
C o r r e l a t i o n  of F u e l  Ni t rogen  Conversion 
t o  NOx During t h e  Combustion of  

S h a l e  O i l  Blends i n  a U t i l i t y  B o i l e r  

by 
x. 

M .  N .  Mansour:and Melvin Gersteir?" 

I n  an o i l  f i r e d  u t i l i t y  b o i l e r ,  n i t r i c  o x i d e s  a r e  formed 

by two b a s i c  mechanisms; t h e  thermal  f i x a t i o n  of  a tmospher ic  

n i t r o g e n  a t  e l e v a t e d  tempera ture  w i t h i n  t h e  f lame zone,  and 

t h e  convers ion  of  o r g a n i c a l l y  bound n i t r o g e n  i n  t h e  f u e l  t o  

NQx d u r i n g  t h e  combustion p r o c e s s .  NOx f o r m a t i o n  by thermal  

f i x a t i o n , ' n o r m a l l y  r e f e r r e d  t o  as thermal  NOx i s  e s s e n t i a l l y  

dependent  upon f lame tempera ture  and c o n c e n t r a t i o n  of  oxygen 

and atmospheric  n i t r o g e n  wi th in  t h e  f lame zone. The conver-  

s i o n  of  o r g a n i c a l l y  bound n i t r o g e n  t o  NOx, is d i r e c t l y  r e l a t e d  

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

Research on t h e  r e d u c t i o n  of  n i t r o g e n  o x i d e s  produced 

from t h e  r e a c t i o n  of  a tmospheric  oxygen and n i t r o g e n  h a s  been 

i n  p r o g r e s s  f o r  many y e a r s .  More r e c e n t l y ,  a t t e n t i o n  h a s  been 

given t o  t h e  format ion  of  n i t r o g e n  o x i d e s  from n i t r o g e n  compounds 

conta ined  w i t h i n  t h e  f u e l .  T h i s  s o u r c e  o f  n i t r o g e n  o x i d e s  becomes 

i n c r e a s i n g l y  impor tan t  a s  high n i t r o g e n  c o n t e n t  f u e l s  d e r i v e d  

from s h a l e  and c o a l  grow i n  use.  

Recent ly ,  combustion t e s t s  have been conducted by 

Southern C a l i f o r n i a  Edison Company t o  e v a l u a t e  NOx emiss ion  

c h a r a c t e r i s t i c s  of s h a l e  o i l  ( 0 . 7 %  s u l f u r  and 2 %  n i t r o g e n )  

when burned i n  a u t i l i t y  b o i l e r .  The t e s t s  were conducted 

i n  a 4 5  MW Combustion Engineer ing b o i l e r  equipped wi th  s i x  
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f a c e  mounted o i l  b u r n e r s  each r a t e d  a t  85 m i l l i o n  Btu/hr .  To 

comply with A i r  Q u a l i t y  Management D i s t r i c t  f u e l  s u l f u r  c o n t e n t  

requi rements  s h a l e  o i l  was blended w i t h  l o w  s u l f u r  o i l  s o  t h a t  

t h e  average s u l f u r  c o n t e n t  of  t h e  f u e l  blend d i d  n o t  exceed 0.5%. 

Ni t rogen  c o n t e n t  o f  t h e  low s u l f u r  f u e l  ranged between 0.2-0.25%. 

The NOx emiss ion  was e v a l u a t e d  when burning s h a l e  o i l  b l e n d s  us ing  

both  convent iona l  and o f f - s t o i c h i o m e t r i c  modes of  combustion. 

The emission l e v e l s  were de te rmined  f o r  a developmental  low NOx burner  

( L N B )  a n d  a c o n v e n t i o n a l  mechanical  a tomiz ing  Peabody t y p e  b u r n e r .  

As one might e x p e c t ,  NOx emiss ion  l e v e l  i n c r e a s e d  as t h e  

q u a n t i t y  o f  s h a l e  d e r i v e d  o i l  i n  t h e  blend was i n c r e a s e d .  The 

incrementa l  i n c r e a s e  i n  NOx emiss ion  l e v e l  was p r o p o r t i o n a l  t o  t h e  

s h a l e  o i l  b lending  r a t i o  which s u g g e s t e d  t h a t  t h e  i n c r e a s e  i n  

emiss ions  was mainly caused by t h e  h igh  n i t r o g e n  c o n c e n t r a t i o n  w i t h i n  

t h e  f u e l .  I t  was s u p e r i s i n g  t o  n o t e ,  however, t h a t  t h e  convers ion  

e f f i c i e n c y  o f  f u e l  n i t r o g e n  i n t o  NOx decre,ased, as  shown i n  f i g u r e  

1, as t h e  f r a c t i o n  o f  s h a l e  o i l  (and f u e l  bound n i t r o g e n )  i n c r e a s e d .  

I t  was a l s o  found t h a t  changing burner  s t o i c h i o m e t r y  from f u e l  

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

convers ion  ra te ,  p a r t i c u l a r l y  i n  t h e  case of t h e  Peabody b u r n e r .  

While a number o f  e x p l a n a t i o n s  can  be o f f e r e d  t o  such  r e s u l t ,  

it i s  f e l t  t h a t  t h e  r e d u c t i o n  i n  n i t r o g e n  convers ion  e f f i c i e n c y  ' 

i l l u s t r a t e d  i n  f i g u r e  1 a p p e a r s  t o  b e  t h e  r e s u l t  o f  two competing 

processes .  ( a )  The format ion  o f  NOx which i n c r e a s e s  a s  t h e  n i t r o g e n  
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c o n t a i n i n g  s h a l e  o i l  c o n t e n t  i n c r e a s e s ,  and ( b )  t h e  r e d u c t i o n  of  

NOx by i ts  r e a c t i o n  w i t h  h igh  b o i l i n g  hydrocarbons in t roduced  w i t h  

t h e  s h a l e  o i l  and which is l a t e r  r e l e a s e d  i n  t h e  combustion process .  

The proposed model s y g g e s t s  t h a t  NOx i s  reduced a f t e r  i t  i s  formed - 
a technique  q u i t e  d i f f e r e n t  from t h e  c l a s s i c a l  approaches of  slowing 

down NOx product ion  by reducing  t h e  r e a c t i o n  tempera ture .  The model 

assumes t h a t  t h e  f i r s t  p r o c e s s  i s  a f i r s t  Order r e a c t i o n  w i t h  r e s p e c t  

t o  f u e l  bound n i t r o g e n  and hence t o  t h e  c o n c e n t r a t i o n  of  s h a l e  o i l .  

The r e d u c t i o n  p r o c e s s ,  however, is a second o r d e r  r e a c t i o n  depending 

upon both NOx and t h e  s h a l e  o i l  c o n c e n t r a t i o n ,  where t h e  l a t e r  

term de termines  t h e  r e s i d u a l  hydrocarbon r e l e a s e d  l a t e  i n  t h e  p r o c e s s .  

On t h i s  b a s i s ,  t h e  r e l a t i v e  r a t e  of  NOx p 
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uld be g i v e n  by: 

( s h a l e  o i l )  

A p l o t  of  ( NOx ) 
( NOx) ( s h a l e  o i l  ) v s .  (NOx) should  be l i n e a r  

f o r  e q u a l  r e s i d e n c e  times t. Such a p l o t  is i l l u s t r a t e d  i n  

f i g u r e  2 where a good c o r r e l a t i o n  r e s u l t s .  

The mechanism sugges ted  h e r e  can  l e a d  t o  a g e n e r a l  t echnique  

f o r  reducing NOx format ion  by proper  f u e l  b lending .  Burner d e s i g n  

parameters  could  be a l s o  s e l e c t e d  t o  enhance t h i s  de layed  f u e l  

v a p o r i z a t i o n  whi le  m a i n t a i n i n g  good burner  f lame s t a b i l i t y .  The 
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delayed  v a p o r i z a t i o n  o f  f u e l ,  ach ieved  through t h e  use of h igh  

b o i l i n g  tempera ture  hydrocarbons or through o p t i m i z a t i o n  of burner  

d e s i g n  w i l l  then  reduce NOx g e n e r a t e d  d u r i n g  t h e  e a r l y  phase of  

t h e  combustion p r o c e s s .  The concept  is q u i t e  c o n s i s t e n t  with t h e  

g e n e r a l  concept  o f  s t a g e d  combustion e x c e p t  t h a t  s t a g i n g  is 

accomplished by t h e  n a t u r a l  s e p a r a t i o n  p r o c e s s e s  occur ing  d u r i n g  

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