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The purpose of this presentat ion i s  t o  provide a b r i e f  t u t o r i a l  review on 
the  sub jec t  of the emission c h s r a c t e r i s t i c s  of j e t  engines. 
concentrat ions of the various cons t i t uen t s  i n  t h e  engine exhaust and t h e  i n f l u -  
ence of engine operat ing condi t ions on emissions are discussed. 
to be expected from sapersonic engines a r e  compared with emissions from subsonic 
engines. 
viewed together w i t h  the  e f f e c t s  of combustor operat ing condi t ions on emissions. 
The performance c r i t e r i a  t h a t  determine t h e  design of gas t u rb ine  combustors a r e  
discussed. 

The sources and 

Crutse emissions 

The basic operat ing p r inc ip l e s  of t h e  gas t u rb ine  combustor are re- 
a 
W 

2 
& duce emissions. 

Combustor design techniques are considered t h a t  may be used t o  re- 
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SUMMARY 

A considerable  crmount of da ta  has been reported i n  the  literature descr ib ing  
t h e  emission c h a r a c t e r i s t i c s  of commercial subsonic j e t  a i r c r a f t  f o r  opera t ing  
modes below an a l t i t u d e  of 900 meters (3000 f t ) ,  which include i d l e ,  t akeoff ,  
climbout, descent, m d  landing, These da ta  were obtained by ground-based sam- 
p l ing  of the  exhaust from jet engines t e s t ed  over a range of engine speeds t o  
simulate  the  various opera t ing  modes. V i r tua l ly  no da ta  o r e  p re sen t ly  a v a i l a b l e  
on the  emissions oE either subsonic or supersonic a i r c r a f t  a t  c r u i s e  condi t ions.  
The cons t i t uen t s  i n  the  exhaust from the  engine are mainly a func t ion  of the  
combustor operat ing condi t ions including combustor inlet  t o t a l  temperaturz and 
pressure,  combustor re ference  ve loc i ty  o r  r eac t ion  d x e l l  t i m e ,  and f u e l - a i r  r a t i o .  
Cruise  emissions from either subsonic o r  supersonic j e t  a i r c r a f t  may be predicted 
from a knowledge of combustor opera t ing  condi t ions  during cruise using typ ica l  
combustor emission drtc. c o r r e l a t i o n s  obtained over a range of combustor opera t ing  
condi t ions.  

% 
% 
& 

The cons t i t uen t s  i n  the exhaust rn~y be  divided i n t o  f i v e  ca t egor i e s  inc luding  
t h e  unreacted cons t i t uen t s  in t h e  ; i r ,  the  p o d u c t s  of complete combustion, t h e  
products of incomplete cmbus t ion ,  oxides of nit rogen,  and c o n s t i t u e n t s  due t o  
t r a c e  elements i n  the f u e l .  b r i n g  c ru i se ,  t h e  products of incomplete combustion, 
carbon monoxide and hydrowrbons, ;re re1.7 t i v e l y  iott in concentrat ion because gas 
tu rb ine  combustors operate  ..t a combustion e f f i c i ency  near  100 percent  a t  c r u i s e  
condi t ions.  The concentrat ions of csrbon monoxide and hydrocarbons i n  the  exhaust 
of 
those of an unaugmented engine becurise , tf terburners tend t o  burn less ef fic Ien t iy  
than main combustors. 

a f te rburn ing  turb ine  engine would be expected t o  be s l i g h t l y  higher  than 

Nitric oxide i s  considered t o  be  t h e  most signf i i c  :nt  emission product fomc..d 
during a l t i t u d e  c ru i se .  The 1,uantity ok n i t r i c  oxide formed i n  the combustor i s  
R s t rong  funct ion of flame temperntiire which increiises w i t h  increas ing  combustor 
i n l e t  t o t a l  temperature. Combustor i n l e t  to ta l  ternparotore increases  with i n -  
c reases  in e i t h e r  campressor pressure ratict o r  klighr X- c h  number. A l t e r ing  gas 
tu rb ine  combustor designs i n  osder to  make substanti . i i  reductions i n  oxides of 
ni t rogen w i l l  be  art extremely d i f i i c u l t  Eiisk, Reser-rch is i n  progress  to develop 
aad evalua te  experimental combustor8 t h a t  reduce oxides of n i t rogen  without com- 
promising on engine performance. 

The purpose of this prc.sent:.ciun is to prrlVi& *. ! .rief t u t o r i a l  review on 
the subjec t  of the emission ch; f icrerist ics  oi jet cznkiiies, p a r t i c u l a r l y  during 
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high a l t i t u d e  c r u i s e .  Many recent  r epor t s  ( r e f s .  1 t o  3) have. discussed t h e  
re la t ive con t r ibu t ion  of j e t  a i r c r a f t  emissioos from ground i:nd low a l t i t u d e  
maneuvers to  urban pol lu t ion .  Even though t h e  overall con t r ibu t ion  of ciircrrrft 
t o  urban po l lu t ion  is  small, t h e  a i r  q u a l i t y  i n  the  v i z i n i t y  of commercial G i r -  

po r t s  i s  considered to  be s i g n i f i c a n t l y  a f f e c t e d  bj, jet a i r c r r f t  emissions.  
During i d l i n g  and tax i ing ,  t h e  p r inc ipa l  p o l l u t r n t s  ,.re unburned hydrocarbons 
and carbon monoxide wnile  dur inb  landing and takeoff ,  t he  mr!in po l lu t an t s  &re 
oxiues ol: ni t rogen  and smoke. Emission da ta  f o r  a number of commercisl j e t  
engines f o r  subsonic i i i r c r a i t  have been documented i n  re ference  4 .  
apply mainly t o  the  emissions from j e t  a i r c r a f t  durin; i d l e ,  t akeof€ ,  2nd l;.ndint, 
operat ions.  Similar data on c r u i s e  emissions from subsonic and supersonic a i r -  
craf ' t  a r e  present ly  not  documented. We a r e  j u s t  beginning t o  obta in  the  neces- 
sa ry  c r u i s e  emission da ta  t o  he lp  determine t h e  na ture  of t he  global  problem. 

These da ta  

This paper d iscusses  the  sources and concentr i . t ims of tile vasious con- 
s t i t u e n t s  i n  the  engine exhaust and t h e  inf luence  of engine opera t inb  condi t ions  
on emissions.  Predic t ions  are made of c r u i s e  emissions t o  be expected from 
supersonic and subsonic engines oased on e x i s t i n g  d a t a  r e l z t i n g  emissions wt th  
combustor opera t ing  condi t ions .  A b r i e f  review is made of t h e  bas i c  opera t in& 
p r inc ip l e s  and performance cri teria t h a t  determine t h e  design of gas tu rb ine  con- 
bus tors .  A b r i e f  survey is  made of recent r epor t s  ( r e f s .  5 t o  9) t h a t  consider  
combustor design t ecmiques  t h a t  may be used t o  reduce emissions. 

CONSTITUENTS IN JET ENGINE EXHAUST 

The var ious  cons t i t uen t s  i n  j e t  engine exhaust dur ing  typ ica l  takeoff  or 
c r u i s e  condi t ions  a r e  tabula ted  i n  f igu re  1. Each cons t i t uen t  has been grouped 
i n t o  f i v e  di iEerenc categories detemined  by its source.  These include (1) i n e r t s  
and unreacted oxygen from a i r ,  (2) producrs of complete combustion of i u e l ,  (3) 
products of incomplete combustion, ( 4 )  oxides of ni t rogen  formed dur ing  tile heat-  
i n g  of a i r ,  and ( 5 )  elements or  compounds der ived from s u l f u r  and t r a c e  metals  
present  i n  kerosene fue l .  T h e  concentrat ion of t he  components i n  t h e  a i r  znd 
products of complete combustion were determined €or an o v e r a l l  f u e l - a i r  r a t i o  of 
0,014 using commercial J e t  A - l  kerosene fue l .  The o v e r a l l  f u e l - a i r  r a t i o  dur ing  
cruise genera l ly  h a s  a range of 0.01 t o  0,03. The products of  incomplete com- 
bustion include carbon monoxide, unburned f u e l ,  p r t i a l l y  oxidized hydrocarbons 
Sucil a s  aldeiiydes , hydrogen, and p a r t i c u l a t e s  (soot)  cons i s t ing  mainly 02 carbon. 
Combustors f o r  gas tu rb ine  engines a r e  designed t o  operc te  with maximum perform- 
aizce during c r u i s e ,  and the  est imated concentrat ions of t h e  products of incomplete 
cornbustion shown i n  t he  t a b l e  are equivalent  Lo :in u v e r i l l  combustion inezf ic iencp  
of about 1 percent  o r  less. Afterburners  f o r  gas tu rb ine  engines tenu t~ be less  
e f f i c i e n t  than the  main comubstor; and therefore ,  the concentrat ions of t he  pro- 
duc ts  of incomplete combustion a r e  general ly  severh l  times g r e ; t e r  f o r  auhniented 
engines. 

Oxides of n i t rogen  are formed from the  r eac t ions  o t  oxygen and n i t rogen  a t  
elevated temperatures generated i n  the r eac t ion  zone of h e  combustor Thcsc 
oxides of ni t rogen  (NOx) genera l ly  c o n s i s t  of about 90 t o  95 percent  n i t r i c  u ~ i d c  

(NO) with t h e  remainder being n i t rogen  dioxide (NO21 The quan t i ty  of n i t r i c  
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oxide formed is affected by a number of factors including engine compressor pres- 
sure ratio, flight Mach number, fuel-air ratio, and combustor design. 

Commercial specifications for Jet A-1 kerosene require that the sulfur con- 
centration in the fuel not exceed a value of 0.3 percent by weight. 
the sulfur concentration is generally less than 25 percent of this value. 
sulf.Jr in the fuel is converted into mostly sulfur dioxide (Sop) and lesser 
amounts of sulfur trioxide (SOg). 
fuel such as aluminum, iron, manganese, nickel, sodium, potassium, and vanadium. 
The total concentration of tile trace metals in jet engine exhaust is estimated 
to be about 5 to 20 ppb (parts per billion). 

In practice, 
The 

A variety of trace metals are present in the 

The remaining discussion on the constituents in jet engine exhaust will be 
The factors limited to the products of incomplete combustion and nitric oxide. 

affecting the formation and control of these exhaust components will be covered. 

TYPICAL JET ENGINE EMISSION CHARACTERISTICS 

Figure 2 illustrates the carbon monoxide (GO), total hydrocarbon, and nitro- 
gen oxide (NOx) emissions over a range of engine speeds for a typical gas turbine 
engine for a subsonic aircraft with a compressor pressure ratio of 13.4 using 
3P-5 fuel (similar to commercial Jet A-1 fuel). The term emission index, grams 
of pollutant per kilogram o i  fuel burned, is used instead of the more familiar 
volumetric concentration term, parts per million, in order to normalize emissions 
on the basis of fuel flow, At a fuel-air ratio of 0.015, an emission index of 
unity is equivalent to either iS ppm CO, or 30 ppmC total hydrocarbons, or 10 
ppm NOx. 
nitric oxide (NO) in the exhaust to nitrogen dioxide (N02). 
corresponding to idle operation, the CO and hydrocarbon emissions are at their 
highest whereas nitrogen oxide emissions are at their lowest. 
of 100 percent corresponding t.o takeoff conditions, the nitrogen oxide emissions 
are highest, whereas CO and hydrocarbon emissions approach their minimum. 
a subsonic aircraft the CO and hydrocarbon emission levels at cruise would be 
expected to be similar to the levels during takeoff, but NOX emissions would be 
lower than at takeoff. 

The NOX emission index is calculated by assuming the conversion of all 
At low engine speeds 

At an engine speed 

For 

Figure 3 shows a tabulation of the main emission products, together with 
their major causeso 
typical subsonic commercial engines. High hydrocarbon and CO emissions that 
occur only during idle are due to inefficient combustion. Inefficient combustion 
is caused by a combination of poor fuel atomization at low fuel flow rates, lean 
reaction zone fuel-air ratios, and low combustor-inlet pressure and temperatures, 
Higher NOX emissions during takeoff are caused by the increased reaction rates of 
oxygen and nitrogen at higher flame temperatures as a result of higher combustor 
inlet temperatures, Smoke density is higher at takeoff because of higher com- 
bustor pressures and richer reaction zone fuel-air ratios. Cnly nitric oxide is 
formed in any significant quantities during subsonic cruise, but the NOX emission 
index during cruise is less than that during takeoff because the combustor-inlet 
temperature and pressure are lower. 

A range of emissions at either idle or takeoff is shown for 
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COMPARISON OF SUBSONIC AND SUPERSONIC ENGINES 

Figure 4 shows a drawing of a t y p i c a l  turbofan engine used on subsonic 
a i r c r a f t .  The main engine components include a fan,  compressor, combustor, 
and turbine.  
sor ,  while t he  remaining a i r  i s  by-passed around t h e  core engine t o  provide 
add i t iona l  t h r u s t .  
en t e r ing  the  combustor from t h e  compressor discharge are e s t ab l i shed  by the 
ove ra l l  fan and compressor pressure r a t i o ,  f l i g h t  a l t i t u d e ,  and f l i g h t  speed. 
The f u e l - a i r  r a t i o  i s  determined by the  combustor temperature r i s e  required 
t o  obtain t h e  designed tu rb ine  i n l e t  temperature. 
combustor general ly  does not  exceed the  required f r o n t a l  a r ea  of t he  compres- 
s o r  o r  t u rb ine  i n  order  t o  avoid unnecessary engine drag. The o v e r a l l  length 
of t he  combustor is kept as s h o r t  a s  p r a c t i c a l  t o  minimize engine s h a f t  length 
and bearing requirements. 
annular type i n  which a number of tubular  combustion l i n e r s  a r e  arranged within 
a common annular housing. 
i n  which a continuous annular combustion l i n e r  i s  i n s t a l l e d  within an annular 
housing e 

A port ion of the a i r  passing through the  fan e n t e r s  the compres- 

The flowrate and t o t a l  temperature and pressure of t h e  a i r  

The f r o n t a l  area of t he  

The combustor shown i n  the  drawing is  of t he  can- 

Most r ecen t  engines use an annular type combustor 

A schematic drawing of a conventional annular combustor i s  shown i n  f i g u r e  
5. The combustor c o n s i s t s  of t h r e e  main parts:  A d i f f u s e r ,  t he  primary (reac- 
t i o n )  zone, and t h e  secondary (d i lu t ion )  zonep The d i f f u s e r  is used t o  d i f f u s e  
the  r e l a t i v e l y  high v e l o c i t y  a i r f low discharging from t h e  compressor t o  a high 
s t a t i c  pressure,  
combustion and t o  avoid excessive,combustor pressure lo s s .  
i n j ec t ed  by pressure atomizing nozzles and combustion is i n i t i a t e d  and s t a b i l i z e d  
i n  t h e  primary zone. 
swirlers around t h e  f u e l  nozzles o r  through openings i n  the  l i n e r  w a l l  t o  main- 
t a i n  a near s toichiometr ic  mixture of f u e l  and a i r .  A i r  by-passing the primary 
zone is i n j e c t e d  i n t o  the secondary zone through a d d i t i o n a l  openings i n  the  
l i n e r  and mixes with the hot gases from the primary zone t o  achieve a des i r ed  
turbine i n l e t  temperature d i s t r i b u t i o n ,  
cool t he  walls of t he  chamber. 
p r i o r  t o  d i l u t i o n  i n  the secondary zoneo 
e s s e n t i a l l y  frozen near t he  e x i t  of the combustor, 

Lower combustor v e l o c i t i e s  are necessary t o  ob ta in  s t a b l e  
Fuel is general ly  

Enough a i r  i s  introduced i n t o  the  primary zone through 

The remai9ing a i r f low is used t o  f i lm  
Most of t he  chemical r eac t ions  are completed 

Consequently the emission products a r e  

A drawing of one type of engine s u i t a b l e  f o r  powering a supersonic a i r c r a f t  
i s  show1 i n  f i g u r e  6. 
shown i n  t h i s  f i gu re  and the  turbofan engine shown i n  a previous f i g u r e  are: 
(1) incorporat ion of an i n l e t  d i f f u s e r  (not shown) t o  slow the  a i r  t o  subsonic 
speeds before it e n t e r s  t he  engine, (2) omission of fan and by-puss duct,  (3) 
add i t ion  of a f t e rbu rne r  t o  provide t h r u s t  augmentation, and (4) i n s t a l l a t i o n  of 
a supersonic exhaust nozzle,  
shown i n  f i g u r e  6 are used on the  Concorde SST and were t o  be used on t h e  Boeing 
SST 
s t u d i e s  ( r e f ,  10) have shown t h a t  an af terburning turbofan engine may o f f e r  
advantages i n  reducing je t  noise .  

The main d i f f e rences  between the  a f t e rbu rn ing  t u r b o j e t  

Afterburning t u r b o j e t  engines s i m i l a r  t o  t h a t  

Other engine t y p e s  could be considered fo r  f u t u r e  SST designs. Recent 

.The a f t e rbu rne r  c o n s i s t s  of an i n l e t  d i f f u s e r  t o  slow down the  tu rb ine  
discharge gases, an a r r ay  of fu-el-spray b a r s  followed by an a r r a y  of flameholders, 
and a combustion chamber t h a t  i s  a i r  cooled and accous t i ca l ly  damped t o  prevent 
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screech. From a combustion point  of view, the  operat ing condi t ions i n  an a f t e r -  
burner a r e  general ly  more severe than i n  the main combustor, and therefore ,  t he  
af terburner  combustion e f f i c i ency  tends t o  be lower. 

A comparison of t he  c r u i s e  operat ing condi t ions of r ep resen ta t ive  subsonic 
turbofan and supersonic af terburning (AB) t u r b o j e t  engines i s  shown i n  f i g u r e  7.  
The f l i g h t  condi t ions chosen f o r  t h e  supersonic engine were those f o r  t he  
GE-4/Boeing SST. A combustion e f f i c i ency  of near ly  100 percent i s  achieved during 
c r u i s e  for  e i t h e r  of these engines;  and, thus a minimum quan t i ty  of hydrocarbons 
and CO i s  formed. The a f t e rbu rne r  combustion e f f i c i e n c y  would be expected t o  be 
several  percent less than t h a t  of t he  main combustor; however, the quan t i ty  of 
f u e l  burned i n  the a f t e rbu rne r  du::ing c r u i s e  amounts t o  only about 22 percent of 
the t o t a l  f u e l  burned i n  the engine. The main f a c t o r  a f f e c t i n g  the formation of 
n i t r i c  oxide i n  e i t h e r  engine i s  the  combustor i n l e t  t o t a l  temperature. Increas-  
ing e i t h e r  the compressor pressure r a t i o  o r  the f l i g h t  speed r e s u l t s  i n  an in-  
crease i n  combustor i n l e t  t o t a l  temperature. P r e l i m i n a r y  data  ( r e f ,  11) ind i -  
cate t h a t  af terburning does no t  s i g n i f i c a n t l y  add t o  n i t r i c  oxide emissions from 
supersonic a i r c r a f t  

EFFECT OF OPERATING VARIABLES ON EMISSIONS 

Hydrocarbons and Carbon Monoxide 

Combustion e f f i c i ency  can be defined as the  r a t i o  of t he  a c t u a l  enthalpy 
rise t o  the t h e o r e t i c a l  enthalpy rise a t t a i n a b l e  f o r  t he  amount of fue l  used. 
The t h e o r e t i c a l  enthalpy rise assumes t h a t  t he  combustion r eac t ion  proceeds t o  
completion t o  form gaseous products of combustion i n  e q u i l i b r i u m  a t  the combustor 
e x i t  temperature. Previous s t u d i e s  ( re f .  12) have c o r r e l a t e d  combustion e f f i -  
ciency aga ins t  a combustion parameter composed of i n l e t  t o t a l  pressure,  (Pinlet 
or  P3), mult ipl ied by i n l e t  t o t a l  temperature, (Tinlet  or Tg), and divided by 
reference ve loc i ty  (VR) where reference v e l o c i t y  i s  equal t o  t h e  combustor a i r -  
f!ow rate divided by the product of t h e  a i r  densi ty  a t  the combustor i n l e t  and 
' .e maximum cross-sect ional  flow area of t h e  combustor. A t y p i c a l  combustion 
e f f i c i ency  c o r r e l a t i o n  is  shown p lo t t ed  i n  f igu re  8. The f igu re  shows t h a t  
combustion e f f i c i ency  increases  a s  i n l e t  pressure and i n l e t  temperature inc rease  
and decreases a s  combustor ve loc i ty  increases ,  
parameter f o r  takeoff and cruise f a l l  f a r  t o  the  r i g h t  of the bend i n  the  curve. 
Therefore, t he re  a r e  no t  any s i g n i f i c a n t  problems i n  obtaining good combustion 
e f f i c i ency  f o r  takeoff and c r u i s e .  A t  engine i d l e  condi t ions,  t h e  value f o r  t he  
c o r r e l a t i n g  parameter i s  low, and i n  add i t ion  fue l  flow is low; the re fo re ,  obtain-  
ing good combustion e f f i c i ency  is  a d i f f i c u l t :  problem, 
indices  for  CO and t o t a l  hydrocarbons decrease with increasing values f o r  t he  
Correlat ing parameter. 
parameter f o r  a t yp ica l  combustor obtained from reference 13 is  shown i n  f i g u r e  9. 
The c o r r e l a t i o n  p lo t  f o r  the hydrocarbon emission index follows a similar t rend,  

Typical values of t he  c o r r e l a t i n g  

A s  expected, t he  emission 

A p l o t  of t he  CO emission index aga ins t  t he  c o r r e l a t i n g  

Oxides of Nitrogen 

Figure 10 obtained from reEerence 2 shows the  e f f e c t  of engine pressure r a t i o  
on NOX emiss ions , a t  t akeof f ,  The inc rease  i n  the NOX emission index with engine 
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pressure r a t i o  i s  mainly due t o  increasing combustor i n l e t  temperature, For a 
given subsonic engine, the combustor i n l e t  temperature during c r u i s e  i s  less than 
a t  takeoff because the ambient temperature i s  lower a t  the c r u i s e  a l t i t u d e  and 
because corrected engine speed i s  lower; and therefore ,  NOX emissions a t  c r u i s e  
a r e  less than a t  takeoff .  For a supersonic a i r c r a f t ,  the  combustor i n l e t  t o t a l  
temperature increases  s j -gnif icant ly  w i t h  increases  i n  f l i g h t  Mach number, and 
thus, can result i n  increases  i n  NOX emissions. Combustor i n l e t  t o t a l  pressure 
is lower during c r u i s e  than a t  takeoff for  both subsonic and supersonic engines. 
Preliminary data  ind ica t e  t h a t  n i t r i c  oxide emissions tend t o  be lower as com- 
bustor  pressure i s  reduced, 

The e f f e c t  of combustor operat ing va r i ab le s  on NOX formation is  summarized 
i n  f igu re  11, 
t i o n  i s  the result  of the  f a c t  t h a t  increasing combustor i n l e t  temperature 
increases  the flame temperature and hence the r eac t ion  r a t e .  Increasing combustor 
i n l e t  pressure a l s o  tends t o  increase the formation of NOX, but  the e f f e c t  i s  not 
as s i g n i f i c a n t  a s  t h e  e f f e c t  of i n l e t  temperature. The e f f e c t  of pressure might 
be z t t r i b u t e d  t o  e i t h e r  chemical k i n e t i c s  o r  f u e l - a i r  mixing, 
bustor  reference v e l o c i t y  tends t o  reduce r eac t ion  zone dwell t i m e  thus reducing 
the qusn t i ty  of NOX formed s ince  t h e  formation of NOX i s  r e a c t i o n  r a t e  l imi t ed .  

The s t rong ini luence of combustor i n l e t  temperature on Na forma- 

Increasing com- 

In general ,  increasing the  o v e r a l l  f u e l - a i r  r a t i o  has been observed t o  
increase NOx formation. 
( react ion)  zone should have a very s i g n i f i c a n t  e f f e c t  on NOX formation by i t s  
e i f e c t  on flame temperature. 
s toichiometr ic  condi t ions and should be lower for  f u e l - a i r  mixtures t h a t  a r e  
e i t h e r  l eane r  or  r i c h e r  than s toichiometr ic ,  Gas turbine combustors a r e  gener- 
a l l y  designed so t h a t  the primary zone f u e l - a i r  r a t i o  i s  near s toichiometr ic  i n  
order t o  optimize combustion performance. Operating with a primary zone t h a t  
is lean i n  fue l  leads t o  unstable  combustion while operat ing on the f u e l  r i c h  
s ide  causes excessive carbon formation, Even i f  t he  r eac t ion  zone were operated 
e i t h e r  l eane r  o r  r i che r  than s toichiometr ic ,  f a c t o r s  t h a t  a f f e c t  t h e  homogeneity 
of the  r eac t an t s  such a s  the  f u e l - a i r  mixing i n t e n s i t y ,  f u e l  d rop le t  s i z e  d i s t r i -  
bution, and f u e l  evaporation r a t e  tend t o  be as important an e f f e c t  on NOx forma- 
t i o n  as  the average l o c a l  f u e l - a i r  r a t i o  i n  the  r eac t ion  zone, 

Theore t i ca l ly ,  t he  l o c a l  f u e l - a i r  r a t i o  i n  the  primary 

Flame temperature should be near a maximum a t  

COPBUSTOR DESIGN TECHNIQUES TO REDUCE EMISSIONS 

Combustor operat ing va r i ab le s  such as  combustor i n l e t  t o t a l  pressure and 
temperature, and ove ra l l  fuel-air  r a t i o  are f ixed by the engine design. 
a f f e c t i n g  engine design a r e  discussed i n  reference 10. 
ve loc i ty  m u s t  be l imited t o  prevent excessive pressure los ses .  
means r e a d i l y  a v a i l a b l e  t o  the combustor designer t o  con t ro l  emissions are the  
method of fue l  atomization, t he  mixing of f u e l  and a i r ,  and the  general geometry 
of the combustor. Preliminary research on the sub jec t  of emission reductions i n  
gas turbine combustors i s  discussed i n  references 5 t o  3 ,  Hydrocarbon end CO 
emissions were shown t o  be mainly a problem during i d l e  while smoke i s  mainly a 
takeoff problem, end s ince  t h i s  paper i,s mainly concerned with emissions i n  the  
upper  atmosphere, t he  discussion in t h i s  s ec t ion  w i l l  be l imi t ed  t o  methods t o  
reduce n i t r i c  oxide emissions 

Factors  
Combustor reference 

Thus the  only 
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The two p r inc ipa l  methods f o r  reducing n i t r i c  oxide emi.ssions a r e  t o  reduce 
the  reac t ion  zone temperature (flame temperature) and t o  reduce the  r eac t ion  zone 
dwell time, The r eac t ion  zone temperature may be reduced e i t h e r  (1) by opera t ing  
with e i t h e r  a fue l - r i ch  o r  fue l - lean  reaccion zone, (2) by opera t ing  with a niore 
homogeneous f u e l - a i r  mixture,  o r  (3)  by introducing inerts i n t o  the  r eac t ion  zone. 
The reac t ion  zone f u e l - a i r  r a t i o  may be s h i f t e d  by a l t e r i n g  the  combustor a i r f low 
d i s t r i b u t i o n ,  However, r i c h  r eac t ion  zones tend t o  form excessive amounts of 
carbon monoxide, hydrocarbons, and smoke while  lean  r eac t ion  zones present  severe  
combustion s t a b i l i t y  problems, I f  t h i s  approach is  t o  be u s e d ,  va r i ab le  geometry 
might be required t o  continuously con t ro l  combustor a i r f low d i s t r i b u t i o n  t o  avoid 
poor combustion e f f i c i ency  and t h e  emission products due t o  incomplete combustion. 

The fue l - a i r  mixture could be made more homogeneous e i t h e r  by increas ing  
mixing i n t e n s i t y ,  by premixing t h e  fue l  and a i r  before  they e n t e r  t h e  r eac t ion  
zone, by p r e v a p r i z i n g  the  fue l  before  i t  e n t e r s  the  r eac t ion  zone, o r  by increas-  
i ng  the  number of fue l  i n j e c t i o n  poin ts .  I n e r t s  t h a t  might oe used t o  reduce 
flame temperature include water o r  r ec i r cu la t ed  combustion products,  W t e r  
i n j e c t i o n  would be impract icai  dur ing  c r u i s e  because of payload penal t ies .  A 
s i g n i f i c a n t  increase  i n  the  amount of combustion products t h a t  a r e  a l ready r e c i r -  
cu la t ed  i n  the  r eac t ion  zone might r equ i r e  excessive pressure  losses, 

The reac t ion  zone dwell t i m e  could be reduced e i t h e r  by shortening the  length  
o f  t he  r eac t ion  zone o r  by increas ing  t h e  number of l o c a l  burning zones i n  order  
t o  reduce the  r e c i r c u l a t i o n  path length.  One experimental  combustor being 
s tudied  a t  NASA-Lewis t h a t  incorporates  many of the  above approaches is shown i n  
the  photograph of f i gu re  12 .  This  t.nnul2.r combustor which i s  about 30 percent  
sho r t e r  t h m  conventional combustors incorporates  120 small ind iv idua l  burners ,  
r e f e r r ed  t u  a s  swirl-cans,  i.nto a modular a r r ay  arranged i n  th ree  concentr ic  
annular rows a s  shown i n  the  c ross -sec t iona l  sketch i n  f igu re  13. The modular 
combustor has no well-defined primary o r  secondary zone a s  i n  t h e  conventional 
combustor. Nea r ly  a l l  the a i r f low,  except f o r  t h a t  required t o  cool t h e  l i n e r ,  
passes d i r e c t l y  through o r  around the  modules, 
element are i l l u s t r a t e d  i n  f igu re  14. Each swirl-can, which is ribout 5 c e n t i -  
meters (2  in . )  i n  diameter,  c o n s i s t s  of a carbure tor ,  swirler, and fliime s t a b i -  
l i z e r ,  The carburecor premixes the  fue l  with a por t ion  of a i r  en te r ing  an o r i -  
f i c e  Fn t he  upstream end oJ; the  chamber. 
fue l  and a i r  and t o  impart a s w i r l  t u  t he  mixture,  Combustion i s  i .n i t ia ted  and 
maintained a t  the flame s t l b i l i z e r .  The a i r  flowing around the  outs ide  of t he  
module mixes with the: hot  combustion gases i n  t h e  wake of each module. There 
the  combustion r eac t ion  i s  completed and mixing of t h e  gases t o  the  des i red  
turb ine  l n l e t  temperature d is t r i .bu t ion  i s  achieved. 
s t i o n  and performance of t h e  swirl-can combustor a r e  descr ibed i n  references 14 
and 15. 

The d e t a i l s  of each swirl-can 

The swirler a c t s  t o  f u r t h e r  mix t h e  

Further  d e t a i l s  on the  oper- 

The main advantages of t h i s  type of combustor a r e  t h a t  f u e l  and a i r  a r e  
p a r t i a l l y  premixed p r io r  t o  burning and t h a t  burning and mixing downstream of 
each module is  very rapid.  
can combustor a r e  compared t o  those from a inore conventional combustor i n  f igu re  
25. 
Even though these r e s u l t s  are q u i t e  prel iminary and even though there  a r e  a 

Nitri.c oxide emission da ta  f o r  t h e  experimental swirl- 

The ZVOx t ? m i S s i G i l  index is plor ted  aga ins t  combustor i n l e t  t o t a l  temperature, 
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number of problems remaining t o  be solved befare  such B combustor may be incorpo- 
rated i n t o ' a n  ac tua l  engine, t he  swirl-can concept appears t o  be  A promising 
approach f o r  obtaining reduced n i t r i c  oxide emissions, 

CONCLUDING REMARKS 

N i t r i c  oxide appears t o  be the only po l lu t an t  emission product t h a t  is 
formed during h igh  a l t i t u d e  c r u i s e  t h a t  has a s i g n i f i c a n t  ccncentrat ion,  
deal  of research is  cu r ren t ly  i n  progress t o  develop methods of reducing n i t r i c  
oxide emi.ssions from gas turbine combustors. Ocher research being perFormed t o  
determine the cons t i t uen t s  and chemical r e a c t i o r s  i n  the  upper atmosphere may 
provide a c l e a r e r  answer t o  whethey- or not reductions i n  c r u i s e  emissions 3re 
required,  and i f  so, how l a rge  a reduction i s  required.  X t  i s  EairLy c l e a r ,  
however, that  whether  the approaches described herein o r  some s i m i l a r  epproach 
i s  required t o  reduce n i t r i c  oxide emissions, a signi j - icant  modification w i l l  
be requi.red t o  conventional gas turbine combustors. Furthermore, H considerable 
e f f o r t  w i l l  b e  requi.red t o  accomplish these emission reductions without compro- 
mising on o the r  combustor performznce requirements. 

A g r e a t  
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CONSTITUENTS SOURCE I ESTIMAIED I CONCENTRATION 
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AIR M IVOLl 
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AIR 0.9% Nail 
CFF COMBUSTION 2.7% IVOLI 
EFF GOMRUSTION 2. S I  Miil 

INEFF COMBUSTION 1 5-25 pPMC 
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UNBURNED HC 
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H2 INEFF COMCUSTION 5-lio PPM 
SMOKE WARTICUIATESI INEFF COMBUSTION 0.4-50 PPhl (MASS -- - 
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HEATING OF AIR 5a-400 PPAl 
FUEL 1-10 PFhl 
FUEL 5-20 PPR __ 
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IIDLEI ENGINE SPEED. I (TAKEOFF) 
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