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ABSTRACT 

The purpose of t h i s  paper i s  t o  review NASA-Lewis combuqtor r e sea rch  

aimed a t  reducing exhaust emissions from j e t  a i r c r a f t  engines. Experi- 

mental r e s u l t s  of tests performed on both conventional and experimental  

combustors over a range of i n l e t  t o t a l  p r e s s u r e ,  i n l e t  t o t a l  temperature,  
0 

4 
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co r e fe rence  v e l o c i t y ,  and f u e l - a i r  r a t i o  are presented t o  demonstrate t h e  

w e f f e c t  of opera t ing  v a r i a b l e s  on p o l l u t a n t  emissions.  Combustor design 

techniques t o  reduce emissions are discussed. Improving f u e l  a tomizat ion 

by using an air-assist f u e l  nozzle  has been shown t o  s i g n i f i c a n t l y  reduce 

hydrocarbon and carbon monoxide emissions du r ing  i d l e .  A short- length 

annular swirl-can combustor has’demonstrated a s i g n i f i c a n t  r educ t ion  i n  

n i t r i c  oxide emissions compared t o  a conventional combustor ope ra t ing  a t  

similar condi t ions.  The u s e  of d i f f u s e r  w a l l  b leed t o  provide v a r i a b l e  

c o n t r o l  of combustor a i r f low d i s t r i b u t i o n  may enable  t h e  achievement of 

reduced emissions without compromising combustor performance. 
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SUMMARY 

The purpose of t h i s  paper is  t o  review recen t  NASA-Lewis combustor 

r e sea rch  aimed a t  reducing o r  e l imina t ing  undes i r ab le  exhaust emissions 

from j e t  a i r c r a f t  engines.  

conventional and experimental  combustors over a range of i n l e t  t o t a l  

p re s su re ,  i n l e t  t o t a l  temperature,  r e f e rence  v e l o c i t y ,  and f u e l - a i r  

r a t i o .  

of ope ra t ing  condi t ions on p o l l u t a n t  emissions from j e t  a i r c r a f t .  

hydrocarbons and carbon monoxide emissions are shown t o  increase markedly 

as f u e l - a i r  r a t i o  i s  reduced below a value of about 0.01, This r educ t ion  

is  p a r t l y  due t o  poor f u e l  a tomizat ion and p a r t l y  due t 0  t h e  formation af  

f u e l - a i r  mixtures i n  t h e  primary zone t h a t  are below t h e  f l a m a b i l i t y  

l i m i t .  

crease r a p i d l y  as a c o r r e l a t i n g  parameter, P T /V ( i n  which P3 is  

combustor i n l e t  t o t a l  p re s su re ,  T3 

and 

about 10 lbs-sec-'R/ft . 
shown t o  be  p a r t i c u l a r l y  s e n s i t i v e  t o  r e fe rence  v e l o c i t y ,  

index f o r  t h e  oxides of n i t r o g e n  i s  shown t o  increase with inc reas ing  

i n l e t  t o t a l  temperature and decreasing r e f e r e n c e  v e l o c i t y .  For a given 

primary zone a i r f l o w  d i s t r i b u t i o n ,  smoke number i s  shown t o  i n c r e a s e  wi th  

inc reases  i n  combustor i n l e t  t o t a l  p re s su re  and wi th  decreases  i n  com- 

Emission tests have been performed on both 

Experimental r e s u l t s  are presented t h a t  demonstrate t h e  e f f e c t  

T o t a l  

T o t a l  hydrocarbon and carbon monokide emissions are shown t o  in- 

3 3  R' 
i s  combustor i n l e t  t o t a l  temperature,  

VR is  combustor r e fe rence  v e l o c i t y )  is  reduced below a v a l u e  of 

5 3 The emission index f o r  carbon monoxide i s  

The emission 
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bus to r  i n l e t  t o t a l  temperature.  

Experimental tests have shown t h a t  improving f u e l  a tomizat ion by 

using an air-assist f u e l  nozzle  can s i g n i f i c a n t l y  reduce hydrocarbon and 

carbon monoxide emissions during i d l e .  Addit ional  experimental  designs 

are being i n v e s t i g a t e d  t h a t  optimize t h e  l o c a l  f u e l - a i r  r a t i o  i n  t h e  p r i -  

m a r y  zone during i d l e  by e i t h e r  (1) u s ing  d i f f u s e r  w a l l  b leed t o  c o n t r o l  

primary zone a i r f l o w  o r  (2)  by using s taggered f u e l  nozzles .  

length annu la r  swirl-can combustor has  demonstrated a s i g n i f i c a n t  reduc- 

t i o n  i n  n i t r i c  oxide emissions compared t o  a c o n v e n t i m a l  combustor oper- 

a t i n g  a t  similar cond i t ions .  This r educ t ion  may b e  a t t r i b u t e d  t o  reduced 

r e a c t i o n  dwell  t i m e  as a resul t  of bo th  reduced burning l eng th  and r a p i d  

mixing of combustion gases  and d i l u t i o n  air .  The premixing and carbu- 

r e t i n g  of f u e l  and air  i n  t h e  swirl-can may a l s o  p l a y  a p a r t  i n  t h i s  

n i t r i c  oxide reduct ion.  

A s h o r t  

An experimental  combustor segment designed wi th  

increased primary zone a i r f l o w  and inc reased  mixing i n t e n s i t y  has  been 

t e s t e d  t h a t  demonstrates extremely low smoke numbers a t  e l eva ted  pres- 

su res ;  however, t h e  a l t i t u d e  r e l i g h t  c a p a b i l i t y  of t h i s  conf igu ra t ion  

has not  been s a t i s f a c t o r y .  

mine i f  techniques such as d i f f u s e r  w a l l  b leed may b e  used t o  c o n t r o l  

Fu r the r  r e sea rch  is  being pursued f~ de te r -  

primary zone a i r f l o w  s o  t h a t  l e a n  primary zone f u e l - a i r  r a t i o s  can be 

obtained during take-off t o  reduce smoke formation and s o  t h a t  r i c h e r  

primary zone f u e l - a i r  r a t i o s  may b e  obtained during i d l e  and a l t i t u d e  

r e l i g h t .  

INTRODUCTION 

* 
Exhaust emission d a t a  from re fe rence  (1) f o r  a t y p i c a l  commercial 

j e t  engine are p l o t t e d  a g a i n s t  engine power s e t t i n g  i n  f i g u r e  1. The 

* 
Numbers i n  parentheses  des igna te  r e fe rences  a t  end of paper 
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products of i n e f f i c i e n t  combustion, carbon monoxide, and t o t a l  hydroear- 

bons, are shown t o  b e  h i g h e s t  a t  a power s e t t i n g  of engine i d l e  wh i l e  

oxides of n i t rogen  are shown t o  b e  h i g h e s t  during take-off.  

b u s t i o n  e f f i c i e n c y  a t  i d l e  i s  caused by (1) poor f u e l  a tomizat ion a t  low 

f u e l  flow rates, (2) lower f u e l - a i r  r a t i o s ,  and (3) l pwer  combustor i n l e t  

t o t a l  p re s su re  and temperature. 

take-off are kvown t o  be  caused by a h ighe r  combustor i n l e t  t o t a l  temper- 

a t u r e  which a f f e c t s  i t s  rate of formation ( r e f .  (23. 

f i g u r e  l w e r e  obtained from a JT8D engine which has a compressor p re s su re  

r a t i o  of 16 : l .  . I n  general;  i t  would b e  expected t h a t  engines wi th  lower 

compressor p re s su re  r a t i o s  would e x h i b i t  h ighe r  carbon monoxide and hydro- 

carbon emissions during i d l e  wh i l e  engines w i t h  h ighe r  compressor p re s su re  

r a t i o s  would e x h i b i t  higher  n i t r i c  oxide emissions. 

Lower com- 

Higher n i t r i c  oxide emissions during 

The d a t a  shown i n  

Smoke,number,usually tends t o  maximize a t  t h e  take-off power s e t t i n g .  

Reference (3) desc r ibes  a r e c e n t  e f f o r t  b y , t h e  a i r l i n e s  i n d u s t r y  t o  

r e t r o f i t  an e x i s t i n g  commercial i ne  wi th  a combustor redesigned wi th  

increased primary zone a i r f l o w  i n  o rde r  t o  reduce exhaust smoke d e n s i t y  

t o  a v a l u e  below t h e  threshold of v i s i b i l i t y .  

engines are being designed wi th  smoke numbers t h a t  are below t h e  v i s i b l e  

threshold of smoke. 

The newer gas t u r b i n e  

Previous combustor design and development e f f o r t  has been concen- 

t r a t e d  on t h e  opt imizat ion of combustion e f f i c i e n c y ,  t o t a l - p r e s s u r e  l o s s ,  

d u r a b i l i t y ,  e x i t  temperature p r o f i l e ,  and a l t i t u d e  r e l i g h t .  Recent re- 

search has been devoted t o  t h e  development of s h o r t  l eng th  combustors f o r  

advanced high-temperature gas t u r b i n e  engines ( r e f . (4 ) .  The a d d i t i o n a l  

requirement f o r  both low gaseous emissions and low smoke number raises 
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t h e  ques t ion  as t o  t h e  d i f f i c u l t y  o r  even f e a s i b i l i t y  of a t t a i n i n g  a l l  

of t h e  prescr ibed  emiesion l i m i t s  wi thout  s e r i o u s l y  compromising t h e  

o the r  combustor performance cri teria.  I n  add i t ion ,  t h e  problem arises 

t h a t  a c e r t a i n  design change t o  minimize a given p o l l u t a n t  may inadver- 

t e n t l y  lead  t o  an inc rease  i n  some o t h e r  p o l l u t a n t .  Combustor research  
I 

is  requi red  t o  ga in  a b e t t e r  understanding of t h e  design t rade-of fs  t h a t  

are necessary f o r  minimizing p o l l u t a n t  emissions a t  var ious  opera t ing  

condi t ions and t o  devise  new combustor design techniques t o  o b t a i n  re- 

duced emissions without  s a c r i f i c i n g  engine performance. Furthermore, 

i t  is  necessary t o  consider how f u t u r e  engine des ign  reqvirements might 

be a f f e c t e d  by a restraint  on p o l l u t a n t  emissions.  

The purpose of t h i s  paper is  t o  review recent NASA L e w i s  combuptor 

research  ( r e f s .  ( 4 )  t o  (13)) aimed a t  reducing o r  e l imina t ing  updes i rab le  

exhaust emissions from j e t  a i r c r a f t  engines.  Emission tests were per- 

formed on both convent ioaal  and experimental  combustors over a range of 

i n l e t  t o t a l  p ressure ,  i n l e t  t o t a l  temperature ,  r e f e rence  v e l o c i t y ,  and 

fue l - a i r  r a t i o .  T o t a l  hydrocarbons, carbon monoxide, and n i t r i c  oxide 

concentrat ions and smoke number were determined from gas samples obtained 

a t  t h e  exhaust plane of t hese  test  combustors. Experimental r e s u l t s  are 

presented t h a t  demonstrate t h e  e f f e c t s  of opera t ing  v a r i a b l e s  on both 

combustion e f f i c i e n c y  and exhaust emissions.  The relative in f luence  of 

the  var ious  opera t ing  v a r i a b l e s  on t h e  formation of each p o l l u t a n t  is  

discussed.  Exhaust concent ra t ions  of t o t a l  hydrocarbons, carbon monox- 

i d e ,  and n i t r i c  oxide expressed i n  terms of grams of p o l l u t a n t  per  k i lo -  

gram of f u e l  burned are p l o t t e d  a g a i n s t  t h e  va r ious  combustor opera t ing  
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v a r i a b l e s  and a g a i n s t  a c o r r e l a t i n g  parameter t h a t  has previously been 

used t o  analyze combustion e f f i c i e n c y  da ta .  

from several experimental  combustor conf igu ra t ions  t h a t  have demonstrated 

reduced emission levels. 

Resul ts  are a l s o  presented 

Most of t h e  experimental  d a t a  presented i n  t h i s  r e p o r t  t h a t  relates 

emissions wi th  ope ra t ing  v a r i a b l e s  were obtained from a program ( r e f s .  (5) 

to(7)) i n  which a s i n g l e  5-57 combustor w a s  t e s t e d  i n  a 12-inch diameter 

housing, Tests were conducted a t  t h e  following condi t ions:  i n l e t  t o t a l  

p re s su re ,  1 - 20 a t m ;  i n l e t  t o t a l  temperature,  looo - 600 

v e l o c i t y ,  25 - 150 f t / s e c ;  and f u e l - a i r  r a t i o ,  0.004 - 0.015, Photo- 

graphs of t h e  test combustor used are shown i n  f i g u r e  2. Add i t iona l  

emission d a t a  are presented f o r  a n  experimental  annular  swirl-can combustor 

t h a t  was designed f o r  e levated combustor ex i t  temperatures ( r e f s .  (8) and ( 9 ) ) .  

Design d e t a i l s  of t h e  swirl-can combustor are i l l u s t r a t e d  i n  f i g u r e  3. 

The swirl-can combustor w a s  t e s t e d  a t  t h e  following ope ra t ing  condi t ions:  

i n l e t  t o t a l  p re s su re ,  4 - 6 a t m ;  i n l e t  t o t a l  temperature, 600' - 1050' F; 

r e f e r e n c e  v e l o c i t y ,  70 - 120 f t / s e c ;  and exit t o t a l  temperature,  1500' - 

3500' F ( fue l - a i r  r a t i o ,  0.015 - 0.062). 

0 F; r e fe rence  

Smoke d a t a ,  on ly ,  are presented from an experimental  program 

( r e f s .  (10) and (11)) i n  which a high p res su re  combustor w a s  i nves t iga t ed .  

Design d e t a i l s  of t h e  experimental  test  segment are shown i n  f i g u r e  4 .  

Smoke number d a t a  f o r  t h i s  combustor are presented f o r  t h e  following 

range of test condi t ions:  i n l e t  t o t a l  p r e s s u r e ,  10 - 27 a t m ;  i n l e t  t o t a l  

temperature,  400' - 900 

r a t i o ,  0.007 - 0.013. 

0 F; r e fe rence  v e l o c i t y ,  70 - 90; and f u e l - a i r  

A l l  test d a t a  presented i n  t h i s  r e p o r t  were obtained w i t h  ASTM A-1 
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f u e l .  The e f f e c t  of o t h e r  f u e l s  o r  f u e l  a d d i t i v e s  on emissions w i l l  no t  

be  di-scussed i n  t h i s  r e p o r t .  

SAMPLING PROCEDURE 

S p e c i f i c  d e t a i l s  of t h e  sampling procedures t h a t  w e r e  used i n  each 

r e sea rch  program are descr ibed i n  r e fe rences  (5) t o  (11). P r a c t i c a l  con- 

s i d e r a t i o n s  gene ra l ly  l i m i t e d  t h e  number of gas sampling probes t o  one 

o r  two c i r cumfe ren t i a l  p o s i t i o n s  a t  t h e  combustw exhaust plane a t  which 

a number of r a d i a l  samples on t h e  cen te r s  of equal  areas were obtained,  

and then c o l l e c t e d  toge the r  as a s i n g l e  average sample. These probes 

w e r e  water-cooled t o  enable  quenching of t h e  r e a c t i o n ,  and t h e  samples 

were t r a n s f e r r e d  through s t a i n l e s s  steel sampling l i n e s  t h a t  were gener- 

a l l y  heated t o  above 300' F. 

analyzed f o r  t o t a l  hydrocarbons by on-line equipment; however, most of 

t h e  samples were c o l l e c t e d  i n  sampling vessels and analyzed a t  a later 

t i m e .  

flame i o n i z a t i o n  d e t e c t o r .  Carbon monoxide was analyzed by a Beckman 

GC4 gas chromatograph, and oxides of n i t rogen  were determined by a modi- 

f i e d  Saltzman method based on r e fe rence  (14). Smoke number w a s  de t e r -  

mined from t h e  r e f l e c t i v i t y  of smoke traces c o l l e c t e d  on f i l t e r  paper 

using t h e  method of r e fe rence  (15) wi th  t h e  except ion t h a t  a continuous 

moving f i l t e r  t a p e  was used. A l imi t ed  number of grab samples were ana- 

lyzed f o r  carbon d iox ide  and hydrogen. I n  t h e  case of t h e  r e sea rch  pro- 

gram descr ibed i n  r e f e r e n c e  (9), a f l u i d i c  o s c i l l a t o r  w a s  a l s o  used t o  

determine t h e  f u e l - a i r  r a t i o  of t h e  sample gas using t h e  method of r e f e r -  

ences (16) and (17).  

Some of t h e  gaseous emission samples were 

Total  hydrocarbons w e r e  analyzed by m e a n s  of a Beckman Model 106E 

The v a l i d i t y  of t h e  gas sample d a t a  w a s  checked i n  s p e c i f i c  i n s t ances  
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by comparing t h e  combustion e f f i c i e n c y  ca l cu la t ed  from exhaust gab con- 

c e n t r a t i o n s  wi th  combustion e f f i c i e n c y  determined from thermocouple 

measurements, or by comparing t h e  l o c a l  f u e l - a i r  r a t i o  deduced from 

exhaust gas concentrat ions with t h e  f u e l - a i r  ra t io  determined by m e a & -  

ured a i r f lows  and f u e l  flows. I n  gene ra l ,  t h e  exhaust emission d a t a  

checked r a t h e r  w e l l  f o r  test  runs with combustion e f f i c i e n c i e s  g r e a t e r  

than about 90 pe rcen t ;  however, as combustion e f f i c i e n c y  measuremenu 

determined by thermocouples f e l l  below 90 percent ,  t h e  e r r o r  i n  the 

exhaust sample increased g r e a t l y .  S p e c i f i c a l l y  , t h e  t o t a l  hydrocarbon 

concentrat ion i n  t h e  exhaust sample appeared t o  be  much lower than zhac 

p red ic t ed  from ca lcu la t ed  combustion e f f i c i e n c i e s  from thermocouple 

measurements. The sampling e r r o r  at low combustion e f f i c i e n c i e s  may be  

a t t r i b u t e d  t o  t h e  following: (1) at low combustion e f f i c i e n c i e s ,  es- 

p e c i a l l y  a t  low combustor i n l e t  t o t a l  temperatures,  l i q u i d  f u e l  may pass 

by t h e  combustor exhaust plane and be undetected by t h e  gas sample  probes 

i f  t h e  l i q u i d  is cen t r i fuged  onto t h e  w a l l s  of t h e  duc t ;  (2)  t h e  use of 

only s e v e r a l  c i r cumfe ren t i a l  sampling p o s i t i o n s  may i n  many cases not 

provide a r e p r e s e n t a t i v e  exhaust sample , and (3 )  i s o k i n e t i c  sampling w a s  

not  used. Despi te  t h e  f a c t  t h a t  t h e  abso lu te  accuracy of t h e  exhaust 

emission d a t a  presented f o r  low combustion e f f i c i e n c i e s  is  I n  error,  t he  

emission t r ends  w i t h  ope ra t ing  cond i t ions  should s t i l l  be  of relative 

s i g n i f i c a n c e .  

A l l  gaseous emission r e s u l t s  presented h e r e i n  are expressed f n  terms 

of an emission index i n  grams of p o l l u t a n t  p e r  kilogram of f u e l  burned. 

The oxides of n i t r o g e n  p resen t  i n  t h e  exhaust sample are be l i eved  t o  con- 

sist  mainly of n i t r i c  oxide (NO) wi th  lesser amounts of n i t r o g e n  d iox ide  

, 1 . . . . I -. ., 
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(NO2) ; n e v e r t h e l e s s ,  by convention, t h e  emission index f o r  the oxides 

of n i t r o g e n  i s  expressed i n  terms of grams of n i t r o g e n  dioxide (NO2) p e r  

kilogram of f u e l  burned. I n  t h e  t ex t ,  t h i s  q u a n t i t y  w i l l  b e  r e f e r r e d  t o  

as e i t h e r  n i t r i c  oxide o r  oxides of n i t rogen .  

PRODUCTS OF INEFFICIENT COMBUSTION 

EFFECT OF FUEL-AIR RATIO AND FUEL ATOMIZATION - Combustors f o r  

a i r c r a f t  gas  t u r b i n e  engines are required t o  o p e r a t e  over 

a r e l a t i v e l y  wide range of fuel. flows. Conventional combustors are, 

t h e r e f o r e ,  normally equipped wi th  a dua l  range f u e l  nozzle  c o n s i s t i n g  of 

a primary o r i f i c e  t o  cover low f u e l  flows and a secondary o r i f i c e  t o  

handle  high f u e l  f lows t h a t  c u t s  i n  a t  h ighe r  p re s su re  d i f f e r e n t i a l s  

across  t h e  f u e l  nozzle.  Figure 5 (a )  shows a p l o t  of combustion e f f i -  

ciency a g a i n s t  f u e l - a i r  r a t i o  f o r  t h e  5-57 test  combustor. 

bus t ion  e f f i c i e n c y  d a t a  presented i n  this  r e p o r t  were determtned from 

thermodynamic c a l c u l a t i o n s  using thermocouple measurements, 

racy of t h e  combustion e f f i c i e n c y  data .determined i n  t h i s  manner 5s esti- 

The com- 

The accu- 

mated t o  b e  w i t h i n  about k3 percen t ,  These d a t a  were obtained a t  an in-  

l e t  t o t a l  p re s su re  of 2 atm; an i n l e t  t o t a l  temperature of 300" F; and a 

r e fe rence  v e l o c i t y  of 50 f t /sec,  

5-57 f u e l  system which contains  s ix  d u a l  o r i f i c e  nozzlezs and a modifica- 

t i o n  thereof  which inco rpora t e s  a i r  atomizat ion,  For thct range of fue l -  

a i r  r a t i o  shown, only t h e  primary orificse of t h e  nozzle i s  w e d  f o r  t h e  

production model, The p res su re  drop ac ross  t h e  production f u e l  nozzle  

is about 50 p s i  a t  a f u e l - a i r  r a t i o  of 0,008 f o r  t h i s  ope ra t ing  condi- 

t i o n .  

r a t i o  i s  lowered below a v a l u e  af about 0.01. This effect is a t t r i b u t e d  

Data are presented f o r  t h e  product ion 

Combustion e f f i c i e n c y  i s  shown t o  fall off  r a p i d l y  as f u e l - a i r  
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t o  poor f u e l  a tomizat ion and reduced f u e l  pene t r a t ion  because,  a t  low 

f u e l  f lows,  t h e  p re s su re  drop ac ross  t h e  f u e l  nozzle  is too low t o  pro- 

v ide  e f f e c t i v e  s w i r l  atomization. Poor f u e l  a tomizat ion causes l a r g e r  

f u e l  d r o p l e t s  t o  form which inc reases  t h e  t i m e  required f o r  vapor i za t ion  

wh i l e  reduced f u e l  p e n e t r a t i o n  r e s u l t s  i n  i n e f f e c t i v e  mixing of f u e l  and 

a i r  e 

The air-assist nozz le  d a t a  shown i n  t h e  same p l o t  were obtained by 

connecting a source of high p res su re  a i r  t o  t h e  secondary o r i f i c e  of t h e  

production model. A marked improvement i n  combustion e f f i c i e n c y  is  shown 

t o  be  obtained by t h e  i n t r o d u c t i o n  of t h e  high p res su re  a i r  which essen- 

t i a l l y  improved f u e l  atomization of t h e  production combustor. The im-  

provement i n  combustion e f f i c i e n c y  is  e s p e c i a l l y  l a r g e  a t  t h e  lowest 

f u e l - a i r  r a t i o  where f u e l  a tomizat ion was t h e  poorest  f o r  t h e  production 

combustor. However, even wi th  improved f u e l  a tomizat ion,  t h e r e  is  s t i l l  

some reduc t ion  i n  combustion e f f i c i e n c y  as f u e l - a i r  r a t i o  i s  decreased. 

This way b e  t r i b u t e d  t o  t h e  formation of f u e l - a i r  mixtures i n  t h e  p r i -  

mary zone t h a t  are below t h e  l e a n  flammabili ty l i m i t .  The d a t a  presented 

i n  f i g u r e  5 were obtained a t  a combustor i n l e t  t o t a l  p re s su re  and temper- 

a t u r e  t h a t  are t y p i c a l  of t h e  engine i d l e  power s e t t i n g ,  Add i t iona l  d a t a  

presented i n  r e fe rence  (7) were obtained f o r  h ighe r  combustor i n l e t  t o t a l  

p re s su res  and temperature f o r  t h e  same range of f u e l - a i r  r a t i o .  A similar 

bu t  less s t e e p  r educ t ion  i n  combustion e f f i c i e n c y  wi th  decreasing f u e l - a i r  

r a t i o  was observed. 

pected a t  h ighe r  combustor i n l e t  t o t a l  p re s su res  and temperatures,  i n  

a d d i t i o n ,  f u e l  atomization is  g r e a t l y  improved a t  h ighe r  f u e l  flows. 

A h ighe r  combustion e f f i c i e n c y  is ,  of course,  ex- 



10 

F igure  5(b) shows t h e  corresponding hydrocarbon emission index 

p l o t t e d  a g a i n s t  f u e l - a i r  r a t i o  f o r  t h e  same da ta .  

f u e l - a i r  r a t i o  of 0.008 t h e  hydrocarbon emission index w a s  reduced from 

a va lue  of 26.6 t o  a v a l u e  of 3.3 by t h e  improved f u e l  a tomizat ion of 

t h e  air-assist nozzle  configurat ion.  S imi l a r ly  f i g u r e  5 (c )  shows t h e  

emission index f o r  carbon monoxide plQtted a g a i n s t  f u e l - a i r  r a t i o  f o r  

t h e  same data .  A t  t h e  t y p i c a l  i d l e  f u e l - a i r  r a t i o  of 0.008, t h e  carbon 

monoxide emission index was reduced from a va lue  of about 60 t o  a value 

of about 50. A t  f u e l - a i r  r a t i o s  below 0.008, t h e  reduct ion i n  hydrocar- 

bon and carbon monoxide emissions is  q u i t e  pronounced when the air-assist 

nozzle conf igu ra t ion  i s  used. The a p p l i c a t i o n  of an air-assist f u e l  

A t  a t y p i c a l  i d l e  

nozzle t o  reduce hydrocarbon and carbon monoxide emissions during i d l e  

i s  discussed i n  a l a te r  s e c t i o n  of t h i s  paper. 

EFFECT OF COMBUSTOR INLET TOTAL PRESSURE - The e f f e c t  of 

combustor i n l e t  t o t a l  p re s su re  on combustion e f f i c i e n c y  

of t h e  5-57 combustor is  shown i n  f i g u r e  6 ( a ) .  These d a t a  were obtained 

a t  a r e fe rence  v e l o c i t y  of 50 f t / s e c ;  f u e l - a i r  r a t i o s  of 0.0075 and 0.013; 

and combustor i n l e t  t o t a l  temperatures of 300' and 600' F. 

e f f i c i e n c y  i s  shown t o  decrease r a p i d l y  as combustor i n l e t  t o t a l  p re s su re  

is lowered below about 4 atm. 

p a r t l y  a t t r i b u t e d  t o  t h e  reduct ion i n  i n l e t  total ,  p re s su re  bu t  is con- 

s ide red  t o  be  predominately caused by poor f u e l  atomization a t  t h e  lowest 

combustor pressures  as t h e  r e s u l t  of low nozzle  p re s su re  drop. The t a i l e d  

symbols shown on t h e  p l o t  i n d i c a t e  d a t a  po in t s  w i th  nozzle  p r e s s u r e  drops 

lower than  50 p s i .  Figures  6(b) and 6(c) show a corresponding i n c r e a s e  

i n  emission index f o r  t o t a l  hydrocqrbons and f o r  carbon monoxide as t h e  

Combustion 

The decrease i n  combustion e f f i c i e n c y  i s  
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combustor i n l e t  t o t a l  p re s su re  is reduced below a va lue  of about 4 a t m .  

EFFECT OF COMBUSTOR INLET TOTAL TEMPERATURF: - Figure 7(a)  shows a 

p l o t  of combustion e f f i c i e n c y  aga ins t  combustor i n l e t  tot-a1 temperature 

f o r  va lues  of f u e l - a i r  r a t i o  of 0.013, i n l e t  t o t a l  p ressures  of 2 and 

10 a t m ,  and r e fe rence  v e l o c i t i e s  of 56) and 100 f t / s e c .  

of accuracy of t h e  d a t a ,  combustion e f f i c i e n c y  is not  shown t o  b e  s t rong ly  

a f f e c t e d  by i n l e t  t o t a l  temperature f o r  t h e  range of d a t a  shown except 

a t  t h e  higher  r e fe rence  ve loc i ty .  

Within t h e  degree 

The hydrocarbon emission inbx results f o r  fhe  same d a t a  are shown 

p lo t ted-  i n  f i g u r e  7(b) .  rat@ Qf inGrease of hydrocarbon emissions 

with reduced cornbustor i n l e t  p r e s  is &own t o  be  g r e a t e r  

f o r  t h e  data at  t h e  lower i n l e t  #iot@l corresponding in-  

crease i n  t k e  .carbon ma0 wi th  decreas ing  combustor 

i n l e t  t o t a l  temperature I rate of increase i n  

t h e  carbon monoxide edliss combustor i n l e t  t o t a l  

temperature appears t o  be  grea tos  

i n l e t  t o t a l  p re s su re  and ty .  It i s  i n t e r e s t i n g  

t o  no te  t h a t  t h e  hydrocarbon and caasbw monoxide emission i n d i c e s  show a 

s i g n i f i c a n t  i nc rease  wi th  s i n g  i n l e t  t o t a l  temperature even though 

combustion e f f i c i e n c y  appeared r a t h e r  i n s e n s i t i v e  t o  varying i n l e t  t o t a l  

temperature.  'This i s  a t t r i b u t e d  t o  the f a c t  t h a t  t h e  ove r -a l l  v a r i a t i o n  

i n  emission level t h a t  w a s  observed f o r  some of t h e  d a t a  corresponds t o  a 

change i n  combustion e f f i c i e n c y  t h a t  is less than  t h e  experimental  e r r o r  

i n  combustion e f f i c i e n c y  determined from thermocouple measurements. 

the d a t a  obtained a t  t h e  lower 

EFFECT OF COMBUSTOR REFERENCE VELOCITY - Reference v e l o c i t y  

is  def ined as t h e  t o t a l  combustor a i r f low d iv ided  
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by t h e  product of combustor i n l e t  d e n s i t y  and maximum c ross - sec t iona l  

area. Figure 8(a)  shows a p l o t  of combustion e f f i c i e n c y  a g a i n s t  r e f e r -  

ence v e l o c i t y  f o r  t h e  5-57 combustor a t  an i n l e t  t o t a l  p re s su re  of 2 a t m ;  

f u e l - a i r  r a t i o s  of 0.0075 and 0.013; and a range of i n l e t  t o t a l  tempera- 

t u r e  from 100' t o  600' F. Limited d a t a  f o r  t h e  annular  swirl-can com- 

bus to r  a t  an i n l e t  t o t a l  p re s su re  of 4 atm; i n l e t  t o t a l  temperature of 

600' F; and a f u e l - a i r  r a t i o  of 0.023 - 0.024 are a l s o  presented.  

s i g n i f i c a n t  e f f e c t  of r e fe rence  v e l o c i t y  on combustion e f f i c i e n c y  i s  

apparent f o r  t h e  d a t a  obtained from e i t h e r  combustor a t  an i n l e t  t o t a l  

temperature of 300' and 690' F. 

of 100' F, t h e r e  appears t o  b e  a r e l a t i v e l y  s t r o n g  e f f e c t  of r e fe rence  

v e l o c i t y  on combustion e f f i c i e n c y  f o r  t h e  5-57 combustor. S i m i l a r  low 

i n l e t  t o t a l  temperature d a t a  f o r  t h e  annular  swirl-can combustor were 

not  a v a i l a b l e .  Combustion e f f i c i e n c y  decreases  from a va lue  of about 

90 t o  about 80 percent  as r e fe rence  v e l o c i t y  is  increased from about 

75 t o  150 f t / s e c  a t  an i n l e t  t o t a l  temperature of 100' F and a f u e l - a i r  

r a t i o  of 0.013. The d a t a  obtained a t  i n l e t  t o t a l  temperature of 100' F 

a t  both a f u e l - a i r  r a t i o  of 0.0075 and 0.013 i n d i c a t e  t h a t  combustion 

e f f i c i e n c y  tends t o  f a l l  off  s l i g h t l y  as r e fe rence  v e l o c i t y  i a  reduced 

from a va lue  of about 75 f t / s e c ,  t o  a va lue  of about 50 f t / s e c .  Previous 

r e s u l t s  have shown, t h a t  f o r  most combustors, combustion e f f i c i e n c y  de- 

creases w i t h  inc reas ing  r e fe rence  v e l o c i t y ;  however, f o r  some combustors, 

a maximum va lue  of combustion e f f i c i e n c y  occurs a t  a s p e c i f i c  va lue  of 

r e fe rence  v e l o c i t y ,  and w i l l  then decrease as r e fe rence  v e l o c i t y  is  

e i t h e r  increased o r  decreased. 

i nc reas ing  r e fe rence  v e l o c i t y  may b e  a t t r i b u t e d  t o  a r educ t ion  i n  flame 

No 

However, a t  an i n l e t  t o t a l  temperature 

A r educ t ion  i n  combustion e f f i c i e n c y  w i t h  
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s t a b i l i t y  and dwell  t i m e ;  wh i l e  a reduct ion i n  combustion e f f i c i e n c y  wi th  

decreasing r e fe rence  v e l o c i t y  may b e  a t t r i b u t e d  t o  e i t h e r  poor mixing as 

t h e  r e s u l t  of a lowering i n  combustor p re s su re  drop o r  t o  poor f u e l  atom- 

i z a t i o n  as t h e  r e s u l t  of a lowering i n  f u e l  nozz le  p re s su re  drop as fuel. 

flow i s  lowered. 

The d a t a  f o r  t h e  hydrocarbon emission index shown i n  f i g u r e  8(b) 

tend t o  fol low t h e  t r end  t h a t  would b e  expected from f i g u r e  8(a).  The 

h ighes t  hydrocarbon emission i n d i c e s  occur f o r  t h e  d a t a  a t  a combustor 

i n l e t  t o t a l  temperature of 100' F. The hydrocarbon emission index f o r  

t h e s e  d a t a  tend t o  reach a minimum a t  a r e f e r e n c e  v e l o c i t y  of 75 f t / s e c .  

S imi l a r ly ,  f i g u r e  8(a) i nd ica t ed  a peak combustion e f f i c i e n c y  f o r  t h e s e  

d a t a  a t  75 f t / s e c .  The carbon monaxede ex f o r  t h e s e  d a t a  

are shown p l a t t e d  i n  f i g u r e  &(e). 

crease i n  carbon monoxide emissions as r e fe rence  v e l o c i t y  is decreased. 

This may be  a t t r i b u t e d  e € f e c t  that combustor dwell  t i m e  has 

on the oxidatson of ca e primary zone. Appar- 

e n t l y  as dwell  t i m e  is  reduced, lesser amounts of carbon monoxide are 

oxidized t o  carbon dioxide.  These d a t a  f o r  t h e  5-57 combustor i n d i c a t e  

t h a t  t h e  inc rease  i n  carbon monoxide emissions with inc reas ing  r e fe rence  

v e l o c i t y  is s t r o n g  even a t  an i n l e t  t o t a l  temperature as high as 300' F. 

A t  similar ope ra t ing  cond i t ions ,  t h e  e f f e c t  of r e fe rence  v e l o c i t y  on the  

hydrocarbon emission index appeazs t o  be  t h e  same f o r  both combustors 

shown; however, t h e  rate of i n c r e a s e  i n  t h e  carbon monoxide emission 

index appears t o  b e  g r e a t e r  f o r  t h e  swirl-can combustor than f o r  t h e  5-57 

combustor when compared a t  t h e  same i n l e t  t o t a l  temperature of 600' F. 

These resul ts  show a continuous in -  



1 4  

EFFECT OF CORRELATING PARAMETER - Previous s t u d i e s  have c o r r e l a t e d  

combustion e f f i c i e n c y  aga ins t  a combustion parameter composed of i n l e t  

t o t a l  p ressure ,  P3, mu l t ip l i ed  by i n l e t  t o t a l  temperature,  T3, and divided 

by r e fe rence  v e l o c i t y ,  VR ( r e f .  (18)) .  

c o r r e l a t i n g  combustion e f f i c i ency  d a t a  provides a s i n g l e  c o r r e l a t i n g  

I n  gene ra l ,  t h i s  technique of 

curve f o r  only a s i n g l e  valve of f u e l - a i r  r a t i o  f o r  a given combustor o r  

combustor type. Combustion e f f i c i e n c y  is  p l o t t e d  aga ins t  t h e  c o r r e l a t i n g  

parameter P3T3/VR i n  f i g u r e  9(a) .  These d a t a  were obtained f o r  t he  

5-57 combustor a t  a f u e l - a i r  r a t i o  of O.OA3.  A l l  of t h e  da t a  shown tend 

t o  c o r r e l a t e  wi th  t h e  P T /V parameter except f o r  t h e  d a t a  wi th  a f u e l  

nozzle  p re s su re  drop below 50 p s i .  

3 3  R 

The d a t a  obtained a t  a low nozz le  

p r e s s u r e  drop would ngt  be expected t o  fol low t h e  cor re la$ ion  because of 

t h e  over r id ing  e f f e c t  of poor f u e l  atomization. Corresponding hydrocar- 

bon and carbon monoxide emission ind ices  are p l o t t e d  f o r  t h e s e  same d a t a  

aga ins t  t h e  c o r r e l a t i n g  parameter i n  f i g u r e  9(b) and ( c ) .  T o t a l  hydro- 

carbon and carbon monoxide emissions are shown t o  inc rease  r a p i d l y  as t h e  

c o r r e l a t i n g  parameter,  P T /V 

5 3 10 lb-sec-OR/ft . 
is  reduced below a va lue  of about 3 3  R 

OXIDES OF NITROGEN 

EFFECT OF COMBUSTOR INLET TOTAL TEMPERATURE - The e f f e c t  of com- 

bus tor  i n l e t  t o t a l  temperature on t h e  m i s s i o n  index f o r  oxides of 

n i t rogen  f o r  both t h e  5-57 combustor and swirl-can combustor i s  shown 

p l o t t e d  i n  f i g u r e  10. The 5-57 d a t a  were obtained a t  a r e fe rence  ve- 

l o c i t y  of 50 f t / s e c ,  f u e l - a i r  r a t i o  of 0.013, and i n l e t  t o t a l  p re s su re  

of 2 a t m ,  whi le  t h e  swirl-can d a t a  were obtained a t  a r e fe rence  v e l o c i t y  

of 99-109 f t / s e c ,  f u e l - a i r  r a t i o  of 0.016, and i n l e t  t o t a l  p re s su re  of 
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4 t o  6 a t m .  The emission index f o r  olsides of n i t rogen  i s  shown t o  in- 

c r ease  q u i t e  r a p i d l y  as i n l e t  t o t a l  temperature is  increased beyond a 

va lue  of about 600' F. 

The inc rease  i n  t h e  emission index f o r  oxides of n i t rogen  wi th  increas-  

S i m i l a r  r e s u l t s  were repor ted  i n  r e fe rence  (19). 

ing  i n l e t  temperature is a t t r i b u t e d  t o  an inc rease  i n  formation ra te  be- 

cause of i nc reas ing  flame temperature.  

F a c i l i t y  c a p a b i l i t i e s  l imi t ed  t h e  maximum i n l e t  t o t a l  temperature 

t o  600' F f o r  t h e  5-57 combustor tests. 

sented i n  re ference  (7) over a range of i n l e t  t o t a l  temperature of 100'- 

600' F f o r  o t h e r  ope ra t ing  condi t ions  d isp lay  a g r e a t  dea l  of scatter; 

neve r the l e s s  t h e  gene ra l  t rend  of t h e s e  re ts is similar t o  t h a t  shown 

i n  f i g u r e  10. P a r t  of t h i s  data scatter may be  i n d i c a t i v e  of t h e  d i f f i -  

c u l t y  i n  obta in ing  accura oxfde of niftregen samples a t  exhaust concen- 

t r a t i o n s  below 50 ppm. Since the S @ . t z m  analyslks technique used w a s  

es t imated t o  b e  accu ra t e  t o  w i t  abaut ppm, the bulk of t h e  e r r o r  

may b e  a t t r i b u t e d  t o  e i t h e r  (I) nonrepresenta t ive  sampling o r  ( 2 )  adsorp- 

t i o n  of a po r t ion  o f , t h e  oxides of n i t rogen  i n  t h e  sampling system. 

Other 5-57 combustor da t a  pre- 

EFFECT OF COMBUSTOR REFERENCE VELOCITY - The e f f e c t  of 

combustor r e fe rence  v e l o c i t y  on emission index of t h e  

oxides of n i t rogen  f o r  both the 5-57 combustor and swirl-can combustor 

is  shown i n  f i g u r e  11. 

temperature of 600' F, fue l - a i r  r a t i o  of 0.013, and an i n l e t  t o t a l  p res -  

s u r e  of 2 a t m ,  whi le  t h e  swirl-can d a t a  were obtained at an i n l e t  t o t a l  

temperature of 600' F,  f u e l - a i r  r a t i o  of 0.023-0,024, and an i n l e t  t o t a l  

p ressure  of 4 a t m .  The resu l t s  from both combustors i n d i c a t e  a r a t h e r  

s i g n i f i c a n t  i nc rease  i n  n i t r i c  ox ide  emissi 

The ,J-57 d a t a  were obtained a t  an i n l e t  t o t a l  

s wi th  decreasing re ference  
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v e l o c i t y  a t  an i n l e t  t o t a l  temperature of 600' F. 

rate of n i t r i c  oxide is  r eac t ion  rate con t ro l l ed ,  t h e  quan t i ty  formed 

would be  expected t o  be  propor t iona l  t o  t h e  dwell  t i m e  i n  t h e  r e a c t i o n  

zone. It is  reasonable  t o  expect t h a t  dwell  t i m e  would b e  inve r se ly  

propor t iona l  wi th  combustor r e fe rence  ve loc i ty .  

a t  o the r  values  of i n l e t  t o t a l  temperature f o r  both combustors i n d i c a t e  

t h a t  t h e  ra te  of i nc rease  i n  t h e  emission index f o r  oxides of n i t rogen  

wi th  decreasing r e fe rence  v e l o c i t y  becomes g r e a t e r  as t h e  i n l e t  t o t a l  

temperature is  increased ,  

Since t h e  formation 

S i m i l a r  da t a  obtained 

EFFECT OF FUEL-AIR RATIO - The e f f e c t  of f u e l - a i r  

r a t i o  on emission index f o r  oxides of n i t rogen  f o r  both t h e  

annular  swirl-can combustor and 5-57 combustor is  shown 

p l o t t e d  i n  f i g u r e  12 .  A s  descr ibed i n  re ferences  (8) and (91, t h e  annu- 

lar  swirl-can combustor has  been designed f o r  high exi t  temperature oper- 

a t i o n  and has been t e s t e d  up t o  a combustor e x i t  temperature of about 

3600' F, 

i n l e t  t o t a l  temperature of 600' F, i n l e t  t o t a l  p re s su re  of 4-5 a t m ,  and 

re ference  v e l o c i t y  of 67-74 and 81-88 f t / s e c .  

t a ined  a t  an i n l e t  t o t a l  temperature of 600' F, i n l e t  t o t a l  p re s su re  of 

10-12 a t m ,  and r e fe rence  v e l o c i t y  of 50 f t / s e c .  The emission index f o r  

oxides of n i t rogen  f o r  t h e  swirl-can combustor i nc reases  with inc reas ing  

f u e l - a i r  r a t i o  and then reaches a peak va lue  a t  a fue l - a i r  r a t i o  of about 

0.03 be fo re  l e v e l i n g  off  again.  

combustor appear t o  inc rease  wi th  inc reas ing  f u e l - a i r  r a t i o ;  however, t h e  

s c a t t e r  i n  t h e s e  d a t a  and o t h e r  similar d a t a  presented i n  r e fe rence  (7) 

makes it d i f f i c u l t  t o  p r e c i s e l y  d e f i n e  t h e  e f f e c t  of f u e l - a i r  r a t i o  f o r  

These d a t a  f o r  t h e  swirl-can combustor were obtained a t  an 

The 5-57 d a t a  w e r e  ob- 

The n i t r i c  oxide emissions f o r  t h e  5-57 



1 7  

t h e  range of d a t a  s tud ied .  

EFFECT OF COMBUSTOR INLET TOTAL PRESSURE - Exhaust emission tests 

have been conducted on t h e  5-57 combustor over a range of i n l e t  t o t a l  

p ressures  of 1-20 a t m  ( r e f .  (7) )  A t  t h e  lower end of t h i s  range i n  

i n l e t  t o t a l  p ressure  (under 4 atm),  where i n l e t  t o t a l  p ressure  has  an 

in f luence  on combustion e f f i c i e n c y ,  t h e  emission index f o r  oxides of 

n i t rogen  tends t o  inc rease  wi th  increas ing  i n l e t  t o t a l  p ressure .  This 

e f f e c t  may b e  a t t r i b u t e d  t o  an inc rease  i n  t h e  bulk temperature of t h e  

primary zone because of increased combustion e f f i c i ency .  However, var- 

i a t i o n s  i n  any o the r  opera t ing  v a r i a b l e s  t h a t  increase combustion e f f i -  

ciency have a l s o  been observed t o  inc rease  n i f r i c  oxide emissions.  

Above 4 a t m ,  n i t r i c  oxide emissione appeared t o  be i n s e n s i t i v e  t o  vari- 

a t i o n s  i n  i n l e t  t o t a l  p ressure ;  however, t h e r e  is conbiderable s c a t t e r  

i n  these  da t a  fhus leaving some quest ion as t o  t h e  v a l i d i t y  of t h i s  con- 

c lus ion .  

EFFECT OF CORRELATING P A W T E R  - The emission index f o r  oxides of 

n i t rogen  is  shown p l o t t e d  aga ins t  t he  c o r r e l a t i n g  parameter, P T /V 

i n  f i g u r e  13. These d a t a  from t h e  5-57 test combustor were obtained a t  

a f u e l - a i r  r a t i o  of 0.013. Despi te  a g r e a t  d e a l  of d a t a  scatter, t h e r e  

is a gene ra l  tendency f o r  n i t r i c  oxide emissions t o  inc rease  wi th  increas- 

ing va lues  of P3T3/VR. 

flame temperature and inc reas ing  dwell t i m e  which are e f f e c t e d  by in- 

c reas ing  i n l e t  t o t a l  temperature and decreasing re ference  v e l o c i t y ,  

r e spec t ive ly ,  as has  been shown i n  the  previous sec t ions  of t h i s  

r epor t .  I n l e t  t o t a l  p ressure  has been observed t o  have 

no e f f e c t  on t h e  n i t r i c  oxide emission level  except a t  low 

3 3 R’ 

This e f f e c t  is  mainly a t t r i b u t e d  t o  inc reas ing  
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values  of i n l e t  t o t a l  pressure where inc reas ing  t o t a l  p re s su re  has  a 

s t rong  e f f e c t  on improving combustion e f f i c i e n c y .  I n  a l l  cases s t u d i e d ,  

i nc reas ing  combustion e f f i c i e n c y  has been shown t o  i n c r e a s e  t h e  quan t i ty  

of n i t r i c  oxide t h a t  is formed. 

N o  attempt has  been made t o  improve t h e  c o r r e l a t i o n  shown by t h i s  

f i g u r e .  

c a b i l i t y  consider ing t h e  f a c t  t h a t  t h e  d a t a  presented i n  f i g u r e  13 were 

l i m i t e d  t o  a maximum va lue  of i n l e t  t o t a l  temperature of 600 F and pre- 

vious r e s u l t s  shown h e r e i n  f o r  t h e  swirl-can combustor and t h e  r e s u l t s  

of r e fe rence  (19) i n d i c a t e  a r a p i d  inc rease  i n  n i t r i c  oxide emissions as 

T3 

p l i n g  procedure t o  o b t a i n  more accu ra t e  n i t r i c  oxide emission d a t a  are 

requ i r ed  p r i o r  t o  seeking improvements i n  d a t a  c o r r e l a t i o n .  

The c o r r e l a t i n g  parameter, P T /V probably has  l i m i t e d  appl i -  3 3  R 

0 

i s  increased above a va lue  of 600' F. However, refinements i n  sam- 

SMOKE NUMBER 

The p resen t  c r i t e r i o n  used t o  determine acceptable  smoke number 

values  f o r  j e t  a i r c r a f t  is  t h a t  t h e  smoke plume b e  i n v i s i b l e .  Tentative 

c o r r e l a t i o n s  between smoke number and smoke plume v i s i b i l i t y  ( r e f .  (20)) 

have i n d i c a t e d  t h a t  f o r  t y p i c a l  'jet a i r c r a f t  engines a smoke number 

va lue  of 25 o r  less i s  acceptable  f o r  e l imina t ing  smoke v i s i b i l i t y .  Ref- 

erences (21) t o  (28) have discussed techniques f o r  minimizing smoke num- 

b e r  by means such as inc reas ing  primary zone a i r f l o w  and improving fue l -  

a i r  mixing i n  t h e  primary zone. 

primary zone has a l s o  been recognized as an important s t e p  i n  c o n t r o l l i n g  

exhaust smoke level. Figure 14 compares t h e  smoke i n t e n s i t y  (expressed 

as a carbon emission index) i n  t h e  primary zone t o  t h a t  at t h e  combustor 

exhaust f o r  t h e  high p res su re  combustor ( f i g .  4 )  descr ibed i n  r e f e r -  

The oxidat ion of carbon formed i n  t h e  
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ence (10).  Primary zone smoke concentrat ions were determined from 

in f ra - r ed  s p e c t r a l  r ad iance  measurements. 

f o r  a combustor conf igu ra t ion  designed w i t h  a l ean ,  i n t e n s e l y  mixed 

primary zone t h a t  had smoke number of 32 a t  a f u e l - a i r  r a t i o  of 0.013. 

Even i n  a combustor designed f o r  low smoke formation, a s i g n i f i c a n t  

q u a n t i t y  of s o o t  is  formed i n  t h e  primary zone t h a t  is later oxidized 

be fo re  leaving t h e  combustor. Similar  r e s u l t s  were reported i n  r e f e r -  

ence (26). Despi te  t h e  apparent importance of t h e  s o o t  ox ida t ion  s t e p ,  

r e s u l t s  t o  d a t e  from short- length experimental  combustor tests have no t  

i nd ica t ed  any e f f e c t  of combustor l eng th  on smoke number. 

These r e s u l t s  were obtained 

EFFECT OF COMBUSTOR INLET TOTAL e f f e c t  of combus t o r  

i n l e t  t o t a l  p re s su re  on smoke 

is shown i n  f i g u r e  15. sented f Q r  t h e  3-57, swirl-can, and 

high p res su res  combustors 

a t  a combustor i n l e t  t 

duc t ion  engines inc lud  'th and without  r e t r o f i t t e d  combustor 

t o  reduce smoke), JT9D, and CF6 are shown f o r  comparison. 

tends t o  i n c r e a s e  w i t h  combustor i n l e t  t o t a l  p re s su re  t o  varying degrees 

f o r  d i f f e r e n t  combustor conf igu ra t ions  depending upon a i r f l o w  d i s t r i b u -  

t i an  and mixing i n t e n s i t y .  

with t h e  lower smoke numbers are known t o  have s e r i o u s  a l t i t u d e  r e l i g h t  

l i m i t a t i o n s .  

c a p a b i l i t i e s  w i th  combustors t h a t  have low smoke numbers w i l l  b e  d i s -  

cussed i n  a later s e c t i o n .  

er fo r  several. experimental  Combustors 

Is A and C of ref. (10)) were obtained 

do F. Data f o r  several pro- 

Smoke number 

The experimental  combustor conf igu ra t ions  

Techniques f o r  ob ta in ing  s a t i s f a c t o r y  a l t i t u d e  r e l i g h t  

EFFECT OF COMBUSTOR INLET TOTAL T T U B  - The e f f e c t  of com- 

bus to r  i n l e t  t o t a l  temperature on smoke number f o r  a standard and mod- 
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i f i e d  5-57 combustor ( r e f .  (5) )  and an experimental  high p res su re  

combustor ( r e f .  (10)) is shown i n  f i g u r e  16.  The 5-57 combustor d a t a  

were obtained a t  an i n l e t  t o t a l  p ressure  of 12.3 a t m ,  a f u e l - a i r  r a t i o  

of 0.013, and a r e fe rence  v e l o c i t y  of 54 f t /sec whi le  t h e  experimental. 

high pressure  combustor d a t a  were obtained a t  an i n l e t  t o t a l  p re s su re  

of 10 a t m ,  a f u e l - a i r  r a t i o  of 0.013, and a r e fe rence  v e l o c i t y  of 

60 - 90 f t / s e c .  

t o t a l  temperature has  a l s o  been observed i n  re ference  (29). 

may be  b e n e f i c i a l  i n  mi t iga t ing  t h e  e f f e c t  of increased  i n l e t  t o t a l  pres-  

s u r e  i n  engines wi th  h igher  compressor pressure  r a t i o s .  

The reduct ion  i n  smoke number wi th  increas ing  i n l e t  

This  e f f e c t  

EFFECT OF OTHER VARIABLES - I n  gene ra l ,  over -a l l  f u e l - a i r  r a t i o  

has  not  been observed t o  have a s t rong  in f luence  on smoke number. In- 

c reas ing  f u e l - a i r  r a t i o  inc reases  smoke number f o r  s Q m e  conf igura t ions  

and decreases  i t  f o r  o the r s .  

t u r e  swirl-can combustor over a range of f u e l - a i r  r a t i o  of 0.017 t o  

0.059 a t  an i n l e t  t o t a l  temperature of 600' F,  i n l e t  t o t a l  p r e s s u r e  of 

3 - 4 a t m ,  and r e fe rence  v e l o c i t y  of 70 - 100 f t / s e c ,  smoke number 

w a s  near  zero f o r  va lues  of f u e l - a i r  r a t i o  below 0.042 and approached 

a va lue  of 24 a t  a f u e l - a i r  r a t i o  of 0.059. The e f f e c t  of f u e l - a i r  

r a t i o  on smoke number f o r  t h e  5-57 combustor was observed t o  b e  negl i -  

g i b l e  a t  i n l e t  t o t a l  p ressure  of 12.3 a t m ,  i n l e t  t o t a l  temperature of 

600' F, and r e fe rence  v e l o c i t y  of 54 f t / s e c  f o r  a range of f u e l - a i r  

r a t i o  of about 0.007 t o  0.013..  Resul t s  similar t o  those  shown i n  f i g -  

u re  1 4  f o r  t h e  high pressure  experimental  combustor have shown a small 

i nc rease  i n  smoke number wi th  decreasing f u e l - a i r  r a t i o .  This e f f e c t  

may be  a t t r i b u t e d  t o  t h e  formation of l o c a l  fue l - r i ch  zones because 

I n  tests performed on t h e  high tempera- 
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of poor atomization a t  low f u e l  flows. 

Data presented i n  r e fe rence  (29) f o r  t h e  P h i l l i p s  2-inch combustor 

i nd ica t ed  a n e g l i g i b l e  e f f e c t  of combustor r e fe rence  v e l o c i t y  on smoke 

number. 
P 

Experimental d a t a  f o r  t h e  5-57, swirl-can and high p res su re  com- 

bus to r  t o  demonstrate t h e  e f f e c t  of r e fe rence  v e l o c i t y  on smoke number 

has  n o t  been obtained sys t ema t i ca l ly .  An i n c r e a s e  i n  r e fe rence  v e l o c i t y  

could conceivably decrease smoke nufnber €o r  a s p e c i f i c  combustor geometry 

i f  t h e  r e s u l t i n g  i n c r e a s e  i n  pressure loss tended t o  improve t h e  primary 

zone mixing i n t e n s i t y .  

No p r e c i s e  r e l a t i o n s h i p  e x i s t s  between combustion e f f i c i e n c y  and 

smoke number. The e x i s t e n c e  of smoke i n  ehe combustor exhaust r ep resen t s  

only a f r a c t i o n  of a percent  loss  i n  combustion e f f i c i e n c y .  A h ighe r  

smoke number due t o  a fue l - r l ch  primary zone design i s  o f t e n  character-  

i s t i c  of a combustor conf igu ra t ion  w i t h  both good combustion s t a b i l i t y  

and good combustion e f f i c i e n c y .  For a given combustor geometry, modifi- 

ca t ions  made t o  reduce smoke number w i l l  gene ra l ly  reduce a l t i t u d e  re- 

l i g h t  c a p a b i l i t y .  
\ 

TECHNIQUES TO REDUCE EXKAUST EMISSIONS 

TOTAL HYDROCARBONS AND CARBON MONOXIDE - Resu l t s  

i n  r e fe rence  (6) f o r  t h e  5-57 combustor t h a t  were 

presented 

descr ibed i n  a previous s e c t i o n  ( f i g .  5) have shown t h a t  improving f u e l  

atomization by using an air-assist f u e l  nozzle  can s i g n i f i c a n t l y  reduce 

unburned hydrocarbon and carbon monoxide emissions a t  i d l e  ope ra t ing  con- 

d i t i o n s .  The e f f e c t  of atomizer a i r  p res su re  drop on cornbustion e f f i -  

ciency and emissions a t  t h e  same condi t ions as t h e  d a t a  i n  f i g u r e  5 a t  a 

f u e l - a i r  r a t i o  of 0.008 i s  shown i n  f i g u r e  1 7 .  A s i g n i f i c a n t  r educ t ion  
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i n  t o t a l  hydrocarbon and carbon monoxide was  obtained us ing  an atomizer 

a i r  p re s su re  drop as low as 100 p s i .  The q u a n t i t y  of compressed a i r  re- 

quired t o  achieve t h e  reduct ions i n  emissions shown i n  f i g u r e  1 7  amounts 

t o  less than 0.5 percent  of t h e  t o t a l  combustor a i r f l o w  at  i d l e .  This 

might b e  obtained from engine compressor b l eed  by using an a u x i l i a r y  

supercharger with a compression r a t i o  of about 4 . 3 .  

f i c e  of t h e  f u e l  nozz le  could be used f o r  t h i s  purpose during i d l e  oper- 

a t i o n ,  b u t  f o r  a l l  o t h e r  cond i t ions ,  t h e  secondary o r i f i c e  could b e  used 

t o  handle t h e  h ighe r  f u e l  flow as done convent ional ly  i n  a dua l  o r i f i c e  

f u e l  nozzle.  

The secondary o r i -  

Another method being s t u d i e d  t o  reduce emissions a t  i d l e  is  f u e l  

s t ag ing  w i t h  t h e  o b j e c t i v e  of ope ra t ing  a t  l o c a l l y  higher  f u e l - a i r  r a t i o s  

i n  t h e  primary zone during i d l e  t o  achieve h ighe r  combustion e f f i c i e n c y  

without i nc reas ing  o v e r a l l  engine f u e l  flow. This might b e  accomplished 

by providing s e p a r a t e  f u e l  manifolds and c o n t r o l s  e i t h e r  (1) t o  ad jacen t  

f u e l  nozzles  i n  a conventional annular  combustor o r  (2) t o  s e p a r a t e  

r a d i a l  zones of f u e l  i n j e c t i o n  as i n  t h e  swirl-can combustor ( f i g .  3) or  

t h e  double-annular ram induct ion combustor ( r e f .  ( 4 ) ) .  

An a d d i t i o n a l  approach f o r  improving combustion e f f i c i e n c y  a t  i d l e  

would be  t o  s h i f t  t h e  combustor a i r f l o w  d i s t r i b u t i o n  s o  t h a t  less a i r  i s  

introduced i n t o  t h e  primary zone, thereby inc reas ing  t h e  l o c a l  f u e l - a i r  

r a t i o  i n  t h e  primary zone i n  a d d i t i o n  t o  lowering l o c a l  v e l o c i t i e s .  To 

perform t h i s  func t ion  by means of a mechanical flow s p l i t t e r  o r  va r i ab le -  

area a i r  e n t r y  p o r t  could be q u i t e  d i f f i c u l t  and complicated because of 

t h e  high temperature environment. 

f o r  varying primary zone a i r f low by equipping t h e  d i f f u s e r  w i t h  w a l l  

NASA/Lewis is  examining an approach 
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bleed. Tests on a small-scale wide-angle annular d i f f u s e r  u s ing  w a l l  

b leed ( r e f .  (12)) have demonstrated t h a t  t h e  r a d i a l  v e l o c i t y  p r o f i l e  may 

be  s h i f t e d  t o  e i t h e r  t h e  hub o r  t i p  by independently c o n t r o l l i n g  t h e  

quan t i ty  of b l eed  on t h e  inne r  and Quter w a l l  of t h e  d i f f u s e r .  This 

technique could b e  used as shown i p  f i g u r e  18. 

bus to r  p re s su re  drop is low, w a l l  b leed would no t  b e  used; however, t h e  

combustor i n l e t  would purposely b e  4esigngd rrnsymmetrical t o  t h e  combus- 

t o r  l i n e r  i n  o rde r  t o  allow m c p t  of $he a i r  t o  bypass t h e  primary zone. 

During takeoff and cruise  when t h e  combustor p re s sy re  drop i s  h ighe r ,  

w a l l  b l eed  would b e  used t o  a d j u s t  t h e  i n l e t  r a d i a l  v e l o c i t y  p r o f i l e  t o  

in t roduce  more air  i n t o  the primary ZORC. Epgine a y c l e  e t f i c i e n c y  would 

no t  b e  s a c r i f i c e d  because t h i s  b l eed  air  cspld b e  used f o r  t u r b i n e  cool- 

ing.  

r e l i g h t  c a p a b i l i t i e s .  

During i d l e  when com- 

The same technique could b e  gpplied f~ improve a l t i t u d e  windmill  

OXIDE8 OF NITROGEN - Over $he s q v e r a l  years, NASA/Lewis has  

g combustor l eng th  i n  high been conducting r e sea rch  aimed a t  r 

temperature t u r b i n e  engines i n  o rde r  both t o  minimize combustor w a l l  

coolant  requirements and t o  minimize o v e r a l l  engine weight ( r e f ,  ( 4 ) )  . 
F o r t u i t o u s l y  , t h e  short- length c u s t o r  technoiogy.developed f o r  

t h e s e  purposes provided us  wi th  a combustor w i t h  a s h o r t  dwell  t i m e  

t h a t  has  been shown t o  b e  e f f e c t i v e  i n  reducing. t h e  formation of oxides 

of n i t rogen .  Tests performed on the swirl-can combustor ( f i g .  3) 

descr ibed h e r e i n  have demonstrated a s i g n i f i c a n t  reduct ion i n  n i t r i c  

oxide emissions compared t o  a conventional cambustor ope ra t ing  a t  s i m -  

i l a r  cond i t ions .  The use  of f u e l  prevaporizat ion o r  f u e l - a i r  pre- 

mixing may a l s o  b e  u s e f u l  i n  reducing n i t r i c  oxide emissions. Never- 
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t h e l e s s ,  t h e  r educ t ion  of oxides of n i t r o g e n  i n  h igh  compressor p re s su re  

r a t i o  engines o r  r egene ra t ive  engines which o p e r a t e  a t  combustor i n l e t  

t o t a l  temperatures of 1000° F o r  g r e a t e r  may n e c e s s i t a t e  t h e  u s e  of 

water i n j e c t i o n .  Water i n j e c t i o n  reduces t h e  q u a n t i t y  of oxides of 

n i t rogen  formed by decreasing flame temperature. 

SMOKE NUMBER - As i nd ica t ed  i n  t h e  previous s e c t i o n ,  techniques f o r  

e l imina t ing  v i s i b l e  smoke plumes by inc reas ing  primary zone a i r f l o w  and 

mixing i n t e n s i t y  are a l r eady  being u t i l i z e d  i n  advanced gas t u r b i n e  

engine designs.  However, a l t i t u d e  r e l i g h t  c a p a b i l i t i e s  may b e  s e r i o u s l y  

jeopardized i n  f u t u r e  h ighe r  compressor p re s su re  r a t i o  engines when in-  

creased primary zone a i r f l o w  i s  used t o  reduce smoke number below a va lue  

of 25 ( th re sho ld  of v i s i b l e  smoke), 

s c r ibed  previously could h e l p  a l leviate  t h i s  design problem. 

The technique of d i f f u s e r  bleed de- 

CONCLUDING REMARKS 

The r e s u l t s  presented h e r e i n  have demonstrated t h a t  t h e  degree of 

d i f f i c u l t y  i n  ob ta in ing  low emissions is  p a r t l y  dependent on engine com- 

pressor  p re s su re  r a t i o .  Hydrocarbon and carbon monoxide emissions a t  

i d l e  are more d i f f i c u l t  t o  c o n t r o l  f o r  low compressor p re s su re  r a t i o  

engines,  wh i l e  n i t r i c  oxide emissions and smoke a t  takeoff are more d i f f i -  

c u l t  t o  c o n t r o l  f o r  h igh  compressor p re s su re  r a t i o  engines.  

i n  l a r g e  j e t  engines t o  h ighe r  compressor p re s su re  r a t i o s  sugges t s  t h a t  

i n  the  f u t u r e  t h e  c o n t r o l  of both oxides of n i t r o g e n  and smoke may become 

a more chal lenging problem. 

on t h e  p o s s i b l e  i n f l u e n c e  of emission r egu la t ions  on f u t u r e  a i r c r a f t  

engine designs.  

The t rend 

It i s  d i f f i c u l t  a t  t h i s  t i m e  t o  s p e c u l a t e  

Much w i l l  depend on how methods r equ i r ed  t o  reduce 
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emissions a f f e c t  o t h e r  performance criteria. Several  techniques t h a t  

could b e  used t o  c o n t r o l  emissions are discussed he re in .  These approaches 

are no t  n e c e s s a r i l y  f i n a l  s o l u t i o n s ,  b u t  are i n d i c a t i v e  of p o s s i b l e  d i r ec -  

t i o n s  t o  t ake  i n  reducing emissions without  pena l i z ing  combustor perform- 

ance. 
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Figure 3. - High temperature swirl-can combustor. 
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