condenser. 

N i t r o u s  a c i d  c o n c e n t r a t i o n  i n  t h e  - 
- 

Some o f  the  r e s u l t s  o f  a s i m i l a r  exper iment  (C), excep t  t h a t  8.1 M HN03 - 
was used i n  p l a c e  o f  9.5 - M HN03, a r e  g i ven  i n  F i g u r e  3.18. 
p i c t u r e  i s  t h e  same a s  a t  t he  h i g h e r  a c i d i t y  ( F i g u r e  3.171, b u t  a l o n g e r  t i m e  

was r e q u i r e d  f o r  (-90%) complete d i s s o l u t i o n  t o  be achieved. Whereas -10.5 h 

were r e q u i r e d  f o r  ho les  th rough t h e  uranium t o  be apparent  i n  the  9.5 M HN03 

case, -15 h were r e q u i r e d  i n  t h e  8.1 M HN03 case. The a c i d i t i e s  a t  t h e  t imes  

t h e  ho les  appeared were -3.7 M and -2.9 M r e s p e c t i v e l y  i n  these two cases. 

H igher  a c i d i t y  i s  obv ious l y  d e s i r a b l e  f o r  s h o r t e r  d i s s o l u t i o n  t i m e  cyc les ,  b u t  

t h i s  advantage must be balanced a g a i n s t  s o l u b i l i t y  problems i n  coo led  

d i s s o l v e r  s o l u t i o n s  and s o l v e n t  e x t r a c t i o n  d isadvantages a t  h i g h e r  

a c i d i t i e s .  

bo th  as determined f rom t h e  i n i t i a l  s lopes  and f rom t h e  i n i t i a l  and f i n a l  

concen t ra t i ons .  

The o v e r a l l  

- 
- 

- - 

The HNO3 consumption i n  t h i s  r u n  was -3.2 mole/mole U d i sso l ved ,  
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FIGURE 3.18. Complete D i s s o l u t i o n  Exper iment  w i t h  Two Uranium 
Sec t ions  and 8.1 - M HNO3 

F i g u r e  3.19 c o n t a i n s  data f rom an exper imen t  ( B )  i n  which t h e  i n i t i a l  

uranium s u r f a c e  area was made much h i g h e r  by u s i n g  f i v e  uranium r i n g s  i n s t e a d  

o f  two, b u t  i n  which t h e  l a r g e s t  uranium p i e c e  was t h e  same s i z e  as  i n  t h e  

p r e v i o u s l y  desc r ibed  runs.  

3.18, where t h e  same a c i d i t y  and maximum uranium t h i c k n e s s  were used, shows 

t h a t  even though t h e  i n i t i a l  d i s s o l u t i o n  r a t e  was much f a s t e r  w i t h  more r i n g s ,  

t h e  t ime  r e q u i r e d  t o  approach complete d i s s o l u t i o n  was t h e  same. 

i l l u s t r a t e s  t h e  very i m p o r t a n t  p o i n t  t h a t ,  even though a h i g h e r  s u r f a c e  area 

g i v e s  a f a s t e r  i n i t i a l  d i s s o l u t i o n .  r a t e ,  t h e  t i m e  r e q u i r e d  f o r  complete 

d i s s o l u t i o n  o f  a ba tch  o f  f u e l  under a g i v e n  s e t  o f  c o n c e n t r a t i o n  c o n d i t i o n s  
and a t  a g i ven  temperature,  i s  - n o t  a f f e c t e d  by t h e  i n i t i a l  area; i t  depends 

i n s t e a d  on t h e  maximum t h i c k n e s s  o f  m a t e r i a l  t o  be d i sso l ved .  

consumption i n  t h i s  r u n  was -3.7 mole/mole U d i s s o l v e d  i n i t i a l l y  and -3.4 

mole/mole o v e r a l l .  

Comparison o f  these r e s u l t s  w i t h  those o f  f i g u r e  

T h i s  

The HN03 

The f i n a l  exper iment  (D) o f  t h i s  s e t  a l s o  r e l a t e d  t o  t h e  impor tance o f  

maximum th i ckness  on t h e  t ime  r e q u i r e d  f o r  complete d i s s o l u t i o n ;  i t  i n v o l v e d  a 
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FIGURE 3.19. Complete D i s s o l u t i o n  Exper iment  w i t h  F i v e  Uranium 
Sec t ions  and 8.1 - M HNO3 

s i n g l e  f u e l  e lement  r i n g  ( g i v i n g  a uranium s u r f a c e  area o f  o n l y  -12.5 cm2) 

t h a t  was t w i c e  as l o n g  (2.54 cm) as t h e  l o n g e s t  used p r e v i o u s l y .  

g i v e n  i n  F i g u r e  3.20, show t h e  expected s lower  r e a c t i o n  r a t e  and an 

approximate d o u b l i n g  o f  t h e  t ime r e q u i r e d  f o r  near-complete d i s s o l u t i o n  

(compare w i t h  F i g u r e  3.17). 
mole/mole U d i s s o l v e d  i n i t i a l l y  and -3.5 mole/mole o v e r a l l .  

The r e s u l t s ,  

The HN03 consumption i n  t h i s  r u n  was -3.8 

Inc remen ta l  uranium d i s s o l u t i o n  r a t e s  and t o t a l  n i t r a t e  c o n c e n t r a t i o n s  

c a l c u l a t e d  from t h e  r e s u l t s  o f  these f o u r  complete d i s s o l u t i o n  exper iments a r e  

shown i n  F i g u r e  3.21. 

r e p o r t e d  e a r l i e r  ( F i g u r e  3.9) f rom exper iments w i t h  t o t a l  uranium p e n e t r a t i o n s  

i n  t h e  range -0.005 t o  0.1 cm. 

a t  p e n e t r a t i o n s  near 0.6 cm and some a t  p e n e t r a t i o n s  near  1.2 cm. 

agreement f u r t h e r  suppor t s  t h e  e a r l i e r  o b s e r v a t i o n  ( S e c t i o n  3.2.7) t h a t  t h e  

degree of  su r face  roughening i s  r e l a t i v e l y  independent o f  p e n e t r a t i o n  depth,  

beyond a min imal  i n i t i a l  p e n e t r a t i o n .  

These r e s u l t s  a r e  i n  e x c e l l e n t  agreement w i t h  those 

The r e s u l t s  shown i n  F i g u r e  3.21 i n c l u d e  many 

T h i s  
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FIGURE 3.20. Complete Dissolution of Thicker Uranium Section and 9.5 M HN03 - 

Another complete dissolution experiment was done ea r l i e r  i n  the project, 
primarily t o  establish conditions and  procedures t o  be used i n  preparing 
leached irradiated c l a d d i n g  hulls f o r  analysis o f  the i r  transuranic element 
concentration (Section 4.0) .  The experimental procedure a n d  the r e su l t s  
obtained i n  the subsequent hot cel l  work were described i n  Section 3.2.1 ( a n d  

Figure 3.4); the resu l t s  obtained in t h i s  f i r s t  laboratory t e s t  are presented 
here i n  Figure 3.22 for completeness. 

This early experiment differed from those discussed ea r l i e r  i n  t h i s  
section i n  several respects. 
sparge or sweep was used. 
as well as inner, CJ sections) were used and  H N O 3  was added i n  increments over 
the f i r s t  -200 minutes. 
the HNO3 concentration by -2 M i n i t i a l l y  and  by -0.7 M a t  the end o f  the 
additive period. 
jus t  prior t o  these additions. 

I t  employed an u p d r a f t  condenser a n d  no  a i r  
Half-ring sections o f  uranium (outer,  C L  sections, 

These increments o f  HN03 were suff ic ient  t o  increase 

- - 
Samples taken f o r  analysis d u r i n g  t h i s  period were withdrawn 
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Rate Data from Complete D i s s o l u t i o n  Runs 

The we igh ts  of  U d i s s o l v e d  shown i n  F i g u r e  3.22 a r e  somewhat i n  e r r o r  

because o f  evapora t i on  t h a t  occurred;  da ta  i n d i c a t e  t h a t  t h e  f i n a l  volume was 

-17% lower  than expected f rom t h e  volumes added. 

accu ra te  d i s s o l u t i o n  r a t e  can be c a l c u l a t e d  f rom these da ta  f o r  comparison 

w i t h  those ob ta ined  i n  t h e  o t h e r  exper iments.  About 250 minu tes  i n t o  t h e  

exper iment  the  d i s s o l u t o n  r a t e  was -1900 mgU/cm2-h and t h e  s o l u t i o n  

compos i t ion  was -1.44 - M UO2(NO3I2 + 6.3 - M HN03, g i v i n g  a t o t a l  n i t r a t e  

c o n c e n t r a t i o n  o f  -9.2 - M. 

exper iments ( F i g u r e  3.211, a r a t e  o f  -1450 mg/cm2-h i s  expected f o r  9.2 - M 

t o t a l  n i t r a t e  c o n c e n t r a t i o n  a t  103°C. Th is  expec ted  r a t e  i s  76% as  h i g h  as 

t h a t  measured here ( F i g u r e  3.22) a t  -111'C. The temperature e f f e c t  observed 

i n  7.8 - M t o t a l  n i t r a t e  ( F i g u r e  3.11) would account  f o r  o n l y  a smal l  p a r t  o f  

t h i s  d iscrepancy.  

q u i t e  good, c o n s i d e r i n g  a l l  t he  d i f f e r e n c e s  i n  these exper iments.  

However, a reasonably  

From t h e  r e s u l t s  o f  the o t h e r  complete d i s s o l u t i o n  

However, d u p l i c a t i o n  t o  w i t h i n  20% o r  so i s  cons idered 
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The f i n a l  complete d i s s o l u t i o n  exper imen t  was done p r i m a r i l y  t o  o b t a i n ,  

f o r  p y r o p h o r i c i t y  t e s t i n g ,  leached c l a d d i n g  h u l l s  f rom t h e  a f f e c t e d  a reas  o f  

r u p t u r e d  f u e l  e lements.  Some d i s s o l u t i o n  r a t e  da ta  were a l s o  o b t a i n e d  d u r i n g  

t h e  i n i t i a l  d i s s o l u t i o n  p e r i o d  t o  g e t  a s e m i - q u a n t i t a t i v e  comparison o f  t h e  

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

The uranium d i s s o l v e d  i n  t h i s  exper iment  was a m i x t u r e  o f  r e l a t i v e l y  

smal l  chunks, p r i m a r i l y  f rom a r u p t u r e d  i n n e r  element; o f  cracked, b u t  n e a r l y  

i n t a c t  -1.27 cm t h i c k  h a l f - r i n g  s e c t i o n s  c u t  f rom a r u p t u r e d  o u t e r  element; 

and o f  "sawdust" generated d u r i n g  t h e  s e c t i o n i n g  o f  t h e  i n n e r  element. 

360 g U d i s s o l v e d  i n  t h i s  exper iment,  -4% was i n  t h e  "Sawdust" f r a c t i o n .  

O f  t h e  

The uranium was immersed i n  400 rnl o f  8 M HNO3 i n  a vessel  f i t t e d  w i t h  an - 
u p d r a f t  condensor and h e a t  was a p p l i e d  t o  i n i t i a t e  t h e  r e a c t i o n .  

foaming was encountered w i t h i n  -10 minutes, a p p a r e n t l y  caused by t h e  water  

s o l u b l e  o i l  used a s  c u t t e r  l u b r i c a n t ,  as  d iscussed i n  Sec t i on  3.2.1. Because 

o f  t h i s  foaming, t h e  h e a t  i n p u t  r a t e  had t o  be decreased and i t  i s  p robab le  

Severe 
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t h a t  t h e  s o l u t i o n  was n o t  b o i l i n g .  S o l u t i o n  temperature c o u l d  n o t  be measured 

i n  t h i s  exper iment  because o f  an equipment m a l f u n c t i o n .  

A n a l y s i s  o f  s o l u t i o n  samples, taken 0.5, 1.0, and 1.4 h a f t e r  i n i t i a t i o n  

o f  the r e a c t i o n ,  showed the  e x t e n t  o f  U r e a c t i o n  t o  have been 10, 18 and 27% 

r e s p e c t i v e l y .  Comparison o f  these r e s u l t s  w i t h  those shown i n  F i g u r e  3.18 f o r  

i n t a c t  -1.27 cm t h i c k  r i n g s  i n  8 - M HN03, where -8% o f  t h e  U r e a c t e d  i n  the  
f i r s t  1.4 h, shows t h a t  t h e  i n i t i a l  r e a c t i o n  r a t e  was 3- t o  4 - f o l d  h i g h e r  w i t h  

t h e  segments o f  r u p t u r e d  f u e l  than w i t h  i n t a c t  f u e l  e lement  sec t i ons .  

much d i f f e r e n c e  appears t o  be e a s i l y  e x p l a i n a b l e  on t h e  b a s i s  o f  a l a r g e r  

su r face  area i n  the  r u p t u r e d  f u e l  case; however, a q u a n t i t a t i v e  comparison i s  

n o t  p o s s i b l e  because o f  t h e  problems encountered i n  t h i s  exper iment.  

T h i s  
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4.0 TRANSURANIC ELEMENT CONTENT OF LEACHED FUEL HULLS 

The t r a n s u r a n i c  e lement  c o n t e n t  o f  wastes i s  one o f  t he  f a c t o r s  t h a t  

a f f e c t s  requ i rements  f o r ,  and t h e r e f o r e  the  c a s t  o f ,  waste d i s p o s a l .  

Accord ing ly ,  exper iments were per formed t o  measure t h e  q u a n t i t i e s  o f  such 

elements i n  HN03 leached c l a d d i n g  h u l l s  f rom i r r a d i a t e d  f u e l .  

found a f t e r  l each  c o n d i t i o n s  s i m u l a t i n g  those p lanned f o r  use d u r i n g  

p rocess ing  o f  N-Reactor f u e l  e lements i n  the  PFM t o t a l l e d  420 nCi /g  h u l l s .  An 

a d d i t i o n a l ,  more r i g o r o u s  HN03 l e a c h  s tep  reduced t h i s  amount, b u t  o n l y  t o  280 

nC i /g  h u l l s .  These amounts a r e  w e l l  above t h e  maximum (100 nC i /g )  a l l o w e d  f o r  

d i sposa l  as l ow- leve l  waste, so the  h u l l s  w i l l  r e q u i r e  more expensive d i s p o s a l  

as t r a n s u r a n i c  waste un less  a more r i g o r o u s  h u l l s  decontaminat ion process i s  

deve 1 oped. 

The amounts 

The h u l l s  used i n  these de te rm ina t ions  were ob ta ined  f rom t h e  complete 

d i s s o l u t i o n  exper iment  w i t h  i r r a d i a t e d  uranium d iscussed i n  Sec t ion  3.2.1. 

F o l l o w i n g  d i s s o l u t i o n  o f  t h e  i r r a d i a t e d  uranium, t h e  h u l l s  were added t o  a 

d i s s o l u t i o n  o f  u n i r r a d i a t e d  uranium t o  s imu la te  a ba tch  d i s s o l u t i o n  procedure 

i n  which leached h u l l s  a r e  exposed t o  a second d i s s o l u t i o n  c y c l e  t o  assure  

t h a t  r e a c t i o n  i s  complete. 

t h e  h u l l s  were r i n s e d  e x t e n s i v e l y  w i t h  d i l u t e  HN03 and then d i s s o l v e d  f o r  

a n a l y s i s .  The o t h e r  h a l f  o f  t he  i r r a d i a t e d  h u l l s  and h a l f  o f  t h e  u n i r r a d i a t e d  

h u l l s  were leached f o r  7 h i n  b o i l i n g  8 - M HN03 b e f o r e  they were r i n s e d  and 

d i s s o l v e d  f o r  a n a l y s i  s. 

F o l l o w i n g  t h i s  second d i s s o l u t i o n  c y c l e  h a l f  o f  

The h u l l s  were  o b t a i n e d  f r o m  two h a l f - s e c t i o n s  o f  an o u t e r  e l e m e n t  a n d  

two h a l f - s e c t i o n s  o f  an i n n e r  element; b o t h  e lements had been i r r a d i a t e d  t o  

t h e  l e v e l  g i v i n g  a 240Pu c o n t e n t  o f  6%. 

f o r  a n a l y s i s  c o n s i s t e d  o f  one p i e c e  o f  each type o f  c ladd ing .  

Each h a l f  p o r t i o n  t h a t  was d i s s o l v e d  

The r i n s i n g  procedure i n v o l v e d  extreme care  t o  min imize  t h e  chance o f  

c ross-contaminat ion  f rom o t h e r  sources w i t h i n  t h e  h o t  c e l l .  

then  added t o  a q u a n t i t y  o f  0.8 M HF s u f f i c i e n t  t o  g i v e  0.15 PI Z r -  and 

d i s s o l v e d  on s tand ing  o v e r n i g h t  a t  room temperature. 

added t o  d i s s o l v e  t i n  ( Z i r c a l o y  c o n t a i n s  1.5% Sn) and t h e  s o l u t i o n s  were 

sampled f o r  a n a l y s i s .  

The samples were 

- - 
N i t r i c  a c i d  was then 
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The s o l u t i o n s  c o n t a i n i n g  t h e  d i s s o l v e d  c l a d d i n g  h u l l s  were ana lyzed f o r  

a lpha-  and gamma-emitting r a d i o n u c l i d e s ,  by decay energy analyses and f o r  

uranium by pu lsed  l a s e r  f l u o r i m e t r y .  R e s u l t s  a r e  shown i n  Table 4.1. 

As was p o i n t e d  o u t  e a r l i e r ,  the  c o n t e n t  o f  a l p h a - e m i t t i n g  t r a n s u r a n i c  

r a d i o n c u l i d e s  was found t o  be cons ide rab ly  g r e a t e r  than the  100 nC i /g  l e v e l  

a l l o w e d  f o r  d i sposa l  as l ow- leve l  waste. 

l each  under r i g o r o u s  c o n d i t i o n s ,  which d i d  reduce the  l e v e l  f rom 420 t o  280 

nCi/g. 

p r o d u c t  (12%b, 137Cs, and 144Ce) conten ts ,  b u t  i t  had l i t t l e  e f f e c t  on t h e  

c o n t e n t  o f  6oCo, which i s  an a c t i v a t i o n  p r o d u c t  formed w i t h i n  the  c ladd ing .  

The 125Sb behav io r  appears t o  be anomalous, b u t  was n o t  i n v e s t i g a t e d  f a r t h e r .  

Th i s  was t r u e  even a f t e r  t h e  s p e c i a l  

The spec ia l  l each  a l s o  markedly  reduced t h e  uranium and f i s s i o n  

The uranium con ten t  o f  t he  u n i r r a d i a t e d  h u l l s  t h a t  had undergone f u e l  

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

uranium con ten t  o f  t he  i r r a d i a t e d  h u l l s  t h a t  had undergone two f u e l  
d i s s o l u t i o n  cyc les .  T h i s  fac t ,  t o g e t h e r  w i t h  t h e  rough ly  p a r a l l e l  behav io r  o f  

uranium, t r a n s u r a n i c  elements, and most  f i s s i o n  p roduc ts  observed w i t h  

i r r a d i a t e d  hu l  I s ,  suggests  t h a t  meaningfu l  s c o u t i n g  s t u d i e s  o f  h u l l s  

decontaminat ion methods ( shou ld  such be d e s i r e d )  c o u l d  be done w i t h  

u n i r r a d i a t e d  f u e l .  
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TABLE 4.1. Alpha- and Gamma-Emi t t i n g  Radionuclides i n  N-Reactor Fuel Cladding Hulls 

Radionuc l ide  Content, nCi/g H u l l s  
Uranium Content, Transuran'c 

H u l l  s Treatment g/g Hu l ls  A1 p ha la  6Oco 125Sb 137cs 1 4 4 ~ e  

Fue l  d i s s o l u t i o n ( b )  1. 2x10-3 420 6. 7x103 1 . 0 ~ 1 0 5  2 .0~104  4 . 0 ~ 1 0 ~  

p l u s  second d i sso lu -  

t i o n  c y c l e ( c )  

Fue l  d i s s o l u t i o n ( b )  0 . 6 ~ 1 0 - ~  

p l u s  second d i  sso l  u- 

spec ia l  leach (d )  

P 

w t i o n  c y c l e ( c )  p l u s  

280 1. 6x104 2. 4x103 

( a )  
( b )  

( c )  

( d )  
( e )  U n i r r a d i a t e d  fue l .  

Comprised o f  88% 239 + 240Pu and 12% 238Pu + 241Am. 
Eleven hour exposure t o  b o i l i n g  s o l u t i o n ;  i n i t i a l l y  5.5 M HN03, maximum t o t a l  n i t r a t e  c o n d i t i o n  -1 - M 
UO (NO312 + -7 M HN03, f i n a l  composit ion -2.2 M U + 3 M RN03. 
8.g hour exposure t o  b o i l i n g  so lu t i on ,  same c o m p o s i t i o n  range as i n  ( b )  except  t h a t  t he  maximum t o t a l  

Seven hour exposure t o  b o i l i n g  8 - M HN03. 
' n i t r a t e  c o n d i t i o n  was somewhat h ighe r  because o f  more r a p i d  a c i d  a d d i t i o n .  



5.0 RESIDUAL UNDISSOLVED SOLIDS 

't 

-* 

I 

Near t h e  end o f  t h e  complete d i s s o l u t i o n  t e s t s  d iscussed i n  Sec t i ons  

3.2.1 and 3.2.8, b l a c k  s o l i d s  f l a k e d  o f f  t h e  c l a d d i n g  a t  what had been t h e  

U / Z r  i n t e r f a c e  and began c i r c u l a t i n g  i n  t h e  s o l u t i o n .  

t h i n  b u t  some of  them were up t o  6 t o  8 mm i n  diameter.  

These f l a k e s  were ve ry  

They appeared t o  

l a r g e l y  disappear a s  d i s s o l u t i o n  was cont inued, b u t  t h i s  may have been due a t  

l e a s t  as much t o  t h e i r  b r e a k i n g  up i n t o  many t i n y  p a r t i c l e s  as t o  t h e i r  

d i s s o l u t i o n .  

des ign o f  a p l a n t  f o r  t h e  shear / l each  p rocess ing  o f  N-Reactor f u e l .  

P r o v i s i o n s  f o r  d e a l i n g  w i t h  such m a t e r i a l  shou ld  be i n c l u d e d  i n  

These b l a c k  s o l i d s  were c o l l e c t e d  f rom two o f  o u r  e a r l y  complete 

d i s s o l u t i o n  t e s t s  t o  conduct some l i m i t e d  c h a r a c t e r i z a t i o n  t e s t s .  In one 

i n s t a n c e  b o t h  i n n e r  and o u t e r  e lement  s e c t i o n s  were d i s s o l v e d  and i n  t h e  o t h e r  

i n s t a n c e  o n l y  an o u t e r  element s e c t i o n  was d i sso l ved .  

q u a n t i t y  o f  s o l i d s  c o l l e c t e d  a f t e r  near-complete d i s s o l u t i o n  amounted t o  -1 x 

lom4 g s o l i d s / g  U d i sso l ved .  

g a i n  o f  0.8 urn f i l t e r s  a f t e r  wa te r  r i n s i n g  and a i r  d ry ing .  

I n  b o t h  cases t h e  

These q u a n t i t i e s  were determined by t h e  w e i g h t  

P o r t i o n s  o f  t h e  r i n s e d  and d r i e d  s o l i d s  were t e s t e d  f o r  p y r o p h o r i c i t y  by 

s p a r k i n g  w i t h  a Tesla c o i l .  

f l a s h ,  demonstrat ing t h a t  p y r o p h o r i c  m a t e r i a l  was present ,  b u t  t e s t s  o f  o t h e r  

p o r t i o n s  o f  t h e  same b a t c h  and o f  seve ra l  p o r t i o n s  o f  t h e  second b a t c h  were 

negat ive.  It was thus concluded t h a t  t h i s  b l a c k  s o l i d  shou ld  n o t  pose a h i g h  

p y r o p h o r i c i t y  hazard. 
Sec t i on  10, i t  i s  speculated t h a t  t h e  one f l a s h  t h a t  was observed w i t h  these 

s o l i d s  may have i n v o l v e d  a sma l l  p i e c e  o f  und isso lved  uranium meta l  and t h u s  

had n o t h i n g  t o  do w i t h  t h e  b l a c k  s o l i d s  themselves. 

The f i r s t  p o r t i o n  t e s t e d  d i d  produce one good 

As a r e s u l t  o f  l a t e r  t e s t s ,  which a r e  d iscussed i n  

Severa l  p a r t i c l e s  o f  t h e  b lack  s o l i d  were analyzed by scanning e l e c t r o n  

microscopy/energy d i s p e r s i v e  spectroscopy (SEM/EDS) and were found t o  c o n t a i n  

app rox ima te l y  equal  we igh ts  o f  U and Z r ;  t h i s  g i v e s  a mole r a t i o  o f  Zr-to-U o f  

abou t  2.6. The r e l a t i v e l y  h i g h  U c o n t e n t  means t h a t  s o l i d s  f rom i r r a d i a t e d  

f u e l  should be expected t o  be h i g h l y  r a d i o a c t i v e  from t h e  c o n t a i n e d  p l u t o n i u m  

and f i s s i o n  products .  



Quali ta t ive observations indicate that  the 
solids result ing from dissolution of irradiated 
same as  from dissolution of  unirradiated fuel. 

nature and  amount  o f  black 
fuel were approximately the 
However, because o f  the 

d i f f i cu l t i e s  involved, no attempt was made t o  col lect  and characterize the 
solids result ing from i r radiated fuel dissolutions. 
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6.0 SHEAR COVER-GAS EVALUATION 

Y 

4 

The on ly  aspec t  o f  t he  shear ing  o p e r a t i o n  o f  t he  shear / leach process t h a t  

was examined i n  t h i s  s tudy i n v o l v e d  the  atmosphere t o  be ma in ta ined  w i t h i n  t h e  

shear t o  min imize  o r  p reven t  sparks o r  f i r e s  i n v o l v i n g  uranium o r  z i rcon ium.  

T h i s  was addressed o n l y  th rough examinat ion  o f  t he  l i t e r a t u r e .  

The r e s u l t  o f  t h i s  rev iew  leads  us t o  b e l i e v e  t h a t  seve ra l  methods e x i s t  

t o  assure the  s a f e t y  o f  t h e  shear ing  o f  N-Reactor f u e l .  

rev iewed i n d i c a t e s  t h a t  shear ing  i n  a i r  may, i n  f a c t ,  be sa fe  enough. 

approaches e x i s t  f o r  f u r t h e r  i n c r e a s i n g  t h e  s a f e t y  l e v e l .  

p rocess ing  as  w e l l  as  s a f e t y  aspects ,  use o f  a water  de luge appears t o  be t h e  

b e s t  cho ice  f o r  f u r t h e r  development and t e s t i n g .  

The i n f o r m a t i o n  we 

Severa l  

Cons ider ing  

Any conc lus ions  drawn a s  a r e s u l t  o f  t h i s  rev iew  must be q u a l i t a t i v e  

because o f  t he  c u r r e n t  l a c k  o f  some i n f o r m a t i o n  needed t o  q u a n t i f y  e f f e c t s .  

Two such p ieces  o f  i n f o r m a t i o n  a r e  1) t h e  q u a n t i t y  and s i z e  o f  t h e  smal l  

f ragments produced d u r i n g  shear ing  o f  N-Reactor f u e l  and, 2 )  t h e  l o c a l i z e d  

su r face  temperatures t h a t  r e s u l t  f rom shear ing.  

known f o r  u n i r r a d i a t e d  f u e l ,  i t  i s  l i k e l y  t h a t  d i f f e r e n t  r e s u l t s  would be 

o b t a i n e d  w i t h  i r r a d i a t e d  f u e l .  

Even i f  t h i s  i n f o r m a t i o n  were 

Another reason f o r  q u a l i t a t i v e  comparisons i s  t h a t  t h e  magnitude o f  a 

r e a c t i o n  t h a t  cou ld  be t o l e r a t e d  d u r i n g  shear ing  has n o t  been de f ined.  Whi le  

t h e  r e l e a s e  o f  small, h o t  p a r t i c l e s  ( spa rks )  c'an be s p e c t a c u l a r ,  i t  may cause 

no s a f e t y  problem. 
cannot  c o n t a c t  any r e a d i l y  combust ib le  m a t e r i a l s ,  then t h e  r e s u l t  i s  p robab ly  

t o l e r a b l e ;  t h i s  i s  e s p e c i a l l y  t r u e  if t h e  sparks occur  i n  a l o c a t i o n  where t h e  

o f f g a s  w i l l  be t r e a t e d  t o  remove vapor i zed  r a d i o n u c l i d e s .  

I f  t h e  q u a n t i t y  o f  sparks i s  smal l  and i f  t h e  sparks 

Among the  h i g h l i g h t s  o f  t he  l i t e r a t u r e  rev iew  t h a t  a r e  most p e r t i n e n t  t o  

t h e  shear ing  problem are :  

1. Zi rcon ium and uranium can r e a c t  very  r a p i d l y  and v i g o r o u s l y  w i t h  

e i t h e r  oxygen, n i t r o g e n  o r  m i x t u r e s  the reo f .  

2. The most i m p o r t a n t  parameters l e a d i n g  t o  h i g h e r  r a t e s  o f  r e a c t i o n  o f  

z i r con ium and uranium w i t h  oxygen and n i t r o g e n  a r e  decreas ing  s o l i d  

p a r t i c l e  s ize ,  i n c r e a s i n g  mo is tu re  c o n t e n t  o f  t he  gas, and i n c r e a s i n g  

temper a t u r  e. 
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3. Any cover gas must be q u i t e  d r y  t o  be complete ly  e f f e c t i v e  i n  

p r e v e n t i n g  s p a r k i n g  d u r i n g  shear ing.  The s a f e s t  cover gas i s  d r y  

argon; no r e a c t i o n  i s  p o s s i b l e  under t h i s  c o n d i t i o n .  Argon can 

c o n t a i n  up t o  -2% O2 and s t i l l  be safe.  

a l l o w a b l e  m o i s t u r e  c o n t e n t  were found, b u t  i n d i c a t i o n s  a r e  t h a t  i t  

should be q u i t e  low. 

No q u a n t i t a t i v e  da ta  on 

4. Ni t rogen  cover gas would be s a f e r  t han  a i r ,  b u t  n o t  as sa fe  as argon. 

5. A i r  cover gas may be sa fe  enough, even though some s p a r k i n g  w i l l  
doub t less  occur. 

6. C u t t i n g  and mach in ing  o f  z i r c o n i u m  and uranium have r o u t i n e l y  been 

performed s a f e l y  "under wa te r "  ( e i t h e r  submerged o r  w i t h  a good 

stream o f  wa te r  d i r e c t e d  a t  t h e  a f f e c t e d  a rea ) .  

Whi le b l a n k e t i n g  t h e  shear w i t h  dry argon may be t h e  s a f e s t  approach, 

o t h e r  approaches may w e l l  be s a f e  enough, and may, i n  f a c t ,  be t h e  p e r f e r r e d  

cho ice  because o f  c o s t  o r  o p e r a t i o n a l  c o n s i d e r a t i o n s .  The q u e s t i o n  tends t o  

r e s o l v e  t o  ''how sa fe  i s  s a f e  enough." 

o p i n i o n  th roughou t  i n d u s t r y  on t h i s  quest ion,  as i l l u s t r a t e d  i n  t h e  f o l l o w i n g  

d i scuss ion .  

There appear t o  be d i f f e r e n c e s  o f  

Considerable work has been done on shear ing  o f  l i g h t  wa te r  r e a c t o r  (LWR) 

f u e l s ,  which a r e  UO2 i n  Z i r c a l o y  and hence pose t h e  same problem as N-Reactor 

f u e l  w i t h  r e g a r d  t o  Z r  r e a c t i o n s ,  b u t  n o t  w i t h  r e g a r d  t o  U r e a c t i o n s .  

LWR f u e l  rep rocesso rs  (and p r o s p e c t i v e  rep rocesso rs )  have sheared ( o r  p lanned 

t o  shear)  under an i n e r t  gas b lanke t ,  w h i l e  o t h e r s  have dec ided t h a t  shear ing  

i n  a i r  i s  adequate ly  safe. 

t h e  f u e l  i s  c u t  i n  a i r  ( u s i n g  a water  spray t o  c o n t r o l  d u s t )  w h i l e  a t  t h e  SAP 

p i l o t  p l a n t  i n  France, a n i t r o g e n  purge i s  used. I n  t h i s  country ,  t h e  A l l i e d  

General Nuclear  Se rv i ces  (AGNS) p l a n t  was p l a n n i n g  t o  use an a i r  purge i n  

t h e i r  shear w h i l e  Exxon Nuclear  was p l a n n i n g  t o  use an i n e r t  gas purge. 

Some 

For example, a t  t h e  WAK p i l o t  p l a n t  i n  Germany, 

When i r r a d i a t e d  N-Reactor f u e l  was reprocessed a t  Nuclear  F u e l s  Serv i ces  

(NFS), t h e  shear was purged w i t h  argon. However, some former NFS employees 

f e e l  t h a t  t h e r e  were t imes  when shear ing  was done i n  an a i r  atmosphere w i t h  no 

n o t i c e a b l e  impact. I n  shear ing  t e s t s  performed i n  a i r  a t  Oak Ridge N a t i o n a l  
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Labora tory  w i t h  u n i r r a d i a t e d  N-Reactor f u e l ,  i t  

occu r red  d u r i n g  shearing, b u t  t h e r e  appeared t o  

shear ing  t h i s  type  o f  f ue l . "  (Ferguson 1965) .  

'f- 

3 

-r 

t 

was r e p o r t e d  "Some s p a r k i n g  

be no r e a l  hazard i n v o l v e d  i n  

Thus, t h e r e  i s  some reason t o  

b e l i e v e  t h a t  shear ing  i n  a i r  may be adequate ly  safe, e s p e c i a l l y  i f  t h e  sheared 

f u e l  i s  n o t  a l l owed  t o  accumulate where subsequent sparks m i g h t  i g n i t e  it. 

N-Reactor f u e l  e lement  c rush ing  t e s t s  have a l s o  been per formed ( i n  a i r ) ;  

these r e s u l t s  a r e  though t  t o  have some p e r t i n e n c e  t o  t he  shear ing  case. 

S m i  t h e r s  (1967) observed o n l y  minor  spa rk ing  w i t h  u n i r r a d i a t e d  m a t e r i a l ,  b u t  

more pronounced spa rk ing  w i t h  i r r a d i a t e d  f u e l .  He a l s o  observed a g r e a t e r  

degree o f  uranium crumbl ing  and c rack ing ,  and a more e x t e n s i v e  s e p a r a t i o n  o f  

c ladd ing ,  w i t h  i r r a d i a t e d  f u e l .  

I n  t h e  N-Reactor f u e l  f a b r i c a t i o n  process, t h e  e lements a r e  r o u t i n e l y  c u t  

and machined "under water" .  

f u e l  a c t u a l l y  submerged under water, w h i l e  o t h e r s  i n v o l v e  t h e  use o f  wa te r  

j e t s  d i r e c t e d  a t  t he  a f f e c t e d  surface. 

and appear t o  o f f e r  a s imp le  way t o  improve t h e  s a f e t y  o f  a f u e l  shear ing  

opera t i on .  

p reced ing  shear ing  and t h e  s to rage ( o r  d i s s o l u t i o n )  s tep  f o l l o w i n g  shearing, 

where water  i s  used. 

Some o f  these o p e r a t i o n s  a r e  per formed w i t h  t h e  

Such processes appear t o  be very  safe, 

The water  approach a l s o  b lends  w e l l  w i t h  t h e  f u e l  s to rage  s tep  

Regard less o f  t h e  p r o t e c t i v e  atmosphere used i n  the  shear, accumula t ion  

o f  shear f i n e s  under water  shou ld  be minimized. P e r i o d i c  e r u p t i o n s  have been 

observed w i t h  uranium f i n e s  s t o r e d  under water  (Smi th  1956a). Such even ts  can 

be prevented  by r o u t i n g  f i n e s  t o  t h e  d i s s o l v e r ,  where uranium i s  d i s s o l v e d  i n  
n i t r i c  ac id .  Z i r c a l o y  f i n e s  w i l l  n o t  d i s s o l v e ;  they should be c o l l e c t e d  and 

removed t o  p reven t  them from caus ing  problems i n  subsequent process s teps.  

These c o l l e c t e d  f i n e s  may pose a s a f e t y  problem, depending on t h e i r  q u a n t i t y  

and s ize .  The magnitude o f  such a problem would l i k e l y  be l e s s  i f  shear ing  i s  
done i n  an aggress ive  environment, so t h a t  p o t e n t i a l l y  r e a c t i v e  p a r t i c l e s  can 

r e a c t  as they form, than i f  shear ing  i s  done i n  an i n e r t  environment. 

6.1 HIGHLIGHTS OF THE LITERATURE SURVEY 

The p u b l i c a t i o n s  examined d u r i n g  t h i s  rev iew  a r e  l i s t e d  i n  t h e  f o l l o w i n g  

sec t i on .  Th is  s e c t i o n  p resen ts  exce rp ts  o f  some o f  t h e  key i n f o r m a t i o n  o f  
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s p e c i a l  re levance t o  t h e  s a f e t y  aspec ts  o f  t h e  shear ing  opera t i on .  

I n c o n s i s t e n c i e s  i n  numer ica l  va lues  e x i s t  between d i f f e r e n t  sources; no e f f o r t  

was made t o  e x p l a i n  these. 

0 Z r  p a r t i c l e s  under -0.06 mm d iameter  a r e  cons idered t o  be exp los i ve ,  and 

those under -1 mm d iameter  a r e  cons idered t o  be a f i r e  hazard; t h e i r  

p y r o p h o r i c i t y  i n  a gaseous env i ronment  i nc reases  w i t h  the  o x i d i z i n g  power 

o f  the  gas; t h e i r  p y r o p h o r i c i t y  i n  a water  env i ronment  i s  maximum a t  3 t o  

25% water ;  a1 t e r n a t i n g  we t  and d r y  c o n d i t i o n s  i nc reases  py rophor i  c i  t y  

(Ku l l en ,  L e v i t z  and S t e i n d l e r  1977). 

0 Z r  powder i s  u s u a l l y  s t o r e d  under wa te r  (Kopelman and Compton 1953). Wet 

Z r  powder i s  s a f e r  t o  handle than d r y  powder but ,  once i g n i t e d ,  wet  powder 

w i l l  burn more v i o l e n t l y  than d ry  powder; powder c o n t a i n i n g  5-10% H20 i s  

the  most dangerous (Van A t t a  1949). 

recommended t o  be >25%; water  c o n t e n t  5 t o  10% burns more v i o l e n t l y  t han  

d r y  powder and i s  a p t  t o  explode ( A l l i s o n  1960). 

Water c o n t e n t  o f  wet  Z r  powder 

0 I g n i t i o n  by e l e c t r i c  spark o f  Z r  d u s t  c louds  can occur  i n  Ar /02  m i x t u r e s  

c o n t a i n i n g  >4% O2 and i n  N2/02 m i x t u r e s  c o n t a i n i n g  >3.3% O2 (Bulmer 

1969). 

Ar/02 A r  m i x t u r e s  and 3 t o  4% O2 i n  N2/02 m ix tu res .  

i g n i t e  i n  pure  N2 ( o r  COP) under some c o n d i t i o n s  (Santangelo 1956). 

Another source (Jacobson, Cooper and Nagy 1964) l i s t s  3% O2 i n  

Dusts o f  Z r  w i l l  

Q E l e c t r i c  spark i g n i t i o n  o f  d u s t  c louds  o f  U occurs  a t  l ower  02 

concen t ra t i ons  than  does i g n i t i o n  o f  Z r ;  2% O2 i s  s u f f i c i e n t  f o r  U i n  

02/Ar mix tu res ,  w h i l e  o n l y  1% O2 i s  s u f f i c i e n t  i n  02/N2 m i x t u r e s  

(Jacobson, Cooper and Nagy 1964). 

e l e v a t e d  temperatures,  -330°C be ing  r e q u i r e d  w i t h  m o i s t  N2 and -370°C 

b e i n g  r e q u i r e d  w i t h  d r y  N2 ( W i l k i n s o n  1962). 

Pure N2 r e a c t s  w i t h  massive U a t  

e I n  t e s t s  t o  compare the  U - f i r e  e x t i n g u i s h i n g  p r o p e r t i e s  o f  A r  and N2, A r  

was e f f e c t i v e  b u t  N 2  gave an i n i t i a l  i n t e n s i f i c a t i o n  o f  burn ing ;  t hus  N2 

i s  n o t  recommended (McLaughl in  1970). 

c 

'Y 

o Corros ion  o f  U i n  a i r  i nc reases  w i t h  i n c r e a s i n g  r e l a t i v e  h u m i d i t y  up t o  

-1% (Wi l k inson  1962). 
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0 Vigorous r e a c t i o n s  have occu r red  w i t h  U powder s t o r e d  under water  when 

s u f f i c i e n t  powder accumulated; conversely ,  b u r n i n g  U c h i p s  have been 

e x t i n g u i s h e d  by water  (Smi th  1956b). 

geysers a t  -1 month i n t e r v a l s  (Smi th  1956a). 

U f i n e s  s t o r e d  under water  produced 

0 Recommendation t h a t  scrap U be s t o r e d  under m i n e r a l  o i l  o r  water ;  U s low ly  

o x i d i z e s  i n  c o n t a c t  w i t h  water  t o  fo rm hydrogen (Jacobson, Cooper, and 

Nagy 1964). 
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7.0 EVALUATION OF POTENTIAL FOR RUNANAY REACTIONS 

D U R I N G  DISSOLUTION OF SHEARED N-REACTOR FUEL 

The procedure used f o r  p rocess ing  o f  i r r a d i a t e d  Hanford N-Reactor f u e l  a t  

the  Nuclear  Fue ls  Serv ices  (NFS) p l a n t  i n v o l v e d  c o l l e c t i n g  sheared f u e l  w i t h i n  

p e r f o r a t e d  s t a i n l e s s  s t e e l  baskets  f i t t e d  w i t h  a carbon s t e e l  l i n e r ;  p l a c i n g  

f i l l e d  baskets  i n  w e l l s  spaced around t h e  c i rcumference o f  a c i r c u l a r ,  annu la r  

d i s s o l v e r ;  and then add ing  n i t r i c  a c i d  t o  t h e  empty d i s s o l v e r  t o  beg in  t h e  

d i s s o l u t i o n  process. Several f i r e s  occu r red  d u r i n g  t h e  process ing.  Most o f  

these f i r e s ,  f o u r t e e n  o u t  o f  n ine teen  t o t a l ,  occu r red  i n  t h e  d i s s o l v e r s  and, 

a l t hough  n o t  observed d i r e c t l y ,  were i n d i c a t e d  by up t o  10- to  12-inch d iameter  

h o l e s  hav ing  been me l ted  th rough t h e  one-quar ter  i n c h  t h i c k  s t a i n l e s s  s t e e l  

d i s s o l  ver baskets  (Schu lz  1972). 

The f o u r t e e n  i n c i d e n t s  r e p r e s e n t  o n l y  a smal l  f r a c t i o n  o f  t h e  number o f  

baskets  processed and i n  no case d i d  a f i r e  i n  one baske t  cause a problem i n  

another  basket. I n  a l l  these cases the  f i r e s  occu r red  i n  t h e  upper p o r t i o n s  

o f  the  baskets. I n  a d d i t i o n  t o  these f i r e s ,  which apparen t l y  a l l  occu r red  

w h i l e  p rocess ing  f u e l  i r r a d i a t e d  t o  between 1000 and 4000 MWd/tonne, seve ra l  

o t h e r  d i s s o l v e r  p r e s s u r i z a t i o n s  occu r red  (Schu lz  1972). 

Schulz (1972) proposed t h a t  t h e  f i r e s  observed a t  NFS ( b o t h  those 

o c c u r r i n g  i n  the  d i s s o l v e r  and t h e  o t h e r s  t h a t  occu r red  i n  t h e  leached 

c l a d d i n g  h u l l s )  were due t o  t h e  i g n i t i o n  o f  n i t r i c  a c i d - s e n s i t i z e d  we ld  beads 

r e s u l t i n g  f rom t h e  braze a l l o y  (Zr -5  w t %  Be) used i n  the  end c l o s u r e s  o f  th i s  
f u e l .  The purpose o f  t h e  study desc r ibed  i n  t h i s  s e c t i o n  i s  t o  examine t h i s  

and o t h e r  hypotheses and assess t h e i r  p l a u s i b i l i t y  i n  e x p l a i n i n g  t h e  f i r e s  and 

p r e s s u r i z a t i o n s  t h a t  occu r red  i n  t h e  NFS d i s s o l v e r s .  The f i r e s  t h a t  occu r red  

d u r i n g  h a n d l i n g  o f  leached c l a d d i n g  h u l l s  a r e  addressed i n  subsequent 

sec t ions .  

Our study concludes t h a t  exo thermic  r e a c t i o n s  o f  U were t h e  dominant, i f  

n o t  t he  sole, hea t  source o f  t he  d i s s o l v e r  f i r e s .  

exo thermic  U r e a c t i o n s  t h a t  can occur  i n  t h e  l i q u i d  o r  vapor space o f  a U 

d i s s o l v e r  a r e  l i s t e d .  Evidence i s  shown t o  i n d i c a t e  t h a t  a t  t h e  uranium 

p a r t i c l e  s i z e s  found f o r  some NFS sheared f u e l ,  some o f  these h i g h l y  

exo thermic  r e a c t i o n s  can be expected t o  be very f a s t .  

F i f t e e n  p o t e n t i a l  

Evidence i s  a l s o  
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presented t o  show that  these U reactions are  much faster  than similar 
reactions w i t h  Zr. I t  i s  shown that  even the relatively slow reaction o f  
water vapor w i t h  U metal may have been adequate t o  produce h i g h  temperatures 
in a reasonably short time under NFS dissolver conditions. Thermodynamic 
calculations show tha t  b u r n i n g  of  a l l  o f  the braze alloy i n  the fuel does n o t  
come close t o  producing the energies required t o  cause the e f fec ts  observed i n  
the NFS dissolvers, and i t  i s  extremely doubtful i f  even b u r n i n g  a l l  the 
zirconium present could have produced such consequences. I t  i s  our conclusion 
tha t  uncontrolled (inadequately cooled) exothermic reactions of  uranium metal 
w i t h  the oxidants present caused the observed pressure and  temperature 
exctirsions and the observed damage t o  the dissolver baskets. 

This study also concludes t h a t  there i s  reason t o  be concerned t h a t  
shearing of irradiated fuel may produce considerably higher uranium surface 
area per u n i t  weight and thus more reactive material than  t ha t  produced i n  the 
same manner from unirradiated fuel. I t  also indicates that  i t  i s  reasonable 
t o  expect that  long term water basin storage of fa i led fuel may further 
magnify th i s  problem. 

7.1 POTENTIAL U METAL REACTIONS A N D  REACTION ENERGETICS 

Uranium and zirconium are  highly reactive metals and undergo exothermic 
reactions w i t h  a wide variety of oxidants. In a n i t r i c  acid dissolver for  
uranium, o x i d i z i n g  agents present and capable of  exothermic reaction w i t h  U 

include 02, NO2,  NO,  H20, HN03, N 2 ,  and H2. 
consti tute most of the potential reactions t h a t  are possible w i t h  these 
oxidants. 
AH298, are based on the da ta  from Wagman e t  a l .  (1982). 

The following l i s t  of  reactions 

Values of the heats of reaction per mole a t  uranium metal a t  25"C, 

u + o2 3 U O 2  AH=-259.3 kcal /mole 
u + 4/3 02 1/3 U308 AH=-234.8 kcal/mole 

AH=-232.0 kcal/mole 
U + 8/3 N02(g) AH=-248.4 kcal/mole 
U + 2 N O ( g )  3 U O 2  + N2 AH=-302.5 kcal/mole 

u + 813 N O ( g )  AH=-342.4 kcal/mole 

3 u02 + 2 N O  
+ 2N02(g) 

1 /3  U308 + 8/3 NO 

1/3 u308 + 4/3 N 2  
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U + 8 HN03(g) 

U + 4 HN03(g) 

I 

U + 2/3 HN03(g) 

U + 8/9 HN03(g) 

' U02(N03)2(cr )  + N02(g) 4- H20(g) 

' U02(N03)2 (c r )  + NO(g) + HZO(CJ) 

' U02(N03)2(aq) + NO(g) + H20(1) 

~H=-247.7 k c a l  /mole 

~H=-265.7 kca l /mo le  

AH-238 kca l /mo le  

' U02(N03)2(aq) + N02(g) + H2°(1) 

2 U02 + 1/3 N2 + 1/3 H2 

AH-172 kca l /mo le  

~H=-237.8 kca 1 /mol e 

AH=-256.1 k c a l  /mole 1/3 U308 + 4/9 N2 + 4/9 H2 

UO2 + 2 H2 

UH3 

1/2 ~ 2 ~ 3  

AH=-143.7 kca 1 /mol e 

AH=-30.4 kcal /mole 

AH=-87.9 kca l /mo le  

React ions o t h e r  than  those shown above can be w r i t t e n ,  b u t  they have 

comparable energy y i e l d s .  

l i m i t e d  temperature range. 

ac id ,  r e a c t i o n s  ( 9 )  and (10 )  w i l l  be major energy producers.  

vapor can be expected t o  r e a c t  w i t h  U through r e a c t i o n s  ( 7 )  and ( 8 )  a t  low 

temperature (<-2OO"C) and by r e a c t i o n s  (12)  and (11)  a t  h i g h e r  temperatures 

where u r a n y l  n i t r a t e  i s  n o t  s tab le .  

Some o f  t h e  above r e a c t i o n s  w i l l  o n l y  occur  ove r  a 

Fo r  example f o r  U t h a t  i s  exposed t o  l i q u i d  n i t r i c  

N i t r i c  a c i d  

The heats  o f  r e a c t i o n  o f  U meta l  w i t h  02, HN03 ( e x c e p t  f o r  r e a c t i o n  101, 
N02, and NO, a r e  a l l  more exo the rm ic  than  230 kca l /mo le  U. 

ex t reme ly  e n e r g e t i c  r e a c t i o n s .  Even t h e  markedly l e s s  e n e r g e t i c  r e a c t i o n  o f  U 

w i t h  water  vapor ( r e a c t i o n  13) produces as much h e a t  (144 kca l /mo le  U )  as does 

t h e  r e a c t i o n  o f  Mg meta l  w i t h  02. Indeed t h e  a d i a b a t i c  f lame temperature o f  

s t o i c h i o m e t r i c  U b u r n i n g  i n  steam w i l l  be g r e a t e r  t han  t h a t  o f  Mg b u r n i n g  i n  

a i r .  

a d i a b a t i c  r e a c t i o n  temperature o f  t h e  s t o i c h i o m e t r i c  r e a c t i o n  o f  100°C steam 

w i t h  U me ta l  w i l l  be a t  l e a s t  t h a t  o f  t h e  m e l t i n g  p o i n t  o f  U02 (-2850"C), 

which i s  much h i g h e r  than t h e  m e l t i n g  p o i n t  o f  s t a i n l e s s  s t e e l .  

These a r e  

% 

It i s  e a s i l y  shown u s i n g  a p p r o p r i a t e  h e a t  c a p a c i t y  da ta  t h a t  t h e  

- % 
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7.2 U AND Z r  METAL REACTION RATES 

The preced ing  s e c t i o n  l i s t e d  f i f t e e n  energy produc ing  r e a c t i o n s  o f  U 

meta l  t h a t  cou ld  occur  i n  a n i t r i c  a c i d  d i s s o l v e r .  S i m i l a r  r e a c t i o n s  t o  many 

o f  these cou ld  a l s o  be g i v e n  f o r  Z r  w i t h  heats  o f  r e a c t i o n  t h a t  a r e  s i m i l a r  t o  

the  corresponding ones f o r  uranium. However, t he  r e a c t i o n  r a t e s  a t  normal 

temperatures a r e  much lower  f o r  Z r  than  f o r  U. I n  t h e  cases where o x i d e  i s  

t he  p roduc t  o r  byproduct ,  t h i s  i s  no doubt  a t  l e a s t  p a r t l y  due t o  the  f a c t  

t h a t  Z r  forms a very p r o t e c t i v e  o x i d e  f i l m  where U does not .  

i s  f o r  p r a c t i c a l  purposes i n e r t  t o  n i t r i c  ac id ,  water, and a i r  whereas U i s  

not ;  t h i s  i s  t he  reason f o r  c l a d d i n g  t h e  U w i t h  Z r  i n  t h e  f i r s t  p lace .  

Thus, massive Z r  

Uranium powder has been found t o  be much more py rophor i c  than z i r c o n i u m  

powder and can s e l f - i g n i t e  and burn  v i g o r o u s l y  under water  whereas Z r  powder 

o f  t he  same p a r t i c l e  s i z e  i s  s a f e l y  s t o r e d  under water .  Spontaneous i g n i t i o n  
i s  a l s o  known f o r  mass ive  uranium b u t  i s  n o t  f o r  z i r con ium (Det io l lander  1956) .  

Rate o f  o x i d a t i o n ,  r a t e  o f  h e a t  genera t ion ,  and i n  t u r n  r a t e  o f  

temperature r i s e  i n  an i nadequa te l y  coo led  system w i l l  depend upon meta l  

su r face  area, which i s  r e l a t e d  t o  p a r t i c l e  s' ize. 

conduct ion  i s  seve re l y  decreased when p a r t i c l e  s i z e  i s  reduced and t h e  

i n t e r s t i c e s  a r e  l a r g e l y  f i l l e d  by a gas phase e i t h e r  by b e i n g  above t h e  l i q u i d  

phase o r  by r a p i d  gas genera t i on  such as m i g h t  occur  th rough r e a c t i o n s  ( 9 )  o r  

( 1 0 ) .  Thus, whereas massive uranium i s  d i s s o l v e d  by n i t r i c  a c i d  o n l y  

moderate ly  r a p i d l y ,  t u r n i n g s ,  powder, o r  s i n t e r e d  meta l  can r e a c t  w i t h  n i t r i c  

a c i d  vapor o r  n i t r o g e n  d i o x i d e  w i t h  e x p l o s i v e  v io lence,  and t h e  meta l  shou ld  

be added t o  a c i d  r a t h e r  than  t h e  r e v e r s e  t o  min imize  vapor phase c o n t a c t  (Warf  

1 9 5 8 ) .  

r e s u l t e d  i n  spontaneous f i r e s  and a t  l e a s t  one exp los ion ,  and uranium powder 

has been found t o  explode on m i x i n g  w i t h  even 5% HNO3 (Hanford 1 9 5 4 ) .  

Coo l ing  by convec t i on  and 

At tempts a t  d i s s o l u t i o n  o f  uranium meta l  s ludges and c h i p s  have 

N-Reactor f u e l  we ld  beads a r e  s e n s i t i z e d  by s e l e c t i v e l y  l e a c h i n g  Be f rom 

the  braze a l l o y  w i t h  n i t r i c  ac id ,  l e a v i n g  a Z r  m a t r i x  hav ing  a very h i g h  

su r face  area. When dry,  t h e  i nc reased  sur face area bo th  inc reases  t h e  t o t a l  

area (pe r  u n i t  of hea t  c a p a c i t y )  a v a i l a b l e  f o r  r e a c t i o n  and markedly decreases 

t h e  hea t  t r a n s f e r  r a t e s .  Poorer  hea t  t r a n s f e r  i n  t h i s  d ry  m a t e r i a l  a l s o  

g r e a t l y  i nc reases  the  ease o f  i g n i t i o n  because t h e  energy o f  an impact  o r  
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(1 

o t h e r  source such as an e l e c t r i c a l  spark, (and the  energy o f  o x i d a t i o n  

r e s u l t i n g  f rom such l o c a l  h e a t i n g )  i s  n o t  d i s s i p a t e d  as r a p i d l y  as i n  massive 

metal.  Th i s  r e s u l t s  i n  h i g h  l o c a l  temperatures and thus  c o n t i n u i n g  

o x i  da t i on. 

I n  a wet  system (such as  t h e  i g n i t i o n  o f  U powder under l i q u i d  water  

c i t e d  by Kopelman and Compton (1953)), i g n i t i o n  i s  ach ieved because t h e  n e t  

r e a c t i o n  r a t e s  o f  h i g h  su r face  area powder th roughou t  t h e  e n t i r e  powder mass 

exceed t h e  r e l a t i v e l y  r a p i d  r a t e  o f  hea t  t r a n s f e r .  

An i n t e r m e d i a t e  case e x i s t s  i n  wh ich  r e a c t i o n  i n  an immersed system 

e i t h e r  produces gaseous p roduc ts  (such as r e a c t i o n s  (9) and ( 1 0 ) )  r a p i d l y  o r  

l i b e r a t e s  adequate h e a t  t o  cause r a p i d  b o i l i n g .  Th is  w i l l  f i r s t  c r e a t e  a gas- 

f i l l e d  system w i t h  poor h e a t  t r a n s f e r  and low h e a t  capac i ty ,  b u t  r e a c t i o n  may 

s t i l l  be o c c u r r i n g  i n  an aqueous phase on w e t t e d  sur faces.  

removal w i l l  a l l o w  convers ion  t o  comple te ly  gas-phase r e a c t i o n s  as t h e  wet  

su r faces  b o i l  dry .  

Inadequate h e a t  

Spontaneous i g n i t i o n  ( o r  a t  l e a s t  runaway r e a c t i o n  t o  steam exp los ions ,  

e t c . )  i n  e i t h e r  l i q u i d  phase o r  d r y  phase systems can occur  any t ime t h a t  a 

r e a c t i o n  o r  r e a c t i o n s  a r e  s t r o n g l y  exothermic, m a i n t a i n  n e g a t i v e  f r e e  energ ies  

o f  r e a c t i o n  t o  h i g h  temperature, and have a g r e a t e r  r a t e  o f  hea t  p r o d u c t i o n  

than r a t e  o f  hea t  t r a n s f e r  away f rom t h e  r e a c t i o n  zone. 

temperature r i s e  w i l l  be exponen t ia l  because r e a c t i o n  r a t e s  i n c r e a s e  w i t h  

temperature. 

can l e a d  t o  spontaneous i g n i t i o n  o r  e x p l o s i o n  .if hea t  l o s s  o u t  o f  t he  r e a c t i o n  
zone i s  poor. Such poor  h e a t  l o s s  can r e s u l t  f rom very low h e a t  t r a n s f e r  

c o e f f i c i e n t s  (such as i n  d r y  o r  d r a i n e d  powders), poor hea t  t r a n s f e r  o u t  o f  

t h e  o v e r a l l  r e a c t i o n  system (because o f  e x t e r n a l  i n s u l a t i o n ) ,  o r  i nc reased  

r e a c t i o n  zone s i z e  (wh ich  p reven ts  adequate h e a t  removal r a t e s ) .  

I n  a l l  cases, 

Even r e a c t i o n s  t h a t  a r e  very slow a t  t he  i n i t i a t i o n  temperature 

Apparent ly  d i s s o l u t i o n  r a t e s  were f a s t  enough i n  NFS d i s s o l u t i o n  o f  N- 
Reactor f u e l  t o  o f t e n  cause d i s s o l v e r  p r e s s u r i z a t i o n s ,  even d u r i n g  p rocess ing  

o f  f u e l  i r r a d i a t e d  t o  <lo00 MWd/tonne (Schulz  1972). L i q u i d  f rom t h e  

d i s s o l v e r  was "burped" i n t o  the  o f f - g a s  system a t  l e a s t  once (Savannah R i v e r  

1970). Dur ing  

Duckworth, who 

t h i s  study we d iscussed t h e  NFS process ing  w i t h  J .  P. 
was i n  charge o f  o p e r a t i o n s  a t  NFS d u r i n g  the  p e r i o d  i n  
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quest ion .  

o f  t he  d i s s o l v e r s  even though the  o f f - g a s  system was des igned f o r  seve ra l  

t imes  the  a n t i c i p a t e d  gas genera t i on  r a t e  and t h e  d i s s o l v e r  l i d  s e a l s  were 

designed t o  r e l e a s e  gas a t  p ressures  o f  4 t o  5 p s i .  

sometimes t r a n s p o r t e d  over  t h e  t o p  o f  t h e  d i s s o l v e r  baskets .  

He desc r ibed  some r e a c t i o n s  t h a t  were v igorous  enough t o  l i f t  l i d s  

A l s o  c l a d d i n g  h u l l s  were 

C l e a r l y ,  r e a c t i o n  r a t e s  a t  NFS were sometimes beyond t h e  c a p a c i t y  o f  t h e  

All f i r e s  were i n  t h e  upper p o r t i o n  o f  t h e  baskets  (Schu lz  1972) where 
d i s s o l v e r ,  and h e a t  p r o d u c t i o n  r a t e  was probab ly  beyond t h e  des ign  c a p a c i t y  
a l so .  

vapor phase was most l i k e l y  t o  h i n d e r  hea t  t r a n s f e r .  Severa l  were i n  t h e  

e a r l y  s tages o f  d i s s o l u t i o n  when t h e  d i s s o l v e r  may have been i n c o m p l e t e l y  

f i l l e d  and when a l a r g e  f r a c t i o n  o f  U meta l  f i n e s  may have been present .  

These obse rva t i ons  p o i n t  more s t r o n g l y  t o  t h e  NFS d i s s o l v e r  p r e s s u r i z a t i o n s  

and f i r e s  be ing  due t o  runaway d i s s o l u t i o n  and vapor phase o x i d a t i o n  r e a c t i o n s  

o f  U meta l  than they  do t o  i g n i t i o n  o f  s e n s i t i z e d  weld beads. 

F u r t h e r  ev idence s u p p o r t i n g  a runaway U meta l  r e a c t i o n  conc lus ion  i s  t h e  

f a c t  t h a t  a spontaneously i g n i t e d  U meta l  f i r e  occu r red  seve ra l  y e a r s  ago i n  

t h e  Hanford  Redox P l a n t  w h i l e  p rocess ing  A l - c l a d  uranium meta l  f u e l ;  t hus  no 

r e a c t i o n s  i n v o l v i n g  Z i r c a l o y  c l a d d i n g  o r  s e n s i t i z e d  weld beads c o u l d  have 

c o n t r i b u t e d  t o  t h i s  f i r e .  I n  t h i s  i n c i d e n t ,  a l a r g e  hee l  o f  dec lad  and 

p a r t i a l l y  d i s s o l v e d  uranium was a l l o w e d  t o  s tand  w i t h  o n l y  -50% o f  t h e  f u e l  

immersed i n  water .  

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

a c i d  r e s u l t e d  a lmos t  immedia te ly  i n  a h i g h  s o l u t i o n  s p e c i f i c  g r a v i t y ,  

i n d i c a t i n g  ex t remely  r a p i d  d i s s o l u t i o n .  

t h a t  b o t h  t h e  c o o l i n g  c o i l s  and t h e  d i s s o l v e r  vesse l  had l o s t  t h e i r  

i n t e g r i t y .  

warm m o i s t  atmosphere above t h e  water  l e v e l .  

vapor phase r e a c t i o n s  would r e a c t  very  r a p i d l y  w i t h  HN03, r e l e a s i n g  a l a r g e  

amount o f  hea t  very r a p i d l y .  

Pressure excu rs ions  were no ted  a f t e r  -1.5 days and c o o l i n g '  

Subsequent a d d i t i o n  o f  n i t r i c  

A s h o r t  t ime  l a t e r  i t  became e v i d e n t  

Th is  d i s s o l v e r  f i r e  was concluded t o  have been i n i t i a t e d  i n  the  

Uranium ox ides  pr.oduced by these 

C o n d i t i o n s  necessary f o r  i g n i t i o n  can be es t ima ted  f rom hea ts  o f  

r e a c t i o n ,  r a t e s  o f  r e a c t i o n ,  and hea t  t r a n s f e r  r a t e s .  Un fo r tuna te l y ,  r e a c t i o n  

r a t e s  w i t h  most o f  t h e  o x i d a n t s  i n  r e a c t i o n s  ( 1 )  t o  (15) a r e  n o t  a v a i l a b l e .  

The r e a c t i o n  r a t e s  a t  near 100°C, which may i n i t i a t e  an a c c e l e r a t i n g  r i s e  f rom 

normal d i s s o l v e r  o p e r a t i n g  temperature, a r e  o f  p r imary  impor tance i n s t e a d  o f  
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under 15 

The 
n o t  comp 
for pure 
m i g h t  be 
reaction 
t h a n  the 
increase 

' I  

those a t  h igh  temperature because a l l  the strongly exothermic reactions will 
be r a p i d  a t  h i g h  temperature. The ra te  of reaction o f  uranium with d ry  02 i s  
a b o u t  5,000-fold slower than the ra te  w i t h  water (Raker e t  a l .  1966a) .  The 
reaction rates  of U i n  l iquid water and  water vapor are about the same (Baker 
e t  a l .  1966a; Wanklyn a n d  Jones 1962) .  Reaction ra tes  w i t h  NO,  N O 2 ,  a n d  HN03 

gases are n o t  known, b u t  from qualitative observations (Warf 1958; Hanford 
1954) the ra tes  for  NO2 and HN03 are  expected t o  be much faster  than those f o r  
water vapor. 
than does water, 

Aqueous n i t r i c  acid reacts  very much more rapidly w i t h  U metal 

The possible ra te  of  temperature increase occurring w i t h  uranium metal i n  
the vapor phase due t o  the reaction of water vapor alone a t  100°C i n i t i a l  
temperature can be estimated. 
baskets of chopped fuel i n  place e i ther  before complete dissolver f i l l i n g  or 
because r a p i d  gas evolution forces liquid from the basket. 
a l l  f i r e s  a t  NFS were i n  the upper portions of  the baskets. The ra te  of 
reaction of U w i t h  saturated 100°C steam i s  a b o u t  4 mg cm" hr'l (Baker e t  a l .  
1966a; Wanklyn and Jones 1962) .  

was found i n  1968 t o  have 64% of  the material in the m i n u s  4-mesh size (Schulz 
1972) .  

t ha t  o f  uniform 4-mesh spheres, assuming no heat transfer from U metal t o  i t s  
surroundings and using the heat of reaction for reaction (13) and a U heat 
capacity of 6.61 cal deg-l mole -' (Wagman e t  a l .  1982) gives a temperature 
r i s e  ra te  of 2°C min ' l .  
temperature range by a factor of  a b o u t  1.8 for each ten degree temperature 
r i s e  (Baker e t  a l .  1966b1, the temperature would increase t o  incandescence i n  

This vapor phase si tuation m i g h t  a r i s e  with 

Note again t h a t  

A 3 kg sample o f  NFS-sheared N-reactor fuel 

Conservatively assuming t h a t  t h i s  material had a surface area twice 

Recause the reaction r a t e  increases i n  t h i s  

minutes in an insulated system s ta r t ing  a t  100°C.. 

assumption above of no heat t ransfer  o u t  of the system i s  certainly 
etely valid, b u t  the assumption o f  reaction ra te  and reaction heat 
water vapor i s  extremely conservative f o r  the rates  and heats t h a t  
expected i n  the vapor phase over boiling 11-13 - \I HN03. 

rates,  higher heats of reaction, possible much larger-surface area 
conservative estimate above, and fission product heating would a l l  
total  heat generation ra tes  thereby offset t ing real heat losses. 

These fas te r  
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i t  

T h i s  c a l c u l a t i o n  shows t h a t  t h e r e  was r e a l  p o t e n t i a l  f o r  runaway r e a c t i o n  

and h i g h  temperature excu rs ion  i n  vapor space i n  t h e  NFS dissolvers,. 

vapor space e x i s t e d  i n  t h e  upper p o r t i o n s  o f  t he  baskets  as n i t r i c  a c i d  was 

added t o  the  d i s s o l v e r  w i t h  f i l l e d  baskets  i n  p lace  and may have a l s o  formed 

by r a p i d  gas fo rma t ion  and b o i l i n g  f o r c i n g  l i q u i d  o u t  o f  t h e  baskets .  The 

baskets  had o n l y  1/8- inch d iameter  ho les  and t o t a l  5.5% o f  f r e e  space (Schu lz  

1972), and had, a t  t h e  s t a r t  o f  d i s s o l u t i o n ,  m i l d  s t e e l  l i n e r s  t h a t  had t o  be 

d i s s o l v e d  through b e f o r e  l i q u i d  c o u l d  e n t e r  t he  baskets. 

Such 

It i s  l i k e l y  t h a t  

when t h e  f i r s t  n i t r i c  a c i d  reached t h e  uranium, t h e  baskets  were mos t l y  empty 

o f  l i q u i d  and the  f l o w  area  was much l e s s  than 5.5%. 

Two events  demonstrate t h a t ,  once runaway r e a c t i o n  and temperature 

excu rs ion  occur, t he  1J mass can con t inue  t o  h e a t  t o  very h i g h  temperatures.  

One o f  these i s  t he  Redox d i s s o l v e r  i n c i d e n t  where ho les  were burned th rough 

t h e  d i s s o l v e r  c o i l s  and t h e  d i s s o l v e r  vesse l  i t s e l f  a f t e r  i g n i t i o n  o f  massive 
U meta l  i n  the  vapor space ove r  water  (Harmon 1960). The o t h e r  i s  

exper imenta l  work on r e a c t i o n  o f  steam w i t h  Z i r c a l o y - c l a d  massive U meta l  

(T rou tne r  1960). 

t o  3 i nches  l o n g  r e a c t e d  w i t h  310°C steam r u p t u r i n g  the  e lement  and l e a d i n g  t o  

an orange-red glow ( e s t i m a t e d  700°C) as  t h e  uranium reac ted .  

I n  t h i s  work, a single-pinhole-defected, c l a d  uranium r o d  2 
' 

7.3 NFS DISSOLVER ENERGY BALANCE 

The hea t  r e q u i r e d  t o  produce t h e  e f f e c t s  observed i n  t h e  NFS d i s s o l v e r  

baskets  (10-to-12-inch d iameter  ho les  th rough one-quar ter  i n c h  t h i c k  w a l l  s )  

was es t ima ted  t o  a i d  i n  de te rm in ing  t h e  l i k e l y  cause o f  t he  e f f e c t s .  Two such 

es t ima tes  were made. 

The f i r s t  e s t i m a t e  cons idered o n l y  t h e  h e a t  r e q u i r e d  t o  m e l t  a h o l e  o f  

t he  obser 

and o f  11 

s t a i  n 1 ess 

those o f  

cons tan  t. 

a c t u a l l y  

ed  s ize .  The assumptions were made t h a t  t h e  h o l e  me l ted  i s  c i r c u l a r  

inches  d iameter ,  t h a t  t h e  m e l t i n g  p o i n t  i s  1427°C ( t h a t  o f  304 

s t e e l ) ,  t h a t  t he  h e a t  o f  f u s i o n  and d e n s i t y  o f  s t a i n l e s s  s t e e l  a r e  

ron, and t h a t  t h e  h e a t  c a p a c i t y  i s  t h a t  o f  i r o n  a t  100°C and i s  

Th is  l a t t e r  assumption i s  conserva t ive ,  because hea t  c a p a c i t y  

ncreases w i t h  temperature. A d d i t i o n a l  conservat ism was i n t r o d u c e d  

by i g n o r i n g  any p o s s i b l e  heats  o f  phase t r a n s i t i o n s  i n  t h e  s t e e l .  Us ing t h e  

p r o p e r t i e s  of i r o n  g i v e n  by Wicks and Block (19631, m e l t i n g  such a h o l e  would 

have r e q u i r e d  664 k c a l .  

7.8 



I f  on ly  Z r  burned i n  oxygen ( e i t h e r  braze a l l o y  o r  h u l l s  themselves),  t h e  

amount o f  Z r  r e q u i r e d  t o  produce t h i s  h e a t  can be c a l c u l a t e d  f rom t h e  h e a t  o f  

f o r m a t i o n  o f  Zr02 o f  263 kcal /mole (Wagman e t  a l .  1982). 

would have been r e q u i r e d  i f  t h e r e  was p e r f e c t  h e a t  t r a n s f e r  t o  t h e  s t e e l ,  no 

h e a t i n g  o f  any uranium, no h e a t i n g  o f  n i t r o g e n  f rom the  a i r ,  and no h e a t  

c a p a c i t y  f o r  Zr02. Even w i t h  such t o t a l l y  u n r e a l i s t i c  assumptions, t h i s  s t i l l  

amounts t o  0.55% o f  t h e  t o t a l  Z r  expected i n  t h e  basket,  

Thus 2.6 moles Z r  

The second es t ima te ,  which i s  much more r e a l i s t i c ,  i n v o l v e s  c o n s i d e r a t i o n  

o f  t h e  h e a t  c a p a c i t i e s  o f  o t h e r  m a t e r i a l s  p r e s e n t  and assumes a reasonable 

d i s t r i b u t i o n  o f  f u e l  t h roughou t  a d i s s o l v e r  basket.  

by b u r n i n g  o f  Z r  i n  a i r ,  enough h e a t  must be r e l e a s e d  t o  a l s o  h e a t  f ou r  moles 

N2 pe r  mole O2 and t h e  U metal  i n t i m a t e l y  a s s o c i a t e d  w i t h  t h e  Z r  t o  t h e  

m e l t i n g  p o i n t  o f  s t a i n l e s s  s t e e l .  We can p o s t u l a t e  no hea t  c o n c e n t r a t i n g  

mechanism l e a d i n g  t o  m e l t i n g  o f  a h o l e  i n  a basket;  t h a t  i s ,  o n l y  r e a c t i o n s  o f  

t h e  f u e l  con ta ined  i n  t h a t  c r o s s - s e c t i o n a l  p o r t i o n  o f  t h e  baske t  c o u l d  be 

focused on t h e  e f f e c t e d  zone. Thus, t h e  f r a c t i o n  o f  t h e  f u e l  w i t h i n  a p o r t i o n  

o f  t h e  baske t  t h a t  must r e a c t  t o  m e l t  t h e  w a l l s  o f  t h a t  p o r t i o n  i s  t h e  same as  

t h e  f r a c t i o n  o f  t h e  t o t a l  f u e l  t h a t  must r e a c t  t o  m e l t  t h e  t o t a l  basket.  

Us ing  these reasonable assumptions, we c a l c u l a t e d  t h e  f r a c t i o n  o f  Z r  t h a t  

would have had t o  have burned i f  o n l y  Z r  b u r n i n g  i n  a i r  s u p p l i e d  t h e  h e a t  

i n p u t .  Us ing t h e  same h e a t  c a p a c i t y  and h e a t  o f  f u s i o n  da ta  and assumptions 

as before,  t h e  h e a t  r e q u i r e d  t o  melt an e n t i r e  NFS baske t  i s  found t o  be 

1.89~10~ k c a l .  The h e a t  r e q u i r e d  t o  b r i n g  t h e  a s s o c i a t e d  uranium meta l  t o  the  

s t a i n l e s s  s t e e l  m e l t i n g  p o i n t  i s  3 . 9 1 ~ 1 0 ~  k c a l ,  based on t h e  expected b a s k e t  

uranium c o n t e n t  determined f rom t h e  r e p o r t e d  pack ing  d e n s i t y  and Z r / U  r a t i o  o f  

sheared f u e l  (Ludowise 1983) and r e p o r t e d  h e a t  c a p a c i t i e s ,  heats  o f  

t r a n s i t i o n ,  and h e a t  o f  f u s i o n  (N icks  and Block 1963). The sum o f  these two 

h e a t  requi rements i s  5 . 8 0 ~ 1 0 ~  k c a l .  

I f  t h e  h e a t  i s  s u p p l i e d  

The h e a t  produced by b u r n i n g  w i t h  oxygen a l l  t h e  Z r  i n  t h e  b a s k e t  i s  

1 . 1 5 ~ 1 0 ~  k c a l .  Thus, b u r n i n g  of 50% o f  a l l  t h e  Z r  i n  t h e  b a s k e t  would have 

been r e q u i r e d  t o  r a i s e  the  temperature o f  t h e  uranium p r e s e n t  t o  t h e  m e l t i n g  

p o i n t  o f  s t a i n l e s s  s t e e l  and t o  m e l t  t h e  baske t  assuming a b s o l u t e l y  no h e a t  

l o s s  f rom t h e  system be fo re  baske t  m e l t i n g  i s  accomplished. 

i n c l u d e  t h e  f a c t  t h a t  a l l  unburned Z r ,  a l l  Zr02 produced, and fou r  moles o f  N2 

T h i s  does n o t  
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b . '  

p e r  mole Z r  burned must a l s o  be heated t o  t h i s  temperature. 

i n d i c a t e s  t h a t  65% o f  t he  Z r  must burn  w i t h o u t  any heat  l o s s  whatsoever i n  

o r d e r  t o  r a i s e  the  temperature o f  a l l  o f  these m a t e r i a l s  t o  the  m e l t i n g  p o i n t  

o f  t he  s t a i n l e s s  s t e e l .  

I n c l u d i n g  these 

I t i s  ext remely u n l i k e l y  t h a t  t h e  observed damage would have occu r red  i n  

the  NFS d i s s o l v e r s  even i f  a l l  t he  z i r c o n i u m  p r e s e n t  burned. Th is  becomes 

apparent  when one cons ide rs  tha t ,  f o r  t h e  c a l c u l a t e d  amount o f  hea t  t o  have 

produced the  e f f e c t s  descr ibed,  one must assume e x c e l l e n t  hea t  t r a n s f e r  

th rough a jumble o f  chopped f u e l  t o  t h e  s t a i n l e s s  s t e e l  basket, and, on t h e  

same t ime-scale,  v i r t u a l l y  no hea t  t r a n s f e r  away f rom t h e  basket  o r ,  i f  o n l y  

t h e  Z r  i n  one r e g i o n  reacted,  no h e a t  conduct ion  through the  1 /4 - inch  t h i c k  

s t a i n l e s s  s t e e l  away f rom the  r e a c t i o n  zone. 

Wi th  t h e  above a n a l y s i s  demonst ra t ing  t h e  i m p r o b a b i l i t y  t h a t  Z r  r e a c t i o n s  

cou ld  have burned the  ho les  i n  t h e  NFS d i s s o l v e r s ,  i t  i s  comple te ly  c l e a r  t h a t  
the  energy of  b u r n i n g  of  the  s e n s i t i z e d  braze a l l o y  p r e s e n t  i n  t h e  ends o f  

these f u e l  elements f a l l s  very  f a r  s h o r t  o f  t he  energy r e q u i r e d  t o  produce t h e  

e f f e c t  observed. 

acco rd ing  t o  R. T. Johnson o f  UNC Nuclear  I n d u s t r i e s ,  we c a l c u l a t e  t h a t  t h e  

braze a l l o y  c o n s t i t u t e s  abou t  1.3% o f  t h e  t o t a l  z i r con ium present .  On t h i s  

bas is ,  t he  braze a l l o y  c o u l d  have s u p p l i e d  no more than 2% o f  t h e  h e a t  

r e q u i r e d  i n  t h e  above c a l c u l a t i o n s  and i t s  b u r n i n g  c o u l d  n o t  have c r e a t e d  t h e  

baske t  ho les.  

Rased on t h e  q u a n t i t y  o f  b raze  a l l o y  p e r  f u e l  element, 

Because t h i s  a n a l y s i s  shows t h a t  r e a c t i o n s  o f  Z r  c o u l d  n o t  have caused 

t h e  d i s s o l v e r  f i r e s  observed a t  NFS, t h e  inescapab le  conc lus ion  i s  t h a t  

runaway o x i d a t i o n  o f  uranium produced these events .  N-Reactor f u e l  c o n t a i n s  

5 .5 - fo ld  more moles o f  U than Zr ,  so t h e r e  i s  no shor tage o f  t h i s  r e a c t i v e  

m a t e r i a l  . 

7.4 POSSIBLE CONTRIBUTIONS OF IRRADIATION LEVEL TO RUNAWAY 

. DISSOLVER REACTIONS 

Even though o u r  d i s s o l u t i o n  r a t e  comparison ( S e c t i o n  3.2.1) showed l i t t l e  

d i f f e r e n c e  i n  the  d i s s o l u t i o n  r a t e s  of  i r r a d i a t e d  and u n i r r a d i a t e d  N-Reactor 

f u e l ,  runaway d i s s o l v e r  r e a c t i o n s  may be more probab le  w i t t i  i r r a d i a t e d  f u e l .  
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T h i s  i s  because shear ing  o f  i r r a d i a t e d  f u e l  may g i v e  sma l le r  p a r t i c l e s ,  and 

thus  a h ighe r  uranium su r face  area, than shear ing  o f  a s - f a b r i c a t e d  f u e l .  A 

h i g h e r  su r face  area r e s u l t s  i n  more r a p i d  h e a t  genera t ion  d u r i n g  d i s s o l u t i o n  

and thus  i nc reases  the  p r o b a b i l i t y  o f  a runaway r e a c t i o n  occu r r i ng .  

p r o b a b i l i t y  may be even g r e a t e r  w i t h  r u p t u r e d  i r r a d i a t e d  f u e l .  

m igh t  g i v e  even sma l le r  p a r t i c l e s  when sheared and, i n  a d d i t i o n ,  may c o n t a i n  

h i g h l y  r e a c t i v e  compounds formed by r e a c t i o n  o f  uranium w i t h  water. 

Th i s  

Ruptured f u e l  

It was e a r l  

much f a s t e r  than 

NFS, i t  appeared 

than m a t e r i a l  o f  

m ic roc rack ing  on 

3.2.1) i n d i c a t e s  

e r  t hough t  t h a t  d i s s o l u t i o n  r a t e s  o f  i r r a d i a t e d  f u e l  were 

those o f  n o n - i r r a d i a t e d  f u e l ,  and on a p r o d u c t i o n  b a s i s  a t  

t h a t  the more h i g h l y  i r r a d i a t . e d  f u e l s  d i s s o l v e d  much f a s t e r  

lower  i r r a d i a t i o n  l e v e l s .  T h i s  has been a t t r i b u t e d  t o  

i r r a d i a t i o n  (Schu lz  1972). C u r r e n t  l a b o r a t o r y  work ( S e c t i o n  

t h a t  c u t  p ieces  o f  i r r a d i a t e d  f u e l  do n o t  d i s s o l v e  f a s t e r  
than u n i r r a d i a t e d  f u e l  w i t h  t h e  same su r face  area; there fore ,  another  

e x p l a n a t i o n  appears necessary. 

and o u t  o f  m ic rocracks  would be slow, such mic rocracks  p robab ly  would 

c o n t r i b u t e  l i t t l e  t o  o v e r a l l  d i s s o l u t i o n  r a t e s .  They might ,  however, 

c o n t r i b u t e  markedly t o  decreas ing  t h e  s i z e  o f  segments produced d u r i n g  

shear ing  o p e r a t i o n  and t h i s  i n  t u r n  would r e s u l t  i n  more r a p i d  U d i s s o l u t i o n  

(and f a s t e r  d i s s o l v e r  energy r e l e a s e  r a t e s ) .  

Because d i f f u s i o n  o f  aqueous n i t r i c  a c i d  i n t o  

Bush (1957) has r e p o r t e d  t h a t  uranium meta l  undergoes an ex t remely  

pronounced decrease i n  d u c t i  1 i ty  and undergoes m i  c r o c r a c k i n g  even a t  q u i t e  1 ow 

((200 M\ld/ton) i r r a d i a t i o n  l e v e l s .  A t  abou t  1000 MWd/ton i r r a d i a t i o n ,  
e l o n g a t i o n  under t e n s i l e  t e s t i n g  was o n l y  0.55% vs  19% f o r  u n i r r a d i a t e d  meta l  

and m i  c r o f r a c t o g r a p h i c  examinat ion showed t h a t  i t s  25°C f r a c t u r e  p r o p e r t i e s  

were t y p i c a l  o f  a b r i t t l e  meta l .  

c r u s h i n g  of  u n i r r a d i a t e d  and i r r a d i a t e d  N-Reactor f u e l  i n  a i r  found t h a t  

" u n i r r a d i a t e d  f u e l  ... i s  more d u c t i l e  and d i f f i c u l t  t o  crack open than  

i r r a d i a t e d  ma te r ia l . .  ." and " I r r a d i a t e d  m a t e r i a l  r e a c t e d  d i f f e r e n t l y  f r o m  

u n i r r a d i a t e d  t o  the  e x t e n t  o f  l e s s e r  de fo rma t ion  b e f o r e  f r a c t u r e ,  g r e a t e r  

degree o f  uranium c rumb l ing  and c rack ing ,  e x t e n s i v e  separa t i on  o f  c l a d d i n g  and 

a more pronounced spark ing."  I t  thus  appears t h a t  i t  i s  n o t  o n l y  p o s s i b l e  b u t  

h i g h l y  p robab le  t h a t  shear ing  o f  i r r a d i a t e d  uranium w i l l  l e a d  t o  i nc reased  

f r a c t u r i n g ,  thus  produc ing  h ighe r  su r face  area  m a t e r i a l  than w i l l  shea r ing  o f  

u n i r r a d i a t e d  metal.  

Other work (Smi thers  1967) on t h e  p ress  
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Process ing o f  f a i l e d  f u e l  e lements t h a t  have had l o n g  te rm exposure t o  

water  i n  the  s to rage bas ins  may add a f u r t h e r  comp l i ca t i on .  

recogn ized  t h a t  t h e  r e a c t i o n  o f  water  w i t h  uranium meta l  a t  r e l a t i v e l y  low 

temperatures produces b o t h  uranium hyd r ide  ( U H 3 )  and uranium o x i d e  (U02). 

amount o f  r e s i d u a l  UH3 rema in ing  a f t e r  r e a c t i o n  i s  complete v a r i e s  markedly  

w i t h  uranium ba tch  and may be up t o  15% o r  more o f  t h e  o r i g i n a l  uranium (Baker 

e t  a l .  1966a). The wa te r  a t t a c k  o f  uranium i n  f a i l e d  N-reactor  f u e l  i n  t h e  

s to rage bas ins  produces a f i n e l y  d i v i d e d  b lack  res idue,  which presumably i s  a 

m i x t u r e  of  UH3 and U02. 

n i t r i c  a c i d  w i l l  r e l e a s e  energy: 

I t  i s  g e n e r a l l y  

The 

The r e a c t i o n  o f  b o t h  o f  these, p a r t i c u l a r l y  UH3, w i t h  

Heats o f  r e a c t i o n  above a r e  shown f o r  n i t r i c  a c i d  vapor b u t  r e a c t i o n s  i n  t h e  

l i q u i d  phase and w i t h  o t h e r  o x i d a n t s  p r e s e n t  (NO, NO2, 02) a r e  a l s o  

exothermic.  

T h i s  f i n e l y  d i v i d e d  m a t e r i a l  can be expec ted  t o  r e a c t  ve ry  r a p i d l y  w i t h  

n i t r i c  ac id ,  and, a l t hough  t h e  hea t  r e l e a s e  f rom r e a c t i o n s  o f  U02 a r e  low 

compared t o  r e a c t i o n s  o f  uranium meta l  o r  hyd r ide ,  i t  has been r e p o r t e d  

(Hanford  1954) t h a t  uranium o x i d e  (presumably c o n t a i n i n g  some UH3) o b t a i n e d  by 

r e a c t i n g  uranium meta l  w i t h  wa te r  i s  py rophor i c .  Other methods o f  p r e p a r a t i o n  

o f  U02 have a l s o  been r e p o r t e d  (Hanford  1954) t o  y i e l d  p y r o p h o r i c  o x i d e  

d e s p i t e  t h e  f a c t  t h a t  AH i s  o n l y  -25.5 kca l /mo le  f o r  t h e  r e a c t i o n  o f  U02 w i t h  

02. I t  has a l s o  been r e p o r t e d  t h a t  spontaneous i g n i t i o n  o f  an i r r a d i a t e d  
r u p t u r e d  ( A l - c l a d )  uranium meta l  s l u g  occu r red  w h i l e  t h e  s l u g  was b e i n g  

examined i n  the  d r y  s t a t e  (Hanford  1954). The r a p i d  r e a c t i v i t y  o f  such f i n e l y  

d i v i d e d  m a t e r i a l  w i t h  n i t r i c  a c i d  i s  demonstrated by t h e  f a c t  t h a t  i n  t h e  

Redox d i s s o l v e r  i n c i d e n t  i n v o l v i n g  A l - c l a d  f u e l ,  a f t e r  r e a c t i o n  o f  t h e  uranium 

s lugs  w i t h  m o i s t  a i r ,  t h e  second d i s s o l v e r  c u t  reached a h i g h  s p e c i f i c  g r a v i t y  

a lmost  immediate ly .  Maximum uranium r e a c t i o n  and peak temperature appeared t o  
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be reached a t  the time o f  th i s  d i s s o l u t i o n  c u t  as evidenced from an observed 
i n c r e a s e  i n  r a d i o a c t i v i t y  d i s c h a r g e d  t o  the sand f i l t e r  dur ing  t h i s  p e r i o d .  

Another mechanism p o s s i b l y  l e a d i n g  t o  s m a l l e r  p a r t i c l e  s izes  d u r i n g  
s h e a r i n g  i s  hydrogen embri ttlement. Hydrogen a p p r e c i a b l y  embri t t l e s  uranium 
metal a t  very low hydrogen concentrations (<1 p p m ) ;  a proposed mechanism f o r  
th is  i s  hydr id ing  o f  an impur i ty  a t  the g r a i n  boundaries  (Muel le r  e t  a l .  

1968) .  
water basins f o r  long p e r i o d s  of time has al lowed prolonged c o n t a c t  w i t h  the 
hydrogen produced by r e a c t i o n  o f  water a n d  meta l ,  i t  i s  conce ivable  t h a t  
hydrogen may have d i f f u s e d  a l o n g  microcracks  formed dur ing  i r r a d i a t i o n  a n d  

a t t a c k e d  g r a i n  boundar ies  th roughout  an a p p r e c i a b l e  d e p t h  i n t o  the f u e l  
elements, t h e r e b y  further weakening and p o s s i b l y  p a r t i a l l y  d i s i n t e g r a t i n g  the 
metal. 
r e p o r t e d  t o  us by D.  B. Bechtold o f  UNC Nuclear I n d u s t r i e s ,  t h a t  the f u e l  
elements appear  t o  c o r r o d e  rather s lowly i n  the basins for  a prolonged p e r i o d  
of  time fol lowed by acceleration and d i s i n t e g r a t i o n .  
o c c u r r e d ,  the f a i l ed  fuel elements might  be expec ted  t o  produce a l a r g e  amount  
o f  r e a c t i v e  f ines on s h e a r i n g  o r  shredding ,  more so than might  o c c u r  w i t h  
u n f a i l e d  i r r a d i a t e d  fuel. 

Because s t o r a g e  o f  r u p t u r e d  i r r a d i a t e d  N-Reactor f u e l  elements i n  

Such a h y p o t h e s i s  i s  i n  q u a l i t a t i v e  agreement  w i t h  the o b s e r v a t i o n ,  

I f  such a process 
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8.0 SENSITIZATION AND PASSIVATION OF WELD BEADS 

As a r e s u l t  o f  h i s  l i m i t e d  l a b o r a t o r y  study address ing  t h e  c l a d d i n g  f i r e s  

t h a t  occu r red  d u r i n g  shear / leach p rocess ing  o f  N-Reactor f u e l  a t  NFS, Schulz 

(1972) 

combustion o f  s e n s i t i z e d  we ld  beads on the  ends o f  t h e  f u e l  rods .  These beads 

c o n t a i n  Be f rom t h e  Zr-Be braze a l l o y  used i n  t h e  manufac tur ing  process. 

exposure t o  HNO3, as i n  the  l e a c h i n g  p o r t i o n  o f  t h e  shear / leach process, Be i s  

p r e f e r e n t i a l l y  d i s s o l v e d  away; t h i s  l eaves  a s e n s i t i z e d  Z r  m a t r i x  t h a t  can 

r e a c t  v i o l e n t l y  when shocked e l e c t r i c a l l y  o r  mechan ica l l y  i n  a i r .  

concluded t h a t  t h e  most l i k e l y  e x p l a n a t i o n  o f  these f i r e s  i n v o l v e d  

On 

I n  t h e  p reced ing  sec t i on ,  we showed t h a t  r e a c t i o n s  o f  t h e  s e n s i t i z e d  

braze a l l o y  c o u l d  n o t  have accounted f o r  t h e  damage t h a t  occu r red  d u r i n g  the  

d i s s o l v e r  f i r e s  a t  NFS. However, t h e  p o t e n t i a l  r o l e  of  s e n s i t i z e d  braze a l l o y  

i n  t h e  f i r e s  t h a t  occu r red  i n  a few i n s t a n c e s  d u r i n g  h a n d l i n g  o f  leached h u l l s  

remains t o  be addressed. A lso  o f  i n t e r e s t  i s  an e x p l a n a t i o n  f o r  t h e  mechanism 

o f  p a s s i v a t i o n  observed by Schulz (and a t  NFS) when h u l l s  were d ipped i n t o  

water  o r  NaOH s o l u t i o n  f o l l o w i n g  s e n s i t i z a t i o n  by HN03; f o l l o w i n g  such a 

t rea tment ,  p y r o p h o r i c  a c t i v i t y  observed when t h e  Z r  m a t r i x  was shocked was 

s i g n i f i c a n t l y  reduced. 

We i n i t i a l l y  p lanned t o  i n v e s t i g a t e  t h e  mechanisms o f  s e n s i t i z a t i o n  and 

p a s s i v a t i o n  by bo th  chemical s t u d i e s  and by su r face  sc ience techniques.  

However, t h e  su r face  sc ience s t u d i e s  c o u l d  n o t  be pursued because o f  t h e  

ex t reme ly  l o c a l i z e d  n a t u r e  o f  t h e  s e n s i t i z a t i o n  process. 

8.1 WELD BEAD CHEMICAL STUDIES 

I n  our  chemical  s tud ies ,  we found HN03-sensi t i z a t i o n  o f  N-Reactor we ld  

beads t o  be much l e s s  r e p r o d u c i b l e  o r  severe than i n d i c a t e d  by Schulz 

(1972). 

found some welded ends t h a t  were n o t  s e n s i t i z e d  a t  a l l ,  a l t hough  i n  most cases 

some s e n s i t i z a t i o n  d i d  occur .  

i t  was l o c a l i z e d  i n  d i s c r e t e  zones; spa rk ing  w i t h  a Tesla c o i l  r e s u l t e d  i n  

I n  t e s t s  u s i n g  procedures i d e n t i c a l  t o  those desc r ibed  by Schulz we 

I n  a l l  cases where s e n s i t i z a t i o n  was observed, 

d i s c r e t e  f l a s h e s  as t h e  Tes la  d i scha rge  was 

than i n  a s imul taneous shower o f  f l a s h e s  as 

a sma l l  f r a c t i o n  o f  t h e  f l a s h e s  we observed 

moved ove r  t h e  sur face,  r a t h e r  

shown i n  the .Schu lz  r e p o r t .  Only 

were v igo rous  enough t o  produce an 
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a u d i b l e  sound. 

b u t  t hey  were very uncommon and occu r red  o n l y  i n  smal l  areas. 

We d i d  observe seve ra l  i n s t a n c e s  o f  very  v igo rous  r e a c t i o n ,  

The reason f o r  t h e  d i f f e r e n t  degree o f  s e n s i t i z a t i o n  i n  N-Reactor f u e l  

beads observed by us and by Schulz (1972) i s  n o t  known. Personnel a t  UNC 

Nuc lear  I n d u s t r i e s ,  where t h e  f u e l  i s  f a b r i c a t e d ,  know o f  no f a b r i c a t i o n  

process o r  braze a l l o y  d i f f e r e n c e  t h a t  c o u l d  account  f o r  it. 

c u r r e n t  f u e l  has end caps w i t h  f l a t  i n n e r  sur faces,  r a t h e r  than t h e  chevron- 

shaped i n n e r  su r face  i n  t h e  specimen shown i n  the  Schulz r e p o r t ;  however, UNC 

personnel  do n o t  f e e l  t h a t  t h i s  shou ld  r e s u l t  i n  d i f f e r e n t  we ld  bead 

p r o p e r t i e s .  The chevron-shaped end cap shown i n  the  Schulz r e p o r t  was used on 

o n l y  a l i m i t e d  bas i s ,  and i t s  use had been d i s c o n t i n u e d  by about  1969. 

We no te  t h a t  t he  

I f  Schulz (1972) was c o r r e c t  i n  h i s  conc lus ion  t h a t  s e n s i t i z e d  we ld  beads 

caused t h e  f i r e s  t h a t  occu r red  d u r i n g  h u l l s  h a n d l i n g  a t  NFS, and i f  t h e  

samples he s t u d i e d  were r e p r e s e n t a t i v e  o f  t h e  m a t e r i a l  processed a t  NFS, then 
we can conclude t h a t  f i r e s  d u r i n g  h u l l s  h a n d l i n g  would be l e s s  p robab le  now 

than they  were a t  NFS - because o f  t h e  lower  degree o f  s e n s i t i z a t i o n  we 

observed w i t h  c u r r e n t  f u e l .  However, i t  would be d e s i r a b l e  t o  lower  t h e  

p r o b a b i l i t y  s t i l l  more by a s imp le  p a s s i v a t i o n  t r e a t m e n t  such as  d i p p i n g  i n  

wa te r  o r  NaOH s o l u t i o n ,  a s  was done a t  NFS t o  p r e v e n t  f u r t h e r  f i r e s .  Among 

t h e  o b j e c t i v e s  o f  t h i s  p r o j e c t  were t o  determine t h e  mechanism by wh ich  such 

p a s s i v a t i o n  occu r red  and t o  determine c o n d i t i o n s  necessary f o r  p a s s i v a t i o n .  

Before  proceed ing  t o  a d i s c u s s i o n  o f  our  work on t h e  s e n s i t i z a t i o n  and 

p a s s i v a t i o n  o f  we ld  beads, we w i l l  comment t h a t  t h e r e  i s  good reason t o  

q u e s t i o n  t h e  hypo thes i s  t h a t  we ld  bead r e a c t i o n s  were r e s p o n s i b l e  f o r  t he  

f i r e s  observed d u r i n g  h a n d l i n g  o f  h u l l s  a t  NFS. 

observed any e f f e c t  on s e n s i t i z e d  we ld  beads t h a t  approached t h e  d e s c r i p t i o n  

o f  t h e  NFS f i r e s  ( "g low  l i k e  cha rcoa l " ) .  

d i d  observe such an e f f e c t  w i t h  a t h i n  p i e c e  o f  und isso lved  uranium. 

observa t ion ,  wh ich  i s  d iscussed i n  d e t a i l  e lsewhere i n  t h i s  r e p o r t  ( S e c t i o n  

l o ) ,  l eads  us t o  b e l i e v e  t h a t  i n c o m p l e t e l y  leached uran ium c o u l d  have been 
r e s p o n s i b l e  f o r  t h e  h u l l s  f i r e s  observed a t  NFS. 

N e i t h e r  Schulz n o r  we 

I n  ano the r  p o r t i o n  o f  t h i s  work, we 

Th is  

Our i n i t i a l  s tudy  p l a n  i n c l u d e d  the  use o f  su r face  sc ience techn iques  t o  

study t h e  p a s s i v a t i o n  mechanism. However, t h i s  approach had t o  be abandoned 
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when the extremely localized nature o f  the sensit ization process became 
apparent. Because of t h i s  localization, we could n o t  be sure t o  section a 
zone t h a t  was capable of being sensitized nor could we t e l l  whether 
differences i n  measured surface properties resulted from differences i n  
sensit ization and  passivation treatments or merely from different  weldment 
compositions. We t h u s  were l e f t  w i t h  o n l y  chemical t e s t s  t o  examine the 
mechanisms of  sensit ization and  passivation. 

The localized nature o f  the sensit ization process also increased the 
d i f f icu l ty  o f  evaluating sensit ization and passivation by chemical t e s t s .  
However', we found  t h a t  "passi vated'' surfaces c:oul d be "resensi t ized" by merely 
d i p p i n g  back into the leach solution; t h i s  mea.ns t h a t  we could compare 
passivation treatments w i t h o u t  the uncertainty of  non-reproducible 
sensit ization among specimens. 

Results of t e s t s  t o  define the effectiveness of  different  r inse  solutions 
i n  passivating sensitized N-Reactor fuel element weld beads a re  shown i n  Table 
8.1. Three different  s e t s  o f  resu l t s  are  tabulated: 1) the number o f  f lashes 
tha t  resulted from Tesla coil-sparking of  the weld beads of a sample tha t  had 

been sensitized i n  H N O 3  + U solution and then rinsed,, 2)  the number o f  flashes 
result ing from sparking the same sample a f t e r  i t  was reimmersed i n  the leach 
solution, a n d  3) the percentage of the total  f lashes observed tha t  occurred 
when the as-rinsed surface was sparked. The to ta l  number o f  flashes recorded 
w i t h  these specimens i s  seen t o  vary greatly from one specimen t o  another, 
i l l u s t r a t ing  the lack  of  sensit ization reproducibility mentioned ea r l i e r .  
However, t h e  percentage va lues  measured w i t h  t h e  i n d i v i d u a l  specimens do show 

some important  results.  

Rinsing w i t h  water i s  seen t o  be effect ive i n  reducing the pyrophoric 
nature of the sensitized weld beads t o  essent ia l ly  zero. Since reimmersion o f  
the same specimens i n  the leach solution reestablished the pyrophoric nature, 
i t  appears that  th i s  'tpassivationn by water rinsing simply involves removal o f  

n i t r i c  a c i d  and/or uranyl  n i t r a t e  from the reaction area rather than a true 
passivation of a reactive Zr surface. 
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TABLE 8.1. Comparison o f  Rinse S o l u t i o n s  i n  Reducing P y r o p h o r i c i t y  o f  
S e n s i t i z e d  t le l  d Beads 

F l  as h/cm(a s b )  

S e n s i t i v i t y  
A f t e r  Reimmersi on Re ma i n i n g 

A f t e r  R inse (c )  i n  Leach S o l u t i o n  ( d l  A f t e r  Rinse,%(e)  
Type o f  Rinse S o l u t i o n  I n n e r  Outer  I n n e r  Outer I n n e r  Outer  

Weld Weld We 1 d We1 d Uel d We1 d Element Composit ion -- 
-- -- 

4 
I n n e r  H20 0.0 0.0 0.0 0.0 

0.0 0.4 5.3 2.8 0 13 Outer H20 

Outer  H20 0.0 0.0 5.7 2.2 0 0 

Inne r  0.5 - M NaHC03 0.0 0.0 0.0 2.2 0 -- 

0 -- I n n e r  5 - M NaOH 0.0 0.0 0.0 0.4 

Inne r  1 - M HN03 0.0 0.0 1.0 1.4 0 0 

I n n e r  1 - M HNO3 0.0 0.0 0.0 1.2 

Inne r  5 - M HN03 8.5 0.6 11.5 4.6 43 12 

0 -- 

I n n e r  9 - M HN03 0.5 2.4 9.5 2.2 5 52 

( a )  Sparked w i t h  Tes la  c o i l  seve ra l  t imes  b e g i n n i n g  5 min a f t e r  removal f rom 
s o l u t i o n .  Most f l a s h e s  occu r red  d u r i n g  f i r s t  spark ing .  

( b )  Measured on q u a r t e r - s e c t i o n s  o f  o u t e r  e lements and h a l f - s e c t i o n s  o f  i n n e r  
elements. Approximate c i rcumferences  o f  20 cm f o r  o u t e r  su r face  o f  o u t e r  
element, 12 cm f o r  i n n e r  s u r f a c e  o f  o u t e r  element, 10 cm f o r  o u t e r  s u r f a c e  o f  
i n n e r  element, and 4 cm f o r  i n n e r  su r face  o f  i n n e r  e lement  were used i n  these 
c a l c u l a t i o n s .  

( c )  Immersion f o r  5 min a t  room temperature. 

( d )  Uranium leached o u t  o f  end caps d u r i n g  o v e r n i g h t  t r e a t m e n t  w i t h  b o i l i n g  
s o l u t i o n .  
-1 F4 U + 3 t o  4 - M HN03. 

I n i t i a l  s o l u t i o n  compos i t ion  was 9 - M HNO3 and f i n a l  compos i t ion  was 
- 

( e )  De f ined  as  ( f l a s h e s  a f t e r  r i n s e )  1 0 0 / [ ( f l a s h e s  a f t e r  r i n s e )  + ( f l a s h e s  a f t e r  
re immers ion)  1. 
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R i n s i n g  w i t h  0.5 - M NaHC03 o r  5 - M NaOH s o l u t i o n  was a l s o  e f f e c t i v e  i n  

a p p a r e n t l y  e l i m i n a t i n g  the  p y r o p h o r i c  na tu re .  Th is  i s  h a r d l y  s u r p r i s i n g  i n  

l i g h t  o f  t h e  e f f e c t i v e n e s s  o f  water  a lone.  

R i n s i n g  the  s e n s i t i z e d  weld beads w i t h  1 .- M HN03 a l s o  appeared t o  be 

e f f e c t i v e  i n  r e d u c i n g  t h e  p y r o p h o r i c  n a t u r e  t o  e s s e n t i a l l y  zero; however, t h e  

r e l a t i v e  l a c k  o f  p y r o p h o r i c i t y  observed i n  t h e  specimens t e s t e d  makes t h i s  

conc lus ion  somewhat t e n t a t i v e .  A s i g n i f i c a n t  degree o f  py rophor i  c i  t y  

p e r s i s t e d  a f t e r  r i n s i n g  w i t h  5 - M HN03 o r  9 - M HN03. 

concen t ra t i ons ,  t h e r e  d i d  appear t o  be a s u b s t a n t i a l  r e d u c t i o n  i n  

p y r o p h o r i c i t y  o f  some welds b u t  n o t  o f  o the rs .  

presence o f  u rany l  n i t r a t e  m i g h t  c o n t r i b u t e  t o  i nc reased  p y r o p h o r i c i t y  o f  some 

s e n s i t i z e d  welds because t h e  h i g h e r  v i s c o s i t y  o f  u r a n y l  n i t r a t e  s o l u t i o n s  

m i g h t  n o t  a l l o w  as  much dra inage o f  s o l u t i o n  away f rom t h e  Z r .  

A t  these h i g h e r  HNO3 

It i s  t hough t  t h a t  the  

Table 8.2 summarizes the  r e s u l t s  o b t a i n e d  w i t h  u n r i n s e d  s e n s i t i z e d  we ld  

beads f rom a number o f  end caps. 

end cap t o  end cap and f rom we ld  t o  we ld  i s  apparent. 

here i s  t h a t  p y r o p h o r i c i t y  was indeed observed on we ld  beads t h a t  were 

au toc laved  b e f o r e  they  were exposed t o  HN03. 

t h e  p r o t e c t i v e  ZrOE f i l m  produced d u r i n g  a u t o c l a v i n g  m i g h t  p r e v e n t  l e a c h i n g  o f  

Be f rom t h e  we ld  zone, b u t  t h i s  i s  e v i d e n t l y  n o t  t h e  case. Th is  conc lus ion  i s  

a l s o  suppor ted by t e s t s  w i t h  i r r a d i a t e d  N-Reactor f u e l ,  which shou ld  have an 

even more p r o t e c t i v e  Zr02 f i l m  than t h e  specimens shown i n  Table 8.2. 

The g r e a t  v a r i a b i l i t y  o f  p y r o p h o r i c i t y  f rom 

One i m p o r t a n t  p o i n t  

I t  had been wondered i f  perhaps 

The p reced ing  r e s u l t s  were a l l  o b t a i n e d  w i t h  u n i r r a d i a t e d  N-Reactor 

f u e l .  

w i t h  u n i r r a d i a t e d  f u e l  (Tab les  8.1 and 8.2), p y r o p h o r i c i t y  was observed w i t h  

b o t h  u n r i n s e d  specimens and w i t h  water  r i n s e d  specimens t h a t  were reimmersed 

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

l i t t l e ,  i f  any, e f f e c t  on we ld  bead s e n s i t i z a t i o n  and p a s s i v a t i o n .  

Resu l t s  o f  a few t e s t s  w i t h  i r r a d i a t e d  f u e l  a r e  g i ven  i n  Table 8.3. As  

Thus, t h e  i r r a d i a t i o n  process appears t o  have 

8.2 

f a b r  

WELD BEAD METALLOGRAPHY STUDY 

Low m a g n i f i c a t i o n  (10x1 o p t i c a l  micrographs were taken o f  t h r e e  as-  

ca ted  end cap s e c t i o n s  t o  p r o v i d e  a r e f e r e n c e  f o r  comparison o f  we ld  bead 
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TABLE 8.2. Comparison o f  Py rophor i c  Nature o f  
Var ious Unr insed Weld Bead Samples 

Type o f  
E l  emen t 

Sample 
Number 

Flash/cm(a,b) 
I nne r  Outer 
Weld 

I n n e r  

I n n e r  

I n n e r  

Outer  
Outer 
Outer  
Outer 

ou t e r ( c )  
Outer(') 
ou t e r ( c )  
o u t e r  ( c )  

G- 2 

J 

x x  
L 
L 
M 
M 

N-2 
N- 2 
N - 1  
N- 1 

11.5 

3.0 

1.0 

0.0 
0.0 
6.7 
7.0 

0.0 
0.0 
0.8 
0.8 

Weld 

3.6 

8.6 

0.4 

0.0 
8.8 
1.8 
0.8 

0.0 
1 .o 
2.4 
2.0 

( a )  Uranium leached o u t  o f  end cap s e c t i o n s  d u r i n g  o v e r n i g h t  t r e a t m e n t  w i t h  
b o i l i n g  s o l u t i o n  ( i n i t i a l l y  9 M HNO , f i n a l l y  -1 M U i n  3 t o  4 M HNO3), 
t hen  sparked w i t h  Tes la  c o i l  severs? t i m e s  beginnTng 5 min a f t e r  removal 
f rom s o l u t i o n .  

Measured on q u a r t e r - s e c t i o n s  o f  o u t e r  e lements and h a l f - s e c t i o n s  o f  i n n e r  
e lements (see Table 8.1 f o r  d imensions) .  

( b )  

( c )  From an au toc laved  element. 

volume and compos i t ion  w i t h  those o f  s e n s i t i z e d  and o f  s e n s i t i z e d  and then 

p a s s i v a t e d  we ld  beads; F igu re  8.1 shows these micrographs.  Sec t i on  C A  

c o n t a i n s  a l l  o f  t h e  r e a c t i o n  zones present .  Sec t i ons  CG and CI bo th  have some 

r e a c t i o n  l a y e r  m i s s i n g  due t o  t h e  c u t  l o c a t i o n .  To o b t a i n  b e t t e r  s t r u c t u r a l  

de ta  1 o f  t h e  zones and some e lementa l  i n fo rma t ion ,  t h e  s e c t i o n s  were examined 

w i t h  a Japan E l e c t r o n  O p t i c s  Labora tory  JSM-U3 scanning e l e c t r o n  microscope 

(SEM w i t h  a S i ( L i )  ene rgy -d i spe rs i ve  spect roscopy (EDS) system. The EDS da ta  

were analyzed u s i n g  a Tracor  Nor thern  NS-880 ana lyze r .  
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a )  Section CI b) Section CG 
I 
1 500 pm 

- 
1 500 pm 

c )  Section CA 4 .  - 
1 500 Dm 

FIGURE 8.1. Opt ica l  Micrographs o f  End Cap  Weld S e c t i o n s  
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TABLE 8.3. P y r o p h o r i c i  t y  o f  I r r a d i a t e d  Weld 
Beads a f t e r  N i t r i c  Ac id  Leaching 

Flash/cm 

U n r i  nsed R i  nsed(c)  Re immersed 

Weld Weld Weld Weld 
2 4 O ~ u  i n  Inne r  Outer Inne r  Outer Inne r  Outer 
Fuel, % - Veld We1 d - 
6 
6 

( a )  Measured a f t e r  specimens t r e a t e d  o v e r n i g h t  i n  b o i l i n g  s o l u t i o n  ( i n i t i a l l y  
9 M HNO3 , f i n a l l y  -1 M U i n  3 t o  4 M HNO 

s o 1 u t ip n . 
1.. Specimens were sparked 

w i t h  Tes la  c o i l  severaT t imes, beg inT ing  z mi'n a f t e r  removal f rom 

( b )  Measured on h a l f - s e c t i o n s  o f  i n n e r  elements. (See Table 8.1 f o r  
dimensions). 

( c )  Soaked i n  water  f o r  5 min. 

Each r e a c t i o n  l a y e r  was examined. F i g u r e  8.2 c o n t a i n s  SEM images o f  t h e  

v a r i o u s  types  o f  l a y e r s  found. 

m i x t u r e  was found between t h e  braze m a t e r i a l  and t h e  uranium f u e l .  An 

e lementa l  x-ray spectrum f rom each v i s i b l e  phase was acqu i red  f o r  

comparison. 

t h e  l a y e r  found between the  c l a d d i n g  w a l l  and uranium f u e l  t o  be d iscussed i n  

Sec t i on  9, b u t  t h e r e  i s  a p o s s i b i l i t y  t h a t  some b e r y l l i u m  i s  a l s o  i n  t h e  

l a y e r .  A l l  o t h e r  phases c o n t a i n  v a r i o u s  l e v e l s  o f  z i r c o n i u m  and t i n ,  wh ich  

a r e  t h e  major  components o f  Z i r c a l o y .  

w i t h  t h e  EDS system, t h e  amount o f  z i r c o n i u m  and t i n  was used as t h e  b a s i s  o f  

comparison. The amount unaccounted f o r  by z i rconium, t i n ,  o r  uranium was 

a t t r i b u t e d  t o  a l i g h t  e lement  such as  b e r y l l i u m .  

amounts o f  t he  e lements a t  each p o i n t  marked i n  F i g u r e  8.2. 

A d i f f u s i o n  zone o f  a u ran ium/z i rcon ium 

The uran ium/z i rcon ium d i f f u s i o n  zone was s i m i l a r  i n  appearance t o  

Because b e r y l l i u m  i s  n o t  d e t e c t a b l e  

Table 8.4 l i s t s  t h e  measured 

A s  i n d i c a t e d  by t h e  s t r u c t u r e s  i n  F igu re  8.2, i f  the  dark ( l ower  Z r )  

phase were s e l e c t i v e l y  d isso lved,  a l a r g e  su r face  area  would be exposed i n  an 
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Braze-Uranium Interface 

15um 

Braze-Zircaloy Region - 
15pm 

- 
15,um 

Weld Region 

FIGURE 8.2. SEM Micrographs o f  React ion  Layers and EDS Ana lys i s  L o c a t i o n s  
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i n te rwoven pa t te rn .  

behav io r ;  however, t h i s  m a t e r i a l  rep resen ts  o n l y  a small  p o r t i o n  o f  t h e  t o t a l  

mass o f  Z i r c a l o y  p r e s e n t  i n  f u e l  c ladd ing ,  as was d iscussed i n  Sec t i on  7.0. 

T h i s  foam- l i ke  s t r u c t u r e  c o u l d  e x h i b i t  p y r o p h o r i c  

As d iscussed i n  Sec t ion  8.1, t h e  t e s t s  t o  s e n s i t i z e  t h e  weld/braze areas  

Because o f  t h i s  l a c k  o f  a repea tab le  s e n s i t i z a t i o n  
had i n c o n s i s t e n t  r e s u l t s ,  which made i t  imposs ib le  t o  produce specimens w i t h  

known su r face  cond i t i ons .  
o f  t h e  we ld  beads, no f u r t h e r  m e t a l l o g r a p h i c  s t u d i e s  o f  t he  we ld  bead 

p r o p e r t i e s  were conducted. 

TABLE 8.4. Elemental Concent ra t ion  f rom SEM/EDS Ana lys i s  

Lo ca ti on ( a )  

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 
K 
L 

Element, w t %  
Be o r  Other 

Z r  Sn U L i g h t  E l e w n t  

87.1 

93.5 

65.5 

50.5 

28.4 

0.0 

87.1 

98.5 

98.5 

97.9 

96.6 

98.2 

0.0 

2.2 

0.0 

0.8 

0.0 

0.0 

0.0 

1.5 

1.5 

2.1 

1.4 

1.8 

0.0 

2.3 

29.3 

43.5 

66.6 

99.7 

0.0 

0.0 

0.0 
0 .o 
0.0 

0.0 

12.9 

2.0 

5.2 

5.2 

5.0 

0.3 

12.9 

0.0 

0.0 

0.0 

2.0 

0.0 

( a )  Refer  t o  F i g u r e  8.2 f o r  l o c a t i o n  i d e n t i f i c a t i o n .  

8.3 REFERENCES FOR SECTION 8.0 

Schulz, W. W. 1972. Shear-Leach Process ing  o f  N-Reactor Fuel  -- Cladd ing  
F i r e s .  ARH-2351. A t 7 a n t i c  R i  c h f i e l d  Hanford  Company, Richland, WA. 
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9.0 STUDIES OF U / Z r  INTERMETALLIC ZONE 

IC 

4 

The f i r s t  e x p l a n a t i o n  advanced t o  account  f o r  t h e  f i r e s  observed a t  NFS 

i n v o l v e d  i g n i t i o n  o f  a U - Z r  a l l o y  p r e s e n t  i n  t h e  i n t e r m e t a l l i c  r e g i o n  produced 

d u r i n g  N-Reactor f u e l  manufacture (Schulz  1972). However, t h e  r e s u l t s  o f  t h e  

i n i t i a l  i n v e s t i g a t i o n s  d i d  n o t  suppor t  t h i s  hypothes is .  One o b j e c t i v e  o f  t h i s  

c u r r e n t  study was t o  g a i n  a d d i t i o n a l  i n f o r m a t i o n  i n  t h i s  area; s p e c i f i c a l l y  t o  

a t t e m p t  t o  es t imate ,  f rom pub l i shed  data, the  amount o f  U Z r 3  t h a t  may be 

p r e s e n t  i n  i r r a d i a t e d  f u e l  and t o  check t h i s  e s t i m a t e  by m e t a l l u r g i c a l  

examinat ions  o f  b o t h  a s - f a b r i c a t e d  and i r r a d i a t e d  f u e l .  I n  a d d i t i o n ,  we 

t e s t e d  f o r  p y r o p h o r i c  a c t i v i t y  i n  the  i n t e r m e t a l l i c  zone o f  leached c l a d d i n g  

h u l l s  produced i n  o t h e r  p a r t s  o f  t h i s  p r o j e c t ,  The r e s u l t s  o f  these s t u d i e s  

suppor t  those o f  t h e  e a r l i e r  s tud ies ;  i t  i s  h i g h l y  u n l i k e l y  t h a t  p y r o p h o r i c  

a c t i v i t y  i n  t h i s  zone c o u l d  have been a causa t i ve  f a c t o r  i n  t h e  c l a d d i n g  f i r e s  

observed a t  NFS. 

9.1 METALLURGICAL STUDIES OF U / Z r  INTERMETALLIC ZONE 

One p o s s i b l e  cause f o r  t h e  f i r e s  observed a t  NFS d u r i n g  t h e  shear / l each  

p rocess ing  o f  N-Reactor f u e l  was though t  t o  be t h e  f o r m a t i o n  o f  t h e  e p s i l o n  

phase (UZr3) a t  t h e  f u e l - c l a d d i n g  i n t e r f a c e .  

i n t e r m e t a l l i c  compound, i s  formed th rough the  i n t e r d i f f u s i o n  o f  uranium and 

z i rcon ium.  As i s  shown i n  F i g u r e  9.1, t h e  e p s i l o n  phase i s  formed between 

room temperature and 600°C, and may e x i s t  over  n e a r l y  t h e  e n t i r e  compos i t ion  
range from uranium to zirconium. 

T h i s  phase, which i s  an u n s t a b l e  

The e x p l o s i o n  hazard o f  t h e  e p s i l o n  phase has been r e p o r t e d  (Schu lz  e t  

a l .  1954b) t o  a r i s e  f rom i t s  i s o l a t i o n  d u r i n g  n i t r i c  a c i d  d i s s o l u t i o n .  The 

U Z r g  l a y e r  between t h e  f u e l  and t h e  c l a d d i n g  i s  n o t  d i s s o l v e d  i n  n i t r i c  ac id ,  

so i t  i s  exposed by t h e  f u e l  d i s s o l u t i o n  and remains on t h e  c ladd ing .  

su r face  area  o f  t h i s  e p s i l o n  phase i s  h igh,  wh ich  c o n t r i b u t e s  t o  i t s  

p y r o p h o r i c i t y .  When i g n i t e d ,  t h e  e p s i l o n  phase o x i d i z e s  r a p i d l y .  The e p s i l o n  

phase pass i va tes  upon l o n g e r  exposure t o  n i t r i c  ac id .  

The 

We were unable t o  f i n d  s u f f i c i e n t  da ta  t o  e s t i m a t e  t h e  amount o f  UZr3 

t h a t  may be p resen t  i n  i r r a d i a t e d  N-Reactor f u e l .  

l o c a t e d  t h a t  d i scuss  the  p y r o p h o r i c i t y  o f  UZr3 ( H u r f o r d  1953, Roth 1952, 

A number o f  r e p o r t s  were 

9.1 



Uranium, wto 
20 40 60 8 0  9 0  95 98 

\ 

1300 

c.' 1100 
2! - ?! 3 ' o o o ~  
W 
Q 
c L 
W 

I- 

ljzr Yu 

80( 

f 

0 20 40 60 8 0  100 
Uranium, a/o 

FIGURE 9.1. Zirconium-Uranium Constitutional Diagram 

Larsen e t  a l .  1954, Schulz e t  a l .  1954a, 1954b, Schulz 1972) .  However, no  
reports were located tha t  discuss the kinet ics  o f  UZr3 formation, and i t  i s  
n o t  possible to calculate the amount of UZr3 present i n  i rradiated fuel 
w i t h o u t  th is  information. 

Zircaloy-clad metall ic uranium fuel sections were metallographically 
examined t o  characterize the interface region between the cladding and the 
fuel. The objectives o f  t h i s  study were to:  

Measure the s ize  of t h i s  intermetall ic phase i n  as-fabricated a n d  

irradiated (spent) fuel sections. 

o Estimate the percentage of a t o t a l  fuel segment composed of t h i s  , 

i n  termeta11 i c phase. 

I 

i 

Q Measure the composition o f  any diffusion zone between the cladding and 
fuel. 
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Three 5/8-in. sections were c u t  from an as-fabricated fuel r o d  a n d  three 
Figure 9 .2  shows the from a spent fuel r o d  for these metallographic studies. 

lacations on the fuel rods from which the sections were cut. The as- 
fabricated fuel sections were cut a t  the UNC EIuclear Industries fuel 
fabrication f ac i l i t y .  
Pacific Northwest Laboratory uranium metallography f ac i l i t y .  
sections were cut, mounted, and  polished a t  the postirradiation tes t ing 
f a c i l i t y  of  the Hanford Engineering Development Laboratory.  

The sections were then mounted a n d  polished a t  the 
The spent fuel 

The methods used t o  perform th i s  study were optical microscopy and  

electron beam x-ray analysis. 
w i t h  optical microscopy. 

Polished cross-sections were f i r s t  examined 
The composition of  the diffusion zone in the as- 

a m 
0 

CA - 

- 

0. m 
0 
U 
C 
w 

A - 

c------, 
-5/8 

in. 

CB 

c----2 
-5/8 

in. 

'B 

a )  As-Fabricated Fuel Rod 

4 
-5/8 

in. 

CE 

*--- 
b )  Spent Fuel Rod 

- 
4 
-5/8 

in. 

E - 

FIGURE 9.2. Specimen Locations from As-Fabricated and  Spent Fuel Rods 
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f a b r i c a t e d  f u e l  was measured w 

energy-di  s p e r s i  ve spectroscopy 

i n  t h e  spent  f u e l  was measured 

. 
t h  a scanning e l e c t r o n  microscope (SEM) w i t h  

(EDS). The composi t ion o f  t h e  d i f f u s i o n  zone 

w i t h  a s h i e l d e d  e l e c t r o n  m i  croprobe (SEMP) 

The p o l i s h e d  s e c t i o n s  were examined by o p t i c a l  microscopy techniques 

l o c a t e  t h e  d i f f u s i o n  l a y e r .  F i g u r e  9.3 shows a r e p r e s e n t a t i v e  m ic rog raph  

each fue l  c o n d i t i o n .  The d i f f u s i o n  zone (as  measured by stepped composi t  

a n a l y s i s )  i s  n o t  t o t a l l y  v i s i b l e  i n  these  micrographs. 

t o  

o f  

ona 1 

T h i s  d i f f u s i o n  zone was then c h a r a c t e r i z e d  f o r  e lementa l  d i s t r i b u t i o n .  

The a s - f a b r i c a t e d  s e c t i o n s  were examined w i t h  a Japan E l e c t r o n  O p t i c s  

Labora to ry  JSM-U3 SEM w i t h  a S i ( L i )  EDS system. 

a c q u i r e d  and analyzed u s i n g  a Tracor  Nor the rn  NS-880 analyzer ,  and t h e  spen t  

f u e l  s e c t i o n s  were examined u s i n g  a Perkin-Elmer MAC-450 SEMP. The d i f f u s i o n  

zones were c h a r a c t e r i z e d  u s i n g  l - t o  2- vm s teps  through t h e  zone. F i g u r e  9.4 

shows two r e p r e s e n t a t i v e  SEM images o f  t h e  d i f f u s i o n  zone i n  t h e  a s - f a b r i c a t e d  

f u e l .  Because SEM examina t ion  o f  t h e  s p e n t  f u e l  was n o t  done, comparable 

images a r e  n o t  a v a i l a b l e .  

measurements based on d a t a  f rom o p t i c a l  micrographs, SEF.1 images (when 

a v a i l a b l e ) ,  and e lemen ta l  p r o f i l e s .  

The x-ray energy da ta  were 

Table 9.1 l i s t s  t h e  d i f f u s i o n  zone t h i c k n e s s  

Examples o f  t h e  e lemen ta l  p r o f i l e s  a r e  shown i n  F i g u r e  9.5. The uranium 

and Z i r c a l o y  va lues a r e  shown f o r  each step. The composi t ion o f  t h e  UZr3 

TABLE 9.1 D i f f u s i o n  Zone Thickness Measurements 

As F a b r i c a t e d  

CB 

cc 
CE 

Spent Fuel  

B 

C 

E 

Zone Thickness, urn 
Area 1 Area 2 

17 19 

14 13 

15 16 

7 15 

12 32(a)  

16 20 

( a )  Zone was t h i c k e r  i n  t h i s  a rea  than  
on t h e  balance o f  t h e  s e c t i o n .  
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FIGURE 9.3 Representative Optical Micrographs o f  Fuel Sections 
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FIGURE 9.4. Represen ta t i ve  SEM Micrographs o f  t h e  As-Fabr icated Fuel Sect ion 
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FIGURE 9.5. Uranium/Zircaloy Composition Profile Through Diffusion Zone 

- intermetall ic phase i s  47 w t %  U and 53 w t %  Zr, the amount of  material f o u n d  in 
t h i s  composition range i s  seen t o  be a small fraction o f  the t o t a l  diffusion 
zone. A l t h o u g h  a U-Zr mixture o f  t h i s  elemental r a t i o  was measured, there was 
no structural  indication o f  a d i s t i nc t  phase. 

For calculating the r a t i o  of the volume o f  UZr3 t o  the volume o f  fuel ,  
the total  diffusion zone was used, rather t h a n  the limited elemental range 
representing the UZr3 composition; t h i s  gives values t h a t  are  extremely 
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. 
conserva t ive .  Table 9.2 l i s t s  t h e  r a t i o  o f  t h e  t o t a l  d i f f u s i o n  zone volume t o  

t h e  volume o f  uranium f u e l .  

t h e  d i f f u s i o n  zone. Uranium volumes were c a l c u l a t e d  f rom the  nominal  f u e l  

o u t e r  and i n n e r  d iameters.  

Averages o f  t h e  t h i c k n e s s  va lues  were used f o r  

The f o l l o w i n g  conc lus ions  a r e  based on t h e  r e s u l t s  o f  these measurements 

o f  t he  two f u e l  r o d s  t h a t  were s tud ied :  

Q There i s  an i nconsequen t ia l  change i n  t h e  d i f f u s i o n  zone t h i c k n e s s  

d u r i n g  the i r r a d i a t i o n  pe r iod .  

produce an i n s i g n i f i c a n t  d i f f u s i o n  l a y e r .  

Even d o u b l i n g  t h e  zone s i z e  would 

0 The d i f f u s i o n  zone s i z e  (between 15 pm and 30 um rep resen ts  such a smal l  

p o r t i o n  o f  t h e  uranium p r e s e n t  (maximum o f  0.3%) i t  i s  n o t  p o s s i b l e  f o r  

t h i s  l a y e r  t o  c o n t r i b u t e  a meaningfu l  mass o f  p y r o p h o r i c  m a t e r i a l .  

A l though t h e r e  i s  a U - Z r  d i f f u s i o n  zone present ,  i t  would be t o o  smal l  a 

q u a n t i t y  t o  c o n s t i t u t e  an apprec iab le  source o f  py rophor i c  m a t e r i a l  on h u l l  s .  

9.2 PYROPHOROCITY OF U / Z r  INTERMETALLIC ZONE 

When t h e  uranium i s  d i s s o l v e d  i n  HNO3, t h e  p o s s i b i l i t y  e x i s t s  t h a t  

p o t e n t i a l l y  p y r o p h o r i c  U / Z r  a l l o y s  i n  t h e  i n t e r m e t a l l i c  zone w i l l  remain  

und isso lved  and thus  p r o v i d e  t h e  p o t e n t i a l  f o r  u n d e s i r a b l e  v i o l e n t  

r e a c t i o n s .  We examined t h i s  p o s s i b i l i t y  w i t h  b o t h  i r r a d i a t e d  and u n i r r a d i a t e d  

TABLE 9.2. R a t i o  o f  D i f f u s i o n  Zone t o  T o t a l  Uranium 

As-Fabr icated Fuel  R a t i o  

CB 0.21% 

cc 0.16% 

CE 0.18% 

Spent Fue l  

B 0.13% 

C 0.26% 

E 0.21% 

c ,  
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, 
' N-Reactor f u e l .  I r r a d i a t e d  f u e l  s e c t i o n s  were taken f rom b o t h  i n t a c t  e lements 

and f rom the  a f f e c t e d  areas o f  r u p t u r e d  elements. 

examined because some o f  t h e  hypotheses f o r  t h e  NFS c l a d d i n g  f i r e s  i n v o l v e d  

such m a t e r i a l .  

i n t e r m e t a l l i c  zones, b u t  i n  no case was i t  very  e x t e n s i v e  o r  v igorous .  

Ruptured e lements were 

Pyrophor ic  a c t i v i t y  was found i n  some o f  t h e  leached 

Resu l t s  o f  these t e s t s  a r e  summarized i n  Table 9.3. The observed even ts  

were few i n  number and v a r i e d  f rom s e c t i o n  t o  s e c t i o n  i n  f u e l  o f  t h e  same 

background. 

i n t e r m e t a l l i c  zone i s  reduced by wa te r  r i n s i n g ,  i s  i nc reased  by i r r a d i a t i o n ,  

and i s  g r e a t e r  i n  zones where f u e l  e lement  r u p t u r e  had occurred.  

shou ld  be s t ressed  t h a t  t h e  p y r o p h o r i c  a c t i v i t y  o f  these zones was never  found 

t o  be very ex tens ive .  

a c t i v i t y  i n  t h i s  zone c o u l d  have been a causa t i ve  f a c t o r  i n  t h e  c l a d d i n g  f i r e s  

observed a t  NFS. 

These da ta  appear t o  i n d i c a t e  tha . t  p y r o p h o r i c  a c t i v i t y  o f  t h e  

However, i t  

It i s  t hough t  t o  be h i g h l y  u n l i k e l y  t h a t  p y r o p h o r i c  
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TABLE 9.3. 

Cladding Section(a) 

W i t h  Unirradiated Fuel 

Inner o f  inner element 
Outer of inner element 

Inner o f  outer element 
Outer of outer element 

Outer of  outer element 

Inner of inner element 
Outer of inner element 

Inner of outer element 
Outer o f  outer element 

Results on the Pyrophoric Nature of  the I b '  

U/Zr Intermetallic Zone of Leached Hulls 

2 ea)  
2 ea) 

2 ea)  
2 ea)  

W i t h  Irradiated Fuel 

Inner o f  inner element(c) 
Outer o f  inner element(c) 
Inner of outer element(c) 
Outer of outer element(') 

Inner of inner element(d) 
Outer o f  inner element ( d )  
Inner of outer element(d) 
Outer of outer element(') 

W i t h  Ruptured Irradiated Fuel 

Inner of inner elernent(e) 
Outer of inner element 
Inner o f  outer element 
Outer o f  outer element 

Outer o f  inner element 
Inner of outer element 
Outer of outer element 

H90 Rinsed( ? F1 ashes Observed(b) 

No 
No 

No 
No 

No 

Yes 
Yes 

Yes 
Yes 

Ye s 
Yes 
Yes 
Yes 

No 
No 
No 
No 

NO 
No 
No 
No 

Yes 
Yes 
Yes 

0 
1 
1 
2 

2 
1 2 ( f )  

3 
0 

,b 
( a )  Half-circular section, -1.3 cm wide. 
( b )  
( c )  

( d )  

( e )  This section was a fu l l  c i rcular  section. 
( f )  

( g )  

When the surface was sparked w i t h  a Tesla co i l .  
From the experiments t o  measure the transuranic (TRU) content o f  cladding 

From the experiments t o  measure the TRU content o f  c l a d d i n g  hulls,  a f t e r  
the 8 M HNO3 f inal  leach. 

One of  these flashes resulted i n  a transitory glow on a c u t  edge o f  the 
cladding. 
After dipping back i n t o  the dissolver solution. 

hul I s ,  a f t e r  the second dissolution cycle. 4 
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. 
10.0 PYROPHORICITY OF METALLIC URANIUM 

The p y r o p h o r i c  n a t u r e  o f  f i n e l y  d i v i d e d  uranium meta l  i s  w e l l  known. 

Dur ing  our  examinat ion o f  the  p y r o p h o r i c  n a t u r e  o f  t he  U / Z r  i n t e r m e t a l l i c  

zone, we found m e t a l l i c  uranium t o  be more p y r o p h o r i c  than we had 

a n t i c i p a t e d .  

t h e  f i r e s  observed a t  NFS d u r i n g  h a n d l i n g  o f  t h e  h u l l s  ( i t  "glowed l i k e  

b u r n i n g  cha rcoa l " ) .  

observed a t  NFS may have r e s u l t e d  f rom i g n i t i o n  o f  uranium -on i ncomp le te l y  

leached h u l l s  because n e i t h e r  Schulz (1972) n o r  we observed such 

c h a r a c t e r i s t i c s  i n  a t t e m p t i n g  t o  i g n i t e  s e n s i t i z e d  we ld  beads o r  i n t e r m e t a l l i c  

zones on Z i r c a l o y  h u l l  s. 

The r e s u l t a n t  " f i r e "  e x h i b i t e d  t h e  c h a r a c t e r i  s t i  c a t t r i b u t e d  t o  

It i s  suggested t h a t  t he  few h u l l s - h a n d l i n g  f i r e s  

The uranium f i r e  we observed occu r red  on a t h i n ,  f i n l i k e  p i e c e  o f  

The ' ' f i n ' '  was s t i l l  a t t a c h e d  t o  c l a d d i n g  on one s i d e  

u n i r r a d i a t e d  meta l  t h a t  remained when a d i s s o l u t i o n  was te rm ina ted  b e f o r e  

r e a c t i o n  was complete. 

( t h e  i n n e r  c l a d d i n g  o f  an o u t e r  e lement )  b u t  n o t  on the  o t h e r .  

l o c a t e d  a t  t h e  c e n t e r  o f  t h e  1.3-cm wide h a l f - c i r c l e  o f  c l a d d i n g  and was -3 cm 

i n  l eng th ,  t r a v e r s i n g  abou t  h a l f  o f  t h e  c i rcumference o f  t h e  h a l f  c i r c l e  o f  

c ladd ing .  It was q u i t e  t h i n  and somewhat porous; t h e  meta l  had d i s s o l v e d  

th rough i n  spots. 

between t h e  i n n e r  and o u t e r  c l a d d i n g  (-0.7 cm). 

The f i n  was 

It appeared t o  be n e a r l y  as t a l l  as  t h e  o r i g i n a l  d i s t a n c e  

The 

t e s t  t h e  

i n v o l v e d  

s pe c i me n 

One 

c l a d d i n g  

sol i d s "  

c l a d d i n g  and the  a t tached  f i n  were removed f rom t h e  l e a c h  s o l u t i o n  t o  

exposed i n t e r m e t a l l i c  zone f o r  p y r o p h o r i c i t y  be fore  a l l  o f  t h e  "b lack  
d iscussed i n  Sec t ion  5.0) had f l a k e d  o f f .  The t e s t  f o r  p y r o p h o r i c i t y  

t h e  usua l  s p a r k i n g  w i t h  a Tes la  c o i l ;  i t  was done w i t h o u t  r i n s i n g  t h e  

f l a s h  was observed w h i l e  s p a r k i n g  t h e  s u r f a c e  on t h e  h a l f  o f  t h e  

where uranium d i s s o l u t i o n  had been complete. As spa rk ing  was 

con t inued  i n  t h i s  area, a spark i g n i t e d  t h e  uranium a t  t h e  t o p  o f  t h e  f i n  a t  

one end. The r e s u l t a n t  red-orange glow g r a d u a l l y  worked i t s  way comple te ly  

a l o n g  t h e  f i n  and then e x t i n g u i s h e d  i t s e l f .  The e n t i r e  f i n  d i d  n o t  glow a t  

one t ime; a g lowing  zone g r a d u a l l y  moved along, l e a v i n g  a b l a c k  c r u s t y  su r face  

behind. 

up speed again.  

A t  one p o i n t  t h e  g low ing  zone seemed t o  h e s i t a t e ,  b u t  i t  then p i c k e d  

The t ime  r e q u i r e d  f o r  t h e  glow t o  t r a v e r s e  t h e  f i n  was n o t  
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measured, b u t  i t  i s  e s t i m a t e d  t h a t  i t  amounted t o  0.5 t o  1 minute. A t  no t ime 

d i d  t h e  Z i r c a l o y  h u l l  glow, a l t h o u g h  l a t e r  examinat ion  showed a h e a t  

d i s c o l o r a t i o n  p a t t e r n  on t h e  sur face  o p p o s i t e  t h e  uranium. 

A l l  o f  t he  uranium i n  t h e  f i n  was n o t  burned; a m e t a l l i c  uranium 

s u b s t r a t e  remained when t h e  b lack  c r u s t  was removed by r e a c t i o n  w i t h  warm 

HN03. 
t h e  f i r e .  

The r e s i d u a l  uranium meta l  was much more porous than i t  had been b e f o r e  

Concer ted a t tempts  t o  i g n i t e  t h i s  more porous f i n  by Tesla c o i l  s p a r k i n g  

were n o t  success fu l .  

a l s o  r e s i s t e d  a t tempts  t o  i g n i t e  it. 

uranium r e q u i r e s  c o n d i t i o n s  t o  be w i t h i n  a narrow range. I f  t h e  p i e c e  i s  t o o  

f l i m s y  o r  porous, t h e  h e a t  d i s s i p a t i o n  r a t e  i s  g r e a t  enough t h a t  b u r n i n g  w i l l  

n o t  occur .  

s i t e  " a c t i v e "  enough t o  be i g n i t e d  by a spark. 

Another f i n  o f  s i m i l a r  s i z e  as  t h e  one t h a t  d i d  i g n i t e  

Apparent ly  i g n i t i o n  o f  a p iece  o f  

On the  o t h e r  hand, i f  t h e  p i e c e  i s  t o o  t h i c k  o r  s o l i d ,  t h e r e  i s  no 

More ev idence t h a t  t h e  f i r e s  observed a t  NFS d u r i n g  h u l l s  h a n d l i n g  may 

have been uranium f i r e s  was o b t a i n e d  i n  ano the r  exper iment  i n  wh ich  uranium 

l e a c h i n g  was more complete. I n  t h i s  case, t h e  r e s i d u a l  uranium was i n  t h e  

fo rm o f  two smal l  " sp i kes "  a t t a c h e d  t o  t h e  c ladd ing .  When t h e  c l a d d i n g  was 

sparked w i t h  a Tes la  c o i l ,  these sp i kes  were t h e  o n l y  p laces  where p y r o p h o r i c  

a c t i v i t y  was observed. T h i s '  a c t i v i t y  was ev idenced o n l y  by f l a s h e s  a s  

r e a c t i o n  occurred;  no l a s t i n g  glow was seen, presumably because o f  t h e  smal l  

s i z e  o f  t h e  U spikes.  

Another f i r e  t h a t  l i k e l y  i n v o l v e d  i g n i t i o n  o f  uranium a l s o  was observed 

d u r i n g  t h e  work, a l t h o u g h  z i r c o n i u m  m i g h t  a l s o  have been invo lved .  

p i l e  o f  ' 'sawdust" genera ted  d u r i n g  s e c t i o n i n g  o f  r u p t u r e d  i r r a d i a t e d  f u e l  was 

sparked w i t h  a Tesla c o i l ,  i g n i t i o n  d i d  occu r  as ev idenced by a red-orange 

glow and t h e  appearance o f  a flame. T h i s  f i r e  was r e a d i l y  e x t i n g u i s h e d  by 

c o v e r i n g  the  vessel  t o  p r e v e n t  access o f  oxygen. 

top  o f  a p i l e  c o n t a i n i n g  1 6  g o f  f i nes .  

f i n e s  had g i ven  some f l ashes  b u t  no ev idence o f  i g n i t i o n .  

another  example o f  t h e  need f o r  p r e c i s e  c o n d i t i o n s  f o r  i g n i t i o n  t o  occur .  

Mhen a 

Th is  f i r e  occu r red  a t  t h e  

P rev ious  t e s t s  w i t h  a t h i n  l a y e r  o f  

Th is  p r o v i d e s  
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11.0 URANIUM AND Z I R C O N I U M  H Y D R I D E  STUDIES 

A hypotheses i n v o l v i n g  r e a c t i o n s  o f  uranium and z i r con ium h y d r i d e s  was 

among those advanced e a r l i e r  t o  e x p l a i n  t h e  f i r e s  observed a t  NFS d u r i n g  

p rocess ing  o f  i r r a d i a t e d  N-Reactor f u e l  (Schulz  1972). E a r l  f e r  exper imen ta l  

r e s u l t s  d i d  n o t  suppor t  t h i s  hypothes is ,  b u t  t,hose s t u d i e s  were very  l i m i t e d  

i n  scope and a d d i t i o n a l  da ta  i n  t h i s  a rea  were des i red .  We examined a 

r u p t u r e d  f u e l  e lement  t o  o b t a i n  da ta  on t h e  e x t e n t  and n a t u r e  o f  h y d r i d e  

fo rmat ion .  The r e s u l t s  o f  t h i s  examinat ion  a l s o  do n o t  suppor t  t h e  hypo thes i s  

t h a t  r e a c t i o n s  i n v o l v i n g  hyd r ides  c o n t r i b u t e d  d i r e c t l y  t o  t h e  f i r e s  observed 

a t  NFS. Z i rcon ium h y d r i d e s  were p r e s e n t  i n  t h e  c l a d d i n g  a t  low l e v e l s ,  and i n  

a d i spe rsed  manner, so t h a t  they d i d  n o t  cause a p y r o p h o r i c i t y  problem. 

ev idence o f  t h e  presence o f  uranium h y d r i d e  was seen i n  t h i s  r u p t u r e d  element. 

No 

However, as was d iscussed i n  Sec t ion  7.0, hydrogen e m b r i t t l e m e n t  o f  

uranium c o u l d  l e a d  t o  sma l le r  uranium p ieces  b e i n g  produced d u r i n g  shear ing,  

t hus  i n c r e a s i n g  t h e  p r o b a b i l i t y  o f  runaway uranium r e a c t i o n s  o c c u r r i n g  d u r i n g  

d i s s o l u t i o n .  

water  o x i d a t i o n  o f  uranium meta l  or o f  uranium hyd r ide  c o u l d  a l s o  c o n t r i b u t e  

t o  runaway r e a c t i o n s  d u r i n g  d i s s o l u t i o n .  

The presence o f  f i n e l y  d i v i d e d  uranium o x i d e  r e s u l t i n g  f rom 

11.1 H Y D R I D I N G  OF U R A N I U M  AND Z I R C O N I U M  

Bo th  uranium and z i r con ium fo rm o x i d e s  and h y d r i d e s  th rough t h e  r e a c t i o n  

w i t h  water. Hydrogen i s  o f t e n  absorbed i n t o  t h e  meta l  as a r e s u l t  o f  t h e  
o x i d a t i o n  r e a c t i o n .  For  example, hydrogen i s  produced by t h e  r e a c t i o n  

Z r  + 2 H20 = Zr02 + 2H2 and p a r t  o f  t h e  hydrogen i s  absorbed by the  

z i rconium. 

by t h e  o x i d a t i o n  r e a c t i o n  i n  wa te r  i s  absorbed by Z i r c a l o y - 2  ( t l hee le r  1956) i n  

t h e  absence o f  r a d i a t i o n .  

th ickness ,  p a r t i c u l a r l y  when c o r r o s i o n  a c c e l e r a t e s  as a r e s u l t  o f  t h i c k  o x i d e  

l a y e r s .  

i n d i c a t e  t h a t  t h e  a b s o r p t i o n  e f f i c i e n c y  may be between 20-35 p e r c e n t  i n  t h e  

i n i t i a l  p o r t i o n  o f  t h e  p o s t - t r a n s i t i o n  r e g i o n  and 65-85 p e r c e n t  i n  t h e  l a t t e r  

p o r t i o n  o f  t he  p o s t - t r a n s i t i o n  r e g i o n  ( H i 1  l n e r  1980). 

It has been e s t i m a t e d  t h a t  10-20 p e r c e n t  o f  t h e  hydrogen produced 

The a b s o r p t i o n  e f f i c i e n c y  i nc reases  w i t h  o x i d e  

More r e c e n t  measurements o b t a i n e d  under i r r a d i a t e d  c o n d i t i o n s  
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, 

The a d d i t i o n  o f  hydrogen t o  t h e  system, f o r  example, as a p r o d u c t  o f  t h e  

uranium o x i d a t i o n  r e a c t i o n ,  c o u l d  be expec ted  t o  i nc rease  the  a b s o r p t i o n  o f  

co r ros ion -p roduc t  hydrogen, by s low ing  i t s  d i f f u s i o n  away f rom t h e  me ta l  

su r face  (Thomas and Forscher  1956).  As l o n g  as  the  imperv ious  z i r c o n i u m  o x i d e  

l a y e r  i s  s tab le ,  t h e  maximum amount o f  hydrogen absorbed by z i r con ium would be 

equal  t o  the  amount generated f rom the  o x i d a t i o n  o f  z i rconium. 

l a y e r  i s  s t a b l e  t o  abou t  600°C, so no s i g n i f i c a n t  abso rp t i on  o f  hydrogen i s  

expected t o  occur  as a r e s u l t  o f  t he  o x i d a t i o n  o f  uranium f u e l .  

Th is  o x i d e  

Many s t u d i e s  have been done on t h e  h y d r i d i n g  o f  Z i r c a l o y  and z i rconium, 

and i t  i s  apparent  t h a t  hydrogen may be r e d i s t r i b u t e d  by temperature o r  s t r e s s  

g rad ien ts .  I t  i s  u n l i k e l y ,  though, t h a t  t h e  e x t e n t  o f  r e d i s t r i b u t i o n  i s  such 

t h a t  a d i s t i n c t  hyd r ide  l a y e r  o f  s i g n i f i c a n t  t h i c k n e s s  w i l l  f o rm on Z i r c a l o y  

c l a d d i n g  under t h e  c o n d i t i o n s  encountered i n  r e a c t o r  o r  i n  storage. Thus, i t  

i s  u n l i k e l y  t h a t  z i r c o n i u m  hyd r ides  a r e  r e s p o n s i b l e  f o r  f i r e s  encountered i n  
hull b i n s  or i n  dissolvers.  

I n  c o n t r a s t  t o  t h e  behav io r  observed w i t h  z i rconium, t h e  h y d r i d i n g  o f  

Upon exposure t o  water, uranium h y d r i d e s  fo rm and 

uranium i s  n o t  i n h i b i t e d  by t h e  presence o f  a p r o t e c t i v e  o x i d e  f i l m ,  and 

proceeds much more r a p i d l y .  

a r e  des t royed by the  f o l l o w i n g  r e a c t i o n s :  

When hydrogen i s  formed upon exposure o f  uranium t o  water, i t  r e a c t s  

r e a d i l y  w i t h  uranium t o  fo rm uranium hydr ide .  

r u p t u r e d  f u e l  e lement  and causes s w e l l i n g  and p o s s i b l y  r u p t u r i n g  o f  t h e  

c ladd ing .  I f  t h e  c l a d d i n g  r u p t u r e s  and t h e  h y d r i d e  i s  exposed t o  water, 

r e a c t i o n  3 above causes l i b e r a t i o n  o f  hydrogen, b u t  poses no o t h e r  s a f e t y  

hazard.. However, t h e  f i n e l y  d i v i d e d  U02 (and t h e  unreac ted  UH3) wou ld  be 

expected t o  r e a c t  very  r a p i d l y  w i t h  HN03 d u r i n g  t h e  l e a c h i n g  o p e r a t i o n  and, i f  

p r e s e n t  i n  s u f f i c i e n t  q u a n t i t y ,  c o u l d  c o n t r i b u t e  t o  i n i t i a t i n g  runaway uranium 

r e a c t i o n s  as d iscussed i n  Sec t ion  7. 

T h i s  h y d r i d e  c o l l e c t s  i n  the  
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11.2 METALLOGRAPHIC STUDY OF HYDRIDES I N  RUPTURED FUEL 

2 

A m e t a l l o g r a p h i c  s tudy was conducted t o  determine t h e  r e l a t i v e  amounts o f  
I -  . ,  

uranium and z i r con ium hyd r ides  (and o f  uranium-z i rconium i n t e r m e t a l l i c s )  i n  a 

r u p t u r e d  f u e l  element. 

e lement  shown i n  F i g u r e  11.1. The end cap o f  t h i s  e lement  was miss ing,  and 

severa l  c racks  i n  t h e  c l a d d i n g  were observed. 

p r e s e n t  i n  seve ra l  i nches  near  the  end cap, where i t  had been o x i d i z e d  by 

exposure t o  water. 

T h i s  examinat ion  was done on t h e  r u p t u r e d  i n n e r  f u e l  

The uranium f u e l  was n o t  

Severe s w e l l i n g  o f  t h e  c l a d d i n g  was apparent, and t h e  c l a d d i n g  was 

cracked i n  seve ra l  p laces  due t o  i n t e r n a l  p r e s s u r i z a t i o n  f rom uranium 

o x i  da t i on .  

Micrographs o f  t h e  i n n e r  f u e l  e lement  c l a d d i n g  a t  a l o c a t i o n  a d j a c e n t  t o  

the  f a i l e d  c l a d d i n g  a r e  shown i n  F igu re  11.2. I n  F igu re  11.2a, c racks  i n  t h e  

c l a d d i n g  a r e  shown a t  t h e  Z i r c a l o y - f u e l  i n t e r f a c e .  F i g u r e  11.2 (b, c, and d )  

show a c ross -sec t i on  o f  t he  c ladd ing .  The hydrogen c o n t e n t  o f  t h i s  c l a d d i n g  

i s  est imated,  by comparison w i t h  micrographs o f  specimens hav ing  known 

hydrogen conten ts  (Har t co rn  and Westerman 19631, t o  be approx imate ly  400 ppm 

FIGURE 11.1. Side View o f  Ruptured I n n e r  Element 
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FIGURE 11.2. Micrographs o f  Fuel  Element Adjacent  t o  F a i l e d  C ladd ing  

a. 
b. 
c. Center o f  o u t e r  c ladd ing .  
d. I nne r  s e c t i o n  o f  o u t e r  c ladd ing .  

Crack ing  o f  c l a d d i n g  a t  c l a d d i n g  f u e l  i n t e r f a c e .  
Outer edge o f  i n n e r  f u e l  e lement  c ladd ing .  

a t  t h e  su r face  exposed t o  c o o l i n g  water  ( F i g u r e  11.2b), and l e s s  than 100 ppm 

i n  the  cen te r  o f  t he  c l a d d i n g  and a t  t h e  c l a d d i n g - f u e l  i n t e r f a c e .  

micrographs shown i n  F i g u r e  11.2 were taken near  a breach i n  t h e  c ladd ing ,  and 

would be expected t o  c o n t a i n  a h i g h e r  hydrogen c o n c e n t r a t i o n  than t h e  

remainder  o f  t h e  c ladding.  It i s  e v i d e n t  f rom t h e  observed l e v e l s  o f  hydrogen 

The 
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and t h e  d i spe rsed  n a t u r e  o f  t h e  hyd r ides  t h a t  these hyd r ides  do n o t  c o n s t i t u t e  

a py rophor i  c i  t y  problem. 

Another c ross -sec t i on  o f  t h e  c l a d d i n g  i s  shown i n  F i g u r e  11.3. T h i s  

c ross -sec t i on  was taken i n  an area  away f rom any breaches, t o  e s t i m a t e  t h e  

o v e r a l l  hydrogen a b s o r p t i o n  i n  t h e  c ladd ing .  The hydrogen c o n t e n t  o f  t h i s  

-150x 

FIGURE 11.3. Cross Sec t ion  o f  C ladd ing  i n  Non-Failed Area Showing 
Ty p i  ca 1 Hy d r  i de D i  s tr i bu ti on 

a. Claddi  ng-water i n t e r f a c e .  
b. I n n e r  s e c t i o n  o f  c ladding.  
c. I nne r  s e c t i o n  o f  c ladd ing .  
d. C ladd ing- fue l  i n t e r f a c e .  
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c l a d d i n g  v a r i e s  f rom approx imate ly  200 ppm a t  t h e  su r face  exposed t o  c o o l i n g  

wa te r  ( F i g u r e  11.3a) t o  cons ide rab ly  l e s s  than  100 ppm a t  t h e  Z i r c a l o y - f u e l  

i n t e r f a c e  ( F i g u r e  11.3d). 

The i n n e r  f u e l  e lement  was examined a t  a c l a d d i n g  f a i l u r e .  The r e s u l t s  

o f  t h i s  examinat ion a r e  shown i n  F i g u r e  11.4. F i g u r e  11.4a shows t h e  o v e r a l l  

FIGURE 11.4. Micrographs o f  Outer C ladd ing  a t  Cladding F a i l u r e  

a. O v e r a l l  view o f  i n n e r  f u e l  e lement  c ross  sec t i on .  

b. Crack i n  c ladd ing ,  -23x. 
c. Higher  m a g n i f i c a t i o n  o f  b . ,  -540x. 
d. Opposi te s i d e  o f  crack f rom c., -540x. 

The o u t e r  r i n g  i s  
t h e  m e t a l l o g r a p h i c  mount ing f i x t u r e .  

,- 
I 
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view o f  t he  

the  c l a d d i n g  

expansion o f  

nner f u e l  e lement  c ross-sec t  

and t h e  f u e l .  D i s t o r t i o n  o f  

t h e  f u e l  caused by ox ide  and 

on. Cracks have occu r red  i n  b o t h  

t h e  c l a d d i n g  i s  apparent, due t o  

h y d r i d e  fo rmat ion .  The o u t e r  

c l a d d i n g - f u e l  i n t e r f a c e  i s  shown i n  F igu re  11.4b. 

h y d r i d e  fo rmat ion ,  excep t  p o s s i b l y  i n  a m a 1 1  area  a t  t h e  f u e l - c l a d d i n g  

i n t e r f a c e .  However, t h i s  phase was examined i n  g r e a t e r  d e t a i l  i n  F igu res  

1 1 . 4 ~  and 11.4d, and was found t o  be z i r con ium ox ide .  Thus, no ev idence o f  

t h e  ex i s tence  o f  uranium hyd r ide  was found i n  t h i s  examinat ion.  

There i s  no ev idence o f  

A t h i n  uranium-z i rconium d i f f u s i o n  zclne can be seen i n  F i g u r e  11.4b. 

A l though t h i s  zone was t o o  t h i n  t o  be accu i ra te ly  measured, i t  i s  apparent  t h a t  

t h e  e p s i l o n  phase was n o t  p r e s e n t  i n  s u f f i c i e n t  q u a n t i t y  t o  cause a 

p y r o p h o r i c i t y  problem, as was d iscussed i n  Sect ion  9. 

The o u t e r  c l a d d i n g  shown i n  F i g u r e  11.4 was examined a s h o r t  d i s t a n c e  

f rom a breach. The r e s u l t s  o f  t h i s  examinat ion  a r e  shown i n  F igu re  11.5. 

Very l i t t l e  h y d r i d e  f o r m a t i o n  was observedl, excep t  a t  t h e  su r face  exposed t o  

water .  

approx imate ly  200 ppm. 

hydr ides,  n o t  as a d i s t i n c t  hyd r ide  zone. 

The hydrogen c o n c e n t r a t i o n  near  t h i s  su r face  was es t ima ted  t o  be 

The hydrogen i s  p r e s e n t  i n  t h e  form o f  d i spe rsed  
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. FIGURE 11.5. Cross Sec t ion  of  Outer Cladding Near Cladding F a i l u r e  

a. Cladding-water i n t e r f a c e .  
b. I n n e r  p o r t i o n  o f  c ladd ing .  
c. Cladd ing- fue l  i n t e r f a c e .  

.- 
I 
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