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ABSTRACT 

The o x i d a t i o n  of v a r i o u s  batches of p y r o l y t i c -  
carbon-coated f u e l  p a r t i c l e s  by water vapor w a s  s t u d i e d  
at $100 t o  1408'C us ing  f lowing helium-water vapor 
mix tu res  having water vapor c o n c e n t r a t i o n s  of 250 t o  
1080 ppm and a t o t a l  p r e s s u r e  of 1 a t m 0  R a t e s  of 
r e a c t i o n  of water vapor wi th  p y r o l y t i c  carbon c o a t i n g s  
w e r e  determined from con t inuous ly  recorded weight 
changes and from a n a l y s e s  of e f f l u e n t  g a s e s  f o r  re- 
a c t i o n  p roduc t s ,  Percentage  f a i l u r e  of c o a t i n g s  w a s  
determined from t h e  q u a n t i t y  of uranium and/or thorium 
leached by acid from t h e  ox id ized  coa ted  f u e l  p a r t i -  
C les. 

D i f f e r e n c e s  i n  o x i d a t i o n  ra tes  w e r e  observed fo r  
t h e  various ba tches  of coated p a r t i c l e s  which could  
not  be correlated s a t i s f a c t o r i l y  w i t h  p r o p e r t i e s  of 
t h e  c o a t i n g s  such as d e n s i t y ,  a n i s o t r o p y ,  and c r y s -  
t a l l i t e  s i z e ,  Pe rcen tages  of f a i l e d  c o a t i n g s  a t  
c o n s t a n t  burnoff  a l s o  v a r i e d  from batch t o  batch.  
L i m i t e d  data  ob ta ined  from exposure of s i l i c o n  c a r b i d e  
c o a t i n g s  and f u e l  s t icks  to water vapor are inc luded .  
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OXIDATION OF PYROLYTIC-CARBON-COATED FUEL PARTICLES 

BY L O W  CON€ENTRATIONS OF WATER VAPOR 

J. E. Baker L. G. Overholser  

INTRODUCTION 

The p a s t  s e v e r a l  y e a r s  have wi tnessed  r a p i d  p r o g r e s s  
i n  the des ign  and development of h igh  tempera ture  gas-  
cooled  r e a c t o r s  which l a r g e l y  has been due t o  t h e  a p p l i -  
c a t i o n  of all-ceramic c o r e s .  These r e a c t o r  sys tems,  i n  
which g r a p h i t e  is employed as moderator as  w e l l  as f o r  t h e  

f u e l  element s t r u c t u r e ,  y i e l d  h i g h e r  thermal  e f f i c i e n c i e s  
than  can  be achieved w i t h  m e t a l  c l a d  f u e l  e lements .  

Recent developments i n  t h e  s c i e n c e  and technology of 
c o a t e d  p a r t i c l e  f u e l s  have ass is ted m a t e r i a l l y  i n  t h e  

s u c c e s s f u l  development of all-ceramic r e a c t o r  c o r e s .  For 
i n s t a n c e ,  low p e r m e a b i l i t y  g r a p h i t e  and s p e c i a l  purge 
systems are n o t  inc luded  i n  t h e  more r e c e n t  d e s i g n s  f o r  
r e a c t o r s  because of s a t i s f a c t o r y  r e t e n t i o n  of f i s s i o n  
p r o d u c t s  by p y r o l y t i c  carbon coated f u e l  par t ic les  a t  high 

burnup. Coated p a r t i c l e  f u e l s  c u r r e n t l y  are s o  a t t r a c t i v e  
t h a t  a l l  of o p e r a t i n g  and p r o j e c t e d  high-temperature  gas-  
cooled  r e a c t o r s  e i t he r  use  c o a t e d  p a r t i c l e  f u e l  o r  p l a n  t o  
d o  SO. These r e a c t o r s ,  which are a l l  graphi te-moderated 
and helium-cooled have o r  expec t  t o  'have c o a t e d  p a r t i c l e s  
d i s p e r s e d  i n  a g r a p h i t e  m a t r i x  o r  as bonded beds of c o a t e d  
p a r t i c l e  f u e l  i n  g r a p h i t e  s t r u c t u r e s .  The p h y s i c a l  cha rac -  
t e r i s t ics  of t h e  coa ted  p a r t i c l e s  as w e l l  as t h e  geometry 
of t h e  g r a p h i t e  f u e l  e lements  being used o r  planned f o r  u s e  
i n  t h e  v a r i o u s  r e a c t o r s  d i f f e r  c o n s i d e r a b l y .  Some ofLthe 

f u e l  character is t ics  f o r  a number of r e a c t o r s  are described 

b r i e f l y .  

r 
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Dragon Reactor. 1 9 2  The annular  f u e l  compacts are pre-  
pared by w a r m  p r e s s i n g  a mixture  c o n t a i n i n g  g r a p h i t i z e d  coke, 
coa ted  p a r t i c l e s ,  and phenol formaldehyde r e s i n  followed by 
h e a t  t r ea tmen t  t o  180OOC. The f i s s i l e  p a r t i c l e s  o r i g i n a l l y  
had (Zr,U)C cores coa ted  wi th  i n t e r r u p t e d  laminar p y r o l y t i c  
carbon - 1 0 0  p t h i c k .  Subsequent f u e l  cha rges  c o n t a i n  coa ted  
p a r t i c l e s  wi th  cores of UC p l u s  excess  carbon and have a 
t h r e e  l a y e r  c o a t i n g  c o n s i s t i n g  of a s i l i c o n  c a r b i d e  l a y e r  
between t w o  l a y e r s  of p y r o l y t i c  carbon g i v i n g  a t o t a l t h i c k -  
n e s s  of - 175 p .  The f e r t i l e  p a r t i c l e s  have (Th,U)C, cores 
wi th  t h r e e  l a y e r  c o a t i n g s  of t h e  type  mentioned above. S ince  
t h i s  is an exper imenta l  reactor v a r i o u s  types  of c o r e s  and 
c o a t i n g s  are t o  be used i n  f u t u r e  f u e l  loadings.  

Peach Bottom HTGR. 3 9 4  The annu la r  f u e l  compacts are 
prepared by ho t  p r e s s i n g  a t  75OoC a mixture  of coa ted  p a r t i -  
cles,  g r a p h i t e ,  and p i t c h  b inder  and then  h e a t  t r e a t i n g  a t  
14OOOC. The cores c o n t a i n  (Th,U)C, having a Th t o  U r a t i o  
of 5 f o r  t h e  f i s s i l e  par t r ic les  and 2 1  f o r  t h e  f e r t i l e  p a r t i -  
cles.  Monoli thic  p y r o l y t i c  carbon c o a t i n g s  of N 55 p t h i c k -  
n e s s  are p r e s e n t  on a l l  coa ted  p a r t i c l e s .  

P u b l i c  Se rv ice  of Colorado (PSC) HTGR. 5 , 6  Curren t  p l ans  
i n d i c a t e  t h a t  coa ted  f u e l  p a r t i c l e s  w i l l  be p re sen t  i n  chan- 
n e l s .  The coa ted  f u e l  p a r t i c l e s  are t o  be bonded by a mixture  
of r e s i n  and c h a r c o a l  t o  keep them i m m o b i l e .  The f e r t i l e  
p a r t i c l e s  c o n t a i n i n g  ThC, cores and t h e  f i s s i l e  p a r t i c l e s  
having (Th,U)C, c o r e s  (Th: U of 4 : l )  are t o  be coa ted  wi th  
a BISO type  of coa t ing .  Th i s  c o n s i s t s  of an i n n e r  l a y e r  of 
low d e n s i t y  p y r o l y t i c  carbon and an o u t e r  l a y e r  of high 
d e n s i t y  i s o t r o p i c  p y r o l y t i c  carbon g i v i n g  a t o t a l  c o a t i n g  
t h i c k n e s s  of - 1 0 0  p i n  t h e  case of t h e  f i s s i l e  p a r t i c l e s  and - 125 p f o r  t h e  f e r t i l e  p a r t i c l e s .  

Arbei tsgemeinschaft  Versuchs Reaktor  (AVR). 7 , 8 , 9  The 
s p h e r i c a l  f u e l  bodies  (60  mm O.D.) are prepared by i n j e c t i n g  
a mixture  of coa ted  f u e l  p a r t i c l e s ,  b inde r ,  and g r a p h i t e  
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f i l l e r  i n t o  a hollow g r a p h i t e  sphe re  and f i n a l l y  baking 
a t  145OOC.  The (Th,U)C, c o r e s  (Th:U of 5 : l )  have a duplex 
t y p e  of c o a t i n g  - 100  p t h i c k  c o n s i s t i n g  of an i n n e r  l a y e r  
of laminar p y r o l y t i c  carbon and an o u t e r  layer of columnar 
p y r o l y t i c  carbon.  

C lose ly  related t o  t h e  AVR is t h e  Thorium Hochtemperature 
Reaktor (THTR) . lo 

body s i m i l a r  t o  t h a t  used i n  t h e  AVR, bu t  it is expected 
t h a t  t h e  Th t o  U r a t i o  w i l l  be d i f f e r e n t  and t h a t  changes 
i n  t h e  c o a t i n g s ,  i nc lud ing  use  of s i l i c o n  c a r b i d e ,  w i l l  
occur .  

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

3 , 1 1 , 1 2  U l t r a  High Temperature Reactor  Experiment (UHTREX). ~ 

The hollow c y l i n d r i c a l  f u e l  bodies  are prepared  by e x t r u d i n g  
a mixture  of coa ted  f u e l  p a r t i c l e s ,  carbon b lack ,  g r a p h i t e  

f l o u r ,  and b i n d e r ,  curing, and baking a t  170OOC. The UC, 
c o r e s  have a t r i p l e x  type  of c o a t i n g  - 1 O O p  t h i c k .  T h i s  
c o n s i s t s  of an i n n e r  b u f f e r  l a y e r  of p y r o l y t i c  carbon,  a 
middle layer of i s o t r o p i c  p y r o l y t i c  carbon and an o u t e r  layer 
of g r a n u l a r  p y r o l y t i c  carbon. 

. 

During normal o p e r a t i o n ,  t h e  c o n c e n t r a t i o n  of contami- 
n a n t s  i n  t h e  helium a r e  maintained a t  very low l e v e l s  by 
pass ing  some s m a l l  f r a c t i o n  of t h e  c o o l a n t  through a p u r i f i -  
c a t i o n  sys t em.  The o x i d a t i o n  of t h e  g r a p h i t e  s t r u c t u r e s  and 
f u e l  e lements  by t h e  low c o n c e n t r a t i o n s  of o x i d a n t s  (H,O, 

CO, , 0,) p r e s e n t  i n  t h e  helium, a s  w e l l  as carbon d e p o s i t i o n  
from carbon monoxide, is expec ted  t o  be t o l e r a b l e  du r ing  t h e  

l i f e  t i m e  of t h e  c o r e  under such c o n d i t i o n s .  The f u e l  and 
most of t h e  f i s s i o n  p roduc t s  a r e  r e t a i n e d  w i t h i n  t h e  coa ted  
p a r t i c l e s  a l though a p o r t i o n  of some f i s s i o n  p roduc t s  (barium 
and s t r o n t i u m  f o r  examples) w i l l  d i f f u s e  through t h e  p y r o l y t i c  
carbon c o a t i n g  du r ing  prolonged o p e r a t i o n  a t  h igh  f u e l  tempera- 
t u r e s .  
v o l a t i l e  f i s s i o n  p roduc t s  such as xenon and krypton which 
have been con ta ined  i n  t h e  p a r t i c l e s  and s lower release of 

- 

F a i l u r e  of t h e  c o a t i n g s  w i l l  cause  a r a p i d  release of 
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o t h e r  less v o l a t i l e  f i s s i o n  products .  An i n g r e s s  of steam 
i n t o  t h e  c o o l a n t  from a damaged heat exchanger probably is 
t h e  most l i k e l y  even t  which would cause  f a i l u r e  of a l a r g e  
number of c o a t i n g s .  I t  is a n t i c i p a t e d  t h a t  i f  t h e  coa ted  
p a r t i c l e s  are suppor ted  by a carbonaceous m a t r i x  o r  con ta ined  
w i t h i n  g r a p h i t e  t h a t  these materials would a f f o r d  some degree 
of p r o t e c t i o n  t o  t h e  c o a t i n g s  a g a i n s t  o x i d a t i o n  by steam. 
I n  an extreme case, where an a p p r e c i a b l e  steam p r e s s u r e  
remains i n  t h e  h o t  c o r e  f o r  a prolonged p e r i o d  of t i m e ,  ex- 
t e n s i v e  damage would occur  t o  t h e  g r a p h i t e  s t r u c t u r e s  and 
f u e l  bodies  and probably less s e v e r e  but  s i g n i f i c a n t  damage 
t o  t h e  c o a t i n g s  on t h e  f u e l  p a r t i c l e s .  

I n  an e a r l y  s tudy13 of t h e  o x i d a t i o n  of p y r o l y t i c -  
carbon c o a t e d  f u e l  p a r t i c l e s  by steam, weight l o s s e s  were 
determined i n  t h e  tempera ture  range of 700 t o  llOO°C us ing  
p a r t i a l  p r e s s u r e s  of steam ranging  from 20 t o  635 t o r r .  
A l l  of t h e  coa ted  f u e l  p a r t i c l e s  s t u d i e d  had a laminar  t ype  
of pyro ly t ic -carbon c o a t i n g  which cracked and pee led  du r ing  
o x i d a t i o n  by steam. The c o a t i n g s  a l s o  appeared t o  be oxi -  
d ized  by d i f f e r e n t  mechanisms, one type  involved a p i t t i n g  
attack of a l o c a l  n a t u r e ,  t h e  o t h e r  a more g e n e r a l  e r o s i o n  
type  invo lv ing  l a r g e r  areas of t h e  c o a t i n g s .  I n  ano the r  
s t u d y , 1 4  s p h e r i c a l  f u e l  bodies  w i t h  a g r a p h i t e  m a t r i x  
suppor t ing  pyrolyt ic-carbon-coated f u e l  p a r t i c l e s  were ox i -  
d i z e d  a t  t empera tu res  of 800  t o  1000°C by a s t e a m  p r e s s u r e  
of  730  t o r r .  Although t h e  f u e l  bod ie s  w e r e  s e v e r e l y  ox id ized ,  
i n  some ins t ancesJ  no ev idence  of damage t o  t h e  c o a t i n g s  of 
t h e  f u e l  p a r t i c l e s  w a s  observed. Unsupported f u e l  p a r t i c l e s  
were s e v e r e l y  damaged a t  comparable exposure t o  steam in -  
d i c a t i n g  t h a t  t h e  g r a p h i t e  m a t r i x  a f f o r d e d  p r o t e c t i o n  t o  t h e  
c o a t e d  f u e l  p a r t i c l e s .  

During t h e  p e r i o d  i n  which t h e s e  earlier s t u d i e s  
w e r e  performed, t h e  t y p e s  of coa ted  f u e l  p a r t i c l e s  a v a i l a b l e  
were q u i t e  l i m i t e d  and as a consequence coa ted  f u e l  p a r t i c l e s  

13,14 
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w i t h  a laminar  t y p e  of c o a t i n g  w e r e  mainly employed because 
of t h e i r  a v a i l a b i l i t y .  I n t e n s i v e  e f f o r t s  of a l a r g e  number 
of i n v e s t i g a t o r s  15-20 h a s  r e s u l t e d  i n  remarkable p r o g r e s s  i n  
t h e  s c i e n c e  and technology of c o a t e d  p a r t i c l e  f u e l s  d u r i n g  
t h e  p a s t  few yea r s .  As a r e s u l t ,  numerous t y p e s  of c o a t e d  
f u e l  p a r t i c l e s  have been made a v a i l a b l e  and p r o p e r t i e s  of 
t h e  c o a t i n g s  such  as s t r u c t u r e ,  d e n s i t y ,  a n i s o t r o p y ,  and 
c r y s t a l l i t e  s ize  have been c o r r e l a t e d  w i t h  expe r imen ta l  
c o n d i t i o n s  employed du r ing  d e p o s i t i o n  of t h e  p y r o l y t i c -  
carbon.  

Blood and Overholser" determined ra tes  of o x i d a t i o n  
of a number of d i f f e r e n t  t y p e s  of p y r o l y t i c  carbon c o a t i n g s  
a t  1000°C us ing  steam p r e s s u r e s  of 5 ,  45, and 520 t o r r .  
Some marked d i f f e r e n c e s  i n  r e a c t i o n  rates were found f o r  t h e  
v a r i o u s  c o a t e d  f u e l  p a r t i c l e s .  Inc idence  of f a i l u r e  of t h e  

c o a t i n g s  a t  v a r i o u s  b u r n o f f s  a l s o  w a s  examined. The e f f e c t s  
of v a r i o u s  c o n t a i n e r s ,  used t o  ho ld  the  loose  c o a t e d  f u e l  
p a r t i c l e s  d u r i n g  o x i d a t i o n ,  on t h e  r e a c t i o n  rates were 
s t u d i e d .  Alumina and plat inum c o n t a i n e r s  gave comparable 
r e a c t i o n  ra tes  and as a n t i c i p a t e d  g r a p h i t e  c o n t a i n e r s  caused 
a dec rease  i n  t h e  o x i d a t i o n  rate of t h e  c o a t i n g s  compared t o  
the  o t h e r  c o n t a i n e r s .  The degree of p r o t e c t i o n  f o r  t h e  

c o a t i n g s  provided  by g r a p h i t e  w a s  h i g h l y  dependent on the' 

c o n f i g u r a t i o n  of t h e  g r a p h i t e  c o n t a i n e r ,  however. 

Burne t t e  e t  a l .  22 s t u d i e d  t h e  o x i d a t i o n  of p y r o l y t i c -  
carbon-coated f u e l  p a r t i c l e s  a t  t empera tu res  of 1000  t o  
140OoC us ing  p a r t i a l  p r e s s u r e s  of steam of 0.025 and 0 . 2 2  

atm. They employed i r r a d i a t e d  and u n i r r a d i a t e d  c o a t e d  f u e l  
p a r t i c l e s  having a s i n g l e  type  of c o a t i n g  s t r u c t u r e  (BISO). 
Oxida t ion  rates and p a r t i c l e  f a i l u r e  t i m e s  were determined 
f o r  unsupported p a r t i c l e s  and f o r  p a r t i c l e s  enc losed  i n  a 
sealed g r a p h i t e  capsu le .  R e s u l t s  of t h i s  s t u d y  show t h a t  
unsupported c o a t e d  f u e l  p a r t i c l e s  f a i l e d  r a p i d l y  when ex- 
posed t o  steam a t  t empera tu res  of 1300 t o  14OO0C, bu t  w e r e  
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r e s i s t a n t  t o  steam at tack a t  t empera tu res  of 900 t o  1000°C. 

Coated p a r t i c l e s  con ta ined  i n  g r a p h i t e  c a p s u l e s  w e r e  pro- 
tected from o x i d a t i o n  by steam a t  t empera tu res  above 1000°C, 

whereas no p r o t e c t i v e  e f f e c t  w a s  no ted  a t  1000°C and a t  
lower tempera tures .  The p r o t e c t i v e  a c t i o n  of t h e  g r a p h i t e  
is a t t r i b u t e d  t o  d e p l e t i o n  of steam as it d i f f u s e s  through 
t h e  g r a p h i t e  c o n t a i n e r  and a bui ldup  of r e a c t i o n  p roduc t s  
(H, and CO) which retard t h e  steam-carbon r e a c t i o n .  

None of these earlier s t u d i e s  employed very  low p a r t i a l  
p r e s s u r e s  of water vapor.  I f  t h e  f u e l  element des ign  p rov ides  
for containment of t h e  coa ted  f u e l  p a r t i c l e s  by a g r a p h i t e  
s t r u c t u r e  and/or suppor t  of t h e  p a r t i c l e s  by a carbonaceous 
m a t r i x ,  the  c o n c e n t r a t i o n  of w a t e r  vapor r each ing  t h e  

c o a t i n g s  on the  p a r t i c l e s  would be expected t o  be low due t o  
d e p l e t i o n  du r ing  passage through a p o r t i o n  of t h e  f u e l  
e lement  before  r each ing  t h e  coa ted  p a r t i c l e s .  S t u d i e s  
p re sen ted  i n  t h i s  r e p o r t  were performed a t  low c o n c e n t r a t i o n s  
of water vapor t o  e s t a b l i s h  r e a c t i o n  rates f o r  t h e  p y r o l y t i c  
carbon c o a t i n g s  w i t h  w a t e r  vapor a t  tempera tures  comparable 
t o  t h o s e  t h a t  might e x i s t  i n  an o p e r a t i n g  f u e l  element.  A 
number of ba t ches  of coa ted  f u e l  p a r t i c l e s  prepared  under 
v a r i o u s  c o a t i n g  c o n d i t i o n s  w e r e  examined i n  an a t tempt  t o  
c o r r e l a t e  r e a c t i o n  rates of t h e  c o a t e d  p a r t i c l e s  w i t h  water 
vapor wi th  p h y s i c a l  p r o p e r t i e s  of the c o a t i n g s .  

EXPERIMENTAL 

Materials 

Various batches of pyro ly t ic -carbon-coa ted  f u e l  p a r t i -  
c les  prepared  under d i f f e r e n t  c o a t i n g  cond i t ions , and  as a 
r e s u l t  having d i f f e r e n t  p h y s i c a l  p rope r t i e s ,  were employed. 
Relevant  i n fo rma t ion  f o r  t h e  v a r i o u s  ba t ches  of coa ted  , 

p a r t i c l e s  is g iven  i n  Tab les  1 and 2 and a d d i t i o n a l  s t r u c t u r -  
a l  d e t a i l  may be seen  i n  t h e  photomicrographs (F igs .  6-13). 



T a b l e  1. D e p o s i t i o n  C o n d i t i o n s  Used for P r e p a r a t i o n  

of Var ious  B a t c h e s  of Coated F u e l  Par t ic les  

F u e l  Par t ic le  Average 

Decomposed R a t e a  
(E.c/min) 

Deposit ions Hydroca rbog  Deposit ion 
D i a m e t e r  

(Y 1 Composition 
T e m p e r a t u r e  B a t c h  

D e s i g n a t  ion  ("C) 

1730 Methane 0.2 (Th , U 1 C 450 
b Granular  4 

1650 Methane 1 . 5  (Th U I C  2 450 I s o t r o p i c  5 

2000. Methane 0.4 (Th 9 U)C 2 385 I s o t r o p i c  6 

18  00 Methane 0.4 (Th,U)C2 385 I so t ropic  7 

OR-688C 1250 P r o p y l e n e  6 . 7  Tho, 230 

OR-689C 1250 P r o p y l e n e  7.0 Tho2 230 

b 

b 

b P 
0 

YZ-134' 2000 Methane 1 . 5  Tho, 275 

YZ-135' 

YZ-136'  

OR-788' 

OR-789' 

OR-790' 

2000 

2000 

2000 

1250 

1600 

Methane 

Methane 

Methane 

P r o p y l e n e  

Methane 

2 .9  

0.7 

1 . 7  

7 .0  

4 .4  

275 

275 

210 

210 

210 L 



Tab le  1 (continued) 

- . .  . Average .-. --I -- rue I par t ic le  Batch Ueposition Hydrocarbon Deposi t ion 
Des igna t ion  IO.-.\ Decom~oseda Ratea D i a m e t e r  

, OR-813-RC 2000 Methane 1.8 uo2 235 

OR-8 14-RC 1250 Propylene 8 .0  uo2 23 5 

OR-815' 1 6 0 0  Methane 5.0 uo2 235 

OR-8 18c 1250 Propylene 9.0 uo2 235 

w 
w 

a. Deposi t ion cond i t ions  f o r  o u t e r  c o a t i n g ;  most ba tches  have i n n e r  
l a y e r  25-40 p t h i c k  of low d e n s i t y  carbon depos i t ed  from a c e t y l e n e  a t  105OOC. 
Batch OR-813-R has  in te rmedia te  c o a t i n g  depos i t ed  from propylene a t  125OoC and 
Batch OR-818 has  S i c  layer  next  t o  o u t e r  l a y e r .  

b. Supplied by General Atomic Div i s ion ,  General  Dynamics Corporat ion.  
F u r t h e r  d e t a i l s  given i n  Ref. 20. 

F u r t h e r  de t a i l s  given i n  Ref. 23 and 24. 
c. Supplied by Metals and Ceramics Div i s ion ,  Oak Ridge Na t iona l  Laboratory.  



T a b l e  2. P r o p e r t i e s  of V a r i o u s  B a t c h e s  of 

P y r o l y t i c - C a r b o n  Coated F u e l  Par t ic les  

A p p a r e n t  
C r y s t a l l i t e  

(A) 

T o t a l  C o a t i n g a  S u r f a g e  Bacon 
D e n s i t y  Area A n i s o t r o p y  S i z e ,  Lc 

C o a t i n g  
Diameter T h i c k n e s s  Coat ing 

T o t a l  B a t c h  
D e s i g n a t i o n  (g/cm3 1 (mZ /g ) Factor 

(Y 1 (Y 1 ( w t  7 0 )  

G r a n u l a r  4 

I so t rop ic  5 

I so t ropic  6 

I so t ropic  7 

OR-688 

OR-689 

YZ-134 

YZ-135 

YZ-136 

OR-788 

OR-7 8 9 -C 

OR- 7 9 0 -C 

OR-8 13-R 

OR-8 14-R 

OR-815 I 

OR-818 

8 2 5  

8 2 5  

760  

8 3 0  

4 3 5  

435  

500  

500 

500  

44  5 

4 4  0 

4 4  0 

4 7 0  

4 5 0  

4 7 0  

49  0 

19 0 

1 9  0 

1 9  0 

225 

105  

105  

115 

115 

115 

115 

115  

110  

115  

110  

115  

125  

53.9 

4 9 . 0  

6 5 . 2  

73.3 

4 8 . 4  

50 .0  

46 .6  

41 .8  

4 6 . 2  

56;8  

59 .3  

51 .0  

52 .5  - 

53 .2  

4 7 . 3  

- 

2 . 0 1  

1 . 5 5  

2 .00  

1 . 8 2  

1.9 

1 . 9  

1 .94  . 

1 .89  

2 .05  

2 .0  

2 .0  

1 .6  

1 . 7 5  

1 .98  

1 . 5 4  

1 .97  

0.028 

0.024 

0.028 

0.062 

0 .070  

0.029 

0.064 

0.022 

0.072 

0 .130  

0.224 

0 .152  

0.110 

0.154 

0 . 1 3 1  

1 . 0 6  

1 .00  

I. 30 

1 . 0 5  

-1 

-1 

-1 

-1 

1 .2  

139 

49  

1 4  5 

105  

34  

34  

109 

124  

122  

a O u t e r  c o a t i n g  ( s e e  n o t e a T a b l e  1 ) ;  bBased on w e i g h t  of coated f u e l  par t ic le .  

r 
N 

1 J 1 1 
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. 

Some of t h e  p r o p e r t i e s  w e r e  ob ta ined  from p y r o l y t i c  carbon 
depos i t ed  on f l a t  s u b s t r a t e s  p r e s e n t  i n  t h e  d e p o s i t i o n  
fu rnace  du r ing  c o a t i n g  of t h e  f u e l  p a r t i c l e s .  I t  w a s  assumed 
t h a t  t h e  s t r u c t u r e  of t h e  p y r o l y t i c  carbon formed i n  t h i s  

manner w a s  r e p r e s e n t a t i v e  of t h a t  depos i t ed  on t h e  f u e l  
p a r t i c l e s .  Most of t h e  ba tches  of coa ted  p a r t i c l e s  were 
used without  any p re t r ea tmen t  bu t  i n  a few runs  t h e  coa ted  
p a r t i c l e s  w e r e  leached w i t h  acid p r i o r  t o  t h e  ox ida t ion  
tests. 

Procedures  

The exper imenta l  s t u d i e s  were performed a t  tempera tures  
of 1100 t o  14OO0C us ing  helium-water vapor mixtures  having 
water vapor c o n c e n t r a t i o n s  ranging  from 250 t o  1 0 0 0  ppm 
( p a r t s  p e r  m i l l i o n  by volume) and a t o t a l  p r e s s u r e  of 1 a t m .  
The exper imenta l  equipment employed is s i m i l a r  t o  t h a t  used 
i n  ear l ier  s t u d i e s .  25 

balance s e n s i t i v e  t o  0.02 mg w a s  used t o  o b t a i n  a cont inuous 
record  of weight changes. A s e n s i t i v e  gas chromatograph 
( B u r r e l l  K-7 w i t h  thermionic  d e t e c t o r )  w a s  used t o  analyze 
e f f l u e n t  gases  the reby  providing a second method of measuring 
r e a c t i o n  r a t e s .  T h i s  instrument  w a s  p a r t i c u l a r l y  u s e f u l  for 
d e t e c t i n g  very l o w  c o n c e n t r a t i o n s  of oxygen and n i t r o g e n  t h a t  
might have leaked i n t o  t h e  s y s t e m .  A rhodium wound r e s i s t a n c e  
fu rnace  equipped w i t h  a programmed power supply w a s  employed 
a long  w i t h  a h igh  p u r i t y  alumina r e a c t i o n  tube.  

An Ainsworth semimicro record ing  

The appa ra tus  is dep ic t ed  i n  F ig .  1. P u r i f i e d  helium 
w a s  mixed w i t h  helium, which had passed over  s a t u r a t e d  
calcium c h l o r i d e  a t  
d e s i r e d  water vapor concen t r a t ion  as measured by a mois ture  
d e t e c t o r .  A f t e r  e s t a b l i s h i n g  t h a t  t h e  combined helium stream 
w a s  e s s e n t i a l l y  f r e e  of oxygen and w i t h  t h e  furnace  a t  t h e  
d e s i r e d  tempera ture ,  t h e  helium-water vapor mixture  w a s  
in t roduced  i n t o  t h e  r e a c t i o n  chamber, f lowing downward p a s t  

0 C ,  i n  t h e  proper  p ropor t ion  t o  g i v e  t h e  
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t h e  coa ted  p a r t i c l e s  (flow rate  of 200 cm3/min STP i n  
most c a s e s ) .  Approximately 1 0 0  mg of coa ted  p a r t i c l e s  w a s  
con ta ined  i n  a baske t  made of plat inum gauze and t h i s  i n  
t u r n  was suspended by a plat inum w i r e  from t h e  balance.  
The e f f l u e n t  g a s e s  w e r e  analyzed f o r  r e a c t i o n  p roduc t s  by 
t h e  gas  chromatograph and r e a c t i o n  r a t e s  ob ta ined  from 
these d a t a  and t h e  recorded weight changes.  

Inc idence  of f a i l u r e  of c o a t i n g s  w a s  ob ta ined  from 
t h e  q u a n t i t y  of uranium and/or thorium leached by n i t r i c  
a c i d  or a mixture  of n i t r i c  and h y d r o f l u o r i c  a c i d s  fo l lowing  
exposure of t h e  coa ted  p a r t i c l e s  t o  water vapor. Micro- 
s c o p i c  and meta l lographic  examinat i o n s  a l s o  w e r e  made of 
many of t h e  ox id ized  coa ted  f u e l  p a r t i c l e s .  

RESULTS AND DISCUSSION 

Pre l imina ry  Experiments Using a M u l l i t e  React ion Tube 

1 The f i r s t  s t u d i e s  of t h e  o x i d a t i o n  of pyro ly t ic -carbon-  
coa ted  f u e l  p a r t i c l e s  by low c o n c e n t r a t i o n s  of water 'vapor 
were performed i n  a m u l l i t e  r e a c t i o n  tube  whi le  awa i t ing  r 

d e l i v e r y  of h igh  p u r i t y  alumina tubes .  These runs  were made 
w i t h  I s o t r o p i c  6 pa r t i c l e s  at 1100  and 120OoC u s i n g  water 
vapor c o n c e n t r a t i o n s  of 250, 500 and 1000  ppm a t  f low r a t e s  
of 200  and 400 cm3/min STP. The expe r imen ta l  d a t a  ob ta ined  
were so  v a r i a b l e  t h a t  t h e y  have no s i g n i f i c a n c e .  I n  v i r t u a l l y  
a l l  c a s e s  the o x i d a t i o n  r a t e s  decreased  wi th  t i m e  and i n  some 
i n s t a n c e s  t h e  f i n a l  rates w e r e  an o r d e r  of magnitude less 
than  t h e  i n i t i a l  rates. Although runs  were made a t  d i f f e r e n t  
tempera tures ,  f low r a t e s a n d  water vapor c o n c e n t r a t i o n s ,  t h e  
rates were so  i n c o n s i s t e n t  t h a t  it w a s  impossible  t o  determine 
t h e  e f f e c t s  of t h e s e  parameters  on t h e  r e a c t i o n  r a t e s .  

Geary and Littlewood" observed,  du r ing  s t u d i e s  of t h e  
graphi te-s team r e a c t i o n  i n  a c l o s e d  m u l l i t e  tube  t h a t  s p e c i -  
mens degassed a t  l lOO°C and h ighe r  tempera tures  subsequent ly  
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gave r e a c t i o n  rates which decreased w i t h  t i m e .  Subsequent 
s t u d i e s  i n  an alumina r e a c t i o n  chamber l e d  them t o  p o s t u l a t e  
t h a t  t h e  s i l i c a  i n  t h e  m u l l i t e  c a t a l y z e d  t h e  s team-graphi te  
r e a c t i o n  but  t h a t  t h i s  ca t a ly t i c  e f f e c t  decreased wi th  t i m e .  
The ra tes  found i n  m u l l i t e ,  a l though they  decreased w i t h  

t i m e ,  w e r e  h ighe r  t han  those found i n  t h e  alumina system a t  
comparable tempera tures  and water vapor p re s su res .  Our 
r e s u l t s  seem t o  be i n  g e n e r a l  agreement w i t h  these observa- 
t i o n s .  N o  decreases i n  r e a c t i o n  ra tes  w e r e  found when a 
high p u r i t y  alumina r e a c t i o n  tube  w a s  used i n  p l a c e  of 
m u l l i t e .  Furthermore,  t h e  r e a c t i o n  rates obta ined  i n  
alumina tubes  are lower than  the lowest ra tes  found i n  
m u l l i t e  under comparable exposure c o n d i t i o n s .  A l l  a v a i l a b l e  
evidence s u g g e s t s  t h a t  t h e  s i l i c a  p r e s e n t  i n  m u l l i t e  w a s  
r e s p o n s i b l e  f o r  t h e  errat ic  data  obta ined  i n  these e a r l y  
runs .  

Th i s  conclus ion  is a b i t  d i s t u r b i n g  s i n c e  there is 
c o n t r a d i c t o r y  evidence a v a i l a b l e .  For i n s t a n c e ,  Burne t t e  
e t  a1.22 used m u l l i t e  i n  t h i s  temperature  range w i t h  no 
d i f f i c u l t y  and r e p o r t  t h a t  containment of coa ted  p a r t i c l e s  
i n  a s i l i c a  boat  gave lower r e a c t i o n  ra tes  than  obta ined  
w i t h  a plat inum holder .  The p r i n c i p a l  d i f f e r e n c e  between 
t h e i r  expe r imen ta l  c o n d i t i o n s  and o u r s  is t h e  much lower 
water vapor p r e s s u r e  used i n  ou r  s t u d i e s .  

Rates of React ion of Coat ings  w i t h  Water Vapor 

- There is no e n t i r e l y  s a t i s f a c t o r y  way of expres s ing  t h e  
ra tes  of r e a c t i o n  f o r  t h e  v a r i o u s  c o a t i n g s .  Roughness fac- 
t o r s  f o r  v a r i o u s  c o a t i n g s  were found t o  vary  from about 8 t o  
20  i n  ear l ier  work" c a s t i n g  doubt on t h e  v a l i d i t y  of u s ing  
geometric s u r f a c e  areas as a b a s i s  f o r  expres s ing  r e a c t i o n  
rates. The weight of c o a t i n g  remaining a t  any p a r t i c u l a r  
t i m e  w a s  more or less a r b i t r a r i l y  chosen as t h e  b a s i s  f o r  
c a l c u l a t i n g  r e a c t i o n  rates recogniz ing  t h e  f a c t  t h a t  t he  
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c o a t i n g s  i n  some cases c o n s i s t  of t w o  or more l a y e r s  of 
p y r o l y t i c  carbon having d i f f e r e n t  s t r u c t u r e s .  For sake  of 
comparison, r e a c t i o n  ra tes  obta ined  a t  5'7'0 or less burnoff 
were selected. Rates, so  ob ta ined ,  do no t  vary a g r e a t  deal 

from those c a l c u l a t e d  on t h e  basis of t h e  o r i g i n a l  weight of 
pyrocarbon except  a t  high burnof f s  where the  d e v i a t i o n  becomes 
important .  

The e f f e c t s  of tempera ture  on t h e  o x i d a t i o n  rates of 
v a r i o u s  c o a t i n g s  obta ined  a t  a water vapor c o n c e n t r a t i o n  of 
1000 ppm are shown i n  Fig.  2. Ra tes  g iven  f o r  va r ious  coat- 
i n g s  a t  the  same temperature  and tempera ture  c o e f f i c i e n t s  
found f o r  d i f f e r e n t  c o a t i n g s  vary cons ide rab ly .  Apparent 
a c t i v a t i o n  e n e r g i e s  of about  3 0  t o  65 kcal/mole w e r e  found 
which is a f a i r l y  wide  range. Burne t t e  e t  a1.22 r e p o r t  a 
va lue  of 63 kcal/mole i n  t h e  tempera ture  range of 1000 t o  
140OoC a t  a p a r t i a l  p r e s s u r e  of steam of 0 .025  a t m .  
r anging  from 4 0  t o  70  kcal/mole have been r e p o r t e d  by v a r i o u s  
i n v e s t i g a t o r s  2 5 y 2 7 9  2 8 y 2 9  f o r  t h e  r e a c t i o n  of g r a p h i t e  w i t h  
l o w  p a r t i a l  p r e s s u r e s  of water vapor. D i f f e r e n c e s  i n  geometry 
of g r a p h i t e  specimens probably are r e s p o n s i b l e  f o r  p a r t  of t he  

v a r i a t i o n s .  

Values 

React ion rates measured f o r  two ba tches  of coa ted  p a r t i -  
cles a t  130OoC us ing  va r ious  c o n c e n t r a t i o n s  of w a t e r  vapor 
are shown i n  F ig .  3. The apparent  order of t h e  r e a c t i o n  w i t h  

r e s p e c t  t o  water vapor c o n c e n t r a t i o n  ranges  from about 0.5 t o  
1 w i t h  an i n c r e a s e  w i t h  i n c r e a s i n g  water vapor c o n c e n t r a t i o n  

2 1  ev iden t .  A similar  behavior  which w a s  observed p rev ious ly  
a t  h ighe r  water vapor c o n c e n t r a t i o n s  w a s  thought  t o  be due t o  
c o a t i n g  f a i l u r e s  and subsequent  c a t a l y s i s  of t h e  r e a c t i o n  by 
t h e  exposed f u e l  p a r t i c l e s .  T h i s  does no t  e x p l a i n  t h e  behavior  
o f  I s o t r o p i c  6 p a r t i c l e s  because t h e  f r a c t i o n  f a i l i n g  w a s  
e s s e n t i a l l y  t h e  s a m e  f o r  a l l  w a t e r  vapor c o n c e n t r a t i o n s .  
Burne t t e  e t  a1.22 repor t ed  an apparent  order of 0.7 bu t  used 
only  t w o  concen t r a t ions .  Various i n v e s t i g a t o r s  25,28 y 29 y 30 

c 

. 
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have r epor t ed  r e a c t i o n  o r d e r s  i n  t h e  range 0.5 t o  1 f o r  t h e  
r e a c t i o n  of g r a p h i t e  w i t h  w a t e r  vapor us ing  low and rela- 
t i v e l y  h igh  ranges  of concen t r a t ions .  No s a t i s f a c t o r y  ex- 
p l a n a t i o n  can be given f o r  t h e  d i f f e r e n c e s  i n  e i t h e r  t h e  
apparent  orders of r e a c t i o n  o r  a c t i v a t i o n  e n e r g i e s  observed 
i n  these s t u d i e s .  

Data obta ined  f o r  t h e  va r ious  ba t ches  of coated p a r t i -  
cles are presented  i n  Table  3, F igs .  4 and 5,  and i n  Appen- 
dices A and B. React ion ra tes  p resen ted  i n  Table  3 and 
weight losses shown i n  F igs .  4 and 5 demonstrate  the v a r i -  
a b i l i t y  of t h e  v a r i o u s  ba tches  when exposed t o  water vapor. 
I n  the  e a r l y  s t u d i e s  i t  w a s  be l i eved  t h a t  t h e  h ighe r  rates 
found f o r  I s o t r o p i c  5 than  f o r  I s o t r o p i c  6 coa ted  p a r t i c l e s  
w e r e  due t o  t h e  lower c o a t i n g  d e n s i t y  of t h e  former. Subse- 
quent s t u d i e s  w i t h  YZ-134 and OR-689 coa ted  p a r t i c l e s  showed 
t h a t  v a r i a b l e s  o t h e r  t han  d e n s i t y  must be important .  Data 
from o t h e r  ba t ches  tend  t o  confirm t h i s  b e l i e f .  A t  most, 
one can s a y  t h a t  there is some tendency f o r  r e a c t i o n  rates 
t o  i n c r e a s e  wi th  dec reas ing  c o a t i n g  d e n s i t i e s  bu t  some 
n o t a b l e  excep t ions  are ev iden t .  O t h e r  c o a t i n g  p r o p e r t i e s  . 
such as  an i so t ropy  and c r y s t a l l i t e  s ize  a l so  have no cons i s -  
t e n t  e f f e c t  on r g a c t i o n  rates.  

Oxida t ion  ra tes  found f o r  c o a t i n g s  prepared from methane 
and propylene i n d i c a t e  t h a t  t h e  hydrocarbon used is n o t  a 

c o n t r o l l i n g  f a c t o r ;  both high and low rates w e r e  found f o r  
propylene as w e l l  as f o r  methane c o a t i n g s .  Fue l  p a r t i c l e s  
used i n  p repa r ing  t h e  coa ted  - p a r t i c l e s  conce ivably  could 
have some effect  on t h e  ox ida t ion  ra te  of the  c o a t i n g  i f  t h e  

degree  of contaminat ion v a r i e s  w i t h  the  type  of f u e l  p a r t i c l e  
and t h e  contaminants  i n  t h e  c o a t i n g  c a t a l y z e  t h e  r e a c t i o n  wi th  
water vapor. Limited data  a v a i l a b l e  sugges t  t h a t  rates of 
o x i d a t i o n  of c o a t i n g s  (high d e n s i t y )  on UOz p a r t i c l e s  may be * 

lower than  t h o s e  of c o a t i n g s  on UCz cores. I t  is no t  easy  t o  
e s t a b l i s h ,  however, t h a t  h ighe r  c o n c e n t r a t i o n s  of contaminants  



T a b l e  3. O x i d a t i o n  Rates and C o a t i n g  F a i l u r e s  
for V a r i o u s  Ba tches  of P y r o l y t  ic-Carbon Coa ted  

F u e l  P a r t i c l e s  (100  mg sample u s e d  i n  a l l  r u n s )  

C o a t i n g  C o a t i n  s 
O x i d i z e d  F a i l e d  6 H,O Concen- Flow R e a c t i o n  

B a t c h  Run Temp. t r a t i o n  Rate Rate 
( P P d  (cm3 STP/min) (mg g-' h r - l )  (wt %) ( 70) 

D e s i g n a t i o n  No. (OC) 

Granu la r  4 

I s o t r o p i c  5 

I s o t r o p i c  6 

I s o t r o p i c  7 

YZ-134 

YZ-135 
YZ-136 

OR-688 

OR-689 

22c 1100 
2 1: 1200 
19 1300 

8' 1100 

10' 1300 
1lCPe 1400 

9c 1200 

45 1100 
1 3  1200 
29' 1200 
53 1300 
17  13 00 
1 6  1300 
1 4  1300 
1 5  1400 

2OC 1300 

50 1100 
25 1200 

23 1200 
24 1200 

2aC 1200 

26 1200 

49 1100 
3 1  1200 
30 1200 
27 1200 
52' 1200 
34 13 00 
33 1 3  00 
35 13 00 

1000 
1000 
1000 

1000 
1000 
1000 
1000 

1000 
1000 
1000 

250 
500 

1000 
1000 
1000 

1000 

1000 
1000 
1000 
1000  
1000 

1000 

1000 
250 
500 

1000 
1000 

250 
5 00 

1000 

200 
200 
400 

200 
200 
200 
200 

200 
200 
200 
400 
400 

\ 400 

200 
.200 

400 

200 
200 
200 
200 
200 

200 

200 
200 
200 
200 
200 
200 
200 
200 

0 .3  
4.4 

16  

5.0 
1 5  
2 1  
28 

0 .3  
0.8 
0.8 
2.9 
3.7 
6.5 
4 . 9  

17 

7.9 

0.9 

4.0 
18 

19 
1 6  

7 .2  

3 . 6  
1.1 
1 .9  
7.2 

5 .2  
8 .5  

10  

18 

3 .4  
1 2  
46  

15  
37 
52 
53 

0.8 
3.6 
3.7 
6.0 

1 0  
17 
14 
45 

19  

1 . 6  
38 
12 
48 
3 1  

2 1  

7.0 
6.4 
8 . 3  

1 9  
27 
1 3  L 

24 
56 

1 . 6  
5 1  
72 

d 
44 
52 
87  

<o. 1 
0.2 

<o. 1 
<o. 1 
<o. 1 

0 .1  
0 . 1  

33 

1 . 6  

0.8 
4.4 
2.9 

17 
1 6  

6.7 

0.8 
<o .  1 

0 . 1  
0.8 
2.4 
0.2 
0.4 
3.4 
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T a b l e  3 ( c o n t i n u e d )  

H,O Concen- Flow R e a c t i o n  C o a t i n g  C o a t i n g g  
O x i d i z e d  F a i l e d  t ra  t i o n  R a t e  R a p  

B a t c h  Run Tgmp. 

( P P d  (cm3 STP/min) (mg g hr-’) (wt 70) ( 70) D e s i g n a t i o n  NO. ( C) 

OR-788 ‘4 0 1100 1000 200 1 . 6  4.9 2.1 

12  
23 

40 2 1  
64 31 

OR- 78 9-C 37 1100 1000 
36 1200 1000 

200 
200 

OR- 7 9 0-C 42 

OR-8 13-R 48 
44 
46 

1100 1000 200 6 .2  16  0.3 

1100 
1200 
1200 

1000 
1000 
1000 

200 
200 
200 

1.8 
9.0 
5.2 

3 . 2  
15  
1 0  

4 . 0  

6.7 
13 

OR-8 14-R 4 1  
43 

OR-8 15  39 
5 1  

OR-8 18f 54 
54 

1100 
1200 

1100 
1200 

1100 
1200 

D 

1000 
1000 

1000 
1000 

200 
200 

200 
200 

2.9 
5 . 5  

6.0 
19 

5 . 1  
1 3  

15  
4 3  

5 .4  
8 . 6  

3.1 
17  

1000 
1000 

200 
200 

4.0 
14  

8 . 0  
100 

d 
d 

aReac t ion  ra te  based on we igh t  of  p y r o l y t i c - c a r b o n  c o a t i n g ;  rates g i v e n  are for 5 w t  70 or  

b C a l c u l a t e d  from q u a n t i t y  of uranium ( tho r ium)  i n  a c i d  l e a c h  s o l u t i o n  and t o t a l  q u a n t i t y  

‘Leached w i t h  a c i d  s o l u t i o n  p r i o r  t o  e x p o s u r e  t o  water vapor .  

‘Not d e t e r m i n e d ,  
e 

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

, less b u r n o f f .  

o f  uranium ( tho r ium)  o r i g i n a l l y  p r e s e n t  i n  100 mg of  c o a t e d  f u e l  p a r t i c l e s .  

1 5  h r  exposure  t o  w a t e r  vapor .  
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occur  i n  c o a t i n g s  l a i d  down on UC, cores than  on UO, cores. 
A higher  bed temperature  employed i n  t h e  c o a t i n g  p rocess  
might  be expected t o  i n c r e a s e  t h e  degree  of contaminat ion 
of the  c o a t i n g  and i n  t u r n  enhance t h e  rate of r e a c t i o n  w i t h  
water vapor. The o x i d a t i o n  rate given f o r  OR-788 coated 
p a r t i c l e s  is s i g n i f i c a n t l y  lower than  t h a t  r epor t ed  f o r  
OR-789-C coa ted  p a r t i c l e s  a l though t h e  bed tempera ture  used 
i n  p repa r ing  t h e  l a t t e r  w a s  125OoC compared t o  2000°C f o r  
t h e  former. 

Limited s t u d i e s  of t h e  e f f e c t s  of l each ing  coa ted  p a r t i -  
cles by a c i d  p r i o r  t o  o x i d a t i o n  w e r e  made s i n c e  it was 
be l ieved  t h a t  contaminat ion of t h e  c o a t i n g s  c o n t r i b u t e d  t o  
t h e  v a r i a b l e  r e a c t i o n  rates observed. React ion rates found 
f o r  unleached and leached I s o t r o p i c  6 and OR-689 coated 
p a r t i c l e s  show t h a t  acid leaching  had no important  e f f e c t  on 
t h e  o x i d a t i o n  rates. Data obta ined  f o r  YZ-134 coated p a r t i -  
c les ,  however, i n d i c a t e  t h a t  such l each ing  caused a s i g n i f i -  
c a n t  decrease of t h e  r e a c t i o n  rate.  Sur face  contaminat ion 
by U r epor t ed  f o r  a number of t h e  ba t ches  of coa ted  p a r t i -  
c l e ~ ~ ~  could  n o t  be c o r r e l a t e d  wi th  r e a c t i o n  rates measured 
for  t h e s e  coa ted  p a r t i c l e s .  

Any f u r t h e r  s tudy  of the ef fec ts  of c o a t i n g  contami- 
n a t i o n  does not  appear a t t r a c t i v e  s i n c e  such contaminat ion  
would be expected t o  vary  from batch t o  batch and, i n  
a d d i t i o n ,  a r e l i a b l e  de t e rmina t ion  of t h e  type  and degree  
of Contamination is no t  a s imple  matter.  Furthermore,  it 
appears  u n l i k e l y  t h a t  acid leach of large-scale ba tches  of 

coa ted  p a r t i c l e s  would be f e a s i b l e  because of costs and 
p o s s i b l e  damage t o  c o a t i n g s .  The o x i d a t i o n  rates r e p o r t e d  
have been obta ined  f o r  materials which are be l i eved  t o  be 
r e p r e s e n t a t i v e  of c u r r e n t  c o a t i n g  technology and inc lude  d a t a  
f o r  t y p e s  of coated f u e l  p a r t i c l e s  t h a t  are s u i t a b l e  f o r  
commerc i a  1 a p p l i c a t i o n .  



F a i l u r e  of Coat ings  on F u e l  P a r t i c l e s  
\ 

Data are included i n  Table  3 which show t h e  percentage 
of c o a t i n g s  t h a t  f a i l e d  du r ing  exposure t o  water vapor f o r  
t h e  v a r i o u s  ba t ches  of coated f u e l  p a r t i c l e s .  These va lues  
are based on t h e  percentage .of uranium and/or thorium leached 
by acid fo l lowing  such exposure. I n  some i n s t a n c e s ,  t h e  long 
exposure t i m e  combined w i t h  h igh  o x i d a t i o n  rates caused ex- 
t e n s i v e  o x i d a t i o n  of a l a r g e  p o r t i o n  of t h e  p y r o l y t i c  carbon 
and ,as  might be expected,  h igh  percentages  of c o a t i n g  f a i l u r e s  
were observed. S u b s t a n t i a l  percentages  of f a i l u r e s  a l s o  were 
found a t  f a i r l y  l o w  bu rnof f s  i n  a number of cases. Data ob- 
t a i n e d  f o r  I s o t r o p i c  6 and OR-689 coated p a r t i c l e s  show low 
percentages  of f a i l u r e s  a t  s u b s t a n t i a l  bu rnof f s ,  and sugges t  
t h a t  bu rnof f s  up t o  10 w t  Yomay occur  w i t h  few c o a t i n g  
f a i l u r e s .  L i m i t e d  d a t a  given f o r  OR-790-C coa ted  p a r t i c l e s  
i n d i c a t e  t h a t  t h i s  batch a l s o  is r e s i s t a n t  t o  c o a t i n g  f a i l u r e .  
Granular  4,  OR-813-R and OR-814-R coated p a r t i c l e s ,  on t h e  

o t h e r  hand, show s u b s t a n t i a l  percentages  of f a i l u r e s  a t  burn- 
o f f s  of approximately 5 w t  ‘$0. 

The tendency of f a i l u r e  of t h e  v a r i o u s  c o a t i n g s  may be 

a s s o c i a t e d  wi th  t h e  type  of o x i d a t i o n  t h a t  t h e  c o a t i n g s  under- 
goes, which i n  t u r n ,  could be r e l a t e d  t o  t h e  type  and degree 
of contamination of the coatings.  A generalized type of 

a t t a c k  could  remove a s u b s t a n t i a l  p o r t i o n  of t he  c o a t i n g  w i t h -  

o u t  p e n e t r a t i o n  t o  t h e  f u e l  p a r t i c l e ,  whereas, a localized or 
p i t t i n g  type  of a t tack could develop a p a t h  t o  the  f u e l  par t i -  
c le  but  cause  burnoff of on ly  a s m a l l  p o r t i o n  of t h e  pyro- 
l y t i c  carbon. Photographs and photomicrographs of ox id ized  
coa ted  p a r t i c l e s  from s e v e r a l  ba t ches  are p resen ted  i n  F igs .  
6-13. Random samples were used for microscopic  examinations.  
The g e n e r a l  appearance i n d i c a t e s  t h a t  o x i d a t i o n  of t h e  
c o a t i n g s  occurred  through a l o c a l i z e d  or p i t t i n g  type  of 
a t t a c k .  T h i s  w a s  t h e  case f o r  e s s e n t i a l l y  a l l  of t h e  coa ted  
p a r t i c l e s  examined. 
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Oxida t ion  of Sic-Coated F u e l  P a r t i c l e s  
. 

Coated f u e l  p a r t i c l e s  having combinations of S i c  and 
p y r o l y t i c  carbon c o a t i n g s  are being prepared f o r  p o s s i b l e  use  
i n  f u e l  e lements .  The S i c  l a y e r  w i l l  s t o p  movement of c e r t a i n  
f i s s i o n  p roduc t s  t h a t  o r d i n a r i l y  would migra te  t o  t h e  s u r f a c e  
i f  t h e  c o a t i n g  c o n s i s t s  of on ly  p y r o l y t i c  carbon. An o u t e r  
l a y e r  of S i c  is expected t o  be s t a b l e  i n  t h e  presence  of water 
vapor a t  h igh  tempera tures  and i f  it is would p r o t e c t  t h e  
p y r o l y t i c  carbon p r e s e n t  between t h e  S i c  l a y e r  and t h e  f u e l  
p a r t i c l e .  
\ 

Two ba tches  of coa ted  p a r t i c l e s  having l a y e r s  of both 
p y r o l y t i c  carbon and S i c  were exposed t o  a water vapor concen- 
t r a t i o n  of 1000 ppm i n  helium a t  h igh  tempera tures  t o  examine 
t h e  behavior  of S i c  c o a t i n g s .  OR-818 coa ted  p a r t i c l e s  have 
a 58 y t h i c k  o u t e r  l a y e r  of p y r o l y t i c  carbon depos i t ed  over  
a S i c  l a y e r  22  y i n  t h i ckness .  Two a d d i t i o n a l  l a y e r s  of 
p y r o l y t i c  carbon s e p a r a t e  t h e  S i c  from t h e  UO, f u e l  p a r t i c l e .  
The o t h e r  ba t ch  (GA-330) has  a l a y e r  of S i c  34 p t h i c k  de- 
p o s i t e d  on a 7 2  p t h i c k  l a y e r  of p y r o l y t i c  carbon which 

i cove r s  t h e  UO, f u e l  p a r t i c l e .  

The OR-818 coa ted  p a r t i c l e s  w e r e  exposed t o  water  vapor 
a t  l lOO°C f o r  22  h r  and then  a t  120OoC f o r  1 0 0  h r .  The 
r e a c t i o n  ra tes  obta ined  f o r  t h e  o u t e r  l a y e r ,  which are given 
i n  Table  3 ,  are s i m i l a r  t o  rates measured f o r  o t h e r  c o a t i n g s  
i n d i c a t i n g  t h a t  S i c  had no important  e f f e c t  on t h e  r e a c t i o n  
of water vapor w i t h  p y r o l y t i c  carbon. A f t e r  t h e  o u t e r  l a y e r  
had been ox id ized ,  t h e  r e a c t i o n  ra te  became e s s e n t i a l l y  zero 
as evidenced by both  t h e  weight changes and gas  ana lyses .  
T h i s  i n d i c a t e s  t h a t  t h e  S i c  c o a t i n g  w a s  s t a b l e .  

The GA-330 coa ted  p a r t i c l e s  were exposed t o  water vapor 
a t  120OoC f o r  2 2  h r ,  a t  130OoC f o r  4 2  h r ,  and a t  140OoC f o r  
22  h r .  N o  d e t e c t a b l e  weight changes occurred  and t h e  gas 
a n a l y s e s  a lso showed t h a t  t h e r e  w a s  no measurable r e a c t i o n  
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of carbon wi th  water vapor. Thus, i t  w a s  shown t h a t  t h e  S i c  
c o a t i n g  d i d  n o t  f a i l  dur ing  prolonged exposure t o  w a t e r  vapor 
a t  tempera tures  up t o  140OOC. (An alumina c o n t a i n e r  w a s  used 
f o r  t h e  coated p a r t i c l e s  i n  these s t u d i e s  because of i n t e r -  
a c t i o n  of P t  wi th  S i c  a t  tempera tures  above - 125OOC.) 

React ion of F u e l  S t i c k s  w i t h  Water Vapor 

Data obta ined  from s t u d i e s  of t h e  r e a c t i o n  of f u e l  
compacts, 31 c o n t a i n i n g  bonded beds of coated f u e l  p a r t i -  
c les ,  w i t h  water vapor suggested t h a t  t h e  bonding m a t e r i a l  
p r o t e c t e d  t h e , p y r o l y t i c  carbon c o a t i n g s  t o  some degree ;  
probably because t h e  r e s i d u a l  carbon from t h e  b inder  w a s  more 
r e a c t i v e  w i t h  water vapor than  . -  t h e  c o a t i n g s .  I n  view of t h e s e  
f i n d i n g s ,  l i m i t e d  s t u d i e s  of f u e l  s t i c k s  were made a t  99OoC 
us ing  a water vapor c o n c e n t r a t i o n  of 1000 ppm i n  flowing 
helium i n  an a t tempt  t o  e s t a b l i s h  r e l a t i v e  r e a c t i o n  ra tes  
f o r  t h e  c o a t i n g s  and r e s i d u a l  b inder  material. 

The exper imenta l  equipment and techniques  used are 
e s s e n t i a l l y  t h e  same as  used f o r  loose  coated f u e l  p a r t i c l e s .  
The f u e l  s t i c k s  were prepared by Metals and Ceramics Div i s ion  
of ORNL us ing  1002SB Thoz coa ted  p a r t i c l e s ,  prepolymerized 
f u r f u r y l  a l c o h o l  r e s i n ,  and g r a p h i t e  f i l l e r .  The mixture  
w a s  molded, cured  a t  8OoC, baked a t  1000°C, and f i n a l l y  heat 
t r e a t e d  a t  150OOC i n  helium. 
i n  diameter, 0.28-in. long, and weighs about 1 7 0  m g .  I t  
c o n t a i n s  about 6 mg of g r a p h i t e ,  13 mg of r e s i d u a l  carbon 
from t h e  r e s i n ,  and 75 mg of p y r o l y t i c  carbon as c o a t i n g s  on 
t h e  f u e l  p a r t i c l e s .  

A t y p i c a l  f u e l  s t i c k  is 0.15-in. 

Rates of t o t a l  carbon removal as  measured by cont inu-  
ous ly  recorded weights  and by o c c a s i o n a l  a n a l y s i s  of e f f l u e n t  
gases are g iven  i n  F ig .  14 f o r  t w o  f u e l  st icks.  These cu rves  
show t h a t  t h e  rate )of o x i d a t i o n  of carbon decreased r a p i d l y  
du r ing  t h e  e a r l y  p a r t  of each run  and became n e a r l y  c o n s t a n t  
toward t h e  end. The l a t t e r  p a r t  cor responds  t o  the  o x i d a t i o n  
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of p y r o l y t i c  carbon c o a t i n g s  on t h e  f u e l  p a r t i c l e s ,  whereas 
t h e  rates observed du r ing  t h e  e a r l y  p a r t  of t h e  run  r e p r e s e n t ,  
t o  a l a r g e  degree ,  those due t o  o x i d a t i o n  of r e s i d u a l  carbon 
from t h e  r e s i n .  In t e rmed ia t e  rates probably are those of 
g r a p h i t e  f i l l e r  w i t h  some c o n t r i b u t i o n s  from t h e  c o a t i n g  and 
bonding carbons.  I t  appears  t h a t  t h e  rate of o x i d a t i o n  of 
t he  b inder  carbon is a t  least an o r d e r  of magnitude greater 
than  t h a t  of t h e  p y r o l y t i c  carbon c o a t i n g s .  

Examination of t h e  materials a t  t h e  end of t h e  r u n s  
showed t h a t  e s s e n t i a l l y  a l l  of t h e  g r a p h i t e  f i l l e r  and bond- 
i n g  carbon’had been oxid ized  and approximately 20 w t  70 of 
t h e  p y r o l y t i c  carbon o r i g i n a l l y  p r e s e n t  i n  t h e  c o a t i n g s  w a s  
removed. Acid leach of t h e  coated p a r t i c l e s  showed t h a t  
about 370 of t h e  c o a t i n g s  f a i l e d  du r ing  t h e s e  runs.  Evidence 
of r a t h e r  s e v e r e  attack of t h e  c o a t i n g s  is shown i n  Fig.  15. 
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Fig.  6 .  Leached Isotropic 6 Coated P a r t i c l e s  After 
24 hr Exposure a t  120OOC t o  Water Vapor Concentration i n  
Helium of 1000 ppm. (a) 33X. (b) Sectioned p a r t i c l e .  
150X. 
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Fig. 8 .  Leached Isotropic 7 Coated P a r t i c l e s  After 
24 hr Exposure a t  130OoC t o  H e l i u m  with Water Vapor 
Concentration of 1 0 0 0  ppm. 33X.  



F i g .  9 .  Unleached YZ-134 Coated P a r t i c l e s  After 
24 hr Exposure at 12OO0C to  H e l i u m  with a Water Vapor 
Concentration of 1000 ppm. (a) 33X.  (b) Sectioned 
p a r t i c l e .  150X. 
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Fig.  10 .  Unleached OR-689 Coated P a r t i c l e s  After 
24 hr Exposure a t  12OO0C to  Helium with a Water Vapor 
Concentration of 1000 ppm. (a) 33X. (b) Sectioned 
p a r t i c l e .  150X. 
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Fig.  11. Leached OR-790-C Coated Part i c l e s  After 
24 hr Exposure a t  l l O O ° C  to  Helium with Water Vapor 
Concentration of 1000 ppm. (a) 33X. (b) Sectioned 
part ic  les . 1 5  OX . 
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F i g .  12.  Leached OR-813-R Coated Part i c l e s  After 
24 hr Exposure a t  l l O O ° C  to Helium with a Water Vapor 
Concentration of 1000 ppm. (a) 33X.  (b) Sectioned 
par t i c l e s .  1 5 0 X .  
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Fig.  1 3 .  Leached OR-814-R Coated P a r t i c l e s  After 
24 hr Exposure a t  l l O O ° C  to  Helium with a Water Vapor 
Concentration of 1000 ppm. (a) 3 3 X .  (b) Sectioned 
p a r t i c l e s .  150X. 
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F i g .  15 .  Damaged Coated P a r t i c l e s  f r o m  O x i d i z e d  
F u e l  S t i c k  N o .  6 .  
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APPENDIX A 

Additional oxidation data are included i n  Appendix A 

for the various batches of coated f u e l  par t i c l e s .  I t  
includes addit ional  reaction ra tes  determined from weight 
changes but c o n s i s t s  mainly of data obtained from analyses 
of e f f luent  gases .  
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I s o t r o p i c  5 

I s o t r o p i c  6 

I s o t r o p i c  6 
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2 
5 

2 
1 
1 

1 5  
1 2  

44 
29 

93  
115 

1 4  
9 

33 
30 
27 

54 
59 

77 
89 

72 
9 1  
88  
78 

18 
17  

54 

8 1  
88  

58 
67 

40  
36  

1 3  
24 

8 
3 
3 

20 
20 

8 2  
65 

0.79 
1 . 3  

0 .21  
0 .21  

3 . 0  
1 . 6  
0.38 

1 . 8  
1.1 

1 . 0  
1 . 8  

1 .4  
2.2 
3 .2  . 
5 . 1  

0.29 
0 .24  

0 .50  

1 . 0  
1 .9  

0.27 
0.27 

0 .40  
0.39 

0.85 
0.75 

0.24 
0.29 
0.29 

0.75 
0.60 

0.54 
0 .46  

0.97 

0.34 

0.78 

0 .91  

0 .92  

0 .96  

0 .53  

0 .86  

0 .95  

0 .89  

0 .82  

0 .46  

0.87 

0.97 

0 .94  

2 .4  
47 

0 .29  
3 .3  

3 .3  
5 .3  

1 4  

1 .9  
29 

2.2 
49  

3 .2  
1 6  
23 
36  

0 .31  
3.0 

1 .0  

2 .1  
42  

1 . 0  
14  

0.70 
8 .3  

0.22 
3 .4  

0 .01  
0.19 
0 .76  

0.67 
1 . 3  

1 .3  
17  

1 .00  
1 .62  

0 . 1 1  
0.07 

0 .80  
0.48 
0. 23 

0.93 
0 .73  

0 .91  
1 . 5 1  

1 .02  
1 .14  
2.. 23 
2.84 

0 .14  
0.12 

0.49 

0.98 
1.52 

0.44 
0 .51  

0 .34  
0 .30  

0.09 
0.17 

0.06 
0 .03  
0 .03  

0 . 2 1  
0.20 

0 .76  
0 .56  

0 .95  
1 . 6 3  

0 .12  
0 .04  

0 .80  
0.32 
0 .20  

0 .93  
0 .72  

0 .76  
1.44 

1.34 
1 .42  
2.04 
2 .21  

0 .14  
0 .10  

0 .51  

1 .12  
1 .34  

0.47 
0 .46  

0 . 3 1  
0 .26  

0 .10  
0 .10  

0 .03  
0 .02  
0.02 

0.14 
0 .13  

0.63 
0.52 

P 
P 

\ I , V' 1 



u. I,  i 

T a b l e  A-1. Data From E f f l u e n t  G a s  A n a l y s e s  ( c o n t i n u e d )  

~ ~~ 

E f f l u e n t  G a s  A n a l y s e s  
R a t e  o f  P y r o c a r b o n  Removal Average H2O ( n o r m a l i z e d  t o  f l o w  

Run B a t c h  Time Temp. Flow Ra te  Concen- o f  200 om3 STP/min) co Correction B u r n o f f  
NO. D e s i g n a t i o n  ( h r )  (OC) (cm3 STP/min) t r a t i o n  co, - co, Factor ( w t  %) From E f f l u e n t  From Weight 

(ppm) H, co G a s  A n a l y s e s  Change 
(ppm) (ppm) (ppm) (mg/hr) (mg/hr) 

25  

28 

5 0  

23 

24 

26 

27 

3 0  

3 1  

YZ-134 

YZ-134 

YZ-134 

YZ-135 

YZ-136 

OR-688 

OR-689 

OR-689 

OR-689 

33  OR-689 

34 OR-689 

3 5  OR-689 
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22-23 
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1290- 
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1110 
1110 
1110 
1110 

200 
19  5 
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200 

200 
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200 
200 
19 0 

200 
195 

205 
210 

205 
210 

200 
200 

200 
200 
200 

205 
205 
200 

2 15 
2 15  
205 

205 
205 
205 

2 00 
200 
200 
200 

1000  
1050 

1000 
1000 

1010 

1020 

1000 

1000 

1000 
930 

1000 
1010 

980 
1000 

510 
510 

260 

260 

520 

540 

260 

28 0 

1000 

1020 

1000  

950  

177 
163  

9 6  
27 

1 0  
10  
1 0  

7 

14  8 
218 
188 

I 63 
129 

77 
103  

79 
9 1  

29 
24 

32 
14  
1 5  

1 3  1 
1 0 1  
115  

56 
57 
57 

232 
3 04 
315 

3 5  
3 1  
32 
4 0  

8 5  
73 

34 
4 . 5  

1 
1 
1 . 5  
1 . 5  

7 1  
128 

97 

1 5  
58 

24 
38 

22 
35 

1 4  
1 6  

26 
8 
9.5 

56 
35 
46  

24 
24 
26 

79 
125 
1 3  5 

9 
7 .5  
7.5 

12  

56 1 . 5  
56 1 .3  

4 0  0.86 
20 0.23 

6.5 0.15 
6 .5  0.15 
7.5 0.20 
6 

5 1  
67 
59 

36 
4 6  

34 
4 0  

33  
37 

26 
27 

1 6  
17  
1 6  

5 1  
49 
50 

20 
2 1  
20 

8 3  
106  
1 0 6  

1 5  
1 5  
1 4  
1 5  

0.25 

1 . 2  
1.9 
1.6 

0 . 4 1  
1 . 3  

0.69 
0.94 

0.66 
0.93 

0.53 
0.58 

1.6 
0.46 
0.58 

1.1 
0.73 
0 . 9 1  

1.1 
1.1 
1 . 2  

0.95 
1 . 0  
1 . 4  

0.60 
0.48 
0.54 
0 . 8 1  

0 . 9 1  

0.93 

0.93 

0 . 9 1  

0.85 

0.86 

0.83 

0.44 

0.53 

0.94 

0.96 

0.99 

0 .95  

1 .8  
3 5  

0.93 
10 .8  

0 . 1 1  
0 . 2 3  
0.36 
1 .5  

1 . 4  
4.2 

44 

0.83 
29 

0.89 
17  

1.1 
18 

0 .64  
7.8 

0.62 
5.4 
6 .1  

1 .5  
5 .0  

23 

0.8 
2.6 

1 2  

2.7 
8 . 3  

55 

0.13 
0.44 
0.96 
6.7 

0 .85  
0.78 

0.45 
0.'15 

0.05 
0.05 
0.05 
0 .05  

0.77 
1 . 1 7  
0.93 

0 . 3 1  
0.63 

0.35 
0.47 

0.33 
0.43 

0.23 
0.25 

0.26 
0 .15  
0.16 

0.64 
0.50 
0.57 

0.26 
0.27 
0.27 

0 .97  
1 .38  
1 .44  

0.14 
0.14 
0,. 1 3  
0.17 

0.75 
0 . 7 1  

0.54 
0.14 

0.02 
0.03 
0.03 
0.04 

0.76 
0.84 
0.89 

0.29 
0.46 

0.34 
0.47 

0 . 4 1  
0.44 

0.32 
0.21 

0. 27 
0 . 1 1  
0.12 

0.52 
0.45 
0.47 

0.22 
0 . 2 1  
0.33 

0.69 
1 .05  
1 .19  

0.06 
0.11 
0.15 
0.18 



T a b l e  A-1. D a t a  From E f f l u e n t  G a s  Ana lyses  ( c o n t i n u e d )  

R a t e  of  Py roca rbon  Removal E f f l u e n t  Gas Ana lyses  

Average  Run Ba tch  Time Temp. Flow R a t e  Concen- o f  200 c m 3  STP/min) co Correction Bu~n;~;f From Effluent From Weight 
No. D e s i g n a t i o n  ( h r )  (OC) (cm3 STP/min) t r a t i o n  - 

HZ0 ( n o r m a l i z e d  t o  f l o w  

G a s  Ana lyses  Change 
(mg/hr) (mg/hr) (PPm) H, co co, co2 

(ppm) (ppm) b r n )  

52 

40  

36  

37 

4 2  

OR-689 1- 2 
3 -4 
5-6 

23-24 

OR-788 1-2 
5-6 

22-23 

OR-78 9 -C 1- 2 
5-6 

22-23 

1-2 
5-6 

23-24 

OR- 7 8 9 -C 

OR-790-C 1-2 
5-6 

23-24 

44 OR-813-R 

46  OR-813-R 

48  OR-813-R 

4 1  OR-814-R 

43  OR-814-R 

1-2 
.5 - 6 

22-23 

1-2 
3-4 
5-6 

22-23 

1- 2 
3 -4 
5-6 

22-23 

1- 2 
5-6 

23-24 

1-2 
3-4 
5-6 

22-23 

1200 
1200 
1200 
1250 

1100 
1100 
1100 

1195 
1195 
1195 

1100 
1100 
1100 

1100 
1100 
1115 

1200 
1200 
1200 

1190 
1200 
1200 
1210 

1110 
1110 
1110 
1110 

1100 
1100 
1100 

1200 
1200 
1200 
1200 

200 1020 
220 
205 
215 1040 

200 98 0 
200 
205 980 

200 1000 
200 
200 900 

2 10  1000 
210 
210 1040 

200 980 
200 
200 1020 

205 990 
200 
200 1040 

200 1010 
200 
200 
200 

205 
2 05 
205 
205 

800  

010 

040 

205 980 
205 
205 980 

200 990 
200 
200 
18  0 600 

9 5  
109 
112  
163  

62 
28 
14  

184  
209 
257 

77 
96  

270 

168 
55 
65 

53 
8 5  
66 

4 1  
45  
48 
72 

1 6  
17  
1 6  
20 

27 
34 
36 
57 

20 
8 
3 

73  
96 

149 

18 
,27  
128 

87 
23 
26 

1 2  
23 
14  

6 
8 

1 0  
19  

4 
4 
4 
4 

38 
44 
45  
65 

24 
11 
1 2  

79 
67 
82  

35 
39 
8 0  

53 
22 
2 2  

29 
36 
33  

22 
2 1  
2 1  
3 1  

9 
11 

9 
11 

0.70  
0.52 
0 .81  
0.88 

0 .83  
0.77 
0.26 

0 . 9 1  
1 . 4  
1 . 8  

0.53 
0.70 
1 . 6  

1 .6  
1 .0  
1 . 2  

0 .40  
0 .64  
0 .43  

0.27 
0.38 
0 .50  
0.63 

0.39 
0 .33  
0 .44  
0 .36  

0.99 1 . 0  
2 .7  
4 . 5  

25 

0 .96  0.5 
1 .7  
4 .5  

0.98 1 . 8  
11 
59 

0.97 0 .6  
3 .3  

39 

0.98 2.5 
5 .5  

15.7 

0.98 0.57 
2.5 

1 4  

0.98 0.35 
0.93 
1 . 5  
9 .5  

0 .20  
0.48 
0.70 
2.9 

0.39 
0.47 
0.49 
0 .74  

0 .26  
0.12 
0 .09  

0 . 9 1  
0.98 
1 . 4 0  

0.32 
0.40 
1 .25  

0 .85  
0 .26  
0.29 

0 .25  
0.36 
0.28 

0.17 
0.17 
0.19 
0 .30  

0.08 
0.09 
0.08 
0.09 

0 .35  
0 .45  
0 . 5 1  
0 .81  

0 .22  
0 .12  
0 .10  

0 .90  
1 .20  
3.50 

0 .35  
0.60 
1 .30  

0.66 
0.25 
0 .31  

0 .27  
0.32 
0.27 

0.13 
0 .15  
0.19 
0 .26  

0.08 
0.05 
0 .05  
0.09 

32 
24 
29 

98 
76 
65 
68 

9 
6 

1 0  

32 
26 
23 
27 

1 2  
1 2  
13  

37 
29 
25 
26 

0.75 
0 .50  
0 .80  

0.88 
0 .90  
0 .90  
1.1 

0.95  0.42 0 .13  
1.1 0 .11  
5 .3  0.14 

0.97 1 . 0  0.42 
2.0 0.33 
3 .1  0.29 

1 2  0 .32  

0 .16  
0 .08  
0.15 

0 .35  
0 .31  
0.28 
0.29 

r I 
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T a b l e  A-1. Data From E f f l u e n t  G a s  A n a l y s e s  ( c o n t i n u e d )  

R a t e  o f  P y r o c a r b o n  Removal E f f l u e n t  G a s  A n a l y s e s  
Average H2O ( n o r m a l i z e d  t o  f l o w  

Run B a t c h  Time Temp. Flow ,Ra te  Concen- o f  200 c m 3  STP/min) co Correction Burnof f  
No. D e s i g n a t i o n  ( h r )  ( O C )  (cm' STP/min) t r a t i o n  - (wt 7 0 )  From E f f l u e n t  From Weight 

G a s  A n a l y s e s  Change 
(mg/hr) (mg/hr) 

co2 co2 Factor ( p p d  H, co 
(ppm) (ppm) (ppm) 

39 OR-815 1-2 1100 
3 -4 1100 
5-6 1100 

. 22-23 1080 

5 1  OR-815 1-2 
3-4 
5-6 

23-24 

54 OR-818 1- 2 
4-5 

46-47 
52-53 
73-74 
93-94 

118-119 
1 4  2-143 
1 4  5-146 
163-164 
165-166 
212-213 

1200 
1200 
1200 
1200 

1110 
1110 
1200 
1210 
1205 , 

1210 
1210 
1300 
1295 
1350 
1400 
1400 

205 1000 187 8 6  0.97 2.0 0 .89  62 1.4 
210 9 6  46  3 1  1 . 4  4 . 1  0 .46  
210 60 28 23 1 . 2  5 .4  0 .30  
200 1020 36 16  1 2  1 . 4  1 3  0 .16  

200 
200 
200 
205 

210 
210 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 

1010 243 123  76 1 . 6  0.99 
215 100  73 1 . 4  
215 103  73 1 . 4  

1010  228 112 76 1 . 5  

1020 4 5  9 2 1  0 .43  
1000 4 2  7 22 0 .33  
1000 107  58 54 1.1 

1 1 2  43  1.1 
73 49 24 27 0 . 9 1  
28 5 17  0.29 

1000 < 1  < 1  < 1  - 
1000 1 7 1  8 8  46  1 . 9  

1000 < 1  < 1  < 1  - 
1000 < l  < 1  < 1  - 
1000 < 1  < 1  < 1  - 

35 3 14  0.25 

3 . 2  
7 . 0  

1 0 . 4  
4 1  

0.53 
1 . 7  

39 
46  
7 1  
9 1  
100 - 

1 . 2 0  
1 . 0 4  
1 . 0 5  
1 . 1 3  

0 .18  
0.18 
0.67 
0.56 
0 . 3 1  
0 .13  

<o.  0 1  
0 . 8 1  
0 . 1 1  

CO. 0 1  
<o. 0 1  
<o. 0 1  

0 .62  
0.35 
0 . 2 6  
0 . 1 6  

0.94 
0 .83  
0 . 7 0  
0.89 

0.17 
0.16 
0 .51  
0 .55  
0 .45  
0.34 
0.16 
0.36 
0 .10  

<o. 0 1  
0.04 
0.04 

P 
4 
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APPENDIX B 

P l o t s  of Reaction Rates a s  Function of Burnoff 

Some representative reaction rate  vs  burnoff curves 
are given for  a number of batches of coated p a r t i c l e s .  
Reaction ra tes  are expressed i n  terms of the weight of 
pyrolyt ic  carbon remaining a t  any particular t i m e .  
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