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P a r t i a l  Combustion of F u e l  O i l  w i t h  Oxygen 
and A p p l i c a t i o n  t o  Smel t ing  I r o n  O r e  

by Jerome Feinman and 
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Uni ted  S t a t e s  S t e e l  Corpora t ion  

Monroev i l l e ,  P e n n s y l v a n i a  

Much i n t e r e s t  i n  a l t e r n a t i v e  s m e l t i n g  p r o c e s s e s  b a s e d  on cheape r  
f u e l s  t han  m e t a l l u r g i c a l  coke has  deve loped  d u r i n g  t h e  p a s t  decade .  
Many p r o c e s s e s  have been deve loped ,  however,  none of  t h e s e  p r o c e s s e s  
have proven c o m p e t i t i v e  w i t h  t h e  b l a s t  f u r n a c e  i n  t h e  United S t a t e s .  
I n  t h i s  c o n t e x t ,  it w a s  dec ided  t o  s t u d y  a proposed  s m e l t i n g  p rocess  
i n  which a l l  t h e  r e d u c i n g  g a s e s  and h e a t  f o r  s m e l t i n g  come from t h e  
p a r t i a l  combustion of f u e l  o i l  and/or  p u l v e r i z e d  c o a l  w i t h  oxygen a t  
t h e  bot tom of a s h a f t  r e a c t o r .  Some a n t i c i p a t e d  advan tages  o f  such 
a p r o c e s s  o v e r  t h e  b l a s t  f u r n a c e  a r e  e l i m i n a t i o n  of t h e  s t o v e s  and 
a s s o c i a t e d  equipment  f o r  h e a t i n g  t h e  b l a s t ,  r e d u c t i o n  o r  e l i m i n a t i o n  
o f  coke r e q u i r e m e n t s ,  and p r o d u c t i o n  o f  h o t  m e t a l  a t  much h i g h e r  r a t e s  
t han  a r e  p r e s e n t l y  o b t a i n e d  w i t h  b l a s t  f u r n a c e s .  

P r e l i m i n a r y  h e a t  and m a t e r i a l  b a l a n c e s  i n d i c a t e d  t h a t  t h e  pro-  
posed p r o c e s s  is f e a s i b l e .  S e v e r a l  i m p o r t a n t  f a c t o r s  a s s o c i a t e d  
w i t h  t h e  o p e r a t i o n  of  a p a r t i a l - c o m b u s t i o n  b u r n e r  and w i t h  t h e  opera-  
t i o n  of  t h e  r e a c t o r ,  however,  cou ld  n o t  be i n v e s t i g a t e d  t h e o r e t i c a l l y .  
With r e s p e c t  t o  b u r n e r  o p e r a t i o n ,  t h e  e x t e n t  of c o n v e r s i o n  of  f u e l  o i l  
w i t h  oxygen t o  CO and H2, t h e  n a t u r e  o f  any s o l i d  carbon formed d u r i n g  
p a r t i a l  combust ion,  and t h e  s t a b i l i t y  of  combust ion were t h e  most 
impor t an t  f a c t o r s  t o  be  de t e rmined  e x p e r i m e n t a l l y .  A s  f o r  t h e  ope ra -  
t i o n  of  t h e  r e a c t o r ,  i t  was n o t  known whether  smooth f low of m a t e r i a l s  
and e f f e c t i v e  c o n t a c t  between g a s e s  and s o l i d s  cou ld  be ach ieyed  wi th-  
o u t  t h e  l eaven ing  a c t i o n  p rov ided  by coke i n  t h e  b l a s t  f u r n a c e .  I n  
a d d i t i o n ,  i t  was n o t  known whether  s u f f i c i e n t  r e s i d e n c e  t ime can be 
o b t a i n e d  t o  comple te  r e d u c t i o n  a t  t h e  h i g h  th roughpu t  r a t e s  assumed 
i n  t h e  t h e o r e t i c a l  a n a l y s i s .  

T h e o r e t i c a l  and P r a c t i c a l  C o n s i d e r a t i o n s  

F i g u r e  1 shows t h a t  t h e  t h e o r e t i c a l  f lame t e m p e r a t u r e  for 
s t o i c h i o m e t r i c  p a r t i a l  combust ion of  N o .  6 f u e l  o i l  w i t h  oxygen t o  
produce CO and H2 i s  3375 F. 
f lame t empera tu re  would be approx ima te ly  4 0 0 0  F. I f  1 0  p e r c e n t  un- 
g a s i f i e d  carbon were formed w i t h  s t o i c h i o m e t r i c  oxygen,  t h e  f lame 
t e m p e r a t u r e  would be approx ima te ly  3 7 0 0  F. Thus,  t h e  r e q u i r e d  
t e m p e r a t u r e s  f o r  s m e l t i n g  i r o n  o x i d e  a r e  t h e o r e t i c a l l y  a t t a i n a b l e .  
Whether t hey  could  be o b t a i n e d  i n  p r a c t i c e ,  however,  remained t o  be 
de t e rmined .  

* P r e s e n t  a d d r e s s  - L u b r i z o l  Company, P a i n e s v i l l e ,  Ohio , 

With 1 0  p e r c e n t  e x c e s s  oxygen,  t h e  
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I n  most commerc ia l  a p p l i c a t i o n s ,  combust ion  r e f e r s  t o  t h e  r a p i d  
o x i d a t i o n  o f  a m a t e r i a l  w i t h  t h e  e v o l u t i o n  o f  large q u a n t i t i e s  o f  h e a t .  
U s u a l l y ,  t h e  s p e c i f i c  r a t e s  of  t he  chemica l  r e a c t i o n s  o c c u r r i n g  i n  t h e  
combus t i on  p r o c e s s  are  so r a p i d  t h a t  p h y s i c a l  t r a n s p o r t  phenomena con- 
t r o l  t h e  r a t e  o f  combust ion .  These p h y s i c a l  c h a r a c t e r i s t i c s  a r e  
d i r e c t l y  r e l a t e d  t o  t h e  d e g r e e  of  mix ing  o f  t h e  r e a c t a n t s .  A d e v i c e  
known as  a b u r n e r  is  used  t o  p r e p a r e  and i n t r o d u c e  t h e  r e a c t a n t s  i n t o  
t h e  r e a c t i o n  zone i n  s u c h  a manner as t o  produce  a n  e f f i c i e n t  rate of 
combust 1 o n .  

The most e f f e c t i v e  b u r n e r  f o r  h i g h - i n t e n s i t y  combust ion would mix 
t h e  f u e l  wi th  t h e  oxygen b e f o r e  i n t r o d u c t i o n  i n t o  t h e  combust ion cham- 
b e r .  Yanp g a s  b u r n e r s  premix a l l  or most of  t h e  a i r  o r  oxygen needed 
f o r  combust ion w i t h  t h e  g a s  and produce  a h igh - t empera tu re  f lame.  A 
bunsen b u r n e r  p remixes  o n l y  a s  much a i r  as c a n  be a s p i r a t e d ;  i ts  f lame 
is  t h e r e f o r e  n o t  as  h o t  n o r  a s  w e l l  d e f i n e d  a s  t h e  f lame o f  b u r n e r s  
u t i l i z i n g  c o m p l e t e l y  premixed a i r  and  f u e l  because  some o f  t h e  a i r  
needed f o r  combust ion  must  come from t h e  s u r r o u n d i n g s  o f  t h e  f lame.  . 
When a l l  a s p i r a t e d  a i r  t o  t h e  b u r n e r  is  s h u t  o f f ,  t h e  f lame becomes 
long  and poor ly  d e f i n e d  because  . a l l  t h e  a.ir must mix w i t h  t h e  g a s  by 
d i f f u s i o n a l  means,  a much s l o w e r  method o f  mixing .  

Because l i q u i d  f u e l s  canno t  b e  a p p r e c i a b l y  premixed b e f o r e  b u r n i n g ,  
t h e  r a t e  of combust ion  i s  c o n t r o l l e d  by t h e  mixing i n  t h e  combustion i, 
zone.  T o  f a c i l i t a t e  combust ion ,  l i q u i d  f u e l s  are  u s u a l l y  i n j e c t e d  i n t o  
t h e  combust ion zone th rough  a n  a t o m i z i n g  n o z z l e .  There  are  t h r e e  t y p e s  
of atomizei-s :  (1) prieiiriiatic i i o z z i e s  k i i a t  USE! air, steam, OY Some other  
g a s  t o  a tomize  t h e  l i q u i d ;  ( 2 )  h i g h - p r e s s u r e  n o z z l e s  t h a t  f o r c e  t h e  
l i q u i d  through a s m a l l  o r i f i c e ;  and  ( 3 )  mechanica l  d e v i c e s  t h a t  use  
r o t a t i n g  d i s c s  t o  b r e a k  up t h e  l i q u i d .  The energy  used  t o  a tomize  t h e  
l i q u i d  is  g r e a t e s t  f o r  t h e  f i r s t  t y p e ,  which u s u a l l y  produces  a s p r a y  
o f  f i n e r  d r o p l e t s  t h a n  t h e  o t h e r  t y p e s .  

There  a r e  t w o  common methods f o r  p r o v i d i n g  good mixing  o f  t h e  
r e a c t a n t s  i n  t h e  combust ion  zone.  The f i r s t  i s  d i r e c t  impingement of 
t h e  f u e l  and a i r  j e t s ,  e a c h ' i n t r o d u c e d  i n t o ' t h e  combust ion zone a t  
d i f f e r e n t  a n g l e s .  I n  t h e  second method,  o p p o s i t e  r a d i a l  v e l o c i t y  com- 
p o n e n t s  a r e  i m p a r t e d  t o  t h e  t w o  streams by t h e  use  o f  v a n e s  i n  e a c h  
i n j e c t o r  t u b e .  For  e f f i c i e n t  o p e r a t i o n ,  most b u r n e r s  are  des igned  to '  
u s e  one of t h e s e  methods .  

L i q u i d  f u e l s  s u c h  as  f u e l  o i l  burn  a c c o r d i n g  t o  t h e  f o l l o w i n g  s i m -  
p l i f i e d  mechanisms: 

1. The v o l a t i l e  components i n  t h e  o i l  a r e  v a p o r i z e d  
2 .  The v a p o r s  r e a c t  w i t h  oxygen,  e v o l v i n g  s u f f i c i e n t  h e a t  t o  

p ronaga te  t h e  combust ion,  ' I f  s u f f i c i e n t  oxygen i s  n o t  imme-. 
d i a t e l y  a v a i l a b l e  t o  r e a c t  w i t h  a l l  t h e  ca rbon  i n  t h e  vapor i zed  
p o r t i o n  o f  t h e  f u e l ,  t h e  u n r e a c t e d  hydrocarbons  w i l l  c r a c k  t o  
form s o l i d  ca rbon  p a r t i c l e s  and hydrogen.  . 
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3 .  The n o n v o l a t i l e .  m a t t e r  ( p r i m a r i l y  sol id  ca rbon)  i s  burned.  
This  ca rbon ,  a s  w e l l  as any ca rbon  formed by t h e  c r a c k i n g  
Of hydrocarbons ,  i s  consumed by a r e l a t i v e l y  s low s o l i d - g a s  
r e a c t i o n  mechanism. 

P rev ious  workers  have f o u n d t h a t  t h e  r e a c t i o n  t i m e  o f  t h e  s o l i d  
r e s i d u e  i s  a s  much a s  1 0  t i m e s  t h a t  o f  t h e  v o l a t i l e  m a t t e r . l r 2 ) *  These 
expe r imen t s  w e r e  performed i n  an atmosphere c o n t a i n i n g  an e x c e s s  o f  
oxygen. The i n c r e a s e  i n  bu rn ing  t i m e  f o r  c a s e s  i n  which t h e r e  i s  a 
d e f i c i e n c y  o f  oxygen, such  a s  i n  a p a r t i a l - c o m b u s t i o n  p r o c e s s ,  would 
p robab ly  be even g r e a t e r .  I t  i s  t h e r e f o r e  d e s i r a b l e  t o  minimize t h e  
amount Of s o l i d  carbon formed d u r i n g  p r imary  combust ion.  The minimum 
s o l i d  carbon would be compr ised  of  o i l  r e s i d u e ,  w i t h  none be ing  formed 
by c r a c k i n g  o f  v o l a t i l e s .  

When a t o m i z a t i o n  i s  good,  t h e  r a t e s  of  e v a p o r a t i o n  o f  v o l a t i l e s  
and r e a c t i o n  o f  v o l a t i l e s  w i t h  oxygen a r e  ve ry  r a p i d .  T h e r e f o r e ,  t o  
p r e v e n t  any of  t h e  v o l a t i l e s  from c r a c k i n g ,  oxygen must b e  made a v a i l -  
a b l e  b e f o r e  t h e  hydrocarbon vapor s  r each  t h e  c r a c k i n g  t empera tu re .  
Because t h e  oxygen and o i l  a r e  n o t  premixed,  v e r y  r a p i d  mixing must  
occur  a s  soon a s  t h e s e  r e a c t a n t s  e n t e r  t h e  combust ion chamber.  Because 
t h i s  mixing can  o n l y  o c c u r  by eddy,and  m o l e c u l a r  d i f f u s i o n ,  i t  i s  e v i -  
d e n t  t h a t  mixing is  normal ly  t h e  l i m i t i n g  f a c t o r  i n  e s t a b l i s h i n g  t h e  
r a t e  o f  combustion. T h i s  c o n c l u s i o n  is based  on work done under  con- 
d i t i o n s  of complete  combust ion ,  and i s  p robab ly  even more r e s t r i c t i v e  
under  c o n d i t i o n s  of p a r t i a l  combust ion.  

D e s c r i p t i o n  of  Burner  System 
and Opera t ing  Procedure  

I n  view of  t h e  t h e o r e t i c a l  and p r a c t i c a l  c o n s i d e r a t i o n s ,  it was 
a p p a r e n t  t h a t  t h e  combust ion chamber would have t o  be c o n s t r u c t e d  of 
a r e f r a c t o r y  c a p a b l e  o f  w i t h s t a n d i n g  v e r y  h igh  t e m p e r a t u r e s  i n  b o t h  
o x i d i z i n g  and reducing  a tmospheres .  I t  was a l s o  a p p a r e n t  t h a t  because  
o f  t h e  sma l l  volume of oxygen needed p e r  u n i t  o f  f u e l  compared w i t h  a 
comple te  combust ion b u r n e r  o p e r a t i n g  on a i r  - o n l y  1 / 1 6  t h e  volume o f  
r e a c t i n g  gas  and 1 /3  t h e  oxygen i s  r e q u i r e d  f o r  p a r t i a l  combust ion 
u s i n g  oxygen - 
more d i f f i c u l t .  I f  s u f f i c i e n t  mixing were n o t  p r o v i d e d ,  f lame s t a b i l i t y  
would d e c r e a s e ,  l o c a l i z e d  e x c e s s i v e  t e m p e r a t u r e s  would r e s u l t ,  and l a r g e  
q u a n t i t i e s  of  s o l i d  carbon would be formed t h a t  would g r e a t l y  i n c r e a s e  
t h e  t i m e  needed t o  complete  t h e  g a s i f i c a t i o n  p r o c e s s ;  a d d i t i o n a l  com- 
bust ion-chamber volume would be needed t o  produce a g i v e n  amount of 
r educ ing  gas .  

s a t i s f a c t o r y  mixing o f  t h e  r e a c t a n t s  would be  c o n s i d e r a b l y  

These f a c t o r s  were c o n s i d e r e d  i n  s e l e c t i n g  a commercial  f u e l - o i l  
b u r n e r  t h a t  was a d a p t a b l e  f o r  u se  a s  a p a r t i a l - c o m b u s t i o n  b u r n e r .  An 
a i r - a t o m i z i n g  v o r t e x  b u r n e r  was p rocured  t h a t  f u l f i l l e d  t h e s e  r e q u i r e -  
ments.  I n  a d d i t i o n  t o  t h e  f i n e  a t o m i z a t i o n  o b t a i n a b l e  w i t h  t h i s  b u r n e r ,  
t h e  main oxygen s t r eam had a c o u n t e r c l o c k w i s e  motion impar t ed  t o  i t  by 

*See References  I 
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means o f  v a n e s  i n  t h e  windbox. T h i s  a r r angemen t  p r o v i d e d  one of  t h e  
most  e f f i c i e n t  means a v a i l a b l e  i n  a commercial b u r n e r  f o r  mixing t h e  
f u e l  o i l  and  oxygen.  

F i g u r e  2 shows d e t a i l s  of  t h e  o i l - i n j e c t i o n  n o z z l e ,  t h e  c e n t e r  
c o n e ,  t h e  windbox vane d e t a i l  and t h e  oxygen n o z z l e  compr i s ing  t h e  
e s s e n t i a l  p a r t s  of t h e  b u r n e r ,  F i g u r e  3 i s  a s e c t i o n  view o f  t h e  
assembled b u r n e r ,  and F i g u r e  4 i s  a s e c t i o n  view o f  t h e  a tmosphe r i c  
t e s t  chamber. 

F i g u r e  5 shows a s c h e m a t i c  p i p i n g  diagram f o r  t h e  b u r n e r s .  The 
o i i  r a t e  i s  o b t a i n e d  by measu r ing  t h e  change i n  w e i g h t  o f  t h e  o i l -  
s u p p l y  b a r r e l  w i t h  t i m e .  A p o s i t i v e - d i s p l a c e m e n t  pump t r a n s p o r t s  t h e  
o i l  a g a i n s t  a c o n s t a n t  d e l i v e r y  p r e s s u r e  m a i n t a i n e d  by t h e  p r e s s u r e -  
r e g u l a t i n g  v a l v e .  The o i l  r a t e  i s  c o n t r o l l e d  manua l ly  w i t h  an a i r -  
o p e r a t e d  c o n t r o l  v a l v e .  The p r e s s u r e  s w i t c h e s  a r e  connec ted  t o  an 
a n n u n c i a t o r  t h a t  warns  when t h e  o i l  p r e s s u r e  d e v i a t e s  from a p r e s e t  
r a n g e ;  a s o l e n o i d  v a l v e  i n  t h e  l i n e  e n a b l e s  t h e  o i l  f l o w  t o  be s t o p p e d  
r a p i d l y .  I 

The p r i m a r y  oxygen f l o w  is  measured by a c a l i b r a t e d  r o t a m e t e r  and 
i s  c o n t r o l l e d  m a n u a l l y  by a n e e d l e  v a l v e .  The p r e s s u r e  s w i t c h  i n  t h e  
oxygen l i n e  i s  c o n n e c t e d  t o  t h e  a n n u n c i a t o r  p a n e l  t o  i n d i c a t e  a low- 1 
p r e s s u r e  oxygen s u p p l y ;  a s o l e n o i d  v a l v e  e n a b l e s  t h e  oxygen f low t o  be 
s t o p p e d  r a p i d l y .  ( 

The s y s t e m  w a s  p i p e d  t o  p r o v i d e  f o r  e i t h e r  a i r  or oxygen atom- 
i z a t i o n .  The a t o m i z i n g  f l o w  rate was measured by a c a l i b r a t e d  ro t ame t t  
E l e c t r i c  r e s i s t a n c e  h e a t e r s  were i n s t a l l e d  i n  b o t h  t h e  p r imary  oxygen 
and t h e  a t o m i z i n g  l i n e s  so t h a t  t h e s e  s t r e a m s  c o u l d  be h e a t e d  d u r i n g  
c o l d - w e a t h e r  o p e r a t i o n .  

F i g u r e  6 shows a s c h e m a t i c  d i ag ram o f  t h e  e l ec t r i ca l  w i r i n g  f o r  1 

one  b u r n e r  sys t em.  The p r e s s u r e  s w i t c h e s  a r e  connec ted  t o  an annunci-  
a t o r  t h a t  r i n g s  a n  a l a r m  and f l a s h e s  a l i g h t  when any o f  t h e  supp ly  
p r e s s u r e s  d e v i a t e  from a p r e s e t  r a n g e .  The s o l e n o i d  v a l v e  s w i t c h e s  art 
a r r a n g e d  s o  t h a t  t h e  a t o m i z i n g  g a s  f low h a s  t o  be  s t a r t e d  b e f o r e  t h e  
o i l  and oxygen t o  p r o v i d e  a s a f e  s t a r t - u p .  

To become f a m i l i a r  w i t h  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  
b u r n e r ,  tes ts  were made u s i n g  o n l y  a i r  and N o .  6 f u e l  o i l .  A t y p i c a l  
c h e m i c a l  a n a l y s i s  of  t h e  N o .  6 f u e l  o i l  i s  shown i n  Tab le  I .  Although 
t h e  b u r n e r  pe r fo rmed  as e x p e c t e d  unde r  complete-combust ion c o n d i t i o n s ,  
b u r n e r  o p e r a t i o n  became u n s t a b l e  a s  t h e  a i r  r a t e  was d e c r e a s e d .  Appar- 
e n t l y ,  t h e  h e a t  r e l e a s e d  p e r  u n i t  volume o f  f u e l  became so l o w  t h a t  t h c  
f l ame  cou ld  n o t  p r o p a g a t e  i t s e l f  e f f e c t i v e l y .  The n e x t  s t e p  was t o  use 
oxygen f o r  p r i m a r y  combust ion g a s  and a i r  f o r  a t o m i z a t i o n .  

During t h e s e  i n i t i a l  tes ts  u s i n g  oxygen,  t h e  b u r n e r  was be ing  
f i r e d  a t  4 0  t o  50  pounds o f  o i l  p e r  hour  u s i n g  z e r o  t o  1 0  p e r c e n t  
e x c e s s  oxygen,  a n d  w i t h  an a t o m i z i n g  p r e s s u r e  o f  4 0  t o  6 0  p s i g .  
p r e s s u r e  d r o p  a c r o s s  t h e  windbox o f  t h e  b u r n e r  ( a  measu re lo f  t h e  energy 

The 
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r e l e a s e d  t o  t h e  g a s  stream f o r  mixing  t h e  r e a c t a n t s )  w a s  approximate ly  
t w o  i n c h e s  of w a t e r .  I n  a d d i t i o n , t o  poor  c o n v e r s i o n s  ( t h e  f r a c t i o n  of 
ca rbon  i n  t h e  o i l  t h a t  i s  g a s i f i e d )  d u r i n g  t h e s e  s t u d i e s ,  h a r d  carbon 
would r a p i d l y  b u i l d  up  i n  t h e  combust ion  chamber.  T h i s  would d i r e c t  
t h e  f lame back o n t o  t h e  b u r n e r  t i p  and  f o r c e  a shutdown. The h a r d  car- 
bon bu i ld -up  w a s  a t t r i b u t e d  t o  a combina t ion  o f  coarse a t o m i z a t i o n  and 
l a c k  o f  t u r b u l e n c e  i n  t h e  chamber,  and  p robab ly  o c c u r r e d  when o i l  drop- 
l e t s  impinged on t h e  h o t  r e f r a c t o r y  s u r f a c e .  I t  was obv ious  t h a t  f i n e r  
a t o m i z a t i o n  and i n c r e a s e d  t u r b u l e n c e  i n  t h e  .chamber were n e c e s s a r y  t o  
p r e v e n t  fo rma t ion  of  h a r d  carbon.  F i n e r  a t o m i z a t i o n  w a s  o b t a i n e d  by 
i n c r e a s i n g  t h e  a t o m i z i n g  p r e s s u r e .  I n c r e a s e d  t u r b u l e n c e  i n  t h e  com- 
b u s t i o n  chamber w a s  o b t a i n e d  by  i n c r e a s i n g  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  
wincbox. T h i s  w a s  done  by d e c r e a s i n g  t h e  g a p  between t h e  vanes  i n  t h e  
windbox ( p a r t  2 ,  F i g u r e  2 )  from 1/16 i n c h  t o  1/64 i n c h ,  and d e c r e a s i n g  
t h e  d i a m e t e r  of t h e  oxygen n o z z l e  ( p a r t  4 ,  F i g u r e  2 )  from 1 i n c h  t o  
0 . 8 8  i n c h .  These  changes  e l i m i n a t e d  t h e  h,ard-carbon b u i l d - u p ,  b u t  d i d  
n o t  a p p r e c i a b l y  improve c o n v e r s i o n .  I t  w a s  l a t e r  de te rmined  t h a t  
e r o s i o n  o f  t h e  n o z z l e  t i p  nad  been  t h e  ma jo r  c a u s e  of coarse a t o m i z a t i o n  
a t  40  p s i g  a t o m i z i n g  p r e s s u r e ,  and t h a t  s a t i s f a c t o r y  o p e r a t i o n  a t  t h i s  
a t o m i z i n g  p r e s s u r e  w a s  p o s s i b l e  w i t h  a ' n e w  n o z z l e .  When t h e s e  changes 
were made i t  w a s  p o s s i b l e  t o  o p e r a t e  t h e  b u r n e r  c o n t i n u o u s l y  f o r  
ex tended  p e r i o d s  ( a t  l e a s t  8 h o u r s )  and a t e s t  program was begun t o  
d e t e r m i n e  t h e  o p e r a t i n g  c o n d i t i o n s  f o r  most e f f i c i e n t  f u e l  convers ion .  
The independen t  v a r i a b l e s  chosen  w e r e  o i l  r a t e ,  p e r c e n t  e x c e s s  oxygen, 
and a tomiz ing  p r e s s u r e .  The r a n g e  o f  c o n d i t i o n s  s t u d i e d  a r e  l i s t e d  i n  
Table 11. 

I 1  

'' 

T e s t i n g  began  when t h e  w a l l s  of  t h e  a tmosphe r i c  t e s t  chamber 
became i n c a n d e s c e n t .  The independen t  v a r i a b l e s  chosen  f o r  t h e  t es t  
were e s t a b l i s h e d  and 30 m i n u t e s  w a s  allowed f o r  a t t a i n m e n t  o f  s teady-  
s t a t e  c o n d i t i o n s .  Two g a s  samples, one  3 f ee t  and one  1 . 5  f e e t  from 
t h e  b u r n e r  n o z z l e ,  w e r e  t h e n  t a k e n  from t h e  i n s i d e  w a l l  of  t h e  t es t  
chamber u s i n g  an uncoo led  1 /4 - inch -d iame te r  s t a i n l e s s - s t e e l  t u b e .  
These samples  were a n a l y z e d  b y  g a s  chromatography f o r  CO, C 0 2 ,  H 2 ,  
and  N 2 .  S e v e r a l  s amples  were a n a l y z e d  w i t h  a mass s p e c t r o m e t e r  t o  
d e t e r m i n e  t h e  q u a n t i t i e s  o f  other  hydrocarbons  ( s u c h  as C H 4 ,  Q H 2 ,  
and  c2ii6) b e i n g  formed.  The mass-spec t rometer  r e s u l t s  i n d i c a t e d  t h a t  
less  t h a n  1 . 5  p e r c e n t  o f  t h e  t o t a l  p r o d u c t  g a s  w a s  made up o f  con- 
s t i t u e n t s  o t h e r  t h a n  CO,  C 0 2 ,  1-12, and " 2 ;  t h e  chromatograph r e s u l t s  
i i e r e  t h e r e f o r e  used  t o  c a l c u l a t e  ma te r i a l  b a l a n c e s .  E lementa l  b a l a n c e s  
f o r  hydrogcn,  c a r b o n ,  and oxygen w e r e  u s e d .  t o  c a l c u l a t e  t h e  q u a n t i t i e s  
o f  soot and water v a p o r ,  and t h e  t o t a l  moles o f  d r y . g a s  formed. A 
cneck on t h e  c o n s i s t e n c y  of  t h e  d a t a  was p o s s i b l e  by a n i t r o g e n  b a l a n c e .  

Ana1:;sis o f  t h e  d a t a  from t h i s  program showed t h a t  t h e  b u r n e r  W a s  

!lot ve r i .  e f f i c i e n t  ( c f . r e s u l t s  b e l o w ) .  Because i t  was b e l i e v e d  t h a t  
t h e  o r i c ; i n a l  n o z z l e  :.{as t h e  major  s o u r c e  o f  t r o u b l e ,  s t u d i e s  were a l s o  
made u s i n g  a s p e c i a l  ' spray  n o z z l e  d e s i g n e d  f o r  o p e r a t i o n  o v e r  a wider  
r a n q c  of  f u e l  r a t e s .  F i g u r e  7 i s  a d e t a i l e d  drawing o f  t h i s  n o z z l e .  
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R e s u l t s  of Burner  T e s t s  
. .  

Most commercial  b u r n e r  sys t ems  are o p e r a t e d  unde r  comple t e  com- 
b u s t i o n  c o n d i t i o n s  a n , d , . e f f i c i e n c i e s  a r e  u s u a l l y  e x p r e s s e d  a s  the rma l  
o u t p u t  p e r  u n i t  of.  f u e l .  consumed;::'. ; in t h e  case of  p a r t i a l - c o m b u s t i o n  
s y s t e m s ,  it i s  more m e a n i n g f u l l t o  c o n s i d e r  t h e  d e g r e e  of g a s i f i c a t i o n  
of t h e  f u e l .  
pu rpose  - t o  produce  r e d u c i n g  g a s  and t o  produce  s u f f i c i e n t  h e a t  t o  
m e l t  t h e  s o l i d  p r o d u c t s  i n  a s m e l t i n g  o p e r a t i o n .  Thus, t h e  fo rma t ion  
o f  a s m a l l  amount of C 0 2  and H20 is  n o t  n e c e s s a r i l y  d e t r i m e n t a l  t o  
t h e  performance .of t h e  p r o c e s s .  
u n g a s i f i e d  carbon l e a v i n g  t h e  combust ion zone w i l l  remain a s  such  i n  
i t s  passage  th rough  t h e  reactor and t h u s  r e p r e s e n t  an u n r e c o v e r a b l e  
loss of ene rgy .  I n  th ,e  a n a l y s i s  of  t h e  p r e s e n t  d a t a ,  t h e r e f o r e ,  t h e  
p e r c e n t  e x c e s s , o x y g e n  was :cons ide red . . a s  t h e  independen t  v a r i a b l e ,  t h e  
p e r c e n t  u n g a s i f i e d  ca rbon  a s  - the  dependen t  v a r i a b l e ,  and t h e  f u e l  r a t e ,  
a t o m i z i n g  p r e s s u r e ,  and  sampl ing  l o c a t i o n  a s  t h e  parameters. 

I n  the :p ' r e s . en t  app1 ica ; t i on  t h i s  t y p e  o f  b u r n e r  h a s  a d u a l  

However, it is p o s s i b l e  t h a t  any  

. .  

F i g u r e  8 shows t h e  daea  o b t a i n e d  i n s i d e  t h e  t es t  chamber 3.0 f e e t  
and 1 . 5  f e e t  from t h e  o r i g i n a l  n o z z l e  t i p  w h i l e  o p e r a t i n g  a t  an  o i l  
ra te  o f  45 t o  50 pounds p e r  h o u r ;  a tomiz ing  p r e s s u r e  is  t h e  pa rame te r .  
I t  is  c l e a r  t h a t ,  a t o m i z i n g l p r e s s u r e  h a s  l i t t l e  e f f e c t  on . f u e l  c o n v e r s i o n ,  
p r o b a b l y  because  a tomiz ing  p r e s s u r e  has  l i t t l e  e f f e c t  on t h e  mixing  o f  
t h e  o i l  and oxygen. T h i s  would n o t  b e  t r u e  a t  v e r y  low a t o m i z i n g  p r e s -  
s u r e s  (up t o  abou t  2 0  p s i g )  where a t o m i z a t i o n  i s  c o a r s e  and t h e  r a t e  
o f  e v a p o r a t i o n  becomes a l i m i t i n g  s tep  i n  t h e  b u r n i n g  p r o c e s s .  I t  i s  
concluded  t h a t  :for a l l  t h e  a t o m i z i n g  p r e s s u r e s ' s t u d i e d ,  the f i n e n e s s  
o f  a t o m i z a t i o n  w a s  s u f f i c i e n t  t o  m a i n t a i n  an e v a p o r a t i o n  r a t e  g r e a t e r  
t h a n  t h e  r e a c t a n t  mix ing .  r a t e ,  t h e r e b y  making b u r n e r  per formance  
independen t  of  a tomiz ing  p r e s s u r e .  T h i s  r e s u l t  h e l d  a t  t h e  h i g h e r  o i l  
ra tes  and a l s o  f o r  t h e  s p e c i a l  s p r a y  n o z z l e .  

.- , F i g u r e  9 r e p r e s e n t s  t h e  d a t a  when c o n s i d e r i n g  t h e  f u e l  ra te  as  a . .  
paramete r .  
c o n v e r s i o n . .  T h i s  r e su1 . t  i s  p robab ly  due  t o  t h e  f a c t  t h a t  t h e  d e c r e a s e d  
r e s i d e n c e  t i m e . f o r  t h e  h i g h e r  f u e l  r a t e s  i s  compensa$ed. for  by i n c r e a s e d  
t u r b u l e n c e  and concomi tan t  improvement i n  msxing. 

It':& clear  t h a t  f u e l  r a t e  h a s  no s i g n i f i c a n t  e f f e c t  on  

2 F i g u r e  10. is  a p l o t  o f  p e r c e n t  u n g a s i f i e d  .carbon, v e r s u s  p e r c e n t  
e x c e s s  oxygen f o r  comparable  d a t a  u s i n g  . the  o r i g i n a l  n o z z l e  and t h e  
s p e c i a l  s p r a y  n o z z l e .  B e t t e r  c o n v e r s i o n s  were o b t a i n e d  w i t h  t h e  s p e c i a l  
s p r a y  nozz le .  . .  

I n  a l l  c a s e s ,  b e t t e r  c o n v e r s i o n s  were o b t a i n e d  3 f e e t  from t h e  
noz_z.le t i p  t han  1 . 5 ' f e e t . f r o m  t h e  t i p .  T h i s  d i s t a n c e  would b e  expec ted  
t o  d i r e c t l y  a f f e c t  t h e  c o n v e r s i o n  s i n c e  t h e  e x t e n t  o f  mix ing  i s  a func-  
t i o n  o f  t h a t  d i s t a n c e  ( i n  terms of  i n c r e a s e d  r e s i d e n c e  t i m e ) .  I n  
a ' d d i t i o n ,  t h e  b u r n i n g . t i m e s  o f  t h e  s o l i d  r e s i d u e  and soot a r e  p robab ly  
comparable  t o  t h e  r e s i d e n c e  t i m e  of t h e  g a s  i n  t h e  t e s t  chamber .  
even  w i t h  p e r f e c t  mix ing ,  a d i f f e r e n c e  i n  c o n v e r s i o n  would e x i s t  

Thus, 

between. the.,. two ...samplln g., l o c a t i o n s .  . . . . .. .~ 

I 
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Under. a l l  c o n d i t i o n s ,  w i t h  less t h a n  1 5  p e r c e n t  e x c e s s  oxygen, 

\ 

j 
1 
1 

t h e  u n g a s i f i e d  c a r b o n  w a s  g r e a t e r  t h a n  20 p e r c e n t .  With i d e a l  mixing 
o f  t h e  r e a c t a n t s ,  a n y  u n g a s i f i e d  ca rbon  would r e p r e s e n t  s o l i d  carbon 
from n o n v o l a t i l e  mat ter  i n  t h e  o i l  and n o t  from c r a c k i n g  o f  t h e  vola-  
t i l e s .  However, th.e o i l  c o n t a i n e d  g rea t e r  t h a n  90 p e r c e n t  v o l a t i l e  

from c r a c k i n g  of v o l a t i l e s .  T h i s  i s  so b e c a u s e , . w i t h  p e r f e c t  mix ing ,  
t h e  v o l a t i l e s  would p r o b a b l y  bu rn  as r a p i d l y  a s  t h e y  e ~ a p o r a t e , ~ )  and 
t h e  q u a n t i t y  o f  u n g a s i f i e d  ca rbon  would b e  1 0  p e r c e n t  o r  l ess ,  
on t h e  sampl ing  p o s i t i o n  and b u r n i n g  t i m e  o f  t h e  r e s i d u e .  

matter. Thus,  a t  least  h a l f  o f  t h e  u n g a s i f i e d  ca rbon  formed came i 

depending I 
The r e s u l t s  o f  o t h e r  work done on  e v a p o r a t i o n  ra tes  and combustion 

r a t e s  o f  f u e l  d r o p l e t s 3 )  i n d i c a t e  t h a t  0.3 t o  0 . 6  seconds  ( t h e  average  
r e s i d e n c e  t i m e  a v a i l a b l e  f o r  a d r o p  t o  react  i n  o u r  a p p a r a t u s )  is f a r  
i n  e x c e s s  o f  t h e  t i m e  needed  t o  e v a p o r a t e  and b u r n  t h e  v o l a t i l e  mat ter .  
I t  i s  t h e r e f o r e  b e l i e v e d  t h a t  t h e  p r e s e n t  sys tem c o u l d ,  w i t h  p e r f e c t  
mix ing  o f  the.  reac tan ts ,  g a s i f y  a l l  ca rbon  c o n t a i n e d  i n  t h e  v o l a t i l e  
m a t t e r  and produce  a p r o d u c t  g a s  c o n t a i n i n g  l e s s  t h a n  1 0  p e r c e n t  ungas i -  
f i e d  carbon.  Because  g a s i f i c a t i o n  o f  s o l i d  r e s i d u e  i s  a b o u t  1 0  t i m e s  
slower t h a n  g a s i f i c a t i o n  o f  v o l a t i l e s ,  c o n v e r s i o n s  b e t t e r  t h a n  9 0  per-  
c e n t  would r e q u i r e  l o n g e r  r e s i d e n c e  t i m e  t h a n  c a n  be o b t a i n e d  i n  t h e  
t e s t  chamber. I n  a n y  e v e n t ,  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  proposed 
s m e l t i n g  p r o c e s s  s h o u l d  n o t  be r e s t r i c t e d  by t h e  l o w  c o n v e r s i o n s  o b t a i n e ,  
i n  t h e  t e s t  chamber.  T h i s  c o n c l u s i o n  i s  based  on t h e  knowledge t h a t ,  , 
even when o p e r a t i n g  w i t h  20 p e r c e n t  e x c e s s  oxygen,  t h e  gas produced w i l l /  
be r e d u c i n g  t o  Feu. . T a b l e  I11 shows t h e  r e s u l t s  of a r e p r e s e n t a t i v e  r u n  
and a comparison o f  t h e  a c t u a l  CO2/CO and H20/H2 r a t i o s  w i t h  t h e  e q u i l i -  
br ium r a t i o s  for 2000 F. Although t h e  H 2 0 / H 2  r a t i o  is  o n l y  modera te ly  
r e d u c i n g ,  t h e  CO2/CO r a t i o  i s  s u b s t a n t i a l l y  r e d u c i n g  t o  FeO. I n  addi -  
t i o n ,  it must be remembered t h a t  t h e  o p e r a t i o n  o f  t h e  proposed  p r o c e s s  
w i l l  p r o v i d e  enough s o l i d  ca rbon  i n  t h e  burden  t o  r educe  t h e s e  com2lete 
combust ion F r o d u c t s  and f o r  s o l u t i o n  i n  t h e  h o t  m e t a l  produced.  

1 

t 

P i l o t - P l a n t  Design 

F i g u r e  11 i s  a p i c t u r e  of  t h e  p i l o t  p l a n t  compr i s ing  o f  a s h a f t  1 

reac tor ,  a d m b l e - h o p p e r  a r rangement  f o r  f e e d i n g  s o l i d s ,  a n  o f f - g a s  
s y s t e m ,  and a c o n t r o l  room t h a t  houses  most  of  t h e  equipment  f o r  oper -  
a t i n g  t h e  b u r n e r s .  F i g u r e  1 2  shows a c r o s s - s e c t i o n a l  d iagram o f  t h e  
reac tor ,  which is  c o n s t r u c t e d  i n  f o u r  s e c t i o n s :  t h e  h e a r t h ,  t h e  lower 
s t a c k  ( c o n t a i n i n g  t w o  d i a m e t r i c a l l y  opposed  b u r n e r  mounting a s s e m b l i e s ) ,  
t h e  up?er  s t a c k ,  and t h e  t o p  head .  The reactor s h a f t  is  a 1 0 - f o o t  
s t r a i g h t  s e c t i o n ,  1 f o o t  i n  d i a m e t e r ,  t h a t  f l a r e s  t o  2 f e e t  where it 
i s  a t t a c h e d  t o  the  h e a r t h .  The h e a r t h  i s  2 f e e t  i n  d i a m e t e r  and 2 f e e t  
h i g h .  The reactor i s  l i n e d  w i t h  1 8  i n c h e s  of  r e f r a c t o r y  m a t e r i a l ;  
t h e  i n n e r  face o f  h igh-a lumina  b r i c k  i s  backed by a l a y e r  of f i r e - c l a y  
b r i c k  and a l a y e r  o f  l ow-conduc t iv i ty  c a s t a b l e  r e f r a c t o r y .  The r e f r a c -  
t o r y  i s  s e p a r a t e d  f rom t h e  s t ee l  s h e l l  b y  a on?-inch l a y e r  o f  a s b e s t o s  
b l o c k  i n s u l a t i o n .  

E 
s u r e s ,  
s t a c k .  

g h t  f l a n g e d  p o r t s  f o r  measur ing  s t a c k  t e m p e r a t u r e s  and p r e s -  
and  f o r  o b t a i n i n g  gas samples  are l o c a t e d  a t  f o u r  l e v e l s  o f  t h e  I 
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Table I 

Chemical A n a l y s i s  o f  No.  6 F u e l  O i l  

Carbon 
Hydrogen 
Oxygen 
N i t r o g e n  
S u l f u r  
Ash 
V o l a t i l e  Matter 
Fixed Carbon 

T a b l e  I1 

Weight P e r c e n t  

87.24 
. 11 .19  

0.69 
0.27 
0.59 
0.02 

94.56 
5.42 

Range of Variables S t u d i e d  i n  t h e  T e s t  Chamber 

O i l  Rate, l b / h r  Atomizing P r e s s u r e ,  p s i g  Excess  Oxygen, % 

48 
58 

8 0 ,  70, 60 ,  4 0  
80 ,  7 0 ,  60 

0 t o  30 
0 t o  30 

Table I11 

R e s u l t s  of R e p r e s e n t a t i v e  Burne r  O p e r a t i o n  w i t h  No. 6 Fuel  O i l  

T e s t  N u m b e r  181 

O i l  R a t e  
Atomizing A i r  R a t e  
Pr imary Oxygen R a t e  
Excess  Oxygen 
U n g a s i f i e d  Carbon 

56.4 l b / h r  
3.39 scfm* 
15.05 scfm 
21.6% 
17 .0% 

P r o d u c t  G a s  A n a l y s i s ,  Mole P e r c e n t  

co2 5.5 
co 43 .1  
H2 27.7 
H20 17.2 
N2 6.5 

co2 = 0.390 

- H20 = 0.621 
H2 

H2° = 0.675 

eq 
Ha 

I E q u i l i b r i u m  r a t i o s  are f o r  2000 F 

* '10 F and 1 a t m  
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w 
K 
3 

lb 
0 
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Par t ia l -Combust ion  S t u d i e s  i n  P i l o t  P l a n t  

I n  t h e  a tmosphe r i c  tes t  chamber t h e  combust ion e f f i c i e n c y  
( e x p r e s s e d  a s  t h e  p e r c e n t  of  carbon g a s i f i e d )  was low; a t  l eas t  15  
p e r c e n t  e x c e s s  oxygen ( o v e r  t h e  t h e o r e t i c a l  oxygen f o r  combust ion t o  
CO and H2) was needed f o r  80 p e r c e n t  g a s i f i c a t i o n .  These low conver- 
s i o n s  were caused  by t h e  low r e s i d e n c e  t i m e s  and h i g h  h e a t  losses i n  
t h e  t e s t  chamber. I n  a d d i t i o n ,  it was l e a r n e d  t h a t  t h e  o i l  r a t e  and 
t h e  a tomiz ing  p r e s s u r e  had v e r y  l i t t l e  e f f e c t  on t h e  combust ion 
e f f i c i e n c y .  The p e r c e n t  e x c e s s  oxygen and t h e  r e s i d e n c e  t i m e  were 
t h e  o n l y  v a r i a b l e s  t h a t  s i g n i f i c a n t l y  a f f e c t e d  combust ion e f f i c i e n c y ;  
g a s i f i c a t i o n  i n c r e a s e d  wi th  i n c r e a s e d  e x c e s s  oxygen and f u r t h e r  d i s -  
t a n c e  from t h e  b u r n e r .  

A test  program was run  i n  t h e  p i l o t  p l a n t  t o  v e r i f y  and ex tend  
t h e  r e s u l t s  o b t a i n e d  i n  t h e  a tmosphe r i c  t e s t  chamber. The r anges  of  
t h e  independent  o p e r a t i n g  v a r i a b l e s  a r e  l i s t e d  i n  Tab le  I V .  Each 
bu rne r  t e s t  c o n s i s t e d  o f  two hours  of o p e r a t i o n  a t  t h e  test  c o n d i t i o n s .  
A set  o f  gas  samples  (bot tom,  t o p ,  and o f f - g a s )  w a s  t a k e n  a f t e r  one  
hour  and a f t e r  two hour s  o f  o p e r a t i o n .  M a t e r i a l  b a l a n c e s  were t h e n  
c a l c u l a t e d  from t h e  o p e r a t i n g  d a t a  and chemica l  a n a l y s i s  of t h e  sam- 
p l e s .  

The r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  1 3  a s  p e r c e n t  u n g a s i f i e d  c a r -  
bon v e r s u s  p e r c e n t  e x c e s s  oxygen f o r  t h e  s p e c i a l  s p r a y  n o z z l e  and f o r  
t h e  o r i g i n a l  n o z z l e .  The r e s u l t s  o b t a i n e d  i n  t h e  a tmosphe r i c  t e s t  
chamber a r e  a l s o  shown f o r  comparison.  Convers ions  i n  t h e  r e a c t o r  were 
much b e t t e r - t h a n  i n  t h e  test  chamber because  of t h e  l o n g e r  r e s i d e n c e  
t i m e  and h i g h e r  t e m p e r a t u r e s .  Convers ions  f o r  t h e  s p e c i a l  s p r a y  noz- 

! z l e  were s i g n i f i c a n t l y  b e t t e r  t h a n  f o r  t h e  o r i g i n a l  n o z z l e .  A s  i n  t h e  
a tmospher ic - tes t -chamber  o p e r a t i o n ,  t h e r e  was no s i g n i f i c a n t  e f f e c t  o f  
t h e  a tomiz ing  p r e s s u r e  o r  t h e  o i l  r a t e  on t h e  b u r n e r  performance.  

There  is  c o n s i d e r a b l e  s c a t t e r  i n  t h e  d a t a  i n  F igu re  13. This  
s c a t t e r  is  a t t r i b u t e d  p r i m a r i l y  t o  poor  g a s  mixing and d i s t r i b u t i o n  
and t o  t h e  f a c t  t h a t  t h e  m a t e r i a l  b a l a n c e s  a r e  v e r y  s e n s i t i v e  t o  sma l l  
d i f f e r e n c e s  i n  n i t r o g e n  c o n c e n t r a t i o n .  I t  is  t h e r e f o r e  i n s t r u c t i v e  t o  
s t u d y  t h e  r e s u l t s  of a 24-hour t es t  w i t h  c o n s t a n t - b u r n e r  o p e r a t i n g  con- 
d i t i o n s .  Gas samples  w e r e  t a k e n  a t  t h e  bot tom and t o p  o f  t h e  r e a c t o r ,  
and from t h e  o f f - g a s  l i n e  eve ry  hour  d u r i n g  t h i s  run .  The o t h e r  oper-  
a t i n g  v a r i a b l e s  w e r e  r eco rded  p e r i o d i c a l l y  so t h a t  an a v e r a g e  m a t e r i a l  
b a l a n c e  could  be c a l c u l a t e d  f o r  t h e  day of  o p e r a t i o n .  The m a t e r i a l  
f l ows  w e r e  h e l d  c o n s t a n t  d u r i n g  t h e  whole o p e r a t i o n ;  t h e r e  w a s  less 
t h a n  5 p e r c e n t  v a r i a t i o n  i n  any of the f lows .  The ave rage  o p e r a t i n g  
d a t a  and r e s u l t s  are p r e s e n t e d  i n  Table  V. There was more u n g a s i f i e d  
carbon a t  t h e  bot tom of  t h e  r e a c t o r  t h a n  a t  t h e  t o p  o r  i n  t h e  o f f - g a s .  
T h i s  r e s u l t  was expec ted  because  t h e  s t u d i e s  made i n  t h e  a tmosphe r i c  
t e s t  chamber showed t h a t  g a s i f i c a t i o n  i n c r e a s e d  w i t h  l o n g e r  r e s i d e n c e  
t i m e s .  The i n c r e a s e  i n  u n g a s i f i e d  carbon between t h e  t o p  and t h e  o f f -  
g a s  s e c t i o n s  was unexpec ted  and may be  due t o  carbon d e p o s i t i o n  i n  t h i s  
p a r t  o f  t h e  sys tem.  
showed t h i s  same t r e n d ;  t h e r e  was a s l i g h t l y  h i g h e r  amount o f  u n g a s i f i e d  

Most of  t h e  s h o r t - d u r a t i o n  tests i n  t h e  r e a c t o r  



T a b l e  XV 

3 O p e r a t i n g  Ranges f o r  Burne r  T e s t  Program 

Excess Oxygen, % - 5 to 25 
O i l  R a t e ,  l b / h r  40 t o  9 0  
Atomizing P r e s s u r e ,  p s i g  40 t o  70  
Sampling P o s i t i o n  B o t t o m  o f  Reactor 

Top of Reactor 
Off-Gas System 

T a b l e  V 

Summary of Average O p e r a t i n g  C o n d i t i o n s  and 
R e s u l t s  of 24-Hour B u r n e r  T e s t  ( 2  B u r n e r s )  

O i l  R a t e  
Atomizing A i r  R a t e  
Pr imary Oxygen R a t e  
Atomizing P r e s s u r e  
P e r c e n t  E x c e s s  Oxygen 

Dry-Gas Ana lyses ,  
V O l .  % B o t t o m  

co 
co2 
H 2  
N2 

52.6 
4.1 

34.6 
8.7 

Wet-Gas Ana lyses ,  
V O l .  % Bottom 

co 46.4 

30.5 
co2  
H2 
H20 11 .9  
N2 7.7 

3 . 5  I 

Top 

51.9 
3.2 

36.4 
8.5 

- TOP 

49.6 
3 .1  

34.8 
4.4 
8 . 1  

P e r c e n t  U n g a s i f i e d  C 1 0 . 0  -3 .1  

73.4 l b / h r / b u r n e r  
6 .51  sc fm/burne r  
18.23 scfm/burner  

17 .7  
70 p s i g  I 

Off - G a s  

52.3 
3.2 

35.8 
8 . 7  

Off-Gas 

48.9 
3.0 

33.5 
6 . 3  
8.2 

0.1 

Ni t rogen-Ba lance  Error  0 .7% 
( I n d e p e n d e n t  Data Check) 
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ca rbon  i n  t h e  o f f - g a s  l i n e  t h a n  a t  t h e  t o p  of t h e  reactor and con- 
v e r s i o n s  a t  bo th  of t h e s e  l o c a t i o n s  w e r e  much h i g h e r  t h a n  a t  t h e  
bot tom o f  t h e  r e a c t o r .  

These r e s u l t s  o f  t h e  b u r n e r  tests r u n  w i t h  an  u n f i l l e d  r e a c t o r  
are summarized a s  follows: 

1. Burner  ra tes  were v a r i e d  from 4 0  t o  90 pounds o f  o i l  p e r  
hour  w i t h  no  s i g n i f i c a n t  d i f f e r e n c e  i n  b u r n e r  per formance .  

2 .  Atomizing p r e s s u r e s  w e r e  v a r i e d  from 40 t o  70 p s i g  w i t h  no 
s i g n i f i c a n t  d i f f e r e n c e  i n  b u r n e r  per formance .  

3.  S t a b l e  b u r n e r  o p e r a t i o n  w a s  o b t a i n e d  from minus 1 0  t o  p l u s  
2 5  p e r c e n t  e x c e s s  oxygen. 

, 

4 .  The b u r n e r s  c o u l d  be  o p e r a t e d  c o n t i n u o u s l y  f o r  a t  l e a s t " 5 '  
days  w i t h  no  n o t i c e a b l e  n o z z l e  e r o s i o n .  

5. Combustion chambers cas t  from h i g h - p u r i t y  magnesium o x i d e  
and burned  a t  a b o u t  2800 F per formed v e r y  w e l l .  

Burner  Redesign 

S e v e r a l  problems a s s o c i a t e d  w i t h  b u r n e r  d e s i g n  w e r e  b r o u g M i n t o  
f o c u s  d u r i n g  t h e  r e a c t o r - t e s t  program. F i r s t ,  i n  t h e  o r i g i n a l  d e s i g n  
t h e  combust ion chamber w a s  l o c a t e d  ve ry  c l o s e  t o  t h e  o u t s i d e  mounting 
f l a n g e .  H e a t  losses w e r e  t h e r e f o r e  u n n e c e s s a r i l y  h i g h  and t h e  mounting 
f l a n g e  was s u s c e p t i b l e  t o  h igh - t empera tu re  damage. I n  a d d i t i o n ,  removal 
o f  t h e  b u r n e r  f o r  i n s p e c t i o n  i n v a r i a b l y  b roke  t h e  combust ion chamber, 
and t h i s  meant a comple t e  r e b u i l d i n g  o f  t h e  b u r n e r .  And f i n a l l y ,  t h e  
i n s p e c t i o n  and r ep lacemen t  o f  b u r n e r  n o z z l e s  t h a t  p lugged  d u r i n g  opera-  
t i o n  w a s  t i m e  consuming. 

F i g u r e  1 4  shows a drawing  o f  t h e  r e v i s e d  b u r n e r  d e s i g n .  T h i s  * 

d e s i g n  e l i m i n a t e s  a l l  t h e  problems d i s c u s s e d  above w i t h o u t  s a c r i f i c i n g  
any  f e a t u r e s  d t h e  o r i g i n a l  d e s i g n  t h a t  are n e c e s s a r y  f o r  e f f i c i e n t  
combust ion .  The combust ion  chamber w a s  r e l o c a t e d  c loser  t o  t h e  s t a c k ,  
t h e r e b y  minimiz ing  h e a t  losses and p r o t e c t i n g  t h e  mounting.  The 
u n i t i z e d  sys tem c o u l d  b e  q u i c k l y  removed and r e p l a c e d  i f  any t r o u b l e  
o c c u r r e d ;  a l s o ,  t h e  sys t em r e t a i n e d  t h e  v o r t e x  a c t i o n  o f  t h e  pr imary  
oxygen i n p u t .  

O p e r a t i o n  of  P i l o t  P l a n t  as a Steel  Melter 

A f t e r  t h e  o p e r a t i o n  o f  r e d e s i g n e d  p a r t i a l - c o m b u s t i o n  b u r n e r s  was 
demons t r a t ed  t o  be s a t i s f a c t o r y  w i t h  a c o k e - f i l l e d  s t a c k ,  i t  was p lanned  
t o  s t u d y  t h e  o p e r a t i o n  o f  t h e  s y s t e m  as a s t e e l  melter. S t e e l  punchings 
1 i n c h  i n  d i a m e t e r  and 3 /8- inch  h i g h  and s m a l l  coke were used  as t h e  
bu rden .  
c o n s e c u t i v e  days  ( i n c l u d i n g  one  day f o r  s t a r t - u p ) .  Tab le  V I  p r e s e n t s  
a summary o f  t h e  o p e r a t i n g  c o n d i t i o n s  and r e s u l t s .  

The p i l o t  p l a n t  was o p e r a t e d  s u c c e s s f u l l y  as a m e l t e r  f o r  f o u r  

The oin r a t e  du r ing  
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Tab le  V I  

Summary of O p e r a t i n g  C o n d i t i o n s  and 
R e s u l t s  for Mel t ing  O p e r a t i o n  

P e r i o d  1 

D u r a t i o n ,  hours 
O i l  R a t e ,  l b / h r  
Atomizing A i r  Flow, s c f h  
Atomizing P r e s s u r e ,  p s i g  
Primary Oxygen Flow, s c f h  
Excess  Oxygen, % 
T h e o r e t i c a l  Flame Tempera tu re ,  F 
Burden R a t i o ,  l b  c o k e / l b  s tee l  
Approximate C a s t i n g  Rate ,  l b / h r  

42  
100 
7 2 0  

- 7 0  
1 5 3 0  
- 2 0  
4 2 7 5  
0 . 2 5  

8 5  

P e r i o d  2 

2 4  
100 
7 2 0  
e 7 0  
1 5 3 0  ( 1 0 0 %  0 2 )  - 2 0  
4 2 7 5  
0 . 1 1  
160 

Metal. A n a l y s i s ,  wt % 

1 

8 7 . 0 3  Charge P r o d u c t  
1 1 . 0 9  . Fe 98 .9  /u 9 8  

/ 
0 .29  S i  0.13 (0.01 t o  0 .29  / I  

0 . 9 5  S 0 . 0 3 1  0 . 1 1  t o  0 . 1 8  
0 .59  C 0 . 3 7  0.2 t o  2 . 6  
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t h i s  o p e r a t i o n  was 100 l b / h r  ( f o r  two b u r n e r s ) ;  t h e  b u r n e r s  were 
o p e r a t e d  w i t h  a b o u t  2 0  p e r c e n t  excess oxygen, and t h e  a t o m i z i n g  a i r  
p r e s s u r e  was 70 p s i g .  The burden movement was smooth, and h o t  m e t a l  
was s u c c e s s f u l l y  removed f r o m  t h e  h e a r t h  d u r i n g  t h i s  o p e r a t i o n .  
During t h e  f i r s t  day and a h a l f  of  m e l t i n g  o p e r a t i o n ,  t h e  c o k e - t o - s t e e l  
w e i g h t  r a t i o  w a s  0 .25 and t h e  m e l t i n g  ra te  was 85 l b / h r .  During t h e  
rest o f  t n i s  p e r i o d ,  t h e  c o k e - t o - s t e e l  r a t i o  w a s  d e c r e a s e d  t o  0 . 1 1  and 
t h e  m e l t i n g  r a t e  w a s  1 6 0  l b / h r .  I n s p e c t i o n  o f  t h e  s y s t e m  a f t e r  t h e  
shutdown showed t h a t  the  r e a c t o r  and t h e  b u r n e r  guns were i n  e x c e l l e n t  
c o n d i t i o n .  

O p e r a t i o n  of P i l o t  P l a n t  as  a S m e l t e r  

The p i l o t  p l a n t  w a s  o p e r a t e d  as a smel te r  w i t h  a burden  o f  90  per-  
c e n t  s e l f - f l u x i n g  s i n t e r  and 1 0  p e r c e n t  coke.  Table  V I 1  p r e s e n t s  a 
summary o f  t h e  s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n s  and r e s u l t s .  About 
1 2  h o u r s  a f t e r  t h e  f i r s t  c h a r g e ,  s m a l l  amounts o f  molten m e t a l  were 
t a p p e d .  The r a t e  o f  bu rden  movement g r a d u a l l y  i n c r e a s e d  f o r  t h e  n e x t  
7 h o u r s  u n t i l  it r e a c h e d  a s t e a d y  s t a t e .  For t h e  n e x t  13 h o u r s  ope ra -  
t i o n  w a s  v e r y  good. The c h a r g i n g  r a t e  a v e r a g e d  3 4 0  l b / h r  and was very 
s t e a d y .  Casts were made e v e r y  two h o u r s  and l i t t l e  d i f f i c u l t y  w a s  
e n c o u n t e r e d  i n  g e t t i n g  t h e  m a t e r i a l  t o  f low.  O p e r a t i o n  o f  t h e  b u r n e r  
was v e r y  smooth. The o p e r a t i o n  ended when t h e  burden hung a t  t h e  base 
o f  t h e  feed hopper  and t h e n  s l i p p e d  1-1/2 h o u r s  l a t e r ,  t h e r e b y  c h a r g i n g  
500 pounds o f  c o l d  material  i n t o  t h e  s t a c k .  T h i s  p lugged  t n e  stack and 
c a u s e d  a complete  shutdown. C o n s i d e r a b l e  damage was done t o  t h e  r e f r a c -  
t o r y  i n  t h e  h e a r t h  and lower s t a c k .  

As shown i n  T a b l e  V I I ,  t h e  t o t a l  ca rbon  r a t e  w a s  1300  lb/THM, 
o f  which t h e  coke s u p p l i e d  . abou t  300 lb/THM, and t h e  f u e l  o i l  1010 
lb/THM. Th i s  low t o t a l  f u e l  and c o k e  r a t i o  i s  v e r y  encourag ing  because 
o f  t h e  s m a l l  s i z e  o f  t h e  p i l o t  reactor ,  which i n h e r e n t l y  h a s  r e l a t i v e l y  
l a r g e  h e a t  losses. A l s o  e n c o u r a g i n g  was t h e  f a c t  t h a t  burden movement 
was e x c e l l e n t  i n  s p i t e  o f  t h e  l o w  coke  r a t i o ,  and t h e r e  w e r e  no i n d i -  
c a t i o n s  t h a t  an even  lower coke r a t i o  would n o t  work w e l l .  

Many s e r i o u s  p rob lems  w e r e  e n c o u n t e r e d  d u r i n g  t h e  o p e r a t i o n  of  t h e  
p i l o t  p l a n t ,  p r i m a r i l y  w i t h  t h e  c o n s t r u c t i o n  and performance o f  t h e  
r e f r a c t o r i e s  a round  t h e  b u r n e r s .  The re  were many f a i l u r e s  : however , 
i t  i s  b e l i e v e d  t h a t  t h e s e  f a i l u r e s  c a n  be  a t t r i b u t e d  t o  t h e  s m a l l  s i ze  
o f  t h e  p l a n t .  Because t h e  p l a n t  h a s  a r e l a t i v e l y  h i g h  r a t i o  of s u r f a c e  
area t o  vo lume ,hea t  losses w e r e  h i g h  and t h e  b u r n e r s  must  be o p e r a t e d  
a t  h i g h e r  t e m p e r a t u r e  ( h i g h e r  e x c e s s  oxygen) t o  compensate.  I n  a 
l a r g e r  p l a n t  t h e  o p e r a t i n g  c o n d i t i o n s  would n o t  be as s e v e r e .  I n  any 
e v e n t ,  t h e  r e s u l t s  i n d i c a t e ,  a t  l e a s t  from t h e  s t a n d p o i n t  o f  burden 
movement and p e r m e a b i l i t y ,  t h a t  v e r y  h i g h  " f u e l - i n j e c t i o n "  l e v e l s  - 
a p p r o a c h i n g  "cokeless" o p e r a t i o n  - c a n  be ach ieved  i n  s h a f t  p r o c e s s e s  
f o r  s m e l t i n g  i r o n  o r e .  

I' 
/ I  
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Table VI1 

Summary of Operating Conditions and Results 
For Smelting of Self-Fluxing Sinter 

Raw Material Analyses, Weight Percent 

No. 6 Fuel Oil Coke Sinter 

88.26 FeT C 
H 1.82 0 
N 0.96 Si02 
S 
0 2.55 CaO 

Moisture 8.53 Ti02 

0.75 A1203 

Ash 5.66 MgO 

C 
S 

Mm 
P 
FeO 
Fe203 

60.52 
24.50 
5.72 
1.02 
6.93 
0.89 
0.15 
0.15 
0.009 
0.093 
0.054 
11.91 
73.29 

2 Combustion Oxygen 99.5 percent 0 

InDut Data 

C 87.36 
H 10.92 
0 0.87 
Ash 0.012 
S 0.55 

No. 6 Fuel Oil, lb/hr 119.1 
Coke, lb/hr 37.8 
Sinter, lb/hr 340.0 
Atomizing Air, moles/hr 1.73 (11.16 scfm) 
Primary Oxygen, moles/hr 4.78 (30.82 scfm) 

output Data 

Average Off-Gas Analysis (approximate volume %,  based on 3 
samples), Dry Basis 

co 49.0 
12.7 
28.25 H2 

CO2 

N2 9.9 

Material Balance - Based on N2 
Dry Volume 14.0 moles/hr 

Total soot plus dissolved carbon 2.6 moles/hr 
2.96 moles/hr H20 
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T a b l e  V I 1  

( c o n t i n u e d )  

Summary of Opera t ing  C o n d i t i o n s  and  R e s u l t s  
For  S m e l t i n g  of S e l f - F l u x i n g  S i n t e r  

Independen t  Oxygen Balance  

I n p u t  = o u t p u t  
7 . 8 3  moles /hr  = 6 . 6 9  moles /hr  

D.  Gene ra l  Data*  

S o l i d  Carbon Consumption, l b /h r  30.5 
S o l i d  Carbon R a t i o ,  lb/THM ~ 2 9 8  
T o t a l  Carbon Consumption, l b / h r  134.5 
T o t a l  Carbon R a t i o ,  lb/THM -1312 
Metal  Rate ,  l b / h r  -205 

*Metal r a t e  based  on i n p u t  

I 

I 



1. 

2 .  

3. 

Re f e rences 

Masdin, E .  G. , and Thr ing ,  M. W. , 'Combustion of S i n g l e  D r o p l e t s  
Of L iqu id  F u e l , "  J o u r n a l  of t h e  I n s t i t u t e  of F u e l ,  V o l .  35,  NO. 
257,  p 251, J u n e  1 9 0 2 .  

T h r i n g ,  M. W . ,  The S c i e n c e  of Flames and Furnaces ,  pp. 198,  199 ,  
256, John Wiley and Sons ,  I n c . ,  Second E d i t i o n ,  1906.  

Masdin, E. G . ,  and T h r i n g ,  M.W., i b i d ,  pp. 2 5 4 ,  255. 

\ 


