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I n t r o d u c t i o n  

I n d u s t r i a l  u s e r s  o f  n a t u r a l  gas  have  found t h a t  t h e  
p r e s e n ' t  s h o r t a g e  and p o t e n t i a l  comple te  c u t o f f  o f  t h i s  f u e l  
t o  i n d u s t r i a l  consumers n e c e s s i t a t e s  c o n s i d e r a t i o n  o f  a l t e r -  
n a t e  f u e l s .  I n  h i g h  t e m p e r a t u r e  d i r e c t  f i r e d  s y s t e m s ,  t h e  
r e f r a c t o r y  and i n s u l a t i o n s  used  would be  s u b j e c t e d  t o  new and 
i n  some c a s e s  damaging combust ion  p r o d u c t s .  Thus c o n v e r s i o n  
r e q u i r e s  a  c a r e f u l  match between t h e  f u e l  and t h e  r e f r a c t o r y  
c o m p o s i t i o n  t o  minimize  d e t e r i o r a t i o n  by combust ion  p r o d u c t s .  
I n  a s s e s s i n g  t h a t  match ,  a l l  i n d u s t r i a l  c o n c e r n s  s h o u l d  a d -  
d r e s s  a  s e t  o f  q u e s t i o n s  p e r t a i n i n g  t o  t h e i r  f u e l  c h o i c e .  

1 )  How w i l l  t h e  f u e l  i m p u r i t i e s  a f f e c t  r e f r a c t o r y  
pe r fo rmance?  

2 )  What e f f e c t s  w i l l  t h e  match have on p r o d u c t  q u a l i t y ?  

3 )  What a r e  t h e  added c a p i t a l  c o s t s  o f  t h e  match?  

4 )  How w i l l  i t  a f f e c t  t h e  1 i f e . c y c l e  o f  t h e  c a p i t a l  
equipment?  

5 )  How w i l l  i t  a f f e c t  h e a t  r ecovery '  s y s t e m s ?  

6 )  How can  i n c r e a s e s  i n  o p e r a t i n g  and ma in tenance  
c o s t s  be  minimized?  

7 )  What a r e  t h e  e n v i r o n m e n t a l  e f f e c t s  o f  c o n v e r t i n g  
t o  t h e  a l t e r n a t e  f u e l ?  

These a r e  q u e s t i o n s  t h a t  companies  c a n n o t  a f f o r d  t o  i g n o r e .  

I n  t h i s  r e g a r d  Oak Ridge N a t i o n a l  L a b o r a t o r y  (ORNL) 
conduc ted  a qurvey  which r e s u l t e d  i n  t h e  document ,  Impact  o-fr 
A l t e r n a t e  F u e l s  on R e f r a c t o r i e s  and R e f r a c t o r y  I n s u l a t i o n  
A p p l i c a t i o n s :  An Assessmen t ,  a u t h o r e d  by G .  C .  Wei and V .  J .  
Tennery.  Approximate ly  100 companies  r e p r e s e n t i n g  t h e  most 
e n e r g y  i n t e n s i v e  i n d u s t r i e s  were  c o n t a c t e d  d u r i n g  t h i s  s u r v e y  
The f i n d i n g s  o f  t h e  a u t h o r s  were t h a t ,  w i t h  t h e  c u r t a i l m e n t  
o f  n a t u r a l  g a s  a s  an  i n d u s t r i a l  f u e l :  

1 )  D i , s t i l l a t e  o i l s  such  a s  No. 2 g r a d e  a r e  f a v o r e d  
i n .  t h e  immediate  t e rm because  f u e l  d e l i v e r y  and 
combust ion  sys t em r e q u i r e m e n t s  f o r  t h e s e  o i l s  have  
t h e  l e a s t  i n c r e m e n t a l  c a p i t a l  c o s t  i n c r e a s e  com- 
p a r e d  w i t h  n a t u r a l  g a s ;  and t h e  combust ion  
c h a r a c t e r i s t i c s  a r e  s u c h  t h a t  t h e y  c a n  be  u s e d  



d i r e c t l y  i n  much equipment  i n  p l a c e  o f  
n a t u r a l  gas .  I m p u r i t i e s  i n  No. 2 o i l  t e n d  
t o  be  low compared t o  t h o s e  i n  r e s i d u a l  o i l ;  
t h u s  No. 2 o i l  o f f e r s  a  lower  r i s k  o f  e q u i p -  
ment d e t e r i o r a t i o n  t h r o u g h  d e t r i m e n t a l  
chemica l  r e a c t i o n s  w i t h  f u e l  combust ion  
p r o d u c t s .  ( 1 ) "  

R e s i d u a l  o i l s  r e q u i r e  a  l a r g e r  i n c r e m e n t a l  
c a p i t a l  c o s t  r e l a t i v e  t o  n a t u r a l  gas  f o r  
t h e i r  u s e  t h a n  do d i s t i l l a t e  o i l s ,  and t h e i r  
i m p u r i t y  l e v e l s  a r e  u s u a l l y  s i g n i f i c a n t l y  
h i g h e r .  The p o l . e ~ l t i a l  o f  r e s i d u a l  oils 
t o  p l a y  a  m a j o r  r o l e  a s  an  a l t e r n a t i v e  
f u e l  . . , i s  p r e s e n t l y  hampered by c o n c e r n s  
a b o u t  p o s s i b l e  d e t r i m e n t a l  e f f e c t s  some o f  
t h e  combus t ion  p r o d i i c t s  o f  r e s i d u a l  o i l s  may 
have o n  h i g h  t e m p e r a t u r e  i n d u s t r i a l  e q u i p -  
ment . . R e l a t i v e l y  l i t t l e  s p e c i f i c  t e c h n i c a l  
i n f o r m a t i o n  o f  i n d u s t r i a l  o p e r a t i n g  e x p e r i e n c e  
i s  available t o  a i d  d e s i g n e r s  i n  s e l e c t i n g  
r e f r a c t o r y  s y s t e m s  f o r  u s e  i n  c o n j u n c t i o n  w i t h  
r e s i d u a l  o i l  combus t i o n .  (2)  

3 )  Many i n d u s t r i a l  f i r i n g  p r o c e s s e s  t h a t  were  
d e v e l o p e d  f o r  n a t u r a l  g a s  a r e  n o t  r e a d i l y  
amenable t o  c o a l  c o n v e r s i o n .  Most b i t u m i n o u s  
c o a l  s l a g s  f u s e  u r  m e l t  u t  t empera . tu res  
s l i g h t l y  above 1204'C. (2200°F. )  ; t h e r e f c r e ,  a 
s i m p l e  combus t ion  p r o c e s s  u s i n g  c o a l  i s  
e s s e n t i a . 1 1 ~  l i ~ l l i t e d  t o  t h i s  ni'aximum tem- 
p e r a t u r e  i n  o r d e r  t o  p e r m i t  u s e  0.f r e l a ' l i v e l y  
s i m p l e  a s h  removal  sys t ems  . . . The h i g h  
r e t r o f i t  c o s t  f o r  i n ~ t a 1 l i n . g  c o a l  combus t ion  

' equ ipmen t  i s  a  ma jo r  n e g a t i v e  f a c t o r  i n  
c , o n s i d e r i n g  c o n v e r s i o n  from n a t u r a l  g a s  t o  
c o a l .  These i s  l i m i t e d  i n d u s t r i a l  p r o c e s s  
combus t ion  e x p e r i e n c e  w i t h  c o a l  i r i  t h e  U.S. 
a t  t h i s  t i m e  compared t o  t h r e e  decades ago.  
Many o f  t h e  o l d e r  p r o c e s s e s  o p e r a t e d  a t  
lower  t e m p e r a t u r e s  t h a n  t hose  now u s e d ,  s o  
t h e  e x p e r i e n c e  o f  t h e  p a s t  may n o t  n e c e s -  
s a r i l y  be  d i r e c t l y  t r a n s f e r a b l e  t o  ~ r ~ o d e r n  
p r o c e s s  a p p l i c a t i o n s .  (2 )  

4 )  P r o d u c e r  g a s  o r  low Btu  g a s  i s  a  p o t e n t i a l  
a l t c r n u t e  f u e l  f o r  n a t u r a l .  g a s ,  and i n  f a c t ,  
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was used  i n d u s t r i a l l y  b e f o r e  t h e  wide u s e  
o f  n a t u r a l  g a s .  E x t e n s i v e  u s e  o f  p r o d u c e r  
g a s  a p p e a r s  t o  be  hampered by p r e s e n t  l a c k  
o f  p r o d u c e r  gas  s u p p l i e s  and t h e  r e l u c t a n c e  
o f  companies t o  p r o v i d e  t h e i r  own p r o d u c e r  
g a s  p l a n t  because  o f  c o s t .  ( 3 )  

5 )  E l e c t r i c i t y  i s  now a  s e r i o u s  c o n t e n d e r  a s  
an a l t e r n a t e  f u e l  o r  e n e r g y  form f o r  some 
a p p l i c a t i o n s .  One major  d i s a d v a n t a g e  i s  
t h e  r e l a t i v e l y  h i g h  c o s t  o f  e n e r g y  i n  t h i s  
form;  and s e c o n d l y ,  much i n d u s t r i a l  h e a t -  
i n g  p r o c e s s  equipment  w i l l  r e q u i r e  ma jo r  
m o d i f i c a t i o n s  i n  o r d e r  t o  u s e  e l e c t r i c i t y .  ( 3 )  

6) based  on t h e  a s s e s s m e n t  o f  i n d u s t r i a l  f u e l  
c o n v e r s i o n  and t h e  a n a l y s i s  o f  r e f r a c t o r y  
d e t e r i o r a t i o n  due t o  i n t e r a c t i o n s  w i t h  
combust ion  p r o d u c t s ,  such  a s  t h o s e  c o n t a i n -  
i n g  vanadium, a l k a l i e s ,  and s u l f u r ;  f u t u r e  
work i s  needed t o  b e t t e r  d e f i n e  phase  
r e l a t i o n s  and k i n e t i c  d a t a  f o r  t h e  f u e l  
i m p u r i t y  and r e f r a c t o r y  m a t e r i a l  i n t e r -  
a c t i o n s .  (10)  

Using t h e  Assessment  a s  a  b a s e l i n e  document i n  t h e  
M a t e r i a l s  O p t i m i z a t i o n  Subprogram, t h e  Energy Resea rch  and 
Development A d m i n i s t r a t i o n ' s  D i v i s i o n  o f  I n d u s t r i a l  Energy 
C o n s e r v a t i o n  h a s  begun l a b o r a t o r y  e x p e r i m e n t s  on t h e  e f f e c t s  
o f  a l t e r n a t e  f u e l s  on r e f r a c t o r i e s .  These e x p e r i m e n t s  a r e  
t o  b e g i n  i n  March 1977.  

B e f o r e  t h e  e x p e r i m e n t s  on a l t e r n a t e  f u e l  e f f e c t s  on 
r e f r a c t o r i e s  were i n i t i a t e d ,  t h e  D i v i s i o n  o f  I n d u s t r i a l  
Energy C o n s e r v a t i o n  h e l d  a  s e m i n a r  on t h e  Impact  o f  A l t e r n a t e  
F u e l s  on K e f r a c t o r i e s  and R e f r a c t o r y  I n s u l a t i o n s  on September 
2 1 ,  1976 ,  i n  Washington ,  D . C .  Approximate ly  n i n e t y  p e r s o n s  - -  
r e p r e s e n t i n g  u s e r s  and m a n u f a c t u r e r s  o f  r e f r a c t o r i e s ,  and 
r e l e v a n t  government programs - -  were i n  a t t e n d a n c e .  The p u r -  
p o s e  o f  t h i s  s emina r  was t o  in fo rm i n d u s t r y  o f  t h e  s u r v e y  
r e s u l t s  and t o  g e n e r a t e  f eedback  from t h e  i n d u s t r i a l  p a r -  
t i c i p a n t s  on t h e  c o n c l u s i o n s  o f  t h e  s u r v e y  and t h e  combustor  
e x p e r i m e n t s  which were t o  commence a  few months l a t e r .  The 
m a t e r i a l  which f o l l o w s  i n  t h i s  r e p o r t  i s  t h e  s u b s t a n c e  o f  t h e  
s e m i n a r .  
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Assessment  o f  t h e  Impact o f  A l t e r n a t e  F u e l s  on 
R e f r a c t o r i e s  and R e f r a c t o r y  I n s u l a t i o n s *  

V .  J .  Tennery 
Oak Ridge N a t i o n a l  L a b o r a t o r y  

The U.S. i n d u s t r i a l  f u e l  s u p p l y  s i t u a t i o n ,  p o t e n t i a l  
c o n v e r s i o n  from n a t u r a l  gas  t o  a l t e r n a t e  f u e l s ,  and t h e  e f f e c t  
o f  a l t e r n a t e  f u e l  combust ion  on i n d u s t r i a l  r e f r a c t o r y  f u r n a c e  
l i n i n g s  and r e f r a c t o r y  i n s u l a t i o n s  was a s s e s s e d  from Februa ry  
th rough  A p r i l  1976.  D i s t i l l a t e  and r e s i d u a l  f u e l  o i l s  were 
i d e n t i f i e d  a s  t h e  f a v o r e d  i n d u s t r i a l  a l t e r n a t e  f u e l s  i n  t h e  
n e a r  t e rm.  R e l a t i v e l y  l a r g e  c a p i t a l  i n v e s t m e n t s ,  q u e s t i o n a b l e  
s u p p l i e s ,  and conce rn  o v e r  e m i s s i o n  s t a n d a r d s  and a s h  d i s p o s a l  
c u r r e n t l y  make c o a l  a  l e s s  l i k e l y  c a n d i d a t e -  f o r  s e l e c t i o n ' a s  
an a l t e r n a t e  f u e l  i n  t h e  n e x t  f i v e  y e a r s .  

S i g n i f i c a n t  i n d u s t r i a l  c o n v e r s i o n  from n a t u r a l  g a s  t o  
o t h e r  f u e l s  i s  underway and w i l l  become much more s i g n i f i c a n t  
i n  t h e  n e x t  t h r e e  y e a r s .  Energy i n t e n s i v e  i n d u s t r i e s  we're 
a s s e s s e d  t o  i d e n t i f y  r e f r a c t o r y  a p p l i c a t i o n s  most l i k e l y  t o  
b e  impacted  by f u e l  c o n v e r s i o n .  

The c u r r e n t  s t a t e  o f  i n f o r m a t i o n  on r e f r a c t o r y  and 
i n s u l a t i o n  per formance  i n  c o n j u n c t i o n  w i t h  r e s i d u a l  o i l  o r  
c o a l  combust ion  was a s s e s s e d  by means of  p e r s o n a l  c o n t a c t s  
and a  s e a r c h  o f  t h e  l i t e r a t u r e .  Major emphas is  was p l a c e d  on 
r e s i d u a l  o i l  a s  i t  a p p e a r s  a  most p r o b a b l e  a l t e r n a t i v e  t o  
n a t u r a l  g a s  i f  s a t i s f a c t o r y  equipment  pe r fo rmance  c a n  b e  
a s s u r e d .  C r i t i c a l  i m p u r i t i e s  i n  r e s i d u a l  o i l s  a r e  vanadium, 
a l k a l i e s ,  and s u l f u r .  A l a c k  o f  s p e c i f i c  q u a n t i t a t i v e  i n f o r -  
ma t ion  on i n t e r a c t i o n s  o f  t h e s e  i m p u r i t i e s  w i t h  v a r i o u s  g e n e r i c  
t y p e s  o f  r e f r a c t o r i e s  under  r e a l  combustor  c o n d i t i o n s  was 
i d e n t i f i e d .  L imi ted  d a t a  on r e f r a c t o r  pe r fo rmance  under  l o n g  
t e r m  h i g h  t e m p e r a t u r e  r e s i d u a l  o i l  com g u s t i o n  was found.  
T y p i c a l l y ,  i m p u r i t i e s  r e s u l t  i n  f l u x i n g ,  c r a c k i n g ,  and s p a l l i n g  
o f  r e f r a c t o r i e s  o f  v a r i o u s  t y p e s .  

*See G . C .  Wei and V . J .  Tennery ,  Impact of A l t e r n a t e  F u e l s  on 
I n d u s t r i a l  R e f r a . c t o r i e s  and ~ e f r a z r y  I n s u l a t i o n  A p p l i c a t i o n s :  
An Assessment  I O R N L / T ~ ~ - S S ~ ~ ) - -  
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A l t e r n a t e  Fuel  E x p e r i e n c e  i n  
R e f r a c t o r y  Manufac tu r ing  

J a n  Bowman 
K a i s e r  R e f r a c t o r i e s  

The U .  S .  r e f r a c t o r y  i n d u s t r y  p roduces  b o t h  c l a y  r e f r a c t  - 
o r i e s  and n o n - c l a y  r e f r a c t o r i e s .  Annual s h i p m e n t s  a r e  o v e r  
7 ,000 ,000  t o n s  o f  m a t e r i a l  w i t h  a  v a l u e  approach ing  $900 
m i l l i o n .  The i n d u s t r y  i s  v i t a l  t o  t h e  economy, w i t h  o v e r  
$1 ,200  o f  GNP produced f o r  e a c h  $1 o f  r e f r a c t o r y  s a l e s .  Clay 
r e f r a c t o r i e s  i n c l u d e  f i r e  c l a y  and a lumina  p r o d u c t s  c o n t a i n i n g  
n a t u r a l  c l a y s  and b a u x i t i c  m a t e r i a l s .  Non-c lay  r e f r a c t o r i e s  
i n c l u d e  a  number o f  r e l a t i v e l y  s m a l l  volume r e f r a c t o r i e s  such  
a s  f u s e - c a s  t p r o d u c t s ,  c r u c i b l e s ,  e t c .  However, a p p r o x i m a t e l y  
70% o f  t h i s  c a t e g o r y  c o n s i s t s  o f  p r o d u c t s  made from m a g n e s i a ,  
d o l o m i t e  and chrome o r e .  

I  w i l l  d i s c u s s  c l a y  and b a s i c  r e f r a c t o r y  m a n u f a c t u r i n g  
o p e r a t i o n s  w i t h  emphas is  on h i g h  energy-consuming u n i t  
o p e r a t i o n s .  O p e r a t i n g  p r o b l e m s ,  c a p i t a l  and o p e r a t i n g  c o s t  
and e n v i r o n m e n t a l  e f f e c t s  o f  a l t e r n a t e  f u e l  u s e  w i l l  be  
c o n s i d e r e d .  

Clay R e f r a c t o r i e s  - Raw M a t e r i a l  P r o c e s s i n g  

Clay r e f r a c t o r i e s  depend a l m o s t  t o t a l l y  on n a t u r a l l y  
o c c u r r i n g  m i n e r a l s  a s  t h e i r  p r i n c i p l e  raw m a t e r i a l .  These 
m a t e r i a l s  a r e  t y p i c a l l y  mined,  sometimes b e n e f i c i a t e d ,  
sometimes d r i e d  i n  r o t a r y  d r i e r s  and t h e n  c r u s h e d  and s i z e d  
f o r  i n c o r p o r a t i o n  i n t o  r e f r a c t o r y  mixes .  I n  a d d i t i o n ,  a  
s u b s t a n t i a l  p e r c e n t a g e  o f  t h e  m i n e r a l s  a r e  c a l c i n e d  p r i o r  t o  
t h e  c r u s h i n g  s t e p .  C a l c i n i n g  i s  a l m o s t  u n i v e r s a l l y  done i n  
r o t a r y  k i l n s  u s i n g  between 3 and 8MM B t u / t o n .  M i s s o u r i  
f l i n t  c l a y s ,  Alabama b a u x i t e s ,  some d i a s p o r e s  and s o - c a l l e d  
r e f r a c t o r y  b a u x i t e s  a r e  u s u a l l y  c a l c i n e d  b e f o r e  u s e  i n  
p r o d u c t s .  While n a t u r a l  gas  h a s  been  t h e  p r e f e r r e d  f u e l  f o r  
" c l a y "  c a l c i n a t i o n ,  l i g h t  and heavy f u e l  o i l s  a r e  n o r m a l l y  
used  i n  many p l a c e s  such a s  Guyana, where some 1 , 0 0 0 , 0 0 0  t o n s  
p e r  y e a r  o f  r e f r a c t o r y  b a u x i t e  i s  c a l c i n e d .  No e x c e p t i o n a l  
problems have been r e p o r t e d  from t h e s e  o p e r a t i o n s .  

A t  K a i s e r ' s  Mexico, M i s s o u r i  p l a n t ,  two k i l n s  c a l c i n e  
a p p r o x i m a t e l y  240,000 t o n s  a  y e a r  o f  c l a y s .  New a i r  p o l l u t i o n  
r e g u l a t i o n s  r e s u l t e d  i n  t h e  i n s t a l l a t i o n  i n  1974 o f  wet 
s c r u b b e r s  on k i l n  o f f - g a s e s  i n  p l a c e  o f  ' c y c l o n e ~ c o l l e c t o r s .  
The wet s c r u b b e r s  do an e x c e l l e n t  job  o f  p a r t i c u l a t e  c o n t r o l ;  
however ,  t h e  c l a y s  c o n t a i n  p y r i t e  which e v o l v e s  SO2 on 
c a l c i n i n g ,  c a u s i n g  s c r u b b e r  l i q u i d  t o  d r o p  t o  a  pH o f  a round  



when f i r i n g  w i t h  n a t u r a l  g a s .  I n  o t h e r  words ,  we s o l v e d  t h e  
r p o l l u t i o n  problem o n l y  t o  be  f a c e d  w i t h  a  w a t e r  p o l l u t i o n  
moblem! A s  you r e a l i z e ,  EPA demands a  w a t e r  e f f l u e n t  pH 

l i m i t  o f  6 t o  9  f o r  f l u i d s  e n t e r i n g  .a n a v i g a b l e  s t r e a m .  S i n c e  
any  w a t e r  f l o w  o v e r  5  c u b i c  f e e t / m i n u t e  i s  c o n s i d e r e d  a  
n a v i g a b l e  s t r e a m ,  pH c o n t r o l  o f  a l m o s t  a l l  e f f l u e n t s  i s  man- 
d a t o r y  and u s e  o f  a l t e r n a t e  f u e l s  c o n t a i n i n g  s u l f u r  i n v o l v e s  
e x t r a  e x p e n s e  f o r  s o d a  a s h  t o  c o n t r o l  PI-I. For  t h i s  r e a s o n ,  
we have  l i m i t e d  l i q u i d  f u e l  u s e  t o  0 . 5 %  maximum s u l f u r  # 2  o i l .  

The u s e  o f  c o a l  a s  an  a l t e r n a t e  f u e l  was i n v e s t i g a t e d  and 
r e j e c t e d  on two c o u n t s :  s u l f u r  and a s h  c o n t e n t .  The b e s t  
a v a i l a b l e  c o a l s  p r o d u c e  a b o u t  13 ,000  B t u / l b .  w i t h  an a s h  
c o n t e n t  o f  7 - 9 % .  Assuming 5MM B t u / t o n  h e a t  i n p u t  f o r  c a l c i n -  
a t i o n ,  we s e e  a  c o a l  r e q u i r e m e n t  o f  384 l b s . / t o n  o f  c l a y  
c o n t a i n i n g  30 l b s .  of  a s h  o r  e q u i v a l e n t  t o  1 . 5 %  o f  t h e  c l a y .  
L a b o r a t o r y  t e s t s  i n d i c a t e  t h a t  t h i s  a s h  added t o  t h e  c l a y s  
would s i g n i f i c a n t l y  lower  t h e  f u s i o n  p o i n t  ( r e f r a c t o r i n e s s )  
o f  t h e  m a t e r i a l .  I  know o f  no s u c c e s s f u l  u s e  o f  c o a l  f o r  
c a l c i n i n g  h i g h ' q u a l i t y  c l a y s .  

L a d l e  and F i r e b r i c k  P r o d u c t i o n  

F i r e c l a y  b r i c k  and l a d l e  b r i c k  a r e  formed from s i z e d  mix-  
t u r e s  o f  v a r i o u s  " c l a y "  i n g r e d i e n t s  by one o f  t h r e e  p r o c e s s e s :  
d r y  p r e s s ,  s t i f f  mud, o r  hand mould. The "shapes"  a r e  t h e n  
d r i e d  i n  w a s t e  h e a t  d r i e r s  and f i r e d  i n  t u n n e l  o r  p e r i o d i c  
k i l n s .  F i r i n g  t e m p e r a t u r e s  v a r y  from a p p r o x i m a t e l y  2 0 0 0 "  t o  
2950°F . ,  and a l t e r n a t e  f u e l  u s e  can  depend on r e q u i r e d  f i r i n g  
t e m p e r a t u r e s .  A t  t e m p e r a t u r e s  up t o  2300° ,  c o a l  c a n  b e  
s u c c e s s f u l l y  u s e d  and i s  'being u s e d  i n  l a d l e  b r i c k  m a n u f a c t u r e .  
A t  t e m p e r a t u r e s  above 2300° ,  coa-1 a s h  s t i c k s  t o  t h e  p r o d u c t ,  
c a u s i n g  f l u x i n g  and d e s t r u c t i o n  o f  t h e  ware and c a n n o t  be  u s e d .  

A l t e r n a t e  l i q u i d  f u e l s  a r e  u s e d  f o r  a l l  f i r i n g  t e m p e r a -  
t u r e s  w i t h  s l i g h t  problems where good b u r n e r  sys t ems  a r e  
i n s t a l l e d .  A r e c e n t  r e f r a c t o r i e s  i n d u s t r y  s t u d y  i n d i c a t e d  t h a t  
o n l y  1 0 %  o f  c l a y  b r i c k  k i l n s  had  modern b u r n e r  s y s t e m s  i n s t a l l e d  
i n  1 9 7 2 .  S i n c e  t h e n ,  p e r h a p s  2 5 %  o f  t h e  i n d u s t r y ' s  k i l n s  have 
b e e n  c o n v e r t e d  t o  modern h i g h  v e l o c i t y  d u a l  f u e l  b u r n e r  
i n s  t a l l a t i o n s  . 

K a i s e r ' s  e x p e r i e n c e  w i t h  o l d  s t y l e  l i q u i d  f u e l  b u r n e r s  
was p o o r  w i t h  uneven h e a t  d i s t r i b u t i o n  i n  t h e  k i l n s  and t o o  
r a p i d  h e a t u p  r a t e s  t h a t  r e s u l t e d  i n  e x c e s s  b r e a k a g e .  I n s t a l l -  
a t i o n  o f  h i g h  v e l o c i t y  d u a l  f u e l  b u r n e r s  s o l v e d  t h i s  p rob lem,  
and  t h e  p r o d u c t  q u a l i t y  h a s ,  i f  a n y t h i n g ,  improved o v e r  low- 
v e l o c i t y  gas  f i r i n g .  The c a p i t a l  c o s t  o f  t h i s  c o n v e r s i o n  has  
b e e n  $ 3 - 6  p e r  a n n u a l  t o n  and o p e r a t i o n  c o s t s  u s i n g  o i l  have 
i n c r e a s e d  due t o  o i l  s t o r a g e  i n t e r e s t  e x p e n s e ,  h i g h e r  
m a i n t e n a n c e  e x p e n s e s  and t h e  e n e r g y  r e q u i r e d  f o r  f u e l  a t o m i z a t i o n  



and h i g h  v e l o c i t y  i n t r o d u c t i o n  i n t o  t h e  k i l n s .  Gas e f f l u e n t  
problems from o i l - f i r e d  t u n n e l  k i l n s  have been  n e g l i g i b l e  a t  
normal  c l a y  f i r i n g  t e m p e r a t u r e s .  

B a s i c  R e f r a c t o r i e s  

B a s i c  r e f r a c t o r y  p r o d u c t s '  c o G s i s t  o f  b r i c k  o r  s p e c i a l t i e s  
composed o f  chrome o r e ,  d o l o m i t e '  o r  magne.sia e i t h e r  a l o n e  o r  a s  
m i x t u r e s  o f  magnes i t e  and chrome. Chrome-ore i s  . p u r c h a s e d  from 
South  A f r i c a n ,  p h i l i p p i n e  o r  T u r k i s h  s o u r c e s  and does n o t  
r e q u i r e  h i g h  e n e r g y  i n p u t  t o  p r e p a r e  i t  f o r  t h e  b r i c k  forming 
o p e r a t i o n .  Dry ing ,  c r u s h i n g  and s . i z i n g  o p e r a t i o n s  . a r e .  s t r a i g h t  - 
for 'ward and d r i e r  f u e l  s o u r c i n g  i s  o f  s m a l l  s i g n i f i c a n c e .  

Deadburned Dolomite  

Dolomite  f o r  d i r e c t  r e f r a c t o r y  u s e .  must be deadburned  i n  
r o t a r y  o r  s h a f t  k i l n s .  Deadburned d o l o m i t e , k i l n s  r e a c h  f i r i n g  
t e m p e r a t u r e s  o f  2900°F. and w h i l e  n o r m a l l y  g a s - f i r e d ,  have used  
c o a l ,  # 2  o r  heavy o i l  s o u r c e s ' . f o r  y e a r s .  

bly company.has  used  # 6  o i l  s t a n d b y  f u e l  f o r  deadburn  
. d o l o m i t e  f , i r i n g  i n  r o t a r y  , k i l n s  , f . o r  30 y e a r s  w i t h  . t h e  u s u a l  
b o i l e r  and h a n d l i n g  problems a s s o c i a t e d  w i t h  o i l  f i r i n g ?  bu t  
wi th . ,  no ope ra t . i ng  p rob lems .  .Environmental  problems s i m l l a r  t o  
t h o s e  d i scusse 'd  below u n d e r  m a g n e s i t e  deadburn ing  have been 
common. 

.MgO P r o d u c t i o n  

Magnes ia ,  MgO, i s  n o r m a l l y  produced i n  a  two o r  t h r e e  s t e p  
p r o c e s s .  The f o u r  u n i t  o p e r a t i o n s  i n v o l v i n g  h i g h  f u e l  u s e  a r e :  

A .  Dolomite  c a l c i n a t i o n  - r o t a r y  k i l n s  
B .  MgO s i n t e r i n g  - r o t a r y  k i l n s  
C .  MgO c a l c i n i n g  ( l i g h t b u r n i n g )  - m u l t i p l e  h e a r t h  f u r n a c e s  
D.  MgO s i n t e r i n g  - s h a f t  k i l n s  

Dolomite  c a l c i n i n g  k i l n s .  accompl i sh  t h i s  f e a c t i d n :  

Ca.C0fMgC03 + Heat  + CaOeMgO + 2 C 0 2 +  

T h i s  r e a c t i o n  t a k e s  p l a c e  a t  t e m p e r a t u r e s  above a p p r o x i m a t e l y  
1000°C. The r e s u l t i n g  "dolime" i s  r e a c t e d  w i t h  s e a w a t e r  o r  
b r i n e  t o  p r e c i p i t a t e  MB(OH)~ by t h e  f o l l o w i n g  r e a c t i o n s :  

CaOmMgO + 2H20 + C ~ ( O H )  + Mg (OH) 2+ 

Ca(0H) - + klgf+ + Mg (OH),++ - c a t +  

CaOoMgO + M ~ + ~  + 2H20 ,+ 2Mg(OH) 2+ + c a t +  



The most  h a r m f u l  e f f e c t  o f  l i q u i d  f u e l  a l t e r n a t i v e s  t o  n a t u r a l  
g a s  i n  d o l o m i t e  c a l c i n i n g  i s  the  r e a c t i o n  o f  s u l f u r  c i ~ i i t a i r l e d  
i n  tlle f u e l  w i t h  d o l i m e .  

S u l f u r  i n  t h e  f u e l  o i l  t h a t  can  b e  a s  much a  3 . 5 %  S  by 
w e i g h t ,  i s  c o n v e r t e d  t o  SO2 i n  t h e  combust ion  zone o f  t h e  k i l n .  
Some o f  t h i s  SO2 r e a c t s  w i t h  CaO and oxygen i n  t h e  k i l n  t o  form 
CaS04. T h i s  c a n  c o n t a m i n a t e  t h e  d o l o m i t e  p r o d u c t .  Calcium 
s u l f a t e ,  p a r t i c u l a r l y  a s  r e a c t i v e  a n h y d r i t e ,  i n  t h e  dol ime c a n  
c a u s e  problems i n  t h e  s e a w a t e r  p r e c i p i t a t i o n  p r o c e s s .  T h i s  
i s  a p p a r e n t l y  c a u s e d  by p r e c i p i t a t i o n  o f  CaSO *2H20 a s  s e l e n i t e  
f rom m e t a s t a b l e  s e a w a t e r  w i t h  t h e  a c t i v e  anhy 2 r i t e  s e r v i n g  as  
n u c l e i  t o  i n i t i a t e  t h e  su l1aLe  p r e c i p i t a t i o n .  T h i s  i s  a  
s e r i o u s  problem a s  i n s o l u b l e  c a l c i u m  s a l t s  markedly  d e g r a d e  t h e  
MgO p r o d u c t  q u a l i t y .  

T e s t s  a t  K a i s e r ' s  Na.t.j..vidad d o l o m i t e  p l a n t  and Moss 
Land ing ,  C a l i f o r n i a  Magnesia  p l a n t  i n d i c a t e  t h e  q u a l i t y  e f f e c t s  
o f  t h e  r e a c t i o n  a r e  c o n s i d e r a b l e  and have  l i m i t e d  t h e  s u l f u r  
c o n t e n t  o f  l i q u i d  f u e l s  t o  0 .5% 'maximum. 

I n  t h e  s i n g l e - b u r n  MgO s i n t e r i n g  p r o c e s s  t h e  s u l f u r  con-  
t e n t  o f  t h e  o i l  c a u s e s  c o n s i d e r a b l e  o p e r a t i n g  problems i n  
a n o t h e r  a r e a .  T h i s  p r o c e s s  i s  a  c l a s s i c  example of  s o l v i n g  
one  p rob lem o n l y  t o  c r e a t e  a  d i f f e r e n t  and more s e v e r e  one.  

I n  t h e  p a s t  y e a r s ,  most MgO s i n t e r  k i l n s  c o l l e c t e d  d u s t ,  
e n t r a i n e d  i n  k i l n  e x h a u s t  g a s e s ,  i n  c y c l o n e s  and e l e c t r o -  
s t a t i c  p r e c i p i t a t o r s  w i t h  e f f i c i e n c i e s  up t o  9 8 % .  The more 
s t r i n g e n t  a i r  q u a l i t y  laws  p a s s e d  i n  r e c e n t  y e a r s  r e q u i r e d  
c o l l e c t i o n  e f f i c i e n c i e s  e x c e e d i n g  9 9 . 5 2 .  I n  f a c t ,  i n  
C a l i I o r ~ l i a ,  ehe  e k f i c i e n c y  must b e  a t  l e a s t  9 9 . 9 % *  o r  an 
a p p r o x i m a t e  maximum p a r t i c u l a t e  e m i s s i o n  o f  25 l b s . / h r .  f rom 
a  k i l n  u s i n g  31,flflO l b s . / h r .  o f  f e e d .  

S e v e r a l  methods o f  o b t a i n i n g  t h i s  e f f i c i e n c y  were  
c o n s i d e r e d  and r e j e c t e d  f o r  v a r i o u s  r e a s o n s ,  and wet  s c r u b b e r s  
have  b e e n  i n s t a l l e d  i n  most  U.S. i n s t a l l a t i o n s .  High ene rgy  
we t  s c r u b b e r s  do an e x c e l l e n t  j ob  o f  p a r t i c u l a t e  c a p t u r e  and 
a l s o ,  i n  t h e  MgO p r o c e s s ,  do a  s u p e r  job  o f  c a p t u r i n g  SO? 
gas  e m i s s i o n s  from t h e  kiln. Our s t a c k  d a t a  slluws 50 c o n t e n t  Z below 1 0  ppm. U n f o r t u n a t e l y ,  t h e  SO, c l e a n c d  froin k i  11 gascs 
~ n d s  up i n  t h e  s o l i d  p h a s e  o f  t h e  w a f e r  e f f l u e n t  from t h e  

* E f f i c i e n c y  a c t u a l l y  depends on g r a i n  l o a d i n g  o u t  o f  t h e  back 
end  o f  k i l n .  Assume 20 l h s , / m i n .  t o  scrubber.. IC-3 aL 130 TPL) 
p r u d u ~ t .  Legal  emiss ion=E=4 .1P  0 . 6 7  Here P=TPH K i l n  Feed= 
1 3 0 i 2 4 x . 3 5  P=15.5TPH : E=25.7 l b s . / h r .  
E f f i c i e n c y = 2 0 0 0  P - 2 5 . 7 = 9 9 . 9 %  

2000P 
G r a i n  l o a d i n g  o u t  o f  k i l n  2 7 . 3  grains/SDCF. 
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s c r u b b e r s  p r i n c i p a l l y  a s  CaS03. T h i s  m a t e r i a l  i s  ' about  t h e  
most m i s e r a b l e  c e m e n t i t i o u s  a g e n t  a  p r o c e s s  p l a n t  c o u l d  b e  
c u r s e d  w i t h .  . I t  s e t s  up t h e  d u s t  a s  a  cement i n  t h i c k e n e r s ,  
b l i n d s  f i l t e r s ,  and p l u g s  t h e  p i p e l i n e s .  

I n  a d d i t i o n ,  h i g h  s u l f u r  f u e l  forms a  complex compound i n  
t h e  lower  t e m p e r a t u r e  zone o f  t h e  r o t a r y  k i l n  t h a t  promotes  
r i n g  f o r m a t i o n  i n  t h e  k i l n  r e q u i r i n g  s h o o t i n g  o r  even  k i l n  
shutdowns f o r  s c a l i n g . .  

F r a n k l y ,  I do n o t  know what s u l f u r  c o n t e n t  can  be  t o l e r -  
a t e d  i n  MgO r o t a r y  s i n t e r  k i l n  l i q u i d  f u e l ,  b u t  any l e v e l  w i l l  
s i g n i f i c a n t l y  i n c r e a s e  p r o d u c t  c o s t  b e c a u s e  o f  t h e s e  p rob lems .  

I n  t h e  doub le - ,bu rn  p r o c e s s ,  l i g h t  o i l  ( # 2 )  b u r n e r s  a r e  
used  i n  m u l t i p l e  h e a r t h  f u r n a c e s  w i t h  some problems w i t h  
s u l f u r  p i c k u p  i n  t h e  MgO p r o d u c t  and s u b s e q u e n t  problems i n  
t h e  s i n t e r  k i l n .  Aga in ,  t h e  need  t o  c l e a n  gaseous  e f f l u e n t s  
r e s u l t s  i n  t h e  c a p t u r e  o f . S 0 2  and s u b s e q u e n t  problems i n  
removing i t  from t h e  p r o d u c t .  , Btu i n p u t  f o r  t h e s e  f u r n a c e s  
approaches  l O M M  p e r  t o n  Mg.0. 

S h a f t  k i l n s  f o r  b r i q u e t t e  s i n t e r i n g  depend  on i n t i m a t e  
m i x t u r e s  o f  f u e l  w i t h  a i r  i n  t h e  k i l n  t o  p r o v i d e  e f f i c i e n t  
combust ion .  The k i l n s  a r e  v e r y  f u e l  e f f i c i e n t ,  u s i n g  3MM 
B t u / t o n  p r o d u c t  comp.ared t o  1 2  -18MM B.tu/ ton i n  s i n g l e - b u r n  
p r o c e s s  r o t a r y  k i l n s .  The .problem w i t h  l i q u i d  f u e l s ,  i n  
a d d i t i o n  t o  s u l f u r  p i c k u p  i n  d u s t s ,  i s  p r o p e r  f u e l  a t o m i z a t i o n .  
T h i s  can  be  accompl i shed  by . a i r  o r  s t eam a t o m i z i n g  o r  by 
p r e - g a s i f i c a t i o n  o f  t h e  f u e l  p r i o r  t o  e n t e r i n g  t h e  k i l n  b u r n e r s .  
S i n c e  s h a f t  k i l n  t e m p e r a t u r e s  exceed  2100°C. ,  one c a n  v i s u a l i z e  
t h e  problem w i t h  c a r b o n i z i n g  l i q u i d  hydroca rbons  t h a t  a r e  n o t  
p r o p e r l y  a tomized  o r  p r e - g a s i f i e d .  R e f r a c t o r y  l i n i n g  problems 
w i t h  l i q u i d  f u e l s  i n  t h e s e  k i l n s  a r e  minimal  when p r o p e r  b u r n e r  
d e s i g n  and o p e r a t i o n  i s  u s e d .  

Coal f i r i n g  i .s i m p r a c t i c a l  f o r . a n y  o f  t h e  above p r u c e s s e s  
f o r  two r e a s o n s :  s u l f u r  . p i c k u p  and. a s h  c o n t a m i n a t l u ~ ~  o f  MgO 
would d e s t r o y  p r o d u c t  q u a l i t y . .  

To summarizc,  u s e  o f  l i q u i d  f u e l  i n  MgO p r o d u c t i o n  c a u s e s  
problems w i t h :  

1 )  Lime c o n t a m i n a t i o n  from s u l f u r  p o i s o n i n g  o f  dol ime 

2) S c r u b b e r  s y s  tem problems i n  s i n g l e  - p a s s  MgO s i n t e r i n g  

3) S u l f u r  ' c o n t a m i n a t i o n  o f  d o u b l e - b u r n  d u s t s  

4 )  O i l  a t o m i z a t i o n  problems i n  s h a f t  k i l n s  



B a s i c  R r i c k  P r o d u c t i o n  

F i n i s h e d  b a s i c  r e f r a c t o r i e s  can  b e  , c l a s s i f i e d  a s  
s p e c i a l t i e s  ( m o r t a r s ,  d r y  m i x e s ,  p l a s t i c s ) ,  c h e m i c a l l y  bonded 
b r i c k ,  t a r b o n d  b r i c k ,  r e g u l a r  bu rned  and d i r e c t  bonded b r i c k .  
Of t h e s e  s p e c i a l t i e s ,  c h e m i c a l l y  bonded and t a r b o n d e d  b r i c k  
have  a  minimal  f u e l  r e q u i r e m e n t .  Regu la r  bu rned  and d i r e c t  
bonded b r i c k ,  however ,  must be f i r e d  i n  t u n n e l  o r  p e r i o d i c  
k i l n s  t o  t e m p e r a t u r e s  i n  t h e  r a n g e  o f  2600"-3100°F. and 3150"-  
3400°F. r e s p e c t i v e l y .  

K a i s e r  f i r e s  b a s i c  b r i c k  a t  6  worldwide l o c a t i o n s  u s i n g  
n a t l ~ r a l  g a s ,  L N G ,  f f  2 o i l  arid U4 o i l  a t  v a r i o u s  l o c a t i o n s .  I n  
t e r m s  o f  p r o d u c t  q u a l i t y  and normal  o p e r a t i o n s ,  we s e e  l i t t l e  
d i f f e r e n c e  due t o  f u e l  t y p e .  Btu i n p u t  r e q u i r e d  a p p e a r s  t o  be  
f a i r l y  i n d e p e n d e n t  o f  f l ~ e l  t y p e .  The problems we h a v e  e x p e r -  
l e n c e d  b e c a u s e  o f  change  t o  l i q u i d  f u e l  a r e  i 1 1  t h e  economic 
and c f f l u e n t  a r e a s .  Conver s ion  from g a s  t o  o i l  sys t ems  i s  an  
e x p e n s i v e  p r o c e s s  i n  t e r m s  o f  c a p i t a l  r e q u i r e d  and o p e r a t i n g  
e x p e n s e s .  K a i s e r ' s  e x p e r i e n c e  i s  t h a t  a  d i r e c t  bond (3000°F. 
f i r i n g  t e m p e r a t l i r e )  t u n n e l  k i l n  conve l - s iu r~  from g a s  t o  o i l  
c o s t s  be tween $ 7  and $10 p e r  a n n u a l  t o n  o f  p r o d u c t i o n  (1976 
d o l l a r s ) .  

I n  a d . d i t i o n  t o  c o n v e r s i o n  c a p i t a l  c o s t s ,  o p e r a t i n g  c o s t s  
w i t h  l i q u i d  f u e l s  w i l l  be  s u b s t a n t i a l l y  h i g h e r  t h a n  g a s  
( a s suming  e q u a l  c o s t  p e r  MM B t u ' f r o m  f u e l )  f o r  t h e s e  r e a s o n s :  

1 )  I n t e r e s t  c o s t  o f  f u r ~ d s  t i e d  up i n  o i l  i n v e n t o r i e s  

2) Maintenance  c o s t s  o f  f u e l  s t o r a g e ,  c i r c u l a t i n g  
s y s  tems , and b u r n e r s  

3 )  Cost. o f  energ)r f o r  f u e l  a t o ~ i ~ i z a . t i o n  and h e a t i n g  
( i n  c o l d  c l i m a t e s )  

The t i g h t  f e d e r a l  and s t a t e  EPA r e q u i r e m e n t s  on t u n n e l  
k i l n  emissions have most h i g h - f i r e  k i l n s  on t h e  r agged  edge  
o f  compl i ance  when f i r i n g  w i t h  n a t u r a l  g a s .  I t  a p p e a r s  t h a t  
some complex r e a c t i o n  p r o d u c t s  a r e  formed when u s i n g  l i q u i d  
f u e l s  t h a t  may c a u s e  k i l n  e f f l u e n t s  t o  be  o u t  u f  compl i ance .  
I f  t h e s e  problems c a n n o t  h e  s o l v e d  by p r o c c s s  changws,  
subs ta11Lia l  c a p i t a l  o u t l a y s  (on t h e  o r d e r  o f  $500,000 p e r  
t u n n e l  k i l n )  may be  r e q u i r e d  t o  i n s t a l l  s c r u b b e r s  o r  baghouses  
t o  c o l l e c t  l c s s  t h a n  10 l b s .  p e r  hour  p a r t i c u l a t e  e f f l u e n t s  
f rom a  t y p i c a l  20,000 TPY d i r e c t  bond k i l n .  



Summary 

1 )  The r e f r a c t o r y  i n d u s t r y  i s  c o n v e r t i n g  from o v e r  80% . 
n a t u r a l  g a s  f u e l  s o u r c i n g  t o  a  h i g h  r e l i a n c e  on l i q u i d  
f u e l s .  

2) ,Some c o a l  f i r i n g  i s  done where p r o c e s s  t e m p e r a t u r e  does  
n o t  exceed  2300°F. 

3 )  ~ i ~ u i d  f u e l s  c a u s e  p r o c e s s  problems i n  c l a y  raw m a t e r i a l  
c a l c i n i n g  because  of  e f f l u e n t  c o n t r o l s  and i n  t h e  MgO 
m a n u f a c t u r i n g  because  o f  l i q u i d  f u e l  s u l f u r  c o n t e n t .  

4 )  O p e r a t i n g  problems w i t h  l i q u i d  f u e l s  v e r s u s  g a s  a r e  
n e g l i g i b l e  i f  t h e  i n h e r e n t  added expense  ( b o t h  c a p i t a l  
and o p e r a t i n g )  o f  l i q u i d  sys t ems  i s  i g n o r e d .  
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S l a g g i n g  o f  R e f r a c t o r i e s  b y  Ash from A l t e r n a t e  F u e l s  

Thomas D.. McGee 
E n g i n e e r i n g  Research  I n s t i t u t e  

Iowa S t a t e  U n . i v e r s i t y  

T h i s  n a t i o n  has  an enormous v a r i e t y  o f  i n d u s t r i a l  f u r n a c e  
p r o c e s s e s  u s i n g  n a t u r a l  gas  o r  f u e l  o i l .  The d e p l e t i o n  o f  
n a t u r a l  gas  w i l l  r e q u i r e  c o n v e r s i o n  of  many g a s - f i r e d  f u r n a c e s  
t o  o i l  o r  c o a l  i n  t h e  v e r y  n e a r  f u t u r e  - -  c o n v e r s i o n  from gas  
t o  o i l  h a s  a l r e a d y  begun.  A few c o n v e r s i o n s  t o  c o a l  have a l s o  
oc .cur red .  Convers ion  o f  most p r o c e s s e s  t o  c o a l  w i l l  be v e r y  
d i f f i c u l t  and c a p i t a l  c o s t s  w i l l  be  h i g h .  However, i t  i s  
a p p a r e n t  t h a t  ene rgy  c o s t s  and p e t r o l e u m  d c p l e t i o n  w i l l  f o r c e  
many p r o c e s s e s  t o  c o n v e r t  t o  c o a l  i n  t h e  n e x t  decade  o r  two. 
Such c o n v e r s i o n s  w i l l  i n t r o d u c e  i m p u r i t i e s  f rom t h e  o i l  o r  
c o a l  t h a t  w i l l  r e a c t  w i t h  and c o r r o d e  t h e  r e f r a c t o r y  l i n i n g  
o f  t h e  f u r n a c e s .  

S l a g g i n g ,  o r  s l a g  a t t a c k ,  can  be d e f i n e d  a s  t h e  a l t e r a -  
t i o n  and c o r r o s i o n  o f  r e f r a c t o r y  f u r n a c e  l i n i n g s  by l i q u i d  
f l u x e s  a s s o c i a t e d  w i t h  t h e  p r o c e s s .  The i m p u r i t i e s  i n  o i l  o r  
c o a l  a r e  added t o  t h o s e  a l r e a d y  e x i s t i n g  i n  t h e  p r o c e s s  t o  
c a u s e  c o r r o s i o n  o r  s l a g g i n g  o f  t h e  r e f r a c t o r i e s .  

The r e f r a c t o r i e s  t o  which I  r e f e r  a r e  t h e  f u r n a c e  l i n i n g s  
and components used  t o  r e s i s t  h i g h  t e m p e r a t u r e s ,  i n s u l a t e ,  and 
c o n t a i n  t h e  p r o c e s s  m a t e r i a l .  They a r e  made from a  s m a l l  
number of  r e l a t i v e l y  i n e x p e n s i v e  compounds w i t h  h i g h  m e l t i n g  
p o i n t s ,  s u c h  a s  a l u m i n o - s i l i c a t e s ,  MgO, A 1 2 0 3 ,  S i c ,  c h r o m i t e ,  
d o l o m i t e ,  s i l i c a ,  z i r c o n ,  z i r c o n i a  and graphite. R e f r a c t o r i e s  
a r e  u s e d  i n  tonnage  q u a n t i t i e s  and a r e  made from i n c o m p l e t e l y  
r e f i n e d  n a t u r a l  m a t e r i a l s .  The t r e n d  f o r  many y e a r s  h a s  been  
t o  i n c r e a s e  turity , a t  a  concomi tan t  i n c r e a s e  i n  c o s t ,  and 
t h u s  o b t a i n  e t t e r  s e r v i c e  l i f k .  

R e f r a c t o r i e s  a r e  a v a i l a b l e  i n  a  wide v a r i e t y  o f  f o r n ~ s :  
huge f u s i o n  c a s t  b l o c k s ,  d e n s e  r e f r a c t o r y  b r i c k ,  p o r o u s  
r e f r a . c t o r y  i n s u l a t i n g  b r i c k  and f i b r o u s  b l a n k e t s  o r  b o a r d .  
R e f r a c t o r y  c o n c r e t e s  a r e  r e f . r a c t o r y  a g g r e g a t e s  borided t o g e t h c r  
w i t h  h y d r a u l i c   cement.^, u s u a l l y  p u r e  o r  impure c a l c i u m  alum- 
i n a t e s .  R e f r a c t o r y  ramming mixes a r e  r e f r a c t o r y  a g g r e g a t e s  
w i t h  a  s m a l l  amount o f  f i n e  m a t e r i a l  t o  make them p l a s t i c .  
They f r e q u e n t l y  c o n t a i n  a s o u r c e  .of a c i d i c  aluminum p h o s p h a t e  
o r  sodium s i l i c a t e  a s  a  bonding  a g e n t .  T h e r e f o r e ,  i n  g e n e r a l ,  
e a c h  r e f r a c t o r y , p r o d u c t  h a s  a  un ique  s e t  o f  p r o p e r t i e s .  When 
one d i s c u s s e s  s l a g g i n g  o f  such  a  d i v e r s e  c o l l e c t i o n  o f  m a t e r -  
i a l s ,  he  f i n d s  t h a t  e a c h  'un ique  m a t e r i a l  may r e s p o n d  



d i f f e r e n t l y .  He may have  t o  s p e c i f y  n o t  o n l y  t h e  g e n e r a l  
c l a s s  o f  m a t e r i a l s ,  b u t  even  a p a r t i c u l a r  p r o d u c t  from a  
p a r t i c u l a r  m a n u f a c t u r e r  f o r  a  p a r t i c u l a r  s l a g g i n g  problem.  

R e f r a c t o r i e s  a r e  seldom c o m p l e t e l y  d e n s e .  The open p o r e s  
c o n n e c t e d  t o  t h e  s u r f a c e  p r o v i d e  a  pathway f o r  s l a g  a b s o r p t i o n  
and  i n c r e a s e  t h e  s u r f a c e  a r e a  i n  c o n t a c t  w i t h  t h e  s l a g .  
T h e r e f o r e ,  r e f r a c t o r i e s  s h o u l d  have  h i g h  d e n s i t y  f o r  s l a g  
r e s i s t a n c e .  However,  t h e  most common method o f  improving t h e  
t h e r m a l  i n s u l a t i n g  c h a r a c t e r  o f  a  r e f r a c t o r y  i s  t o  i n c r e a s e  
i t s  p o r o s i t y  - -  l e s s e n i n g  s l a g g i n g  r e s i s t a n c e .  E x i s t i n g  
f u r n a c e  p r o c e s s e s  s u c c e s s f u l l y  u t i l i z i n g  i n s l i l a t i n g  f i b e r s ,  
b r i c k  o r  c a s t a b l e s  may b e  s e r i o u s l y  harmed by t h e  c o n v e r s i o n  
from g a s  t o  an a l t e r n a t e  f u e 1 . l  

The A l t e r n a t e  F u e l s  

O i l  - 
Crude o i l ,  depend ing  upon i t s  s o u r c e 2 ,  may c o n t a i n :  

0  t o  100 l b s .  s a l t  p e r  1000 b a r r e l s  

1 t o  o v e r  5 %  s u l f u r  

0  t o  1200 ppm. vanadium 

0 t o  1 5 0  ppm. n i c k e l  

A d d i t i o n a l  s a l t  c a n  b e  added by c o n t a c t  w i t h  s e a w a t e r  i f  i t  
i s  s h i p p e d  by t a n k e r ;  t h e  amount w i l l .  v a r y  from t a n k e r  to. 
t a n k e r .  

The i m p u r i t i e s  a r e  c o n c e n t r a t e d  i n  t h e  r e s i d u a l  o i l s .  
The amount o f  a s h  depends  upon t h e  s o u r c e  o f  t h e  c r u d e  o i l  
b l e n d s ,  t h e  g r a d e  o f  t h e  o i l ,  t h e  b l e n d  o f  r e f i n e r y  p r o d u c t s  
p roduced  from t h e  c r u d e ,  and  t h e  i m p u r i t y  removal  p r o c e s s  
employed by t h e  r e f i n e r .  L i m i t s  on t h e  a s h  a n a l y s i s  a n d  
s u l f u r  C o n t e n t  s h o u l d  be  s p e c i f i e d  when p u r c h a s i n g .  

C o a v e r s i u ~ l  t o  f u e l  o i l  r e q u i r e s  c o n t r o l  o f  combust ion  t o  
min imize  h o t  s p o t s  and c o n t r o l  t h e  f u r n a c e  a tmosphere .  A l a r g e  
number o f  i n d u s t r i a l  p r o c e s s e s  c a n  b e  c o n v e r t e d  from n a t u r a l  
g a s  t o  # 2  f u e l  o i l  w i t h o u t  d i f f i c u l t y ,  a l t h o u g h  s u l f a t e  e m i s -  
s i o n s  i n c r e a s e .  Conver s ion  t o  t h e  heavy r e s i d u a l  o i l s  i s  Illore 

d i f f i c u l t .  

The a s h  removed from f u e l  o i l - f i r e d  b o i l e r s  h a s  V205, 
Na20,  and  SOg p r e s e n t  i n  p r o p o r t i o n  t o  t h e  sodium and vanadium 



i n  t h e  f u e l .  I n  o t h e r  words ,  t h e  amount o f  s u l f u r  i n  t h e  a s h  
a p p e a r s  t o  be  a b o u t  t h e  amount needed t o  r e a c t .  s t o i c h i o m e t r i -  
' c a l l y  w i t h  t h e  sodium t o  make sodium ~ u l f a t e . ~  Excess  s u l f u r  
goes up t h e  s t a c k  a s  SO 

$ O r  so$,. 
. T h e r e f o r e ,  t h e  s a l t  c o n t e n t  

i n  t h e  o i l ,  n o t  t h e  s u l  u r  con e n t ,  i s  t h e  key t o  sodium 
s u l f a t e  c o r r o s i o n ,  a l t h o u g h  o t h e r  b a - s i c  c a t i o n s  i n  a  p r o c e s s  
may a l s o  r e t a i n  s u l f u r .  Sodium s u l f a t e  i s  a  f l u i d ,  w a t e r - l i k e  
l i q u i d  which does  n o t  d i s s o c i a t e  r e a d i l y  and c o n t r i b u t e s  t o  
s l a g  a t t a c k .  I t  can  r e a c t  w i t h  aluminum o x i d e ,  f o r  example ,  
t o  produce  a  sodium a l u m i n a t e  l i q u i d ,  b u b b l i n g  w i t h  r e l e a s e d  
SO3 a s  t h e  d i s s o c i a t i o n  p r o g r e s s e s .  

Coal. 

Our c o a l s  a r e  n a t u r a l  d e p o s i t s  which c o n t a i n  a s s o c i a t e d  
m i n e r a l s  such  a s  p y r i t e s  o r  m a r c a s i t e ,  c l a y s  such  a s  k a o l i n i t e s  
and i l l i t e s ,  m i c a ,  s a n d  and a l k a l i n e '  e a r t h  c a r b o n a t e s  o r  
s i l i c a t e s .  These a r e  n o t  d i s t r i b u t e d  u n i f o r m l y  t h r o u g h  t h e  
b e d ,  and when h e a t e d  i n  b u r n i n g  c o a l  a r e  n e v e r  a t  t h e i r  e q u i -  
l i b r i u m  phase  r e l a t i o n s h i p s  f o r  t h e i r  a v e r a g e  c o m p o s i t i o n .  
There  a r e  many r e p o r t s  o f  c o a l  a s h  c  m p o s i t i o n ,  s o f t e n i n g  
temperature and m e l t i n g  t e m p e r a t u r e  . I  When a p p r o a c h i n g  t h e s e ,  
one s h o u l d  be v e r y  c a u t i o u s  abou t  a c c e p t i n g  a  r e p r e s e n t a t i v e  
a s h  c o m p o s i t i o n  a t  f a c e  v a l u e .  D i f f e r e n t  c o a l  b a s i n s  do have 
d i f f e r e n t  a v e r a g e  a sh  a n a l y s e s .  But c o a l - f i r e d  f u r n a c e s  a r e  
o f t e n  f i r e d  j u s t  below t h e  a s h  s o f t e n i n g  p o i n t .  A f l u i d i z e d  
bed i s  an  example.  I n  s u c h  s i t u a t i o n s  i t  i s  n o t  t h e  a v e r a g e  
c o m p o s i t i o n  t h a t  c a u s e s  d i s a s t e r ,  b u t  t h e  most f u s i b l e  
c o m p o s i t i o n .  T h e r e f o r e ,  beware o f  r e p r e s e n t a t i v e  a s h  a n a l y s i s .  
For some p r o c e s s e s ,  a c c e p t a n c e  sampl ing  w i l l  be  e s s e n t i a l  t o  
s u c c e s s f u l  u t i l i z a t i o n  o f  c o a l .  

Mechanisms of  S l a e  A t t a c k  

S l a g g i n g  c a n  be c o n s i d e r e d  from two b a s i c  p o i n t s  of  v i ew:  

1 )  thermodynamic e q u i l i b r i u m  

2 )  h e t e r o g e n e o u s  chemica l  k i n e t i c s  

Thermodynamic E a u i l i b r i u m  Concepts  

Many s l a g  a t t a c k  s i t u a t i o n s  do n o t  t a k e  p l a c e  a t  chemica l  
eqi.i.i.lihri.um even though t h e y  o c c u r  a t  v e r y  h i g h  t e m p e r a t u r e s .  
However, e q u i l i b r i a  may be  u s e f u l  i n  p r e d i c t i n g  t h e  d i r e c l i u n  
a  r e a c t i o n  w i l l  go.  Where gaseous  s p e c i e s  a r e  i n v o l v e d ,  
e q u i l i b r i a  i s  e s t a b l i s h e d  more e a s i l y .  



S l a g  r e a c t i o n s  depend upon chemica l  e q u i l i b r i u m  c o n s i d e r -  
a t i o n s .  The f r e e  e n e r g i e s  o f  t h e  r e a c t a n t s  and t h e  p r o d u c t s  
e s t a b l i s h  an  e q u i l i b r i u m  r e l a t i o n s h i p  t h a t  can  b e  r e p r e s e n t e d  
on an  a p p r o p r i a t e  e q u i l i b r i u m  p h a s e  d iagram.  Because of  f r e e  
e n e r g y  c h a n g e s ,  i m p u r i t i e s  u s u a l l y  i n c r e a s e  t h e  amount o f  
l i q u i d  p h a s e .  T h i s  i s  t h e  r e a s o n  t h a t  r e f r a c t o r i e s  have 
become h i g h e r  i n  p u r i t y  i n  r e c e n t  y e a r s ,  and t h a t  t h e  i m p u r i t i e s  
a s s o c i a t e d  w i t h  a l t e r n a t e  f u e l s  w i l l  be h a r m f u l .  

For  example ,  t h e  p h a s e  d iag ram f o r  t h e  r e a c t i o n  o f  V 2 0  
w i t h  A1203 shows t h a t  below t h e  e u t e c t i c  t e m p e r a t u r e  o f  6 4 0  2 
r a p i d  s l a g  a t t a c k  w i l l  n o t  o c c u r  b e c a u s e  t h e  sys t em w i l l  L e  
c o m p l e t e l y  s o l i d .  T h i s  i s  a l s o  t r u e  o f  MgO - V 2 o g  where t h e  
e u r e c t i c  t e m p e r a t u r e  i s  o n l y  639'. However, t h e  r e f r a c t o r i n e s s  
o f  v a n a d a t e s  i s  h i g h l y  dependen t  on t h e  e x t e r n a l  oxygen p r e s s u r e .  
A t  l o w e r  oxygen p r e s s u r e s  t h e  MgO - V2O3 sys tem has an e u t e c t i c  
t e m p e r a t u r e  of  1830°C. T h e r e f o r e ,  s m a l l  changes  i n  oxygen 
p a r t i a l  p r e s s u r e  f o r  a  Venezuelan  f u e l  o i l  c o n t a i n i n g  vanadi.um 
m i g h t  have  a  t remendous  e f f e c t  on  t h e  c o r r o s i o n  o f  magnes ia  
r e f r a c t o r i e s .  

I n  most r e f r a c t o r y  i . n s t . a l l a t i o n s  t h e r e  i s  a t e m p e r a t u r e  
g r a d i e n t  w i t h i n  t h e  w a l l .  E q u i l i b r i u m  c o n s i d e r a t i o n s  (and a l s o  
k i n e t i c s )  p r e v e n t  r e a c t i o n s  i n  t h e  c o l d  p a r t  o f  t h e  w a l l .  
A t t e m p t s  t o  c o n s e r v e  f u e l  by i n s u l a t i n g  a  w a l l  can  l e a d  t o  
f a i l u r e  o f  t h e  w a l l  by r a i s i n g  i t s  a v e r a g e  t e m p e r a t u r e  t o  a  
d a n g e r o u s  I e v e 1  , 

The e q u i l i b r i u m  diagram f o r  sodium and aluminum s u l f a t e s  
a l s o  shows a  low m e l t i n g  e u t e c t i c .  But t h e  aluminum s u l f a t e  
p o r t i o n  o f  t h e  d i ag ram h a s  n o t  been  d e t e r m i n e d  b e c a u s e  n f  t h e  
i n s t a b i l i t y  uf alumfnum s u l k a t e .  T h i s  reminds  u s  t h a t  e q u i -  
l i b r i u m  c o n s i d e r a t i o n s  h e l p  us  o n l y  i f  we c o n s i d e r  t h e  c o r r e c t  
c h e m i c a l  r e a c t i o n s .  I f  one o f  t h e  i m p o r t a n t  r e a c t i o n s  i s  
o v e r l o o k e d ,  a t t e m p t s  t o  p r e d i c t  e q u i l i b r i a  f rom f r e c  e n e r g y  
c a l c u l a t i o n s  a r e  , c e r t a i n  t o  f a i l .  

E q u i l i b r i u m  c o n s i d e r a t i o n s  a r e , ~ r e r y  i m p o r t a n t  i n  c h o o s i n g  
a  r e f r a c t o r y .  For  a  g i v e n  p r o c e s s  env i ronment  t h e  a p p r o p r i a t e  
e q u i l i b r i u m  d iag rams  w i l l  make i t  p o s s i b l e  t o  p y e d i  ct t h e  
L e ~ ~ l p e r a t u r e  a t  whlch s l a g  a t t a c k  w i l l  o c c u r  w i t h  a  g i v e n  
refractory. Sunletimcs it i s  p o s s i b l e  t o  s a t u r a t e  t h e  s l a g  by 
a d d i n g  a  chemica l  c o n t a i n i n g  t h e  r e f r a c t o r y  c o n s t i t u e n t ,  and 
t h u s  p r e v e n t  c o r r o s j o n  o f  t h e  r e f r a c t o r y .  A d d i t i o n  o f  an  
o r g a n i c  magnesium compound t o  o i l s  c o n t a i n i n g  vanadium i s  an 
example .  



Heterogeneous  Chemical K i n e t i c s  o f  S l a g  R e a c t i o n s  

C o r r o s i o n  o f  r e f r a c t o r i e s  c a n  be c o n s i d e r e d  a  c a s e  of  
h e t e r o g e n e o u s  chemica l  k i n e t i c s .  The c o r r o s i o n  p r o c e s s  i s  a 
chemica l  r e a c t i o n .  The shape  o f  t h e  s l a g - r e f r a c t o r y  i n t e r -  
f a c e  adds g e o m e t r i c  c o n s i d e r a t i o n s .  And i t  i s  n e c e s s a r y  t o  
t r a n s p o r t  m a t e r i a l  t o  and from t h e  i n t e r f a c e .  Any o f  t h e  
t h r e e  can  domina te .  O f t e n  a  p r o c e s s  change w i l l  a f f e c t  t h e  
chemica l  r e a c t i o n  r a t e ,  t h e  geomet ry ,  o r  t h e  mass t r a n s p o r t  
more t h a n  o t h e r  f a c t o r s  and change t h e  r a t e  c o n t r o l l i n g  mech- 
anism. T h i s  i s  t h e  r e a s o n  two p r o c e s s  o r  two f u r n a c e s ,  which 
a p p e a r  t o  be i d e n t i c a l ,  may p e r f o r m  v e r y  d i f f e r e n t l y .  I n  
some s l a g g i n g  s i t u a t i o n s  t h e  c o r r o s i o n  w i l l  t a k e  p l a c e  i n  a  
s e r i e s  o f  s t e p s  - -  t h e  s l o w e s t  w i l l  be r a t e  c o n t r o l l i n g .  I n  
o t h c r  s i t u a t i o n s ,  p a r a l l e l  s l a g g i n g  p r o c e s s e s  t a k e  p l a c e .  
I f  one happens t o  be  much f a s t e r  t h a n  t h e  o t h e r s ,  i t  w i l l  be 
r a t e  c o n t r o l l i n g .  O f t e n ,  p a r a l l e l  c o r r o s i o n  mechanisms do 
o c c u r  and o f t e n  i t  i s  n o t  p o s s i b l e  t o  s o r t  them a l l  o u t .  

1 )  S l a g g i n g  R e a c t i o n s  

S l a g g i n g  r e a c t i o n s  t a k e  p la 'ce  a t  q u i t e  h i g h  t e m p e r a t u r e s  
where chemica l  r e a c t i o n  r a t e s  a r e  v e r y  h i g h .  Most o f  t h e s e  
r e a c t i o n s  a r e  n o t  c o n t r o l l e d  by t h e  chemica l  r e a c t i o n  r a t e s .  
However, i f  t h e  s l a g  a t t a c k  i s  c o n t r o l l e d  by t h e  r a t e  of  
chemica l  r e a c t i o n  t h e n  changes  i n  t h e  mass t r a n s p o r t ,  such  a s  
s t i r r i n g ,  w i l l  have no e f f e c t .  

2 )  I n t e r f a c e  Geometry 

The geometry o f  t h e  i n t e r f a c e  i s  .very i m p o r t a n t  and t h i s  
m a n i f e s t s  i t s e l f  i n  t h e  e f f e c t  o f  changes  i n  s t r u c t u r e  a.nd. 
p o r o s i t y .  The s i m p l e s t  p o s s i b l e  geometry  i s  a  p u r e  nonporous  
r e f r a c t o r y  . w i t h  a - . p l a n e .  s u r f a c e  exposed  t o  a  l i q u i d  s l a g  For 
t h i s  c o n d i t i o n ,  we c a n  ' s t u d y '  t h e  mass t r a n s p o r t  e f f e c t s .  5 
T1.1c~c are  t h r c c  . s i t u a t i o n s  t o  c o n s i d e r :  d i f f u s i o n  c o n t r o l ' ,  . 
fre 'e  c o n v e c t i o n ,  and f o r c e d  c o n v e c t i o n .  

. . 

T r a n s p o r t  . : I 

. , . . .  

1)  D i f f u s i o n  C o n t r o l  o f  Mass T r a n s p o r t  

I f ,  f o r  a  p u r e  r e f r a c t o r y  b e i n g  d i s s o l v e d  i n  a  v i s c o u s  
s l a g ,  t h e  mass t r a n s p o r t  by d i f f u s i o n  o f  t h e  r e f r a c t o r y  i n t o  
t h e  s l a g  i s  r a t c  c o n t r o l l i n g ,  t h e n  t .he  c o r r o s i o n  r a t e  w i l l  be 
p a r a b o l i c  i n  t i m e .  T h i s  i s  t h e  s i t u a t i o n  when t h e  c o r r o d i n g  
l i q u i d  h a s  a  s m a l l  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  d i f f u s i o n  
s p e c i e s  - -  o f t e n  a s s o c i a t e d  w i t h  v i s c o u s  1 i q u i . d ~  a t  low 
t e m p e r a t u r e s .  Under t h e s e  c o n d i t i o n s ,  t h e  s l a g g i n g  r a t e  i s  



g i v e n  by 

where  y i s  t h e  t h i c k n e s s  c o r r o d e d  away, D* i s  t h e  e f f e c t i v e  
m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t ,  t i s  t i m e ,  and a  i s  a  
c o n s t a n t  whose v a l u e  depends  on 

Here  C i  i s  t h e  c o n c e n t r a t i o n  of t h e  d i f f i , i s i ,ng  s p e c i e s  a t  t h c  
i n t e r k a c e ,  C, i s  c o n c e n t r a t i o n  i n  b u l k ,  and  Vi i s  t h e  p a r t i a l -  
volume a t  t h e  i n t e r f a c e  ( t h e  i n c r e m e n t a l  change  i n  t h e  volume 
o f  t h e  s o l u t i o n  p e r  i n c r e m e n t a l  change i n  s u l u t e ) .  

Fo r  s a p p h i r e  d i s s o l v i n g  i n  a CaO-Si02 s l a g  

, p, _ S o l u t e  d e n s i t y  
P L i q u i d  d e n s i t y  

Then 

where  W i  i s  w e i g h t  f r a c t i o n  a t  i n t e r f a c e  and N, i s  w e i g h t  
f r a c t i o n  A1203 i n  b u l k .  

E x p e r i m e n t a l  measurements  o f  t h e  s o l u t i o n  o f  A120 
d i s s o l v i n g  i n  CaO*Si02  s l a g  were  made u s i n g  c y l i n d r i c a  f 
s a p p h i r e  r o d s ,  where  t h e  change  i n  r a d i u s ,  A R ,  was t a k e n  a s  
a  rrleasure o f  Y .  'I'he time dependence  was p a r a b o l i c .  C a l c u l a -  
t i o n s  f o r  D* made from t h e  d a t a  gave  r e a s o n a b l e  v a l u e s  f o r  
s l a g s  w i t h  C, = 0  and  20% A1203. T h u s ,  a t  low t e m p e r a t u r e s  
a  s o l u t i o n  of  A1203 i n  CaO-Si02 s l a g s  i s  p a r a b o l i c  i n  t i m e  
and d i f f u s i o n  c o n t r o l l e d .  



, 
2) F r e e  Convec t ion  

I f  t h e  v i s c o s i t y  i s  low and t h e  p a r t i a l  volume e f f e c t s  
a r e  l a r g e  t h e n  t h e  k i n e t i c s  may be  governed  by c o n v e c t i o n .  
Then t h e  f low o f  s l a g  w i l l  p roduce  a  s t a g n a n t  boundary  l a y e r  
a t  t h e  s u r f a c e  ( F i g .  1 ) .  

The c o r r o s i o n  i s  c o n t r o l l e d  by 
. . 

dy - -  D (Ci - C,) 
J = f l u x  = - 

8 ( 1  - CiV) 

where 

* (Ci - C,) 

and 

i s  t h e  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  i n t e r f a c e .  
* 

The e f f e c t i v e  boundary l a y e r ,  6 ,  was c a l c u l a t e d  f o r  
c y l i n d r i c a l  spec imens  by Elenb.ass  a s  

where g  i s  g r a v i t y ,  x  i s  d i s t a n c e  a l o n g  t h e  l e n g t h ,  and v i s  
k i n e m a t i c  v i s c o s i t y .  , 

S u b s t i t u t i n g  i n  t h e  p r e v i o u s  e x p r e s s i o n  g i v e s  
. . 

C o o p e r ' a n d  Kingery found t h e i r  e x p e r i m e n t a l  r e s u 1 . t ~  o f  A1203 
c o r r o d i n g  i n  A1203*CaOeSi02 s l a g s  a t  1500°C. were  l i n e a r ,  
a s  p r e d i c t e d .  



3)  Forced  Convec t ion  

When s l a g  i s  f o r c e d . t o  ' f l o w  o v e r  t h e  s u ' r f a c e ,  t h e  boundary 
l a y e r  b e c o m e s ' t h i n n e r .  T h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  mass 
t r a n s p o r t  away from a  r o t a t i n g  d i s k  g i v e s  

where  o = any v e l o c i t y  and v = k i n e m a t i c  v e l o c i t y .  Then t h e  
f l u x  i s  

Aga in ,  Cooper and K i n g e r y ' s  e x p e r i m e n t a l  measurements  
c o n f i r m e d  t h e  t h e o r e t i c a l  p r e d i c t i o n s .  

S l a g g i n g  by Coal  S l a g s  

The c h e m i c a l  a n a l y s i s  o f  c o a l s  v a r i e s  w . i d e l y . ,  A r a n g e  
o f  a n a l y s i s  h a s  been  g i v e n  a s :  

S i 0 2  ' -  '2.0 - 6 0 %  

A l 2 U 3  10' - 3 5 5  

5 - 35% 

CaO 1 - 20% 

SO3 1 - 12% ( a f t e r  oxiclation:l  4 

Thc abovc a n a l y s e s  a r u  give11 on aa o x i d e  e q u i v a l e n t  b a s i s  
and  t h e  b u l k  o f  t h e  c o m p o s i t i o n  i s  i n  t h e  f i r s t  f o u r  o x i d e s .  
Under r e d u c i n g  c o n d i t i o n s  , t h e  ~ e + 3  would become m e t a l l i c  i r o n  
and n o t  p a r t i c i p a t e  i n  t h e  c o r r o s i o n  p r o c e s s .  The CaO*SiO2*Al2O3 
c o r r o s i o n  o f  AlZ03  i s  n o t  a  bad model sys t em f o r  compar ison  w i t h  
c o a l  s l a g s ,  especially f o r  t h e  w e s t e r n  c o a l s ;  and t h e  a n a l y s i s  
o f  Cooper and Kingery  r e p o r t e d  above s h o u l d  be a  r e a s o n a b l e  
model f o r  a  d e n s e  A1203 r e f r a c t o r y .  



C o r r o s i o n  by Fuel  O i l  S l a g s  

For f u e l  o i l  s l a g s  c o n t a i n i n g  V205 t h e  c o r r o s i o n  o f  
A1203 s i n g l e  c r y s t a l s  by V20 was a l s o  found t o  be p a r a b o l i c  
a t  low t e m p e r a t u r e s ,  below 8 $ 0 ° c . ,  and l i n e a r  a t  h i g h  t emper -  
a t u r e s 6  . ( ~ i ~ .  2 ) .  . 

P o l y c r y s t a l l i n e  A1203 was' s i m i l a r ,  b u t  t h e  h i g h e s t  
p u r i t y ,  B ,  c o r r o d e d  l e s s  ( F i g .  3 ) .  (The s l o w i n g  down a t  long  
t i m e s  was due t o  t h e  i n c r e a s e d  c o n c e n t r a t i o n  o f  A1203 i n  t h e  
s l a g . )  . 

When c o r r o d e d  f o r  l o n g e r  t i m e  p e r i o d s  t h e  p o l y c r y s t a l l i n e  
specimen d i s i n t e g r a t e d  a t  t h e  c o r n e r s  due t o  g r a i n  boundary 
s o l u t i o n  and t h e  r a t e  t u r n s  up d e s p i t e  t h e  i n c r e a s e d  concen-  
t r a t i o n  C, i n  t h e  b u l k  ( F i g .  4 ) .  

Beer  and R icha rz  s t u d i e d  t h e  ' c o r r o s ' o n  o f  h i g h e r  p o r o s i t y  
a lumina  by V205 and NaZO - V205 l i q u i d s . +  They found t h e  r a t e  
o f  c a p i l l a r y  p e n e t r a t i o n  was dec ' reased  s l i g h t . 1 ~  b y ' t h e  a l k a l i  
a d d i t i o n ;  t h i s  t h e y  a t t r i b u t e d  t o  a . v i s c o s i t y  i n c r e a s e .  

A n a l y s i s  by e l e c t r o n  mic roprobe  r e v e a l e d  t h e  c o r r o s i o n  
took  p l a c e  a t  t h e  g r a i n  b o u n d a r i e s  and a t t a c k e d  B A 1 2 0 3  and 
MgA1204 s p i n e l  more r a p i d l y  t h a n  V O 5  a t t a c k e d  a A 1  0 3 .  f f They found a c t i v a t i o n  e n e r g i e s  of  0 . 9  and 1 8 . 6  kca  /mole 
compared t o  F r i s c h a t ' s  2 7  k c a l / m o l e .  They a s c r i b e d  t h e s e  t o  
chemica l  r e a c t i o n  c o n t r o l  a t  low t e m p e r a t u r e s  and c a p i l l a r y  
d i f f u s i o n  a t  h i g h  t e m p e r a t u r e s .  T h i s  p o i n t s  o u t  t h e  d i f f i -  
c u l t i e s  e n c o u n t e r e d  i n  a s s i g n i n g  mechanisms based  upon 
A r r h e n i u s  . a c t i v a t i o n  e n e r g i e s ' .  

Conc lus ion  

The s i m p l i f i e d  model sys t ems  c i t e d  above c o n f i r m  t h e  
t h e o r e t i c a l  c o n s i d e r a t i o n s  i n v o l v e d  i n  s l a g  a t t a c k .  Even 
s i m p l e  sys t ems  a r e  d i f f i c u l t  t o  a n a l y z e  and  e x p e r i m e n t a l  d a t a  
i s ,  i n  g e n e r a l ,  l a c k i n g .  Real  r e f r a c t o r i e s  a r e  n o t  p u r e  
sys t ems  and a r e  n o t  c o m p l e t e l y  d e n s e .  The t h e o r e t i c a l  c o n -  
s i d e r a t i o n s  p r o v i d e  a sound s c i e n t i f i c  b a s i s  f o r  a n a l y s i s  - -  
b u t  much more r e s e a r c h  i s  needed.  

Every s l a g  sys t em i s  u n i q u e .  The c o m p l e x i t y  o f  t h e  
v a r i o u s  p r o c e s s e s  makes i t  n e c e s s a r y  t o  r e l y  on e x p e r i m e n t a l  . 
d a t a  t o  d e t e r m i n e  how t o  c o n t r o l  s l a g g i n g  i n  a  p a r t i c u l a r  
s i t u a t i o n .  However, r e s e a r c h  t o  improve t h e  p u r i t y  o f  
r e f r a c t o r i e s  and t o  reduce .  p o r o s i t y  w i l l  c e r t a i n l y  b e  h e l p f u l .  



R e f e r e n c e s  

'For  a  f i n e  r e v i e w  o f  t h e  f a c t o r s  a f f e c t i n g  c o n v e r s i o n  t o  
a l t e r n a t e  f u e l s  s e e :  G . C .  Wei and  V . J .  T e n n e r y ,  Impact  
o f  A l t e r n a t e  F u e l s  on I n d u s t r i a l  R e f r a c t o r i e s  and- R e f r a c t o r y  
I n s u l a t i o n  A p p l i c a t i o n s ,  September  1 9 7 6 ,  ORNL/TM - 5592.  
A v a i l a b l e  f rom N . T . I . S . ,  Wash ing ton ,  D . C .  

L ~ e e  "Guide t o  World Crude O i l  E x p o r t  S t r e a m , "  O i l G a s  J . ,  
March 2 9 ,  1976 .  S e e  a l s o  F .F .  and  E . M .  S h e l t o n ,  "Hea t ing  
O i l s  ," BERC/PPA - 7614,  N.T. I  . S . ,  1976 .  

5 ~ o s h i m i  I s h i h a r i  , "High Tempera tu re  C o r r o s i o n  o f  s t a i n l e s s  
S t e e l  by F u e l  O i l  Ash," Bull. J p n .  P e t .  I n s t .  1 0 ,  2 8 - 3 3 ,  1368 .  

4 ~ o r  example ,  s e e  W.A.  S e l v i g  and  F.H. G ibson ,  " A n a l y s i s  o f  
Ash from U n i t e d  S t a t e s  C o a l s , "  U.S. Bur .  Mines ,  Vol .  567 ,  1956 .  

5 The s e c t i o n  o n  mass t r a n s p o r t  i s  b a s e d  upon A . R .  Cooper and  
W . D .  K i n g e r y ,  " D i s s o l u t i o n  i n  Ceramic S y s t e m s :  I M o l e c u l a r  
D i f f u s i o n ,  N a t u r a l  C o n v e c t i o n  and  Forced  C o n v e c t i o n  S t u d i e s  
o f  S a p p h i r e  D i s s o l u t i o n  i n  Calc ium Alumina S i l i c a t e  ," J .  Am. 
Ceram. S o c .  4 7 ,  3 7 - 4 3 ,  1964 .  

6 ~ .  S a f d a r ,  G . H .  F r i s c h a t  , and  H . W .  R e n n i c k e ,  " C o r r o s i o n  o f .  ' 
Aluminum Oxide by Vanadium Oxide  M e l t s , "  Ber .  D t .  Keram. Ges.  
5 4 ,  297.-4,  1 9 7 4 .  

7 ~ 4 .  Bee r  and W .  R i c h a r z ,  " I n v e s t i g a t i o n s  on t h e  A t t a c k  o f  
M e l t s  C o n t a i n i n g  Vanadium on P o l y c r y s t a l l i n e  Alumina,"  Be r .  
D t .  Keram. Ges.  51 ,  201 -5 ,  1974 .  



b*d DISTANCE - 
. A * 

Fig. 1. Concentration gradient and ef f e6tive boundary layer thickness, 6 

0 10 20 30 40 50 60 
TIME (min)  

. . . . .. 

Fig. 2. Corrosion of single crystal sapphire by l i q u i d  V 0 
2 5 



h 
0.040 

(U POLYCRYSTALLINE 
6 0.036 2'3 
\ 
m / 

PA 
-- 0.032 / 1000 OC 

0 10 20 30 40 50 60 
TIME ( m i  n) 

Fig. 3. Corrosion of polycrystalline A l i O j  by liquid v2OS 

POLYCRYSTALL 

0 20 40 60 80 100 120 140 160 180 
TIME (min) '  

Fig. 4. Corro~ion of single and.polycrysta1line A1 0 for 2 3 
longer times 



S u b s t i t u t i o n  o f  Coal f o r  N a t u r a l  Gas 
i n  Face B r i c k  P r o d u c t i o n  

J o s e p h  F .  Edwards 
Genera l  S h a l e  P r o d u c t s  Corp.  

The Uni t ed  S t a t e s  b r i c k  i n d u s t r y  p roduces  a b o u t  8 b i l l i o n  
b r i c k  p e r  y e a r  u s i n g  m o s t l y  n a t u r a l  gas  o r  p e t r o l e u m - b a s e d  
f u e l s .  The f u t u r e  o u t l o o k ,  b o t h  r e g a r d i n g  a v a i l a b i l i t y  and 
p r i c e  01 t h e s e  f u e l s ,  s u g g e s t s  t h a t '  t h e  development  o f  c o a l -  
f i r i n g  c a p a b i l i t y  i s  c r i t i c a l  t o ' t h e  long  t e rm s u r v i v a l  o f  t h e  
i n d u s t r y . .  Such a c a p a b i l i t y  would c o n s e r v e  abou t  320,000,000 
g a l l o n s  o f  o i l  a n n u a l l y  from t h e  b r i c k  i n d u s t r y  a l o n e ,  which 
i s  u111y a  s111all pa1.L o f  , the t o t a l  c e r a m i c  i n d u s t r y .  

Genera l  S h a l e  pro-ducts  C o r p o r a t i o n  p roduces  a p p r o x i m a t e l y  
600 m i l l i o n  b r i c k  p e r  y e a r  o r  r o u g h l y  seven  and one  h a l f  p e r c e n t  
o f  t h e  U.S. b r i c k  o u t p u t .  I t  became a p p a r e n t  t o  u s  i n  t h e  
e a r l y  1 9 7 0 ' s  t h a t  f u t u r e  s u p p l i e s  o f  cheap  n a t u r a l  g a s  w e r e  i n  
j e o p a r d y  and t h e r e  were warning  s i g n s  o f  a  worldwide s h o r t a g e  
o f  a l l  p e t r o l e u m  p r o d u c t s  w i t h  t h e  i m p l i e d  t h r e a t  o f  s h a r p l y  
r i s i n g  p r i c e s .  By c o n t r a s t ,  c o a l  r e s e r v e s  were e x t e n s i v e  and 
o u r  p l a n t s  were l o c a t e d  n e a r  t h e  h e a r t  o f  t h e  e a s t e r n  c o a l  
p r o d u c i n g  r e g i o n .  We were c o n v i n c e d  t h a t  c o a l  would e v e n t u a l l y  
become t h e  o n l y  economica l  f u e l  a v a i l a b l e  t o  t h e  b r i c k  p r o d u c e r .  

Beginning  i n  1972,  f o u r  teams o f  management p e r s o n n e l  
v i s i t e d  England and Germany t o  l o o k  a t  c o a l - f i r e d  t u n n e l  k i l n  
p l a n t s .  A l i m i t e d  number o f  c o a l - f i r e d  t u n n e l  k i l n  p l a n t s  
were found and even  t h e s e  were n o t  c o m p l e t e l y  s u i t e d  t o  o u r  
p u r p o s e s ,  b u t  we g a i n e d  enough i n f o r m a t i o n  t o  c o n f i d e n t l y  
p u r s u e  a  r e s e a r c h  program o f  o u r  own t o  a t t e m p t  t o  f i r e  o u r  
modern s i d e - f i r e d  t u n n e l  k i l n s  d i r e c t l y  w i t h  c o a l .  The d i r e c t -  
f i r e d  method was chosen  o v e r  t h e  c o a l  g a s i f i e r  approach  b e c a u s e  
o P e c o l i w ~ ~ ~ i c s  a r ~ d  the  tlierl r i o n e x i s r e n t  e f f i c i e n t  c o a l  'gas 
p r o d u c e r  which c o u l d  u s e  b i  turninous c o a l .  

I n  e a r l y  1973 ,  we committed one p r o d u c i n g  t u n n e l  k i l n  
(30 m i l l i o n  b r i c k  p e r  y e a r  prodi. ict . ion) t o  r e s e a r c h  on c o a l -  
f i r i n g .  The b a s i c  theme t h a t  has  p e r s i s t e d  t h r o u g h o u t  t h e  whole 
p r o j e c t  i s  t h e  i n t r o d u c t i o n  o f  f i n e l y  ground c o a l  d i r e c t l y  i n t o  
the  t u n n e l  o n t o  and i n t o  t h e  ware .  

Mauy i ~ ~ ~ ~ o v a t i o r i s  i n  coa l  p r e p a r a t i o n ,  c o a l  h a n d l i n g ,  c o a l  
d e l i v e r y ,  s a f e t y ,  c l e a n l i n e s s  and p o l l u t i o n  c o n t r o l  were a  
n e c e s s i t y .  The ,major  i n n o v a t i o n  has  been  a  m e t e r i n g  and  f e e d e r  
s y s t e m  f o r  t h e  c o n t r o l l e d  i n j e c t i o n  of s m a l l  q u a n t i t i e s  o f  c o a l  
i n  t h e  magni tude  o f  5 t o  60 l b s .  p e r  hour  a t  m u l t i p l e  f e e d  



p o i n t s .  T h i s  i n v e n t i o n ,  c a l l e d  t h e  " s o l i d  f u e l  m e t e r i n g  and 
d e l i v e r y  s y s t e m , "  made i t  p o s s i b l c  t o  i n t r o d u c e  f i n e l y  ground 
c o a l  a t  r a t e s  c o m p a r a b l e  t o  t h e  f u e l  i n p u t  o f  e x i s t i n g  g a s  o r  ' 
o i l  b u r n e r s .  

The o r i g i n a l  r e s e a r c h  k i l n  i s  now on 1 0 0 %  c o a l  w i t h  no 
r e d u c t i o n  i n  p r o d u c t i o n  c a p a c i t y .  A s e c o n d  k i l n  a t  t h e  same 
l o c a t i o n  i s  b e i n g  c o n v e r t e d  t o  c o a l - f i r i n g .  A t h i r d  a t  a  
d i f f e r e n t  s i t e  i s  now on  80% c o a l  and  two more k i l n s  a r e  i n  
t h e  p r o c e s s  o f  b e i n g  c o n v e r t e d .  F u e l  c o s t s  a t  t h e s e  p l a n t s  
have  been  c u t  i n  h a l f  i n  compar i son  t o  t h e  o i l - f i r i n g  c o s t s .  
C o s t s  w i t h  o i l  were  r u n n i n g  i n  t h e  ne ighborhood  o f  $ 1 0  p e r  
t h o u s a n d  b r i c k ,  and  i t  now c o s t s  a p p r o x i m a t e l y  $ 5  p e r  t h o u s a n d  
t o  u t i l i z e  c o a l .  

A s  o f  J u l y  1 9 7 6 ,  G e n e r a l  S h a l e  h a s  s p e n t  n e a r l y  two 
m i l l i o n  d o l l a r s  on c o a l - f i r i n g  r e s e a r c h  and coa l  c u r i v e n . s i u t ~  
p r o j e c t s .  Payback i f  a l l  k i l n s  i n  t h e  company a r e  c o n v e r t e d  
t o  c o a l  would b e  a p p r o x i m a t e l y  t h r e e  m i l l i o n  d o l l a r s  a n n u a l l y  
i n  f u e l  s a v i n g s .  But mos t  i m p o r t a n t l y ,  we a r e  n o t  a t  t h e  mercy 
o f  f o r e i g n  o i l  embargoes .  
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I m p u r i t y  Problems w i t h  A l t e r n a t e  F u e l s  

One i s s u e  i n  t h e  f o r e f r o n t  e a r l y  i n  t h e  d i s c u s s i o n s  was 
t h e  i m p u r i t y  l e v e l s  o f  some a l t e r n a t e  f u e l s .  These i m p u r i t i e s  
come from a  number o f  s o u r c e s ,  i n c l u d i n g  r e f i n i n g  p r o c e s s e s ,  
t r a n s p o r t a t i o n  and s t o r a g e  p r o c e d u r e s ,  a s  w e l l  a s  i n i t i a l  
i m p u r i t i e s .  One p a n e l  .member o f f e r e d  some i n f o r m a t i o n  r e l a -  
t i n g  t o  i m p u r i t i e s  added d u r i n g  t h e  r e f i n i n g  p r o c e s s :  

Some heavy m e t a l s  a r e  added a s  a  p r o d u c t  o f  
c o r r o s i o n .  A s u b s t a n t i a l  amount o f  i r o n  i n  
r e s i d u a l  o i l  i s  c o r r o s i o n  p r o d u c t  a s  w e l l  a s  
l e s s e r  amounts of  n i c k e l  and chromium. S a l t  
i s  a lso  a  f r e q u e n t l y  found i m p u r i t y .  Some 
r e f i n e r s  n e u t r a l i z e  t h e  d i s t i l l a t i o n  columns 
w i t h  sodium h y d r o x i d e  t o  p r e v e n t  h y d r o l y s i s  o f  
magnesium c h l o r i d e .  T h i s  c a u s e s  c o r r o s i o n  i n  
t h e  u p p e r  p a r t  o f  t h e  d i s t i l l a t i o n  t o w e r s  and 
adds  more sodium t o  t h e  r e s i d u a l  o i l .  

Al though t h e r e  a r e  no h a r d  d a t a  a t  hand r e g a r d i n g  t h e  
amount of  i m p u r i t y  c o n t r i b u t e d  by t r a n s p o r t a t i o n  and s t o r a g e ,  
t h e r e  were some s e r i o u s  c o n c e r n s  o v e r  i t .  S e v e r a l  p a r ' t i c i p a n t s  
had found i n  t h e i r  e x p e r i e n c e s  t h a t  t r a n s p o r t a t i o n  and s t o r a g e  
o f  f u e l  o i l s  was c a s u a l l y  h a n d l e d  and few s a f e g u a r d s  had  been  
i n s t i t u t e d  t o  e n s u r e  t h e  f u e l s 1  p u r i t y :  

The f u e l  o i l  cus tomer  does  n o t  know how h i s  
s u p p l i e r  i s  h a n d l i n g  t h e  o i l .  The s u p p l i e r  
c o u l d  have a  number o f  d i f f e r e n t  g r a d e  o i l s  
a t  t h e  bot tom of  h i s  t a n k s  which c a n .  g e t  i n t o  
y o u r  sh ipmen t .  

Along t h : i s  l i n e  a n o t h e r  p a r t i c i p a n t  s t a t e d :  

I f  y o u r  company i s  r e c e i v i n g  a  No.2 d i s t i l l a t e  
from a  s u p p l i e r  and  . t h e  l a s t  d e l i v e r y  wi ' th h i s  
t r u c k , w a s  a  No.6 o i l ,  t h e n  you can  e x p e c t  t o  
have your  sh ipmen t  c o n t a m i n a t e d  w i t h  s u l f u r .  

One s o l u t i o n  which .was  o f f e r e d  i s  t o  f o l l o w  TVA1s p r o c e d u r e  
i n  f u e l  o i l  p u r c h a s e s .  When o r d e r i n g  f u e l  o i l ,  TVA w r i t e s  up 
s p e c i f i c a t i o n s  f o r  t h e  o i l  i t  n e e d s ,  and t h e n  buys o n l y  t h a t  
which matches  t h e  s p e c i f i c a t i o n s .  Companies t h a t  do n o t  have 
t h e  f a c i l i t i e s  o r  t h e  marke t  power t o  w r i t e  s p e c i f i c a t i o n s  c a n  
t u r n  t o  t h e  B a r t l e s v i l l e  Energy Resea rch  C e n t e r ' s  p u b l i s h e d  
s u r v e y  r e p o r t ,  H e a t i n g  Oils  f o r  1976 ,  f o r  g u i d e l i n e s .  



T h i s  r e p o r t  c o v e r s  d a t a  on a  t o t a l  o f  2 9 7  
samples  o f  hea t . i ng  o i l s .  The f u c l s  wcre 
m a n u f a c t u r e d  by 30 p e t r o l e u m  r e f i n i n g  
companies  . . . a v e r a g e ,  minimum and 
maximum r e s u l t s  were p u b l i s h e d  from t h e  
a n a l y s i s  o f  t h e s e  samples .  The r a n g e  o f  
samples  i n c l u d e s  g r a d e s  1,  2 ,  4 ,  5 l i g h t ,  
5 h e a v y ,  and number 6 o i l s  from f i v e  
d i f f e r e n t  r e g i o n s  o f  t h e  U.S. The t y p e  
o f  p r o p e r t i e s  i n c l u d e d  i n  t h e  r e p o r t  a r e :  
g r a v i t y ,  f l a s h  p o i n t ,  v i s c o s i t y ,  c l o u d  
p o i n t ,  pour  p o i n t ,  s u l f u r  c o n t e n t ,  c a r b o n  
r e s i d u e ,  w a t e r ,  s e d i m e n t ,  and d i s t i l l a t i o n  
t e m p e r a t u r e s .  

A t t empts  t o  s o l v e  t h e  i m p u r i t y  problem o f  f u e l s  can  
p r o d u c e  u n a n t i c i p a t e d  p rob lems .  T h i s  p o i n t  v a s  b r o u g h t  f o r t h  
i n  r e l a t i o n  t o  t h e  s u p p l e m e n t i n g  o f  f u e l s  w i t h  a d d i t i v e s :  

A d d i t i v e s  can  be u s e d  a s  a  means t o  c o n t r o l  
f u e l  a s h  c o r r o s i o n .  The e 1 e i L r . i ~  u t i f  i t y  
i n d u s t r y  h a s  u s e d  a d d i t i v e s  t o  r e t a r d  a l l o y  
c o r r o s i o n  i n  b o i l e r s .  You w i l l  f i n d  t h a t  
on sys t ems  w i t h  r e g e n e r a t o r s ,  s u c h  a s  g l a s s  
t a n k s ,  t h e r e  a r e  r r~a jor  f o u l i n g  p r o b l e m s ,  a s  
t h e  r e f i n i n g  p e o p l e  have found.  F o u l i n g  
w i l l  c a u s e  h i g h  p r e s s u r e  d r o p s  which w i l l  
IULL~ Y U U  XO s h u t  your  equipment  down. 

I t  i s  i m p o r t a n t  t o  a l s o  n o t e  t h a t  a , l though a d d i t i v c s  have been 
u t i l i z e d  t o  r e t a r d  a l l o y  c o r r n s i o n  i n  b o i l e r s ,  much l e s s  i s  
known a b o u t  t h e i r  u s e  w i t h  r e f r a c t o r i e s .  

I n i t i a l  i m p u r i t i e s  a l e  the  p r i m a r y  problem i n  f u e l  o i l s .  
T h i s  i s  e s p e c i a l l y  t r u e  w i t h  r e g a r d  t o  r e s i d u a l  o i l s .  With 
t h i s  problem i n  mind,  a  c a u t i o n  i n  t h e  u s e  o f  r e s i d u a l  o i l s  a s  
a  r e f r a c t o r y  f u e l  was c o n t r i b u t e d  by a r e p r e s e n t a t i v e  o f  E R D A r  

Every c r u d e  o i l  i s  d i f f e r e n t .  Most r e f i n -  
e r i e s  a r e  d i f f e r e n t  i n  t h a t  t.hey a r e  g e a r e d  
t.n t h e  p a r t i c u l a r  c r u d c  they die wurklrig 
with ' .  The whnle p r o c e s s  o f  r e f i n i n g  is.to 
t a k e  t h e  good p r o d u c t s  o u t  t o  g e t  h i g h e r  
q u a l i t y  p r o d u c t s ,  such  a s  g a s o l i n e .  T h i s  
works down t h e  l i n e  t o  d i s t i l l a t e s  and s o  
on .  A f t e r  t h e  r e f i n i n g  p r o c e s s  i s  f i n i s h e d ,  
what i s  l e f t .  i s  t h e  r e s i d u a l  o i l .  Thus,  
a n y t h i n g  'you had i n  t h e  c r u d e  t o  b e g i n  w i t h  
i s  c o n c e n t r a t e d  back  t o  t h e  r e s i d u a l  o i l .  
Yo1.1r a p p r o a c h  t o  choos ing  a  r e s i d u a l  o i l ,  
t h e n ,  s h o u l d  be c a r e f u l l y  t h o u g h t  o u t .  



T h i s  problem was echoed i n  a  p a n e l i s t ' s  comments e a r l y  i n  t h e  
p r o c e e d i n g s  : 

U..S. r e s i d u a l  o i l  does  n o t  have t h e  i m p u r i t y  
c o n t e n t  t h a t  o i l  o u t  o f  Venezuela  can  have .  
Venezuelan r e s i d u a l  o i l  can  have from 500 t o  
3,000 ppm o f  vanadium jus . t  a s  i t  comes o f f  
t h e  bot tom o f  t h e  s t i l l .  

Although ERDA p e r c e i v e s  t h a t  t h e r e  w i l l  be a  c o n v e r s i o n  
b y  i n d u s t r i e s  t o  No.2 and No.6 o i l s  from n a t u r a l  g a s ,  ERDA 
r e p r e s e n t a t i v e s  u rged  i n d u s t r y  n o t  t o  view p e t r o l e u m  a s  a  
l o n g  r a n g e  a l t e r n a t i v e  t o  n a t u r a l  g a s .  I t  was f e l t  t h a t  
p e t r o l e u m  s h o u l d  remain  o n l y  an  immediate o r  mid - t e rm 
a l t e r l ~ a L i v c  u n t i l  s u i t a b l e  s i l h ~ t . i t u t e s  can  be  found .  

The c o n v e r s i o n  p r o c e s s  t o  a l t e r n a t e  f u e l s  h a s  been  
p e r c e i v e d  a s  a major  problem by r e f r a c t o r y  m a n u f a c t u r e r s  and 
u s e r s  because  o f  t h e  i n c r e a s e d  i m p u r i t i e s  i n  t h e s e  f u e l s .  
However, a  r e p r e s e n t a t i v e  o f  a  p r i m a r y  m e t a l s  .company s t a t e d  
t h a t  t h e  changeover  would n o t  p l a c e  any undue s t r a i n s  on t h e  
p r imary  m e t a l s  i n d u s t r y  s i n c e  t h e  i n d u s t r y  h a s  had p a s t  
e x p e r i e n c e  w i t h  c o a l  and o j l  a s  p r i m a r y  f u e l s :  

There  i s  l i t t l e  i n t e r e s t  i n  o u r  i n d u s t r y  
r e g a r d i n g  a l t e r n a t e  f u e l  u s a g e .  A s  you 
p r o b a b l y  know, we u s e d  c o a l  a s  a  f u e l  
abou t  30 o r  40 y e a r s  ago .  Thus,  c o n v e r t i n g  
back t o  c o a l  c r e a t e s  no problems f o r  u s ,  
w i t h  t h e  e x c e p t i o n  o f  q u e s t i o n s  o f  h e a t  
c o n t r o l ,  which a r e  b e i n g  r e s o l v e d .  

One a t t e n d e e  saw t h e  c o n v e r s i o n  p r o c e s s  a s  ana logous  t o  
chang ing  s l a g g i n g  p r a c t i c e s .  The c o n v e r s i o n  t o  a l t e r n a t e  
f u e l s  would p r e s e n t  some p r o b l e m s ,  b u t  none t h a t  a r e  i m p o s s i b l e  
t u  s u l v e .  

R e f r a c t o r y  m a n u f a c t u r e r s  have s p e n t  much 
t i m e  and money p e r f o r m i n g  t e s t s  s i m i l a r  t o  
Oak Ridge N a t i o n a l  L a b ' s  combustor  t e s t s ,  
b u t  t h e y  have pe r fo rmed  the111 w i t h  d i f f e r e n t  
s l a g g i n g  p r a c t i c e s ,  n o t  w i t h  d i f f e r e n t  f u e l s .  

What you a r e  r e a l l y  t a l k i n g  abou t  i s  a  
changc i n  s l a g g i n g  p r a c t i c e s .  You a r e  
c o n v e r t i n g  from a  n i c e  c l e a n  f u e l  t o  one 
t h a t  i s  d i r t y .  A t  v e r y  h i g h  t e m p e r a t u r e s ,  
t h e r e  might  be some u n u s u a l  e f f e c t s .  But 
i n  a  s e v e r e  envi ronment  you a r e  s t i l l  
l i m i t e d  i n  t h e  d i r e c t i o n s  you can  go by 
your  r e f r a c t o r y  m a t e r i a l s .  



The same p o l a r i t y  i n  v i e w p o i n t s  was found by t h e  a u t h o r s  o f  
t h e  Assessment  d u r i n g  t h e i r  f i e l d  s1,lrvey: 

The r e f r a c t o r i e s  m a n u f a c t u r e r s  t h a t  we spoke  
w i t h  d u r i n g  t h i s  e x e r c i s e  a r e  r e f l e c t i v e  o f  
t h e  a t t i t u d e s  t h a t  a l l  i s  w e l l  i n  hand.  
They f e l t  t h a t  t h e r e  was v e r y  l i t t l e  t o  be 
c o n c e r n e d  a b o u t  i f  t h e s e  f u e l  c h o i c e s  work 
i n  t h e  n e a r  t e r m .  I t  was o n l y  a  m a t t e r  o f  
chang ing  r e f r a c t o r y  c o m p o s i t i o n s  o r  something  
of  t h a t  n a t u r e .  . . O t h e r  r e f r a c t o r y  manu- 
f a c t u r e r s  we spoke  w i t h  had q u i t e  a  d i f f e r e n t  
p n i n t  o f  vicw.  They took t h e  p o s i t i o n  t h a t  
t h e r e  was a  c o n s i d e r a b l e  l a c k  o f  c o h e r e n c e  
grid u n d e r s t a n d i n g .  

Al though some a t t e n d e e s  b e l i e v e d  t h a t  i n d u s t r i a l  firms 
c o u l d  cope  w i t h  t h e  problems o f  c o n v e r t i n g  t o  a l t e r n a t e  f u e l s ,  
t h e  m a j o r i t y  o f  t h e  p a r t i c i p a n t s  welcomed t h e  development  o f  
any  i n f o r m a t i o n  which would e a s e  t h e i r  t r a n s i t i o n  p rob lems .  



The Data  Base on R e f r a c t o r y  P a r a m e t e r s  

One t o p i c  which engaged t h e  a t t e n t i o n  o f  t h e  a t t e n d e e s  
was whe the r  t h e  d a t a  b a s e  on r e f r a c t o r y  p a r a m e t e r s  and t h e  
knowledge o f  d e l e t e r i o u s  r e a c t i o n s  o f  t h e  r e f r a c t o r y  w a l l  w i t h  
combust ion  p r o d u c t s  i s  s u f f i c i e n t  t o  meet t h e  problems o f  
c o n v e r t i n g  t o  a l t e r n a t e  f u e l s .  T h i s  q u e s t i o n  was m a n i f e s t e d  
i n  s e v e r a l  ways:  I s  t h e  p r e s e n t  d a t a  b a s e  a c c u r a t e ?  Do 
coupon Ves t s  c o n t r i b u t e  t o  a  v a l i d  d a t a  b a s e ?  Do ASTM t e s t s  
p r o v i d e  r e l i a b l e  i n d i c a t o r s  o f  p r o d u c t  pe r fo rmance?  I s  t h e r e  
a  need  f o r  f u l l e r  e v a l u a t i o n  o f  t h e  d a t a  a s  i t  i s  p r e s e n t l y  
accum~i l  a t e d ?  

The b a s i c  problem c o n c e r n i n g  t h e * k n o w l e d g e  o f  r e f r a c t o r y  
p a r a m e t e r s  and a t t a c k  mechanisms i s  w h e t h e r  t h e  p r e s e n t  d a t a  
b.ase i s  a c c u r a t e  by contemporary  s t a n d a r d s .  I t  was i n i t i a l l y  
p o i n t e d  o u t  by s e v e r a l  p a r t i c i p a n t s  t h a t  t h e  d a t a  b a s e  ,is 
s i z e a b l e ,  and i s  aimed towards  t h o s e  problems t h a t  have 
c o n s t a n t l y  p l a g u e d  r e f r a c t o r i e s .  

We had t r o u b l e  w i t h  s u l f u r  and vanadium twenty  
y e a r s  ago .  I  t h i n k  t h e r e  i s  q u i t e  a  bi ' t  o f  
i n f o r m a t i o n  o n : t h e  m e t a l  a l l o y s  i n . t h e  l i t e r -  
a t u r e  r e g a r d i n g  t h e  e f f e c t s  of '  c o r r o s i o n .  

Another  p a r t i c i p a n t  i n d i c a t e d  t h a t  he f e l t  t h e  d a t a  b a s e  
p r o v i d e s  an a c c u r a t e  l e a d  f o r  t h e  company t h a t  h a s  a  pro'blem 
w i t h  r e f r a c t o r y  a t t a c k s  : 

I f  you' cani-lot p r e d i c t  which d i r e c t i o n  t o  go 
t o  overcome r e a c t i o n  problems i n  o r d e r  t o  
maximize r e f r a c t o r y  l i f e t i m e ,  t h e n  you a r e  
i n  t r o u b l e .  The answer ,  o f  c o u r s e ,  migh t  be  
j u s t  t o  u s e  more e x p e n s i v e  b r i c k ,  and t h a t  

, . i s  what y o u r  t e s t s .  w i l l  p r o b a b l y  l e a d  you t o  
c o n c l u d e .  But when you g e t  i n  t h e  'phase 
r e l a t i o n s h i p s ,  i f ' y o u  c a n n o t  t e l l  which way 
t o  go t o  r e d u c e  t h e  a t t a c k s  o f  r e f r a c t o r y  
l i n i n g s ,  t h e n  you a r e  m i s s i n g  much o f  what 
i s  i n  t h e  l i t e r a t u r e  . . . You s h o u l d  know 
what m a t e r i a l s  t o  u s e  t o  minimize  , t h e  e f f e c t s  
o f  r e f r a c t o r y  a t t a c k s ,  even  i n  t h e  h i g h  
t e m p e r a t u r e  r e g i o n ,  j u s t  b a s e d  on p a s t  
e x p e r i e n c e .  T h i s  i s  n o t  a. new s c i e n c e . .  I t  
i s  a  v e r y  o l d  s c i e n c e .  The amount o f  l i t e r -  
a t u r e  on t h e  r e a c t i o n  r a n g e  and t h e  p h a s e  
d iagrams i s  huge. 



I t  was a l s o  emphas ized  t h a t  i f  t h e  d a t a  ' b a s e  were s u f f i c i e n t ,  
t h e  t e c h n i c a l  e x p e r t i s e  o f  t h c  companies t o  a s s i l n i l a t e  arid 
i n t e r p r e t  t h e  i n f o r m a t i o n  i s  a n o t h e r  ma jo r  f a c t o r .  

You have  a s i t u a t i o n  where p e o p l e  have  been 
c a l l e d  upon t o  match r e f r a c t o r y  c o m p a t i b i l i t y  
t o  s l a g s  f o r  a  l o n g  t i m e .  Now you a r e  
t a l k i n g  a b o u t  one  more s l a g ;  i t  may be h i g h l y  
c o r r o s i v e ,  b u t  i t  i s  j u s t  one more s l a g .  You 
s h o u l d  b e  a b l e  t o  h a n d l e  t h a t  w i t h  y o u r  normal  
d e v e l o p m e n t a l  p r o c e d u r e s .  

Much o f  t h e  o p i n i o n  which f o l l o w e d  a c c e p t e d  t h e  i n i t i a l  
p r e m i s e  t h a t  t h e r e  i s  a  l a r g e  amount o f  i n f o r m a t i o n ,  b u t  t h a t  
t h i s  i n f o r m a t i o n  i s  e i t h e r  t o o  l i m i t e d  o r  i t  d o e s  n o t  a c c o u n t  
f o r  v a r i a b l e s  r e l e v a n t  t o  modern f i r i n g  c o n d i t i o n s .  One 
p a r t i c i p a n t  s t a t e d ,  " J u s t  t h e  t u r b u l e n c e  t h a t  might  e x i s t  i n  
equipment  i s  a  v e r y  i m p o r t a n t  f a c t o r  t o  c o n s i d e r . "  Another  
a t t e n d e e  found t h a t  t h e  b a s i c  i n f o r m a t i o n  i s  a v a i l a b l e ,  b u t  
t h a t  i t  i s  n o t  amenable t o  l o n g  r ange  p l a n n i n g :  

The r e f r a c t o r y  m a n u f a c t u r e r ,  i n  g e n e r a l ,  c a n  
t e l l  you which d i r e c t i o n  t o  go t o  g e t  b e t t e r  
s e r v i c e ,  and s o  f o r . t h .  But t.he u s e r  i s  
i n t e r e s t e d  i n  how l o n g  t h a t  r e f r a c t o r y  
m a t e r i a l  w i l l  l a s t  i f  he i n s t a l l s  i t .  T h a t  
i s  what t h e  man .~ i fa . c tu re r  canno t  t e l l  him. 
We car] t.eJ.1. hi111 what d i r e c t i o n  t o  g o ,  b u t  
we c a n n o t  s a y ,  " I f  you do t h i s ,  y o u r  
. r e f r a c t o r y  l i f e  i s  g o i n g  t o  d o u b l e . "  We 
j u s t  do n o t  know w i t h o u t  s i m u l a t i v e  t e s t s .  

Another  a spec t  o f  t h e  da ta .  b a s e  p r n h l e m  a n ?  i t s  q u a l i t y  
was b r o u g h t  up d u r i n g  t h i s  d i s c u s s i o n .  T h i s  conce rned  t h e  
v a l i d i t y  o f  t h e  t e s t  b a s e  upon which t h e  d a t a  on r e f r a c t o r y  
m a t e r i a l s  h a s  been  g e n e r a t e d .  E s s e n t i a l l y  t h i s  i s s u e  r e v o l v e d  
a round  w h e t h e r  i n f o r m a t i o n  f o r m u l a t e d  from coupon t y p e  t e s t s  
was o f  s u f f i c i e n t  q u a l i t y  f o r  i n d u s t r i a l  u s e .  There  was n e a r l y  
u n i f o r m  agreement  t h a t  i n f o r m a t i o n  g e n e r a t e d  by t h e s e  t e s t s  
i s  o f  l i m i t e d  a p p l i c a b i l i t y .  

1 would l i k e  t u  h a z a r d  a coup le  o f  g e n e r a l -  
i z a t i o n s .  One i s  t h a t  e x t r a p o l a t i o n  o f  
coupon t y p e  t e s t  d a t a  t o  r e a l  l i f c  equipment  
i s  d a n g e r o u s .  S e c o n d l y ,  i f  you t r y  t o  
d o u b l e  s u l f u r  c o n t e n t  and t r i p l e  vanadium 
c o n t e n t ,  and t h e n  t r y  t o  e x t r a p o l a t e  t h e  
r e s u l t s ,  you would be b e t t e r  o f f  i f  you 
s a v e d  y o u r  t i m e ,  money, and e f f o r t .  



I t  was a l s o  s t a t e d  t h a t :  

You w i l l  need  i n - s e r v i c e  t e s t i n g  t o  g e t  
i n f o r m a t i o n  n e c e s s a r y  f o r  p r e d i c t i n g  
r e f r a c t o r y  pe r fo rmance  o r  a t  l e a s t  f o r  
c h o o s i n g  r e f r a c t o r i e s  f o r  f u r t h e r ,  o n -  
go ing  t e s t s .  

There  were a  few a d d i t i o n a l  comments which d i d  n o t  d i s p u t e  
t h e s e  p o i n t s ,  b u t  r a t h e r  f o c u s e d  on t h e  f a c t  t h a t  coupon t e s t s  
a r e  much l e s s  e x p e n s i v e  t h a n  combustor  t e s t s  and s i m u l a t i o n  
t e s t i n g .  The p a r t i c i p a n t s  a l s o  spoke  o f  i n d u s t r y ' s  need  f o r  
immediate  r e s u l t s .  The c o n c l u s i o n ,  t h o u g h ,  o f  one  p a r t i c i p a n t  
was : 

There i.s n o t h i n g  wrong w i t h  t h e s e  t e s t s .  
But t h e  r e s u l t s  which you g e t  from them 
a r e  t h a t  r e f r a c t o r y  m a t e r i a l s  e i t h e r  a r e  
o r  a r e  n o t  wor th  f u l l - s c a l e  t e s t i n g .  

There  f o l l o w e d  a  d e l i n e a t i o n  o f  what t y p e s  o f  coupon t e s t s  
p r o v i d e  t h e  most v a l i d  r e s l 1 l . t ~ :  

I t h i n k  t h e r e  a r e  two k i n d s  o f  coupon 
t e s t s .  F i r s t ,  you have a  sample t h a t  
i s  j u s t  immersed l i k e  a  cup o r  a  p e n c i l  
t e s t .  The whole p e n c i l  i s  a t  t h e  h i g h  
t e m p e r a t u r e  o f  t h e  d e v i c e  you a r e  h e a t i n g  
i t  i n  and i t  i s  b e i n g  a t t a c k e d  on a l l  
s i d e s .  The second  t y p e  o f  coupon t e s t  
i s  where you have a  r e a c t o r  o r  a  p i e c e  
o f  equipment  t h a t  i s  a l r e a d y  o p e r a t i v e  
and you p l a c e  a  p i e c e  o f  r e f r a c t o r y  i n  
t h e  w a l l .  I  t h i n k  t h e  d a t a  from t h a t  
t y p e  o f  t e s t  i s  q u i t e  v a l u a b l e .  The 
d i f f e r e n c e  between t h i s  t e s t  and t h e  
p e n c i l  t e s t ' i s  t h a t  t h e  b r i c k  i n  t h e  
r e f r a c t o r y  w a l l  w i l l  e x p e r i e n c e  t h e  
same therma'l  g r a d i e n t s ,  t h a t  t h e  e q u i p -  
ment e x p e r i e n c e s ,  whereas  a s t i c k  o f  
r e f r a c t o r y  i n  a  cup w i l l  n o t .  The r a t e s  
o f  c o r r o s i o n  o f  t h e s e  two coupon t e s t s  
a r e  v a s t l y  d i f f e r e n t .  

'l'he c o n c l u s ~ b n s  of.kered by t h e  a t t e n d e e s  p o i n t e d  t o  
s i m u l a t i v e  t e s t i n g  a s  a  means by which a  d a t a  b a s e  o f  h i g h e r  
q u a l i t y  c o u l d  be f o r m u l a t e d .  B o t h . c o m b u s t o r  t e s t s  and 
model ing  methods were a d v o c a t e d  a s  t h e  means o f  c r e a t i n g  t h a t  
h i g h  q u a l i t y  d a t a  b a s e .  



I t  h a s  been  s a i d  a  number o f  t i m e s ,  and 
I L ~ I I ~ I U  L  ag ree  w i  L l l  i L I I I U ~ . ~ ,  t h a t  s imu-  
l a t i n g  t h e  p r o c e s s  and r e a l l y  r u n n i n g  i t  
w i t h  combus to r s  and r e f r a c t o r i e s  i s  v i t a l .  

I t h i n k  w i t h  a l l  t h e  t e s t s  and b a s i c  r e s e a r c h ,  
many r e s e a r c h e r s  a r e  l e a r n i n g  o f  t h e  g r e a t  
p o t e n t i a l  of  s i m u l a t i v e  t e s t i n g .  You have 
t o  g e t  v e r y  c l o s e  t o  model ing  wha teve r  i t  i s  
t h a t  you a r e  conce rned  a b o u t .  J u s t  t h e  
t u r b u l e n c e  t h a t  might  e x i s t  i n  t h e  e q u i p -  
ment i s  v e r y  i m p o r t a n t .  I would, a d v o c a t e  
s i m u l a t i v e  t e s t i n g .  T h i s  means we would 
have t o  g e t  i n t o  t e s t i n g  t o  a  g r e a t e r  e x t e n t  
t h a n  we a r e  r i g h t  now. 

I t h i n k  mechanism model ing  i s  v e r y  u s e f u l .  
You have  t o  u n d e r s t a n d  t h e  s l a g  a t t a c k  t o  
r e a l l y  u n d e r s t a n d  t h e  mechanism. T h i s  
u n d e r s t a n d i n g  you g e t  f rom model ing  w i l l  
t h e n  t r a n s l a t e  t o  t h e  d i r e c t i o n  you w i l l  
p u r s u e  t o  c o n t r o l  f u r n a c e  s l a g  a t t a c k s .  
P e o p l e  c a n  a l s o  a p p l y  m a t h e m a t i c a l  
model ing  o f  f u r n a c e  p r o c e s s e s  and o t h e r  
k i n d s  o f  mode l ing .  These methods can  be  
v e r y  good low c o s t  r e p r e s e n t a t i o n s  f o r  a  
p r o c e s s o r .  

I n  c o n c l u s i o n ,  one  o f  t h e  p a n e l i s t s  u rged  t h a t  we f o l l o w  
t h e  p a t h  which t h e  Europeans have  e s t a b l i s h e d  i n  s i m u l a t i v e  
testing: 

The Europeans  have  r e c o g n i z e d  t h e  impor-  
t a n c e  o f  s i m u l a t i v e  t e s t i n g  b e f o r e  we have .  
They have a  r a n g e  o f  u n i t s  l oca ted  a t  
u n i v e r s i t i e s  and i n s t i t u t e s ,  which have 
v e r y  e x t e n s i v e  test f i r i n g  c a p a b i l i t i c s .  
The re  i s  a l m o s t  no e q u i v a l e n t  i n  t h e  U.S. 
We do n o t  have  any i n d u s t r y - w i d e  o r  
a c a d e m i c a l l y - a v a i l a b l e  t e s t  f u r n a c e s  where 
a  r e a s o n a b l e  s i m u l a t i o n  t e s t  can  be  r u n .  

The n e x t  s u b j e c t  b r o u g h t  o u t  d u r i n g  t h e  p a n e l  d i s c u s s i o n  
was w h e t h e r  ASTM t e s t s  c o n s t i t u t e  a c c u r a t e  measures  o f  
pe r fo rmance  f o r  r e f r a c t o r y  m a t e r i a l s .  S e v e r a l  comments from 
t h e  a u d i e n c e  and t h e  p a n e l  h i g h l i g h t e d  t h e  f a c t  t h a t  t h e  
v a r i a b i l i t y  o f  some r e f r a c t o r y  c o m p o s i t i o n s  'make i t  v e r y  
d i f f i c u l t  t o  r e l y  t o t a l l y  on t h e  ASTM t e s t s .  



My q u e s t i o n  c e n t e r s  a round t h e  a c c u r a c y  and 
p r e c i s i o n  ,' s p e c i f i c a l l y  a c c u r a c y ,  w i t h  which 
t h e  t h e r m o - p h y s i c a l  p r o p e r t i e s  o f  a  r e f r a c t o r y  
w a l l  c a n  be d e t e r m i n e d .  My e x p e r i e n c e  i s  t h a t  
many o f  the, m o n o l i t h i c  r e f r a c t o r y  c o m p o s i t i o n s  
change c o n t i n u o u s l y  a s  t h e  raw m a t e r i a l s  
s u p p l y  market  s i t u a t i o n  changes .  The m a t e r i a l  
which you buy t h i s  y e a r  w i l l . n o t  b e , t h e  same 
a s  i t  i s  n e x t . y e a r .  The p r o p e r t y  v a r i a t i o n s  
i n  e a c h  y e a r ' s  b a t c h  w i l l  make f o r  unknown 
v a r i a t i o n s  i n  your  p r o d u c t i o n  l o t s .  

T h i s  problem o f  v a r i a b i l i t y  o f  t h e  c o m p o s i t i o n  l e d  one i n d u s t r y  
r e p r e s e n t a t i v e  t o  c o n c l u d e :  

The most u n s c i e n t i f i c ,  i n e x a c t  p r o c e s s  i s  t h e  
making o f  c a s t a b l e  r e f r a c t o r y  p r o d u c t s .  T h i s  
whole p r o c e s s  i s  dependen t  on t h e  t y p e  o f  
w a t e r  and t h e  t y p e  o f  m i x t u r e  b e i n g  u s e d .  
Maybe i t  i s  an a r t !  

Another  c a u s e  o f ' v a r i a b i l i t y  i n  r e f r a c t o r y  p r o p e r t i e s  i s  
r e l a t e d  t o  t h e  e x p o s u r e  o f  t h e  f u r n a c e  env i ronment .  

The p r o p e r t i e s  o f  c a s t a b l e  rammed cements  
change d r a s t i c a l l y  w i t h  t i m e  i n  t h e  f u r n a c e .  
I f  you a r e  m e l t i n g  m e t a l  i n  a  rammed r e f r a c -  
t o r y ,  m e t a l  w i l l  pe rmea te  i t .  

Thus ,  c a l c u l a t i o n s  b a s e d  on t h e  ASTM t e s t s  may n o t  be  i n  l i n e  
w i t h  t h e  a c t u a l  p r o p e r t i e s  o f  r e f r a c t o r y  p r o d u c t s  a company 
p u t s  0 1 l t .  

When you assume i n  a  c a l c u l a t i o n  o f  t h e r -  
m a l - c o n d u c t i v i t y  t h r o u g h  a  component 
w a l l  n u n i f o r m  t h e r m a l - c o n d u c t i v i t y  b a s e d  
on a  v a l u e  from t h e  p r e v i o u s  b a t c h ,  you 
a r e  b e i n g  na ive ' !  A l l  you a r e  g i v i n g  t h e  
cus tomer  i s  a  b a l l p a r k  f i g u r e .  

But even  though  t h e r e  a r e  q u e s t i o n s  a b o u t  a p p l i c a b i l i t y ,  
and a c c u r a c y ,  t h e  ASTM t e s t s  a r e  s t i l l  c o n s i d e r e d  t h e  b e s t  
b a s i s  f o r  p r o p e r t y  d e t e r m i n a t i o n  o f  r e f r a c t o r y  m a t e r i a l s .  

I  t h i n k  you have t o  a c c e p t  t h c  f a c t  t h a t  
t h e  ASTM t e s t s  a r e  n o t  c o m p l e t e l y  a c c u r a t e ,  
b u t  a t  l e a s t  you can  e x t r a p o l a t e  from them. 
I f  you do n o t  s t a r t ,  w i t h  t h e  r e s u l t s  o f  
t h o s e  t e s t s ,  you r e a l l y  do n o t  have anypl ' ace  



t o  s t a r t  o t h e r  t h a n  assuming  you have  
d c s i g n c d  a b n l a n c c d  t e s t  on y o u r  own. 
I f  I am clojng some th ing  t h a t  w i l l  be  u s e d  
by s e v e r a l  c i m p a n i e s ,  I  p r e f e r  t o  u s e  t h e  
ASTM t e s t s  a n d . e x t r a p o l a t e  from t h e  v a l u e s .  

F i n a l l y ,  i t  was p o i n t e d  o u t  t h a t  r e f r a c t o r y  m a t e r i a l s  can  
a p p r o a c h  t h e  q u a l i t i e s  o f  e n g i n e e r i n g  m a t e r i a l s ,  b u t  t h e  c o s t s  
g e t  i n t o  t h e  a r e a  o f  d i m i n i s h i n g  r e t u r n s  i n  q u a l i t y  b a s e d  on 
t h e  p r i c e  i n c r e m e n t .  An a t t e n d e e  remarked t h a t  one c a n n o t  
e x p e c t  r e f r a c t o r y  m a t e r i a l s  t o  p e r f o r m . l i k e  e n g i n e e r i n g  m a t e r -  
i a l s ,  s u c h  a s  s t e e l ,  b e c a u s e  t h e  p r o c e s s e s  o f  m a n u f a c t u r e  a r e  
i n c o m p a r a b l e .  

Wi,th a l l  t h e  p r e v i o u s  f a c t o r s  i n  mind c o n c e r n i n g  t h e  d a t a  
b a s e  p r o b l e m s ,  t h e  b e l i e f  was e x p r e s s e d  t h a t  e v a l u a t i o n s  must  
b e  made o f  t h e  s p e c i f i c  p roblems t h e  r e f r a c t o r y  m a n u f a c t u r e r  
o r  u s e r  h a s  t o  f a c e  i n  c o n v e r t i n g  t o  a l t e r n a t e  f u e l s .  

F i r s t ,  i n  t h e  a r e a  o f  e q u i p m e n t ,  T s e e  
t h a t  t h e r e  a r e  two t y p e s  o f  i n t e r e s t .  I n  
e x i s t i n g  e q u i p m e n t ,  w h e r e , w e  have a l r e a d y  
commit ted  o u r s e l v e s  t o  s p e c i f i c  d e s i g n s  
and c a p i t a l  i n v e s t m e n t ,  we have  t o  c o n s i d e r  
t h e  d o l l a r  i n c e n t i v e s  f o r  c o n v e r s i o n  t o -  
a l t e r n a t e  f u e l s .  S e c o n d l y ,  we have  t o  
know t h e  t e c h n i c a l  f e a s i b i l i t y  of  c o n v e r -  
s i o n ,  As I v iew i t ,  t h e r e  a r e  some' t h i n g s  
t h a t  we do  n o t  know r i g h t  now w i t h o u t  
c h a n g i n g  t h e  m a t e r i a l s  o f  c o n s t r u c t i o n ,  
p e r t a i n i n g  b o t h  t o  r e f r a c t a l - i e s  and 
m e t a l s  s y s t e m s .  . . So w i t h  an e y e  t o  
b u i l d i n g  and  c o n s t r u c t i o n  o f  f u t u r e  
p l a n t s  and  f a c i i i t i e s ,  we wouid l i k e  t o  
make t h e s e  e v a l u a t i o n s  o'n a  f i r m  f o o t i n g .  
The t e s t  work t h a t  would be  done by , 

i n d u s t r y  a i d  ERDA i s  i111porta11.t.  

I n  r e s p o n s e  t h e  p a n e l  c h a i r m a n ,  V ic  T e n n e r y ,  s u g g e s t e d  t h a t  
a  commi t t ee  o f  r e f r a c t o r y  m a n u f a c t u r e r s  and  u s e r s  b e  e s t a b l i s h e d  
t o  m o n i t o r  and d i s s e m i n a t e  i n f o r m a t i o n  on new deve lopmen t s  and  
data; 

The p u r p o s e  i s  t o  t r y  t o  s t a y  c u r r e n t  on 
t h e  s u b j e c t  a r e a s  o f  a l t e r n a t e  f u e l s  and  
t h e  p o t e n t i a l  i m p a c t  o f  t h e s e  f u e l s  on 
c e r a m i c  r e f r a c t o r i e s  and  i n s u l a t i o n s .  
T h i s  commi t t ee  would communicate  o r  h e l p  
t o  communicate  t h e  i n f o r m a t i o n  t o  i n d u s t r y  



and  u s e r s  . . . The p r e s e n t  s i t u a t i o n  w i t h  
a l t e r n a t e  f u e l s  i s  t h a t  a  m u l t i t u d c  o f  
p rograms a r e  underway,  and  p e o p l e  a r e  
e x p e r i e n c i n g  d i f f i c u l t y  k e e p i n g  t r a c k  o f  
them. . A  commit tee  c o u l d  m o n i t o r  t h e  o n -  
g o i n g  e f f o r t s  and  t r a n s f e r  t h e  needed  
i n f o r m a t i o n  t o  r e f r a c t o r i e s  m a n u f a c t u r e r s  
and  u s e r s .  
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ERDA-ORNL Combustor T e s t s  

Dur ing  V .  - J . . T e n n e r y l s  p r e s e n t a t i o n  on t h e  ~ s s e s s m e n t ,  he 
o u t l i n e d  t h e  . format  o f  t h e  upcoming combustor  t e s t s  which Oak 
Ridge N a t i o n a l  Labora to ry .  w i l l  be  c o n d u c t i n g  on r e f r a c t o r y  
m a t e r i a l s .  Below i s  an e x c e r p t  o f ' h i s  remarks a b o u t  t h e  
program. 

The p r e s e n t  p l a n  i s  t o  r u n  t h e  t e s t s  f o r .  
a p p r o x i m a t e l y  1,,000 hours  e ach .  I t  i s  arl . . 
a r b i t r a r y  f i g u r e .  The t e s t s  w i l l  r u n  a t  

,2600"-2700°F.  We t e n t a t i v e l y  p l a n  t o  do 
, f o u r  p a n e l  t e s t s  i n  t h e  combustor '  s i m u l -  
t a n e o u s l y  dur i r ig  e a c h  t e s t .  To some p e o p l e ,  
t h e  soundness  o f  t h i s  l o g i c  i s  n o t  a p p a r e n t , ,  
because  o f  t h e  p o t e n t i a l  s y n e r g i s t i c  e f f e c t s  
between t h e  v a r i o u s  m a t e r i a l s  i n  t h e  combus- 
t o r .  But we a r e  go ing  t o  t r y  f o u r  p a n e l  . 
t e s t s  i n  an e f f o r t  t o  comple te  a s  many t e s t s  
a s  p o s s i b l e  i n  a  r e a s o n a b l e  t ime  p e r i o d .  I f  
we do s i n g l e  p a n e l  t e s t s  i t  would t a k e  t o o  
l o n g  t o  d e v e l o p  s u f f i c i e n t  i n f o r m a t i o n  which 
c o u l d  be w i d e l y  u t i l i z e d .  I n i t i a l l y ,  we w i l l  
l ook  a t  two ' compos i t ions  o f  a lumina  s i l i c a t e  
r e f r a c t o r y  b r i c k ;  one 50% a lumina  and t h e  
o t h e r  one 90% a lumina .  Along w i t h  t h e s e  
r e f r a c t o r y  b r i c k s - w e  w i l l  e x m i n e  two 
g e n e r i c . f i b r o u s  i n s u l a t i o n s .  lVe i n t e n d  t o  
f a b r i c a t e  r e l a t i v e l y . s m a l 1  p a n e l s  u s i n g  
recommendations made by t h e  m a n u f a c t u r e r  o f  
t h e  r e f r a c t o r y  t o  s i m u l a t e  a  w a l l .  

The d i s c u s s i o n s  r e l a t i v e  t o  t h i s  t e s t  p l a n  d i d  n o t  dwe l l  
on t h e  i n f o r m a t i o n  t o  be d e r i v e d ,  b u t  r a t h e r  f o c u s e d  on t h e  
i s s u e  o f  whe the r  t h e  t e s t i n g  program s h o u l d  be  l i m i t e d  t o  t h e  
2600"-2700°F. r a n g e ,  o r  s h o u l d  be expanded t o  i n c l u d e  o t h e r  
t e m p e r a t u r e  r a n g e s .  The b a s i c  d i v i s i o n  was between t h e  c e r a m i c s  
i n d u s t r y  r e p r e s e n t a t i v e s ,  who f e l t  t h a t  l ower  t e m p e r a t u r e  
t e s t i n g  s h o u l d  a l s o  be  a  p a r t  o f  t h e  p rogram,  and  s e v e r a l  o t h e r  
a t t e n d e e s  who b e l i e v e d  t h a t  h i g h  t e m p e r a t u r e  t e s t i n g  would 
g e n e r a t e  t h e  most v a l u a b l e  i n f o r m a t i o n .  

The c e r a m i c s  i n d u s t r y  r e p r e s e n t a t i v e s  emphas ized  two p o i n t s :  
I )  e x t r a p o l a t i o n  of h i g h  t e m p e r a t u r e  t e s t s  downward f o r  t h e  low 
t e m p e r a t u r e  r e f r a c t o r y  u s e r s  would n o t  be v a l i d ,  and 2) t h e  
u n d e r c a p i t a l i z a t i o n  o f  t h e i r  i n d u s t r y  makes i t  d i f f i c u l t  t o  
conduc t  t h e i r  own s i m u l a t i v e  t e s t i n g  program. 



The f i r s t  p o i n t  was made when an a d v o c a t e  o f  h i g h  temper-  
a t u r c  t c s t s  s t a t c d :  

I t  would p r o b a b l y  n o t  b e  a s  f r u i t f u l  t o  t r y  
t o  s i m u l a t e  a  2000°F. t e s t  a s  i t  would be t o  
s i m u l a t e  a  2500°F. t e s t .  You can  e x t r a p o l a t e  
back from 2500°F. t o  g e t .  t h e  k i n d  o f  pe r fo rmance  
d a t a  you want a t  2000°F. T h a t ,  o f  c o u r s e ,  would 
n o t  b e  an o p t i m i z a t i o n .  

Ano the r  a t t e n d e e  r e s p o n d e d  w i t h  t h e  c o n t r a r y  v i e w p o i n t :  

Regard ing  t h e  problem o f  t r y i n g  t o  e x t r a p o l a t e  
down t o  lower  t e m p e r a t u r e s ,  s i l i c o n  c a r b i d e  
b r i c k  i s  a  good exaraple.  S i l i c o n  c a r b i d e  w i l l  
searid up v e r y  w e l l  i n  o x i d a t i o n  r e s i s t a n c e  a t  
1570°C. With e s s e n t i a l l y  t h e  same g a s  atmo- 
s p h e r e ,  you may have bad problems a t  1100" o r  
1150°C. b e c a u s e  t h e  mechanism of  o x i d a t i o n  o f  
t h e  s u r f a c e  and t h e  p r o t e c t i v e  l a y e r  o f  s i l i c a  
forms on s i l i c o n  c a r b i d e  a s  a  much l e s s  d e n s e  
l a y e r  o f  s i l i c a .  T h e r e f o r e ,  you have g o t  a  
c o m p l e t e l y  d i f f e r e n t  o x i d a t i o n  mechanism. 
Thus ,  t o  e x t r a p o l a t e  r a t e s  o f  o x i d a t . i o n  from 
1570°C. down t o  1100°C. would c o n s t i t u t e  a  
d r c a d f u l  m i s t a k e .  

Regard ing  t h e  s e c o n d  p rob lem,  one c e r a m i c s  i n d u s t r y  r e p -  
r e s e n t a t i v e  n o t e d  t h a t  t h e  u n d e r c a p i t a l i z a t i o n  o f  h i s  i n d u s t r y  
made a  t e s t i n g  program a t  l ower  t e m p e r a t u r e s  more d e s i r a b l e  and 
v a l u a b l e .  

The c e r a m i c s  i n d u s t r y ,  up u n t i l  q u i t e  
r e c e n t l y ,  h a s  been c h a r a c t e r i z e d  a s  
s m a l l ,  fami ly-owned companies  which a r e  
u n d e r c a p i t a l i z e d .  They do n o t  have RGD 
moncy. The s t e e l  companies ,  on t h e  o t h e r  
h a n d ,  have r a t h e r  s i z e a b l e  l a b o r a t o r i e s .  
You w i l l  n o t  f i n d  t h i s  i n  t h e  c e r a m i c s  
i n d u s t r y .  Thus ,  i t  may be  q u i t e  impor-  
LarlL LU s o l v e  r h e  s r e e l  i n d u s t r y ' s  
s c a r t i o n  p rob lem,  b u t  t 1 i w r . w  i s  s L i l l  Ll i i r ;  
$9  b i l l i o n  i n d u s t r y  t h a t  n e e d s  even  more 
h e l p  i n  s o l v i n g  i t s  r e a c t i o n  problem t h a n  
t h e  s t e e l  i n d u s t r y  d o e s .  

' l ' l~e  a d v v c a t e s  o f  h i g h  t e m p e r a t u r e  r e s t s  s t a t e d  t h a t  a 
t e s t i n g  program ' a t  h i g h  t e m p e r a t u r e s  would have g r e a t e r  r e l e v a n c e  
f o r  r e f r a c t o r y  u s e r s  s i n c e  t h e  h i g h  t e m p e r a t u r e  r a n g e  i n v o l v e s  
complex f a c t o r s  which  a r e  d i f f i c u l t  t o  p r e d i c t .  



When you a r e  t a l k i n g  a b o u t  h i g h  t e m p e r a t u r e  
p r o c e s s e s ,  you a r e  t a l k i n g .  abou t  p r o c e s s e s  
where a  r e f r a c t o r y  i s  c r u c i a l .  I t  a p p e a r s  
t h a t  t h e  1800°-20000F.  r ange  c a n  be t o o l e d  
up w i t h  s l i g h t l y  i n f e r i o r  r e f r a c t o r i e s ,  w i t h  
p e r h a p s  some minor  d e t e r i o r a t i o n  problems a s  
a  r e s u l t .  I  am s u g g e s t i n g  t h a t  p o s s i b l y  t h e  
r e a s o n  why ERDA h a s  p r e f e r r e d  t o  l o o k  a t  h i g h  
t e m p e r a t u r e  r e f r a c t o r y  problems i s  s imply  
because  t h e  economic impact  i s  p o t e n t i a l l y  
g r e a t e r .  

The o b s e r v a t i o n  was added t h a t  r e f r a c t o r i e s  a r e  u t i l i z e d  f o r  
h i g h  t e m p e r a t u r e  a p p l i c a t i o n s  i n  t h e  m a j o r i t y  o f  c a s e s .  

I  t h i n k  we t e n d  t o  f o r g e t  where r e f r a c t o r i e s  
a r e  u s e d .  The s t e e l  i n d u s t r y  u s e s  b e t t e r  
t h a n  70% o f  them. Thus ,  when you a r e  t a l k i n g  
a b o u t  e s t a b l i s h i n g  a  t e s t i n g  p rogram,  you 
s h o u l d  be t h i n k i n g  i n  t e r m s  o f  2500°F. o r  
above .  

The f i n a l ,  and most i m p o r t a n t ,  p o i n t  made i n  t h i s  d i s -  
c u s s i o n  was t h a t  t h e  knowledge o f  h i g h  t e m p e r a t u r e  ' r e f r a c t o r i e s  
needs  t o  be supp lemen ted .  

I f  you need  a  t e s t i n g  program a t  a l l ,  you 
need  i t  i n  t h e  h i g h  t e m p e r a t u r e  r a n g e  b e c a u s e  
t h e  r e a c t i o n s  a r e  much more c o m p l i c a t e d .  
T h e r e ,  you have a  l i m i t e d  a b i l i t y  t o  p r e d i c t  
phase  r e a c t i o n s .  Phase d iag rams  go ing  w i t h  
f o u r  t o  s i x  compounds p r e s e n t  r e a l  d i f f i c u l t i e s  

There  was a l s o  some i n t e r e s t  e x p r e s s e d  i n  t e s t i n g  t h e  e f f e c t s  
o f  d e s i g n  and i n s t a l l a t i o n  of r e f r a c t o r i e s .  But t h e s e  f a c t o r s  
would n o t  be s p e c i f i c a l l y  a d d r e s s e d  i n  t h e  t e s t i n g  program under  
d i s c u s s i o n  a t  t h i s  s e m i n a r .  
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Summary and C l o s i n g  Remarks 

R .  G .  D o n n e l l y ,  ORNL 

I n  t h i s  morn ing ' s  s e s s i o n  we l e a r n e d  t h a t  t h e r e  w i l l  be 
a  l a r g e  s h o r t f a l l  i n  t h e  n a t u r a l  g a s  s u p p l y  f o r  a  number o f  
r e a s o n s  i n  a  v e r y  s h o r t  p e r i o d  o f  t i m e .  We l e a r n e d  a l s o  t h a t  
t h e  i n d u s t r y  i s  p r e p a r i n g  a  mass ive  s h i f t  from n a t u r a l  g a s  t o  
o i l ,  b u t  s u r p r i s i n g l y ,  n o t  much t o  c o a l  i n  t h e  n e a r  f u t u r e .  

On t h e  n e g a t i v e  s i d e ,  t h e r e  a r e  problems which a r e  due 
t o  t h e  i m p u r i t i e s  i n  t h e  o i l  and c o a l ,  t h e  ma jo r  o n e s  b e i n g  
sodium,  vanadium, and s u l f u r .  These i m p u r i t i e s  c a u s e  problems 
w i t h  c e r a m i c  l i n i n g s  and t h e r e  a r e  many p o t e n t i a l  mechanisms 
f o r  d e l e t e r i o u s  i n t e r a c t i o n .  Thus ,  e x p e r i m e n t a l  d a t a  a p p e a r s  
t o  be n e c e s s a r y ,  e s p e c i a l l y  a t  t h e  h i g h e r  t e m p e r a t u r e s ,  and 
t h e s e  e x p e r i m e n t s  s h o u l d  be  conduc ted  under  v e r y  r e a l i s t i c  
c o n d i t i o n s .  These i m p u r i t i e s  c a u s e  problems w i t h  t h e  p r o d u c t s  
t h a t  a r e  b e i n g  p roduced .  S w i t c h i n g  t o  o i l  o r  c o a l  a l s o  g i v e s  
g r e a t e r  e n v i r o n m e n t a l  problems t o  overcome and l a r g e r  c a p i t a l  
o u t l a y s  a r e  r e q u i r e d  f o r  b o t h  t h e  a d d i t i o n a l  equipment  
n e c e s s a r y  t o  bu rn  t h e s e  a l t e r n a t e  f u e l s  a s  w e l l  a s  f o r  t h e  
a d d i t i o n a l  equipment  n e c e s s a r y  t o  overcome t h e  e n v i r o n m e n t a l  
p rob lems .  

There  were a  number o f  c o n f l i c t s  i n  t h e  development  o f  
c e r a m i c s  which were b r o u g h t  o u t .  These c o m p l i c a t i o n s  i n c l u d e  
t h e  f a c t  t h a t  a  more porous  c e r a m i c  f o r  a  b e t t e r  i n s u l a t i v e  
a b i l i t y  i s  needed.  More d e n s e  c e r a m i c s  a r e  a l s o  r e q u i r e d  t o  
minimize  p e n e t r a t i o n  by t h e  a l t e r n a t e  f u e l  i m p u r i t i e s .  
Another  c o n f l i c t  i s  t h a t  i f  f u r n a c e s  a r e  b e t t e r  i n s u l a t e d  
and t h e  h o t  w a l l  t e m p e r a t u r e  i s  r a i s e d ,  t h e n  t h e  s l a g g i n g  
a t t a c k  o f  t h e  c e r a m i c s  i s  i n c r e a s e d .  

On t h e  p o s i t i v e  s i d e ,  we l e a r n e d  u f  sullle successes i n  
c o n v e r s i o n  t o  a l t e r n a t e  f u e l s .  The re  have  been  some reduced  
f u e l  c o s t s  and some c a s e s  o f  improved p r o d u c t  q u a l i t y  and 
p r o d u c t i o n  r a t e ,  and improved h e a t  t r a n s f e r ,  s o  t h e  p i c t u r e  
i s  n o t  t o t a l l y  n e g a t i v e .  

I n  t h e  a f t e r n o o n  s e s s i o n  p a n e l  d i s c u s s i o n ,  t h e  ma jo r  p o i n t  
o f  d i s c u s s i o n  had t o  do w i t h  t e s t i n g  t h e  e f f e c t s  o f  t h e  a l t e r n a t e  
f u e l s  on r e f r a c t o r i e s  and r e f r a c t o r y  i n s u l a t i o n s .  There  was 
n o t  u n i f o r m  agreement  on t h e  need  f o r  t e s t i n g  o r  t h e  c o n d i t i o n s  
o f  t e s t i n g  i f  done .  Some r e f r a c t o r i e s  m a n u f a c t u r e r s  s u g g e s t e d  
t h a t  no f u r t h e r  t e s t i n g  i s  needed .  However, t h e  m a j o r i t y  o p i n i o n  
a p p e a r e d  t o  be  t h a t  a d d i t i o n a l  t e s t i n g  i s  r e q u i r e d ,  and t h a t  
t h i s  t e s t i n g  s h o u l d  c l o s e l y  s i m u l a t e  t h e  a c t u a l  u s a g e  c o n d i t i o n s .  
Combustion t e s t i n g  i s  o f  t h i s  n a t u r e ,  and i t  was g e n e r a l l y  



recommended. A l s o ,  t h e r e  a r e  many c o n d i t i o n s  o f  t h e  t e s t i n g  
which must  be c o n t r o l l e d .  These i n c l u d e  oxygen p a r t i a l  
p r e s s u r e ,  t e m p e r a t u r e ,  geomet ry ,  c o m p o s i t i o n ,  e t c .  Thermal 
g r a d i e n t s  a r e  i m p o r t a n t  a s  w e l l  as t u r b u l e n c e .  A s i g n i f i c a n t  
p o i n t  d i s c u s s e d  was t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s ,  I n  ' 

o r d e r  t o  b e  a b l e  t o  e x t r a p o l a t e  t h e  t e s t  r e s u l t s  e i t h e r  t o  
h i g h e r  o r  lower  t e m p e r a t u r e s ,  an  u n d e r s t a n d i n g  o f  t h e  mechan- 
isms o f  i n t e r a c t i o n  i s  r e q u i r e d  s o  t h a t  v a l i d  a n a l y t i c a l  . 
models  c a n  be c o n s t r u c t e d .  Sampling o f  t h e  i n d u s t r i a l  s p e c i -  
mens a p p e a r s  t o  be  f a v o r e d  by many, and t h e , n e e d  f o r  s t a n d a r d  
r e f r a c t o r y  m a t e r i a l s  and t e s t  methods was a l s o  i d e n t i f i e d .  

. " 

I n  c l o s i n g ,  I want t o  t h a n k  o u r  s p e a k e r s  and t h e  p a n e l  
members. f o r .  t h e i r  f i n e  c o n t r i b u t i o n s  t o  t h i s  conferen,ce.  I :S 

p a r t i c u l a r l y  want  t o  t h a n k  D r .  George Wei , and  Vic  'I'ennery o f  
Oak Ridge who p u t  a l o t  o f  e f f o r t  i n t o  p r e p a r i n g  t h e , p r o g r a m  
and l i n i n g  up t h e  speakers. .  

. . .. . 
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