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LOW NOx POTENTIAL OF GAS TURBINE ENGINES 

Rober t  R. Tac ina 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C leve land ,  Ohio 44135 

SUMMARY 

The purpose o f  t h i s  paper i s  t o  c o r r e l a t e  emiss ion  l e v e l s  o f  gas t u r b i n e  
engines.  
t u r e  o f  p r e v i o u s  low NOx combustor programs and a n a l y t i c a l  chemical  k i n e t i c  
c a l c u l a t i o n s .  Concepts i n c l u d e d  i n  t h e  l i t e r a t u r e  r e v i e w  c o n s i s t e d  o f  Lean- 
Premixed-Prevapor ized (LPP), R ich  B u r n I Q u i c k  QuenchILean Burn (RQL), and 
D i r e c t  I n j e c t i o n .  
o f  a d i a b a t i c  combust ion temperature over a wide range o f  i n l e t  temperatures,  
p ressu res  and ( l e a n )  f u e l - a i r  r a t i o s .  A s imp le  c o r r e l a t i o n  o f  NOx f o r m a t i o n  
w i t h  t i m e  was n o t  found.  The LPP and D i r e c t  I n j e c t i o n  ( u s i n g  gaseous f u e l s )  
concepts have t h e  l owes t  NOx emiss ions o f  t h e  t h r e e  concepts.  The RQL d a t a  
has h i g h e r  va lues  of NOx than  t h e  LPP concept,  p r o b a b l y  due to  t h e  s t o i c h i o m e t -  
r i c  temperatures and NO, p r o d u c t i o n  t h a t  occur  d u r i n g  t h e  quench s t e p .  
Improvements i n  t h e  q u i c k  quench s t e p  c o u l d  reduce t h e  NOx emiss ions t o  t h e  
LPP l e v e l s .  The low NOx p o t e n t i a l  of LPP i s  o f f se t  by t h e  o p e r a t i o n a l  d i sad -  
vantages o f  i t s  narrow s t a b i l i t y  l i m i t s  and i t s  s u s c e p t i b i l i t y  t o  a u t o i g n i t i o n /  
f l ashback .  The Rich-Burn/Quick-QuenchILean-Burn (RQL) and t h e  D i r e c t  I n j e c t i o n  
concepts have t h e  advantage o f  w ide r  s t a b i l i t y  l i m i t s  comparable t o  conven- 
t i o n a l  combustors. 

The p r e d i c t i o n s  o f  NOx emiss ions a r e  based on a r e v i e w  o f  t h e  l i t e r a -  

The NOx emiss ions were found t o  be an e x p o n e n t i a l  f u n c t i o n  

INTRODUCTION 

The purpose o f  t h i s  paper i s  t o  c o r r e l a t e  t h e  n i t r o g e n  o x i d e  (NOx) l e v e l s  
o f  d i f f e r e n t ,  low emiss ion  combustor concepts.  

I n t e r e s t  i n  t h e  env i ronment  by s c i e n t i s t s  and t h e  genera l  p u b l i c  i s  
i n c r e a s i n g  due t o  such t h i n g s  as the d i s c o v e r y  o f  t h e  a n t a r c t i c  ozone h o l e ,  
h o t  summers and t h e  greenhouse e f f e c t ,  and t h e  i nc reased  smog i n  t h e  c i t i e s .  
Thus t h e r e  w i l l  be a c o n t i n u e d  and p r o b a b l y  i nc reased  i n t e r e s t  i n  t h e  emis- 
s i o n s  from gas t u r b i n e s .  

The des ign  o f  a low emiss ion  gas t u r b i n e  combustor c o n s i s t s  o f  a ba lance 
of p r o v i d i n g  enough t i m e  and s u f f i c i e n t l y  h i g h  temperatures t o  complete t h e  
hydrocarbon r e a c t i o n s  ( t h r o u g h  f l ame p r o d u c t  r e c i r c u l a t i o n )  and ye t  low enough 
t i m e  and temperatures so t h a t  t h e  f o r m a t i o n  o f  NOx i s  k e p t  t o  a minimum. 
S ince  t h e  f o r m a t i o n  r a t e  o f  n i t r o g e n  ox ides  (NOx>  i s  an e x p o n e n t i a l  f u n c t i o n  
of temperature,  NOx occurs p r i m a r i l y  a t  h i g h  power o p e r a t i o n  and w i l l  be pa r -  
t i c u l a r l y  d i f f i c u l t  t o  c o n t r o l  as advanced engine c y c l e s  i n c r e a s e  combustor 
i n l e t  and e x i t  temperatures.  The emiss ion  l e v e l s  o f  carbon monoxide and soot 
i n  p r e s e n t  conven t iona l  engines a r e  low a t  h i g h  power c o n d i t i o n s ,  a l t h o u g h  
t h e y  can be a problem a t  low power c o n d i t i o n s  such as i d l e .  I n  t h e  d e s i g n  o f  
low NOx combustors what i s  done to  decrease NO, u s u a l l y  i nc reases  CO o r  soot. 
However, due t o  o t h e r  env i ronmen ta l  c o n s i d e r a t i o n s ,  t h e  carbon monoxide, 
unburned hydrocarbons and soot must n o t  have s u b s t a n t i a l  i n c r e a s e s .  
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Concepts t h a t  have e x p e r i m e n t a l l y  demonstrated low emiss ions  i n c l u d e  t h e  
Lean-Premixed-Prevaporized (LPP), and t h e  R ich  Burn /Qu ick  Quench/Lean Burn 
(RQL) combustors.  The LPP was t h e  f irst concept t o  appear t o  c o n t r o l  Nox i n  
t h e  e a r l y  70's.  The concept  i s  s imp le ;  p r o v i d e  a u n i f o r m  m i x t u r e  o f  f u e l  
vapor  and a i r  t h a t  burns  a t  low tempera tures  where NOx i s  a minimum. The d i s -  
advantages o f  t h e  LPP i s  t h a t  i t  has nar row s t a b i l i t y  l i m i t s  and i s  s u b j e c t  t o  
a u t o i g n i t i o n  and f l a s h b a c k .  

The RQL combustor was f i r s t  designed t o  c o n t r o l  t he  f o r m a t i o n  o f  NOx from 
a l t e r n a t e  f u e l s  w i t h  l a r g e  amounts o f  fue l -bound-n i t rogen .  
p r i m a r y  zone t h e  f u e l  bound n i t r o g e n  i s  n o t  conve r ted  t o  NOx. The RQL, 
a l t h o u g h  more complex than  a LPP combustor, has the  a d d i t i o n a l  advantage o f  
t h e  s t a b i l i t y  o f  a c o n v e n t i o n a l  combustor and thus  i s  b e i n g  cons ide red  w i t h  
t h e  use o f  f u e l s  w i t h  low amounts o f  fue l -bound n i t r o g e n ,  such as c u r r e n t  j e t  
eng ine  f u e l s .  Besides t h e  LPP and RQL concepts t h e r e  has been a l s o  work 
r e p o r t e d  on d i r e c t  i n j e c t i o n  concepts .  I n  t h e  d i r e c t  i n j e c t i o n  concept  a l l  
t h e  combust ion a i r  e n t e r s  t h e  f r o n t  end, and t h e  f u e l  i s  i n j e c t e d  d i r e c t l y  
i n t o  t h e  combust ion zone. 

I n  a r i c h  b u r n i n g  

The c o r r e l a t i o n s  and emiss ion  p r e d i c t i o n s  f o r  these low emiss ion  concepts 
a r e  based on  a r e v i e w  o f  t h e  l i t e r a t u r e .  The d a t a  has been r e p o r t e d  i n  a v a r i -  
e t y  o f  forms i n c l u d i n g  p a r t s  p e r  m i l l i o n ,  p a r t s  p e r  m i l l i o n  a t  1 5  p e r c e n t  oxy- 
gen and emiss ion  index  ( g  N02/kg f u e l ) .  I n  t h i s  r e p o r t  t h e  d a t a  w i l l  be 
r e p o r t e d  as emiss ion  i ndex  and c o r r e l a t e d  as  a f u n c t i o n  o f  a d i a b a t i c  combus- 
t i o n  tempera ture .  The d a t a  covers  a range o f  i n l e t  a i r  tempera tures ,  p res -  
sures  and f u e l s .  The a n a l y s i s  o f  low NOx emiss ions  concepts i s  based on u s i n g  
p r e s e n t  h i g h  q u a l i t y  f u e l s  t h a t  have low amounts o f  fue l -bound n i t r o g e n  f u e l s  
s i n c e  i t  appears t h a t  f o r  a t  l e a s t  t h e  n e x t  20 years  h i g h  q u a l i t y  f u e l s  shou ld  
be abundant.  

RESULTS AND DISCUSSION 

The NOx emiss ion  d a t a  i s  p resen ted  as NO2 emiss ion  i ndex  versus  a d i a b a t i c  
combust ion tempera tu re .  NOx i n c l u d e s  b o t h  t h e  NO and NO2 exhaust  em iss ions .  
Even though t h e  predominant  spec ies  i s  NO ( a p p r o x i m a t e l y  90 p e r c e n t ,  r e f .  1 )  
t h e  e m i s s i o n  index  i s  d e f i n e d  as NO2 w i t h  t h e  assumption t h a t  e v e n t u a l l y  a l l  
t h e  NO w i l l  be o x i d i z e d  t o  NO2 i n  t h e  atmosphere. 
t i o n  i s  g i v e n  as a d i f f e r e n t i a l  e q u a t i o n  i n  t e r m s  o f  c o n c e n t r a t i o n  and a d i a -  
b a t i c  combust ion tempera tu re ,  t h e  d a t a  from p r e v i o u s  r e p o r t s  has been p l o t t e d  
as t h e  l o g  o f  NOx c o n c e n t r a t i o n  versus  t h e  a d i a b a t i c  combust ion tempera ture .  
I n  t h i s  r e p o r t  a no rma l i zed  form o f  the  c o n c e n t r a t i o n  i s  used, t h a t  i s  t h e  
emiss ion  i ndex .  The emiss ion  index  i s  d e f i n e d  as t h e  amount o f  e m i t t a n t  i n  
grams pe r  k i l o g r a m  o f  f u e l .  Emiss ion  index  i s  a u s e f u l  d a t a  f o r m a t  because 
t h e  amount o f  emiss ions  e x p e l l e d  i n t o  the  atmosphere can be c a l c u l a t e d  d i r e c t l y  
from i t ,  as can system parameters  such as f u e l  f low and s p e c i f i c  f u e l  
consumption. 

S ince  t h e  r a t e  o f  NOx forma- 

The d a t a  i s  p resen ted  by combustor t y p e :  f i r s t  t h e  LPP, then  t h e  D i r e c t  
I n j e c t i o n  and, f i n a l l y  t h e  RQL. 
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LEAN-PREMIXED-PREVAPORIZED LOW NOH DATA 

Da ta  from f i v e  sources a r e  p resen ted .  The exper imen ta l  c o n f i g u r a t i o n s  
a r e  p resen ted  i n  f i g u r e  1 .  The c o n f i g u r a t i o n s  from t h e  f irst f o u r  r e f e r e n c e s  
a r e  q u i t e  s i m i l a r  w i t h  t h e  f u e l  i n j e c t e d  upstream of a p e r f o r a t e d  flame h o l d e r  
The c o n f i g u r a t i o n  from r e f e r e n c e  5 i s  somewhat d i f f e r e n t  i n  t h a t  t h e  f l ame i s  
n o t  s t a b i l i z e d  by a f l a m e h o l d e r  b u t  by t h e  h o t  f l ame tube w a l l  t h a t  i s  e x t e r -  
n a l l y  heated by an independent f l ame.  Table I summarizes the  i m p o r t a n t  p h y s i -  
c a l  c h a r a c t e r i s t i c s  and exper imen ta l  c o n d i t i o n s .  The p r e s s u r e  d rop  across t h e  
f l ame h o l d e r s  were s i m i l a r ,  i n  t h e  2- t o  4-percent  range o f  t h e  upstream p res -  
sure a t  t h e  exper imen ta l  c o n d i t i o n s .  The f u e l s  used w e r e  propane by Anderson 
( r e f .  1 )  and Roffe and Venkataramani ( r e f .  21,  e x t e r n a l l y  v a p o r i z e d  Jet  A by 
Semer j i an  and Vranos ( r e f .  31, l i q u i d  J e t  A by Cooper ( r e f .  4 > ,  and hexane by 
Tang e t .  a l .  ( r e f .  5 ) .  

Cons tan t  Residence T i m e  o f  2 msec 

I n  f i g u r e  2 t h e  l o g  o f  NOx emiss ion  index i s  p l o t t e d  as a f u n c t i o n  o f  
a d i a b a t i c  combust ion temperature for a c o n s t a n t  r e s i d e n c e  t i m e  o f  2 msec. 
Data was taken  a t  a r e s i d e n c e  t i m e  o f  2 msec by Anderson ( r e f .  11, Roffe and 
Venkataramani ( r e f .  2 )  and Semer j i an  and Vranos ( r e f .  3 ) .  The d a t a  from each 
source c o r r e l a t e s  w e l l  w i t h  a d i a b a t i c  f lame tempera tu re  b u t  t h e  d a t a  between 
sources o n l y  agree to  w i t h i n  a f a c t o r  o f  f i v e .  The d a t a  from each source w i l l  
be d i scussed  i n d i v i d u a l l y ,  f o l l o w e d  by a d i s c u s s i o n  o f  t h e  d i f f e r e n c e s  between 
sources.  

The d a t a  o f  Anderson ( r e f .  1 )  c o r r e l a t e s  w e l l ,  w i t h  t h e  l o g  o f  NOx v a r y i n g  
l i n e a r l y  w i t h  a d i a b a t i c  combust ion temperature up t o  2100 K. There i s  a weaker 
dependence a t  h i g h e r  temperatures because t h e  m i x t u r e  approaches s t o i c h i o m e t r i c  
and t h e r e  i s  l e s s  oxygen a v a i l a b l e  f o r  NOx p r o d u c t i o n .  A t  t h e  600-K i n l e t  tem- 
p e r a t u r e  t h i s  t r e n d  i s  apparen t  a t  a combust ion tempera tu re  o f  2100 K and a t  
t h e  800-K i n l e t  t empera tu re  t h e  decreased dependence begins a t  2300 K. 

Roffe and Venkataramani ( r e f .  2 )  conducted a s e t  o f  exper iments t o  d e t e r -  
mine  t h e  p r e s s u r e  e f f e c t  on t h e  f o r m a t i o n  o f  NO,. R o f f e ' s  NO, d a t a  c o r r e l a t e s  
v e r y  we1 1 w i t h  f l ame tempera tu re ,  A t  an i n l e t  a i r  temperature o f  800 K ,  pres -  
su re  l e v e l s  w e r e  v a r i e d  from 10 t o  30 atm and t h e r e  was no e f f e c t  on NOx l e v -  
e l s .  A t  e q u i l i b r i u m  t h i s  i s  to  be expected s i n c e  t h e r e  i s  no volume change. 
R e a c t i o n  r a t e s  a r e  a f f e c t e d  by p r e s s u r e  th rough  an i n c r e a s e d  c o n c e n t r a t i o n .  
However, most o f  t h e  r e a c t i o n s  i n  t h e  f u e l  decompos i t i on  and o x i d a t i o n  a r e  
weak f u n c t i o n s  o f  c o n c e n t r a t i o n  and t h e  o v e r a l l  e f f e c t  appears t o  be s m a l l .  

The Roffe and Venkataramani d a t a  a t  an i n l e t  a i r  temperature o f  6 0 0  K and 
a p r e s s u r e  o f  30 atm agreed w i t h  t h e  800-K da ta ,  b u t  a t  10 atm t h e  600-K d a t a  
was about  o n e - h a l f  t h e  NOx l e v e l s  a t  a p r e s s u r e  o f  30 atm. Roffe c o n j e c t u r e s  
t h a t  t h e  d i f f e r e n c e  may be due to  an u n s t a b l e  f l ame a t  t he  lower i n l e t  tempera- 
t u r e  and p ressu re ,  t hus  d e l a y i n g  t h e  s t a r t  o f  t h e  r e a c t i o n s  and t h e  amount o f  
NOx produced. The carbon monoxide and unburned hydrocarbon d a t a  d i d  n o t  show 
any d i f f e r e n c e  i n  t r e n d s  between t h e  d i f f e r e n t  t e s t  c o n d i t i o n s .  

The NOx d a t a  o f  Semer j i an  and Vranos ( r e f .  3)  a t  an i n l e t  temperature o f  
750 K and a p r e s s u r e  o f  1 atm a p p r o x i m a t e l y  agrees w i t h  Roffe and 
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Venkataramani d a t a  a t  i n l e t  c o n d i t i o n s  o f  a tempera ture  o f  600 K and a p r e s s u r e  
o f  10 atm. 

I n  genera l  t h e r e  i s  about  a 5-to-1 range between t h e  h i g h  and low NOx d a t a  a t  
a r e s i d e n c e  o f  2 msec. The lean-premixed-prevaporized combust ion process  seems 
s imp le  i n  concept ,  and i t  i s  s u r p r i s i n g  t h a t  t h e r e  i s  t h a t  much s c a t t e r .  A s  
ment ioned above, t h e  d a t a  o f  R o f f e  shows about  a 2-to-1 v a r i a t i o n ,  which he 
a t t r i b u t e s  to  a d i f f e r e n c e  i n  f l ame s t a b i l i t y .  Anderson i n  r e f e r e n c e  1 a l s o  
no tes  t h a t  h i s  NOx l e v e l s  a t  c e r t a i n  c o n d i t i o n s  were about  one-hal f  o f  t h e  
va lues  he had found  i n  r e f e r e n c e  6 .  Anderson c o n j e c t u r e s  than  i t  m i g h t  be t h e  
n a t u r e  o f  t h i s  t y p e  o f  d a t a  t o  expec t  a 2-to-1 range o f  d i f f e r e n c e s  i n  t h e  
da ta .  Another p o s s i b i l i t y  t o  account  f o r  p a r t  o f  t h e  d i f f e r e n c e  i s  i n  t h e  man- 
n e r  o f  sampl ing .  For example, a s i n g l e  p o i n t  measurement i n  t h e  c e n t e r  of t h e  
d u c t  as done by  Anderson and Semer j i an  w i l l  be l e s s  s e n s i t i v e  t o  h e a t  loss t h a n  
a sample t h a t  i s  t aken  a t  m u l t i p l e  r a d i a l  l o c a t i o n s  i n c l u d i n g  l o c a t i o n s  near  
t h e  w a l l .  F u r t h e r  a n a l y s  s and p o s s i b l y  more exper imen ta l  work w i l l  be 
r e q u i r e d  t o  de te rm ine  t h e  d i f f e r e n c e s .  

E f f e c t  o f  Residence Time 

Anderson and Semer j i an  o b t a i n e d  emiss ions  d a t a  as a f u n c t i o n  o f  d i s t a n c e  
from t h e  f l a m e h o l d e r ;  t h u s  t h e  f o r m a t i o n  o f  NO, as a f u n c t i o n  o f  r e s i d e n c e  
t i m e  can be de te rm ined .  The d a t a  o f  Cooper ( r e f .  4 )  and Tang e t  a l .  ( r e f .  5) 
t a k e n  w i t h  a r e s i d e n c e  t i m e  o f  a p p r o x i m a t e l y  8 msec can a l s o  be compared t o  
t h e  2-msec r e s i d e n c e  t i m e  d a t a .  The d a t a  a t  v a r i o u s  r e s i d e n c e  t imes  i s  p lo t -  
t e d  i n  f i g u r e  3 .  

The d a t a  o f  Anderson i s  p l o t t e d  f o r  a r e s i d e n c e  t i m e  o f  2 and 4 msec. A t  
a combust ion tempera tu re  o f  1800 K, t h e  4-msec NOx d a t a  i s  o n l y  s l i g h t l y  
g r e a t e r  (15  p e r c e n t )  t h a n  t h e  2-msec da ta .  However, a t  a combust ion  tempera- 
t u r e  o f  2200 K, t h e  4-msec d a t a  i s  t w i c e  t h e  2-msec da ta ,  wh ich  i s  what one 
m i g h t  expec t  from t h e  k i n e t i c  r a t e  e q u a t i o n s .  A p o s s i b l e  e x p l a n a t i o n  i s  t h a t  
a t  low combust ion tempera tures  a g r e a t e r  f r a c t i o n  o f  t h e  NOx i s  made up of 
prompt NOx. 

The 4-msec r e s i d e n c e  t i m e  d a t a  was n e a r l y  i d e n t i c a l  t o  t h e  NOx d a t a  a t  a r e s i -  
dence t i m e  o f  2 msec a t  low combust ion tempera tures  and o n l y  about  50 p e r c e n t  
h i g h e r  a t  t h e  h i g h e s t  f l ame tempera tures  o f  2250 K .  T h i s  fol lows t h e  same 
t r e n d  as Anderson 's  da ta ,  b u t  t h e  r a t e  o f  i n c r e a s e  w i t h  combust ion f l ame tem- 
p e r a t u r e  i s  n o t  as g r e a t .  I t  i s  p o s s i b l e  t h a t  t h e  h e a t  loss o f  Semer j i an  was 
g r e a t e r  t h a n  t h a t  o f  Anderson and t h u s  accounts  f o r  t h e  d i f f e r e n t  r e s u l t s .  

S e m e r j i a n ' s  NOx d a t a  i s  a l s o  shown a t  a r e s i d e n c e  t i m e  o f  2 and 4 msec. 

The e f f e c t  o f  r e s i d e n c e  t i m e  on  NOx l e v e l s  i s  a l s o  u n c l e a r  when t h e  d a t a  
o f  Cooper ( r e f .  4 )  and Tang e t  a l .  ( r e f .  5 )  i s  cons ide red .  W i th  r e s i d e n c e  
t imes  of a p p r o x i m a t e l y  8 msec t h e  NOx l e v e l s  f a l l  w i t h i n  t h e  range o f  t h e  
2-msec da ta .  
t h e  e f f e c t  o f  r e s i d e n c e  t i m e  does n o t  seem p o s s i b l e  because o f  t h e  wide range 
of d a t a  d i f f e r e n c e s  between sources .  

Comparison o f  d a t a  taken  by  d i f f e r e n t  exper imen te rs  t o  de te rm ine  

Note t h a t  t h e  d a t a  from Cooper i s  t h e  o n l y  source i n  t h i s  g roup o f  r e f e r -  
ences t h a t  i n j e c t e d  l i q u i d  J e t  A .  Cooper used a m u l t i p l e  source  f u e l  i n j e c t o r  
t h a t  d i s t r i b u t e d  t h e  f u e l  u n i f o r m l y  i n  t h e  d u c t .  I n  a fo l low up e f f o r t  by  
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Semer j ian e t  a l . ( r e f .  71, v a r i o u s  p r e s s u r e  a tomize r  f u e l  nozz les  w e r e  used t o  
i n j e c t  l i q u i d  J e t  A. 
those o b t a i n e d  w i t h  p r e v a p o r i z e d  J e t  A .  

W i th  a 30" cone ang le  n o z z l e  t h e  NOx l e v e l s  approach 

Cons tan t  Combustion E f f i c i e n c y  

Combustion e f f i c i e n c y  and t h e  emiss ions o f  carbon monoxide and unburned 
hydrocarbons must a l s o  be cons ide red  when d e t e r m i n i n g  t h e  optimum combustor 
r e s i d e n c e  t i m e .  The t r a d e o f f  i n  combustor des ign  f o r  low emiss ions a t  h i g h  
power i s  t o  p r o v i d e  s u f f i c i e n t  t i m e  fo r  carbon monoxide and unburned hyd roca r -  
bon r e a c t i o n s  t o  go t o  c o m p l e t i o n  and yet  l i m i t  t h e  t i m e  so t h a t  t h e  NOx reac-  
t i o n s  do n o t  go to  comp le t i on .  
f l ame temperature a t  c o n s t a n t  combust ion e f f i c i e n c y  o f  99.7 p e r c e n t  was made 
f o r  t h e  d a t a  o f  Anderson and Semer j i an  and Vranos. T h i s  i s  shown i n  f i g u r e  4. 
The NOx d a t a  a t  a r e s i d e n c e  t i m e  o f  2 msec i s  a l s o  p l o t t e d  f o r  comparison. 
low combust ion temperatures t h e  2-msec d a t a  i s  a t  a p p r o x i m a t e l y  99 .7-percent  
combust ion e f f i c i e n c y .  As t h e  combust ion temperature i n c r e a s e s ,  t h e  2-msec 
NOx d a t a  of Anderson inc reases  s u b s t a n t i a l l y  f a s t e r  t han  t h e  99 .7-percent  
da ta .  Thus a t  h i g h e r  f l ame temperatures a s u b s t a n t i a l  r e d u c t i o n  i n  NO, can be 
made i f  t h e  r e s i d e n c e  t i m e  i s  reduced below 2 msec. The 2-msec and 99.7-per- 
c e n t  NOx d a t a  of Semer j i an  a r e  a p p r o x i m a t e l y  equal  up t o  a combust ion tempera- 
t u r e  o f  2000 K. 
a t  a much lower  l e v e l  t han  t h e  2-msec d a t a .  However, t h e  carbon monoxide l e v e l  
a t  t h e  2230-K combust ion tempera tu re  was s u b s t a n t i a l l y  below e q u i l i b r i u m ,  i n d i -  
c a t i n g  hea t  loss a f f e c t e d  t h e  r e s u l t s .  

A p l o t  o f  the  NOx l e v e l s  as a f u n c t i o n  o f  

A t  

Above a combust ion temperature o f  2000 K t h e  NO, l e v e l s  a r e  

DIRECT INJECTION LOW NOx DATA 

The d i r e c t  i n j e c t i o n  concept  i s  d e f i n e d  as a low NOx concept  i n  which t h e  
f u e l  i s  d i r e c t l y  i n j e c t e d  i n t o  t h e  r e a c t i o n  zone. I n  t h e  t h r e e  d i r e c t  i n j e c -  
t l o n  r e f e r e n c e s  d e s c r i b e d  i n  t h i s  r e p o r t ,  a l l  t h e  combust ion a i r  e n t e r s  t h e  
f r o n t  end or dome r e g i o n  and t h e r e  i s  no d i l u t i o n  zone. The t h r e e  concepts 
are shown i n  f i g u r e  5 .  

The U l t r a  Lean combustor concept  o f  Anderson ( r e f .  8) was des igned for an 
au tomot i ve  gas t u r b i n e  a p p l i c a t i o n .  S ince i n  t h i s  a p p l i c a t i o n  t h e  combustor 
i n l e t  temperatures would be v e r y  h i g h  ( a p p r o x i m a t e l y  1200 K), because of t h e  
r e g e n e r a t i v e  c y c l e ,  t h i s  concept  r e l i e d  on t h e  h i g h  i n l e t  t empera tu re  for 
flame s t a b i l i z a t i o n .  There was no f l a m e h o l d e r  or  s w i r l  induced r e c i r c u l a t i o n  
zones for flame s t a b i l i z a t i o n .  The f u e l  i n j e c t o r  was t h e  same t y p e  used i n  
lean-premixed-prevaporized combustor f l ame tube exper imen ts .  

Two o t h e r  concepts a r e  shown, b o t h  developed a t  t h e  U n i v e r s i t y  o f  Leeds 
( re fe rences  9 and 10 ) .  Both o f  these  concepts r e l i e d  on s t r o n g  r a d i a l  s w i r l  
for b o t h  f u e l - a i r  m i x i n g  and f l a m e  s t a b i l i z a t i o n .  

The NO, em iss ion  i ndex  va lues  f o r  t h e  d i r e c t  i n j e c t i o n  combustors a r e  
p l o t t e d  versus t h e  a d i a b a t i c  combust ion temperature i n  f i g u r e  6 .  
son t h e  lean-premixed-prevaporized NO, d a t a  o f  Anderson and Semer j i an  and 
Vranos a t  a r e s i d e n c e  t i m e  o f  2 msec i s  a l s o  p l o t t e d .  The NOx l e v e l s  a r e  

For compari-  
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remarked ly  low fo r  d i r e c t  i n j e c t i o n  combustors and approach t h e  va lues  o f  lean- 
p remixed-prevapor ized  NOx d a t a .  

A l i n e a r  f i t  o f  t h e  d a t a  would a lmos t  e x a c t l y  match t h e  LPP d a t a  o f  Anderson. 
The combust ion e f f i c i e n c y  i s  99.7 p e r c e n t  a t  a combust ion  tempera ture  o f  
1640 K, and g r e a t e r  t han  99.9 p e r c e n t  a t  tempera tures  g r e a t e r  t han  1640 K. 
Data was taken  as a f u n c t i o n  of l e n g t h  b u t  o n l y  a smal l  dependence on l e n g t h  
or res idence  t i m e  was found.  The a u t h o r s  b e l i e v e  t h a t  t h e  reason f o r  t h i s  i s  
t h a t  t h e  NOx formed i s  p r i m a r i l y  prompt NO, t h a t  would n o t  be a f u n c t i o n  o f  
pos t - f lame d i s t a n c e .  Besides h a v i n g  NOx l e v e l s  expec ted  o f  a LPP combustor,  
Hussain r e p o r t s  t h a t  i t s  s t a b i l i t y  ( i n  terms o f  l e a n  b lowou t  l i m i t )  i s  t h a t  o f  
a conven t iona l  d i f f u s i o n  f l ame combustor. 

The d a t a  o f  A l k a b i e  e t .  a l .  ( r e f .  9 )  a l s o  c o n t a i n s  low NOx emiss ions .  

The d a t a  o f  Hussain e t .  a l .  ( r e f .  10) agrees v e r y  w e l l  w i t h  t h e  LPP d a t a .  

The NOx l e v e l  a t  a combust ion tempera ture  o f  1600 K i s  about  4 t i m e s  g r e a t e r  
t h a t  Hussian e t  a l . ,  b u t  a t  a combust ion tempera tu re  o f  1800 K t h e  NOx l e v e l s  
a r e  approach ing  t h a t  o f  Hussa in  e t  a l .  The h i g h e r  NOx l e v e l s  a t  l ower  f l ame 
temperatures may be t h e  r e s u l t  o f  poo re r  f u e l - a i r  m i x i n g .  
c i e n c y  i s  g r e a t e r  t han  99.9 p e r c e n t  for t h e  NGx va lues  p l o t t e d .  The r e s i d e n c e  
t i m e  fo r  t h i s  combustor i s  16 msec. A l k a b i e  a l s o  r e p o r t s  v e r y  good s t a b i l i t y .  

The combust ion e f f i -  

Note t h a t  t h e  data  d e s c r i b e d  above i s  f o r  propane; NOx l e v e l s  w i l l  
i nc rease  fo r  l i q u i d  f u e l  i n j e c t i o n  depending on t h e  degree o f  a t o m i z a t i o n ,  
v a p o r i z a t i o n  and m i x i n g  t h a t  can be ach ieved;  see t h e  d i s c u s s i o n  o f  t h e  
Anderson d a t a  below. Also n o t e  t h a t  t h e  p r e s s u r e  l e v e l  i s  1 atm. The a u t h o r s  
p r e d i c t  a square root dependence o f  NOx emiss ions  on p r e s s u r e  l e v e l .  However, 
i t  may be a l s o  p o s s i b l e  t o  use t h e  i n c r e a s e d  p r e s s u r e  and r e a c t i o n  r a t e s  t o  
decrease t h e  r e s i d e n c e  t i m e  and p o s s i b l y  have no n e t  e f f e c t  on NOx.  

The d a t a  from Anderson ( r e f .  8) u s i n g  l i q u i d  d i e s e l  number 2 demonst ra tes  
t h e  e f f e c t  o f  a t o m i z a t i o n  and v a p o r i z a t i o n  and a l s o  t h e  e f f e c t  o f  fue l -bound 
n i t r o g e n  on NOx l e v e l s .  
l e v e l  o f  0 .4  t o  t h e  NOx l e v e l s .  Wi th  l e a n  combust ion i t  assumed t h a t  a l l  of 
t h e  f u e l  bound n i t r o g e n  i s  conve r ted  t o  NOx. 

p r e v a p o r i z e d  da ta .  

The f u e l  bound n i t r o g e n  l e v e l s  add an e m i s s i o n  i ndex  

I f  0 . 4  were s u b t r a c t e d  from t h e  
I em iss ion  index  t h e  d a t a  o f  Anderson would approach t h a t  o f  t h e  lean-premixed- 

The e f f e c t  o f  l i q u i d  f u e l  a t o m i z a t i o n  and v a p o r i z a t i o n  i s  a l s o  seen i n  
Wi th  a r e f e r e n c e  v e l o c i t y  o f  32 m / s e c  t h e  NOx l e v e l s  t h e  d a t a  o f  Anderson. 

decreased as t h e  i n l e t  a i r  t empera tu re  i n c r e a s e d  from 1100 t o  1250 K .  Ander- 
son a t t r i b u t e s  t h i s  t o  f a s t e r  v a p o r i z a t i o n  a t  t h e  h i g h e r  i n l e t  t empera tu re  and 
thus  more c l o s e l y  approach ing  a premixed f l ame.  The same e f f e c t  i s  a l s o  seen 
by i n c r e a s i n g  t h e  r e f e r e n c e  v e l o c i t y .  S ince  t h e  f u e l  i n j e c t o r  r e l i e s  on t h e  
a i r  v e l o c i t y  f o r  a t o m i z a t i o n ,  t h e  h i g h e r  a i r  v e l o c i t y  decreases t h e  d r o p  s i z e s  
and p r o v i d e s  f a s t e r  v a p o r i z a t i o n  and a c l o s e r  a p p r o x i m a t i o n  of a p remixed 
f l ame.  The d a t a  o f  Anderson has no res idence  t i m e  e f f e c t .  Residence t imes 
were v a r i e d  o v e r  a 50-percent range w i t h o u t  a f f e c t i n g  t h e  NOx l e v e l s .  An 
e x p l a n a t i o n  f o r  t h i s  i s  t h a t  t h e  tempera tures  were low enough t h a t  thermal  NOx 
was n o t  a ma jor  c o n t r i b u t o r  and t h e  NOx was m a i n l y  from fue l -bound n i t r o g e n  
and prompt NOx.  
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R I C H  BURN-QUICK QUENCH-LEAN BURN LOW NOx DATA 

The r i c h  bu rn -qu ick  quench-lean bu rn  (RQL) concept  was conceived t o  con- 
t r o l  NOx from f u e l s  c o n t a i n i n g  n i t r o g e n .  
c e n t  o f , t h e  fue l -bound n i t r o g e n  i s  conve r ted  i n t o  NOx,  whereas w i t h  r i c h  
b u r n i n g  v e r y  l i t t l e  of  t h e  f u e l  bound n i t r o g e n  i s  c o n v e r t e d  t o  NOx. The r i c h  
b u r n  zone can be though t  o f  as a f u e l  p r e p a r a t i o n  zone, f o l l o w e d  by q u i c k  m i x -  
i n g  w i t h  t h e  rema in ing  combust ion a i r  i n  t h e  q u i c k  quench zone, and f i n a l l y  
t h e  process i s  completed i n  a l e a n  bu rn  zone a t  r e l a t i v e l y  low temperatures 
where thermal NOx f o r m a t i o n  i s  k e p t  t o  a minimum. For f u e l s  n o t  c o n t a i n i n g  
n i t r o g e n  t h e  RQL o f f e r s  t h e  advantage of  low NOx f o r m a t i o n  and t h e  s t a b i l i t y  
o f  a r i c h  f r o n t  end. 

I n  a l e a n  b u r n  sys tem n e a r l y  100 per-  

Schematics o f  t h e  f o u r  RQL exper iments cons ide red  i n  t h i s  r e p o r t  a r e  
shown i n  f i g u r e  7 .  Note i n  t h e  schematics t h a t  t h e  exper iments  o f  S c h u l t z  
( r e f .  1 1 )  and R o s f j o r d  ( r e f .  12) have no d i l u t i o n  downstream o f  t h e  l e a n  b u r n  
zone, whereas t h a t  o f  Novick and T r o t h  ( r e f .  13) and Lew e t  a l .  ( r e f .  14) do 
have d i l u t i o n  downstream o f  t h e  l e a n  bu rn  zone. Table I 1  l i s t s  t h e  t e s t  cond i -  
t i o n s  used for t h e  RQL re fe rences .  Note t h a t  many f u e l s  w e r e  e v a l u a t e d  i n  t h e  
r e f e r e n c e s ,  i n c l u d i n g  heavy f u e l s  w i t h  l a r g e  percentages o f  fue l -bound  n i t r o -  
gen, however t h e  d a t a  used i n  t h i s  r e p o r t  i s  f o r  l i g h t  d i s t i l l a t e s  w i t h o u t  
fue l -bound n i t r o g e n .  Also i n c l u d e d  i s  t h e  work o f  Nguyen and B i t t k e r  ( r e f .  15) 
i n  which t h e y  c o m p u t a t i o n a l l y  extended t h e  range o f  t h e  exper imen ta l  d a t a  o f  
Schul t z .  

The NOx d a t a  from t h e  RQL exper iments  i s  p resen ted  i n  f i g u r e  8 as emis- 
s i o n  index versus a d i a b a t i c  combust ion temperature i n  t h e  l e a n  zone. Also fo r  
comparison i s  t h e  LPP d a t a  from Anderson and Semer j ian and Vranos a t  a 2-msec 
res idence  t i m e .  The RQL r e f e r e n c e s  p r i m a r i l y  c o n c e n t r a t e d  t h e i r  e f fo r ts  i n  
d e t e r m i n i n g  t h e  r i c h  zone equ iva lence  r a t i o  t h a t  m in im ized  NOx p r o d u c t i o n .  
The r i c h  zone equ iva lence  r a t i o  t h a t  m in im ized  NOx was g e n e r a l l y  i n  t h e  range 
o f  1.4 t o  ‘1.8. The d a t a  i n c l u d e d  i n  t h i s  r e p o r t  a r e  a t  r i c h  zone e q u i v a l e n c e  
r a t i o s  t h a t  produced t h e  minimum NOx v a l u e s .  

A s  seen i n  f i g u r e  8, t h e  NOx l e v e l s  for t h e  RQL exper imen ts  a r e  g r e a t e r  
t han  t h e  2--msec res idence  t ime  LPP da ta .  The reason fo r  t h e  g r e a t e r  amount of 
NOx c o u l d  r e s u l t  from excess f o r m a t i o n  i n  t h e  r i c h ,  quench or l e a n  zones. 
There were  no d a t a  taken i n  t h e  i n t e r m e d i a t e  zones to  de te rm ine  where t h e  NO, 
f o r m a t  i o n  takes p l  ace. 

The exper iments o f  S c h u l t z  ( r e f .  1 1 )  and R o s f j o r d  ( r e f .  12) were r u n  
T h e i r  NOx l e v e l s  were w i t h o u t  d i l l u t i o n  downstream o f  t h e  l e a n  b u r n  zone. 

app rox ima te l y  t h e  same a l t h o u g h  S c h u l t z  i n v e s t i g a t e d  much h i g h e r  l e a n  zone 
equ iva lence  r a t i o s  and co r respond ing  h i g h e r  combust ion tempera tu re .  Schul t z  
had approx ima te l y  a 12-msec res idence  t i m e  i n  t h e  r i c h  zone and a 2 msec 
r e s i d e n c e  t ime  i n  t h e  l e a n  zone. R o s f j o r d  had a 38-msec r i c h  bu rn  r e s i d e n c e  
t i m e  and approx ima te l y  a l l -msec l e a n  b u r n  res idence  t i m e .  

The d a t a  o f  Novick and T r o t h  ( r e f .  13) and Lew e t .  a l .  ( r e f .  14)  were 
taken  ove r  a range o f  l e a n  zone equ iva lence  r a t i o s  ( i n  a d d i t i o n  t o  a range o f  
r i c h  burn equ iva lence  r a t i o s )  w i t h  t h e  amount o f  d i l u t i o n  v a r i e d  so t h a t  t h e  
bu rne r  e x i t  temperature remained c o n s t a n t .  The NO, l e v e l  i s  seen t o  i n c r e a s e  
as t h e  l e a n  zone combust ion temperature i n c r e a s e s .  The d i sp lacemen t  o f  t h e  
curves between t h e  two r e f e r e n c e s  may be due t o  assumptions t h a t  had t o  be 
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made t o  c a l c u l a t e  t h e  l e a n  zone equ iva lence  r a t i o  f o r  t h e  exper iment  o f  Lew 
e t  a l .  s i n c e  o n l y  nominal va lues  were g i v e n  i n  t h e i r  r e p o r t .  The NOx emiss ion  
i ndex  a f t e r  d i l u t i o n  i s  app rox ima te l y  t h e  same f o r  t h e  two r e f e r e n c e s .  

Nguyen and B i t t k e r  ( r e f .  15) used a chemical  k i n e t i c  computer program t o  
s t u d y  t h e  e f f e c t  o f  h i g h e r  combustor i n l e t  tempera tures  on NOx f o r m a t i o n .  
model was made t o  match t h e  RQL d a t a  o f  S c h u l t z .  I n  the  model t h e y  assumed 
t h a t  t h e  quench zone m i x i n g  was i n f i n i t e l y  f a s t  so t h a t  no NOx was formed i n  
t h e  quench zone. 
c o n d i t i o n s  k e p t  c o n s t a n t .  A s  t h e  combust ion f l ame tempera ture  i n c r e a s e s ,  as 
t h e  r e s u l t  o f  i nc reased  i n l e t  tempera tures ,  t h e  NOx i nc reased  w i t h  a p p r o x i -  
m a t e l y  t h e  same tempera ture  dependence as t h e  LPP d a t a .  

The 

The combustor i n l e t  tempera tures  were v a r i e d  w i t h  a l l  o t h e r  

I n  genera l  t h e  l e a n  zone a d i a b a t i c  combust ion tempera ture  would be 
expec ted  t o  c o r r e l a t e  o n l y  t h e  NOx produced i n  t h e  l e a n  zone. 
two a d d i t i o n a l  zones where NOx may be formed, t h e  r i c h  and quench zones. How- 
e v e r ,  t h e  r i c h  bu rn  zone may n o t  be a s i g n i f i c a n t  NOx c o n t r i b u t o r ,  even though 
f u e l  i s  i n j e c t e d  w i t h  a conven t iona l  f u e l  i n j e c t o r .  Acco rd ing  t o  R o s f j o r d ,  
"Fue l  i s  i n j e c t e d  as a l i q u i d  and n o t  as a f u l l y - v a p o r i z e d  f u e l - a i r  m i x t u r e .  
Hence fo r  any equ iva lence  r a t i o  t h e r e  w i l l  be r e g i o n s  o f  near s t o i c h i o m e t r i c  
w i t h  t h e  a t t e n d a n t  p r o d u c t i o n  o f  h i g h  l e v e l s  o f  NOx. The re fo re ,  an a n n i h i l a -  
t i o n  mechanism must be p r e s e n t  t o  reduce these i n i t i a l  l e v e l s  t o  t h e  v e r y  low 
NOx e m i s s i o n  a t t a i n e d . "  The Nguyen and B i t t k e r  ( r e f .  15)  c a l c u l a t i o n s  showed 
t h e  NOx from t h e  r i c h  zone was o n l y  about  10 p e r c e n t  o f  t h e  t o t a l  NOx and t h a t  
t h e  g r e a t e s t  q u a n t i t y  o f  NOx was produced downstream o f  t h e  r i c h  zone. How- 
e v e r ,  t h e  f o r m a t i o n  o f  NOx i n  t h e  q u i c k  quench zone c o u l d  be a s u b s t a n t i a l  con- 
t r i b u t o r  o f  NOx depending upon t h e  t i m e  spent  a t  near s t o i c h i o m e t r i c  m i x t u r e  
v a l u e s .  Downstream o f  t h e  quench zone, t h e  c a l c u l a t i o n s  o f  Nguyen and B i t t k e r  
i n d i c a t e  t h a t  t h e  thermal  NOx produced i n  t h e  l e a n  zone shou ld  be t h e  same as 
t h a t  o f  a LPP combustor.  However , i t  may be p o s s i b l e  t h a t  t h e  l e a n  zone forma- 
t i o n  o f  NOx would be i n h i b i t e d  by t h e  p a r t i a l l y  and c o m p l e t e l y  burned p r o d u c t s  
from t h e  r i c h  zone. 

The RQL c o n t a i n s  

The o v e r a l l  No, l e v e l s  fo r  t h e  RQL exper iments  a r e  low and met t h e  EPA 

I n  p a r t i c u l a r ,  t h e  h i g h e r  l e v e l s  o f  
g o a l s  t h a t  were p a r t  o f  t h e i r  programs. However, s i g n i f i c a n t  a d d i t i o n a l  reduc-  
t i o n s  i n  NOx l e v e l s  may be a c h i e v a b l e .  
NOx o v e r  t h e  LPP l e v e l s  a r e  p r o b a b l y  due t o  t h e  t i m e  spent  a t  near  s t o i c h i o m e t -  
r i c  c o n d i t i o n s  i n  t h e  q u i c k  quench s tep .  The main focus  o f  p r e v i o u s  RQL s tud -  
i e s  was on r e d u c i n g  t h e  NOx l e v e l s  caused by t h e  f u e l  bound n i t r o g e n .  However, 
a s u b s t a n t i a l  e f f o r t  i n  o p t i m i z i n g  t h e  q u i c k  quench m i x i n g  zone was n o t  con- 
duc ted .  I t  i s  l i k e l y  t h a t  i n n o v a t i v e  q u i c k  quench m i x i n g  schemes can s i g n i f i -  
c a n t l y  reduce t h e  o v e r a l l  RQL NOx l e v e l s .  

SUMMARY OR RESULTS 

The p r e d i c t i o n s  o f  NO, emiss ions  a r e  based on a r e v i e w  o f  t h e  l i t e r a t u r e  
o f  p r e v i o u s  low NOx combustor programs and a n a l y t i c a l  chemical  k i n e t i c  c a l c u l a -  
t i o n s .  Concepts i n c l u d e d  i n  t h e  l i t e r a t u r e  r e v i e w  c o n s i s t e d  o f  Lean-Premixed- 
P revapor i zed  (LPP), R i c h  Burn /Qu ick  Quench/Lean Burn (RQL), and D i r e c t  
I n j e c t i o n .  The NOx emiss ions  were found t o  be c o r r e l a t e d  fo r  a l l  concepts by 
t h e  a d i a b a t i c  combust ion tempera ture  o v e r  a wide range o f  i n l e t  tempera tures ,  
p ressu res  and ( l e a n )  f u e l - a i r  r a t i o s .  The NOx emiss ion  index  was found  t o  be 
an e x p o n e n t i a l  f u n c t i o n  o f  a d i a b a t i c  f l ame tempera ture .  No d e f i n i t e  p ressu re  
e f f e c t  was n o t i c e d .  NOx i s  a l s o  a f u n c t i o n  o f  t i m e  a t  t h e  a d i a b a t i c  
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combust ion tempera ture ;  however, a s imp le  c o r r e l a t i o n  o f  NOx f o r m a t i o n  w i t h  
t i m e  was n o t  found.  

The Lean-Premixed-Prevaporized (LPP) concept  has t h e  l owes t  NOx emiss ions  
o f  t h e  t h r e e  concep ts .  
t i o n a l  d isadvantages  o f  i t s  nar row s t a b i l i t y  l i m i t s  and i t s  s u s c e p t i b i l i t y  to  
a u t o i g n i t i o n l f l a s h b a c k .  

The low NOx p o t e n t i a l  of LPP i s  o f f s e t  by t h e  opera- 

The Rich-BurnIQuick-QuenchILean-Burn (RQL) concept  has t h e  advantage o f  
good s t a b i l i t y  because o f  i t s  r i c h  zone, a l t h o u g h  v a r i a b l e  geometry may be nec- 
essa ry .  
h i g h e r  NO, em iss ions  w i t h  t h e  RQL i s  p r o b a b l y  due t o  t h e  s t o i c h i o m e t r i c  temper- 
a t u r e s  and NOx p r o d u c t i o n  t h a t  o c c u r  d u r i n g  t h e  quench s tep .  Chemical k i n e t i c s  
c a l c u l a t i o n s  show t h a t  o n l y  a smal l  amount o f  NOx i s  produced i n  t h e  r i c h  zone 
and t h e  NOx produced i n  t h e  l e a n  zone shou ld  be a p p r o x i m a t e l y  t h e  same as t h e  
LPP. Improvements i n  t h e  q u i c k  quench s t e p  c o u l d  reduce t h e  NO, emiss ions  t o  
t h e  LPP l e v e l s .  

The RQL d a t a  has h i g h e r  va lues  of NOx than  t h e  LPP concept .  The 

The D i r e c t  I n j e c t i o n  concept  i s  de f i ned  as one i n  wh ich  t h e  f u e l  i s  
d i r e c t l y  i n j e c t e d  i n t o  t h e  r e a c t i o n  zone. 
ences, a l l  t h e  combust ion a i r  e n t e r s  t h e  f r o n t  end or dome r e g i o n  and t h e r e  i s  
no d i l u t i o n  zone. 
D i r e c t  I n j e c t i o n  concept  as u s i n g  t h e  Lean-Premixed-Prevaporized concept .  The 
d i r e c t  I n j e c t i o n  concept  has t h e  advantage of t h e  s t a b i l i t y  o f  c o n v e n t i o n a l  
combustors.  S ince  t h e  r e s u l t s  were o b t a i n e d  p r i m a r i l y  w i t h  gaseous f u e l s  t h e  
c h a l l e n g e  w i l l  be t o  produce t h e  same low l e v e l s  o f  NOx w i t h  l i q u i d  f u e l s .  

I n  t h e  t h r e e  D i r e c t  I n j e c t i o n  r e f e r -  

N e a r l y  t h e  same low l e v e l s  of NOx were produced u s i n g  t h e  
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TABLE I, - LEAN-PREMIXED-PREVAPORIZED EXPERIMENTS 

F.H. 
pe rcen t  open 

25 
25 
22 
22 
22 
22 

25 
25 

20 

-- 

~~ 

Reference Fuel Duct 

Propane 10.25 cm diam 
Propane 10.25 cm diam 
Propane 7.9 cm diam 
Propane 7.9 cm diam 
P r o pari e 7.9 cm diam 
Propane 7.9 cm diam 

J e t  A 10.2 cm diam 
J e t  A 10.2 cm diam 

Vap J e t  A 7.6 x 3.8 cm 

Hexane 9.7 mm diam 

Anderson 

R o f f e  

Cooper 

Semerj i an 

Tang 

3 
3 

1 

1 

T i n  ’ 

600 
800 
600 
600 
800 
800 

600 
700 

750 

450 

35 
35 

20 

6-8 

P.  
a&’ 

11.1-11.3 
14 

10.2-12.2 

4.8 

I 7.6 

Fuel 

€RESa 
ERBS 

No. 2 D i s t i l l a t e  

Propane 

Propane 

TABLE 11. - R I C H  BURN-QUICK QUENCH-LEAN 

BURN EXPERIMENTS 

Reference 

Novi  ck 

Rosf j o r d  

Schul t z  

Nguyen 

Tiny 
K 

634-670 
588 

589-644 

672 

1000-1311 

aExper imental  Referee  Broad S p e c i f i c a t i o n s  f u e l  

1 1  
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F I G .  1 LEAN-PREMIXED-PREVAPORIZED FLAME TUBE EXPERIMENTS. 
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the quench step. Improvements in the quick quench step could reduce the NO, emissions to the LPP levels. The 
low NO, potential of LPP is offset by the operational disadvantages of its narrow stability limits and its suscepti- 
bility to autoignition/tlashback. The Rich-Burn/Quick-Quench/Lean-Burn (RQL) and the Direct Injection concepts 
have the advantage of wider stability limits comparable to conventional combustors. 
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