General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



E:

e T L S A —
- s o - —

e

NASA TECHNICAL NASA TM X-71750
MEMORANDUM

G3/707 26662

I~
—
7 N75-25945
> (NATA-TH-X-=71750) JET AIRCRA ‘T ZHISSIONS
DURLVG CRUISE: PRESENT AND FUTURE (KASA)
= 15 p HC $3.25 i
g

JET AIRCRAFT EMISSIONS DURING CRUISE -
PRESENT AND FUTURE

by J. S. Grobman
Lewis Research Center
Cleveland, Ohio

'11.CHNICAL PAPER to be presented at

Seventh Aircraft Systems and Technology Meeting
€] nsored by the American Institute of Aeronautics
and Astronautics

Los Angeles, California, August 4-7, 1975




sy,

bimt

S e

E-83%0

JET AIRCRAFT EMISSIONS DURING CRUISE - PRESENT AND FUTURE

J. S,
HASA Lewis Re

Grobman
search Center

Cleveland, Ohia

Abstract

Forecasts of engine exhaust emissions that may
be practicably achievable for future commercial
aircraft operating at high altitude cruise condi-
tions are compared to cruise emissions for present
day aircraft, These results summarize jet afr-
craft emissions studies reported in the Climatic
Impact Assessment Program (CIAP) Monograph 2
"propulsion Effluents in the Stratosphere." The
forecasts are based on: (1) %nowledge of
emission characteristics of combustors and
augmentors; {2} combustion research in emission
reduction technology; and (3) trends in projected
engine designs for advanced subsonic or supersonic
commercial aircraft., Recent progress that has
been made {n the evolution of emissions reduction
technology will be discussed,

Summary

Forecasts of engine exhaust emissions that may
wf practicably achievable for future commercial
« rcraft operating at high atitude cruise
conditions are compared to cruise emissions for
present day aircraft. These results summarize jet
afrcraft emfssions studies reported in the Clima-
tic Impact Assessment Program (CIAP) Monograph 2
"Propulsion Effluents in th. Stratosphere." The
forecasts are based on: {1) knowledge of emission
characteristics of combustors and augmentors;
{(2) combustion research in emissions reduction
technology; and (3) trends in projected engine
designs for advancer .ubsonic or supersonic
commercial ajrcraft, Most of the research related
to crufse emissfons 1s concerned with reducing the
quantity of nitragen oxides emitted into the
stratosphere. Current subsonic and supersonic
commercial aircraft produce as wuch as 20 grams of
NO2 per kilogram of fuel burned during cruise.
Experimental combustors that have been designed to
minimize emissions have achieved levels as low as
6-8 ghOp/ka fuel at simulated cruise, while
Jaboratory burners have reached levels iess than
1 gNOp/ka fuel. A substantial research and
develcpment affort will be required to demonstrate
the practicality of incorporating these low
emission combustor concepts into actual engine
hardware and to determine the level to which
emissons may be reduces without compromising
engine performance ana @ -,..ility.

Introduction
This paper summarizes studies to forecast
future jet aircraft exhaust emissions that were

performed in support of the Climatic Impact Assess-
ment Program,(CJAP). Cruise emission predictions
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for future subsonic and supersenic commercial jet
afrcraft are compared to measured or estimated
emissfon levels for present-day afrcraft, The
Department of Transportation organized the CIAP
effort in order to determine the potential climatic
effects of Eerturbntions of the vpper atmosphere
caused by the propulsion effiuents of a world-wide
high-aititude aircraft fleet projected to the year
1990 and beyond (ref. 1). The overall findings of
the CIAP study reported in ref. 1 are based on the
anaiyses of data compiled 1in six monographs, which
are %o he pubiished in mid-1975, These six mono-
graphs are ent{tled: (1) The Natural “tratosphere
of 1974, (2) Propulsion Effiluents {n the Strato-
sphere, (3} The Stratosphere Perturbed by
Propulsion Effiuents, (43 The Katural and Radia-
tively Perturbed Troﬁosphere. {5) Impacts of
Climatic Change on the Bjosphere, and (6) Ecopomic
and Social Measures of Blologic and Climatic Change.

Most of the cruise emission data for present-day
Jet aircraft that are presented herein were ex-
tracted from Chapter 4 of Monograph 2 (ref. 2)
entitled "Emission Characteristics of Representative
Current Engines,” The cruise emission predictions
for future jJet afrcraft were obtained from Chapter
5 of Monograph 2 {ref. 2) entitled "Forecast of Jet

Engine Exhaust Emissions of High Altitude Commercial

Afreraft Proiected to 1990" (aiso described in
raf. 3 and 4).
Most of the discussfon presented 1n this paper

will pertain to the problem of reducing NOy since
it is believed to be the most significant pollutant
formed during high altitude cruise. The subject
matter will be divided {nto the following six
sections: (1) Cruise Emissions for Present-Day
Cormercial Jet Afrcraft, (2) NO, Formation
Considerations, {3) Effect of Operating Conditions
on NOy Emissions, (4} NO, Reductjon Research, (8)
Design Trends for Future Eommercial Jet Adrcraft
Engines, and {6) Forecasts of Future Cruise NOy
Emissians.

Cruise Emissions For
Present-Day Commercial Jet Alrcraft

The constituents present in the jet engine
exhaust include oxides of nitrogen {NGx), carbon
monoxide, total hydrocarbons {unburned plus partially
oxidized hydrocarbons), soot (carhon), SOy (SO
plus S03}, trace elements, carbon dioxide, and
water. During cruise, the combustion efficiency of
core engine combustors is ver{ nearly 100 percent;
therefore carpon monoxide (CO
(THC) emissions are very small, Typlcal cruise

and total hydrocarbon
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emission indices (grams of pollutant per kilogram
of fuel burned) for CO and THC are 4 and 0.1,
respectively, Future supersonic commercial afr-
craft that use augmentors during cruise would have
somewhat higher CO and THC emissions. The CO and
THC emission indices for a future supersopic afr-
craft with augmentation during crufse might be as
high as 20 and 10, respectively. Aside from the
possible need to veduce CO and THC emissions from
augmentors, the cruise €0 and THC emissfons are

not considered to be a significant problem with the
exception that techniques for reducing H0, may
rasult 0 increasing carbon monoxide emissions.
Thus a tradeoff exists between the desired emissions
levels for WOy and CO (ref. 5§). The quantity of
soot {(carbop) emitted during cruise is estimated to
be about 0.1 gC/kg fuel for current engines and
about 0.02 gC/kg fuel for future engine designs,

0f all the const{tuents formed during high

altitude cruise, only NOy (NO plus HO2) and S0,
{502 plus SO3) are consiéered to pose a serious
threat to the global environment (ref, 1 and 6).
Nitrogen exides are of concern because of the ozone
depletion problem, and 50y is of concern because of
sulfate aerosol formation wijich may reduce solar
radiation. The emission {ndex for $0x, which is
directly related to the amount of su1¥ur in the
fuel, 1s currently about 1 gsoglkg fuel. Lower SOy
emissions may be accomplished by increasing the
degree of hydrodesylfurization at the refinery.

Cruise NO, emission indices from current sub-
sonic and supersonic aircraft engines are presented
in Table I. Available engine operating data are
also included in this Table, Most of these data
were obtained from Chapter 4, Monograph 2 (ref. 2).
The data for the JTBD engine were obtained from
(ref. 7), and the data for the CF6-50 engine were
obtained from (ref. 8).

In general, the WOy emission index fncreases
with increasing cembustor inlet temperature and
pressure as a result of higher compressor pressure
ratios and/or higher flight speeds, and approach a
maximum valug of about 1B8-20 g HO»/kg fuel for the
latest production engines for butﬁ subsonic and
supersonic aireraft. The HO, emission index is
conventionally expressed as grams of N0y per kilo-
gram of fuel burned even though most of the NOy in
the exhaust is in the form of nitric oxide (Nof.

NOy Formation Considerations

At full power conditions, combustors operate
with high inlet temperatures, high inlet pressures,
and high fuel-afr ratios - all of which contribute
to the formation of NOy. The WO, formation rate
increases with increasing flame temperature, and
flame temperature increases proporliocnately with
increases in combustor inlet temperature. Higher
combustor inlet temperatures result from higher
engine compressor pressure ratios or from higher
aircraft f1ight speeds, particularly during super-
sonic ¢ruise, MNonuniform fuel distribution in the
primary zone also causes Jocally high flame tem-
peratures.
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The effect of flame temperature on the formation
of N0k is 1)lustrated in figure 1. These results
were calculated for & combuster burning premixed
fuel and air at an inlet temperaturc of about 80O K,
3 qressure of 5.5 atm, and a residence time of 2
mi1liseconds. The formation of N0y increases
exponentially with increasing flame temperature.

Conventional combustors have average flame
temperatures of the order of 2300 to 2500 K in the
primary zone since they are designed to operate
near an equivalence ratio of unity where near
maximum flame temperatures occtr, The equivalence
ratfo s the ratio of the average local fuej-air
ratio to the stoichiometric fuel-air ratio, which
1s that required for complete combustion of the
fuel. Beocause a conventional combustor operates
with a nonhomogeneous diffusion flame, the effect
of average primary-zone flame temperature on KOy
formation 1s not as strong as that shown {n figure
1. Although some reductions in KO, could be
achieved 1f flame temperature cou]é be lowered by
burning leaner fuel-air mixtures, a more effoctive
approach 15 to reduce locaily high flame tempera-
ture by improving fuel atomization and mixing. The
greatest reductions fn NOx, however, can be obtained
by using lean premixed, prevaporized fuel/air
mixtures, The homogeneous fuel-air mixtures which
result from premixing and prevaporizing are
characterized by the strong effect of flame tempera-
ture on NO, displayed in figurt 1,

Another cause of high NO, formation levels is
excessive residence time of combustion gases in
the primary zone, The formation of NOy tends to be
somewhat Vinear with residence time over a 1imited
time span for a primary zone equivalence ratio near
unity. This effect tends to be less significant as
the equivatence ratio {s reduced. The residence
time in a combustion chamber is typically of the
order of about 2 to 4 mi1liseconds. However, the
equilibrium value of NUy 1s not apﬂroached until
after sayeral seconds and is much higher than the
quantity of N0y which {¢ actually formed within a
typical combustion chailer. Residence time may he
reduced by efther increasing velecities in the
primary zone or by providing more rapid quenching
of the combustion products,

Effect of Operating
Conditions on NOy Emissions

Cuhbustur Operating Conditions

The combustor operating variables that influence
the formation of NOyx include combustor inlet
temperature, combustor inlet pressure, combustor
reference velecity, combustor temperature rise,
inlet fue) temperature, and inlet air humidity.
The variation of flame temperature with combustor
inlet temperature is very close to being 1inear.
The NOy emission index was shown to increase
exponentially with flame temperature in figure 1;
therefore, as expected the KOy emission {ndex -alt
increases exponentially with combustor inlet
temperature. Different investigators {ref, 2,
Chapter 4 and ref, 9) have correlated the NOx
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emissfon indices (grams of pollutant per kilogram
of fuel burned) fer CO and THC are 4 and 0.1,
respectively. Future supersonic commercial air-
craft that use a tors during cruise would have
somewhat higher and THC emissions. The CO and
THC emission indices for a future supersonic air-
craft with a tatfon during cruise might be as
high as 30 and 10, respectively. Asise from the
possible need to reduce CO and THC emissions from
augmentors, the cruise CO and THC emissions are
not considered to be a significant problem with the
csugﬂon that techniques for reducing NO, may
result in increasing carbon monoxide emisSions.
Thus & tradeoff exists between the desired emissions
levels for NO, and CO (ref. 5). The quantity of
soot (carbon) emitted during crufse is estimated to
be about 0.1 gC/kg fuel for current engines and
about 0.02 gC/kg fuel for future engine designs.

Of all the constituents formed during high
altitude cruise, only NO, (NO plus NOp) and SO,
(507 plus S03) are considered to pose a serious
threat to the global environment (ref. 1 and 6).
Nitrogen oxides are of concern because of the ozone
depletion problem, and S0, is of concern because of
sulfate aerosol formation w.ich may reduce solar
radiation. The emission index for SOy, which is
directly related to the amount of sulfur in the
fuel, is currently about 1 g502/kg fuel. Lower S0y
emissions may be accomplished by increasing the
degree of hydrodesulfurization at the refinery.

Cruise NO, emission indices from current sub-
sonic and supersonic aircraft engines are presented
in Table 1 Available engine operating data are
also included in this Table. Most of these data
were obtained from Chapter 4, Monograph 2 (ref. 2).
The data for the JTBD engine were obtained from
(ref. 7), and the data for the CF6-50 engine were
obtained from (ref. 8).

In general, the NO, emission index increases
with increasing coumbustor inlet temperature and
pressure as a result of higher compressor pressure
ratios and/or kigher flight speeds, and approach a
maximum value of about 18-20 g NO,/kg fuel for the
latest production engines for botﬁ subsonic and
supersonic aircraft. The NO, emission index is
conventionally expressed as grams of N0 per kilo-
gram of fuel burned even though most of the NO, in
the exhaust is in the form of nitric oxide (NG’.

NO, Formation Considerations

At full power conditions, combustors operate
with high inlet temperatures, high inlet pressures,
and high fuel-air ratios - all of which contribute
to the formation of NO,. The NO, formation rate
increases with 1ncrus1ng flame !tmptrature. and
flame temperature increases proportionately with
increases in combustor inlet temperature. Higher
combustor inlet temperatures result from higher
engine cownsnr pressure ratios or from higher
aircraft flight speeds, particularly during super-
sonic cruise. Nonuniform fuel distribution in the
primary zone also causes locally high flame tem-
peratures.
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The effect of flame temperature on the formation
of NOx is 11lustrated in figure 1. These results
were calculated for a combuster bun.tn, premixed
fuel and air at an inlet temperature of about 800 K,
a pressure of 5.5 atm. and a residence time of 2
milliseconds. The formation of NO, increases
exponentially with increasing flame temperature.

Conventional combustors have average flame
temperatures of the order of 2300 to 2500 K in the
primary zone since they are designed to operate
near an equivalence ratio of unity where near
maximum flame temperatures occur. The equivalence
ratio is the ratio of the average local fuel-air
ratio to the stoichiometric fuel-air ratio, which
is that required for complete combustion of the
fuel. Because a conventional combustor operates
with a nonhomogeneous diffusion flame, the effect
of average primary-zone flame temperature on NO,
formation is not as strong as that showr in figure
1. Although some reductions in NO, could be
achieved if flame temperature could be lowered by
burning leaner fuel-air mixtures, a more effective
approach is to reduce locally high flame tempera-
ture by improving fuel atomization and mixing. The
greatest reductions in NOy, however, can be obtained
by using lean premixed, prevaporized fuel/air
mixtures. The homogeneous fuel-air mixtures which
result from premixing and prevaporizing are
characterized by the strong effact of flame tempera-
ture on NO, displayed in figurs 1.

Another cause of high NO, formation levels is
excessive residence time of combustion gases in
the primary zone. The formation of N0, tends to be
somewhat linear with residence time over a 1imited
time span for a primary zone equivalence ratio near
unity. This effect tends to be less significant as
the equivalence ratio is reduced. The residence
time in a combustion chamber is typically of the
order of about 2 to 4 millisaconds. However, the
equilibrium value of NJ, is not approached until
after several seconds and 15 much higher than the
quantity of NOy which is actually formed within a
typical combustion chinter. Residence time may be
reduced by either increasing velocities in the
primary zone or by providing more rapid quenching
of the combustion products.

Eff f rati
Conditions on NOy Emissions

Combustor Operating Conditions

The combustor operating variables that influence
the formation of NOy include combustor inlet
temperature, combustor inlet pressure, combustor
reference velocity, combustor temperature rise,
inlet fuel temperature, and inlet air humidity.
The variation of flame temperature with combustor
inlet temperature is very close to being linear.
The NO, emission index was shown to increase
exponentially with flame temperature in figure 1;
therefore, as expected the NO, emission index al:
increases exponentially with combustor inlet
temperature. Different investigators (ref. 2,
Chapter 4 and ref. 9) have correlated the NOy
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emission index with e13/8 where T, {s the combustor
iniet temperaturs and a is an emp?rica1]y determined
constant, These different investigators have used
values of te constant "a” from 163 to 208 K to
correlate Lhelr experimental) data, The broad spread
in this value may be attributed to differences 1In
combustor geometry and specifically to differences
in the rrimary zone equivatence ratio and the
degree of homogenity of the fueleajr mixture in the
primary zone,

In general, most investigators have determined
that the NO, emfssion index varfes directly with
the square root of pressure. The NOy emiivun
index tends to be inversely proportional to the
combustor reference velocity since reference
velocity Is inversely proportional vo primary zone
residence time. In conventional combustors. the
NO, emission index increases directly with the
temperature rise across the combustnr (over-all
equivalence ratio). The effect of fuel temperature
and inlet afr humidiiy are discussed in ref. 10 and
9, respectively, Reference 10 observed that the
HO, emission index increases at a rate of 6 percent
per 100 K increase in fuel temperature, The NOy
emission index was shown to increase with decreas-
ing inlet air humidity at a constant exponential
rate of el {where H is humidity, gHz0/g dry air)
in {ref. 9}, The humidity of the atmosphere at
cruise altitudes is essentially zero,

Engine/Aircraft Operating Conditions

The engine/faircraft operating conditions that
aifect the KOy emission index are compressor
pressure ratio, turbine inlet temperature, flight
Mach numbar, and cruise altitude. These variables
influence the KOy emission index thraugh their
effect on combustor operating conditions. The
combustor inlet temperature during cruise is a
function of the combined total temperature rise
across the inlet diffuser and tha compressor. For
supersonic cruise, the total temperature rise across
the diffuser due to the ram pressure rise becomes
quite signiticant, Thus, the N0y emissiop index
increases with increases in compressor pressure
ratio and f1ight Mach number. The combustor inlet
total pressure increases with increasing compressor
pressure ratio, increasing Mach number, and
decreasing altitude.

HO, Reduction Ressarch

As discussed previously, the NOy emission index
may be reduced by reducing the Tlame temperature
and residence time in the primary zone, Over the
last several years, a great deal of research has
beer conducted by various government zgencies and
engine manufacturers to evolve technigues for
reducing the formation of N0, in gas tyrbine
combustors., No attempt wili be made herein to
survey the 1iterature on this subject. Instead,
several recenrt fundamental and applied research
programs will be summarized that are indicative of
the status of technology for reducing K9, emissions
during cruise.
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Fundamental Fugl-Lean Combustion Experiments

Conventional combustors are designed to burn a
near stoichiometric mixture of fuel and afr at full
Euwer operating conditions. The reduction of &l

y Towering the primary zone flame temperature may
be apEroached by burning leaner fuel-air mixtures,
Lean burning 4s most effective when Jocal high
temperature zones are eliminated by the use of a
homogeneous fuel-air mixture, This can bhe obtained
by premixing a prevaporized fuel upstream of the
combustor,

Experiments have boen conducted at NASA Lewis
Research Center to determine the minimum level to
which KOy could be reduced fn gn {dealized fuel-
lean premixing-prevaporizing byrner, Testing has
been performed in the laboratory flame-tube
apparatus shown schematically in figure 2. Gaseous
propane or atomized Jet-A 5 injected upstieam of a
perforated-plate flame heider with sufficient
distance to provide a completely prevaporized/
premixed fuel-~ajr mixture to the primary sone
(flame zone) test section, Exhaust gas sswples can
be extracted at varying distances downstream of the
flame holder to Insure that combustion is completid
at the sample measurcrent position, Some of the
results obtained to date are presented in figure 3
where the emission index of NOx {s plotted as a
function of equivalence ratio, These data which
were obtainad at an inlet temperature of BOO K, a
pressure of 5.9 atm., and a residence time of 2
milliseconds are compared with a theoretical plot
calculated from a well-stirred reactor model.
Extremely Tow values of NOx(<1 g/kg) were obtained
at the very lean equivaience ratfos (¢n,5), The
good agreement with the well-stirred reactor model
predictiens indicates that good premixing was
chtained. A1) data shown were taken with cambustion
efficiencies graater than 993; however, the lowest
values were ohtalned at the edce of the combustion
flammability Vimits and any stight perturbation in
flow caused combustion biowout., Because of this
stability sensitivity, these results are considered
to be near the fundamental lower limit of NO,
emissions for the type of experimental hardware
used in this investigation, 1t is important to
note that the operating conditions for this experi-
ment were very carefully controlied and do not
necessarily duplicate conditions in an actual
engine except for the Tevels of inlet pressure and
temperature which simul.te a tyrical supersonic
cruise condition,

By moving the gas sa -pling probe axially {fig. 2}
1t was possible to dete nine the effect of residence
time on NO, emissions, Yhe results plotted in
figure 4 sﬁow that at 0.~ eguivalence ratie, a
reduction in residence tive from 3 msec to 2 msec
gives a 43% decrease in HOx. At 0.4 equivalence
ratio, however, the same reduction in residence
time gives only a very small drop in NOx. Thus,
residence tivie becomes less impertant to HOy
format =0 as equivalence ratio is decreased to very
lean values, This 1s due to lower rates of NO,
formation at Tean conditions. )
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emission index with e 3/ where T, is the combustor
}rica!ly determined

inlet temperature and a s an emp
constant. These different investigators have used
values of tie constant “a” from 169 to 288 K to

correlate “heir experimenta) data. The broad spread

in this v.iue may be attributed to differences in
combustor geometry and specifically to differences
in the rrimary zone equivalence ratio and the

primary zone.

In general, most investigators have determined
that tie NO, emission index varfes directly with
the square root of pressure. The NO, emi..ion
index tends to be inversely proportional to the
i ' combustor reference velocity since reference
L velocity is inversely proportional .o primary zone
residence time. In conventional combustors, the
NO, emission index increases directly with the
temperature rise acros; the combustor (over-all

9, respectively. Reference 10 observed that the

pe: 100 K increase in fuel temperature. The NOy
emission index was shown to increase with decreas-
ing inlet Mr humidity at a conctant exponential
rate of el™ (where H is humidity, gHp0/g dry air)
in (ref. 9). The humidity of the atmosphere at
cruise altitudes is essentially zero.

Engine/Aircraft Operating Conditions

The engine/aircraft operating conditions that
a/fect the NO, emission index are compressor
pressure ratio, turbine inlet temperature, flight
Mach numbar, and cruise altitude. These variables
influence the NO, emission index through their
effect on combustor operating conditions. The
combustor inlet temperature during cruise is a
function of the combined total temperature rise
across the inlet diffuser and the compressor. For

the diffuser due to the ram pressure rise becomes
quite signiricant. Thus, the N0y emission index
increases with increases in compressor pressure
ratio and flight Mach number. The combustor inlet

pressure ratio, increasing Mach number, and
decreasing altitude.

NO, Reduction Research

As discussed previously, the NOy emission index
may be reduced by reducing the flame temperature
ard residence time in the primary zone. Over the
last several years, a great deal of research has
beer; conducted by various government agencies and

' engine manufacturers to evolve techniques for
reducing the formation of NO, in gas turbine
combustors. No attempt wi'!l be made herein to
survey the literature on this subject. Instead,
several recert furdamental and applied research
prugrams will be summarized that are indicative of

the status of technology for reducing K9, emissions

during ~iuise,
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ree of homogenity of the fuel-air mixture in the

equivalence ratio). “he effect of fuel temperature
and inlet air humidily are discussed in ref. 10 and

NO. emission inden increases at a rate of & percent

supersonic cruise, the total temperature rise across

total pressure increases with increasing compressor

Fundamental Fuel-Lean Combustion Experiments

Conventional combustors are designed to burn a
near stoichiometric mixture of fuel and air at full
power operating conditions. The reduction of KJ,
by lowering the primary zone flame temperature may
be approached by burning leaner fuel-air mixtures,
Lean burning 1s most effective when local high
temperature zones are eliminated by the use of a
homogeneous fuel-air mixture. This can be obtained
by premixing a prevaporized fuel upstream of the
combustor.

Experiments have been conducted at NASA Lewis
Research Center to determine the minimum level to
which NOy could be reduced in an idealized fuel-
lean premixing-prevaporizing burner, Testing has
been performed in the laboratory flame-tube
apparatus shown schematically in figure 2. Gaseous
propane or atomized Jet-A s injected upstieam of a
perforated-plate flame hoider with sufficient
distance to provide a completely prevaporirzd/
premixed fuel-air mixture to the primary rone
(flame zone) test section. Exhaust gas saples can
be extracted at varying distances downstream of the
flame holder to insure that combustion is completid
at the sample measurenent position. Some of the
results obtained to date are presented in figure 3
where the emission index of NOy 1s plotted as a
function of equivalence ratio. These data which
were obtained at an inlet temperature of 800 K, a
pressure of 5.5 atm., and a residence time of 2
milliseconds are compared with a theoretical plot
calculated from a well-stirred reactor model.
Extremely low values of NOy(C1 g/kg) were obtained
at the very lean equivalence ratios (€0.5). The
good agreement with the well-stirred reactor model
predictions indicates that good premixing was
obtained. A1l data shown were taken with combustion
efficiencies graater than 991; however, the lowest
values were obtained at the edce of the combustion
flammability 1imits and any slight perturbation in
flow caused combustion blowout. Because of this
stability sensitivity, these results are considered
to be near the fundamental lower limit of NO,
emissions for the type of experimental hardware
used in this investigation. It is important to
note that the operating conditions for this experi-
ment were very carefully controlled and do not
necessarily duplicate conditions in an actual
engine except for the isvels of inlet pressure and
temperature which simul ‘e a tyrical supersonic
cruise condition.

By moving the gas sa pling probe axially (fig. 2\
it was possible to dete nine the effect of residence
time on NO, emissions. 'he results plotted in
figure 4 sﬁow that at 0.  equivalence ratio, a
reduction in residence tive from 3 msec to 2 msec
gives a 43% decrease in NO,. At 0.4 equivalence
ratio, however, the same reduction in residence
time gives only a very small drop in NOx. Thus,
residence time becomes less important to NO,
format n as equivalence ratio is decreased to very
lean values. This is due to lTower rates of NO,
formation at lean conditions.
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In considering residence time reduction for N0y
control it is important to determine the minimum
residence time required for yood compustion
efficlency, Oands of constant combustion effici-
ency ave shown in figure 4. The shaded area
reprasents combustion efficiency of 99 to 29.7%.
Tha cross-hatched portion represents combustion
efficiencies of Jess than 99%, Data which fell in
the unshaded portion of the graph have combustion
efficlency greater than 99.7%, The results of
these experiments show that for goed cambustion
efficiency, less N0y was produced with very lean
equivalence ratios &nd long residence times than
at somewhat higher equivalence ratios and short
times, More details of this exper:ment are given
in (ref. 11), A similar experiment with similar
results is being conducted under a NASA contract
with Geperal Applied Science Laboratories (ref. 12),

Another evaluation of the premix technigue is
being conducted under RASA contract to the Solar
Division of International Harvestor using "quasé=
combustor® type tubular test hardware, figure 5.
The concepts shown in figwe B represent two
different approaches ta achieve very lean combus-
tion using premixed fuel-afr. ‘2 "Jet-Induced
Circulation Combustor” concept uses Jets of pre-
mixed fuel-air to create a large recirculation of
hot gases into the flame zane which aids in main-
taining combustion stability at very low equivalence
ratios. The "Wortex Air Blast Combuster" concept
uses a rotati.g flow field to create a similar
effect., These combustors differ from the flame
tube apparatus {fig. 2) in that no atiempt has been
made to completely vaporize the fus] upstream of
the combustor. Even though the fuel entering
these combustors is not completely prevaporized or
premixed, preliminary results have been encouraging,
and preliminary N0y emission data for the "Vortex
Afr Blast Combustor" concept have agproached the
low levels obtained in the flame-tube apparatus
(fig, 2) at simulated supersonic cruise conditions.

The minimum K0, level of premixed gas phase
«ombustion is 1imited by the lean flanmability
“Amit {minimum flame temperature)}. Even lower N0y
v 1ssions might be obtained if burning with lower
f me tomperatures could be achieved by means of
ca' \ytic cembustion.

% % potential application of catalytic reactors
to fi- design of a low emission alrcraft gas tur-
bine . whustor is discussed in Chapter 3, Monograph
2 (ret ?). Prelimipary results from the evalua-
tion ot  catalytic reactor in a labp* rtory burner
using Jf \ fuel {ref. 13) indfcated tnat near 100
percent cusbustion efficiency could be attained
with negligible HO, farmation over a limited range
of operating conditions. At an inlet taperature
of 650 %, pressure of 7 atm, reference velocity of
13.7 m/sec, and fuel-air ratio of 0,0212 (exit
temperature of about 1370 K), a NOy emission Index
of less than 0.1 gli0z/kg was observed (less than
2 ppm, which is about the level of the measurement
error of the gas analysis system). At this
operating condition, the emission indices for CO
and total hydrocarbons were about 1.5 and 0.3 g/kg,
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respectively. Combustion efficiency decreased
markedly a5 efther fuel-air ratio was lowered
below a value of about 0,02 or inlet temperaturg
was reduced below a value of about 650 K. At an
{nlet temperature, above 650 K, exit temperatures
up to 1600 K were achieved with good efficiency.
Temperatures above 1600 K were avoided to prevent
damage to the catalytic reactor. Reactor pressure
drop was about 1% of the static inlet pressurc

at 13.7 m/s reference velocity and 1600 K exit
temperature,

Although these initial experimental resulis are
quite encouraging, extensive research is required
to establish the feasibility of developing 4
catalytic combustor for an afrcraft gas turbine
engine, Methods for cbtaining complete combustion
aver a wider range of operating conditions must be
explored., This might be achieved by eithes »sing
a combination of catalyst with different operat®ng
characteristics or by evolving a hybrid two stage
combustor consisting of a catalytic reactor and
a mare conventional flame stabilizer. Catalysts
must be developed that are insensitive to poisoning
or deactivation {n the environment of the gas
turbine combustor, Substrates and methods for
bonding catalyst on these sybstrates must be
developed that will insure reliable mechanical
intearity against thermal and vibrational stresses,
Hetheds to prevent spalling of either catalyst or
ceramic substrates must be evolved to avoid
doterloration of the combustor nr forefgn ebject
damage to the turbine. Fuel preparation (premix-
ing-prevaporization) designs must be evolved that
provide uniform fuel-air mixtures to the
cotalytic reactor that avoid preignition or flame
propagation (flashback) problems, Catalyzt and
substrate materlals and strugtures must e
daveloped that demonstrate both good performance
and durability at higier operating temperatures.
A1l of these areas must be fnvestigated in
greater datall before an hopest Jjudoment can be
made regarding the practicality of developing a
cat?lytic combustor for an aircrafi yas turbine
engine.

Applied Low Pollutant Combustor Research

The fundamental low-KOy combustion concepts
described in the previous section have not reached
the state of developmant where they have been
tested ip properly scaled combustor hardware nor
have they been evaluated for performance and
durability over the entire range of required
operating conditions. As a matter of fact,
practical combustor designs incorporating these
concepts will require either more than one stage
of combustion or variable gecmetry for control of
airflow and fuel Flow in order to permit satisfac-
tory performance at both low and full-power
conditions. This section will briefly describe
test programs being conducted in a more advanced
state of real combustor hardware.

Multizone combustors. A large part of the
effort on the evaluation of low pollutant emission
combustors conducted in-house by NASA has been
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with the swirl-can-mod' +ar combustor shown in
figure 6, Figure 6{a) i5 a photograph of a full-
annular array of 120 swird can modules arranged in
three radial rows, A cross-sectional view of this
combustor 15 shown in figure 6{b) and the components
of the swirl can module are 1)justrated in {igure
6{c). Each module 1s composed of a carburetor cup,
swirier, and flame stabilizer, Fuel is injected
into the carburetor cup where 1t premixes with air
flowing through tho cup and then passes through a
swirler into the wake created by the flame stabi-
1{zer which acts as a quasi-bluff body in the air
flowing around the module. The swirling fuel-air
mixture provides for a smal) stable flame zone in
the stabilizer wake. The combhipatfon of a small
flame zone and premixed fuel-air provides far low
residence times and some degree of gas temperature
control {n the flame zone.

The quantitative N0y reductions achievable with
the swirl-can combustor are shown in figure 7. NOy
emission jndices for a swirl-can combustor are
compared to a more conventional single annular
combustor and a double annular combustor at varying
inlet air temperatures. These combustors were
tested at 6 atm pressure and an exit temperature of
1500 K, Compared to a conventional combustor, two-
fold reductions in NO, are achievable with the
swirl-can. The double annular combustor data also
presented is from an advanced experimental desian
which contains 64 fuel nozzles arranged on two
annulf, This is slightly greater than twice the
number of fuel nozzlies contained in a conventional
Jarge annular combystor. Superdor fuel and air
management resulting from this arrangement produces
decreased levels of NOy.

Experimenia} clean combustor program. The goal
of this NASA l.ewls contract program s to develop
and demonstrate technology to decrease pollutant
emissions from modern aircraft turbine engines.
This technology 1s mainly applicable to high bypass
ratio turbofans for advanced wide-body subsonic jet
ajreiaft.  However, the combustor technology
zvolved in this program 15 also appiicable to
engines for supersonic aircraft. HASA Lewis has
awarded contracts for this program to General
Electric and Pratt & Whitney, Each contract effort
is being conducted §n three separate phases. The
first phase involved the evaluation of various
candidate Jow~-pollutant combustor concepts. The
second phase consists of refining the more promising
concepts evolved during the first phase, and the
third phase consists of an actual demonstration of
the more promising Jow polliutant combustors in a
state-of-the-art engine. The Phase I effort
included evaluation tests at simulated supersonic
cruise operating conditions.

Phase I of the Experimental Clean Combustor
Program has been completed. The combustor con-
figurations tested {n Phase 1 were mainly judged by
their idle and takeoff emissions. Several of the .
combustor configurations efther achieved or closely
approached the idie emissions (CO and total hydro-
carbons) goals. Significant reductions in NOy were
also achieved; however, all fell short of the NOy
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emission goal at takeoff. The more promising
combustors achieved a WOy emfssion index ot
simulated takeoff of about 15 gh0,/kg fuel
compared to a value of about 13 gﬁoszg fuel that
1$ requived to meet EPA emission standards. These
EPA emission stardards which are described in {ref.
14) are applicabie only to low altitude flight
operations {below 91f meters), Current production
values for these engines during takeoff are about
36 yNDy/ky fuel. The best NO, emission {ndices
observed during Phase I at efther Simulated sub=
sonic or supersonic cruise were of the order of
6-8 gli0a/kg fuel.

The primary objectives of the Phaze II effort
will be to {mprove the overall performance and
durability of the more promising combustor con-
figurations without sacrificing the improved
emission characteristics demonstratéd in Phase 1
and to assess engine compatibility of these combus-
tors. Specific attention will be directed to
improving combistor exit temperature distribution,
reducing poltutants further at ail engine operating
conditions {ncluding intermediate power settings
and jmproving altitude relight characteristics.
Each contractor 15 currently conducting Phase Il
testing and tach 1s evaluating two combustor designs.

The twd advanced technology CF6 engine combustoer
configurations being evaluated in Phase 1I are
shown along with the standord CF6-50 combustor in
figure 8, Eoth designs utilize the concept of
fuel scheduling for reducing idle polliutant
emissions. The pilot stages of both the radial/
axial staged and the wouble annular are optimized
for high efficiency {Jow CO B THC emissions) at
engine idle fuel-ajr raties. The main stages are
optimized for lean combustion (Jow NOy) at full-
poder fuel-air ratios, Varfous combinations of
fuel scheduling can be used for off-design
operation such as approach and climb out power
settings. The radial’/axial staged configuration
ut{lizes a premixed fue' 1ir approach in the main
stage whereas the ¢-.ii~ tunular configuration uses
an air-blast type r. ' i~ to obtain lean combustfon
in the main stage.

The two advanced techriology JT2D engine combustor
configurations being evaluated {n Phase If are
shown along with the standard JT90 combustor in
figure 9. As with the CF6 configurations both
designs use fuel scheduling as the prinripal
approach to controlling {dle pollutant emissions.
Optimization of the individeal stages at idle and
full power conditions 4s used for overall emission
control. The hybrid configuration utiliz-s a
parallel (radial) fue) staging approach witn a
premix technique in the pilot stage and a variation
of the swirl can concept in the main stage. This
configuration is an attempt to mate the lowest CO
& THC emission design (premix pilot stage) and the
Towest HD, emission design (swirl-can-moduie stage)
that was tested in Phase 1. The vorbix configura-
tion uttlizes a series-type (axfal) fuel staging
approach with standard type pressure atomizing
fuel nozzles in the pilot and main stages. The
main stage has high intensity swiriers immediately
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with the swirl-can-mod ‘ar combustor shown in
figure 6. Figure 6(a) 1s a photograph of a full-
annular array of 120 swirl can modules arra in
three radial rows. A cross-sectional view of this
combustor is shown in figure 6(b) and the components
of the swirl can module are illustrated in figure
6(c). Each module is composed of a carburetor cup,
swirler, and flame stabilizer. Fuel is injected
into the carburetor cup where it premixes with air
flowing through the cup end then passes through a
swirler into the wake created by the flame stabi-
11zer which acts as a quasi-bluff body in the air
flowing around the module. The swirling fuel-air
mixture provides for a small stable flame zone in
the stabilizer wake. The combination of a small
flame zone and premixed fuel-air provides for low
residence times and some degree of gas temperature
control in the flame zone.

The quantitative NO, reductions achievable with
tne swirl-can combustor are shown in figure 7. NO,
emission indices for a swirl-can combustor are
compared to a more conventional single annular
combustor and a double annular combustor at varying
inlet air temperatures. These combustors were
tested at 6 atm pressure and an exit temperature of
1500 K. Compared to a conventional combustor, two-
fold reductfons in NO, are achievable with the
swirl-can. The double annular combustor data also
presented is from an advanced experimental design
which contains 64 fuel nozzles arranged on two
annuli. This is slightlv greater than twice the
number of fuel nozzles contained in a conventional
large annular combustor. Superior fuel and air
management resulting from this arrangement produces
decreased levels of NO,.

ri A} clean combustor ram. The goal
om “ewis contract program is to develop
and demonstrzte technology to decrease pollutant

issfons ‘rom modern aircraft turbine engines.

This technology 1s mainly applicable to high bypass
ratio turbofans for advanced wide-body subsonic jet
airziaft. However, the combustor technology
evolved in this program is also applicable to
engines for supersonic aircraft. NASA Lewis has
awarded contracts for this program to General
Electric and Pratt & Whitney. Each contract effort
is being conducted in three separate phases. The
first phase involved the evaluation of various
candidate low-pollutant combustor concepts. The
second phase consists of refining the more promising
concepts evolved during the first phase, and the
third phase consists of an actual demonstration of
the more promising low pollutant combustors in a
state-of-the-art engine. The Phase [ effort
included evaluation tests at simulated supersonic
cruise operating conditions.

Phase | of the Experimental Clean Combustor
Program has been completed. The combustor con-
figurations tested in Phase [ were mainly judged by
their idle and takeoff emissions. Several of the
combustor configurations either achieved or closely
approached the idle emissions (CO and total hydro-
carbons) goals. Significant reductions in N0y were
also achieved; however, all fell short of the NO,
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emission goal at takeoff. The more promising
combustors achieved a NO, emission index &t
simylated takeoff of about 15 guo /kg fuel
compared to a value of about | u‘ozltq fuel that
1s required to meet EPA emission standards. These
EPA emission stardards which are described in (ref.
14) are applicabie only to low altitude flight
operations (below 91F meters). Current production
values for these engines during takeoff are about
36 JNO,/kg fuel. The best NO, emission indices
observéd during Phase | at efther simulated sub-
sonic or supersonic cruise were of the order of
6-8 gNO2/kg fuel.

The primary objectives of the Phaie 11 effort
will be to improve the overall performance and
Jurability of the more promising combustor con-
figurations without sacrificing the improved
emission characteristics demonstrated in Phase |
and to assess engine compatibility of these combus-
tors. Specific attention will be directed to
improving combistor exit temperature distribution,
reducing pol'utants further at all engine operating
conditions including intermediate power settings
and improving altitude relight characteristics.
Each contractor is currently conducting Phase 11

testing and wach is evaluating two combustor designs.

The two advanced technology CFE engine combustor
configurations being evaluated in Phase 1] are
shown along with the standerd CF6-50 combustor in
figure 8. Both designs utiiize the concept of
fuel scheduling for reducing idle pollutant
emissions. The pilot .tages of both the radial/
axial staged and the uouble annular are optimized
for high efficiency (low CO & THC emissions) at
engine idle fuel-air ratios. The main stages are
optimized for lean combustion (low NO,) at full-
power fuel-air ratios. Various combinations of
fuel scheduling can be used for off-design
operation such as approach and climb out power
settings. The radial‘axial staged configuration
utilizes a premixed ‘u¢ ir approach in the main
stage whereas the « i wular configuration uses
an air-blast type o obtain lean combustion
in the main stage.

The two advanced techriology JT9D engine combustor
configurations being evaluated in Phase 11 are
shown along with the standard JT90 combustor in
figure 9. As with the CF6 configurations both
designs use fuel scheduling as the prin-ipal
approach to controlling idle pollutant emissions.
Optimization of the indiviiual stages at idle and
full power conditions ‘s used for overall emission
control. The hybrid configuration utiliz~s a
parallel (radial) fuel staging approach witn a
premix technique in the pilot stage and a variation
of the swirl can concept in the main stage. This
configuration is an attempt to mate the lowest CO
& THC emission design (premix pilot stage) and the
lowest NO, emission design (swirl-can-module stage)
that was tested in Phase I. The vorbix configura-
tion utilizes a series-type (axial) fuel staging
approach with standard type pressure atomizing
fuel nozzles in the pilot and main stages. The
main stage has high intensity swirlers immediately
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downstream of the fuel injection point to promote
very intense, rapid mixing of the fuel and air in
the flame zone, The combination of the intense
mixing and hot gases exiting from the pilat stage
allow lean operation In the main stage and also
reduce resfdence time due to quick quenching of the
hot gases, A more detalled description of this
program is presented in {ref, 15 and 16).

Design Trends for Future
CommerCQal Jet Alrcraft Engines
Jet atrcraft emission forecasts were based on
engine design ﬁrnject{ons described in CIAP
Monograph 2, Chapter 5 {ref, 2) and (ref. 4), It
is predicted that future commercial subsonic Jet
afrcraft will be equipped primarily with advanced
high-bypass turbefan engines and that elther a
duct-burning turbofan or a nonaugmented (dry)

turbojet could be candidates for a future advanced
supersonic transport.

Fuels

Conventional JP or hydrocarhon type fuels will
probably be the only fuel used by commercial jet
atreraft until far beyond 1990, Alternate sources
of jet fue) such as shale of) and coal syncrudes
may become available sometime after 1985, These
"synthetic" crudes generally conta’n more nitrogen,
oxygen, and sulfur, and less hydrogen than crude
petroleum, However, the undesirable compounds of
nitrogen, oxygen, and sulfur may be removed and the
percent hydrogen increased by means of various
hydrotreating and hydrocracking processes. Higher
organic nitrogen concentrations than are currently
present in jet fuel must be avoided because 50 to
80 percent of this fuel bound nitrogen may be
converted to nitric oxide during combustion (ref.
17), In princiole, jet fuels could be produced
from shale 011 or coal syncrudes that simulate, in
all important respects, those presently derived
from petroltum, If so, the cruise emission
characteristics of jet fuel derived from shaje ofl
or coal syncrudes would not be expected to differ
greatly from fuel derived from petroleum, Emission
forecasts for substitute fuels such as i{quified
hydrogen or liquified natural gas (LNG) have also
been included in Monograph 2, Chapter § {ref, 2},
but it s uniikely that these fuels would be used
until far beyond the late 1980's; therefore, the
distussion in this report is limited to the JP-
fueled afrcraft.

Future Subsouiic Afreraft Engines

Production or growth versions of aireraft such
as the Boeing 747, McDonnell Douglas DC-10, and
Lockheed 1011 wi1l probably be in service until at
least 1990. Engines for these afrcraft (GF-6,
JdT9D, and RBZII? manufactured after 1978 will
require modifications in order to meet EPA emission
standards {ref. 14). Advanced high-bypass turbo-
fan engines utilizing low emission combuster
technology could be incorporated into these aircraft
between 1980 dand 1985 if they are available. An
Advanced Technology Transport (ATT) utilizing an
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advanced high-bypass turhofan engine could be
operational in the early 1990°s.

frojected values for the overall compressor
pressure ratio for advanced high-bypass turbofan
ergines range from about 25 to 40, Compared to the
latest production engines for subsonic commercial
Jet aircraft {Table I}, these advanced engines
would have combustor inlet temperatures and
pressures, and exit temperatures ranging from
current to higher values, Combustors for these
advanced engfnes could be required, during cruise,
to operate with inlet temperatures as high as about
800 K, with inlet pressures as high &5 about 15
i;m.. and with exit temperatures as high as 1600 -

e

Future Supersanic Alrcraft Engines

The Concorde and Tupoley TU«144 or growth
versions of these afreraft will probably continue
to be in service during the 1980 to 1990 time
period; however, advanced supersonic transports of
greater size and range would not be expected to
enter service before 1930, The engine selection
for an advanced supersonic transport will be
influenced significantly by noise constraints.
Either a duct~burning turbofan or a nonaugmented
{dry) turbojet could he considored as a candidate
for this application. An advanced supersonic
transport would be expected to cruise within a
Mach number range of 2,2 to 2.7,

Duct-burning turbofan or dry turbojet engines
with projected overall pressure ratios (5L70}
ranging from about 10 to 25 are predicted for
future commercial supersonic ajreraft. Compared to
the operating conditions for the Concorde's Glympus
593 engines ?Table I), these advanced engines
would have combustor inlet temperatures and
pressures, and ex{t temperatures ranging from
current to higher values. Combustors for these
advanced engines could be required, during cruise,
to operate with inlet temperatures as high as
900 - 1000 K, with {nlet pressures as high as
10 - 15 atm., and with exit temperatures as high
as 1600 - 1800 K.

Forecasts of Future Cruise N0, Emissians

Recommendations for future cruise N0y reductions
are presented in references 1 and 6 based on the
resuits of the various CIAP studies. Reductions
in the cruise N0y emission index for current
englines of anywhere from six to sixty-fold are
recomnended. The actual reductions required would
.+ dependent on the future size of the ajrcraft
fleet, cruise alritudes and the amount of cruise
time in the stratosphere. Supersonic cruise would
be entirely within the stratosphere; however, sub~
sonic cruise in the stratosphere would occur only
for a portion of the flight enveluype. Therefore,
NO, reductions necessary for future subsonic air-
craft are very dependent on the percent of their
fiight envelope that occurs within the stratosphere.
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downstream of the fuel injection point to promote
very intense, rapid mixing of the fuel and air in
the flame zone. The combination of the intense
mixing and hot gases exiting from the pilot stage
allow lean operation in the main stage and also
reduce residence time due to quick quenching of the
hot gases. A more detailed description of this
program {s presented in (ref. 15 and 16).

ign T for F
ngines

Jet afrcraft emission forecasts were based on
engine design projections described in CIAP
Monograph 2, Chapter 5 (ref. 2) and (ref. 4). It
is predicted that future commercial subsonic jet
afrcraft will be equipped primarily with advanced
high-bypass turbefan engines and that either a
duct-burning turbofan or a nonaugmented (dry)
turbojet could be candidates for a future advanced
supersonic transport.

Fuels

Conventional JP or hydrocarbon type fuels will
probably be the only fuel used by commercial jet
atrcraft until far beyond 1990. Alternate sources
of jet fuel such as shale oil and coal syncrudes
may become available sometime after 1985. These
“synthetic" crudes generally conta’n more nitrogen,
oxygen, and sulfur, and less hydrogen than crude
petroleum. However, the undesirable compounds of
nitrogen, oxygen, and sulfur may be removed and the
percent hydrogen increased by means of various
hydrotreating and hydrocracking processes. Higher
organic nitrogen concentrations than are currently
present in jet fuel must be avoided because 50 to
90 percent of this fuel bound nitrogen may be
converted to nitric oxide during combustion (ref.
17). In principle, jet fuels could be produced
from shale of] or coal syncrudes that simulate, in
all important respects, those presently derived
from petro'rum. If so, the cruise emission
characteristics of jet fuel derived from shale oil
or coal syncrudes would not be expected to differ
greatly from fuel derived from petroleum. Emission
forecasts for substitute fuels such as liquified
hydrogen or liquified natural gu (LNG) have also
been included in Monograph 2, Chapter 5 (ref. 2),
but it is unlikely that these fuels would be used
until far beyond the late 1990's; therefore, the
discussion in this report is limited to the JP-
fueled aircraft,

Future Subso.ic Aircraft Engines

Production or growth versions of aircraft such
as the Boeing 747, McDonnell Douglas DC-10, and
Lockheed 1011 will probably be in service until at
least 1990. Engines for these aircraft (CF-6,
JT9D, and RB211) manufactured after 1978 will
require modifications in order to meet EPA emission
standards (ref. 14). Advanced high-bypass turbo-
fan engines utilizing low emission combustor
technology could be incorporated into these aircraft
between 1980 and 1985 if they are available. An
Advanced Technology Transport (ATT) wtilizing an
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advanced high-bypass turbofan engine could be
operational in the early 1990's.

Projected values for the overall compressor
pressure ratio for advanced high-bypass turbofan
ergines range from about 25 to 40. Compared to the
latest production en?inn for subsonic commercial
jet aircraft (Table 1), these advanced engines
would have combustor inlet temperatures and
pressures, and exit temperatures ranging from
current to higher values. Combustors for these
advanced engines could be required, during cruise,
to operate with inlet temperatures as high as about
800 K, with inlet pressures as high as about 15
1;30 and with exit temperatures as high as 1600 -

K.

Future Supersonic Aircraft Engines

The Concorde and Tupolev TU-144 or growth
versions of these aircraft will probably continue
to be in service during the 1980 to 1990 time
period; however, advanced supersonic transports of
greater size a~4 range would not be expected to
enter service vefore 1990. The engine selection
for an advanced supersonic transport will be
influenced significantly by noise constraints.
Efther a duct-burning turbofan or a nonaugmented
(dry) turbojet could be considered as a candidate
for this application. An advanced supersonic
transport would be expected to cruise within a
Mach number range of 2.2 to Z.7.

Duct-burniag turbofan or dry turbojet engines
with projected overall pressure ratios (SLT0)
ranging from about 10 to 25 are predicted for
future commercial supersonic aircraft. Compared to
the operating conditions for the Concorde's (lympus
593 engines (Table 1), these advanced engines
would have combustor inlet temperatures and
pressures, and exit temperatures ranging from
current to higher values. Combustors for these
advanced engines could be required, during cruise,
to operate with inlet temperatures as high as
900 - 1000 K, with inlet pressures as high as
10 - 15 atm., and with exit temperatures as high
as 1600 - 1800 K.

Forecasts of Future Cruise NO, Emissions

Recommendations for future cruise NOy reductions
are presented in references 1 and 6 based on the
results of the various CIAP studies. Reductions
in the cruise NO, emission index for current
engines of anywhere from six to sixty-fold are
recommended. The actual reductions required would

* dependent on the future size of the aircraft
fleet, cruise altitudes and the amount of cruise
time in the stratosphere. Supersonic cruise would
be entirely within the stratosphere; however, sub-
sonic cruise in the stratosphere would occur only
for a portion of the flight envelupe. Therefore,
NO, reductions necessary for futu-e subsonic air-
craft are very dependent on the percent of their

flight envelope that occurs within the stratosphere,

————

- T

o —

TR e N T W Wrap—




I "

e

s et

it ek s e e

B s T

- b

[ ——

Projected Low-Emission Combustor Technology

The projected combustor technology that might be
utilized in the advanced propulsion systems de-
scribed 1n the previous section are based on a
projection of the em{ssion reductfon technology
discussed in referepce 2 (Chapter §), The evolution
of low emission combustor technology available by
the 1980 to 1985 time period will be mot{vated by
the need to meat the 1979 EPA emission stavdards
(ref. '4). These emission standards presently
pertain only to subsonic afrcraft; however,
additional standards for supersonic afrcraft ha.p
also beep proposed. These standards are current'y
only applicable to aircraft operations below 915
meters {landing-takeoff cycleg. Many of the
concep.5 befng investigated to reduce HO, fur the
proposed EPA landing-takeoff cycle would also be
effective In reducing NOy during cruise.

Research programs such as the NASA “Experimental
Clean Combustor Program" described previously are
applying low emission technology to combustor
redesign. The representative engine mapufacturers
are also engaged in independent research efforts
aimed at the development of low emission combustors
that would comply with the proposed EPA standards.,
The type of low-pollutant combustor hardware being
evolved and evaluated in research efforts such as
the NASA “Experimentai Clean Combustor Program”
are probably representative of the ieve] of
technology that could be avajlable within the next
decade, More optimistic predictions of the level
of Tow-pollutant combustor technology that might
be available “n the future are predicated on the
conversien ui fundamaenta) concepts such as fuel-lean
premixing-prevaporizing burpers into practical
combustor designs.

Cruise ND, Emission Index Forpcast

The NOy emissfon indices 1isted in Table I for
current commercial Jet alrcraft would he character-
{stic of existing production engines manufactured
prior to 1979 that would continue te be in service
during the 1980 to 1985 time period. These engines
would npot be required to meet the proposed 1979 EPA
emission 1imits since the regulation would only
apply to engings either manufactured or certified
after 197A, The range of cruise W0y emission index
values of 18-20 gH0z/kg fuel 1isted in Tabkle I for

_ the latest subsonic and supersonic commercial
afreraft represents a pessimistic projectfon for
future engines., The pessimistic forecasts might
result If water injection were to be used partially
or totally for the reduction of NO, during takeoff,
in order to meet EPA low altitude emission standards,
which would not resuit in a comparable reduction in
NOy during crufse,

The more probable range of values for the cruise
NOyx emission index that might be achievable in
advanced engines within the next decade were based
on the low-pollutant combustor technology being
evolved {n efforts such as the NASA "Experimental
Clean Combustor Program.™ Values for the NO
emissfon index of 3-8 ghOz/kg fuel were pred?cted
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for future subsonic afrcraft using advanced high-
bypass turbofan engines, and values of 3-14 g/ND~kg
fuel were predicted for future supersonic aircraft
using advanced duct-burning turbofan or dry turbo-
Jjet engines. The spread in these predictions is

due to the range of possible combustor operating
condftions for advanced engines, and the uncertainty
as to the degree to which these combustors designs
will be able to incorporate fuel-lean premixing-
prevaporizing burner concepts.

Optimistic predictions based on the cventus)
development of a combustor burning premixed-
prevaporized fuel mear the Jean flammability limit
indicate that cruise N0, emissfon indices of one or
less may be attatnable {n engines for future
subsonic and supersonic commercial jet afreraft.
“hese predicted values represent a goal to be
agpronched in practical combustor design, Although
KO, emission {ndices of one or less have been
achieved in laboratory-type burners, a considerable
effort will be required *o convert this fundamental
research into practical combustor technology,

Concluding Remarks

It {5 premature to arp{ve at a judgment as to
whether or not future commercial afreraft engines
will be able to attain cruise N0y emissfon indices
that are as much as 60 times lower than values for
current afrcraft engines, Chemical kinetics
calculations and fundamental laboratory byrner
tests conclude that these lower HOy emissian
indices are theoretically possible. However, a
great deal of ingenuity on the part of combustor
design engineers will be required ta convert
fundamental concepts such as the premixed-prevapor-
{zed fuel-lean burner inte practical combustor
hardware, Research and development programs such
as the "NASA Experimental Clean Combustor Program"
are attempting to establish a techrology base for
the design of low emission combustors. A
substantial amount of development time and testing
will be required to transiate expurimental
technology into production technoiogy that fulfilis
the safety, relfability, and ecoromic requirements
of a commercial aireraft.
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Projected Low-Emission Combustor Technology

The projected combustor technology that might be
utilized in the advanced propulsion systems de-
scribed in the fous section are based on a
projection of the emission reduction technol
discussed in reference 2 (Chapter 5). The evolution
of low emission combustor technology available by
the 1980 to 1985 time perfod will be motivated by
the ne-d to meet the 1979 EPA emission sta. dards
(ref. "4). These emission stindards presently
pertai, only to subsonic aircraft; however,
additiona)l standards for supersonic aircraft ha ¢
also been sed. These standards are current'y
only applicable to aircraft operations below 915
meters (1anding-takeoff cycle). Many of the
concep .8 bﬂn' investigated to reduce NO, fur the
proposed EPA landing-takeoff cycle would also be
effective in reducing NOx during cruise.

Research programs such as the NASA “Experimenta)
Clean Combustor Program” descrihed previously are
applying low emission technology to combustor
redesign, The representative engine manufacturers
are also engaged in independent research efforts
aimed at the development of low emission combustors
that would comply wiih the proposed EPA standards.
The type of low-pol!utant combustor hardware being
evolved and evaluated in research efforts such as
the NASA "Experimental Clean Combustor Program”
are probably representative of the level of
technology that could be available within the next
decade. More optimistic predictions of the level
of low-pollutant combustor technology that might
be available 'n the future are predicated on the
conversion ur fundamental concepts such as fuel-lean
premixing-prevaporizing burners into practical
combustor designs.

Cruise NO, Emission Index Forecast

The NO, emissfon indices listed in Table I for
current commercial jet aircraft would be character-
istic of existing production engines manufactured
prior to 1979 that would continue to be in service
during the 1980 to 1985 time period. These engines
would not be required to meet the proposed 1979 EPA
emission limits since the ulation would only
apply to engines either manufactured or certified
after 1978, The range of cruise NO, emission index
values of 18-20 gNOz/kg fuel listed in Takle 1 for
the latest subsonic and supersonic commercial
atrcraft represent:s a pessimistic projection for
future engines. The pessimistic forecasts might
result if water injection were to he used partially
or totally for the reduction of NO, during takeoff,
in order to meet EPA low altitude emission standards,
which would not result in a comparable reduction in
NOy during crufse.

The more probable range of values for the cruise
NOx emissfon index that might be achievable in
advanced engines within the next decade were based
on the low-pollutant combustor technology being
evolved in efforts such as the NASA "Experimental
Clean Combustor Program.” Values for the NO
emission index of 3-8 gNO2/kg fuel were prcdfcte&

for future subsonic aircraft using advanced high-
bypass turbofan engines, and values of 3-14 g/ 9
fuel were predicted for future supersonic aircralt
using advanced duct-burning turbofan or dry turbo-
Jet engines. The spread in these predictions 1s
due to the range of possible combustor operating
conditions for advanced engines, and the uncertainty
45 to the degree to which these combustors designs
will pe able to incorporate fuel-lean premixing-
prevaporizing burner concepts.

Optimistic predictions based on the eventual
development of a combustor burnine premixed-
prevaporized fuel near the lean flammability limit
indicate that cruise NO, emission indices of one or
less may be attainable 7« engines for future
subsonic and supersonic commercial jet aircraft.
“hese predicted values represent a goal to be
approached in practical combustor design. Although
NO. emission indices of one or less have been
uﬁlcnd in laboratory-type burners, a considerable
effort will be required %o convert this fundamental
research into practical combustor technology.

Concluding Remarks

It is premature to arrive at a judgment as to
whether or not future commercial aircraft engines
will be able to attain cruise NO, emission indices
that are as much as 60 times lower than values for
current afrcraft engines. Chemical kinetics
calculations and fundamental laboratory burner
tests conclude that these lower NO, emission
indices are theoretically possible. However, a
great deal of ingenuity on the part of combustor
design enjineers will be required to convert
fundamental concepts such as the premixed-prevapor-
fzed fuel-lean burner into practical combustor
hardware. Research and developmeit programs such
as the "NASA Experimental Clean (ombustor Program”
are attempting to establish a techrology base for
the design of low emission combustors. A
substantial amount of development time and testing
will be required to translate exporimental
technology into production technoiogy that fulfills
the safety, reliability, and ecoromic requirements
of a commercial atrcraft
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TABLET. - CRUISE NOy EMISSIONS FROM CURRENT COMMERCIAL JET AIRCRAFT

AIRCRAFT

ENGINE

CRUISE

CRUISE

COmBUSTOR

COMBUSTOR

NO

ALTITUDE,| MACH INLET INLET EMMIg‘ION
KM {NUMBER | TEMPERATURE, | PRESSURE, | INDEX,
ATM g NOglkg
SUBSONIC
BOEING 707 P&V JTD 10,7 0.85 ~510 ~d 6
BOEING 727 P&W JTBD 10.7 0.80 610 5.7 8
BOEING 747 P& JTOD-70 | 10,7 0,84 710 10 19
McDONNELL  |G.E. CF-6-50 | 10,7 0.85 730 11.4 16,5
DOUGLAS
DC-10
LOCKHEED 1011 { ROLLS ROYCE[ 10.7 0.85 720 10,4 20
RB 211
SUPERSONIC
CONCORDE OLYMPUS 17.7 2.0 820 6.5 18
593
TUPOLEV 144 KUZNETOV 18
NK-144
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E-8390

TABLEL. - CRUISE NO, EMISSIONS FROM CURRENT COMMERCIAL JET AIRCRAFT

AIRCRAFT | ENGINE | CRUISE | CRUISE | COMBUSTOR | COMBUSTOR] NO
AUTITUDE, | MACH |  INLET INET | EmmiSIon
KM | NUMBER | TEMPERATURE, | PRESSURE, |  INDEX,
ATM g NOgkg
SUBSONIC
BOEING 707 pawJT® | 107 | 085 510 -4
BOEING 727 pawJm0 | 107 | 0.80 610 5.7
BOENG 747 |P&WIT9D-70| 107 | 0.84 710 10 19
McDONNELL | G.E. CF-6-50| 107 | 0.85 % 1.4 16,5
DOUGLAS
DC-10
LOCKHEXD 1011 | ROLLS ROYCE| 10.7 | 0.85 720 10.4 2
RB 211
SUPERSONIC
CONCORDE owmeus | 1.7 | 20 £20 6.5 18
593
TUPOLEV 144 KUZNETOV - 18
NK-144
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Figure 1. - Effect of flame temperature on NO, emission
index for an ldeal premixing-prevaporizing combustor;
combustor inlet temperature, 800 K; pressure,

5,5 atm.; and residence time, 2 milliseconds,
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NO, EMISSION INDEX, gNO,/kg FUEL
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Figure 1. - Effect of flame temperature on NO, emission
index for an ideal premixing -prevaporizing combustor;
combustor inlet temperature, 800 K; pressure,

5.5 atm. ; and residence time, 2 milliseconds,
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Figure 2. ~ Premixed primary zone test section,

100 — .
THEORETICAL
50f—
EMISSI?\‘NolNDEX. 10— ™\ GASEOUS-FUEL DATA
g NOp
kg FUEL 5
o/ .~ LIQUID-FUEL. DATA
o
1-—.
p | Lo

4 .5 .6 7 .8 .9 LO
EQUIVALENCE RATIO C5-73168

Flgure 3. - Variation of NO emisslon index with equivalence ratio In
a premixing-prevaporizing burner; [nlet temperature, 800 K; pres-
sure, 5,5 atm, ; and residence time, 2 miliispconds.
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Figure 2. - Premixed primary zone test section,
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Figure 3, - Variation of NO, emission index with equivalence ratio in
a premixing -prevaporizing burner; Inlet temperature, 800 K; pres-
sure, 5 5 atm, ; and residence time, 2 milliseconds,
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(@) PHOTO OF FULL ANNULAR COMBUSTOR,

FUEI
PREMIX L= -
- ' 120 FUEL |’.m".\
T e LOCALIZED
— | -
AIRFLOW e RECIRCULATION
[ ' ZONES

(b) CROSS-SECTIONAL VIEW OF FULL ANNULAR COMBUSTOR,

FUEL

:

I
B ~

2
\ FLAME

-—
- N STABILIZER

ey \
CARBURETOR  SWIRLER

AIRFLOW —=

(c) MODULE COMPONENTS.

Figure 6, - NASA Exjerimental Swir!-Can-Modular Combustor,
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NO, EMISSION INDEX, gm NOglkgm FUEL
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INLET-AIR TEMPERATURE, K
Figure 7. - Variation of NO, emission Tndex with
combustor inlet temperature for single and

multi-zone combustors, Combustor inlet
pressure, 6 atm; exlt temperature, 1500 K.

T e e T e

e S T T

T R



E-E&390

COMBUSTOR

24—
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E 20—
g 16— DOUBLE -ANNULAR
=z 12}—
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a SWIRL-CAN
=
2- 8 -

2 | | |

500 662 700 800 900
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Figure 7, - Variation of NO, emission index with
combuistor inlet temperature for single and
multi-zone combu.tors, Combustor inlet
pressure, 6 atm; exit temperature, 1500 K.
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